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INTRODUCTION 

Concepts r ega rd ing  the  o r i g i n  o f  s t r a t i -  
form base  meta l  d e p o s i t s  have e v o l v e d  
cons iderably  i n  the  p a s t  decade .  The 
Beologic s e t t i n g  o f  t h i s  l a r g e  and  s i g -  
n i f i c a n t  orebody, w i t h i n  t h e  framework 

* of p l a t e  t e c t o n i c s ,  i s  of  p a r t i c u l a r  
i n t e r e s t .  Before the  language  of t h e  
new t e c t o n i c s  had evo lved ,  F reeze  
(1966) suppor t ed  t h e  view o f  earl ier 
W r k e r s  t h a t  hydro thermal  r ep lacemen t  
was impor tan t  p a r t i c u l a r l y  in t h e  west- 
ern p a r t  of t he  orebody and r ecogn ized  
t h e  s t r o n g  s y n g e n e t i c  c a s e  t h a t  c o u l d  
be made f o r  t he  l amina ted  eastern o r e s .  
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t h a t  t h e  t o u r m a l i n i z a t i o n  and o r e s  are 
s y n g e n e t i c  w i t h  bo th  a c o n t a c t  meta- 
morphic and r e g i o n a l  metamorphic ove r -  
p r i n t .  I n  d i s c u s s i n g  o r e  d e p o s i t s  from 
t h e  v i ewpo in t  of p l a t e  t e c t o n i c s ,  
Sawkins (1976)  sugges t ed  t h a t  t h e  Sul -  
l i v a n  type  d e p o s i t s  were formed a l o n g  
c o n t i n e n t a l  margins o r  t e n s i o n - r e l a t e d  
i n t r a c r a t o n i c  t roughs .  I n  an upda te  of 
t h e  view o f  t h e  mine g e o l o g i c a l  s t a f f ,  
Ransom (1977)  concluded  t h a t  t h e  o r e s  
are d e f i n i t e l y  s y n g e n e t i c ,  formed by 
b r i n e s  e n t e r i n g  the  b a s i n  a l o n g  f o o t -  
w a l l  f r a c t u r e s ,  f i r s t  deve lop ing  t h e  
boron  a l t e r a t i o n ,  t h e n  d e p o s i t i n g  t h e  
s u l f i d e  o r e s .  Came (1979)  i n  a t a b u l a -  
t i o n  of c h a r a c t e r i s t i c s  o f  sed imen ta ry -  
e x h a l a t i v e  d e p o s i t s  i n d i c a t e s  t h e  tec- 

t o n i c  c o n t r o l  at S u l l i v a n  t o  be the 
i n t e r s e c t i o n  o f  f r a c t u r e  zones a n d  
normal f a u l t  a l o n g  a p o s s i b l e  r i f t  
margin. 

This paper  reviews ev idence  f o r  t h e  
o r i g i n  of  t h e  S u l l i v a n  d e p o s i t  i n  t 
l i g h t  of  c u r r e n t  concep t s  and d a t a  3 b -  

s u l t i n g  from o u r  r e s e a r c h  on the  de; - 
s i t ,  Campbell and E t h i e r  (1977) .  Q w , -  
t i o n s  posed abou t  t he  sou rce  of t h e  .)rc. 
metals, the  sou rce  of  s u l f u r ,  t h e  en- 
virnonrnent and time of d e p o s i t i o n ,  and 
the  i m p r i n t  of subsequen t  metamorphic 
e v e n t s  (Freeze ,  1966) may be a d d r e s s e d  
i n  terms of a model which views t h e  
o r e  as p a r t  o f  a chemica l  and c l a s t i c  
sed imentary  p r o c e s s  i n  a r e g i o n  w i t h  .i 

. .  B R I T I S H  

COLUMBIA 
.....* .- I 

1’s. .. . .  

Fig.1. L o c a t i o n  of t h e  S u l l i v a n  mine, t h e  s t i p p l e d  area i n d i c a t e s  t h e  d i s -  
t r i b u t i o n  of P u r c e l l  ( H e l i k i a n )  and  o v e r l y i n g  Windermere (Hadrynian) rocks .  
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Table 1 .  Precambrian and Lower Pa leozo ic  S t r a t i g r a p h y  Kimberley-Cranbrook 
Area, B.C. [Af t e r  Price (1964), Gabr ie l se  (1972), Reesor (1957) and Hdy 
(197811 

Form t ion Thickness D e s c r i p t i o n  
Name (me t re s )  

Lowe 1; Cranb rook 180 metres conglomerate ,  q u a r t z i t e ,  
Cambrian some magnesi t e -bea r ing  

UPPe r Gateway 
Purce 11 

? m e t a - a r g i l l i t e ,  P u r c e l l  l a v a  
pebb les ,  q u a r t z i t e  pebbles  

Lower P u r c e l l  l a v a  
Purce 11 

Siyeh 

K i  t chene r 

He 11 r o a r i n g  
Creek Stock 

Purce 11 S i  11s  

Creston 

Aldridge 

Upper 

Middle 

Lower 

Aldridge 

Upper 

Middle 

Lower 

F o r t  S t e e l e  F o r t  S t e e l e  

h e - P u r c e l l  Basement Complex 

100 c h l o r i t i z e d  a n d e s i t e  flows 
(1100 M.Y.B.P.) 

6 0 0  meta -qua r t z i t e  8 meta-sil t s t o n e ,  
some l i m y ;  m e t a - a r g i l l i t e s ;  
s t romato li tes 

1200 

I900 

3700 

700 

500 

2500 

2100+ 

a l b i  t i c  g r a n o d i o r i t e  
(1300 M.Y.B.P.) 
c o n t i n e n t a l  t h o l e i i t i c  gabbro, 
q u a r t z  d i o r i t e ,  granophyre 
(1430 M.Y.B.P.) 

m e  t a-quar t z  i te & me t a - a rg i  1 1 i te  

m e  ta-q ua r t z i t e , m e  t a- a r g i 1 1 i te , 
some s i l t y ;  g r a p h i t i c  and 
carbonaceous i n  p a r t ;  some 
l amina ted ,  some r u s t y  weather ing.  
I n c l u d e s  S u l l i v a n  o r e  body and 
several smaller s t r a t i f o r m  lead- 
z i n c  d e p o s i t s  a t  t r a n s i t i o n  from 
Lower t o  Middle. P u r c e l l  s i l l s  
i n t r u d e  lower and middle parts 
of t h e  f o r n a t i o n  

me ta -qua r t z i t e  6 a r g i l l a c e o u s  
m e t a q u a r t z i t e ;  crossbedded or 
laminated;  a l s o  d o l o m i t i c  tneta- 
a r g i l l i t e .  Contains  at least  
t h r e e  upward-fining sequences;  
f l u v i a l  d e p o s i t s .  Base n o t  exposed 

(1750 M . Y . B . P . )  
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long and r e l a t i v e l y  complex g e o l o g i c  
l i i s co ry .  

