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ABSTRACT 
S u l f l d e - s u l f o s a l t v e i n and replacement ores r i c h i n Fe, 

As, Ag f Zn, Pb, and Au; a stockwork-type molybdenum d e p o s i t ; 
a Au-Bi-Te- v e i n and replacement d e p o s i t ; and some sma l l Cu-
Fe-Ag dep o s i t s i n the Hudson Bay Range of w e s t - c e n t r a l B r i t 
i s h Columbia are z o n a l l y arranged about f e l s i c p o r p h y r l t i c 
T e r t i a r y i n t r u s i o n s . The ores are apparently temporally and 
g e n e t i c a l l y r e l a t e d t o the i n t r u s i o n s . 

A study has been made of the geologic s e t t i n g of the 
d e p o s i t s , the chemistry of the ores, and the geochemistry of 
s p h a l e r i t e , p y r r h o t i t e , a r s e n o p y r i t e , and other minerals i n 
an attempt t o d e f i n e the zoning more c l o s e l y and t o e v a l u 
ate processes c o n t r o l l i n g i t s development. 

The 60 or so known depo s i t s of the d i s t r i c t have been 
d i v i d e d i n t o groups based on t h e i r mineralogy, metal content, 
and s t r u c t u r a l f e a t u r e s . Small " s u l f i d e " v e i n deposits w i t h 
v a r i a b l e amounts of s u l f o s a l t and gangue minerals are by f a r 
the most common type, A r s e n o p y r i t e , p y r i t e , p y r r h o t i t e , 
s p h a l e r i t e , galena, quartz, carbonate, marcasite, chalcopy-
r i t e , t e t r a h e d r i t e , bournonite, and ruby s i l v e r s are the 
most common min e r a l s . S u l f i d e replacement bodies, that have 
many of the mineralogic features of the v e i n s , occur a t s u l 
f i d e v e i n i n t e r s e c t i o n s i n limestone l e n s e s . 

The molybdenum d e p o s i t , which i s c e n t r a l l y l o c a t e d , i s 
e s s e n t i a l l y a very extensive stockwork of s m a l l quartz veins 
c o n t a i n i n g v a r i a b l e amounts of ore and other gangue m i n e r a l s . 
Quartz, magnetite, p y r i t e , molybdenite, hornblende, b i o t i t e , 
c h l o r i t e , potash f e l d s p a r , muscovite, c a l c i t e , dolomite, 
p y r r h o t i t e , c h a l c o p y r i t e , s c h e e l i t e , and gypsum are the most 
important v e i n m i n e r a l s . The Au-Bi-Te d e p o s i t , c o n s i s t i n g of 
n a t i v e Au and B i , b i s r a u t h i n i t e , Bi-Te s u l f i d e s , and molyb
de n i t e i n quartz veins and replacement pods i n h i g h l y a l t e r e d 
r o c k s , occurs near the f r i n g e of the molybdenum d e p o s i t . 

The Cu-Fe-Ag ores are a s p e c i a l type of outer zone de
p o s i t . They are mostly s m a l l v e i n s , w i t h l i t t l e a s s o c i a t e d 
a l t e r a t i o n , c o n t a i n i n g v a r i a b l e amounts of c h a l c o p y r i t e , bor-
n i t e , magnetite, hematite, p y r i t e , and u n i d e n t i f i e d s i l v e r 
m i n e r a l s . 

Metal content, mineralogy, and s t r u c t u r a l f e atures of 
the ores o u t l i n e the zoning. The d i s t r i b u t i o n of i r o n s u l 
f i d e s has been used to d i v i d e the d i s t r i c t i n t o an i n n e r 
( p y r i t e ) , an intermediate ( p y r r h o t i t e ) zone, and an outer (py
r i t e ) zone. The inner zone i s approximately c o i n c i d e n t w i t h 
the molybdenum deposit and the intermediate and outer zones 
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cover the areas that c o n t a i n s u l f i d e d e p o s i t s . An area con
t a i n i n g mostly barren quartz v e i n s , between the inner and 
intermediate zones and somewhat overlapping the two, has 
been designated the "barren" zone. 

Metal content, mineralogy, s t r u c t u r a l f e a t u r e s , and spa
t i a l arrangement of d e p o s i t s suggest t h a t a l l ores were em-
placed under the same r e g i o n a l thermal-hydrothermal regime. 
But the s u l f i d e ores were probably formed before the molyb
denum de p o s i t d u r i n g or j u s t a f t e r the period of thermal 
metamorphism. The molybdenum deposit was formed l a r g e l y 
a f t e r the period of thermal metamorphism d u r i n g a stage of 
more r e s t r i c t e d magmatic a c t i v i t y i n the G l a c i e r Gulch a r e a . 
The thermal-hydrothermal regime e s t a b l i s h e d by the emplace
ment of the T e r t i a r y porphyries could have been the main 
f a c t o r c o n t r o l l i n g the zonal arrangement of ores. 
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INTRODUCTION 
During the past two decades the understanding of geo-

chemical processes of hydrothermal ore d e p o s i t i o n has been 
tremendously advanced. The recent book "Geochemistry of 
Hydrothermal Ore Deposits" (ed. Barnes, 1967) i s ample t e s 
timony to t h i s f a c t . Most of the advances have been made 
through l a b o r a t o r y study of p e r t i n e n t phase e q u i l i b r i a , so
l u t i o n chemistry, and by the a p p l i c a t i o n of thermodynamic 
p r i n c i p l e s to the understanding of n a t u r a l systems. Because 
of the nature of these s t u d i e s most of the work has been 
c a r r i e d out by physical-chemists and l a b o r a t o r y - o r i e n t e d ge
o l o g i s t s . However, i f we are to gain a more accurate im
p r e s s i o n of the processes of ore d e p o s i t i o n , geochemically 
o r i e n t e d f i e l d s t u d i e s which guide, supplement, and u l t i 
mately t e s t the l a b o r a t o r y work should keep pace w i t h exper
imental s t u d i e s . I t was w i t h t h i s c o n s i d e r a t i o n i n mind that 
the present study was undertaken. 

When the study was i n i t i a t e d i n 1 9 6 3 , i t was thought 
that temperatures of ore formation could be determined by ap
p l i c a t i o n of s u l f i d e s o l i d - s o l u t i o n geothermometers and that 
the importance of temperature as a c o n t r o l on d i s t r i c t - w i d e 
mineral zoning could be evaluated. The compositions of s p h a l 
e r i t e and p y r r h o t i t e were to be used as " s l i d i n g - s c a l e " geo
thermometers. Work since t h i s study was i n i t i a t e d has shown 
that these geothermometers, as o r i g i n a l l y proposed, are i n 
v a l i d . However, the same s t u d i e s have added g r e a t l y to our 
knowledge of the c o n d i t i o n s of formation of these m i n e r a l s . 
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Thus, even though at t h i s time q u a n t i t a t i v e geothermometry 
u s i n g these minerals i s not p o s s i b l e , study of t h e i r com
p o s i t i o n s and ass o c i a t e d minerals can set some general r e 
s t r i c t i o n s on c o n d i t i o n s which p r e v a i l e d during ore depo
s i t i o n , and hence, give g r e a t e r i n s i g h t i n t o the processes 
of d e p o s i t i o n . 

Since i t was f i r s t s t u d i e d , the Hudson Bay Mountain area 
has been considered to be a d i s t r i c t d i s p l a y i n g prominent 
zonatlon of mine r a l d e p o s i t s . This study was designed to de
f i n e the zoning more c l o s e l y and to shed l i g h t on the pro
cesses of ore d e p o s i t i o n . The study of s p h a l e r i t e has been 
s t r o n g l y emphasized because s p h a l e r i t e i s widespread and 
shows considerable chemical v a r i a t i o n , and because i t s phase 
r e l a t i o n s are f a i r l y w e l l known. In general i t s chemical 
v a r i a t i o n s conform w i t h the zonal p a t t e r n of the ores; hence, 
they should r e f l e c t some of the changes i n c o n d i t i o n s of ore 
d e p o s i t i o n . V a r i a t i o n s i n other major minerals such as p y r r 
h o t i t e , a r s e n o p y r i t e , and v e i n carbonates, have been s t u d i e d , 
but d e t a i l e d s t u d i e s of w a l l rock a l t e r a t i o n and minor con
s t i t u e n t s of the depo s i t s have been d e f e r r e d . I t i s hoped t h a t 
by c o n c e n t r a t i n g on major aspects of the mineralogy and the 
as s o c i a t e d r e g i o n a l g e o l o g i c a l study, a foundation w i l l be 
e s t a b l i s h e d from which other s t u d i e s can be c a r r i e d out. 
F i e l d s t u d i e s of a l l the depo s i t s considered here and a study 
of the r e g i o n a l geology have been c a r r i e d out by the w r i t e r , 
but general g e o l o g i c a l aspects of these s t u d i e s are only 
summarized In t h i s t h e s i s . They w i l l be presented l a t e r as 
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a b u l l e t i n of the B r i t i s h Columbia Department of Mines. 
L o c a t i o n and Topographic Features of the D i s t r i c t 
The f i f t y t o s i x t y known mineral d e p o s i t s that l i e w i t h 

i n the Hudson Bay Mountain mining d i s t r i c t occur i n the eas
t e r n h a l f of the Hudson Bay Range i n w e s t - c e n t r a l B r i t i s h 
Columbia, The area i s about 900 miles by road n o r t h of Van
couver and about 230 miles east of the port of Prince Rupert, 
I t i s immediately west of the B u l k l e y R i v e r a t the town of 
Smithers and l i e s about ^0 miles east of the Coast Mountains, 
B.C. Highway 16 and a l i n e of the Canadian N a t i o n a l Railway 
pass a l o n g the e a s t e r n margin of the d i s t r i c t . 



The range Is one of a group c o l l e c t i v e l y c a l l e d the 
Hazelton Mountains. These i s o l a t e d ranges l i e immediately 
east of the main chain of the Coast Mountains j u s t north of 
the I n t e r i o r P l a t e a u , To the east they are flanked by more 
sm a l l ranges t h a t form the southern end of the Skeena Moun
t a i n s and northern end of the Nechako Plateau (Holland, 1 9 6 5 ) « 

Figure 2 - A e r i a l view of Hudson Bay Mountain from 
the northeast. G l a c i e r Gulch i s i n the 
foreground and Toboggan Creek i s to the 
r i g h t . The center of the molybdenum de
p o s i t i s marked by an "x". 

The Hudson Bay Range i s an I s o l a t e d group of ri d g e s and 
peaks about 200 square miles i n ex t e n t . Hudson Bay Mountain, 
8497 f e e t i n e l e v a t i o n , i s the dominant topographic f e a t u r e . 
V a l l e y s and passes bounding the mountain mass range from 
1300 to 3500 f e e t i n e l e v a t i o n . 
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Three small g l a c i e r s are present i n the upper reaches of 

Hudson Bay Mountain and there are a few rock g l a c i e r s i n some 
of the west and n o r t h - f a c i n g c i r q u e s . In gen e r a l , outcrop i s 
e x c e l l e n t above 5000 f e e t at t r e e - l i n e , but some areas below 
t h i s l e v e l have very sparse exposures and t h i c k c o n i f e r f o r 
e s t s . 

Previous Studies 
A l l mining p r o p e r t i e s of the area have been examined 

from time to time by o f f i c e r s of the B r i t i s h Columbia Depart
ment of Mines and are described i n the Annual Reports of the 
M i n i s t e r of Mines. The prime purpose of these r e p o r t s was to 
record any e x p l o r a t i o n a c t i v i t y on the p r o p e r t i e s ; some of 
them th e r e f o r e c o n t a i n l i t t l e or no g e o l o g i c a l i n f o r m a t i o n . 
The only comprehensive r e p o r t s on the geology and mineral de
p o s i t s of the area have been published by the G e o l o g i c a l Sur
vey of Canada. 

R.H. Jones (1925 and Univ. of Wis. Ph.D. t h e s i s ) pub
l i s h e d the f i r s t comprehensive repor t on the geology and min
e r a l deposits of the d i s t r i c t . He spent one summer on f i e l d 
work, mapping about 200 square miles and studying s e l e c t e d 
mineral p r o p e r t i e s . A g e o l o g i c a l map at a sc a l e of one i n c h 
to two miles that i n c l u d e s the Hudson Bay Range was compiled 
by J.E. Armstrong of the Canadian G e o l o g i c a l Survey i n 1944. 
There are few changes on t h i s map from Jones 1 o r i g i n a l work. 
B.D. K i n d l e (1954) published a re p o r t on the mineral resources 
of the area but he mainly r e s t r i c t e d h i s study to i n d i v i d u a l 
d e p o s i t s and made no attempt to study the a r e a l geology. 
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The w r i t e r (1966) has described b r i e f l y the geology i n 
the v i c i n i t y of the molybdenum d e p o s i t . 

Mining H i s t o r y 
The Hudson Bay Mountain mining d i s t r i c t has not been an 

important source of metals, but i t s f u t u r e prospects are 
promising. Since 1905, when extensive e x p l o r a t i o n i n the d i s 
t r i c t began, the only s i g n i f i c a n t producer has been the S i l 
Van Mine ( e a r l i e r the Duthie Mine and the Henderson Mine). 
Prom 1923 to 1954 i t produced about 80,000 tons of ore, bear
i n g values i n l e a d , s i l v e r , z i n c , g o l d , and copper. 
Other p r o p e r t i e s of the d i s t r i c t have only y i e l d e d tonnages 
of ore i n s u f f i c i e n t to s u s t a i n mining operations. 

I n t e r e s t i n the d i s t r i c t was renewed i n 1956, when the 
molybdenum deposit was staked. American Metals Oliraax (South
west Potash and Climax D i v i s i o n s ) has since been e x p l o r i n g the 
d e p o s i t . The company f i r s t d i d extensive diamond d r i l l i n g 
from s u r f a c e , and then i n 1966 continued e x p l o r a t i o n from 
underground workings. This deposit should become a major 
source of molybdenum, tungsten, and p o s s i b l y copper. 
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GENERAL GEOLOGY 

The d i s t r i c t i s u n d e r l a i n mainly by v o l c a n i c and s e d i 
mentary s t r a t a of the Hazelton Group and sedimentary s t r a t a 
of the Bowser Group (Figure 3), both probably of J u r a s s i c 
age. A few small bodies of J u r a s s i c or Cretaceous (?) gran-
o d i o r i t e and quartz monzonite are exposed i n the northern 
and western p a r t s of the d i s t r i c t , and numerous e a r l y T e r t i 
ary porphyry dikes and some s m a l l plugs and stocks occur 
near the molybdenum deposit i n G l a c i e r Gulch. Covered T e r t i 
ary porphyry i n t r u s i o n s are probably r e s p o n s i b l e f o r the 
thermal metamorphism i n the c e n t r a l p a r t of the d i s t r i c t . 
There has been no r e g i o n a l metamorphism above lowest green-
s c h i s t f a c i e s . Although there has been extensive f a u l t i n g , 
i n c l u d i n g t h r u s t i n g , i n g e n e r a l , f o l d i n g has not been i n 
tense. 

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

i n Table 1. 
Hazelton v o l c a n i c rocks i n c l u d e many d i v e r s e types but 

p y r o c l a s t i c r o c k s , e s p e c i a l l y l a p i l l i t u f f , of intermediate 
composition are most abundant. Welded t u f f s and l a v a domes 
have been recognized i n some u n i t s . Some sequences are com
posed almost e n t i r e l y of massive u n i t s whereas some c o n t a i n 
a h i g h percentage of bedded r o c k s . Many sequences are com
posed mainly of rocks t h a t are shades of red, purple or 
brown, owing to hematite pigment; however, rocks t h a t have 
been hydrothermally a l t e r e d or thermally metamorphosed are 





Table 1 - Table of Formations 
Era Period or Epoch Unit L i t h o l o g y 

P l e i s t o c e n e 
& Recent 

G l a c i a l t i l l ; g l a c i o -
f l u v l a l sand, g r a v e l , 
and s i l t ; recent t a 
l u s and a l l u v i u m 

Cenozoic Unconformable contact 
Paleocene F e l s i c , p o r p h y r i t i c 

d i k e s and stocks 
B u l k l e y i n 

t r u s i o n s 
I n t r u s i v e contact B u l k l e y i n 

t r u s i o n s 
J u r a s s i c or 

Cretaceous(?) 
G r a n o d i o r i t e and 
quartz monzonite 

F a u l t and i n t r u s i v e contacts 
Upper J u r a s s i c 

and Lower 
Cretaceous (?) 

Bowser Group Poorly sorted conglom
er a t e s , graywacke 
s i l t s t o n e , mudstone, 
minor impure c o a l , and 
h o r n f e l s i c e q u i v a l e n t s 

Mesozolc Unconformable contact 
Middle 

J u r a s s i c (?) 

o 

V o l c a n i c 
D i v i s i o n 

A n d e s i t i c , d a c i t i c , 
r h y o l i t i c , and ba
s a l t i c t u f f s , brec
c i a s , f l o w s , and i n 
t r u s i o n s , and horn
f e l s i c e quivalents 

U 

CiJ 
Pi 

F a u l t contact (?) 
Ba^ocian 

(Lower Middle 
J u r a s s i c ) 

o •p H <D to o3 W 

Sedimentary 
D i v i s i o n 

Poorly sorted l i m y 
tuffaceous gray
wacke and s i l t s t o n e , 
mudstone, cherty mud
stone, and minor con
glomerate and c o a l 

Conformable contact 
Lower Middle 
J u r a s s i c or 

e a r l i e r 
V o l c a n i c 
D i v i s i o n 

A n d e s i t i c , d a c i t i c , 
r h y o l i t i c , and ba
s a l t i c t u f f s , brec
c i a s , f l o w s , and i n 
t r u s i o n s and horn
f e l s i c e q u i v a l e n t s ; 
minor limestone and 
tuffaceous graywacke 
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g e n e r a l l y l i g h t or dark shades of green, gray or brown. I n -
t e r l a y e r e d u n i t s of unquestionable sedimentary character are 
uncommon i n the v o l c a n i c sequences. Nevertheless, i t I s 
q u i t e p o s s i b l e t h a t much of the p y r o c l a s t l c d e b r i s has been 
reworked by sedimentary agents. Greenstone, diabase, and 
d i o r i t e dikes and f e l s i t i c i n t r u s i o n s are abundant i n most 
v o l c a n i c sequences. 

B a j o c i a n sedimentary rocks of the Hazelton Group are def
i n i t e l y conformable w i t h the u n d e r l y i n g v o l c a n i c rocks on the 
western side of Hudson Bay Mountain but t h e i r upper contact 
r e l a t i o n s have not been e s t a b l i s h e d . 

Bowser sedimentary rocks unconformably o v e r l i e v o l c a n i c 
rocks of the Hazelton Group. Plant f o s s i l s i n Bowser rocks 
mostly i n d i c a t e an Upper J u r a s s i c age but there i s a p o s s i 
b i l i t y t hat some are Lower Cretaceous. 

F e l s l c I n t r u s i o n s 
Three main groups of f e l s i c i n t r u s i o n s have been recog

nized i n the d i s t r i c t : f e l s i t e s , g r a n o d l o r i t e s , and T e r t i a r y 
p o r p h y r i e s . The f e l s i t e s are massive, s p h e r u l i t i c , f l o w 
banded, a p h a n i t i c , and/or s l i g h t l y p o r p h y r i t l c . Where con
t a c t s are w e l l exposed the i n t r u s i o n s seem to have had l i t t l e 
e f f e c t on the country rock. Without seeing contact r e l a t i o n 
ships one would tend to map most of the bodies as l a v a flows 
or domes. Most of the f e l s i t e i n t r u s i o n s are probably r e 
l a t e d to J u r a s s i c volcanism, but t h e i r age(s) has not been 
e s t a b l i s h e d a c c u r a t e l y . Some f e l s i t e i n t r u s i o n s outside the 
d i s t r i c t have m i n e r a l d e p o s i t s a s s o c i a t e d w i t h them and may 
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be T e r t i a r y i n age (Brown, 1965 and 1966). In Figure 3 
these i n t r u s i o n s have not been separated from t h e i r v o l c a n i c 
host r o c k s . 

Both w i t h i n and outside hydrothermally a l t e r e d or t h e r m a l l y 
metamorphosed areas, the g r a n o d i o r i t e i s t y p i c a l l y a h i g h l y 
a l t e r e d g r a n i t i c , a p l i t i c , granophyric, and/or p o r p h y r i t i c rock. 
The l a r g e s t known body of g r a n o d i o r i t e i s a t h i c k , d i f f e r e n 
t i a t e d sheet that does not outcrop but occurs at depth i n the 
v i c i n i t y of the molybdenum d e p o s i t . Small d i k e - and stock
l i k e bodies a l s o occur near S i l v e r n Lake and on Mount Evelyn. 

The w r i t e r (1966) suggested that because the granodior
i t e sheet and a l l Hazelton v o l c a n i c rocks are cut by mafic 
dikes and i r r e g u l a r bodies, and because the Bowser sediments 
are not cut by these i n t r u s i o n s , the g r a n o d i o r i t e i s probably 
pre-Upper J u r a s s i c . The r e l a t i o n s h i p between the mafic i n 
t r u s i o n s and the g r a n o d i o r i t e was i n f e r r e d from diamond d r i l l 
cores. Subsequent underground work has shown t h a t although 
a few mafic dikes c e r t a i n l y cut the g r a n o d i o r i t e , many of 
the bodies logged as mafic dikes are a c t u a l l y l a r g e mafic 
b l o c k s w i t h i n the g r a n o d i o r i t e . The e a r l i e r age i n t e r p r e t a 
t i o n i s thus weakened, but the o v e r a l l h i g h l y a l t e r e d and de
formed nature of t h i s rock i n a l l environments suggests t h a t 
i t was emplaced r e l a t i v e l y e a r l y i n the t e c t o n i c h i s t o r y of 
the area. C e r t a i n l y t h i s u n i t pre-dates the T e r t i a r y por
p h y r i e s , but the absence of unaltered primary b i o t i t e or 
hornblende has precluded use of conventional potassium-ar
gon d a t i n g techniques. 



13 

B 
Figure k - T y p i c a l specimens from the g r a n o d i o r i t e sheet 

Note how the mafic minerals have been r e d i s 
t r i b u t e d i n c l o t s and v e i n l e t s , presumably 
by metamorphism. 
A - most t y p i c a l of the upper part of the sheet 
B - most t y p i c a l of the lower part of the sheet 
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The only T e r t i a r y porphyries shown i n Figure 3 are the 

dikes that form a somewhat r a d i a l p a t t e r n i n the c e n t r a l 
part of the d i s t r i c t . However, at l e a s t three small stock-
or p l u g - l i k e bodies are known i n the G l a c i e r Gulch area, and 
I t i s b e l i e v e d t h a t T e r t i a r y plutonlsm was r e s p o n s i b l e f o r 
the development of the thermal metamorphism and hydrothermal 
a l t e r a t i o n that i s so prevalent i n the d i s t r i c t . T y p i c a l 
T e r t i a r y porphyry i s a l i g h t - c o l o r e d , massive, and markedly 
p o r p h y r i t i c rock, having an a p h a n i t i c to medium-grained gran
i t i c or a p l i t i c m atrix. The porphyries range from g r a n i t e to 
quartz d i o r i t e . Most, however, are quartz raonzonite or 
g r a n o d i o r i t e . Quartz, f e l d s p a r , and l e s s commonly b i o t i t e 
occur as phenoerysts. 

Figure 5 - T y p i c a l T e r t i a r y porphyry from small 
body exposed i n a crevasse near the 
toe of the Hudson Bay G l a c i e r . 
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B l o t i t e from two porphyries has been dated by the Geo
l o g i c a l Survey of Canada? one at 67^5 m.y., the other a t 
6ots m.y. The former i n t r u s i o n i s i n t r a - m i n e r a l 1 ( t h a t i s , 
emplaced between periods of m i n e r a l i z a t i o n ) w i t h respect to 
the molybdenum m i n e r a l i z a t i o n and the l a t t e r apparently post
dates the molybdenum m i n e r a l i z a t i o n . Since a hornblende from 
a molybdenite-bearing quartz v e i n i n the same area has been 
dated a t 6^t6 m.y., and b i o t l t e from a v e i n l e t a t 6 3 - 4 m.y., 
the r a d i o m e t r i c dates are c o n s i s t e n t w i t h the known geologic 
r e l a t i o n s • 

Thermal Metamorphism 
An area of thermal metamorphism i s present i n the cen

t r a l part of the d i s t r i c t . I t was probably caused by the 
emplacement of T e r t i a r y p orphyries. I t s outer l i m i t i s shown 
on Figures 3» 1 2 , and 46. In v o l c a n i c rocks thermal meta
morphism has r e s u l t e d i n marked c o l o r changes; c r y s t a l l i z a 
t i o n of amphibole, c h l o r i t e , b i o t i t e , epidote, and/or garnet; 
and the formation of minor amounts of p y r r h o t i t e and/or mag
n e t i t e . Sedimentary rocks have become spotted or r e c r y s t a l -
l i z e d t o f i n e - g r a i n e d metamorphic rocks c o n t a i n i n g amphibole, 
c h l o r i t e , epidote, and/or b i o t i t e . The d e t a i l e d petrography 
of the metamorphosed rocks has not yet been s t u d i e d . 

Since the thermal metamorphism i s thought t o be due t o 
the T e r t i a r y porphyries, and the T e r t i a r y porphyries were a t 
l e a s t i n part being emplaced a t the time of hydrothermal ore 

1 This term was introduced by Wallace and others ( i 9 6 0 ) . 
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d e p o s i t i o n , i t i s c o n j e c t u r a l whether or not there was any 
period of thermal metamorphism separate from the p e r i o d ( s ) 
of hydrothermal a c t i v i t y . M i n e r a l assemblages and rock ap
pearances i n areas that d i s p l a y thermal e f f e c t s are d i s t i n c t 
from those that have obviously been e x t e n s i v e l y hydrothermal-
l y a l t e r e d . Most of the v o l c a n i c rocks have been metamor
phosed to dark c o l o r s . The abundance of veins w i t h bleached 
and a l t e r e d halos c u t t i n g the dark metavolcanlcs of the molyb
denum deposit i n d i c a t e s that the hydrothermal f l u i d s that 
deposited t h i s ore and caused the bleaching and a l t e r a t i o n 
must have post-dated the metamorphism. The w r i t e r i s con
vinced that the main period of thermal metamorphism preceded 
formation of the molybdenum d e p o s i t . 

Geologic H i s t o r y of the Range 
The range i s s t r u c t u r a l l y complex. Most of the major 

s t r u c t u r a l f e a t u r e s are the r e s u l t of doming, f a u l t i n g and 
some f o l d i n g . Thrust f a u l t i n g may have been of major t e c t o n i c 
importance, although i n d i v i d u a l t h r u s t f a u l t s are d i f f i c u l t 
to d e f i n e . The l a c k of i n t e r n a l features i n some v o l c a n i c 
u n i t s , absence of good marker h o r i z o n s , s c a r c i t y of f o s s i l s i n 
v o l c a n i c u n i t s , and presence of numerous a l t e r a t i o n zones make 
a c l e a r understanding of the r e g i o n a l s t r u c t u r e s and geologic 
h i s t o r y d i f f i c u l t . 

H azelton Group v o l c a n i c and sedimentary rocks were pro
bably l a i d down on J u r a s s i c v o l c a n i c i s l a n d s and i n shallow 
seas. P o s s i b l y the area was part of an i s l a n d arc system 
(Tipper, 1959). These rocks were f a u l t e d and t i l t e d and 
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Figure 6 - View of a t h r u s t f a u l t on the east side 
of the Toboggan G l a c i e r . The f a u l t se
parates massive v o l c a n i c s . The l i g h t 
bands above the t h r u s t are f e l s i t e dikes 
that have not been found below the t h r u s t . 

p a r t l y eroded p r i o r to the d e p o s i t i o n of the c o n t i n e n t a l and 
marine s t r a t a of the Bowser Group. P o s s i b l y the t h r u s t i n g 
and the i n t r u s i o n of the g r a n o d i o r i t e s occurred during an 
orogenic episode at t h i s time. The Bowser sediments were 
deposited i n the south end of a l a r g e Jura-Cretaceous sed
imentary b a s i n , named the Bowser B a s i n (See Souther and Arm
strong, 1 9 6 6 ) . There i s evidence of some orogenic a c t i v i t y 
d u r i n g Bowser time. 

Since e a r l y Cretaceous, the area has been part of a 
la r g e emergent, n o r t h e a s t e r l y t r e n d i n g s t r u c t u r a l l y high 
b e l t c a l l e d the Skeena Arch (Souther and Armstrong, 1 9 6 6 , 

and White, 1 9 6 6 ) . This b e l t i s c h a r a c t e r i z e d by small moun
t a i n ranges, s m a l l s i l i c i c i n t r u s i o n s , and block f a u l t s . 
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Except f o r the f a c t that i t has been e x t e n s i v e l y s c u l p t u r e d 
by g l a c i e r s , t h i s area might have resembled parts of the Basin 
and Range province of the southwestern United S t a t e s , 

During the E a r l y T e r t i a r y , s i l i c i c porphyry i n t r u s i o n s 
were emplaced i n various parts of the Hudson Bay Range, I n 
t r u s i o n s i n the e a s t - c e n t r a l part of the Range were accom
panied ty block f a u l t i n g , f r a c t u r i n g , broad gentle doming, 
thermal metamorphism, and extensive hydrothermal a c t i v i t y . 
Most ore dep o s i t s of the d i s t r i c t were formed a t t h i s time. 
I t i s a l s o p o s s i b l e that most of the u p l i f t of Hudson Bay 
Range occurred then or somewhat l a t e r i n the T e r t i a r y , Ter
t i a r y volcanism, known to have been a c t i v e i n the area, was 
of major importance to the south. 



ORE DEPOSITS 
19 

General D e s c r i p t i o n 
There i s a great d i v e r s i t y of mineral d e p o s i t s i n the 

Hudson Bay Range. With the exception of c o a l deposits and 
p o s s i b l y some small syngenetic or d i a g e n e t l c i r o n s u l f i d e 
d e posits i n black mudstones, the deposits appear to be gene
t i c a l l y r e l a t e d to the T e r t i a r y porphyry i n t r u s i o n s . R e l 
a t i v e l y s m a l l , complex s u l f i d e - s u l f o s a l t v e i n s , r i c h i n As, 
Zn, and Pb are the most common type of deposit i n the d i s 
t r i c t . The l a r g e stockwork-type molybdenum deposit i n the 
e a s t - c e n t r a l part of the d i s t r i c t overshadows a l l others i n 
economic importance. 

The deposits of the d i s t r i c t can be d i v i d e d i n t o f i v e 
groups: 1. s u l f i d e veins 

2. s u l f i d e replacement bodies i n limestone 
3. molybdenum deposit 
4. g o l d - b i s m u t h - t e l l u r i u m deposit 
5. c o p p e r - i r o n - s i l v e r v e i n and replacement 

deposits 
The " s u l f i d e " v e i n and replacement deposits are s u l f i d e ores 
w i t h v a r i a b l e amounts of s u l f o s a l t and gangue minerals. The 
molybdenum deposit i s e s s e n t i a l l y a very extensive stockwork 

1 
of quartz v e i n l e t s w i t h v a r i a b l e amounts of ore and gangue 
miner a l s . The g o l d - b i s m u t h - t e l l u r i u m deposit i s a unique 
occurrence of n a t i v e gold and bismuth, b i s r a u t h i n i t e , and 

1 The term "ore m i n e r a l " used i n t h i s t h e s i s has no eco
nomic s i g n i f i c a n c e . I t i s used i n i t s broadest sense to 
r e f e r to m e t a l l i c minerals whether or not they are economic. 
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b i s m u t h - t e l l u r i u m - s u l f i d e s , such as ;)oseite ;and molybdenite 
i n quartz veins and replacement pods i n a l t e r e d rocks. The 
c o p p e r - i r o n - s i l v e r deposits are separated from the " s u l f i d e " 
v e i n and replacement deposits because of t h e i r d i s t i n c t i v e 
mineralogy and metal content. They c o n t a i n i r o n oxides, 
chalcopyrite,and/or b o r n i t e , minor q u a n t i t i e s of s i l v e r min
e r a l s , and some co n t a i n p y r i t e . Supergene(?) c h a l c o c i t e , 
c o v e l l i t e , and b o r n i t e are a l s o found i n these ores. Their 
l a c k of Zn, Pb, and As d i s t i n g u i s h them from the " s u l f i d e " 
v e i n and replacement d e p o s i t s . T y p i c a l l y they have very l i t 
t l e a s s o c i a t e d a l t e r a t i o n and are best considered a s p e c i a l 
group of outer zone d e p o s i t s . 

