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HIGHWAY DEICING SALTS AND THE MOBILIZATION OF
SELECTED HEAVY METALS FROM STREAM SEDIMENTS

H a r l i e  David C o l e ,  Ph.D.

Weste rn  Mich igan U n i v e r s i t y ,  1990

T h i s  s t u d y  was u n d e r t a k e n  t o :  (a )  d e t e r m i n e  t h e  e f f e c t  o f  sodium 

c h l o r i d e  c o n c e n t r a t i o n  on m o b i l i z i n g  cadmium,  c o p p e r ,  l e a d ,  n i c k e l ,  

and z i n c  f rom s t r e a m  s e d i m e n t s ;  (b)  d e t e r m i n e  i f  c h l o r o - m e t a l  com­

p l e x e s  may p l a y  a r o l e  i n  any such m o b i l i z a t i o n ;  and (c )  d e t e r m i n e  

t h e  c o r r e l a t i o n s  between c h l o r i d e  ion  and ea ch  o f  t h e s e  m e t a l s  i n  an 

u rb a n  s t r e a m  d u r i n g  w i n t e r  r o a d - s a l t i n g  p e r i o d s .

The d r a i n a g e  b a s i n  o f  t h e  Red Run,  an u rb a n  s t r e a m  d r a i n i n g  a l l  

o r  p a r t s  o f  s e v e r a l  c i t i e s  n o r t h  o f  D e t r o i t ,  M i c h i g a n ,  was chosen  a s  

a s t u d y  s i t e .  S t r eam  s e d im e n t s  c o n t a i n i n g  t h e  f i v e  heavy m e t a l s  were  

s t i r r e d  w i t h  sodium c h l o r i d e  o r  sodium n i t r a t e  s o l u t i o n s  and heavy 

meta l  c o n c e n t r a t i o n s  were  d e t e r m in e d  i n  a l i q u o t s  removed a t  s p e c i f i e d  

t im e  i n t e r v a l s .  Cadmium c o n c e n t r a t i o n  was fo u n d  t o  have a h ig h  

c o r r e l a t i o n  ( r = . 9 0 )  and z i n c  a low c o r r e l a t i o n  ( £ “ . 4 9 )  w i t h  c h l o r i d e  

c o n c e n t r a t i o n .  Cadmium was a l s o  fo u n d  t o  be r e l e a s e d  i n t o  c h l o r i d e  

s o l u t i o n s  t o  a g r e a t e r  e x t e n t  th an  i n t o  n i t r a t e  s o l u t i o n s .  A s i m i l a r  

b u t  more subd ued  e f f e c t  was fo und  f o r  z i n c ,  b u t  o n l y  f o r  l o n g e r  

d e s o r p t i o n  p e r i o d s .  Copper was fo und  t o  have  a low,  n e g a t i v e  c o r r e ­

l a t i o n  ( r = - . 3 8 )  and n i c k e l  l i t t l e ,  i f  a n y ,  n e g a t i v e  c o r r e l a t i o n  

{r = - . 2 9 )  w i t h  c h l o r i d e  c o n c e n t r a t i o n .  Lead c o n c e n t r a t i o n s  were  below 

l i m i t s  o f  d e t e c t a b i l i t y .  These  r e s u l t s  i n d i c a t e  t h a t  t h e  r e l e a s e  o f  

cadmium a n d ,  t o  a l e s s e r  e x t e n t ,  z i n c ,  f rom s t r e a m  s e d i m e n t s  can be
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f a c i l i t a t e d  by th e  formation of s o lu b l e  ch lo ro-me ta l  complexes.

Winter s t ream s t u d i e s  revea led  a moderate c h l o r i d e - z i n c  c o r r e l a ­

t ion  (£=.57) a t  one of  t h ree  sampling s t a t i o n s .  Otherwise ,  only low 

to  l i t t l e ,  i f  any,  chi or ide -me ta l  c o r r e l a t i o n s  could be d e tec ted  fo r  

cadmium, co p p e r ,  n ickel  or  z inc a t  any l o c a t i o n .  Lead was again 

g e n e r a l l y  below l i m i t s  o f  d e t e c t a b i l i t y .

Deic ing s a l t  was found to co n ta in  z i n c ,  but  only a t  l e v e l s  

c a l c u l a t e d  t o  c o n t r i b u t e  minimal ly to  t o t a l  z inc  l e v e l s  a t  each of 

the t h ree  sampl ing s i t e s .

Changes in  s t ream sediment heavy metal  c o n c e n t r a t i o n s  over  an 

e n t i r e  w i n t e r  r o a d - s a l t i n g  p e r io d ,  or  over  a s i n g l e  snow and road-  

s a l t i n g  e v e n t  cou ld  no t  be unequivocal ly  a t t r i b u t e d  to  the use of  

highway d e i c i n g  s a l t s .  I n s t ea d ,  d i f f e r e n c e s  in sediment  heavy metal 

c o n c e n t r a t i o n s  appeared to  be more c l o s e l y  r e l a t e d  to  d i f f e r e n c e s  in 

the  p e r cen t  o f  sediment  f i n e r  than 0.063 or 0.125 imi.

A genera l  d e c l in e  in both t o t a l  and exchangeable  sediment 

cadmium l e v e l s  was observed throughout  t h e  s tudy .  This dec l in e  was 

most l i k e l y  a response  o f  Red Run sediments  to  c o n t r o l s  p laced on 

metal l e v e l s  e n t e r i n g  and being d i scha rged  from a wastewater t r e a t ­

ment p l a n t .
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW 

Heavy M e t a l s  in  t h e  Env iron men t

Beg inn ing  in  a n t i q u i t y ,  b u t  m a in ly  s i n c e  t h e  i n d u s t r i a l  r e v o l u ­

t i o n ,  man has  been t a k i n g  n a t u r a l l y  o c c u r r i n g  com plex es  o f  m e t a l s  

from th e  g ro u n d ,  r e f i n i n g  and c o n c e n t r a t i n g  th em ,  and u s i n g  them f o r  

i n d u s t r i a l ,  c o m m e r c i a l ,  and d o m e s t i c  p u r p o s e s .  T hese  m e t a l s  a r e  

e v e n t u a l l y  r e l e a s e d  back i n t o  t h e  e n v i r o n m e n t  where t h e y  have  t h e  

p o t e n t i a l  t o  c a u s e  harm.  The mag ni tude  o f  t h e  p rob lem  h as  been 

u n d e r s c o r e d  by N r i a g u  and Pacyna (1988)  i n  a q u a n t i t a t i v e  a s s e s s m e n t  

o f  wor ld wide c o n t a m i n a t i o n  o f  a i r ,  w a t e r ,  and s o i l s  by t r a c e  m e t a l s .  

They p o i n t  o u t  t h a t ,  a l t h o u g h  t h e  1984 a t m o s p h e r i c  e m i s s i o n  r a t e s  f o r  

c o p p e r ,  l e a d ,  and z i n c  we re  lo w er  th an  t h o s e  f o r  1975 ,  "on a v e r a g e  

t h e  a n t h r o p o g e n i c  e m i s s i o n s  o f  As,  Cd, Cu, Ni and Zn e x c e e d  t h e  

i n p u t s  o f  t h e s e  e l e m e n t s  f rom n a t u r a l  s o u r c e s  by t w o - f o l d  o r  more;  

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

r a t e s  i s  a b o u t  17" ( p .  1 3 8 ) .  The i n v e n t o r i e s  p r e s e n t e d  by N r i a g u  and 

Pacyna (1988 )  o f  t r a c e  m e t a l s  m o b i l i z e d  by humans i n t o  t h e  b i o s p h e r e  

c l e a r l y  show t h a t  mankind has  become t h e  dominan t  f a c t o r  i n  t h e  

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

c a l l y  t h e  m ag n i tu d e  o f  t h e  hu man- induced 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 o  t h e  b i o s p h e r e .

1

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



2

The ann ua l  t o t a l  t o x i c i t y  o f  a l l  t h e  m e t a l s  m o b i l i z e d ,  i n  f a c t ,  
e x c e e d s  t h e  combined t o t a l  t o x i c i t y  o f  a l l  t h e  r a d i o a c t i v e  and 
o r g a n i c  w a s t e s  g e n e r a t e d  e ach  y e a r ,  a s  m e as u red  by t h e  q u a n t i t y  
o f  w a t e r  needed  t o  d i l u t e  such w a s t e s  t o  d r i n k i n g  w a t e r  
s t a n d a r d ,  ( p .  139)

In h i s  o p en in g  a d d r e s s  t o  t h e  1986 I n t e r n a t i o n a l  Symposium on 

Metal  S p e c i a t i o n ,  S e p a r a t i o n  & Recovery ,  P a t t e r s o n  ( c i t e d  i n  Haggin ,  

1986) p o i n t e d  t o  c o n s e r v a t i o n  o f  r e s o u r c e s  a s  a n o t h e r  r e a s o n  t o  be 

co n c e r n e d  w i t h  m e t a l s  d i s p o s a l .  The l i m i t e d  r e s e r v e s  o f  many m e t a l s  

makes them p a r t i c u l a r l y  v a l u a b l e .  " I n c l u d e d  among t h e  more v a l u a b l e  

m e t a l s  a r e  a luminum,  cadmium,  chromium,  c o b a l t ,  c o p p e r ,  i r o n ,  l e a d ,  

m e rc u ry ,  n i c k e l ,  and z i n c .  The c u m u l a t i v e  demand f o r  [m o s t  o f ]  t h e s e  

m e t a l s  w i l l  e x c e e d  t h e i r  known r e s e r v e s  b e f o r e  t h e  end o f  t h e  ce n­

t u r y "  (H a g g in ,  1986,  p .  4 2 ) .  R e co v e r in g  them from w a s t e s  f o r  r e u s e  

would t h u s  c o n t r i b u t e  t o  a l l e v i a t i n g  bo th  c o n c e r n s  w i t h  s u p p l y  and 

c o n c e r n s  w i t h  p o l l u t i o n .  Based on p o t e n t i a l  p ro b l e m s  o f  a m e t a l ' s  

t o x i c i t y  i n  a l a n d f i l l  and on i t s  s t r a t e g i c  v a l u e ,  P a t t e r s o n  has 

p r i o r i t i z e d  a l i s t  o f  m e t a l s  f o r  which t o  d e v e lo p  r e c o v e r y  t e c h ­

no lo g y .  The m e t a l s  o f  h i g h e s t  p r i o r i t y  a r e  cadmium,  l e a d ,  m ercury ,  

and z i n c .  Of medium p r i o r i t y  a r e  c o b a l t ,  c o p p e r ,  and n i c k e l .

Aluminum, chromium, and i r o n  a r e  i n  t h e  l o w e s t  p r i o r i t y  g r o u p .

Because  t h e  heavy m e t a l s *  a r e  n o t  a v a i l a b l e  o r  u sed  t o  an equal  

e x t e n t ,  o n l y  a r e l a t i v e  few g i v e  r i s e  t o  w i d e s p r e a d  e n v i ro n m e n ta l  

c o n c e r n .  Even tho ug h a p p r o x i m a t e l y  59 e l e m e n t s  may be c o n s i d e r e d  

"heavy"  m e t a l s  ( s p e c i f i c  g r a v i t y  g r e a t e r  t h a n  5 . 0 ) ,  o n l y  18 a r e

*The t e rm s  " t o x i c  m e t a l s , "  "heavy m e t a l s , "  " t r a c e  m e t a l s , "  and " t r a c e  
e l e m e n t s "  have come t o  be used  synonymously i n  t h e  l i t e r a t u r e  and 
w i l l  be so u s e d  i n  t h i s  r e v i e w .
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c o n s i d e r e d  b o th  v e r y  t o x i c  and p o t e n t i a l l y  p r e s e n t  i n  c o n c e n t r a t i o n s  

and in  p h y s i c o - c h e m i c a l  fo rms  t o  be r e l a t i v e l y  a v a i l a b l e  t o  b i o l o g i ­

ca l  sys tem s  ( T a b le  1 ) .  In 1972,  Hood and K e l l e y ,  u s i n g  d a t a  from th e  

e a r l y  1960s ,  e s t i m a t e d  t h a t  e i g h t  o f  t h e s e  18 m e t a l s  ( T a b l e  1) were 

b e i n g  m o b i l i z e d  by man i n t o  t h e  e n v i ro n m e n t  a t  r a t e s  g r e a t e r  th an  

t h o s e  o c c u r r i n g  n a t u r a l l y .  T h e i r  e s t i m a t e s  compared o n l y  amounts o f  

m e t a l s  mined each  y e a r  t o  e s t i m a t e d  amounts  d e l i v e r e d  by r i v e r s  to  

t h e  oce an s  and were  c r u d e  a t  b e s t .  More r e c e n t  a t m o s p h e r i c  budge t s  

(N r i a g u  & P a cy n a ,  1988;  P a c y n a ,  1986) have i n d i c a t e d  t h a t  o f  t h e  18 

t o x i c  and a c c e s s i b l e  m e t a l s ,  s i x  have a n t h r o p o g e n i c  e m i s s i o n s  g r e a t e r  

t h a n  t h o s e  from n a t u r a l  s o u r c e s  (T a b le  1 ) .

Each o f  t h e  r a p i d l y  m o b i l i z e d  m e t a l s  can c a u s e  i t s  own p a r t i c u ­

l a r  p ro bl em s  d e p e n d in g  on i t s  c o n c e n t r a t i o n ,  i t s  form i n  t h e  a q u a t i c  

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

t y p e  and c o n d i t i o n  o f  o r g a n i s m s  p r e s e n t ,  and t h e  use  which i s  made o f  

t h e  w a t e r .  Some m e t a l s  may have a p o s i t i v e  b i o l o g i c a l  r o l e  o r  may 

even be r e q u i r e d  by a q u a t i c  o rg a n i s m s  a t  t r a c e  c o n c e n t r a t i o n s .

Chapman (1978)  h a s  d e v e l o p e d  a gen e ra l  r a n k i n g  o f  t o x i c i t y  toward 

a q u a t i c  b i o t a  o f  n i n e  t r a c e  m e t a l s  ( T a b le  2 ) .

The b i o l o g i c a l  and h e a l t h  e f f e c t s  o f  t r a c e  m e t a l s  have  been 

summarized i n  a number o f  s o u r c e s  ( f o r  e x a m p le ,  D i F e r r a n t e ,  1979; 

Luckey & V e n u g o p a l , 1977;  N a t i o n a l  R ese a rc h  C o u n c i l ,  1977;  Oehme, 

1979;  and U.S. E n v i ro n m en ta l  P r o t e c t i o n  Agency [ E . P . A . ] ,  1976) .  

Maximum c o n c e n t r a t i o n  l i m i t s  have been recommended f o r  mos t  of  t h e  

common t r a c e  m e t a l s  which may be found i n  w a t e r  (T a b le  3 ) .  Most o f  

t h e  d r i n k i n g  w a t e r  c r i t e r i a  a r e  based  on known d e l e t e r i o u s  h e a l t h
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T ab le  1

T oxic  M e t a l s  o f  P a r t i c u l a r  E n v i ro n m en ta l  Concern

Tox ic  and A n t h r o p o g e n ic  A n t h ro p o g e n ic  Atm osphe r ic
R e l a t i v e l y  M o b i l i z a t i o n  H ig h e r  E m i s s io n s  Exceed t h o s e
A c c e s s i b l e  t h a n  N a tu r a l  Rate  f rom N a tu r a l  S o u rce s

Co, Ni Ni Ni

Cu, Zn Cu, Zn Cu, Zn

Sna , Sea Sn

Asa , Tea As

Pda , Aga Ag

Cd, P t a Cd

Aua , Hga Hg

T l a , Pba Pb Pb

B i ,  Sb Sb

N o t e . The d a t a  i n  column 1 a r e  from " M e t a b o l i c  C y c l e s  f o r  Toxic  
E lem en ts  i n  t h e  E n v i ro n m en t "  ( p .  52) by Wood e t  a l . ,  1975.  In 
I n t e r n a t i o n a l  C o n f e r e n c e  on Heavy M e t a l s  i n  t h e  E n v i r o n m en t .
T o r o n t o .  O n t a r i o ,  C anada .

The d a t a  in  column 2 a r e  co m p i l e d  from " C o n t a m i n a t i o n  and C o a s t a l  
P o l l u t i o n "  ( p .  154)  by Hood and K e l l e y .  1972.  In B. H. Ketchum 
( E d . ) ,  The W a t e r ' s  Ed ge:  C r i t i c a l  P ro b lem s  o f  t h e  C o a s t a l  Zone .  
Cambridge,  M a s s a c h u s e t t s :  The MIT P r e s s .

The d a t a  i n  column 3 a r e  c o m p i l e d  from " Q u a n t i t a t i v e  a s s e s s m e n t  o f  
wor ldwide c o n t a m i n a t i o n  o f  a i r ,  w a t e r  and s o i l s  by t r a c e  m e t a l s . "  by 
J .  0 .  N r ia g u  and J .  M. P a c y n a ,  1988,  N a t u r e , 3 3 3 , 134-139 .

a Metal a l k y l s  s t a b l e  i n  aqueous  s y s t e m s  and r e p o r t e d  t o  be 
b i o m e t h y l a t e d .
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T a b l e  2

G ene ra l  Ranking o f  T o x i c i t y  o f  M e t a l s  t o  A q u a t i c  B i o t a

Metal Toxic  L e v e l 3

Ag, Cd, Hg

001o

Cu 10"7

Ni ,  Pb ,  Zn 1 0 ' 6

Sb 10"5

Sn 1—
» 

o
 1

N o t e . From " T o x i c o l o g i c a l  c o n s i d e r a t i o n s  o f  heavy m e t a l s  i n  t h e  
a q u a t i c  e n v i r o n m e n t"  ( p .  70) by Chapman, G . ,  1978. I n ,  T o x ic  
M a t e r i a l s  i n  t h e  A q u a t i c  E n v i r o n m e n t . C o r v a l l i s ,  Oregon! (Jriegon 
S t a t e  U n i v e r s i t y .

a Molar  c o n c e n t r a t i o n .

e f f e c t s .  F o r  a few m e t a l s  ( c o p p e r ,  i r o n ,  mangane se ,  z i n c ) ,  how ever ,  

t h e  d r i n k i n g  w a t e r  c r i t e r i a  a r e  b a s e d  p r i m a r i l y  on a e s t h e t i c  r e a s o n s  

such as  t a s t e  o r  s t a i n i n g  p r o b l e m s .

As a r e s u l t  o f  a 1978 c o u r t  s e t t l e m e n t  between t h e  U n i t e d

S t a t e s  E nv i ro nm en ta l  P r o t e c t i o n  Agency (EPA) and a gr oup  o f  e n v i r o n ­

m e n t a l l y  c o n c e rn e d  p l a i n t i f f s ,  t h e  EPA was r e q u i r e d  t o  p u b l i s h  a l i s t  

o f  t o x i c  p o l l u t a n t s  f o r  which i n d u s t r i a l  e f f l u e n t  l i m i t a t i o n s  and 

g u i d e l i n e s  would be r e q u i r e d  ( K e i t h  & T e l l i a r d ,  1 9 7 9 ) .  T h i s  s e t t l e ­

ment  r e s u l t e d  in  a l i s t  o f  129 P r i o r i t y  P o l l u t a n t s ,  13 o f  which were

m e t a l s .  F o r  ea ch  o f  t h e  P r i o r i t y  P o l l u t a n t s  an a v e r a g e  o f  2617 

i n d u s t r i a l  w a s t e - w a t e r  s am p les  were  o b t a i n e d  and a n a l y z e d .  T h i s  was 

done in  o r d e r  t o  d e f i n e  which o f  t h e  P r i o r i t y  P o l l u t a n t s  were  i n  t h e
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Table 3 

Qua l i ty  C r i t e r i a  fo r  Water

Drinking Water3 C r i t e r i a  f o r 3
Metal Standards Aquatic Li fe

As 50 0.04

Cd 10 0 .4  -  1 . 2 b

Cr 50 100

Cu 1000 c

Fe 300 1000

Pb 50 0.3  -  3b

Mn 50 c

Hg 2 .05

Ni NRd c

Se 10 c

Ag 50 c

Zn 5000 c

Note: Data compi led from Qua l i ty  C r i t e r i a  fo r  Water , U.S. 
Environmental P ro t e c t i o n  Agency, 14/6.

C o n c e n t r a t i o n  in  ug/L. bexa c t  c r i t e r i o n  depends on ha rdness .  
S p e c i f i c  c r i t e r i a  depend on spec ies  p r e s e n t .  NR = none recommended.

wastewaters  of  28 ( f o r  meta ls )  to  32 ( f o r  or ga n ics )  i n d u s t r i a l  c a t e ­

g o r i e s  and s u b c a t e g o r i e s .  In t h i s  Screening Phase i t  was found t h a t  

only 10 of the  129 p o l l u t a n t s  were de tec ted  in a t  l e a s t  30 pe r ce n t  o f  

th e  i n d u s t r i a l  wast ewate r  samples f o r  which they were ana lyzed.  Out 

of  t h i s  group o f  t e n ,  s i x  were m e ta l s ,  each of which was found in a t
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l e a s t  25 :f t h e  28 i n d u s t r i a l  c a t e g o r i e s  and s u b c a t e g o r i e s .  Thus ,  

t h e s e  s i x  t r a c e  m e t a l s  (cadmium,  chromium, c o p p e r ,  l e a d ,  n i c k e l ,  and 

z i n c )  were fo u n d  in  a d i s p r o p o r t i o n a t e  p e r c e n t a g e  o f  t h e  sam ples  f o r  

which t h e  P r i o r i t y  P o l l u t a n t s  were  a n a l y z e d .

D i f f e r e n t  r e g i o n s  o f  t h e  U n i t e d  S t a t e s  may have t h e i r  own un ique 

t r a c e  metal  p r o b l e m s .  F o r  e x a m p l e ,  PLUARG ( P o l l u t i o n  f rom Land Use 

A c t i v i t i e s  R e f e r e n c e  Group, 1 9 7 8 ) ,  in  i t s  s t u d y  o f  t h e  i n p u t  o f  t r a c e  

m e t a l s  t o  t h e  G r e a t  L a k e s ,  r a n k e d  t h e  f o l l o w i n g  e l e m e n t s  a s  p r e s e n t  

o r  p o t e n t i a l  h a z a r d s  r e q u i r i n g  c l o s e  s u r v e i l l a n c e :

I .  M e r cu r y ,  l e a d

I I .  A r s e n i c ,  cadmium,  se l en iu m

I I I .  C o p p e r ,  z i n c ,  chromium, vanadium

Heavy m e t a l s  a s  a q u a t i c  p o l l u t a n t s  a r e  p a r t i c u l a r l y  w orr i som e  

f o r  t h r e e  r e a s o n s .  F i r s t ,  t h e  heavy m e t a l s  a r e  c o n s e r v a t i v e  p o l l u ­

t a n t s .  T h a t  i s ,  t h e y  a r e  n o t  d eg ra d ed  i n t o  o t h e r  i n e r t  s u b s t a n c e s  

l i k e  most  o r g a n i c  p o l l u t a n t s .  They h av e ,  e s s e n t i a l l y ,  i n f i n i t e  l i f e ­

t i m e s .  Secon d,  a l t h o u g h  most  o f  t h e  heavy m e t a l s  q u i c k l y  b i n d  t o  

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

r e c e i v i n g  w a t e r s ,  a c i d  d i s c h a r g e s  and a c i d  p r e c i p i t a t i o n  can r e s o l u -  

b i l i z e  them and c o n v e r t  them i n t o  forms more r e a d i l y  a s s i m i l a t e d  by 

l i v i n g  o r g a n i s m s  (C ap o s ,  1983; H a i n e s ,  1 9 8 1 ) .  Even in  t h e  ab s e n c e  o f  

an a c i d i c  e n v i r o n m e n t ,  some m e t a l s  may s t i l l  b i o a c c u m u l a t e  i n  a q u a t i c  

o r g a n i s m s .  T h i r d ,  i t  a p p e a r s  t h a t  s e v e r a l  o f  t h e  heavy m e t a l s ,  even 

w h i l e  bound up i n  bo t tom  s e d i m e n t s ,  may be b i o - m e t h y l a t e d  by b a c t e r i a  

and c o n v e r t e d  t o  e s p e c i a l l y  t o x i c  o r g a n o m e t a l l i c  forms (Novotny & 

C h e s t e r s ,  1 9 8 1 ) .
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Cadmium

Cadmium and z i n c  a r e  g e o c h e m i c a l ! y  r e l a t e d  and a r e  r e p o r t e d  t o  

o c c u r  i n  mos t  m i n e r a l s  and s o i l s  in  cadmium t o  z i n c  r a t i o s  o f  1 :10 0 

t o  1 :1000 ( T h o r n to n  & Abrahams, 1 9 8 4 ) .  A l though  cadmium i s  foun d in  

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

commercial  cadmium i s  a b y - p r o d u c t  o f  z i n c  p r o d u c t i o n .  Cadmium can 

be s e p a r a t e d  f rom z i n c  by f r a c t i o n a l  d i s t i l l a t i o n  o r  s e l e c t i v e  e l e c ­

t r o l y t i c  d e p o s i t i o n .  S in c e  mos t  commercial  a p p l i c a t i o n s  o f  z i n c  a r e  

u n a f f e c t e d  by t h e  smal l  q u a n t i t i e s  o f  cadmium p r e s e n t ,  t h e  e x t r a  

e f f o r t  and e x p e n s e  t o  remove i t  i s  n o t  made.  Thus ,  b ec au s e  t h e  

cadmium i s  n o t  removed,  p o l l u t i o n  from z i n c  p r o d u c t s  a l s o  e n t a i l s  a 

l e s s e r  b u t  c o n c o m i t a n t  cadmium p o l l u t i o n .

The f i r s t  w i d e l y  p u b l i c i z e d  c a s e  o f  p o i s o n i n g  a t t r i b u t e d  t o  

cadmium p o l l u t i o n  o c c u r r e d  a l o n g  t h e  J i n t z u  R i v e r ,  Toyama P r e f e c t u r e ,  

J ap an  in  t h e  l a t e  1940s and 195 0 s .  A z i n c  mine o p e r a t e d  by t h e  

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

w a s t e  and f l o t a t i o n  s l u d g e  d i r e c t l y  i n t o  t h e  r i v e r .  Kobayashi  found  

t h e  a v e r a g e  cadmium c o n c e n t r a t i o n  o f  r i c e  c r o p s  grown i n  a r e a s  i r r i ­

g a t e d  by t h e  c o n t a m i n a t e d  J i n t z u  R i v e r  t o  be o v e r  10 t i m e s  t h e  

a v e r a g e  i n  r i c e  f rom a l l  o t h e r  a r e a s  o f  J ap a n  ( c i t e d  i n  F o r s t n e r  & 

Wittman ,  1 9 8 1 ) .  Many i n h a b i t a n t s  o f  t h e  a r e a  s u f f e r e d  k id n e y  damage.  

The more s e v e r e  c a s e s  o f  cadmium p o i s o n i n g  e x h i b i t e d  p a i n f u l  s k e l e t a l  

d e f o r m i t i e s  which l e d  t o  t h e  c o n d i t i o n  b e i n g  l a b e l e d  " i t a i - i t a i "  

(meaning " o u c h - o u c h " )  d i s e a s e  ( F r i b e r g ,  1 9 7 1 ) .

C o n ce r n in g  o t h e r  s i t e s  o f  cadmium p o l l u t i o n ,  F o r s t n e r  n o te d  a t
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the  I n t e r n a t i o n a l  Symposium on Metal S p e c i a t i o n ,  Sepa ra t ion  &

Recovery held  in 1986 t h a t ,

a l though the  s i t u a t i o n  i s  l e s s  than c a t a s t r o p h i c  a t  p r e s e n t ,  
th e re  i s  p o t e n t i a l  danger in the  Hudson River e s t u a r y  because 
o f  p o l l u t i o n  from a b a t t e r y  f a c t o r y . . . .  S im i l a r l y ,  e f f l u e n t s  
from an e l e c t r o n i c s  p l a n t  p r e s e n t  a danger in  the  H i tach i  area  
near Tokyo. Other p o t e n t i a l l y  dangerous a r ea s  inc lude P a l e s t i n e  
Lake, a v i l l a g e  in In d i a n a ,  because of  p l a t i n g  w a s te s ;  S o r f j o r d ,  
Norway, and Derwent, Tasmania,  from smel t er  o p e r a t i o n s ;  and the  
Neckar River bas in  in West Germany from pigment w a s t e s .  None of  
these  l a t t e r  s i t u a t i o n s  have y e t  r e s u l t e d  in pronounced e f f e c t s  
among the  human p o p u l a t i o n s ,  but  th e  p o t e n t i a l  i s  t h e r e .
(Haggin, 1986, p.  38)

The major sources o f  cadmium e n t e r i n g  the  b ios phe re  ar e  non- 

f e r r o u s  meta ls  s m e l t e r s ,  wi th  coal and o i l  combustion,  r e f u s e  i n c i n ­

e r a t i o n ,  and urban r e fu s e  in genera l  a l s o  making major c o n t r i b u t i o n s  

(Nriagu & Pacyna,  1988).  Cadmium f in d s  use in end- prod uc ts  such as 

b a t t e r i e s  and t i r e s ,  metal p l a t i n g s ,  low mel t ing a l l o y s ,  p igments ,  

and the  powders in f l u o r e s c e n t  l i g h t  bu lb s .  As t h e s e  produ c ts  wear 

ou t  or a r e  d i s c a r d e d ,  t h e i r  cadmium co n te n t  i s  r e l e a s e d  to  the  

environment .

