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ABSTRACT 

The s i g n i f i c a n c e of K-f e l d s p a r - b e a r i n g and s e r i c i t e - b e a r i n g 

envelopes w i t h i n the p e r v a s i v e l y k a o l i n i z e d rocks of the Endako 

molybdenite deposit may be explained i n the l i g h t of experimental 

s t u d i e s by J . J . Hemley i n the system K20 - A1203 - Si02 - H20. 

R e l a t i v e v e i n sequence of hydrothermal a l t e r a t i o n products 

i s i l l u s t r a t e d more d i s t i n c t l y at Endako Mines than i n many of the 

porphyry copper de p o s i t s . C r o s s - c u t t i n g r e l a t i o n s i n d i c a t e a r e l a t i v e 

age sequence among the va r i o u s s i l i c a t e stages which i s i n agreement 

w i t h a chemical c o n t r o l based on the a c t i v i t y r a t i o of K +/H + i n a 

n e a r l y isothermal environment. 



INTRODUCTION 

Thi s paper i s presented to i l l u s t r a t e that the products of 

hydrothermal a l t e r a t i o n and t h e i r interdependence can be r e a d i l y 

e x p lained i n terms of the experimental work of J. J . Hemley i n the 

system K2O - AI2O3 - Si02 - H2O. Many of the porphyry copper type of 

d e p o s i t s ( e x c l u d i n g Butte) do not show the r e l a t i v e a l t e r a t i o n sequence 

as d i s t i n c t l y as i t i s seen at the Endako molybdenite deposit ( T i t l e y 

and Hicks (1966)). 

Endako Mines i s l o c a t e d 100 m i l e s west of P r i n c e George and 

about 350 m i l e s north of Vancouver at the geographical center of B r i t i s h 

Columbia. The molybdenum deposit occurs i n the Endako quartz monzonite 

which i s one of the o l d e s t rock types of the composite Topley i n t r u s i v e 

and which has been dated at 140 m.y. (White et a l (1967)). The b a t h o l i t h 

i s considered to be of J u r a s s i c age (Armstrong (1949) p. 92). Regional 

geology and s t r u c t u r a l i n t e r p r e t a t i o n of the Endako deposit was presented 

at the 1966 C.I.M. - B.C. S e c t i o n convention i n V i c t o r i a (Kimura and 

Drummond (1966)). 

The Endako orebody i s an elongated e l l i p t i c a l l y - s h a p e d stockwork 

which s t r i k e s N70W, dips 20 to 50 degrees south, and measures about 6,000 

f e e t long by 1,200 f e e t wide. Ore reserves as of March 15, 1968 at an 

0.08% MoS 2 c u t o f f are 239,000,000 tons grading 0.15% M0S2. The m i l l 

c a p a c i t y has been expanded to 22,000 tons per day. The average s t r i p r a t i o 

f o r the ore reserves w i t h i n the current u l t i m a t e p i t o u t l i n e i s 0.5:1. 
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MINE GEOLOGY 

The Endako quartz monzonite and three m i n e r a l o g i c a l l y d i s t i n c t 

pre-mineral dykes form the host f o r the m i n e r a l i z e d stockwork. The Endako 

quartz monzonite i s g e n e r a l l y equigranular ( 3 - 4 mm.) w i t h some K-feldspar 

c r y s t a l s o c c a s i o n a l l y as l a r g e as 7 mm. This s i z e d i f f e r e n c e imparts a 

suggestion of a p o r p h y r i t i c texture but i s not s u f f i c i e n t l y d i s t i n c t i v e 

to warrant the term " p o r p h y r i t i c " . Composition i s quartz (30%), pale p i n k 

to orange-tinged K-feldspar ( p e r t h i t i c o r t h o c l a s e , 2V X large) (35%), white 

to g r e e n i s h - t i n g e d p l a g i o c l a s e (An2o) (30%), and p a r t i a l l y c h l o r i t i z e d 

b l a c k b i o t i t e ( 5 % ) . A p a t i t e , z i r c o n , p y r i t e and magnetite comprise the 

accessory m i n e r a l s . The K - f e l d s p a r / t o t a l f e l d s p a r r a t i o may vary between 

2/3 and 1/2, but i s predominantly 1/2. Therefore, the rock type i s 

c l a s s i f i e d as quartz monzonite r a t h e r than g r a n i t e . 

A p l i t e i s the l e a s t abundant dyke rock i n the mine. I t i s 

t y p i c a l l y f i n e - g r a i n e d , pink, graphic t e x t u r e d , and i s composed of quartz 

(40%), p i n k o r t h o c l a s e (40%), white p l a g i o c l a s e (An20) (20%), and l e s s 

than 1% c h l o r i t i z e d b i o t i t e . 

P o r p h y r i t i c g r a n i t e i s more abundant and has large Carlsbad-

twinned o r t h o c l a s e phenocrysts (1 cm.) (3%) s c a t t e r e d throughout a f i n e r 

g r a i n e d , p h a n e r i t i c , s e r i a t e - t e x t u r e d m a t r i x (0.1 - 1 cm.). S e r i a t e m a t r i x 

i s composed of quartz (20%), K-feldspar (45%), p l a g i o c l a s e (25%), and 

b i o t i t e ( 5 % ) . Z i r c o n and a p a t i t e comprise the accessory m i n e r a l s . P o r p h y r i t i c 
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g r a n i t e dykes have only been observed to i n t r u d e the Endako quartz 

monzonite i n the mine area and are, i n t u r n , i n t r u d e d by q u a r t z - f e l d s p a r 

porphyry. 

Qua r t z - f e l d s p a r porphyry i s the most abundant dyke rock i n the 

mine v i c i n i t y . Two phases have been observed: (1) a brown to pink rock 

composed of K-feldspar ( o r t h o c l a s e , 2V X large) (2 mm.) (1-5%) and (2) a 

brown rock w i t h quartz (5-10%), K-feldspar (1-5%), and s a g e n i t i c b i o t i t e 

(1-3%) phenocrysts (1-2 mm.) i n a dense, a p h a n i t i c m a t r i x (0.05 mm.). 

