
LIBRARY'S COPY RECEIVED MAR - 5 

LISTWANITES AND THEIR RELATIONSHIP TO GOLD MINERALIZATION 

AT ERICKSON MINE, BRITISH COLUMBIA, CANADA 

A Thes i s 

Presented to 

The F a c u l t y of 

Western Washington U n i v e r s i t y 

In P a r t i a l F u l f i l l m e n t 

Of the Requirements f o r the Degree 

Master of Sc ience 

by E r i c Dussel1 

January, 1986 

C O R D I L L E H A N G E O L O G Y L I B R A R Y 
G E O L O G I C A L S U R V E Y O F C A N A D A 
100 W E S T P A N D E R ST., 5th F L O O R 
V A N C O U V E R R C , C A N A D A 
V6B 1R8 

--------
021688



C O R D I L L E R A N G E O L O G Y L I B R A R Y • 
G E O L O G I C A L S U R V E Y O F C A N A D A 
100 W E S T P E N D E R ST., 5th F L O O R 
V A N C O U V E R , B.C., C A N A D A 
V6B 1R8 

L ISTWANITES AND THEIR RELAT IONSH IP TO GOLD 

M INERAL IZAT ION AT ERICKSON M INE, BR IT I SH 

COLUMBIA, CANADA 

by 

E r i c D u s s e l 1 

• 

A c c e p t e d i n P a r t i a l C o m p l e t i o n 
o f t h e R e q u i r e m e n t s f o r t h e D e g r e e 

M a s t e r o f S c i e n c e 

Dean o f G r a d u a t e S c h o o l 

ADVISORY COMMITTEE 

C o - C h a i r m a n V " 

C o - C h a i r m a n 



CORDLUJEE.AN G E O L O G Y I ! 3 R A R V 
G E O L O G I C A L S U R V E Y O F C A N A D A 
100 VVtST P E N D E R ST., 5th F L O O R 
V A N C O U V E R , B.C., C A N A D A 
V 6 B 1 R S 

ABSTRACT 

" L i s t w a n i t e s " are s i l i c a - c a r b o n a t e metasomatic rocks d e r i v e d by the 

hydrothermal a l t e r a t i o n of s e rpen t i n i zed u l t r a m a f i c s . Because l i s t w a n i t e s 

host or are s p a t i a l l y a s soc ia ted wor ld-wide w i th mercury, g o l d , n i c k e l , 

c o b a l t and tungsten depo s i t s , i t i s probable that they c o n t r i b u t e to the 

process of ore f o r m a t i o n . 

E r i c k son Go ld Mine, l oca ted in northernmost c e n t r a l B r i t i s h Co lumbia, 

Canada, c o n t a i n s g o l d - q u a r t z v e i n s w h i c h c u t numerou s b o d i e s o f 

l i s t w a n i t e . Go ld v a l u e s are f r e q u e n t l y higher i n those po r t i on s of quar tz 

v e i n s wh i ch c u t o r d i r e c t l y u n d e r l i e a l i s t w a n i t e body. The main 

o b j e c t i v e o f t h i s s t u d y i s t o de te rm ine how the l i s t w a n i t e s at E r i c k s o n 

might have c o n t r o l l e d or a f f e c ted gold m i n e r a l i z a t i o n . 

From thermodynamic c a l c u l a t i o n s based upon a m i n e r a l o g i c a l and f l u i d -

i n c l u s i o n s t u d y o f t he E r i c k s o n l o d e s , i t was d e t e r m i n e d t h a t g o l d was 

t r a n s p o r t e d p r e d o m i n a n t l y as the b i s u l f i d e c o m p l e x , A u ^ H S " ^ i n a 

moderately s a l i n e ore s o l u t i o n . 

I t i s proposed t ha t the ore s o l u t i o n i n f i l t r a t e d and metasomatized 

bodies of p a r t i a l l y s e r pen t i n i z ed p e r i d o t i t e , produc ing a m i n e r a l o g i c a l l y 

zoned r o c k c a l l e d " 1 i s t w a n i t e " . G o l d p r e c i p i t a t i o n was t r i g g e r e d by a 

decrease i n the s u l f u r a c t i v i t y r e s u l t i n g from chemica l r e a c t i o n s s e t up 

by f l u i d m i x i n g . T h i s p r o c e s s may account f o r t h e common a s s o c i a t i o n 

between l i s t w a n i t e s and go l d -qua r t z depos i t s e l sewhere. 
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INTRODUCTION 

" L i s t w a n i t e " ( a l t . l i s t v e n i t e ) i s a term co ined by A. Holmes in 1928 

(Diakow and P a n t e l e y e v , 1981) f o r a p r e d o m i n a n t l y s i l i c a - c a r b o n a t e 

m e t a s o m a t i c r o c k c o n t a i n i n g t h e c h r o m i f e r o u s m i c a , m a r i p o s i t e . 

L i s t w a n i t e s c h a r a c t e r i s t i c a l l y d i s p l a y minera l o g i c a l zoning (Shcherban 1 

and B o r o v i k o v a , 1969) and f r e q u e n t l y ho s t a v a r i e t y o f o r e m i n e r a l s 

( S t u l ' c h i k o v and o the r s , 1982). A l though a comprehensive l i t e r a t u r e has 

been amassed i n t h e more than c e n t u r y l o n g p e r i o d o f t h e i r s t udy 

^Shcherban', 1966), the term i s not w i d e l y used ou t s i de the S o v i e t Union. 

Analogous terms f o r l i s t w a n i t e s encountered e l sewhere i n the l i t e r a t u r e 

i n c l u d e " q u a r t z - m a g n e s i t e r o c k " ( S h che rban 1 , 1966, p. 488) , " s i l i c a -

c a r b o n a t e r o c k " (Hobbs and P e c o r a , 1941, p.57), " m a r i p o s i t e r o c k " 

( W i t t k o p p , 1980, p. 13) and " d o l o m i t i c v e i n " ( S t o r m s , 1899, p.363). 

With few except i on s , L i s twan i t e s are formed through the metasomatic 

a l t e r a t i o n o f s e r p e n t i n i t e s . They a re " e v o l v e d as p r o d u c t s of two 

s u c c e s s i v e s t a g e s o f t he same p r o c e s s : t h e s e r p e n t i n i z a t i o n o f 

u l t r a b a s i t e s and meta somat i c a l t e r a t i o n o f s e r p e n t i n i t e s " (Kashkai and 

A l 1akhve rd i ev , 1971, p.6). L i s t w a n i t e s occur as l en se s , v e i n s , pods and 

v e i n - l i k e bodies w i t h i n u l t r a m a f i c format ions of the " A l p i n e - t y p e " . 

L i s t w a n i t e research i s of p r a c t i c a l as w e l l as t h e o r e t i c a l importance 

because l i s t w a n i t e s host or are s p a t i a l l y a s soc i a ted wor ld -w ide w i th g o l d , 

mercury, n i c k e l , c o b a l t and tungsten depos i t s . Due to the d i s t i n c t i v e l y 

green c o l o r imparted to these rocks by chromiferous mica and t h e i r general 

r e s i s t a n c e to e ro s i on as a r e s u l t of s i 1 i c i f i c a t i o n , l i s t w a n i t e s commonly 

stand out t o p o g r a p h i c a l l y as h i g h l y v i s i b l e r i d ge s or knobs. Th i s a l l o w s 

g e o l o g i s t s to u t i l i z e them as an a d d i t i o n a l p r o spec t i n g parameter i n the 

s e a r c h f o r t h e s e depo s i t s (Azimov, 1976). 
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assembages. 

5. To d e t e r m i n e t h e g o l d p r e c i p i t a t i n g mechanism. Thermodynamic 

c a l c u l a t i o n s on data from o b j e c t i v e 2 should i n d i c a t e the cause of g o l d 

d e p o s i t i o n . 

Th i s study i n v o l v e s c o n s t r u c t i o n of a chemical and p h y s i c a l model of 

l i s t w a n i t e metasomatism showing the a c t i v i t y g rad ient s which shou ld e x i s t 

a c r o s s a l i s t w a n i t e body d u r i n g f l u i d m i x i n g . A l t h o u g h r e s t r i c t e d i n 

scope to the E r i c k son depo s i t , the mechanism t r i g g e r i n g g o l d p r e c i p i t a t i o n 

at E r i c k s o n may a c c o u n t f o r t he common g o l d - 1 i s t w a n i t e a s s o c i a t i o n 

e l sewhere. 



MINE LOCATION AND DESCRIPTION 

Er i ckson Mine i s l o ca ted 115 k i l o m e t e r s south of Watson Lake, Y.T. i n 

n o r t he r nmos t c e n t r a l B r i t i s h C o l u m b i a , Canada ( F i g . 1). The town o f 

Ca s s i a r , B r inco ' s major asbestos mine can be reached by g r a v e l road about 

15 k i l o m e t e r s to the west. E r i c k son ore i s mined from 1 - 1 0 meter t h i c k 

q u a r t z v e i n s by a m o d i f i e d open s t ope method. Both g o l d and s i 1 v e r a re 

recovered from ore shoots i n an approximate 1:1 r a t i o . Gold occurs i n the 

f r e e s t a t e and admixed i n v a r i o u s s u l f i d e s , p r i n c i p a l l y p y r i t e and 

t e t r a h e d r i t e . S i l v e r i s present ma i n l y i n a r gen t i f e r ou s t e t r a h e d r i t e . To 

d a t e , a m a j o r i t y o f t h e p r o d u c t i o n has come f r o m f i v e q u a r t z v e i n s , t he 

Jenn ie , Maura, Bear, A l i s o n and V o l l a u g . 

MINING HISTORY 

As i s the case w i t h most go ld mining d i s t r i c t s , p l a c e r go ld a t t r a c t e d 

t he f i r s t p r o s p e c t o r s t o t he a r e a . In 1873, Henry T h i e b e r t made t h e 

i n i t i a l d i s cove r y of p l a c e r go ld i n the area i n a t r i b u t a r y of Dease Lake. 

The f o l l o w i n g year , a prospector named Henry McDame d i s cove red g o l d 

i n what i s today known as "McDame Creek" which d ra in s out of McDame Lake, 

t he p r e s e n t s i t e o f t h e E r i c k s o n camp. By 1895, o v e r 70,000 ounces o f 

" r e p o r t e d " g o l d was r e c o v e r e d f r om c r e e k s and s t reams t h r o u g h o u t t h e 

d i s t r i c t (Diakow and Pan te l e yev , 1981). However, lode go ld p o s s i b i l i t i e s 

were not e x p l o i t e d u n t i l 1934 when J.F. C a l l i s o n staked the f i r s t m inera l 

c l a i m on Qua r t z C reek . A s t a k i n g r u s h ensued w i t h t he r e s u l t t h a t , by 

1939, most known g o l d showings had been d i s c o v e r e d . About t h i s t i m e , a 

c ro s scu t was d r i v e n i n t o the Jenn ie Ve in but no s i g n i f i c a n t v a l ue s were 

i n t e r s e c t e d . From 1974 t h rough 1978, t h e J e n n i e V e i n was e x p l o r e d , 

i n i t i a l l y by Agnes and Jennie M in ing Co. Ltd.,and l a t e r as a j o i n t venture 
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SCALE !• 7,000,000 

1. Location map of Erickson Gold Camp, Cassiar D i s t r i c t , B.C. 
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w i t h Nu Energy Deve l opmen t C o r p o r a t i o n . F i n a n c i n g was r e c e i v e d and on 

December 22, 1978, the f i r s t ore went to the m i l l . I n i t i a l c a p a c i t y was 

100 tons per day wh i ch has s i n c e been i n c r e a s e d t o 300 tons per day. To 

d a t e , o v e r 320,213 t o n s have been m i l l e d a t an a ve r a ge g rade o f .484 

ounces of go l d per ton and .420 ounces of s i l v e r . 

P rev ious Work on E r i ck son Mine 

The f o l l o w i n g unpub l i shed research papers have been w r i t t e n on the 

E r i c k son depo s i t : 

1. A Microscopy I n v e s t i g a t i o n of the Gold and S u l f i d e s from the E r i c k s on 

M i n e , C a s s i a r , BC - G r e g o r y F j e t l a n d , December 1982, S e n i o r T h e s i s , 

U n i v e r s i t y of B r i t i s h Columbia. 

2. S u l f i d e M i n e r a l o g y o f t h e G o l d - Q u a r t z V e i n s at E r i c k s o n G o l d Camp, 

C a s s i a r , BC - D.G. Hooper , 1983, S e n i o r T h e s i s , U n i v e r s i t y o f B r i t i s h 

Columbia. 

3. P r e l i m i n a r y Report on the M inera logy and Textures of G r a p h i t i c Ribbons 

C h a r a c t e r i s t i c of the V o l l a u g Ve i n , Ca s s i a r , BC - D. Ske tch ley , 1984. 

4. P r e l i m i n a r y R e p o r t on W a l l r o c k A l t e r a t i o n o f E r i c k s o n G o l d M i n e , 

C a s s i a r D i s t r i c t , by D.A. S k e t c h l e y and A . J . S i n c l a i r , Depar tment o f 

G e o l o g i c a l Sc iences , U n i v e r s i t y of B r i t i s h Columbia, Vancouver, B.C., and 

R. S o m e r v i l l e , E r i c k son Go ld Mines Ltd. , Vancouver, B.C. 

5. P r e l i m i n a r y Report on the A l i s o n and Maura Ve in Systems, E r i c k s on Go ld 

M i n e s , C a s s i a r , B.C., by P a u l G. Ander son , Depar tment of G e o l o g y , Queens 

U n i v e r s i t y , K i ng s ton , O n t a r i o , 1985. 
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TECTONIC SETTING 

The Canadian C o r d i l l e r a i s comprised of f i v e phy s i og raph i ca l l y and 

g e o l o g i c a l l y d i s t i n c t b e l t s o f r o c k wh i ch a c h i e v e d t h e i r p r e s e n t 

c o n f i g u r a t i o n l a t e i n the Mesozoic (Monger and o ther s , 1972). They are, 

from east to west: 1. Rocky Mountain B e l t , 2. Omineca C r y s t a l l i n e B e l t , 3. 

Intermontane B e l t , 4. Coast P l u t o n i c Complex, and 5. I n s u l a r B e l t (F igure 

2 ) . 

P r e v i o u s d i s c u s s i o n s on t h e e v o l u t i o n o f t he No r t h Amer i can 

C o r d i l l e r a in the contex t of g e o s y n c l i n a l theory have been superseded by a 

p l a t e t e c t o n i c model which b e t t e r accounts f o r the l i t h o l o g i e s , s t r u c t u r e 

and p a l e o m a g n e t i c o r i e n t a t i o n o f t h e s e r o c k s . The No r t h Amer i can 

C o r d i l l e r a i s now r e c o g n i z e d as a mosa i c o f o v e r f i f t y , f a u l t - b o u n d 

g e o l o g i c " t e r r a n e s " ( F i g u r e 3). Ove r 70 p e r c e n t of t h e s e t e r r a n e s a re 

" suspect " because t h e i r pa leogeographic s e t t i n g w i th re spect to the North 

A m e r i c a n c r a t o n c a n n o t be e s t a b l i s h e d (Coney and o t h e r s , 1 9 8 0 ) . 

Paleomagnetic s t ud i e s i n d i c a t e t ha t northward t r an spo r t and/or c l o c k w i s e 

r o t a t i o n of t h e s e t e r r a n e s " h a ve been t h e p r i m e e l e m e n t s i n s hap i n g t he 

C o r d i l l e r a " (Beck, 1980, p.7115). 

E r i ckson Go ld Camp i s s i t u a t e d w i t h i n the "E" (Eastern Assemblage) 

t e r r a n e "wh ich i n c l u d e s p o s s i b l e l a t e P r e c a m b r i a n - e a r l y P a l e o z o i c 

metamorph ic t e r r a n e s o f p o s s i b l e c o n t i n e n t a l a f f i n i t y t o g e t h e r w i t h 

M i s s i s s i p p i a n to T r i a s s i c b a s a l t u l t r a m a f i c s and che r t and v o l c a n i c l a s t i c s 

and c a r b o n a t e s , o v e r l a i n uncon fo rmab1y by M i d d l e T r i a s s i c t o Lower 

J u r a s s i c vo l canogen i c s t r a t a " (Coney and o the r s , 1980, p.330). 