Cadmium p o l l u t i o n  i s  not  r e s t r i c t e d  to  a t e c h n o l o g i c a l ,  urban 

s e t t i n g .  In ru r a l  a r e a s ,  cadmium can be in t roduced through the  use 

o f  f e r t i l i z e r s .  Western European c o u n t r i e s  have become concerned 

about  the  l e v e l s  o f  cadmium t h a t  a r e  accumulat ing in  t h e i r  a g r i c u l ­

t u r a l  s o i l s  ( O ' S u l l i v a n ,  1988) .  Cadmium i s  a n a tu r a l  component of 

rock phosphate used to  make superphosphate  f o r  f e r t i l i z e r s .  These 

phosphate f e r t i l i z e r s  may c o n ta in  20-120 mg of cadmium per  kg of 

phosphate co n ten t  depending on th e  source  of the  raw m a t e r i a l s  used 

to  make them. In the  Federal  Republ ic of  Germany, 3 .5  grams of  

cadmium per  hec ta re  per  y e a r  a r e  e s t im a ted  to  be in t ro duce d  to  the
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s o i l s  from t h e s e  f e r t i l i z e r s  (K l o k e ,  S a u e r b e c k ,  & V e t t e r ,  1984) .  In 

S w i t z e r l a n d ,  heavy use  o f  f e r t i l i z e r s  and t h e  p r a c t i c e  o f  com po s t ing  

have i n c r e a s e d  t h e  r a t e  o f  a c c u m u l a t i o n  o f  cadmium i n  s o i l s .

F o r s t n e r  e s t i m a t e d  ( c i t e d  i n  H ag g in ,  1986) t h a t  i f  t h e s e  p r a c t i c e s  

c o n t i n u e ,  t h e  c o n c e n t r a t i o n  o f  cadmium in  composted s o i l s  w i l l  

i n c r e a s e  t o  t h e  p o i n t  t h a t ,  by t h e  y e a r  2007,  p l a n t s  grown in  t h e  

compost  w i l l  be p r o h i b i t e d  f rom c o n s u m p t io n .

Cadmium was d e t e c t e d  i n  40 p e r c e n t  o f  t h e  sam ples  t a k e n  d u r i n g  a 

1970 r e c o n n a i s s a n c e  o f  s e l e c t e d  m inor  e l e m e n t s  i n  s u r f a c e  w a t e r s  o f

t h e  U n i t ed  S t a t e s  (Durum, Hem, & H e i d e l ,  1 9 7 0 ) .  Most  c o n c e n t r a t i o n s
2

o f  cadmium ra n g e d  f rom 1 t o  10 ug/L , b u t  a b o u t  4 p e r c e n t  o f  t h e  

r i v e r  samples  had c o n c e n t r a t i o n s  i n  e x c e s s  o f  10 u g /L .  The maximum 

c o n c e n t r a t i o n  found was 130 ug /L .  In an e x a m i n a t i o n  o f  w a t e r  q u a l i t y  

t r e n d s  f rom 1974 to  1981 a t  more t h a n  300 l o c a t i o n s  on m a j o r  r i v e r s  

in t h e  U n i t e d  S t a t e s ,  S m i t h ,  A l e x a n d e r ,  and Wolman (198 7)  found 

w i d e s p r e a d  i n c r e a s e s  in  t h e  d i s s o l v e d  forms o f  cadmium. I n c r e a s i n g  

t r e n d s  in  cadmium c o n c e n t r a t i o n  were  found  most  f r e q u e n t l y  in  s t r e a m s  

o f  t h e  n o r t h e r n  M id w es t .  T hese  i n c r e a s e s  were a t t r i b u t e d  p r i m a r i l y  

t o  i n c r e a s e d  a t m o s p h e r i c  d e p o s i t i o n  o f  f o s s i l - f u e l  co m bus t ion  

p r o d u c t s .

A 1969 s u rv e y  (McCabe,  Symons,  Lee ,  & Robeck,  1970) o f  969

2
Sev era l  c o n c e n t r a t i o n  u n i t s  a r e  u s e d  i n t e r c h a n g e a b l y  i n  t h e  

l i t e r a t u r e .  The mos t  common u n i t s  and t h e i r  u se  t o  d e s c r i b e  w a t e r  
and s e d im e n t  a r e :

w a t e r  s e d im e n t

p a r t s  p e r  m i l l i o n  (ppm) = mg/L = ug/mL mg/kg = ug/g 

p a r t s  p e r  b i l l i o n  (p pb)  = ug/L ug/ kg
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p u b l i c  w a t e r  s u p p l y  sys tem s  i n  t h e  U n i t e d  S t a t e s  found o n l y  3 s y s tem s  

y i e l d i n g  sam ples  c o n t a i n i n g  cadmium in  e x c e s s  o f  t h e  e x i s t i n g  10 ug/L 

d r i n k i n g  w a t e r  s t a n d a r d .  One o f  t h e s e  s a m p l e s ,  however ,  had a c a d ­

mium c o n c e n t r a t i o n  o f  3940 ug/L.

Because  o f  i t s  known a d v e r s e  e f f e c t s  on h e a l t h ,  t h e  U n i ted  S t a t e s  

E n v i ro n m en ta l  P r o t e c t i o n  Agency (1 985)  has  p r o p o s e d  lo w er in g  t h e  

maximum c o n t a m i n a n t  l e v e l  s t a n d a r d  f o r  cadmium i n  d r i n k i n g  w a t e r  from 

10 t o  5 ug/L .

Copper

Copper  i s  w i d e s p r e a d  in  t h e  e a r t h ' s  c r u s t  and o c c u r s  a t  an 

a v e r a g e  c o n c e n t r a t i o n  o f  50 ppm (N a t i o n a l  R e s e a r c h  C o u n c i l ,  1 9 7 7 ) .  

Background l e v e l s  o f  co p p e r  i n  n a t u r a l  s u r f a c e  w a t e r s  a r e  u s u a l l y  

be low 20 ug/L (U.S.  E . P . A . ,  1 9 8 5 ) .  Kopp and Kro ne r  ( c i t e d  in  U.S.

E . P . A . ,  1976) found  co p p e r  i n  74 p e r c e n t  o f  more th an  1500 s u r f a c e

w a t e r  s am ples  i n  t h e  U n i t ed  S t a t e s .  C o n c e n t r a t i o n s  r a nged  from 1 to

280 ug/L w i t h  a mean c o n c e n t r a t i o n  o f  15 u g /L .

Copper i s  c o n s i d e r e d  t o  be an e s s e n t i a l  t r a c e  e l e m e n t  in  human 

and  p l a n t  n u t r i t i o n .  A d a i l y  c o p p e r  i n t a k e  o f  2 mg i s  c o n s i d e r e d  

a d e q u a t e  f o r  human h e a l t h  (U.S.  E . P . A . ,  1 9 8 5 ) .  Both  c o p p e r  d e f i ­

c i e n c y  and t o x i c o s i s  a r e  r a r e  in  humans. Copper  i m p a r t s  an u n d e s i r ­

a b l e  m e t a l l i c  t a s t e  t o  w a t e r  in  c o n c e n t r a t i o n s  above a p p r o x i m a t e l y  1 

mg/L.  T h i s  t a s t e  t h r e s h o l d  r e n d e r s  w a t e r  u n p a l a t a b l e  i f  i t  c o n t a i n s  

c o p p e r  c o n c e n t r a t i o n s  h ig h  enough t o  be d a n g e r o u s  t o  humans.

The U n i t e d  S t a t e s  En v i ro nm en ta l  P r o t e c t i o n  Agency (1988)  has 

p ro p o s e d  a n a t i o n a l  p r im a ry  d r i n k i n g  w a t e r  r e g u l a t i o n  s p e c i f y i n g  a
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maximum contaminant  level  o f  1.3 mg/L f o r  copper in water  en t e r in g  

the  d i s t r i b u t i o n  system. C oncen t ra t ions  above t h i s  leve l  may be 

produced a t  the  tap  due to  d i s s o l u t i o n  o f  copper in  water  pipe and

plumbing f i x t u r e s .  The 1969 survey o f  969 wa te r  supply systems

re por t ed  by McCabe e t  a l . (1970) showed an ave rage  copper concen t ra ­

t i o n  of  0.134 mg/L. The h ig h es t  co n c e n t r a t i o n  found was 8 .35 mg/L.

Eleven o f  the  wa te r  systems con ta ined copper in excess  of  the  cu r r e n t  

dr ink ing water  s t a n d a rd  of 1 mg/L.

The c o n c e n t r a t i o n  a t  which copper i s  t o x i c  t o  a q u a t i c  organisms 

i s  spec ies  s p e c i f i c  and depends on the  pH, a l k a l i n i t y ,  and hardness

of  the w a te r .  The s o f t e r  th e  water or the  lower th e  pH, the  lower

the  copper co n c e n t r a t i o n  necessary  to  produce t o x i c  e f f e c t s  in aqua­

t i c  organisms.  I t  appears  t h a t  c o n c e n t r a t i o n s  o f  a few hundredths of 

a mi l l ig ram per  l i t e r  may be harmful f o r  many aq u a t i c  spec ie s  

(Environmental S tu d ie s  Board,  1972; U.S. E .P .A . ,  1976).  The p r a c t i c e  

of  adding copper  s u l f a t e  t o  r e s e r v o i r s ,  l a k e s ,  wa te r  tow ers ,  and 

powerplant  condensers  uses  t h i s  e f f e c t  t o  suppress  un d es i r a b le  

growths of  a lg ae .

Lead

Humans have used l ead  and lead products  s i n c e  a n t i q u i t y .

Engl ish  terms such as  "plumbing" and "plumber" a r e  de r iv ed  from the 

Lat in  word fo r  l e a d ,  "plumbum," and r e f l e c t  an h i s t o r i c  use of lead 

in water  p i pes  and f i x t u r e s .  The Romans were th e  f i r s t  to  use lead 

on a l a rg e  s c a l e .  Lead was mainly used fo r  p ip in g  and c i s t e r n s  to 

supply water  to  towns and houses ,  but  was a l s o  used f o r  ro o f in g ,
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co o k in g  p o t s ,  p l a t e s ,  d r i n k i n g  c u p s ,  w e i g h t s ,  and s h i p  a n c h o r s .  

Bronze co o k in g  p o t s  we re  o f t e n  l i n e d  w i t h  l e a d  t o  p r e v e n t  t h e  t a s t e  

o f  co p p e r  from c o n t a m i n a t i n g  t h e  c o n t e n t s  ( S m i t h ,  1 9 8 6 ) .  The produc 

t i o n  o f  l e a d  d u r i n g  t h e  Roman p e r i o d  (50 B.C.  -  500 A .D .)  has  been 

e s t i m a t e d  t o  be a b o u t  540 grams p e r  p e r s o n  p e r  y e a r .  T h i s  compares  

t o  p r e s e n t - d a y  i n d u s t r i a l  consumpt ion i n  t h e  U n i t e d  S t a t e s  o f  abou t  

5500 grams p e r  p e r s o n  p e r  y e a r  (T horn to n  & Abrahams,  1 9 8 4 ) .

Today,  l e a d  f i n d s  i t s  main use i n  t h e  a u t o m o t i v e  i n d u s t r y — 

p r i n c i p a l l y  l e a d  s t o r a g e  b a t t e r i e s  a n d ,  t o  a d e c r e a s i n g  e x t e n t ,  as  a 

f u e l  a d d i t i v e .  Lead i s  a l s o  used in  c a b l e  s h e a t h i n g ,  s p e c i a l t y  p ip e  

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

t i o n ,  and s t a b i l i s e r s  i n  p l a s t i c s .  A l a r g e  p r o p o r t i o n  o f  l e a d  

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

Lead has  no known b e n e f i c i a l  o r  n u t r i t i o n a l  e f f e c t s .  I t  i s  a 

t o x i c  meta l  t h a t  a c c u m u l a t e s  in  bone and t i s s u e  and p r o d u c e s  n e u r o ­

l o g i c a l  d y s f u n c t i o n .  C h i l d r e n  exposed t o  e l e v a t e d  l e v e l s  o f  e n v i r o n  

menta l  l e a d  a p p e a r  t o  be a p a r t i c u l a r l y  s e n s i t i v e  g r o u p .  The 

E nv ironm en ta l  S t u d i e s  Board o f  t h e  N a t i o n a l  Academy o f  S c i e n c e s  

(1972)  s t a t e s  t h a t  t h e r e  i s  a "nar row gap between  t h e  q u a n t i t i e s  o f  

l e a d  t o  which t h e  g e n e r a l  p o p u l a t i o n  i s  ex p o se d  t h r o u g h  fo od  and a i r  

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

t i a l l y  h a z a rd o u s  o v e r  l o n g  p e r i o d s  o f  t ime"  ( p .  7 0 ) .  The e f f e c t s  

o f  l e a d  t o x i c i t y  i n  humans have been s t u d i e d  w i d e l y  and summarized i 

a number o f  e x c e l l e n t  r e v i e w s  (Lansdown & Y u le ,  1986;  Needleman,  

1984;  S in gha l  & Thomas,  1980;  U.S.  E . P . A . ,  197 6,  1985 ,  1 9 8 8 ) .

W eis s ,  W h i t t e n ,  and Leddy (1972) compared l e a d  i n  human h a i r
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d a t i n g  f rom 1871 to  1923 t o  h a i r  s am p le s  t a k e n  in  1971. A d u l t  

a n t i q u e  h a i r  was found t o  c o n t a i n  77-110 ug o f  l e a d  p e r  gram o f  h a i r  

compared t o  5 . 4 - 7 . 7  u g /g  f o r  c o n t e m p o r a r y  h a i r .  C h i l d r e n ' s  h a i r  f rom 

t h e s e  two t i m e  p e r i o d s  was fo und  t o  c o n t a i n  144-185 ug/g  and 15-17 

u g /g  r e s p e c t i v e l y .  T h i s  s t u d y  i n d i c a t e s  t h a t  l e a d  e x p o s u r e  among t h e  

g e n e r a l  p o p u l a t i o n  in  1971 was l e s s  t h a n  i t  was 50 t o  100 y e a r s  

e a r l i e r .

The i n v e n t o r i e s  o f  g lo b a l  a n t h r o p o g e n i c  e m i s s i o n s  o f  m e t a l s  t o  

t h e  b i o s p h e r e  p r e s e n t e d  by N r i a g u  and Pacyna (1988 )  i n d i c a t e  t h a t  t h e  

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

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

e c o s y s t e m s .  Most  o f  t h e  l e a d  e n t e r i n g  n a t u r a l  w a t e r s  comes from 

a t m o s p h e r i c  d e p o s i t i o n  (N r i ag u  & P a c y n a ,  1988;  V eron ,  L am ber t ,  I s l e y ,  

L i n e t ,  & G r o u s s e t ,  1 9 8 7 ) .  The I n t e r n a t i o n a l  J o i n t  Commission ( c i t e d  

in  H i lem an ,  1988)  e s t i m a t e s  t h a t  a p p r o x i m a t e l y  21 ,305 m e t r i c  t o n s  o f  

l e a d  a r e  e m i t t e d  t o  t h e  a tm o s p h e re  o v e r  t h e  U n i t e d  S t a t e s  each  y e a r .  

G a s o l i n e  c o m b u s t io n  a c c o u n t s  f o r  72 p e r c e n t  o f  t h e s e  e m i s s i o n s  w i t h  

m u n i c i p a l  w a s t e  i n c i n e r a t i o n  and i n d u s t r i a l  p r o c e s s e s  c o n t r i b u t i n g  13 

p e r c e n t  and 11 p e r c e n t  r e s p e c t i v e l y .

Because  o f  i t s  known d e t r i m e n t a l  e f f e c t s  on h e a l t h ,  t h e  U n i t e d  

S t a t e s  Government  and i t s  a g e n c i e s  have t a k e n  t h e  f o l l o w i n g  s t e p s  t o  

r e d u c e  e n v i r o n m e n t a l  e x p o s u r e  t o  l e a d :

1.  The maximum a l l o w a b l e  c o n t e n t  o f  l e a d  i n  g a s o l i n e  has  been 

r e d u c e d .

2.  The u s e  o f  l e a d  i n  p i p e ,  s o l d e r ,  o r  f l u x  has  been p r o h i b i t e d  

in  any sy s t em  p r o v i d i n g  w a t e r  f o r  human c o n s u m p t i o n .
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3 .  A n a t i o n a l  p r i m ary  d r i n k i n g  w a t e r  r e g u l a t i o n  has been 

p ro p o s e d  s p e c i f y i n g  a maximum c o n t a m i n a n t  l e v e l  o f  5 ug/L f o r  

l e a d  i n  w a t e r  e n t e r i n g  t h e  d i s t r i b u t i o n  sys tem  a f t e r  t r e a t m e n t .

In  1982,  a phase-down in  t h e  maximum c o n t e n t  o f  l e a d  i n  l e a d e d  

g a s o l i n e  was begun by lo w e r in g  t h e  a l l o w e d  l e v e l  f rom 2 . 5  grams o f  

l e a d  p e r  g a l l o n  t o  1 .1  grams (Brown,  1 9 8 7 ) .  T h i s  w a s - r e d u c e d  f u r t h e r  

i n  mid -198 5 t o  0 . 5  grams p e r  g a l l o n  and  a g a i n  J a n u a r y  1,  1986,  t o  0 .1  

grams p e r  g a l l o n  ( T e e l ,  1 9 8 5 ) .  A c o m p l e t e  ban was c o n s i d e r e d  f o r  

1988.  T h i s  p l a n  was d ro p p e d ,  h o w e v e r ,  when s t u d i e s  showed t h a t  

o l d e r  e n g i n e s ,  p a r t i c u l a r l y  t h o s e  u s e d  on farm e q u ip m e n t ,  m ig h t  be 

s e v e r e l y  damaged i f  o p e r a t e d  on l e a d - f r e e  f u e l  (Brown,  1987;  "Take 

t h e  W or ry ,"  19 8 8 ) .  An o f f i c i a l  ban on l e a d  in  g a s o l i n e  may be 

u n n e c e s s a r y ,  however ,  s i n c e  s e v e r a l  m a j o r  o i l  companies  have s t o p p e d  

p r o d u c i n g  l e a d e d  g a s o l i n e  (Brown,  1 9 8 7 ) .

D e c r e a s e s  i n  consumpt ion  o f  l e a d e d  g a s o l i n e  have been r e f l e c t e d  

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

E l s e n r e i g h ,  M e t z e r ,  and Urban (1986)  found  t h a t  annual  volume- 

w e i g h t e d  mean l e a d  c o n c e n t r a t i o n s  i n  w e t - o n l y  p r e c i p i t a t i o n  f e l l  from 

29 t o  4 . 3  ug/L a t  an urban c o l l e c t i o n  s i t e  i n  M in n eso ta  and f rom 5 . 7  

t o  1 . 5  ug/L a t  a r u r a l  s i t e  from 1979 t o  1983.  Dur ing t h i s  same 

p e r i o d ,  t h e  t o t a l  amount o f  l e a d  used  i n  g a s o l i n e  d e c r e a s e d  from

1 2 .9 5  x 1010 grams t o  5 .66 x 1 0 ^  grams f o r  t h e  U.S.  a s  a whole and

9 9from 3 . 1 7  x 10 grams t o  1 . 4  x 10 grams f o r  t h e  s t a t e  o f  M i n n e s o t a .

A 1970 n a t i o n w i d e  r e c o n n a i s s a n c e  (Durum e t  a l . ,  1970) o f  

s e l e c t e d  t r a c e  m e t a l s  in  s u r f a c e  w a t e r s  o f  t h e  U n i t e d  S t a t e s  found 

l e a d  o c c u r r i n g  in  63 p e r c e n t  o f  t h e  720 samples  i n  c o n c e n t r a t i o n s
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most commonly ranging from 6 to 50 ug/L. Alexander and Smith (1988) 

examined w a te r  q u a l i t y  re cords  from about  300 lo c a t i o n s  on major 

U.S. r i v e r s  f o r  th e  per iod  1974 to 1985. Concen tra t ions  o f  d i s so lv ed  

lead  dec l in e d  dur ing the  s tudy per iod  a t  abou t  o n e - t h i r d  of the 

sampling l o c a t i o n s  whereas only 6 per cen t  o f  the  s i t e s ,  c l u s t e r e d  

along the  Texas-Gulf  Coast  and in the  Lower M is s i s s ip p i  Basin ,  showed 

i n c r e a s e s .  Decl ines  a t  n ea r ly  a l l  s t a t i o n s  occurred  from 1979 to 

1980. A f t e r  1980, d i s s o lv e d  lead co n c e n t r a t i o n s  a t  most l o c a t i o n s  

remained a t  or  near  the  d e t ec t io n  l i m i t  o f  2 ug/L.  Alexander and 

Smith s t a t e  t h a t  " g a s o l in e - l e a d  consumption in  the  Uni ted S ta t e s  

d ec l ined  approx ima te ly  75 p e r c°n t  from 1975 to  1985. More than one- 

h a l f  o f  t h i s  d e c l i n e  occurred from 1979 to 1980" (p.  562) .  This 

suggests  t h a t  th e  observed d ec l i n e s  in d i s s o lv e d  lead a t  most l o ca ­

t i o n s  f o r  1979 to 1980 were most l i k e l y  th e  r e s u l t  o f  the  sharp 

dec l i ne  in g a s o l i n e - l e a d  consumption.

Most le ad  e n t e r s  dr inking water  as a r e s u l t  o f  co r ro s ion  of 

plumbing (U.S.  E .P .A . ,  1985, 1988).  This i s  p a r t i c u l a r l y  a problem 

with s o f t ,  a c i d i c  wa te rs  t h a t  are  allowed to  s tand in co n tac t  wi th 

lead  p ip e ,  l e ad  f i t t i n g s ,  or  l e a d - c o n ta in in g  s o l d e r  f o r  some length  

of  t ime .  Some wa te r  systems have f r e q u e n t l y  measured co n c en t ra t i o n s  

of  lead in morning f i r s t  draw samples as high as 1 to 2 mg/L. In 

or de r  to  dec rea se  exposure to  t h i s  source o f  l e a d ,  the  Safe Drinking 

Water Act Amendments o f  1986 p ro h ib i t e d  the  use of  s o l d e r  o r  f l u x  

con ta in ing  more than 0 .2  percen t  l ead  and pipe  and pipe  f i t t i n g s  

co n ta in in g  more than 8 pe rcen t  l ead  in a l l  p u b l i c  wa te r  systems and 

r e s i d e n t i a l  and n o n r e s id e n t i a l  plumbing pro vid ing wa ter  f o r  human
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c o n s u m p t io n .  In a d d i t i o n ,  t h e  U.S.  E nv i ro nm en ta l  P r o t e c t i o n  Agency 

(1988)  has  p r o p o s e d  l o w e r in g  t h e  e x i s t i n g  n a t i o n a l  p r i m a r y  d r i n k i n g  

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

50 ug/L t o  5 u g /L .  The l e a d  c o n c e n t r a t i o n  would  be measured  a s  i t  

e n t e r s  t h e  d i s t r i b u t i o n  s y s t e m ,  however ,  r a t h e r  t h a n  a t  t h e  t a p .

Nickel

M e t a l l i c  n i c k e l  has  been known f o r  a b o u t  200 y e a r s .  I t s  use has 

i n c r e a s e d  t o  t h e  p o i n t  t h a t ,  t o d a y ,  t h e r e  a r e  more t h a n  3000 

d i f f e r e n t  a l l o y s  c o n t a i n i n g  n i c k e l  (Duke,  1 9 8 0 ) .  The p r o d u c t i o n  o f  

s t a i n l e s s  s t e e l  a c c o u n t s  f o r  t h e  l a r g e s t  s i n g l e  u s e  o f  n i c k e l .

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

m a t e l y  o n e - t h i r d  o f  t h e  w o r l d ' s  p r o d u c t i o n .  C o b a l t  i s  u s u a l l y  found 

w i t h  n i c k e l  i n  amounts  r a n g i n g  from a t r a c e  t o  a s  much a s  1 p a r t  

c o b a l t  t o  10 p a r t s  n i c k e l  ( N a t io n a l  R ese a rc h  C o u n c i l ,  1 9 7 5 ) .

The i n v e n t o r i e s  p r e s e n t e d  by N ri a gu  and Pacyna (1988)  i n d i c a t e  

t h a t  co m bus t ion  o f  o i l  and co a l  a r e  t h e  mos t  i m p o r t a n t  s o u r c e s  o f  

a i r b o r n e  n i c k e l .  T hese  s o u r c e s  c o n t r i b u t e  between 60 and 77 p e r c e n t  

o f  t h e  a p p r o x i m a t e l y  56 ,000 m e t r i c  t o n s  o f  n i c k e l  e m i t t e d  t o  t h e  

a tm o sp h ere  e a c h  y e a r .  Domest ic  w a s t e w a t e r  a c c o u n t s  f o r  a l m o s t  60 

p e r c e n t  o f  t h e  113 ,000  m e t r i c  t o n s  o f  n i c k e l  d i s c h a r g e d  i n t o  t h e  

w o r l d ' s  a q u a t i c  e n v i r o n m e n t  each  y e a r  (N r i a g u  & P a c y n a ,  1 9 8 8 ) .

In a s u r v e y  o f  m a jo r  r i v e r  b a s i n s  o f  t h e  U n i t e d  S t a t e s ,  Kopp and 

K ro ne r  ( c i t e d  i n  N a t i o n a l  R es ea rch  C o u n c i l ,  1975) r e p o r t e d  t h a t  

n i c k e l  was found i n  16 p e r c e n t  o f  t h e  s am ples  a t  an a v e r a g e  conc en ­

t r a t i o n  o f  19 u g / L .  The h i g h e s t  c o n c e n t r a t i o n  o f  n i c k e l ,  130 ug/L,
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was found in  O h i o ' s  Cuyahoga R i v e r .  A 1969 s u rvey  (McCabe e t  a l . ,

1970) o f  969 w a t e r  s u p p l y  s y s t e m s  in  t h e  U n i t e d  S t a t e s  fo u n d  an 

a v e r a g e  n i c k e l  c o n c e n t r a t i o n  o f  4 . 8  ug/L a t  t h e  c o n s u m e r ' s  t a p .  A 

maximum c o n c e n t r a t i o n  o f  75 ug/L was found.

The N a t i o n a l  R e s e a rc h  Counc i l  (1975) r e p o r t e d  t h a t  humans i n g e s t  

300-600  ug o f  n i c k e l  p e r  d ay .  "Most o f  t h e  i n g e s t e d  n i c k e l  i s  

e x c r e t e d  in  t h e  f e c e s ,  b u t  a  smal l  p r o p o r t i o n  i s  a b s o r b e d  and l a t e r  

e x c r e t e d  in  t h e  u r i n e ,  b i l e ,  and sw ea t"  (p .  1 9 2 ) .  On t h e  b a s i s  o f  

animal s t u d i e s ,  i t  a p p e a r s  t h a t  n i c k e l  s a l t s  have a r e l a t i v e l y  low 

t o x i c i t y  when a d m i n i s t e r e d  o r a l l y .  Nickel  i n  w a t e r  i s  c o n s i d e r e d  t o  

be r e l a t i v e l y  n o n t o x i c .  C o n s e q u e n t l y ,  no d r i n k i n g  w a t e r  s t a n d a r d s  

have been recommended f o r  n i c k e l .  Nickel  c r i t e r i a  have  been recom­

mended, however ,  f o r  t h e  p r o t e c t i o n  o f  a q u a t i c  o r g a n i s m s .  The 

I n t e r n a t i o n a l  J o i n t  Commiss ion ( c i t e d  in  B i r g e  & B l a c k ,  1980) has 

a d o p t e d  a l i m i t  o f  25 ug/L f o r  t h e  G r e a t  L ak e s .  The U n i t e d  S t a t e s  

E n v i ro n m en ta l  P r o t e c t i o n  Agency (1976)  recommended a c r i t e r i o n  o f

0 .0 1  t i m e s  t h e  96 h our  LC^q o f  t h e  most  s e n s i t i v e  i m p o r t a n t  s p e c i e s  

in  t h e  l o c a l i t y .

Zinc

Z in c  i s  r a n k ed  f o u r t h  i n  annua l  wor ld  cons um pt ion  o f  m e t a l s ,  

w i t h  o n l y  i r o n ,  a luminum,  and c o p p e r  be ing  p ro d u ced  in  g r e a t e r  quan­

t i t i e s  (Cammarota,  1 9 8 0 ) .  Most z i n c  i s  p rodu ced  f rom t h e  m in e ra l  

s p h a l e r i t e  ( z i n c  s u l f i d e ) .  Z inc  i s  w i d e l y  u s ed  in  a l l o y s ,  a s  a 

p r o t e c t i v e  c o a t i n g  on o t h e r  m e t a l s ,  and in  c h e m i c a l s  f o r  u s e  in  

r u b b e r  and p a i n t s .
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Zinc o c c u r s  w i d e l y  i n  s u r f a c e  w a t e r s  o f  t h e  U n i t e d  S t a t e s .  In a 

f i v e - y e a r  s u rv ey  (1 9 6 2 - 1 9 6 7 )  o f  t r a c e  m e t a l s  in  U.S.  r i v e r s  and 

l a k e s ,  Kopp and K ro ne r  ( c i t e d  i n  U.S.  E . P . A . ,  1976) fo u n d  a mean 

s o l u b l e  z i n c  c o n c e n t r a t i o n  o f  64 u g /L .  A maximum c o n c e n t r a t i o n  o f  

1 ,1 8 3  ug/L was o b s e r v e d  i n  t h e  Cuyahoga R iv e r  a t  C l e v e l a n d ,  Ohio.