h e  S u l l i v a n  is  a s t r a t i f o r m  lead-  
z i n c  d e p o s i t  i n  s o u t h e a s t e r n  B r i c i s h  
Columbia (F ig .  I )  l o c a t e d  a t  t h e  bound- 
a r y  between ehe Lower and Xiddle  A l -  
d r i d g e  Formation (He l ik i an )  and ad- 
j a c e n t  t o  the  Precambr ian-Paleozoic  
c o n t i n e n t a l  margin (?longer. 1979). The 
r e l e v a n t  s r r a c i g r a p h i c  sequence  is 
shown i n  Table  I .  The b lock  d iagram 
shown i n  F igu re  2 compiled from d a t a  
p r e s e n t e d  by Freeze  (1966). J a r d i n e  
(1966) and t h e  S u l l i v a n  Xine Geologic- 
a l  S t a f f  (1972). shows the  main f ea -  

c u r e s  o f  t h e  geology of  the  d e p o s i t .  
These are: che tou tma l ine - r i ch  f o o t -  
w a l l  i n  t h e  vest. t h e  f o o t w a l l  b r e c r i ,  
zone, t h e  f o o t w a l l  conglomera te ,  mas- 
s i v e  ore i n  che wesc o v e r l y i n g  a p y r -  
r h o t i c e - r i c h  f o o t w a l l  zone, laminilta.cl 
ores i n  che e a s t  showing d i s c i n c t  ,,rtr 
and waste bands ,  t h e  a l b i t e  hangi r : :  
w a l l  zone i n  ehe wes t ,  t h e  c e n t r a :  
c h l o r i c e  and p y r i t e  zone. and the xu1- 
l i v a n  sill complex below and i n  Lii: 
w e s t  p a r t  o f  t h e  mine. 

To f a c i l i t a t e  t h e  d i s c u s s i o n ,  tlic 
h i s t o r y  o f  t h e  d e p o s i t  w i t h i n  the  
f r a m w o r k  of t h e  b a s i n  can be viewed . L  

8 S U L F l D E  ORE 
69 PYRRWTITE 

U KBITIZATION 
0 TOURMALINIZATIOM 

ALORIWE FORMATION 
a W A L L  WUCUEPATE 
IBl FoOnnU BRECCIA 
E3 OlORlTE 

GRANOPHYAE 

n CHLORITE AND PYRITE 

SCALE IN METERS 

Fig .  2 .  Block diagram of t h e  Sullivan mine compiled , a ~ d ' . ~ ~ d , i f - i e d i F r o m  ?a_ta.:: 
p r e s e n t e d  by F reeze  (1966). J a r d i n e  (1966) and  t h e  :Siil.Li.ian 'mine g e o l o g i c a x '  
s t a f f  ( I  972) 
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s i x  c r i t i c a l  s e q u e n t i a l  s t a g e s .  In 
o r d e r ,  t h e s e  s t a g e s  c o n s i s t  o f  ( a )  
Lower A l d r i d g e  b a s i n  s e d i m e n t a t i o n ,  
(b)  f o o t w a l l  c o l l a p s e ,  ( c )  f o o t w a l l  
c o n g l o m e r a t e  d e p o s i t i o n ,  ( d )  s u l f i d e  
d e p o s i t i o n ,  e )  h a n g i n g  w a l l  d e v e l o p -  
ment, a n d  ( f  metamorphism.  

THE LOWER ALDRIDGE BASIN SEDIMENTATION 

me Lower A l d r i d g e  F o r m a t i o n  was depo-  
s i t e d  i n  a n o r t h - s o u t h  t r o u g h  on a 
Precambr ian  b a s e m e n t  as t h e  l o w e r m o s t  
p a r t  o f  a m i o g e o c l i n a l  wedge. F i g u r e  3 
(a )  d e p i c t s ,  i n  a d i a g r a m m a t i c  east-  
west c r o s s - s e c t i o n ,  t h e  r e l a t i o n s h i p  
oE t h e  Lower A l d r i d g e  t o  t h e  F o r t  
S t e e l e  F o r m a t i o n  a n d  t h e  b a s e m e n t ,  
based on work by Edmunds (1973,  1 9 7 7 ) ,  
H a r r i s o n  ( 1973) .  R e e s o r  ( l 9 5 7 ) ,  a n d  
Price ( I  9 6 4 ) .  

The Lower X l d r i d g e  c o n s i s t s  o f  v e r y  
f i n e - g r a i n e d  c l a s t i c  s e d i m e n t s  f r o m  a 
source  area o f  low r e l i e f  t o  t h e  s o u t h  
and e a s t .  This s e q u e n c e  formed i n  d e e p  
u a t e r  beyond t h e  f r o n t  o f  a p r o g r a d i n g  
d e l t a  which  i s  now t h e  F o r t  S t e e l e  
Formation ( P r i c e ,  1964) .  The r o c k s  
show g r a d e d  b e d s  a n d  c u r r e n t  f e a t u r e s ,  
and many have  a t u r b i d i t y  c u r r e n t  o r i -  
g in  (Bishop e t  a l .  (1970) ,  M o r r i s  
( 1 9 7 2 ) ,  Edmunds ( 1 9 7 3 ) ,  Hby ( 1 9 7 8 ) ) .  
Carbon-r ich l a m i n a t i o n s  and  a c c e s s o r y  
p y r r h o t i t e  a s  l a m i n a t i o n s  a n d  d i s s e m i -  
n a t i o n s  are b o t h  c h a r a c t e r i s t i c  o f  t h e  
sequence.  The s e d i m e n t a t i o n  rates f o r  
Lower A l d r i d g e  s e d i m e n t s  must  have 
been v e r y  low,  on t h e  o r d e r  o f  1 t o  
2 cm p e r  1000 y e a r s .  T h i s  estimate i s  
based on t h e  3800 m o f  s e d i m e n t s  de-  
p o s i t e d  i n  t h e  250 M.Y. f rom t h e  time 
Of t h e  p r e - P u r c e l l  basement  ( I 7 5 0  

~~ ~~- w 

Fig. 3. D i a g r a m t i c  s e q u e n c e  of e v e n t s .  
(a) Lower A l d r i d g e  time (b)  i n i t i a l  
c 0 1 1 a p s e b re c c i a ,  b o r on - r i c h s e d i men t 
s t i p p l e d ,  ( c )  f o o t w a l l  c o n g l o m e r a t e  
Stage (d)  s u l f i d e  d e p o s i t i o n ,  s u l f i d e s  

u p p e r  l a y e r  ( e )  h a n g i n g  w a l l  
s t a g e ,  ( f )  metamorphic  s t a g e  s h o w i n g  
i n t r u s i o n  o f  t h e  S u l l i v a n  s i l l  ( 1 4 3 0  
:my.) a n d  t h e  H e l l r o a r i n g  C r e e k  g r a n i t -  
LC s t o c k  (1300 m.y.) 