S u l f i d e Vein and Replacement Deposits 
The s u l f i d e v e i n s , the most numerous and widespread 

type of d e p o s i t , are found i n the intermediate and outer 
zones of the d i s t r i c t . The main ore minerals i n these veins 
are a r s e n o p y r i t e , p y r i t e , p y r r h o t i t e , s p h a l e r i t e , galena, 
marcasite, c h a l c o p y r i t e , bournonite, t e t r a h e d r i t e , and py-
r a r g y r i t e . Quartz, c a l c i t e , dolomite, s i d e r i t e , and c h a l 
cedony are the main gangue mi n e r a l s . The v e i n minerals were 
deposited as open-space f i l l i n g s and replacements along sheet
ed and b r e c c i a t e d f r a c t u r e zones. Many veins form anasto
mosing systems, some of which are over a mile i n l e n g t h . 
Cockade s t r u c t u r e s and drusy c a v i t i e s l i n e d w i t h terminated 

q u a r t z , c a l c i t e , p y r i t e , o r a r s e n o p y r i t e c r y s t a l s are common 
i n some v e i n s . M i n e r a l i z a t i o n w i t h i n a given v e i n system 
i s concentrated i n ore shoots that g e n e r a l l y range from a 
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few Inches to about ten f e e t i n width. 

Figure 7 - Dome ve i n showing t y p i c a l sheeted nature 
of the f r a c t u r e zone. Most of the dark 
areas are s u l f i d e m i n e r a l i z a t i o n . 

Some parts of vein systems co n t a i n only an i n c h or two 
of s u l f i d e s , barren quartz, or c a l c i t e . A l l veins have 
bleached and a l t e r e d borders. P r o p y l i t i c a l t e r a t i o n , w i t h 
q u a r t z , s e r i c i t e , carbonates, c h l o r i t e , epidote, c l a y s , and 
p y r i t e I s the most abundant k i n d . 1 

Apart from the replacement bodies that are i n t e g r a l 
p a r t s of the s u l f i d e v e i n s , there are a l s o some s u l f i d e r e 
placement bodies i n limestone lenses on the Iron Vault c l a i m 
near S i l v e r n Lake. These i r r e g u l a r bodies, which occur at 

limestone vein i n t e r s e c t i o n s , have mineral assemblages that 

1 Wall rock a l t e r a t i o n i n the d i s t r i c t was not studied i n 
d e t a i l . 
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are very s i m i l a r to those of the v e i n s . P y r r h o t i t e and py
r i t e , however, predominate over the other s u l f i d e s . 

Molybdenum Deposit 
On surface molybdenum m i n e r a l i z a t i o n occurs over an 

area of about one by one-half miles i n G l a c i e r Gulch, on 
the east s i d e of Hudson Bay Mountain, In places t h i s min
e r a l i z a t i o n i s known to extend t o depths greater than 3 * 0 0 0 

f e e t . The molybdenum m i n e r a l i z a t i o n occurs i n a quartz v e i n 
network that i s f a r more extensive than the molybdenite min
e r a l i z a t i o n . These quartz veins occur over an area of about 
10 to 15 square m i l e s . In t h i s study the poorly m i n e r a l i z e d 
outer part of t h i s quartz v e i n network i s r e f e r r e d t o as the 
"barren" zone. Most v e l n l e t s are l e s s than one-half i n c h 
wide, but some are greater than two t o three f e e t wide. Mo
lybdenum, tungsten, and copper are the main metals of econom
i c i n t e r e s t . 

Most of the veined area i s u n d e r l a i n by a h i g h l y a l t e r e d 
and metamorphosed v o l c a n i c sequence composed p r i m a r i l y of 
bedded p y r o c l a s t i c r o c k s . Many types of i n t r u s i o n s occur 
i n the a r e a . The l a r g e , concealed, d i f f e r e n t i a t e d granodi
o r i t e sheet i s the most favorable host rock and one or more 
e a r l y T e r t i a r y s i l i c i c porphyries are probably the source 
of the hydrothermal f l u i d s t h a t deposited the ores of the 
d i s t r i c t . 



Figure 8 Area of prominent j o i n t i n g i n the molybdenum 
deposit to the east of the Hudson Bay G l a c i e r . 

Figure 9 - T y p i c a l quartz v e i n stockwork of the molyb
denum d e p o s i t , immediately east of the 
Hudson Bay G l a c i e r . Note the absence of 
prominent a l t e r a t i o n halos* 
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The main minerals found i n the veins of the molybdenum 

deposit are q u a r t z , magnetite, p y r i t e , molybdenite, horn
blende, b i o t i t e , c h l o r i t e , potash f e l d s p a r , muscovite, c a l 
c i t e , dolomite, p y r r h o t i t e , c h a l c o p y r i t e , s c h e e l i t e , and 
gypsum. Other minerals have been found i n the veins but 
they are of minor importance. 

Hydrothermal a l t e r a t i o n and bleaching are extensive 
both i n s i d e and outside the area of molybdenum m i n e r a l i z a t i o n . 
There i s a p r o f u s i o n of v e i n l e t types and a l t e r a t i o n and 
bleached halos (borders). Hocks w i t h a h i g h c o n c e n t r a t i o n 
of v e i n s are markedly bleached over l a r g e areas. Quartz, 
s e r i c i t e (muscovite), carbonate, potash f e l d s p a r , b i o t i t e , 
c h l o r i t e , hornblende, epidote, garnet, magnetite, and p y r i t e 
are widespread a l t e r a t i o n m i n e r a l s . . 

Figure 10 - Sparsely mi n e r a l i z e d f i n e - g r a i n e d quartz,molybden
i t e v e i n l e t w i t h a prominently bleached a l t e r a 
t i o n h alo. The host rock i s dark, dense metamor
phosed t u f f from near the outer l i m i t of molyb
denum m i n e r a l i z a t i o n i n Climax's e x p l o r a t i o n a d i t . 



Figure 11A - Quartz, magnetite v e i n l e t with a prominent, 
p y r i t i c , bleached halo i n a dark metamor
phosed bedded p y r o c l a s t i c rock from the mo
lybdenum d e p o s i t . Mag, 2 x , 

Figure 11B - Bleached a l t e r a t i o n halos along a quartz, horn
blende v e i n l e t and a p y r i t e v e i n l e t i n dark 
metamorphosed v o l c a n i c rock from the molybdenum 
d e p o s i t . Note the d i f f e r e n c e i n a l t e r a t i o n 
h a l o s . Mag. 2 . 5 x . 
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Hypogene Zoning 
D i s t r i c t - w i d e hypogene zoning i s manifested by v a r i a t i o n s 

of mineralogy, metal content, and s t r u c t u r e of the d e p o s i t s . 
The abundance and v a r i a t i o n of i r o n minerals i n the ores pro
vide a very u s e f u l means f o r d e f i n i n g zones of the d i s t r i c t . 
The d i s t r i c t i s d i v i d e d i n t o an inner ( p y r i t e ) zone, an i n t e r 
mediate ( p y r r h o t i t e ) zone, and an outer ( p y r i t e ) zone w i t h a 
"barren" quartz v e i n zone between and s l i g h t l y overlapping the 
i n n e r and Intermediate zones (Figure 1 2 ) . In ores w i t h both 
p y r i t e and p y r r h o t i t e the predominant one was used to d e f i n e 
the zone. As d e f i n e d the inner zone i s e s s e n t i a l l y c o i n c i d e n t 
w i t h or s l i g h t l y more extensive than the molybdenum d e p o s i t . 
Magnetite and other features of the mineralogy serve to d i s 
t i n g u i s h the i n n e r from the outer zone. The intermediate 
and outer zones cover those parts of the d i s t r i c t c o n t a i n i n g 
s u l f i d e v e i n and replacement d e p o s i t s and Cu-Fe-Ag ores. 
Veins of the "barren" zone c o n t a i n minor p y r i t e and pyrrho
t i t e w i t h p y r i t e g e n e r a l l y being most abundant near the 
molybdenum d e p o s i t . Ores of the intermediate zone grade to 
ores of the outer zone but there i s some question as t o how 
the intermediate zone i s r e l a t e d to the inner zone. 

The g e n e r a l i z e d mineral zonation i s shown i n Figure 1 3 -

I t i s r e a d i l y apparent that the i n n e r zone i s m l n e r a l o g i c a l l y 
d i s t i n c t from the intermediate and outer zones. C h a l c o p y r i t e 
i s the only ore mineral common to a l l zones and d e p o s i t s . 
Telescoping i s apparent i n the G l a c i e r Gulch area and on 
the northwest side of Hudson Bay Mountain west of the 





Table 2 - Index t o P r o p e r t i e s shown on Figure 12 
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Prop. 
No. 

Property Name Prop. 
No. 

Property Name 

1 
1A 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

G l a c i e r Gulch Molybdenum 
G l a c i e r Gulch Molybdenum 3500 Le v e l 
Unnamed 
Unnamed 
Yukon 
Unnamed 
Unnamed 
G l a c i e r Gulch Gold-Bismuth 
G l a c i e r Gulch North Side 
G l a c i e r Gulch South Side 
Unnamed (Matuss v e i n system) 
Matuss 
Unnamed 
S i l v e r King Claim 
J o s i e Claim 
Bee Claim and "A" F r a c t i o n 
Iron King 
Heather 
J e s s i e 
Cascade 
Snowshoe 
Groundhog 
Dorothy 
Empire 
Neepawa 
Mayflower 
Mayflower 
Mayflower 

Claims 1 and 3 
Claim 2 (Henderson v e i n 
Claim 4 (Henderson v e i n 

S a l l y Claim (Mamie v e i n system?) 
Evlnrude and Florence Claims (Mamie 
Mamie (Mamie v e i n system) 
Torrent 
Canary (Henderson v e i n system) 
Dome 

34 
35 
36 
37 
38 
39 

40 

41 
42 
43 
44 
45 
46 
47 
48 

49 

50 
51 
52 
53 
54 
55 
56 
57 
58 

v e i n system)59 
60 
61 
62 
63 
64 

system) 
system) 

Hummingbird (Henderson v e i n system) 
Pay r o l l 
V i c t o r y 
West Coronado 
East Coronado ( S i l v e r Star Claim) 
Ashman and Gerrard Veins (Henderson ve i n 
system) 

Henderson and F a u l t Plane veins (Henderson 
v e i n system) 

King Tut 
Unnamed 
Vancouver Group (Lone S t a r ) 
Unnamed 
Unnamed 

• Bonanza 
Unnamed 
S i l v e r Lake 1 and 2 and Cee Claims (Hudson 
Bay Mtn. S i l v e r ) 

Iron Vault and Van Anda Claims (Hudson 
Bay Mtn. S i l v e r ) 

Mammoth and Iron Mask Claims 
Copper Queen Claim 
"T M F r a c t i o n and Copper Queen Claim 
L a s t Chance 
Rio Grande 
Unnamed 
C a r r o l l East 
C a r r o l l West 
Rico Aspen 
Evelyn 
T r l x i e 
Zobnic 
Canadian C i t i z e n and American C i t i z e n C l a i n s 
Smithera Coooer 
Z e o l i t e 

Toboggan G l a c i e r . In these areas ores w i t h outer zone f e a 
t u r e s occur i n the same area as ores w i t h intermediate 
zone f e a t u r e s . 

The metal zonation i s q u i t e marked. Molybdenum and 
tungsten are e s s e n t i a l l y unique to the inner zone, whereas 
a r s e n i c , z i n c , l e a d , and s i l v e r are e s s e n t i a l l y unique to 
the intermediate and outer zones. Gold was p r e f e r e n t i a l l y 
concentrated to a l i m i t e d extent i n the intermediate zone 
and i n pa r t s of the outer zone; lead and s i l v e r were con
centrated i n the outer zone; and copper was deposited i n 
about equal amounts i n a l l zones. Iron and a r s e n i c depo
s i t i o n was apparently s i g n i f i c a n t l y l e s s near the p e r i 
phery of the d i s t r i c t . 
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FIGURE 13 - G E N E R A L I Z E D 01 AGS AM OP THE MINEKAL ZOKIKG 

INSEa 20KS u n n ZONE I:;TL[(KEI;IAT& ZONE OUTER :O:;L 

OA , KISERAlS 
J.n^ne t i to 
P y r i t e 
Scfccelito Mo-rich 1 
Molybdenite 
C h a l c o p y r i t e 
Molybdenite 
C h a l c o p y r i t e 

_ 

P y r r h o t i t e — — ' LI 
Araenopyrlte .... . . : ,. ; , ' : 

S p h a l e r i t e (Hlau, S p h a l e r i t e (Hlau, ?y Mod, lf-w_FeS)_. 
K a r c a s l l e 1 
a i s n u t h l n l t e — (local) 
Bl-Te s u l f i d e s — _ (loeot) 
Ter.nantlte _ 
T e t r s h e d r l t e -

Boi;rnonite 
Galena ( lata) _ _ 
P y r a r g y r l t e 
Hematite (7) _ ___J«al> 
Born!te _ , flnroll 

ChaXcoclto 
GAHfiUi 

tjuartz -( IclC — 

" A n h y d r l t e ( ? ) n 

(gypsum) 
" A n h y d r l t e ( ? ) n 

(gypsum) 
Feldspar 
Muscovite 
Hornblende 
S l o t l t e 
C h l o r i t e 

C a l c i t e 
V E o l o n l t e {intermodioto 4. late) 

S l d e r l t e S l d e r l t e 

The change i n character of the v e i n i n g outward i n the 
d i s t r i c t i s the s t r u c t u r a l m a n i f e s t a t i o n of zoning. The 
inner (molybdenum) zone i s e s s e n t i a l l y a stockwork of 
quartz v e i n l e t s . A t t i t u d e s of the v e i n l e t s g e n e r a l l y be
come more uniform away from the c e n t r a l a r e a . Most of 
these veins are l e s s than an inch wide, have quartz as t h e i r 
main c o n s t i t u e n t , and occupy simple f r a c t u r e s . Although 
these veins occur i n swarms, i n d i v i d u a l v e i n l e t s are u s u a l l y 
f a i r l y w i d e l y spaced. Veins of the intermediate and outer 
zones, on the other hand, range up to s e v e r a l f e e t i n 
width; i n many places c o n t a i n more s u l f i d e s than q u a r t z i 
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and t y p i c a l l y occupy sheeted f r a c t u r e zones which have r e a 
sonably w e l l defined l i m i t s and are g e n e r a l l y spaced a few 
hundred to a few thousand f e e t apart. 

S t a t i s t i c a l Study of Assays 
I n t r o d u c t i o n 

Assays from 2550 samples from 55 de p o s i t s i n the d i s 
t r i c t were a v a i l a b l e f o r study. I t became apparent t h a t 
g e n e r a l i z a t i o n s made from scanning the assays would give 
l i t t l e i d e a of the c o m p l e x i t i e s and d e t a i l s of metal d i s 
t r i b u t i o n i n the d i s t r i c t . The metal zoning i s not simple 
o r e a s i l y d e f i n e d . Manual means of a n a l y z i n g the data are 
p r o h i b i t i v e l y slow; hence a s t a t i s t i c a l a n a l y s i s making f u l l 
use of computers was selected as the best means of han d l i n g 
the data. The study was i n i t i a t e d w i t h the f i r m b e l i e f that 
i t would be p o s s i b l e to o u t l i n e d e t a i l s of the zoning u s i n g 
s t a t i s t i c a l techniques and th a t some s u b j e c t i v e elements of 
human b i a s could be e l i m i n a t e d . Because of the r a t h e r poor 
nature of some of the data ( e s p e c i a l l y f o r d i s t r i c t - w i d e 
s t u d i e s ) many of the s t a t i s t i c s should be considered "des
c r i p t i v e " r a t h e r than "formal". The goal remains the same i n 
e i t h e r case—namely, to describe more f u l l y the d i s t r i b u t i o n 
of metals i n the d i s t r i c t . S t a t i s t i c a l i n f e r e n c e s from the 
numerical a n a l y s i s , however, should not be app l i e d too r i g 
o r o u s l y . The methods serve to i l l u s t r a t e a type of study 
of zoning t h a t can be c a r r i e d out. Only a summary of the 

s a l i e n t f e a t u r e s of t h i s study are given; a more thorough 
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coverage of the r e s u l t s w i l l be presented elsewhere. 
S t a t i s t i c a l Methods and Computing Procedures 

P r e l i m i n a r y work consisted of c o r r e l a t i o n analyses sup
ported by sele c t e d r e g r e s s i o n analyses; mechanically p l o t t e d 
s c a t t e r diagrams; and c a l c u l a t i o n of property assay means, 
standard d e v i a t i o n s , and c o e f f i c i e n t s of v a r i a t i o n s . Pro
p e r t y , l o c a l area, and d i s t r i c t - w i d e s t u d i e s were c a r r i e d 
out s e p a r a t e l y . Property assay means and standard d e v i a t i o n s 
are given i n Table 3. For ease i n computing s = /£(x-x)2 

r a t h e r than s = fc(x-x)2 was used f o r the standard d e v i a -
^ H-l 

t i o n . This s i g n i f i c a n t l y a f f e c t s the r e s u l t s f o r small 
numbers of assays. Polynomial trend surfaces f o r s e l e c t e d 
metals and metal r a t i o s were a l s o c a l c u l a t e d . 

The 1604 and 3600 C o n t r o l Data Corporation computers at 
the U n i v e r s i t y of Wisconsin were employed f o r t h i s study. 
Extensive use was made of standard s t a t i s t i c a l programs i n 
STATJOB which i s c u r r e n t l y a v a i l a b l e as a 1604 CO-OP MON
ITOR l i b r a r y tape. UCPLOT l i b r a r y r o u t i n e on the CDC 3600 
computer was used to construct the s c a t t e r diagrams. Sev
e r a l small FORTRAN programs were w r i t t e n f o r s p e c i a l aspects 
of t h i s work. A program f o r a n a l y z i n g g r a v i t y data that 
was a v a i l a b l e i n the Department of Geophysics was adapted 
by B. Lewis and to a l e s s e r extent by the w r i t e r , to c a l 
c u l a t e and co n s t r u c t contour diagrams of polynomial trend 
surfaces f o r assay and other g e o l o g i c a l data. 
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- Table 3 - S u m a r y o f Assay Data f o r the Hudson Bay Mountain Min ing D i s t r i c t 

Proper ty 
Wo. 

Au Ag Pb Zn Ca s As 

X 0 n X s n X 8 n X • n i s n I • n I s 

1 5 .02 .01 6 . u .7 1 .01 - 2 .81 .80 8 .U8 1.22 7 1.95 U . U - - -
3 l .01, _ 1 .1 - 1 .11 - 1 .13 - 1 .30 - 1 12.08 - - -
U 7 .21 .18 5 .2 .2 - - - 3 1.03 .U2 1 .21 - - - - - - -6 1 .01 1 .7 - 1 .75 - 1 5.60 - 1 .02 1 7.79 
7 13 U.60 7.07 13 l . U 2.1 - - - _ - - - - 1 .18 - • 
6 6 .12 .12 5 55 .9 70.7 3 1U.20 10.68 3 18.73 11.76 3 .28 .22 . - - - - -
9 5 .06 .oU 5 21.3 U . 6 5 3.97 3.26 5 6.11 5.10 1 .25 1 19.25 - 1 1.59 -

10 1 - .2U 1 .1 1 .01 - 1 2 .80 - 1 .3U 1 23.U0 - 1 .50 -11 1 .36 - 1 .1 - - - - - - - - - - - -12 1 .26 • 1 .1 - - - - - - 1 .05 • - • - 1 27.90 -1L 1 .01 • 1 .2 - 1 .11 - 1 6.00 - 1 .05 - 1 15.11 - - - -15 1 .01 - 1 7.3 - 1 5.2U - 1 12.90 - 1 .15 • 1 25.56 - - - -16 8 .15 .11 8 U . o 3.U 1 .08 - 3 8.U3 5.27 3 .98 .53 1 12.81 - 1 9.01 -17 1 .10 - 1 .5 - - — - 1 3.U0 - - - • - • - - - -18 6 .26 .07 6 8.1 9.7 6 6 .00 8.22 6 9.02 2.97 2 .U9 .26 2 13.16 3.8U 2 9.20 U.80 
19 5 .2U .12 5 2.3 2 .3 U 20.0U 8.58 1 8.80 - 1 .1U - 1 20.08 

1 8.30 -20 6 .10 .07 6 97.3 59 .3 6 22.2b 17.16 5 11.09 3.27 u . 79 .U6 2 17.36 3.56 2 1.87 .U7 

21 3 .08 - 3 7 .1 1.U 2 2.65 .55 - - - 1 .75 - - - - - -22 2 .53 .23 2 6.5 .5 1 25.20 - 1 23.UO - 2 1 .00 - - - - - - -
23 12 .11* .20 13 6U.0 86 .5 12 21.1U 13.73 11 16.37 5.98 3 .73 .38 1 25.95 - - - -2U 2 .38 - 2 3.8 - • - - 2 6.20 - - - - • . - - - -26 2 .06 .OU 2 3.3 1.6 2 .38 .26 2 1.75 1.U5 2 .82 .16 2 22.7U . 60 2 l . 5 o 1.10 27 1 .01 - 1 .1 - 1 .01 - 1 .03 - 1 .02 - 1 U.69 - 1 12.00 

• 
28 1 .Oii - 1 .2 - 1 .02 - 1 7.U0 - 1 .15 1 15.97 1 5.80 -29 2 .2U .01* 2 1 .5 . 5 1 .11 - 2 7.7U 2.27 1 .70 - 1 10.17 - 1 6.16 -30 259 .36 • U l 259 7.5 1U.2 - - - 2U0 8.00 7 .80 80 .89 .98 - - . -31 1 .22 1 2 .0 - 1 .12 - 1 3.80 - 1 .30 - 1 16.55 • 1 20.15 -32 106 .15 .12 106 12.1 12.1 98 8.63 7.37 99 8.25 U.97 - _ - - • - - .. -33 13 .05 .05 Hi 15.U 22.5 13 1U.78 21.86 11 3.78 3.16 2 .12 .08 2 7.22 X.7U 2 7.55 .95 

3U Loo .13 .12 U i o 10.6 1U.3 3UU 7.23 9.15 UoU 7.U3 7.06 - - • - - • 
35 l .01* - l .9 - 1 .U2 - l 6.20 1 . 03 1 1U.18 • 1 3.80 -> 36 85 .18 .16 86 15.0 58 .5 6U 8.U0 11.L3 83 5.6U 6.71 2 1.20 - - • - • 
37 16 .27 .16 16 30.1 31.2 15 1U.U8 U . U 2 15 16.78 9.12 - - - - • • - • -38 5 .20 .16 5 32.8 17 . U U 21.29 

9 .70 U 15.36 U.93 1 1.11 - 1 16.61 - 1 3.10 • 
39 UU .03 .01* 1*28 3U.7 102.6 21U U.01 6.78 211 U.72 5.8U - - — • - -UO 16U .11 .1*8 951 51.5 121.3 727 6.32 10.7U 723 6 .33 7.38 • - - - - -l a 1 .01 - 1 . .3 - - - - - - - - m - - - - -U3 2 .02 - 2 1 2 . 0 u . u 2 10.89 1 .59 2 6.89 .99 1 .96 • 1 11.83 - • - • 
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• " s tandard d e v i a t i o n 

T h i r t y v a r i a b l e s and other miscellaneous i n f o r m a t i o n 
were coded on punched cards. The coded i n f o r m a t i o n i s as 
f o l l o w s : property number, sample i d e n t i f i c a t i o n number, 
sample width i n inches, sample q u a l i t y e v a l u a t i o n code, 
ounces per ton go l d , ounces per ton s i l v e r , per cent l e a d , 
per cent z i n c , per cent copper, per cent s u l f u r , per cent 
a r s e n i c , mine h o r i z o n t a l c o - o r d i n a t e , e l e v a t i o n , n o r t h -
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south map co-o r d i n a t e , east-west map co-ordinate, distance to 
metamorphic "front"" 1", d i s t a n c e to a point i n the center of the 
molybdenum deposit ("A"), estimated average mole per cent 
FeS i n s p h a l e r i t e f o r the d e p o s i t , s p e c i a l code to i d e n t i f y 
samples from Cu-Fe-Ag deposits and samples taken by the 
w r i t e r (a t o t a l of 52), card sequence number, s i l v e r / g o l d 
r a t i o , g o l d / s i l v e r r a t i o , s i l v e r / l e a d r a t i o , l e a d / z i n c r a t i o , 
copper/zinc r a t i o , gold/copper r a t i o , gold/lead r a t i o , copper/ 
lead r a t i o , a r s e n i c / s u l f u r r a t i o , s i l v e r / s u l f u r r a t i o , g o l d / 
s u l f u r r a t i o , g o l d / a r s e n i c r a t i o , g o l d / z i n c r a t i o , and s i l 
v e r / z i n c r a t i o . 
Nature of the Samples 

In any s t a t i s t i c a l study one should d e f i n e the "t a r g e t 
p o p u l a t i o n " — t h a t i s , the po p u l a t i o n about which one wants to 
gain i n f o r m a t i o n or make s t a t i s t i c a l i n f e r e n c e s (see Krum-
bei n and G r a y b i l l , 1965). The tar g e t p o p u l a t i o n of t h i s 
study i s the ore dep o s i t s of the d i s t r i c t . I f v a l i d i n f e r 
ences are to be made about the po p u l a t i o n , the samples should 
be randomly taken from the "sampled ( a c c e s s i b l e ) p o p u l a t i o n " . 
As i s t y p i c a l f o r most geologic s t u d i e s , the sampled pop
u l a t i o n does not e x a c t l y equal the ta r g e t p o p u l a t i o n . 

U n f o r t u n a t e l y the a v a i l a b l e samples are not e n t i r e l y 
s u i t a b l e f o r r i g o r o u s s t a t i s t i c a l a n a l y s i s because they are 
not r e p r e s e n t a t i v e " p r o b a b i l i t y samples" (p. 1^9, Krumbeln and 

1 Only values outside the metamorphic aureole were recorded 
and the f r o n t was considered to d i p outwards at depth. 
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G r a y b i l l ) of the sampled or t a r g e t p o p u l a t i o n . Therefore 
considerable s u b j e c t i v e judgement has been used i n evalua
t i n g the r e s u l t s . The main problem i n v o l v e d i s the nature 
of the samples and the l a c k of a p r e c i s e d e f i n i t i o n of a 
mineral deposit f o r sampling purposes. For i n s t a n c e , i t i s 
reasonable to ask i f the samples are composed s o l e l y of ore 
minerals or i f they contain v a r i o u s amounts of gangue, w a l l 
rock, or even o x i d a t i o n products. Because of the v a r i e t y of 
mineral occurrences i n the d i s t r i c t , i t i s d i f f i c u l t to de
f i n e c l e a r l y the t a r g e t p o p u l a t i o n , the "ore d e p o s i t " . I t can 
be expected that most samples taken from surface exposures 
were o x i d i z e d to v a r y i n g degrees. Samples could have been 
chipped from " r e p r e s e n t a t i v e " m a t e r i a l across a massive s u l 
f i d e v e i n , across a wide but sparsely m i n e r a l i z e d sheeted 
f r a c t u r e zone, or across an e n t i r e rock mass of stockwork 
ore. They could a l s o have been grab samples from weathered 
high grade ore on mine dumps. F o r t u n a t e l y , i n one r e s p e c t , 
many of these problems have been avoided, since over 1900 
of the assays are chip samples taken underground from the 
S i l Van Mine. Hence i t can be expected that there was a c e r 
t a i n degree of u n i f o r m i t y i n c o l l e c t i n g these samples. But 
t h i s l eads to another problem i n the studying of zoning on 
a d i s t r i c t - w i d e s c a l e . There i s a tremendous " c l u s t e r i n g " 
of data from one area, and f o r many of the p r o p e r t i e s there 

i s o nly meager data. Because of the greater amount of data 
a v a i l a b l e , more emphasis has been placed on studying the 
S i l Van Mine area than other p a r t s of the d i s t r i c t . 
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There are als o other f e a t u r e s of the assays that r e s 

t r i c t t h e i r use i n the study of zoning. G e n e r a l l y , unless a 
metal was ob v i o u s l y abundant i n the ore, no assay was made 
f o r i t . The absence of complete assay data causes the prob
lem of handling "missing data" i n the s t a t i s t i c a l a nalyses. 
Because gold and s i l v e r minerals could not be r e a d i l y i d e n 
t i f i e d i n hand specimen, and because they are economically 
important, g e n e r a l l y , more assays are a v a i l a b l e f o r these 
metals. The Mamie property i s a good example of one where 
there i s ample assay data on gold , s i l v e r , z i n c , and copper, 
but a b s o l u t e l y no i n f o r m a t i o n on l e a d . Yet galena, although 
sparse, i s present i n the ore. 

Another problem a r i s e s from the f a c t that f o r some sam
p l e s l o c a t i o n s are only roughly known. Th e i r "place" value 
i s , t h e r e f o r e , c o n s i d e r a b l y l e s s than that of a s e r i e s of 
assays whose r e l a t i v e l o c a t i o n s are shown on a map. 

Formidable as these problems seem, they can be e v a l 
uated to some degree. The use of metal r a t i o s g r e a t l y 
a l l e v i a t e s some sampling problems i n studying the zoning."*" 
There are, however, problems that are much more d i f f i c u l t 
to account f o r , t h a t may s i g n i f i c a n t l y a f f e c t the r e s u l t s . 

1 Koch and L i n k (1963), i n a study somewhat s i m i l a r to the 
present one, m u l t i p l i e d the assay value by the sample width 
i n an attempt to circumvent sampling e r r o r s . Sound as t h i s 
procedure may be f o r weighting assays f o r grade and tonnage 
c a l c u l a t i o n s , i t does not solve sampling problems f o r s t a 
t i s t i c a l s t u d i e s . Moreover, i t tends to cloud the r e s u l t s 
so t h a t they cannot be d i r e c t l y compared w i t h other areas. 
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For i n s t a n c e , on underdeveloped p r o p e r t i e s there i s no way 
of determining whether or not the sample was taken from a 
s u l f i d e shoot. Assays from developed p r o p e r t i e s , of course, 
are mainly from the s u l f i d e shoots. I t i s very p o s s i b l e t h a t 
ores from shoots and ores from l e s s h i g h l y m i n e r a l i z e d por
t i o n s of v e i n systems are s i g n i f i c a n t l y d i f f e r e n t . Supergene 
processes could p o s s i b l y a f f e c t the r e s u l t s . Some high s i l 
v er p o r t i o n s of the Henderson v e i n system were a t t r i b u t e d by 
e a r l y workers to supergene d e p o s i t i o n of n a t i v e s i l v e r and 
ruby s i l v e r m i n e r a l s . Although i t i s c u r r e n t l y b e l i e v e d that 
these minerals are hypogene, the t e x t u r a l evidence f o r t h i s 
consensus i s not unequivocal. 
Selected R e s u l t s 

This study has produced a mass of data not yet completely 
analyzed. For example, one c o r r e l a t i o n run wit h 30 v a r i a b l e s 
produces 900 c o r r e l a t i o n c o e f f i c i e n t s . The sheer volume of 
r e s u l t s w i l l r e q u i r e a great d e a l more time f o r a n a l y s i s ; 
t h e r e f o r e , only some of the most obvious f i n d i n g s are presented. 

The r e l a t i o n s h i p between lead and s i l v e r i s perhaps the 
most s t r i k i n g d i s c o v e r y of t h i s study. For many of the de
p o s i t s of the d i s t r i c t there i s a remarkably high c o r r e l a t i o n 
between the lead and s i l v e r contents of the ores. C o r r e l a t i o n 
c o e f f i c i e n t s as h i g h as .98(5) were found. Galloway (1924, 
p. 109) and other workers have suggested that there i s a 

c o r r e l a t i o n between lead and s i l v e r of some ores. The f o r 
mer noted t h a t there i s about 1 to 2 ounces per ton s i l v e r 



f o r every per cent lead i n the V i c t o r y v e i n , However, the 
high degree of c o r r e l a t i o n had never been emphasized. F i g 
ure 14 shows a t y p i c a l r e l a t i o n s h i p between lead and s i l v e r 
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When i t was found t h a t lead and s i l v e r showed a very close 
r e l a t i o n s h i p i n many of the d e p o s i t s , the w r i t e r expected 
that a s i n g l e r e l a t i o n s h i p would hold f o r a l l these ores. 
However, when r e g r e s s i o n equations were c a l c u l a t e d f o r these 
p r o p e r t i e s , i t was discovered that each property or part 
of a property has i t s own c h a r a c t e r i s t i c r e l a t i o n s h i p (Figure 
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In sharp c o n t r a s t to the h i g h c o r r e l a t i o n s found f o r many 
s i l v e r - l e a d o r es, d e p o s i t s or p a r t s of d e p o s i t s w i t h high 
s i l v e r contents t y p i c a l l y have low to moderate c o r r e l a t i o n s 
w i t h l e a d . For i n s t a n c e , the 3240 f o o t l e v e l of the Hender
son v e i n and the S i l v e r Creek No* 3 v e i n are h i g h grade s i l 
v e r o res, i n places c o n t a i n i n g as much as 50 to 100 ounces 
of s i l v e r per ton. 