The l a t t e r i s termed q u a r t z - f e l d s p a r p o r p h y r y - b i o t i t e phase i n which 

c h a r a c t e r i s t i c a l l y , s c a t t e r e d K-feldspar phenocrysts may be up to 1 cm. 

i n length. M a t r i x i s composed of quartz (50%), K-feldspar (40%), 

p l a g i o c l a s e ( 5 % ) , b i o t i t e ( 5 % ) , and accessory minerals of a p a t i t e and 

z i r c o n . Q u a r t z - f e l d s p a r porphyry i n t r u d e s the Endako quartz monzonite, 

a p l i t e and p o r p h y r i t i c g r a n i t e which makes t h i s dyke the l a t e s t pre-ore 

dyke i n the mine area. 

Post-ore b a s a l t dykes cro s s - c u t the quartz monzonite, the 

pre-ore dykes and the m i n e r a l i z a t i o n . 

MINERALOGY, ALTERATION, AND RELATIVE VEIN AGE 

D e t a i l e d megascopic, p e t r o g r a p h i c , and X-ray d i f f r a c t o m e t e r 

s t u d i e s have been conducted on the v e i n mineralogy and on the attendant 

hydrothermal a l t e r a t i o n . Comparison of v e i n and s p e c i f i c types of 

a l t e r a t i o n a l l o w f o r m u l a t i o n of a m i n e r a l i z a t i o n sequence. 
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A. ALTERATION MINERALOGY 

The presence or absence of s p e c i f i c m i n e r a l phases and t h e i r 

r e l a t i o n s h i p to each other i s the essence of an a l t e r a t i o n study. 

I t i s e s s e n t i a l that introduced or secondary f e a t u r e s are not 

mistaken f o r primary v a r i a t i o n s w i t h i n the Endako quartz monzonite 

host. 

X-ray a n a l y s i s of the f i n e - g r a i n e d a l t e r a t i o n c l a y minerals 

without the use of D.T.A. ( D i f f e r e n t i a l Thermal A n a l y s i s ) or heat 

treatment f a c i l i t i e s w i l l a l l o w only an approximateT.identification. 

Consequently, the terms, s e r i c i t e , k a o l i n i t e , and m o n t m o r i l l o n i t e 
o 

r e f e r r e s p e c t i v e l y to the presence of a 10A mica group m i n e r a l , a 

7 A* k a o l i n i t e group m i n e r a l , and a 14A mo n t m o r i l l o n i t e - t y p e m i n e r a l . 

Where present, the l a t t e r are g l y c o l a t e d and the s h i f t i n 14A* peak 

i s checked. Polymorphs of s e r i c i t e as o u t l i n e d by Velde (1965) were 

not determined as t h i s aspect of the mineralogy was beyond the scope 

of t h i s study. 

Three d i s t i n c t hydrothermal a l t e r a t i o n phases are observed 

w i t h i n the Endako ore zone: (1) envelopes w i t h K - f e l d s p a r ; (2) 

envelopes w i t h s e r i c i t e ; and (3) pervasive k a o l i n i z a t i o n . An 

envelope i s defined as a band or zone of introduced s i l i c a t e s around 

a c e n t r a l v e i n or f r a c t u r e . P e r v a s i v e a l t e r a t i o n of the quartz 

monzonite i s always present to some degree on the outward side of 

the envelope. 
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1. K - f e l d s p a r - B e a r i n g Envelopes 

Evidence of introduced K-feldspar i s seen i n three d i s t i n c t 

megascopic forms. Envelopes of 1/8 to 2 inches width which may 

be developed adjacent to e i t h e r quartz or quartz-molybdenite v e i n s , 

are composed of e i t h e r K-feldspar (100%) or K-feldspar (95%) and 

quartz ( 5 % ) . No other s i l i c a t e s or m e t a l l i c phases are present i n 

the envelope. 

A second type of envelope i s composed of K-feldspar (90%) and 

b i o t i t e (10%) i n which quartz may l o c a l l y be present up to 5%,. 

The K - f e l d s p a r - b i o t i t e assemblage may a l s o form lenses without the 

presence of a c e n t r a l v e i n . These lenses appear to have been 

developed along f r a c t u r e s and v e i n s i n widths up to 24 inches. 

Envelopes are much more common than the lenses. 

A t h i r d type of envelope i s d i s t i n c t l y d i f f e r e n t i n that i t 

contains K - f e l d s p a r (60% or more), quartz (30%), b i o t i t e (up to 

5%), and a l t e r e d p l a g i o c l a s e ( 5 % or more). This type appears to 

be a r e l a t i v e i n c r e a s e i n K - f e l d s p a r / t o t a l f e l d s p a r r a t i o over 

that which occurs i n the adjacent p e r v a s i v e l y a l t e r e d quartz 

monzonite (quartz (30%), K-feldspar (35%), p l a g i o c l a s e (30%), 

and b i o t i t e ( 5 % ) ) . 

F i e l d or t e x t u r a l evidence appears to be the only r e l i a b l e 

method to d i s t i n g u i s h hydrothermal K-feldspar (envelopes) and 
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primary K-feldspar ( o r i g i n a l c o n s t i t u e n t of quartz monzonite). 

Pe t r o g r a p h i c work shows that the introduced K-feldspar has 

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

v e i n . 

The degree of t r i c l i n i c i t y between primary and secondary 

K- f e l d s p a r was compared using an X-ray d i f f r a c t o m e t e r . Two 

m o d i f i c a t i o n s of K-feldspar are o r t h o c l a s e (monoclinic, disordered) 

and m i c r o c l i n e ( t r i c l i n i c , ordered). With f a l l i n g temperature, 

d i s o r d e r e d o r t h o c l a s e w i l l become more ordered and i t s s t r u c t u r e 

w i l l become p r o g r e s s i v e l y t r i c l i n i c . R e s u l t s of the X-ray 

a n a l y s i s showed only the d i s o r d e r e d , monoclinic form, o r t h o c l a s e . 