The 1970 r e c o n n a i s s a n c e  o f  U.S.  s u r f a c e  w a t e r s  by Durum e t  a l . (1970) 

r e p o r t e d  t h e  c o n c e n t r a t i o n  o f  z i n c  i n  most  samples  t o  be i n  t h e  r a n g e  

o f  10-50 ug/L.  A few s a m p l e s ,  howe ve r ,  exceeded  5000 u g / L .  A s t u d y  

o f  w a t e r - q u a l i t y  t r e n d s  a t  288 s t a t i o n s  on major  U.S.  r i v e r s  f o r  t h e  

p e r i o d  1974 t o  1981 showed a 5 0 th  p e r c e n t i l e  s t a t i o n - m e a n  z i n c  con­

c e n t r a t i o n  o f  15 ug/L (Sm i th  e t  a l . ,  19 8 7 ) .

Zinc  i s  p r e s e n t  i n  a l l  body t i s s u e  and i s  r e q u i r e d  i n  human 

m e t a b o l i s m .  I t  i s  an e s s e n t i a l  component  o f  n e a r l y  one  h u ndre d  

d i f f e r e n t  enzymes ( L e h n i n g e r ,  1 9 3 2 ) .  The Food and N u t r i t i o n  Board o f  

t h e  N a t io n a l  Academy o f  S c i e n c e s - N a t i o n a l  Resea rch C o u n c i l  ( c i t e d  in  

L e h n i n g e r ,  1982) has  s u g g e s t e d  a recommended d a i l y  a l l o w a n c e  (RDA) o f  

10-15 mg o f  z i n c .  U n l i k e  many o f  t h e  heavy m e t a l s ,  z i n c  does  n o t  

a p p e a r  t o  ac cu m u la t e  i n  t h e  human body. The N a t io n a l  R e s e a rc h  

Coun ci l  (1977)  s t a t e d ,

Zinc  i s  c o n s i d e r e d  an e s s e n t i a l  t r a c e  e l e m e n t  in  human and 
animal  n u t r i t i o n . . . .  As f a r  as  human h e a l t h  i n  t h e  g e n e r a l  
p o p u l a t i o n  i s  c o n c e r n e d ,  t h e  maj o r  conc ern  i s  n o t  w i t h  t o x i c i t y ,  
b u t  r a t h e r  w i t h  m a r g i n a l  o r  d e f i c i e n t  z i n c  i n t a k e .  The a v a i l ­
a b l e  d a t a  i n d i c a t e  t h a t  t h e  c o n t r i b u t i o n  o f  d r i n k i n g  w a t e r  t o  
t h e  d a i l y  n u t r i t i o n a l  r e q u i r e m e n t  f o r  z i n c  i s  n e g l i g i b l e  unde r  
most  c i r c u m s t a n c e s ,  ( p .  299)

Because z i n c  does  n o t  a p p e a r  t o  be p o t e n t i a l l y  har mfu l  a t  con ­

c e n t r a t i o n s  e x p e c t e d  t o  be found  in  d r i n k i n g  w a t e r ,  t h e  U .S .  E.P.A 

has  n o t  i s s u e d  a p r i m a r y  d r i n k i n g  w a t e r  r e g u l a t i o n  f o r  i t  (U.S.
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E . P . A . , 1 9 8 5 ) .  Z i n c  d o e s ,  however ,  p ro d u c e  an u n d e s i r a b l e  t a s t e  in  

w a te r  i n  c o n c e n t r a t i o n s  above a b o u t  5 mg/L.  In h ig h  c o n c e n t r a t i o n s ,  

z i n c  may a l s o  c a u s e  w a t e r  t o  ap p e a r  mi lky  o r  a p p e a r  t o  have a g r e a s y  

scum upon b o i l i n g  ( P e t t y j o h n ,  1 9 7 2 ) .  For  a e s t h e t i c  r e a s o n s ,  t h e r e ­

f o r e ,  a s e c o n d a r y  d r i n k i n g  w a t e r  s t a n d a r d  o f  5 mg/L has  been 

e s t a b l i s h e d  (U .S .  E . P . A . ,  1 9 7 6 ) .

Zinc  i s  h i g h l y  t o x i c  t o  f i s h  and o t h e r  a q u a t i c  a n i m a l s .  The 

l e v e l  o f  t o x i c i t y  i s  s p e c i e s  dep e n d en t  and v a r i e s  w i t h  o t h e r  p r o p e r ­

t i e s  o f  t h e  w a t e r  such as  pH, t e m p e r a t u r e ,  and e s p e c i a l l y ,  h a r d n e s s .

The U.S.  E . P . A .  (1 976)  has  e s t a b l i s h e d  a c r i t e r i o n  o f  0 .01 t i m e s  t h e  

9 6 -h our  LCgg o f  a s e n s i t i v e  r e s i d e n t  s p e c i e s  f o r  t h e  p r o t e c t i o n  o f  

a q u a t i c  l i f e .  F o r  smal l  ra in bow  t r o u t  in  s o f t  w a t e r ,  t h i s  c r i t e r i o n  

t r a n s l a t e s  t o  0 .0 1  t o  0 . 0 8  mg/L.

Urban Non po in t  S ourc e  P o l l u t i o n

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

on c o n t r o l l i n g  m u n i c i p a l  sewage and i n d u s t r i a l  d i s c h a r g e s  t o  w a t e r .

These  p o l l u t i o n  s o u r c e s  were  ea sy  t o  i d e n t i f y  and t h e  e f f e c t s  t h e y  

pro du ced  w e r e ,  i n  mos t  c a s e s ,  o b v i o u s .  B eca u se  s e c o n d a r y  and even 

t e r t i a r y  t r e a t m e n t  o f  t h e s e  p o i n t  d i s c h a r g e s  h a s  become w i d e s p r e a d ,  

t h e  s i g n i f i c a n c e  o f  n o n p o i n t  ( o r  d i f f u s e )  s o u r c e s  o f  p o l l u t i o n  has  

become more a p p a r e n t .  The p o s s i b l e  m a g n i tu d e  o f  n o n p o i n t  p o l l u t i o n  

has o n l y  been r e c o g n i z e d  f o r  t h e  l a s t  15 t o  20 y e a r s .  A n o n p r o f i t  

e n v i ro n m e n ta l  r e s e a r c h  group s t u d y  o f  t h e  Hudson R i v e r  found t h a t  " in  

t h e  c a s e  o f  s i x  h a z a r d o u s  s u b s t a n c e s — l e a d ,  cadmium, a r s e n i c ,  

m ercu ry ,  PCBs, and  o i l — t h e  e s t i m a t e s  f rom n o n p o i n t  s o u r c e s
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' l i t e r a l l y  d w a r f 1 t h o s e  from p o i n t  s o u r c e s  such  a s  i n d u s t r i a l  d i s ­

c h a r g e  p i p e s  and sewage t r e a t m e n t  p l a n t s "  ( H a t t a n g a d i ,  1987,  p .  9 ) .

In t h e  c a s e  o f  l e a d ,  urban and a g r i c u l t u r a l  r u n o f f  a c c o u n te d  f o r  

a p p r o x i m a t e l y  182,300 l b s  e n t e r i n g  t h e  Hudson ,  compared t o  240 l b s  

f rom documented  p o i n t  s o u r c e s .  The m ag n i tu d e  o f  n o n p o i n t  p o l l u t i o n  

was l e g a l l y  acknowledged  when t h e  F e d e r a l  Wa ter  P o l l u t i o n  C o n t r o l  Ac t  

Amendments o f  1972 i n c l u d e d  t h e  r e q u i r e m e n t  t h a t  a r e a  p o l l u t i o n  

c o n t r o l  p l a n n i n g  s h o u l d  i n c l u d e  b o th  p o i n t  and n o n p o i n t  s o u r c e s .

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

a c t i v i t i e s .  Run off  from t i l l e d  l a n d s  may c o n t a i n  suspended  s e d i m e n t s  

a s  we l l  a s  p o l l u t a n t s  d e r i v e d  f rom f e r t i l i z e r s  and p e s t i c i d e s .

Animal f e e d l o t  o p e r a t i o n s  may c o n t r i b u t e  l a r g e  q u a n t i t i e s  o f  s e d i ­

m en t ,  p h o s p h o r u s ,  n i t r o g e n ,  b i o l o g i c a l  oxygen demand,  and f e c a l  c o l i -  

form t o  r e c e i v i n g  w a t e r s .  S t r i p  min in g  a c t i v i t i e s  may a l s o  r e s u l t  in  

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

Urban s t o r m w a t e r  r u n o f f  may have p o l l u t i o n  l e v e l s  r i v a l i n g  t h a t  

o f  raw sewage (Novotny & C h e s t e r s ,  1 9 8 1 ) .  In a d d i t i o n ,  urban  r u n o f f  

f r e q u e n t l y  c o n t a i n s  e l e v a t e d  l e v e l s  o f  p o l l u t a n t s  such a s  heavy 

m e t a l s ,  a s b e s t o s ,  PCBs, and o i l .  In c o m p ar in g  t o t a l  q u a n t i t i e s  o f  

raw m u n i c i p a l  w a s t e s  and u rb an  r u n o f f ,  C o l s t o n  (1974)  found t h a t  

ur ba n  r u n o f f  c o n t a i n e d  95 p e r c e n t  o f  t h e  s u s p e n d e d  s o l i d s  a n d ,  

d e p e n d in g  upon t h e  p a r t i c u l a r  m e t a l ,  be tween  57 and 94 p e r c e n t  o f  t h e  

heavy m e t a l s .
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Trace Metals

On S t r e e t  Sur faces

During a r a i n l e s s  per iod  in an urban a r e a ,  eve ry th ing  from dust  

and d i r t  to  genera l  l i t t e r ,  from o i l  to  animal fe ces  wi l l  gr adual ly

accumulate on c i t y  s u r f a c e s .  When i t  r a i n s ,  much o f  t h i s  mater ia l

wi l l  make i t s  way i n t o  s u rf ace  wa te rs  by way of  storm sewers.

In a s t a t i s t i c a l  a n a ly s i s  of  pub l i sh ed  da ta  through 1972, 

Bradford (1977) summarized the  c o n c e n t r a t i o n s  o f  a number o f  poten­

t i a l  wate r  p o l l u t a n t s  in dus t  and d i r t  on c i t y  s t r e e t s  as a fun ct ion  

of  seve ra l  independent  parameters .  Of p a r t i c u l a r  i n t e r e s t  to t h i s  

review i s  h i s  summary o f  mean t r a c e  metal c o n c e n t r a t i o n  as a fu nc t ion 

of land use (Table  4 ) .  He concluded t h a t  "us ing  da ta  a v a i l a b l e  

nat ionwide ,  g e n e r a l l y ,  s i g n i f i c a n t  p a t t e r n s  in the  r e l a t i o n s h i p  

between land use and p o l l u t a n t s  could not  be shown" (p.  621).

In a wide ly  c i t e d  s tudy,  S a r t o r  and Boyd (1972; and S a r t o r ,

;oyd, and Agardy (1974) examined th e  w a t e r - p o l l u t i o n  p o t e n t i a l  of 

m a te r ia l  t h a t  commonly c o l l e c t s  on c i t y  s t r e e t s .  They a t t r i b u t e d  the 

below average loading  r a t e s  in commercial a r e a s  t o  the  frequency with 

which th ese  a r e a s  ar e  swept .  They a l s o  found t h a t  heavy meta ls  

accumulated on c i t y  s t r e e t s  a t  an average o f  1 .3 lb s  per curb mile 

per day. These t r a c e  meta ls  were not  d i s t r i b u t e d  evenly ac ro ss  a l l  

s i z e  ranges  o f  s t r e e t  r e f u s e  but  were c o n c e n t r a t e d  in  the " f in e r "  

f r a c t i o n s  (51 .3  p e r cen t  o f  the  t r a c e  meta l s  were a s s o c i a t e d  wi th 

p a r t i c l e s  s m a l l e r  than 246 um).

Cool,  Marcoux, P a u l i n ,  and Mehra (1980) examined heavy metal
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T a b le  4

Mean Metal Concen tra t ions  (ug/g) in 
S t r e e t  Surface  Dust and D i r t

Land Use Cd Cr Cu Fe Pb Mn Ni Zn

Open Space 0.6 5 9 2,600 15 6 22

R es id en t i a l 3 .0 192 93 20,600 1430 392 28 350

Commercial 4 .2 225 133 23,300 3440 397 48 520

Light  In dus t ry 4 .0 288 128 21,800 2780 490 41 368

Heavy In d u s t ry 3 .9 278 107 28,600 1160 570 37 317

Note . From "Urban s tormwater p o l l u t a n t  l o ad in g s :  a s t a t i s t i c a l
summary through 1972" by W. L. Bradford ,  1977, Journal  o f  the Water 
P o l l u t i o n  Control F e d e r a t i o n , 49 , p. 618.

c o n c e n t r a t i o n s  in  s o i l s  a d j ac en t  to  s t r e e t s  in  a r e l a t i v e l y  nonindus- 

t r i a l i z e d  town in  e a s t e r n  Canada. The c o n c e n t r a t i o n s  of  cadmium, 

copper ,  l e a d ,  and z in c  in  the  s o i l s  were found to  decrease  with 

i n c r e a s i n g  d i s t a n c e  from the  s t r e e t s .  The e f f e c t  was most pronounced 

wi th  l e a d ,  which dropped from a mean co n c e n t r a t i o n  of  0.407 mg/g soi l  

a t  the  s t r e e t  edge to  a mean co n c en t r a t i o n  o f  0.122 mg/g a t  a d i s ­

tan ce  o f  7 m from th e  s t r e e t .

Albasel  and C o t te n ie  (1984) l i kew ise  found d ec reases  in the 

c o n c e n t r a t i o n  o f  l ead  and z in c  in  s o i l s  and p l a n t s  wi th i nc re as ing  

d i s t a n c e  from highways in  Belgium. They a l s o  found t h a t  the lead 

c o n te n t  of  p l a n t s  10 to  20 m away from the  ro a ds id e  was s t i l l  3 to  10 

t imes h igher  than th e  con ten t  of p l a n t s  sampled a t  l e a s t  100 m from 

the  r o a d s id e .
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In Storm D r a i n a g e

As m i g h t  be e x p e c t e d ,  i n c r e a s e d  u r b a n i z a t i o n  b r i n g s  a b o u t  a 

c o n c o m i t a n t  i n c r e a s e  i n  l e v e l s  o f  some heavy m e t a l s  d e l i v e r e d  t o  

a d j a c e n t  a q u a t i c  s y s t e m s .  By examin ing t h e  v e r t i c a l  p r o f i l e s  o f  

heavy m e t a l s  i n  d a t e d  s e d i m e n t  c o r e s  from a s h a l l o w  e s t u a r y ,  

C h r i s t e n s e n  and S c h e r f i g  (1 978)  were a b l e  t o  d e m o n s t r a t e  c l e a r l y  

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

deve lopment  in  t h e  w a t e r s h e d  beg an .

A number o f  s t u d i e s  c o n d u c te d  b e f o r e  t h e  m a j o r  d e c r e a s e s  i n  

g a s o l i n e  l e a d  c o n t e n t  were  mandated i m p l i c a t e d  a u t o m o b i l e  e m i s s i o n s  

a s  a s o u r c e  o f  u rb a n  l e a d  p o l l u t i o n .  Laxen and H a r r i s o n  (1 977)  found 

t h a t  l e a d  c o n c e n t r a t i o n s  i n  highway r u n o f f  were  103 t o  104 t i m e s  

background c o n c e n t r a t i o n s  i n  s u r f a c e  w a t e r s .  I t  seems r e a s o n a b l e  t o  

c o n c l u d e ,  t h e n ,  t h a t  r u n o f f  from an urban a r e a  w i t h  a h i g h  d e n s i t y  o f  

r o a d s  c o u ld  p r o v i d e  a s u b s t a n t i a l  l o a d  o f  l e a d  t o  a d j a c e n t  s u r f a c e  

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

two s t u d i e s .

Rimer ,  N i s s e n ,  and Reyno lds  ( 1 9 7 8 ) ,  i n  a s t u d y  o f  n o n p o i n t  

p o l l u t i o n  i n  t h e  D u rh am -R a le igh  a r e a  o f  Nor th  C a r o l i n a ,  d e t e r m i n e d  

t h a t  peak l e a d  c o n c e n t r a t i o n s  in  s to rm  r u n o f f  i n c r e a s e d  w i t h  t h e  

p e r c e n t  i m p e r v i o u s n e s s  o f  t h e  d r a i n a g e  a r e a  ( T a b l e  5 ) .  The o n l y  

majo r  e x c e p t i o n s  w ere  i n  t h e  c e n t r a l  b u s i n e s s  d i s t r i c t s .  The 

d e c r e a s e d  l e v e l s  o f  l e a d  and suspended s o l i d s  i n  t h e s e  a r e a s  was 

a t t r i b u t e d  t o  l e s s  l a n d  d i s t u r b i n g  a c t i v i t y  and f r e q u e n t  s t r e e t  

sw eep ing .  The l e v e l  o f  l e a d  i n  s to rm w a te r  r u n o f f  a p p e a r e d  t o  be
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T able 5

Average Peak C o n c e n t r a t i o n s  o f  P o l l u t a n t s  i n  S to r m w a te r  Runo ff

Land Cover  Type

P e r c e n t
I m p e rv io u s

Area
S uspend ed

S o l i d s 3 Lead3

Low a c t i v i t y  r u r a l 2 . 7 284 0 . 1

High a c t i v i t y  r u r a l 5 .1 416 0 . 1

Low a c t i v i t y  commercia l 12 575 0 . 2

Low a c t i v i t y  r e s i d e n t i a l 16 664 0 . 6

High a c t i v i t y  r e s i d e n t i a l 32 1199 2 .1

High a c t i v i t y  commercia l 35 1082 1 . 7

C e n t r a l  b u s i n e s s  d i s t r i c t 80 528 0 . 9

N o te .  Adapted f rom " C h a r a c t e r i z a t i o n  and im pac t  o f  s t o r m w a t e r  r u n o f f  
f rom v a r i o u s  l a n d  c o v e r  t y p e s "  by A. E. Rimer ,  J .  A. N i s s e n ,  and D.
E. R e y n o ld s ,  197 8 ,  J o u r n a l  o f  t h e  Water  P o l l u t i o n  C o n t r o l  F e d e r a t i o n ,  
5 0 ,  p .  259.

C o n c e n t r a t i o n  i n  mg/L

c l o s e l y  c o r r e l a t e d  t o  t h e  l e v e l  o f  s u s p en d e d  s o l i d s .  T h i s  i m p l i c a t e d  

t h e  t r a n s p o r t  o f  f i n e l y  d i v i d e d  s o l i d s  a s  t h e  mechanism f o r  t h e  e n t r y  

o f  l e a d  i n t o  s t o r m w a t e r  r u n o f f .

The N o r t h e r n  V i r g i n i a  P l a n n i n g  D i s t r i c t  Commission ( c i t e d  in  

K l e i n ,  1 9 7 9 ) ,  i n  i t s  r e p o r t  on t h e  Occoquan-Four  M i le  Run Nonpo in t  

S ou rce  C o r r e l a t i o n  S tu d y  found t h a t  t h e  l o a d i n g  r a t e s  o f  z i n c  and 

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

( F i g u r e  1 ) .

A l though  heavy m e t a l s  were  n o t  s p e c i f i c a l l y  sampled  i n  h i s  s t u d y
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o f  27 smal l  w a t e r s h e d s  i n  t h e  P iedmont  p r o v i n c e  o f  M ary la n d ,  K l e i n  

(1979)  c o n c l u d e d  t h a t  " s t r e a m  q u a l i t y  im p a i rm en t  can be p r e v e n t e d  i f  

w a t e r s h e d  i m p e r v i o u s n e s s  d o e s  n o t  e x c e e d  15 p e r c e n t "  ( p .  4 5 9 ) .  T h i s  

c o n c l u s i o n  was b a s e d  on an e x a m i n a t i o n  o f  t h e  d i v e r s i t y  o f  t h e  b i o t a  

i n  ea ch  o f  t h e  sampled s t r e a m s .

A d d i t i o n a l  s t u d i e s  have  examined t h e  e f f e c t  o f  l a n d  use  on 

s t o r m w a t e r  q u a l i t y .  In a g e n e r a l  co m p ar i so n  o f  w a t e r s h e d s  and l a n d  

u s e ,  O s t r y  (1 982 )  compared t h e  Grand and Saugeen r i v e r  b a s i n s  i n  

Canada u n d e r  a P o l l u t i o n  f rom Land Use A c t i v i t i e s  R e f e r e n c e  Group 

(PLUARG) s t u d y .  The two r i v e r s  have a d j a c e n t  h ea d w a te r  a r e a s  and  a r e  

s i m i l a r  i n  g e o l o g y ,  p h y s i o g r a p h y ,  and c l i m a t e .  The Grand R i v e r  

b a s i n ,  h o w ev er ,  has  an o r d e r  o f  m ag n i tu d e  g r e a t e r  p o p u l a t i o n  ( 5 1 4 ,0 0 0  

v e r s u s  5 7 , 0 0 0 ) ,  a p p r o x i m a t e l y  85 p e r c e n t  o f  which i s  c o n c e n t r a t e d  in  

urb an  a r e a s .  Only 50 p e r c e n t  o f  t h e  57,00 0 p eo p le  i n  t h e  Saugeen 

R iv e r  b a s i n  a r e  c o n c e n t r a t e d  i n  u rb an  a r e a s  and a g r e a t e r  p r o p o r t i o n  

o f  t h e  b a s i n  i s  wooded o r  i d l e  a r e a  compared t o  t h e  Grand R i v e r  

b a s i n .  As m i g h t  be e x p e c t e d ,  t h e  u n i t  a r e a  l o a d s  o f  n e a r l y  a l l  

measured  p o l l u t a n t s  was g r e a t e r  i n  t h e  Grand R i v e r .  S p e c i f i c a l l y ,  

t h e  u n i t  a r e a  l o a d  f o r  l e a d  was 1 .2  t i m e s  a s  h igh in  t h e  Grand R i v e r  

a s  in  t h e  Saugeen R i v e r .  P r e d o m i n a n t l y  homogeneous s u b w a t e r s h e d s  

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

t h r e e  m a jo r  l a n d  use  c a t e g o r i e s  ( T a b le  6 ) .  The urb an  a r e a s  c o n t r i b ­

u t e d  a  much g r e a t e r  p r o p o r t i o n  o f  l e a d ,  z i n c ,  and c o p p e r  p e r  u n i t  

a r e a  compared t o  t h e  r u r a l  and w o o d e d / i d l e  a r e a s .

In  a more d e t a i l e d  co m p a r i so n  o f  r u n o f f  and l a n d  u s e ,  H e l s e l ,

Kim, G r i z z a r d ,  R a n d a l l ,  and Hoehn (1979 )  s o u g h t  t o  " c h a r a c t e r i z e  and
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F ig u r e  1. Total  E x t r a c t a b l e  Metals Loadings ve r sus  Watershed 
Imperviousness .

N o te : From "Urban iza t ion and Stream Q u a l i t y  Impairment" by R. D.
Klein ,  1979, Water Resources B u l l e t i n , 15, p.  957.

compare the  s u r f a c e  r u n o f f  o f  seven m e ta l s  from small  bas ins  o f  

d i f f e r i n g  la n d -u se  t yp es "  (p.  70 9 ) .  Nineteen small su b b as in s ,  each 

composed e n t i r e l y  of  a s i n g l e  l an d - u s e  t y p e ,  were s e l e c t e d  f o r  s tudy
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T a b le  6

Trace  Metal Uni t Area Load Rat ios  f o r  th e  
Grand and Saugeen River Basins ,  Canada

Land Use Category

Metal Urban Rural Wooded/Idle

Lead 40 : 2 : 1

Zinc 25 : 5 : 1

Copper 3 : 1 : 1

N o te . From " Re la t io nsh ip  o f  wate r  q u a l i t y  and p o l l u t a n t  loads  to  
l a n d  uses  in ad jo in in g  watersheds"  by R. C. O s t ry ,  1982, Mater 
Resources  B u l l e t i n , 18, p.  102.

from two wa ter sheds  in  e a s t e r n  V i r g i n i a .  Ind iv idua l  s torm eve n ts  

were a u t o m a t i c a l l y  sampled a t  a number of  t imes dur ing passage o f  the 

f l o o d  wave and l a t e r  analyzed fo r  t h e i r  co n ten t  o f  z i n c ,  l e ad ,  

chromium, co pp er ,  cadmium, i r o n ,  and manganese. Cadmium was de le ted  

from the  a n a l y s i s  because a l a r g e  percentage  o f  t h e  samples conta ined 

cadmium l e v e l s  near  or  below the  d e t e c t i o n  l i m i t  which precluded 

d e t e c t i n g  s i g n i f i c a n t  d i f f e r e n c e s  between sampl ing s t a t i o n s .  Seven 

subbasin  l and -u se s  were examined ranging from f o r e s t e d  ( taken as 

“background") to  h i g h - r i s e  r e s i d e n t i a l  and commercial .  None o f  the  

subbasi ns  had i n d u s t r i a l  l an d -u s e s .

Only two types  of  s i g n i f i c a n t  d i f f e r e n c e s  were d e t e c t e d  between 

t h e  d i f f e r e n t  land-use  t y p e s .  F i r s t ,  only a g r i c u l t u r a l  area s  y i e l d e d  

s i g n i f i c a n t l y  h igher  average ru nof f  l e v e l s  o f  i ro n  and manganese than 

th e  f o r e s t e d  s i t e .  Second, a l l  sampling s t a t i o n s  co n ta in in g
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s i g n i f i c a n t l y  h i g h e r  l e v e l s  o f  l e a d ,  z i n c ,  and c o p p e r  t h a n  t h e  

f o r e s t e d  s i t e  were  i n  u rb an  l o c a t i o n s .

H e l s e l  e t  a l . (1979)  a l s o  found  t h a t ,  due t o  c o n s i d e r a b l e  i n c o n ­

s i s t e n c i e s  among s t a t i o n s  o f  t h e  same l a n d - u s e  t y p e ,  a v e r a g e  meta l  

v a l u e s  f o r  a  g i v e n  l a n d - u s e  were  p o o r  p r e d i c t o r s  o f  me ta l  l o a d i n g s  in  

i n d i v i d u a l  s u b b a s i n s .  R a t h e r ,  i n d i v i d u a l  l a n d - u s e  c h a r a c t e r i s t i c s  

gave  b e t t e r  i n d i c a t i o n s  o f  s t o r m w a t e r  q u a l i t y .  F o r  e x a m p le ,  l e a d ,  

z i n c ,  and c o p p e r  gave good n o n l i n e a r  c o r r e l a t i o n s  (Spearman c o r r e l a ­

t i o n  c o e f f i c i e n t )  w i th  t r a f f i c  and p e r c e n t  i m p e r v i o u s n e s s .  T h i s  

i m p l i e d  t h a t  "motor  v e h i c l e s  a r e  a m a jo r  s o u r c e  o f  t h e s e  m e t a l s ,  and 

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

s y s t em s"  ( p .  7 1 6 ) .

F i n a l l y ,  t h i s  s t u d y  d e m o n s t r a t e d  t h a t  a " f i r s t - f l u s h "  e f f e c t  

o c c u r s  more f r e q u e n t l y  w i t h  i n c r e a s e d  u r b a n i z a t i o n  and t h a t  d u r i n g  

r a i n  e v e n t s ,  s t o r m  w a t e r  d r a i n a g e  i n  smal l  urb an  s u b b a s i n s  can 

d e l i v e r  s e v e r a l  t i m e s  t h e  q u a n t i t i e s  o f  m e t a l s  t h a n  t h e  e f f l u e n t  from 

s e c o n d a r y  w a s t e w a t e r  t r e a t m e n t  p l a n t s .

V a n H a s s e l , Ney, and G a r l i n g  ( 1979)  s o u g h t  t o  r e l a t e  t o t a l  meta l  

c o n c e n t r a t i o n s  i n  s t r e a m  s e d i m e n t s  t o  a d j a c e n t  highway t r a f f i c  volume 

and s e a s o n  o f  t h e  y e a r .  Sed im en t  was c o l l e c t e d  f rom t h r e e  s i t e s  on a 

s t r e a m  d u r i n g  ea ch  o f  t h e  f o u r  s e a s o n s  and was a n a l y z e d  f o r  i t s  t o t a l  

meta l  c o n t e n t .  The f a r t h e s t  u p s t r e a m  s i t e  was away f rom a l l  t r a f f i c  

c o n t a c t  and  s e r v e d  a s  a r e f e r e n c e .  Highway t r a f f i c  a v e ra g e d  6 ,5 5 0  

v e h i c l e s / d a y  a d j a c e n t  t o  t h e  m i d d le  s i t e  and 15 ,000  v e h i c l e s / d a y  a t  

t h e  downst ream s i t e .  S ed im en t  l o a d s  o f  l e a d ,  n i c k e l ,  and z i n c  were  

found t o  be h i g h l y  c o r r e l a t e d  w i t h  t r a f f i c  vo lume.  C o n c e n t r a t i o n s  o f
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l e ad  and z inc  were h ig h e s t  a t  each s i t e  in the  sp r in g  and dec reased  

through th e  summer, f a l l ,  and w i n t e r .  Seasonal v a r i a t i o n s  in the  

c o n c e n t r a t i o n s  of  n ickel  and cadmium were not  d e t e c t e d —p o s s i b ly  

because of  d e t e c t a b i l i t y  problems in  th e  case o f  cadmium. The 

e l e v a t e d  l e v e l s  o f  l e ad  and z in c  in  the  sp r in g were a t t r i b u t e d  to  

" ru n o f f  of  m et a l - l ad en  snow from th e  ro ads id es  and surrounding 

r egion s  o f  p a r t i c u l a t e  d e p o s i t i o n ,  and subsequent  adso rp t ion  to  

t r ap ped  sediments in the  s t ream" (p .  594) .

