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Sequential analyses of heavy metals in a salt marsh soil (Western 
Scheldt).

Preface

In the years 1984 and 1985 the intertidal soils of the Western 
Scheldt estuarium have been investigated.
It was evident that these soils have been contaminated by heavy 
metals. It was also clear that the amounts of heavy metals were more 
or less proportional to the clay content in the sediments, but that 
within the soil profile chemical reactions took place.
The present study of the sequential analyses of heavy metals was set 
up in order to investigate the various binding components in these 
soils and to obtain indications about the mobility and the 
availability. This availability for plants and animals passes various 
thresholds that vary from species to species and depend on the 
different elements. This subject will be the study of the Soil 
Department in the coming years.

J.J. Reynders 
Soil Department 
Institute of Earth Sciences 
University at Utrecht 
The Netherlands
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ABIIRAQÎ

In s p r i n g ,  1 9 8 6 ,  s a m p l e s  w e r e  t a k e n  tros) a s a l t  m a r s h  s o i l  
( V e r d r o n k e n  l a n d  v a n  S a e f t i n g e )  a n d  f r o m  e s t u a r y  s u s p e n d e d  B a t t e r  
( W e s t e r n - S c h e l d t  w a t e r ) .  T h e  s a m p l e s  w e r e  t r e a t e d  w i t h  a n  e i g h t -  
s t e p  e x t r a c t i o n  s c h e m e  a f t e r  C A L H A N O  le F O E R S T N E R  ( 1 9 8 3 )  a n d  
T E S S I E R  et  al. ( 1 9 7 9 ) .  T h e  s a m p l e s  w e r e  a n a l y s e d  f o r  t r a c e  a e t a l s  
Fe , H n , Z n , N i ,  P b ,  C d , C o ,  C u  a n d  C r .
T h e  p u r p o s e s  of t h i s  s t u d y  w e r e  t o  e s t a b l i s h  t h e  s p é c i a t i o n  of 
p a r t i c u l a t e  s a t t e r  b o u n d  t r a c e  m e t a l s ,  t o  s t u d y  t h e  i n f l u e n c e  of 
c h a n g i n g p h y s i c o c h e m i c a l  c o n d i t i o n s  o n  t h e  s p é c i a t i o n  u p o n  
d e p o s i t i o n  of s u s p e n d e d  a a t t e r ,  t o  s t u d y  t h e  i n f l u e n c e  of s o i l  
d e v e l o p m e n t  o n  a e t a l  s p é c i a t i o n  a n d  t o  s t u d y  p o s s i b l e  a r t i f a c t s  
a s  a r e s u l t  of s a m p l e t r e a t m e n t  a n d  r e s u l t i n g  f r o m  d i f f e r e n t  w a y s  
of s a m p l i n g .
F e - M n - o x y h y d r o x i d e s  w e r e  f o u n d  t o  b e  t h e  a o s t  i m p o r t a n t  s i n k s  f o r  
t r a c e  a e t a l s .  C a r b o n a t e s  a n d  o r g a n i c  a a t t e r / s u l p h i  d e s  a r e  
i m p o r t a n t  s i n k s  t o o .  A n e g a t i v e  c o r r e l a t i o n  b e t w e e n  t o t a l  a e t a l  
c o n t e n t  a n d  t h e  a e t a l  c o n t e n t  of  t h e  r e s i d u a l  f r a c t i o n  h a s  b e e n  
o b s e r v e d .
It w a s  f o u n d  t h a t  d e p o s i t i o n  m o s t  l i k e l y  a l t e r s  t h e  s p é c i a t i o n  of 
Nn ,  N i ,  C u ,  Zn  a n d  Pb. F e  a n d  Cr  w e r e  h a r d l y  a f f e c t e d .
S o i l  d e v e l o p a e n t  i n f l u e n c e d  t h e  s p é c i a t i o n  of H n ,  F e ,  Zn, P b  a n d  
Ni. Cr w a s  h a r d l y  a f f e c t e d .
It was found out that oxidation of reduced saaples dramatically 
changes the aetal distribution. Storage of the saaples caused 
changing physicochemical conditions which influenced the 
spéciation. The spéciation for samples obtained with a 
continuDUS-flow centrifuge and by filtration are different, 
probably as a result of oxidation.
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In t h e  l a s t  t w o  y e a r s  a t h o u r o u g h  i n v e s t i g a t i o n  of t h e  H e s t e r n -  
S c h e l d t  e s t u a r y  h a s  b e e n  p e r f o r m e d .  In 1 9 8 4  ( R E I J N D E R 5  et 
a l . , 1 9 8 5 )  v e g e t a t i o n ,  ( s o i l ) f a u n a  a n d  s o i l s  h a v e  b e e n  s t u d i e d .  
T h e  soi 1 s « e r e  a n a l y s e d  f o r  t e x t u r e ,  p e d o g e n e s i s  t o g e t h e r  w i t h  
t h e  m a i n  p h y s i c o c h e m i c a l  p r o p e r t i e s  l i k e  E h ,  p H ,  D é 
c o n c e n t r a t i o n  , C a C O » - c o n t e n t , B - , N - ,  P - b u d g e t .  M a p s  w e r e
c o n s t r u c t e d  w i t h  s o m e  i m p o r t a n t  s o i l - c h a r a c t e r i s t i c s ,  l i k e  
t e x t u r e .  B e s i d e s  m a n y  s u r f a c e  s a m p l e s  « e r e  a n a l y s e d  f o r  t r a c e  
m e t a l  s v i z . P b ,  C d ,  C r , C o ,  C u , N i ,  Z n ,  F e ,  M n . F e  a n d  M n  a r e  
u s u a l l y  n o t  r e f e r r e d  t o  a s  t r a c e  m e t a l s  b u t  w i l l  c o n t i n u e d  t o  b e  
m e n t i o n e d  s d f o r  s a k e  of s i m p l i c i t y .  A f t e r  t h i s  it  w a s  c o n c l u d e d  
t h a t  v a r i o u s  p a r t s  a r e  h e a v i l y  c o n t a m i n a t e d  w i t h  t r a c e  m e t a l s .  
T h i s  s t u d y  b e c a m e  a s t a r t i n g - p o i n t  f o r  a f o l i o w - u p - c a s e .  P o i n t s  
of i n t e r e s t  w e r e :

- S o i l  p r o f i l e s ,  t h e i r  g e n e s i s  a n d  m o r p h o l o g y .
- H o w  i s  t h e  v e r t i c a l  d i s t r i b u t i o n  of t r a c e  m e t a l s ?  T h i s  m e a n s  
w h a t  i s  t h e  i n f l u e n c e  Df s o i  1 g e n e s i s a n d  - d e v e l o p m e n t  on  
t r a c e  m e t a l  d i s t r i b u t i o n ?

- A r e  t h e r e  s i g n i f i c a n t  r e l a t i o n s h i p s  b e t w e e n  t o t a l  c l a y  
p e r c e n t a g e  a n d  t r a c e  m e t a l s ;  b e t w e e n  l i a e  c o n t e n t  a n d  t r a c e  
m e t a l s ;  t o t a l  o r g a n i c  m a t t e r  c o n t e n t  a n d  t r a c e  m e t a l s ;  t r a c e  
m e t a l  c o n t e n t  p e r  p e r c e n t  c l a y  ( c o n c e n t r a t i o n  i n d e x ) ?

- M u t u a l  r e l a t i o n s h i p  b e t w e e n  t r a c e  m e t a l s .
T h e s e  r e l a t i o n s h i p s  h a v e  b e e n  s t u d i e d  in t h e  y e a r  1 9 B 5  (6 I E S B E R T S  
et a l . , 1 9 B 6 ) .  In t h e  f o r m e r  s t u d i e s  t r a c e  m e t a l s  h a v e  b e e n  
a n a l y s e d  b y  - a s o i l  e x t r a c t i o n  at p H = l ,  a f t e r  S d r e n s e n  ( 1 9 . . )

- t o t a l  d e s t r u c t i o n  b y  H F / H N O s / H C I O *
T h e  l a t e s t  p o i n t  of i n t e r e s t  w a s :  h o w  i s  t h e  g e n e r a l  m o d e l  f o r
t h e  H e s t e r n - 5 c h e l d t ?

- H o w  a r e  t h e s e  m e t a l s  c h e m i c a l l y  b o u n d  in e s t u a r y  s u s p e n d e d  
m a t t e r ?

- W h a t  i s  t h e  i n f l u e n c e  of  ( a n a e r o b i c )  s e d i m e n t a t i o n  o n  t r a c e  
m e t a l  s p é c i a t i o n ?

- W h a t  i s  t h e  i n f 1 u e n c e  of s o i  1 d e v e l o p m e n t  o n  t r a c e  m e t a l  
s p e c i  ati o n ?

O t h e r  p o i n t s  of i n t e r e s t  w e r e :
- H o w  d o e s  o x i d a t i o n  of a f o r m e r l y  r e d u c e d  s e d i m e n t  a f f e c t  
m e t a l  s p é c i a t i o n ,  or w h a t  a r e  t h e  e f f e c t s  of c a r e l e s s  
s a m p l e t r e a t m e n t  w i t h  r e g a r d  t o  o x y g e n ,  b i o l o g i c  a c t i v i t y ?

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

A l l  t h e s e  q u e s t i o n s  s h a l l  b e  d e a l t  w i t h  in t h i s  s t u d y .
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1.1 S A M P L I N G

In M a r c h  1 9 B 6 ,  a f t e r  a r e l a t i v e l y  c o l d  w i n t e r  a soi 1 - p r  of i l e  on 
t h e  s a l t  m a r s h  t h e  “ K o n i j n e n s c h o r " ,  o n  t h e  “ V e r d r o n k e n  l a n d  v a n  
S a e f t i n g e " ,  w a s  s a m p l e d  ( f i g u r e  1 . 1 ) .  It c o n c e r n e d  a 
" g o r s v a a g g r o n d "  ( H y d r a q u e n t ,  S o i l  T a x o n o m y )  w i t h  t h e  f o l l o w i n g  
h o r i z o n s :

1 0 - 2 0  cm. B o - h o r i z o n , b r o w n i s h  h e a v y  c l a y  c o n t a i n i n g  m a n y  
r o o t s  a n d  p l a n t p a r t s .

2 2 0 - 4 0  cm. B s u l - h o r i z o n ,  d a r k  g r a y i s h  h e a v y  c l a y  w i t h  
s u l p h i d e s .

3 4 0 - 5 0  cm . G s u l I - h o r i z o n , g r e y i s h - b l a c k  h e a v y  c l a y  w i t h  
e v e n  m o r e  s u l p h i d e s .

4 5 0 - 6 0  cm . B r - h o r i z o n ,  h a r d l y  a l t e r e d  s a n d y  s o i l  c o n t a i n i n g  
o n l y  f e w  s u l p h i d e s .

In o r d e r  t o  h a v e  c r o s s - c h e c k s  s a m p l e s  1 a n d  2 w e r e  t a k e n  in f o u r 
f o l d ,  s a m p l e s  3 a n d  4 w e r e  t a k e n  in d u p l o .  F u r t h e r  a p e a t l u m p  w a s  
s a m p l e d ,  b e l o n g i n g  t o  t h e  " Hoi 1 a n d  v e e n "  p e a t  f o r m a t i o n ,  p r e s e n t  
at t h e  s u r f a c e  in t h e  c o n t a m i n a t e d  w a t e r  s y s t e m .
Al l  s a m p l e s  w e r e  s t o r e d  i n  p o l y e t h y l e n e  j a r s ,  c o m p l e t e l y  f i l l e d  
t o  a v o i d  a i r - i n c l u s i o n ,  s u b s e q u e n t l y  s e a l e d  w i t h  s c r e w  c a p s  a n d  
p u t  in a c o o l - b o x  u n t i l  s a m p l e  p r e p a r a t i o n  in t h e  l a b o r a t o r y .  
T h e s e  s a m p l e s  w i l l  b e  c a l l e d  S ( S a e f t i n g e ) l a ,  S i b ,  S i c ,  S i d ,  
S 2 a ,  5 2 b , S 2 c ,  S 2 d ,  S 3 a ,  S 3 b ,  S 4 a ,  S 4 b  a n d  SV. In t h e  l a b o r a t o r y  
o n e  p a r t  w a s  q u i c k l y  p r e p a r e d  a n d  t r e a t e d  ( s e e  s e c t i o n  1 .4) in a 
s e a l e d  n i t r o g e n  g l o v e - b o x  t o  p r e v e n t  o x y g e n  c o n t a m i n a t i o n .  
A n o t h e r  p a r t  w a s  a l l o w e d  t o  o x i d i z e ,  s o  a s  t o  s t u d y  d i f f e r e n c e s  
in m e t a l  s p é c i a t i o n  d u e  t o  0 2 - i n f l u e n c e .  T h e s e  s a m p l e s  h a v e  a 
s u b s c r i p t  d , S o l a  e t c .
At t h e  e n d  of s p r i n g  ( M a y )  s a m p l e s  w e r e  t a k e n  f r o m  e s t u a r y  w a t e r .  
F i r s t  w a t e r  w a s  f i l t e r e d  o v e r  a c e l l u l o s e - n i t r a t e  0 . 4 5  u m  p o r e  
f i l t e r  ( S c h l e i c h e r  It S c h u e l l ) ,  w i t h  n i t r o g e n  p r e s s u r e .  T h e  
f i l t r a t e  w a s  k e p t  in p o l y e t h y l e n e  t u b e s  t o g e t h e r  w i t h  d i s t i l l e d ,  
o x y g e n - f r e e  w a t e r .  B e s i d e s  w a t e r  w a s  c e n t r i f u g e d  at 5 0 0  1 m i n -1 
w i t h  a c o n t i n u o u s  f l o w  c e n t r i f u g e .  T h e  c e n t r i f u g e  r e s i d u e  w a s  
s p l i t  i n t o  t w o  p a r t s ,  a l o w e r  p a r t  b e i n g  m o r e  c o a r s e l y  g r a i n e d  
t h a n  t h e  u p p e r  p a r t .  S i x  f i l t e r  s a m p l e s  w e r e  t a k e n ,  a t r i p l o  f r o m  
13 m e t e r s  d e p t h ,  a n o t h e r  f r o m  1 m e t e r  d e p t h .  F o r  t h e  c e n t r i f u g e  
s a m p l e  t r i p l o s  w e r e  t a k e n  f r o m  e a c h  p a r t  of t h e  t u b e  a n d  f r o m  
b o t h  d e p t h s .  T h e  s a m p l e s  w e r e  s t o r e d  in s m a l l  p o l y e t h y l e n e  j a r s  
w i t h  s c r e w  c a p  u n d e r  d i s t i l l e d  w a t e r .  A l l  s a m p l e s  w e r e  s t o r e d  in 
a r e f r i g e r a t o r  u n t i l  f u r t h e r  t r e a t m e n t .  T h e s e  s a m p l e s  w i l l  b e  
c a l l e d  W ( H e s t e r n  S c h e l d t )  R ( r e d u c e d ) l a ,  W R l b ,  W R l c ,  W R 2 a ,  W R 2 b ,  
W R 2 c .  G n e  s t a n d s  f o r  13 m e t e r s  d e p t h ,  2 f o r  1 m e t e r  d e p t h ,  
r e s p e c t i  v e l y , W C  ( c e n t r i f u g e ) l o ,  M C 2 o ,  W C 3 o , W C 4 o , W C 5 o ,  W C 6 o, 
W C l b  , W C 2 b , W C 3 b  , W C 4 b , W C 5 b  a n d  W C 6 b . H e r e  s u b s c r i p t  o s t a n d s  f o r  
l o w e r  p a r t  of t h e  c e n t r i f u g e ,  s u b s c r i p t  b d e n o t e s  u p p e r  p a r t .  
N u m b e r  1 - 3  a r e  f r o m  13  m e t e r s  d e p t h ,  n u m b e r  4 - 6  a r e  f r o m  1 m e t e r  
d e p t h .
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i i S B l t  key

S a e f t i n g e  ( K o n i  j n e n s c h o r ), r e d u c e d .
51 a , b , c , d
5 2  a, b, c, d
5 3  a , b
5 4  a, b
p e a t  l u a p  SV.
S a e f t i n g e ,  i d e a  a f t e r  o x i  d a t i o n .
50 1  a, b, c, d
5 0 2  a, b, c, d
5 0 3  a, b
5 0 4  a, b
W e s t e r n - S c h e l d t  s u s p e n d e d  n a t t e r , c e n t r i f u g e .
W C  4 o , 5 o ,  60 ( l o w e r  p a r t )
1«. 4 b ,  5 b ,  6b ( u p p e r  p a r t )
W C  lo, 2 o ,  3 o  ( l o w e r  p a r t )
13 *. lb, 2 b ,  3 b  ( u p p e r  p a r t )
H e s t e r n - S c h e l d t  s u s p e n d e d  s a t t e r ,  f i l t r a t i o n .
H R  la, lb, le f i l t e r  la d e p t h
H R  2 a ,  2 b ,  2 c  f i l t e r  1 3 »  d e p t h

D u e  t o  l a c k  of t i a e  o n l y  W C l o ,  - 3 o ,  - 5 o ,  - 6 0 ,  - l b ,  - 2 b ,  - 5 b  a n d  -
6 b h a v e  b e e n  a n a l y s e d .  W R - s a a p l e s  w e r e  q u i c k l y  t r e a t e d  i n  a
n i t r o g e n  g l o v e  b o x .

lj.2 M e t h o d s

T E S S I E R  et al. ( 1 9 7 9 )  w e r e  t h e  f i r s t  t o  l a y  a b a s i s  f o r  
s e q u e n t i a l  a e t a l  e x t r a c t i o n  b y  a e a n s  of s t e p - w i s e  s h a k i n g  w i t h  
e v e r  s t r o n g e r  l e a c h i n g  a g e n t s .  H e r e a f t e r  s e v e r a l  a u t h o r s  
s u g g e s t e d  n o d i f i c a t i o n s  ( e . g  C A L M A N O  &  F Ö E R S T N E R ,  1 9 8 3 ) .  T h e  
f i r s t  b a t c h  w a s  t r e a t e d  a c c o r d i n g  t o  G O U D  e t  al. ( 1 9 B 5 ) .  A f t e r  it 
w a s  f o u n d  o u t  t h i s  m e t h o d  l e a d s  t o  s e v e r e  e r r o r s  ( s e e  1.3)  
F o e r s t n e r s m e t h o d  w a s  a l a o s t  c o a p l e t e l y f o l i  o w e d  ( C A L M A N O  k 
F O E R B T N E R ,  1 9 8 3 ) .  F i r s t  a b r i e f  d i s c u s s i o n  of t h e  v a r  i o u s  s t e p s  
w i l l  b e  g i v e n .
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K 3  L I l E R A I U R E  R E V I E W

L i t t l e  c a n  b e  s a i d  a b o u t  t r a c e  a e t a l  c o n t a m i  n a t i  o n  w h e n  M e a s u r i n g  
o n l y  t o t a l  a e t a l  c o n t e n t . T h e r e f o r e  s e q u e n t i a l  e x t r a c t i o n  
t e c h n i q u e s  w e r e  i n v e n t e d  t o  s t u d y  t h e  e f f e c t s  of c h a n g i n g  
p h y s i c o c h e a i c a l  c o n d i t i o n s  o n  a e t a l  s p é c i a t i o n .  In t h i s  w a y  
s o m e t h i n g  c a n  b e  s a i d  a b o u t  t h e  a v a i l a b i l i t y  of a e t a l s  t o  t h e  
e n v i  r o n m e n t , t h u s  l e a d i n g  t o  an  u n d e r s t a n d i n g  w i t h  r e g a r d  t o  t h e  
t o x i c i t y  of a s o i l  w h e n  it is  p o l l u t e d  w i t h  t r a c e  a e t a l s .  T h i s  
l e a d s  t o  a d i s t i n c t i o n  in ( T E S S I E R  et a l . , 1 9 7 9 ;  S A L O M O N S  & 
F O E R S T N E R , 1 9 8 4 )

- c h a n g i n g  i o n  s t r e n g t h / c o m p o s i  ti o n , a f f e c t i n g  a e t a l s  b o u n d  b y  
e l e c t r o s t a t i cal f o r c e s  ( c l a y s ,  F e , M n - o x y h y d r o x i d e s ,  o r g a n i c  
a a t t e r ).

-changes in  p H ,  reflected b y  e.g carbonate 
di5Solutio n /précipitât i on.

- c h a n g e s  i n  E h ,  r e d u c t i o n - o x i d a t i o n  p r o c e s s e s ,  l e a d i n g  t o  
d i s s o l u t i o n / p r e c i p i t a t i o n  of F e -  a n d  M n - o x y h y d r o x i d e s .  

- d e c o m p o s i t i o n  of o r g a n i c  a a t t e r  a n d  o x i d a t i o n  of s u l p h i d e s .  
M a n y  s c i e n t i s t s  h a v e  u s e d  s e q u e n t i a l  e x t r a c t i o n  a e t h o d s .  S o a e  u s e  
4, o t h e r s  5, 6 o r  e v e n  7 s t e p s .  T E S S I E R  et a l . ( 1 9 7 9  )w e r e  t h e
f i r s t  t D  i n t r o d u c e  a g e n e r a l l y  a p p l i c a b l e  c o n c e p t  f o r  a f i v e  
s t e p s  e x t r a c t i o n .  T h e y  d i s t i g u i s h e d :

- e x c h a n g e a b l e  i o n s .  L e a c h i n g  f o r  1 h o u r  w i t h  1M H g C l * ,  p H  7 
u n d e r  c o n t i n u o u s  a g i t a t i o n .

- c a r b o n a t e  b o u n d  a e t a l s .  5 h o u r s  s h a k i n g  w i t h  1M N a O A c - H A c ,  
a d j u s t e d  t o  p H  5, u n d e r  c o n t i n u o u s  a g i t a t i o n .

- F e , M n - o x y h y d r o x  i d e s .  6 h o u r s  s h a k i n g  w i t h  0 . 0 4 M  N H a 0 H - H C l - 
H A c ,  p H  2, 9 6 B C.

- o r g a n i c - a a t t e r - b o u n d  a e t a l s .  5 h o u r s  3 0 X  H 2 0 2 , B 5 * C ,
s h a k i n g  w i t h  1M  N H 4 D A c  t o  p r e v e n t  r e a d s o r p t i o n  of t r a c e  
a e t a l s .

- r e s i d u a l  f r a c t i o n ,  d i g e s t i o n  w i t h  5 : 1  H F / H C L 0 4 - a i x t u r e .  
H o w e v e r  t h e y  w a r n  t h a t  t h e  r e s u l t s  s h o u l d  n o t  b e  i n t e r p r e t e d  a s  
d i s t i n c t  g e o c h e m i c a l  1 y d e f i n e d  p h a s e s  b u t  r a t h e r  a s  a e t h o d  
d e f i n e d  f r a c t i o n s .
T h e  a o s t  w i d e l y  u s e d  s c h e m e  i s  t h e  o n e  p r o p o s e d  b y  C A L M A N O  a n d  
F 0 E R 5 T N E R  ( 1 9 8 3 )  a f t e r  m o d i f y i n g  T e s s i e r s  s c h e m e :

- e x c h a n g e a b l e -  1M  N H 4 D A C ,  p H  7, s o l i d / s o l u t i o n  r a t i o  (R)
1 : 2 0 ,  t w o  h o u r  s s h a k i n g  t i m e  (t).

- c a r b o n a t e -  1 H  N a O A c ,  p H  5, R =  1 : 2 0 ,  t =  5  h o u r s .
- e a s i l y  r e d u c i b l e  p h a s e s  ( a a i n l y  M n - o x i d e s  a n d  p a r t l y  
a m o r p h o u s  F e - h y d r o x i d e s ) , 0 . 1M N H * D H . H C 1  + 0 . 1 M  H N O * ,  p H  2,
R =  1 : 1 0 0 ,  t =  12 h o u r s .

- m o d e r a t e l y  r e d u c i b l e  p h a s e s  (a m o r p h o u s  a n d  p o o r l y  
c r i s t a l l i n e  F e - h y d r o x  i d e s ) , 0 . 2 M  a m m o n i  u m o x a l a t e  + 0 . 2 M
D x a l i c  a c i d ,  p H  3, R =  1 : 1 0 0 ,  t =  2 4  h o u r s .

- o r g a n i c  m a t t e r ,  s u l p h i d e s ,  307. H a 0 a , p H  2, 8 5  «C; IM N H 4 0 A c ,  
p H  2 . 5 ,  R =  1 : 1 0 0 ,  t =  2 4  h o u r s .

- r e s i  d u a l  f r a c t i  o n  a s  w i t h  T e s s i e r .
F o r  s o l i d / s o l u t i o n  r a t i o  t h e  s y m b o l  "R" w i l l  b e  u s e d .
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D t h e r  s c h e u e s  a r e  in  u s e  te. g K I T A N O  et  a l . , 1 9 8 0 )  , b u t  t h i s  
s c h e a e  s e e a s  t o  a e e t  a o s t  of t h e  d e a a n d s  t o r  s e i e c t i v i t y .  In 
a d d i t i o n  a f i r s t  s t e p  t o  d e t e r m i n e  w a t e r  s o l u b l e  a e t a l s  w a s  
i n t r o d u c e d  in t h e  p r e s e n t  s t u d y  a l t h o u g h  D U I N K E R  ( 1 9 8 0 )  s h o w s  
t h a t  t h i  s f r a c t i o n  h a r d i  y c o n t r i  b u t e s  t o  t h e  o v e r a l l  a e t a l  
c o n t e n t .
B O U D  et a l . ( 1 9 8 5 )  u s e  a s c h e a e  w h i c h  h a s  a l s o  b e e n  u s e d  in  t h i s  
s t u d y  f o r  S - s a a p l e s  ( f r a c t i o n  3, 4 a n d  5) b u t  d i d  n o t  s a t i s f y .
Th i s i s  b e c a u s e  t h e y  d o  n o t  s h a k e  1 o n g  e n o u g h  (oni y 1 h o u r  w h i c h  
i s  p r o b a b l y  t o o  s h o r t  f o r  c o a p l e t e  e q u i l i b r i u m ) .

F O E R S T N E R  e t  al. ( 1 9 7 9 )  s t a t e  it is s t i 11 i a p o s s i b l e  t o  
d i s t i n g u i s h  b e t w e e n  o r g a n i c  a a t e r i a l  a n d  a c i d  v o l a t i l e -  a n d  
b i s u l p h i d e s  ( A V S ) .  B e s i d e s  R A P I N  e t  al. ( 1 9 8 5 )  c o n c l u d e  t h a t  t h e
s e l e c t i v i t y  f o r  s t e p s  3 a n d  4 i s  d o u b t s o a e  a s  it a l s o  d i s s o l v e d
9 0 %  of t h e  A V S ,  e v e n  u n d e r  a n i t r o g e n  a t a o s p h e r e .  R A P I N  a n d  
F O E R S T N E R  ( 1 9 8 3 )  o b s e r v e d  p a r t i a l  a t t a c k  of C a C O s  d u r i n g  s t e p  1 
( s e e  a l s o  T E S S I E R  e t  a l . , 1 9 7 9 ) .  B e s i d e s  t h e y  o b s e r v e d  p a r t i a l  
a t t a c k  of A V S  d u r i n g  s t e p  2, a t t a c k  of s a e c t i t e s  in s t e p  3 a n d  a 
f a r  f r o «  c o m p l e t e  d i s s o l u t i o n  of g o e t h i t e  d u r i n g  s t e p  3. F i n a l l y ,  
( l i k e  R A P I N  e t  a l . , ( 1 9 8 5 ) >  t h e y  o b s e r v e d  t h a t  o v e r  5 0 %  of A V S  
w e r e  a t t a c k e d  d u r i n g  s t e p  1 u p  t o  a n d  i n c l u d i n g  3 u n d e r  n i t r o g e n  
a t a o s p h e r e ,  f o r  r e d u c e d  f r e s h  w a t e r  s e d i a e n t s .
C a r e  s h o u l d  b e  t a k e n  n o t  t o  s h a k e  t o o  l o n g  d u r i n g  s t e p  2 a s  t h i s  
a l s o  l e a d s  t o  a t t a c k  of N n - o x i d e s  ( T E S S I E R  et a l . , 1 9 7 9 ) .  It is 
v e r y  i a p o r t a n t  t h a t  a l l  s a a p l e s  a r e  s h a k e n  e q u a l l y  l o n g  b e c a u s e  
o t h e r w i s e  t h e  r e s u l t s  a r e  n o t  c o a p a r a b l e .  F O E R S T N E R  e t  al. ( 1 9 7 9 )  
p o i n t  o u t  t h a t  t h e  s o l i d / s o l u t i o n  r a t i o  a u s t  n o t  b e  t o o  g r e a t ,  as  
t h i s  c a u s e s  t h e  s y s t e e  t o  o v e r l o a d ,  l e a d i n g  t o  c h a n g i n g  p H -  
c o n d i  ti o n s .
O n l y  r e c e n t l y  it  h a s  b e e n  r e c o g n i z e d  t h a t  it is  v e r y  i « p o r t a n t  t o  
p r e v e n t  c o n t a c t  w i t h  t h e  a i r  w h e n  d e a l i n g  w i t h  r e d u c i n g  s a a p l e s  
( R E C K E  & F O E R S T N E R , 1 9 B 5 ;  R A P I N  et a l . , 1 9 B 6 ) .  T h i s  l e a d s  t o
d i s s o l u t i o n  of  A V S  in s t e p s  1, - 2  a n d  -3. B e s i d e s  it o x i d i z e s  F e -
a n d  M n - D x y h y d r o x i d e s  w h i c h  s c a v e n g e  « é t a l s  t h u s  b r o u g h t  i n t o  
s o l u t i o n .  C a d n i u n  a n d  Z i n c  w e r e  f o u n d  t o  c h a n g e  f r o «  s u l p h i d e s  
a n d  e a s i l y  r e d u c i b l e  p h a s e s  t o  e x c h a n g e a b l e -  a n d  c a r b o n a t e  p h a s e s  
( R A P I N  & F O E R S T N E R , 1 9 8 3 ) .  F O E R S T N E R  et a l .  ( 1 9 7 9 )  f o u n d  a s h a r p  
d e c r e a s e  in f r a c t i o n  5 ( o r g a n i c  a a t t e r / s u l p h i  d e s )  a f t e r  s t e p  4 
( a n n o n i u s o x a l a t e /  o x a l i c  a c i d ) .
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F r o m  t h e  a b o v e  d i s c u s s i o n  i t i s  c l e a r  t h a t  t h e  m a i n  p r o b i  en
i n v o l v i n g  s e i e c t i v e  e x t r a c t i o n  t e c h n i q u e s  i s  s e l e c t i v i t y .  F a c t o r s  
i n f l u e n c i n g  s e l e c t i v i t y  a r e s

- P r e e x t r a c t i o n  s a m p l e  t r e a t m e n t .  S a m p l e s  a r e  b e s t  s t o r e d  in 
a r e f r i g e r a t o r  u n d e r  w a t e r ,  w h e n  t h e  s a a p l e s  a r e  r e d u c e d .  
Thi s s h o u l d  n o t  b e  d o n e  w h e n  t h e  s a m p l e s  a r e  f u l l y  
o x i d i z e d .

- R e d u c i n g  s a m p l e s  m u s t  b e  t r e a t e d  u n d e r  a r g o n  or n i t r o g e n , 
t o  p r e v e n t  o x i d a t i o n  of A V S .

- S h a k i n g  t i n e s ,  R, t a n d  l e a c h a t e  c o n c e n t r a t i o n s  m u s t  r e m a i n  
c o n s t a n t  d u r i n g  t h e  e x p e r i m e n t  in o r d e r  t o  o b t a i n  
c o m p a r a b l e  r e s u l t s .  C e n t r i f u g i n g  p r e f e r a b l y  u n d e r  a 
n i t r o g e n  a t m o s p h e r e .

E v e n  w i t h  a l l  t h e s e  p r e c a u t i o n s  s e i e c t i v i t y  i s  s o m e t i m e s  p o o r .  It 
s h o u l d  b e  s t r e s s e d  t h a t  t h e  r e s u l t s  a r e  n o t  t o  b e  c o n s i d e r e d  a s
d i s t i n c t  p h a s e s .  T h i s  is n o t  s u r p r i s i n g  a s  t h e  p r e s e n t  p h a s e s  a r e
n o  d i s t i n c t  e n d n e m b e r s .  F o r  i n s t a n c e  i r o n o x i d e s  p a s s  t h r o u g h  an
e n t i r e  r a n g e  g o i n g  f r o m  a m o r p h o u s  t o  p o o r l y  c r i s t a l l i n e  t o  w e l l  
c r i s t a l l i n e  c o m p o u n d s .  T h e  s a m e  h o l d s  g o o d  f o r  s u l p h i d e s .  O r g a n i c  
m a t t e r  is p o o r l y  d e f i n e d  a s  w e l l ,  p a r t  b e i n g  s o l u b l e ,  p a r t  h a r d l y  
d e s t r u c t a b l e  ( l i g n i n ,  p a r a f i n s ,  c e l l u l o s e ) .
It c a n  b e  c o n c l u d e d  t h a t  o n l y  a s e m i q u a n t i t a t i v e l y  t r e n d  is
i n d i c a t e d .  M e a s u r e  e r r o r s  a r e  p r o b a b l y  a b o u t  1 0 %  r e l a t i v e l y .

S A M P L E  I R E A T M E N I

S a m p l e s  f r o m  S ®  a n d  M C  w e r e  t r e a t e d  w i t h o u t  p r e c a u t i o n s  t o  
p r e v e n t  c o n t a c t  w i t h  o x y g e n .  S a m p l e s  S a n d  H R  w e r e  t r e a t e d  in a 
n i t r o g e n  g l o v e  b o x  u n t i l  t h e  o x i d a t i o n  s t e p  w i t h  H 2O 2 . 

j C e n t r i f u g a t i o n  w a s  n o t  p e r f o r m e d  u n d e r  a n i t r o g e n  a t m o s p h e r e  50
i t h i s  i n t r o d u c e s  a f i r s t  u n c e r t a i n t y  w i t h  r e g a r d  t o  s e l e c t i v i t y .

