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This study examined t.he b i o a c m l a t i o n  of metals fm 
?4max/Kitsault mine ta_i.linqs  over a 1OO-day period to determine the degree 
to mi& m m n  marine orqankns mi*t concentrate arsenic, cahium, 
chromium, m-r, moJ.ybdenum,, nickel ,  lead, vanadium, zinc, and iron. 
Species used i n  the tests included the m r i n e  worm Cir ra tu lus  spectabilis, 
the deposit-feedinq c1.m~ Macorm balthica and Macom nasuta,  and the 
f i l ter-feeding clams - Mva arenar ia  and  Venerupis  japonica.  Bioaccwlation 
was not close ly  correlated w i t h  sediment  chemistry ( R  ranged from 0.007 for 
As and Venerupis to 0.797 f o r  As and Mya), and test species o f t e n   r e s p n d d  
d i f f e ren t ly  to the test rretals. The clam species a l l  indicated bioaccurnu- 
l a t i o n  of Pb, Mo, and Zn from the t a i l i n g s .  Fe and V were also accumulated 
from t a i l i n g s  by the clam species despi te  the lmer leve l s   i n   t a i l i ngs .  
Cirratulus  tended to  bioaccumulate Cu, V, and Fe frm the Control  sediment 
and ?40 and Pb from the t a i l i n g s .  I40 and Pb were concentrated f r o m  the 
t a i l i n g s  by a l l  species tes ted .  

- 

Cette &tude examine la  b ioaccmla t ion   des   &taux   des   bass ins   de  
rCsi4us  miniers d e  la mine Amax Ki t sau l t ,   su r  une +ride de plus de 100 
i o u r s  . On d & e d n e  iusqu ' A  que!. rlegrh des o r g a n i s m s   m r i n s  c o l ~ l ~ ~ l l l s ,  
pewent   concentrer   divers   htaux;   arsenic ,  cadmium, chrom, cuivre, moly- 
Menun, nickel., plmb, vanadium, zinc e t  f e r .  Les esp&ces u t i l i s e e s  dans 
ces tests incluent le vers  marins  Cirratulus spectabilis, les m u l e s  
dh t r i t i vo res  Mamma balthica e t  Macoma nasuta e t  les m u l e s   f i l t r e u s e s  Mya 
arenaria et Venerupis  iapnica.  L a  b i o a c c m l a t i o n   n ' e t a i t  pas 6 t r o i t e m n t  
en  corrhlation  avec la chimie des   s a imen t s  (r varie en t r e  0.007 pour As et  
Venerupis et 0.797 pour 5 s  et - Mya). Les e e e s  test6es souvent  dpondent 
A i f f h r e m n t  aw &tau testes. Les mules   ind iquent   tous  une bioaccm- 
la t ion   de  Ph, MZI e t  Zn pour les rhsidus  miniers.  Fe et V furent  aussi 
accumulj?s par les m u l e s  mlgrh l a  faible concentration dans les rhsidus 
miniers .   Cirratulus  senible bioaccumuler Cu, V et Fe dans les s6diments de 
contr6les  e t  Mo et Pb dans les rtkidus  miniers.  Mo et Pb furent  concentrhs 
par toutes les e&ces dans le rhsidus  minier. 

- 
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1 . 0  INTRODUCTION 

The d i s p o s a l  o f   m e t a l - m i n e   t a i l i n g s   i n   t h e   m a r i n e  
e n v i r o n m e n t   h a s   t a k e n  place i n  Alice A r m ,  B.C. ,  s i n c e  
A p r i l   1 9 8 1 .  A t  t h a t  time t h e  K i t s a u l t   m o l y b d e n u m   m i n e ,  
opera ted  by  Amax o f   C a n a d a ,   w e n t   i n t o   p r o d u c t i o n   a n d  
d i s c h a r g e d  i t s  t a i l i n g s   i n t o  Alice A r m  t h r o u g h  a submerged  
o u t f a l l  ( F a r r e l l  a n d   N a s s i c h u k ,   1 9 8 4 ) .  Many s t u d i e s   h a v e  
b e e n   c o n d u c t e d   b y   g o v e r n m e n t   a g e n c i e s   a n d   b y  
p r i v a t e - s e c t o r   c o m p a n i e s  t o  i n c r e a s e   u n d e r s t a n d i n g   o f   t h e  
r a m i f i c a t i o n s   a n d   c o n s e q u e n c e s  of t h a t   d i s c h a r g e .  

One a spec t  of i n t e r e s t  t o  t h e  E n v i r o n m e n t a l  
P r o t e c t i o n   S e r v i c e   h a s   b e e n   t h e   d e g r e e  t o  w h i c h   h e a v y  
metals  i n   t h e  Amax t a i l i n g s   m i g h t  be c o n c e n t r a t e d   i n   t h e  
t issues of m a r i n e   o r g a n i s m s .   D a t a   f r o m   f i e l d   c o l l e c t i o n s  
i n  t h e  a f f e c t e d   a r e a s  were r epor t ed  b y   F a r r e l l   a n d  
N a s s i c h u k   ( 1 9 8 4 ) ,   a n d  McGreer, " e t  a l .  ( 1 9 8 0 )   e x a m i n e d  
t h e   a v a i l a b i l i t y   o f  s u c h  metals f o r   u p t a k e   b y   m a r i n e  
i n v e r t e b r a t e s .   P h i l l i p s   ( 1 9 7 7 )   a n d   C u n n i n g h a m   ( 1 9 7 9 )  
r e v i e w e d  t h e  l i t e r a t u r e  o n   b i o a c c u m u l a t i o n ,   a n d  P h i l l i p s  

s u g g e s t e d   t h a t   b i v a l v e  molluscs seemed t o  b e   t h e  most 
e f f i c i e n t   a n d   r e l i a b l e   g r o u p   o f   i n v e r t e b r a t e s   f o r  use a s  
b i o l o g i c a l   i n d i c a t o r s .  

B i o a c c u m u l a t i o n  i n  t h e  f i e l d  s i t u a t i o n  depends upon 

t h e   n a t u r e  of t h e  s e d i m e n t s ,  temperature ,  a n d   s a l i n i t y  
(McGreer " e t  a l . ,  1 9 8 0 ) ,   o n   t h e   p h y s i o l o g i c a l  s t a t e  of 
t h e   o r g a n i s m   ( C u n n i n g h a m ,   1 9 7 9 ;   M a r t i n  " e t  a l . ,  1 9 8 4 ) ,  
a n d   o n   t h e   p h y s i c o - c h e m i c a l  s t a t e  o f  t h e  s e d i m e n t   ( S t u k a s ,  
1 9 8 3 ) .   T h u s ,   v a r i a b i l i t y   i n   f i e l d  s t u d i e s  would be 

expected t o  be h i g h .  
T h i s   s t u d y  was d e s i g n e d  t o  e x a m i n e   d i r e c t l y   t h e  

s p e c i f i c   q u e s t i o n   o f   b i o a c c u m u l a t i o n   o f   h e a v y  metals f rom 
t h e  Amax t a i l i n g s .   T h e  t e s t  o r g a n i s m s   p r o v i d e  a d i r ec t  
a s s e s s m e n t  of t h e  p o t e n t i a l  f o r   b i o a c c u m u l a t i o n  from Amax 
s e d i m e n t s   u n d e r   c o n t r o l l e d   c o n d i t i o n s .  

MacGuth Enterprises 
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2 . 0  MATERIALS AND METHODS 

The  o b j e c t i v e  of t h e  e x p e r i m e n t  was to   de te rmine  t h e  

e x t e n t  t o  w h i c h  l o c a l   s p e c i e s  would concentrate   heavy 
metals from t h e  Amax mine t a i l i n g s   u n d e r   c o n t r o l l e d  
l abora to ry   cond i t ions .  T h i s  design  should  reduce 
v a r i a b i l i t y  by c o n t r o l l i n g  many of t h e  v a r i a b l e s  w h i c h  a r e  
known to   a f f ec t   b ioaccumula t ion  i n  t h e  n a t u r a l  
environment. A l l  experiments were conducted a t  t h e  West 
Vancouver l a b o r a t o r i e s .  

2 . 1  Apparatus 

Tanks  used for  the  bioaccumulation  study  were made of 
b l u e  f i b r e g l a s s  a n d  were s u p p o r t e d  i n  a l u m i n u m  frames. 

