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A B S T R A C T

T h e  Com m onw ealth  M in e  at P e a rc e , Cochise C ounty, A riz o n a , 

is  an e p ith e rm a l p re c io u s -m e ta l q u a rtz -v e in  deposit in p o st-B isb ee  

F o rm atio n  v o lc a n ic s . T h e  d is tr ic t  produced 10 m illio n  d o lla rs  in  s ilv e r  

and gold before  1 940 and is  c u rre n tly  being r e —evaluated in ligh t o f high 

s ilv e r  and gold p r ic e s .

T h is  study included surface  and underground m apping, and 

p etro g rap h ic  and X - r a y  studies o f the h y d ro th erm a lly  a lte red  ro c k s .

T h e  P e a rc e  V o lcan ics  include andesite flo w s , q u artz  la tite  (? ) and 

rh y o lite  ash—flow  tu ffs , and e p ic las tic  vo lcan ic  sed im en ts . On P ea rc e  

H il l  n ear the veins these have been a lte red  by potassium  m etasom a­

tis m ; they m ust now be c h e m ic a lly  and p e tro g ra p h ica lly  c la ss ified  

as trach y tes  and rh y o lite s . Th e  veins occur along N 8 5 ° W , s teep ly  

south-d ipp ing n o rm a l fau lts  and associated sub—v e rt ic a l sheeted zo n es . 

D ip separatio n  w ith in  the fau lt system  is ap p ro x im ate ly  2 ,0 0 0  fe e t. 

P e a rc e  a re a  h ills  a re  separated  by N 4 0 ° W  p o st-o re  Basin and Range  

fau lts  along w hich the vo lcan ics a re  t ilte d  10 ° to 4 0 °  e a s t-n o rth e a s t. 

S tru c tu re , w a ll- ro c k  a lte ra tio n  zon ing, and gangue m in era lo g y  suggest 

tha t the Com m onw ealth  veins fo rm ed in a hot s p r in g -lik e  en v iro n m en t.

x



F ra c tu r in g  c h a ra c te r is tic s  o f the rocks and th e ir  in it ia l depth of b u ria l 

w e re  p r im a ry  o re  deposition contro ls  and should be considered in  

fu r th e r  exp lo ratio n  in the P e arce  V o lc a n ic s .
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C H A PTER  1

IN T R O D U C T IO N

T h e  Com m onw ealth  M ine is  an e p ith e rm a l s ilv e r -g o ld  q u artz  

ve in  deposit in T e r t ia r y  (? ) vo lcan ic  ro c k s . It  was operated fro m  the 

la te  1800s to around 1930 , and has had sporad ic  s m a ll scale  p ro ­

duction since tha t t im e . I t  has produced s lig h tly  m o re  than $10 m illio n  

w o rth  of o re , and is  c u rre n tly  being reexam ined  fo r  production in  light 

of the r is in g  p ric e s  o f s ilv e r  and go ld .

Th e deposit is  o f the c la s s ic a l bonanza typ e , consisting o f high 

grade o re  shoots w hich have been enriched  by secondary p ro c e s se s . 

T h e  dom inant o re  m in e ra ls  a re  s ilv e r  halides and native go ld . M ost 

o f the high grade m a te r ia l was m ined out long ago, but a few  pockets  

and shoots re m a in . Th e  Com m onw ealth  o ffe rs  an exce llen t opportunity  

to  re -e v a lu a te  one o f the bonanza type deposits, m ost o f w hich a re  now 

in access ib le , s ince portions o f s ix  leve ls  o f underground exposures  

have rem ain ed  open and a v a ila b le . T h is  thesis  includes both a genera l 

geologic study o f ro c k  types and g enera l geology o f the a re a  around  

the Com m onw ealth (F ig u re s  1 , 2 ,  and 3 , in pocket) and a d e ta iled  look  

at the s tru c tu re  (F ig u re  4 , in  pocket) and a lte ra tio n  associated w ith  the

1



2

vein  system  in ligh t o f what is  now known about th is  type of ep ith e rm a l 

deposit.

Location and A cc e s s ib ility

Th e Com m onw ealth  M ine is located on P earce  H i l l , n ear the  

town o f P e a rc e , in c e n tra l Cochise C ounty, A riz o n a . F ig u re  5 is  a 

location map showing the approx im ate  location o f P e a rc e . T h e  

Com m onw ealth  occupies the S%NE% S e c . 5 , T .  18 S . , R . 25 E . The  

a rea  mapped fo r  th is  study includes P e a rc e , Huddy, M e ta t, and 

S ix m ile  H il ls ,  and s e v e ra l s m a ll un-nam ed h i l ls ,  and covers  parts  o f 

S e c s . 4 , 5 , 6 , 7 , and 8 , T .  18 S . ,  R . 25 E . It  is  shown on the P e a rc e , 

A riz o n a , 15' Q u ad rang le .

Th e town o f P earce  (F ig u re  6 ) is  about 50 highway m ile s  south 

o f W illc o x , and 50 highway m ile s  north  o f D oug las . It  is  ap p ro x im ate ly  

one—h a lf m ile  fro m  U .S .  Highway 6 6 6 , and is  connected w ith  that 

highway by both a paved and a g ra v e l ro a d . T h e  roads to vario u s  p arts  

o f the study a re a  a re  unpaved, and v a ry  in  th e ir  p a s s ab ility . Som e o f  

the roads re q u ire  a h ig h -c lea ran ce  v e h ic le , but none re q u ire  4 -w h ee l 

d r iv e . R a ilro a d  s e rv ic e  to P earce  was discontinued in 1932; p arts  o f 

the old A rizo n a  and E as tern  ra ilro a d  bed m ay be seen fro m  P earce

north  to Cochise and south to C ourt land and D ouglas.
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F ig u re  5 . Location M a p .



F ig u re  6 .  T h e  Tow n o f P e a rc e  As Seen fro m  the T o p  o f P e a rc e  H i l l .

T h e  O ld S to re  is  at the c ro s s ro a d s , and the T h e tfo rd  M i l l  
is  in the fo reg ro u n d . T h e  ro c k  outcrop  is  T f ^ .
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P earce  H il l  (F ig u re  7 ) is one of a num ber o f iso lated h ills  and 

buttes w hich r is e  sh arp ly  fro m  the a llu v iu m  of the c e n tra l S u lphu r  

S p rin g s  V a lle y . Th e  e levation  o f the v a lle y  flo o r is  around 4400 fe e t, 

and the h ills  r is e  100 to 500 feet above i t .  T h ey  occupy a d ivide  

between dra inage northw ard  to the W illc o x  P I ay a and southward through  

W h ite w a te r D ra w  to the San B ernard ino  R iv e r  (G illu ty , 1956 ). T h e  

cen tra l and southern S u lphu r S p rin g s  V a lle y  is  flanked by the Dragoon  

and M ule M ountains on the w est and the Dos C ab ezas , C h ir ic a h u a , 

Pedrogosa, and S w issh e lm  M ountains on the east (see F ig u re  5 ) .  Th e  

no rthern  S u lp h u r S p rin g s  V a lle y  trends n o rth w estw ard , and the  

southern p a rt tren d s  e s s e n tia lly  n o rth—south. Th e  g enera l tren d  o f the  

group of h ills  is  no rth w est, and they align w ith  a northw estw ard  ex­

tension o f the S w is sh e lm  M ountains . M any o f the ind iv idual h ills  have 

a northw est e longation .

T h e  vo lcan ic  rocks w hich u n d e rlie  m ost o f the h ills  w eath er  

to a c o a rs e , b locky rubb le w hich is  c h a ra c te r is tic  o f m echanical 

w eathering  in an a r id  en v iro n m en t. Th e  h ills  in the v ic in ity  o f P earce  

g en era lly  have sm ooth northeast slopes and steep southwest slopes  

c h a rac te rize d  by c liffs  and la rg e  b o u lders . Blocks and boulders o f 

the m ore re s is ta n t ro ck  types g e n e ra lly  cover contacts between  

re s is ta n t and less re s is ta n t u n its , m aking p rec ise  m apping d if f ic u lt .  

Such contacts m ust be in fe rre d  fro m  occasional s m a ll outcrops and

Physiography



F ig u re  7 . P a n o ra m ic  V ie w  o f P e arce  and S ix m ile  H i l l s .

Looking south along the Ghost Tow n T r a i l  f ro m  U . S .  H ighw ay 6 6 6 .
0 )
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fro m  flo a t. V egetation  on the h ills  is sparse and exposures a re  good. 

T h e  a llu v iu m  thickens ra p id ly  o ff the flanks o f the h i l ls .  Som e shafts  

sunk s e v e ra l tens o f fee t fro m  an outcrop go through 30 to  40 feet o f 

g rave l and a llu v iu m  before encountering bedrock. L o c a lly  the g ra v e l 

is  s tro ng ly  cem ented by c a lic h e , esp ec ia lly  in the v ic in ity  o f v e in s .

A c tiv ity  and Underground A c c e s s ib ility

Th e  C om m onw ealth .M ine is  the la rg e s t o f a num ber o f s m a ll 

gold and s ilv e r  m ines scatte red  among the h i l ls . T h e  w o rk in gs on 

P earce  H il l  a re  ra th e r  extensive; th e re  a re  num erous shafts and ad its , 

som e of w hich have caved in . A  num ber o f stopes w e re  w orked to the  

s u rfa c e , and a la rg e  one on the east s ide o f P earce  H ill  has fo rm ed  

an im p re s s iv e  g lo ry  hole s e v e ra l hundred feet a c ro s s . T h e  hanging 

w a ll o f the M a in  V e in  was allow ed to cave in  a f te r  about 15 y e a rs  o f  

m in in g , and two la rg e  a rea s  o f subsidence now ex is t across the top o f 

P earce  H il l  along the tren d  o f the v e in . Subsequent m ining a c tiv ity  

has produced adits in to  the caved m a te r ia l .

Th e  underground w orkings consist o f eight leve ls  spaced at 

ir r e g u la r  in te rv a ls . Th e  m ain  shafts w e re  sunk on a 6 0 °  to 7 0 °  in c lin e  

into the footw all o f the ve in  s y s te m , and crosscuts w ere  d riv e n  fro m  

them  across the s tru c tu ra l tren d  to a llow  access to the v e in s . M uch  

o f the m ining was by the shrinkage stope m ethod w hich le ft la rg e  

openings along the v e in s . Ground support consisted o f s tu lls  and
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occasional square s e ts . A p p ro x im ate ly  two m ile s  o f w ork ings on 

four leve ls  a re  s t i l l  accessib le  (F ig u re s  8 and 9 ) and two o f the  

m ain shafts a re  open. No headfram es o r  hoists re m a in . T h e  top  

of C S h aft is  covered by a s m a ll shed, and the top o f D S h aft is  

boarded up . C S h a ft, in the m idd le o f P e arce  H i l l ,  has two s m a ll 

com p artm en ts . Th e  ho isting com partm ent has ra ils  extending down 

the in c lin e  to the 7th le v e l, and has been used by the c u rre n t lessees  

to hoist equipm ent up the s h a ft. T h e re  a re  re la t iv e ly  good ladders  in 

the m anway extending fro m  the surface  to the 7th le v e l. Th e  8th  leve l 

m ay be reached by c lim b in g  down fro m  the 7th leve l on a ro p e , but 

the w r i te r  was to ld  by the lessees that only the sta tion  on tha t leve l 

is a ccess ib le . D S h a ft, on the east s ide o f P e a rc e  H i l l ,  is  the la rg e s t  

of a ll the sh a fts , having th re e  la rg e  co m p artm en ts . T h e  east end of 

the 5th leve l m ay be reached by D S h aft fro m  the 6th  le v e l, but the  

m anway ladd ers  a re  incom plete  above the 5th le v e l. T h e  lad d er in  

D Shaft extending fro m  the 6th leve l to the east end o f the 7th leve l 

cam e loose and fe ll down the shaft during the e a r ly  p a rt o f th is  s tudy, 

leaving m ost o f the 7th leve l in access ib le . One o r  two o ther sh a fts , 

esp ec ia lly  the B rockm an S haft on the w est s ide o f the h i l l ,  have 

p a r t ia l la d d e rs , but fo r  safety  reasons no attem pt was m ade to go down 

th e m . R e p a ir  o r  rep lacem en t o f those ladders  m ight m ake another 

fa ir ly  la rg e  p a rt o f the m ine acce s s ib le . T h e  3 rd  leve l is  accessib le
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F ig u re  8 .  Stope on Renaud V e in ,  3 rd  L e v e l .
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F ig u re  9 . D r i f t  A long N o rth  V e in ,  3 rd  L e v e l.

F a u lt P lan e  fo rm s  hanging w a ll .



through an ad it into the north  side o f the h ill  between the two ta ilin g s  

piles; th is  is  w h ere  the w r ite r  g e n e ra lly  entered  the m in e .

T h e  h is to ry  and production o f the Com m onw ealth  up to 1926  

are  discussed by S m ith  (1 9 27 ), and in m a te r ia l in the file s  o f the  

A rizo n a  Bureau o f M in e s . L it t le  in fo rm atio n  is  ava ilab le  on subse­

quent a c t iv ity , u n til the c u rre n t lessees obtained a f iv e -y e a r  lease on 

the p ro p erty  in N o vem b er, 1972 . In  A p r i l ,  1975 , P la to ro  M in e s , In c . , 

of Tu cson , obtained an option on the patented c la im s  fro m  these  

lessees and staked c la im s  on the south side o f P earce  H il l  and north  

of S ix m ile  H i l l .  P rev io u s  lessees did som e underground m in in g , 

and dumped th e ir  w aste ro c k  down D S h a ft, destroying  the lo w er p a rt  

of i t .  Patented c la im s  covering  the north  side o f P e a rc e  H il l  a re  

owned by the S tro n g  and H a r r is  e s ta te , S i lv e r  C ity , New M e x ic o .

T h ey  have been leased by M r .  C a r l T h e tfo rd  and D r .  Don A . C a rg ill  

since N o vem b er, 1972 . M r .  T h e tfo rd  c u rre n tly  res id es  on the c la im s . 

He has erec ted  a s m a ll flo ta tion  m il l  at the base o f the h ill w ith  the  

in tention o f m illin g  the ta ilin g s  along the north  side o f the h i l l . These  

ta ilin g s  have been reprocessed  s e v e ra l tim e s  using cyanidation w ith  

m ediocre  precious m eta l re c o v e ry . The lessees have conducted 

m e ta llu rg ic a l tes ts  and m ade a few  tes t runs in the m i l l ,  but they have 

not shipped any co n cen tra te . A ccord ing to  M r . T h e tfo rd , th e re  a re  

1 to 4 m illio n  tons o f ta ilin g s , and the average assay value of 100 

sam ples is  0 .1 8 5  o z /to n  gold and 2 .7  o z /to n  s i lv e r .  P la to ro  is  doing

11



bulk sam pling underground and in  the caved a re a , and conducting  

m e ta llu rg ic a l te s ts . T h ey  a re  considering the p o ss ib ility  o f m ining  

the rem ain in g  Com m onw ealth  ve in  m a te r ia l by o p en -p it m ethods i f  

th e ir  resu lts  a re  s a tis fa c to ry .

P rev io u s  W o rk  in  the A re a

G . K .  G ilb e r t described  th is  p a rt of A rizo n a  in  1875 . Ran­

som s (1 9 04 ), in  his U . S . G . S .  P ro fess iona l P ap er on the Bis bee 

Q u ad rang le , estab lished the essen tia l e lem ents o f the s tra tig ra p h y  in  

southeastern A riz o n a . M e in z e r  and Kelton (1913) described  the  

physiography, geology, and hydrology o f the S u lphu r S p rin g s  V a lle y .  

G illu ly  (1956 ) described  the P earce  vo lcan ics in  his U . S . G . S .  P ro ­

fessional P ap er on the geology o f c e n tra l C ochise C ounty. The  

C retaceous paleogeography o f the a re a  is  discussed by H ayes (1 9 7 0 ).

S m ith  (1927 ) gave a deta iled  account o f the geology and m ining  

at the C om m onw ealth . A  b r ie f  descrip tio n  o f the d is tr ic t  was given by 

E ndlich  (1897) and S co tt (1 9 16 ), and capsulized discussions m ay be 

found in  the A rizo n a  Bureau o f M in es  (1961) B u lle tin  on gold p la c e rs , 

the 1969 B u lle tin  on A rizo n a  w a te r  and m in e ra l re s o u rc e s , and K e ith ’s 

(1973) bu lle tin  on m ining p ro p ertie s  in Cochise C ounty.

Th e  g enera l geology o f the a rea  is  shown on the sta te  geologic  

m ap (W ilso n , M o o re , and C o o p er, 1969 ), and on the geologic m ap o f 

C ochise County (A rizo n a  Bureau o f M in e s , 19 59 ). A  num ber o f studies

12
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have been m ade on areas  im m e d ia te ly  surrounding the S u lphu r S prin gs  

V a lle y . T h ey  include: C e d e rs tro m  (1946a , 1946b ), Cooper (1 9 59 ),

Bock (1 9 62 ), and P e r ry  (1964) on the Dragoon M ountains; S h ie lds  

(1 9 40 ), Enlows (1951 , 19 55 ), Ray don (1 9 52 ), Papke (1 9 5 2 ), B r itta in  

(1 9 54 ), Sabins (1 9 55 , 1957a and 1957b), Cooper (1 9 60 ), E rickso n  

(1 9 69 ), and D r  ewes and W illia m s  (1973) on the Dos Cabezas and C h ir i— 

cahua M ountains; L o rin g  (1 9 4 7 ), G a lb ra ith  and L o rin g  (1 9 5 1 ), Dunne 

(1 9 57 ), R ogers  (1 9 5 7 ), and D ie ry  (1964) on the S w iss  helm  M ountains; 

and Epis (1956 ) on the Pedregosa M ountains. M a s te rs ' theses have 

been done on the W illc o x  P la y a , to the no rth  o f the study a re a , including  

Pine (1 9 6 3 ), P ip k in  (1 9 6 4 ), and Robinson (1 9 6 5 ). E ttin g e r (1962) 

described  the vo lcan ic  rocks and econom ic geology o f the Pat H ills  to  

the northeast o f the study a r e a .

F ie ld  W o rk  and Scope o f Investig ation  

F ie ld  w o rk  fo r  the p resen t study was done o v e r the su m m er  

and fa l l  o f 1973 , w ith  som e w o rk  continuing through the spring  o f 1975 . 

A to ta l o f 25 to 30 days w e re  spent mapping the su rface  and mapping  

and sam pling  the underground w o rk in g s . The la b o ra to ry  p art o f the  

study included p rep ara tio n  and exam ination  o f a p p ro x im ate ly  100 th in  

sections and 15 polished s u rfa c e s . Tw en ty  slabs w e re  p rep ared  fo r  

com plete sta in ing w ith  sodium  c o b a lt in itr ite , and m ost of the th in  

sections w e re  p a r t ia lly  stained w ith  sodium  c o b a lt in itr ite .
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P etro g rap h ic  w o rk  was supplem ented by X - r a y  d iffra c tio n  analys is  

using both a D e b y e -S c h e rre r  ca m e ra  and a d if fra c to m e te r . A p p ro x i­

m ate ly  20 f i lm  pattern s  and 35 to 40 d iffra c to m e te r  tra c e s  w e re  m ade. 

The locations of these sam ples and th e ir  assay values a re  given in  

Appendix A .

The c u rre n t investigation  includes a re -e v a lu a tio n  of the 

genera l geology o f the P earce  a re a , w ith  em phasis on the vo lcan ic  

ro c k s , and a d eta iled  look at the a lte ra tio n  o f those rocks in  the  

v ic in ity  o f the Com m onw ealth  v e in s . M any new ideas concerning the 

nature  o f ash flow  tu ffs  and the genesis o f ep ith erm a l precious m eta l 

deposits have evolved since S m ith 's  th es is  was w r itte n  in 1927 . T h is  

thesis  w i l l  a ttem pt to evaluate data given by previous w o rk e rs , and 

in fo rm atio n  obtained during the course of fie ld  and la b o ra to ry  w o rk , 

on the basis o f what is  now known about e p ith e rm a l deposits in  

vo lcan ic  rocks in g en era l and the Com m onw ealth  deposit in p a r t ic u la r .



C H A P TE R  2

G E O LO G Y

P earce  H il l  and the h ills  surrounding it  a re  ’’is lands" o f bed­

ro ck  in the a llu v iu m  of the S u lp h u r S p rin g s  V a lle y . Th e  h ills  a re  

iso la ted  fro m  one an o th er, and ro ck  units cannot be fo llow ed fro m  one 

h ill  to a n o th er. A  com bination o f poor exposure, s tru c tu ra l com ­

p le x ity , and the la te ra lly  v a r ia b le  nature  o f vo lcan ic  rocks m akes it  

d iffic u lt to c o rre la te  ro ck  units fro m  one h ill  to a n o th er, but L itho lo g ic  

s im ila r it ie s  and s tra tig ra p h ic  sequence can be used in  m aking ten ta tive  

c o rre la t io n s . The degree o f h yd ro th erm al a lte ra tio n  in the v ic in ity  o f 

the C om m onw ealth  veins and the u n certa in ty  o f c o rre la tio n s  w ith  less  

a lte re d  rocks  m akes it  im po ssib le  to  assign com positional nam es to  

the ro ck  u n its . T h e re fo re , the nam es used in  th is  study a re  as 

d escrip tive  as possible and do not im p ly  m in era lo g y  o r  chem ica l com ­

position o f e ith e r  the a lte re d  rocks o r  th e ir  presum ed u n altered  

e q u iva len ts .

M ost o f the rocks in the a re a  a re  vo lcan ic  o r  vo lcan ic  ash 

sed im en ts . T h ey  w e re  named the P earce  V o lcan ics  by G illu ly  (1 9 5 6 ). 

These rocks o v e r lie  the  C retaceous B isbee F o rm a tio n , and a re  o v e r­

la in  by T e r t ia ry -Q u a te rn a ry  sedim ents and flow s w ith in  the S u lp h u r

15



16

S prings V a lle y . T h is  study deals m ain ly  w ith  the vo lcan ic  and re la ted  

rocks; the o ld e r B isbee F o rm atio n  is  mapped and described  b r ie f ly ,  

and a ll p o st-vo lcan ic  m a te r ia l is  mapped as Q u a te rn a ry  a llu v iu m . The  

vo lcan ic  sequence consists o f s e v e ra l flow s o f a d a rk , p o rp h y ritic  ro c k  

w hich was given a fie ld  nam e of andesite p o rp h y ry , s e v e ra l rh y o lit ic  

ash flow  tu ffs  exh ib iting  va ry in g  degrees o f w e ld in g , and lenses and 

beds o f v o lc a n ic la s tic  arkoses and cong lom erates w hich appeam in  

g rea t p a rt to be w a te r - la in .  Due to extensive fau lting  in the a re a , 

and the w eath erin g  c h a ra c te r is tic s  o f the ro c k , i t  was not possib le to  

construct an a c c u ra te , m easured s tra tig ra p h ic  colum n fo r  the study 

a re a . F o r  the d iag ra m m atic  s tra tig ra p h ic  colum n given in  F ig u re  1 0 , 

th icknesses w e re  determ ined  fro m  pro jectio ns  in c ro s s -s e c tio n  using  

both su rface  and underground in fo rm a tio n . The p o ss ib ility  o f un­

detected fau lting  and th ickness v a r ia tio n s , and in accu rac ies  in m apping  

and construction o f the cross sectio n s , m akes these th icknesses  

ten ta tive  at b est. T w o  o f the un its  a re  o v e rla in  by an eros ion  surface  

everyw h ere  in  the m ap a re a , so that th icknesses given fo r  them  

rep resen t only m in im a .

M ost o f the prom in en t h ills  in the a re a  a re  capped by one o f  

the rh y o lit ic  ash f lo w s . These un its  a re  e x tre m e ly  re s is ta n t to  

w ea th e rin g , and fo rm  coarse rubble and blocks up to tens o f feet 

a c ro s s . Such m a te r ia l g e n e ra lly  covers the base o f the u n it, so that 

its  location m ust be in fe rre d  fro m  occasional s m a ll outcrops and
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flo a t o f the underlying  litho logy. F o r th is  reason , v e ry  l it t le  p ro ­

jec tio n  o f contacts was done on the geologic m aps. T h e  ro ck  units  

are  discussed in d e ta il in the fo llow ing section . A lte ra tio n  o f the  

rocks w il l  be discussed in a la te r  ch ap te r.

R ock Units

Bisbee F o rm atio n  (K b)

In the absence of fo s s ils , th is  unit cannot be conclusively  

id en tified  as Bisbee F o rm atio n  although lith o lo g ic  in fo rm atio n  is  

convincing . S m ith  (1927) and G illu ly  (1956) c o rre la te  it  p r im a r ily  

on the basis of lith o lo g ic  s im ila r i t ie s .  It  is  conceivable that the un it 

is  as young as e a r ly -  o r  m id —T e r t ia r y ,  but it  w i l l  be re fe r re d  to as 

"B isbee" in  th is  s tudy. S m ith  and G illu ly  both describe  the Bisbee 

F o rm atio n  in the m o re  easte rn  h ills  of the S u lp h u r S p rin g s  V a lle y ,  

and S m ith  m aps i t  underground at the C om m o nw ealth . T h is  w r i te r  

has mapped as Bisbee F o rm atio n  a s m a ll outcrop o f highly a lte red  

sandstone in the v ic in ity  o f N o. 9 shaft in the footw all o f the N orth  

V e in  (F ig u re  11) .  Th e  p r im a ry  basis fo r  th is  designation is s t ra t i­

g ra p h ic . O ther s m a ll, questionable outcrops o f Bisbee F o rm atio n  

occur around the old m il l  foundations along the north  side of P ea rc e  

H i l l .  B isbee units a re  exposed in s e v e ra l adits d riven  into the north  

base of the h i l l .  The adit w hich provides access to the 3 rd  leve l 

goes through o v e r 500 feet o f Bisbee F o rm a tio n  before it  is  fau lted
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F ig u re  11 . V ie w  o f P e a rc e  H i l l  f ro m  Huddy H i l l .

T h e  M a in  ve in  is  caved in . The N o rth  ve in  extends fro m  
le ft  c e n te r  o f photo and B isbee F o rm a tio n  c ro p s  out to  
the n o rth  ( r ig h t )  o f the v e in . T a 1 occupies the fo reground; 
the v e h ic le  on the road is  fo r  s c a le .
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against one o f the lo w er vo lcan ic  u n its . Throughout th is  d is tan ce , the  

ro ck  rem ain s  a f in e -  to  m e d iu m -g ra in e d , w e ll sorted  sandstone to  

q u a r tz ite . S om e o f the exposures on the 5th and 6th  leve ls  contain  

fin e -g ra in e d  pebble cong lom erate lenses and m udstone b ed s . Th e  

Bisbee F o rm a tio n  on the su rface  o f P earce  H il l  w eathers  g ra y  to  

b u ff, and is  ligh t tan  on a fre s h  s u rfa c e . In most exposures under­

ground it  is  s tro n g ly  stained by iro n  oxides and has an e a rth  red  

c o lo r. Except w h ere  it  is  n ea r v e in s , it  is soft and f r ia b le . It is  

g e n e ra lly  perm eab le ; the only dampness o r  standing w a te r  observed  

underground is  w ith in  th is  u n it.

In th in  s ec tio n , the unit is  quite v a r ia b le . S am ples  exam ined  

range fro m  fin e— to  v e ry  co arse—gra ined  q u artz  a re n ite  to fe ldspath ic  

a re n ite , using W ill ia m s , T u r n e r ,  and G ilb e r t 's  (1 954) c la s s ific a tio n . 

Som e a re  ca lcareou s a ren ites  and sandy lim estones containing up to  

70 percent c a lc ite . T h e re  a re  also q u a rtz ite s , consisting a lm ost 

e n tire ly  o f o v e r-g ro w n , in te rlo ck in g  q u artz  g ra in s . These sam ples  

w e re  taken in the v ic in ity  o f v e in s , and som e o r  a ll o f the  re c ry s ta l­

liza tio n  m ay be due to  h yd ro th erm al a c tiv ity . One sam p le  contains  

ap p ro x im ate ly  50 percent a rg illaceo u s  m a tr ix , and others  contain  

m in o r c lay  between g ra in s . T h is  c lay  appears to be po orly  c ry s ta l­

lize d  i l l i te  on the basis o f op tica l and X —ra y  exam in a tio n . Th e  g ra in s  

in  these rocks include q u a rtz , m in o r potassium  fe ld s p a r (including  

m ic ro c lin e ), p lag io c lase , c h e r t , and tra c e s  o f m u sco v ite , b io tite ,
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z irc o n , to u rm a lin e , a p a tite , c h lo r ite , carbonate , glauconite (? ),
I

opaque m in e ra ls  (now h e m a tite ), and a rg ill iz e d  lith ic  frag m en ts  w hich  

have p o o rly -p re s e rv e d  vo lcan ic  te x tu re s . T h e  g ra in s  a re  su b -ro u n d ed , 

e q u ig ra n u la r, and w e ll -s o r te d . T h is  w idespread  e q u ig ran u la r  

c h a ra c te r  d istinguishes the B isbee F o rm a tio n  fro m  the in te r -v o lc a n ic  

sed im en ts , w h ich a re  eq u ig ran u la r on ly  w ith in  re la t iv e ly  th in  beds.

In s m a ll o u tcrop s, these sedim ents could be m is taken ly  iden tified  as 

Bisbee F o rm a tio n , but the d iffe ren ces  in s tra tig ra p h ic  in te rv a ls  

th ic k e r  than 10 o r  20 feet a re  apparent..

F ir s t  F low  ( T f j )

T h e  low est vo lcan ic  unit in the study a rea  is  a d a rk , 

ap h an itic , lo c a lly  p o rp h y rit ic , lo c a lly  b recc ia ted  flow  w hich is e s ti­

m ated as 150 feet th ic k  on P e a rc e  H i l l . It  crops out along the w est 

side o f P e arce  H il l  and north  o f the N orth  V e in  n ear Huddy H i l l .  The  

base o f th is  un it is not exposed on the s u rfa c e , and underground the  

contact is  com plicated by possible fau lting  and intense a lte ra tio n .  

S u rface  outcrops n ear the base consist o f a b recc ia  in  w hich fra g ­

m ents m ake up ap p ro x im ate ly  40 percent o f the ro c k . T h e  fragm ents  

a re  d a rk  g ray  and p o rp h y rit ic , containing 10 to 15 percent a lte re d  

am phibole phenocrysts up to 0 .5  cm  long. The m a tr ix  is  lig h te r  

g ra y  and p o rp h y rit ic , containing w h ite  fe ldspar laths w hich a re  

g e n e ra lly  less than 0 .3  cm  long. Upward in  the flo w , the num ber o f
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fragm ents  decreases and the abundance and s ize  of fe ld sp ar pheno- 

crys ts  in the m a tr ix  in c re a s es . N ea r the base o f the flo w , the m a tr ix  

shows strong flow  la y e r in g . T h e  upper 15 to 20 feet o f the flow  also  

consist o f b re c c ia . Th e  frag m en ts  a re  lith o lo g ic a lly  s im ila r  to the 

c en tra l p a rt o f the flo w , and the m a tr ix  is b lac k , ap h an itic , and 

h eav ily  stained by iro n  o x id es . Th e  frag m en t content decreases  

tow ard  the top of the b re c c ia , and the flow  top is  e n tire ly  aphanitic  

(F ig u re  1 2 ). Both the upper and lo w er b reccias  f it  P arso n s ’ (1969) 

d efin itio n  o f a u to -b re c c ia tio n . T h is  flow  is  po orly  exposed and its  

s tra tig ra p h y  m ust be pieced to g eth er fro m  outcrops at s e ve ra l 

d iffe re n t lo ca tio n s . I t  does appear to be a s ing le  flo w . No partings  

o r zones o f s c o r ia  o r b re c c ia  have been observed in  the in te r io r  o f 

the flo w . A  co n g lo m era tic  lense s e v e ra l inches th ic k  o v e rlie s  th is  

flo w , a ll o f the c las ts  o f w hich a re  o f the underly ing  lith o lo g y .

A ll the sam ples  o f th is  un it exam ined in  thin section a re  

highly a lte re d . Th e  b re c c ia  frag m en ts  consist o f 60 to 90 percent 

a lte red  fe ld sp ar and 10 to 40 percent q u artz  s tr in g e r , c a lc ite , and 

iro n  ox id e. The b recc ia  frag m en ts  a re  g lo m e ro p o rp h y ritic , con­

ta in ing  clum ps o f zoned, subhedral to euhedral potassium  fe ld sp ar  

phenocrysts up to 0 .3  cm  long. These phenocrysts consist o f s im p le  

tw in s , w ith  the tw in  planes seldom  sh arp ly  defined (F ig u re  1 3 ).

Few  o f the phenocrysts give a sa tis fac to ry  in te rfe re n c e  f ig u re , but 

those that do have a low 2V  s im ila r  to that o f san id in e . T h ey  take  a
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F ig u re  1 2 . C ontact o f T f j  - T w 1 - T a 1 , W est S id e  o f P e a rc e  H i l l .

A u to c la s tic  b re c c ia  in  Tf-| , lo w e r r ig h t,  is  o v e rla in  by the  
dense ap h an itic  flow  top; th e re  is  th in  T w 1 at the contact 
and a lig h t co lo red  possib le  a i r - f a l l  tu ff  above c o n ta c t. 
N o rm a l Ta-j appears  at the  u p p er le f t .  S ix m ile  H i l l  is  
in the background .
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F ig u re  1 3 . P h o to m ic ro g rap h  o f Tf^ Show ing A lte re d  F e ld s p a rs .

T h e  b re c c ia  fra g m e n t in  r ig h t c e n te r contains phenocrysts  
a lte re d  to c a lc ite  and m in o r iro n  oxide and m o n tm o r il— 
Io n ite . T h e  m ic ro lite s  now consis t o f potass ium  fe ld s p a r  
w hich  is  thought to be seco n d ary . Zones o f low b i­
re fr in g e n c e  and "shadow y" ex tin c tio n  vag ue ly  re s e m b le  
a lb ite  tw inn ing; c ro ssed  N ic o ls , X 4 0 .
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ligh t s ta in  w ith  sodium  c o b a ltin itr ite  and y ie ld  a s a n id in e -lik e  X - r a y  

p a tte rn . Appendix C gives a m o re  deta iled  discussion o f the X - r a y  

data . F ive  to 10 percent o f the frag m en ts  consists o f euhedra l 

am phibole phenocrysts w hich a re  com plete ly  a lte r e d . T h e  re m a in d e r  

of the frag m en ts  consists o f a tra c h y tic  m at o f fe ld s p a r laths w hich  

are  g e n e ra lly  less than 0 .0 2  cm  long. Th ese  c ry s ta ls  take a light 

sta in  w ith  sodium  c o b a lt in itr ite , and none o f them  exh ib it po lysynthetic  

tw in n in g . One o r  2 percen t o f the frag m en ts  consists o f v e ry  fin e ­

grained opaque m in e ra ls  w h ich a re  a lte re d  to  iro n  o x id e s .

Th e m a tr ix  o f the lo w e r b re c c ia , and the ro ck  in  the ce n tra l 

p a rt o f the flo w , a re  also p o rp h y rit ic . T h e  fe ld s p a r phenocrysts a re  

subhedral to euhedral and g e n e ra lly  less than 0 .1  cm  long. Th e  g rou nd- 

m ass consists o f up to  10 to  15 percen t g ra n u la r  opaque iro n  oxide and 

v e ry  fin e ly  c ry s ta llin e  m a te r ia l w h ich stains lig h tly  w ith  sodium  

c o b a lt in itr ite . T h e  b re c c ia  m a tr ix  at the top o f the flow  is h eav ily  

stained by iro n  oxide and appears to  be a d e v itr if ie d  g las s . It contains  

a few s m a ll fe ld s p a r ph en ocrysts , and the groundm ass is a lm ost 

is o tro p ic .

Due to the  extensive a lte ra tio n  and v a r ia b ili ty  o f th is  u n it , 

it is d iffic u lt to give it  a pe trograph ic  nam e. T h in  section exam in a­

tio n  and sta in ing  in d ica te  that it  contains considerab le  potassium  

fe ld s p a r . It is u n certa in  w h eth er th is  potassium  fe ld s p a r is  p r im a ry  

o r secondary; th is  prob lem  w i l l  be discussed in  a la te r  c h a p te r . No



26

chem ical analyses a re  a v a ila b le , and th e ir  usefulness would be ques­

tionable due to the extent o f a lte ra tio n  o f the ro c k s . On the basis o f  

thin section exam ination  and v isua l es tim atio n  o f percen t potassium  

fe ld sp ar in stained s la b s , the un it is  te n ta tiv e ly  named a tra c h y te  

p o rp h y ry .

F irs t  W a te r -L a in  T u ff  (Tw^ )

T h is  un it is a v o lc a n ic -d e riv e d  li t  h ie a re n ite  w hich appears to 

be w a te r  deposited . It  ranges fro m  0 to 2 feet th ic k , and is  broken out 

as a separa te  unit because it  is  a m a rk e r  bed w h ere  it  is p resen t. It  

fa lls  w ith in  the s ize  range o f a tu f f ,  accord ing to  W il l ia m s , T u rn e r ,  

and G ilb e rt (1954) Th e  un it is  not e n tire ly  lo c a lly  d e riv e d , as it  

contains up to 45 percen t q u a r tz , a m in e ra l not found in  the underlying  

flo w . In addition to q u a r tz , it contains up to 20 percent potassium  

fe ld sp ar w hich has a low 2 V  and no polysynthetic tw inning and m in o r  

opaque m in e ra ls , c h e r t , p lag io c lase , b io tite , to u rm a lin e , and a p a tite . 

L it hie frag m en ts  com prise  up to 50 percent o f the ro c k , and include  

su b -an g u la r c las ts  w hich a re  o f the underlying  flow  ro c k , up to 0 .8  cm  

d ia m e te r , w ith  s m a lle r  broken fragm ents  o f sanidine sp h eru lites  and 

occasional fla tte n e d , a lte re d  pieces o f p u m ice . T h e re  is  up to 20 

percent potassium  fe ld sp ar cem ent which sta ins even ly  w ith  sodium  

c o b a lt in itr ite . T h is  cem ent is  too fin e ly  d ispersed  to  be separated  fo r  

X - r a y  a n a ly s is .
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F ir s t  A s h -F lo w  (T a 1)

T h is  ash -flo w  tu ff is exposed along the w est s ide o f P earce  

H i l l ,  in  a fau lt b lock along the north  s ide o f P e a rc e  H i l l ,  and on the  

w est side o f Huddy H il l  (F ig u re  2 , in pocket). It  has an es tim ated  

thickness o f 200 fe e t. T h e  best exposure is  on the w est s ide o f P earce  

H ill in the caved a rea  (F ig u re  9 ). Th e  lo w er 5 to 10 feet of th is  unit 

are  w h ite  to light ta n , and contain v e ry  few lith ic  "fragm ents. T h is  

p art contains fe w e r than 10 percent c ry s ta ls , lo c a lly  exhib its  poorly  

defined bedding, and m ay be an a ir  fa ll tu ff  (F ig u re  1 2 ). It  is in grada­

tio na l contact w ith  the o verly in g  ash -flo w  tu f f ,  w hich is m assive  and 

unbedded (F ig u re  14 ). T h is  unit consists o f fro m  10 to 40 percent 

accessory lith ic  frag m en ts  and fro m  10 to 30 percent c ry s ta ls . T h e  

phenocrysts include c le a r  g ra y  g lassy q u artz  b leb s, som ew hat 

chatoyant euhedral fe ld s p a r c ry s ta ls , and v e ry  m in o r b io tite . T h e  

fragm ents  include the underlying  flow  ro ck  and a lte red  green to g ra y  

p u m ice . T h e y  appear to in crease  in s ize  and abundance tow ard  the  

cen ter o f the flo w , w here  they reach  a m axim um  d ia m e te r o f 8 to  10 

c m . T h is  p a rt o f the un it m ight be c lass ified  as a tu ff -b re c c ia . T h e  

only suggestion o f layering  in the un it is  the elongation o f collapsed  

pum ice la p i l l i .  On a w eathered  s u rfa c e , th is  s tru c tu re  is em phasized  

by the w eathering  out o f pum ice which leaves elongate ho les. T h is  

ro ck  is  e x tre m e ly  hard w h e re v e r it  is exposed.
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F ig u re  1 4 . Ta-j Exposed in C aved A r e a .