REGIONAL GEOLOGY 

Er ickson Go ld Camp i s l o c a ted w i t h i n the McDame map-area which covers 
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F i g . 2. Sketch map of the North American C o r d i l l e r a . The i n s e t map 
shows the l o c a t i o n of the geo l og i c a l and phys iog raph ic b e l t s of the 
Canadian C o r d i l l e r a . These a r e : (1) Rocky Mountain B e l t , (2) Omineca 
C r y s t a l l i n e B e l t , (3) Intermontane B e l t , (4) Coast P l u t o n i c Complex, 
(5) I n su l a r B e l t . ( A f t e r Monger and o t h e r s , 1972) 
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F i g . 3. Gene ra l i z ed map of C o r d i l l e r a n Suspect 
Terranes . Dashed p a t t e r n , North American autochthonous 
c r a t o n i c basement. ( A f t e r Coney and o the r s , 1980) 

C 
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approx imately 4,900 square m i l e s i n northernmost c e n t r a l B r i t i s h Columbia. 

I t i s bounded by t h e l a t i t u d e s 59 deg ree s and 60 deg rees and the 

l o n g i t u d e s 128 deg ree s and 130 deg rees ( F i g u r e 4). I n i t i a l g e o l o g i c a l 

mapping i n t he a r e a was begun i n t he summer o f 1949 by L.L. P r i c e and 

cont inued dur ing the summers of 1950 through 1954 by H. G a b r i e l se of the 

G e o l o g i c a l S u r v e y o f Canada. G a b r i e l s e (1963) summarizes t h i s work i n 

what c o n s t i t u t e s t h e most c o m p l e t e d e s c r i p t i o n of the g e o l o g y t o d a t e . 

La te r work has been done by Pante leyev (1979, 1980), Diakow and Pante leyev 

(1981), and Gordy and o t h e r s (1982). S o m e r v i l l e and B a s n e t t (1983) 

d e s c r i b e s the g e o l o g y w i t h i n t he b o u n d a r i e s o f the E r i c k s o n G o l d Camp 

proper. 

The r o c k s o f t h e McDame map -a rea a re o f mar ine o r i g i n and range i n 

age from P r o t e r o z o i c t o M i s s i s s i p p i an. M e s o z o i c g r a n i t i c r o c k s i n t r u d e 

the assembledge and T e r t i a r y sediments and b a s a l t s occur l o c a l l y . 

The o l d e s t rocks w i t h i n the McDame map-area are Precambrian and/or 

Cambrian metasediments of the Horseranch Group which exceed 7,500 f e e t i n 

th i cknes s . Bounded by f a u l t s and g l a c i a l d r i f t , t h e i r r e l a t i o n to other 

rocks have not been e s t a b l i s h e d . 
a 

Good Hope and At^Mn Groups c o n s i s t s o f Upper P r e c a m b r i a n t o Lower 

Cambr ian l i m e s t o n e s , d o l o m i t e s and s e d i m e n t s e x c e e d i n g 7,000 f e e t i n 

t h i c kne s s . 

C o n f o r m a b l y o v e r l y i n g t h e s e r o c k s a r e M i d d l e Cambr ian t o M i d d l e 

O r d o v i c i a n l i m e s t o n e s and s h a l e s o f t h e K e c h i k a Group wh ich a re 

d i sconformably o v e r l a i n by the S andp i l e Group. 

The Upper O r d o v i c i a n to M i d d l e S i l u r i a n do lomites and che r t s of the 

Sandp i l e Group are d i s con fo rmab ly o v e r l a i n by M i dd l e and Upper Devonian 

carbonate rocks of the McDame Group. 

The S y l v e s t e r Group, a 15,000 f t . t h i c k assemblage of Upper Devonian 
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F i g . 4. McDame Map-Area ( A f t e r G a b r i e l s e , 1963) 
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and Lower M i s s i s s i p p i a n v o l c a n i c s and sediments l i e s conformably on the 

McDame Group. These rocks are important because they host the g o l d - q u a r t z 

ve in s of the E r i ck son Go ld Camp. S y l v e s t e r Group rocks are c h a r a c t e r i z e d 

by the abundance of v o l c a n i c m a t e r i a l , cher t and impure q u a r t z i t i c r ock s . 

M a s s i v e , med i um-g ra i ned g r e e n s t o n e s are common and a re p a r t i c u l a r l y 

p r om inen t i n t he v i c i n i t y o f McDame Lake , t h e E r i c k s o n mine s i t e . 

C o m p o s i t i o n a l l y , t he S y l v e s t e r g reen s tone s were o r i g i n a l l y p y r o xene 

a n d e s i t e s and/or b a s a l t s ( G a b r i e l s e , 1963). O c c u r r i n g w i t h i n t h e 

S y l v e s t e r Group are u l t r a m a f i c rocks of probable M i s s i s s i p p i a n age. The 

compos i t ions of the u l t r a m a f i c s i n c l u d e dun i te , py roxen i te and p e r i d o t i t e . 

These r o c k s o c c u r as a l i n e a r b e l t , t he "McDame u l t r a m a f i c b e l t " 

( G a b r i e l s e , 1963, p.63.) and are r e s t r i c t e d i n occur rence to the S y l v e s t e r 

A l l o c t h o n . 

The S y l v e s t e r A l l o c t h o n , (F igure 5), i n southwestern McDame map-area, 

i s composed o f a t l e a s t t h r e e , d i s c r e t e , f a u l t - b o u n d a s semb lage s o f 

S y l v e s t e r Group s ed imen t s and v o l c a n i c s wh ich were o v e r t h r u s t and l i e 

above autochthonous s t r a t a o f the No r th Amer i can m i o g e o c l i n e (Gordy and 

o t h e r s , 1982). The E r i c k s o n l o d e s are r e s t r i c t e d i n o c c u r r e n c e t o t h e 

greenstones of the basa l t h r u s t sheet which a l s o con ta in s c h e r t , s h a l e , 

s e r p e n t i n i t e and i n t r u s i v e ( d i o r i t e and/or gabbro). 

Unconformably o v e r l y i n g S y l v e s t e r Group rocks are the w e l l - b e d d e d , 

p r e d o m i n a n t l y c a r b o n a t e s u c c e s s i o n of the N i z i F o r m a t i o n wh ich a r e o f 

M i s s i s s i p p i a n age. 

G r a n i t i c rocks of the Ca s s i a r and Four M i l e b a t h o l i t h s were p r obab l y 

emplaced i n the Jura -Cretaceous t ime (Gab r i e l s e , 1963). 

A few sma l l outcrops of T e r t i a r y or p o s s i b l y P l e i s t o c e n e e x t r u s i v e 

rocks occur a long the B l ue R i v e r . A t h i c k b l anke t o f quaternary g l a c i a l 
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F i g . 5. Loca t i on and g e o l o g i c a l s e t t i n g 
of the S y l v e s t e r A l l o c t h o n ( A f t e r Gordy 
and o t h e r s , 1982) 
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d r i f t covers much of the McDame map-area. 



MINE GEOLOGY 

I. L i t h o l o g i e s : 

The orebodies at E r i c k s on Mine are hosted w i t h i n a package of rocks 

w i t h o c e a n i c a f f i n i t y c o r r e s p o n d i n g t o Gordy and o t h e r s (1982) b a s a l 

t h r u s t s hee t o f t h e S y l v e s t e r A l l o c t h o n . O the r l i t h o l o g i e s i n c l u d e d 

w i t h i n t h i s l o w e r t h r u s t s hee t a re s e r p e n t i n i t e , b a s a l t f l o w s and/or 

p y r o c l a s t i c s , bedded c h e r t , s i l i c e o u s s ha l e , and sma l l bodies of i n t r u s i v e 

gabbro o r d i o r i t e . W i t h i n t he g e n e r a l mine a r e a , v o l c a n i c s g r e a t l y 

p r edom ina te i n t o t a l v o l ume . The g o l d - q u a r t z v e i n s o c c u r w i t h i n t h e 

v o l c a n i c s or "greenstones " where they occupy s t e e p l y - d i p p i n g , cymoidal -

shaped f r a c t u r e s and/or f a u l t s wh ich commonly s p l a y downward o f f t h e 

1 i s twan i te -g reens tone con tac t . "Greenstone" i s a c o l l e c t i v e term used by 

G a b r i e l s e (1963, p.61) f o r the c h a r a c t e r i s t i c a l l y mass ive, medium-grained 

and medium t o dark g reen S y l v e s t e r Group v o l c a n i c s i n t h e v i c i n i t y o f 

McDame l a k e , t h e E r i c k s o n m i n e - s i t e . Both f l o w - t y p e e x t r u s i v e and 

p y r o c l a s t i c rocks are represented. The green c o l o r of the v o l c a n i c s i s 

impa r ted by t he metamorph i c m i n e r a l a s semb lage , ch1 o r i t e - a c t i n o 1 i t e -

e p i d o t e . The a v e r a g e c o m p o s i t i o n of t he se r o c k s i s b e l i e v e d t o be 

a n d e s i t i c by t h e E r i c k s o n g e o l o g i s t s , a l t h o u g h t h i s i s d i f f i c u l t t o 

d e t e r m i n e because o f metamorph i c r e c r y s t a 1 1 i z a t i o n and e x t e n s i v e 

hydrothermal a l t e r a t i o n . 

The q u a r t z v e i n s a v e r a g e a few m e t e r s i n t h i c k n e s s b u t c a n 

a t t a i n dimensions approaching 10 meters. Ve in s t r u c t u r e s and m ine ra logy 

approximate L indgren ' s "mesothermal" category (Park and MacDiarmid, 1975, 

p. 311). The g o l d - o r e i s mined from shoots w i t h a commonly p r e d i c t a b l e 

rake w i t h i n the p l ane of the v e i n . 

B lack g r a p h i t i c a r g i l l i t e appears to have been t h r u s t f a u l t e d on top 
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of the v o l c a n i c p i l e and i s seldom encountered w i t h i n the mine workings. 

Th i s u n i t may be the basa l member of Gordy and other s (1982) upper t h r u s t 

sheet which he terms a b l a c k sha le . 

The q u a r t z v e i n s a t E r i c k s o n f r e q u e n t l y c r o s s c u t a zoned, q u a r t z -

c a r b o n a t e meta somat i c r o c k r e f e r r e d t o as " l i s t w a n i t e " by S.F. Learning, 

a f t e r a term c o i n e d by A. Holmes i n 1928 (Diakow and P a n t e l e y e v , 1981). 

These bodies average 30 meters i n t h i c kne s s , appear l a r g e l y concordant, 

and a r e composed o f m i n e r a l a s semb lages t y p i c a l o f metamorphosed 

u l t r a b a s i c rocks , v i z . , t a l c , se rpent ine , magnesite and chromiferous mica. 

Numerous T e r t i a r y d i a b a s e d i k e s c u t t h e r o c k s t h r oughou t t he mine 

a rea . 

I I . S t r u c t u r e : 

Rocks w i t h i n which the E r i c k son camp i s s i t u a t e d have been subjected 

t o a t l e a s t two and p o s s i b l y t h r e e f o l d i n g e v e n t s and a re t r a n s e c t e d by 

both t h r u s t and steep normal t r an s ve r s e f a u l t s w i t h con s i de rab le o f f s e t 

(Diakow and Pante leyev , 1981). The g o l d - q u a r t z ve i n s at E r ickson mine d i p 

s t e e p l y and t r e n d c o n s i s t e n t l y t o t he n o r t h e a s t . S o m e r v i l l e and 

Basnett (1983, p.43) i n t e r p r e t the v e i n s t r u c t u r e s as " l o c a t e d w i t h i n a 

s h a l l o w , open, n o r t h w e s t e r l y - t r e n d i n g s y n c l i n a l b a s i n wh ich has been 

c r o s s - f o l d e d a l o n g two w e s t e r l y s t r i k i n g a n t i c l i n a l axes. The n o r t h -

d ipp ing Jennie, A l i s o n and Maura ve in s are s i t u a t e d on the southern l imb ; 

the Dease, Bear, and G o l d i e ve i n s d ip south on the northern l imb of t h i s 

b a s i n s t r u c t u r e " . 
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MINERALOGY AND PETROLOGY 

I. V o l c a n i c s : 

G a b r i e l s e (1963) cha r ac te r i z e s S y l v e s t e r Group v o l c a n i c s as mass ive, 

f i n e to medium-grained greenstones which can be s ubd i v i ded m i c r o s c o p i c a l l y 

i n t o t h r e e t y p e s wh i ch grade i n t o one a n o t h e r i n t he f i e l d . A py roxene 

andes i te or b a s a l t parent rock i s i n d i c a t e d f o r a l l types on the bas i s of 

t he m i n e r a l o g y , t e x t u r e s and g e o c h e m i s t r y o f t h e s e r o c k s ( G a b r i e l s e , 

1963). O r i g i n a l o p h i t i c and suboph i t i c t e x tu re s of u r a l i t i z e d d i o p s i d i c -

a u g i t e and l a b r a d o r i t e a re a l t e r e d t o v a r i o u s m i n e r a l a s semb lages 

i n c 1 u d i n g t h e m i n e r a l s , t r e m o l i t e , a c t i n o l i t e , z o i s i t e , c l i n o z o i s i t e , 

a l b i t e , c a l c i t e , c h l o r i t e , leucoxene, sphene and i l m e n i t e . 

W i t h i n t he a r e a o f the E r i c k s o n m i n e - s i t e , S omerv i l i e and B a s n e t t 

(1983) s u b d i v i d e the v o l c a n i c s i n t o the f o l l o w i n g u n i t s : 

A* A n d e s i t e t o D a c i t e F l o w s : In hand s p e c i m i n , t h e s e r o c k s a r e 

c h a r a c t e r i s t i c a l l y m a s s i v e , f i n e g r a i n e d and medium to dark green i n 

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

d i s t i n g u i s h i n g t h i s r o c k u n i t . E x t e n s i v e a l t e r a t i o n has l a r g e l y 

o b l i t e r a t e d the o r i g i n a l textures and minera logy of the v o l c a n i c s a l though 

a few r e l i c t g r a i n s of p l a g i o c l a s e and pyroxene have s u r v i v e d . The 

corroded phenocrysts of c l i nopyroxene and l e s s e r orthopyroxene t y p i c a l l y 

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

a m p h i b o l e . R e l i c t l a t h s of p l a g i o c l a s e a r e commonly p o i k i l i t i c , 

c o n t a i n i n g i n c l u s i o n s of c h l o r i t e and e p i d o t e . The groundmass i s 

c h a r a c t e r i s t i c a l l y a l t e r e d to the assemblage, c h l o r i t e - e p i d o t e - a c t i n o l i t e -

c a l c i t e - o p a q u e ox ide which corresponds to g r een sch i s t f a c i e s metamorphism 

( T u r n e r , 1981). E x t e n s i v e h y d r o t h e r m a l a l t e r a t i o n i s e v i d e n c e d by 
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replacement patches and v e i n l e t s of quar tz , do lomi te and s e r i c i t e . 

B. A n d e s i t e t o D a c i t e T u f f B r e c c i a : T h i n , r e t i c u l a t e v e i n l e t s o f 

c h l o r i t e , when h i g h l y concent ra ted , produce a b r e c c i a t ed appearance i n the 

g r een s t one s wh i ch i s t h e d i s t i n g u i s h i n g c h a r a c t e r i s t i c of t h i s r o c k 

category. 

C. A rg i 11aceous Tu f f : Th i s rock u n i t i s r ecogn i zeab le by i t s f ragmenta l 

appearance and t h e b l a c k , g r a p h i t i c o r a r g i l l a c e o u s m a t e r i a l between 

the a n g u l a r v o l c a n i c f r a g m e n t s . Ca rbona te a l t e r a t i o n i s commonly 

extens i ve produc ing a bleached appearance in hand spec im in . 

I I . S e d i m e n t a r y Rock s : I n c l u d e d i n t h i s c a t e g o r y a re b l a c k , g r a p h i t i c 

a r g i l l i t e and p a l e g reen c h e r t . The a r g i l l i t e i s w e a k l y f o l i a t e d , 

commonly p y r i t i c and e x t e n s i v e l y carbonate a l t e r e d . L i g h t green che r t i s 

e a s i l y mistaken f o r i n t e n s l y s i l i c i f i e d v o l c a n i c s except where i t con ta in s 

r i b b o n s t r u c t u r e . 

I I I . Diabase D ikes : 

Coarse -g ra ined aug i te and hypersthene occur w i th zoned p l a g i o c l a s e i n 

a t y p i c a l d i a b a s i c t e x t u r e . In hand specimen, these rocks appear brownish 

black, medium to f i n e gra ined and commonly show ex ten s i v e c l a y a l t e r a t i o n . 