Observations i n d i c a t e that pink or salmon coloured K-feldspar 

can e x i s t e i t h e r i n envelopes or as a primary c o n s t i t u e n t . I t i s 

a l s o p o s s i b l e to get both c o l o u r s i n the K-feldspar c r y s t a l s without 

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

under high m a g n i f i c a t i o n , the salmon pink coloured p o r t i o n w i l l 

show the presence of minute red specks which could be f i n e l y 

d i v i d e d powdery hematite. X-ray pa t t e r n s of the two c o l o u r types 

e l i m i n a t e d the p o s s i b i l i t y of more than one K-feldspar m o d i f i c a t i o n . 

The c o n c l u s i o n i s that salmon pi n k coloured K - f e l d s p a r does not 

n e c e s s a r i l y i n d i c a t e the presence of hydrothermal K-feldspar and 

that the probable cause of the c o l o u r a t i o n i s f i n e l y d i v i d e d 

hematite. 
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2. S e r i c i t e - B e a r i n g Envelopes 

A grey, megascopically sharp envelope i s developed on 

quartz-molybdenite and/or magnetite and on q u a r t z - p y r i t e v e i n s 

i n widths from l / 8 t h to 2 inches. This type of envelope i s 

composed of quartz (55 to 60%), s e r i c i t e (loX) (30 - 35%), and 

f i n e l y disseminated p y r i t e (1 - 5%). X-ray d i f f r a c t o m e t e r 

p a t t e r n s of the envelopes show an absence of k a o l i n i t e (7A*) or 

m o n t m o r i l l o n i t e (14&) peaks. W i t h i n the envelope, the o r i g i n a l 

rock K - f e l d s p a r , p l a g i o c l a s e , and b i o t i t e have been replaced by 

s e r i c i t e and quartz. I r o n from the breakdown of the b i o t i t e has 

been s u l p h i d i z e d to form p y r i t e . The m a j o r i t y of grey envelopes 

have t h i s mineralogy. S e r i c i t i c envelopes are l e s s common than 

K - f e l d s p a r - b e a r i n g envelopes. 

In only a few cases, the development of the envelope does 

not appear to be complete. In these, s e r i c i t i z e d b i o t i t e , r e l i c t 

f e l d s p a r , and a very f i n e - g r a i n e d p r e s e n t l y u n i d e n t i f i e d mineral 

may be present i n a d d i t i o n to the quartz, s e r i c i t e , and p y r i t e . 

The u n i d e n t i f i e d m i n e r a l i s white or grey and has the f o l l o w i n g 

p r o p e r t i e s i n t h i n s e c t i o n : c o l o u r l e s s , untwinned, low negative 

r e l i e f w i t h respect to Canada balsam, b i r e f r i n g e n c e of about 

.007, o p t i c a l l y p o s i t i v e (?) w i t h 2V Z l a r g e ( ? ) , and w i t h ' r ' 

l e s s than 'v' about Z. These p r o p e r t i e s agree w i t h gypsum but 

the presence of gypsum has not been confirmed. 



- 9 -

To date, three examples of q u a r t z - s e r i c i t e - p y r i t e envelopes 

have been observed adjacent to a v e i n i n which a pink m i n e r a l 

occurs i n a d d i t i o n to the r e g u l a r v e i n phases. Peterson, G i l b e r t , 

and Quick (1946) who worked on the C a s t l e Dome deposit i n A r i z o n a 

described q u a r t z - s e r i c i t e - p y r i t e envelopes i n which the o r i g i n a l 
# 

rock o r t h o c l a s e i s unstable and i s a l t e r e d to s e r i c i t e w h i l e at 

the same time, a d u l a r i a ( d i s o r d e r e d , low temperature m o d i f i c a t i o n 

of o r t h o c l a s e ) i s deposited i n the v e i n . T h e i r d e s c r i p t i o n could 

a l s o agree w i t h those few cases of a pink m i n e r a l i n a v e i n w i t h 

a s e r i c i t i c envelope at Endako. The s i g n i f i c a n c e of t h i s 

assemblage i s d i f f i c u l t to assess because t h e i r abundance i s 

extremely minor. 

3. P e r v a s i v e K a o l i n i z a t i o n 

P l a g i o c l a s e i s the most s e n s i t i v e i n d i c a t o r of p r o g r e s s i v e 

p e r v a s i v e a l t e r a t i o n between the outward l i m i t of an envelope 

and f r e s h quartz monzonite. The m i n e r a l o g i c a l change from hard 

grey p l a g i o c l a s e i n f r e s h rock to a s o f t greenish mixture of 

k a o l i n i t e and s e r i c i t e i s s u f f i c i e n t l y d i s t i n c t to a l l o w 

c l a s s i f i c a t i o n . 

(a) Unaltered Quartz Monzonite 

Fresh equigranular quartz monzonite i s composed of 

quartz (30%), pink K-feldspar ( p e r t h i t i c o r t h o c l a s e , 2V X 
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l a r g e ) (35%), hard grey p l a g i o c l a s e (twinned and g e n e r a l l y 

not zoned, 29(131) - 29(131) = 1.50 (An20)) (30%), and b l a c k 

b i o t i t e ( 5 % ) . Accessory minerals are a p a t i t e , z i r c o n , sphene, 

and magnetite. 

(b) Weak K a o l i n i z a t i o n 

Weakly k a o l i n i z e d quartz monzonite has quartz (30%), 

p i n k o r t h o c l a s e (35%), greenish grey p l a g i o c l a s e (30%), and 

b l a c k or c h l o r i t i z e d b i o t i t e ( 5 % ) . Accessory minerals are 

a p a t i t e , z i r c o n , and magnetite or powdery hematite. The 

g r e e n i s h - t i n g e d p l a g i o c l a s e g e n e r a l l y shows a hard grey r i m 

and a s o f t e r greenish core. X-ray a n a l y s i s of the core and 

ri m i n d i c a t e that the p l a g i o c l a s e i s An20 (29(131) - 29(131) 

= 1.50) and that the major a l t e r a t i o n products are k a o l i n i t e 

and s e r i c i t e . Minor amounts of a m o n t m o r i l l o n i t e - t y p e c l a y 

are l o c a l l y present when the s o f t core has white 'specks' 

which w i l l n o t i c e a b l y s w e l l when a f r e s h l y broken rock surface 

i s exposed to the a i r . 

