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Ai3STRACT 

rl 

Dur ing  1952 the  Envi ronmenta l   Protect ion  Serv ice  conducted a 
lab  exper iment   to ;  1) de te rm ine   t he   ox ida t i on  . p o t e n t i a l   o f  mine 

t a i l i n g s  from  several abandoned mines i n   t h e  Yukon,  and 2 )  t o   d e t e r -  

ni ne i f  t h e   i r o n - o x i   d i   z i n g   b a c t e r i a ,   T h i o b a c i   1 1   u s   f e r r o o x i  dans , was 

p r e s e n t  and i f  i t  rJas c o n t r i b u t i n g   t o   t h e   o x i d a t i o n   p r o c e s s .  A f r e s h  

smp1 e o f  t a i l   i n g s   f r o m   C y p r u s   A n v i l   [ l i n i n g   C o r p o r a t i o n  was used as a 

reference  because o f  i t s  we1 1 known o x i d a t i o n   p o t e n t i a l  . 
* 

A1 though d l  1 f o u r  abandoned  mines t e s t e d  were t h e o r e t i c a l   a c i d  
produces  only  two  mines showed o x i d a t i o n   p o t e n t i a l  . The r e s u l t s ,  

o v e r a l l  , sugges t   t ha t  - T. f e r r o o x i d a n s   i s   p r e s e n t   a t  each  mine l o c a t i o n  

b u t  i s  n o t   n e c e s s a r i l y   a c t i v e .   T a i l  i ngs a t  two mines  showing no oxida-  

t i o n   p o t e n t i a l  possess   ac id   consumi r ig   ab i l i t y   wh ich  i s  probably   the 

p r i m e   f a c t o r   i n h i b i t i n g   b a c t e r i a l   a c t i v i t y .  

The study showed t h i s  small scale  exper iment i s  u s e f u l   i n   d e t e r m i n i n g  

o x i d a t i o n   p o t e n t i a l   o f   m i n e   t a i l i n g s  and a l s o   i n d i c a t e d   t h e  need f o r  

f u r t h e r  assessrrent o f   t h e   o x i d a t i o n   p o t e n t i a l   o f   t h e  We1 1 green  n icke l  

mi ne and t h e   A r c t i c  mine. 

a 
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RESUME 

Le  Serv ice de P r o t e c t i o n  de 1 'env i ronnenent  a c o n d u i t  en 1982 
des  experiences de l a b o r a t o i r e   p o u r  1") d e t e r m i n e r   l e   p o t e n t i e l  

d ' o x y d a t i o n  des bassins de decanta t ion  de plusieurs  mines  abandonneer 

au  Yukon e t  2 " )  d e t e r m i n e r   s i  l a  b a c t e r i e   o x i d a n t e  du f e r ,  

T h i o b a c i l l u s   f e r r o o x i d a n s ,   f u t   p r e s e n t e   e t   s i   e l l e   c o n t r i b u e  au 

processus   d 'ox ida t ion .  Un e c h a n t i l l o n   f r a i s  due bass in  de decantat ion 

de l a  c o r p o r a t i o n   n i n i e r e   C y p r u s   A n v i l   f u t   u t i l i s e  comlne reference du a 

son p o t e n t i e l   d ' o x i d a t i o n   b i e n  connu. 

B i e n  ' que l e s   q u a t r e   m i n e s  abandonnees t e s t e e s   f u r e n t  

theoriquetnent  producteurs  acides,  seulement  deux  mines  demontrent un 

p o t e n t i e l   d ' o x i d a t i o n .  
Globalement, l e s   r e s u l t a t s   s u g g e r e n t  que T. f e r r o o x i d a n s   e s t  

p r e s e n t  a chaque l o c a t i o n   m a i s   n ' e s t  pas  necessairement  act ive.  Les 
bass ins  de decanta t ion  aux  deux  mines,  demontrant aucum p o t e n t i e l  

d 'ox ida t ion ,   possedent  l a  c a p a c i t e  de consommer l e s   a c i d e s ,   l q u e l l e   e s t  

p r o b a b l e n e n t   l e   p r i n c i p a l   f a c t e u r   i n h i b i t a n t  1 ' a c t i v i t e   b a c t e r i e n n e .  

- 

L'etude  mont re  que l ' e x p e r i e n c e  a p e t i t e   e c h e l l e   e s t   u t i l e  

darls l a  de termina t ion  de p o t e n t i e l   d ' o x i d a t i o n  de bass in  de decanta t ion  

e t   i n d i q u e   a u s s i   l a   n e c e s s i t e   p o u r  des e v a l u a t i o n s   f u t u r e s  due 

p o t e n t i e l   d ' o x i d a t i o n  de l a  mine de n i c k e l   l l e l l g r e e n   e t   l a  m ine   A rc t i c .  

w 
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1 IilTi?OOUCTION 

The o b j e c t i v e   o f   t h i s   s t u d y  was to   de termine   the   ra te   o f  

o x i d a t i o n   o f   t a i l i n g s   f r o m   f o u r  abandoned Yukon mines  suspected  of 

b e i  ny acid-generat ing  and  secondly,   to  determine  the  presence o f  

T h i o b a c i l l u s   f e r r o o x i d a n s ,  an i r o n - o x i d i z i n g   b a c t e r i a .  

The f o u r  abandoned mines, , lie1 1 g reen  > l ine   (nor th   o f  Burwash 
Land ing) ,   Arc t i c   Go ld  and S i l v e r  iHine (near   Carcross) ,  Venus t4ine (on  

Windy Arm,  Tayish  Lake)  and 14ount iJansen Mine (;Jest o f  Carmacks)  were 

c h o s e n   f o r   t h e i r  known i r o n   s u l p h i d e   c o n t e n t   i n   t h e   o r e .  

Fresh m i  ne t a i  1 ings   f rom  the  Cyprus Anvi 1 [ t i n e  were used as a 
c o n t r o l  because o f  t h e i r   H e l l  known o x i d i z i n g   p o t e n t i a l  (Duncan 1975, 

Sharer 1981). 

R e f e r   t o   F i g u r e  1 f o r  mine l o c a t i o n s .  

a 
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B E A U F O R T  S E A  

Y U K 0 . N  

FIGURE I : MINE LOCATION 
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1 
L k1INE UESCRIPTION 

2 .1  Wellqreen  Mine  (6lo28't.1, 139'32'W) 

The  idel l g r e e n   P r o p e r t y   i s   l o c a t e d   a t   k i l o m e t r e  1788 of   the 

Alaska  I i ighway, 46 k i l o m e t r e s   n o r t h   o f   t h e  community o f   L les t ruc t i on  

Bay. I n i  ti a1 development  occurred  dur ing  the  ear ly 1 9 5 0 ' ~ ~  ending i n  

1956. I n  June o f  1970 Hudson's Bay F. l in in j   and  Smelt ing Company resumed 

underground  development and a 550 tons  per  day mil 1 uas   cons t ruc ted  and 

i n   p r o d u c t i o n  by 14ay 1972. Due t o   t h e   l a c k   o f   c o n t i n u i t y   i n   t h e   o r e  

body rrli n i  ng  and n i l  1 i ng  operations  ceased i n  June  of  1973. The 

operat ion  has  not   reopened  s ince  that   t ime.  

The p roper t y   i n   under1  a i  n by  Lower  Permian  volcanics and 

sediments. The u l t r a r n a f i c  body w i t h   w h i c h   t h e   o r e   i s   a s s o c i a t e d  
c o n s i s t s   r f l a i n l y   o f   s e r p e n t i n i z e d  and f e l d s p a t h i c   p e r i d o t i t e   k d t h  a 

f o o t v d a l l   z m e   o f   m a s s i v e   p y r r h o t i t e ,   c h a l c o p y r i t e  and p e n t l a n d i t e  

1 cnses. 