IV. Quartz Ve in s : 

Quartz ve i n s at E r i c k son are commonly l o c a l i z e d w i t h i n d i l a t e n t zones 

opened up by f a u l t i n g and s h e a r i n g . C o n t i n u e d movement d u r i n g 

c r y s t a l l i z a t i o n o f t h e v e i n s opened c o n d u i t s f o r l a t e r i n j e c t i o n s o f 

quartz. A minimum of three qua r t z generat ions are c l e a r l y r e c o g n i z e a b l e 

in the lodes and a f ou r t h generat ion i s present i n p l a c e s . The g r ea te s t 

volume of quar tz was depos i ted dur ing the i n i t i a l generat ion and appears 
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m i l k y and r e l a t i v e l y barren of s u l f i d e s , c on t a i n i n g on l y minor p y r i t e and 

s p h a l e r i t e . The s e c o n d g e n e r a t i o n h o s t s t h e g r e a t e s t amount o f 

m i n e r a l i z a t i o n i n c l u d i n g p y r i t e , t e t r a h e d r i t e , s p h a l e r i t e , c h a l c o p y r i t e 

and f r e e g o l d . G a l e n a and a r s e n o p y r i t e a re r a r e . Second g e n e r a t i o n 

qua r t z i s r e l a t i v e l y c l e a r . Th i r d generat ion quar tz i s c l e a r , s m a l l e r i n 

vo lume, and l e s s w e l l m i n e r a l i z e d than second generat ion quar tz . The 

f o u r t h quartz genera t i on , where i t occur s , i s s m a l l e r in volume than a l l 

preceeding generat ions and appears barren of s u l f i d e s and go l d . 

In p o l i s h e d s e c t i o n s o f t he q u a r t z l o d e s , g o l d can be f ound 

r e p l a c i n g a l l o f the s u l f i d e s a l though a m a j o r i t y of go ld occurs w i t h i n 

p y r i t e . The paragenet ic order of the s u l f i d e s i n a l l of the ve in s s tud ied 

approximates tha t shown by F i gu re 6. 

V. L i s t w a n i t e : 

The l i s t w a n i t e s a t E r i c k s o n can be c h a r a c t e r i z e d as c a r b o n a t e 

a l t e r e d metasomatic rocks con ta i n i n g t h r e e d i s t i n c t mi n e r a l og i c a l zones 

w i t h sharp boundaries. Where the l i s t w a n i t e bodies c ros scut quartz v e i n s , 

the d i s t r i b u t i o n of the m i n e r a l o g i c a l zones outward from the v e i n are as 

f o l l o w s : 

A. Quartz-Carbonate Zone: Rocks of t h i s zone are t y p i c a l l y composed of an 

i n t e r l o c k i n g mosaic of coa r se -g ra ined magnesite and do lomi te w i th l e s s e r 

replacement patches and i n t e r connec t i n g v e i n l e t s of f i n e to medium-grained 

quar tz . Trace amounts of chromiferous mica impart a d i s t i n c t i v e g reen i sh 

c o l o r to the rock s i m i l a r to a d u l l copper ox ide s t a i n . A n t i g o r i t e , t a l c 

and c h l o r i t e a l s o occur i n t r a c e amounts. W ide l y s ca t te red anhedral to 

s u b h e d r a l p y r i t e a v e r a g e s a b o u t 1 t o 2 p e r c e n t b u t c a n r e a c h 

c o n c e n t r a t i o n s nea r 5 p e r c e n t . Of p a r t i c u l a r impo r t ance i s t h e r a r e 

occurrence of f r e e go l d v i s i b l e to the naked eye in s t r i n g e r s , ve i n s and 
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F i g . 6. S u l f i d e paragenesis of Erickson quartz lodes. 



i r r e g u l a r zones of qua r t z . 

B. T a l c - C a r b o n a t e Zone: In hand spec imen, t h e s e r o c k s appear l i g h t t o 

medium grey in c o l o r and are ext remely s o f t , r e f l e c t i n g the high content 

of t a l c . Coar se -g ra ined magnesite and do lomite c o n s t i t u t e the other main 

m i n e r a l phase. S m a l l p a t c h e s o f c h l o r i t e o c c u r w i t h m ino r a n t i g o r i t e 

where r e p l a c e m e n t has been i n c o m p l e t e . S c a t t e r e d throughout are s m a l l 

(,0.5 mm) g r a i n s o f a n h e d r a l t o s u b h e d r a l p y r i t e w i t h a few o t h e r m i no r 

opaque g r a i n s . 

C. S e r p e n t i n e - C a r b o n a t e Zone: T h i s m i n e r a l o g i c a l l y comp lex zone i s 

composed p redominant l y of magnesite, d o l o m i t e and a n t i g o r i t e s e r p e n t i n e 

w i t h s u b o r d i n a t e amounts o f t a l c , c h l o r i t e and q u a r t z . The opaque 

m ine ra l s i l m e n i t e , ch romi te , c o b a l t i t e , f e r r o s p i n e l and other chromium 

and c o b a l t m ine ra l s are i n d i c a t e d by X-ray d i f f r a c t i o n a n a l y s i s . 

P ho t og r aph s and m i c r o p h o t o g r a p h s of r o c k s c h a r a c t e r i s t i c o f t h e s e 

m i n e r a l o g i c a l zones are shown i n f i g u r e s 12 through 17 (pp. 27-29). 
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F i g . 7. E r i c k s o n go ld o r e . Sample se l ec ted from 

ore shoot i n Bear V e i n 9 21 l e v e l . F leck of v i s i b l e 

gold i n lower r i g h t . 
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F i g . 8. S p h a l e r i t e (sph) rimmed and rep l aced by 

t e t r a h e d r i t e ( t e t ) cut by c h a l c o p y r i t e ( c c p ) a Bear Vn. 

Paragenesis i s , sph - - t e t — ccp . Mag: 500X 
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F i g . 9. Gold r ep l a c i n g p y r i t e and c h a l c o p y r i t e 

(darker g r a i n l e f t of c e n t e r ) . Bear V e i n . 

Mag: 500X 
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F i g . 10. Gold r e p l a c i n g p y r i t e and t e t r a h e d r i t e . 

Bear V e i n . Mag; 500X 
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F i g , 11. SEM microphotograph o f gold r ep l a c i n g 

p y r i t e . Jennie Ve i n . Mag: 2000X 
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F i g . 12. Photograph o f l i s t w a n i t e , s e rpen t i ne - ca rbona te zone 

F i g . 13, Microphotograph of l i s t w a n i t e ? s e rpen t i ne - ca rbona te zone. 
Rad i a l a n t i g o r i t e i n magnesite. M a g n i f i c a t i o n : 25X 
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F i g . 14, Photograph o f l i s t w a n i t e , t a l c - c a r b o n a t e zone 

F i g , 15. M icrophotograph of l i s t w a n i t e , t a l c - c a r b o n a t e zone 
Aggregate o f f e a t h e r y t a l c w i t h i n carbonate, Mag: 25X 
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F i g . 16. Photograph of l i s t w a n i t e , qua r t z - ca rbona te zone 



GEOCHEMISTRY OF LISTWANITES 

Samples of l i s t w a n i t e at E r i ck son Mine were c h e m i c a l l y analyzed to 

d e t e r m i n e t he c h e m i c a l changes whiQh took p l a c e d u r i n g l i s t w a n i t e 

metasomatism. 

Metasomatism commonly produces m i n e r a l o g i c a l zon ing, each succeeding 

zone being of d i f f e r e n t minera l compos i t ion and separated from ad jo i n i n g 

zones by sharp b o u n d a r i e s ( K o r z h i n s k i i , 1970). M i n e r a l o g i c a l zoning i s 

prominant i n the l i s t w a n i t e s at E r i ck son and c o n s t i t u t e s s t rong ev idence 

f o r a metasomatic o r i g i n . 

M e t a s o m a t i s m p r o d u c e s s i g n i f i c a n t changes i n r o c k c h e m i s t r y 

a t t r i b u t a b l e to r eac t i on s set up by i n t r o d u c t i o n of m a t e r i a l from ex te rna l 

sources (Gary and o the r s , 1976). Th i s t y p i c a l l y i n v o l v e s l a r ge amounts of 

f l u i d t r a v e r s i n g permeable rocks w i th which i t i s out of e q u i l i b r i u m (Burt 

and Rose, 1979). Metasomat i sm i s made p o s s i b l e by t h e p re sence o f 

c h e m i c a l and/or p h y s i c a l g r a d i e n t s . These g r a d i e n t s a re most common 1 y 

present near magmatic i n t r u s i on s or w i t h i n h i g h l y f r a c t u r e d b a s a l t i c rocks 

emp laced a l o n g an o c e a n i c r i f t a t o r j u s t b e l o w t h e sea f l o o r ( Be s t , 

1982). 

M i g r a t i on of elements dur ing metasomatism occurs by d i f f u s i o n or by 

i n f i l t r a t i o n . D i f f u s i o n i n v o l v e s t h e m i g r a t i o n o f m a t e r i a l t h rough 

stagnant pore f l u i d s i n response to a c t i v i t y g r ad i en t s . Whereas dur ing 

i n f i l t r a t i o n metasomatism, m a t e r i a l i s t r an spo r t ed by f l u i d f l o w through 

p e r m e a b l e r ock as a r e s u l t of a p r e s s u r e g r a d i e n t ( B u r t and Rose, 1979). 

A l t h o u g h mode l s f o r pure d i f f u s i o n and pu re i n f i l t r a t i o n have been 

f o r m u l a t e d , i n an a c t u a l o re d e p o s i t i n g e n v i o r n m e n t , both can o c c u r 

s imu l t aneou s l y ; f l u i d s i n f i l t r a t e a long permeable channelways and m a t e r i a l 
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d i f f u s e s i n t o the w a l l r o c k s along g ra i n boundaries (Burt and Rose, 1979). 

I. Methods 

At l e a s t t h r e e , l a r g e l y c o n c o r d a n t bod i e s o f l i s t w a n i t e a v e r a g i n g 

about 30 me te r s i n t h i c k n e s s o c c u r w i t h i n t he v o l c a n i c s at E r i c k s o n . 

These l i s t w a n i t e bodies are f r e q u e n t l y c ro s scut by g o l d - q u a r t z ve in s and 

consequent ly are w e l l exposed w i t h i n the mine workings. However, o n l y the 

1285 l e v e l East D r i f t i n c l ude s the e n t i r e sequence of m i n e r a l o g i c a l zones. 

T h i s a r e a i s t h e r e f o r e a u s e f u l " t y p e - s e c t i o n " f o r s t u d y i n g t h e 

minera logy, p e t r o l o g y and geochemistry of l i s t w a n i t e s at E r i c k son (F igure 

18 ). In o rder to i d e n t i f y the chemical changes dur ing metasomatism, 

rock s amp le s ( l a b e l l e d L - l t h r ough L-16) were t a k e n a t f i v e me te r 

i n t e r v a l s throughout the l eng th o f t he i n t e r s e c t i o n . A l l s amp le s were 

analyzed f o r the major e lements, minor elements and the t r a c e e lements , 

c o b a l t , n i c k e l , chromium, g o l d , hafnium, thorium and z i r con ium. 

I I . Re su l t s 

A* Major and Minor Elements 

Metasomatism commonly r e s u l t s i n a change i n rock volume. In o rder 

t o d e t e r m i n e t h e a c t u a l g a i n s and l o s s e s t h a t t a k e p l a c e d u r i n g 

metasomat i sm, t h e r e l a t i o n s h i p between c o m p o s i t i o n changes and v o l u m e 

changes must be known (G re sen s , 1966). A c o m p o s i t i o n - v o l u m e e q u a t i o n 

d e r i v e d by G re sen s (1966) d i r e c t l y r e l a t e s compos i t i ona l v a r i a t i o n s t o 

vo lume changes wh i ch a l l o w s c a l c u l a t i o n o f a un i que s o l u t i o n f o r t h e 

chemical changes produced by metasomatism. In order to use t h i s equat i on , 

i t i s necessary to know or i n f e r the f o l l o w i n g data : 

1. the chemical compos i t ion of both parent and product rocks 

2. the d e n s i t i e s of both parent and product rocks 

3. the volume change or geochemical behavior of one component 
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Using Babcock's (1973) m o d i f i c a t i o n of the n o t a t i o n , Gresen's compos i t ion -

volume equat ion r e l a t e s t h i s data to chemica l t r a n s f e r i n the f o l l o w i n g 

manner: 

where: A X n = chemical t r a n s f e r ( i n grams) of component n between phases 

A and B. 

Kv = r a t i o between f i n a l and i n i t i a l volume of rock 

X - d en s i t y of parent rock 

9; - d en s i t y of product rock 

The c o m p o s i t i o n - v o l u m e e q u a t i o n can be used t o y i e l d c o n s i d e r a b l e 

i n fo rmat i on on the chemical changes du r i ng metasomatism f o r samples L - l 

through L-16. The methods used are s i m i l a r to those descr ibed by Babcock 

Most of the v a r i a b l e s i n the compos i t i on -vo lume equat ion (Eq. 1) can 

be measured or determined d i r e c t l y . For example, grams of component " n " 

i n t h e p r o d u c t r o c k , i . e . X n , were d e t e r m i n e d t h r o u g h c h e m i c a l a n a l y s i s . 

Because no p a r e n t r o ck m a t e r i a l has been p r e s e r v e d i n t he mine a r e a , a 

sample o f s e r p e n t i n i t e , wh ich i s presumed t o r e p r e s e n t unmetasomat i zed 

parent m a t e r i a l , was s e l e c t e d from the Ca s s i a r depo s i t nearby. Chemical 

a n a l y s i s of the s e r p e n t i n i t e p rov ided the da ta f o r the v a r i a b l e X^. The 

d e n s i t i e s of bo th t he presumed p a r e n t r o c k ( ^ A ) and p r o d u c t rock ( ^ r ) 

were measured on a ba lance s c a l e mod i f i ed to determine s p e c i f i c g r a v i t i e s . 

The number "100 grams" was s u b s t i t u t e d f o r the v a r i a b l e " a " i n equat ion 1 

i n o r d e r t o o b t a i n A X n i n terms o f w e i g h t p e r c e n t . The e q u a t i o n , 

t h e r e f o r e , i s s o l v e a b l e i f a v a l u e can be d e t e r m i n e d or assumed f o r t he 

volume r a t i o , Kv. The problems i m p l i c i t i n q u a n t i f y i n g the volume change 

a re appa ren t . Pseudomorphous r e p l a c e m e n t c o n s t i t u t e s u n e q u i v o c a l 

(1973). 
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m i n e r a l o g i c a l e v i d e n c e f o r v o 1 u m e - f o r - v o 1 ume r e p l a c e m e n t , i . e . Kv = l , 

( B e s t , 1982). However, t h i s was not o b s e r v e d i n a t h i n - s e c t i o n s t u d y o f 

t he se r o c k s . As an a l t e r n a t i v e , i f a c h e m i c a l component i s known or 

assumed to have remained immob i l e d u r i n g metasomat i sm, then the v o l u m e 

change wh ich a l l o w s f o r t h i s c o n d i t i o n can be used t o s o l v e f o r t he 

chemical changes o f x t h e o ther elements. 

For example, F i gu re 19 i n d i c a t e s the weight percent gains and l o s se s 

d u r i n g metasomat i sm f o r s amp le s L - l t h r ough L-16. Volume r a t i o s o f 1.2, 

1.0 and 0.8 were used i n s o l v i n g e q u a t i o n A wh i ch c o r r e s p o n d t o a 20 

p e r c e n t vo lume i n c r e a s e , no vo lume change, and a 20 p e r c e n t v o l u m e 

decrease r e s p e c t i v e l y . These v a l ue s f o r Kv were s e l e c t e d a r b i t r a r i l y as 

r ep re sen t i ng the broadest range of volume changes which are g e o l o g i c a l l y 

r e a s o n a b l e . Chem i ca l change ( A X n ) f o r each e l e m e n t " n " was c a l c u l a t e d 

f o r each i n d i v i d u a l s amp l e L - l t h r o u g h L-16 w i t h r e s u l t s f o r each 

volume change p l o t t e d s e p a r a t e l y . 

These d iagrams i l l u s t r a t e t he geochem ica l m o b i l i t y of f i v e major 

e lements, c a l c i um, i r o n , aluminum, s i l i c a and magnesium. R e l a t i v e ga ins 

and l o s se s f o r each e lement i n terms of weight percent are p l o t t e d on the 

v e r t i c a l s c a l e f o r each i n d i v i d u a l sample L - l through L-16 p l o t t e d on the 

h o r i z o n t a l s c a l e . S e v e r a l t r e n d s can be d e p i c t e d . I t i s a p p a r e n t t h a t 

l a r g e amounts o f MgO a r e e x t r a c t e d f o r a l l assumed vo lume changes . 