In a t h r e e - y e a r  s tudy o f  a 4 .6  mi le  s t r e t c h  o f  th e  Saddle River 

in  New J e r s e y ,  Wilber and Hunter (1977,  1979, 1979a) found s i g n i f i ­

c a n t  enr ichments  o f  severa l  heavy m e ta l s  in r i v e r  sediments down­

s t ream from the  urban c e n t e r  o f  Lodi .  P o l lu t i o n  in the  s tudy ar ea  

was cons ider ed  to  o r i g i n a t e  from nonpoint  or unrecorded wastes 

because i n d u s t r i e s  and m u n i c i p a l i t i e s  d i r e c t e d  t h e i r  wastewater  by 

sewers to  a t r e a tm e n t  p l a n t  o u t s i d e  the  a r e a .  The average enr ichment  

in meta ls  conc en t r a t i o n  downstream'compared to  upstream o f  the  urban 

c e n t e r  was l ead  (670%), z inc  (350%), copper (310%), n ickel  (280%), 

chromium (510%), cadmium (520%), manganese (120%), and i ron (180%).

Since a l a r g e  p o r t i o n  o f  sediment heavy meta l s  ar e  t i g h t l y  

bound to  o rgan ic  m a t t e r ,  i ro n  and manganese hydrox ides ,  and c l a y  and 

s i l t ,  th ese  au thors  a l s o  examined th e  a v a i l a b i l i t y  o f  the  m e ta l s .

Only those  meta ls  which could  be e x t r a c t e d  from sediments wi th r i v e r  

w a te r  or  which were ion-exchangab le  wi th 1.0 M ammonium a c e t a t e  a t  pH 

7 were cons ider ed  " r e a d i l y  a v a i l a b l e "  t o  the  water  column and b i o t a .  

G en era l ly ,  l e s s  than 20 pe r cen t  o f  th e  t o t a l  sediment  heavy meta l s  

were determined to  be " a v a i l a b l e . "  The enr ichment  o f  " av a i l ab l e "
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m eta l s  downstream compared to  upst ream o f  the  urban c e n t e r  was d e t e r ­

mined to  be l ead  (320%), z inc  (610%), copper (420%), n icke l  (430%).

S im i l a r  to  the  s t r ee t - s w ee p in g s  r e s u l t s  o f  S a r t o r  and Boyd 

(1972) and S a r t o r  e t  a l . (1974) ,  Wilber and Hunter a l s o  found t h a t  

the  f i n e  f r a c t i o n s  o f  sediment  had the  h i g h e s t  c o n c e n t r a t i o n s  o f  

m e ta l s .  Although the  e f f e c t  was most pronounced f o r  p a r t i c l e s  

sm a l le r  than 5 .8  urn, the  g r e a t e s t  t o t a l  q u a n t i t y  occ ur re d  in the  

f r a c t i o n  l a r g e r  than 125 urn simply because those  f r a c t i o n s  comprised 

most of  the  sediment .

Although agreement on t h e i r  i n d iv id ua l  s i g n i f i c a n c e s  has no t  

been e s t a b l i s h e d ,  a number o f  f a c t o r s  appears  to  a f f e c t  the  concen­

t r a t i o n  o f  t r a c e  meta ls  in urban r u n o f f .  The c o n c e n t r a t i o n  o f  mer­

cury in  a number o f  combined sewer overf lows in  R o ch es t e r ,  New York, 

was measured by Murphy and Carleo  (1978) .  Using r e g r e s s i o n  a n a l y s i s ,  

they found t h a t  a high degree o f  c o r r e l a t i o n  e x i s t e d  between the  

measured l e v e l s  o f  mercury and the  i n t e n s i t y  of  r a i n f a l l ,  the  dura­

t i o n  of  a s torm,  and the  number o f  dry days s in ce  th e  l a s t  storm.

One of  the  ba s i c  assumpt ions o f  the  e a r l i e r  v e r s io n s  o f  the  

EPA's Stormwater Management Model (SWMM) was t h a t  " th e  t o t a l  p o l l u ­

t i o n  load ing from urban runof f  in a given storm v a r i e s  wi th the  

length o f  t ime e lap sed  s ince  the  preceding r a i n f a l l "  (Whipple,

Hunter ,  and Yu, 1977, p. 2243).  In a t e s t  o f  t h i s  assumpt ion,  

however, Whipple e t  a l .  (1977) found t h a t ,

t h e r e  seems to  be a d e f i n i t e  tendency f o r  storm lo ad in g s  o f  
heavy meta l s  to  i n c re a s e  wi th t o t a l  r u n o f f  dur ing th e  s torm.  
However, t h e r e  does not  appear t o  be any d i s c e r n i b l e  tendency 
f o r  storm load ings  to  vary wi th  the  number of days s in ce  th e  
preced ing r a i n f a l l ,  (p .  2245")
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This  conc lu s ion  was confirmed by E l l i s ,  Harrop,  and R e v i t t  

(1986) .  The d e l i v e r y  o f  sediment  and i t s  load of meta l s  to  a 

r e s i d e n t i a l  highway ca tchb as in  in  London, England,  was examined in 

r e l a t i o n  to  f i v e  hydro logica l  c o n t r o l s :  (1) t o t a l  r a i n f a l l  volume,

(2) maximum f i v e  minute du ra t i on  r a i n f a l l  i n t e n s i t y ,  (3) storm 

d u r a t i o n ,  (4) a n t e c e d e n t  dry per iod l e n g t h ,  and (5) t o t a l  su r fa ce  

d i s ch a r g e .  A l i n e a r  r e g res s io n  a n a l y s i s  i n d i c a t e d  t h a t  more than 90 

pe rce n t  o f  the  v a r i a n c e  in l e a d ,  cadmium, manganese, and sediment  

load ings  arid 79 p e r c e n t  of  the  v ar ia nce  in z inc  lo ad ings  could be 

accounted f o r  in  terms o f  t o t a l  r a i n f a l l ,  storm d u r a t i o n ,  and su r fa ce  

d i s ch a r g e .  Antecedent  dry per iod did  not  appear to  be impor tan t  in 

ex p la in in g  v a r i a t i o n s  in p o l l u t a n t  load ings .

Wilber and Hunter (1977) determined t h a t  the d i s t r i b u t i o n  of  

m e ta l s  in  p r e c i p i t a t i o n  i s  s i m i l a r  to  t h a t  in s tormwater runof f  fo r  

the  same a r e a .  Lead and z in c  were dominant in both types  o f  samples ,  

but  the  c a l c u l a t e d  amounts of  m e ta l s  in r a i n f a l l  were an i n s i g n i f i ­

c a n t  p ro p o r t io n  o f  th e  t o t a l  amounts p re s e n t  in stormwater r u n o f f .

Highway Deic ing S a l t s

From 1940 t o  1980 th e  use o f  highway deic ing s a l t s  in the  United 

S t a t e s  i n c r e a s e d  a lmos t  e x p o n e n t i a l l y  (Figure  2 ) .  The p o l i cy  of  

highway depar tments  in the  snow b e l t  to  mainta in  bare pavement on 

major s t r e e t s  and roads  dur ing th e  w i n t e r  v i r t u a l l y  i n s u r e s  t h a t  the  

use of d e i c in g  s a l t s  w i l l  remain hi gh .  S a l t  use can be p a r t i c u l a r l y  

heavy in urban a r e a s  where pavement i s  s a l t e d  f r e q u e n t l y .  Local 

m u n i c i p a l i t i e s  in  s o u th e a s t  Michigan,  fo r  example,  s ea so n a l ly  apply
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Figure  2 .  Use o f  Deicing S a l t s  in t h e  Uni ted S t a t e s .

N o te : Data f o r  940 -  1970 a r e  from "The Environmental  E f f e c t s  o f  Snow 
Dumping: A L i t e r a t u r e  Review" by W. S. S c o t t  and N. P. Wylie,
1980, J o u rn a l  of  Environmental  Management, 10 , p . 223. Data f o r  
1971 -  1974 provided by B. Bertram of  t h e  S a l t  I n s t i t u t e .  Data 
f o r  1975 -  1988 a r e  ave rages  of  f i g u r e s  p rovided  by B. Bertram 
o f  t h e  S a l t  I n s t i t u t e  and D. Kostick. of  t h e  U. S. Bureau of 
Mines.

s a l t  a t  r a t e s  rang in g  from about  f i v e  tons  o f  s a l t  p e r  mi le  o f  road 

to  more than 100 tons  per  road mi le  (S o u th eas t  Michigan Council o f  

Governments,  1978b).

The use o f  highway d e i c in g  s a l t s  can le ad  to  a number of
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e n v i ro n m e n ta l  p r o b l e m s .  The e f f e c t  o f  s a l t  on u n p r o t e c t e d  c a r s  i s  

renowned.  A 1976 s t u d y  by ABT A s s o c i a t e s  ( c i t e d  i n  S o u t h e a s t  

Michigan  C ou nc i l  o f  G o v e rn m en t s ,  1978) i n d i c a t e d  t h a t  2 b i l l i o n  o f  

t h e  2 .9  b i l l i o n  d o l l a r s  s p e n t  a n n u a l l y  on a l l  d e i c i n g  s a l t  a c t i v i t i e s  

were  s p e n t  on r e p a i r  o r  r e p l a c e m e n t  o f  s a l t  damaged v e h i c l e s .  In 

a d d i t i o n ,  v e g e t a t i o n  can be a d v e r s e l y  a f f e c t e d  (R o th  & W a l l ,  1976;

W il cox ,  1986;  W i l l i a m s ,  1 9 8 1 ) ,  w e l l s  can  become c o n t a m i n a t e d  ( F i e l d ,  

S t r u z e s k i ,  M a s t e r s ,  & T a f u r i , 1974;  H u l ing  & H o l l o c h e r ,  1972;

H u t c h i n s o n ,  1970; J o n e s ,  1 9 8 1 ) ,  and smal l  l a k e s ,  b a y s ,  and r e s e r v o i r s  

r e c e i v i n g  s a l t - l a d e n  r u n o f f  can  a c q u i r e  dense  s a l i n e  l a y e r s  a t  t h e i r  

b o t to m s  (Bubeck,  D im en t ,  Deck,  B a ld w in ,  & L i p t o n ,  1971; C h e rk a u e r  & 

O s t e n s o ,  1976;  Hawkins & J u d d ,  1972;  Hoffman,  Goldman,  P a u l s o n ,  &

W i n t e r s ,  1981;  J u d d ,  1970;  S c o t t ,  1 9 7 9 ) .

I n c r e a s e s  i n  sod ium and c h l o r i d e  ion c o n c e n t r a t i o n s  i n  many o f  

t h e  n a t i o n ' s  r i v e r s  have  been a t t r i b u t e d  t o  t h e  i n c r e a s e d  u s e  o f  

d e i c i n g  s a l t s .  P e t e r s  and Turk (1981) compared t h e  c o n c e n t r a t i o n s  

and annual y i e l d s  o f  m a j o r  i o n s  (Na+ , K+ , Mg+ 2 , Ca+ 2 , C l” , S04+2,

HCO-j") i n  t h e  Mohawk R i v e r ,  New York f o r  t h e  p e r i o d s  1951-1953 and 

1970-1974.  Al l  i o n s  showed a g e n e r a l  20 p e r c e n t  i n c r e a s e  i n  annual  

u n i t - a r e a  y i e l d s  a t t r i b u t a b l e  t o  a 19 p e r c e n t  i n c r e a s e  i n  mean s t r e a m  

d i s c h a r g e .  The an nua l  u n i t - a r e a  y i e l d s  o f  sodium and  c h l o r i d e ,  

however ,  i n c r e a s e d  by 72 p e r c e n t  and 145 p e r c e n t  r e s p e c t i v e l y .  An 

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

u sed  f o r  r o a d  d e i c i n g  was r e s p o n s i b l e  f o r  e s s e n t i a l l y  a l l  t h e  

i n c r e a s e s  i n  t h o s e  i o n s  o v e r  t h e  two dec ade p e r i o d .  A l th o u g h  th e  

mean c o n c e n t r a t i o n  o f  c h l o r i d e  f o r  t h e  more r e c e n t  p e r i o d  was
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r e l a t i v e l y  low ( 1 3 . 5  m g /L ) ,  highway d e i c i n g  s a l t s  were  e s t i m a t e d  t o  

a c c o u n t  f o r  41 p e r c e n t  o f  a l l  c h l o r i d e  t r a n s p o r t e d  by t h e  r i v e r .

Hoffman e t  a l .  (1981)  examined t h e  c h l o r i d e  l e v e l s  i n  s t r e a m s  

and smal l  l a k e s  i n  t h e  Lake T ahoe ,  T ru ckee  R i v e r ,  and Yuba R iv e r  

w a t e r s h e d s  o f  C a l i f o r n i a .  S t r eam s  c r o s s i n g  s a l t e d  h ighways  showed 

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

s p r i n g .  C h l o r i d e  c o n c e n t r a t i o n s  t y p i c a l l y  r o s e  from a b o u t  1 mg/L in  

t h e  summer and f a l l  t o  a b o u t  70 mg/L d u r i n g  t h e  w i n t e r  and e a r l y  

s p r i n g .  S t r eam  c h l o r i d e  c o n c e n t r a t i o n s  r e t u r n e d  t o  normal l e v e l s  

w i t h i n  10 t o  30 days  a f t e r  d e i c i n g  s a l t  a p p l i c a t i o n s  c e a s e d  in  t h e  

s p r i n g .  S t r e a m s  w i t h  w a t e r s h e d s  c o n t a i n i n g  no maj o r  r o a d s  had low 

l e v e l s  o f  c h l o r i d e  (mean o f  1 mg/L) t h r o u g h o u t  t h e  y e a r  w i t h  l i t t l e  

s e a s o n a l  d i f f e r e n c e s .

Monthly  s a m p l i n g  o f  s e l e c t e d  r i v e r  mouths  in  S o u t h e a s t  Michigan 

was c o n d u c te d  f rom Au gus t  1976 to  F e b r u a r y  1977 by t h e  S o u t h e a s t  

Mich igan C o u n c i l  o f  Governments  (1978)  t o  g a t h e r  d a t a  t o  d e t e r m in e  

mean p o l l u t a n t  l o a d i n g s  t o  t h e  low er  G re a t  Lakes  s y s t e m .  A g e n e r a l  

i n c r e a s e  i n  c h l o r i d e  c o n c e n t r a t i o n  was o b s e r v e d  in  t h e  w i n t e r  months  

f o r  t h e  f o u r  m a j o r  r i v e r s  ( d i s c h a r g e  g r e a t e r  t h a n  100 c u b i c  f e e t  p e r  

sec ond)  s a m p le d .  The i n c r e a s e  was most  p ro n o u n c ed  f o r  t h e  C l i n t o n  

R i v e r ,  whose c h l o r i d e  c o n c e n t r a t i o n  r o s e  f rom a b o u t  10 mg/L in  August  

t o  230 mg/L i n  December .

Smith  e t  a l . (198 7)  examined w a t e r - q u a l i t y  r e c o r d s  from more 

t h a n  300 l o c a t i o n s  on m a jo r  U.S.  r i v e r s  f o r  t h e  p e r i o d  1974 t o  1981 

and fo und w i d e s p r e a d  i n c r e a s e s ,  a v e r a g i n g  30 p e r c e n t ,  i n  s a l i n i t y .  

T h e i r  a n a l y s i s  o f  c o n c u r r e n t  ch anges  in  b a s i n  c o n d i t i o n s  i n d i c a t e d
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t h a t :

1. C h l o r i d e  t r e n d s  were  m o d e r a t e l y  c o r r e l a t e d  w i t h  b a s i n  
p o p u l a t i o n  c h a n g e s ,  r e f l e c t i n g  t h e  f a c t  t h a t  human w a s t e s  
a r e  a m a j o r  s o u r c e  o f  c h l o r i d e  i n  many p o p u l a t e d  b a s i n s .

2 .  I n c r e a s i n g  sodium and c h l o r i d e  c o n c e n t r a t i o n s  w e re  s i g n i f i ­
c a n t l y  a s s o c i a t e d  w i t h  h i g h  r a t e s  o f  highway s a l t  u s e  and 
w i t h  l a r g e  i n c r e a s e s  i n  i t s  u s e  ( e s p e c i a l l y  in  t h e  O h io ,  
T e n n e s s e e ,  l o w e r  M i s s o u r i ,  and Ark ansas -R ed  b a s i n s ) .

3 .  A l th o u g h  i r r i g a t e d  a g r i c u l t u r e  h a s  a l a r g e  i n f l u e n c e  on
t h e  s a l i n i t y  o f  c e r t a i n  w e s t e r n  r i v e r s ,  c h l o r i d e  t r e n d s  were  
n o t  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  ch anges  i n  i r r i g a t e d  
a c r e a g e  n a t i o n a l l y .

4 .  I n c r e a s e s  i n  s u l f a t e  we re  e s p e c i a l l y  f r e q u e n t  i n  t h e  
M i s s o u r i ,  A r k a n s a s ,  and T ennessee  b a s i n s  and w ere  h i g h l y  
c o r r e l a t e d  w i t h  ch a n g es  i n  s u r f a c e  co a l  p r o d u c t i o n  from 1974 
t o  1981.  ( p .  1613)

U n u s u a l l y  h ig h  l e v e l s  o f  c h l o r i d e  ion  have been r e p o r t e d  i n  some 

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

K i n n i c k i n n i c ,  M i lw aukee ,  and Menomonee R i v e r s  in  M i lw au kee ,  W isco n s in  

i n  1969 showed c h l o r i d e  l e v e l s  a s  h igh a s  2005.  2680,  an d 2730 mg/L 

r e s p e c t i v e l y  (The S a l t  I n s t i t u t e  c i t e d  i n  F i e l d  e t  a l . ,  1 9 7 4 ) .

C h l o r i d e  l e v e l s  o f  700 t o  4000 mg/L were  found in  a s i n g l e  w i n t e r  

s am p l in g  o f  t e n  smal l  s t r e a m s  and s to rm  sewers  d i s c h a r g i n g  i n t o  

I r o n d e q u o i t  Bay in  R o c h e s t e r ,  New York (Bubeck e t  a l . ,  1 9 7 1 ) .  Meadow 

Brook in  S y r a c u s e ,  New York ,  was f r e q u e n t l y  fo und  t o  c o n t a i n  c h l o r i d e  

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

sample  t a k e n  in  1969 c o n t a i n e d  a b o u t  11,000 mg/L o f  c h l o r i d e  

(American P u b l i c  Works A s s o c i a t i o n  c i t e d  i n  F i e l d  e t  a l . ,  1 9 7 4 ) .

C h l o r i d e  l e v e l s  have  a l s o  r i s e n  in  Lakes  E r i e  and O n t a r i o  f rom 

a b o u t  5 mg/L in  t h e  e a r l y  1900s  t o  a b o u t  20 and 28 mg/L,  r e s p e c t i v e ­

l y ,  t o d ay  ( J o n e s ,  1981 ;  S o n z o g n i ,  R i c h a r d s o n ,  R o d g e r s ,  & M o n t e i t h ,
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1 9 8 3 ) .  A l though  i n d u s t r i a l  s o u r c e s  a r e  c o n s i d e r e d  t h e  m o s t  s i g n i f i ­

c a n t  c o n t r i b u t o r s  o f  c h l o r i d e  t o  t h e  G r e a t  L a k e s ,  r o a d  s a l t  s t i l l  

c o n t r i b u t e s  an i m p o r t a n t  f r a c t i o n  ( a b o u t  1 /3 )  o f  t h e  t o t a l .  For  Lake 

O n t a r i o ,  r o a d  s a l t  c o n t r i b u t e s  an e s t i m a t e d  11 p e r c e n t  o f  t h e  t o t a l  

c h l o r i d e  l o a d i n g s  ( J o n e s ,  1 9 8 1 ) .

C h l o r i d e  C om ple xa t ion  o f  Heavy M e t a l s

E s s e n t i a l l y  a l l  o f  t h e  t r a c e  m e t a l s  w i l l  form com plexes  w i t h  one 

o r  more l i g a n d s  commonly p r e s e n t  in  n a t u r a l  w a t e r s .  C o n s e q u e n t l y ,  a 

p a r t i c u l a r  t r a c e  m e ta l  w i l l  r a r e l y  e x i s t  a s  a s i n g l e  s p e c i e s  in  

s o l u t i o n .  I n s t e a d ,  t h e  m e ta l  w i l l  e x i s t  a s  a m i x t u r e  o f  t h e  f r e e  ion 

and a v a r i e t y  o f  c o m p l e x e s .  The c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  

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

e q u i l i b r i a .  C a l c u l a t i n g  t h e  s i m u l t a n e o u s  c o n c e n t r a t i o n s  o f  each o f  

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

t a s k  r e q u i r i n g  t h e  knowledge  o f  a l a r g e  number o f  p h y s i c a l  and 

chemical  p a r a m e t e r s .  More t h a n  50 computer  p ro g r am s  have  been 

w r i t t e n  t o  h a n d l e  t h e  l a b o r i o u s  c a l c u l a t i o n s  i n v o l v e d .  Many o f  t h e s e  

p rograms have been r e v i e w e d  by Nordst rom and B a l l  ( 1 9 8 4 ) .

The e f f e c t  o f  a  s i n g l e  l i g a n d  can o f t e n  be examined  when i t  i s  

p r e s e n t  in  l a r g e  q u a n t i t i e s  r e l a t i v e  t o  o t h e r  com ponen t s  o f  t h e  

sys tem o r  when i t s  c o n c e n t r a t i o n  v a r i e s  a s  t h e  c o n c e n t r a t i o n  o f  t h e  

o t h e r  components  re m a in  c o n s t a n t .  A number o f  s t u d i e s  have  i n d i c a t e d  

t h a t  t h e  c h l o r i d e  i o n  can form r e l a t i v e l y  s t a b l e  co m p lex es  w i th  many 

o f  t h e  heavy m e t a l s  a n d ,  t h e r e b y ,  a f f e c t  t h e  m o b i l i z a t i o n  o f  t h o s e  

m e t a l s  f rom s e d i m e n t s  and s o i l s .
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P u b l i s h e d  v a l u e s  o f  complex f o r m a t i o n  c o n s t a n t s  and s o l u b i l i t y

p r o d u c t s  were  u s ed  by Hahne and K r o o n t j e  (1973 )  t o  c a l c u l a t e  t h e

i o n i c  and m o l e c u l a r  s p e c i e s  d i s t r i b u t i o n  o f  Hg^+ , Cd^+ , Pb^+ , and 

2+Zn as a f u n c t i o n  o f  hydroxyl  and c h l o r i d e  i o n  c o n c e n t r a t i o n .

R e s u l t s  i n d i c a t e d  t h a t  "b o th  t h e  hydroxy and c h l o r i d e  complexes  may

c o n t r i b u t e  t o  t h e  m o b i l i z a t i o n  o f  t h e s e  heavy m e t a l s  in  t h e  e n v i r o n -

? +ment" ( p .  4 4 4 ) .  C h l o r i d e s ,  f o r  e x a m p le ,  complex w i t h  Hg a t

c h l o r i d e  c o n c e n t r a t i o n s  above 10” ^ M (35 x 10” ® ppm) b u t  above a b o u t

10"^ M (35 ppm) f o r  Zn^+ , Cd^+ , and Pb^+ . Whe th e r  hydroxy  o r  c h l o r o

s p e c i e s  p r e d o m i n a t e  depends  on t h e  s i m u l t a n e o u s  c o n c e n t r a t i o n s  o f

h y d r o x i d e  and c h l o r i d e  i o n s .  For  e x a m p le ,  a t  a pH o f  8 . 5  and a

2 + 2+
c h l o r i d e  c o n c e n t r a t i o n  between 350 and 6 0 , 0 0 0  ppm, Hg and Cd a r e

2 + 2 +m a i n l y  com plexed a s  c h l o r i d e s ,  w he reas  Zn and Pb a r e  p r e s e n t  

m a in ly  a s  h ydro xy  com plexes .

Z i r i n o  and Yamamoto (1972)  d e v e lo p e d  a model t o  c a l c u l a t e  t h e

e x t e n t  o f  c o m p l e x a t i o n  o f  Cd^+ , Cu^+ , Pb^+ , and Zn^+ w i t h  OH” , C l” ,

2 -  -  2 -
SO^ , HCOg , and C0g in s e a w a t e r  a s  a f u n c t i o n  o f  pH. Complexes

w i t h  c o o r d i n a t i o n  numbers  g r e a t e r  t h a n  4 ,  p o l y n u c l e a r ,  and mixed-

l i g a n d  s p e c i e s  we re  n o t  i n c l u d e d  in  t h e  m o d e l .  T h e i r  c a l c u l a t i o n s

showed t h a t  a l l  f o u r  m e t a l s  a r e  complexed  t o  a c o n s i d e r a b l e  e x t e n t  i n

s e a w a t e r  ( T a b l e  7 ) .  F u r t h e r ,

i n  s e a w a t e r ,  c o p p e r  i n t e r a c t s  p r i m a r i l y  w i t h  h y d ro x i d e  and 
c a r b o n a t e  i o n s ,  z i n c  w i t h  h y d ro x i d e  and c h l o r i d e  i o n s  and l e a d  
w i t h  c a r b o n a t e  and c h l o r i d e  i o n s .  On t h e  o t h e r  h an d ,  cadmium 
i n t e r a c t s  p r i m a r i l y  o n l y  w i t h  c h l o r i d e  i o n .  C o n s e q u e n t l y ,  t h e  
d i s t r i b u t i o n s  o f  t h e  ch emical  s p e c i e s  o f  c o p p e r ,  z i n c ,  and l e a d  
v a r y  c o n s i d e r a b l y  w i t h  pH, w h i l e  t h o s e  o f  cadmium s p e c i e s  do 
n o t .  ( p .  667)
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T a b le  7

S p ec ia t i o n  of Heavy Metals in Seawater 

Metal Species  P re se n t3 (P e rcen t )

Cd CdCl2° (51) CdCl+ (39)

CdCl3” (6) Cd2+ (2 .5 )

Cu Cu(0H)2° (90) CuC03° (8)

Cu2+ (1) Cu(0H)+ (1)

Pb PbC03° (80) PbCl+ (10)

PbCl2°  (4) Pb2+ (1 .8 )

PbCl3” (1 .7 )

Zn Zn(0H)? ° (62) Zn2+ (17)

ZnCl+ (6 .4 ) ZnC03° (5 .8 )

ZnS04° (4) ZnCl2 °  (4)

Note: Compiled from "A pH dependent  model f o r  t h e  chemical spec ia -  
t i o n  of  copp er ,  z i n c ,  cadmium, and l ead  in seawater"  by A. Z i r in o  and 
S. Yamamoto, 1972, Limnology and Oceanography, 17, p.  661-671.

aAt the  average  seawa ter  pH o f  8 .1 .

Brown, S u th e r l a n d ,  and Leharne (1987) examined th e  e f f e c t  o f  pH 

and c h l o r i d e  ion co n c e n t r a t i o n  on the  m o b i l i t i e s  o f  cadmium, c o b a l t ,  

copp er ,  l e a d ,  n i c k e l ,  and z inc  through s o i l  by the  use of  s o i l  th in  

l a y e r  chromatography (TLC). TLC p l a t e s  were prepa re d  from a f i n e l y  

ground s i l t  loam s o i l ,  s p o t t ed  wi th 0.1 M s o l u t i o n s  o f  the  metal 

i o n s ,  and then developed in  c l osed  t an k s .  The developing s o lu t io n  

was prepared from dei on ize d  water  us ing n i t r i c  a c id  to  a d j u s t  the  pH 

or sodium c h l o r i d e  t o  produce the  c h l o r i d e  s o l u t i o n s .  Thei r  r e s u l t s
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(T a b le  8) show t h a t  a l l  t h e  metal  i o n s  e x c e p t  l e a d  were  c o n s i d e r a b l y  

more m o b i le  i n  t h e  more a c i d i c  s o l u t i o n .  The i n c r e a s e d  m o b i l i t y  a t  

lo w er  pH was a t t r i b u t e d  t o  i n c r e a s e d  c o m p e t i t i o n  between hydrogen 

i o n s  and m e ta l  i o n s  f o r  exchang e s i t e s  on c l a y  and humus m a t e r i a l s .

