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ABSTRACT 

The S u l p h u r e t s r e g i o n d u r i n g e a r l y J u r a s s i c time was the 

s i t e of an i s o l a t e d marine b a s i n . T h i s marine b a s i n was 

i n f i l l e d with sedimentary d e t r i t u s of the Hazelt o n Formation. 

T h i s d e t r i t u s formed mainly a r k o s i c and l i t h i c a r e n i t e s of 

very j u v e n i l e c h a r a c t e r . S i l t s t o n e s and mudstones were a l s o 

d e p o s i t e d . Some f e l s i c v o l c a n i c rocks of l a v a ( ? ) flow o r i g i n 

occur w i t h i n the sedimentary p i l e . 

The s e d i m e n t a r y - v o l c a n i c p i l e , d u r i n g l a t e r stages of 

d i a g e n e s i s , was i n t r u d e d by c a l c - a l k a l i n e magma which 

d i f f e r e n t i a t e d over time i n a h y p a b y s s a l environment and 

formed the M i t c h e l l I n t r u s i o n s . I n t r u s i v e rocks vary from 

e a r l i e r h o r n b l e n d e - b e a r i n g f e l d s p a r p o r p h y r i e s to l a t e r 

hornblende-poor f e l d s p a r p o r p h y r i e s , monzonites, g r a n i t e s and 

s y e n i t e s . The i n t r u s i v e rocks c o u l d have been contaminated 

by marine connate waters from the sediments which r e s u l t e d i n 

a l b i t i z a t i o n of a l l p l a g i o c l a s e f e l d s p a r s w i t h i n the M i t c h e l l 

i n t r u s i v e complex. P l a g i o c l a s e i n the s e d i m e n t a r y - v o l c a n i c 

p i l e was a l s o a l b i t i z e d p o s s i b l y due to s t a t i c thermal 

metamorphism by the i n t r u s i v e r o c k s . 

Hydrothermal a l t e r a t i o n i n the study area i s very 

i n t e n s e and r e s u l t s i n almost t o t a l d e s t r u c t i o n of o r i g i n a l 

t e x t u r e i n a l l the r o c k s . The hydrothermal system, b e l i e v e d 

to have commenced d u r i n g the l a t e r stages of M i t c h e l l 

I n t r u s i v e a c t i v i t y , p r o p y l i t i z e d the e a r l i e r M i t c h e l l 
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I n t r u s i o n s . S e r i c i t i c a l t e r a t i o n , s i l i c i f i c a t i o n and 

p o t a s s i c a l t e r a t i o n o v e r p r i n t e d almost a l l of the e a r l i e r 

formed p r o p y l i t i c a l t e r a t i o n as the hydrothermal system 

expanded. S e r i c i t i z a t i o n i s c h a r a c t e r i z e d by the development 

of s e r i c i t e a f t e r f e l d s p a r and i n the groundmass. Quartz-

s e r i c i t e - p y r i t e rock i s very commonly the r e s u l t of 

s e r i c i t i z a t i o n . The only important v a r i a t i o n of s e r i c i t i c 

a l t e r a t i o n i s the o c c u r r e n c e of t o u r m a l i n e i n l o c a l a r e a s . 

S i l i c i f i c a t i o n i s most common i n the s e r i c i t i c zone, but i s 

a l s o found with m i n e r a l i z a t i o n i n the p o t a s s i c zone. 

S i l i c i f i c a t i o n i s c h a r a c t e r i z e d by a d d i t i o n ( ? ) of quartz i n 

b r e c c i a t e d areas and v e i n s . P o t a s s i c a l t e r a t i o n i s 

c h a r a c t e r i z e d by f i n e - g r a i n e d b i o t i t e with minor o r t h o c l a s e . 

A l t e r a t i o n zones grade from p r o p y l i t i c on the west to 

s e r i c i t i c on the e a s t . P o t a s s i c a l t e r a t i o n i s patchy i n 

a r e a l d i s t r i b u t i o n and occurs o n l y on the e a s t e r n s i d e . 

A wide, prominent n o r t h - s o u t h f a u l t zone i s apparent i n 

the S u l p h u r e t s r e g i o n . M i c r o b r e c c i a s due to c a t a c l a s i s have 

been found. M i c r o b r e c c i a t i o n c o u l d be due to movement alo n g 

the n o r t h - s o u t h zone. The n o r t h - s o u t h f a u l t zone probably 

p r o v i d e d a zone of weakness which allowed m i g r a t i o n of 

i n t r u s i o n s and l a t e r hydrothermal f l u i d s . 

M i n e r a l i z a t i o n i s of the Southeast A s i a g o l d - r i c h 

porphyry copper t y p e . C h a l c o p y r i t e and p y r i t e are found as 

d i s s e m i n a t i o n s and i n v e i n s c l o s e l y r e l a t e d to the p o t a s s i c 
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a l t e r a t i o n zone. G o l d - p y r i t e m i n e r a l i z a t i o n occurs w i t h i n 

the s e r i c i t i c zone as d i s s e m i n a t i o n s with t o u r m a l i n e i n 

i n t r u s i v e b r e c c i a , and with quartz i n v e i n s i n s h a t t e r e d 

b l o c k s of q u a r t z - s e r i c i t e rock. P y r i t e i s u b i q u i t o u s and 

formed d u r i n g s e v e r a l g e n e r a t i o n s over the e n t i r e time p e r i o d 

i n v o l v e d . P y r i t e o ccurs as d i s s e m i n a t i o n s , with q u a r t z i n 

veins and as massive replacements, commonly with minor 

c h a l c o p y r i t e and molybdenite. I t i s unknown how the g o l d 

o c c u r s , but i t i s su s p e c t e d to be a s s o c i a t e d with a s i n g l e 

g e n e r a t i o n o f p y r i t e . Molybdenite i s found i n minor 

q u a n t i t i e s with massive p y r i t e bodies i n the s e r i c i t i c zone 

and, i n a few p l a c e s , as f r a c t u r e c o a t i n g s w i t h i n the 

p o t a s s i c zone. Copper and g o l d v a l u e s are g e n e r a l l y 

p r o p o r t i o n a l to each other i n both p o t a s s i c and s e r i c i t i c 

zones, but g o l d content i s lower i n the p o t a s s i c zone. 

Galena and s p h a l e r i t e are r a r e , and are found with i n t e n s e l y 

s i l i c i f i e d zones w i t h i n the s e r i c i t i c zone. The S u l p h u r e t s 

p r o s p e c t i s o v e r a l l a h i g h - t o t a l - s u l f i d e d e p o s i t with 3 to 5 

percent p y r i t e . 

A l l p r e v i o u s workers at S u l p h u r e t s c o n s i d e r e d i t to be 

an a l k a l i n e s u i t e porphyry d e p o s i t . A l k a l i n e porphyry 

systems are c h a r a c t e r i z e d by: a s s o c i a t i o n with a l k a l i n e 

i n t r u s i v e complexes i n t r u d e d i n t o c o e v a l v o l c a n i c r o c k s ; a 

core of p o t a s s i c a l t e r a t i o n surrounded by a very l a r g e 

p r o p y l i t i c zone with l i t t l e or no s e r i c i t i c a l t e r a t i o n ; and 
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g o l d enrichment. S u l p h u r e t s i s c h a r a c t e r i z e d by: 

a s s o c i a t i o n with a c a l c - a l k a l i n e i n t r u s i v e complex; the 

e n c l o s i n g s t r a t a are non-coeval; i r r e g u l a r patches of 

p o t a s s i c a l t e r a t i o n surrounded by a very l a r g e zone of 

s e r i c i t i c a l t e r a t i o n ; the p o t a s s i c a l t e r a t i o n i s 

c h a r a c t e r i z e d by development of b i o t i t e ; and g o l d enrichment. 

Few c o r r e l a t i o n s to o t h e r g o l d - r i c h porphyry d e p o s i t s i n 

B r i t i s h Columbia e x i s t except f o r g o l d enrichment. 

S i m i l a r i t i e s between S u l p h u r e t s and porphyry copper d e p o s i t s 

of Southeast A s i a a r e : h i g h - t o t a l - s u l f i d e content; c a l c -

a l k a l i n e i n t r u s i v e rocks which a c t e d as the source f o r the 

m i n e r a l i z i n g and a l t e r i n g f l u i d s ; and p o t a s s i c a l t e r a t i o n 

c h a r a c t e r i z e d by b i o t i t e with minor or no o r t h o c l a s e . 

S u l p h u r e t s s h o u l d be c l a s s i f i e d with the Southeast A s i a 

d e p o s i t s on the b a s i s of these s i m i l a r i t i e s . 
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INTRODUCTION 

The study area ( f i g s . 1,2,3) i s l o c a t e d w i t h i n the Unuk 

Riv e r r e g i o n of northwest B r i t i s h Columbia and l i e s i n the 

S u l p h u r e t s v a l l e y about 5 k i l o m e t e r s above the c o n f l u e n c e of 

the S u l p h u r e t s Creek with the M i t c h e l l Creek ( f i g . 2 ) . The 

n e a r e s t s e t t l e m e n t , the town of Stewart, i s approximately 88 

k i l o m e t e r s by a i r to the south ( f i g . 2 ) . The i n t e r n a t i o n a l 

border and the c i t y of K e t c h i k a n , A l a s k a are l o c a t e d 

a p p r o x i m a t e l y 19 k i l o m e t e r s and 177 k i l o m e t e r s , r e s p e c t i v e l y , 

to the southwest. The area l i e s near the c r e s t of the Coast 

Range Mountains which are very steep and rugged with r e l i e f 

of 1200 to 1500 meters. A c t i v e g l a c i e r s and i c e f i e l d s 

e n c l o s e the area on the n o r t h , e a s t and south s i d e s . 

Access i s gained e i t h e r by o v e r l a n d t r a v e l on f o o t from 

the west or by a i r . No a i r s t r i p s e x i s t i n the area, l i m i t i n g 

a i r access to h e l i c o p t e r o n l y . 

P r e v i o u s Work 

A c t i v i t y i n the area dates back to the l a t e 1800's when 

the f i r s t p l a c e r c l a i m s were sta k e d i n M i t c h e l l v a l l e y . The 

only work i n the area u n t i l 1960 was performed by a few 

p r o s p e c t o r s hardy enough to h i k e i n t o the a r e a . 

Newmont Mining C o r p o r a t i o n commenced a r e g i o n a l 

e x p l o r a t i o n proram i n the Unuk R i v e r r e g i o n i n 1960 and 

became f u r t h e r i n t e r e s t e d by the d i s c o v e r y of "porphyry-



2 

F i g u r e 1. L o c a t i o n o f S u l p h u r e t s r e g i o n i n B r i t i s h Columbia 



f F i g u r e 2. L o c a t i o n map of s t u d y a r e a . The a r e a f o r t h i s 
paper i s o u t l i n e d i n r e d . Study a r e a o f Kirkham 
( 1 9 6 3 ) i s o u t l i n e d i n b l u e . S c a l e i s 1:250,000. 



F i g u r e 3- O b l i q u e a e r i a l p hotograph of t h e S u l p h u r e t s g o l d 
zone. The S u p h u r e t s G l a c i e r i s a t t h e l o w e r l e f t 
o f p h o t o g r a p h . L o o k i n g n o r t h w e s t . 



copper" type m i n e r a l i z a t i o n i n the area of the M i t c h e l l -

S u l p h u r e t s v a l l e y (Kirkham, 1963). As p a r t of the fo l l o w - u p 

work by Newmont Mining C o r p o r a t i o n a M.Sc. t h e s i s was w r i t t e n 

by R.V. Kirkham i n 1963 at the U n i v e r s i t y of B r i t i s h 

Columbia. Kirkham mapped and s t u d i e d the p e t r o l o g y of a 

l a r g e area c e n t e r e d over the M i t c h e l l - S u l p h u r e t s drainages 

( f i g . 2 ) . Kirkham's work i s the on l y d e t a i l e d p u b l i s h e d 

account o f the geology of the a r e a . Grove (1971) d i s c u s s e d 

the geology and m i n e r a l d e p o s i t s of the Stewart a r e a , which 

comes w i t h i n 32 km of the M i t c h e l l - S u l p h u r e t s r e g i o n , and has 

some r e f e r e n c e to the geology of the r e g i o n . 

S i n c e Newmont Mining C o r p o r a t i o n ' s work the area was 

a c q u i r e d by Granduc Mines L t d . . The p r o p e r t y i s c u r r e n t l y 

under o p t i o n t o Esso M i n e r a l s Canada as o p e r a t o r . S e v e r a l 

r e p o r t s c o n c e r n i n g the study area have been generated by the 

companies working t h e r e , but they remain the p r o p r i e t a r y 

i n f o r m a t i o n of the r e s p e c t i v e companies. 

Purpose and Scope 

The purpose of t h i s i n v e s t i g a t i o n i s to study the 

geology and hydrothermal a l t e r a t i o n o f areas with anomalous 

gol d v a l u e s which are a s s o c i a t e d with porphyry copper-type 

m i n e r a l i z a t i o n . The main area of widespread anomalous g o l d 

values i s c o n c e n t r a t e d along the nor t h s i d e of the S u l p h u r e t s 

v a l l e y ( f i g . 3 ) . T h i s area i s r e f e r r e d to as the S u l p h u r e t s 

gold zone. R e g i o n a l and d e t a i l e d geology, hydrothermal 
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a l t e r a t i o n , p e t r o c h e m i s t r y and s t r u c t u r e are s t u d i e d , with 

emphasis on d e t a i l e d geology and hydrothermal a l t e r a t i o n , to 

a i d i n the u n d e r s t a n d i n g and i n t e r p r e t a t i o n of the g e o l o g i c 

h i s t o r y of the m i n e r a l i z e d a r e a s . 

Methods of Study 

The study area of f i v e square k i l o m e t e r s was mapped and 

sampled i n d e t a i l d u r i n g the summer of 1981. The western 

o n e - t h i r d o f the S u l p h u r e t s g o l d zone was mapped and sampled, 

u s i n g a i r photographs a t a s c a l e of 1 to 5000. The c e n t r a l 

o n e - t h i r d and e a s t e r n o n e - t h i r d p o r t i o n s of the S u l p h u r e t s 

g o l d zone were mapped by W. Melnyk and D. B r i d g e , 

r e s p e c t i v e l y , a t the s c a l e of 1 to 5000. P l a t e s 1 and 2 are 

outcrop maps d e r i v e d from c o m p i l a t i o n of the f i e l d maps. 

E i g h t diamond d r i l l h o l e s were sampled i n d e t a i l by the 

author f o r p e t r o g r a p h i c s t u d y . 

L a b o r a t o r y work was completed d u r i n g the w i n t e r and 

s p r i n g months of 1981-82. A t o t a l of 130 t h i n s e c t i o n s , 

i n c l u d i n g 37 s u r f a c e samples and 93 core samples were s t u d i e d 

with a p e t r o g r a p h i c microscope. A l l t h i n - s e c t i o n , c u t - o f f 

s l a b s were s t a i n e d by sodium c o b a l t i n i t r i t e f o r potassium 

f e l d s p a r . Forty-one samples were prepared and ana l y z e d by X-

ray f l u o r e s c e n c e a t Washington S t a t e U n i v e r s i t y . T h i r t y - s i x 

of the 41 samples were an a l y z e d by atomic a b s o r p t i o n 

s p e c t r o s c o p y f o r Na 20 and K 20 at Acme A n a l y t i c a l 

L a b o r a t o r y i n Vancouver, B.C. A t o t a l of 7 samples were 
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analyzed by X-ray d i f f r a c t i o n a t the U n i v e r s i t y of Idaho to 

a i d i n m i n e r a l i d e n t i f i c a t i o n of c e r t a i n a l t e r a t i o n m i n e r a l s . 

P e t r o c h e m i c a l a n a l y s i s of major oxide chemistry was performed 

at the U n i v e r s i t y o f Idaho u s i n g computer program number C542 

(R.W. Bowden of the USGS Computer Center D i v i s i o n , Denver, 

C o l o r a d o ) . A Lambert e q u a l - a r e a p r o j e c t i o n net i s used f o r 

a n a l y s i s of f r a c t u r e a t t i t u d e s c o l l e c t e d w h i l e i n the f i e l d . 
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GEOLOGY 

The geology of the S u l p h u r e t s area i s d i f f i c u l t to 

i n t e r p r e t due to the i n t e n s e and widespread hydrothermal 

a l t e r a t i o n . S e r i c i t e i s a u b i q u i t o u s a l t e r a t i o n product and 

c o l o r s most of the rocks v a r i o u s shades of green, thus making 

sedimentary rocks i n d i s t i n g u i s h a b l e from i n t r u s i o n s and l a v a 

f l o w s . L i t h o l o g i e s of the study area were i d e n t i f i e d by t h i n 

s e c t i o n s t u d y . In most t h i n s e c t i o n s l i t h o l o g i e s are 

i n d e c i p h e r a b l e , but s e v e r a l v a l u a b l e o b s e r v a t i o n s were made 

which helped with r e c o n s t r u c t i n g the h i s t o r y of the a r e a . 

Due to the nature of t h i s study, only a s m a l l area 

( a p p r o x i m a t e l y f i v e square km.) was mapped ( f i g . 2 ) and 

s t u d i e d i n d e t a i l . T h e r e f o r e , the author has had to r e l y on 

the s t u d i e s by Kirkham ( 1 9 6 3 ) f o r the r e g i o n a l geology. 

Kirkham a l s o had d i f f i c u l t y i n d i s t i n g u i s h i n g the o r i g i n a l 

l i t h o l o g i e s of the r e g i o n . He c o l l e c t e d u n a l t e r e d samples 

o u t s i d e of h i s study area t h a t he i n f e r r e d to be e q u i v a l e n t 

to rocks i n the study a r e a . 

The M i t c h e l l i n t r u s i v e complex i n the M i t c h e l l -

S u l p h u r e t s r e g i o n was o r i g i n a l l y thought, by a l l p r e v i o u s 

workers, to be of the a l k a l i n e s u i t e , s i m i l a r to a l k a l i n e 

copper porphyry d e p o s i t s i n B r i t i s h Columbia d e s c r i b e d by 

Barr, Fox, Northcote and Preto ( 1 9 7 6 ) . The presen t study 

f i n d s t h a t few s i m i l a r i t i e s e x i s t between S u l p h u r e t s and 

a l k a l i n e porphyry d e p o s i t s . 
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The study area i s s i t u a t e d w i t h i n the western edge of 

the Mesozoic-age Bowser B a s i n , a p p r o x i m a t e l y 20 km. east of 

the c o n t a c t with the Coast C r y s t a l l i n e Complex of T e r t i a r y 

age. The v o l c a n i c - s e d i m e n t a r y package of rocks i s c o n s i d e r e d 

p a r t of the H a z e l t o n assemblage of J u r a s s i c age and (or) 

p o s s i b l y b e l o n g i n g to the upper T r i a s s i c age T a k l a ( ? ) Group 

(Kirkham, 1963). The i n t r u s i v e rocks are a l s o thought, by 

Kirkham and t h i s author, to be J u r a s s i c i n age. P r i o r to the 

i n t r u s i v e event the v o l c a n i c - s e d i m e n t a r y sequence was 

s u b j e c t e d to c a t a c l a s i s t h a t formed m i c r o b r e c c i a s . 