Note the d a rk  lith ic  fra g m en ts  and light p ink c o lo r; the  
h a m m e r is  fo r  s c a le .
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T h in  section exam ination co n firm s its  id en tifica tio n  as an 

ash -flo w  tu ff . It is com ple te ly  d e v itr if ie d , but the shard te x tu re  is 

preserved  in the less a lte red  sam ples (F ig u re s  15 and 1 6 ). T h e  

shards a re  m ost re a d ily  v is ib le  under plane p o la rized  ligh t w h ere  

th e ir  outlines a re  accentuated by iro n -o x id e  s ta in in g . T h ey  a re  

random ly o rie n te d , and occasional unbroken ve s ic le  w a lls  a re  

p re s e n t. T h e  shards now consist o f c le a r  anhedral potassium  fe ld ­

s p a r w hich sta ins even ly  w ith  sodium  c o b a lt in itr ite . The m a tr ix  

surrounding the shards is c loudy, fin e ly  c ry s ta ll in e , and stains  

unevenly. I t  probably consists o f a fin e  in te rg ro w th  o f q u artz  and 

potassium  fe ld s p a r. S om e o f th is  shard and m a tr ix  m a te r ia l was  

ground into a powder and run on the X - r a y  d if fra c to m e te r . The  

resu lts  ind icate  that the dom inant constituents a re  q u artz  and san i— 

dine (? ). No c r is to b a lite  o r  tr id y m ite  has been detected in any of the  

X - r a y  o r  op tical w o rk  done.

T h e  phenocrysts in th is  un it consist o f 5 to 10 percent q u artz  

w hich is  g e n e ra lly  rounded and em bayed, 10 to 15 percent potassium  

fe ld sp ar w hich occurs as cracked and broken euhedral c r y s ta ls , v e ry  

m in o r b io tite , w hat Coats (1940) re fe rs  to as "pseudo—d ich ro ic "  

a p a tite , and possible un-tw inned p lag io c la s e . T h e re  a re  two v a r ie t ie s  

of potassium  fe ld s p a r phenocrysts. One stains s tro n g ly  w ith  sodium  

c o b a ltin itr ite  and exhib its  a "patchy" extinction  (F ig u re  1 7 ). T h e  o th e r  

stains only lig h tly  and exh ib its  s h a rp , u n ifo rm  ex tin c tio n . Both g ive
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F ig u re  1 5 . P h o to m ic ro g rap h  o f S h ard s  in  T a 1 , P lane  P o la r iz e d  L ig h t.

T h e  shards  a re  m o re  v is ib le  w ith  p lane lig h t. Note the  
n e a r ly  round bubble w a lls  and the lack  o f com paction; 
th is  tu ff  is  not densely  w elded; X 4 0 .



Figure 16. Photomicrograph of Shards in Tâ  , Crossed Nicols.

The shards are difficult to distinguish; they exhibit a 
mosaic texture rather than the axiolitic texture more 
typical of devitrified ash—flow tuffs; X40.



F ig u re  1 7 . P h o to m ic ro g ra p h  o f P o tas s iu m  F e ld s p a r  Phenocryst 
S how ing  ’’P a tc h y ” E x tin c tio n , C ro s sed  N ico ls ; X 4 0 .
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in te rfe ren ce  fig u res  w ith  a 2V  of 0 °  to 3 0 ° , and a re  assum ed to be

san id in e . T h e  two types o f phenocryst y ie ld  d iffe re n t a lte ra tio n  

products, as w i l l  be discussed la te r  in the chapter on a lte ra tio n .

The lith ic  frag m en ts  a re  often a lte re d  beyond id e n tif ic a tio n . M any  

appear to be o f the un derly ing  trac h y te  p o rp h yry , and som e a re  o f a 

B is b e e -lik e  lith o lo g y . T h e re  a re  also angu lar frag m en ts  o f sanidine  

sp h eru lites  (F ig u re  18) o f v a ry in g  s iz e s , som e o f w hich contain  

branching ru t ile  f ib e rs . Th ese  sp h eru lites  w e re  X - r a y e d , and w e re  

found to consist e n t ire ly  o f san id in e . T h ey  a re  not in terg ro w n  fib e rs  

o f sanid ine and c r is to b a lite , as is  ty p ic a l o f sp h eru lites  according to  

Ross and S m ith  (1 9 6 0 ). T h e  pum ice la p i l l i  a re  g e n e ra lly  a lte re d  to  

m o n tm o rillo n ite . T h ey  a re  ra d ia lly  fla ttened  and the ends a re  w ispy  

and fra y e d . R ibbon te x tu re  is  occasiona lly  p reserved  in  the d e v it r if i­

cation and a lte ra tio n  p ro d u cts . S om e of the less fla ttened  pum ice has 

been converted  to  potassium  fe ld sp ar s im ila r  to that in the sh ard s . 

T h is  un it appears to  be a s lig h tly  welded rh y o lite  ash -flo w  tu ff o r  

possib ly a s i l l a r .

Second W a te r—L ain  T u ff  (T w g )

T h is  un it is  a vo lcan ic  lith ic  to  a rk o s ic  a re n ite  and ranges  

fro m  0 to 10 feet th ic k . It  is a useful m a rk e r  bed fo r  m apping. It is  

exposed s p o ra d ic a lly  fo r  s e v e ra l hundred feet across the saddle high  

Qf-j the w est s ide o f P earce  H il l  • It occurs at the contact between the
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F ig u re  18 . P h o to m ic ro g ra p h  o f S p h e ru lit ic  P o tass iu m  F e ld s p a r in T a 1 .

P ro b a b ly  san id ine  fo rm e d  fro m  the d e v itr if ic a tio n  of p u m ic e . 
Note the p se u d o -is o g yres  in in d iv id u a l s p h e ru lite s ; c rossed  
N ic o ls , X 4 0 .
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f irs t  ash -flo w  tu ff  and the second flo w . It is w e ll-b ed d ed  and r e la ­

t iv e ly  w e ll-s o r te d , and appears to be w a te r - la in . The ro ck  is w e ll  

indurated and is e x tre m e ly  hard to o ccasionally  f r ia b le . It has a 

m ottled  salm on pink and m aroon c o lo r on both fre s h  and w eathered  

s u rfa c e s .

Tw o sam ples  o f th is  ro ck  w e re  exam ined in th in  sectio n .

T h ey  contain about 30 percent sub-rounded q u artz  g ra in s , 30 percent 

potassium  fe ld s p a r c ry s ta ls , 30 percent lith ic  fra g m e n ts , and m inor  

opaque m in e ra ls , b io tite , and c lay  m in e ra ls . T h e  average g ra in  s ize  

v a rie s  fro m  about 0 .0 5  cm  to 0 .1 5  c m , and in  fin e ly  cong lom eratic  

beds th e re  a re  pebbles up to 1 c m . Th e  lith ic  c lasts  include pieces  

of the lo w e r f lo w , broken sanid ine s p h e ru lite s , and occasional a lte red  

p u m ice . No shards w e re  observed in e ith e r th in  s ectio n , but th e ir  

presence m ay have been obscured by subsequent c ry s ta lliz a tio n . M ost 

o f the g ra ins  a re  coated by iro n  o x id e , and the ro ck  contains about 10 

percen t potassium  fe ld s p a r cem ent (F ig u re s  19 and 2 0 ). T h is  cem ent 

stains even ly w ith  sodium  c o b a ltin itr ite  both in th in  section and sta ined  

s la b . As was the case w ith  the f ir s t  w a te r—lain  tu ff , the cem ent is  

unsuitable fo r  X - r a y  an a lys is .

Second F lo w  (T f2 )

T h is  flow  caps P e arce  H i l l .  It has been mapped in  a fa u lt  

block in the v ic in ity  o f D S haft and on the east s ide o f Muddy H i l l .  In
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F ig u re  1 9 . P h o to m ic ro g ra p h  o f P o tas s iu m  F e ld s p a r  C em en t in T w  
P lan e  P o la r iz e d  L ig h t .

T h e  y e llo w  c o lo r  is  due to sod ium  c o b a lt in it r ite  s ta in s . 
T h e  c le a r  g ra in s  a re  q u a rtz ; X 4 0 .
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F ig u re  2 0 . P h o to m ic ro g ra p h  o f P o tass iu m  F e ld s p a r Cem ent in Tw ^, 
C ro s sed  N ic o ls .

Note the e x tre m e ly  low b ire fr in g e n c e  o f the potassium  fe ld ­
s p a r , as com pared  w ith  q u a rtz ; X 4 0 .
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add ition , it crops out on s e v e ra l low h ills  about h a lf a m ile  south o f 

P earce  H i l l ,  and on the northernm ost o f the th re e  knobs south o f 

S ix m ile  H i l l .  Its  th ickness is  estim ated  at 500 fe e t. T h is  flow  is  

much b e tte r exposed than the lo w er flo w , but the top is g e n e ra lly  

covered and its  nature  m ust be in fe rre d  fro m  flo at and dump m a te r ia l.  

Th e exposure south o f S ix m ile  H ill  is  n ear the top o f the section .

T h is  flow  w eathers  ligh t g ra y  to m aro on , and is light to d a rk  g ray  on 

a fres h  s u rfa c e . It o v e r lie s  the second w a te r - la in  tu ff  u n it, but the  

contact its e lf  is  co vered . T h e re  is a p o o rly -d e fin ed  b recc ia  at the  

base (F ig u re  2 1 ). T h e  lo w e r th ird  o f th is  flow  exhib its  a ra th e r  p ro ­

nounced flow  lam ination  in the fo rm  o f d iffe re n t-c o lo re d  bands and sub­

p a ra lle l a lignm ent o f fe ld s p a r laths (F ig u re  2 2 ). T h is  p a rt of the flow  

consists of about 5 percent euhedral am phibole phenocrysts, up to 

0 .3  cm  long, and 20 to 30 percent chalky w h ite  to g lassy fe ldspar  

phenocrysts , up to 0 .3  cm  long. S om e o f the groundm ass fe ldspar  

laths a re  la rg e  enough to be seen w ith  a hand lens , but the ground- 

m ass is  dom inantly  ap h an itic . It is  g ray  w ith  w isp y , ir r e g u la r ,  

salm on pink patches. N e a r the top o f the flo w , am phibole m akes up as 

much as 10 to 15 percent o f the ro c k , and fe ld sp ar phenocrysts becom e  

su b o rd in a te . T h e  flo w  top is scoriaceous fo r  a th ickness o f s e v e ra l  

tens o f fe e t . It consists o f m in o r la rg e  am phibole and s m a lle r  fe ld ­

sp ar phenocrysts in  an aphanitic  g rou ndm ass. V e s ic le s  in  th is  s c o r ia  

a re  o ccasionally  f il le d  w ith  c a lc ite , o live  green to  a lm o s t w h ite
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N e a r the top of P e a rc e  H i l l ;  h a m m e r is  fo r  sca le
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F ig u re  2 2 . F lo w  L a y e rin g  in T f 2 .

N e a r  the  top o f P e a rc e  H i l l .  T h e  pole is  at the h ighest 
point on the h i l l ;  the h a m m e r is  fo r  s c a le .
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m o n tm o rU lo n ite , and chalcedonic to co arse ly  c ry s ta llin e  q u a r tz . No 

ze o lites  have been observed .

As was tru e  o f the f ir s t  flo w , th is  u n it is  a lte re d  in  a ll th in  

sections exam in ed . S am ples  tow ard  the base o f the flow  a re  g lo m ero — 

p o rp h y rit ic , contain ing clum ps o f subhedral fe ld sp ar phenocrysts fro m  

0 .01  to 0 .3  cm  long, and s m a lle r ,  s in g le , subhedral to euhedral pheno­

c rys ts  0 .0 0 5  to 0 .2 0  cm  lo n g . Th e  to ta l phenocryst content ranges  

fro m  20 to 50 p e rc e n t. T h e  fe ld s p a r phenocrysts g e n e ra lly  exh ib it 

zoning and s im p le  tw inn ing . In  the c e n tra l portion  of the flo w , the 

plag ioclase content in c re a s e s . Som e th in  sections have 10 to 15 p e r­

cent a lte red  a lb ite -tw in n ed  p lag io c la s e , com m only m antled by potas­

s ium  fe ld s p a r. A p p ro x im a te ly  a th ird  o f the w ay up the thickness o f 

the flo w , the la r g e r  phenocrysts consist a lm ost e n tire ly  o f p lagioclase  

w hich exh ib its  a lb ite  tw inning and no apparent m an tlin g . Its  compo­

s itio n  is  around A n ^ .  H ig h er in  the flo w , potassium  fe ld sp ar again  

becom es the dom inant fe ld s p a r. Throughout th is u n it, euhedra l 

am phibole is  p re s e n t. I t  is  e n tire ly  a lte red  w h e re v e r it  has been 

ob served , but the euhedral c ry s ta l outlines a re  p re s e rv e d . A  few  o f  

the a lte re d  c ry s ta l outlines could be pyroxene and som e a re  prob ab ly  

b io tite , but the am phibole fo rm  is  dom inant. T h e re  is  q u a rtz  in  a ll the  

sam ples exam in ed , but i t  appears to be secondary in  o r ig in .

The groundm ass o f th is  u n it is  e ith e r  tra c h y tic  o r  is  a m osa ic  " 

in te rg ro w th  o f e x tre m e ly  fin e  gra ined  m a te r ia l .  T h e  groundm ass takes
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a re la t iv e ly  strong s ta in  w ith  sodium  c o b a lt in itr ite , and it  is  assum ed  

to consist m a in ly  o f potassium  fe ld sp ar w ith  m in o r and va ry in g  

amounts o f opaque m in e ra ls  and c la y s . The flow  lay e rin g  w hich is  so 

pronounced in hand specim en is  not n e a rly  as obvious in th in  sectio n .

It is re fle c te d  by a lignm ent o f the phenocrysts and lo c a lly  tra c h y tic  

te x tu re  in the groundm ass. On the basis o f es tim atio n s  o f potassium  

fe ld sp ar content o f th in  sections and stained s lab s , th is  ro c k  m ust be 

c lass ified  as a trac h y te  p o rp h y ry . It  is  d iffic u lt to  es tim ate  the  

plag ioclase content due to its  uneven d is trib u tio n  w ith in  the flow  and 

to its  s tro n g er s u s c ep tib ility  to a lte ra tio n . F u rth e rm o re , some o r  a ll 

of the potassium  fe ld s p a r m ay be o f secondary o r ig in , as w i l l  be d is ­

cussed in  the fo llow ing ch ap te rs . T h is  unit appears to be la te ra lly  

equivalent to an andesite flo w .

T h ird  W a te r -L a in  Tuff (Twg)

T h is  un it is  a lo ca lly  cong lom eratic  vo lcan ic  arkose o r  lith ic  

are  nit e . I t  is  ap p ro x im ate ly  450 fee t th ic k , although i t  is  seldom  

w e ll exposed fo r  much o f its  th ick n e s s . I t  crops out along the w est 

side o f S ix m ile  H il l  and along the w est side o f the v a lle y  in  the cen te r  

of the h i l l .  I t  is  o v e rla in  by a re s is ta n t ash -flo w  so that exposures  

are  not alw ays good. P a rt o f what is  mapped as TWg in  F ig u re  1 

m ay in fact o v e r lie  the ash -flo w  tu ff . T h is  u n it crops out along the  

w est side o f two o f the h ills  south o f S ix m ile  H i l l .  I t  u n d e rlie s  the
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v a lle y  between P earp e  and M eta t H i l l ,  and m akes up a m a jo r  com ­

ponent o f the dump m a te r ia l around shafts sunk in the v a lle y .

T h is  unit is dom inantly  an a rko s ic  a ren ite  although in places  

i t  contains boulders up to 1 o r  2 feet ac ro ss . I t  is  bedded and lo ca lly  

cross-b ed ded . It  contains m in o r graded beds. T h e  c h a ra c te r of the  

unit v a rie s  g re a tly  fro m  place to place (F ig u re  2 3 ). It  ranges fro m  

fr ia b le  and po o rly  cem ented to e x tre m e ly  w e ll in dura ted . T h e  co lo r  

ranges fro m  light g ra y  to tan to salm on p ink , the la tte r  co lo r being 

the m ost com m on. T h e  coarse lith ic  c lasts consist o f the underlying  

lithologies and rh y o lit ic  ro ck  w hich does not resem b le  the underlying  

u n its . T h e  lo w er p a rt o f the un it consists dom inantly  o f an ea rth y  red  

lith ic  a ren ite  to cong lom erate containing p eb b le - to co b b le -s ize  clasts  

of the underlying flow  top .

Th e thin sections exam ined a re  o f dump m a te r ia l fro m  the  

v a lle y  between P e arce  and M e ta t H i l ls .  T h e y  a ll contain 35 to 40 p e r­

cent su b -an g u la r to sub-rounded q u a rtz , 10 to 40 percen t potassium  

fe ld s p a r , 0 to 20 percent p lag io c lase , m ostly  o lig o c las e , up to 20 p e r­

cent rounded opaque g ra in s , and trac e s  o f b io tite , m u sco v ite , a p a tite , 

epidote, and c la y s . T h e  lith ic  c lasts  include vo lcan ics , frag m en ts  o f  

s p h e ru lite s , and a lte red  p u m ice . No shards w ere  observed in any o f  

the s a m p le s . T w o  o f the th in  sections contain 5 to 15 percen t cal c ite  

cem ent, and a th ird  has 10 percent fin e ly  c ry s ta llin e  m a te r ia l as a 

m a tr ix , probable q u a r tz , potassium  fe ld s p a r, and c la y s . T h e  sam ple
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F ig u re  2 3 . C o n g lo m e ra tic  P o rtio n  o f T w g .

F ro m  a dum p between P e a rc e  and M e t at H il ls ;  sca le  bar  
1 c m .
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n earest the top o f the u n it, fro m  a dump at the base of M eta t H i l l ,  

contains m ore p lag ioclase at 20 volum e percent than any o ther ro ck  

exam ined during th is  study (F ig u re  24 ).

Second A s h -F lo w  (T a g )

T h is  un it caps the w es te rn  h a lf o f S ix m ile  H il l  (F ig u re  25) 

and two o f the h ills  south o f S ix m ile  H i l l .  It  also crops out in a few  

scatte red  locations along the fau lt on the w est s ide o f M eta t H i l l .

T h is  c o rre la tio n  is  som ewhat questionable, and was m ade on the basis  

of g enera l lith o lo g ic  s im ila r it ie s  and s tra tig ra p h ic  position . Th e  rock  

is dense and p o rp h y rit ic , w ith  phenocrysts fro m  10 to 25 p e rcen t. It  

is ligh t buff to ru s ty  brown on w eathered  s u rfa c e s , and d a rk  g ray  to 

chocolate brown on fre s h  s u rfa ce s . On M etat H i l l  i t  is  bleached and 

stained by iron  ox ides . T h e  base o f the u n it contains collapsed pum ice  

la p il l i  w hich range up to 5 o r  6 inches long (F ig u re  2 6 ). The ra tio  o f  

length to th ickness is g e n e ra lly  less than 6:1 and is never m o re  than  

10:1 . H ig h er in  the flo w , on ly  s m a ll scatte red  pum ice frag m en ts  and 

a few d a rk  lith ic  frag m en ts  a re  p re s en t. M ost o f the un it is  m assive  

and un -bedded . O nly occasional collapsed pum ice fragm ents  define  

the attitude o f the flo w .

Tw o th in  sections o f th is  un it w e re  exam in ed , both fro m  the  

w est side o f M e ta t H i l l .  T h e y  contain 10 to 15 percent q u artz  and 

sanidine phenocrysts , a tra c e  o f b io t ite , 5 to  15 percent pum ice , and



F ig u re  2 4 . P h o to m ic ro g rap h  o f F re s h  P la g io c la s e , Top  o f T w ^ ,  
C ro ssed  N ic o ls ; X 2 0 .



F ig u re  2 5 . L o w e r P a r t  o f T a ^ , W est S id e  o f S ix m ile  H i l l .

TW g crops  out along the base o f the m ass ive  c l i f f ,  and is  
v e ry  p o o rly  exposed; looking n o rth .
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F ig u re  2 6 . Hand S p ec im en  o f B asal T a ^ .

Note the fla tten ed  p u m ic e , q u a rtz  (d a rk )  and fe ld s p a r (w h ite )  
phenocrysts; sca le  b ar 1 c m .
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d e v itr if ie d  tuffaceous groundm ass. Th e  q u artz  phenocrysts a re  

rounded and em bayed, and range fro m  0 .0 5  to 0 .1 5  cm  a c ro s s . 

Santdine equals q u artz  in abundance, and resem b les  one o f the types  

of santdine in the lo w e r a s h -flo w . It  occurs as occasiona lly  b roken , 

euhedral c ry s ta ls  up to 0 .2  cm  long, exh ib iting  sharp  u n ifo rm  

extinction  and s im p le  tw in n in g , and it  takes a light even s ta in  w ith  

sodium  c o b a lt in it r ite . T h e  collapsed pum ice consists o f a c ic u la r  to  

a x io lit ic  potassium  fe ld s p a r in te r la y s  red  w ith  an h ed ra l, m o s a ic -  

tex tu red  q u artz  up to 0 .0 5  cm  a c ro ss . T h is  q u artz  has probably  

re c ry s ta lliz e d  fro m  a x io lit ic  q u artz  o r  c r is to b a lite . Th e  shards con­

s is t o f a x io lit ic  potassium  fe ld s p a r and m o n tm o rillo n ite , an a lte ra tio n  

product (F ig u re  2 7 ). T h e  shards s ta in  even ly and exh ib it no va ria tio n s  

in  r e l ie f  w hich would suggest an in terg row n  s il ic a  phase. The m a tr ix  

m a te r ia l surround ing the shards consists o f fin e ly  in terg row n  q u artz  

and potassium  fe ld s p a r . Th e  shards a re  m ild ly  com pacted, but a few  

v es ic le  w a lls  a re  p reserved  w ith  round o r  oval shapes. T h is  unit 

appears to be a p a rtia lly -w e ld e d  tu ff  w hich has been fu r th e r  indurated  

by d e v itr if ic a tio n  and c ry s ta ll iz a t io n .

T h ird  F lo w  (T fg )

T h is  un it is  v e ry  po orly  exposed, and m ost o f the evidence  

concerning its  d is trib u tio n  is  in  dump m a te r ia l . It crops out in  a few  

scatte red  locations along the c e n tra l v a lle y  o f S ix m ile  H i l l ,  m o s tly  in
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F ig u re  2 7 . P h o to m ic ro g rap h  o f T a 2 Showing A x io lit ic  T e x tu re  o f  
S h a rd s .

T h e  m a te r ia l surroun d ing  the shards is  a m osaic  o f q u a rtz  
and potass ium  fe ld s p a r . T h e  bronze to  p ink c o lo ra tio n  o f  
the po tass ium  fe ld s p a r is due to m o n tm o rillo n ite  a lte ra tio n ;  
cro ssed  N ic o ls , X 4 0 .
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prospect p its . T h e re  a re  a few  questionable outcrops on M e ta t H i l l . 

T h is  d a rk  flow  ro c k  occurs in  prospect pits and dumps along the fau lt 

on the w est s ide and in  a dump at the  no rth  end n e a r the  old ra ilro a d  

g rad e . A p h an itic  and scoriaceous n ear the to p , the lo w e r p a rt is no­

w h ere  exposed, and the th ickness o f the  un it is  unknown. It  is  d a rk  

g ra y  to brown on fre s h  surfaces  and w eathers ru s ty  o ra n g e . .M uch o f  

it is  a lte re d , having a d a rk  o liv e —green c o lo r . Th e  s c o ria  ves ic les  

a re  f il le d  w ith  chalcedonic to co arse ly  c ry s ta llin e  euhedral q u artz  o r  

tan to green m o n tm o rillo n ite . S om e o f the coarse q u artz  is  fa in tly  

a m eth ys tin e . No ze o lites  have been observed .

No th in  sections o f th is  un it w e re  exam in ed , but s e ve ra l slabs  

w e re  sta ined w ith  sodium  c o b a lt in itr ite . The extent o f sta in ing is  

highly v a r ia b le . The fe ld sp ar m ic ro lite s  in  one specim en a re  empha­

s ized  by the s ta in in g . It is  not known how much staining is due to  

potassium  fe ld s p a r, and how much is due to a lte ra tio n  products such  

as m o n tm o rillo n ite . T h is  rock  would be c lass ified  as an andesite o r  

a basalt in the f ie ld , although based on potassium  fe ld sp ar s ta in ing  

it  m ight be ca lled  a tra c h y te .

T h ird  A sh F low  (T a g , T v )

T h is  unit includes a v itro p h yre  zone (T v )  w hich w i l l  de d is ­

cussed to g eth er w ith  the re s t o f the flo w . T h e  v itro p h y re  zone was  

mapped as a sep ara te  u n it because it  is a usefu l m a rk e r  in  the  f ie ld .
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Th e  T h ird  A s h -F lo w  caps the eastern  h a lf o f S ix m ile  H i l l  and M e t at 

H i l l ,  w h ere  it  is  in  fa u lt contact w ith  the Second A s h -F lo w . I t  has a 

m in im u m  thickness o f 50 feet and w as probably o r ig in a lly  s e v e ra l 

hundred feet th ic k . T h e  v itro p h y re  has not been found on M e ta t H i l l ,  

perhaps because it  w eath ers  re a d ily  and is  g e n e ra lly  c o v e re d . Its  

absence m ay be due to poor exposure , o r it  m ay pinch out in the m ile  

between S ix m ile  and M e ta t H i l l .

The v itro p h y re  is  a b lack and d a rk  salm on p ink , fin e ly  p e r lit ic  

glass (F ig u re  2 8 ). It  contains 20 to  30 percent subhedral b ip y ram id a l 

qu artz  c ry s ta ls  and m in o r a lte re d  m a fic  m in e ra ls . It  ranges fro m  

dense and homogeneous to s tro ng ly  e u ta x itic , w ith  a lte rn a tin g  s treaks  

of b lack glass and pink m a te r ia l which appears to be p a r t ia lly  d e v it r i -  

fie d . Th e  base o f the v itro p h y re  has not been observed in the f ie ld , but 

it  is  at leas t 5 o r  10 feet th ic k . The upper p a rt is  in gradational con­

tac t w ith  the o verly in g  d e v itr if ie d  zo n e . The upper p art o f the v it r o ­

phyre is  cut by d ikes up to s e v e ra l inches w ide o f pink fe ldspath ic  ro ck  

w hich resem b les  the o v e rly in g  d e v itr if ie d  m a te r ia l in hand sp ec im en . 

These dikes a re  nowhere seen cutting the o verly in g  ro c k , and a re  

thought to be d e v itr if ic a tio n  dikes s im ila r  to those described  by S im ons  

(1 9 62 ).

The d e v itr if ie d  ro c k  is  salm on pink on w eathered  su rfaces  and 

d a rk  chocolate brown on fre s h  ones. T h e  lo w e r 20 feet o f the d e v it r i­

fied zone is  s tro n g ly  s p h e ru lit ic , and appears to be densely w e ld ed .
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F ig u re  2 8 . Hand S p ec im en  o f  T v .

S c a le  b a r 1 cm
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S p h eru lites  co m p rise  up to 60 percent o f the ro c k , and d im in ish  in  

abundance upw ard in the u n it. The ro ck  contains 15 to 25 percent 

subhedral q u artz  c rys ta ls  s im ila r  in fo rm  to  those in  the v itro p h y re . 

The sp h eru lites  a re  roughly round and m any o f them  co a le s c e . T h ey  

consist o f concentric  bands o f w h ite  m ilk y  q u a rtz  and rad ia tin g  

fib rous potassium  fe ld s p a r , probably san id in e . T h is  te x tu re  is  

em phasized by potassium  fe ld s p a r sta in ing  in a sawed hand specim en  

(F ig u re  2 9 ), No e u ta x itic  te x tu re  has been observed in the lo w er p a rt  

o f the flo w , but the sp h eru lites  exh ib it a roughly p lan ar d is trib u tio n  

w hich is  em phasized by w eathering  (F ig u re  3 0 ).

Above the s tro n g ly  s p h e ru litic  zone is  a eu ta x itic  zone 10 to  

15 feet th ic k  w hich contains s tro n g ly  flattened and d is to rted  pum ice  

fra g m e n ts . M in o r  sp h eru lites  a re  present w ith  only 10 to 15 percen t 

q u artz  ph en ocrysts . T h is  p art o f the un it contains ovoid cav ities  o f  

u n certa in  o r ig in  w hich a re  f il le d  w ith  m ilk y -w h ite  bo tryo id a l q u a rtz . 

T h is  m a te r ia l w eathers  out leaving 1 to 3 -in c h  long holes in  the  

ro c k . Above th is  zo n e, the ro ck  is s tro n g ly  e u ta x itic  and g e n e ra lly  

contains on ly  5 to  10 percent p h en o crysts . Th e  shard  te x tu re  in  th is  

zone is som etim es  v is ib le  in hand specim en (F ig u re  31). Th e  shards  

a re  o f m ilk y -w h ite  q u a r tz , and the surround ing  m a te r ia l is dom inantly  

pink to g ra y  potassium  fe ld s p a r.

O n ly  tw o th in  sections o f th is  unit w e re  exam in ed , both fro m  

n ear the top o f the w est s ide o f M et at H i l l . A t the t im e  these sam ples
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F ig u re  2 9 . Hand S p ec im e n  o f T , S p h e ru lit ic  Z o n e .

T h e  w h ite  is  q u a rtz  and the g ra y  is  po tass ium  fe ld s p a r; the  
s m a ll d a rk  spots a re  q u a rtz  phenocrysts; sca le  b a r 1 c m .
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F ig u re  3 0 . C om paction  F o lia tio n  in  S p h e ru lit ic  Z o n e , L o w e r P a r t  o f  
T a 3 .

F ro m  e a s t—c e n tra l S ix m ile  H i l l ;  the h a m m e r is  fo r  s c a le .
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F ig u re  31 . Hand S p ec im en  o f T a ^ , E u ta x it ic  Z o n e .

T h e  w h ite  is  q u a rtz  and the g ra y  is  po tass ium  fe ld s p a r;  
note the shard  fo rm s ; sca le  b a r  1 c m .
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w e re  co llec ted , a ll the ash -flo w  outcrops on M e ta t H i l l  w e re  thought 

to be one u n it. H o w ever, d is tin c t pe tro g rap h ic  d iffe ren ces  ex is t 

between the tw o . T h e  sam ples exam ined contain 5 to 10 percent 

sanidine and q u artz  ph en ocrysts . T h e  sanidine resem bles  that in the  

second ash flo w . T h e  q u artz  is  subhedral to euhedral and less  

em bayed than the q u artz  in  the lo w e r ash flo w s . No shard  s tru c tu re s  

w ere  observed in these s a m p le s . Th e  th in  sections show undulating  

p a ra lle l bands o f a lte rn a tin g  anhedral m osaic q u artz  and fib ro u s , 

a x io lit ic  potassium  fe ld s p a r (F ig u re  3 2 ). Up to 15 percent o f the  

sam ples consist o f sp h eru lites  in w hich the bands a re  arrang ed  con­

c e n tr ic a lly . O ccasional co llapsed , frayed  pum ice la p il l i  can be 

reco gn ized , now c ry s ta lliz e d  to m osaic  q u a rtz . A l l  o f the fe ld sp ar is  

s tro n g ly  a lte re d  to m o n tm o rillo n ite  and takes a ligh t s ta in  w ith  

sodium  cobalti n it r i t e . Both o f these sam ples appear to come fro m  the  

densely welded p a rt o f the u n it. No th in  sections o f the v itro p h y re  

w e re  exam ined .

C o rre la tio n s

One o f the reasons fo r  the deta iled  ro ck  un it descrip tio ns  

given here  is  that th e re  a re  considerab le  d iscrepancies  between w hat 

is found in the im m ed ia te  Com m onw ealth  a re a  and w hat has been 

described  e lsew here  in the P e arce  V o lc a n ic s . P ossib le  reasons fo r  

these d iscrepancies  w i l l  be discussed in subsequent c h a p te rs .



F ig u re  3 2 . P h o to m icro g rap h  o f T a 3 , S p h e ru lit ic  Z o n e .

T h e  w h ite  is  q u a rtz ; the lo w -b ire fr in g e n t bands consis t o f  
potass ium  fe ld s p a r (s a n id in e? ). Note the em bayed q u a rtz  
phenocryst at upp er r ig h t; crossed  N ic o ls , X 2 0 .
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Due to the la te ra lly  v a ria b le  nature o f vo lcan ic  rocks in  

genera l and these units in p a r t ic u la r , c a re  m ust be exerc ised  in 

c o rre la tio n  of these units w ith  those on o th er h ills  in the S u lp h u r  

S p rin g s  V a lle y . S m ith  (1927) and G illu ly  (1956) described  the P earce  

V olcan ics  in  som e d e ta il and E ttin g e r (1962) described  the Pat H ills  

V o lca n ic s , w hich m ay be contem poraneous. S m ith  described  the rocks  

in  the P earce  a re a  its e lf ,  and G illu ly  gave a m easured section  fro m  the  

S u lp h u r H il ls ,  6 m ile s  aw ay. S m ith ’s descriptions agree  fa ir ly  w e ll 

w ith  those given h e r e . He c ited  two units w ith in  the lo w e r p a rt o f the  

sequence w hich appear to be only a faulted rep e titio n  o f the F ir s t  F lo w . 

He re fe rs  to the flow  units as andesites on the basis o f f ie ld  and p e tro ­

g raph ic  exam in a tio n . G illu ly , in his d escrip tio n  o f the section in the  

S u lp h u r H il ls ,  a lso  id en tifies  the flow  rocks as andes ites . T h e re  is  

l i t t le  doubt that these andesites a re  c o rre la tiv e  w ith  the flows  

described  h e re , and the d iscrepancies in  m in era lo g y  a re  p u zz lin g .

The presence o f abundant potassium  fe ld sp ar in  the rocks on P earce  

H ill has been co n firm ed  in  th is  study by both s ta in ing  and by X - r a y  

a n a ly s is . O n ly  on top o f P earce  H ill  and on the 7th leve l has any 

s ig n ifican t am ount o f p lag ioclase been observed as c ry s ta ls  w hich

exh ib it a lb ite  tw inning and do not s ta in . T h ey  a re  com m only m antled  

by potassium  fe ld sp ar w hich does s ta in . P o ss ib ly  the e a r l ie r  p e tro ­

graph ic  descrip tions  w e re  done on sam ples co llected  fro m  the parts  

o f the flows w hich contain p lag io c lase , but that seem s u n lik e ly . In
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the absence o f sta in ing o r  X - r a y  w o rk , the occas io n a lly  m in o r  

potassium  fe ld s p a r m ay not have been detected . S m ith  notes that the  

tw inning o f the p lag ioclase is  often destroyed by a lte ra tio n ; these  

crys ta ls  m ay have been m is id en tified  potassium  fe ld s p a r. The d is ­

crepancy w ith  G illu ly ’s descrip tio n  m ay be due to a lte ra tio n  o f the  

rocks n ear the C om m onw ealth  v e in s , an idea discussed in  la te r  

c h a p te rs . A  th ird  p o s s ib ility  is  that these flows do not c o rre la te  w ith  

the andesitic  flow s described  e ls e w h e re .

Th e F ir s t  A sh F lo w  described here appears to c o rre la te  w ith  

a rh y o lite  described  by G illu ly  in the S u lphu r H i l ls . He m entions  

sanidine and q u artz  phenocrysts but no lith ic  fra g m e n ts . The T h ird  

W a te r—L ain  T u ff  appears to  c o rre la te  w ith  th re e  units o f G illu ly 's :  

a th ic k  w a te r - la in  tu ff , a tu f f -b re c c ia , and a th ick  rh y o lite  agg lom er­

a te . Lack  o f b e tte r  exposures in the P earce  a re a  precludes any  

c o rre la tio n  w ith  his sp e c ific  u n its . He adds that in the S u lp h u r H ills  

the w a te r - la in  tu ff is  p a r t ia lly  im pregnated w ith  native  s u lfu r . The  

Second and T h ird  A sh Flow s resem b le  the la te r  rh y o lite  flow s o f  

G illu ly , except that m in o r o ligoclase is  present in the S u lp h u r H ills  

flow s w hich has been looked fo r  but not recognized in  the P earce  a re a .  

Th e T h ird  F low  rep o rted  here  occupies the sam e s tra tig ra p h ic  

position as a unit o f in terbedded rh y o lite  tu ff  and th in  flow s in

G illu ly 's  sectio n .



S m ith  described  the Second A sh F lo w  o f th is  study in the  

C e n tra l Butte and L it t le  Jess ie  H ills  as being v itro p h y r ic  at the top  

and having a range in  th ickness o f s e v e ra l hundred fe e t. He described  

the top o f the T h ird  A sh  F low  as containing presum ed a i r  fa ll  tu f f  and 

g la s s , but he did not s ta te  w h ere  the exposure is  lo ca te d .

E ttin g e r (1962) described  the vo lcan ic  sequence o f the Pat 

H ills  w hich lie  15 m ile s  northeast o f P e a rc e , n ear the easte rn  edge 

of the S u lp h u r S p rin g s  V a lle y . He describes p o rp h y ritic  and es ite , 

la h a r b re c c ia , p o rp h y ritic  d a c ite , a lte re d  acid  vo lcan ics , and vario u s  

in tru s ive  ro c k s . T h e re  is  no c le a r  s im ila r ity  in the vo lcan ic  sequences  

o f the two a re a s , but they could be la te ra lly  equ iva len t.

Enlows (1 9 5 5 ), M a r ja n ie m i (1968 , 19 70 ), and D rew es and 

W illia m s  (1 9 73 ), among o th e rs , have described  the vo lcan ic  rocks o f 

the no rth ern  C h iricah u a  M ountains ap p ro x im ate ly  30 m ile s  northeast 

o f the P earp e  a re a . These  rocks include an desite , b a s a lt, and rh y o -  

dacite  flows and th ic k  rh y o lite  welded tu ffs . M a r ja n ie m i gives a date  

o f 2 5 .7  + 0 .8  m .y .  fo r  one o f the lo w e r units o f the th ic k  m id -T e r t ia r y  

vo lcan ic  sequence. The C h iricah u a  sequence is  p art o f a la rg e  vo l­

canic  fie ld  w hich includes the c e n tra l and southern P e llo n c illo  

M ountains and the A n im as  M ountains o f New M e x ic o . D rew es  and 

W illia m s  also describe  andesite in  the C h iricah u a  W ild e rn e s s  A re a  

w hich they place w ith in  the B isbee F o rm a tio n . T h ey  describ e  dacite
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lava  and b recc ia  w hich o v e rlie s  the Bisbee and m ay be C retaceous o r  

T e r t ia r y .

L o rin g  (19 47 ), R ogers (19 57 ), and D ie ry  (1964 ) described  the  

geology o f the S w issh elm  M ountains, and a ll m ake b r ie f  m ention o f 

rh y o lit ic  vo lcanics w hich appear to have once o v e rla in  a ll the o ld e r  

units and w hich m ight c o rre la te  w ith  units in the study a re a . Rogers  

gives a re la t iv e ly  d eta iled  descrip tio n  of these u n its , and M a rja n ie m i 

(1970) states that som e o f the S w issh e lm  V o lcan ics c o rre la te  w ith  

m em bers  o f the C h iricah u a  rh y o lit ic  sequence.

G illu ly  (1 956) s ta tes  that the P earce  V o lcan ics  a re  probably  

c o rre la tiv e  w ith  the S .O .  V o lc a n ic s , a th ick  sequence o f q u artz  la tite  

tu ff and hornblende andesite flows on the southwest flank  o f the Dragoon  

M ountains. A  q u artz  la tite  tu ff  fro m  th is  un it g ives a K -A r  age o f 

47 + 2 m .y .  (M a rv in  et a l . ,  1973).

No d ire c t c o rre la tio n  is  possible between the P earce  V o l­

canics and those o f the surrounding m ountain ranges , but they m ay w e ll 

be contem poraneous o r  la te ra lly  eq u iva len t. Much m ore  de ta iled  

study would be necessary  to m ake any such lo ng -range  c o rre la t io n s . 

Such a study should include age datin g , deta iled  g e o ch em is try , and

petro g rap h y .



64

In te rp re ta tio n  of R ock U nits

M any ideas concerning the nature and o rig in  o f ash -flo w  tu ffs  

have evolved since S m ith  f ir s t  s y s te m a tic a lly  described  the P earce  

rocks in 1927. I t  seem s ap p ro p ria te  here to evaluate som e o f the  

fea tu res  o f the P e arce  V o lcan ics  in light o f the c u rre n tly  accepted  

m odels o f a sh -flo w  tu ffs  and re la ted  frag m en ta l m a te r ia ls . A  num ber 

of papers define and describe  ash -flo w  tu ffs , including Ross and S m ith  

(1960) and S m ith  (1 9 6 0 a ,"b ). T h e ir  te rm in o lo g y  is fo llow ed throughout 

th is  th e s is .

Ross and S m ith  define an ash—flow  tu ff  as consolidated vo l­

canic ash frag m en ts  m ostly  under 0 .4  cm  in d ia m e te r , deposited fro m  

an exp lo s ive ly  e je c ted , tu rb u len t m ix tu re  o f high te m p e ra tu re  gas and 

p y ro c la s tic  m a te r ia ls  w hich tra v e ls  downslope along the ground s u r­

fa c e . T h is  te rm  th e re fo re  im p lie s  com position, g ra in  s iz e , and mode 

of em p lacem en t. Th e  Second and T h ird  Ash F low s f it  th is  defin itio n  

n ic e ly . P a r t  o r  a ll o f the F ir s t  Ash F low  m ight b e tte r be ca lled  a 

la p il l i  tu ff o r  even a tu ff-b re c c ia , using P arsons ' (1969) d e fin itio n . 