B e f o r e  t h e  f i r s t  e x t r a c t i o n  a n d  b e f o r e  t h e  f o u r t h  e x t r a c t i o n  
; m o i s t u r e  c o n t e n t  w a s  m e a s u r e d .  A l l  s a m p l e s  w e r e  c e n t r i f u g e d  f o r
I 3 0  m i n u t e s  a t  a s p e e d  of 3 0 0 0  r p m .  A l l  s u p e r n a t a n t  l i q u i d s  w e r e

f i l t e r e d  o v e r  a 0 . 4 5  u m  c e l l u l o s e - n i t r a t e  f i l t e r  ( S a r t o r i u s ) .  
E x c e p t  f o r  s a m p l e  S a l l  s a m p l e s  w e r e  a c i d i f i e d  t o  p H  0 - 1  a n d  j s t o r e d  in p o l y e t h y l e n e  j a r s .  A l l  g l a s s  w o r k  a n d  p l a s t i c s  w e r e

1 t h o u r o u g h l y  r i n s e d  in  1 4 %  H N D S . A l l  r e a g e n t s  a r e  of  p r o  a n a l y s i
g r a d e .  S a m p l e  S c a n  o n l y  b e  c o n s i d e r e d  s e m i  q u a n t  i t a t  i v e l y  b e c a u s e  
t h e  l i q u i d  w a s  s t o r e d  in g l a s s  j a r s  a n d  w a s  n o t  a c i d i f i e d .  
A c i d i f y i n g  of t h e  s a m p l e s  i s  n e c e s s a r y  t o  p r e v e n t  r e a d s o r p t i o n  of 
t h e  m e t a l  5 o n  t h e  s i d e s .  S l i g h t  c o n t a m i n a t i o n  of z i n c  c a n  b e  
e x p e c t e d  b e c a u s e  t h i s  m e t a l  is u s e d  a s  a w e a k m a k e r  in p l a s t i c s .  
T h i s  e f f e c t  i s  c o n s i d e r e d  t o  b e  n e g l i g i b l e .  A l l  s a m p l e s  w e r e  
s t o r e d  at 2 ®  C t o  p r e v e n t  a l g a l  g r o w t h .  H o w e v e r  s a m p l e s  VW S  a n d  
S ® , s t e p  o n e  s t i l l  s h o w e d  a l g a e ,  p r o b a b l y  b e c a u s e  t h e s e  s a m p l e s  
a r e  m e r e l y  d i l u t e d  e s t u a r i n e  w a t e r s  a n d  c o n t a i n l a r g e  a m o u n t s  of 
n u t r i e n t s .
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S t e p  1: " i n t e r s t i t i a l  w a t e r "
R =  1 : 2 0 .  O n e  h o u r  s h a k i n g  w i t h  d i s t i l l e d  ( o x y g e n - f r e e l  w a t e r .
S t e p  2: “ e x c h a n g e a b l e  a e t a l s "
R =  1 : 2 0 ,  t=l h o u r .  S h a k i n g  w i t h  1M N H * 0 A c ,  p H  7 . 0.
S t e p  3: " c a r b o n a t e  b o u n d  a e t a l s "
R =  1 : 2 0 , t= 5 h o u r 5 Cl h o u r  t o r  s a m p  1 e S a n d  W R ) . S h a k i n g  w i t h  1 h 
N a O A c , p H  5 . 0  a d j u s t e d  w i t h  a c e t i c  a c i d .
S t e p  4: " e a s i l y  r e d u c i b l e  f r a c t i o n "
R= 1: 1 0 0 ,  t =  12 h o u r s  <3 h o u r s  f o r  W R ,  1 h o u r  f o r  S ) . S h a k i n g  w i t h
0 . 2 M  N H Z C H . H C 1 , p H  2 . 0 ,  a d j u s t e d  w i t h  H N 0 S .
S t e p  5: “m o d e r a t e l y  r e d u c i b l e  f r a c t i o n "
R =  1 : 1 0 0 ,  t= 24 h o u r s  (6 h o u r s  f o r  W R ,  1 h o u r  f o r  S). S h a k i n g  
w i t h  0 . 2  H a a m o n i  u m  o x a l a t e  + 0 . 2  H o x a l i c  a c i d .
S t e p  6: " o r g a n i c  aat t e r / s u l p h i  d e s "
R =  1 : 1 0 0 ,  5 h o u r s  6 0 ®  C w i t h  3 0 Ä  H Z 0 Z . A f t e r w a r d s  s h a k i n g  w i t h  1M 
H h U O f t c , p H  2 . 5 .
S t e p  7 / B :  “ r e s i d u a l  f r a c t i o n / t o t a l  m e t a l  c o n t e n t "
D i g e s t i o n  w i t h  H F / H N 0 3 / H C 1 0, (as T E S S I E R  el a l . , 1 9 7 9 ) .
T h e  r e s u l t s  of t h e s e  e x t r a c t i o n  w i l l  b e  c a l l e d  “ f r a c t i o n "  Dr “ F" 
w h i c h  w i l l  b e  u s e d  i n t e r v a r i a b l y .
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i-.§ B o t t l e  n e c k s

T h e  s e q u e n t i a l  e x t r a c t i o n  p r o c e d u r e  e i g h t  s e e n  e a s y  t o  p e r f o r e  
b u t  p r o v e d  t o  b e  v e r y  t e d i o u s  a n d  t r i c k y .
1. H e i g h t  d e t e r m i n a t i o n :  It is  v e r y  i e p o r t a n t  t h a t  t h e  R - i n d e x  b e  
k n o w n .  T h e r e f o r e  t h e  w e i g h t  of t h e  s a m p l e  e u s t  b e  k n o w n .  F o r  
r e d u c e d  s a m p l e s  o x y g e n  c o n t a c t  e u s t  b e  a v o i d e d ,  s o  a b a l a n c e  
s h o u l d  b e  p r e s e n t  i n  t h e  g l o v e - b o x .
2. H o m o g e n e i t y :  V a r i o u s  a u t h o r s  s t r e s s  t h e  i m p o r t a n c e  of a 
h o m o g e n e o u s  s a m p l e  w h i c h  is d i f f i c u l t  t o  o b t a i n  f o r  w e t  c l a y l u a p s  
c o n t a i n g  a l l  s o r t s  of p l a n t p a r t s .  T h e  r e s u l t s  of f r a c t i o n  B 
c o m p a r e d  w i t h  t h e  s u e  of f r a c t i o n s  1 t o 7  s h o w s  t h e  i m p o r t a n c e  of 
a h o m o g e n e o u s  s a m p l e  ( T E S S I E R  e t  a l . , 1 9 7 9 ;  F O E R S T N E R  et  a l . , 1 9 7 9 ;  
RECk'E it F O E R S T N E R , 1 9 B 6 ) .
3 . C a r b o n a t e  e x t r a c t i o n :  U p o n  a d d i t i o n  of s o d i u m  a c e t a t e  c a r b o n  
d i o x i d e  g a s  a r i s e s .  A f t e r  S h o u r s  of s h a k i n g  it  i s  s u r e  t h e  t u b e s  
w i l l  e x p l o d e .  T h r e e  s a m p l e s  w e r e  l o s t  in  t h i s  w a y .  It is 
r e c o m m e n d e d  t o  s h a k e  t h e  s a a p l e s  i n  t h e  g l o v e - b o x  u n d e r  g e n t l e  
r e l e a s e  of C O * .
4. A f t e r  c e n t r i f u g a t i o n  it is h a r d  t o  s h a k e  l o o s e  t h e  r e s i d u e  
w i t h o u t  g l a s s p e a r l s .  T h e s e  m u s t  b e  r i n s e d  in  a 1 4 X  H N O s  s o l u t i o n .
5. S h a k i n g  u n d e r  a n i t r o g e n  a t m o s p h e r e  is  d i f f i c u l t .  S o  w e l l  
s e a l e d  c e n t r i f u g e  t u b e s  w i t h  n i t r o g e n  a b o v e  t h e  l i q u i d  s h o u l d  d o  
( e . g  p a r a f i l a  c o m b i n e d  w i t h  s c r e w  c a p s ) .
b. A f t e r  e a c h  s t e p  t h e  r e s i d u e  w a s  r i n s e d  w i t h  10 e l .  d i s t i l l e d  
w a t e r .  T h i s  v o l u m e  s h o u l d  b e  k e p t  l o w  in o r d e r  t o  p r e v e n t  
e x t e n s i v e  s o l u t i o n  of o r g a n i c  m a t t e r  or A V S .
7. P i p e t t i n g  t h e  s u p e r n a t a n t  l i q u i d  in a g l o v e - b o x  p o s e s  
p r o b l e m s .  H h e n  t a k i n g  t h e  c e n t r i f u g e  t u b e s  in t h e  v a c u u a - l o c k  t h e  
t u b e s  w i l l  b u r s t  w h e n  v a c u u m  i s  a t t a i n e d .  H a y b e  s t r o n g  s c r e w  c a p s  
c o u l d  o f f e r  a s o l u t i o n .
8. A n a l y s i s .
B . 1 A n a l y s i s  b y  a t o a a r y  a b s o r p t i o n  s p e c t r o m e t r y  ( A A S ) .
B e c a u s e  of t h e  s t r o n g  s a l t  c o n t e n t s  of t h e  v a r i o u s  m a t r i c e s  
f r e q u e n t  c l o g g i n g  of t h e  b u r n e r  o c c u r r e d .  T h i s  w a s  e s p e c i a l l y  t h e  
c a s e  f o r  s o d i u m  a c e t a t e  ( s e e  a l s o  T E S S I E R  e t  a l . , 1 9 7 9 )  a n d  
a m m o n i u m  o x a l a t e / o x a l i c  a c i d  b u f f e r .  B e s i d e s  s e v e r e  m a t r i x  
e f f e c t s  o c c u r r e d  s o  a n  i n t e r n a l  s t a n d a r d  m u s t  b e  i n c l u d e d  t o
c o r r e c t  f o r  t h i s  e f f e c t .  T h i  s i s t o  b e  p r e f e r r e d  o v e r  m a k i n g
d i f f e r e n t  s t a n d a r d s  f o r  a l l  t h e  m a t r i c e s .
B . 2 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  ( 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 r y )  ( I C P ) .
B e c a u s e  t h e  I C P  p u m p s  i n s t e a d  of s u c k s  t h e  s a m p l e  n o  c l o g g i n g
a r i s e d .  R i n s i n g  b e t w e e n  e a c h  t h r e e  s a m p l e s  in c a s e  of N a O A c  is
r e c o m m e n d e d .  A n  i n t e r n a l  s t a n d a r d  is n e c e s s a r y .
B . 3 G r a p h i t e  f u r n a c e  w i t h  Z e e m a n  e f f e c t .
B e c a u s e  of t h e  1 o w  d e t e c t i o n  l i m i t s  t h i s  m e t h o d  i s  w e l l  s u i t e d  
f o r  P b -  a n d  C d - m e a s u r e m e n t s .  P b  h a s  a v e r y  h i g h  d e t e c t i  on l i m i t  
on b o t h  A A S  a n d  I C P  a n d  i s  v e r y  u n s t a b l e .  C d  i s  u s u a l l y  b e l o w  
d e t e c t i o n  l i m i t  b e c a u s e  of t h e  s m a l l  a m o u m t s  of C d  in t h e  
s a m p l e s .  O n e  i s  d i s s u a d e d  t o  u s e  a g r a p h i t e  f u r n a c e  b e c a u s e  of 
t h e  a m o u n t  of t i m e  n e c e s s a r y  f o r  a n a l y s i s .
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2 t R E S U L I i  a n d  D I S C U S S I O N

T h e  c o n c e n t r a t i o n s  f o r  a l l  e l e a e n t s  a r e  in t a b l e s  1, 2 a n d  3.
T a b l e s  1 . 1 ,  1 . 1 a  a n d  1 . 1 b  s h o w  t e x t u r a l  a n a l y s e s  a n d  p y r i t e
c o n t e n t ,  s u l p h a t e  c o n t e n t  a n d  c a r b o n a t e  c o n t e n t .
S o n e  a u t h o r s  r e c a l c u l a t e  t h e  m e t a l  c o n c e n t r a t i o n s  b a s e d  o n  IX 
c l a y  ( f r a c t i o n  s m a l l e r  t h a n  2 u m . ). Thi s h a s  n o t  b e e n  p e r f o r m e d  
fo r  t w o  r e a s o n s .  T h e  f i r s t  r e a s o n  i s  t h a t  t h e  t e x t u r a l  d i f f e r e n c e  
b e t w e e n  v a r i o u s  s a m p l e s  i s  t o o  s m a l l .  T h e  s e c o n d  r e a s o n  a n d  t h e  
m o r e  i m p o r t a n t  is  t h a t  t h e r e  i s  a l w a y s  a b a c k g r o u n d  c o n c e n t r a t i o n  
u n d e p e n d e n t  of c l a y  c o n t e n t .  B o  f o r  s a m p l e s  l o w  in t h e i r  m e t a l  
c o n t e n t s  t h i s  r a t i o  w o u l d  y i e l d  w r o n g  i n f o r m a t i o n  w i t h  r e g a r d  to 
p o s s i  b l e  p o l l u t i o n  e f f e c t s .

Ihi E ÜÍ 1 umg
A l l  a e t a l  c o n c e n t r a t i o n s  w e r e  b e l o w  d e t e c t i o n  l i m i t  e x c e p t  f o r  
i r o n .  T h e r e f o r e  t h e  r e s u l t s  a r e  n o t  p u b l i s h e d  in t h i s  s t u d y .  
P r o b a b l y  o n l y  t h e  o u t e r  l a y e r  of t h e  p e a t  l u m p  w a s  c o n t a m i n a t e d  
w i t h  t r a c e  m e t a l s  a n d  n o t  t h e  i n n e r  p a r t s  w h i c h  w e r e  s a m p l e d  in 
t h i s  s t u d y .  H o r e  c a r e f u l  s a m p l i n g  i s  n e c e s s a r y  t o  g a i n
i n f o r m a t i o n  a b o u t  t h e  s c a v e n g i n g  c a p a c i t i e s  of p e a t  a n d  b o g .
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HR: T h e  p e r c e n t a l  d i s t r i b u t i o n s  a r e  in f i g u r e  2 . 1 .
T h e  d i s t r i b u t i o n  of M n  is  e s s e n t i a l l y  t h e  s a n e  at  la. a s  at  1 3m.  , 
a l t h o u g h  t h e r e  is a s l i g h t  d i f f e r e n c e  b e t w e e n  f r a c t i o n s  2, - 3  a n d  
-4. T h e  a o s t  i m p o r t a n t  f r a c t i o n s  a r e  F 3  a n d  F 4 ,  w h i c h  m e a n s  Mn  is 
a a i n l y p r e s e n t  a s  a m o r p h o u s  M n - o x i d e s  or a d s o r b e d / c o p r e c i p i t a t e d  
w i t h  a a o r p h o u s  F e - o x y h y d r o x  i d e s  a n d  c a r b o n a t e s .  Mn  is  p r e s e n t  in 
u n s t a b l e  c o a p o u n d s  a s  s h o w n  b y  t h e  a m o u n t s  in F I ,  F 2  a n d  l e s s  
u n s t a b l e  f r a c t i o n s  F 3  a n d  F4 . A b o u t  407. at 13m. a n d  5 0 7  at la. is 
p r e s e n t  in f r a c t i o n s  F l - 3 ,  w h i c h  m e a n s  M n  in t h e  d i v a l e n t  s t a t e  
( H O N G  & F O E R S T N E R ,  1 9 8 3 ) .  Mn  c a n  b e  i n c o r p o r a t e d  in  c a l c i t e  
b e c a u s e  of t h e i r  s i m i l a r  i o n i c  r a d i i  ( M n ( i i ) =  0 . B 0  ê; C a =  0 . 9 9  
à). O n l y  a v e r y  s a a l l  a m o u n t  of m a n g a n e s e  i s  p r e s e n t  in  F6 . F 7  is 
s m a l  1. T o t a l  M n  is  , c o n s i s t e n t  w i t h  v a l u e s  g i v e n  b y  M A R T I N  & 
M E Y B E C K , ( 1 9 7 9 ) .  S a a p l e s  f r o a  lm c o n t a i n  l e s s  M n  t h a n  s a m p l e s
f r o m  1 3m.

WC: T h e  h o m o g e n e i t y  b e t w e e n  d u p l i  is a b s e n t  in t h e  W C - s a m p l e s .
T h e r e  a r e  n 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  l m -  a n d  1 3 m - s a m p l e s .  
T h e r e  is s o m e  d i f f e r e n c e  b e t w e e n  t h e  c o a r s e r  p a r t  a n d  t h e  f i n e r  
f r a c t i o n ,  f u r t h e r  c a l l e d  " c o a r s e "  a n d  " f i n e " .  A s  c a n  b e
c a l c u l a t e d  f r o m  t a b l e  1.1 a n d  1 . 1 a  m o r e  t h a n  9 2 7  of t h e  f i n e
s a m p l e  i s  s m a l l e r  t h a n  17 u m ,  w h e r e a s  s o m e  8 3 7  of t h e  c o a r s e
s a m p l e is s m a l l e r  t h a n  2 0 ( ! )  u m .  F 4  a n d  F 5  a r e  g r e a t e r  in  t h e
c o a r s e  p a r t  t h a n  in t h e  f i n e  p a r t .  In t h e  f i n e  p a r t  F 2  a n d  F 3
a r e  g r e a t e r .  A s  c a n  b e  s e e n  F 7  is t w i c e  a s  b i g  a s  in W R - s a m p l e s
on  an  a v e r a g e .  N o  M n  w a s  f o u n d  in f r a c t i o n  1. F 6  i s  v e r y  s m a l l ,  
a l t h o u g h  s o m e w h a t  g r e a t e r  f o r  t h e  c o a r s e  p a r t .  S a m p l e s  f r o m  lm 
c o n t a i n  l e s s  M n  t h a n  s a m p l e s  f r o m  13m. S a m p l e s  in t h e  c o a r s e  p a r t  
c o n t a i n  o n l y  l i t t l e  m o r e  M n  t h a n  s a m p l e s  f r o m  t h e  f i n e  p a r t .

So: T h e  r e s u l t s  of H R  a n d  W C  d i f f e r  c o n s i d e r a b l y  f r o m  t h e  soi 1 -
p r o f i l e  , of S a e f t i n g e ’s. T h e  r e p r o d u c i b i l i t y  of f o u r - f o l d s  a n d  
d u p l i  i s g o o d  s o  t h e y  w i l l  d e a l t  w i t h  a s  an  a v e r a g e  f o r  e a c h  
h o r i z o n  (Go, G s u ( i ) ,  6 s u ( i i ) a n d  G r ) .

Go: F 4  i s  t h e  m o s t  i m p o r t a n t  f r a c t i o n  a c c o u n t i n g  f o r  m o r e  t h a n
6 5 7  of t o t a l  Mn. F 3  a n d  F 5  a r e  of  m i n o r  i m p o r t a n c e  a l t h o u g h  t h e y  
c a n n o t  b e  n e g l e c t e d .  F 6  is  a g a i n  v e r y  s m a l l .  N o  M n  is  f o u n d  in  FI
a n d  F2. F 7  i s  s m a l l .  It c a n  b e  s e e n  t h a t  m o r e  t h a n  7 5 7  of t o t a l
Mn  is  p r e s e n t  a s  M n ( i v ) .  T h i s  i s  m u c h  m o r e  t h a n  f o r  H R  a n d  HC. It
m u s t  b e  n o t e d  t h a t  M n - o x i d a t i o n  is v e r y  s l o w  in  a b s e n c e  of
b a c t e r i a  ( M U R R A Y  et a l . , 1 9 8 3 ) .
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F i g u r e  2 . 1  P e r c e n t a l  d i s t r i b u t i o n  of  a a n g a n e s e  f o r  S o  s a a p l e s

G s u (i ) : A d r a m a t i c  d e c r e a s e  of M n t is o b s e r v e d ,  h a v i n g  g r e a t
c o n s e q u e n c e s  f o r  t h e  H n - d i s t r i b u t i o n .  F 7  i n c r e a s e d  a b o u t  f o u r 
f o l d .  A s  c a n  b e  s e e n  in f i g u r e  (2 .2 )  H n 7  is  r e v e r s e l y
p r o p o r t i o n a l  m í t h  t o t a l  H n - c o n t e n t  w i t h  a v e r y  h i g h  n e g a t i v e
c o r r e l a t i o n  (r = - 0 . 9 5 4 ) .  N o  c h a n g e  o c c u r r e d  in F 5  a n d  ,F6. T h e
a a i n  c h a n g e  w a s  a s h i f t  f r o a  F 4  t o  F 3  n o w  a c c o u n t i n g  f o r  a o r e  
t h a n  4 0 %  of  t o t a l  Hn . T h i s  i a p l i e s  H n  w a s  r e d u c e d  in t h i s
h o r i z o n .  A s  t h e  u n d e r l y i n g  h o r i z o n s  c o n t a i n  l e s s  H n  t h a n  B s u ( i ) ,  
Hn a u s t  h a v e  d i f f u s e d  u p w a r d  t o  6o. A v e r y  s n a i l  a m o u n t  is 
p r e s e n t  in F2.

G s u (i i ):• T h e  d i s t r i b u t i o n  i s  e s s e n t i a l l y  t h e  s a n e  a s  in G s u ( i ) .  
F 7  i s  g r e a t e r  i n  a c c o r d a n c e  w i t h  f i g u r e  (2 .2 )  G s u ( i i )  is s t i l l  
s n a i l  a l t h o u g h  s o m e w h a t  g r e a t e r  t h a n  Go.

Br : F 7  is g r e a t e r  t h a n  t h e  a b o v e  h o r i z o n s  ( s e e  fi g u r e  ( 2 . 2 ) ) .
T o t a l  Mn i s  v e r y  l o w  a s  c o m p a r e d  w i t h  l i t e r a t u r e  ( S A L O M O N S  It
F O E R S T N E R , 1 9 8 4 ) .  T h e r e  is a r e m a r k a b l e  i n c r e a s e  in F 2  p r o b a b l y  at 
t h e  c o s t  of F3. A s  b o t h  s a a p l e s  s h o w  t h i s  b e h a v i o u r  a n a l y t i c a l  
a r t i f a c t s  a r e  n o t  l i k e l y .
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Suftnar i 2 i ng  t h e r e  is  a s h a r p  d e c r e a s e  in M n t  f r o m  B o  t o  t h e  
u n d e r l y i n g  h o r i z o n s ,  c o u p l e d  w i t h  a s h i f t  f r o m  F 4  t o  F3 . H n 7  
i n c r e a s e s  a s  t o t a l  M n  d e c r e a s e s  a s  s u p p o r t e d  b y  f i g u r e  < 2 . 2 ) .  A s  
n o  i n c r e a s e  in  Mn  i s  f o u n d  in t h e  h o r i z o n s  b e n e a t h  G s u ( i )  
d i f f u s i o n  of d i s s o l v e d  Mn  m u s t  h a v e  p r o c e e d e d  t o w a r d s  B o . .  A s  
M n ( i i )  i s  m u c h  m o r e  s o l u b l e  t h a n  M n ( i v )  p o r e w a t e r  c o n c e n t r a t i o n s  
in G s u ( i )  a n d  G s u ( i i )  a r e  h i g h e r  t h a n  G o  r e s u l t i n g  in a 
c o n c e n t r a t i o n - g r a d i e n t  f r o m  G s u  t o  Go.

F i g u r e  2 a  T r a j e c t  of t h e  0 t - c o n t e n t , t h e  s a l i n i t y  a n d  t h e  p H  at 
t h e  s t a r t  a n d  t h e  e n d  ,of t h e  W e s t e r n - S c h e l d t  s a m p l e s .  R e c o r d e d  
at M . V  D E L T A  d u r i n g  s a m p l i n g .  R e s u l t s  n o t  p u b l i s h e d .
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2 «. I a D i s c u s s i o n

A s  M n - c o a p o u n d s  a r e  f a m o u s  f o r  t h e i r  t r a c e - m e t a l  s c a v e n g i n g  
c a p a c i t i e s  ( K R A U S K D P F , 1 9 5 6 ;  M U R R A Y  et a l 1 9 7 3 , 1 9 7 5 ;  M C  
K E N Z I E , 1 9 8 0 ;  S T U M M  le M O R G A N , 1 9 8 1 ;  S A L O M O N S  & F O E R S T N E R , 1 9 8 4 ;  
F E E L E Y  et a l . , 1 9 8 3  a n d . m a n y  o t h e r s )  a s t u d y  of  t h e  b e h a v i o u r  of 
M n  i s  v e r y  i « p o r  t a n t  w h e n  d e a l i n g  w i t h  t r a c e  m e t a l  d i s t r i b u t i o n s ,  
a s  t r a c e - a e t a l s  d i s p l a y  a d i f f e r e n t  a f f i n i t y  f o r  Mn. Cr a n d  Mn 
s h o w  c o n t r a s t i n g  b e h a v i o u r  ( M U R R A Y  et a l . , 1 9 B 3 )  w h e r e a s  C o  g o e s  
o f t e n  w i t h  M n  a n d  F e  ( J A C O B S  et al. , 1 9 8 5 ;  K R E M L I N G , 1 9 8 3 ) .  T h r e e  
p r o c e s s e s  w i l l  b e  d i s c u s s e d .  T h e  c h a n g e s  t h a t  o c c u r  w h e n  
s u s p e n d e d  a a t t e r  i s  d e p o s i t e d ,  t h e  c h a n g e s  in d i s t r i b u t i o n  in a 
s d í 1 p r o f i l e  a n d  t h e  p r o c e s s e s  c o u p l e d  w i t h  c a r e l e s s  s a m p l e -  
t r e a t a e n t  w i t h  r e g a r d  t o  o x i d a t i o n  ( W R - N C ) . B e s i d e s  e a c h  s a m p l e  
is  t r e a t e d  s e p a r a t e l y .  H h e n  p o s s i b l e  S - s a m p l e s  w i l l  b e  u s e d  f o r  
c o a p a r i s o n .  T h i s  s c h e a e  w i l l  b e  u s e d  f o r  t h e  o t h e r  e l e m e n t s  as 
wel 1.

HR: A s  w a s  m e n t i o n e d  s a m p l e s  f r o m  lm  h a v e  m o r e  M n  in F 3  t h a n
s a a p l e s  f r o m  1 3 m  a t  t h e  c o s t  of F 4 .  H a t e r  f r o m  1 3 m  h a s  a h i g h e r
s a l i n i t y  a n d  a h i g h e r  p H  a n d  o x y g e n - c o n t e n t  ( f i g u r e  2 . a). M n  in
F 3  i s  t h o u g h t  t o  b e  p r e s e n t  a s  M n ( i i )  s o  m a y b e  s o a e  M n ( i v )  h a s  
f o r m e d  in t h e  w a t e r  t a b l e  a t  1 3 a  d e p t h  w e r e  t h e r e  i s  m o r e  
o x y g e n .  T h e  r e s u l t s  s h o w  t h a t  m u c h  m a n g a n e s e  i s  u n s t a b l y  b o u n d  as  
s h o w n  b y  t h e  a m o u n t s  p r e s e n t  in FI a n d  F2. M n  in  FI i s  e i t h e r  in
s o l u t i o n  or h a s  p a s s e d  t h e  f i l t e r  in c o l l o i d a l  f o r m .  F 2  is
t h o u g h t  t o  b e  M n  b o u n d  e l e c t r o s t a t i c a l l y  t o  c l a y - p a r t i c l  es.

So :  T h e  s o i l - p r o f i l e  s h o w s  w h a t  h a p p e n s  t o  m a n g a n e s e  w h e n  it is
d e p o s i t e d  in a p a r t i a l l y  r e d u c e d  s e d i m e n t .  T h e  a b s e n c e  of FI is 
d u e  t o  o x i d a t i o n  d u r i n g  s t o r a g e  (on p u r p o s e )  b e c a u s e  5 - s a a p l e s  
s h o w  M n  in FI. H h e n  t h e  u p p e r  l a y e r  of t h e  s e d i m e n t  i s  o x i d i z i n g  
M n ( i i )  w i l l  b e  c o n v e r t e d  t o  M n ( i v )  a n d  p r e c i p i t a t e d  a s  M n - o x i d e s .  
H h e n  t h e  u p p e r  l a y e r  is  r e d u c i n g  m o r e  M n  w i l l  r e d u c e  a n d  d i f f u s e  
b a c k  t o  t h e  w a t e r - c o l u m n .  T h i s  is a c o m m o n l y  o b s e r v e d  f e n o m e n o n  
as M n - r e d u c t i o n  is  e x t r e m e l y  r a p i d  c o n t r a r y  t o  M n - o x i d a t i o n  
( T R A M O N T A N O  et a l . , 1 9 8 4 ;  K E E N E Y - K E N N I C U T T  et a l . , 1 9 8 6 ;  H I R S T  l< 
A S T O N , 1 9 B 3 ) .  H h e n  p r e c i p i t a t e d  in an o x i d i z i n g  e n v i r o n m e n t  t h e  
f r e s h l y  p r e c i p i t a t e d  M n - o x i d e s  c a n  a d s o r b  h u g e  a m o u n t s  of t r a c e  
a e t a l s  ( s e e  a l s o  r e s u l t s  f o r  o t h e r  e l e m e n t s ) .  T h e  s m a l l  a m o u n t  of 
Mn  i n  F 6  i s  c o n s i s t e n t  w i t h  1 i t e r a t u r e .  M n  d o e s  n o t  f o r a  
i n s o l u b l e  s u l p h i d e s  a n d  h a s  a l o w  a f f i n i t y  f o r  o r g a n i c  a a t t e r  
( K E R N D O R F F  le S C H N I T Z E R ,  1 9 8 0 ) .
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T h e  soi 1 - p r o f  i le: T h e  s o i l  b e c o m e s  r e d u c e d  at a c e r t a i n  d e p t h  as
s h o w n  b y  b l a c k  s u l p h i d e s  p r e s e n t  in 6 s u  a n d  d e e p e r .  At t h e  t i m e  
t h e  s a m p l e s  w e r e  t a k e n  t h e  s u l p h i d e s  w e r e  s e a t e d  d e e p e r  t h a n  2 0  
c m ,  b u t  in s u m m e r  t h e y  a r e  t h o u g h t  t o  b e  p r e s e n t  j u s t  b e l o w  t h e  
s u r f a c e .  In w i n t e r  b a c t e r i a l  a c t i v i t y  s t o p s  a n d  o x y g e n  c a n  e n t e r  
t h e  s o i l  t h r o u g h  c r a c k s  a n d  r o o t c a n a l s .  T h i s  h a s  b e e n  o b s e r v e d  in 
f e b r u a r y  1 9 8 6  at  R i 1 1 a n d - B a t h  w h e r e  t h e  b l a c k  s u l p h i d i c  h o r i z o n  
w a s  d e e p e r  t h a n  4 0  cm. A s  s t a t e d  b e f o r e  M n - r e d u c t i o n  i s  r a p i d  a n d  
c o m p l e t e  a n d  Mn  i o n s  w i l l  g o  i n t o  sol uti on. P a r t  is 
c o p r e c i p i t a t e d  w i t h  c a r b o n a t e s  a n d  p a r t  l o o s e l y  b o u n d  o n  c l a y -  
p a r t i  c l e s  d u e  t o  c o m p e t i t i o n  of f r e e  M n 2 + - i o n s  a s  s h o w n  b y  t h e  
i n c r e a s e  in F 2  a n d  F 3  a n d  t h e  d e c r e a s e  in F4 . M n  w h i c h  is  s t i l l  
p r e s e n t  in F4  i s  t h o u g h t  t o  b e  a d s o r b e d  or b o u n d  b y  a m o r p h o u s  F e -  
o x y h y d r o x i d e s  a n d  n o t  a s  a m o r p h o u s  M n - o x i d e s  a s  M n - r e d u c t i o n  w a s  
p r o b a b l y  c o m p l e t e .  R e s i d e s  L U O M A  & D A V I S  ( 1 9 8 3 )  s h o w  t h a t  t h e  
t o t a l  m a n g a n e s e  c o n t e n t  in  t h e s e  s a m p l e s  c a n n o t  a c c o u n t  f o r  1007. 
of t h e  m e t a l  s c a v e n g i n g  c a p a c i t y .  T h e y  t o o k  t h e  a p p a r e n t  b i n d i n g  
c a p a c i t y  (abc ) a s  a p p r .  2 . 5 * 1 0 ~ 3 M g " 1 . T h e  t o t a l  b i n d i n g  c a p a c i t y  
( i . e  a b c # M n t > i s  l e s s  t h a n  t h e  a m o u n t  of m e t a l s  b o u n d  b y  F4. S o  
p a r t  of t h i s  f r a c t i o n  m u s t  c o n s i s t  of a m o r p h o u s  i r o n -  
o x y h y d r o x i d e s .
M o s t  of t h e  M n  w i l l  d i f f u s e  a w a y  t o  t h e  6 o - h o r i z o n  w h e r e  p a r t  is 
p r e c i p i t a t e d  a g a i n  a s  M n - o x i d e s .  H o w e v e r  a c o n s i d e r a b l e  a m o u n t  
w i l l  d i f f u s e  i n t o  t h e  w a t e r - c o l u m n  a s  M n - o x i d a t i o n  i s  s l o w .  It 
m u s t  b e  n o t e d  t h a t  t h e  a b s e n c e  of s u l p h i d e s  in G o  d o e s  n o t  m e a n  
o x i d i z i n g  c o n d i t i o n s  f o r  M n .  S 0 « * - ®S*-'| E h *  - 5 0 0 -  - 6 0 0  m V , 
M n (i V )= M n ( i i ) ,  E h  = 1 0 0 - B 0 0 m V ,  ( f r o m  S A L O M O N S  fc F O E R S T N E R , 1 9 8 4 ,  
f i g u r e  ( 2 . 3 ) ) .

W R - W C :  T h e  r e s u l t s  s h o w  t h a t  c a r e  s h o u l d  b e  t a k e n  t o  p r e v e n t
o x y g e n  c o n t a c t  d u r i n g  s a m p l e  t r e a t m e n t .  A s  M n - o x i d a t i o n  is a 
r a t h e r  s l o w  p r o c e s s  - c h e m i c a l  i r o n  o x i d a t i o n  o c c u r s  up  t o  5 0 0
t i m e s  a s  f a s t  a s  c h e m i c a l  m a n g a n e s e  o x i d a t i o n -  t h i s  c o u l d  e x p l a i n
t h e  h e t e r o g e n e o u s  d i s t r i b u t i o n  a n d  t h e  p o o r  r e p r o d u c i b i l i t y  of 
d u p l i  in NO. T h e r e  a r e  s o m e  d i f f e r e n c e s  b e t w e e n  c o a r s e  a n d  f i n e .
M o r e  M n  is  f o u n d  in F 5  in  t h e  c o a r s e r  p a r t ,  w h i c h  i m p l i e s
a d s o r p t i o n  o n t o  p o o r l y  c r i s t a l l i n e  F e - o x y h y d r o x i d e s .  F 6  is  
s l i g h t l y  g r e a t e r  w h i c h  w i l l  b e  e x p l a i n e d  w i t h  n i c k e l  ( 2.3)
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2 ¡.2 I r o n

T h e  p e r c e n t a l  d i s t r i b u t i o n s  a r e  in t a b l  e 2 a n d  f i g u r e  2 . 4 .

HR: C o m p a r i s o n  b e t w e e n  t h r e e - f o l d s  i s  g o o d .  M o s t  F e  i s  p r e s e n t  in 
F7 a n d  F 5  f o l l o w e d  b y  a s m a l l e r  p o r t i  on in F4. Thi s i m p l i e s  m o s t  
F e  i s  p r e s e n t  in a t r i v a l e n t  s t a t e  in o x y h y d r o x i d e s ,  r a n g i n g  f r o m  
a m o r p h o u s  t o  w e l 1 - c r i  s t a l  1 i ne. 11 w a s  f o u n d  t h a t  w e l 1 - c r i  s t a l  1 i n e  
F e - o x y h y d r o x  i d e s  a r e  p o o r l y  l e a c h e d  b y  a a m o n i u m - o x a l a t  e / o x  al i c 
a c i d - b u f f e r  ( T E S 5 I E R  et  a l . , 1 9 7 9 ) .  F 6  i s  s m a l l  b u t  o b v i o u s l y  
p r e s e n t  a n d  c o n s i s t s  of s u l p h i d e s  a n d  o r g a n i c a l l y  b o u n d  i r o n .  T h e  
r e s u l t s  a r e  c o n s i s t e n t  w i t h  l i t e r a t u r e  w h i c h  f r e q u e n t l y  r e p o r t  
h i g h  F e - c o n t e n t  i n  F 7  ( T E S S I E R  et a l . , 1 9 7 9  a n d  m a n y  o t h e r s ) .  A s  
w i t h  M n  t h e r e  is a s u b t l e  s h i f t  in l m - s a m p l e s  a n d  1 3 m - s a a p l e s .  At 
lm m o r e  F e  i s  f o u n d  in F 3  a n d  F 4  a t  t h e  c o s t  of F5. T o t a l  i r o n  
c o n c e n t r a t i o n s  a r e  c o n s i s t e n t  w i t h  v a l u e s  r e p o r t e d  b y  M A R T I N  a n d  
M E Y B E C K  ( 1 9 7 9 ) .  FI a n d  F 2  a r e  p r a c t i c a l l y  a b s e n t .  H o w e v e r  t a b l e  3 
s h o w s  s o m e  F e  in u n f i l t e r e d  W e s t e r n - S c h e l d t  s a m p l e s ,  v a l u e s  a r e  
b e t w e e n  0 . 7 9  u M  1 ~ ‘ a n d  6 . 4  u M  I “ 1 . W i t h  t h e  p r e s e n t  p H  a n d  E h  
o n l y  v e r y  l i t t l e  F e  is t h o u g h t  t o  b e  in t r u e  s o l u t i o n .

HC: A s  for M n  t h e  r e s u l t s  a r e  h e t e r o g e n e o u s  a n d  p o o r l y
c o m p a r a b l e .  In e s s e n c e  t h e  s a m e  d i s t r i b u t i o n  a s  f o r  W R - s a m p l e s  is 
o b s e r v e d .  F 7  i s  h i g h .  F i g u r e  (2 .5 )  s h o w s  t h e  r e l a t i o n  b e t w e e n  F e 7  
a n d  F e * . T h e r e  is a n e g a t i v e  c o r r e l a t i o n  w h i c h  w a s  a l s o  f o u n d  f o r  
M n  ( r =  - 0 . 4 8 7 ) .  F 1 - 3  a r e  n e g l i g i b l e .  F 5  a n d  F 6  a r e  s o m e w h a t
g r e a t e r  in t h e  c o a r s e  s a m p l e s .  F 4  is  s m a l l e r  t h a n  in t h e  F i n e  
s a a p l e s .  T o t a l  F e  is  c o n s i s t e n t  w i t h  l i t e r a t u r e ,  ( M A R T I N  íe 
M E Y B E C K , 1 9 7 9 ) .  N o  d i f f e r e n c e  b e t w e e n  l m -  a n d  1 3 m - s a m p l e s  is  
o b s e r v e d .  T h e  d i f f e r e n c e s  b e t w e e n  c o a r s e  a n d  f i n e  m o r e  o b v i o u s .