1 I t i s easy to see how averaging of assay, data would have 
obscured the r e l a t i o n s h i p s . Stanton and Richards (1961 and 
1963) have discussed the problem of averaging assay data 
f o r c o r r e l a t i o n analyses. 
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I t i s very d i f f i c u l t to conceive of m u l t i - s t a g e pro

cesses on a d i s t r i c t - w i d e s c a l e t h a t could account f o r the 
very h i g h c o r r e l a t i o n s between s i l v e r and l e a d . I t i s f a r 
more reasonable to assume that they were deposited together 
i n s i l v e r - b e a r i n g PbS s o l i d s o l u t i o n s . Oriented intergrowths 
of s i l v e r minerals i n galena and the phase r e l a t i o n s i n the 
Pb-Ag-Bl-S system ( C r a i g , 1967) support t h i s c o n c l u s i o n . 
The h i g h grade s i l v e r ores which show much lower c o r r e l a t i o n s 
between s i l v e r and l e a d , on the other hand, suggest that 
there was a separate stage of s i l v e r m i n e r a l i z a t i o n i n these 
areas. But the w r i t e r has not studied enough p o l i s h e d sur
faces of these ores to s u b s t a n t i a t e t h i s c o n c l u s i o n on min-
e r a l o g i c a l grounds. The v a r i a t i o n i n slope of the s i l v e r -
lead r e g r e s s i o n curves i s probably a r e f l e c t i o n of v a r i a t i o n s 
i n the s i l v e r / l e a d r a t i o i n the ore s o l u t i o n s . 

I t i s noteworthy that Koch and L i n k (1963) found very 
s i m i l a r patterns i n the Don Thomas v e i n of the F r i s c o Mine 
i n Mexico. Unfortunately t h e i r data cannot be d i r e c t l y com
pared w i t h the w r i t e r ' s , since they m u l t i p l i e d t h e i r assays 
by sample width. V a r i a t i o n s i n s i l v e r and lead contents of 
the Henderson v e i n system, moreover, would tend to cast doubt 
on t h e i r c o n c l u s i o n t h a t since the m i n e r a l i z a t i o n i s d i f f 
erent on e i t h e r side of the F r i s c o f a u l t , f a u l t i n g presum
ably took place before part or a l l of the ore was emplaced 

(p. 1070). There are no major f a u l t s o f f - s e t t i n g the Hen
derson v e i n , yet i t possesses v a r i a t i o n s i n metal content 
very s i m i l a r to those of the Don Thomas v e i n . The v a r i a t i o n s 
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they describe could e q u a l l y w e l l be due to l a t e r a l zonation 
w i t h i n a s i n g l e v e i n p r i o r to f a u l t i n g . 

C o r r e l a t i o n s between other metals, metal r a t i o s , and 
various distance parameters, i n general, are much lower than 
those f o r s i l v e r and l e a d . This suggests that d e p o s i t i o n of 
most metals was not as c l o s e l y r e l a t e d as was the d e p o s i t i o n 
of some of the s i l v e r and l e a d . Perhaps i t merely r e f l e c t s 
the l a c k of simple s o l i d s o l u t i o n r e l a t i o n s h i p s of heavy 
metals i n s i n g l e minerals. 

Although deposits of the d i s t r i c t have been broadly 
grouped i n zones, s t a t i s t i c a l s tudies have served to i n d i c a t e 
t h a t d e p o s i t s w i t h i n small areas have t h e i r own c h a r a c t e r i s 
t i c s . For example, i f we consider three veins t h a t are f a i r 
l y c l o s e t o g e t h e r — t h e West Coronado, Mamie, and Henderson 
v e i n s — w e f i n d they have d i s t i n c t d i f f e r e n c e s . The West 
Coronado v e i n i s c h a r a c t e r i z e d by marked zonation over a d i s 
tance of a few hundred f e e t ; the Mamie v e i n by a low l e a d , 
and h i g h gold and copper content; and the Henderson v e i n by 
a high s i l v e r and lead content and by very gradual zonation. 
These v a r i a t i o n s i n d i c a t e that to some degree c o n d i t i o n s of 
ore d e p o s i t i o n i n the va r i o u s v e i n systems were s i g n i f i c a n t l y 
d i f f e r e n t . 

V a r i a t i o n s i n absolute metal contents, as f u n c t i o n s of 
dista n c e from the metamorphic f r o n t ( a u r e o l e ) , are shown 
i n F i g u r e s 16 to 19- The mean value f o r each property l i s t e d 

i n Table 3 was used f o r the graphs. In general " l a r g e " 
(greater than 30 assays) and "i n t e r m e d i a t e " - s i z e d (greater 
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than 10 assays) samples, shown as l a r g e dots, o u t l i n e the 
trends b e t t e r than do the small samples. Some low values 
probably only s i g n i f y p oorly m i n e r a l i z e d rock. From the 
p l o t s i t can be seen that gold values are highest i n a zone 
about 3500 to 6000 f e e t from the metamorphic f r o n t ; s i l v e r 
values i n a zone about 5000 to 9000 f e e t from the f r o n t ; 
lead values i n a zone about 5000 to 8000 f e e t from the 
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f r o n t ; and that z i n c values show no d i s c e r n i b l e i n c r e a s e or 
decrease away from the f r o n t . I t should be noted that the 
mole per cent FeS content of s p h a l e r i t e (Figure 44, p. 105) 

and the atomic per cent a r s e n i c i n a r s e n o p y r i t e (Figure 50, 
p. 1 2 0 )also show d e f i n i t e trends away from the f r o n t . 

V a r i a t i o n s i n sele c t e d metal r a t i o s as f u n c t i o n s of 
di s t a n c e from the metamorphic f r o n t are shown i n Fi g u r e s 20, 
22, and 23. 

Again the l a r g e and intermediate s i z e d samples o u t l i n e 
the trends b e t t e r than do the small samples. The r a t i o s 
were c a l c u l a t e d from the property assay means i n Table 3. 
The same r a t i o s determined by c a l c u l a t i n g the means of the 
r a t i o s of the raw assay data, i n t e r e s t i n g l y enough, y i e l d 
very d i f f e r e n t v a l u e s , but the trends are the same. The 
"mean of the r a t i o s " i s a f u n c t i o n of assay variance but 
i s not a f u n c t i o n of the absolute values of the assays as 
i s the " r a t i o of the means". Mathematically i t i s probably 
a b e t t e r value than the " r a t i o of the means" used i n t h i s 
r e p o r t . The s i l v e r / g o l d , s i l v e r / l e a d , and l e a d / z i n c r a t i o s 
a l l show marked i n c r e a s e s i n the outer part of the d i s t r i c t . 
V a r i a t i o n i n the s i l v e r / g o l d r a t i o i s very s i m i l a r to that 
given by Sims and Barton (1962) f o r the C e n t r a l C i t y d i s 
t r i c t (Figure 21). Although the s i l v e r / g o l d r a t i o s f o r the 
Hudson Bay Mountain d i s t r i c t are somewhat l a r g e r , the s t r i k 
i n g s i m i l a r i t y of the trends s t r o n g l y i n d i c a t e s t h a t the 
Hudson Bay Mountain trend i s r e a l . Sims and Barton used 
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production data and sampling-works assays f o r t h e i r c a l c u 
l a t i o n s , and the dista n c e they c i t e was measured from the 
c e n t e r l i n e of the core of the d i s t r i c t . 

I t can be noted that i n the metal and metal r a t i o p l o t s 
there i s abrupt t e r m i n a t i o n of p r o p e r t i e s at about 8000 f e e t 
from the metamorphic f r o n t . Figure 21 shows a s i m i l a r abrupt 
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t e r m i n a t i o n of p r o p e r t i e s about 8000 f e e t from the center-
l i n e of the C e n t r a l C i t y d i s t r i c t . Sims and Barton (1962) 
have a t t r i b u t e d the d r a s t i c changes i n s i l v e r / g o l d r a t i o and 
presumably the t e r m i n a t i o n of the m i n e r a l i z a t i o n to a zone 
of t h r o t t l i n g ( i r r e v e r s i b l e a d i a b a t i c expansion of the ore 
s o l u t i o n s ) and p o s s i b l y of mixing of the magmatically de
r i v e d hydrothermal s o l u t i o n s w i t h ground water. S i m i l a r 
d e p o s i t i o n a l mechanisms are q u i t e f e a s i b l e f o r the Hudson 
Bay Mountain d i s t r i c t , but the w r i t e r b e l i e v e s that mix
i n g of s o l u t i o n s was probably the most important f a c t o r 
causing the d r a s t i c change i n r a t i o s and p o s s i b l y the t e r 
mination of m i n e r a l i z a t i o n . 

Since much of the assay i n f o r m a t i o n comes from the 
southwest p a r t of the d i s t r i c t , a n d since the known extent 
of these v e i n s i s approximately c o i n c i d e n t w i t h the l i m i t 
of outcrop, the abrupt t e r m i n a t i o n of the m i n e r a l i z a t i o n as 
shown i n Figures 16 to 23 should be viewed w i t h c a u t i o n . 
E x p l o r a t i o n work done by S i l Van Mines L t d . has shown that 
there are geophysical anomalies i n the covered areas along 
s t r i k e from some of the v e i n s . P o s s i b l y the v e i n s could ex
tend at l e a s t 1000 f e e t f a r t h e r from the f r o n t . 

Mole per cent FeS i n s p h a l e r i t e was p l o t t e d a g a i n s t 
assays and metal r a t i o s , but due to c l u s t e r i n g of data 
trends of o n l y dubious value were o u t l i n e d . Sympathetic 
v a r i a t i o n of metal r a t i o s and mole per cent FeS i n s p h a l 
e r i t e , of course, would support the contention t h a t the 
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u n d e r l y i n g causes f o r v a r i a t i o n i n both would be d i r e c t l y 
or i n d i r e c t l y the same. Since absolute metal content, 
metal r a t i o s , mole per cent FeS i n s p h a l e r i t e , and atomic 
per cent a r s e n i c i n a r s e n o p y r i t e a l l vary as a f u n c t i o n of 
d i s t a n c e from the metamorphic f r o n t , i t can be expected 
that they are a l l r e l a t e d to some degree. 

Vein and M i n e r a l Paragenesis 
The main purpose of a paragenetic study i s to recon

s t r u c t the d e p o s i t i o n a l h i s t o r y of ores. Because of the 
problems i n v o l v e d i n i n t e r p r e t i n g the temporal aspects of 
ore d e p o s i t i o n f o r an e n t i r e mining d i s t r i c t , a d i s t i n c t i o n 
has been drawn between v e i n and m i n e r a l paragenesis. De
t a i l e d mapping of deposits and d i s t r i c t has shown that not 
a l l d e p o s i t s were formed at the same time. Nevertheless, 
there i s i n s u f f i c i e n t evidence to e s t a b l i s h the exact 
chronology of each d e p o s i t . Since veins and deposits formed 
at d i f f e r e n t times, i t i s apparent that mineral paragenesis, 
the sequence of mineral d e p o s i t i o n w i t h i n a rock or v e i n , 
has only l o c a l s i g n i f i c a n c e . I t would take thousands of 
p o l i s h e d surfaces and many f i e l d observations to e s t a b l i s h 
the exact t i m i n g of the various m i n e r a l i z i n g events, i f i n 
f a c t i t can be e s t a b l i s h e d . 

There are numerous examples of successive periods of ore 
d e p o s i t i o n and more could probably be found i f i t were not 
f o r the f a c t that most ore exposures, whether on surface or 
underground, are covered by a l a y e r of oxides or grime. 
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A summary of the r e l a t i v e age r e l a t i o n s h i p s of ores and 

i n t r u s i o n s i n the d i s t r i c t i s as f o l l o w s : 
1. The porphyry dikes i n the G l a c i e r Gulch area 

shown i n Figure 12 are i n t r a - r n i n e r a l w i t h 
respect to the molybdenum m i n e r a l i z a t i o n ( i . e . , 
they cut and are cut by molybdenum-bearing 
v e i n l e t s ) , and to the n o r t h of the Toboggan 
G l a c i e r they cut s u l f i d e veins of the i n t e r 
mediate zone. 

2. A p h a n i t i c p o t a s h - r i c h dikes r e l a t e d to the 
stock below the ridge south of G l a c i e r Gulch 
are a l s o i n t r a - m i n e r a l w i t h respect to the 
molybdenum m i n e r a l i z a t i o n . These dikes post
date about 80 to 90 per cent of the quartz 
v e i n l e t s . 

3. The small body of g r a n o d i o r i t e porphyry ex
posed i n a crevasse near the toe of the Hud
son Bay G l a c i e r apparently cuts the surface 
molybdenite m i n e r a l i z a t i o n , but i s cut by 
numerous v e i n l e t s c o n t a i n i n g c h a l c o p y r i t e . 
This i s an i n d i c a t i o n that there might have 
been a major stage of copper m i n e r a l i z a t i o n 
that at l e a s t i n part followed the period 
of molybdenum m i n e r a l i z a t i o n . 

4. The abundance of c r o s s - c u t t i n g veins and the 
great d i v e r s i t y of v e i n and a l t e r a t i o n types 
i n the molybdenum deposit i n d i c a t e that a 
v a r i e t y of ore s o l u t i o n s under somewhat va r 
i a b l e physlcochemical c o n d i t i o n s were r e s 
ponsible f o r ore formation i n t h i s area. 

5. P o s t - s u l f i d e chalcedony and chalcedony-kao-
l i n i t e veins occur i n the Henderson and Dome 
v e i n systems, and very f i n e grained quartz 
post-dates at l e a s t some of the s u l f i d e s i n 
the Empire and Snowshoe v e i n s . 

6. P o s t - s u l f i d e carbonate veins have been ob
served on the Henderson, Vancouver, and G l a 
c i e r Gulch South Side p r o p e r t i e s . 

7. A minute bournonite v e i n that cuts deformed ga
l e n a and s p h a l e r i t e was found i n a hand s p e c i 
men from the East Coronado v e i n . 
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8. On the Bee Claim a two to four i n c h galena, 

s p h a l e r i t e v e i n i s traversed f o r s e v e r a l f e e t 
by a i i t o i i n c h c h a l c o p y r i t e v e i n . 

9 . S u l f i d e s t r i n g e r s w i t h e n t i r e l y d i f f e r e n t min
e r a l assemblages which occur i n the sheeted 
f r a c t u r e zones, i n d i c a t e that the ore s o l u t i o n s 
were of v a r i a b l e nature and passed through the 
f i s s u r e s at d i f f e r e n t times. 

In the molybdenum deposit there i s a seemingly c h a o t i c 
maze of c r o s s - c u t t i n g v e i n s which have been grouped by the 

w r i t e r ( 1966) as f o l l o w s : 
A. "wormy" barren quartz v e i n l e t s i n the contact 

r e g i o n of the quartz monzonite stock (Figure 24) 
B. barren quartz v e i n stockwork ("high s i l i c a " rock) 

i n the contact region of the quartz monzonite 
stock ( v e i n l e t s have plannar w a l l s ) (Figure 24) 

C. Type I molybdenum-bearing quartz v e i n s ( f i n e 
g rained, sugary, w e l l developed banded (ribbon) 
s t r u c t u r e , high magnetite content) (Figures 25 and26) 

D. Type I I molybdenum-bearing quartz v e i n s (medium 
and coarse grained, drusy, massive, low magne
t i t e content) (Figure 26) 

E. Post-Type I I barren and molybdenum-bearing quartz 
veins 

F. Post-quartz v e i n stockwork, quartz-carbonate 
veins (anastomosing, c o n t a i n minor p y r i t e , 
s p h a l e r i t e , galena,and molybdenite which 
i s present only i n ve i n fragments from the 
quartz v e i n stockwork) 

From r e l a t i o n s h i p s observed i n diamond d r i l l core i t was 
concluded that these v e i n groups appear to represent suc
c e s s i v e l y younger periods of m i n e r a l i z a t i o n . However, from 
some of the v e i n r e l a t i o n s h i p s observed underground, i t was 
discovered t h a t the d i s t i n c t i o n between Type I and Type I I 
veins i s not c l e a r - c u t . Some Type I veins along s t r i k e 
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grade to veins that are more l i k e Type I I i n character, and 
some Type I vei n s with a w e l l developed banded s t r u c t u r e 
c o n t a i n c l o t s of coarse grained drusy minerals. Even though 
a c l e a r d i s t i n c t i o n between Type I and Type I I molybdenum 
veins cannot be made f o r that p a r t of the deposit exposed 
i n the underground workings, i t i s s t i l l a d e f i n i t e p o s s i 
b i l i t y that there were at l e a s t two d i s t i n c t periods of 
m i n e r a l i z a t i o n i n other parts of the de p o s i t . I t should be 
remembered that a tremendous volume of rock has been miner
a l i z e d and not a l l of i t has been adequately s t u d i e d . 

Figure 24 - Barren "wormy" quartz veins cut by tab
u l a r quartz veins i n d r i l l core specimen 
from the c h i l l e d contact zone of the 
quartz monzonite porphyry l o c a t e d approx
imately 3000 to 3500 f e e t below the r i d g e 
south of G l a c i e r Gulch. Mag, 2x. 
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Figure 25 - Type I molybdenum v e i n showing the charac
t e r i s t i c banded s t r u c t u r e . Kote the c r o s s -
c u t t i n g veins of the same type. 

Figure 26 - Type I veins cut by Type I I v e i n s . 
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The f i e l d evidence c i t e d above c e r t a i n l y i n d i c a t e s that 

there was at l e a s t some polyascendency ( K u t i n a , 1957) of the 
ore s o l u t i o n s i n the Hudson Bay Mountain d i s t r i c t . I f i t were 
not f o r the g e n e r a l l y poor q u a l i t y of ore exposures i t i s a l 
most c e r t a i n t h a t more such 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 could 
be observed. 

Figure 27 shows conventional paragenetic diagrams f o r the 
main c l a s s e s of deposits i n the d i s t r i c t . These types of 
deposits do not i n general overlap or grade to one another 
so the r e l a t i v e t i m i n g of each i s not known. I t can only 
be i n f e r r e d from the general geologic f e a t u r e s of the d i s t r i c t . 

Caution should be exercised i n i n t e r p r e t i n g these se
quences. Recent work, such as that by B r e t t (1963), has 
cast doubt on the v a l i d i t y of c e r t a i n microscopic t e x t u r a l 
r e l a t i o n s as c r i t e r i a f o r determining the paragenesis of ores. 
Recent s t u d i e s of the k i n e t i c s of s o l i d s t a t e s u l f i d e reac
t i o n s have shown that some s o f t s u l f i d e s continue to r e a c t 
f a r below t h e i r i n i t i a l c r y s t a l l i z a t i o n temperatures (see 
Skinner and Barton, 1967). I t can be expected that such s o l i d 
s t a t e r e a c t i o n s mask many of the o r i g i n a l t e x t u r a l f e a t u r e s 
of the ores. I t i s p o s s i b l e t h a t a conventional paragenetic 
sequence determined from microscopic f e a t u r e s may more c l o s e l y 
p a r a l l e l the " t e x t u r a l s t a b i l i t y " r a t h e r than the i n i t i a l 
sequence of d e p o s i t i o n . That i s , hard, s t a b l e minerals w i t h 
high powers of c r y s t a l l i z a t i o n would be i n d i c a t e d as r e l a t i v e l y 
o l d ; whereas, s o f t , "unstable" minerals w i t h low powers of 
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FIGURE 27 - PARAGENETIC DIAGRAMS 
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c r y s t a l l i z a t i o n would be i n d i c a t e d as r e l a t i v e l y young. An 
example of t h i s r e l a t i o n s h i p i s a simple one-quarter i n c h 
quartz, p y r i t e , c h a l c o p y r i t e v e i n that can he traced f o r 
se v e r a l hundred f e e t i n the molybdenum d e p o s i t . Microscop
i c a l l y the c h a l c o p y r i t e may v e i n the p y r i t e ; however, i n 
t u i t i v e l y i t i s very d i f f i c u l t to accept a complex deposi-
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t i o n a l h i s t o r y f o r such a simple v e i n . I t i s f a r more r e a 
sonable to conclude that the v e i n minerals were p r e c i p i t a t e d 
a t one time and subsequently underwent s o l i d s t a t e changes 
that l e d t o the apparent t e x t u r a l r e l a t i o n s . 

In the c o n s t r u c t i o n of Figure 2 7 . through-going veins 
of one mineral i n another were accepted as evidence that 
the v e i n mineral i s younger. C r u s t i f i c a t i o n , b r e c c i a f r a g 
ments, and some obvious replacement textures (e.g., pseudo-
morphs and veins w i t h corroded borders) were a l s o accepted 
as v a l i d d i f f e r e n t i a l age c r i t e r i a . V i r t u a l l y a l l other 
t e x t u r e s were, however, i n t e r p r e t e d to i n d i c a t e s i m u l t a n 
eous d e p o s i t i o n . U n s a t i s f a c t o r y as t h i s procedure may seem, 
i t i s considered to y i e l d the most meaningful r e s u l t s . 
Some of the t y p i c a l microscopic v e i n r e l a t i o n s h i p s are 
shown i n Figures 28 and 29. and other t e x t u r a l f e atures are 
shown i n microphotographs i n other parts of the t h e s i s . 

An extremely i n t e r e s t i n g r e l a t i o n s h i p was discovered i n 
ores from the s u l f i d e v e i n s . In these ores p y r i t e and arsen
o p y r i t e are t y p i c a l l y h i g h l y f r a c t u r e d and veined and 
replaced by most other minerals, e s p e c i a l l y p y r r h o t i t e . 
But some very anomalous r e l a t i o n s were found i n p y r i t i c ores 
near the i n n e r l i m i t of the outer ( p y r i t e ) zone and i n the 
intermediate ( p y r r h o t i t e ) zone. These r e l a t i o n s are as 
f o l l o w s I 

1 , the s p h a l e r i t e a s s o c i a t e d w i t h the p y r i t e con
t a i n s too high an i r o n content, as i n d i c a t e d by 
the known phase r e l a t i o n s (Barton and Toulmin, 
1966 and Boorman, 1 9 6 7 ) , to have c r y s t a l l i z e d 
i n e q u i l i b r i u m w i t h the p y r i t e (e.g., sample 6^-30) 
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Figure 28 - P y r i t e from small v e i n l e t i n the molybdenum 
dep o s i t b r e c c i a t e d and veined by quartz 
(dark) and c h a l c o p y r i t e ( l i g h t ) . Mag, 1 5 0 x , 

Figure 29 - Arsenopyrite from the Copper Queen c l a i m 
veined by c h a l c o p y r i t e ( l i g h t gray ), 
p y r r h o t i t e (medium gray), and quartz 
(blac?rc). Note that the quartz veins cut 
the c h a l c o p y r i t e , p y r r h o t i t e v e i n s , 
Mag, 5 0 0 x . 
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2. s p h a l e r i t e i n t h i s area even though associated 

w i t h p y r i t e contains blebs of p y r r h o t i t e 
3. l a m e l l a r marcasite i s abundant i n t h i s area 

(Figure 31) - Edwards (1954) claims that t h i s 
type of marcasite forms only by pseudomorphic 
replacement of p y r r h o t i t e 

4. a few small p y r r h o t i t e i n c l u s i o n s are present 
both i n the p y r i t e and marcasite 

Even though the t e x t u r a l r e l a t i o n s (vein) would lead 
one to b e l i e v e that the p y r r h o t i t e i n the s u l f i d e veins gen
e r a l l y formed a f t e r the p y r i t e , the fea t u r e s c i t e d above 
s t r o n g l y suggest that p y r i t l c outer zone ore a c t u a l l y formed 
at the expense of p y r r h o t l t i c ore of the intermediate zone. 
I f t h i s i s true then i t f o l l o w s that the general microsco
p i c t e x t u r a l f e a t u r e s of p y r i t e and p y r r h o t i t e y i e l d very 
m i s l e a d i n g age data. 

The presence of marcasite a l s o i n d i c a t e s that these r e 
placement r e a c t i o n s must have occurred below about 430°C 
( K u l l e r u d , 1966), The i n t i m a t e a s s o c i a t i o n of marcasite 
and p y r i t e supports the contention that the two minerals 
have d i f f e r e n t compositions and that both have s t a b i l i t y 
f i e l d s somewhere below 430°C ( K u l l e r u d , 1966 and 1967). Un
der very high s u l f u r f u g a c i t i e s i t would be expected that 
the marcasite would have decomposed to p y r i t e ( K u l l e r u d , 
1967). Hence the s u l f u r f u g a c i t i e s were probably such that 
the s t a b i l i t y f i e l d of p y r r h o t i t e was onl y s l i g h t l y ex
ceeded • 



Figure 30 - P o i & i l i t i c p y r i t e c r y s t a l w i t h included 
galena ( l i g h t gray) and t e t r a h e d r i t e 
(dark gray) from the Henderson v e i n . Mag. 

1 3 0 x . 

Figure 31 - P y r r h o t i t e p a r t l y replaced by l a m e l l a r 
marcasite along a carbonate v e i n . L i g h t 
c r y s t a l i n lower l e f t i s a r s e n o p y r i t e . 
Copper Queen c l a i m . Mag. lOOx. 
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Features of Selected M i n e r a l s  
Tet r a h e d r l t e - T e n n a n t l t e 

Both minerals occur i n the d i s t r i c t but t e t r a h e d r i t e 
i s the most abundant. Tennantite has been I d e n t i f i e d i n 
only two samples: one from a small quartz v e i n i n the mo
lybdenum d e p o s i t , and the other ( h i g h l y a r g e n t i f e r o u s ) 
from a small carbonate, s u l f i d e v e i n on the Rico Aspen 
property. T e t r a h e d r i t e ( f r e i b e r g i t e ) occurs i n many of the 
high-grade s i l v e r o r e s, and i s probably the main s i l v e r min
e r a l i n them. Analyses of two t e t r a h e d r i t e s from the Hen
derson v e i n are given i n Table 4. 

Table 4 - Chemical Analyses of T e t r a h e d r i t e ^ 
from the Henderson Vein ' 

S u l f u r 21.8 20.7 
Antimony 25.0 25.5 
Copper 19.0 18.0 
Iron 4.0 5.0 
Zinc 4 « ° o > 2 « 5 ^ 
S i l v e r 25.3 ; 26.8^ ; 

Gold * * 
Bismuth N i l N i l 
A r s e n i c " " 
T e l l u r i u m " " 
S p e c i f i c g r a v i t y 5.1 5.2 

1) a f t e r Galloway, 1923 
2) Equals 7,384 oz. per ton 
3) Equals 7,925 oz. per ton 
* Equals 2.1 oz. per ton 

Bournonlte ( 2PbS • Cu2S- SbgS-j) 
Bournonlte has not p r e v i o u s l y been reported from the dis

t r i c t , but i t i s very widespread. I t i s most abundant i n 
s u l f i d e ores of the intermediate and outer zones. Previous 
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workers have probably mistaken i t f o r t e t r a h e d r i t e . X-
ray f i l m s have a few c h a r a c t e r i s t i c s of seligmannite, so 
there remains a d i s t i n c t p o s s i b i l i t y that some a r s e n i c has 
s u b s t i t u t e d f o r antimony. 
Galena 

Galena ranges from very coarse grained undeformed c r y 
s t a l s to g n e i s s i c and s t e e l y deformed v a r i e t i e s . I t occurs 
as l a r g e masses and as small g r a i n s i n t i m a t e l y a s s o c i a t e d 
w i t h other s u l f i d e s . In polished s e c t i o n i t i s t y p i c a l l y 
f r e e from i n t e r g r o w t h s , but specimens from the Vancouver, 
Henderson, and East Coronado veins c o n t a i n oriented i n t e r 
growths of t e t r a h e d r i t e and m a t i l d l t e (?) formed by exsolu-
t i o n . C r a i g (1967) i n d i c a t e s that e x s o l u t i o n of m a t i l d i t e 
from galena only occurs below 215- 15°C Unoriented blebs 
of p y r a r g y r i t e and n a t i v e s i l v e r occur i n galena from h i g h -
grade s i l v e r ores. I n c l u s i o n s i n some g r a i n s of galena 
from the Vancouver property are arranged i n crude zones, 
which may be an i n d i c a t i o n that some galena was i n i t i a l l y 
zoned i n respect to s i l v e r . 
C h a l c o p y r i t e 

C h a l c o p y r i t e , although only a minor c o n s t i t u e n t i n most 
d e p o s i t s , i s very widespread and shows much d i v e r s i t y i n 
occurrence. I t occurs as inte r g r o w t h s , separate g r a i n s , and 
c r o s s - c u t t i n g v e i n s . Some i s twinned, some i s not; some 
contains i s o l a t e d s t a r s and blebs of s p h a l e r i t e ; some con
t a i n s rows of r e c t a n g u l a r b l o c k s and crude s t a r s of s p h a l e r i t e 
that p o s s i b l y could o u t l i n e growth zones (Figure 32); and 
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Figure 32 - Row of s p h a l e r i t e i n c l u s i o n s i n chal c o 
p y r i t e from s c h e e l l t e - r i c h quartz v e i n 
( 6 6 - 7 6 ) near f r i n g e of the molybdenum 
depo s i t i n Climax's e x p l o r a t i o n a d i t . Mag. ? 0 0 x . 

some does not c o n t a i n any s p h a l e r i t e or other I n c l u s i o n s . 
In some of the Cu-Fe-Ag ores i t occurs as c r y s t a l l o g r a p h -
i c a l l y o riented l a m e l l a e i n b o r n i t e . Some of the chalcopy
r i t e probably c r y s t a l l i z e d as cubic c h a l c o p y r i t e or cuban-
i t e which at low temperature transformed to t e t r a g o n a l c h a l 
c o p y r i t e (Yund and K u l l e r u d , 1 9 6 6 ) . P o s s i b l y the twinning 
i s a record of such transformations. C h a l c o p y r i t e of the 
Intermediate zone probably I n i t i a l l y c r y s t a l l i z e d as cuban-
I t e (see Figure 5 4 , p. 1 3 3 ) - Since c h a l c o p y r i t e i s so wide
spread and occurs i n every type of d e p o s i t , I t would probably 
be f r u i t f u l to f u r t h e r study t h i s m i n e r a l . 
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Gypsum 

Gypsum, i n the form of s e l e n i t e , i s present i n many of 
the quartz v e i n l e t s of the molybdenum d e p o s i t . In some areas 
i t has been found at depths as great as 2000 f e e t . Since i t 
i s s t a b l e only at r e l a t i v e l y low temperatures and pressures, 
and since i t i s an i n t e g r a l part of many v e i n s , i t i s pro
bably an a l t e r a t i o n product of primary a n h y d r i t e . 
S c h e e l l t e 

The economically important tungsten of the molybdenum 
deposit i s contained mainly i n s c h e e l l t e , which occurs i n 
quartz v e i n l e t s w i t h molybdenite and alone. From a v a i l a b l e 
assay data i t appears as i f the zone of tungsten m i n e r a l i z 
a t i o n i s approximately c o i n c i d e n t w i t h the zone of molyb
denum m i n e r a l i z a t i o n . 

Most of the s c h e e l l t e f l u o r e s c e s yellow-green suggest
i n g Mo i n s o l i d s o l u t i o n (Greenwood, 194-3), but some near the 
f r i n g e of the molybdenum m i n e r a l i z a t i o n f l u o r e s c e s white-
blue and some c r y s t a l s i n the center of the molybdenum de
p o s i t e x h i b i t i r r e g u l a r or crude zonal f l u o r e s c e n c e . A l 
though to the w r i t e r 1 s knowledge the phase r e l a t i o n s of the 
system s c h e e l i t e (CaWO^-powellite (CaMoO^.) have not been 
s t u d i e d , i t can be expected that there would be considerable 
s o l i d s o l u t i o n i n the system, since s c h e e l i t e and p o w e l l i t e 
are 1 s o s t r u c t u r a l and since the r a d i i of t h e i r +6 ions d i f f e r 
by only 9 per cent. Chemical and x-ray analyses show, 
however, tha t s c h e e l i t e from the Hudson Bay Mountain d i s 
t r i c t c ontains only minor Mo i n s o l i d s o l u t i o n . 
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To determine the extent of Mo s u b s t i t u t i o n , two schee-
l i t e s were c h e m i c a l l y analyzed and two were x-rayed. The 
r e s u l t s are shown i n Table 5• 

Table 5 - Chemical and X-ray Data f o r S c h e e l i t e 

A. Chemical Analyses of Scheelite- 1-) 

67-157^ DDH57~533 t 3 ) 67-157 DDK57 553-' 

Ca 14 .15 - CaO 19.80 4) 
1 9 . 2 3 

W 61.22 58.50 WO3 77.20 73.77 
Mo 1.35 2 . 5 2 M0O3 2 . 0 5 3.78 

I g n i t i o n 
Loss 

0.80 - I g n i t i o n 
Loss 

. 8 0 -
T o t a l s 99.85 96.78 

B. C e l l Dimensions of S c h e e l i t e 

DDH28-1743' 66-76 s y n t h e t i c 
s c h e e l i t e 

s y n t h e t i c - ^ 
p o w e l l i t e 

. 0 0 3 5.2421.003 5 . 2 ^ 2 1 . 0 0 5 5 . 2 2 6 L 0 0 5 

c 0 =11.3761 .002 11.3691.002 11.3721.005 11.^3 1 . 0 0 7 

1) analyzed by the B r i t i s h Columbia Department of Mines 

2) Sample 67-157 i s from a drusy, pegmatitic s c h e e l i t e -
r i c h quartz v e i n which contains molybdenite, c h a l c o 
p y r i t e , p y r i t e , f e l d s p a r , mica, c h l o r i t e , and c a l c i t e . 

3) Sample DDH57-533' i s from a r e l a t i v e l y barren, coarse 
grained q u a r t z , carbonate v e i n . Only a sm a l l amount of 
m a t e r i a l was a v a i l a b l e f o r a n a l y s i s . 