H o w ever, the am ounts o f la p i l l i  and block s ize  frag m en ts  a re  subord i­

nate when the un it is considered as a w hole; s h a rd s , dust, and a s h -  

s ize  c ry s ta ls  a lm ost alw ays m ake up m o re  than h a lf o f the ro c k . T h e  

high percentage o f l ith ic  frag m en ts  m ay be due to in co rp o ra tio n  o f 

e a r l ie r  deposited m a te r ia l on the ground as the ash flow  moved o v e r  

it  o r  o f m a te r ia l scaled o ff by p a r t ia l d isrup tion  o f the v en t. Th e
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la tte r  explanation seem s m o re  reaso n ab le , s ince the c o a rs e r  lith ic  

fragm ents  occur in the c e n tra l p art o f the un it ra th e r  than n e a r the  

base. H o w e v e r, th is  evidence is  not conc lu s ive .

Th e  th re e  a s h -flo w  tu ff  units exh ib it va ry in g  degrees o f 

w eld ing . In the lo w e r tw o , the p r im a ry  evidence o f com paction and 

w elding is  the presence o f collapsed p u m ice . The shards do not 

appear to be g re a tly  d e fo rm e d , and bubble w a lls  a re  p reserved  in  

alm ost c irc u la r  shapes. S m ith  (1960b) states that due to te m p e ra tu re  

co n s id era tio n s , ash flow s showing c ry s ta lliz a tio n  to s a n id in e -tr id y m ite  

o r  s a n id in e -c ris to b a lite  m ust also be m ild ly  welded i f  they a re  th ick  

enough to show d efo rm atio n  o f pum ice o r  sh ard s . T h e re fo re  these  

units m ust be p a r t ia lly  w elded a sh -flo w  tu ffs  ra th e r  than tru e  s i l la r s .

T h e  F ir s t  and Second A sh Flows exh ib it on ly  vague zoning  

n ear th e ir  b ases . Th e  F ir s t  Ash F low  contains a possib le a i r  fa l l  at 

the base, w hich m ay have been '•fused" by c ry s ta lliz a tio n  in a m anner  

s im ila r  to that described  by C hris tian sen  and L ipm an (1 9 66 ), w h ere  an 

a i r - f a l l  tu ff  was covered by a hot rh y o lite  flow  w hich heated it  to  

c ry s ta lliz a tio n  te m p e ra tu re  and com pressed i t .  Th e  lo w er 5 to 10 feet 

of the Second A sh  Flow  appears to  be a m o re  densely w elded zo n e.

Th e T h ird  A sh  F lo w  exhib its  poorly  defined .w eld ing zoning and 

c ry s ta lliz a tio n  zo n in g . It is the m ost densely w elded o f the ash f lo w s . 

T h e  v itro p h y re  is  a dense, b lack  g lass w hich rep resen ts  the u ltim a te  

product o f the w elding process (S m ith , 1 960a ). T o g e th e r w ith  the
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d e v itr if ie d  s p h e ru lit ic  zone above i t ,  i t  m akes up the zone o f densest 

w eld in g . Th e  eu tax itic  rock  above th is  zone would rep resen t the zone 

o f p a rtia l w e ld ing . The base o f the v itro p h yre  is  covered in the study  

a re a , and it  is  not known w h eth er o r  not th e re  is  a p a r t ia lly  welded  

zone beneath it  to  correspond to the upper one. T h is  would be 

expected, accord ing to  S m ith .

Th e bedded, a rk o s ic  units in the study a re a  have been assum ed
x

to be w a te r—la in , but they m ay at least in p art have o rig in a ted  in a 

m anner described  by W a lk e r  (1971 ). He states that a ll  the welded  

tu ffs  he has observed have a v e ry  heterogeneous basal la y e r  consisting  

o f lith ic  frag m en ts  and c r y s ta ls , in  part w e ll sorted  and cro ss-b ed d ed , 

ir r e g u la r ly  s tra t if ie d , and c o a rs e r-g ra in e d  than the ash flo w  its e lf .

He a ttrib u tes  the absence o f shards and pum ice in  th is  la y e r  to the  

so rtin g  and winnowing action o f a strong gas s tre a m  at the  base o f the  

ash flo w . T h is  la y e r  is g e n e ra lly  th in  at the base o f a th ic k  ash flow  

u n it, but m ay be equal in  th ickness to  a th in  a sh -flo w  tu ff .

The flow  units a ll  appear to be tru e  lava flows w ith  s c o ria  o r  

b re c c ia  zones at the tops and b ases . Th e  b recc ias  a re  m onolitho log ic  

and appear to  be au to c las tic  flow  b recc ias  as defined by Parsons (1 9 6 9 ).

Th e  natu re  o f the vo lcan ic  units and the absence o f any  

in tru s iv e  rocks in  the study a re a  suggests that they w e re  deposited at 

som e d istance, probab ly  s e v e ra l m ile s , fro m  th e ir  s o u rc e . The  

th ickness o f the units is re la t iv e ly  u n ifo rm , and th e re  a re  no coarse



b reccias  o r  rap id  la te ra l changes w hich would suggest p ro x im ity  to  a 

v e n t. Evidence as to the location o f the source a re a  is  in co nclus ive .

I f  the v itro p h y re  o f the T h ird  A sh F low  does indeed pinch out a t M e t at 

H i l l ,  th is  would be in  keeping w ith  a sou th w esterly  s o u rc e . H o w ever, 

assum ing that the c o rre la tio n s  suggested here  a re  v a lid , m ost o f the  

units tend to  th icken tow ard  the S u lp h u r H il ls ,  suggesting a source to  

the no rth eas t. T h e  presence o f plutonic ro c k s , d ikes , b re c c ia  pipes  

and lah ars  in  the Pat H ills  suggests that th is  a rea  could possib ly  have 

been the source fo r  a t leas t som e o f the P earce  V o lc a n ic s . An even  

m ore  specu la tive  suggestion would advance a genetic  re la tio n sh ip  w ith  

M a rja n ie m V s  (1970 ) T u rk e y  C re e k  c a ld e ra . Such long -range co r­

re la tio n s  cannot be m ade on the basis o f what is  c u rre n tly  known about 

the vo lcan ics , and th e re  is  no re a l evidence o f a loca l so u rce .

S tru c tu re

Although a deta iled  discussion o f the s tru c tu ra l h is to ry  o f  

southeastern  A riz o n a  is  beyond the scope o f th is  s tudy, a few g en era l 

com m ents on the po st-C retaceous s tru c tu ra l evolution o f the ranges  

surround ing the S u lp h u r S p rin g s  V a lle y  w i l l  be m ade before  the  lo ca l 

s tru c tu re  is  d iscussed.

R egional S tru c tu re

D r  ewes (1968 , 1972) presents a g en era l p ic tu re  o f d e fo rm a­

tio n  in southeastern  A rizo n a  developed fro m  90 m .y .  to  52 m .y .  ago.
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extending fro m  before to  a fte r  the L a ra m id e  in te r v a l . T h is  d e fo rm a­

tion  consisted o f two d is tin c t phases w hich w e re  separa ted  by a 

period  o f re la tiv e  quiescence and a re o rie n ta tio n  o f reg io n a l s tre s s e s . 

S tru c tu re s  o f the e a r l ie r  P im an  phase re fle c t n o rth e a s t-d ire c ted  te c ­

ton ic  s tre s s e s , and include th ru s t fa u lts , te a r  fa u lts , and folds 

accom panied by in tru s iv e  and vo lcan ic  a c tiv ity . S tru c tu re s  o f the  

H elvetian  phase a re  best developed in the northw estern  p a rt o f the  

region and consist o f n o rth w estw ard -d irec ted  th rusts  and le f t - la te r a l  

te a r  fau lts  accom panied by igneous in tru sion  and m in e ra liza tio n  

(D re w e s , 1968 ).

L a ra m id e  tec to n ism  in the Dos Cabezas M ountains produced  

fau lts  that tre n d  w es t-n o rth w es t and show both rig h t la te ra l and 

re v e rs e  m ovem ent, fo llow ed by v e r t ic a l faults  trend ing  n o rth -n o rth -  

east and having re la t iv e ly  s m a ll net s lip  (E r ic k s o n , 1968 , 1969). 

L a ra m id e  d efo rm atio n  o f the C h iricahuas resu lted  fro m  h o rizo n ta l 

com pression fro m  the south and southwest w hich produced n o rth w e s t-  

s tr ik in g  th ru s ts , n o rth e a s t-s tr ik in g  le f t - la te r a l  te a r  fa u lts , fo ld ing , 

and re v e rs e  fau lts  (S a b in s , 1957b). A cco rd ing  to Lo rin g  (1 9 47 ), the  

S w issh e lm  M ountains w e re  deform ed during L a ra m id e  t im e  by n o rth  

to  n o rth w e s t-s tr ik in g , east to n o rtheast-d ip p in g  th ru s ts , n o rth e a s t-  

s tr ik in g  te a r  fa u lts , and a n tic lin a l folding having a n o rth -s o u th -  

trending  , eastw ard -d ipp ing  a x ia l p la n e . The D ragoon M ountains a re



deform ed by L a ra m id e  th ru s ts  and folds having east and n o rth -n o rth ­

w est tren d s  (G illu ly , 1956).

T h e  next apparent period  o f d e fo rm atio n  in  the  v ic in ity  o f the  

S u lp h u r S p rin g s  V a lle y  is  the B asin  and Range O rog en y, w hich began 

som etim e between O ligocene and m id -M io c en e  (G illu ly , 1963 , and 

C h ris tian sen  and L ip m an , 1970 ). T h e re  a re  th re e  basic  m odels fo r  

B asin  and Range s tru c tu re s  (S te w a r t , 1971): lan d s lid e -typ e  d e fo rm a­

tion caused by blocks s lid in g  o ff o f reg ional highs o r  by re m o va l o f  

la te ra l support; s tru c tu re s  re la te d  to s tr ik e —slip  deform ation; and 

deform ation  caused by frag m en ta tion  o f the c rust above zones of d eep - 

seated ex ten s io n .

The ranges bounding the S u lphu r S p rin g s  V a lle y  tren d  north  

to n o rth w est, as is  ty p ic a l o f the B asin  and Range topography o f south­

easte rn  A rizo n a  (A n d erso n , 1966 ). S teep ly -d ip p in g  boundary fau lts  

a re  described  o r  in fe rre d  along the w est s ide o f the C h iricahuas  

(S a b in s , 1957b) and the east s ide of the Dragoons (G illu ly , 1956 ). 

Loring  (1947) maps a high angle fau lt along the east s ide o f the S w iss.- 

h e lm s , w h ere  T e r t ia r y  rh y o lite  is  down-dropped against P a leo zo ic  and 

C retaceous ro c k s . The nature  o f the w este rn  boundary o f the S w is s -  

helm s is not c le a r . G illu ly  (1956) considered the iso la ted  h ills  o f the  

P e arce  V o lcan ics  to  be the n o rthw estern  extension o f the S w issh e lm  

M ountain tren d  and states that the  h ills  a re  probab ly  the n e a r ly -  

buried  rem ain s  o f a fau lt b lock m ountain ran g e . Data included in
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A iken  and S u m n e r (1974) support such a suggestion. The B ouger 

g ra v ity  anom aly map o f southeastern  A rizo n a  included in  that re p o rt  

shows a bedrock ridg e  extending northw est fro m  the S w issh e lm s  

beneath the P e arce  V o lc a n ic s . It  dies out about 10 m ile s  no rth  o f 

P e a rc e . Deep basins lie  to  the n o rth , south, and southeast o f the  

P earce  a re a . G ra v ity  and d r il l in g  in fo rm atio n  ind icate  that th e re  is  

another bedrock high extending southwest fro m  the P earce  a re a  tow ard  

the D ragoons. Deep holes d r il le d  through the a llu v iu m  o f the v a lle y  

bottom  in C retaceous o r  T e r t ia r y  ro c k s . In the deepest p a rt o f the  

southern b as in , east o f the southern t ip  o f the S w is s h e lm s , a d r i l l ­

hole bottomed at 5450 feet in  T e r t ia r y  volcanics and s ed im en ts . The  

tim in g  o f th is  d e fo rm atio n  and o f the vo lcan ism  is not known, due to  

the lack  o f fo s s ils  o r  iso top ic  d ates .

Local S tru c tu re

T h e  post—B isbee rocks in the study a re a  s tr ik e  an average of 

N 4 0 °  W  and dip 1 0 ° to 4 0 °  N E . No p rec ise  attitudes could be 

determ ined  on the B isbee ro cks , but they appear to  dip g e n e ra lly  

n o rth e a s t. Th e  flow  contacts and bedding planes in  the  bedded units  

range in  s tr ik e  fro m  about N 2 5 ° W  to N 5 5 °  W , and in dip fro m  5 °  to  

5 5 °  N E . F lo w -la y e r in g  in the vo lcan ic  un its  shows a w id e r  range in  

d ip , va ry in g  fro m  1 0 ° S W  to 5 0 ° N E . The best ind ication  o f o v e ra ll 

s tr ik e  and dip o f the flows is  th e ir  outcrop p a tte rn . T h e re  appears to
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be som e v a ria tio n  in o v e ra ll dip fro m  h ill  to h i l l ,  but as fa r  as can be 

determ ined  the units on any given h il l  a re  co n fo rm ab le . No angu lar  

unconform ities  have been observed in  the study a re a , although they  

have been described  e lsew h ere  in  the P earce  V o lc a n ic s . It  m ust be 

rem em b ered  tha t d iscordan t contacts w ith in  a vo lcan ic  sequence m ay  

rep resen t v a ria tio n s  in  the underlying  topography o r  edges o f flo w s , 

but they do not n e c e s s a rily  im p ly  s tru c tu ra l d e fo rm a tio n .

The jo in tin g  c h a ra c te r is tic s  of the d iffe re n t ro c k  types a re  

re la t iv e ly  u n ifo rm  in  a reas  away fro m  the ve in s . Th e  B isbee F o rm a ­

tion disp lays w id e ly -sp aced  orthogonal jo in t s e ts . The ash flows  

have v e ry  w id e -sp aced  blocle/ jo in tin g  on the o rd e r  o f 2 to  4 fee t and 

the flows have m o re  c lo se ly  spaced jo in ts , freq u en tly  1 o r  2 feet 

a p a rt. In zones o f sheeting , the flow  rocks a re  fin e ly  broken and 

p la ty , som etim es  having an a lm ost f is s ile  appearance w ith  fra c tu re s  

only inches a p a rt. Th e  Bisbee rocks tend to  fo rm  fra c tu re  sets  

p a ra lle l to  zones o f s u b -v e r tic a l sheeting and im p erm eab le  gouge 

zo n es . Th e  ash flow s a re  e x tre m e ly  com petent and b r it t le  and 

g e n e ra lly  contain vugs and open spaces w h ere  sheeted . T h e re  is m o re  

o f a tendency fo r  stockw orks to fo rm  in  the  ash flow s than in the o th e r  

ro ck  ty p e s .

T h e  m ost im p o rtan t ve ins in the study a re a  occu r on P e a rc e  

H i l l ,  w h ere  the C om m onw ealth  M in e  is  lo ca te d . Low grade veins  

s im ila r  to  the C om m onw ealth  veins occur on o th e r h i l ls , and w i l l  be



72

discussed only b r ie f ly . Due to the extent o f m in ing and lim ite d  acces­

s ib ility  of the v e in s , the w r i te r  m ust re ly  h eav ily  on previous d e s c rip ­

tio n s . S m ith  (1927) includes sketches and deta iled  descrip tions o f the  

im p o rtan t ve in s , and an assay longitudinal section fro m  w hich F ig u re  

33 is adapted.

T h e  C om m onw ealth  veins lie  along a branching group o f fau lts  

along w hich th e re  has been considerable  o ffs e t. Th ese  fau lts  v a ry  in  

s tr ik e  fro m  e a s t-w es t to N 7 0 ° W , and dip fro m  4 0 ° S to v e rtic a l 

(F ig u re s  2 , 3 4 , 3 5 , and 3 6 ). The average dip is  around 6 0 °  S .  No 

d ire c t evidence o f d ire c tio n  o f m ovem ent, such as s lic k e n s id es , has 

been ob served . T h e  dom inant component is  n o rm al dip s lip , but a 

component o f r ig h t - la te r a l s tr ik e  s lip  m ay also be p re s en t. D ip  

separatio n  along the vein  fa u lts , as determ ined  by g rap h ica l m ethods  

(D ennison, 1968) ranges fro m  35 to o ver 1000 fee t and amounts to  

ap p ro x im ate ly  2000 feet fo r  the e n tire  system  o f fa u lts . S tr ik e  

separatio n  fo r  the system  amounts to a lm ost 2900 fe e t. T h e  ve in  

fau lts  converge on the w est s ide of P earce  H il l  and d iverge  on the  

east s id e , m aking determ inations  o f separatio n  som ew hat d if f ic u lt .

A l l  o f the d isp lacem ent on a few  c lose ly -sp aced  fau lt planes on the  

w est side is spread among s e v e ra l sep ara te  faults on the east s id e .

Not enough in fo rm atio n  is ava ilab le  to d e te rm in e  i f  the d isp lacem ent is 

g re a te r  at one end than at the o th e r . V e in ed  fau lts  o f s im ila r  tren d  at 

the north  end o f S ix m ile  H il l  (F ig u re  22 ) show s tr ik e  separation  o f up
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H  Horizonlol Silver Zones (5 0 -2 5 0  oz/t silver, 0 .5*2 .5  oz/t gold)
CD Horizontal Gold Zones (6 0 *1 0 0  oz/t silver, 1.5 *2.5 oz/t gold)
E3 Vertical High-Grade Zones (14 *20 0  oz/t silver, 0.15*1.6 oz/t gold)

Shoot outline; grade In barren zone less then 8 oz/t silver, 0.1 oz/t gold

X?
F ig u re  3 3 . G en era lized  Longitudinal S ection o f the M a in  V e in .

A fte r  S m ith , 1927 .
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F ig u re  3 4 . Stope on N o rth  V e in ,  N o rth  S id e  o f P e a rc e  H i l l .

V ie w  is looking east to w a rd  Huddy H i l l .  Note the sh arp  
hanging w a ll;  both hanging w a ll and fo o tw a ll a re  Ta^ .
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F ig u re  3 5 . M a s s iv e  Q u a rtz  V e in  R em nant o f M a in  V e in , P e a rc e  H i l l .

Sub—v e r t ic a l  sheeting  occurs in both the hanging w a ll and 
fo o tw a ll o f the v e in . The M a in  V e in  F a u lt is  not w e ll  
show n. T h e  N o rth  V e in  F a u lt is  at the fa r  le ft o f the  
p ic tu re . T h e  v iew  is looking east in the w e s te rn  caved  
a re a ; the fau lts  and sheeting dip south.
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F ig u re  3 6 . V ie w  o f M e t at H i l l  Looking E ast fro m  N o rth  V e in .

Note the m ass ive  q u a rtz  ve in  in the fo re g ro u n d . T h e  
N 4 0 °  W  fau lt on the side o f M e t at H i l l  can be p ro je c te d  
between the upper lin e  o f the dum ps. T h e  lo w e r dum p at 
le f t -c e n te r  y ie ld ed  sam ple  #6  contain ing fre s h  p la g io c la s e .
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to s e v e ra l hundred fe e t. These fau lts  g e n e ra lly  dip south and show  

dom inantly  n o rm a l dip s l ip .

The Com m onw ealth  veins lie  in the footw alls  o f the fa u lts . 

Along the hanging w a lls , the veins tend to be m assive  and ta b u la r  

(F ig u re  3 4 ), but they g e n e ra lly  grade into zones o f sheeting o r  

stockw orks w ith  no c le a r ly —defined fo o tw a ll. The sheeted and s to c k -  

w o rk  zones consist o f m in e ra liz e d  s trin g e rs  and la te  gouge zo n es .

T h e  ve in  paragenesis  w i l l  be discussed in d e ta il in  the section  on 

m in e ra liza tio n  and a lte ra t io n . O ffset w ith in  the sheeted zones 

g e n e ra lly  appears  to  be m in o r , although th e re  a re  occasional s lices  

o f s e v e ra l d iffe re n t ro c k  units w ith in  th e m . M ost o f the d isp lacem ent 

appears to have been along a few  d isc re te  fau lt p lanes . T h e  c h a ra c te r  

o f the veins depends on the footw all lith o lo g y . The B isbee F o rm atio n  

is  the m ost incom petent o f the ro ck  u n its . F ra c tu re s  in th is  un it a re  

g e n e ra lly  gouge zo n es , and th e re  is l i t t le  open space. V e in le ts  and 

s tr in g e rs  in the B isbee F o rm atio n  a re  m uch less abundant than in the  

o th er ro ck  u n its , and the o v e ra ll w a llro c k  grade is  lo w e r (see the  

chapter on Econom ic P otentia l and Appendix A ) .  W h e re  B isbee  

F o rm atio n  lies  in  the footw all o f a v e in , the zone o f q u artz  s tr in g e rs  

dies out ra th e r  ab ru p tly  against a n a rro w  gouge zo n e . The flows a re  

o f m oderate  com petence and fo rm  w id e , s tro n g ly  sheeted zones in  

ve in  fo o tw a lls . These zones contain q u a rtz  and c a lc ite  s tr in g e rs  and 

la te  gouge. Vugs and comb te x tu re  a re  p re s en t, but they a re  not as
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abundant as in the ash flo w s . T h e  ash flow s exh ib it sheeting and s to c k -  

w o rk  ve in in g . S tr in g e rs  and veined fra c tu re s  freq u en tly  show a 

roughly hexagonal p a tte rn  w ith  d rusy  vugs at in te rs e c tio n s . T y p ic a l 

ep ith erm a l comb and cockade te x tu re s , as described  by L indgren  

(1 9 33 ), a re  w e ll developed in  veins w here th is  un it is  in  the fo o tw a ll.

M ovem ent along the fa u lt veins continued during and a fte r  

vein  fo rm a tio n . At som e lo c a lit ie s , esp ecia lly  in the N orth  V e in ,  

w h ere  i t  crops out between P e arce  and Huddy H ills  (F ig u re  6 ) ,  

m assive ve in  q u artz  is b recc ia ted  and re -cem en ted  by m ore  q u a r tz .  

S e v e ra l d iffe re n t ages o f vein ing a re  apparent, and a ll ve ins  a re  cut 

by b a rren  gouge-coated fra c tu re s  along the sam e tren d  as the v e in s .

T h e  sheeting exhibited by the Com m onw ealth veins appears  

to f it  W is s e r 's  (1 960) suggestion that sheeted zones a re  freq uently  

the re s u lt o f tensional s tre s s  ra th e r  than s h e a rin g . Abundant evidence  

of tension and re la t iv e ly  l i t t le  o f shearing  is  p resen t at the Com m on­

w e a lth . B r it t le  fa ilu re  is  by fa r  the predom inant mode o f fa i lu r e .

T h e re  a re  east to east-n o rth eas t tren d in g  fau lts  o f s m a ll to  

m oderate  d isp lacem ent across the c e n tra l and southern parts  o f  

S ix m ile  and M et at H i l ls . These  g e n e ra lly  contain n a rro w  b recc ia  

zones w hich a re  cem ented by m in o r am ounts o f q u a r tz . T h e  d ire c tio n  

of m ovem ent on these faults  cannot be de te rm in ed  w ith  confidence and 

th e ir  age re la tiv e  to the o th er groups o f fau lts  is  unknown.
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The fau lt veins appear to be offset by a group o f fau lts  which  

s tr ik e  about N 4 0 ° W . T h e re  is  som e m in o r q u artz  vein ing along 

s m a lle r  fau lts  o f th is  tre n d , but m ost of the fau lts  a re  c h a rac te rize d  

by gouge zo n es . Th ese  fau lts  g en era lly  u n d e rlie  a llu v iu m  and th e ir  

location m ust be in fe rre d  fro m  s tra tig ra p h ic  ev idence. S m ith  (1927) 

described the fau lt w hich offsets the Com m onw ealth veins on the w e s t, 

and called  it  the B rockm an F a u lt . T h is  p a rt o f the m ine is no longer  

access ib le , but s tra tig ra p h ic  offset re q u ire s  a fau lt w hich is  down to  

the w e s t. One o f th is  group o f fau lts  is exposed on the east s ide o f  

Huddy H il l  and in scatte red  outcrops on the w est s ide o f M e ta t H i l l  

(F ig u re s  1 and 2 ) .  Its  tra c e  is  m arked  by a line  o f prospect p its  on 

both h il ls . W h ere  it  is  exposed, it dips 5 0 ° to 70 ° N E  and shows 

n o rm a l dip s lip . Any s tr ik e -s lip  component w hich m ight be present 

would be rig h t la te r a l .  Th e  deflection of the fau lt trac e s  by topography  

ind icates that they a re  everyw h ere  steep ly inclined  and show n o rm a l 

dip s lip . Th e  block containing P e arce  H il l  is  a ho rst and is  s tru c tu ra lly  

higher than the o th er fau lt blocks in the study a re a . T h e  no rtheast­

w ard  t ilt in g  o f the units probably occurred  during  th is  episode o f  

fau ltin g , although th e re  is  no conclusive evidence in  the study a re a .

T h e  v a ria tio n s  in o v e ra ll dip fro m  h ill  to h ill can be explained by 

d iffe re n tia l t ilt in g  along these fa u lts .

Th e  u n ifo rm ity  o f the fau lts  w ith in  the two groups suggests 

that they a re  g en e tica lly  re la te d , although the exact na tu re  o f th is
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response to roughly no rth -sou th  d irec ted  tension o r  e a s t-w es t com ­

p re s s io n . T h e  source o f th is  tension can only be specu lated . The  

p o s s ib ilitie s  include subsidence to the south due to s e ttlin g  o v e r a 

m agm a ch am b er, o r  subsidence o f the basin in the southern Sulphur 

S p rin g s  V a lle y  and u p lift o r  doming to the n o rth , w h ich could also  

re fle c t e ith e r  adjustm ents o f the parent m agm a o f the vo lcan ics  o r  

Basin and Range m ovem ent. Th e  younger group o f fau lts  is  p a ra lle l 

on the g en era l tren d  o f the S w issh elm s and to the g ra v ity  high shown 

on the map in A iken  and S u m n e r (1974 ). They  appear to  re fle c t  

no rtheast-southw est ten s io n , and are  most lik e ly  re la ted  to Basin  

and Range s tru c tu ra l a c tiv ity  in  the a re a .



C H A PTER  3

M IN E R A L IZ A T IO N  A N D  A L T E R A T IO N

T h is  chap ter describes  m a jo r fea tu res  o f m in e ra liz a tio n  and 

a lte ra tio n  at the C om m onw ealth  M ine and in s im ila r  veins on the o ther 

h ills  s tud ied . In te rp re ta tio n  o f these featu res  w i l l  be d e fe rre d  to 

C hapter 5 on genetic  m o d e ls . S m ith  (1927) presents d eta iled  d e s c rip ­

tions and illu s tra tio n s  o f the Com m onw ealth ve in s , and his w o rk  w il l  

not be repeated h e r e . M uch o f what he described is  no longer  

access ib le . T h e  p resen t descrip tions  a re  based on m a te r ia l accessib le  

in  w orkings le ft by the e a r ly  m in e rs , w hich have not caved in . T h e  

p ic tu re  given by th is  study o f the physical aspects o f the veins them ­

se lves  is  sketchy at b e s t. Th e  em phasis here  is  on w a ll - ro c k  a lte ra ­

tion  and gangue m in era lo g y  o f the rem ain in g  portions o f the v e in s . 

C om parison o f th is  a lte ra tio n  w ith  that described  around ac tive  hot 

springs in  s im ila r  litho log ies  provides insight in to  the genesis o f the  

C om m onw ealth m in e ra liza tio n  and o f e p ith e rm a l m in e ra l deposits in 

g e n e ra l.

In troduction

A lte ra tio n  d escribed  in th is  ch ap ter m ay include d e v itr if ic a tio n  

products o f the a s h -flo w  tu ffs  and d e u te ric  a lte ra tio n  o f the flo w s .

81
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although it  concentrates on h yd ro th erm al w a ll - ro c k  a lte ra tio n  and vein  

f i l l in g ,  and oh the o v e rp rin t on these assem blages o f oxidation and 

supergene a c tiv ity . I t  is  d if f ic u lt , and so m etim es  im p o ss ib le , to  

distinguish these types o f a lte ra tio n  on the basis o f m in era lo g y  and 

te x tu re . F u r th e rm o re , i t  is  l ik e ly  that d e u te r ic , hypogene, and s u p e r-  

gene a lte ra tio n  a re  g rad atio n a l in  the ep ith erm a l en v iro n m en t. T h is  

id ea , and the genetic  im p lic a tio n s  o f the a lte ra tio n  assem blag e, w i l l  be 

discussed in the chapter on genetic  m o d e ls . The p resen t chapter w i l l  

describe  w ith  a m in im u m  o f genetic  in te rp re ta tio n  the a lte ra tio n  

m in era lo g y  and tex tu re s  in the Com m onw ealth a re a .

The m ost p ervas ive  a lte ra tio n  m in e ra ls  in the C om m onw ealth  

a re a  a re  potassium  fe ld sp ar and m o n tm o rillo n ite ; q u a r tz , c a lc ite , and 

s e r ic ite  a re  m o re  re s tr ic te d  in  d is tr ib u tio n . C h lo rite  and epidote a re  

r a re  in  m ost o f the m ine a re a . P otassium  fe ld sp ar is  found throughout 

the study a re a  as a ro c k -fo rm in g  m in e ra l and a d e v itr if ic a tio n  and 

a lte ra tio n  p ro d u c t. How m uch o f it  is  h yd ro th erm al in  o r ig in , one o f 

the m a jo r  questions ra ised  by th is  study, is  discussed in  subsequent 

ch ap te rs . V e in le t a d u la ria  is  som ewhat m o re  re s tr ic te d  in  d is t r i­

bution, being o f roughly the sam e extent as the q u artz  and c a lc ite .  

M o n tm o rillo n ite  is  found throughout the study a re a  as an a lte ra tio n  

product o f pum ice and ro c k -fo rm in g  m in e ra ls , as fra c tu re  coatings, 

and as v es ic le  f il lin g s  in  s c o r ia . I t  is  found rep lac in g  pum ice e v e ry ­

w h ere  on P earce  H i l l ,  and appears to be an a lte ra tio n  product o f
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potassium  fe ld sp ar in  a ll the sam ples  exam ined fro m  M et at H i l l .  

Q u artz  and ca lc ite  occur abundantly as s tr in g e rs , am ygdules, and 

rep lacem ents  w ith in  s e v e ra l hundred feet o f v e in s . C a lich e  is  also  

s p a tia lly  re la ted  to veins and fra c tu re s . Epidote has been id en tified  in  

hand sp ec im en , and the flow  rocks have an o v e ra ll green co lo r at the  

fring es  o f the study a re a . H o w e v e r, none of the "ep idote" has given a 

s a tis fa c to ry  copper rad ia tio n  X - r a y  p a tte rn , possib ly  due to the high 

fluorescence background fro m  associated iro n  o x id es . T h e  only  

epidote unquestionably id en tified  in thin section occurs as tra c e  g ra in s  

in the B isbee F o rm a tio n . C h lo rite  occurs in m in o r am ounts as an 

a lte ra tio n  o f m a fic  m in e ra ls  in sam ples fro m  the east end o f the 7th  

le v e l.

V e in  M in era lo g y

T h e  C om m onw ealth veins consist o f sheeted o r s tockw ork  

zones w ith  o r  w ithout m assive q u artz  veins along hanging w a lls . T h e  

fo o t-w a ll zones g e n e ra lly  show a gradual decrease in  fra c tu re  in ten sity  

and o re  grade away fro m  the v e in . T h e re  a re  s e v e ra l d iffe re n t types  

of ve in le ts  w hich m ake up the stockw orks and sheeted zo n es . T h ese  

include vario u s  com binations o f q u a r tz , a d u la r ia , and "b lack  c a lc ite " ;  

c le a r  o r  "white c a lc ite " ; and fra c tu re  coatings o f m o n tm o rillo n ite .

Th e  te x tu re s  exhib ited in  the C om m onw ealth  ve ins a re  ty p ic a l o f the  

e p ith e rm a l en v iro n m en t. D ru sy  vugs, com b te x tu re , and
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c ru s tific a tio n  a re  com m on; cockade, hack ly , and la m e lla r  te x tu re s  

a re  p re s en t, but a re  less abundant. A ll  o f these te x tu re s  a re  defined  

by L indgren  (1 9 33 ). Th e  zonation and paragenetic  sequence o f the ve in  

m in e ra ls  is qu ite  vague, although g enera l tren d s  have been o b served . 

Th e a d u la ria  and "b lack  c a lc ite "  ve in le ts  appear to be m o re  com m on  

between the m assive q u artz  veins in the sheeted and s tockw ork  zones. 

Th e m assive  p a rts  o f the ve ins consist o f q u artz  cut by "w hite c a lc ite "  

ve in le ts  and m o n tm o rillo n ite -co a te d  fra c tu re s . A ll o f the ve in le ts  

o f the q u artz -a d u  la r i  a -  "b lack c a lc ite "  group appear to  be roughly con­

tem p oraneous. In  d e ta il,  th e re  appears to have been a m in o r , v e ry  

e a r ly  q u a rtz  s tag e , fo llow ed by an a d u la r ia -"b la c k  c a lc ite "  s tag e , 

fo llow ed by a q u a rtz—a d u la r ia -" b la c k  c a lc ite "  s tage . W h e re v e r  

a d u la ria  occurs w ith  another m in e ra l in v e in le ts , i t  appears to precede  

th e m , and lines  the w a lls  as subhedral to euhedral c ry s ta ls  (F ig u re  3 7 ). 

T h is  sequence is  speculative  at best, and m ay v a ry  fro m  place to  place  

in the ve in  s y s te m . Any o f the m in e ra ls  o f th is  group m ay occur alone 

in v e in le ts , o r  any two o r a ll th ree  m ay o ccu r to g e th e r.

T h e  a d u la ria  occurs as anhedral to euhedral c ry s ta ls  w ith  a 

rh o m b ic  cross sectio n . E uh ed ra l c ry s ta ls  up to 0 .5  cm  long com ­

m only p ro jec t inw ard  fro m  the edges o f v e in le ts , and the cen te rs  a re  

f il le d  w ith  q u artz  o r  "b lack c a lc ite . " M any o f the c ry s ta ls  exh ib it 

po o rly -d e fin ed  po lysynthetic  tw inning around the edges s im ila r  to  that 

described  by C haisson (1 9 5 2 ). In te rfe re n c e  fig u res  o f the a d u la ria
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F ig u re  3 7 . P h o to m ic ro g rap h  o f Q u a r tz -" B la c k  C a lc i t e A d u la r i a  
V e in le t .

T h e  y e llo w  cast o f the a d u la r ia  is  due to sod ium  c o b a lt in i-  
t r i t e  s ta in in g . Note the rhom b -sh ap ed  c ry s ta ls  o f a d u la r ia  
and eu h ed ra l q u a rtz  c ry s ta ls  (not s ta in ed ); c ro ssed  N ic o ls ,  
X 2 0 .
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show a 2V  o f less than 3 0 ° .  An X - r a y  d iffra c to g ra m  o f th is  m in e ra l is  

ind istinguishable fro m  s e v e ra l o th er patterns m ade o f potassium  fe ld ­

spars  in  the study a re a . I t  m ost c lose ly  resem b les  the patterns  o f  

the d e v itr if ie d  ash -flo w  m a te r ia l,  and a ll o f them  f it  the standard  

A . S . T . M .  sanidine p a tte rn  b e tte r than that o f the o th e r potassium  

fe ld sp ar phases. T h e  X - r a y  patterns o f various  m in e ra ls  fro m  the  

study a re a  a re  given in Appendix A .

Th e  c a lc ite  associated w ith  th is group o f v e in le ts , re fe r re d  

to here  as "b lack  c a lc ite "  to d istinguish it  fro m  the w h ite  to c le a r  

c a lc ite  w hich f i l ls  la te  fra c tu re s , is  b lack to brown to c le a r  and of 

uneven c o lo ra tio n . I t  appears to be clouded by v e ry  fin e -g ra in e d  

inclusions w hich a re  thought to consist in p a rt o f m anganese o x id es . 

B lack m anganese-oxide coatings and dendrites a re  abundant in .the 

m ine a re a , and m anganese-bearing  black c a lc ite  is  f a ir ly  com m on in  

the e p ith e rm a l en v iro n m en t. Som e of it  contains s ig n ifican t amounts  

o f s i lv e r  (H ew ett and R adke, 1967 , R adke, T a y lo r ,  and H e w e tt, 1967 ). 

T h is  c a lc ite  resem b les  s id e r ite  in hand spec im en , but i t  e ffe rvesces  

fre e ly  in  h yd ro ch lo ric  acid and s e v e ra l X - r a y  pa tte rn s  in d icate  that it  

is  c a lc ite . In  th in  sectio n , i t  freq u en tly  contains opaque g ra in s  and 

iro n -o x id e  sta in ing along cleavage p lan es . Although s id e r ite  m ay be 

presen t in the m ine a re a , i t  has not been co n c lu s ive ly  id en tified  in  the

sam ples stud ied .
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T h e re  a re  num erous te x tu ra l and c o lo r v a r ie tie s  o f q u artz  

w hich appear to  constitu te one sequential m in e ra liz in g  e v e n t. T h e re  

a re  c ro ss -cu ttin g  re la tio n s h ip s , and b recc ia ted  q u a rtz  cem ented by 

m ore q u a rtz , but fo r  the system  as a whole the m ain  stage o f q u artz  

deposition appears to have been continuous.

Th e e a r lie s t  q u a rtz  occurs as euhedral c ry s ta ls  w ith in  

q u a r tz -a d u la r ia -ub lack  c a lc ite "  v e in le ts . Ind iv idual q u artz  c ry s ta ls  

a re  aligned in polygonal p a tte rn s , and a re  surrounded by "b lack  

c a lc ite "  (F ig u re  3 7 ). A nhedral q u artz  which occurs w ith  a d u la rla  in  

ve in le ts  a lso  appears to  be e a r ly .  Th is  e a r ly  q u artz  is  g ra y  to  w h ite  

and g lassy in  hand sp ec im en .

T h e  m assive  m a in -s ta g e  vein  qu artz  and s tockw ork  s tr in g e rs  

appear to  be som ewhat la te r  than most a d u la r ia -" b la c k  c a lc ite "  v e in -  

le ts  , as q u artz  s tr in g e rs  c ro s s -c u t a d u la ria  s tr in g e rs  m o re  often than  

the re v e rs e . T h is  q u artz  ranges fro m  less than 0 .0 0 5  cm  to 0 .5  cm  

across and fro m  anhedral chalcedonic o r  m osaic  to e u h e d ra l. The  

coarsest euhedral c ry s ta ls  p ro jec t into vugs. L it t le  a d u la ria  o r  

"b lack c a lc ite "  occurs w ith  m a in -s tag e  q u a rtz . In hand specim en the  

q u artz  ranges in  co lo r fro m  w h ite  to g ra y , y e llo w , and w axy g re e n , 

and in  te x tu re  fro m  m assive  to  c ru s tif ie d , vuggy, and h a c k ly . The  

hackly tex tu res  w ith in  the m a in -s ta g e  q u a rtz  ind icate  tha t c a lc ite  

leaching o ccu rred  p r io r  to the end o f q u a rtz  d ep o s itio n . B lades along  

fo rm e r  c a lc ite  c leavage planes a re  coated w ith  drusy q u a r tz .
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The highest assay values obtained during  th is  s tu d y , ranging  

up to  15 o r  20 o z . / to n  s i lv e r ,  a re  fro m  the w axy  g re e n , f in e ly -  

c ry s ta llin e  q u a r tz , w hich S m ith  re fe r re d  to as " ta lc  q u a r t z ." S m ith  

reported  values as high as 2 ,0 0 0  o z . /to n  s ilv e r  fro m  "ta lc  q u a rtz"  

ve in s . He a ttrib u ted  its  g reen  co lo r to  fin e ly  d isp ersed  c e ra rg y r ite  

and e m b o lite . In th in  section  th is  qu artz  contains e x tre m e ly  fin e ­

gra ined inclusions w hich m ay be flu id  inclusions o r  m in e ra l m a tte r .  

These inclusions com m only fo rm  bands and la y e rs  in both f in e ly -  

c ry s ta ll in e , c ru s tifie d  q u artz  and sing le  euhedral c ry s ta ls  (F ig u re  3 8 ). 

T h is  m a te r ia l m ay contain som e o f the p re c io u s -m e ta l v a lu e s . The  

v is ib le  o re  m in e ra ls  a ll  appear to be secondary . C e ra rg y r ite  and 

em bolite  occur in  vugs and m ay be replacing p r im a ry  s ilv e r  m in e ra ls  

w hich w e re  deposited th e re . N ative gold occurs as m inute flecks in 

the m assive  q u a r tz . S ubhedral to  euhedral p y rite  occurs in  m in o r  

am ounts , g e n e ra lly  less than 1 o r  2 p e rc e n t, w ith in  th is  q u artz  and the  

w a ll- ro c k  frag m en ts  included in i t .

