
W . J. McMillan 
Dept. of Mines and Petroleum Res. 
Victoria, B.C. V8V 1x4 

. Dear Bill: 
\ 

.( ' l L  I- ,t Here, at long last, is the first draft of the Bethlehem 
porphyry copper deposits paper. I hope that next time I will 

:d be a better judge of how long such a project will take. Your 
patience has been nothing short of incredible1and5you have my 
sincere appreciation. Your comments are expected and willbbe 

your comments . 

gratefully considered. 
history (p. 8) , and llenvi$nmental considerations" (p. 48) have 
been left for the Bethlehem .staff , and with the exception of 

The sections concerning location (p. 79 , 

my own name 1 have not attempted to arrange o r  specify authors. 
1 presume that Henery and John Bellamy will be coauthors, but 
beyond that 1 have left the matter to Henery's discretion. 
After you have had an opportunity to review the manuscript, 
return it to me and I will rewrite it incorporating your 
suggestions along with those of the Bethlehem staff and various 
other reviewers. I have taken the lkberty to send a copy of' 
the paper to W . J .  Moore of the U . S .  Geological Survey and to 
A.W. Rose of the Pennsylvania State Universicby. Both men 
are experienced in the study of porphyry copper deposits, and 
1 am certain that our paper will benefit significantly from 
their comments also. Because the contributions of these 
various people are yet unknown, I have left the acknowledgments 
section of the manuscript blank., It can be written more 
conveniently at a later date. Erik Anderson informs me that 
he has sent you copies df the five figures. 
revisions in these and have enclosed part of a letter I sent 
to Erik concerning them. Other minor revisions have been 
made ekclusively on the figures and are not mentioned in the 
letter. I hope that the majority of the paper meets wiTth your 
approval, and 1 will; in any case, look forward to receiving 

I have made some ' 

I 
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Re: Revisions to Figures 

(1) 
(2) 

Add north arrows t o  each Figure 
Because we do not have geological information for 
diamond drill holes B-39 and B-51, they should . 

be removed from Figures 2, 4, and 5. However, 
assays are available.for these drill holes and, 
BLthough they are not necessary, they may be left 
on Figure 3. 

( 3 )  

. L _  holes used to construct the cross-sections,:and 

The section line A-A' in Figures 2-5 must be moved 
- to 11,665N. This line (11,665N) contains-the drill 

1 .  - . does not correspond to .the geology of. the ll#, OOON 

will not be able to properly correlate the plan 
and cross-sectional views. . -. . . 7 . L . .  ~- . I - - _  

.+section. Unless this change is made the reader - . -  , 
1 
L 

7 ?.* - . . L. 

) Mak~!:'~he:'.f~llowing'.';Pevi:s~bns' I ,t;g Figure 1.: . :* (1 ) . ' 

.'construct outlines of the Huestis, -Jersey; East 
Jersey and Iona orebodies;.(2) cut the Guichon. 
-overlay pattern from around %he names of the ore.' 
zones in order to improve legibility; .(3).add the 
following sentence to the 1egendPMapping beyond 
indicated limits of open pits and ore zones is 

. 

- -  r .  

- -  f rom Wood (1968)". ..- - 1- * , 

(5) .Because of the necessity of  reduction for publication 
it will not be possible to show the three varieties 
of' contacts indicated f o r  Figure 2. 
recommend than a solid line be used - f o r  all contacts. 

view in Figure' 3 .  

zoning displayed by Figure"$ to represent the 
distribution o f  pyrite with the numeral 2, and 
that . .  of specularite with the numeral 1. 
of the words "PYRITE" and 'lSPECULARITE1l might also 
be reversed in the title of Figure 4. 

. I -  
. .  

Therefore , I 
- .. 

. . I  a .  

(6) 

( 7 )  .'-If kotLenient, it'.w6 

Show the locations of the drill holes on the plan , 
- . -, .. . 

* -  , .  

The positions 

, 

(8 )  These and other changes are shown in red on the Figures. I 
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ABSTRACT 

The Beth lehem porphyry  coppe r  depos i t s  a re  n e a r  the cen-  

ter  of the 200 m. y. Chichon G r e e k  Batholith, which is a concen-  

t r i ca l ly  zoned ca l c  -a lkal ine pluton that in t rudes  eugeosyncl inal  

a s s e m b l a g e s  of the Cache  C r e e k  ( P e r m i a n )  and Nicola  (Upper 

T r i a s s i c )  Groups.  Along the i r r e g u l a r  in t rus ive  contact  that 

separates the o lde r  Chichon granodior i te  and  younger  Be th lehem 

granodior i te  .phases of the  batholith,  have  been  loca l ized  in t ru -  

sive brecc ia s ;  dac i te  and rhyodaci te  porphyry  dikes;  small 

' masses of g ran i t e ,  g ranodior i te ,  and porphyri t ic  q u a r t z  latite; 

fau l t s  and  f r a c t u r e s ;  and  hydro the rma l  minera l iza t ion  and altera- 

tion. La te - s t age  concentrat ion of m i n e r a l i z e r s  in  the dac i t e  

po rphyry  melt(s) w e r e  probably the s o u r c e  of hypogene metalli- 

zation, which w a s  imposed  on  all in t rus ive  rocks  and  b r e c c i a s  

at Bethlehem. 

I.. 

M a j o r  fau l t s  of postLbreccia  consolidation a g e  

s t r i k e  north,  nor theas t ,  and northwest ,  and dip s teeply.  De-  

t ec t ab le  off sets a r e  usua l ly  rare. 

Minera l iza t ion  includes va r i ab le  amounts  of cha lcopyr i te ,  

born i te ,  pyr i te ,  specular i te ,  and molybdenite; and white  mica, 

ch lor i te ,  epidote, c a - k i t e ,  qua r t z ,  zeol i tes ,  s econda ry  bioti te,  

and tourmal ine ,  which occur  in veins ,  veinlets ,  s t r i n g e r s ,  



5 

i r r e g u l a r  blebs,  and (disseminations.  Although the Iona orebody 

h a s  mineable  quantit ies of oxide o r e  (malachi te) ,  zones of second- 

a r y  sulfide enrichment  a r e  not developed a t  Bethlehem. Di s t r i -  

butions (especial ly  in the J e r s e y  orebody) of metal l ic  and non- 

metal l ic  m i n e r a l s  exhibit pe r iphe ra l  zones of specular i te  and 

epidote, and in te rmedia te  zones of py r i t e  and white mica ,  which 

sur round a cen t r a l  coppe r - r i ch  c o r e  defined by relat ively l a r g e  

amounts  of born i te  and secondary biotite. The mineralogy and 

a r r a n g e m e n t  of t hese  zones suggest  that  the  hydro thermal  fluids 

that  produced minera l iza t ion  and a l te ra t ion  moved upward and 

outward f r o m  the cen t r a l  core .  

T h e  Beth lehem deposi ts  (especial ly  the  J e r s e y  orebody) 

genera l ly  p o s s e s s  geologic, mineralogic ,  and geochemical  f ea -  

t u r e s  that  a r e  consis tent  with those  desc r ibed  f o r  o ther  porphyry-  

- -  

ty’pe deposi ts  of wes te rn  North Amer ica .  However,  i n  detai l ,  

they differ  i n  t he  deg ree  to  which many of t h e s e  f e a t u r e s  a r e  

developed. T h e  m o r e  unique charac te , r i s t ics  include: ( 1 )  a n  

intrabatholith location; (2) a probable  old age  f o r  minera l iza t ion  

(200 m. y. ); (3) dominance of f r a c t u r e  control led copper  mine ra l i -  

zation; (4) mineralogic  s implici ty  of the  metal l ic  consti tuents;  

(5) absence  of lead,  zinc, and s i l v e r  occur rences ;  (6) well-defined 

. ,  

.. , 
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zonation of i ron-bearing meta l l ic  mine ra l s ;  (7) low to ta l  sulfide 

content (average  < 2 percent )  and es,pecially p y r i t e  (average  < 1 

percen t  i n  the halo zone); (8) l a r g e  born i te :zcha lcopyr i te  r a t io s  

(> 1); (9) molybdenite pe r iphe ra l  t o  the central  p a r t s  of the o r e  

zones; (10) assoc ia t ion  of chalcopyri te  and born i te  with epidote; 

(11)  r e s t r i c t ion  of significant hydro thermal  a l t e r a t ion  to the o r e  

zones; (12) s ca rc i ty  of po ta s s ium fe ldspa r  a l terat ion;  (13) de- 

c reas ing  K O/Na 0 rat ios  as the c e n t r a l  parts of the o r e  zones  2 2 

are  approached;  and (14) widespread  p r e s e n c e  of pos t -meta l l iza-  

t ion hydro the rma l  zeol i tes ,  especial ly  laumontite.  



LO C, AT ION 

(Bethlehem staff) 

I 

Lat. and Long. , N. T. S. Sheet,  Elevation, br ie f  geographic  

desc r ip t ion  ( F i g u r e  showing locat ion and topography. 



. .  
8 

HISTORY 

(Bethlehem staff) 

Discovery:  Significant pe r sons ,  da t e s ,  and methods.  

Ownership: 

I , 
Production: Record, plant s ize ,  bench height, etc. 

Reserve’s with stripping ra t ios  where  these  have been pub- 

l i shed ,  if not, s o m e  indication whether  l a r g e  o r  small. 

i 
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GEOLOGY 

The Bethlehem porphyry  coppe r  depos i t s  are  n e a r  the c e n t e r  

of the 200 m. y. Guichon C.reek Batholith (see loca t ion  map, this 

volume),  which f o r  the past decade has been the subjec t  of con- 

siderable s tudy (see Northcote ,  1969; McMillan, 1971, 1972, this 

volume; Hylands, 1972; A g e r  and  o t h e r s ,  1972; Field and o t h e r s ,  

1974; and J o n e s ,  1974). The batholith is a concent r ica l ly  zoned 

ca lc -a lka l ine  pluton shaped l i ke  a f la t tened funnel,  the spout  of 

which unde r l i e s  Highland Valley and  plunges 80  d e g r e e s  t o  the 

nor theas t  (Ager  and o t h e r s ,  1972). The a v e r a g e  th ickness  of the 

batholith is 6 km,  inc reas ing  to  m o r e  than 12  k m  o v e r  the c e n t r a l  

root  zone (Ager  and o the r s ,  1972). Ma jo r  i n t rus ive  phases be-  

c o m e  p r o g r e s s i v e l y  younger and  change in-composi t ion . inward  

f r o m  a b o r d e r  of gabbro ,  through q u a r t z  d i o r i t e s  and  granodio-  

rites, t o  a c o r e  of granodior i te .  The batholith in t rudes  eugeo- 

sync l ina l  a s s e m b l a g e s  of the Cache  C r e e k  ( P e r m i a n )  and  Nicola 
. 

(Upper Triassic) Groups.  Sedimentary rocks  of Middle and Upper  

J u r a s s i c  age ,  and volcanic  and  sed imen ta ry  rocks  of Lower  

C re taceous  and T e r t i a r y  age ,  unconformably o v e r l i e  the batholith. 

The f i r s t  comprehens ive  geologic invest igat ions of the 



10 

Bethlehem proper ty  w e r e  by White and  o the r s  (1957) and C a r r  

(1960, 1966). Af te r  mining began in  1962, t h e s e  s tud ies  w e r e  

supplemented wi th  observa t ions  by mine  pe r sonne l  including 

notably Coveney (1962), Coveney and o the r s  (1965), and Ewanchuk 

(1969). 

a logic  s tudy of the proper ty .  

In 1966-67 Wood (1968) conducted a geologic and m i n e r -  

Most  recent ly  the depos i t s  have  been  

re -examined  and br ie f ly  desc r ibed  by McMil lan (1972) and Hylands 

(1972). The p r e s e n t  r e p o r t  i nco rpora t e s  information obtained 

f r o m  (1) a p r o g r a m  of detai led and reconnaissance  mapping and  
i 1 

sampling c a r r i e d  out by J. A. Br i skey  during the  s u m m e r s  of 

1970-73 as par t .o f  a detai led geological,  minera logica l ,  and  

chemical s tudy of the Beth lehem area and pa r t i cu la r ly  the J e r s e y  

orebody; (2) f ie ld  observa t ions  and detai led mapping by H. C. 

Ewanchuk in  the East J e r s e y  orebody; and ( 3 )  deta i led  studies of 

outcrops  and  d r i l l  c o r e  i n  the Iona mine ra l i zed  zone by J. R. 

Bel lamy.  Because  the  p r e s e n t  investigation is not ye t  comple ted  

this p a p e r  should b e  regarded  as  a p r o g r e s s  repor t .  