4) by s t o l c h i o m e t e r y 

5) a f t e r Swanson, G i l r i c h , and Cook, reported i n the Hand
book of P h y s i c a l Constants, C l a r k , ed., 1 9 6 6 . 

6) Samples 67-157* DDH57-533-'» and DDH28-1743* f l u o r e s c e d 
y e l l o w green. Sample 66-76 f l u o r e s c e d white-blue. 
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I f there i s considerable Mo s u b s t i t u t i o n , i t should be 

r e f l e c t e d i n the c e l l dimensions, since the c e l l dimensions 
of s c h e e l i t e and p o w e l l i t e are s i g n i f i c a n t l y d i f f e r e n t . To 
t e s t t h i s p o s s i b i l i t y the w r i t e r , using a Norelco d i f f r a c -
tometer and a NaOl i n t e r n a l standard, measured the p o s i t i o n 
of the (020) and (004) s c h e e l i t e peaks (to ± .01°Z6) of 
two s c h e e l i t e s — o n e w i t h yellow-green fluorescence (DDH28-
1743 1) and one w i t h white-blue fluorescence (66-76). The 
"a" and n c " c e l l dimensions were c a l c u l a t e d from these 
peaks u s i n g standard formulae f o r the t e t r a g o n a l system 
(Table 5). 

Several noteworthy f e a t u r e s are shown by these c e l l 
dimensions. F i r s t , i n view of the l i m i t s of accuracy of 
the methods^there i s e x c e l l e n t agreement between Swanson 
et a l . ' s c e l l dimensions f o r s c h e e l i t e and the w r i t e r ' s ; 
however, the r e s u l t s are not i n accord w i t h Ferguson's 
(a=5.26 and c = 1 1 . 4 l ) , ( i n Berry and Thompson, 1962). A l s o 
the f a c t that there i s very l i t t l e d i f f e r e n c e i n c e l l 
dimensions of the yellow-green and white-blue f l u o r 
e s c i n g s c h e e l l t e r e i n f o r c e s the c o n c l u s i o n that only 
minor Mo has s u b s t i t u t e d f o r ¥. Using Vegaard's r u l e ; t h e 
i n c r e a s e i n the "c" dimension of DDH28-17431 s c h e e l i t e 
over that of 66-76 corresponds to about 9 to 15 mole 
per cent CaMoO^, depending on whether 66-76 or the synthe
t i c s c h e e l i t e i s used f o r the W end member. These t e n 
t a t i v e r e s u l t s serve to i n d i c a t e that the "c" dimension may be 
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u s e f u l i n determining the composition of s c h e e l i t e , but 
some attempt should be made to determine the extent of 
Fe,Mn,Pb,and p o s s i b l y other elements s u b s t i t u t i o n and 
t h e i r e f f e c t on the c e l l dimensions. 

There i s some evidence to suggest compositional zon
i n g of s c h e e l i t e with respect to the molybdenum m i n e r a l 
i z a t i o n on the 3500 foot l e v e l . Near the f r i n g e of molyb
denum m i n e r a l i z a t i o n s c h e e l i t e f l u o r e s c e s white-blue; where
as, i n most of the d e p o s i t i t f l u o r e s c e s yellow-green, 
Buseck, 1 9 6 7 , has noted zonation of s c h e e l i t e fluorescence 
i n respect to molybdenum m i n e r a l i z a t i o n a t Tern P u i t e , Nevada. 
But the zoning he noted i s the reverse of that a t Hudson Bay 
Mountain. He i n t e r p r e t e d t h i s t o i n d i c a t e that where the 
molybdenum was incorporated i n molybdenite i t was u n a v a i l 
able t o enter s c h e e l i t e . 

For a molybdenum-rich environment, i n d i c a t e d by the 
presence of abundant molybdenite, the molybdenum content 
of s c h e e l i t e should be mainly c o n t r o l l e d by the temperature 
and the f 0 2 / f S 2 r a t i o of the ore s o l u t i o n . A high temper
a t u r e , s u l f a t e - r i c h environment would favor an increased 
s u b s t i t u t i o n of Mo i n s c h e e l i t e ; whereas, a lower-temper
a t u r e , s u l f u r - r i c h , oxygen-poor environment would tend to 
fav o r the formation of molybdenite and l e s s e n s u b s t i t u 
t i o n of Mo f o r W i n s c h e e l i t e . The presence of "anhydrite" 
and magnetite suggest that the molybdenum deposit was 
formed i n an environment r e l a t i v e l y high i n S O ^ " . Future 
work may show that the Mo content of s c h e e l i t e i n molyb
denum de p o s i t s i s a very s e n s i t i v e f 0 2 i n d i c a t o r . 
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Vein Feldspars 
Feldspar i s abundant i n the quartz v e i n stockwork of 

the molybdenum dep o s i t . In places there i s s u f f i c i e n t 
mica and hornblende w i t h the f e l d s p a r to designate the 
veins as " p e g m a t l t i c " , a f t e r the c l a s s i f i c a t i o n of Vokes^ 
( 1 9 6 3 ) . The f e l d s p a r which i s t y p i c a l l y white or l i g h t 
pink occurs mostly i n medium- to coarse-grained anhedral 
and subhedral c r y s t a l s . Some " f l e s h " pink f e l d s p a r has 
been i d e n t i f i e d as sodlc p l a g i o c l a s e . X-ray a n a l y s i s of 
5 samples w i t h a KBrO-j i n t e r n a l standard ( O r v i l l e , i 9 6 0 

and 1967) showed that one i s almost pure a l b i t e and the 
others are monoclinic (orthoclase?) potash f e l d s p a r s con
t a i n i n g about 10 per cent a l b i t e i n s o l i d s o l u t i o n . 
Stained potash f e l d s p a r from sample 66-76 showed that some 
zoning has been preserved. P r e l i m i n a r y work i n d i c a t e s t h a t 
potash f e l d s p a r from associated porphyries does not c o n t a i n 
as much a l b i t e i n s o l i d s o l u t i o n . 
Vein Carbonates 

Carbonate minerals are important gangue c o n s t i t u e n t s 
i n the quartz v e i n stockwork of the molybdenum dep o s i t 
and of the s u l f i d e v e i n and replacement d e p o s i t s . They 
are also the main c o n s t i t u e n t s of the q u a r t z , carbonate 
v e i n s that cut the quartz v e i n stockwork of the molybden
um d e p o s i t . In a l l these environments a d e f i n i t e sequence 
of carbonate d e p o s i t i o n has been i d e n t i f i e d . E a r l y b u f f 
or cream colored carbonate i s cut by white, pale, or c l e a r 
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carbonate (Figure 3 3 ) . The buff carbonate i s e i t h e r s i d e r i t e 

Figure 33 - C a l c i t e v e i n c u t t i n g v o l c a n i c host rock 
and banded f e r r o a n dolomite from the 
Vancouver Group (Sample 6 5 - 6 2 ) , Mag, 2 x . 

or d o l o m i t e - a n k e r i t e s o l i d s o l u t i o n (Rosenberg, 1 9 6 7 ), and 
the white, pale, or c l e a r carbonate i s c a l c i t e . Most of 

the carbonate occurs i n compacted masses of medium t o 
coarse grained anhedral c r y s t a l s , but some of the c a l c i t e 

i s present as terminated c r y s t a l s l i n i n g vugs. 
Twenty-two carbonates were s t u d i e d by x-ray and s t a i n i n g 

techniques. The d ( 2 H ) spacings were measured u s i n g NaCl 
as an i n t e r n a l standard. Hand specimens were s t a i n e d w i t h 

0»5 per cent A l i z a r i n Red S and 2 per cent HC1 s o l u t i o n , 
and l a t e r w i t h a 2 per cent potassium f e r r i c y a n i d e and 
2 per cent HCl s o l u t i o n . According to Warne ( 1 9 6 2 ) , 



i n the A l i z a r i n Red S s o l u t i o n , c a l c i t e s s t a i n red, dolomites 
do not s t a i n , and a n k e r i t e s and f e r r o a n dolomites s t a i n pur
p l e . Since many of the c a l c i t e s s t a i n purple i n s t e a d of red 
t h i s s t a i n i n g scheme i s not a p p l i c a b l e to carbonates of the 
Hudson Bay Mountain d i s t r i c t . S i m i l a r l y , Carpenter (1965) 
found t h a t c a l c i t e s from the Appalachian massive s u l f i d e de
p o s i t s s t a i n purple Instead of red. The potassium f e r r i c y a n -
i d e s o l u t i o n i s a t e s t f o r 3?e + + i o n . Samples of c a l c i t e , f e r 
roan dolomites, and a n k e r i t e s t u r n v a r i o u s shades of blue 
depending on the i r o n content, but s i d e r i t e s are not r e a c t i v e 
to t h i s s o l u t i o n . Although the w r i t e r d id not t e s t f o r i t , 
s mall amounts of manganese can be expected i n a l l samples. 

Table 6 - Chemical Analyses of C a l c i t e s 

65-62 6 5 - 9 8 

CaCO 3 96.45$ 96.16% 

PeC0 3 1.66 2.66 
MnC0 3 1.13 0.44 
MgC0 3 0.29 0.21 
BaC0 3 trace trace 
S r C 0 3 0.25 trace 
I n s o l u b l e m a t e r i a l o .?7 . o . ? 5 

T o t a l s 100.15 100.42 

- analyzed by B r i t i s h Columbia Department of Mines 

- 6 5 - 6 2 - c r o s s - c u t t i n g , coarse grained c l e a r and white c a l c i t e 
from the Vancouver Group 

- 6 5 - 9 8-coarse-grained, pale b u f f c a l c i t e from the Molyb
denum Deposit 
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The r e s u l t s are given i n Table 7 and s c h e m a t i c a l l y rep

resented In Figure 34. The lower the d spacing of c a l c i t e 
and the higher f o r s i d e r i t e and "dolomites", the g r e a t e r 
the amount of minor element s u b s t i t u t i o n that can be ex
pected. The dependence of the 3(211) s P a c i n & o f n a t u r a l 
dolomites and a n k e r i t e s on r e g u l a r s u b s t i t u t i o n has not been 
adequately s t u d i e d , so the r e s u l t s i n d i c a t e d i n Figure 34 
should be viewed w i t h some c a u t i o n . Figure 34 shows the 
probable compositional ranges of the carbonate minerals stud
i e d . Since any one of a number of c a t i o n s can have a s i g 
n i f i c a n t e f f e c t on the d ^ 2 n ) sP a c^ n&» " t i l e exact compositions 
cannot be determined without chemical analyses. However, 
from the x-ray and s t a i n i n g r e s u l t s , and from two chemical 
analyses of c a l c i t e samples shown i n Table 6, i t i s probable 
that carbonate minerals from the d i s t r i c t are r i c h i n Ca 
and Fe r e l a t i v e to Mg and Mn. 

D D H 2 9-1172 1 c a l c i t e and 65-98 a n k e r i t e (?) are of par
t i c u l a r importance i n geothermometry. I f the s h i f t of the 
d ( 2 1 l ) s P a c i n S of D D H 2 9-1172 1 c a l c i t e i s p r i m a r i l y a f u n c t i o n 
of i r o n s u b s t i t u t i o n f o r calcium, i t s minimum i n d i c a t e d tem
perature of formation i s 350°C (Rosenberg, 1963); however, 
i f there i s considerable magnesium s u b s t i t u t i o n the minimum 
temperature would be even higher (Goldsmith and Graf, 1961). 
I f the d ( 2 n ) spacing of 65-98 a n k e r i t e (?) i s i n d i c a t i v e of 
a high i r o n content, then t h i s a n k e r i t e (?) may have c r y s 
t a l l i z e d above 4 2 5 °(Rosenberg, 1 9 6 7 ) . Since t h i s carbonate 
v e i n cuts the quartz v e i n stockwork of the molybdenum de-
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Table 7 - Summary of X-ray and Staining Data for Vain Carbonates 

Prop. 
NO. 

Sample Wo. d(211) 
spacing 
i .002A 

C a l c i t e s t a i n Iron s t a i n Occurrence 

C a l c i t e s 

1 

9 

65-70 
65-98 
67-101 
D0.-il8-l482« 
DDb21-1551' 
DDh29-56lV 
DDU29-1172* 
DDii2 9-1556 • 

65-3 

3,020 
3.030 

3.022 
3.018 
3.012 
3.025 

3.020 

purple 
purple 
purple 
purple 
purple 
purple 
purple 
purple 

purple 

strong 
t> trong 
f a i n t 
f a i n t 
strong 
moderate 
strong 
moderate 

8 trong 

Typo II py,mo,mus,gyps,carb,qz v e i n l e t 
post-mo,qz,carb vein 
poot-ino qz,carb vein 
Type II mo,qz v e i n l e t 
coarse py,ccp,mus,kspar,carb,qz v e i n l e t 
coarse py,mus,qz,carb v e i n l e t 
Type II mo,mus,carb,qz v e i n l e t 
Peg.natitic, Type 11 ab,c<urb, mus,qz, mo, 
py v e i n l e t 
s u l f i d e vein 

43 65-62 3.028. red f a i n t l a t e crustiform carb veins 

46 66-80 3.012 red f a i n t 
(anomalous) s u l f i d e vein 

C a l c i t e Reagent 3.034 - - x-ray c a l i b r a t i o n sample 

Ferroan Dolomite s-Ankerites 

1 65-78 
65-98 
65-138A 
67-181 
DDH22-1983 

2.912 
2.914 
2.907 

2.8985 

purple 
purple 

dark purple 
purple 

negative 

strong 
strong 
f a i n t 
a trong 
s trong 

Type IX py,mo,mus,gyps,carb,qz v e i n l e t 
poet-mo qz,carb vein 
post-mo qz,carb vein 
poat-mo qz,carb vein 
coarse py,mus,qz,carb vein 

9 65-3 2.9085 - - s u l f i d e vein 

43 65-62 2.901 f a i n t red strong l a t e crustiform carb veins 

5 65-91 2.9025 purple strong ccp, sp,tn, carb vein 

S i d e r H e q 
2.794 X ) 9 65-3 2.794 X ) very f a i n t negative s u l f i d e vein 

20 65-113 2.81(4-?) negative very f a i n t s u l f i d e vein 

40 65-39 2.81(4.?) negative very f a i n t s u l f i d e vein 

59 65-105 2.80 very f a i n t negative s u l f i d e vein 

Abbreviations - a b - a l b i t e ; carb-carbonate; ccp-chalcopyrite; DOii-diamond 
d r i l l - h o l e ; gyps-gypsum; kspar-potash-feldspar; mo-molybdenite; 
raus-muscovite; py-pyrite; qz-quartz; s p - s p h a l e r i t e ; 
tn-tennantlte 

1 The d{211) 8pacings of the s i d e r i t e s are not accurate because the peaks 
overlap the N a C l ( 2 0 0 ) peak. 
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CoCOj 3-02 CoMy(C05)2 MgCOj 
3.0358 2.8358 2.75 
Iric34 Sul)W)Iidus relations in tin- system Ca(."0.)-Mjj<;O.,-rcC0.i ;it •(50°C. J> • 

dolomite stiliil solution; C—calcilc f.nliil solution; S sidcrilc-mngncsile solid solution, 
after Rosenberg(i067)-shaded a reas = approx. compositions of 
carbonates studied-numbers are selected d . spacingsCafter 
Rosenberg,l963 8.1967 and Goldsmith&Graf, K 2 n ) 1953) 

p o s i t , t h i s would be a minimum temperature f o r molybdenum 
d e p o s i t i o n . Because the e f f e c t s of manganese on the phase 
r e l a t i o n s have not been s t u d i e d , only minor inform a t i o n i s 
a v a i l a b l e on the k i n e t i c s of carbonate s o l i d s t a t e reac
t i o n s , and since adequate s t u d i e s of the r e l a t i o n s h i p be
tween composition and d ( 2 1 1 ) spacing have not been made 
f o r n a t u r a l a n k e r i t e s and f e r r o a n dolomites, these r e s u l t s 
are only t e n t a t i v e . 

Perhaps the most s i g n i f i c a n t f e a t u r e found i n the pre
sent study i s the r e l a t i o n s h i p between carbonate composition 
and paragenesis. The paragenetic s e r i e s from s i d e r i t e , to 
a n k e r i t e or fe r r o a n dolomite, to c a l c i t e i s probably a r e -
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f l e c t i o n of the change i n c a t i o n r a t i o of the ore s o l u t i o n s 
w i t h time. E a r l y s o l u t i o n s were probably r i c h i n i r o n r e l 
a t i v e to calcium and magnesium while l a t e r s o l u t i o n s grad
u a l l y increased i n calcium r e l a t i v e to i r o n . Magnesium may 
have increased i n respect to the other two when the anker
i t e or f e r r o a n dolomites were forming. The Oa/Fe r a t i o 
probably increased as a n a t u r a l r e s u l t of i r o n being pre
c i p i t a t e d i n s u l f i d e s and calcium being extracted from w a l l 
rocks by a l t e r a t i o n (H + metasomatism). 

In view of the paragenetic r e l a t i o n s of the carbon
a t e s , i t i s i n t e r e s t i n g to note t h a t s i d e r i t e has not been 
found i n the molybdenum d e p o s i t . A p o s s i b l e explanation f o r 
i t s absence i s found i n Holland's data (1959 and 1965). He 
has demonstrated th a t very high f u g a c i t i e s of COg are r e 
quired to s t a b i l i z e s i d e r i t e at h i g h temperatures. In l i e u 
of f l u i d I n c l u s i o n s e x h i b i t i n g a separate GO^ phase, i t i s 
most reasonable to consider that s i d e r i t e c r y s t a l l i z e d o n l y 
at moderate temperatures. Nevertheless, the presence of 
c a l c i t e w i t h quartz i n the molybdenum deposit would r e q u i r e 
r e l a t i v e l y high C0 2 pressures to i n h i b i t the formation of 
calcium s i l i c a t e s (Holland, 1965). I t i s a l s o c l e a r from 
Holland's work t h a t i n the presence of f r e e s i l i c a , i t i s 
r a t h e r u n l i k e l y t h a t such c a l c i t e formed above 500°0. 



Precious Metals 
Many de p o s i t s of the d i s t r i c t c o n t a i n economically im

portant c o n c e n t r a t i o n s of p r e c i o u s metals, but very l i t t l e 
work has been done to i d e n t i f y t h e i r exact occurrence. 
Moreover, i t has been found t h a t much of the gold i s l o s t 
d u r i n g c o n c e n t r a t i o n of the base metal s u l f i d e s . I n many 
ar s e n o p y r i t e - b e a r i n g ores i t has been taken f o r granted t h a t 
the gold i s concentrated i n a r s e n o p y r i t e and not i n the 
other m i n e r a l s . N e v e r t h e l e s s , Thorpe ( 1967) has demonstated 
c o n v i n c i n g l y that the gold of the Rossland d i s t r i c t i s con
tained mainly i n c h a l c o p y r i t e and not i n a r s e n o p y r i t e . 
Sims, et a l . (1963) have shown that i n the C e n t r a l C i t y d i s 
t r i c t , c h a l c o p y r i t e and t e n n a n t i t e c o n t a i n more gold than 
p y r i t e , galena, and s p h a l e r i t e , but that a l l m e t a l l i c min
e r a l s c o n t a i n some g o l d . 

In order to b e t t e r evaluate the p r e c i o u s metal d i s t r i 
b u t i o n i n the d i s t r i c t , the w r i t e r made concentrates of min
e r a l s separated under a b i n o c u l a r microscope. The concen
t r a t e s were analyzed f o r gold and s i l v e r . The a n a l y t i c a l 
r e s u l t s are shown i n Table 8. Except f o r 64 - 3 5 p y r i t e , most 
samples appeared reasonably pure. As might be expected, 
t e t r a h e d r i t e and galena c o n t a i n most of the s i l v e r . More
over, the c o r r e l a t i o n analyses demonstrate the c l o s e assoc
i a t i o n of lead and s i l v e r i n many ores. I t i s a l s o note
worthy that the c h a l c o p y r i t e from the Mamie dep o s i t c o n t a i n s 
considerable s i l v e r . From Table 8 i t can be seen that the 
Mamie deposit c o n t a i n s about 7 . 5 ounces per ton s i l v e r , but 



71 

Table 8 - Precious Metal Contents of Mineral Concentrates 

Mineral Prop. Sample Approx. Au Ag Associated Vein A s s a y s 2 ' 
No. No. % P u r i t y oz. /ton oz./ton Au oz./ton Ag oz. /ton 

arsenopyrite 18 64--39 99 0. 38 0.5 0.29 6. 2 
0.29 1. 8 

arsenopyrite 33 64' -2 98 0. 60 0.1 0.04 0. 6 . 
0.15 8. 9 

p y r r h o t i t e 26 64 -27 98 0. 65 1.3 0.10 1. 7 
p y r i t e 19 64' -35 80 0. 14 2.3 0.39 6. 8 

s p h a l e r i t e 30 65 -24 97 0. 10 2.0 -
s p h a l e r i t e 33 64 -3 34 0. 10 10.0 0.29 6. 2 

0.29 1. 8 
c h a l c o p y r i t e 30 65 -24 97 0. 20 20.3 -
galena 33 64 -3 98 trace 66.0 0.29 6. 2 

t e t r a h e d r i t e 1 ' 
0.29 1. 8 

t e t r a h e d r i t e 1 ' 40 - 2. 1 7384.0 -
t e t r a h e d r i t e 1 ' 40 

> 

2. 1 7925.0 -

-analyzed by the B r i t i s h Columbia Department of Mines 

1) a f t e r Galloway, 1923 

2) grab and channel samples c o l l e c t e d from the same l o c a l i t i e s 
as the hand specimens 

o n l y sparse amounts of galena have been found In the ore. 
For t h i s reason i t i s p o s s i b l e t h a t the s i l v e r content of 
t h i s c h a l c o p y r i t e i s somewhat anomalous. The s i l v e r con
tent of 64-3 s p h a l e r i t e might be somewhat h i g h due to con
tamination by t e t r a h e d r i t e and c h a l c o p y r i t e . 

The conten t i o n t h a t gold occurs only i n a r s e n o p y r i t e 
i s shown by these p r e l i m i n a r y r e s u l t s to be unwarranted. 
Although a r s e n o p y r i t e does c o n t a i n s i g n i f i c a n t amounts of 
go l d , t e t r a h e d r i t e and p y r r h o t i t e have even higher gold con
t e n t s , and a l l ore minerals t e s t e d , except perhaps galena, 
c o n t a i n some gold. The data are too few to draw f i r m con
c l u s i o n s , but they serve to po i n t out tha t a l l the metal
l i c minerals of the s u l f i d e v e i n deposits are p o t e n t i a l 
sources of precious metals. Although no analyses were made 
on minerals from the gold-bismuth d e p o s i t , f r e e gold i s 
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common as i s o l a t e d specks i n gangue m a t e r i a l and as g r a i n s 
along the cleavage planes of ;)oseite. Thompson, 194-9, has 
a l s o I d e n t i f i e d c a l a v e r i t e from t h i s d e p o s i t . 

P y r r h o t i t e  
D i s t r i b u t i o n and D e s c r i p t i o n 

P y r r h o t i t e i s widespread. In s u l f i d e ores of the i n t e r 
mediate zone i t i s the most abundant i r o n s u l f i d e . Although 
f a r l e s s abundant than p y r i t e , i t i s also an Important con
s t i t u e n t of the molybdenum d e p o s i t . Using d e t a i l e d mapping, 
D. Davidson and J . Jonson of Climax Molybdenum Corp. (per
sonal communication) have shown that p y r r h o t i t e i s more abun
dant near the l i m i t s of molybdenum d e p o s i t i o n . The w r i t e r 
has confirmed t h e i r o b s e r v a t i o n . In those p a r t s of the meta
morphic aureole which have not been a f f e c t e d by a l t e r a t i o n 
r e l a t e d to molybdenum d e p o s i t i o n , p y r i t e i s very sparse. In 
these areas p y r r h o t i t e i s widespread as a minor c o n s t i t u e n t , 
i n v e i n l e t s , as d i s s e m i n a t i o n s , and as small masses i n a l 
t e r a t i o n c l o t s and vugs. In the barren zone some of the 
quartz veins c o n t a i n minor amounts of p y r r h o t i t e . 

In the southern part of the d i s t r i c t p y r r h o t i t e and py
r i t e seem to be a n t i p a t h e t i c . In v e i n d e p o s i t s on the south
west slopes of Hudson Bay Mountain they tend to be i n separ
ate s t r i n g e r s i n the sheeted f r a c t u r e zones. P y r r h o t i t e tends 
to be more c l o s e l y associated w i t h s p h a l e r i t e and c h a l c o p y r i t e , 
whereas p y r i t e i s more c l o s e l y associated w i t h a r s e n o p y r i t e 
and q u a r t z . On the southeast side of the mountain most de
p o s i t s c o n t a i n e i t h e r one or the other i r o n s u l f i d e but not 



73 

both. In the molybdenum d e p o s i t there are veins t h a t con
t a i n abundant p y r r h o t i t e and abundant p y r i t e , but most con
t a i n e i t h e r one or the other so to some degree there i s an 
a n t i p a t h e t i c r e l a t i o n s h i p . But many of the v e i n s and r e 
placement bodies on the northwest side of the mountain con
t a i n abundant p y r r h o t i t e and p y r i t e , i n d i c a t i n g a S 2 and T 
c o n d i t i o n s such th a t they were s t a b l e together. 

P y r r h o t i t e i s i n v a r i a b l y massive but ranges from very 
coarse-grained to very f i n e - g r a i n e d . Unterminated c r y s t a l s 
up to three inches i n diameter have been observed i n some 
d e p o s i t s . The coarse grained p y r r h o t i t e on the Mammoth and 
Neepawa p r o p e r t i e s i s a s s o c i a t e d w i t h coarse s p h a l e r i t e and 
l e s s e r amounts of coarse c h a l c o p y r i t e t h a t i s concentrated 
between the two m i n e r a l s . An unusual v e r m i c u l a r intergrowth 
of p y r r h o t i t e and s p h a l e r i t e has been developed on the I r o n 
V a u l t property by s e l e c t i v e replacement of pelecypod s h e l l 
fragments. In some de p o s i t s p y r r h o t i t e has been deformed 
by movements along the ore-bearing f a u l t s . P y r i t e , arsen
o p y r i t e and to a l e s s e r degree s p h a l e r i t e have reacted i n 
a r e l a t i v e l y b r i t t l e manner wh i l e the p y r r h o t i t e and galena 
have deformed p l a s t i c a l l y , f l o w i n g around b r e c c i a fragments 
and boudins of the other m i n e r a l s . In the deformed ores 
p y r r h o t i t e i s g e n e r a l l y f i n e grained and i n p o l i s h e d s e c t i o n 
d i s p l a y s w e l l developed deformation twinning. 
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Experimental Techniques 
The composition of n a t u r a l p y r r h o t i t e s t h a t c r y s t a l 

l i z e d i n e q u i l i b r i u m w i t h p y r i t e was proposed by Arnold 
(1962) as a p o s s i b l e geothermometer. Recent work (Carpen
t e r and Desborough, 1964; Desborough and Carpenter, 1965; 
C l a r k , 1966; Ar n o l d , 1966 and 1967, etc.) has shown, how
ever, that owing to s o l i d s t a t e e q u i l i b r a t i o n , most n a t u r a l 
p y r r h o t i t e s are low temperature s t r u c t u r a l types. Pyrrho
t i t e cannot be used i n geothermometry unless i t i s p o s s i b l e 
to evaluate i t s p o s t - d e p o s i t i o n a l h i s t o r y . Yet since p y r r 
h o t i t e i s an important c o n s t i t u e n t of the ores i n the d i s 
t r i c t , and shows some d i v e r s i t y of occurrence, and because 
Arnold (1966 and 1967) has suggested some improved methods f o r 
studying p y r r h o t i t e , the w r i t e r x-rayed a t o t a l of s i x t e e n 
p y r r h o t i t e s and studied t h i r t y i n poli s h e d surfaces by the 
et c h i n g technique o u t l i n e d by Arnold (1966 and 1967). 

D i f f r a c t o m e t e r t r a c e s of the f t d ( 1 0 2 ) " P 6 a k W 6 r 6 m a d 6 

w i t h and without a quartz i n t e r n a l standard. The s u p e r i o r 
peak r e s o l u t i o n without the i n t e r n a l standard g r e a t l y f a c i l 
i t a t e d the i d e n t i f i c a t i o n of hexagonal and monoclinic mix
t u r e s . This x-ray method was used i n co n j u n c t i o n w i t h 
p o l i s h e d surfaces etched f o r approximately one hour w i t h a 
saturated s o l u t i o n of chromic a c i d (Arnold, 1 9 6 6 ) . Very 
small amounts of one type of p y r r h o t i t e i n another could be 
detected. Runs wit h the quartz i n t e r n a l standard made i t 
p o s s i b l e to employ the d ^ 1 0 2 ) spacing method of Arnold and 
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Reichen ( 1962) and Arnold (1966) to determine the composi
t i o n of predominantly hexagonal samples. The d spacing of 
the hexagonal peak was measured only i n those samples where 
the 3 ( 2 0 2 ) m o n o c l i n i c peak was i n s i g n i f i c a n t . A summary 
of the f i n d i n g s of the x-ray and microscopic analyses i s 
given i n Table 9 . 

Although i t i s p o s s i b l e to determine the bulk compo
s i t i o n of hexagonal-monoclinic mixtures by h e a t i n g the 
samples i n evacuated s i l i c a tubes, such work was not done 
i n t h i s study. N e v e rtheless, Carpenter and Desborough's 
(1964 and 1965) and Arnold's (1967) work i n d i c a t e s that the 
bulk composition of such mixtures v a r i e s w i t h i n f a i r l y s mall 
l i m i t s , (46.5-47.5^). Hence i t i s p o s s i b l e to make a r e a 
sonable estimate of the bulk composition of the sample by 
determining the r e l a t i v e amounts of hexagonal and mono
c l i n i c p y r r h o t i t e . I t was found, however, that i n a l l 
cases where s e v e r a l p o l i s h e d surfaces were a v a i l a b l e from 
one d e p o s i t , the r a t i o of hexagonal to monoclinic pyrrho
t i t e v a r i e s g r e a t l y from one s e c t i o n to the next. Moreover, 
i n some specimens i t was noted that the etch r e a c t i o n i s 
p a r t l y dependent on gr a i n s i z e and o r i e n t a t i o n . For these 
reasons no attempt was made to determine a c c u r a t e l y the 
r e l a t i v e amounts of the va r i o u s phases. 
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Table 9 - Summary of Py r r h o t i t e Data 

Prop. 
No. 

Property Name Sample Ko. 
1) 

Structure 
Types 

2) 
Atomic 

% Metals 
Main Associated 
Minerals i n Sample 

10 Unnamed 64-60A,64-603 H T 4 7 . 5 5 ) asp,sp,ccp 

9 G l a c i e r Gulch K. Side 63-104 H M 47.2 sp,asp,ccp 

16 Iron King 65-20 H M 47.5 sp,asp,ccp 

30 Mamie 65-23 H M 47.2 sp, asp,ccp 

49 Iron Vault 64-110,64-111,66-83 & 
4 d r i l l core samples 

H M 47.6 6 > py, sp,ccp,asp,gn 

5 Unnamed 65-74 H M asp,ccp 

26 Mayflower n2 claim -
Hend. vein system 

64-26 H M 47.5 7> sp,ccp 

52 "T" F r a c t i o n 65-85 H M * sPtpy,ccp, sp,gn 

SO Mammoth Claim 65-101 H M py,asp, sp, ccp,gn 

14 J o s i e Claim 65-94 H M 8P#py#ccp 

1 G l a c i e r Gulch Molybdenum 
(surface) 

64- 78 
65- 99 

H. 
H, 

M 
M 

py,ccp 

24 Neepawa 65-137 H, M sp,ccp,gn,ms 

1A G l a c i e r Gulch Molybdenum 
3500 Level 3 ) 

66,68,66-69,66-70,66-71 H, M 

52 Copper Queen Claim 63-206,65-121 M H asp,sp,py,ccp 

1A G l a c i e r Gulch Molybdenum 
3500 Level 4 ) 

66-76 M H shee,ccp,sp,bm,ty, mo 

1 G l a c i e r Gulch 0DH39-990* M H mo,py 

5 Unnamed 65-73 M H ms 

12 Unnamed 64-43 M H asp,ccp 

Symbols - T - t r o i l i t e ; H-hexagonal; M-monoclinic; asp-arsenopyrite; bm-bismuthinite; 
ccp-chalcopyrite; gn-galena; mo-molybdenite; ms-marcasite; py-pyrite; 
*hee-scheelite; s p - s p h a l e r i t e ; ty-tetradymite 

1) arranged i n approximate order of incre a s i n g percentage of monoclinic pyrrh o t i t e 

2) -determined by d(io2) spacing method a f t e r Arnold and Reichen (1962) and Arnold 
(1966) 

-combined hexagonal-monoclinic peaks were measured below the point separation 

.-None of the samples were heated; therefore, the composition has not been 
given for samples containing much monoclinic p y r r h o t i t e . However, froT\ 
Arnold's work (1967) and Carpenter and Desborough's work (1964), i t can 
be expected that the bulk composition for hexagonal-monoclinic mixtures 
va r i e s from about 47.5 to 46.5 atomic per cent metals with increasing 
monoclinic p y r r h o t i t e content. 