The las t q u artz  to  be deposited fo rm s  la rg e  euhedral c ry s ta ls  

up to  s e v e ra l c en tim e ters  long w hich a re  g lassy  and c le a r  to  am e­

th y s tin e . T h is  q u artz  f i l ls  co m b -tex tu red  veins w hich have f in e ly -  

c ry s ta ll in e , c loudy, banded q u artz  along the w a lls , and f i l ls  vugs in  

m assive  v e in .q u a rtz . A m ethyst com m only f i l ls  s to ckw o rk  ve in le ts  in  

the F ir s t  A sh F lo w . A ccord ing  to S m ith , th is  q u artz  does not



F ig u re  3 8 . P h o to m ic ro g rap h  o f M ass ive  V e in  Q u a rtz  Showing  
In c lu s io n s , C rossed  N ico ls ; X 4 0 .
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g e n e ra lly  contain econom ic m in e ra liz a tio n ; in th is  s tudy, assay  values  

up to 5 o z . /to n  w e re  obtained fro m  sam ples containing m in o r am e­

thystine  q u a rtz .

F rag m en ts  o f the  w a ll ro ck  a re  com m on w ith in  the m assive  

v e in s . T h ey  a re  s ilic if ie d  to  vary in g  degrees and often surrounded by 

q u artz  in cockade te x tu re s . P y r ite  and o th e r opaque m in e ra ls  appear  

to  be p re fe re n tia lly  concentrated w ith in  and around these fra g m e n ts .

T h e re  appears to  have been a d is tin c tly  la te r  stage o f c a lc ite  

deposition in  the  C om m onw ealth  a re a . T h is  ca lc ite  is  c le a r  o r  w h ite , 

and can usu a lly  be d istinguished fro m  the "black c a lc ite "  in hand 

sp ec im en . It is  g e n e ra lly  the only ca lc ite  present in  m assive  veins  

th e m s e lve s , and it  alw ays f i l ls  c ro ss-cu ttin g  fra c tu re s . S om e o f these  

fra c tu re s  a re  lined w ith  d rusy  q u a rtz , but m any o f them  contain only  

c a lc ite . No a d u la ria  has been observed in association  w ith  th is  

c a lc ite .

T h e  la te s t fra c tu re s  in the v ic in ity  o f the  veins a re  coated  

w ith  m o n tm o r illo n ite -r ic h  gouge. T h is  m a te r ia l ranges in  c o lo r fro m  

green to  ru s ty  tan  to w h ite . A ll  o f the sam ples X -r a y e d  in d icate  th a t  

it  is an expanding c lay  w ith  a m o n tm o rillo n ite  s tru c tu re . A ppendix A  

presents the X - r a y  c h a ra c te r is tic s  o f th is c lay  in m o re  d e ta i l . A  

spectroscop ic  analys is  o f one sam p le  ind icated  the presence o f N a , K , 

M g , F e , and S iO s . It  is probable tha t m uch o f the m o n tm o rillo n ite  

was thought by S m ith  to  be kao lin ite  o r a lun ite  w h ich was looked fo r
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but not found during th is  study.- S m ith  states  that the gouge zones a re  

r ic h  in  s i lv e r ,  w hich he a ttrib u tes  to  the presence o f em bo lite  o r  

c e ra rg y r ite . S om e o f the values could also be adsorbed onto m o n t-  

m o rillo n ite  clays o r  l im o n ite .

Few  o f the  o re  m in e ra ls  a re  v is ib le  in  veins that a re  now 

exposed. A  tra c e  o f native  gold has been observed in the m assive  

q u a rtz , and em b o lite—c e ra rg y r ite  occurs in vugs and fra c tu re s . A  

b lac k , s e c tile  fra c tu re  coating thought to be acanth ite occurs in som e  

of the ve in  m a te r ia l . T h e  veins and adjacent w a ll rocks contain up to  

5 percent p y r ite  w hich has been a lm ost e n tire ly  a lte re d  to  iro n  ox id es . 

Th e w r i te r  exam ined a polished su rface  of m il l  concentrate fro m  the  

lease o p era tio n , and found native gold and in terg ro w n  native  s ilv e r  and 

a rg en tite  (acan th ite? ). Th e  re la tio n sh ip  o f the la t te r  two m in e ra ls  is 

not c le a r; the s ilv e r  occurs as blebs and blades in the a rg en tite  

(acan th ite? ) in what resem b les  an em ulsion te x tu re .

A  num ber o f m in e ra ls  have been observed in  the  caved a re a  

above the m ain  v e in . E m b o lite  and c e ra rg y r ite  a re  p re s e n t, along  

w ith  co n ich a lc ite , f lu o r ite , and possible a u r ic h a lc ite . S m ith  describes  

m in o r am ounts o f c h a lc o p y rite , g a len a , te tra h e d r ite , m o lybd en ite , 

p ro u s tite , and w u lfen ite  fro m  the lo w er le v e ls . He s ta tes  that 

arg en tite  occurs below the 4th leve l as ve in le ts  and f ilm s  around p y rite

and q u a rtz .
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T h e  d is trib u tio n  of assay va lues fro m  channel sam ples on the  

3rd  leve l is  given in  Appendix A , as a re  assays o f chip sam ples on the  

3 rd , 5 th , 6th , and 7th le v e ls . The channel va lues a re  s ig n ific a n tly  

higher than the chip s a m p le s , the d iscrepancy thought to re s u lt fro m  

the sam pling  m ethod. F ig u re  33 is  a sketch adapted fro m  S m ith 's  

longitudinal assay section  on the M a in  V e in . It  shows u p w a rd -f la r in g , 

h ig h -g rad e  o re  shoots separated by re la t iv e ly  b a rren  zo n es . Un­

fo rtu n a te ly , none o f the o re  shoots is  now a c c e s s ib le . S m ith  also  

shows a num ber o f h o rizo n ta l gold and s ilv e r  ore  zones w hich he 

re la ted  to supergene p ro cesses .

W a ll-R o c k  A lte ra tio n

Th e v a rio u s  processes w hich have acted upon the w a ll rocks  

in the C om m onw ealth  a rea  have produced a ra th e r  s im p le  su ite  o f 

m in e ra ls  including potassium  fe ld s p a r, q u a rtz , c a lo tte , m o n tm o r il-  

lo n ite , s e r ic i te ,  and iro n  oxides a fte r  p y r ite . A t distances o f 500  

fee t o r m o re  fro m  the v e in s , epidote has been observed rep lac in g  

am phibole phenocrysts in  the flow  ro c k s . Epidote and c h lo rite  have 

been sought in  th in  sectio n , but the only d e fin ite  occu rren ces  o f e ith e r  

a re  d e tr ita l g ra in s  in  the Bis bee F o rm a tio n .

P otassium  fe ld sp ar is  ubiquitous in the study a re a . I t  is  the  

dom inant d e v itr if ic a tio n  product o f the a s h -flo w  tu ffs  and fo rm s  much  

of the cem ent in  the w a te r - la in  tu ffs . U n fo rtu n a te ly , the types o f



potassium  fe ld sp ar iden tified  in the study a re a  g e n e ra lly  cannot be 

distinguished on the basis o f X —ra y  patterns o r  op tica l p ro p e r t ie s . 

T h e re fo re , it  cannot be d e fin ite ly  determ ined  how m uch o f the potas­

s ium  fe ld sp ar is  o f igneous o rig in  fo rm ed  as a d e v itr if ic a tio n  product 

at re la t iv e ly  high te m p e ra tu re s , and how much is  a h yd ro th erm a l 

product fo rm ed  at low te m p e ra tu re s .

T h e re  appears to have been considerable re c ry s ta lliz a t io n  o f  

q u artz  and potassium  fe ld s p a r in the rocks o f the P e arce  a re a . Any  

c ris to b a lite  o r  tr id y m ite  w hich was o rig in a lly  present in the ash -flo w  

tu ffs  has re c ry s ta lliz e d  to m o sa ic -tex tu red  q u a r tz . Th e  coarse m osaic  

qu artz  in te r—la yered  w ith  fib rous sanidine in some sp h eru lites  was  

probably o r ig in a lly  fib ro us q u artz  o r  c r is to b a lite . In  add ition , m any  

o f the shards in  the F ir s t  Ash F low  on P earce  H ill  now consist o f  

m o s a ic -tex tu re d  potassium  fe ld s p a r. T h ey  m ay have o r ig in a lly  been 

a x io lit ic , as a re  the shards in  the ash -flo w  tu ffs  on M e t at H i l l .

W a ll- ro c k  a lte ra tio n  in the m ine a re a  exh ib its  only rough, 

b ro ad ly -d efin ed  zonation (F ig u re  3 9 ). L a te ra lly , the m ost intense  

a r g il l ic  a lte ra tio n  occurs o ver 10 to  20 -fo o t in te rv a ls  between the veins  

and appears to be fra c tu re -c o n tro lle d . W ith in  10 to 15 fee t o f the  

v e in s , esp ec ia lly  in  the footw all zo n e, the fe ld s p a r phenocrysts o f a ll  

ro ck  un its  consist o f fres h  potassium  fe ld s p a r . T h e re  is  m in o r a lte ra ­

tion o f b io tite  to iro n  o x id es . V e r t ic a l ly ,  the extensiveness o f a r g il l ic
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E X P L A N A T I O N

A r g l l l i c  A l t e r a t i o n  (feid—» caicite and/or mont t  
ser; bio—►mont 1 leuc + Fe ox; amph — 
colclte and/or mont t Fe ox)

P h y l l l c  A l t e r a t i o n  (feid—►sertK-fetd ; bio—►
ser * leuct" Fe ox; amph—►mont Fe ox)

P o t a s s i c  A l t e r a t i o n  (feld—►K-feld; bio fresh; 
amph—►quartz or K-feld * Fe ox)

Q u a r t z  V e i n

S c a l e  a p p r o x .  l " = 4 0 '  n e a r  v e i n s ,  
f = 2 0 0 '  a w a y  f r o m  v e i n s

R e l a t i v e  D i s p l a c e m e n t  o n  F a u l t s

P r o p y l i t i c  A l t e r a t i o n  ( f e l d —►mont *colclte;
bio—► mont and/or chlorite ♦ Fe ox; 
amph —► epld and/or mont * colclte* Fe ox)

F ig u re  3 9 . S ch em atic  D ia g ra m  o f A lte ra tio n  Zones at the C om m onw ealth .



a lte ra tio n  appears to  in crease  both upward and downward aw ay fro m  

the m ain  leve ls  o f the m in e .

The m in e ra l m ost susceptib le  to a lte ra tio n  in the  Com m on­

w ealth  a re a  is "the am phibole o f the two flow  u n its . No fre s h  am phibole  

has been observed e ith e r  in  th in  section o r  in hand sp ec im en . The  

a lte ra tio n  products v a ry  w ith  d istance fro m  the v e in s . On the south 

end o f P e a rc e  H i l l ,  and in  dump m a te r ia l fro m  the v a lle y  between  

P earce  and M e ta t H i l ls ,  the  am phiboles a re  e ith e r  e n tire ly  rep laced  

by iro n  o x id es , o r  they have an iro n -o x id e  r im  w ith  epidote in the  

c e n te r. None o f th is  epidote has been observed in th in  sectio n . In  

m ost th in  sections exam ined fro m  areas  between the ve in s , the  

am phiboles a re  a lte re d  to an iro n -o x id e  r im  w hich is p redom in an tly  

h e m a tite , and to a bronze to light ta n , p leo ch ro ic , h ighly b ire fr in g e n t, 

m icaceous c lay  m in e ra l. T h is  m in e ra l resem bles  what is  som etim es  

re fe r re d  to as "hydrobiotite  " , but it  g e n e ra lly  exh ib its  sw e llin g  

p ro p e r t ie s . A  ra th e r  poor p o w d e r-ca m e ra  X - r a y  p a tte rn  exh ib ited  

expansion upon g lyco la tio n , and som e o f th is  m in e ra l has plucked out 

o f the th in  sections during grind ing; it  is  th e re fo re  te n ta tiv e ly  id en ti­

fied  as m o n tm o rillo n ite . In  the im m ed ia te  v ic in ity  o f veins w ith in  

5 o r  10 fe e t, the am phiboles a re  rep laced by anhedral q u a rtz  o r  

potassium  fe ld s p a r, w ith  o r  w ithout m o n tm o rillo n ite , and iro n -o x id e  

r im s . On the 7th le v e l,  the am phiboles a re  rep laced  e ith e r  by
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m o n tm o rillo n ite  o r  c a lc ite , o r  both, w ith  iro n  oxides around the edges 

and along the am phibole cleavage d ire c tio n s .

B io tite  is  re la t iv e ly  u n a ltered  in m ost o f the m ine a re a . I t  

is  fres h  o r  s lig h tly  stained by lim o n ite  w ith in  20 to 30 fee t o f the v e in s , 

in the zone w h ere  potassium  fe ld s p a r is  s ta b le . Som e b io tite  c ry s ta ls  

have been observed w ith  anhedral q u artz  o r potassium  fe ld s p a r along  

cleavage d ire c tio n s , and the c ry s ta l bulges and appears to be deform ed  

around these in c lu s io n s . In  the s e r ic ite  zones between v e in s , b io tite  

is  "bleached" in  c o lo r and is som etim es com plete ly  rep laced  by 

s e r ic ite , leucoxene, and iro n  o x id es . The only c h lo rite  w hich has 

been observed rep lac in g  b io tite  is  in sam ples fro m  the east end o f the  

7th le v e l, and it  is  m in o r in  abundance. No secondary b io tite  has been 

recognized in  th in  section .

T h e  a lte ra tio n  o f the ro c k  fe ldspars  in  the P e arce  a re a  has 

been the m ost puzzling  p rob lem  encountered during  th is  s tudy. On 

m ost o f the m ine le v e ls , the fe ld sp ar phenocrysts consist o f fre s h  

potassium  fe ld sp ar w ith in  20 to 30 fee t o f the v e in s , and consist o f  

potassium  fe ld sp ar and clays between the v e in s . Th e  fre s h  potassium  

fe ld s p a r exh ib its  "patchy" ex tin c tio n , as described  in  the section  on 

ro ck  un its  and shown in F ig u re  1 7 , and a vague "p ro g re ss ive "  ex tin c ­

tion  o f la th -shaped c ry s ta ls . F a r th e r  than 20 to 30 fee t fro m  v e in s , 

potassium  fe ldspars  a re  g e n e ra lly  a lte re d  to  s e r ic i te . T h is  s e r ic ite
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has a high b ire fr in g e n c e , and is  th e re fo re  p resu m ab ly  a w e ll -c ry s ta l­

lized  i l l i t e . X - r a y  d iffra c tio n  data on the suspended c lay  fra c tio n  o f  

these rocks indicates that the s e r ic ite  is not w e ll-o rd e re d  enough to 

be a tru e  m u sco v ite . A n exception to th is  a lte ra tio n  p a tte rn  is the  

a s h -flo w  sanid ine w hich exh ib its  u n ifo rm  extin c tio n . T h is  sanid ine is  

dusted w ith  v e ry  f in e -g ra in e d  m o n tm o rilIo n ite  w h ere  it  is  not s tro n g ly  

a lte re d . W h e re  the rocks exh ib it extensive a r g i l l ic  a lte ra t io n , the  

fe ld sp ars  a re  a lm o st co m p le te ly  replaced by m ix tu res  o f c le a r  s e r i ­

c ite  and ligh t tan to  bronze m o n tm o rillo n ite . These a lte ra tio n  

products com m only occupy the centers  o f c rys ta ls  w h ere  rep lacem en t 

is  in co m p le te .

M o n tm o rillo n ite  is  the m ost obvious a lte ra tio n  product a t the  

C om m onw ealth . On the 7th le v e l, and to a le s s e r extent n ear the

s u rfa c e , the fe ld sp ars  a lte r  to  a m ix tu re  o f m o n tm o rillo n ite  and 

f in e ly -c ry s ta llin e  c a lc ite . P um ice  and m a fic  m in e ra ls  a lte r  to m ont­

m o rillo n ite  throughout the m ine (F ig u re  4 0 ). No kao lin ite  has been 

conclu s ive ly  id en tified  in  th in  sec tio n , although a few  questionable  

patches have been ob served . Th e  presence o f kao lin ite  has not been 

ind icated by any o f the  X - r a y  w o rk .

A  few sam ples o f the flow  units exam ined in th in  section contain  

a lb ite -tw in n ed  p lag io c la s e . Th ese  rocks a re  fro m  the c re s t o f P e a rc e  

H ill  and fro m  the east end o f the 7th le v e l 60 to  80 feet in the foot w a ll 

o f the m ain  v e in . Th e  p lag ioc lase  is  m o re  o r  less a lte re d  in  a ll th in
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F ig u re  4 0 . P h o to m ic ro g rap h  o f P u m ice  A lte re d  to M o n tm o r il lo n ite .

T h e  bronze cast is  the c o lo r  o f the m in e ra l;  c ro ssed  
N ic o ls , X 2 0 .



sections (F ig u re  4 1 ). It  contains m o n tm o rilIo n ite  and less abundant 

s e r ic ite  along fra c tu re s  and cleavage d ire c tio n s , o r  m o n tm o rillo n ite -  

ca lc ite  at the c e n te rs . S om e o f the la rg e r  c ry s ta ls  contain patches 

w hich s ta in  w ith  sodium  c o b a lt in itr ite , and m any o f them  s ta in  along 

fra c tu re s . Th e  u n -s ta in ed  fe ld sp ar only occasionally  does not exh ib it 

a lb ite  tw inn ing , and it  is  d is tin c tive  in its  re la t iv e ly  u n ifo rm  extinction  

and its  b ire fr in g e n c e . T h e  b ire frin g en ce  of the p lag ioclase is  s lig h tly  

but im p o rta n tly  h igher than that o f a ll the various fo rm s  o f potassium  

fe ld s p a r in  these ro c k s . T h e r e fo r e , even in  the absence o f co b a ltin i— 

t r i t e  s ta in in g , un-tw inned p lag ioclase can g e n e ra lly  be d istinguished • 

fro m  potassium  fe ld s p a r. Th e  portions o f the p lag ioclase phenocrysts  

w hich s ta in  w ith  sodium  c o b a ltin itr ite  have a lo w e r b ire fr in g e n c e , and 

a re  th e re fo re  considered to  be som e fo rm  of potassium  fe ld s p a r. 

S e v e ra l in te rfe re n c e  fig u res  obtained on potassium  fe ld s p a r r im s  

around p lag ioclase phenocrysts have the 0 °  to  3 0 ° 2V  w hich is  

c h a ra c te r is tic  o f a ll the potassium  fe ld sp ar observed in the study a re a .

M ost o f the collapsed pum ice in  the F ir s t  A sh F low  is a lte re d  

to m o n tm o rillo n ite  w h ich v a r ie s  fro m  a lm ost co lo rless  to  d a rk  bronze  

and p leo ch ro ic . It  is f in e r -g ra in e d  and has som ew hat lo w e r  

b ire frin g en c e  than the m o n tm o rillo n ite  w hich rep laces  the am ph ib o les . 

The elongation o f the  m o n tm o rillo n ite  flakes  tends to  lie  roughly  

p a ra lle l to  the fla ttened  d ire c tio n  o f the pum ice (F ig u re  4 0 ). In  the  

less a r g il l ic a lly -a lte r e d  a r e a s , som e o f the  le s s -fla tte n e d  pum ice
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F ig u re  41 . P h o to m ic ro g rap h  o f P a r t ia l ly  A lte re d  P la g io c la s e  fro m  
T a 1 , 7th L e v e l.

T h e  d a rk  patch at lo w e r le ft  is  po tass ium  fe ld s p a r; note the  
lo w e r b ire fr in g e n c e  o f the potass ium  fe ld s p a r p a r t ic le s .
T h e  c la y  is  p ro b a b ly  m o n tm o rilIo n ite ; c rossed  N ic o ls , X 2 0 .



consists o f fib ro us sanidine and m osaic  q u a r tz . T h e  pum ice o f the  

a s h -flo w  tu ffs  on M eta t H i l l  consists o f a x io lit ic  and a c ic u la r  sanid ine  

and m osaic  q u artz  (F ig u re  32); the sanidine is m o re  o r  less a lte re d  to  

e x tre m e ly  f in e -g ra in e d , h ig h ly -b ire fr in g e n t m o n tm o rillo n ite . How­

e v e r , none o f it  is  e n tire ly  a lte re d  to m o n tm o rillo n ite  lik e  that on 

P e a rc e  H i l l .  An X - r a y  d iffra c to g ra m  of the pum ice in  the  F ir s t  A sh  

F low  on P e a rc e  H i l l  ind icates tha t it  is  pure m o n tm o rillo n ite , w ith  no 

detectab le  s e r ic i t e .

Th e  lith ic  frag m en ts  o f the F irs t  Ash F low  and the w a te r -  

la in  units a re  g e n e ra lly  m o re  h ighly a lte red  than the enclosing ro c k . 

T h e  fe ld sp ars  a lte r  to  m o n tm o rillo n ite  and s e r ic ite ,  and the m a fic  

m in e ra ls  a re  rep laced  by iro n  o x id es . The sanidine sp h eru lite  fra g ­

m ents a re  fre s h  in  a l l  o f the P e arce  H il l  rocks exam in ed . S an id ine  

in  the sp h eru lites  fro m  M eta t H i l l  is  clouded by fin e -g ra in e d  m ont­

m o r illo n ite  s im ila r  to  that developed in  the phenocrysts .

T h e  groundm ass o f the F ir s t  A sh  F low  responds to  a lte ra tio n  

in  a m anner s im ila r  to  the ph en ocrysts . W here  the phenocryst potas­

s ium  fe ld s p a r is fre s h , the  shards consist o f a n h e d ra l, m osaic  

potassium  fe ld s p a r and the surround ing  m a te r ia l consists o f f in e ly -  

c ry s ta ll in e , m o s a ic -te x tu re d  q u artz  and potassium  fe ld s p a r. In a reas  

o f e x tre m e  a r g i l l ic  a lte ra t io n , both the shards and the surround ing  

m a te r ia l consist p redom in an tly  o f m o n tm o rillo n ite . Th e  groundm ass  

o f the flow s v a r ie s  in  te x tu re . W ith in  s e v e ra l tens o f feet o f the v e in s .
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it  g e n e ra lly  consists o f a m osaic  o f q u artz  and potassium  fe ld s p a r, 

w ith  vary in g  am ounts o f iro n  o x id e . A w ay fro m  the veins the rocks  

have m o re  o f a tra c h y tic  te x tu re , and m ic ro lite s  o f potassium  fe ld sp ar  

a re  present in the g rou ndm ass . A  few  o f the sam ples fro m  the su rface  

and fro m  the lo w e r leve ls  exh ib it good m ic ro U tic  te x tu re s . In add ition , 

l ith ic  frag m en ts  in  the F ir s t  A sh F low  and the w a te r - la in  tu ffs  

o ccasionally  exh ib it t ra c h y t ic , m ic ro lit ic  te x tu re s . T h e  b re c c ia  fra g ­

m ents o f the  F ir s t  F low  contain up to 20 percent c a lc ite  as patches and 

s tr in g e rs , w h ich m ay in p a rt rep lace  the groundm ass.



C H A P T E R  4

H Y D R O T H E R M A L  A L T E R A T IO N  IN  S IM IL A R  E N V IR O N M E N T S

S c h m itt (1950b ) and W hite  (1955 ), among o th e rs , note 

s im ila r it ie s  between h yd ro th erm a l a lte ra tio n  o f e p ith e rm a l o re  

deposits and that produced by ac tive  hot s p r in g s . F o r  the  sake o f  

com parison w ith , and a b e tte r understanding o f, the C om m onw ealth  

a lte ra tio n  m in e ra lo g y , b r ie f  descrip tions w i l l  be given here  o f som e  

w e ll—studied hot s p rin g s , nam ely  S team boat S p rin g s , Nevada; Y e llo w ­

stone P a r k , W yom ing; W a ira k e i and W aio tapu, New Zea land ; and 

S u lp h u r B ank, C a lifo rn ia . Few  ep ith erm a l m in e ra l deposits have been 

studied in  d e ta il w ith  respect to  a lte ra tio n  m in e ra lo g y . A s S c h m itt  

(1950a) has o b served , m any o f the a lte ra tio n  m in e ra ls  o f ep ith e rm a l 

deposits , e s p e c ia lly  the c la y s , have been m is id e n tif ie d . A  few  o f the  

b e tte r-s tu d ie d  e p ith e rm a l precious m eta l deposits o f s im ila r  a lte r a ­

tio n  type to the C om m onw ealth  w i l l  also be rev iew ed  h e re , including  

the C om stock Lode and Tonopah, N evada, and B o d ie , C a lifo rn ia .  

F in a lly , s tab le  isotope data on both hot spring s  and e p ith e rm a l deposits  

w ill  be discussed b r ie f ly .  T h e  fo llow ing ch ap ter w i l l  ou tline  a g en era l 

genetic  m odel fo r  th is  type o f m in e ra l dep o sit, and attem pt to  f it  the  

C om m onw ealth  in to  th a t m odel w ith  resp ec t to  a lte ra tio n  m in e ra lo g y .
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esp ec ia lly  fe ldspath ic  a lte ra tio n , and s tru c tu ra l re la tio n s h ip s . F ig u re  

42 su m m arize s  the a lte ra tio n  zoning o f the system s d iscrib ed  on the  

fo llow ing pages.

Hot S prin gs

Th e fo llow ing descrip tions  a re  abstracted  fro m  the published  

l i te r a tu r e . These hot spring s  w e re  selected on the basis  o f both  

a lte ra tio n  m in e ra l assem blages and zoning and the a v a ila b ility  o f good, 

deta iled  d e s c rip tio n s .

S team boat S p r in g s , Nevada

One o f the  m ost ex ten s ive ly  studied ac tive  hot—spring  a reas  is 

at S team boat S p r in g s , W ashoe C ounty, N evada. Th ese  hot springs  

issue fro m  recen t fa u lts , and m any o f them  a re  a c tiv e ly  depositing a 

v a r ie ty  o f m in e ra ls . B rannock et a l .  (1948) and W h ite , Thom pson and" 

Sandberg (1 964) describe  the g enera l geology o f the a re a . M ost o f  

the springs occur in g ra n o d io rite  in tru s ive  ro ck  w hich is  thought to be 

re la ted  to the  S ie r r a  Nevada B ath o lith . A lthough the a re a  is  s u r ­

rounded by abundant m id -  and la te -T e r t ia r y  vo lcan ic  ro c k s , on ly  

lim ite d  occurrences a re  found w ith in  s e v e ra l m ile s  o f the  s p r in g s .

T h e  m ost w idespread vo lcan ic  ro c k  is  what W h ite , Thom pson, and 

Sandberg c a ll a soda tra c h y te , considered to be a m e m b er o f the A lta  

F o rm a tio n , w hich is m uch m o re  extensive in  surround ing a re a s .
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S ig n ific a n tly , Thom pson (1956) describ es  the th ick  A lta  F o rm atio n  o f 

the V ir g in ia  C ity  Q uadrangle as an an d es ite . Above th is  un it in the  

S team boat S p rin g s  a re a  is  a T e r t ia r y  o r Q u a te rn a ry  b asa lt. Q u a te r­

n ary  pum iceous rh y o lite  dom es, and a llu v iu m .

A  num ber o f holes have been d r ille d  both in ac tive  hot—sp rin g  

areas  and in  deposits around fo rm e r ly  active s p rin g s . S igvaldson and 

W hite  (1961 , 1 9 62 ), and Schoen and W hite (1965) d escribe  the w a ll—ro ck  

a lte ra tio n  produced by these hot springs in considerable  d e ta il.

G ian e lla  (1939) and B rannock et a l .  (1948) describe the sp rin g  w a te rs  

and the v a rio u s  m in e ra ls  they a re  c u rre n tly  depositing . A ccord ing  to  

Brannock et a l . ,  the pH o f the issuing springs depends upon te m p e ra ­

tu re . T h e  w a te rs  w hich a re  ac tiv e ly  boiling have the highest p H , and 

the co o le r spring s  a re  p ro g re s s iv e ly  m ore  a c id ic . T h e  m easured  

range in pH is  5 .3  to 9 . 1 ,  the h igher values being in spring s  w ith  a 

high ch lo rid e  content. The hot spring s  a re  depositing a num ber o f 

m e ta llic  m in e ra ls  along w ith  s iliceo u s  s in te r  o r ca lc iu m  ca rb o n a te . 

C in n ab ar, p y r ite , s t ib n ite , m etas tib n ite  (? ), and gold and s ilv e r  in  

unknown fo rm s  have been d e s c rib e d . Som e o f these m in e ra ls ,  

esp e c ia lly  c innabar and go ld , a re  o f econom ic co n centra tion . T h ey  

g e n e ra lly  occur in muds around the s p rin g s . A ccord ing  to G ia n e lla  

(1 9 3 9 ), s iliceo u s  s in te r  is  m ore  com m only deposited on the su rface  

around s p rin g s , but c a lc iu m  carbonate is  deposited in w e ll casings in

the a re a .
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H y d ro th e rm a l a lte ra tio n  associated w ith  these springs has 

been studied in  d e ta il fro m  d r i l l  c o re . A lthough m ost o f the holes 

studied a re  in the  g ra n o d io r ite , S igvaldson and W h ite  s ta te  th a t the  

h yd ro th erm al m in e ra l assem blage is  v ir tu a lly  independent o f ro c k  

ty p e . T h e  extent o f a lte ra tio n  depends upon the abundance o f sus­

ceptib le  m in e ra ls  in  the ro c k , and upon s tru c tu ra l c o n tro ls . A c id ic  

a lte ra tio n  is  g e n e ra lly  p reva len t n ear the su rfa ce , w ith  a lk a lin e  at and 

below the am bient w a te r  le v e l.  S e v e ra l o f the d r i l l  holes studied have  

a potassium  fe ld s p a r zone n ear the surface  and beneath the acid  zo n e . 

In one h o le , potassium  fe ld s p a r and qu artz  a re  dom inant fro m  depths 

o f 90 to 280 feet below  the s u rfa c e , and in  another fro m  100 to 300 

fe e t. P otass ium  fe ld sp ar rep laces  p lag ioclase ir r e g u la r ly .

G e n e ra lly , the m o re  c a lc ic  c e n tra l zones o f the p lag ioclase pheno- 

crys ts  a re  rep laced  by c la y s , and the ou ter m ore  sodic  zones by 

potassium  fe ld s p a r . A t g re a te r  depths, p lag ioclase n o rm a lly  a lte rs  

to a lb ite  plus ca l c ite  o r  c a lc iu m  m o n tm o rillo n ite .

T h e  m in e ra l m ost susceptib le  to a lte ra tio n  is  hornblende, 

w hich a lte rs  to  a random  m ix e d -la y e r  i l l ite -m o n tm o r il lo n ite  and the  

iro n —ric h  c h lo rite  cham o s ite . B elow  the zone o f potassium  fe ld s p a r  

a lte ra t io n , b io tite  a lte rs  to  c h lo r ite . Th e  m ost in tense a lte ra tio n  is 

along fra c tu re s , w h ere  a ll  fe ld s p a rs , c h lo r ite , and m ix e d -la y e r  

i l l ite -m o n tm o r il lo n ite  a re  a lte re d  to  i l l i t e ,  q u a r tz , and p y r ite .
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E lsew h ere  below  the potassium  fe ld sp ar z o n e , c lays consist o f various  

types o f m o n tm o rillo n ite  and m ix e d -la y e r  i l l i te -m o n tm o r il lo n ite .

In a hole d r il le d  w h ere  th e re  is no ac tive  s p rin g , the w a te r  is  

acid and a lte ra tio n  re fle c ts  acid  leach ing . Opal and ka o lin ite  p re ­

dom inate at the  su rfa ce ; m o n tm o rillo n ite  is  dom inant at depth.

Y e llo w sto n e  P a rk , W yom ing

Boyd (1961) describes  the geology o f the vo lcan ic  rocks at 

Y ellow stone P a r k . T h e  R hyo lite  P la te a u , w here  ac tive  h o t-sp rin g s  

o c c u r, is  m ade up o f flow s and welded tuffs w ith  m in o r rh y o lite  dom es, 

b asa lt, and rh y o lite -b a s a lt  m ixed—la v a . These flow s occupy a tecto n ic  

basin r im m e d  by the o ld e r  Y e llow stone T u ff  and p re —volcan ic  ro c k s . 

Fen n er (1936) and R ayam akashay (1968) d escribe  the h yd ro th erm al 

a lte ra tio n  produced by Y ellow stone hot s p rin g s . T h e re  a re  two d if­

fe re n t types o f hot s p r in g . T h e  acid  ty p e , represen ted  by the N o rris  

Basin s p rin g s , produces k a o lin ite , a lu n ite , o p a l-c r is to b a lite , and 

native s u lfu r , and leaches potassium  fe ld s p a r . Th e  a lk a lin e  ty p e , 

rep resen ted  by the U pper B asin  s p rin g s , produces th ic k  deposits o f  

s ilic a  along co n tro llin g  fra c tu re s  w hich g e n e ra lly  obscures the w a l l -  

ro ck  a lte ra t io n . The pH range m easured  by R ayam akashay o f springs  

w ith in  tens o f fee t o f each o th e r is  as high as 2 .5  to  8 . 5 .

A cco rd ing  to  F e n n e r, the m ost notable e ffec t o f the a lk a lin e  

hot springs is the addition o f s ilic a  and th e  m o la r  rep lacem en t o f



sodium  and ca lc iu m  fe ld sp ars  by p o tass iu m . T h is  rep lacem ent is 

m o re  com plete in  the groundm ass fe ld s p a rs . He states  that th is
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groundm ass rep lacem en t would probably not have been noticed w ith ­

out evidence o f hot—spring  a c tiv ity , and tha t m any p o ta s s iu m -r ic h  

rocks have been fo rm ed  in  a s im ila r  m an n er. F e n n er describ es  the  

secondary potassium  fe ld s p a r as o rth o c las e , but s tates  that it  has 

a 2V  o f 3 5 ° to 4 2 ° .  T h is  va lue is  too low fo r  tru e  o rth o c lase  o r  

m ic ro c lin e . S im i la r  potassium  fe ld sp ar occurs in v e in le ts  in the  

ro c k . The rep lacem en t o f p lag ioclase by potassium  fe ld s p a r w as  

observed in  d r i l l  core  fro m  depths o f about 60 feet to at leas t 120  

fee t; in the lo w e r p a rt o f the zo n e , below 90 fe e t, the dom inant 

secondary potassium  fe ld s p a r occurs w ith  heulandite and s p o ra d ic a lly  

d is trib u ted  ca l c i te . Above the potassium  fe ld sp ar zone is  a zone o f 

s o -c a lle d  " re v e rs e "  m etasom atism  c h a rac te rize d  by a n a lc ite  and 

heulandite . A t the s u rfa c e , these hot springs a re  c h a ra c te rize d  by 

s iliceo us  s in te r  w hich grades downward into c ry s ta llin e  q u a r tz .  

R ayam akashay states  th a t o ld e r  descrip tio ns  o f a lk a lin e  sp rin g  a lte ra ­

tion  note the presence o f p ervas ive  "b e id e llite "  c la y . T h e  a lk a lin e  

spring  w a te rs  analyzed by him  plot in the s ta b ility  fie ld  o f an id ea lize d  

sodium  m o n tm o rillo n ite  phase between 25 and 9 5 °C .
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W a ira k e i, New Zea land

T h e  hot springs at W a ira k e i, on the N o rth  Is land o f New  

Z e a la n d , a re  som ew hat d iffe re n t fro m  those at S team b oat S p rin g s  and 

Y ellow stone in that extensive  fra c tu re s  w hich m ight a llo w  fo r  the  

m ovem ent o f flu ids  have not been observed . No veins a re  found, and 

ve in le ts  a re  r a r e .  S te in e r  (1953 ) describes the g en era l geology and 

h yd ro th erm a l a lte ra tio n  at W a ir a k e i . The h o t-sp rin g  a re a  occurs in  

the cen tra l p a rt o f a tec to n ic  b as in , and contains abundant boiling  

springs and geysers  issuing fro m  recent sed im en tary  and vo lcan ic  

ro c k s . These rocks include diatom aceous c laystones, m udstones, 

s ilts to n e s , v i t r ic  tu ffs , pum iceous sandstones, la p i l l i  tu ffs , and recent 

a llu v iu m . T h e  la p i l l i  tu ffs  a re  ca lled  "plagioclase rh y o lite s ” , and con­

ta in  andesine, q u a r tz , hypersthene, and hornblende phenocrysts . 

P resu m ab ly  the hot flu ids  m ove through p erm eab le  zones in  the  rocks  

ra th e r  than along m a jo r  f r a c tu re s .

T h e  tuffaceous and arenaceous rocks a re  h y d ro th e rm a lly  

a lte re d  in  the v ic in ity  o f these hot springs but the a rg illa ce o u s  rocks  

a re  n o t, a fac t a ttrib u ted  to  the  lo w e r p e rm e a b ility  o f the  a rg illa ce o u s  

u n its . S te in e r  (1953 ) recogn izes four zones o f p ro g ress ive  a lte ra tio n  

associated w ith  the hot s p r in g s . A  zone o f ac id  leaching occurs at the  

s u rfa c e , and a zone o f a rg ill iz a t io n  beneath i t .  Superim posed  on the  

a r g il l ic  zone a re  ze o lite  and fe ld s p a r zo n es . N e a r the ground su rface  

is  a zone o f s u lfu r ic  ac id  leach in g , the s u lfu r ic  acid  a ttrib u ted  to
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n e a r-s u rfa c e  oxidation o f hydrogen s u lf id e . T h is  zone is  c h arac te rized  

by k a o lin ite , a lu n ite , and opal at depths above about 80 fe e t. A t a 

depth o f 90 fe e t, s id e r ite  is  p re s en t. B elow  80 feet is  a zone o f  

a rg ill iz a t io n  c h a ra c te r ize d  by m o n tm o rillo n ite -lik e  c lay  and p y rite  

upon w hich the o th e r two zones a re  superim posed . In th is  zone glass  

and shards a re  a lte re d  to m o n tm o rillo n ite . Pum ice in  th is  zone is  a 

deep o liv e —green c o lo r  in  hand spec im en , and the m o n tm o rillo n ite  in  

th in  section is  fa in tly  p leo ch ro ic  and orien ted  ra d ia lly  o r  s p h e ru lit i— 

c a lly . It  has a re la t iv e ly  high b ire fr in g e n c e .

Z e o lite  and fe ld s p a r zones a re  superim posed upon the a r g i l l ic  

zon e. N e a re r  the su rface  is  a zone ch a rac te rize d  by the z e o lite  

p tilo lite  w hich contains sod ium , c a lc iu m , and m in o r po tass ium , and 

by m in o r heulandite and a n a lc ite . These zeo lites  f i l l  pores and 

ves ic les  in  the  ro c k . Th e  fe ld s p a r zone is  c h a ra c te rize d  by q u artz  and 

secondary potassium  fe ld sp ar w hich com m only contains w isps o f 

s e r ic ite  and is  g e n e ra lly  lim ite d  to  the rep lacem ent o f p lag ioc lase
I

ra th e r  than vein  f i l l in g . S te in e r  (1953) states  that th is  rep lacem en t is  

accom plished by the substitu tion  o f potassium  fo r  sodium  and ca lc iu m  

in the presence o f excess s i l ic a .  T h e  rep lacem en t process also p ro ­

duces fin e -g ra in e d  sphene, w hich is d is trib u ted  throughout the ro c k .

No zeo lites  have been found in  association  w ith  secondary  potassium  

fe ld s p a r . S te in e r  postu lates a deep zone o f potash leaching as a
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source o f the po tass ium . H o w ever, no evidence o f such a zone has 

been found in  d r i l l  c o re .

W aio tap u , New Zea land

T h is  hot—sp rin g  a re a  is  located about 30 m ile s  n o rth -n o rth e as t  

o f W a ira k e i and d iffe rs  fro m  it  in s e v e ra l w ays . T h e  g en era l geology  

of the a re a  is  describ ed  by G rin d ley  (1963) and the h yd ro th erm al 

a lte ra tio n  by S te in e r  (1 9 6 3 ). Th e  a re a  is located a t the  north  end o f a 

tec to n ic  depression  a t the  in te rsec tio n  o f two fau lt t re n d s . Th e  rocks  

in the a re a  include tuffaceous and pumiceous s ilts to n es , sandstones, 

and b re c c ia s , v i t r ic  tu ffs , d a c ite , and andesite f lo w s , ig n im b r ite s ,  

and pum iceous tu f fs . Hot w a te r  r is e s  along fa u lts , and recent h y d ro -  

th e rm a l eruptions have occu rred  due to  fau lt m o vem en ts . A t the  

presen t t im e , ac tive  c a lc ite  deposition clogs d r i l l  holes and cem ents  

aq u ifers  in the a re a .

