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ABSTRACT

In v e stig a tio n s  o f  the stru ctu re , te x tu re , and m ineral and ch em ­

ic a l co m p o sitio n  o f 62 a p lite  and pegm atite  sa m p les  from e ig h t Laramide 

and one m id-T ertiary in tru sio n s are rep orted . Four in tru sio n s known to  

be g e n e t ic a lly  re la ted  to porphyry copper d e p o s its  in c lu d e  the Boulder  

b ath o lith  at B utte, M ontana, the P atagon ia  and Sierrita in tru sio n s in  

A rizona, and th e  Santa Rita s to c k , N ew  M ex ico  and are c la s s i f i e d  a s  

p ro d u ctiv e . The A m ole, S w issh e lm , T exas C an yon , and W h etston e  

s to c k s ,  A rizona, are not known to be g e n e t ic a lly  re la ted  to porphyry 

cop p er d e p o s its  and are c la s s i f i e d  a s  barren. The Troy s to c k , A rizona, 

w h ich  i s  p resen tly  b ein g  in v e s t ig a te d  by sev e r a l co m p a n ie s , w as in ­

c lu d ed  to ev a lu a te  it s  m ineral p o ten tia l and is  c o n seq u e n tly  not in clu d ed  

in  e ith er  o f  the p reced in g  c l a s s e s .

R esu lts  o f  th e s e  in v e s t ig a t io n s  in d ica te  a strong d ifferen ce  in 

abundance o f  d ik es  in p rodu ctive and barren in tr u s io n s . The former 

co n ta in  th inner and few er d ik es  per lin e  m ile m apped. In d iv id u al a p lite  

d ik es  are te x tu ra lly , m in e r a lo g ic a lly , and c h e m ic a lly  h o m o g en eo u s, 

and th is  h om ogen eity  h o ld s  for large  numbers o f  d ik es  from a s in g le  in ­

tr u s io n . An in v erse  re la t io n sh ip  e x is t s  b etw een  m odal K -fe ld sp ar  and  

p la g io c la s e  and a ls o  b e tw een  norm ative o r th o c la se  and a lb i t e . D ik e s  

from produ ctive in tru sion s a lw a y s  h ave h igh  K -fe ld sp a r—low  p la g io c la s e  

c o n te n ts , a trend ag ree in g  w ith  the h igh  p o ta ssiu m  c o n ten t o f  K -fe ld sp ar  

in  d ik es  from produ ctive in tr u s io n s . F e , C a , K, and Cu are h igh  in the  

d ik es  from produ ctive in tru s io n s , but o n ly  Fe and K are h igh  in the

x v  i
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K -fe ld sp a r . A h igher Pp^O in d ica ted  for d ik es  from productive intru­

s io n s ,  e x c e p t th o se  from T exas C anyon , su g g e s t in g  that p rodu ctive  

in tru sion s c r y s ta ll iz e d  at greater d ep th .

C on tin u ity  o f  th e se  d ik es  from the h o s t  in tru sion  in to  the  

surrounding country rocks and te x tu ra l, m in era lo g ica l, and ch em ica l 

hom ogen eity  o f  a p lite  d ik es  from a s in g le  in tru sion  stron g ly  s u g g e s t  a 

m agm atic orig in  for the stu d ied  d ik e s . Scarce thin d ik es  are b e lie v e d  

to  be due to the p a s s iv e  in tru siv e  nature o f productive s to c k s ,  w h ereas  

abundant th ick  d ik es  d ev e lo p ed  in fo rcefu lly  intruded barren s to c k s .  A 

fracture f i l le d  by w a ter-sa tu ra ted  res id u a l magma g en era ted  a pegm atite  

dik e upon s lo w  c r y s ta ll iz a t io n . W here more fractures form, crea tin g  a 

sudden p ressu re  drop, v o la t i le s  e s c a p e  from the p o ten tia l pegm atite  

d ik e , le a v in g  behind  a v is c o u s  m elt w hich upon c r y s ta ll iz a t io n  y ie ld s  

a p l i t e . Form ation o f  many n u c lea tio n  c en te rs  and the s lo w  growth o f  

c r y s ta ls  r e su lt  in h o m o g en eo u s , f in e -g r a in e d , xenom orphic granular  

a p l i t e s .  P eg m a tites  form w ith in  th e a p lite  i f  the en tire  w a ter-r ich  m elt 

i s  not p ressu re  q u en ch ed  to a p li t e .

It is  proposed  th at a p lite s  and p eg m a tite s  in productive intru­

s io n s  d ev e lo p  from a res id u a l m e lt, w hich  c o e x is t s  w ith  a ch lo r id e -r ic h  

aq u eou s p h a se  before in je c t io n . P o ta ss iu m , sod iu m , c a lc iu m , iron , and 

b a se  m eta ls  prefer th is  c h lo r id e -r ic h  aqu eou s p h a se . At tem peratures  

b elo w  8 8 0 °C , p o ta ss iu m  and ca lc iu m  were found to partition  p referen ­

t ia l ly  in to  the m elt and sodium  into the a q u eou s p h a s e . A s i l ic a t e  m elt 

c o e x is t in g  w ith  a b a se  m eta l-en r ich ed  aq u eou s p h a se  sh ou ld  be en r ich ed  

in the b a se  m e ta ls .



A p lite -p eg m a tite  dike pop u lation  may w e ll be a u se fu l ex p lo ra ­

tion  too l in w e ll- e x p o s e d  p lu to n s . The a p li t e -a lk a li  in d ex  and the ratio  

o f K -feld sp ar to p la g io c la s e  in a p lite s  and p eg m a tites  appear to h ave the  

g r e a te s t  p o ten tia l a s  porphyry cop p er p rosp ectin g  t o o ls ,  particu larly  in 

poorly e x p o se d  or rem ote p lu to n s .

x v i i i



CHAPTER 1

INTRODUCTION

The d er iva tion  o f  m agm atic a p lite s  and p eg m a tites  from w a ter-  

saturated  r es id u a l m agm as p roposed  by ea r ly  w orkers (Derry, 1931; 

A ndersen, 1931; and Em m ons, 1940) h as b een  confirm ed by con tem p o­

rary w orkers (Jahns, 1955; Jahns and T u ttle , 1963; Burnham, 1967; 

K rauskopf, 1967; Fournier, 1968; and Jahns and Burnham, 1 9 6 9 ). Sim ­

ila r ly , it w a s a ls o  b e lie v e d  by th e se  and oth ers th at a hydrotherm al 

so lu tio n  can  be d erived  by " seco n d  boiling" in a hydrous magma w hich  

a tta in s  su p ersatu ration  w ith  r e sp e c t  to w ater and other v o la t i le s  in re­

sp o n se  to red u ction  in co n fin in g  p r e ssu r e , c r y s ta ll iz a t io n  o f anhydrous 

m in era ls , or som e com bin ation  o f  th e s e  fa c to r s . It h a s  a ls o  b een  ad vo­

c a te d  and g en era lly  a c c e p te d  that the m eta llic  com pon en ts o f  ore d e ­

p o s it s  can  be d erived  from a magma and transported  to th eir  p resen t  

lo c a tio n  by hydrotherm al so lu tio n s  (H olland , 1 9 7 2 ). A c lo s e  g e n e t ic  

re la tio n sh ip  b etw een  hydrotherm al so lu tio n s  on one hand and a p lite  

and pegm atite  on the other h as b een  su g g e s te d 1 by many w orkers (Bow en, 

1933; R o ss , 1933; b u tton , 1959; and K rauskopf, 1 9 6 7 ). The common  

a s s o c ia t io n  o f  certa in  m e ta llic  ore d e p o s its  w ith  s p e c if ic  ig n eo u s  rock s  

(Buddington, 1 9 3 3 , and W ilso n , 1953) argu es for the d er iva tion  o f  th e s e  

m eta ls  from the sam e magma that produced the sp a tia lly  and tem p orally  

re la ted  ig n eo u s  r o c k s . This co n c ep t is  a ls o  supported by the common  

ten d en cy  for ig n eo u s  rock s to  be en r ich ed  in the sam e m eta ls  that occu r
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in sp a tia lly  and tem porally  a s s o c ia te d  ore d e p o s its  (S law son  and 

N a c k o w sk i, 1959; Parry and N a c k o w sk i, 1963; Putnam and Burnham,

1963; and W ahab, 1 9 6 8 ).

If the g e n e t ic  re la tio n sh ip  o f  a p lite s  and p eg m a tite s  to hyd ro-  

therm al so lu tio n s  be a c c e p te d , the stud y o f the p h y s ic a l and ch em ica l 

c h a r a c te r is t ic s  o f  th e s e  rock s in produ ctive and barren in tru sion s sh ou ld  

be both ex p lo ra tio n a lly  and s c ie n t if ic a l ly  rewarding in term s o f  lo c a tin g  

new natural r e so u r c es  and in b etter  understanding the p r o c e s s e s  and  

environm ents lin k in g  a p lite s  and p eg m a tites  to the hydrotherm al s o lu ­

tio n s  .

W ith in  the c o n te x t o f  th is  paper, a p lite  is  d efin ed  a s  in tru siv e , 

xen om orp h ic, s u c r o s ic , granular rock com p osed  e s s e n t ia l ly  o f  quartz, 

p o ta ssiu m  fe ld sp a r , and a lk a lic  p la g io c la s e  w ith  grain s iz e  ranging from 

0 .2  to  about 1 .0  mm. P egm atites  are here d efin ed  a s  a g en era lly  unzoned  

a sse m b la g e  o f  q u artz , p o ta ssiu m  fe ld sp a r , and so d ic  p la g io c la s e , a m ineral 

co m p o sitio n  sim ila r  to a p lite  but d e c id e ly  c o a rser  than re la ted  a p l i t e s ,  

w ith  grain s iz e  m easuring about 1 .5  cm . C om plex pegm atite  w h ich  w a s  

o b serv ed  in one area stu d ied  h a s  the sam e m ineral co m p o sitio n  a s  sim p le  

pegm atite  but i s  tex tu ra lly  and m in era lo g ica lly  z o n e d . A p lites  and p e g ­

m a tite s  a lw a y s  occu r a s  d ik e s , and the word "dikes" i s  u sed  in th is  

report v ir tu a lly  in terch an geab ly  w ith  the phrase " a p lite s  and p e g m a tite s ."

A produ ctive or m in era lized  in tru sion  i s  d efin ed  a s  one w h ich  

h as b een  found to  in v o lv e  an occu rren ce w hich  g en era lly  f it s  the d e ­

scr ip tio n  o f  a porphyry cop p er  d e p o s it  (Low ell and G u ilb ert, 1970) c o n ­

ta in in g  com m ercia l am ounts o f  cop p er and m olybdenum su lf id e s  d is s e m ­

in ated  in the sto ck  and the surrounding h o s t  r o c k s . A n on p ro d u ctiv e ,
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un m in era lized , or barren in tru sion , in co n tra st, is  one that c o n ta in s  

n eith er  com m ercial s u lf id e s  o f th ese  m eta ls  w ith in  it  and the surround­

ing h o s t country rock s nor s ig n if ic a n t  e v id e n c e  o f  s i l ic a te  a ltera tio n  

ph en om ena.

The p o s s ib le  c lo s e  g e n e t ic  re la tio n sh ip  b etw een  a p lite s  and  

p eg m a tite s  and the ore-carry in g  so lu tio n s  is  not the on ly  factor  in v o lv ed  

in s e le c t in g  th e se  rock s for th is  r e se a r c h . A p lite s , by v irtue o f  th eir  

r e la t iv e ly  lig h ter  co lo r  and r e s is ta n c e  to w ea th erin g , are both rea d ily  

d is tin g u ish a b le  from th eir  com m only darker co lo red , g en era lly  more 

bad ly  w eathered  h o s t  rock s (F ig. 1) and r e la t iv e ly  fresh  sa m p les  o f  

e n d -s ta g e  m agm atic rea ctio n  p r o d u cts . Their r e s is ta n c e  to  w eathering  

fa c i l i t a te s  sam ple c o l le c t io n .

The o b je c tiv e  o f  th is  resea rch  w a s to study the g e o lo g ic  o ccu r­

ren ce o f  a p lite s  and p eg m a tites  in cer ta in  productive and barren Laramide 

and m id-T ertiary in tru sio n s (F ig . 2 ) , to e v a lu a te  the exp lora tion  s ig n if i ­

c a n c e  o f  th e s e  d ik e s ,  and to  in v e s t ig a te  the g e n e s is  and p o s s ib le  g e n ­

e t ic  lin k  b etw een  ig n eo u s  in tru sion s and re la ted  hydrotherm al ore 

d e p o s it s .  This work c o n s id e r s  d iffe re n c e s  in stru ctu re, te x tu r e , m iner­

a lo g y , and ch em ica l co m p o sitio n  o f  a p lite s  and p eg m a tite s  and t e s t s  the  

p rop osa l th at any ou tstan d in g  v a r ia tio n s  in th e se  fea tu res  m ight provide  

in s ig h t in to  the environm ent o f  form ation o f  th e s e  rock s and may u lt i­

m ately  be ex p lo ra tio n a lly  u se fu l in  the search  for porphyry cop p er d e ­

p o s i t s .

To a cco m p lish  th is  o b je c t iv e , 62 sam p les  w ere c o l le c te d  from 

8 Laramide s to c k s  and 1 m id-Tertiary in tru sio n . A ttitu d es and other  

structural fea tu res  o f  d ik es  w ere n o ted , and the nature o f  th eir  c o n ta c ts
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Figure 1. Fresh aplite  dike in weathered granod io rite , 
Patagonia stock , Arizona
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w ith  the h o st rock w ere s tu d ied . E ighty s ta in ed  thin s e c t io n s  w ere poin t 

cou n ted  to 1,000  co u n ts  ea ch  and stu d ied  to determ ine tex tu ra l fea tu res  

and m ineral c o m p o s it io n s . S even  hundred two major and 234 trace e l e ­

m ents in bulk rock sa m p les  and K -feld sp ar  sep a ra tes  w ere a ls o  a n a ly z e d .

M ajor fin d in g s  in c lu d e  th e p resen ce  o f  sca r c e  th in  a p lite  and  

pegm atite  d ik es  in  the p a s s iv e ly  intruded produ ctive s to c k s  in co n tra st  

to the p resen ce  o f  abundant th ick er  d ik e s  in  barren o n e s .  Aplite d ik es  

are te x tu r a lly , m in e r a lo g ic a lly , and c h e m ic a lly  hom ogen eou s a c r o ss  

the w idth o f  a d ike and among d ik es  from a s in g le  in tru sio n . K -fe ld sp ar  

in  a p lite  d ik es  from p rodu ctive in tru sio n s d om in ates p la g io c la s e  w ith  

a ratio o f  over  2 :1 , w h erea s th is  ratio  is  about 1:1 in d ik es  from barren 

o n e s .  This fa c t  i s  supported  by the c h e m ic a lly  h igh  K:Na in d ik e s  from 

produ ctive in tr u s io n s . The K co n ten t in K -fe ld sp a r  o f  d ik es  from produc­

t iv e  s to c k s  i s  h igh er  than th at in K -fe ld sp a r  o f  d ik es  from barren o n e s .

A d ifferen tia tin g  magma fo llo w s  a co u rse  in w h ich  a hydrother­

mal so lu tio n  u ltim a te ly  form s, or it  may fo llo w  a sec o n d  co u rse  in w h ich  

a hydrotherm al so lu tio n  fa i l s  to  form . The con cern  o f  th is  stud y prim arily  

i s  the f ir s t  co u rse  w here a hydrotherm al so lu tio n  fo rm s. M ajor param eters 

con tro llin g  th e d eve lop m en t o f  a hydrotherm al so lu tio n  in c lu d e  in it ia l  

w ater co n ten t o f  the m e lt, tem perature, p r e ssu r e , and co m p o sitio n  o f  the  

m elt, and typ e o f m in era ls c r y s ta ll iz in g  from th e m e lt .

Burnham and Jahns (1962) found that the s o lu b ility  o f  w ater in a  

gran itic  m elt in c r e a s e s  a s  the p ressu re  i s  r a ise d  but that it  w ould  not 

e x c e e d  15 p ercen t by w e ig h t at tem peratures and p r e ssu r e s  to  be e x ­

p ec ted  in a c o o lin g  m agm a. I f  the in it ia l w ater co n ten t o f  a magm a is  

su ff ic ie n t ly  h ig h , c r y s ta ll iz a t io n  o f  anydrous s i l ic a te  m in era ls  and



7

d e c r e a se  in p ressu re  may c a u s e  th is  m elt to  saturate w ith  w a ter . Further 

drop in p ressu re  c a u s e s  the magma to su p ersatu rate w ith  w ater and u lt i ­

m ately  b o il o ff , g iv in g  a hydrotherm al s o lu t io n .

H ow ever, a hydrotherm al so lu tio n  m ight not e v o lv e  e v e n  if  the  

in it ia l w ater  c o n ten t is  h ig h . P ressu re drop m ay not be h igh  enough to  

. sa turate and su p ersatu rate  a g iv e n  m e lt . C r y s ta lliz a t io n  o f  s u ff ic ie n t ly  

high  amount o f  hydrous m in era ls (Burnham, 1967) may u se  m ost o f  the  

w a ter , th u s p reven tin g  sa tu ra tion  o f  the m e lt.

W hen a hydrotherm al so lu tio n  c o e x is t in g  w ith  a s i l ic a t e  m elt 

form s, a lm o st a l l  o f  th e ch lo r id e  in the s i l ic a t e  p a rtition s into th is  

aq u eou s p h a se  (Burnham, 1967; K ilinc and Burnham, 1972; H o llan d , 

1 9 7 2 ). If the in it ia l  c o n ten t o f C l-  in the m elt i s  s u ff ic ie n t ly  h ig h , the  

hydrotherm al so lu tio n  b eco m es ch lo r id e  r ich . A lk a lie s ,  b a se  m e ta ls , 

ferric iron , and o th er trace  e lem en ts  th at w ere re jec te d  by c r y s ta ll iz in g  

s i l ic a t e  m in erals partition  in to  th is  c h lo r id e -r ic h  hydrotherm al so lu tio n  

(Borina, 1963; H e lg e so n , 1964; R oedder, 1967; Burnham, 1967; Gam­

m on, B o rcsik , and H o llan d , 1969; and H o lla n d , 1 9 7 2 ). S ilic o n  and  

alum inum th at rem ain after  c r y s ta ll iz a t io n  o f  m ost o f  the m elt a ls o  go  

in to  th is  hydrotherm al so lu t io n , g iv in g  free quartz and alum inum -bearing  

v e in  m in era ls , su ch  a s  fe ld sp a rs  and s e r ic i t e .



CHAPTER 2

SAMPLING AND SAMPLE TREATMENT 

Sam pling

A major sam plin g o b je c t iv e  w a s to ob ta in  sa m p les  s u ff ic ie n t ly  

fresh  to be a d eq u a te ly  rep resen ta tiv e  o f the te x tu r e , m in era logy , and 

ch em istry  o f  the a p lite s  and p eg m a tites  in the s to c k s  under c o n s id e r a ­

t io n . F resh , u n w eath ered  sa m p les  o f  from 5 to  10 pounds trimmed o f  any  

w eath ered  rinds w ere cu t from e a c h  d ik e . To a ssu re  optimum rep resen ta ­

tio n  at ea ch  s i t e ,  a co n tin u o u s sam ple w as c o l le c te d  a c r o ss  the w idth  

o f ea ch  sam pled  d ik e . D u p lica te  ch ip  sa m p les  w ere s im u lta n eo u s ly  c o l ­

le c te d  from s e le c t e d  d ik es  for com parison  w ith  co n tin u o u s sa m p les  from 

the sam e d ik e s .  The tw o sam pling m ethods are in d ica ted  in Table 1 to  

h ave g iv en  sim ila r  c h e m ic a l r e s u lt s .

At l e a s t  5 to 10 sa m p les  w ere s e le c te d  per s to c k . A to ta l o f  63 

sa m p les  w ere c o l le c te d  from 9 Laramide and 1 m id-T ertiary in tru sio n s in  

Southern A rizona, N ew  M e x ic o , and M ontana (F ig . 2) .  Four o f  th e se  

in tru sio n s are known to be g e n e t ic a lly  re la ted  to porphyry cop p er d e ­

p o s i t s .  T h ese  in c lu d e  the Boulder b a th o lith , in w h ich  the B u tte , M on­

ta n a , copper-m olybdenum  d e p o s it  occu rs; the Sierrita in tru sio n , A rizona, 

w h ich  i s  s p a t ia lly  and tem p orally  re la ted  to the E sp eranza and S ierrita  

porphyry copper d e p o s its ;  the P atagon ia  s to c k , A rizon a , w h ich  h o s ts  

the Red M ountain ore d e p o s it  and at le a s t  sev e r a l other sm a ll porphyry

8



Table 1 . C om parative c h em ica l a n a ly s e s  o f  ch a n n el v e r su s  ch ip  sam pling o f  a p lite s

Sam ple N o . Type

P ercent by W eigh t ppm

S i0 2 AI2O3 F e 2 0 3 CaO N a 20 k2o Cu Zn

Amole 3 ch an n el 7 8 .5 0 1 1 . 9 9 0 . 8 1 0 . 2 5 3 . 2 5 5 . 5 2 17 41

3 ch ip 7 8 . 5 0 1 1 . 9 9 0 . 8 4 0 . 2 5 3 . 2 5 5 . 3 8 17 38

6 ch an n el 7 7 . 5 0 1 2 . 3 4 1 . 4 0 0 . 7 2 2 . 6 0 5 . 9 0 13 36

6 ch ip 7 8 . 5 0 1 1 . 82 1 . 2 6 0 . 7 0 2 . 7 7 5 . 8 0 13 39

Sierrita 40 ch a n n el 7 7 . 4 0 1 2 . 2 5 0 . 9 9 0 .66 2 . 7 0 6 . 0 5 18 34

40 ch ip 7 7 . 4 9 1 1 . 9 9 0 . 9 0 0 . 8 0 3 . 4 0 5 . 0 2 23 34

Santa Rita 51 ch an n el 7 7 . 3 0 1 2 . 2 5 1 . 1 8 0 . 6 0 2 . 1 6 6 . 8 0 66 88

51 ch ip 7 7 . 6 2 12.10 1 . 0 3 0 . 7 8 2 . 3 0 6 . 4 0 66 61

Troy 67 ch an n el 7 6 . 2 6 1 3 . 3 8 0 . 3 2 0 . 6 5 3 . 3 0 6 . 0 5 11 33

67 ch ip 7 7 . 4 0 1 2 . 6 9 0 . 2 8 0 . 6 7 3 . 1 5 5 . 7 5 12 33

CO



c o p p e r -lik e  o ccu rren ces; and the Santa Rita s to c k , N ew  M e x ic o , the  

source o f  the C hino porphyry cop p er d e p o s it .

The four other in tru sio n s stu d ied  are not p resen tly  known to be  

g e n e t ic a lly  a s s o c ia te d  w ith  any porphyry copper d e p o s it .  T h ese  in c lu d e  

the Amole sto ck  in the T ucson  M o u n ta in s , the S w issh e lm  sto c k  e a s t  o f  

E lfrida, the T exas C anyon gran ite  in the L ittle  D ragoon M o u n ta in s , and  

the W h etsto n e  s to ck  o f  the W h etsto n e  M o u n ta in s, a ll  in southern A rizon a. 

The Troy granodiorite  in the D ripping Spring M ountains o f  cen tra l A rizon a , 

w hich  is  p resen tly  a ttractin g  a c t iv e  ex p lo ra tio n , w a s a ls o  s tu d ie d .

Sam ple Treatm ent

One or more th in  s e c t io n s  w ere cu t from e a ch  sam ple for p etro ­

graphic s tu d y . Each s e c t io n  w a s  s ta in ed  to fa c il ita te  id e n tif ic a tio n  o f  

p o ta ssiu m  fe ld sp a r  and p la g io c la s e  (Daily and S te v e n s , 1960) .

F ive to  10 pounds o f  sam ple w ere p a s s e d  through tw o s u c c e s ­

s iv e  jaw  cru sh ers and then  through a ro ller  cru sh er , red ucing the sam ple  

to 1 /8  in c h . A ll cru sh ers w ere scru p u lo u sly  p r e c le a n e d , and d isca rd ed  

a p lite  sa m p les  from th e s to ck  for w h ich  sa m p les  w ere b e in g  prepared  

w ere run before the sa m p les  u sed  for a n a ly s e s  w ere c ru sh ed . Each  

sam ple w a s h a lv e d , w ith  one h a lf  stored  in reserv e  and the other h a lf  

s p lit  into a quantity  s u ff ic ie n t ly  sm a ll to be further p r o c e ss  by a P ica  

b a ll m ill . T his s iz e  fraction  w a s  p u lv er ized  to 200 m esh  in a p o rce la in  

P ica  b a ll m ill and stored  w ith ou t further treatm ent for bulk rock ch em ica l  

a n a ly s i s . Aluminum con tam in ation  from the p o rce la in  P ica m ill is  n e g ­

lig ib le ;  tw o s p lit s  o f  a sa m p le , one p u lv er ized  in a tu n g sten  carb id e  

Pica b a ll m ill and the o th er in a p o rce la in  P ica  b a ll mi l l ,  w ere w ith in  

0 . 2% AI2O3 . The rem aining sam ple fraction  w a s  p u lv er ized  to  -  150 m esh

10
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in a Braun s t e e l  d is c  p u lv er izer , w a sh ed  w e ll  in  d is t i l le d  w ater to re­

m ove fin e m ateria l,*and  then d r ied . This dried m aterial w a s  th en  s ie v e d  

and the -  150 + 170 m esh fraction  reta in ed  fro K -fe ld sp ar  sep a ra tio n .

This s iz e  fraction  proved to  be optim al for maximum K -fe ld sp a r  r e c o v e r y . 

Iron from the d is c  p u lv er izer , m a g n etite , and any m afic m in era ls w ere  

rem oved by a hand m agnet and su b seq u en tly  by a C arpco m agn etic  

sep a ra to r .

H eavy Liquid Separation

K -fe ld sp a r , q u artz, and p la g io c la s e  w ere the p r in cip a l m in era ls  

rem aining in the sa m p les  a fter  m agn etic  sep a ra tio n . K -fe ld sp ar  w a s  s e p ­

arated from th e s e  b y  h ea v y  liq u id  sep a ra tio n . The s p e c if ic  grav ity  for 

K -feld sp ar  sep ara tion  (2.58)  w a s  ob ta in ed  by m ixing a ceto n e  and a c e t y l -  

e  ne tetrab rom id e. The K -fe ld sp a r  sep arate  w a s thoroughly c le a n e d  w ith  

a ce to n e  fo llo w ed  b y  d is t i l le d  w ater , then  d r ied . A portion  o f  ea ch  sam ple  

w a s sta in ed  w ith  sodium  c o b a ltin itr ite  to  determ ine i t s  p u r ity . T hose  

that co n ta in ed  95 p ercen t or more K -feld sp ar  w ere stored  for su b seq u en t  

ch em ica l a n a ly s is .  M ost sa m p les  co n ta in ed  97 p ercen t K -fe ld sp a r .

C hem ica l A n a ly s is

S even  hundred tw o major and 234 trace e lem en t a n a ly s e s  w ere  

run on prepared bulk rock and K -fe ld sp ar  sa m p le s . Prepared sa m p les  

w ere d ig e s te d  u s in g  the lith ium  m etaborate fu sio n  tech n iq u e  (M ed lin , 

Suhr, and Bodkin, 1969) and a n a ly zed  on a Perkin-E lm er 403 atom ic  

ab sorp tion  sp ectro p h o to m eter . D e ta ile d  d escr ip tio n  o f  the m ethod , i t s  

a ccu ra cy  and p r e c is io n  i s  g iv en  in A ppendix A. H ow ever , th e standard  

d ev ia tio n  is  l e s s  than 1% for S i ,  l e s s  than 1 .5% for Al,  K, and N a ,



and about 4 . 5% and 3% for Fe and C a , r e s p e c t iv e ly .  C opper and z in c ,  

b e c a u se  o f th eir  low  co n cen tra tion  in th e se  a p lite s  and p e g m a tite s , 

show  7% and 11% standard d e v ia tio n , r e s p e c t iv e ly .



CHAPTER 3

CRYSTAL CHEMISTRY

B eca u se  o f  th eir  g e o ch em ica l c h a r a c te r is t ic s , som e e lem en ts  

are incorporated into the stru ctu res o f  early -form ed  m in erals in a d iffer ­

en tia tin g  m agm a, w h ile  other e lem en ts  are not tak en  in to  la t t ic e s  o f  

d ev e lo p in g  m in era ls and are thus co n cen tra ted  in la te  m agm atic res id u a l 

l iq u id s . Their p a s s a g e  into var iou s e n d -s ta g e  liq u id  or g a s e o u s  p h a se s  

i s  s im ila r ly  c o n tr o lle d . The b eh avior and occu rren ce o f  major and trace  

e lem en ts  in a d ifferen tia tin g  magma in gen era l and in the porphyry c o p ­

per environm ent in particu lar can n ot be w e ll  understood and interpreted  

w ith out a good  grasp  o f  c r y s ta l ch em ica l k n o w le d g e .

To the ex te n t that ru le s  co n tro llin g  the b eh av ior  o f  trace  and  

major e lem en ts  in a c r y s ta ll iz in g  s i l ic a t e  m elt are know n, we may d e ­

v e lo p  a p red ic tiv e  m odel in d ica tin g  w h ich  e lem en ts  are co n cen tra ted  a t 

d ifferen t s ta g e s  o f m agm atic d iffe re n tia tio n . G o ld sch m id t (1937) and  

Ahrens (1953) w ere among the f ir s t  to c o n s id e r  c r y s ta l ch em istry  o f  major 

and trace e lem en ts  and th eir  b eh avior during d ifferen tia tio n  o f  a c r y s ta l­

liz in g  m agm a. Their work h as b een  refined  by the work o f  Ringwood  

(1955) ,  C urtis (1964) ,  N o ck o ld s  (1966) ,  and Dam on (1968) .

Ion ic  C harge and Radius

G old sch m id t (1937) prop osed  a s e t  o f  ru le s  w h ich  govern  the  

b eh av ior  o f ion s in a s i l ic a t e  m elt during m agm atic c r y s ta ll iz a t io n .

W hen two io n s  o f  eq u a l charge are com petin g for the sam e la t t ic e  s ite  in

13
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a so lid  c r y s ta ll iz in g  from a m e lt, the ion w ith  the sm aller  radius is  

p referen tia lly  in corp orated . S im ilar ly , w hen tw o io n s o f  s im ilar  rad ius  

are com petin g  for s i t e s ,  the one w ith  the h igher charge is  p re feren tia lly  

in corp orated . H ow ever, G o ld sch m id t's  m odel a ssu m es  a to ta lly  io n ic  

bond. S in ce  c o v a len t bonding is  a ls o  im portant in c r y s ta l form ation, 

G o ld sch m id t's  ru les  are o n ly  partly  s u c c e s s f u l .

E lectro n eg a tiv ity

Ahrens (1953) and Ringwood (1955) r e a liz e d  d e f ic ie n c ie s  in 

G o ld sch m id t's  ru les  w ith  r e s p e c t  to  a c o v a le n t  com ponent in s i l ic a te  

b on d in g , the e f f e c t  o f  w hich  i s  an o v e ra ll d e c r e a se  o f  the to ta l bond 

e n erg y . E le c tr o n e g a tiv ity , w hich  i s  d efin ed  by Pauling (1940) a s  the  

pow er o f  an atom in a m o lecu le  to a ttract e le c tr o n s  to i t s e l f ,  a cco u n ts  

very w e ll for th is  bond w e a k e n in g . A pplying e le c tr o n e g a tiv ity  to ex p la in  

the b eh avior o f  e lem en ts  during m agm atic c r y s ta ll iz a t io n , Ringwood  

(1955) d erived  the rule th at w h en ever  d iad och y  in a c r y s ta l is  p o s s ib le  

b etw een  tw o e lem en ts  p o s s e s s in g  ap p rec iab ly  d ifferen t e le c tr o n e g a tiv ­

i t i e s ,  the one w ith  the low er e le c tr o n e g a tiv ity  w il l  be p re feren tia lly  in ­

corporated  b e c a u se  it  forms a stronger and a more io n ic  bond than the  

o th er . This ru le , h ow ever, o n ly  a p p lie s  to  d ia d o ch ic  su b stitu tio n  in ­

v o lv in g  e lem en ts  w h ich  d iffer  in e le c tr o n e g a tiv ity  by more than 0 . 1 .

Ion ic  P o ten tia l

Ringwood (1955) introduced  the c o n c e p t o f  co m p lex  ion  form a­

tio n  to p red ict the b eh av ior  o f  e lem en ts  during m agm atic c r y s ta l l iz a t io n . 

The form ation o f  a co m p lex  ion  is  a fu n ction  o f  its  io n ic  p o ten tia l ( I .P . ) ,  

w hich  Ringwood (1955) d efin ed  as the c a tio n  ch arge d iv id ed  by i t s  io n ic
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ra d iu s . C a tio n s w ith  ch a rg es  o f  four or more and tr iv a len t c a t io n s  w ith  

sm all io n ic  rad ii form c o m p le x e s  w ith  oxygen  and hydroxyl ion in the 

m agm a. Ringwood found that the s ta b ility  o f  a co m p lex  d e c r e a s e s  a s  

io n ic  p o ten tia l d e c r e a s e s .  He thus d iv id ed  the e lem en ts  into three 

c a te g o r ie s :  c a tio n s  w ith  I .P .  = 0 .6 0 - 2 .6 0  beh ave as free io n s in  the 

m elt and o ccu p y  s i t e s  in the la t t ic e  o f  m in erals and are "network m odi­

fiers" ; c a tio n s  w ith  I .P .  = 4 .8 3 - 2 5 .0 0  occu r a s  c o m p le x e s  w h ich  jo in  

to geth er  to form the structural netw ork o f  the s i l i c a t e s  and are referred  

to a s  "network form ers"; and c a t io n s  w ith in term ediate  I .P . ' s  from 2 .7  

to 3 .1 2  beh ave a s  network formers w hen the ( S i+ A l) /0  ratio  is  low  and 

a s  network m od ifiers w hen the ratio  is  h ig h .

Ringwood con ten d ed  that the property o f  the com p lex  a s  a w hole  

rather than the property o f  the in d iv id u a l c a tio n  g overn s its  b eh avior  

during m agm atic c r y s ta ll iz a t io n . A cco rd in g ly , he fo rm u la ted th e fo llo w in g  

ru les:

1 . C om p lexes w h ich  are not o f the MO4 tetrahedral type can n ot  

su b stitu te  for (8104) "4 and h en ce  tend to con cen tra te  in the 

res id u a l fraction  o f  the c r y s ta ll iz in g  m agm a, e v e n tu a lly  rea ch ­

ing a con cen tra tio n  w h ich  is  s u ff ic ie n t  to  p rec ip ita te  them a s  

primary m in era ls . E xam ples in clu d e CO3-2  and BOg- ^ .

2 . The larger the charge on the c a t io n , the sm aller  w ill  be the  

ten d en cy  for MO4 c o m p le x e s  to rep la ce  8104“4 te tra h ed ra . 

E xam ples in clu d e W 0 4 “ 2 , SO4 ” 2 , ASO4"2 , and P0 4 - ^ .

3 .  The larger the s iz e  o f  the cen tra l c a t io n , the sm a ller  w ill  be 

the ten d en cy  for MO4 groups to rep la ce  8104"^ te tra h ed ra . 

E xam ples o f  th is  are G e4*"4 , Ti0 4 “4 , and Sn0 4 “4 . Ion ic  rad ii
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o f Si+ 4 , Ge+ 4 , and Sn+4 are 0 .4 2 , 0 .5 3 ,  0 .6 8 ,  and 0 .7 1  

an gstrom s, r e s p e c t iv e ly .

Total Bond Energy

The m ost recen t approach to to ta l bond en ergy  is  taken  by  

N o ck o ld s  (1 9 6 6 ), who d e v is e d  a s in g le  fu nction  w h ich  he c a l l  to ta l bond  

en erg y . He d efin ed  th is  a s  the sum m ation o f io n ic  bond en ergy  (Vi), c o ­

v a le n t bond en ergy  (Vq ) , and c r y s ta l f ie ld  energy (Vg) in the c a s e  o f  

tra n s itio n a l e lem en ts  (C urtis, 1 9 6 4 ). Damon (1968) su b seq u en tly  m odi­

fied  th is  d e fin itio n  o f  to ta l bond e n e rg y . E lem en ts w ith  h igh  to ta l bond  

e n e r g ie s  are p re feren tia lly  a c c e p te d  into s i l ic a t e  la t t i c e s ,  w h ile  th o se  

w ith  low  to ta l bond e n e r g ie s  co n cen tra te  in the res id u a l liq u id  o f  a c r y s -  

ta liz in g  m agm a.

Behavior o f  C ertain  E lem en ts during  
M agm atic C r y sta lliza t io n

As m entioned  e a r lier  in th e in trod u ction , one o f  the p u rp oses o f  

th is  resea rch  is  to  exam ine the d istr ib u tion  o f  major and minor e lem en ts  

in  w h o le -ro ck  sa m p les  o f  a p lite  and pegm atite  and in K -fe ld sp ar  se p a ­

rated from them , w ith  the un derstan d ing that co n tro ls  on the a b so lu te  

am ounts or in terre la tio n sh ip s  o f  som e o f  th e se  e lem en ts  m ight rev ea l 

d iffe r e n c e s  b etw een  a p lite s  and p eg m a tite s  in b a se  m eta l-p rod u cin g  

s to c k s  v e r su s  nonproducing s t o c k s .

Table 2 sum m arizes the im portant p h y s ic a l p rop erties o f  the  

e lem en ts  in q u e s tio n . V alues for ra d iu s , c h a rg e , e le c tr o n e g a t iv ity , and 

io n ic  p o ten tia l are from R ingwood (1 9 5 5 ). V alues for to ta l bond en ergy  

are from Damon (1968), e x c e p t  for Cu++ and Fe"H-+ w h ich  are c a lc u la te d
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Table 2 . Some p h y s ic a l prop erties o f  s e le c te d  e lem en ts

E lem ent Charge
Ion ic

Radius
E lectro ­

n e g a tiv ity
Ionic

P o ten tia l
T otal Bond 

Energy

Si +4 0 .4 1 1 .8 9 .8 388

A1 +3 0 .5 1 1 .5 5 .8 8 336

Fe + 3 0 .6 4 1 .8 4 .6 8 244

Fe + 2 0 .7 4 1 .6 5 2 .7 0 185

Ca + 2 0 .9 9 1.0 2 .02 236

Na + 1 0 .9 7 0 .9 1 .0 3 117

K + 1 1 .3 3 0 .8 0 .7 5 105

Cu + 2 0 .7 2 2 .0 2 .7 8 200

Zn +2 0 .7 4 1 .7 2 .7 0 180

O -2 1 .4 0 3 .5 — — —
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accord in g  to the formula g iv en  by Damon:

VT = 330 .Z cF  + Vs 

where Zc is  ca tio n  v a le n c e

F = e~ 0 .2 5 A  2  ̂ where  ̂ i S the O-X e le c tr o n e g a tiv ity  d ifferen ce

R is  the O-X bond len g th

Vg is  the c r y s ta l f ie ld  s ta b iliz a t io n  en e rg y .

The beh av ior  o f  e lem en ts  under co n sid era tio n  w ill  be rev iew ed , 

in lig h t o f  the g e o ch em ica l ru le s  d ev e lo p ed  e a r lie r . T his kn ow led ge pro­

v id e s  us w ith  an understanding o f  the m in era lo g ica l and ch em ica l com ­

p o s it io n  o f  a p lite s  and p eg m a tite s  under co n s id era tio n  and w ill  be u sed  

in d is c u s s io n  o f  r e su lt s  in a la ter  ch ap ter .

S i l ic o n . B eca u se  o f  i t s  h igh charge (4+) and sm all io n ic  rad ius  

(o .4  A), s i l ic o n  h a s a h igh  io n ic  p o ten tia l ( 9 .8 ) .  A ccord in g ly , it  o ccu rs  

a s  the com p lex  ion  (SiO ^)-4 in a s i l ic a te  m elt (R ingwood, 1 9 5 5 ). Its  

high  to ta l bond en ergy  (388) a ls o  govern s s i l ic o n 's  behavior during m ag­

m atic c r y s ta ll iz a t io n . Aluminum and germ anium are among the few  e l e ­

m ents th at have p rop erties su ff ic ie n t ly  c lo s e  to s i l ic o n  to su b stitu te  for 

i t .  A p p lication  o f  g e o ch em ica l ru les  to  s ilic o n , in d ic a te s  that s i l ic o n  i s  

m ost preferred in s i l ic a t e  m in era ls b e c a u se  it forms tetrahedra b a s ic  to  

the framework o f  th e s e  m in era ls .

W hether free quartz forms in the la te  s ta g e s  o f  m agm atic c r y s ­

ta ll iz a t io n  or not d ep en d s on the d ifferen tia tio n  h isto ry  and the co m p o si­

tio n  o f  the o r ig in a l magma (Krauskopf, 1 9 6 7 ). If the magma co n ta in s  

e x c e s s  s i l i c a  over  the amount n e c e s s a r y  to s a t is fy  the c a t io n s  o f  o l iv in e ,
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p y ro x en e , am p hibole, and fe ld s p a r s , the e x c e s s  m ust becom e in c r e a s ­

in g ly  con cen tra ted  in the liq u id  a s  d ifferen tia tio n  p r o c e e d s . T hus, free  

quartz i s  o ften  formed a s  an end product o f c r y s ta ll iz a t io n . If, on the  

other hand, s i l ic a  is  ju s t  s u ff ic ie n t  to s a t is fy  th e s e  c a t io n s , the end  

product w ould be la rg e ly  fe ld sp a r  w ith ou t q u artz. S im ilar ly , i f  s i l i c a -  

d e fic ie n t  m in era ls , lik e  o l iv in e ,  are formed and armored from further 

rea ctio n  by a rea ctio n  rim or rem oved by gravity  s e t t l in g , the m elt is  

gradually  en r ich ed  in s i l i c a  a s  d ifferen tia tio n  p ro ceed s  and free quartz  

i s  among the end products o f  c r y s ta l l iz a t io n . In v iew  o f  the u n iv ersa l 

p r e se n c e  o f  quartz and oth er s i l i c a t e s  in hydrotherm al d e p o s it s ,  s i l ic o n  

c er ta in ly  p artition s in to  a d ev e lo p in g  hydrotherm al p h a s e . Fenner (1933) 

co n ten d s th at th is  p artition in g ta k es  p la ce  a s  S iC l4 or S 1F4 in a vapor  

p h a s e .

Alum inum . As for s i l ic o n ,  the b eh av ior  o f  alum inum is  govern ed  

p rin c ip a lly  by i t s  h igh  io n ic  p o ten tia l (5 .8 8 ) and to ta l bond en ergy  (366). 

B eca u se  o f th e se  p aram eters, alum inum  o ccu rs  in a magma a s  ion  com ­

p le x e s  and b e h a v e s  a s  a "network former" (R ingwood, 1 9 5 5 ). The p h y s­

ic a l  prop erties o f  alum inum are s u ff ic ie n t ly  c lo s e  to th o se  o f  s i l ic o n  that 

it  frequently  su b s t itu te s  for it  in the tetrahedral la y er , w ith  con com itan t  

su b stitu tio n  o f  so d iu m , p o ta ss iu m , or ca lc iu m  to  m aintain  e le c tr ic a l  

n eu tra lity . Aluminum may a ls o  be in s ix fo ld  coord in ation  and form o c t a -  

hedra that co n n e c t two tetrahedral la y e r s .

W hen there is  enough aluminum in a magma to s a t is fy  c a t io n s  

in  fe ld sp a rs  and m ic a s , it i s  p r o g r e ss iv e ly  rem oved from the m e lt . C on ­

se q u e n tly , h ig h ly  d ifferen tia ted  ig n eo u s  rocks co n ta in  l e s s  alum inum
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than th o se  that are l e s s  d if fe r e n tia te d . M agm atic alum ina in e x c e s s  o f  

the amount n e c e s sa r y  to take care o f c a tio n s  o f  fe ld sp a rs  and m ica s re ­

s u lts  in in crea sin g  con cen tra tio n  o f  th is  e x c e s s  in the res id u a l liq u id .  

Corundum, fe ld sp a th o id s , and fe ld sp a rs  may form the end product o f  

c r y s ta lliz a t io n  in th is  in s ta n c e . The p resen ce  o f  a lu m in o -s i l ic a te s  in 

hydrotherm al ore d e p o s its  in d ic a te s  that aluminum p artition s into a d e ­

v e lo p in g  hydrotherm al p h a se . As for s i l ic o n ,  Fenner (1933) s u g g e s ts  

th at p artition in g o ccu rs  a s  AICI3 in a vapor p h a s e .

Iron . Iron o ccu rs  a s  Fe"H" and Fe+‘H" in a m agm a, a lth ough  

r e la t iv e ly  low  o x y g en  fu g a c it ie s  d ic ta te  that the former is  the more abun­

dan t. B eca u se  o f  th eir  io n ic  p o te n t ia ls , both ferrous and ferric io n s  

occu r a s  sim p le  io n s  in  a s i l ic a te  m e lt , a lthough in a v o la t i le -r ic h  m ag­

ma th ey  may occu r and b eh ave a s  com p lex  ion s (Ringwood, 1 9 5 5 ). Be­

c a u se  o f  it s  sm aller  e le c tr o n e g a tiv ity  (1 .6 5 ) ,  high co n cen tra tio n , and  

th e a v a ila b ility  o f  proper structural s i t e s  in  grow ing m afic m in era ls , 

ferrous iron i s  preferred to  the ferric iron in  the la t t ic e s  o f  p yrogen ic  

s i l ic a te  m in e r a ls . T his fa c t is  v e r if ied  in th at early -form in g  ferrom ag- 

n e s ia n  m in era ls , su ch  a s  o liv in e  and p y ro x en e , co n ta in  r e la t iv e ly  more 

ferrous iron . W hen a h igh  enough  co n cen tra tion  o f  ferric iron is  r ea ch ed , 

it  i s  incorporated in m in era ls , su ch  a s  s p in e ls  and h e m a tite .

A ccord in g ly , ferrous iron co n cen tra tes  in  early -form in g  m iner­

a ls  from a m afic m agm a. Ferric iron , in co n tra st, s ta y s  in so lu tio n  u n til 

a s u ff ic ie n t ly  h igh  co n cen tra tio n  i s  rea ch ed , and it  c r y s ta l l iz e s  in ferric  

iron -b earin g  m in era ls . This p red icted  b eh avior is  confirm ed by form ation  

o f hem atite  in rock s formed during la te r  s ta g e s  o f  d if fe re n tia tio n . Some 

la te -form in g  fe ld sp a rs  h ave a p in k ish  co lo r  w h ich  i s  probably due to



e x so lv e d  or o cc lu d ed  h em atite  (A ndersen, 1915; W o n e s , 1962; and  

B oon e, 1 9 6 9 ).

C a lc iu m . C alcium  o ccu rs  a s  a s im p le  ion  in a magma b e c a u se  o f  

i t s  low  io n ic  p o ten tia l (2 .7 8 ) .  Its behavior during m agm atic c r y s ta l l iz a ­

tio n  is  ex p la in ed  by it s  ch arge (2+ ) , io n ic  radius (0 .9 9  A), and e le c tr o ­

n e g a tiv ity  (1 .0 ) .  C alcium  is  more s u c c e s s f u l  in com petin g  for structural 

s i t e s  than e ith er  sodium  or p o ta ssiu m  b e c a u se  it  h a s  a r e la t iv e ly  h igh er  

charge and to ta l bond en ergy  (23 6 ). A lthough it  h a s  a larger io n ic  radius  

than sodium  and a h igh er e le c tr o n e g a tiv ity  than e ith er  sodium  or p o ta s ­

siu m , th e se  p rop erties are o f f s e t  by it s  h igh er charge and to ta l bond  

e n erg y .

A cco rd in g ly , ca lc iu m  sh ou ld  co n cen tra te  in early -form in g  s i l i ­

c a te  p h a se s  and be p r o g r e ss iv e ly  im p overish ed  in the m e lt . This trend  

i s  o b serv ed  in ig n eo u s  r o c k s . E arly-form ed p la g io c la s e  is  h igh  in c a l ­

cium  c o n te n t , and the m elt is  im p overish ed  in th is  e lem en t su ch  that 

la te -fo rm in g  p la g io c la s e  i s  p r o g r e ss iv e ly  poorer in  c a lc iu m . A p lites  

form from a res id u a l magma that m ust be very  low  in c a lc iu m . W hen a 

c h lo r id e -r ic h  aq u eou s p h a se  d e v e lo p s , ca lc iu m  p a rtitio n s in it  (Burnham, 

1967; and Gammon and o th e r s , 1 9 6 9 ).

Sod ium . B eca u se  o f i t s  sm all io n ic  p o ten tia l (1 .0 3 ) ,  sodium  

o ccu rs  a s  a sim ple ion  in a s i l ic a t e  m e lt . Its b eh av ior  in the co u rse  o f  

m agm atic c r y s ta ll iz a t io n  is  a cco u n ted  for by it s  ch arge (1+ ) , io n ic  radius  

(0 .9 7  A), e le c tr o n e g a tiv ity  ( 0 .9 0 ) ,  and to ta l bond en ergy  (117 ). Sodium  

i s  adm itted in p la g io c la s e  in  p referen ce to p o ta ssiu m  b e c a u se  it  h a s  a 

sm aller  io n ic  rad ius (0 .9 7  A) and a h igher to ta l bond en ergy  (1 1 7 ). I ts  

b eh av ior  r e la t iv e  to ca lc iu m  h a s b een  d is c u s s e d .  H ow ever , the
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sim ila r ity  o f sodium  and p o ta ss iu m  perm it d iad och y  in a lk a li fe ld sp a r .

By virtue o f  i t s  p h y s ic a l p r o p e r tie s , sodium  co n cen tra tes  in la te  m agm at­

ic  liq u id s  and in la te -fo rm in g  p la g io c la s e .  T his b eh av ior  i s  confirm ed  

in  nature by c o n s is t e n t ly  h igh  v a lu e s  o f ca lc iu m  in fe ld sp a r  from gabbro  

a s  co n tra sted  to h igh  v a lu e s  o f  sodium  in p la g io c la s e  from g r a n ite . In 

the e v en t a hydrotherm al so lu tio n  form s, sodium  p a rtitio n s in to  it  in  

p referen ce to  the c o e x is t in g  s i l ic a t e  m elt (O rv ille , 196; Jahns and  

T u ttle , 1963; Burnham, 1967; and Gammon and o th e r s , 1 9 6 9 ).

P o ta ss iu m . P o ta ssiu m  o ccu rs  and b e h a v e s  a s  a s im p le  ion  in a 

c r y s ta ll iz in g  magma b e c a u se  o f  i t s  low  io n ic  p o ten tia l (0 .7 5 ) .  P o ta s­

s iu m 's  b eh av ior  during m agm atic c r y s ta ll iz a t io n  i s  ex p la in ed  by i t s  s in g le  

p o s it iv e  c h a r g e , io n ic  rad iu s (1 .3 3 A ), and it s  to ta l bond en ergy  (105). 

P otassiu m  i s  r e je c te d  w ith  r e sp e c t  to  e ith er  sodium  or ca lc iu m  in c r y s ­

ta ll iz in g  p la g io c la s e ,  b e c a u se  it  h a s  a larger io n ic  rad ius and a sm a ller  

to ta l bond e n e rg y . H ow ever, the e le c tr o n e g a tiv ity  ad van tage o f  p o ta s ­

sium  (0 .8 ) over sodium  (0 .9 ) and ca lc iu m  (1 .0 ) i s  o f f s e t  by th e sm a ller  

io n ic  rad ius and h ig h er  to ta l bond en ergy  o f  the la tter  e le m e n ts . The 

p h y s ic a l p rop erties  o f  p o ta ss iu m  and sodium  are s u ff ic ie n t ly  c lo s e  th at 

th ey  rea d ily  su b stitu te  for e a c h  oth er in a lk a li fe ld sp a r . P o ta ssiu m  in ­

tak e in  early -form in g  a lu m in o -s il ic a te  m in era ls sh ou ld  be m od erate, 

w h ile  the bulk o f  the e lem en t sh o u ld  co n cen tra te  in  la te -fo rm in g  a lum ino­

s i l i c a t e s ,  p articu larly  in  the r es id u a l m agm a. T his p red ic ted  b eh av ior  is  

corroborated in m a g m a tica lly  d er iv ed  r o c k s . Q uartz d io r ite , quartz m on -  

z o n ite , and g ra n ite , for ex a m p le , are arranged in both an in c r e a s in g  or­

der o f  d ifferen tia tio n  in d ex  and p o ta ss iu m  c o n te n t . Like sod iu m , 

p o ta ssiu m  p a rtitio n s in  a hydrotherm al so lu tio n  in p referen ce  to  a
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c o e x is t in g  s i l ic a t e  m elt (O rv ille , 1963; Jahns and T u ttle , 1963; Burnham, 

1967; and Gammon and o th e r s , 1 9 6 9 ). As the tem perature drops b e low  

8 8 0 °C , k+ p a rtition s back  in to  the m elt (O rv ille , 1963; E llis  and M ahon, 

1967; and Gammon and o th e r s , 1 9 6 9 ).