3) p y r r h o t i t e that occuro dianmninatod (up to 20% of the rock) i n black a r g i l l i t e a 
and motavolcanic rocku 

4) i n a tungsten-rich vein near the l i m i t of molybdenum deposition 
5 ) d(102) spacing of the t r o i l i t e phase was found to be 2.0930A which,as shown 

by Toulmin and Barton (1964), i s very close to.Stoichiometric FeS. 

6) Carpenter and Desborough*3 S i l v e r Creek Sample (p. 1355,1964) 

7) Arnold's Henderson Mine sample (p. 35, 1967) 



I n t e r p r e t a t i o n of the R e s u l t s 
Perhaps the most remarkable fea t u r e of the p y r r h o t i t e s 

studied i s the f a c t that no s i n g l e phase p y r r h o t i t e s were 
found. This supports the contention that at low temper
atures 2-phase f i e l d s ( t r o i l i t e + hexagonal and monoclinic 
+ hexagonal) predominate i n the composition range 46.5 to 
48.5 atomic per cent metals. The b u l k compositions show 
a general r e l a t i o n s h i p w i t h s t r u c t u r a l type, the presence 
or absence of p y r i t e , and the p o s i t i o n of the p y r r h o t i t e 
i n the d i s t r i c t . Samples w i t h s i g n i f i c a n t percentages of 
monoclinic p y r r h o t i t e occur only i n the molybdenum deposit 
or i n areas near the outer l i m i t of the intermediate zone 
where the p y r r h o t i t e i s a s s o c i a t e d w i t h p y r i t e . Predom
i n a n t l y hexagonal p y r r h o t i t e s ( r e l a t i v e l y m e t a l - r i c h ones) 
occur i n or very c l o s e to the metamorphic aureole. These 
f e a t u r e s i n d i c a t e t h a t p y r r h o t i t e bulk compositions are i n 
deed r e l a t e d to c o n d i t i o n s that p r e v a i l e d at the time of 
ore formation. However, i t i s m i s l e a d i n g to emphasize 
t h i s r e l a t i o n s h i p too s t r o n g l y since i t i s apparent that 
i n some samples, such as 63-104 (Figure 37), the formation 
of much of the monoclinic p y r r h o t i t e was r e l a t e d to super
gene processes that lead to the formation of marcasite and 
l i m o n i t e . On the other hand, however, the f a c t that l a m e l 
l a e i n some p y r r h o t i t e have no apparent r e l a t i o n s h i p to 
marcasite v e i n l e t s i s f u r t h e r evidence to suggest that the 
two had d i f f e r e n t o r i g i n s (Figure 38). Because of the over
a l l p a t t e r n of p y r r h o t i t e d i s t r i b u t i o n i t i s t e n t a t i v e l y 
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suggested that l a m e l l a e such as the t r o i l i t e In sample 
64 - 6 0 A (Figure 35) and the hexagonal and monoclinic l a 
mellae i n sample 6 5 - 7 4 and 64 -26 (Figures 36 and 38) 

formed by e x s o l u t i o n mainly i n a response to c o o l i n g and 
not because of compositional changes i n the environment 
( i . e . , a change i n the f u g a c i t y of s u l f u r ) . However, i t 
i s e q u a l l y apparent that l a m e l l a e of monoclinic p y r r h o t i t e 
can form i n hexagonal p y r r h o t i t e by supergene a l t e r a t i o n 
and presumably by any process that would cause an incr e a s e 
i n s u l f u r f u g a c i t y . I t i s obvious t h a t each sample, de
p o s i t , or even d i s t r i c t should be evaluated on i t s own 
m e r i t s . I t would be advantageous to have some c r i t e r i a 
whereby the c o o l i n g h i s t o r y could be t r a c e d . 

In the Hudson Bay Mountain d i s t r i c t d i s t r i b u t i o n of 
p y r i t e and p y r r h o t i t e gives some i n d i c a t i o n of the gener
a l c o n d i t i o n s at the time of ore d e p o s i t i o n . The molyb
denum dep o s i t i s c h a r a c t e r i z e d by r e l a t i v e l y s u l f u r - r i c h 
assemblages, whereas other areas w i t h i n the metamorphic 
aureole are i n sharp c o n t r a s t w i t h t h e i r s u l f u r - p o o r assem
blages. Outside the metamorphic aureole the s u l f u r - p o o r 
assemblages grade to assemblages r i c h e r i n s u l f u r u n t i l 
p y r r h o t i t e s t a b i l i t y l i m i t s were exceeded and p y r i t e was 
deposited. This p a t t e r n of i r o n s u l f i d e occurrence i s a l 
most c e r t a i n l y due to f u g a c i t y of s u l f u r and temperature 
gr a d i e n t s that e x i s t e d d u r i n g the period of ore d e p o s i t i o n 
(see Figure 5 4 ) , and i t i s p o s s i b l e to evaluate the p y r r h o t i t e 
composition w i t h i n t h i s framework. 



Figure 35 - "Zig-zag" t r o i l i t e l a m e l l a e i n hexagonal p y r r 
h o t i t e from a s u l f i d e v e i n (64-60A) to the 
n o r t h of the Toboggan G l a c i e r . Note that the 
"z i g - z a g " amplitude i s approximately propor
t i o n a l to the lamellae width. Surface was 
etched with a saturated s o l u t i o n of chromic 
a c i d . Mag. ^ 5 0 x . 

Figure 36 - Intergrowth of monoclinic p y r r h o t i t e (dark) i n 
hexagonal p y r r h o t i t e ( l i g h t ) . The l i g h t bands 
i n the monoclinic p y r r h o t i t e are probably twin 
l a m e l l a e . Specimen (65-74) i s from property 
no. 5 . Surface was etched w i t h a saturated so
l u t i o n of chromic a c i d , flag, 675^• 



Figure 37 - Monoclinic p y r r h o t i t e (dark) formed i n hexagonal 
p y r r h o t i t e ( l i m o n i t e ) along a secondary f r a c t u r e 
w i t h l i m o n i t e and marcasite. Specimen (63-104) 
i s from the G l a c i e r Gulch North Side property. 
Surface: was etched w i t h a saturated s o l u t i o n 
of chromic a c i d . Mag. 3 0 0 x , 

Figure 38 - Lamellae of monoclinic p y r r h o t i t e (dark) i n hex
agonal p y r r h o t i t e ( l i g h t and medium gray).showing 
no apparent r e l a t i o n s h i p to the marcasite v e i n -
l e t s . Specimen (64 - 2 6 ) i s from property no. 
25. Surface was etched with a saturated s o l u 
t i o n of chromic a c i d . Mag, 1 5 0 x . 
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P y r r h o t i t e s of the molybdenum deposit probably have 
bulk compositions from about 46,7 to 47 . 2 atomic per cent 
metals. This i s based on the assumption that A r n o l d f s 
(1967) f i n d i n g s f o r n a t u r a l p y r r h o t i t e s would hold f o r these 
p y r r h o t i t e s . I f , as might be expected, these p y r r h o t i t e s 
c r y s t a l l i z e d i n or almost i n e q u i l i b r i u m w i t h p y r i t e , the 
minimum temperature of formation estimated from the pyrrho-
t i t e - p y r i t e solvus (Arnold, I 9 6 2 ) would be about 450°to 350*C. 
Using the same reasoning, s i m i l a r minimum temperatures can 
be obtained f o r the Mamie, Iron V a u l t , f ,T n , Mammoth, J o s i e , 
and Copper Queen p r o p e r t i e s . I t i s not unreasonable to con
s i d e r that the p y r r h o t i t e e q u i l i b r a t e d w i t h p y r i t e down to 
these temperatures, but i n view of the r a p i d r e a c t i o n r a t e s 
of p y r r h o t i t e i n the s o l i d s t a t e i t i s even more s u r p r i s i n g 
that the p y r r h o t i t e , at l e a s t i n some areas, did not e q u i l 
i b r a t e at even lower temperatures, forming assemblages of 
o nly monoclinic p y r r h o t i t e and p y r i t e . The mere f a c t that 
the p y r r h o t i t e w i t h p y r i t e i s not s o l e l y monoclinic pyrrho
t i t e i s strong evidence to suggest that most i f not a l l of 
these ores c r y s t a l l i z e d above 300*0. However, any d e f i n i 
t i v e use of p y r r h o t i t e i n geothermometry i n the d i s t r i c t 
should be deferred pending f u r t h e r -work i n the Fe-S system. 

Even w i t h a l l u n c e r t a i n t i e s t h a t have c u r r e n t l y been 
r a i s e d concerning i n t e r p r e t a t i o n of p y r r h o t i t e r e l a t i o n s , 
m i n e r a l assemblages i n the Fe-S system c e r t a i n l y are u s e f u l 

i n d i c a t o r s of the general c o n d i t i o n s (aS^ and T) of ore de
p o s i t i o n s i n the Hudson Bay Mountain d i s t r i c t . 
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S p h a l e r i t e 

I n t r o d u c t i o n 
The r e l a t i v e l y slow r e a c t i o n r a t e s of s p h a l e r i t e i n 

the s o l i d s t a t e , i t s l a r g e range i n composition, the abun
dant a v a i l a b l e i n f o r m a t i o n on i t s phase r e l a t i o n s , and i t s 
widespread d i s t r i b u t i o n i n the d i s t r i c t make i t a very use
f u l mineral i n the study of ore-forming processes. For t h i s 
reason considerable e f f o r t was expended i n c o l l e c t i n g repre
s e n t a t i v e m a t e r i a l from as many depo s i t s as p o s s i b l e . 
D i s t r i b u t i o n and D e s c r i p t i o n 

S p h a l e r i t e has been found i n a l l zones of the d i s t r i c t , 
but i t i s most abundant i n the s u l f i d e ores of the interme
d i a t e and outer zones. Traces are present i n the molybdenum 
d e p o s i t . I t occurs as e x s o l u t i o n (?) s t a r s and blebs i n some 
c h a l c o p y r i t e , but i t occurs mostly i n quar t z , carbonate 
v e i n s that cut the molybdenite-bearing quartz v e i n stockwork. 
I t s d e p o s i t i o n was t h e r e f o r e not d i r e c t l y r e l a t e d to that of 
the molybdenite. In one sample (66-76) taken on the 3500 
f o o t l e v e l s p h a l e r i t e i s associated w i t h molybdenite, but 
the two minerals are not i n con t a c t . 

S p h a l e r i t e t y p i c a l l y forms dark brownish-black, f i n e - to 
coarse-grained, massive,anhedral aggregates or grains i n t i 
mately intergrown w i t h other ore and gangue mi n e r a l s . Ter
minated c r y s t a l s of s p h a l e r i t e were not found. Regular 
p o l y s y n t h e t i c twinning i s prominent on some f r e s h cleavage 
surfaces of coarse grained m a t e r i a l , and on polished sur-
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faces etched w i t h saturated chromic a c i d s o l u t i o n s (Figure 
40). P y r i t e , p y r r h o t i t e , a r s e n o p y r i t e , galena, c h a l c o p y r i t e , 
t e t r a h e d r i t e , bournonlte, q u a r t z , c a l c i t e , and dolomite are 
common associated v e i n m i n e r a l s . 

Small amounts of l i g h t - c o l o r e d s p h a l e r i t e were found i n 
many d e p o s i t s . In general i t c o n s t i t u t e s only a minor por
t i o n of the t o t a l s p h a l e r i t e ; i n d e p o s i t s such as the veins 
on the S i l v e r Lake claims (property no. 48), i t i s a main 
c o n s t i t u e n t . At most l o c a l i t i e s the l i g h t s p h a l e r i t e occurs 
as blebs and pods i n darker s p h a l e r i t e . I t probably c r y s 
t a l l i z e d i n c a v i t i e s or replaced m a t e r i a l a f t e r the dark 
s p h a l e r i t e had formed. 

In p o l i s h e d " t h i c k s e c t i o n s " — s e c t i o n s s l i g h t l y t h i c k e r 
than normal t h i n s e c t i o n s — r e g u l a r growth zoning i s r e l 
a t i v e l y r a r e . I n t r i c a t e growth zoning such as t h a t described 
by Sawkins (1964) i n P r o v i d e n c i a d i s t r i c t , Mexico, and Roed-
der (1965) and Barton, et a l . (1963) at Creede, Colorado 
was not found. Nevertheless, a few specimens e x h i b i t some 
growth zoning. T y p i c a l l y the transparent s p h a l e r i t e i s i n 
reasonably sharp contact w i t h opaque s p h a l e r i t e . In many 
specimens, areas of l i g h t s p h a l e r i t e are b l o t c h y and con
t a i n numerous zones of opaque ("dusty") i n c l u s i o n s . 

P o l i s h e d s e c t i o n s r e v e a l that some s p h a l e r i t e s contain 
intergrown p y r r h o t i t e and c h a l c o p y r i t e , both as i r r e g u l a r 
blebs and as c r y s t a l l o g r a p h i c a l l y o r i e n t e d blades (Figure 

39). Etched s p h a l e r i t e surfaces show that most unoriented 
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Figure 39 - Oriented lamellae and blebs of c h a l c o p y r i t e i n 
unetched s p h a l e r i t e (65-111) from the Empire 
property. Mag, 1 5 0 x . 

Figure 40 - Same as Figure 39 except the surface was etched 
w i t h a saturated s o l u t i o n of chromic a c i d . Note 
t h a t the o r i e n t e d c h a l c o p y r i t e lamellae l i e a l o n g 
twin planes, and that the unoriented lamellae l i e 
a l o n g g r a i n boundaries, A l s o note that a rim of 
s p h a l e r i t e stands i n r e l i e f along the g r a i n boun
d a r i e s , Mag. 300x. 
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blebs occur along g r a i n boundaries, while the oriented blebs 
occur along c r y s t a l l o g r a p h i c planes w i t h i n c r y s t a l s ; f o r 
example, along twin l a m e l l a e (Figure 40). In many of the 
etched surfaces narrow rims of s p h a l e r i t e along g r a i n boun
d a r i e s and i r r e g u l a r v e i n - l i k e s t r u c t u r e s stand i n r e l i e f 
a f t e r e t c h i n g (Figure 40). The reason f o r t h i s i s unknown. 
Chemically Analyzed S p h a l e r i t e Standards 

Sixt e e n s p h a l e r i t e samples,to serve as standards f o r 
e l e c t r o n microprobe and x-ray analyses, were analyzed f o r 
Zn, Fe, S, Cd, Mn, and Cu. Pure samples r e p r e s e n t i n g a wide 
range of i r o n content were sought. In general s a t i s f a c t o r y 
samples were found; however, because s e v e r a l grams of mater
i a l were r e q u i r e d , and because some microscopic i m p u r i t i e s 
could not be avoided, the analyses at best are only very c l o s e 
approximations of the bulk composition of what was l a t e r shown 
by microprobe analyses to be heterogeneous m a t e r i a l . 

The v a r i a t i o n shown i n the d u p l i c a t e analyses of sample 
65-109G i s undoubtedly due to the heterogeneous nature of the 
sample, not to poor a n a l y t i c a l procedure. Indeed, the f a c t 
that the analyses show a very h i g h degree of l i n e a r c o r r e 
l a t i o n (+ ,999) w i t h the e l e c t r o n microprobe analyses i n d i 
cates that the chemical and microprobe bulk compositions are 
i n general r e l i a b l e . 
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The f o l l o w i n g i s a b r i e f summary of a n a l y t i c a l methods 
used: 

Zi n c . Sample was d i s s o l v e d i n HNO-z + KCl-*, i n t e r f e r 
i n g elements were removed, and z i n c was t i t r a t e d 
w i t h a standard K APe(CN)^ s o l u t i o n . A n a l y s i s 
by R.S. Young. * 0 

Sulfur.Sample was d i s s o l v e d w i t h a mixture of KBr and 
Br^, and the r e s u l t i n g s u l f a t e was p r e c i p i t a t e d 
w i t h Ba01 o and weighed as BaSO^. A n a l y s i s by 
R.S. Young. 

I r o n . Sample was fused w i t h Na 20p and the f u s i o n leached 
w i t h water. A f t e r a c i d i f i c a t i o n and removal of 
i n t e r f e r i n g elements i r o n was reduced and t i 
t r a t e d w i t h a standard K^CrgO^ s o l u t i o n u s i n g 
diphenylamine s u l f o n i c a c i d as end-point i n d i 
c a t o r . A n a l y s i s by S. M e t c a l f e . 

Manganese. Sample was put i n a s u l f u r i c a c i d s o l u t i o n 
and manganese was o x i d i z e d to permanganate with 
K I O 4 . The absorbancy of the colored s o l u t i o n was 
measured on a Beckman spectrophotometer. A n a l 
y s i s by R.S. Young. 

Copper.In some s p h a l e r i t e s copper was determined by IT. 
G. C o l v i n by x-ray fluorescence and i n other 
samples by R. Hibberson using an A.R.L. spectro
graph. 

Cadmium. I t was determined by N.G. C o l v i n u s i n g x-ray 
f l u o r e s c e n c e . 

The r e s u l t s are given i n Tables 10, 11,and 12. The ma;) 
or elements should be accurate w i t h i n a few tenths of one 
per cent. 

S e m i - q u a n t i t a t i v e analyses of some of these samples 
showed t r a c e amounts of Sb, I n , T i , N i , and Co but f a i l e d to 
r e v e a l any Sn or Ge. 
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Table 10- Chemical Analyses of Sphalerite Standards 

Sample 
No. 

Zn Pe Cd Mn s Cu As Pb Total 

65-109C 64.20 2.44 0.58 0.08 32.64 0.01 .- 99.95 

65-109F 61.38 5.16 0.55 0.06 32.86 0.015 - 100.02 

65-109G1 61.04 5.70 0.58 0.05 32.54 0.03 - 99.94 

65-109G2 61.04 5.23 0.57 0.05 32.87 0.02 - 99.83 

65-111 56.40 9.04 0.48 0.27 33.26 0.32 - 99.77 

64-3A 50.35 9.31 0.34 0.43 30.89 0.43 2.02 93.77 

63-176 55.80 9.50 0.28 0.20 32.90 0.03 - 98.71 

64-154C 53.45 10.51 0.38 0.27 32.84 0.09 - 97.54 

64-5 52.41 10.46 0.39 0.22 32.67 0.11 1.37 97.63 

64-39C 49.80 11.40 0.39 0.30 32.11 0.25 1.30 1.65 97.20 

65-23A 54.48 11.60 0.35 0.26 32.42 0.08 - 99.19 

64-26 52.41 11.93 0.36 0.34 33.12 0.24 - 98.45 

65-114 52.68 13.16 0.32 0.60 33.08 0.07 - 99.91 

65-20 51.98 14.04 0.25 0.49 33.02 .16 - 99.94 

63-104 46.53 16.87 0.53 0.31 33.39 0.28 - 97.91 

-Done by the An a l y t i c a l Branch of the B r i t i s h Columbia Department of Mines 

-Samples collected during 1965 are of higher purity than those collected during 
1963 and 1964 

E l e c t r o n Microprobe Analyses 
X-ray and e l e c t r o n microprobe techniques were used to 

determine the Iron content of s p h a l e r i t e . However, because 
of the overwhelming s u p e r i o r i t y ' o f the l a t t e r technique, 
the x-ray methods of a n a l y s i s were abandoned. W i l l i a m s (1965) 
has presented a good d i s c u s s i o n of the r e l a t i v e merits of the 
vari o u s methods of s p h a l e r i t e a n a l y s i s . 
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Table 11 - S p h a l e r i t e Analyses Corrected f o r I m p u r i t i e s 

and R e c a l c u l a t e d to 100 Weight Per Cent 

Sample 
No. 

Zn Pe Cd Mn S 

65-109C 64.25 2.43 .58 .08 32.66 

65-109P 61.39 5.15 .55 .06 32.85 

65-109G1 61.13 5.68 .58 .05 32.56 

65-109G2 61.18 5.27 .57 .05 32.93 

65-111 57.50 8.46 .49 .28 33.27 

64-3A 56.29 9.47 .38 .48 33.38 

63-176 56.58 9.60 .28 .20 33.34 

64-154C 54.94 10.72 .39 .28 33.67 

64-5 54.75 10.82 .41 .23 33.79 
64-39C 54.37 11.06 .43 .33 33.81 

64-26 53.61 12.04 .37 .35 33.63 
65-114 52.83 13.14 .32 .60 33.11 
65-20 52.39 13.85 .25 .49 33.02 

63-104 48.05 17.00 .55 .32 34.08 

- c a l c u l a t e d on the b a s i s Zn + Pe + Cd + Mn + S = 100 wt. % 
- amounts of included p y r r h o t i t e and c h a l c o p y r i t e blebs 

•were determined from polished s e c t i o n s 
- a l l Cu was assumed to be i n c h a l c o p y r i t e (CuPeS2) 
- a l l Pb was assumed to be i n galena (PbS) 
- a l l As was assumed to be i n ar s e n o p y r i t e (PeAsS) 
- p y r r h o t i t e composition was assumed to be FeS 
- minor c o r r e c t i o n s f o r p y r r h o t i t e i m p u r i t i e s were made f o r 

samples 65-111, 64-3A, 64-39C, 65-20, 63-104 
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Table 12 - Calculated Mole Per Cent Sulfides i n Sphalerite Standards 

Sample 
No. 

ZnS FeS CdS MnS 

65-109C 95.1U U.21 6.50 6.15 
65-109F 90.53 8.89 0.U7 0.11 
65-109GI 89.66 9.75 0.50 0.09 
65-109G2 90.31 9.11 0.U9 0.09 
65-111 8U.53 llu56 0.U2 0.U9 
6U-3A 82.58 16.26 0.33 0.83 
63-176 82.9U 16.U7 0.2U 0.35 
6U-15UC 80.73 18 .UU 0.3U 0.U9 
6U-5 80.61 18.6U 0.35 o.Uo 

6U-39C 80.01 19.05 0.36 0.58 
65-23A 79.56 19.71 0.29 0.UU 
6U-26 78.U5 20.62 0.32 0.61 

65-Ui; 76.U5 22.26 0.26 1.03 
65-20 75.57 23.38 0.21 0.8U 
63-lOU 69.99 28.99 0.U7 o.55 

-Calculated on tte basis ZnS + FeS + CdS +• MnS - \QO% 
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The main purpose of the microprobe analyses was to de

termine the i r o n content of s p h a l e r i t e from as many de p o s i t s 
as p o s s i b l e and c o r r e l a t e i t w i t h the zonal d i s t r i b u t i o n of 
metals. E a r l y i n the work, however, i t was recognized that 
i n d i v i d u a l d e p o s i t s showed a wide range of s p h a l e r i t e com
p o s i t i o n . Sampling the m a t e r i a l to give the most meaningful 
r e s u l t s , t h e r e f o r e , became a problem. Presumably the average 
i r o n content would be most r e p r e s e n t a t i v e of the o v e r a l l 
physicochemical c o n d i t i o n s p r e v a i l i n g during ore d e p o s i t i o n . 
N e vertheless, to determine these c o n d i t i o n s from the s p h a l 
e r i t e phase r e l a t i o n s , i t i s necessary to e s t a b l i s h that 
e q u i l i b r i u m e x i s t e d between s p h a l e r i t e and an i r o n s u l f i d e . 
In l i e u of w e l l developed growth zoning or c r u s t i f o r m l a y e r 
i n g the only s a t i s f a c t o r y way to determine e q u i l i b r i u m com
p o s i t i o n s i s to analyze s p h a l e r i t e that grew i n contact w i t h 
an i r o n s u l f i d e . However, i t i s s t i l l p o s s i b l e that s p h a l 
e r i t e i s o l a t e d from i r o n s u l f i d e g r a i n s c r y s t a l l i z e d i n 
e q u i l i b r i u m w i t h an i r o n s u l f i d e . On the other hand, mere 
coexistence of s p h a l e r i t e and an i r o n s u l f i d e i n a d e p o s i t 
or even the same hand specimen i s not s u f f i c i e n t evidence 
that e q u i l i b r i u m was obtained, although such evidence has 
been accepted i n other s t u d i e s . The w r i t e r 1 s s t u d i e s sug
gest t h a t a rim of s p h a l e r i t e 1 mm or l e s s i n thickness 
around an Iron s u l f i d e g r a i n was s u f f i c i e n t to prevent 
i t from r e a c t i n g w i t h subsequently deposited s p h a l e r i t e . 
A good example i s shown i n sample 64-110, i n which s p h a l e r i t e 
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w i t h l e s s than 1 mole per cent FeS occurs only a few m i l l 
imeters away from p y r i t e and p y r r h o t i t e . Under no co n d i 
t i o n s i s i t conceivable that the s p h a l e r i t e reached equi
l i b r i u m w i t h the p y r r h o t i t e . 

Time requirements and the nature of the a v a i l a b l e ma
t e r i a l precluded a study that would s a t i s f y a l l requirements. 
In general i t was e a s i e s t to s e l e c t m a t e r i a l from which the 
average composition of the s p h a l e r i t e of the sample and hence 
the deposit could be estimated. For t h i s purpose, sphaler
i t e g r a i n s were s e l e c t e d from as many l o c a t i o n s as p o s s i b l e 
i n the hand specimens. Most specimens c o n s i s t of s e v e r a l 
chunks and chips from s e v e r a l places at the sample l o c a l 
i t y . I f c o l o r zoning was prominent, separate samples were 
prepared from each zone. The g r a i n s were then mounted i n e i 
t h e r epoxy or p l a s t i c i n one i n c h c y l i n d r i c a l epoxy blocks 
made to f i t i n the sample holders of the microprobe. These 
blocks were polished by normal diamond p o l i s h i n g techniques 
and buffed w i t h chromic o x i d e . ^ The polished surface was 
evenly coated w i t h a t h i n l a y e r of carbon to conduct away 
the bombarding e l e c t r o n s . As a" r u l e , ten separate g r a i n s 
were measured from each sample, and i f the zoning was 

1 Although chromic oxide b u f f i n g was used throughout t h i s 
study, some d u p l i c a t e samples were buffed w i t h chromic a c i d 
s o l u t i o n u s i n g the method suggested by Cameron and Van Rens-
burg (1965)• The r e s u l t s i n d i c a t e d that the chemical-mechan
i c a l b u f f i n g did not cause any s i g n i f i c a n t change i n the 
composition. 
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pronounced, more gra i n s were measured. 
To evaluate compositions of s p h a l e r i t e that might have 

c r y s t a l l i z e d i n e q u i l i b r i u m w i t h an i r o n s u l f i d e , composi
t i o n s of s p h a l e r i t e adjacent or reasonably close to i r o n 
s u l f i d e g r a i n s are given i n column 5 of Table 13. However, 
the mere p r o x i m i t y of the g r a i n s i s no assurance that s p h a l 
e r i t e c r y s t a l l i z e d i n e q u i l i b r i u m w i t h the a s s o c i a t e d i r o n 
s u l f i d e s . In f a c t i n some cases, as c i t e d on p. 5 2 , there i s 
reason to b e l i e v e that the s p h a l e r i t e c r y s t a l l i z e d i n e q u i 
l i b r i u m w i t h p y r r h o t i t e t h a t was subsequently replaced by 
p y r i t e . Moreover, on t e x t u r a l grounds i t i s d i f f i c u l t to 
determine the r e l a t i v e ages of the m i n e r a l s . For a few prop
e r t i e s separate samples were prepared to determine the 
s p h a l e r i t e compositions adjacent to i r o n s u l f i d e s . 

Instrumentation and A n a l y t i c a l Procedure 
The Applied Research L a b o r a t o r i e s E l e c t r o n Microprobe 

of the Department of Geology of the U n i v e r s i t y of Wisconsin 
was used f o r the analyses. The a c c e l e r a t i o n voltage f o r a l l 
runs was 15 XeV and the sample current was about .05 MA. 
FeS,,,. and ZnK^. peaks were measured u s i n g L i F a n a l y z i n g c r y s 
t a l s . Since o p t i c a l r e s o l u t i o n i s poor f o r carbon-coated 
s u r f a c e s , simultaneous measurement of z i n c e l i m i n a t e d the 
p o s s i b i l i t y of m i s t a k i n g other i r o n - b e a r i n g s u l f i d e minerals 
f o r s p h a l e r i t e . A method employing counts per 100,000 
counts of beam cu r r e n t e l i m i n a t e d the need f o r d r i f t c o r 
r e c t i o n s commonly used i n standard x-ray fluorescence a n a l y s i s . 
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Most measurements required 15 to 20 seconds. 
As a r u l e 6 or 7 s p h a l e r i t e samples were run between 

measurements of a homogeneous s p h a l e r i t e standard. A 
s p h a l e r i t e obtained from B.W. Evans of the U n i v e r s i t y of 
C a l i f o r n i a at Be r k l e y was used f o r t h i s standard, since no 
s p h a l e r i t e of s u f f i c i e n t p u r i t y from the Hudson Bay Moun
t a i n d i s t r i c t was found during the e a r l y stages of the work. 
Evans ( i n d i r e c t communication) reported the i r o n content, 
as found by wet chemical techniques, to be 11.4 weight per 
cent. However, from Figure 41 i t can be seen that t h i s an
a l y s i s i s probably too h i g h . The same gra i n s were measured 
each time the standard was run. 

A l l analyses were corrected f o r background, determined 
by measuring the background an equal d i s t a n c e on e i t h e r side 
of the peak and averaging the r e s u l t s . The background was 
normally measured at the end of a day's run. An average 
v a l u e , determined f o r both h i g h - i r o n and l o w - i r o n sphaler
i t e s , was used. 

For some samples S, Cd, Mn, Cu, and As were a l s o d e t e r 
mined by procedures e s s e n t i a l l y the same as those used f o r 
Fe and Zn, except t h a t pure metal standards were used f o r 
the As and Cu analyses. 

S p l i t s from the samples sent f o r chemical a n a l y s i s were 

employed to e s t a b l i s h an i r o n c a l i b r a t i o n curve f o r Hudson 

Bay Mountain s p h a l e r i t e s . To o b t a i n the curve shown i n 

Figure 4 l the c h e m i c a l l y analyzed s p h a l e r i t e s were run 
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s e v e r a l times over a period of three months. The curve was 
c a l c u l a t e d by l e a s t squares r e g r e s s i o n a n a l y s i s f o r c i n g the 
curve through the o r i g i n . ^ " The constant f o r the r e g r e s s i o n 
equation i s known very a c c u r a t e l y ( t .0010; Figure 41); hence, 
although the samples used f o r c a l i b r a t i o n show some d i s p e r 
s i o n from the curve, t h e i r heterogeneity i s not a l i m i t i n g 
f a c t o r of the accuracy of the method. 

W i l l i a m s (1967) pointed out that i f n a t u r a l s p h a l e r i t e s 
are to be used f o r probe standards, one should not only have 
a l i b r a r y of standards analyzed f o r Fe, but should a l s o have 
analyzed samples d i s p l a y i n g a range of Cd and Mn contents. 
Undoubtedly v a r i a t i o n s i n Cd and Mn w i l l a f f e c t the accuracy 
of the r e s u l t s . However, the e f f e c t s should be very minor 
indeed f o r Hudson Bay Mountain s p h a l e r i t e s since Cd + Mn i s 
u s u a l l y l e s s than 1 per cent, Cd content does not g e n e r a l l y 
vary more than .25 per cent, and Mn v a r i e s w i t h Fe. W i l l i a m s 
suggests that f o r most work pure metals standards would be 
most s a t i s f a c t o r y . However, use of n a t u r a l s p h a l e r i t e stan
dards i s f a r f a s t e r and need not be any l e s s accurate. 
Goresy (1967) used ZnS, FeS, and MnS standards to good ad
vantage i n a n a l y z i n g s p h a l e r i t e s i n meteorites. 

The p r e c i s i o n or r e p r o d u c i b i l i t y of the analyses was 
evaluated by measurement of the same grains of samples of a 
low- and h i g h - i t o n s p h a l e r i t e f i v e times over the t h r e e -

1 Sample 63-176 was not used f o r the c a l c u l a t i o n s . 
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month period of a n a l y s i s . The standard d e v i a t i o n f o r the 
l o w - i r o n s p h a l e r i t e was found to be t 0.01 weight per cent 
Fe or 0.4 per cent of the amount present, w h i l e t h a t f o r 
the h i g h - i r o n s p h a l e r i t e was found to be i 0.16 weight per 
cent Fe or 1.23 per cent of the amount present. Since the 
c a l i b r a t i o n curve i s known w i t h confidence, the accuracy of 
the a n a l y t i c a l technique i s probably l i m i t e d by the pre
c i s i o n . 

Barton and Toulmin (1966) i n t h e i r a n a l y s i s of syn
t h e t i c s p h a l e r i t e s used a Fe/Zn count r a t i o and r e l a t e d i t 
to a FeS/ZnS mole r a t i o . One should, however, be cautioned 
against u s i n g t h i s method f o r n a t u r a l s p h a l e r i t e s since the 
a n a l y s i s i s based on the assumption that FeS + ZnS = 100 per 
cent. N a t u r a l s p h a l e r i t e s i n v a r i a b l y contain some Cd and/or 
Mn which n e c e s s a r i l y causes the r e s u l t s to be c o n s i s t e n t l y 
h i g h . For example Hudson Bay Mountain s p h a l e r i t e s determined 
by t h i s method y i e l d e d r e s u l t s that were c o n s i s t e n t l y .1 
to .4 mole per cent FeS higher than the values c a l c u l a t e d 
from Fe counts alone. 