I n t h i n s e c t i o n , minute amounts of a carbonate, probably 

c a l c i t e are seen along w i t h a brownish to greenish, weakly 

p l e o c h r o i c m i n e r a l which may p o s s i b l y be a mixture of the 

c l a y m i n e r a l s and c h l o r i t i z e d b i o t i t e or c h l o r i t e . This 

greenish m i n e r a l i s g e n e r a l l y confined to c e r t a i n more c a l c i c 

zones which e x i s t e d i n the o r i g i n a l p l a g i o c l a s e . I t may a l s o 
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be found along minute f r a c t u r e s which c r o s s - c u t the 

zoning i n the p l a g i o c l a s e . The carbonate and c h l o r i t e 

(?) are not present i n s u f f i c i e n t q u a n t i t i e s to be 

detected by X-ray. 

Recognition of t h i s c l a s s i f i c a t i o n i s based on the 

presence of zoned p l a g i o c l a s e c r y s t a l s w i t h a hard grey 

rim and a s o f t green core which l o c a l l y may show white 

'specks' that s w e l l on exposure i n a i r , and on the 

presence of K-feldspar which has not been attacked. 

(c) Moderate K a o l i n i z a t i o n 

Moderately k a o l i n i z e d quartz monzonite has the same 

r e l a t i v e m i n e r a l percentages as the weakly k a o l i n i z e d rock. 

Accessory minerals are a l s o the same. K-feldspar i s not 

attacked and the mafic i s e i t h e r b l a c k or c h l o r i t i z e d 

b i o t i t e . The ' p l a g i o c l a s e ' has completely broken down and 

i s e i t h e r a s o f t homogeneously pale green or white coloured 

mixture of c l a y m i n e r a l s . X-ray a n a l y s i s i n d i c a t e s only the 

presence of k a o l i n i t e and s e r i c i t e . M o n t m o r i l l o n i t e i s not 

present and appears only as an a l t e r a t i o n phase when the 

perva s i v e a l t e r a t i o n i s weak. 

In t h i n s e c t i o n , the s o f t white or homogeneous pale 

green ' p l a g i o c l a s e ' shows s e r i c i t e , k a o l i n i t e , carbonate 

( c a l c i t e ( ? ) ) , and c h l o r i t i c m a t e r i a l i n a p a t t e r n which 
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resembles the r e l i c t core described f o r the Weak 

K a o l i n i z a t i o n . Since the degree of a l t e r a t i o n i s 

r e l a t i v e l y more in t e n s e , the hard rim i s now seen as a 

k a o l i n i t e - r i c h band which surrounds the above described 

a l t e r e d core. S e r i c i t e f l a k e s have not been observed 

i n t h i s k a o l i n i t e replacement of the o r i g i n a l p l a g i o c l a s e 

rim. B i o t i t e may be s a g e n i t i c and g e n e r a l l y has minute 

r u t i l e g r a i n s c l u s t e r e d around the periphery of the 

b i o t i t e f l a k e . 

R e c o g n i t i o n of t h i s c l a s s i f i c a t i o n i s based on the 

presence of unattacked pink K-feldspar and the complete 

breakdown of p l a g i o c l a s e . 

(d) Intense K a o l i n i z a t i o n 

I n t e n s e l y k a o l i n i z e d quartz monzonite has quartz (30%), 

pale bleached 'K-feldspar' (30 - 35%), pale greenish or 

w h i t i s h areas ( o r i g i n a l l y p l a g i o c l a s e ) (30 - 35%), and 

f r e s h b l a c k to bleached b i o t i t e (0 - 5%). Accessory 

m i n e r a l s are a p a t i t e , z i r c o n and sphene ( ? ) . Magnetite, 

powdery hematite or p y r i t e may be present i n trace amounts. 

Petrography and X-ray a n a l y s i s i n d i c a t e that o r i g i n a l 

p l a g i o c l a s e has completely broken down to k a o l i n i t e and 

s e r i c i t e and that the r e s i d u a l K-feldspar has been replaced 

by k a o l i n i t e and a l i t t l e s e r i c i t e . 
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Some w h i t i s h ( o r i g i n a l l y p l a g i o c l a s e ) m a t e r i a l 

occurs w i t h i n a greenish area ( a l s o o r i g i n a l l y p l a g i o c l a s e 

and adjacent to bleached pink o r t h o c l a s e . X-ray p a t t e r n s 

of both types of a l t e r e d p l a g i o c l a s e were i d e n t i c a l . 

P etrographic evidence i n d i c a t e d a greater development of 

very f i n e - g r a i n e d b i o t i t e p l a t e s i n the white k a o l i n i t e -

r i c h a l t e r e d p l a g i o c l a s e g r a i n s r e l a t i v e to the greenish 

a l t e r e d p l a g i o c l a s e . This suggests that i r o n which may 

impart a greenish c o l o u r a t i o n to k a o l i n i t e i n one case, 

has been f i x e d i n b i o t i t e i n the other case and consequent 

the c o e x i s t i n g k a o l i n i t e i s white. This agrees w i t h the 

coexistence of secondary b i o t i t e w i t h k a o l i n i t e i n the 

i n t e n s e l y k a o l i n i z e d rocks. 

R e c o g n i t i o n of t h i s c l a s s i f i c a t i o n i s based on the 

presence of completely a l t e r e d p l a g i o c l a s e and n o t i c e a b l y 

attacked K-feldspar. 