F. METAMORPHK: STAGE (1430-1300 M Y . )  
-~ 

LOWER 
ALLRIDGE 

B R I N E  

E. HANGING WALL STAGE M450 M.Y L 

LOWER 
ALORIDGE 

BORON 

c. FOOTWALL CONGLOMERATE STAGE 

LOWER 
LDRIOCE 

BOROM 

8. INITIAL COLLAPSE BRECCIA 

A. LOWER ALDRIMW TIME 
wsot Eosr 
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M.Y.B.P.) to  t h e  d e p o s i t i o n  o f  t h e  o r e  
a t  1500 M.Y. 

S e v e r a l  f e a t u r e s  o f  t h e  Lower A l -  
d r i d g e  b a s i n  are germane to an under- 
s t a n d i n g  o f  o r e  format ion .  Among these  
is  t h e  no r th - sou th  o r i e n t a t i o n  o f  t h e  
d e p o s i t i o n a l  t rough;  a l though  t h e  o r i g -  
i n a l  b a s i n  may o r  may n o t  have been 
f a u l t  bounded, no r th - sou th  t r e n d i n g  
f a u l t i n g  d u r i n g  d e p o s i t i o n  ? robab ly  
i n f l u e n c e d  t h e  l o c a t i o n  of upwel l ing  
me ta l - r i ch  b r i n e s .  Secondly,  wide- 
s p r e a d  e v i d e n c e  of carbonaceous materi- 
a l  [bo th  d i s s e m i n a t e d  and as l a m i n a t e s )  
i n d i c a t e s  r e c u r r i n g  e u x i n i c  c o n d i t i o n s  
(Huebschman (1973).  Edmunds (1977)1, a 
s t a t e  v i t a l  t o  t h e  b i o g e n i c  r e d u c t i o n  
o f  s u l f u r  (Rickard.  1973). T h i r d l y ,  
t h e  p r e s e n c e  o f  p y r r h o t i t e  th roughout  
t h e  Lower Ald r idge  b a s i n  demons t r a t e s  
t h e  a b i l i t y  o f  t h e  b a s i n  t o  produce 
reduced  s u l f u r .  The p y r r h o t i t e  i s  syn- 
g e n e t i c  [Huebschman (1973).  Campbell 
e t  a l .  ( 1 9 8 O ) I .  and t h e r e  i s  no  e v i -  
dence  t h a t  i t  w a s  o r i g i n a l l y  d e p o s i t e d  
as p y r i t e  and  subsequen t ly  a l t e r e d .  A 
s i m i l a r  c o n c l u s i o n  h a s  been reached  
r e g a r d i n g  p y r r h o t i t e  a t  Mount Isa 
(Finlow-Bates e t  a l . .  1977). 

FOOTldALL COLLAPSE 

The b r e c c i a  zones i n  t h e  f o o t w a l l  o f  
t h e  S u l l i v a n  d e p o s i t  were s t u d i e d  by 
J a r d i n e  (1966) and i l l u s t r a t e d  by the  
S u l l i v a n  mine g e o l o g i c a l  s t a f f  (1973). 
Ransom (1977) conc ludes  t h a t  t h e  brec-  
c i a  a n d  conglomera te  were formed i n  a 
l o c a l i z e d  zone o f  e x t e n s i o n .  Although 
i n  d e t a i l  t h e  b r e c c i a  zones are com- 
p l e x ,  they  a p p e a r  t o  have been t h e  re- 
s u l t  o f  l o c a l  f r a c t u r i n g  a long  n o r t h e r -  
l y  t r e n d i n g  zones and a s s o c i a t e d  co l -  
l a p s e  f e a t u r e s ,  as i l l u s t r a t e d  i n  
F igu re  3b. I t  i s  v i s u a l i z e d  t h a t  boron- 
r i c h  f l u i d s  moved up a l o n g  t h e  f r a c -  
t u r e s  and  produced  boron-r ich  sed imen t s  
i n  and a d j a c e n t  t o  t h e  zone o f  c o l -  
l a p s e .  These boron-r ich  sed imen t s  take 
t h e  form o f  tou rma l ine - r i ch  laminates 
which are i n v a r i a b l e  bedded and  show 
no e v i d e n c e  t h a t  t ou rma l ine  is  ep ige -  
n e t i c  (F ig .  4 ) .  The tou rma l ine  o c c u r s  
as f e l t e d  masses o f  m i c r o c r y s t a l l i n e  

n e e d l e s  a l t e r n a t i n g  wi th  graded pyr -  
r h o t i t e - r i c h  l amina t ions  (Fi.8. 4 d ) .  
Fu r the r  t e x t u r a l  and chemical d e t a i l s  
a r e  provided  by E t h i e r  and Campbell 
(1977). 

The n a t u r e  of t h e  b r e c c i a  and the  
a s s o c i a t e d  i n t r o d u c t i o n  of boron i s  
taken  as ev idence  of  a r i f t  a s s o c i . . t c , j  
w i t h  a thermal  anomaly. The ev iden t  
i n d i c a t e s  t h a t  t h e  boron was i n t r o i :  I < -  

ed  by a thermal  b r i n e  c i r c u l a t i o n  :;..;- 
tern e i t h e r  a s  a product  of a g r a n i t i c  
magma degass ing  a t  g r e a t  depth  O K  w . 1 ~  

gleaned  from t h e  sed imentary  p i l e  and 
c o n c e n t r a t e d  i n  t h e  same way as t h e  
rwtals. 

0201 (1977) reviewed the  volcano-  
genic-sedimentary occur rences  of bur ,v  
c o n c e n t r a t i o n s  and concluded t h a t  t ! ! G  

r eg ions  above subduct ion  zones a r e  
e n r i c h e d  i n  boron whi le  v o l c a n i c  p:! i 

and hydrothermal s o l u t i o n s  a s s o c i a t .  1 
w i t h  mid o c e a n i c  r i d g e s  and c o n t i n e : . -  
t a l  r i f t s  a r e  low i n  boron. H e  c i t e s  
wes te rn  North America a s  :an anomaluus 
boron-r ich  area above the  subduct iu t i  
zone. B a s a l t i c  l a v a s  i n  the a r e a  were 
c o n t r o l l e d  by r i f t i n g  and bimodal s e -  
ries of v o l c a n i c  rocks a r e  a lso p r e -  
s e n t .  

FOOTWALL CONLZOMERAIE DEPOSITION 

The f o o t w a l l  conglomerate was d e p o s i l -  
ed  w i t h i n  t h e  c o l l a p s e  a r e a  and ove r -  
l a p s  the  u n b r e c c i a t e d  f o o t w a l l  t o  the  
e a s t  (F ig .  3c) .  The c o n g l o w r a t e  i s  
l o c a l l y  d e r i v e d  from ripped-up semi- 
l i t h i f i e d  c l a s t s  o f  Aldr idge  m a t e r i a l .  
E x o t i c  c l a s t s  are completely a b s e n t .  
The fragments a r e  poor ly  s o r t e d  and 
a n g u l a r ,  r ende r ing  the unambiguous 
d i s t i n c t i o n  between b r e c c i a  and cong- 
lomera te  d i f f i c u l t .  