0 2 4 6 8 10 12 14 16 18 20 
Weight P e r C e n t Fe 

1 - i r 
C l a s s Interval = 1 %, 

0 5 10 15 2 0 2 5 
M o l e Per C e n t FeS 

F I G . 4 2 - F R E Q U E N C Y DISTRIBUTION OF FeS IN SPHALERITE F R O M 
S A M P L E 6 3 - 1 7 4 A 
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D i s c u s s i o n of the R e s u l t s 
I r o n contents of s p h a l e r i t e from microprobe analyses 

are given i n Table 13. Most of the analyses can be ac
cepted at face value, but the method of pres e n t i n g the 
data f a i l s to r e v e a l e r r a t i c values or mixed populations 
of d i f f e r i n g compositions. Figure 42, f o r i n s t a n c e , shows 
an extreme case of a biraodal p o p u l a t i o n . The a r i t h m e t i c 
mean (average) i s not very r e p r e s e n t a t i v e of the s p h a l e r i t e 
compositions. At f i r s t i t was thought that the marked break 
i n composition had genetic s i g n i f i c a n c e ; that i s , there was 
a d e f i n i t e d i s c o n t i n u i t y i n s p h a l e r i t e d e p o s i t i o n . However, 
i r o n contents i n the range 6 to 13 mole per cent were found 
i n samples 6 5 - 6 1 , 6 5 - 6 2 , and 6 5 - 6 3 taken from the same 
property, i n d i c a t i n g that the bimodal nature of the pop
u l a t i o n i s probably a f u n c t i o n of the sampling procedure. 
This p o i n t s up the shortcomings of the a n a l y t i c a l method i n 
determining the mean s p h a l e r i t e composition of a sample 
and of an e n t i r e d e p o s i t . 

Even w i t h these l i m i t a t i o n s , the microprobe data are 
f a r s u p e r i o r to those obtained by other a v a i l a b l e analy
t i c a l methods. Only the purest of s p h a l e r i t e samples can 
be analyzed -with confidence by wet chemical techniques, 
and the r e s u l t s are only averages of a composite sample. 

Measurement of the c e l l edge by x-ray d i f f r a c t i o n has 
been used e x t e n s i v e l y i n the past to determine the Fe con
t e n t , but the method has very s e r i o u s drawbacks, as pointed 
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Table 13 - Sunvrary of E l e c t r o n Microprobe Data f o r Sp h a l e r i t e 

Mole % FeS 
1 2 3 4 5 6 7 3 

Prop 
No 

Sample 
No 

Sample 1) 
Av 

Observed 2) 
Range 

Adjacent 3) 
Fe S u l f 

Sst 4) 
Prop 
Av 

Occurrence Main Assoc 
Ore Minerals 
i n Sample 

1 64- 87 

65- 93 
65-138 

12.3 

0.4 
1.25 

8.0-16.0 

0.1- 0.9 
0.5- 2.0 

8.0-16.07 

15.3 5> 

mainly barren post-mo 
qtz-carb vn 

M 

N 

py,ccp 

py,ccp,bo? 
py,gn,bo? 

1A 66-76A 

66-76B 

15.3 

15.8 

13.7-16.7 

12.5-17.8 17.0-17.8 8 > 

W-rich vn a t f r i n g e of 
Ho dep 

M - s p adj po 

shee,po,ccp,bm,ty,mo 

2 65-71 12.9 11.0-15.4 12.9 probably a l a t e carb vn ccp,bo,asp 

3 65-68 19.1 17.0-19.7 19.0-19.7 19.1 mainly barren qtz vn asp,po,ccp 

4 65-67 20.7 18.0-22.3 20.7 N a l t po?,asp,py,bo 

6 65-77 10.25 9) 
0.5-25.0 10.0 probably l a t e carb 

v e i n l e t s 
py.gn 

a 63-104 
65-41* 
65-4IB 
65-41C 

28.5 
0.7 
9.6 

10.8 

24.8-30.5 
0.4- 1.6 
6.0-11.2 

11.5-26.4 

24.8-30.5 

7 -26.4 

27.0 6) 
s u l f vn 
s u l f lense-h s 1 sp 

H -h s m sp 
H -h s d sp 

po,asp,gn,ccp 
asp,po 
asp, po 
asp,po 

9 65-3' 4.0 1 0 ) 1.0- 7.07 4.0 probably a l a t e carb vn gn,asp,bo 

10 64-58 
64-58A 
64-60A 
64-60B 

26.0 
27.6 
26.1 
25.9 

20.3- 28.0 
25.4- 29.2 
22.8-27.5 
18.3-26.0 

25.4-29.2 
22.3-27.5 
25.3-26.0 

26.5 s u l f vn 

M 

asp,py,ccp 
po,ccp,ms 
po,asp 
po,ccp 

11 65-116 
65-117 

22.7 
25.4 

18.3-26.0 
22.7-27.6 

24.0-25.0 
22.7-27.6 

24.0 
M 

pc,ccp 
asp, po 

13 
14 

64-66 
64-132A 
64- 132Q 
65- 94 

22.0 
19.5 
21.3 
22.2 

21.3-23.5 
13.8-21.2 
20.7-22.0 
20.0-24,0 

21.3-23.5 

19.0-22.0 
20.0-24.0 

22.0 
21.5 

s u l f v e i n l e t s 
s u l f vn 

M 

po+py i n w a l l rock 
po 
po 
p°# py#ccp 

15 65-93 
65-114 

12.9 
21.7 

12.3- 13.5 
21.4- 24.0 21.4-24.0 

17.5 
M 

gn,ccp 
po,gn,ccp 

16 65-16 
65-17 

65-20 

21.6 
23.5 

23.1 

19.2-23.1 
21.9-25.0 

21.0-25.4 

19.2-23.1 
21.9-25.0 

21.0-25.4 

23.0 s u l f v e i n l e t s 
widely sca t t e r e d v e i n -
l e t s i n meta rks 

s u l f vn 

asp, po 
asp,po 

po,asp,ccp 

17 65-64 19.4 18.9-19.8 19.4 s u l f vn asp, ccp,py 

18 64-39 
64-39C 

,19.6 
19.3 

19.0-19.7 
18.8-19.7 

19.0-19.7 
18.8-19.7 

19.4 N asp,py,gn,ccp 

19 63- 181 
64- 35 

12.1 
16.2 

9.5-13.7 
15.3-19.2 

11.0-13.7 
15.3-19.2 

15.0 II py,asp,gn 
asp,py,gn,ccp 

20 65- 113 
66- 77 
66-78 
66-79 

5.2 
9.9 

11.7 
7.7 

0.3- 8.8 
5.4-12.4 
7.0-17.4 
7.4- 8.4 

5.4-12.4 

7.4- 8.4 

7.0 s u l f vn 

s u l f f r a g i n l a t e qtz 
s u l f vn 

asp, py,gn 
gn,ccp,py,asp,td 
py,gn 
gn, ccp, py, asp, td 

22 6 1 1 2 0 n ) 9.1 8.0-10.3 carb vn gn,ccp, py 

23 63-195 
65-111 

665-112 

5.5 
14.9 
6.4 

1.2-10.1 
11.0-21.1 
4.9- 8.2 

11.0-21.1 
4.9- 8.2 

12.0 s u l f vn 
fr a g i n l a t e qtz 

an,pv,asp 
py,gn,asp,ccp 
py,gn 

24 65-136 
65-137 

19.4 
20.0 

18.3-20.8 
19.0-21.3 

18.3-20.3 
19.0-21.3 

19.7 s u l f vn po, ccp, gn, ms, asp 
po, ccp,gn,T\s 
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Table 13 - continued 

Mole % FeS 
1 2 3 4 5 6 7 8 

Prop 
No 

Sarr.pl* 
No 

Sample 
Av 

Observed 
Range 

Adjacent 
Fe S u l f Prop 

Av 

Occurrence Main Assoc 
Ore Minerals 
i n Samplo 

25 63-139 
65-26 

20.9 
18.5 

20.2- 21.7 
17.3- 19.1 17.3-19.1 

19.5 s u l f vn 
* -asp+py i n se

parate v e i n l e t s 

*op,py 
po #ccp 

26 63- 188 
64- 26 
64-27 

10.7 
21.1 
18.7 

7.5-12.7 
20.0- 21.9 
18.1- 20.0 

10.0-12.7 
20.0- 21.9 
18.1- 20.0 

20.0 s u l f vn (poor sample) 
s u l f vn 

H 

asp,ccp, py 
P°#ccp,py?,aop 
P°,?y,ccp,asp 

28 64-30 21.8 20.7-23.4 20.7-23.4 7* 21.8 « py,asp 

29 65-14 20.25 19.0-21.0 20.3 • 

30 65-22 
65-23 
65-24 
65-25 

20.4 
20.2 
13.2 
20.7 

19.7- 20.9 
19.5-21.1 
17.9-18.7 
19.8- 21.4 

19.7 M 
M 
N 
M 

asp 
a-?,ccp,po, py 
asp,ccp 
asp 

31 65-21 16.7 15.0-20.0 15.0-20.0 16.7 N * * asp,py,ccp 

32 65-13 16.8 16.2-17.6 16.2-17.6 17.0 M gn,py,asp,ccp 

33 63- 23 
64- 2 
64-3 
64-34 

18.2 
14.8 
16.9 
16.8 

12.5-20.0 
9.7-19.7 

14.0-18.1 
16.2-17.5 

12.5-20.0 
? -19.7 
? -13.1 

16.2-17.5 

16.5 • 
N 

M 

py,asp,ccp,gn,bo? 
&sp,gn 
asp,gn,c?y,py 
&8p,gn,cpy,py 

34 64-17 
64-21 
64-154C 
64-1540 
64-1542 
64-155 
64-155C 
64-155D 

23.5 
19.0 
18.8 
13.8 
18.5 
18.2 
17.7 
15.1 

21.9-25.0 
18.7-19.6 
18.0-19.7 
18.2- 19.5 
13.3- 19.3 
17.6-13.7 
16.9-13.1 
8.1-16.9 

21.9-25.0 
18.7-19.6 
18.0-19.7 
18.2-19.5 

17.6-13.7 
16.9-18.1 

18.5 N 

M 

N 

M 
M 
" -h s d sp 
" -ft s d sp 

py,gn,po 
py,gn,asp,ccp 
py,acp 
py,acp 
py,asp 
gn,asp,ccp,py 
gn,asp,py,ccp 
gn 

35 64-5 18.7 18.2-19.4 18.5 M «sp#py,gn,ccp 

36 63-25 
65-32A 
65-32B 
65-33 

18.5 

15^3 
24.7 

15.4-20.7 
0.4- 7.6 

13.1- 19.0 
19.2- 27.8 

7 -20.7 

7 -19.0 

15.0 M 
" -h s m op 
• -ft s d sp 

asp,gn,ccp,py 
asp,gn,py,ccp 
a=p,gn-,py,ccp . 
asp,gn,po 

37 63-36 
65-34A 
65-34B 

17.3 
5.2 

11.7 

14.6-22.5 
0.5-10.3 
9.7-13.5 

7 -22.5 10.0 M 
" -h 8 n s? 
• -h s d sp 

C3p,cc?,gn,py 
c;.i,iop,cc? 
gn,ujp,ccp 

38 65-30 
65-31A 
65-313 
65-31C 

14.4 
1.2 
6.6 

11.7 

13.7-15.0 
1.0- 1.4 
0.7-15.7 
6.9-16.7 

13.0 H 
" -h 8 1 c? 
" -h s m sp 
" -h s d sp 

gn, ccp,bo, asp 
gn,acp,ccp,bo 
gn,asp,ccp,bo 
gn,asp,ccp,bo 

39 64-6 16.0 13.2-18.6 13.2-18.6 16.5 m asp, py,gn #ccp 

40 64-7 
64-152C 
64-152D 
64-I57A 
64- 157B 
65- 3S 
65-39 
65-40A 
65-40B 

16.3 
11.0 
9.0 
0.7 

10.3 
15.0 
15.3 
9.7 

14.4 

16.0-17.5 
10.6- 15.1 
5.4- 10.7 
0.1- 3.7 
9.2-11.5 
7.5- 19.3 
12.8-15.2 
3.7-17.9 

11.7- 16.0 

16.0-17.5 

? -11.5 

14.0 m 
" -h s d sp 
• -h s m M ? 

" - a s m cp 
" -h 8 d sp 

H 
" -h s ra s? 
• -ft s d «p 

^ s?,py#gn,ccp 
acp,py 
acp,py 

?y#-^p 
gn,a-p 
gn 
gn,u3p 
gn, a<ap 

41 64-10 7.4 2.8-17.8 7 -17.8 7.4 carb vn py,gn,aep,ccp 

42 63-176 18.3 3.9-18.9 18.3 c a r b - s u l f v e i n l e t s gn,?y 

http://Sarr.pl*


Table 13 - continued 

1 
Prop 
No 

2 
Sample 

No 

Mole % FuS 
7 

Occurrence 
8 

Main Assoc 
Ore Minerals 
In Sample 

1 
Prop 
No 

2 
Sample 

No 

3 4 5 6 7 
Occurrence 

8 
Main Assoc 

Ore Minerals 
In Sample 

1 
Prop 
No 

2 
Sample 

No 
Sample 

Av 
Observed 
Range 

Adjacent 
Fe S u l f 

Est 
Prop . 
Av 

7 
Occurrence 

8 
Main Assoc 

Ore Minerals 
In Sample 

43 63-174 14.1 4.7-21.1 7 -21.1 8.0 c a r b - s u l f v e i n l e t s gn,ccp,py,aop 
65-61 5.7 3.7- 7.8 a gn,ccp,py 
65-62 9.9 5.2-15.8 a 
65-03 5.6 3.3- 9.5 a gn #ccp,py,bo7 

45 65-134 5.2 1.8-11.0 5.2 s u l f v e i n l e t 

48 64-117 20.8 19.7-21.4 19.7-21.4 10 .0 s u l f vn asp,py,ccp,gn 
65-107A 1.0 0.7- 1.6 0.7- 1.6 • - h 8 1 Bp gn,ccp 
64-107B 1.7 1.1- 2.4 • -h s 1 sp gn,ccp 
65-107C 2.3 1.0- 5.7 • -h s m sp gn,ccp 
65-108 . 9.7 7.5-12.7 m a gn,ccp 
65-109C 3.5 3.2- 4.9 • - l a r g e x t l gn,ccp 

-65-109F 8.4 6.9-10.5 • - l a r g e x t l gn,ccp 
65-109G 8.0 7.3-10.1 • - l a r g e x t l gn,ccp 
66-80A 1.9 1.2- 2.2 -h s 1 sp ccp,gn,po 
66-80B 2.4 1.2- 4.0 • -h s ra sp ccp,gn, po 
66-80C 15.9 14.8-17.3 • -h s d sp ccp,gn.po 

not adJ po 
66-800 19.7 18.1-21.7 18.1-21.7 s u l f vn-h s d sp ccp,gn,po 

adj po 
49 63-213 17.9 17.5-18.5 17.5-18.5 18.5 r e p l body i n 1m py 

64-110A 0.8 0.6- 1.0 • -h s 1 sp po,py,asp,ccp 
64-110B 19.1 18.1-19.5 18.1-19.5 -h s d sp po# py#*3p,ccp 
64-111 19.3 18.1-21.0 18.1-21.0 a po,py,asp,ccp 
65-92 15.8 • 14.2-18.5 s u l f vn gn,ccp 
65-129 17.7 16.7-18.5 16.7-18.5 r e p l body i n lm py 
65-130 18.2 18.0-19.5 18.0-19.5 « py,po,ccp 
66-83 18.7 18.3-19.4 18.3-19.4 a po# py# gn,ccp,asp 
0OH1 18.2 16.8-19.3 16.8-19.3 s u l f vn py,P°,asp,gn 
0DH2 18.6 11.3-18.9 18.0-18.9 r e p l body i n lm py,asp,po 
0DH4A 17.9 17.2-18.9 17.2-18.9 • po,py 
DDH4B 19.2 18.8-19.6 18.8-19.6 s u l f vn po,py,asp, ccp 
0DH7 18.3 18.1-18.5 18.1-18.5 r e p l body i n lm po,py 
00H8 18.3 17.7-18.5 17.7-19.5 a po,py,ccp 
0DH15 18.6 17.4-19.4 17.4-19.4 a py,po 
00HU4 18.2 16.2-19.3 16.2-19.3 a gn,py,po 

SO 65-101 20.0 18.3-20.5 18.3-20.5 20.0 s u l f vn po,py,asp, ccp,gn 

51 65-121 19.6 19.1-20.0 19.1-20.0 19.5 • asp,po,py,ccp 

52 65-85 17.2 16.0-18.2 16.0-18.2 17.2 • *sp,po,py,ccp,gn 

58 65-91 3 .0 0.2- 6.2 3 .0 tn,ccp 

59 65-104 9.4 6.9-13.7 7 -13.7 7 . 0 a py,gn 
65-105 4.7 0.1-11.7 a py,gn,asp 

Abbreviations - adj - adjacent; asp - arsenopyrite? bm - bismuthmite; bo - bournonlte: carb - carbonate? 
ccp - c h a l c o p y r i t e ; dep - deposit; est - estimate; Fe - i r o n ; frag - fragments; gn -
galena; h s d sp - hand-sorted dark s p h a l e r i t e ; h s 1 sp - hand-sorted l i g h t s p h a l e r i t e ; 
h e m sp - hand-sorted medium s p h a l e r i t e ; lm - limestone; meta - metamorphic; min -

< otlncral; mo - molybdenite; Mo - Molybdenum; ms - marca3ite; no - number; po - p y r r h o t i t e ; 
prop - property; py - p y r i t e ; qtz - quartz; r e p l - replacement; rk - rock; shee - schee
l i t e ; sp - s p h a l e r i t e ; s u l f - s u l f i d e ; td - t e t r a h e d r i t e ; tn - tennantite; t y - t e t r a -
dymite; vn - vein; W - tungsten; x t l - c r y s t a l 

* 1) Many samples have pronounced blmodal and even polymodal d i s t r i b u t i o n s . Hence, the average may 
not be very r e p r e s e n t a t i v e . 

2) In many samples the range i s c o n t r o l l e d by one or two e r r a t i c values. 

3) Column 5 i s given to a i d i n evaluation of the phase r e l a t i o n s i n the Fe-Zn-S system. However, i t i s 
not n e c e s s a r i l y implied that the s p h a l e r i t e s with the compositions c i t e d were i n e q u i l i b r i u m with 
the associated i r o n s u l f i d e s . 

4) This was the value used i n the s t a t i s t i c a l study. I t i s probably within 0.5-3.0 mole per cent of the 
ac t u a l value f o r most properties, but i n deposits containing abundant s t r o n g l y zoned s p h a l e r i t e 
the estimate could be o f f by as much a3 5 mole per cent. The value given i n t h i s column was 
u s u a l l y tempered by the w r i t e r s knowledge of the deposits and the samples. 

5) These s p h a l e r i t e s , although occurring i n the molybdenum deposit, were not d i r e c t l y r e l a t e d to 
molybdenite de p o s i t i o n . 

6) Quartz and carbonate minerals are important gangue minerals i n the s u l f i d e v e i ns. 

7) A few small p y r r h o t i t e i n c l u s i o n s were found i n the p y r i t e . P o s s i b l y the s p h a l e r i t e c r y s t a l l i z e d i n 
eq u i l i b r i u m with p y r r h o t i t e that was l a t e r replaced by p y r i t e . 

8) The FeS content drops to about 15 mole per cent about 100 microns from p y r r h o t i t e contact. 

9) Most of the s p h a l e r i t e i n t h i s sample contains less than 1.5 mole per cent FeS except f o r a few high 
e r r a t i c values near 24-25 mole per cent. As f a r a3 can be ascertained only low-iron s p h a l e r i t e occurs 
near the p y r i t e . 

10) Determined by x-ray techniques. 

11) U n i v e r s i t y of Wisconsin Economic Geology C o l l e c t i o n number. 
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out by W i l l i a m s (1965). Skinner (1961) has shown minor 
amounts of cadmium and manganese have a profound e f f e c t 
on determination of the i r o n by t h i s method. For i n s t a n c e , 
the w r i t e r measured the c e l l dimensions of about f i f t y 
s p h a l e r i t e samples from the Hudson Bay Mountain d i s t r i c t 
u s i n g an x-ray d i f f r a c t o m e t e r and NaOl as an i n t e r n a l s t a n 
dard. I t was found tha t i f no c o r r e c t i o n s were made f o r 
cadmium or manganese the i r o n content determined by x-ray 
d i f f r a c t i o n was g e n e r a l l y 5 to 8 mole per cent higher than 
that determined by the microprobe. The d e v i a t i o n was usu
a l l y g r e a t e r the higher the i r o n content of the sample. This 
d e v i a t i o n i s what would be expected from the known cadmium 
and manganese contents of the samples. 

The microprobe determinations of cadmium and manganese 
were, i n general, i n agreement w i t h the values c i t e d i n the 
chemical analyses i n Table 11. 

Boyle and Jambor (1963, p. 488) suggest that a r s e n i c 
may s u b s t i t u t e f o r s u l f u r i n s p h a l e r i t e l a t t i c e . Since 
a r s e n i c i s abundant ( i n a r s e n o p y r i t e ) i n the Hudson Bay 
Mountain d i s t r i c t , the w r i t e r thought tha t t h i s would o f f e r 
an e x c e l l e n t o p p o r t u n i t y to see i f a r s e n i c does i n f a c t 
enter the s p h a l e r i t e s t r u c t u r e . Of the ten samples tested 
f o r a r s e n i c none gave counts s i g n i f i c a n t l y above back
ground. Since the exact d e t e c t i o n l i m i t s were not deter
mined i t can only be concluded that the a r s e n i c content i s 
probably l e s s than a few hundredths of one per cent. 
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Copper was a l s o analyzed f o r i n the same samples as 

the a r s e n i c . In a l l the samples tested i t was found to be 
low, probably l e s s than .01 per cent, but d i s t i n c t l y above 
background. This i s i n good agreement w i t h the f i n d i n g s 
of Toulmin (1961) and Sims and Barton (1961). H i g h - i r o n 
s p h a l e r i t e samples were tested both away from and near l a 
mellae of c h a l c o p y r i t e . No s i g n i f i c a n t d i f f e r e n c e was 
found. This evidence p l u s the f a c t that most of the i n t e r -
grown c h a l c o p y r i t e blebs occur along g r a i n boundaries lend 
support to Toulmin 1s contention t h a t s p h a l e r i t e cannot take 
s u f f i c i e n t copper i n t o s o l i d s o l u t i o n to permit a s i g n i f i 
cant amount of c h a l c o p y r i t e e x s o l u t i o n . The oriented nature 
of the c h a l c o p y r i t e blebs has been explained by Toulmin (1961) 
and Sims and Barton (1961) to be the r e s u l t of e p i t a x i a l 
c r y s t a l growth. Of course the p o s s i b i l i t y remains that i n 
i t i a l s o l i d s o l u t i o n copper completely exsolved as c h a l c o 
p y r i t e i n the n a t u r a l environment, l e a v i n g no evidence of i t s 
former s o l i d s o l u t i o n . Heating experiments could be used to 
t e s t t h i s p o s s i b i l i t y . I t should a l s o be pointed out that 
no copper values approaching those reported i n the wet chem
i c a l analyses were found. This i s f u r t h e r evidence that the 
copper found by wet chemical a n a l y s i s occurs a c t u a l l y as 
intergrown c h a l c o p y r i t e . 
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D i s t r i c t - w i d e V a r i a t i o n s i n the FeS Content of S p h a l e r i t e 

The average FeS content of s p h a l e r i t e from most deposits 
i n the d i s t r i c t l i e s between 5 and 30 mole per cent. There
f o r e , a l l s p h a l e r i t e s of the d i s t r i c t have formed at a c t i v 
i t i e s of s u l f u r and temperatures somewhere i n the band about 
the p y r i t e - p y r r h o t i t e solvus shown i n Figure A3. From Bar
ton and Toulmin !s data (1966) t h i s i n t e r v a l corresponds to 
a c t i v i t i e s of FeS i n the range 0 . 1 to 0.7. Although t h i s only 
sets very broad l i m i t s on the c o n d i t i o n s of s p h a l e r i t e forma
t i o n , i t serves to e s t a b l i s h a general framework w i t h i n which 
va r i o u s p o s s i b l e c o n d i t i o n s of formation can be considered. 

T 

200 300 400 500 600 700 BOO 
Temperature °C 

Fig. 43 - FeS contents of sphalerites in mole percent contoured on an activity of 
Sz-temperature plane. The sulfur liquid + sulfur vapor, bornite + pyrite + chal
copyrite, pyrite + pyrrhotite and pyrrhotite -J- iron buffer curves are plotted for 
reference.(modified slightly f rom B a r t o n & Toufmin,1966, using 
Boorman's data ,1967) -Shaded area shows possible 
r a n g e of H.B.Mtn. sphaler i te -bear ing ores. 
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The s p h a l e r i t e adjacent to p y r r h o t i t e i n sample 6 6 - 7 6 

from the s c h e e l i t e - r i c h quartz v e i n near the outer l i m i t of 
the molybdenum deposit may be of use i n geothermometry. This 
was the lowest i r o n content (17 . 0-17 . 8 $ ) found immediately 
adjacent to p y r r h o t i t e . I f , as Boorman (1967) contends, the 
s p h a l e r i t e - p y r r h o t i t e - p y r i t e curve i n the Fe-Zn-S system does 
not reverse i t s slope below 500°C, then from Barton and Toul
min 1 s data (1966) i t i s apparent t h a t i f the s p h a l e r i t e c r y s 
t a l l i z e d i n e q u i l i b r i u m w i t h the p y r r h o t i t e , i t probably 
formed above 600°C. The p o s s i b i l i t y of h i g h pressures causes 
some u n c e r t a i n t y i n t h i s estimate. 

F i g u r e s 44, 45, and 46 show tha t there i s a reasonably 
systematic v a r i a t i o n i n the FeS content of s p h a l e r i t e i n the 
Hudson Bay Mountain d i s t r i c t . I t should be noted, however, 
that most of the s p h a l e r i t e was c o l l e c t e d from s u l f i d e de
p o s i t s ; hence the v a r i a t i o n s discussed are mainly r e s t r i c t e d 
to v a r i a t i o n s i n these ores. By comparing Figure 12 w i t h 
46 and Figures 16 to 23 w i t h Figure 44 i t can be seen that 
the v a r i a t i o n of FeS approximately p a r a l l e l s the general zon
a l d i s t r i b u t i o n of ores i n the d i s t r i c t . This lends support 
to the c o n c l u s i o n that the u n d e r l y i n g causes f o r both are d i 
r e c t l y or i n d i r e c t l y r e l a t e d . Barton and Toulmin ( 1966) have 
pointed out that the i r o n content of s p h a l e r i t e i s p r i m a r i l y 
a f u n c t i o n of the a c t i v i t y of FeS which i s dependent on the 
a c t i v i t y of s u l f u r and temperature. Therefore, e i t h e r var
i a t i o n s i n the a c t i v i t y of s u l f u r and temperature were r e s 
ponsible f o r the zoning or e l s e parameters that did not vary 
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Independently from the a c t i v i t y of s u l f u r and temperature were 
r e s p o n s i b l e f o r the zonal d i s t r i b u t i o n of the s u l f i d e ores. 

The r e g u l a r i t y of the d i s t r i c t - w i d e p a t t e r n of the FeS 
content of s p h a l e r i t e (Figures 44 and 46) suggests that 
s p a t i a l v a r i a t i o n s were more important than temporal v a r i a t i o n s 
i n the s u l f i d e ores. The heterogeneous nature of i n d i v i d u a l 
s p h a l e r i t e s , n e v e r t h e l e s s , i n d i c a t e s t h a t there were some tem
p o r a l v a r i a t i o n s i n ore d e p o s i t i o n . Marked temporal changes, 
such as those described by Sawkins (1964) 
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f o r the P r o v i d e n c i a d i s t r i c t i n Mexico, were v o l u m e t r i c a l l y j 
apparently not very important. 

E a r l y i n the study of the d i s t r i c t the w r i t e r became 
aware t h a t the s u l f i d e ores seemed to show a c l o s e r r e l a t i o n 
ship to the metamorphic aureole than to the molybdenum depos
i t . To t e s t t h i s p o s s i b i l i t y the FeS content of s p h a l e r i t e 
was p l o t t e d as f u n c t i o n s of di s t a n c e from both (Figures 44 
and 45). I t i s r e a d i l y apparent th a t the FeS content of 
s p h a l e r i t e i s , i n f a c t , more c l o s e l y r e l a t e d to the metamor
phic f r o n t than to the molybdenum deposit (point "A"). The 
trend shown i n Figure 45 i s f o r s p h a l e r i t e s from the south
west side of Hudson Bay Mountain. I t could a l s o simply r e 
f l e c t v a r i a t i o n away from the metamorphic aureole. 

In some manner the metamorphic aureole must be r e l a t e d to 
the compositional v a r i a t i o n s of s p h a l e r i t e . I t i s most r e a 
sonable to consider that at the time of s p h a l e r i t e d e p o s i t i o n 
i n the s u l f i d e ores, the metamorphic aureole was s t i l l at 
elevated temperatures. The r e s u l t i n g r e g i o n a l thermal-
hydrothermal regime, wit h i t s physicochemical gradients was 
conceivably r e s p o n s i b l e f o r d i s t r i c t - w i d e zonation of s p h a l 
e r i t e and the s u l f i d e ores. The f a c t that the molybdenum 
d e p o s i t i o n at l e a s t i n part followed the metamorphism (p. 16) 
and the zonation i s not p r i m a r i l y a f u n c t i o n of d i s t a n c e 
from the molybdenum d e p o s i t , supports the contention that 
the molybdenum deposit was formed l a t e r i n the magmatic h i s 
t o r y of the area. 
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Arsenopyrite  

D i s t r i b u t i o n and D e s c r i p t i o n 
A r s e n o p y r i t e i s widespread i n the d i s t r i c t . I t i s pro

bably the most abundant ore mineral i n the intermediate zone 
and i n n e r part of the outer zone. I t i s l e s s predominant 
near the periphery of the outer zone where l o w - i r o n s p h a l e r 
i t e i s abundant. Ars e n o p y r i t e i s v i r t u a l l y absent i n the 
molybdenum d e p o s i t . 65-144 was the only sample i n which 
molybdenite and ars e n o p y r i t e were observed together. 

A r s e n o p y r i t e i n many ores i s c l o s e l y a s s o c i a t e d w i t h quart 
Although i n p a r t i t r e p l a c e s quartz and w a l l rock i t seems 
to have been mostly deposited w i t h quartz. Some dep o s i t s 
c o n t a i n cockade l a y e r s of quartz and a r s e n o p y r i t e around 
b r e c c i a fragments of w a l l rock. Both f i n e and coarse-grained 
c r y s t a l s are common, and i n some depo s i t s terminated c r y s t a l s 
of a r s e n o p y r i t e occur w i t h c l e a r euhedral quartz c r y s t a l s 
i n vugs. In the Dome v e i n there are terminated a r s e n o p y r i t e 
c r y s t a l s up to | i n c h i n diameter. 

Prom microscopic t e x t u r a l r e l a t i o n s a r s e n o p y r i t e appears 
to have been deposited r e l a t i v e l y e a r l y . I t was veined and 
p a r t i a l l y replaced by most other ore and gangue mine r a l s . 
In p o l i s h e d surfaces etched w i t h n i t r i c a c i d , a r s e n o p y r i t e 
d i s p l a y s very complex twinning (Figure 47) and p o s s i b l y 
i n t e r g r o w t h p a t t e r n s . The twinning makes i t d i f f i c u l t to 
e s t a b l i s h the presence or absence of w e l l developed growth 
zoning. N e v e r t h e l e s s , growth zoning was observed i n a few 
c r y s t a l s (Figure 48). 
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F i g u r e 47 - Twinned a r s e n o p y r i t e c r y s t a l s veined "by pyrrho
t i t e ( l i g h t g r a y ) , c h a l c o p y r i t e ( s l i g h t l y dark
er gray) and quartz (dark gray). Specimen (65-85) 
i s from property no. 52. Surface was etched with 
n i t r i c a c i d . Hag. lOOx. 