H a z e l t o n Formation 

The sedimentary members of t h i s assemblage i n the study 

area, as r e c o g n i z e d by t h i s author (see p i . 3), are 

r e p r e s e n t e d by b l a c k , f i n e - g r a i n e d s i l t s t o n e , a l t e r e d 

mudstones, l i t h i c to a r k o s i c a r e n i t e s and l i t h i c to a r k o s i c 

wackes. L i t h i c to a r k o s i c a r e n i t e s predominate f o l l o w e d by 

a p h a n i t i c mudstones. The b a s a l u n i t of the v o l c a n i c -

sedimentary sequence i s a dense, f i n e - g r a i n e d s i l t s t o n e t h a t , 

u n l i k e the other members, i s u n a l t e r e d . The b a s a l s i l t s t o n e 

i s a l s o found as x e n o l i t h s which range from 20 cm to 30 m 

long ( p i . 2) i n monzonite porphyry. Higher i n the s e c t i o n 

the l i t h o l o g i e s r a p i d l y a l t e r n a t e between a r e n i t e s , a p h a n i t i c 

mudstones, wackes and v o l c a n i c beds which vary i n t h i c k n e s s 

from 20 cm to 30 m, and are most commonly from 5 to 15 m. 

L i t h i c a r e n i t e s ( f i g . 4) and wackes are c h a r a c t e r i z e d by 
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g r a i n s of d e t r i t a l c h e r t with s u b o r d i n a t e f e l d s p a r s . A r k o s i c 

a r e n i t e s ( f i g . 5) and wackes are r e c o g n i z e d by a p a u c i t y of 

d e t r i t a l c h e r t and f e l d s p a r content ( a l b i t e and o r t h o c l a s e ) 

g r e a t e r than 15 p e r c e n t . 

A p a t i t e , as much as 5 percent i n volume, i s a common 

c o n s t i t u e n t i n a l l u n i t s . Z i r c o n i s l e s s common and 

g e n e r a l l y l e s s than 1 percent i n volume. C a l c i t e i s 

u b i q u i t o u s i n sedimentary r o c k s , v o l c a n i c rocks and 

i n t r u s i o n s . C a l c i t e i n the i n t e r s t i c e s of the sediments may 

be i n t e r p r e t e d as being mainly of d i a g e n e t i c o r i g i n and 

amounts to as much as 20 p e r c e n t . O r t h o c l a s e i s the 

predominant f e l d s p a r v a r y i n g from 5 to 15 perc e n t i n l i t h i c 

sediments, and from 15 to 50 p e r c e n t i n a r k o s i c sediments. 

B i o t i t e and hornblende g r a i n s are r a r e l y found. P l a g i o c l a s e 

( a l b i t e ) i s s u b o r d i n a t e , r a r e l y exceeding 15 p e r c e n t . Table 

1 l i s t s the ranges of m i n e r a l o g i c compositions of sedimentary 

u n i t s . 

Sedimentary u n i t s are extremely immature (Kirkham, 

1963). Angular to sub-angular shapes and very poor s o r t i n g 

are t y p i c a l . A l s o , the high percentage of f e l d s p a r i s 

i n d i c a t i v e o f d e p o s i t i o n c l o s e to the s o u r c e . A c c o r d i n g to 

Kirkham (1963), the sedimentary u n i t s are of marine o r i g i n . 

No s t r a t i g r a p h i c sequence has been determined, by Kirkham or 

myself, i n the f i e l d . 

Kirkham (1963) r e c o g n i z e d t h a t v o l c a n i c rocks o c c u r r e d 

to the ea s t o f , and o v e r l y i n g , the sedimentary s t r a t a . 
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F i g u r e 4. M i c r o p h o t o g r a p h of t y p i c a l l i t h i c a r e n i t e . 
O r t h o c l a s e , a l b i t e and c h e r t g r a i n s a r e i n a 
m a t r i x of c a l c i t e and s e c o n d a r y s e r i c i t e . 
Sample 20-8, 28x, c r o s s e d n i c o l s . 



12 

F i g u r e 5. M i c r o p h o t o g r a p h o f t y p i c a l a r k o s i c a r e n i t e . 
O r t h o c l a s e f e l d s p a r s i n a m a t r i x of s e c o n d a r y 
s e r i c i t e . Cemented by c a l c i t e . Sample 24-19, 
m a g n i f i c a t i o n 2 8 x , c r o s s e d n i c o l s . 
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Table 1. Average ranges of m i n e r a l o g i c compositions i n 
percent of sedimentary r o c k s . A l l v a l u e s are from 
v i s u a l e s t i m a t e s . 

A p h a n i t i c L i t h i c A r k o s i c L i t h i c A r k o s i c 
Rock Type Mudstone A r e n i t e A r e n i t e Wacke Wacke 

O r t h o c l a s e 15-40 5-10 10-30 5-10 10-30 

P l a g i o c l a s e - 2-5 2-15 2-10 5-15 

Quartz - 5-15 5-15 5-10 5-10 

Cnert Fragments - 15-25 5-15 15-25 5-10 

Other Rock 
Fragments - <2 - - -
Hornblende - Rare Rare Rare Rare 

B i o t i t e - Rare Rare Rare Rare 

A p a t i t e 1-2 1-5 1-2 1-5 1-2 

Z i r c o n <1 <1 <1 <1 <1 

S e r i c i t e 5-10 5-10 5-20 5-10 5-10 

C a l c i t e 5-20 2-20 0-10 0-10 0-20 

C h l o r i t e <5 <5 2-3 <3 <5 

Opaque Mins . 1-3 1-5 1-3 1-3 1-3 

Mat r i x 0-40 0-10 0-10 15-20 15-20 

Number of 
Samples 15 4 16 1 2 
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Kirkham i d e n t i f i e d l a p i l l i t u f f and v o l c a n i c b r e c c i a s as the 

most common rock types; p y r o c l a s t i c flows and f e l d s p a r 

porphyry l a v a ( ? ) flows are l e s s common. The v o l c a n i c u n i t s 

d e s c r i b e d by Kirkham are j u s t to the eas t o f the study area 

of i n t e r e s t f o r t h i s paper and were not examined. However, 

i n t h i n s e c t i o n , v o l c a n i c rocks were i d e n t i f i e d from d r i l l 

c ore, and these are i n t e r l a y e r e d with the sedimentary r o c k s . 

V o l c a n i c rocks i d e n t i f i e d are t r a c h y t e and f e l d s p a r 

porphyry ( f i g . 6 ) . I t i s p o s s i b l e t h a t more o f the u n i t s 

w i t h i n the sedimentary p i l e are v o l c a n i c rocks but the 

i n t e n s e a l t e r a t i o n has de s t r o y e d a l l v e s t i g e s of primary 

t e x t u r e s and m i n e r a l s . The amount of v o l c a n i c rocks 

i d e n t i f i e d i n the Ha z e l t o n assemblage w i t h i n the study area 

i s v o l u m e t r i c a l l y r a t h e r s m a l l , perhaps l e s s than 20 p e r c e n t . 

T r a c h y t e and f e l d s p a r porphyry are r e c o g n i z e d i n d r i l l h o l e s 

2 3 and 24, r e s p e c t i v e l y ( p i . 5 ) . Other rocks t h a t are 

suspe c t e d to be v o l c a n i c are found i n d r i l l h o l e s 18 ( p i . 5) 

and 2 6 ( p i . 6 ) , but cannot be p o s i t i v e l y i d e n t i f i e d as 

v o l c a n i c r o c k s . R e c o g n i t i o n of f e l d s p a r porphyry as a 

v o l c a n i c rock i s based on s u b - p a r a l l e l l i n e a t i o n of f e l d s p a r 

p h e n o c r y s t s , and t h i s t e x t u r e c o u l d be t h a t o f a hy p a b y s s a l 

i n t r u s i v e r o c k . V o l c a n i c u n i t s vary from 5 to 15 meters i n 

t h i c k n e s s and c o u l d be of l a v a flow o r i g i n . 

A l l v o l c a n i c and e n c l o s i n g sedimentary rocks are v a r i o u s 

shades of gre e n . Kirkham ( 1 9 6 3 ) noted t h a t the v o l c a n i c 

rocks assumed a green c o l o r upon i n t e n s e a l t e r a t i o n . The 
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F i g u r e 6 . M i c r o p h o t o g r a p h of v o l c a n i c f ? ) f e l d s p a r p o r p h y r y . 
Secondary s e r i c i t e c o m p l e t e l y r e p l a c e s 
p l a g i o c l a s e f e l d s p a r . O r t h o c l a s e i s r e l a t i v e l y 
u n a l t e r e d . Opaque m i n e r a l i s p y r i t e . Sample S - 4 , 
m a g n i f i c a t i o n 2 8 x , c r o s s e d n i c o l s . 
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green c o l o r i s thought to be due to the s e r i c i t e c o n t e n t . 

V o l c a n i c rocks are p o r p h y r i t i c to s e r i a t e p o r p h y r i t i c and 

m i c r o p o r p h y r i t i c with a n h e d r a l phenocrysts as much as 2 mm i n 

l e n g t h . Table 2 g i v e s t y p i c a l m i n e r a l o g i c c o m p o s i t i o n s . 

V o l c a n i c u n i t s have a very f i n e - g r a i n e d m a t r i x t h a t c o n s i s t s 

of s e r i c i t e , c a l c i t e and opaques ( s u l f i d e s and l e u c o x e n e ) . 

T h i s m a t r i x makes up most of the rock, t h e r e f o r e , 

c l a s s i f i c a t i o n based on the mode i s tenuous. 

O r t h o c l a s e i s the only f e l d s p a r p r e s e n t i n t r a c h y t e . 

Sample 2 4 - 1 3 from d r i l l h o l e 24 ( p i . 5 ) has a b a s a l t i c 

t e x t u r e with abundant m i c r o l i t e s of p l a g i o c l a s e and 

c r y s t a l l i t e s . S e r i c i t e a f t e r p l a g i o c l a s e ( ? ) i s common. 

F e l d s p a r porphyry i s g e n e r a l l y too a l t e r e d to 

d i s t i n g u i s h the type of f e l d s p a r p r e s e n t . A l b i t e commonly 

occurs i n f e l d s p a r porphyry but i s g e n e r a l l y s u b o r d i n a t e to 

o r t h o c l a s e . Quartz i s commonly p r e s e n t i n s m a l l q u a n t i t y , 

but i s r a r e l y r e c o g n i z a b l e i n the mode. 

F i v e samples of v o l c a n i c rock were a n a l y z e d by X-ray 

f l u o r e s c e n c e f o r SiO^, A1 20^, FeO, Fe 2 0 ^ , MgO, CaO, 

T i 0 2 , ?2®3' a n c * ^ atomic a b s o r p t i o n f o r Na 20 and 

K 20. F i g u r e 7 i s a p l o t of Na 20 and K 20 versus S i 0 2 . 

The a l k a l i n e - s u b a l k a l i n e boundary i s from MacDonald ( 1 9 6 8 ) . 

F i g u r e 7 shows t h a t most of the v o l c a n i c rocks are 

s u b a l k a l i n e i n c h a r a c t e r . Although the s t a t i s t i c a l 

p o p u l a t i o n i s r a t h e r s m a l l the t r e n d i s i n d i c a t e d . F i g u r e 8 

i s a p l o t of CaO versus Na~0 versus K 90 t h a t i n d i c a t e s 
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Table 2. Range of m i n e r a l o g i c compositions i n percent of 
r o c k s , based on v i s u a l e s t i m a t e s from s t a i n e d s l a b s 
and p e t r o g r a p h i c s e c t i o n s . 

Rock Type Trachyte F e l d s p a r Porphyry 

Quartz 0-5 0-5 

O r t h o c l a s e 10-40 0-10 

P l a g i o c l a s e 0-5 5-10 

S e r i c i t e 10-30 10-30 

C a l c i t e 0-15 0-10 

C h l o r i t e 0-3 0-5 

Leucoxene 0-5 0-5 

S u l f i d e s 0-3 0-3 

Number of 
Samples 2 1 



1 8 

F i g u r e 7 . B i n a r y p l o t o f KpO + NA 2 0 - S i 0 2 f o r 
v o l c a n i c r o c k s a t S u l p h u r e t s . A l k a l i n e boundary 
from MacDonald ( 1 9 6 8 ) . See a p p e n d i c e s f o r 
d e s c r i p t i o n s of s a m p l e s . 
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t h a t the v o l c a n i c rocks are p o t a s s i u m - r i c h r a t h e r than 

s o d i u m - r i c h , and c a l c i u m - p o o r . F i g u r e 9 i s a c l a s s i f i c a t i o n 

p l o t based on the normative composition which p l a c e s the 

v o l c a n i c rocks mainly i n the t r a c h y t e f i e l d with minor 

a l k a l i c t r a c h y t e ( a f t e r Barr and o t h e r s , 1976). In 

comparison with p e t r o c h e m i c a l data from porphyry copper 

d e p o s i t s of a l k a l i n e a f f i n i t y i n B r i t i s h Columbia, the 

v o l c a n i c rocks at S u l p h u r e t s are s u b - a l k a l i n e ( f i g . 7 ) . 

A c c o r d i n g to Barr and others (1976) v o l c a n i c u n i t s at o t h e r 

l o c a l e s are of s o d i c and p o t a s s i c types with p o t a s s i c - M c h 

types dominating. Rocks at S u l p h u r e t s are of p o t a s s i c 

a f f i n i t y but without enough potassium to p l o t them i n the 

a l k a l i n e f i e l d ( f i g . 7 ) . The v o l c a n i c rocks at S u l p h u r e t s do 

not compare very w e l l with v o l c a n i c rocks of a l k a l i n e s u i t e 

porphyry d e p o s i t s . 

M i t c h e l l I n t r u s i o n s 

The name " M i t c h e l l I n t r u s i o n s " was i n t r o d u c e d by Kirkham 

(1963) to app l y to a l l the igneous rocks o c c u r r i n g i n the 

v i c i n i t y of M i t c h e l l and S u l p h u r e t s v a l l e y s , except f o r l a t e 

d i k e s . 

In the study a r e a , I have r e c o g n i z e d 4 s e p a r a t e 

l i t h o l o g i c types ( p i . 1-3,5) which appear to be 

d i f f e r e n t i a t e s of the same magma: f e l d s p a r - h o r n b l e n d e 

porphyry, s y e n i t e , monzonite and l a t e d i k e s . In outcrop the 

rocks are almost always u n r e c o g n i z a b l e . Only s y e n i t e and 
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f e l d s p a r - h o r n b l e n d e porphyry have been i d e n t i f i e d i n the 

f i e l d . Kirkham (1963) r e c o g n i z e d t h a t s y e n i t e may c o n t a i n 

o r t h o c l a s e phenocrysts t h a t are v a r i o u s l y c o l o r e d t o shades 

of pink and r e d . F e l d s p a r - h o r n b l e n d e porphyry i s l o c a l l y 

r e c o g n i z a b l e i n the f i e l d by r e l i c t hornblende l a t h s . 

Because of i n t e n s e hydrothermal a l t e r a t i o n a l l i n t r u s i v e 

rocks are g e n e r a l l y u n i d e n t i f i a b l e i n out c r o p , hand and core 

samples. I have been a b l e to i d e n t i f y rock types only i n 

t h i n s e c t i o n and a l l d e s c r i p t i o n s , u n l e s s otherwise noted, 

are t h i n s e c t i o n d e s c r i p t i o n s . 

Kirkham ( 1 9 6 3 ) r e c o g n i z e d 3 s e p a r a t e l i t h o l o g i c types 

which he c o n s i d e r e d to be d i f f e r e n t i a t e s of the same magma; 

p l a g i o c l a s e - h o r n b l e n d e porphyry, s y e n i t e and q u a r t z s y e n i t e , 

and g r a n i t e . He used the name p l a g i o c l a s e - h o r n b l e n d e 

porphyry to r e f e r to almost a l l h o r n b l e n d e - r i c h rocks because 

they vary i n modal c o m p o s i t i o n . I have found t h a t modal 

compo s i t i o n does indeed vary g r e a t l y and commonly no 

p l a g i o c l a s e i s found, o n l y o r t h o c l a s e . In the study a r e a , I 

b e l i e v e a b e t t e r f i e l d name f o r t h i s rock type i s f e l d s p a r -

hornblende porphyry. 

I have grouped the d i k e s t o g e t h e r with the M i t c h e l l 

I n t r u s i o n s on the b a s i s of p e t r o c h e m i c a l evidence which w i l l 

be d i s c u s s e d l a t e r . S u l f i d e m i n e r a l i z a t i o n and hydrothermal 

a l t e r a t i o n are thought to be a r e s u l t of the M i t c h e l l 

I n t r u s i o n s . 
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Feldspar-Hornblende Porphyry 

F e l d s p a r - h o r n b l e n d e porphyry ( f i g . 10) i s r e c o g n i z e d by 

the presence o f hornblende l a t h s which are very r a r e l y 

u n a l t e r e d ( p i . 1,2). Hornblende i s commonly a l t e r e d to a 

mixture o f c h l o r i t e ( p e n n i n i t e ) , c a l c i t e , Fe-oxides and 

s e r i c i t e . F e l d s p a r composition v a r i e s from p l a g i o c l a s e to 

o r t h o c l a s e . With g r e a t e r i n t e n s i t y of a l t e r a t i o n p l a g i o c l a s e 

a l t e r s to c a l c i t e , minor c l i n o z o i s i t e and s e r i c i t e . 

O r t h o c l a s e r e s i s t s a l t e r a t i o n . F e l d s p a r - h o r n b l e n d e porphyry 

i s p o r p h y r i t i c to s e r i a t e p o r p h y r i t i c . P l a g i o c l a s e f e l d s p a r 

occurs as l a t h s as much as 3 mm i n l e n g t h , whereas o r t h o c l a s e 

i s r a r e l y observed g r e a t e r than 2 mm and i s g e n e r a l l y l e s s 

than 0.5 mm i n l e n g t h . O r t h o c l a s e contents f o r t h i s study 

were mostly e s t i m a t e d from s t a i n e d s l a b s . Hornblende i s from 

2 to 4 mm i n l e n g t h . Leucoxene i s common and s u l p h i d e s , 

mainly p y r i t e , are u b i q u i t o u s . The groundmass of f e l d s p a r -

hornblende porphyry i s d e s c r i b e d by Kirkham (1963) as being 

"dense, l i g h t gray". The groundmass i s g e n e r a l l y a mixture 

of o r t h o c l a s e and s e r i c i t e . Table 3 l i s t s average modal 

compositions of the M i t c h e l l i n t r u s i v e r o c k . Kirkham (1963) 

a l s o noted t h a t l a r g e c r y s t a l s of sphene are found o n l y i n 

s y e n i t e . In S u l p h u r e t s v a l l e y , however, sphene has been 

found to occur i n f e l d s p a r - h o r n b l e n d e porphyry. F i g u r e 11 i s 

a p l o t of CaO versus Na 20 versus K 20 f o r the i n t r u s i v e 

rocks i n S u l p h u r e t s v a l l e y . The f e l d s p a r - h o r n b l e n d e 

o r p h y r i e s appear to be c a l c - a l k a l i n e i n composition v a r y i n g 
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• 

F i g u r e 1 0 . M i c r o p h o t o g r a p h of t y p i c a l f e l d s p a r - h o r n b l e n d e 
p o r p h y r y . P l a g i o c l a s e i s t o t a l l y r e p l a c e d by 
s e r i c i t e . H ornblende i s a l t e r e d t o c h l o r i t e , 
c a l c i t e and opaques. L i g h t c o l o r e d groundmass i s 
s e r i c i t e . Sample S-1, m a g n i f i c a t i o n 28x, p l a n e 
l i g h t . 
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CaO 

F i g u r e 11. T e r n a r y p l o t o f CaO - Na 20 - K 2 0 f o r M i t c h e l l 
I n t r u s i o n s . See a p p e n d i c e s f o r sample 
d e s c r i p t i o n s . 
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from almost equal p a r t s of CaO and K^O to being c a l c - r i c h . 