2a 2b 2c ~Fe
5.72% 5.91% 5.80'wc

3o So 2b 5b
7.03J' 7.61% 7.042

lb 6bFe
5.69% 5.38%WR

m.
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F i g u r e  2 . 4  P e r c e n t a l  di s t r  i b u t  i o n  of i r o n  f o r  W R  a n d  W C  s a m p l e s
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F i g u r e  2 . 5  S c a t t e r  gr a n  of F e 7  - F e t , y - a x i s  in p e r c e n t  of t o t a l  
a e t a l  c o n t e n t , x - a x i s  in p p m
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S o :  G e n e r a l l y  t h e  s a n e  d i s t r i b u t i o n  a s  f o r  W R  a n d  W C  i s  o b s e r v e d .  
H o s t  of t h e  F e - s u l p h i  d e s  w i l l  h a v e  o x i d i z e d  a s  c a n  b e  s e e n  f r o m  
t a b l e  1 . 1 . b, w h i c h  s h o w s  t h e  a m o u n t  of p y r i t e  a n d  a a c k i n a w i t e
o r i g i n a l l y  p r e s e n t .  H o w e v e r  t h i s  a c c o u n t s  f o r  o n l y  1 0 - 2 0  X of
F e t . O x i d a t i o n  of r e d u c e d  i r o n - c o m p o u n d s  i s  r a p i d  s o  all
s u l p h i d e s  a r e  t h o u g h t  t o  h a v e  o x i d i z e d  ( V A N  B R E E M E N , 1 9 7 6 ) .  F e -  
sul phi d e s  a r e  i « p o r t a n t  f o r  c o p r e c i p i t a t i o n  of t r a c e  a e t a l s  
( S A L O M O N S  & F O E R S T N E R , 1 9 8 4  a n d  m a n y  o t h e r s ) .  T h e r e  i s  a d e c r e a s e  
i n  t o t a l  F e - c o n c e n t r a t i o n  in  t h e  s o i l - p r o f i l e  l e a d i n g  t o  a s l i g h t  
i n c r e a s e  of F 7  at t h e  c o s t  Df F5 .  T h e  d e c r e a s e  is n o t  a s  s h a r p  as  
f o r  Mn. F 1 - 3  a r e  a l m o s t  a b s e n t  a l t h o u g h  t h e r e  i s  a s l i g h t  
i n c r e a s e  in F 3  w h e n  g o i n g  f r o m  G o  t o  G s u .  S - s a a p l e s  s h o w  
c o n s i d e r a b l e  a m o u n t s  of F e  in FI b u t  t h i s  is  p r e c i p i t a t e d  u p o n  
o x i d a t i o n .  D i f f u s i o n  of F e  m u s t  h a v e  p r o c e e d e d  u p w a r d s  ( s e e  Mn) 
w h e r e  m o s t  F e  i s  p r e c i p i t a t e d .
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F i g u r e  2 . 4  P e r c e n t a l  d i s t r i b u t i o n  of i r o n  or S o  s a m p l e s

2 ¡.2a D i s c u s s i o n

F e - o x y h y d r o x i d e s  h a v e  a h i g h  c a p a c i t y  t o  s c a v e n g e  t r a c e  m e t a l s  
( B A L I S T R I E R I  et a l . , 1 9 8 2 ;  S T U M M  & M O R G A N , 1 9 8 1 ;  F L E T C H E R  It 
H O L M E S , 1 9 B 3 ;  L U D M A  It D A V I S , 1 9 8 3  a n d  m a n y  o t h e r s ) .  A s  w i t h  
m a n g a n e s e  a n  u n d e r s t a n d i n g  oí t h e  d i s t r i b u t i o n  oí F e - s p e c i e s  i s  
i m p o r t a n t  in u n d e r s t a n d i n g  t h e  b e h a v i o u r  oí t h e  o t h e r  t r a c e  
m e t a l s .

W R - S o ;  M o s t  i r o n  i s  p r e s e n t  a s  F e 3 * a s  c a n  b e  s e e n  f r o m  t h e
i m p o r t a n c e  oí F 4 ,  F 5  a n d  F 7 ,  a c c o u n t i n g  t o r  m o r e  t h a n  90'/. oí F e t . 
F e  i s  e a s i l y  o x i d i z e d  c h e m i c a l l y ,  a l t h o u g h  s l o w l y  r e d u c e d  in 
a b s e n c e  oí b a c t e r i a .  T h e  r e v e r s e  h o l d s  g o o d  f o r  m a n g a n e s e
< N E A L S 0 N ,  1 9 8 2 ) .  F e 3 * i s  t h e  s t a b l e  i r o n  s p e c i e s  in t h e  W e s t e r n  
S c h e l d t  a r e a ,  t h e r m o d y n a m i c a l l y .  It i s  s h o w n  t h a t  k i n e t i c s  a r e  
f a s t  e n o u g h  t o  c o n v e r t  all i r o n  t o  i t s  t r i v a l e n t  s t a t e  w h e r e a s  
m o s t  M n  w a s  s e e n  t o  b e  p r e s e n t  a s  M n ( i i ) .  It is  a w e l l  r e c o g n i s e d  
f a c t  t h a t  F e - h u m a t e s  e n h a n c e  t h e  sol ubi 1 i t y  oí F e 3 * b y  s e v e r a l  
o r d e r s  of m a g n i t u d e  ( S H O L K O V I T Z  , 1 9 7 6  a n d  m a n y  o t h e r s ) .  F e  f o r m s
s t a b l e  o r g a n o - i r o n  c o m p l e x e s  ( K E R N D O R F F  It S C H N I T Z E R ,  1 9 8 0 ) .  F e -
s u l p h i  d e s  a r e  v e r y  i n s o l u b l e .  T h i s  c a n  a c c o u n t  f o r  t h e  p r e s e n c e  
of i r o n  in F6.
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S t i l l  t h e  F e ( i  i i l - c o m p o u n d s  a r e  m o r e  i m p o r  t a n t . T h e  p r e s e n c e  of 
f r e s h l y  p r e c i p i t a t e d  F e - M n - o x y h y d r o x i d e s  i s  v e r y  i m p o r t a n t  as  
t h e y  e a s i l y  f o r a  s t a b l e  c o a t i n g s  o n  i n e r t  p a r t i c l e s  l i k e  q u a r t z  
a n d  f e l d s p a r s ,  t h u s  g i v i n g  t h e a  a a u c h  h i g h e r  a d s o r p t i o n  c a p a c i t y  
t h a n  c a n  b e  e x p l a i n e d  b y  t h e  a d s o r p t i o n  c a p a c i t y  of t h e s e  s p e c i e s  
t h e m s e l v e s .  B e s i d e s  t h e s e  o x i d e s  a i g h t  a c t  a s  a g l u e  f o r  c l a y -  
h u a u s - f l o c s  ( E I S M A , 1 9 B 6 ) .
T h e r e  i s  a s l i g h t  i n c r e a s e  in F 3  a n d  F 4  at  t h e  c o s t  of F 5  a t  l m -  
s a a p l e s  c o m p a r e d  t o  1 3 m - s a m p l e s .  T h e  d i f f e r e n c e  i s  p r o b a b l y  t o o  
s m a l l  t o  b e  s i g n i f i c a n t  s o  an e x p l a n a t i o n  M i l l  n o t  b e  g i v e n .  
F e - s p e c i  e s  c a n  c o p r e c i p i t a t e  w i t h  ca l ci t e  b e c a u s e  of t h e i r
s i m i l a r  i o n i c  r a d i i  < F e 2 + = 0 . 7 4 ê ;  F e 3 + = 0 . 6 4  Ô; C a 2 * = 0 . 9 9  Ô ) .
W h e n  i r o n - o x y h y d r o x i d e s  a r e  d e p o s i t e d  in a n  o x i d i z i n g  e n v i r o n a e n t
n o  g r e a t  c h a n g e s  w i l l  o c c u r  a s  c a n  b e  s e e n  f r o m  Go. In a r e d u c i n g
e n v i r o n m e n t  s u l p h a t e  is r e d u c e d  t o  s u l p h i d e  t o g e t h e r  w i t h  t h e
r e d u c t i o n  of F e ( i i i )  t o  F e ( i i ) .  I r o n - s u l p h i  d e  p r e c i p i t a t i o n  w i l l  
b e  t h e  r e s u l t .  T h e r e  i s  a v a s t  a m o u n t  of l i t e r a t u r e  c o n c e r n i n g  
s u l p h a t e  r e d u c t i o n  a n d  p y r i t e  f o r m a t i o n  s o  t h i s  w i l l  n o t  b e  d e a l t  
w i t h  in t h i s  s t u d y  ( G O L D H A B E R  fc K A P L A N , 1 9 7 4 ;  R I C K A R D , 1 9 7 3 ;  V. 
B R E E M E N , 1 9 7 6  a n d  m a n y  o t h e r s ) .  In t h e  W e s t e r n - S c h e l d t  e s t u a r y  F e  
w i l l  n o t  b e  t h e  l i m i t i n g  c o n s t i t u e n t  s o  m o s t  i r o n  w i l l  n o t  b e  
p r e c i p i t a t e d  a s  i r o n - s u l p h i  d e s .  T h i s  c a n  b e  s e e n  f r o m  t h e  a m o u n t  
of p y r i t e  i n  t a b l e  1 . 1 . b. U p o n  d e p o s i t i o n  m o s t  o r g a n i c  m a t t e r  
w i l l  b e  c o n s u m e d  w h i c h  r e l e a s e s  t h e  i r o n  b o u n d  b y  t h e  o r g a n i c  
m a t t e r .

S o :  T o t a l  i r o n  d e c r e a s e s  f r o m  G o  t o  t h e  u n d e r l y i n g  h o r i z o n s
t o g e t h e r  w i t h  a n  i n c r e a s e  in F 7  (cf. F D E R S T N E R  et a l . , 1 9 7 9 ) .  P a r t  
of t h e  i r o n  w i l l  h a v e  p r e c i p i t a t e d  in s u l p h i d e s  u p o n  r e d u c t i o n  in 
t h e  G s u - h o r i z o n t s .  A n o t h e r  p a r t  is  t h o u g h t  t o  b e  b o u n d  b y
c a r b o n a t e s  a s  c a n  b e  s e e n  f r o m  t h e  i n c r e a s e  in F 3 .  S o m e  0 . 5
p e r c e n t  w i l l  h a v e  d i f f u s e d  t o  t h e  6 o - h o r i 2 D n  - a s  t h e  G D - h o r i z o n
c o n t a i n s  a b o u t  5 X  F e *  a n d  t h e  G s u ( i ) - h D r i 2 o n  a b o u t  4 X , a b o u t
B . S X F e  m u s t  h a v e  d i f f u s e d  u p w a r d s  a s s u m i n g  a c o n s t a n t  F e - s u p p l y  
b y  s e d i m e n t a t i o n  w h i c h  i s  a v a l i d  a s s u m p t i o n -  w h e r e  it is r a p i d l y  
o x i d i z e d  a n d  p r e c i p i t a t e d  a s  F e - h y d r o x i d e s  ( l e p i d o c r o c i t e  or  a n
a m o r p h o u s  f o r m ) .  In  c o n t r a s t  w i t h  M n  o n l y  v e r y  l i t t l e  F e  i s
t h o u g h t  t o  b e  r e l e a s e d  t o  t h e  w a t e r  c o l u m n .  T h e  d i f f u s i o n  of F e
t o w a r d s  B o  c a n  b e  e x p l a i n e d  b y  a c o n c e n t r a t i o n  g r a d i e n t  a s  F e -  
s u l p h i d e s  - a l t h o u g h  t h e y  a r e  c o n s i d e r e d  t o  b e  i n s o l u b l e -  a r e  m o r e  
s o l u b l e  t h a n  F e - o x i d e s .  T h e  d e c r e a s e  is  l e s s  d r a m a t i c  t h a n  f o r  Mn 
r e f l e c t i n g  t h e  k i n e t i c  b a r r i e r  f o r  F e - r e d u c t i o n  a n d  t h e  m u c h  
l o w e r  s o l u b i l i t y  of F e - s u l p h i  d e s  c o m p a r e d  w i t h  M n - s u l p h i  d e s .  
C o m p a r i s o n  w i t h  S - s a m p l e s  s h o w s  t h e  i m p o r t a n c e  of w o r k i n g  in an
i n e r t  a t m o s p h e r e .

WC: T h e  r e s u l t s  a r e  i n f l u e n c e d  b y  o x i d a t i o n  w h i c h  m e d i a t e s
i n c o n t r  d 1 1 a b l e p r o c e s s e s .  T h e  d u p l i  a r e  p o o r  1 y c o m p a r a b l e .  It is  
l i k e l y  t h a t  m o s t  a m o r p h o u s  h y d r o x i d e s  h a v e  a g e d  t o w a r d s  t h e i r  
m o r e  c r i s t a l  1 i n e  f o r m s .
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2 t 3 N icke l,

T h e  p e r c e n t a l  d i s t r i b u t i o n s  a r e  in t a b l e  2 a n d  f i g u r e  2 . 6 .

HR: C o m p a r  i s o n  b e t w e e n  t h r e e f o l d s  i s  g o o d . T h e  s a m p l e s  f r o m  1 3 m
a r e  m a i n l y  d e t e r m i n e d  b y  F 2 ,  F 3  a n d  F4. F 5  i s  of m i n o r  
i m p o r t a n c e .  F 7  is r e m a r k a b l y  s m a l l .  FI a n d  F 6  a r e  a b s e n t .  B e c a u s e  
of t h e  s i m i l a r i t y  in i oni c r a d i u s  Ni c a n  b e  i n c o r p o r a t e d  in 
c a l c i t e  (Ni a * = B . 6 9  Ô ) . T o t a l  n i c k e l  c o n c e n t r a t i o n s  a r e  m u c h  
h i g h e r  t h a n  a v e r a g e  f o r  r i v e r s  ( M A R T I N  ïc M E Y B E C K ,  1 9 7 9 ) .
S a m p l e s  f r o m  1 m d e p t h  a r e  a b o v e  a v e r a g e  a s  f o r  N i t .  F 2  i s  s m a l l e r  
w h i l e  F 7  is  g r e a t e r  t h a n  at  1 3 m  d e p t h .  F 3 ,  F 4  a n d  F 5  a r e  a b o u t  
t h e  s a m e .  FI a n d  F 6  a r e  a b s e n t .  Ni i s  f o u n d  t o  d i s p l a y  a l o w  
a f f i n i t y  f o r  o r g a n o - m e t a l  c o m p l e x a t i o n  ( K E R N D O R F F  & 
S C H N I T Z E R , 1 9 8 B ) .  O n  t h e  o t h e r  h a n d  N R I A G U  & C O K E R  ( 1 9 8 0 )  f o u n d  
a s s o c i a t i o n  of  Ni w i t h  o r g a n i c  m a t t e r  in L a k e  O n t a r i o .  Ni is 
r e a d i l y  i n c o r p o r a t e d  in  F e - s u l p h i d e s  b e s i d e s  f o r m i n g  s u l p h i d e s  of 
i t s  o w n .  T h e  o f f i c i a l  f o r m u l a  of  p y r i t e  is  F e » . * N i * . » S 2 .

W A I

F i g u r e  2 . 6  P e r c e n t a l  d i s t r i b u t i o n  of n i c k e l  f o r  H R  a n d  W C  s a m p l e s
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WC: C o m p a r  i s o n  b e t w e e n  d u p l i  i s  m o d e r a t e .  T o t a l  Ni i s  a b o u t
a v e r a g e  a s  t o r  w o r l d  r i v e r s  ( M A R T I N  & M E Y B E C K , 1 9 7 9 ) .  In t h e  
c o a r s e  s a m p l e s  F 7  is t h e  b i g g e s t .  F 4 ,  F 5  a n d  F 6  a r e  e q u a l  w h i l e  
F I - 3  c o n s t i t u t e  a v e r y  s m a l l  r e s t . In c o n t r a s t  w i t h  W R  a n d  W C -  
f i n e  t h e r e  is a c o n s i d e r a b l e  a m o u n t  in F6. In t h e  f i n e  s a m p l e s  , 
s a m p l e  W C 2 b  s h o w s  a di s t r i  b u t  i on  m o r e  l i k e  W R 2 a  a n d  W R 2 c  w i t h  
r e l a t i v e l y  m u c h  Ni in F3. T h e  o t h e r  f i n e  s a m p l e s  h a v e  a h i g h  F 5  
a n d  F7. F 3  a n d  F 4  a r e  a l s o  c l e a r l y  p r e s e n t .  F 2  is  s m a l l .  FI a n d  
F 6  a r e  a b s e n t .  A s  f o r  F e  a n d  Mn  t h e r e  i s  an i n v e r s e  r e l a t i o n  
b e t w e e n  Ni 7 a n d  N i *  ( s e e  f i g u r e  ( 2 . 7 ) ) .  F o r  W R  a n d  W C '  t h e  
r e l a t  i on  is cl e a r .
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F i g u r e  2 . 7  S c a t t e r g r a m  of Ni 7 - N i t , y - a x i s  in p e r c e n t  of t o t a l  
m e t a l  c o n t e n t ,  x - a x i s  in p p m
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S d : C o m p a r i s o n  b e t w e e n  f o u r - f o l d s  a n d  d u p l i  is r e a s o n a b l e .
S a m p l e s  f r o m  Gr c a n n o t  b e  t r u s t e d  a s  b e c a u s e  of t h e  l o w  
sol i d / s o l u t i o n - r a t i o s  (R) f o r  F 4 ,  F 5  a n d  F 6  t h e s e  f r a c t i o n s  w e r e  
o f t e n  b e l D w  d e t e c t i o n  l i m i t .  T h e  R f o r  F 3  w a s  m u c h  h i g h e r  s o  F 3  
i s  p r o b a b l y  o v e r r e p r e s e n t e d .  A s  c a n  b e  s e e n  f r o m  S - s a m p l e s  F 3  
c o n s t i t u t e d  a b o u t  10'¿.
Go: F 7  a n d  F 4  a r e  m o s t  i m p o r t a n t  a c c o u n t  i ng  f o r  m o r e  t h a n  657. of
N i t  in e q u a l  a m o u n t s .  F 5  a n d  F 6  a c c o u n t  f o r  s o m e  1 2 - 2 0  % of N i t .  
F 3  i s  s m a l l ,  FI a n d  F 2  a r e  a b s e n t .
G s u (i ) / G s u  ( i i ): A s h a r p  i n c r e a s e  in F 7  at t h e  c o s t  of F 4  a n d  F 5
i s o b s e r v e d .  F 5  d i s a p p e a r e d  s a v e  f o r  S o 2 a  a n d  F 4  a b o u t  h a l v e d .  
F 3  a n d  F 6  s h o w  a n  a l m o s t  i n s g n i f i c a n t  i n c r e a s e .  N o  Ni is  f o u n d  in 
FI a n d  F2.
T o t a l  Ni i s  a b o u t  t w i c e  t h e  b a c k g r o u n d  v a l u e s  r e p o r t e d  f o r  
f r e s h l y  d e p o s i t e d  s e d i m e n t s ,  i . e  3 5  p p m  ( W E D E P O H L , 1 9 7 B ) .
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F i g u r e  2 . 6  P e r c e n t a l d i s t r i b u t i o n  of n i c k e l  f o r  S o  s a m p l e s
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2-.3a Discussion
In c o n t r a s t  w i t h  F e  a n d  M n ,  Ni i s  o n l y  p r e s e n t  a s  N i 2 *. T h i s  
m e a n s  t h a t  Ni is  h a r d l y  a f f e c t e d  b y  ox i d a t i o n / r e d u c t i o n - p r o c e s s e s  
b u t  t h a t  i t s  d i s t r i b u t i o n  i s  d e p e n d e n t  o n  F e - M n - o x y h y d r o x i d e s .
WR: E v e n  w h e n  s e l e c t i v i t y  is p o o r  t h e  a m o u n t  in F 2  a n d  F 3  is
r e m a r k a b l e .  B e t w e e n  4 0 - 6 0 X  is a s s o c i a t e d  w i t h  t h e s e  f r a c t i o n s .  
T o g e t h e r  w i t h  t h e  h i g h  c o n c e n t r a t i o n s  of t o t a l  n i c k e l  
a n t h r o p o g e n i c  i n f l u e n c e  i s  e v i d e n t  ( S A L D M D N S  It F O E R S T N E R , 19 B 4  ). 
Ni in F 2  a n d  F 3  is u n s t a b l y  b o u n d  a s  e x c h a n g e a b l e  i o n s  a n d  
i n c o r p o r a t e d  in c a r b o n a t e s .  P a r t i a l  l e a c h i n g  of F 4  m a y  h a v e  
o c c u r r e d .  Ni is n o t  o f t e n  s t u d i e d  in s e l e c t i v e  e x t r a c t i o n  
s t u d i e s .  T h e  l i t e r a t u r e  v a l u e s  f o r  N i - d i s t r i b u t  i on c o n t r a d i c t  
e a c h  o t h e r  a n d  v a r y  w i d e l y  b u t  a h i g h  F 2  h a s  n o t  b e e n  r e p o r t e d  
b e f o r e .  Ni a p p e a r s  t o  b e  b o u n d  b y  ( a m o r p h o u s  ) F e - M n -  
o x y h y d r o x i d e s .  T o g e t h e r  w i t h  t h e  a m o u n t  in F 2  a n d  F 3  m o r e  t h a n  
8 0 7  i s p r e s e n t  in l a b i 1 e c o m p o u n d s .  Al t h o u g h  o x y h y d r o x i d e s  
d i s p l a y  a p H - d e p e n d e n t  c h a r g e  t h e  d i f f e r e n c e  in p H  at  lm a n d  1 3 m  
i s  t o o  s m a l l  t o  a c c o u n t  f o r  t h e  d e c r e a s e  in F 2  a n d  a s u b s e q u e n t  
i n c r e a s e  in F7. A s  Ni is  n o t  r e d o x  s e n s i t i v e  n o  s h i f t  in F 4 ,  F 5  
a n d  F 6  is o b s e r v e d .

WC: A g a i n  t h e  d i f f e r e n c e  b e t w e e n  lm a n d  1 3 m  i s  o v e r s h a d o w e d  b y
t h e  c e n t r i f u g e - f r a c t i o n s  " c o a r s e "  a n d  " f i n e " .  F 6  i s  m u c h  g r e a t e r  
f o r  t h e  c o a r s e  p a r t  t h a n  f o r  t h e  f i n e  p a r t  a n d  a c c o u n t s  f o r  1 0 -  
257. of N i t .  E I S M A  s t a t e s  ( 1 9 B 6 )  t h a t  o r g a n o - m i n e r a l  f l o e s  a r e  
m o s t l y  p r e s e n t  in t h e  s i l t / f i n e - s a n d  f r a c t i o n  w h i c h  m i g h t  e x p l a i n  
t h e  d i f f e r e n c e .  It d o e s  n o t  e x p l a i n  w h y  n o  Ni i s  f o u n d  in F 6  in 
H R  s a m p l e s .  T o t a l  n i c k e l  is l e s s  t h a n  f o r  WR. T h i s  is c o u p l e d  
w i t h  a s m a l l e r  F 1 - 3  a n d  a g r e a t e r  F 7 .  W h e n  Ni is b r o u g h t  i n t o  t h e  
w a t e r s y s t e m  b y  s e w a g e  m o s t  Ni w i l l  b e  b o u n d  b y  all s o r t s  of 
u n s t a b l e  f r a c t i o n s .
A n o t h e r  r e a s o n  f o r  t h e  a m o u n t  of Ni in F 6  is t h e  n e x t :
A f t e r  w e t  s t o r a g e  of t h e  s a m p l e s  f o r  s o m e  w e e k s  in t h e  
r e f r i g e r a t o r  t h e  c o a r s e  s a m p l e s  s h o w e d  b l a c k  s p o t s  a n d  • - d o m a i n s  
i n d i c a t i n g  t h e  p r e s e n c e  of F e - s u l p h i d e s .  T h e s e  w e r e  n o t  p r e s e n t  
in t h e  o r i g i n a l  s a m p l e .  A p p a r e n t l y  c o l d  s t o r a g e  c o u l d  n o t  p r e v e n t  
b a c t e r i a l  a c t i v i t y .  T h e  s a m e  f e a t u r e  i s  f o u n d  f o r  a l l  o t h e r  
m e t a l s  (Mn, F e ,  P b ,  Zn, C u ,  C r ) .  T h i s  c l e a r l y  r e v e a l s  t h e  
i m p o r t a n c e  of s u l p h i d e s  a s  a s i n k  f o r  t r a c e  m e t a l s .  N o  b l a c k  
p a r t s  w e r e  p r e s e n t  in t h e  f i n e  s a m p l e s .  T h e  d i s t r i b u t i o n  f o r  t h e  
f i n e  s a m p l e s  i s  e s s e n t i a l l y  t h e  s a m e  a s  f o r  t h e  c o a r s e  o n e s  s a v e  
f o r  t h e  a b s e n c e  of F6. U p o n  r e d u c t i o n  Ni is r e l e a s e d  f r o m  o x i d e s  
as s h o w n  b y  t h e  p r e s e n c e  of FI in t h e  c o a r s e  s a m p l e s .
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Bo: T h e  d i s a p p e a r a n c e  of F 5  in G s u (i ) is  p u z z l i n g .  U p o n  r e d u c t i o n  
of F e -  a n d  M n - o x y h y d r o x  i d e s  o o s t  n i c k e l  w i l l  b e  b o u n d  b y  
s u l p h i d e s .  T h i s  c a n n o t  e x p l a i n  t h e  a b s e n c e  of F 5  a s  a b i g  p a r t  of 
F 4 in G s u (i ) a n d  G s u (i i ) w i l l  c o n s i  st of F e - o x y h y d r o x i d e s  a n d  n o t  
of M n - o x y h y d r  ox i d e s  ( s e e  m a n g a n e s e ) .  T h e  i n v e r s e  r e l a t i o n  b e t w e e n  
N i 7 a n d  N i t  is t o o  v a g u e  t o  b e  s i g n i f i c a n t .

s a m p l e  Ni t Ni 7

G o  8 2  3 4 . 8  X
G s u  5 5  5 3 . 9

F o r  t h e  r e m a i n d e r  n o  d r a m a t i c  c h a n g e s  o c c u r r e d .  A s  n i c k e l  h a s  
o n l y  o n e  v a l e n c y  s t a t e  it m o s t l y  b e h a v e s  p a s s i v e l y  w i t h  F e  a n d  
M n ,  a s  s h o w n  b y  t h e  d e c r e a s e  in b o t h  F 4  a n d  F5. P a r t  of t h e  Ni 
w i l l  p r e c i p i t a t e  w i t h  s u l p h i d e s ,  p a r t  w i l l  d i f f u s e  t o w a r d s  t h e  
G o - h o r i z o n .

H R - S o :  T h e r e  i s  a s h i f t  in  t h e  d i s t r i b u t i o n  of Ni u p o n
d e p o s i t i o n .  U p o n  s e d i m e n t a t i o n  Ni m o v e s  f r o m  e x c h a n g e  s i t e s  a n d  
c a r b o n a t e s  t o  s u l p h i d e s  a n d  F e - M n - o x y h y d r o x i d e s .  T h i s  w i l l  b e  
c a u s e d  b y  d i a g e n e t i c  r e a c t i o n s  l i k e  d e c o m p o s i t i o n  of o r g a n i c  
t a t t e r ,  s u l p h a t e  r e d u c t i o n  a n d  a s u b s e q u e n t  r e l e a s e  of C 0 2 . 
C h a n g i n g  r e d o x  c o n d i t i o n s  i n d i r e c t l y  i n f l u e n c e  t h e  d i s t r i b u t i o n  
of Ni. T h i s  s h o w s  t h e  i m p o r t a n c e  of a t h o u r o u g h  u n d e r s t a n d i n g  of 
t h e  b e h a v i o u r  of F e  a n d  M n  a s  Ni i t s e l f  i s  n o t  a f f e c t e d  b y  r e d o x  
r e a c t i o n s .  T h e  r e l e a s e  of Ni f r o m  e x c h a n g e  s i t e s  d o w n  t h e  s o i l -  
p r o f i l e  m a y  b e  c a u s e d  b y  a n  i n c r e a s e  of c o m p e t i n g  i o n s  a s  Mg a n d  
C a  a s  t h e  t o t a l  e l e c t r o l y t e  c o n c e n t r a t i o n  i n c r e a s e s  in t h e  s o i l  
p r o f i l e .

2 . 4  C h r o g n u m

T h e  p e r c e n t a l  d i s t r i b u t i o n s  a r e  in t a b l e  2 a n d  f i g u r e  2 . B

NR: T h e r e  i s  a r e v e r s e  r e l a t i o n s h i p  f o r  C r 7  a n d  C r *  ( s e e  f i g u r e
2 . 9 ) .  H o w e v e r  t h e r e  i s  m u c h  s c a t t e r .  F 5  a n d  F 7  c o n s t i t u t e  t h e  
m a i n  p a r t  of C r * .  F 4  a n d  F 6  a r e  p r e s e n t  in  s m a l l e r  a m o u n t s .  F l - 3  
p l a y  a n  i n f e r i o r  r o l e .  T h e  s a m p l e s  f r o m  1m h a v e  m o r e  Cr in F 5  
t h a n  t h e  s a m p l e s  f r o m  1 3m. T h e  r e s u l t s  c o i n c i d e  w i t h  l i t e r a t u r e  
v a l u e s  f o r  s e l e c t i v e  e x t r a c t i o n  p r o c e d u r e s  ( s e e  l a t e r ) .  T o t a l  C r - 
c o n c e n t r a t i o n s  a r e  t w o  t o  s i x  t i m e s  t h e  v a l u e s  r e p o r t e d  f o r  
a v e r a g e  r i v e r  s u s p e n d e d  m a t t e r  ( M A R T I N  lí M E Y B E C K ,  1 9 7 9 ) .  S a m p l e s  
f r o m  lm c o n t a i n s l i g h t l y  m o r e  C r *  t h a n  s a m p l e s  f r o m  13m.
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F i g u r e  2 . 8  P e r c e n t a l  d i s t r i b u t i o n  o f  c h r o m i u m  o r  W R  a n d  W C  
s a m p l e s

WC: T h e  c o a r s e  s a m p l e s  h a v e  m o r e  Cr  in F 6  t h a n  t h e  f i n e  s a m p l e s .  
F 5  a n d  F 7  a r e  g r e a t e s t .  F 4  i s  s m a l l .  F I - 3  a r e  a b s e n t .  F o r  t h e  
f i n e  s a m p l e s  t h e r e  i s  a d i f f e r e n c e  b e t w e e n  l m -  a n d  1 3 - s a m p l e s .  
S a m p l e s  f r o m  lm h a v e  n o  Cr in F6 . F 5  a n d  F 7  a r e  g r e a t e s t ,  F 4  i s  
s m a l l .  V e r y  l i t t l e  Cr i s  p r e s e n t  in F3. T h e  d i s t r i b u t i o n s  Df W R  
a n d  W C  a r e  e s s e n t i a l l y  t h e  s a m e  a l t h o u g h  W C  s a m p l e s  c o n t a i n  t w i c e  
a s  m u c h  t o t a l  Cr a s  W R  s a m p l e s .

So: T o t a l  C r - c o n c e n t r a t i o n s  d e c r e a s e  d o w n w a r d s  in  t h e  soi 1 -
p r o f i l e .  Gr  h a v e  C r - c o n c e n t r a t i o n s  w h i c h  a r e  b a c k g r o u n d  f o r  s a n d y  
s e d i m e n t s  ( W E D E P O H L , 1 9 7 8 ) .  O n  an  a v e r a g e  G s u i i )  c o n t a i n s  s l i g h t l y  
m o r e  Cr t h a n  G o ,  v i z .  2 0  p p m .  T h e  d i s t r i b u t i o n  is  e s s e n t i a l l y  t h e  
s a m e  in Gd , G s u  i i ) a n d  G s u ( i i ) .  F 7  is g r e a t e s t  f o l l o w e d  b y  F5. F t  
is  c l e a r l y  p r e s e n t .  F 4  is s m a l l ,  F 1 - 3  a r e  p r a c t i c a l l y  a b s e n t .  T h e  
i n v e r s e  r e l a t i o n s h i p  f o r  C r 7  a n d  C r t is o n l y  v a g u e ,  s e e  t a b l e .

s a m p l e C r t C r 7

W R ,W C : 2 0 0 - 2 5 0 p p m 2 1 9 7 1 . 0
2 5 0 - 3 0 0 p p m 2 7 t 5 8 . 5
3 0 0 - 5 0 0 p p m 4 1 6 5 6 . 1

S o  : 2 0 0 - 3 0 0 p p m 2 5 B 5 7 . 7
1 0 0 - 2 0 0 p p m 1 8 0 6 4 . 2

T o t a l  C r - c o n c e n t r a t i o n s  a r e  t w i c e  t o  f o u r  t i m e s  b a c k g r o u n d  f o r  
f r e s h  s e d i m e n t s  ( W E D E P O H L , 1 9 7 8 ) .
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F i g u r e  2 . 8  P e r f o r  S o  s a m p l e s
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F i g u r e  2 . 9  S c a t t e r g r a m  of C r 7  - C r t , y - a x i 5  i n  p e r c e n t  of t o t a l  
s e t a l  c o n t e n t ,  x - a x i s  in p p a
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2 ¿ 4 a  D i s c u s s i o n

WR: Cr is m a i n l y  p r e s e n t  in t h e  r e s i d u a l  - f ra c t i o n  a n d  F 5 .  T h i s  is 
a f r e q u e n t l y  r e p o r t e d  d i s t r i b u t i o n  f o r  Cr ( e . g  R E U T H E R  et 
al. , 1 9 8 3 ;  H D N G  íe F O E R S T N E R ,  1 9 8 3 ) .  A s  o n l y  l i t t l e  C r  i s  f o u n d  in 
l e s s  s t a b l e  f r a c t i o n s  m o s t  Cr w i l l  b e  p r e s e n t  a s  C r ( i i i )  w h i c h  is 
v e r y  i n s o l u b l e .  C r ( i i i )  is e a s i l y  s c a v e n g e d  b y  F e - o x y h y d r o x  i d e s  
or is p r e c i p i t a t e d  a s  C r ( O H ) * .  T h i s  c o m p o u n d  is n o t  l e a c h e d  by 
s t e p s  4 a n d  - 5  a s  C r ( i i )  is  a l s o  i n s o l u b l e .  B e s i d e s  C r ( O H ) 2 
d i s s o c i a t e s  b e c a u s e  it is u n s t a b l e .  Cr h a s  a h i g h  a f f i n i t y  for 
F e - D x y h y d r o x i d e s  b u t  is sei d o n  f o u n d  t o g e t h e r  w i t h  Mn. Its  
c o n c e n t r a t i o n  in M r i - n o d u l e s  is  l o w  c o m p a r e d  t o  t h e  c o n c e n t r a t i o n s  
f o r  t h e  o t h e r  t r a n s i t i o n  e l e m e n t s ,  e . g  Co, Ni ( C R O N A N , 1 9 7 6 ) .  Mn 
a n d  C r  b e h a v e  d i f f e r e n t l y  a s  M n ( i i )  - M n  in  i t s  r e d u c e d  f o r m -  is  
s o l u b l e  w h e r e a s  M n ( i v )  i s  n o t  a n d  C r ( i i i )  - C r  i n  i t s  r e d u c e d  
f o r m -  i s  i n s o l u b l e  a n d  C r ( v i )  i s  s o l u b l e  ( M U R R A Y  et a l . , 1 9 B 3 ) .
Cr i s n o t  k n o w n  t o  f o r m  i n s o l u b l e  s u l p h i d e s .  O n  t h e  o t h e r  h a n d  Cr 
f o r m s  s t a b l e  c o m p l e x e s  w i t h  o r g a n i c  m a t t e r  ( K E R N D D R F F  & 
S C H N I T Z E R , 1 9 8 3 ;  D O U B L A S  e t  a l . , 1 9 8 6 ) .  S o  Cr  i n F 6  i s  r e a d i l y  
e x p l a i n e d  b y  i t s  a s s o c i a t i o n  w i t h  o r g a n i c  m a t t e r .  R E U T H E R  e t  al. 
( 1 9 8 3 )  a n d  H O N G  it F O E R S T N E R  ( 1 9 8 3 )  o b s e r v e d  u p  t o  2 0  % of C r *  in 
F6.
T h e  i o n i c  r a d i u s  of C r ( i i i )  a l l o w s  p a r t i a l  i n c o r p o r a t i o n  in 
c a r b o n a t e s  b u t  n o t  m u c h  b e c a u s e  of i t s  t r i v a l e n t  s t a t e  ( C r ( i i i ) =  
0 . 6 3  Ô). C r ( v i )  w i l l  n o t  i n c o r p o r a t e  ( C r ( v i ) =  0 . 5 2  Ô ) . T h e  h i g h  
a m o u n t  of t o t a l  Cr p o i n t s  t o  p o l l u t i o n ,  s e e  a l s o  WC.