T'he o r e   c o n s i s t s   m a i n l y   o f   p y r r o h i   t e  (Fe7S8) 802, w i t h  

pent1  andi t e  We,  i i igS8) 6-8%, c h a l c o p y r i t e  (CuFeS2) 6 X ,  anti s i 1  i - 
cates ,  3-07;. The o re   i nc ludes   t races   o f   an t imony ,   coba l t  and p l a t i n o i d  

ne t a l  s . 
The e x i s t i n g   t a i l i n g s  pond  covers an area  o f   approx i tnate ly  

70,000 and conta ins  about  172,000 tonnes   o f  mill t a i l i n g s .  The 
t d i l  i n g s   s u r f a c e  i s  r u s t y  brown  and firmly cemented t o  a d e p t h   f r o n  i) 

t o  10 cm. 3 u r i  ng spr ing  break-up  the taii i n g s  pond fill s w i th   seve rd l  

c le t res   o f  rnel t w a t e r ,   b u t  by  mid-summer Ma te r   l eve l s   d rop   t o  expose a 
1 a r g e   p o r t i o n  o f  t h e   t a i l i n g s   s u r f a c e .   I n s i   t u  pH o f   t a i l i n g s  pond 

water  recorded i n  June o f  1982  by EPS s t a f f  ranged  from 0.1 t o  6.7. An 

i s o l a t e d  pond on t a i  1 i ngs n a t e r i a l  was found  to  have a pH o f  2.2 on the  

sane day. I n s i   t u  pH o f   t h e   t a i l i n g s  pond  water was 3.7 i n   J u l y  of 
1983. The w a t e r   l e v e l  on t h a t   d a t e  was cons iderab ly   lower   than  tha t  

seen i n  June 13112. 

2.2 A r c t i c  Go1 d and S i l v e r   M i n e  (60°05'El, 134O42'W) 

The mi1 1 s i t e  and t a i l i n g s  pond o f  A r c t i c  Lo1 d and S i 1   v e r  

i4 ines   L td .   a re   loca ted   approx imate ly  4 k i l o n e t r e s   s o u t h  o f  Carcross and 
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1,000 metres above  sea l e v e l  on  Montana  Mountain. The o r i g i n a l   o r e  
d e p o s i t  was d iscovered i n  1905 and was w o r k e d   e x t e n s i v e l y   u n t i l   t h e   m i d  

1920's. No f u r t h e r   a c t i v i t y   t o o k   p l a c e   u n t i l  1964 when the   o re  body 

was re-assessed. By May, 1968, a mill had  been  constructed and was i n  
opera t ion .   Produc t ion  was s h o r t   l i v e d  and  by December, 1969, t h e  
o p e r a t i o n  was c losed down. 

Host  rock i n   t h e   a r e a   i s   l a r g e l y   g r a n o d i o r i t e   i n t r u d i n g  

v o l c a n i c   r o c k s ,   w i t h   o r e   m i n e r a l s   i n   q u a r t z - c a r b o n a t e   v e i n s .   M i n e r a l s  

r e p o r t e d   a r e   p y r i t e ,   a r s e n o p y r i t e ,   s p h a l e r i   t e  , galena  and  chalcopyr i te .  

The mi l l ing   p rocess   p roduced  approx imate ly  45,300 tonnes of 

t a i l i n g s .  The t a i l i  ngs, 1 i g h t  brown t o   g r a y   i n   c o l o r ,   a r e   c o n t a i n e d   i n  

one t a i l i n g s   s t r u c t u r e   t h a t  has a maximum depth   o f   about  3 metres.  

D u r i n g   J u l y   o f  1982 t h e  pH o f  sur face  Mater  on t h e   t a i l i n g s  was 7.9 
w h i l e   t h e  pH o f   wa te r   d i scha rg ing   f rom  the   decan t  was 3.7. The f l o w   a t  

the   decant  was es t ima ted   t o  be no more  than 0.023 m3/min o r  5.0 IGPM. 

2.3 Venus Mine (60"Ol'N. 134"38.2'W) 
The mill and t a i l i n g s   a r e   l o c a t e d  on the  west  shore o f  Tagish 

Lake  along  Windy Arm. It i s  16 k i l omet res   sou th  o f  t h e  community o f  

C a r c r o s s   a t   k i l o m e t r e  85 o f   t he   K lond ike   i i i ghway .   Th i s   a rea  was f i r s t  

e x p l o r e d   f o r   g o l d  and s i l v e r   d e p o s i t s   a t   t h e   t u r n  o f  t he   cen tu ry  and 

severa l   depos i ts  were  worked du r ing   Wor ld  War I .  A 100 t o n   p e r  day 
stamp mill was b u i l t   a t   t h a t   t i m e   t o   t r e a t   t h e   o r e   f r o m   s e v e r a l  

p r o p e r t i e s .  Modern e x p l o r a t i o n  and  development began i n  1966 which 

r e s u l t e d   i n   t h e   c o n s t r u c t i o n  o f  a 300 t o n   p e r  day m i  11 i n  September 

1970. 
Due to   ope ra t i ona l   p rob lems   the  mil 1 ceased   ope ra t i ng   a f te r  9 

months. A t h i r d  development  phase i n  1979-1980 saw t h e   c o n s t r u c t i o n  o f  

a nebv m i  11 , wh ich   has   no t   been   pu t   i n to   p roduc t i on   a t   t ime  o f  w r i t i n g .  

H o s t   r o c k s   a t  Venus a r e   s i m i l a r   t o   t h o s e   a t   n e a r b y   A r c t i c  

Go1 d 5( Si1   ve r  Mi n e   w i t h   g r a n o d i o r i t e   i n t r u d i n g   v o l   c a n i c s .   V e i n s   a r e  

q u a r t z  and   ca rbona te   w i th   o re   m ine ra l s   py r i t e ,   ga lena ,   a rsenopy 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  cha lcoc i   te .  

m 

Ilr 
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The mi 1 1  produced approximately 59,000 tonries of ta i l  i n g s ,  
l i g h t  brown t o  gray in  color,  similar  to  Arctic Gold and Silver.  The 
t a i l  i rigs are  contained  within one structure arid are approximately 1-2 
metres in  depth.  Spring  runoff  pools on the  surface and covers a third 
of the tailings  area d u r i n g  the summer months. PH measurements from 
sdrveys done in 1975 (Robson, Weagle) and  1981 (Jack)' ranged from 8 .O 

t o  8.6 d u r i n g  the summer season. The pii recorded from a more recent 
v i s i t  by EPS s taff  i n  July of 1982 measured 8.5. 

2 - 4  llount llansen (62"03'N, 137O07'W) 
The i. lount llansen property i s  located  approximately 77 

kilorletres west of the community of Carmacks and i s  accessible by road. 
Original  exploration i n  the  area took place  in 1946 a t  the nearby 
Drown-llcilade property. More recent  exploration was carried out  i n  
1964, 1965 and 1966. h 70 ton  per day mill started production i n  

September of 1968 and operated  until Apri 1 1969. Nil 1 production  again 
resumed i n  1976 from April t o  liovenber. The  mil 1 has  been inactive 
s i  lice  Iiovember, 1976, a1 though exploration a n d  development of the 
property  continues. 

The geology of the  deposit i s  composed -of vein structures 
cutt ing much 01 der metamorphic rocks i n  three  principal vein  systems. 
Ore Ininerals  are  arsenopyrite,  pyrite,  galena,'  sphalerite, and minor 
s i  1 ver  sul  phides. 

Mi1 1 ta i l ings  total  approximately 18,500 tonnes and are 
c o n t a i  tied w i t h i n  three  separate  tdil i nas structures i n  sequence bel ow 
the :nil 1 discharge. The tailings  are  greyish brown i n  appearance. A1 1 
three ponds f i l l  with dater  during summer months. Tailings pond water 
pH reported i n  the  Environnental Protection Report (Anonymous 1979) was 
7.8 and pH measured a t  al l   three  tai l ings ponds in  July 1982 by EPS 

s ta f f  ranged from 8.0 t o  5.5. 