T h e  h o t-sp rin g  deposits at W aiotapu contrast s h a rp ly  w ith  

those a t W a ira k e i. V e in s  and v e in le ts  a re  abundant, and a lb itiza tio n  

is a s ig n ific a n t fo rm  o f a lte ra t io n . S te in e r  recognizes a s u r f ic a l zone  

o f s u lfu r ic  ac id  leaching w h ich  is  c h a ra c te rize d  by a lu n ite , p y r ite , and 

o p a l. Beneath th is  zone a re  zones o f potassium  s ilic a te  a lte ra tio n  and 

a lb it iz a t io n . T h e  m in e ra l m ost susceptib le  to a lte ra tio n  is  m a g n e tite . 

H ornblende and pyroxene a re  alw ays co m p le te ly  a lte re d , even w h ere  

plag ioclase rem a in s  fre s h . V o lc a n ic  g lass is  a lso h ighly susceptib le
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to a lte ra tio n ; b io tite  is less s o . Th e  potassium  s ilic a te  a lte ra tio n  is  

c h a ra c te rize d  by hydrom ica  and potassium  fe ld s p a r rep lac ing  p la g io -  

clase to g eth er o r  by hydrom ica  alone a fte r  p la g io c la s e . C a lc ite  is  

g e n e ra lly  associated w ith  the hydrom ica in  rep lacem en t re la tio n sh ip  

w ith  p lag ioclase in  a n d e s ite s . T h e re  is no evidence o f m utual re p la c e ­

ment o f potassium  fe ld s p a r and h yd ro m ica . S te in e r  (1 963) notes th is  

type o f a lte ra tio n  com m only resu lts  in  com plete re p la c e m e n t. A  zone  

of a lb itiza tio n  occurs beneath the zone o f potassium  s ilic a te  a lte ra t io n . 

The rep lacem en t o f sodium —calc iu m  plagioclase by a lb ite  is com m only  

in co m p le te . C a lc ite  and w a ira k ite  a re  associated w ith  th is  a lte ra tio n .

T h e  p o ta s s iu m -s ilic a te  a lte ra tio n  is s p a tia lly  re la te d  to  

s teep ly -d ip p in g , p y r itize d  fis s u re  v e in s , and the a lte ra tio n  zones a re  

repeated w ith  depth in  d r i l l  core w h ere  m u ltip le  in te rsec tio n  o f f is ­

sures  a re  logged. S te in e r  (1963) explains th is  re p e titio n  w ith  the idea  

that solutions m oved outw ard fro m  the fra c tu re s  w hich even tua lly  

becam e choked and sealed by potassium  s ilic a te  a lte ra t io n . L a te r  

a lb ite  a lte ra tio n  is thought to  be independent o f potassium  s ilic a te  

a lte ra tio n . S te in e r  suggests that it  is  caused by a gaseous phase 

ascending through m o re  re s tr ic te d  pores and channels .

W e issb erg  (1969 ) has studied the m e ta l content o f h o t-sp rin g  

p rec ip ita tes  in  New  Z e a la n d . Gold and s i lv e r  a re  being p rec ip ita ted  

fro m  hot spring s  and d r illh o le  d ischarges in  the th e rm a l a rea  along  

the edge o f the Taupo vo lcan ic  zo n e . Th e  values g e n e ra lly  occur as
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re d -o ra n g e  am orphous su lfides associated w ith  opaline s il ic a . A t  

W aio tap u , the s in te r  around the Champagne Pool contains 50 ppm Au  

( 2 .7  o z /to n ) , 175 ppm Ag ( 5 . 8  o z /to n ) , 170 ppm H g, 320 ppm T l ,  15 

ppm P b , 50 ppm Z n , 2 ,0 0 0  ppm C l- , 2 percent A s , and 2 percen t S b . 

T h e  su rface  te m p e ra tu re  o f th is  hot pool is 70 ° to  7 5 ° C . The m eta l 

content o f the s in te r  decreases  o ver distances m easured  in  m e te rs  

away fro m  the pool. In a d r i l l  hole in the v ic in ity  o f the Champagne  

P o o l, the a lte ra tio n  zones include unaltered  rock down to  a depth o f  

76 fe e t, potassium  fe ld s p a r fro m  76 to 213 fe e t, potassium  m ica  fro m  

213 to 365 fe e t, and a lb ite  below  365 fe e t. A t depth in  th is  hole a re  

m in o r am ounts o f p y r ite , p y rrh o tite , s p h a le r ite , g a lena , and c h a lc o -  

p y r ite .

S u lp h u r B ank, C a lifo rn ia

S u lp h u r B an k, northw est o f S a c ra m e n to , C a lifo rn ia , is a 

unique h o t-sp rin g  a re a . C onsiderab le  c o m m erc ia l m in e ra l production  

has com e fro m  the a re a , and it  d iffe rs  in a num ber o f w ays fro m  o ther  

hot springs described  h e r e . N ative  s u lfu r  was m ined in  the la te  1 8 0 0 's , 

and an es tim ated  2 0 0 ,0 0 0  flasks  o f m e rc u ry  have been produced. W h ite  

and Roberson (1962) describ e  the geology and a lte ra tio n  at S u lp h u r  

B ank. Th e  rocks consist o f the  upper M eso zo ic  F ran c iscan  F o rm atio n
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and Q u a te rn a ry  a llu v ia l and lacu s trin e  sed im ents  and andesite la v a . 

Th e andesite o v e rlie s  lake d ep o s its , and was probab ly  extruded onto 

w et g rou nd .

T h e  hot w a te r  at S u lp h u r Bank is  p resen tly  c o o le r than that 

o f m ost o th e r ac tive  hot s p r in g s . F u rth e rm o re , i t  is  c h e m ic a lly  and 

iso to p ica lly  d iffe re n t fro m  m ost th e rm a l w ate rs  associated w ith  

recen t v o lc a n ic s . T h e  w a te rs  a re  v e ry  high in to ta l C O g, B , N H g , 

N a , and I ,  and low in  S iO g  and K . Th ey  a re  acid n ear the su rface  

and n e a rly  n e u tra l at depths between 45 and 80 fe e t. N ative  s u lfu r  is  

being deposited n e a r the  s u rface ; at and below the w a te r  tab le  cinna­

b a r , m a rc a s ite , p y r ite , d o lo m ite , c a lc ite , q u a r tz , z e o lite s , and 

sp o rad ic  m etac in n ab ar and s tib n ite  a re  being deposited .

H yd ro th e rm a l a lte ra tio n  is  zoned both h o rizo n ta lly  and 

v e r t ic a l ly .  W hite  and Roberson recognize  th re e  depth zones in  the  

andesite w ith  a ll  th re e  zones grading h o rizo n ta lly  in to  n e a rly  fre s h  

andesite o v e r sh o rt d is ta n c e s . Zone 1 , fro m  the s u rfa ce  downward  

15 to 50 fe e t , is  a bleached zone produced by acid  le a c h in g . I t  con­

s is ts  o f w h ite  opalized  andesite containing native  s u lfu r , kao lin ite  

and h a llo y s ite . The end products o f acid  leaching a re  opal and 

a n a ta se . T h e  base o f th is  zone is  presum ed by W hite  and Roberson  

to  rep resen t the position o f the  w a te r  ta b le  be fo re  m ining began.

Zone 2 is  the in te rm e d ia te  o r  "bou lder" zone and is  c h a ra c te rize d  by 

ch em ica l a ttack  along orthogonal jo in ts , w ith  fre s h  andesite at the



116

centers  o f the "b o u ld e rs " . T h e  upper p a rt o f the "bou lder" zone con­

ta ins  c in n ab a r, o p a l, c r is to b a lite , k a o lin ite , a lu n ite , iro n  ox id es , 

hydrocarbons,, native  s u lfu r , and sulfates in  veins and open spaces  

between jo in t b locks. T h e  su lfa tes  include trac e s  o f b a r ite , a lu n ite , 

ja r o s ite ,  gypsum , and coqu im bite , a hydrous iro n  s u lfa te . Th e  lo w er  

surface  of th is  zone is  ir r e g u la r ,  and the average th ickness is  about 

30 fe e t. T h e  basal zo n e, Zone 3 , is  c h a rac te rized  by h yd ro th erm a l 

a lte ra tio n  lo c a lize d  along co lu m n ar jo in ts . Th e  a lte ra tio n  m in e ra ls ,  

w hich consist o f m o n tm o rilIo n ite  and an un-nam ed z e o lite , com m only  

rep lace  p lag io c lase . T h e  ze o lite  is  the m ost w id e ly—d istrib u ted  o f the

h yd ro th erm al m in e ra ls . It  contains essentia l NH4 in its  la ttic e

+
s tru c tu re ; som e o f the m o n tm o ril Ionite contains NH4 as an exchange­

able ca tio n . T h e  rich es t orebodies occur at the base o f the basal zone 

and in the un d erly in g  lake sed im ents .

T h e re  a re  d iffe ren ces  between S u lphur Bank and the o ther  

hot—sp rin g  system s presented h ere  w ith  respect to a lte ra tio n  m in ­

e ra lo g y . V e r y  l i t t le  secondary potassium  fe ld sp ar is  p resen t at 

S ulphu r Bank. I t  is  re s tr ic te d  to a zone in  a lakebed ju s t beneath the  

andesite , w h ere  it  occurs w ith  the only c a lc ite  found in  the s y s te m .

In  g e n e ra l, carbonates a re  r a re  o r absent; w h ere  carbonate is  

p re s en t, it  is g e n e ra lly  d o lo m ite .
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A  num ber o f e p ith e rm a l p re c io u s -m e ta l deposits exh ib it 

fea tu res  o f h yd ro th erm al a lte ra tio n  s im ila r  to those o f the Com m on­

w e a lth . O thers  a re  com p le te ly  un like  the C om m o nw ealth , and th e ir  

a lte ra tio n  assem blages m o re  c lo se ly  resem ble  those produced by 

acid hot s p r in g s , w hich have been only b r ie f ly  m entioned h e re . A  

s u m m ary  o f the geology and h yd ro th erm al a lte ra tio n  o f a few  re p re ­

sen tative  deposits w i l l  be presented here fo r  com parison w ith  the  

C om m onw ealth  and w ith  the ac tive  hot springs described in  the p re ­

ceding sec tio n .

C om stock Lo de, Nevada

Th e C om stock Lode is  one o f the m ost fam ous e p ith e rm a l 

p re c io u s -m e ta l deposits in  w estern  N orth  A m e r ic a . It lie s  n ear  

V irg in ia  C ity  in  S to re y  C ounty, N evada, and has produced a lm o st 

$ 4 0 0 ,0 0 0 ,0 0 0  w o rth  o f o r e . M ost o f th is  value was fro m  gold and 

s i lv e r ,  although m in o r am ounts o f copper and lead w e re  produced.

Th e  geology o f the C om stock Lode v ic in ity  is  described  by 

G ian e lla  (1 9 36 , 1959) and Bonham  (1969 ), am ong o th e rs . The ro c k  

units in the d is tr ic t  include M eso zo ic  m etam o rp h ic  rocks and C enozoic  

andes ites , rh y o lite s , tu ffs , in tru s iv e  g ra n o d io r ite , and lac u s trin e  

sed im entary , ro c k s . T h e  C om stock veins cut the  o ld e r  T e r t ia r y  vo l­

canic  u n its , the H a rtfo rd  H i l l  R h y o lite , the  A lta  F o rm a tio n , the

O ther E p itherm al P rec io u s -M eta l Deposits
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A m e ric a n  R avine A ndesite  P o rp h y ry , and the Davidson G ran o d io rite  

w hich in tru des th e m . T h ey  a re  o v e rla in  by at leas t p a rt o f the lo w er  

P liocene Kate P eak  F o rm a tio n . A n age o f m in e ra liz a tio n  o f 1 7 .2 +

0 .6  m . y . has been d e te rm in ed  using the K -A r  m ethod on C om stock  

v e in le t a d u la ria  (B onham , 19 69 ). The veins o f the d is tr ic t  occur along  

m a jo r fa u lts , including the C om sto ck , S ilv e r  C ity , and O ccidental 

F a u lts . Thom pson (1956 ) es tim ates  the p re -m in e ra l dip s lip  along the  

C om stock F a u lt as 2 ,5 0 0  fe e t. The S ilv e r  C ity  F au lt appears to be a 

branch o f the  C om stock F a u lt , and much o f the bonanza o re  o f the  

C om stock was found in  n e a r ly  v e r t ic a l hang ing-w all branches o f the  

fa u lt . B ranch ing  o f the  veins is  com m on, and high grade shoots occur  

at in te rs e c tio n s . A lb e rs  and K leinham pl (1970) suggest that the C o rn - 

stock D is tr ic t  is  coincident w ith  a la rg e  T e r t ia r y  vo lcan ic  c e n te r. The  

d is trib u tio n  and th ickness o f the A lta  F o rm atio n  suggest tha t one o f 

its  e ru p tive  cen te rs  lie s  w ith in  the  C om stock D is t r ic t .

T h e  C om stock veins consist o f b recc ia ted  q u a rtz  w ith  v a ria b le  

amounts o f c a lc ite , abundant s p h a le r ite , g a len a , c h a lc o p y rite , and 

p y r ite , and less abundant a rg e n tite , native g o ld , and po lyb as ite . T h e  

gold to s i lv e r  ra tio  is about 1 :40 . In the S i lv e r  C ity  a re a , the veins  

consist o f q u artz  w ith  o r  w ithout c a lc ite , p y r ite , native  go ld , native  

s i lv e r ,  e lec t ru m , occasional a rg e n tite , and r a re  c h a lc o p y rite . O nly  

1 to  2 percen t o f the S i lv e r  C ity  veins consist o f su lfides . The  

O ccidental L o de , w hich lies  about 2 m ile s  east o f the C om stock,
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contains q u a rtz , cal c ite , abundant a d u la r ia , and low grade o re  s im ila r  

in m in era lo g y  to the C o m sto ck . The ric h e s t o re  at the C om stock is  

above a depth o f 1 ,9 0 0  fe e t, and although some production has come 

fro m  as deep as 3 ,3 0 0  fe e t, the orebodies appear to have a d e fin ite  

bottom  below w hich the ve ins consist o f b a rren  q u a rtz . A ccord ing  to  

B astin  (1 9 22 ), the C om stock ores  a re  fin e -g ra in ed  at g e n e ra lly  less, 

than 1 m m  g ra in  s ize s  and banding and c ru s tific a tio n  a re  r a r e .

Q u a rtz , s p h a le r ite , g a len a , ch a lc o p yrite , p y r ite , and c a lc ite  a re  con­

tem poraneous and a rg e n tite , native  gold, and po lybasite a re  la te  and 

in te rs t it ia l to  q u a rtz  and s p h a le r ite . He states that supergene e n ric h ­

m ent of the ores  has been m in o r, and active only above a depth o f 

500 fe e t.

Coats (1940) discusses the pervas ive  p ro p y litic  a lte ra tio n  o f  

the rocks in  the C om stock a re a , w ith  em phasis on the A lta  F o rm atio n  

an desite . T h is  a lte ra tio n  is  w id esp read , and does not appear to  be 

s p a tia lly  re la ted  to the m in e ra liz a tio n . It  is  b e tte r developed in the  

foot w a ll o f the C om stock F a u lt than in the hanging w a ll .  W h e re  the  

in ten s ity  o f p ro p y litiza tio n  is m ild , la b ra d o rite  is  rep laced  by v e in -  

le ts  o f a lb ite  and by flakes  o f s e r ic ite ,  c a lc ite , and epidote; hornblende  

is  rep laced  by c h lo r ite , a lb ite , c a lc ite , and sparse  q u a r tz . W h ere  

p ro p y litiza tio n  is  m o re  c o m p le te , the fe ld s p a r is  e n tire ly  rep laced  by 

epidote , c lin o zo is ite , and a lb ite , the m a fic  m in e ra ls  by ep idote , and
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the groundm ass by a lb ite , ep idote , and secondary q u a rtz . Th e  m afic  

m in e ra ls  a re  m o re  ex ten s ive ly  a lte red  than the fe ldspars  in  the sam e  

ro c k .

T h e  hanging w a ll o f the  C om stock F a u lt is  affected  m o re  than  

the footw all by o th e r types o f a lte ra tio n . Coats a ttrib u tes  th is  fac t to  

the g re a te r  degree  o f fra c tu r in g  in the hanging w a ll .  Z e o lit ic  a lte ra ­

tio n  is s p a tia lly  associated w ith  m in e ra lize d  fra c tu re s . P lag io c lase  

a lte rs  to a lb ite  w ith  o r  w ithout ze o lites  (n a tro lite ? ), c a lc ite , and 

p y r ite . T h is  a lte ra tio n  o f the fe ld sp ar m ay occur w ithout ap p rec iab le  

a lte ra tio n  o f the  m a fic  m in e ra ls . In the im m ed ia te  v ic in ity  o f the  

v e in s , s ilic if ic a t io n  and s e r ic it iz a t io n  a re  the dom inant a lte ra tio n  

typ es . W a ll- ro c k  a lte ra tio n  in  the S i lv e r  C ity  a re a , 5 m ile s  south o f  

V ir g in ia  C ity , g e n e ra lly  consists o f s ilic if ic a tio n  n e a r the ve ins which  

gives the ro c k  a fre s h  appearance. P ro p y lit ic  a lte ra tio n  consists o f  

rad ia tin g  fib ro u s  c h lo r ite , ep idote , c a lc ite , and p y r ite .

Tonopah , N evada

T h e  Tonopah D is t r ic t ,  in  Nye and E s m e ra ld a  C ounties ,

N evada, is  another c la s s ic  e p ith e rm a l p re c io u s -m e ta l d ep o s it. I t  

has produced m o re  than $ 1 5 0 ,0 0 0 ,0 0 0  in  gold and s ilv e r ;  the gold to  

s ilv e r  ra tio  fo r  the d is tr ic t  as a whole is  n e a r ly  1 :100 . T h is  d is tr ic t  

has been studied by B as tin  and Laney (1 9 1 8 ), C am pb ell (1 9 33 ), and 

Nolan (1 9 3 5 ). S h o rt descrip tio n s  a re  found in  L indgren  (1933) and
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Tonopah D is tr ic t  is located on the northw est s ide o f a vo lcan ic  cen ter  

which consists o f d o m es, p lugs, and flows o f rh y o lite , q u artz  la t ite , 

and an d es ite . T h e  ro c k  un its consist o f the Tonopah F o rm a tio n  vo l­

canic b re c c ia s , tu ffs , and flo w s , the Sandgrass A n d es ite , the M izp ah  

T ra c h y te , an a lb itize d  an d es ite , the Extension B re c c ia , the W est End 

R h y o lite , and the post—o re  F ra c tio n  B recc ia  and Oddie R h y o lite .

Th e  m in e ra liz a tio n  is  associated w ith  a curved branching  

fa u lt , the Tone pah F a u lt . T h e  th ro w  on each o f the th re e  m a jo r  

branches is  500 to  1 ,5 0 0  fe e t. I t  and o th er u n m in e ra lize d  fau lts  a re  

thought to be re la te d  to an in tru s io n  at depth which caused u p lift a fte r  

volcan ic  collapse (N o lan , 19 35 ). A ccord ing to N o lan , the veins a re  

p r im a r ily  rep lacem en ts  w hich lack  w e ll-d e fin e d  w a lls , such that m ost 

of the veins have assay w a lls . T h e  veins fo llow  fau lts  and associated  

m in o r fra c tu re s . O re -cem en ted  b re c c ia , c ru s tif ic a tio n , co m b - 

s tru c tu re , and o th er open-space f il lin g  tex tu res  a re  r a r e .  T h e  o re  

m in e ra ls  include se len ife ro u s  e le c tru m , a rg e n tite , p o lyb as ite , a rs e n i­

cal p y ra rg y r ite , native s i lv e r ,  and base m eta l s u lfid e s . In  a s u r fic a l  

zone th e re  a re  m in o r am ounts o f c e r a r g y r ite , io d y r ite , and e m b o lite . 

Gangue includes q u a r tz , f in e ly -c ry s ta llin e  m ixed ca rb o n a te , b a r ite , 

and a d u la r ia . T h e  o re  is  v e r t ic a l ly  lim ite d  w ith in  a zone 600 to  1 ,0 0 0  

feet th ic k , w hich is  convex upw ard and shallow est in  the c e n tra l p a rt

121
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o f the d is t r ic t ,  w h ere  h yd ro th erm al a lte ra tio n  is  m ost intense (N o lan ,

1935). T h e re  is a decrease  in  the gold to  s i lv e r  ra tio  away fro m  th is  

ap ica l a re a .

A ccord ing  to N o lan , and also C am pbell (1 9 3 3 ), h yd ro th erm a l 

a lte ra tio n  at Tonopah consists o f th re e  types: p ro p y lit ic , a lb it ic , and 

p o tass ic . T h e  ap p aren tly  e a r ly  p ro p y litic  a lte ra tio n  is  p e rv a s iv e , and 

is esp e c ia lly  w e ll—developed in andesites . I t  is c h a ra c te rize d  by 

c h lo r ite , cal c ite , p y r ite , and s id e r ite . The fe ldspars  a lte r  to ca lc ite  

and m in o r q u a rtz ; epidote is not abundant. A  second type o f a lte ra tio n  

is the v ir tu a lly  com plete  a lb it iz a tio n  o f the M izp ah  T ra c h y te  (an d es ite ). 

T h is  rep lacem en t o f p lag ioc lase  by secondary a lb ite  occurs n e a rly  

everyw h ere  in the d is t r ic t ,  re su ltin g  in a m assive k e ra to p h y ric  flo w . 

Th e  th ird  type o f a lte ra tio n  is  less extensive and occurs p r im a r ily  

w ith in  the c e n tra l p a rt o f the d is tr ic t  in  association  w ith  o re  o f low  

gold to s i lv e r  r a t io . T h is  type o f a lte ra tio n  is c h a ra c te r iz e d  by  

q u a rtz , a d u la r ia , and s e r ic i te .  A ccord ing  to  L in d g ren , the  p lag io ­

clase is  rep laced  by q u artz  and s e r ic ite  o r  q u a rtz  and a d u la r ia .

L o c a lly , the  w a ll rocks a re  a lm o st e n tire ly  rep laced by these m in e ra ls .  

Lindgren  notes tha t the m ost p rom inent e ffec t o f a lte ra tio n  in the  

v ic in ity  o f the veins is  the a lm ost com plete re m o va l o f fe rro u s  iro n , 

c a lc iu m , m agnesium , and so d iu m , and the p a r t ia l rem o va l o f f e r r ic  

o x id e . T h e re  is  even a s lig h t re m o va l o f ap a tite  and r u t i le . S i l ic a  

has in creased  s ig n if ic a n tly , and potassium  and w a te r  less so .
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B odie, C a lifo rn ia

T h e  Bodie M in ing  D is tr ic t  is  located in  Mono C ounty, C a li­

fo rn ia , about 8 m ile s  fro m  the A u ro ra  M in ing D is tr ic t  in  N evada. It  

has produced a p p ro x im ate ly  $ 3 0 ,0 0 0 ,0 0 0  in gold and s i lv e r ,  and the  

gold to s i lv e r  ra tio  is  about 1 :2 . I t  lie s  in  a re -e n tra n t in  the outcrop  

pattern  o f the S ie r r a  Nevada B atholith  at the w este rn  edge o f the B asin  

and Range P ro v in c e . T h e  d is tr ic t  lies  near the eas te rn  m a rg in  o f a 

com plex fie ld  o f M iocene vo lcan ics  that m ake up the southern p a rt o f  

the Bodie H i l l s . Th e  vo lcan ic  geology of the a rea  is  described  by 

C hesterm an (1 9 6 8 ). W is s e r  (1960) and A lb e rs  and K le inham pl (1 970)

describe  the s tru c tu ra l geology o f the d is tr ic t .  O 'N e il e t a l .  (1973) 

give a good s u m m ary  o f the geology and h yd ro th erm al a lte ra tio n , and 

C la rk  (1970 ) presen ts  a b r ie f  h is to ry  o f m ining a c t iv ity .

T h e  ro c k  un its  in the Bodie D is tr ic t  include the P la to  P eak  

F o rm a tio n  andesite and tu ff  b re c c ia , the S i lv e r  H i l l  V o lc a n ic  S e r ie s  

dacite  and tu ff  b re c c ia , the M u rp h y  S p rin g  tu ff  b re c c ia , and vario u s  

in tru s ive  ro c k s . Rock com positions range fro m  rh y o lite  to  s u b a lk a -  

lin e -o liv in e  b a s a lt. T h e  orebod ies occur m o stly  in  p o rp h y rit ic  b io t ite -  

hornblende dacite  flow s and tu ff  b re c c ia  w hich have been in truded by 

s m a ll hornblende dacite  p lugs . A lb e rs  and K le inh am pl have recog­

nized s e v e ra l vo lcan ic  cen ters  in the a re a , and C h esterm an  d escrib es  

a s m a ll c a ld e ra  to  the w est o f the d is t r ic t ;  M ost o f the vo lcan ic  rocks  

a re  between 8 and 9 .5  m .y .  o ld , but the range in  ages fo r  the d is tr ic t
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is  5 to 14 m . y . T h e  m a jo r  s tru c tu re  in  the  d is tr ic t  is  an ir r e g u la r  

an tic lin e  upon w hich s e v e ra l domes have been su p erim p o sed . The  

m in e ra liz e d  fau lts  lie  p a ra lle l and n o rm al to  the a n tic lin a l a x is , and 

m any a re  associated w ith  an ap ica l g ra b e n . Th e  veins cut both  

e x tru s ive  and in tru s iv e  ro c k s . T h ey  consist o f f in e ly -c r y s ta l l in e , 

banded, w h ite , porcelaneous q u artz ; som e o f the ve ins a re  sheeted  

and have lim o n ite  along seam s and p a rtin g s . Open spaces and vugs 

a re  com m on, and in  the southern p art o f the d is tr ic t the ve in  m a te r ia l 

is b re c c ia te d . T h e  o re  m in e ra ls  include native gold and s i lv e r ,  

acan th ite , p y r ite , and s p h a le r ite , and c e ra rg y r ite  in  the upper 

oxid ized  p o rtio n . Th e  southern p a rt o f the d is tr ic t  contains m o re  

com plex ores  w h ich a re  h igher in  s i lv e r  and include g a len a , chalco— 

p y r ite , te tra h e d r ite , and p y r ite . Gangue m in era lo g y  consists o f 

ubiquitous a d u la r ia , and q u artz  and cal c ite . Som e a d u la ria  c rys ta ls  

a re  up to  2 c m . a c ro s s .

H yd ro th e rm a l a lte ra tio n  in the  Bodie D is tr ic t  includes p ro p y -  

l i t iz a tio n  around the m arg in s  and p o ta s s iu m -s ilic a te  a lte ra tio n  n ear  

the m a jo r  v e in s . The p o ta s s iu m -s ilic a te  assem blage includes  

a d u la r ia , q u a r tz , and K -m ic a  in  p e rv a s iv e ly  veined rocks; r e lic t  

c h lo rite  and epidote occur in  m in o r am ounts . Th e  f ir s t  e ffect o f  

p o ta s s iu m -s ilic a te  a lte ra tio n  is  addition o f potassium  fe ld s p a r to  the  

groundm ass o f the ro c k . W ith  in creas in g  a lte ra tio n  in ten s ity , th e re  

is  a re c ry s ta lliz a t io n  o f the  groundm ass and rep lacem en t o f c h lo r ite .
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Th e ptagioclase phenocrysts a re  rep laced by a d u la r ia , q u a r tz , and 

K -m ic a , the m a fic  m in e ra ls  by K -m ic a  and p y r ite  by h e m a tite . Som e  

rocks a re  a lm ost co m p le te ly  converted to potassium  fe ld s p a r. O 'N e il 

et a l .  studied the c h e m is try  o f a lte ra tio n  in the S i lv e r  H i l l  V o lca n ic  

S e r ie s  and concluded tha t C a and Mg w e re  rem oved f i r s t ,  fo llow ed by 

Na and Fe  re m o ve d . T o ta l S iO g increased s lig h tly . T h ey  studied the  

K:Rb ra tio s  o f fre s h  and a lte re d  ro c k s , and concluded that although the  

ra tio  is  co n s id erab ly  lo w e r in  a lte re d  rocks th e re  is  no d ire c t c o r re la ­

tion between K o r  Rb content and distance fro m  m a jo r ve in s . T h e y  

a ttrib u te  th is  fact to the p ervas ive  developm ent o f s m a ll veins and 

s trin g e rs  between m a jo r  v e in s .

S tab le  Isotope Data

R ecent studies o f the stable  isotope ra tio s  of m in e ra ls  and 

w a te r  associated w ith  h yd ro th erm al system s have provided consider­

able in fo rm atio n  on the o rig in  and natu re  o f h yd ro th erm a l f lu id s . A  

b r ie f  s u m m ary  w i l l  be presented h e re  o f som e published stab le  

isotope w o rk  on both e p ith e rm a l m in e ra l deposits and ac tive  hot 

s p rin g s . T a y lo r  (1967) g ives a g en era l d iscussion of oxygen isotope  

th eo ry  and techniques and d escrib es  th e ir  applications to  h yd ro th erm a l 

m in e ra l deposits .

C ra ig  (1963) discusses iso top ic  g eo ch em is try  o f w a te r  and c a r  

bon in geo th erm al a reas ; W h ite , C ra ig , and Begemann (1963) discuss
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Steam boat S p rin g s ; and B anw ell (1969 ) discusses New Z ea lan d  th e rm a l 

w a te rs . It  is  im p o rtan t to  d e te rm in e  the iso to p ic  com positions o f both 

the hydrogen and oxygen in w a te r  to fu lly  understand its  geologic  

h is to ry . S in ce  a lm o s t a l l  ro ck  fo rm in g  m in e ra ls  contain oxygen, 

iso top ic  exchange can occur between the oxygen o f rocks and the oxygen 

o f hot w a te r  in contact w ith  th e m . Hydrogen is less abundant in  the  

ro c k -fo rm in g  m in e ra ls  and m o re  c lose ly  re ta ins  its  in it ia l isotop ic  

ra tio  in w a te r . C ra ig  m easured  the oxygen and hydrogen isotope  

com positions, expressed as $ 0 ^® and (5 d , o f the w a te r  fro m  a c tive  

hot springs a t Y e llow stone  P a rk , Th e  G ey s e rs , S team boat S p rin g s , 

Lassen P a r k , the S a lto n  S e a , W a ira k e i, and L a rd e re llo , I ta ly . He  

m easured ® and o f  w a te rs  w hich occur as steam  o r  as n eu tra l 

o r  s lig h tly  a lk a lin e  hot s p r in g s . W hen these values a re  com pared w ith  

(5o 18 and & >  o f the  lo ca l m e te o ric  w a te r , i t  is  found tha t only (5 p  ̂® 

values d if fe r ;  is  the sam e fo r  both the hot springs and the local 

ground w a te r . I f  the h o t-sp rin g  w a te r  w e re  a m ix tu re  o f m e te o ric  and 

ju v e n ile  w a te r , (5 d  would be expected to  v a ry  w ith  the  am ount o f in te r ­

m ixed ju v e n ile  w a te r  fo r  at leas t som e o f the  a reas  s tu d ied . C ra ig  

concludes tha t the w a te r  is  at leas t 95 percent o f m e te o ric  o r ig in , and 

tha t the v a ria tio n  o f 0 0  ̂® values is  due to  isotop ic  exchange between  

oxygen in  the w a te r  and oxygen in  the rocks through w hich it  t r a v e ls . 

T h e  v a ria tio n  in  iso to p ic  com position o f ac id  hot spring s  is  m o re  

com plicated than tha t o f n e a r -n e u tra l c h lo rid e -ty p e  s p r in g s . T h e re  is
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a s y s tem atic  s h ift o f U D  va lue  in acid th e rm a l w a te rs  w hich C ra ig  • 

a ttrib u tes  to evaporation  n ear the ground s u rface  at te m p e ra tu re s  

below the boiling point o f w a te r .

Th e  carbon isotope g eo ch em is try  o f s e v e ra l h o t-sp rin g  a reas  

has also been s tu d ie d . C ra ig  concludes that about 80 percent o f  the  

carbon in  springs at S team b oat S p rin g s  is  o f m ag m atic  o r ig in , tha t is  

to s a y , that the carbon could have com e d ire c tly  fro m  m ag m atic  

em anations o r  have been leached fro m  igneous rocks containing carbon  

w ith  m ag m atic  iso top ic  c h a ra c te r is t ic s . A t Y ellow stone and o th e r  

areas  containing lim e s to n e , the carbon isotope ra tio s  in th e rm a l 

w ate rs  resem b le  that o f the lim es to n e .

The isotop ic  nature  o f ep ith erm a l o re  flu ids m ay be studied  

e ith e r  d ire c tly  o r  in d ire c tly . T h e  oxygen and hydrogen isotope ra tio s  

m ay be d e te rm in ed  fro m  flu id  ex trac ted  fro m  p r im a ry  flu id  inclusions  

in ve in  m in e r a ls , and the oxygen isotope ra tio s  m ay be de te rm in ed  fo r  

m in e ra ls  w hich w e re  p rec ip ita ted  in e q u ilib riu m  w ith  the h yd ro th erm a l 

flu id s . R e la tiv e ly  re c e n tly , the hydrogen isotope ra tio s  have been 

studied in  h y d ro x y l-b e a rin g  a lte ra tio n  m in e ra ls . The natu re  o f the  

h yd ro th erm al flu id  and its  in te ra c tio n  w ith  rocks can also  be re fle c te d  

by the oxygen isotope ra tio  o f the e n tire  ro c k . T a y lo r  (1973 ) exam ined  

oxygen isotope ra tio s  at Tonopah, C om sto ck , and G o ld fie ld , N evada, 

and O ’N e il et a l.  (1973 ) re p o rt re su lts  fro m  B odie, C a lifo rn ia .

O ’N e il and S ilb e rm a n  (1974 ) studied both oxygen and hydrogen isotope
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ra tio s  o f flu id  inclusions in gangue m in e ra ls  fro m  15 p re c io u s -m e ta l 

depo sits . Is o to p ic a lly  "n o rm a l"  igneous rocks  o f the e a rth  and moon 

have a (5o^® value o f ap p ro x im ate ly  + 5 .5  p e r m i l .  M e te o ric  w a te r  at 

the la titude  o f Nevada has a (5o^® value o f around -1 3  p e r m il .  I t  has 

been found that rocks in  the v ic in ity  o f m any e p ith e rm a l p re c io u s -  

m eta l deposits have a b n o rm a lly  low values o f (5o1 ® .

W ith in  the M izp ah  T ra c h y te  at Tonopah, the low est values o f  

(5o^ ® a re  in the c e n te r o f the d is tr ic t  at depths o f 750 to 1 ,2 5 0  fe e t.

corresponding to the apex o f N o lan 's  o re  s h e ll. A t a d istance o f 1 km  

away fro m  the c e n te r , M izp ah  rocks  s t i l l  have an ab n o rm a lly  low ($0^ ® 

of + 3 .3  p er m i l .  T h e  post—o re  vo lcan ic  units have m ostly  "n o rm al"  

6o18 v a lu e s . T a y lo r 's  explanation o f the anom alous oxygen isotope  

ra tio s  in the p re —o re  rocks is  that the rocks eq u ilib ra ted  iso to p ica lly

w ith  a h y d ro th erm a l flu id  having a 6o18 of around -1 3  p e r m i l .  The

v a ria tio n  o f (5o^8 o f rocks w ith in  the d is tr ic t  can be a ttrib u ted  to 

v ary in g  te m p e ra tu re s  o f e q u ilib ra tio n , o r vary in g  ro c k  to  w a te r  ra tio s .  

He concludes that the h yd ro th erm a l flu id  w hich deposited the ve in

m in e ra ls  at Tonopah rem ain ed  at a re la t iv e ly  u n ifo rm  te m p e ra tu re  o f

probab ly  2 0 0 ° to 3 0 0 ° C during  the m ain  stage m in e ra liz a tio n , that the  

ra tio  o f w a te r  to ro ck  was v e ry  h igh , and that the w a te r  was a lm ost 

e n tire ly  o f m e te o ric  o r ig in .
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T h e  C om stock Lode is also c h a ra c te rize d  by low 6 o18 ro c k s , 

but they a re  not as low as those at Tonopah. T h is  d iffe ren ce  m ay be 

a trrib u te d  to the apparent g re a te r  depth o f fo rm atio n  o f the C om stock  

orebodies o r  to  the 20 percen t m agm atic  w a te r  component o f the  

h yd ro th erm a l f lu id . A  g re a te r  depth would probably re s u lt in a lo w er  

w a te r  to ro ck  ra tio  at C om sto ck . Th e  lowest values o f (5o18 a re  in  

the v ic in ity  o f the Davidson s tock , and "n o rm al"  ra tio s  in the A lta  

F o rm a tio n  a re  not found c lo s e r than 2 m iles  fro m  the s to ck .

O ’ N e il e t a l .  de term in ed  that the (5o^8 o f phenocrysts in  the  

rocks at Bodie is  a lw ays g re a te r  than that o f the w hole ro c k . T h ey  

attribu ted  th is  re v e rs a l to the fact that the te m p e ra tu re  o f m in e ra liz a ­

tio n  was too low fo r  la rg e  phenocrysts to exchange com ple te ly  w ith  the  

h yd ro th erm al f lu id . Th ey  also concluded tha t the h yd ro th erm al flu id  

w hich produced the m in e ra liz a tio n  and a lte ra tio n  at Bodie was a lm ost 

e n tire ly  o f m e te o ric  o r ig in .

O ’N e il and S ilb e rm a n  (1974 ) m easured both (5o^8 and 5 d  

values in  specim ens fro m  a num ber o f e p ith e rm a l p re c io u s -m e ta l 

d is tr ic ts  in  the G re a t Basin o f C a lifo rn ia , Idaho , and N evada.

Although the values o f (5o^ ® in  these rocks and in flu id  inclusions in  

ve in  m in e ra ls  v a ry  due to v a r ia b le  conditions o f isotop ic exchange, 

the 6 d  values of flu id  inclusions a re  u n ifo rm  because o f a la c k  o f 

exchange w ith  the enclosing m in e ra ls . A ll but one sam ple exam ined  

by them  have 6 d  va lues w ith in  a -9 0  to  -1 3 9  p e r m il range w hich
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corresponds to the range o f fo r  m odern sp rin g  w a te rs  in the G reat 

B a s in . T h is  evidence deom onstrates the dom inance, even the  

e x c lu s iv ity , o f m e te o ric  w a te r  in the o re —depositing flu ids  o f a ll  but 

one deposit. Th e  one anom alous (5d  value is  fro m  a flu id  inclusion  

in q u artz  in bonanza s i lv e r  o re  fro m  the C om stock L o d e . T h is  sam p le  

suggests that a m in o r m ag m atic  component m ay be present in  the  

h yd ro th erm a l f lu id .

S h ep p ard , N ie ls e n , and T a y lo r  (1969 , 1971) exam ined oxygen  

and hydrogen isotope ra tio s  o f a lte ra tio n  m in e ra ls  fro m  po rp hyry  

copper deposits and o th e r types o f o re  bodies. F ro m  th e ir  data they  

have concluded, at least fo r  the porphyry  copper deposits s tud ied , that 

a ll o f the m o n tm o rillo n ite  is  o f hypogene o r ig in . F u rth e rm o re , the  

w ate rs  w hich produced the a r g i l l ic  and s e r ic it ic  a lte ra tio n  at these  

deposits has a s ig n ifican t m e te o ric  com ponent. Oxygen isotope data  

fo r  the q u artz -p o ta s s iu m  fe ld s p a r-b io tite -c h a lc o p y r ite  assem blag e, 

and hydrogen isotope data fo r  b io tite , ind icate  that m ag m atic  w a te r  

was the dom inant component o f the flu id  w hich produced th is  assem ­

blage . It thus a p p e a rs , in  keeping w ith  m odels p rep ared  by W h ite , 

M u ff le r , and T ru e s d e ll (1971 ) and by T a y lo r  (1973) and o th e rs , that 

m e te o ric  w a te r  becom es an in c re a s in g ly  im p o rtan t component o f  

h yd ro th erm a l flu id s , both as the surface  is  approached and tow ard  the  

end o f a given m in e ra liz a tio n  even t.



C H A P T E R  5

G E N E T IC  M O D E L S

T h e re  a re  m any fea tu res  o f e p ith erm a l m in e ra l deposits that 

distingu ish  them  "from o th e r types o f deposits. L indgren  (1933 ) and 

S ch m itt (1 9 5 0 a ,-b ) include descrip tio ns  o f the genera l c h a ra c te r is tic s  

o f th is  type o f d ep o sit. E p ith e rm a l m in e ra liza tio n  is a lm ost a lw ays  

s p a tia lly  associated w ith  T e r t ia r y  o r  younger vo lcan ic  te r r a in s .  It 

m ost com m only occurs  as fis s u re  veins w hich cut through o ld e r rocks  

and vo lcan ic  rocks ranging in com position fro m  andesite to rh y o lite . 