The tanks  were  tub-shaped and were 75.6 cm i n  l e n g t h .  The 
water   l eve l  was maintained a t  a depth  of 4 0 . 6 4  cm, 
providing a volume  of 1 3 3  l i t r e s  ( 0 . 1 3  c u .  m . )  i n  each 
tank.  A d r a i n  p i p e  was c e n t r a l l y   l o c a t e d  w i t h  s ide  
overf low  drain  holes  4 2  cm above  the  tank  bottom.  Clean, 
un f i l t e r ed   s eawa te r  was suppl ied  by a p i p e  tha t   ex tended  
down the  i n s i d e  of  the  tank  to j u s t  above t h e  wa te r   l eve l .  
T h e  i n t ake   fo r   t he   s eawa te r  was l o c a t e d   a t  a depth  of 1 0  

meters;  t h u s  t h e  seawater  was taken from t h e  euphotic  zone 
a d j a c e n t   t o  t h e  West Vancouver  Laboratory. 
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2.2 E x p e r i m e n t a l  A n i m a l s  

E x p e r i m e n t a l   a n i m a l s  were s e l e c t e d   f r o m   t h o s e  
a v a i l a b l e  i n  t h e  V a n c o u v e r   a r e a ,  b u t  w h i c h  were a l s o   f o u n d  
n o r m a l l y  i n  t h e  a r e a  a f f e c t e d  b y  t h e  Alice A r m  t a i l i n g s  
d e p o s i t s .   C o l l e c t i o n s  were 

S p e c i e s  

J a p a n e s e  l i t t l e n e c k  c l a m  
V e n e r u p i s   j a p o n i c a  

Mud or s o f t - s h e l l  c l a m  
Mya a r e n a r i a  

B e n t - n o s e   c l a m  
Macoma n a s u t a  

Macoma b a l t h i c a  

M a r i n e  worm 
C i r r a t u l u s   s p e c t a b i l i s  

made a s   f o l l o w s :  

D a t e  L o c a t i o n  

4 J u n e  1982 

2 O c t .  1982 

8 O c t .  1982 

8 O c t .  1982 

8 Oct. 1982 

S a l  t s p r i n g  Is. 

Bedwell Bay 

W h i t e  Rock 

W h i t e  Rock 

L a b o r a t o r y  

I n  a d d i t i o n ,   s o m e   o y s t e r s   ( C r a s s o s t r e a   g i g a s )   a n d   s o m e  
T e r r e b e l l i d   p o l y c h a e t e s  were c o l l e c t e d   a n d   k e p t  i n  t e s t  
c o n t a i n e r s ,  bu t  were n o t   u s e d  i n  t h e  e x p e r i m e n t .  

2 . 3   E x p e r i m e n t a l   P r o c e d u r e s  

Test  o r g a n i s m s  were t r a n s f e r r e d ,   w i t h i n  2 4  h o u r s   o f  
c o l l e c t i o n ,   f r o m  t h e  c o l l e c t i o n   c o n t a i n e r s  t o  t h e   c o n t r o l  
t a n k .   T h e y   r e m a i n e d  i n  t h e   c o n t r o l   t a n k   u n t i l   t h e  
e x p e r i m e n t   b e g a n .  

MacGuth Entcarpri ses 
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On 6 J u n e   1 9 8 2 ,   f i v e  (5) l i t t l e n e c k  clams were 
c l e a n e d   a n d   f r o z e n   i n   i n d i v i d u a l   w h i r l - p a c   c o n t a i n e r s   f o r  
l a t e r  a n a l y s i s .  On 1 September 1 9 8 2 ,   f i v e  (5) a d d i t i o n a l  
l i t t l e n e c k  clams were t a k e n   f r o m  t h e  c o n t r o l   t a n k   a n d  
c l e a n e d .   T h e s e  were s u b m i t t e d ,   w i t h   t h e  sample f r o m  6 
J u n e ,   f o r  chemical a n a l y s i s  t o  t e s t  f o r   a n y   c h a n g e s   c a u s e d  
b y   t h e   c o n t r o l   c o n d i t i o n s .  

T h e   e x p e r i m e n t   b e g a n   o n   2 2  October 1 9 8 2   w i t h  t h e  

a d d i t i o n   o f   A m a x / K i t s a u l t   m i n e   t a i l i n g s  t o  t h e  

e x p e r i m e n t a l   t a n k .   S p e c i m e n s  of a l l  e x p e r i m e n t a l   s p e c i e s  
were t r a n s f e r r e d   f r o m   t h e   c o n t r o l   t a n k  t o  t h e  e x p e r i m e n t a l  
t a n k .   S u f f i c i e n t   n u m b e r s   o f   a n i m a l s  were used t o  e n s u r e  
t h a t  10-15 of e a c h   s p e c i e s   w o u l d   s u r v i v e  t h e  e x p e r i m e n t ,  
a s s u m i n g   r e l a t i v e l y   n o r m a l  m o r t a l i t i e s  would o c c u r .  
D u r i n g  t h e  e x p e r i m e n t ,   c o n t a i n e r s  were checked r e g u l a r l y  
t o  e n s u r e  t h a t  water was f l o w i n g   p r o p e r l y   a n d  t h a t  
e x p e r i m e n t a l   c o n d i t i o n s  were m a i n t a i n e d .  No o p e r a t i o n a l  
p r o b l e m s  were recorded. 

A t  t h e  b e g i n n i n g   o f  t h e  e x p e r i m e n t   ( 2 2  October 1 9 8 2 )  
a n d  a t  t h e  t e r m i n a t i o n  (6 F e b r u a r y   1 9 8 3 )   s a m p l e s  of t h e  

f o u r   m a i n  spec ies  ( C i r r a t u l u s  s p e c t a b i l i s  ,Mya 
a r e n a r i a ,  Macoma n a s u t a ,   a n d   V e n e r u p i s   j a p o n i c a )  
were t a k e n   a n d   c l e a n e d   f o r   c h e m i c a l   a n a l y s i s .  To a v o i d   a n y  
v a r i a t i o n   i n   l a b o r a t o r y   p r o c e d u r e s   b e t w e e n  October a n d  
F e b r u a r y ,  t h e  October s a m p l e s  were f r o z e n   i n   w h i r l - p a c  
c o n t a i n e r s   a n d   s u b m i t t e d  f o r  a n a l y s i s   w i t h   t h e   F e b r u a r y  
samples .  T o   e n s u r e   t h a t   c h e m i c a l   a n a l y s e s  were n o t  b iased  
b y   g u t   c o n t e n t s ,  a l l  e x p e r i m e n t a l   a n i m a l s  were placed i n  
c l e a n   t a n k s   a n d   p u r g e d   f o r  2 4   h o u r s  p r i o r  t o  p r e p a r a t i o n  
f o r   t h e   c h e m i c a l   a n a l y s i s .  

Water samples a n d   s e d i m e n t  samples were t a k e n   f r o m  
t h e   C o n t r o l   T a n k   a n d   t h e   E x p e r i m e n t a l   T a n k  on 17 October 
1 9 8 2   a n d   a g a i n   o n  1 F e b r u a r y   1 9 8 3 .   T h e s e  samples were 
a n a l y z e d  a t  t h e   e n d   o f   t h e   e x p e r i m e n t   i n   M a r c h   1 9 8 3 .  
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2 . 4  Chemical  Analysis 

Samples were a n a l y z e d   f o r   t r a c e   m e t a l s   a t  t h e  West 
Vancouver   Laboratory  according  to   procedures   out l ined by 
Swingle  and  Davidson ( 1 9 7 9 ) .  Tissue  samples were thawed, 
t r e a t e d  i n  a t issue  homogenizer,   freeze-dried,   and 
oxid ized  i n  a low tempera ture   asher .  The a sh   con ta in ing  
t h e  m e t a l l i c   s a l t s  was then  dissolved i n  warm concentrated 
n i t r i c   a c i d .   S a m p l e s  were analyzed by t h e  

Inductively-Coupled Argon Plasma method ( I C A P ) .  T i s s u e  
samples   for   lead  and cadmium t h a t  were  below t h e  ICAP 

d e t e c t i o n  limit were a l so   ana lyzed  by t h e   J a r r e l l  Ash  850  

AAS w i t h  a FLA 1 0 0  g raph i t e   t ube   fu rnace   t o   l ower  t h e  

d e t e c t i o n  limits. 

2.5 Qua l i ty   Con t ro l  

The EPS Laboratory  qual i ty   control   program  consis ts  
of r u n n i n g  s tandard  reference  samples   to   check  techniques 
and t o   e s t a b l i s h   c o n f i d e n c e   i n t e r v a l s  of less than 1 0 %  

v a r i a t i o n .  The s tandard  reference  mater ia ls   used  were 
BCSS-1 and MESS1 fo r   s ed imen t s ,  and NBS1577 b o v i n e   l i v e r  
and NB1566 o y s t e r  t i s sue .  T h e s e  s tandards  were  obtained 
from t h e  National  Research  Council   of  Canada,  Division of 
Chemistry,  Marine  Analytical  Chemistry  Standards  program: 
and  from t h e  U.S. National  Bureau of Standards.  
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2.6 S t a t i s t i c a l   A n a l y s i s  

The da ta  were e n t e r e d   i n t o   d a t a   f i l e s  on a n  Apple / / e  
microcomputer. S t a t i s t i c a l   a n a l y s e s  were  conducted u s i n g  
t h e  commercial s t a t i s t i c s  package “ S t a t s  P l u s ” ,  produced 
by Human Systems Dynamics ( 9 0 1 0  Reseda Blvd . ;  Northridge, 
C a l i f o r n i a ) .  The t - t e s t s  used were t e s t s  for two 
independent  sample means.  Comparison t e s t s  were  conducted 
w i t h  a program  developed by the   wr i t e r  ( D . R .  Guthr ie )   to  
confirm  the  accuracy of the  commercial  program. The 
commercial  program r e s u l t s  seemed t o  be i d e n t i c a l   t o   t h o s e  
obtained u s i n g  a pooled sums-of squares  method ( O s t l e ,  
1 9 6 3 ) .  The same program was used to   perform  regression 
a n a l y s i s  and d e t e r m i n e   c o r r e l a t i o n   c o e f f i c i e n t s .  