B. VEIN MINERALOGY. 

M e t a l l i c m i n e r a l i z a t i o n i n the orebody i s simple. Molybdenite, 

magnetite and p y r i t e are the most abundant w i t h trace amounts of 

c h a l c o p y r i t e , b o r n i t e , s c h e e l i t e , and s p e c u l a r i t e . B o r n i t e and 

s p e c u l a r i t e are subordinate to c h a l c o p y r i t e i n abundance. 
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Two types of molybdenite m i n e r a l i z a t i o n occur w i t h i n the 

orebody. The most prominent m i n e r a l i z a t i o n i s the 6 inch to 4 

f o o t wide continuous quartz v e i n w i t h c h a r a c t e r i s t i c ribbons of 

molybdenite. Some molybdenite occurs as very f i n e l y d i v i d e d g r a i n s 

w i t h i n the quartz v e i n s . The second type occurs as f i n e 

f r a c t u r e s f i l l e d w i t h quartz-molybdenite i n the form of a stock-

work adjacent to and surrounding the major quartz v e i n s . This 

zone of stockwork forms a halo of economic m i n e r a l i z a t i o n around 

the major quartz v e i n s and may vary i n width from 20 to 200 f e e t . 

The appearance and magnetic s u s c e p t i b i l i t y of magnetite i n 

quartz-magnetite v e i n s v a r i e s w i t h depth. Near surface, 'magnetite' 

i s termed 'powdery hematite' as i t has a red s t r e a k , i s non-magnetic 

and g i v e s only hematite peaks on an X-ray p a t t e r n . With depth, 

powdery hematite becomes weakly to s t r o n g l y magnetic and the 

c o l o u r and s t r e a k change simultaneously from red to brownish b l a c k 

or black. A p o l i s h e d s e c t i o n of a b l a c k magnetite w i t h a brownish 

s t r e a k showed that very f i n e hematite g r a i n s had developed along 

unoriented f r a c t u r e s w i t h i n the magnetite. I r o n , o r i g i n a l l y i n 

magnetite has been d i s s o l v e d as f e r r o u s i r o n and o x i d i z e d to 

i n s o l u b l e f e r r i c oxide or hematite. A r e a c t i o n of the f o l l o w i n g 

type i s thought to occur: 

2Fe"H'+ k®2 + 2H20 = Fe203 + 4H +. ' 
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This v a r i a t i o n i n the magnetite w i t h depth suggests that the 

development of hematite i s secondary and i s probably r e l a t e d to 

a T e r t i a r y e r o s i o n surface. 

I t must be noted that q u a r t z - s p e c u l a r i t e v e i n s do occur as 

a l a t e f e a t u r e i n the development of the Endako stockwork. These 

v e i n s should not be confused w i t h the above secondary change of 

magnetite to powdery hematite. 

Occurrence of c h a l c o p y r i t e i s g e n e r a l l y c o i n c i d e n t w i t h 

p y r i t e and magnetite i n the l a r g e r quartz-molybdenite v e i n s . 

Specks of b o r n i t e are r a r e l y seen but when observed they are on 

f r a c t u r e s near c h a l c o p y r i t e . 

C. AGE RELATIONS OF VEIN AND ALTERATION TYPES 

A sequence of r e l a t i v e v e i n ages and a l t e r a t i o n types has 

been compiled from numerous observations of c r o s s - c u t t i n g r e l a t i o n s h i p s 

i n logging d r i l l core and i n mapping the open p i t . These are l i s t e d 

i n F i g u r e 1. The v a r i o u s stages o u t l i n e d i n Figure 1 are superimposed 

on each other w i t h t h e i r net r e s u l t being the Endako stockwork. I t 

must be noted that f i v e to seven i n d i v i d u a l c r o s s - c u t t i n g f e a t u r e s 

may be present i n a s i n g l e hand specimen. 

The f o l l o w i n g type of o b s e r v a t i o n i s the b a s i s f o r F i g u r e 1. A 

quartz-molybdenite v e i n w i t h a K-feldspar envelope may be i n t e r s e c t e d 

by a quartz-molybdenite v e i n w i t h a q u a r t z - s e r i c i t e - p y r i t e envelope 
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STAGE VEIN ENVELOPE 

1 

( o l d e s t ) 

Qu, 
Qu-Mo 
Qu-Mag 
( t P y ) 

a) K-spar 
b) K-spar-Bio., 
c) Qu-K-spar-Bio-(minor 

a l t e r e d p l a g i o c l a s e ) 

(Qu-Mo-minor K-spar) (Qu-Ser-Py) ( ( ? ) ) 

2 Qu-Mag 
Qu-Mo 
Qu-Mag-Mo 
( a l l - Py, Cpy, Bn) 

Qu-Ser-Py; 
Qu-Ser-Py 
Qu-Ser-Py 

Qu-Py (- Mo, Mag) Qu-Ser-Py ( ( P y r i t e Zone)) 

3* 
Qu-Mo 
Qu-Mag 
Qu-Mag-Mo 
( t Py, Cpy) 

((No envelopes)) 

4* Qu-Py 
((No envelopes)) 

( O c c a s i o n a l l y , may have 
'bleached halo' around v e i n s ) 

5 
Spec-minor Qu 
C a l c i t e 
Chalcedony 

((No envelopes)) 

6 

(youngest) 

Late u n f i l l e d 
f r a c t u r e s 

FIGURE 1: Table showing r e l a t i v e ages of v e i n s and envelopes. (The 
f o l l o w i n g n o t a t i o n i s used: Qu - quartz; K-spar - K- f e l d s p a r ; 
Bio - b i o t i t e ; Ser - s e r i c i t e ; Mo - molybdenite; Mag - magnetite; 
Py - p y r i t e ; Cpy - c h a l c o p y r i t e ; Bn - b o r n i t e ; Spec - s p e c u l a r i t e ) . 