Lithology 

The Beth lehem depos i t s  f o r m e d  along a n  i r r e g u l a r  i n t rus ive  

contact  separa t ing  two m a j o r  phases of t h e  Guichon G r e e k  
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Bathol i th  (see Fig .  1). Granodior i t ic  rocks of t he  younger  

Beth lehem phase  (to the  south and wes t )  f o r m  a digitating, north-  

south elongate apophysis  into those of the o l d e r  Guichon p h a s e  (to 

the nor th  and east). 

north-northwest  s t r ik ing  contact  between t h e s e  two phases  i n t e r -  

s ec t ed  the north- t rending s t r u c t u r a l  weakness  that later loca l ized  

Th i s  in t rus ive  act ivi ty  o c c u r r e d  w h e r e  the 

I 

the intrabathol i th  porphyry d ike  s w a r m  shown by McMil lan (this 

volume).  Along th is  lobate  contact  have  been  , local ized in t rus ive  

b r e c c i a s ;  dac i t e  and :rhyodacite porphyry  dikes;  small masses of 

g ran i t e ,  g ranodior i te ,  and porphyr i t ic  q u a r t z  latite; fau l t s  and 

f r a c t u r e s ;  and hydro the rma l  minera l iza t ion  and al terat ion.  Mining 

opera t ions  removed thin cap.pings of Guichon g ranod io r i t e  f r o m  

parts of the Hues t i s ,  J e r s e y ,  and East J e r s e y  orebodies .  These 

cappings sugges t  that t h e  c u r r e n t  l eve l  of exposure  is n e a r  the 

roof of the apophysis.  

and  60 pe rcen t  of the area is mantled by g lac ia l  depos i t s .  

Though not shown in F i g u r e  1, between 50 

Guichon and  Beth lehem Granodior i tes  

The Guichon granodior i te  in t rus ion  m a y  grada t iona l ly  ap- 

p r o a c h  q u a r t z  d io r i t e  i n  composition. It is typically m e d i u m  
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crystal l ine!  hy.pidiomc:,rphic g ranu la r ,  and composed of q u a r t z  

m i n o r  augi te ,  hornblende (5-10”/0), and biot i te  (1 -10%). 

clase and  q u a r t z  a r e  in t e r s t i t i a l  and commonly show pronounced 

reac t ion  boundar ies  with p lag ioc lase  fe ldspar .  

Or tho-  

Mafic m i n e r a l s  

are of un i fo rm s i z e  and dis t r ibut ion.  

The Beth lehem granodior i te  in t rus ion  i s  med ium c rys t a l l i ne  

hypidiomorphic  g ranu la r ,  but may  g r a d e  into q u a r t z  d ior i t ic  and 

porphyr i t ic  va r i e t i e s .  

(16-250/0), o r thoc la se  (5-1670), p lag ioc lase  f e l d s p a r  (53-6570)~ 

Representa t ive  samples  contain q u a r t z  

hornblende (2-2270), and biot i te  (0.5-670). Phenoc rys t s  of plagio-  

clase feldspar, poikoilitic hornblende,  and q u a r t z  (eyes)  a r e  

common  in the porphyr i t ic  var ie t ies .  

q u a r t z  a r e  intersti t i isl ,  and may  display reac t ion  boundar ies  with 

Or thoc lase  and usual ly  

p lag ioc lase  feldspar,, Uneven s i z e  a n d  d is t r ibu t ion  of mafic  

m i n e r a l s  i n  Beth lehem granodior i te  dis t inguishes  it f r o m  Guichon 

granodior i te .  White and  o t h e r s  (1957) and Wood (1968) mapped a 

Volume pe rcen t  un less  o the rwise  indicated. Where  unac-  
1 

companied by percentage  e s t i m a t e s ,  m i n e r a l s  wil l  b e  l i s t ed  

approximate ly  in  o r d e r  of dec reas ing  abundance. 
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include qua.rtz veinlets ,  which are  p r e s e n t  in  both r o c k  types,  and  

the development  of incipient foliation in  Beth lehem granodior i te .  r 

A small north- t rending in t rus ion  in  the bot tom of the J e r s e y  

pit is tentatively ca l led  Beth lehem porphyry  (see F igs .  1 and 2). 

Although superf ic ia l ly  similar i n  appea rance  to  Be th lehem g rano-  

d ior i te ,  it is m e d i u m  c rys ta l l ine  hypidiomorphic inequigranular  

leucocra t ic  subzphase of the Beth lehem granodior i te  (see Fig .  1). 

It is c h a r a c t e r i z e d  by a l t e r a t ion  of maf ic  m i n e r a l s  to  act inol i te ,  

absence  of or thoc lase ,  and o c c u r s  exclusively within the n o r m a l  

Beth lehem granodior i te .  Guichon and Beth lehem g ranod io r i t e  a re  

s e p a r a t e d  by  a s h a r p ,  s teeply  dipping, i r r e g u l a r ,  i n t rus ive  con- 

t ac t ,  along which Beth lehem granodior i te  m a y  d isp lay  weak ch i l l  
i 

t ex tu res .  S c a r c e  xenoliths of Guichon granodior i te  h a v e  been 
I 

repor ted  f r o m  the East J e r s e y  pit (Wood, 1968) and  Iona m i n e r -  

a l i zed  zone: (White and o the r s ,  1957). Other  contact  f e a t u r e s  

o r thoc la se  (0-100-/0), plagioc lase  felds ,par  (50-600/0), and hornblende  

and  biot i te  (5-1070). Phenocrys t s ,  up to 7 mm in the l a r g e s t  

dimension,  include plagioclase f e ldspa r ,  qua r t z  (eyes) ,  horn-  

blende, and bioti te.  The g roundmass ,  which c o m p r i s e s  25 t o  35 
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p e r c e n t  of the rock,  cons is t s  of a mosa ic  of q u a r t z  and plagio- 

c l a s e  f e ldspa r ,  with var iab le  smaller amounts  of or thoc lase ,  

hornblende,  and biotite. Although the a g e  of the Beth lehem 

porphyry  is unknown:, it has  been  mapped as a subsphase of 

Be th lehem granodior i te .  Contac ts  of the  porphyry  a re  s h a r p  and 

stee,ply dipping w h e r e  it in t rudes  Guichon granodior i te .  ' It may 

exhibit  a weak foliation and (o r )  a slight d e c r e a s e  in  c rys ta l l in i ty  

ad jacent  t o  this contact.  As suggested i n  a later sect ion,  t h e  

Beth lehem porphyry  may b e  genet ical ly  re la ted  to  the s o u r c e  of 

the hydro the rma l  fluids that f o r m e d  the  J e r s e y  orebody. 

Po rphyr i t i c  Q u a r t z  La t i te  

I r r egu la r ly  shaped in t rus ions  of porphyr i t ic  q u a r t z  latite 

o c c u r  i n  the southeas t  andwes t -cent ra l  p a r t s  of the J e r s e y  pi t  

(see Fig .  a ) ,  and in  a s lump  block on the east wal l  of the Hues t i s  

pit (see Fig .  1). This unit  is f ine  to  med ium c rys t a l l i ne  hypidio- 

morphic  porphyr i t ic ,  and contains  qua r t z  (25 -30%), or thoc la se  

(25 -3070), plagioc lase  feldspar (40-5070), and hornblende and  

biot i te  (2-570). Phenocrys t s ,  up to  4 mm i n  the l a r g e s t  dimension,  

c o m p r i s e  p lag ioc lase  f e ldspa r ,  q u a r t z  (eyes) ,  biot i te ,  and h o r n -  

blende. The g roundmass ,  which const i tutes  approximate ly  50-60 
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percen t  of the  rock,  is composed p r i m a r i l y  of f inely c rys t a l l i ne ,  

s accha ro ida l  qua r t z  and abundant i n t e r s t i t i a l  o r thoc lase .  

t ac t s  between porphyr i t ic  q u a r t z  la t i te  and Guichon and  Bethlehem 

Con- 

granodior i te  a re  genera l ly  sha rp ;  however ,  a contact  with 

Beth lehem granodior i te  i n  d r i l l  c o r e  appeared  to  b e  grada t iona l  

o v e r  s e v e r a l  cen t ime te r s .  Po rphyr i t i c  qua r t z  la t i te  may r a r e l y  

contain small xenoliths of Bethlehem granodior i te ,  and m a y  ex-  

hibit a weak foliation within 6 mm of s h a r p  contacts.  

dip vertically o r  s t e e p l y  to the w e s t .  

Contac ts  

Igneous B r e c c i a s  

O c c u r r e n c e s  of b r e c c i a  a r e  widespread  at Bethlehem, and 

a r e  a l s o  found at the  nearby T r o j a n  (5 k m  north) ,  and Highmont 

(8 k m  south) p rope r t i e s .  They f o r m  a north- t rending zone tha t  

is within,  and p a r a l l e l  to,  the  porphyry dike swarm in  the  Guichon 

G r e e k  Batholith. I n  t he  Bethlehem a r e a ,  the  b r e c c i a s  a r e  a s s o -  

ciated with a l l  of t he  orebodies  except the Huest is  ( s e e  F ig .  1 ) .  

The southern  l imi t s  of the main  Iona b r e c c i a  have  not yet  been 

de termined .  Its nor thern  extension, and a s m a l l e r ,  pa ra l l e l ,  

roofed b r e c c i a ,  extend into the  E a s t  J e r s e y  pit. Explora tory  

dr i l l ing  has  in te rcepted  s e v e r a l  s m a l l  b r e c c i a  bodies at depth 
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below t h e  p re sen t  land su r face  .in the southeast  p a r t  of the  Iona 

zone. Al l  of the Bethlehem b r e c c i a s  a r e  nea r  t he  contact  between 

Guichon and Bethlehem granodior i te ;  however,  t hese  two rock 

types a r e  not usually separa ted  by brecc ia .  Moreove r ,  the 

b r e c c i a s  a p p e a r  to  b e  preferen t ia l ly  local ized in  Beth lehem 

granodior i te ,  and none have been found exclusively contained 

within Guichon granodior i te .  Bodies of b r e c c i a  tend to  b e  i r r e g u -  

l a r l y  shaped, s teeply dipping m a s s e s  with a north-south elongation. 

With increas ing  dept:h they commonly become m o r e  r e s t r i c t e d  in  

s i z e  and some a.ppear to  pinch out. 

to da t e  have  exposed b recc ia  to  depths of o v e r  300 m. 

Mining opera t ions  and dr i l l ing 

B r e c c i a  f r agmen t s  include Guichon and Beth lehem g rano-  

d ior i te ,  dac i te  porphyry (d iscussed  below), porphyr i t ic  q u a r t z  

. l a t i t e ,  and s i l ic ic  apl i te .  Those  of Guichon g ranod io r i t e  o rd ina r -  . 

i ly  predominate .  B r e c c i a s  i n  the Iona o r e  zone are a l m o s t  ex- 

clusively confined t o  Bethlehem granodior i te ,  al though clasts a r e  

predominant ly  those  of Guichon granodior i te .  

porphyry  a r e  widely d is t r ibu ted  in the  Bethlehem b r e c c i a s ,  but 

they a r e  abundant only in  the b r e c c i a  mass on the nor theas t  w a l l  

F r a g m e n t s  of dac i t e  

of the  J e r s e y  pit.  P ink-s ta ined  dac i t e  porphyry  (d iscussed  below) 

has not been  found as a component of t he  b recc ia s .  C l a s t s  of 
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porphyr i t ic  q u a r t z  latite a r e  abundant n e a r  grada t iona l  contac ts  

between in t rus ions  of th i s  rock  type and b recc ia ,  but  o c c u r  s p o r -  

adical ly  e l sewhere .  

15 cm.  

D i a m e t e r s  of many clasts are between 2 and . 

Shapes of the b r e c c i a  f r a g m e n t s  range  f r o m  angular  t o  

rounded, but t hose  with subangular  t o  subrounded shapes  p r e -  

dominate.  Rounding a 'ppears  to  have  resu l ted  f r o m  c o r r u s i o n  

during t r a n s p o r t ,  and r a r e l y  f r o m  c o r r o s i o n  by  h y d r o t h e r m a l  

f luids  o r  dac i t e  porphyry  magma.  Blocks of included dac i t e  

porphyry  m a y  b e  markedly  tabular ,  and  sugges t ive  of p r e b r e c c i a -  

t ion sheet f r a c t u r e s  o r  joints.  