The conglomerate i n  p l a c e s  c o n t a i i i .  
tourmal ine  and a t  o t h e r  l o c a t i o n s  i s  
f r e e  of tourmal ine .  In a t y p i c a l  t ou r -  
mal ine- r ich  smaple the  pebb les  may 
show i n t e r n a l  l amina t ions  i n d i c a t i n g  
the  sou rce  t o  be a boron-rich l amina te  
(Fig. 5 ) .  The m a t r i x  o f  such a sample 
may have a h igh  c o n t e n t  o f  p y r r h o t i t e ;  
t e x t u r a l  ev idence  i n d i c a t e s  t h e  clast . ;  
were on ly  s e m i - l i t h i f i e d  when t h e  con- 
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Fig .  5. I l l u s t r a t i o n s  o f  the  foo twa l l  conglomerate;  ( a )  Mixture of tourmal ine-  
r i c h  ( b l a c k )  c las ts  and tou rma l ine - f r ee  c l a s t s  ( l i g h t  co lou red )  (b )  m a t r i x  
and c las ts  tou rma l ine - r i ch  ( c )  va ry ing  d e g r e e s  o f  t o u r m a l i n i z a t i o n .  dark  
f r a c t u r e d  c l a s t  a t  bot tom i s  tourmal ine- r ich  compared t o  t h e  l amina te  above. 
The b l a c k  is  p y r r h o t i t e  (d)  fragment of a p y r r h o t i t e - r i c h  lamina te  i n  s e c t i o n  
shov ing  he te rogeneous  d i s t r i b u t i o n  o f  tourmal ine  (medium g rey )  

a l o c a l l y - d e r i v e d  conglomerate.  re- SULFIDE DEPOSITlON 
s t r i c t s  t h e  mechanism of g e n e s i s  for 
t h i s  u n i t .  E x t e n s i v e  t r a n s p o r t  i s  
r u l e d  o u t .  I n s t e a d .  a mechanism o f  m i l -  F igure  3d d e p i c t s  t h e  o r e  forming 
l i n g  d u r i n g  c o l l a p s e  r ead jus tmen t  and  
p o s s i b l y  mvement  and  f r a c t u r e  d u r i n g  
the  i n t r o d u c t i o n  o f  t h e  boron-bear ing  
f l u i d s  is favoured .  

above t h e  b r e c c i a  and conglomera te  
zones and e x t e n d i n g  e a s t  and w e s t  o f  
t hese .  During t h i s  phase a dense  metal- 
r i c h  b r i n e ,  p o s s i b l y  s imi la r  t o  t h e  
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S a t 0  t ype  I ( S a t o ,  1972),  r o s e  t h r o u g h  
t h e  f r a c t u r e s  i n  t h e  c o l l a p s e  s t r u c t u r e  
and r e a c h e d  t h e  sea f l o o r .  Edmunds 
(1977) i n  a s t a t i s t i c a l  s t u d y  o f  t h e  
Ald r idge  Format ion  p r o v i d e s  d a t a  i n -  
d i c a t i n g  t h e  l e a d  and z i n c  c o n t e n t  o f  
t h e  greywacke a n d  a r g i l l i t e  is anoma- 
l o u s l y  h i g h .  Fu r the rmore  he  c o n c l u d e s  
t h a t  t h e  l e a d  and  z i n c  are p r e c i p i t a t e d  
from c o n n a t e  waters t h a t  p a s s e d  th rough  
the  greywacke. This e v i d e n c e  s u p p o r t s  
t he  r a t h e r  b r o a d  d i s p e r s a l  of metals 
by a b r i n e  t h a t  s a t u r a t e d  t h e  a r g i l -  
l aceous  and a r e n a c e o u s  u n i t s  a d j a c e n t  
t o  t h e  f r a c t u r e s .  Based on  an i n t e r -  
p r e t a t i o n  o f  t h e  Pb i s o t o p e  d a t a  p re -  
s e n t e d  by L e  Cou teu r  (1973, 1979),  t h e  
age of  t h e  o r e  d e p o s i t  is  abou t  1500 
H.Y. This i n t e r p r e t a t i o n  a c c e p t s  t h e  
f a c t  t h a t  t h e  ore i s  o l d e r  t han  t h e  
s i l l  (1430 X . Y . )  t h a t  c u t s  t h e  o r e ,  
an$ t h e  a v e r a g e  2061?b/224Pb and 
2 0 4 P b / 2 0 4 P b  v a l u e s  f o r  seven  samples  i s  
16.52 and 15.48 ,  r e s p e c t i v e l y  ( L e  
Couteur,  1973). These  l a t t e r  r a t i o s ,  
when i n t e r p r e t e d  i n  terms o f  t h e  
models s u g g e s t e d  by Doe and  Zartman 
(1979) are c o n s i s t e n t  w i t h  a 1500 M.Y. 
age and an  o r o g e n i c  env i ronmen t .  O t h e r  
d e p o s i t s  t h a t  c o n t a i n  l e a d  i s o t o p e  
va lues  t h a t  f a l l  i n t o  t h i s  c a t e g o r y  a r e  
C a p t a i n ' s  F l a t ,  Cobar,  B a t h u r s t  and  
Kuroko a c c o r d i n g  t o  t h e  a u t h o r s .  
Fur thermore ,  L e  Cou teu r  i n d i c a t e s  t h a t  
t h e  l e a d  ( and  by ana logy  t h e  o t h e r  
me ta l s )  had  a c r u s t a l  s o u r c e  and was 
c o n c e n t r a t e d  and  t r a n s p o r t e d  by b r i n e s .  

A s t u d y  o f  s u l f u r  i s o t o p e s  from 
m i n e r a l s  t h roughou t  t h e  d e p o s i t  pro- 
duced d a t a  t h a t  are c o n s i s t e n t  w i t h  a 
marine s u l f a t e  o r i g i n  f o r  t h e  s u l f u r  
and t h e  f o r m a t i o n  o f  s y n g e n e t i c  s u l -  
f i d e s  (Campbell  e t  a l . ,  1978) .  The mod- 
e l  v i s u a l i z e d  i s  one  where a rnetal- 
r i c h ,  s u l  fu r -poor  b r i n e  is  i n t r o d u c e d  
i n t o  a e u x i n i c  env i ronmen t  i n  which 

. s u l f a t e  i s  b e i n g  reduced  t o  s u l f i d e .  
The degree  o f  openness  o f  t h i s  b a s i n  
de te rmines  t h e  rate of  r e p l e n i s h m e n t  
of t he  s u l f a t e  a n d  t h e  rate o f  reduc- 
t i o n  depends  on  n u t r i e n t  f o r  t h e  bac- 
te r ia,  s u 1 f a t e  concen t ra  t i o n ,  tempe ra- 
tu re ,  and  c a t a l y s i s  o f  chemica l  reduc- 
t i on .  The i n t e r p l a y  between t h e  rate 
of r e p l e n i s h m e n t  o f  t h e  s u l f a t e  and  
the  rate of s u l f a t e  r e d u c t i o n  p roduces  i the i s o t o p i c  p a t t e r n s  o b s e r v e d  i n  t h e  

d e p o s i t .  The i s o t o p i c  v a l u e s  are more 
n e g a t i v e  i n  terms of 634S when t h e  
rate of r ep len i shmen t  i n c r e a s e s  rela- 
t i v e  t o  t h e  r e d u c t i o n  rate and  t h e  
v a l u e s  are more p o s i t i v e  when t h e  rate 
o f  r ep len i shmen t  d e c r e a s e s  r e l a t i v e  
t o  t h e  rate of r e d u c t i o n .  The s t r a t i -  
g r a p h i c  dependence of s u l f u r  i s o t o p e s  
is  a s u b t l e  i n d i c a t o r  of t h e  changes  
i n  the  envi ronment  of  d e p o s i t i o n ,  and  
s u p p o r t s  t h e  concep t  of  b a s i n  geometry 
and  t empera tu re  c o n t r o l l i n g  t h e  s u l f i t e  
p r o d u c t i o n  and t h e r e b y  t h e  chemica l  
p r e c i p i t a t i o n  o f  t h e  s u l f i d e s .  