Barren quartz v e i n s may a l s o occur w i t h Stages 3 and 4. 
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without any o f f s e t . The r e l a t i v e age can be deduced because the 

introduced K-feldspar of the f i r s t envelope has been replaced by 

s e r i c i t e at the i n t e r s e c t i o n area of two v e i n s . The problem of 

geometry of zoned a l t e r a t i o n around c e n t r a l v e i n s or f r a c t u r e s has 

been discussed by Meyer and Hemley (1967) p. 180 - 183. 

Three K - f e l d s p a r - b e a r i n g envelopes are shown i n Stage 1. There 

does not appear to be any c o r r e l a t i o n between a s p e c i f i c type of 

envelope and the v e i n mineralogy. S i m i l a r l y , there i s no apparent 

c o r r e l a t i o n between s p e c i f i c v e i n m i n erals and s e r i c i t i c envelopes. 

However, w i t h i n the orebody, the f o l l o w i n g g e n e r a l i z a t i o n i s true: 

K - f e l d s p a r - b e a r i n g envelopes are more commonly developed on quartz-

molybdenite v e i n s and s e r i c i t i c envelopes are more commonly developed 

on quartz-magnetite v e i n s . The presence of magnetite and molybdenite 

w i t h both envelope types only p o i n t s out that magnetite has played an 

i n t e g r a l p a r t i n the m i n e r a l i z a t i o n h i s t o r y . 

Width of envelopes does not appear to bear any r e l a t i o n to v e i n 

width and/or v e i n mineralogy. For example, observations i n d i c a t e 

t hat a 1 i n c h K-feldspar envelope can occur on a l / 8 t h inch quartz-

molybdenite v e i n as o f t e n as a % inch K-feldspar envelope can occur 

on a 1 i n c h quartz-molybdenite v e i n . The width of the envelope i s 

dependent on the length of time that the o r i g i n a l f r a c t u r e was open 

to the a l t e r i n g and m i n e r a l i z i n g f l u i d . Maximum envelope width recorded 

i s 8 inches. 
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There are a few quartz-molybdenite v e i n s which c o n t a i n a pink 

K-feldspar and which have a q u a r t z - s e r i c i t e - p y r i t e envelope. T h e i r 

r e l a t i v e p o s i t i o n i n Figure 1 i s not a c c u r a t e l y known. They are 

grouped w i t h the other examples of s e r i c i t i c envelopes and are 

thought to be a p o s s i b l e t r a n s i t i o n phase between Stages 1 and 2. 

A 200 to 500 f o o t zone r i c h i n p y r i t e occurs along the south 

side of the orebody. W i t h i n t h i s zone, s e r i c i t i c envelopes up to 

1/2 i n c h are developed on q u a r t z - p y r i t e (- molybdenite and/or magnetite) 

v e i n s but w i t h i n the orebody s e r i c i t i c envelopes are developed on 
-f. 

quartz-magnetite-molybdenite (- p y r i t e ) v e i n s . ; 

The stockwork must have been under t e n s i o n a l s t r e s s during the 

formation of the l a r g e r i c h quartz-molybdenite v e i n s without 

envelopes (Stage 3). These v e i n s have been reopened s e v e r a l times 

to a l l o w the p r e c i p i t a t i o n of as many as 21 i n d i v i d u a l molybdenite 

ribbons over a width of approximately 8 inches. Assuming that two 

ribbons were formed along the w a l l s during each f r a c t u r e p e r i o d , there 

would have been a minimum of 10 f r a c t u r e periods i n the formation 

of a v e i n of t h i s type. 

Q u a r t z - p y r i t e v e i n s without s e r i c i t i c envelopes i n the orebody 

and p y r i t e zone o c c a s i o n a l l y have a 'bleached h a l o ' w i t h a width up 

to \ i n c h , There i s no d i f f e r e n c e i n rock t e x t u r e w i t h i n the halo 

but the f o l l o w i n g f e a t u r e s can be noted: (1) b i o t i t e i s not present; 

(2) a l t e r e d greenish p l a g i o c l a s e i n the rock has turned white; 
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(3) p i n k or salmon pink K-feldspar may be present, and (4) the 

accessory w i t h i n the halo i s p y r i t e w h i l e o u t s i d e , i t i s an i r o n 

oxide. This suggests that w i t h i n the halo Mg and Fe have been 

leached as b i o t i t e has been removed, a l t e r e d p l a g i o c l a s e has been 

bleached white and that Fe has been s u l p h i d i z e d and f i x e d as p y r i t e . 

The d i s t i n c t i o n i s made between envelope and halo because the 

envelopes have changed the rock mineralogy adjacent to a v e i n w h i l e 

t h i s bleached halo i n d i c a t e s only the l e a c h i n g of Mg and Fe and the 

r e p r e c i p i t a t i o n of the Fe as p y r i t e . These halos are of minor 

abundance and cannot be shown as a separate stage i n Figure 2. 

Outward from Stage 3 and 4 v e i n s , the degree of k a o l i n i z a t i o n 

may vary from Weak to Intense. There i s no c o r r e l a t i o n between the 

i n t e n s i t y of pervasive a l t e r a t i o n and the v e i n mineralogy. However, 

w i t h i n the stockwork, the most commonly encountered a l t e r a t i o n type 

would l i e between Weak and Moderate K a o l i n i z a t i o n . Therefore, i n 

gen e r a l , the perv a s i v e a l t e r a t i o n type outward from a Stage 3 or 4 

v e i n or Stage 1 or 2 envelope w i l l range between Weak to Moderate 

K a o l i n i z a t i o n . 

I t i s d o u b t f u l i f there i s any a l t e r a t i o n of the quartz monzonite 

by v e i n s or f r a c t u r e s of Stages 5 or 6. A few q u a r t z - s p e c u l a r i t e v e i n s 

were observed w i t h i n an i n t e n s e l y k a o l i n i z e d shear zone but as the v e i n 

was not broken, i t may have followed a p r e v i o u s l y developed shear. 