I n c r e a s e s i n both CaO and F e 2 0 3 o c c u r f o r a l l assumed vo lume changes 

a l t h o u g h the magn i tude o f change i s c o n s i d e r a b l y l e s s than t h a t o f MgO. 

The component S i 0 2 shows extreme m o b i l i t y and i s ex t rac ted in s i g n i f i c a n t 

amounts f o r d e c r e a s e s i n v o l ume . However , A12O3 appears r e l a t i v e l y 

i m m o b i l e f o r a l l assumed vo l ume changes . The vo lume at wh i ch t h i s 

c o n d i t i o n o c c u r s can be c a l c u l a t e d f r om e q u a t i o n 1 by r e w r i t i n g t h e 

e q u a t i o n to s o l v e f o r Kv and s u b s t i t u t i n g " 0 " f o r the c h e m i c a l change , 
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F i g . 19 . Weight percent gains and losses of selected major elements 
during l i s t w a n i t e metasomatism. 
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A X n . The v a l u e f o r Kv d e r i v e d by s o l v i n g t he e q u a t i o n can then be 

s u b s t i t u t e d back i n t o equat ion 1 and the chemical change f o r the remaining 

elements c a l c u l a t e d . 

For example, l e t A12O3 be assumed to have remained constant dur ing 

metasomatism and sample L - l a r b i t r a r i l y s e l e c t e d . I f Kv i s c a l c u l a t e d f o r 

M2O3 as desc r ibed above, a v a l u e of 0.54 r e s u l t s which corresponds to a 

46 percent decrease i n volume, an u n l i k e l y s i t u a t i o n . The minor elements 

appear even more i sochemica l i n behav ior (see Appendix I). Assuming both 

K 2 0 and Na 2 0 t o have rema ined c o n s t a n t d u r i n g meta somat i sm, Kv can be 

c a l c u l a t e d f o r both these elements i n the same manner as A12^3- A v a l u e 

of 0.66 r e s u l t s f o r both elements which corresponds to a volume decrease 

of 34.0 percent , s t i l l a l a r ge f i g u r e . 

F i g u r e 20 i l l u s t r a t e s why these unexpected ly l a r g e volume changes are 

o c c u r r i n g from c a l c u l a t i o n s assuming p e r f e c t i s o c h e m i c a l b e h a v i o r . In 

t h i s v o l u m e - c o m p o s i t i o n d i a g r am, t h e f i v e ma jo r e l e m e n t s d e p i c t e d i n 

F i gu re 19 are p l o t t e d . The s t r a i g h t l i n e s i l l u s t r a t e the l i n e a r r e l a t i o n 

between c o m p o s i t i o n and vo lume changes. An e l e m e n t whose b e h a v i o r i s 

i s o c h e m i c a l d u r i n g metasomat ism w i l l p l o t as a v e r t i c a l l i n e , as 

i n d i c a t e d . The s l o p e f o r an e l e m e n t w i l l a pp roach t he v e r t i c a l as a 

c o n d i t i o n of cons tant chemical compos it ion i s approached. I f a d d i t i o n or 

s u b s t r a c t i o n of an element corresponds to a c o n d i t i o n of 0 volume change, 

i t w i l l p l o t as a h o r i z o n t a l l i n e at Kv=1.0. 

The s l o p e of A l 2 0 3 i s ve ry steep i n d i c a t i n g a c o n d i t i o n approaching 

i sochemica l behav io r . This c o n d i t i o n i s c o n s i s t e n t w i th F i gu re 19. Of 

c r i t i c a l i m p o r t a n c e , however , i s the f a c t t h a t as a l i n e approaches 

v e r t i c a l , ve r y s m a l l add i t i on s or s ub t r ac t i on s r e s u l t i n l a r g e changes in 

v o l ume . Fo r e xamp le , A l 2 0 3 shows approximate i sochemica l behav io r 
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F i g . 20. Volume Ra t i o (Kv) versus compos i t iona l changes f o r 
convers ion o f parent rock, L -17,to L - l . 



dur ing metasomatism as i n d i c a t e d by the steep s l o p e approaching v e r t i c a l . 

However, a 0.5 weight percent i nc rease i n a lumina dur ing metasomatism, i f 

" p e r f e c t " immob i l i t y i s assumed f o r purposes of c a l c u l a t i n g Kv, r e s u l t s in 

an e r r o r exceeding a 50 percent volume change. The problem i s compounded 

f o r elements w i th even steeper s l ope s . The re fo re , f a l s e assumptions of 

" p e r f e c t " i s o c h e m i c a l b e h a v i o r compounded by a n a l y t i c a l e r r o r cause 

ext remely l a r ge e r r o r s i n c a l c u l a t i n g volume r a t i o s . 

In summary, t he vo lume change d u r i n g l i s t w a n i t e metasomat i sm at 

E r i ck son cannot be c a l c u l a t e d d i r e c t l y from the data by the method j u s t 

desc r ibed . However, the lack of any f i e l d ev idence f o r a volume change 

d u r i n g m e t a s o m a t i s m s u p p o r t s an a s s u m p t i o n of v o l u m e - f o r - v o l u m e 

r e p l a c e m e n t as b e i n g t he most r e a s o n a b l e one f o r e s t i m a t i n g g a i n s and 

l o s s e s o f t he e l e m e n t s . Assuming no change i n v o l ume , i . e . Kv=1.0, t he 

f o l l o w i n g chemical changes would have taken p l ace dur ing 1 i s t w a n i t i z a t i o n : 

1. A d d i t i o n of CaO and FeO 

2. E x t r a c t i o n of MgO and SiO2 

3. AI2O3 and the minor elements remained r e l a t i v e l y immobile 

B. Trace Elements 

Chemical ana ly ses f o r t r ace elements were undertaken to determine the 

p a r e n t r ock c o m p o s i t i o n of the l i s t w a n i t e s ( see Append i x I, p.86). 

T h i r t e e n o f t he s i x t e e n samples o f l i s t w a n i t e c o n t a i n no d e t e c t a b l e 

c o n c e n t r a t i o n o f any o f t he t r a c e e l e m e n t s a n a l y z e d f o r , v i z . , n i c k e l , 

c o b a l t , chromium, g o l d , hafnium, thro ium and z i r con ium. However, three 

of the s amp l e s , L - l , L-5 and L-8 as w e l l as t h e presumed p a r e n t r o c k , 

0113, c o n t a i n n e a r l y i d e n t i c a l c o n c e n t r a t i o n s o f t h e s e e l e m e n t s . 

Furthermore, the concent ra t i on s of n i c k e l , c o b a l t and chromium i n these 

samples approximate wor ldwide averages f o r u l t r a m a f i c rocks (Krasukopf, 
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1979). The s i m i l a r amounts of these elements i n both the presumed parent 

m a t e r i a l , s e r p e n t i n i z e d p e r i d o t i t e , and the samples o f l i s t w a n i t e i n d i c a t e 

a p r o b a b l e s e r p e n t i n i z e d p e r o d o t i t e p a r e n t r o c k c o m p o s i t i o n f o r t he 

1 i s t w a n i t e . 
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FLUID INCLUSION STUDIES 

C o n s t r u e i n g a c h e m i c a l model of 1 i s t w a n i t e metasomat i sm i n v o l ves 

p l o t t i n g the e q u i l i b r i u m s u l f i d e minera l assemblages of the E r i c k son lodes 

on phase d iagrams f r o m w h i c h e s t i m a t e s of t h e a c t i v i t i e s o f v a r i o u s 

c h e m i c a l components can be e s t i m a t e d . Because the v a l u e f o r the 

e q u i l i b r i u m constants f o r the chemical r e a c t i o n s used in con s t r u c i n g phase 

diagrams i s temperature dependent, some r e p r e s e n t a t i v e temperature f o r the 

system must be e s t imated . A l though the E r i ck son quar tz lodes undoubtedly 

c r y s t a l l i z e d over a range of temperatures, a n a l y s i s of f l u i d i n c l u s i o n s 

a l l o w s some s i n g l e r e p r e s e n t a t i v e temperature t o be est imated f o r purposes 

of c on s t r u c t i n g a model of the system. 

Growth i r r e g u l a r i t i e s dur ing c r y s t a l l i z a t i o n entrap po r t i on s of the 

f l u i d medium f r om w h i c h t he c r y s t a l i s g r o w i n g , r e s u l t i n g i n a " f l u i d 

i n c l u s i o n " . These f l u i d i n c l u s i o n s a v e r a g e l e s s than .01 mm i n s i z e 

(Roedder, 1976) and a r e common i n a l 1 r o c k s and m i n e r a l s ( E v an s , 1980). 

Cons ide rab le i n f o r m a t i o n , i n c l u d i n g the chemis t ry and den s i t y of the f l u i d 

and t he t e m p e r a t u r e and p r e s s u r e p r e v a i l i n g d u r i n g e n t r a p m e n t , can be 

d e r i v e d th rough m i c r o t h e r m o m e t r i c s t ud ie s of f l u i d i n c l u s i o n s (Roedder, 

1984). 

I. Methods 

F i v e g o l d - b e a r i n g quar tz ve i n s , the Jenny, Maura, Bear, A l i s o n and 

C a t l i n were s amp led a t E r i c k s o n M ine. A t o t a l o f t h i r t y s amp le s were 

s e l e c t e d f rom t h e s e v e i n s i n such a manner as to c o v e r , as f a r as 

p o s s i b l e , the v e r t i c a l and h o r i z o n t a l e x t e n t o f each v e i n . The f l u i d 

i n c l u s i o n s i n t h e s e v e i n s were s t u d i e d t o d e t e r m i n e t h e c h e m i c a l 

composit ion and d e n s i t y of the hydrothermal f l u i d which t r an spo r t ed and 
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depos ited the g o l d , and the temperature and pressure of entrapment. 

Each sample was cut i n t o approx imate l y 1 cent imeter t h i c k s l ab s which 

were examined under low m a g n i f i c a t i o n t o s e l e c t s u i t a b l e m a t e r i a l f o r 

c u t t i n g t h i n s e c t i on s . The generat ion of quar tz and presence or absence 

o f m i n e r a l i z a t i o n was n o t e d . I f t he t h i n s e c t i o n c o n t a i n e d f l u i d 

i n c l u s i o n s of s u i t a b l e s i z e , a qua r t z c h i p about the s i z e of a thumbnai l 

was made and h i g h l y p o l i s h e d on both s ides f o r maximum r e s o l u t i o n . The 

quartz ch ip was then numbered and mounted t e m p o r a r i l y on a g l a s s s l i d e . 

A t ho rough s e a r c h o f t he c h i p was unde r t a ken t o l o c a t e " p r i m a r y " 

i n c l u s i o n s accord ing to Roedder's (1976) c r i t e r i a . The ch ip was sketched 

with the l o c a t i o n of pr imary i n c l u s i o n s i n d i c a t e d . F l u i d i n c l u s i o n s i z e , 

shape, type, occurrence and degree of f i l l was noted. 

When mounted on t he " h e a t i n g - f r e e z i n g " (microscope) stage, the ch ip 

i s sandwiched between g l a s s or s i l i c a windows w i t h i n a c y l i n d r i c a l chamber 

which a l l o w s the passage of a hot or c o l d gas, e i t h e r n i t rogen or " a i r " . 

The ch ip i s connected to a thermocouple which r e g i s t e r s the heat of the 

ch ip and i n d i c a t e s the temperature i n degrees C e l c i u s by d i g i t a l d i s p l a y . 

A m a g n i f i c a t i o n o f 512X i s p r o v i d e d by 16X o c u l a r s and a s p e c i a l 32X 

o b j e c t i v e w i t h a v e r y l a r g e f r e e w o r k i n g d i s t a n c e (FWO). The c h i p i s 

coo led by pass ing c o l d gaseous n i t r ogen through the chamber. Temperatures 

i n exces s o f -100 C a re a t t a i n a b l e . Hot a i r passed th rough the chamber 

can heat the ch ip to temperatures approaching 600 C f o r those w i th a sense 

of adventure. 

A. Observing Phase Changes 

At room temperature, an i n c l u s i o n may conta in one f l u i d phase, both a 

l i q u i d and a gas phase, two l i q u i d pha se s , or a gas and two l i q u i d 

phases. A l s o , one or more s o l i d s may be found i n any o f t h e s e t y p e s 
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(Hoi l i s t e r and o ther s , 1981). The p o s s i b l e spec ie s present in s i g n i f i c a n t 

amounts i n c l u d e H 2 0 , C 0 2 , CO, H 2 , N 2 , C H 4 , H 2 S , N a C l , KC1 and C a C l 2 

(Ho l l oway, 1981). However, the most common spec ie s are H 2 0, C0 2 and NaCl. 

" M i c r o t h e r m o m e t r y " i s t he t e c h n i q u e f o r m e a s u r i n g t he t e m p e r a t u r e s o f 

phase t r a n s i t i o n s (Hoi l i s t e r , 1981). The t e m p e r a t u r e o f t he se phase 

t r a n s i t i o n s i n d i r e c t l y i n d i c a t e s the chemica l components of the system by 

r e f e r ence to e x p e r i m e n t a l l y de r i v ed f l u i d phase e q u i l i b r i a . 

A l l pr imary f l u i d i n c l u s i o n s observed i n E r i c k s on samples con s i s t ed 

of a s i n g l e homogeneous l i q u i d phase w i th a c e n t r a l l y l o c a t e d sma l l vapor 

b u b b l e w h i c h o c c u p i e d about 30 p e r c e n t by v o l u m e , o f t h e i n c l u s i o n . No 

s o l i d s or other l i q u i d phases were observed. 

1. Sol i d - L i q u i d Phase T r a n s i t i o n 

The f l u i d i n c l u s i o n s were coo led u n t i l the l i q u i d was f rozen . During 

c o o l i n g , the vapor bubble was seen to s l o w l y c o n t r a c t u n t i l f r e e z i n g of 

t h e l i q u i d t o i c e be l ow -30 degrees C. The f r e e z i n g o f the l i q u i d phase 

was observed as a sudden c r y s t a l l i z a t i o n w h i c h d i s t o r t e d the s p h e r i c a l 

shape o f t h e vapo r b u b b l e , and as a sudden d a r k e n i n g o f the i n c l u s i o n , 

a p p a r e n t l y caused by r e f r a c t i o n o f l i g h t by t h e i c e c r y s t a l s . The 

t e m p e r a t u r e a t wh ich t h i s o c c u r r e d , deno ted " T m i n " , was r e c o r d e d . The 

i n c l u s i o n was then s l o w l y heated at a r a t e of about one degree C per two 

m i n u t e s . A t a t e m p e r a t u r e between -10 deg ree s C and -3 degrees C, t h e 

m e l t i n g o f t he i c e t o a l i q u i d , i . e . t h e s o l i d - l i q u i d phase t r a n s i t i o n , 

was o b s e r v e d . R e s o l u t i o n , e x cep t i n r a r e c a s e s , was i n s u f f i c i e n t t o 

d i s t i n g u i s h the i n i t i a l m e l t i n g , or e u t e c t i c m e l t i n g (T e ) from the f i n a l 

m e l t i n g or d i s s o l u t i o n of i c e , denoted T m . At some temperature, the vapor 

b u b b l e was o b s e r v e d to s u d d e n l y r e g a i n i t s s p h e r i c a l shape and the 

i n c l u s i o n become l i g h t e r as the i c e c r y s t a l s me l ted . Seve ra l c o o l i n g runs 
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f o r each i n c l u s i o n were made wi th the i n d i v i d u a l determinat ions averaged. 

I f one p a r t i c l u a r de te rm ina t i on va r i ed g r e a t l y from others which were ve ry 

c l o s e l y grouped, an e r r o r i n obse rva t ion or m e t a s t a b i 1 i t y was assumed and 

t he d e t e r m i n a t i o n d i s r e g a r d e d . Subsequent f r e e z i n g runs on t h e same 

i n c l u s i o n were made by r a p i d h e a t i n g f rom Tmin (usu. -30 C) t o w i t h i n 5 

degrees of the i n i t i a l l y observed me l t i n g temperature, T e . The r a t e of 1 

degree C per 2 minutes was then resumed to avo id m e t a s t a b i 1 i t y . 