Comminut ion of entrained f r a g m e n t s  h a s  r e su l t ed  in  a c a t a -  

c l a s t i c  matrix ref lect ing the  minera logic  composi t ion of the hos t  

rocks.  Broken  a n d  c rushed  c r y s t a l s  of p lag ioc lase  f e l d s p a r  and  

qua r t z ,  w i th  o r  without smaller amounts  of or thoc lase ,  hornblende,  

and  bioti te,  compose  m o s t  of the matrix. Where  comminut ion has 
-. 

been  m o r e  intense,  c r y s t a l  f r a g m e n t s  a r e  mixed  wi th ,  o r  g r a d e  

into f ine-gra ined  rock  "flour". 

but  i r r e g u l a r  vugs up to  30 cm in length a re  not uncommon,, F ine ly  

c rys t a l l i ne  biot i te  and ch lor i te  a r e  widely d i s t r ibu ted  throughout 

the b r e c c i a  ma t r ix ,  a.nd locally predominate  o v e r  all o the r  matrix 

The  matrix i s  usua l ly  compact ,  

components.  Biot i te  i s  pa r t i cu la r i ly  abundant i n  the upper  ,par t s  
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of the Iona b recc ia s .  Tourma.line is a widespread  but m i n o r  con-  

s t i tuent  of the  b r e c c i a  mat r ix .  

b r e c c i a s ,  biotized ca.taclastic matrix i s  absent ,  and porous  g ranu-  

In some  upper  p a r t s  of the Iona 

lar q u a r t z ,  commonly in te rgrown with finely to. c o a r s e l y  c r y s t a l -  

l ine  aggrega te s  of tourmal ine ,  enc loses  the b r e c c i a  f r agmen t s .  

Because  th i s  qua r t z  does  not normally rep lace  the  f r a g m e n t s ,  it 

probably f i l led open spaces  in  a loosely consolidated b recc ia .  

Indurat ion of t he  b recc ia ,  e i t he r  during o r  following deposi t ion 

of th i s  qua r t z ,  took p lace  p r i o r  t o  the  fo rma t ion  of later sulfide- 

f i l led f r a c t u r e s  tha t  c r o s s - c u t  both m a t r i x  and f r a g m e n t s  a l ike.  

B r e c c i a  f r agmen t s  contained i n  a matrix that  c lose ly  r e s e m b l e s  

s o m e  of the  dac i t e  porphyr ies  has  been  observed  in  two  small, 

isolated a r e a s .  Reaction between th is  porphyry  m a t r i x  and many 

of the  included f r a g m e n t s  i s  indicated by contacts  tha t  a re  c o r -  

roded and grada t iona l  o v e r  a s  much as 8 cm. Where  unaffected 

by co r ros ion ,  contacts  between f r agmen t s  and ca t ac l a s t i c  m a t r i x  

are  sharp .  Lineations caused  by the  subpara l le l  a l ignment  of 

matrix components a r e  conformable to f r agmen t  f a c e s ,  and a r e  

a t t r ibu ted  to  e i the r  flowage o r  compaction, o r  both. 

Contac ts  between b r e c c i a  m a s s e s  and hos t  rock  a r e  usually 

steep. They may be  s h a r p  o r  gradat ional  o v e r  as much a s  s e v e r a l  
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bayments  of b r e c c i a  that  apparent ly  a r e  in t rus ive  into the  s u r -  

Many of the  well-defined contacts  show f inge r s  o r  em- 

rounding country rock, Contac ts  of t he  b recc ia  in  the  Iona zone 

may coincide with s h e a r  zones. They a r e  common along the  tops 

of p ro t rus ions  of Bethlehem granodior i te  that  extend up into t h e  

b r e c c i a  f r o m  below. 

f r a c t u r e  sheeting are p resen t  in  the uppe r  p a r t s  of s o m e  Beth lehem 

Although r e s t r i c t e d  zones of hor izonta l  

b r e c c i a s ,  t h e i r  v e r t i c a l  coun te rpa r t s  have not been obse rved  in 

e i t h e r  t he  b r e c c i a s  o r  t h e i r  adjacent  hos t  rocks.  

there is l i t t le evidence of s e v e r e  f r ac tu r ing  in hos t  rocks  ad jacent  

In gene ra l ,  

to the brec:cia  m a s s e s .  

The  north-south elongation of t he  b r e c c i a  bodies  probably 

re f lec ts  cont ro l  by the  same s t r u c t u r a l  weaknesses  tha t  local ized 

t h e  p a r a l l e l  - t rending B ethlehem g ranodio r i te  apophy s i s ,  ma j  o r  

f au l t s  ( s e e  above and below), and emplacement  of porphyry  dikes .  

T h e  m a j o r  fau l t s  a s  present ly  exposed do not a p p e a r  to  have : %  

exer ted  a spa t ia l  o r  s t r u c t u r a l  cont ro l  on the  emplacement  of the  

b r e c c i a  m a s s e s .  Moreover ,  all of t hese  fau l t s  exhibit  pos t -  

b r e c c i a  consolidation movement.  However,  i t  is poss ib l e  tha t  

b r e c c i a  in t rus ion  along pre-ex is t ing  faul t  zones l a r g e l y  obl i te ra ted  

th.ese zones,  and that  pos t -b recc ia  consolidation shea r ing  along 
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Granodior i te  and Grani te  - i 

An oblong mass of granodior i te  is exposed w e s t  of the Iona 

1; zone (see Fig .  1). The rock  is predominant ly  m e d i u m  c rys t a l l i ne  

hypidiomorphic  g r a n u l a r ,  but grada t iona l  i n c r e a s e s  i n  the s i z e  of 

p lag ioc lase  f e l d s p a r  lor biot i te  c r y s t a l s  may local ly  r e n d e r  the 

texture porphyri t ic .  The  p r inc ipa l  m i n e r a l s  a re  q u a r t z  (30-3570), 

I I the m a j o r  fau l t s  m a y  have resu l ted  f r o m  renewed dis ,placement  
I 

I along these o l d e r  s t ruc tu res .  The local izat ion of b r e c c i a  d ike le t s  
I 

in  small gouge zones on the southeas t  wal l  of t h e  J e r s e y  p i t  sug-  

ges t s  s o m e  loca l  faul t  cont ro l  of b r e c c i a  emplacement .  

coincidence of a few 'breccia  contac ts  with s h e a r  zones  in the Iona 

orebody m a y  a l s o  b e  in t e rp re t ed  as a s t r u c t u r a l  cont ro l ,  o r  as 

T h e  

the r e s u l t  of b r e c c i a  compaction. 

o r thoc la se  (15 -2O%), plagioc lase  f e l d s p a r  (45 -%TO), rare h o r n -  

blende,  a n d  biot i te  ( 3 7 1 ) .  Although this g ranod io r i t e  c lose ly  re- 

s e m b l e s  the Beth lehem granodior i te ,  it i s  dis t inguishable  by  the 

n e a r  absence  of hornblende, l a r g e r  and  m o r e  abundant c r y s t a l s  

of q u a r t z ,  and  the p r e s e n c e  of bioti te phenocrys ts .  The g rano-  

d i o r i t e  a p p e a r s  t o  in t rude  Beth lehem granodior i te ,  bu t  contac ts  

with the o lde r  rocks  have not been  found. Wood (1968) r epor t ed  
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t h e  p r e s e n c e  of or thoc lase  s t r i n g e r s  in the granodior i te ,  and 

suggested that they h.ad been der ived  f r o m  a n  adjacent  grani te .  

Grani te  is exposed wes t  of the  Iona zone (see Fig.  1) and 

dikelets  of compositionally and textural ly  similar material a r e  

widespread  e l sewhere  in the Guichon and Bethlehem granodior i tes  

and brecc ia .  
I 

T h e s e  dikelets  m a y  o r  m a y  not b e  re la ted  to the 

l a r g e r  mass of grani te .  Tex tu res  a r e  finely to  med ium c rys t a l -  

l ine  a l lo t r iomorphic  g ranu la r  (apli t ic)  o r  porphyri t ic .  Graphic  

in te rgrowths  of qua r t z  and or thoc lase  o r  plagioclase f e ldspa r  a re  

common  and  locally c ryptocrys ta l l ine  spheru l i tes  a r e  present .  

Gran i t e  is typically c:omposed of qua r t z  (30 -5O0/0),  or thoc lase  

(50-600/0), sodic  plagioclase f l edspa r  (5-2070), and bioti te (0-370). 

Phenocrys t s ,  w h e r e  p re sen t ,  a r e  of plagioclase fe ldspar .  The  

propor t ion  of plagioclase f e ldspa r  t o  o r thoc la se  i n c r e a s e s  in the 

nor the rn  p a r t  of the main  g ran i t e  mass and the pluton approxi-  

mates q u a r t z  monzonite i n  composition. Contact re la t ionships  

desc r ibed  by  previous  inves t iga tors  a re  cont rad ic tory  and the 

critical outcrops  a re  now obscured  by mining operations.  

and  o t h e r s  (1957) desc r ibed  marg ina l  chilling in Bethlehem 

White 

granodior i te  adjacent  to  gran i te ,  w h e r e a s  Wood (1968) found 

g r a n i t e  chil led aga ins t  g ranodior i te  and Iona brecc ia .  Although 
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the in te rpre ta t ion  by Wood (1968) is favored ,  the appa ren t  conflict  

would b e  reso lved  hatd the g ran i t e  mass f o r m e d  by  t empora l ly  

d is t inc t  in t rus ions  as is cons is ten t  with observed  composi t ional  

and  textural var ia t ions.  . .  

Daci te  P o r p h y r y  , I 

Dikes  of dac i t e  porphyry  exposed on the Beth lehem p rope r ty  

(see F igs .  1 and 2) a r e  p a r t  of a north- t rending swarm. The 

. L  

s w a r m  is 3 4  k m  long, and the  Beth lehem depos i t s  o c c u r  midway 

along its length. Dikes a r e  spaced  i r r e g u l a r l y  across the 5 to  10 

km width of the s w a r m ,  and a v e r a g e  one dike eve ry  100 to  300 m 

( C a r r ,  1960). At Beth lehem the d ikes  a r e  c l e a r l y  of s e v e r a l  a g e s ,  

both pre-  and post-b.recciation; and although the individual rela- 

t ionships  have  not been  sa t i s fac tor i ly  different ia ted t o  date, m o r e  . 

t han  one a g e  of pos t -brecc ia t ion  d ike  emplacement  has been  

recognized.  Widths of the d ikes  a r e  as much as 60 m, but m o s t  

a re  less  than  15  m." T h e  prevai l ing t r end  is no r the r ly  with a 

not iceable  no r theas t e r ly  component.  

20 d e g r e e s  of ver t ica l .  

Dips a r e  normal ly  within 

T h e  l a r g e  d ike  at the east m a r g i n  of the 

area (see Fig .  1) is textural ly  d is t inc t  and  probably  not c lose ly  

related to  the o t h e r s  on  the proper ty .  
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Dacite  9 porphyry i s  cha rac t e r i zed  by phenocrys ts  of qua r t z  

( 0 - 3 % ) ,  plagioclase f e ldspa r  (50 -7070) ,  and hornblende (2-5%) s e t  

i n  a finely c rys t a l l i ne  groundmass  composed of a mosa ic  of 

anhedra l  to  subhedra l  qua r t z ,  p lag ioc lase  f e ldspa r ,  m i n o r  ho rn -  

blende, and var iab le  s m a l l  amounts  of or thoclase.  The  o r thoc la se  

content of t h e s e  rocks  i s  va r i ab le ,  and where  high they m a y  ap-  

proximate rhyodacite i n  composition. Phenoc rys t s  of p lag ioc lase  

f e ldspa r  occur  as roughly equant subhedra and euhedra ,  3 to 5 

mm i n  the l a r g e s t  diimension. 

(by p a r t i a l  resorp t ion)  "eyes" up to 3 mrn in d i ame te r ;  however ,  

Those  of qua r t z  f o r m e d  rounded 

. 

s q u a r e  c r o s s - s e c t i o n s  a r e  not uncommon, and euhedra l ,  b ipy ra -  

mida l  c r y s t a l s  a r e  a l s o  present .  Subhedral  and euhedra l  pheno- 

c r y s t s  of poikoili t ic hornblende, ord inar i ly  rep laced  by 

aggrega te s  of epidote, reach  a maximum length of about 10 mm. 

Samples  of typical  porphyry contain 50 to 70 p e r c e n t  phenocrys ts ,  

except at finely c rys t a l l i ne  marg ins .  

and East J e r s e y  p i t s ,  the plagioclase f e ldspa r  of a l a t e  dac i te  

In the vicinity of the  J e r s e y  

porphyry  d ike  has  been s ta ined pink; presumably  by the  p r e s e n c e  

of f inely c rys t a l l i ne  hemati te .  

minera logy  to  o ther  dac i te  porphyry,  this  p a r t i c u l a r  dike ( s e e  

F i g s .  1 and 2)  where  unstained can usually be  recognized by the  

Although s i m i l a r  in  t ex tu re  and 



24 

h igher  content (5-1070) and l a r g e r  s i z e  (up to  5 m m )  of its qua r t z  

phenocrys ts .  Finely c rys ta l l ine  or thoc lase  occur s  sporadical ly  

I in the groundmass .  