2.5  Cyprus Anvil (62"08'tJ, 136"16'U) 

The Cyprus  Anvil lead-zinc  nine 
kilometres  east of the toNn of Faro,  in 

is  s 
the 

i t u a  ted approxi natel y 2 1 
Anvil Range of central 
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Yukon. The mine,  which began o p e r a t i o n   i n  1969,  has a 10,000 tons  per  

day c a p a c i t y  mil 1 f e d  by an  open p i t  mine. The company suspended 

p r o d u c t i o n   i n  June,  1982,  and  has n o t  resumed produc t ion  a t  t ime o f  

p u b l i c a t i o n .  

Ores a r e   m a s s i v e   s u l f i d e s   c o n s i s t i n g   p r i m a r i l y  o f  p y r i t e  

(FeS2)  30-40%, w i t h  some p y r r h o t i t e  (Fe7S8)  up t o  6%, and massive 
galena  and  sphaler i te .  The average  assay f o r   i r o n   ( F e )  i s 30-35%. The 

ore   con ta ins   about  10% combined  lead  and  z inc.   Bar i te  i s  a major 

n o n - s u l f i d e  component; the   o re   con ta in ing   f rom  0 -15%  as  BaO, w i t h  5% 

being  the  usual   assay. The t a i l i n g s   f r o m   t h i s   o r e  body  are  high i n  

s u l   f i d e   m i n e r a l s  and t h e i r   p o t e n t i a l   l e a c h i n g  has  been  studied  by 

o t h e r s  (Duncan, 1975; Sharer,  1981). 

Y 
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3 SAMPLE  COLLECTION AND PREPARATIOrl 

Representat ive  grab  samples  o f   mine  ta i l ings  f rom  the  four  

abandoned s i t e s  were c o l l e c t e d   d u r i n g  Flay and  June  of  1982. I n  

a d d i t i o n  t o  c o l l e c t i n g   s u r f a c e ,   o x i d i z e d   t a i l   i n g s  a sample was 

c o l l e c t e d   a t   d e p t h s  between  10  and 30 cent imeters   be low  the   sur face   to  

t ry  and o b t a i n   u n o x i d i t e d   t a i l i n g s .  

I n   p r e p a r a t i o n   f o r   t h e   l e a c h i n g   e x p e r i m e n t ,  each  sample Mas 

sc reened   to   l ess   t han  100 mesh. A p o r t i o n  o f  each was then  submi t ted 
t o  a comlnercial  assayer fo r   meta ls   ana lys is .   (Refer   to   Append ix  I, 

Table 1). 
A f r e s h  sample o f  mill t a i l i n g s ,   c o l l e c t e d  May 27, 1982, was 

k i n d l y   p r o v i d e d  by Flr. Corn ish,   Env i ronmenta l   Contro l   Super in tendent   a t  

t h e  Cyprus   Anv i l   I l i ne .   I ron   con ten t  o f  t h e   o r e  a t  the   t ime of 

c o l l e c t i o n  was approx imate ly  24% which i s   c l o s e   t o   t h e   a v e r a g e   r e p o r t e d  
f o r   o r e   r e s e r v e s  and  comparible  to  samples  used  by D r .  J . Sharer i n   h i s  

b e n c h   t e s t s   r e f e r r e d   t o  below. The p o r t i o n   o f   t a i  1 i ngs used i n   t h e  

exper iment  was washed t h r e e   t i m e s   w i t h   d i s t i l   l e d   w a t e r   t o  remove 

r e s i d u a l   a l k a l i n i t y  added d u r i n g   t h e   m i l l i n g   p r o c e s s .  
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4 LEACHING EXPERIblENTS 

I 

4.1  Apparatus 

The procedure  used a v a r i a b l e  speed,   temperature  cont ro l   led 

iJew Brunsw ick   Sc ien t i f i c   Shaker / Incuba to r   mod i f i ed   t o   ho ld   s i x teen  250 

m i l l i l i t r e  Erlenmeyer  Flasks.  Glass  marbles  were  placed i n  each f l a s k  

t o  promote  mixing  and  turbulence. PH measurements  were  performed a t  

t h e  SPS Lab i n  Whi tehorse  us ing a F i s h e r   S c i e n t i f i c  Acumet  402 O i g i   t a l  

pH/Ion  Heter.  
Assay a n a l y s i s  was performed by Bondar  Clegg and Company L td .  

o f   Whi tehorse   and  ex t rac tab le   meta ls  and s u l f a t e   a n a l y s e s  were per -  

formed by the  Envi ronmenta l   Protect ion  Serv ice  Cher l l is t ry   Laboratory  i n  

Vancouver. See Appendix I 1   f o r   d e s c r i p t i o n   o f   a n a l y t i c a l   p r o c e d u r e s .  

< 

4.2 Test  Procedure 

In prepara t i on   f o r   t he   l each ing   exper imen t ,   cu l tu res   o f   t he  

b d c t e r i a   T h i o b a c i l l u s   f e r r o o x i d a n s  were m a i n t a i n e d   f o r  a p e r i o d   o f  2 

months  beforehand a t   t h e  EPS Lab i n  Whitehorse. The b a c t e r i a  bdere 

k i n d l y   p r o v i d e d  by E.J . Brown o f   t h e  I n s t i   t u t e   o f  Water  Resources , . 
U n i v e r s i t y   o f   A l a s k a ,  who i s o l a t e d  them froln tkdo p lace r   c reeks  - Eva 

and  E.ster  Creeks - ne.ar Fairbanks,  Alaska. The c u l t u r e  medium used t o  

n a i n t a i n   t h e   b a c t e r i a  vdas t h a t  used  by Brown, iuong  dnd 

Forstlaug (1982): FeS04.7H20(30 g/L) ,  1'1gS04.7H20(0.4 g/L),  (Idti4)2S04 

(0.4 g/L) , KH2PO4 (0.1 g/L) and 10N H2SO4 t o   b r i n g   t h e  medium t o  ptl 
1.8-2 .OB 

D u p l i c a t e  50 gram p o r t i o n s   o f  each t a i l i n g s  sample ( l e s s   t h a n  

100 mesh) were  p laced i n  250 m l  f l a s k s .  Une o f  each p a i r  was then 

i n o c u l a t e d   w i t h  10 rnls o f   c u l t u r e d  T. fe r roox idans .  The f l a s k s  were 

t h e n   f i l l e d   t o  150 m l s   w i t h   d i s t i l l e d   w a t e r .  An. i n i t i a l  pH  was 

lneasured a f t e r   t h e  sarnpl es  were we1 1 mixed. 

- 

Each f l a s k  was cove red   w i th  a p e r f o r a t e d   f o i l   l i d  and p laced 

i n  the  incubator/shaker  apparatus.  The a g i t a t i o n  was s e t   a t  100 c y c l e s  

per   m inu te  and the  temperature was maintained  between  22  and 24" C 

th roughout   the  70  day exper iment   per iod.  
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The pH o f  each  sample Has measured  and  recorded on t h e   4 t h  

and 7 t h  day and every 7 days t h e r e a f t e r .  On day 14 and every  14  days 

t h e r e a f t e r  a 1.5 m l  sample o f   superna tan t  was removed  from each f l a s k  

f o r   s u l f a t e  and ex t rac tab le   me ta l s   de tenn ina t i on .  The s u l f a t e  sample 

was d i l u t e d   t o  a r a t i o   o f  60: 1 ( .5 mls   supernatan t   p lus  29.5 m l  

d i s t i l l e d   w a t e r ) .  The metals  sample )vas d i l u t e d   t o  d r a t i o   o f  1O:l ( 1  

m l  superndtan t   p lus  9 m l s   d i s t i l   l e d   w a t e r ) .  