Fig u r e 48 - Zoned a r s e n o p y r i t e c r y s t a l s from the Iron V a u l t 
property. Surface was etched w i t h n i t r i c a c i d . 
Mag. I 5 0 x . 
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A r s e n o p y r l t e g e o t h e r m o m e t e r - g e o b a r o m e t e r 

C l a r k (1960a, 1960b) s t u d i e d i n d e t a i l p o r t i o n s o f t h e 

F e - A s - S s y s t e m w h i c h a r e o f g e o l o g i c i n t e r e s t . He s u g g e s t e d 

t h a t a r s e n o p y r i t e may be u s e f u l a s a g e o b a r o m e t e r a n d / o r 

g e o t h e r m o m e t e r . I n v i e w o f t h i s i t i s s u r p r i s i n g t h a t s o 

l i t t l e s u b s e q u e n t w o r k h a s b e e n d o n e o n a r s e n o p y r i t e f i e l d 

r e l a t i o n s o r i n t h e F e - A s - S s y s t e m . B e c a u s e o f o u r l a c k o f 

k n o w l e d g e o n t h e a p p l i c a b i l i t y o f t h e e x p e r i m e n t a l s t u d i e s 

t o n a t u r a l s y s t e m s , i t i s s t i l l n o t p o s s i b l e t o u s e a r s e n o 

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

m o m e t r y . A t p r e s e n t t h e b e s t one c a n d o i s t o s e e i f a r s e n 

o p y r i t e r e l a t i o n s a r e c o m p a t i b l e w i t h o t h e r f e a t u r e s o f t h e 

g e o l o g y . I f , h o w e v e r , s u b s e q u e n t w o r k s h o w s t h a t a r s e n o p y r i t e 

c a n be u s e d t o d e t e r m i n e t h e PT c o n d i t i o n s o f o r e f o r m a t i o n , 

t h e n i t s i m p o r t a n c e c a n n o t be o v e r e m p h a s i z e d . F o r i n s t a n c e , 

i f i t b e c o m e s p o s s i b l e t o d e t e r m i n e t h e t e m p e r a t u r e o f m i n 

e r a l f o r m a t i o n t o t5°C u s i n g o x y g e n i s o t o p e s ( T a y l o r , 1 9 6 ? ) , 

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

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

T h e s l o w r e a c t i o n r a t e s o f a r s e n o p y r i t e i n t h e s o l i d 

s t a t e ( C l a r k , 1 9 6 0 a & b , B a r t o n , e t . a l . , 1 9 6 3 i a n d S k i n n e r 

a n d B a r t o n , 1 9 6 ? ) i n c r e a s e i t s p o t e n t i a l u s e f u l n e s s i n 

g e o t h e r m o m e t r y a n d g e o b a r o m e t r y , b u t t h e y h a v e a l s o made 

i t v e r y d i f f i c u l t t o s t u d y a r s e n o p y r i t e i n t h e l a b o r a t o r y . 

C l a r k ( 1 9 6 0 a & b ) , f o r i n s t a n c e , was o n l y a b l e t o a p p r o a c h 

e q u i l i b r i u m f r o m one d i r e c t i o n . I t s h o u l d a l s o be p o i n t e d 

o u t t h a t he u s e d r i g i d s i l i c a g l a s s t u b e s f o r h i s i n i 

t i a l s t u d i e s a n d e n c o u n t e r e d v a p o r i n a l l r u n s . 
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Bulk compositions could have been a f f e c t e d to some extent, 
since some elements, such as As and S, would be d i f f e r e n 
t i a l l y p a r t i t i o n e d i n the vapor phase. Moreover, since 
vapor could not be avoided, pressures would vary, making i t 
only p o s s i b l e to determine the supposed "condensed system" 
(see K u l l e r u d and Yoder, 1959) which does not t r u l y r e p r e 
sent the phase r e l a t i o n s . ^ " Without f u r t h e r work i n the Fe-
As-S system i t i s hazardous to r e l y too h e a v i l y on C l a r k ' s 
f i n d i n g s . 
Chemical Analyses 

Four a r s e n o p y r i t e s to be used as standards f o r x-ray 
and microprobe analyses were c h e m i c a l l y analyzed. C l a r k 
(1960a & b) and Morimoto and Clark (1961) have shown that 
the ^(^131) s P a c ^ n S °f ar s e n o p y r i t e i s a f u n c t i o n of the As/S 
r a t i o . They s t a t e that provided the combined minor element 
content i s l e s s than one per cent, the composition can be de
termined to w i t h i n one atomic per cent. The four analyzed 
samples were used to check t h e i r f i n d i n g s . 

The samples f o r a n a l y s i s were hand picked under a b i n 
o c u l a r microscope. P o l i s h e d s e c t i o n s were used to determine 
the presence or absence of i n t e r n a l i m p u r i t i e s . Many samples 
that seemed megascopically s a t i s f a c t o r y were r e j e c t e d because 
of numerous, microscopic v e i n l e t s of other minerals. Sample 
65-144 was etched w i t h F e C l ^ and x-rayed to determine whether 

1 C l a r k was aware of these problems. 
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or not i t contained any l o e l l i n g i t e contamination. As 
might be expected from the chemical a n a l y s i s , none was found. 
Some quartz contamination was noted i n samples 64-2 and 65-21, 
and minor c h a l c o p y r i t e was noted i n sample 65-21. Otherwise 
no other i m p u r i t i e s were recognized. 

The f o l l o w i n g i s a b r i e f d e s c r i p t i o n of the wet chem
i c a l a n a l y t i c a l technique: 

A r s e n i c . Sample was decomposed w i t h K2SO4 + H2SO4 and 
a r s e n i c was d i s t i l l e d as the t r i c h l o r i d e , 
which was t i t r a t e d w i t h a standard KBrO-z so
l u t i o n u s i n g methyl orange as the end-point 
i n d i c a t o r . A n a l y s i s by R.S. Young. 
Sample was d i s s o l v e d w i t h a mixture of KBr and 
Br and the r e s u l t i n g s u l f a t e was p r e c i p i t a t e d 
w i t h BaClp and weighed as BaSO^.. A n a l y s i s by 
R.S. Young. 
Sample was d i s s o l v e d w i t h HC1 and Br 2> i n t e r 
f e r i n g elements were removed and i r o n was t i 
t r a t e d w i t h a standard KgCrgOf s o l u t i o n u s i n g 
diphenylamine s u l f o n i c a c i d as the end-point 
i n d i c a t o r . A n a l y s i s by R.S. Young. 
A f t e r s o l u t i o n , n i c k e l was extracted as n i c k e l 
dimethyl-glyoxime i n t o chloroform, and the 
absorbancy was measured on a Beckman spectro
photometer. A n a l y s i s by S. M e t c a l f e . 
A f t e r s o l u t i o n of the sample and removal of 
i n t e r f e r i n g elements, the n i t r o s o - R - s a l t method 
was a p p l i e d , and the absorbancy was measured 
on a Beckman spectrophotometer. A n a l y s i s 
by R.S. Young. 

Popper and Bismuth. A n a l y s i s by R.J. Hibberson u s i n g an 
A.R.L. Spectrograph. 

Antimony.Analysis by N.G. C o l v i n u s i n g P h i l l i p s x-ray 
fluorescence equipment. 

S u l f u r . 

I r o n . 

N i c k e l . 

C o b a l t . 
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The r e s u l t s of the analyses are shown i n Table 14. 

Table 14 - Chemical Analyses of Arsenopyrite Standards 

64-2 64-39B 65-21 65-144 

a b a b a b a b 

34.88 35.39 34.80 35.52 34.45 34.60 33.85 33.88 

s 21.68 22.00 21.29 21.73 21.30 21.39 19.08 10.09 

As 41.92 42.54 41.81 42.68 43.76 -43.94 46.94 46.98 

3b 0.07 0.07 0.07 0.07 0.07 0.07 0.04 0.04 

B i n . d . - n . d . - 0.002 - 0.01 0.01 

Co trace - trace - 0.0011 - 0.0042 -
N i trace - trace - 0.0021 - 0.0011 -
Cu - - - - 0.04 - 0.015 -
Totals 98.55 100.00 97.97 100.00 99.625 100.00 99.94 100.00 

- done by the Analytical Branch of the B r i t i s h Columbia Department of Mines 
a - chemical analysis 
b - recalculated assuming Fe+S+As+Sb+Bi+Co+Ni = 100 weight per cent 

- a second sample from specimen 65-144 was found to contain 46.90 per cent As 
- n.d. = not detected 

X-Ray Analyses 
The x-ray analyses were c a r r i e d out usi n g a Norelco d i f -

fractometer. CuK^ r a d i a t i o n at 35 KeV and 18 MA was used 
w i t h f o u r degree s l i t s and a scanning speed of \ degree 20 
per minute. Chart speed was \ degree 2© per i n c h . A n a t u r a l 

a 

f l u o r i t e w i t h c e l l dimension of 5.4630^ .0003 A (R. Thorpe, 
personal communication) was used as an i n t e r n a l standard. 
Fi v e to ten o s c i l l a t i o n s were made over the (311) and (131) 
peaks of f l u o r i t e and a r s e n o p y r i t e , r e s p e c t i v e l y , d 3 l ) -
(311) and/kK^, were measured to c l o s e s t .005 degree 26 (t h a t 
i s , .01 i n c h e s ) . The average of a l l measurements was used 
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to determine the <3(i3i) spacing to approximately t .0004 
Angstrom u n i t s . This v a r i a t i o n i s equivalent to about 
± 0.4 atomic per cent a r s e n i c . 

The r e s u l t s are showi i n Figu r e 49 and Table 15* 

Table 15 - Surrroary of X-ray Data f o r Arsenopyrite 

Prop. 
No. 

Sample 
No. 

d(131) 
1) 2) 

Indicated Main Assoc. Ore 
Atoaic % As Minerals i n Sample 

(±15) 

Indicated 3 * 
P.T. Limits 

1 65-144 1.6332¬
1.6338 

33.25-33.9 mo,py? 

2 65-71 1.63087 30.9 sp,ccp,bo-rao nearby 

4 65-66 1.6331 33.15 sP#py-P° nearby 0-1000 bars <450°C 

5 65-74 1.63235 32.4 po,ccp >1400 bars >500°C 

8 65-41 1.63095 31.0 sp,po 

10 64-58 1.63112 31.2 sp,py,ccp-ms+po nearby 

11 65-117 1.63112 31.2 ep+po nearby 

12 64-43 1.63124 31.8 ccp—po nearby 

16 65-20 1.6316 31.6 po,sp,cc? > 2200 bare > 520°C 

17 65-64 1.6312 31.2 sp,ccp, py 

>500 bars 470° C 4 5 18 64-39 1.6305 30.5 py,sp,gn,ccp >500 bars 470° C 4 5 

19 63-181 31.0 5 ) sp,py,gn 0-2000 bars > 320° -500° C 4 ) 

20 65-113 1.6303 30.3 py,gn,s P 

27 64-28 1.6326 32.65 32.1 
-33.25 

28 64-30 1.63167 31.7 py,*p <2200 bars 360°-420°C 

30 65-23, 
65-25 

1.63098 
1.63112 

31.0 
31.2 

sp,ccp,po,py 
sp 

31 
33 
51 

65-21 
64- 2 
65- 121 

1.6305 
1.63042 
1.63087 

30.5 
30.4 
30.9 

sp #py fccp 
sp,gn-ccp,py nearby 
PO,sp,£y,ccp 

>400 bars < 470° C 
>500 bars < 470°C 4 ) 

0->2000 bars 310 -520 C 

52 65-85 1.6310 31.0 po,py,ccp, sp, gn 0->2000 bars 320°-520°C 4 ) 

55 64-48 1.6320 32.0 ccp 

1) -from the r e l a t i o n s h i p « 1,6006 • 0.0098x, a f t e r Morimoto and Clark, 
1961 

-x i s the atomic per cent arsenic (the equation i s misprinted i n the o r i g 
i n a l paper) 

2) -abbreviations same as Table 13, 
-Underlined i r o n s u l f i d e s are intimately intergrown with the arsenopyrite. 

3) The assumption has been made that the arsenopyrite i n question c r y s t a l l i z e d 
i n equilibrium with the associated i r o n s u l f i d e s . 

4) - f o r reasonable pressures 

5) -electron microprobe analysis 
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Atomic per cent arsenic 

D i s c u s s i o n of the R e s u l t s 
Prom Table 14 i t i s apparent that samples 64-2, 64-39B, 

and 65-21 have very s i m i l a r compositions and only sample 
65-144 i s s i g n i f i c a n t l y d i f f e r e n t . The d e f i c i e n c y i n the 
analyses of 64-2 and 64-39B i s most probably due mainly to 
quartz contamination. 

I t can be seen that the Hudson Bay Mountain a r s e n o p y r i t e s 

are remarkably low i n minor elements. I t i s improbable that 

any samples studied c o n t a i n more than 0.1% combined tr a c e 

elements. 
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Sample 65-144 has a s i g n i f i c a n t l y higher a r s e n i c con

tent than would be p r e d i c t e d by Morimoto fs and C l a r k 1 s 
(1961) equation: d^-^ = 1.6006 + 0.00098x, where x i s the 
atomic per cent a r s e n i c (Figure 49). T h i s , p l u s the f a c t 
t h a t Morimoto and C l a r k have l i t t l e c o n t r o l f o r t h e i r 
curve at h i g h e r a r s e n i c v a l u e s , prompted the w r i t e r to check 
and recheck t h i s ^(131) determination. A second sample sub
mitted f o r a r s e n i c a n a l y s i s showed a d i f f e r e n c e of only 
.04^. P o l i s h e d surfaces showed no a r s e n i c - b e a r i n g i m p u r i t i e s . 
The c e l l dimension of the f l u o r i t e standard was checked on 

0 

the d i f f r a c t o m e t e r using NaCl ( a 0 = 5.64028A) as an i n t e r n a l 
standard. I t was found to be 5.4631 - .0004A which i s w i t h 
i n the l i m i t s given by Thorpe. A complete d i f f r a c t o g r a m 
was made of the a r s e n o p y r i t e to check i t s s t r u c t u r e a g a i n s t 
the s t r u c t u r e of samples studied by Morimoto and C l a r k . I t 
was found that 65-144 a r s e n o p y r i t e has f e a t u r e s intermediate 
between the s y n t h e t i c and F r e i b e r g a r s e n o p y r i t e s ( F i g , 1 
of Morimoto and C l a r k ) . Most of the peaks are very s i m i l a r 
to those of the F r e i b e r g a r s e n o p y r i t e except that the 
321,202 and 123 r e f l e c t i o n s are not s p l i t . 

S e v eral runs on s e p a r a t e l y prepared samples were made 
on the d i f fractometer to determine the ^^"31) sP a c^ nS» 
Although some v a r i a t i o n was found, a l l runs gave a r s e n i c 
values s i g n i f i c a n t l y below those i n d i c a t e d by chemical an
a l y s e s . 
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The data are meager, but permit c e r t a i n i n f e r e n c e s . 

Morimoto and C l a r k used only f i v e n a t u r a l and one s y n t h e t i c 
a r s e n o p y r i t e to c a l i b r a t e t h e i r curve; hence, t h e i r c o n t r o l 
i s not much b e t t e r than the w r i t e r ' s . The 65-144 arseno
p y r i t e sample i s remarkably f r e e from contamination and i s 
very low i n minor elements.* However, i t should be remem
bered t h a t they s t a t e t h a t t h i s method i s not o v e r l y sen
s i t i v e — t h a t i s , i t can only be used to determine the a r 
senic composition to w i t h i n one atomic per cent. Since the 
o v e r a l l range i n a r s e n i c content of n a t u r a l a r s e n o p y r i t e s 
i s o nly about 8 atomic per cent, t h i s i s not p a r t i c u l a r l y 
good accuracy. Even i f Morimoto and C l a r k ' s curve i s s l i g h t l y 
i n e r r o r , x-ray determined compositions should s t i l l be 
acceptable f o r the study of a r s e n o p y r i t e phase r e l a t i o n s , 
since C l a r k (1960a & b) used the x-ray spacing method i n h i s 
experimental s t u d i e s . However, i n the f u t u r e i t w i l l pro
bably be important to know the p o s i t i o n of t h i s curve more 
a c c u r a t e l y when the e l e c t r o n microprobe and p o s s i b l y other 
techniques are used to determine a r s e n o p y r i t e compositions. 

In t h i s study, x-ray measurements of the d,_,_* spacing 
were i n general f a i r , but some a r s e n o p y r i t e s gave very poor 

0 

6^(131) peaks. A ± .0004A d e v i a t i o n i s a reasonable value 
f o r the p r e c i s i o n of most measurements. Some 131 peaks, 
n e v e r t h e l e s s , are very broad and o n l y an average "compo
s i t i o n " could be determined. I t i s p o s s i b l e that t h i s 

1 Some of the samples studied by Morimoto and C l a r k con
t a i n s i g n i f i c a n t amounts of minor elements. 
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broadening i s due to zoning. Some compositional v a r i a t i o n s 
were noted i n microprobe analyses but r e g u l a r zonal patterns 
have not been v e r i f i e d . 

Reasonable ranges of PT c o n d i t i o n s f o r a r s e n o p y r i t e 
I n t i m a t e l y a s s o c i a t e d w i t h i r o n s u l f i d e s are given i n Table 
15. Ranges were only estimated f o r these samples because 
there i s no j u s t reason to expect th a t the other a r s e n o p y r i t e s 
had obtained e q u i l i b r i u m w i t h a p a r t i c u l a r i r o n s u l f i d e . 
Even inti m a t e i n t e r g r o w t h i s not c o n c l u s i v e evidence th a t 
these minerals c r y s t a l l i z e d i n e q u i l i b r i u m , but i t i s the 
only c r i t e r i o n that i s a v a i l a b l e . 

I t i s very d i f f i c u l t t o e s t a b l i s h the exact paragenetic 
r e l a t i o n s between p y r i t e and a r s e n o p y r i t e . Many deposits 
c o n t a i n abundant h i g h l y f r a c t u r e d and veined p y r i t e and 
a r s e n o p y r i t e , i n d i c a t i n g t h a t these minerals probably had 
comparable h i s t o r i e s . However, there i s evidence t o suggest 
that p y r i t e and a r s e n o p y r i t e were a l s o deposited d u r i n g l a t e r 
episodes. For example terminated a r s e n o p y r i t e and p y r i t e 
c r y s t a l s i n vugs are reasonably abundant and there are a l s o 
a r s e n o p y r i t e " v e i n s ? " that a p p a r e n t l y cut other s u l f i d e s . 
Such an example i s a r s e n o p y r i t e i n sample 65-^1. In hand 
specimen i t appears to be i n a v e i n t h a t cuts both s p h a l 
e r i t e and p y r r h o t i t e , but the high power of c r y s t a l l i z a t i o n 
of a r s e n o p y r i t e makes i t d i f f i c u l t t o evaluate t h i s r e l a t i o n 
s h i p under the microscope. I t i s s i g n i f i c a n t , however, tha t 
t h i s and other samples removed from the r e g r e s s i o n a n a l y s i s 
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(Figure 50) do not c o n t a i n the v e i n l e t s of other s u l f i d e s 
t h a t are so numerous i n a r s e n o p y r i t e from other ores. 
Despite the l a c k of evidence on the exact d e p o s i t i o n a l t i m 
i n g of these minerals, C l a r k ' s work (1960a & b) i n d i c a t e s 
t h a t e i t h e r the a r s e n o p y r i t e and/or p y r i t e was formed below 
4 9 l l l 2 d C 1. 

In a l l p o l i s h e d s e c t i o n s c o n t a i n i n g abundant i n t e r -
grown a r s e n o p y r i t e and p y r r h o t i t e , the p y r r h o t i t e veins and 
replacesthe a r s e n o p y r i t e . Therefore, there i s some doubt 
whether a r s e n o p y r i t e c r y s t a l l i z e d i n e q u i l i b r i u m w i t h p y r r 
h o t i t e . The d i s t r i c t - w i d e d i s t r i b u t i o n of p y r r h o t i t e and 
p y r i t e suggests, however, that most of the a r s e n o p y r i t e i n 
the barren and intermediate zones probably c r y s t a l l i z e d i n 
e q u i l i b r i u m w i t h p y r r h o t i t e r a t h e r than p y r i t e . F a i l i n g 
c o n c l u s i v e evidence f o r e q u i l i b r i u m of a r s e n o p y r i t e w i t h 
a s s o c i a t e d i r o n s u l f i d e s , i t i s s t i l l reasonable t o expect 
that most i f not a l l a r s e n o p y r i t e of the d i s t r i c t c r y s t a l l 
i z e d near i t s s u l f u r - r i c h l i m i t ( C l a r k , i 9 6 0 ) . 

D i s t r i c t - w i d e V a r i a t i o n s i n the Composition of A r s e n o p y r i t e 

Figure 50 shows the a r s e n i c content of a r s e n o p y r i t e 
p l o t t e d a g a i n s t the approximate d i s t a n c e from the metamor
phic f r o n t . I f samples 6 ^ - 5 8 , 6 5 - ^ 1 , 6 5 - 7 1 , and 65-117 are 

removed, i t i s apparent that there i s a reasonably s y s t e 
matic decrease i n the a r s e n i c content outwards i n the d i s t r i c t . 

1 This i s a t 1 bar. At higher pressures t h i s temperature 
i s s l i g h t l y h i gher. 
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- 4 0 0 0 - 2 0 0 0 0 +2000 +4000 +6000 *8000 
Distance f rom metamorph ic f r o n t , in feet 

FIG.50-VARIATION IN THE As CONTENT OF ARSENOPYRITE AWAY FROM 
THE METAMORPHIC FRONT 

This v a r i a t i o n a t present seems most probably due to a de
crease i n temperature, Nevertheless, the change could r e f l e c t 
a decrease i n l i t h o s t a t i c pressure s y s t e m a t i c a l l y away from 
the center of the d i s t r i c t , but t h i s i s u n l i k e l y since most 
of the d e p o s i t s studied i n the outer areas are at lower 
e l e v a t i o n s than those i n the i n n e r zones. Another i n t e r e s t 
i n g p o s s i b i l i t y i s that ore s o l u t i o n s decreased i n pressure 
outwards because of successive zones of t h r o t t l i n g . De
terminations of the temperature of a r s e n o p y r i t e d e p o s i t i o n 
by some independent means would shed l i g h t on t h i s p o s s i b i l 
i t y . 



I f one assumes that the decrease In a r s e n i c content of 
ars e n o p y r i t e corresponds to a decrease i n temperature, that 
the pressure was reasonably constant, and that most arseno
p y r i t e c r y s t a l l i z e d near i t s s u l f u r - r i c h l i m i t , from Figure 
51 i t i s p o s s i b l e to evaluate the general PT c o n d i t i o n s of 
the d i s t r i c t . The t r a n s i t i o n from arseno p y r i t e (min. 
about I . 6 3 2 0 ) i n the intermediate zone associated with p y r r 
h o t i t e without p y r i t e to ar s e n o p y r i t e (max. ^ - ^ 1 ) a t ) 0 u t 

1 . 6 3 1 9 ) i n the outer zone associated w i t h p y r i t e with or 
without p y r r h o t i t e might correspond to c r o s s i n g of the a r 
senopyrite + p y r i t e + p y r r h o t i t e + l i q u i d u n i v a r i a n t curve 

400 500 600 700 

Fig.51-Litics of constant 131 spacing, 
and As:S ratio, projected from the 
sulphur-rich F - T - X surface of the 
arsenopyrite stability field, and plot
ted as contours on the P-T project ion. 
The upper stability curve of the 
pyrito-nrsouopyrite assemblage (L. A. 
Clark, 1960 a) is also shown; the 
contour positions on the low-tempe
rature side of this curve tiro app
roximate because pressure data were 
not obtained below 500"'C. (After 

L . A. Clark, 1900 b). 
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i n the Fe-As-S system. From Figure 51 i t i s apparent that 
the u n i v a r i a n t curve would be crossed somewhere i n the v i c 
i n i t y of 2000 bars. Most i n d i v i d u a l estimates of temperatures 
and pressures a l s o i n d i c a t e h i g h pressures of formation 
(Table 15). For rocks w i t h a d e n s i t y about 2.7 , a l i t h -
o s t a t i c pressure of 2000 bars i s equivalent to a depth of 
about 5 m i l e s . Since rocks of the d i s t r i c t have not been 
r e g i o n a l l y metamorphosed above lowest g r e e n s c h i s t f a c i e s , 
and since drusy c a v i t i e s are common i n many v e i n s , such a 
pressure seems excessive. Because general geologic r e l a 
t i o n s h i p s do not seem compatible w i t h deep b u r i a l , the 
w r i t e r i s r e l u c t a n t to accept such h i g h pressures of f o r 
mation. Nevertheless, i t i s i n t e r e s t i n g to e n t e r t a i n the poss
i b i l i t y t hat ores of the d i s t r i c t formed under h i g h pressures. 

F l u i d I n c l u s i o n s 
An extensive search was made to f i n d f l u i d i n c l u s i o n s 

s u i t a b l e f o r geothermometry. Thermometric i n f o r m a t i o n 
gained from such i n c l u s i o n s would a i d g r e a t l y i n the i n t e r 
p r e t a t i o n of the s u l f i d e r e l a t i o n s . Many po l i s h e d " t h i c k " 
s e c t i o n s ( s l i g h t l y g reater than 3 mm) were made of quartz 
and transparent s p h a l e r i t e , but usable m a t e r i a l ?jas hard 
to f i n d . The quartz studied was almost devoid of i n c l u s i o n s 
or had a maze of secondary i n c l u s i o n s . The s p h a l e r i t e gen
e r a l l y contained only very s m a l l , dark i n c l u s i o n s which 

were very d i f f i c u l t to see Into because of t o t a l r e f l e c t i o n 

from t h e i r w a l l s . Moreover, since w e l l developed growth 
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zoning i s r a r e i n e i t h e r m i n e r a l , and sin c e many of the i n 
c l u s i o n s are alig n e d along c r y s t a l l o g r a p h i c planes that 
could not be r e l a t e d to c r y s t a l f a c e s , primary i n c l u s i o n s 
could not be d i s t i n g u i s h e d from secondary or "pseudo-se
condary" i n c l u s i o n s (Roedder, 1965)• Nevertheless, the 
w r i t e r f e e l s that many i n c l u s i o n s , e s p e c i a l l y i s o l a t e d ones, 
are probably primary. 

Besides the l i m i t a t i o n s set by the nature of a v a i l a b l e 
m a t e r i a l , the study was a l s o hampered by problems i n c a l i 
b r a t i n g the h e a t i n g stage. The main problem l a y i n the 
f a c t t h a t the thermocouple used f o r temperature measurement 
conducted much more heat i n t o the c e l l than did the a i r sur
rounding the sample. Prom metals and a l l o y s w i t h known 
me l t i n g p o i n t s , i t was determined that the thermocouple 
was g e n e r a l l y from 10 to 60 degrees h i g h e r i n temperature 
than the sample. Some samples that were placed c l o s e to the 
upper window of the c e l l , on the other hand, were a c t u a l l y 
lower i n temperature than the thermocouple. The poor r e 
p r o d u c i b i l i t y of the r e s u l t s precluded accurate measurement 
of f l u i d i n c l u s i o n f i l l i n g temperatures. 

Despite the severe l i m i t a t i o n s placed on t h i s study, 
some s i g n i f i c a n t d i s c o v e r i e s were made. I t was found that 
many of the i n c l u s i o n s i n quartz from the molybdenum deposit 
contain daughter min e r a l s . Transparent cubes, such as the 
one shown i n Figure 52, are by f a r the most common. Since 

these cubes have r e l a t i v e l y slow r a t e s of s o l u t i o n on hea t i n g 



124 

i t can ba expected that they are NaCl r a t h e r than KOI. The 
presence of a s a l t daughter mineral i n d i c a t e s that the so
l u t i o n contained greater than 40 equivalent weight per cent 
NaCl (Roedder, 1 9 6 5 ) . This means that some of the ore so
l u t i o n s were very concentrated b r i n e s r a t h e r than r e l a t i v e l y 
d i l u t e hydrothermal s o l u t i o n s . The absence of daughter 
minerals i n other i n c l u s i o n s , however, i n d i c a t e s v a r i a b i l i t y 
i n c o n centrations of the s o l u t i o n s . Roedder and C r e e l (1966) 

have noted s i m i l a r b r i n e - f i l l e d i n c l u s i o n s i n quartz from 
Bingham, Utah, and Roedder (1967) s t a t e s that very concen
t r a t e d s a l i n e s o l u t i o n s are a c h a r a c t e r i s t i c f e a t u r e of por
phyry copper d e p o s i t s . 

Although most of the daughter minerals are cubes, t r a n s 
parent c r y s t a l s w i t h a c i c u l a r and other h a b i t s have been 
observed. In one i n c l u s i o n i n q u a r t z , there are small opaque 
specks, and i n one i n s p h a l e r i t e from the S i l v e r Creek prop
e r t y there i s a cubic daughter m i n e r a l , presumably NaCl. 

Most f i l l i n g temperatures of i n c l u s i o n s i n quartz from 
the molybdenum deposit were q u i t e i n c o n s i s t e n t and ranged 
from 1 2 0 - 2 5 0 °C. For instance the f i l l i n g temperature of the 
i n c l u s i o n shown i n Figure 52 was about 1 5 0 0C o However, the 
daughter mineral p e r s i s t e d above 200°C. The w r i t e r cannot 
o f f e r a s a t i s f a c t o r y answer f o r t h i s r e l a t i o n s h i p . Even 
though i t i s o b v i o u s l y a very concentrated s a l i n e s o l u t i o n , 
a considerable pressure c o r r e c t i o n presumably has to be ap
p l i e d to the f i l l i n g temperature to determine the a c t u a l 
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F i g u r e 52 - F l u i d i n c l u s i o n w i t h a sodium c h l o r i d e daughter 
m i n e r a l . Quartz c r y s t a l (Sample 6 6 - 7 6 ) from 
s c h e e l i t e - r i c h v e i n near the outer l i m i t of 
molybdenum m i n e r a l i z a t i o n i n Climax's e x p l o r 
a t i o n a d i t , Mag. 2 0 0 x . 

Figure 53 - T y p i c a l f l u i d i n c l u s i o n s i n s p h a l e r i t e from the 
Henderson v e i n (Sample 6 ^ - 1 5 5 0 ) . Note l a r g e 
vapor bubbles, Mag. 7 0 0 x . 
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temperature of formation. 
I n c l u s i o n s shown i n Figure 53 are t y p i c a l of some found 

i n s p h a l e r i t e from the outer and intermediate zones. A l 
though f i l l i n g temperatures of these i n c l u s i o n s were not 
measured, i t can be expected tha t they would be co n s i d e r a b l y 
h i g h e r than those i n quartz from the molybdenum d e p o s i t . 
Groups of these i n c l u s i o n s seem to have s i m i l a r l i q u i d / v a p o r 
r a t i o s . 

I n some quartz c r y s t a l s from the molybdenum deposit and 
from the s u l f i d e v e i n s , groups of i n c l u s i o n s c o n t a i n h i g h l y 
v a r i a b l e l i q u i d / v a p o r r a t i o s , and some appear to be f i l l e d 
e n t i r e l y by gas. This could be an i n d i c a t i o n that b o i l i n g 
occurred d u r i n g ore d e p o s i t i o n . However, t h i s l i n e of e v i 
dence i s i n c o n c l u s i v e since v a r i a b l e l i q u i d / v a p o r r a t i o s 
could a l s o be the r e s u l t of leakage or "necking-down' of l a r g e 
i n c l u s i o n s . 
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SOME THEORETICAL CONSIDERATIONS OF ORE GENESIS 
The close s p a t i a l and temporal r e l a t i o n s h i p of the ores 

to the T e r t i a r y porphyries and to the metamorphic aureole 
presumably r e l a t e d to the T e r t i a r y p o r p h y r i e s , leaves l i t 
t l e doubt that the ores are g e n e t i c a l l y r e l a t e d to the por
p h y r i e s . But many of the d e t a i l s of the r e l a t i o n s h i p remain 
somewhat c o n j e c t u r a l . For Instance, although i t i s apparent 
that s i l i c i c magmas were the source of the heat or energy that 
drove the system, the exact nature and o r i g i n of the t r a n s 
p o r t i n g media, the source of the s u l f u r , heavy metals, and 
gangue c o n s t i t u e n t s , and the d e p o s i t i o n a l c o n t r o l s are s t i l l 
i n doubt. From the data a t hand, however, i t i s p o s s i b l e to 
o f f e r some answers to these important questions. 

Pressure Estimates of Ore Formation 
Besides p a r t i a l pressures of v o l a t i l e components, there 

are two main pressures, l i t h o s t a t i c and h y d r o s t a t i c , to be 
considered i n deducing c o n d i t i o n s of ore formation. I f the 
ore s o l u t i o n s were i n contact w i t h f r e e l y c i r c u l a t i n g ground
water then the pressure predominating would be h y d r o s t a t i c . 
But i f the s o l u t i o n s were trapped i n contact w i t h a magma 
i t i s reasonable to consider that f l u i d pressures could have 
b u i l t up to the p o i n t where they equalled or exceeded the 
l i t h o s t a t i c pressure. Pressures i n the d i s t r i c t during ore 
d e p o s i t i o n were probably between the h y d r o s t a t i c and l i t h 
o s t a t i c • 



128 
Although i t i s impossible to estimate the depth of ore 

formation by r e c o n s t r u c t i n g the s t r a t i g r a p h y , minimum depths 
can be estimated from the present topography. A l s o , arsen
o p y r i t e compositions p o s s i b l y give some I n d i c a t i o n s of pres
sures that might have e x i s t e d during ore d e p o s i t i o n . Hud
son Bay Mountain i s 8500 f e e t h i g h . Most of the ore depos
i t s occur below 5500 f e e t e l e v a t i o n and some occur below 2000 
f e e t . Therefore, i f i t i s assumed that the d e p o s i t s were 
covered by rocks at l e a s t l e v e l w i t h the top of the mountain, 
there were from 3000 to 6500 or more f e e t of cover at the 
time of ore d e p o s i t i o n . However, t h i s assumption, although 
very reasonable, may not be acceptable since the land may not 
have been f l a t while plutonism was t a k i n g place during the 
T e r t i a r y . L a t e r a l zonation i n most ores seems more marked 
than v e r t i c a l zonation; hence, i t i s a d i s t i n c t p o s s i b i l i t y 
t h a t slopes of the range during the T e r t i a r y were much the 
same as they are now. 