Dikes of daci te  porphyry intrude o lder  l i thologies,  including 

Contacts  a r e  sha rp ,  highly b recc ia s  and o ther  daci te  porphyries .  

i r r e g u l a r ,  steeply dip.ping, and a r e  defined by finely c rys t a l l i ne  

marg ins  that range  f r o m  s e v e r a l  to m o r e  than 100 ' c m  in thick-  

ness.  Moreove r ,  the marg ins  of some  dikes contain inclusions 

' 

of brecc ia .  T h e s e  contact f ea tu re s  imply that the b r e c c i a s  had 

been lithified p r i o r  to emplacement  of the dikes.  A gradat ional  

contact between b recc ia  and a m a s s  of leucocrat ic  dac i te  porphyry  
0 

immedia te ly  south of the Eas t  J e r s e y  pit ( s e e  Fig.  1 )  was d e s -  

c r ibed  by Wood (19613). 

been identified in the b recc ia  on the south wall  of the  J e r s e y  pit. 

Although o the r  dac i te  porphyry  f r agmen t s  a r e  p r e s e n t  in the  

Bethlehem b r e c c i a s ,  this  is the only mass with a demons t r ab le  

F r a g m e n t s  of this  porphyry  have a l s o  

p r e b r e c c i a  age  of fo:rmation. 

Genesis  of B r e c c i a s  and P o r p h y r i e s  

The  associat ion of b recc ia s  and porphyr ies  with copper  

sulfide minera l iza t ion  a t  Bethlehem has  been s t r e s s e d  by C a r r  
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(1960, 1966)  and Wood (1968). Wood (1968) proposed  that the 

b r e c c i a s  f o r m e d  p r i m a r i l y  a s  in t rus ion  b r e c c i a s  c a u s e d  by magma 

stoping aldng the leading edges of the Beth lehem granodior i te  

intrusion. However,  s e v e r a l  c h a r a c t e r i s t i c s  of the b r e c c i a s  

would p rec lude  such  a n  origin.  

ous f r a g m e n t s  of Beth lehem granodior i te  and those  of younger  

porphyr i t ic  q u a r t z  latite and  dac i te  porphyry; (2) their o c c u r r e n c e  

e l sewhere  than  at the contact  between Guichon and Beth lehem 

granodior i te ;  ( 3 )  absence  of Beth lehem g ranod io r i t e  as matrix 

material; and (4) t he  paucity of xenoliths in Be th lehem grano-  

dior i te .  

These f e a t u r e s  include (1) n u m e r -  

t 

C a r r  (1966) has postulated that impermeab le  chi l l -zone 

r inds ,  f o r m e d  a f t e r  intrusion of porphyry m a g m a s  into cold, well-  

\ 

f r a c t u r e d  count ry  rocks ,  s e r v e d  t o  impound the volat i les  released 

dur ing  later s t ages  of crystal l izat ion.  "Explosive" release of 

these volat i les ,  and consequent brecc ia t ion ,  o c c u r r e d  when the 

increas ing  in t e rna l  p r e s s u r e s  -exceeded the confining p r e s s u r e s  

imposed  by the hos t  rocks.  A m e c h a n i s m  involving the rapid re-  

l e a s e  of confined voLatiles f r o m  crys ta l l iz ing  dac i t e  porphyry  

m a g m a  is bel ieved to  b e s t  explain the fo rma t ion  of t h e  Beth lehem 

b r e c c i a s .  However ,  the s c a r c i t y  of prebrecc ia t ion  po rphyry  
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m a s s e s  and the  comparat ively sma l l  number of porphyry f r a g -  

ments  in the  b r e c c i a s ,  suggest that  t he  m a j o r  episode of porphyry  

magma  intrusion did not p recede  b recc ia  formation.  

Tentatively,  th.e Bethlehem b recc ia s  a r e  believed to  have 

or iginated in the upper  pa r t s  of the magma  chamber ( s )  that  p r o -  

duced the  dac i te  porphyry dikes.  S imi la r i t i es  i n  t ex tu re  and 

mineralogy between the  porphyr ies  and Bethlehem ,granodior i te  

suggest  a related source .  Af te r  the  init ial  intrusion of minor  

prebrecciait ion porphyr ies ,  a relatively l a r g e  hydrous vapor  

bubble may have f o r m e d  i n  t he  upper pa r t  of  the  porphyry  magma 

chamber ( s ) .  Norton and Cathles  (1973) have postulated that  such 

a bubble may f o r m  when coalescencing,  upward-migrat ing w a t e r  

exsolved f r o m  a magma is t rapped and contained by the  cooled 

r ind  of the pluton. Severa l  f e a t u r e s  of the Beth lehem b r e c c i a s  

suggest  that  subsequently,  i n  con t r a s t  to  the s imple  co l lapse  

mechan i sm of brecci.a format ion  proposed by Norton and Cath les  

(1973), f rac tur ing  of the  cooled rind and adjacent wal l  rocks  p e r -  

mit ted the  rapid escape  of this  bubble, and with consequent b r e c -  

c ia t ion by a fluidized. s y s t e m  a s  proposed by Reynolds (1954). 

F e a t u r e s  which imply forceful  ( intrusive)  b recc ia  emplacement  

include: (1) the  t r a n s g r e s s i v e  na ture  of b recc ia  contacts  as  
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previous ly  desc r ibed  and as i l l u s t r a t ed  f r o m  g e n e r a l  ou tcrop  

patterns in  the  area ( s e e  Fig.  1) and  especial ly  in  the  J e r s e y  pit 

(see Fig .  2);  (2) the occur rence ,  below Bethlehem g ranod io r i t e  

roof rocks, ,  of b r e c c i a  containing predominate ly  Guichon g rano-  

d io r i t e  f r agmen t s ;  ( 3 )  the heterogeneous dis t r ibut ion of f r a g m e n t  

types;  (4) abundant ca tac las t ic  matrix, including in t e r s t i t i a l  rock  

"flour"; and (5) t he  rounded shapes  of many f r agmen t s .  Rapid 

e s c a p e  of contained volat i les  would have abrupt ly  enhanced c r y s -  

ta l l izat ion of the adjacent  dac i t e  porphyry melt;. thus  possibly 

causing the fo rma t ion  of a second ch i l l  r ind,  which may  have  

t rapped  much of this melt. However,  small quant i t ies  of m a g m a  

m a y  have  escaped  at th i s  time to f o r m  those  few areas w h e r e  the 

b r e c c i a  a p p e a r s  t o  contain porphyry  mat r ix .  A f t e r  compact ion 

and  consol idat ion of the  b r e c c i a s ,  additional pu l se s  of m a g m a  

injection, withdrawal., and (o r )  c rys ta l l iza t ion  that w a s  a c c o m -  

panied by f r ac tu r ing  (and fault ing may have  broken  the  second ch i l l  

r ind  and pe rmi t t ed  th.e injection of porphyry  magma.  Repeated 

tapping of this m a g m a  would explain the mult iple  a g e s  of dacite 

porphyry  emplacement .  The  relat ively small quantity of po rphyry  

f r a g m e n t s  in the  b r e c c i a s  m a y  b e  related t o  the l imi ted  emplace -  

ment  of porphyry m a g m a  p r i o r  to brecc ia t ion ,  and with some 
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f r agmen t s  possibly der ived f r o m  the  chil led rind. The  var ious  

b recc ia  m a s s e s  may have f o r m e d  with the  escape  of volati les f r o m  

s e v e r a l  vapor bubbles,  each a s soc ia t ed  with a s e p a r a t e  porphyry 

magma chamber ,  o r  f r o m  volati les der ived f r o m  a s ingle  vapor  

bubble that  escaped along s e p a r a t e  channel w a y s  f r o m  a common 

magma  source .  P r e s s u r e s  n e c e s s a r y  to cause  a n  "explosive" 

r e l e a s e  of t rapped  volat i les  may have resul ted e i ther  f r o m  t h e i r  

accumulat ion i n  a r e s t r i c t ed  w a t e r - r i c h  magma,  o r  f r o m  subse-  

quent injection of ma.gma originating at depth i n  the  c rys ta l l iz ing  

batholith. McMillan ( .personal communication, 1972) bel ieves  

that  magm.a s u r g e s  d.id occur  during emplacement  of at l e a s t  the 

l a t e r  phases  of t he  Guichon C r e e k  Batholith. Rega rd le s s  of 

mechan i sms ,  brecc ia t ion  and most porphyry in t rus ion  w e r e  

followed by widespread  and intense f rac tur ing  and assoc ia ted  

hypogene minera l iza t ion  and a l te ra t ion ,  which p resumab ly  was  

accomplished by fluids and m i n e r a l i z e r s  der ived  f r o m  l a t e - s t age  

concentrat ion i n  daci.te porphyry magma.  

Fau l t s  

The  Beth lehem a r e a  s h a r e s  a f e a t u r e  common to mos t  

porphyry-type deposi ts  i n  that  s t r u c t u r a l  effects mani fes t  by 



2 9  

numerous  fau l t s  and zones of c losely spaced f r a c t u r e s  have  ex- 

e r t e d  varying degrees of cont ro l  on  the  emplacement  of porphyry  

d ikes ,  i n t rus ive  b r e c c i a s  , and hydro the rma l  a l t e r a t ion -mine ra l i -  

zat ion (see F igs .  1 and 2).  Fau l t s  a r e  a r b i t r a r i l y  subdivided 

into m a j o r  and  m i n o r  types on the  b a s i s  of gouge zone th i cknesses  

of g r e a t e r  o r  less than 1 m, respect ively.  The m a j o r  fau l t s  are  

north- t rending and  a re  found in the eas t - cen t r a l  p a r t  of the 

Huest is  pi t ,  t h e  wes t - cen t r a l  p a r t  of the Je , r sey  p i t  ( J e r s e y  faul t ) ,  

e a s t - c e n t r a l  p a r t  of t he  East J e r s e y  p i t  (East J e r s e y  fau l t ) ,  and 

c e n t r a l  p a r t  of the Iona o r e  zone (see F igs .  1 and 2).  Dips are 

v e r t i c a l  o r  steep to  the  wes t ,  al though that of the Iona o r e  zone 

faul t  is p re sen t ly  unknown but probably steep. Horse t a i l  p a t t e r n s  

a r e  displayed by the East J e r s e y  fau l t  at the nor th  and  south ends 

of the J e r s e y  pit ,  and by the J e r s e y  fault on the nor th  wal l  of the 

J e r s e y  pit. Although McMil lan (1971; pe r sona l  communicat ion,  

1975)  has evidence f o r  extending t h e  J e r s e y  faul t  1. 7 k m  south to 

the J. A. orebody,  it is not known to extend nor th  of the J e r s e y  

pit. O the r  m a j o r  fau l t s  a r e  less common  and  usua l ly  s t r i k e  

nor theas t ,  and d ip  s teeply to  the  southeast .  A few of t he  m a j o r  

fau l t s  have  northwest  t r ends ,  pa r t i cu la r i ly  i n  the  Iona o r e  zone, 

but  l i t t le  i s  cu r ren t ly  known about them.  Numerous  m i n o r  fau l t s  
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have  f o r m e d  subpara.lle1 and adjacent  to the  m a j o r  f au l t s ,  es-  t 
I 

pecial ly  to the north-south t rending se t .  Minor  fau l t s  that s t r i k e  

to  the nor theas t  and  northwest  a r e  a l s o  common,  w h e r e a s  t h o s e  

that s t r i k e  east-weslt a re  relat ively uncommon. 

Many of the fasults mentioned above c r o s s - c u t  the Be th lehem 

b r e c c i a s .  Although they may  have  been  pa r t ly  synchronous  with 

dac i t e  porphyry  d ike  injection, m o s t  a p p e a r  t o  have  f o r m e d  later. 

Detectable  offsets  a r e  r a r e  on m o s t  faults. 

dr i l l ing  in  t h e  East J e r s e y  and  Iona o r e  zones has conf i rmed  the 

However ,  r ecen t  

appa ren t  left lateral. d i sp lacement  of b r e c c i a  masses and  coppe r  

mine ra l i za t ion  between these areas (see Fig.  1). 

t rending  fau l t  separa t ing  the two o r e  zones with 60 t o  9 0  m of 

appa ren t  left lateral offset  could account  f o r  t h i s  d i sp lacement .  

A nor theas t -  

A dac i t e  po rphyry  d ike  in  the East J e r s e y  pit has undergone  12 m 

of appa ren t  left lateral offset  along a nor theas t - t rending  splay I of 

the East J e r s e y  fault .  Immedia te ly  south of the J e r s e y  pit, Wood 

(1968) mapped a dac i t e  porphyry  d ike  having 38 m of appa ren t  

r ight  lateral offset  along a n  eas t -wes t  s t r ik ing  fault. 

of significant movement  on o t h e r  fau l t s  has not b e e n  found. 

Evidence  
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Minera l  Deposi ts  I 
C.ommon epigenetic m i n e r a l s  on the  Beth lehem p rope r ty  

- include: white  mica,, ch lor i te ,  e,pidote, ca lc i te ,  q u a r t z ,  zeo l i tes ,  

cha lc  opy r i t  e, bo r nit e, py rite, s,pecula rite, goethite, malachi t  e, 

secondary  bioti te,  tourmal ine ,  and molybdenite. These m i n e r a l s  

o c c u r  i n  ve ins  (fault, joint ,  and f r a c t u r e  f i l l ings 2 . 5  cm o r  g r e a t e r  

i n  width), veinlets ,  s t r i n g e r s ,  i r r e g u l a r  blebs,  and d i s semina -  

t ions.  Veinlets ,  s t r i n g e r s ,  and d isseminat ions  a r e  m o s t  abundant. 