Water  losses due t o   e v a p o r a t i o n  made it necessary t o  add 

between 25 and 35 m l s   o f   d i s t i l l e d   w a t e r   t o  each f l a s k  on Day 49. Th is  

a d d i t i o n  was  made a f t e r   w i t h d r a w i n g  a1 i q u o t s   f o r   s u l f a t e  and metals 

de tenn ina t ion .  

The exper iment das t e r m i n a t e d   a f t e r  70 days and a second 

assay was  made o f   t h e   m e t a l s   i n  each d r i e d  sdmpl e. 

4.3 General  Chemistry o f   B a c t e r i  a1 Leaching 
T h i o b a c i l l u s   f e r r o o x i d a n s   i s  a chemo l i t ho t roph ic   ( rock  

ea t i ng )   o rgan ism  tha t   ob ta ins   ene rgy   f rom  the   ox ida t i on   o f   i no rgan ic  

substances. The r o d  shaped  bacterium was o r i g i n a l  l y  discovered i n  

ac id i c   da te rs   d ra in ing   f rom  coa l   m ines  and was l a t e r   r e l a t e d   t o   t h e  

d i s s o l u t i o n   o f   m e t a l s   i n   c o p p e r   l e a c h i n g   o p e r a t i o n s .  T. fe r roox idans  

i s   a c i d o p h i l i c   ( a c i d - l o v i n g )  a n d   t e n d s   t o   l i v e   i n   e n v i r o n m e n t s   I J i t h  

h i g h   s u l f u r i c   a c i d   c o n c e n t r a t i o n s  such as h o t   s p r i n g s ,   v o l c a n i c   f i s -  
s u r e s   o r   s u l f i d e   o r e   d e p o s i t s .  Some species o f  t h e   b a c t e r i  urn a re  a1 so 
themlophi1  ic ,   meaning  they  thr ive  best   in   temperatures  between 20' and 

35°C. T. f e r roox idans   rece ives   i t s   g rowth   ene rgy   f rom  the   ox ida t i on   o f  

e i t h e r   i r o n   o r   s u l p h u r  and po ten t i a l l y   o the r   reduced   me ta l s  such as 

uranium,  copper   or   arsenic   (a f ter  Brown and  Forshaug, 1983). 

- 

- 

Fe+2 + 1/402 + i t +  - - - - -> Fe+3 + 1/2H20 (1) 

As02- + 1/202 + 1120 ----- > As04-3 + 21i+ ( 2 )  

The o r e   m i n e r a l s   f o u n d   i n   t h i s   s t u d y   r e s p o n s i v e  t o  b d c t e r i  a1 

o x i d a t i o n   a r e '   p y r i t e  FeS2, p y r r h o t i t e  Fe7S8 and  a rsenopyr i te  FeAsSz. 
The m ine ra l s   ox id i ze  by t h e   c o n v e r s i o n   o f   s u l p h i d e   i n   s u l f a t e  and the  

r e l e a s e   o f   d i v a l e n t   i r o n   ( S h a r e r ,   1 9 8 1 ) :  

2FeS2 + 702 + 2H20 ----- > 2Fe2 + 45042- + 4H+ ( 3 )  
FeS + 02 + 2H20 -----> Fez+ + SO42- + 4H+ ( 4 )  
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FeAsS2 + 402 + 2H20 -----> Fez+ + As02- + ZSO42- + 4H+ ( 5 )  

Norlnal l y  these  react ions  proceed  very  s lowly ,   however   the  presence  o f  

- T. f e r r o o x i d a n s  and s u f f i c i e n t   a c i d i t y  will cause  the Fez+ r e l e a s e d  

by  the  above  equat ions  to be o x i d i z e d   i n t o  Fe3+. The t r i v a l e n t  

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

su l   ph ides:  

Fe3+ + FeS2 + 8H20 - - - - -> 2Ft.2' + 2SO42- + 16H+ ( 6 )  

Thus t h e  Fe3+ t a k e s   o v e r   t h e   r o l e   o f  oxygen i n   e q u a t i o n  3 and 4 and 

perhaps i n  5 as w e l l .  It i s   c l e a r   t h a t  once a t h r e s h o l d  o f  a c i d i t y   i s  

reached  which will e n a b l e   t h e   b a c t e r i a   t o   m u l t i p l y   r a p i d l y ,   t h e   r a t e   o f  

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

heavy  metal s. The a c i d i t y  o f  waters  over mi ne tail i ngs  provides a 

r a p i d   i n d i c a t i o n   o f   t h e   l e a c h i n g   p o t e n t i a l   o f   i r o n   s u l p h i d e   t a i l i n g s  
(Forstner  and  Wittman,  1981, p.259).  

4.4 A c i d  Consuming Po ten t i a l   De te rm i   na t i on  

TO determi ne the   ac id   consuming  po ten t ia l  o f  the abandoned 

rnine t a i l i n g s  used i n   t h e   e x p e r i m e n t  a t i t r a t i o n   t e s t   s i m i l a r   t o   t h a t  

used by Ouncan  and  Walden (1975) was conducted. 

Ten ( 10) gram p o r t i o n s  o f  p u l   v e r i z e d   t a i l  i ngs  were  suspended 

i n  100 m l  o f  d i s t i l l e d   w a t e r   w i t h i n  a 250 ml er lenneyer   f l ask .  Each 

sample das s t i r r e d   c o n t i n u o u s l y   f o r   t h e   d u r a t i o n   o f   t h e   t e s t   u s i n g  a 

m a g n e t i c   s t i r r e r   a p p a r a t u s .   A f t e r  15 minutes o f  s t i r r i n g   t h e   n a t u r a l  

pH o f  each  sample was recorded  and  then  the  samples  were  t i t ra ted  to  pH 
3.5 u s i n g  1.0 normal s u l f u r i c   a c i d .  

The a d d i t i o n   o f   a c i d  was repeated  every ha1 f hour u n t i l   t h e  

change was less  than  0 .1 pH over  a fou r   hou r   pe r iod .  The t o t a l  volume 

o f   a c i d  vJas recorded  and  converted  to 1 bs  per  ton  of  sample us ing   t he  

f o l l  owi ng equat ion:  

A c i d  Consuming abi  1 i t y  ( l b / t o n )  = m l  o f  1.0 El H7SO4 x 0.049 X 2000 

grams o f  sample 
Ac id   p roduc ing   po ten t i a l  was ca l cu la ted   us ing   t he   exp ress ions :  

percentage H2S04 = pe rcen tage   t o ta l   su lphu r  
percentage  sulphur i n  ti2SO4 

Y 
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a 

II 

I 

and 

dc id   p roduc i  ny p o t e n t i a l   ( l b s / t o n )  = percentage H2SU4 x 2900 

The r e s u l t s  o f  t h e   t i t r a t i o n   t e s t s  and c a l c u l a t i o n s   a r e   g i v e n   i n  

Sect ions 5-6 - A c i d  Consuming P o t e n t i a l .  

Y 
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RESULTS Ai40 OISCUSSIGN 

A1 1 m i  ne t a i l i n g s  assay  and  water  chemistry  resul ts  are 

presented i n  Appendix I ,  Tables 1 through 10. R e f e r   t o   L i s t   o f  

Appendices f o r   t a b l e   d e s c r i p t i o n .   F i g u r e s  2, 3 and 4 a r e   p r e s e n t e d   f o r  

d i scuss ion   pu rposes .   I n   F igu re  2 pti, copper ,   i ron ,   z inc  and s u l f a t e  

l e v e l s   a r e  shown comparing  uninoculated and inocu la ted   Cyprus   Anv i l  

t a i  1 i ngs. Simi 1 a r l y ,   F i g u r e  3 compares r e s u l t s   o b t a i n e d  by D r .  Sharer 

i n   h i s  1981 Cyprus   Anv i l   t a i l i ng   ox ida t i on   exper imen ts .   F igu re  4 
compares t h e   i n o c u l a t e d  and un inocu la ted  pH, c o b a l t ,   i r o n ,   n i c k e l  and 

s u l f a t e   r e s u l t s   f o r   t h e   W e l l g r e e n   u n o x i d i z e d  samples. 