2. Vapor -L iqu id T r a n s i t i o n 

As t he i n c l u s i o n s were hea ted , t he v a p o r b u b b l e was o b s e r v e d t o 

"homogenize" to the l i q u i d , i .e. shr ink and d i sappear i n the l i q u i d . The 

temperature at which t h i s occurs , denoted T n , i s termed the " temperature 

of homogenization". As T n was approached, the vapor bubble r a p i d l y shrunk 

and d a r t e d q u i c k l y about t h e i n c l u s i o n . At t i m e s , the v a p o r b u b b l e was 

hidden by i r r e g u l a r i t i e s and reent rant s w i t h i n the i n c l u s i o n . A s l i g h t 

c o o l i n g of the i n c l u s i o n r e - nuc l e a t ed the vapor bubble and the i n c l u s i o n 

was then reheated and the v a p o r - l i q u i d t r a n s i t i o n temperature rechecked. 

Seve ra l heat ing runs f o r each i n c l u s i o n were made w i th r e s u l t s averaged as 

i n t he f r e e z i n g r u n s . H e a t i n g runs i n e x ce s s o f 480 deg ree s C f a i l e d t o 

d e c r e p i t a t e any pr imary i n c l u s i o n s . 

I I . Resu l t s 

I n t e r p r e t a t i o n of f l u i d i n c l u s i o n data r e q u i r e s ob t a i n i n g an adequate 

number o f measurements so t h a t a p a t t e r n o r t r e n d i s a p p a r e n t when 

s t a t i s t i c a l l y s t u d i e d . Depending upon t he s c a l e of t h e s t u d y and t h e 

c o m p l e x i t y of t h e s y s t e m , about 200 measurements a re u s u a l l y adequa te . 

However, smal 1 e r numbers o f measurements may be adequate f o r t h o s e o re 

depos i t s tud ie s where a s i n g l e generat ion of i n c l u s i o n s , a l l pr imary, i s 
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a v a i l a b l e ( H o l l i s t e r and o the r s , 1981). 

Of t he f i v e q u a r t z v e i n s s amp led at E r i c k s o n , o n l y two v e i n s , t he 

Maura and t h e A l i s o n , c o n t a i n e d p r i m a r y 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 

study. Phase t r a n s i t i o n s , p a r t i c l u a r l y the s o l i d - l i q u i d t r a n s i t i o n , are 

d i f f i c u l t to observe and r equ i r e the r e s o l u t i o n a v a i l a b l e o n l y from those 

i n c l u s i o n s of a l a r g e enough s i z e . The lack of s u i t a b l e m a t e r i a l may have 

been due, i n p a r t , t o poor s a m p l i n g t e c h n i q u e o f t he E r i c k s o n l o d e s . 

Measurements were made on 45 pr imary f l u i d i n c l u s i o n s , 29 from the Maura 

v e i n and 16 f r o m t h e A l i s o n . A l l i n c l u s i o n s were l o c a t e d w i t h i n 

the c l e a r #2 and #3 generat ion qua r t z . A few measurements were made from 

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 . 

As a r e s u l t of t h i s study, the d e n s i t y and composit ion of the f l u i d , 

and the t e m p e r a t u r e and p r e s s u r e c o n d i t i o n s d u r i n g en t rapment can be 

reasonably e s t imated . 

A. Chemical Composit ion 

A f l u i d c o m p o s i t i o n o f m o d e r a t e l y s a l i n e F^O i s i n d i c a t e d by 

measurements made on pr imary f l u i d i n c l u s i o n s found i n the E r i ck son quar tz 

lodes. 

D i s s o l v e d s a l t s , p r i n c i p a l l y NaC l , depress the f r e e z i n g po in t of H2O. 

T h e r e f o r e , measurement o f t he f r e e z i n g p o i n t d e p r e s s i o n a l l o w s t h e 

s a l i n i t y of the water to be i n d i r e c t l y determined. 

The range of temperatures at which the s o l i d - l i q u i d phase t r a n s i t i o n 

was observed i n samples of the Maura and A l i s o n ve in s i s i l l u s t r a t e d i n 

F i g u r e 21. A f r e e z i n g p o i n t d e p r e s s i o n of -6 deg rees C i s b r o a d l y 

r e p r e s e n t a t i v e of the system. The f r e e z i n g po in t depress ion of H2O w i t h 

i nc reas ing s a l i n i t y i s i l l u s t r a t e d i n F i gu re 22 . A h o r i z o n t a l l i n e drawn 

from a -6 deg ree C f r e e z i n g p o i n t d e p r e s s i o n on t he v e r t i c a l a x i s 

44 



F r e e z i n g P t . d e p r e s s i o n ( T M ) 
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Fig. 21 . Measurements of the 1^0 solid - Ĥ O liquid 
transition temperature. 
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Fig.22 . The fusion temperature depression 
of i c e by NaCl. (Modified a f t e r C o l l i n s , 1979) 

i 

46 



c o r r e l a t e s w i t h an a p p r o x i m a t e 10 w e i g h t p e r c e n t NaCl s o l u t i o n , as 

i nd i c a ted i n the f i g u r e . 

B. F l u i d Temperature, Pressure and Dens i ty 

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

o r i g i n a l f l u i d s whose c o m p o s i t i o n and d e n s i t y have rema ined unchanged 

s i n c e en t rapment . I f a s i n g l e homogeneous l i q u i d phase i s e n t r a p p e d a t 

some pressure (P t ) and temperature ( T t ) , (po int A, F i gure 23), the l i q u i d 

w i l l coo l a long a path of constant d e n s i t y c a l l e d an " i sochore " . When the 

l i q u i d c o o l s t o t h e t e m p e r a t u r e a t wh i ch the i s o c h o r e i n t e r s e c t s t h e 

" b o i 1 i n g c u r v e " , a v apo r bubb l e wi 1 1 n u c l e a t e and grow as t e m p e r a t u r e s 

cont inue to f a l l . The " b o i l i n g c u r v e " or "two phase co -ex i s t ence c u r v e " 

i s a reg ion of pressure and temperature where the l i q u i d i s i n e q u i l i b r i u m 

with i t s vapor. The temperature of the i s o cho re - bo i 1 i n g curve i n t e r s e c t i o n 

i s the h o m o g e n i z a t i o n t e m p e r a t u r e , T n . A t t h i s t e m p e r a t u r e , t h e v a p o r 

bubble can be observed to homogenize to the l i q u i d . However, to determine 

the temperature of entrapment, a temperature c o r r e c t i o n must be made by an 

i ndependent p r e s s u r e c o r r e c t i o n , s i n c e P t u n i q u e l y d e t e r m i n e s T^. The 

load pressure or h y d r o s t a t i c p res sure can o f ten be est imated from g e o l o g i c 

ev idence. An app rop r i a te geobarometer may a l s o a l l o w e s t imat i on of the 

pressure of entrapment. 

The c o n s t a n c y o f t h e f l u i d / v a p o r r a t i o o f t he f l u i d i n c l u s i o n s i n 

samples of E r i c k son ore i n d i c a t e t h a t a s i n g l e homogeneous l i q u i d phase 

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

b o i l i n g . Only i f a b o i l i n g f l u i d i s entrapped i s T- t=Th. 

F i g u r e 24 shows t he r ange o f t e m p e r a t u r e s at wh ich the wa te r v a p o r 

b u b b l e was o b s e r v e d t o homogenize t o t he l i q u i d i n t he p r i m a r y f l u i d 

i n c l u s i o n s of both the Maura and A l i s o n ve in s . The lack of a c l e a r t rend 
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T 

F i g . 23. A f l u i d entrapped at point A cools along a path of 
constant density, an isochore. At temperature T, f a vapor 
bubble nucleates. The vapor bubble grows as cooling continues 
down the boiling curve. 
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F lu id Inc lus ion v a p o r - l l q u l d (H^O) homog. T t m p « r a t u r t i 

M a u r a V a i n 
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Fig. 24 . Measurements of the Ĥ O liquid - Ĥ O vapor transition 
temperature. 
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from which some can be unambiguously s e l e c t e d as r e p r e s e n t a t i v e of the 

system, can be a t t r i b u t e d to two main f a c t o r s : 

1. Ore d e p o s i t s commonly f o r m , not a t a s i n g l e t e m p e r a t u r e , but o v e r a 

temperature i n t e r v a l , sometimes as w i de as 50-500 deg rees C ( K r a u s k o p f , 

1979). 

2. An i n s u f f i c i e n t number of de te rminat i on s were made f o r a c l e a r t rend to 

emerge. 

On the b a s i s o f a weak t r e n d w h i c h i s apparent when t h e d iag rams i n 

F igure 24 are superimposed, a temperature of 285 degrees C i s s e l e c t e d f o r 

T h . The a r b i t r a r i n e s s o f such a s e l e c t i o n i s conceded. But s i n c e a 

s e l e c t i o n of some s i n g l e r e p r e s e n t a t i v e T n must be made f o r purposes of 

c a l c u l a t i o n , 285 degrees C seems the most reasonable one. 

The n e c e s s i t y o f d e t e r m i n i n g t h e t r u e ent rapment t e m p e r a t u r e by an 

i ndependent p r e s s u r e c o r r e c t i o n i s an a d d i t i o n a l c o m p l i c a t i o n . S i n c e 

g o l d - b e a r i n g q u a r t z v e i n s at E r i c k s o n o c c u r t h r oughou t a w ide range o f 

e l e v a t i o n s , t h e e s t i m a t i o n o f a s p e c i f i c l o a d p r e s s u r e i s not p o s s i b l e 

(Pante leyev, per sona l communication, 1984). However, a moderate depth of 

b u r i a l i s i n d i c a t e d by t he v e i n m i n e r a l o g y and s t r u c t u r e , t he l o w e r 

g r e e n s c h i s t metamorph i c g rade o f t h e ho s t r o c k s and t h e e x t e n s i v e 

a l t e r a t i o n ha l o s of the quartz l odes . S ince most depos i t s are formed at 

modest p r e s s u r e ( K r a u s k o p f , 1979), and v e i n s t r u c t u r e and m i n e r a l o g y 

i nd i c a t e a moderate temperature/pressure of fo rmat ion, a l oad pressure of 

625 atms i s a r b i t r a r i l y assumed to be b r oad l y r e p r e s e n t a t i v e . As F i gu re 

25 i n d i c a t e s , a load pressure of 625 atms un ique ly determines a 350 degree 

C temperature of entrapment. 

I t i s assumed t h e r e f o r e , t ha t 350 degrees C f a l l s w i t h i n the range of 

temperatures at which the E r i ck son lodes c r y s t a l l i z e d , and can be assumed 

broadly r e p r e s e n t a t i v e f o r purposes of cons t ruc ing a model of the system. 
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DISCUSSION 

A model i l l u s t r a t i n g how l i s t w a n i t e s a f f e c t g o l d m i n e r a l i z a t i o n can 

be cons t ruc ted from thermodynamic c a l c u l a t i o n s based upon m i n e r a l o g i c a l , 

geochemical and f l u i d i n c l u s i o n s tud ies of E r i c k son rocks . I t i s proposed 

t h a t h y d r o t h e r m a l f l u i d s c a r r y i n g g o l d i n s o l u t i o n migrated up s t e e p l y 

d i p p i n g f a u l t s w h i c h c r o s s c u t bod ie s o f s e r p e n t i n i z e d p e r i d o t i t e . The 

f l u i d s permeated and m e t a s o m a t i c a l l y a l t e r e d these rocks produc ing the 

zoned s i l i c a - c a r b o n a t e metasomatites termed " l i s t w a n i t e " . Go ld s o l u b i l i t y 

was a f f e c t e d d u r i n g metasomat i sm c a u s i n g g o l d t o m i g r a t e down a c t i v i t y 

g rad ien t s and p r e c i p i t a t e out i n adjacent quar tz l ode s . 

In o rder to c o n s t r u c t t h i s model, the f o l l o w i n g data must be known or 

i n f e r r e d : 

1. the chemical compos i t ion of the ore s o l u t i o n 

2. the chemical compos i t i on of the l i s t w a n i t e parent rock 

3. the chemical compos i t ion of a f l u i d i n e q u i l i b r i u m w i th the parent rock 

4. the g o l d - t r a n s p o r t complex 

5. the chemical components which a f f e c t s o l u b i l i t y o f the gold complex 

With the above i n f o rma t i on , the a c t i v i t y g r ad i en t s which would e x i s t 

a c r o s s a 1 i s t w a n i t e body d u r i n g f l u i d m i x i n g can be c a l c u l a t e d and the 

behav io r of g o l d i n these g rad ients determined. The r e l a t i v e a f f e c t of 

each c h e m i c a l component on g o l d s o l u b i l i t y can be c a l c u l a t e d and t h e 

mechanism c a u s i n g g o l d p r e c i p i t a t i o n i d e n t i f i e d . The e x p e r i m e n t a l l y 

d e r i v e d v a l ue s f o r l o g K u t i l i z e d i n the c a l c u 1 a t i o n s are l i s t e d i n 

Table I. 
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TABLE I. Selected Equilibrium Constants (350 C) 

Reactions Log K Ref ei 

H„S + 2CL * SO.2" + 2H + 

2 2 4 +41.0 A 

H + + HSO" 3 H0S + 20„ -50.2 A 

HS" + 20„ « SO2" + H + 

2 4 
+50.6 (extrap) A 

HSO" - SO2" + H + 

4 4 
-9.2 A 

+ 2-HS - H + S -9.95 A 

H2S « H + + HS" -8.69 A 

H2C03 = H + + HC0~ -10.2 A 

HCÔ  « H + + CO2" -12.4 A 

2FeS + S 2 » 2FeS2 +8.76 A 

5CuFeS0 + S 0 = 4FeS_ + Cu^FeS. 2 2 2 5 4 +5.14 A 

3FeS2 + 20 2 - Fe 30 4 + 3S 2 +32.36 A 

4Cu + S 2 = 2 C u 2 S -18.80 A 

Cu2S + 1/2 S 2 » 2CuS +1.50 B 

3KAlSi 30 8 + 2H + - KAl 3Si 30 1 ( )(OH) 2 + 6Si0 2 + 2K+ +7.8 (extrap) A 

2KAl 3Si 30 1 ( )(0H) 2 + 2H + + 3H20 - 3Al 2Si 20 5(OH> 4 + 2K+ +4.9 (extrap) A 

KAlSi 30 8 + Na + - NaAlSi^Og + K + -0.65 D 

Au + 2H2S + HS" « Au(HS)~ + 1/2 H 2 -1.08 B 

H20 » H 2 + 1/2 0 2 -18.0 A 

Au + 2H2S + 1/40 = 1/2H20 + H + + Au(HS)~ +7.95 (extrap) C 

Au + 2Cl" AuCl" + 6.2 C 

C (graphite) + 0 2 - C0 2 +33.08 A 
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Table I. Continued 

C (graphite) + 0 2 + H20 = H
2

C 0
3 +31.48 A 

HoC0_ + H.O = CH. + 20_ -63.28 A 2 3 2 4 2 
Fe + 1/2 0 2 = FeO (var. Wustite) +18.84 E 

1/2 Fe_0. + 1.5 Fe + 0. -37.2 E 
3 4 2 

A.) C r e r a r and Barnes, 1976; B.) Barnes, 1979; C.) Casadeval l and Ohmoto, 

1977; D.) Hegelson, 1969; E.) Robie and Waldbaum, 1968. 
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I. Determining The Chemistry of the Ore S o l u t i o n 

F l u i d i n c l u s i o n s t u d i e s i n d i c a t e t h a t a 10 w e i g h t p e r c e n t N a C l - H 2 0 

s o l u t i o n was entrapped at an approximate temperature of 350 degrees C and 

under a p r e s s u r e i n e x ce s s of 625 atms. T h i s d a t a , i n c o n j u n c t i o n w i t h 

mi n e r a l o g i c a l e v i d e n c e , a l l o w s e s t i m a t i o n of other chemical parameters 

i n c l u d i n g oxygen f u g a c i t y , pH, aK + , and t o t a l carbon and s u l f u r of the ore 

s o l u t i o n by c o n s t r u c t i o n of an f 0 2 - pH chemical diagram. 

A. Con s t ruc t i on of an fO ^S^. diagram 

F i gu re 26 shows tha t the pH and oxygen f u g a c i t y of the hydrothermal 

f l u i d are con s t r a i ned by the s t a b l e coex i s tence of c e r t a i n m ine ra l phases. 

Because the v a l u e of the e q u i l i b r i u m constants f o r the r e l e v a n t r e a c t i o n s 

are temperature dependent, the diagram i s con s t ruc ted f o r a temperature of 

350 degrees C. 