I n  a l l   s t a t i s t i c a l   a n a l y s e s   t h e  5% l e v e l  i s  used i n  
de t e rmin ing   s ign i f i cance .  
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3.0 RESULTS 

The d a t a   a r e   p r e s e n t e d   f o r   e a c h   s p e c i e s  and 
t r ea tmen t ,  w i t h  mean, s t anda rd   dev ia t ion ,  and maximum and 
minimum va lues .  

3 . 1  C i r r a t u l u s   s p e c t a b i l i s  

Data   for   the  marine worm C i r r a t u l u s   s p e c t a b i l i s   a r e  
presented  i n  Tables  1 - 3  and a re   r ep resen ted   g raph ica l ly  i n  
F igures  1-10. S i g n i f i c a n t   d i f f e r e n c e s   a r e   i n d i c a t e d  on 
the   g raphs  b y  an a s t e r i s k .  

3 . 2  Macoma b a l t h i c a  

Data   for  Macoma b a l t h i c a   a r e  shown i n  Table 4 and 
a re   r ep resen ted   g raph ica l ly  i n  F i g u r e s  11-20 .  Although i t  

was in tended   to  have f i n a l   s a m p l e   s i z e s  of 10-15  an imals ,  
only 5 specimens  of t h i s  s p e c i e s  were a v a i l a b l e  f o r  each 
t r e a t m e n t   a t  t h e  end of the   experiment .  The f i v e  
specimens  were  combined  into a composite  sample  for  each 
of the   t rea tments   ra ther   than   be ing   ana lyzed   separa te ly .  
T h u s ,  i t  was n o t   p o s s i b l e   t o   c o n d u c t   s t a t i s t i c a l  tests on 
t h i s  spec ies .   Accord ingly ,  n o  s i g n i f i c a n t  d i f f e r e n c e s  a r e  

ind ica t ed  on F i g u r e s  11 -20 .  

3 . 3  Macoma nasuta  

Data f o r  t h e  bent-nose  clam, Macoma n a s u t a ,   a r e  
presented  i n  Tables  5-7. Graphic   representat ions  of  t h e  
d a t a   a r e  i n  F igures  2 1 - 3 0 .  

3.4 Mya a r e n a r i a  

D a t a   f o r   t h e   s o f t - s h e l l   o r  mud clam, Mya a r e n a r i a ,  
a r e   p re sen ted  i n  Tables  8-10, w i t h  g raph ic   r ep resen ta t ions  
i n  F i g u r e s  31-40. 
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3.5  V e n e r u p i s  j a p o n i c a  

Data f o r   t h e   J a p a n e s e   l i t t l e - n e c k  clam, V e n e r u p i s  
j a p o n i c a ,  a r e  c o n t a i n e d   i n   T a b l e s  11-15. The  d a t a  a r e  
shown i n   g r a p h i c   f o r m   i n   F i g u r e s   4 1 - 5 0 .   T h e s e   a n i m a l  were 
h e l d  i n   t h e   l a b o r a t o r y   f o r  a l o n g e r  per iod t o  t e s t  f o r   a n y  
e f f e c t s   t h a t   m i g h t   o c c u r   d u e  t o  t h e   l a b o r a t o r y   c o n d i t i o n s .  
T h u s ,   t h e r e  a r e  two a d d i t i o n a l  d a t a  sets for t h i s  species .  
T h e  J u n e  d a t a  i n d i c a t e   t h e   c o n d i t i o n   i m m e d i a t e l y  a f t e r  
c o l l e c t i o n ,   a n d   t h e  September d a t a  p r o v i d e   a n   e x a m i n a t i o n  
o f  t h e  c o n d i t i o n   b e t w e e n   c o l l e c t i o n   a n d   t h e   i n i t i a t i o n   o f  
t h e   e x p e r i m e n t   i n  October. 

3 .6  S e d i m e n t   a n a l y s i s  

T a b l e  1 6  c o n t a i n s  t h e  r e s u l t s  of a n a l y s e s  on t h e  Amax 

t a i l i n g s   a n d   o n  t h e  C o n t r o l   s e d i m e n t .   F i g u r e   5 1   s h o w s  t h e  

a v e r a g e   v a l u e  f o r  Amax t a i l i n g s  expressed a s  a p e r c e n t a g e  
of t h e  a v e r a g e   v a l u e  f o r  t h e  C o n t r o l   s e d i m e n t .   T h i s   g r a p h  
was t r u n c a t e d  a t  5 0 0 %  t o  m a i n t a i n  a s u i t a b l e  s ca l e  f o r  t h e  

smaller v a l u e s .   T h e   t r u e   v a l u e  f o r  Cadmium was 4000% of 
c o n t r o l ,   a n d  t h e  t r u e   v a l u e   f o r  Molybdenum was 2520% o f  
c o n t r o l   v a l u e .  

3 . 7  Water a n a l y s i s  

The d a t a  f o r  t h e  water samples i s  i n   T a b l e  17. 
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FIG. 1 Mean  level of Arsenic in Cirratulur 
for  October,  Controls, and Tailings (ug/g)  

F I G .  2 Mean level of Cadmium in Cirratulus 
for October,  Controls,  and  Tailings  (ug/g) 
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F I G .  3 Mean l e v e l   o f  Chromium i n   C i r r a t u l u s  
for   October ,   Contro ls ,  and Ta i l ings   (ug /g )  

11111111 

F I G ,  4 Mean l e v e l  of Copper i n   C i r r a t u l u s  
for   October ,   Contro ls ,  and T a i l i n g s  (ug/g) 
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FIG. 5 Mean level of Molybdenum in Cirretulus 
for  October,  Controls, and Tailings (uq/g)  

FIG. 6 Mean  level of Nickel in Cirratulus 
f o r  October,  Controls, and Tailings (ug/g) 
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FIG. 7 Mean l e v e l  of L e a d   i n  Cirratulus 
f o r  O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  (ug/g) 
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F I G .  8 Mean l e v e l  of Vanadium i n   C i r r a t u l u s  
f o r  O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  (ug /g)  
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FIG. 9 Mean  level of  Zinc in Cirratulus 
for  October,  Controls, and Tailings  (ug/g) 
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F I G .  10 Mean level a4 Iron in Cirratulus 
for  October,  Controls, and Tailings ( u g / q )  
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FIG. 1 1  Level of  Arsenic in M. balthica 
for October,  Controls,  and  Tailings (uq/g) 
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F I G .  12 Level of Cadmium in M. balthica 
f o r  O c t o b e r ,  Controls, and lailings  (ug/g) 
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F I G .  13 Level   of  Chromium i n  M. b a l t h i c a  
for   October ,   Contro ls ,  and T a i l i n g s  (ug/g) 

n 

FIG. 14 Level of  Copper i n  M. b a l t h i c a  
for   October ,   Contro ls ,  and T a i l i n g s  (ug /g )  
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F I G .  15 Leve l   o f  Molybdenum i n  M. b a l t h i c a  
for   October ,   Cont ro ls ,  and T a i l i n g 6  (ug/g)  
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FIG. 16 Level  of N i c k e l   i n  M. b a l t h i c a  
f o r  October ,   Contro ls ,   and  Ta i l ings (ug/q)  
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FIG. 17 Level of Lead i n  M. b a l t h i c a  
for O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  (ug/g) 
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FIG. 18 L e v e l  of  Vanadium i n  M. b a l t h i c a  
f o r  O c t o b e r ,  C o n t r o l s ,   a n d   T a i l i n g s  ( u g / g )  
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FIG. 19 Level of  Zinc in M. balthica 
f o r  October,  Controls, and Tailings  (ug/g) 