5 .1  Cyprus  Anvi 1 Mine 
The r e s u l t s   p r e s e n t e d   i n   F i g u r e  2 show an increase i n  copper, 

i r o n ,   z i n c  and s u l f a t e   a s s o c i a t e d   w i t h  a decrease i n  pH. T h i s   i n d i -  

ca tes   t he  mi 11 tail i ngs wi 1 1   o x i d i z e   r e a d i l y   u n d e r   t e s t   c o n d i t i o n s  , a 

r e s u l  t t h d t   i s   s u p p o r t e d   b y  D r .  S h a r e r ' s   f i n d i n g s   i n   h i s  1981 t a i l   i n g s  

oxidat ion  exper iments  (shown i n   F i g u r e  3 ) .  

Sini 1 a r   o x i d a t i o n   r a t e s   i n   b o t h   t h e   u n i   n o c u l a t e d  and 

i noccll a t e d  samples as shown by the  decrease i n  pH 1 eve1 s c o n f i  r n s  t h e  

p resence   o f   t he  ,i r o n - o x i   d i z i  ng b a c t e r i a ,  T. fer roox idans.   Note  the 

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

i n o c u l a t e d  sample c o u l d   e i t h e r  be a r e s u l t  o f  h i g h e r  T. fe r roox idans  

concent ra t ions   o r   the   low ptl o f   b a c t e r i a  medium  added t o   t h e  sample 

i n i  tial ly. Su l fa te   concen t ra t i on   be tween  Day 42  and Day 56 show a 

s l   i g h t  decrease due t o   t h e  25 ml s o f   d i s t i l   l e d   w a t e r  added on Day 49 t o  

make up f o r   t h e   w a t e r   l o s t   t h r o u g h   e v a p o r a t i o n .  

- 

- 

5.2 We1 1 green Pli ne 

2esul t s  ds shown i n  Appendix I , Tables 3 and 10, i n d i c a t e   t h e  

s u r f a c e   t a i l i n g s   a r e   a c i d   g e n e r a t i n g  and a1 so suggest  the  presence  of  

- T. fe r roox idans .  The pH leve ls   rema ined   ac id i c  and r e l a t i v e l y  

unchanged  throughout  the  exper iment  per iod. ,  The i n i t i a l  pH o f   t h e  

i n o c u l a t e d  sample was s l i g h t l y   l o w e r   t h a n   t h e   u n i n o c u l a t e d  sample 

because o f   t h e   a d d i t i o n  o f  b a c t e r i a   c u l t u r e  medium. 
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I n  compari  son , t h e   u n o x i   d i   z e d   t a i  1 i ngs  rernai  ned a1 k a l  i ne 

except  dhen T. f e r r o o x i  dans was added. I n   r e f e r e n c e   t o   t h e   g r a p h s   i n  

F i g u r e  4, t h e  pH o f   t h e  i no,culated  sample  began t o   d e c l  i ne a f t e r  42 

days. In a s s o c i a t i o n   w i t h   t h i s   d e c r e a s e ,   t h e   c o b a l t  , i r o n  and n i c k e l  

c o n c e n t r a t i o n s   i n c r e a s e d   d r a m a t i c a l l y   a f t e r  day 42. S u l f a t e  showed a 

more  moderate  increase. 

- 

The un i   nocu l   a ted  sample showed no  change i n  pli , metal s o r  

s u l f a t e .   T h i s   c l e a r l y  shows t h a t  - T. f e r r o o x i d a n s   i s   n o t   p r e s e n t   i n   t h e  

unox i   d i   zed  , s u b s u r f a c e   t a i  1 i ngs. 

m 

I 

5.3 Venus Mine 

Resul ts   presented i n  Appendix . I ,  Tables 5, 6 and 10 show t h a t  

b o t h   t h e .   o x i d i z e d  ( sur face)  and  unox i   d i   zed   (subsur face)   ta i l  i ngs 

rema ined   a l ka l i ne   t h roughou t   t he   t es t   pe r iod .   Su l fa tes   i nc reased   on l y  

s l i g h t l y   o u t   t h e   m e t a l  s analysed showed l i t t l e   o r  no change.  There was 

v e r y   l i t t l e   d i f f e r e n c e   i n  pii,  inetals and su l fa te   concent ra t ions   be tween 

t h e   i n o c u l a t e d  and un inocu la ted   samp les .   Th i s   i nd i ca tes   t ha t  T. 

f e r roox idan   cou l  d be p resen t   bu t   because   o f   t he   t a i  1 i ngs a c i d  consuminy 

a b i l i t y ,  it remained  dormant  (See  Section 5-6) .  ' ,  

- 

5.4 ' A r c t i c   G o l d  and S i l v e r   M i n e  

Resu l t s   f o r  pH, meta ls  and su l fa te  are  presented  in ,   Appendix  
I ,  Tables 7, 8 and 10. N a t u r a l   o x i d a t i o n   o c c u r r e d ,   i n   b o t h   t a i l i n g  

sarnples ( o x i d i z e d  and u n o x i d i z e d )   y i t h   t h e   i n o c u l a t e d  samples  showing a 
more  enhanced o x i d a t i o n   r a t e .  These s i m i l a r i t i e s   c o n f i  r m  the  presence 

o f  T. f e r r o o x i d a n s   i n   t h e   o r e .  Reduced arsen ic  and i r o n   l e v e l s   i n   t h e  

supernatant  suggest  they  are  being, consumed by t h e   b a c t e r i a .  
- 

5.5 Mount Nansen Mine 

R e s u l t s   f o r  .pH, meta ls   and   su l fa te   a re  shown i n  Appendix I , 
Tables 9 and 10. The t a i l i n g s  samples  remained a1 k a l  i ne and d i d   n o t  

o x i d i z e   a p p r e c i a b l y .   I n o c u l a t i o n   w i t h  T. f e r r o o x i  dans d i d   n o t  enhance 

t h e   o x i d a t i o n   r a t e   w h i c h  may i n d i c a t e   t h e   b d c t e r i a   i s   p r e s e n t   b u t   t h e  

t a i l  i nys  acid  consuming  abi 1 i ty prevented   the   bac ter ia   f rom becorni ng 

e s t a b l i s h e d  (See  Sect ion 5-6). 

- 
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5.6 Ac id Consuming P o t e n t i a l  

Resul ts  of the   ac id   consuming  po ten t ia l   tes ts   a re   p resented  

i n  Table 11. They show t h a t   o n l y  Mount IJansen  and Venus mine t a i l i n g s  

had  the  abi 1 i ty  t o  consume ac id .   Th is   appears   to   exp la in  why these 

t a i l i n g s   d i d   n o t   o x i d i z e   i n   t h e   l e a c h i n g   e x p e r i m e n t .   I n   c o n t r a s t ,  

We1 1 green and Cyprus  Anvi l   had no a c i d  consuming p o t e n t i a l  , and these 

tail i nys  were  seen t o   o x i d i z e   i n   t h e   p r e s e n c e   o f   a c i d o p h i l   i c   h a c t e r i  a. 