WC: A g a i n > F 6  i s  v e r y  g r e a t .  A s  Cr d o e s  n o t  e a s i l y  f o r m  i n s o l u b l e
s u l p h i d e s  m o s t  of t h e  Cr p r e s e n t  in t h i s  f r a c t i o n  i s  t h o u g h t  to, 
b e  b o u n d  b y  o r g a n i c  m a t t e r  p r o d u c e d  b y  b a c t e r i a l / a l  gal a c t i v i t y .
P a r t  of it w i l l  b e  i n c o r p o r a t e d  in F e - s u l p h i d e s .  F o r  t h e
r e m a i n d e r  t h e  d i s t r i b u t i o n  i s  e s s e n t i a l l y  t h e  s a m e  a s  WR . T h e  
f i n e  s a m p l e s  c o n t a i n  s o m e  Cr in F 3  w h i c h  m i g h t  b e  a s s o c i a t e d  w i t h  
c a r b o n a t e s  o r  a m o r p h o u s  F e - M n - D x y h y d r o x i d e s  d u e  t o  l a c k  of 
s e l e c t i v i t y  ( T E S S I E R  et a l . , 1 9 7 9 ) .  T h e  a b s e n c e  of  F 6  in t h e  1 « -  
s a m p l e s  is s t r i k i n g .  A s  y e t  n o  e x p l a n a t i o n  i s  f o u n d .  S o m e  C r  w a s  
f o u n d  in F 6  b u t  a s  t h e  a m o u n t  w a s  l e s s  t h a n  f i v e  t i m e s  t h e  
b a c k g r o u n d  s i g n a l  t h e  r e s u l t s  w e r e  c o n s i d e r e d  u n r e l i a b l e  a n d  
a s s i g n e d  D . L ,  t h i s  i s  b e l o w  d e t e c t i o n  l i m i t .

So: T h e  d i s t r i b u t i o n  of Cr  r e m a i n s  u n a f f e c t e d  t h r o u g h o u t  t h e
soi 1 - p r o f  i le, a l s o  w h e n  S - s a m p l e s  a r e  c o n s i d e r e d  ( q u a l i t a t i v e l y ) .  
Cr w a s  a l r e a d y  p r e s e n t  as  C r ( i i i )  s d  r e d u c t i o n  p r o c e s s e s  d i d  n o t  
a f f e c t  t h e  d i s t r i b u t i o n  of Cr. M o r e o v e r  C r  i s  a s s o c i a t e d  w i t h  
r e l a t i v e l y  s t a b l e  c o m p o u n d s  w i t h  r e g a r d  t o  r e d o x - p r o c e s s e s .  
G s u (i ) c o n t a i n s  s l i g h t l y  m o r e  C r *  t h a n  Go. A s  t h e  r e s u l t s  of WR 
s h o w  t h a t  p o l l u t i o n  h a s  n o t  y e t  c o m e  t D  an e n d  t w o  e x p l a n a t i o n s  
r e m a i n .  F i r s t  t h e  d i f f e r e n c e  i s  p r o b a b l y  n o t  s i g n i f i c a n t .  S e c o n d ,  
m a y b e  C r ( v i )  d i f f u s e d  t o w a r d s  G s u (i ) a n d  w a s  p r e c i p i t a t e d  or 
a d s o r b e d  u p o n  r e d u c t i o n  t o  C r ( i i i ) .  N o t e  t h e  c o n t r a s t  w i t h  M n -  
di s t r i b u t i  Dn ( s e e  a l s o  M U R R A Y  et  a l . , 1 9 B 3 ) .

W R - S o :  T h e  d i s t r i b u t i o n  of Cr  a p p e a r s  t D  b e  u n a f f e c t e d  by
d e p o s i t i o n  a n d  s u b s e q u e n t  c h a n g e  in p h y s i c o c h e m i c a l  c o n d i t i o n s .  
W h e n  Cr is a d d e d  t o  t h e  e n v i r o n m e n t  o n l y  p a r t  of it w i l l  e n t e r
u n s t a b l e  c o m p o u n d s  l i k e  F 3 - 6  d e p e n d i n g  m a i n l y  u p o n  E h  ( C r ( i i i ) -  
C r ( v i ) ) .  B e c a u s e  of i t s  i m m o b i l i t y  in r e d u c i n g  s y s t e m s  (cf.
U (i v ) - U (v i ) a n d  V) C r ( i i i )  w i 11 b e  p r e s e n t  a s  C r ( O H ) » a n d  b e  
a d s o r b e d  o n t o  F e - o x y h y d r o x i d e s .
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2 ¿ 5  L e a d  
*

T h e  r e s u l t a  of l e a d  «tust b e  r e g a r d e d  K i t h  c a u t i o n  a s  1 e a d  is
h i g h l y  u n r e l i a b l e  on b o t h  1 C P  a n d  A A S  a n d  h a s  a v e r y  h i g h  
d e t e c t i o n  l i a i t .  T h e  p e r c e n t a l  d i s t r i b u t i o n s  a r e  in  t a b l e  2  a n d  
f i g u r e  2 . 1 0 .

WR: T h e r e  is  h a r d l y a n y  d i f f e r e n c e  b e t w e e n  l a -  a n d  1 3 n - s a a p l e s .
F 4  is l i t t l e  g r e a t e r  at la. T h e r e  is a r e m a r k a b l e  a m o u n t  of P b  in 
F 7 ,  a c c o u n t i n g  f o r  s o a e  6 0 - 7 0 2  of P b * .  T h i s  d o e s  n o t  c o i n c i d e  
w i t h  m o s t  l i t e r a t u r e  v a l u e s  f o r  l e a d - d i s t r i b u t i o n  ( S A L O M O N S  &
F O E R S T N E R , 1 9 8 4 ;  R E U T H E R  et a l . , 1 9 8 3 ;  H O N G  & F O E R S T N E R , 1 9 B 3 ) . T h e  
i n v e r s e  r e l a t i o n  b e t w e e n  P b 7  a n d  P b *  i s  v a g u e  ( s e e  f i g u r e ( 2 . 1 1 ) ) .  
F 4  a n d  F 5  a r e  a b o u t  e q u a l  a c c o u n t i n g  f o r  B - 1 B 2  of P b *  e a c h .  F 6  
a m o u n t s  t o  4 - 7 %  of P b * , F 1 — 3 a r e  n e g l i g i b l e .  T o t a l  l e a d  i s  h i g h e r  
t h a n  a v e r a g e  b a c k g r o u n d  v a l u e s  f o r  r i v e r s  ( M A R T I N  & M E Y B E C K , 1 9 7 9 )  
a l t h o u g h  c o n s i d e r a b l e  s c a t t e r  e x i s t s  a m o n g  t h e s e  v a l u e s .  T o t a l  Pb 
is c o m p a r a b l e  w i t h  o t h e r  p o l l u t e d  w a t e r  s y s t e m s  l i k e  t h e  G a r o n n e  
a n d  t h e  E l b e .

2a 3o 5ole 2c lb 2bPbPb
313 257 246 296407 500380 W CWR

_:1

i m . U i i

13m. lm. 13m.13m.13m. lm. lm.

F i g u r e  2 . 1 0  P e r c e n t a a l  d i s t r i b u t i o n  of  l e a d  or W R  a n d  W C  s a m p l e s

WC: T h e  d i f f e r e n c e  w i t h  W R  is  s t r i k i n g .  F 7  is m u c h  s m a l l e r .  F 6  is 
g r e a t  f o r  t h e  c o a r s e  f r a c t i o n  a s  w a s  s e e n  f o r  t h e  o t h e r  m e t a l s .  
F 4 - 6  a r e  a b o u t  e q u a l . F 3  is  s m a l l e r  c o n t a i n i n g  3 - 1 2 2  P b * .  FI a n d  
F 2  a r e  a b s e n t .  T o t a l  l e a d  is  a b o v e  t h e  a v e r a g e  b a c k g r o u n d  v a l u e  
f o r  r i v e r s  ( M A R T I N  & M E Y B E C K , 1 9 7 9 ) .
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So: C o m p a r i  s o n  b e t w e e n  f o u r f o l d s  a n d  d u p l i  i 5 g o o d .  T h e r e  is a
v e r y  p r o n o u n c e d  c h a n g e  in 1 e a d - d i s t r i  b u t  i on  t h r o u g h o u t  t h e  soi 1 - 
p r o í i le.
Go: M o s t  1 e a d  i s  p r e s e n t  in F 7  a n f  F5 , a c c o u n t i n g  T o r  25-307. of 
P b *  e a c h ,  f o l l o w e d  b y  F 4 ( 2 0 7 ) .  F 3  is s m a l l ,  3 - 4 %  of P b « « FI a n d  
F 2  a r e  a b s e n t .  T o t a l  P b  c o n t e n t  i s  a b o v e  b a c k g r o u n d  v a l u e s  f o r  
s e d i m e n t s  ( W E D E P O H L , 1 9 7 B ) .
G s u ( i ) :  A v e r y  p r o n o u n c e d  s h i f t  i s  o b s e r v e d .  T h e r e  is  a d r a m a t i c
i n c r e a s e  in F 3  at t h e  c o s t  of F 5  arid F6. F 7  i s  s o m e w h a t  s m a l l e r .
FI a n d  F 2  a r e  a b s e n t .
G s u (i i ): F 3  i s  g r e a t e r  t h a n  G s u (i ), s o  i s  F4. F 5  d e c r e a s e s ,  F 6
h a s  d i s a p p e a r e d !
Gr: T o t a l  l e a d  is c o n s i s t e n t  w i t h  b a c k g r o u n d  v a l u e s  f o r  s a n d y
s e d i m e n t s  ( W E D E P O H L , 1 9 7 8 ) .  M o s t  l e a d  is p r e s e n t  in F7. T h i s  i s
c o n s i s t e n t  w i t h  t h e  r e v e r s e  r e l a t i o n  b e t w e e n  P b 7  a n d  P b *  a n d
v a r i o u s  l i t e r a t u r e  v a l u e s  ( e . g  T E S S I E R  et  a l . , 1 9 7 9 )

Gsul
50-60 B50-6020-40

F i g u r e  2 . 1 0  P e r c e n t a l  d i s t r i b u t i o n  of l e a d  f o r  S o  s a m p l e s
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F i g u r e  2 . 1 1  S c a t t e r g r a «  of P b 7  - P b t| y - a x i s  in p e r c e n t  of t o t a l  
a e t a l  c o n t e n t ,  x - a x i s  in p p m

2 ¿ 5 a  D i s c u s s i o n

HR: T h e  g r e a t  a m o u n t  of P b  in F 7  i s  s t r i k i n g  w h e n  t o t a l  l e a d
c o n t e n t  i s  j ; o n s i d e r e d .  S A L O M O N S  & F O E R S T N E R  ( 1 9 8 4 )  e x p l a i n  t h a t  
d r y  f a l l  o u t  of a t m o s p h e r i c  l e a d  is  a a i n l y  a s s o c i a t e d  w i t h  F 7  a s  
it c o n s i s t s  of ( r e l a t i v e l y  i n e r t )  l e a d - o x i d e s  a n d  - s u l p h a t e s .  
H o w e v e r  u p o n  w e t  f a l l o u t  a o s t  l e a d  is t h o u g h t  t o  b e  b o u n d  b y  
u n s t a b l e  c o m p o u n d s  l i k e  F 2 ,  F 3 ,  F 4  a n d  F6.
T h e  r e m a i n d e r  i s  a d s o r b e d  o n t o  F e - M n - o x y h y d r o x i d e s  a n d  a s m a l l  
p a r t  is  p r e s e n t  a s  s u l p h i d e s  or s t a b l e  o r g a n o - l e a d  c o a p l e x  es 
( K E R N D D R F F  & S C H N I T Z E R , 1 9 8 0 ) .
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WC: T h e  a m o u n t  of l e a d  i n F 6 w a s  d i s c u s s e d  w i t h  n i c k e l .  M o s t  l e a d  
w i l l  b e  p r e s e n t  a s  s u l p h i d e s  or C D p r e c i  pi t a t e d  w i t h  e i t h e r  
a m o r p h o u s  F e - s u l p h i  d e  or m a c k i n a w i t e .  T h e r e  i s  a n  i n c r e a s e  in a l 1 
t h e  o t h e r  f r a c t i o n s  at t h e  c o s t  of F7. It i s  p o s s i b l e t h a t  
b e c a u s e  of t h e  c h a n g i n g  r e d o x - c o n d i  ti o n s  p a r t  of F 7  w a s  a t t a c k e d .  
A s  w i t h  Pb in F 3  a o s t  l e a d  is p r e s e n t  a s  F'b(ii) b e c a u s e  of t h e  
p r e s e n t  Eh. W h e t h e r  l e a d  w i l l  i n c o r p o r a t e  in C a - c a r b o n a t e  or 
f o r m s  c a r b o n a t e s  of i t s  o w n  ( e . g  P b C 0 3 , c e r r u s i  te) i s  n o t  k n o w n .  
P b ( i i )  h a s  a g r e a t  i oni c r a d i u s  ( 1 . 2 0  Ô) w h i  ch m a y  i n h i b i t  
i n c o r p o r a t i o n  in C a - c a r b o n a t e .

So : T w o  p r o c e s s e s  a f f e c t  t h e  c h a n g e  in l e a d  d i s t r i b u t i o n  f r o m  Bo
t o  6 s u ( i ). F i r s t  M n  i s  b e l i e v e d  t o  b e  r e m o v e d  f r o m  F 4  w i t h  as a 
r e s u l t  r e l e a s e  of a d s o r b e d  Pb . M o s t  l e a d  w i l l  t h e n  b e  b o u n d  b y  
s u l p h i d e s .  P r o b a b l y  t h e  b i g g e r  p a r t  c o m e s  f r o m  s u l p h i d e s  w h i c h  
w e r e  o x i d i z e d  d u r i n g  s t o r a g e  a n d  a r e  n o w  p r e s e n t  in c a r b o n a t e s .  
P r e c i p i t a t i o n  a s  h y d r o u s  i n s o l u b l e  l e a d - c a r b o n a t e  i s  p o s s i b l e  
( P b C O s . n H 2 0 )
In G s u ( i i )  F 6  h a s  c o m p l e t e l y  d i s a p p e a r e d .  P b  is m a i n l y  p r e s e n t  in 
F 3 - 5 , t h i s  m e a n s  a d s o r b e d  o n t o  F e - h y d r o x i d e s  a n d  b o u n d  b y  
c a r b o n a t e s .

Zi.k G 9 E £ § C
T h e  p e r c e n t a l  d i s t r i b u t i o n  i s  in t a b l e  2 a n d  f i g u r e  2 . 1 2 .  F i g u r e  
2 . 1 3  is  a s c a t t e r g r a m  s h o w i n g  t h e  r e l a t i o n  b e t w e e n  C u 7  a n d  C u « .

WR: N o  d i f f e r e n c e  b e t w e e n  lm a n d  1 3 m  is o b s e r v e d .  M o s t  C u  is
p r e s e n t  in F 6  a n d  F7. F 4  f o l l o w s  w i t h  157. of C u * ,  F 5  c o n t r i b u t e s  
a n o t h e r  10 £. C o m p a r e d  w i t h  t h e  o t h e r  e l e m e n t s  s a v e  M n F 1 - 3  a r e  
b i g ,  e s p e c i a l l y  F I .  T o t a l  C u  is a b o v e  a v e r a g e  f o r  r i v e r s  ( M A R T I N  
& M E Y B E C K ,  1 9 7 9 )  .-

WC: A g a i n  F 6  i s  v e r y  b i g  in t h e  c o a r s e  s a m p l e s .  F 5  a n d  F 7  a r e
a b o u t  e q u a l  in t h e  c o a r s e  s a m p l e s .  F o r  t h e s e  s a m p l e s  F I - 3  a r e  
n e g l i g i b l e .  In t h e  f i n e  s a m p l e s  C u  is  e q u a l l y  d i s t r i b u t e d  o v e r  
F4 ,  F 5  a n d  F7. F 6  is s m a l l ,  F l - 3  a r e  b i g g e r  t h a n  f o r  t h e  c o a r s e  
s a m p l e s .  H o w e v e r  c o m p a r i s o n  b e t w e e n  d u p l i  is  p o o r .  T h e r e  is m u c h  
s c a t t e r .  T o t a l  C u  is t w i c e  b a c k g r o u n d  f o r  r i v e r s  ( M A R T I N  Sí 
M E Y B E C K , 1 9 7 9 ) .
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F i g u r e  2 . 1 2  P e r c e n t a l  d i s t r i b u t i o n  o f  c o p p e r  f o r  W R  a n d  W C  
s a n p l e s

oo
CDzr

COPPER

40
.0

0

— e B

□  WR
o w e

* S 0

RES
IDU

AL 
COP

PER
 

24.
00 

32
.0

0 A

A

A * 

A
A

A ***
ê

0 e

B
B

B

e
Be

B

0

OO
CDV“«

e
Oo
CO 1 1 1 i i

0.00 5.00 10.00
T0TRL

15.00
COPPER

20.00 25.00 
( K 10 1 )

F i g u r e  2 . 1 3  S c a t t e r  g r a n  of C u 7  - C u t , y - a x i  s in p e r c e n t  of t o t a l  
n e t a l  c o n t e n t ,  x - a x i s  in p p n
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S: M u c h  c o p p e r  is f o u n d  in F 6 in G s u (i ) a n d  G s u  ( i i ).

So: T h e  d i s t r i b u t i o n  i s  e s s e n t i a l l y  t h e  s a n e  f o r  a l l  h o r i z o n s .  F 6  
h a s  c o m p l e t e l y  d i s a p p e a r e d !  C u  is k n o w n  b o t h  f o r  i t s  i n s o l u b l e  
s u l p h i d e s  a n d  f o r  i t s  h i g h  a f f i n i t y  w i t h  o r g a n i c  m a t t e r  ( v i d e  
i n f r a ) . M o s t  C u  is p r e s e n t  in F5. V a r i o u s  i n v e s t i  g a t o r s  f i n d  m u c h  
C u  in F 5  ( T E S S I E R  e t  al. , 1 9 8 2 ;  H O N G  !< F D E R S T N E R ,  1 9 B 3  a n d  « a n y  
o t h e r s ) . F 5  a c c o u n t s  f o r  4 0 - 5 0 X  of C u « . F 7 , F 4  a n d  F 3  « a k e  up  t h e  
r e s t , r e s p ,  2 5 X , 207. a n d  157. of C u « . F 2  is p r e s e n t  i n  G s u  ( i ) f o r  
2%. FI is  a b s e n t .  B s u ( i )  c o n t a i n s  s l i g h t l y  m o r e  c o p p e r  t h a n  Go. 
C o p p e r  in G o - G s u ( i i )  a r e  a b o v e  a v e r a g e  f o r  s e d i m e n t s ,  Gr is 
c o n s i s t e n t  w i t h  b a c k g r o u n d  v a l u e s  f o r  s a n d y  s e d i m e n t s  
( W E D E P D H L , 1 9 7 8 ) .  It a p p e a r s  t h a t  t h e  s u s p e n d e d  m a t t e r  i s  m o r e  
p o l l u t e d  w i t h  c o p p e r  t h a n  t h e  s e d i m e n t .  T h e  d i f f e r e n c e  in S a n d  
S o  s h o w s  t h e  i m p o r t a n c e  of c a r e f u l  s a m p l e  t r e a t m e n t .  T h e  s a m e  w a s  
o b s e r v e d  f o r  P b ,  F e  a n d  Zn ( v i d e  i n f r a ) .

Gsul
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F i g u r e  2 . 1 2  P e r c e n t a l  di s t r i  b u t i  Dn of c o p p e r  or S o  s a m p l e s
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2 ¿ 6 a  D i s ç u 5 5 i on

WR: N o  d i f f e r e n c e  b e t w e e n  1» a n d  1 3 ®  w a s  o b s e r v e d  i n  c o n t r a s t
w i t h  e . g  M n  a n d  Fe. C u  is ®ai ni y p r e s e n t  in F 6 w h i c h  ® e a n s
s u l p h i d i c  c o p p e r  a n d  o r g a n i c a l l y  b o u n d  c o p p e r .  A s  t h e  E h  i s  t o o  
h i g h  f o r  s u l p h a t e - r e d u c t i Dn m o s t  C u  is p r e s e n t  a s  o r g a n o - m e t a l
c o m p l e x e s .  S o m e  s u l p h a t e - r e d u c t i on  s i g h t  o c c u r  in p a r t i a l l y  
r e d u c e d  s u s p e n d e d  B a t t e r  n o d u l e s  or - f l o e s .  C u  is w e l l  k n o w n  to 
f o r m  b o t h  s o l u b l e  a n d  s t a b l e  i n s o l u b l e  o r g a n o - c o p p e r  c o m p l e x e s
( K E R N D O R F F  lí S C H N I T Z E R ,  1 9 8 0 ;  D A V I S  i< L E C K I E , 1 9 7 B ;  D A V I S ,  1 9 B 4 ;  
S O H N  lí H U G H E S , 1 9 8 1  a n d  o t h e r s ) .  M u c h  c o p p e r  is l o o s e l y  b o u n d  on 
e x c h a n g e  s i t e s ,  c a r b o n a t e s  or s o l u b l e  o r g a n i c  c o m p l e x e s  p o i n t i n g  
s t r o n g l y  t D  p o l l u t i o n .  T h e  d i s t r i b u t i o n  of c o p p e r  is  c o n s i s t e n t  
w i t h  l i t e r a t e r u r e  ( H O N G  If F O E R S T N E R , 1 9 B 3 ;  S A L O M O N S  lí
F O E R S T N E R , 1 9 8 4 ;  S C H U M A N N  e t  a l . , 1 9 8 1  a n d  m a n y  o t h e r s ) .

WC: F 6 c a n  b e  c o m p a r e d  w i t h  t h e  o t h e r  e l e m e n t s  ( s e e  n i c k e l ) .  P a r t
of t h e  c o p p e r  w i l l  b e  p r e s e n t  in  s u l p h i d i c  f o r m ,  p a r t  as
i n s o l u b l e  o r g a n o - c o p p e r  c o m p l e x e s .  P r o b a b l y  t h e  a m o u n t  of c o p p e r  
in F 6  k e e p s  F l - 3  l o w  w h i c h  i s  n o t  t h e  c a s e  f o r  t h e  f i n e  s a m p l e s .  
C o p p e r  s u l p h i d e  p r e c i p i t a t i o n  w i l l  d e t e r m i n e  t h e  s o l u b i l i t y  of 
c o p p e r .

S d : T h e  r e s u l t s  c l e a r l y  s h o w  t h e  e f f e c t  of o x i d a t i o n .  F 6  h a s
; c o m p l e t e l y  d i s a p p e a r e d  u p o n  o x i d a t i o n .  A s  c o p p e r  is  b e l i e v e d  t o
f b e  p a r t i a l l y  b o u n d  b y  o r g a n i c  m a t t e r  t h i s  f r a c t i o n  m u s t  h a v e
It d e c o m p o s e d  d u r i n g  s t o r a g e .  H o w e v e r  f o r  al l o t h e r  e l e m e n t s  F 6  w a sf  f o u n d  s o  t h i s  r e m a i n s  a n  o p e n  q u e s t i o n .
Is F 7 ,  F 3 ,  F 4  a n d  e s p e c i a l l y  F 5  a r e  i m p o r t a n t .  T h e r e  is s o m e  c o p p e r

in F2. T h i s  d i s t r i b u t i o n  i s  c o n s i s t e n t  w i t h  l i t e r a t u r e  f o r  c o p p e r  
in o x i d i z i n g  s e d i m e n t s .  M o s t  c o p p e r  i s  a d s o r b e d  o n t o  F e - M n -
o x y h y d r o x i d e s .
In c o n t r a s t  w i t h  B - s a m p l e s  n o  c o p p e r  w a s  f o u n d  in FI. P r o b a b l y
all o r g a n i c  m a t t e r  w a s  d e c o m p o s e d  d u r i n g  s t o r a g e .  U p o n  o x i d a t i o n
C u - i o n 5  c a m e  i n t o  s o l u t i o n  of  w h i c h  p a r t  i s  b o u n d  o n  e x c h a n g e
s i t e s  a n d  p a r t  i s  b o u n d  b y  c a r b o n a t e s  o r  a d s o r b e d  o n t o  F e - M n -
o x y h y d r o x i d e s .  S o m e  d i f f u s i o n  of c o p p e r  t o w a r d s  G s u ( i )  m i g h t  h a v e
o c c u r r e d .  .It i s  s t r i k i n g  t h a t  t h e  s u s p e n d e d  m a t t e r  s a m p  1 es
c o n t a i n  m u c h  m o r e  c o p p e r  t h a n  t h e  s e d i m e n t  s a m p l e s .  It is
p o s s i b l e  t h a t  r e m o b i l i z a t i o n  f r o m  t h e  s e d i m e n t  h a s  o c c u r r e d  as

f o b s e r v e d  b y  v a r i o u s  i n v e s t i g a t o r s  ( e . g  F L E T C H E R  li H O L M E S , 1 9 8 3 ;
y W I N D O M  et  a l . , 1 9 8 3 ) .

T o t a l  c o p p e r  c o n c e n t r a t i o n s  a r e  t w o  t o  t h r e e  t i m e s  b a c k g r o u n d
w h i c h  i s  an i n d i c a t i o n  Df p o l l u t i o n ,  c o n s i d e r i n g  t h e  d i s t r i b u t i o n  
of Cu.
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l i i  U n t
T h e  p e r c e n t a l  d i s t r i b u t i o n  s a r e  i n t a b l e  2 a n d  f i g u r e  2 . 1 4 .

WR: S c a t t e r  is  t o o  g r e a t  t o  s h o w  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  
lm a n d  13m. T o t a l  z i n c  ( s e e  a l s o  W C )  i s  v e r y  h i g h ,  b e t w e e n  4 0 0 -  
1 1 0 0  p p m .  T h i s  i s  a u c h  « o r e  t h a n  t h e  v a l u e s  f o r  r i v e r s  as
o b t a i n e d  b y  M A R T I N  & M E Y B E C K  ( 1 9 7 9 ) .  T h e  c o n c e n t r a t i o n s  c a n  be 
c o m p a r e d  w i t h  t h e  h i g h l y  p o l l u t e d  G a r o n n e  r i v e r :  9 0 - 8 0 0  p p m .
V a l u e s  a r e  1 o w e r  t h a n  t h e  R o t t e r d a m  h a r b o u r  (up t o  3 0 0 0  p p m ) .  
M o s t  Zn is  p r e s e n t  in  F 4  (30-407.). F 3  a n d  F 7  a c c o u n t  f o r  s o a e  207. 
e a c h ,  f o l l o w e d  b y  F 5 ,  F 6  a n d  F 2 .  FI i s  a b s e n t .  H o s t  Zn  is 
t r a n s p o r t e d  in  u n s t a b l e  c o m p o u n d s  l i k e  F e - M n - o x y h y d r o x i d e s ,
c a r b o n a t e s  a n d  e x c h a n g e  s i t e s .

WC: A s  f o r  a l l  t h e  o t h e r  e l e m e n t s  F 6  i s  a u c h  g r e a t e r  f o r  t h e
c o a r s e  s a m p l e s .  T h e r e  a r e  s o m e  d i f f e r e n c e s  b e t w e e n  f i n e  a n d
c o a r s e  s a m p l e s .  In t h e  c o a r s e  s a m p l e s  F 5  a n d  F 6  a r e  g r e a t e s t  w i t h  
a s m a l l  F 2  a n d  F3. T h e  r e v e r s e  h o l d s  g o o d  f o r  t h e  f i n e  s a m p l e s .  
FI i s  a b s e n t .  T h e  r e s u l t s  b e a r  s i m i l a r i t y  t o  t h e  d i s t r i b u t i o n  of 
c o p p e r .  C o m p a r i s o n  of d u p l i  is a o d e r a t e .

Kkkil'K K Mr."iw' »H.T.-ÍF.V.1
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F i g u r e  2 . 1 4 a  P e r c e n t a l  di s t r i b u t i o n  of z i n c  f o r  W R  a n d  W C  s a m p l e s
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S: W h e n  g o i n g  f r o m  G o  t o  G s u ( i ) F 6 i n c r e a s e s  at  t h e  c o s t  of F 4 
a n d  F3.

horizon: Go GsUj GsUj Gr
I , i i i  : • i ' i ; i .1  i   •

depth in cm: 0 - 2 0  2 0 - 4 0  4 0 - 5 0  5 0 - 6 0
fraction:method : 100

( H F . H N 0 , ) residual
org. mat., sulfides V \ \

crystalline oxides 
(mod.reducible)

/ /amorphous oxides 
(easily reducible)

Hydrox. Amine. Cl

Na Ac metals bound to carbonate

exchangeable metals 
metals interstitial water

NH.OAc y?

55350600450 ppmtotal Zn:

F i g u r e  2 . 1 4 b  P e r c e n t a l  d i s t r i b u t i o n  of z i n c  f o r  S - s a « p l e s

Bo: T h e  d i s t r i b u t i o n  r e m a i n s  a l m o s t  c o n s t a n t  w i t h  d e p t h  in
c o n t r a s t  w i t h  t h e  o r i g i n a l  r e d u c e d  s a m p l e s  ( s e e  S). F r o m  6 d to 
G s u (i ) t h e r e  is  a s l i g h t  d e c r e a s e  of F 4  a n d  F 5  w i t h  a 
c o n c o m m i  t a n t  i n c r e a s e  in F3. Zn i s  e v e n l y  d i s t r i b u t e d  o v e r  F3, 
F 4 , F 5  a n d  F7. T h e  r e v e r s e  r e l a t i o n  b e t w e e n  Z n 7  a n d  Zn * is v e r y  
v a g u e  if n o t  a b s e n t  f o r  S o - s a m p l e s  ( s e e  f i g u r e  2 . 1 5 ) .  T h i s  is 
s h o w n  b y  G r . F 7  is  v e r y  s m a l l  f o r  s a m p l e s  w i t h  t o t a l  Zn oni y 
s l i g h t l y  a b o v e  b a c k g r o u n d  v a l u e s .  F 2  is v e r y  b i g .  T h e  
d i s t r i b u t i o n  l o o k s  m u c h  l i k e  t h e  o t h e r  h o r i z o n s .
T o t a l  Zn f o r  t h e  f i r s t  t h r e e  h o r i z o n s  is  m u c h  h i g h e r  t h a n  a v e r a g e  
( W E D E P O H L , 1 9 7 8 ) .
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0-20
Go Go Gsul Gsul Gsul Gsul Gsu2 Gsu2 Gr Gr
0-20 0-20 20-40 20-40 20-40 20-40 40-50 40-50 50-60 50-60
cm. cm. cm. cm. cm. cm. cm. cm. cm. cm.
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F i g u r e  2 . 1 4 a  P e r c e n t a l  d i s t r i b u t i o n  of z i n c  -for S o  s a m p l e s
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F i g u r e  2 . 1 5  S c a t t e r g r  a n  of Z n 7  - Z n t , y - a x i s  in p e r c e n t  of t o t a l  
« e t a ]  c o n t e n t ,  x - a x i s  in  p p m
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2iZ§ ßliEUilißQ
WR: M u c h  Zn i s l o o s e l y  b o u n d .  T o g e t h e r  w i t h  t h e  h i g h  t o t a l  m e t a l
c o n c e n t r a t i o n s  p o l l u t i o n  is l i k e l y .  Zn i s  k n o w n  f o r  i t s  
a d s o r p t i o n  o n t o  M n - o x y h y d r o x i d e s  a n d  c a r b o n a t e s  ( F O E R S T N E R  et 
a l . , 1 9 7 9  a n d  a n y  o t h e r s )  s o  t h e  d i s t r i b u t i o n  d o e s  n o t  c o n t r a d i c t  
1 i t e r a t u r e .

WC: U p o n  r e d u c t  i on of s u l p h a t e s  m u c h  z i n c  is i n c o r p o r a t e d  in
s u l p h i d e s  r e s u l t i n g  in an  i n c r e a s e  in F6. L i k e  C u  F 1 — 3 a r e  k e p t  
l o w .  F 5  is r a t h e r  b i g .  M o r e  Zn in F 4  w a s  e x p e c t e d .  N o  e x p l a n a t i o n  
f o r  t h i s  i s  f o u n d .

S - S o :  R e d u c t i o n  a f f e c t s  t h e  d i s t r i b u t i o n  of z i n c .  O x i d e s  a r e
r e d u c e d  a n d  m u c h  z i n c  i s  i n c o r p o r a t e d  in s u l p h i d e s .  W h e n  t h e  
sedi itent i s ; o x i d i z e d  o o s t  s u l p h i d e s  w e r e  o x i d i z e d  a g a i n  r e s u l t i n g  
in  a d s o r p t i o n  o n t o  F e - M n - o x y h y d r o x i d e s  a n d  ( c o ) p r e c i p i t a t i o n  in 
c a r b o n a t e s .  FI d i s a p p e a r s ,  c o s t  Zn a d s o r b e d  o n  F4. W h e n  t h e  
s u l p h i d e s  a r e  o x i d i z e d  Zn  c o m e s  in s o l u t i o n  s o  F 2  i n c r e a s e s  t o o .  
Gr: T h e  d i s t r i b u t i o n  of 6r i s  p u z z l i n g .  B a c k g r o u n d  v a l u e s  a r e
l o w e r  t h a n  Gr b u t  n o t  m u c h .  It i s  n o t  c l e a r  w h y  s o  m u c h  Zn  is 
p r e s e n t  in u n s t a b l e  f r a c t i o n s .  T E S S I E R  et a l . 1 9 7 9  f o u n d  m o r e  z i n c  
in F 7  f o r  r e l a t i v e l y  u n p o l l u t e d  s e d i m e n t s .

B o t h  C u  a n d  Zn  s h o w  a d o w n w a r d  i n c r e a s e  in t o t a l  m e t a l  
c o n c e n t r a t i o n .  A s  p o l l u t i o n  p r o b a b l y  s t i l l  c o n t i n u e s  (WR a n d  WC) 
a n o t h e r  e x p l a n a t i o n  m u s t  b e  s o u g h t .  D i f f u s i o n  t o  G s u ( i )  b y  m e a n s  
of a c o n c e n t r a t i o n  g r a d i e n t  i s  a p o s s i b i l i t y  a s  p o r e w a t e r  
c o n c e n t r a t i o n s  in G o  w i l l  b e  h i g h e r  t h a n  in G s u ( i ) ,  b e c a u s e  Z n -  
s u l p h i d e s  a r e  v e r y  i n s o l u b l e .

?•.§ Cadffli_um a n d  Q o b a H

2ti§ §nd Discussion
T h e  r e s u l t s  a r e  in  t a b l e  2 a n d  t a b l e  3. T h e  p e r c e n t a l
d i s t r i b u t i o n  f o r  C d  is in f i g u r e  2 . 1 6 .

Cd: O n l y  v e r y  l i t t l e  c a d m i u m  d a t a  a r e  p r e s e n t  b e c a u s e  of t h e
m e t h o d  u s e d .  T h e  d e t e c t i o n  l i m i t  f o r  1 C P  a n d  A A S  is t o o  h i g h  f o r  
t h e  s a m p l e s  of t h i s  s t u d y .  Cd a p p e a r s  t o  b e  c o n t r o l l e d  b y  F 3  a n d  
F4. It is  cl e a r  h o w e v e r  t h a t  b o t h  t h e  W e s t e r n - S c h e l d t  w a t e r s  a n d
S a e f t i n g e  a r e  h e a v i l y  p o l l u t e d .  W R  s a m p l e s  s h o w  t h i s  p o l l u t i o n
h a s  n o t  y e t  c o m e  t o  an e n d  ( s o m e  s a m p l e s  c o n t a i n  2 0  p p m ) .

Co: C o  m o s t l y  g o e s  w i t h  m a n g a n e s e .  T h i s  c a n  b e  s e e n  f r o m  So.
S a m p l e s  l a - l d  h a v e  m o s t  C o  in F4. W h e n  Mn is d i s s o l v e d  C o  g o e s  to  
F 3  ( and F 6 ,  b u t  t h i s  f r a c t i o n  i s  o x i d i z e d ) .  T h e  r e s u l t s  a r e
c o n s i s t e n t  w i t h  l i t e r a t u r e  v a l u e s  f o r  o x i d i z i n g  s e d i m e n t s .  C o  h a s  
a m o d e r a t e  a f f i n i t y  f o r  o r g a n i c  m a t t e r  ( K E R N D O R F F  &
S C H N I T Z E R , 1 9 8 0 ) .  T h e  r e s u l t s  i n d i c a t e  a n t h r o p o g e n i c  i n f l u e n c e .
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Table 1 
Results 
- means

.2.
for
a.i,

Cobalt, 
, below

samples from So. All 
detection limit.

results are in ppm.

Coi Co2 Co3 Co4 Co5 Co6 Co7 Cot Co8

1 - 7.14 - - 7.58 14.72 16.53
2 _ - - 6.84 - - 6.62 13.46 18.95
3 - - - 7.26 - 0.9 9.40 17.56 19.37
4 _ _ - 6.48 - 0.9 8.96 16.34 18.60
5 - 6.7 4.9 - - 9.39 20.99 18.23
6 - - 2.3 - - 2.7 11.21 16.21 17.12
7 - - 5.2 - 1.8 8.82 15.82 15.20
e - 3.0 - - ■ - 11.43 14.43 14.46
9 - _ 3.2 - - - 6.90 10.10 6.64
10 _ - 1.9 - - - 6.90 8.80 18.10
17 - - - - - - 1.7 - 1.7
18 _ - - - - - 1.1 - -

Cd So

Go Go Go Go
0-20 0-20 0-20 , 0-20
cm. cm. cm. cm.