The r e l a t i v e  i m m o b i l i t y  o f  l e a d  was h y p o t h e s i z e d  a s  b e i n g  due t o  t h e  

f o r m a t i o n  o f  i n s o l u b l e  l e a d / h u m i c  a c i d  c o m p le x e s .  Cadmium was a p p a r ­

e n t l y  t h e  o n l y  meta l  f o r  which t h e  e f f e c t  o f  c h l o r i d e  ion  c o n c e n t r a ­

t i o n  on m o b i l i t y  was ex amined .  They fo und t h a t  a s  t h e  c h l o r i d e

T a b l e  8

E f f e c t  :>f pH on C a t i o n  M o b i l i t y

C a t i o n

P - v a l u e

pH = 7 pH = 4 .7

Cd2+ 0 .2 5 0 . 3 7

Co2+ 0 .0 9 0 . 4 3

N i2+ 0 .0 8 0 . 1 5

Cu 2+ 0 .0 7 0 . 3 5

Pb2+ 0 .0 4 0 . 0 8

Zn2+ 0 .0 3 0 . 2 5

N ote :  From "The E f f e c t  o f  pH and C h l o r i d e  Ion  C o n c e n t r a t i o n  on t h e  
M o b i l i t i e s  o f  V a r i o u s  C a t i o n s  i n  S o i l "  by M. Brown,  M S u t h e r l a n d ,  and 
S.  L e h a r n e ,  1987,  J o u r n a l  o f  Chemical  E d u c a t i o n , 6 4 , p .  448.

ion  c o n c e n t r a t i o n  i n c r e a s e d ,  cadmium became p r o g r e s s i v e l y  more mob i le  

( T a b le  9 ) .  The i n c r e a s e d  s o l u b i l i t y  o f  cadmium i o n s  a s  a r e s u l t  o f  

t h e  f o r m a t i o n  o f  s t a b l e  c h i o r o - c o m p l e x e s  was p o s t u l a t e d  a s  c a u s in g
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T ab le  9

E f f e c t  o f  C h l o r i d e  Ion C o n c e n t r a t i o n on Cd^+ M o b i l i t y

C o n c e n t r a t i o n  (M) Rf

0 . 0 0 0 . 2 5

0 .0 6 0 . 3 0

0 . 0 8 0 . 3 8

0 . 1 0 0 . 4 7

N o t e : From "The E f f e c t  o f  pH and C h l o r i d e  Ion C o n c e n t r a t i o n  on t h e  
Mobi1i t i e s  o f  V a r i o u s  C a t i o n s  i n  S o i l "  by M. Brown,  M S u t h e r l a n d ,  and
S.  L e h a r n e ,  1987 ,  J o u r n a l  o f  Chemical E d u c a t i o n , 6 4 , p .  449.

t h e  i n c r e a s e  i n  v a l u e s .

Doner (1 9 7 8 )  s o u g h t  t o  d e t e r m in e  t h e  e f f e c t  o f  c h l o r i d e  ion  on 

t h e  m o b i l i t y  o f  n i c k e l ,  c o p p e r ,  and cadmium i o n s  t h r o u g h  s o i l .  Sandy 

loam s o i l  colum ns  were  l e a c h e d  w i th  0 .1  t o  0 . 5  M sodium c h l o r i d e  o r  

sodium p e r c h l o r a t e  s o l u t i o n s  c o n t a i n i n g  10 mg/L N i ( I I ) ,  C u ( I I ) ,  or  

C d ( I I ) .  The p e r c h l o r a t e  s o l u t i o n s  we re  u sed  f o r  co m p ar i so n  bec a u se  

t h e  p e r c h l o r a t e  i o n  i s  n o t  c o n s i d e r e d  t o  form co m p lex es  w i t h  t h e  

m e t a l s .  L e a c h a t e  meta l  c o n c e n t r a t i o n s  were  m o n i t o r e d  r e l a t i v e  t o  t h e  

number o f  p o r e  volumes p a s s i n g  t h r o u g h  t h e  co lu m n .  The m o b i l i t y  o f  

t h e  m e t a l s  was found  t o  be 1 .1  t o  4 t i m e s  g r e a t e r  i n  c h l o r i d e  s o l u ­

t i o n  t h a n  in  p e r c h l o r a t e  s o l u t i o n .  The i n c r e a s e  i n  m o b i l i t y  was 

co m par ab le  f o r  n i c k e l  and co p p e r  and g r e a t e s t  f o r  cadmium.  The 

g r e a t e r  i n c r e a s e  i n  m o b i l i t y  o f  cadmium was e x p l a i n e d  in  t e r m s  o f  i t s  

g r e a t e r  t e n d e n c y  t o  form c h i o r o c o m p l e x e s .  Copper  was found  t o  be 

h e l d  more s t r o n g l y  t o  t h e  s o i l  th an  e i t h e r  n i c k e l  o r  cadmium.
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D oner ,  P u k i t e ,  and Yang (1982)  s o u g h t  t o  d e t e r m i n e  t h e  m o b i l i t y  

o f  cadmium, c o p p e r ,  l e a d ,  and z i n c  i o n s  i n  g eo th e r m a l  b r i n e  w a t e r  

t h r o u g h  a g r i c u l t u r a l  s o i l s .  Columns o f  s o i l  were  l e a c h e d  w i t h  geo­

the rm a l  b r i n e  w a t e r  c o n t a i n i n g  c h l o r i d e  ion  a t  a c o n c e n t r a t i o n  o f  

3 . 4 3  molal  ( a b o u t  12 2, 000  ppm) and h av in g  a pH o f  3 . 6 .  The co n cen ­

t r a t i o n s  o f  t h e  heavy m e t a l s  were  m o n i to r e d  in  t h e  e f f l u e n t  and 

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

r e t e n t i o n  o r  l e a c h i n g  o f  t h e  m e t a l s  too k p l a c e  and t o  w h a t  e x t e n t .

The s o i l s  were  found  t o  r e t a i n  smal l  amounts  o f  l e a d  and z i n c  

i n i t i a l l y ,  b u t ,  n e g l i g i b l e  amounts  a f t e r  t h e  p a s s a g e  o f  10 p o re  

volumes o f  t h e  g e o th e r m a l  b r i n e  w a t e r .  Copper  was n o t  a d s o r b e d  from 

t h e  w a t e r  w he reas  t h e r e  was a n e t  removal o f  cadmium from t h e  s o i l .  

C a l c u l a t i o n s  u s i n g  t h e  co m p u te r  program GEOCHEM i n d i c a t e d  t h a t  50 t o  

100 p e r c e n t  o f  a l l  t h e  heavy m e t a l s  were  complexed w i t h  c h l o r i d e .

F e i c k ,  H o rn e ,  and Yeaple  (1 9 7 2 ) ,  i n  a w i d e l y  c i t e d  s t u d y ,  com­

p a r e d  t h e  r e l e a s e  o f  m erc u ry  i n t o  w a t e r  and i n t o  NaCl and CaClg 

s o l u t i o n s  f rom sandy  an d  o r g a n i c  s e d im e n t s  c o n t a m i n a t e d  w i t h  m e rc u ry .

They found  t h e  a d d i t i o n  o f  a b o u t  21,000 ppm NaCl o r  1 0 5 ,0 0 0  ppm CaClg 

t o  i n c r e a s e  t h e  amount  o f  mercury  i n  s o l u t i o n  i n  e q u i l i b r i u m  w i t h  t h e  

s e d i m e n t s  by two t o  f i v e  o r  more o r d e r s  o f  m a g n i t u d e .  E x am i n a t i o n  o f  

t h e i r  d a t a ,  h o w ev er ,  r e v e a l e d  t h a t  t h e  e f f e c t  o f  l o w e r  pH was con­

founded  w i t h  t h e  e f f e c t  o f  NaCl and CaClg in  mos t  o f  t h e i r  d a t a .  The 

pH i n  t h e i r  d e s o r p t i o n  t r i a l s  r a n g e d  f rom 6 . 7  t o  3 . 6 — n e a r l y  a 1300- 

f o l d  d i f f e r e n c e  i n  h y d ro g e n  ion c o n c e n t r a t i o n .  S e d i m e n t s  a r e  known 

t o  r e l e a s e  heavy m e t a l s  a t  low pH.

Ramamoorthy and R u s t  (1978 )  l o a d e d  s e d i m e n t  s am p le s  ( f i n e  sands
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and s i l t y  sands) from the  Ottawa R iver ,  Canada wi th mercury,  l e a d ,

and cadmium by s t i r r i n g  the  sediments wi th 2 ppm s o l u t i o n s  o f  the

metal n i t r a t e  s a l t s .  The samples were then washed wi th  d i s t i l l e d

wa te r  to  remove the  nonsorbed ions  and then leached by shaking wi th 

-410 M NaCl (3 .5  ppm Cl ) f o r  fou r  days .  Subsequent a n a l y s i s  

r evea led  t h a t  approx imate ly  75 per cen t  of  the  mercury ,  50 pe rcen t  of 

the  cadmium, and 7 to  21 p e r c en t  o f  the  lead had desorbed in to  

s o l u t i o n ,  even a t  t h i s  low c o n c en t ra t i o n  o f  NaCl.

Seawater has been shown t o  r e l e a s e  heavy me ta l s  from p a r t i c u ­

l a t e s  in p a r t i a l l y  t r e a t e d  wastewater e f f l u e n t .  Rohatgi and Chen 

(1975) mixed samples o f  the  pr imary e f f l u e n t ,  d i g e s t e d  s ludge ,  and 

mixtures  of  the  pr imary and secondary e f f l u e n t s  from a wastewater 

t r e a tm e n t  p l a n t  wi th  seawa ter  a t  var ious  d i l u t i o n  r a t i o s  and measured 

the  r e l e a s e  of  heavy m e ta l s  from the  suspended p a r t i c u l a t e s  as a 

f un c t ion  of t ime .  The same type  o f  s t u d i e s  were a l s o  done wi th  

suspended s o l i d s  from the  Los Angeles River .  In most c a s e s ,  cadmium, 

coppe r ,  l e a d ,  n i c k e l ,  and z inc  were re le a sed  from th e  suspended 

p a r t i c u l a t e s  t o  a g r e a t e r  e x t e n t  than i r o n ,  chromium, and manganese 

(Table 10).  I ron was no t  r e l e a s e d  under any o f  th e  exper imenta l  

c o n d i t i o n s .  Only in t h e  ca se  o f  the  d * j e s t ed  s ludge were chromium 

and manganese r e l e a s e d ,  and then only to  an e x t e n t  o f  2 pe rcen t  and 

35 pe rcen t  r e s p e c t i v e l y .  In g e n e ra l ,  a g r e a t e r  p e r cen tage  of  the  

p a r t i c u l a t e  heavy m e ta l s  was r e l e a s e d  a t  h ighe r  seawa ter  to e f f l u e n t  

r a t i o s .  The r e l e a s e  o f  heavy meta ls  occurred  in two s t a g e s :  a r a p id  

i n i t i a l  r e l e a s e ,  fol lowed by a s lower ,  long- term r e l e a s e .  The p a r ­

t i c u l a t e  c o n c e n t r a t i o n s  o f  le ad  and cadmium were found to  decrease
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T a b le  10

Percentage  of  Trace  Metals Released a t  Equ i l ib r iu m 
to Seawater from Suspended P a r t i c u l a t e s

Diges ted  
SI udge

Primary 
E f f l u e n t

Mixture of Primary 
and Secondary 
E f f lu e n t

Dry Weather 
Flow from 
L. A. River

Seawater:
E f f lu e n t 100:1 5:1 5:1 2:1

Cd 95.0 94.7 92.8 —

Cu 5.6 67.0 69.4 55.9

Cr 2.0 0 0 0

Fe 0 0 0 0

Mn 34.7 0 0 0

Ni 58.0 57.0 62.8 72.2

Pb 35.4 52.9 58.4 16.7

Zn 24.4 43.9 38.1 60.0

Note: From "Transpor t  o f  t r a c e  meta ls  by suspended p a r t i c u l a t e s  on 
mixing wi th seawater" by N. Rohatgi and K. Y. Chen, 1975, Journal  of  
the  Water P o l l u t i o n  Control  F e d e r a t i o n ,  47,  pp. 2300 & 230IT

in the i n i t i a l  phase t o  a much g r e a t e r  e x t e n t  than copper ,  n i c k e l ,  

and z in c .

Several  s t u d i e s  have i n v e s t i g a t e d  th e  r o l e  of seawater  in 

mobi l iz ing  t r a c e  me ta l s  from sediments in  e s t u a r i e s .  Lent sch ,  Kneip, 

Wrenn, Howel ls,  and Eisenbud (1971) found t h a t  manganese was leached 

from bottom sediments o f  th e  Hudson River Estuary  dur ing per iods  when 

seawater i n t ru d e d  i n t o  normally  f r e shw a te r  r e g io n s .  As a r e s u l t ,  the

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



c o n c e n t r a t i o n  o f  d i s s o l v e d  manganese  was fo und t o  v a r y  by a l m o s t  

t h r e e  o r d e r s  o f  m a g n i tu d e  o v e r  t h e  c o u r s e  o f  a y e a r .

Three  s t u d i e s  a t t e m p t e d  t o  model t h e  b e h a v i o r  o f  m e t a l - l a d e n  

s ed im en t s  i n  an e s t u a r y  by m ea s u r in g  c o n c e n t r a t i o n s  o f  m e t a l s  

d e s o r b e d  from s e d i m e n t s  a g i t a t e d  i n  m i x t u r e s  o f  f r e s h w a t e r  and s e a ­

w a t e r  o r  i n  s o l u t i o n s  r e p r e s e n t i n g  s a l i n i t y  c o n c e n t r a t i o n s  t h a t  may 

be found i n  an e s t u a r y .  F r e n e t - R o b i n  and Ottmann (1 978)  d e t e r m i n e d  

t h e  p r o p o r t i o n  o f  m erc u ry  d e s o r b e d  a f t e r  f o u r  h o u r s  when d i f f e r e n t  

c l a y s  were  s t i r r e d  in  " f r e s h w a t e r "  o r  s a l t  w a t e r  ( T a b l e  1 1 ) .  Mercury

T a b le  11

P e r c e n t a g e  o f  Mercury  De so rbed  from Clays  a f t e r  Four  Hours A g i t a t i o n

Clay M in e r a l F r e s h w a t e r 3 S a l t  W a te rb

C a l c i c  M o n t m o r i l l o n i t e 6 . 8 5 . 4

Sod ic  M o n t m o r i l l o n i t e 3 . 5 4 . 2

I l l i t e 10 .6 1 4 .6

K a o l i n i t e 4 .1 1 9 . 6

N o t e : From " C o m p a r a t iv e  s t u d y  o f  t h e  f i x a t i o n  o f  i n o r g a n i c  m ercury
on t h e  p r i n c i p a l  c l a y  m i n e r a l s  and t h e  s e d i m e n t s  o f  t h e  L o i r e  
E s t u a r y "  ( p .  433)  by M. F r e n e t - R o b i n  and F.  O t tm an .  197 8 ,  E s t u a r i n e  
and C o a s t a l  Mar ine  S c i e n c e , 7 ,  p .  433.

3The e x a c t  meaning o f  " f r e s h w a t e r "  was n o t  d e f i n e d ,
s a l i n i t y  = 20 o / o o .

was found t o  d e s o r b  m o s t  r e a d i l y  from k a o l i n i t e  i n  s a l t w a t e r  and 

l e a s t  r e a d i l y  f rom t h e  m o n t m o r i l I o n i t e s .  D i s s o l v e d  m erc u ry  co n c en ­

t r a t i o n s  were  a l s o  d e t e r m i n e d  a t  f l o o d  t i d e ,  s l a c k  t i d e ,  and ebb t i d e
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in  f o u r  zo n e s  moving u p s t r e a m  from t h e  L o i r e  E s t u a r y  in  F r a n c e .  In 

each  z o n e ,  t h e  c o n c e n t r a t i o n  o f  m ercury  was h i g h e s t  d u r i n g  f l o o d  

t i d e — c o r r e s p o n d i n g  t o  t h e  t i d e  w i t h  t h e  h i g h e s t  s a l i n i t y .

The d e s o r p t i o n  o f  heavy m e t a l s  f rom s u s p en d e d  m a t t e r  t a k e n  from 

t h e  Rhine R i v e r  was s t u d i e d  a s  a f u n c t i o n  o f  pH and s a l i n i t y  by van 

d e r  W e i jd e n ,  A r n o l d u s ,  and Meurs ( 1 9 7 7 ) .  T hese  a u t h o r s  r e s u s p e n d e d  

m a t e r i a l  t a k e n  f rom t h e  Rhine  R i v e r  i n  d i s t i l l e d  w a t e r ,  in  d i l u t e d  

a r t i f i c i a l  s e a  w a t e r  ( 1 : 1 ) ,  i n  a r t i f i c i a l  s e a  w a t e r ,  and in  " n i t r a t e  

s ea  w a te r "  ( c h l o r i d e  and s u l f a t e  r e p l a c e d  by n i t r a t e ) ,  r e s p e c t i v e l y ,  

a t  pHs o f  7 . 5  and 8 . 0 .  The c o n c e n t r a t i o n s  o f  n i n e  heavy m e t a l s  

d e s o r b e d  i n t o  ea c h  o f  t h e s e  s o l u t i o n s  was t h e n  d e t e r m i n e d  a f t e r  n i n e  

days  o f  a g i t a t i o n .  When heavy meta l  c o n c e n t r a t i o n s  i n  t h e  d e s o r p t i o n  

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

d e s o r p t i o n  was fo u n d  t o  o c c u r  f o r  i r o n  and  l e a d .  F o r  t h e  r e m a i n in g  

m e t a l s  (T a b le  1 2 ) ,  t h e  f o l l o w i n g  o b s e r v a t i o n s  were  made:

1.  d e s o r p t i o n  a t  pH 7 . 5  e x c e e d s  d e s o r p t i o n  a t  pH 8 . 0 ,
2 .  d e s o r p t i o n  i n c r e a s e s  w i t h  i o n i c  s t r e n g t h ,  and
3 .  d e s o r p t i o n  i n  a r t i f i c i a l  s e a  w a t e r  e x c e e d s  d e s o r p t i o n  i n

" n i t r a t e  s e a  w a t e r . "  (van d e r  Wei jden  e t  a l . ,  1977,  p .  134)

Because  t h e  n i t r a t e  ion  i s  known t o  be a weak l i g a n d ,  van d e r  

Weijden e t  a l . (1977 )  n o t e d  t h a t  t h e  s eco n d  and t h i r d  o b s e r v a t i o n s  

a r e  c o n s i s t e n t  w i t h  a h ig h  d e g r e e  o f  complex f o r m a t i o n  between meta l  

ion  and l i g a n d s — p a r t i c u l a r y  c h l o r i d e  i o n .  They f u r t h e r  n o t e d  t h a t  

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

in  s e a  w a t e r  was:

Cd > Zn > Mn > Ni > Co > Cu > Cr 

Comparison o f  t h i s  o r d e r  o f  d e s o r p t i o n  w i t h  c a l c u l a t e d  p e r c e n t a g e s  o f
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T a b l e  12

Desorpt ion o f  Heavy Metals  from Rhine River  Suspended Sediment

Desorpt ion Medium pH

P ercen t  Desorbed

Cr Mn Co Ni Cu Zn Cd

double d i s t i l l e d 7.5 0.2 0.2 <0.3 5 1 5 4
water 8 .0 0.2 0.4 0.3 4 1 3 3

1:1 d i l u t e d 7.5 0.2 17 5 11 3 20 56
sea water 8 .0 0.2 11 5 7 3 12 45

sea water 7 .5 0.2 17 8 14 5 21 80
8 .0 0.3 12 6 7 5 9 58

" n i t r a t e  sea water" 7 .5 0.2 17 3 7 0.2 17 17
8.0 0.2 9 3 3 0 .4 9 12

Note: From "Desorpt ion of  meta l s  from suspended m a te r ia l  in the  
Rhine Estuary"  ( p . 134) by C. H. van der Weijden,  M. J .  H. L.
Arnoldus ,  and C. J .  Meurs,  1977, Nether lands  Journa l  o f  Sea Research,
11. p.  134.

f r e e  ions  and complex ion sp ec ie s  p r e s e n t  in seawater  i n d i c a t e d  t h a t ,  

excep t  f o r  z i n c ,  t h e  o rd e r  cor respo nd s  to  the  dec rease  o f  c h l o r i d e  

p lus  s u l f a t e  complexing f o r  t h e s e  meta ls .

van der  Weijden e t  a l . (1977) a l s o  determined heavy metal con­

c e n t r a t i o n s  in  suspended m a t t e r  and in  s o lu t io n  fo r  samples c o l l e c t e d  

a t  a t i d a l  s t a t i o n  in  th e  Rhine Estuary  and in the  Waal R iv e r ,  a 

branch o f  the  Rhine upst ream o f  the  region o f  e s t u a r i n e  mixing.

Except  f o r  manganese,  a l l  t h e  meta ls  examined were p r e s e n t  in much 

lower c o n c e n t r a t i o n s  in  the  e s t u a r i n e  suspended m a t te r  than in  the  

Waal suspended m a t t e r .  The h ighe r  i o n i c  s t r e n g t h  o f  the  seawa ter  and

the  a b i l i t y  of  c h l o r i d e  and s u l f a t e  t o  form complexes wi th  the
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a d s o r b e d  heavy m e t a l s  m i g h t  be u s ed  t o  e x p l a i n  t h e s e  o b s e r v a t i o n s .

The p r e d i c t e d  i n c r e a s e  i n  d i s s o l v e d  meta l  ion  c o n c e n t r a t i o n s ,  

howe ver ,  was n o t  o b s e r v e d .  In  f a c t ,  e x c e p t  f o r  n i c k e l  and l e a d ,  t h e  

d i s s o l v e d  meta l  c o n c e n t r a t i o n s  i n  t h e  e s t u a r y  s am p les  were  s i g n i f i ­

c a n t l y  lo w er  t h a n  t h o s e  in  t h e  f r e s h w a t e r  s a m p l e s .  The a u t h o r s  

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

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

an e a r l y  s t a g e  o f  e s t u a r i n e  m ix in g  ( t h a t  i s ,  a t  low s a l i n i t i e s )  which 

l a r g e l y  t r a p p e d  t h e  m e t a l s  i n  t h e  s e d i m e n t s .  The d e s o r p t i o n  o f  heavy 

m e t a l s  would  n o t  be i m p o r t a n t  a t  such low s a l i n i t i e s  and t h e  re m a in ­

i n g  s o l u t i o n  would b a r e l y  be  e n r i c h e d  i n  heavy m e t a l s  b e f o r e  m ix ing  

w i t h  s e a w a t e r  and m ar i ne  s u s p en d e d  m a t e r i a l  became i m p o r t a n t .

Sampl ing and a n a l y s i s  a f t e r  s i g n i f i c a n t  mix ing  w i t h  s e a w a t e r  and i t s  

su sp ended  m a t t e r  w ou ld ,  t h e r e f o r e ,  show d e c r e a s e d  m e ta l  c o n c e n t r a ­

t i o n s  in  b o th  t h e  su sp en d ed  m a t e r i a l  and in  s o l u t i o n .  A s i m i l a r  

e x p l a n a t i o n  was o f f e r e d  by H a r t  and Davies  (1981)  t o  a c c o u n t  f o r  a 

d e c r e a s e  i n  t h e  t o t a l  and f i l t e r a b l e  cadmium c o n c e n t r a t i o n s  i n  going 

f rom f r e s h  t o  e s t u a r i n e  c o n d i t i o n s  on t h e  Y a r ra  R i v e r  i n  A u s t r a l i a .

E l b a z - P o u l i c h e t ,  M a r t i n ,  Huang, and Zhu (1 98 7)  examined  t h e  

c o n c e n t r a t i o n  o f  d i s s o l v e d  cadmium a s  a  f u n c t i o n  o f  c h l o r i n i t y  in  t h e  

e s t u a r i e s  o f  t h e  Gironde and Rhone r i v e r s  i n  F r a n c e  and o f  t h e  Yellow 

and Yangtze r i v e r s  i n  C h i n a .  In c o n t r a s t  t o  t h e  p r e c e d i n g  s t u d i e s ,  

however ,  t h e y  found a v a r i a b l e  b u t  s y s t e m a t i c  i n c r e a s e  i n  d i s s o l v e d  

cadmium w i t h  c h l o r i n i t y .  T h i s  was a c c o u n t e d  for oy t h e  f o r m a t i o n  o f  

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

o c c u r r e d  f i r s t ,  f o l l o w e d  by complex f o r m a t i o n  w i t h  c h l o r i d e  i o n .  The
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f a c t  t h a t  t h e  cadmium c o n c e n t r a t i o n  maximum o c c u r r e d  a t  d i f f e r e n t  

c h i o r i n i t i e s  i n  t h e  f o u r  e s t u a r i e s  was a t t r i b u t e d  t o  t h e  dependen ce  

o f  d e s o r p t i o n  on v a r y i n g  w a t e r  c o n d i t i o n s .  They s u g g e s t e d  t h a t  

d i f f e r e n c e s  i n  c a l c i u m  and magnesium io n  c o n c e n t r a t i o n s  c o m p e t in g  

w i t h  cadmium f o r  a d s o r p t i o n  o n t o  p a r t i c l e s ,  as  we l l  a s  d i f f e r e n c e s  in  

pH. redox p o t e n t i a l ,  m i c r o b i o l o g i c a l  a c t i v i t y ,  o r g a n i c  m a t t e r  d e g r a ­

d a t i o n ,  and r e s i d e n c e  t i m e  o f  p a r t i c l e s  i n  t h e  m ix in g  zone p l a y  an 

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

t h a t  t h e  m o b i l i z a t i o n  o f  cadmium from p a r t i c u l a t e  m a t t e r  i n t o  t h e  

w a t e r  column a p p e a r s  t o  be a g e n e r a l  t r e n d  in  e s t u a r i e s  and s u g g e s t e d  

a r e - e v a l u a t i o n  o f  d i s s o l v e d  cadmium i n p u t s  t o  t h e  o c e a n s  by a f a c t o r  

o f  2 -3 0 .

Comans and van D i j k  (1988 )  i n v e s t i g a t e d  t h e  r e v e r s i b i l i t y  o f  

cadmium s o r p t i o n  on s u s p e n d e d  p a r t i c l e s  in  f r e s h - w a t e r  and t h e  

d e s o r p t i o n  o f  p r e - a d s o r b e d  cadmium in  more s a l i n e  w a t e r .  Suspended 

m a t t e r  u sed  i n  t h e  i n v e s t i g a t i o n  was t a k e n  from t h e  Rhine  R i v e r  and 

e x c h a n g e a b le  m e t a l s  w e re  removed by d i a l y s i s .  The r a t e  and q u a n t i t y  

o f  a d s o r p t i o n  o f  r a d i o a c t i v e  cadmium o n t o  t h i s  m a t e r i a l  was d e t e r ­

mined by r e s u s p e n s i o n  i n  d i l u t e  e l e c t r o l y t e  s o l u t i o n s  ( i o n i c  s t r e n g t h  

= 0 .00 3 M) c o n t a i n i n g  bet ween  1 and 20 ug C d ( I I ) / L  a t  pH 7 . 8 5 .  Small 

a l i q u o t s  were  removed a t  i n t e r v a l s  f o r  a n a l y s i s .  A f t e r  e q u i l i b r a t i o n  

f o r  12 d a y s ,  t h e  s u s p e n d e d  m a t e r i a l  w i t h  a d s o r b e d  cadmium was 

s e p a r a t e d  and r e s u s p e n d e d  i n  t h e  same d i l u t e  e l e c t r o l y t e  s o l u t i o n  

w i t h o u t  t h e  ad de d  cadmium and i n  v a r i o u s  c o m b i n a t i o n s  o f  t h e  e l e c t r o ­

l y t e  and f i l t e r e d  A t l a n t i c  s u r f a c e  w a t e r .  These  l a t t e r  s o l u t i o n s  had 

s a l i n i t i e s  o f  2 . 0  o / o o ,  5 . 9  o / o o ,  and 3 5 . 5  o / o o .  The d e s o r p t i o n  o f
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cadmium i n  t h e s e  s o l u t i o n s  was s t u d i e d  i n  t h e  same manner  a s  t h e  

a d s o r p t i o n  t r i a l s .

Comans and van D i jk  (1988)  d e t e r m i n e d  t h a t  t h e  s o r p t i o n  o f  

cadmium t o  Rhine R i v e r  su sp e n d e d  p a r t i c l e s  was c o m p l e t e l y  r e v e r s i b l e .  