Only one sample showed an a p p r e c i a b l e amount of sodium; 

however, the sodium v a l u e f o r the sample (E) i s i n doubt 

because i t i s a v a l u e from X-ray f l u o r e s c e n c e a n a l y s i s r a t h e r 

than atomic a b s o r p t i o n . In f i g u r e 12 the f e l d s p a r - h o r n b l e n d e 

p o r p h y r i e s p l o t i n the monzonite f i e l d based on t h e i r 

normative v a l u e s . 

S y e n i t e 

In t h i n - s e c t i o n , s y e n i t e ( p i . 1,3,4) i s p o r p h y r i t i c to 

s e r i a t e p o r p h y r i t i c with phenocrysts a v e r a g i n g 2 to 3 mm i n 

s i z e , but g r a i n s up to 200 mm have been found (Kirkham,. 

1963). Phenocrysts are predominantly o r t h o c l a s e (Table 3) 

which i s commonly p e r t h i t i c . O r t h o c l a s e phenocrysts are 

v a r i o u s l y c o l o r e d to shades of pink and red (Kirkham, 1963). 

P l a g i o c l a s e i s found only i n minor q u a n t i t i e s . Quartz i s 

r a r e as phenocrysts and g e n e r a l l y occurs as very s m a l l 

a n h e d r a l g r a i n s i n the groundmass. O v e r a l l , modal m i n e r a l s 

are a n h e d r a l i n o u t l i n e . Green t o u r m a l i n e ( s c h o r l ) i s 

l o c a l l y p r e s e n t i n s y e n i t e , but i s a l s o observed i n f e l d s p a r -

hornblende porphyry and monzonite. Tourmaline occurs as a 

secondary m i n e r a l i n h i g h l y a l t e r e d b r e c c i a t e d rocks 

g e n e r a l l y i n c r y s t a l s l e s s than 1 mm i n s i z e . R a r e l y , 

r a d i a t i n g aggregates of t o u r m a l i n e (suns) as much as 2 mm i n 

diameter are found. C l i n o z o i s i t e i s p r e s e n t i n some t h i n -

s e c t i o n s as an a l t e r a t i o n product of p l a g i o c l a s e . 
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In the f i e l d ( p i . 1 , 3 , 4 ) the most conspicuous d i f f e r e n c e 

between s y e n i t e and f e l d s p a r - h o r n b l e n d e porphyry i s t h a t 

s y e n i t e has pink to red phenocrysts s e t i n a gray m a t r i x . 

F e l d s p a r - h o r n b l e n d e porphyry has a high percentage of 

hornblende i n a f i n e - g r a i n e d green m a t r i x . Hornblende i s 

r a r e l y found i n s y e n i t e and does not occur as more than 5 

percent of the rock (Kirkham, 1 9 6 3 ) . In c o n t r a s t with 

h o r n b l e n d e - b e a r i n g i n t r u s i o n s , hornblende-poor rocks are 

p o t a s s i u m - r i c h ( f i g . 1 1 ) . In F i g u r e 1 2 , the hornblende-poor 

rocks occur i n the s y e n i t e and a l k a l i s y e n i t e f i e l d s ( a f t e r 

Barr and o t h e r s , 1 9 7 6 ) . 

Monzonite 

Another important type (Table 3 ) of i n t r u s i o n r e c o g n i z e d 

i n the S u l p h u r e t s v a l l e y ( p i . 1 - 4 ) was i d e n t i f i e d as a r e s u l t 

of t h i n s e c t i o n study as monzonite ( f i g . 1 3 ) . The rock i s 

m i n e r a l o g i c a l l y very s i m i l a r to f e l d s p a r - h o r n b l e n d e porphyry 

except i t l a c k s hornblende. Samples "P" and "?" ( f i g . 1 1 ) 

occur with both the hornblende-poor and h o r n b l e n d e - b e a r i n g 

rocks due to a v a r i a t i o n i n CaO c o n t e n t . In F i g u r e 12 these 

samples p l o t i n d i f f e r e n t f i e l d s a g a i n due to d i f f e r e n c e s i n 

the CaO c o n t e n t . The sample with h i g h e r CaO has h i g h e r 

normative p l a g i o c l a s e content and i s a monzonite whereas the 

other sample i s a s y e n i t e . A l s o n o t i c e d i n the monzonite i s 

the presence of a n h e d r a l a p a t i t e g r a i n s up to 1 mm i n s i z e . 



F i g u r e 12. C l a s s i f i c a t i o n p l o t o f M i t c h e l l I n t r u s i o n s , based 
on n o r m a t i v e c o m p o s i t i o n s . See a p p e n d i c e s f o r 
sample d e s c r i p t i o n s . 
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Table 3- Range of m i n e r a l o g i c compositions i n percent o f 
M i t c h e l l I n t r u s i o n s i n S u l p h u r e t s v a l l e y , based on 
v i s u a l e s t i m a t e s from s t a i n e d s l a b s and 
p e t r o g r a p h i c s e c t i o n s . 

Rock Type 

F e l d s p a r -
Hornblende 
Porphyry S y e n i t e Monzonite 

Quartz 

O r t h o c l a s e 

P l a g i o c l a s e 

Hornblende 

A p a t i t e 

Sphene 

R u t i l e 

S e r i c i t e 

C h l o r i t e 

C a l c i t e 

Tourmaline 

C l i n o z o i s i t e 

U n r e s o l v a b l e 
C l a y s 

Leucoxene 

S u l f i d e s 

Number of 
Samples 

0- 20 

5-30 

5-30 

15-60 

1- 2 

1 

Found i n 
one s l i d e 

10-40 

5-25 

5-15 

Rare 

5 

5-15 

0-5 

2- 3 

1 1 

0-10 

20-30 

2 

5-40 

0-2 

5-15 

Rare 

3 

0-10 

0-5 

2-3 

0- 10 

10-30 

10-20 

1- 2 

10-30 

0-5 

0-15 

Rare 

3 

0-10 

0-5 

2-5 
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Comparison with A l k a l i n e Porphyry I n t r u s i o n s 

The M i t c h e l l I n t r u s i o n s e x h i b i t some s i m i l a r i t i e s to 

i n t r u s i o n s a s s o c i a t e d with a l k a l i n e porphyry d e p o s i t s i n 

B r i t i s h Columbia. The p r i n c i p a l rock type at other 

l o c a l i t i e s i s monzonite and most of the p l u t o n s are of the 

p o t a s s i c s u i t e . None have s t r o n g l y s o d i c compositions (Barr 

and o t h e r s , 1976). The i n t r u s i o n s a t other l o c a t i o n s a re of 

upper T r i a s s i c to lower J u r a s s i c age and are emplaced w i t h i n 

t h e i r own e f f u s i v e p i l e . 

At S u l p h u r e t s the i n t r u s i v e rocks are predominantly 

p o t a s s i u m - r i c h monzonites but are s u b - a l k a l i n e i n c h a r a c t e r 

( f i g . 7 ) . A l s o a t S u l p h u r e t s the i n t r u s i v e rocks are not 

c o n s i d e r e d to be c o e v a l with the e n c l o s i n g sedimentary-

v o l c a n i c s t r a t a . Most i n t r u s i o n s are d i f f e r e n t i n 

com p o s i t i o n from the v o l c a n i c r o c k s , which are t r a c h y t i c 

( f i g . 9,12). In S u l p h u r e t s v a l l e y a t the base of the n o r t h 

v a l l e y w a l l , monzonite porphyry i s found with many l a r g e 

x e n o l i t h s of the b a s a l sedimentary u n i t which i n d i c a t e s t h a t 

the porphyry i s younger than the s e d i m e n t a r y - v o l c a n i c 

s u c c e s s i o n . The i n t r u s i o n s , a l though not c o e v a l , are thought 

to be s l i g h t l y younger than the H a z e l t o n assemblage and are 

c o n s i d e r e d e a r l y J u r a s s i c i n age. 

Dikes 

Dikes of hornblende s y e n i t e and hornblende d i o r i t e ( p i . 

3) have been found i n d r i l l h o l e s 19 and 20, r e s p e c t i v e l y 
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( p i . 4 ) . Kirkham ( 1 9 6 3 ) d i d not c o n s i d e r d i k e s to be p a r t of 

the M i t c h e l l I n t r u s i o n s and used the term " l a t e d i k e s " . 

However, I found i n t h i n - s e c t i o n t h a t , m i n e r a l o g i c a l l y , these 

dikes are almost i d e n t i c a l to f e l d s p a r - h o r n b l e n d e porphyry. 

Chemical a n a l y s i s of the d i k e s a l s o shows t h a t they are 

p e t r o c h e m i c a l l y s i m i l a r to f e l d s p a r - h o r n b l e n d e porphyry. 

Samples "T" and " 3 " i n F i g u r e 11 are of d i k e rocks and p l o t 

i n the same f i e l d w ith f e l d s p a r - h o r n b l e n d e porphyry. In 

F i g u r e 12 these same samples p l o t i n the monzonite f i e l d . 

The only d i f f e r e n c e I have found between M i t c h e l l I n t r u s i o n s 

and dikes i s t h a t the d i k e s are very f r e s h i n appearance and 

are o n l y i n c i p i e n t l y a l t e r e d with c l i n o z o i s i t e and c a l c i t e 

a f t e r p l a g i o c l a s e . Because of t h e i r p e t r o c h e m i c a l and 

m i n e r a l o g i c a s p e c t s , I c o n s i d e r the d i k e s to be p a r t of the 

M i t c h e l l I n t r u s i o n s . Due to the l a c k of a l t e r a t i o n they 

c o u l d r e p r e s e n t a very l a t e i n t r u s i v e phase which was 

v o l u m e t r i c a l l y very s m a l l and o c c u r r e d a f t e r the m i n e r a l i z i n g 

and hydrothermal a l t e r a t i o n event, or, they c o u l d r e p r e s e n t 

lamprophyres t h a t were a l t e r e d by l a t e - s t a g e hydrothermal 

s o l u t i o n s . 

C o n c l u s i o n s 

During e a r l y H a z e l t o n time ( e a r l y J u r a s s i c ) the 

S u l p h u r e t s r e g i o n was the s i t e of a marine b a s i n . T h i s b a s i n 

was i n f i l l e d with sedimentary and v o l c a n i c d e b r i s and flows, 

p r i m a r i l y l i t h i c and a r k o s i c a r e n i t e s . The sediments are 
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very j u v e n i l e i n c h a r a c t e r and may have been d e p o s i t e d by 

t u r b i d i t y c u r r e n t s (Kirkham, 1963) c l o s e to t h e i r s o u r c e . 

The presence of v o l c a n i c flows i n the sedimentary p i l e c o u l d 

a l s o i n d i c a t e d e p o s i t i o n c l o s e to the source a r e a . 

D e p o s i t i o n may have taken p l a c e i n an i s o l a t e d , back-arc 

b a s i n . S i l l i t o e (1979) s t a t e s t h a t d u r i n g l a t e T r i a s s i c -

e a r l y J u r a s s i c time B r i t i s h Columbia r e p r e s e n t e d a 

c o n t i n e n t a l margin s e t t i n g . Subsequently, the sedimentary-

v o l c a n i c p i l e was s u b j e c t e d to u p l i f t , compaction and 

cementation by c a l c i t e . 

F o l l o w i n g or perhaps, d u r i n g , d i a g e n e s i s of the 

s e d i m e n t a r y - v o l c a n i c u n i t s the p i l e was i n t r u d e d by the 

M i t c h e l l I n t r u s i o n s (Kirkham, 1963). Chemical a n a l y s i s of 

the M i t c h e l l I n t r u s i o n s i n d i c a t e s t h a t they are of c a l c -

a l k a l i n e a f f i n i t y . T h i s d i f f e r s from the c o n c l u s i o n s of 

p r e v i o u s workers (Kirkham, Grove) who b e l i e v e d t h a t the 

i n t r u s i v e s were a l k a l i n e i n c h a r a c t e r . The M i t c h e l l 

I n t r u s i o n s show d i f f e r e n t i a t i o n from e a r l i e r hornblende-

b e a r i n g p o r p h y r i e s to l a t e r hornblende-poor, s u b a l k a l i n e 

monzonites and s y e n i t e s ( f i g . 11,14). 
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F i g u r e 1 3 . M i c r o p h o t o g r a p h o f monzonite p o r p h y r y . 
P l a g i o c l a s e and o r t h o c l a s e p h e n o c r y s t s a r e s e t i n 
a f i n e - g r a i n e d groundmass w i t h s e r i c i t e and 
c a l c i t e . Sample 3 0 9 3 , m a g n i f i c a t i o n 2 8 x , c r o s s e d 
n i c o l s . 
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F i g u r e 14. B i n a r y p l o t o f K 20 + NapO - SiO f o r 
M i t c h e l l I n t r u s i o n s . A l k a l i n e boundary from 
MacDonaid 1968. See a p p e n d i c e s f o r sample 
d e s c r i p t i o n s . 



35 

STRUCTURE 

A s t r u c t u r a l a n a l y s i s of the S u l p h u r e t s area i s a very 

d i f f i c u l t u n d e r t a k i n g . Hydrothermal a l t e r a t i o n has masked 

almost a l l f i e l d r e l a t i o n s h i p s of the geology, hence evidence 

of f o l d s and o f f s e t along f a u l t s i s u n r e c o g n i z a b l e . No 

evidence of bedding or flow l a y e r i n g c o u l d be found. Few 

c o n c l u s i o n s can be drawn c o n c e r n i n g the s t r u c t u r a l geology 

from the s u r f a c e geology. During the course of the t h i n 

s e c t i o n study i t became apparent t h a t the a r e a has undergone 

some c a t a c l a s i s which formed m i c r o b r e c c i a s . Kirkham ( 1963 ) 

r e c o g n i z e d m y l o n i t e to the north i n M i t c h e l l v a l l e y but not 

i n S u l p h u r e t s v a l l e y . Perhaps c a t a c l a s i s was more i n t e n s e to 

the n o r t h which c o u l d be r e s p o n s i b l e f o r the m y l o n i t e found 

t h e r e . 

F o l d s 

Hydrothermal a l t e r a t i o n has o b l i t e r a t e d almost a l l 

primary t e x t u r e s i n S u l p h u r e t s v a l l e y ; t h e r e f o r e d e s t r o y i n g 

a l l evidence of f o l d s . Kirkham had the same problem d u r i n g 

h i s f i e l d work and o n l y s o l v e d the problem by examining an 

u n a l t e r e d s e c t i o n a p p r o ximately 10 km to the north of 

M i t c h e l l v a l l e y , where he found a l a r g e major f o l d . T h i s 

f o l d i s a broad a n t i f o r m with a 1 km wide hinge zone and 

steep opposing d i p s on the l i m b s . The a x i s of t h i s f o l d 

s t r i k e s a p p r o x i m a t e l y n o r t h and plunges g e n t l y to the north 
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(Kirkham, 1963). Kirkham a l s o found some a c c o r d i a n - t y p e 

f o l d s on one limb of the l a r g e f o l d and d e s c r i b e s these i n 

d e t a i l i n h i s t h e s i s (1963). The l a r g e f o l d was i n t e r p r e t e d 

by Kirkham t o be of r e g i o n a l extent and to o v e r l i e the 

M i t c h e l l - S u l p h u r e t s area to the s o u t h . No evidence o f t h i s 

c o u l d be d i s c e r n e d i n S u l p h u r e t s v a l l e y but hydrothermal 

a l t e r a t i o n c o u l d w e l l be masking t h i s f o l d i n the study a r e a . 

F r a c t u r e s 

Hydrothermal metasomatism i n the study area has 

o b l i t e r a t e d almost a l l s u r f a c e evidence needed to 

d i f f e r e n t i a t e f a u l t s from j o i n t s and i t i s more a p p r o p r i a t e 

to d i s c u s s e v i d e n c e o f f r a c t u r e s r a t h e r than s e p a r a t e f a u l t s 

and j o i n t s . 

W i t h i n the study area b l o c k f a u l t i n g , with a n o r t h - s o u t h 

s t r i k e i s the o n l y type o f f a u l t i n g r e c o g n i z e d . The M i t c h e l l 

I n t r u s i o n s appear to be l o c a l i z e d a l o n g the n o r t h - s o u t h f a u l t 

zone. T h i s f a u l t zone c o u l d have a c t e d as the major avenue 

f o r a s c e n d i n g igneous rocks and subsequent hydrothermal 

a l t e r a t i o n . 

Block f a u l t i n g i s apparent i n the B r e c c i a zone ( f i g . 3 1 ) 

by d i s p l a c e m e n t o f the l i t h o l o g i e s i n t h a t a r e a . Amount and 

d i r e c t i o n o f displacement are unknown. The f a u l t t h a t 

d i s p l a c e s the rocks i n the d r i l l h o l e c r o s s - s e c t i o n ( f i g . 15) 

has not been r e c o g n i z e d a t the s u r f a c e . T h i s f a u l t i n g i s 

c l e a r l y l a t e r than some of the i n t r u s i v e a c t i v i t y , but i s 
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F i g u r e 15- M i c r o p h o t o g r a p h of m i c r o b r e c c i a . Sample 1 8-10, 
m a g n i f i c a t i o n 70x, c r o s s e d n i c o l s . 
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a l s o p r i o r t o the f o r m a t i o n of the i n t r u s i v e b r e c c i a . So i t 

co u l d be p o s s i b l e t h a t f a u l t i n g was o c c u r r i n g throughout the 

a c t i v e h i s t o r y of m i n e r a l i z a t i o n and a l t e r a t i o n i n the study 

a r e a . 

M i c r o b r e c c i a t i o n due to c a t a c l a s i s i s presen t i n 28 

t h i n - s e c t i o n s . M i c r o b r e c c i a t i o n ( f i g . 15) has only been 

r e c o g n i z e d i n t h i n s e c t i o n and i s c h a r a c t e r i z e d by c l a s t s 

l e s s than 1 mm i n diameter. The c l a s t s are g e n e r a l l y sub-

angular i n shape. Due to the s m a l l s i z e of b r e c c i a fragments 

i t may be p o s s i b l e t h a t many rocks i d e n t i f i e d as mudstone are 

m i c r o b r e c c i a s but t h e r e i s not evidence to support t h i s . 

Many of the i n t e n s e l y a l t e r e d rocks may a l s o be 

m i c r o b r e c c i a s , but a l t e r a t i o n has o b l i t e r a t e d any evidence of 

t h i s . 

Kirkham (1963) a l s o r e c o g n i z e d t h i s major no r t h - s o u t h 

f a u l t t r e n d . However, he observed f a u l t s which trended 

n o r t h - s o u t h , but had moderate w e s t e r l y d i p s of approximately 

40 degrees. A s t e r e o g r a p h i c p l o t of a l l f r a c t u r e data ( f i g . 

16) i n d i c a t e s a s t r o n g n o r t h - s o u t h p a t t e r n but a l s o shows the 

N-S f r a c t u r e s t o d i p s t e e p l y t o the west, a t approximately 70 

degrees. Some f r a c t u r e p o l e s i n d i c a t e o n l y the more moderate 

d i p s , but most have s t e e p e r d i p s . I t i s p o s s i b l e t h a t across 

the S u l p h u r e t s area the d i p s c o u l d be somewhat v a r i a b l e due 

to the d i f f e r i n g r e f r a c t i v e p r o p e r t i e s of the v a r i o u s rock 

t y p e s . 

The S u l p h u r e t s f a u l t which forms the western boundary of 
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the study area trends n o r t h - s o u t h and dips a p p r o x i m a t e l y 40 

degrees west. Kirkham (1963) c o n s i d e r e d t h i s f a u l t to be of 

the same g e n e r a t i o n as the other n o r t h - s o u t h f a u l t s . 