2 «.2 W a t e r  c o n c e n t r a t i o n s

T a b l e  3 s h o w s  t h e  r e s u l t s  of  t h e  u n f i l t e r e d  w a t e r  c o n c e n t r a t i o n s .  
M o s t  m e t a l s  a r e  p r e s e n t  in  v e r y  s m a l l  c o n c e n t r a t r i o n s .  T h e  m a j o r  
e l e m e n t s  c l e a r l y  s h o w  t h e  c o n c e n t r a t i o n  d i f f e r e n c e  of t h e  s a l t  
w e d g e  b e t w e e n  t h e  s a m p l e s .
M o s t  m e t a l s  w i l l  n o t  b e  in t r u e  s o l u t i o n  b u t  b e  a d s o r b e d  o n  
s u s p e n d e d  m a t t e r .

Table 3. Results of the unacidified water sample s of the Western Scheldt. All values are in ppm.
A.c. stands for after centrifuging, b.c. stands for before centrifuging of the water.

Sr Pb Çd Co H3B03 Mn Fe £04 .■ S04 M£ H4SÍ04 V Na Ca Zn Cu Hi Cr K U

lm a.c: 1.94 d.l 0.02 o.OO 7.03 0.12 0.18 18.83 908.1 292.3 11.67 0.03 2304 150.2 0.02 0.01 0.010.04 95.4 O.C
lm b.c: 1.94 0.1 0.01 0.02 7.00 0.04 0.36 20.97 903.5 294.0 11.80 0.03 2299 149.7 0.03 0.01 0.01 0.04 95.9 O.C
13m a.c: 2.26 d.l 0.025 0.01 8.32 0.06 0.04 17.58 1070 354.3 10.69 0.04 2766 163.0 0.01 0.01 0.02 0.05 112.3 O.C
13m b.c: 2.32 d.l 0.025 0.01 8.10 0.055 0.34 20.61 1002 356.6 11.36 0.04 2770 171.0 0.03 0.01 0.01 0.05 114.7 0.0
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3 C o i E i r i s o n  o f  t h g  r e s u l t s

H o s t  s t u d i e s  d e a l  H i t h  « a n y  t r a c e  e l e m e n t s  at t h e  s a n e  t i n e .  A 
c o m p a r i s o n  i s  n o t  a l n a y s  e a s y  a s  t h e  e l e m e n t s  o f t e n  s h o w  a 
d i f f e r e n t  b e h a v i o u r .  M o s t  of t h e  e l e m e n t s  u n d e r  i n v e s t i g a t i o n  a r e  
t r a n s i  t i o n  e l e m e n t s .  A s  s h o w n  b y  t h i s  s t u d y  m o s t  of t h e  e l e m e n t s  
h a v e  d i f f e r e n t  d i s t r i b u t i o n s .  T h i s  c a n  b e  e x p l a i n e d  in p a r t  b y  
t h e  d i f f e r e n c e  in  a t o m i c  s t r u c t u r e .  T h e  t r a n s i t i o n  e l e n e n t s  h a v e  
d i f f e r e n t l y  f i l l e d  o u t e r - s h e l I s  ( t h e  " d " - s h e l 1) w h i c h  c a u s e s  a 
d i f f e r e n c e  in s t a b i l i t y  w i t h  r e g a r d  t o  c h e m i c a l  c o m p o u n d s  ( C O T T O N  
& W I L K I N S O N , 1 9 7 6 ) .  T h i s  is b e s t  s h o w n  b y  c h r o m i u m  a n d  m a n g a n e s e .  
B o t h  a r e  ( n e i g h b o u r )  t r a n s i t i o n  e l e m e n t s  b u t  h a v e  a n  a l m o s t  
o p p o s i t e  c h e m i c a l  b e h a v i o u r  ( M U R R A Y  et  a l . , 1 9 8 3 ) .
Of t h e  e l e m e n t s  u n d e r  i n v e s t i g a t i o n  F e ,  M n ,  Cr a n d  C u  a r e  m o s t  
s e n s i b l e  t o  c h a n g i n g  r e d o x - c o n d i t i o n s , w h e r e a s  Zn  a n d  Ni a r e  n o t  
i n f l u e n c e d .  A s  F e  a n d  Mn d e t e r m i n e  t o  a l a r g e  e x t e n t  t h e  
d i s t r i b u t i o n  of t h e  o t h e r  t r a c e  e l e m e n t s  s o  d o  c h a n g i n g  r e d o x -  
c o n d i  ti o n s .

B o t h  M n  a n d  Cr v e r y  r a r e l y  f o r m  i n s o l u b l e  s u l p h i d e s  in n a t u r e .  M n  
h a s  a v e r y  l o w  a f f i n i t y  f o r  o r g a n i c  m a t t e r  w h e r e a s  C r  c a n  f o r m  
s t a b l e  o r g a n o - m e t a l  c o m p l e x e s  ( K E R N D O R F F  & S C H N I T Z E R , 1 9 8 0 ;  
D O U B L A S  et  a l . , 1 9 8 6 ) .  T h i s  c a n  b e  s e e n  f r o m  f i g u r e s  ( 2 . 1 )  a n d  
( 2 .8 )  f o r  C r  a n d  Mn. M n  i s  h a r d l y  p r e s e n t  in  F 6 ,  Cr i s  p r e s e n t  t o  
s o m e  e x t e n t .  F O E R S T N E R  et a l . ( 1 9 7 9 ) ,  R E U T H E R  et  al ( 1 9 B 1 )  a n d  
R A P I N  It F O E R S T N E R  ( 1 9 8 3 )  o b s e r v e d  a s i m i l a r  b e h a v i o u r .  M o s t  
e l e m e n t s  a r e  f o u n d  in  F 6  w h i c h  h a s  d i s a p p e a r e d  u p o n  o x i d a t i o n  
d u r i n g  s t o r a g e  (cf. S a n d  S o ) .
M n  a n d  C o  s h o w  s i m i l a r  b e h a v i o u r  a s  p r e d i c t e d  b y  l i t e r a t u r e  ( s e e  
C d ). H o w e v e r  s o m e  C o  m u s t  b e  b o u n d  b y  s u l p h i d e s .  M o s t  C o  is 
a s s o c i a t e d  w i t h  F 4 ,  M n - F e - o x y h y d r o x i d e s .
Of t h e  e l e m e n t s  u n d e r  i n v e s t i g a t i o n  Cr a n d  C u  h a v e  t h e  h i g h e s t  
a f f i n i t y  f o r  F5. T h i s  i s  c o n s i s t e n t  w i t h  l i t e r e r a t u r e ,  a l t h o u g h  
n o  e x p l a n a t i o n  i s  g i v e n .  A n  e x p l a n a t i o n  c a n n o t  b e  i n f e r r e d  f r o m  
t h e  r e s u l t s  of t h i s  s t u d y .
T h e  v a r i o u s  e l e m e n t s  r e a c t  in a d i f f e r e n t  w a y  t o  s u l p h i d e  
o x i d a t i o n .  F o r  P b ,  Zn a n d  Ni t h e  i n c r e a s e  i s  m a i n l y  f o u n d  in F 2  
a n d  F 3 ,  i . e  a s  c a r b o n a t e s  or  e x c h a n g e  s i t e s  ( b e s i d e s  p a r t i a l  
a d s o r p t i o n  o n t o  o x y h y d r o x i d e s  d u e  t o  l a c k  of s e l e c t i v i t y  of s t e p  
3). C o  m o v e s  t o  F 3 ,  w h e r e a s  C u  is m a i  ni y e n r i  c h e d  in F 5 .  T h i s  
i m p l i e s  t h a t  c o p p e r  is  n o t  f i x e d  b y  e x c h a n g e  s i t e s  or  c a r b o n a t e s  
b u t  r a t h e r  a d s o r b s  o n t o  F e - o x y h y d r o x i d e s .
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T h e  c o u r s e  of t h e  v a r i o u s  t r a c e  m e t a l s  w i t h  d e p t h  in t h e  s o i l  
p r o f i l e  is  d i f f e r e n t .  C u ,  P b ,  Cr a n d  Zn s l i g h t l y  i n c r e a s e  f r o m  Bo 
t o  G s u ( i ). A f t e r  t h i s  t h e r e  i s  a s m a l  1 d e c r e a s e  f r o m  S s u <i ) to 
G s u ( i i )  a n d  a s h a r p  d e c r e a s e  f r o m  G s u  t o  Gr. F e  a n d  Ni d e c r e a s e  
s t e a d i l y  t h r o u g h o u t  t h e  p r o f i l e .  In m o r e  r e s p e c t s  F e  a n d  Ni s h o w  
s i m i l a r  b e h a v i o u r .  Ni h a s  a l o w  a f f i n i t y  f o r  o r g a n o  m e t a l  
c o m p l e x e s  ( K E R N D D R F F  îc S C H N I T Z E R , 1 9 8 0 ) .  Mn  s h o w s  a s h a r p  d e c r e a s e  
f r o m  G o  t o  G s u ( i )  f o l l o w e d  b y  a g e n t l e  d e c r e a s e  d o w n w a r d s .
A s  f o r  C r , Cu, Pb a n d  Zn it i s  n o t  l i k e l y  t h a t  p o l l u t i o n  h a s
s t o p p e d .  T h i s  i s  s h o w n  b y  t h e  r e s u l t s  of W R  a n d  WC. It is  m o r e
l i k e l y  t h a t  d i f f u s i o n  p l a y s  an i m p o r t a n t  r o l e .  F o r  F e  a n d  Mn t h e
d i f f u s i o n  is u p w a r d s  a s  t h e i r  s u l p h i d e s  ( e s p e c i a l l y  f o r  Mn) a r e
m o r e  s o l u b l e  t h a n  t h e i r  o x y h y d r o x i d e s .

It c a n n o t  b e  s a i d  t h a t  t o t a l  m e t a l  c o n t e n t  is a g o o d  m e a s u r e  f o r  
p o l l u t i o n  ( e . g  F O E R S T N E R  e t  a l . , 1 9 7 9 ) .  T h e  s p é c i a t i o n  of a m e t a l  
i s  i m p o r t a n t .  F 7  i s  i n e r t  a n d  n o t  a v a i l a b l e  f o r  f l o r a  a n d  f a u n a .  
F l - 4  a r e  t h o u g h t  t o  b e  e a s i l y  a v a i l a b l e  u p o n  c h a n g i n g  
p h y s i c o c h e m i c a l  c o n d i t i o n s .  F 6  i s  o n l y  a v a i l a b l e  a f t e r  o x i d a t i o n  
( e . g  a s  a r e s u l t  of r e c l a m a t i o n ) .  W h e n  t h e s e  c o n d i t i o n s  c h a n g e  
m e t a l s  cari b e  r e l e a s e d  b y  t h e  f r a c t i o n  w h i c h  is a t t a c k e d  b u t  
o f t e n  t h e y  a r e  s c a v e n g e d  b y  a n o t h e r  f r a c t i o n .  T h i s  h a s  h a p p e n e d  
i n  t h i s  s t u d y  as t h e  m e t a l s  d o  n o t  s h o w  a s h a r p  d e c r e a s e  f r o m  G o  
t o  G s u ( i ) .  O n l y  M n  i s  p r a c t i c a l l y  l o s t  f r o m  t h e  G s u ( i )  h o r i z o n  
a n d  o n l y  p a r t i a l l y  r e p r e c i p i t a t e d  in G d .  M o s t  m e t a l s  s h o w  a s h i f t  
f r o m  o n e  f r a c t i o n  t o  a n o t h e r .
F o r  i n s t a n c e  u p o n  o x i d a t i o n  F e - s u l p h i d e s  w i l l  g o  i n  s o l u t i o n  b u t  
t h e  m e t a l s  w i l l  b e  s c a v e n g e d  b y  F e - o x y h y d r d x i d e s  a s  s h o w n  b y  t h e  
d i f f e r e n c e  b e t w e e n  S a n d  So. U p o n  r e d u c t i o n  M n - o x i d e s  d i s a p p e a r  
b u t  m o s t  m e t a l s  r e a d s o r b  o n t o  F e - o x y h y d r o x i d e s  or a r e  b o u n d  b y  
e x c h a n g e  s i t e s  Dr c a r b o n a t e s .  H o w e v e r  u p o n  a c i d i f i c a t i o n  ( C a t 
ei a y s )  w h e n  t h e  p H  d r o p s  t o  2 - 3 ,  F 6  d i s s o l v e s  b u t  a l s o  F 4  a n d  F5  
w i l l  d i s a p p e a r  b e c a u s e  of t h e  l o w  p H .  T h i s  is a s i t u a t i o n  w h i c h  
m i g h t  c a u s e  d a n g e r  t o  t h e  e n v i r o n m e n t .  H o w e v e r  in t h i s  c a s e  t h e r e  
i s  l i t t l e  c h a n c e  t h i s  w i l l  h a p p e n  a s  t h e  s e d i m e n t  c o n t a i n s  t o o  
m u c h  l i m e  f o r  t h e  f o r m a t i o n  of c a t e i  a y s .  U p o n  o x i d a t i o n  t h e  
r e l e a s e d  s u l f u r i c  a c i d  w i l l  r e a c t  w i t h  c a l c i u m - c a r b o n a t e  a n d  f o r a  
g y p s u m :

C a C 0 3 + H 2 S D ,  = C a S C U  + H *  + H C 0 S “
It c a n  b e  c o n c l u d e d  t h a t  w h i l e  t h e  s y s t e m  r e m a i n s  r e d u c e d  n o  
s i g n i f i c a n t  a m o u n t s  of t r a c e  m e t a l s  c o m e  in s o l u t i o n .  T h i s  is 
s u p p o r t e d  b y  a s t u d y  of B A A R S  e t  al. ( 1 9 8 6 )  w h o  s h o w e d  t h a t  s h e e p  
f r o m  S a e f t i n g e  w e r e  n o t  i n f e c t e d  b y  t r a c e  m e t a l s .  S h e e p  a r e  k n o w n  
t o  b e  v e r y  s e n s i t i v e  t o  c o p p e r .
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A c o m p a r i s o n  of t h e  r e s u l t s  w i t h  o t h e r  s t u d i e s  i s  n o t  e a s y  f o r  
s e v e r a l  r e a s o n s ;
- T h e  e x t r a c t i o n  s c h e m e s  v a r y  w i d e l y .
- T h e  e l e m e n t s  u n d e r  i n v e s t i g a t i o n  v a r y  w i d e l y .  Ni a n d  C r  h a v e  

s e l d o m  b e e n  s t u d i e d .
- O n l y  r e c e n t  1 y t h e  e f f e c t s  of a r t i f a c t s  d u r  i ng s a m p l e - t r e a t m e n t

a s  a r e s u l t  of o x i d a t i o n  h a v e  b e e n  s t u d i e d .
- T h e r e  a r e  g r e a t  d i f f e r e n c e s  w i t h i n  o n e  a r e a .  It h a s  o f t e n  b e e n

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

H o w e v e r  s o m e  g e n e r a l  o b s e r v a t i o n s  m u s t  b e  m e n t i o n e d .

F 2  i s  m o s t l y  v e r y  s m a l l .  O n l y  f o r  M n  a n d  Cd up t o  3 0 7  m e t a l  
c o n t e n t  h a s  b e e n  o b s e r v e d  ( H O N G  & F O E R S T N E R , 1 9 8 3 ;  F O E R S T N E R  et 
a l . , 1 9 7 9 ;  R E U T H E R  et  a l . , 1 9 8 3 ) .  U p  t o  1 0 %  Zn w a s  f o u n d  i n  F 2  f o r  
R h i n e  s e d i m e n t s  w h i c h  a r e  e x t r e m e l y  p o l l u t e d  ( H O N S  &
F O E R S T N E R , 1 9 8 3 ) .  In t h i s  s t u d y  Zn  (137. i n  S o ) ,  M n  ( So,  H R ,  S a n d
H O  a n d  Ni (HR) h a v e  c o n s i d e r a b l e  a m o u n t s  in F2. M n  a n d  C u  w e r e  
p r e s e n t  in s o m e  s a m p l e s  in g r e a t e r  a m o u n t s .

F 3  p l a y s  a n  i m p o r t a n t  r o l e .  T h i s  i s  (of c o u r s e )  d e p e n d e n t  o n  t h e  
a m o u n t  of c a r b o n a t e  p r e s e n t .  T h i s  s t e p  i s  m o s t l y  n o t  i n c l u d e d  in 
t h e  e x t r a c t i o n  s c h e m e s .  H O N G  Sc F O E R S T N E R  ( 1 9 8 3 )  f i n d  u p  t o  257. 
M n ,  C u ,  P b ,  Zn  a n d  Cd in F3. F O E R S T N E R  e t  al ( 1 9 7 9 )  f i n d  g r e a t
a m o u n t s  of M n ,  C u  a n d  Zn in F 3  (up t o  4 0 7 ) .  In t h i s  s t u d y
e s p e c i a l l y  S o - s a m p l e s  a r e  i m p o r t a n t  f o r  F 3 ,  Zn, P b  a n d  M n  ( 4 3 7  Pb 
in G s u ( i ) ) .  O n l y  C r  i s  h a r d l y  p r e s e n t  in F 3 .  T h e  a m o u n t  Df C r  in 
S - s a m p l e s  c a n n o t  b e  e x p l a i n e d  a n d  is t h o u g h t  t o  b e  a r e s u l t  of 
a n a l y t i c a l  e r r o r s .

F4. T h e  i m p o r t a n c e  of M n -  a n d  a m o r p h o u s  F e - o x y h y d r o x i d e s  a s  a 
s c a v e n g e r  of t r a c e  e l e m e n t s  i s  w e l l  r e c o g n i z e d .  O n l y  Cr  is 
s c a r c e l y  p r e s e n t  in F 4  in a c c o r d a n c e  w i t h  M U R R A Y  et al ( 1 9 8 3 ) .
F5. T h e  s a m e  h o l d s  g o o d  f o r  F5. Zn  i s  u s u a l l y  p o o r l y  p r e s e n t  in

F5. C r , F e  P b  a n d  C u  a r e  k n o w n  f o r  t h e i r  p r e s e n c e  in F 5  
( F O E R S T N E R  et a l . , 1 9 7 9  a n d  m a n y  o t h e r s ) .

F6. T h i s  f r a c t i o n  i s  m o s t  d i f f i c u l t  f o r  a g o o d  c o m p a r i s o n .  W h e n  
n o  p r e c a u t i o n s  a r e  u n d e r t a k e n  t o  p r e v e n t  o x i d a t i o n  t h e  i m p o r t a n c e  
of t h i s  f r a c t i o n  m i g h t  b e  g r a v e l y  u n d e r e s t i m a t e d .  F u r t h e r m o r e  
s u l p h i d e s  a n d  o r g a n i c  m a t t e r  a r e  n o t  s e p a r a t e d  b y  t h i s  s t e p .  
Li t e r  a t u r e  v a l u e s  v a r y  w i d e l y .  Ex c e p t  m a n g a n e s e  a l l  m e t a l  s a r e  
f o u n d  in t h i s  f r a c t i o n  a l t h o u g h  f o r  F e  t h e  p e r c e n t a g e  i s  m o s t l y  
m u c h  s m a l l e r  t h a n  F 5  a n d  F7.

Ni, 2 n ,  C u ,  C o ,  P o , C o  a n d  F e  a r e  r e a d i l y  p r é c i p i t â t  
s u l p h i d e  f o r m a t i o n  or a r e  c o p r e c i p i t a t e d  w i t h  F e - s u l p h i d e s .  
is m o s t l y  t h e  o n l y  w a y  f o r  M n  t o  b e  b o u n d  b y  s u l p h i d e s  (BD 
et a l . , 1 9 8 2  - C u  a n d  F e - ;  K R E M L I N G , 1 9 8 3 ;  J A C B 0 5  et al. 
C A R I G N A N  & N R I A G U , 1 9 B 5 ;  D A V I E S - C O L L E Y  et a l . , 1 9 8 6 ) .
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C u ,  C r ,  P b  a n d  F e  (Ni a n d  Zn  t o  a m u c h  l e s s e r  e x t e n t ) a r e  k n o w n  
t o  f o r m  s t a b l e  D r g a n o - m e t a l  c o m p l e x e s  ( K E R N D O R F F  & 
S C H N I T Z E R , 1 9 8 0 ) .  E s p e c i a l l y  c o p p e r  h a s  b e e n  s t u d i e d  i n t e n s i v e l y  
( D A V I S ,  1 9 8 4 ;  D A V I S  & L E C K  I E , 1 9 7 8 ;  S O H N  It H U G H E S , 1 9 B 1 ;  R A S P O R  et 
a l , 1 9 8 4 ;  M I L L S  & Q U I N N , 1 9 8 4 ;  D O U G L A S  et  a l . , 1 9 8 6 ) .
Oni y W R  w i l l  b e  d e a l t  w i t h  a s  it w a s  t h e  oni y s a m p l e  t r e a t e d  
u n d e r  a n i t r o g e n  a t m o s p h e r e .  S - s a m p l e s  w i l l  b e  v i e w e d
q u a l i t a t i v e l y .  C u  i s  p r e s e n t  u p  t o  4 5 %  in a c c o r d a n c e  w i t h  
1 i t e r a t u r e .  Z n , Pb a n d  Cr h a d  1 0 - 1 5 %  in F6. F e ,  Mn a n d  Ni w e r e
n o t  f o u n d  in F6. R e s u l t s  f r o m  S s h o w  t h a t  m o s t  m e t a l  s a r e  p r e s e n t
in F 6 , e s p e c i a l l y  Zn a n d  Cu. Up t o  0 . 8 %  p y r i t e  w a s  p r e s e n t  ( t a b l e
1 . 1 . b ) .  N i ,  M n  a n d  Cr a r e  h a r d l y  p r e s e n t  in F6. T h e  d i f f e r e n c e  
b e t w e e n  W R  a n d  S is t h a t  W R  is p r o b a b l y  d e t e r m i n e d  b y  o r g a n i c  
m a t t e r  w h e r e a s  s u l p h i d e s  a r e  t h e  m o s t  i m p o r t a n t  p a r t  in S.
R A P I N  et al. ( 1 9 8 6 ) ,  R E C K E  & F O E R S T N E R  ( 1 9 8 5 )  a n d  K E R S T E N  e t  al. 
( 1 9 8 5 )  s t u d i e d  p o s s i b l e  a r t i f a c t s  a s  a r e s u l t  of o x i d a t i o n  d u r i n g  
s a m p l e  t r e a t m e n t .  T h e i r  r e s u l t s  a r e  u n a n i m o u s l y  t h e  s a m e ,  v i z . 
t h a t  o x i d a t i o n  s e v e r e l y  a l t e r s  t h e  d i s t r i b u t i o n  of t h e  t r a c e  
m e t a l  s.

M a n y  s t u d i e s  h a v e  b e e n  p e r f o r m e d  t D  i n v e s t i g a t e  t h e  f a t e  of t r a c e  
m e t a l s  b o t h  i n  s o l u t i o n  a n d  b o u n d  b y  s u s p e n d e d  m a t t e r  w h e n  
r i v e r w a t e r  c o m e s  in  c o n t a c t  w i t h  s e a w a t e r .  It is s t u n n i n g  h o w  t h e  
r e s u l t s  d i f f e r  f r o m  e a c h  o t h e r .
- f l o c c u l a t i o n  a s  a r e s u l t  of i n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t i o n  
( S H O L K O V I T Z , 1 9 7 6 ;  E C K E R T  & G H O L K O V I T Z , 1 9 7 6 ;  S H O L K O V I T Z , 1 9 7 8  a n d  
m a n y  o t h e r s ) .

- f o r m a t i o n  of f l o e s  in  t h e  s i l t  f r a c t i o n  b y  g l u e i n g  a c t i o n  of 
d i s s o l v e d  o r g a n i c  m a t t e r ,  f a e c a l  p e l l e t s  e t c .  L i t t l e  s a l t  
f l o c c u l a t i o n  w a s  o b s e r v e d  ( E I S M A , 1 9 8 6 ) .

- d e s o r p t i o n  f r o m  s u s p e n d e d  p a r t i c u l a t e  m a t t e r  ( V A N  D E R  W E Y D E N  et 
al. , 1 9 7 7 ;  D U I N K E R  It N D L T I N G ,  1 9 7 8 ) .

- b o t h  p r o c e s s e s  (?)
F o r  a g o o d  u n d e r s t a n d i n g  of t h e  b e h a v i o u r  of t r a c e  m e t a l s  it is  
i m p o r t a n t  t h a t  t h e s e  p r o c e s s e s  b e  w e l l  u n d e r s t o o d  in t h e  a r e a  of 
i n v e s t m e n t .  Z U U R  ( 1 9 5 4 )  o b s e r v e d  t h a t  t h e  f r a c t i o n  2 ^ 2 0  u m  is 
r e l a t i v e l y  e n r i c h e d  in  e s t u a r i n e  s e d i m e n t s  c o m p a r e d  t o  t h e  
f r a c t i o n  s m a l l e r  t h a n  2 um . D e p o s i t i o n  of s m a l l  p a r t i c l e s  w i t h  a 
l o w  d e n s i t y  a s  a r e s u l t  of  f l o c c u l a t i o n  w i l l  n o t  o c c u r  a s  t h e  
s y s t e m  is t o o  d y n a m i c  in  t h e  W e s t e r n - S c h e l d t  e s t u a r y  ( c u r r e n t -  
a n d  w a v e - a c t i o n )  . S e d i m e n t a t i o n  a p p e a r s  t o  b e  r e s t r i c t e d  t o  s a l t  
m a r s h e s  in t h e  c a s e  of f i n e  c l a y s .

M a n y  i n v e s t i g a t o r s  s t u d i e d  f l u x e s  of m e t a l s  t o  t h e  w a t er c o l u m n  
f r o m  r e d u c e d  s e d i m e n t s  ( F L E T C H E R  It H O L M E S ;  W I N D O M  et a l . ,  1 9 8 3 ;  
T R A M O N T A N O  & B O H L E R ,  1 9 B 4 ;  H I R S T  It A S T O N ,  1 9 8 3 ;  H I N E S , 1 9 8 4 ) .  In 
t h i s  s t u d y  m a n g a n e s e  is  t h o u g h t  t o  b e  r e l e a s e d  t o  t h e  w a t e r c o l u m n  
b y  d i f f u s i o n  f r o m  t h e  G s u ( i )  h o r i z o n .  M n - o x i d a t i o n  i s  t o o  s l o w  to 
l a y  d o w n  all M n ( i i )  in t h e  G o  h o r i z o n .  B e s i d e s  in s u m m e r  t h e  Go 
h o r i z o n  w i l l  o n l y  b e  a f e w  c e n t i m e t e r s  t h i c h  s o  a l s o  s o m e  F e  a n d  
C u  w i l l  d i f f u s e  i n t o  t h e  w a t e r c o l u m n .  In t h e  o x i d a t e d  w a t e r  F e  is 
r a p i d l y  p r e c i p i t a t e d  a s  F e ( i  i i )o x y h y d r o x i d e s  or j u s t  l i k e  C u  a n d  
M n  b e  a d s o r b e d  o n t o  s u s p e n d e d  m a t t e r  a n d  t a k e n  o u t  of t h e  
e s t u a r y .



-  45 -

5  C o n c l u s i o n s

N o  c o n c l u s i o n  w i l l  b e  d r a w n  r e g a r d i n g  t h e  c h a n g e  in s p é c i a t i o n  
u p o n  d e p o s i t i o n  in a n  ( a n ) a e r o b i  c e n v i r o n m e n t . T h i s  i s b e c a u s e  
of t h e  s e a s o n a l  d i f f e r e n c e  b e t w e e n  b o t h  s a m p l e s .  A s  s t a t e d  b e f o r e  
t h e  c o m p o s i t i o n  of s u s p e n d e d  m a t t e r  in M a y  is p r o b a b l y  n o t  
r e p r s e n t a t i v e  f o r  t h e . s e d i a e n t a t i o n  in f e b r u a r y .  B e s i d e s  t h e  
o x i d i z e d  l a y e r  in t h e  s o i l  a o v e s  up a n d  d o w n  d u r i n g  t h e  s e a s o n s  
for p r o b a b l y  a o r e  t h a n  4 8  cm.
A n o t h e r  r e a s o n  is  t h a t  t h e  s a m p l e s  f r o m  S a e f t i n g e  r e d u c e d  c a n n o t  
b e  r e g a r d e d  q u a n t i t a t i v e l y .  T h e  r e d u c e d  s a m p l e s  a n d  n o t  t h e  
o x i d i z e d  s a m p l e s  a r e  c o n s i d e r e d  r e p r e s e n t a t i v e  f o r  t h e
e n v i r o n m e n t  of  d e p o s i t i o n .
B o t h  f o r  t h e  s u s p e n d e d  m a t t e r  s a m p l e s  a n d  f o r  t h e  s o i l  p r o f i l e  it 
c a n  b e  c o n c l u d e d  t h a t :
C a r b o n a t e s  a n d  e s p e c i a l l y  F e -  a n d  M n - o x y h y d r o x i d e s  a r e  e f f e c t i v e  
s c a v e n g e r s  f o r  t r a c e  m e t a l s .  FI a n d  F 2  a r e  e a s i l y  a v a i l a b l e  f o r  
t h e  f l o r a  a n d  f a u n a  b u t  a r e  m o s t l y  s m a l l .  In c a s e  of v e r y
p o l l u t e d  s a m p l e s  t h e i r  i m p o r t a n c e  m i g h t  b e  g r e a t e r .  T h e
i m p o r t a n c e  of F 6  i s  g r e a t  s a v e  f o r  M n  ( a n d  t o  a l e s s e r  e x t e n t  
C r ) .  H o w e v e r  t h i s  f r a c t i o n  m u s t  n o t  b e  o v e r e s t i m a t e d .  F 4  a n d  F 5  
a r e  m o s t l y  f a r  m o r e  i m p o r t a n t  s a v e  f o r  r e d u c e d  s a m p l e s  w h e r e  F 6  
c a n  c o m p e t e  w i t h  F 4  a n d  F5.
A s  s t a t e d  b e f o r e  F 6  i s  v e r y  d i f f i c u l t  b e c a u s e  of a r t i f a c t s  ( T h i s
s t u d y ;  R E C K E  it F O E R B T N E R ,  1 9 8 5 ;  R A P I N  e t  a l , 1 9 B 6 ) .  S e c o n d  t h i s
f r a c t i o n  is p o o r l y  d e f i n e d  as n o  d i s t i n c t i o n  c a n  b e  m a d e  b e t w e e n  
o r g a n i c  m a t t e r  a n d  s u l p h i d e s  ( F O E R B T N E R  et  a l . , 1 9 8 8 ) .  T h i r d  t h e  
m e t h o d  i t s e l f  is  n o t  v e r y  s e l e c t i v e  e v e n  w h e n  e x t r a c t i o n  u n d e r  an  
i n e r t  a t m o s p h e r e  h a s  b e e n  p e r f o r m e d  ( T h i s  s t u d y ,  R E C K E  fc 
F O E R S T N E R , 1 9 8 5 ) .

T h e  i n f l u e n c e  of s o i l  d e v e l o p m e n t  i s  v e r y  c l e a r .  B o t h  r e d o x  
p r o c e s s e s  i n  g e n e r a l  a n d  t h e  s t r o n g  r e d u c t i o n  i n  M n - c o a p o u n d s  a s  
a r e s u l t  of  r e d u c i n g  c o n d i t i o n s  s e v e r e l y  a f f e c t  m e t a l  s p é c i a t i o n .  
U p o n  d i s a p p e a r a n c e  of m a n g a n e s e ,  s u l p h i d e s  a n d  c a r b o n a t e s  a p p e a r  
t o  t a k e  o v e r  t h e  r o l e  of m e t a l  s c a v e n g e r s .
T h e  G r - h o r i z D n  p r o b a b l y  r e f l e c t s  a r e l a t i v e l y  u n p o l l u t e d  s e d i m e n t  
l a y e r  w i t h  m e t a l  c o n t e n t s  o n l y  l i t t l e  a b o v e  n a t u r a l  b a c k g r o u n d  
v a l u e s  ( W E D E P O H L , 1 9 7 8 ) .
T h e r e  is a s l i g h t  b u t  p r o b a b l y  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  
s a m p l e s  f r o m  ltn a n d  s a m p l e s  f r o m  1 3m. T h e  d i f f e r e n c e  b e t w e e n  lm 
a n d  1 3 m  f o r  N C - s a m p l e s  i s  o v e r s h a d o w e d  b y  t h e  d i f f e r e n c e  b e t w e e n  
f i n e  a n d  c o a r s e  s a m p l e s ,  w h i c h  in i t s e l f  is p r o b a b l y  a f f e c t e d  by 
r e d u c t i o n  d u r i n g  s t o r a g e .
H o s t  m e t a l s  a r e  e n r i c h e d  b e c a u s e  of p o l l u t i o n .  T h i s  c a n  be 
i n f e r r e d  f r o m  t h e  h i g h  a m o u n t  of t o t a l  m e t a l  c o n c e n t r a t i o r  
c o m b i n e d  w i t h  a l o w  F 7  ( s e e  t h e  r e s u l t s ) . T h e  r e s u l t s  i n d i c a '  
t h a t  p o l l u t i o n  h a s  n o t  y e t  c o m e  t o  an e n d .  E s p e c i a l l y  C d  a n d  
a r e  s t i l l  a d d e d  in g r e a t  a m o u n t s  t o  t h e  S c h e l d t  r i v e r .
S p é c i a t i o n  is i m p o r t a n t  t o  s a y  s o m e t h i n g  a b o u t  t h e  r i s k s  fr 
e n v i r o n m e n t .  M o s t  m e t a l  s s h o w  a r e v e r s e  r e l a t i  o n  of F 7  w i t h  t u  
m e t a l  c o n t e n t .
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Dx i d a t  i Dn  r e s u l t s  in a c h a n g e  in t r a c e  m e t a l  s p é c i a t i o n .  R e d u c i n g  
s a m p l e s  m u s t  b e  t r e a t e d  u n d e r  an i n e r t  a t m o s p h e r e  l i k e  n i t r o g c  
or a r g o n .
W h e n  t h e  w a t e r  is r e d u c e d  s a m p l e s  m u s t  b e  t a k e n  b y  N * - f  i 1 t r a t i dti 
or c e n t r i  f u g a t i  on u n d e r  a n  i n e r t  a t m o s p h e r e .  C e n t r i f u g a t i o n  
y i e l d s  m u c h  m o r e  s a m p l e  t h a n  f i 1 t r a t i  o n . T h e  r e s u l t s  s h o w  t h a t  
t h e r e  is  a d i f f e r e n c e  b e t w e e n  v a r i o u s  p a r t s  of t h e  c e n t r i f u g e  
t u b e .
T h e  s a m p l e s  m u s t  b e  t r e a t e d  a s  s o o n  a s  p o s s i  b l e  a s  s h o w n  b y  t h e  
c o a r s e  s a m p l e s  f r o m  WC. O n e  is d i s s u a d e d  t o  t a k e  t o o  m a n y  s a m p l e s  
a n d  s t o r e  t h e m  u n t i l  t r e a t m e n t .  W h e n  s t e p  1 is i n c l u d e d -  t h e  
s a m p l e s  m u s t  b e  q u i c k l y  a n a l y s e d  e v e n  w h e n  t h e y  a r e  a c i d i f i e d .  
S a m p l e s  W R F 1 ,  W C F 1  a n d  S o F l  c o n t a i n e  a l o t  of n u t r i e n t s  w h i c h  l e d  
to a l g a l  g r o w t h  a l t h o u g h  t h e  s a m p l e s  w e r e  a c i d i f i e d  t o  p H  0 . 5  a n d  
s t o r e d  at 2 «C.

É BiÇQiËiQàitioQË
T h e  m e t h o d  is t e d i o u s  a n d  f u l l  of b o t t l e - n e c k s .  An  e i g h t - s t e p  
e x t r a c t i o n  p r o c e d u r e  m u s t  b e  a v o i d e d  w h e n  d e a l i n g  w i t h  r o u t i n e  
a n a l y s e s  a s  it is v e r y  t i m e - c o n s u m i n g .  A s h o r t e r  p r o c e d u r e  s h o u l d  
b e  u s e d  w h e n  d e a l i n g  w i t h  m a n y  s a m p l e s  a s  it d o e s  n o t  y i e l d  m u c h  
m o r e  i n f o r m a t i o n  b e c a u s e  of t h e  i n t r o d u c t i o n  of a n a l y t i c a l  
e r r o r s .  M o r e  i n f o r m a t i o n  is  n e e d e d  t o  q u a n t i t a t i v e l y  e x p l a i n  t h e  
r e s u l t s .  S u c h  d a t a  i n c l u d e  in s i t u i ! )  E h - m e a s u r e m e n t s , p H -  
m e a s u r e m e n t s  ( b o t h  p r e s e n t  at W R  a n d  W C ) ,  c h a r a c t e r i z a t i o n  of 
h u m i c  m a t t e r ,  d i s s o l v e d  o r g a n i c  m a t t e r  c o n t e n t ,  r e l i a b l e  
p o r e w a t e r  m e a s u r e m e n t s  ( o b t a i n e d  b y  e i t h e r  d i r e c t  c e n t r i f u g a t i o n  
at 1 0 , 0 0 0  r p m  u n d e r  n i t r o g e n  or d i a l y s i s  - C A R I G N A N  et a l . , 1 9 8 5 ) .  
X R D - m e a s u r e m e n t s  f o r  m i n e r a l  d e t e r m i n a t i o n  a n d  a s  a c h e c k  to 
e s t a b l i s h  w h a t  m i n e r a l s  a r e  a t t a c k e d  b y  t h e  s e v e r a l  e x t r a c t i o n  
s t e p s .
S e a s o n a l  i n f l u e n c e  is  v e r y  g r e a t .  T h e  G s u  m o v e s  u p  a n d  d o w n  w i t h  
t h e  s e a s o n s .  T h i s  c a n  i n f l u e n c e  r e m o b i 1 i z a t i o n  a n d  d i s t r i b u t i o n  
of t r a c e  m e t a l s  ( s e e  a b o v e ) .
It i s n e c e s s a r y  t D  t h i n k  a b o u t  t h e  s a m p l e  l o c a t i o n s  e s p e c i a l l y  
w i t h  r e g a r d  t o  t h e  f i r s t  5 ‘/.. r i s e  in s a l i n i t y  a s  f l o c c u l a t i o n  is 
t h o u g h t  t o  b e  c o m p l e t e  i n  t h i s  z o n e  ( S H O L K O V I T Z , 1 9 7 6  a n d  m a n y  
o t h e r s ) .
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B a a r s  A. J . , B e e f  t i n k  W . 6 ., P e k e l  d e r  J . J .  ( 1 9 B 6 )
Hi 1 i e u e o n t a e i n a t i e  d o o r  e e t a l e n  e n  f l u o r  o p  h e t  v e r d r o n k e n  
l a n d  v a n  S a e f t i n g e  e n  d e  e f f e c t e n  e r v a n  o p  s c h a p e n .