Vein o c c u r r e n c e s  c h a r a c t e r i z e d  by va r i ab le  propor t ions  of specu-  

l a r i t e ,  qua r t z ,  ca lc i te ,  epidote, chalcopyri te ,  born i te ,  py r i t e ,  I 
I- and  tourmal ine ,  a re  peripheral to  the c e n t r a l  .par ts  of the J e r s e y  

and  Hues t i s  orebodies .  

located in  the East J e r s e y  and Iona o r e  zones. 

In con t r a s t ,  the ve ins  a r e  m o r e  cen t r a l ly  

T h e  f o u r  Beth lehem orebodies  a r e  outlined i n  F i g u r e  1. A I 
detailed p lan  view and c r o s s - s e c t i o n  represent ing  the J e r s e y  ore-  

body w a s  cons t ruc ted  f r o m  b l a s t  ho le  a s s a y s  and  is shown i n  

F i g u r e  3 .  Mineral izat ion in the J e r s e y  orebody is concent r ica l ly  

zoned; the c e n t r a l  c o r e  of high g r a d e  co'pper meta l l iza t ion  is su r -  

rounded by a peripheral zone of p rogres s ive ly  diminishing g r a d e  

of o re .  At depth the high g r a d e  c o r e  splits into downward 
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extending roots .  All rock types exposed within the o r e  zone pre-  

date mineral izat ion.  

i n  g r a d e  and m o r e  uniformly d is t r ibu ted  in the b r e c c i a s .  

d i f fe rence  probably re f lec ts  the ease with which the consol idated 

However,  metal l izat ion is commonly h igher  

This 

b r e c c i a s  w e r e  fractu.red re la t ive  to  surrounding g ran i t i c  hos t  

rocks .  

m a j o r  fau l t s  (see Fig.  3) is noteworthy. 

t u r e s  local ly  provided channel  ways f o r  o r e  deposit ion,  and 

T h e  apparent  lack  of o r e  cont ro l  by the  J e r s e y  and other 

Although these s t r u c -  

s eepage  of minera l iz ing  f luids  into the .per iphera l  ve in  s y s t e m ,  

they do not a p p e a r  t o  have  been  a p r i m a r y  control  of coppe r  

meta l l iza t ion  i n  the c e n t r a l  part of the orebody. P o d s  of sheared 

coppe r  sulf ides  indicate  p o s t - o r e  movement , .  but nowhere has 

the d isp lacement  been  sufficient t o  offset  the outline of the o r e  

zone. The J e r s e y  and Hues t i s  orebodies  appear to  be roughly 

ova l  i n  plan.  In con t r a s t ,  the East J e r s e y  and Iona depos i t s  a re  

elongate  north-south,  and re f lec t  cont ro l  by para l le l - t rending  

b r e c c i a s  and,  less c:ommonly, m a j o r  shear zones.  T h e  East 

J e r s e y  orebody has been  desc r ibed  by s e v e r a l  au tho r s  including 

Coveney (1962), Coveney and  o t h e r s  (l964), and Ewanchuk (1969). 

Copper  meta l l iza t ion  i n  the Iona o r e  zone is chiefly confined to  

the b r e c c i a s ,  which tend t o  b e  unevenly minera l ized .  Zones of 
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weak minera l iza t ion  a r e  in t e rp re t ed  to  b e  a r e a s  w h e r e  the  b r e c -  

c i a s  w e r e  tightly consolidated and r e s i s t e d  f r ac tu r ing .  M o r e -  

o v e r ,  f r a g m e n t s  and w a l l  rock of Beth lehem g ranod io r i t e  a r e  

usual ly  only weakly mine ra l i zed ,  w h e r e a s  t h e  r e v e r s e  is t r u e  f o r  

Guichon granodior i te .  

T h e  in t ima te  s.patial a s soc ia t ion  of copper  mine ra l i za t ion  

with the  ernp1acemen.t of l a t e - s t a g e  plutonic phases  of the  Guichon 

C r e e k  Batholith sugges ts  a c l o s e  t e m p o r a l  re la t ionship as wel l .  

Copper-bear ing  f r a c t u r e s  a r e  numerous  throughout t h e  b r e c c i a s ,  

and c r o s s  -cu t  both f iragments and  m a t r i x  a l ike.  

ep isode  of metal1izat:ion m u s t  have  postdated b r e c c i a  consolidation. 

T h e  p r e s e n c e  of m o r e  widely spaced  f r a c t u r e s  and propor t iona te ly  

Thus, t he  m a i n  

lower  g r a d e s  of o r e  in s o m e  of t h e  l a t e  pos t -b recc ia t ion  dac i t e  

porphyry  d ikes  col lect ively sugges t  that  e i the r  mine ra l i za t ion  o r  

f r a c t u r i n g ,  o r  both,  commenced during th i s  pe r iod  of dike em- 

p lacemen t ,  Born i t e  and cha lcopyr i te  f i l l  jo ints  in  p ink-s ta ined  

. <  

dac i t e  porphyry ,  t he re fo re  indicating tha t  copper  sulf ide depos i -  

t ion  continued beyond, o r  began a f t e r  t h e  cooling of t h i s  youngest  

unit. 

b io t i te  f r o m  t h e  J e r s e y  pit i s  expected to approx ima te  the 198f 8 

A potas  sium-a.rgon a g e  de te rmina t ion  of hydro the rma l  

m. y. a g e  f o r  the Guichon C.reek Batholith ( s e e  Northcote ,  1969),  
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and 20224 and 198$4 m. y. a g e s  f o r  hydro the rma l  s e r i c i t e  f r o m  

the Valley Copper  deposi t  ( Jones  and o the r s ,  1973) 6 k m  wes t  

of Bethlehem. 

Hypogene Meta l l ic  Mine ra l s  

I t 

The  common  hypogene metallic m i n e r a l s  on the  Be th lehem 

p rope r ty  a r e  e s s ent i d l y  chalcopyri te ,  born i te ,  pyr i te ,  specula  rite, 

and  molybdenite.  

a l s o  p re sen t ,  and  mic roscop ic  t r a c e s  of t e t r ahedr i t e ,  galena,  and 

Minor  amounts  of chalcoci te  and magnet i te  are 

poss ib ly  l innae i te  have  been  r epor t ed  (Wood, 1968; White  and 

o the r s ,  1957). T r a c e  ana lyses  for copper ,  molybdenum, zinc,  

l ead ,  and  s i l v e r  a r e  included with the whole rock  chemica l  ana ly-  

* ses  shown in Tab le  3. T h e  consis tent ly  low va lues  f o r  s i l ve r ,  .- 

lead, and  :zinc, pa r t i cu la r ly  between "unaltered",  and  equivalent 

a l t e r e d  a n d  mine ra l i zed  l i thologies,  f u r t h e r  emphas ize  the sim- 

pl ic i ty  of t h e  meta l l ic  m i n e r a l  a s semblage .  

f o r  m i n o r  d isseminat ions ,  usual ly  o c c u r s  in  p e r i p h e r a l  ve ins  

Specular i te ,  except  

w h e r e  i t  is a s soc ia t ed  with qua r t z ,  ca lc i te ,  epidote, cha lcopyr i te ,  

born i te ,  and tourmal ine .  Although chalcopyri te ,  born i te ,  and  

p y r i t e  a r e  p r e s e n t  i n  ve ins ,  veinlets  and s t r i n g e r s  of t h e s e  su l -  

f i des  and rnolybdenitle predominate  in  t he  o r e  zone. D i s semina ted  

1 
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o c c u r r e n c e s  of f inely c rys t a l l i ne  sulf ides  resul t ing f r o m  rep lace -  

men t  of p r i m a r y  and  secondary  mafic  minerals ad jacent  t o  

mine ra l i zed  f r a c t u r e s  a r e  common,  but  quantitatively subord ina te  

to  f r a c t u r e  control led mineral izat ion.  Chalcopyri te ,  born i te ,  and  

p y r i t e  cus tomar i ly  have  the following m i n e r a l  assoc ia t ions ;  chal- 

copyr i t e  with ch lor i te ,  born i te ,  pyr i te ,  qua r t z ,  secondary  bioti te,  

epidote,  atid calci te ;  born i te  with chalcopyri te ,  ch lor i te ,  second-  

a r y  biot i te ,  q u a r t z ,  and ca l c i t e  (in veins);  and py r i t e  with ch lor i te ,  

cha lcopyr i te ,  epidote, ca lc i te ,  and quar tz .  The  combined abun-  

dances  of bo rn i t e  a n d  chalcopyri te  within the o r e  zones r a r e l y  

exceed 2 p e r c e n t  by volume. Concentrat ions of p y r i t e  in  the ha lo  

zones a re  normal ly  less  than  1 pe rcen t ,  although local ly  they  m a y  

r e a c h  5 percent .  T h e  dis t r ibut ion of molybdenite is spo rad ic  and  

is commonly .per iphera l  to the  c e n t r a l  parts of the o r e  zones.  

O c c u r r e n c e s  a re  ord inar i ly  monominera l ic  o r  a s soc ia t ed  with 

cha lcopyr i te  i n  veinlets  and r a r e l y  in  qua r t z  s tockworks.  

Distr ibut ions of specu la r i t e ,  py r i t e ,  chalcopyri te ,  and  

bo rn i t e  in  t h e  Jersey p i t  ( s e e  Fig.  4) w e r e  de te rmined  using 

quant i ta t ive v isua l  e s t ima tes  obtained f r o m  (1) mic roscop ic  

examinat ion of 560 hand s a m p l e s ,  (2) detai led logging of c o r e  

f r o m  f ive  diamond drill ho le s ,  and (3) field investigations.  

i , . .  
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Specular i te  o c c u r r e n c e s  a r e  peri .phera1 to  those of py r i t e  and 

the i r  dis t r ibut ions f o r m  crudely  concentr ic  zones about a born i te -  

r ich  co re .  The  outer  zone of low g r a d e  copper  minera l iza t ion  

( s e e  F ig .  : 3 )  approximately coincides with the  py r i t e  halo,  and the  

high g r a d e  c o r e  i s  largely contained within the bo rn i t e - r i ch  cen -  

t r a l  zone. Chalcopyri te  i s  p resept  throughout the deposit  and i s  

m o s t  abundant within. the outer  l imits  of the pyr i te  zone. 

r econna i s sance  w o r k  suggests  s i m i l a r  zonal pa t t e rns  i n  the  

Although 

Hues t i s  orebody,  and pe r iphe ra l  specular i te  in the Iona o r e  zone, 

comparab le  data a r e  not available f o r  the  Eas t  J e r s e y  orebody. 

Mineralogic  and chemica l  var ia t ions between the hypogene m e t a l -  

lic m i n e r a l  zones in the J e r s e y  pit a r e  shown in Tab le  1 .  

of pa r t i cu la r  i n t e re s t ,  re la t ive to  many porphyry coppe r  depos i t s ,  

[ ,  

F e a t u r e s  

a r e :  (1) high b0rnite:chalcopyrite ra t ios  in the bo rn i t e - r i ch  c o r e ;  

(2) low to ta l  sulf ide content; and (3)  a well-defined zone of specu-  

l a r i t e  beyond the pyr i te  halo. 

Seve ra l  f ea tu re s  of the Bethlehem porphyry  ( s e e  Fig.  2)  

may  imply a c lose  genetic re la t ionship to the s o u r c e  of the hydro-  
I 

t h e r m a l  fluids that fo rmed  the J e r s e y  orebody. 

a r e :  (1) i n c r e a s e  in the  amounts  of secondary  bioti te,  coppe r  

sulfides (esp.  borni te) ,  and qua r t z  (veinlets)  in Guichon 

T h e s e  f e a t u r e s  I I 

I 



granodior i te  hos t  rocks with proximity to  contacts  with Bethlehem 

porphyry;  (2) c e n t r a l  posit ion with r e spec t  to zoning of meta l l ic  

and a l t e r a t ion  mine ra l s  (cf. F i g s .  2 ,  3 ,  4, and 5);  ( 3 )  l ack  of 

f r a c t u r e s  re la t ive  to  surrounding rocks;  and (4) p r e s e n c e  of d i s -  
-~ . .  

seminated  copper  sulfides that  apparent ly  a r e  unre la ted  to  f r a c -  
I 

tu r e  - c ont r o 11 ed depo is i tion. 