A r c t i c  m i  ne t a i l  i ngs seem t o  be a speci a1 case. The ores and 

t d i  1 ings  appeared  to  be s t r o n g l y   o x i d i z e d .   T h i s   o x i d a t i o n   c o u l d  have 

removed  most o f  t h e   s u l p h i d e   m i n e r a l s ,   e x p l a i n i n g   t h e   l o w   s u l p h u r  

assays i n  'Table 11, b u t  it was incomplete and l e f t   s u f f i c i e n t   r e s i d u a l  

su lphu r   t o  show a s l i g h t   p o t e n t i a l   f o r   a c i d   g e n e r a t i o n .  These t a i l i n g s  

had no a c i d  consuming p o t e n t i a l ,   w h i c h   c o n f i r m s   t h e   o x i d a t i o n   n o t e d   i n  
the f i e l d .   I n   t h e   l a b o r a t o r y   t e s t s ,   a c i d   g e n e r a t i o n   a p p e a r e d   t o  be 

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

seells t o  have  been completed  before day 14. 
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FIGURE 4 : WELLGREEN  (UNOXIDIZED) 
pH,  Co,  Fe,  Ni and SO4 (extractable) 
( results for  the  sample  inoculated with T. frrrooxidans aro shown in  black) 
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COlJCLUS I ON 

Resu l ts   repor ted   by  Duncan (1975)  and  Sharer  (1951)  on  Cyprus 

A n v i l   t a i l i n g s   s u p p o r t   t h e   f i n d i n g s   o f   t h i s   r e p o r t :  

1. t h e   e x i s t i n g   t a i  1 i ngs  possess  ac id   generat ing  potent ia l  ; 

2. si lni  lar o x i d a t i o n   c h a r a c t e r i   s t i c s  between  samples w i t h  and 

w i t h o u t   i n o c u l a t i o n   b y  - T. fe r roox idans   sugges t   s t rong ly   t ha t   t he  

bac ter ium i s  p resen t   . i n   t he   Anv i l   o re   depos i t .  
The r e s u l t s   o b t a i n e d   f o r   W e l l g r e e n ,   A r c t i c   G o l d  & S i l v e r ,  

Venus and  Plount  Nansen t a i l i n g s   i n d i c a t e   t h a t  - T. f e r r o o x i d a n s   i s  

p resen t  a t  all four   l oca t i ons ,   bu t   on l y   We l l   g reen  and A r c t i c   G o l d  and 

S i  1 ve r  satnpl es showed s t rong   ox ida t i on .  

Both We1 1 g reen   su r f  ace t a i  1 i ngs sampl es  ox i   d i   zed  readi  l y  

showing t h a t  - T. fe r roox idans  i s  probably   present   in ,   the  weathered 

su r face   ma te r i  a1 . The subsuface t a i l i n g   d i d   n o t   o x i d i z e ,   s u g g e s t i n g  

t h a t  T. fe r roox idans  i s   n o t   p r e s e n t   i n   t h e   m i n e d   o r   s u b s u r f a c e   o r e s  and 

i s  found  only a t  the   sur face .   Th is  i s  suppor ted  by  the  resul ts   f rom 

t h e   i n o c u l a t e d  sample. The bac ter ium became e s t a b l i s h e d   o n l y   a f t e r  42 

days o f  i n c u b a t i o n  and showed  a we1 1 - d e f i n e d   d e c l i n e   i n  pH assoc ia ted  

w i t h  an i n c r e a s e   i n   c o b a l t ,   i r o n ,   n i c k e l  and su l fa tes .  The reac t i ,on  
was s i m i l a r  t o   r e s u l t s   f o r   C y p r u s   A n v i l   o r e s .  

- 

A r c t i c   G o l d  and S i l v e r   s u r f a c e  and   subsu r face   t a i l i ngs  

o x i d i z e d   r e a d i  l y .  They  showed 1 i t t l e  enhancement  f rom  the  inoculat ion 

by - T. f e r r o o x i  dans i n d i c a t i n g   t h e   b a c t e r i u m   i s  a1 ready  present  i n  the  

o r e  body.  However, s i n c e   t h e   l e a c h i n g   r e a c t i o n  was completed  before 

day 14, a l l   t h e   r e m a i n i n g   i r o n   s u l p h i d e s   m u s t  have  been o x i d i z e d  by 
tha t   t ime .   Th i s   sugges ts   t ha t   t he   con t inued   ox ida t i ons  o f  t h e   t a i l i n g s  

i n  p l a c e   i s   u n l i k e l y   t o   p r o d u c e   i n c r e a s i n g   q u a n t i t i e s   o f   a c i d .  

Both Venus and Mount  Nansen t a i l i n g s   d i s p l a y e d   l i t t l e   o r  no 
o x i d a t i o n   p o t e n t i a l .  Venus M i n e s '   p r o x i m i t y   t o   A r c t i c  Go1.d and S i l v e r  

and  the   s im i la r   geo logy   suggest   tha t  T. f e r r o o x i d a n s   i s   p r e s e n t   b u t   t h e  

a c i d  consuming  abi 1 i ty o f   the   o re   p revents   the   bac ter ia   f rom  becoming 

es tab l i shed .   Th i s  may  a1 so be t h e   c a s e   a t  M t .  Nansen. U n l i k e   t h e  
o the r   p roper t i es ,   t hese   m ines  show no a c i d i t y   i n   , a d j a c e n t   s u r f a c e  

- 

m! 

E 

YI 
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waters.  Even though t h e i r   a c i d   p r o d u c i n g   p o t e n t i  a1 i s   g r e a t e r   t h a n  

t h e i r   a c i d  consuming  potent ia l ,   the  d i f ference  suggests  some t h r e s h o l d  

r a n g e   f o r   t h e   t a i l i n g s   w h i c h   i n h i b i t s   t h e i r   o x i d a t i o n   b o t h  i n  p lace  and 

i n   t h e   l a b .  
The apparatus  used i n   t h i s   e x p e r i m e n t  has   p rov ided   resu l t s  

comparable t o   t h o s e   r e p o r t e d  by Sharer  (1981)  and Duncan ( 1 9 7 5 )   f o r  

C y p r u s   A n v i l   t a i l i n g s .   T h i s  shows t h a t   t h e   m a 1  1 scale  method  tested 

h e r e   i s  adequate t o  assess  the  leaching  potent ia l  o f  mine t a i l i n g s  and 

t o  determine  the  presence o f  - T. fe r roox idans .  
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7 RECOPII.IENDATIONS 

The f i n d i n g s   o f   t h i s   r e p o r t  show a need f o r   f u r t h e r   i n v e s t i -  

g a t i o n  a t  t he   i de l l g reen   and   A rc t i c   Go ld . ' and   S i l ve r   s i t es .   Add i t i ona l  

t e s t s   a r e  needed t o :  

1. c o n f i r m   t h e   r e s u l t s   p r e s e n t e d   i n   t h i s   r e p o r t ;  

2. determi ne t h e   e x t e n t   o f   m i c r o b i   o l   o g i c a l   a c t i v i t y  due t o  - T. 
f e r r o o x i d a n s   w i t h i n   t h e   t a i l i n g s ;  and 

3. assess  the  long-term  environmental   impact  associated  .wi th any 

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

The methods  used i n   t h i s   e x p e r i m e n t   s h o u l d  be changed t o  

a1 1 ow f o r  an increased dosage o f   d i l u t i o n   w a t e r   i n i t i a l l y  to 200 m l  s s9 

t h a t   d i l u t i o n   w a t e r   w o u l d   n o t  have t o  be added d u r i n g   t h e   t e s t   p e r i o d .  
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APPEND I X  I T a b  l e  1 M I N E   T A I L I N G S   A S S A Y   R E S U L T S  ( p p m )  

W E L L G R E E N  W E L L G R E E N  

- 

- 
A s  

c o  

c u  

F e  

N i  

P b  

Z n  

S 

- 

C Y P R U S   A N V I L  V E N U S  
( O x i d i z e d )  ox i d i z e d  1 

F i n a l  
1 1 1  I *112 

i d i z e d )  
I n i t ,  F i n a l  

( 1  

109 *110 

115 135 51 

118 15 120 

3900 3800 3400 

24.6 12.4 23.4 

2050 2300 2400 

25 N / A  25 

33 ' 46  33 

10.3I 

( C  

I n  i t . 