C op p er. B eca u se  o f  i t s  low  io n ic  p o ten tia l 2 .7 8 ) ,  co p p er 's  

b eh av ior  a s  a s im p le  ion  in a s i l ic a t e  m elt i s  ex p la in ed  by it s  e le c tr o ­

n e g a tiv ity  ( 2 .0 ) ,  io n ic  charge (2+), and io n ic  p o ten tia l (2 0 0 ). Although  

cop p er h a s a much sm a ller  io n ic  rad ius than c a lc iu m , p o ta ss iu m , or 

sod ium , the la s t  three e lem en ts  are p re feren tia lly  adm itted  in to  a lum ino­

s i l ic a t e  m in era ls w ith  r e sp e c t  to  copper p r in c ip a lly  b e c a u se  o f  th eir  

r e la t iv e ly  low  e le c tr o n e g a t iv it ie s  and r e la t iv e ly  h igh  co n cen tra tio n s  in  

s i l ic a t e  m e lts .  S im ila r ly , iron i s  preferred r e la t iv e  to  cop p er by c r y s ­

ta l l iz in g  ferrom agn esian  m in erals b e c a u se  o f  i t s  low er e le c tr o n e g a tiv ity  

and greater a b u n d an ce . H ow ever, cop p er  may su b stitu te  for iron b e ­

c a u s e  o f  a lm o st id e n t ic a l io n ic  rad ii and to ta l bond e n e r g ie s .

C opper th erefore d o e s  not im portantly en ter  early -form in g  fer­

rom agnesian  m in era ls in lith o p h ile  m e lt s .  By v irtue o f  i t s  c h a lc o p h ile  

n atu re, cop p er i s  p artition ed  in to  a su lfid e  liq u id . In the a b se n c e  o f  an 

early -form in g  su lfid e  liq u id , th e more stron g ly  or more p le n t ifu l c h a lc o ­

p h ile  e lem en ts  co m p lex  su lfu r, a llo w in g  copper to  co n cen tra te  in  th e  

res id u a l liq u id . E v en tu a lly , w hen a hydrotherm al so lu tio n  form s, cop p er  

may be s u ff ic ie n t ly  en r ich ed  to form copper su lfid e  m in era ls in  the p r e s ­

e n c e  o f  s u ff ic ie n t  su lfu r . W hen an om alou sly  h igh  co n cen tra tio n s  o f  

cop p er are reach ed  in  the re s id u a l magm a, ferrom agn esian  m in erals are 

en r ich ed  in cop p er through cop p er su b stitu tio n  for iron . T his p red icted  

b eh av ior  is  confirm ed by the o b serv ed  enrichm ent o f  copper in  b io t ite  or 

hornblende from in tru sio n s g e n e t ic a lly  a s s o c ia te d  w ith  ore d e p o s it s .
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(Parry and N a ck o w sk i, 1963; Putman and Burnham, 1963; W ahab , 1 9 6 8 ). 

W hen a hydrotherm al so lu tio n  form s, copper i s  o b serv ed  to partition  into  

i t  probably a s  ch lor id e  co m p lex  ion  in p referen ce to  the c o e x is t in g  s i l i ­

c a te  m e lt.

Z in c . The c r y s ta l ch em istry  o f  z in c  is  sim ilar  to that o f  copper  

(Table 1 ). C o n seq u e n tly , the fea tu res  co n tro llin g  the b eh av ior  o f  copper  

a ls o  contro l that o f  z i n c . A n om alously  h igh  v a lu e s  o f  z in c  in b io tite  or 

hornblende are in d ic a tiv e  o f  it s  h igh  co n cen tra tio n  in the m elt from w h ich  

th e s e  m in era ls c r y s ta l l iz e d .

The inform ation d e v e lo p e d  in th is  ch ap ter w ill  be u sed  in  the  

d is c u s s io n  o f  r e su lt s  ob ta in ed  in th is  report.
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CHAPTER 4

GENESIS OF APLITES AND PEGMATITES

The purpose o f  th is  ch ap ter  is  to  sum m arize th eo r ie s  o f  a p l i t e -  

pegm atite  form ation d e scr ib e d  in the literature and to c it e  g e o lo g ic  c o n ­

stra in ts  for the a p p lic a tio n  o f  the d ifferen t m o d e ls . T his inform ation  

w ill be u se d  in su b seq u en t ch a p ters  to exam in e g e n e t ic  fea tu res  o f  a p -  

l ite  and p egm atite  b o d ie s  in the a rea s  s tu d ie d .

Work done on a p lite s  and p eg m a tite s  h as re su lted  in many 

th eo r ie s  to  a cco u n t for th eir  orig in  and mode o f  em p la cem en t. A r ecen t  

summary o f  th e s e  th eo r ie s  i s  found in Cam eron and oth ers (1949) and  

Jahns (1955). Among many th eo r ie s  p r e se n te d ,th e  m etam orphic and ig ­

n eou s m od els are the m ost w id e ly  a c c e p te d .

M etam orphic Theory

A m etam orphic orig in  for a p lite  and p egm atite  b o d ie s , e s p e c ia l ­

ly  th o se  found in fo lia te d  r o c k s , h a s  b een  p rop osed  by King (1948), 

Ramberg (1952 , 1 9 5 6 ), R eitan (1965), and M atter (1 9 6 9 ). T h ese  w orkers 

a s s ig n e d  th is  orig in  p r in c ip a lly  on the b a s is  o f  structural and c o m p o s i­

tio n a l c r ite r ia . Among p eg m a tite s  and a p lite s  o f  m etam orphic orig in  are 

th o se  w h ich  d erive  th eir  n e c e s s a r y  com p on en ts from proxim ally  surround­

ing rock s by m etam orphic d iffe re n tia tio n , to  form c o n c re tio n , s e c r e t io n ,  

or rep lacem en t a p lite s  and p e g m a t ite s . T his c o n c e p t h a s b een  d e scr ib ed  

by Ramberg (1 9 5 2 ), Turner and Verhoogen (1960), and Barth (1 9 6 2 ). Ac­

cord ing to th is  th eory , c h e m ic a l com p on en ts m ove by d iffu s io n  a s  io n s ,
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a to m s , or m o le c u le s  m ain ly a lon g  intergranular film s and m o sa ic  f is s u r e s  

(Ramberg, 1952) to reach  s i t e s  w here their free e n e r g ie s  or c h e m ic a l a c ­

t iv i t ie s  are lo w e s t .  This m igration ta k e s  p la c e  in r e sp o n se  to p r e s s u r e , 

tem p erature, and c h e m ic a l p o ten tia l grad ien ts d ev e lo p ed  prim arily a s  a 

r esu lt  o f fis su r in g  in a body o f  rock .

The m etam orphic h y p o th e s is  req u ires that the m ost m ob ile  e l e ­

m ental c o n s t itu e n ts  o f  th e h o s t  r o c k s , that i s ,  N a , K, S i ,  and A l, m i­

grate toward lo w -p r e ssu r e  s i t e s  in r e sp o n se  prim arily to  p ressu re  

d ifferen tia l and c h em ica l gra d ien ts  to form q u a r tzo -fe ld sp a th ic  a p lite  

and pegm atite  b o d ie s . A sim ilar  m odel h as b een  proposed  by Boyle (1961) 

to  e x p la in  the orig in  o f  Y ellow k n ife  g o ld  v e in  d e p o s its  in C a n a d a .

C riteria  for Id e n tif ica tio n  o f  M etam orp h ica lly  
D erived  A p lites  and P egm atites

C riteria  p ertin en t to  a p lite s  and p eg m a tite s  o f  m etam orphic der­

iv a tio n  and th e ir  a p p lic a tio n  to the a p lite s  and p eg m a tite s  under stud y  

p rov id es a b a s is  b etter  to  ju dge th e orig in  o f  the la t te r . It sh ou ld  be  

r e a liz e d  th at none o f  the cr iter ia  enum erated b e lo w  can  be co n s id e re d  

a lo n e  a s  a u n iq u ely  co m p e llin g  cr iter io n , a lth ough  ea ch  may be u se fu l  

w hen a p p lied  a lon g  w ith  o th ers  to s p e c if ic  o c c u r r e n c e s . The fo llo w in g  

i s  a summary o f  cr iter ia  in d ic a tiv e  o f  the m etam orphic orig in  o f  a p lite s  

and p eg m a tite s:

1 . A n o n d ila tio n a l mode o f  em p lacem en t (King, 1 9 4 8 ).

2 . P resen ce  o f  structural e lem en ts  in h erited  from h o s t  rock s or the  

in c lu s io n  o f  h o s t  rock s that have not b een  m oved from th e ir  

o r ig in a l p o s it io n .
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3 . P orph yrob lasis or con cretion ary  growth at the e x p e n se  o f  h o s t  

rock (Barth, 1 9 6 2 ).

4 . The fringing o f  p eg m a tite s  or a p lite s  by m afic m in era ls e v id e n tly  

re jec te d  and e x p e lle d  from the h o st rock (Ramberg, 1952) or 

r es id u a l m in era ls o f  the h o s t rock .

5 . A b sen ce  o f  p e tm a tite - f i l le d  feed er  ch a n n e ls  (Barth, 1 9 6 2 ).

6 . P resen ce  o f  p ty g m a tica lly  fo ld ed  m a s s e s  o f  p eg m a tite s  in fo l i ­

a ted  r o c k s , in terpreted  by Ramberg (1952) a s  products o f  m eta­

morphism and contem p oran eou s p la s t ic  deform ation .

7 . A b sen ce  o f  ig n eo u s  rock s w ith  w h ich  the p eg m a tite s  can  be  

lo g ic a l ly  c o rre la ted .

8 . R estr ic tio n  o f  pegm atite  m a s s e s  to m etam orphic terran es in  

w h ich  there i s  e v id e n c e  o f  d ifferen tia l fu sio n  or r e c r y s ta l l iz a ­

tion  .

9 . S p e c if ic  d ep en d en ce  o f  pegm atite  co m p o sitio n  upon h o s t-r o c k  

co m p o sitio n  (Ramberg, 1 9 5 6 ).

1 0 . S y stem a tic  d istr ib u tion  o f  p eg m a tites  o f co n tra stin g  co m p o si­

tion  w ith  h o s t  rock s o f  co n tra stin g  c o m p o s it io n .

The p resen ta tio n  and d is c u s s io n  o f  an ig n eo u s  m odel a s  pre­

sen ted  b elow  perm its the d eve lop m en t o f  cr iter ia  for id e n tif ic a tio n  o f  

a p lite s  and p eg m a tite s  th us d e r iv ed .

Ign eou s Theory

Both m agm atic and hydrotherm al m od els for d er iva tion  o f  a p lite s

and p eg m a tite s  w il l  be c o n s id e re d  in  th is  s e c t io n .  C riteria  d e v e lo p e d

here w ill  be a p p lied  to th e a p lite s  and p eg m a tites  under c o n s id e r a t io n .
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" M agm atic" here m eans a natural s i l ic a te  m elt w hich  may be saturated  

or undersaturated  w ith  r e sp e c t  to v o la t i le s ,  e s p e c ia l ly  w a ter . "H ydro- 

thermal" refers to  an aq u eou s s i l ic e o u s  flu id  sep aratin g  from a c r y s ta l­

liz in g  co o lin g  m agm a.

M agm atic Theory

A plite and p egm atite-form in g  m agm as w ere v iew ed  by ea rly  

w orkers (M erritt, 1923) a s  v is c o u s  liq u id s  or g e l s .  H ow ever, due to  

co n v in c in g  f ie ld  and laboratory e v id e n c e , th is  theory soon  y ie ld e d  to  

the " flu id  magma th eo ry ."  "Fluid magma" h a s a ls o  b een  referred to a s  

res id u a l m agm a, r e s t  m agm a, r es id u a l s o lu t io n s , hydrous m agm a, or 

p eg m a titic  m agm a. The im portance o f  flu id  magma in the d evelop m en t o f  

a p lite  and pegm atite  b o d ie s  w a s  s tr e s s e d  by Vogt (1 9 2 3 ), A ndersen  

(1931), Emmons (1940), Cam eron and oth ers (1 9 4 9 ), Jahns and Tuttle  

(1963), Fournier (1 9 6 8 ), and Jahns and Burnham (1 9 6 9 ).

F lu id  magma is  a s i l ic a t e  m e lt, saturated  or approaching satur­

a tio n  w ith  v o la t i l e s ,  w hich  sep a ra te s  from s i l ic a t e - r ic h  magma b e c a u se  

o f  c r y s ta ll iz a t io n  o f  anhydrous m in erals and d e c re a s in g  m is c ib ility  over  

a fa llin g  tem perature and p ressu re  g ra d ien t. Emmons (1940) in v o k es  

d ifferen tia l p ressu re  and Fournier (1968) adds p erm eab ility  o f  h o s t  rock  

to  d iffe re n tia l p ressu re  a s  major fa c to rs  in the form ation o f  a p lite s  and  

p eg m a tite s  from flu id  m agm a. W hen a fracture d e v e lo p s  in a c r y s t a l l i z ­

ing ig n eo u s  b od y , flu id  magma under the in flu en ce  o f  a p ressu re  d iffer ­

e n t ia l m igrates into i t .  Such a m e lt, i f  undisturbed w ith  regard to  it s  

high  v o la t i le  c o n te n t , c r y s ta l l iz e s  a s  a pegm atite  b o d y . W ith d e v e lo p ­

m ent o f  more fractures due to  co o lin g  or other c a u s e s ,  a p ressu re  d if­

fe ren tia l i s  r e -c r e a te d  and the v o la t i le s  in a p o ten tia l p egm atite  d ike
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e s c a p e ,  thus im p overish in g the res id u a l m elt in v o la t i l e s .  C r y s ta ll iz a ­

tion  o f th is  r e la t iv e ly  "dry" m elt w a s sa id  to  form an a p lite  d ike (Em­

m ons, 1 9 4 0 ). Through e x te n s iv e  f ie ld  and laboratory w ork, Jahns and  

Tuttle (1963) confirm ed that su b sta n tia l and rapid lo s s  o f  d is s o lv e d  

v o la t i le s  from a flu id  magma r a is e s  i t s  liq u id u s tem perature and le a d s  

rapidly to the form ation o f  a p lite  b o d ie s .  A p lites  thus formed are th ere­

fore a "pressure quench" ro ck . As for the orig in  o f  m ixed a p li t e -  

pegm atite  d ik e s ,  Emmons (1940) p ro p o ses  that a fracture f i l le d  w ith  

flu id  magma may p a r tia lly  c r y s ta ll iz e  to  a pegm atoid  m a s s , w h ile  the  

rem ainder may lo s e  it s  v o la t i le s  and form an a p lite  d ik e . I f , h ow ever, 

an a p p rec iab le  fraction  o f  w ater i s  reta in ed  w ith in  the c r y s ta ll iz in g  b od y , 

not a ll  o f  the m elt is  n e c e s s a r ily  qu en ch ed  and th is  r es t liq u id  w ith  it s  

high w ater co n ten t can  y ie ld  m a s se s  o f  pegm atite  w ith in  a body o f  o th er­

w is e  a p lit ic  rock (Jahns and Burnham, 1 9 6 9 ).

Literature on a p lite s  and p eg m a tites  in d ic a te s  th at th ey  form at 

depths ranging from 1 ,5 0 0  fe e t  to 7 km . R ose and B a lto sser  (1966) re­

ported that the Santa Rita s to c k . N ew  M e x ic o , w hich  co n ta in ed  a p lite s  

and p eg m a tite s  intruded w ith in  1 ,5 0 0  fe e t  o f  the su r fa c e . Putman and 

Alfors (1965) in d ica ted  that a p lite  d ik es  at the Rocky H ill s to c k , C a lifo r ­

n ia , formed a t d ep th s o f  5 .5  to  7 km. Temperature o f  form ation o f  a p lite s  

and p eg m a tites  is  a ls o  v a r ia b le . Jahns (1955) sum m arized that th ey  form 

in the range o f 700°C  to 4 0 0 ° C , w h erea s Jahns and Burnham (1969) 

c ite d  tem peratures o f  form ation a s  h igh  a s  8 0 0 °C .
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C riteria  for Id en tif ica tio n  o f  M aq m atica lly  D erived  A p lites  and  

P e g m a tite s . The c h a r a c te r is t ic s  o f  e s s e n t ia l ly  m agm atica lly  d er ived  

a p lite s  and p eg m a tites  w ill  be d ev e lo p ed  by stu d y in g  appropriate cr iter ia  

w hich  h ave b een  p roposed  a s  d ia g n o st ic  o f m agm atic orig in  o f  th e s e  

ro ck s , a s  fo llo w s:

1 . O ccurrence w ith in  or around e x p o se d  p lu ton s w ith  w h ich  th ey  

are thought to be g e n e t ic a lly  r e la te d .

2 . C o m p o sitio n a l s im ila r ity  o f  h o s t  rock s and th eir  e n c lo s e d  ap ­

l i t e s  and p eg m a tite s  (M iller , 1919; Jah n s, 1 9 5 5 ).

3 . C on tin u ity  o f  a p lite  and pegm atite  d ik es  from in tru siv e  h o s t  

rock s in to  surrounding o ld er  r o c k s .

4 .  Zoning in com p lex  p eg m a tite s  (Cameron and o th e r s , 1949;

Jah n s, 1 9 5 5 ). Z ones presum ably d ev e lo p  from the w a ll inward  

by fra ctio n a l c r y s ta lliz a t io n  and in co m p lete  rea c tio n  in a re ­

s tr ic ted  s y s te m .

5 .  S p atia l r e la t io n sh ip  and s im ila r it ie s  in co m p o sitio n  b etw een  

a p lite s  and p eg m a tite s  and a s s o c ia te d  p lu to n ic  b o d ie s  (Camer­

on and o th e r s , 1949; M ontgom ery, 1 9 5 0 ).

6 . Lack o f in flu en ce  o f  co m p o sitio n  o f  the h o s t rock s upon the  

co m p o sitio n  o f  the e n c lo se d  a p lite  and p egm atite  b o d ie s  

(Derry, 1931; Jahns and W right, 1951; th is  rep o rt).

7 . R elative  enrich m ent o f  a d ja cen t w a ll rock s in c o n s t itu e n ts  com ­

mon to the e n c lo s e d  p eg m a tite s  com pared to  the average  country  

rock at som e d is ta n c e  from the body (C hadw ick , 1 9 5 8 ).



31

8 . E m placem ent o f  a p lite  and pegm atite b o d ie s  by forcefu l or per­

m is s iv e  in je c t io n .

9 . Lack o f  e v id e n c e  o f  rock rep lacem en t m e c h a n ism s .

1 0 . M atching o f  o p p o sin g  w a lls  o f  irregular d ik e s .

1 1 . M in e ra lo g ica l, c h e m ic a l, and textu ra l h o m ogen eity  a c r o ss  

w idth  o f  a p lite  d ik es  and among d ik es  in a s in g le  in tru sion  

(Derry, 1931; th is  rep ort).

1 2 . P resen ce  o f  graphic and granophyric tex tu res  (Barker, 1970; 

th is  rep o rt).

Hydrotherm al Theory

A k n ow led ge  o f  the hydrotherm al theory and fea tu res  ch aracter­

i s t ic  o f  a p lite s  and p eg m a tite s  d erived  hydrotherm ally m ust be ca re fu lly  

ap p lied  to th e a p lite s  and p eg m a tites  under c o n s id e r a t io n . T his theory  

grew  out o f  a ttem p ts to  e x p la in  the p re se n c e  o f  rep lacem en t m in erals and  

tex tu res  in som e a p lite s  and p e g m a tite s . It in v o lv e s  the form ation o f  

a p lite s  and p eg m a tite s  by p rec ip ita tio n  o f  new  m in erals introduced  by  

hydrotherm al flu id s  o f  m agm atic o r ig in , u su a lly  through the rep lacem en t  

o f  p r e ex is tin g  r o c k s . R ep lacem en t is  gu id ed  by fra c tu res , m in erals or 

tex tu ra l z o n e s ,  c o n ta c ts  b e tw een  p eg m a tite s  and h o s t  r o c k s , or by any  

oth er  s tru c tu ra l, te x tu r a l, or l ith o lo g ic  e lem en ts  w ith in  a p lite  and p e g ­

m atite  m a s se s  (Cameron and o th e r s , 19 4 9 ).

C riteria  for Id en tif ica tio n  o f  H ydrotherm ally D erived  A p lites  and  

P e g m a tite s . R eplacem ent h a s b een  u se d  a s  a cr iter io n  for both m etam or- 

p h ic  and hydrotherm al a p lite s  and p e g m a tite s . S im ila r ly , another criter ion
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common to  m agm atic and hydrotherm al a p lite s  and p eg m a tite s  is  th eir  

common g e n e t ic  re la tio n sh ip  to a s s o c ia te d  p lu to n s . Cam eron and o th ers  

(1949) r e s tr ic t  hydrotherm al rep lacem en t p eg m a tites  to th o se  (1) w h o se  

m in erals h ave b een  form ed, a t l e a s t  in large part, a t the e x p e n se  o f  pre­

e x is t in g  p eg m a tite s  and (2) w h o se  c o n s titu e n ts  h ave b een  co m p le te ly  

r e c r y s ta lliz e d  before rep la cem en t. B astin  and o th ers (1931) and Park 

and M acD iarm id (1970) c it e  cr iter ia  more a p p lica b le  to ore m in era ls , 

although m ost are a p p lic a b le  to a p lite s  and p eg m a tite s  a s  w e l l .  Such  

criter ia  in c lu d e:

1 . N o n d ila tio n a l mode o f  em p lacem en t in  w h ich  rep lacem en t a long  

a f is su r e  c a u s e s  no o f f s e t  o f  an in ter sec tin g  planar body (Park 

and M acD iarm id , 1 9 7 0 ).

2 . Pseudom orphic p reserva tion  o f  the forms o f  p r e ex is tin g  m in era ls  

(Cameron and o th e r s , 1 9 4 9 ).

3 .  P resen ce  o f  structural e lem en ts  in h erited  from the h o s t  rock s  

or the in c lu s io n  o f r e l ic t s  o f  h o s t  rock s that h ave not b een  

m oved from th eir  o r ig in a l p o s it io n s  (B astin , 1 9 3 5 ).

4 . U nm atching or ra d ica l d ifferen ce  o f  o p p o sin g  w a lls  o f  b o d ie s ,  

w here rep lacem en t h a s w orked outward from a cen tra l f is su r e  

(B astin  and o th e r s , 1 9 3 1 ).

5 . S e le c t iv e  rep lacem en t o f  b o d ie s  in som e a p lite s  and p eg m a tite s  

due to the d istr ib u tio n  o f  early  m in erals or m ineral a g g r eg a tes  

s u s c e p t ib le  to rep la cem en t (Cameron and o th e r s , 1 9 4 9 ).

6 . P resen ce  o f  " com p lex  pegm atites"  w hich  carry t in , lith iu m , 

tantalum , b ery lliu m , and other rare e lem en ts  formed through  

rep la cem en t o f  "common p egm atites"  com p osed  o f  p o ta sh
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fe ld sp a r , q u artz , m ica , and som etim es b lack  tourm aline  

(S ch aller (1925), H e s s  (1 9 2 5 ), and D erry, 19 3 1 ).

7 . Form ation o f  a lb ite  to the e x c lu s io n  o f  K -fe ld sp a r  in " com plex  

pegm atites"  (Derry, 1 9 3 1 ).

8 . Form ation o f " p ock et m inerals" and num erous m ineral a g g re ­

g a te s  through e x c h a n g e s  o f  m aterial among aq u eou s flu id  and 

e a r lier  formed c r y s ta llin e  p h a se s  in  p eg m a tite s  (Jahns and  

Burnham, 1 9 6 9 ).

9 . O ccurrence o f  a p lite s  and p eg m a tite s  w ith in  or around e x p o se d  

p lu ton s w ith  w h ich  th ey  are g e n e t ic a lly  r e la te d , provided th at  

th ey  show  other hydrotherm al c r ite r ia .

10 . R ela tive  enrich m ent o f a d ja cen t w a ll rock s in  c o n s titu e n t m in­

e r a ls ,  e v id e n tly  d erived  from the a p lite  or pegm atite  f lu id s ,  

com pared to the average country rock at som e d is ta n c e  from th e  

b o d ie s , though o n ly  w here o th er hydrotherm al cr iter ia  are a v a i l ­

ab le  .

It sh ou ld  aga in  be em p h a sized  that none o f  the cr iter ia  enum ­

erated  above can  be co n s id e re d  a lo n e  a s  a cr iter io n  for g en era l u s e ,  

alth ough  e a c h  m ay be o f  v a lu e  w hen a p p lied  a lon g  w ith  oth ers to s p e c if ic  

o c c u r r e n c e s . Zoned p eg m a tite s  w il l  not be further c o n s id ered  in th is

rep o rt.



CHAPTER 5

GEOLOGY

G e o lo g ic  d e scr ip tio n s  o f in tru sio n s from the literatu re  and by 

the author are p resen ted  in  th is  ch a p ter . T h ese d e scr ip tio n s  em p h a size  

age r e la t io n s h ip s , r eg io n a l and d is tr ic t  structural s e t t in g s ,  and in ternal 

stru ctu res o f  p lu to n s and th o se  in the surrounding h o s t  rock w h ich  perm it 

d eterm in ation s o f  mode o f  em p la cem en t. M in era lo g ica l var ia tion  and 

hydrotherm al a ltera tio n  and m in era liza tio n  w here p r esen t are a ls o  in ­

c lu d e d . H ydrotherm al a ltera tio n  in  the in tru sio n s and a s s o c ia te d  a p lite s  

and p eg m a tite s  i s  s tu d ied  to determ ine i t s  in te n s ity  and p e r v a s iv e n e s s  

and it s  bearing on m in eralogy and ch em ica l co m p o sitio n  o f  a p lite s  and  

p e g m a tite s . T his stu d y  a ls o  in c lu d e s  short d e scr ip t io n s  o f  m in era liza ­

tio n  in  e a ch  in tru sion ; lo c a tio n  o f  known ore d e p o s it s ,  a p l i t e s ,  and 

p eg m a tite s  are g iv e n .

D e ta ile d  d e scr ip t io n s  o f  a p lite s  and p eg m a tite s  in c lu d e  th eir  

mode o f  o ccu rren ce  and th e ir  lo c a tio n  r e la t iv e  to the in tru sio n s  and r e la ­

t iv e  to a ltera tio n  and m in era liza tio n . A bundances and average  w id th s o f  

d ik e s  are reported a lon g  o n e -m ile  tr a v e rses  through s e le c te d  area known  

by r e c o n n a issa n c e  m apping and literatu re  rev iew  to  carry the maximum  

co n cen tra tio n  o f  d ik e s .  Trends o f  tra v erses  rep resen ted  by the l in e s  

A-B on r e sp e c t iv e  fig u res  are d irected  a t a n g le s  o f  6 0 -9 0  d e g r e e s  to  

the g en era l s tr ik e s  o f  d ik es  so  a s  to  in te r se c t  the maximum number o f  

d ik e s .  S in ce  a l l  d ik es  do not m ain tain  the sam e s tr ik e , th e s e  tr a v e r se s

■34
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in som e in s ta n c e s  in te r se c t  d ik es  at a n g le s  sm aller  than 60 d e g r e e s .

This varia tion  in the an g le  o f  in te r se c tio n  o f d ik es  under co n s id era tio n  

w a s not found m ater ia lly  to  a ffe c t  the number o f  d ik es  per lin e  m ile . A 

dike m ust be cou n ted  more than o n ce  w ere it  o f f s e t  by a fau lt or w ere it  

to be n on lin ear in s h a p e . The w riter w a s v ig ila n t  w ith  regard to th is  

s itu a t io n , and no d ik e w a s  cou n ted  more than o n c e .  True w idth o f a dike  

w a s a lw a y s  recorded  w hether a d ike w a s in te r se c te d  a t right an g le  or 

any other sm a ller  a n g le . D ik e s  in ter sec te d  by a traverse  w ere cou n ted  

and th eir  av era g e  true w idth com p u ted . T raverses through the Amole and  

P atagonia  in tru sio n s w ere partly co v ered  by a llu vium  and rock d e b r is , . 

r e s p e c t iv e ly .  In the c a s e  o f  the Amole in tru sio n , the d is ta n c e  under 

allu vium  co v er  may in c lu d e , accord in g  to d istr ib u tion  o f  other d ik es  

a lon g  the tr a v e rse , not more than tw o a d d itio n a l d ik e s , and th e sam e  

s itu a tio n  h o ld s  true for th e P atagonia  in tru sio n . In sp ite  o f  th e se  short­

com in gs the d ifferen ce  in the number o f  d ik es  per lin e  m ile and the d if ­

feren ce  in  average  w idth o f  d ik es  in p rodu ctive and barren in tru sio n s i s  

r e a l .  As i s  show n la te r , p rodu ctive in tru sio n s h av e  8 to  10 d ik es  per  

lin e  m ile w ith  w id th s ranging b e tw een  3 and 7 in c h e s ,  w h ereas barren 

in tru sio n s h ave 10 to 45 d ik es  w ith  w id th s ranging b e tw een  10 and 72 

in c h e s .

M in era lo g y , m e g a sco p ic  and m icro sco p ic  te x tu r e , h o m ogen eity  

a c r o ss  w id th s o f  d ik e s ,  and d istr ib u tio n  o f a p lite s  and p eg m a tite s  w ere  

record ed . D eu teric  and hydrotherm al a ltera tio n s  w ere c lo s e ly  lo o k ed  for 

and c a re fu lly  s tu d ied  so  a s  to e s ta b lis h  the re la tio n  o f  e a c h  to the p r e s ­

e n c e  o f  s u lf id e s  and seco n d a ry  K -fe ld sp a r .



36

Sam ple c o lle c t io n  w as not sy ste m a tic  and the d is ta n c e  b e tw een  

them and m in es , d e p o s it s ,  or p ro sp ects  w as not kept c o n s ta n t . A lthough  

lo c a l  sam pling w as random , m ost o f  the sa m p le s , e x c e p t  for th o se  from 

T exas C anyon and som e o f  th o se  from the Boulder b a th o lith , Butte d i s ­

tr ic t , w ere lo c a te d  w ith in  m in es or w ith in  a rad ius o f  one m ile o f  known  

m in era liza tio n . Sam ples from T exas C anyon range b etw een  2 .5  to 5 

m ile s  from known m in era liza tio n , and sa m p les  from Butte d is tr ic t  w ere  

c o l le c te d  from w ith in  1 .5  to  9 m ile s  o f  the c en ter  o f  the d is tr ic t .

T his stu d y  is  done to find d is tr ib u tio n a l, stru ctu ra l, tex tu ra l, 

or m in era lo g ica l v a r ia tio n s  in  p rodu ctive and barren in tr u s io n s . It is  

therefore the in ten tio n  in th is  ch ap ter  to treat productive in tru sio n s a s  

one group and the barren o n e s  a s  another and then  stu d y  ea ch  group in  

a lp h a b e tic a l ord er .

Productive In trusions

Boulder B atholith

The Boulder b ath o lith  i s  a large p luton in sou th w estern  M on­

tana w ith  an e x p o se d  area o f  1 ,1 0 0  square m ile s  (F ig . 3 ) .  It e x te n d s  

from approxim ately  20 m ile s  so u th w e st to about 50 m ile s  n o rth ea st o f  

B u tte , M ontan a , in a n orth ea ster ly  d ir e c t io n . It in tru des rock s ranging  

in age  from A rchean to  C reta ceo u s  (F ig . 4 ) .  Knopf (1964) determ ined  its  

a b so lu te  age a s  7 0 -7 8  m .y .

A ccording to Knopf (1957), K lepper (1 9 6 2 ), and M eyer and  

oth ers (1968), the Boulder b a th o lith  w a s em p laced  a s  s u c c e s s iv e  su rg es  

o f magma o f d ifferin g  c o m p o s it io n . The b ath o lith  o ccu p ied  a zon e  o f  

w e a k n e ss  b e tw een  two major te c to n ic  b lo c k s  (F ig. 3 ) .  The northern
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Figure 3. Tectonic e lements  of western Montana showing the 
location of the Boulder batholi th  rela t ive  to major tec tonic  e l e m e n t s . — 
From Meyer and others  (1968)
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b lock  i s  sep ara ted  from the southern one by the L ew is and Clark l in e a ­

m ent. The southern Precam brian b u ttress  b lock  is  lo c a te d  about 20 m ile s  

south and e a s t  o f  B u tte . The w e d g e -sh a p e d  cen tra l zon e b e tw een  th e se  

two b lo ck s  h as b een  a zon e o f  recurrent su b s id e n c e  s in c e  the Precam ­

brian era and is  in tern a lly  ch a ra cter ized  by e x te n s iv e  deform ation (M eyer  

and o th e r s , 1 9 6 8 ). K lepper (1962) su g g e s te d  that p re -b a th o lith ic  fa u lts  

and fractures trending n orth -n orth east and n orth -n orth w est formed or 

w ere rea c tiv a ted  during the Laramide orogen y and lo c a liz e d  the Boulder 

b a th o lith .

M eyer and o th ers (1968) reported that the Boulder b ath o lith  is  

a co m p o site  in trusion  (F ig . 4) formed by early  em p lacem en t o f  m afic  

b o d ies  fo llo w ed  by in tru sion  o f m a ss iv e  g ra n o d io r ite . The Butte quartz 

m onzonite th en  formed the major m a ss  o f the b a th o lith  and w a s , in turn, 

fo llo w ed  by in tru sion  o f  younger quartz m on zon ite  in d ik e lik e  p lu ton s  

south  o f  B u tte. M agm atic a p lite s  and a la s k it e s  are re la ted  to the period  

o f em placem ent o f  the Butte quartz m on zon ite  u n it . Q uartz porphyry 

d ik es  and p lu g s lo c a l ly  co n ta in in g  d is sem in a te d  ch a lco p y r ite  cu t the  

quartz m onzon ite and its  a p lite  and p eg m a tite , e s p e c ia l ly  in the ea stern  

portion o f  the d is tr ic t .  O f th e s e  sev e r a l rock u n its ,  the Butte quartz  

m onzonite is  m in era liza tio n a lly  m ost im portant a s  it  h o s ts  the fam ed  

Butte c o p p e r -z in c -m a n g a n e se -s ilv e r  d e p o s it s .  It i s  medium to  c o a rse  

grained  and gran itic  in te x tu re , a lthough lo c a l  z o n e s  sh ow in g  p o ik il it ic  

K -feld sp a r  o c cu r . M in e r a lo g ic a lly , the rock i s  co m p o sed  o f  21 p ercen t  

q u artz, 21 p ercen t m icrop erth ite , 3 6 -4 0  p ercen t p la g io c la s e  w ith  horn­

b len d e and b io tite  co m p o sin g  1 5 -2 0  p ercen t (M eyer and o th e r s , 1 9 6 8 ).



A lteration  in the Butte m ining d is tr ic t  is  d e scr ib e d  in many 

a r t ic le s , e s p e c ia l ly  th o se  by S a le s  and M eyer (1948) and M eyer and 

H em ley (1 9 6 7 ). A " p otassiu m  s i l ic a t e  a s s e m b la g e ," a term adopted by 

M eyer and o th ers (1968) a fter  C r ea sey  (1959), is  ch a ra cter ized  by green  

and brown b io tite  rep la cin g  m afic m in erals and p la g io c la s e . P la g io c la s e  

and primary o r th o c la se  are rep la ced  by b io tite  and s e r ic i t e , and a lb it ic  

K -feld sp a r  r e p la c e s  and rims p la g io c la s e .  Anhydrite in  v e in l e t s , in a l ­

tered  p la g io c la s e  s i t e s ,  and w ith  r e c r y s ta ll iz e d  b io t ite  i s  an im portant 

minor m ineral in th is  a s se m b la g e , w h ich  e n v e lo p s  som e ea r ly  quartz 

ve in le t s  and is  referred to a s  p re-m ain  s ta g e  a lte r a t io n . M ain sta g e  

a ltera tion  (S a les  and M eyer , 1948) can  be d escr ib ed  a s  a cen tra l su lfid e  

v e in  s u c c e s s iv e ly  en v e lo p ed  by p h y ll ic ,  a r g i l l ic ,  and p ro p y litic  a ltera ­

tio n  a s s e m b la g e s . A dvanced a r g illic  a ltera tio n  rarely o ccu rs  near s u l­

fid e  v e in s  in in term ediate  le v e l s  on the e a s t  s id e  o f  the d is tr ic t ,  the  

cen tra l zon e  o f  S a le s  and M eyer (1 9 4 8 ), and is  d is t in g u ish e d  by m in­

e r a ls ,  su ch  a s  d ic k ite , a lu n ite , p y r o p h y llite , z u n y ite , and to p a z . T his  

a sse m b la g e  i s  e n c lo se d  outward by ub iq u itou s q u a r tz -se r ic ite -p y r ite  

a lte r a tio n . In the a b se n c e  o f  ad van ced  a r g illic  a lte r a tio n , p h y llic  a lte r ­

a tio n  o ccu rs  a d ja cen t to su lfid e  v e in s .  N ex t outw ard, the a r g illic  

a ltera tio n  en v e lo p e  c o n s is t s  o f  a k a o lin it ic  su b zo n e  toward the v e in  and  

a m ontm orillon ite su b zon e tow ard fresh  rock .

A p lites  and P e g m a tite s . Sam ples from a p lite  and p egm atite  

d ik es  w ere c o l le c te d  from w ith in  and o u ts id e  the Butte m ining d is tr ic t ,  

about 1 .5  to 9 m ile s  from the c en ter  o f  the d is tr ic t .  E v id e n c e , su ch  a s  

c ro ssc u tt in g  o f  th e se  d ik es  by hydrotherm al a ltera tio n  and m in era liza tio n , 

a s  reported by M eyer and o th ers (1 9 6 8 ), in d ic a te s  th at the sa m p led  d ik es
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are younger than the Butte quartz m onzonite and o ld er  than both hyd ro- 

therm al a ltera tio n  and m in era liza tio n .

I so la ted  d ik es  and irregular m a sse s  o f  a p lite  and p egm atite  

occu r sp a r se ly  throughout the quartz m onzonite (M eyer and o th e r s , 1 9 6 8 ), 

although a con cen tra tio n  o f d ik es  and s h e e t s , predom inantly o f a p l i t e , 

i s  found w e s t  o f  the d is tr ic t  and a ls o  h igh  on E ast Ridge on the e a s t  s id e  

o f the d is tr ic t . S h ee tlik e  hab it is  com m on, and in d iv id u a l u n its  may 

reach  40 fe e t  in th ic k n e s s .  M ost o f  the a p lite s  and p eg m a tite s  are tab u­

lar b o d ie s , f i l l in g  fractures in the quartz m o n zo n ite , but som e are pod­

shaped  or irregular m a s s e s .  In a few  p la c e s ,  a p lite  d ik es  show  internal 

zon in g  to pegm atite  and q u a rtz-su lfid e  c o r e s .  L o ca lly , there i s  minor 

black  tou rm aline, p y r ite , c h a lc o p y r ite , m o ly b d en ite , and very  rarely  

p yrrh otite . M eyer and o th ers (1 9 6 8 , p . 1380) s ta te  th at "the s u lf id e s  

are u su a lly  p resen t w ith  quartz in core z o n e s  in the p e g m a tite , and lo c a l­

ly  the c o re s  em erge from the granophyric or a p lit ic  sh ea th s  to invade the  

ad jo in in g  quartz m on zon ite  a s  irregular quartz m olyb d en ite  pods or v e in -  

l e t s ."  This r e la tio n sh ip  bears s p e c ia l  s ig n if ic a n c e  in the d is c u s s io n  o f  

g e n e s is  o f  p eg m a tites  and a p l i t e s .  A p lites  and p eg m a tite s  from the 

Boulder b ath o lith  are b u ff to  w h ite  and d isp la y  f in e -g ra in ed  a p lit ic  t e x ­

tu re , although lo c a l c o a r se -g r a in e d  p a tch es  are o b se rv e d .

M ic r o s c o p ic a lly , the a p lite  s are sugary x e  no morph ic  granular, 

although the a p lite  in sam ple 24 (Table 3) sh ow ed  a granophyric te x tu re . 

P eg m a tite , a s  s e e n  in sam ple 2 1 , sh o w s w e ll-d e v e lo p e d  graphic te x tu r e . 

A verage grain, s iz e  is  0 .8  mm, but som e g ra in s a s  sm a ll a s  0 .2  mm 

w ere o b se r v e d . C lo s e ly  sp a c ed  fracturing in quartz gra in s and deform a­

tio n  o f  p la g io c la s e  c r y s ta ls  w ere o b se r v e d .
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Table 3 . M odal m in era log ic  co m p o sitio n  and grain s iz e  o f a p lite s  from 
Boulder b a th o lith , M ontana

P ercent by Volume Average
G rain

Sam ple 
N o . 1 Q uartz K -fe ld sp a r  P la g io c la s e A c ce sso r y  M in era ls

S ize
(mm)

22 35 47 18 b io t ite ,  m a g n etite , 
sp h en e: < 1

0 .7

23 35 43 22 b io t ite ,  m a g n etite , 
sp h en e: < 1

0 .8

24 . 33 45 21 b io t ite ,  m a g n etite , 
sp h en e: < 1

0 .5

25 33 46 21 b io t it e ,  m a g n etite , 
sp h en e: < 1

0 .9

1 . Sam ple lo c a t io n s  are show n on Figure 4 .

M ineral co m p o sitio n  is  3 3 -3 5  p ercen t q u artz, 4 3 -4 7  p ercen t  

K -fe ld sp a r , and 1 8 -2 2  p ercen t p la g io c la s e  (An 15) .  B io tite , sp h en e , and  

m agn etite  are a c c e s s o r y  m in er a ls . Quartz o ccu rs  a s  c le a r  anhedral c r y s ­

ta ls  in c o n ta c t w ith K -fe ld sp a r  and p la g io c la s e .  Anhedral to subhedral 

c r y s ta ls  o f p erth itic  o r th o c la se  and m icroclin e  are p r e se n t, but th e for­

mer is  more abundant. Sam ple 24 sh o w s more m icroclin e  than p erth itic  

o r th o c la s e , and it  is  the sam e sam ple that h a s  b een  n oted  before to  d i s ­

p la y  granophyric te x tu r e . O lig o c la s e  (An 15) forms subhedral to anhedral 

c r y s ta ls  w hich  lo c a l ly  show  s e r ic it ic  a lte r a tio n . Tw inning is  e ith e r  a b ­

s e n t  or poorly  d e v e lo p e d . E xcep t for lo c a l  s e r ic it iz a t io n  o f  p la g io c la s e ,  

sa m p les  c o l le c te d  from the Butte d is tr ic t  do not d isp la y  hydrotherm al

a lte r a t io n .
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M in e r a liz a t io n . The Butte quartz m onzon ite unit o f  the Boulder 

b ath olith  i s  the h o s t  rock o f  the fab u lou s Butte c o p p e r -z in c -m a n g a n e se -  

s ilv e r  m ining d is tr ic t . It is  o u ts id e  the sco p e  o f  th is  stud y to d e scr ib e  

the Butte ore d e p o s it , d e scr ip tio n s  o f  w h ich  may be found in many pub­

l ic a t io n s ,  the m ost rec e n t o f  w h ich  is  that by M eyer and o th ers (1 9 6 8 ). 

Broadly sp e a k in g , m in era liza tion  in large v e in s  a t Butte fa l ls  into a 

cru d ely  co n cen tr ic  array w ith  cop p er  in the c e n te r , surrounded by an 

in term ediate zon e o f  copper and z in c ,  and fo llo w ed  outward by z in c ,  

m a n g a n ese , le a d , and s i lv e r .  M ajor c o n s titu e n t m in era ls are p y r ite , 

c h a lc o p y r ite , b orn ite , c h a lc o c i t e ,  e n a r g ite , c o v e  H ite , d ig e n ite , sp h a l­

e r it e ,  and rh o d o ch ro site . O nly s lig h t ly  o f f s e t  from th e se  z o n e s  a t the  

geograp h ic  cen ter  o f  the d is tr ic t  and at about th e 2800 le v e l  and d eep er  

is  a zon e in w h ich  q u artz-m olyb d en ite  v e in le t s  are p r e se n t . Quartz and 

m olyb denite o ccu rren ces  e a s t  o f  the C o n tin en ta l fau lt m ay be the u p -  

thrown e x te n s io n  o f  the m olyb d en ite  zo n e  w e s t  o f  th at fa u lt and a t d e p th . 

M eyer and oth ers (1968 , p . 1387) b e lie v e  th at "the m olyb d en ite  zon e  

w ith  its  co n ten t o f  pre-m ain  sta g e  d is sem in a te d  and v e in le t  ch a lco p y r ite  

app ears to  be expand ing  rapidly  in e x te n t b e low  the 3800 l e v e l .  It may 

e v e n tu a lly  becom e an im portant sou rce  o f  cop p er  and m olybdenum  for the  

d is tr ic t ."

Although the Butte m ining d is tr ic t  i s  not at f ir s t  in sp e c tio n  lik e  

a ty p ic a l porphyry cop p er d e p o s it  (Low ell and G u ilb ert, 1 9 7 0 ), i t  h a s  

many porphyry copper fe a tu r e s . The pre-m ain  s ta g e  m in era liza tio n  o f  

m o ly b d en ite , c h a lc o p y r ite , and pyrite in  an a ltera tio n  a sse m b la g e  o f  

o r th o c la s e , b io t ite , q u artz , and minor s e r ic ite  and anhydrite (M eyer and  

o th er s , 1968) is  sim ilar  c h e m ic a lly  and tex tu ra lly  to the inn erm ost zon e
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o f L ow ell and G uilbert (1970), who a ls o  in d ica te  that th is  inn erm ost zon e  

forms first and is  u su a lly  cen tra lly  lo c a te d  w ith  r e sp e c t  to other z o n e s  

and the d e e p e s t  among them , w here s u lf id e s  are more d is sem in a te d  than  

v e in  c o n tr o lle d . S im ilar ly , the pre-m ain  sta g e  m in era liza tio n  o f  Butte 

formed e a r l ie s t ,  i t s  su lfid e  m in era liza tio n  is  more d is sem in a te d  and  

v e in  le t  co n tro lled  than v e in  co n tr o lle d , and g a in s  s ig n if ic a n c e  w ith  

d ep th .

M in era liza tio n  o f  the m ain s ta g e  a t Butte is  q u a lita t iv e ly  sim ilar  

to  that o f  a porphyry copper d e p o s it ,  w ith ch a lco p y r ite  a s  perhaps the  

m ost abundant primary copper m in era l. A lteration  in a porphyry copper  

environm ent is  e x p r e s se d  by zo n a l seq u e n c e  in  w h ich  a cen tra l and deep  

zon e  o f  p o ta s s ic  a ltera tio n  is  en v e lo p ed  and fo llo w ed  outward and prob­

ab ly  upward by p h y ll ic ,  a r g il l ic ,  and p ro p y litic  a ltera tio n  a s s e m b la g e s .  

T his zon ation  h o ld s  for Butte w ith  r e sp e c t  to in d iv id u a l su lfid e  v e in s ,  

w here g en era lly  a p h y llic  a ltera tio n  a sse m b la g e  is  sym m etr ica lly  fo l­

lo w ed  outward by a r g illic  and p ro p y litic  a s s e m b la g e s .

H ypogene m e ta llic  zon in g  in Butte i s  s im ila r  to  th at o f  porphyry 

copper d e p o s it s ,  su ch  a s  a t Bingham C anyon and Santa R ita, w here a 

m olyb den iferous cop p er zon e  i s  fo llo w ed  outward by a cop p er zon e and  

a cop p er, z in c , and lea d  z o n e .

The texture o f  quartz porphyry and d is sem in a te d  ch a lco p y r ite  in  

it  i s  s im ilar  to th o se  in porphyry cop p ers  and c o n seq u e n tly  ind uced  

M eyer and o th ers (1968 , p . 1381) to remark that "the sugary tex tu re  o f  

the groundm ass is  r em in iscen t o f  som e o f the 'porphyry c o p p e r s .'  Inter­

e s t in g ly ,  a few  d is sem in a te d  gra in s o f  ch a lco p y r ite  w ere o b serv ed  in 

the groundm ass o f  the fr e sh e s t  quartz porphyry a v a ila b le  underground."
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Like m ost porphyry copper d e p o s it s ,  Butte is  h o sted  and g en ­

e t ic a l ly  re la ted  to an interm ediate p lu ton ic  in tru sion  o f  Laramide a g e .  

L ow ell and G uilbert (1970) c la s s i f i e d  it  a s  a porphyry co p p er , a c l a s s i f i ­

ca tio n  confirm ed by the above c o n s id e r a t io n s .

Patagonia Intrusion

The P atagonia s to ck  i s  lo c a te d  in the P atagon ia  M ountains  

about 15 m ile s  n o rth ea st o f N o g a le s ,  A rizona. It h as a n orth w esterly  

trend and co v ers  an area o f about 30 square m ile s .  It intruded Precam - 

brian , P a le o z o ic , and M e so z o ic  ig n eo u s  and sed im en tary  rock s (F ig . 5 ) . 

Damon and o th ers (1964) dated  it a s  6 3 . 9  m . y . by the K-Ar m ethod .

The granodiorite s to ck  is  stron g ly  jo in ted  and is  cu t by se v e r a l  

p e r s is te n t  v e in  stru ctu res w h ich  probably fo llo w ed  p r e ex is tin g  reg io n a l 

fa u lt p la n e s . B reccia tion  i s  sp e c ta cu la r ly  d ev e lo p ed  in the Four M eta ls  

b recc ia  p ip e . A lthough the s to ck  is  s l ig h t ly  v a r iab le  in c o m p o sitio n , 

granodiorite i s  the predom inant p h a se  (F ig . 6 ) . N ear the Four M eta ls  

m in e, both porphyritic and nonporphyritic p h a se s  o f  th is  granodiorite  

are id en tified  (G raybeal, 1972) .  Porphyritic textu re is  c le a r ly  a s s o c i ­

a ted  w ith  and d ev e lo p ed  w ith  r e s p e c t  to the b recc ia  p ip e (F ig . 6 ) . The 

nonporphyritic v a r ie ty , w h ich  c o n s t itu te s  m ost o f  the s to c k , is  m edium ­

grained  equigranular and is  c o n stitu te d  by volum e o f 1 8 . 9 - 2 9  p ercen t  

anhedral q u artz , 1 7 - 2 2 . 3  p ercen t anhedral and com m only p er th itic  ortho-  

c la s e ,  3 8 . 2 - 5 8 . 5  p ercen t subhedral to  eu h ed ra l, s l ig h t ly  a lte r e d , zon ed  

a n d esin e  (Angg), 1 . 8 - 6 . 9  p ercen t subhedral f la k e s  o f  b io t ite  a lw a y s  

partly a ltered  to c h lo r ite , 2 . 2 - 4 . 9  p ercen t horn b len d e, 0 . 5 f 8 .6. p ercen t  

c h lo r ite , 0 . 6 - 1 . 4  p ercen t m agn etite  (G raybeal, 1972) .  S p h e n e , e p id o te ,  

and ap atite  are a c c e s s o r y  m in er a ls . Porphyritic granodiorite  is  s im ila r
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in co m p o sitio n  to the nonporphyritic v a r ie ty , e x c e p t that it c o n ta in s  up 

to 4 .1  p ercen t m agn etite  and u su a lly  no sphene or c h lo r ite .

A lthough w eak  p h y llic  a ltera tio n  i s  found in many p la c e s  in the  

s to c k , it  is  e s p e c ia l ly  strong in the Four M eta ls  m ine and at other m in­

e ra lize d  v e in s . P o ta s s ic ,  p h y llic , and a r g illic  a ltera tio n  are p resen t in  

the Four M eta ls  b r e cc ia  p ip e (G raybeal, 1 9 7 2 ). C arbonates and anhydrite  

are a ls o  found in the b recc ia  p ipe f il l in g  v u g s  and in te r s t it ia l s p a c e s .