Hypogene Nonmetall ic Al te ra t ion  a n d  Vein Minera ls  

- \  
Common hypogene nonmetall ic m i n e r a l s  include white mica ,  

ch lor i te ,  epidote,  ca lc i te ,  qua r t z ,  zeol i tes ,  Secondary bioti te,  

* and tourmal ine .  Smal l e r  amounts  of kaolinite,  a lb i te ,  act inol i te ,  

montmori l loni te ,  secondary po ta s s ium fe ldspa r ,  ru t i le ,  and 

prehni te  a r e  a l s o  present .  Scheel i te  and .possible a luni te  w e r e  

repor ted  by White and o the r s  (1957). 

o c c u r r e n c e s  of hy.pogene m i n e r a l s  previously desc r ibed  f o r  t h e  

In  addition to  t h e  vein-type 

Beth lehem p rope r ty ,  a l te ra t ion  se lvages  in hos t  rocks  adjacent  

to  f au l t s ,  jo in ts ,  and f r a c t u r e s  commonly contain quant i t ies  of 

white  mica ,  ch lor i te ,  ca lc i te ,  and somet imes  epidote. T h e  s e l -  

vages  a r e  ord inar i ly  l m o r  l e s s  i n  width, but may b e  as much 

as 30 m wide adjacent  t o  m a j o r  s t r u c t u r e s  such as the  J e r s e y  - *  

faul t  . 



Epidote o c c u r s  p r imar i ly  at the ou te r  marg ins  of the J e r s e y  

and  Hues t i s  orebodies . .  T h e  approximate  dis t r ibut ions of epidote 

and  secondary  biot i te  i n  the J e r s e y  pit a r e  shown in F i g u r e  5. 

They  d isp lay  a roughly concent r ic  zonal dis t r ibut ion with epidote  

pe r iphe ra l  to  a c e n t r a l  biot i te-r ich co re .  

of the hypogene m i n e r a l s  a r e  contained within the epidote zone,  

and  the ma jo r i ty  of t h e s e  a r e  confined to  the  specu la r i t e - r i ch  

€3 

Most  vein o c c u r r e n c e s  

por t ion  (see Fig .  4). 

common in adjacent  host  rocks  and throughout those  of the East 

Epidote is rare  in the Iona b r e c c i a s ,  bu t  is 

J e r s e y  o r e  zone. Epidote is usual ly  found i n  veins, vein le t s ,  and 

s t inge r s ;  and as  d isseminat ions  replacing ca lc ic  p lag ioc lase  

felds .par  and p r i m a r y  maf ic  mine ra l s .  It m a y  cqmpose  up  to 20 

pe rcen t  of the hos t  rock; however ,  amounts  between 1 and 10 

pe rcen t  a r e  typical.  Epidote is normal ly  assoc ia ted  wi th  ch lor i te ,  

whi te  mica ,  ca lc i te ,  qua r t z ,  specular i te ,  chalcopyri te ,  and 

pyr i te .  T h e  assoc ia t ion  with cha lcopyr i te  and,  less commonly ,  

bo rn i t e  is unusual i n  po rphyry  coppe r  depos i t s  and m a y  r e p r e s e n t  

a la te -s tage  o r  r e t r o g r a d e  minera l iza t ion  event. 

The term "white mica" as  used  in  this r e p o r t  includes all 

optically unidentifiable, f inely c rys t a l l i ne  a l t e r a t ion  products  of 

f e ldspa r .  P r e l i m i n a r y  X - r a y  diffract ion s tudies  indicate  the 



. p r e s e n c e  of small amounts  of kaolinite and montmor i l lon i te  in  the 

white  mica. 

of the J e r s e y  and Huestic orebodies .  Although zonal d i s t r ibu t ions  

It is widespread  in  a11 but the m o s t  una l te red  rocks  

a r e  not obvious, significant quant i t ies  of white  mica roughly co-  

incide with areas of greater  than  0 . 1  weight percent  coppe r  (e. g. 

F ig .  3) .  In the Iona zone, white  m i c a  appears to  be predominant ly  

r e s t r i c t e d  t o  b r e c c i a s ,  and does  not noticeably p e r v a d e  host '  rocks  

except  n e a r  areas of q u a r t z  flooding (see above). Reconnaissance  

s tudies  of the East J e r s e y  orebody indicate that it accompan ies  

significant. coppe r  metal l izat ion.  

mica o c c u r s  as  a n  a l t e r a t ion  product  of fe ldspar .  

entially r ep laces  or thoc lase ,  which is usual ly  comple te ly  d e s -  

The preponderance  of white 
\ 

It prefer-  

t royed ,  w h e r e a s  plagioclase f e ldspa r  is typically m o r e  than 20 

p e r c e n t  unal tered.  

bu t  va r i ab le  amounts  of ca lc i te  and epidote. 

Secondary  biot i te  in the J e r s e y  orebody appears t o  be  

' W h i t e  mica is genera l ly  a s soc ia t ed  with small 

la rge ly  r e s t r i c t e d  t o  the lower  parts of the bo rn i t e - r i ch  co re .  

It is widesp read  in  n e a r  s u r f a c e  local i t ies  of the Iona b r e c c i a s ,  

but is p r e s e n t  only in  m i n o r  amounts  i n  the Hues t i s  and  East 

J e r s e y  o r e  zones.  

ve in le t s  and s t r i n g e r s ,  m o s t  of it replaces p r i m a r y  (esp. bioti te) 

.Although s o m e  secondary  biot i te  o c c u r s  in  

. 



and secondary  mafic mine ra l s ,  and b recc ia  matr ix .  B r e c c i a  m a y  

contain a s  much a s  50 percent  secondary  bioti te,  whereas  o ther  

rock types do not ordinar i ly  have m o r e  than 15 percent .  Quanti-  

t i e s  between 3 and 8 pe rcen t  a r e  representa t ive  of mos t  biot i te-  

r ich  a r e a s .  It is usually assoc ia ted  with ch lor i te ,  born i te ,  and 

chalcopyrite.  

Chlor i te  i s  the f i r s t  a l te ra t ion  m i n e r a l  encountered a t  the  

ou te rmos t  marg ins  of the mine ra l i zed  zones. Epidote and white 

mica  become common with increasing proximity to t h e  orebodies .  

Chlor i te  usually occur s  e i ther  as rep lacements  of primary and, 

l e s s  commonly,  secondary  mafic m i n e r a l s  and b recc ia  ma t r ix ,  

o r  i n  veinlets.  

local  abundance i s  predominant ly  controlled by rock type. In 

. rocks  o ther  than b recc ia ,  ch lor i te  typically composes  5 to 15 

pe rcen t  of a sample .  

tha t  i n  the south pa r t  of the J e r s e y  pit ( s e e  Fig.  2), may contain 

as much as 25 .percent chlor i te .  

Although it  i s  p re sen t  throughout the  deposi ts  i t s  

B r e c c i a s  having a chlor i t ic  ma t r ix ,  such a s  

It i s  normally assoc ia ted  with 

epidote, chalcopyri te ,  borni te ,  pyr i te ,  secondary  bioti te,  and 

c a lc  i t  e. 

Calci te  i s  common in the  vein-type a s s e m b l a g e s  mentioned 

Moreove r ,  ca lc i te  and e a r l i e r ,  and in p o s t - o r e  zeolite veinlets.  
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white micat a r e  ubiquitous a s  rep lacements  of p lag ioc lase  f e l d s p a r  

o r ,  l e s s  commonly,  hornblende. Calc i te  a l s o  o c c u r s  i n  veinlets .  

It i s  o rd ina r i ly  a s soc ia t ed  with white mica ,  epidote, ch lor i te ,  

q u a r t z ,  cha lcopyr i te ,  pyr i te ,  specula  r i te ,  and bo rni te .  

Quar t z  is a common component of the  p e r i p h e r a l  vein as-  
I 

s emblages ,  and is t h e  predominant  consti tuent of ve in le t s  tha t  a r e  

locally abundant (1 t o  20 pe rcen t  of the  rock)  in  t h e  c e n t r a l  p a r t s  

of the Huest is  and E a s t  J e r s e y  orebodies ,  and the b o r n i t e - r i c h  

c o r e  of the  J e r s e y  orebody. 

a n  abundant const i tuent  of the  m a t r i x  in  b r e c c i a s  of t h e  Iona zone. 

T h e s e  o c c u r r e n c e s  of qua r t z  may b e  monominera l ic  o r  a s s e m b -  

lages  tha t  a l s o  include born i te ,  chalcopyri te ,  ca l c i t e ,  epidote,  

specu la r i t e ,  py r i t e ,  and tourmaline.  

A s  previously mentioned, qua r t z  is 

Black schor l i t i c  t ou rma l ine  has  a n  e r r a t i c  and widespread  

dis t r ibut ion.  

zones,  but is abundant only i n  t hose  a r e a s  of q u a r t z - r i c h  m a t r i x  

in  b r e c c i a s  of the Iona zone. 

aggrega te s  in te rgrown with quar tz ;  a s  rep lacements  o f  small 

b r e c c i a  f r a g m e n t s  and mat r ix ;  in  ve in le t s ,  veins ,  and  s t r i n g e r s ;  

It is p r e s e n t  within, and marg ina l  to,  all of the  o r e  

Tourma l ine  occur s  as c rys t a l l i ne  

and r a r e l y  a s  sunburs t s  in  gouge zones.  It is predominant ly  

'as s ociat  ed with qua irtz, epidote,  chalcopyri te ,  ca l c i t e ,  



act inol i te ,  and specular i te .  

The  p r e s e n c e  of the zeolites laumontite,  s t i lbi te ,  heulandite, 

and chabazi te  have been conf i rmed by X- ray  diffract ion studies.  

Numerous veinlets o:f laumonti te  that  may contain s m a l l e r  amounts  . 
of ca lc i te ,  s t i lbi te ,  and heulandite c r o s s - c u t  a l l  rock  types and 

hypogene mineral izat ion.  They a r e  ubiquitous in all fou r  o r e  r 
. - 

zones.  Veinlets of s t i lbi te  a r e  abundant, and s t i lb i te  and r a r e l y  

chabazi te  incrus t  vugs i n  the  south b recc ia  of the J e r s e y  pit. 

o r e  zeol i tes ,  e s p e c i d l y  laumontite,  a r e  in te rpre ted  to be  low 

P o s t -  

t e m p e r a t u r e  r e t rog rade  products  deposi ted during cooling and 

co l lapse  of the Bethlehem hydrothermal  sys t em(s ) .  

I 

Zonial development of hydro the rma l  a l te ra t ion  in the J e r s e y  

orebody (Fig .  5 )  is s i m i l a r  to  that  desc r ibed  f o r  m o s t  porphyry  

coppe r  deposi ts .  Di.stributions of epidote and secondary  biot i te  

i n  the J e r s e y  0rebod.y outline propylit ic and potass ic  a l te ra t ion  

zones,  respectively.  

mica ,  i s  probably equivalent t o  a mixed zone of phyllic (3- - a rg i l l i c )  

The intervening a r e a ,  dominated by white 

a l te ra t ion .  

absence  of potassiurn fe ldspar .  

The potass ic  zone i s  dis t inct ive because  of the n e a r  

Significant hydro the rma l  a l t e r a -  

t ion i s  r e s t r i c t e d  to  the orebody,  and only the  epidote zone extends 

beyond the l imi t s  of conspicuous copper  sulfide mineral izat ion.  

I , . . . . . . .. .... , - . .  . . . .  - .  I - .  . . .  -. _. . 



T e r n a r y  A K F  d i a g r a m s  have  been u s e d  t o  relate whole-rock 

c h e m i s t r y  to  the mineralogy and t h e r m a l  environment  of hydro-  

thermal a l t e r a t ion  (Clreasey, 1959, 1966,  1972; Burnham,  1962; 

M e y e r  and Hemley,  1967; and Rose,  1970). Ideally,  s amples  in  

which t h e  component  m i n e r a l s  approached  thermodynamic  equi- 

l i b r i u m  wil l  plot  within fields, o r  on tie l ines  that co r re spond  to 

those  m i n e r a l s .  T h e  A K F  compatibi l i ty  d i a g r a m  shown in F i g u r e  

6 is a slig'ht modif icat ion of tha t  given by Rose  (1970) f o r  biot i te-  

o r thoc la se  type  (potassic)  and qua r t z -  s e r i c i t e  type  (phyllic) 

a l te ra t ions .  Two s a m p l e s  each  of ' 'unaltered" Guichon a-nd 

Be th lehem granodior i te  (see Tab les  2 and 3) have been  plotted o n  

i 

F i g u r e  6. 

samples plot  i n  o r  n e a r  t he  po ta s s ium f e l d s p a r  - biot i te  f ield.  