T h e i r  r e s u l t s ,  i n  c o n j u n c t i o n  w i t h  e q u i l i b r i u m  s p e c i a t i o n  c a l c u l a ­

t i o n s  ( T a b l e  1 3 ) .  f u r t h e r  i n d i c a t e d  t h a t  cadmium a d s o r b e d  t o  t h e

9 +
Rhine s u s p en d e d  m a t e r i a l  in  p r o p o r t i o n  t o  t h e  Cd a c t i v i t y  and 

d e s o r b e d  i n  p r o p o r t i o n  t o  i t s  c o m p l e x a t i o n  i n  s o l u t i o n .
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T a b le  13

Cadmium S p ec ia t io n  a t  D i f f e r e n t  S a l i n i t i e s

S pec ie s0

Ca lcu la ted  S pec ia t i o n  , 
Percen t  o f  Total  Dissolved C d ( I I )  •

A

0 o/oo

B

2.0  o/oo

C

5.9  o/oo

D

35.5  o/oo

Cd2+ 76.8 17.7 6.9 0.9

CdCl + — 45.7 48.5 31.7

CdCl 2 — 4.7 13.7 44.7

CdCl3” — — 0.6 10.0

CdCl42- — — — 0.7

CdS04 — 3.1 2.3 0.6

CdC03 0 .8 0.3 1.1 —

Cd(OH)+ 0.3 0.1 0.4 —

Note: Adapted from "Role o f  complexation proces ses  in cadmium 
m o b i l i z a t io n  dur in g  e s t u a r i n e  mixing" by R. N. J .  Coumans and C. P.
J .  van Di jk ,  1988, N a tu r e , 336. p. 152.

spec ie s  = a c t i v i t y  s p e c i e s / t o t a l  d i s so lv e d  Cd(I I )  c o n c e n t r a t i o n .
A = 0 o/oo s a l i n i t y ,  pH 7.69;  B = 2 .0  o/oo s a l i n i t y ,  pH 7 .8 8 ;  C = 

5 .9  o/oo s a l i n i t y ,  pH 7 .86 ;  D = 35.5 o/oo s a l i n i t y ,  pH 8 . 2 4 .  The 
fo l lowing s p ec ie s  were a l s o  includ ed  in  the  c a l c u l a t i o n s ?b u t  c o n t r i b ­
u ted  n e g l i g i b l y  t o  th e  t o t a l :  Cd(0H)2 , -Cd(0H),“ , Cd(0H)d , CdF , 
CdF2 , Cd(S04 )2 , Cd(S04 )3 . Cd(S0414 . CdC03( s ) ,  Cd(0H)2 ( s ) .
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Statement  o f  the  Problem

In view o f  t h e  l a r g e  q u a n t i t i e s  o f  highway d e i c in g  s a l t s  used in 

many p a r t s  of  the  c o u n t r y ,  and in  view of  the l i m i t e d  knowledge of  

the  e f f e c t  of  road s a l t i n g  on mobi l iz ing heavy meta l s  from st ream 

sediments ,  t h i s  s tudy was under taken t o :  (a) de termine th e  e f f e c t  o f

NaCl c o n c en t r a t i o n  on mob i l i z i ng  cadmium, copper ,  l e a d ,  n i c k e l ,  and 

z inc  from s tream sed iment s ;  (b) determine i f  complexing by ch lo r id e  

ion may play a r o l e  in  r e l e a s i n g  cadmium, copper ,  l e a d ,  n i c k e l ,  and 

z in c  from s tream sed iment s ;  and (c)  determine the  c o r r e l a t i o n s  

between c h l o r i d e  ion c o n c e n t r a - t i o n s  and cadmium, co ppe r ,  l e a d ,  

n i c k e l ,  and z inc  c o n c e n t r a t i o n s  in an urban st ream dur ing a per iod 

when the  s tream i s  r e c e i v i n g  ru n o f f  con ta in ing  de ic ing  s a l t s .
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CHAPTER I I

DESIGN AND METHODOLOGY 

The S tu dy  Area

The Red Run d r a i n a g e  b a s i n  ( F i g u r e s  3 and 4) i s  l o c a t e d  in 

s o u t h w e s t e r n  Macomb and s o u t h e a s t e r n  Oakland c o u n t i e s  d i r e c t l y  n o r t h  

o f  t h e  c i t y  o f  D e t r o i t ,  M i c h i g a n .  The w a t e r s h e d  i s  more t h a n  75% 

d e v e lo p e d  w i t h  more t h a n  45% o f  t o t a l  l a n d  u s e  b e i n g  r e s i d e n t i a l  in  

n a t u r e ,  17% d ev o te d  t o  com mercia l  and i n d u s t r i a l  u s e s ,  and 11% 

c l a s s i f i e d  a s  p u b l i c  l a n d s .  The a r e a  i s  p r o j e c t e d  t o  be n e a r l y  100% 

d e v e lo p e d  by t h e  y e a r  2000 (U .S .  Army Corps o f  E n g i n e e r s ,  1979,  c i t e d  

i n  Mich igan D epa r tmen t  o f  N a t u r a l  R e s o u r c e s ,  1 9 8 8 ) .  Most  o r  a l l  o f  

t h e  c i t i e s  o f  Warre n ,  S t e r l i n g  H e i g h t s ,  T r o y ,  C e n t e r l i n e ,  and Madison 

H e i g h t s  ( F i g u r e  3) t r a n s p o r t  much o f  t h e i r  s u r f a c e  r u n o f f  by s torm 

s e w e r s  d i r e c t l y  t o  t h e  Red Run.  A p o p u l a t i o n  in  e x c e s s  o f  300,000 

l i v e s  w i t h i n  t h e  127 s q u a r e  m i l e s  o f  t h e  w a t e r s h e d .

Most o f  t h e  Red Run d r a i n s  an a r e a  o f  g l a c i a l  l a k e  beds  and has  

a s l o p e  n e a r  2 f t / m i l e .  The s o i l s  in  t h e  w a t e r s h e d  a r e  p r e d o m i n a n t l y  

p o o r l y  d r a i n e d  c l a y s  ( S o u t h e a s t  Michigan Counci l  o f  Government s ,  

( 1 9 7 8 a ) .  The a r e a  has  a mean annua l  t e m p e r a t u r e  o f  4 8 . 7 ° f  and 

r -  . e i v e s  a mean o f  40 i n c h e s  o f  s n o w fa l l  and 31 i n c h e s  o f  t o t a l  

p r e c i p i t a t i o n  p e r  y e a r  ( S i l i a r s  & B e t z o l d ,  19 8 4 ) .

The Red Run d r a i n s  i n t o  t h e  C l i n t o n  R i v e r  16 .7  m i l e s  above t h e
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nat u ra l  t r i b u t a r y  which re ce ived  storm and s a n i t a r y  wastes from 

severa l  suburbs  j u s t  nor th  of  the  D e t r o i t  City l i m i t s .  Inc reased  

runof f  r e s u l t i n g  from urban development exceeded the  na tu ra l  c a p a c i ty  

of  the  Red Run and l ed  to  l a r g e - s c a l e  f l oo ding  dur ing major r a in  

e v e n t s .  In 1954, the  U.S. Army Corps of  Engineers  completed a widen­

ing and s t r a i g h t e n i n g  p r o j e c t  on a l l  o f  the  now exposed length  o f  the  

Red Run. Thi s  p r o j e c t  i nc re ased  bottom widths  to  40 f e e t  upst ream of  

Bear Creek,  80 f e e t  below Bear Creek,  100 f e e t  below Beaver Creek,  

and 125 f e e t  below Plum Brook (U.S. Army Corps o f  Engineers ,  1976 

c i t e d  in MDNR, 1988).  The top o f  the  channel v a r i e s  from 90 to  200 

f e e t  in w id th .  The channel c a p ac i ty  of  the  Red Run a t  i t s  conf luence  

wi th the  C l in to n  River i s  227 m^/s (8000 f t ^ / s ) .

F u r t h e r  u rb a n iz a t io n  of  the  area  l ed  to  the  c o n s t r u c t io n  o f  the  

Twelve Towns Drainage System in 1965. Many of  the natu ra l  and p r e ­

v i o u s ly  e x i s t i n g  d r a in s  were enc lose d and t h e i r  volume in c re a sed .

The 3 8 -s qua re -m i le  system d ra in s  a l l  or  p a r t s  o f  Hazel Park,  Madison 

He ig h t s ,  Troy,  F e rn d a le ,  Royal Oak, Clawson, Berkley,  Huntington 

Woods, Oak Pa rk ,  P l e a s a n t  Ridge,  Bever ly H i l l s ,  Royal Oak Township, 

S o u t h f i e l d ,  and Birmingham (McKinnen, 1987, c i t e d  in MDNR, 1988).  

Normal f low from t h i s  system was d i r e c t e d  to  the  D e t r o i t  Wastewater 

Treatment  P l a n t .  Volumes in excess  o f  i t s  c a p ac i ty  of  32.5 m i l l i o n  

g a l l o n s  overf lowed i n to  an open p o r t ion  o f  the  Red Run. Overflows 

from t h i s  combined sewer system sev e re ly  degraded the  e n t i r e  Red Run 

and seve ra l  mi les  downstream on the  Cl in ton River (MDNR, 1988).

In 1973 the  Southeas te rn  Oakland County Sewage Disposal System/
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P o l l u t i o n  C on t ro l  F a c i l i t y  was b u i l t  " f o r  g r e a t e r  s t o r a g e  c a p a c i t y ,  

t o  r e d u ce  t h e  number and amount  o f  o v e r f lo w s  t o  Red Run,  t o  p r o v i d e  

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

w a s t e w a t e r  t r e a t m e n t  p l a n t . . . "  (MDNR, 1988, p .  225 & 2 2 9 ) .  A p p ro x i ­

m a t e l y  3 . 4  k i l o m e t e r s  ( 2 . 1  m i l e s )  o f  t h e  Red Run a d j a c e n t  t o  t h e  

Twelve-Towns D r a i n a g e  S ys tem was e n c l o s e d  p r o v i d i n g  a s t o r a g e  

c a p a c i t y  o f  more th a n  2 3 5 , 0 0 0  m3 (6 2 .2  m i l l i o n  g a l l o n s ) .  The 

f a c i l i t y  d i s c h a r g e s  170 ,000  -  198 ,000  m3 p e r  day (44 -  52 m i l l i o n  

g a l l o n s / d a y )  t o  t h e  D e t r o i t  w a s t e w a t e r  t r e a t m e n t  p l a n t  d u r i n g  d ry
3

w e a t h e r  and up t o  595 ,000  m (157 m i l l i o n  g a l l o n s )  p e r  day d u r i n g  we t  

w e a t h e r .  When t h e  f a c i l i t y  i s  f u l l ,  t h e  e x c e s s  i s  c h l o r i n a t e d  and 

d i s c h a r g e d  t o  t h e  Red Run. O v e r f lo w s  from t h i s  sys tem a v e r a g e d  12 

p e r  y e a r  between 1973 and 1987 w i t h  an annual  a v e r a g e  o v e r f l o w  o f

7 , 4 3 5 , 0 0 0  m3 ( 1 . 9 6  b i l l i o n  g a l l o n s ) .

A p p ro x im a te ly  3 . 5  m i l e s  downstream from t h e  o u t l e t  o f  t h e  Twelve 

Towns P o l l u t i o n  C o n t ro l  F a c i l i t y  i s  l o c a t e d  t h e  Warren W a s te w a te r  

T r e a t m e n t  P l a n t .  T h i s  f a c i l i t y  i s  a t e r t i a r y  w a s t e w a t e r  t r e a t m e n t  

sy s tem  w i t h  a d e s i g n  c a p a c i t y  o f  60 m i l l i o n  g a l l o n s / d a y ,  and an 

a v e r a g e  f low  o f  31 m i l l i o n  g a l l o n s / d a y .  The annual  f l o w  from t h e  

Warren w a s t e w a t e r  t r e a t m e n t  p l a n t  i s  ab o u t  s i x  t i m e s  t h a t  o f  t h e  

combined annual  o v e r f l o w s  f rom t h e  Twelve Towns P o l l u t i o n  C o n t ro l  

F a c i l i t y ;  y e t ,  t h e  o v e r f l o w s  c o n t r i b u t e  more t h a n  t w i c e  t h e  annual  

BODg lo ad  and n e a r l y  17 t i m e s  t h e  annual  suspen ded  s o l i d s  l o a d  (MDNR, 

1 9 8 8 ) .  About  25 p e r c e n t  o f  t h e  t r e a t m e n t  p l a n t ' s  i n f l o w  comes f rom 

n e a r l y  2400 b u s i n e s s  and i n d u s t r i a l  f a c i l i t i e s .  Many o f  t h e s e  non­

d o m e s t i c  u s e r s  d i s c h a r g e  m e t a l s  t o  t h e  t r e a t m e n t  p l a n t .  Ten
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c o n t i n u o u s  and two i n t e r m i t t e n t  i n d u s t r i a l  d i s c h a r g e r s  a l s o  h o ld  

N a t i o n a l  P o l l u t i o n  D i s c h a r g e  E l i m i n a t i o n  System (NPDES) p e r m i t s  t o  

r e l e a s e  p r i m a r i l y  n o n - c o n t a c t  c o o l i n g  w a t e r ,  c o o l i n g  to w er  blowdown, 

a n d / o r  s t o r m w a t e r  d i r e c t l y  t o  t h e  Red Run.

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

t o  t h e  Red Run,  n o n p o i n t  p o l l u t i o n ,  s p e c i f i c a l l y  u r b a n  s t o r m w a t e r ,  

r em a in s  t h e  m a j o r  s o u r c e  o f  p o l l u t i o n .  A l though  q u a n t i t a t i v e  s to rm ­

w a t e r  c h a r a c t e r i z a t i o n s  have n o t  been made,  t h e  S o u t h e a s t  Michigan 

Counci l  o f  Governments  (19 78 a c i t e d  in  MDNR, 1988)  e s t i m a t e d  t h a t  an 

annual  l o a d  o f  18,223  m e t r i c  t o n s  o f  s uspended  s o l i d s ,  620 m e t r i c  

t o n s  o f  BODg, 78 m e t r i c  t o n s  o f  n i t r o g e n ,  and 34 m e t r i c  t o n s  o f  

p hosp h o ru s  i s  d i s c h a r g e d  t o  t h e  Red Run. T hese  q u a n t i t i e s  a r e  in  

e x c e s s  o f  t h o s e  f rom o t h e r  s o u r c e s  ( T a b le  1 4 ) .

A l th o u g h  t h e  Warren W as te wat er  T r e a t m e n t  P l a n t  m o n i t o r s  i t s  

e f f l u e n t  f o r  a  number o f  w a t e r  q u a l i t y  p a r a m e t e r s ,  no c o n s i s t e n t  

e f f o r t  has  been made t o  r e g u l a r l y  a s s e s s  t h e  w a t e r  q u a l i t y  o f  t h e  Red 

Run, I n s t e a d ,  a number o f  s p o r a d i c  s t u d i e s  by s e v e r a l  a g e n c i e s  have 

p r o v i d e d  a g e n e r a l  p i c t u r e  o f  i t s  w a t e r  q u a l i t y  ( T a b l e  1 5 ) .  None o f  

t h e  s t u d i e s  a p p e a r  t o  have been c o n d u c te d  d u r i n g  w i n t e r  mon ths .

The d r o u g h t  f l o w  o f  t h e  C l i n t o n  R i v e r  above  t h e  mouth o f  t h e  Red 

Run i s  5 4 .0  c u b i c  f e e t  p e r  s ec on d ( c f s ) .  The Red Run ad ds  7 6 . 5  c f s  

made up o f  0 . 4  c f s  t r i b u t a r y  f lo w ,  5 5 .7  c f s  w a s t e w a t e r  t r e a t m e n t  

p l a n t  f l o w ,  and 2 0 . 4  c f s  i n d u s t r i a l  f l o w .  T h u s ,  e s s e n t i a l l y  100% o f  

t h e  Red R u n ' s  d r o u g h t  f l o w  i s  t r e a t e d  w a s t e w a t e r  and i n d u s t r i a l  

n o n c o n t a c t  c o o l i n g  w a t e r .  F u r t h e r ,  t h i s  e f f l u e n t  makes up more th an  

50% o f  t h e  t o t a l  d r o u g h t  f l o w  o f  t h e  C l i n t o n  R i v e r  m easu red  a t  i t s
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T ab le  14

E s t i m a t e d  Annual P o l l u t a n t  L o ad in g s  t o  t h e  Red Run3

Sour ce
S uspend ed  
Sol i d s bod5 N i t r o g e n Phos pho rus

P o i n t  Source 1 3 9 .2 4 9 . 8 3 . 9 14 .9
(0.7%) (5.6%) (2.5%) (21.4%)

Urban 18223 620 78 34
S to r m w a te r (95.3%) (69.7%) (50.0%) (48.9%)

R unoff  from 8 7 . 0 27 1 3 . 5 1 .2
G r a s s l a n d (0 .5%) (3.0%) (8.7%) (1.7%)

A c t i v e  Crop­ 3 8 . 0 23 1 1 . 5 1 .0
l a n d  Runoff (0.2%) (2.6%) (7.4%) (1.5%)

Combined Sewer 636 170 4 9 . 0 1 8 .4
O v e r f lo w (3.3%) (19.1%) (31.4%) (26.5%)

T o t a l 191 23 .2 80 9 .8 1 5 5 .9 6 9 . 5

N o t e : From Remedial  A c t i o n  P l a n  f o r  C l i n t o n  R i v e r  Area  o f  Concern  by
M ich igan  Depar t m en t  o f  N a t u r a l  R e s o u r c e s ,  1988,  p .  194.

a In m e t r i c  t o n s  p e r  y e a r  and p e r c e n t  o f  t o t a l  l o a d i n g .

m o u th .

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

e n v i r o n m e n ta l  c o n t a m i n a t i o n  s i t e s  in  t h e  s t a t e  o f  Mich igan  i s  p ro ­

v i d e d  f o r  by t h e  M ich igan  Env i ro nm en ta l  R eso u rc e  A c t  ( P u b l i c  Act  

3 0 7 ) .  Each y e a r  t h e  E n v i ro n m en ta l  Response  D i v i s i o n  o f  t h e  Michigan 

D e p a r tm e n t  o f  N a t u r a l  R e s o u rc e s  d e v e lo p s  two l i s t s  o f  e n v i r o n m e n ta l  

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

" e v a l u a t i o n  and i n t e r i m  r e s p o n s e  a c t i v i t i e s . "  The o t h e r  l i s t  i d e n t i ­

f i e s  s i t e s  where  " r e s p o n s e  a c t i v i t i e s "  a r e  t o  be u n d e r t a k e n  (MDNR,
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T a b le  1 5

a
G e n e r a l  W a ter  Q u a l i t y  i n  R ed  Run a n d  B e a r  C r e e k

L o c a t i o n Y e a r Temp C

C o n d u c t .
(u r a h o a /o n ) D .O . ptl BOD

F e e  C o l i  

i t / 1 0 0  mL

T o t a l
D i s s .

S o l i d s

S u s p .

S o l i d s C l

T o t a l

TO4

&

NH
4

" ° 2
&

" ° 3

H R -16  Mi Rd 1 9 7 6 2 1 . 0 8 . 3 8 . 0 4 . 0 1 2 2 . 8  G 5 8 8 .6 2 6 . 8 0 .8 2 0 . 9 0 7 .8 3
1 9 7 7 1 8 . 0 8 . 2 7 . 4 5 . 6 1 8 6 .0  G 7 5 0 .4 4 8 . 4 0 .7 9 1 . 1 0 5 .6 6
1 9 7 8 1 9 .5 5 . 4 7 . 1 7 . 9 9 9 . 5  G 5 4 6 .4 1 3 1 . 2 0 .6 7 0 .9 2 5 .4 6
1 9 7 9 1 7 . 0 6 . 8 7 . 4 2 . 5 - 7 1 2 .5 2 3 . 0 0 . 5 8 0 . 7 3 7 .5 7
1 9 8 1 2 2 .2 7 5 0 . 0

R R -15  M i Rd 1 9 7 6 2 0 .2 7 . 1 7 . 3 2 . 0 1 0 8 6 .0 4 2 8 .0 2 4 .7 8 7 . 0 0 .8 5 0 . 2 6 5 .5 1
1 9 8 1 2 8 .3 8 0 7 . 5 7 . 5 - - - - - - - - -

1 9 8 7 2 2 .0 4 . 7 - - - - - - - - -

R R -14  M i Rd 1 9 7 6 2 2 .5 8 . 8 7 . 6 3 . 6 1 6 . 7  G 5 7 9 .0 1 0 . 8 0 . 9 2 0 . 7 7 6 . 5 9
1 9 7 7 2 0 . 0 8 . 8 7 . 4 4 . 3 2 7 . 1  G 7 1 0 .3 4 2 . 8 0 . 9 7 1 .1 3 5 .9 0
1 9 7 8 2 0 .5 5 . 5 7 . 2 7 . 3 1 0 2 . 9  G 6 6 0 .8 3 4 . 8 0 .6 2 0 . 6 0 5 .6 0
1 9 7 9 1 8 .2 7 . 8 7 . 6 1 . 4 - 6 8 3 .5 1 3 . 0 0 . 6 0 0 .6 1 6 .4 5

1 9 8 7 2 2 . 0 8 . 0

B e a r  C r e e k 1 9 7 6 1 8 .5 4 . 2 7 . 4 5 . 9 6 8 0 9 .0 3 5 5 .0 2 1 . 5 8 4 . 0 0 . 3 0 0 . 2 5 0 .8 b

M ic h ig a n  H a t e r  Q u a l i t y  S t a n d a r d s 5 . 0 6 . 5 - 9 . 0 2 0 0 5 0 0 1 2 5 1 . 0

N o t e .  A d a p te d  f r a n  R e m e d ia l  A c t i o n  P l a n  f o r  C l i n t o n  R iv e r  A r e a  o f  C o n c e r n  b y  M ic h ig a n  D e p a r tm e n t  o f  N a t u r a l  R e s o u r c e s ,

1 9 8 8 ,  p .  6 3 ,  3 5 1 - 3 5 8 ,

N e a r l y  a v e r a g e s  o f  a v a i l a b l e  d a t a .  R e s u l t s  a r e  i n  m g /L , u n l e s s  o t h e r w i s e  n o t e d .  G =  v a l u e  c a l c u l a t e d  i s  g e o m e t r i c  mean  

instead o f arithm etic mean.
cn
o
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1986a c i t e d  in MDNR, 1988) .  In 1985, a t h r e e -m i l e  s t r e t c h  of  the Red 

Run was included on the  Act 307 l i s t  r equ ir in g  e v a l u a t i o n  and inter im 

response a c t i v i t i e s .  Severa l  l a n d f i l l s  (Figure  5) t h a t  received 

munic ipa l ,  i n d u s t r i a l ,  and household wastes  in t h e  1950s and 1960s 

ar e  located  in t h i s  reach  o f  the  Red Run (E. C. J o r d a n ,  1986 c i t ed  in 

MDNR, 1988).  Leachate samples c o l l e c t e d  from t h e s e  s i t e s  conta ined 

o rgan ics  such as to luene  and benzene as well as t h e  heavy metals 

l e a d ,  n i c k e l ,  and chromium.

Thus, because th e  channel  o f  the Red Run has been ex t e n s iv e ly  

modified  to  a l l e v i a t e  r e giona l  f looding ;  because i t  i s  used as a 

dr a in  to  r ece ive  urban s tormwater  runof f ,  i n d u s t r i a l  and municipal 

d i s ch a rg e s ,  and combined sewer overf lows;  and because i t  may be 

s u f f e r i n g  f u r t h e r  d eg rada t ion  from old l a n d f i l l s ,  i t  i s  obvious  t h a t  

the  dra inage bas in  has been h eav i ly  impacted by human a c t i v i t i e s .

Design

This study was conducted in two sepa ra te  phases :  (1) a s e r i e s

of  sediment deso rp t i on  s t u d i e s ,  and (2) a s e r i e s  o f  s t ream s t u d i e s .

Desorption S tu d ie s

Weighed subsamples o f  d r i e d  bottom sediments c o l l e c t e d  from the  

Red Run at 16 Mile Road were p a i r e d  and sub jected  t o  desorption  

s t u d i e s .  One member o f  each p a i r  was s t i r r e d  wi th a sodium ch lo r i de  

(NaCl) so lu t io n  o f  known c o n c en t ra t i o n  prepared by adding NaCl to 

water  c o l l e c t e d  from th e  same Red Run s i t e .  The o t h e r  member was 

s t i r r e d  wi th the  same c o n c e n t r a t i o n  of sodium n i t r a t e  (NaNOj)
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Mile

Landf111

L a n d f i 11

15 Mile Road

L a n d f i l l

L a n d f i l l

L a n d f i l l

1 mile 

Scale

Figure 5 .  General  S i t e  Locat ion of  Red Run L a n d f i l l s .

Note: From E. C. Jordon Co.,  1986. In Michigan Department of
N a tu ra l  Resources .  (1988) .  Remedial Action Plan f o r  C l in ton  
R ive r  Area of  Concern. Lansing,  MI: a u t h o r ,  p.  240.
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p r e p a r e d  i n  t h e  same manner .  S o l u t i o n  c o n c e n t r a t i o n s  o f  cadmium, 

c o p p e r ,  l e a d ,  n i c k e l ,  and z i n c  were  d e t e r m i n e d  in  a l i q u o t s  removed 

from e a ch  s o l u t i o n  a t  s p e c i f i e d  t im e  i n t e r v a l s .  The d e s o r p t i o n  

t r i a l s  were  r e p e a t e d  a t  d i f f e r e n t  NaCl and NaNOg c o n c e n t r a t i o n s .

A l th o u g h  many heavy m e t a l s  a r e  known t o  form com pl exes  w i t h  c h l o r i d e  

i o n ,  c o m p lex e s  w i t h  n i t r a t e  ion  a r e  c o n s i d e r e d  t o  o c c u r  t o  a n e g l i ­

g i b l e  e x t e n t .  T h u s ,  any r e l e a s e  o f  heavy m e t a l s  i n t o  t h e  NaNOg 

s o l u t i o n s  was c o n s i d e r e d  p r i m a r i l y  due t o  i o n  ex ch an g e  and any a d d i ­

t i o n a l  r e l e a s e  i n t o  t h e  NaCl s o l u t i o n s  was c o n s i d e r e d  t o  be p r i m a r i l y  

a r e s u l t  o f  co m plex ing  w i t h  c h l o r i d e  i o n .

S t r eam  S t u d i e s

The main  f o c u s  o f  t h e  s t r e a m  s t u d i e s  was an e x a m i n a t i o n  o f  t h e  

r e l a t i o n s h i p  between c h l o r i d e  ion c o n c e n t r a t i o n  and t h e  c o n c e n t r a t i o n  

o f  cadmium,  c o p p e r ,  l e a d ,  n i c k e l  and z i n c  d u r i n g  p e r i o d s  when t h e  Red 

Run was r e c e i v i n g  r u n o f f  c o n t a i n i n g  d e i c i n g  s a l t s .  The c o n c e n t r a t i o n  

o f  t h o s e  same m e t a l s  in  Red Run bo t tom  s e d i m e n t s  was a l s o  b r i e f l y  

exam ine d .

M e t a l s  i n  Red Run Water

T h re e  s i t e s  ( F i g u r e  6)  were s e l e c t e d  f rom which t o  c o l l e c t  

w a t e r  s am p le s  f o r  a n a l y s i s :  (1)  t h e  u p s t r e a m  s i d e  o f  t h e  16 Mile

Road b r i d g e  a c r o s s  t h e  Red Run a b o u t  1300 f e e t  u p s t r e a m  from i t s  

c o n f l u e n c e  w i t h  t h e  C l i n t o n  R i v e r ;  ( 2 )  t h e  mouth o f  S ch o en h e r r  D r a i n ,  

a m a j o r  s t o r m  sewer  d i s c h a r g i n g  d i r e c t l y  i n t o  t h e  Red Run; and (3 )  

t h e  u p s t r e a m  s i d e  o f  t h e  Ch icago  Road b r i d g e  a c r o s s  Bea r  Cree k ,  a

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



64

~ \

Rd

Mi l e

Red

Twel ve  Towns

D r a i n a g e  D i s t r i c t

Basin Boundary* Scale
1 mi le

1. Red Run a t  16 Mile Road
2.  Schoenherr Drain Mouth
3.  Bear Creek a t  Chicago Road

Figure 6 .  Sampling S i t e s  in Red Run Drainage Bas in .
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major upstream t r i b u t a r y  t o  the  Red Run r e c e iv in g  r u n o f f  from a 

he a v i ly  urbanized a r e a .  These s t a t i o n s  sample d ra in age a r ea s  of 

54 .7 ,  8 .45,  and 16 square  m i le s ,  r e s p e c t i v e l y  (Nowlin,  1973; U.S.

Army Corps o f  En g inee rs ,  1982).  When the  P o l l u t i o n  Control  F a c i l i t y  

o f  the  Sou theas te rn  Oakland County Sewage Disposal  System overf lows,  

p a r t  of  the  dra inage from an a d d i t io n a l  38.6 square  mi les  flows 

through the  Red Run.

Water samples were c o l l e c t e d  from the t h r e e  sampl ing s i t e s  

b e f o r e ,  d u r i ng ,  and a f t e r  seve ra l  w in t e r  snow s to rms when the  s u r ­

rounding s t r e e t s  r e ce iv ed  a p p l i c a t i o n s  of road s a l t .  These samples 

were then analyzed f o r  t h e i r  co n c en t r a t i o n s  of d i s s o lv e d  cadmium, 

copper ,  l e a d ,  n i c k e l ,  and z inc  as well as c h l o r i d e  ion in orde r  to 

determine any c h l o r i d e  ion co nc en tr a t ion-heavy  metal  conc en t ra t i o n  

r e l a t i o n s h i p .  These samples were compared to  w a te r  samples s i m i l a r l y  

c o l l e c t e d  and analyzed f o r  a summer r a in  ev en t .

Metals in Red Run Bottom Sediments

Bottom sediment  samples were c o l l e c t e d  from th e  16 Mile Road 

s i t e  in the  l a t e  f a l l  and e a r l y  spring and ana lyzed f o r  t h e i r  heavy 

meta ls  con ten t  in  an a t t em p t  to  d e t e c t  any changes  o c c u r r in g  over  the 

e n t i r e  sno w / ro a d - sa l t in g  sea son.  Bottom sediment  samples were a l so  

c o l l e c t e d  before  and a f t e r  a s i n g l e  r o a d - s a l t i n g  p e r io d  and befo re  

and a f t e r  a summer r a in  e v e n t .

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  rep roduction  prohibited w ithout perm iss ion .



66

Methodology

General Laboratory  Procedures

Every reasonab le  a t t em p t  was made to  prevent  or  minimize con­

taminat ion of  samples wi th heavy m e ta l s .  Accepted methods (APHA, 

AWWA, WPCF, 1981) were fo l lowed fo r  c leaning glassware  and o t h e r  

su rf aces  coming in c o n t a c t  wi th samples to be used f o r  t r a c e  metal 

a n a l y s i s .