1. Determinat ion of pH 

At E r i c k s on , w a l l rock a l t e r a t i o n s t ud i e s i n d i c a t e tha t s e r i c i t e was 

i n e q u i l i b r i u m w i t h the ore s o l u t i o n ( S ke t ch l ey , per sona l communication, 

1984). S i n c e s e r i c i t e i s s t a b l e o n l y o v e r a s m a l l r ange o f pH, 

c a l c u l a t i o n of i t s s t a b i l i t y range i n d i c a t e s the approximate pH of the ore 

s o l u t i o n . 

With i n c r e a s i n g pH, s e r i c i t e a l t e r s to o r t h o c l a s e by the r e a c t i o n : 

MS + 6QTZ + 2K + = 3 KSP + 2H + U 

So l v i ng t h i s equat ion f o r pH: 

pH = - l o g K/2 - l o g £ K + ] ( l a 

As pH decreases, s e r i c i t e a l t e r s to k a o l i n i t e accord ing to the r e a c t i o n : 

2 MS + 2H + + 3H 20 = 3 KAO + 2K + 
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F i g . 2 6 . The s t a b i l i t i e s of m inera l s from E r i ck son Mine at 350 degrees C 
w i th gold s o l u b i l i t y as c h l o r i d e and b i s u l f i d e complex p l o t t e d . 



So l v i n g f o r pH: 

pH = log K/2 - log [k*J (2a 

Log K f o r r e a c t i o n s l a and 2a a re -7.8 and +4.9 r e s p e c t i v e l y ( C e r a r 

and Ba rne s , 1978). In o r d e r t o s o l v e f o r pH however , 1 og [k+j must be 

e s t imated. A v a l u e f o r the a c t i v i t y of potass ium (aK +) can be c a l c u l a t e d 

i n d i r e c t l y f rom t h e s a l i n i t y as d e t e r m i n e d f rom f l u i d i n c l u s i o n 

measurements. However, t o use t h i s method, i t must be assumed t h a t , a t 

d e p t h , t he o re s o l u t i o n was i n c o n t a c t w i t h both a l b i t e and a l k a l i 

f e l d s p a r which were i n e q u i l i b r i u m accord ing to the r e a c t i o n : 

KSP + N a + = AB + K + (3 

Log K f o r t h i s r e a c t i o n i s -0.65 as e x t r a p o l a t e d f r om Hege l son 

(1969). So lv ing f o r log K: 

Log K = log [k +J - l o g [Na +J (3a 

S ince l o g K i s known, determing l og N a + w i l l a l l o w c a l c u l a t i o n of l o g 

The a c t i v i t y o f sodium (aNa + ) i s r e l a t e d t o the c o n c e n t r a t i o n o f 

sodium i n moles per l i t e r (mNaCl) by the equa t i on : 

aNa + = mNaCl X ANaCl (4 

where A NaCl i s the s t o i c h i o m e t r i c mean a c t i v i t y c o e f f i c i e n t of NaCl . A 

v a l u e of 0.125 i s e x t r a p o l a t e d from Hegel son (1969). A 10 weight percent 

NaCl s o l u t i o n i s e q u i v i l e n t to a 1.7 molar s o l u t i o n (mNaCl). S u b s t i t u t i n g 

these values back i n t o equat ion 4: 

aNa + = (1.7) (0.125) = 0.213 (5 

S u b s t i t u t i n g t h i s va lue back i n t o equat ion 3a and s o l v i ng f o r l og [*K+J: 

Log [ K + ] = (-0.65) + (-.672) = -1.32 (6 

S u b s t i t u t i n g t h i s v a l u e f o r l o g [ K + ] back i n t o equations l a and 2a, the pH 

f o r these two equations are c a l c u l a t e d to be 5.22 and 3.77 r e s p e c t i v e l y . 
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There fo re , the pH of the ore s o l u t i o n l i e s w i t h i n the general area of 

3.77 and 5.22 as determined by the s t a b i l i t y of s e r i c i t e . 

2. Determinat ion of f Q 2 , t o t a l carbon and t o t a l s u l f u r 

As i l l u s t r a t e d by F igure 26, the oxygen f u g a c i t y of the ore s o l u t i o n 

i s c on s t r a i ned by the presence of p y r i t e and absence of p y r r h o t i t e , and by 

the presence of g raph i te and absence of CO2 i n the qua r t z lodes. 

G raph i t e o x i d i z e s to CO2 by the r e a c t i o n : 

C ( g raph i te ) + 0 2 = C 0 2 (7 

S o l v i n g f o r l og K: 

log K = log [C0 2"] - l og [ 0 2 ] (7a 

The presence of g raph i te and absence of C 0 2 t h e r e f o r e e s t a b l i s h e s an upper 

l i m i t t o t h e oxygen c o n t e n t o f t h e s y s tem. W i t h d e c r e a s i n g oxygen 

con ten t , p y r i t e reduces to p y r r h o t i t e accord ing t o the r e a c t i o n : 

PO + H 2S + 0.5 0 2 = PY + H 2 0 (8 

Log K f o r t h i s r e a c t i o n i s : 

log K = -2 log [h 2 s ] - log [ 0 2 ] (8a 

In o r d e r t o s o l v e e q u a t i o n s 7a and 8a f o r l o g j j 0 2 " ] , i t i s n e c e s s a r y 

t o e s t i m a t e 1 C and I£S f o r t he s y s tem. An f 0 2 - T d i a g r a m ( F i g u r e 27) 

can be used t o determine the minimum amounts of carbon and s u l f u r . 

Th i s diagram shows the f 0 2 - T s t a b i l i t y f i e l d s f o r p y r i t e and g raph i te 

f o r v a r i o u s assumed v a l u e s o f and £ C a t p e r i o d i c t e m p e r a t u r e 

i n t e r v a l s from 200 degrees C to 350 degrees C. The l i n e s between minera l 

phases a re d e t e r m i n e d i n t he same manner as t h e k a o l i n i t e - s e r i c i t e -

o r t h o c l a s e l i n e s . At some t e m p e r a t u r e , v a l u e s f o r X_ S and £ C a re 

a r b i t r a r i l y assumed and the equat ion s o l v e d f o r oxygen f u g a c i t y . 
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For example, to l o c a t e the graphite-methane l i n e at a temperature of 

200 degrees C, a v a l u e o f 1 0 " ^ i s assumed f o r J ^ C . G r a p h i t e r educe s t o 

methane by the r e a c t i o n : 

C (g raph i te ) + 2 H 2 0 = CH 4 + 0 2 (9 

Log K f o r t h i s r e a c t i o n i s -45.38 ( C e r a r and Ba rnes , 1976). The 

e q u i l i b r i u m constant i s : 

log K = [CH4~] [ C 0 2 1 / 1 (9a 

So l v i n g f o r log 0 2 : 

log [0 2 " ] - log K - l og [ C H 4 ] (9b 

S u b s t i t u t i n g values f o r l og K and CCH 4 1: 

log f 0 2 ] = -45.38 - (-1) = -44.38 (9c 

Therefore , at a temperature of 200 C and C = 10"^, g raph i te reduces 

to methane at l og f 0 2 = -44.38. 

At a temperature of 350 degrees C, the s t a b l e coex i s tence of p y r i t e 

and g raph i te i s p o s s i b l e o n l y i f 2*C equa l s or exceeds 10^ and £ S equa l s 

or exceeds 10"^. 

U s i n g t he se v a l u e s f o r s o l v i n g e q u a t i o n s 7a and 8a, t h e oxygen 

f u g a c i t y of the ore s o l u t i o n l i e s w i t h i n the l o g f 0 2 range of -30.48 to 

-31.76 as i nd i ca ted i n the diagram. 
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I I . Determining the Parent Rock Composit ion of the L i s t w a n i t e 

The probab le parent rock composit ion of the l i s t w a n i t e s at E r i ck son 

can be est imated from the c r u s t a l s e t t i n g , m inera logy and t r a c e element 

geochemistry of these rock s . 

A. C r u s t a l S e t t i n g 

A thorough study of the l i t e r a t u r e by the w r i t e r co r robora tes Kashkai 

and A l 1 a k h v e r d i e v ' s ( 1 9 7 1 , p.3) s t a t e m e n t t h a t l i s t w a n i t e s a r e 

" g e n e t i c a l l y con f i ned t o " and "are p o s s i b l e o n l y w i t h i n the con f i ne s of 

the u l t r a b a s i c f o rmat ion and i t s ha loe s " . In p a r t i c l u l a r , l i s t w a n i t e s are 

a s soc i a ted e x l u s i v e l y w i th " A l p i n e - t y p e " p e r i d o t i t e s . 

The re a re f i v e s e p a r a t e l i t h o l o g i c a l t y p e s of u l t r a m a f i c r o c k s : 1. 

1amprophyres, 2. m e l i 1 i t e - r i c h rocks, 3. c a r b o n a t i t e s , 4. k i m b e r l i t e s , and 

5. p e r i d o t i t e s and a l l i e d r o c k s ( W i l l i a m s and o t h e r s , 1982). However, 

o n l y p e r i d o t i t e s a re o f s i g n f i c a n t t o t a l v o l ume and g l o b a l e x t e n t 

(Ch idester and Cady, 1972). L i s twan i t e s are r e s t r i c t e d i n occurrence to 

p e r i d o t i t e s and a l l i e d r o c k s . P e r i d o t i t e s t y p i c a l l y o c c u r i n two 

independent t e c t o n i c - g e o g r a p h i c a l s i t u a t i o n s : 1. M a s s i v e b a s a l c u m u l a t e 

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

South A f r i c a , and 2. A l l o c t h o n o u s b o d i e s i n f o l d e d o r o g e n i c mounta in 

cha in s , i .e. " A l p i n e - t y p e " p e r i d o t i t e s . L i s t w a n i t e s are r e s t r i c t e d to t h i s 

l a t e r category. 

The l i s t w a n i t e s at Er ickson Mine are hosted w i t h i n an assemblage of 

v o l c a n i c s and sediments of o c e a n i c a f f i n i t y t h r u s t on to a m i o g e o c l i n a l 

wedge of c o n t i n e n t a l sediments autochthonous to the North American Craton. 

The l i s t w a n i t e s occur w i t h i n a l i n e a r b e l t of u l t r a m a f i c rocks termed the 

"McDame u l t r a m a f i c b e l t " by G a b r i e l s e (1963, p.63 ). The c r u s t a l s e t t i n g 



of the l i s t w a n i t e s at E r i ck son i s i n c l o s e agreement w i th other l i s t w a n i t e 

occurrences repor ted i n the l i t e r a t u r e which i n d i c a t e s a p robab le A l p i n e -

type p e r i d o t i t e parent rock . 

B. L i s t w a n i t e M inera logy 

U l t r a m a f i c rocks are c h a r a c t e r i z e d c h e m i c a l l y as hav ing a low s i l i c a 

and high magnesium content w i t h commonly s i g n i f i c a n t amounts of chromium. 

Be ing composed d o m i n a n t l y o f t h e h i g h t e m p e r a t u r e s i l i c a t e s , o l i v i n e , 

pyroxene and chromi te , they are out of e q u i l i b r i u m w i t h i n the upper c r u s t 

and s u b j e c t t o d e u t e r i c and h y d r o t h e r m a l a l t e r a t i o n . T h i s a l t e r a t i o n 

i n v o l v e s the i n t e r a c t i o n between high temperature s i l i c a t e s and in t roduced 

wate r p r o d u c i n g low t e m p e r a t u r e hydrous s i l i c a t e s . Common a l t e r a t i o n 

products i n c l u d e , se rpent i ne , t a l c , b r u c i t e , amphiboles, sphene, hydrated 

C a - A l s i l i c a t e s , c h l o r i t e , c l a y s , c a l c i t e , a l b i t e , F e - o x i d e s , n a t i v e 

metals and l o w - s u l f u r s u l f i d e s (Moody, 1976). 

The l i s t w a n i t e s at E r i c k son are composed of the t y p i c a l a l t e r a t i o n 

products of u l t r a m a f i c rock s , v i z . t a l c , se rpent ine , magnesite and chrome 

m i ca . As shown i n F i g u r e 28, at a t e m p e r a t u r e o f 350 deg ree s C, t h e 

a l t e r a t i o n m ine ra l assemblages o b s e r v e d at E r i c k s o n can be p roduced by 

a l t e r i n g a s e r p e n t i n i t e or s e r p e n t i n i z e d u l t r a m a f i c rock w i t h a C02 - r i c h 

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

s e r p e n t i n i z e d u l t r a m a f i c p a r e n t r o ck c o m p o s i t i o n . T r a c e amounts o f 

m i n e r a l s c o n t a i n i n g chromium, c o b a l t and n i c k e l , such as k a m m e r e r i t e 

(chrome c h l o r i t e ) , n u m i t e ( n i c k e l c h l o r i t e ) , s p i n e l , chromite and f e r r o -

s p i n e l a r e i n d i c a t e d by X - r a y d i f f r a c t i o n and c o n s t i t u t e a d d i t i o n a l 

evidence f o r an u l t r a m a f i c source rock . 

L i s t w a n i t e Trace Element Geochemistry 

In samples of E r i ck son l i s t w a n i t e analyzed f o r t r a c e e lements , n i c k e l 
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I I I . Determinat ion of the Gold Transport Complex 

The s o l u b i l i t i e s o f o r e m i n e r a l s as s i m p l e i o n s , has l o n g been 

r e c o n g i z e d as i n a d e q u a t e t o t r a n s p o r t o r e ( B a r n e s , 1979). Under 

h y d r o t h e r m a l c o n d i t i o n s , o re c h e m i s t r i e s a r e r e s t r i c t e d by bo th t he 

1 i m i t e d number o f dominant o re m i n e r a l s and by t h e few 1 i gands t h a t a re 

p r e s e n t i n s u f f i c i e n t q u a n t i t i e s t o a s s o c i a t e w i t h m e t a l s i n c omp lexe s 

( B a r ne s , 1979). In o r e s o l u t i o n s , c h l o r i d e and s u l f i d e comp lexe s a re 

dom inan t , but a n t i m o n o t h i o or a r s e n o t h i o c o m p l e x e s may be l o c a l l y 

prominant where i n d i c a t e d by the mineralogy (Seward, 1972). 

P l o t t i n g the g o l d s o l u b i l i t i e s of the s u l f i d e and c h l o r i d e complexes on 

an f 0 2 - p H d i a g r am ( F i g u r e 26 ) i n d i c a t e s w h i c h o f t h e comp lexe s was 

c a p a b l e o f t r a n s p o r t i n g t he g o l d . T h i s i s d e t e r m i n e d by n o t i n g t h e 

s o l u b i l i t i e s f o r each complex in the reg ion of the ore s o l u t i o n . 

A. P l o t t i n g the s o l u b i l i t y of the s u l f i d e complex 

Seward (1972) i d e n t i f i e d t h r e e t h i o g o l d complexes c o n t r i b u t i n g to 

g o l d s o l u b i l i t y . The complex A u 2 ( H S ) 2 S ~ 2 p r e d o m i n a t e d i n a l k a l i n e 

s o l u t i o n s , A u ( H S " ) 2 i n t he n e u t r a l pH r e g i o n , and Au(HS) i n t h e a c i d 

r e g i o n s , a l t h o u g h i t s p r e sence was l e s s c e r t a i n t han the f i r s t two 

complexes. 

The pH o f t h e o r e s o l u t i o n at E r i c k s o n was c a l c u l a t e d as l y i n g 

between 3.77 and 5.22. The d e t e r m i n a t i o n o f a c i d i t y o r a l k a l i n i t y i s 

comp l i ca ted by the f a c t tha t the d i s s o c i a t i o n cons tant of water changes as 

t e m p e r a t u r e r i s e s . A t h i g h e r t e m p e r a t u r e s , t h e d i s s o c i a t i o n o f w a t e r 

becomes c r i t i c a l l y dependent on the den s i t y , hence on the pressure, to a 

g rea te r ex tent than on temperature. F i gu re 29 i l l u s t r a t e s these changes 

i n the d i s s o c i a t i o n constant f o r water f o r e l e v a t e d temperatures and f o r 
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and chromium c o n t e n t s a v e r a g e d about 2000 ppm and c o b a l t about 100 ppm. 

These amounts are ve r y s i m i l a r to the wo r l d average f o r u l t r a m a f i c rock s , 

which c h a r a c t e r i s t i c a l l y con ta in 2000 ppm chromium and n i c k e l , and 200 ppm 

coba l t (Krauskopf, 1979, pp.476-477). 