B a i  i s t r i  er i L . S . ,  H u r r a y  J . H. ( 1 9 B 2 )  T h e  a d s o r p t i o n  of  C u ,  P b , Zn 
a n d  C d  o n  g o e t h i t e  f r o m  e a j o r  i o n  s e a w a t e r .  B e o c h i a i c a  et 
C o s a o c h i a i c a  A d a  V o l . 4 6 , p p .  1 2 5 3 - 1 2 6 5 .

B o u i è g u e  J . ,  L o r d  C . J .  a n d  C h u r c h  T . H. ( 1 9 B 2 )  S u l  f u r  s p é c i a t i o n  
a n d  a s s o c i a t e d  t r a c e  e e t a l s  (Fe, C u )  in  t h e  p o r e  w a t e r s  of 
B r e a t  H a r s h , D e l a w a r e ,  ß e o c h i a i c a  et C o s a o c h i a i c a  A d a  V o l . 4 6 ,  
pp .  4 5 3 - 4 6 4 .

B r e e e e n  v a n  N. ( 1 9 7 6 )  G e n e s i s  a n d  s o l u t i o n  c h e e i s t r y  of a c i d  
s u l p h a t e  s o i l s  i n  T h a i l a n d ,  P h D ,  W a g e n i n g e n .

C a i m a n a  W . , F o e r s t n e r  U. ( 1 9 B 3 )  C h e s i c a l  e x t r a c t i o n  o f  h e a v y  
e e t a l s  i n  p o l l u t e d  ri v e r  s e d i e e n t s  i n  C e n t r a l  E u r o p e .  Sei. 
T o t a l .  E n v i r o n .  2 B ,  p p .  7 7 - 9 0 .

C a r i g n a n  R . ,  N r i a g u  J . D .  ( 1 9 8 5 )  T r a c e  e e t a l  d e p o s i t i o n  a n d  
B o b i l i t y  in  t h e  s e d i m e n t s  of  t w o  l a k e s  n e a r  S u d b u r y ,  O n t a r i o .  
ß e o c b i a i c a  et C o s a o c h i a i c a  A c t a  V d I . 4 9 ,  p p .  1 7 5 3 - 1 7 6 4 .

C a r i g n a n  R . ,  R a p i n  F. a n d  T e s s i e r  A. ( 1 9 B 5 )  S e d i e e n t  p o r e w a t e r  
s a m p l i n g  f o r  m e t a l  a n a l y s i  si A c o m p a r i  s o n  of  t e c h n i q u e s .  
B e o c h i a i c a  et C o s a o c h i a i c a  A d a  V o l  . 4 9 ,  p p .  2 4 9 3 - 2 4 9 7 .

C o t t o n  F . A . , W i l k i n s o n  6 . ( 1 9 7 6 )  B a s i c  i n o r g a n i c  c h e m i s t r y .  Hi l e y  
& S o n s ,  I n c . ,  1 9 7 6 ,  5 7 9 p p .

C r o n a n  D . S .  ( 1 9 7 6 )  H a n g a n e s e  n o d u l e s  a n d  o t h e r  f e r r o - e a n g a n e s e  
o x i d e  d e p o s i t s  f r o m  t h e  A t l a n t i c  O c e a n .  J. B e o p h y s .  R es. 
V o l . 8 0 ,  N o . 2 7 ,  p p .  3 8 3 1 - 3 8 3 7 .

D a v i e s - C o l l e y  R . J . ,  N e l s o n  P . O .  a n d  W i l l i a m s o n  K . J .  ( 1 9 B 5 )  
S u l f i d e  c o n t r o l  o f  c a d m i u m  a n d  c o p p e r  c o n c e n t r a t i o n s  in 
a n a e r o b i c  e s t u a r i n e  s e d i m e n t s .  Ilariae C h e a i s t r y, 16, pp. 
1 7 3 - 1 8 6 .

D a v i s  J . A .  ( 1 9 B 4 )  C o m p l e x a t i o n  of t r a c e  m e t a l s  b y  a d s o r b e d  
n a t u r a l  o r g a n i c  m a t t e r .  B e o c h i a i c a  et C o s a o c h i a i c a  A d a  
V o l . 4 B ,  p p .  6 7 9 - 6 9 1 .

D a v i s  J . A . , L e c k i e  J . O .  ( 1 9 7 8 )  S u r f a c e  i o n i z a t i o n  a n d  
c o m p l e x a t i o n  a t  t h e  o x i d e / w a t e r  i n t e r f a c e .  II. S u r f a c e  
p r o p e r t i e s  o f  a m o r p h o u s  i r o n  o x y h y d r o x i d e  a n d  a d s o r p t i o n  of
m e t a l  i o n s .  J o u r n a l  o f  C o l l o i d  a n d  I n t e r f a c e  S c i e a c e  
V o l . 6 7 ,  N o . 1, p p . 9 0 - 1 0 7 .

D o u g l a s  G . S . , H i l l s  6 .L. a n d  Q u i n n  J . 6 . ( 1 9 8 6 )  O r g a n i c  c o p p e r  a n d  
c h r o m i u m  c o m p l e x e s  in t h e  i n t e r s t i t i a l  w a t e r s  o f  N a r r a g a n s e t t  
B a y  s e d i m e n t s .  M a r i a e  C h e a i s t r y , 19, p p .  1 6 1 - 1 7 4 .

D u i n k e r  J . C .  ( 1 9 8 0 )  S u s p e n d e d  m a t t e r  i n  e s t u a r i e s :  a d s o r p t i o n  a n d  
d e s o r p t i o n  p r o c e s s e s .  In E . O l a u s s o n  & I . C a t o  ( e d ) : C h e m i s t r y
a n d  b i o g e o c h e m i s t r y  of  e s t u a r i e s ,  1 9 8 0 ,  p p .  1 2 1 - 1 5 1 .

D u i n k e r  J . C . , N o l t i n g  R . F .  ( 1 9 7 8 )  H i x i n g ,  r e m o v a l  a n d  
m o b i l i z a t i o n  o f  t r a c e  m e t a l  s i n  t h e  R h i n e  e s t u a r y .  N e t h e r l a n d s  
J o u r n a l  of S e a  R e s e a r c h  V o l . 1 2  (2), p p .  2 0 5 - 2 2 3 .

E c k e r t  J . H . ,  S h o l k o v i t z  E . R .  ( 1 9 7 6 )  T h e  f l o c c u l a t i o n  of i r o n , 
a l u m i n i u m  a n d  h u m â t e s  f r o m  r i v e r  w a t e r  b y  e l e c t r l y t e s .  
B e o c h i a i c a  et C o s a o c h i a i c a  A d a  V o l . 4 0 ,  pp. 8 4 7 - 8 4 8 .

E i s m a  D. ( 1 9 8 6 )  F l o c c u l a t i o n  a n d  D e - f l o c c u l a t i o n  of s u s p e n d e d  
m a t t e r  in  e s t u a r i e s .  M e t h e r l a n d s  j o u r n a l  of s e a  r e s e a r c h , 
V d I.2 0  ( 2 / 3 ) ,  p p .  1 B 3 - 1 9 9 .
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F e e l  y R . A . , H a s s o t h  6 . J . , P a u l  s o n  A . J. a n d  B e n d r o n  J. F. C 1 9 8 3 )
P o s s i b l e  e v i d e n c e  f o r  e n r i c h m e n t  of  t r a c e  e l e a e n t s  in  t h e
h y d r o u s  e a n g a n e s e  o x i d e  p h a s e s  of  s u s p e n d e d  a a t t e r  f r o e  a n  
u r b a n i z e d  e a b y a e n t .  E s t u a r i a e ,  C o a s t a l  a n d  S h e l f  S c i e n c e ,  
V o l . 17, p p .  6 9 3 -  7 0 S .

F l e t c h e r  U . K . ,  H o l n e s  G . S .  a n d  L e n i s  A . 6 . ( 1 9 8 3 )  ß e o c h e a i s t r y  a n d  
b i o l o g i c a l  a v a i l a b i 1 i t y  of i r o n  a n d  t r a c e  e l e a e n t s  i n  t h e  
u p p e r  F r a s e r  R i v e r  E s t u a r y .  K a r i n e  C h e a i s t r y , V o l . 12, pp. 
1 9 5 - 2 1 7 .

F o e r s t n e r  U . , C a l a a n o  N . , C o n r a d t  K . , J a k s c h  H . ,  S c h i a k u s  C. a n d  
S c h o e r  3. ( 1 9 7 9 )  C h e a i c a l  s p é c i a t i o n  of h e a v y  a e t a l s  in s o l i d
w a s t e  a a t e r i a l s  ( s e w a g e  s l u d g e ,  a i n i n g  w a s t e s ,  d r e d g e d  
a a t e r i a l s ,  p o l l u t e d  s e d i s e n t s )  b y  s e q u e n t i a l  e x t r a c t i o n .
S y a p o s i u a  " H e a v y  a e t a l s  in t h e  e n v i r o n n e n t " , 1 9 7 9 ,  p p .  6 9 8 -  
7 0 4 .

F o e r s t n e r  U . , P a t c h i n e e l a a  S . R .  a n d  S c h a o l 1 B. ( 1 9 7 9 )  C h e a i c a l  
f o r a s  of h e a v y  a e t a l s  i n  n a t u r a l  a n d  p o l l u t e d  s e d i a e n t s .  
S y a p o s i u a  " H e a v y  a e t a l s  i n  t h e  e n v i r o n n e n t " , 1 9 7 9 ,  p p .  3 1 6 - 3 1 9 .

B i e s b e r t s  H . ,  6 o r t e r  T. a n d  d e  L e e u w  B . H . F .  ( 1 9 B 6 )  
B o d e a p r o f i e l e n ,  h u n  a o r f o l o g i e  e n  g e n e s e  e n  d e  v e r t i c a l  e 
v e r o n t r e i n i g i n g  v a n  z w a r e  a e t a l e n  in  h e t  W e s t e r s c h e l d e  
e 5 t u a r i u a .

B o l d h a b e r  H . 6 ., K a p l a n  I . R.  ( 1 9 7 4 )  T h e  s u l f u r  c y c l e .  In G o l d b e r g  
(ed) T h e  S e a  V d I . 5 , 1 9 7 4 ,  p p .  5 6 9 - 6 5 5 .

6 o u d  A . ,  V o s  C . H .  a n d  N i e u w e n h u i z e  J. ( 1 9 8 5 )  A n a l y s e  v a n  a e t a l e n  
in  g r o n d a o n s t e r s  v a n  s c h o r r e n  d o o r  a i d d e l  v a n  s e l e c t i e v e  
e x t r a c t i e a e t h o d e n .

H i n e s  H . E . ,  B e r r y  L y o n s  H . H . ,  A r a s t r o n g  P . B . , O r e a  H . H . ,  S p e n c e r  
H . J . ,  ß a u d e t t e  H . E .  a n d  J o n e s  6 . E. ( 1 9 8 4 )  S e a s o n a l  a e t a l  
r e a o b i 1 i z a t i o n  in  t h e  s e d i a e n t s  of G r e a t  B a y ,  N e w  H a a p s h i r e .  
K a r i n e  C h e a i s t r y , 15, p p .  1 7 3 - 1 8 7 .

H i r s t  J . H . ,  A s t o n  S . R .  ( 1 9 8 3 )  B e h a v i o u r  of c o p p e r ,  z i n c ,  i r o n  a n d  
a a n g a n e s e  d u r i n g  e x p e r i a e n t a l  r e s u s p e n s i o n  a n d  r e o x i d a t i o n  of 
p o l l u t e d  a n o x i c  s e d i a e n t s .  E s t u a r  i n e , C o a s t a l  a n d  S h e l f  
S c i e n c e , 16, p p  5 4 9 - 5 5 8 .

H o n g  Y . T . , F o e r s t n e r  U. ( 1 9 8 3 )  S p é c i a t i o n  of h e a v y  a e t a l s  in 
Y e l l o w  R i v e r  s e d i a e n t .  S y a p o s i u a  " H e a v y  a e t a l s  in t h e  
e n v i r o n a e n t " , 1 9 B 3 ,  p p .  B 7 2 - B 7 5 .

J a c o b s  L . ,  E a e r s o n  S. a n d  S k e i  J. ( 1 9 B 5 )  P a r t i t i o n i n g  a n d  
t r a n s p o r t  o f  a e t a l s  a c r o s s  t h e  O a / H 2 S i n t e r f a c e  i n  a 
p e r a a n e n t l y  a n o x i  c b a s i n :  F r a a v a r e n  F j o r d , N o r w a y .
B e o c h i a i c a  et C o s a o c h i a i c a  A c t a ,  V o l . 4 9 ,  p p .  1 4 3 3 - 1 4 4 4 .

K e e n e y - K e n n i c u t t  W . L . , P r e s l e y  B . J .  ( 1 9 8 6 )  T h e  g e o c h e a i s t r y  of 
t r a c e  a e t a l s  in t h e  B r a z o s  R i v e r  E s t u a r y .  E s t u a r  i n e , C o a s t a l  
ans S h e l f  S c i e n c e ,  2 2 ,  p p .  4 5 9 - 4 7 7 .

K e r n d o r f f H . ,  S c h n i  t z e r  H. ( 1 9 8 0 )  S o r p t i  o n  o f  a e t a l s o n  h u a i  c 
a c i d .  B e o c h i a i c a  et C o s a o c h i a i c a  A d a ,  V o l  . 4 4 ,  p p .  1 7 0 1 - 1 7 0 8 .

K e r s t e n  H . ,  F o e r s t n e r  U. , C a l a a n o  W. a n d  A h l f  N. ( 1 9 8 5 )  
F r e i s e t z u n g  v o n  H e t a l l e n  b e i  d e r  O x i d a t i o n  v o n  S c h l a e a a e n -  
u a w e l t i  s e h e  A s p e k t e  d e r  B a g g e r g u t d e p o n i e r u n g .  In " V o a  W a s s e r " , 
v o l . 6 5 ,  p p . 2 1 - 3 5 .
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K i t a n o  Y . ,  S a k a t a  H. a n d  H a t s u a o t o  E. ( 1 9 8 0 )  P a r t i t i o n i n g  of 
h e a v y  a e t a l s  i n t o  m i n e r a l  a n d  o r g a n i c  f r a c t i o n s  i n  a s e d i m e n t  
c o r e  f r o a  T o k y o  B a y .  Geochiaica et Cosaochiaica A d a ,  V o l  . 4 4 ,  
pp. 1 2 7 9 - 1 2 8 5 .

K r a u s k o p f  K . B .  ( 1 9 5 6 )  I n t r o d u c t i o n  t o  g e o c h e m i s t r y .  M c 6 r a w - H i 11 
b o o k  c o a p a n y .  7 2 1  pp.

K r e a l i n g  K. ( 1 9 8 3 )  T h e  b e h a v i o u r  of Z n ,  C d ,  C u ,  N i ,  C o ,  F e  a n d  M n  
i n  a n o x i c B a l t i c  w a t e r s .  Marine C h e a i s t r y , 13, p p .  8 7 - 1 1 8 .

L u o a a  S . N . ,  D a v i s J . A .  ( 1 9 8 3 )  R e q u i r e a e n t s  f o r  m o d e l i n g  t r a c e  
m e t a l  p a r t i t i o n i n g  i n  o x i d i z e d  e s t u a r i n e  s e d i a e n t s .  Marine 
C h e a i s t r y , 12, p p .  1 5 9 - 1 8 1 .

H a r t i n  J - M . , H e y b e c k  H. ( 1 9 7 9 )  E l e a e n t a l  a a s s  b a i a n c e  of a a t e r i a l  
c a r r i e d  b y  a a j o r  w o r l d  r i v e r s .  M a r i n e  C h e a i s t r y , 7, pp. 1 7 3 -
2 0 6 .

M c K e n z i e  R . H. ( 1 9 8 0 )  T h e  a d s o r p t i o n  of  l e a d  a n d  o t h e r  h e a v y  
a e t a l s  o n  o x i d e s  o f  a a n g a n e s e  a n d  i r o n .  A u s t r a l i a n  J o u r n a l  of 
s o i l  r e s e a r c h ,  18, p p . 6 1 - 6 3 .

M i l l s  6 . L . , Q u i n n  3.B. ( 1 9 8 4 )  D i s s o l v e d  c o p p e r  a n d  c o p p e r - o r g a n i c 
c o a p l e x e s  i n  t h e  N a r r a g a n s e t t  B a y  E s t u a r y .  Mar ine C h e a i s t r y , 
1 5, pp. 1 5 1 - 1 7 2 .

M u r r a y  J . H .  ( 1 9 7 3 )  T h e  i n t e r a c t i o n  of  a e t a l  i o n s  a t  t h e  h y d r o u s  
a a n g a n e s e  d i o x i d e  s o l u t i o n  i n t e r f a c e ,  P h . D .  T h e s i s .  
M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,  C a a b r i d g e ,  2 7 3  pp.

M u r r a y  J . N .  ( 1 9 7 5 )  T h e  i n t e r a c t i  o n  o f  c o b a l t  w i t h  h y d r o u s
a a n g a n e s e  d i o x i d e .  G e o c h i a i c a  et C o s a o c h i a i c a  A d a ,  V o l . 3 9 ,  
p p .  6 3 5 - 6 4 7 .

M u r r a y  J . N . , S p e l l  B. a n d  P a u l  B. ( 1 9 8 3 )  T h e  c o n t r a s t i n g  
b e h a v i o u r  o f  a a n g a n e s e  a n d  c h r o a i u a  i n  t h e  e a s t e r n  t r o p i c a l  
P a c i f i c  O c e a n .  Ins T r a c e  a e t a l s i n  s e a  w a t e r .  B y  C . S .  H o n g ,  E. 
B o y l e ,  K . H .  B r u l a n d ,  J . D. B u r t o n  a n d  E . D .  B o l d b e r g  ( e d ) , 1 9 8 3 ,  
p p .  6 4 3 - 6 6 9 .

N e a l  s o n  K . H .  ( 1 9 8 2 )  M i c r o b i a l  o x i d a t i o n  o f  F e  a n d  M n .  In: P.
H e s t b r o e k  a n d  E. d e  J o n g  (ed) B i o a i n e r a l i z a t i o n  a n d  b i o l o g i c a l  
a e t a l  a c c u a u l a t i o n , 1 9 8 2 ,  p p .  4 5 9 - 4 7 9 .

N r i a g u  J . O . , C o k e r  R . D .  ( 1 9 8 0 )  T r a c e  a e t a l s  i n  h u a i c  a n d  f u l v i c  
a c i d s  f r o m  L a k e  O n t a r i o  s e d i a e n t s .  E n v i r o n . S e i .  T e c h n o l .  14, 
p p .  4 4 3 - 4 4 6 .

R a p i n  F . ,  F o e r s t n e r  U. ( 1 9 8 3 )  S e q u e n t i a l  l e a c h i n g  t e c h n i q u e s  f o r  
p a r t i  c u l a t e  a e t a l  s p é c i a t i o n :  T h e  s e l e c t i v i t y  of  v a r i o u s
e x t r a c t a n t s .  S y a p o s i u a  " H e a v y  a e t a l s  in t h e  e n v i r o n m e n t " , 1 9 8 3 ,  
p p .  1 0 7 4 - 1 0 7 7 .

R a p i n  F . ,  T e s s i e r  A . ,  C a m p b e l l  P . 6 . C. a n d  C a r i g n a n  R. ( 1 9 8 6 )  
P o t e n t i a l  a r t i f a c t s  i n  t h e  d e t e r a i n a t i o n  of a e t a l  p a t i t i o n i n g  
in s e d i m e n t s  b y  a s e q u e n t i a l  e x t r a c t i o n  p r o c e d u r e .  E n v i r o n .  
S e i .  T e c h n o l . ,2 0,  p p . 8 3 6 - 8 4 0 .

R a s p o r  B . , N u e r n b e r g  H . H . ,  V a l  e n t a  P. a n d  B r a n i c a  H. ( 1 9 8 4 )  
S t u d i e s  i n  s e a w a t e r  a n d  l a k e  w a t e r  o n  i n t e r a c t i o n s  of t r a c e  
a e t a l s  w i t h  h u m i c  s u b s t a n c e s  i s o l a t e d  f r o m  m a r i n e  a n d  
e s t u a r i n e  s e d i a e n t s .  1 1 . V o l t a m e t r i c  i n v e s t i g a t i o n s  on
t r a c e  a e t a l  c o m p l e x  f o r m a t i o n  in  t h e  d i s s o l v e d  p h a s e .
M a r i n e  C h e a i s t r y ,15, p p .  2 3 1 -  2 4 9 .

R e c k e  M . ,  F o e r s t n e r  U. ( 1 9 8 5 )  O x i d a t i o n  i n c r e a s e s  m o b i l i t y  of 
t o x i c  a e t a l s  in  d r e d g e d  s l u d g e s .

R e u t h e r  R . ,  H r i g h t  R . F .  a n d  F o e r s t n e r  U. ( 1 9 8 1 )  D i s t r i b u t i o n  a n d
c h e m i c a l  f o r m s  of h e a v y  a e t a l s in  s e d i a e n t  c o r e s  f r o m  t w o
N o r w e g i a n  l a k e s  a f f e c t e d  b y  a c i d  p r e c i p i t a t i o n .  S y a p o s i u a  
■ H e a v y  a e t a l s  in  t h e  e n v i r o n m e n t " , 1 9 8 1 ,  p p .  3 1 8 - 3 2 1 .
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R e u t h e r  R . ,  A n d e r s s o n  J . B .  a n d  F o e r s t n e r  U. ( 1 9 8 3 )  E f f e c t  of p H -  
c h a n g e s  on t h e  d i s t r i b u t i o n  a n d  c h e a i c a l  f o r a s  of  h e a v y  a e t a l s 
in s e d i a e n t  c o r e s  f r o a  S w e d i s h  l a k e s .  S y a p o s i u a  “ H e a v y  
a e t a l s in  t h e  e n v i r o n a e n t " , 1 9 8 3 ,  pp. 8 6 8 - 8 7 1 .

R e i  j n d e r s  J . J . ,  S t e n e k e r  R . ,  P r o n k  H . ,  Ri k a a r t H . ,  H o l e n a a r  A. , 
Hi 1 t e n b u r g  J. a n d  K o o l  J. ( 1 9 8 5 )  H e t  b o d e a k u n d i  g ai l i e u  v a n  
h e t  i n t e r t i  j d e  g e b i  e d  v a n  d e  H e s t e r s c h e l d e .

Ri c k a r d  ( 1 9 7 3 )  S e d i a e n t a r y  i r o n  s u l p h i d e  f o r a a t i o n .  In H. 
O o s t  ( e d ) , 1 9 7 3  P r o c e e d i n g s  o n  t h e  i n t e r n a t i o n a l  s y a p o s i u a
of a c i d  s u l p h a t e  s o i l s ,  p a r t  2 . r e s e a r c h  p a p e r s .

S a l o a o n s  H . , F o e r s t n e r  U. ( 1 9 8 4 )  H e t a l s in t h e  h y d r o c y c l e .  
S p r i n g e r  V e r l a g .  3 4 9  p p .

S c h u a a n n  C . ,  F o e r s t n e r  U . , S c h o e t t i  er U. a n d  N a e h l e  C. ( 1 9 8 1 )  
S o r p t i D n  of h e a v y  a e t a l s  i n  s a n d  f i l t e r s  u n d e r  a e r o b i c a n d  
a n a e r o b i c  c o n d i t i o n s  a n d  i n  t h e  p r e s e n c e  of o r g a n i c s u b s t a n c e s  
( h u a i c  a c i d ,  N T A ) . S y a p o s i u a " H e a v y  a e t a l s i n  t h e  
e n v i r o n a e n t " , 1 9 8 1 ,  p p . 3 1 - 3 4 .

S h o l k o v i t 2 E . R .  ( 1 9 7 6 )  F l o c c u l a t i o n  of d i s s o l v e d  o r g a n i  c a n d  
i n o r g a n i c  a a t t e r  d u r i n g  t h e  a i x i n g  of r i v e r  M a t e r  a n d  
s e a a a t e r . B e o c h i a i c a  et C o s a o c h i a i c a  A c t a ,  V o l . 4 0 ,  p p .  8 3 1 -  
8 4 5 .

S h o l k o v i t z  E . R .  ( 1 9 7 8 )  T h e  f l o c c u l a t i o n  of d i s s o l v e d  F e ,  H n , A l , 
C u ,  H i ,  C o  a n d  C d  d u r i n g  e s t u a r i n e  a i x i n g .  E a r t h  a n d  P l a n e t a r y  
S c i e n c e  L e t t e r s ,  4 1 ,  p p .  7 7 - 8 6 .

S h o l k o v i  tz E . R . , B o y l e  E . A .  a n d  P r i c e  N . B .  ( 1 9 7 8 )  T h e  r e a o v a l  of 
d i s s o l v e d  h u a i c  a c i d s  a n d  i r o n  d u r i n g  e s t u a r i n e  a i x i n g .  E a r t h  
a n d  P l a n e t a r y  S c i e n c e  L e t t e r s ,  4 0 ,  p p .  1 3 0 - 1 3 6 .

S o h n  H . L . , H u g h e s  H . C .  ( 1 9 8 1 )  H e t a l  i o n  c o a p l e x  f o r a a t i  on  
c o n s t a n t s  of  s o a e  s e d i  a e n t a r y  h u a i  c a c i  d s  mí t h  Z n ( i i ) ,  C u (i i ) 
a n d  C d ( i i ) .  B e o c h i a i c a  et C o s a o c h i a i c a  A d a , 4 5 ,  p p .  2 3 9 3 -  
2 3 9 9 .

S t u a a  N . , H o r g a n  J. ( 1 9 8 1 )  A q u a t i c  C h e a i s t r y .  Hi l e y  a n d  S o n s , 
Inc. 7 8 0  p p .

T e s s i e r  A . , C a a p b e l 1 P . 6 . C. a n d  B i s s o n  H. ( 1 9 7 9 )  S e q u e n t i a l  
e x t r a c t i o n  p r o c e d u r e  f o r  t h e  s p é c i a t i o n  of p a r t i c u l a t e  t r a c e  
a e t a l s .  A n a l y t i c a l  c h e a i s t r y , V o l . 5 1 ,  N o . 7, p p .  8 4 4 - 8 5 1 .

T e s s i e r  A . , C a a p b e l 1 P . 6 . C. a n d  B i s s o n  H. ( 1 9 8 2 )  P a r t i c u l a t e  
t r a c e  a e t a l  s p é c i a t i o n  in  s t r e a a  s e d i a e n t s  a n d  r e l a t i o n s h i p s  
a i t h  g r a i n  s i z e :  i a p l i c a t i o n s  f o r  g e o c h e a i c a l  e x p l o r a t i o n .
J o u r n a l  of B e o c h e a i c a l  E x p l o r a t i o n , 16, p p .  7 7 - 1 0 4 .

T r a a o n t a n o  J . H . , B o h l e n  U . F .  ( 1 9 B 4 )  T h e  n u t r i e n t  a n d  t r a c e  a e t a l  
g e o c h e a i  s t r y  of a d r e d g e d  p l u a e .  E s t u a r  ine r C o a s t a l  a n d  S h e l f  
S c i e n c e ,  18, p p .  3 8 5 - 4 0 1 .

V a n  D e r  H e y d e n  C . H . , A r n o l d u s  H . J . H . L .  a n d  H e u r s  C . J .  ( 1 9 7 7 )  
D e s o r p t i o n  o f  a e t a l s f r o a  s u s p e n d e d  a a t e r i a l  i n  t h e  R h i n e  
e s t u a r y .  H e t h e r l a n d s  J o u r n a l  o f  S e a  R e s e a r c h ,  11 (2), p p .  1 3 0 -  
145.

H e d e p o h l  K . H .  ( 1 9 7 8 )  H a n d b o o k  of g e o c h e a i  s t r y  e d .  b y  K . H .  
H e d e p o h l  a . o .  S p r i n g e r  V e r l a g , 1 9 7 B .

Hi n d o a  H . ,  H a l  1 a c e  B . ,  S a i  t h  R . ,  D u d e k  N . , H a e d a  H . ,  D u l a a g e  R. 
a n d  S t o r t i  F. ( 1 9 8 3 )  B e h a v i o u r  of c o p p e r  i n  S o u t h e a s t e r n  
U n i t e d  S t a t e s  e s t u a r i e s .  M a r i n e  C h e a i s t r y , 12, pp. 1 8 3 - 1 9 3 .

Z u u r  A . J . , B a k k e r  6. a n d  L u b b e r s  H . R .  ( 1 9 5 4 )  O v e r  d e  b e t e k e n i s  
v a n  d e  f r a c t i e s  0 - 2  e n  0 - 1 6  a u  v o o r  d e  i n d e l i n g  d e r  Z M a a r d e r e  
g r o n d e n  in d e  N o o r d o o s t p o l d e r . L a n g s  B e t o n n e n  V e l d e n , V e e n a a n  
H a g e n i n g e n ,  p p .  1 3 1 - 1 4 2 .
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Table 1.1 texture , lime- and organic carboneentent of S°
un : 210-2000 50-210 20-50 2-20 -2 %CaC03 %Corg.

1 0.13 1.87 13.06 34.83 50.11 13.02 4.96
2 0.17 2.26 13.57 34.29 49.71 13.03 -
3 0.41 1.70 11.45 38.13 48.32 12.51 -
4 0.13 1.64 12.87 35.50 49.85 13.20 -
5 0.05 1.59 10.60 33.01 54.75 10.25 3.79
6 0.04 1.12 8.58 34.74 55.53 11.09 -
7 0.10 2.91 8.98 33.34 54.67 10.11 -
8 0.20 1.91 8.75 33.94 55.20 10.20 -
9 0.19 20.65 12.50 25.63 41.04 7.96 3.59
10 0.30 26.72 13.86 23.10 36.03 8.92 -
17 0.92 89.48 3.69 2.27 3.63 4.75 -
18 1.06 87.48 4.78 2.25 4.43 4.81 0.48

Table 1. la texture, lime- and organic carboncontent of WC and WR
un: 2000-50 50-20 20-2 2-0.5 - 0.5 %CaC03 »Corg.