Sample Co l le c t ion

Water f o r  the  d eso rp t i on  s t u d i e s  was c o l l e c t e d  November 12,

1987, from th e  Red Run-16 Mile Road s i t e  us ing an a l l  p l a s t i c  h o r i ­

zonta l  Alpha b o t t l e  ( a l s o  known as a Nance water  s am p le r ) .  The water  

was taken from a p o in t  approx ima te ly  1-2 f e e t  below t h e  s u r f a c e ,  

immediately t r a n s f e r r e d  to  c l ea n  polyethylene  ca rb oys ,  and r e f r i g e r ­

a t e d  a t  1-4°C u n t i l  use .

Water samples used f o r  a n a l y s i s  in the s tream s t u d i e s  were a l so  

c o l l e c t e d  using a h o r izo n ta l  Alpha b o t t l e .  P a r t  of  t h e  c o l l e c t e d  

wa te r  was t r a n s f e r r e d  d i r e c t l y  t o  a g l a s s  or  po lye thy lene  b o t t l e  and 

re served f o r  an a ly s i s  o f  i t s  c h l o r i d e  ion c o n t e n t .  Another 25-60 mL 

o f  the st ream water  was f i l t e r e d  through a 0.45 urn membrane f i l t e r ,  

used to  r i n s e  the  f i l t r a t i o n  f l a s k ,  and then d i s c a r d e d .  An ad d i ­

t i o n a l  200-250 mL of  wa te r  was then passed through th e  same f i l t e r  

and t r a n s f e r r e d  to  a c l ea n  po lyethylene  sample b o t t l e  t o  which about  

1 .5  mL of co nc en t ra ted  n i t r i c  a c id  had been added.  These samples 

were re se rved  fo r  a n a ly s i s  of  t h e i r  heavy meta ls  c o n t e n t  and were
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r e f r i g e r a t e d  a t  l-4°c .

Bottom s e d i m e n t s  were  c o l l e c t e d  u s i n g  an Ekman b o t to m  d r e d g e ,  

em p t i ed  i n t o  a c l e a n  p l a s t i c  p a n ,  and t r a n s f e r r e d  t o  a p o l y e t h y l e n e  

sample bag u s i n g  a p l a s t i c  spoon .  The c o l l e c t e d  s e d i m e n t s  were  

t r a n s f e r r e d  t o  c l e a n  p o r c e l a i n  e v a p o r a t i n g  d i s h e s  t h a t  had been 

r i n s e d  w i t h  35% n i t r i c  a c i d  and d r i e d  a t  100 -1 10°C f o r  12-24  h o u r s .

The d r i e d  s e d i m e n t s  w ere  g round  in  a c l e a n ,  a c i d - r i n s e d  m o r t a r  and 

p e s t l e ,  p a s s e d  t h r o u g h  a 2 mm s i e v e  t o  remove l a r g e r  p a r t i c l e s ,  and 

s t o r e d  in  p o l y e t h y l e n e  sample  b a g s .  A sample  s p l i t t e r  was u s ed  t o  

d i v i d e  t h e  s e d i m e n t s  i n t o  subsam ples  f o r  m e t a l s  a n a l y s i s  o r  d e s o r p ­

t i o n  s t u d i e s .  One subsam ple  was w e t - s i e v e d  (Krumbein & P e t t i j o h n ,

1938) t o  d e t e r m i n e  i t s  p a r t i c l e  s i z e  d i s t r i b u t i o n .

In o r d e r  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n s  o f  t r a c e  m e t a l s  in  s a l t  

a p p l i e d  t o  r o a d s  i n  t h e  s t u d y  a r e a ,  two sam ples  o f  s a l t  were  c o l l e c t ­

ed  f rom w i d e l y  s e p a r a t e d  p o i n t s  i n  each  o f  t h e  c o v e r e d  s a l t  p i l e s  

m a i n t a i n e d  by t h e  S t e r l i n g  H e ig h t s  D epar t m en t  o f  P u b l i c  Works , t h e  

Warren D e p a r tm en t  o f  P u b l i c  Works ,  and t h e  Macomb C ount y  Road 

Commission.  Each sam ple  o f  a p p r o x i m a t e l y  220 g was c o l l e c t e d  in  a 

g l a s s  b o t t l e  f rom a p o i n t  a b o u t  two t o  t h r e e  i n c h e s  be low  t h e  s u r f a c e  

o f  t h e  p i l e .  The s a l t  s am p les  were  t h e n  d r i e d  in  t h e  g l a s s  b o t t l e s  

a t  110°C f o r  s e v e r a l  h o u r s  and t h e n  t i g h t l y  c a p p e d .  The heavy  metal  

c o n t e n t  o f  each  sam ple  was d e t e r m in e d  by a t o m i c  a b s o r p t i o n  s p e c t r o ­

m e t ry  on a s o l u t i o n  c o n t a i n i n g  10 ,000 ppm C l " .
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D e s o r p t i o n  S t u d i e s

Weighed subsam ples  o f  s e d i m e n t  we re  s u b j e c t e d  t o  d e s o r p t i o n  

t r i a l s  u s i n g  e i t h e r  NaCl o r  NaNOg s o l u t i o n s .  Water f o r  t h e  

d e s o r p t i o n  s o l u t i o n s  was c o l l e c t e d  f rom t h e  Red Run-16 Mile  Road s i t e  

and f i l t e r e d  t h r o u g h  a 0 . 4 5  urn membrane f i l t e r .  R eag e n t  g r a d e  NaCl 

o r  NaNOg was added t o  t h e  f i l t e r e d  w a t e r  t o  produce s o l u t i o n s  o f  t h e  

d e s i r e d  c o n c e n t r a t i o n s  ( T a b le  1 6 ) .  The s o l u t i o n s  were  t h e n  g e n t l y  

a e r a t e d  w i t h  an aqua r i um  b u b b l e r  f o r  3 -4  h o u rs  t o  e n s u r e  t h a t  t h e  

d e s o r p t i o n  t r i a l s  began w i t h  co m p ar ab le  l e v e l s  o f  d i s s o l v e d  ox ygen .

To a 5 0 . 0  g subs am ple  o f  s e d i m e n t  i n  a c l e a n  2 L p o l y p r o p y l e n e  

f l a s k  was added 1500 mL o f  a d e s o r p t i o n  s o l u t i o n  and a l a r g e ,  t e f l o n -  

c o a t e d  m a g n e t i c  s t i r r i n g  b a r .  The s e d i m e n t  and s o l u t i o n  were  mixed 

w e l l  and t h e  f l a s k  p l a c e d  on a foam r u b b e r  o r  s ty ro fo a m  i n s u l a t i n g  

pad on t o p  o f  a m a g n e t i c  s t i r r e r .  A pH e l e c t r o d e  was p l a c e d  i n  t h e  

s o l u t i o n  and an a t t e m p t  was made t o  c o n t r o l  t h e  pH a t  7 . 6 + 0 .1  

t h r o u g h o u t  t h e  e x p e r i m e n t  by j u d i c i o u s  d ro p w is e  a d d i t i o n  o f  1 M H N O g  

o r  2 M NaOH. At s p e c i f i e d  t i m e  i n t e r v a l s  (T ab le  16) a 140-150 mL 

a l i q u o t  was removed by p i p e t  and f i l t e r e d  t h r o u g h  a 0 . 4 5  urn membrane 

f i l t e r  which had been r i n s e d  w i t h  10 mL o f  7 . 9  M H N O g  and 20 mL o f  

d o u b le  d i s t i l l e d  w a t e r .  The r e c e i v i n g  f l a s k  c o n t a i n e d  0 . 5 - 1  mL 

c o n c e n t r a t e d  H N O g  as  a p r e s e r v a t i v e .  The f i l t e r e d ,  a c i d i f i e d  a l i q u o t  

was t h e n  t r a n s f e r r e d  t o  a  c l e a n  p o l y e t h y l e n e  b o t t l e  and r e f r i g e r a t e d  

u n t i l  a n a l y s i s .
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S o lu t ion  Concentra t ion of added 
Chlor ide  or N i t r a t e 3 (ppm) Sampling Times

10,000 20 min

5,000 1 hr

2,500 3 hr

1,000 24 hr

500 3 days

250 7 days

0 15 days

As NaCl o r  NaNO-. The Red Run wa te r  used to  prepare  the  des or pt ion  
s o l u t i o n s  co n ta ine d  an ad d i t io n a l  122 ppm c h l o r i d e .  General water  
q u a l i t y  a n a ly s e s  d a t ing  back to  1973 (Table  15 and MDNR, 1988) 
sugges t  the  i n i t i a l  Red Run water  co n ta in e d  l e s s  than 10 ppm n i t r a t e .

Total  Metals  in Sediments

A s t ro ng  ac id  d ig e s t io n  procedure  (Cool e t  a l . ,  1980) was used 

to measure the  " t o t a l "  meta ls  in the  sediment .  A weighed subsample 

of sediment  (mean 15 g) was heated  w i th  e i t h e r  50 or 100 mL of  1:1 

1 M HNO^il M HC1 a t  75°C fo r  about  3 hours in  an acid-washed pyrex 

f l a s k  wi th f r e q u en t  sw ir l ing  of the  f l a s k  c o n t e n t s .  The f l a s k  was 

then a l lowed to  cool to  room tempe ratu re  and the  sediment allowed to  

s tand in c o n t a c t  wi th the ac id  mix tu re  fo r  an ad d i t i o n a l  24 hours 

wi th  occas ional  s w i r l i n g .  The c l e a r  s u p e r n a t a n t  was removed by p i p e t  

and f i l t e r e d  throug an a c i d - r i n s e d  0 .45  urn membrane f i l t e r .  The

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



70

s e d im e n t  was r i n s e d  s e v e r a l  t i m e s  w i t h  f r e s h  p o r t i o n s  o f  t h e  a c i d  

m i x t u r e  and f i l t e r e d  a s  b e f o r e .  The combined f i l t r a t e  was made up to  

a t o t a l  volume o f  250 mL w i t h  t h e  same HNO^:HC1 m i x t u r e  and a n a ly z e d  

a c c o r d i n g  t o  s t a n d a r d  t e c h n i q u e s  (APHA, AWWA, WPCF, 1981)  u s i n g  

a c e t y l e n e - a i r  f lame a tom ic  a b s o r p t i o n  s p e c t r o m e t r y .  S t a n d a r d s  used 

f o r  p r e p a r a t i o n  o f  t h e  c a l i b r a t i o n  c u r v e s  were  p r e p a r e d  in  t h e  same 

HNOgtHCI a c i d  m i x t u r e .

E x changeab le  M e t a l s  in  S ed im e n t s

M e t a l s  c o n s i d e r e d  t o  be " e x c h a n g e a b l e "  o r  " r e a d i l y  a v a i l a b l e "  in  

t h e  s e d i m e n t s  were  d e t e r m in e d  by e x t r a c t i o n  w i t h  1 M ammonium a c e t a t e ,  

NH^OAc (Gibson & Fa rm er ,  1984;  Lau & Wong, 1 9 8 3 ) .  A w e ighed sub­

sample o f  s e d i m e n t  was mixed w i t h  s u f f i c i e n t  1 M NH40Ac t o  g i v e  a 

s e d i m e n t : s o l u t i o n  r a t i o  o f  1 :5  and t h e  m i x t u r e  s t i r r e d  i n t e r m i t t e n t l y  

f o r  3 days a t  room t e m p e r a t u r e .  The c l e a r  s u p e r n a t e n t  was t h e n  

removed by pi  p e t  and f i l t e r e d  t h r o u g h  a 0 . 4 5  urn membrane f i l t e r  which 

had been r i n s e d  w i t h  7 . 9  M HNOg f o l l o w e d  by d o u b l e - d i s t i l l e d  w a t e r .

The r e m a i n in g  s e d im e n t  was r i n s e d  s e v e r a l  t i m e s  w i t h  f r e s h  1 M 

NH^OAc, f i l t e r e d  a s  b e f o r e ,  and t h e  combined f i l t r a t e  made up t o  a 

t o t a l  volume o f  250 mL w i t h  1 M NH^OAc. M e t a l s  we re  a g a i n  d e t e r m in e d  

u s i n g  f l am e  a to m ic  a b s o r p t i o n  s p e c t r o m e t r y .  S t a n d a r d s  were  p r e p a r e d  

in  d o u b l e - d i s t i l l e d  w a t e r  t o  which 1 .5  mL c o n c e n t r a t e d  HNO g p e r  l i t e r  

had been a d d e d .  A b l an k  o f  1 M NH^OAc was used  t o  check  and c o r r e c t  

f o r  any t r a c e  m e t a l s  i n  t h e  e x t r a c t i n g  s o l u t i o n .
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Heavy Metals  Analys is

Metal c o n c e n t r a t i o n s  were determined by flame atomic ab so r p t io n  

spec t r om et ry  us ing e i t h e r  a Varian Dial Atom I I I  or  a Buck 200A 

atomic a b so r p t io n  sp ec t r o m e te r .  These in s t ru m en ts  i n t e g r a t e  absorb­

ance r e ad ings  f o r  e i t h e r  4 or 7 seconds before  d i s p l a y i n g  a s in g l e  

v a l u e .  The ave rage  o f  seve ra l  o f  i n t e g r a t e d  read ings  was used as the 

abso rbance  measurement fo r  each s t an dar d  or  sample.  For each s e t  of  

a n a l y s e s ,  a f r e s h  s e t  of  seven s t anda r d  s o l u t io n s  was p re p a re d  from 

commercial s tock s o l u t i o n s .  The exac t  range o f  c o n c e n t r a t i o n s  p r e ­

pared depended upon the  metal  being analyzed and whether th e  d i r e c t  

a s p i r a t i o n  o r  c h e l a t i o n - e x t r a c t i o n  method was to  be used.  A f r e sh  

blank was a l s o  prepared  a t  the  same t im e .  Analy t i ca l  s t a n d a r d s  and 

s o l u t i o n s  were prepared  from d i s t i l l e d  water  which had been d i s t i l l e d  

a second time through an a l l  g la s s  a p p a ra tu s .

Because the  c o n c e n t r a t i o n s  o f  most meta ls  in the  s t ream water  

samples ,  th e  d e so r p t io n  samples ,  and the  s o l u t io n s  prepa red from the  

road s a l t  samples were below or  near  th e  d e t e c t i o n  l i m i t  o f  th e  

atomic ab so r p t io n  spec t r ometer  in  the  d i r e c t  a s p i r a t i o n  mode, the 

c h e l a t i o n - e x t r a c t i o n  method was used (APHA, AWWA, WPCF, 1981) .  In 

t h i s  method, th e  t r a c e  m e ta l s  ar e  complexed wi th ammonium p y r o l l i d i n e  

d i th io c a rb a m a te  (APDC) and e x t r a c t e d  i n t o  methyl i sobu ty l  ketone 

(MIBK) b e fo re  a to m ic -ab so rp t io n  a n a l y s i s .  Compared to  t h e  d i r e c t  

a s p i r a t i o n  method, the  c h e l a t i o n - e x t r a c t i o n  method per mi t s  the  d e t e r ­

mina t ion o f  lower c o n c e n t r a t i o n s  o f  m e ta l s .  The c o n c e n t r a t i o n  of 

m e ta l s  t h a t  can be d e t e c t e d  depend; in l a r g e  measure,  on the
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c o n c e n t r a t i o n  f a c t o r  u s ed  i n  t h e  e x t r a c t i o n  s t e p .  The method a l s o  

has  t h e  a d v a n ta g e  o f  p e r m i t t i n g  t h e  d e t e r m i n a t i o n  o f  t r a c e  m e t a l s  in  

s o l u t i o n s  o f  h igh s a l t  c o n c e n t r a t i o n — s o l u t i o n s  t h a t  can o f t e n  p r o ­

duce t r o u b l e s o m e  i n t e r f e r e n c e  e f f e c t s  i n  d i r e c t  a s p i r a t i o n  t e c h n i q u e s  

( B ro o k s ,  P r e s l e y ,  & K a p la n ,  1 9 6 7 ) .  U n f o r t u n a t e l y ,  t h e  c h e l a t i o n -  

e x t r a c t i o n  method a l s o  h a s  some s i g n i f i c a n t  p r a c t i c a l  d i s a d v a n t a g e s :

1 .  I t  s e v e r e l y  r e d u c e s  t h e  volume o f  sample  a v a i l a b l e  f o r  

a n a l y s i s .  In t h i s  s t u d y ,  t h e  c o n c e n t r a t i o n s  o f  f i v e  m e t a l s  in  each  

sample were t y p i c a l l y  d e t e r m i n e d  i n  20 t o  40 mL o f  MIBK e x t r a c t .

2 .  The l a b o r a t o r y  work r e q u i r e d  t o  p r e p a r e  ea ch  sample  f o r

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

3 .  I t  a p p r o x i m a t e l y  t r i p l e s  t h e  t o t a l  t im e  r e q u i r e d  f o r

a n a l y s i s .

Because  t h e  com plexes  may n o t  be s t a b l e  f o r  more t h a n  s e v e r a l  

h o u r s ,  t h e  MIBK e x t r a c t s  were  i m m e d i a t e l y  f r o z e n  w i t h  d ry  i c e .

Im m e d ia te ly  p r i o r  t o  a n a l y s i s ,  a l l  t h e  MIBK e x t r a c t s  f rom s t a n d a r d  

s o l u t i o n s  and sample  s o l u t i o n s  w ere  thawed t o g e t h e r  and t h e  d r o p l e t s  

o f  w a t e r  which had formed a t  t h e  b o t t o m s  o f  t h e  c o n t a i n e r s  were 

removed.

Atomic A b s o r p t i o n  S e n s i t i v i t y  and P r e c i s i o n

One measu re  o f  t h e  a b i l i t y  o f  an a to m ic  a b s o r p t i o n  i n s t r u m e n t  to  

d e t e c t  smal l  c o n c e n t r a t i o n s  o f  m e ta l  i s  t h e  s e n s i t i v i t y .  "The 

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

meta l  c o n c e n t r a t i o n  t h a t  p r o d u c e s  an a b s o r p t i o n  o f  \%  (an a b s o r b a n c e  

o f  a p p r o x i m a t e l y  0 . 0 0 4 4 ) "  (APHA, 1985,  p .  1 5 3 ) .  The s e n s i t i v i t y
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v a r i e s  w i t h  t h e  i n s t r u m e n t ,  t h e  meta l  d e t e r m i n e d ,  and t h e  t e c h n i q u e  

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

one f o u r t h  t o  one t e n t h  t h e  s e n s i t i v i t y  de p e n d in g  on t h e  m e t a l .  The 

s e n s i t i v i t y  f o r  each  meta l  was d e t e r m in e d  from t h e  a p p r o p r i a t e  c a l i ­

b r a t i o n  c u r v e s  ( T a b le  1 7 ) .

The p r e c i s i o n  o f  t h e  a tom ic  a b s o r p t i o n  d e t e r m i n a t i o n s  was 

c a l c u l a t e d  from t h e  c a l i b r a t i o n  c u r v e s  a s  d e s c r i b e d  by K o l t h o f f ,

S a n d e l l ,  Meehan,  and B r u c k e n s t e i n  ( 1 9 6 9 ) .

T ab le  17

Mean Atomic A b s o r p t i o n  S e n s i t i v i t i e s 3  (mg/L)

Method Cd Cu Pb Mi Zn

D i r e c t  A s p i r a t i o n  
o f  Aqueous S o l u t i o n s

. 0 2 .05 . 2 . 1 1 . 0 2

C h e l a t i  o n - E x t r a c t i  on . 0 0 2 .006 .014 . 0 1 2 . 0 0 1

C o n c e n t r a t i o n  t h a t  p ro d u c e s  an a b s o r b a n c e  o f  0 . 0 0 4 4 .

A n a l y s i s  f o r  C h l o r i d e  Ion

The c h l o r i d e  i o n  ( C l " )  c o n c e n t r a t i o n  in  e a ch  o f  t h e  s t r ea m  

sam ples  was d e t e r m i n e d  by d u p l i c a t e  Mohr t i t r a t i o n s  (APHA, AWWA, 

WPCF, 1981;  A y r e s ,  1958;  F i s c h e r  & P e t e r s ,  1 9 6 8 ) .

S t a t i s t i c a l  A n a ly s e s

All  s t a t i s t i c a l  c o m p u t a t i o n s  were  c a r r i e d  o u t  u s i n g  SPSS-X 

R e l e a s e  3 . 1  on a VAX 3600 com put er .
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CHAPTER I I I

RESULTS AND DISCUSSION 

D e s o r p t io n  S t u d i e s

D e s o r p t i o n  s o l u t i o n s  were p r e p a r e d  from w a t e r  c o l l e c t e d  f rom t h e  

Red Run-16 M i le  Road s t a t i o n  November 12,  1987.  T h i s  w a t e r  c o n t a i n e d  

122+1 mg/L c h l o r i d e .  The m e t a l s  c o n t e n t  o f  t h i s  w a t e r  was d e t e r m i n e d  

( T a b l e  18) and s u b t r a c t e d  from t h e  c o r r e s p o n d i n g  c o n c e n t r a t i o n s  o f  

m e t a l s  m eas u r ed  in  t h e  d e s o r p t i o n  t r i a l s .  The s e d i m e n t  u s e d  f o r  t h e  

d e s o r p t i o n  t r i a l s  was c o l l e c t e d  from t h e  Red Run-16 M i le  Road s t a t i o n  

O c t o b e r  31 ,  1985 and i t s  t o t a l  and e x c h a n g e a b le  m e t a l s  c o n t e n t  d e t e r ­

mined (T a b le  1 9 ) .  A l th o u g h  an a t t e m p t  was made t o  c o n t r o l  t h e  pH o f  

e ach  d e s o r p t i o n  e x p e r i m e n t  a t  7 . 6 + 0 . 1 ,  t h e  a c t u a l  pH u s u a l l y  r a n g e d  

f rom 7 . 6  -  7 . 8 .  On a  few o c c a s i o n s  t h e  pH b r i e f l y  r a n g e d  a s  h i g h  a s

8 . 0  b e f o r e  b e i n g  c o r r e c t e d  back t o  7 . 6 .

A l i q u o t s  were  removed from ea ch  o f  t h e  sodium c h l o r i d e  o r  sodium 

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

f o r  t h e i r  hea vy  m e t a l s  c o n t e n t  ( T a b le s  20,  21 ,  22 ,  & 2 3 ) .  Lead was 

g e n e r a l l y  be low d e t e c t i o n  l i m i t s  and was ,  t h e r e f o r e ,  d e l e t e d  f rom 

f u r t h e r  a n a l y s i s .  The d a t a  f o r  each  meta l  and s am p l in g  t i m e  were  

s u b j e c t e d  t o  a m u l t i p l e  r e g r e s s i o n  a n a l y s i s  u s i n g  a "dummy" v a r i a b l e  

t e c h n i q u e  (Kle inbaum & Kuppe r ,  1 9 7 8 ) .  The dummy v a r i a b l e  s e r v e d  t o  

c a t e g o r i z e  t h e  c h l o r i d e  d a t a  and t h e  n i t r a t e  d a t a .  Doing so p e r m i t -
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T ab le  18

Metal C o n c e n t r a t i o n s  ( u g / L )  i n  Water  Used f o r  D e s o r p t i o n  t r i a l s

Metal  Cd Cu Pb Ni Zn

C o n c e n t r a t i o n  1+ .6 4+.5 nda 16+2 54+4

a nd = none d e t e c t e d .

T ab le  19

M e t a l s  C o n t e n t  (mg/kg d ry  wt)  i n  S ed im e n t s  
Used f o r  D e s o r p t i o n  T r i a l s

Metal  Cd Cu Pb Ni Zn

To tal  5 . 2 + . 3 46+1.1 119+1.1 3 6 + 1 .4 277+3

E xch angeab le  1 . 2 + . 1 3 . 0 + . 1 2 . 0 + . 2 1 . 8 + . 1 2 8 . 9 + . 8

t e d  bo th  t h e  i n c o r p o r a t i o n  o f  a r e g r e s s i o n  o f  meta l  c o n c e n t r a t i o n  on

c h l o r i d e  c o n c e n t r a t i o n  and  a r e g r e s s i o n  o f  meta l  c o n c e n t r a t i o n  on

n i t r a t e  c o n c e n t r a t i o n  i n t o  a s i n g l e  m ode l .  For  e x a m p l e ,  i f  t h e  dummy

v a r i a b l e  Z = 0  i s  a s s i g n e d  t o  t h e  c h l o r i d e  d a t a  and Z = 1 t o  t h e

n i t r a t e  d a t a ,  b o th  s e t s  o f  d a t a  can be f i t t e d  t o  an e q u a t i o n  o f  t h e  

form:

Y = Bq + BXX + B2Z + B3XZ + E (1)

where Y = t h e  c o n c e n t r a t i o n  o f  t h e  meta l  o f  i n t e r e s t  and X = t h e  

a n io n  c o n c e n t r a t i o n ,  e i t h e r  c h l o r i d e  o r  n i t r a t e .  T h u s ,  f o r  t h e  

c h l o r i d e  d a t a ,  when Z = 0 ,  t h e  e q u a t i o n  becomes:

Y = Bq + BjX + E (2)

where Bq and B^ a r e  t h e  i n t e r c e p t  and t h e  s l o p e ,  r e s p e c t i v e l y ,  o f  t h e
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T a b l e  20

Cadmium C oncentration  (ug/L) in O esorption  S o lu tio n s3

T est fo r T es t fo r
C oncen tra tion  o f Added Anion (mg/L)

Added P a ra lle l ism Coincidence

Time Anion 0 250 500 1000b 2500b 5000 10.000 F(d f) Ft df)

C l” nd 1 1 2 4 7 ie-tc
20 min ndc 57 .7 6 (1 ,1 0 ) 4 6 .8 6 (2 ,1 0 )”

no3- 1 nd 1 nd 1 2

CT nd 1 nd 2 5 9
60 min nd 3 7 .27(1 .10 ) 2 5 .89 (2 ,10 )

no3- 1 nd nd 2 2 4

Cl* 1 1 nd 2 __d 9 h it
3 hr nd 1 9 .0 7 (1 ,9 ) 1 3 .2 1 (2 .9 )

N03” 1 nd 1 1 3 5

C l” 2 1 1 3 6 9 **
24 hr 1 23 .8 1 (1 ,1 0 ) 1 8 .74 (2 ,10 )

no3- 2 nd 2 2 2 4

c r 2 2 1 3 7 12 •kit **
3 days nd 59 .75(1 .10 ) 43 .2 0 (2 ,1 0 )

no3” 2 1 2 2 2 3

c r 3 3 S 8 13
7 days 1 7 3 .0 6 (1 ,9 ) 8 4 .6 6 (2 ,9 )

no3- 2 1 1 1 3 3

Cl" 2 3 2 5 11 15 ** **
15 days 2 63 .6 9 (1 ,1 0 ) 5 0 .22 (2 ,10 )

no3- 3 1 3 1 3 2

P re c is io n
Cl d a ta + .3 +.3 +1 +1 +1 +1

+.1 —
NO," d ata + .6 +.1 +1 +1 + .6 + .6J

C orrected  fo r  cadmium in  w ater used fo r  d e so rp tio n  s o lu t io n s  and fo r  cadmium in  added 
NaCl and NaNO,. The 1000 and 2500 ppm NO,” samples were analyzed to g e th e r .  A small 
change in  in stru m en t c o n d itio n s  during  the  a n a ly s is  n e c e s s i ta te d  u sin g  th e  c a l ib ra t io n  
curve determ ined a t  th e  beginning o f the  a n a ly s is  fo r  th e  f i r s t  f iv e  sam ples and the  
c a l ib ra t io n  curve determ ined a t  th e  end o f th e  a n a ly s is  fo r  th e  l a s t  n in e  sam ples, 

nd = none d e te c te d . — = not determ ined .

*£< 0.005 **£< 0.001
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Table 21

Zinc C oncentration  ( ug/L) in D esorption S o lu tio n s3

Time

Added

Anion

C oncentration  of 

0 250 500 1000

Added

2500

Anion

500Qb

T est fo r
(mg/L)

P a ra lle l ism  

10.0006 F jd f )

T es t fo r 

C oincidence 

H  df)

Cl" 23 26 24 24 32 27
20 min 31 7 .0 8 (1 ,1 0 ) 3 .5 4 (2 .1 0 )nsc

no3* 27 40 32 25 16 17

Cl* 24 34 16 23 41 38
60 min 26 2 .2 9 (1 ,1 0 )ns 1 .2 8 (2 ,1 0 )ns

N03* 25 37 22 27 23 29

Cl* 18 35 16 20 __d 36
3 hr 30 2 .3 1 ( l ,9 )n s 1 .1 7 (2 ,9 )n s

no3- 27 51 25 21 10 23

C l ' 25 38 11 15 46 34
24 hr 29 3 .3 7 (1 ,1 0 )ns 3 .0 2 (2 ,1 0 )ns

no3- 20 33 17 18 9 11

ci* 7 7 7 19 42 34 ★
3 days 29e 1 0 .12(1 ,10 ) 5 .1 7 (2 .1 0 )

no3* 19 21 32 15 6 6

c i* 6 40 21 16 50 44
7 days 22e 9 .2 0 (1 ,1 0 ) 5 .0 7 (2 ,1 0 )

no3* 39 28 20 25 23 2

Cl* 20 35 18 36 76 46
15 days 21e 4 .9 6 (1 ,1 0 ) 6 .6 6 (2 ,1 0 )

NO 3* 19 12 36 22 4 2

P re c is ia n
Cl d a ta +3 +3 +5 +5 +3 +3

NO,* data
r O

+4 +6 +4 +4 +7 +70
** ~

C o rrec ted  fo r  z in c  in w ater used fo r  d eso rp tio n  so lu tio n s  and fo r  z in c  in  added NaCl 
and NaNO,. The c a l ib ra t io n  curve fo r  the n i t r a t e  d a ta  showed some c u rv a tu re .  E s t i ­
mated e r r o r  +3 u g / l .  ns = not s ig n i f ic a n t .  —  = n o t determ ined . E stim ated  from 
c o r re c t io n s  To d a ta ,  n e c e ss ita te d  by e le c t r i c a l  f a i l u r e  during  a n a ly s is .