FIG. 20 Level of  Iron in M. balthica 
f o r  October,  Controls, and Tailinqs (uq /g)  
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FIG. 21 Mean l e v e l   o f   A r s e n i c   i n  Macoma nasuta 
for   October,   Controls,  and T a i l i n g s  (ug/g)  
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FIG. 23 Mean  level of Chromium in Macoma  nasuta 
f o r  October,  Controls,  and  Tailings (ug/g) 
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F I G .  25 Mean l e v e l  of Molybdenum i n  Macoma nasuta  
f o r  O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  ( u g / g )  
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FIG. 27 Mean  level of Lead in Macoma nasuta 
for October ,  Controls, and Tailings (ug/g) 

F I G .  2F3 Mean level of Vanadium in Macoma  nasuta 
for O c t o b e r ,  Controls, and Tailings ( u g / g )  
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FIG. 29 Mean l e v e l  of Z i n c   i n  Macoma n a r u t a  
f o r   O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  (ug/g) 

Mean l e v e l  o f  I r o n   i n  Macoma n a s u t a  
for  O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  (ug/g) 
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FIG. 31 Mean l e v e l   o f   A r s e n i c   i n  Mya a r e n a r i a  
for   October ,   Contro ls ,  and T a i l i n g s  (ug/g) 
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F I G .  32 Mean l e v e l   o f  Cadmium i n  Mya a r e n a r i a  
for   October ,   Contro ls ,  and T a i l i n g s  ( u q / g )  
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F I G .  33 Mean l e v e l   o f  Chromium in Mya  arenaria 
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F I G .  35 Mean l e v e l  o f  Molybdenum i n  Mya a r e n a r i a  
for   October ,   Contro ls ,  and T a i l i n g s  (ug/g) 

FIG. 36 Mean l e v e l   o f   N i c k e l   i n  Mya a r e n a r i a  
for   October ,   Contro ls ,  and T a i l i n g s  ( u g / g )  
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FIG. 37 Mean l e v e l  of Lead i n  Mya a r e n a r i a  
for O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s  ( u g / g )  
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F I G .  38 Mean l e v e l   o f   V a n a d i u m   i n  Mya a r e n a r i a  
for  O c t o b e r ,   C o n t r o l s ,   a n d   T a i l i n g s   ( u g / g )  
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FIG. 39 Mean  level of Zinc in Mya arenaria 
for  October,  Controls, and Tailings (ug/g) 
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FIG. 41 Mean level of Arsenic in Venerupis  japonica 
f o r  June,  September, O c t o b e r ,  
Controls, and Tailings (uq/q) 
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FIG. 42 Mean  level of Cadmium in Venerupis  japonica 
f o r  June, S e p t e m b e r ,   O c t o b e r ,  
Controls, and Tailings  (ug/g) 
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FIG. 43 Mean  level of Chromium in Venerupiri japonica 
for June, September,  October, 
Controls, and Tailings (ug/g) 
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FIG. 44 Mean level of Copper in Venerupis  japonica 
for June, September,  October, 
Controls, and Tailings ( u q / g )  
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FIG.  45 Mean leve l  of  Molybdenum i n  V e n e r u p i s   j a p o n i c a  
for J u n e ,  S e p t e m b e r ,   O c t o b e r ,  
C o n t r o l s ,  a n d   T a i l i n g s  (ug/g) 
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FIG. 47 Mean  level of Lead in Venerupis  japonica 
for June,  September,  October, 
Controls, and Tailings (ug /g)  

F I G .  48 Mean l e v e l  of  Vanadium in Venerupis  japonica 
f o r  June, September,  October, 
Controls, and Tailings  (ug/g) 

.? 
96 5 

=6 

-5 
-4 5 

-4 
.35 

T -3 
E .25 

.15 
-1 

.e 5 

u -55 

92 

1111111111 1. JUIi 

‘I 



- 40 - 

FIG.  49 Mean l e v e l  of  Z i n c   i n   V e n e r u p i s   j a p o n i c a  
for J u n e ,  S e p t e m b e r ,   O c t o b e r ,  
C o n t r o l s ,  a n d   T a i l i n g s   ( u q / g )  

FIG. 50 Mean l e v e l  of I r o n   i n   V e n e r u p i s   j a p o n i c a  
f o r   J u n e ,  S e p t e m b e r ,  O c t o b e r ,  
C o n t r o l s ,  and T a i l i n g s  (uq/g)  
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FIG. 51  Metal content  of Tai l ings   sed iment  
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T a b l e   1 7 .  Metal c o n t e n t  of t h e  Amax water a n 3  
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4 .O  DISCUSSION 

An e x t r e m e l y   l a r g e   v a r i e t y   o f   f a c t o r s   i n f l u e n c e   t h e  
b i o a c c u m u l a t i o n   o f  metals b y   m a r i n e   o r g a n i s m s .   E v e n   i n  a 
r e a s o n a b l y   w e l l - c o n t r o l l e d   e x p e r i m e n t  s u c h  a s  t h i s  o n e ,  
t h e   i n t e r a c t i o n   o f  unknown f a c t o r s   c a n  make t h e   d a t a  more 
d i f f i c u l t  t o  i n t e r p r e t .  I t  i s  u s e f u l ,   t h e r e f o r e ,  t o  
e x a m i n e  some of t h e  more l i k e l y  sources o f   v a r i a b i l i t y  
p r i o r  t o  a d e t a i l e d   e x a m i n a t i o n   o f  t h e  a c t u a l  resu l t s  of  
t h e   s t u d y  . 
4 . 1  Sources of V a r i a b i l i t y  

4 . 1 . 1  F a c t o r s   i n f l u e n c i n g  r e l ease  from sediments 

McGreer a n d   R e i d   ( 1 9 8 0 1 ,   c i t i n g  Lu a n d   C h e n   ( 1 9 7 7 1 ,  
l i s t  d i f f u s i o n ,   d e s o r p t i o n ,   d i s s o l u t i o n ,  redox r e a c t i o n ,  
c o m p l e x   f o r m a t i o n ,   b i o l o g i c a l  e f f e c t s ,  a n d   p h y s i c a l  
d i s t u r b a n c e  a s  b e i n g   i m p o r t a n t   f a c t o r s   i n   t h e   m o b i l i z a t i o n  
of t race  metals from m a r i n e   s e d i m e n t s .   T h e y  a l s o  s u g g e s t  
t h a t  t h e  f o r m  of t h e  metal ,  t h e  t y p e   o f   o r g a n i c  m a t e r i a l ,  
a n d   s a l i n i t y  a r e  i m p o r t a n t .  McGreer " e t  a l .  ( 1 9 8 0 )  
f o u n d  t h a t  re lease o f  metals  from m i n e   t a i l i n g s   i n c r e a s e d  
w i t h  i n c r e a s i n g   s a l i n i t y   a n d ,   i n  some cases ,  w i t h  
i n c r e a s e d   d i s s o l v e d   o x y g e n .   H o w e v e r ,   t h e y   c o n c l u d e d   t h a t  
m e t a l - b i n d i n g   a s s o c i a t i o n s   w i t h i n   t h e   t a i l i n g s  were 
d o m i n a n t   i n   c o n t r o l l i n g  release o f  metals .  

I t  a p p e a r s ,   t h e n ,   t h a t   s e d i m e n t s  may v a r y   w i d e l y   i n  
t h e   d e g r e e  t o  w h i c h   t h e y   b i n d  o r  r e l ease  metals i n t o   t h e  
water. T h i s  was c l e a r l y   i n d i c a t e d   i n   t h e   c o m p a r i s o n   o f  
m i n e   t a i l i n g s   b y  McGreer " e t  a l .  ( 1 9 8 0 ) .  

MacGuth Enterprisms 
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4 . 1 . 2  E c o l o g i c a l   a n d   p h y s i o l o g i c a l   c h a r a c t e r i s t i c s  

T h e   t y p e   o f   h a b i t a t   s e l e c t e d   b y  a species a n d  i t s  
f e e d i n g   b e h a v i o u r   s h o u l d   h a v e   g r e a t   e f f e c t s   o n   t h e   d e g r e e  
t o  w h i c h  i t  a c c u m u l a t e s   h e a v y  metals .  As n o t e d  e a r l i e r ,  
some s e d i m e n t s  may b i n d   t h e   h e a v y  metals r a t h e r   t i g h t l y  
a n d   t h e   o v e r l y i n g  water co lumn may n o t   c o n t a i n   h i g h   l e v e l s  
o f   t h a t  metal .  I n   s u c h  a s i t u a t i o n ,   d e p o s i t - f e e d i n g  
o r g a n i s m s   w o u l d  be e x p e c t e d  t o  a c c u m u l a t e  more o f   t h e  
m e t a l   t h a n  a s u s p e n d e d   f i l t e r - f e e d e r .  Macoma b a l t h i c a ,  
u s e d   i n  t h i s  s t u d y ,  i s  d e s c r i b e d  a s  a d e p o s i t - f e e d e r  
(McGreer " e t  a l . ,  1 9 8 0 ) .  Macoma n a s u t a  a l s o  may t e n d  
t o  c o n c e n t r a t e  metals f r o m   s e d i m e n t s   s i n c e  i t  is known t o  
e x i s t  i n   h e a v i l y   p o l l u t e d  a r e a s  a n d  is  d e s c r i b e d   b y   Q u a y l e  
( 1 9 6 0 )  a s  a d e t r i t u s  f e e d e r .  