A p lites  and P e g m a tite s . Sam ples for th is  stud y w ere c o lle c te d  

from the v ic in ity  o f  the Four M eta ls  m ine at a d is ta n c e  o f  about 370 to  

1 ,3 0 0  f e e t .  The a p lite  and pegm atite  d ik es  m ain ly l ie  in the equigranular  

granodiorite a d jacen t to the porphyritic type (F ig . 6) .  They are in clu d ed  

w ith in  the zon e a ffe c te d  by p o ta s s ic  a lte r a tio n .

A p lite , to the e x c lu s io n  o f  p egm atite  or p e g m a t ite -a p lite , c o n ­

s t itu te s  a ll  f e l s ic  d ik es  found in the f ie ld .  Sam ples 2 6 -3 1  (Table 4) w ere  

c o lle c te d  from south  and w e s t  o f  the b recc ia  p ip e . They f i l l  two s e t s  o f  

fractures; one s e t ,  lo c a te d  w e s t  and n orth w est o f  the b recc ia  pipe (F ig . 

6) ,  s tr ik es  about N . 2 0 °  E . and d ip s about 70° SE, and the other s e t  

south  o f  the b recc ia  p ip e (F ig . 6) s tr ik es  about N . 8 0 °  W . and d ip s  

about 8 5 °  SW or NE. A plite  d ik es  are s p a r se , w ith  e ig h t d ik es  a v era g ­

ing 4 in c h e s  w ide per lin e  m ile . Their e x te n t a long strik e co u ld  not be  

determ ined b e c a u se  th ey  are g e n e ra lly  co v ered  by rock d e b r is , a lth ough  

300 to 400 fe e t  i s  a rea so n a b le  app roxim ation . Their c o n ta c ts  w ith  grano­

d iorite  h o s t  rock are sharp w here e x p o se d  a lon g  road c u t s .  U n lik e  ap ­

l i t e s  o b serv ed  in other d is t r ic t s ,  the P atagonia  a p lite s  (Table 4) show  

many more c o a r se -g r a in e d  p a tc h e s . This ten d en cy  in c r e a s e s  a s  the  

b r e cc ia  p ipe is  approached from the so u th . But for th e s e  c o a r s e ly

48
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Table 4 .  M odal m in era log ic  co m p o sitio n  and grain s iz e  o f  a p lite s  from 
P atagonia  s to c k , Santa Cruz C ou n ty , Arizona

P ercent by Volume Average
Grain

Sam ple 
N o . 1 Quartz K -fe ld sp a r  P la g io c la s e A c ce sso r y  M inera ls

S iz e
(mm)

26 34 46 19 b io t ite ,  h em atite: 
< 1

0 .3 0

27 36 43 20 b io t ite ,  m a g n etite , 
h em atite: < 1

0 .3

28 37 48 14 b io t i t e , m a g n e tite , 
h e m a tite , sp h en e: 
< 1

0 .3  .

29 35 48 16 b io t it e ,  m agn etite: 
< 1

0 .4

30 39 40 19 b io t ite ,  m agn etite:  
< 1

0 .4

31 33 44 21 b io t ite ,  m a g n etite , 
sp h en e: < 1

0 .6 5

1 . Sam ple lo c a t io n s  are show n on Figure 6 .

c r y s ta llin e  p a tc h e s , th e ir  xenom orphic granular tex tu res  are m onotonous­

ly  s im ila r . H em atite a fter  pyrite is  o b serv ed  in som e s a m p le s , e s p e c ia l ­

ly  sam ple 2 8 . C olor i s  tan  on w eath ered  su rface  and p in k ish  w here fresh  

su r fa c es  are e x p o s e d .

M ic r o sc o p ic a lly , a p lite  d ik es  show  both xenom orphic granular  

sugary and granophyric te x tu r e s , w ith  the la tter  predom inant (F ig . 7 ). 

G raybeal (1972) o b serv ed  granophyric textu re in the tra n sitio n  zon e  o f  

the porphyry. Grain s iz e  ran ges b e tw een  0 .2  and 0 .6 5  mm, averag in g  

0 .4  mm. One th ou san d  p o in t c o u n ts  for ea ch  sam ple in d ica ted  an average  

m ineral co m p o sitio n  o f  3 3 -3 9  p ercen t quartz, 4 0 -4 8  p ercen t K -fe ld sp a r ,
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Figure 7. Photomicrograph showing granophyric tex tu re , 
Patagonia stock , Arizona

Note quartz (co lo rless and a t ex tinc tion ), K -feldspar (yellow 
and at ex tin c tio n ), and p lag io c lase  (turbid pink and a t e x tin c tio n ). 
Stained thin section  of sample 30; c ro ssed  n ico ls , X25.



51

and 1 4 -2 1  p ercen t p la g io c la s e ,  w ith b io t i t e , m a g n etite , and sp h en e  a s  

a c c e s s o r y  m in erals c o n stitu tin g  l e s s  than 1 p ercen t (Table 4 ) .  Q uartz i s  

c le a r  and anhedral w ith  u n d u lose  e x tin c tio n  w here it  is  not granophyr- 

ic a l ly  intergrown w ith  K -fe ld sp a r . L o ca lly , quartz and K -fe ld sp a r  form 

co a rse  c r y s ta ls  0 .6  mm in d iam eter . K -fe ld sp a r, where not granophyric  

in tex tu re , forms anhedral to su b h ed ral, s l ig h t ly  turb id , sp a r se ly  tw in ned  

c r y s ta ls .  C arlsbad  tw inning is  d ev e lo p ed  to the e x c lu s io n  o f  m icro clin e  

tw in n in g , in d ica tin g  that a lm o st a l l  K -fe ld sp ar  here is  o r th o c la s e . Per­

th it ic  texture is  common but not u n iv e r sa l. P la g io c la se  (Anig) forms 

subhedral to anh ed ra l, sp a r se ly  tw inned  c r y s ta ls .  L o ca lly , s e r ic ite  i s  

th in ly  d istr ib u ted  in  p la g io c la s e  c r y s t a ls ,  o c c a s io n a lly  fo llo w in g  z o n e s  

and rarely perip h era lly  d is tr ib u ted . P la g io c la s e  i s  lo c a l ly  d isc o n tin u o u s-  

ly  m antled by K -fe ld sp a r . Brown b io tite  o f  a grain s iz e  sim ilar  to th at o f  

the prin cip a l m in erals is  random ly d is tr ib u ted . Secondary b io t ite ,  green ­

ish  brown and o f  m inute (0 .0 5  mm) grain s iz e ,o c c u r s  in fractures and a s  

p a tc h e s . H em atite is  p resen t a s  in d iv id u a l c r y s ta ls ,  rarely surrounding  

m agn etite  and o c c a s io n a lly  found in l in e a t io n s , in d ica tin g  the p resen ce  

o f ea r ly  m icro -fra c tu res . Although no su lfid e  i s  o b se rv e d , the p resen ce  

o f h a lo s  f i l le d  w ith  h em atite  i s  taken  to in d ica te  su lfid e  rep la cem en t. 

W eak p o ta s s ic  a ltera tion  i s  in d ica ted  by s e r ic ite  a fter  p la g io c la s e ,  

secon d ary  b io t ite ,  and m antling o f  p la g io c la s e  by o r th o c la s e .

M in e r a liz a t io n . There are sev e r a l m in es and m ineral p ro sp ec ts  

w ith in  and around the P atagon ia  s to c k , the m ost im portant o f  w h ich  is  

the Four M eta ls  p r o sp e c t . A major porphyry copper d isc o v er y  h a s b een  

made by K err-M cG ee M ining C orporation at Red M ountain , but no g e o ­

lo g ic  inform ation h a s  b een  r e le a s e d . The Four M e ta ls  p ro sp ec t sh o w s
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many porphyry b a se -m e ta l d e p o s it  fe a tu r e s . C h a lc o p y r ite , su p ergen e  

c h a lc o c ite ,  m o ly b d en ite , and pyrite m in era liza tion  o ccu r  in the Four 

M eta ls  b recc ia  p ip e a s  d is se m in a tio n s  and vug f i l l in g s .  This m in eral­

iz a tio n  is  found in a p o ta s s ic  a ltera tio n  a sse m b la g e  o f  o r th o c la s e , b io -  

t i t e ,  and quartz, w ith  minor a p a t ite . M in era ls o f th is  a s se m b la g e  occu r  

a s  rep lacem en ts o f  b recc ia  fragm ents and a s  euhedral c r y s ta ls  in the  

vu g s o f  the b r e c c ia . Anhydrite is  partly hydrated to gypsum  a lon g  the  

e d g e s  o f  the f i l le d  v u g s .  G raybeal (1 9 7 2 , p . 4 1 )  o b serv ed  that "in the  

larger fragm ents the p o t a s s ic  a s se m b la g e  y ie ld s  inward to a p h y llic  a s ­

sem b lage w ith  quartz and s e r ic ite  dom inant, w h ich  in turn p a s s e s  into  

an a r g illic  a sse m b la g e  w ith  k a o lin ite  dom inant. O u tsid e  the m in era lized  

z o n e , the p h y llic  a s se m b la g e  app ears to  be dom inant w ith  ch lo r ite  and  

carb on ates lo c a l ly  abundant."

Ore d e p o s its  are a ls o  found in the sed im entary and ig n eo u s  

rock s around the s to c k . L e a d -z in c -s i lv e r  rep la cem en t d e p o s its  a lon g  

the n o rth ea st s id e  o ccu r  in lim esto n e  along stro n g ly  sh a ttered  z o n e s  a t 

the M owry mine (Sm ith, 1 9 5 6 ). The m in es o f  the W ash in gton  Camp area  

on the so u th e a s t  border are m a ss iv e  rep lacem en t d e p o s its  o f p y r ite , 

sp h a le r ite , c h a lc o p y r ite , and g a le n a  in co n ta c t skarn r o c k s . The 3R 

m ine to the n orth w est o f  the Four M eta ls  mine in the P atagonia  g ra n o -  

d iorite  produced 10 m illio n  pounds o f  copper from a s te e p ly  dipping le n s  

(H andverger, 1 9 6 3 ). T here, seco n d a ry  c h a lc o c ite  is  found to  h av e  re ­

p la ced  pyrite in a n orth w esterly  strik in g  fa u lt . C opper m in era liza tio n  is  

thought to be d erived  from the w ea k ly  m in era lized  g ra n itic  h o s t .  The 

Ventura p ro sp ect (F ig . 5 ) , a b r e cc ia  p ip e n orth w est o f  the s to c k  in P re- 

cam brian g ra n ite , h as copper-m olybdenum  m in er a liz a tio n .
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Santa Rita Intrusion

The Santa Rita porphyry copper d e p o s it  is  about 12 m ile s  north­

e a s t  o f S ilv er  C ity  in so u th ea stern  N ew  M ex ico  (F ig . 2 ) . The Santa Rita 

sto ck  is  e lo n g a te  n o rth w esterly  and co m p rises  an area 2 ,6 0 0  by 6,200  

fe e t  at the s u r fa c e . The Santa Rita area l i e s  in a h orst bounded on the  

north by n o rth easterly  stru ctu res lik e  the Barringer fa u lt (F ig . 8) ,  on the  

e a s t  by the n orth w esterly  trending M im bres fa u lt , and on the w e s t  by  

the s im ila r ly  trending inferred S ilv er  C ity  fa u lt . The strata  w ith in  the  

h orst form a broad sh a llo w  sy n c lin e  th at is  lo c a l ly  m od ified  by d o m es, 

a r c h e s , and tig h t su p e r fic ia l fo ld s  peripheral to se v e r a l p lu ton s (Jon es, 

H ernon, and M o o re , 1 9 6 7 ). The Santa Rita granodiorite  porphyry s to ck  

and its  ore body o ccu rs  near the in te r se c tio n  o f  n o r th ea st-  and n orth w est­

trending z o n e s  o f  structural w e a k n e s s .

The Santa Rita s to ck  p a s s iv e ly  in trudes a g e n tly  d ipping s e c ­

tio n  o f  the P en n sy lv a n ia n  O swald© and Syrena lim esto n e  form ation s, the  

Permian Abo Form ation, and the C reta ceo u s  Beartooth Q u artzite  and  

C olorado form ation s. The s to c k  h a s b een  d ated  a s  63 m .y .  by the K-Ar 

m ethod (Schw artz, 1 9 5 9 ). The c o n ta c t w ith  the w a ll rock s ap p ears to  dip  

s te e p ly  outward from th e cen te r  o f  the p luton (N ie lso n , 1 9 6 8 ). The stru c­

tu res o f  the sed im entary rock s surrounding the in tru sion  in d ica te  a c o l ­

la p se d  a n t ic lin a l stru c tu re , the trace o f  the a x ia l p lan e o f  w hich  c o in ­

c id e s  w ith  the long a x is  o f  th e in tru sion  (O rdonez, B a lto s se r , and  

M artin , 1955; Rose and B a lto s se r , 1 9 6 6 ). The W him H ill b r e cc ia  on the  

north s id e  o f  the open p it (F ig . 9) may be due to  magma p u lsa t io n s  dur­

ing em p lacem en t (Rose and B a lto s se r , 196 6 ).
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Figure 9 . G eologic map of the Santa Rita a re a . New M ex ico . 
After Rose and B alto sser (1966)
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The Laramide ig n eo u s  in tru sive  e v e n ts  w h ich  cu lm in ated  in 

m in era liza tion  began  w ith  the in tru sion  o f  quartz d iorite  s i l l s  and la c ­

c o lith s  into the C olorado Form ation. Eruption o f  a n d es ite  and a n d es ite  

b recc ia  in areas a few  m ile s  to the north w est w a s fo llo w ed  by the p a s ­

s iv e  in trusion  o f the granodiorite  porphyry and quartz m onzon ite por­

phyry o f  the Santa Rita s t o c k . A plite d ik es  fo llo w ed  a s  a la te  p h ase  o f  

the granodiorite porphyry in the north p it (Rose and B a lto s se r , 1 9 6 6 ).

W ith in  the s to c k , there are lo c a l  grad ation s in co m p o sitio n  and  

te x tu re , but granodiorite  porphyry, the m ost common rock ty p e , c o n ­

s i s t s  o f  p h en o cry sts  o f  a n d e s in e , h orn b len d e, and b io tite  in a ground- 

m ass o f  sp a rse  quartz, o r th o c la se , and minor b io t ite ,  and a c c e s s o r ie s  

o f  a p atite  and sp h e n e .

Both hyp ogen e and supergen e a ltera tio n  w ere formed at the  

Santa Rita porphyry cop p er d e p o s it .  H ypogene a ltera tion  a ffe c te d  c a l ­

c a r e o u s , n o n c a lc a r e o u s , and ig n eo u s  r o c k s . W here the ig n eo u s  intru­

s io n  cam e in c o n ta c t w ith  pure or impure l im e s to n e , pyrom etasom atic  

a ltera tion  d e v e lo p e d , in c lu d in g  m a g n etite , g a rn et, quartz, p y r ite , e p i -  

d o te , a c t in o l it e ,  and c h lo r ite , w ith  minor" s id e  r ite , a p a t ite , and h e d e n -  

b e r g ite . L o ca lly , h em a tite , o r th o c la se , b io t ite , and s e r ic ite  are 

d e v e lo p e d . Ign eou s rock s and n o n ca lca reo u s  rock s rea cted  d ifferen tly  

but n o n e th e le s s  formed co n cen tr ic  a ltera tio n  z o n e s  in large part s im ila r  

to  th o se  d ev e lo p ed  in a ty p ic a l porphyry copper d e p o s it  (Low ell and  

G u ilb ert, 1 9 7 0 ). A cen tra l zo n e  o f  p o ta s s ic  and a r g illic  a s se m b la g e s  

ch a ra cter ized  by o r th o c la s e , b io t ite ,  quartz, m on tm orillon ite , and k a o ­

lin  is  more or l e s s  c o in c id e n t w ith the granodiorite  s to c k . T his cen tra l 

zon e a ltera tio n , in turn, is  fo llo w ed  c o n c e n tr ic a lly  outward by a p h y llic
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a ssem b la g e  ch a ra cter ized  by s e r ic i t e , quartz, and p y r ite , occurring  

m ainly in the m argins o f the in tru sio n , in sed im entary ro ck s , and in 

quartz diorite s i l l s .

The o v era ll h yp ogen e a ltera tion  p icture is  s l ig h t ly  m odified  by  

supergene a ltera tion  and apparently, accordin g to R ose and B a lto sser  

(1966, p . 2 1 7 ), "much o f  the k a o lin ite  and m on tm orillon ite , m ost o f  the  

a lu n ite , som e s e r ic ite  and q u artz, and p o s s ib ly  som e ch lo r ite  are su p er­

gen e  ." Supergene a ltera tio n  a ffec te d  the p h y llic  a ltera tion  more than  

the p o ta s s ic  and pyrom etasom atic  a ltera tion  a s s e m b la g e s . This super­

gen e  a ltera tio n  is  due to abundance o f  pyrite and in ten se  fracturing in 

the p h y llic  z o n e . W eak supergen e a ltera tio n  in the p o ta s s ic  a ltera tio n  

a ssem b la g e  may be due to sca r c ity  o f  p y r ite . S im ilar ly , s ca r c ity  o f  

pyrite in add ition  to  the r ea c tiv ity  o f  carbonate m in erals in the pyrom eta- 

som atic  a sse m b la g e  may h ave preven ted  the d eve lop m en t o f  su p ergen e  

a lte r a t io n .

A p lites  and P e g m a tite s . A plite d ik es  in the Santa Rita s to ck  

w ere reported by Leroy (1954) to  occu r  in the north p it (F ig . 9 ) .  Sam ples  

for th is  study w ere c o l le c te d  from the "barren island" in the north p it .  

The "barren is la n d ,"  a s  in d ica ted  by its  nam e, i s  n e ith er  eco n o m ic a lly  

m in era lized  nor a ffec te d  by "hydrothermal a lte r a tio n .

The en tire  granodiorite  porphyry and quartz m onzon ite porphyry 

in tru sion  and part o f  the ad jo in in g  m in era lized  sed im entary rock s are 

in c lu d ed  in the Santa Rita open p it . C o n seq u en tly , any d ik es  th at w ere  

p resen t at the su rface  have b een  rem oved by m in in g . H ow ever, Leroy 

reported that a p lite  d ik es  cu t granodiorite  porphyry in the north p it and 

th at th in  h or izo n ta l a p lite  s h e e t s  w ere em p laced  a lon g  f la t - ly in g  jo in ts
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d ev e lo p ed  in the roof o f  the c o o lin g  in tru sio n . R ose and B a lto sser  (1 9 6 6 , 

p . 218) reported that "in the north p it , v e in s  o f  m agn etite  and o r th o c la se  

are cut by v e in s  or th in  a p lite  d ik es  co n ta in in g  q u artz, o r th o c la se , c a l -  

c i t e ,  and c h a lc o p y r ite ." For th is  s tu d y , I w a s ab le  to lo c a te  o n ly  fiv e  

d ik es  (F ig. 9) in  sp ite  o f  a l l  the h elp  g iv en  by the m ine g e o lo g is t s .  Re­

con stru ctin g  the abundance o f  a p lite  d ik es  reported in th e literature and 

by B a lto sser  (oral com m un. ,  1 9 7 2 ), The Santa Rita in tru sion  probably  

co n ta in ed  about 8 to 10 d ik es  per lin e  m ile in the north p it , w ith  an 

average w idth o f  4 in c h e s , b a se d  on  w idth o f  p resen tly  o b serv ed  d ik es  

w h ich  range in w idth b etw een  3 and 5 in c h e s .

The d ik es  are p in k ish  brow n, a co lo r  that h as not b een  o b serv ed  

e ls e w h e r e . M ic r o sc o p ic a lly , d ik es  show  xenom orphic granular texture  

w ith  an average grain s iz e  o f  0 .5  mm. A large  grain s iz e  (1 -2  mm) ap­

l ite  is  o b serv ed  in sam ple 52 (Table 5 ) . G ranophyric te x tu r e , an in ter­

growth o f quartz and o r th o c la s e , i s  show n by sam ple 5 1 . R ep lacem en t 

and v e in  o r th o c la se  a s s o c ia te d  w ith  pyrite and ch a lco p y r ite  are not un­

common .

M ineral co m p o sitio n  i s  3 1 -3 8  percen t q u artz, 4 2 -5 6  p ercen t  

K -fe ld sp a r , and 1 2 -2 1  p ercen t p la g io c la s e . B io tite , m a g n etite , and 

pyrite are a c c e s s o r y  m in e r a ls . The w id e co m p o sitio n a l range is  due to  

th e h igh  co n ten t o f K -fe ld sp a r  and low  co n ten t o f quartz and o r th o c la se  

in sam ple 5 2 , w h ich  a ls o  h a s  larger gra in s (1 .2  m m ).

P o ta s s ic  a ltera tio n  in sam ple 5 2 , b a se d  on the p r e se n c e  o f  

secon d ary  b io t ite ,  v e in  and rep lacem en t K -fe ld sp a r , and s e r ic ite  in 

p la g io c la s e ,  is  more e x te n s iv e  than that o b serv ed  in  other a p lite  

sa m p le s . Quartz forms an h ed ra l, an gu lar, and rounded c le a r  c r y s ta ls
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Table 5 . M odal m in era lo g ica l co m p o sitio n  and grain s iz e  o f  a p lite s  from 
Santa R ita, N ew  M ex ico

Sam ple 
N o . 1

P ercent by Volume Grain
S ize
(mm)Quartz K -fe ld sp a r P la g io c la s e A ccesso ry  M in era ls

48 38 42 19 b io t it e ,  m a g n etite , 
pyrite: = 1

0 .5 0

49 36 44 20 m a g n etite , pyrite: 
<1

' 0 .3 0

50 35 43 21 b io t ite ,  p y r ite , m ag­
n e t it e ,  ch a lco p y r ite :  
=1

0 .5 0

51 35 44 21 b io t it e ,  m a g n etite , 
pyrite: < 1

0 .4 0

52 31 56 12 b io t it e ,  p y r ite , 
m agn etite: = 1

1.00

1 . Sam ple lo c a t io n s  are show n on Figure 9 .

w ith  u n d u lose  e x t in c t io n . C o a r se -g r a in e d  quartz o ccu rs  in v e in s  w ith  

K -feld sp ar  and p y r ite . K -fe ld sp a r  rarely sh o w s ca r lsb a d  tw in n ing w h ere­

a s  m icroclin e  tw in ning is  a b se n t and p erth itic  textu re i s  common in  

tw inned  and untw inned c r y s ta ls  a l ik e . B ased  on the p re se n c e  o f  ca r lsb a d  

tw inning and the a b se n c e  o f  m icro c lin e  tw in n in g , K -fe ld sp ar  app ears to  

be o r th o c la s e . Turbid o r th o c la se  forms anhedral to  subhedral c r y s t a l s . 

O r th o c la se , in ad d ition  to b e in g  a primary a p lite  m in era l, o ccu rs  in v e in s  

in c r y s ta ll iz a t io n  a s s o c ia t io n  w ith quartz and pyrite and a ls o  in r e p la c e ­

m ent a s s o c ia t io n  w ith  p la g io c la s e .  O lig o c la s e  (An 17) forms anhedral to  

subhedral c r y s ta ls  w ith  p oorly  d ev e lo p ed  tw in n in g . O lig o c la s e  is  partly  

rep la ced  by o r th o c la se  a lon g  c le a v a g e  p la n es  and a ls o  a s  a d isc o n tin u ­

o u s m an tle .
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P o ta ss ic  a ltera tio n  b a se d  on  the p re se n c e  o f  v e in -c o n tro lled  

and rep lacem en t o r th o c la s e , s e r ic ite  in p la g io c la s e ,  and sm a ll g r e e n is h -  

brown f la k e s  o f b io tite  is  d e v e lo p e d . Pyrite and ch a lco p y r ite  are found  

in v e in le t s  in a s s o c ia t io n  w ith  seco n d a ry  o r th o c la se  or secon d ary  

b io t i t e .

M in e r a liz a t io n . Two main ty p e s  o f  ore reco g n ized  a t Santa  

Rita are the c h a lc o c ite  secon d ary  en rich ed  ore w ith in  ig n eo u s  r o c k s , 

sa n d sto n e  and s h a le , and lim esto n e  rep lacem en t o r e , w ith  l i t t le  or no 

en rich m en t. Three z o n e s  o f  r e la t iv e ly  h igh  grade ore trend n o r th w ester ly , 

w here the w id e s t  o f  them  p a s s e s  ab ou t through the cen ter  o f  the in tru sion  

and into the Lee H ill pyrom etasom atic  ore a r ea , w h erea s the other two  

z o n e s  are found on the ea stern  and w estern  m argins o f  the s to c k . A lo w -  

grade z o n e , w h ich  is  not m in ed , forms an is la n d  b etw een  th e north and  

south  p its  (F ig. 9 ) .

Supergene m in era liza tio n  i s  dom inantly  c h a lc o c ite  w ith  minor 

am ounts o f  c o v e l l i t e .  Pyrite and ch a lco p y r ite  are by far the dom inant 

su lfid e  m in era ls in  the hyp ogen e z o n e , w ith  minor b orn ite , m o ly b d en ite , 

m a rca site , and p yrrh otite .

S ierrita Intrusion

The Sierrita in tru sion  in the Sierrita M ountains o f  Pima C ounty  

i s  about 20 m ile s  so u th w e st o f T u cson , A rizona (F ig . 2 ) . A quartz m on- 

zo n ite  fa c ie s  o f  th is  in tru sion  i s  s p a t ia lly  re la ted  and is  b e lie v e d  by 

C ooper (1960) to  be g e n e t ic a l ly  re la ted  to the S ierrita , E sp era n za , Twin 

B u ttes , M iss io n -P im a , and M ineral H ill  ore d e p o s its  (F ig . 10) . It com ­

p r is e s  an area o f  77 square m ile s  w ith  its  lo n g e s t  d im en sion  trending
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n orth w est. The in tru sion  invad ed  Precam brian g r a n ite , P a le o z o ic  s e d i­

mentary r o ck s , J u r a ss ic (? ) Harris Ranch quartz m o n zo n ite , and a com ­

p le x  o f sed im entary and v o lc a n ic  rock s a s s ig n e d  by C ooper (1960) to  

the C reta ceo u s p er io d . Damon and M auger (1966) d ated  S ierrita  a s  62 

m .y . by the K-Ar m ethod.

C ooper (1960) d is t in g u ish e d  two deform ational e v e n ts  in the  

d is tr ic t , both o f  w hich  p o std a te  C reta ceo u s  r o c k s . An ea r ly  p re -  

granodiorite and p rem in era liza tion  orogen y r esu lted  in  n o rth w est­

trending com p lex  fo ld in g  and fa u lt in g . A la te  p o stm in era liza tio n  and 

p o st-H e lm et Fanglom erate e v e n t formed la r g e - s c a le  thrust fau ltin g  and  

s te e p  so u th w est t i l t in g . Lacy and T itley  (1962 , p . 7 6 ) , h o w ev er, pro­

p o sed  another m odel in  w h ich  "the major period o f  th ru sting  w a s p e n e -  

contem poraneous w ith the in tru sion  o f  the S ierrita  batholith" and the  

" m in era liza tion  w a s  e s s e n t ia l ly  p o st-th r u stin g  and w a s p a r tia lly  c o n ­

tro lled  by thrust f a u l t s . P o st-m in e r a liza tio n  fau ltin g  h a s  b een  co n fin ed  

to b lock  su b s id e n c e  and to  m inor read ju stm en ts w h ich  h ave co n cen tra ted  

in the fringe surrounding the in tru siv e  co m p lex  w h ich  w ould  h ave sto o d  

a s  a so lid  b u ttr e ss ."  Lynch (1966) in d ica ted  th at prom inent jo in t d irec ­

tio n s  strike e a s t - w e s t ,  n o r th -so u th , and n orth w est, d ip p in g , r e s p e c t iv e ­

l y ,  40o - 5 0 °  N . ,  6 0 °  W . , and 5 5 °  N E. In the granodiorite  about h a lf  a 

m ile north o f  the E sp eranza m in e, I o b serv ed  jo in ts  str ik in g  N . 5 0 °  E . ,  

dipping 650 - 8 8 °  NW . A p lites  and p eg m a tites  com m only f i l l  north w ester­

ly  strik ing jo in t s .

The Sierrita in tru siv e  h is to r y , accord in g to C ooper (1960) and  

m odified  by Lynch (1966), b e g in s  w ith  the in tru sion  o f  minor d ior ite  fo l­

low ed  by gran od ior ite , quartz m o n zo n ite , quartz la t i te  porphyry found



on the so u th w est s id e  o f  E sp eranza p it , quartz m onzon ite porphyry, a 

seco n d  d io r ite , and la s t ly  minor d a c ite  and a n d es ite  p orp h yries. The 

in tru sive  h isto ry  cu lm in ated  in hydrotherm al m in era liza tio n  (C ooper,

1960; O a k ley , 1 9 7 3 ).. The ea r ly  d iorite  is  a f in e -g ra in ed  gray rock  

found in the southern part o f  the Sierrita in tru sion  and is  com p osed  o f  

60 percen t a n d e s in e , 19 p ercen t b io t ite ,  and 19 p ercen t h orn b len d e. 

A c ce sso r y  m in erals in c lu d e  m a g n etite , sp h e n e , e p id o te , and a p a t ite .

The S ierrita  in tru sion  i s  dom inantly co m p osed  o f  lig h t-g r a y  

gran o d io r ite , w h ich  can  be d iv id ed  into three fa c ie s ;  (1) a granodiorite  

porphyry border f a c ie s ,  (2) m edium -grained  equigranular granodiorite  

occu rin g a s  z o n e s  0 .5  to 2 m ile s  w id e a lon g  the e a s t  s id e  o f  the intru­

s io n , and (3) a porphyritic g ra n od ior ite . A ccording to C ooper (1960), the  

average c o n s titu e n t m in erals are 24 p ercen t q u artz, 19 p ercen t p er th itic  

o r th o c la se , 48 p ercen t o l ig o c la s e  (Angg), 5 .5  p ercen t b io t ite  and c h lo r ite ,  

and 3 .3  p ercen t h o rn b len d e . Z ircon , a p a tite , and m agn etite  are a c c e s ­

sory m in era ls . Q uartz m on zon ite  porphyry i s  found at the southern end  

o f  the Sierrita in tru sion  in and near the E speranza m ine (Lynch, 19 6 6 ), 

near M ineral H ill (C ooper, 1 9 6 0 ), in the Pima mine (C ooper, 1 9 6 0 ), and  

at depth near the M iss io n  mine (Richard and C ourtright, 1 9 5 9 ). The o c ­

currence o f  quartz m on zon ite  porphyry near se v e r a l o f  the ore d e p o s its  

led  C ooper (1960) to  s u g g e s t  a g e n e t ic  r e la tio n sh ip  b etw een  th is  rock  

type and the ore d e p o s it s .  M ineral co m p o sitio n  o f  the quartz m on zon ite  

porphyry in c lu d e s  p h en o cry sts  o f  p er th itic  o r th o c la s e , p la g io c la s e ,  

q u artz, and b io tite  in a f in e -g ra in ed  grou n d m ass. The mode i s  29 per­

c e n t quartz, 3 2 -3 5  p ercen t K -fe ld sp a r , 34 p ercen t p la g io c la s e ,  4 .2  

p ercen t b io t ite  and c h lo r ite . A p a tite , e p id o te , and z irco n  are a c c e s s o r y

63
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m in era ls . A p lites  and p eg m a tite s  are a s s o c ia te d  m ain ly  w ith  the g ra n o - . 

d io r ite .

Hydrotherm al a ltera tio n  at th e E speranza mine can  be in ter­

preted in term s o f  th at o f  the porphyry cop p er d e p o s its  o f  the S o u th w est . 

Taking Sierrita and E speranza m in es to g e th er , O ak ley  (1973) v is u a l iz e d  

a p o ta s s ic  a ltera tio n  core w ith  p h y llic  a ltera tio n  occurring irregularly  

o u ts id e  o f  i t .  P o ta ss ic  a lte r a tio n , a s  e x p r e s s e d  by th e p r e se n c e  o f  o r-  

th o c la se  a lon g  w ith  s e r ic ite  and s i l i c a ,  i s  the m ost prom inent a ltera tio n . 

P h y llic  a ltera tio n  o f  s e r ic i t e ,  q u artz, pyrite is  r e s tr ic ted  in d istr ib u tio n , 

is  c lo s e ly  a s s o c ia te d  w ith  th e ore z o n e , and sh o w s a marked d e c re a se  

in abundance aw ay from the ore z o n e , w h ile  quartz and K -fe ld sp a r  rem ain  

fa ir ly  abundant (Lynch, 1 9 6 6 ). P h y llic  a ltera tio n  w ith in  the E sp eranza  

mine is  p r a c tic a lly  lim ited  to th e ig n eo u s  in tru siv e  quartz la t ite  porphyry 

and quartz m onzon ite porphyry. W eak p o ta s s ic  a ltera tio n  a s  o r th o c la se  

and b io tite  i s  d isp la y e d  a t the s i t e s  where a p lite  and p egm atite  sa m p les  

w ere c o l le c te d  (F ig. 1 1 ).

Ore d e p o s its  north o f  E sp eranza mine a lon g  the ea ster n  flank o f  

the Sierrita in tru sion  e x h ib it  a ltera tio n  a s se m b la g e s  d ifferen t from th at 

at E sp era n za . A lteration  at Pim a, M is s io n , and M ineral H ill is  p r in c i­

p a lly  skarn type in l im e s to n e . H ow ever , a ltera tio n  o f  the a r g i l l i t e s ,  

q u a rtz ite , and quartz m on zon ite  porphyry at M iss io n  m ine produced s e r i­

c i t e ,  c la y ,  b io t it e ,  q u artz, and o r th o c la se  (K innison, 1 9 5 8 ).

A p lites  and P e g m a tite s . A plite and p egm atite  d ik es  o ccu r  in the  

granodiorite and quartz m on zon ite  porphyry, but d ik es  sam p led  for th is  

stud y are lo c a te d  about th ree-q u a rters  o f  a m ile north o f  the E sp eran za  

p it in granodiorite (F ig . 1 1 ). V e in le ts  f i l le d  by seco n d a ry  o r th o c la se  and
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rare pyrite c r o s s c u t  a p lite  and pegm atite  d ik es  (F ig . 1 2 ). O nly on e o f  

the e ig h t d ik es  sam pled  is  p e g m a tite . After in sp e c tio n  o f  the a rea , a  

o n e -m ile  traverse  w a s  run through an area o f  maximum abundance o f  

d ik es  trending at h igh  an g le  to  th eir  s tr ik e . The number o f  d ik e s ,  w id th s , 

a ttitu d e , and th eir  h o s t-r o c k  type w ere a ls o  s tu d ie d . This su rvey  (F ig .

11) in d ica ted  e ig h t d ik es  per lin e  m ile , averag in g  about 4 in c h e s  w id e .  

F ive o f the stu d ied  d ik es  str ik e  N . 1 5 °  W . w ith  an a verage  dip o f  75°

S W ., tw o d ik es  str ik e  N . 3 0 °  E . and dip 68°  N W ., and one d ik e s tr ik e s  

n orth -sou th  and d ip s  7 0 ° W . C o n ta c ts  o f  the a p lite  d ik es  w ith  the g ra n o -  

diorite  are k n ife -e d g e  sh arp , and the o p p o sin g  w a lls  o f a s in g le  d ik e  . 

are a lw a y s p a r a lle l (F ig. 1 2 ). A plite d ik es  are tex tu ra lly  and m in era l-  

o g ic a lly  h o m o g en eo u s, a lth ou gh  random c o a r se -g r a in e d  p a tch es  are 

p r e se n t . D ik e N o . 39 (F ig . 11) is  a zon ed  p egm atite  7 in c h e s  th ic k . Its  

q u artz-rich  core grad es out in to  a c o a r se  graphic o r th o c la se -r ic h  z o n e ,  

and th is ,  in turn, grad es out in to  a f in e -g r a in e d , p la g io c la s e -r ic h  bor­

der z o n e . A p lites  and p eg m a tite s  are y e llo w is h  to  brow nish gray on  

w eath ered  su rface but are p in k ish  w here fr e sh .

Under the m ic r o sc o p e , th e texture o f  a p lite  at S ierrita  is  su ­

c r o s e ,  xenom orphic granular, w ith  grain  s iz e  averag in g  0 .4  mm (F ig . 1 3 ). 

C oarse  c r y s ta llin e  p a tch es  f i l le d  w ith  quartz and o r th o c la se  g ra in s m ea­

suring 1 .2 - 2  mm are form ed. Euhedral fa c e s  o f  o r th o c la se  c r y s ta ls  

p roject in to  quartz gra in s f i l l in g  th e s e  co a rse  c r y s ta llin e  p a tc h e s  (F ig . 

1 4 ).

M ineral co m p o sitio n  o f  th e S ierrita  a p lite  d ik e s  (Table 6) is  3 3 -  

38 p ercen t quartz, 4 1 -5 4  p ercen t K -fe ld sp a r , and 1 2 -2 3  p ercen t p la g io -  

c l a s e .  A c ce sso r y  m in era ls are p y r ite , m a g n e tite , b io t i t e , and a p a t ite .
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Figure 13. Photomicrograph showing fin e-g ra in ed , xenomorphic 
granular texture in ap lite  d ik e s , southern part of S ierrita  in trusion , 
Arizona

Stained th in  sec tion  33; plane polarized  lig h t, X25.

Figure 14. Photomicrograph showing a co a rse -g ra in ed  patch 
in ap lite  d ike, southern part of S ierrita  in trusion , Arizona

C oarse grains of mainly quartz (q), K -feldspar (K), and p lag io -
c la se  (P), surrounded by fine-g ra ined  matrix of same m inera ls . Euhedral
c ry s ta l faces (E) p ro jec t into the co arse -g ra in ed  p a tch . S tained th in
section  37; plane po larized  lig h t, X25.



Table 6 . M odal m in era log ic  co m p o sitio n  and grain s iz e  o f  a p lite s  from 
Sierrita in tru sio n , S ierrita  M o u n ta in s , Pima C ou n ty , A rizona

69

Sam ple 
. N o . 1

P ercent by Volume
Average

Grain
S iz e

Quartz K -fe ld sp ar P la g io c la s e A c ce sso r y  M in era ls (mm)

32 35 41 23 b io t it e ,  m a g n etite , 
h e m a tite , p y r ite , 
ap a tite : = 1

0 .4 0

33 34 54 12 p y r ite , hem atite: < 1 0 .3 0

34 35 43 22 p y r ite , hem atite: < 1 0 . 2 5

35 37 45 21 p y r ite , b io t ite :  ^1 0 . 2 5

36 37 43 20 b io t it e ,  p y r ite , m ag­
n e tite  , h e m a tite : <  1

0 . 5 0

37 38 42 20 b io t ite ,  p y r ite , m ag­
n e t it e ,  hem atite: < 1

0 . 5 0

38 35 45 18 b io t it e ,  p y r ite , m ag­
n e t it e ,  h em atite  ;c= 2 0 . 3 5

39 1 2 (pegm atite) 3 -8

40 33 46 21 b io t it e ,  p y r ite , m ag­
n e t i t e ,  h em atite : <1

0 . 4 0

1.  Sam ple lo c a t io n s  are show n on Figure 1 1 .

2 .  M in era log ic  co m p o sitio n  o f  pegm atite  w a s  not determ ined  b e ­
c a u se  o f  its  c o a r se -g r a in e d  n a tu re .
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Quartz forms angular and subrounded, c le a r  c r y s ta ls  show ing  u n d u lose  

e x t in c t io n . K -feld sp ar  forms tu rb id , anhedral to  subhedral c r y s ta ls  and  

is  g en era lly  p e r th it ic . C arlsb ad  tw in n in g , to  the e x c lu s io n  o f  m icro c lin e  

ty p e , is  sp a r se ly  d e v e lo p e d , in d ica tin g  that o r th o c la se  forms m ost o f the 

K -feld sp ar in th is  s e c t io n . O rth o c la se  is  a ls o  found in v e in le t s  a s s o c i ­

ated  w ith quartz and p y r ite . Subhedral to  anhedral p la g io c la s e  (An 17) i s  

sp a r se ly  tw inned  and s lig h t ly  s e r ic i t iz e d .  L o c a lly , th ey  are m antled by  

o r th o c la se  or rep la ced  a lon g  tw in ning la m e l la e . Rare equant brown b io -  

tite  (0 .4  mm) is  random ly d is tr ib u ted , w h ereas g reen ish -b ro w n  b io tite  

(0 . 05 mm) is  v e in  c o n tr o lle d , and both ty p es  a lter  partly or c o m p le te ly  to  

c h lo r ite . G raphic growth (F ig . 15) ,  m utual c r y s ta ll iz a t io n  b ou n d aries, 

and sca r c ity  o f  v e in s  and rep lacem en t textu re in d ica te  m utual m agm atic  

d e p o s it io n . M inor, v e in -c o n tr o lle d  o r th o c la s e , q u artz, and b io t ite  w ith  

or w ith out pyrite (F ig . 16) in d ica te  secon d ary  o r ig in  for th e s e  m in e r a ls , 

su g g e st in g  minor p o t a s s ic  a lte r a tio n .

M in e r a liz a t io n . The e a ster n  flank o f  the S ierrita  in tru sion  and  

its  a s s o c ia te d  country rock s carry co p p er , m olybdenum , z in c ,  and lea d  

m in era liza tio n . To the s o u th e a s t  are the o p e n -p it  copper-m olyb denum  

d e p o s its  o f  E speranza and S ierr ita . About 3 .5  m ile s  to  the n o r th ea st is  

the Twin B uttes m in e. Further north are the Pima and M is s io n  ore b o d ie s  

(F ig . 10) .  Ore m in era ls in  E sp era n za -S ierr ita , P im a -M iss io n , and Twin 

B uttes are c h a lc o p y r ite , su p ergen e c h a lc o c ite  w here su p ergen e  en r ich ­

m ent form ed, m o ly b d en ite , and pyrite w ith  minor sp h a ler ite  and g a le n a .  

The M ineral H ill d e p o s it  to the so u th w e st (F ig . 10) i s  c h a r a c ter iz ed  by  

s ig n if ic a n t  am ounts o f  sp h a ler ite  and g a len a  in  ad d ition  to c h a lc o p y r ite . 

The ore o f  the E xperanza m in e, w ith  w hich  a p lite  and p egm atite  sa m p le s
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Figure 15. Photomicrograph showing graphic texture in a peg­
m atite d ik e , southern part of S ierrita  in tru sion , Arizona

Stained th in  sec tio n  39; plane polarized  lig h t, X25.

Figure 16. Photomicrograph showing a v e in le t of secondary 
o rthoclase  in a p li te , southern part of S ierrita  in trusion , Arizona

Stained thin sec tion  35; plane polarized  lig h t, X25.
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are sp a tia lly  and g e n e t ic a lly  r e la ted , a s  sh a ll be d is c u s s e d  la te r , i s

d escr ib ed  by Lynch (1966,  p .  275) a s

a mixture o f  h yp ogen e and su p ergen e m e ta lliza tio n  occurring in  
v e in s  and a s  d is sem in a te d  g r a in s . Roughly surrounding the  
copper-m olybdenum  ore zo n e  is  an aureole  o f  v e in  type d e p o s its  
that w a s  w orked for le a d , z in c ,  and s i lv e r  about the turn o f  the  
cen tu ry . M eta lliz a tio n  w as a s s o c ia te d  w ith  more than on e in ­
tru siv e  p u lse  and w a s  fo llo w ed  by a p o s t- in tr u s iv e  m e ta lliza tio n  
period a s s o c ia te d  w ith  hydrotherm al a ltera tio n  and p o tash  m eta­
so m a tism .

O ak ley  (1973) b e l ie v e s  th at ore d e p o s it io n  occurred d irectly  a fter  the in­

trusion  o f  the quartz m on zon ite porphyry.

Barren In tru sion s

Amole Intrusion

The Amole in tru sion  at the north end o f  the T ucson  M ou n ta in s, 

A rizona, i s  app roxim ately  20 m ile s  north w est o f  T ucson  (F ig . 2 ) .  The 

e x p o se d  portion o f  the in tru sion  i s  abou t 3 by 4 .5  m ile s  a c r o s s ,  but the  

to ta l c r o s s - s e c t io n a l  area  m ay be s lig h t ly  larger than th at sh ow in g  on  

th e map (F ig . 17) ,  b e c a u se  the north w estern  portion  o f  the s to c k  is  

co v ered  by a llu v iu m . The s to ck  is  e lo n g a te  in a n orth w esterly  d irectio n  

and intrudes rock s ranging in age  from P en n sy lv a n ia n  to  Late C reta ceo u s  

(Brown, 1939) .  D am on, M auger, and Bikerman (1964) reported a K-Ar 

a g e  o f  73 m . y .

Brown (1939 , p . 723) s ta te s  on the mode o f in tru sion : "Along 

the northern c o n ta c t , the C reta ceo u s  ro ck s , c h ie f ly  the v o lc a n ic  s e r ie s ,  

are h ig h ly  d istu rb ed  and a ltered ."  This e v id e n c e  in d ic a te s  a c t iv e  intru­

s io n  o f  the Amole s to c k . The s to ck  i s  stron g ly  jo in ted  in a n o r th ea ster ly  

d irectio n  p a r a lle l to the lon g  a x is  o f  the sto ck  and in  a n o rth w esterly
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d ir e c t io n . N o rth ea ster ly  jo in ts  dip 5 0 °  SE. and the n orth w esterly  o n e s  

dip 88°  SW .

The Amole in tru sion  is  formed o f  granite and quartz m on zon ite  

sep arated  by a tra n sitio n a l th in granite porphyry fa c ie s  50 to 200 fe e t  

th ick  (Brown, 1939) .  G ranite o c c u p ie s  the w estern  part o f  the e x p o se d  

s to c k . It is  pink w hen fresh  and tan  w hen w ea th ered . V is ib le  in hand  

sp ec im en s  are pink K -fe ld sp a r , q u artz , and brown b io t it e .  It is  medium  

to  co a rse  grained  w ith  an average  grain s iz e  o f  4 mm, a lthough K- 

fe ld sp a r  may form c r y s ta ls  7 mm lo n g . Its  m ineral co m p o sitio n  is  

K -feld sp ar  65 p ercen t, quartz 20 p ercen t, p la g io c la s e  10 p ercen t, b io tite  

2 p ercen t, hornblende 1 p er ce n t, and s p h e n e , a p a t ite , and m agn etite  a s  

a c c e s s o r y  m in era ls . K -fe ld sp a r  is  p erth itic  o r th o c la se  w h ich  forms tur­

bid anhedral to subhedral c r y s t a l s . P la g io c la s e  (An 19) forms subhedral 

c r y s t a ls ,  w h ich  o ccu r  in te r s t it ia l to  quartz and o r th o c la s e . Tw inning i s  

not w e ll d e v e lo p e d , but som e p la g io c la s e  c r y s ta ls  m ay be z o n e d . P la g io ­

c la s e  c r y s ta ls  are partly  a ltered  to s e r ic ite  and m inor k a o lin ite .  S er ic ite  

a lw a y s  o ccu rs  c e n tr a lly , a lthough in som e in s ta n c e s  it  i s  e v e n ly  d is tr ib ­

uted w ith in  p la g io c la s e  c r y s t a ls .  Quartz is  round to an gu lar, s lig h t ly  

turb id, and sh ow s u n d u lose  e x t in c t io n . B io tite  forms equan t g r e e n ish -  

brown c r y s ta ls ,  w h ich  are partly  a ltered  to ch lo r ite  and m a g n e t ite . G reen  

p rism atic  hornblende c r y s ta ls  are partly  a ltered  to c h lo r ite . A ccording to 

Brown (1939), gran ite  porphyry h as a tra n sitio n a l c o n ta c t  w ith  gran ite  

but m utually in terp en etra tes  w ith  quartz m o n zo n ite . Brown (1939) d e ­

scr ib ed  the granite porphyry a s  pink w hen fresh  but lig h t  tan w here  

w ea th ered . A ndesine and m icroperth ite p h en o cry sts  o ccu r  in an a p lite



groundm ass o f quartz, m icrop erth ite , p la g io c la s e ,  and b io t it e .  A c c e s ­

sory m in erals are m a g n etite , sp h e n e , and h orn b len d e.

Quartz m onzon ite o ccu rs  w e s t  and n orth w est o f  Amole Peak and  

e n c ir c le s  the n orth ea ster ly  portion o f  the granite (F ig. 17) .  It is  a f in e ­

grained  gray rock sp o tted  by dark c r y s ta ls  o f b io t ite  and h orn b len d e. 

M ic r o sc o p ic a lly , it h as a hypidiom orphic granular textu re w ith  an aver­

age grain s iz e  o f  2 .5  mm. M ineral co m p o sitio n  i s  quartz 15 p ercen t, 

K -feld sp ar  27 p ercen t, p la g io c la s e  44 p ercen t, b io t ite  7 p ercen t, horn­

b lend e 3 p ercen t, and m agn etite  2 p e r ce n t. S p h en e , a p a tite , and pyrite  

are a c c e s so r y  m in er a ls . Q uartz forms angular anhedral c le a r  c r y s ta ls  

w ith u n d u lose  e x t in c t io n . O rth o c la se  forms anhedral to  subhedral and  

in rare c a s e s  o c c a s io n a l euhedral c r y s t a ls .  It lo c a l ly  forms m an tles  

around p la g io c la s e  c r y s t a ls .  P la g io c la se  (An2g) forms subh ed ral tabular  

c r y s ta ls  w ith  w e ll-d e v e lo p e d  a lb ite  tw in n ing and com m on z o n in g . Few  

c r y s ta ls  are a ltered  cen tra lly  to  s e r ic i t e .  Brown b io t ite  o ccu rs  a s  su b ­

hedral f la k e s  w h ich  a lter  m arginally  or a lon g  c le a v a g e  to c h lo r ite . G reen  

anhedral hornblende c r y s ta ls  a lter  m arginally  or a lon g  c le a v a g e  p la n es  

to ch lo r ite  w ith  r e le a s e  o f  m a g n e tite . S e r ic it ic  a ltera tio n  is  not gu id ed  

by v e in s  or fractu res and is  probably o f d eu ter ic  o r ig in .

A p lites  and P e g m a tite . E xcep t for sam ple 6 (F ig . 17) ,  a p lite  

and pegm atite  d ik e s  sam pled  for th is  study are lo c a te d  n ear the cen ter  

o f  the sto ck  in gran ite and quartz m o n zo n ite . Sam ple 6 w a s  c o l le c te d  

near the ea stern  c o n ta c t o f  the s to c k . Sam ples 3 , 4 ,  and 5 w ere c l o s e s t  

to known m ineral p r o sp e c ts  and w ere taken  about 1 .5  m ile s  from the  

M ile  W ide mine (F ig. 17) .
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E xcept for a s in g le  pegm atite  d i k e ,  a l l  d ik es  en cou n tered  in  

the Amole sto ck  are a p li t ic .  D ik e s  f i l l  n orth easterly  and n orth w esterly  

strik ing jo in ts  (F ig . 17) and can  be traced  into ridge-form in g  sed im en ­

tary rocks b etw een  granite and quartz m onzonite ex p o su res  (Brown,

1939) .  Although sp a rse  d ik es  about two in ch es  th ick  may be found  

everyw here in the s to c k , the maximum co n cen tra tion  and th ic k n e ss  is  

found about 1 .5  m iles  w e s t  o f  Amole Peak .  S ev en teen  d ik es  w ere  

counted  per lin e  m ile (F ig. 17) ,  w ith  w idths ranging b etw een  3 and 72 

in c h e s . D ik e s  are g en era lly  co v ered  by rubble or ped im ent g r a v e ls , and 

it  w a s d if f ic u lt  to e st im a te  th eir  le n g t h s . They may form en  e c h e lo n , . 

and som e are o b serv ed  to  taper aw ay and d isa p p ea r , w ith  no abrupt 

term ination o b se rv e d .

C on tact o f d ik es  a g a in s th o s t  rock i s  o b serv ed  to be sharp at 

l e s s  than 0 . 0 5  inch (F ig. 18) .  A plite d ik es  are a ls o  hom ogen eou s in 

texture and m ineralogy a c r o s s  th eir  w id th , e x c e p t  for random ly d is tr ib ­

uted c o a rse -g ra in e d  p a t c h e s . N o c h ill in g  e f f e c t ,  a s  in d ica ted  by sm all 

grain s i z e ,  is  o b se r v e d , and s im ila r ly  there is  no apparent ex ch a n g e  in  

ch em ica l com pon en ts o f a p lite  or pegm atite  d ik es  and the im m ediate h o st  

r o c k s . Sharp c o n ta c ts  are marked by abrupt sharp d iffe re n c e s  in m iner­

a lo g y  and grain s iz e  o f  d ik es  and h o s t  r o c k s .