The veins in c re a s e  in s tru c tu ra l com plex ity  upward and the fissu res  

m ay f la re  in tw o o r  th re e  d irec tio n s  tow ard  the s u rfa c e . Sheeted  

v e in s , s to ckw o rks , and b recc ia tio n  a re  abundant. T h e  m in e ra lize d  

fau lts  a re  freq u en tly  o f m a jo r  d isp lacem en t. Th e  ve in  tex tu re s  a re  

c h a ra c te rize d  by open-space f il lin g  and include c ru s tif ic a tio n , comb  

te x tu re , and d rusy  cav ities  and v u g s . Q u a rtz  is  the m ost abundant 

gangue m in e r a l,  and it  ranges fro m  f in e ly -c ry s ta llin e  and chalcedonic  

to c o arse ly  eu h e d ra l. Th e  m ost d is tin c tive  gangue m in e ra l is  

a d u la r ia , w h ich occurs in  at leas t tra c e  am ounts in  m ost w e ll-kn o w n  

e p ith e rm a l p re c io u s -m e ta l v e in s . O th er gangue m in e ra ls  include  

c a lc ite , d o lo m ite , b a r i te , f lu o r ite , a lu n ite , k a o lin ite , and occasional

131
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s id e r ite , rh o d o ch ro s ite , rh o d o n ite , and z e o li te s . E p ith e rm a l 

p re c io u s -m e ta l deposits a re  u n iv e rs a lly  low in p y r ite , and c o p p er-  

bearing  m in e ra ls  a re  r a r e .  Galena and s p h a le rite  a re  abundant in  

som e d ep o s its . T h e  dom inant o re  m in e ra ls  rep o rted  include native  

go ld , e lec t ru m , a rg e n tite , s ilv e r  su lfo sa lts , and native  s i lv e r ,  

acan th ite , and s ilv e r  halides in the oxid ized zone. Th e  rep o rted  

a rg e n tite  is g e n e ra lly  a c tu a lly  acan th ite . Som e deposits a lso  con­

ta in  s tib n ite , c in n ab a r, m a rc a s ite , te tra h e d r ite , and alaband ite; 

a rsen o p yrite  is  r a re  and p y rrh o tite  and m agnetite  a re  g e n e ra lly  

absent. Th e  paragenetic  sequence is n e a rly  constant fro m  deposit to  

d ep o s it, and fo llow s the o rd e r  o f decreasing s o lu b ility  and g e n e ra lly  

o f hardness o f the o re  m in e ra ls . Q u a rtz , p y r ite , a rs e n o p y rite , and 

oxides a re  fo llow ed by s im p le  s u lfid e s , s u lfo s a lts , precious m e ta ls , 

and m e rc u ry . Th ese  m in e ra ls  a re  "telescoped" ra th e r  than d is ­

tin c tiv e ly  zoned. A lthough the m in e ra lize d  s tru c tu re s  p e rs is t at 

depth , the econom ic m in e ra liz a tio n  is g en era lly  re s tr ic te d  to  depths 

o f less than 3 ,0 0 0  feet below the s u rfa c e . Beneath the o re  zo n e, veins  

of b a rre n  q u a rtz  m ay continue dow nw ard. T h e re  is  no apparent 

s tru c tu ra l sh ift at the lo w e r l im it  o f econom ic m in e ra liz a t io n .

A ny  genetic  m odel proposed fo r  the c la s s ic  e p ith e rm a l 

p re c io u s -m e ta l depo sits , w h ich S c h m itt (19 5 0 a ,-b )  c a lls  " e p ith e rm a l" , 

m ust account fo r  these and o th er c h a ra c te r is tic  fea tu res  a lre a d y  

c ite d . T h is  ch ap ter w i l l  b r ie f ly  re v ie w  som e o f the proposed modes
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of o rig in  fo r  these d ep o sits , and a ttem pt to  show the evolution o f 

thought concerning th e m . T h e n , e x p erim en ta l in fo rm atio n  on the types  

o f h yd ro th erm al a lte ra tio n  found around these deposits w i l l  be applied  

to the  genetic  m o d e ls , and a rev ised  p ic tu re  o f the environm ent o f  

m in e ra lia tio n  w i l l  be p resen ted . F in a lly , the environm ent in w hich  

the C om m onw ealth  ve ins  fo rm ed  w i l l  be discussed and a hypothetical 

m odel fo r  th e ir  o r ig in  w i l l  be presen ted .

E volu tion  o f Ideas

S c h m itt (1950a ) lis ts  the various  hypotheses fo r  the o r ig in  o f 

e p ith e rm a l m in e ra l deposits w hich have at som e tim e  been s e rio u s ly  

considered by students o f m in e ra l deposits . These include deposition  

by la te ra l s e c re tio n , a flu id  " d iffe re n tia te " fro m  a m ag m a, vo lcan ic  

em anations absorbed by ground w a te r , te l lu r ic  f lu id s , in jec tio n  in the  

m olten s ta te , and deposition fro m  the gaseous phase. A ny hypothesis 

m ust consid er the  shallow  depth o f fo rm atio n  o f these d ep o s its , the  

ap p aren tly  low te m p e ra tu re  and p ressu re  o f fo rm a tio n , and the close  

sp a tia l association  w ith  a reas  o f C enbzoic v o lc a n is m . T h e  g rea t  

s im ila r it ie s  o f physica l env ironm ent and m in era lo g y  between ep i­

th e rm a l m in e ra l deposits and ac tive  hot s p r in g s , including occasional 

econom ic concentrations o f o re  m eta ls  as at W a io tap u , have n a tu ra lly  

caused speculation  as to  th e ir  re la tio n s h ip . Indeed , in  som e cases
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active  hot springs a re  now depositing m in e ra ls  c h a ra c te r is tic  o f 

e p ith e rm a l d epo sits . H o w e v e r, the volum e and grade of the T e r t ia r y  

e p ith e rm a l p re c io u s -m e ta l deposits a re  not known to have been dupli­

cated by any m odern hot s p rin g .

One o f the strongest e a r ly  proponents o f the h o t-sp rin g  

association o f e p ith e rm a l m in e ra liz a tio n  was L in d g ren . Throughout 

much o f his p ro fess io n a l c a re e r ,  he em phasized the close sp a tia l 

re la tio n sh ip  o f these deposits to vo lcan ism  and pointed out the m any  

s im ila r it ie s  between e p ith e rm a l deposits and active  hot springs  

(F in c h , 1933 , and L in d g re n , 19 33 ). In his 1933 textbook, he describes  

exam ples o f m odern hot—sp rin g  deposition o f q u a rtz , c a lc ite , f lu o r ite ,  

b a r ite , g a len a , and tra c e s  o f o th e r m e ta ls . He c ites m in e ra l deposits  

w hich a re  s p a tia lly  associated w ith  active  hot s p rin g s , and points  

out s im ila r it ie s  in  com position between hot—spring  w a te rs  and the  

hot w a te r  c u rre n tly  found in  som e e p ith e rm a l m in e ra l deposits such 

as the C om stock Lode. L indgren  considered the evidence to be con­

vincing tha t deposits o f m e rc u ry , an tim ony, a rs e n ic , g o ld , and 

s ilv e r  fo rm  n ear the e a rth 's  s u rface  fro m  hot ascending w a te r  re la te d  

to vo lcan ic  phenom ena. A t leas t p a rt o f the w a te r , and m ost o f its  

dissolved gases and s a lts , a re  o f m ag m atic  o r ig in  and m ay be m ixed  

to v a ry in g  degrees w ith  m e te o ric  w a te r . In  con trast to L in d g ren 's  

id eas , D aubree and m any European geologists believed that a ll o f the
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m a te r ia l o f hot springs is d erived  fro m  the c irc u la tio n  o f m e te o ric  

w a te r .

W h ite  (1955 ) presents su m m arie s  o f the c h a ra c te r is tic s  o f 

vario u s  hot springs and e p ith e rm a l m in e ra l deposits . T h e  e p ith e rm a l 

deposits m ost c lo se ly  associated w ith  hot springs a re  those o f  

m e rc u ry . T h e  spring s  a t S u lp h u r B ank, C a lifo rn ia , and S team boat 

S p rin g s , N evad a , deposited co m m erc ia l concentrations o f m e rc u ry .

He suggests that the w a te r  responsib le  fo r  the m in e ra liz a tio n  contains  

a re la t iv e ly  m in o r vo lcan ic  component in the case o f S team boat 

S p rin g s  and is  e n tire ly  o f m e te o ric  o r connate o rig in  at S u lphu r  

B ank. Gold and s i lv e r  deposits a re  less c le a r ly  re la te d  to  ac tive  hot 

springs than those o f m e rc u ry , but W hite  c ites  the s im ila r it ie s  o f 

gangue m in e ra lo g y  and w a ll- ro c k  a lte ra tio n  as evidence that these  

deposits a re  probab ly  c lo se ly  re la te d  to  h ig h -te m p e ra tu re  vo lcan ic  

hot s p r in g s . H o t-s p rin g  s in te rs  m ay contain s ig n ifican t although s u b -  

econom ic concentrations o f gold and s i lv e r .  W hite  observes that 

a d u la ria  is  c h a ra c te r is tic  o f both high—te m p e ra tu re  a lk a lin e  hot 

springs and e p ith e rm a l g o ld -s ilv e r  depo sits , but is  r a r e  o r  absent in  

o th er types o f hot springs and o re  d ep o s its . He proposed that ep i­

th e rm a l m in e ra l deposits and h o t-sp rin g  deposits have s im ila r  o r ig in s ,  

and that som e fo rm  fro m  dom inantly  m ag m atic  w a te r  and others fro m  

c irc u la tin g  m e te o ric  o r  connate w a te r .
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S c h m itt (19 5 0 a ,-b ) discussed hot sp rin g  m odels o f ep ith erm a l 

m in e ra liz a tio n , esp e c ia lly  w ith  respect to h yd ro th erm a l a lte ra tio n . He 

outlines a proposed sequence o f a lte ra tio n  fo r  hot spring s  and ep i­

th e rm a l deposits using the a lka lin e  springs at Y e llow stone P a rk  as an 

exam p le . Th e  f ir s t  encounter of H g C O g -ric h  h o t-s p rin g  w a te r  w ith  

w a ll- ro c k  s ilic a te s  produces a b e id e llite -ty p e  c la y . Th e  w a te r  

rem oves a lk a lie s , a lk a lin e  e a rth s , and som e s i l ic a ,  and leaves a  

stab le  c la y . S c h m itt c a lls  th is  p re lim in a ry  stage of a lte ra tio n  the  

"carbon d ioxide—leach in g" phase. As a resu lt o f th is  in te ra c tio n , the  

hot w a te r even tu a lly  becom es sa tu rated  w ith  potassium . A  second 

a lte ra tio n  phase, the "potassic" phase, then occurs in  w hich potas­

s ium  rep laces  sodium  and ca lc iu m  in the ro ck  fe ld s p a rs . T h is  process  

causes the sodium  and ca lc iu m  content o f the w a te r  to  in crease  u n til 

the th ird  "sodic" a lte ra tio n  phase o c c u rs , and sodium  rep laces  

potassium  in fe ld s p a rs , and sodium  and ca lc iu m  ze o lites  and ca lc ite  

a re  deposited . Q u a rtz  is  s tab le  a t a ll  stages o f a lte ra tio n  except the  

in it ia l  b e id e llite  s tag e .

Th e  s p a tia l d is tr ib u tio n  o f the various  phases o f a lte ra tio n  is  

v a ria b le  due to  the upward and outw ard m ig ra tio n  o f zones and the  

subsequent superposition  o f one zone upon an o th er. A t depth, the h o t-  

spring  w a te r  is  n eu tra l o r  s lig h tly  a lk a lin e . S c h m itt a ttrib u tes  the  

n e a r-s u rfa c e  production o f s u lfu r ic  ac id , w h ich produces k a o lin ite -  

group c la y s , s u lfa te s , and m assive  s il ic if ic a t io n , to n e a r-s u rfa c e
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oxidation of HgS contained in the o re  f lu id . H o w e v e r, N o rd lie  (1971) 

ind icates that the s u lfu r species o f m agm atic  gases at K ilauea  is  SO^  

ra th e r  than H g S . N e a r -s u r fe c e  oxidation o f S 0 2 could s t i l l  produce  

the s u lfu r ic  acid p o stu la ted .

S c h m itt suggests tha t the o re  m eta ls  a re  tra n s fe rre d  to  the  

m e te o r ic -w a te r  s h e ll by vo lcan ic  em an ations . The dom inantly  

m e te o ric  h o t-sp rin g  w a te r  absorbs C O g, H g S , N H g, C H 4 , H C l, H F ,  

N a C l, and the o re  m e ta ls . He states  that the h o t-sp rin g  m odel o f  

e p ith e rm a l m in e ra liz a t io n , invo lv ing m e te o ric  w a te r  w hich absorbs  

its  v o la tile  constituents fro m  a vo lcan ic  so u rce , explains m any o f the  

c h a ra c te r is tic  fea tu res  o f the deposits , including the shallow  

bottom ing o f o re  and the d is trib u tio n  o f the o re  zones along a ho rizon ta l 

su rface  w hich freq u en tly  p a ra lle ls  topography; the d e lica te  layerin g  o f 

ve in  m in e ra ls  w hich m ay re s u lt fro m  p erio d ic  c lim a tic  changes 

affecting  the am ount o f w a te r  in  the system ; the d iffic u lty  in d is ­

tinguish ing hypogene fro m  supergene deposition due to  the fact that the  

two environm ents  m erg e  into each o th er in  h o t-s p rin g  system s; and 

the fact that e p ith e rm a l orebodies com m only do not crop  out but 

appear to  be effected by steep g rad ien ts  n e a r the s u rfa c e . F u rth e r ­

m o re , the abundant fre e  s ilic a  found in  these deposits can be d erived  

s o le ly  fro m  w a ll - r o c k  a lte ra t io n , and an exo tic  source  fo r  it  need not 

be postu lated . He s ta tes  tha t "vo lcan ic  em an atio n s" can be produced
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by m e re ly  heating a w ide  v a r ie ty  o f ro ck  ty p e s , so that the only ro le  

of a hypothetical m agm a at depth m ay be tha t o f a heat s o u rc e .

S tab le  isotope s tu d ies , such as those rev iew ed  in  the p ro ­

ceeding ch a p te r, have provided valuab le  evidence as to  the source o f  

the w a te r  associated w ith  hot springs and ep ith erm a l m in e ra liz a t io n .

In a ll  o f the hot spring s  c ite d , and m ost o f the e p ith e rm a l p re c io u s -  

m eta l deposits , the w a te r  w hich produced both the a lte ra tio n  and 

m in e ra liza tio n  has been shown to be predom inantly  o f m e te o ric  o r ig in .  

A ccord ing  to O 'N e il and S ilb e rm a n  (1 9 74 ), rocks anom alously d e fic ien t 

in 0  ̂® a re  found only around ep izonal in trusions em placed in  h ighly  

f ra c tu re d , re la t iv e ly  f la t—lying vo lcan ic  ro c k s , w hich is the en v iro n ­

m ent in w hich e p ith e rm a l m in e ra l deposits a re  found. Carbon isotope  

data o f COg and c a lc ite  fro m  hot springs and e p ith e rm a l p re c io u s -  

m eta l deposits p e rm it a vo lcan ic  source o f COg* S u lfu r  isotope data  

at G o ld fie ld , Nevada (Jensen , A sh ley , and A lb e rs , 1971) suggest a 

m agm atic  source fo r  the s u lfu r th e re . A ll o f th is  evidence supports  

S c h m itt 's  hypothesis o f a m e te o ric  o re  flu id  w hich is  heated by and 

absorbs v o la tile s  fro m  a m agm a at depth.

E xp erim en ts  by E ll is  and Mahon (1 9 64 , 1 9 6 7 ), ho w ever, 

ind icate  that a d ire c t m ag m atic  source is not essen tia l even fo r  the  

v o la tile  components o f a h yd ro th erm a l f lu id . Th ey  d erived  solutions  

having s im ila r  com positions to  n o rth ern  New  Zea land  th e rm a l w a te rs  

by the in te ra c tio n  o f d is tille d  w a te r  w ith  vo lcan ic  rocks and greyw ackes
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fro m  the N o rth  Is land at te m p e ra tu re s  o f 1 5 0 ° to  6 0 0 ° C . A t te m p e ra ­

tu re s  fro m  150° to  3 5 0 °C , components such as C l ,  F ,  B , A s , NHg and 

the a lk a lie s  e n te r the solution re a d ily , and few  a lte ra tio n  products a re  

fo rm ed . These  solutes a re  ex trac ted  m ore  e a s ily  and in  g re a te r  

abundance fro m  c ry s ta llin e  rocks than fro m  g la s s e s . E ll is  and M ahon  

conclude tha t at te m p e ra tu re s  below 3 5 0 °C , most o f these solutes a re  

rem oved fro m  the su rfaces  o f pores and cracks in the rocks ra th e r  

than fro m  the s ilic a te  m in e ra ls . On the o ther hand, at te m p e ra tu re s  

fro m  3 5 0° to  6 0 0 °C , the concentration  of most solutes is  co n tro lled  by 

m in e ra l s o lu b ilit ie s  o r  ion exchange e q u ilib r ia . Th ese  solutes include  

K , R b , C a , M g , F ,  S O 4" ,  NH3 , and SiOg.. Upon coo ling , the h igher 

te m p e ra tu re  solutions have an acid pH , and the lo w er te m p e ra tu re  

solutions a re  s lig h tly  a lk a lin e . B efo re  coo ling , the low te m p e ra tu re  

solutions have a n e u tra l pH , like  the New Zealand a lk a lin e  ch lo rid e  

w a te rs  at depth . T h e re fo re , it  appears to  be possib le th a t in  som e  

cases o f h o t-sp rin g  and e p ith e rm a l a lte ra tio n , the only ro le  o f a 

hypothetical m agm a is a source  o f heat. F u r th e rm o re , B oyle  (1968) 

considers the m eta ls  o f e p ith e rm a l deposits to be d erived  fro m  

leaching o f the vo lcan ic  p ile  in  w h ich the deposits o c c u r.

G enetic  Im p lica tio n s  o f H yd ro th e rm a l A lte ra tio n  

I f  it  m ay be assum ed tha t the  h yd ro th erm a l a lte ra tio n  associ­

ated w ith  m in e ra l deposits is  caused by the sam e flu ids  w hich deposited
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the o re  m in e ra ls , then an understanding o f the processes o f h y d ro -  

th e rm a l a lte ra tio n  can provide va luab le  insight into the environm ent 

of o re  d ep o sitio n . M ost e p ith e rm a l s ilv e r  deposits a re  thought to  

have fo rm ed  under conditions s im ila r  to those p resen t in and around  

hot springs o f the a lk a lin e  ch lo rid e -b ica rb o n ate  ty p e , such as those  

of the U pper B asin at Y e llo w s to n e , ra th e r  than the ac id—su lfa te  ty p e , 

such as those o f the N o rr is  B as in . A  gross v e r t ic a l zoning o f a lte ra ­

tio n  types is  ev ident in  m ost of the hot springs and e p ith e rm a l 

deposits described  in  the preceeding chapter (see F ig u re  4 2 ).

T h e  hot spring s  have a s u r f ic ia l zone ch a rac te rize d  by m in e ra ls  such 

as o p a l, k a o lin ite , and alun ite  w ith  o r w ithout p y r ite . T h is  a lte ra tio n  

is  a ttrib u ted  to  leaching by s u lfu ric  acid fo rm ed  by the n e a r-s u rfa c e  

oxidation o f hydrogen su lfide  o r  s u lfu r d io x id e . Beneath th is  zone, in  

a ll the h o t-sp rin g s  described  h e re , is one c h a ra c te rize d  by m o n t-  

m o rillo n ite , z e o lite s , c h lo r ite , and ep idote . Th ese  a lte ra tio n  m in e ra ls  

occur as rep lacem en ts  o f ro c k  m in e ra ls , esp ec ia lly  the fe ld s p a rs , and 

as open—space f i l l in g , m ostly  in  the case o f the z e o lite s .

T h e re  also appears to be a m o re  lo ca lized  type o f a lte ra tio n  

zoning w ith  resp ect to fra c tu re s  in  both hot springs and e p ith e rm a l 

m in e ra l d epo sits . F ra c tu re -c o n tro lle d  a lte ra tio n  includes potassium  

fe ld s p a r , q u a r tz , m o n tm o rillo n ite , s e r ic i te ,  and p y r ite . A t S team boat 

S p rin g s  and C om stock th is  assem blage consists m ostly  o f s e r ic ite .
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q u a rtz , and p y rite ; at W aiotapu and B o d ie , i t  consists o f secondary  

potassium  fe ld s p a r and q u a r tz , w ith  less abundant s e r ic ite .

P e rtin en t E x p e rim e n ta l W o rk

In o rd e r  m o re  fu lly  to understand the fo rm atio n  o f these a l t e r -  

tion  p a tte rn s , it  is  help fu l to re v ie w  som e o f the e x p e rim e n ta l w o rk  

w hich has been done on the va rio u s  a lte ra tio n  assem blages c h a ra c te r­

is tic  o f the e p ith e rm a l and hot—spring  en v iro n m en t. M ost o f the  

a lte ra tio n  e ffects  observed in  th is  environm ent can be a ttrib u ted  to  

sod ium , po tass ium , o r  hydrogen m etaso m atism .

O rv il le  (1 963) investigated  the system  K A lS ig O g -N aA lS ig O g — 

N a C l-K C l-H 20  fro m  3 5 0 ° to 700°C  at a p ressu re  o f 2 ,0 0 0  bars  and 

to ta l a lk a li—ch lo rid e  concentration  o f 2 M . Th e  ra tio  o f K :(K  + N a) in 

the vapor phase co—exis ting  w ith  two a lk a li fe ldspars  and an a lk a l i -  

ch lo rid e  so lu tion  decreases w ith  decreasing  te m p e ra tu re , w hich agrees  

w ith  the low K :N a ra tio  c h a ra c te r is tic  of h o t-sp rin g  w a te r . A ccord ing  

to  O r v i l le ,  the frac tio n a tio n  o f a lk a lie s  between a flu id  phase and 

c ry s ta lliz in g  fe ld sp ars  is  s tro n g ly  dependent upon te m p e ra tu re , but 

only s lig h tly  dependent upon the physical s ta te  o f the  f lu id . The  

diffusion behavio r o f a lk a li ions through a vap o r w i l l  th e re fo re  

resem b le  th e ir  solution behavio r in a liquid  during a lk a li m eta­

so m atism .
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In response to  a m agm atic  o r  m e tam o rp h ic  th e rm a l g ra d ie n t, 

the fe ld sp ars  o f the w a rm e r  rocks tend to becom e enriched  in  sodium  

and depleted in  po tass ium , and those o f the c o o ler rocks becom e  

enriched in  potassium  and depleted in sod ium . S ta ted  another w a y , 

a flu id  in  e q u ilib riu m  w ith  two a lk a li fe ldspars  at high te m p e ra tu re s  

w il l  upon cooling be capable o f rep lac ing  a c e rta in  am ount o f sodium  

fe ld s p a r w ith  potassium  fe ld sp ar i f  e q u ilib riu m  is  m a in ta in ed . O rv il le  

notes that th is  rep lacem en t is o ccu rrin g  at the present t im e  around  

active  hot springs such as Y ellow stone and W a ira k e i. U n d er n a tu ra l 

conditions, such an e q u ilib r iu m  can probably be attained  between  

a lk a lie s  in so lu tion  in a flu id  phase and a lka lies  in fe ldspars  at te m p e r­

atures below 4 0 0 °C . O rv il le  em phasized the re c ip ro c a l nature  o f 

a lk a li m etaso m atism  under id ea l c o n d it io n s w h e re  a th e rm a l g rad ient 

exists  in  rocks containing two a lk a li fe ldspars  and a p e rvas ive  vapor  

phase o f the a lk a li—ch lo rid e  ty p e . U nder conditions o f reg io n a l m e ta -  

m orph ism  th is  vapor phase probab ly  acts as a passive m edium  fo r  

d iffu s io n , w h ereas  during h yd ro th erm al a lte ra tio n  it  is  probab ly  an 

active  tran s p o rtin g  agent.

A lthaus and Johannes (1969 ) exam ined s im ila r  io n ic  fra c tio n ­

ations between a lk a li-c h lo r id e  solutions and s ilic a te  m in e ra ls  such as 

i l l i t e ,  g lau co n ite , m o n tm o r illo n ite , and m uscovite  at te m p e ra tu re s  o f  

3 5 0 ° to  550°C  and a p re s su re  o f 1 ,0 0 0  b a rs . T h ey  found that the K :N a  

ra tio  o f an a lk a li-c h lo r id e  solution in e q u ilib riu m  w ith  these m in e ra ls
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in creases  w ith  in creas in g  te m p e ra tu re . W ith  in creas in g  te m p e ra tu re , 

Na"*" en te rs  the m in e ra l phases and K"*", Ca"*"2 , Mg"̂ "2 , and F e "̂2 en te r  

the flu id  phase, and the pH approaches 1 o r  2 .

E x p e rim e n ta l re su lts  such as O r v il le ’s and A lth au s ’ and 

Johannes1 m ay be applied to  a lk a li m etasom atism  in a v a r ie ty  o f  

geologic e n v iro n m en ts . In  g e n e ra l, it  appears that zoning o f a lk a li 

m etasom atism  m ay re s u lt fro m  the estab lishm ent o f a th e rm a l g rad ien t 

in fe ldspath ic  rocks  w hich contain an a lk a li-c h lo r id e  bearing  vap o r o r  

aqueous flu id  phase. E x p e rim e n ta l w o rk  indicates that potassium  

m etaso m atism  would be expected to occur at a g re a te r  d istance fro m  

the heat source than sodium  m e ta s o m a tis m . H em ley  and Jones’ (1964) 

te m p e ra tu re  v s . a lk a li to hydrogen ch lo rid e  d iag ram s show that fo r  

the sam e a lk a li to  hydrogen r a t io , a lb ite  is  s table  at te m p e ra tu re s  at 

leas t 40°C h igher than potassium  fe ld s p a r. W ith in  any given in crem en t 

o f ro ck  undergoing such m etaso m atism , the f ir s t  e ffec t o f a te m p e ra ­

tu re  in crease  w i l l  be an enrichm ent o f the ro c k  fe ld s p a r in sodium  and 

an enrichm ent o f the associated flu id  in  po tass ium . In creas in g  

te m p e ra tu re  w i l l  prom ote fu r th e r  sodium  m e taso m atism . W hen the  

te m p e ra tu re  o f the ro ck  begins to d e c rea s e , as due to  cooling o f a 

hypothetical heat s o u rc e , re v e rs e  m etaso m atism  w il l  com m ence in  

w hich potassium  rep laces  sodium  in the ro c k  fe ld s p a rs . T h is  

m echanism  agrees w e ll w ith  the observed sequence o f a lk a li m eta ­

so m atism  in  rocks  such as keratop hyres  and tra c h y te s . Battey (1955)
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gives a deta iled  descrip tio n  o f a lk a li m etaso m atism  in  kera top hyres  on 

the N orth  Is land o f New Z e a la n d . On the basis o f ch em ica l and p etro ­

graphic  w o rk , he concludes that the keratophyres  w e re  probab ly  fo rm ed  

fro m  andesites as the re s u lt o f sodium  m etaso m atism . Secondary  

potassium  fe ld s p a r p a r t ia lly  o r  com plete ly  rep laces  the a lb ite  o f the  

k e ra to p h y re s , but the re v e rs e  o f th is  rep lacem ent is  not o b served .

The extent o f potassium  m etaso m atism  v a rie s  w ith in  the flow s and 

exhib its  no d is c e rn ib le  p a tte rn . H o w ever, the to ta l a lk a li content o f 

the rocks is  e s s e n tia lly  constan t. B attey notes that in  m any o th e r  

w e ll—studied kera top hyres  secondary potassium  fe ld sp ar is  found 

rep lac ing  a lb ite , but a lb ite  does not rep lace  secondary potassium  

fe ld s p a r.

Hess (1966 ) presen ts  a com plete phase d iag ra m  fo r  the system  

K g O -N a g O -A lg O g -S iO g -H g O  at 2 5 °C  and 1 b a r . P re su m a b ly , these  

are  the conditions approached by a cooling h yd ro th erm al f lu id . As 

shown in  H e s s ’ d ia g ra m , potassium  fe ld sp ar and a lb ite  a re  both stab le  

under surface  conditions at a s u ffic ie n tly  high a lk a li ion concentration  

in s o lu tio n . T h e  s ta b ility  fie ld  o f potassium  fe ld sp ar is  la rg e , and it  

is s table  at re la t iv e ly  low concentrations o f potassium  ion (K :H  less  

than 10 ) in the presence o f a high s ilic a  concentration  ( S i0 2 concen­

tra tio n  g re a te r  than 10"~2 M ) . A uth igenic potassium  fe ld s p a r is  

com m on in  sed im e n ta ry  rocks  ranging in age fro m  lo w er P a leo zo ic  to 

Q u ate rn a ry ; som e o f these fe ld sp ars  a re  described  by G lo ver and
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Hosem ann (1970) and Sheppard and Gude (1 9 73 ). A lb ite  and analc ite  

a re  m ore  re s tr ic te d  in  s ta b ility , and th e ir  presence ind icates  a high  

Na:H ra tio  in solu tion (g re a te r  than 10®). A uth igenic  ana lc ite  is  re la ­

t iv e ly  com m on in sed im en ts .

H em ley  (1 9 5 9 ), H em ley  et a l .  (1961 ), H em ley  and Jones  

(1 9 6 4 ), and M e y e r  and H em ley  (1967) present va rio u s  phase re la tio n ­

ships in  the system  !<2 0 -N a 2 0 - A l 2 0 3- S i 0 2 —HgO at te m p e ra tu re s  

ranging fro m  about 2 0 0 ° to  500oC and pressu res  fro m  about 350 to  

2 ,0 0 0  b a rs . It  is  evident fro m  th e ir  w o rk  that as the te m p e ra tu re  o f 

the system  d e c rea s e s , h igher and h igher a lk a li ion concentrations a re  

re q u ire d  fo r  the fe ld sp ars  to be s ta b le . A t som e te m p e ra tu re , fe ld s -  

pathic a lte ra tio n  m ay cease and s e r ic ite , p aragon ite , o r  sodium  m o n t-  

m o rillo n ite  becom e s ta b le . T h is  a lte ra tio n  is  com m only re fe r re d  to  

as hydrogen m e ta s o m a tis m . Although such a lte ra tio n  g e n e ra lly  resu lts  

fro m  an in crease  in the hydrogen to a lk a li ion r a t io , i t  m ay re s u lt  

fro m  a decrease  in  te m p e ra tu re  o n ly . The phase re la tio n sh ip s  w ith in  

th is  system  depend upon te m p e ra tu re , p re s s u re , and the concentra­

tions o f a ll o f the components involved (M e y e r  and H e m le y , 1 9 6 7 ). As 

sodium  m etaso m atism  p ro g re s s e s , both the H :N a  and the K :N a ra tio s  

of the flu id  in crease ; th e re fo re , depending upon the H :K  ra t io , e ith e r  

potassium  fe ld sp ar o r  potassium  m ic a  m ay becom e s ta b le . L ik e w is e , 

during potassium  m e ta s o m a tis m , the H :K  and N a ;K ra tio s  in crease;  

a lb ite , p a rag o n ite , o r  sodium  m o n tm o rillo n ite  m ay become stable  at a



146

s u ffic ie n tly  low potassium  ion c o n cen tra tio n . T h e  concentration o f  

s ilic a  in  solution also effects  these e q u ilib r ia . As can be seen in  the  

phase d iag ram s  in  H e s s , and in  R ayam akashay (1 9 6 8 ), a high s ilic a  

concentration  prom otes the s ta b ility  o f potassium  fe ld s p a r even at high  

H :K  ra tio s .

G en era l M odel o f E p ith e rm a l—Hot S p rin g  A lte ra tio n

T h e  com p lex ity  o f h o t-sp rin g  phase e q u ilib r ia  is  enhanced by 

the presence o f o th e r com ponents in  the system  w hich a re  p resen t in  

h o t-sp rin g  w a te r  and a lte ra tio n  m in e ra ls . H o w ever, s ince c a lc ite  is  

the only m a jo r a lte ra tio n  phase at the locations discussed here  w hich  

is  not included in the system  K gO -N agO —A lg O g -S iO g -H g O , th is  system  

w il l  be em phasized in the in te rp re ta tio n  o f a lte ra tio n  p ro cesses .

W o rk  such as that o f O r v il le ,  and A lthaus and Johannes, 

suggests tha t the in it ia l stage in the developm ent o f a h o t-s p rin g  o r  

e p ith e rm a l system  m ay re s u lt in sodium  m e ta s o m a tis m . In  a sequence  

of rocks contain ing both potassium  and p lag ioclase fe ld sp ars  and a 

p ervas ive  c h lo rid e —bearing flu id  phase, a r is in g  th e rm a l g rad ien t w i l l  

cause d iffu s ion  o f sodium  to the a reas  o f h igher te m p e ra tu re  and 

potassium  to a reas  o f lo w er te m p e ra tu re . T h is  e a r ly  high te m p e ra tu re  

process m ay exp la in  the presence o f "soda tra c h y te s "  in  the v ic in ity  o f 

hot springs and e p ith e rm a l d is tr ic ts  such as Tonopah, S team boat 

S p rin g s , and W a io tap u . I t  m ay also exp la in  the occasional abundance
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o f a lb ite  in p ro p y lit ic  a lte ra tio n  assem blages associated w ith  ep i­

th e rm a l deposits .

A t Tonopah and S team b oat S p rin g s , potassium  fe ld s p a r and 

m ica  rep lace  a lb ite  in the  trach y tes  along fra c tu re s  and w ith in  the  

potassic depth zo n e . A t W a io tap u , no m ention is  m ade o f potassium  

fe ld sp ar rep lac in g  secondary a lb ite , but potassic a lte ra tio n  occurs  

along fra c tu re s  w h ereas  sodic  a lte ra tio n  is  p e rv a s iv e . S te in e r  con­

s id e rs  the a lb ite  a lte ra tio n  to be la te r  than the potassic a lte ra t io n ,  

but does not c ite  any c le a r -c u t  evidence as to the te m p o ra l re la tio n sh ip  

of these two a lte ra tio n  ty p e s . Th e  rep e titio n  o f potassic and sodic  

a lte ra tio n  zones in  d r i l l  core  at W aiotapu suggests the p o ss ib ility  o f 

e a r ly , p ervas ive  sodium  m etasom atism  follow ed by s tru c tu ra lly  con­

tro lle d  potassium  m etaso m atism . A s  has been m entioned p re v io u s ly , 

the cooling o f such a system  can have the e ffec t o f superim posing  

potassium  m etaso m atism  upon sodium  m e ta s o m a tis m . W h e re  the  

process o f potassium  m etasom atism  is incom plete due to a la c k  o f 

s u ffic ien t potassium  in  the system  o r  to a rap id  d ecrease  in  te m p e ra ­

tu r e , a lte ra tio n  re la tio n sh ip s  such as those observed at Tonopah, 

S team boat S p r in g s , and W aiotapu w i l l  r e s u lt . W h ere  potassium  m eta ­

so m atism  is n e a r ly  com plete w ith in  o r  above the zone o f sodium  

m e ta s o m a tis m , a lte ra tio n  such as that observed at Y e llo w s to n e ,

B o d ie , and W a ira k e i w i l l  r e s u lt .
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O r v il le 's  w o rk  does not exp la in  the  presence o f the s o d iu m -  

r ic h  a lte ra tio n  zone w hich occurs above the po tassic  zone in  m ost 

a lka lin e  hot s p rin g s , and w hich corresponds to  S c h m itt 's  "sodic"  

phase o f a lte ra t io n . T h e  m in e ra l phases present in  th is  zone include  

m o n tm o rillo n ite  and an a lc ite  w hich do not re q u ire  as high a N a:H  ra tio  

as a lb ite . A lb ite  appears to be uncommon above the potass ic  zo n e.

T h is  sodic zone can be a ttrib u ted  to an increase  in  the N a:K  ra tio  o f  

the h yd ro th erm al flu id  as a re s u lt o f potassium  m e ta s o m a tis m .

S e r i  c ite  and m o n tm o rillo n ite  near the su rface  and along  

s tru c tu re s  re s u lt fro m  a la te  stage o f m etasom atism  in w hich the  

c irc u la tin g  flu id  is  depleted in  a lk a lie s  and lo w e r in  te m p e ra tu re  o r  

p H . T h e  upperm ost a lte ra tio n  zone o f the a lka lin e  hot springs is  

c h a ra c te rize d  by k a o lin ite , a lu n ite , and s i l ic a . These  phases ind icate  

a high H :K  ra tio  and the presence o f s u lfa te . M ost o f the authors cited  

in  the preceding chapter on h o t-sp rin g  a lte ra tio n  a ttr ib u te  th is  a lte r ­

ation zone to hydro lys is  in an environm ent o f n e a r-s u rfa c e  oxidation  

o f hydrogen su lfide  in  the h y d ro th erm a l f lu id , w hich produces s u lfu r ic  

a c id .

T h e  v e r t ic a l zoning patterns  o f h yd ro th erm a l a lte ra tio n  a re  

com plicated  by zoning w ith  resp ect to fra c tu re s  in m ost o f the system s  

d escrib ed . Th e  younger a lte ra tio n  assem blages a re  m o re  c lo se ly  

re la ted  to fra c tu re s  than the o ld e r ones. W h e re  sodium  m etasom atism  

is ob served , i t  appears to be p ervas ive  ra th e r  than fr a c tu r e -c o n tr o l le d .
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Potassium  m etasom atism  appears to be e n tire ly  re la te d  to fra c tu re s  

in som e s y s te m s , such as C om stock and W aio tap u , and m o re  p e r­

vasive  at Bodie and W a ir a k e i. P otassium  m ica  and m o n tm o rillo n ite  

a re  s p a tia lly  associated w ith  fra c tu re s  in m any o f the system s  

described  h e re .

H ypothetica l Evolu tion  o f the  S y s tem

Th e s tru c tu ra l evolution o f these system s was ap p aren tly  

contem poraneous w ith  the  evolution o f at leas t som e o f the a lte ra t io n .

A  m odel is  proposed here  fo r  the com bined sequence o f events in  a 

h o t-sp rin g  o r  e p ith e rm a l s y s te m . It  appears that the e a r ly  stages o f  

m etasom atism  occur in  re la t iv e ly  undisturbed ro c k s , probably by a 

diffusion m echanism  such as that described  by O r v i l le ,  through a flu id  

phase d erived  fro m  a m e te o ric  o r  vo lcan ic  s o u rc e . A s  the th e rm a l 

grad ient o f the system  in c re a s e s , p resum ab ly  due to a m agm a at depth, 

convection o f th is  flu id  begins, w h ich aids in ionic tra n s p o rt. Sodium  

m etasom atism  occurs in  the w a rm e r  ro c k s , potassium  m etaso m atism  

fa r th e r  fro m  the heat s o u rc e . T h is  heat source m ay in m ost cases be 

the parent m agm a o f the  vo lcan ic  rocks  being a lte r e d .

A t som e tim e  the system  is fra c tu re d , by w ith d ra w a l o f  

m agm a at depth and c a ld e ra  c o lla p s e , as suggested by the w o rk  o f  

A lb e rs  and K le in h a m p l, o r  by som e tec to n ic  d is tu rb an ce . T h is  

fra c tu r in g  is accom panied by a decrease  in  te m p e ra tu re  and in crease
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in  the amount o f flu id  in the s y s te m . Convection is  probab ly  enhanced 

by the in creased  p e rm e a b ility  produced by fra c tu r in g . B o ilin g  and 

dilu tion  o f the  h yd ro th erm a l flu id  change its  a lte ra tio n  p ro p e r t ie s , and 

a com bination o f hydrogen m etasom atism  and s ilic if ic a t io n  is the usual 

r e s u lt . Th e  s il ic a  re leased  by p h y llic  and a r g i l l ic  a lte ra tio n  is  

deposited w ith in  the fra c tu re s  as q u artz  v e in s . In m any s y s te m s , 

fra c tu rin g  continues during  ve in  deposition .

Q u a rtz  is  the m a jo r  constituent o f the v e in s , but a d u la r ia  and 

ca lc ite  a re  co m m o n . The c a lc ite  fo rm s  fro m  ca lc iu m  rem oved  fro m  

ro ck  p lag ioclase during a lte ra tio n  and fro m  carbon dioxide in  solu tion  

in the h yd ro th erm al f lu id . The a d u la ria  m ay fo rm  fro m  potassium  

re leased  by s e r ic it iz a t io n  o f potassium  fe ld sp ar and fro m  potassium  

entering  the h yd ro th erm al flu id  due to a lte ra tio n  at depth. As H em ley  

and Jones point o u t, o v e r-s a tu ra tio n  w ith  s ilic a  causes potassium  

fe ld s p a r to be s tab le  at H :K  ra tio s  w hich would o th erw ise  produce  

s e r ic i te . T h is  fact m ay exp la in  the presence o f a d u la ria  w ith in  m any  

e p ith e rm a l veins and in the im m e d ia te ly  adjacent w a ll ro c k s .