65 

110 

4000 

24 - 0  

4000 

N / A  

39 

F i l  
101 

I 
*1 14 

I 
*lo8 

100 

165 

595 

22.4 

20 

3350 

5 7 5  

I n i t .  F i n a  
113 

44300  41400 

16 10 

44  40 

I n i t .  

250 

N / A  

7 50 

23 -6 

N / A  

2600 

4 10 

24.5 

210 

155 

490 

23 - 2  

20 

3450 

700 

4  1600 

10 

38 

7 e65 

22 

3250 

2300 

195 160 

3800  3450 

21.3  18.3 

5300  3600 

20 45 

53  60 

7 e15 

16 

6.80 

28 Ir 

3500 

2650 

3050 

2300 

A R C T  I C 
G O L D  8 SI L V E R  

( O x i d i z e d )  
I n i t .  I F i n a l  

A R C T   I C  
GOLD a ' S I L V E R  V E N U S  M O U N T   N A N S E N  

( O x i d i z e d  ) ( U I  
I n i t .  

x i d i z e d )  ( U r  
n i t .  

41 00 

4 

5 6  

2 e25 

10 

9  40 

135 

0 e14 

x i d i z e d )  
F i n a l  

1 0  

I 
*116 

F i l  
115 

1900 

14 

80 

8.95 

29 

6950 

4650 

n i t .  I 
122 

36500 

10 

35 0 

1.90 

18 

1300 

6  300 

- 
As 

c o  

c u  

F e  

N i  

Pb  

Zn 

S 

54400 

12 

80 

9  -05 

30 

7 050 

4950 

51900 

14 

82 

8.5 

22 

6300 

4600 

4 - 8 3  

1 1 

28 21 

2.15  2.15 

10 9 

1350  1260 

58 7 0  

150 1 1  

450 340 

1.80 1.80 

3300 17 

6800  7300 

6700  7200 

3.39 

w 

* i n o c u l a t e d   w i t h  T .  f e r r o o x i d a n s  
t r e s u l t s   s h o w n   a s   p e r c e n t a g e s  