However, a c c o r d i n g to Kirkham, n o r t h of the study area the 

S u l p h u r e t s f a u l t o f f s e t s some of the a l t e r a t i o n zones by 

t h r u s t i n g them to the e a s t . The displacement a l o n g t h i s 

f a u l t i s unknown. I b e l i e v e t h a t the S u l p h u r e t s f a u l t i s 

p o s t - a l t e r a t i o n and may not be due to the same s t r u c t u r a l 

regime under which the oth e r f a u l t s have formed. 

A s t e r e o g r a p h i c p r o j e c t i o n ( f i g . 17) of poles to 

m i n e r a l i z e d f r a c t u r e s shows t h a t m i n e r a l i z e d f r a c t u r e s reach 

a maximum i n t h r e e d i f f e r e n t d i r e c t i o n s . Two of the f r a c t u r e 

s e t s s t r i k e northwest and have opposing d i p s . These c o u l d 

p o s s i b l y r e p r e s e n t a conjugate j o i n t s e t . The t h i r d s e t i s 

r e l a t e d to f r a c t u r e s which s t r i k e n o r t h e a s t and d i p 

moderately to the northwest. I t i s unknown what t h i s s e t 

r e l a t e s t o . 

C o n c l u s i o n s 

S t r u c t u r e i n the area i s dominated by a s e t of n o r t h -

south s t r u c t u r e s which d i p from moderately to s t e e p l y west. 

V a r i a t i o n s i n dip c o u l d be due to cleavage r e f r a c t i o n i n 

rocks of d i f f e r e n t competency. C a t a c l a s i s i n the form of 

m i c r o b r e c c i a t i o n was found i n t h i n s e c t i o n and c o u l d be due 

to movement alon g the no r t h - s o u t h f r a c t u r e s . The s t r o n g 

n o r t h - s o u t h f r a c t u r e s and b r e c c i a t e d areas c o u l d have 
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p r o v i d e d a zone of weakness which allowed the i n t r u s i o n s to 

r i s e near the s u r f a c e and p r o v i d e d c o n d u i t s f o r the a l t e r i n g 

f l u i d s . 
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HYDROTHERMAL ALTERATION 

In hand specimens almost a l l primary t e x t u r e s are 

o b l i t e r a t e d , which renders the rocks v i r t u a l l y 

u n r e c o g n i z a b l e . In the a l t e r e d areas the rocks are v a r i o u s 

shades of green on f r e s h s u r f a c e s and b u f f to reddish-brown 

on o x i d i z e d s u r f a c e s . The green c o l o r i s due to s e r i c i t e 

c ontent, and reddish-brown to b u f f hues are the r e s u l t of 

weathering o f i r o n - b e a r i n g m i n e r a l s , mainly p y r i t e . 

Kirkham (1963) b e l i e v e d the a l t e r a t i o n to be due to the 

M i t c h e l l I n t r u s i o n s but was pu z z l e d by the t o t a l area 

i n v o l v e d . An a e r i a l survey of the area shows approximately 

100 square k i l o m e t e r s (60 square m i l e s ) to be h e a v i l y i r o n -

s t a i n e d . T h i s area i s about t h r e e times g r e a t e r than the 

area o f the M i t c h e l l I n t r u s i o n s , a c c o r d i n g to Kirkham. 

However, i n the S u l p h u r e t s v a l l e y I found the M i t c h e l l 

I n t r u s i o n s to be more widespread than o r i g i n a l l y thought by 

Kirkham. Due to the d e t a i l e d n a t u r e of t h i s study, examples 

of i n t r u s i v e rocks were r e c o g n i z e d i n t h i n - s e c t i o n t h a t were 

not r e c o g n i z e d as such i n hand specimen or i n c o r e . A l s o , 

Kirkham d i d not r e c o g n i z e any s t r o n g z o n a t i o n i n a l t e r a t i o n 

and c o n s i d e r e d a l l a l t e r a t i o n to be the same. I b e l i e v e t h a t 

t h e r e i s d e f i n i t e l y z o n a t i o n to the a l t e r a t i o n , but o n l y on a 

l a r g e s c a l e . Kirkham (1963) noted t h a t major p e r i o d s o f 

f a u l t i n g and rock a l t e r a t i o n were very c l o s e i n time. I t i s 

p o s s i b i l i t y t h a t not o n l y was f a u l t i n g and hydrothermal 
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a l t e r a t i o n c l o s e i n time, but a l s o d i a g e n e s i s of the 

s e d i m e n t a r y - v o l c a n i c p i l e was o c c u r r i n g contemporaneously, 

which, i n t u r n , has had an e f f e c t upon the hydrothermal 

a l t e r a t i o n . 

P y r i t e i s an u b i q u i t o u s a l t e r a t i o n m i n e r a l found i n a l l 

of the a l t e r a t i o n types noted. Kirkham (1963) concluded t h a t 

p y r i t i z a t i o n was o c c u r r i n g throughout the time span of the 

hydrothermal event. I a l s o b e l i e v e t h a t the u b i q u i t o u s 

nature of p y r i t e i n d i c a t e s t h a t i t was forming i n a l l the 

v a r i o u s stages o f a l t e r a t i o n . 

Four types of hydrothermal a l t e r a t i o n have been 

r e c o g n i z e d at S u l p h u r e t s : 

(1) A l b i t i z a t i o n . T h i s i s the e a r l i e s t a l t e r a t i o n i n 
time (Kirkham, 1963). However, a second p e r i o d of 
a l b i t i z a t i o n has been r e c o g n i z e d t h a t i s 
contemporaneous with s u l f i d e d e p o s i t i o n . 

(2) P r o p y l i t i c . T h i s i s very weak and c o n f i n e d to the 
o u t e r f r i n g e s of the s e r i c i t e zone. 

(3) S e r i c i t i c . T h i s i s the most widespread a l t e r a t i o n 
i n the area of the i n t r u s i o n s ; o n l y one important 
v a r i a t i o n of t h i s has been found which i s the 
o c c u r r e n c e of t o u r m a l i n e with s e r i c i t e . 

(4) P o t a s s i c . T h i s i s c h a r a c t e r i z e d by b i o t i t e and i s 
very l o c a l i z e d o c c u r r i n g with copper 
m i n e r a l i z a t i o n . 

A l b i t i z a t i o n 

A l b i t i z a t i o n has o c c u r r e d at S u l p h u r e t s d u r i n g two 

p e r i o d s . The f i r s t p e r i o d i s the e a r l i e s t type of a l t e r a t i o n 

and i s the most s i g n i f i c a n t of the two. Kirkham (1963) 
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suggested t h a t a l b i t i z a t i o n covered a l a r g e r area than other 

types of a l t e r a t i o n and t h a t i t may be independent of the 

processes t h a t formed the oth e r t y p e s . 

The f i r s t p e r i o d of a l b i t i z a t i o n ( f i g . 1 8 ) i s 

c h a r a c t e r i z e d by the t o t a l replacement of e a r l i e r c a l c i u m -

r i c h p l a g i o c l a s e with a l b i t e . I n c l u s i o n s of c a l c i t e occur 

w i t h i n many a l b i t i z e d f e l d s p a r s which c o u l d be the r e s u l t of 

the a l b i t i z a t i o n p r o c e s s . C l i n o z o i s i t e i s r a r e l y found with 

t h i s a l t e r a t i o n . A l l p l a g i o c l a s e f e l d s p a r i n the study area 

was found to be a l b i t i c i n compojsition. 

The second p e r i o d of a l b i t i z a t i o n ( f i g . 19) appears to 

be very l i m i t e d i n e x t e n t . In w e l l - m i n e r a l i z e d rocks i n the 

p o t a s s i c zones ( p i . 2) hydrothermal a l b i t e occurs as s m a l l 

l a t h s of l e s s than 1 mm l e n g t h i n v e i n s with s u l f i d e s and 

q u a r t z . Veins o f hydrothermal a l b i t e occur without any other 

v e i n m i n e r a l s . T h i s second p e r i o d of a l b i t i z a t i o n i s 

contemporaneous with d e p o s i t i o n o f s u l f i d e s and post-dates 

most of the o t h e r types of a l t e r a t i o n . 

An i n t e r e s t i n g f e a t u r e of the sedimentary r o c k s , i s t h a t 

a l l p l a g i o c l a s e f e l d s p a r i s of a l b i t e composition and very 

f r e s h i n appearance. The a l b i t e may be of e i t h e r primary 

d e t r i t a l o r i g i n , a u t h i g e n i c o r i g i n , or e l s e the f e l d s p a r i s a 

r e s u l t of a l b i t i z a t i o n d u r i n g d i a g e n e s i s or s h o r t l y 

t h e r e a f t e r . A c c o r d i n g to P e t t i j o h n , P o t t e r and S i e v e r (1972) 

a u t h i g e n i c f e l d s p a r i s g e n e r a l l y a pure.end member of Na or K 

v a r i e t i e s but a u t h i g e n i c f e l d s p a r i s almost e x c l u s i v e l y 
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F i g u r e 1 8 . M i c r o p h o t o g r a p h of a l b i t i z e d p l a g i o c l a s e f e l d s p a r 
i n f i r s t s t a g e o f a l b i t i z a t i o n . Sample S - 1 0 , 
m a g n i f i c a t i o n 28x T c r o s s e d n i c o l s . 
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F i g u r e 19. M i c r o p h o t o g r a p h o f second s t a g e o f a l b i t i z a t i o n . 
V e i n i n photograph i s a p p r o x i m a t e l y 2 mm a c r o s s 
and c o n s i s t s s o l e l y o f h y d r o t h e r m a l a l b i t e . 
Sample P20-2A, m a g n i f i c a t i o n 28x, c r o s s e d n i c o l s . 
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l i m i t e d to overgrowths on d e t r i t a l f e l d s p a r g r a i n s . No such 

overgrowths have been found i n the study a r e a , so an 

a u t h i g e n i c o r i g i n i s improbable. P l a g i o c l a s e of d e t r i t a l 

o r i g i n would u n l i k e l y be e x c l u s i v e l y a l b i t e i n c o m p o s i t i o n . 

In areas where the sedimentary rocks have been h y d r o t h e r m a l l y 

a l t e r e d i t i s c l e a r t h a t a l b i t e was pr e s e n t b e f o r e any other 

type o f a l t e r a t i o n . I t i s p o s s i b l e t h a t f e l d s p a r i n the 

sediments was a l b i t i z e d at the same time as the i n t r u s i v e 

rocks and perhaps by the same p r o c e s s . The e a r l y 

a l b i t i z a t i o n i s the only a l t e r a t i o n t h a t i s a t y p i c a l of a 

porphyry type o f system. 

P r o p y l i t i c A l t e r a t i o n 

T h i s type of a l t e r a t i o n i s r a r e l y found a t S u l p h u r e t s . 

I t i s found m a i n l y on the western f r i n g e s ( p i . 1) of the 

S u l p h u r e t s g o l d zone and i s on l y p r e s e n t i n f a u l t c o n t a c t 

with s e r i c i t i c a l t e r e d r o c k s . The only o t h e r p r o p y l i t i c 

a l t e r e d rocks are the l a t e d i k e s which cut the s e r i c i t i c 

zones. 

P r o p y l i t i z e d rocks were i d e n t i f i e d i n the f i e l d by the 

presence of c h l o r i t e , c a l c i t e , e p i d o t e and an almost t o t a l 

l a c k of s e r i c i t e . No t h i n s e c t i o n s were made of these rocks 

(except f o r the dikes i n core) as they are v o l u m e t r i c a l l y a 

s m a l l component and f o r the most p a r t b u r i e d by overburden. 

However, from o b s e r v a t i o n s (see page 23) made i n the 

s e r i c i t i c a l t e r e d rocks (mainly f e l d s p a r - h o r n b l e n d e porphyry) 
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i t i s p o s s i b l e t h a t p r o p y l i t i c a l t e r a t i o n was the e a r l i e s t 

type of hydrothermal a l t e r a t i o n but has l a r g e l y been 

o v e r p r i n t e d by the ensuing expansion of the s e r i c i t i c 

a l t e r a t i o n . 

P r o p y l i t i c a l t e r a t i o n of f e l d s p a r - h o r n b l e n d e porphyry 

probably took p l a c e d u r i n g the end of the f i r s t s tage of 

a l b i t i z a t i o n or s h o r t l y a f t e r w a r d s . Hornblende i s a l t e r e d to 

mixtures of c a l c i t e , c h l o r i t e and opaque i r o n m i n e r a l s . 

Hornblende i s everywhere a l t e r e d to t h i s pseudomorphous 

assemblage even i n rocks t h a t have on l y been i n c i p i e n t l y 

s e r i c i t i z e d . T h e r e f o r e , i t appears t o predate 

s e r i c i t i z a t i o n . C h l o r i t e , i n g e n e r a l , i s p e n n i n i t e but i n 

some s e c t i o n s another v a r i e t y i s found t h a t i s darker green 

and s t r o n g l y p l e o c h r o i c . Kirkham (1963) suggested t h a t t h i s 

darker green c h l o r i t e may be more c l o s e l y a s s o c i a t e d 

s p a t i a l l y with ore d e p o s i t i o n . I have not found t h i s to be 

the c a s e . In almost a l l samples p e n n i n i t e was found to be 

the o n l y c h l o r i t e r e g a r d l e s s of the presence of economic 

m i n e r a l s . I r o n m i n e r a l s formed a f t e r hornblende are 

g e n e r a l l y p y r i t e ; some l i m o n i t e i s found but t h i s i s probably 

due to o x i d a t i o n of p y r i t e . In one sample r u t i l e i s p r e s e n t . 

I n c l u s i o n s of c a l c i t e are common i n p l a g i o c l a s e f e l d s p a r 

of i n c i p i e n t l y s e r i c i t i z e d rocks and these i n d i c a t e t h a t 

c a l c i t e too c o u l d be the r e s u l t of an e a r l i e r p r o p y l i t i c 

a l t e r a t i o n . However, the i n c l u s i o n s of c a l c i t e c o u l d a l s o 

•epresent d i s p l a c e d c a l c i u m when a l b i t i z a t i o n of p l a g i o c l a s e 
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o c c u r r e d . 

S e r i c i t i c A l t e r a t i o n 

T h i s type of a l t e r a t i o n i s the most i n t e n s e found i n the 

study a r e a . S e r i c i t i z a t i o n ( p i . 1-6) i n many i n s t a n c e s 

r e s u l t s i n t o t a l l o s s of primary t e x t u r e i n hand specimens 

and i n t h i n s e c t i o n s . For many of the rocks i n the study 

area t h a t have undergone m i c r o b r e c c i a t i o n the l o s s of t e x t u r e 

i s v e r y common and i t c o u l d be t h a t a l l rocks t h a t have l o s t 

t h e i r t e x t u r e have undergone m i c r o b r e c c i a t i o n before 

s e r i c i t i z a t i o n . The r e s u l t a n t q u a r t z - s e r i c i t e - p y r i t e rock 

( p i . 1-6) i s one of the most common rock types i n the study 

area ( t a b l e 4 ) . I t i s i m p o s s i b l e to d i s t i n g u i s h the o r i g i n a l 

rock type i f t h i s type o f a l t e r a t i o n i s very e x t e n s i v e . 

Three stage s of s e r i c i t i z a t i o n a r e found. The f i r s t 

( f i g . 20) produces r a r e examples of i n c i p i e n t l y s e r i c i t i z e d 

r o c k s . Only the dike s and sedimentary rocks show i n c i p i e n t 

s e r i c i t i z a t i o n . In these rocks p l a g i o c l a s e ( a l b i t e ) begins 

to a l t e r to s e r i c i t e and s e r i c i t e begins to appear i n the 

groundmass. As a l t e r a t i o n p r o g r e s s e s , the second s t a g e ( f i g . 

21) i s reached. T h i s stage i s c h a r a c t e r i z e d by t o t a l 

replacement o f p l a g i o c l a s e by s e r i c i t e but the o u t l i n e s of 

the f e l d s p a r g r a i n s are r e t a i n e d . S e r i c i t e a l s o p a r t l y 

r e p l a c e s the groundmass. The t h i r d stage of s e r i c i t i z a t i o n 

i s reached when g r a i n o u t l i n e s have disappeared and o n l y a 

f i n e - g r a i n e d rock c o n s i s t i n g of q u a r t z , s e r i c i t e , and p y r i t e 
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l i t 

v. 

F i g u r e 2 0 . M i c r o p h o t o g r a p h o f f i r s t s t a g e o f s e r i c i t i c 
a l t e r a t i o n o f f e l d s p a r - h o r n b l e n d e p o r p h y r y . Note 
minor s e r i c i t e a f t e r p l a g i o c l a s e . Sample S - 1 0 , 
m a g n i f i c a t i o n 7 0 x , c r o s s e d n i c o l s . 



I 

F i g u r e 2 1 . M i c r o p h o t o g r a p h of second s t a g e o f s e r i c i t i z a t i o n . 
P l a g i o c l a s e i s c o m p l e t e l y r e p l a c e d by s e r i c i t e but 
g r a i n o u t l i n e s are r e t a i n e d . S e r i c i t e b e g i n s t o 
form i n t h e groundmass. Sample 18 — 6 , 
m a g n i f i c a t i o n 2 8 x , c r o s s e d n i c o l s . 
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remains. T h i s l a s t stage i s r e f e r r e d to as q u a r t z - s e r i c i t e 

rock. 

A l t e r a t i o n of hornblende to c a l c i t e , c h l o r i t e and i r o n -

oxides i n the f e l d s p a r - h o r n b l e n d e porphyry i s probably 

r e l a t e d to p r o p y l i t i c a l t e r a t i o n which c o u l d have o c c u r r e d 

before an expanding s e r i c i t i c zone. 

Only one important v a r i a t i o n o f s e r i c i t i c a l t e r a t i o n has 

been r e c o g n i z e d a t S u l p h u r e t s . In t h i n - s e c t i o n the 

occurrence of green and p a l e blue t o u r m a l i n e , s c h o r l , has 

been found i n two l o c a l i t i e s w i t h i n the s e r i c i t i c zone. The 

f i r s t l o c a l i t y near the west end o f the study a r e a i n the 

Lake zone ( p i . 1). Here t o u r m a l i n e ( f i g . 2 3 ) i s obvious i n 

two s e p a r a t e s t a g e s o f f o r m a t i o n . In the f i r s t s t a g e , dark-

green t o u r m a l i n e o c c u r s as d i s s e m i n a t e d c l o t s and suns i n the 

groundmass with s e r i c i t e . In the second s t a g e p a l e - b l u e 

t o u r m a l i n e occurs l i n i n g the w a l l s of c r o s s - c u t t i n g q u a r t z 

ve i n s and s p a r s e l y i n t e r s p e r s e d with the q u a r t z . Tourmaline 

r a r e l y exceeds 2 m i n l e n g t h i n e i t h e r s t a g e . The rock type 

i n t h i s area i s u n r e c o g n i z a b l e , but s y e n i t e i s r e c o g n i z e d 

w i t h i n 10 m so i t seems l i k e l y t h a t the rock i s p a r t of the 

M i t c h e l l I n t r u s i o n s . 

The second l o c a l i t y where t o u r m a l i n e occurs i s over 2 km 

to the east of the f i r s t l o c a l e i n an area r e f e r r e d to as the 

B r e c c i a zone ( f i g . 3 1 , p i . 2 ) . Green t o u r m a l i n e ( f i g . 24,25) 

occurs as p a r t of the f i n e - g r a i n e d groundmass of an i n t r u s i v e 

b r e c c i a . T h i s b r e c c i a cuts s e v e r a l rock t y p e s , mainly 



F i g u r e 2 2 . M i c r o p h o t o g r a p h of q u a r t z - s e r i c i t e r o c k , t h e t h i r d 
s t a g e o f s e r i c i t i c a l t e r a t i o n . A l l primary-
t e x t u r e s a r e o b l i t e r a t e d . Sample S - 1 3 , 
m a g n i f i c a t i o n 2 8 x , c r o s s e d n i c o l s . 