These processes a re  continuing at the  p resen t t im e  around  

active  hot s p r in g s . Continued fau lt m ovem ents at W aiotapu cause 

h yd ro th erm al e ru p tio n s . In ad d itio n , th e re  a re  occasional "pu lses” 

of m e ta l- r ic h  sludges w hich las t fo r  periods o f 5 to  10 y e a rs . D uring  

these anom alous periods o f hot—spring  deposition , econom ic con­

centrations o f p rec ious m eta ls  m ay be deposited . I f  S c h m itt's  analogy .
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of hot springs and e p ith e rm a l m in e ra l deposits is  v a lid , then these  

"pulses" m ay rep resen t o re  deposition at depth . S om e o f what is 

com m only ca lled  " in v is ib le "  gold and s ilv e r  o re  m ay have fo rm ed  in  

a m anner s im ila r  to the precious m e ta l deposition at W a io tap u . 

M e ta l- r ic h  sludges a re  covered  by layers  o f s iliceo u s  s in te r , p ro ­

ducing d e lic a te ly  banded chalcedonic qu artz  r ic h  in precious m e ta ls .

G enetic  M odel fo r  the Com m onw ealth S ys tem  

The preceding discussions o f o ther system s and o f e x p e ri­

m enta l w o rk  on v a rio u s  phase e q u ilib r ia  "were presented in  the hope 

that th is  in fo rm atio n  m ay lead to a be tte r understanding o f the  

environm ent in  w hich the C om m onw ealth ve in  system  was fo rm e d . 

F ro m  s tra tig ra p h ic  reco n s tru c tio n s , the leve l o f the C om m onw ealth  

veins now exposed was probably o v e rla in  by 1 ,5 0 0  to 2 ,0 0 0  fee t o f 

vo lcan ic  rocks at the t im e  o f ve in  fo rm a tio n . The deposit exhib its  

s tru c tu ra l and te x tu ra l fea tu res  ty p ic a l o f ep ith erm a l d ep o sits . The  

h yd ro th erm al a lte ra tio n  observed at the C om m onw ealth  is  s tr ik in g ly  

s im ila r  to  that associated w ith  the  a lk a lin e -ty p e  hot spring s  and the  

e p ith e rm a l m in e ra l deposits described  in the preceding ch a p te r. Th e  

a lte ra tio n  described  in  th is  study probab ly  resem b les  that o f the hot 

springs m o re  c lo se ly  than tha t o f the  e p ith e rm a l d epo sits . H o w e v e r, 

th is  m ay be due to  the  fact that the hot spring s  have been m ore  

thoroughly studied w ith  resp ect to  w a ll - ro c k  a lte ra t io n . F e ld sp ath ic
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a lte ra tio n , esp e c ia lly  when it  only affects  the  groundm ass o f the ro c k , 

is  e a s ily  o v erlo o ked . W hen pervas ive  fe ldspath ic  a lte ra tio n  was  

observed in o ld e r s tu d ies , it  was freq u en tly  considered to be a p r im a ry  

m agm atic  fe a tu re  o f the ro c k , as is  probable in  the case o f the M izp ah  

T ra c h y te  at Tonopah.

W a ll-R o c k  A lte ra tio n  at the C om m onw ealth

As was discussed in the chapter on G enera l G eology, the flow s  

of the C om m onw ealth  a re a  appear to be la te ra lly  equivalen t to andesites  

described  by G illu ly  (1 9 5 6 ). Th e  Com m onwealth rocks m ust be c la s s i­

fied  as trach y tes  on the basis o f th e ir  m in era lo g y . H o w ever, consid er­

ing the o ccu rren ce  o f p ervas ive  fe ldspath ic  a lte ra tio n  around m any  

other e p ith e rm a l and hot—spring  system s, it  seem s reasonable to 

assum e that m uch o f the potassium  fe ld sp ar observed in the Com m on­

w ealth  rocks is  seco ndary . F u rth e r  evidence to support th is  v iew  is  

the appearance o f p lag ioc lase  in rocks at the upperm ost and lo w erm ost 

exposures o f the system . T h is  p lag ioclase contains potassium  fe ld sp ar  

along fra c tu re s  and cleavages and as r im s  around c ry s ta ls . T h e  

m icro sco p ic  tex tu re s  exhib ited by the potassium  fe ld s p a r resem b le  

those o f secondary fe ld sp ar described  by B attey (1955) in the New  

Zealand  k e ra to p h y re s , and by L indgren  (1933 ) at Tonopah. Th e  

m ic ro lit ic  te x tu re  o f the groundm ass o f the flow s has been destroyed in  

m ost o f the th in  sections exam in ed , a phenomenon w hich has been
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described  at Y e llow stone  and B odie. In  the upper and lo w er p a rts  o f  

the system , w h ere  som e p lag ioc lase  rem a in s  u n a lte re d , m o n tm o ril— 

Ion ite  and c a lc ite  a re  im p o rtan t a lte ra tio n  p ro d u cts .

T h e  o ccu rren ce  o f abundant fres h  potassium  fe ld sp ar in the  

flows is  re s tr ic te d  la te r a l ly  to  zones tens of feet w ide adjacent to the  

m a jo r v e in s . V e r t ic a l ly ,  fre s h  potassium  fe ld sp ar occurs o ver a 

range o f 600 fe e t, w h ich corresponds roughly to the zone o f eco n o m ic -  

grade m in e ra liz a tio n . Between the m a jo r ve in s , the w a ll - ro c k  fe ld ­

spars  a re  a lte re d  to v a ry in g  amounts o f m o n tm o ril Io n ite , s e r ic ite ,  and 

potassium  fe ld s p a r . In  som e sam p les , the fe ldspars  now consist 

e n tire ly  o f m o n tm o r illo n ite . T h is  pattern  resem bles  the potassium  

fe ld s p a r zones o f m ost o f the h o t-sp rin g  system s described in the 

preceding c h a p te r. A t W a ira k e i, Y e llo w s to n e , and S team boat S p rin g s , 

m o n tm o rillo n ite  is  p e rv a s iv e . It  is  not as com m only described  in  

e p ith e rm a l s ys tem s , possib ly  because m any o f these system s w e re  

described  before X —ra y  techniques o f c lay  id en tifica tio n  w e re  de­

ve loped .

T h e  abundance o f potassium  fe ld s p a r n ear the ve ins m ay in  

p a rt be due to su p ersatu ra tio n  in  s ilic a  n e a r the v e in s , w h ile  fa r th e r  

into the w a ll 'ro c k , s ilic a  w as not o v e r-s a tu ra te d  and s e r ic ite  was the  

stable a lte ra tio n  phase. T h e  potassium  w as probab ly  d e rived  both 

fro m  the s e r ic ite  and m o n tm o rillo n ite  a lte ra tio n  o f the vo lcan ic  ro c k s , 

and fro m  the flu id  m oving along fra c tu re s .
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P otassium  m etaso m atism  m ay also exp la in  the two d iffe re n t

types o f potassium  fe ld s p a r phenocrysts in  the F ir s t  Ash F lo w . T h e  

phenocrysts w h ich exh ib it "patchy" extinction  a lte r  to  m in o r s e r ic ite  

w h ile  the phenocrysts having u n ifo rm  extinction  a lte r  to m o n tm o r il-  

lon ite  w ith in  the sam e th in  s ec tio n . I f  the "patchy" phenocrysts a re  

the re su lt o f rep lacem en t by secondary  potassium  fe ld s p a r , then th is  

fe ld s p a r would be expected to  contain less sodium  than igneous san i— 

d in e . Th e  a lte ra tio n  o f the  n o rm a l sanidine phenocrysts to m ont— 

m o rillo n ite  m ay in d icate  that they  have a re la tiv e ly  high sodium  con­

te n t, as is com m on fo r  vo lcan ic  san id in e . A  rep lacem ent o rig in  

would exp la in  the unusual tex tu res  exhibited by the "patchy" pheno­

crys ts  .

A  m a jo r  p rob lem  encountered during th is  study was the  

distinction  o f the va rio u s  types o f potassium  fe ld s p a r. T h e  vo lcan ic  

sanidine and the v e in le t a d u la ria  have v e ry  s im ila r  op tica l p ro p erties  

and X - r a y  p a tte rn s . S tud ies on authigenic potassium  fe ld sp ars  have 

shown tha t they  exh ib it op tica l and X - r a y  p ro p ertie s  s im ila r  to  san i­

d ine . T h e  authigenic fe ld s p a r described  by Sheppard and Gude (1973) 

fro m  the B ig  Sandy T u ff  in w es te rn  A rizo n a  is s tru c tu ra lly  s im ila r  to  

high san id in e , and that described  by G lo ver and H osem ann (1970) fro m  

New Zea land  ranges in  s tru c tu ra l configuration  fro m  orthoc lase  to  low  

and high sanid ine and has a range in 2 V  fro m  0 °  to 6 5 ° .  T h u s , it  

appears that potassium  fe ld s p a r c ry s ta lliz e d  at low te m p e ra tu re s
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s tru c tu ra lly  resem b les  vo lcan ic  san id in e . In  the absence o f chem ica l 

data on the C om m onw ealth  fe ld s p a rs , the best clue to th e ir  com posi­

tio n  m ay be the a lte ra tio n  products d erived  fro m  th e m . A ll  o f the  

phenocrysts w ith  u n ifo rm  ex tin c tio n , and the sp h eru lites  and a x io lites  

of fib rous potassium  fe ld s p a r , a lte r  to f in e ly -c ry s ta llin e  m o n tm o r il-  

lo n ite , w hereas  the phenocrysts in  the lo w er units w hich e xh ib it patchy  

and shadowy extinction  a lte r  to  s e r ic i te . I f  the patchy fe ld s p a r is  

considered to be seco n d ary , rep lac in g  p lag ioc lase , and the u n ifo rm  

fe ld sp ar is  considered to be igneous san id ine, then the vo lcan ic  un its  

on P e arce  H il l  would have been andesite flows and q u artz  la tite  w elded  

tu ff  before a lte ra t io n . T h is  explanation would m ake c o rre la tio n  w ith  

G illu ly 's  m easured  section in the S u lphu r H ills  m o re  reason ab le , 

and would enhance the p o ss ib ility  that these rocks m ay c o rre la te  w ith  

S .O .  V o lcan ics  as G illu ly  suggested. T h e  upper a sh -flo w  tu ffs  con­

ta in  on ly  "n o rm a l"  phenocrysts and th e re fo re  would be tru e  rh y o lite s .

Due to access lim ita tio n s  and the prob lem s o f d istingu ishing  

between h yd ro th erm al and vo lcan ic  potassium  fe ld s p a r , it  is  d iffic u lt  

p re c is e ly  to d e te rm in e  the extent o f potassic  a lte ra t io n . F ib ro u s  

potassium  fe ld sp ar is  probably a d e v itr if ic a tio n  product fo rm ed  

im m e d ia te ly  a fte r  the a s h -flo w  tu ffs  w e re  deposited . I t  appears that 

much o f the m o s a ic -te x tu re d  potassium  fe ld s p a r rep lac in g  shards in  

the F ir s t  Ash F low  is  m e re ly  re c ry s ta lliz e d  a x io lit ic  s a n id in e . T h e  

potassium  fe ld s p a r w h ich cem ents the w a te r - la in  tu ffs  on P earce  H il l



156

m ay be e ith e r  auth igenic o r  h yd ro th erm al in o r ig in . It is in te res tin g  

that the s tra tig ra p h ic a lly  highest sam ples exam ined fro m  the T h ird  

W a te r -L a in  T u ff  between P earce  and M e ta t H ills  a re  cem ented by 

cal c ite  o r  c lays ra th e r  than potassium  fe ld s p a r . Th e  upperm ost o f 

these sam ples contains abundant fres h  plag ioclase g r a in s . P otass ium  

m etasom atism  is m ost in tense w ith in  the s tra tig ra p h ic  in te rv a l o f the  

F ir s t  F low  and F ir s t  A sh F lo w , and w ith in  the footw all blocks o f the  

M ain  V e in  on P e a rc e  H ill  and the N orth  V e in  between P e arce  and 

Huddy H i l ls .  S u ffic ie n t in fo rm atio n  is not ava ilab le  to  d e te rm in e  

w hether th is  d iffe ren ce  in  degree o f a lte ra tio n  is due to  g re a te r  p e rm e ­

a b ility  in  the fo o tw a ll blocks o r  to  the o r ig in a lly  h igher position o f the  

handing w a ll b lo c ks , w hich would place them  above the potassic  

a lte ra tio n  zon e.

E nviron m en t o f A lte ra t io n -M in e ra liz a t io n

I f  the analogy between e p ith e rm a l m in e ra l deposits and hot 

springs is v a lid , as L in d g re n , W h ite , S c h m itt , and m any o th e r  

w o rk e rs  sugg est, then som e g en era liza tio n s  can be m ade about the  

C om m onw ealth  s y s te m . T h e  a lte ra tio n  m in e ra lo g y  and d is trib u tio n  

c lo se ly  resem b le  that produced by the a lk a lin e  ch lo rid e  type o f hot 

s p r in g . I f  the  C om m onw ealth  alteration w as produced under the  sam e  

cond itions, then the h y d ro th erm a l flu id  w as probab ly  n e a r-n e u tra l in  

pH at the leve l now exposed and the ch lo rid e  content m ay have been
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anyw here fro m  1 ppm , as m easured  in an a lk a lin e  spring  at Y e llo w ­

stone, to  2 p e rc en t, as m easured  by Nash in flu id  inclusions in som e  

Nevada e p ith e rm a l gold d ep o s its . T h is  flu id  contained HgS and C 0 2 

and o th er v o la tile s  in  unknown am o u n ts . T h e re  was probab ly  a zone  

of s o d iu m -ca lc iu m  m etaso m atism  above the leve l c u rre n tly  exposed  

c h a rac te rize d  by c a lc ite , m o n tm o rillo n ite , z e o lite s , and possib ly  

c h lo r ite . Above th is  zo n e , w ith in  s e ve ra l tens o f feet o f the  s u rfa c e , 

a zone o f a c id -s u lfa te  leaching would be expected. T h is  zone probab ly  

consisted o f opaline s i l ic a , k a o lin ite , and a lu n ite . Th e  to ta l th ickness  

of these zones is  not know n. A  rough es tim ate  o f the m in im u m  

th ickness o f the potassic  zo n e, assum ing post—o re  t ilt in g  o f the ve in  

s y s te m , would be 600 fe e t. A ssum ing a 50 -fo o t th ickness fo r  the zone 

of acid  leach in g , then the upper sodic zone m ay have been as th ick  as 

2 ,0 0 0  fe e t.

Not much can be said  about the p r im a ry  m in e ra liz a tio n  at the  

C om m o nw ealth . A s  com pared w ith  the o th er p re c io u s -m e ta ls  deposits  

described  h e re , i t  appears to have been poor in  b a s e -m e ta l s u lfid e s . 

P y r ite  seldom  m akes up m o re  than 1 o r  2 percent o f the ve in  m a te r ia l . 

Th e o re  m in e ra ls  w e re  a rg e n tite /a c a n th ite  and s ilv e r  su lfo sa lts . The

p r im a ry  o re  shoots at the C om m o nw ealth , as shown in  F ig u re  3 3 , f la re  

upward tow ard  the su rface  along the M a in  V e in . Subsequent supergene 

effects have converted a lm ost a ll the p y r ite  to  h em atite  and g o eth ite , 

and the s ilv e r  m in e ra ls  to  native  s i lv e r ,  acan th ite , c e ra rg y r ite , and
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e m b o lite . A lthough fe r r ic  su lfa te  and s u lfu r ic  acid  m ust have resu lted  

fro m  the oxidation o f the p y r ite , th e ir  e ffects  on the w a ll rocks do not 

appear to have been g re a t. V e r y  l i t t le  kao lin ite  has been ob served , 

and no a lu n ite . F re s h  secondary potassium  fe ld sp ar occurs in  the  

sam e th in  section as to ta lly  ox id ized  p y r ite .

It cannot be d e te rm in ed  w ith  c e rta in ty  w h eth er the p e rvas ive  

m o n tm o rillo n ite  is  hypogene o r  supergene in  o r ig in . Th e  f in e ly -  

c ry s ta llin e  dusty m o n tm o rillo n ite  w hich fo rm s as an a lte ra tio n  product 

of the sanidine in the Second and T h ird  Ash Flow s m ay be supergene. 

H o w ever, the w e ll -c ry s ta ll iz e d , c o a rs e ly -c ry s ta llin e  m o n tm o rillo n ite  

w hich occurs in  the  units on P earce  H il l  appears to  be hypogene. The  

abundance o f hypogene m o n tm o rillo n ite  in active  h o t-sp rin g  a lte ra tio n  

supports th is  id e a . I f  m ost o f the m o n tm o rillo n ite  is hypogene, then  

supergene e ffects  at the C om m onw ealth  a re  re s tr ic te d  to  oxidation o f 

p y rite  and fo rm atio n  o f s i lv e r  halides and m in o r acanth ite  and native  

s i lv e r .

S m ith  delineates s e v e ra l h o rizo n ta l h ig h -g rad e  o re  zones on

his assay longitudinal section o f the M a in  V e in , fro m  w hich F ig u re  38  

is  ta k en . He a ttrib u te s  these to  d iffe re n t leve ls  o f the w a te r  tab le  as 

contro lled  by the le v e l o f P le is to cen e  Lake C o c h is e . I f  the t ilt in g  o f 

the ro ck  units on P earce  H i l l  o ccu rred  a fte r  the fo rm atio n  of the  

m in e ra lize d  fa u lts , as has been assum ed on the basis o f s tru c tu ra l 

evidence in  the study a r e a , then these h o rizo n ta l concentrations m ust
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be secondary in n a tu re , because they  have not been t i l te d . Gold as 

w e ll as s ilv e r  has been concentrated in h o rizo n ta l zon es. Im m e d ia te ly  

above th re e  o f S m ith ’s h o rizo n ta l s i lv e r  zones a re  zones o f s ig n ifi­

cantly  h igher gold to s i lv e r  ra t io s . Th e  a v e ra g e , accord ing to his 

data , is  1 :40 , as com pared w ith  about 1 :135 fo r  the e n tire  s y s te m . As 

discussed by K rauskop f (1951 ) and C loke and K e lly  (1 9 6 4 ), gold is  

soluble only under v e ry  re s tr ic te d  conditions. In  acid  so lu tio n s , i t  is  

tran sp o rted  as AuCl^-  in  the presence of a g rea t excess o f C l”  and a

strong o x id iz in g  agent such as M nO g, O ^, F e+®, o r  Cu+ 2 ; and 

-2S 0 4 a re  not s u ffic ie n tly  strong under surface  cond itions. C loke and 

K e lly  describe  the Eh and Cl~ concentrations at w hich gold is  so lu b le , 

and on an E h -c h lo r id e  concentration d iag ram  the s o lu b ility  o f Au as 

A u C l4 above the line  Eh = 0 .9 0  -  0 .0 8  log (C l ) is  g re a te r  than 10 ^ 

m o le s / l i t e r ,  o r  2 ppm . O nly p a rt o f th is  region is below the upper 

s ta b ility  l im it  o f w a te r . A ccord ing  to K rauskop f, the s o lu b ility  o f gold 

as A uC l^”’ in creases  w ith  in creas in g  te m p e ra tu re .

S i lv e r  is  m ore soluble under su rface  conditions than go ld , but 

is  less m obile  in  the supergene environm ent than co p p er, le a d , o r  z in c .  

Hypogene s ilv e r  m in e ra ls  m ay be d issolved by s u lfu ric  acid by the  

reactio n

AggS 4" H gSO ^ =  A g g S 0 4 +  HgS

In  o rd e r fo r  Ag S to  continue to d is s o lv e , H gS m ust be oxid ized  by 

f e r r ic  iro n  o r  som e o th er su itab le  ox id iz in g  agent. F u rth e rm o re , fo r
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A gC l to be p rec ip ita ted  fro m  such a so lu tio n , v e ry  l i t t le  H 2S can be 

present o r Ag2S w i l l  be p rec ip ita ted  in s tead . Cooke (1 9 13 ), Em m ons  

(19 17 ), Boyle (1 9 6 8 ), and o thers  discuss the ch em ica l d e ta ils  o f the  

supergene behavio r o f s i l f e r .  By the h o t-sp rin g  analogy, p r im a ry  

a lte ra tio n  and m in e ra liz a tio n  at the leve l now exposed at the C om m on­

w ealth  w e re  probab ly  accom plished by n ear—n eu tra l flu ids contain ing  

H g S . Any s ig n ifican t r e —d is trib u tio n  o f gold and s ilv e r  m ust have been 

accom plished by a c id , s tro n g ly  oxid iz ing  flu ids containing C l- , Fe**"® 

o r F e 2(S C 4)g , and H ^S O ^. Such conditions m ight be expected in  the  

vadose zone in an a r id  o r  s e m i-a r id  c lim a te . E vaporation  o f c h lo rid e ­

bearing w a te r  in the vadose zon e, in the presence o f fe r r ic  su lfa te  

fro m  the oxidation o f p y r ite , m ight on a s m a ll scale  produce ch lo rid e  

concentrations s u ffic ie n tly  high to d isso lve gold and m ove i t  short 

d is tan ces , and to tra n s p o rt s ilv e r  as ch lo rid e  com plexes . A ccording  

to Cooke (1 9 1 3 ), a solution o f ap p ro x im ate ly  one m o la r  ch lo rid e  ion is  

necessary  fo r  s i lv e r  to be tran sp o rted  as ch lo rid e  com p lexes . A t 

lo w er co ncentra tions , the com plexes d isso c ia te , and the re la t iv e ly  

inso lub le Ag"*" ion is  the dom inant species in so lu tio n . T h u s , as soon 

as such a concentrated ch lo rid e  solu tion is  d ilu ted  by an in flu x  o f fre s h  

w a te r , native  gold and c e ra rg y r ite  w i l l  be p re c ip ita te d .

Th e process o f concentration  can be envisioned as o ccu rrin g  

in  s m a ll in crem en ts  depending upon seasonal c lim a tic  v a ria tio n s  w hich  

contro l evaporation  and d ilu tio n . A  fu r th e r  aid to  th is  type o f secondary
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concentration m ight be the waning stages o f the sam e th e rm a l g rad ien t 

w hich p rev io u s ly  drove the h o t-sp rin g  s y s te m . Th e  s o lu b ility  o f gold 

as a ch lo rid e  com plex in creases  w ith  in creas in g  te m p e ra tu re  and the  

proposed evaporation  process would be enhanced by a high geo th erm al 

g ra d ie n t. The h o rizo n ta l h ig h -g rad e  zones at the C om m onw ealth  

probably re p res e n t fo rm e r  lev e ls  o f the w a te r  tab le  w h ich w e re  m a in ­

ta ined  fo r  long periods o f t im e . Th e  position of the gold zones above 

the s ilv e r  zones would be due to  the lo w er s o lu b ility  o f gold than s i lv e r .  

Th e absence o f a gold zone above S m ith ’s second s ilv e r  zone m ay be 

due to a la rg e r  volum e o f w a te r  involved in th is  p a r t ic u la r  cycle  o f 

co n cen tra tio n .

H ypothetical Sequence o f Events

T o  s u m m a rize  a hypothetical sequence o f events at the C om ­

m onw ealth , the processes w hich produced the h yd ro th erm a l a lte ra tio n  

probably began soon a fte r  the ex tru s io n  o f the vo lcan ic  u n its . S om e o f  

the p ervas ive  potassium  fe ld s p a r m ay have been d e riv e d  fro m  the  

d e v itr ify in g  a s h -flo w  tu ffs  . T h e rm a lly  d riven  potassium  m etaso m atism  

m ay have begun w h ile  the flow s w e re  s t i l l  w a rm  a fte r  depo sition .

T h e  presence o f a m agm atic  heat source at som e unknown depth estab­

lished a th e rm a l g rad ien t w h ich prom oted the processes o f d iffusion  

and convection in the vo lcan ic  p i le . Th e  zone o f potassic a lte ra tio n  on 

P e arce  H ill  was at a depth o f 1 ,5 0 0  to  2 ,0 0 0  feet at th is  t im e . Above
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th is  le v e l, sodic o r  p ro p y lit ic  a lte ra tio n  m ay have been o ccu rrin g  and 

sodic a lte ra tio n  m ay have o ccu rred  beneath i t .  M o n tm o rillo n ite . 

a lte ra tio n  o f m a fic  m in e ra ls  and glass m ay also have begun at th is  

t im e .

A fte r  the d e v itr if ic a tio n  o f the ash—flow  tu ffs , e ith e r  befo re  o r  

a fte r  the beginning o f m e ta s o m a tis m , frac tu rin g  o f the  system  began.

Th e cause o f th is  fra c tu r in g  cannot be d e te rm in ed , but it  m ay have 

been re la ted  to m ag m atic  adjustm ents causing e ith e r  doming to the  

north of the C om m onw ealth  a re a , o r  subsidence to the south . A  

branch in g , s u b -v e r t ic a lly  sheeted fau lt zone was produced w hich trends  

roughly e a s t-w e s t . Th e  dom inant component o f s tre s s  on the system  

was n o rth -sou th  ten s io n . T h e  in creased  p e rm e a b ility  along th is  fau lt 

zone allow ed g re a te r  c irc u la tio n  o f heated m e te o ric  w a te r , w hich pro­

duced the p r im a ry  a lte ra tio n  and m in e ra liz a tio n . A t th is  s tag e , the  

system  probably began to  resem b le  m odern hot s p rin g s , w ith  hot w a te r  

issuing at the su rface  and depositing s iliceo us s in te r . F ra c tu r in g  

probab ly  changed conditions in  the s y s te m . M e te o ric  flu ids w h ich had 

p rev io u s ly  c irc u la te d  s lo w ly  through re la t iv e ly  im p e rm ea b le  vo lcan ic  

ro c k s , producing w idespread  potassium  m e ta s o m a tis m , w e re  d ilu ted  

and began to flow  along fra c tu re s . Q u a rtz  w as deposited in  the veins and 

and the w a ll rocks  w e re  h y d ro th erm a lly  a lte re d . Due to  the high  

a c tiv ity  o f s ilic a  n e a r the v e in s , potassium  fe ld s p a r was s ta b le . A t 

distances o f around 20 o r  30 feet fro m  m a jo r  fra c tu re s , hydrogen
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m etasom atism  was the dom inant a lte ra tio n  p ro c e s s . The s ilic a  

re leased  by th is  m etaso m atism  was deposited as veins and s tr in g e rs  

along fra c tu re s .

E a r ly  in the v e in -fo rm in g  p ro cess , c a lc ite  and a d u la ria  w e re  

deposited . L a te r , possib ly  a t the tim e  ore  deposition began, the  

h yd ro th erm al flu id  changed so that p rev io u s ly  deposited c a lc ite  was  

d isso lved , leaving blades o f s ilic a  along fo rm e r  c a lc ite  c leavag es.

T h is  change was due to  a change in  p H , (HCO g) co n cen tra tio n , o r  

som e o ther fa c to r . T h e  m ain  stage o f m in e ra liza tio n  was accom panied  

by q u artz  deposition . Som e o f the m in e ra liza tio n  m ay have o ccu rred  

as a lte rn a tin g  la y e rs  o f s i l ic a  and m e ta llife ro u s  "m uds" lik e  those at 

the Champagne Pool a t W aio tapu . T o w ard  the end o f the v e in -fo rm in g  

episode, m in o r fa u lt m ovem ent was s t i l l  o c c u rr in g , and c a lc ite  again  

becam e s ta b le . Late c a lc ite  ve in le ts  fo rm ed  cutting the q u a rtz  ve in s , 

and c lay -co a ted  fra c tu re s  c ro s s -c u t a l l  e a r l ie r  ve in  m a te r ia l .

A f te r  the v e in -fo rm in g  convection cycle  ceased. B as in  and 

Range fau lting  o ccu rred  in a N 40 °W  d ire c tio n , w hich t ilte d  the blocks  

between fau lts  in  a northeast d ire c t io n . Th e  P e arce  H il l  b lock was  

up lifted  as a horst and tilte d  about 4 0 °  to the n o rth eas t. A f te r  u p lif t ,  

erosion  s trip p ed  ap p ro x im a te ly  1 ,500  fee t o f vo lcan ics  fro m  the b lo ck . 

Supergene en rich m en t o f gold and s ilv e r  o ccu rred  a fte r  t i l t in g , and 

m in e ra l tra n s p o rt in  the vadose zone m ay have been enhanced by a high
— z

geoth erm al g rad ien t rem ain in g  a fte r  the o re -d e p o s itin g  episode ceased.
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E rosion  has probably continued through the p resen t t im e , and e n ric h ­

ment m ay s t i l l  be o ccu rrin g  on a s m a ll s c a le . P la c e rs  r ic h  in  both 

gold and s ilv e r  d e rived  fro m  the eroded portions o f the v e in s , occur  

along the flanks o f P e a rc e  H i l l .

B ro a d e r G en e ra liza tio n s  Based on W a ll-R o c k  A lte ra tio n

U nlike  W aiotapu and S team boat S p rin g s , m ost o f the w e l l -  

studied m odern hot spring s  have not deposited s ig n ifican t concentra ­

tions o f the o re  m e ta ls . T h is  fact is  the p r im a ry  argum ent tha t ep i­

th e rm a l m in e ra l deposits a re  not " fo s s il"  hot s p rin g s . It is beyond 

the scope o f th is  study to discuss these argum ents in d e ta il. The  

s im ila r it ie s  o f env ironm ent o f fo rm atio n  and h yd ro th erm al a lte ra tio n  

suggest that the processes w hich have produced e p ith e rm a l p re c io u s -  

m eta l deposits and hot spring s  a re  s im ila r ,  although possib ly not 

id e n tic a l.

T h e  a lte ra tio n  zones at the Com m onw ealth  have reconstructed  

th icknesses o f 50 feet fo r  the s u r f ic ia l zone o f acid  leach in g , up to  

2 ,0 0 0  feet fo r  the upper sodic  zo n e, and at leas t 600 feet fo r  the  

potassic  zo n e . A l l  o f these th icknesses g re a tly  exceed the  observed  

th icknesses o f a lte ra tio n  zones at the ac tive  hot spring s  d e s c rib e d . A t  

S team boat S p r in g s , the potassic  zone averages around 200 fee t th ic k  

and the o verly in g  sodic zone 100 fe e t. A t W aio tap u , the  potassic  zone  

is as m uch as 300 fee t th ic k . T h e  base o f the  m in e ra liz e d  zone at the
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C om m onw ealth m ay have been as much as 2 ,8 0 0  feet beneath the s u r ­

face at the t im e  o f ve in  fo rm a tio n . A t C om stock o re  is found as deep 

as 3 ,0 0 0  feet below the p resen t s u rfa c e , and at Tonopah, 2 ,0 0 0  fe e t .

It  appears fro m  such com parisons that the g re a tes t d iffe ren ce  between  

active  hot springs and the T e r t ia r y  e p ith erm a l p re c io u s -m e ta l deposits  

is  s c a le . T h e  m ost obvious explanation fo r  th is  d iffe ren ce  is  a 

d iffe ren ce  in the m agnitude o f the heat so u rce . T e m p e ra tu re s  

m easured at the bottom s o f d r i l l  holes at S team boat S p rin g s  averag e  

around 170°C; flu id  includion f il l in g  tem p era tu res  m easured by Nash  

(1972) fo r  q u a r tz -a d u la r ia  gold veins range fro m  2 0 0 ° to 3 3 0 °C . I f  the  

volum e o f vo lcan ic  rocks extruded during the T e r t ia r y  g re a tly  exceeded  

that extruded in R ecent t im e s , then so also m ight the volum e o f the  

underlying parent m agm as be expected to v a ry . T h e  g re a te r  concentra­

tion  o f precious m eta ls  in  the m id -T e r t ia r y  system s m ay be the re s u lt  

of a la rg e r  o r  h igher heat capacity  system  o f convection and m eta l 

leaching than in the m odern hot s p r in g s .



C H A P TE R  6

E C O M O M IC  P O T E N T IA L  .

S ig n ifica n t in creases  in s i lv e r  and gold p rices  w ith in  the  past 

s e v e ra l y e a rs  have resu lted  in  renewed in te re s t in  m any e p ith e rm a l 

p re c io u s -m e ta l deposits such as the C om m onw ealth . T h e  Com m on­

w ealth  is unusual in that s e v e ra l m ile s  o f the old underground w orkings  

a re  s t i l l  a c c e s s ib le . Because o f extensive ir r ig a te d  fa rm in g  in  the  

S u lp h u r S p rin g s  V a lle y , the w a te r  tab le  has dropped below the m in e r­

a lize d  zone leaving the m ine d ry  down to the 8th le v e l. A t the present 

t im e  the econom ic po tentia l o f the rem ain ing  vein  and w a ll—ro ck  

m a te r ia l at the  C om m onw ealth , as w e ll as the old m il l  ta ilin g s , is  

being eva lu a ted .

C u rre n t A c tiv ity

D uring  the course o f th is  s tudy, P la to ro  M in e s , In c . , o f 

T u cso n , A r iz o n a , acqu ired  co n tro l by option o r  c la im  staking  o f the  

old C om m onw ealth  w orkings and ta ilin g s , p a rt o f the  town o f P e a rc e , 

and the prospects on the no rth  s ide o f S ix m ile  H i l l .  Th e  com pany is  

c u rre n tly  conducting a p ro g ra m  o f bu lk  sam p lin g  and m e ta llu rg ic a l 

testing  to d e te rm in e  w h eth er o r  not an orebody ex is ts  w hich is am enable
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to op en -p it m in in g . P ast o p era to rs  o f the C om m onw ealth  have 

encountered considerab le  m e ta llu rg ic a l p rob lem s w ith  the Com m on­

w ealth  o r e . Th e  es tim ated  one m illio n  tons o f ta ilin g s  no rth  o f P earce  

H ill  have been re -p ro c e s s e d  at least once by cyanide leach in g , but they  

s t i l l  contain an averag e  o f 2 .5  to  3 .0  o z . /to n  s i lv e r .  Th e  T h e tfo rd  

operation  (1 9 7 2 -7 5 ) a ttem pted  to  re c o v e r these values fro m  the ta ilin g s  

by a flo ta tio n  p ro c e s s . A lthough they achieved o ver 94 percen t gold  

re c o v e ry , they g e n e ra lly  ran  less than 40 percent s i lv e r  re c o v e ry . In 

addition to containing s ig n ifican t amounts o f s ilv e r  h a lid e s , the o re  

contains m anganese in  p a rt as "b lack  c a lc ite "  w hich m ay also contain  

s ilv e r  but w h ich was not re c o v e re d . A ch ieving  good m e ta llu rg ic a l 

re c o v e ry  is  a m a jo r  fa c to r  in  d e term in in g  w h eth er o r  not the Com m on­

w ea lth  orebody can be m ined at a p ro fit  by any com pany. In addition to  

exam ination  o f C om m onw ealth  re s e rv e s  p ro p e r , th e re  m ay be exp lo ra ­

tio n  fo r  extensions o f the C om m onw ealth  vein  system  and fo r  s im ila r  

un -exp lo ited  ve in  system s o f econom ic g rad e . Th e  geologic in fo rm atio n  

presented in  th is  study can be va luab le  in these en d eavo rs . -

E xtens ive  sam pling  by P la to ro  M in es  (1975) co n firm ed  the  

of grade d is trib u tio n  that would be expected on the basis o f geologic  

e x am in a tio n . D uring  M a rc h  and A p r i l ,  1 9 7 5 , 648 1 0 -to  20-pound  

sam ples w e re  taken on the su rface  and underground o v e r 5 -  to  12-foot 

w id th s . T h e  grade o f the w a ll ro ck  decreases  g ra d u a lly  into the fo o t-  

w a ll o f each m a jo r  s tru c tu re  fro m  the highest gold and s ilv e r  values
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w hich occur on the foo tw all sides of the old s to p e s . T h e re  is a 

decrease in  va lue w ith  d istance into the fo o tw a ll u n til another stope is  

encountered. A  zone o f s tro n g ly  anom alous s ilv e r  and gold values can 

be delineated w hich corresponds roughly to the sheeted zone between  

the M a in  V e in  and the N o rth  V e in . Few  sam ples o f the hanging w a ll o f  

the M a in  V e in  a re  a v a ila b le , but these a re  o f much lo w er grade than  

the average o f the sheeted zone between the veins . L ik e w is e , the  

Bisbee F o rm a tio n  in  the foo tw all o f the N orth  V e in  proves to contain  

s ig n ific a n tly  lo w er v a lu e s . P la to ro  distinguishes fo u r ca teg o ries  o f  

g ra d e , based on th e ir  sam pling  o f a ll  accessib le  w o rk in g s . T h e  h igher  

grade zones contain 4 to 5 o z . /to n  s ilv e r  and 0 .0 4  o z . /to n  gold; the  

m oderate grade zones contain 2 to 3 o z . /to n  s ilv e r  and 0 .0 3  o z . /to n  

gold; the low background zones contain 1 to 2 o z . /to n  s i lv e r  and 0 .0 2  

o z . /to n  gold; the  v e ry  low background zones contain 0 to  1 o z . /to n  

s ilv e r  and 0 .01  o z . / to n  go ld . M ost sam ples in the la t te r  range of 

values a re  o f the B isbee F o rm a tio n . W ith in  the m ine a re a , the  B isbee  

F o rm atio n  g e n e ra lly  assays less than 0 .5 o z . / to n  s i lv e r .

P la to ro  M ines (1975) de term ined  tha t between 5 and 25 m illio n  

tons o f o p en -p itab le  o re  w ith  an average grade o f 2 to  4 o z . / to n  s i lv e r  

and 0 .0 2  to  0 .0 3  o z . / to n  gold ex is t at the C om m o nw ealth . T h e  

s tripp ing  ra tio  o f th is  orebody would be 3:1 . A  m a jo r  d ra w -b a c k  to  

op en -p it m ining o f the C om m onw ealth  system  is the la rg e , low grade
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hanging w a ll b lock at the top o f P e arce  H il l  w h ich  would have to  be 

rem oved in o rd e r  to re c o v e r the  deeper o r e .

P o ten tia l O utside the M in e  A re a

T h e  fact tha t the B isbee F o rm atio n  is a poor host is  p robab ly  

in g rea t p a rt due to its  s tru c tu ra l incom petence. W id e ly  spaced jo in ts  

and gouge zones p redom in ate  ra th e r  than the sheeting and stockw orks  

that c h a ra c te r iz e  d e fo rm atio n  o f the m ore  b r it t le  v o lc a n ic s . F u r th e r ­

m o re , the h ig h es t-g rad e  m in e ra liz a tio n  in the B isbee rocks occurs in  

the q u a r tz it ic  la y e rs . I f  an analogy can be m ade between the B isbee  

F o rm atio n  and the less indurated  beds o f w a te r - la in  tu ff , then these  

beds would like w is e  be poor hosts fo r  econom ic—grade m in e ra liz a tio n .  

T h e  C om m onw ealth  fau lts  cut the Bisbee F o rm atio n  on the w est s ide o f 

P earce  H i l l ,  and the M a in  V e in  F a u lt cuts the  T h ird  W a te r -L a in  T u ff  

on the east s ide o f P e arce  H i l l .  A ccord ing  to  old m ine reco rd s  and 

S m ith ’s w o rk , the grade o f m in e ra liz a tio n  drops o ff on both the east 

and w est ends o f the vein  s y s te m . T h e re fo re , the va lue o f locating the  

M ain  V e in  beneath the v a lle y  between P earce  and M e ta t H ills  is  

u n c e rta in . I f  econom ic m in e ra liz a tio n  does occur th e r e , i t  is probab ly  

at depth in  the F ir s t  F lo w  and F ir s t  A sh F lo w  w h ich  would constitu te  

the best ta rg e t away fro m  P e a rc e  H il l  i ts e lf .

A long w ith  fra c tu r in g  c h a ra c te r is t ic s , s tra tig ra p h ic  position  

appears to co n tro l the o ccu rren ce  o f o re  at the C om m onw ealth . P earce
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H il l  is s tru c tu ra lly  h igher and s tra t ig ra p h ic a lly  lo w e r than any o f the  

surrounding fa u lt b lo c k s . V e in s  of s im ila r  a ttitu d e  and gangue m in e r ­

alogy occur on S ix m ile  H i l l ,  but they have not proven to  be o f econom ic  

im p o rtan ce . I f  depth o f b u ria l at the t im e  o f m in e ra liz a tio n  was indeed  

one o f the fac to rs  co n tro llin g  p re c io u s -m e ta l deposition , then h igher  

grade m a te r ia l m ight be expected at depth along these s tru c tu re s . I f  

the coincidence o f high g rade  o re  at the C om m onw ealth w ith  the potassic  

depth zone o f a lte ra tio n  is  a genetic  re la tio n s h ip , then th is  is  fu r th e r  

evidence that depth o f b u ria l was a con tro l on m in e ra liz a tio n . P otass ic  

a lte ra tio n  o f the lo w e r un its  o f the P earce  V o lcan ics  m ight prove to  be 

a favorab le  exp lo ra tio n  ta r g e t .