S u l f u r  i s o t o p e  d a t a  from p o r t i o n s  
o f  t h e  western mass ive  s u l f i d e s  (above 
t h e  b r e c c i a  zone) show anomalously h i g h  
p o s i t i v e  ~ 5 3 ~ ~  v a l u e s .  These are i n t e r -  
p r e t e d  as i n d i c a t i n g  s u l f a t e  r e d u c t i o n  
a t  h i g h e r  t e m p e r a t u r e s  and under  more 
r e d u c i n g  c o n d i t i o n s  than  i n  t h e  e a s t e r n  
zone away from t h e  b r e c c i a  and  f r a c t u r e  
sys t em (Campbell e t  a l . ,  1980).  

a ss i s t  i n  d e t a i l i n g  t h e  n a t u r e  of t h e  
ore- forming  p r o c e s s ,  which is  b a s i c a l l y  
one o f  ongo ing  v e r y  slow c l a s t i c  de- 
p o s i t i o n  w i t h  t h e  chemica l  p r e c i p i t a -  
t i o n  o f  s u l f i d e s  super imposed .  I n  t h e  
w e s t e r n  s e c t i o n ,  s u l f i d e  p r e c i p i t a t i o n  . 

overwhelmed c l a s t i c  d e p o s i t i o n  r e s u l t -  
i n g  i n  t h e  f o r m a t i o n  o f  mass ive  o r e .  
I n  t h e  eastern s e c t o r ,  t h e  o r e  i s  fine- 
l y  l a m i n a t e d  and t a k e s  t h e  form o f  f i v e  
d i s c r e t e  o r e  bands which may be t r a c e d  
th roughou t  t h i s  p a r t  of t h e  mine (Ran- 
som, 1977).  These  bands are d e s i g n a t e d ,  
i n  a s c e n d i n g  o r d e r ,  ,%in A, B ,  C ,  and  
D bands (F ig .  10). B band may be f u r -  
t h e r  s u b d i v i d e d  i n t o  a t r i p l e t  o f  smal- 
l e r  bands .  Ore bands are s e p a r a t e d  from 
e a c h  o t h e r  by waste bands which are 
a l s o  t r a c e a b l e  th roughou t  t h e  e n t i r e  
eastern s e c t o r .  

Sedimentary  f e a t u r e s  such  as s o f t  
s ed imen t  slump, g raded  beds ,  t r a n s e c -  
t i o n s  and sed imen ta ry  boudins  can  be  
obse rved  i n  t h e  e a s t e r n  l amina ted  o r e s  
(Fig.  6 ) .  I n  t h i n  and p o l i s h e d  s e c t i o n  
the  ores show c o m p o s i t i o n a l  band ing  
which r e f l e c t s  v a r i a t i o n s  i n  b o t h  t h e  
chemica l  ( s u l f i d e )  c o n s t i t u e n t s  and 
c las t ic  c o n s t i t u e n t s .  I t  is  t h e r e f o r e  
p o s s i b l e ,  f o r  example, t o  map i n  t h i n  
s e c t i o n  bands o f  s p h a l e r i t e  p l u s  musco- 
v i t e ,  fo l lowed  i n  sequence  by pyrrho-  
t i t e ,  q u a r t z  p l u s  b i o t i t e ,  g a r n e t ,  

Negascopic  and  m i c r o s c o p i c  f e a t u r e s  
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and p y r r h o t i t e .  In  some r a t h e r  rare v a r i a t i o n s  i n  mine ra l s  phases .  The con- 
p l a c e s  a lamina of  n e a r l y  p u r e  a l b i t e  facts between the  v a r i o u s  bands a l -  
i s  p r e s e n t  i n  the  sequence and i s  i n t e r -  though now c h a r a c t e r i z e d  by annealed 
p r e t e d  as r e p r e s e n t i n g  an o r i g i n a l  t e x t u r e s  are considered t o  r e p r e s e n t  
a n a l c i t e  ho r i zon  formed by t h e  sodium- o r i g i n a l  V a r i a t i o n s  i n  the  amount of 
r i c h  b r i n e  a t  a time when perhaps the  s p h a l e r i t e .  g a l e n a  and i r o n  s u l f i d e s  
system l a c k e d  enough s u l f i t e  t o  pro- p r e c i p i t a t e d  (Fig.  7a). 
duce s u l f i d e s  (Fig.  7c.d). Metal zoning i n  the  S u l l i v a n  depo- 

s i ts  has  been used as an argument f o r  
t i o n a l  banding is  demonstrated by t h e  e p i g e n e t i c  replacement (Freeze,  1966). 

In p o l i s h e d  s e c t i o n  t h e  composi- 

F ig .  6. Sedimentary f e a t u r e s  i n  the  e a s t e r n  s e c t i o n  of  the mine. ( a )  Trunca- 
t i o n  of  beds and s o f t  sediment  f l a r e  t e x t u r e s  (b) waste band with p y r r h o t i t e -  
r i c h  b l e b s  and s c h l i e r e n  i n  s i l i ca t e  u n i t s  ( c )  d e t a i l  of  s u l f i d e  ( l i g h t )  and 
s i l i c a t e  u n i t s  showing p y r i t e  boudin o f  sedimentary o r i g i n  toward base (d) 
random a l t e r n a t i o n  of  s u l f i d e  ( l i g h t )  and s i l i c a t e  (grey) u n i t s  
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Fig. 7 .  [a) T y p i c a l  s u l f i d e  banding,  lower p o r t i o n  s p h a l e r i t e  p y r r h o t i t e ;  
f i d d l e  band ga lena ,  p y r r h o t i t e ;  band o f  p y r r h o t i t e ;  upper p o r t i o n  d i s semina ted  
s u l f i d e s  (b)  Nosaic o f  a l b i t e  from hanging w a l l  a l t e r a t i o n  zone (c) sequence 
from base  o f  photograph o f  q u a r t z - s e r i c i t e ,  s p h a l e r i t e .  band o f  a l b i t e ,  
p y r r h o t i t e  and s p h a l e r i t e ,  upper p o r t i o n  s u l f i d e s  wi th  q u a r t z  and S e r i C i t e .  
Sec t ion  from C o r e  band ( d )  enlargercent  o f  c e n t r a l  p r o t i o n  o f  a l b i t e  band i n  
1 (c) t o  show d e t a i l  