S i z e   o f  t h e  o r g a n i s m  i s  known t o  i n f l u e n c e  r a t e  of 
b i o a c c u m u l a t i o n .   C u n n i n g h a m   ( 1 9 7 9 )   i n d i c a t e d   t h a t   y o u n g  
a n i m a l s   g e n e r a l l y  accumulate more per gram of b o d y   w e i g h t  
t h a n   o l d e r   a n i m a l s ,  b u t  t h e r e  were many e x c e p t i o n s .  T h i s  

was a t t r i b u t e d  t o  t h e   i n f l u e n c e  of metabolic r a t e .  
R e s p i r a t o r y  r a t e s  i n  Mya a r e n a r i a   a n d  Macoma b a l t h i c a  
d e c r e a s e d   w i t h   i n c r e a s e d   b o d y   s i z e   ( C u n n i n g h a m ,   1 9 7 9 ) .  
T h e   o r g a n i s m s  used  i n  t h i s  s t u d y  were s e l e c t e d   w i t h i n  a 
n a r r o w   r a n g e  of s i z e s   f o r   e a c h  spec ies  i n   o r d e r  t o  
m i n i m i z e   a n y   e f f e c t  t h a t  s i z e  m i g h t   h a v e .   C o r r e l a t i o n  
tes ts  were p e r f o r m e d   o n  some of t h e  d a t a  b u t  n o  
s i g n i f i c a n t   c o r r e l a t i o n s  were f o u n d   b e t w e e n   s i z e   a n d  
b i o a c c u m u l a t i o n .  

C u n n i n g h a m   ( 1 9 7 9 )  d i scusses  t h e   e f f e c t s   o f  sexual  
m a t u r a t i o n   a n d   r e p r o d u c t i o n   o n   b i o a c c u m u l a t i o n .   F e m a l e  
o y s t e r s   c o n c e n t r a t e d   m a n g a n e s e  t o  a g r e a t e r   e x t e n t   t h a n  
d i d  t h e  males. Also, s p a w n i n g   o y s t e r s   s h o w e d  a r e d u c e d  
m e r c u r y   c o n c e n t r a t i o n   i n  s p i t e  of c o n t i n u e d   e x p o s u r e  t o  
h i g h   a m b i e n t   l e v e l s   o f   m e r c u r y .   B o a l c h  " e t  a l .  (1981) 
c i t e  a s t u d y   b y   B o y d e n   ( 1 9 7 4 )   f o r   e v i d e n c e   t h a t   s e x u a l  
s t a t e  i n f l u e n c e s   c o n c e n t r a t i o n   o f  t r a c e  metals i n  
M y t i l u s .   B o a l c h  " e t  a l .  ( 1 9 8 1 )  a l s o  s u g g e s t   t h a t   t h e  
h e a l t h   o f   t h e   a n i m a l s  be m o n i t o r e d  t o  e n s u r e   t h a t   b o d y  
c o n d i t i o n  does n o t  d i s t o r t  resu l t s .  
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4.1.3 S e a s o n a l   e f f e c t s  

Boalch " e t   a l .  ( 1 9 8 1 )  c i t e  Boyden (1977) and P h i l l i p s  

( 1 9 7 6 )  a s   sugges t ive   o f   s easona l   va r i a t ion  i n  M y t i l u s .  
I n  t h e i r  own work,  Boalch " e t   a l .  ( 1 9 8 1 )  found a 
s i g n i f i c a n t   c o r r e l a t i o n  between  condition  index and metal  
concent ra t ions ,   except   for   copper .  While seasonal   t rends  
seem t o   e x i s t  i n  t h e i r   d a t a ,  no o v e r a l l   s e a s o n a l   p a t t e r n  
could  be  def ined.   Although  effor ts  were made t o  
hold t h e  an imals   under   re la t ive ly   cons tan t   condi t ions ,  
t h e r e  is no way to   e l imina te   r e sponses   t o   pho tope r iod  o r  
endogenous r h y t h m s .  T h u s ,  seasonal   t rends  may e x i s t  i n  the  
da ta  from t h i s  s tudy ,  b u t  i t  is n o t   p o s s i b l e   t o   i d e n t i f y  
and c o r r e c t   f o r  i t .  I t  i s ,  however,  useful  to  examine  the 
d a t a  f o r  V e n e r u p i s  japonica f o r  s e a s o n a l  e f f e c t s ,  s i n c e  

t h i s  s p e c i e s  was maintained i n  t he   l abo ra to ry   fo r  a longer  
period t h a n  t he   o the r   spec ie s .  The d a t a  i n  F i g .  4 1  show 
an inc rease  i n  a r s e n i c   l e v e l  from June  to  October.  T h i s  

bioaccumulation  could  be a " s e a s o n a l "   e f f e c t   o r  i t  could 
be a r e sponse   t o   a r sen ic  i n  the   cont ro l   seawater .   S ince  
no d a t a  was c o l l e c t e d  on the   a r sen ic   con ten t  of the  
c o l l e c t i o n  s i t e  or the  seawater  used i n  the  experiment ,  i t  
is  n o t   p o s s i b l e   t o  draw  any conclusions on t h i s  p o i n t .  I t  

i s  i n t e r e s t i n g   t h a t   t h e   a r s e n i c   l e v e l   d e c r e a s e s  
s i g n i f i c a n t l y  from October   to   the end  of the  experiment  i n  
February.  Again, t h i s  is sugges t ive  of  a "seasonal"  
e f f e c t  b u t  c anno t   be   pos i t i ve ly   i den t i f i ed   a s   such .  The 
sediment i n  t h e  Control  tank  could  have bound a r s e n i c  and 
produced  the  reduction  observed i n  t h e   t i s s u e s .   D a t a   f o r  
o ther   e lements  ( F i g s .  42-50)  sugges t   t he   poss ib i l i t y   o f  
s e a s o n a l   e f f e c t s .  However, wi thout   da ta  on s e x u a l   s t a t e ,  
phys i ca l   cond i t ion ,  and  water  chemistry, i t  is not   poss ib le  
t o   a s c e r t a i n   t h e   c a u s e  of the  observed  changes.  
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4 . 2  E x p e r i m e n t a l   D e s i g n  

I n   a n y   e x p e r i m e n t ,   h o w e v e r  well p l a n n e d   a n d  
e x e c u t e d ,   t h e r e  a r e  aspec ts  o f   t h e   d e s i g n   a n d  d a t a  
c o l l e c t i o n  t h a t  limit t h e   i n t e r p r e t a t i o n  of t h e  d a t a ,  a n d  
t h e s e   s h o u l d  be a c k n o w l e d g e d .  

4 . 2 . 1  C o n d i t i o n   o f   t h e   a n i m a l s  
No measure was made o f   " c o n d i t i o n   f a c t o r "   s u c h  a s  

w e i g h t / l e n g t h   r e l a t i o n s h i p s   w h i c h   m i g h t   h a v e  permitted 
e x p l a n a t i o n  of some o f   t h e  d a t a  o n   t h e  b a s i s  of s e a s o n a l  o r  
s e x u a l   c h a n g e s   i n   t h e   a n i m a l s .  

4 . 2 . 2  S a m p l i n g   i n t e n s i t y  
Samples of water a n d   s e d i m e n t  were t a k e n   o n l y  a t  t h e  

b e g i n n i n g   a n d   e n d  of t h e  e x p e r i m e n t ,   a n d   t h e s e  were a l l  
s i n g l e  samples. The  l a c k  of r e p l i c a t e s  does n o t  permit a n y  
es t imate  of  v a r i a b i l i t y .   T h e  s m a l l  c h a n g e s   o b s e r v e d   b e t w e e n  
i n i t i a l   a n d   f i n a l  samples m i g h t  r e f l e c t  r e a l  c h a n g e s ,   b u t  
w i t h o u t   r e p l i c a t e   s a m p l e s ,   t h i s   c a n n o t  be c o n c l u d e d   s a f e l y .  
T h u s ,   t h e  writer h a s  e l ec t ed  t o  a s s u m e   t h a t   t h e   d i f f e r e n c e s  
a r e  due  t o  s a m p l i n g   v a r i a b i l i t y   a n d   h a s   u s e d   a n   a v e r a g e  of 

t h e   i n i t i a l   a n d   f i n a l   v a l u e s  a s  t h e  i n d i c a t o r   o f   t h e   t r u e  
e x p e r i m e n t a l   c o n d i t i o n .  I t  would  be u s e f u l  t o  h a v e  some 
m e a s u r e   o f   t h e   w i t h i n - s a m p l e   v a r i a b i l i t y  f o r  b o t h  wa te r  a n d  
s e d i m e n t .  Also, m e a s u r e m e n t s   o f  water ,  s e d i m e n t s ,   a n d  
t i s s u e s  a t  some m i d - p o i n t   w o u l d   h a v e  permitted u s e   o f  
r e g r e s s i o n   t e c h n i q u e s   i n   t h e  d a t a  a n a l y s i s .  
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4.2.3 Water f l o w  
Water f l o w  was m a i n t a i n e d  a t  a slow r a t e  o r  " t r i c k l e "  

t h r o u g h   t h e   t a n k s ,  b u t  t h i s  r a t e  was n o t  measured. T h u s ,  i t  

is n o t  poss ib l e  t o  estimate t h e  time r e q u i r e d  t o  c h a n g e   t h e  
t a n k   v o l u m e .   T h i s   e x c h a n g e  time c o u l d  be i m p o r t a n t   i n  
e s t a b l i s h i n g  time f o r  metals i n   t h e   s e d i m e n t  t o  r e a c h   a n  
e q u i l i b r i u m  s t a t e  w i t h   t h e  water. 