-13m. 5.49 11.66 30.13 16.88 35.83 19.66 4.47
- lm. 1.43 9.99 32.41 18.63 37.54 18.47 4.94
1-6WR 13.90

Table 1.1b sulfate-, pyrite- and total Fe-content of S° and WC
ppm S04 ppm FeS2 %Fet

1 1046 3899 5.13
5 2520 2476 3.87
10 5154 1700 3.12
18 903 1588 1.12

2-13m. 1601 9054 4.41
4- In. 642 8020 3.92



-  53 -

F e l F e 2 F e 3 F e 4 F e 5

H R  la d. 1 d .l 3 4 5 . 0 0 5 3 1 1 . 0 0 1 5 6 3 B . B 0
H R  lb d . l d . l 3 6 1 . 0 0 6 9 9 0 . 0 0 1 1 0 9 0 . 0 0
H R  le d. 1 d .l 3 7 8 . 0 0 4 2 6 5 . 0 0 1 5 9 0 2 . 0 0
H R 2 a d.l d .l 6 9 8 . 0 0 9 0 1 1 . 0 0 1 3 5 5 4 . 0 0
H R 2 b d.l 1 4 . 3 0 1 0 3 4 . 0 0 7 5 B B . 0 0 1 5 0 0 3 . 0 0
H R 2 c d . l 6 4 . 6 0 1 5 3 7 . 0 0 7 4 3 5 . 0 0 1 3 9 7 2 . 0 0

F e 6 F e 7 F e T F e B

H R l a 2 5 2 8 . 0 0 3 3 1 1 0 . 0 0 5 6 9 3 2 . 0 0 n. a
H R l b 2 0 5 9 . 0 0 3 3 3 2 4 . 0 0 5 3 8 2 4 . 0 0 n. a
H R  le 2 1 3 0 . 0 0 2 B 7 6 7 . 0 0 5 1 4 4 2 . 0 0 n. a
H R 2 a 2 1 8 9 . 0 0 3 1 5 0 4 . 0 0 5 7 1 5 6 . 0 0 n. a
H R 2 b 2 3 6 8 . 0 0 3 3 1 4 7 . 0 0 5 9 1 3 7 . 0 0 n. a
H R 2 c 2 1 7 1 . 0 0 3 2 8 4 0 . 0 0 5 7 9 5 5 . 0 0 n. a

Z nl Z n 2 Z n 3 Z n 4 Z n 5

H R l a d.l 8 3. 2 0 2 6 6 . 0 0 3 6 5 . 0 0 8 0 . 0 0
H R l b d.l 6 6 . 9 0 2 0 9 . 0 0 200.00 1 4 0 . 0 0
H R l c d.l 1 0 . 6 0 7 8 . 0 0 201.00 7 2 . 0 0
H R 2 a d . l 2 7 . 5 0 1 7 6 . 0 0 2 7 2 . 0 0 5 1 . 0 0
H R 2 b d.l d . l 7 9 . 0 0 3 0 4 . 0 0 8 4 . 0 0
H R 2 c d . l 2 8 . 4 0 86.00 3 3 9 . 0 0 7 1 . 0 0

Z n 6 Z n 7 Z n T Z n B

H R l a 101.00 1 3 3 . 0 0 1 0 2 9 . 0 0 n. a
H R l b 4 2 . 0 0 1 4 1 . 0 0 7 6 9 . 0 0 n. a
H R l c 66.00 1 5 3 . 0 0 4 4 2 . 0 0 n. a
H R 2 a 4 0 . 0 0 1 3 7 . 0 0 7 0 4 . 0 0 n. a
H R 2 b 5 2 . 0 0 1 6 7 . 0 0 7 0 4 . 0 0 n. a
H R 2 c 5 8 . 0 0 1 4 8 . 0 0 7 3 1 . 0 0 n. a

Ta b l e  1 Hetal c o n t e n t  of HR; Fe and Zn (ppm)
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P b l P b 2 P b 3 P b 4 P b 5

H R l a .31 1 . 4 2 4 . 4 0 4 4 . 3 0 3 1 . 5 0
H R l b d.l d.l d .l 6 2 . 0 0 4 B . 0 0
H R l c . 6 0 .71 2 . 9 4 3 1 . 9 0 6 1 . 4 0
H R 2 a .21 1 . 1 4 6 . 4 B 6 7 . 5 0 4 B . 0 0
H R 2 b d. l d . l d . l 4 5 . B 0 5 7 . 0 0
H R 2 c . I B . 66 4 . 1 7 6 7 . 7 0 6 9 . 0 0

P b 6 P b 7 P b T P b B

H R l a d.l 2 9 7 . 0 0 4 0 0 . 0 0 n. a
H R l b n. a n. a n. a n. a
H R l c 2 4 . 9 0 2 9 0 . 0 0 4 1 3 . 0 0 n. a-
H R 2 a 1 3 . 9 0 2 6 9 . 0 0 4 0 7 . 0 0 n. a
H R 2 b n. a n. a n. a n. a
H R 2 c 3 7 . 0 0 3 2 4 . 0 0 5 0 0 . 0 0 n. a

C d l C d 2 C d 3 C d 4 C d 5

H R l a . 0 9 . 2 9 . 7 0 2.66 d . l
H R l b n. a n. a n. a n. a n. a
H R l c . 0 5 . 0 4 .31 3 . 9 9 d.l
H R 2 a d.l . I B . B 0 4 . 8 2 d.l
H R 2 b n. a n. a n. a n. a n. a
H R 2 c . 0 4 .02 . 0 5 5 . 4 9 d.l

C d 6 C d 7 C d T C d B

H R l a d.l d . l d.l n. a
H R l b n. a n. a n. a n. a
H R l c d.l d . l d.l n. a
H R 2 a d.l d. l d.l n. a
H R 2 b d.l d . l d.l n. a
H R 2 c d.l d.l d.l n. a

Mn l H n 2 M n 3 H n 4 M n 5

H R l a 8 7 . 2 0 2 2 7 . 0 0 5 1 4 . 0 0 1 0 5 5 . 0 0 1 4 4 . 0 0
H R l b 6 9 . 6 0 1 9 0 . 0 0 5 5 5 . 0 0 9 5 2 . 0 0 9 2 . 0 0
H R l c 6 3 . 7 0 1 5 7 . 0 0 3 3 3 . 0 0 7 4 9 . 0 0 1 4 1 . 0 0
H R 2 a 6 5 . 8 0 220.00 6 1 7 . 0 0 6 5 6 . 0 0 9 9 . 0 0
H R 2 b 5 3 . 5 0 1 B 9 . 0 0 4 4 9 . 0 0 5 3 7 . 0 0 1 0 3 . 0 0
H R 2 c 71. B 0 1 B 0 . 0 0 4 6 6 . 0 0 4 5 8 . 0 0 9 7 . 0 0

M n 6 H n 7 H n T IlnB

H R l a 1 8 . 6 0 1 2 7 . 0 0 2 1 7 4 . 0 0 n. a
H R l b 1 4 . 1 0 1 2 5 . 0 0 2 0 1  B . 0 0 n. a
H R l c 12.00 1 2 5 . 0 0 1 5 8 1 . 0 0 n. a
H R 2 a 1 1 . 4 0 1 2 5 . 0 0 1 7 9 4 . 0 0 n. a
H R 2 b 1 5 . B 0 122.00 1 4 7 0 . 0 0 n. a
H R 2 c 1 5 . 1 0 1 2 7 . 0 0 1 4 1 5 . 0 0 n. a

Tabl e 1 Metal con t e n t  of W R ; Pb, Cd and Mn (ppm)
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C u l C u 2 C u 3 C u 4 C u 5

H R l a 2 . 1 6 2 . 35 2 . 8 2 3 2 . 9 0 1 4 . 3 0
H R l b d . l d.l d.l 4 0 . e e 2B.ee
H R l c 3 . 1 5 2 . 07 4. 15 5 . 3 0 22 . 6 0
H R 2 a i 3 . e e i i . e e 5 . 5 4 3 1 . 3 0 2 1 . 7 0
H R 2 b d . l d.l d.l 26 . 70 17 .20
H R 2 c 4 . 4 9 8.51 4 . 80 2 5 . 5 0 19 .90

C u 6 C u 7 C u T C u B

H R l a 86.20 6 0 . 3 0 201.00 n . a
H R l b 3 7 . 6 0 69. 10 1 7 7 . 0 0 n . a
H R l c 7 8 . 0 0 4 B . 6 0 1 9 0 . 0 0 n. a
H R 2 a 5 1 . 3 0 6 2 . 5 0 1 B 9 . 0 0 n. a
H R 2 b 7 1 . 7 0 5 0 . 7 0 1 8 5 . 0 0 n. a
H R 2 c 7 3 . 4 0 6 B . B 0 202.00 n. a

Ni 1 Ni 2 Ni 3 Ni 4 Ni 5

H R l a d . l 1 2 4 . 0 0 1 6 6 . 0 0 1 1 4 . 0 0 4 6 . 0 0
H R l b d . l 1 2 3 . B 0 1 4 4 . 0 0 B 4 . 0 0 4 0 . 0 0
H R l c d . l 1 6 . 0 0 3 0 . 6 0 3 0 . 0 0 d.l
H R 2 a d . l 23. 10 5 1 . 5 0 3 0 . 0 0 d.l
H R 2 b d . l d. l 21.00 21.00 12.00
H R 2 c d .l 12.20 2 6 . 2 0 2 9 . 0 0 d.l

Ni 6 N i 7 N i T N i B

H R l a d . l 2 7 . 0 0 4 7 7 . 0 0 n. a
H R l b d . l d. l 4 3 0 . 0 0 n. a
H R l c d . l 3 8 . 0 0 d.l n. a
H R 2 a d . l d.l 1 4 5 . 0 0 n. a
H R 2 b d . l 3 1 . 0 0 d.l n. a
W R 2 c d . l 3 0 . 0 0 112.00 n. a

C r i C r 2 C r 3 C r 4 C r 5

H R l a d . l . 1 7 .86 8.00 3 8 . 6 0
H R l b d . l d.l d . l B . 5 0 5 5 . 0 0
H R l c d.l . 1 3 .86 8.00 4 0 . 3 0
H R 2 a d . l . 4 3 1 . 7 6 10.00 4 B . 2 0
H R 2 b d . l d.l d.l 12.10 5 5 . 4 0
H R 2 c d .l . 2 3 1.11 8.00 5 1 . 2 0

C r 6 C r 7 C r T C r B

H R l a 1 6 . 0 0 1 5 8 . 0 0 2 2 5 . 0 0 n. a
H R l b 2 4 . 5 0 1 5 9 . 0 0 d.l n. a
H R l c 1 8 . 0 0 1 5 1 . 0 0 2 1 3 . 0 0 n. a
H R 2 a 8 . 5 0 1 5 8 . 0 0 2 6 9 . 0 0 n. a
H R 2 b 8.00 1 8 3 . 0 0 d.l n. a
H R 2 c 6 . 5 0 1 7 1 . 0 0 2 8 4 . 0 0 n . a

Tabl e 1 Metal c o n t e n t  of HR; Cu, Ni and Cr (ppm)
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P b l P b 2 P b 3 P b 4

W C l o d.l d.l 5 . B 0 7 4 . 0 0
W C 3 o d . l d.l B . 2 5 d. l
W C 5 o d . l d.l 5 . 9 2 4 5 . 0 0
W C 6 o n . a n. a n. a n. a
W C l b d .l d.l 14. B0 5 5 . 0 0
W C 2 b d . l d.l 9 4 . 0 0 100.00
W C 5 b d .l d.l 22.10 111.00
W C 6b d . l d.l 33. 8 0 d. l

P b 6 P b 7 P b T P b B

W C l o d . l 6 2 . 5 0 d . l 200.00
W C 3 o 1 2 2 . 4 0 7 2 . 8 0 3 1 3 . 0 0 1 5 0 . 0 0
W C 5 o 6 3 . 5 0 B 6 . 7 0 2 5 7 . 0 0 1 6 6 . 0 0
W C 6 o n. a n. a n. a 1 9 4 . 9 0
W C l b 4 7 . 0 0 8 4 . 1 0 2 4 6 . 0 0 1 5 6 . 0 0
W C 2 b d .l 7 0 . 2 0 2 9 6 . 0 0 3 5 8 . 0 0
W C 5 b d . l d.l d.l 2 4 7 . 0 0
W C 6 b 3 0 . 0 0 d . l d . l 2 2 7 . 0 0

C d l C d 2 C D 3 C d 4

W C l o d . l d.l d . l 1 6 . 0 0
W C 3 o d . l d . l d . l d . l
W C 5 o d . l d.l d . l d . l
W C 6 o d . l d .l n. a n. a
W C l b d . l d.l . 7 3 4 . 0 0
W C 2 b d . l d .l 5 . 5 7 d. l
W C 5 b d.l d.l 1 . 3 6 d . l
W C 6b d . l d . l 2.00 2 . 4 2

C d 6 C d 7 C d T C d B

W C l o d . l 1 . 5 0 d.l 10.10
W C 3 o 6 . 7 0 2 . 4 1 d . l B . 4 2
W C 5 o d. 1 2 . 7 3 d .l 7 . 1 6
W C 6 o n. a n. a n. a 1 2 . 4 0
W C l b d . l 4 . 8 7 d .l 9 . 6 6
W C 2 b d . l 4 . 6 4 d.l 2 0 . 5 0
W C 5 b d . l 4 . 2 0 d.l , 1 4 . 9 0
W C 6b d.l 3 . 6 0 d.l 1 5 . 5 0

P b 5
I B B . 0 0
1 3 . 0 0
5 6 . 0 0  
n. a

4 5 . 0 0
6 0 . 0 0  
5 0 . 0 0
d .l

C d 5

d.l
1 . 9 8
d.l
n. a
d.l
d.l
d.l
d.l

Ta b l e  1 Metal c o n t e n t  of WC; Pb and Cd (ppm)
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M n 1 M n 2 H n 3 M n 4 M n 5

W C l o .66 4 8 . 6 0 2 3 4 . 7 0 1 0 7 1 . 0 0 5 1 7 . 0 0
W C 3 o 3. 7 8 2 3 5 . 0 0 4 8 9 . 0 0 5 3 0 . 0 0 3 6 2 . 0 0
N C 5 o . 2 7 5 6 . 6 0 1 3 5 . 6 0 5 B . 4 0 2 0 8 . 5 0
W C 60 2 . 2 8 4 5 . 0 0 n. a n. a n. a
W C l b 3 . 8 7 1 7 6 . 0 0 1 8 3 . 2 0 1 4 6 . 0 0 6 8 . 4 0
W C 2 b 3 . 4 7 1 8 4 . 0 0 5 5 5 . 0 0 1 1 7 . 0 0 5 9 . 2 0
W C 5 b d .l 4 7 . 0 0 1 7 9 . 7 0 1 7 8 . 0 0 7 1 . 6 0
W C 6b d.l 8 1 . 3 0 202.00 1 1 0 . 7 0 6 6 . 6 0

H n 6 H n 7 M n T M n B
W C l o 8 9 . 8 0 1 1 5 . 1 0 2 0 7 7 . 0 0 7 4 4 . 0 0
W C 3 o 6 4 . 4 0 1 2 8 . 0 0 1 8 1 3 . 0 0 1 6 0 3 . 0 0
W C 5 o 3 2 . 5 0 1 4 9 . 0 0 6 4 1 . 0 0 5 7 3 . 0 0
W C 6 o n. a n. a n. a n. a
W C l b 2 0 . 9 0 1 7 2 . 0 0 7 7 1 . 0 0 1 7 4 2 . 0 0
W C 2 b 12.20 1 4 5 . 0 0 1 0 7 8 . 0 0 5 9 8 . 0 0
W C 5 b 1 2 . 8 0 1 4 0 . 0 0 6 3 0 . 0 0 5 8 3 . 0 0
W C 6 b 111.20 1 3 0 . 0 0 6 0 2 . 0 0 5 4 0 . 0 0

F e l F e 2 F e 3 F e 4 F e 5
W C l o 4 . 7 4 d .l 1 9 9 . 5 0 1 3 6 6 9 . 0 0 4 7 2 2 8 . 0 0
W C 3 d 1 4 . 8 0 2 5 . 1 0 8 3 8 . 0 0 1 4 1 7 . 0 0 2 6 2 3 8 . 0 0
W C 5 o 3 . 8 8 10.10 2 5 8 . 0 0 4 2 3 9 . 0 0 1 9 5 9 7 . 0 0
W C 6 o 11.10 d.l n. a n. a n. a
W C l b 5 2 . 0 0 4 2 . 2 0 5 5 7 . 0 0 6 7 5 5 . 0 0 9 0 9 0 . 0 0
W C 2 b 7 2 . 7 0 d.l 2 1 5 8 . 0 0 7 4 1 7 . 0 0 6 5 7 7 . 0 0
W C 5 b 3 1 . 7 0 1 8 . 7 0 4 7 9 . 0 0 1 1 3 5 8 . 0 0 8 0 5 1 . 0 0
W C 6 b d.l 1 2 . 8 0 5 8 5 . 0 0 1 2 4 7 8 . 0 0 7 8 0 4 . 0 0

F e 6 F e 7 F e T F e B

W C l o 8 5 1 8 . 0 0 2 4 9 1 0 . 0 0 9 . 4 5 4 . 2 4
W C 3 o 5 1 6 9 . 0 0 2 9 1 2 1 . 0 0 6 . 2 8 3 . 3 9
W C 5 o 3 4 3 9 . 0 0 3 4 9 9 8 . 0 0 6 . 2 5 3 . 3 1
W C 6 o n. a n . a n. a 3 . 7 6
W C l b 1 9 8 8 . 0 0 5 9 3 8 7 . 0 0 7 . 7 9 3 . 5 3
W C 2 b 1 3 1 1 . 0 0 5 2 7 3 8 . 0 0 7 . 0 3 6 . 0 4
W C 5 b 1 2 5 2 . 0 0 5 4 9 1 1 . 0 0 7 . 6 1 4 . 5 0
W C 6 b 1 9 4 6 . 0 0 4 7 5 4 0 . 0 0 7 . 0 4 4 . 5 8

T a b l e  1 H e t a l  c o n t e n t  of WC; M n  a n d  F e  ( p pm ,
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Zn 1 Z n 2 Z n 3 Z n 4 Z n 5

W C l o d . l 2 . 9 4 1 6 . 2 0 4 6 5 . 0 0 2 9 5 . 0 0
W C 3 o d.l 1 . 6 9 1 8 . 3 0 1 4 8 . 0 0 2 8 7 . 0 0
W C 5 o d .l . 6 3 1 7 . 6 0 6 1 . 0 0 1 4 2 . 0 0
W C 60 d.l 5 . 9 1 n. a n. a n. a
W C l b d.l 1 3 . 6 0 6 2 . 0 0 1 9 3 . 0 0 8 4 . 4 0
W C 2 b d . l 3 5 . 5 0 3 4 5 . 0 0 1 7 1 . 0 0 7 3 . 6 0
W C 5 b d . l 4 B . 1 0 1 3 5 . 0 0 1 5 1 . 0 0 7 4 . 2 0
W C 6b d . l 5 2 . 5 0 1 7 1 . 0 0 6 3 4 . 0 0 6 3 . 9 0

Z n 6 Z n 7 Z n T Z n 8

W C l o 1 3 6 . 0 0 7 7 . 5 0 9 9 5 . 0 0 4 7 0 . 0 0
W C 3 o 102.00 1 0 9 . 0 0 6 6 B .00 3 6 7 . 0 0
W C 5 o 7 7 . 3 0 1 2 5 . 0 0 4 2 4 . 0 0 3 7 B . 0 0
W C 6 o n. a n. a n . a 4 8 0 . 0 0
W C l b 2 7 . 8 0 1 8 0 . 0 0 5 6 1 . 0 0 3 7 4 . 0 0
W C 2 b 2 0 . 6 0 1 5 5 . 0 0 8 0 2 . 0 0 8 2 0 . 0 0
W C 5 b 2 3 . 8 0 1 7 9 . 0 0 6 1 2 . 0 0 7 0 0 . 0 0
W C 6 b 22.00 1 4 2 . 0 0 1 0 8 6 . 0 0 7 4 6 . 0 0

C u l C u 2 C u 3 C u 4 C u 5

W C l o . 3 2 d.l d . l 21.10 8 7 . 4 0
W C 3 o . 7 4 d.l . 3 7 1 . 7 0 10.20
W C 5 o . 2 3 . 4 9 . 1 4 2 3 . 8 0 44. 10
W C 6o . 66 d . l n. a n. a n . a
W C l b 1 . 6 4 1 . 4 0 d . l 3 7 . 3 0 5 3 . 9 0
W C 2 b 4 . 9 4 d . l 9 . 1 7 5 7 . 5 0 4 7 . 6 0
W C 5 b 1 . 0 4 3 . 8 2 20.20 6 0 . 6 0 6 0 . 9 0
W C 6 b d . l . 9 0 22.00 1 1 . 6 0 5 4 . 6 0

C u 6 C u 7 C u T C u B

W C l o 6 0 . 5 0 2 5 . 6 0 1 9 5 . 0 0 1 0 3 . 0 0
W C 3 o 4 4 . 3 0 3 6 . 7 0 9 4 . 0 0 6 4 . 4 0
W C 5 o 3 6 . 9 0 4 1 . 6 0 1 4 7 . 0 0 7 8 . 2 0
W C 6 o n . a n . a n. a 8 3 . 6 0
W C l b 1 9 . 1 0 4 9 . 0 0 1 7 2 . 0 0 6 1 . 5 0
W C 2 b 6 . 2 3 4 5 . 3 0 1 7 1 . 0 0 1 9 6 . 0 0
W C 5 b 6 . 9 6 4 3 . 8 0 1 9 7 . 0 0 1 6 0 . 0 0
W C 6b 4 . 7 3 3 9 . 0 0 1 3 3 . 0 0 1 6 9 . 0 0

Ta b l e  1 Hetal c o n t e n t  of WC; Zn and Cu (ppm)
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Ni l Ni 2 Ni 3 Ni 4 Ni 5

W C l o . 3 4 . 4 0 2 . 7 6 2 0 . 7 0 1 2 . 8 0
W C 3 o .81 2 . 2 5 6.12 8 . 3 0 1 3 . 9 0
W C 5 o . 4 2 . 5 9 2 . 0 5 d.l 1 3 . 0 0
W C 60 .71 . 9 4 n . a n . a n . a
W C l b d . l 3 . 7 6 4 . 5 0 5 . 7 9 1 4 . 7 0
W C 2 b d.l 4 . 7 5 3 5 . 1 0 1 6 . 5 0 1 6 . 7 0
W C 5 b d.l 2 . 4 5 7 . 9 9 11.10 1 5 . 7 0
W C 6 b d.l 3 . 0 8 9 . 9 9 2 8 . 1 0 1 8 . 8 0

Ni 6 Ni 7 N i T N i B
W C l o 22.00 21.00 8 0 . 0 0 5 7 . 0 0
W C 3 o 1 0 . 5 0 2 8 . 6 0 7 0 . 0 0 4 7 . 0 0
W C 5 o B . 0 0 3 4 . 6 0 6 9 . 0 0 5 2 . 0 0
W C 6 o n. a n. a n . a n . a
W C l b d . l 5 0 . 0 0 8 0 . 0 0 6 9 . 0 0
W C 2 b d . l 47. 10 120.00 8 3 . 0 0
W C 5 b d . l 5 2 . 9 0 8 0 . 0 0 6 9 . 0 0
W C 6 b 9 . 0 0 4 5 . 0 0 1 0 5 . 0 0 6 9 . 0 0

C r i C r 2 C r 3 C r 4 C r 5  .

W C l o d . l d . l . 4 4 20.20 1 6 8 . 0 0
W C 3 o d . l d . l . 7 8 d.l 9 6 . 2 0
W C 5 o d . l d.l . 5 2 1 3 . 1 0 9 1 . 6 0
W C 6 o d . l d . l n. a n . a n . a
W C l b d . l d . l 1 . 9 4 1 5 . 6 0 100.00
W C 2 b d . l d . l 12.20 2 1 . 5 0 9 7 . 1 0
W C 5 b d .l d.l 4 . 1 3 3 1 . 0 0 1 3 6 . 0 0
W C 6 b d . l d.l 9 . 2 3 1 5 . 6 0 122.00

Cr 6 C r 7 C r T C r 8

W C l o 9 4 . 4 0 1 3 0 . 0 0 4 1 4 . 0 0 3 1 2 . 0 0
W C 3 o 5 0 . 6 0 1 6 5 . 0 0 3 2 5 . 0 0 1 8 2 . 0 0
W C 5 o 5 3 . 3 0 1 9 4 . 0 0 3 5 3 . 0 0 2 3 3 . 0 0
W C 6 o n. a n . a n . a 2 2 7 . 0 0
W C l b 6 5 . 5 0 3 1 8 . 0 0 5 0 2 . 0 0 1 9 0 . 0 0
W C 2 b 20.00 2 8 8 . 0 0 4 4 4 . 0 0 4 9 7 . 0 0
W C 5 b d . l 2 9 6 . 0 0 4 6 8 . 0 0 5 5 6 . 0 0
W C 6 b d.l 2 5 9 . 0 0 4 0 7 . 0 0 4 0 2 . 0 0

Tabl e 1 Metal c o n t e n t  of WC; Ni and Cr (ppm)
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P b l P b 2 P b 3 P b 4

SI a n . a n . a n. a n . a
S i b n . a n . a n. a n . a
S i c n . a n . a n. a n . a
S i d n . a n. a n. a n . a
S 2 a n . a n . a n . a n. a
5 2 b n . a n. a n . a n . a
S 2 c n . a n. a n. a n. a
S 2 d n. a n . a n . a n. a
S 3 a n . a ' n . a n. a n. a
S 4 a n . a n . a n. a n. a
S 4 b n. a n. a n . a n . a
S o l a d.l d . l 7 . 5 0 38. 0 0
S o l b d. l d.l 7 . 3 0 3 9 . 0 0
S o l e d . l d.l 8 . 9 0 4 5 . 1 0
S o l d d.l d . l 7 . 0 0 3 6 . 0 0
S o 2 a d. l d . l 8 9 . 4 0 2 8 . 6 0
S o 2 b d. l d.l 9 1 . 1 0 7 1 . 9 0
S o 2 c d.l d.l 1 2 9 . 0 0 5 6 . 4 0
S o 2 d d . l d . l 9 1 . 6 0 7 0 . 2 0
S o 3 a d. l d . l 6 8 . 10 4 8 . 0 0
S o 3 b d . l d . l 9 3 . 8 0 5 7 . 4 0
S o 4 a d.l d.l d . l d.l
S o 4 b d.l d. l d . l d. l

P b 6 P b 7 P b T P b B

SI a n . a n . a n . a n . a
S i b n . a n . a n. a n . a
S i c n . a n. a n. a n. a
S i d n . a n . a n. a n. a
S 2 a n. a n . a n. a n . a
S 2 b n . a n . a n . a n . a
S 2 c n . a n . a n . a n . a
S 2 d n . a n.-a n . a n . a
S 3 a n . a n . a n . a n . a
S 4 a n . a n . a n . a n . a
S 4 b n . a n . a n . a n . a

S o l a 2 5 . 9 0 7 1 . 4 0 212.00 1 8 2 . 0 0
S D l b 5 2 . 8 0 5 7 . 7 0 2 2 8 . 0 0 200.00
S o l e 2 8 . 0 0 6 2 . 7 0 2 1 8 . 0 0 2 1 4 . 0 0
S o l d 3 0 . 9 0 6 4 . 7 0 2 0 8 . 0 0 2 0 6 . 0 0
S o 2 a 2 0 . 3 0 4 9 . 5 0 2 3 0 . 0 0 2 5 0 . 0 0
S o 2 b 2 3 . 0 0 7 7 . 9 0 3 1 2 . 0 0 2 6 4 . 0 0
S o 2 c 1 5 . 1 0 7 8 . 3 0 3 0 7 . 0 0 2 2 7 . 0 0
S o 2 d 1 9 3 . 0 0 6 2 . 7 0 2 8 0 . 0 0 2 2 9 . 0 0
S o 3 a d . l 3 1 . 4 0 1 6 0 . 0 0 1 2 3 . 0 0
S o 3 b d.l 5 2 . 3 0 2 3 3 . 0 0 2 3 2 . 0 0
S o 4 a d . l 2 5 . 6 0 d . l 3 3 . 0 0
S o 4 b d . l 2 9 . 0 0 d.l 4 7 . 0 0

Pb5
n. a 
n . a  
n . a  
n . a  
n . a  
n . a  
n . a  
n . a  
n . a  
n. a 
n . a

0 9 . 0 0
7 0 . 8 0
7 3 . 8 0
6 5 . 2 0
4 1 . 9 0
4 7 . 9 0
4 4 . 4 0
3 6 . 1 0
12 .00
29. B 0
d . l
d.l

T a b l e  1 Hetal c o n t e n t  of S, So; Pb (ppm)



C d l C d 2 C d 3 C d 4 C d 5

S l a n . a n . a n . a n . a n . a
S i b n . a n . a n . a n . a n . a
S i c n . a n . a n. a n . a n . a
S i d n. a n . a n . a n. a n . a
S 2 a n . a n . a n. a n . a n . a
S 2 h n. a n . a n . a n. a n . a
S 2 c n. a n. a n. a n. a n. a
S 2 d n. a n . a n. a n . a n . a
S 3 a n. a n . a n. a n. a n . a
S 4 a n . a n. a n . a n . a n. a
S 4 b n. a n . a n . a n. a n. a
S o l a d . l d.l 1 . 7 0 1.00 d . l
S o l b d . l d . l 1.20 1.10 d. l
S o l e d .l d . l 1 . 6 0 1.10 d. l
S o l d d . l d . l 1 . 2 3 1.10 d.l
S o 2 a d . l d.l d.l d . l d . l
S o 2 b d . l d .l d .l d . l d.l
S o 2 c d . l d.l d . l d . l d.l
S o 2 d d . l d . l d.l d . l d.l
S o 3 a d . l d . l d.l d . l d . l
S o 3 b d . l d .l d .l d . l d.l
S o 4 a d.l d . l d . l d . l d.l
S o 4 b d . l d . l d.l d . l d . l

C d 6 C D 7 C d T C d B

S l a n. a n . a n . a n. a
S i b n . a n . a n . a n. a
S i c n . a n . a n . a n. a
S i d n . a n . a n . a n . a
S 2 a n. a n . a n . a n. a
S 2 b n . a n . a n . a n . a
S 2 c n . a n . a n . a n . a
S 2 d n . a n . a n . a n . a
S 3 a n . a n . a n . a n . a
5 4 a n . a n. a n . a n . a
S 4 b n . a n . a n . a n . a

S o l a d . l 2 . 6 5 5 . 3 7 7 . 3 5
S o l b d . l 2.22 4 . 5 6 7 . 4 9
S o l e d . l 2 . B 5 5 . 5 9 6 . 9 5
S o l d d.l 2 . 9 5 5 . 2 6 7 . 1 7
S o 2 a d.l d.l d.l d .l
S o 2 b d . l d . l d .l d . l
S o 2 c d . l d . l d . l d . l
S o 2 d d . l d .l d . l d . l
S o 3 a d . l d . l  , d.l d.l
S o 3 b d .l d .l d .l d . l
S o 4 b d.l d . l d.l d . l

Tabl e 1 Metal c o n t e n t  of S, So; Cd (ppm)
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M n l H n 2 M n 3 H n 4 M n 5

S l a 3 . 2 0 5 . 3 0 4 7 . 7 0 2 8 2 . 0 0 n. a
S i b 3 . 9 0 8 . 3 0 4 6 . 7 0 2 4 7 . 0 0 n . a
S i c 1.10 1.10 2 8 . 9 0 3 1 6 . 0 0 n.a
S i d 1 . 4 0 1 . 5 0 2 8 . 9 0 3 2 1 . 0 0 n. a
S 2 a 6 . 20 2 6. 10 1 7 . 9 0 6 3 . 2 0 n. a
S 2 b 7 . 2 0 2 0 . 9 0 1 3 . 9 0 8 0 . 3 0 n . a
S 2 c 5 . 0 0 2 B . 7 0 2 2 . 9 0 5 4 . 6 0 n . a
S 2 d 6 . 5 0 • 3 8 . 9 0 2 0 . 7 0 6 6 . 4 0 n.a
5 3 a 4 . 5 0 2 8 . 4 0 1 7 . 2 0 3 6 . 1 0 n . a
S 4 a 6 . 7 0 1 . 9 0 2 1 . 3 0 d.l n. a
S 4 b 6.00 3 . 4 0 3 1 . 4 0 d.l n . a

S o l a d.l d.l 2 9 7 . 0 0 1 4 1 6 . 0 0 222.00
S o l b d.l d.l 3 3 1 . 0 0 9 4 8 . 0 0 1 8 9 . 0 0
S d Ic d.l d.l 3 3 1 . 0 0 9 4 B . B 0 1 8 9 . 0 0
S o l d d.l d.l 2 1 8 . 0 0 1 5 4 6 . 0 0 2 5 9 . 0 0
S o 2 a d.l 1 . 7 5 1 2 9 . 0 0 53. 3 0 4 0 . 3 0
S o 2 b d.l 1 . 0 6 202.00 9 8 . 5 0 4 6 . 1 0
S o 2 c d.l 1.21 1 8 5 . 0 0 6 7 . 0 0 4 9 . 0 0
S o 2 d d.l 1 . 1 9 1 9 7 . 0 0 7 9 . 7 0 5 1 . 1 0
S o 3 a d.l 1.21 1 1 9 . 0 0 3 1 . 4 0 2 0 . 5 0
S o 3 b d.l 1 . 7 5 1 1 6 . 0 0 3 9 . 7 0 22.20
S o 4 a d.l 9 . 3 5 2 3 . 8 0 6 . 9 0 1 3 . 4 0
S o 4 b d.l 8 . 7 4 2 8 . 5 0 8 . 7 0 1 1 . 6 0

H n 6 H n 7 H n T N n 8

S l a 6 2 . 1 0 n. a n . a 2 9 3 6 . 0 0
S i b 3 9 . 7 0 n . a n. a 2 5 2 0 . 0 0
S i c 9 8 . 7 0 n . a n. a 2 8 3 2 . 0 0
S i d 5 1 . 8 0 n . a n . a 2 7 6 3 . 0 0
S 2 a d.l n . a n . a 6 7 3 . 0 0
S 2 b 6 9 . 3 0 n . a n . a 5 0 7 . 0 0
S 2 c 8.20 n . a n . a 6 6 0 . 0 0
S 2 d 1 9 . 4 0 n . a n . a 5 6 4 . 0 0
S 3 a 22.00 n . a n. a 3 4 2 . 0 0
S 4 a 3 . 5 0 n . a n . a 1 1 4 . 6 0
S 4 b 3 . 3 0 n . a n . a 1 3 9 . 0 0

S o l a 1 1 . 5 0 1 1 4 . 0 0 2 0 6 0 . 0 0 1 6 9 6 . 0 0
S o l b 1 0 . 6 0 1 1 4 . 0 0 1 5 9 2 . 0 0 1 5 7 1 . 0 0
S o l e 10 . 6B 1 1 4 . 0 0 1 5 9 2 . 0 0 1 5 7 1 . 0 0
S o l d 1 4 . 7 0 1 1 3 . 0 0 2 1 5 0 . 0 0 1 B B 7 . 0 0
S o 2 a 8.00 1 2 8 . 0 0 3 5 9 . 0 0 3 8 6 . 0 0
S o 2 b 9 . 1 0 1 2 3 . 0 0 4 7 9 . 0 0 4 0 7 . 0 0
S o 2 c 7 . 7 0 1 3 9 . 0 0 4 4 9 . 0 0 3 1 0 . 0 0
S o 2 d 8 . 6 0 121.00 4 5 9 . 0 0 4 5 6 . 0 0
S o 3 a 6 . 4 0 9 B . 0 0 2 7 7 . 0 0 1 6 7 . 0 0
S o 3 b 6.10 101.00 2 8 7 . 0 0 2 9 3 . 0 0
S o 4 a . 7 0 3 7 . 3 0 9 2 . 0 0 9 2 . 0 0
S o 4 b 3 . 2 0 4 2 . 9 0 1 0 4 . 0 0 9 9 . 0 0

T a b l e  1 Metal c o n t e n t  of S, So; Mn (ppa)
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F e l F e 2 F e 3 F e 4 F e 5

S l a 22B.ee 8.89 79.80 1838.00 1368 00
S l b 1i6.ee 5.48 117.00 1325.00 1078 00
S i c i59.ee 2.5B 28.00 1085.00 785 00
S i d i76.ee * 3.74 iei.ee 1674.00 1404 00
S 2 a i37.ee 346.ee n . a 2213.00 700 00
S2 b iei.ee 282.80 n . a 4805.00 1006 00
S 2 c 63.1B 317.80 n . a 1794.00 546 00
S 2 d 52.3B 393.00 n . a 2142.00 915 00
S 3 a 86. 1B 2 4 3 . 0 0 n . a 2233.00 247 00
S 4 a 39. 6B 9.63 n . a 1346.00 65 00
S 4 b 44.9B 20.90 n . a 3B7.00 55 10

S ol a 7.7B 1.21 207.00 8089.00 15505 00
S o l b 8. 80 d.l 261.00 70B7.00 22506 00
S o l e 35. 3B d.l 346.00 8402.00 15427 00
S o l d 36.70 4.00 323.00 6269.00 18702 00
S o 2 a 5.00 d.l 344.00 3321.00 5B36 00
S o 2 b 7.4B d.l 360.00 7135.00 5849 00
S o 2 c 3.10 d.l 546.00 5039.00 6394 00
S o 2 d 2.7B d.l 411.00 6925.00 5992 00
S o 3 a 1.7B d.l 512.00 4729.00 2709 00
S o 3 b 7.2B d.l 386.00 4153.00 2743 00
S o 4 a 3.7e d.l 182.00 B B 0.00 602 00
S o 4 b 24.5B d.l 183.00 950.00 457 00

F e 6 F e 7 F e T F e B

S l a 7 1 3 . 0 0 n . a n. a 5 4 1 2 0 . 0 0
S l b 6 6 2 . 0 0 n . a n. a 5 4 1 2 0 . 0 0
S i c 6 9 2 . 0 0 n. a n. a 5 3 8 5 6 . 0 0
S l d 4 8 6 . 0 0 n . a n . a 5 4 5 7 1 . 0 0
S 2 a d . l n . a n . a 5 0 7 1 4 . 0 0
S 2 b 3 5 7 . 0 0 n . a n . a 4 0 7 5 5 . 0 0
S 2 c 1 8 1 . 0 0 n . a n . a 4 4 4 4 0 . 0 0
S 2 d 3 9 1 . 0 0 n . a n . a 4 0 0 4 0 . 0 0
S 3 a 1 3 2 . 0 0 n . a n. a 3 4 1 3 4 . 0 0
S 4 a 2 9 6 . 0 0 n . a n . a 9 2 4 4 . 0 0
S 4 b 1 4 5 . 0 0 n . a n . a 1 1 5 7 2 . 0 0

S o l a 1 1 6 4 . 0 0 2 6 6 2 4 . 0 0 5 . 1 6 4 . 3 1
S o l b 1 8 8 2 . 0 0 2 4 4 1 1 . 0 0 5 . 6 2 4 . 4 7
S o l e 1 3 6 6 . 0 0 2 6 4 7 3 . 0 0 5 . 1 9 4 . 5 4
S o l d 1 1 9 4 . 0 0 2 3 4 3 7 . 0 0 5 . 0 1 4 . 3 2
S o 2 a 9 1 7 . 0 0 2 8 9 7 4 . 0 0 . 3 . 9 4 3 . 4 6
S o 2 b 1 1 8 4 . 0 0 2 9 4 7 2 . 0 0 4 . 4 0 3 . 3 4
S o 2 c 9 4 3 . 0 0 2 5 5 7 7 . 0 0 3 . 8 5 2 . 9 2
S o 2 d 1 0 9 9 . 0 0 2 5 4 2 B . 0 0 3 . 9 9 3 . 4 9
S o 3 a 7 4 5 . 0 0 1 9 0 5 4 . 0 0 2 . 7 8 - 1 . 8 1
S o 3 b 6 7 8 . 0 0 2 1 9 7 2 . 0 0 2 . 9 9 2 . 9 2
S o 4 a 1 5 0 . 0 0 6 6 8 5 . 0 0 . 8 5 .91
S o 4 b 20 B .00 5 6 4 9 . 0 0 . 7 4 1.00

T a b l e  i Hetal c o n t e n t  of S, So; Fe <ppm, Fe T  and Fe8 So i n X)
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Znl Z n 2 Z n 3 Z n 4 Z n 5

S l a 1 0 . 6 0 4 . 4 7 120.00 1 2 5 . 0 0 1 2 5 . 0 0
S l b 1 0 . 6 0 5 . 6 3 1 3 0 . 0 0 110.00 1 1 5 . 0 0
S i c 10.10 2 . 5 0 100.00 1 1 6 . 0 0 1 2 5 . 0 0
S l d 9 . 6 0 4 . 6 2 1 5 0 . 0 0 1 5 1 . 0 0 9 2 . 0 0
S 2 a 3 . 2 4 d.l 2 1 . 9 0 2 6 . 4 0 1 8 0 . 0 0
S 2 b 4 . 1 8 d . l 2 0 . 8 0 5 8 . 9 0 2 4 8 . 2 0
S 2 c 1 . 3 1 d .l 2 1 . 4 0 1 3 . 7 0 1 0 4 . 5 0
S 2 d 1 . 3 1 d .l 22.00 1 6 . 6 0 2 2 1 . 8 0
S 3 a 2.11 5 . 5 9 6.02 d.l 4 5 . 6 0
S 4 a 1 . 5 8 d .l 3 . 1 7 5 9 . 4 0 2 1 . 8 0
S 4 b 1.22 d .l 2 . 1 8 2 4 . 7 0 2 3 . 2 0
S o l a d . l 5 . 5 6 9 9 . 3 0 1 2 6 . 0 0 5 4 . 7 0
S o l b d.l 6 . 7 6 8 4 . 1 0 1 2 7 . 0 0 8 3 . 8 0
S o l e d.l B. 19 9 4 . 1 0 9 6 . 9 0 5 2 . 6 0
S o l d d.l 6 . 5 7 9 0 . 2 0 1 0 8 . 0 0 6 2 . 9 0
S o 2 a d.l 6 2 . 2 0 1 5 5 . 0 0 101.00 8 1 . 6 0
S o 2 b d.l 3 6 . 5 0 1 2 6 . 0 0 1 3 5 . 0 0 5 2 . 7 0
S o 2 c d. l 5 3 . 0 0 2 0 8 . 0 0 1 1 9 . 0 0 7 7 . 0 0
S o 2 d d. l 4 5 . 0 0 1 3 0 . 0 0 11B .00 4 1 . 3 0
S o 3 a d.l 3 5 . 2 0 B 4 . 0 0 6 5 . 4 0 2 9 . 7 0
S o 3 b d.l 4 6 . 1 0 1 0 4 . 0 0 7 9 . 2 0 3 1 . 7 0
S o 4 a d. l 1 3 . 3 0 1 2 . 9 0 1 3 . 0 0 5 . 6 7
S o 4 b d . l 1 9 . 5 0 1 7 . 8 0 1 4 . 5 0 4 . 6 6