Prom Table 15 i t can be noted t h a t some a r s e n o p y r i t e s 
may have formed under pressures g r e a t e r than 2000 bars. I f 
these pressures were e s s e n t i a l l y l i t h o s t a t i c , and the cover 
rocks were of normal d e n s i t y (2.7), the pressure would be 
equal to a depth greater than f i v e m i l e s . Although such a 
depth based on other geologic f e a t u r e s seems excessive, 
the p o s s i b i l i t y of depths greater than f i v e miles should not 
be r u l e d out. For purposes of s p e c u l a t i o n on the processes 
of ore d e p o s i t i o n , i t Is reasonable to conclude that ores of 



129 

the d i s t r i c t could have formed a t depths ranging from two to 
f i v e m i l e s . These would be e q u i v a l e n t to l i t h o s t a t i c pres
sures of 800 and 2000 bars, and h y d r o s t a t i c pressures of 300 

and 800 bars• 

Thermal P a t t e r n i n the D i s t r i c t 
V a r i a t i o n s i n mineralogy and metal content of the ores 

i n respect t o the metamorphic aureole s t r o n g l y suggest t h a t 
a l l ores of the d i s t r i c t d e s p i t e t h e i r t i m i n g were deposited 
under the same general thermal regime. That i s , the core of 
the d i s t r i c t was r e l a t i v e l y hot and the p e r i p h e r a l parts of 
the d i s t r i c t were r e l a t i v e l y c o o l . This thermal regime was 
c o n t r o l l e d by the emplacement of T e r t i a r y p orphyries. A l 
though i t i s not p o s s i b l e to determine p r e c i s e l y the temper
ature of ore formation i n space or time, some reasonable 
temperature estimates can be made. Some of the more impor
t a n t temperature data are as f o l l o w s : 

1 . Based on the depth estimates i n the previous sec
t i o n and on reasonable geothermal g r a d i e n t s , min
imum temperatures i n the d i s t r i c t a t the time of 
ore formation were probably somewhere between 
250 and *K)0°Co 

2 . The minimum m e l t i n g temperature of water-saturated, 
g r a n i t i c magma at 2000 bars i s about 700°C. This 
i s a s a t i s f a c t o r y maximum temperature f o r most 
d e p o s i t s , 

3« The common occurrence of the assemblage magnetite 
+ p y r i t e gives a maximum temperature f o r most of 
the molybdenum de p o s i t of 675°C (Barnes and K u l 
l e r u d , 1 9 6 1 ) . 

4. K u l l e r u d (1966 ) has a l s o shown that p y r i t e and mo
l y b d e n i t e cannot c o e x i s t above 732°C, and K u l l e r u d 
and Yoder (1959) have shown that p y r i t e melts i n -
congruently a t 7^-2°C. These r e a c t i o n s f u r t h e r sub
s t a n t i a t e the maximum temperatures of ore forma
t i o n i n the molybdenum d e p o s i t . 
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5« A b s e n c e o f a r s e n o p y r i t e f r o m t h e m o l y b d e n u m 

d e p o s i t c o u l d be a n i n d i c a t i o n t h a t t e m p e r 
a t u r e s i n t h e d e p o s i t w e r e i n e x c e s s o f 5 0 0 °C , 
e x c e e d i n g t h e s t a b i l i t y l i m i t s o f a r s e n o p y r i t e 
i n a s u l f u r - r i c h e n v i r o n m e n t . H o w e v e r , t h i s 
l i n e o f r e a s o n i n g i s i n c o n c l u s i v e , s i n c e t h e 
m o l y b d e n u m d e p o s i t may h a v e e v o l v e d f r o m s o 
l u t i o n s s i g n i f i c a n t l y d i f f e r e n t i n n a t u r e f r o m 
t h o s e t h a t d e p o s i t e d t h e s u l f i d e o r e s . 

6. C o m p o s i t i o n o f a n k e r i t e i n s a m p l e 6 5 - 9 8 (p# 66) 
may be a n a c c e p t a b l e i n d i c a t i o n t h a t i t c r y s t a l 
l i z e d a b o v e k2$°C, w h i c h c o u l d be t a k e n a s a 
m i n i m u m t e m p e r a t u r e f o r m o l y b d e n u m d e p o s i t i o n 
i n t h a t a r e a , 

7 . T h e c o m p o s i t i o n o f s p h a l e r i t e a d j a c e n t t o p y r r 
h o t i t e i n s a m p l e 66-76 f r o m a t u n g s t e n - r i c h 
q u a r t z v e i n n e a r t h e o u t e r l i m i t o f m o l y b d e n u m 
m i n e r a l i z a t i o n i n d i c a t e s a p o s s i b l e t e m p e r a t u r e 
o f f o r m a t i o n i n e x c e s s o f 6 0 0 °C ( B a r t o n a n d T o u l 
m i n , 1 9 6 6 , a n d B o o r m a n , 1 9 6 7 ) . 

8. T h e common a s s e m b l a g e o f a r s e n o p y r i t e + p y r i t e 
i n d i c a t e s a maximum t e m p e r a t u r e o f a b o u t 5 0 0 °C 
f o r t h e c r y s t a l l i z a t i o n o f t h e o u t e r z o n e 
( C l a r k , 1 9 6 0 a ) . 

9« T h e t r a n s i t i o n o f t h e a s s e m b l a g e a r s e n o p y r i t e + 
p y r r h o t i t e i n t h e i n t e r m e d i a t e z o n e t o a r s e n o p y 
r i t e + p y r i t e i n t h e o u t e r z o n e m u s t h a v e o c c u r r e d 
b e l o w 5 0 0 °C ( C l a r k , 1 9 6 0 a , s e e F i g . 5*0 • H o w e v e r , 
t h e m i n e r a l o g i c t r a n s i t i o n m i g h t h a v e o c c u r r e d a s 
t h e t e m p e r a t u r e d r o p p e d b e l o w 5 0 0*C i f t h e s o l u t i o n s 
w e r e n e a r t h e p y r i t e - p y r r h o t i t e s o l v u s . 

1 0 . The c o m p o s i t i o n s o f some a r s e n o p y r i t e s f r o m t h e 
i n t e r m e d i a t e z o n e i n d i c a t e t e m p e r a t u r e s o f f o r m a 
t i o n i n e x c e s s o f 5 0 0 a C . 

1 1 . P r e s e n c e o f h y p o g e n e m a r c a s i t e a n d k a o l i n i n t h e 
o u t e r z o n e i n d i c a t e s t h a t t h i s s t a g e o f m i n e r a l 
i z a t i o n t o o k p l a c e b e l o w ^ 3 0 °C ( K u l l e r u d , 1966 
a n d R o y a n d O s b o r n e , 195*0 • 

1 2 . T e n n a n t i t e m e l t s a t 6 4 0 °C a n d t e t r a h e d r i t e a t 555°C 
w h i c h g i v e maximum t e m p e r a t u r e s o f f o r m a t i o n f o r 
t h e s e m i n e r a l s . 

13• T h e p y r r h o t i t e c o m p o s i t i o n s i n d i c a t e t h a t p r o b a b l y 
a l l t h e p y r r h o t i t e f o r m e d i n i t i a l l y a b o v e 3 0 0 °C . 

14. T h e e x s o l u t i o n o f m a t i l d i t e f r o m g a l e n a m u s t h a v e 
o c c u r r e d b e l o w 215°C ( C r a i g , 1 9 6 7 ) . 
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Although the data are not conducive to rigouous i n t e r 

p r e t a t i o n , the f o l l o w i n g g e n e r a l i z a t i o n s on temperatures of 
can be made: 

1. A l l ores of the d i s t r i c t were probably deposited 
between 250 and 700°0. 

2. The quartz v e i n stockwork of the molybdenum deposit 
probably formed between 400 and 700°C. 

3. Ores of the intermediate zone were probably formed 
between 400 and 600*0; however, there are few r e 
l i a b l e temperature i n d i c a t o r s f o r t h i s zone. 

4. Ores of the outer zone probably formed mainly i n 
the range 250-500°C. 

5. Compared to other d e p o s i t s of the d i s t r i c t temper
atures of formation of the Cu-Fe-Ag dep o s i t s were 
probably r e l a t i v e l y low but they can only be i n f e r r e d 
from general geologic r e l a t i o n s h i p s . 

The Concept of Monoascendent and Polyascendent Zoning 
Kutina (1957) proposed that zoned ores should be separ

ated i n t o monoascendent types, those derived from a s i n g l e 
period of i n t e r r u p t e d ascending s o l u t i o n s , and polyascendent 
types, those derived from i n t e r r u p t e d ascending s o l u t i o n , 
p o s s i b l y from u n r e l a t e d sources. Since h i s proposal there 
has been considerable d i s c u s s i o n of the r e l a t i v e importance 
of monoascendent and polyascendent s o l u t i o n s i n the develop
ment of zoned d e p o s i t s and d i s t r i c t s . Much of the two volumes 
generated from the symposium on "Problems of Postmagmatic Ore 
D e p o s i t i o n " held i n Prague, Czechoslovakia i s devoted to 
t h i s q u estion. 

Prom f i n d i n g s of the present study the w r i t e r would c a u t i o n 

a g a i n s t u n c r i t i c a l use of these terms. K a l l i o k o s k i (1965) has 
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noted the r i s k of obscuring the complex and v a r i a b l e nature 
of v e i n formation by u s i n g these terms, and even K u t i n a (1965a) 

has i n d i c a t e d the d i f f i c u l t y of unambiguous i n t e r p r e t a t i o n 
of geologic f e a t u r e s i n separating the two types of zoning. 

As c i t e d throughout t h i s t h e s i s , there i s ample evidence 
i n d i c a t i n g t h a t there was at l e a s t some polyascendency of 
the ore s o l u t i o n s . However, i t does not n e c e s s a r i l y f o l l o w 
t h a t polyascendency of s o l u t i o n s was r e s p o n s i b l e f o r the 
zonal d i s t r i b u t i o n of ores. Cause and e f f e c t r e l a t i o n s h i p s 
should not be f o r g o t t o n . Prom t h i s study i t appears as i f 
n e i t h e r monoascendent or polyascendent s o l u t i o n s were the 
cause of the zoning, but r a t h e r the zoning was a r e s u l t of 
a thermal-hydrothermal regime developed by the emplacement 
of T e r t i a r y I n t r u s i o n s . 

Chemical Character of Ore S o l u t i o n s i n Terms of A c t i v i t y of 
S u l f u r and Temperature 

Since most s u l f i d e r e a c t i o n s are r e l a t i v e l y i n s e n s i t i v e 
to changes i n pressure and are very s e n s i t i v e to changes i n 
the a c t i v i t y of s u l f u r and temperature, Sims and Barton (1961) 

and Barton and Skinner (1967) have shown that i t i s very con
venient to show the s t a b i l i t y f i e l d s of ore minerals on 
aS2-T diagrams. Figure 54 I s such a diagram f o r ores of the 
Hudson Bay Mountain d i s t r i c t . I t can be noted that the s t a 
b i l i t y p o s i t i o n s of the v a r i o u s types of ores are s t r o n g l y 
dependent on the temperatures used f o r p l o t t i n g . As mentioned 
above, the temperature determinations f o r ores of the d i s t r i c t 
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Shaded areas are the most probable aS 2-T regions for ores of the Hudson Bay Mtn. district. 

may be subject to r e v i s i o n ; however, i t i s reasonable to ex
pect that the p o s i t i o n s of the va r i o u s ore types w i l l not 
be changed d r a s t i c a l l y by f u t u r e work. 

The diagram serves to I n d i c a t e t h a t i t i s q u i t e reason
able to assume t h a t s u l f i d e ores of the intermediate and outer 
zones were formed l a r g e l y from monoascendent s o l u t i o n s that 
g r a d u a l l y changed i n chemical character as they migrated 
away from the c e n t r a l part of the d i s t r i c t . On the other 
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hand, i t i s e q u a l l y apparent t h a t , c h e m i c a l l y , ores of the 
Cu-Fe-Ag d e p o s i t s and molybdenum d e p o s i t , are s i g n i f i c a n t l y 
d i f f e r e n t from those of the " s u l f i d e " d e p o s i t s . Although 
i t i s not i n d i c a t e d on the diagram, i t remains a p o s s i b i l 
i t y t h a t the Cu-Fe-Ag de p o s i t s evolved from s o l u t i o n s t h a t 
produced the molybdenum deposit but t h i s i s r a t h e r u n l i k e l y . 

The exact r e l a t i o n s h i p of ores of the molybdenum deposit 
to the s u l f i d e v e i n s of the intermediate and outer zones i s 
not at a l l c l e a r . At present the w r i t e r f a v o r s the hypoth
e s i s that the s u l f i d e ores were formed at the same time or 
s h o r t l y a f t e r the development of the metamorphic aureole, 
and t h a t the molybdenum d e p o s i t , w i t h i t s pervasive a l t e r 
a t i o n and b l e a c h i n g , formed l a t e r during a more r e s t r i c t e d 
p e r i o d of magmatic a c t i v i t y . 

P o s s i b l e Mechanisms of Ore D e p o s i t i o n 
Any process that could decrease the s o l u b i l i t y of ore 

and gangue minerals could be r e s p o n s i b l e f o r ore d e p o s i t i o n . 
Since the s o l u b i l i t y of most minerals decreases w i t h temper
a t u r e , * processes which lead to a s i g n i f i c a n t l o w e r i n g of 
temperature could be e f f e c t i v e i n causing ore d e p o s i t i o n . 
M i x i n g of S o l u t i o n s 

M i x i n g of hydrothermal s o l u t i o n s w i t h ground water could 
c e r t a i n l y be an e f f e c t i v e means of c o o l i n g ore s o l u t i o n s . 
The d r a s t i c change i n the chemistry of the s u l f i d e ores near 

1 Carbonate minerals and anhydrite as shown by Holland 
(1967) are notable exceptions. Decreases i n pressure would 
be the most e f f e c t i v e way of p r e c i p i t a t i n g these m i n e r a l s . 
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the p e r i p h e r y of the d i s t r i c t could he due to t h i s process. 
As Sims and Barton (1961 and 1962) have i n d i c a t e d , such 
mixing may be accompanied by i r r e v e r s i b l e a d i a b a t i c ex
pansion ( t h r o t t l i n g ) of the s o l u t i o n s , which would f u r t h e r 
promote c o o l i n g . Even i f mixing of s o l u t i o n s occurred near 
the periphery of the d i s t r i c t , i t i s f a r l e s s probable that 
such mixing could have been important i n the c e n t r a l part 
of the d i s t r i c t . 
T h r o t t l i n g 

Barton and Toulmin (1961),- Toulmin and C l a r k (1967), 
and other authors, from t h e o r e t i c a l c o n s i d e r a t i o n s , have 
demonstrated how t h r o t t l i n g may p l a y a very important r o l e 
i n the c o o l i n g of hydrothermal f l u i d s , and hence i n causing 
ore d e p o s i t i o n . * The p r i n c i p l e may be explained as f o l l o w s : 
when a f l u i d under h i g h pressure passes through a c o n s t r i c 
t i o n to an area of lower pressure, i t i s r a p i d l y cooled by 
a d i a b a t i c expansion. Some t h r o t t l i n g must have occurred 
i n the d i s t r i c t , but i t s importance i n causing ore d e p o s i t i o n 
remains to be demonstrated. I t may have been r e s p o n s i b l e 
f o r development of ore shoots along s u l f i d e v e i n systems, 
but more important, i t could have been the main f a c t o r i n 
the l o c a l i z a t i o n of ores of the molybdenum d e p o s i t . 

The w r i t e r p r e v i o u s l y (1966) stated that f r a c t u r e s which 
are occupied by quartz veins of the molybdenum de p o s i t could 

1 S o l u b i l i t y of most substances a l s o decreases tremen
dously as d e n s i t y of a s u p e r c r i t i c a l f l u i d decreases. 
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have been "formed during c o o l i n g f o l l o w i n g thermal meta
morphism or p o s s i b l y from r e l a x a t i o n of the magmatic 
f o r c e s that caused the doming," But t h i s i s r a t h e r an un
s a t i s f a c t o r y e x p l a n a t i o n on s e v e r a l counts. I t f a i l s to 
answer the question why the prominent j o i n t s of the molyb
denum deposit (Figure 8) are not c h a r a c t e r i s t i c of other 
p a r t s of the metamorphic aureole. Moreover, the p r o f u s i o n 
of c r o s s - c u t t i n g v e i n s i n d i c a t e s t h a t the j o i n t i n g was ac
t u a l l y an i n t e g r a l p a r t of the m i n e r a l i z i n g process. 

Secor (1965) bas demonstrated, using t h e o r e t i c a l models, 
that f l u i d s under h i g h pressures, e s p e c i a l l y when they ap
proach load pressures, can be very e f f e c t i v e i n j o i n t i n g 
rocks or re-opening e x i s t i n g f r a c t u r e s . I t i s very reason
able to consider that near the magma chamber In G l a c i e r 
Gulch, f l u i d pressures b u i l t up to the p o i n t that the f l u i d s 
a c t u a l l y f r a c t u r e d the rock. As the f l u i d s migrated out 
through the f r a c t u r e s , pressures would be released and the 
s o l u t i o n s were e f f e c t i v e l y t h r o t t l e d . The r e s u l t i n g decreases 
i n temperature and pressure of the s o l u t i o n s would have pro
moted d e p o s i t i o n of ore and gangue m i n e r a l s , e v e n t u a l l y s e a l 
i n g o f f the f r a c t u r e s , again making i t p o s s i b l e f o r f l u i d 
pressures to i n c r e a s e . The banded Type I molybdenum v e i n s 
were probably formed i n f r a c t u r e s that were repeatedly 0 -

pened. This i s a very s a t i s f a c t o r y way of e x p l a i n i n g the 
l o c a l i z a t i o n of the wide and continuous Type I vei n s which 
c o n t r o l zones of higher grade molybdenum ore i n the 
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g r a n o d i o r i t e sheet approximately p a r a l l e l to the base of 
the sheet, and a main t h r u s t f a u l t . The f r a c t u r e s would 
simply have been p r e - e x i s t i n g , s t r u c t u r a l l y weak zones that 
were con t i n u o u s l y re-opened by the hydrothermal f l u i d s . 
From Figure 25 i t can be seen that at l e a s t some of the 
banded veins were re-opened. 

I n e n v i s i o n i n g such a system i t i s easy to see how the 
s o l u t i o n s of the area would have been mechanically very 
u n s t a b l e , and qu i t e v a r i a b l e i n t h e i r physicochemical na
t u r e . This i s c o n s i s t e n t w i t h the great d i v e r s i t y of v e i n 
and a l t e r a t i o n types i n the d e p o s i t . 

I f such a system were r e s p o n s i b l e f o r the development 
of the molybdenum d e p o s i t , i t i s a necessary r e q u i s i t e that 
hydrothermal f l u i d s migrated away from the magma and not 
towards i t . The short distance of t r a v e l through the v o l 
c a n i c host rocks would a l s o support the contention that 
much of the molybdenum was derived from the magma and not 
from other p a r t s of the hydrothermal system. Turekian and 
Wedepohl, 1961, i n d i c a t e that the average igneous rock of 
intermediate composition contains about 1 ppm Mo. This i s 
f a r too low to account f o r the s e v e r a l hundred to over 2,000 
ppm Mo contained i n as much as \ or p o s s i b l y 1 cubic mile 
of rock i n the molybdenum d e p o s i t . 

The t h r o t t l i n g model developed f o r the l o c a l i z a t i o n of 
the molybdenum deposit should be considered only a f i r s t 
approximation. In order to f u l l y understand the mechanisms 
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of d e p o s i t i o n one would have to know the absolute and r e l 
a t i v e temperatures of hydrothermal s o l u t i o n s and w a l l rock, 
as w e l l as the pressures i n v o l v e d . Moreover, the s a l i n i t y 
of the s o l u t i o n s would c e r t a i n l y a f f e c t the t h r o t t l i n g me
chanism. Although the necessary q u a n t i t a t i v e thermal data 
on concentrated complex s o l u t i o n s i s l a c k i n g , Toulmin and 
•Clark (p. 446, 1967) s t a t e : 

Broadly speaking, however, the thermal e f f e c t of 
t h r o t t l i n g i s g r e a t e s t i n the general v i c i n i t y of the 
c r i t i c a l p o i n t . The e f f e c t of d i s s o l v e d s o l i d s w i l l 
i n general be to d i s p l a c e t h i s r e gion to hi g h e r tem
peratures and lower pressures and so r e s t r i c t the 
reg i o n of g e o l o g i c a l l i k e l i h o o d of the t h r o t t l i n g 
process. 

Chemical C o n t r o l of Wall Hocks 
Most recent workers such as Barton and Toulmin ( 1 9 6 1 ) , 

Parker ( 1 9 6 2 ) , and Toulmin and C l a r k (1967) have concluded 
t h a t heat exchange w i t h host rocks and w a l l rock a l t e r a t i o n 
are not e f f e c t i v e means of c o o l i n g hydrothermal s o l u t i o n s . 
But t h i s does not exclude the p o s s i b i l i t y that chemical ex
change w i t h w a l l rocks could be an important f a c t o r i n de
cr e a s i n g the s o l u b i l i t y of some ore c o n s t i t u e n t s , thus l e a d 
i n g to ore d e p o s i t i o n . I t i s a w e l l e s t a b l i s h e d f a c t that l i m e -
r i c h rocks can p l a y an important r o l e i n ore d e p o s i t i o n . 
Most ores of the d i s t r i c t occur i n lime-poor rocks, but i t 
i s obvious that limestone lenses and l i m y graywackes on the 
northwest s i d e of the d i s t r i c t were very important i n l o c a l 
i z i n g ores. Here s u l f i d e s have replaced limestone near 
li m e s t o n e - v e i n i n t e r s e c t i o n s and have caused the l o c a l i z a t i o n 
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of ore shoots i n the veins where they cut these rocks. 
Such a chemical c o n t r o l on ore d e p o s i t i o n may be the reason 
why ores i n t h i s area are telescoped. 

Cu-Fe-Ag ores commonly occur i n red and purple v o l c a n i c 
rocks r i c h i n supergene or d i a g e n e t i c Iron oxides. As i n d i 
cated by the l i m i t e d s i z e of these d e p o s i t s and t h e i r a l t e r 
a t i o n h a l o s , the volume of ore s o l u t i o n was probably r e l 
a t i v e l y s m a l l . Thus they could e a s i l y have been a f f e c t e d 
by r e a c t i o n s with the w a l l rock. I t i s q u i t e p o s s i b l e that 
the i r o n oxides of the w a l l rock ( l a r g e l y hematite?) were 
e f f e c t i v e i n b u f f e r i n g the s o l u t i o n s , causing a s i g n i f i c a n t 
i n c r e a s e i n f 0 2 , thus p e r m i t t i n g the formation of the unique 
mineral assemblages. The L a s t Chance property, the only one 
of t h i s type wi t h abundant magnetite, occurs i n v o l c a n i c rocks 
that do not c o n t a i n as much hematite ( ? ) . The complete 
pseudomorphic replacement of e a r l y hematite by magnetite i n 
t h i s d e p o s i t , i n d i c a t e s t h a t r e a c t i o n s w i t h the w a l l rocks 
i n the e a r l y stages of ore d e p o s i t i o n could have caused the 
d e p o s i t i o n of hematite }but that w i t h i n c r e a s i n g hydrothermal 
a c t i v i t y , c o m p o s i t i o n s of the s o l u t i o n s were able to over
r i d e the I n i t i a l , dominating e f f e c t s of the w a l l rocks. 
S t r u c t u r a l C o n t r o l 

S t r u c t u r a l c o n t r o l of ore d e p o s i t i o n i s apparent i n the 
sense that permeable s t r u c t u r e s that had access to the hy
drothermal s o l u t i o n s were favored s i t e s f o r ore formation. 
For i n s t a n c e , ore occurs i n s u b s i d i a r y f r a c t u r e s along the 
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main f a u l t on the east and no r t h sides of Hudson Eay Moun
t a i n , and i n the sub-parallel set of f r a c t u r e s on the south
west s i d e of the mountain. These f r a c t u r e systems must have 
had access and been permeable t o the hydrothermal s o l u t i o n s . 
Ore shoots along v e i n systems were probably l o c a l i z e d main
l y i n the most permeable areas ( p o s s i b l y due to t h r o t t l i n g ) . 
V o l c a n i c and i n t r u s i v e r o cks, i n general, were b e t t e r hosts 
than sedimentary rocks, w i t h the exception of li m y r o c k s . 
The reason f o r t h i s i s simply t h a t , being more b r i t t l e , the 
former were more h i g h l y f r a c t u r e d and thus provided b e t t e r 
access routes f o r ore s o l u t i o n s . 

P o s s i b l e Model of Ore Formation i n the D i s t r i c t 
Although i t i s obvious t h a t the ore-forming processes 

i n the d i s t r i c t were very complex, i t i s p o s s i b l e to o f f e r 
a g e n e r a l i z e d model c o n s i s t e n t w i t h observed r e l a t i o n s h i p s . 
Eurnham ( 1 9 6 7 ) , based on experimental data, has given a de
t a i l e d d i s c u s s i o n of the p o s s i b l e r e l a t i o n s h i p s of hydro-
thermal f l u i d s and g r a n i t i c magmas. His diagram, shown i n 
Figure 55» can be used to trace the h i s t o r y of a hypothe
t i c a l magma as i t migrates towards the earth's s u r f a c e . I f 
i t i s assumed t h a t , a t depth, the magma contained about f i v e 
per cent H2O, then i t i s apparent that the PeK20 would equal 
P t o t a l when the P t o t a l was decreased to j u s t l e s s than three 
k i l o b a r s . At t h i s point the magma would b o i l and a water-
r i c h phase would separate as d r o p l e t s which would move up
wards . The subsequent decrease i n water content would pro
mote c r y s t a l l i z a t i o n of the magma—perhaps producing the 
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XH 2O. weight percent 

Fig.55 - Isothermal (945'C) P-X projection of the L-V boundary in the system 
NaAlSh(VH;0 showing the calculated effects of P, on P,Y..JI> of melts undersatu-
raicd with water. The solid curves are the calculated P,)i{t, isobars assuming an effec
tive molecular weight of 65.5 grams/mole, whereas the dashed isobars are for a 
molecular weight of 262 grams 'mole. The dotted curves represent isobars calculated 
using weight percent H:Oafter 8urnham(1G67) 

phenocrysts so c h a r a c t e r i s t i c of porphyry copper d e p o s i t s . 
C r y s t a l l i z a t i o n would decrease the amount of s i l i c a t e melt 
and hence promote "second D o l l i n g " which would cause a f u r 
t her separation of water from the melt. I t i s t h i s I n i t i a l 
w a t e r - r i c h phase that the w r i t e r e n v i s i o n s as f a c i l i t a t i n g 
the extensive thermal metamorphism and p o s s i b l y being r e s 
ponsible f o r s u l f i d e ores of the intermediate and outer 
zones. This thermal-hydrothermal a c t i v i t y could have pre
ceded the magma on i t s advance towards the s u r f a c e . F o l 
lowing t h i s stage, the magma or perhaps small p o r t i o n s 
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of the magma, then could continue upwards u n t i l i t reached a 
P t o t a l of about 2 k i l o b a r s , P o s s i b l y f u r t h e r i n t r u s i o n of 
the magma was i n h i b i t e d by the g r a n o d i o r i t e sheet. During 
t h i s stage the w r i t e r b e l i e v e s t h a t the bodies of magma were 
s m a l l e r than those of e a r l i e r magmas, but p o s s i b l y the amount 
of hydrothermal f l u i d being evolved was co n s i d e r a b l y g r e a t e r . 
Whereas e a r l i e r pressures of the hydrothermal f l u i d s had been 
g r a d u a l l y d i s s i p a t e d as the f l u i d s migrated away from the mag
ma, pressures of these f l u i d s were permitted to b u i l d up to 
a point of sudden r e l e a s e . This stage of a c t i v i t y caused 
development of a t h r o t t l i n g zone that l e d to formation of the 
quartz v e i n stockwork of the molybdenum d e p o s i t . 

Although as viewed here, the molybdenum deposit was 
formed a f t e r the s u l f i d e ores from s m a l l e r bodies of magma, 
the c e n t r a l p o s i t i o n i n g of a l l the magmas and the mainten
ance of a r e g i o n a l thermal-hydrothermal regime permitted the 
zonal d i s t r i b u t i o n of the ores. 

Admittedly t h i s model i s over s i m p l i f i e d but i t i s con
s i s t e n t w i t h the major f e a t u r e s of the d i s t r i c t . I t e x p l a i n s 
the r e l a t i o n s h i p of the ores to the T e r t i a r y porphyries, 
metamorphic aureole, and the o v e r a l l regime of the d i s t r i c t . 
I t a l s o e x p l a i n s the r e l a t i v e t i m i n g of the main types of 
ores; the d r a s t i c chemical, m i n e r a l o g i c , and s t r u c t u r a l d i f 
ferences between ores of the molybdenum d e p o s i t and ores of 
the intermediate zone; and i t i s c o n s i s t e n t w i t h the observed 
s p a t i a l and temporal r e l a t i o n s h i p s of porphyries and molyb
denum m i n e r a l i z a t i o n . 
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CONCLUSIONS 

A l l d e posits of the Hudson Bay Mountain d i s t r i c t are 
s p a t i a l l y , temporally, and g e n e t i c a l l y r e l a t e d to E a r l y 
T e r t i a r y porphyry i n t r u s i o n s . Most deposits were formed 
under the same general thermal regime, except perhaps the 
quartz , carbonate v e i n s of the molybdenum d e p o s i t which 
probably formed under waning c o n d i t i o n s . The o v e r a l l zon
a l p a t t e r n of ores was developed by chemical e v o l u t i o n , 
i n space and time, of hydrothermal s o l u t i o n s that migrated 
outwards from a magmatic center d u r i n g a prolonged period 
of magmatic and hydrothermal a c t i v i t y . Temporal, m i n e r a l -
o g i c , chemical, and s t r u c t u r a l f e a t u r e s of the deposits 
suggest that there were at l e a s t two main periods of ore 
d e p o s i t i o n — a n e a r l y one that l e d to the formation of the 
s u l f i d e ores and a l a t e r one that l e d to the formation of 
the molybdenum d e p o s i t . 

The s u l f i d e veins were probably synchronous w i t h the 
thermal metamorphism which r e s u l t e d from the emplacement of 
a r e l a t i v e l y l a r g e i n t r u s i o n that has not yet been unroofed. 
The formation of the molybdenum deposit coincided w i t h a 
period of pervasive hydrothermal a c t i v i t y and f r a c t u r i n g and 
the emplacement of small porphyry i n t r u s i o n s i n the G l a c i e r 
Gulch area. This r e s t r i c t e d period of magmatic a c t i v i t y 
l a r g e l y followed the period of thermal metamorphism. 

The maintenance of a r e g i o n a l thermal-hydrothermal 
regime about a magmatic center was probably the reason f o r 
the zonal d e p o s i t i o n of ores. Monoascendency and polyas-
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cendency of ore s o l u t i o n s were important i n the d i s t r i c t , 
but n e i t h e r was s o l e l y r e s p o n s i b l e f o r causing the zoning. 
The Hudson Bay Mountain area i s perhaps a s u i t a b l e example 
of a zoned d i s t r i c t i n which polyascendency of ore s o l u t i o n s 
was important. 

Most of the ore s o l u t i o n s were probably magmatically 
d e r i v e d , concentrated b r i n e s . I n t e r a c t i o n of the hot b r i n e s 
w i t h ground water near the periphery of the d i s t r i c t could 
have been the main reason f o r ore d e p o s i t i o n and the d r a s t i c 
change i n metal values and metal r a t i o s i n these areas. 
T h r o t t l i n g might a l s o have been an important f a c t o r i n caus
i n g d e p o s i t i o n of these ores. T h r o t t l i n g of f l u i d s under very 
high pressure as they were released from a magma chamber 
could have been a key f a c t o r i n the formation and l o c a l i z a 
t i o n of the molybdenum d e p o s i t . Chemical i n t e r a c t i o n of the 
ore s o l u t i o n s w i t h w a l l rocks apparently was not an impor
t a n t f a c t o r causing d e p o s i t i o n , except perhaps on the n o r t h 
west side of the d i s t r i c t where l i m e - r i c h host rocks caused 
the p r e c i p i t a t i o n of s u l f i d e s . Such a chemical c o n t r o l could 
have been r e s p o n s i b l e f o r the t e l e s c o p i n g i n t h i s area. 
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