However, zoning i n d i c a t e s  n o t h i n g  
about t h e  time of d e p o s i t i o n  b u t  r a t h e r  
is a r e c o r d  of metal i o n  s t a b i l i t i e s  i n  
response t o  a combinat ion of p h y s i c a l  
and chemical  f a c t o r s  i n c l u d i n g  tempera- 
t u r e  g r a d i e n t .  s u l f u r  c o n c e n t r a t i o n .  
and pH v a r i a t i o n .  F igu re  8 is a lead-  
z inc  r a t i o  map taken from Freeze 
(1966). and t h e  north-south c h a o t i c  

b r e c c i a  and f a u l t  zones shown by Jar- 
d i n e  (1966). There is some correspon- 
dence between the b r e c c i a  zones. f a u l t s  
and t h e  m e t a l  zoning. and t h i s  f a c t  h a s  
been e l a b o r a t e d  upon by Ransom (1977). 
In p a r t i c u l a r .  Pb i s  concen t r a t ed  n e a r  
t h e  b r e c c i a  zones [ i . e .  c e n t r a l l y )  and 
d e c r e a s e s  r e l a t i v e  t o  Zn toward t h e  
peKiWter o€ the  ore zone. This p a t t e r n  

-. 
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RELATIONSHIP OF BRECCIA ZONES TO Pb:Zn RATIOS 
Fig.  8. The diagram on the  l e f t  shows the b r e c c i a  zones (shaded) and s o w  of  
the major f a u l t  zones a f t e r  Ja rd ine  (1966). The diagram on t h e  r i g h t  shows 
the Pb/Zn r a t i o  map modified from d a t a  presented  by Freeze (1966).  The loop 
i n  the  l e f t  c e n t r e  of each is  t h e  p y r i t e  c h l o r i t e  zone. Sample l o c a t i o n s  and 
numbers r e l a t e d  t o  data  i n  Figure 10 

is  c o n s i s t e n t  with a syngenet ic  s e d i -  
mentary process ,  assuming ch lor ide  
metal complexing and a temperature 
g r a d i e n t  decreas ing  away from the 
f r a c t u r e s  t h a t  channelled the  hot  up- 
w e l l i n g  b r i n e .  I n  such a system i t  has  
been c a l c u l a t e d  (Helgeson, 1969) t h a t  
t h e  l e a d  c h l o r i d e  complexes, would 
break down a t  h igher  temperatures than 
the  z i n c  c h l o r i d e  complexes, l ead ing  t o  
a zonat ion of  galena-rich ( r e l a t i v e  t o  
s p h a l e r i t e )  o r e  n e a r  the  b r i n e  vents  
and galena-poor ore  toward the  edge of 
t h e  depos i t .  

The source  of the b r i n e s  is d i f f i -  
c u l t  t o  determine unambiguously. As 
previous ly  mentioned, the lead i s o t o p e s  
can be i n t e r p r e t e d  as i n d i c a t i n g  the  
metals were gleaned from the  Aldridge 
sedimentary p i l e  which i n  turn came 
from the  Churchi l l  and poss ib ly  Supe- 
r i o r  t e r r a i n  of  the Canadian Shie ld  
(Le Couteur. 1973). In the  footwal l  

b r e c c i a  zone two s i g n i f i c a n t  genchem- 
ica l  i n d i c a t o r s  i n  the  € o m  of  c a s s i -  
t e r i t e - b e a r i n g  f r a c t u r e s  (Freeze,  
1966). and minor scheel i te  mineral iza-  
t i o n  (Ransom, 1977). t end  t o  suggest  
t h a t  a g r a n i t i c  magma cont r ibu ted  a t  
least  some elements to the b r i n e .  I t  
appears  then t h a t  the  h e a t  source 
t h a t  drove t h e  b r ine  s y s t e m  was i n i t i -  
a l l y  a s s o c i a t e d  w i t h  t h e  b a s i c  t h o l e i -  
i t i c  o r  q u a r t z  d i o r i t e  magmas and then 
a g r a n i t e  t h a t  i n i t i a l l y  moved boron 
through the  ore-forming system and 
later metal-r ich b r i n e s .  

The s t r a t i g r a p h i c  dependence of 
t r a c e  element v a r i a t i o n  a l s o  documents 
a sedimentary process .  The microprobe 
w a s  used t o  s tudy manganese i n  p y r i t e ,  
s p h a l e r i t e ,  and p y r r h o t i t e  between 
laminae. h e  r e s u l t s  f o r  one sample 
taken from the A band i n  the south- 
east p a r t  of t h e  mine a r e  shovn i n  
Fig. 9. The most obvious f e a t u r e  i s  a 
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F i g .  9. Diagram o f  n m i c r o p r o b e  s e c t i o n  showing t h e  manganese c o n t e n t s  o f  t h e  
v a r i o u s  m i n e r a l s  a d j a c e n t  t o  t h e  b a n d s  i n  which  t h e y  o c c u r  

h i g h  manganese c o n t e n t  i n  b o t h  s p h a -  
l e r i t e  and  p y r r h o t i t e  i n  t h e  l a m i n a  
marked ''band 4 " .  In a d d i t i o n  i n  b a n d s  
1 ,  2 ,  5 a n d  6 where  t h e  t h r e e  s u l f i d e  
p h a s e s  were a n a l y z e d ,  t h e  bh c o n t e n t  
of  s p h a l e r i t e  > pyKKhOtite > p y r i t e  i n  
a l l  b u t  b a n d  1.  These two o b s e r v a t i o n s  
i n d i c a t e  a v a r y i n g  manganese c o n t e n t  
i n  t h e  b r i n e  d u r i n g  t h e  time t h e s e  
s u l f i d e s  p r e c i p i t a t e d  ( p r o d u c i n g  t h e  
h i g h  c o n t e n t  i n  band  4 ) ,  a n d  a t e n d e n -  
cy toward  p a r t i t i o n i n g  o f  Mn i n  t h e  
p h a s e s  i n i t i a l l y  a n d / o r  s u b s e q u e n t l y .  

I n  a d d i t i o n  t o  t h e  i n t e r l a m i n a r  
v a r i a t i o n  on t h e  m i c r o s c o p i c  s ca l e ,  
v a r i a t i o n s  i n  manganese c o n t e n t  c a n  
be shown on a l a r g e r  sca le .  Manganese 
i n  s p h a l e r i t e  was a n a l y z e d  w i t h  t h e  
m i c r o p r o b e  i n  40  samples t a k e n  f r o m  t h e  
f i v e  o r e  h o r i z o n s  a t  f o u r  s a m p l i n g  lo- 
c a t i o n s  i n  t h e  e a s t e r n  s e c t o r  o f  t h e  
o r e  body ( F i g .  8 ) .  The r e s u l t s  are  
shown i n  F i g u r e  10 a n d  s t a t i s t i c a l  
t e s t s  i n d i c a t e  t h e  manganese c o n t e n t  
i n  s p h a l e r i t e  f r o m  C a n d  D band  is s i g -  

n i f i c a n t l y  d i f f e r e n t  f r o m  t h a t  i n  t h e  
A ,  B a n d  blain band.  Thus ,  on b o t h ,  a 
m i c r o s c o p i c  a n d  megasopic  scale,  l a m i -  
n a t e d  o r e s  i n d i c a t e  v a r i a t i o n s  i n  man- 
g a n e s e  s u p p l y  w i t h  t i m e .  