Under the m ic r o sc o p e , the a p lite  d ik es  h ave a su g a ry , x e n o -  

morphic granular texture w ith  grain  s iz e  averag in g  0 . 3 0  mm (Table 7 ) . 

Some random p a tc h e s , h o w ev er , are com p osed  o f  m in era ls up to 0 .8  mm. 

in s i z e .  G ranophyric texture i s  d e v e lo p e d  in sam ple 3 (F ig . 17) .

Quartz at 34 p ercen t, K -fe ld sp a r  at 37 p ercen t, and p la g io c la s e  

at 28 p ercen t are the p r in cip a l m in era ls , w ith  a c c e s s o r y  b io t it e ,
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Figure 18. Photomicrograph showing con tac t re la tionsh ip  be­
tw een aplite  and c o arse -g ra in ed  quartz ve in , Amole s to c k , Arizona

Stained thin sec tion  5; c ro ssed  n ic o ls , X25.
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Table 7 . M odal m in era log ic  co m p o sitio n  and grain  s iz e  o f  a p lite s  from
Amole s to c k , T ucson  M o u n ta in s , Arizona

P ercent by Volume A verage
G rain

Sam ple
N o . l Q uartz K -fe ld sp a r P la g io c la s e A c ce sso r y  M in era ls

S iz e
(mm)

1 35 36 29 s p h e n e , b io t i t e , 
m a g n etite , pyrite: 
< 1

0 .3

2 33 41 25 m a g n etite , b io t it e ,  
sp h en e: = 1

0 .2 8

3 33 36 30 b io t it e ,  m agn etite: 
- 1

0 .2 8

4 33 37 28 m a g n e tite , b io tite :  
- 2

0 .3 0

5 2 (pegm atite)

6 34 38 35 b io tite :  
m a g n etite : — 3

0 .5 0

1 . Sam ple lo c a t io n s  are show n on Figure 17 .

2 . M in era lo g ic  co m p o sitio n  o f  p egm atite  w a s  not determ ined  b e ­
c a u se  o f its  c o a r se -g r a in e d  n a tu re .

m a g n e tite , and s p h e n e . C lear  quartz gra in s are anhedral angular to  

rounded and show  u n d u lose  e x t in c t io n . M o st K -fe ld sp a r  is  un tw inn ed , 

but th o se  th at are tw in ned  show  ca r lsb a d  tw inning o n ly . It i s  therefore  

inferred th at m ost o f  the K -fe ld sp a r  i s  o r th o c la se  a s  anhedral to su b -  

hedral turbid c r y s t a l s . It in c lu d e s  p la g io c la s e  and quartz an d , in turn, 

i s  in c lu d ed  by e ith er  o f  th e tw o m in er a ls . P la g io c la s e  (Anig) is  anhedral 

to  subhedral and tw inning is  poorly  d e v e lo p e d . P la g io c la s e  i s  a ltered  

to s e r ic ite  and is  o c c a s io n a l ly  rimmed w ith  o r th o c la s e . Brown f la k e s  o f
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b io tite  are a ltered  a long c le a v a g e  or p erip h era lly  to c h lo r ite . A pparently, 

a ltera tion  is  not stru ctu ra lly  d irec ted  b e c a u se  s e r ic ite  and o r th o c la se  are 

not o b serv ed  to f i l l  v e in l e t s .

M in e r a liz a t io n . The Amole s to ck  h a s no known s ig n if ic a n t  a s ­

so c ia te d  m ineral p rod u ction . M ineral p r o sp e c ts  o f  co p p er , le a d , z in c ,  

m olybdenum , and vanadium  o ccu r  in the sed im en tary  and v o lc a n ic  rock s  

th at the s to ck  in tru des (Jenkins and W ilso n , 1920; K in n ison , 1 9 5 8 ). 

Pyrom etasom atic m in era liza tio n  p r in c ip a lly  in  P a le o z o ic  and C reta ceo u s  

lim esto n e  is  e x p o se d  in the M ile  W ide m ine (Copper K in g), the G ould  

m in e, the C opper B ell m in e, and o th er  p r o sp e c ts  to the e a s t  o f  the Amole 

sto ck  (F ig . 1 7 ). M in era liza tio n  in c lu d e s  c h a lc o p y r ite , p y r ite , m a la c h ite , 

and other minor copper o x id e s .  F issu re  v e in s  carrying m olybdate and  

vanad ate m in erals o ccu r  in the C reta ceo u s  v o lc a n ic  rock s north o f  Amole 

Peak (Brown, 1 9 3 9 ). Such v e in s  h av e  in the p a s t  b een  w orked a t the O ld  

Yuma m in e .

Time r e la t io n sh ip s  b etw een  a p lite s -p e g m a tite s  and m in era liza ­

tion  are not c le a r  b e c a u se  the two do n ot o ccu r  to g e th e r . H o w ever , the  

p resen ce  o f  s e r ic ite  a ltera tio n  and sc a r c e  m a la ch ite  in  a p lite  in d ica te  

th at a p lite s  are o ld er  than m in er a liz a tio n .

S w issh e lm  Intrusion

The S w issh e lm  in tru sion  on the w e s t  s id e  o f  the S w issh e lm  

M o u n ta in s , C o c h ise  C ou n ty , A rizona (F ig. 2) i s  about 7 m ile s  e a s t  o f  

the tow n o f  Elfrida and 20 m ile s  north o f  D o u g la s , A rizon a . The m ain  

e x p o sed  part o f the s to ck  co m p r ises  a 1 .5  square m ile  a rea , a lth ough  

the a ctu a l area may be larger s in c e  th e w estern  border i s  c o v ered  by
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alluvium  (F ig. 1 9 ). The sto ck  intruded rock s o f  la te  P a le o z o ic  age  (N aco  

Group) and Early C reta ceo u s age  (B isbee Group) and w as d ated  by Damon 

(oral co m m u n ., 1973) a s  3 0 .2  m .y .  by the K-Ar m ethod.

P h y sio g ra p h ica lly , the in tru sion  forms tw o r id g es  referred to  by  

D iery (1964) a s  the north and south  spurs (F ig. 1 9 ). It i s  stro n g ly  frac­

tured w ith  s te e p ly  d ipping jo in ts  str ik in g  n o rth ea st and n o r th w est. Frac­

turing is  a s s ig n e d  to more than one a g e , s in c e  a fracture f i l le d  by a p lite  

is  o f f s e t  by a la ter  fracture a ls o  o c cu p ie d  by a p lite  (F ig . 2 0 ) .

D iery  (1964) r ec o g n iz e d  four f a c ie s  in  the quartz m onzon ite in ­

tr u s io n . A ccording to him a normal quartz m onzon ite fa c ie s  in c lu d e s  the 

northern spur, the e a ster n  part o f  the southern spur, and other sm a ll o u t­

crop s to the south  o f  the southern  spur (F ig . 1 9 ). It is  lig h t  gray to  

lig h t p in k ish  gray w here fresh  and lig h t brow nish  gray on w eath ered  sur­

f a c e s .  It is  porphyritic w ith  o r th o c la se  p h en o cry sts  in a m ediu m -grained  

equigranular grou n d m ass. C o n stitu en t m in era ls ,a cco rd in g  to D iery  

(1964), are 2 0 -2 7  p ercen t q u artz, 3 7 -4 5  p ercen t p erth itic  o r th o c la s e ,  

2 3 .5  p ercen t p la g io c la s e  (An3Q -20) • P la g io c la s e  i s  lo c a l ly  a ltered  to  

s e r ic ite  or c o a r se  m u sc o v ite . B io tite , g en era lly  uniform ly d is tr ib u ted , 

c o n s t itu te s  4 -5  p ercen t o f  the rock . It i s  partly  or c o m p le te ly  a ltered  

to  ch lo r ite  and is  rarely  in terlam in ated  w ith , or surrounded b y , m u sco ­

v ite . M a g n etite , a p a t ite , and sp h en e  are a c c e s s o r y  m in er a ls . A lteration  

m in erals are flu o r ite , c a lc i t e ,  s e r ic i t e ,  and c h lo r ite .

The "altered" quartz m on zon ite fa c ie s  i s  co n fin ed  to  the w e s t ­

ern part o f  th e southern sp u r. O ther than it s  in te n se  w eath erin g  and e x ­

te n s iv e  hydrotherm al a ltera tio n  (D iery , 1 9 6 4 ), it  is  s im ila r  in  m ineral 

co m p o sitio n  to  the "normal" quartz m on zon ite f a c ie s .  P erth itic
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Figure 20. Aplite dike filling  a jo in t o ffse t by a younger jo in t 
a lso  filled  with a p li te , Sw isshelm  stock , Arizona

Sample location  45.
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o r th o c la se  is  turbid and m ost o f  the p la g io c la s e  is  e x te n s iv e ly  a ltered  to  

s e r ic i t e , m u sc o v ite , and minor c la y  m in era ls .

A third type i s  a f in e -g ra in ed  f e l s ic  rock a s s o c ia te d  w ith  the  

a ltered  quartz m onzon ite o f the southern spur. It is  lig h t  brow nish  to  

lig h t o liv e  gray and is  porphyritic w ith  o r th o c la se  and m ica p h e n o c r y s ts . 

The f in e -g ra in ed  (0 .5  mm) groundm ass sh o w s graphic te x tu r e . D iery  

(1964) reported it s  m in era lo g ica l co m p o sitio n  a s  1 6 -2 2  p ercen t qu artz, 

4 1 -4 7  p ercen t o r th o c la s e , 1 -2  p ercen t m ic r o c lin e , 1 1 -1 4  p ercen t o l ig o -  

c l a s e ,  5 - 8 .5  p ercen t m ic a , m ain ly m u sc o v ite , and 2 .5 - 3  p ercen t m ag­

n e t i t e .  A c ce sso r y  m in era ls are a p a t ite , sp h e n e , z irc o n , and f lu o r ite . 

O lig o c la s e  p h en o cry sts  are a ltered  to  s e r ic ite  and m u sc o v ite .

A c o n ta c t fa c ie s  o f  d io r ite , m o n zo n ite , and sy e n ite  is  co n fin ed  

to  the co n ta c t o f  the in tru sion  w ith  the m etam orphosed P a le o z o ic  r o c k s . 

D e s il ic a t io n  and a lk a li m etasom atism  o f the quartz m on zon ite  are c o n ­

sid ered  by D iery (1964) to  h ave formed th e s e  three ty p e s  o f  r o c k s . D iery  

(1964) b e lie v e d  that the S w issh e lm  quartz m onzon ite w a s d er ived  by d if­

feren tia tio n  and la t e - s t a g e  a lk a li m etasom atism  o f  a probable quartz 

d iorite  magma rich  in a lk a li and v o la t i le  c o n s t i tu e n t s .

An in c lu s io n  o f  B isb ee  Group in the northern spur o f  the quartz 

m onzonite (F ig. 19) h as an in tern al structure s im ilar  to  th at o f  the B is ­

b ee  Group and d o es  not show  e v id e n c e  o f  d is tu rb a n c e . It i s  th erefore  

c o n s id e re d  to  be a roof p en d a n t.

A p lites  and P e g m a tite s . D ik e s  o f  a p lite s  and p eg m a tite s  are  

sca ttered  a l l  over the S w issh e lm  s to c k , p articu larly  the northern spur  

(F ig s . 19 and 2 1 ) . Sam ples for th is  stu d y  w ere c o l le c te d  from th is  por­

tion  o f  the s t o c k . There is  ap p aren tly  no su lfid e  m in era liza tio n  in th e
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Figure 21. Abundant ap lite  and pegm atite dike population in 
the northern spur of the Sw isshelm  stock , Arizona
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S w issh e lm  s to c k , but beryl and flu orite  p ro sp ec ts  are lo c a te d  about a 

m ile to the so u th w est o f  the sam pled  a r ea . B ased  on petrographic s tu d y , 

flu orite  and minor secon d ary  K -fe ld sp a r  and s e r ic ite  p o std a te  a p lite  

d ik e s .

Abundant a p lite s  and p eg m a tite s  occu r in th e S w issh e lm  s to c k ,  

w ith  a p lite  dom inant. M ixed  a p lite -p e g m a tite s  are com m on, w ith p e g ­

m atite u su a lly  occu p y in g  the cen te rs  o f d ik e s .  P egm atite fa c ie s  in ap­

l ite  d ik es  becom e more com m on on th e northern spur a s  the e a stern  

co n ta c t o f  the sto ck  w ith  the B isb ee  Group is  ap p roach ed . S im ila r ly , 

grain s iz e  in c r e a s e s  from 0 .4  to 1 .4  (Table 8) and m u sco v ite  b eco m es  

more abundant a s  the ea stern  c o n ta c t  o f  the s to ck  is  approached from 

th e e a s t .  A plite d ik es  in the w estern  portion o f  the northern spur are 

p in k ish , w h ereas th o se  to th e w e s t  are gra y ish  w h ite . In crea se  o f  grain  

s iz e  o f  pegm atite  in a p lite  d ik es  and o f  m u sco v ite  co n ten t a s  one g o e s  

w e s t  a long the northern spur i s  taken  here to in d ica te  in c r e a se  o f  v o la ­

t i le  co n ten t o f  the sy stem  tow ard the e a s t ,  w h ic h , in turn, may in d ica te  

th at the S w issh e lm  in tru sion  is  stru ctu ra lly  h igh er on the e a s t .  The 

c o n ta c ts  o f  a p lite  d ik es  w ith  quartz m onzon ite h o s t  rock are sharp (F ig . 

22) and where pegm atite  is  a b s e n t , a p lite  d ik es  are tex tu ra lly  and m in - 

e r a lo g ic a lly  h om ogen eou s a c r o s s  th eir  w id th , a lthough random ly d is tr ib ­

uted c o a r se -g r a in e d  p a tch es  occu r  in the a p lite  d ik e s .

S teep ly  dipping d ik es  strik in g  n orth w esterly  and n orth ea ster ly  

f i l l  jo in ts  in the quartz m on zon ite  and surrounding r o c k s . D ik e s  o f  a t  

l e a s t  tw o a g e s  are o b se r v e d , a s  som e d ik es  c u t and o f f s e t  o th ers  

(F ig. 2 0 ) .



T able 8 . M odal m in era lo g ic  co m p o sitio n  and grain  s iz e  o f  a p l i t e s ,  S w issh e lm  s to c k , S w issh e lm  
M o u n ta in s , Arizona

Sam ple  
N o . 1

Percent by Volume Average
Grain
S iz e
(mm)Q uartz K -fe ld sp a r P la g io c la se  M u sco v ite A c ce sso r y  M in era ls

41 37 31 32 —— m u sc o v ite , b io t ite ,  m agn etite < 1 0 .4

42 33 34 33 — — m u sc o v ite , b io t ite ,  m agn etite < 1 .3 5

43 32 34 34 — m u s c o v ite , b io t i t e , m agn etite < 1 .5

44 35 33 32 — m u sc o v ite , b io t it e ,  m agn etite < 1 .4

45 36 32 28 CO XJ b io t i t e , m a g n e tite , flu orite < 1 1.2

A ■ 32 32 34 to O b io t ite ,  m a g n e tite , flu orite < 1 1 .3

B 33 37 27 2 .0 b io t ite , m a g n etite , flu orite < 1 1 .4

C 31 33 33 3 b io t ite ,  m a g n e tite , flu orite < 1 1 .4

1 . Sam ple lo c a tio n s  are show n on Figure 1 9 .
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Figure 22. Sharp con tac t re la tionsh ip  betw een ap lite  and 
quartz m onzonite , Sw isshelm  stock , Arizona



88

In th in  s e c t io n , d ik es  h ave sugary xenom orphic granular t e x ­

tu re . The p in k ish  a p lite s  have a grain  s iz e  o f 0 .4  mm, w h ile  the gray­

ish  w hite o n e s  have an average grain s iz e  o f  1 .2  mm. C o n stitu ten t  

m inerals o f  the p in k ish  a p lite  v a r ie ty  are 3 2 -3 7  p ercen t q u artz , 3 1 -3 4  

p ercen t K -fe ld sp a r, and 3 2 -3 4  p ercen t p la g io c la s e .  A c c e sso r y  m in era ls  

are m a g n etite , sp h e n e , b io t ite ,  and m u sc o v ite . C lea n  quartz c r y s ta ls  

are anhedral and subrounded to angular w ith  u n d u lo se  e x t in c t io n . Turbid 

p erth itic  K -feld sp ar  forms subhedral to  anhedral c r y s ta ls  and in c lu d e s  

minor m u sc o v ite . Rare ca r lsb a d  tw in n ing in d ic a te s  the p r e se n c e  o f  orth o -  

c la s e ;  th is  m ineral probably a c co u n ts  for m ost o f  the K -fe ld sp a r  in  the 

ro ck . Subhedral to  anhedral c r y s ta ls  o f o l ig o c la s e  (An 15) are sp a r se ly  

tw in ned  and co n ta in  minor in c lu s io n s  o f  m u sc o v ite . O lig o c la s e  lo c a lly  

sh o w s s e r ic it ic  a lte r a tio n . The g r a y ish -w h ite  a p lite  d ik es  are co m p o sed  

o f  3 1 -3 6  percen t q u artz, 3 2 -3 7  p ercen t K -fe ld sp a r , 2 7 -3 5  p ercen t p la g io ­

c la s e ,  and 2 - 3 .7  p ercen t m u sc o v ite . In co n tra st to  the p in k ish  d ik e s ,  

the g r a y ish -w h ite  a p lite  d ik es  show  abundant m icro c lin e  and th eir  .pla­

g io c la s e  is  w e ll tw in ned  and h a s  more in c lu d ed  m u s c o v ite . F luorite and  

m agn etite  are a c c e s s o r y  m in era ls .

D iery  (1964) d e ta ile d  a p lite  d ike c o m p o s itio n s  in th e S w is s -  

helm  sto ck  a s  b ein g  3 1 -3 8  p ercen t q u artz , 3 7 -5 1  p ercen t K -fe ld sp a r , 

1 0 -2 3  p ercen t p la g io c la s e ,  0 . 5 - 4 . 5  p ercen t m u sc o v ite , 0 .5 - 1  p ercen t  

b io t it e ,  and 1 .5 - 2 . 5  p ercen t o th e r s . The d ifferin g  m ineral ab u n d an ces  

reported by D iery  are ir reco n c ila b le  w ith  th o se  reported e a r lie r  by m e. 

C hem ica l co m p o sitio n  c a lc u la te d  from d eterm in ation s o f  the new  m odal 

m in era log ic  co m p o sitio n  data  a g r ee s  w e ll  w ith  c h e m ic a l co m p o sitio n  o f  

the sam e rock s determ ined  by atom ic a b so rp tio n . M agm atic tex tu re



inclu d ing  mutual c r y s ta ll iz a t io n  b o u n d a r ies, graphic te x tu r e , and la ck  

o f p erv a siv e  hydrotherm al a ltera tio n  are in v o k ed .

M in e ra liza t io n . No su lfid e  m in era liza tion  h as b een  o b serv ed  

w ith in  or o u ts id e  the s to ck  in the surrounding m etam orphosed country  

r o c k s . A few  flu orite  and beryl p r o sp e c ts  are found in the southern por­

tion  o f  the s to ck  (F ig . 1 9 ). Beryl and flu orite  o ccu r  a s  p a tch es  or a s  

d issem in a tio n s  in a p lite -p e g m a tite  d ik e s .  Their eco n o m ic  s ig n if ic a n c e  

i s  doubtful a s  th ey  have not b een  e x te n s iv e ly  p ro sp ec ted  or d e v e lo p e d .

T exas C anyon Intrusion

The T exas C anyon quartz m onzon ite in tru sion  is  lo c a te d  about 

12 m ile s  n orth east o f  B en so n , A rizon a, a long U .S .  In tersta te  10 (F ig . 2 ) . 

The in tru sion  is  very  w e ll  e x p o se d  by the T ex a s C anyon drainage sy ste m  

and forms the so u th ea stern  h a lf  o f  the L ittle  D ragoon M ountains (F ig:

2 3 ) . Although the fu ll s iz e  o f  th is  in tru sion  is  probably la rg er , i t s  o u t­

crop is  roughly 4 by 6 .5  m ile s ,  w ith  the long a x is  trending n o r th ea s t.

The T exas C anyon in tru sion  in vad ed  rock s ranging in age  from 

Precam brian to Late C r e ta c e o u s . L iv in gston  and o th ers (1967) d ated  the  

in tru sion  at 4 7 .4 - 5 4 .2  m .y .  by the K-Ar m eth od . C o n ta ct r e la t io n s  su g ­

g e s t  s te e p , g en era lly  con cord an t c o n ta c t w a lls  w ith  the P inal S c h is t  in  

the north and n orth w est and d isco rd a n t w a lls  w here it  c u ts  p o s t-P in a l  

S c h is t  r o c k s . C o n ta ct r e la t io n s  at the south  end  o f  the m a ss  s u g g e s t  

th at it h as a g e n tly  arched irregular roo f, w h ich  h a s not b een  co m p le te ly  

u n covered  by e r o s io n . Q uartz m on zon ite  and a s s o c ia te d  a p lite  d ik e s  

w e s t  o f  the town o f  D ragoon (F ig . 23) co n ta in  large  in c lu s io n s  th at e v i ­

d en tly  rep resen t roof p en d an ts b e c a u se  th eir  in tern a l structure conform s

89
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to th at o f  the w a l l s .  A ccording to C ooper and S ilv er  (1964), there i s  e v i ­

d en ce  for an early  p h ase  o f fo rcefu l in jec tio n  in the so u th w e st fo llo w ed  

by a la ter  p a s s iv e  p h ase  o f  m agm atic stop in g  in  the e a s t .

S teep ly  dipping n o rth ea ster ly  jo in ts  are c o n sp ic u o u s  through­

out the s to c k . Their average strik e is  N . 4 5 °  E . w ith  86°  SE. d ip s .

Other s e t s  o f s te e p ly  dipping jo in ts  are d ev e lo p ed  lo c a l ly .  The dom inant 

n o rth ea st jo in t s e t  i s  g e n e ra lly  p a r a lle l to the long a x is  o f  the s to c k .  

Some o f  th e s e  jo in ts  are lo c a l ly  m in era lized  by v e in s  o f  quartz in  w h ich  

hubnerite w a s d e te c te d  in a few  p la c e s  (C ooper and S ilv er , 1 9 6 4 ). Ap- 

l i t e s  and p eg m a tite s  are a ls o  o b serv ed  to f i l l  th e s e  jo in t s .

L ith o lo g ic a lly , the T exas C anyon s to ck  i s  a quartz m on zon ite  

w ith  a dom inant porphyritic p h a se  and a minor non porphyritic p h a se  g e n ­

e r a lly  d istr ib u ted  a lo n g  the ex tern a l c o n ta c t s .  The porph yritic  p h a se  is  

p a le  brown on w eath ered  su r fa ces  and lig h t  gray on  fresh  fr a c tu r e s . K- 

fe ld sp a r  p h en o cry sts  1 -1 0  cm lo n g , averag in g  3 -4  cm , form 2 -5  p ercen t  

o f  the rock and occu r in a m ediu m -grained  groundm ass o f  3 0 -3 5  p ercen t  

q u a rtz , 3 0 -4 0  p ercen t p la g io c la s e ,  2 5 -3 0  p ercen t K -fe ld sp a r , and about 

5 p ercen t m ica , m ost o f  w h ich  is  b io t ite  (Cooper and S ilv e r , 1 9 6 4 ).

Zoned o l ig o c la s e  o ccu rs  a s  anhedral to  subh ed ral c r y s ta ls  1 -4  cm lo n g .  

K -fe ld sp a r  and quartz form the groundm ass and g iv e  the rock a gran ito id  

te x tu r e . K -fe ld sp a r  is  m ic r o c lin e , a lthough o r th o c la se  may a ls o  be p r e s ­

e n t .  Large quartz m a s s e s  are in part s in g le  subh ed ral c r y s ta ls  but much 

more com m only are a g g r eg a tes  o f  sm all anhedral c r y s t a l s . A c c e sso r y  

m in era ls in clu d e m a g n etite , a p a t ite , and minor z ir c o n .

A lteration  m in era ls form sca tter e d  p a tch es  and le n s e s  com m only

in the n orth eastern  portion o f  the s to ck  (F ig . 2 3 ) . A lteration  com m only
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c o n s is t s  o f s e r ic it iz a t io n  o f p la g io c la s e  and c h lo r it iz a tio n  o f b io t i t e . 

K -feld sp ar is  g en era lly  u n a ltered .

A p lites  and P e g m a tite s . A p lites  and p eg m a tite s  o ccu r  abundant­

ly  in the T exas C anyon s to c k , e s p e c ia l ly  in the southern  p ortion . A o n e -  

m ile traverse  A-B (F ig . 23) in te r se c te d  45 d ik e s ,  ranging in w idth from 4 

to  23 in c h e s , averagin g  13 in c h e s .  D ik e s  sam pled  for th is  stu d y  are 

lo c a te d  in  the cen ter  o f  the s to c k , about 2 .5 - 3  m ile s  from the Empire 

N o . 2 sh aft and the C enturion  mine and 5 m ile s  from the Johnson Camp 

m in e. They show  no hydrotherm al a lte r a tio n . D ik e s  are younger than  

the quartz m onzon ite but o ld er  than th e m in e r a liz a tio n . D ik e s  g en era lly  

fo llo w  the attitu d e o f jo in ts  (N . 4 5 °  E . , 8 7 ° S E .) . Some d ik e s  b ifu rcate  

or su d d en ly  ch an ge d irectio n  g iv in g  r ec tilin e a r  pattern s (F ig . 2 4 ) . D ik e s  

are a ls o  tra cea b le  c o n tin u o u s ly  from w ith in  the s to c k  in to  th e  surround­

ing country r o c k s .

D ik e s  com m only o ccu r  a s  a p l i t e ,  p e g m a tite , or a com b in ation  

o f  the tw o , although s in g le  a p lite  occu rren ce  is  a lw a y s  dom inant. W here 

both occu r in a s in g le  d ik e , p eg m a tite s  o ccu r  a s  d isc o n tin u o u s  bands 

lo c a te d  c en tra lly  or p erip h era lly  (F ig . 2 5 ). D ik e —h o s t  rock c o n ta c ts  are 

a lw a y s  sharp . D ik e s  are g ra y ish  w h ite .

T extu ra lly , a p lite  is  s u c r o s e , xenom orphic granular. D ik e s  5 3 -  

to  57 (Table 9) lo c a te d  near the c en te r  o f  the s to c k  are co a rser  grained  

(0 .7  mm average) than d ik e s  58 to 60 (0 .3  mm average) lo c a te d  to  the  

so u th . M u sco v ite  sh ow s preferred or ien ta tio n  and e v id e n c e  o f  stra in  by  

the bending o f  m u sco v ite  f la k e s ,  bend ing o f  p la g io c la s e  tw in n in g , and  

u n d u lose  e x tin c tio n  o f  q u artz. A th o u sa n d -p o in t cou n t o f  s ix  s ta in ed  

th in  s e c t io n s  in d ica te  a m ineral co m p o sitio n  o f  3 2 -3 7  p ercen t q u artz .
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Figure 24. R ectilinear pattern  generated  by bifurcating aplite  
d ikes tha t change strike sharply , Texas Canyon s to ck , Arizona

Sample location  55.
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Figure 25. Pegm atite bands (Peg) occurring peripherally  in an 
aplite  dike (Ap), Texas Canyon in trusion , Arizona

Sample location  54 .



T able 9 .  M odal m in era lo g ic  co m p o sitio n  and grain s iz e  o f  a p lite  d ik e s , T exas C anyon s to c k . L ittle  
D ragoon M o u n ta in s , C o c h ise  C ou n ty , A rizona

Sam ple  
N o . 1

P ercent by Volume A verage
Grain

Q uartz K -fe ld sp a r P la g io c la s e M u sco v ite A c c e sso r y  M in era ls
S ize
(mm)

53 36 18 33 13 m agn etite  < 1 1 .5

• 54 32 31 31 6 garnet <  1 0 .7

55 34 17 37 12 garn et < 1 0 .6 5

56 32 20 36 12 garn et <1 O cn

57 (pegm atite)

58 32 24 36 8 garn et < 1 0 .3

59 37 29 30 4 0 .3

60 (pegm atite)

1 . Sam ple lo c a t io n s  are show n on Figure 2 3 .
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1 7 -29  p ercen t K -fe ld sp a r , 3 0 -2 7  p ercen t p la g io c la s e ,  and 4 -1 2  p ercen t 

m u sc o v ite . A c ce sso r y  m in era ls are m agn etite  and g a rn et. The w ide  

spread in range o f K -fe ld sp a r  and m u sco v ite  is  due to the form ation o f  

m u scov ite  apparently a t the e x p e n se  o f  K -fe ld sp a r . M ineral co m p o sitio n  

in d ic a te s  that w h erever v a lu e s  o f K -fe ld sp ar  drop m u sco v ite  v a lu e s  p ick  

up and a lso  that com bined  v a lu e s  o f  K -fe ld sp a r  and m u sco v ite  are s im i­

lar among the s ix  thin s e c t i o n s . Q uartz o ccu rs  a s  c le a r  anhedral su b ­

rounded fractured gra in s and h a s u n d u lose  e x t in c t io n . M icro c lin e  is  the  

prin cip a l K -fe ld sp a r , a lthough p erth itic  o r th o c la se  i s  a ls o  d e v e lo p e d . 

P la g io c la se  (Ang) forms subhedral to anhedral c r y s t a ls ,  w h ich  in clu d e or 

are surrounded by m u sc o v ite . Tw inning i s  g e n e ra lly  w e ll  d e v e lo p e d ,  

so m etim es in c o m p le te , and rarely a b s e n t . M u sco v ite  o ccu rs  a s  su b ­

hedral fla k es  in te r s t it ia l to  q u artz, m ic r o c lin e , and p la g io c la s e  and  

lo c a lly  in c lu d ed  in the l a s t .  A m agm atic orig in  o f  m u sco v ite  i s  b a se d  on  

its  equant c r y s ta l form, in te r s t it ia l occu rren ce  to m agm atic m in era ls , 

and random d is tr ib u tio n . G arnet is  an a c c e s s o r y  m ineral not com m on to  

a ll  th in  s e c t io n s .

M in e r a liz a t io n . P yrom etasom atic copper and z in c  rep lacem en t  

ore d e p o s its  at Johnson Camp y ie ld e d  about 1 , 1 3 0 ,0 0 0  to n s o f  ore v a lu ed  

a t $ 2 5 ,6 0 0 ,0 0 0  by the end  o f  1959 (Cooper and S ilv e r , 1 9 6 4 ). Ore m in­

e ra ls  are sp h a le r ite , c h a lc o p y r ite , w ith  minor bornite in  a s s o c ia t io n  

w ith  p y r ite , minor s c h e e l i t e ,  and tr a c es  o f m olyb d en ite  (Cooper and  

S ilv er , 1 9 6 4 ). O ther p r o sp e c ts  o f  the Johnson Camp typ e o ccu r  in the  

surrounding rock s near the e a ster n  c o n ta c t o f  the T exas C anyon s to c k .  

In ten s iv e  m ineral ex p lo ra tio n  i s  p resen tly  g o in g  on in the a llu v iu m  to  

the e a s t  and n o rth ea st o f  the s to c k . Although no an n ou n cem en ts h ave
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b een  r e le a s e d , d r illin g  h a s  app arently  in d ica ted  the p r esen ce  o f  tw o  

m ineral d e p o s its  to the e a s t  o f  the s to c k , the e x te n t  and sou rce  o f  w h ich  

are not y e t know n.

W h etston e  Intrusion

The W h etsto n e  in tru sion  o f the W h etsto n e  M ountains l i e s  about 

16 m ile s  so u th w est o f  B en son  (F ig . 2) and c o v e r s  an area o f  about two  

square m iles  in the W h etston e  M o u n ta in s . W h ereas the W h etsto n e  

M ountains trend n o r th w ester ly , the s to c k  i t s e l f  i s  e lo n g a te  in  an e a s t -  

w e s t  d ir e c t io n . A lthough the topography is  ru gged , a c c e s s  to the in ­

trusion  is  provided by p rim itive r o a d s . It intruded Permian carb onate and  

aren a ceo u s rock s and C reta ceo u s  sa n d s to n e , co n g lo m era te , and carb on­

a t e s ,  w h ich  are o v er la in  by rh yod acite  o f  m iddle C reta ceo u s  a g e  (F ig .

2 6 ) . P o ta ssiu m -a rg o n  d ating  in d ic a te s  an  age  o f  74 m .y .  (C rea sey ,

1 9 6 7 ). The in tru sion  is  stron g ly  jo in te d , w ith  an e a s t - w e s t  str ik in g  s e t  

o f  jo in ts  p a ra lle l to  the long a x is  o f  the in tru sio n , d ipping about 6 0 °  SE. 

and a n o rth easterly  s e t  str ik in g  about N . 2 0 °  E . ,  d ipping about 68°  SE. 

Sedim entary rock s surrounding th is  in tru sion  are d istu rb ed  a s  e v id e n c ed  

by s te ep en in g  and e rr a tic a lly  d istu rb ed  s tr ik e s  o f  b e d s .  T h ese  fea tu res  

in d ica te  that the s to ck  w a s a c t iv e ly  em p la ced : The s to c k  and som e  

s a te l l i t e  in tru sion s w ere m apped by C rea sey  (1967) a s  g ra n o d io r ite .

V. D . D e Ruyter (oral co m m u n ., 1971) b e l ie v e s  th at the intru­

s io n  is  not hom ogen eou s granodiorite  but a ls o  in c lu d e s  quartz m o n zo n ite . 

T his o b serv a tio n  i s  confirm ed by sa m p les  c o l le c te d  for th is  s tu d y . Grano 

diorite  i s  gray ish  b lack  w here fr e sh , is  hypidiom orphic granular and it s  

c o n stitu e n t m in era ls are 9 p ercen t q u artz, 3 p ercen t K -fe ld sp a r , 54
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percent p la g io c la s e ,  14 p ercen t b io t ite , 13 p ercen t h orn b len d e, and 5 

percent p y r ite , w ith  s p h e n e , c h lo r ite , and m agn etite  a s  a c c e s s o r y  m in­

e r a ls .  Subhedral p la g io c la s e  (An] 7) i s  s lig h t ly  se r it iz e d  and d is c o n t in -  

u ou sly  rimmed w ith  K -fe ld sp a r . O rth oclase  forms anhedral to subhedral 

c r y s ta ls  in te r s t it ia l to  p la g io c la s e .  H ornblende i s  fringed by primary 

b io tite  and o r th o c la s e . Brown subhedral b io t ite  c r y s ta ls  are s lig h t ly  

ch lo r it iz e d  p erip h era lly  and a long c le a v a g e  and are a ls o  rarely  d is c o n -  

tin u o u sly  rimmed by o r th o c la s e . Pyrite i s  d is sem in a te d  and a ls o  c lu s ­

ters  m ost abundantly around ferrom agn esian  m in era ls . Q uartz m onzon ite  

h a s hypidiom orphic granular te x tu r e . Its co m p o sitio n  is  sim ilar  to that 

o f  granodiorite e x c e p t  for an in c r e a se  in quartz and K -fe ld sp a r  and a d e ­

c r e a se  in p la g io c la s e ,  ferrom agn esian  m in era ls , and p y r ite . M ineral 

co m p o sitio n  i s  17 p ercen t rounded and subrounded quartz, 25 p ercen t  

subhedral o r th o c la se , 48 p ercen t subhedral to  anhedral p la g io c la s e  

(An 17) c r y s ta ls .  5 p ercen t brown b io t i t e , 2 p ercen t h orn b len d e, and 1 

percen t p y r ite , S p h en e , a p a t ite , m a g n etite , and ch lo r ite  are a c c e s s o r y  

m in era ls . P o ta ss ic  a ltera tio n  i s  in d ica ted  by m antling o f  p la g io c la s e  by  

o r th o c la se , p artia l or com p lete  s e r ic it iz a t io n  o f  p la g io c la s e ,  and the  

p resen ce  o f  secon d ary  b io t it e .

As in d ica ted  by Figure 2 6 , sa m p les  o f  a p lite  d ik es  w ere c o l ­

le c te d  from the southern m argin o f  the W h etsto n e  s t o c k . A lthough e c o ­

nom ic m in era liza tio n  h as not y e t  b een  lo c a te d  in th is  s to c k , a su b -  

e co n o m ic a lly  m in era lized  sh ear  zo n e  runs about n orth -n o rth ea st through  

the lo c a le  o f  sam ple 1 6 . W eak hydrotherm al a ltera tio n  o f  secon d ary  K- 

fe ld sp a r  and s e r ic ite  w a s  o b serv ed  in a p lite  d ik es  and th eir  h o s t  r o c k s .  

B ased  on fil l in g  o f fractures in the granodiorite  and quartz m o n zo n ite .
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a p lite s  d ik es  are younger than th e s e  tw o f a c ie s ,  but as in d ica ted  by s u l­

fid e and a ltera tio n  m in era ls , a p lite  d ik es  p o std a te  or in som e in s ta n c e s  

are contem p oran eou s w ith  th e s e  tw o e p is o d e s .

A p lites  and P e g m a tite s . A plite d ik es  u tterly  w ith ou t p egm atite  

g en era lly  occu r  a long the m argins o f  the W h etsto n e  s to c k , e s p e c ia l ly  in  

the so u th , so u th w e s t , and w estern  p ortion s (F ig . 2 6 ) . D ik e s  have pre­

dom inant we st-n o rth  w e s t  s tr ik e s  w ith  var ia b le  but s te e p  d ip s . N orth­

e a s te r ly  strik in g  d ik es  a ls o  occu r  and dip s te e p ly  to  the s o u th e a s t .  

Contrary to o th er nonproductive sam pled  in s tr u s io n s , the W h etsto n e  

sh o w s few er d ik e s .  A traverse  (A-B, F ig . 26) on on e m ile in te r se c te d  

on ly  10 d ik e s ,  ranging from 4 to  18 in c h e s  in w id e but averag in g  10 

in c h e s . The c o n ta c t w ith  h o st rock is  sharp (F ig . 2 7 ) , and no ch an ge  

in grain s iz e  at the c o n ta c t is  o b s e r v e d . H ow ever, the c o n ta c t at s ite  

16 (F ig. 26) sh o w s a ch an ge o f  c o lo r  toward the cen ter  o f  the d ik e and  

o n ly  minor ch an ge in grain s iz e  (F ig . 2 7 ) . G oing from th e m argin at the  

c o n ta c t toward the cen ter  o f  the d ik e , a 0 . 5- in c h  o i l - c o lo r e d  zo n e  g iv e s  

w ay irregularly to a p in k ish  co lo red  r o c k . Thin s e c t io n s  r ev e a l th at the  

d ifferen ce  in co lo r  is  due to the p r e se n c e  o f  c le a r  rather than turbid  

o r th o c la se  c r y s ta ls  in the o i l- c o lo r e d  p ortion . A plite  c o l le c te d  from s ite  

16 co n ta in s  l e s s  than one p ercen t pyrite and m a la c h ite . There is  g e n ­

e ra lly  no ch an ge  in grain s iz e  or c o lo r  from one d ike to an oth er, e x c e p t  

in d ike 18 , w hich  i s  g ra y ish  w h ite  in co n tra st to the p in k ish  c o lo r  o f  the  

other d ik e s .  Another d ifferen ce  is  th at a p lite  d ik e s  a t the so u th w e st  

(d ik es 14 through 17) and a ls o  som e o f  the d ik es  a t the n o rth ea st portion  

o f the sto ck  show  fresh  p y r ite , a lthough o x id ize d  p yr itic  h a lo s  are not 

uncommon (F ig. 2 8 ) .
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Figure 27. Sharp con tac t re la tionsh ip  betw een ap lite  and grano- 
d io r ite , W hetstone s to c k , Arizona

This specim en a lso  shows the marked change in tone from the 
granodiorite con tac t toward the cen ter of the d ik e .

Figure 28. O xidized pyritic  halos in a p li te # W hetstone s tock ,
Arizona

W hetstone sample 16.
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M ic r o s c o p ic a l ly , a p lite  h a s  a sugary xenom orphic granular te x ­

ture in w hich  the average grain s iz e  is  0 .4  mm (Table 10 ). Like o th er  

a p lite  d ik es  in other a r e a s , c o a r s e ly  c r y s ta llin e  p a tch es  greater than  

1 .0  mm grain s iz e  o c c u r . M ineral co m p o sitio n  is  3 3 -3 8  p ercen t q u a rtz , 

3 0 -3 8  percen t K -fe ld sp a r , and 2 5 -3 5  p ercen t p la g io c la s e . A c ce sso r y  

m in erals are m a g n etite , b io t ite ,  sp h e n e , c h a lc o p y r ite , c h lo r ite , sp h e n e ,  

c h a lc o p y r ite , and p y r ite . Anhedral rounded to subrounded c le a r  quartz 

grain s are fractured and show  undulatory e x t in c t io n . K -fe ld sp a r  is  an­

hedral to subhedral and is  u n tw in n ed , e x c e p t  for rare ca r lsb a d  tw inning  

in d ica tin g  the p re se n c e  o f o r th o c la s e . B ased  on  the a b se n c e  o f  m icro-  

c lin e  r ec tilin ea r  tw in n in g , K -fe ld sp a r  i s  a ls o  tak en  to  be m o stly  ortho­

c l a s e .  P erth itic  textu re h as a ls o  b een  o b se r v e d . O rth o c la se  is  g en era lly  

turbid e x c e p t in sam ple 1 6 , w here o r th o c la se  forms c le a r  c r y s ta ls  a s  the  

c o n ta c t o f  a p lite  w ith  granodiorite  is  ap p roach ed . P la g io c la s e  (Anig) o c ­

cu rs a s  subhedral to  anhedral turbid c r y s ta ls  w ith  sp a r se ly  d e v e lo p ed  

tw in n in g . S er ic ite  is  lo c a l ly  d ev e lo p ed  in p la g io c la s e ,  e ith er  p erip h era l­

ly  or at the c en te r , and m an tles  o f  o r th o c la se  are a ls o  formed around  

p la g io c la s e  (F ig. 2 9 ) . Primary b io t ite  forms brown f la k e s ,  2 -4  mm in  

s i z e ,  w h ereas secon d ary  b io tite  o f  a g reen ish -b ro w n  co lo r  o ccu rs  a s  

sm all a lig n ed  f la k e s  (0 .0 5  m m ). Pyrite in mutual boundary c o n ta c t  and  

rep lacem en t re la tio n sh ip  w ith  m agn etite  i s  not app arently  v e in  c o n tr o lle d . 

Textural r e la t io n sh ip s  in d ica te  m agm atic c r y s ta ll iz a t io n  o f  a p lite  m in­

e r a ls .  P la g io c la se  is  partly rep la ced  by s e r ic ite  and o r th o c la s e . Ab­

se n c e  o f  e x te n s iv e  p la g io c la s e  rep lacem en t and o f  v e in le t s  in d ic a te s  

th at the a ltera tio n  is  d e u te r ic .



T able 1 0 . M odal m in era lo g ic  co m p o sitio n  and grain  s iz e  o f  a p lite s  from W h etston e  s to c k . W h etsto n e  
M o u n ta in s , Arizona

P ercent by Volume A verage
Grain

Sam ple  
N o . 1 Q uartz K -fe ld sp a r P la g io c la s e  A c c e sso r y  M in era ls

S ize
(mm)

11 37 30 33 b io t it e ,  m agn etite: < 1 0 .4

12 34 37 28 b io t i t e , m a g n e tite , sp h e n e , ch lo r ite : = 1 .4

13 34 37 38 b io t i t e , m a g n etite , ch lo r ite : —1 .3

14 36 35 28 b io t it e ,  sp h en e: —1 .3

15 36 35 27 b io t it e ,  m a g n etite , ch lo r ite : —2 .3 5

16 37 37 26 b io t it e ,  c h lo r ite ,  m a g n e tite , s p h e n e , 
c h a lc o p y r ite , m a lach ite: < 1

.4

17 33 32 35 b io t ite ,  m a g n etite , sp h en e: < 1 .4

18 •35 37 28 b io t ite ,  m a g n etite , sp h en e: < 1 .5

19 36 36 27 b io t i t e ,  m a g n etite , pyrite: — 1 .4

20 36 38 25 b io t it e ,  m a g n etite , p y r ite , carb onate: —1 .8

1 . Sam ple lo c a t io n s  are show n on Figure 2 6 .
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Figure 29. Photomicrograph showing K -feldspar (yellow) 
m antling and replacing along c leavage of a p lag io c lase  c ry s ta l (pink), 
W hetstone s to c k , Arizona

Stained th in  sec tion  16; plane polarized  ligh t, X66.
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M in e ra liza tio n . D rillin g  o f  a m in era lized  zon e lo c a te d  c lo s e  to  

the cen ter  o f  the in tru sion  and str ik in g  n o rth easterly  in d ica ted  the p r e s­

e n c e  o f  su b econ om ic copper and m olybdenum  su lf id e s  (V. D . D e Ruyter, 

oral co m m u n ic ., 1 9 7 1 ). Pyrite a ls o  occu rs  irregularly  in the in tru sion  

and surrounding sed im entary r o c k s .

U n c la s s if ie d  Intrusion

Troy Stock

The Troy sto ck  w a s  stu d ied  a fter  the co m p letio n  o f  the ea rly  

portion o f  th is  r e se a r c h . R esu lts  o f  the early  p h a se s  in d ica ted  a su b ­

s ta n tia l varia tion  in abundance and m ineral and c h e m ic a l c o m p o sitio n s  

o f  a p lite s  and p eg m a tites  o f m in era lized  and barren in tr u s io n s . The Troy 

sto ck  w as s e le c te d  in order to com pare r e su lts  ob ta in ed  from its  sa m p les  

a g a in s t  r e su lts  from oth er stu d ied  in tru sio n s b e c a u se  a c t iv e  m ineral e x ­

p loration  is  p resen tly  b ein g  con d u cted  in and around the Troy s to c k .

The Troy sto ck  i s  lo c a te d  in the D ripping Spring M ountains  

about 75 m iles  north o f  T ucson  (F ig . 2 ) . The sto ck  is  pear sh a p ed , w ith  

its  lo n g e s t  a x is  trending e a s t - w e s t  (F ig . 3 0 ) , and e n c o m p a sse s  an area  

o f about 2 square m ile s .  It h a s  intruded Precam brian and P a le o z o ic  rock s  

and is  dated  at 7 2 + 2  m .y .  (C ornw all, Banks,- and P h il l ip s , 1 9 7 1 ).

The Dripping Spring M ountains are stro n g ly  deform ed, m o stly  

by tilt in g  and fa u lt in g . As in d ica ted  by r e la t io n sh ip s  w ith  the in tru sive  

s to c k s , sev e r a l o f  the major fa u lts  formed in the la te  Precam brian and  

w ere la ter  r ea c tiv a ted  one or more t im e s , p articu larly  during the Lara- 

mide (Cornwall and o th er s , 1 9 7 1 ). The Troy in tru sion  i s  surrounded by 

in tr ica te ly  fau lted  rock s forming sm all grabens and h o r sts  (F ig . 30) and
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E X PL A N AT I ON

R h y o d o c i t e  P o r p h y r y  

F y k T i l  R h y o d o c i t e  P o r p h y r y

T E RT I A RY

P o l e o z o i c  R o c k s

CRETACEOUS
M e l o n o c r o t i c  R h y o d o c i t e  P o r p h y r y

TERTI ARY
H o r n b l e n d e  A n d e s i t e  P o r p h y r yP r e c o m b r i o n

U. CRETACEOUSR a t t l e r  G r o n o d i o r i t e

C o n t a c t
A----- B ONE M IL E

TRAVERSE F a u l t ,  b a l l  o n  d o w n  side

S t r i k e  a n d  d i p  o f  b e d s  

S a m p l e  S i t e
I mile

Figure 30. G eologic map of the Troy stock  a re a , Dripping Spring 
M ountains, A rizona .— Sim plified from Cornwall and o thers (19 71)
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sh ow s ev id e n c e  o f havin g b een  fo rce fu lly  intruded. At the w estern  c o n ­

ta c t ,  w ed g es  o f the in tru siv e  granodiorite  fo llo w  o ld  fa u lt p la n e s .  The 

gen era l w e s t-n o r th w e st  str ik e  o f  the country rock s h a s  b een  m od ified , 

and to the south  it p a r a lle ls  the in tru siv e  c o n ta c t (F ig . 3 0 ) . The so u th ­

w e ste r ly  d ip s o f 25o - 3 0 °  are in c r ea se d  to  8 0 ° in som e lo c a t io n s  a t the  

w estern  c o n ta c t . I s la n d s  o f  D ripping Spring qu artzite  in the n orth w est  

part o f  the s to ck  have b een  stron g ly  fractured and b r e cc ia te d  (T . E. 

A ndrew s, oral co m m u n ., 1 9 7 3 ).

The stock  i t s e l f  is  stron g ly  jo in ted  and s u s c e p t ib le  to  w eath er­

ing and forms a topographic low  w ith  r e sp e c t  to  surrounding h o s t  r o c k s .  

Num erous Laramide d ik es  cu t th e s to c k . The s to c k  is  a co m p o site  in ­

trusion  w ith  l i th o lo g ie s  varying from quartz d iorite  to  gra n itic  a p l i t e s  

(Cornwall and o th er s , 1 9 7 1 ). The m ain rock typ e i s  gran ito id  gran od io ­

r ite . The granodiorite c o n s is t s  o f 4 5 -6 6  p ercen t subh ed ral to euhedral 

a n d es in e  c r y s ta ls  up to 6 mm in le n g th , 15 -30  subhedral to  anhedral 

quartz 2 -7  mm in d im ater, 1 0 -2 0  p ercen t anhedral o r th o c la s e , 0 -1 3  

p ercen t subhedral b io t ite  a s  much a s  5 mm in d iam eter , 0 -1 1  p ercen t  

h orn b len d e, 1 -4  p ercen t eu h ed ral m a g n e t ite - ilm e n ite , w ith  a c c e s s o r y  

a p a tite , sp h en e , and z ir c o n .

P o ta ss ic  hydrotherm al a ltera tio n , n ot known to  be a s s o c ia te d  

w ith  s u lf id e s ,  o ccu rs  a s  v e in le t s  and p la g io c la s e  rep la cem en ts  (F ig . 3 1 ) .

A p lites  and P e g m a tite s . Sam ples o f a p lite s  w ere c o l le c te d  from 

the sou th w estern  part o f  the s to ck  about 0 .5  to 1 m ile from the Rattler  

mine (F ig. 3 0 ) . N o su lfid e  m in era ls w ere o b serv ed  in a p lite  d ik e s ,  but 

secon d ary  K -fe ld sp ar  v e in le t s  tr a n se c t  a p lite  d ik e s  (F ig . 3 1 ) .  S u lfid e  

m in era liza tio n  w ere e s ta b lis h e d  by C ornw all and o th ers (1971) to  be
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Figure 31. Photomicrograph of ap lite  showing p o ta ss ic  a lte ra ­
tio n , Troy stock , Dripping Spring M ountains, Arizona

Secondary o rthoclase  (yellow) forms a v e in le t (---- ) and a lso
m antles p lag ioc lase  (P). Stained thin section  67; plane polarized  lig h t, 
X 25.
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contem poraneous w ith  a lte r a tio n . Sam pled a p lite  d ik e s  are th erefore  

co n s id ered  to be contem p oran eou s w ith  a ltera tio n . Sam pled a p lite  d ik e s  

are therefore c o n s id e re d  to be younger than the s to ck  granodiorite  and  

to  p o std a te  hydrotherm al a ltera tio n  and m in era liza tio n .

P resen t r ec o n n a issa n c e  m apping in d ica ted  no p eg m a tite s  in the  

Troy s to c k , a lthough the sto ck  i s  marked by an abundance o f  a p lite  

d ik e s , 17 d ik es  per lin e  m ile , averag in g  23 in c h e s  th ic k . D ik es  f i l l  

rad ia l jo in ts  and h ave s te e p  d ip s , g en era lly  toward the cen ter  o f  the  

s to c k . In co n tra st to the h o st rock , a p lite  d ik es  are fresh  w ith  sharp  

n o n ch illed  c o n ta c ts .  E xcept for c r o ssc u tt in g  quartz and o r th o c la se  v e in s , 

the a p lite  d ik es  are tex tu ra lly  and m in era lo g ica lly  h o m o g en eo u s . The 

a p lite  d ik es  are g ra y ish  w h ite  w ith  sca r c e  ferrom agn esian  m in erals and  

apparently  no s u lf id e s .