C a l c i t e occurs as l a t e v e i n s , as open space f i l l i n g ( c a l c i t e rhombs 
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up to 1 inch) and as a b r e c c i a m a t r i x to quartz-molybdenite veined 

and a l t e r e d quartz monzonite. Chalcedony may be found w i t h the 

c a l c i t e . 

D. CHEMICAL CONTROLS 

Development and understanding of the s e q u e n t i a l nature of the 

m i n e r a l i z a t i o n and i t s attendant hydrothermal a l t e r a t i o n w i t h i n the 

Endako stockwork allows p o s t u l a t i o n of some of the chemical c o n t r o l s 

i n v o l v e d . 

The i n t e r r e l a t i o n s h i p of K- f e l d s p a r - and s e r i c i t e - b e a r i n g 

envelopes and the presence of pervasive k a o l i n i z a t i o n i s suggested by 

Hemley (1959) and Hemley and Jones (1964). K-feldspar envelopes 

were developed e a r l i e r than s e r i c i t e envelopes as seen by c r o s s - c u t t i n 

r e l a t i o n s where s e r i c i t e has replaced the introduced K-feldspar. 

Outward from these envelopes and outward from the Stage 3 and 4 v e i n s , 

the rock has been p e r v a s i v e l y k a o l i n i z e d . T e x t u r a l evidence i n d i c a t e s 

that the k a o l i n i z a t i o n must have developed during the formation of the 

ve i n s w i t h and without envelopes. Late v e i n s and f r a c t u r e s of Stage 

5 and 6 are considered to be post a l t e r a t i o n and consequently, are 

not p a r t of t h i s d i s c u s s i o n . 

The question of c o n t r o l would depend on the method that Time 1 

c o n d i t i o n s were changed to Time 2 or Time 3 c o n d i t i o n s (see Figure 2). 

From the experimental work of Hemley (1959) (Figure 3), the mechanism 
+ + 

could be e i t h e r temperature or the a c t i v i t y r a t i o of K /H . 
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Q u - M o S o Vein with K-feldspar Envelope. 
(TIME 1) 

j i ^ - ^ K - f e l d s p a r r e p l a c e d by s e r i c i t e ) 

Q u . - M o S 2 

Vein 
(TIME 3) 

Q u . - M o S 2 Vein 
wi th Quar tz -
Sericite - Pyr i te 
Envelope. 
(TIME 2) 

Figure 2 ; Diagram illustrating time relationships of major 
voining events during mineralization * (Host rock is pervasive3.y 
altered outward from veins with or without envelopes„} 
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500 

U 
o 

4 0 0 

a 
t_ 300 

E 

200 

K- feldspar 
P y r o -
phyllite 

Kaolinite 

Quartz present 
15000 psi total pressure 

i i i 
10 10 2 

m 
10-

m, 
10' 101 

KCI/ HCI 

Circled numbers relate curves to following equations: 
3/2KAlSi 50 8 •+ H + - 1/2KA1 5S1 50 1 0(0H) 2 + 3Si0 2 + K+, © 
(K-feldspar) (sericite) 

KAl 3Si-0 1 0(OH) 2 + H + + 3/2H20 - 3/2Al2Si2<>5(OH)4 + K +. ( 
(sericite) (kaolinite) 

Figure 3: Reaction curves for the system KpO-Al^O^-SiOp-HpO, 
After Hemley (1959). (Line A-B-C i s explained .xVtext.) 
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Temperature must have changed between Time 1 and Time 3 c o n d i t i o n s 

but i t i s p o s s i b l e that the temperature d i f f e r e n c e was not great. 

Consider a case such as shown i n Figure 2 where a quartz-molybdenite 

v e i n i s imposed on a quartz-molybdenite v e i n w i t h a q u a r t z - s e r i c i t e -

p y r i t e envelope which has been imposed on a quartz-molybdenite v e i n 

w i t h a K - f e l d s p a r envelope. Temperature v a r i a t i o n from the v e i n w i t h 

the K - f e l d s p a r envelope would have to be i n the order of 100 degrees C. 

over perhaps an i n c h . A gradient of t h i s magnitude i s u n l i k e l y and 

would be a very d i f f i c u l t mechanism to e x p l a i n the r e s u l t a n t mineralogy. 

The Endako depo s i t can be considered to be more or l e s s isothermal 

during m i n e r a l i z a t i o n but i t must be concluded that some temperature, 

change occurred between Time 1 and Time 3. The major c o n t r o l i s more 

l o g i c a l l y assigned to v a r i a t i o n s i n the a c t i v i t y r a t i o of K /H . 

The r e l a t i v e ages and the d i f f e r e n t m i n e r a l assemblages are i n 

agreement w i t h the experimental observations of Hemley (1959). The 
-ff 

mechanism suggests a p r o g r e s s i v e i o n l e a c h i n g or m i g r a t i o n of Ca , 
•4* 11 |) 

Na , Mg , Fe , and Fe" ', toward the v e i n w i t h a simultaneous m i g r a t i o n 
+ + + + of K and H outward from the v e i n . II and K would d i f f u s e i n t o the 

rock i n response to c o n c e n t r a t i o n g r a d i e n t s from the v e i n . The K /H 

a c t i v i t y r a t i o would then vary outward from the v e i n i n some non - l i n e a r 

manner which i s dependent on the r a t e of supply of heat, K**, pH, and on 

the r a t e of removal of leached c o n s t i t u e n t s . Iron may not be removed i n 

the case of the K - f e l d s p a r - b i o t i t e or q u a r t z - s e r i c i t e - p y r i t e envelopes 
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where the i r o n i s f i x e d i n the b i o t i t e or s u l p h i d i z e d to p y r i t e 

r e s p e c t i v e l y . Using t h i s concept of two-way m i g r a t i o n and f i x a t i o n , 

development of K-feldspar and s e r i c i t e - b e a r i n g envelopes and the 

absence of an envelope can be explained by the same chemical c o n t r o l 

i n e s s e n t i a l l y an isothermal environment. 