- 



1. - 27 - 

U 

1 

I 

Y 

II 

I 

0 0 - 0 0  
m o r - o m  
N W - l n P -  
N N  h l N  

0 0 0 0 0  

L n N N d h l  - v v v  

a -  
n O O N O O  

O N N O d N  - v v v v  

o o q o o  
m V I ' N  d hl 

v v v  

o o m o o  
M N N d N  

I 
C 

0 0 0 0 0  O D .  
o l n l n l n l n l n  
- v v v v v  

0 0 0 0 0  
U I P -  

< o m l n m r n l n  
- v v v v v  

~~ ~~ ~~~ 

0 0 0 0 0  
O D 0 0 0 0 0  
0 N m - a -  
- O N - r o e  

- N d P 3 % +  e 
0 
v) 0 0 0 0 0  

r - m o o 0 0  
o m m m o m  
- m w o r - m  



- 28 - 

n 
0 
c 

X - 
n 
W 
z 

a 
a 
a 

0 
c 
c 

c 
N 

- 
m 
0 
c 

0 
c 

7 

m 
0 - 

cn 
0 - 

0 

7 

c 

m -  a 
m 
0 
c 

0 - 
c 

d 

>- 

n 
a 

~~~ ~ ~ 

q o N 0 0  
N N O - N  
v v v v - v  

o m r - m l n  
" b - m  
M M - N P -  

M a m m M  
o w - - m  
N N M N m  

N "  . ? c ;  
r - w m m m  
N N M - d  

o o l n o o  
L n r n o m l n  
v v v v v  

r D \ D w l n w  

0 0 0 0 0  
O m N W w  

I. 

Y 



- 29 - 

Y 

rl 

rl 

QI 

II 

X 
W T  
t 

73 .- 
C Z  
m 

d 

n 
m 
I- 

X - 
n 
z 
W 
a 
a 
4 

N 
7 

c 

= -  
N 

c 

c - 

c 

c 

- 

N - 
c 

- 
c 

c 

N - 
c 

= -  
0 - 

c 

c 

PJ 
c 

c 

0 
0 -  - 

c 

c 

M W O D  
O N O - ( V  

0 0 0 0 0  
V V 

N N  
. - " 0 0  

0 0 0 0 0  
V V 

P - N C U O O  

0 0 0 - P J  
v v v v  

O P J l n N N  

- 0 0 0 0  
v v v v v  

O D N m  
o o e m -  

v - Q O  
- m  

O ? O D N M  

N O - 0 0  

r - O D Q - -  
" 0 0 -  

0 0 0 0 0  
V 

I n n  
W M G N  

- 0 " W  
e m 0  

M 

n r n m w w  
- - m  

" N N N  

m m r n *  
" O N "  

o o o m -  

F P I a J 0 0  
- m m m  

0 0 0 0 0  I 

M O O O O  
m m m m  

0 0 0 0 0  
V V V V 

o m m o o  

0 m I n m m  
M O O O O  
v v  V v v  

0 0 0 0 0  
O D N O N b  
N h l P l n N  
N N N N M  

0 0 0 0 0  
- w - \ O m  
O N M O D m  
N P J N "  

* W N W O  
. - N b V \ b  



- 30 - 

O M d N M  
- M C n d  

N O O O O  

d 
c - 

= -  
N 

d W Q C n d  
W N M - N  

0 0 0 0 0  
. Y 

U 
0 
N 

D 
.- 
.- O N N M N  

0 0 0 0 0  
- v v  * 
d N N N N  

N O 0 0 0  
v v v v  

O N N N N  

- 0 0 0 0  
v v v v v  

X 
0 

N N N N N  

0 0 0 0 0  

d P C n M W  
d W l n W P  

- 0 0 0 0  

I r l d M d C n  
W D C l D C l "  

0 0 0 0 0  

tn - 
c 

M O O O O  
l n l n l n l n  

0 0 0 0 0  
v v v v v  

d 
c 

c 

3 
u -  1 3  

u 
m o  m l n i n l n l n  

0 0 0 0 0  

0 0 0 0 0  

M 
c 

7 

M O O O O  
l n l n l n l n  

0 0 0 0 0  
v v v v v  

l n l n l n l n t n  
0 0 0 0 0  

0 0 0 0 0  

* !n 
? U N O -  

0 0 - 0 -  

I 

- m w o m  
N O O O -  

ln 

0 0 0 0 0  
M d W "  
m C n a 3 w C n  
N N N N N  



1 - 31 - 

I 

Y 

Y 

I 

I 

rl 

a .  
N N h l N N  

- 0 0 0 0 0  
c v v v v  .- 

z 
* ? N N N h l  

ln 
- 0 0 0 0 0  
.- v v v v  

l n o o o o o  
l n l n l n l n l n  

- 0 0 0 0 0  
v v  V V V 

L n a l n l n r n  

c 

W O ? ~ O O  
c 

- 0 0 0 0 0  
0 
0 

V v v v  

l n l n l n l n l n  

l n *  
0 0 0 0 0  

- 0 0 0 0 0  
- v v v v v  

1 : -  cf- 



- 32 - 

l n e \ D e o I  
* " N O 0  
" " C  

m 
c 

c 

N 
f -  

I- 
C 

c 

I- 
c 

c 

m 
c 

c 

I- - 
c 

m 
c 

c 

W 
c 

c 

a -  a 
I- - 
c 

w 
c 
c 

I- - c 
>- 
a 
n 

0 0  

N I - N Q Q  
N " w w  
W "  

- 0 0  

\ ~ m - l n n u )  
w l n u l e m  

0 0 6  

N b O b d  
9 9  

V v v  

0 0 - 0 0  

N N . " b  

ln 
e 
0 0 0  

h l I - e - . -  
N -  v v  

6 r D N O O  
I- 

N - b N -  
hl- 

M N - - -  

o m w o o  
- \ D m N O  
N I - O O W l n  
N 

0 0 0 0 0  
o w 0 0 0  
N * 1 O O o I  
m \ o m I - b  
" " C  

0 0 0 0 0  
0 0 0 0 0  
W r n M N l n  
- N \ D l n l n  
N " "  

b W N W 0  
- N b l n I -  



- 33 - 1 

0 
N 
c 

c -  
N 

m 
c 

c 

1 

I 

a 

0 
N 
c 

I 

0 
N 

rl 

X - 
c3 
2 

Q 
W 

Q 
a 



- 34 - m 

I 

- 0  
0 0  

D L  
Q L  
tal 
U L L  

1 3  u 
m o  
t - c  

n 
Q 
I- 

X - 
n 
z 
W 
Q 
a 
4 

N 
N 
c 

a 

c 

c 

N 

c 

N - 
N 
N 

e -  
o- - 
v, 

l n b M c D N  

m o o 0 0  
M V 

P I W O O  

b o o "  
N 

N N N N N  

0 0 0 0 0  

N N N N N  

0 0 0 0 0  

- " N O D  
m - o e m  
P - N N N N  

O O V \ N M  
- * ! n  

P I - M N N  
W 

b l n l n l n m  
N O O O O  

0 0 0 0 0  

0 a w P I l n  
M O - 0 0  

- 0 0 0 0  

m l n l n l n l n  
0 0 0 0 0  

0 0 0 0 0  

l n m l n l n l n  
0 0 0 0 0  

0 0 0 0 0  
V V V V V 

l n l n l n l n l n  

l n o o o o  
v v v  V 

0 m w D p - I -  
0 0 0 0 0  
N V  

0 0 0 O N O  
- e m e m  
M M b - e  
N N N N N  

O O O N O  

- N O - *  
Q N M b O  

N N M N N  

b 0 0 N W O  
. - N b l n P I  

Y 



I - 35 - 

I 

I 

il 

rl 

II 

z w  N 
I -  N 

Q Z  - 
z -  * 
t 
c " 

n 
J 
O N  N 

0 

c3K - 
o >  - 
-"I 
t -  
o m  m 
E 
4-3  - 

w *  

c 

0 
J- 00 
O E  - 
W W  - 
CJJ - > *  
" 

0 
I - m  

I- 
K - 3  - 
a c 

e 
c 

c 

c 

m * 
3 
Z 
W 
> 

- 
c 

c 

M 

* 
4 
n 

c N *  



- 36 - 

APPEND I X  I TABLE 1 1  

TOTAL 
S.(%) 

3 . 3 9  

4 - 8 3  

0 . 7 4  

10.38 

2 4 . 5 5  

ACID PRODU C I N  

ACID 
PRODUC I NG 
POTENTIAL 
( I b s / t o n )  

~ 

2 0 7  

2 9 5  

4 5  

6 3 6  

1 5 0 3  

G AND CONSUMI N 

ACID 
C O N S U M  I NG 
POTENT I AL 
( I b s / t o n )  

3 5  

7 5  

n i  I 

n l  I 

" 2 7  

G POTENTIALS 

THEORETICAL 
ACID 

PRODUCER 

Yes 

Yes 

Yes 

Yes 

Yes 

A C I D  
PRODUCER 

No 

No 

Yes 

Yes 

Yes 

* A c i d   C o n s u m i n g   P o t e n t i a l   d e t e r m i n e d   b y   D u n c a n ,  1 9 7 5 ,  L e a c h a b i l i t y  
. o f  A n v i l  Ore, W a s t e   R o c k   a n d   T a i l i n g s .  

t 
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APPEND I X  I I MINE  TAIL INGS  OXIDATION STUDY - WATER SAMPLE 
PRESERVATION AND ANALYSI S METHODS 

PARAMETER  DETECT I ON ANALYTICAL PROCEDURE 
L I M I T  

* * E x t r a ' c t a b   l e  
M e t a  I s 

As 
eo  
c u  
F e  
Mn 

~ N i  
' P b  

Z n  

1 .O m g / l  

m g /  I 

0 - 0 5  
0 e005 
0 -005 
0 . 0 0 5  
0.001 
0 . 0 2  
0 -04 
0 . 0 0 5  

B a r i u m   C h l o r a n i   l a t e -  
U V  S p e c t r o p h o t o m e t r i c  

I n d u c t i v e l y   C o u p l e d  
A r g o n   P l a s m a   ( I C A P )  
c o m b i n e d   w i t h   O p t i c a l  
E m i s s i o n   S p e c t r o m e t e r  
(OES) 

* S a m p l e  was d i l u t e d  60:l ( . 5  m l  s a m p l e   p e r  29.5  m l  d i s t i l l e d   w a t e r )  

No p r e s e r v a t i v e s   a d d e d .  

* * S a m p l e  was d i l u t e  1O:l ( 1  m l  s a m p l e   p e r  9 m l  d i s t i l l e d   w a t e r )  

E a c h   s a m p l e  was p r e s e r v e d   t o  pH ( 1 . 5  u s i n g  0 . 2  m l  o f  H N 0 3 .  
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APPENDIX 11 I I I tJE TAILINGS OXIDATION STUDY - TAILINGS SAI4PLED ASSAY 

METHOD: ( Bondar  Clegg  Assayers ) 

A n a l y s i s  By Atomic  Absorpt ion (Co, Cu, Pb, Mn, N i ,  Zn & Fe) 
Each  minus  100 mesh sample i s  weighed a t  0.5 gm a n d   p l a c e d   i n t o  a t e s t  

t ube   t hen  1.5 m l  o f  HIJO3 i s  added  and t h e  sampl  e i s  heated i n  a h o t  

w a t e r   b a t h   f o r   1 / 2   h o u r .  The 0.5 m l  o f  HC1 a r e  added  and t h e  sample i s  

h e a t e d   f o r  1 1/2   hours   fu r ther .  The sample i s  then removed  from  the 
ba th   and   t he   m ix tu re  i s   d i l u t e d  t o  10 m l  w i th  w a t e r   ( a   s o l u t i o n  

c o n t a i n i n g  1000 ppm A l C l 3   i s  used when a n a l y z i n g   f o r  Mn and Fe).  The 

sample i s   t h e n  m ixed   and   a l l owed   to   se t t l e   be fo re   ana lyz ing .  The 

samples  are  analyzed  by  atomic  absorpt ion  using  .standards  wi th a 

s i m i l a r   m a t r i x .  

A n a l y s i s   f o r   A r s e n i c  

A minus  100 mesh sample weighing  0.1 gm i s   t r e a t e d   i n  a t e s t   t u b e   w i t h  

a n   a c i d   m i x t u r e   o f  HI403-HC104 on a s a n d   b a t h   f o r  4 h o u r s   o r   u n t i l  

a1 1 t h e  HN03 i s   d r i v e n   o f f .  

A f t e r  c o o l i n g ,   t h e  sample i s   d i l u t e d  and   po tass ium  i od ide   so lu t i on  

added,   fo l lowed by s t a n n o u s   c h l o r i d e ,   A r s i n e   i s   t h e n   p r o d u c e d   b y   t h e  
a d d i t i o n  o f  20 mesh z inc .  The  gas i s  g e n e r a t e d   i n t o  an absorbing 

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

c o l o r  i s compared w i t h   s t a n d a r d s   c a r r i e d   t h r o u g h   t h i s   c o l o r   p r o c e d u r e  

i n   o r d e r  t o  d e t e r m i n e   t h e   a r s e n i c   c o n t e n t   i n  pprn. 
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