4.2.4 C o n t r o l   s e d i m e n t  
No n e u t r a l   s e d i m e n t  was a c t u a l l y   a d d e d  t o  t h e   c o n t r o l  

t a n k s ,   b u t   s e d i m e n t   t h a t  co l lec ted  i n   t h e   t a n k s  was a l l o w e d  
r e m a i n .   T h e   v a l u e s   f o r  some metals  were u n u s u a l l y   h i g h   i n  
t h e   c o n t r o l   s e d i m e n t .   C o p p e r  was p a r t i c u l a r l y   h i g h ,   w i t h  
v a l u e s   f r o m  268 t o  368 ug/g.  By c o m p a r i s o n ,   t h e   h i g h e s t  
c o p p e r   v a l u e s   s a m p l e d   b y   C h a p m a n   a n d  Barlow (1984) i n  t h e i r  
s u r v e y  of B.C. c o a s t a l  a r e a s  was o n l y  199  ug/g (from 
V a n c o u v e r   H a r b o u r ) .  I t  i s  d i f f i c u l t  t o  e x p l a i n   t h e  
a c c u m u l a t i o n   o f  s u c h  a h i g h   c o n c e n t r a t i o n  from t h e  water 
s u p p l y   a l o n e .  C h r o m i u m  was a l s o  h i g h e r   i n  t h e  c o n t r o l  
s e d i m e n t  ( 7 2  t o  81 u g / g )   t h a n   i n   t h e   h i g h e s t   v a l u e s   r e p o r t e d  
(64.2 ug/g) by  Chapman  and Barlow (1984) f r o m   P o r t   A l b e r n i .  

I t  i s  p o s s i b l e  t h a t  t h e   h i g h   c o p p e r   a n d   c h r o m i u m  
c o n c e n t r a t i o n s   i n  t h e  c o n t r o l   s e d i m e n t  may h a v e  a l t e r e d  t h e  

resul ts  t h r o u g h  some i n t e r a c t i o n   w i t h   t h e  u p t a k e  o f   o t h e r  
metals.  I t  w o u l d   h a v e   b e e n   p r e f e r a b l e  t o  h a v e   m a i n t a i n e d  
t h e  c o n t r o l   a n i m a l s   o n  a c l e a n   s e d i m e n t   w i t h  known low 
l e v e l s  of metals.  I n   v i e w   o f  t h e  u n u s u a l l y   h i g h   v a l u e s ,  i t  
would  be p r u d e n t  t o  e n t e r t a i n   t h e   p o s s i b i l i t y   t h a t   t h e  
c o n t r o l   s i t u a t i o n  had b e e n   c o n t a m i n a t e d   i n  some unknown 
manner .  
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4.3 Bioaccumula t ion 

The d a t a   r e v e a l  a number of s i g n i f i c a n t   d i f f e r e n c e s  
between  Controls  and  Tailings  groups. I n  s eve ra l   ca ses  
t h e r e   a r e   a l s o   s i g n i f i c a n t   d i f f e r e n c e s   b e t w e e n   t h e  i n i t i a l  
and f i n a l   c o n t r o l   v a l u e s .  T h i s  i s  d is turb ing   because   the  
experimental   design  does  not   permit  a more d e f i n i t i v e  
conclus ion   about   seasonal   e f fec ts .  If i t  were poss ib l e  t o  
a s c r i b e   i n i t i a l - f i n a l   d i f f e r e n c e s  i n  the   cont ro l   g roup   to  
s e a s o n a l   e f f e c t s ,  i t  would g ive   s t ronger   g rounds   for  
conc lud ing   t ha t   t he   d i f f e rences   be tween   con t ro l s  and 
ta i l ings   g roups   were ,  i n  f a c t ,  due to   exper imenta l  
condi t ions .  I n  a  number of c a s e s   t h e   t a i l i n g s   v a l u e s   a r e  
e s s e n t i a l l y   t h e  same a s   t h e   i n i t i a l   v a l u e s ,  w i t h  t h e  
c o n t r o l   v a l u e s   b e i n g   s i g n i f i c a n t l y   d i f f e r e n t  from both 
i n i t i a l  and t a i l i n g s   v a l u e s .  T h i s  type of r e su l t   cou ld   be  
due t o  some e f f e c t  of t he   con t ro l   cond i t ion ,   such   a s   t he  
Control  sediment,  o r  i t  could  be a r e a l   s e a s o n a l   e f f e c t .  
I t  i s  d e s i r a b l e ,  i n  s u c h   s i t u a t i o n s ,   t o  have a d d i t i o n a l  
da t a  t h a t  can   ind ica te   the  mechanism by which t h e  
e x p e r i m e n t a l   d i f f e r e n c e   o c c u r r e d ,   o r   a t   l e a s t   t o   h e l p  
s u b s t a n t i a t e   t h e   p r o b a b i l i t y  t h a t  t he   d i f f e rences   a r e   due  
t o  the  experimental   condi t ions.  The most l i k e l y   s o u r c e  of 
s u b s t a n t i a t i o n  i n  t h i s  s t u d y  would be the   es tab l i shment  of 
p o s i t i v e   c o r r e l a t i o n s  between  the  bioaccumulation  and  the 
ambient   l eve ls  of the  metal .  However,  most  of t hese  
o r g a n i s m s   a r e   f i l t e r - f e e d e r s  and may ob ta in  most of  the 
metal ,   not  from the   s ed imen t s   d i r ec t ly ,   bu t  from the  water 
column.  Data on water   chemistry were n o t   c o l l e c t e d   f o r   a l l  
metals   under   tes t .   Also,   s ince  only  four   samples  were 
c o l l e c t e d  and  analyzed, i t  i s  d i f f i c u l t   t o   d e t e r m i n e  
w i t h  c e r t a i n t y   t h e   d e g r e e  of correlat ion  between  water  
chemistry and sediment  chemistry.  The c o r r e l a t i o n s  
based on the  f o u r  sets of samples   are  i n  Table 18. The 
c o r r e l a t i o n s   v a r i e d  from 0.135 fo r   I ron   t o  -0.858 f o r  
Zinc.  Both  zinc  and  lead  were  negatively  correlated. 
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T h e s e  c o r r e l a t i o n   c o e f f i c i e n t s  ( r va lues  ) do  not 
ind ica te   the   quant i ta t ive   change  of  one  value w i t h  

respec t   to   another ,   bu t   measure   the  i n t e n s i t y  of 
associat ion  between t h e  v a r i a b l e s   ( Z a r ,  1 9 8 4 ) .  
Regression of water on sediment   indicated  that   none  of  
t he   s lopes  were d i f f e r e n t  from 0 a t   t h e  5 %  s i g n i f i c a n c e  
l e v e l .  As discussed   prev ious ly ,  a l a r g e  number of f a c t o r s  
i n f l u e n c e   t h e   r e l e a s e  of metals from sediments .  
Discussions w i t h  ano the r   r e sea rche r  and a br ief   check of 
some of h i s  unpub l i shed   da t a   i nd ica t e s   t ha t  a s t rong  
correlation  between  sediment  chemistry  and  water  chemistry 
i s  n o t   l i k e l y  (Thompson, 1 9 8 4 ;  pers .  comm.). Accordingly,  
i t  i s  p o s s i b l e   t o   d e m o n s t r a t e   t h a t   s i g n i f i c a n t   d i f f e r e n c e s  
ex is t  i n  bioaccumulation  of some metals ,   but  i t  is not  
p o s s i b l e   t o   a s c r i b e   t h o s e   d i f f e r e n c e s   d e f i n i t e l y   t o   t h e  
experimental  conditions u n d e r  test. 