Using Hemley's curves, i t i s suggested that f o r Stage 1 v e i n s 

w i t h K - f e l d s p a r envelopes, the a c t i v i t y r a t i o of K /H at Time 1 

must have been i n the K-feldspar f i e l d . K -feldspar adjacent to these 

v e i n s has completely changed the mineralogy and t e x t u r e of the o r i g i n a l 

rock. At some l a t e r time (Time 2), the a c t i v i t y r a t i o was w i t h i n the 

K-mica ( s e r i c i t e ) f i e l d as s e r i c i t e r e p l a c e s the e a r l i e r introduced 

K-feldspar as w e l l as changing the mineralogy and texture of the 

o r i g i n a l rock. The K /H r a t i o would f u r t h e r decrease w i t h time 

(Time 3) and would move i n t o the f i e l d of k a o l i n i t e . I t must a l s o be . 

noted that a K /H decrease w i l l occur outward from v e i n s w i t h or 

without envelopes. This l a t t e r mechanism i s the cause of the pervasive 

k a o l i n i z a t i o n . 

The general trend i n the change of the a c t i v i t y r a t i o w i t h TIME 

i s i l l u s t r a t e d by l i n e A-B-C (Figure 3). P o i n t A would represent the 

Stage 1 v e i n s and development of K-feldspar envelopes at Time 1; p o i n t 

B would represent Stage 2 vei n s and development of s e r i c i t i c envelopes 

at Time 2; and p o i n t C would represent the development-of Stage 3 v e i n s 

without envelopes. Slope of l i n e A-B-C would n e c e s s a r i l y be low and 
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p o s i t i v e because the temperature d i f f e r e n c e would be s m a l l . Absolute 

l o c a t i o n of the trend l i n e i s unknown because the temperature at p o i n t 

C i s unknown. P o i n t C must be below the p y r o p h y l l i t e f i e l d (about 350C) 

as p y r o p h y l l i t e i s absent. Consequently, t h i s l i n e i n d i c a t e s only the 

g e n e r a l i z e d trend i n chemical change during m i n e r a l i z a t i o n . 

Several other p o s s i b l e v a r i a b l e s must be mentioned but t h e i r 

i n d i v i d u a l r o l e i s not f u l l y understood. The a c t i v i t y of s i l i c a has 

been reported by Fournier (1967) to be r e s p o n s i b l e f o r the coexistence 

of the p a i r K - f e l d s p a r - k a o l i n i t e . At E l y , Nevada, Fournier found that 

p l a g i o c l a s e broke down to a mixture of hydrothermal K-feldspar and 

k a o l i n i t e at low temperature and high s i l i c a a c t i v i t y at 1,000 bars. 

At Endako, K-f e l d s p a r may replace a l t e r e d p l a g i o c l a s e w i t h i n K - f e l d s p a r -

bearing envelopes but the p a i r K - f e l d s p a r - k a o l i n i t e are not observed 

to be a breakdown product of p l a g i o c l a s e . This i s i n agreement w i t h 

Meyer and Hemley (1959) who suggest that K-feldspar was metastable at 

the time of formation of k a o l i n i t e i n the a r g i l l i t e zone at Butte, 

Montana. 

There must have been some c o n t r o l by the p a r t i a l pressure of 

both sulphur and oxygen since sulphides (molybdenite and p y r i t e ) as 

w e l l as oxide (magnetite) e x i s t i n the v e i n s . Meyer and Hemley (1967) 

note a strong c o r r e l a t i o n between hydrogen metasomatism and f u g a c i t y 

of sulphur i n ore m i n e r a l assemblages and s t a t e that, "strong hydrogen' 

metasomatism e x i s t s only when the S/0 f u g a c i t y r a t i o i s r e l a t i v e l y h i g h , 

not merely when oxygen f u g a c i t y i s h i g h " (p. 222). 
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SUMMARY AND CONCLUSIONS 

Three c h a r a c t e r i s t i c a l t e r a t i o n f e a t u r e s of the Endako quartz 

monzonite w i t h i n the Endako molybdenum deposit are: (1) K- f e l d s p a r -

bearing envelopes, (2) q u a r t z - s e r i c i t e - p y r i t e envelopes, and (3) pervasive 

k a o l i n i z a t i o n . Quartz-molybdenite (minor magnetite) v e i n s w i t h K - f e l d s p a r -

bearing envelopes are more common w i t h i n the orebody than quartz-magnetite-

molybdenite v e i n s w i t h q u a r t z - s e r i c i t e - p y r i t e envelopes. Pervasive breakc 

down of the o r i g i n a l p l a g i o c l a s e to k a o l i n i t e and some s e r i c i t e occurs on 

the outward side of the envelopes and adjacent to quartz-molybdenite v e i n s 

without envelopes. K a o l i n i z a t i o n imparts a c h a r a c t e r i s t i c greenish hue to 

the o r i g i n a l quartz monzonite. C r o s s - c u t t i n g r e l a t i o n s i n d i c a t e a r e l a t i v e 

age sequence among the v a r i o u s s i l i c a t e stages which i s i n agreement w i t h a 
4- 4-

chemical c o n t r o l based on the a c t i v i t y r a t i o of K i4H i n a n e a r l y isothermal 

environment. 

The r e l a t i v e v e i n sequence of hydrothermal a l t e r a t i o n products i s 

i l l u s t r a t e d more d i s t i n c t l y at Endako than i n many of the porphyry copper 

d e p o s i t s . The change i n s i l i c a t e mineralogy w i t h time f o l l o w s very c l o s e l y 

the chemical c o n t r o l s o u t l i n e d by the experimental work of J . J . Hemley. 

I t i s hoped that more examples of mineral deposits w i l l be published which 

s t r e s s the v a r i a t i o n of s i l i c a t e and m e t a l l i c mineralogy w i t h time during 

m i n e r a l i z a t i o n such that e x p e r i m e n t a l i s t s may more c l o s e l y approximate 

n a t u r a l a l t e r a t i o n assemblages i n t h e i r l a b o r a t o r y i n v e s t i g a t i o n s . 
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