H A N G I N G  WALL DEVELOPMENT 

The g e o l o g i c  c r o s s - s e c t i o n  a f t e r  t h e  
d e p o s i t i o n  of t h e  Middle  and Upper 
A l d r i d g e  i s  shown i n  F i g u r e  3e. The 
Middle  A l d r i d g e  i s  a b o u t  2300 m t h i c k  
a n d  c o n s i s t s  of AE? t u r b i d i t e s  (Bouma, 
1 9 6 2 ) ,  u n g r a d e d  c o a r s e - g r a i n e d  a r e n i  tes 
formed by a x i a l  c u r r e n t s .  A t  t h e  b e g i n -  
n i n g  of Middle  A l d r i d g e  t i m e  t h e  b a s i n  
changed  f r o m  r e s t r i c t e d  a n d  e u x i n i c  t o  
a n  o p e n  e n v i r o n m e n t .  P y r r h o t i t e  was no 
l o n g e r  as common a s y n g e n e t i c  acces- 
s o r y ,  t h r o u g h o u t  t h e  s e q u e n c e ,  w h i c h  
a c c o u n t s  for t h e  d i s t i n c t i o n  be tween 
t h e  r u s t y - w e a t h e r i n g  Lower A l d r i d g e  
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Fig .  10. S t r a t i g r a p h i c  v a r i a t i o n  o f  manganese i n  s p h a l e r i t e .  Loca t ion  o f  s ec -  
t i o n s  shown on Figure  8 

and t h e  g rey  Middle Aldr idge .  It i s  
b e l i e v e d  t h e  d e c r e a s e  i n  s u l f i t e  pro- 
d u c t i o n  accounted  f o r  t h e  c e s s a t i o n  o f  
s u l f i d e  o r e  d e p o s i t i o n .  A t  t h e  o n s e t  of 
I l idd le  Ald r idge  sed imen ta t ion ,  sodium- 
r i c h  b r i n e s  con t inued  t o  emanate from 
t h e  w e s t e r n  b r e c c i a  zone and formed 
what p o s s i b l y  w a s  an  a n a l c i t e - r i c h  
zone above t h e  orebody i n  t h e  w e s t .  
Subsequent b u r i a l  and metamorphism 
a l t e r e d  t h e  a n a l c i t e  t o  a l b i t e .  A s  was 
no ted  e a r l i e r ,  s o m  a l b i t e  w i t h i n  t h e  
o r e  i n  t h e  e a s t e r n  s e c t o r  i s  a l s o  i n t e r -  
p r e t e d  as h a v i n g  been o r i g i n a l l y  a n a l -  
c i t e .  I t  seems l o g i c a l  t o  c o n s i d e r  t h i s  
sodium-rich z e o l i t e  a s  t h e  p r e c u r s o r  of  
a l b i t e  i n  view o f  t h e  development o f  
z e o l i t e s  i n  e x h a l a t i v e  b r i n e  envi ron-  
ments and  a d j a c e n t  to  cer ta in  s u l f i d e  
d e p o s i t s  (P l imer ,  1977, I i j ima,  1972). 

The Upper Ald r idge ,  300 m t h i c k ,  i s  
t h i n  bedded carbonaceous a r g i l l i t e  and  
shows r i p p l e  marks. I t  i s  i n t e r p r e t e d  
as b e i n g  of s h a l l o w  water o r i g i n .  

METAMORPHISM 

Figure  3f shows t h e  g e o l o g i c  r e l a t i o n s  
a f t e r  t h e  S u l l i v a n  s i l l  had been  em- 

p l a c e d  benea th  t h e  orebody (1430 M . Y . !  
and t h e  H e l l r o a r i n g  Creek s t o c k  (1300 
M.Y. )  had been i n t r u d e d  s o w  20 k a  f r , ~  
t h e  mine. m e  S u l l i v a n  s i l l  i s  n o t  an 
i s o l a t e d  i n t r u s i v e  body b u t  one o f  a 
group o f  i n t r u s i v e s  t h a t  may accoun t  
f o r  up t o  h a l f  t h e  s e c t i o n  i n  t h e  
lower and middle Ald r idge  Formation 
(Edmunds. 1977a). Th i s  massive i n j e c -  
t i o n  o f  gabbro ic  and q u a r t z  d i o r i t e  
magma i m p l i e s  c r u s t a l  i n s t a b i l i t y  i n  
e x t e n s i o n  zones a l o n g  o r  a d j a c e n t  to 
c o n t i n e n t a l  margins (Sawkins, 1976).  
Hutchinson (1973) a l s o  c a t e g o r i z e d  t h i i  
e n v i r o n m n t  as one  o f  e x t e n s i o n  s i m i l a r  
to t h a t  found i n  t h e  Red Sea.  The He l l -  
r o a r i n g  Creek s t o c k  on the  o t h e r  hand 
i s  unique. I t  i s  a tourmal ine-bear ing  
a l b i t i c  g r a n o d i o r i t e  w i t h  p e g m a t i t i c  
phases .  It  conforms t o  t h e  geomt t ry  of 
the  maf ic  s i l l s  and  may be g e n e t i c a l l y  
r e l a t e d  t o  them as a l a t e  d i f f e r e n t i a t . ,  . 

Regional  metamorphism d u r i n g  the  
E a s t  Kootenay orogeny (750 M.Y.) r e s u l r -  
e d  i n  r a i s i n g  t h e  r e g i o n a l  metamorphic 
g rade  t o  g r e e n s c h i s t .  S i l l i m a n i t e  
grade  is developed  l o c a l l y .  p o s s i b l y  
as a r e s u l t  of c o n t a c t  a f f e c t s  a d j a c e n t  
to a s a t e l l i t e  of t h e  H e l l r o a r i n g  Creek 
s t o c k  on Matthew Creek. 

b u t i o n  o f ,  and phase  changes i n  the  
Metamorphism caused some r e - d i s t r i -  
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s u l f i d e s ,  a n d  m o d i f i e d  t h e  s i l i c a t e  
a s s e m b l a g e s .  I t  i s  a p p a r e n t  f rom t h e  
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  o f  g a l e n a ,  
a t  sca les  r a n g i n g  f r o m  t e n s  o f  f e e t  t o  
m i c r o s c o p i c ,  t h a t  d i s l o c a t i o n s  f o l l o w -  
i n g  d e p o s i t i o n  h a v e  c a u s e d  o r  f a c i  li- 
t a t e d  s u l f i d e  movement. A d j u s t m e n t s  i n  
t h e  w e s t e r n  sec tor  o v e r  t h e  b r e c c i a  
zone h a v e  g i v e n  r ise  t o  f o o t w a l l  a n d  
h a n g i n g  w a l l  d i s l o c a t i o n s  t h a t  demon- 
s t r a t e  p o s t - o r e  r e a d j u s t m e n t s  ( J a r d i n e ,  
1966). 