Z n 6 Z n 7 Z n T Z n B

S l a 9 . 1 2 n . a n . a 4 5 6 . 0 0
S l b 6 . 86 n . a n. a 4 3 2 . 0 0
S i c 1 0 . 4 7 n. a n . a 4 5 3 . 0 0
S l d 9 . 7 2 n . a n . a 4 5 9 . 0 0
S 2 a d. l n . a n. a 5 1 8 . 0 0
S 2 b 1 8 3 . 0 0 n . a n . a 5 B 5 . 0 0
S 2 c 4 3 . 0 0 n . a n . a 5 4 0 . 0 0
S 2 d 8 1 . 1 0 n . a n . a 1 0 4 0 . 0 0
S 3 a 2 . 7 0 n. a n . a 4 1 5 . 0 0
S 4 a 7 . 2 6 n . a n . a 7 4 . 0 0
S 4 b 5 . 8 0 n . a n . a 3 4 . 0 0

S o l a 9 . 5 0 7 6 . 5 0 3 7 2 . 0 0 3 6 4 . 0 0
S D l b 1 5 . 1 0 6 8 . 8 0 3 8 6 . 0 0 3 6 3 . 0 0
S o l e 1 3 . 4 0 7 3 . 5 0 3 3 9 . 0 0 3 4 7 . 0 0
S o l d 1 2 . 5 0 6 3 . 0 0 3 4 3 . 0 0 3 5 7 . 0 0
S o 2 a 1 5 . 4 0 110.00 5 2 5 . 0 0 4 9 9 . 0 0
S o 2 b 1 5 . 8 0 101.00 4 6 6 . 0 0 4 7 4 . 0 0
S o 2 c 1 7 . 5 0 9 3 . 4 0 5 6 8 . 0 0 3 9 4 . 0 0
S o 2 d 1 5 . 2 0 8 7 . 3 0 4 3 7 . 0 0 3 9 3 . 0 0
S o 3 a 1 1 . 6 0 5 8 . 4 0 2 8 4 . 0 0 2 5 1 . 0 0
S o 3 b 1 0 . 9 0 7 0 . 1 0 3 4 2 . 0 0 3 5 2 . 0 0
S o 4 a 7 . 1 0 10.20 6 2 . 0 0 4 8 . 0 0
S o 4 b 5 . 0 0 9 . 9 7 7 1 . 0 0 6 0 . 0 0

T a b l e  1 Metal c o n t e n t  of S, So; Zn (ppia)



C u l  C u 2

S l a . 1 6 . 1 9
S l b . 1 3 . 0 4
S i c d.l . 0 2
S l d d .l d . l
S 2 a . 18 d.l
5 2 b . 1 8 . 1 6
5 2 c d.l . 0 4
S 2 d d . l d.l
5 3 a . 1 9 .11
5 4 a . 0 6 . 0 3
S 4 b . 0 4 d.l

S o l a d.l d . l
S o l b d .l d .l
5 o l c d . l d.l
S o l d d.l d.l
S o 2 a d . l 1 . 3 1
S o 2 b d.l . 7 7
S o 2 c d . l 1 . 1 9
S o 2 d d . l . 6 0
5 o 3 a d.l . 7 0
S o 3 b d .l 1 . 0 0
S ö 4 a d . l d.l
S o 4 b d.l d . l

65 -

C u 3  C u 4  C u 5

5 . 3 0  d . l  2 7 . 4 0
5 . 0 0  d . l  2 1 . 6 0
3 . 5 0  d . l  2 4 . 7 0
7 . 1 0  d . l  3 1 . 3 0
d .l d . l  d . l
d . l  d . l  d . l
d . l  d . l  d . l
d . l  d . l  d . l
d . l  d . l  d . l
d . l  d . l  d . l
d . l  d . l  d.l

7 . 9 7  9 . 4 0  2 8 . 2 0
6 . 2 5  9 . 0 0  3 4 . 1 0
8 . 4 2  1 0 . 3 0  2 7 . 3 0
6 . 8 6  9 . 0 0  2 9 . B 0

1 1 . 7 0  5 . 2 0  3 6 . 4 0
1 1 . 0 0  1 0 . 6 0  3 4 . 1 0
1 9 . 3 0  9 . 1 0  3 5 . 1 0
9 . 9 3  7 . 7 0  3 4 . 8 0
9 . 2 7  6 . 4 0  2 1 . 8 0

1 0 . 2 0  8 . 5 0  2 7 . 2 0
2 . 2 B  d . l  1 . 9 5
2 . 3 2  d . l  2 . 2 4
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Ni 1 Ni 2 Ni 3 Ni 4 Ni 5

S l a d.l d . l 8 . 4 8 d.l d.l
S l b d.l d . l 9 . 8 0 d . l d . l
S i c d.l d . l 5 . 4 9 d.l d . l
S l d d.l d.l 7 . 3 7 d.l d.l
S 2 a d . l d .l d . l d.l d . l
S 2 b d . l d . l d .l d.l d . l
S 2 c d.l d .l d.l d.l d.l
5 2 d d.l • d.l d.l d.l d.l
S 3 a d . l d . l d.l d.l d.l
S 4 a d . l d . l d . l d.l d . l
S 4 b d.l d .l d.l d.l d.l

S o l  a d. l d . l 5 . 5 6 2 5 . 3 0 1 2 . 2 0
S o l b d . l d . l 3 . 6 1 2 9 . 2 0 1 4 . 1 0
S o l e d. l d.l 4 . 8 5 2 0 . 1 0 8 . 3 0
S o l d d. l d . l 3 . 4 2 2 8 . 1 0 1 0 . 8 0
S o 2 a d.l d.l 7 . 5 0 1 0 . 0 0 7 . 6 0
S o 2 b d. l d . l 3 . 0 7 9 . 1 0 d.l
S o 2 c d. l d.l B. 15 9 . 7 0 d.l
S o 2 d d.l d.l 4 . 3 1 1 0 . 0 0 d.l
S o 3 a d.l d.l 3 . 5 8 6 . 2 0 d.l
S o 3 b d. l d . l 2 . 9 1 5 . 9 0 d. l
S o 4 a d.l d.l d .l d.l d.l
S o 4 b d. l d.l d . l d.l d.l

Ni 6 Ni 7 N i T N i B

S l a d. l n . a n . a 5 6 . 0 0
S l b d . l n. a n . a 6 4 . 0 0
S i c d . l n . a n . a 9 4 . 0 0
S l d d. l n. a n. a 8 2 . 0 0
5 2 a d . l n . a n . a 4 9 . 0 0
S 2 b d . l n . a n . a 6 2 . 0 0
S 2 c d . l n . a n . a 5 6 . 0 0
S 2 d d . l n . a n . a 1 0 B . 0 0
S 3 a d.l n . a n . a 6 5 . 0 0
S 4 a d . l n . a n . a d . l
S 4 b d . l n . a n . a d . l

So l  a 7 . 7 0 3 0 . 6 0 8 1 . 0 0 5 2 . 7 0
S o l b 1 9 . 1 0 3 0 . 4 0 9 7 . 0 0 5 8 . 8 0
S o l e 9 . 7 0 2 7 . 0 0 7 0 . 0 0 4 8 . 6 0
S o l d 1 2 . 3 0 2 5 . 3 0 8 0 . 0 0 5 6 . 2 0
S o 2 a 1 2 . 2 0 3 5 . 6 0 7 2 . 0 0 4 3 . 8 0
S o 2 b 9 . 8 0 3 2 . 6 0 5 5 . 0 0 4 1 . 7 0
S o 2 c 8 . 1 0 3 2 . 1 0 5 8 . 0 0 3 5 . 1 0
S o 2 d 1 4 . 8 0 3 2 . 1 0 6 1 . 0 0 3 6 . 4 0
S o 3 a 1 2 . 8 0 2 1 . 2 0 4 4 . 0 0 1 9 . 2 0
S o 3 b 9 . 2 0 2 5 . 5 0 4 4 . 0 0 4 1 . 3 0
S o 4 a 9 . 2 0 5 . 3 9 1 5 . 0 0 9 . 6 6
S o 4 b 2 7 . 6 0 5 . 4 2 3 2 . 9 0 1 3 . 4 0

T a b l e  1 Metal c o n t e n t  of S, So; Ni (pp«)
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Cr i C r 2 C r 3 C r 4 C r 5

S l a d.l d.l 1 5 . 4 0 d. l 14. B0
S l b d. l d.l 1 5 . 1 0 d.l I B . 6 0
S i c d . l d. l 1 1 . 0 0 d. l 1 3 . 1 0
S l d d.l d. l 1 9 . 1 0 d. l 2 3 . 2 0
S 2 a d.l d.l ¿ 2 . 3 0 d . l 8 . 9 6
5 2 b d . l d.l 56. B 0 d.l 2 1 . 4 0
S 2 c d.l d.l 4 6 . 3 0 d.l B . 5 B
S 2 d d . l d . l 3 7 . 7 0 d. l 1 4 . 7 0
S 3 a d . l d.l 4 3 . 3 0 d.l 3 . 4 2
S 4 a d . l d.l 9 . 2 0 d.l d . l
S 4 b d.l d . l 6 . 7 0 d.l d .l

S o l a d . l d. l 2 . 4 5 B . 7 0 7 3 . 0 0
S o l b d . l d.l 2 . 4 2 3 . 2 0 8 0 . 6 0
S o l e d . l d . l 3 . 0 6 1 0 . 1 0 7 5 . 3 0
S o l d d. l d.l 2 . 3 4 4 . 3 0 6 9 . 4 0
S o 2 a d . l d . l 2 . 9 7 7 . 4 0 5 5 . 5 0
S o 2 b d . l d.l 3 . 5 0 1 3 . 2 0 7 8 . 9 0
S o 2 c d . l d.l 5 . 3 6 6 . 9 0 6 1 . 9 0
S o 2 d d. l d.l 3 . 2 2 9 . 6 0 5 B . B 0
S o 3 a d.l d.l 1 . 0 0 4 . 6 0 26. B 0
S o 3 b d . l d.l 1 . 5 0 5 . 5 0 3 5 . 0 0
S o 4 a d. l d.l d. l d.l d . l
S o 4 b d . l d.l d.l d. l d . l

C r 6 C r 7 Cr T Cr B

S l a d . l n . a n . a 2 8 0 . 0 0
S l b 1 2 . 7 0 n . a n . a 2 7 5 . 0 0
S i c 1 7 . 6 0 n . a n . a 3 0 6 . 0 0
S l d 1 5 . 1 0 n . a n. a 2 B 2 . 0 0
S 2 a d . l n . a n . a 2 8 6 . 0 0
S 2 b 3 2 . 0 0 n . a n . a 3 1 7 . 0 0
S 2 c 9 . 3 6 n . a n . a 3 0 5 . 0 0
S 2 d 2 0 . 9 0 n . a n . a 3 0 0 . 0 0
S 3 a 5 . 3 0 n . a n . a 2 2 2 . 0 0
S 4 a d . l n. a n . a 4 8 . 0 0
S 4 b 5 . 5 0 n . a n. a 7 0 . 0 0

S o l a 1 7 . 7 0 1 5 6 . 0 0 2 5 8 . 0 0 2 1 7 . 0 0
S o l b 3 5 . 9 0 1 3 1 . 0 0 2 5 4 . 0 0 2 2 5 . 0 0
S o l e 1 7 . 7 0 1 4 4 . 0 0 2 5 0 . 0 0 2 2 9 . 0 0
S o l d 2 3 . 6 0 1 3 5 . 0 0 2 3 5 . 0 0 2 2 2 . 0 0
S o 2 a 3 9 . 1 0 1 6 7 . 0 0 2 7 2 . 0 0 2 2 7 . 0 0
S o 2 b 3 7 . 4 0 1 6 1 . 0 0 2 9 4 . 0 0 2 3 7 . 0 0
S o 2 c 3 0 . 2 0 1 5 7 . 0 0 2 6 1 . 0 0 2 1 2 . 0 0
S o 2 d 3 0 . 7 0 1 4 3 . 0 0 2 4 5 . 0 0 1 9 7 . 0 0
5 o 3 a 3 8 . 3 0 1 1 1 . 0 0 1 8 2 . 0 0 1 0 7 . 0 0
S o 3 b 1 6 . 6 0 1 2 0 . 0 0 1 7 9 . 0 0 1 B 7 . 0 0
S o 4 a d. l 2 8 . 0 0 2 8 . 0 0 4 5 . 0 0
S o 4 b 4 3 . 3 0 2 7 . 0 0 6 0 . 3 0 4 5 . 0 0

Tabl e 1 Metal c o n t e n t  of S, So; Cr (ppm)
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P b l P b 2 P b S P b 4 P b 5 P b 6 P b 7

H R l a 10 . 4 0 1 . 1 0 1 1 . 1 0 8 . 0 0 5 . 0 0 74 3 0
H R l b n a n . a n . a n. a n . a n. a n a
H R l c 10 . 2 0 . 7 0 7 . 7 0 4 . 9 0 6 . 0 0 7 0 40
H R 2 a - 10 . 3 0 1 . 6 0 1 6 . 6 0 1 1 . 8 0 3 . 4 0 6 6 3 0
H R 2 b n a n. a n. a n. a n. a n. a n a
H R 2 c - 10 . 1 0 . 8 0 1 3 . 5 0 1 3 . 8 0 7 . 0 0 64 70

H C l o n a n. a n . a n . a n. a
•

n . a n a
H C 3 o 0 0 0 . 0 2 . 6 0 1 9 . 1 0 1 9 . 1 0 3 9 . 0 0 2 3 2 0
H C 5 o 0 0 0 . 0 2 . 3 0 1 7 . 5 0 2 1 . 8 0 2 4 . 7 0 3 3 7 0
H C l b 0 0 0 . 0 6 . 0 0 2 2 . 4 0 1 8 . 3 0 1 9 . 1 0 34 2 0
H C 2 b 0 0 0 . 0 1 3 . 5 0 3 7 . 5 0 1 6 . 9 0 8 . 4 0 2 3 7 0
H C 5 b n a n. a n. a n. a n . a n. a n a
H C 6 b n a n . a n. a n . a n . a n . a n a

S o l  a 0 0 0 . 0 3 . 5 0 1 7 . 9 0 3 2 . 6 0 1 2 . 2 0 3 3 7 0
S o l b 0 0 0 . 0 3 . 2 0 1 7 . 1 0 3 1 . 1 0 2 3 . 2 0 2 5 40
S o l e 0 0 0 . 0 4 . 1 0 2 0 . 7 0 3 3 . 8 0 1 2 . B 0 2 8 70
S o l d 0 0 0 . 0 3 . 8 0 2 0 . 2 0 3 1 . 4 0 1 4 . 9 0 31 10
S o 2 a 0 0 0 . 0 3 8 . 9 0 1 2 . 5 0 1 8 . 3 0 8 . 8 0 21 5 0
S o 2 b 0 0 0 . 0 2 9 . 2 0 2 3 . 1 0 1 5 . 4 0 7 . 4 0 2 5 0 0
S o 2 c 0 0 0 . 0 4 1 . 9 0 1 8 . 4 0 1 4 . 5 0 4 . 9 0 2 5 5 0
S o 2 d 0 0 0 . 0 3 2 . 7 0 2 5 . 1 0 1 2 . 9 0 6 . 9 0 22 4 0
S o 3 a 0 0 0 . 0 4 2 . 7 0 3 0 . 1 0 7 . 5 0 0 . 0 19 70
S o 3 b 0 0 0 . 0 4 0 . 2 0 2 4 . 6 0 1 2 . 8 0 0 . 0 2 2 4 0
S o 4 a n a n. a n . a n. a n. a n . a n a
S o 4 b n a n . a n . a n . a n . a n. a n a

M n l M n 2 M n 3 M n 4 M n 5 H n 6 M n 7

H R l a 4 0 0 10 5 0 2 3 . 7 0 4 B . 5 0 6 . 6 0 9 0 5 8 0
H R l b 4 4 0 9 4 0 2 7 . 5 0 4 7 . 2 0 4 . 6 0 7 0 6 2 0
H R l c 4 0 0 10 0 0 2 1 . 0 0 4 7 . 4 0 8 . 9 0 8 0 7 9 0
U R 2 a 3 7 0 12 3 0 3 4 . 4 0 3 6 . 6 0 5 . 5 0 6 0 7 0 0
H R 2 b 3 6 0 12 9 0 3 0 . 5 0 3 6 . 5 0 7 . 0 0 1 10 8 3 0
H R 2 c 5 10 12 8 0 3 2 . 9 0 3 2 . 4 0 6 . 9 0 1 10 9 0 0

H C l o - 10 2 3 0 1 1 . 3 0 5 1 . 6 0 2 4 . 9 0 4 3 0 5 5 0
H C 3 o 2 0 13 0 0 2 7 . 0 0 3 4 . 2 0 2 0 . 0 0 3 6 0 7 10
H C 5 o - 10 8 8 0 2 1 . 2 0 9 . 1 0 3 2 . 5 0 5 10 2 3 3 0
H C l b 5 0 2 2 9 0 2 3 . 8 0 1 9 . 0 0 8 . 9 0 2 7 0 2 2 3 0
H C 2 b 3 0 17 10 5 1 . 5 0 1 0 . 9 0 3 . 5 0 1 10 13 5 0
H C 5 b 0 0 7 5 0 2 8 . 5 0 2 8 . 3 0 1 1 . 4 0 2 0 0 2 2 40
H C 6 b 0 0 13 5 0 3 3 . 6 0 1 8 . 4 0 1 1 . 1 0 1 9 0 21 6 0

S o l a 0 0 0 0 1 4 . 4 0 6 8 . 7 0 1 0 . 8 0 6 0 5 6 0
S o l b 0 0 0 0 1 1 . 7 0 6 8 . 3 0 1 4 . 4 0 1 0 0 4 6 0
S o l e 0 0 0 0 1 9 . 8 0 5 9 . 5 0 1 1 . 9 0 7 0 7 2 0
S o l d 0 0 0 0 1 0 . 1 0 7 1 . 9 0 1 2 . 0 0 7 0 5 2 0
S o 2 a 0 0 5 0 3 6 . 0 0 1 4 . 9 0 1 1 . 2 0 2 2 0 3 5 7 0
S o 2 b 0 0 2 0 4 2 . 2 0 2 0 . 6 0 9 . 6 0 1 9 0 2 5 8 0
S o 2 c 0 0 3 0 4 1 . 2 0 1 4 . 9 0 1 0 . 9 0 1 7 0 31 0 0
S o 2 d 0 0 3 0 4 2 . 9 0 1 7 . 4 0 1 1 . 1 0 1 9 0 2 6 4 0
S o 3 a 0 0 4 0 4 3 . 0 0 1 1 . 3 0 7 . 4 0 2 3 0 3 5 5 0
S o 3 b 0 0 6 0 4 0 . 5 0 1 3 . 8 0 7 . 7 0 2 10 3 5 2 0
S o 4 a 0 0 10 2 0 2 6 . 0 0 7 . 5 0 1 4 . 7 0 8 0 4 0 8 0
S o 4 b 0 0 8 4 0 2 7 . 5 0 8 . 4 0 1 1 . 2 0 3 10 41 4 0

T a b l e  2 P e r c e n t a l  d i s t r i b u t i o n ;  Pb and Mn
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F e l F e 2 F e 3 F e 4 F e 5 F e 6 F e 7

H R l a e.e e.e . 6 0 9 . 3 0 2 7 . 5 0 4 . 4 0 5 8 . 2 0
H R l b e.e 0 . 0 . 7 0 1 3 . 0 0 2 0 . 6 0 3 . 8 0 6 1 . 9 0
H R l c e.e 0 . 0 . 7 0 8 . 3 0 3 0 . 9 0 4 . 1 0 5 5 . 9 0
H R 2 a e.e e.e 1 . 6 0 1 5 . 8 0 2 3 . 7 0 3 . 8 0 5 5 . 1 0
H R 2 b e.e -. íe 1 . 7 0 1 2 . 8 0 2 5 . 4 0 4 . 0 0 5 6 . 0 0
H R 2 c e.e -. íe 2 . 7 0 1 2 . 8 0 2 4 . 1 0 3 . 7 0 5 6 . 7 0

H C l o -. 10 e.e . 2 0 1 4 . 5 0 5 0 . 0 0 9 . 0 0 2 6 . 4 0
H C 3 o -.10 -. íe 1 . 3 0 2 . 3 0 4 1 . 8 0 8 . 2 0 4 6 . 4 0
H C 5 d -. íe -.íe . 4 0 6 . 8 0 3 1 . 3 0 5 . 5 0 5 6 . 0 0
H C l b . íe . íe . 7 0 8 . 7 0 1 1 . 7 0 2 . 6 0 7 6 . 3 0
H C 2 b .íe 0.0 3. 10 1 0 . 6 0 9 . 4 0 1 . 9 0 7 5 . 0 0
H C 5 b -.10 -. íe . 6 0 1 4 . 9 0 1 0 . 6 0 1 . 6 0 7 2 . 2 0
H C 6 b e.e -. íe . 8 0 1 7 . 7 0 1 1 . 1 0 2 . 8 0 6 7 . 6 0

S o l a -. íe -.10 . 4 0 1 5 . 7 0 3 0 . 0 0 2 . 3 0 5 1 . 6 0
S o l b -.10 -.10 . 5 0 1 2 . 6 0 40. 10 3 . 4 0 4 3 . 5 0
S o l e . íe B. 0 . 7 0 1 6 . 2 0 2 9 . 7 0 2 . 3 0 5 1 . 0 0
S o l d .íe -. 10 . 6 0 1 2 . 5 0 3 7 . 3 0 2 . 7 0 4 6 . 7 0
S o 2 a -.10 0 . 0 . 9 0 B . 4 0 1 4 . 8 0 2 . 3 0 7 3 . 5 0
S o 2 b -.10 0 . 0 . 8 0 1 6 . 2 0 1 3 . 3 0 2 . 7 0 6 7 . 0 0
S o 2 c - . 1 0 0 . 0 1 . 4 0 13. 10 1 6 . 6 0 2 . 4 0 6 6 . 4 0
S o 2 d -.10 0 . 0 1 . 0 0 1 7 . 4 0 1 5 . 0 0 2 . 8 0 6 3 . 8 0
S o 3 a -.10 0 . 0 1 . 8 0 1 7 . 0 0 9 . B 0 2 . 7 0 6 8 . 7 0
S o 3 b -. íe 0 . 0 1 . 3 0 1 3 . 9 0 9 . 2 0 2 . 3 0 7 3 . 4 0
5 o 4 a . 3 0 0 . 0 2 . 10 1 0 . 3 0 7 . 1 0 1 . B 0 7 B . 4 0
S o 4 b 0 . 0 0 . 0 2 . 5 0 1 2 . 8 0 6 . 1 0 2 . 8 0 7 5 . 9 0

Z n l Z n 2 Z n 3 Z n 4 Z n 5 Z n 6 Z n 7

H R l a 0 0 8 10 2 5 . 8 0 3 5 . 5 0 7 8 0 9 9 0 1 3 . 0 0
H R l b 0 0 8 7 0 2 7 . 2 0 2 6 . 0 0 9 7 0 10 10 1 8 . 3 0
H R l c 0 0 2 4 0 1 7 . 6 0 4 5 . 4 0 16 2 0 14 9 0 1 4 . 1 0
W R 2 a 0 0 4 0 0 2 5 . 0 0 3 8 . 7 0 7 0 0 5 7 0 1 9 . 5 0
H R 2 b 0 0 - 10 1 1 . 3 0 4 3 . 2 0 11 9 0 7 4 0 2 6 . 6 0
H R 2 c 0 0 3 9 0 1 1 . 8 0 4 6 . 3 0 9 B 0 8 0 0 2 0 . 3 0

H C l o 0 0 3 0 1 . 6 0 4 6 . 8 0 2 9 7 0 13 7 0 7 . B 0
H C 3 o 0 0 3 0 2 . 7 0 2 2 . 2 0 4 3 0 0 15 3 0 1 6 . 5 0
H C 5 o 0 0 10 4 . 2 0 1 4 . 4 0 3 3 5 0 IB 2 0 2 9 . 5 0
H C l b 0 0 2 4 0 1 1 . 1 0 3 4 . 4 0 15 0 0 5 0 0 3 2 . 1 0
H C 2 b 0 0 4 4 0 4 3 . 1 0 2 1 . 4 0 9 2 0 2 6 0 1 9 . 4 0
H C 5 b 0 0 7 9 0 2 2 . 10 2 4 . 7 0 12 10 3 9 0 2 9 . 3 0
H C 6 b 0 0 4 8 0 1 5 . 8 0 5 8 . 4 0 5 9 0 2 0 0 1 3 . 1 0

S o l a 0 0 1 5 0 2 6 . 7 0 3 4 . 0 0 14 7 0 2 6 0 2 0 . 6 0
S o l b 0 0 1 8 0 2 1 . 3 0 3 3 . 0 0 21 7 0 3 9 0 1 7 . 8 0
S o l e 0 0 2 4 0 2 7 . 8 0 2 8 . 6 0 15 6 0 4 0 0 2 1 . 7 0
S o l d 0 0 1 9 0 2 6 . 3 0 3 1 . 4 0 IB 3 0 3 6 0 1 8 . 4 0
S o 2 a 0 0 11 9 0 2 9 . 6 0 1 9 . 2 0 15 5 0 2 9 0 2 0 . 9 0
S o 2 b 0 0 7 80 2 6 . 9 0 2 8 . 9 0 11 3 0 3 4 0 2 1 . 6 0
S o 2 c 0 0 9 3 0 3 6 . 7 0 2 0 . 9 0 13 6 0 3 10 1 6 . 5 0
S o 2 d 0 0 10 3 0 2 9 . 9 0 2 6 . 9 0 9 5 0 3 5 0 2 0 . 0 0
S o 3 a 0 0 12 4 0 2 9 . 4 0 2 3 . 0 0 10 5 0 4 10 2 0 . 6 0
S o 3 b 0 0 13 5 0 3 0 . 5 0 2 3 . 1 0 9 3 0 3 2 0 2 0 . 5 0
S o 4 a 0 0 2 1 . 4 0 2 0 . 7 0 2 0 . 9 0 9 10 1 1 . 4 0 1 6 . 4 0
S o 4 b 0 0 27. 3 0 2 4 . 9 0 2 0 . 3 0 6 5 0 7. 10 1 3 . 9 0

T a b l e  2 P e r c e n t a l  d i s t r i b u t i o n ;  Fe and Zn



C u l

M R 1  a 1 20
H R l b e 0
M R  le i 7 0
M R 2 a 6 9 0
M R 2 b n a
H R 2 c 2 2 0

M C l o 2 0
H C 3 o 8 0
M C 5 o 2 0
H C l b 1 0 0
H C 2 b 2 90
H C 5 b 50
M C 6 b e 0

S o l a e 0
S o l b e 0
S o l e e 0
S o l d e 0
S o 2 a 0 0
S o 2 b 0 0
S o 2 c 0 0
S o 2 d 0 0
S o 3 a 0 0
S o 3 b 0 0
S o 4 a e 0
S o 4 b e 0

Nil

M R l a 0 0
M R l b 0 0
H R l c n a
H R 2 a 0 0
H R 2 b n a
H R 2 c 0 0

M C l o 4 0
H C 3 o 1 2 0
M C 5 o 6 0
M C l b 0 0
W C 2 b 0 0
H C 5 b 0 0
M C 6 b 0 0

S o l a 0 0
S o l b 0 0
S o l  e 0 0
S o l d 0 0
S o 2 a 0 0
S o 2 b 0 0
S o 2 c 0 0
S o 2 d 0 e
S o 3 a 0 0
S o 3 b 0 0
S o 4 a 0 0
S o 4 b n a

C u 2  C u 3

1 2 0 1 . 4 0
0 0 0 . 0
1 10 2 . 2 0
5 8 0 2 . 9 0
n a n. a
4 2 0 2 . 4 0

0 0 0 . 0
0 e . 4 0

3 0 . 10
8 0 5 . 8 0

0 0 5 . 4 0
1 9 0 1 0 . 2 0

7 0 1 6 . 6 0

0 0 1 2 . 6 0
0 0 9 . 4 0
0 0 1 3 . 7 0
0 0 1 1 . 4 0
1 7 0 1 5 . 3 0
1 0 0 1 4 . 7 0
1 4 0 2 2 . 6 0

9 0 14. 10
1 4 0 1 8 . 3 0
1 6 0 1 6 . 6 0
0 0 3 7 . 6 0
0 0 3 4 . 0 0

Ni 2 Ni 3

2 6 0 0 3 4 . 7 0
2 8 7 0 3 3 . 4 0
n a n. a

16 0 0 3 5 . 6 0
n a n. a

11 0 0 2 3 . 4 0

5 0 3 . 5 0
3 2 0 8 . 7 0

9 0 3 . 0 0
4 8 0 5 . 7 0
4 0 0 2 9 . 2 0
3 10 1 9 . 0 0
2 9 0 9 . 5 0

0 0 6 . 8 0
0 0 3 . 7 0
0 0 6 . 9 0
0 0 4 . 3 0
0 0 1 0 . 4 0
0 0 5 . 6 0
0 0 1 4 . 0 0
0 0 7 . 1 0
0 0 8 . 2 0
0 0 6 . 7 0
0 0 0 . 0
n a n. a

70 -

C u 4 C u 5

1 6 . 4 0 7 10
2 2 . 6 0 15 8 0
1 2 . 0 0 9 9 0
1 6 . 6 0 11 5 0
n. a n a

1 2 . 7 0 9 9 0

1 0 . 8 0 4 4 8 0
1 . 8 0 10 8 0

1 6 . 2 0 2 9 9 0
2 1 . 6 0 31 3 0
3 3 . 7 0 2 7 9 0
3 0 . 7 0 3 0 9 0
8 . 7 0 41 10

1 4 . 8 0 4 4 5 0
1 4 . 5 0 51 6 0
1 6 . 7 0 4 4 5 0
1 5 . 9 0 4 9 5 0
6 . 7 0 4 7 4 0

1 4 . 2 0 4 5 5 0
1 0 . 6 0 41 10
1 1 . 0 0 4 9 5 0
1 2 . 7 0 4 3 10
1 3 . 8 0 4 4 4 0
0 . 0 3 2 10
0 . 0 3 2 8 0

Ni 4 N i 5

2 4 . 0 0 9 6 0
1 9 . 8 0 10 0 0
n. a n a

2 0 . 7 0 6 9 0
n. a n a

2 5 . 8 0 13 4 0

2 6 . 0 0 16 10
1 1 . B 0 19 7 0
1 4 . 6 0 18 9 0
7 . 4 0 18 7 0

1 3 . 7 0 13 9 0
1 3 . 9 0 19 6 0
2 6 . 8 0 1 8 0 0

3 1 . 0 0 15 0 0
2 9 . 9 0 15 6 0
2 8 . 7 0 11 9 0
3 5 . 1 0 13 5 0
1 3 . 8 0 9 7 0
1 6 . 6 0 0 0
1 6 . 7 0 0 B
1 6 . 3 0 0 0
1 4 . 2 0 0 0
1 3 . 6 0 0 0
0 . 0 0 0
n. a n a

C u 6  C u 7

4 2 9 0 3 0 0 0
3 5 6 0 2 4 0 0
41 10 2 6 3 0
2 7 2 0 2 9 10
n a n a

3 6 4 0 3 2 2 0

31 0 0 1 3 10
47 10 3 9 0 0
2 5 10 2 8 2 0
11 10 2 B 4 0
3 6 0 2 6 5 0
3 5 0 2 2 20
3 6 0 2 9 4 0

0 0 2 8 10
0 0 2 4 5 0
0 0 2 4 5 0
0 0 2 3 2 0
0 0 2 8 8 0
0 0 2 4 7 0
0 0 2 4 30
0 0 2 4 6 0
0 0 2 4 5 0
0 0 2 3 5 0
0 0 3 0 3 0
0 0 3 3 2 0

N 6 Ni 7

0 0 5 Z0
0 0 8 10
n a n a
0 0 2 0 7 0
n a n a
0 0 2 6 7 0

2 7 6 0 2 6 4 0
14 9 0 4 0 6 0
11 7 0 5 0 4 0
0 0 6 3 5 0
0 0 3 9 2 0
0 0 6 6 0 0
0 0 4 3 0 0

9 5 0 3 7 60
19 6 0 31 2 0
13 8 0 3 8 6 0
15 4 0 31 7 0
16 9 0 49 30
1 B 0 0 5 9 7 0
13 9 0 5 5 30
2 4 10 5 2 5 0
2 9 30 4 8 3 0
21 2 0 5 8 5 0
6 3 . 1 0 3 6 90
n. a n a

T a b l e  2 P e r c e n t a l  d i s t r i b u t i o n ;  Cu and Ni
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C r i C r 2 C r 3 C r 4 C r 5 C r 6 C r 7

W R l a . 1 0 . 10 . 4 0 3 . 5 0 1 7 . 1 0 B . 9 0 7 0 . 0 0
H R l b n. a n . a n . a n . a n . a n . a n . a
H R l c . 10 . 1 0 . 4 0 3 . 7 0 I B . 7 0 4 . 7 0 7 2 . 0 0
H R 2 a . 10 . 2 0 . 7 0 4 . 5 0 3 3 . 4 0 3 . 7 0 5 7 . 0 0
H R 2 b n . a n . a n . a n . a n . a n . a n. a
H R 2 c . 10 . 1 0 . 4 0 4 . 2 0 3 1 . 7 0 3 . 5 0 6 0 . 0 0

H C l o 0 . 0 0 . 0 . 1 0 4 . 9 0 4 0 . 7 0 2 2 . 8 0 3 1 . 6 0
H C 3 o 0 . 0 0 . 0 . 2 0 3 . 7 0 2 9 . 6 0 1 5 . 6 0 5 0 . 9 0
W C 5 o 0 . 0 0 . 0 . 1 0 3 . 7 0 2 5 . 9 0 1 5 . 1 0 5 5 . 0 0
H C l b 0 . 0 0 . 0 . 4 0 3 . 1 0 2 0 . 0 0 1 3 . 1 0 6 3 . 4 0
M C 2 b 0 . 0 0 . 0 2 . 7 0 4 . 8 0 2 1 . 9 0 5 . 6 0 6 4 . 9 0
W C 5 b 0 . 0 0 . 0 . 9 0 6 . 6 0 2 9 . 2 0 0 . 0 6 3 . 3 0
H C ó b 0 . 0 0 . 0 2 . 3 0 3 . 8 0 3 0 . 2 0 0 . 0 6 3 . 7 0

S o l a 0 . 0 0 . 0 . 9 0 3 . 4 0 2 8 . 3 0 6 . 9 0 6 0 . 5 0
S o l b 0 . 0 0 . 0 1 . 0 0 1 . 3 0 3 1 . 8 0 1 4 . 2 0 5 1 . B 0
S d Ic 0 . 0 0 . 0 1 . 2 0 4 . 0 0 3 0 . 1 0 7 . 1 0 5 7 . 6 0
S o l d 0 . 0 0 . 0 1 . 0 0 1 . 8 0 2 9 . 6 0 1 0 . 1 0 5 7 . 5 0
S o 2 a 0 . 0 0 . 0 1 . 1 0 2 . 7 0 2 0 . 4 0 1 4 . 4 0 6 1 . 4 0
S o 2 b 0 . 0 0 . 0 1 . 2 0 4 . 5 0 2 6 . 9 0 1 2 . 7 0 5 4 . 7 0
S o 2 c 0 . 0 0 . 0 2 . 1 0 2 . 6 0 2 3 . 7 0 1 1 . 6 0 6 0 . 1 0
S o 2 d 0 . 0 0 . 0 1 . 3 0 4 . 0 0 2 3 . 9 0 1 2 . 5 0 5 8 . 3 0
S o 3 a 0 . 0 0 . 0 . 5 0 2 . 5 0 1 4 . 7 0 2 1 . 0 0 6 1 . 1 0
S o 3 b 0 . 0 0 . 0 . 8 0 3 . 1 0 1 9 . 5 0 9 . 3 0 6 7 . 3 0
S o 4 a n . a n . a n . a n . a n. a n . a n . a
S o 4 b n. a n . a n . a n . a n . a n . a n . a

T a b l e  2 P e r c e n t a l  d i s t r i b u t i o n ;  Cr