C H A P TE R  7

S U M M A R Y  A N D  C O N C L U S IO N S

Th e C om m onw ealth  M in e  is  one o f the m any e p ith e rm a l 

p re c io u s -m e ta l deposits w h ich w e re  highly productive fo r  a sh o rt 

period during the e a r ly  19 0 0 ’s . A p p ro x im ate ly  10 m illio n  d o lla rs ' 

w o rth  o f s i lv e r  and gold w e re  produced fro m  the C om m onw ealth  veins  

before 1930 . A t 1975 p r ic e s , th is  fig u re  would exceed 100 m illio n  

d o lla rs . L ike  m any o th e r old d is tr ic ts  o f th is  typ e , the C om m onw ealth  

is being re -e v a lu a te d  at the p resen t t im e  in light o f c u rre n t high gold  

and s ilv e r  p r ic e s . U n like  m ost o f the c lass ica l ep ith erm a l p re c io u s -  

m eta l deposits w hich a re  flooded and in access ib le , at least about 

one-ten th  o f the o r ig in a l underground w orkings at the C om m onw ealth  

a re  s t i l l  a c ce s s ib le , including la te ra ls , d r if ts ,  and c ro s sc u ts . T h is  

provides an exce llen t opportunity  not only fo r  a thorough econom ic  

evaluation but a lso fo r  a d e ta iled  study o f the a lte ra tio n  m in era lo g y  

associated w ith  an e p ith e rm a l p re c io u s -m e ta l deposit and the ap p lica ­

tio n  o f techniques and in fo rm a tio n  w hich w e re  not a v a ila b le  when m ost 

of these deposits w e re  o r ig in a lly  d escrib ed .

T h e  C om m onw ealth  veins occur along m a jo r  n o rm a l fau lts  and 

in s u b -v e r tic a l sheeted zones between th e m . Gangue m in era lo g y  o f the
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veins includes q u a rtz , cal c ite , and a d u la r ia , w hich exh ib it typ ica l 

ep ith erm a l tex tu re s  such as com b te x tu re  and c ru s tif ic a tio n . The  

p r im a ry  o re  m in e ra ls  have been a lm ost to ta lly  a lte re d  by secondary  

processes . R ed is trib u tio n  o f both gold and s ilv e r  have resu lted  in  

o re  shoots whose econom ic m in e ra ls  a re  native go ld , c e ra rg y r ite ,  

e m b o lite , and m in o r acanth ite  and native s i lv e r .  T w o  types o f h ig h - 

grade zones ex is t at the C om m onw ealth: u p w a rd -fla rin g  v e r t ic a l  

shoots and h o rizo n ta lly —disposed zones enriched in  gold o r  s i lv e r .

Th e  fo rm e r  m ay be p r im a r y , but the la tte r  m ust have fo rm ed  a fte r  

the m in e ra lize d  vo lcan ic  units w e re  tilte d  along p o st-o re  B asin  and 

Range fa u lts . The m in e ra liz e d  faults  tren d  about N 80°W  and dip  

about 6 0 °  south. Although the cause o f th is  fau lting is  unknown, it 

m ust have been such that g e n e ra lly  north—south d irec ted  tension w ith  

re la tiv e  subsidence to the south re su lte d . M a jo r  p o s t-o re  fau lts  along 

the sam e N 40°W  tren d  as the S w iss  helm  M ountains have broken the  

P earce  V o lcan ics  into a s e rie s  o f t ilte d  fau lt b locks . Th e  Com m on­

w ealth  M in e  occupies a horst w hich is t ilte d  about 4 0 °  to the n o rth e a s t.

T h e  P earce  V o lc a n ic s , as described  by G illu ly , consist o f 

andes ites , rh y o lite s , and associated e p ic la s tic  s e d im e n ts . On P earce  

H i l l ,  the equivalent vo lcan ic  units m ust be c lass ified  as trach ytes  and 

rh yo lites  on the basis o f pe tro g rap h ic  e x am in a tio n . Th e  explanation  

o ffe red  here  fo r  the d iscrepancy in rock com positions is  p ervas ive  

potassium  m etasom atism  o f the  lo w er m em b ers  o f the P earce
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V olcan ics  in the v ic in ity  o f the C om m onw ealth M in e . Such fe td s -  

pathic a lte ra tio n  has analogies in  both ac tive  h o t-sp rin g  areas  and 

oth er e p ith e rm a l p re c io u s -m e ta l d is tr ic ts , and appears to f it  into a 

re la tiv e ly  u n ifo rm  v e r t ic a l zoning p a tte rn . The e a r lie s t and deepest 

zone of a lte ra tio n  is  so d ic , resu ltin g  in s e v e ra l instances in com plete  

rep lacem ent o f ro ck  fe ldspars  by a lb ite . The M izp ah  T ra c h y te  at 

Tonopah and the soda trac h y te  m em b er of the A lta  F o rm a tio n  at 

Steam boat S p rin g s  appear to have form ed in th is  m an n er. S u p e r­

im posed upon and above th is  zone o f sodium  m etasom atism  is one o f 

potassium  m e taso m atism . In th is  zone, ro ck  fe ldspars  a re  rep laced  

by potassium  fe ld s p a r w hich has a lo w er 2 V  than is ty p ic a l o f o r th o -  

clase o r  m ic ro c lin e , and w hich m ay be s tru c tu ra lly  s im ila r  to san id ine . 

S e r ic ite  and secondary q u artz  m ay also occur in th is  zon e, esp ec ia lly  

along fra c tu re s . In both hot springs and e p ith e rm a l d is tr ic ts , a r g il l ic  

a lte ra tio n  m ay be coincident w ith  th is  zo n e , indicating ram pant lo c a lly  

v a ria b le  chem ica l conditions and o v e ra ll d is e q u ilib r iu m . P erva s iv e  

m o n tm o rillo n ite  o r  m ix e d -la y e r  il l ite -m o n tm o r il lo n ite  a re  com m on. 

Above the potassic zone around hot springs is  another sodic zone which  

is c h a rac te rize d  by lo w er te m p e ra tu re  and lo w e r Na:H  ra tio  m in e ra l 

phases such as sodium  m o n tm o rillo n ite  and a n a lc ite , o th er z e o lite s , 

c a lc ite , and m in o r a lb ite . In e p ith erm a l d is tr ic ts , th is  zone has 

g en era lly  been rem oved by e ro s io n .
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At the C om m onw ealth , the zone o f potassium  m etasom atism  

is exposed at the s u rfa c e . The predom inant a lte ra tio n  phases a re  

potassium  fe ld s p a r, m o n tm o rillo n ite , s e r ic ite , q u a r tz , and c a lc ite . 

Th e  depth o f b u ria l o f the top o f th is  zone at the tim e  it  fo rm ed  was  

probably 1 ,500  to 2 ,0 0 0  fe e t, w hich is s ig n ific a n tly  deeper than the 

depth at which potassium  m etasom atism  is  observed around active  hot 

s p rin g s . A  possible explanation fo r  the much w id e r a lte ra tio n  zones 

associated w ith  e p ith e rm a l m in e ra l deposits is  that the reg ion al 

th e rm a l grad ients  w e re  m o re  w idespread and longer—lasting  than those  

of m odern hot s p rin g s . I f  th is  w e re  t ru e , then the resu ltin g  potentia l 

convection system  of m e te o ric  w a te r  would be la rg e r  and p e rs is t 

lo n g er, enhancing the effectiveness w ith  w h ich it  could in troduce o r  

re -d is tr ib u te  a lk a lie s  and precious m e ta ls .

It  ap p ears , then , that depth o f b u ria l as w e ll as s tru c tu ra l 

contro ls  m ay have influenced o re  deposition at the C om m onw ealth . 

Such a p o ss ib ility  would im p ly  that s im ila r  veins m ay have form ed  

elsew here  in the lo w er p a rt o f the vo lcan ic  p ile  in areas  o f m a jo r  

fra c tu r in g . F u rth e r  exp lo ra tio n  in  the P earce  V o lcan ics  should con­

s id e r  these p o s s ib ilit ie s . P e rva s iv e  potassic a lte ra tio n  o f the lo w er  

flow s in the v ic in ity  o f m a jo r tensional s tru c tu re s  would be a favo rab le  

exp lo ratio n  ta rg e t. W ith in  the Com m onw ealth  system  its e lf ,  the  

p re c io u s -m e ta l m in e ra liza tio n  w ith in  s u b -v e r t ic a lly  sheeted zones in  

the vein  footw alls  is  c u rre n tly  being evaluated w ith  resp ect to open-p it
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m ining p o te n tia l. Th e  m in e ra liza tio n  appears to have a tru e  bottom  

below the 8th leve l and old reco rd s  o f d r illin g  below th is  leve l do not 

encourage deeper e x p lo ra tio n . L a te ra l extensions o f the Com m on­

w ealth  veins m ay contain o re —grade m in e ra liz a t io n . On the west side  

of P earce  H i l l ,  the veins a re  faulted o ff n ear the p re -t ilt in g  bottom  o f 

the s ys tem . T h e r e fo r e , the benefit o f locating th is  extension o f the  

veins is  q u estio nab le . On the east s ide o f the h i l l ,  beneath the v a lle y  

between P earce  and M e ta t H i l ls ,  the M a in  V e in  s tru c tu re  appears to  

p e rs is t. Th e  incom petent T h ird  W a te r -L a in  T u ff  does not appear to  

have been a good host fo r  o r e . H o w ever, assum ing p o s t-o re  t i l t in g ,  

econom ic m in e ra liz a tio n  m ight be found beneath th is  un it in the F irs t  

Flow  and F ir s t  A s h -F lo w  T u ff ,  at a depth 400 feet o r  m ore  below the  

base o f the T h ird  W a te r -L a in  T u ff .  I f  the M a in  V e in  p ers is ts  to the  

m a jo r N 40°W  fau lt on the w est side o f M eta t H i l l ,  then it  would be 

offset to  the north  and m ay occu r at depth som ew here n ear Highway  

666.



A P P E N D IX  A

S A M P L IN G  A ND A S S A Y  D A T A

The locations o f sam ples collected fo r  th is  study a re  shown 

on the S am ple  Location m aps . F ig u re s  A—1 through A —4 . One— to f iv e -  

pound ro ck  sam ples w e re  taken at 10-foot in te rv a ls  in the a reas  shwon 

in these fig u re s . The location o f the sam ple on the side o f the d r if t  o r  

the back is  indicated by an " x " , and the sam ple  num ber ind icated . 

S am ples w hich w ere  used fo r th in  sections o r  f i r e —assay a re  in d ica ted . 

F o rty -n in e  o f the sam ples collected w ere  assayed fo r  gold and s ilv e r  

content. These values a re  shown on the sam ple location m aps. 

S am ples  w ere  also taken fo r  assay by M r .  Bob H elm ing  fo r  Essex  

In te rn a tio n a l, In c . ,  in A p r i l ,  1974 . T h r e e -  to fo u r-fo o t channel cuts 

w ere  taken on the 3rd  le v e l, and the locations and assay va lues o f  

these sam ples a re  shown on F ig u re  A -1 .

A dditional "g rab " sam ples w ere  co llected  on the s u rfa c e , fo r  

th in sections and s ta in in g . Those on P earce  H i l l  a re  located on 

F ig u re  2 . T h e  location and ro ck  types o f the o th er sam ples a re  

described below .
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EX PLANATION

0
SECOND FLOW

0
SECOND WATER-LAIN TUFF

0
FIRST ASH FLOW

FIRST WATER-LAIN TUFF

FIRST FLOW

BISBEE FORMATION

STRIKE AND DIP OF FAULT

STRIKE AND DIP OF VEIN

FRACTURE

SHEETED ZONE

B
SHAFT

C >
APPROXIMATE LOCATION 

OF STOPE

\  Kb

&3-I I

3-1-2
0 . 9 / . 0 2 3 6^ Silicified zone or quartzite

3-1-3

3-1-4

f ) t > E I S E N H A R T  VEIN (?)

3 ' 1 ' 5  f  < ^  O 3 0 / .  0 0  5 E 

7 0j

3-1-6

25\ 1 3-1-7

.O
X I3 - I -8

9 Wide-spaced fractures

3 - 1- 10: [

3 - M l
1 .7 / . 0 3 0

3 - M 2  
o . 5 / 0 2 0

3-1-13

3 - 1 - 1 4

1.35/011

* ° HThi ^f/zv ^
Slope \

“  \  ( 0 ^  Gouge zone
T ^ X  I5 .0 / . I43X 3 ' 1" 17

Drift
along vein

Slope

0 or X 
3-1-3

Location of sample 
Sample number

Assay value (silver/gold) in ounces /tonI . 7 / . 0 0 5

0 . 3 / . 0 0 6  e Assay value of E ssex sample

Scale 1 = 240 

10 20 40 FEET
Z)

10 METERS

To C Shaft

F ig u re  A -1  . S a m p le  L o ca tio n  M ap  o f 3 rd  L e v e l .

1 7
7



Ladder rrv

5"2*4a,b

*5-2-1
1.7 /.010

10 METERS

To B

VE//V

F ig u re  A - 2 . S a m p le  L o ca tio n  M ap o f 5th L e v e l.

See F igure A-1 for explanation.
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1 7 9

To "D" Shoft

Closely 6 - 1-1 
spoced Tfl

,r0C,ureS 6-1-2' J
i . o / . o i C y T * ;

4 0  F E E T

6* I* 4' 
I.I/.OIO ,

10  M E T E R S

RENAUD VEIN (?)
6 - 1- 8 '  

2 .4  / . 0 2 5 y Line of chutes

6-1-1C 
0 .7 / .0 0 5
^54%

6-1- II'

Chute
6 -1 -1 3 '

3 .2 / .0 3 0  <

Stock work of quortz 
stringers 6  l ole colcite

C h u t e
2 .3 / .0  2 5

6 - 1 - 1 5 '  7.7/.085 
6 - 1 - 1 6 '  2 . 0 / . 0 I 5

2. 2 / . 0 2 0

F ig u re  A - 3 .  S a m p le  L o ca tio n  M ap  o f 6 th  L e v e l.

See F igure A-1 fo r explanation.



F ig u re  A - 4 .  S a m p le  Location  M ap o f 7th L e v e l .

See Figure A-1 for explanation



181

Locations of "G rab " Sam ples

Sam ple  N o. Rock U nit Location

23 T a 2 south end o f M etat H i l l ,  iso lated  
outcrop

23 T  Bg dump on NW side o f M eta t H il l  
by deep shaft

25 T a 3 w est side o f M eta t H i l l ,  above 
shaft

26 T a 3 w est side of M eta t H i l l ,  n ear top

M -0 ,  M -2 ,  M -3 T f 2C?) dump at N E  base o f M e ta t H ill

M -1 T a 3 top o f M eta t H i l l ,  cen ter

M -4 T f 2 (? ) dump across RR g rad e , N E  of 
M etat H i l l

G S-1 — G S -4 T  a3 east side o f S ix m ile  H i l l ,  
sequence up section

6M -1 Tag base o f u n it, N end o f S ix m ile  
H il l

6 M -2 T f 3 dum p, fa r  N E  side o f S ix m ile  
H i l l ,  scoreaceous flow  ro ck

6 M -3 T f 3 S c o r ia , dump at a d it , N cen te r  
o f S ix m ile  H il l

6 M -4 T v v itro p h y re , dump at a d it, N 
cen ter o f S ix m ile  H il l

6 M -4 a T v v itro p h y re  o u tcro p , N ce n tra l 
S ix m ile  H il l

6 M -5  — 6 M -7 T a g east c e n tra l S ix m ile  H i l l ,  above 
s p h e ru litic  zon e, sequence up 
section
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Locations o f "G ra b ” S am ples

S am ple  N o. Rock U nit Location

6 M -8  — 6 M -1 0 T a 2 above base of u n it, S W  side o f 
S ix m ile  H ill'

PF1 , P F 2 T f 2 n ear dump at P earce  S h a ft, 
S E  o f P earce  H il l



A P P E N D IX  B

S T A IN IN G

M uch o f the p ervas ive  potassium  fe ld sp ar at the Com m on­

w ea lth  m ight have been overlooked i f  th in sections and slabs had not 

been stained fo r  potassium  fe ld sp ar . The s ta in ing  m ethod used on the  

C om m onw ealth rocks was m odified  fro m  those described  by Chayes  

(1952) and B a ile y  and Stevens (19 60 ). T h in  sections w e re  etched in  

the vapors o f H P  fo r  5 to 10 seconds, and soaked in the sodium  

c o b a ltin itr ite  solution fo r  a p p ro x im ate ly  30 seconds. Only h a lf o f the  

th in  sections w e re  stained; the o th e r h a lf was covered w ith  cellophane  

tape to prevent e tch in g . H yd ro flu o ric  acid  was placed in  the bottom  of 

a p a ra ffin  m old and the th in  sections w e re  placed face down o v e r the  

m o ld . T h e  w elded tu ffs  req u ired  5 to 7 seconds o f etching fo r  a lig h t 

s ta in , and the flo w  rocks req u ire d  10 to  12 seconds. T h e  th in  sections  

w e re  not rin sed  between the etching and sta in ing  s tag es , but w e re  

thoroughly rinsed a fte r  s ta in in g . The cellophane tape was c a re fu lly  

rem oved a fte r  the s ta in  d ried  and the u n -s ta in ed  portion  o f the th in  

section was cleaned w ith  acetone befo re  the cover glass was m ounted .

S labs o f m any ro ck  types w e re  a lso stained fo r  potassium  

fe ld s p a r. T h e  technique used was d erived  fro m  W illia m s  (1960) and
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fro m  discussions w ith  students . The ro ck  s lab  to  be stained was  

cut and ground on a lap down to 600 -m es h  g r i t .  The su rface  was then  

thoroughly c leaned . Som e o f the sam ples w e re  etched in  H F  vapors  

fo r  1 m in u te , and soaked in the sodium  c o b a ltin itr ite  solution fo r  1 to  

2 m inu tes . O th er sam ples w e re  placed in d ire c t contact w ith  the H F  

fo r 45 to 60 seconds, r in s e d , and soaked in  sodium  c o b a ltin itr ite  

solution fo r  4 m in u te s . T h e  extent o f sta in ing was com parab le  fo r  both 

m ethods, but the s ta in  was m ore  intense on the slabs that w e re  soaked  

in  a c id . C lays stained m o re  re a d ily  w ith  th is  m ethod, but they can be 

distinguished fro m  potassium  fe ld sp ar by h ard n ess .

In th in  sectio n , m o n tm o rillo n ite  stained lig h tly , but s e r ic ite  

stained only in  sections w hich w e re  etched too lo ng . T h e  ve in le t 

a d u la r ia , s h a rd s , and phenocrysts w ith  "patchy" extinction  took a 

s tro n g , even ly d is trib u ted  s ta in . T h e  n o rm al phenocrysts , groundm ass  

m a te r ia l,  and phenocrysts w ith  shadowy extinction  took a lig h t, som e­

tim e s  ir r e g u la r  s ta in .



A P P E N D IX  C

X -R A Y  D A T A

Th e fo llow ing X - r a y  data w e re  gathered during  the course o f 

th is  thes is  w o rk . M ost o f the X - r a y  patterns w e re  obtained w ith  a 

N orelco  d if fra c to m e te r . Those w hich w e re  obtained using a Debye— 

S c h e m e r  ca m e ra  a re  designated as powder c am era  sam p les . L ines  

on the powder c am era  f i lm  w e re  indexed using a standard te m p la te , 

and s e v e ra l w e re  checked w ith  a f i lm —m easuring  d ev ice . A l l  in ten s i­

tie s  w e re  v is u a lly  es tim ated  and a re  given as v e ry  strong (v s ), s trong  

(s ) , m o d era te ly  strong (m s ), m oderate  (m ), m o d era te ly  w eak (m w ), 

w eak (w ), v e ry  w eak (v w ), and broad (b ), in a m anner s im ila r  to  that 

used by G r im  (1 9 5 3 ). T h e  p h y llo s ilic a te  m in e ra l sam ples fo r  w hich a 

s p e c ific  mode o f occurren ce  is  designated w e re  rem oved  fro m  the  

specim en un der a b in o cu lar m icrosco pe and ground w ith  a s m a ll m o r ta r  

and p e s tle . Th e  powder was then m ixed w ith  d is tille d  w a te r , deposited  

on a g lass s lid e , and allow ed to  d r y . T h is  technique produced orien ted  

mounts w h ich gave v e ry  s a tis fa c to ry  p a tte rn s . T h e  sam ples designated  

as "suspended c lay  fra c tio n "  w e re  d erived  fro m  the w hole ro c k . Rock  

chips about 4 cm  in d ia m e te r w e re  ground and p u lverized  and the  

powder was m ixed w ith  a p p ro x im ate ly  100 m l o f d is tille d  w a te r  in  a
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b eaker. The m ix u tre  was allow ed to se ttle  fo r  one to two hours, and 

the upper th re e  o r  four c en tim e ters  o f the flu id  was rem oved and 

allowed to evaporate to n e a r—d ryn ess . The re su ltin g  s lu r r y  was then  

deposited on a glass s lid e  and allowed to d r y . N o n -c lay  m in e ra l 

sam ples w e re  rem oved fro m  the specim en w ith  a V ib ro g ra v e r  and 

ground to a powder w ith  a m o rta r  and p es tle . T h e  d iffra c to m e te r  

sam ples w e re  mounted on glass s lid es  w ith  acetone; powder cam era  

sam ples w e re  mounted on glass fib e rs  w ith  s ilico n e  g e l.

G lyco la tion  and heating o f the p h y llo s ilica te  sam ples w e re  

done accord ing to the m ethod o f C a r r o l l  (1 9 70 ). S am p les  to  be 

glycolated w e re  placed in a dess ica to r containing liqu id  ethylene  

glycol in the bottom , and w e re  exposed to the vapors fo r  one hour at 

6 0 °C . Longer g lyco lation  tim e s  o r  d ire c t contact o f the sam ple  w ith  

ethylene g lyco l did not change the degree o f expansion. H eating to  

15 0 °C  and above was done in  a ven tila ted  m u ffle  furnace fo r  a period  

of one h o u r.

A ttem pts to d e te rm in e  the sodium  content and s tru c tu re  o f the  

potassium  fe ld s p a r sam ples using X - r a y  d iffra c tio n  data w e re  m ostly  

unsuccessfu l. Using W rig h t's  (1 968) method based on the (201) 

re fle c t io n , the sodium  content o f sanidine phenocrysts fro m  the F ir s t  

and Second Ash Flow s appears to be around 15 p e rc en t, w hereas  the  

sodium  content o f the v e in le t m a te r ia l appears to be less than 5 p e r­

cen t. Th e  phenocrysts p lot w ith in  W rig h t's  o rthoc lase  s e rie s  on the
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basis o f the (204 ) and (060) re fle c tio n s . H o w ever, the X —ra y  patterns  

of a ll  o f the fe ld sp ars  resem b le  the A . S . T . M .  standard sanidine  

pattern  m o re  c lose ly  than any o f the o th er standard fe ld s p a r p a tte rn s , 

and the o p tica l p ro p ertie s  a re  those o f san id ine .

Conditions under w hich the p h y llo s ilica te  specim ens w e re  run  

w ere  kept as u n ifo rm  as possible; the sam ples w e re  X - r a y e d , g ly c o -  

la ted , and heated in groups o f 4  to 6 . M ost o f the 10 angstrom  lines  

are  broad and th e re  a re  few  basal re fle c tio n s . T h e re fo re , th is  

m in e ra l is assum ed to  be p o o rly -o rd e re d  i l l i t e .  The peaks becam e  

s h a rp e r and m o re  w e ll-d e fin e d  upon heating , suggesting tha t the  

s tru c tu re  was becom ing m o re  o rd ered  at h igher te m p e ra tu re s . G lyeo­

la tion  and heating caused som e o f these peaks to s p li t ,  change position , 

o r d isappear e n t ire ly . T h e re  appears to  be a v e ry  m in o r exchangeable  

component in  the 10 angstrom  p h y llo s ilic a te s . Using H o w er and 

M o w att’s (1966 ) w o rk  as a basis fo r  co m p ariso n , th e re  is  probably less  

than a 15 percent expandable component in these iH ite s . The 14  

angstrom  p h y llo s ilica tes  a re  m o n tm o rillo n ite s  on the basis o f com bined  

X - r a y  and op tica l ev id en ce . T h e  v a ria b le  natu re  o f expansion and the  

incom plete degree o f co llapse upon heating to  6 0 0 °C a re  a ttrib u ted  to  

the presence o f s tro n g ly  bonded in te r - la y e r  ions o r  w a te r . H o w ever, 

th is  c lay  could possib ly  be s im ila r  to  the 1 :1 m ixed—la y e r  c h lo r ite — 

v e rm ic u lite  described  by B ra d le y  and W e a v e r (1956 ) w hich expands 

only one angstrom  upon g ly c o la tio n . No descrip tions  o f the op tica l
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p ro p erties  o f th is c lay  have been found in the l i te r a tu r e . It  has been 

found in X - r a y  patterns around ac tive  hot s p rin g s .

T h e  fo llow ing X —ra y  data a re  fro m  sam ples whose locations  

are  shown on F ig u res  A -1  through A —4 o r described  in  Appendix A  as 

"grab  s a m p le s " .
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Sam ple #M  — O

A ltered  Amphibole -  T fg  (Powder C am era)

M inera ls  Present: Hem atite (?)

d (A °) I Com m ents

2 .7 2 VS H em atite  (? )

2 .4 8 m H em atite  (? )

2 .0 9 m

1 .9 2 mw

1 .8 2 w

1 .6 8 w H em atite  (? )

1 .5 8 w

1 .44 vw
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d (A °)  

4 .2 5  

3 .3 4  

2 .4 6  

2 .2 8  

2 .2 3  

2 .1 3  

1 .9 8  

1 .8 2  

1 .6 7  

1 .66 

1 .61 

1 .5 4

S am p le  #6M  — 3a  

F in e -g ra in e d  S il ic a  Am ygdule  

M in e ra ls  P resen t: Q u a rtz

_______________ I___________________ C om m ents

vs

w s

s

m

m

m

m

s

m

m w

w

m s
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Sam ple #GS -  3

Spheru lite  - .T a g  (Powder C am era)

M in era ls  Present: Q uartz

d (A °) I Com m ents

4 .2 5 5 Q u a rtz

3 .3 5 VS Q u a rtz

2 .4 5 w

2 .2 8 w

2 .2 3 vw

2 .1 3 w

1 .9 9  . vw

1 .8 2 m w Q u a rtz

1 .6 7 vw

1 .5 4 w

1 .3 0 mw

1 .3 6 m w

1 .2 9 vw

1 .1 6 vw

1 .2 0 vw

1 .17 vw
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Sam ple *9

Feldspar Pheno-Bx Frag  in Tf\| (Pow der C am era)

M in era ls  Present: Sanidine, C a lc ite , Hem atite

d (A °) I C om m ents

4 .2 w S anid ine

3 .7 7 m w S anid ine

3 .4 5 vw S anid ine

3 .3 2 s % S anid ine

3 .2 2 s S anid ine

3 .0 2 m w S a n id in e , C a lc ite

2 .7 0 w S a n id in e , H em atite

2 .5 8 w C a lc ite

2.51 w C a lc ite , H em atite?

1 .9 9 s C a lc ite ?

1 .8 0 w S an id ine

1 .7 4 w

1 .7 2 w H em atite

1 .6 9 w
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S p h eru lite  (P ow der C a m e ra )  

M in e ra ls  presen t: Sanid ine

Sam ple *9 a

d (A °) I Com m ents

4 .4 m S anid ine?

3 .7 5 m S anid ine

3 .4 5 w Sandine

3 .3 2 s (6 ) Sanid ine

3 .2 0 5 (6)
i

S an id ine

3 .0 w S anid ine

2 .9 w S anid ine

2 .7 5 vw S anid ine

2 .5 8 w S anidine

2 .5 3 vw

2 .1 6 vw S anid ine

1 .9 9 w

1 .8 4 vw

1 .80 vw S anid ine
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T ra c h y tic  Bx F ra g , Tf-j (P ow der Cam era)"  

M in e ra ls  P resen t: Sanid ine (?)

Sam ple #10

d (A °) I Com m ents

3 .7 0 s S anid ine (?)

3 .3 2 m S anid ine

3 .2 2 m S anid ine

3 .0 8 m S anid ine

2 .3 7 vw
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F e ld sp ar P henocryst (P ow der C a m e ra )  

M in e ra ls  presen t: S an id in e , Q u artz  (? )

Sam ple *1 4

d (A °) I Com m ents

7 .5 ms

4 .2 8 w Q u a rtz  (? )

4 .1 0 w S anid ine (? )

3 .8 5 s

3 .8 0 m S anid ine  (?)

3 .4 8 m s S anid ine (? )

3 .3 2 ms S a n id in e , Q u a rtz

3 .2 4 m s S anid ine

3.01 m w S anid ine

2 .9 2 m w S anid ine

2 .7 7 mw S anid ine

2 .5 8 mw S anidine

2 .5 4 w S anid ine

2 .3 8 m w

2 .3 2 m w

2 .1 8 mw

2 .1 4 mw

2 .0 7 w

2 .0 2 w S anid ine

1 .81 mw

1 .51 mw
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G lassy F e ld sp ar Phenocrysts— F ir s t  A s h -F lo w  T u f f  

M in e ra ls  P resen t: S an id in e , Q u a rtz

Sam ple #22

d (A °) I Caom ents

4 .1 9 m Q u a rtz

3 .7 4 m S anidine

3 .5 9 mw S anid ine

3 .4 3 mw S anid ine

3 .3 0 vs Q u a rtz  & S an id ine

3 .2 0 s S an id ine

2 .9 7 m w S anid ine

2 .8 8 mw S anid ine

2 .7 5 w S anid ine

2 .5 6 m w S an id ine

1 .81 w Q u a rtz

.1 .7 9 w S anid ine
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F e ld sp a r P henocrysts— Second A s h -F lo w  T u ff  

M in e ra ls  P resen t: S a n id in e , Q u artz

S ample #24

d (A °) I Com m ents

6 .4 6 w S anid ine  (?)

5 .8 2 vw S anid ine (?)

4.21 m Q u a rtz  (?)

3 .9 5 w

3 .7 7 m S anid ine

3 .6 0 w S anid ine

3 .4 5 mw S anid ine

3 .3 4 vs Q u a r tz , S an id ine  (?)

3 .2 3 s S an id ine

2 .9 8 m S anid ine

2 .7 7 w S an id ine

2 .5 7 mw S anid ine

2 .1 7 w S anid ine

1 .8 2 vw Q u a rtz

1 .80 m w S anid ine
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S am p le  *2 4  

W elded T u f f  M a tr ix

M in e ra ls  P resen t: Q u a rtz , S an id ine (?)

d (A °)

7 .2 5

6 .5 6

4 .2 7  

3 .9 5  

3 .7 9  

3 .6 2  

3 .4 7  

3 .3 4  

3 .2 4  

3 .0 9  

3 .0 4  

3.01  

2 .9 2  

2 .7 5  

2 .5 9  

2 .4 5

2 .2 8  

2.20 

2 .1 7

_I__

w

w

s

vw

m

w

mw

w s

m

w

m

m

m w

m w

w

m w

m w

m w

w

C om m ents

Q u a rtz

S an id ine (?) 

S an id ine  (? ) 

S anid ine  (?) 

S anid ine (? ) Q u a rtz  

S an id ine  (?)

S an id ine  (? ) 

S anid ine  (? )

2 .1 3 mw
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S am p le  #3—1—7 

V e in le t Potassium  F e ld sp ar  

M in e ra ls  P resen t: A d u la r ia  (S an id ine?)

d (A °) I Com m ents

4 .2 3 s Q u a rtz  (? )

3 .9 3 w

3 .7 5 ms S anid ine (?)

3 .4 5 m

3 .3 3 vvs (6 ) Q u artz  & S an id ine?

3 .2 2 s S anid ine (?)

2 .9 9 m

2 .9 0 m w

2 .7 6 w

2 .5 7 w

2 .4 6 mw

2 .2 8 mw

2 .2 3 w

2 .1 7 w

2.11 N m w

1 .9 7 w

1 .81 s Q u a rtz

1 .7 9 m w

1 .6 7 w

1 .6 6 w

1 .5 4 m
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S am p le  # 3 - 1 - 7  

C arbonate fro m  V e in le t  

M in e ra ls  P resen t: C a lo tte , M in o r  Q u a rtz

d (A °) I Com m ents

4 .2 5 w Q u a rtz

3 .8 7 w C alo tte

3 .3 4 m Q u a rtz

3 .0 2 w s C alotte

2 .8 4 w C alo tte

2 .4 9 m C alo tte

2 .2 8 m C alotte

2 .0 9 m C alotte

1 .91 s C alo tte

1 .87 m C alo tte

1 .62 w C alo tte
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S am ple  # 3 -1 -7  

V e in le t M a te r ia l

M in e ra ls  P resen t: Q u a r tz , C a lc ite

d (A °) i Com m ents

4 .2 7 m Q u a rtz , Ce

3 .8 0 mw

3 .6 5 w

3 .4 7 w

3 .3 5 s Q u a rtz

3 .2 3 vw

3 .1 6 vw

3 .1 2 vw

3 .0 3 vs C a lc ite

2 .2 6 m -

2 .0 7 w

1 .88 w

1 .85 w

00N

w
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S am p le  # 3 -1 -2 0  

S p h eru lite  (P ow der C a m e ra )  

M in e ra ls  P resen t: Sanid ine (? )

d (A °) I Com m ents

4 .9 vw

4 .6 mw

3 .8 vw S anid ine (1

3 .6 mw

3 .3 2 mw S anid ine

3 .2 2 mw S anid ine

2 .9 2 vw

2 .6 5 mw

2 .5 6 mw

2 .4 0 m w

2 .0 w

1 .8 vw

1 .7 4 vw

1 .5 2 mw

1 .50 mw
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F e ld sp a r P henocryst (P ow der C a m e ra )  

M in e ra ls  P resen t: S anid ine

Sam ple # 5 -2 -3

d (A °)

4 .2 0

3 .7 5  

3 .4 3  

3 .2 8  

3 .2 2  

3 .0 0  

2 .9 6  

2 .8 7

2 .7 5  

2 .5 9  

2 .5 6

I Com m ents

ms

ms

m

s

s

m s

m

m w

w

w

w

1 .79 mw



Sam ple # P -F 2

O live G reen-W hite Banded Amygdule

Clays Present: M ontm orillonite

X - r a y  pattern A fte r  1 h r .  at 6 0 °C A fte r  heating A fte r  heating
glycotation 1 h r . a t 1 5 0°C 1 h r .  at 300°C

d (A °) I 1 d (A °) I d (A ° )  I

—— 3 0 .5  w  . — ——

1 4 .5 s 1 5 .5  s —— —-

11 .3 vw — ——

7 .2 0 vw — —— ——

4 .9 8 w " ——

4.51 m w ■ in ■ ——™

A fte r  heating  
1 h r .  at 6 0 0°C  
d (A °)_______ I
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Sam ple # 6 M -3

G reen-W hite Banded Amygdule

Clays Present: M ontm orilIonite

X - r a y  pattern A fte r  1 h r . at 6 0 °C A fte r  heating A fte r  heating
glyco lation 1 h r .  at 150°C 1 h r .  at 3 0 0 °C

d (A ° ) I d (A °) I d (A °) I d (A ° )  I

—  ■ 3 2 .7 w (b ) —— "

1 4 .7 VS 1 6 .7 vs — ——

— 8 .1 9 w — ——

4 .4 0 vw

A fte r  heating  
1 h r .  at 6 0 0°C  
d (A °) I
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Sam ple #8

Suspended C lay Fraction

Clays Present: M o ntm orilIon ite , I l i ite

X - r a y  pattern A fte r  1 h r . at 6 0 °C A fte r  heating A fte r  heating A fte r  heating
glyco lation 1 h r .  a t 1 5 0 °C 1 h r .  at 3 0 0°C 1 h r .  at 600oC

d (A °) I d (A ° ) I d (A °) I a % d (A °) I

1 4 .5 m 1 7 .0 m s(b ) “ — "

1 0 .5 m s 9 .8 2 m —— — ——

5.01 w — “ — ——

4 .2 9 w 4 .2 9 m w ” — “

9
0

S



Sam ple #22

Bronze A ltera tion  P rod , of Pum ice, Ta^

Clays Present: M ontm orilIonite

X - r a y  pattern A fte r  1 h r .  a t 6 0 °C A fte r  heating A fte r  heating A fte r  heating
glycol ation 1 h r .  at 15 0 °C 1 h r .  at 3 0 0°C 1 h r .  at 600°C

d (A °) I d (A °) I d (A °) I d (A ° )  I d (A ° )  I

2 8 .5 m 3 0 .5 m — —— ——

1 4 .0 s 1 5 .5 s — — — ——

5 .7 5 w 7 .6 9 m —— . " • ——

4 .8 0 w — — " —

4 .5 5 m w — —— —— —

4 .2 5 vs — — — — ——
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Sam ple # 3 -1 -7

Suspended C lays

C lays  P resen t: M o n tm o rilIo n ite , I l l i t e

X - r a y  pattern  

d (A ° )  I

A f te r  1 h r .  at 6 0 °C  
glycol ation  

d (A °)  I

A f te r  heating  
1 h r .  at 150°C  
d (A °)  I

A fte r  heating  
1 h r .  a t 3 0 0°C  
d (A ° )  I

A f te r  heating  
1 h r .  at 6 0 0°C  
d (A °) I

1 4 .5 m 1 5 .0 ms 1 4 .3 mw 1 3 .6 mw 1 3 .8 m (b)

1 0 .6 m w 9 .9 4 m w 1 0 .5 mw 1 0 .0 mw 1 0 .2 m

8 .4 2 w —— — — ——

7 .1 4 m w (b) 7 .2 0 m 7 .2 0 m w 7 .2 0 vw —

4 .2 7 s 4 .2 7 s ■ 1 ■ —— ——
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Sam ple #3—1 —15

Suspended C lays

C lays P resen t: M o n tm o rillo n ite , I l l i te

X - r a y  pattern A fte r  1 h r .  at 6 0 °C A fte r  heating A fte r  heating A fte r  heating
g lyco lation 1 h r .  a t 1 5 0 °C 1 h r .  at 3 0 0°C 1 h r .  at 600°C

dfA 0 ) I dfA 0 *) I dfA 0 ') I d fA 0 ) I d fA °) I

1 4 .0  m w 1 5 .8 m 1 3 .8  w 1 2 .3 w —-

1 0 .0  m 1 0 .2 m (b ) 1 0 .0  m s 1 0 .0 ms —
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Sam ple # 3 -1 -1 7

F ra c tu re  Coating

C lays  P resen t: M o n tm o rillo n ite , I H ite  (? ), K ao lin ite  (? )

X - r a y  pattern A fte r  1 h r .  at 6 0 °C A fte r  heating A fte r  heating A fte r  heating
glyco lation 1 h r . at 150°C 1 h r .  at 3 0 0 °C 1 h r .  at 6 0 0 °C

d (A °) I d (A ° )  I d (A °) I d (A °) I d (A °) I

3 0 .5  s “ —— —

1 4 .5 VS 1 5 .5  vs — “ "

9 .51 w (b ) 9 .31  w — ——

7 .9 0 mw 7 .6 9  m ■■ ■ ■ ■ —— —



Sam ple #3-1 -2 3

W hite  C la y  F ra c t . Coating and A lt . P roduct

C lays P resen t: M o n tm o rillo n ite  and ( I l l i te ? )

X - r a y  pattern A fte r  1 h r .  at 6 0 °C A fte r  heating A fte r  heating
g lyco lation 1 h r . at 15 0 °C 1 h r .  at 3 0 0°C

d (A °) I d (A °) I d (A °) I d (A ° )  I

3 0 .5 vw — — —

1 4 .7 m 1 7 .7 m — —

1 0 .7 w (b ) — — —

9 .8 2 w (b ) 9 .0 3 m — — —

5 .01 m — " "

4 .4 8 ms — —- — —

4 .2 5 ms — —

A fte r  heating  
1 h r .  at 6 0 0°C  
d(A 0 ) I

211



Sam ple #3-1 -32a

L t .  G reen  F ra c tu re  C oating -E dge o f Renaud V e in  

C lays P resen t: M o n tm o rillo n ite

X - r a y  pattern  A fte r  1 h r .  at 6 0 °C  A fte r  heating A fte r  heating
g lyco la tion  1 h r .  at 150oC 1 h r .  at 3 0 0 °C

d (A °)  I__________ d (A °)____________ I d (A °)_______ I________ d (A °)_______ I _

1 3 .4  vs 16.1 vs —  —

4 .4 6  w (b ) 4 .4 6  • m  —  —

A fte r  heating  
1 h r .  a t 6 0 0°C  
d(A 0 )_______ I
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Sam ple # 5 -2 -2 2

Suspended C la y  F ra c tio n  

C lays  P resen t: M o n tm o rilIo n ite

X - r a y  pattern A fte r  1 h r . at 6 0 °C A fte r  heating A fte r  heating A fte r  heating
glyco lation 1 h r . % 01 rf 1 h r .  at 3 0 0°C 1 h r . at 600 C

d (A °) I d (A °) I d (A °) I d (A °) I d (A °) I

1 3 .8 m w 1 5 .0  m 1 4 .3 m —— 1 3 .6 w (b )

8 .0 0 w — ——

7 .3 8 w 7 .5 0  w 7 .2 0 mw — —

6 .5 6 w 6 .5 6  w 6 .5 6 w — 6.61 w

5 .1 0 w

4 .2 5 m 4 .2 5  m 4 .2 5 m
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