Data for   Control  and Ta i l ings   fo r   each   spec ie s  and each 
metal  were  examined by l i n e a r   r e g r e s s i o n .  The leg i t imacy of 
such  an  analysis  is somewhat ques t ionab le   s ince   t he   da t a  
provide  only two p o i n t s  on the  x-coordinate ,  and i t  is not  
p o s s i b l e   t o   a s c e r t a i n   t h a t   t h e   l i n e a r   r e l a t i o n s h i p  is  t h e  
correct   one.  The technique was employed to   ob ta in   an  
e s t i m a t e  of the  degree of cor re la t ion   be tween  the   t i s sue  
l e v e l s  and sed iment   l eve ls .  The c o e f f i c i e n t s  of 
determinat ion ( R-squared ) ob ta ined   a r e  i n  Table 1 9 .  T h i s  

c o e f f i c i e n t   p r o v i d e s  an es t imate   o f   the  s t r e n g t h  of t he  
l i n e a r   r e l a t i o n s h i p .  

The  bioaccumulation  of  metals  can  be  indicated 
q u a n t i t a t i v e l y  by t h e   r a t i o  of tissue meta l   concent ra t ions  
of Ta i l i ngs   an ima l s   t o   Con t ro l s  ( T/C r a t i o  ). The d a t a   a r e  
summarized i n  t h i s  manner i n  Table 20 .  
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4.3.1 Arsenic 

The  d a t a   f o r   a l l   s p e c i e s   ( e x c e p t  - M .  b a l t h i c a )   a r e  
presented i n  Fig.  52. Bioaccumulat ion  as  a result  of 
the   exper imenta l   condi t ions  i s  probable i n  both & 
a r e n a r i a  and Macoma nasuta.   Venerupis had no 
change,  and l eve l s  of a rsen ic   decreased  i n  C i r r a t u l u s .  
T i s sue   me ta l   r a t io s   (Ta i l i ngs /Con t ro l s )  were no t   l a rge  
( M .  - nasuta  = 1.7 and Q = 2.7). Konasewich - e t  
- a l .  (1982) i n d i c a t e   t h a t   a r s e n i c  is  probably 
bioaccumulated  through t h e  water column ra the r   t han  
through  the  food  chain. Arsenic was p re sen t  i n  t h e  

t a i l i n g s   a t  a l e v e l  of o n l y  125% of t h e  l e v e l  i n  t h e  
cont ro l   sed iments ,  so  h i g h   r a t e s  of accumulation  were  not 
an t i c ipa t ed .   Arsen ic   l eve l s  i n  t h e  water were not  measured 
i n  t h i s  s t u d y .  Konasewich ” e t   a l .  (1982) po in t   ou t  
that   long-term s t u d i e s  a re   r equ i r ed   t o   s tudy   a r sen ic  
uptake,  w i t h  continued  accumulation  reported  past  280 days.  
The l e n g t h  of t h i s  s t u d y  (approximately 1 0 0  days)  may not 
have  been  long  enough t o  measure t h e  uptake  adequately.  

4.3.2 Cadm i um 

T h e  combined d a t a   f o r   a l l   s p e c i e s  is shown i n  F i g .  
53. The t a i l i n g s   c o n t a i n e d  4 0  t imes t h e  amount of  cadmium 
present  i n  t h e  cont ro l   sed iments .  

Bioaccumula t ion  due  to  t h e  experimental  
cond i t ions  may have occurred i n  - M. bal th ica   and  i s  
i n d i c a t e d   f o r  - M. nasuta  w i t h  a T a i l i n g s / C o n t r o l   r a t i o  of 
4.3. S i m i l a r   r a t i o s   f o r  M y t i l u s  and  Yoldia  exposed  to 
Amax sediments  ranged from 1.3 t o  3 . 7  (McLeay “ e t  a l . ,  
1984). Konasewich ” e t  a l .  (1982) c i t e  Luoma and J e n n e  
(1975) i n  desc r ib ing  t h e  uptake of cadmium  by - M. b a l t h i c a  
from  sediments. Cadmium was accumulated i f  i t  was not  
bound t o   o r g a n i c   m a t e r i a l .  

- 
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4.3.3 Chromium 

The combined d a t a   f o r  chromium a r e  shown i n  F i g .  54. 
There i s  an  indicat ion  of  modest bioaccumulation b y  Mya 
w i t h  a T a i l i n g s / C o n t r o l   r a t i o  of 1 . 4 2 .  Other   spec ies  
t e s t e d  showed no change o r  a decrease i n  Chromium. Since 
l e v e l s  of  chromium i n  t h e   t a i l i n g s  were low (14% of t h e  
cont ro l   sed iment   l eve l ) ,   b ioaccumula t ion  was not  expected. 

4.3.4 Copper 

The combined d a t a   a r e  shown i n  F i g .  55. None of the  
t e s t   s p e c i e s  showed any  bioaccumulation of copper,  b u t  

C i r r a t u l u s  showed s i g n i f i c a n t l y   l o w e r   l e v e l s  on the  
t a i l i ngs   s ed imen t .   These   f i nd ings   a r e   cons i s t en t  w i t h  

the low l e v e l s  of copper   present  i n  t h e   t a i l i n g s  (19% of 
c o n t r o l  l e v e l s ) .  

4.3.5 Molybdenum 

Combined d a t a   a r e  shown i n  F i g .  5 6 .  A l l  s p e c i e s  
except  Venerupis had s i g n i f i c a n t l y   h i g h e r   t i s s u e  
concen t r a t ions  of molybdenum a f t e r   e x p o s u r e   t o  Amax 
t a i l i n g s .  The molybdenum concent ra t ion  i n  t h e   t a i l i n g s  
was 25  t imes  the  concentrat ion i n  the   cont ro l   sed iments .  
T i s s u e  meta l   ra t ios   ranged  from 1.3 for   Venerupis   to  7.5 
f o r  Flya. McLeay " e t   a l .  (1984) obtained tissue r a t i o s  
from 1.8 t o  5.5 f o r  M y t i l u s  and Yoldia.  

4.3.6 Nickel 

Combined d a t a   a r e  shown i n  F i g .  57. I n  a l l  t e s t  
s p e c i e s   l e v e l s  were s i m i l a r  i n  t he   Ta i l i ngs  and  Control 
condi t ions .  The  t a i l i n g s   s e d i m e n t  was low i n  n i c k e l ,  
having  only 31% of t h e  control   value.   There  do  appear   to  
be   d i f fe rences   be tween  the   spec ies  w i t h  regard t o  t h e  
"normal"   level  of n i cke l ,   bu t   t hese   d i f f e rences  were not 
t e s t e d   f o r   s i g n i f i c a n c e .  
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4.3.7 Lead 

T h e   c o m b i n e d   d a t a  a r e  shown i n   F i g .  5 8 .  T h e   l e v e l s  
o f  l e a d  i n   t h e   t a i l i n g s  were a p p r o x i m a t e l y  4 times t h e  
l e v e l   i n   t h e   C o n t r o l   s e d i m e n t s .  A l l  t e s t  species e x c e p t  
C i r r a t u l u s   h a d   s i g n i f i c a n t l y   e l e v a t e d   l e v e l s   o f   l e a d   i n  
t h e  t i s sues .  - M. b a l t h i c a  a l s o  h a d   i n c r e a s e d  l e a d  
l e v e l s .   T h e   t i s s u e  r a t i o s  r a n g e d   f r o m  1.3 f o r  C i r r a t u l u s  
t o  1 4 . 3  f o r  Mya. T i s s u e  r a t i o s  o f  19.2 t o  24.2 were 
r e p o r t e d   b y  McLeay " e t  a l .  f o r   Y o l d i a   a n d   M y t i l u s .  

4.3.8 Vanadium 

C o m b i n e d   d a t a   a r e   s h o w n   i n   F i g .  59.  Vanadium was 
p r e s e n t   i n   t h e   t a i l i n g s  a t  a l e v e l  of 37% o f   t h e   C o n t r o l  
s e d i m e n t   c o n t e n t .   O n l y  Mya s h o w e d   a n y   t e n d e n c y  t o  
c o n c e n t r a t e   v a n a d i u m ,   a n d  t h i s  may be a s e a s o n a l  e f f e c t  

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

4.3.9 Z i n c  

C o m b i n e d   d a t a  f o r  z i n c  a r e  shown i n   F i g .  60 .  Z i n c  
l e v e l s   i n  t h e  t a i l i n g s  were 2.5 times t h e   C o n t r o l   l e v e l .  
B o t h  Mya a n d  - M .  n a s u t a   h a d   e l e v a t e d  t i s s u e  l e v e l s   o f  
z i n c .   T i s s u e   r a t i o s  were 1.3 a n d  1.6, i n d i c a t i n g  a 
m o d e r a t e   a c c u m u l a t i o n .   T h i s   c o r r e s p o n d s  well w i t h   v a l u e s  
f o r   Y o l d i a  ( 1 . 8  t o  2 . 6 )  a n d   M y t i l u s  ( 1 . 0  t o  1 . 5 )  
(McLeay " e t  a l . ,  1984). 