In th in  s e c t io n , a p lite s  show  xenom orphic sugary tex tu res  in 

w h ich  the average grain  s iz e  i s  0 .5  mm (Table 1 1 ). M ineral co m p o sitio n  

i s  2 9 -3 3  percen t q u artz, 4 1 -5 0  p ercen t K -fe ld sp a r , 1 7 -2 7  p ercen t p la g io -  

c l a s e ,  w ith  a c c e s s o r y  b io t it e ,  a p a tite , m a g n etite , s e r ic i t e ,  and hem a­

t ite  . Quartz occu rs  a s  anhedral rounded to subrounded c r y s ta ls  ranging  

in  s iz e  from 0 .2  to 0 .7  mm and d isp la y in g  undulatory e x t in c t io n . An­

hedral to  su b h ed ral, g en era lly  untw inned turbid K -fe ld sp a r  v a r ie s  in  

grain  s iz e  from 0 .2  to 1 .0  mm. The larger gra in s in  many in s ta n c e s  are 

o f  secon d ary  o r ig in . M inor ca r lsb a d  tw inning in d ic a te s  th at the K- 

fe ld sp a r  p resen t is  o r th o c la s e . N o m icro clin e  tw inning w a s  o b serv ed  in  

th e s e c t io n s  s tu d ied . Secondary o r th o c la se  o ccu rs  a s  v e in le t s  or a s  re­

p la cem en t o f p la g io c la s e  (F ig . 3 1 ) .  Subhedral to  anhedral s o d ic  p la g io -  

c la s e  (Ang) o ccu rs  a s  sp a r se ly  tw in n ed  turbid c r y s t a ls .  P la g io c la s e  i s



Table 1 1 . M odal m in era log ic  co m p o sitio n  and grain  s iz e  o f  a p lite s  from Troy s to c k . D ripping Spring 
M o u n ta in s , A rizona

P ercent by Volume A verage
_____________________________________________________ Grain

Sam ple  
N o . 1 Q uartz K -fe ld sp a r P la g io c la s e A c c e sso r y  M in era ls

S ize
(mm)

61 32 46 22 b io t i t e , a p atite : <  1 Or—
1

62 31 48 20 b io t it e . a p a t ite , h e m a tite , s e r ic ite :  —1 0 .5

63 29 45 26 b io t i t e , a p a t ite , m a g n etite , s e r ic ite :  < 1 o Cn

64 29 48 22 b io t i t e , m a g n e tite , c h lo r ite : —1

COO

65 29 51 20 b io tite : < 1 0 .5

66 29 49 23 b io t i t e , m a g n etite , s e r ic ite :  < 1 COo

67 32 41 27 b io t i t e , s e r ic i t e ,  ch lo r ite : < 1 0 .7

68 33 50 17 s e r ic ite , ch lo r ite : < 1 0 .5

68 30 45 25 b io tite : < 1 0 .3 0

1 . Sam ple lo c a t io n s  are show n on Figure 3 0 .

o
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rep laced  by o r th o c la se  and lo c a l ly  s e r ic i t e . Both d eep -b row n  primary 

and green ish -b ro w n  secon d ary  b io t ite  is  d ev e lo p ed  in a c c e s s o r y  a m o u n ts . 

A p a tite , c h lo r ite , m a g n e tite , and h em atite  are qu ite rare. P o ta s s ic  a l­

teration  v e in s  w ith out any s u lf id e s  cu t a p lite  d ik e s .

M in e r a liz a t io n . Sm all d e p o s its  o f  copper s u lf id e s  and o x id e s , 

occurring in s te e p ly  dipping fa u lts  and f i s s u r e s ,  h ave b een  m ined in and 

around the Troy sto ck  (Cornwall and o th e r s , 1 9 7 1 ). S p a rse ly  d is s e m i­

nated  a z u r ite , m a la c h ite , c h r y so c o lla , and copper s u lf id e s  o ccu r  in the  

ea stern  part o f  the sto ck  and in the surrounding country rock s a long the  

southern c o n ta c t . C ornw all and o th ers (1971) e s t im a te  th at th e Rattler  

mine (F ig . 30) in Precam brian M e sc a l L im estone and d ia b a se  co n ta in s

2 ,5 0 0 ,0 0 0  ton s o f  1 to 1 .5  p ercen t cop p er , m ain ly a s  copper o x id e s .
I '

Summary o f  F ield  D ata

The inform ation p resen ted  here e la b o ra te s  upon and sum m arizes  

the d e ta iled  f ie ld  work p resen ted  in th is  ch a p ter . T his inform ation w ill  

be u sed  to  d is c u s s  the g e n e s is  o f the d ik es  and th eir  s ig n if ic a n c e  in  

m ineral ex p lo r a tio n .

Abundance and T h ick n ess  o f  D ik es

All e ig h t  o f  the stu d ied  in tru sio n s co n ta in  a p lite s  w ith  or w ith ­

out p e g m a tite s . H ow ever a n o t ic e a b le  d ifferen ce  in  d ike p op u la tion  and 

th ic k n e ss  h a s  b een  o b se r v e d . A plite and p egm atite  d ik e s  in p rodu ctive  

in tru sio n s are g e n e r a lly  th inner a t an average w idth  o f  4 in c h e s  and  

r e la t iv e ly  more sca r c e  at about 7 -9  d ik es  per lin e  m ile (F ig . 3 2 ) , than  

nonproductive s to c k s  w h ich  co n ta in  from 10 d ik e s  per l in e  m ile  a t W h et­

sto n e  to 45 a t T ex a s C anyon and range in  w idth  from 1 0 -2 4  in c h e s .  T his
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re la tio n sh ip  h as b een  q u an tified  by the m ethod d e scr ib e d  e a r lie r . Figure  

32 sh o w s that productive in tru sio n s in g en era l h ave sm all num bers o f  

th in  d ik e s . The Santa Rita in tru sion  co n ta in s  9 d ik es  per lin e  m ile a t 

about 4 in c h e s  w id e , w h ereas the P atagon ia  and Sierrita in tru sio n s are 

low  and sim ilar  at about 7 d ik e s  per lin e  m ile w h ich  average 4 in c h e s  

th ic k . S im ilar data for the Boulder b ath o lith  are not a v a ila b le . Among 

nonproductive in tru s io n s , the S w issh e lm  w ith 38 d ik es  per lin e  m ile and  

the T exas C anyon w ith  45 d ik es  per lin e  m ile co n ta in  by far the la r g e s t  

r e la tiv e  number o f  d ik e s .  The average w idth o f  d ik es  in the S w issh e lm  

i s  10 and in the T exas C anyon is  13 in c h e s .  The Amole and Troy intru­

s io n s ,  w h ich  both have 18 d ik es  per lin e  m ile w ith  an average w idth o f  

about 2 f e e t ,  co n ta in  the n ext abundance o f  d ik e s .  T h e se , in turn, are 

fo llo w ed  in d e c re a s in g  d ike abundance by the W h etsto n e  in tru sion  a t 10 

d ik es  per lin e  m ile averag in g  10 in c h e s  w id e .

D ata on th e w idth and number o f  d ik es  per lin e  m ile in th e s e  

in tru sio n s w ill be d ev e lo p ed  to in d ica te  p a s s iv e  in tru siv e  h is to ry  for 

produ ctive in tru sio n s and forcefu l for the nonproductive o n e s .

Structure and Texture

The structure and textu re o f  d ik es  o b serv ed  in the f ie ld  are 

sum m arized here accord in g  to th eir  mode o f  occu rren ce and th eir re la tio n  

sh ip  to fracturing in the h o s t  r o c k s . Their c o n ta c ts  w ith  the h o s t  rock  

and o f the tex tu ra l h om ogen eity  o f  a p lite  d ik e s ,  m ixed a p lite -p e g m a tite  

d ik e s ,  and p egm atite  d ik es  are a ls o  d e sc r ib e d . T h ese  data w il l  be su b ­

seq u en tly  u sed  in a d is c u s s io n  o f the orig in  o f  a p lite s  and p e g m a tite s  

in the in tru sion s under c o n s id e r a t io n .
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Stru cture. E xcep t for one lo c a tio n  at the T exas C anyon intru­

s io n  where pegm atite  forms a pod (F ig. 33), a p lite s  and p eg m a tite s  occu r  

a s  d ik es  w ith  lo n g , s tra ig h t, g e n e ra lly  p a ra lle l w a l l s . In d iv id u a l d ik es  

range from an e x p o se d  len gth  o f  50 fe e t  at the Amole s to ck  to about 3 ,0 0 0  

fe e t  at the S w issh e lm  sto ck  (F ig . 1 9 ). They range in w idth from a frac­

tion  o f an inch  (F ig . 24) to  7 f e e t .  D ik e s  rarely term inate abruptly but 

rather pinch out gradually  (F ig. 3 4 ) . D ik es  g en era lly  m aintain  a co n sta n t  

strike but o c c a s io n a lly  ch an ge ab ru p tly . N ot un com m only, th ey  b ifu rcate  

and m eet aga in  forming a r ec tilin ea r  pattern (F ig. 2 4 ) . Fournier (1968) 

o b served  sim ilar  beh av ior  o f  d ik es  and ex p la in ed  it  by th eir  fo rcefu l in ­

tru s io n . Although m ost o f  the d ik es  o b serv ed  are co n ta in ed  e n tir e ly  

w ith in  ig n eo u s  h o s t  r o c k s , th ey  lo c a lly  are co n tin u o u s from the intru­

s io n s  into the surrounding country rock s (F ig . 1 9 ).

T ex tu re . A plite d ik es  show  m onotonous tex tu ra l h o m o g en e ity , 

w ith  grain s iz e  averag in g  0 .4  mm (T ables 3 - 1 1 ) .  Randomly d istr ib u ted  

c o a r se -g r a in e d  p a tch es  o f  about 1.2  mm in grain s iz e  are found in a p lite  

d ik es  (F ig . 1 4 ). T h ese  p a tch es  are u su a lly  co m p osed  o f  quartz or quartz 

and K -fe ld sp a r , or sca rce  p la g io c la s e  (F ig . 1 4 ). S in g le  p eg m a tites  show  

grain s i z e s ,  ranging from 5 mm to 1 .5  cm . It is  not uncom m on, p a rticu ­

la r ly  in the T exas C anyon and the S w issh e lm  in tr u s io n s , to  find m ixed  

a p lite -p e g m a tite  d ik e s .  The p eg m a titic  m aterial o ccu rs  c en tra lly  or 

m arginally  (F ig s . 25 and 3 5 ) , and c o n ta c ts  o f  the d ik e s  w ith  the sur­

rounding a p lit ic  m ateria l may be e ith e r  sharp or g ra d a tio n a l. A p lites  

a ls o  e x h ib it  the su c ro se  tex tu re  c h a r a c te r is t ic  o f  p u b lish ed  d e s c r ip t io n s .

C o n ta c ts  o f  d ik es  w ith  h o s t  rock are a lw a y s  sh a rp , a s  show n in  

Figure 2 7 . O b servation  o f  the c o n ta c t  o f  a p lite  d ik es  w ith  h o s t  rock s
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Figure 33. A pegm atite pod in quartz m onzonite, Texas Canyon 
s to c k , Arizona
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Figure 34. Aplite dike which p inches out in the d irec tion  of 

b ifurcation , Texas Canyon s to ck , Arizona
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Figure 35. M ixed ap lite -pegm atite  dike w ith ap lite  located  
c en tra lly , Sw isshelm  stock , Arizona

Sw isshelm  sample location  45.
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r e v e a ls  no ch an ge in grain  s iz e  a s  a r esu lt  o f c h i l l in g .  T his featu re o f  

a p lite  w as a ls o  noted  by Derry (1 9 3 1 ), w h ereas p eg m a tite s  by co n tra st  

ex h ib it th is  c h illin g  fe a tu r e .

C olor o f D ik es

D ik e s  in the a rea s  under co n s id era tio n  d isp la y  pink and g r a y ish -  

w hite c o lo r s . All d ik es  from produ ctive in tru sio n s are pink w ith  the e x ­

cep tio n  o f g ra y ish -p in k  d ik e s  from the Boulder b a th o lith  at B u tte . D ik es  

from nonproductive in tru sio n s are e ith er  pink or g ra y ish  w h it e . For e x ­

am p le, d ik es  from the Amole and W h etsto n e  in tru sio n s are p in k , w here­

a s  th o se  from the S w issh e lm  and T exas C anyon in tru sio n s are g ra y ish  

w h ite . T his co lo r  d ifferen ce  i s  show n in su b seq u en t d is c u s s io n  to in d i­

c a te  a ch an ge  in the iron co n ten t o f  both the bulk rock and it s  K -fe ld sp a r .

Summary o f Petrographic D ata

Texture

M icr o sco p ic  tex tu res  confirm  th e f ie ld  o b se rv a tio n s  reported  

e a r lie r . The textu ral h o m ogen eity  o b serv ed  in the f ie ld  is  a ls o  p resen t  

on a m icro sco p ic  l e v e l .  The grain s iz e  ran ges from 0 .2  to  1 .5  mm w ith  

an average o f  0 .4  mm (T ables 3 - 1 1 ) .  Random c o a r se -g r a in e d  p a tch es  

o b serv ed  in  the f ie ld  are very  w e ll  d isp la y e d  in th in  s e c t io n s  o f  a p lite  

d ik es  (F ig . 1 4 ). T h ese  p a tch es  are co m p osed  o f  gra in s ranging in s iz e  

from 1 - 1 .2  mm. W e ll-d e v e lo p e d  c r y s ta l fa c e s  not s e e n  e lse w h e r e  in  

a p lite s  are com m only found in th e s e  p a tc h e s  (F ig . 1 4 ). O v e ra ll, a p lite  

tex tu re  is  the xenom orphic granular (F ig . 1 3 ), s im ila r  to th at d e scr ib ed  

in  the litera tu re . G raphic textu re (F ig . 15) is  w e ll  d e v e lo p e d  in
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p egm a tites  c o l le c te d  from th e T exas C anyon , S ierr ita , and S w issh e lm  

in tru s io n s . G ranophyric tex tu re  (F ig . 7) is  a ls o  o b serv a b le  in th e s e  a p -  

l i t e s  and is  b e s t  d ev e lo p ed  in th o se  from m in era lized  in tr u s io n s . Grano­

phyric texture w a s d efin ed  by Barker (1970) a s  the intergrow th o f  quartz  

and a lk a li fe ld sp a r  on a s c a le  from su b m icro sco p ic  to 1 to  2 mm. W h ile  

granophyric texture in nonproductive in tru sio n s is  o b serv ed  o n ly  in  

sam ple 3 (F ig. 17) o f a p lite  from the Amole s t o c k , it  i s  o ften  ob serv ed  

in a p lite s  from p rodu ctive o n e s ,  e s p e c ia l ly  in th o se  from the P atagon ia  

sto ck  (sam p les 2 7 , 3 0 , 31; F ig . 6) .  G ranophyric textu re h a s b een  d e ­

scr ib ed  in p lu ton ic  rock s "only from a p lite s  for w h ich  rapid c r y s ta l l iz a ­

tion  h a s b een  p ostu la ted "  (Barker, 1 9 7 0 , p . 3 3 4 2 ). Superim posed on  

th e se  primary c r y s ta ll iz a t io n  tex tu res  are tex tu res  o f  secon d ary  or ig in  in  

the form o f  o r th o c la se  v e in s  (F ig s . 16 and 3 1 ) , m antling o f  p la g io c la s e  

by o r th o c la se  and p artia l rep lacem en t o f  p la g io c la s e  by o r th o c la se  a lon g  

c le a v a g e  p la n es  (F ig. 2 9 ) . The sh a rp n ess  o f  d ike c o n ta c ts  w ith  the h o s t  

rock s o b serv ed  in the f ie ld  (F ig s . 22 and 27) are confirm ed by th e p r e s ­

e n c e  o f  m ic r o sc o p ic a lly  sharp c o n ta c ts  (F ig . 2 0 ) . T his sharp c o n ta c t  i s  

d efin ed  by v a r ia tio n  in grain  s iz e  o f the h o s t  rock s and a p lite  d ik e s , the  

la tter  much sm a lle r , and a ls o  by the d ifferen ce  in co lo r  o f  c o n s titu e n t  

m in era ls .

M ineral C om p osition

Q uartz, K -fe ld sp a r , p la g io c la s e ,  and m u sco v ite  in  a p lite  and  

pegm atite  d ik es  from S w issh e lm  and T exas C anyon s to c k s  to g e th er  c o n ­

stitu te  99 p ercen t by volum e o f  the to ta l m ineral co m p o sitio n  (T ables Ji­

l l ) .  B io tite , m a g n etite , s p h e n e , garn et, and pyrite are p resen t in a c ­

c e s s o r y  am ou n ts.
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S in g le  a p lite  d ik es  are m in er a lo g ic a lly  h o m o g en eo u s , and th is  

hom ogen eity  p rev a ils  among d ifferen t d ik es  in the sam e in tru sion  (Tables  

3 -1 1 ) .  This m in era lo g ica l h o m o g en eity  ag rees  w ith  th e ch em ica l hom o­

g e n e ity  d escr ib ed  la ter  in the ch ap ter on c h e m ic a l d a ta . S ig n ific a n c e  o f  

m in era lo g ica l and c h e m ic a l h o m o g en e it ie s  o f  d ik es  w il be su b seq u en tly  

c o n s id e r e d . The p r in cip a l a p lite  and pegm atite  d ik e m in era ls in clu d e  

q u artz , p la g io c la s e ,  and K -fe ld sp a r .

Q u a rtz . Q uartz o ccu rs  a s  about 0 .4 -m m  anhedral grains and  

a s  granophyric and graphic intergrow ths w ith  K -fe ld sp a r  (F ig s . 7 and 1 5 ). 

Quartz a ls o  is  found a s  c o a r se  c r y s ta ls ,  averag in g  1 .2  mm a c r o s s ,  in  

c o a r se -g r a in e d  p a tch es  in a p lite  d ik e s  (F ig. 1 4 ). The quartz co n ten t in  

the stu d ied  a p lite s  and p eg m a tite s  ran ges from 29 to 37 p ercen t by v o l­

ume in  both p rodu ctive and barren in tru sio n s (T ables 3 - 1 1 ) .  The T exas  

C anyon and Troy in tru sio n s h ave low  quartz c o n te n t , a t about 29 p ercen t, 

a feature corroborated by the low  s i l i c a  co n ten t o f  bulk rock s (Table 16 , 

Appendix A) c o lle c te d  th er e . In sp ec tio n  o f Figure 36 in d ic a te s  th a t p lo ts  

o f  sa m p les  o f  a p lite  and pegm atite  from barren and m in era lized  intru­

s io n s  are s im ila r . There i s  no s p e c ia l  co rre la tio n  o f  h igh  or low  quartz 

co n ten t w ith barren or m in era lized  in tr u s io n s . The in c o n s is te n t  trend in  

quartz in a p lite s  from both p rod u ctive and barren in tru sio n s  m akes th is  

m ineral a poor m in era log ic  in d ica to r  in the ex p lo ra tio n  for m ineral d e ­

p o s it s  .

P la g io c la s e . P la g io c la s e  is  p resen t in  exam in ed  a p lite s  a s  a n ­

hedral to  subhedral g r a in s , averag in g  0 .4  mm in d iam eter . P la g io c la s e  

c r y s ta ls  h av e  in ter lo ck in g  boundary r e la t io n sh ip s  w ith  K -fe ld sp a r  and  

q u artz. In d iv id u al c r y s ta ls  are com m only equan t and subrounded but
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e lo n g a te  c r y s ta ls  are a ls o  o c c a s io n a l ly  p r e se n t . Its  c o m p o s itio n , d e ter ­

m ined by the M ich e l-L ev y  m eth od , v a r ie s  b e tw een  A n y -ig  in d ik es  from 

barren s to c k s  and A n io -1 7  in th o se  from m in era lized  o n e s .  This d iffer ­

e n c e  is  c h e m ic a lly  confirm ed by the r e la t iv e ly  h igh  ca lc iu m  co n ten t o f  

the la tte r . It h as a ls o  b een  o b serv ed  that tw in n in g  i s  b etter  d ev e lo p ed  

in p la g io c la s e  from p eg m a tite s  than from a p l i t e s .  In sp e c tio n  o f  F igures  

36 and 37 r e v e a ls  a d e c r e a se  o f  p la g io c la s e  in  d ik es  from m in era lized  

a r e a s . An in v erse  re la t io n sh ip  o f  p la g io c la s e  to  K -fe ld sp a r  is  a ls o  c le a r  

(F ig. 3 7 ) .

K -fe ld sp a r . Like p la g io c la s e ,  K -fe ld sp a r  i s  p resen t as anhedral 

to  subhedral g r a in s , ranging in s iz e  from 0 .2  to  1.2  mm, w ith  an average  

o f  0 .4  mm. The s m a lle s t  gra in s a t 0 .2  mm are rounded and com m only o c ­

cur in te r s t it ia l to  p la g io c la s e ,  q u artz , and K -fe ld sp a r . The la r g e s t  

grain s a t 1.2  mm o ccu r  in random ly d istr ib u ted  c o a r se -g r a in e d  p a tch es  

and a ls o  in and c lo s e  to seco n d a ry  K -fe ld sp a r  v e in s .  H ow ever , m ost  

K -feld sp ar  occu r a s  0 .4  mm anhedral to subhedral c r y s ta ls  in m utual 

in ter lock in g  b ou n d aries w ith  p la g io c la s e  and q u a rtz . L ess  com m on ly , 

K -feld sp ar  d isp la y s  rep la cem en t b ou n d aries w ith  p la g io c la s e .

K -fe ld sp ar  i s  g e n e ra lly  turb id , e x c e p t  a t T ex a s C anyon w here  

c le a r  K -feld sp ar  is  a lw a y s  p r e se n t . A lthough p a rticu la te  h em atite  w a s  

not o b se rv e d , th is  turb id ity  w h ich  is  a lw a y s  a s s o c ia te d  w ith  pink K- 

fe ld sp a r  co u ld  be due to the p r e se n c e  o f  h em atite  or Fe+++ in Al+++ 

s i t e s  o f  the fe ld sp a r  la t t ic e  (A ndersen , 1915; W o n e s , 1962; and B oone, 

1 9 6 9 ). This p o s s ib i l i t y  is  supported  by a h igh  iron co n ten t ( 0 .1 3 2 - 0 .1 7 5  

percent) in pink turbid fe ld sp a r  in  c o n tra st to  a low  iron c o n ten t (0 . 02-  

0 .0 5 5  percent) in r e la t iv e ly  c le a r  K -fe ld sp a r .
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E xcept at the T exas C anyon and S w issh e lm  in tru s io n s , ortho-  

c la s e  forms the major K -fe ld sp ar  in a p l i t e s .  M ic r o c lin e , w h o se  p resen ce  

w a s determ ined o p t ic a l ly , c o n s t itu te s  about 90 p ercen t o f  the K -fe ld sp ar  

in a p lite  d ik es  from T exas C anyon and about 70 p ercen t o f  the K -fe ld sp ar  

in d ik es  from the ea stern  part o f  the S w issh e lm  in tru sio n . T his predom i­

nance o f  m icroclin e  in T exas C anyon is  not read ily  e x p la in a b le  but is  

corre la tab le  w ith  th e probable greater depth o f  i t s  form ation . The p resen t  

d a ta , for rea so n s  d is c u s s e d  la te r , in d ica te  th at d ik es  in the T exas C an­

yon in trusion  probably formed a t much greater depth (8 km) than th o se  

from other in tru sion s stu d ied  (2 -4  km ). T his depth corre la tio n  is  in 

agreem ent w ith D a n a 's  (1 9 6 1 , p . 490) sta tem en t th at " m icroclin e  is  par­

ticu la r ly  c h a r a c ter is tic  o f  d e e p -s e a te d  rock s and p e g m a tite s , o r th o c la se  

o f  porphyries and hydrotherm al v e in s ,  and sa n id in e  o f  ex tr u s iv e  la v a s ."

Fluid In c lu s io n s

F a c i l i t ie s  for stud ying  flu id  in c lu s io n s  b ecam e a v a ila b le  a t the  

c lo s e  o f  th is  w ork. Prelim inary work had in d ica ted  th e p r e se n c e  o f  

flu id  in c lu s io n s  in a p lite  sa m p le s , co n tra stin g  to th e ir  abundance in  

p eg m a tites  and su g g e s t in g  th at a p lite  form ation environm ent is  not c o n ­

d u cive  to the form ation o f  flu id  in c lu s io n s .  Primary flu id  in c lu s io n s  in  

d ik es  from a ll  m in era lized  in tru sio n s stu d ied  co n ta in  h a lite  daughter  

m in erals (F ig. 3 8 ), w h ereas none w a s  o b serv ed  in d ik e s  from barren 

a r e a s . S im ilar o b se rv a tio n s  w ere made by Roedder (1 9 7 1 ). S im ilar ly , 

on the b a s is  o f  prelim inary in form ation , the liq u id -v a p o r  ratio  in flu id  

in c lu s io n s  in d ik es  from p rodu ctive areas is  a lw a y s  greater  than in d ik es  

from barren a r e a s . Figure 39 from a p lite s  in the P atagon ia  s to ck  sh ow s



Figure 38. Fluid inclusion  with a h a lite  daughter mineral 

Boulder b a tho lith , M ontana, thin sec tion  21.
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Figure 39. Small vapor phase in fluid inclusion  

S ierrita , Arizona, thin section  39.

Figure 40. Large vapor phase in fluid inclusion  

Texas C anyon, Arizona, th in  sec tion  53.
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a tin y  vapor p h a s e , w h ereas the vapor p h a se  in sa m p les  from T exas C an­

yon (F ig. 40) are larger .



CHAPTER 5

CHEMICAL DATA

C h em ica l data o f  bulk rock and K -fe ld sp a rs  d e p ic t  the tex tu ra l 

and m in era lo g ica l h om ogen eity  in it ia lly  e s ta b lis h e d . They perm it the in ­

v e s t ig a t io n  o f  the b eh avior o f  in d iv id u a l e lem en ts  in p rodu ctive and bar­

ren environm ents and the c a lc u la tio n  o f  norm ative m in erals and PygO  • 

T h ese  data w ill  be u sed  to determ ine depth and tem perature o f  form ation  

o f th e s e  d ik e s  and th eir  ex p lora tion  and g e n e t ic  s ig n if ic a n c e .

Bulk Rock A n a ly s is

All bulk rock and K -feld sp ar  atom ic ab sorp tion  sp ectro p h o to -  

m etric a n a ly s e s  are l i s t e d  in Appendix B. The data are grouped by  

sam ple lo c a tio n  and in c lu d e  a n a ly t ic a l v a lu e s  for w e ig h t p ercen ta g e  o f  

8 1 0 2 , AI2O3 , to ta l iron a s  F e 2 0 3 , C aO , N a 2 0 , and K2O and ppm 

o f copper and z in c .  E lem en tal ab u n d an ces c a lc u la te d  from o x id e s  in 

ap lite  and p egm atite  in e a ch  in tru sion  are a v era g ed . The number o f  

sa m p les  per in tru sion  and the range o f  a n a ly t ic a l v a lu e s  from w hich  

th e se  a v e ra g e s  are c a lc u la te d  are show n in the figu res w h ich  accom ­

pany the d is c u s s io n s  o f  ea ch  e le m e n t.

S ilico n

As p red icted  by it s  c r y s ta l ch em ica l b eh a v io r , s i l ic o n  c o n c e n ­

tration  in th e se  la te -form in g  d ik es  is  r e la t iv e ly  high at 3 5 .3 8 -3 6 .8 1 %

S i (F ig. 41A ). T his h igh  co n cen tra tio n  conform s w ith the h igh  co n ten t o f
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Figure 4 1 . A verage co n cen tra tion  o f  s i l ic o n  (A) and aluminum
(B) in w h o le -ro ck  sa m p les  o f  a p lite  and p egm atite  in som e Laramide and
m id-T ertiary in tru sion s

V ertica l bar r ep resen ts  range o f  v a lu e s .
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quartz in the m odal determ in ation s (Tables 3 through 11 ). S ilico n  co n ­

cen tration  in d ik es  from barren in tru sion s a t 3 5 .3 8 -3 6 .8 1 %  S i is  s lig h t ly  

higher than that in d ik es  from productive o n es  at 3 5 .1 6 -3 6 .2 3 %  S i. In­

sp ec tio n  o f  Figure 41A sh ow s th a t, taken  to g eth er , d ik es  from productive  

in tru sion s have s il ic o n  v a lu e s  sim ilar  to barren o n e s ,  e x c e p t  for d ik es  

from T exas C an yon . The low  s i l ic o n  v a lu e s  from T exas C anyon (35-38) 

and the Troy in tru sion s (3 5 .6 1 ) are c o n s is te n t  w ith th eir  low  modal 

q u artz .

Aluminum

Aluminum, lik e  s i l ic o n ,  d o es-n o t show  any trend co rre la tiv e  to  

the m in era lized  or barren sta tu s  o f the in tr u s io n s . E xcep t for d ik es  from 

the T exas C anyon and Troy in tru s io n s , the o v era ll aluminum co n te n ts  in 

d ik es  from barren and m in era lized  in tru sion s a t 6 .4 0  + 0 . 1  (F ig . 41B) are 

s im ila r . B eca u se  fe ld sp a rs  are the prin cip a l carriers o f  aluminum in the  

d ik es  and s in c e  the to ta l fe ld sp a r  co n ten t at 6 3 .0 - 6 6  p ercen t by volum e  

i s  s im ilar in productive and barren in tr u s io n s , th e se  sim ilar  v a lu e s  o f  

aluminum are e x p e c te d . The h igh  aluminum c o n ten t o f  d ik es  from T exas  

Canyon at 7.60%  A1 is  in agreem ent w ith  th eir  h igh  m u sco v ite  co n ten t  

co n ten t (4 -13  p ercen t by vo lu m e), w h ereas the h igh  aluminum v a lu e s  in 

d ik es  from the Troy sto ck  agree w ith  its  h igh to ta l fe ld sp a r  co n ten t (69 

percen t by v o lu m e).

Iron

Low iron co n cen tra tio n  in a p lite s  and p eg m a tite s  i s  p red icted  

from its  c r y s ta l ch em ica l b eh avior in s i l ic a te  m e lts . Petrographic work 

in d ic a te s  that com bined  iron o x id e s ,  s u lf id e s ,  and ferrom agnesian
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m in erals form l e s s  than 2 p ercen t by volum e in the d ik es  under c o n s id e r a ­

t io n . Figure 42A, h ow ever, in d ic a te s  a h igher v a lu e  o f  iron at 0 .4 5 % -  

1.16%  Fe in productive in tru sion s and low er iron co n ten t in barren o n e s  

at 0 .3 0 % -0 .63%  F e . This h igh  iron co n ten t in  d ik es  from productive  

areas is  r e f le c te d  in the pink co lo r  o f  th e se  d ik e s .  D ik e s  from the  

S w issh e lm , T exas C anyon , and Troy in tru sion s are gray ish  w h ite , co r­

rela tin g  w ith th eir  low  iron c o n te n t . Among the barren in tru s io n s , d ik es  

from the Amole (0.63%  Fe) and the W h etston e  (0.53%  Fe) have h igh  iron 

c o n te n ts , a ls o  in agreem ent w ith  th eir  pink c o lo r .

C alcium

C ry sta l ch em istry  p red ic ts  that ca lc iu m  w ill  be incorporated  

into early -form in g  s i l i c a t e s  so  th at m in erals c r y s ta ll iz in g  from res id u a l 

m elts  are d ep le ted  in th is  e le m e n t. This p red iction  is  confirm ed a n a ly t­

ic a l ly  by the low  average ca lc iu m  co n ten t at 0 .2 1 -0 .4 8 %  C a in stu d ied  

d ik es  (F ig. 4 2 B ). Although the ca lc iu m  co n ten t is  low  in d ik es  from both  

productive and barren in tru sio n s , the former show  a h igh er ca lc iu m  c o n ­

ten t (0 .3 1 -0 .4 8 %  C a ) . A p lites  from the Troy in tru sion  co n ta in  a s  much 

ca lc iu m  a s  that found in d ik es  from productive o n e s  (F ig . 42B ). E xcept 

for minor a p atite  and flu orite  (S w issh elm  in tru sio n ), p la g io c la s e  is  the  

o n ly  ca lc iu m -b ea r in g  m ineral s e e n  in thin s e c t io n s . The r e la t iv e ly  h ig h ­

er ca lc iu m  co n ten t in d ik es  from p rodu ctive in tru sio n s is  confirm ed by  

the p resen ce  o f a h igh er anorth ite co n ten t in p la g io c la s e  ( A n ig - l? ) .

Sodium

As p red icted  by its  c r y s ta l ch em istry , sodium  c o n c en tr a te s  in  

a p lite s  and p e g m a tite s , the products o f  re s id u a l magma c r y s ta ll iz a t io n .
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Figure 4 2 . A verage con cen tra tio n  o f  iron (A) and ca lc iu m  (B)
in w h o le -ro ck  sa m p les  o f  a p lite  and pegm atite  in  som e Laramide and
m id-T ertiary in tru sio n s •

V ertica l bar rep resen ts  range o f  v a lu e s .
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H ow ever, it is  o b serv ed  in Figure 43A that d ik es  from produ ctive areas  

co n ta in  l e s s  sodium  (1 .5 5 -1 .8 2 %  Na) than th o se  from barren areas ( 2 .2 8 -  

3.30%  N a ) . This co m p o sitio n a l varia tion  is  in agreem ent w ith p etro­

graphic f in d in g s . D ik es  from produ ctive areas not on ly  co n ta in  l e s s  

p la g io c la s e  a t 1 2 -23  p ercen t by volum e than th o se  from barren s to c k s ,  

but the a lb ite  co n ten t o f  th eir  p la g io c la s e  is  a ls o  low  (Abgo-gg) • The 

an om alou sly  h igh  sodium  co n ten t in d ik es  from the T exas C anyon intru­

s io n  at 2 .98%  N a (F ig . 43A) and the very low  v a lu e s  for the sam e e l e ­

m ent from the Santa Rita sto ck  at 1 .55%  Na are d ir e c tly  proportional to  

th eir  p la g io c la s e  c o n te n ts . D ik es  from the Troy in tru sion  carry sodium  

co n ten ts  in term ediate to th o se  from productive and barren area s a t 

2.12%  N a .

P otassiu m

Like sod ium , p o ta ssiu m  is  co n cen tra ted  in la te -form in g  a p lite s  

and p e g m a tite s . As co n tra sted  to sod ium , r e la t iv e ly  more p o ta ss iu m  at 

5 .1 5 -5 .5 6 %  K is  p resen t in d ik es  from produ ctive areas (F ig . 4 3 B ). T his  

p o ta ssiu m  co n ten t i s  c o n s is t e n t  w ith  petrographic fin d in gs in w hich  

th e se  d ik es  w ere determ ined to carry more K -fe ld sp a r , 4 1 -5 4  p ercen t by  

volum e (F ig. 3 7 ), than th o se  from barren in tru sio n s (1 8 -3 8  p ercen t by  

v o lu m e). D ik e s  from T exas C anyon have the lo w e s t  p o ta ssiu m  co n ten t  

at 3 .89%  K, corresp on d in g  to  low  co n ten t o f  K -feld sp ar  (23 p ercen t by 

volum e) in th e s e  d ik e s .  The in v erse  re la tio n sh ip  b etw een  sodium  and 

p o ta ssiu m  c o n te n ts  in d ik es  is  w e ll  e x p r e sse d  by F igures 43A and 4 3 B .

An in c r ea se  o f  p o ta ssiu m  co n ten t corresp on d s to a d e c r e a se  in the sodium  

c o n te n t . A p lites  from the Troy in tru sion  h av e  a p o ta ss iu m  co n ten t at 

5.41%  K, com parable to th at in d ik es  from p rodu ctive in tr u s io n s . .
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Figure 4 3 . A verage con cen tra tio n  o f  sodium  (A) and p o ta ssiu m
(B) in w h o le -ro ck  sa m p les  o f  a p lite  and pegm atite  in som e Laramide and
m id-T ertiary in tru sion s

V ertica l bar r ep resen ts  range o f  v a lu e s .



134

C opper

As in d ica ted  by Figure 44A, copper v a lu e s  are r e la t iv e ly  h igh  

(10-59  ppm) in d ik es  from m in era lized  a r e a s . D ik e s  from the Boulder  

b ath olith  and the W h etsto n e  sto ck  are e x c e p t io n s . H igh copper co n ten t  

in a p lite  d ik es  from the W h etsto n e  in tru sion  (24 ppm) is  m ain ly  due to a 

s in g le  high v a lu e  (80 ppm ). The average  cop p er  co n ten t drops to 18 ppm 

w ith o m iss io n  o f  th at sa m p le . N o n e th e le s s ,  a ll  sa m p les  from the W het­

ston e  sto ck  are h igh  in co p p er . Sam ples from the Boulder b ath o lith  a t 

Butte are low  in cop p er (10 ppm ), a s  w as a ls o  o b serv ed  by A l-H a sh im i 

and Brownlow ( 1 9 7 0 ) ,  who found that the copper co n ten t in b io t ite  from 

the Boulder b ath o lith  i s  low  com pared to  th at o f  cop p er-p rod u cin g  intru­

s io n s  e ls e w h e r e . A plite d ik es  from the Troy in tru sion  show  low  copper  

co n ten t at 12 ppm, s im ilar  to v a lu e s  from barren in tru sio n s (F ig. 44A ).

Zinc

C o n sid er in g  it s  g e o ch em ica l p ro p er tie s , z in c  sh ou ld  b eh a v e  in  

a manner g e o lo g ic a lly  s im ilar  to c o p p er . H ow ever, Figure 44B d o es  n ot  

confirm  th is  p r e d ic tio n . C o n cen tra tion s o f  z in c  in  a p lite s  and p eg m a tite s  

are g en era lly  irregularly  d istr ib u ted  b etw een  produ ctive and barren 

s t o c k s .  A p lites  from the P atagon ia  and Santa Rita s to c k s ,  h o w ev er , 

carry r e la t iv e ly  high z in c  v a lu e s ,  58 ppm and 73 ppm, r e s p e c t iv e ly ,  

corresp ondin g to  s im ila r ly  h igh  copper v a lu e s  from the sam e in tr u s io n s .  

A p lites  from the Troy in tru sion  co n ta in  z in c  co n cen tra tio n s  o f 28 ppm , 

w h ich  are s im ila r  to th o se  from barren in tr u s io n s . -
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5 9

b a r r e n  i n t r u s i o n s  

p r o d u c t i v e  i n t r u s i o n s  

t r o y  i n t r u s i o n

Figure 4 4 . A verage co n cen tra tio n  o f copper (A) and z in c  (B) in
w h o le -ro ck  sam p les  o f a p lite  and pegm atite  in som e Laramide and m id -
Tertiary in tru sio n s

V ertica l bar rep resen ts .ra n g e  o f v a lu e s .
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K -fe ld sp a r  A n a lysis

K -fe ld sp a r , lik e  bulk rock , w a s a n a ly zed  by atom ic absorption  

sp ectrop h otom etry . R esu lts  are l is te d  in Appendix B and are g ra p h ica lly  

portrayed in F igures 4 5 -4  7 . The Troy in tru sion s is  not rep resen ted  here  

b e c a u se  no attem pt w a s  made to sep ara te  K -fe ld sp a r  from its  a p l i t e s .  

R esu lts  from th e se  a n a ly s e s  do not ex h ib it pronounced d if fe r e n c e s  in  

e lem en t co n cen tra tio n s  b etw een  productive and barren in tr u s io n s . S in ce  

S ilic o n  and alum inum do not show  w e ll-d e v e lo p e d , d is t in c t iv e  d iffer­

e n c e s  b etw een  ore-b ea r in g  and barren in tru sion s in bulk a p lite  and p e g ­

m atite a n a ly s e s , th ey  w ould not be e x p e c te d  to  show  d is t in c t io n s  in . 

K -feld sp ar  and th us w ere not a ttem p ted .

Iron

The iron co n ten t o f  K -fe ld sp ar  in  d ik es  from produ ctive intru­

s io n s  at 0 .0 8 -0 .1 7 %  Fe i s  p roportion ally  h igh er  than it  w a s  in  the bulk  

r o c k s . Iron co n cen tra tio n s  in sa m p les  from the barren Amole (0.14%  Fe) 

and the W h etsto n e  (0.10%  Fe) in tru sion s are s u ff ic ie n t ly  h ig h , h o w ever, 

to  be com parable to  th o se  from produ ctive in tru sio n s (F ig . 45A ). A gain , 

a s  in the bulk r o c k s , K -fe ld sp a r  sep a ra tes  from the Boulder b ath o lith  a t 

0 .08%  Fe are low  in iron . A n a ly s is  a ls o  sh o w s th at the co lo r  o f  K- 

fe ld sp a r  is  re la ted  to i t s  iron c o n te n t . K -fe ld sp ar  in d ik es  from the Santa  

Rita s to c k , w h ich  have a d eep  pink c o lo r , c o n ta in s  the h ig h e s t  quantity  

o f  iron (0.17%  F e ) , w h ereas K -feld sp ar  from d ik es  from T exas C anyon , 

w h ich  are g ra y ish  w h ite , co n ta in  the lo w e s t  (0 .02% .F e ) . Iron co n ten t o f  

the pink K -fe ld sp ar  from the Amole (0.14%  F e ) , W h etsto n e  (0.10%  F e ) , 

P atagonia  (0.14%  F e ) , and Sierrita (0.13%  Fe) in tru sio n s is  r e la t iv e ly
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B A R  R E N  
I N I  R U S  I O N  S

P R O D U C T  I V  E 
I N T R U S I O N  S

Figure 4 5 . A verage co n cen tra tio n  o f iron (A) and ca lc iu m  (B) in
K -fe ld sp ar  o f  a p lite s  and p eg m a tite s  in som e Laramide and m id-T ertiary
in tru sion s

V ertica l bar r ep resen ts  range o f  v a lu e s .
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Tertiary in tru sio n s
V ertical bar r ep resen ts  range o f  v a lu e s .
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% j  BA R R E N
IN T R U S I O N S

P R O D U C T  I V E 
I NT R US I O N S

Figure 4 7 . A verage co n cen tra tio n  o f  copper (A) and z in c  (B) in  
K -feld sp ar  from a p lite s  and p eg m a tite s  in som e Laramide and m id-T ertiary  
in tru sion s

V ertical bar r ep resen ts  range o f  v a lu e s . Lower lin e  rep resen ts  
average  w ithout sam ple 1 6 .
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h igh , w h ile  g ra y ish -p in k  sa m p les  from the Boulder b ath o lith  co n ta in  in ­

term ed iate iron (0.08%  F e ) , a s  in d ica ted  by Figure 45A .

C a lc iu m . Sodium , and P otassiu m

The ca lc iu m  co n ten t in  K -feld sp ar  is  r e la t iv e ly  lo w , a s  e x ­

p e c te d , ranging from 0 .0 3 % -0 .30%  C a (F ig . 4 5 B ). A lthough ca lc iu m  is  

not d is t in c t iv e ly  d ifferen t b etw een  productive and barren in tr u s io n s , 

both very  low  (0.03%  Ca) and very  h igh  (0.30%  Ca) v a lu e s  are ob serv ed  

for the T exas C anyon and the Santa Rita in tru s io n s , r e s p e c t iv e ly .  L ik e­

w is e ,  sodium  (46A) sh o w s no tren d , but lik e  c a lc iu m , K -fe ld sp a r  in  

sam p les from T exas C anyon ca rr ies  the le a s t  (0.73%  N a ) . If sa m p les  

from T exas C anyon w ith  h igh  p o ta ssiu m  (12.80%  K) and Santa Rita w ith  

low  p o ta ssiu m  (9.7%  K) are e x c lu d e d , K -feld sp ar  in d ik es  from produc­

t iv e  in tru sion s at 1 1 .0 2 % - l l .90%  K are found to  carry g en era lly  h igh er  

p o ta ssiu m  c o n te n ts  than th o se  from barren in tru sio n s a t 9 .8 % -1 0 .9 %  K 

(Figure 4 6 B ). Kuellm er (1960) o b serv ed  th at a lk a li fe ld sp a rs  from the  

L ost G ulch quartz m o n zon ite , G lo b e-M ia m i, A rizon a , from w ith in  the  

area o f  m oderate hydrotherm al a lte r a tio n , co n ta in  more o r th o c la se  than  

sp ec im en s  from o u ts id e  th is  a r e a . He co n c lu d ed  th at primary m agm atic  

d ifferen tia tio n  or hydrotherm al c r y s ta ll iz a t io n  co u ld  be a p la u s ib le  h y ­

p o th e s is  to  ex p la in  th e s e  co m p o sitio n a l d if fe r e n c e s .

C opper and Zinc

In sp ectio n  o f  Figure 47A sh o w s that copper is  more con cen tra ted  

in K -fe ld sp a rs  in sa m p les  from productive in tru sion s at 1 0 -1 2  ppm. The 

o b serv ed  h igh  copper co n ten t in K -fe ld sp ar  from the W h etsto n e  sa m p les  

at 14 ppm a g rees  w ith  h igh  bulk rock copper a n a ly s e s  from the sam e
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in tru sio n . Like bulk a p l i t e s ,  the h igh  average copper v a lu e  at 14 ppm 

o f the K -fe ld sp ar  from the W h etsto n e  stock  (F ig . 47A) i s  due to sam ple  

16 . W hen th is  sam ple is  e x c lu d e d , th e average v a lu e  drops t o l l  ppm 

co p p er . The z in c  co n ten t in  sa m p les  from barren in tru sio n s is  r e la t iv e ly  

uniform at 2 9 -3 1  ppm, w h ereas var iab le  v a lu e s  are o b serv ed  in sa m p les  

from produ ctive a reas (F ig. 4 7 B ). The h ig h e s t  z in c  v a lu e s  occu r in 

sa m p les  from produ ctive in tr u s io n s , the P atagon ia  a t 40 ppm and the  

Santa Rita at 58 ppm.

N orm ative M ineral R e la tio n sh ip s

Bulk a p lite  and pegm atite  ch em ica l a n a ly s e s  c a lc u la te d  to nor­

m ative m in era ls  by the CIPW m ethod are g iv en  in A ppendix B. N orm ative  

o r th o c la se  i s  p lo tted  a g a in s t  norm ative a lb ite  to determ ine p o s s ib le  

trends or d is t in c t iv e  d if fe r e n c e s  in the stu d ied  a rea s  and to perm it th eir  

com parison  to m odal p lo ts  for fe ld s p a r s . N orm ative fe ld sp a rs  a fter  re­

c a lc u la tio n  to 100 p ercen t are p lo tted  on a fe ld sp a r  equilibrium  ternary  

diagram  (Bowen, 1956) to  determ ine p o s s ib le  a n o m a lie s  in th eir  p o ta s ­

siu m , sod ium , and ca lc iu m  c o n te n t s . F in a lly , norm ative s a l ic  m in era ls , 

o r th o c la se , a lb ite ,  and quartz, a fter  r ec a lc u la tio n  to 100 p ercen t, are 

p lo tted  on the iso b a r ic  minimum ternary diagram  for the sy stem  O r-A b- 

Q -H 2O (Tuttle and B ow en, 1958) in order to in v e s t ig a te  the P ^ O  and 

tem perature c o n d it io n s  a t w hich  th e se  a p lite s  and p eg m a tite s  form ed.

O rth o c la se -A lb ite  Ratio

The p lo t o f  norm ative o r th o c la se  v e rsu s  a lb ite  (F ig. 48) d e p ic ts  

a trend s im ilar  to  th at show n by the p lo t o f  m odal K -feld sp ar  a g a in s t  

p la g io c la s e  (F ig. 37 ) .  Like th e r e la t io n sh ip s  show n for m odal m in era ls .
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the p lo ts  o f norm ative o r th o c la se  and a lb ite  show  a lin ea r  r e la t io n sh ip . 

P lo ts  from produ ctive in tru sio n s c lu s te r  at the top le f t  corner at about 

40 p ercen t by w e ig h t o r th o c la se  and 20 percen t by w e ig h t a lb i t e , w here­

a s  p lo ts  from barren in tru sio n s spread  toward the bottom  right corner at 

27 p ercen t by w e ig h t o r th o c la se  and 34 p ercen t by w e ig h t a lb ite .  T his 

lin ea r  re la t io n sh ip  is  co n tro lled  both by sim ila r ity  o f  to ta l fe ld sp a r  c o n ­

ten t and the in v e r se  re la tio n sh ip  b etw een  o r th o c la se  and a lb ite .  S in ce  

the am ount o f  fe ld sp a r  is  nearly  c o n s ta n t , an in c r ea se  in o r th o c la se  is  

o f f s e t  by a d e c r e a se  o f  a lb ite  and v ic e  v e r s a .  It i s  a ls o  o b serv ed  th at 

sa m p les  from the sam e in tru sion  c lu s te r  to g e th er .

F eld sp ar Equilibrium  Diagram

The norm ative co n ten t o f  fe ld sp a r  from d ik es  under c o n s id e r a ­

tio n  is  d e scr ib ed  and w ill  be u sed  to determ ine the g e n e t ic  nature o f  

th e s e  d ik e s .  C o m p o sitio n s o f rock-form ing fe ld sp a r s  are e x p r e s se d  a s  

m olecu lar  w eig h t p e r ce n ta g es  o f o r th o c la se , a lb ite ,  and anorth ite and 

p lo tted  on a fe ld sp a r  equilibrium  ternary diagram  (Bowen, 1 9 5 6 ). This  

sy stem  i s ,  h o w ev er , not truly ternary at normal p r e ssu r e s  b e c a u se  o f  

incongruent m eltin g  o f  o r th o c la se  to le u c ite  p lu s  liq u id ; it is  a c tu a lly  

quaternary (Barth, 1 9 6 2 ). A ternary sy ste m  forms a t 30 p ercen t e x c e s s  

s i l i c a  or a t 2 ,6 0 0  atm where w ater d is s o lv e s  in an o r th o c la se  liq u id  up 

to  about 6 p ercen t, from w h ich  o r th o c la se  c r y s ta l l iz e s  d irec tly  (Barth, 

1 9 6 2 ). Bowen (1956) n e g le c te d  th is  incongruent m eltin g  o f  o r th o c la se  

to  fa c il ita te  d is c u s s io n  and trea ted  the sy stem  a s  tern ary . He c o n ­

stru cted  the o r th o c la se , a lb ite ,  and anorth ite diagram  (F ig . 49) in w h ich  

a c o te c t ic  boundary curve (ER) sep a ra te s  o r th o c la se  and p la g io c la s e

f ie ld s
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Bowen (1928) con ten d ed  that a ll  norm ative fe ld sp a rs  c r y s t a l l i z ­

ing from a b a s a lt ic  magm a, for w h ich  equilibrium  is  m a in ta in ed , m ust 

p lo t in the p la g io c la s e  f ie ld  o f the fe ld sp ar  ternary equilibrium  diagram . 

Rocks w h ose  norm ative fe ld sp a r  co n te n ts  fa ll in  the o r th o c la se  f ie ld  are 

p otassiu m  rich  and cou ld  not h ave formed by fra ctio n a l c r y s ta lliz a t io n  o f  

a b a s a lt ic  magma (Bowen, 1928; Schairer and B ow en, 1 9 4 7 ).

N orm ative fe ld sp a r  from bulk ch em ica l a n a ly s e s  o f  a p lite s  and  

p eg m a tites  reported here have b een  r ec a lc u la te d  to 100 p ercen t and are 

p lo tted  on the ternary diagram  (F ig. 5 0 ). In sp e c tio n  o f  th is  figure sh o w s  

th at w ith  the e x ce p tio n  o f  one sam ple from the Boulder b a th o lith , one  

from Troy, and m ost sa m p les  from T exas C anyon in tr u s io n s , a l l  sa m p les  

p lo t in the o r th o c la se  f ie ld . F e ld sp a rs  from m in era lized  in tru sion s p lo t  

toward the o r th o c la se  a p e x . Sam ples from the Troy in tru sion  are com ­

parable to th o se  from m in era lized  a r e a s .