55 

F i g u r e 2 3 - M i c r o p h o t o g r a p h o f t o u r m a l i n e . Note the green 
t o u r m a l i n e i n the groundmass and t h e p a l e - b l u e 
t o u r m a l i n e i n t h e c r o s s - c u t t i n g v e i n . Sample 
3 0 2 1 , m a g n i f i c a t i o n 2 8 x , p l a n e l i g h t . 



F i g u r e 24. M i c r o p h o t o g r a p h o f t o u r m a l i n i z e d m i c r o b r e c c i a . 
Green t o u r m a l i n e o c c u r s as groundmass around 
b r e c c i a c l a s t s . Sample P20-2A, m a g n i f i c a t i o n 2 8 x , 
c r o s s e d n i c o l s . 

F i g u r e 25 M i c r o p h o t o g r a p h o f t o u r m a l i n i z e d m i c r o b r e c c i a . 
Same as F i g u r e 24, but p l a n e l i g h t . 
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l i t c h e l l I n t r u s i o n s and sedimentary r o c k s . Tourmaline 

content i s at a maximum i n the uppermost p a r t of the b r e c c i a 

and at the upper c o n t a c t makes up almost 100 percent of the 

m a t r i x . T h i s may i n d i c a t e a p o s s i b l e z o n a t i o n of v o l a t i l e s 

w i t h i n the b r e c c i a . B r e c c i a c l a s t s are i n c i p i e n t l y 

s e r i c i t i z e d , sub-angular to round, and do not c o n t a i n any 

t o u r m a l i n e . In the b r e c c i a , t o u r m a l i n e i s very f i n e g r a i n e d 

and g e n e r a l l y l e s s than 1 mm i n s i z e . 

Tourmaline i s an imDortant v a r i a n t i n the a l t e r a t i o n 

scheme because i t i s a s s o c i a t e d with e l e v a t e d metal c o n t e n t s . 

Tourmaline i s everywhere found with very high copper and (or) 

g o l d v a l u e s , some of which reach economic grade. However, 

the r e v e r s e i s not always t r u e because sub-economic to 

economic metal v a l u e s are not everywhere found i n c o n j u n c t i o n 

with t o u r m a l i n e . 

S i l i c i f i c a t i o n occurs mainly w i t h i n the s e r i c i t i c zone. 

L o c a l areas up to 15 m by 4 m i n s i z e have a p p r e c i a b l e 

amounts of s i l i c a , i n the form of m i c r o c r y s t a l l i n e , m i l k y 

q u a r t z . Veins of q u a r t z t h a t are c u r v i l i n e a r , l e n t i c u l a r and 

have i r r e g u l a r a t t i t u d e s occur i n the most i n t e n s e l y 

s i l i c i f i e d r o c k s . Almost a l l of the s i l i c i f i e d areas are 

m i n e r a l i z e d with c h a l c o p y r i t e and molybdenite. In the Lake 

zone ( p i . 1) where the rock has been t o u r m a l i n i z e d , s i l i c a 

has a l s o been added. Very commonly, i n t h i n s e c t i o n , the 

secondary q u a r t z w i l l show an unusual "bent" t e x t u r e . 

l i c r o c r y s t a l l i n e g r a i n s and c r y s t a l s of q u artz appear to be, 
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bent curved or very wavy i n form ( f i g . 26). However, quartz 

of t h i s type does not show any f r a c t u r i n g or evidence of 

s t r a i n and i n t e r f e r e n c e f i g u r e s s t i l l d i s p l a y a sharp 

u n i a x i a l f i g u r e . 

Seven samples of s e r i c i t e (numbers S-9, 18—4, 2401, 

3021, 3081, 3093, 3097) were a n a l y s e d by X-ray d i f f r a c t i o n 

because s o d i u m - r i c h s e r i c i t e ( p a r a g o n i t e ) was s u s p e c t e d . X-

ray d i f f r a c t i o n a n a l y s i s i n d i c a t e d t h a t the secondary white 

mica i s muscovite and not p a r a g o n i t e . 

P o t a s s i c A l t e r a t i o n 

T h i s type of a l t e r a t i o n i s very l i m i t e d i n a r e a , i n 

c l o s e p r o x i m i t y to economic grades of copper m i n e r a l i z a t i o n . 

Molybdenum m i n e r a l i z a t i o n may be a s s o c i a t e d but mostly i n 

sub-economic c o n c e n t r a t i o n s . 

P o t a s s i c a l t e r a t i o n i s c h a r a c t e r i z e d by f o r m a t i o n of 

very f i n e g r a i n e d b i o t i t e which i s l e s s than 1 mm i n l e n g t h . 

Hydrothermal b i o t i t e ( f i g . 27) i s green and occurs as 

d i s s e m i n a t i o n s i n the groundmass. Less commonly b i o t i t e w i l l 

occur i n v e i n s with q u a r t z and s u l f i d e s . 

With i n c r e a s i n g i n t e n s i t y of p o t a s s i c a l t e r a t i o n , very 

s m a l l , l e s s than 1 mm, a n h e d r a l g r a i n s of o r t h o c l a s e begin to 

appear i n the groundmass. Secondary o r t h o c l a s e of t h i s 

n ature o n l y occurs i n the most i n t e n s e l y a l t e r e d rocks where 

b i o t i t e content exceeds 10 p e r c e n t . O r t h o c l a s e content 

r a r e l y exceeds 1 p e r c e n t of the t o t a l rock ( t a b l e 4 ) . 
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M i c r o p h o t o g r a p h o f h y d r o t h e r m a l b i o t i t e i n a 
p o t a s s i c a l t e r e d r o c k . Sample P-2, m a g n i f i c a t i o n 
28x, c r o s s e d n i c o l s . 
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'able 4. T y p i c a l m i n e r a l o g i c compositions i n percent of 
s e r i c i t i c and p o t a s s i c a l t e r e d rocks at S u l p h u r e t s 
Based on v i s u a l e s t i m a t e s from s t a i n e d s l a b s and 
p e t r o g r a p h i c s e c t i o n s . 

S e r i c i t i c A l t e r a t i o n 
25-11 

Q u a r t z - S e r i c i t e Rock 

P o t a s s i c A l t e r a t i o n 
P - 3 

Monzonite 

Primary M i n e r a l s 

Quartz 10 -
O r t h o c l o s e 25 10 

P l a g i o c l a s e 15 

R u t i l e <1 -
u t e r a t i o n M i n e r a l s 

S e r i c i t e 25 5 

B i o t i t e - 10 

C h l o r i t e 3 10 

C a l c i t e 5 5 

Quartz 5 5 

P y r i t e 3 <5 

A l b i t e - <5 

Leucoxene 3 -
L i m o n i t e 5 
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S i l i c i f i c a t i o n i n the p o t a s s i c a l t e r e d rocks i s l i m i t e d 

to v e i n s . M i c r o c r y s t a l l i n e to m a c r o c r y s t a l l i n e a n h e d r a l 

g r a i n s of q u a r t z up to 3 mm l o n g o c c u r with s u l f i d e s . 

An i n t e r e s t i n g f e a t u r e of the p o t a s s i c a l t e r e d zones 

( f i g . 28) i s t h a t second-stage hydrothermal a l b i t e occurs 

i n t i m a t e l y with the s u l f i d e m i n e r a l s . T h i s appears to be an 

a s s o c i a t i o n with m i n e r a l i z a t i o n r a t h e r than with p o t a s s i c 

a l t e r a t i o n , as a l b i t e i s o n l y found with the s u l f i d e s i n 

v e i n s and not i n the groundmass. I t i s p o s s i b l e t h a t , 

because h i g h e r grades of m i n e r a l i z a t i o n are a s s o c i a t e d with 

p o t a s s i c zones, second-stage a l b i t e w i l l o n l y be found i n 

p o t a s s i c zones . 

P o t a s s i c a l t e r e d rocks occur o n l y near the e a s t e r n end 

of the study a r e a . Higher v a l u e s of copper and molybdenum 

m i n e r a l i z a t i o n are found i n a s s o c i a t i o n with the p o t a s s i c 

zone i n t h i s a r e a . 

P a r a g e n e s i s and Chemistry of A l t e r a t i o n 

From t h i n s e c t i o n study i t i s apparent t h a t a l t e r a t i o n 

at S u l p h u r e t s p r o g r e s s e d i n an o r d e r l y f a s h i o n f o l l o w i n g the 

p r o g r e s s i o n o u t l i n e d by L o w e l l and G u i l b e r t (1970). Only 

the i n i t i a l a l b i t i z a t i o n event i s out of p l a c e i n a zoned 

porphyry system. 

Sodium metasomatism caused replacement of c a l c i c 

p l a g i o c l a s e with a l b i t e . A l b i t i z a t i o n ( f i g . 29) was the 

f i r s t a l t e r a t i o n . Kirkham (1963) suggested t h a t the i n t e r v a l 
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?ure 28. M i c r o p h o t o g r a p h of h y d r o t h e r m a l a l b i t e s u r r o u n d e d 
by p y r i t e i n a v e i n . Sample P-2, m a g n i f i c a t i o n 
(Ux, c r o s s e d n i c o l s . 
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Time > 

A l b i t i z a t i o n 
Hydrothermal 
A l b i t e 

P r o p y l i t i c 

S e r i c i t i z a t i o n 
- T o u r m a l i n i z a t i o n 
- S i l i c i f i c a t i o n 

P o t a s s i c 

D i a g e n e s i s 

P y r i t i z a t i o n 

F i g u r e 2 9 . P a r a g e n e t i c sequence of a l t e r a t i o n . 
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between a l b i t i z a t i o n and younger a l t e r a t i o n s was l o n g . I 

have found no evidence to support or d i s p r o v e h i s c o n c l u s i o n . 

As the hydrothermal system expanded, hydrogen 

metasomatism was r e s p o n s i b l e f o r p r o p y l i t i c a l t e r a t i o n . In 

the p r o p y l i t i c zone hornblende was a l t e r e d to c h l o r i t e , 

c a l c i t e and i r o n m i n e r a l s . Minor amounts of s e r i c i t e and 

c l i n o z o i s i t e were formed a f t e r p l a g i o c l a s e . 

As hydrogen metasomatism became more i n t e n s e the 

s e r i c i t i c zone r a p i d l y exprnded a c r o s s the p r o p y l i t i c zone 

o v e r p r i n t i n g and, i n most cases, o b l i t e r a t i n g any p r i o r 

a l t e r a t i o n and (or) t e x t u r a l f e a t u r e s . S e r i c i t i c a l t e r a t i o n 

i s c h a r a c t e r i z e d by a preponderance of s e r i c i t e . In most of 

the s e r i c i t i c zone the c h l o r i t e and c a l c i t e r e l i c s of 

hornblende were d e s t r o y e d and i r o n , c a l c i u m and magnesium 

removed from the r o c k s . S i l i c i f i c a t i o n , by a d d i t i o n of 

q u a r t z , a l s o occurs w i t h i n the s e r i c i t i c zone; consequently, 

the f l u i d s a l s o c a r r i e d a p p r e c i a b l e amounts of s i l i c a . One 

important v a r i a t i o n i n the s e r i c i t i c zone i s t o u r m a l i n e 

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

v o l a t i l e c o n t e n t . 

Potassium metasomatism o c c u r r e d inward of , and 

presumably contemporaneous w i t h , or perhaps d u r i n g , the f i n a l 

stages of s e r i c i t i z a t i o n ( f i g . 29). P o t a s s i c a l t e r a t i o n , 

c h a r a c t e r i z e d by f o r m a t i o n of b i o t i t e with minor o r t h o c l a s e , 

i s c o n f i n e d ; c l o s e l y a s s o c i a t e d with h i g h e r grade copper 

. . . j . n e r a l i z a t i o n . 
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The r e s i d u a l f l u i d s r e s p o n s i b l e f o r m i n e r a l i z a t i o n must 

have been r i c h i n sodium because hydrothermal a l b i t e i s 

i n t i m a t e l y r e l a t e d to s u l f i d e d e p o s i t i o n . Hydrothermal 

a l b i t e o c curs as s m a l l l a t h s w i t h i n q u a r t z - s u l f i d e v e i n s and 

i n one sample (No. P20-2A) a 2 mm wide v e i n of a l b i t e was 

f ound. 

P y r i t i z a t i o n o c c u r r e d d u r i n g a l l phases ( f i g . 29) o f 

a l t e r a t i o n and m i n e r a l i z a t i o n . 

Comparison with A l k a l i n e Porphyry A l t e r a t i o n 

A l l p r e v i o u s workers a t S u l p h u r e t s c o n s i d e r e d the 

d e p o s i t s to be of the a l k a l i n e porphyry s u i t e . However, 

a l t e r a t i o n a t S u l p h u r e t s i s very d i f f e r e n t from a l t e r a t o n at 

a l k a l i n e d e p o s i t s . At S u l p h u r e t s the most prominent f e a t u r e 

i s a very l a r g e s e r i c i t i c a l t e r a t i o n zone. P r o p y l i t i c 

a l t e r a t i o n i s i n s i g n i f i c a n t . The p o t a s s i c a l t e r a t i o n i s 

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

P o t a s s i c a l t e r a t i o n i s c h a r a c t e r i z e d by the development of 

b i o t i t e with l i t t l e or no o r t h o c l a s e . 

A l t e r a t i o n of a l k a l i n e porphyry d e p o s i t s i s 

c h a r a c t e r i z e d by p r o p y l i t i c and p o t a s s i c a l t e r a t i o n . 

S e r i c i t i c a l t e r a t i o n i s absent or p o o r l y developed. B i o t i t e 

i s prominent i n the p o t a s s i c zones, but o r t h o c l a s e i s much 

more common than i t i s at S u l p h u r e t s . The p r o p y l i t i c 

a l t e r a t i o n zones occur p e r i p h e r a l to c e n t r a l i z e d p o t a s s i c 

zones (Barr and o t h e r s , 1976). 
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The major d i f f e r e n c e between S u l p h u r e t s and a l k a l i n e 

d e p o s i t s i s the s e r i c i t i c a l t e r a t i o n zone, g e n e r a l l y absent 

i n a l k a l i n e porphyry d e p o s i t s . The s i z e and d i s t r i b u t i o n of 

the p o t a s s i c and p r o p y l i t i c zones a l s o do not c o r r e l a t e w e l l . 

Hydrothermal a l t e r a t i o n a t S u l p h u r e t s has few s i m i l a r i t i e s 

with t h a t o f a l k a l i n e porphyry d e p o s i t s . 

C o n c l u s i o n s 

During the waning stages of magmatic a c t i v i t y the 

i n t r u s i o n s and s e d i m e n t a r y - v o l c a n i c rocks t h a t were 

a s s o c i a t e d with the i n t r u s i o n s were h y d r o t h e r m a l l y a l t e r e d . 

The e a r l i e s t a l t e r a t i o n was a l b i t i z a t i o n of p r e - e x i s t i n g 

p l a g i o c l a s e . T h i s may have taken p l a c e p r i o r to or at the 

b e g i n n i n g of p r o p y l i t i c a l t e r a t i o n . Not only were the 

i n t r u s i v e rocks a f f e c t e d by a l b i t i z a t i o n but the sedimentary-

v o l c a n i c p i l e was a l s o a l b i t i z e d . A l b i t i z a t i o n may be due to 

marine connate waters trapped w i t h i n the sediments d u r i n g 

s e d i m e n t a t i o n and d i a g e n e s i s . 

There are t h r e e p o s s i b l e hypotheses t h a t would e x p l a i n 

how a l b i t i z a t i o n took p l a c e i n the study a r e a . The f i r s t 

p o s s i b i l i t y i s t h a t the M i t c h e l l I n t r u s i o n s c o u l d r e p r e s e n t 

two s e p a r a t e i n t r u s i v e events from two d i f f e r e n t s o u r c e s . 

The f i r s t s e t of i n t r u s i o n s and the s e d i m e n t a r y - v o l c a n i c 

rocks c o u l d have been a l b i t i z e d by s t a t i c thermal 

metamorphism by the second i n t r u s i v e event. T h i s second s e t 

of i n t r u s i o n s was s u b s e q u e n t l y so a l t e r e d as to make 
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i d e n t i f i c a t i o n of i t s f e l d s p a r i m p o s s i b l e . Problems with 

t h i s h y p o t h e s i s a r i s e very q u i c k l y . Kirkham ( 1 9 6 3 ) thought 

t h a t a l l of the M i t c h e l l I n t r u s i o n s were from a s i n g l e 

p a r e n t a l s o u r c e magma and noted g r a d a t i o n a l types t h a t 

i n d i c a t e d d i f f e r e n t i a t i o n . The p e t r o c h e m i c a l data presented 

i n Chapter I I ( f i g . 1 1 ) a l s o s u p p o r t s the id e a t h a t a l l of 

the M i t c h e l l I n t r u s i o n s are from a s i n g l e source and 

d i f f e r e n t i a t e d through time from t h a t s o u r c e . The amount of 

hydrothermal a l t e r a t i o n i n d i c a t e s t h a t a l t e r a t i o n was very 

dynamic r a t h e r than s t a t i c . T h i s f i r s t h y p o t h e s i s a l s o does 

not account f o r the hydrothermal a l b i t e found i n l a t e - s t a g e 

q u a r t z v e i n s r e l a t e d to m i n e r a l i z a t i o n , nor does i t account 

f o r the presence o f a l b i t e i n the d i k e s . 

The second h y p o t h e s i s i s t h a t a l b i t e i s primary i n 

n a t u r e . In the sediments a l b i t e would be of d e t r i t a l o r i g i n 

and a l b i t e was the primary f e l d s p a r i n the M i t c h e l l 

I n t r u s i o n s . Problems with t h i s p o s s i b i l i t y a l s o a r i s e 

q u i c k l y . Kirkham ( 1 9 6 3 ) who covered a much l a r g e r area than 

the area of t h i s study noted t h a t a l b i t e o c c u r r e d as the only 

f e l d s p a r over the e n t i r e area and i n many d i f f e r e n t rock 

t y p e s . The a l b i t e d i s p l a y s a t e x t u r e i n d i c a t i v e of secondary 

o r i g i n ( f i g . 1 8 ) and Kirkham ( 1 9 6 3 ) concluded t h a t a l b i t e i s 

of secondary o r i g i n . T h i s h y p o t h e s i s , l i k e the f i r s t , does 

not e x p l a i n the o r i g i n of a l b i t e i n the dikes or hydrothermal 

a l b i t e i n the l a t e q u a r t z v e i n s . 

In the t h i r d h y p o t h e s i s the magma c o u l d have been 
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contaminated by marine connate water trapped i n the 

sediments. I f the i n t r u s i v e event o c c u r r e d d u r i n g d i a g e n e s i s 

( a f t e r u p l i f t and d u r i n g the l a s t s tages of cementation) 

enough connate water c o u l d have been i n c o r p o r a t e d i n t o the 

i n t r u s i v e r ocks to a l b i t i z e the f e l d s p a r . Because o n l y the 

f e l d s p a r was a f f e c t e d by sodium metasomatism and not 

hornblende, i t would appear t h a t o n l y a f i n i t e amount of 

water was a v a i l a b l e , but not enough to s p i l i t i z e the r o c k s . 