4.3.10 I r o n  

The   combined  d a t a  a r e  shown i n   F i g .   6 1 .   I r o n   l e v e l s  
i n   t h e   t a i l i n g s  were o n l y  68% of t h e   c o n t r o l   l e v e l s .  
However ,  a l l  spec ies  except C i r r a t u l u s   h a d   i n c r e a s e d  
l e v e l s  of i r o n   a f t e r   e x p o s u r e  t o  t h e   t a i l i n g s .  
C i r r a t u l u s   l e v e l s   d e c l i n e d .   T h e r e  i s  t h e   p o s s i b l i t y  
t h a t   t h e s e   f i g u r e s   r e f l e c t  species d i f f e r e n c e s   i n   r e s p o n s e  
t o  i r o n ,  o r  some i n t e r a c t i o n  w i t h  a n o t h e r  metal. 
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Table 1 8  Correlation  coefficients  for  water  chemistry 
vs sediment  chemistry. 

Metal 

As 

Cd 

Cr 
cu 

Mo 

Ni 
PS 
V 
Zn 
Fe 

Mean  Mean 
Sediment  Water  Slope of 

(ug/g 1 (ug/l) - R regression 

6.15  0 .125  .587 . 0 0 4  

191.8  0.950  .295 .001  

174.5  0.550  -.483 - .002 

314.5 1 . 4 5 0  -.858 - .005 

2 7 9 5 0  2.975 .135 0 
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Table 19 Coefficients of determination from linear 
regressions of tissue metal on  sediment metal 

R-squared values 
Metal Venerupis Cirratulus Macoma Mya 

As 

Cd 
Cr 
cu 
Mo 
Ni 
Pb 
v 
Zn 
Fe 

0 

0.006 

0 .082 

0.102 * 
0 .161 * 
0.027 

0 .316  * 
0 .221  * 
0 .033  

0.254 * 

0 .244 * 
0.009 

0 .092  

0.468 * 
0.178 * 
0 .038 

0 .034 

0.412 * 
0 .023 

0.248 * 

0 .218 * 
0.222 * 
0 .022 

0.074 

0 .321 * 
0 

0.386 * 
0.038 

0.262 * 
0.214 * 

0 .636 * 
0.004 

0 .231  * 
0 .041  

0.326 * 
0 .126 

0.308 * 
0.242 * 
0.203 * 
0.264 * 

Note: * indicates that slope was significantly different 
from 0 at  the .05 level. 

Coefficient of determination indicates the proportion 
of total variability accounted for by regression. 

C o r r e l a t i o n   C o e f f i c i e n t s  ( T i s s u e  / S e d i m e n t  ) 

Metal 
As 

Cd 
Cr 
cu 
Mo 

Ni 
Pb 
v 
Zn 
Fe 

Venerupis 
-0.007 

0.080 

-0.286 

-0.319 * 
0 .401  * 

-0 . 1 6 5  

0.562 * 
-0.470 * 

0 . 1 8 1  

-0.504 * 

Cirratulus 
-0.494 * 

0.095 

0 .304 

0.684 * 
0.442 * 
0.196 

0.185 

0 .642 * 
-0.152 

0.498 * 

Macoma 
0.467 * 
0 .471  * 
0 .147 

-0 . 2 7 1  

0 .567  * 
0.013 

0.622 * 
-0 . 1 9 4  

0.512 * 
-0.463 * 

0 .797 * 
0 .067 

-0.480 * 
0.202 

0 . 5 7 1  * 
-0.355 

0.555 * 
-0 .491 * 

0 .451  * 
-0.514 * 
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FIG. 52 Mean levels of tissue  Arsenic  for all species 
for  Initial,  Controls, and Tailings (uq/q) 
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FIG. 53 Mean levels of tissue  Cadmium  for all species 
for  Initial,  Controls,  and  Tailings  (ug/g) 
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FIG. 55 Mean l e v e l s  of tissue Copper  for a l l  s p e c i e s  
for I n i t i a l ,   C o n t r o l s ,   a n d   T a i l i n g s  (ug/g) 
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FIG. 56 Mean l e v e l s   o f   t i s s u e  Molybdenum f o r  a l l   s p e c i e s  
f o r   I n i t i a l ,   C o n t r o l s ,  and Ta i l ing6   (ug /g )  

u 

F I G .  57 Mean l e v e l s  of t i s s u e   N i c k e l  for a l l   s p e c i e s  
f o r   I n i t i a l ,   C o n t r o l s ,  and T a i l i n g s   ( u g / g )  
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FIG. 58 Mean levels of tissue Lmad f o r  a l l  species 
f o r  Initial,  Controls,  and  Tailings (ug/g) 
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FIG. 59 Mean levels o f  tissue  Vanadium f o r  all species 
f o r  Initial,  Controls, and Tailings (ug/q) 
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FIQ. 60 Mean levels of tissue  Zinc f o r  all 8pecies 
f o r  Initial,  Controls,  and  Tailing6  (ug/g) 
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FIG. 61 Mean  levels of tissue Iron f o r  all species 
f o r  Initial,  Controls,  and  Tailings  (ug/g) 
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5 . 0  SUMMARY 

The t e s t   s p e c i e s  showed g r e a t   v a r i a b i l i t y  i n  the i r  
response   to  t h e  t e s t   m e t a l s .   C o r r e l a t i o n   c o e f f i c i e n t s   f o r  
t i s sue   me ta l  w i t h  sed iment   l eve ls   var ied  i n  d i r e c t i o n  and 
magn i tude   fo r   t he   t e s t   spec ie s .  Cadmium, molybdenum,  and lead  
had p o s i t i v e   c o r r e l a t i o n s   f o r   a l l   s p e c i e s ,   b u t  cadmium was not 
s t rong ly   co r re l a t ed ,   excep t   pe rhaps   fo r  Macoma. Molybdenum 
had t h e  most c o n s i s t e n t   c o r r e l a t i o n ,   i n d i c a t i n g   t h a t   a l l   t e s t  
spec ie s  had some tendency  to  accumulate molybdenum  from t h e  
t a i l i n g s .  Lead  showed s i m i l a r   v a l u e s   t o  molybdenum except for 
C i r r a t u l u s ,  which had a much weaker c o r r e l a t i o n .   I r o n  was 
nega t ive ly   co r re l a t ed ,   aga in   excep t   fo r   C i r r a tu lus ,  
i n d i c a t i n g   t h a t  t h e  clams a l l  tended  to   accumulate   i ron from 
t h e   t a i l i n g s   d e s p i t e  i t s  lower  concentration i n  t h e   t a i l i n g s .  
The s t ronges t   co r re l a t ion   obse rved  was f o r  Mya and a r s e n i c  
( 0 . 7 9 7 )  . 

The degree of bioaccumulation  over t h e  100-day s t u d y  
period was not   very  dramatic ,  w i t h  t i s s u e   l e v e l s   o f t e n   w e l l  
below those of o t h e r   s t u d i e s .  

Many anomolies   do  exis t  and t h e s e   a r e   a s c r i b e d  
t e n t a t i v e l y  t o  s e a s o n a l   e f f e c t s ,   s p e c i e s   r e s p o n s e   d i f f e r e n c e s ,  
o r   in te rac t ions   be tween  meta ls   (compet i t ion   for   up take :  
i n h i b i t i o n  of up take :   po ten t ia t ion  of up take) .  

I n  view of the low co r re l a t ions   obse rved  and the  
r e l a t i v e l y   l a r g e   v a r i a b i l i t y   e n c o u n t e r e d ,  i t  is imperative 
tha t   t he   da t a  be i n t e r p r e t e d   c a r e f u l l y  and  used w i t h  some 
caut ion .  

F u t u r e  s t u d i e s  of t h i s  type  should  include more ex tens ive  
d a t a  on water  chemistry.  Also ,  i t  would  be adv i sab le   t o  
include  species   such a s  Macoma b a l t h i c a  and M y t i l u s  e d u l i s  
which  have  been s tud ied   ex tens ive ly  by o t h e r   i n v e s t i g a t o r s .  
Some regular  measure of phys ica l   condi t ion  and reproduct ive  
s t a t e  would  be u s e f u l  i n  i n t e r p r e t i n g  t h e  da t a .  I t  is h i g h l y  
recommended tha t   s eve ra l   s amples  be t aken   pe r iod ica l ly  between 
the  beginning and  end  of the  experiment.  W i t h  such a des ign ,  
the more powerful  techniques of mul t ip le   regress ion   could  be 
employed d u r i n g  d a t a   a n a l y s i s .  The paper by McGreer ” e t   a l .  
con ta ins  some add i t iona l   gu idance   fo r  s t u d y  design. 

MacGuth Enterprimes 
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