D ifferen tia tio n  Index

The d ifferen tia tio n  in d ex  (D—1), a s  d e scr ib e d  by Thornton and 

Tuttle (1960), is  the sum o f  the w e ig h t p ercen ta g e  o f  norm ative q u a rtz , 

o r th o c la se , a lb ite ,  n e p h e lin e , le u c i t e ,  and k a l s i l i t e .  S in ce  no more • 

than three o f  th e se  norm ative m in era ls ca n  appear in any g iv e n  norm, 

the d ifferen tia tio n  in d ex  pertin en t to th is  work is  the sum o f  the w e ig h t  

p ercen ta g es  o f  norm ative q u artz , o r th o c la s e , and a lb ite .  As " p etrogen y 's  

residuum" is  the end  product o f  m agm atic d ifferen tia tio n  and therefore  

rich  in the a lk a li e le m e n ts , alum inum , and s i l ic o n  (Bowen, 1 9 3 7 ), the  

v a lu e s  o f the d ifferen tia tio n  in d ex  o f a rock i s  a m easure o f  how c lo s e ly  

it  ap p roach es p e tro g en y 's  resid u u m . Thornton and Tuttle (1960)
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Figure 5 0 . P lot o f  norm ative a lb i t e , o r th o c la s e , and quartz for 61 sa m p le s , r ec a lc u la te d  to 
100 p ercen t, for the sy s te m  N aA lSigO g—K A lSigO g-S iC ^ —H2O

The sh ift  o f  iso b a r ic  m inim a accord in g  to p ressu re  is  show n for the s y s te m .
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c a lc u la te d  the d ifferen tia tio n  in d ex  o f the major ig n eo u s  rock s o f  D a ly  

(1914) and found th at the d ifferen tia tio n  in d ic e s  o f  p lu ton ic  rock s range 

from 93 p ercen t for a lk a li gran ite  to  6 p ercen t for p er id o tite  (Table 1 2 ). 

The d ifferen tia tio n  in d ic e s  o f a p lite s  and p eg m a tite s  o f  th is  work range 

from 95 to 97 p e r ce n t. E xcept for the T exas C anyon and P atagon ia  in ­

tr u s io n s , d ik es  from produ ctive in tru sio n s h ave low er d ifferen tia tio n  

in d ic e s  a t 95 p ercen t than th o se  from barren o n e s  at 95 p ercen t.

Table 1 2 . D ifferen tia tio n  in d ic e s  for the a p lite s  and p eg m a tite s  from 
th is  study and for the major p lu ton ic  ig n eo u s  rocks

A p lites  and P eg m atites D - l M ajor P lu ton ic  Rock T ypes * D - l

Amole in tru sion 97 A lkali granite 93

S w issh e lm  in tru sion 97 G ranite 80

T exas C anyon in tru sion 96 G ranodiorite 67

W h etsto n e  in tru sion 97 Gabbro 30

Boulder b ath olith 95 O liv in e  gabbro 27

P atagon ia  in tru sion 97 P eridotite 6

Santa Rita in tru sion 95

Troy in tru sion

1 . D ata  from Thornton and Tuttle (1 9 6 0 ).

W ater P ressure

The w ater p ressu re  o f the rock s under co n s id era tio n  w a s c a lc u ­

la te d  in an attem pt to determ ine th eir  tem perature and depth o f  form ation . 

Tuttle and Bowen (1958) stu d ied  the sy stem  K A lSigO g-N aA lSigO g-SiO g-H gO
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ex p erim en ta lly , co n stru c ted  isoth erm s and iso b a rs  for i t ,  and d efin ed  

therm al minima for iso b a rs  in the s y s te m . W inkler (1967) found th at the  

p resen ce  o f over 5 p ercen t anorth ite in th is  sy stem  c a u se d  the iso b a r ic  

minima to sh ift  toward the q u a rtz -o rth o c la se  boundary. He c o n c lu d e d , 

h o w ev er, th at e v en  if  Ab/An is  1 .8 , the amount o f anorthite com pon en ts  

in the m elt is  o n ly  about 5 p ercen t and therefore no ser io u s  error is  made 

i f  that sm all amount is  n e g le c te d  in th is  d is c u s s io n . S in ce  the anorth ite  

co n ten t o f  a lm o st a ll  o f  the rock s reported here is  l e s s  than 5 p ercen t, 

the sh ift  o f  the iso b a r ic  m inima is  n e g lig ib le  and Tuttle and B ow en 's  

(1958) fin d in gs are d irectly  a p p lic a b le .

N orm ative q u artz , o r th o c la se , and a lb ite  o f the d ik es  stu d ied  

are p lo tted  on the anhydrous b a se  o f  the quaternary sy stem  (F ig. 50) a fter  

r ec a lc u la tio n  to  100 p ercen t. This figure sh ow s th at sa m p les  from pro­

d u ctiv e  in tru sion s c lu s te r  a t a PygO  ° f  about 1,000  bars to  the right o f  

the therm al m inim um . W ith the e x ce p tio n  o f  T exas C an yon , sa m p les  from 

barren in tru sio n s group around PHgO ° f  about 500 b a r s . Sam ples from 

the T exas C anyon in tru sion  c lu s te r  around a PfigO ° f  2,000  bars and 

th o se  from the Troy in tru sion  p lo t near a PHgO 3 ,0 0 0  b a r s .

It i s  e v id e n t from Figure 50 that a p lite s  and p eg m a tite s  from 

p rodu ctive in tru sio n s do not c o m p le te ly  conform  to  the dem ands o f  p e -  

tro g en y 's  residuum  a s  th ey  do not p lo t in the "thermal v a l le y ."



CHAPTER 6

DISCUSSION

This ch ap ter p resen ts  a d is c u s s io n  o f  the f ie ld ,  p etrograp h ic , 

and c h em ica l data g iv en  above w ith  regard to the g e n e s is  and g e o lo g ic  

s ig n if ic a n c e  o f a p lite  and pegm atite  o c c u r r e n c e s .

F ie ld  D ata

W ith in  the co n te x t o f m agm atic th eory , th e p resen ce  o f a p lite s  

and p eg m a tite s  in d ic a te s  the e x is t e n c e  o f w a ter-sa tu ra ted  s i l ic a te  m elts  

(Derry, 1931; A n d ersen , 1931; Em m ons, 1 9 4 0 ). O ther a c c e p ta b le  

th eo r ie s  p rop osed  by Emmons (1940), Jahns and Tuttle (1963), Fournier 

(1968), and Jahns and Burnham (1969) hold  th at a p lite s  formed a s  a re­

su lt  o f  p ressu re  q u en ch ing o f  a w a ter-sa tu ra ted  m agm a, w h ereas s lo w  

co o lin g  and co n seq u e n t c r y s ta ll iz a t io n  o f th e sam e m elt produced p e g ­

m a tites  . Jahns and Tuttle (1 9 6 3 , p . 90) s u g g e s t  th a t a p lite s  and  

p eg m a tites  are found " a lm ost e x c lu s iv e ly  in su b so lv u s  g r a n ite s ,"  and 

b e c a u se  Tuttle and Bowen (1958) c o n s id e r  that su b so lv u s  g ra n ite s  in d i­

c a te  hydrous en v iro n m en ts , one may co n c lu d e  th at a p lite s  and pegm a­

t i t e s  form in a hydrous en viron m en t. Jahns and Tuttle (1963) a ls o  

s u g g e s t  th at h y p erso lv u s  g ra n ite s  co n ta in  fe w , if  a n y , a p lite s  and p eg ­

m a t ite s . M agm as w h ich  rem ain unsaturated  w ith  r e sp e c t  to  w ater can n ot  

be qu en ch ed  by a rea so n a b le  drop o f p r e ssu r e . C o n seq u e n tly , su ch  

m agm as are not lik e ly  to d e v e lo p  a p lite s  and p e g m a tite s , e x c e p t  lo c a lly  

w here satu ration  or su p ersatu ration  w ith  w ater h as o c cu rr e d . Fournier
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(1968) m ain ta ins that a p ressu re  drop may r e su lt  in satu ration  or near  

saturation  w ith  w ater in p rev io u s ly  unsaturated  m agm as so  that any fur­

ther p ressu re  drops may quench the sy stem  and d ev e lo p  a p l i t e s .  N eith er  

can  a ll  sa turated  m agm as d ev e lo p  a p li t e s ,  s in c e  c o n d itio n s  favorab le  to  

th eir  form ation tak e p la c e  on ly  in the e v en t o f  a rapid p ressu re  drop.

This o b serv a tio n  i s  in agreem ent w ith the fin d in gs o f  Jahns and Tuttle  

(1963, p . 9 1 ) , who s ta te :  "The su b so lv u s  g r a n ite s , on the other hand, 

may carry large am ounts o f p eg m atitic  and a p lit ic  m aterial or none a t a l l ,  

depending on the c o o lin g  h isto ry  o f  th e in tru siv e ."  It i s  thus co n c lu d ed  

th at a b se n c e  or sca r c ity  o f  a p lite s  and p eg m a tites  d o es  not by i t s e l f  

c o n stitu te  a criter ion  o f  attainm ent or nonattainm ent o f  w ater saturation  

o f a m agm a. H ow ever, the ub iq u itou s p re se n c e  o f  a p lite s  and p eg m a tite s  

dem ands the satu ration  and quench o f  the m elt from w h ich  th ey  c r y s ta l­

l i z e d .  A hydrous environm ent, a s  in d ica ted  by th e p re se n c e  o f  a p lite s  

and p e g m a tite s , i s  th erefore inferred for the Laramide and m id-T ertiary  

in tru sio n s s tu d ie d .

The m etam orphic theory o f  Ramberg (1952 , 1956) can n ot e x p la in  

su ch  fea tu res  a s  the co n tin u ity  o f d ik es  from ig n eo u s  h o s t  rock s into the  

surrounding country r o c k s . Ramberg (1956) d escr ib ed  p eg m a tite s  from 

G reenland and attributed them to  m etam orphic p r o c e s s e s .  N otab le  in h is  

work is  the a b se n c e  o f  referen ce  to  a p lite  in G reen lan d . H ow ever, where 

a p lite  d ik es  do occu r  in  m etam orphic terran es and are c o n s id e re d  to h ave  

formed by m etam orphic p r o c e s s e s ,  th is  theory runs in to  ser io u s  problem s  

in ex p la in in g  the co n tra stin g  tex tu res  o f  a p lite s  and p eg m a tite s  by 

sim p le  m igration o f  e lem en ts  in to  adjoin in g fra c tu res . The sim u lta n eo u s
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d evelop m en t o f th e se  tw o tex tu res  s u g g e s ts  the op eration  o f  more than  

one m ech an ism .

D ata p resen ted  ab ove on the abundance and th ic k n e ss  o f  a p lite  

and pegm atite  d ik es  can  sh ed  lig h t upon the mode o f  in tru sion  o f the  

h o s t  m elt i f  the p resen ce  o f d ik es  be taken  a s  e v id e n c e  o f  rupturing o f  

the h o s t in tru sion  at any early  s ta g e  o f its  m ech a n ica l c o m p e te n c e .

• In th eir  study o f  the L ittle  D ragoon M o u n ta in s , C ooper and  

S ilv er  (1964) n oted  that the T exas C anyon quartz m onzon ite intruded a c ­

t iv e ly  a long the southern margin and p a s s iv e ly  on the e a s t  and north­

ea stern  b o rd ers . They mapped abundant a p lite  and pegm atite  d ik es  in 

the southern portion o f the in tru sion  a s  o p p osed  to  a sca r c ity  o f them to  

th e e a s t  and n o r th ea st. I confirm ed C ooper and S ilv e r 's  fin d in g in the  

f ie ld  and in ad d ition  o b serv ed  the p r esen ce  o f th ick er  d ik es  in the  

southern than in the n orth east portion o f the in tru sio n . There th us ap ­

pears to  be a corre la tion  b etw een  the p r e se n c e  o f  abundant th ick  d ik es  

w ith forcefu l in tru sion  and sca r c e  th in  d ik es  a s s o c ia te d  w ith  p a s s iv e  

in tru sion  o f the T exas C anyon s to c k . The c o n so lid a te d  rock s o f the  

T exas C anyon sto ck  appear to h ave respon ded  d ifferen tly  to  the tw o  

m odes o f  in tru sio n . W here the in tru sion  w a s fo r c e fu l, the c o n so lid a te d  

part o f  the s to ck  may have b een  su b jec ted  to s t r e s s e s  w h ich  formed many 

te n s io n a l fractures w h ich , in turn, c a u se d  rapid d e c r e a se  o f  p r e ssu r e .  

W a ter-sa tu ra ted  m elt w h ich  f i l le d  th e se  fractures d ev e lo p ed  into a p lite  

or p eg m a tite , depend ing on further p ressu re  drop. In c o n tr a s t , o n ly  a 

few  fractures per lin e  m ile d ev e lo p ed  in the e a s t  w here the s to ck  w a s  

p a s s iv e ly  intruded, c a u s in g  o n ly  sp a rse  th in  fractures w h ich  w ere su b ­

seq u en tly  f i l le d  w ith  w id e ly  sep ara ted  d ik e s .
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A t e s t  o f th is  mode o f d ike form ation is  p o s s ib le  by com paring  

the pred icted  fea tu res to th o se  a c tu a lly  o b se rv e d . Stringham (1966) c o n ­

ten d s that 23 o f  24 in tru sion s stu d ied  in the porphyry copper environm ent 

were intruded p a s s iv e ly .  L ow ell and G uilbert (1970) arrived a t the sam e  

c o n c lu s io n  and b e lie v e  th at a ty p ic a l in trusion  re la ted  g e n e t ic a lly  to  a 

porphyry cop p er d e p o s it  is  p a s s iv e ly  in tru d ed . B ased  on the p u b lish ed  

d ata , a ll  productive in tru sion s stu d ied  in th is  resea rch  w ere p a s s iv e ly  

intruded. O f the barren in tru sion s s tu d ied , the T exas C anyon (Cooper 

and S ilv er , 1 9 6 4 ), Amole (Brown, 1 9 3 9 ), and W h etston e  (C rea sey , 1967) 

w ere fo rcefu lly  intruded . C om plete inform ation is  not a v a ila b le  for the  

S w issh e lm  in tru sio n . T hus, at l e a s t  three o f  four nonproductive s to c k s  

w ere intruded fo r c e fu lly . B ased  on its  d istu rb an ce o f  the structure o f  

the h o s t  rock s and the in tru sion  a long p reex is tin g  fa u lts , the Troy s to ck  

a lso  intruded fo r c e fu lly .

If the d ifferin g  in tru sive  natures a s s ig n e d  to  productive and bar­

ren in tru sion s are correct and if  the m odel d erived  from the in tru sive  h i s ­

tory at T exas C anyon is  v a lid , th en  corre la tion  o f  sca r c ity  o f  d ik es  w ith  

p rod u ctiv ity  o f in tru sio n s b eco m es rea d ily  e x p la in a b le . S in ce  m in era lized  

s to c k s  intrude p a s s iv e ly ,  it i s  to be e x p e c te d  th at o n ly  a few  f is s u r e s  

form in the cu p o la  o f the s h e l l ,  r esu ltin g  in the d eve lop m en t o f sca r c e  

thin d ik e s .  On the other hand, the forcefu l in tru sive  nature o f  barren in ­

tru sio n s  c a u se d  many fractures w hich  w ere su b seq u en tly  f i l le d  by m elt 

w hich  u ltim a te ly  c r y s ta ll iz e d  in to  a p lite  and pegm atite  d ik e s . It is  c o n ­

clu d ed  here that sca rce  thin d ik es  are co rre la tiv e  w ith  productive intru­

s io n s  m ainly b e c a u se  o f  the p a s s iv e  in tru sive  nature o f the la t te r . D epth  

o f  e ro s io n  v e rsu s  p o s s ib le  zon in g  o f a p lite s  and p eg m a tite s  in variou s



in tru sion s m ight a ls o  be thought to  r e su lt  in an apparent d ifferen ce  in  

number o f  d ik es  per lin e  m ile . W here ero s io n  c u ts  d e e p ly  into an intru­

s io n , m ost o f the d ik es  are erod ed  aw ay lea v in g  o n ly  sca r c e  d ik e s .  This 

s itu a tio n  may le a d  to the m isco n cep tio n  th at th e in tru sion  o r ig in a lly  ca r­

ried  a sm all number o f  d ik e s .  I f , on the o th er hand, ero s io n  b arely  e x ­

p o s e s  su ch  an in tru sio n , m ost o f  the d ik es  are p reserv ed , lea d in g  to the  

c o n c lu s io n  th at d ik es  are abundant. In th is  c a s e ,  the d ifferen ce  in num­

ber o f  d ik es  b etw een  productive and nonproductive in tru sio n s may be 

apparent rather than rea l or g e n e t ic .  The p r e se n c e  o f  roof p en d an ts a t  

the T exas C anyon and S w issh e lm  in tru sio n s in d ic a te s  that the two intru­

s io n s  are sh a llo w ly  eroded  and may e x p la in , in part, w hy both co n ta in  

abundant d ik e s .

T his e r o s io n a l le v e l  ex p la n a tio n  for d ike abundance fa i ls  w hen  

ap p lied  to the Amole in tru sion  w here an abundance o f  d ik es  o ccu rs  e v en  

in the a b se n c e  o f  roof p e n d a n ts . The e r o s io n a l c o n c e p t for d ike abun­

dan ce may be m is le a d in g , h o w ev er , u n le s s  the depth o f  e ro s io n  at ea ch  

in tru sion  is  w e ll d ocu m en ted . The San M anuel-K alam azoo d e p o s it ,  a 

c o n c e a le d  porphyry cop p er d e p o s it  in P inal C ou n ty , A rizona, is  for th is  

rea so n  id e a l for s tu d y . L ow ell (1968) and L ow ell and G uilbert (1970) do  

not report the occu rren ce o f  a p lite -p e g m a tite  d ik e s .  L ow ell (oral co m -  

m unic . , 1973) confirm ed the s c a r c ity  o f  a p lite  and p egm atite  d ik es  in  

the Laramide porphyry. S carce  d ik es  o f  undeterm ined age  cu t the Pre- 

cam brian O racle quartz m o n zo n ite . R. M . Corn (oral com m u n ic . ,  1973) 

con cu rs th at a p lite  and p egm atite  d ik es  a t the Red M ountain  porphyry 

copper d e p o s it  are uncommon in the e x p o sed  ig n eo u s  in tru sio n . A p lites  

and p eg m a tite s  are a ls o  sca rce  in the Butte m ining d is tr ic t  (M eyer and
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and o th e r s , 1 9 6 8 ). A p lites  and p eg m a tites  have not b een  o b serv ed  in the 

e x p o se d  ig n eo u s  in tru sion  at C hristm as mine (J. G . J o n es , oral co m m u n ., 

1 9 7 3 ).

One may therefore co n c lu d e  w ith  r e sp e c t  to th e areas p resen tly  

stu d ied  th a t, although depth o f  ero s io n  may h ave p la y ed  a role in the  

dike pop u lation  o f  th e se  in tru s io n s , the o r ig in a l d ifferen ce  is  probably  

g e n e tic  and th at the mode o f  in tru sion  o f  th e se  s to c k s  p la y s  the major 

r o le . S ca rcity  and th in n e ss  o f  a p lite  and pegm atite  d ik es  is  therefore  

co n c lu d ed  to be a u se fu l criter ion  that may be u sed  in con ju n ction  w ith  

oth ers to lo c a te  porphyry copper d e p o s it s .

The m e so sc o p ic  and m icro sco p ic  tex tu ra l fea tu res o f  a p l i t e -  

and p e g m a tite -f ille d  d ik es  d escr ib ed  above a ls o  support the co n c ep t o f  

a m agm atic orig in  for th e se  a p lite  and p egm atite  d ik e s . A ndersen (1931) 

and Emmons (1940) v is u a liz e d  th e s e  d ik es  a s  havin g formed by p erm is­

s iv e  draining o f  p eg m a titic  magma into fra c tu res , w h ereas Lindgren 

(1933), w h ile  concurring in th eir  m agm atic o r ig in , co n s id ered  them a s  

having formed by forcefu l w edging  apart o f  f i s s u r e s .  Ramberg (1952) e x ­

p la in ed  th e occu rren ce  o f  p a r a lle l-w a lle d  p egm atite  d ik es  in both m eta -  

m orphic terran es and p lu ton ic  rock s by m etasom atic  rep lacem en t  

spread ing outward e v e n ly  from a fra ctu re . The m etam orphic ex p la n a tio n  

a s  g iv en  by Ramberg p resen ts  d if f ic u lt ie s  in  ex p la in in g  the s im u ltan eou s  

form ation o f  the d ifferen t tex tu res  o f  a p lite s  and p eg m a tites  by one and  

the sam e m ech an ism . Cameron and oth ers (1949 , p . 9) b e lie v e  that the  

sh a p es  o f  a p lite  and pegm atite  d ik es  are g rea tly  in flu en ced  by the type  

o f h o s t  rock s and co n s id e r  that m ost o f the p eg m a tites  in granite are 

tabular or branching b o d ie s  " o b v io u s ly  formed a lon g  jo in ts  and
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f r a c t u r e s F o u r n ie r  (1968, p . 260) co n ten d s t h a t " .  . . o f f s e t  o f  one  

dike by another, long stra igh t c o n ta c ts  w ith  sharp corners that are com ­

m only accom p an ied  by abrupt c h a n g e s  in the w idth o f  the d ik e , m atching  

w a lls  on o p p o site  s id e s  o f  d ik es  . . . "  in d ica te  em p lacem en t o f  d ik es  by 

in je c t io n .

Texture

The tex tu ra l hom ogen eity  o f a p lite s  in  58 stu d ied  d ik es  ca n  b e s t  

be ex p la in ed  by a m agm atic o r ig in . Vogt (1923) a s s ig n e d  r e la t iv e  v i s ­

c o s i t i e s  to d ifferen t s i l ic a te  m e lts . He found th at iron - and m a n g a n e se -  

rich  m elts  are the le a s t  v is c o u s  and s i l i c a -  and a lk a li-r ic h  m elts  are the 

m ost v i s c o u s . The r e la tiv e  abundance o f  w ater in  a g ra n itic  m elt w a s  

determ ined by Jahns and Burnham (1969) to reduce it s  v is c o s i t y  c o n s id e r ­

a b ly . A w a te r -r ic h , s i l i c a -  and a lk a li-r ic h  m elt o f  low  v is c o s i t y  may be 

rea d ily  in jec te d  into p r e ex is tin g  fra c tu res . S u b seq u en tly  formed frac­

tu res cu ttin g  o ld er  o n e s  c a u se  v o la t i le s  from th is  w a ter-r ich  m elt to  

e sc a p e  to  the younger fra c tu res , le a v in g  a r e la t iv e ly  dry m elt o f  g rea tly  

in c r ea se d  v is c o s i t y  in w h ich  c h e m ic a l d iffu s io n  i s  very s lo w . M in era ls  

c r y s ta lliz in g  from th is  dry m elt draw th eir  com p on en ts by d iffu s io n  from 

the im m ed iately  ad ja cen t m e lt. I f  p ressu re  quench ing o b ta in s , m ineral 

and ch em ica l h o m o g en e it ie s  o f  the c r y s ta lliz in g  v is c o u s  m elt are in ­

h erited  in the so lid  p rod u ct. S low  c r y s ta l growth in the v is c o u s  m elt  

co u p led  w ith  the form ation o f  many c r y s ta l n u c le i  due to  a p ressu re  

quench  w ould  r e su lt  in f in e -g r a in e d , xenom orphic granular, tex tu ra lly  

hom ogen eou s a p lite  d ik e s .  The in jec tio n  o f  a r es id u a l m elt c h e m ic a lly  

d ifferen t from the co m p o sitio n  o f  the h o s t  rock w ould r e su lt  in m ineral



156

c o n stitu e n ts  d ifferen t from th o se  p resen t in the h o st r o ck . Rapid c r y s ta l­

liz a tio n  b e c a u se  o f  p ressu re  quench ing r e su lts  in a much finer grained  

texture than i s  o b serv ed  in the m edium - to c o a r se -g r a in e d  h o st rock s  

and a ls o  p reven ts the m elt from reactin g  w ith the w a ll rock . Sharp co n ­

ta c ts  o f  a p lite  d ik es  th u s form a s  a r e su lt  o f  th eir  m in era lo g ica l and 

tex tu ra l d iffe re n c e s  from the h o st rock and o f  the hindrance o f  ch em ica l 

rea c tio n s  b etw een  the rapidly  c r y s ta lliz in g  v is c o u s  m elt and the h o s t  

r o c k . U niform ity o f  grain s iz e  and the lack  o f  c h ille d  a p lite  d ike c o n ­

ta c ts  may be ex p la in ed  by f il l in g  o f  p r e ex is tin g  fractures a t m agm atic  

tem p eratu res. According to Derry (1931), the r ec e n tly  s o lid if ie d  outer  

part o f  a p luton may be e s s e n t ia l ly  at the sam e tem perature a s  the in ­

je c te d  hydrous p eg m a titic  m e lt. Another ex p la n a tio n  o f  the textu ra l 

h om ogen eity  a c r o s s  the d ik es  i s  th at b e c a u se  a p lite  d ik es  are th in  tabu­

lar b o d ie s , ap p rec iab le  therm al g rad ien ts a c r o ss  them are not lik e ly  to  

d ev e lo p  and dike m ateria l w ill  c r y s ta l l iz e  w ith ou t any ch an ge  in grain  

s i z e .  It i s  a ls o  probable th at the p r essu re -q u en ch ed  m elt c r y s ta l l iz e s  

too  rapidly to a llo w  o b serv a b le  d ifferen ce  in  grain  s iz e  b etw een  the  

m argins and c e n te r s  Of d ik e s .

The p re se n c e  o f  random ly d istr ib u ted  c o a r se -g r a in e d  p a tch es  

in  a p lite s  (F ig. 14) i s  a ls o  b e s t  ex p la in ed  by the m agm atic th eo ry .

Growth o f  th e se  p a tch es  m ust have tak en  p la c e  in a l e s s  v is c o u s  m elt 

w here d iffu s io n  o f  io n s  w a s  r e la t iv e ly  rapid and r e s is ta n c e  to c r y s ta l­

l iz a t io n  w a s lo w . T h ese  p a tch es  are here co n s id e re d  to have c r y s ta ll iz e d  

from a hydrous m elt trapped w ith in  the rapidly  c r y s ta ll iz in g  v is c o u s  m e lt. 

S tu d ies  o f  Emmons (1940) and Fournier (1968) support th is  e x p la n a t io n . 

The co n ten tio n  th at th e se  c o a r se -g r a in e d  p a tch es  h ave formed by a c tio n
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o f a hydrotherm al so lu tio n  after  s o lid if ic a t io n  i s  u n lik e ly  a s  e v id e n c e  for 

hydrotherm al a c t iv ity , a s  ex p la in ed  la ter , i s  not s u f f ic ie n t .

The p re se n c e  o f  m ixed a p lite -p e g m a tite  d ik es  in  the study areas  

a ls o  supports the m agm atic d erivation  o f th e se  d ik e s . T his m ixed occu r­

ren ce o f  a p lite -p e g m a tite  ta k es  p la c e  w here a fracture f i l le d  w ith  p e g -  

m atitic  magma c r y s ta l l iz e s  in  part to  p eg m a tite , w h ile  the rem aining m elt 

lo s e s  it s  v o la t i le s  and forms a p lite  w ith in  the p eg m a tite . T his v iew  is  

supported by Emmons (1940), Fournier (1968), and Jahns and Burnham 

(1 9 6 9 ). The la s t  authors su g g e s t  that pegm atite  w ith in  a p lite  d ik es  forms 

where the en tire  w ater-r ich  m elt i s  not p ressu re  quenched  to ap lite  so  

th at the unquenched p ortion s can  y ie ld  m a s se s  o f  p eg m a tite s  w ith in  a 

body o f  o th erw ise  a p lit ic  rock .

The orig in  o f  th e se  m ixed d ik es  is  ex p la in ed  hydrotherm ally in  

term s o f  an aq u eou s so lu tio n  a ctin g  a lon g  the c o n ta c ts  o f  d ik es  w ith  

h o s t  rock s or f il l in g  fractures in  th e cen ter  o f  d ik es  and d ep o s itin g  

c o a rse -g ra in e d  p eg m a titic  m aterial (H e ss , 1925; S c h a ller , 1925; and  

D erry, 19 3 1 ). The texture and m in era lo g ica l and ch em ica l com p o sitio n  

o f the d ik es  stu d ied  here and d is c u s s e d  la ter  do not support a hydrother­

m al o r ig in . It i s  therefore co n c lu d ed  th at m ixed  a p lite -p e g m a tite  d ik es  

are formed from a hydrous magma w hich  b eg in s  c r y s ta lliz in g  to pegm atite  

w ith su b seq u en t q u en ch ing o f the rem aining liq u id  to a p lite . C o n v erse ­

ly ,  p o c k e ts  o f  hydrous m elt may be lo c a lly  trapped in a v is c o u s ,  g e n ­

e ra lly  anhydrous m elt and su b seq u en tly  c r y s ta ll iz e  to pegm atite  w h ile  

the v is c o u s  m elt c r y s ta l l iz e s  to  a p lite .

Inform ation p resen ted  above on the co lo r  o f d ik es  and o f  their  

c o n stitu en t fe ld sp a rs  p rov id es in s ig h t into ch em ica l con tro l in the
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stu d ied  a p lite  and pegm atite  d ik e s .  C hem ica l a n a ly s e s  o f  bulk rock and 

K -fe ld sp a rs  in d ica te  that pink d ik es  h ave more iron than g r a y ish -w h ite  

d ik e s . S im ila r ly , K -fe ld sp ar  from pink d ik es  are pink and co n ta in  more 

iron at 0 . l% -0 .17%  Fe than the g r a y ish -w h ite  K -fe ld sp a rs  a t 0 .0 2 % -  

0.06%  F e . N o g r a y ish -w h ite  d ik e i s  o b serv ed  in productive in tr u s io n s . 

It may be th u s co n c lu d ed  that the p re se n c e  o f  g r a y ish -w h ite  d ik es  in  an 

in tru sion  i s  an unfavorable porphyry-copper in d ica to r .

Petrographic D ata

Texture

The textu ra l hom ogen eity  o b serv ed  in th in  s e c t io n  confirm s that 

o b serv ed  in the f ie ld  and is  attributed  to  the sam e m ech an ism s d is c u s s e d  

e a r lie r . Both graphic and granophyric tex tu res  in d ica te  a m agm atic orig in  

and both are found in the d ik es  under c o n s id e r a t io n . G ranophyric texture  

i s  c o n s id ered  by Barker (1970) to form a s  a r e su lt  o f  rapid c r y s ta ll iz a t io n .  

It i s  com m only o b serv ed  in d ev itr ify in g  g la s s  (Sch loem er, 1964) and h a s  

b een  d escr ib ed  in p lu ton ic  rock s from a p lite s  (Barker (1 9 7 0 ). The m ag­

m atic orig in  o f  granophyric tex tu res  is  s u g g e s te d  by Barker (1970 , p .  

3343) w hen he s ta te s :  "The r e str ic tio n  o f  granophyric intergrow th to  

gran itic  co m p o s itio n , the in tr ica te  te x tu re , and th e d im inution o f  grain  

s iz e  o f  intergrow th w ith  presum ed rapid c o o l in g , the lin e a g e  stru ctu re, 

and the occu rren ce  in h y p a b y ssa l, v o lc a n ic ,  and a p lit ic  rock s s u g g e s t  

th at the in tergrow ths are products o f  rapid c r y s ta ll iz a t io n ."  G raphic  

textu re i s  com m on in g ra n itic  p lu to n ic  rock s w here it  i s  co n c lu d ed  to  be  

a m agm atic te x tu re . Its  p r e se n c e  in  pegm atite  h as b een  c o n s id ered  by  

Jahns (1955) a s  a r e su lt  o f  e u te c t ic  c r y s ta lliz a t io n  in a s i l ic a t e  m e lt .



G raphic textu re h as b een  co n s id ered  by Jahns and Tuttle (1963) and  

Barker (1970) in d ic a tiv e  o f  m agm atic c r y s ta ll iz a t io n .

M ineral C om p osition

P la g io c la s e . W ith regard to p la g io c la s e  co m p o sitio n , the h igh  

anorth ite co n ten t at A n io -17  in produ ctive in tru sio n s a s  confirm ed by the  

high ca lc iu m  co n ten t o f  bulk rock a n a ly s is  a t 0 .3 1 % -0 .48%  C a may be 

due to l e s s  d ifferen tia tio n  o f  the sou rce  m aterial o f  th e s e  d ik e s .  The 

c a lc u la te d  d ifferen tia tio n  in d ic e s  for d ik es  from productive a r e a s , a v er­

aging 95 p ercen t, co n tra stin g  w ith  th o se  from barren in tru sio n s a t about 

97 p ercen t (Table 12) supports th is  e x p la n a tio n . Another p o s s ib i l i ty  i s  

that o f  a c h lo r id e -r ic h  so lu tio n  w hich  h a s b een  su g g e s te d  for r ea so n s  

d isc u s  sed  la ter  to c o e x is t  w ith  m elts  o f  produ ctive in tru sion  carry more 

ca lc iu m  in  it than c h lo r id e -d e f ic ie n t  s o lu t io n s . A s i l ic a te  m elt c o e x is t ­

ing w ith  a r e la t iv e ly  c a lc iu m -r ic h  ch lor id e  aq u eou s p h ase  i s  a ls o  c a l ­

cium  r ich , a s  ca lc iu m  p referab ly  p artition s in to  th e s i l ic a te  m elt 

(Gammon and o th er s , 1 9 6 9 ). S u b seq u en t c r y s ta ll iz a t io n  o f  th is  m elt 

w ould produce c a lc iu m -r ic h  a p lite s  and p e g m a tite s . The rare p re se n c e  

o f C aS04  in flu id  in c lu s io n s  in quartz in porphyry copper d e p o s its  in d i­

c a te  that ca lc iu m  a c t iv ity  in the hydrotherm al p h a se  may h ave b een  

fa ir ly  h ig h .

K -fe ld sp a r . Point co u n ts  and th in  s e c t io n  a n a ly s is  c le a r ly  

dem onstrate the predom inance o f  K -fe ld sp ar  a t 4 0 -4 8  p ercen t by volum e  

in  d ik es  from p rodu ctive a reas (F ig s . 36 and 37) and th at th is  trend is  

a ls o  confirm ed c h e m ic a lly  by the p resen ce  o f  co rresp on d in g ly  h igh  p o ­

ta ss iu m  c o n te n ts  o f  5 . 2 - 5 . 6% K in the bulk rock sa m p les  and about

159
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11.7%  K in corresp ondin g K -fe ld sp a r . Figure 40 sh ow s that a p lite  and 

pegm atite d ik es  in m in era lized  in tru sio n s have gran itic  c o m p o s it io n s , 

w h ereas th o se  from barren areas are quartz m o n zo n itic , aga in  in d icatin g  

the h igh  K -feld sp ar  co n ten t o f  the form er. The m in era lo g ica l and ch em i­

c a l  h o m o g en e ities  o f  th e se  d ik e s , the gran itic  co m p o sitio n  o f  d ik es  from 

m in era lized  a r e a s , and the predom inance o f K -fe ld sp ar  over  p la g io c la s e  

from th e se  sam e d ik es  are d is c u s s e d  b e low  and dem onstrate th eir  m ag­

m atic orig in  and p o ten tia l exp lora tion  s ig n if ic a n c e .

Bowen (1928) s ta te s  that an om alou sly  p o ta ss iu m -r ich  resid u a l  

m elts  may form by the d ifferen tia tio n  o f b a s a lt ic  m agm a. He p o stu la ted  

that a rea ctio n  b etw een  anorthite in  a m elt c o n s is t in g  la r g e ly  o f ortho-  

c la s e  and anorthite c a u s e s  the co m p o sitio n  o f  th is  m elt to  c r o s s  the c o -  

te c t iv e  curve o f  the fe ld sp a r  equilibrium  sy stem  (Bowen, 1 9 2 8 , F ig . 5 9 , 

p . 231) into the o r th o c la se  f ie ld .  Schairer and Bowen (1947), h ow ever, 

found th at th is  p o stu la ted  rea ctio n  w a s  n o n ex is te n t and c o n seq u e n tly  

d isc re d ited  th is  c o n c lu s io n . C on sid erin g  th is  rea ctio n  o f  Bowen (1928) 

to be v a lid , N ob le  (1948) a s s ig n e d  a m agm atic orig in  to the a n om alou sly  

p o ta ss iu m -r ich  rh yo lite  d ik e s  in  the H om estake m ine area , South D ak ota . 

H igazy  (1950) co n c lu d ed  th at the orig in  o f  an om alou sly  p o ta ss iu m -r ich  

rock s m ight be e x p la in ed  in tw o w a y s: (1) by c r y s ta ll iz a t io n  from a pri­

m ordial rh y o lit ic  m elt or a mixture o f  rh y o lit ic  and b a s a lt ic  m agm as, the  

b a s a lt ic  magma b ein g  su b ord in ate , a s  ex p la in ed  by Fenner (1948); or (2) 

by c r y s ta lliz a t io n  from a g ran itic  magma d er iv ed , accord in g  to  W ahl 

(1949), by d ifferen tia l rem elting o f  the c r u s t .

If th e d ik es  under c o n s id era tio n  formed by fra c tio n a l c r y s ta l­

liz a tio n  o f  an in term ediate  m agm a, it s  re s id u a l magma sh ou ld  m eet the
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dem ands o f  p e tro g en y 's  res id u a  (Bowen, 1 9 3 7 ). The res id u a l co m p o si­

tion  sh ou ld  p lo t in the s y s te m 's  "therm al va lley"  (Bowen, 1937) and it s  

fe ld sp a r  co m p o sitio n  shou ld  p lo t in the p la g io c la s e  f ie ld  o f  the sy stem  

Or-Ab-An (Bowen, 1 9 2 8 ). The d ik es  stu d ied  here do not m eet any o f  the  

dem ands s ta ted  ab ove and c o n seq u e n tly  can n ot h ave o r ig in a ted  on ly  by  

normal m agm atic d iffe re n tia tio n .

It i s  p roposed  here that a p lite s  and a s s o c ia te d  pegm atite  in 

m in era lized  s to c k s  c r y s ta ll iz e d  from a r es id u a l m elt th at a t som e tim e  

before th eir  in jec tio n  c o e x is te d  w ith  an a lk a li—b a s e -m e ta l—ch lo r id e—rich  

aq u eou s p h a s e . P o tassiu m  p a rtition s in to  the m elt and sodium  into  the 

aq u eou s p h a se  in ra tio s  co n tro lled  by tem peratures from 880°C  to 250°C  

(O rv ille , 1963; E llis  and M ahon, 1967; and Gammon and o th e r s , 1 9 6 9 ). 

W ithin the framework o f  th is  m agm atic m od el, the form ation o f  a c h lo r id e -  

rich  aqu eou s p h a se , i t s  im portance in  d ic ta tin g  the p artition in g o f  c er ­

ta in  e lem en ts  a t h igh  tem p eratu res,an d  the la ter  r ev e r sa l in  p artition in g  

trend o f  som e o f the e lem en ts  in to  a c o e x is t in g  s i l ic a t e  p h a se  in re­

sp o n se  to  a p ro g r ess iv e  drop in tem perature are d is c u s s e d .

It is  fa ir ly  w e ll e s ta b lis h e d  th at w here and w hen an aqu eou s

p h a se  c o e x is t in g  w ith  a s i l ic a t e  m elt d e v e lo p s  a lm o st a l l  o f the ch lor id e

in  the s i l ic a t e  m elt p a rtition s in to  th is  aq u eou s p h a se  (Burnham, 1967;

K ilinc and Burnham, 1972; H o llan d , 1 9 7 2 ). R esu lts  o f  work done by

K ilinc and Burnham (1 9 7 2 , p . 233) in d ica te  th at

w hen an aq u eou s p h a se  sep a ra tes  from a gra n itic  magma much 
o f the ch lor id e  it  c o n ta in s  a ls o  w ill  sep a ra te , p o s s ib ly  mak­
ing the c o e x is t in g  aq u eou s flu id  a h igh ly  co n cen tra ted  b r in e .
T his very  sa lin e  so lu t io n , h o w ev er, may be d ilu ted  w ith  fur­
ther e v o lu tio n  o f  w ater from the magma or may b ecom e more 
s a l in e ,  depend ing upon the in it ia l  H 2O co n ten t o f  th e m agm a.
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Figure 51 from K ilinc and Burnham (1972) sh ow s the varia tion  in ch lor id e  

co n ten t o f  an aqu eou s p h ase  c o e x is t in g  w ith  c h lo r id e -b e a r in g , w a ter -  

saturated  m e lts .

H olland (1972) c o n s id e r s  the strong p artition in g o f ch lor id e  ion  

into the a q u eou s p h ase  to be an im portant factor in d irectin g  the chem ­

istry  o f  ore-form ing flu id s  d erived  from m agm atic so u r c e s . The s ig n if i ­

ca n c e  o f  h igh  co n cen tra tio n s  o f ch lor id e  ion in ore-form ing flu id s  is  

dem onstrated  by the h igh  ch lorid e  ion co n ten t o f  in tru sion s g e n e t ic a lly  

re la ted  to ore d e p o s its  (S to llery , B orcsik , and H o llan d , 1 9 7 1 ). T hese  

w orkers found that the ch lor id e  ion co n ten t o f  b io t ite  in the s to ck  w h ich  

w as c lo s e ly  re la ted  to  b a se -m e ta l d e p o s its  a t P ro v id en c ia , Z a c a te c a s ,  

M ex ic o , w a s .0 . 3 - 0 . 5  p ercen t by w e ig h t, w h ich  w a s  more than the aver­

age ch lorid e  co n ten t o f  b io t ite s  from g ra n itic  rock s a t 0.1  p ercen t by  

w eig h t (D od ge , Sm ith, and M a y s, 1969; D odge and R o ss , 1 9 7 1 ). S im i­

la r ly , "the ch lo r id e  co n ten t o f  b io t ite  from sev e r a l other, s to c k s  a s s o c i ­

ated  w ith b a se  m etal d e p o s its  i s  abnorm ally high" (H olland , 1972 , p . 

2 9 2 ). Experim ents in p rogress in d ica te  th at b io t ite s  do not adm it ch lo r­

ide ion s rea d ily  and th at the so lu tio n s  at 800°C  m ust be h ig h ly  sa lin e  to  

be in equilibrium  w ith  b io t ite s  co n ta in in g  0.5%  C l (H olland , 1 9 7 2 ).

A lk a lie s , b a se  m e ta ls , iron , ca lc iu m , and oth er m eta ls  tend  to  

partition  into th is  c h lo r id e -r ic h  aqu eou s p h ase  (Borina, 1963; H e lg e s o n , , 

1964: Roedder, 1967 , 1971; Burnham, 1967; Gammon and o th e r s , 1969; 

and H ollan d , 1 9 7 2 ). The partition in g  o f p o ta ssiu m  and sodium  b etw een  

a c h lo r id e -r ich  aq u eou s p h a se  and a c o e x is t in g  s i l ic a t e  m elt is  s tron g ly  

tem perature d ep en d en t in  the range o f  880°C  to  hydrotherm al so lu tio n  

tem peratures a t 250°C  (O rv ille , 1 9 6 2 , 1963; E llis  and M ahon, 1967;



Xq ^_ = m a ss  fraction o f  Cl" in aqueous p h a se

m a ss fraction  o f  Cl™ in in it ia l m elt p h a seC l"

= m a ss fraction  o f  m elt a t a g iv en  s ta g e  o f  
c r y s ta ll iz a t io n

(4 ) o p e n

Figure 5 1 . Variation in C l" co n ten t o f  the aq u eou s p h a se  w ith c r y s ta ll iz a t io n  o f  C l~ -b e a r in g ,  
w a ter -sa tu ra ted  m elts

Curve (1) r ep resen ts  a q u eou s p h a se  c o m p o sitio n s  in a c lo s e d  sy stem  at 2 .0  kb w ith  an in it ia l  
HgO co n ten t o f  6 .3  w t. p ercen t. Curve (2) r ep resen ts  op en  sy ste m  co n d it io n s  a t the sam e p ressu re  and  
H2O c o n ten t a s  (1) . C urves (3) and (4) are for op en  sy ste m  co n d it io n s  a t 1 .0  k b , 4 .3  p ercen t H gO , 
r e s p e c t iv e ly .  Figure tak en  from K ilinc and Burnham (1972) . 163
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Gammon and o th e r s , 1 9 6 9 ). E llis  and Mahon (1967, p . 519) found th at 

" v a lu es  o f  a tom ic ratio  N a/K  in so lu tio n  in co n ta c t w ith  rh y o lit ic  rock s  

ranged from 1 0 -1 5  at 2 5 0 °  to 4 at 600o C l " in d ica tin g  th at a drop in tem ­

perature from 600°C  to 2 5 0 °C  favors p artition in g o f  sodium  into the s o l ­

u tio n . O rv ille  (1963) found th at the ratio (m K aq/m  N a aq) in ch lor id e  

so lu tio n s  in  equilibrium  w ith tw o a lk a li fe ld sp a rs  in c r e a s e s  w ith  tem per­

ature from 0 .2 5 9  + 0 .0 0 6  at 50QOC to 0 .3 5 1  + 0 .0 0 7  at 6 7 0 °C . The work 

done by Gammon and o th ers (1969) supports O r v ille 's  fin d in g s and e x ­

ten d s  it  to h igh er  tem p eratu res. They found th at the ratio  (m K aq /m  Na  

aq) in an aq u eou s p h a se  in  equilibrium  w ith  an average g ra n itic  m elt b e ­

tw een  770°C  to 880°C  and 1 .4  to 2 .4  kb is  0 .5 7 .

N ow  to c o n s id e r  how  the ab ove d is c u s s io n  r e f le c ts  on the re­

s u lt s  d escr ib ed  ea r lie r  in th is  s e c t io n .  A ccording to the fin d in g s  o f  

S to llery  and o th ers (1971) and H ollan d  (1972), g ra n itic  rock s g e n e t ic a lly  

re la ted  to b a s e -m e ta l d e p o s its  h ave high ch lor id e  c o n c e n tr a tio n s . T his 

o b serv a tio n  i s  a ls o  true for d ik es  from produ ctive a r e a s . R esu lts  o f  work 

on  primary flu id  in c lu s io n s  supports h igh  s a lin ity  o f  flu id  trapped in  

d ik es  from produ ctive s t o c k s .  The p r e se n c e  o f  h a lite  daughter m in era ls  

in  d ik es  from produ ctive areas in d ica te  th a t the so lu tio n  from w h ich  th o se  

in c lu s io n s  w ere trapped m ust h ave b een  su p ersatu rated  w ith  h a l id e s .  

Roedder (1971) a ls o  r ev e a le d  th at flu id  in c lu s io n s  a s s o c ia te d  w ith  ore  

a ls o  co n ta in ed  daughter c r y s ta ls  o f  N a C l. B eca u se  th e p artition  c o e f f i ­

c ie n ts  o f  a lk a li h a lid e s  in to  a liq u id  p h a se  i s  much greater  than in to  a 

g a s  p h a se  (Souriraj an and K ennedy, 1 9 6 2 ), flu id  in c lu s io n s  in d ik es  from 

p rodu ctive a rea s  are more sa lin e  than th o se  from d ik es  in barren a r e a s .  

A ccord in g ly , a lk a l ie s ,  b a se  m e ta ls , and iron and ca lc iu m  partition  into
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th is  sa lin e  p h a se  (Borina, 1963; H e lg e so n , 1964; and Burnham, 1 9 6 7 ). 

At a tem perature ab ove 8 8 0 °C , p o ta ssiu m  co n cen tra tes  in to  the aqu eou s  

p h a se , w h ereas sodium  p artition s into the m e lt . At 8 8 0 °C , the ratio  

m K aq /m N a a q  is  0 .5 7  (Gammon and o th e r s , 1 9 6 9 ). As th e tem perature  

d e c r e a s e s  to 5 0 0 °C , the ratio  in  the aq u eou s p h a se  drops to 0 .3 5 1  a s  a 

r esu lt  o f  p o ta ssiu m  from the aq u eou s p h ase  rep la c in g  sodium  in the s i l i ­

c a te  m e lt , accord in g  to the eq u ation  (O rv ille , 1963);

K C l a q  + Na+ Sii = K+ Sii + NaClaq.

P otassiu m  therefore co n tin u es  to  partition  into the s i l ic a t e  m e lt, r e s u lt ­

ing at m agm atic tem perature in a p o ta ss iu m -r ich  m e lt . A p lites  and p eg ­

m a tites  that d ev e lo p  from th is  m elt w ould  thus be a n o m alou sly  h igh  in  

p o ta ss iu m  and r e la t iv e ly  low  in  sod iu m , p lo ttin g  o u ts id e  th e  "therm al 

va lley "  and in the o r th o c la se  f ie ld  o f  the fe ld sp a r  ternary s y s te m . T his 

m echanism  rea d ily  e x p la in s  the h igh  co n ten t o f  K -fe ld sp a r  in d ik e s  from 

p rodu ctive s to c k s ,  the h igh  co n ten t o f  p o ta ssiu m  in th eir  r e sp e c t iv e  K- 

f e ld s p a r s , and th eir  gran itic  c o m p o s itio n . M in era lo g ica l and ch em ica l 

h om ogen eity  o f  a p lite  w ith in  a g iv en  s to c k  i s  e x p la in ed  by the sam e  

m echanism  th at produced th eir  tex tu ra l h o m o g en e ity .

A co n tin u in g  drop in tem perature b e lo w  th at o f  a p lite  and p e g ­

m atite c r y s ta ll iz a t io n  le a d s  to  p r o g r ess iv e  c r y s ta ll iz a t io n  o f  K -fe ld sp ar  

down to hydrotherm al tem peratures o f  a ltera tio n  at 250°C  (E llis and  

M ahon, 1 9 6 7 ). In th is  tem perature r a n g e , sodium  c o n tin u o u s ly  parti­

t io n s  in to  th e aq u eou s p h a s e , ex p la in in g  the h igh  N aC l co n ten t o b ­

serv ed  in flu id  in c lu s io n s  in ore d e p o s it s .
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The m od ifica tion  o f  a p lite  and pegm atite d ik es  by a h y p o th e tica l 

p o ta ss iu m -r ich  hydrotherm al s o lu t io n , in accord an ce w ith  the fin d in gs o f  

Fenner (1936), T erzaghi (1948), Anderson (1949), H ig a zy  (1949), String-  

ham (1953), and P eters and o th ers (1 9 6 6 ), resu ltin g  in  a h igh  K -fe ld sp ar  

co n ten t in  d ik es  from p rodu ctive in tru sio n s is  apparently u n r e a lis t ic  in  

the p resen t w ork. A lthough hydrotherm al so lu tio n s  h ave perm eated  th e se  

d ik e s , a s  show n by secon d ary  o r th o c la se  v e in s  (F ig . 13) and r e p la c e ­

m ent o f  p la g io c la s e , the quantity o f  secon d ary  K -fe ld sp a r  i s  not s u ff i­

c ie n t  to  acco u n t for the o b serv ed  high K -fe ld sp a r  co n ten t in d ik es  from 

productive a r e a s . A ddition o f  a t l e a s t  10 p ercen t by volum e o f  ortho-  

c la s e  at the e x p e n se  o f  p la g io c la s e  i s  n eed ed  to  upgrade the c o m p o si­

tion  o f  d ik es  o f quartz m on zon ite  co m p o sitio n  from 35 to  45  p ercen t  

K -feld sp ar  gran itic  c o m p o s it io n s . T his am ount o f  "secondary" K -fe ld sp ar  

and the m echanism  o f  i t s  add ition  are not s e e n  in th in  s e c t io n . The com ­

p o s it io n  o f  a l l  d ik es  in  a s in g le  in tru sion  i s  so  s im ila r  th at m o d ifica tio n  

by hydrotherm al so lu tio n  b eco m es an u n reason ab le  ex p la n a tio n , s in c e  

hydrotherm al rep lacem en t ca n n o t be e x p e c te d  to  a c t  uniform ly to produce  

su ch  sim ilar  c o m p o s it io n s . On the contrary, i f  hydrotherm al a ltera tio n  

w ere the major factor  in  the h igh  K -fe ld sp a r  co n ten t o f  d ik e s ,  th en  d is ­

sim ila r ity  o f co m p o sitio n  o f d ik es  w ould be e x p e c te d . If the h igh  c o n ­

ten t o f  K -fe ld sp ar  in d ik e s  from productive a rea s  w a s due to hydrotherm al 

a lte r a tio n , then  accord in g  to M eyer and H em ley (1967), a h igh  sodium  

co n ten t sh ou ld  e x is t  in  K -fe ld sp a r  in d ik es  from p rod u ctive in tr u s io n s . 

H ow ever, the o p p o site  i s  true w here sodium  c o n ten t i s  low er in  K- 

fe ld sp a r  in d ik es  from p rodu ctive in tru sio n s than in K -fe ld sp a r  in th o se  

from barren o n e s .
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The p o s s ib i l i ty  o f a continuum  b etw een  m agm as and ore d e ­

p o s it s  w as co n s id e re d  by Spurr in 1 9 2 3 . Tolman (1931) su g g e s te d  a c o n ­

tinuum b etw een  m a ss iv e  quartz or quartz v e in s  and m agm atic r o c k s . 