In summary, t h e c r u s t a l s e t t i n g , m i n e r a l o g y and t r a c e e l e m e n t 

g e o c h e m i s t r y o f t h e l i s t w a n i t e s a t E r i c k s o n i n d i c a t e s an A l p i n e - t y p e 

p e r i d o t i t e p a r e n t r o c k c o m p o s i t o n . As shown by F i g u r e 28, t h e m i n e r a l 

a s semblages o b s e r v e d a t E r i c k s o n i n d i c a t e t h a t t he p e r i d o t i t e was 

s e r p e n t i n i z e d . 



v a r i o u s d e n s i t i e s . A d i s s o c i a t i o n c o n s t a n t o f a p p r o x i m a t e l y 11.25 

corresponds to a temperature of 350 degrees C as i n d i c a t e d in the f i g u r e . 

T h e r e f o r e , n e u t r a l pH at 350 deg ree s C i s a p p r o x i m a t e l y 5.6 and perhaps 

lower s i n ce pressures exceeded 600 bars. The ore s o l u t i o n at E r ickson i s 

w i t h i n 1.0 pH u n i t of n e u t r a l , and under these c o n d i t i o n s , go ld would be 

t r an spo r ted by the t h i o complex A u ^ H S " ^ accord ing t o the r e a c t i o n : 

Au + H 2S + HS" = Au(HS~) 2 + 0.5 H 2 (10 

As H 2 S i s t h e dominant s u l f u r s p e c i e s i n t he r e g i o n o f t h e o re s o l u t i o n 

(see F i gu re 26), go l d t r an spo r t as t h i s b i s u l f i d e complex w i l l occur as: 

Au + 2H 2S + 0.25 0 2 = A u ( H S ' ) 2 + 0.5 H 20 + H + (11 

Log K f o r t h i s r e a c t i o n , e x t r a p o l a t e d from Barnes (1969) and Casadeval 1 

and Ohmoto (1977) , i s -0.74. 

So l v i n g f o r log K: 

log K = log £ A u ( H S " ) 2 ] - pH - 2 log [*H 2S] - 0.25 log [02] U l a 

S u b s t i t u t i n g i n va lues and s o l v i n g f o r l o g [ 0 2 y . 

log [ 0 2 ] » 10.96 + 4 log L A u ( H S " ) 2 J - 4pH ( l i b 

I f a v a l u e f o r QAu(HS") 2 ^ and pH are a r b i t r a r i l y assumed, the equat ion 

can be s o l v e d f o r l o g [ 0 2 ] . Th i s enab les a po i n t t o be p l o t t e d i n f 0 2 - p H 

space. Assuming the same [Au(HS~) 2"] but a d i f f e r e n t pH, another po in t can 

be p 1 o t t e d and the two p o i n t s j o i n e d by a 1 i n e . T h i s 1 i n e r e p r e s e n t s a 

r e g i o n i n f 0 2 - p H space where t h e s o l u b i 1 i t y i s t h e v a l u e assumed f o r 

[ A u ( H S " ) 2 ] . A s e r i e s o f t h e s e l i n e s can be c o n s t r u c t e d f o r v a r i o u s 

assumed A u ( H S " ) 2 c o n c e n t r a t i o n s . The s l o p e o f t he l i n e s w i l l v a r y 

a c c o r d i n g t o t he dominant s u l f u r s p e c i e s p r e s e n t i n t h a t r e g i o n . As 

i n d i c a t e d i n t he f 0 2 - p H d i ag ram ( F i g u r e 26) , a l i n e c o r r e s p o n d i n g t o an 

A u ( H S " ) 2 c o n c e n t r a t i o n o f 1 0 " 6 m o l e s per 1 i t e r i n t e r s e c t s the r e g i o n o f 

the ore s o l u t i o n . This complex can t h e r e f o r e t r a n s p o r t 1 0 " 6 moles per 

66 



F i g . 29. I o n i c d i s s o c i a t i o n c o n s t a n t o f w a t e r i n 
h i g h t e m p e r a t u r e f l u i d s o f v a r i o u s d e n s i t i e s . The 
s o l i d c u r v e d l i n e i s t h e c u r v e f o r l i q u i d w a t e r 
u n d e r i t s own v a p o r p r e s s u r e . A t 350 d e g r e e s C 
t h e l o g o f t h e d i s s o c i a t i o n c o n s t a n t i s a p p r o x i m a t e l y 
1 1 , 2 5 . The da shed l i n e s show v a l u e s o f t h e c o n s t a n t 
f o r s i n g l e - p h a s e f l u i d w a t e r u n d e r s u f f i c i e n t p r e s s u r e 
t o m a i n t a i n t h e i n d i c a t e d d e n s i t i e s , ( A f t e r K r a u s k o p f , 
1979) 
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l i t e r or .287 ppm g o l d . 

B. P l o t t i n g the s o l u b i l i t y of the c h l o r i d e complex 

In s a l i n e s o l u t i o n s , g o l d i s t r a n s p o r t e d as a c h l o r i d e comp lex 

according to the r e a c t i o n : 

Au + 0.25 0 2 + H + + 2C1" = A u C l 2 + 0.5 H 20 (12 

Log K f o r t h i s r e a c t i o n i s + 3.95 (Casadeval l and Ohmoto, 1977). 

So l v ing f o r log K: 

log K = l o g [ j \ u C l 2 J - 0.25 log [ 0 2 ] + pH - log [ C 1 " J U 2 a 

Because NaCl d i s s o c i a t e s i n t o i t s ions by the r e a c t i o n : 

NaCl = N a + + C l " (12b 

f o r every mole of N a + produced, one mole of C l " i s produced. The a c t i v i t y 

of sodium was determined by equat ion 5 to be 0.213, t h e r e f o r e : 

|^Na +J = la " ] = 0.213 (12c 

S u b s t i t u t i n g t h i s v a l u e and +3.95 f o r l o g K back i n t o e q u a t i o n 12a and 

s o l v i n g f o r l og [P2}: 

l og [ 0 2 3 = 4 l o g [ j \ u C l 2 ] + 4 pH - 10.44 (12d 

As w i th the b i s u l f i d e complex, v a l ue s f o r [_AuCl2^] and pH are assumed 

and the e q u a t i o n s o l v e d f o r l o g Q o 2 ] . As i n d i c a t e d i n F i g u r e 26, t h e 

s o l ub i 1 i t y of g o l d as a b i s u l f i d e complex i s t h r e e o r d e r s o f magn i t ude 

g reater than i t s s o l u b i l i t y as a c h l o r i d e complex. 

C. Conclus ion 

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

c o m p l e x e s , t h a t t h e b i s u l f i d e comp lex , A u ( H S " ) 2 , w a s t h e p r o b a b l e 

t r an spo r t i n g agent. Other t h e o r e t i c a l go ld complexes (e.g. a r senoth io ) may 

have t ranspor ted some g o l d , but l ack of data p rec ludes t h e i r e v a l u a t i o n . 
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I V . D e t e r m i n i n g t h e Chemi s t r y o f a F l u i d In E q u i 1 i b r i urn Wi t h 

Se rpen t i n i z ed P e r i d o t i t e 

The chemistry of the ore s o l u t i o n has been r ough l y c a l c u l a t e d and the 

g o l d t r an spo r t complex determined. As the ore s o l u t i o n i n f i l t r a t e s and 

r e a c t s w i t h t h e s e r p e n t i n i z e d p e r i d o t i t e , i . e . d u r i n g l i s t w a n i t e 

metasomatism, the chemist ry of the ore s o l u t i o n w i l l change a f f e c t i n g go l d 

s o l u b i l i t y . In order to determine the chemica l changes which take p l a c e 

dur ing f l u i d mix ing and c a l c u l a t e the r e s u l t a n t a f f e c t on go ld s o l u b i l i t y , 

the chemistry of a f l u i d i n e q u i l i b r i u m w i t h the l i s t w a n i t e parent rock 

must be determined. 

Because s e r p e n t i n i z e d p e r i d o t i t e s commonly c o n t a i n n a t i v e m e t a l s 

and s u l f e r - p o o r s u l f i d e s (Moody, 1976), the oxygen and s u l f e r f u g a c i t i e s 

which a l l o w f o r t h i s c o n d i t i o n can be c a l c u l a t e d from thermodynamic data 

a v a i l a b l e i n t he l i t e r a t u r e . In a d d i t i o n , t h e pH o f t h e f l u i d can be 

cons t ra ined by c on s t r u c t i n g a pH- log CO2 diagram, F i gu re 28, as w e l l as by 

re fe rence to chemical ana lyses of s e r p e n t i n i z i n g f l u i d s pub l i s hed i n the 

1 i t e r a t u r e . 

A. Determinat ion of f 0 

There a re t h r e e t e r r e s t r i a l envo i r nment s which are reducing enough 

f o r n a t i v e i r o n t o f o r m : c o a l d e p o s i t s , b a s a l t f l o w s wh ich have 

i n c o r p o r a t e d c o a l d e p o s i t s , and s e r p e n t i n i z e d p e r i d o t i t e s (F ros t , 1985). 

Reduction i n the f l u i d phase a s soc i a ted w i t h s e r p e n t i n i z a t i o n i s caused by 

the product ion of magnet ite by the r e a c t i o n : 

6 O l i v i n e + 0 2 = 2 Magnet i te + 3 OPX (14 

Nat ive Iron o x i d i z e s to i r o n ox ide accord ing to the r e a c t i o n : 
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Fe + 0.5 0 2 = FeO ( va r . Wust i te ) (15 

Log K f o r r e a c t i o n 15 i n t e r p o l a t e d from Robie and Waldbaum (1968) i s 

+18.84. So l v i n g equat ion 15 f o r log 0 2 : 

l og C o p = -2 log K = -37.68 (15a 

Another r e a c t i o n f o r which there i s data i s : 

1.5 Fe + 0 2 = 0.5 Magnet i te (16 

Log K f o r r e a c t i o n 16 as c a l c u l a t e d from the e n t h a l p y and entropy f o r t h i s 

r e a c t i o n l i s t e d i n Robie and Waldbaum (1968) i s +37.2. 

So l v i n g equat ion 16 f o r log [ 0 2 ] : 

log [ 0 2 1 = - l o g K = -37.2 (16a 

Th i s i s i n c l o s e agreement wi th -37.68 as c a l c u l a t e d from equat ion 15a. 

"37 2 

The n a t i v e i ron-magnet i te (IM) b u f f e r , which i s approx imate ly l O " - " * 6 -

moles per l i t e r , i s t h e r e f o r e the maximum oxygen f u g a c i t y w i l l a l l o w s f o r 

the e x i s t ence of n a t i v e i r o n . 

B. Determinat ion of t o t a l s u l f u r 

S u l f u r - p o o r s u l f i d e s commonly occur i n s e r p e n t i n i z e d u l t r a b a s i c rocks 

(Moody, 1976). The r e a c t i o n by which i r o n s u l f i d e d i s s o c i a t e s to s u l f u r 

and n a t i v e i r o n can be used t o d e t e r m i n e t h e s u l f u r a c t i v i t y o f t he 

s e r p e n t i n i z i n g f l u i d . N a t i v e i r o n comb ines w i t h s u l f u r t o fo rm i r o n 

s u l f i d e by the r e a c t i o n : 

Fe + H 2S + 0.5 0 2 = FeS + H 2 0 (17 

Log K f o r t h i s r e a c t i o n i s +26.88 (Robie and Waldbaum, 1968). S o l v i n g t h i s 

equat ion f o r log H 2S : 

log H 2S = - log K - 0.5 l o g [ 0 2 J (17a 

I n s e r t i n g the values f o r log K and log [ o 2 ] : 

log [ H 2 s ] = -8.28 (17b 

N a t i v e i r o n , t h e r e f o r e , w i l l form by d i s s o c i a t i o n of i r on s u l f i d e i n 
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a f l u i d i n which t o t a l s u l f e r i s very low, e q u a l l i n g or exceeding 1 0 ~ a * ^ ° . 

C. Determinat ion o f pH 

F igure 28 i n d i c a t e s the range of pH over which se rpent ine i s s t a b l e 

at 25 degrees C and 350 degrees C. I t i s apparent from t h i s diagram t h a t 

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

temperatures, and a l t e r s to t a l c or t a l c + magnesite w i th decreas ing pH. 

As i l l u s t r a t e d by t h e d i ag ram, at a t e m p e r a t u r e o f 350 deg rees C, 

s e r p e n t i n e can be s t a b l e under c o n d i t i o n s o f pH as low as 4.8. However , 

exper imental work and ana lyses of s e r p e n t i n i z i n g f l u i d s i n d i c a t e tha t as 

f l u i d s s e r p e n t i n i z e u l t r a m a f i c r o c k s , t h e y become e x t r e m e l y a l k a l i n e 

(Moody, 1976). T a b l e I I , shows t h e pH o f e x p e r i m e n t a l l y d e r i v e d and 

n a t u r a l l y o c c u r i n g s e r p e n t i n i z i n g f l u i d s . The pH r ange s f rom 8.8 t o 

12.07, many o f w h i c h were de te rm ined at t e m p e r a t u r e s i n e x c e s s o f 300 

degrees C. 

A reasonab le e s t imate of pH f o r a s e r p e n t i n i z i n g f l u i d appears to be 

f a i r l y a l k a l i n e , even at h igher temperatures. On t h i s b a s i s , a pH of 9.0 

i s assumed f o r the purpose of c a l c u l a t i o n . 
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Table I I . E xpe r imen ta l l y de r i ved s e r p e n t i n i z i n g 
f l u i d s compared w i th the n a t u r a l l y o c cu r r i n g 
equ iva lent s ( A f t e r Moody, 1976) 

i amp i * T , " C f\ tM<i Run H o n i n g PtuducU* p H * * M|, ppm SI, ppm 
duiahon fluid 
hour* 

Run 3-30 ' 311 1470 764 H.O 0 (L. C, U. M) 11.6 n.d. 5.0(4.1) 
Run 3-32 307 1470 SMI H.O L. U. M (0) 10.4 0.39(02) 6.1(2.5) 
Run 3-23 323 540 IbUlt H .O O ( L . C . M ) 10.9 U.18 (.01) 4.U (2.8) 
Hun 3-22 304 540 1606 H .O L, C. U. M u.i lb.20 (.7) 62.4 (21.) 
Oazadero A 18 1 O.S 11.77 0.3 0.14 
Complexion Spring 10 I L, C 12.07 0.1 11.2 
T C - 2 * * 10 1 A 10.08 0.2 357.0 
Auua dc N « y " 10 1 A 10.9 0.) 1870.0 
New Idria ii 16 1 L . C 8.88 2230 7.9 

t u n i n g material* lui the cA|n.*f uncnt-l inns wcic »iillw:tiv olivines of varying composition (Fu^- l 'O^J; 
detail* of iho cXfKfitlHillldJ work and anal) tn.al method* jfe given Id Moody (1974, 1976). 
n.d.—nut detected, O—olivine, S— itrptimut.-. L - l i i a rd t te , C -chrysolite, A - j n i i g u i n e , l l -bruc i te, 
M — magnetite. 

" For the experiment* the pha*es in paieiuhese* ire prevent in minor amount*; for the natural walcrs 
the mineralogy of the rot-li where the *pung i* located. 
** For the cxperiniGiiliil fluids the ineaiutciueut of (he undiluted fluid at room temperature and 
prcnurc immediately after uuench, accurate to ±0.1 p H units. 
* One *(auda(d deviation. 
* " Soring located at the fault contact between serpentinite and altered docile, high Si probably due lo 
prc*cni:c uf dacitc in cotiiau with an alkaline fluid. -
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V. Determining the Gold P r e c i p i t a t i o n Mechanism 

The c h e m i s t r y of both the o r e s o l u t i o n and a f l u i d i n equ i 1 i b r i u m 

w i th the l i s t w a n i t e parent rock have been r ough l y c a l c u l a t e d . A l s o , the 

complex which t ranspor ted go ld has been determined. I t i s presumed tha t 

g o l d s o l u b i l i t y dropped dur ing f l u i d mix ing caus ing i t s p r e c i p i t a t i o n . In 

o rder to c a l c u l a t e the mechanism which caused the g o l d to p r e c i p i t a t e out 

of s o l u t i o n , the chemical componenents which a f f e c t s o l u b i l i t y have to be 

determined and t h e i r r e l a t i v e e f f e c t e v a l u a t e d . 

A. Determinat ion of the Chemical Components A f f e c t i n g Gold S o l u b i 1 i t y 

I t was determined t ha t at E r i c k son g o l d was t ranspor ted by the 

b i s u l f i d e complex, A u ( H S " ) 2 > according t o the r e a c t i o n : 

Au + 2H 2S + 0.25 0 2 = Au(HS~) 2 + 0.5 H 20 + H + (17 

Rewr i t i n g t h i s equat ion to so lve f o r go ld s o l u b i l i t y : 

l og [*Au(HS") 2 ] = log K + pH + 2 log [ H 2 S ] + 0.25 log [_02J (17a 

From equat ion 17a, i t can be seen tha t g o l d s o l u b i l i t y , as the b i s u l f i d e 

c o m p l e x , i s a f u n c t i o n o f l o g K, pH, t o t a l s u l f u r and oxygen f u g a c i t y . 