S p i l i t e s and k e r a t o p h y r e s are c h a r a c t e r i z e d by soda contents 

of 4.5 to 5.5 p e r c e n t ( C a r m i c h a e l , Turner, Verhoogen, 1974, 

p. 599), whereas at S u l p h u r e t s Na 20 contents are much lower 

(average 0.75 p e r c e n t ) . For t h i s reason, i t seems l i k e l y 

t h a t i n t r u s i o n took p l a c e d u r i n g the l a s t s tages of 

d i a g e n e s i s when the s e d i m e n t a r y - v o l c a n i c p i l e was almost 

dewatered and cemented. Only those sediments t h a t were 

i n c o r p o r a t e d i n t o the i n t r u s i o n s c o n t r i b u t e d water to them. 

The sediments t h a t were not i n d i r e c t c o n t a c t c o u l d have been 

a l b i t i z e d by s t a t i c thermal metamorphism. Cementation of the 

sediments would have rendered them impermeable to 

hydrothermal s o l u t i o n s . A survey of the areas a f f e c t e d by 

hydrothermal a l t e r a t i o n shows them to be i n c l o s e p r o x i m i t y 

to i n t r u s i v e r o c k s . The sedimentary rocks t h a t were not i n 

c l o s e p r o x i m i t y to the i n t r u s i v e s show almost no a l t e r a t i o n 

except f o r a l b i t i z a t i o n and minor developmnt of s e r i c i t e i n 

the m a t r i x . 

I f the i n t r u s i o n s were contaminated by marine connate 
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waters i t i s p o s s i b l e that the r e s i d u a l f r a c t i o n c o u l d be 

e n r i c h e d enough i n sodium to generate hydrothermal a l b i t e 

d u r i n g m i n e r a l i z a t i o n . A I m o the a l b i t e i n the d i k e s c o u l d be 

due to any r e s i d u a l c o n c e n t r a t i o n of a l k a l i i n a l a t e 

f r a c t i o n . The d i k e s could r e p r e s e n t lamprophyres which were 

contaminated by any r e s i d u a l s o l u t i o n s . I f a v o r t h i s l a s t 

h y p o t h e s i s because i t e x p l a i n s a l l of the a l b i t e o c c u r r e n c e s 

w i t h i n the study a r e a . Kirkham ( 1 9 6 3 ) a l s o concluded t h a t 

d i k e s were a l b i t i z e d due to c o n t a m i n a t i o n and t h a t the 

hydrothermal f l u i d s c a r r i e d c o n s i d e r a b l e a l k a l i m a t e r i a l with 

them. 

P r o p y l i t i c a l t e r a t i o n Is c h a r a c t e r i z e d by development of 

c l i n o z o i s i t e and c a l c i t e from p l a g i o c l a s e and by development 

of c h l o r i t e , c a l c i t e , p y r i t ' : and ( o r ) r u t i l e a f t e r 

h ornblende. However, c a l c i t e a f t e r p l a g i o c l a s e c o u l d a l s o be 

a r e s u l t o f the a l b i t i z a t i o n p r o c e s s . 

S e r i c i t i z a t i o n of the roc k s f o l l o w e d p r o p y l i t i z a t i o n and 

i s the most i n t e n s e and w i d e s p r e a d a l t e r a t i o n found. 

S e r i c i t i c a l t e r a t i o n o v e r p r i n t e d the e a r l i e r p r o p y l i t i c 

assemblage out to the very f r i n g e s o f the p r o p y l i t i c zone, so 

t h a t o n l y very s m a l l areas be r e c o g n i z e d i n the f i e l d as 

being a r e s u l t of p r o p y l i t J /.a t i o n . S e r i c i t i z a t i o n i s 

c h a r a c t e r i z e d by development of s e r i c i t e a f t e r p l a g i o c l a s e 

and i n the m a t r i x . Two a r ^ s have been found where 

tou r m a l i n e a l s o occurs i n tr. ̂  s e r i c i t i c zone. The 

t o u r m a l i n i z e d l o c a l i t i e s ar<: both s t r o n g l y b r e c c i a t e d and may 
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i n d i c a t e areas where v o l a t i l e s were a b l e to c o n c e n t r a t e . 

S i l i c i f i c a t i o n a l s o was contemporaneous with s e r i c i t i z a t i o n 

and c o n t i n u e d d u r i n g m i n e r a l i z a t i o n . 

P o t a s s i c metasomatism i s c h a r a c t e r i z e d by the 

development of b i o t i t e and minor o r t h o c l a s e . T h i s a l t e r a t i o n 

i s c o n f i n e d to areas of h i g h e r l e v e l s of copper 

m i n e r a l i z a t i o n with s u b o r d i n a t e molybdenum v a l u e s . 

S i l i c i f i c a t i o n a l s o occurs with m i n e r a l i z a t i o n . Hydrothermal 

a l b i t e o c curs i n t i m a t e l y with s u l f i d e s i n the p o t a s s i c zone. 

Hydrothermal a l t e r a t i o n a t S u l p h u r e t s i s t y p i c a l of a 

porphyry copper type of d e p o s i t , where a core of p o t a s s i c 

a l t e r a t i o n grades outward to a s e r i c i t i c zone which i n t u r n 

grades i n t o a p r o p y l i t i c zone at the f r i n g e ( G u i l b e r t and 

L o w e l l , 1974). At S u l p h u r e t s the s e r i c i t i c zone has 

encroached upon and l a r g e l y r e p l a c e d the p r o p y l i t i c zone 

except f o r a few s m a l l i s o l a t e d remnants at the f a r western 

edge of the s e r i c i t i c zone. 

The S u l p h u r e t s d e p o s i t s were c o n s i d e r e d by p r e v i o u s 

workers to be of a l k a l i n e a f f i n i t y and grouped with porphyry 

d e p o s i t s of the Intermontane zone of B r i t i s h Columbia 

( S i l l i t o e , 1979). However, hydrothermal a l t e r a t i o n a t 

S u l p h u r e t s does not compare very w e l l with the Intermontane 

zone porphyries,where a l a r g e core of p o t a s s i c a l t e r e d rock 

i s surrounded by a l a r g e zone of p r o p y l i t i c a l t e r a t i o n . A 

s e r i c i t i c zone i s g e n e r a l l y of very l i m i t e d e x t e n t or not 

present a t a l l ( S i l l i t o e , 1979). T h i s c o n t r a s t s s h a r p l y with 
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S u l p h u r e t s where s m a l l l o c a l patches of p o t a s s i c a l t e r a t i o n 

are surrounded by a huge s e r i c i t i c zone and s m a l l remnants 

a p r e - e x i s t i n g p r o p y l i t i c zone at the o u t e r f r i n g e . 



7 3 

MINERALIZATION 

W i t h i n the i n t r u s i v e rocks m i n e r a l i z a t i o n i s found 

mainly as v e i n f i l l i n g s i n a v e i n stockwork system. Where i t 

i s found i n the sedimentary r o c k s , m i n e r a l i z a t i o n occurs as 

d i s s e m i n a t i o n s and i n f o r m e r l y more porous h o r i z o n s can be 

found as massive replacement b o d i e s . O v e r a l l the S u l p h u r e t s 

area i s c h a r a c t e r i z e d by a high t o t a l s u l f i d e c o n t e n t . The 

rocks c o n t a i n from 3 to 5 percent (by volume) p y r i t e . 

Magnetite has not been found i n the S u l p h u r e t s g o l d zone 

although Kirkham (1963) r e p o r t s magnetite to be a s s o c i a t e d 

with i n t r u s i v e rocks to the n o r t h on M i t c h e l l - S u l p h u r e t s 

r i d g e . 

M i n e r a l i z a t i o n A s s o c i a t e d with P o t a s s i c A l t e r a t i o n 

The h i g h e s t grade of copper m i n e r a l i z a t i o n i n the 

S u l p h u r e t s v a l l e y i s found w i t h i n and a d j a c e n t to p o t a s s i c 

a l t e r e d zones of igneous or sedimentary r o c k s . Molybdenum 

values i n c r e a s e c l o s e r to the p o t a s s i c zones, but r a r e l y 

exceed 500 ppm. Copper v a l u e s up to 1 percent can be found, 

but they more commonly vary from 0.1 to 0.6 p e r c e n t . In 

p o t a s s i c a l t e r e d areas the primary t e x t u r e s are g e n e r a l l y so 

destroyed t h a t r e c o g n i t i o n o f rock type i s d i f f i c u l t . In 

outcrop and hand specimen m i n e r a l i z e d , p o t a s s i c a l t e r e d rocks 

are b l a c k , dense, and very f i n e g r a i n e d . C h a l c o p y r i t e and 

p y r i t e occur as f i n e - g r a i n e d d i s s e m i n a t i o n s . Molybdenite i s 
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found c o a t i n g some f r a c t u r e s . In t h i n - s e c t i o n c h a l c o p y r i t e 

and p y r i t e are found as d i s s e m i n a t i o n s i n v e i n s and v e i n l e t s , 

with q u a r t z and hydrothermal a l b i t e . Molybdenite i s c o n f i n e d 

to the v e i n s . 

Kirkham (19b3) mentions t h a t the most promising area f o r 

d e v e l o p i n g tonnage of copper m i n e r a l i z a t i o n i s near the top 

of M i t c h e l l - S u l p h u r e t s r i d g e which would be j u s t to the 

n o r t h e a s t of the study area f o r t h i s paper. T h i s corresponds 

w e l l with the i n c r e a s e i n copper v a l u e s and the appearance of 

l o c a l patches of p o t a s s i c metasomatism i n t h a t d i r e c t i o n . 

Kirkham (1963) d i s c u s s e s the o c c u r r e n c e of "disseminated 

copper and molybdenum i n m y l o n i t e zones" on the upper 

n o r t h e r n s l o p e s of S u l p h u r e t s v a l l e y . These "mylonite zones" 

are l o c a t e d i n the n o r t h e a s t p o r t i o n of the study a r e a , but I 

b e l i e v e t h a t the m y l o n i t e zones may a c t u a l l y be mudstones or 

very f i n e - g r a i n e d s i l t s t o n e s . T h i n - s e c t i o n study shows t h a t 

the m y l o n i t e i s very s i m i l a r i n appearance to f i n e s i l t s t o n e s 

i n o ther l o c a t i o n s . A l s o c o a r s e - g r a i n e d l i t h i c and a r k o s i c 

a r e n i t e s occur w i t h i n 30 m of these m y l o n i t e s . 

The main m e t a l l i c s u l f i d e m i n e r a l s are i n v a r i a b l y 

c h a l c o p y r i t e and m o l y b d e n i t e . C h a l c o p y r i t e occurs as 

a n h e d r a l g r a i n s i n the groundmass, v e i n s and v e i n l e t s . 

Molybdenite o n l y occurs as a n h e d r a l g r a i n s i n v e i n s and i s 

one of the l a s t m i n e r a l s to be d e p o s i t e d . Other s u l f i d e s 

such as b o r n i t e , g a l e n a and s p h a l e r i t e have not been found i n 

or near the p o t a s s i c zones. A gray m e t a l l i c m i n e r a l has been 
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found, but remains u n i d e n t i f i e d . The unknown m i n e r a l i s very 

f i n e - g r a i n e d , has low r e f l e c t a n c e , no b i r e f l e c t a n c e , very 

weak a n i s o t r o p i s m and the p o l i s h i n g hardness i s l e s s than 

c h a l c o p y r i t e . Commonly, i t i s found as i n c l u s i o n s i n p y r i t e . 

S e v e r a l V i c k e r s hardness t e s t s were t r i e d with v a r i a b l e 

r e s u l t s . Hardness ranged from a low of 278 to a high of 710 

V i c k e r s hardness number. The v a r i a b i l i t y of hardness could 

be due to e i t h e r f a u l t y equipment or to m i n e r a l o g i c a l 

d i f f e r e n c e s i n d i f f e r e n t t h i n s e c t i o n s . 

Gold v a l u e s are e r r a t i c i n comparison to copper values 

i n and near the p o t a s s i c zones. In g e n e r a l , g o l d values 

i n c r e a s e as copper content i n c r e a s e s , but g o l d v a l u e s remain 

c o n s i s t e n t l y lower than i n o t h e r a l t e r a t i o n t y p e s . Gold 

values range from 0.005 oz./ton to 0.06 oz./ton and average 

a p p r o x i m a t e l y 0.02 o z . / t o n . I t i s unknown how the g o l d 

o c c u r s , but i t i s su s p e c t e d to be a s s o c i a t e d with p y r i t e . 

Gangue m i n e r a l s i n and near the p o t a s s i c zones are 

p y r i t e , c a l c i t e , q u a r t z and a l b i t e . P y r i t e occurs throughout 

the S u l p h u r e t s area and i n a l l o f the v a r i o u s a l t e r a t i o n 

zones. I t i s unknown which g e n e r a t i o n of p y r i t e i s 

a s s o c i a t e d with Cu-Mo-Au m i n e r a l i z a t i o n because p y r i t e formed 

over a l o n g e r p e r i o d of time a t S u l p h u r e t s than Cu-Mo-Au 

m i n e r a l i z a t i o n . C a l c i t e a l s o i s u b i q u i t o u s and co u l d be 

r e m o b i l i z e d from the sedimentary r o c k s . Quartz and a l b i t e 

occur i n t i m a t e l y a s s o c i a t e d with c h a l c o p y r i t e and p y r i t e as 

e i n m i n e r a l s . I t i s p o s s i b l e t h a t the economic m i n e r a l s 
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were l o c a l i z e d with quartz and a l b i t e as the l a s t event a t 

S u l p h u r e t s . 

Secondary m i n e r a l s are hematite, l i m o n i t e and m a l a c h i t e . 

Leucoxene i s a l s o a common secondary m i n e r a l but i t i s not 

known whether i t i s d e r i v e d from i l m e n i t e or sphene. 

Hematite and, e s p e c i a l l y , l i m o n i t e are very common and are 

d e r i v e d from weathering of p y r i t e . M a l a c h i t e i s common i n 

the ea s t end of the study area where the c h a l c o p y r i t e content 

i s h i g h e r . 

M i n e r a l i z a t i o n A s s o c i a t e d With S e r i c i t i c A l t e r a t i o n 

S e r i c i t i c a l t e r a t i o n has a f f e c t e d almost a l l of the 

study area ( p i . 1,2) and the c o r r e s p o n d i n g m i n e r a l i z a t i o n i s 

s l i g h t l y d i f f e r e n t from the p o t a s s i c zones. M i n e r a l i z a t i o n 

i n the s e r i c i t i c zone occurs as d i s s e m i n a t i o n s i n 

m i c r o b r e c c i a t e d and i n t r u s i o n - b r e c c i a t e d r o c k s ; a l s o i t 

occurs i n v e i n stockworks and massive replacements. 

The B r e c c i a Zone 

The most important area f o r g o l d m i n e r a l i z a t i o n found to 

date i n the study area has been i n the B r e c c i a zone ( f i g . 30, 

p i . 2 ) . In t h i s area igneous and sedimentary rocks have been 

cut by an i n t r u s i v e b r e c c i a with igneous and sedimentary 

c l a s t s . Dark-green t o u r m a l i n e i s p r e s e n t as the groundmass 

i n the uppermost p o r t i o n of the b r e c c i a . P y r i t e , 

c h a l c o p y r i t e and the u n i d e n t i f i e d gray m e t a l l i c m i n e r a l 
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F i g u r e 3 0 . G e o l o g i c c r o s s - s e c t i o n s k e t c h o f the b r e c c i a zone, 
S e c t i o n i s a p p r o x i m a t e l y 2 0 0 m h i g h . A f t e r p l a t e 
4 . 
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p r e v i o u s l y d e s c r i b e d are found as a n h e d r a l d i s s e m i n a t i o n s , i n 

v e i n s and v e i n l e t s w i t h i n the b r e c c i a . 

Gold v a l u e s are h i g h e s t i n the b r e c c i a and, i n g e n e r a l , 

are p r o p o r t i o n a l to copper and t o u r m a l i n e c o n t e n t s . Copper 

va l u e s are i n the range 2 0 0 - 3 0 0 ppm, with some valu e s up to 

1 3 0 0 ppm. Gold v a l u e s range from 0.05 to 0.06 oz . / t o n . 

Although copper v a l u e s i n the b r e c c i a are much lower than i n 

the p o t a s s i c a l t e r e d r o c k s , copper and g o l d are p r o p o r t i o n a l 

to each o t h e r . V e r t i c a l l y below tho b r e c c i a are t h i n , up to 

10 cm t h i c k , l e n s o i d massive replacement bodies of p y r i t e and 

c h a l c o p y r i t e . The massive s u l f i d e bodies appear to be 

r e p l a c i n g sedimentary h o r i z o n s . In these replacement bodies 

copper i s h i g h e r i n content but g o l d has lower v a l u e s , 

s i m i l a r to the p o t a s s i c zones. 

The Canyon Zone 

Another area w i t h i n the s e r i c i t i c zone, r e f e r r e d to as 

the Canyon zone ( f i g . 3 1 , p i . 1 ) , i s a l s o of i n t e r e s t f o r 

go l d m i n e r a l i z a t i o n . In the uppermost s e c t i o n of the Canyon 

zone q u a r t z - s e r i c i t e - p y r i t e rock has been b r e c c i a t e d ( f i g . 

3 1 ) and m i n e r a l i z e d with a q u a r t z stockwork. Veins of quartz 

and p y r i t e are commonly about 4 mm wide and occur from 3 to 

12 cm a p a r t . Veins end a b r u p t l y a g a i n s t f r a c t u r e s and pinch 

out r a p i d l y . Quartz occurs as a n h e d r a l , c l e a r to mi l k y 

g r a i n s up to 5 mm i n l e n g t h . P y r i t e i s euhe d r a l to anhedral 

i n shape and up to 4 mm i n s i z e . P y r i t e i s w e l l o x i d i z e d to 
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F i g u r e 3 1 . G e o l o g i c c r o s s - s e c t i o n s k e t c h of' the Canyon zone. 
S e c t i o n i s a p p r o x i m a t e l y 70 m h i g h . 
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l i m o n i t e . P y r i t e i s the p r i n c i p a l s u l f i d e m i n e r a l and the 

g o l d i s b e l i e v e d to be a s s o c i a t e d with i t . C h a l c o p y r i t e i s 

r a r e and copper v a l u e s range from 100 to 2000 ppm, but 

average a p p r o x i m a t e l y 900 ppm. Gold values are lower than i n 

the B r e c c i a zone and l i e near 0.02 - 0.04 o z . / t o n . 

At the base of the upper b r e c c i a t e d s e c t i o n ( f i g . 31) i s 

what appears to be a massive replacement body of p y r i t e ( f i g . 

32). The s u l f i d e replacement body has an i r r e g u l a r upper 

s u r f a c e , a f l a t lower s u r f a c e , v a r i e s from 3 m to 10 cm i n 

t h i c k n e s s and i s a p p r o x i m a t e l y 50 m i n l e n g t h . Very minor 

molybdenite i s a s s o c i a t e d with t h i s replacement body as 

d i s s e m i n a t i o n s with the p y r i t e . Veins and v e i n l e t s , up to 4 

mm wide, t h a t r a d i a t e outward from t h i s body c a r r y p y r i t e , 

molybdenite, c h a l c o p y r i t e and q u a r t z . 

D i r e c t l y below the massive s u l f i d e body i s a 3 m t h i c k 

s e c t i o n of i n t e n s e l y s i l i c i f i e d q u a r t z - s e r i c i t e - p y r i t e rock 

( f i g . 3 1 , 33). P y r i t e c o n t e n t i s very low and quartz v e i n s 

w i t h i n t h i s s e c t i o n a r e b a r r e n . Quartz v e i n s are up to 2 cm 

wide and very i r r e g u l a r i n shape and c o n t i n u i t y . Quartz i s 

m i c r o c r y s t a l l i n e and wh i t e . 