In acco rdance  wi th  t h e i r  p r i m a r y  minera logy ,  t h e s e  

The m o r e  maf ic  c h a r a c t e r  of Guichon granodior i te  is re f lec ted  

i n  its d isp lacement  toward h ighe r  F values ,  and lower  A and K 

va lues ,  re la t ive  t o  Beth lehem granodior i te .  Two samples  each  

of altered and  mine ra l i zed  Guichon and Beth lehem g ranod io r i t e  

( s e e  Tab les  2 and 3 )  f r o m  the J e r s e y  pi t  have  a l s o  been  plotted 

on F i g u r e  6. Cor re l a t ions  between t h e  c h e m i s t r y  and  minera logy  
I 

of these altered rocks  a r e  complicated by t h e  difficulty of opti-  

ca l ly  identifying the finely c rys t a l l i ne  a l t e r a t ion  p roduc t s  of 



Excess Si02 and HZO. 

Bethlehem granodiorite Hachured lines represent 

0 fVnalteredf' composition for the indicate 

0 Altered and mineralized minerals 

Guichon granodiorite approximate ranges of 

Quartz-Sericite 

K F 
Biotite Potash Feldspar 

. .  

O+MgO 



f e ldspa r .  Nonetheless ,  m o s t  of this m a t e r i a l  a p p e a r s  t o  b e  whi te  

mica .  Samples  3 and 7 a r e  f r o m  areas of phyllic a l te ra t ion ,  and  

samples 4 and  8 a re  f r o m  the po ta s s i c  co re ;  however ,  s a m p l e  8 

contains  secondary  po ta s s ium fe ldspa r ,  and thus  is not ent i re ly  

representa . t ive of this c e n t r a l  b io t i te - r ich  zone. 

plot i n  the f ie lds  f o r  phyllic and po ta s s i c  a l t e r a t ion  respec t ive ly ,  

Samples 3 and  8 

and  t h e r e f o r e  are in  a g r e e m e n t  with their obse rved  a l t e r a t ion  

minera logies .  Samples 4 and 7 a r e  anomalous and  merit f u r t h e r  

d i scuss ion .  

Sample 7 plots  i n  the po tas s i c  a l t e r a t ion  f ie ld ,  but contains  

ne i the r  p o t a s s i u m  f e l d s p a r  n o r  biotite. 

low A and  K va lues  when cons ide red  with r e spec t  to  its high 

content (3570) of finel!y c rys t a l l i ne  a l te ra t ion  p roduc t s  of f e ldspa r .  

These d i sc repanc ie s  a r e  m o s t  readi ly  explained by  (1) the inade-  

quacy of the AKF d i a g r a m  t o  r e p r e s e n t  pa r t i a l ly  altered rocks ,  

and  (2) the p r e s e n c e  of a l te ra t ion  m i n e r a l s  ( for  example ca l c i t e  

and  sodiurn-r ich white  mica )  not cons idered  in  the cons t ruc t ion  

of A K F  diagrams. Pa r t i a l ly  a l t e r e d  rocks  that have  not unde r -  

Sample  4 has unexpectedly 

I . : 

gone extensive m e t a s o m a t i s m  m u s t  necessa r i ly  ,plot n e a r  t h e i r  

una l t e red  equivalents.  

a t tached  tlo the gene:ral t r e n d  of par t ia l ly  altered samples re l a t ive  

Consequently,  m o r e  s ignif icance m a y  be 

. 



to  their background equivalents,  than to  whether  o r  not they plot 

7 is d isp laced  toward the  f ie ld  of phyllic a l t e r a t ion  re la t ive  t o  its 

una l te red  equivalents.  Moreove r ,  altered rocks  containing cal- 

c i t e  and  (o r )  sod ium-r i ch  m i c a  would plot at unusually low A and 

I 
I 

K values  om F i g u r e  6. Some ca l c i t e  is included in  the modal  

ana lyses  of T a b l e  2 ,  and  addi t ional  small quant i t ies  a r e  suspec ted  

as f inely c rys t a l l i ne  products  of p lag ioc lase  feldspar a l te ra t ion .  

Lf the plot ted posi t ions of s a m p l e s  4 and  7 w e r e  c o r r e c t e d  f o r  as 

l i t t l e  as 2 p e r c e n t  calcite, their A values  would each i n c r e a s e  b y  

15 percent .  T h e  in fe r r ed  p r e s e n c e  of sodium-r ich  whi te  m i c a  

has not yet: been  conf i rmed by X - r a y  diffract ion study. However ,  

the unexpectedly low A and K va lues  and high Na 2 0 a n d  low K 2 0 

contents  of samples 4, 7 ,  and 8 sugges t  that sod ium-r i ch  mica 

m a y  b e  p resen t .  

enough sodic  p lag ioc lase  f e l d s p a r  (see Tab le  2)  t o  account  f o r  

their high Na 0 values .  

In i3ddition, these samples do not contain 

2 

T h e  typical ly  low K 2 O/Na 2 0 ra t io s  of a l t e r e d  rocks  f r o m  

the J e r s e y  orebody a r e  unusual  f o r  porphyry  coppe r  depos i t s ,  

w h e r e ,  accord ing  to  M e y e r  and  Hemley  (1967, p. 210) ‘‘Almost 

invariably,  the r a t io  of po ta s s ium t o  sodium i n c r e a s e s  toward  



sulf ide o re .  '' 

2 1 5 )  show the potent ia l  compat ibi l i ty  of the re la t ive ly  high sodium 

However,  M e y e r  and  Hemley (1967, F ig .  6. 7 ,  p. 

a s s e m b l a g e ,  po ta s s ium mica-a lb i te -sodium mica .  Low K20 /NaZ0  

va lues  a re  not incompatible  with po ta s s i c  (i. e .  bio t i te -or thoc lase  

type)  a l te ra t ion .  

and Beane  (1974), have  conf i rmed the phlogopitic composi t ion of 

secondary  biot i te  f r o m  po tas s i c  zones of porphyry  coppe r  deposi ts .  

Recent  work  by Moore  and C z a m a n s k e  (1973), 

Moreover: ,  the data of M e y e r  and Hemley  (1967, F ig .  6 .8 ,  p. 

216) indicate  that phlogopite wil l  f o r m  at re la t ively low p o t a s s i u m  

concentrat ions provided that  pH and magnes ium concent ra t ions  

are  sufficiently high. 

Oxidation and  Supergene  Enr i chmen t  

Mine ra l s  identified f r o m  the zones of oxidation at Beth lehem 

include goethite,  hemat i te ,  malachi te ,  manganese  oxides ,  

chrysocol la ,  a z u r i t e ,  cupr i te ,  native copper ,  and  f e r r imolybden-  

ite. 

repor ted  by White  and  o the r s  (1957). 

oxidation a r e  l a rge ly  su r f i c i a l  (less than 10 to  20 m deep) ,  its 

P o s s i b l e  o c c u r r e n c e s  of powelli te and e r y t h r i t e  have  b e e n  

Although the effects of 

d i s t r ibu t ion  and  intensi ty  is cont ro l led  by  s t ruc tu re .  T h e  shat- 

tered southern  one- th i rd  of t he  Iona o r e  zone i s  s t rongly  oxidized 



a n d  to t a l  oxidation of sulfides is common to  depths exceeding 100 

m. 

d i s t ances  below t h e  zone of oxidation. 

Open f r a c t u r e s ,  may b e  s ta ined by l imonite  f o r  cons iderable  

Assays  f o r  coppe r  a re  

relat ively unchanged between zones of sulfide and oxide o r e  in  

the Iona orebody, and th i s  consis tency re f lec ts  t h e  s c a r c i t y  of 

py r i t e  and the  re la t ive  abundance of carbonate ,  both of which 

effectively inhibited the  migra t ion  of copper .  

of supergene  cha1coc:ite and covel l i te  have  been observed  in  

Minute quant i t ies  

su r f i c i a l  exposures  and d r i l l  c o r e ,  but t h e r e  is no zone 

a r i l y  enr iched  o re .  

“Envi ronmenta l  Cons idera t ions”  

(Bethlehem Staff)  

of second-  

/ ’  
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SUMMARY AND CONCLUSIONS 

The  Bethlehem porphyry copper  deposi ts  a r e  n e a r  the cen-  

t e r  of the 200 m. y. Guichon C r e e k  Batholith, which is a concen-  

t r i ca l ly  zoned calc-alkal ine pluton that intrudes eugeosyncl inal  

a s s e m b l a g e s  of the  Cache  C r e e k  ( P e r m i a n )  and Nicola (Upper 

T r i a s s i c )  Groups.  The orebodies  fo rmed  along a n  i r r e g u l a r  

in t rus ive  contact separat ing two m a j o r  phases  of the  batholith. 

Granodiorit ic rocks of the  younger Bethlehem phase  f o r m  a 

digitating, north-south elongate apophysis  into those  of the o lder  

' Guichon phase.  This  in t rus ive  activity o c c u r r e d  w h e r e  the  north- 

northwest  s t r iking contact between these  two  phases  in te rsec ted  

the  north- t rending s t r u c t u r a l  weakness  that  l a t e r  local ized the  

intrabatholith porphyry  dike swarm.  Along th is  lobate contact 

have been local ized in t rus ive  b recc ia s ;  dac i te  and rhyodaci te  

porphyry  (dikes; smaJl m a s s e s  of gran i te ,  g ranodior i te ,  and p o r -  

phyri t ic  quar tz  la t i te ;  fau l t s  and f r a c t u r e s ;  and hydro the rma l  

minera l iza t ion  and al terat ion.  Tentatively,  the Beth lehem I 

brecc ia s  a r e  believed t o  have fo rmed  by a fluidized s y s t e m ,  

which resu l ted  f r o m  the rapid r e l e a s e  of volati les f r o m  a hydrous 

(51 
vapor  bubbleAderived f r o m  e i the r  shallow porphyry  m a g m a s  o r  a 

d e e p e r  magma  c h a m b e r  that  fed p r e -  and post-brecciat ion dac i te  

\ 
I 



and rhyodatcite porphyry  dikes .  

minera l iza t ion  i n  th i s  m e l t  w e r e  probably t h e  s o u r c e  of hypogene 

La te - s t age  concent ra t ion  of 

meta l l iza t ion  imposed  on all in t rus ive  rocks  and  b r e c c i a s  at 

Bethlehem. 

M a j o r  fau l t s  s t r i k e  north,  nor theas t ,  and nor thwes t ,  and  

Fau l t s  <are  pos t -b recc ia  consolidation i n  age ,  and d ip  s teeply.  

although they m a y  ha.ve been  pa r t ly  synchronous with porphyry  

d ike  injection, m o s t  a p p e a r  t o  have  f o r m e d  later. Detec tab le  

of fse t s  a r e  usual ly  r a r e .  

Hy,pogene minera l iza t ion  probably  began dur ing  the later 

s t ages  of pos t -brecc ia t ion  po rphyry  d ike  emplacemen t  and con-  

t inued beyond the ces sa t ion  of t h i s  pe r iod  of i n t rus ive  activity.  

Substant ia l  but  va r i ab le  amounts  of chalcopyri te ,  bo rn i t e ,  py r i t e ,  

specu la r i t  e, and molybdenite;  and  white  mica ,  ch lo r i t e ,  epidote, 

ca lc i te ,  q u a r t z ,  zeol.';tes, s econda ry  biot i te ,  and  t o u r m a l i n e  o c c u r  

i n  veins ,  ve in le t s ,  s t r i n g e r s ,  i r r e g u l a r  b lebs ,  and  d isseminat ions .  

These minerals a re  concent r ica l ly  d is t r ibu ted  with r e s p e c t  t o  

coppe r  minera l iza t ion  in  the  J e r s e y  and Hues t i s  orebodies .  T h e  

c e n t r a l  high g r a d e  c o r e  is su r rounded  by  a peripheral zone of 

l ower  g r a d e  metal l izat ion,  and  with depth sp l i t s  into downward 

extending roots .  The East J e r s e y  and Iona depos i t s  a re  elongate  



north-sout:h, and  re f lec t  cont ro l  by paral le l - t rending b r e c c i a s  

2 .  

and  m a j o r  shear zones.  Specular i te  o c c u r r e n c e s  a r e  p e r i p h e r a l  

t o  those  of p y r i t e  and  their d is t r ibu t ions  f o r m  crudely  concen t r i c  

zones about  a bo rn i t e - r i ch  co re .  Chalcopyr i te  is p r e s e n t  th rough-  

out. 

pyli t ic and  po ta s s i c  a l t e r a t ion  zones respect ively.  

p e r i p h e r a l  t o  the c e n t r a l  b io t i t e - r i ch  c o r e ,  and the intervening 

area, dom.inated by white mica, is probably  equivalent t o  a mixed  

zone of phyllic (+ arg i l l i c )  a l te ra t ion .  

Dis t r ibu t ions  of epidote and secondary  biot i te  out l ine p r o -  

Epidote  is 

T h e  po ta s s i c  zone i s  dis-  

t inct ive because  of the n e a r  a b s e n c e  of po ta s s ium feldspar. 