S i n c e l o g K i s a f u n c t i o n o f t e m p e r a t u r e , a n d c h e m i c a l r e a c t i o n s a r e 

assumed to take p l a c e under i sothermal c o n d i t i o n s , t h i s f a c t o r need not be 

e v a l u a t e d . The d a t a f o r both t he o r e s o l u t i o n and t h e s e r p e n t i n i z e d 

p e r i d o t i t e i s summarized i n Tab le I I I . 

B. Determining the Gold P r e c i p i t a t i o n Mechanism 

F i gu re 30 i l l u s t r a t e s the sequence of m i n e r a l o g i c a l zones commonly 

observed i n l i s t w a n i t e s between the quar tz lodes and the unmetasomatized 

parent rock, p a r t i a l l y s e rpen t i n i zed p e r i d o t i t e . As shown i n F i gu re 28, 

t h i s m i n e r a l o g i c a l zoning would be produced, at 350 degrees C, by r e a c t i o n 

w i t h a C 0 2 - r i c h f l u i d . 
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Table I I I . Summary of f l u i d compos i t ion c a l c u l a t i o n s 

ORE SERP. PERIDOTITE 
SOLUTION SOLUTION 

pH 4.5 9.0 

l og I S -1.0 -8.37 

l og f 0 2 -31.0 -37.5 
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The data from Tab le I I I , i s i l l u s t r a t e d in F i gu re 30. The a c t i v i t y 

g rad ient s f o r the three chemica l components, t o t a l s u l f e r , pH and oxygen 

f u g a c i t y are drawn as s t r a i g h t l i n e s between the s e r p e n t i n i z e d p e r i d o t i t e 

and quar tz lode. S ince t h e i r exact c o n f i g u r a t i o n cannot be e va l ua ted from 

the d a t a , t he l i n e s a re o n l y i n t e n d e d to i n d i c a t e t he d i f f e r e n c e i n 

magn i tude of t h e s e c h e m i c a l components i n t h e two f l u i d s . 

The r e l a t i v e e f f e c t of each chemical component on go l d s o l u b i l i t y can 

be eva luated by re fe rence to equat ion 17a: 

log LAu (HS~ ) 2 ] = log K + pH + 2 log [ H 2 s ] + 0.25 log [ o 2 ] U 7 a 

1. E f f e c t of pH on gold s o l u b i l i t y 

I t i s a p p a r e n t f rom e q u a t i o n 17a, t h a t g o l d s o l u b i l i t y i n c r e a s e s 

p r o p o r t i o n a t e l y as pH i n c r e a s e s . The pH o f t h e o r e s o l u t i o n was 

c a l c u l a t e d to l i e w i t h i n the range of 3.77 and 5.22. A median v a l ue of 4.5 

f o r the pH of the ore s o l u t i o n i s assumed f o r c a l c u l a t i o n . The pH of the 

s e r p e n t i n i z e d p e r i d o t i t e was e s t i m a t e d t o be 9.0. T h e r e f o r e , d u r i n g 

l i s t w a n i t e metasomatism, the pH of the ore s o l u t i o n would increase as the 

o r e s o l u t i o n o f pH = 4.5 m ixe s w i t h t h e s e r p e n t i n i z e d p e r i d o t i t e o f 

pH=9.0. I t i s a p p a r e n t f r om e q u a t i o n 17a t h a t t h i s w o u l d i n c r e a s e g o l d 

s o l u b i l i t y . S u b s t i t u t i n g t h e v a l u e s o f 4.5 and 9.0 f o r pH i n e q u a t i o n 

17a, the inc rease i n s o l u b i l i t y as a r e s u l t of a change i n pH from 4.5 t o 

9.0 i s approx imate ly 10^ moles per l i t e r . 

2. E f f e c t of oxygen f u g a c i t y on go ld s o l u b i l i t y 

I t can be seen f rom e q u a t i o n 17a t h a t g o l d s o l u b i 1 i t y i n c r e a s e s as 

oxygen f u g a c i t y i nc reases . However, i t i s i n t u i t i v e l y e v i d e n t , that s i n c e 

l o g [ 0 2 ] i s m u l t i p l i e d by 0.25, l a r g e increases i n oxygen f u g a c i t y would be 

r e q u i r e d t o s i g n i f i c a n t l y a f f e c t s o l u b i l i t y . As t a b l e I I I shows, t h e 
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I d a a l l z a d L l i t w m l t t X - S a c t i o n 

qtz i 1 t a l c i « r p pa r t , a a r p 
i 

l o d a \ \ mag mag mag p a r l d o t l t • 

Fig.30 . Model showing activity gradients and resultant gold solubility 
across a listwanite body. 
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oxygen f u g a c i t y o f t he o re s o l u t i o n i s 1 0 " J 1 mo l e s p e r l i t e r and the 

s e r p e n t i n i z e d p e r i d o t i t e , 1 0 " ^ * ^ mo le s per l i t e r . T h e r e f o r e as the 

f l u i d s mix, the oxygen f u g a c i t y of the ore s o l u t i o n w i l l decrease, thereby 

d e c r e a s i n g g o l d s o l u b i l i t y and c o n t r i b u t i n g t o i t s p r e c i p i t a t i o n . 

S u b s t i t u t i n g the two va lue s f o r oxygen f u g a c i t y back i n t o equat ion 17a, 

t he d e c r e a s e i n g o l d s o l u b i l i t y as a r e s u l t o f a d r op o f t h e f 0 2 o f the 

ore s o l u t i o n from lQ'^l to 1 0 " ^ * ^ i s l O ^ * ^ moles per l i t e r . 

3. E f f e c t of t o t a l s u l f u r on gold s o l u b i l i t y 

The r e l a t i v e l y s i g n i f i c a n t a f f e c t of t o t a l s u l f u r on g o l d s o l u b i l i t y 

i s apparent from equat ion 17a s i nce l o g C ^ S ] i s m u l t i p l i e d by a f a c t o r of 

2.0 as compared t o 1.0 f o r pH and 0.25 f o r oxygen f u g a c i t y . The t o t a l 

s u l f u r o f t h e o r e s o l u t i o n was c a l c u l a t e d t o be 1 0 " * and t h a t of t he 

s e r p e n t i n i z e d p e r i d o t i t e , 10"8«37 a S u b s t i t u t i n g t h e s e v a l u e s o f t o t a l 

s u l f e r back i n t o e q u a t i o n 17a, a drop i n t o t a l s u l f u r by 1 0 ' ^ ' ^ w i l l 

decrease go ld s o l u b i l i t y l O * 4 * ^ moles per l i t e r . 

4. Comparing the r e l a t i v e e f f e c t of pH, oxygen f u g a c i t y and t o t a l s u l f u r 

on gold s o l u b i 1 i t y : 

The r e l a t i v e e f f e c t of the chemical components on g o l d s o l u b i l i t y can 

be i l l u s t r a t e d by a th ree d imens iona l , l o g Au (HS~) 2 - l o g 2" S - l og 

f 0 2 d i a g r am ( F i g u r e 31). As d i s c u s s e d , pH wou ld i n c r e a s e d u r i n g f l u i d 

m i x i n g wh i ch i n c r e a s e s s o l u b i 1 i t y . T h e r e f o r e , pH i s o b v i o u s l y not t he 

mechanism t r i g g e r i n g p r e c i p i t a t i o n o f g o l d . Oxygen f u g a c i t y wou ld 

d e c r e a s e but i t s e f f e c t i s r e l a t i v e l y smal 1. However , a drop i n t o t a l 

s u l f u r o f t h e o r e s o l u t i o n wou ld d e c r e a s e g o l d s o l u b i l i t y by o v e r 15 

o r d e r s o f m a g n i t u d e , and t h i s drop i n t o t a l s u l f u r i s e v i d e n t l y the 

predominant f a c t o r i n t r i g g e r i n g gold p r e c i p i t a t i o n . 
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CONCLUSION 

1. The E r i ck son quar tz lodes c r y s t a l l i z e d from moderate ly s a l i n e s o l u t i o n s 

under mesothermal c ond i t i on s . A temperature of 350 degrees C and pressure 

of 625 atms assumed f o r the purpose of c o n s t r u c t i n g a model of the system. 

2. Gold was t ranspor ted as the b i s u l f i d e complex, Au(HS~) 2 . 

3. The ore s o l u t i o n i n f i l t r a t e d and metasomatized bodies of s e r p e n t i n i z e d 

p e r i d o t i t e p r o d u c i n g a m i n e r a l o g i c a l l y z oned , meta somat i c r o ck termed 

" l i s t w a n i t e " . 

4. During metasomatism, CaO and Fe203 were added, S i 0 2 and MgO sub t rac ted , 

from the l i s t w a n i t e parent rock; A l 2 0 3 and the minor elements remained 

r e l a t i v e l y immobile. 

5. As the ore s o l u t i o n i n f i l t r a t e d and reac ted w i t h the l i s t w a n i t e parent 

r o c k , t h e s u l f u r a c t i v i t y of t he o r e s o l u t i o n d r o p p e d , t r i g g e r i n g t he 

p r e c i p i t a t i o n of g o l d . 
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Appendix I 

00 

Geochemical analyses f o r major and minor elements. Sample 0113 i s se rpent in i zed p e r i d o t i t e 

SAMPLE NUMBER Si0 2
 A12°3 F e2 ° 3 T i ° 2 ^ C a ° N a 2 ° K2° P2°5 1 0 1 

L-l 40.OA 0.91 7.43 0.07 28.79 5.09 0.03 0.03 0.03 15.71 
L-2 33. OA 10.93 12.15 1.37 29.62 0.84 0.04 0.04 0.12 12.31 
L-3 9.76 0.67 5.72 0.04 17.14 25.97 0.02 0.02 0.05 38.90 
L-4 26.58 0.79 6.69 0.07 21.28 8.64 0.03 0.03 0.06 31.01 
L-5 39.25 0.84 6.09 0.05 28.96 2.53 0.03 0.03 0.03 20.34 
L-6 33.03 0.71 5.52 0.04 25.44 6.88 0.03 0.03 0.04 25.87 
L-7 42.64 5.12 6.24 0.31 9.08 12.81 0.03 0.05 0.19 22.01 
L-8 61.90 1.03 3.90 0.03 6.37 9.82 0.03 0.03 0.05 15.23 
L-9 50.22 2.39 8.80 0.08 6.14 10.22 0.03 0.17 0.07 17.48 
L-10 46.19 1.26 7.73 0.03 7.84 12.65 0.03 0.03 0.08 21.32 
L - l l 40.11 0.84 6.96 0.09 13.10 11.50 0.03 0.03 0.07 25.91 
L-l 2 20.12 0.25 11.56 0.04 20.27 10.57 0.03 0.03 0.05 34.59 
L-13 8.84 0.11 12.59 0.02 14.40 22.18 0.02 0.02 0.09 37.59 
L-14 46.02 0.05 5.15 0.05 13.57 9.84 0,03 0.03 0.06 23.83 
L-15 51.89 0.25 4.14 0.05 8.60 12.81 0.03 0.03 0.06 20.45 
L-16 34.59 5.63 3.61 0.04 10.27 16.42 0.03 0.03 0.09 27.28 
0113 40.23 0.50 3.69 0.02 41.46 0.03 0.02 0.02 0.03 13.41 



Appendix I Continued 

00 
CTi 

Geochemical analyses f o r t r a ce elements 

SAMPLE NUMBER Ni Co Cr Au Hf Th Zr 
ppm ppm ppm ppb ppm ppm ppm 

L-l 2050 112 1900 1 1 1 89 

L-5 2100 96 1750 A 1 1 35 

L-8 1900 112 2100 14 1 1 34 

0113 2380 59 2000 1 1 1 32 



Appendix II 

Fluid-inclusion data for Maura and Alison veins 
Vein Inclusion // Ĥ O solid- liquid Ĥ O vap - ligu 

Maura M-1A-1 -5.9 C 203 C 
M-1A-2 -5.3 C 251 C 
M-2A-1 -7.4 C 252 C 
M-2A-2 220 C 
M-2B-2 325 C 
M-2B-3 312 C 
M-2B-5 351 C 
M-2B-6 . 323 C 
M-AA-1 230 C 
M-4A-2 277 C 
M-4A-3 248 C 
M-6A-1 312 C 
M-6A-2 320 C 
M-6A-3 297 C 
M-6A-4 326 C 
M-6A-5 339 C 
M-6A-6 300 C 
M-6A-7 339 C 
M-6A-9 357 C 
M-7A-1 333 C 
M-7A-2 310 C 
M-8A-1 268 C 
M-8A-2 269 C 
M-8A-3 243 C 
M-8A-4 278 C 
M-8A-5 283 C 
M-8A-6 257 C 
M-8A-7 255 C 
M-8B-1 -5.5 C 239 C 
M-8B-2 -4.2 C decrep. 
M-8B-3 -6.6 C decrep. 
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Vein 

Appendix II continued 

Inclusion # Ho0 solid - liquid H00 vap - liquid 

Alison A-2A-1 
A-2A-2 
A-2B-1 
A-2B-2 
A-2B-3 
A-2B-4 
A-2B-5 
A-2B-6 
A-2B-7 
A-2B-8 
A-2B-9 
A-2B-10 
A-2B-11 
A-2B-12 
A-2B-13 
A-2B-14 

-6.0 C 
-6.4 C 
-7.8 C 

241.0 c 

239.0 c 

231 .6 c 

218 C 
292 C 
285 C 
287 C 
279 C 
285 C 
287 C 
277 C 
288 C 
296 C 
279 C 
288 C 
288 C 
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Appendix I I I 

M i ne ra l s present i n samples L - l through L-16 as i n d i c a t e d by 
X - ray d i f f r a c t o m e t e r i n con junc t i on w i th t h i n - s e c t i o n a n a l y s i s . 

Sample Nbr, Major minera l phases Accessory m ine ra l s 

L - l 

L-2 

L-3 

L-4 

do lomite 
t a l c 
l i z a r d i t e 
quartz 

d i a b a n t i t e ( c h l ) 
a n t i g o r i t e 
t a l c 
quartz 
magnesite 

do lomite 
a n t i g o r i t e 
quartz 
kammererite ( c h l ) 

do lomite 
magnesite 
a n t i g o r i t e 
d i a b a n t i t e 

c a l c i t e 
f e r r o s p i n e l 
t r e m o l i t e 

c o b a l t i t e 
i lmen i t e 
magnetite 

i l m e n i t e 

i l m e n i t e 
d iops ide 
l i z a r d i t e 
magnetite 
chromite 

or 

L-5 

L-6 

L-7 

t a l c 
magnesite 

do lomite 
magnesite 
t a l c 
d i a b a n t i t e 
a n t i g o r i t e 

quartz 
dolomite 
kammererite 

dolomite 
d i a b a n t i t e or 
kammererite 
quartz 
f e r r o s p i n e l or 
c o b a l t i t e 

quartz 
f e r r o s p i n e l 

C r -mica * 
f e r r o s p i n e l 
chromite 

* No X-ray data a v a i l a b l e - presence ev i den t i n t h i n - s e c t i o n and 
in hand spec imin. 
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Appendix I I I Continued 

Sample Nbr. Major mineral phases Accessory minera l s 

L-8 quartz 
dolomite 
kammererite 

p y r i t e 
magnesite 
Cr -mica 

L-9 

L-10 

L - l l 

L-12 

L-13 

L-14 

L - l 5 

L-16 

quartz 
kammererite 
dolomite 

quartz 
dolomite 
p y r i t e 

quartz 
dolomite 
magnesite 

quartz 
dolomite 
magnesite 

quartz 
dolomite 
magnesite 

quartz 
dolomite 
magnesite 

quartz 
dolomite 

quartz 
dolomite 

p y r i t e 
Cr -mica 

n i m i t e ( ch l ) 
Cr -mica 
a n t i g o r i t e 

p y r i t e 
s p i n e l 
Cr -mica 

p y r i t e 
Cr -mica 

p y r i t e 
Cr -mica 

c h r y s o t i l e or 
a n t i g o r i t e or 
kammererite 
p y r i t e 
Cr -mica 

c o b a l t i t e 
s p i n e l 
magnesite 
p y r i t e 

n i m i t e and/or 
d i a b a n t i t e 
magnet ite 
Cr -mica 
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