G illu ly  (1942) in d ica ted  th at there w a s  apparently  no p la c e  in  the Ajo 

copper d is tr ic t  (Arizona) w here a h ia tu s  b e tw een  pegm atite  d eve lop m en t  

and m in era liza tion  co u ld  be e s t a b l is h e d . S c h illin g  (1956) found  

m o ly b d en ite -b ea r in g  p egm atite  a t the Q u esta  mine (New M e x ic o ) . S a le s  

and M eyer (1956) and M eyer and o th ers (1968) d e scr ib e d  m olyb d en ite  in  

q u artz-r ich  p egm atite  c o r e s .  K lepper and R obertson (1956 , p . 117) in  

th eir  stud y o f  the northern part o f  the Boulder b ath o lith  o b serv ed  the  

p re se n c e  o f  tou rm alin e , p y r ite , and l e s s  com m only m olyb d en ite  "in e s ­

s e n t ia l ly  a fe ld s p a r -s ta b le  (deuteric) environm ent during the la te  s ta g e  

o f c o n so lid a tio n  o f  the a la s k it ic  and a p lit ic  r o c k s ."  They co n c lu d ed  th at  

"in ad d itio n , the p r e se n c e  o f abundant tourm aline w ith  fe ld sp a r  in  many 

a p lit ic  rock s and o f  tourm aline w ith  fe ld sp a r  a ltera tio n  products in many 

v e in s  s u g g e s ts  a c lo s e  g e n e t ic  r e la tio n sh ip  o f  la t e - s t a g e  ig n eo u s  and  

hydrotherm al p r o c e s s e s ."  L acy (1957) n oted  th e  co n cen tra tio n  o f  quartz  

and o r th o c la se  o f  a p lit ic  textu re in  porphyries ju s t  prior to ore d e p o s i­

t io n . button (1959) stu d ied  four co p p er-m o ly b d en ite  d e p o s its  in  the  

v ic in ity  o f  T u cso n , A rizon a , and found th at m olyb d en ite  and ch a lco p y r ite  

are d e p o s ite d  a s  ea r ly  a s  the p eg m a titic  s ta g e .  He co n c lu d ed  th at p e g ­

m atite co u ld  be the m iss in g  lin k  b etw een  m agm as and hydrotherm al ore 

d e p o s it s .

R esu lts  ob ta in ed  during th is  work in d ica te  a continuum  b etw een  

a p lite s  and p eg m a tite s  and g e n e t ic a lly  re la ted  porphyry cop p er d e p o s it s .  

The texture o f  o x id iz e d  s u l f id e s ,  u n in flu en ced  by fractu rin g , and th eir
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occu rren ce a s  is o la te d  gra in s (F ig. 28) in d ica te  that part o f  the su lfid e  

gra in s is  prim ary. The p resen ce  o f  s u lf id e s  in  a p lite s  and p e g m a tite s , 

the occu rren ce o f  id e n t ic a l s u lf id e s  in the e a r l ie s t  hydrotherm al v e in -  

l e t s ,  and the breadth o f  s ta b ility  f ie ld s  o f th e s e  su lfid e  s p e c ie s  a c r o s s  

the pres sure-tem perature range o f  th e s e  environm ents argue that s u lf id e s  

con tin u ed  to c r y s ta ll iz e  from the a p lite -p e g m a tite  s ta g e  in to  the s ta g e  o f  

hydrotherm al ore d e p o s it s .

O rth o c la se  i s  found to  be an im portant m ineral in  e s ta b lis h in g  

th is  contin uum . O rth o c la se  i s  com m on to  porphyry copper environm ent 

in g en era l (Low ell and G u ilb ert, 1970) and to  th e four s tu d ied  areas in  

p articu lar . Both secon d ary  hydrotherm al (C rea sey , 1966) and la te  m ag­

m atic (deuteric) o r th o c la se  (Klepper and R obertson , 1956) h ave b een  

d escr ib ed  in the porphyry cop p er en viron m en t. R esu lts  o f  th is  work in ­

d ic a te  the p re se n c e  o f  an om alou sly  h igh  o r th o c la se  co n ten t in a p lite s  

and p eg m a tite s  w hich  are a s s o c ia te d  w ith  porphyry copper d e p o s its  

w h ich  are c o n s id e re d  to  be o f  primary m agm atic o r ig in . The an o m a lo u sly  

h igh  o r th o c la se  co n ten t i s  ex p la in ed  by c r y s ta ll iz a t io n  o f  o r th o c la se  

from a res id u a l m elt c o e x is t in g  w ith  a c h lo r id e -r ic h  aq u eou s p h a s e . As 

a c o n seq u e n c e  o f  th is  c o n d it io n , o r th o c la se  app arently  began  to c r y s ­

t a l l iz e  a t m agm atic tem peratures and co n tin u ed  to c r y s ta l l iz e  from hydro- 

therm al f lu id s  r e sp o n s ib le  for the d e p o s it io n  o f  the ore d e p o s its  w ith  no  

h ia tu s  in d ica ted  by f ie ld , p etrograp h ic , c h e m ic a l, or exp erim en ta l d a ta . 

T his o b serv a tio n  i s  in harmony w ith  the exp erim en ta l work o f  O rv ille  

(1 9 6 2 , 1 9 6 3 ), E llis  and M ahon (1967), and Gammon and o th ers (1 969).

A p o ta ss iu m -r ich  s i l ic a t e  m elt c o n tin u e s  to e v o lv e  a s  the tem perature  

o f  the sy ste m  d r o p s . R ocks forming from th is  e v o lv in g  m elt are



an om alou sly  rich in  o r th o c la s e . W hen c r y s ta lliz a t io n  o f  the m elt h a s  

c e a s e d ,  K -fe ld sp a r  c o n tin u e s  to  c r y s ta ll iz e  from the hydrotherm al s o lu ­

tion  a s  o r th o c la se  or m icroclin e  in  v e in s  or rep la cin g  p la g io c la s e .

C h em ica l D ata

The d istr ib u tion  o f  a n a ly zed  e lem en ts  is  d is c u s s e d  b e low  to  

determ ine th eir  g e n e t ic  and ex p lo ra tio n  s ig n if ic a n c e .

S ilico n

The h igh  s i l ic o n  c o n ten t in  bulk rock at 3 5 .3 -3 6 .6 %  S i confirm s  

the petrographic fin d in g s and in d ic a te s  that the d ik es  are products o f  the  

la t e s t  m agm atic d iffe re n tia tio n . Com pared to  c h e m ic a l a n a ly s e s  o f  Plu­

to n ic  ig n eo u s  rock s by W ash in gton  (1917), th e s e  d ik es  co n ta in  h igh er  

s i l ic o n  v a lu e s  than th o se  reported for gran ite and are com parable to  

th o se  reported for a p lite s  and p e g m a t ite s . The s im ila r ity  o f  s i l ic o n  

v a lu e s  in  d ik es  from p rod u ctive in tru sio n s at 3 6 .2 % -3 6 .6  % S i and th o se  

from barren o n e s  a t 3 5 .2 % -3 6 .9 %  S i d o es  not render s i l ic o n  a u se fu l  

ex p lora tion  to o l .

Aluminum

Like s i l ic o n ,  aluminum can n o t be u se d  a s  an ex p lo ra tio n  to o l ,  

b e c a u se  d ik e s  from m in era lized  and barren in tr u s io n s , e x c e p t  T exas  

C an yon , show  sim ila r  v a lu e s  a t  6 .4  + 0.1%  A1 (F ig . 4 2 ) .  T his s im ila r ity  

in  aluminum a n a ly s e s  i s  confirm ed by the s im ila r ity  in  th e to ta l fe ld sp a r  

co n ten t in d ik es  from th e s e  tw o environm ents and by the s im ila r ity  o f  

the co n ten t o f  alum inum in  o r th o c la se  a t 9 .75%  A1 and in  a lb ite  a t 

10.33%  A l. The h igh  aluminum c o n ten t in  d ik e s  from T ex a s C anyon at 

7.6%  A1 is  ex p la in ed  by the p r e se n c e  o f  4 -1 3  p ercen t by volum e o f

169
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m u sco v ite  carrying 38.5%  A l. R e la tiv e ly  greater alum inum at 7.0%  A1 in  

d ik es  from the Troy in tru sion  i s  due to the greater abundance o f  fe ld sp a r  

at 6 7 -7 2  p ercen t by volum e in  d ik es  in  th is  sto ck  a s  com pared to d ik es  

from other in tru sio n s a t about 6 0 -6 7  p ercen t by v o lu m e .

Iron

In a v o la t i le  sa turated  or su p ersatu rated  r es id u a l m e lt, iron 

o x id iz e s  to  the Fe+++ sta te  and p o s s ib ly  b e h a v e s  a s  a co m p lex  ion  

(R ingwood, 1 9 5 5 ). B eca u se  o f  th eir  sim ilar  p h y sio c h e m ic a l p ro p er tie s , 

Fe+++ su b s t itu te s  for Al+ + + . The f il l in g  o f  part o f  the alum inum s i t e s  in  

fe ld sp a rs  by ferric io n s ,  p lu s  the p re se n c e  o f  h em atite  in  c r y s ta l d e ­

fe c t s  (Andersen, 1915; W o n e s , 1962; and B oon e, 1 9 6 9 ),may c a u s e  the  

o b serv ed  co lo r  in pink fe ld s p a r s . Pink d ik e s  and th eir  corresp on d in g  

fe ld sp a rs  co n ta in  r e la t iv e ly  h igh  iron , co n firm in g , in the s c a r c ity  o f  

oth er iron -b earin g  m in era ls in  d ik e s ,  the p rob ab ility  o f  th is  c o n c lu s io n .

In sp ec tio n  o f  F igures 42 and 45 in d ic a te s  th at iron i s  r e la t iv e ly  

high in d ik e s  and th eir  corresp on d in g  fe ld sp a r s  in  produ ctive in tr u s io n s .  

S il ic a te s  c o e x is t in g  w ith  iro n -r ich  ch lor id e  s o lu t io n s , a s  d is c u s s e d  

e a r lie r , may p o s s ib ly  produce fe ld sp a rs  r e la t iv e ly  rich  in  th e ferric  

io n .

H igh con cen tra tio n  o f iron in d ik es  and th eir  fe ld sp a r s  a s  an  

ex p lo ra tio n  in d ica tor  d isc o u n ts  the T ex a s  C anyon and Troy in tru sio n s  

a s  havin g  producing p o s s ib i l i t y .  A sim ilar  c o n c lu s io n  for T ex a s  C an­

yon h as b een  reach ed  by d ik e p o p u la tio n , fe ld sp a r  r a t io s , and o th er  

data in the co u rse  o f  th is  w ork. T his inform ation c a s t s  som e doubt on  

the lik e lih o o d  that the T ex a s C anyon sto ck  i s  the sou rce  o f  m eta ls  in  

the Johnson Camp ore d e p o s it .



171

C alcium

The low  co n cen tra tio n  o f ca lc iu m  in  a p lite  and p egm atite  d ik es  

under c o n s id era tio n  is  e x p e c te d  in  res id u a l m e lts , a s  ca lc iu m  is  c a p ­

tured by early -form in g  s i l ic a t e  m in era ls , lea d in g  to i t s  d ep le tio n  in the  

res id u a l m e lt . Figure 42 in d ic a te s  th at the ca lc iu m  co n ten t i s  r e la t iv e ly  

high in d ik es  from p rodu ctive in tr u s io n s . H ow ever , b e c a u se  the ca lc iu m  

co n ten t in d ik es  i s  g en era lly  low  and the d ifferen ce  b etw een  ca lc iu m  in  

d ik es  from p rodu ctive in tru sio n s (0 .3 -0 .5 %  Ca) and th at in  d ik es  from 

barren in tru sio n s (0 .2 -0 .3 %  Ca) i s  sm a ll, ca lc iu m  can n ot be co n s id ered  

a good  ore in d ica to r . A gain , the T ex a s C anyon a p lite s  and p eg m a tite s  

are low  in c a lc iu m , p la c in g  it among the barren in tr u s io n s . Sam ples from 

the Troy in tru sion  co n ta in  r e la t iv e ly  h igh  ca lc iu m  and the in tru sion  a c ­

cord in g ly  may be ranked among prod u ctive in tr u s io n s . The Troy in tru sion  

sh o w s co n fu sin g  fe a tu r e s , s in c e  som e p ro p er tie s , su ch  a s  co n cen tra tio n s  

o f  p o ta ssiu m  and c a lc iu m , rank it  among produ ctive in tr u s io n s , w h erea s  

dik e pop u lation  and the co n cen tra tio n s  o f  iron , sod iu m , co p p er , and 

z in c  rank it  among barren o n e s .

The rea so n  for the h igh  ca lc iu m  co n ten t in produ ctive in tru sio n s  

may be th a t th eir  d ik es  rep resen t a l e s s  d ifferen tia ted  re s id u a l m e lt .

Their low  d ifferen tia tio n  in d ex  a t 95% supports th is  c o n c lu s io n . B um - 

ham (1967 , p . 55) reported the p r e se n c e  o f ca lc iu m  a long w ith  the a lk a ­

l i e s  in ch lo r id e -b ea r in g  so lu tio n s  and sta ted : "The C l e q u iv a len t o f  

Na + K + Ca c a lc u la te d  a s  N a C l, KC1, and C a C lg , a c co u n ts  for about 

80% o f  the to ta l C l."  C alcium  su lfa te  h a s  a ls o  b een  reported in  flu id  

in c lu s io n s .  Gammon and o th ers  (1969) found th a t a t tem peratures b e ­

tw een  800°C -885O C  and p ressu re  2- 2 .4  kb the "hydrotherm al so lu tio n
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ten d s to be d e p le ted  in ca lc iu m  r e la t iv e  to the s i l ic a t e  m e lts  w ith  w h ich  

th ey  are in  eq u ilib riu m ."  T his r e la t iv e ly  high ca lc iu m  co n ten t i s  e x p la in ­

ab le  i f  the fin d in g s o f  Gammon and o th ers can  be ex tra p o la ted  to low er  

tem peratures and p r e s s u r e s . T hus, the c h lo r id e -r ic h  aq u eou s p h a se ,  

p o stu la ted  e a r lie r , is  e x p e c ted  to carry r e la t iv e ly  h igh  C a C lg . C a lc iu m , 

according to Gammon and o th er s , i s  p a s s e d  to the c o e x is t in g  s i l ic a t e  

m elt, and upon it s  c r y s ta ll iz a t io n  r e la t iv e ly  c a lc iu m -r ic h  d ik es  form.

Sodium and P otassiu m

Their p ro g ress iv e  co n cen tra tio n  in a r es id u a l m e lt, c o u p led  w ith  

th eir  com bin ed  g e n e t ic  and ex p lo ra tio n a l s ig n if ic a n c e , f a c i l i t a te s  d is ­

c u s s io n  o f  sodium  and p o ta ss iu m  to g e th er . By v irtue o f  th eir  c r y s ta l  

ch em istry , sodium  and p o ta ssiu m  con cen tra te  in  r es id u a l m agm as.

It i s  s ig n if ic a n t  that th e s e  tw o e lem en ts  h a v e  an in v erse  r e la ­

tio n sh ip  w hen th eir  v a lu e s  in  p rodu ctive and barren environm ents are 

com pared (F ig . 4 3 ) .  An in c r e a se  in  p o ta ssiu m  co n ten t corresp on d s to a 

d e c re a se  in  the sodium  c o n ten t in d ik es  from the sam e in tru sio n . D ik es  

from m in era lized  in tru sio n s carry more p o ta ssiu m  at 5 . 2 - 5 . 6% K than  

th o se  from barren o n e s  at 3 . 9 - 4 . 6 % K. In c o n tr a s t , d ik es  from produc­

t iv e  in tru sio n s a t 1 .6 % -1 .8 %  N a co n ta in  l e s s ‘sodium  than th o se  from 

barren o n e s  a t 2 . 3 % -3.0% N a . T his r e la tio n sh ip  i s  a ls o  r e f le c te d  by  

the fe ld sp a rs  in the d ik es  a s  p r e v io u s ly  d i s c u s s e d .  K -fe ld sp a rs  in  d ik es  

from productive in tru sio n s a ls o  h ave h igher p o ta ssiu m  c o n ten t than th o se  

from barren o n e s .

The ex p lo ra tio n  r e la t io n sh ip s  o f  th e se  e lem en ts  i s  s ig n if ic a n t  

w ith r e sp e c t  to the sam pling in v o lv ed  for th is  s tu d y . Laramide in tru sio n s
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w h ose  a p lite  and pegm atite  d ik es  h ave v a lu e s  o f  sodium  and p o ta ssiu m  

com parable to th o se  in  d ik es  from the stu d ied  productive in tru sio n s are 

e x c e l le n t  ex p lora tion  ta rg e ts  for porphyry copper d e p o s i t s .

C opper

An a s s o c ia t io n  o f  an o m a lo u sly  high c o n te n ts  o f  copper in bulk  

rock and in  th eir  b io t ite  and hornblende sep a ra tes  to apparently  g e n e t­

ic a l ly  re la ted  ore d e p o s its  h a s  b een  o b serv ed  by Parry and N a ck o w sk i  

(1963), Putman and Burnham (1 9 6 3 ), W ahab (1 9 6 8 ), and Love ring and 

o th ers (1970). It w a s  co n c lu d ed  th at the magma th at produced both the 

ig n eo u s  rock s and the ore b o d ie s  w a s  i t s e l f  a n o m a lo u sly  rich  in co p p er .

C opper com m only s u b s t itu te s  for ferrous ion  and m agnesium  in  

c r y s ta ll iz in g  ferrom agn esian  m in er a ls . B eca u se  o f  the very  low  co n ten t  

o f ferrom agn esian  m in era ls in  th e s e  a p lite s  and p e g m a tite s , th eir  m ean  

copper co n ten t (at 20 ppm) i s  about 15 tim es l e s s  than the m ean cop p er  

c o n te n ts  in  h o s t  s to c k , su ch  a s  the quartz m on zon ite at E sp eranza w ith  

300 ppm Cu (Lovering and o th e r s , 1 9 7 0 ). Bulk a n a ly s e s  o f  a p lite s  and  

p eg m a tite s  from produ ctive a r e a s , e x c e p t  in  Boulder b a th o lith , sh ow  

an o m a lo u sly  h igh  copper c o n te n t s . B eca u se  co p p er-b ea r in g  su lfid e  and  

ferrom agn esian  m in erals can n o t com m only be d isc er n e d  in hand sp ec im en  

or th in  s e c t io n , cop p er probably o ccu rs  m ain ly  in c r y s ta l d e fe c ts  a s  c o p ­

per m etal or su lfid e  (T auson, 1 9 5 8 ), on intergranular su r fa ces  (E llis  

and M ahon, 1 9 6 7 ), or a s  su b s titu te s  for ca lc iu m  and sodium  in fe ld ­

sp a r s . S in ce  copper p re feren tia lly  p a rtition s in to  c h lo r id e -r ic h  so lu tio n s  

(H olland , 1972) and b e c a u se  p rodu ctive in tru sio n s are g e n e ra lly  c h lo r id e -  

r ich , s i l ic a t e  m e lts  c o e x is t in g  w ith  th e s e  so lu tio n s  are more l ik e ly  to  be
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an om alou sly  high in  ore m e ta ls . Although d ik es  from nonproductive in ­

tru sio n s  are ch a ra cter ized  by low  cop p er c o n te n ts , th o se  from the W h et­

sto n e  in tru sion  h av e  cop p er co n ten ts  a s  h igh  a s  th o se  o b serv ed  in  

produ ctive areas due to the p re se n c e  o f m alach ite  and ch a lco p y r ite  in  

sam ple 16 (F ig . 26) and to  the p r e se n c e  o f  pyrite w h ich  m ay carry copper  

in  so lid  so lu tio n  or b le b s  o f  ch a lco p y r ite  in m ost o f  the s a m p le s .

U sin g  copper in bulk rock or K -fe ld sp a r  sep a ra te s  a s  a p ath­

finder e lem en t to c o n c e a le d  porphyry copper d e p o s it s ,  th e  Butte ore  

d e p o s it  w ould c er ta in ly  be m is se d  w h ereas the W h etsto n e  in tru sion  w ould  

be tak en  for a p o te n tia lly  p rodu ctive in tru sio n . D ik e s  from the Amole in ­

tru sion  show  ev en  h igh er copper c o n te n ts  than th o se  from the Butte d i s ­

tr ic t . The Troy s to c k , p resen tly  b e in g  exp lored  by se v e r a l m ining  

co m p a n ies  a s  p o te n tia lly  p ro d u ctiv e , h a s  a cop p er  co n ten t th at p la c e s  it  

among the barren s to c k s  (F ig. 4 5A).

Z inc

M o st o f  the introductory d is c u s s io n  p resen ted  for cop p er  ap ­

p l ie s  a s  w e ll  to  z in c .  The b eh av ior  o f  z in c  in  th e s e  d ik e s ,  h o w ev er , i s  

e v id e n tly  more irregular (F ig s . 44 and 4 7 ) . W h ile  the P atagon ia  and  

Santa Rita d e p o s its  m ight be d isc o v er e d  on the b a s is  o f  th eir  a n om alou s­

ly  high z in c  co n ten ts  in  a p lite s  and p e g m a tite s , Butte and S ierrita , 

known to  be p ro d u ctiv e , w ould  be o v er lo o k ed . The Amole and W h etsto n e  

s to c k s  w ould  attract a tten tio n  on the b a s is  o f  th eir  z in c  c o n te n t . The 

Troy in tru sion  sh o w s z in c  c o n te n ts  sim ilar  to that o b serv ed  in barren  

in tr u s io n s . It i s  co n c lu d ed  here that z in c  in a p lite s  and p eg m a tite s  i s  

an u n re liab le  in d ica tor  for porphyry cop p er d e p o s it s .
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A p lite—A lkali Index

The study o f  a p lite s  and p eg m a tites  from m in era lized  and barren 

in tru sio n s h a s  r ev e a le d  som e in ter e st in g  fe a tu r e s . N o ta b le  among th e se  

fea tu res  i s  the ch em ica l var ia tion  o f p o ta ss iu m , sod ium , and c a lc iu m . 

This ch em ica l var ia tion  i s  a ls o  o b serv ed  p etrograp h ica lly  in K -fe ld sp ar  

p la g io c la s e  r e la t io n sh ip s  (F ig. 37) and the anorth ite co n ten t o f  p la g io -  

c l a s e .  The c h e m ic a l re la t io n sh ip  o f th e se  three e lem en ts  c a lc u la te d  to 

norm ative o r th o c la se , a lb ite , and anorthite h a s  b een  w e ll  e x p r e s se d  by  

Figure 4 9 . The n eed  for d efin in g  the r e la tio n sh ip  o f  th e s e  three e lem en ts  

by a form ula, w h ich  co u ld  be so lv e d  to derive  a s p e c if ic  number p erti­

nent to m ineral ex p lo ra tio n  i s  c er ta in ly  p r e s s in g . T his s p e c if ic  number 

i s  p roposed  to be referred to  a s  the a p lite -a lk a li  in d ex  (AAI) and is  e x ­

p r e sse d  by the fo llo w in g  eq u ation  a s

a p lite -a lk a li  in d ex  (AAI) = -j:..Pa . x  100
N a

in w hich  K = p ercen t p o ta ssiu m  in bulk rock a p lite  and p egm atite  

Ca = p ercen t ca lc iu m  in bulk rock a p lite  and p egm atite  

N a = p ercen t sodium  in  bulk rock a p lite  and p eg m a tite .

T h is i s  an em p ir ica l form ula e x p r e ss in g  the re la tio n sh ip  b e tw een  h igh  

p o ta ssiu m  and ca lc iu m  and low  sodium  in p rodu ctive d ik e s .

The a p li t e -a lk a l i  in d ex  i s  c a lc u la te d  for 60 a n a ly zed  sa m p les  

o f  a p lite s  and p eg m a tite s  and p resen ted  in T ab les 13 and 1 4 . E xcep t for 

sa m p les  6 , 2 8, and 40 from the A m ole, P a tagon ia , and S ierrita  s t o c k s ,  

r e s p e c t iv e ly ,  i t  i s  c le a r  that the a p li t e -a lk a l i  in d ex  for d ik es  from barren 

in tru sio n s a t 1 1 4 -2 4 9  i s  low  w hen com pared to an in d ex  o f  2 9 0 -4 0 9  for 

d ik es  from m in era lized  in tr u s io n s . The a p li t e -a lk a l i  in d ex  i s  a p p lic a b le
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Table 13 . The a p li t e -a lk a l i  ind ex (AAI) o f 56 sa m p les  from stu d ied  
Laramide and m id-T ertiary in tru sion s

Barren In trusions AAI M ean Productive In trusions AAI M ean

Amole

W h etston e

S w issh e lm

1 196
2 200
3 197
4 203
5 204
6 281

11 182
12 190
13 197
14 199
15 249
16 200
17 224
18 235
19 237
20 220

41 186
42 208
43 204
44 188
45 214

53 164
54 114
55 134
56 128
57 155
58 134
59 154
60 137

214

213

200

Boulder b ath olith 22 330
23 323
24 298
25 307

P atagon ia 26 347
27 328
28 286
29 402
30 3 3 3 ,
31 350

Sierrita 32
33 294
34 352
35 290
36 337
37 311
38 338
39 330
40 275

Santa Rita 48 409
49 405
50 352
51 379
52 383

315

341

316

387

T exas C anyon 140
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Table 14 . The a p li t e -a lk a l i  ind ex (AAI) o f 9 sam p les  from the Troy s to ck

Troy Stock 1 AAI M ean

Troy 61 269

62 342

63 291

64 260

65 323

66 311

67 224

68 384

69 170

289

1 . Sam ple lo c a t io n s  are show n on Figure 3 0 .

o n ly  w here petrographic exam in ation  in d ica ted  primary c r y s ta ll iz a t io n  o f  

the K -feld sp ar  and p la g io c la s e  (a lb ite ) . Sam ples c o l le c te d  from the Troy 

in tru sion  d isp la y ed  a p li te -a lk a li  in d ic e s  ranging from 1 7 0 , ty p ic a l o f  

barren in tru s io n s , to 3 8 4 , sim ilar  to that o b serv ed  in p rodu ctive o n e s . 

This anom alous beh av ior  o f  the Troy sa m p les  is  ex p la in ed  by the in tro­

d u ction  o f  p etrograp h ica lly  o b serv ed  su b sta n tia l am ounts o f  secon d ary  

K -feld sp ar  in som e o f the sa m p le s .

Provided that the orig in  o f  K -feld sp ar i s  know n, the AAI w ill  

prove to be an im portant criter ion  in th e search  for new  m ineral re ­

so u rces  .
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N orm ative M inerals

S evera l phenom ena can  be e f fe c t iv e ly  treated  from a c o n s id e r a ­

tion  o f  the norm ative m ineral c a lc u la t io n s .

O rth o c la se -A lb ite  Ratio

The o r th o c la s e -a lb ite  r e la tio n sh ip  a s  se e n  in Figure 48 is  read­

ily  ex p la in a b le  in term s o f  a m agm atic orig in  for th e s e  d ik e s .  The m ech ­

anism  by w h ich  K -fe ld sp ar  predom inates ov er  p la g io c la s e  in productive  

in tr u s io n s , a s  p rev io u s ly  e x p la in e d , rem ains true here a l s o .  The e x ­

p lan ation  p resen ted  ea r lier  in c lu d e s  the partition in g  o f  p o ta ssiu m  into  

the s i l ic a te  m elt c o e x is t in g  w ith  the a lk a li c h lo r id e -r ic h  aq u eou s p h ase  

at a tem perature o f 880°C  and lo w er . Sodium s im u lta n eo u s ly  p artition s  

in to  the aq u eou s p h a s e . C o n seq u en tly , the s i l ic a t e  m elt is  en r ich ed  in  

p ota ssiu m  and im p overish ed  in sodium  in r e sp o n se  to fa llin g  tem p eratu re. 

D ik e s  so lid ify in g  from th is  m elt are co n seq u e n tly  rich  in o r th o c la se  w ith  

r e sp e c t  to a lb ite .  The ex p lo ra tio n a l s ig n if ic a n c e  o f  the o r th o c la s e -  

a lb ite  re la tio n sh ip  is  a ls o  e v id e n t from Figure 4 8 . Laramide ig n eo u s  in ­

tru sio n s  are co n s id ered  to h ave p o ten tia l for the d eve lop m en t o f  porphyry 

copper d e p o s its  i f ,  among oth er encou ragin g  fe a tu r e s , the ratio o f  nor­

m ative o r th o c la se  to a lb ite  is  about 2 :1 . By su ch  a m ea su re, the Boulder  

b ath olith  and the P a ta g o n ia , Santa R ita, and Sierrita in tru sio n s have  

m in era liza tio n  p o te n tia l, w h ereas the A m ole, S w issh e lm , T exas C anyon , 

and W h etston e  in tru sion s do n o t . H ow ever, the T exas C anyon in tru sion  

i s  known to be s p a t ia lly  re la ted  to the Johnson Camp ore d e p o s it  and 

oth er sim ila r  p ro sp ec ts  flan k in g it on the e a s t .  That the T exas C anyon  

in tru sion  is  the sou rce  o f  the Johnson Camp ore d e p o s it  and re la ted
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p ro sp ects  is  not known and is  su b jec t to som e doubt, accord in g  to the 

o r th o c la s e -a lb ite  r e la t io n sh ip . The o r th o c la s e -a lb ite  ratio  o f  the Troy 

in tru sion  is  e q u iv o c a l as a m in era liza tion  in d ica to r . The am biguity  d is ­

p layed  by the Troy sa m p les  is  due m ainly to the e f f e c t s  o f  hydrotherm al 

a ltera tion  a s  o b serv ed  b e fo r e . If the secon d ary  fe ld sp a r  introduced by  

hydrotherm al a ltera tio n  is  e x c lu d e d , a l l  sa m p les  w ould p lo t among bar­

ren in tru sio n s .

F eld sp ar Equilibrium  D iagram . W ith  regard to the fe ld sp a r  

equilibrium  diagram  (F ig . 4 9 ) , the p lo ttin g  o f  m ost o f  the sa m p les  w ith in  

the o r th o c la se  f ie ld  in d ic a te s  that th ey  are poor in ca lc iu m  (at about 

3 .5  p ercen t anorthite) and r ich  in o r th o c la se  at 65 p ercen t by w e ig h t .  

T his trend confirm s petrographic fin d in gs d is c u s s e d  e a r lie r . S in ce  

Bowen (1956) h a s determ ined that fe ld sp a rs  c r y s ta ll iz in g  from a b a s a lt ic  

magma fa ll in the p la g io c la s e  f ie ld  o f  the fe ld sp a r  ternary diagram , an 

ad d ition a l m echanism  a ctin g  w ith  d ifferen tia tio n  m ust h ave operated  to  

produce th e s e  d ik e s . N eith er  hydrotherm al nor m etam orphic m ech a n ism s, 

for rea so n s  d is c u s s e d  e a r lie r , h ave contribu ted  su b s ta n tia lly  to th is  

anom alous fe ld sp a r  c o m p o s itio n . The m agm atic theory for r ea so n s  pre­

v io u s ly  d is c u s s e d  e x p la in s  th is  s itu a tio n  b e s t .  A res id u a l p eg m a titic  

magma is  b e lie v e d  to have c o e x is te d  w ith  an a lk a li c h lo r id e -r ic h  a q u e­

ou s p h a se . As a r e su lt  o f  p artition in g  o f  sodium  and p o ta ssiu m  into the  

aq u eou s p h a se  and res id u a l m e lt, r e s p e c t iv e ly , in r e sp o n se  to d e c r e a s ­

ing tem perature b e low  8 8 0 °C , a resu lta n t s i l ic a t e  m elt w ill  co n ta in  

an om alou sly  h igh  p o ta ssiu m  and p lo t in the o r th o c la se  f ie ld  o f  the fe ld ­

spar ternary diagram .
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D ifferen tia tio n  Index

The d ifferen tia tio n  in d ic e s  a t 9 5 -9 7  p ercen t for the d ik es  in the  

study area are h igh er than that for a lk a li gran ite  a t 93 p ercen t, in d ic a t­

ing that th e s e  d ik es  are probably the product o f  res id u a l magma w hich  

d ifferen tia ted  beyond  g r a n ite . A ccording to th eir  d ifferen tia tio n  in d ic e s ,  

d ik es  from m in era lized  in tru sion s are probably l e s s  d ifferen tia ted  than  

th o se  from barren in tr u s io n s . The c r y s ta l ch em istry  o f  ca lc iu m  in d ic a te s  

th at the ca lc iu m  co n ten t in a s i l ic a t e  m elt d e c r e a s e s  w ith  d if fe r e n tia t io n . 

This fa c t is  c o n s is t e n t  w ith  the seem in g ly  anom alous h igh  ca lc iu m  c o n ­

ten t in d ik es  from produ ctive in tr u s io n s .

W ater P ressure

The fa c t that the p lo ts  o f  sam p les  from productive in tr u s io n s , a s  

d is c u s s e d  ea r lier  in the s e c t io n  on petrography, are not in the therm al 

v a lle y  o f  p e tro g en y 's  residuum  h as s ig n if ic a n t  g e n e t ic  and exp lo ra tio n  

im p lic a t io n s . G e n e t ic a lly , th is  h igh  p o ta ssiu m  co n ten t i s  e x p la in ed  

b e s t  by a m agm atic theory o f  or ig in  for th e se  d ik e s .  As d is c u s s e d  b e lo w , 

d ik es  from produ ctive in tru sion s formed in a h igh er  PfigO environm ent 

than did d ik es  from barren in tru sio n s and w ere a ls o  probably em p laced  

at greater d e p th s .

D e p th . It is  p o s s ib le  to e st im a te  the depth o f  c r y s ta ll iz a t io n  

by com paring the co m p o sitio n  o f  a p lite s  and p eg m a tite s  w ith  p o s it io n  o f  

the quaternary iso b a r ic  liq u id u s minimum in the sy n th e tic  sy stem  A b- 

0 r -Q -H 20  (Tuttle and B ow en, 1 9 5 8 ). R esu lts  ob ta in ed  by th is  m ethod  

m ust be treated  w ith  c a u tio n , a s  n oted  by Putman and A lfors (1 9 6 9 , 

p . 63):
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U n fortu n ately , d irect com parison  or ex trap o la tion  o f  e x p e r i­
m ental data (including work on the rock s th em se lv e s)  to  
natural p lu ton ic  rock s i s  u su a lly  su b jec t to  som e d egree  o f  
lim ita tio n s  s in c e  nature: (1) p rov id es p len ty  o f  ch em ica l com ­
pon en ts; (2) probably a lw a y s  p rovid es for dynam ic ch a n g e s  
in p h y s ic a l co n d it io n s  during form ation o f  the rock or pluton;
(3) p rov id es a r e la t iv e  im m en sity  o f tim e and s c a le  in w hich  
to carry out a va r ie ty  o f p r o c e s s e s ;  and (4) le a v e s  the fin a l  
product in variou s s ta g e s  o f  a ltera tio n  and exp osu re w ith  
som e com pon en ts m is s in g , d e p le te d , tran sferred , or e n ­
h a n ced .

Comparing c h em ica l data o f the a p lite s  and p eg m a tite s  under c o n s id e r a ­

tion  w ith  the iso b a r ic  minimum (F ig. 5 0 ), a PygQ  o f  1 kb and 0 .5  kb for 

d ik es  in productive and barren in tru s io n s , r e s p e c t iv e ly ,  is  in d ic a te d .

If the PygO  ° f  the saturated  r es id u a l m elt e q u a ls  a l i th o s ta t ic  p ressu re  

o f  1 kb, PfigO and a depth o f  4 km (Krauskopf, 1 9 6 7 ), then  r e sp e c t iv e  

depths o f  4 and 2 km are inferred for d ik es  from m in era lized  and barren 

in tru s io n s . The a ccu racy  o f  th is  e st im a te  i s  su b jec t to  som e u n certa in ty . 

A p lo t o f norm ative s a l ic  m in erals for rep resen ta tiv e  ig n eo u s  a p lite s  

forms a stra igh t lin e  near the trend o f  the minimum in the "granite" s y s ­

tem (F ig . 50) and in te r se c ts  it  at a p o in t corresp ondin g to about 2 kb 

PHgO (Tuttle and Jahn s, 1968). C om p o sitio n s o f  a p lite s  and p eg m a tite s  

from productive s to c k s  p lo t aw ay from th is  tren d . This feature r a is e s  

doubts about the u se  o f  a p lite s  and p eg m a tite s  in produ ctive s to c k s  for 

estim a tin g  PHgO. The p re se n c e  o f  v o la t i le s  other than w ater in the re­

s id u a l m elt w ould a ls o  lea d  to in accu rate  e s t im a te s .  In ad d ition  to  th e se  

p rob lem s, Bateman and W ahrhaftig (1966) q u estio n ed  the v a lid ity  o f  the  

e q u iv a len ce  o f  PygO  and Plbad • The p o s s ib le  in flu en ce  o f  te c to n ic  

s t r e s s e s  and seq u e n tia l rupturing lea d in g  to d e v o la t i l iz a t io n  a ls o  m ust 

be c o n s id e r e d .
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The estim a ted  depths o f  form ation o f  d ik es  from m in era lized  

a r e a s , h ow ever, com pares w e ll  to  the 5 .5 - 7  km depth o f  c r y s ta ll iz a t io n  

o f  a p lite s  in the Rocky H ill s to ck  (Putman and A lfors, 1 9 6 5 , 1 9 6 9 ). A 

4 -km  depth (1 3 ,0 0 0  feet) is  g e o lo g ic a lly  u n re a lis t ic  w ith  r e sp e c t  to the  

5 ,0 0 0 - 1 0 ,0 0 0 - f o o t  d eep  environm ent o f  porphyry copper d e p o s its  (L ow ell 

and G u ilb ert, 1 9 7 0 ). R ose and B a lto sse r  (1966) co n c lu d ed  on the b a s is  

o f the structure and stratigraphy o f  the area th at the Santa Rita s to ck  in ­

truded to w ith in  1 ,5 0 0  fe e t  o f  the su r fa c e . T h ese  g e o lo g ic  fin d in g s and  

the manner in  w hich  th e s e  d ik es  d iffer  from th o se  in the data g iv en  by  

Jahns and Tuttle (reported by Putman and A lfors, 1969) c a s t  doubt on the  

a ccu ra cy  o f  depth ob ta in ed  by th is  m ethod . In flu en ce  o f  a b so lu te  w ater  

p ressu res  at the tim e o f  c r y s ta ll iz a t io n  can n ot be u n eq u iv o ca lly  e s ta b ­

l is h e d  w ith  the data at hand, a lth ough  the rea l c h em ica l d if fe re n c e s  b e ­

tw een  d ik es  from m in era lized  and barren in tru sion s may be u se d  to  infer  

d is t in c t ly  d ifferen t environm ents o f  form ation . T h ese  d if fe r e n c e s  may be 

a scr ib ed  to depth o n ly  w ith  the a tten d an t u n ce r ta in tie s  m entioned  a b o v e .

Form ation o f  a p lite s  and p eg m a tite s  in m in era lized  in tru sio n s a t  

r e la t iv e ly  d eep er le v e l s  than in barren o n e s  may h ave a bearing on th eir  

r e sp e c t iv e  d ike p o p u la tio n s . All co n d it io n s  e q u a l, r e la t iv e ly  sh a llo w  

in tru sio n s are l ik e ly  to d ev e lo p  more fractures than d eep er  o n e s  b e c a u se  

o f  th eir  c lo s e n e s s  to the su r fa c e . The f i l l in g  o f  th e s e  fractu res w ith  in ­

je c te d  m elt c a u s e s  an abundance o f  d ik es  in sh a llo w  in tr u s io n s .

T em perature. The tem peratures o f  form ation o f  a p lite s  and p e g ­

m a tites  are e st im a te d  by com paring th eir  norm ative s a l ic  m in era ls to  

s im ilar  norms in exp erim en ta l w ork. The norm ative Or-Ab-Q for the d if­

feren t areas i s  r e c a lc u la te d  to 100 p ercen t, th en  p lo tted  on th e iso b a r ic
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equilibrium  diagram s o f  the sy stem  KAlSigOg—N aA lSisO g—SiO a—H2O 

p rojected  onto the anhydrous b a se  o f the O r-A b-Q -H gO  tetrahedron  

(Tuttle and B ow en, 1958 , F igs 22 and 2 3 ). At P ^ O  = 1 kb, a tem pera­

ture o f 720°C  is  in d ica ted  from m in era lized  a r e a s , w h ereas d ik es  from 

barren areas in d ica te  a tem perature o f  760°C  at a PHgO o f 0 .5  k b . T h ese  

tem peratures are s lig h t ly  h ig h , but a s  m entioned  b e lo w , g e o lo g ic a lly  

r e a l i s t i c .  A lthough exp erim en ta l work by Putman and A lfors (1969) on  

a p lite s  from the Rocky H ill s to ck  in d ica ted  a c r y s ta ll iz a t io n  tem perature  

b etw een  700°C  and 7 5 0 °C , the authors a c c e p te d  a tem perature o f  650°C  

a s  r e a lis t ic  b e c a u se  o f  the p re se n c e  o f  HF in the s y s te m . O rv ille  (1960) 

h as reported a tem perature o f  710°C  to 740°C  for p eg m a tite s  from the  

B lack H il ls ,  South D a k o ta . Jahns and Burnham (1969) p rop osed  a tem ­

perature o f  700o C for form ation o f rock s w ith  p eg m a titic  and a p lit ic  te x ­

ture and a ls o  referred to tem peratures a s  h igh  a s  800°C  for the pegm a­

t it ic  p h a se  o f  c r y s ta ll iz a t io n . A summary g iv e n  by Jahns (1955) s u g g e s ts  

that p eg m a tite s  form b etw een  4 0 0 o C and 700°C  w ith  600°C  m ost com m on.



CHAPTER 7

SUMMARY

The d er iva tion  o f  m agm atic a p lite s  and p eg m a tites  from a w a ter-  

saturated  magma h a s b een  prop osed  by Derry (1 9 3 1 ), A ndersen (1 9 3 1 ), 

Emmons (1940), Jahns and Tuttle (1 9 6 3 ), Fournier (1968), and Jahns and  

Burnham (1 9 6 9 ). It is  a ls o  b e lie v e d  th at a hydrotherm al so lu tio n  is  d e ­

rived  by " seco n d  boiling"  o f  a s i l ic a te  m elt w h ich  a tta in s  su p ersatu ra­

tio n  w ith  r e sp e c t  to w ater and other v o la t i l e s .  M e ta llic  com p on en ts o f  

ore d e p o s its  can  be d erived  from a magma and be transported  to  th eir  

p resen t lo c a tio n  by hydrotherm al so lu tio n s  (H olland , 1 9 7 2 ). A c lo s e  

g e n e tic  r e la tio n sh ip  b etw een  a p lite -p e g m a tite  and hydrotherm al s o lu ­

tio n s  h a s b een  o b serv ed  by many w orkers and is  w e ll  sum m arized and  

d is c u s s e d  by button (1 9 5 9 ). A ssum ing th is  g e n e t ic  r e la t io n sh ip  b etw een  

a p lite s  and p eg m a tites  and hydrotherm al so lu tio n  to be v a lid , the study  

o f th e s e  rock s in m in era lized  and barren in tru sio n s i s  s c ie n t i f ic a l ly  and  

ex p lo ra tio n a lly  rewarding in term s o f  understanding the p r o c e s s e s  and  

environm ents lin k in g  a p lite s  and p eg m a tites  to  hydrotherm al so lu tio n s  

and in lo c a tin g  new  porphyry cop p er d e p o s i t s .

S ix ty -tw o  sa m p les  w ere c o l le c te d  from e ig h t Laram ide s to c k s  

and one m id-T ertiary in tru sio n . Four produ ctive in tr u s io n s , the Boulder  

b a th o lith , Butte d is tr ic t ,  the P atagon ia  in tru sio n , and the Santa Rita and  

Sierrita in tru sio n s near the E speranza mine h ave b een  c o n s id e r e d . The 

A m ole, S w is sh e lm , T ex a s C an yon , and W h etsto n e  s to c k s  w ere s tu d ied
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a s barren in tr u s io n s . The Troy s to c k , w hich  i s  p resen tly  a ttractin g  m in­

era l ex p lo ra tio n , w a s  stu d ied  to  e v a lu a te  i t s  m ineral p o ten tia l by com ­

paring it w ith the other in tru sio n s stu d ied  in  th is  r e se a r c h .

A m etam orphic m odel for the origin  o f  the stu d ied  a p lite s  and  

p eg m a tite s  h a s  b een  c o n s id ered  and re jec ted  in  lig h t  o f  the fo llo w in g  

n eg a tiv e  e v id e n c e :

1 . O ccurrence o f  a p lite  and pegm atite  d ik es  in ig n eo u s  p lu to n s .

2 .  Independ en ce o f  a p lite  and pegm atite  co m p o sitio n  from that o f  

the h o s t r o c k .

3 .  C on tin u ity  o f  d ik es  from the ig n eo u s p lu to n s in to  surrounding  

h o s t  r o c k s .

4 .  A b sen ce o f  fringing o f  d ik es  by m afic m in era ls .

5 . D iff icu lty  o f  r ec o n c ilin g  the form ation o f  f in e -te x tu r ed  a p lite

• and c o a rse  pegm atite  by the sim p le m igration  o f  c h e m ic a l e l e ­

m ents in to  p r e ex is tin g  fra c tu res .

6 . P resen ce  o f  k n ife -e d g e  sharp c o n t a c t s .

E vid en ce c o lle c te d  during th is  study den y in g  a hydrotherm al 

orig in  for th e s e  d ik es  in c lu d e s:

1 . A bsen ce o f  hydrotherm al rep lacem en t te x tu r e s .

2 . A b sen ce  o f  " p ock et m inerals" com m only formed by hydrotherm al 

s o lu t io n s .

3 .  M atching o f  o p p o s ite  w a lls  o f a p lite  or pegm atite  d ik e s .

4 .  P resen ce  o f  tex tu ra l, m in er a lo g ic a l, and ch em ica l h om ogen eity  

a c r o ss  a s in g le  a p lite  d ik e and among d ik es  in a s in g le  intru­

s io n .
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5 . P resen ce  o f  k n ife -e d g e  sharp c o n t a c t s .

6 . A b sen ce o f  su ff ic ie n t ly  great am ounts o f  secon d ary  K -fe ld sp ar  

to ex p la in  the d ifferen ce  in m in era lo g ica l and ch em ica l com ­

p o s it io n  o f  d ik es  in m in era lized  and barren in tr u s io n s .

A res id u a l m agm atic or ig in  for th e se  d ik es  is  p roposed  b a sed  

on e v id e n c e  c o l le c te d  during th is  r e se a rc h , w hich  in c lu d e s:

1 . O ccurrence o f  d ik es  w ith in  or around e x p o se d  p lu ton s w ith  

w h ich  th ey  are thought to be g e n e t ic a lly  r e la te d .

2 .  C ontinu ity  o f  a p lite  and pegm atite  d ik es  from the in tru sion  into  

the surrounding h o s t r o c k s .

3 . Lack o f  in flu en ce  o f  co m p o sitio n  o f  h o s t  rock s upon the com ­

p o s it io n  o f  the e n c lo s e d  a p lite  and p egm atite  b o d ie s .

4 .  Em placem ent o f  a p lite  and pegm atite  d ik e s  by forcefu l in jec tio n

5 . P resen ce  o f tex tu ra l, m in er a lo g ic a l, and ch em ica l hom ogen­

e i t ie s  a c r o ss  w idth o f  a p lite  d ik es  and among d ik es  in a s in g le  

in tru sio n .

6 . P resen ce  o f granophyric and graphic te x tu r e s .

W ith in  the c o n te x t o f  the m agm atic th eo ry , the p r e se n c e  o f  

a p lite s  and p eg m a tite s  in an ig n eo u s  in tru sion  in d ic a te s  that the m elt 

from w h ich  th ey  c r y s ta ll iz e d  i s  sa tu rated  or n early  sa tu rated  w ith  w ater  

and other v o la t i l e s .  A p lites  are co n s id ered  to  form a s  a r e su lt  o f  p r e s­

sure quench ing o f  w a ter-sa tu ra ted  m agm as, w h ereas the s lo w  c o o lin g  

and su b seq u en t c r y s ta ll iz a t io n  o f  the sam e m agm as favors the produc­

tio n  o f  p e g m a tite s . P ressu re qu en ch ing  is  c a u se d  by a sudden  drop in  

p ressu re  c a u se d  prim arily by fracturing o f the c o o lin g  and shrinking o f
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the c r y s ta ll iz e d  s h e ll  o f  the in tru sion  and a ls o  to te c to n ic  s t r e s s e s . N ot 

a ll saturated  m agm as can  d ev e lo p  a p li t e s ;  h o w ev er, c o n d itio n s  favor­

ab le  to their form ation are p resen t on ly  in the e v en t o f  a rapid pressu re  

drop. Jahns and Tuttle (1963 , p . 91) s ta te  th at "the su b so lv u s  g r a n ite s ,  

on the other hand,, may carry large am ounts o f  p eg m a titic  and a p lit ic  ma­

ter ia l or none at a l l ,  depending on the c o o lin g  h isto ry  o f  the in tru siv e ."

The d iffe re n c e s  in d ik e p o p u la tion s and average w id th s in  m in­

era lize d  and barren s to c k s  i s  d ep en d en t prim arily on the mode o f  intru­

s io n  o f the s to ck  and its  r e la t iv e  d ep th . M in era lized  s to c k s  intrude 

p a s s iv e ly  and a l s o ,  b e c a u se  o f  th eir  d eep er lo c a t io n , d ev e lo p  few er  

fr a c tu r es . This co n tra sts  to the forcefu l and r e la t iv e ly  sh a llo w  s to c k s  

w hich d ev e lo p  abundant fr a c tu r es . T h ese  fractures are su b seq u en tly  

f il le d  by res id u a l m elt w hich  d e v e lo p s  in to a p lite  and p e g m a tite . S trin g- 

ham (1966) h as o b serv ed  that an overw helm ing m ajority o f  the porphyry 

copper s to c k s  intruded p a s s iv e ly .  D epth o f e ro s io n  a s  th e c a u se  o f  a p ­

parent varia tion  in abundance o f  d ik es  see m s  u n lik e ly  b e c a u se  in tru sio n s  

a s s o c ia te d  w ith  th o se  porphyry copper d e p o s its  known in  three dim en­

s io n s  do not have an abundance o f  d ik e s .

Vogt (1923) su g g e s te d  th at in the a b se n c e  o f  w ater and oth er  

v o la t i le s  a res id u a l s i l ic a te  m elt com p osed  o f  s i l ic o n ,  alum inum , and a l­

k a lie s  is  the m ost v is c o u s  natural m e lt. H ow ever, Jahns and Burnham 

(1969) in d ica te  that the abundance o f  w ater in a gra n itic  m elt v a r ie s  it s  

v is c o s i t y  c o n s id e r a b ly . The tex tu ra l and m in era lo g ica l h om ogen eity  o f  

a p lite s  i s  b e s t  ex p la in ed  by r e la t iv e ly  h igh  v is c o s i t y  o f  the m e lts  from 

w h ich  th ey  c r y s t a l l i z e .  W here fractures form in the h o s t  rock a hydrous  

lo w - v is c o s i t y  m elt i s  in jec te d  into th em . S u b seq u en t fractu res cu ttin g



188

o n es  p rev io u sly  in jec ted  w ith  m elt c a u s e s  v o la t i le s  from th is  w a ter-r ich  

m elt to b o il o f f , lea v in g  behind a dry v is c o u s  m elt in w hich  ch em ica l  

d iffu s io n  is  very  s lo w . B eca u se  o f  s lo w  d iffu sio n  ra tes  in the v is c o u s  

m elt, c r y s ta lliz in g  m inerals m ust draw th eir  com pon en ts from the imm ed­

ia te ly  ad ja cen t m e lt. B ecau se  o f the p ressu re  q u en ch , m ineral hom o­

g e n e ity  o f a p lite s  is  a c h ie v e d . S low  c r y s ta l growth in the v is c o u s  m e lt, 

co u p led  w ith the form ation o f  many n u c le i  a s  a resu lt o f  the sharp r ise  

in  the tem perature o f  the liq u id u s for the sy ste m , r e su lts  in f in e -g r a in e d , 

xenom orphic granular, tex tu ra lly  h om ogen eou s a p l i t e s .  The sharp c o n ­

ta c t  o f ap lite  and pegm atite  d ik es  w ith  th eir  h o s t rock is  r e f le c te d  by  

d iffe re n c e s  in th eir  m ineral co m p o sitio n , grain s i z e ,  and a b se n c e  o f  

ch em ica l rea ctio n  w ith  the h o s t  rock . Randomly d istr ib u ted , c o a r s e ­

grained p a tch es  probably rep resen t a hydrous m elt trapped w ith in  the  

rapidly  c r y s ta ll iz in g  v is c o u s  m e lt . A plite w ith in  p egm atite  d ik es  forms 

from a m elt w hich  in it ia lly  c r y s ta l l iz e s  in  part to  pegm atite  w h ile  the  

rem aining m elt su b seq u en tly  lo s e s  i t s  v o la t i le s  rapidly  and forms a p li te .  