Significant; hydro the rma l  a l t e r a t ion  is r e s t r i c t e d  t o  the orebody, 

a n d  o n l y  the  epidote zone extends beyond the l i m i t s  of conspicuous 

coppe r  sullfide mineral izat ion.  P o s t - o r e  zeol i tes  , espec ia l ly  

laumonti te ,  are in t e rp re t ed  to  b e  low t e m p e r a t u r e  and  (or )  r e t r o -  

g r a d e  vein const i tuents  tha t  w e r e  deposi ted during the cooling and  

co l l apse  of the hydro the rma l  sys t em(s ) .  

If hydro the rma l  minera l iza t ion  proceeded  upward  and  out- 

w a r d  f r o m  the born i t e - r i ch  c o r e ,  as the a r r a n g e m e n t  of a l t e r a t i o n  

zones wou.ld sugges t ,  the deposi t ion of meta l l ic  m i n e r a l s  m a y  have  

begun with the prec ip i ta t ion  of sulfide a s s e m b l a g e s  having low 

iron:copper  r a t io s  (b0rnite:chalcopyrite - > 1) f r o m  f lu ids  ini t ia l ly  



low i n  both i r o n  and sulfur.  However,  t h e  avai labi l i ty  of i r o n  m a y  

have inc reased  with increas ing  d i s t ance  f r o m  the  bo rn i t e - r i ch  

c o r e  as a consequence of hydro the rma l  a l t e r a t ion  of p r i m a r y  

mafic m i n e r a l s ,  thus favoring lower  b0rni te :chalcopyri te  r a t io s  

and  eventually the s tabi l izat ion of pyri te .  Subsequent deplet ion 

of su l fur  m a y  have  sufficiently decreased the fugaci ty  of su l fur  

re la t ive  t o  that of oxygen t o  the extent that the remain ing  i r o n  w a s  

deposi ted p r i m a r i l y  as specu la r i t e  (see Meyer  and Hemley,  1967). 

Alternat ively,  this relat ively rapid t rans i t ion  f r o m  sulfide to  

oxide dominated a s s e m b l a g e s  m a y  have  resu l ted  f r o m  the mixing 

of magmat ica l ly  de r ived  f luids  with oxygenated ground water .  

F a u l t s ,  jo in ts ,  and  f r a c t u r e s  in  the p e r i p h e r a l  vein s y s t e m  would 

have provided f avorab le  channel  ways  f o r  the intermingl ing of s 

t 

these f luids  and  ground wa te r ,  and would account  f o r  the restric- 

t ion of m o s t  o c c u r r e n c e s  of specular , i te  t o  these s t r u c t u r e s .  The 

poss ib l e  r o l e  of ground w a t e r  is cu r ren t ly  being invest igated 

through s tudies  of f luid inclusions and l ight s tab le  isotope distri- 

butions.  

T h e  zone of oxidation is l a rge ly  su r f i c i a l  (less than  10 t o  20 

meters deep) ,  and  only the Iona orebody has mineable  quant i t ies  

of oxide o r e  (malachi te) .  Supergene chalcoci te  and  covel l i te  a r e  



local ly  present  i n  sm.al1 amounts  but  t h e r e  is no zone of second-  

a r i l y  enr iched  o re .  

T h e  :Bethlehem orebodies  genera l ly  p o s s e s s  geologic ,  

mineralogic ' ,  and geochemica l  f e a t u r e s  that a re  cons i s t en t  with 

tho s e des c r ib  ed f o r o the r  po rphy r y  - type c oppe r - molybdenum de - 

posits of w e s t e r n  No:rth A m e r i c a  (e. g. C r e a s e y ,  1959, 1966, 1972; 

Burnham,  1962; Ti t ley  and Hicks,  1966; M e y e r  and H e d e y ,  1967; 

Brown, 19169; Lowell  and Guilber t ,  1970; Rose,  "1970; James, 

1971; De  Geoffroy and Wignall, 1972; and  F ie ld  a n d  o t h e r s ,  1974). 

However ,  in detail, the Beth lehem depos i t s  (espec ia l ly  the J e r s e y  

, 

orebody) d i f fe r  in  the d e g r e e  to  which many of t h e s e  f e a t u r e s  are 

developed. T h e  m o r e  unique c h a r a c t e r i s t i c s  include: (1) a n  

intrabathol i th  location; (2) a probable  old a g e  f o r  mine ra l i za t ion  

(200 m. y. ); (3) dominance  of f r a c t u r e  control led coppe r  min -  

e ra l iza t ion ;  (4) minera logica l  s implici ty  of t h e  me ta l l i c  cons t i tu -  

ents ;  (5) absence  of lead, zinc,  and s i l v e r  o c c u r r e n c e s ;  (6) 

wel l -def ined zonation of i ron-bear ing  meta l l ic  m i n e r a l s ;  (7) low 

to t a l  su1fid.e content ( ave rage  < 2 pe rcen t )  and espec ia l ly  p y r i t e  

( ave rage  < 1 p e r c e n t  in  the  ha lo  zone); (8) l a r g e  borni te :chal-  

copyr i t e  r a t io s  (> - 1); (9) molybdenite p e r i p h e r a l  t o  the c e n t r a l  

parts of t he  o r e  zones;  (10) a s soc ia t ion  of cha lcopyr i te  and  bo rn i t e  
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with epidote; (1 1) r e s t r i c t ion  of significant hydro the rma l  altera- 

t ion to the o re  zones;  (12) s c a r c i t y  of po ta s s ium f e l d s p a r  altera- 

tion; (13)  dec reas ing  K 2 O/Na 2 0 ra t io s  toward the cent ra l  p a r t s  of 

the o r e  zones; and  (14) widespread  p r e s e n c e  of pos t -meta l l iza t ion  

zeol i tes ,  especial ly  laumontite.  

\ 
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Tab le  1: F e a t u r e s  of Metal l ic  Mine ra l  Zones in  the J e r s e y  P 
1 

t 

Zone Dominant To ta l  Bn P y F e  S - 
M E: tall i c Sulfides Cp c p  c u  Meta l  
Minera l ( s )  i 

B n  1 - 270 21 < < 1  < 0 . 4  < 0 . 4  Born i t e  c o r e  (bn-cp) 

O u t e r  m a r g i n  of bo rn i t e  
c o r e  t o  i n n e r  m a r g i n  of 
py r i t e  halo (cp-bn) CP 

P y r i t e  ha lo  (py-cp) I PY + C P  1 - 5% < < I  M l  N 2 . 5  ~ 0 . 8  

< < 1  >2.5 <<0,4 Specular i te  zone (sp-cp)  SP <170 <<1 

The ratios of Fe:C.u and S:metial a r e  calculated in  terms of weight p e r c e n t  of the 
indicated metallic m i n e r a l  a s semblages ;  o the r  values  a r e  volume percent .  

1 



Tab le  2: Modal Analyses  

l1 2 3 4 5 6 7 8 

Quar t z  

P r i m a r y  K-f eld. 

Plagioc las e f e ldspa r  
(An content,  x=sodic)  

Augite  

Hornblende 

P r i m a r y  b io t i te  

Opaques 
2 

A c c e s s o r i e s  

Epidote grou'p 

Chlor i te  

C a rb o nat e 
3 

F. c. a. p. 

White mica 

Secondary  b io t i te  

Secondary K-feld. 

Po in t s  counted 

Gr id  spacing (mm.) 

14. 9 

9 . 4  

60.1 
(34) 

0 .6  

8 . 6  

5.0 

1.0 

0 . 4  

- 
- 

- 
- 
- 
- 

- 

500 

? 

17. 2 

9 . 6  
48. 7 
(38 1 
0 . 6  

5 .0  

7.9 

1 . 7  

1.2 

1.3 

0 . 3  

- 

5 . 0  

1 .5  

- 
- 

800 

1 .0  

26.0 

- 

26.8 
(4 
- 
- 
3.6 

3 . 4  

0 .9  

0.8 

20.8 

- 
16.0  

1 . 7  

- 
- 

500 

? 

20. 1 19 ,O  

- 6.7  

3 6 7 .8  

- 1-1.3 

4.0 0 .2  

0. 6 0 . 4  

1 . 9  0 .8  . 

3 .6  0 .6  

0 . 3  - 
35.8 - 

7.1 - 

800 500 

1 . 0  ? 

15.9 

9 .7  

53 .4  
(35) 

- 

1 0 . 0  

1 . 4  

0 . 7  

1.'5 

0.  6 

0 .8  

- 

4 . 4  

1. 6 
- 

- 

800 

1 .0  

30.1 

- 

32.8 
(28) 
- 
- 

- 

1.0  

0 . 6  

5 .2  

2 * 2  

0 .8  

1 2 . 4  

14. 6 

- 
- 

500 

? 

22.8 

- 
14. 9 
(4 

- 

0.8 

0.7 

1 . 2  

3.3 

0.8 

35.8 

1 .7  

3.1 

14. 5 

800 

1.0 

Coords .  (m.) Elev. (me)  
? I \  

I - i  , -  1: Unal tered Guichon granodior i te  (Wood, 1968) . . . - . - . . - ---. 
1 

2: 

3: 

4: 

5: 
6 :  

7 :  

8: 

- 
Unaltered Guichcrn granodior i te  

A l t e red  and mine ra l i zed  Guichon granodior i te  

A l t e red  and .  minera l ized  Guichon granodior i te  
(Wood, 1968) 

Unal tered Beth lehem granodior i te  (Wood, 1968) 
Unal tered Beth lehem granodior i te  

Al te red  and mine ra l i zed  Beth lehem 

Altered and mine ra l i zed  Beth lehem 
granodior i te  (Wood, 196s)  

granodior i te  

A c c e s s o r i e s  include: apatite, sphene, ru t i le ,  and zircon.  
2 

38 04N 
1844E 
J e r s e y  
Pit 

3496N 
1939E 

2164N 
2347E 
J e r s e y  

P i t  
3548N 
1978E 

- 

7 \  ..._ ! . - . ; ;  1 

._ . . .  . - . .  ~ . .  .... - . . . ._ .. .. . -.- . .- . 
. -  1504 

1341 

- 
1387 

- 

1341 

Fine ly  c r y s t a l l i n e  a l t e r a t i o n  products  include: white m i c a  and small amounts  of 
kaolinite,  montmori l loni te ,  a n d  carbonate .  

3 



1 2 
T a b l e  3: C.hemica1 and T r a c e  Element  Analyses  

1 2 3 4 5 6 7 8 
# 

Si02 

Ti02  

*lZ03 

Fe203 
F e 0  

MnO 

MgO 

CaO 

NaZO 

61 .44  62.37 60 .35  

0. 48 0. 69 0.78 

17 .43  16.27 18.67 

1.46 2.39 1.60 

4. 19 2. 56 4. 56 

0 .09  0.08 0.06 

2. 48 2 .34  2.29 

5. 27 4.88 2.67 

3 .99  3 .93  2.99 

' K 2 0  1 .99  2.35 1.12 

0.81 1. 1 3  4. 63 

H 0-  0 .20  0.-05 0.11 

0 .16  0 .11  0. 1 4  

99.99 99.15 ' 99.97 

2 

p2°5 - I- .- 

3 Elemen t s  - 'parts per  mil l ion 

1 -1 2 

c u  95 150 9900 

Mo 3 4 54  

Pb  25 10 30 

Z n  30 30 25 

62.32 

0. 70 

16.15 

1. 76 

2.45 

0 .08  

2. 64  

4.83 

3 .84  

1.20 

2. 32 

0 .19  

0 .11  

98.59 

-1 

4900 

-1 

10 

35 

62.91 

0 .55  

16.42 

3.26 

3.06 

0.06 

1.10 

6.09 

2.88 

1.32 

1 .64  

0 . 4 4  

0.09 

99.82 

1 

420 

3 

35 

20 

64.33 67.51 65.75 

. O m  51 0. 48 0 .44  

16.79 15 .76  17.32 

1 .06  0.78 2.37 

1 .54  3. 04 1.27 

0.08 0. 04 0.03 

1 .  37 .0.-95 0 .90  

4.73 3.33 2 .72  

4. 60 4. 50 4.99 

1.66 0. 69 2 .25  

0.97 1 .  70 2 .04  

0. 04 0.59 0 . 2 3  

0. 15 0.12 0.08 

99.14 99.77 98.80 

-1 1 -1  

55 3900 1400 

-1 - 4  10 

10 50 10 

50 . 25 15 

Chemica l  ana lyses  by  Dr .  Ken-ichiro Aoki, 1966 and 1974, Tohoku, Univ. 

T r a c e  e lement  amalyses by :Rocky Mountain Geochemical  Labora to r i e s ,  

1 

2 

1973, Salt Lake  City,  Utah. 

Minus s i g n  ( - )  m e a n s  "less than" 3 



F i g u r e  6. AKF d i a g r a m  f o r  a l te ra t ion  m i n e r a l s  common  

in  porphyry  coppe r  deposits.  Solid l ine sepa ra t e s  t he  two 

a l te ra t ion  types distinguished by Rose (1970). Dashed l ines  

indicate s o m e  of the possible  equi l ibr ium assemblages .  