Phase  c h a n g e s  i n  t h e  s u l f i d e s  due  to 
n l c  tanlorphism i n c  l u d e  t h e  a p p e a r a n c e ,  i n  
t h e  s o u t h e a s t  s e c t o r  o f  t h e  o r e b o d y ,  o f  
p y r i t e  a n d  m a g n e t i t e  ( E t h i e r  e t  a l . ,  
1 9 7 6 ) .  Thus ,  i n  g e n e r a l  terms one  c a n  
v i s u a l i z e  a metamorphic  f l u i d  moving 
up a n d  o u t  f r o m  t h e  w e s t e r n  zone ,  
d r i v e n  p o s s i b l y  by h e a t  f r o m  t h e  S u l l i -  
van s i l l ,  a n d  a l t e r i n g  some o f  t h e  
p y r r h o t i t e  to t h e  s o u t h  a n d  e a s t  t o  
produce  t h e  m a g n e t i t e  p l u s  p y r i t e .  
This  p r o d u c e d  a s o u t h e r n  and e a s t e r n  
f r i n g e  o f  metamorphic  m a g n e t i t e .  

The s i l i c a t e  metamorphic  a s s e m b l a g e  
a l s o  shows a c h a n g e  toward  t h e  e a s t e r n  
f r i n g e .  In  t h i s  c a s e ,  w e l l  d e v e l o p e d  
manganese g a r n e t s  p l u s  c h l o r i t e  are  
a l t e r e d  t o  b i o t i t e  by a p o t a s s i u m - r i c h  
f l u i d  t h a t  i n i t i a l l y  moved o u t  f r o m  
t h e  w e s t e r n  s e c t o r  t h e n  p a r t i a l l y  o v e r -  
l a p p e d  t h e  e a r l i e r  formed g a r n e t  zone  
d u r i n g  t h e  cool ing-down s t a g e .  The 
me tamo r p  h i  c ove  r p  r i n t s ugge s t s t ha  t , 
a 1  though r e g i o n a l  m e  t amorphism h a s  
m o d i f i e d  t h e  e n t i r e  s e q u e n c e ,  t h e  s i l i -  
c a t e s  r e f l e c t  a p a t t e r n  c o n s i s t e n t  
w i t h  l oca l  h e a t i n g  f r o m  be low t h e  
w e s t e r n  r e g i o n .  I t  i s  p o s s i b l e  t h a t  
t h e  p y r i t e  c h l o r i t e  zone ( F i g .  2 )  h a s  
a metamorphic  o r i g i n  b u t  f u r t h e r  s t u d y  
w i l l  be  n e c e s s a r y  t o  d e t a i l  i t s  gene-  
s i s  a n d  h i s t o r y .  

--- 

CONCLUSION 

The area t h a t  p r o d u c e d  t h e  S u l l i v a n  
orebody e v o l v e d  o v e r  a p e r i o d  of s e v e r -  
a l  hundred  m i l l i o n  y e a r s .  I t  s t a r t e d  
wi th  t h e  d e f i n i t i o n  o f  a n o r t h - s o u t h  
b a s i n  w h i c h  h a d  a n  e x t r e m e l y  s l o w  rate 
of c l a s t i c  d e p o s i t i o n .  N o r t h - s o u t h  
t e n s i o n a l  f r a c t u r e s  a n d  a n  a s s o c i a t e d  

t h e r m a l  anomaly d i r e c t e d  b r i n e  convec-  
t i o n  a n d  l o c a l l y  r e d u c e d  o x y g e n a t i o n  i n  
t h e  c o l l a p s e d  b o t t o m  s t r u c t u r e .  The 
b r i n e  a p p e a r s  t o  h a v e  e v o l v e d  f r o m  a 
b o r o n - r i c h  s y s t e m  t o  one  r i c h  i n  m e t a l s ,  
l e a d i n g  t o  t h e  f o r m a t i o n  o f  s u l f i d e  
o r e s  when t h e s e  combined w i t h  r e d u c e d  
s u l f u r  i n  t h e  b a s i n .  The o r e  d e p o s i t i o n  
f i n a l l y  c e a s e d  ( a l t h o u g h  i t  waxed and  
waned s e v e r a l  times t o  p r o d u c e  t h e  ore 
b a n d s )  when t h e  b a s i n  s t o p p e d  b e i n g  
e u x i n i c  a t  t h e  s t a r t  o f  t h e  N i d d l e  
A l d r i d g e  time. 

t u n g s t e n  s t r o n g l y  s u g g e s t s  t h e  i n v o l v e -  
m n t  o f  g r a n i t i c  magma i n  t h i s  p r o c e s s ,  
p e r h a p s  as a l a t e  d i f f e r e n t i a t e  o f  t h e  
m a f i c  magmas t h a t  formed t h e  s i l l s .  I f  
t h i s  i s  a c c e p t e d ,  t h e n  t h e  magma cham- 
b e r  t h a t  u l t i m a t e l y  gave  b i r t h  t o  t h e  
H e l l r o a r i n g  Creek  a n d  Xat thew Creek  
s t o c k s  i s  t h e  most  l i k e l y  s o u r c e .  The 
g r e a t  s t a b i l i t y  o f  t h e  area a n d  con- 
t i n u i t y  o f  s u c h  a p r o c e s s  i s  e m p h a s i z e d  
w i t h  t h e  r e a l i z a t i o n  t h a t  t h e  b r i n e  
pump s t a r t e d  b e f o r e  1500 N.Y. a n d  t h e  
g r a n i t e  was n o t  e m p l a c e d  u n t i l  1300 
N . Y .  I t  may b e  t h a t  l o n g e v i t y  i n  terms 
o f  p r o c e s s  is  e s s e n t i a l  i n  t h e  forma- 
t i o n  o f  ore z o n e s  o f  t h e  m a g n i t u d e  o f  
Su 1 1 i v a n  . 

The p r e s e n c e  o f  b o r o n ,  t i n  a n d  

.!. t : 3 r u l ~ Z ~ ~ ~ ~ ' 3 r ? 9 , 2 t ~ .  The management of  
Cominco L t d .  k i n d l y  gave  p e r m i s s i o n  to  
s a m p l e  a t  t h e  S u l l i v a n  mine. We are 
g r a t e f u l  f o r  t h e  c o o p e r a t i o n  a n d  ongo- 
i n g  a s s i s t a n c e  o f  numerous Cominco geo- 
l o g i s t s  a t  Kimber ley .  T h i s  p r o j e c t  i s  
s u p p o r t e d  by g r a n t  No. A-1402 f r o m  t h e  
N a t i o n a l  R e s e a r c h  C o u n c i l .  
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