The b a s a l u n i t o f the Canyon zone i s t y p i c a l q u a r t z -

s e r i c i t e rock ( f i g . 31). Secondary m i n e r a l s i n the Canyon 

zone are hematite, l i m o n i t e , and m a l a c h i t e . Leucoxene i s 

common, as i n the p o t a s s i c zones, but i t i s unknown whether 

i t i s d e r i v e d from i l m e n i t e or sphene. M a l a c h i t e i s r a r e i n 

the Canyon zone but hematite and l i m o n i t e are very common as 
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i g u r e 32. Photograph of m a s s i v e r e p l a c e m e n t bo 
P e o p l e a r e a p p r o x i m a t e l y 1 .8 m t a l l . y o i p y r i t e 
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Photograph of s i l i c i f i e 
i r r e g u l a r quartz, v e i n s . 
3 m h i g h . 

zone w i t h b a r r e n , v e r y 
S e c t i o n i s a p p r o x i m a t e l y 
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o x i d a t i o n p roducts of p y r i t e . 

The Lake Zone 

W i t h i n the Lake zone ( p i . 1) a r e 3 g o l d o c c u r r e n c e s of 

minor s i g n i f i c a n c e . The f i r s t o c c u r r e n c e i s with massive 

p y r i t e replacement b o d i e s . These bodies are g e n e r a l l y l e s s 

than 1 m l o n g and are very i r r e g u l a r i n shape. Not a l l of 

the p y r i t e bodies c a r r y g o l d v a l u e s . In the ones t h a t do 

have g o l d v a l u e s i t i s unknown how the g o l d o c c u r s . 

Mineralogy i s s i m i l a r to t h a t of the Canyon zone. The second 

oc c u r r e n c e i s i n m i c r o b r e c c i a t e d s y e n i t e . T h i s i s of 

i n t e r e s t because t o u r m a l i n e a l s o occurs i n the rock. T h i s 

area i s i n s i g n i f i c a n t i n s i z e , l e s s than 1 s q . m, but has 

much h i g h e r g o l d v a l u e s than the s u r r o u n d i n g r o c k . 

M i n e r a l o g y i s the same as the B r e c c i a zone. 

The l a s t o c c u r r e n c e of e l e v a t e d g o l d v a l u e s i s of 

s p e c i a l i n t e r e s t because i t has no c o r o l l a r y anywhere e l s e i n 

the study a r e a . A quartz v e i n approximately 10 cm wide and 3 

m lo n g i s p r e s e n t i n q u a r t z - s e r i c i t e rock a t the west end of 

the Lake zone. T h i s v e i n c o n t a i n s a r s e n o p y r i t e with p y r i t e 

and h i g h g o l d v a l u e s . I t i s b e l i e v e d t h a t the g o l d i s 

a s s o c i a t e d with the a r s e n o p y r i t e at t h i s l o c a l i t y . 

Age and O r i g i n of M i n e r a l i z a t i o n 

Due to the di s s e m i n a t e d c h a r a c t e r and l a r g e areas t h a t 

are m i n e r a l i z e d , p l u s the i n t i m a t e a s s o c i a t i o n of 
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m i n e r a l i z a t i o n with i n t r u s i v e rocks i t i s probable t h a t the 

m i n e r a l i z a t i o n i s of the porphyry copper t y p e . 

I t seems l i k e l y t h a t m i n e r a l i z a t i o n r e s u l t e d from the 

f i n a l episodes of i n t r u s i v e a c t i v i t y . The e a r l i e r of the 

M i t c h e l l I n t r u s i o n s , the f e l d s p a r - h o r n b l e n d e p o r p h y r i e s , was 

f o l l o w e d by hornblende-poor i n t r u s i o n s ( f i g . 1 1 ) . 

M i n e r a l i z a t i o n i s thought to be r e l a t e d to the l a t e r more-

d i f f e r e n t i a t e d i n t r u s i o n s . The e a r l i e r h o r n b l e n d e - b e a r i n g 

i n t r u s i o n s have p r o p y l i t i c a l t e r a t i o n t h a t has been 

o v e r p r i n t e d by the s e r i c i t i c a l t e r a t i o n . T h e r e f o r e , i t seems 

l i k e l y t h a t the i n t r u s i o n s were l a r g e l y i n p l a c e b e f o r e the 

m i n e r a l i z a t i o n event took p l a c e . Kirkham ( 1 9 6 3 ) a l s o r e l a t e d 

m i n e r a l i z a t i o n with the "waning s t a g e s of magmatic a c t i v i t y " . 

An i n t e r e s t i n g f e a t u r e of m i n e r a l i z a t i o n i n the 

s e r i c i t i c zone i s t h a t o n l y a few of the massive s u l f i d e 

replacement bodies have high g o l d v a l u e s . I f g o l d i s 

a s s o c i a t e d with p y r i t e i t i s probable t h a t g o l d 

m i n e r a l i z a t i o n o c c u r r e d d u r i n g a r e l a t i v e l y narrow time 

i n t e r v a l , inasmuch as p y r i t e was d e p o s i t e d over a much l o n g e r 

time. J u s t when t h i s time p e r i o d o c c u r r e d i s unknown, but i s 

suspected to be l a t e i n the hydrothermal event, and c o u l d be 

contemporaneous with the copper-molybdenum m i n e r a l i z a t i o n . 

Comparison with Gold-Rich Porphyry Copper D e p o s i t s 

In g e n e r a l , at S u l p h u r e t s , h i g h e r g o l d v a l u e s are 

a s s o c i a t e d with s e r i c i t i c a l t e r a t i o n and h i g h e r copper values 
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are a s s o c i a t e d with p o t a s s i c a l t e r a t i o n . A l k a l i n e p o r p h y r i e s 

of B r i t i s h Columbia most commonly have ore zones a s s o c i a t e d 

with a p o t a s s i c zone c l o s e to the a s s o c i a t e d a l k a l i n e p l u t o n 

(Barr and o t h e r s , 1976). S i l l i t o e (1979) remarked t h a t i n 

most g o l d - r i c h p o r p h y r i e s , "Gold i s n o r m a l l y p r e s e n t i n 

potassium s i l i c a t e a l t e r a t i o n , which commonly c a r r i e s an 

u n u s u a l l y h i g h magnetite c o n t e n t . " . No magnetite has been 

found a t S u l p h u r e t s i n e i t h e r the p o t a s s i c or s e r i c i t i c 

zones. So, i n comparison, the high g o l d content of 

S u l p h u r e t s has l i t t l e i n common with most ot h e r p o r p h y r i e s . 

However, T a y l o r and Van Leeuwen (1980) l i s t a few d e p o s i t s i n 

Southeast A s i a , such as Tapadaa, where g o l d - r i c h porphyry 

copper m i n e r a l i z a t i o n i s a s s o c i a t e d with s e r i c i t i c 

a l t e r a t i o n . In the Southeast A s i a d e p o s i t s , a l s o , the 

p o t a s s i c zones are c h a r a c t e r i z e d by b i o t i t e and l i t t l e or no 

o r t h o c l a s e ( T a y l o r and Van Leeuwen, 1980) which c o r r e l a t e s 

w e l l with S u l p h u r e t s . 

Other s i m i l a r i t i e s between S u l p h u r e t s and the d e p o s i t s 

i n Southeast A s i a are: h i g h - t o t a l - s u l f i d e c o ntent; and c a l c -

a l k a l i n e i n t r u s i v e rocks which a c t e d as the s o u r c e f o r the 

m i n e r a l i z i n g and a l t e r i n g f l u i d s . On the b a s i s of these 

s i m i l a r i t i e s S u l p h u r e t s compares much b e t t e r with the 

Southeast A s i a d e p o s i t s than d e p o s i t s i n B r i t i s h Columbia and 

elsewhere. 
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C o n c l u s i o n s 

The S u l p h u r e t s g o l d zone i s a h i g h - t o t a l - s u l f i d e a r e a . 

No magnetite has been found i n the area although Kirkham 

(1963) r e p o r t e d magnetite a s s o c i a t e d with i n t r u s i v e rocks to 

the north of the study a r e a . 

O v e r a l l , the S u l p h u r e t s d e p o s i t s do not c o r r e l a t e w e l l 

with g o l d - r i c h p o r p h y r i e s found elsewhere. Most other g o l d -

r i c h p o r p h y r i e s have g o l d m i n e r a l i z a t i o n l o c a l i z e d i n the 

p o t a s s i c a l t e r a t i o n f a c i e s with quartz and magnetite as major 

c o n s t i t u e n t s ( S i l l i t o e , 1979). At S u l p h u r e t s h i g h e r g o l d 

values are found with s e r i c i t i c a l t e r a t i o n and no magnetite 

has been found i n the study a r e a . However, S u l p h u r e t s i s a 

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

c h a r a c t e r i z e d by development of b i o t i t e and minor o r t h o c l a s e , 

which i s more t y p i c a l of g o l d - r i c h p o r p h y r i e s i n the 

Southeast A s i a ( S i l l i t o e , 1979). Almost no c o r r e l a t i o n s with 

a l k a l i n e g o l d - r i c h porphyry d e p o s i t s found i n B r i t i s h 

Columbia have been r e c o g n i z e d , not even p e t r o c h e m i s t r y of the 

source i n t r u s i o n s . The p e t r o c h e m i c a l data show the 

S u l p h u r e t s d e p o s i t s to be s i m i l a r to c a l c - a l k a l i n e p o r p h y r i e s 

found i n i s l a n d - a r c t e r r a n e s . 
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SUMMARY 

The g e o l o g i c sequence o f events of the Su l p h u r e t s g o l d 

zone may be summarized by the f o l l o w i n g : 

1 . During e a r l y J u r a s s i c time, or p o s s i b l y l a t e 

T r i a s s i c , d e p o s i t i o n of j u v e n i l e sedimentary 

d e t r i t u s o c c u r r e d a l o n g a c o n t i n e n t a l margin, 

p o s s i b l y i n an i s o l a t e d marine b a s i n a l o n g the 

margin. V o l c a n i c l a v a ( ? ) flows were a l s o d e p o s i t e d 

w i t h i n the sedimentary p i l e . Sedimentary rocks 

range from a b a s a l b l a c k s i l t s t o n e to l i t h i c and 

a r k o s i c a r e n i t e s and wackes. V o l c a n i c rocks 

i d e n t i f i e d a re t r a c h y t e and f e l d s p a r porphyry. 

2. F a u l t i n g a l o n g a no r t h - s o u t h zone o c c u r r e d a f t e r 

d e p o s i t i o n o f the s e d i m e n t a r y - v o l c a n i c p i l e . W i t h i n 

t h i s f a u l t zone, m i c r o b r e c c i a s o c c u r r e d . F a u l t i n g 

a l o n g the n o r t h - s o u t h zone may have c r e a t e d a zone 

of weakness which a i d e d m i g r a t i o n of i n t r u s i o n s and 

hydrothermal f l u i d s . 

3. The M i t c h e l l I n t r u s i o n s were emplaced. The e a r l i e s t 

i n t r u s i o n was f e l d s p a r - h o r n b l e n d e porphyry. Over 

time, d i f f e r e n t i a t i o n w i t h i n the magma chamber took 

p l a c e which l e d to the emplacement of monzonite and 
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s y e n i t e , i n t h a t o r d e r . The M i t c h e l l I n t r u s i o n s may 

have been emplaced d u r i n g the l a t e stages of 

d i a g e n e s i s of the s e d i m e n t a r y - v o l c a n i c p i l e . 

Connate water from the sedimentary u n i t s was 

i n c o r p o r a t e d i n t o the i n t r u s i o n s a l b i t i z i n g the 

p l a g i o c l a s e f e l d s p a r . P l a g i o c l a s e i n the 

sedimentary u n i t s was a l s o a l b i t i z e d . 

D uring the waning stages of i n t r u s i v e a c t i v i t y a 

hydrothermal system was e s t a b l i s h e d . T h i s system 

was r e s p o n s i b l e f o r hydrothermal a l t e r a t i o n and 

porphyry copper m i n e r a l i z a t i o n . Hydrogen 

metasomatism was r e s p o n s i b l e f o r p r o p y l i t i c 

a l t e r a t i o n o f the s u r r o u n d i n g r o c k s . As the 

hydrothermal system expanded and i n c r e a s e d i n 

i n t e n s i t y the p r o p y l i t i c zone was almost c o m p l e t e l y 

o v e r p r i n t e d by s e r i c i t i c a l t e r a t i o n . S e r i c i t i z a t i o n 

was very i n t e n s e and r e s u l t e d i n f o r m a t i o n of 

q u a r t z - s e r i c i t e r o c k . Potassium metasomatism may 

have o c c u r r e d a t t h i s time i n patchy a r e a s . 

Porphyry copper m i n e r a l i z a t i o n i s c l o s e l y a s s o c i a t e d 

with p o t a s s i c a l t e r a t i o n . The h i g h e s t grades of 

copper m i n e r a l i z a t i o n occur i n the p o t a s s i c a l t e r e d 

r o c k s . Low-grade d i s s e m i n a t e d g o l d m i n e r a l i z a t i o n 

o c c u r r e d w i t h i n the s e r i c i t i c a l t e r a t i o n zone. The 
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h i g h e s t grades of g o l d m i n e r a l i z a t i o n found occur 

with m i c r o b r e c c i a t e d and i n t r u s i o n b r e c c i a t e d 

r o c k s ; and with green t o u r m a l i n e i n d i c a t i n g an 

a s s o c i a t i o n of g o l d with a more v o l a t i l e - r i c h phase. 

6. Dikes were emplaced t h a t were r i c h i n a l k a l i 

f e l d s p a r s , o r t h o c l a s e and a l b i t e . These may-

r e p r e s e n t lamprophyres t h a t were a l t e r e d by r e s i d u a l 

a l k a l i m a t e r i a l . L a t e - s t a g e v e i n s were formed at 

t h i s time with s u l f i d e s , q u a r t z , and hydrothermal 

a l b i t e . Veins of only hydrothermal a l b i t e a l s o 

o c c u r r e d a t t h i s time. 

7. F a u l t i n g was o c c u r r i n g throughout the i n t r u s i v e and 

hydrothermal e v e n t s . 

8. The S u l p h u r e t s d e p o s i t s e x h i b i t s i m i l a r i t i e s with 

porphyry d e p o s i t s of the S o u t h e a s t - A s i a r e g i o n and 

are c l a s s i f i e d with them. High g o l d content i s the 

onl y s i m i l a r i t y t h a t S u l p h u r e t s has with a l k a l i n e 

s u i t e porphyry d e p o s i t s of B r i t i s h Columbia. 
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APPENDIX A 

L i s t of a l l samples a n a l y z e d by X-ray 
f l u o r e s c e n c e with p l o t t i n g symbols. 
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APPENDIX A 

P l o t t i n g Symbol Sample No. Rock name ( M i c r o s c o p i c ID) 

1 S - 8 Quartz Stockwork 

2 S-13 S e r i c i t e - Q u a r t z - P y r i t e Rock 

3 20-7 Hornblende-Feldspar Dike 

4 19-2B A l k a l i F e l d s p a r S y e n i t e 

5 S - 3 Quartz-Flooded B r e c c i a 

6 2401 S e r i c i t i c A l t e r e d F e l d s p a r -
Hornblende Porphyry 

7 20-2B I n c i p i e n t l y S e r i c i t i z e d 

A r k o s i c A r e n i t e 

8 19 - 8 L i t h i c A r e n i t e 

9 S-9 S e r i c i t i z e d F e l d s p a r -
Hornblende Porphyry 

0 3021 S e r i c i t e - T o u r m a l i n e Rock 

(A n d e s i t e Flow?) 

A 3097 Q u a r t z - S e r i c i t e Rock 

B 1 8 - 6 S e r i c i t e - C a l c i t e - C h l o r i t e 

Rock 

C 24-17 Q u a r t z - S e r i c i t e - P y r i t e Rock 

D P - 8 Monzonite 

E S-11 Feldspar-Hornblende Porphyry 

F 20-4 A r k o s i c A r e n i t e 

G 26-4 Feldspar-Hornblende Porphyry 

H 26-b Q u a r t z - S e r i c i t e - P y r i t e Rock 

1 2 4 - 1 3 S e r i c i t e - C h l o r i t e Rock 

J 26-10 Q u a r t z - S e r i c i t e - P y r i t e Rock 
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APPENDIX A (Con't) 

P l o t t i n g Symbol Sample No. Rock name ( M i c r o s c o p i c ID) 

K P-9 G r a n i t e 

L 24-7 A r k o s i c Wacke 

M 20-8 L i t h i c A r e n i t e 

N 3568 F e l d s p a r Porphyry 

0 26-2 S e r i c i t e - T o u r m a l i n e Rock 

P 19-1 Monzonite 

Q 3081 Hornblende Porphyry 

R S-10 Feldspar-Hornblende Porphyry 

S 24-10 T r a c h y t e 

T 19-5 A l k a l i F e l d s p a r Hornblende 

S y e n i t e 

U 26 - 8 Q u a r t z - S e r i c i t e Rock 

V 20-1 Q u a r t z - S e r i c i t e Rock 

W P-5 S e r i c i t i z e d M i c r o b r e c c i a 

X 19-2A S y e n i t e 

Y 19-7 L i t h i c A r e n i t e 

Z 18-4 Q u a r t z - S e r i c i t e - P y r i t e Rock 

(Flow?) 

/ 2403 Q u a r t z - S e r i c i t e Rock 

= 18-10 Q u a r t z - S e r i c i t e Rock 

* 19-6 A l k a l i F e l d s p a r S y e n i t e 

? 3093 Monzonite Porphyry 

+ 18-2 Q u a r t z - S e r i c i t e - P y r i t e Rock 
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APPENDIX B 

P e t r o c h e m i s t r y of a l l samples 
a n a l y z e d by X-ray f l u o r e s c e n c e . 