P egm atites  w ith in  a p li t e s ,  on the other hand, form w here the en tire  

w ater-r ich  m elt is  not p ressu re  qu en ch ed  to a p lite , so  that the un­

qu en ch ed  portion s y ie ld  m a s s e s  o f  pegm atite  w ith in  a body o f  o th erw ise  

a p lit ic  rock .

For c h e m ic a l-m in er a lo g ic a l r e a s o n s , it  i s  prop osed  here that 

a p lite s  and p eg m a tite s  in  m in era lized  in tru sio n s c r y s ta ll iz e d  from a 

res id u a l m elt w h ich  before it s  in jec tio n  c o e x is te d  w ith  an a lk a l i-b a s e  

m e ta l-ch lo r id e -r ic h  aqu eou s p h a s e . P otassiu m  p artition ed  in to  the m elt  

and sodium  into  the aq u eou s p h a se  in r e sp o n se  to d e c re a s in g  tem pera­

ture from 880°C  to  2 5 0 °C .



W here an aq u eou s p h a se  c o e x is t in g  w ith  a s i l ic a te  m elt d e ­

v e lo p s , m ost o f  the ch lorid e  in the s i l ic a te  m elt p artition s into th is  

aqu eou s p h a se  (Burnham, 1967; K ilinc and Burnham, 1972; and H o lla n d , 

1 9 7 2 ). The s ig n if ic a n c e  o f h igh  co n cen tra tio n s  o f ch lor id e  in ©re­

forming flu id s  i s  dem onstrated  by the h igh  ch lor id e  co n ten t in in tru sion s  

g e n e t ic a lly  re la ted  to hydrotherm al ore d e p o s it s .  A lk a lie s , b a se  m e ta ls , 

iron, c a lc iu m , and other m eta ls  partition  into th is  c h lo r id e -r ic h  aq u eou s  

p h a se . The d istr ib u tion  o f  K* and Na+ b etw een  a c h lo r id e -r ic h  p h a se  and  

c o e x is t in g  s i l ic a te  m elt i s  tem perature d epend en t in the range from 880°C  

to 2 5 0 ° C . As the tem perature drops from 880°C  to 2 5 0 °C , p o ta ssiu m  par­

t it io n s  into the s i l ic a t e  m elt and sodium  s im u lta n eo u sly  p artition s into  

the aqu eou s p h a s e . The partition in g  o f  sodium  into the aq u eou s p h ase  

e x p la in s  the h igh  N aC l co n ten t o b serv ed  in flu id  in c lu s io n s  found in ore  

d e p o s it s .  A p lites  and p eg m a tites  that form from th is  p o ta ss iu m -en r ich ed  

s i l ic a te  m elt are th erefore an o m a lo u sly  rich in p o ta ssiu m  and r e la t iv e ly  

low  in sod iu m . Prelim inary work on flu id  in c lu s io n s  from the d ik es  under 

co n sid era tio n  in d ic a te s  that app arently  primary flu id  in c lu s io n s  in quartz 

in d ik es  from a ll m in era lized  a reas s tu d ied , in co n tra st to  th o se  from 

barren o n e s ,  co n ta in  h a lite  daughter m in e r a ls . T his feature in d ic a te s  

that d ik es  from m in era lized  s to c k s  d ev e lo p ed  in a h ig h ly  sa lin e  en v iron ­

m ent.

A continuum  b etw een  m agm as, a p lite -p e g m a tite , and porphyry 

copper d e p o s its  is  e s ta b lis h e d  prim arily by the con tin u ou s c r y s ta l l iz a ­

tion  o f  K -fe ld sp ar  a t m agm atic tem perature (880°C ) to hydrotherm al ore  

d e p o s itio n  tem perature at 2 5 0 °C . The c r y s ta ll iz a t io n  o f  secon d ary  o r -  

th o c la s e  in porphyry copper d e p o s its  is  a m a n ife sta tio n  o f th is  contin uum .
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The r e la t iv e ly  h igh  Fe+ + + , Ca++ , and Cu++ in a p lite -p e g m a tite  

d ik es  from produ ctive in tru sion s is  probably a r e su lt  o f  the c o e x is te n c e  

o f the s i l ic a t e  m elt from w h ich  th e se  d ik es  formed w ith  a ch lo r id e -r ich  

aq u eou s p h a se  an om alou sly  rich  in th e s e  e le m e n ts . F illin g  o f  part o f  

the aluminum s i t e s  in fe ld sp a r  by ferric ion and the p o s s ib le  p re se n c e  

o f h em atite  in c r y s ta l d e fe c ts  a c co u n ts  for the pink co lo r  in a p lite  and 

pegm atite  fe ld sp a r .

C om parison o f  the co m p o sitio n  o f  a p lite s  and p eg m a tite s  w ith  

the p o s it io n  o f  the quaternary iso b a r ic  liq u id u s minimum in the sy n th e tic  

sy stem  A b-O r-Q -H gO  (Tuttle and B ow en, 1958) in d ic a te s  r e sp e c t iv e  

PH2O o f  1 and 0 .5  kb for the c r y s ta ll iz a t io n  o f d ik es  from m in era lized  

and barren in tr u s io n s . Equating PH2O o f a saturated  m elt w ith  l i th o s ta t ic  

p ressu re  at 1 k b , d ep th s o f  4 km and 2 km are in d ic a te d , r e s p e c t iv e ly ,  

for c r y s ta lliz a t io n  o f  d ik es  from m in era lized  and barren s t o c k s .  A depth  

o f  4 km for produ ctive in tr u s io n s , lik e  the Santa Rita s to c k , i s  g e o lo g i­

c a lly  u n r e a lis t ic , a s  the la tter  i s  e stim a ted  to h ave intruded to 1 ,5 0 0  

fe e t  (0 .5  km) from the su r fa c e . C om parison o f  the ch em ica l co m p o sitio n  

o f a p lite s  and pegm atite  d ik es  w ith  the p o s it io n  o f  th e iso b a r ic  liq u id u s  

minimum in the sy stem  A b -O r-Q -H 2C in order to determ ine PH2O and 

depth p o s e s  great d if f ic u lty .



CHAPTER 8

CONCLUSIONS

The r e su lts  o f  th is  resea rch  h ave led  to the fo llo w in g  c o n c lu ­

s io n s :

1. B ecau se  o f  textu ra l and m in era lo g ica l h o m o g e n e it ie s , ch a n n el 

i s  o f  no s ig n if ic a n t  p referen ce to  ch ip  sam pling o f  a p lite  d ik e s .  

In v ie w  o f  e a s e  o f  sa m p lin g , ch ip  sam pling may be p re fe ra b le .

2 . S in ce  a p lite  and pegm atite  d ik es  c o l le c te d  from a s in g le  sto ck  

have sim ilar  c o m p o s it io n s , 5 to  10 sa m p les  a d eq u a te ly  repre­

sen t the co m p o sitio n  o f  the d ik es  in the s to c k .

3 . S ca rcity  and. narrow ness o f  d ik e p o p u la tio n s in productive  

s to c k s  is  d irec tly  re la ted  to  the p a s s iv e  in tru sion  o f  th e se  

s to c k s  and to th eir  r e la t iv e ly  deep  le v e l  o f  in tru sio n . This 

feature c o n s t itu te s  a u se fu l porphyry cop p er d e p o s it  in d ica to r .

4 .  In v iew  o f  th eir  id e n tic a l ch em ica l and m in era lo g ica l c o m p o si­

tio n , the a p lite s  and p eg m a tites  under co n s id era tio n  are the  

product o f  c h e m ic a lly  id e n tic a l m elts c r y s ta ll iz e d  under d iffer ­

en t w ater p r e ss u r e s . P egm a tites  are the products o f  c r y s ta l l iz a ­

tion  o f  w a ter-sa tu ra ted  res id u a l m agm as, w h erea s a p lite s  are 

the p ressu re-q u en ch ed  eq u iv a len t o f  the sam e saturated  res id u a l 

m agm as.

5 . The predom inance o f  K -fe ld sp ar  over so d ic  p la g io c la s e  in d ik es  

from m in era lized  s to c k s  i s  a u se fu l featu re in  the sea rch  for
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porphyry cop p er d e p o s it s .  The an om alou sly  h igh  K -fe ld sp ar  

co n ten t o f  th e se  d ik es  is  due to  c r y s ta lliz a t io n  o f  K -feld sp ar  

from a s i l ic a te  m elt w hich  c o e x is te d  w ith  a c h lo r id e -r ic h  

aq u eou s p h a se  in resp o n se  prim arily to fa llin g  tem peratures  

b etw een  880°C  and 2 5 0 ° C .

6 . There is  an in v erse  r e la tio n sh ip  b etw een  p o ta ssiu m  and sodium  

and ca lc iu m  and sod iu m . W here the p o ta ssiu m  co n ten t i s  h igh  

in a p lite  and pegm atite  d ik es  from produ ctive in tr u s io n s , the 

sodium  co n ten t i s  lo w . The o p p o site  re la tio n sh ip  is  true for 

d ik es  from barren in tr u s io n s . The ca lc iu m  co n ten t is  a ls o  h igh  

in d ik es  from productive in tru s io n s .

7 . P otassiu m  co n ten t o f  K -fe ld sp ar  in d ik es  from produ ctive intru­

s io n s  i s  h igh er than th at in d ik es  from barren o n e s .

8 . The a p li t e -a lk a l i  in d ex , K + ,.C a  . x  iqo # i S h ig h er , a lm ost
Na

d o u b le , in  d ik es  from produ ctive s to c k s  and is  an e x c e l le n t  

ex p lora tion  to o l .

9 .  The to ta l iron co n ten t o f  a p lite s  from produ ctive in tru sio n s is  

h igh er than the co n ten t o f  iron from barren o n e s .

1 0 . T his resea rch  h a s not rev ea led  s ig n if ic a n t v a r ia tio n s in  the 

s i l ic o n  and aluminum c o n te n ts  in  d ik es  from produ ctive and  

barren in tr u s io n s .

1 1 . W h ereas e v id e n c e  for the v a lu e  o f K -fe ld sp a r—p la g io c la s e  abun  

d an ce and p o ta ss iu m -so d iu m  r e la t io n sh ip s  a s  porphyry copper  

in d ica to rs  i s  c o m p e llin g , e v id e n c e  for iron and cop p er is  on ly  

p e r m iss iv e  and o f  z in c  i s  n o n in d ic a t iv e .
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1 2 . Although the T exas C anyon in tru sion  is  sp a tia lly  re la ted  to the 

Johnson Camp ore d e p o s it , ev id e n c e  from th is  work in d ic a te s  

th at the Johnson Camp d e p o s it  may not be g e n e t ic a lly  re la ted  

to  i t .

1 3 . B ased  on its  dike p op ulation  and cop p er , iron , and z in c  c o n ­

te n t s , m in era liza tion  o f  the Troy sto ck  is  not in d ic a te d . O ver 

h a lf  o f  the sa m p les  from th is  in tru sion  in d ica te  a K -fe ld sp ar

to p la g io c la s e  ratio s im ilar  to that from m in era lized  in tru sio n s .  

By e lim in a tin g  the in flu en ce  o f secon d ary  K -fe ld sp ar  in th e se  

sa m p le s , th is  ratio  b eco m es sim ilar  to th at in nonproductive  

in tr u s io n s .
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Preparation o f Standards

It i s  recom m ended in atom ic absorption  a n a ly s is  th at the ma­

tr ic e s  o f standards and unknown be m atched a s  c lo s e ly  a s  p o s s ib le  to  

reduce errors due to d ifferin g  c h e m ic a l and p h y s ic a l c h a r a c te r is t ic s  o f  

s o lu t io n s , su ch  a s  v i s c o s i t y .  The im portance o f  m atching standards and  

unknowns w a s  o b serv ed  by S la v in  (1968) and G raybeal (1972). G raybeal 

found that c o n s id e ra b ly  h igh er v a lu e s  o f m an gan ese  and iron w ere ob ­

ta in ed  w hen th e se  e lem en ts  w ere d is s o lv e d  in 3% HNO3 *n the a b se n c e  

o f d is s o lv e d  s i l i c a t e s  than in th eir  p r e se n c e .

In the a b se n c e  o f  natural a p lite -p e g m a tite  and K -feld sp ar  s ta n ­

d ard s, a r t if ic ia l stand ard s w ere prepared . T h ese  a r t if ic ia l stand ard s  

w ere prepared from c h lo r id e s , ca rb o n a te s , and o x id e s  o f  the major e l e ­

m e n ts . S il ic a  w a s  prepared by cru sh in g  a c le a r  quartz c r y s ta l to  -6 5  

m esh , le a ch in g  it overn igh t in a hot 50% HNO3 to rem ove iron from 

grinding and iron o x id e s . Ten grams o f  a r tif ic a l stand ard s w ere prepared  

su ch  that the major e lem en t c o m p o sitio n s  b rack eted  the range o f  c o n c e n ­

tration  o f  e lem en ts  found in gran itic  a p lite -p e g m a tite  and K -fe ld sp a r .

A ll s a lt s  and o x id e s  w ere p u lv er ized  in an a g a te  mortar and dried o v er­

n igh t at 8 0 ° C . Q uartz, AI2O3 , F eaQ S , C aC O s, N a C l, and KC1 w ere  

w eig h ed  and m ixed by shak in g in a p la s t ic  v ia l  w h ich  co n ta in ed  an alum ­

inum o x id e  b a ll .  T h ese  o x id e s  w ere then  p u lv er ized  in an alum inum o x id e  

P ica  b a ll m ill for 6 m in utes and stored  in  g la s s  b o t t le s .  C arefu l w e ig h in g  

and preparation o f  standards y ie ld e d  very  regular w orking c u r v e s . B lanks 

for in d iv id u a l e lem en ts  w ere prepared by om itting  th at p articu lar e lem en t  

from one stan d ard . C o n cen tra tion s o f  copper and z in c  in a p lite s  and p e g ­

m a tite s  w a s  too low  to perm it preparation o f  th eir standards in the sam e
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w ay a s  that u sed  for the major e le m e n ts . In stea d , stand ard s o f  th e se  

two e lem en ts  w ere prepared by d is s o lv in g  z in c  m etal and copper n itrate  

in  50% HNO3 . Z inc and copper nitrate w ere w eig h ed  and d is s o lv e d  in 

HNO3 80 that th eir  co n cen tra tion  w a s 2 ,0 0 0  ppm o f  m etal in e a c h . T hese  

2 ,0 0 0 -p p m  so lu tio n s  w ere stored  a s  sto ck  s o lu t io n s . W orking standards  

w ere fre sh ly  prepared on the day o f ea ch  run by proper d ilu tio n s  w ith  3% 

HNO3 , so  that v a lu e s  o f  copper and z in c  in  the d ig e s te d  unknown w ere  

brack eted  by th e se  sta n d a rd s. It w a s found that v a lu e s  o f  copper and  

z in c  in the USGS standard G -2  w ere c o n s is t e n t ly  l e s s  than that found by 

the p resen t c u r v e s . This d iscrep a n cy  is  due to  the d ifferen ce  in the  

m atrix o f  the standards and the unknow n.

Prepared sa m p les  w ere tak en  into so lu t io n , u sin g  a lith ium  

m etaborate (LiB02) fu sio n  tech n iq u e  for u se  w ith  the atom ic absorption  

sp ectrop h otom eter a s  m od ified  by M ed lin  and o th ers (1969) and adapted  

by G raybeal (1972) for u se  in the L aboratories o f  E conom ic G eo lo g y  o f  

The U n iv ersity  o f A rizon a . To take a sam ple in to  so lu t io n , 0 .1 0 0 0  gm o f  

i t  i s  m ixed w ith  0 .5 0 0 0  gm o f  lith ium  m etaborate on a p ie c e  o f  w e ig h in g  

p ap er. After carefu l m ix in g , the sam ple w a s transferred to a p r e -ig n ited  

graphite fu sio n  cru c ib le  and fu sed  in a m uffle furnace for 15 m in utes at 

abou t 1 0 5 0 °C . The m olten  bead  w a s th en  sw irled  to gath er u n c o a le sc e d  

b ea d s o f  the m elt and im m ed iately  poured in to  a 2 5 0 -m l n a lg en e  beak er  

co n ta in in g  40 ml o f  3% HNO3 .

P re -ig n ited  graphite c r u c ib le s  (ultra carbon A -2 2 6 0 , Y U -40) w ere  

u s e d . G raybeal (1972) o b serv ed  that som e o f  the bead w ould  in variab ly  

s t ic k  to the bottom  o f  the cru cib le  during the f ir s t  fu sio n  if  c ru c ib le  w ere  

not p r e -ig n ited  a t about 700°C  for 1 0 -1 5  m in u tes .
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D ilu tio n s

D ilu tion  o f  d is s o lv e d  sa m p les  is  n e c e s sa r y  to bring them to  

the optimum con cen tra tio n  for a n a ly s is  by atom ic ab so rp tio n . For a n a ly ­

s i s  o f sodium  and p o ta ss iu m , an a liq u o t o f the fu sio n  so lu tio n  is  d ilu ted  

w ith d em in era lized  w ater, w h erea s for s i l ic o n ,  alum inum , iron, and c a l ­

c iu m , the a liq u o t so lu tio n  is  d ilu ted  w ith a 1% so lu tio n  o f lanthanum  

nitrate (LaNO g). Lanthanum nitrate a c ts  as a r e le a s in g  a g en t and pre­

v e n ts  the form ation o f  refractory su b s ta n c e s  in the f la m e . C opper and  

z in c  are determ ined d irectly  from the fu sio n  so lu t io n . D ilu tio n s  u sed  

here are th o se  recom m ended by M ed lin  and oth ers (1969) and and are 

l is t e d  in T able A - l .

Table A - l .  Instrum entation and d ilu tion

Elem ent
W avelen gth

(A) Flame Burner P o sitio n
Sam ple
D ilu tion D ilu en t

Si 2516 N 2O -C 2H2 p a ra lle l 1:6 La
A1 3093 N gO—CgHg p a ra lle l 1:6 La

Fe 2483 A ir-C 2H2 p a ra lle l and 
perpendicu lar

1:6 La

Ca 4227 A ir-C 2H2 p a ra lle l 1:6 La

N a 5890
5896

A ir-C 2H2 p a ra lle l 1:40 h 2 o

K 7665 Air-C gH g p a ra lle l 1:40 h 2o

Cu 3247 A ir-C gH g p a ra lle l none

Zn 2139 Air-C gH g p a ra lle l none
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In strume ntation

The a n a ly s e s  were ob ta in ed  by u sin g  a Perkin-E lm er m odel 403  

atom ic ab sorp tion  sp ectrop h otom eter . D ata w ere read and recorded in  

ab sorb an ce u n its . Percent o x id e s  in unknown w ere in terp o la ted  from 

g en era lly  lin ear  working cu rv es  drawn by p lo ttin g  the ab sorb an ce v a lu e s  

a g a in s t  the known p ercen t o x id e  o f  the s ta n d a rd s . D rift in the instrum ent 

w a s n o tice a b le  for S i and A1 and w a s co n tin u o u sly  m onitored and cor­

rected  by zero in g  the instrum ent a fter  running ev ery  2 to  5 u n k n ow n s. 

Burner c lo g g in g  w a s  a problem  w hen u sin g  a n itrou s o x id e -a c e ty le n e  m ix­

tu re , and it  w a s n e c e s s a r y  to c le a n  it  ev ery  tim e a g lo w in g  carbon r e s i ­

due started  to form . T his c lea n in g  w a s done a fter  running e a ch  b atch  o f  

2 -5  u n k n ow n s.

P rec is io n  and A ccuracy

The p r e c is io n  o f  the a n a ly t ic a l procedure w as determ ined by  

m aking 8 to 12 r ep lica te  s  o f  the Amole 6 sa m p le . The p r e c is io n  for in d i­

v id u a l e lem en ts  i s  reported in Table A -2 a s  p ercen t by w eig h t d ev ia tio n  

and a ls o  a s  re la tiv e  p ercen t d e v ia tio n . R elative  p ercen t d ev ia tio n  is  the  

p ercen t the d ev ia tio n  rep resen ts  o f  the to ta l amount o f  the g iv en  o x id e  

or e lem en t in  a sa m p le . W ith the e x ce p tio n  o f  FegO s and C aO , the re la ­

tiv e  d ev ia tio n  o f  other o x id e s  is  l e s s  than 2 p ercen t. C opper and z in c  

have low  p r e c is io n  at 11 and 7 p ercen t, r e s p e c t iv e ly .  The rea so n  for 

th is  low  p r e c is io n  is  the low  con cen tra tio n  o f  F eg O g , C a O , C u , and Zn 

in a p lite s  and p eg m a tite s; c o n seq u e n tly  in  the resu ltin g  fu sio n  s o lu t io n , 

th ey  are near the low er d e te c tio n  lim it .
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Table A-2 . A n aly tica l p r e c is io n

O xide or E lem ent D ev ia tio n P ercent R elative D ev ia tio n

S i0 2 0.112  wt% 0 .1 4 5

AI2O3 . 147 wt% 1 .1 9

F e203 .0 4 9  wt% 4 .5 8

CaO .0 2 5  wt% 3 .3 5

N a20 .0 3 4  wt% 1 .2 4

k2o .0 8 7  wt% 1 .4 6

Cu 1 .4 1  ppm 11

Zn 2 .5 8  ppm 7

The a ccu ra cy  o f the a n a ly s e s  i s  d ep en d en t on the a ccu racy  o f  

the a r tif ic ia l s ta n d a rd s . Their a ccu racy  w as ch e ck ed  by a n a ly z in g  USGS 

standard rock G -2  and the N a tio n a l Bureau o f  Standards standard 73a pro­

v id ed  through the co u r te sy  o f  D r. D . E. L iv in gston  o f  the D epartm ent o f  

G e o s c ie n c e s ,  The U n iv ersity  o f  A rizon a . The a n a ly s e s  o f  th e se  s ta n ­

dards are show n on Table A - 3 . C om parison o f  the r e su lts  on th is  tab le  

in d ic a te s  an error in the r e su lts  ob ta in ed  for AlgOg and F eg O g . The 

AI2O3 u sed  to  prepare the a r tif ic ia l standards w a s app arently  h y g ro sco p ­

i c .  H all (1972) reported that the w eig h t o f AlgOg in c r ea se d  co n s id era b ly  

w h ile  w e ig h in g  the n e c e s s a r y  amount o f  sta n d a rd s. FegOg w a s o b serv ed  

to  s t ic k  to the w a ll o f  the P ica  m ill, apparently  c a u s in g  lo s s  o f  i t  from 

the sta n d a rd s. Both AI2O3 and F e203  w ere corrected  by m u ltip ly in g



200

v a lu e s  o f a ll unknow ns by a c o e f f ic ie n t  derived  by d iv id in g  reported c o n ­

te n ts  o f  th e se  o x id e s  in USGS G -2  by th eir v a lu e s  reported h e r e .

Table A -3 . A n a ly tica l data for USGS G -2  and NBS 73a

O x id es  and  
E lem ents

USGS G -2 NBS 73a

M easured P resen t M easured P resen t

S i0 2 6 9 .1 9  wt% 7 0 .2 5  wt% 6 7 .1 0  wt% 6 8 .3 0  wt%

AI2O3 1 5 .3 4  wt% 1 7 .6 5  wt% 1 7 .9 0  wt% 1 9 .7 2  wt%

F e203 2 .5 2  wt% 1 .9 8  wt% 0 .0 7 5  wt% 0 .0 6 7  wt%

CaO 1 .9 8  wt% 1 .9 3  wt% 0 .11  wt% 0 .10  wt%

N a20 4 .1 5  wt% 4 .1 5  wt% 2 .5 5  wt% 2 .5 0  wt%

K20 4 .5 1  wt% 4 .6 9  wt% 1 1 .8 0  wt% 1 1 .8 0  wt%

Cu 11 ppm 10 ppm — —

Zn 75 ppm 73 ppm — — — — — —
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Table B - l . C h em ica l a n a ly s e s  and norms o f  a p lite s  and p eg m a tites  from Laramide and m id-T ertiary  
in tr u s io n s , by d is tr ic t

AMOLE

Sam ple No 1 2 3 4 5 6

Rock Type A plite A plite A plite A plite P egm atite A plite

C h em ica l A n a ly s is  

SiOa % 7 8 . 8 9 7 8 . 4 6 7 8 . 5 0 7 8 . 0 0 7 9 . 0 0 7 7 . 5 0
AI2O3 % 1 1 . 9 7 12.12 1 1 . 9 9 1 2 . 1 7 1 1 . 8 2 1 2 . 3 4

% 1.00 0 . 7 1 2 0 . 8 1 4 0 . 8 4 0 0 . 6 4 9 1 . 4 0 0

CaO % 0 . 3 5 0 . 3 8 0 . 2 5 0 . 2 8 0 . 1 7 0 . 7 2

N a 20 % 3 . 2 5 3 . 2 7 3 . 2 5 3 . 1 9 3 . 0 4 2 . 6 0

k2o % 5 . 4 0 5 . 5 2 5 . 5 2 5 . 5 5 5 . 5 2 5 . 9 0

Cu ppm 11 10 17 13 13 13

Zn ppm 53 48 41 40 36 36

Norms

Q 3 8 . 6 0 3 7 . 2 6 3 7 . 9 5 3 7 . 6 2 3 9 . 8 7 3 8 . 1 3

Or 3 2 . 1 2 3 2 . 7 0 3 2 . 7 4 3 2 . 4 9 3 2 . 6 3 3 4 . 8 9

Ab 2 7 . 4 7 2 7 . 6 3 2 7 . 4 6 2 6 . 9 9 2 5 . 6 7 2 2 . 2 3

An 1 . 7 2 1 . 8 4 1 . 2 4 1 . 3 9 0 . 8 3 3 . 5 7

C 0 . 1 4 0 . 0 4 0 . 2 5 0 . 3 9 0 . 1 4 0 . 3 1

He 1.00 0 . 7 1 0 . 8 1 0 . 8 4 0 . 6 5 1 . 4 0 Cs3
O



Table B - l . C h em ica l a n a ly s e s  and n orm s. — C ontinued

WHETSTONE

Sam ple No  

Rock Type

11 12 13 14 15 16 17 18 19 20

A plite A plite A plite A plite A plite A plite A plite A plite A plite A plite

C h em ica l A n a ly s is

S i 0 2 % 7 8 . 2 0 7 8 . 3 6 7 8 . 6 0 7 8 . 4 0 7 8 . 9 0 7 8 . 0 0 7 8 . 5 5 7 8 . 8 6 7 8 . 0 0 7 8 . 2 2

AI2O 3 % 1 1 . 9 5 1 2 . 14 1 1 . 9 5 1 1 . 9 5 1 1 . 9 5 1 2 . 3 0 1 1 . 9 5 1 1 . 9 9 1 2 . 0 8 1 2 . 2 5

FeaO g % 0 . 7 8 9 0 . 9 9 2 0 . 6 8 7 0 . 7 1 2 0 . 6 6 1 0 . 7 1 2 0 . 7 1 2 0 . 7 5 0 0 . 8 7 8 0 . 6 7 4

CaO % 0 . 2 8 0 . 5 5 0 . 4 5 0 . 3 8 0 . 1 7 0 . 5 8 0 . 4 2 0 . 5 6 0 . 2 6 0 . 4 7

NagO % 3 . 2 5 3 . 3 4 3 . 2 5 3 . 2 2 2 . 7 2 3 . 2 5 3.02- 2 . 9 0 2 . 7 5 3 . 1 0

K20 % 5 . 2 0 5 . 2 0 5 . 3 2 5 . 4 0 5 . 9 0 5 . 3 0 5 . 7 0 5 . 6 0 5 . 6 0 5 . 7 0

Cu ppm 20 14 19 13 18 80 18 10 27 16

Zn ppm 28 42 29 21 21 17 19 13 18 21

Norms

Or 3 0 . 7 5 3 0 . 7 5 3 1 . 3 7 3 1 . 9 2 3 5 . 3 7 3 1 . 3 4 3 6 . 6 9 3 3 . 1 5 3 3 . 1 4 3 3 . 6 9

Ab 2 7 . 4 6 2 8 . 1 9 2 7 . 2 5 2 7 . 2 0 2 2 . 9 5 2 7 . 4 6 2 6 . 5 2 2 4 . 5 2 2 3 . 2 7 2 6 . 2 0

An 1 . 3 9 2 . 7 3 2.22 1 . 8 9 0 . 8 3 2 . 8 2 2 . 0 3 2 . 7 8 1 . 2 8 2 . 3 4

0 3 8 . 1 0 3 7 . 9 1 3 8 . 3 7 3 8 . 2 4 3 9 . 7 1 3 7 . 6 0 3 8 . 6 5 3 9 . 3 4 4 0 . 0 1 3 7 . 4 2

C 0 . 6 2 0.01 0 . 0 6 0.11 0 . 7 6 0.20 0 . 0 4 0.11 1.00 0.10
He 0 . 7 9 0 . 9 9 0 . 6 9 0 . 7 1 0.66 0 . 7 1 0 . 7 1 0 . 7 5 0 .88 0 . 6 7  ,

203



T able B - l .  C h em ica l a n a ly s e s  and n o r m s .— C ontinued

BOULDER BATHOLITH

Sam ple No 

Rock Type

> . 21 a 22 23 24 25

P egm atite A plite A plite A plite A plite

C h em ica l A n a ly s is

S i 0 2 % 7 7 . 4 6 7 7 . 7 4 7 7 . 6 5 7 7 . 5 0 7 7 . 3 0

A12 ° 3 % 1 2 . 2 5 1 2 . 3 0 1 2 . 1 7 12.10 1 2 . 3 2

F e 203 % 0 . 8 1 0 . 7 0 0.66 0.66 0 . 3 7

CaO % 0 . 9 0 0 . 5 2 0 . 5 2 0 . 5 2 0 . 9 4

N a 2C % 3 . 0 8 2.21 2 . 3 0 2 . 5 0 2 . 5 8

k 2o % 5 . 3 0 6 . 0 8 6.20 6.20 6 . 2 5

Cu ppm 10 10 10 11 11
Zn ppm 34 29 38 33 40

Norms

Or 3 5 . 8 7 3 5 . 9 7 3 6 . 7 0 3 6 . 6 6 3 6 . 9 7

Ab 3 1 . 0 6 1 8 . 8 5 1 9 . 4 4 21.12 2 1 . 8 0

An 2 6 . 0 3 2 . 5 6 2 . 5 9 2.59' 4 . 6 7

Q 4 . 5 8 3 9 . 1 1 3 8 . 7 5 3 7 . 8 1 3 5 . 3 3

C 1 . 5 1 2 . 9 1 1 . 4 5 1.12 0 . 9 9

He 0 . 8 1 0 . 6 9 0 . 6 5 0 . 6 5 0 . 3 7

a .  A n a ly s is  o f  a p ie c e  o f  a p egm atite  d ik e not c o n s id e re d  rep resen ta tiv e  o f  th is  d ik e . 204



Table B - l . C h em ica l a n a ly s e s  and n o r m s .— C ontinued

PATAGONIA

Sam ple No 

Rock Type

1 . 26 27 28 29 30 31

A plite A plite A plite A plite A plite A plite

C h em ica l A n a ly s is

S iC 2 % 7 8 . 2 0 7 7 . 5 6 7 7 . 6 5 7 7 . 4 0 7 7 . 7 9 7 7 . 5 3

AI2O3 % 12.00 1 2 . 1 7 1 2 . 1 7 1 2 . 1 6 1 2 . 2 5 1 2 . 3 0

F e 203 % 0 . 6 5 0 . 9 7 0 . 9 7 0 . 9 5 0 . 8 9 0 . 9 2

CaO % 0 . 4 0 0 . 4 0 0 . 4 5 0 . 4 7 0 . 4 2 0 . 4 5

N a 2C % 2 . 3 0 2 . 4 0 2 . 6 0 2.10 2 . 3 0 2 . 2 5

k 2o % 6 . 8 0 6 . 7 0 6 . 2 5 6 . 7 5 6 . 5 0 6 . 6 5

Cu ppm 16 11 12 13 48 25
Zn ppm 86 52 58 54 38 47

Norms

Or 4 0 . 2 0 3 9 . 6 4 2 6 . 9 7 3 9 . 9 1 3 8 . 4 2 3 9 . 3 1

Ab 1 9 . 4 4 2 0 . 2 8 2 1 . 9 6 1 7 . 7 6 19 . 44 1 9 . 6 5

An 0 . 5 0 1 . 9 7 3 . 3 2 2 . 3 1 2.10 2.22

0 3 8 . 5 8 2 7 . 1 3 3 7 . 6 5 3 8 . 3 5 3 8 . 6 9 3 7 . 6 1

c 0 . 6 0 0 .20 0 . 2 7 0 . 5 3 0 . 6 4 0 . 4 9

He 0 . 6 5 0 . 9 7 0 . 9 6 0 . 9 5 0 . 8 9 0 . 9 6
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Table B - l  C h em ica l a n a ly s e s  and n orm s. — C ontinued

SIERRITA

Sample No»• 32 33 ' 34 35 36 37 38 39 40

Rock Type Aplite Aplite Aplite Aplite Aplite Aplite Aplite Pegm atite Aplite

C h em ica l A n a ly s is  

S i 0 2 % 7 7 .4 0 7 7 .3 0 7 7 .4 0 7 7 .5 7 7 7 .8 0 7 7 .6 0 7 7 .2 3 7 7 .4 9 7 7 .4 0
AI2O3 % 12.00 1 2 .5 8 1 1 .9 1 1 2 .1 7 1 2 .2 5 1 2 .2 5 1 2 .4 3 1 2 .4 3 1 2 .2 5

F e203 % 0 .9 5 0 .9 0 0 .9 2 1 .1 8 0 .9 4 1 .2 5 0 .9 7 0 .8 4 0 .9 9

CaO % 0 .6 5 0 .8 0 0 .5 5 0.66 0 .8 0 0 .7 5 0 .6 0 0 .5 5 0.66
N a 20 % 2 .3 0 2 .5 7 2 .2 5 2 .5 7 2 .2 5 2 .4 7 2 .3 8 2 .4 0 2 .7 0

k2 o % 6 .2 5 6 .0 8 6 .6 0 6.10 6.10 6.20 6 .7 0 6 .6 0 6 .0 5

Cu ppm 34 26 22 33 24 44 21 18 18

Zn ppm 38 34 34 36 34 38 36 34 34

Norms

Or 3 6 .9 7 3 5 .9 7 3 9 .0 3 3 6 .0 8 3 6 .0 8 3 6 .7 0 3 9 .6 4 3 9 .0 3 3 5 .8 8

Ab 1 9 .4 4 2 1 .7 5 1 9 .0 2 2 1 .7 0 2 1 .2 7 2 0 .1 6 20.12 2 0 .2 8 2 2 .8 4

An 3 .1 3 3 .9 8 2 .7 3 3 .2 8 3 . 9 8 3 .7 3 2 .7 7 2 .7 3 3 .2 8

Q 3 8 .7 1 3 7 .3 3 3 7 .8 8 3 7 .9 0 3 8 .1 2 3 7 .8 8 3 6 .5 6 3 7 .1 1 3 7 .1 0

C 0 .2 4 0 .2 9 0 . 0 8 0 .0 9 0.02 0 .0 8 0 .1 6 0 .3 3 0.02
He 0 .9 5 0 .9 1 0 .9 2 1 .1 8 0 .9 1 1 .2 5 0 .9 7 0 .8 4 0 .9 9

to



T able B - l . C h em ica l a n a ly s e s  and n o r m s .— C ontinued

SWISSHELM

Sample No 

Rock Type

1 . 41 42 43 44 45

Aplite Aplite Aplite Aplite Aplite

C h em ica l A n a ly s is

S i 0 2 % 7 8 .9 0 7 8 .8 4 7 8 .7 2 7 8 .7 5 7 8 .7 0
AI2O3 % 1 2 .2 5 1 1 .9 9 1 2 .1 7 1 2 .3 4 12.20

FeaOg % 0 .7 1 0 .6 4 0 .3 6 0 .5 6 0 .1 8

CaO % 0 .3 7 0 .3 7 0 .3 1 0 .4 2 0 .4 0

NagO % 3 .3 1 3 .0 0 3 .1 0 3 .3 2 3 .0 0

k2o % 5 .2 0 5 .2 6 5 .4 0 5 .2 0 5 .4 0

Cu ppm 9 9 9 10 9

Zn ppm 34 30 34 34 43

Norms

Or 3 0 .5 7 3 1 .1 1 3 1 .9 2 3 0 .7 6 3 1 .9 2

Ab 2 7 .9 8 2 7 .9 8 2 6 .2 0 2 8 .0 5 2 5 .5 7

An 1 .8 3 1 .8 4 1 .5 3 2 .0 9 1 .9 7

Q 3 8 .9 8 3 8 .7 4 3 9 .4 0 3 8 .8 9 3 9 .7 6

C 0 .5 4 0 .1 7 0 .6 2 0 . 4 7 0 .68
He 0 .7 1 0 .6 4 0 .3 5 0 .5 6 0 .1 8
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Table B - l . C h em ica l an a ly ses' and n o r m s .— C ontinued

SANTA RITA

Sample No 

Rock Type

1 . 48 49 50 51 52

Aplite Aplite Aplite Aplite Aplite

C h em ica l A n a ly s is

S i 0 2 % 7 7 .1 9 7 7 .2 5 7 7 .5 0 7 7 .3 0 7 7 .6 0

AI2O3 % . 1 1 .7 0 1 1 .8 2 1 1 .7 3 1 2 .2 6 12.10
F e 2 ° 3 % 2.11 1 .9 8 1 .8 7 1 .1 8 1 .1 5

CaO % 0 .3 5 0 .6 1 0 .6 0 0 .6 0 0 .7 0

N a 20 % 2.00 2.00 2.20 2 .1 6 2.10

k2o % 7 .0 0 6 .7 0 6 .4 0 6 .8 0 6 .6 0
Cu ppm 54 50 45 66 70

Zn ppm 69 70 78 88 65

Norms

Or 4 1 .4 0 3 9 .6 4 3 7 .8 7 4 0 .2 0 3 9 .0 3

Ab 1 6 .9 1 1 6 .9 1 1 8 .6 0 1 8 .3 7 1 7 .7 6

An 1 .7 5 3 .0 3 2 .9 7 2 . 9 7 3 .7 8

Q 3 7 .9 8 3 8 .6 9 3 8 .9 4 3 7 .4 4 3 8 .6 0

C 0 .1 7 0 .1 4 0 . 0 7 0.22 0.20
He 2.11 1 .9 8 1 .8 7 1 .1 8 1 .1 5
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Table B - l . C h em ica l a n a ly s e s  and n orm s. — C ontinued

TEXAS CANYON

Sample No  

Rock Type

1 • 53 ‘ 54 55 56 57 58 59 60

Aplite Aplite A plite Aplite Pegm atite Aplite Aplite Pegm atite

C h em ica l A n a ly s is

S i 0 2 % 7 6 .5 0 7 5 .4 0 7 5 .3 5 7 5 .4 9 7 6 .0 6 7 6 .0 0 7 5 .5 0 7 5 .3 0

AI2O3 % 1 3 .9 0 1 4 .5 6 1 4 .5 6 1 4 .3 4 1 4 .3 4 1 4 .3 4 1 4 .3 4 1 4 .5 6

FeaOs % 0 .5 8 0 .7 6 0 .6 2 0 .5 4 0 .6 5 0 .6 2 0 .6 2 0 .6 2

CaO % 0 .3 8 0.21 0.20 0 .3 0 0 .4 0 0 .3 0 0 .3 0 0 .3 5

N a 20 % 3 .5 6 4 .4 0 4 .3 0 4 . 0 7 . 3 .7 5 4 . 0 8 3 .1 0 4 .2 0
k 2 o % 4 . 8 8 4 . 2 8 4 .5 0 4 .4 0 4 .8 0 4 .6 5 5 .0 4 4 .8 5

Cu ppm 9 7 10 8 8 9 9 10
Zn ppm 35 49 46 64 28 23 31 32

Norms

Or 2 9 .8 6 2 5 .3 0 2 6 .6 3 2 6 .0 2 2 8 .4 1 2 7 .4 2 2 9 .8 2 2 8 .6 9

Ab 3 0 .0 8 3 7 .2 0 3 6 .3 6 3 4 .3 7 3 1 .7 0 3 4 .4 8 3 2 .1 2 3 5 .4 9

An - 1 .8 9 1 .0 6 0 .9 7 1 .4 9 1 .9 9 1 .4 9 1 .0 8 1 .9 4

0 3 6 .3 4 3 3 .0 2 3 2 .7 1 3 4 .3 7 3 5 .0 3 3 3 .8 5 3 3 .6 5 3 1 .5 9

c 2 .0 6 2 .3 2 2 .2 6 2 .3 7 2 .2 9 2 .0 3 2.21 1 .7 5

He 0 . 5 8 0 .7 6 0 .6 2 0 .5 4 0 .6 5 0 .6 2 0 .6 2 0 .6 2
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T able B - l . C h em ica l a n a ly s e s  and n orm s. — C ontinued

TROY

Sam ple No 

Rock Type

61 62 63 64 65 66 67 68 69

Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite

C h em ica l  A n a ly s is

S i02 % 7 6 .0 0 7 6 .1 5 6 7 .0 4 7 7 .0 0 7 6 .6 0 7 5 .7 6 7 6 .2 6 7 7 .4 0 7 6 .7 0

AI2O 3 % 1 3 .3 8 1 3 .2 1 1 3 .3 8 1 2 .7 0 1 3 .2 1 1 3 .6 4 1 3 .3 8 1 2 .6 9 1 3 .2 1

F e203 % 0 .4 5 0 .4 1 0 .2 5 0 .3 3 0 .2 9 0 .4 2 0 .3 2 0 .3 9 0 .3 0

CaO % 0 .9 3 0 .5 2 0 .8 0 0 . 6 7 0 .6 0 0 . 5 8 0 .6 5 0 .6 5 0 .3 5

N a 2 0 % 2 .9 5 2 .5 0 2 .2 8 2 .9 2 2 .4 8 2 .6 9 3 .3 0 2.12 3 .9 0

K2O % 6 .3 0 7 .1 8 6 .6 0 6.20 6 .7 5 7 .0 0 6 .0 5 7 .0 0 5 .6 0

Cu ppm 16 14 11 12 11 . 13 11 12 11
Zn ppm 33 35 30 30 33 33 33 33 31

Norms

Or 3 7 .2 5 4 2 .4 8 3 9 .0 3 3 6 .7 0 3 9 .9 2 4 1 .4 2 3 6 .2 0 4 1 .4 2 3 3 .1 4

Ab 2 4 .9 4 21.12 2 3 .8 4 2 4 .6 8 2 0 .9 6 2 2 .7 4 2 7 .8 8 1 7 .9 2 3 2 .9 6

An 4 .6 2 2 .5 9 3 . 9 8 3 .3 4 2 . 9 7 2 .8 7 3 .2 3 3 .2 3 1 .7 5

Q 3 2 .7 5 3 3 .0 1 3 2 .6 4  . 3 4 .8 2 3 5 .0 9 3 2 .1 1 3 2 .5 3 3 6 .8 8 3 1 .8 2

C 0 0 .3 6 0.12 0 .0 9 0 .7 1 0 .5 5 0.20 0 .4 2 0 .0 7

He 0 .4 5 0 .4 1 0 .2 5 0 .3 3 0 .2 9 0 .4 2 0 .3 2 0 .3 9 0 .3 0

o



Table B - 2 . C h em ica l a n a ly s e s  o f  K -fe ld sp ar  from a p l i t e s  and p eg m a tite s  o f  cer ta in  Laramide 
and m id-Tertiary in trusions

Sam ple
N o .

S i 0 2
(%)

CO

Total Fe 
(as FeaOs)  

(°/=)
CaO
(%)

N a 20
(%)

k2 o
(%)

Cu
(ppm)

Zn
(ppm)

AMOLE

1 6 6 .9 0 1 7 .9 0 0 .2 5 5 • 0 .4 5 2 .7 3 1 1 .8 0 8 28
2 66 .53 1 8 .0 7 0 .1 5 0 0 . 2 7 3 .1 8 1 1 .9 0 8 25

3 6 9 .0 0 1 6 .2 5 0 .2 7 8 0 .1 6 2.20 1 1 .6 0  . 17 31

4 6 7 .0 0 1 7 .4 5 0 .1 9 0 0 .1 4 2 .5 3 1 2 .4 0 9 34

5 6 6 .9 0 1 8 .2 5 0 .2 1 5 0.20 3 .4 0 1 1 .0 0 10 34

6 6 6 .3 0 1 8 .2 8 0 .1 5 0 0 .3 3 2 .7 7 12.20 9 31

WHETSTONE

11 6 6 .2 5 1 8 .2 5 0.201 0 . 1 7 2 .4 9 1 2 .7 5 14 32

12 66.00 1 8 .2 5 0 .1 0 4 0 . 1 8 2.20 1 3 .4 5 10 25

13 6 5 .9 2 1 8 .4 2 0 .1 9 0 0.12 1 .8 0 1 3 .7 5 14 32

14 6 5 .9 6 1 8 .1 6 0 .1 6 0 0 . 1 7 2.10 1 3 .4 5 11 25

15 68.00 1 7 .7 3 0 .1 8 2 0 .10 1 .9 0 1 1 .8 0 12 28

16 6 8 .1 8 1 5 .9 0 0 .1 4 2 0 .1 6 2.22 1 3 .4 0 37 28

17 6 7 .0 0 1 7 .6 4 0 .1 4 0 0 .2 5 3 .1 3 1 1 .4 5 10 28

18 6 5 .8 0 1 8 .4 2 0.120 0 .20 1 .8 9 1 3 .9 0 10 32

19 6 7 .0 0 1 8 .3 4 0 .1 4 0 0 .11 1 .9 0 1 3 .9 2 11 32

20 6 5 .8 0 1 8 .2 5 0 .1 1 5 0 .20 2 .4 6 1 3 .1 0 10 32

211



T able B - 2 . C h em ica l a n a ly s e s  o f  K -fe ld sp a r .— C ontinued

Sam ple
N o .

S i 0 2
(7=)

AI2O3
(%)

Total Fe 
(as FeaOg) 

(7o)
CaO
(%)

N a 20
(%)

k2o
(%)

Cu
(ppm)

Zn
(ppm)

BOULDER BATHOLITH, BUTTE DISTRICT

21 6 5 .4 8 1 8 .4 2 0 .0 8 5 0.10 1.68 1 4 .2 0 10 29

22 6 4 .8 0 1 8 .9 6 0 .0 9 2 0 . 1 8 1 .5 0 1 4 .8 2 9 28

23 6 4 .4 8 1 8 .9 6 0 .0 9 2 0 .1 6 1 .7 0 1 4 .6 2 10 29

24 6 4 .8 8 1 9 .1 8 0.100 0 . 1 8 1 .5 7 1 4 .1 0 9 29

25 6 3 .8 5 2 0 .0 9 0 .1 9 2 0 .1 6 1 .8 1 1 3 .9 3 10 36

PATAGONIA

26 6 5 .4 7 1 8 .2 5 0 .1 8 0 .1 7 2 .2 4 1 3 .7 0 10 37

27 6 6 .8 0 1 7 .5 6 0 .1 9 0.12 1 .7 5 1 3 ,2 0 9 39

28 6 4 .9 9 1 8 .9 5 0.21 0 .3 3 2 .9 2 1 2 .6 0 9 39

29 6 5 .1 2 1 8 .2 0 0.20 0 .1 6 1 .7 8 1 3 .6 0 10 40

30 6 5 .0 0 1 8 .3 0 0 .2 5 0 .3 2 2.01 1 3 .4 0 10 38

31 66.10 1 7 .9 5 0 . 1 8 0 . 2 7 2 .2 5 1 3 .6 0 10 41

ts3



T able B - 2 . C h em ica l a n a ly s e s  o f  K -fe ld sp a r .— C ontinued

Sam ple
N o .

SiOo
(%)

CO

°
g

< Total Fe 
(as F e2C 3) 

(%)
CaO
{%)

NaaO
(%)

k2o
(%)

Cu
(ppm)

Zn
(ppm)

SEERRITA

32 6 5 .7 2 1 7 .9 9 0 .1 9 0.20 1 .8 2 1 4 .1 0 11 25
33 6 5 .5 4 1 7 .9 9 0 .1 8 0 0.22 1 .8 7 1 4 .1 0 13 25
34 6 5 .6 2 1 7 .9 9 0 .1 8 0 0 .1 7 1 .8 0 1 4 .1 0 11 32

35 6 4 .7 4 1 7 .9 9 0 .1 8 0.20 1 .6 9 1 4 .1 5 14 25

36 6 5 .3 7 1 8 .0 8 0 .1 9 0.20 1 .9 5 1 4 .1 5 13 25

37 6 5 .3 5 1 8 .0 8 0 .2 3 0 .1 6 1 .8 0 1 4 .4 0 13 25

38 6 5 .5 7 1 7 .9 9 0 . 1 8 0 .1 6 1 .8 0 1 4 .2 0 15 20
39 6 5 .0 0 1 8 .3 4 0 .1 8 0 .1 6 2 .1 3 1 4 .1 0 11 27

40 6 5 .6 0 1 8 .0 8 0 .1 6 0.22 1 .9 5 1 4 .0 0 11 32

SWISSHELM

41 6 5 .3 0 1 8 .2 5 0.10 0 .22 1 .8 0 1 4 .1 0 8 ' 31

42 6 5 .2 5 1 8 .2 5 0 .10 0.22 . 1 .8 0 1 4 .1 0 9 30

43 6 7 .8 3 1 7 .3 8 0.10 0 .2 5 2 .4 5 12.10 8 27

44 66.00 1 7 .9 0 0.10 0 .2 7 2 .1 5 1 3 .4 0 8 31

45 6 7 .3 2 1 7 .8 2 0 .0 5 0 .22 3 . 0 5  - 1 1 .3 0 8 37
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Table B - 2 . C h em ica l a n a ly s e s  o f  K -fe ld sp a r .— C ontinued

Sam ple  
N o .

S i 0 2
(%) "as3

Total Fe 
(as FegOg) 

(%)
CaO

(%)
NaoO

(%)
KoO
(%)

Cu
(ppm)

Zn
(ppm)

SANTA RITA

48 6 6 .4 5 1 8 .3 0 0 .2 6 0 .4 2 2 .2 7 1 1 .6 0 12 58

49 6 6 .6 0 1 8 .3 4 0 .2 5 0 .4 0 2 .2 4 1 1 .6 4 12 58

50 6 7 .0 0 1 8 .2 5 0 .2 4 0 .4 1 2 .2 8 1 1 .5 0 11 59

51 6 6 .6 0 1 8 .3 4 0 .2 4 0 .4 1 2 .4 2 1 1 .9 0 13 59

52 6 6 .5 0 1 8 .3 2 0 .2 3 0 .4 0 2 .2 9 1 1 .7 0 13 59

TEXAS CANYON

53 6 5 .1 0 1 8 .9 5 0 . 0 7 0 .10 2 .0 8 1 3 .7 0 8 37
54 6 4 .3 0 1 8 .9 5 0 .0 3 2 0 .0 3 0 .8 0 1 5 .9 0 9 30
55 6 4 .0 0 1 9 .1 2 , 0.020 0 .0 3 0 .8 3 1 5 .8 5 7 30

56 6 4 .2 5 1 8 .9 5 0 .0 3 0 .0 3 0 .7 5 1 5 .8 5 7 22
57 6 4 .8 4 1 8 .9 5 0.11 0 .0 3 0 .9 8 1 5 .0 8 7 27

58 6 4 .5 0 1 9 .1 2 0.02 0 .0 3 0 .8 0 1 5 .5 0 7 50

59 6 4 .4 6 1 8 .9 5 0.02 0 .0 3 0 .7 2 1 5 .8 2 7 20
60 6 4 .4 0 1 9 .1 2 0.02 0 .0 3 0 .88 1 5 .5 0 7 30

CO
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