PE TrtLCHEM!ST RY OF SULPOPETS GOLD ZCNE 

309 3 19 6 192A 19 5 19 I P 9 S 11 P p S o ?401 102H 20 7 
SYMBOL ? X T P K t 0 9 6 4 3 

SI02 61 . C * 55 .02 62.21 49.41 52.68 75.50 5 8 . 8 0 71 .44 60 .06 5 8 . 6 9 6 7. 6R ' • 9 . 1 7 
AL2C3 16. 17 17.14 16.10 14 .26 17.04 9.23 17 .37 1 3.56 1 7 . 50 16.40 1 I. 59 14.63 
FE2C3 2.43 3.41 2.97 4.83 5.52 0 .67 2.98 0 . 2 / 2 .42 2 . 2 * 3.01 4.63 
FEO 2 .79 3 .90 3.40 5.54 6. 33 0 .77 3.42 0.31 2 .77 2.61 3 . 44 5. 30 
MGO 2.51 2 .09 1.16 7.29 2.15 0.36 2.32 0.40 1 .56 2. 25 I.01 7. 73 
CAO 4 .09 3 .63 0.46 9.45 1.77 0 .17 5.15 0.17 4 .75 5.82 0.21 0 . 9 ? 
NA2C 0.3 8 1 .90 0 .37 2.45 0.88 1.36 4 .06 3.04 0 .13 0.71 G.37 2 . 0 4 
K20 3.77 6.83 6.54 3.46 6.89 6.08 4 .42 6. 50 4 .48 4 . 2 0 6.89 4. 85 
TI02 0.38 0.41 0.43 1.10 0.82 0.02 0 .67 0.04 0 . 4 4 0 .46 0.31 1. 15 
P205 0 .24 0.31 0.34 0.4R 0.51 0.02 0.33 0.01 0 .23 0.24 0 . 14 0.42 
MNP 0 .13 0 . 1 9 0.01 0 . 19 0.14 0.01 0.15 0.01 0 . 2 3 0 .20 0.02 0. 19 
TOTAL 93 .97 94 .83 93. 99 98.46 94. 73 94. 19 99.67 95. 75 94 .57 93.86 94 .67 1 0 0 . 0 4 

ADJISTEO OXIOES 
SI02 65.CO 58.02 6 6 . 1 9 5 0 . 1 8 55.61 30.16 58 .99 74.61 63.51 6 2 . 53 71 . 4 9 4Q. 1 5 
AL203 17.21 18 .07 17.13 14.48 17.99 9.80 17.43 14. 16 1 8 . 5 0 17 .47 1 2 . 24 14.62 
FE2C3 2 .59 3 .60 3.16 4.91 5.83 0.71 2.99 0.28 2 .56 2.43 3. 18 4 . 63 ^> 
FEO 2 .97 4.11 3.62 5.63 6.68 0.82 3.4 3 0.32 2.93 2. 78 3.63 5 . 3 0 ° " 
MGO 2.67 2 .20 1.23 7.40 2.27 0.38 2.33 0.42 1 .65 2. 40 1.07 7. 73 
CAO 4 .35 3 .83 0 .49 9.60 1.87 0 .18 5.17 0. 18 5 .02 6.20 0.22 9 . 92 
NA2C) 3.40 2 .00 0.39 2.49 0.93 1.44 4 .37 3.17 0 . 14 0. 76 0.39 2 .04 
K20 4 .01 7 .20 6.96 3.51 7.27 6.46 4.43 6.79 4 .74 4 . 4 7 7.28 4. *6 
T I02 0 .40 0 .43 0.46 1.12 0.87 0 .02 0 .67 0.04 0 .47 0.49 0.33 I. 15 
P205 0 .26 3 . 33 C.36 0 .49 0.54 0.02 . 0.33 0.01 0 .24 0.26 0 . 15 0 . 4 ? 
MNO 0.14 0 .20 0.01 0. 19 0. 15 0.01 0.15 0 . 0 1 0 .24 0 . 2 1 0 . 0 2 0. 19 

Q 33.384 6 .307 33.901 13.635 45 .750 4.^33 29 .049 30.702 2 3 . 643 3 8. 10 3 
C 4 .898 0 .806 8.927 6.479 0 .160 1.293 4.602 0. 723 3. 67 3 
OR 23.708 42.561 41.1 18 20 .766 42 .983 38.145 26.205 40 .115 27.994 26 .443 43.CO 7 ? « . 70 8 
AB 3.422 16.954 3.331 19.567 7.861 12.218 34.468 26.865 1 .163 6.401 3.30 7 6 . b 2 2 
AN 19.524 IS .854 0.065 17.970 5.752 0 . 7 5 7 16.171 0.813 23.329 2 9 . 0 ° i 0 . 134 16.403 
NE 0.807 5. 760 

m 1 1 .048 3.048 12.546 
EN 6.652 5 .489 3.074 7.971 5.652 0.952 5.797 1.040 4.108 ^ . 97C 2.65 7 9 . 249 
FS 2 .^n5 4 .240 3.296 2.072 6.30? 0.898 3.001 0.312 2 .049 2 . 6 8 6 3.54 4 2.095 
FO 7.336 7 . 0 0 4 
FA 2.102 1. 749 
MT 3 .749 5.214 4.582 7.113 8.449 1.031 4 . 335 0.409 3.710 3. 52 ? 4 . 6 1 0 6. 710 
IL 0 .768 0 .321 0 . 8 6 ° 2.122 1 .644 0 .043 1.277 0.3 79 3 . 884 0. 931 0 . 62 2 2. 1*3 
AP 0 .605 0 . 774 0.857 1.155 1.275 C . O 5 0 0.784 0.025 0 .5 70 0 . 6 0 6 0. 35 0 C . 9 0 4 
TOTAL 100.015 130.019 100.019 100.02 7 100.030 100.00 1 1 0 0 . 0 1 9 1 0 0 . 0 0 1 1 0 0 . 0 1 5 I 00.016 I C O • J OH 10J .C24 

SALIC 85.335 8 3.481 87.341 59. 110 7 6 . 7 0 7 9 7 . 0 2 9 R l . 7 7 7 oft. 1 35 8 7.739 * 6 . 3 0 l n n .224 57 .492 
FfcMC 14 .680 16.538 1 2 . 6 7 7 40.918 23.3?2 2.972 1 8 . 2 4 2 I . P65 12.22 7 13 .715 11 . 7 8 3 42.532 

O. I . 6 0 . 5 1 3 65 . 82 1 7 0 . 1 5 0 4 1. 139 6 4 . 4 7 6 96 . 11 2 6 3.606 96 .029 v ; . 8 5 8 S 6 . 4 * 6 8 4 . 4 1 7 41.OOO 



PE TRLCHEMISTRY OF SULPURETS GOL U 7 CNF 

S 10 30 81 26 4 18 2 1810 2403 20 I 26 2 
SYMBOL R Q G L = / V 0 

SI02 •SO. 31 59.32 59 .29 59.32 67 .29 62.61 63 .79 53.88 
AL203 16.35 19.72 18. 77 19 .07 17.03 16. 31 18.48 17.82 
FF2T3 2.40 3 .23 3.03 3.41 1.33 2.40 1.93 3.32 
FEO 2.75 3 .69 3.47 3.91 1.52 2.75 2.22 3.80 
MGO 2.4 8 1 .53 2.01 1.06 1.15 1.51 1.19 I .88 
CAO 4 .74 0.62 1.61 0.71 1.36 2. 38 C.89 4.65 
NA20 0.21 0.04 1.84 0 .45 1.15 0. 15 0 .20 2.08 
K20 3 .26 0 .88 5.93 6.21 5.12 3.14 7.50 5.13 
TI02 0 .39 0 . 4 9 0 .40 0 .66 0.66 3.54 0 .87 0.62 
P205 0 .27 0 . 4 0 0.34 0.13 0.21 0 .15 0.51 0.45 
MNO 0 .14 0 .23 0.08 0 .05 0.10 0 .50 0 .06 ^ .45 
TOTAL 93 .30 90 .15 9 6 . 77 94 .93 96.92 92.44 97.64 94.08 

AOJLSTEO CXIOES 
S102 64.64 65 .80 6 1 . 2 7 62 .46 69 .43 67 .73 65 .33 5 7 . 2 7 
AL2C3 17 .52 21 .87 19.40 2 0 . 0 8 I 7.57 17.64 18.93 18.94 
FE2C3 2 .57 3.58 3.13 3.59 1.37 2.60 1 .98 3.53 
FEO 2.95 4 .09 3.59 4.12 1.57 2.97 2.27 4.04 
MGO 2.66 I .70 2.08 1.12 1.19 1.63 1.22 2.00 
CAU 5.08 3 .69 1.66 0.75 1.40 2.57 0.91 4.94 
NA20 0 .23 0.04 1.90 0 .47 1.19 0 .16 0 .20 2.21 
K20 3.49 0.98 6.13 6.54 5.28 3.40 7.68 5.45 
TI02 0.42 0 .54 0.41 3.69 0.68 0.58 0.89 0.66 
P20 5 0 .29 0 .44 0 .35 0 .14 0.22 0.16 0.52 0.48 
MNO 0.15 0 .26 0.08 0 .05 O.IC 0 .54 0.C6 0.48 

Q 
C 
OR 
AB 
AN 
NE 
WO 
EN 
FS 
FO 
FA 
MT 
IL 
AP 
TOTAL 

SAL 1C 
FEMIC 

3 4 . 6 1 8 
4 . 8 2 8 

2 0 . 6 4 R 
I . 9 0 5 

2 3 . 3 1 3 

6.620 
2.876 

3 . 7 3 0 
0 . 7 9 4 
0 . 6 8 5 

1 0 0 . 0 1 7 
8 5 . 3 1 2 
1 4 . 7 0 5 

57.174 
23.557 

5 .768 
3 .375 
0 .513 

4 .227 
4 . 133 

5 . 195 
1.032 
1.051 

100.026 
P4.388 
15 .638 

19.509 
7.452 

36 .212 
16.0 89 

5.958 

5.1 73 
3.469 

4.5 40 
0.785 
0.8 32 

100.019 
85. 220 
14.799 

30.185 
11.190 
38 .636 

4 .009 
2.814 

2.779 
3.544 

5.205 
1.320 
0.324 

I 00.008 
86.835 
13.173 

37.776 
7.869 

31 .217 
10.040 

5.546 

2 . 9 5 5 
0 • R 1 4 

1.990 
1.293 
0.513 

100.CI 2 
92.44 8 

7. 565 

44.763 
9 .408 

20.073 
1.373 

11.713 

4 .068 
3.359 

3. 764 
1. 109 
0.384 

100.015 
87 .330 
12.686 

3 1.909 
9.869 

45.391 
1 .733 
I .109 

3.035 
1. 185 

2.8 66 
1.6^2 
1.237 

1^0.028 
90.012 
10.016 

9.363 
1.561 

32.222 
18.708 
21 .395 

4 . 9 7 7 
4 . 3 0 3 

5.117 
1.2 52 
1.13 3 

100.031 
83 . 75^ 
16. 781 

26 10 241 3 309 7 302 I 
J I A 0 

55.26 6C . 54 63.4 7 68. 69 
17.39 15.27 7. P6 13. 88 

2 .37 5. 12 1.22 I. 65 
2.71 5. 87 1.39 1. 88 
1.^0 2.94 1 .30 2.24 
6.18 0.96 12.61 1.15 
1.43 0. 13 1.97 0. 29 
5 .89 5.02 3 .58 3. 79 
0 .58 2. 08 0.31 0.45 
0 .33 0 .45 0.20 0.28 
0 .32 0. 18 0 .47 0.07 
9 4 . 26 98 .56 9 4 . 3 8 94 .37 

58 .63 61 .42 67 .25 72. 7« 
18.45 15 .49 8.33 14. 71 

2.51 5. 19 1 .29 1.75,o 
2 .88 5. 96 1.47 1. 99 -q 
1 .91 2. 9R 1 . 38 2.37 
6 .56 0 .97 13.36 1.22 
1 .52 0. 13 2.C9 0. 31 
6 .25 5. 09 3. 79 4. 32 
0 .62 2. 11 0.33 0.43 
0 . 3 5 0.46 0.21 0. 30 
0.34 0. 18 0 .50 0.0 7 

9.812 34.327 23.138 49.607 
9. 086 8. 350 

36.925 30.098 22 .415 23.732 
12.837 1.116 17.662 2. 600 
25.076 1. 349 2. 152 4. 107 

2.156 
4 . 756 
2 .818 

3 .646 
1 .169 
0 .829 

L30.022 
q 4 . 6 5 0 
15 .37 ' ' 

7 . 4 2 9 
3 . 5 0 0 

7. 5?2 
4. 008 
1.0*1 

100.C26 
76 .4 76 
2 3 . s s r 

26 . 199 
3 .430 
2.02 0 

1 .874 
0 . 62 4 
0 . 50 ? 

10 3.017 
65 .367 
34.6 50 

5. o\2 
1.564 

2. S3 5 
0. 906 
0. 70 3 

10 J.016 
qn.397 
11.619 

D. 1 . 57.171 63.318 71.8CO 7 2.8 30 79.033 66 .209 7 9.033 60.293 V.J.5 74 65.541 6 3. 21 5 75.939 



PETROCHEMISTRY HE SULPURETS GOLD ZCNE 

S 3 S 13 S 8 18 A 2A10 3568 26 6 18 6 19 7 P 5 26 8 20 8 
SYMBOL 5 2 1 Z S N H n Y W U M 

S I02 67.AO 59 .C6 70 .17 62 .82 61 .89 62 .53 5 5 . 7 0 58.A5 68 .A2 6A. 81 62 . 71 69. 2 A 
AL203 6.R0 18 .18 17.79 16.91 12 .67 17.2A 15.3A 19.OA 13.69 12.9A 17.06 13. 80 
FE203 A .37 2 .86 0 .76 3.82 A.15 3.15 3.93 3.11 1.51 3. 79 2. 30 2. 20 
FEO 5.01 3.28 0 .87 A .37 A.75 3.61 A .50 3.57 1 .73 A.3A 2. 63 2. 52 
MGO 0 .55 I .65 0 .99 1.32 0.83 1.26 0.81 1.81 0 .83 1.95 1 . A6 1 .43 
CAO 0 .05 2 .50 C.07 0 .78 0.5A 0.6A 0.89 3.97 0 .92 1. 26 2. 15 1.22 
NA20 O.OA 1 .02 0.26 0. 12 0.32 1.13 0.52 1.06 0 .52 0.15 0 .27 I. 11 
K20 0 .70 6 .A2 A.61 5.00 A .66 5.57 8.39 5.32 8.2A 3. 11 5.35 A. 63 
T102 0 .19 3 .A6 0.29 0 .60 1.8A 0.A3 0 .35 0. 39 0 .23 0.3R 0.A2 0 .37 
P205 0 .03 0 .A6 O.OA 0. AO 0 .37 0.25 0.22 0.29 0 . 1 0 0.2A 0.25 0. 11 
MNO 0 .05 0 .05 0.02 0.12 0.05 0.17 0 .05 0 . 38 0 . 16 0.07 
TOTAL 8 5 . 1A 95 .9A 95. 85 9 6 . 19 92.OA 9 5 . 9 3 90 .70 9A.18 96.2A 93 .05 94 .76 97.36 

AOJLSTEO OXIOES 
SI02 79. 16 61 .56 73.21 65.31 67.2A 6 5 . 18 6 1 . A l 6 2 . 0 6 71 .09 6 9 . 6 5 66 . 18 71. 12 
AL203 7 .99 18 .95 18.56 17.58 13.77 17.97 16. 91 20.22 1A.22 13.91 19.00 14. 17 
FE2C3 5.13 2 .98 0.79 3.97 A.51 3.28 A.33 3. 30 1.57 A. 07 2.A3 2.26 
FEO 5.88 3 .A2 0.9 1 A.5A 5.16 3.76 A .96 3.79 1 .80 A .66 2.78 2. 59 
MGO 0.65 1 .72 1.03 1.37 0.90 1.31 0.89 1.92 0 .86 2. 10 1 . 54 1. 47 
CAO 0 .06 2.61 0 .07 0.81 0.59 0 . 6 7 0.98 I .0 3 0 .96 1.35 2.27 1.25 
NA2C 0 .05 I .06 0 .27 0. 12 0.35 1.18 0.57 1.13 0.5A 0 . 16 0.28 1. 82 
K20 0.82 5 .69 A.81 5.20 5.06 5.81 9.25 5.65 8 .56 3. 3A 5.65 4. 76 
T102 0 .22 0.A8 0 .30 0.62 2.00 0.A5 0 . 3 " O . A l 0 .2A O . A l 0.44 0. 38 
P205 O.OA 0 .A8 O.OA 0.A2 O.AO 0.26 0.2A 0.31 0 . 1 3 3.26 0.26 j. 11 
MNO 3.05 0 .05 0.02 0 .13 0.06 0. 18 0 .05 0.09 0 . 17 0. 07 

Q 71.933 21.551 51.413 40 .203 43 .243 31.779 17.652 27.926 31.367 48.A91 35 .283 36.099 
C 6 .997 6 .368 12.875 11.270 7.610 9 .160 A.75A 11.116 2.580 8.179 7.930 4.023 
OR 4.858 39.543 28.421 30 .717 29 .919 34.311 54.662 33.380 50.595 19.753 33.363 ?R.1G2 
AB 0 .398 8.996 2.295 1.056 2.942 9 .967 4.851 9.524 4 .572 1.364 2 . A l l 15.383 
AN 0.061 9.795 0.090 1.306 0.28A 1.607 3.283 3.098 A.064 5.033 9.532 5.478 
NE 
WO 
EN 1.609 4 .283 2.572 3.418 2.246 3.271 2.224 4.706 2.148 5.219 3.837 3.658 

6.197 3.120 0.512 4.128 2.A91 3.690 A.996 3.P8A 1.707 A.6P5 2 .673 2.392 
FO 
FA 
NT 7.AA2 4.322 1.150 5.753 6.537 A.761 6.282 A.788 2.275 5.906 3.519 3.276 
IL 0.A2A 3.911 0.575 1.185 3.797 0.851 G.733 0.786 0.A5A 0.776 0.8A2 0.722 
AP 0.0P3 1.136 0 .099 0.985 0.952 0 .617 0.575 0 .729 0 .246 0.611 0 .625 0.268 
TOTAL 100.002 130.025 100.032 100.022 100.021 100.015 ICO.013 100.018 100.006 100.014 100.016 100.007 

SALIC 84 .247 8 6 . 2 5 3 95. 094 84.548 83.998 86.824 85.203 85.044 9 3.176 P2.8l f> * 8 . 5 i " 89.691 
FEMIC 15.755 13 .772 4 .908 1 5 . 4 7 3 16.023 13.191 14.810 14.974 6.829 17.197 11.496 13.316 

D.I • 7 7 . 1 ° ° 73.091 82.129 71 .973 76.104 76.057 77 .165 70.830 86 .533 69.606 71.057 90.184 



PE TP t)C HE Ml ST RY OF SULPURETS GOLD ZCNE 

24 7 23 4 2417 19 8 202B 
SYMBOL L F C 8 7 

SI02 6 1 . 55 68 .52 57 .24 6 1 . 0 7 55.51 
AL2C3 18.13 14 .88 15.18 12.95 18.85 
FE2C3 2 .69 1 .05 4 .39 3.87 3.65 
FEO 3.08 1 .20 5.33 4 .44 4.18 
MGO 1.14 1 .02 1.61 0.90 1.20 
CAO 1 .C2 0 .41 2.88 1.14 0 .47 
NA20 0 .20 1 .17 1.48 0.21 0.34 
K20 6 .40 5.51 6.25 6.90 6.60 
TI02 3.35 3 .32 0.50 0.33 0.49 
P205 0 .24 0 .13 0.34 0.11 0.38 
MNO 0 .06 3 .03 0 .17 0 .05 0 .02 
TOTAL 94 .86 94 .24 95 .07 91 .97 91 .69 

ADJUSTED OXIDES 
SIU2 64.89 72.71 60.21 6 6 . 4 0 60 .54 
AL2C3 19.11 15 .79 15.97 14.08 20.56 
FE203 2.84 I .11 4.62 4.21 3.98 
FEO 3.25 1.27 5.29 4 .83 4 .56 
MGO 1.20 1 .08 1.69 0.98 1.31 
CAO I .08 0 .44 3.03 1.24 0.51 
NA20 0.21 1 .24 1.56 0 .23 0 .37 
K20 6.75 5.85 6 .57 7.50 7.20 
TI02 0 .37 0 .34 0.53 0.36 0.53 
P205 0.25 0 .14 0.36 0.12 0.41 
MNO 0.06 3 .03 0.18 0 .05 0.02 

Q 33.033 40 .538 15.545 30.355 
C 10.114 6 .958 1.639 3.617 
OR 39.869 34 .550 38.848 4 4 . 3 3 4 
AB 1.784 13.505 13.173 1.932 
AN 3.681 I .257 12.692 5.368 
NE 
MO 
EN 2.993 2.696 4.218 2.437 
FS 3 .128 0 .916 5.365 4 .897 
FO 
FA 
MT 4.112 I .615 6.695 6.101 
IL 0.701 0 .645 0.999 0.681 
AP 0 .599 0.32 7 0.847 0.283 
TOTAL 100.014 100.007 100.021 100.007 0 .0 

SALIC 88.481 9 3 . 8 0 9 81 .897 85.607 0 .0 
FEM If. 11.532 6.199 18.123 14.400 0 .0 

O.I . 74.686 85 .593 67 .566 76.621 0 .0 