*p< 0 ,05  **p< 0.01
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Table 22

Copper C o n cen tra tio n  ( ug /L ) in Desorption S o lu tio n s3

Time

Added

Anion

C o n cen tra tio n  o f 

0 250 500 1000

Added

2500

Anion

5000

(mg/L)

10.000

T es t fo r 

P a ra lle l ism  

F{ d f )

T e s t fo r 

Coi nci dence 

F (d f)

Cl* 27 29 11 14 11 12
20 min 20 0 .1 1 (1 .1 0 )n sb 0 .0 6 ( 2 ,10)ns

no3* 20 31 10 15 14 13

cr 36 34 12 16 13 18
60 min 23 0 .3 2 (1 ,10 )ns 0 .3 5 ( 2 ,10)ns

no3* 19 32 10 16 12 20

cr 38 33 13 16 __c 19
3 hr 28 0 .0 4 (1,91ns 0 .0 2 ( 2 ,9)ns

no3* 24 47 18 16 12 19

Cl* 42 41 17 20 20 25
24 hr 33 3 .0 6 (1 .1 0 )ns 0 .3 8 (2 ,1 0 )n s

no3- 24 35 20 19 18 22

cr 30 23 __ 20 18 25
3 days 26 0.03 (1 ,9 ) ns 1 .4 9 (2 ,9)ns

no3* 16 26 17 15 14 19

Cl* 29 35 26 10 13 19
7 days 28 0 .0 6 ! l ,1 0 )n s 1 .2 6 (2 ,10)ns

no3- 12 30 7 9 9 12

cr 20 20 13 12 24 18
15 days 24 0 .6 4 (1 ,10)ns 0 .5 8 ( 2 ,10)ns

no3* 20 29 7 7 12 13

P re c is io n
Cl d ata +9 +4 +4 +2 +2 +2 +2

NO,* data +3 +2 +2 +2 +1 +1J

C o r re c te d  fo r  copper in  w a ter used fo r  desorp tion  s o lu t io n s  and f o r  copper in  added 
NaCl and NaNO-j. n o t s i g n i f i c a n t .  — * no t determ ined.
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T a b le  23

Nickel C oncen tration  ( ug/L ) in D esorp tion  S o lu tio n s3

Time

Added 

Ani on

C o n cen tra tion  nf Added 

0 250 500 1000 2500

Anion (mg/L) 

5000 10,000

T est for 

P a ra lle lism  

Fj df)

T es t fo r  

C oincidence 

F (df)

Cl" 35 34 6 6 15 12 w

20 min 24 1 .1 9 (1 ,9 )n s 0 .6 4 (2 ,9 )n s
no3" c 28 9 18 18 25

Cl" 38 32 6 9 11 18
60 min 26 0 .7 5 (1 ,9 )n s 0 .4 6 (2 ,9 )n s

no3" 22 1 18 12 24

Cl" 3 7 30 6 12 14
3 hr 28 0 .1 3 (1 .8 )ns 0 .0 7 (2 ,8 )n s

no3- — 40 12 11 11 24

cr 42 35 7 9 13 19
24 hr 28 0 .2 1 ( l ,9 )n s 0 .2 1 (2 ,9 )n s

SC o
C

O
1

28 10 14 9 21

cr 26 18 1 13 10 15
3 days 17 0 .0 2 ( l ,9 )n s 0 .4 8 (2 ,9 )ns

no3" 13 8 5 5 13

cr 13 19 13 ndd 4 8
7 says 11 0 .3 1 (1 ,9 )n s 1 .4 8 (2 ,9 )n s

no3" 13 -7 e -1 -3 6

Cl" 3 4 1 nd 3 7
15 days 8 0 .0 0 (1 ,9 )n s 0 .7 8 (2 ,9)ns

no3- — 7 - U -5 -2 4

P re c is io n
Cl d ata +13 +13 +3 +3 +4 +4

NO," data +6 +5 +5 +3 +3

C o rrec ted  fo r  n ick e l in  w ater used fo r  d e so rp tio n  s o lu t io n s  and fo r n ick e l in  added 
NaCl and NaNO,. ns = n o t s ig n i f ic a n t .  —  = no t d e te rm in ed . nd = none d e te c te d , 

n e g a tiv e  s ign  in d ic a te s  a n e t ad so rp tio n  o f n ic k e l .
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c h l o r i d e  r e g r e s s i o n  l i n e .  F o r  t h e  n i t r a t e  d a t a ,  when Z = 1 ,  t h e  

e q u a t i o n  becomes:

Y = (BQ + B2 ) + (B1  + B3 )X + E (3)

where (BQ + B2 ) and (B^ + B^) a r e  t h e  i n t e r c e p t  and s l o p e ,  r e s p e c ­

t i v e l y ,  o f  t h e  n i t r a t e  r e g r e s s i o n  l i n e .

The f o l l o w i n g  two h y p o t h e s e s  were  t h e n  t e s t e d  f o r  E q u a t i o n  1:

1 .  The two r e g r e s s i o n  l i n e s  a r e  p a r a l l e l  ( H ^  B3  = 0 ) .

I f  B3  = 0 ,  t h e  s l o p e  o f  bo th  t h e  c h l o r i d e  and t h e  n i t r a t e  r e g r e s s i o n  

l i n e s  i s  B^, mean ing  t h e  l i n e s  a r e  p a r a l l e l .  The h y p o t h e s i s  i s  

t e s t e d  u s i n g  an £  t e s t  c a l c u l a t e d  f rom:

r  _ SS r e g r e s s i o n  (X,Z,XZ) -  SS r e g r e s s i o n  (X,Z)
-  ------------------MS“ residuanX\Z',7Z)- m

A s i g n i f i c a n t  £  a l l o w s  t h e  h y p o t h e s i s  t o  be r e j e c t e d  and i n d i c a t e s  

t h e  s l o p e s  o f  t h e  two r e g r e s s i o n  l i n e s  a r e  n o t  e q u a l .  I f  t h e  s l o p e  

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

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

i n c r e a s i n g  c h l o r i d e  ion  c o n c e n t r a t i o n s  p ro d u ce  a g r e a t e r  r e l e a s e  o f  

t h e  meta l  i n  q u e s t i o n  from t h e  s e d i m e n t s  t h a n  does  t h e  c o r r e s p o n d i n g  

i n c r e a s e  i n  n i t r a t e  ion  c o n c e n t r a t i o n s .

2 .  The two r e g r e s s i o n  l i n e s  a r e  c o i n c i d e n t  (1 ^ :  B2  = B3  = 0 ) .

I f  b o t h  B2  and B3  a r e  z e r o ,  t h e  n i t r a t e  r e g r e s s i o n  l i n e  ( E q u a t i o n  3)

r e d u c e s  t o  t h e  c h l o r i d e  r e g r e s s i o n  l i n e  ( E q u a t i o n  2 ) ,  meaning t h e  two

l i n e s  a r e  c o i n c i d e n t .  The h y p o t h e s i s  i s  t e s t e d  u s i n g  an £  t e s t  

c a l c u l a t e d  f rom:

r _  CSS r e g r e s s i o n  (X,Z,XZ) -  SS r e g r e s s i o n  (X) 3 / 2  / c ,
£■"------------- RrrSsTra”o?7z7xzT------------ 1 }
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A s i g n i f i c a n t  £  a l l o w s  t h e  h y p o t h e s i s  t o  be r e j e c t e d  and i n d i c a t e s  

t h e  two r e g r e s s i o n  l i n e s  a r e  n o t  c o i n c i d e n t .  T h u s ,  i f  c o r r e s p o n d i n g  

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

i n c r e a s e  in  meta l  c o n c e n t r a t i o n  ( t h e  s l o p e s  o f  t h e  two l i n e s  a r e  

e q u a l ) ,  one  a n i o n  c o u l d  s t i l l  p ro d u ce  an o v e r a l l  g r e a t e r  r e l e a s e  o f  

meta l  com pared  t o  t h e  o t h e r .  The t e s t  f o r  c o i n c i d e n c e  a l l o w s  one t o  

t e s t  f o r  t h i s  p o s s i b i l i t y .  The t e s t  f o r  p a r a l l e l i s m  and t h e  t e s t  f o r  

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

c h l o r i d e  v e r s u s  n i t r a t e  in  r e l e a s i n g  heavy m e t a l s  f rom s e d i m e n t s .

R e s u l t s  o f  t h e s e  s t a t i s t i c a l  t e s t s  ( T a b l e s  20 ,  21 ,  22 ,  & 23) 

i n d i c a t e  t h a t  cadmium i s  r e l e a s e d  from s e d i m e n t s  t o  a g r e a t e r  e x t e n t  

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

n i t r a t e  i o n .  Not o n l y  a r e  o v e r a l l  l e v e l s  o f  cadmium r e l e a s e d  g r e a t e r  

w i t h  c h l o r i d e  i o n ,  b u t  t h e  amounts  r e l e a s e d  i n c r e a s e d  t o  a g r e a t e r  

e x t e n t  w i t h  i n c r e a s i n g  c h l o r i d e  c o n c e n t r a t i o n  t h a n  w i t h  i n c r e a s i n g  

n i t r a t e  c o n c e n t r a t i o n .  Because t h e  n i t r a t e  ion  i s  a weak l i g a n d  a t  

b e s t  and fo r m s  r e l a t i v e l y  few s t a b l e  complexes  (van d e r  Weijden e t  

a l . ,  1977 ;  M a s t e r t o n  & S l o w i n s k i ,  1 9 7 7 ) ,  t h e s e  r e s u l t s  a r e  s u p p o r t i v e  

o f  a d e s o r p t i o n  model i n  which n i t r a t e  s o l u t i o n s  i n c r e a s e  cadmium 

s o l u b i l i t y  p r i m a r i l y  t h ro u g h  i o n - e x c h a n g e  a t  s e d i m e n t  a d s o r p t i o n  

s i t e s ,  w h e r e a s  c h l o r i d e  ion a d d i t i o n a l l y  fo rm s  co m p lex es  w i t h  cadmium 

and i n c r e a s e s  i t s  m o b i l i z a t i o n  f rom s e d i m e n t s .

A s i m i l a r ,  b u t  more subdued e f f e c t  was o b s e r v e d  f o r  z i n c .  The £  

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

( £ < . 0 5 )  f o r  o n l y  t h e  t h r e e  l o n g e s t  d e s o r p t i o n  p e r i o d s .  These  t e s t s  

d e m o n s t r a t e  t h a t  t h e  c h l o r i d e  and n i t r a t e  r e g r e s s i o n  l i n e s  f o r  each
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desor pt ion per iod were no t  c o i n c i d e n t  and had d i f f e r e n t  s l o p e s .

Along wi th the  observed c o n c e n t r a t i o n s ,  t h i s  implies  t h a t  z inc  

desorbs  to  a g r e a t e r  e x t e n t  under  the  in f luence  o f  c h l o r i d e  ion than 

under th e  i n f lu en c e  of n i t r a t e  ion a t  th e  longer- des o r p t i o n  p e r io d s .

These r e s u l t s  suggest  t h a t  th e  format ion of  c h lo ro -z in c  complexes in 

the c h l o r i d e  s o l u t io n s  i n c re a s e  the  s o l u b i l i t y  of z inc  compared to 

t h a t  in th e  n i t r a t e  s o l u t i o n s  where such complexes cannot  occur to 

an ap p r ec i ab l e  e x t e n t .  F u r t h e r ,  t h e  more pronounced r e s u l t s  fo r  

cadmium compared to  z inc  su g g es t  t h a t  th e  formation of s o l u b l e  

chloro-meta l  complexes ar e  more impor tant  in the  d e s o r p t io n  o f  

cadmium than they a r e  fo r  z i n c .  These ar e  the  r e s u l t s  one might 

expect  i f  z inc  desorbs  from sediments more slowly and to  a l e s s e r  

ex t e n t  than does cadmium.

A number of  o t h e r  s t u d i e s  have pointed  to  the f a c t  t h a t  c h l o r i d e  

ion con c en t ra t i o n  in f lu en c es  th e  deso rp t i o n  or adsorp t ion o f  cadmium 

to  a g r e a t e r  e x t e n t  than z i n c ,  van der  Weijden e t  a l . (1977) com­

pared the  p e r cen t  metal desorbed from Rhine River suspended sediment 

in sea wate r  ver sus  " n i t r a t e  sea  water"  a t  pH 7.5 and o b ta in ed  

r e s u l t s  analogous  to  those  of t h i s  s tudy .  Cadmium was found to  

desorb t o  a much g r e a t e r  e x t e n t  in sea water compared to  " n i t r a t e  sea 

water" (80% versus  17%, Table 12).  For z inc ,  the  e f f e c t  was much 

l e s s  pronounced (21% ver sus  17%). T y le r  and McBride (1982) found the  

o rde r  of  mob i l i ty  of  meta ls  in  o rg an ic  and mineral  so i l  columns 

leached wi th  0.01 M CaCl2  to be:  Cd _> Ni Zn »  Cu. Salomons 

(1980) determined th e  i n f lu en c e  o f  c h l o r i n i t y  on the  ad so r p t io n  o f  

cadmium and z inc  onto Rhine River  suspended sediment to  be smal le r
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fo r  z in c  than f o r  cadmium. For example,  an i n c r e a s e  in  c h lo r id e  

co n c e n t r a t i o n  from 0 to  19,000 ppm a t  pH 8.5  dec reased  t h e  percentage  

o f  cadmium adsorbed from 60% to 5%. For z inc t h e  change was from 75% 

to  57%.

In t h e i r  s tudy o f  t h e  e f f e c t  of  ca lc ium magnesium a c e t a t e  on the  

m o b i l i t y  o f  heavy m e ta l s  in a s i l t  loam s o i l ,  E l l i o t t  and Linn (1987) 

f a i l e d  to  d e t e c t  d i f f e r e n c e s  in the  e x t e n t  o f  z i n c  d e s o r p t io n  between 

0 . 0 1  M calc ium magnesium a c e t a t e  or  the  correspond ing c h l o r i d e  or 

n i t r a t e  s a l t s  a t  pHs between 4 and 6 .5 .

The m u l t i p l e  r e g r e s s i o n  analyses  d id  not re vea l  any s i g n i f i c a n t  

d i f f e r e n c e s  f o r  e i t h e r  copper  or n ickel  in l e v e l s  o f  metal  desorbed 

from sediments  wi th c h l o r i d e  s o l u t io n s  versus  n i t r a t e  s o l u t io n s  

(Tables  22 & 2 3 ) .  Analogous r e s u l t s  were o b ta ined  by Doner (1978) in 

h i s  i n v e s t i g a t i o n  o f  th e  m o b i l i t i e s  of  n i c k e l ,  coppe r ,  and cadmium 

ions  through s o i l .  L i t t l e  d i f f e r e n c e  was found in  th e  c o n c en t ra t i o n  

o f  copper o r  n ick el  in  t h e  e f f l u e n t  from sandy loam columns with 0 . 1  

M NaCl (3550 ppm Cl) v e r sus  0.1 M NaClO^. Cadmium c o n c e n t r a t i o n s ,  

however,  were up to  10 t imes  g r e a t e r  in  the  NaCl e f f l u e n t  than in th e  

NaClO^ e f f l u e n t — the e x a c t  value depending upon th e  number o f  pore 

volumes of  s o l u t i o n  t h a t  had passed through the  column.

In t h i s  s t u d y ,  an o v e r a l l  Pearson c o r r e l a t i o n  c o e f f i c i e n t  was 

c a l c u l a t e d  f o r  each metal  f o r  c h lo r id e  ion c o n c e n t r a t i o n  versus  metal 

co n c e n t r a t i o n  (Table  2 4 ) .  A c o r r e l a t i o n  c o e f f i c i e n t  f o r  n i t r a t e  ion 

c o n c e n t r a t i o n  ve rsus  metal  c o n c en t r a t i o n  was a l s o  c a l c u l a t e d  for  

compar ison.  Of th e  f o u r  m e ta l s ,  cadmium was found to  c o r r e l a t e  most 

s t r o n g l y  wi th  c h l o r i d e  ( r = . 9 0 ) .  Thus, h ighe r  c o n c e n t r a t i o n s  of
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T a b l e  24

Anion-M eta l  C o r r e l a t i o n s 3  i n  D e s o r p t i o n  T r i a l s

Metal C h l o r i d e  C o r r e l a t i o n  (j^) N i t r a t e  C o r r e l a t i o n  ( r )

Cadmium .90  ( v e r y  h i g h  p o s i t i v e ) 13 . 6 8  ( m o d e r a t e  p o s i t i v e )

Copper - . 3 8  ( l o w  n e g a t i v e ) - . 3 5  ( low n e g a t i v e )

Nickel - . 2 9  ( l i t t l e  i f  any) - . 0 3  ( l i t t l e  i f  any)

Zinc .49 ( low  p o s i t i v e ) - . 5 8  ( m o d e r a t e  n e g a t i v e )

Pea r so n  c o r r e l a t i o n  c o e f f i c i e n t s .  Terms d e s c r i b i n g  t h e  d e g r e e  o f  
c o r r e l a t i o n  a r e  f rom:  H i n k l e ,  D. E . ,  Wiersma,  W., & J u r s ,  S.  G.
( 1 9 7 9 ) .  A p p l i e d  s t a t i s t i c s  f o r  t h e  b e h a v i o r a l  s c i e n c e s . B os to n :  
Houghton M i f f l i n .

d i s s o l v e d  cadmium w ere  a s s o c i a t e d  w i t h  h i g h e r  c o n c e n t r a t i o n s  o f  

c h l o r i d e  i o n  w i t h  81% o f  t h e  v a r i a n c e  in  cadmium l e v e l s  b e i n g  a s s o ­

c i a t e d  w i t h  t h e  v a r i a n c e  i n  c h l o r i d e  l e v e l s .  Cadmium was a l s o  

o b s e r v e d  t o  have a m o d e r a t e  c o r r e l a t i o n  ( r = . 6 8 ) w i t h  n i t r a t e  ion  

c o n c e n t r a t i o n .  The " m o d e r a t e "  c a d m i u m - n i t r a t e  c o r r e l a t i o n  i s  what  

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

cadmium s o l u b i l i t y  t h r o u g h  ion  exchange a t  s e d i m e n t  a d s o r p t i o n  s i t e s .  

The " v e ry  h ig h "  c a d m i u m - c h l o r i d e  c o r r e l a t i o n  i s  w h a t  would  be e x ­

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

complexes  which d o m i n a t e d  t h e  cadmium s p e c i e s  i n  s o l u t i o n .  High 

c h l o r i d e  l e v e l s  would  t h e n  f a v o r  t h e  a d d i t i o n a l  r e l e a s e  o f  cadmium 

from s e d i m e n t s  compared  t o  t h e  same l e v e l s  o f  n i t r a t e  i o n .

Fo r  z i n c ,  a p o s i t i v e  b u t  somewhat lo w er  c o r r e l a t i o n  o f  meta l  and 

c h l o r i d e  l e v e l s  ( r = . 4 9 )  was o b s e r v e d .  The v a r i a n c e  i n  z i n c
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c o n c e n t r a t i o n  was a s s o c i a t e d  w i t h  o n l y  24% o f  t h e  v a r i a n c e  in

c h l o r i d e  c o n c e n t r a t i o n .  A l e s s  pronou nc ed  c o r r e l a t i o n  o f  z i n c  and

c h l o r i d e  l e v e l s  would  be e x p e c t e d  i f  c h l o r o - z i n c  com plexes  were in

2+c o m p e t i t i o n  w i t h  o t h e r  m a jo r  z i n c  s p e c i e s  ( f o r  e x a m p l e ,  Zn ,

Zn(OHIg0 , and ZnCOg0 ) i n  s o l u t i o n .

L i ,  B u r k h a r d t ,  and T er ao ka (1984) a t t e m p t e d  t o  model t h e  

b e h a v i o r  o f  t r a c e  m e t a l s  d u r i n g  e s t u a r i n e  m i x in g .  They added r a d i o ­

t r a c e r  s p i k e s  t o  m i x t u r e s  o f  s e a w a t e r  and Hudson and M i s s i s s i p p i  

r i v e r w a t e r s  and d e t e r m i n e d  d i s t r i b u t i o n  c o e f f i c i e n t s  between s u s ­

pended s e d i m e n t s  and w a t e r  as  a f u n c t i o n  o f  t im e  and s a l i n i t y .

S i m i l a r  t o  t h e  r e s u l t s  o f  t h i s  s t u d y ,  t h e y  fo und  t h a t  cadmium and 

z i n c  a l o n g  w i t h  c o b a l t ,  m anganese ,  c e s iu m ,  and b a r iu m  were  d e s o r b e d  

f rom r i v e r  s u s p e n d e d  p a r t i c l e s  a t  h i g h e r  s a l i n i t i e s .  S i g n i f i c a n t  

f r a c t i o n s  o f  d i s s o l v e d  i r o n ,  t i n ,  b i s m u t h ,  c e r i u m ,  and m erc u ry ,  

howe ver ,  were  c o a g u l a t e d  and removed from s o l u t i o n .  A f t e r  one day o f  

e q u i l i b r a t i o n ,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  r e a c h e d  n e a r l y  c o n s t a n t  

v a l u e s .  They f u r t h e r  found  t h a t  an i n c r e a s e  o f  0 . 2  pH u n i t s  p rod uc ed  

v i r t u a l l y  no ch a n g e  i n  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  cadmium f o r  

s a l i n i t i e s  o f  0 o / o o ,  6  o / o o ,  and 29 o / o o .  The same i n c r e a s e  i n  pH 

c a u s e d  a smal l  i n c r e a s e  i n  a d s o r p t i o n  f o r  z i n c  w i t h  t h e  e f f e c t  most  

n o t i c a b l e  a t  a s a l i n i t y  o f  0 o / o o .  O th e r  s t u d i e s  (S a lom ons ,  1980; 

van d e r  Wei jden e t  a l . ,  1977) have c o n f i r m e d  t h e  a l m o s t  n e g l i g i b l e  

ch a nge  in  cadmium d e s o r p t i o n  o r  a d s o r p t i o n  w i t h  a ch an g e  in  pH o f  

0 . 5  pH u n i t s .  Those  same s t u d i e s ,  howe ve r ,  have d e m o n s t r a t e d  a 

r a t h e r  s t r o n g  d ep e n d en ce  o f  z i n c  d e s o r p t i o n  o r  a d s o r p t i o n  on pH. The 

i m p l i c a t i o n  f o r  t h i s  s t u d y  i s  t h a t  smal l  v a r i a t i o n s  i n  pH d u r i n g  t h e
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deso rp t i on  t r i a l s  probably had a n e g l i g i b l e  e f f e c t  on the  measured 

c o n c e n t r a t i o n s  o f  cadmium but  may have made some c o n t r i b u t i o n  to  the 

v a r i a b i l i t y  observed in the  z in c  d a ta .

Copper and ni ckel  were found to have low ( r = - . 3 8 )  t o  l i t t l e ,  i f  

any ( r = - . 2 9 ) ,  neg a t iv e  c o r r e l a t i o n s ,  r e s p e c t i v e l y ,  wi th  ch lo r id e  ion 

co n c en t ra t i o n  in  th e  deso rp t i on  t r i a l s  o f  t h i s  s tu d y .  I f  copper and 

nickel  do not  form so lu b le  c h lo ro - s p e c i e s  even a t  e l e v a t e d  c h lo r id e  

c o n c e n t r a t i o n s ,  one might  expect  the co rrespon ding  m e t a l - c h lo r id e  

c o r r e l a t i o n s  to  be very sm al l ,  but  p o s i t i v e ,  due t o  ion-exchange wi th 

the  sediment .  On the  o th e r  hand, e l e v a t ed  c o n c e n t r a t i o n s  of s a l t  are 

known to  promote f l o c c u l a t i o n  of  organic  subs tance s  and t h e i r  conse­

quent removal from s o l u t io n  (Fo rs tne r  & Wittmann, 1981).  Metals t h a t  

are  s t r o n g ly  a s s o c i a t e d  wi th such organic  m a t t e r  would,  as a r e s u l t ,  

a l so  be removed from s o l u t i o n .  The s o l u t io n  c o n c e n t r a t i o n  o f  thes e  

o r g a n i c a l l y  bound me ta l s  would,  t h e r e f o r e ,  be expe cted  to  show a 

neg a t ive  c o r r e l a t i o n  wi th c h lo r id e  c o n c e n t r a t i o n .

A number o f  e x t r a c t i o n  and leaching s t u d i e s  have shown t h a t  some 

meta ls  have p a r t i c u l a r  a f f i n i t i e s  for  th e  o rg an ic  phase in  s o i l s  and 

sediments .  Hamil ton,  R e v i t t ,  and Warren (1984) determined th e  as so­

c i a t i o n  o f  cadmium, copp er ,  l e a d ,  and z inc  in  f i v e  physica l  and 

chemical f r a c t i o n s  o f  road d u s t  and found copper t o  be d i s t r i b u t e d  

predominately (70%) in  th e  or ganic  phase .  The o rg a n ic  a s s o c i a t i o n s  

of  the  remaining meta l s  ranged from 13% fo r  z i nc  t o  24% for  cadmium.

A s i m i l a r  s tudy by H a r r i so n ,  Laxen, and Wilson (1981) o f  s t r e e t  dus t s  

and roadside  s o i l s  l i k ew i s e  found a d i s p r o p o r t i o n a t e  percen tage  of  

copper (48-58%) in  th e  o rg an ic  f r a c t i o n  compared t o  cadmium (8 %),
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lead  (8-12%), and z i n c  (8-9%). Nriagu and Coker (1980) examined Lake 

Ontar io  sediments and found t h a t  copper and nickel  were en r i c h e d  in 

the  humic ac id  f r a c t i o n  compared to  the  a s s o c i a t e d  sediment  f r a c t i o n  

by mean f a c t o r s  o f  29.9 and 2.1 r e s p e c t i v e l y .  For cadmium and z i n c ,  

the  f a c t o r s  were 0 .60 and 0 .57 r e s p e c t i v e l y .  Ty ler  and McBride 

(1982) added cadmium, copp er ,  n i c k e l ,  and z inc  t o  two minera l  s o i l s  

and one organic  so i l  and compared t h e i r  r e l a t i v e  e x t r a c t a b i l i t y  wi th 

0 .1  M HC1. Whereas n e a r l y  100% o f  a l l  four  meta ls  were e x t r a c x a b l e  

from one mineral  s o i l  and 55-63% were e x t r a c t a b l e  from a n o t h e r ,  only 

32% of the  copper and 44% of  the  n icke l  were e x t r a c t a b l e  from the  

organic  s o i l .  Zinc and cadmium were e x t r a c t a b l e  to  an e x t e n t  o f  54% 

and 60% r e s p e c t i v e l y .

Tyler  and McBride a l s o  examined the  r e l a t i v e  m o b i l i t y  o f  

cadmium, copp er ,  and n icke l  through a mineral  s o i l  column and an 

organic  so i l  column upon e l u t i o n  wi th  0.01 M CaCl2 . They found t h a t  

both cadmium and n icke l  e l u t e d  l a t e r  and in much s m a l l e r  q u a n t i t i e s  

from the  organ ic  s o i l  than from the  mineral  s o i l .  Copper d id  not  

e l u t e  a t  a l l  from the  o rg a n ic  s o i l .

These s t u d i e s  i n d i c a t e  t h a t  copper and,  to  a l e s s e r  e x t e n t ,  

n ickel  ar e  more s t r o n g l y  bound to  organ ic  m a te r i a l  in road d u s t s  and 

s o i l s  than cadmium and z i n c .  As i t  ap p l i e s  to  t h i s  s t u d y ,  t h e  nega­

t i v e  c o r r e l a t i o n s  o f  copper  and nickel  wi th c h l o r i d e  c o n c e n t r a t i o n  in 

the  deso rp t ion s t u d i e s  may be a r e f l e c t i o n  o f  the  lower s o l u b i l i t y  of  

o rg a n ic a l l y  bound copper  and nicke l  in s o l u t i o n s  o f  h ig h e r  io n i c  

s t r e n g t h .
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Heavy Metals  in  Water

Water samples were c o l l e c t e d  from th e  t h r e e  sampling s t a t i o n s  

imned ia te ly  b e f o r e ,  d u r in g ,  and a f t e r  seve ra l  sn o w fa l l - ro ad  s a l t i n g  

even ts  (T ables  25, 26, & 27) .  A s e t  o f  samples was s i m i l a r l y  c o l ­

l e c t e d  f o r  a summer r a in  event  and s i n g l e  samples were c o l l e c t e d  

im nedia t e ly  a f t e r  a major snow-melt and r a in  (January  19, 1986) and 

a t  the  beginning  o f  th e  sp r i ng  season (March 29, 1986).  All the  snow 

event  samples e x h i b i t e d  e l e v a t e d  c h l o r i d e  c o n c e n t r a t i o n s  r e f l e c t i n g  

i ncreas ed  lo ad s  o f  de i c in g  s a l t s  from s t r e e t  r u n o f f .  Chlor ide  l e v e l s  

were g e n e r a l l y  h i g h e s t  a t  the  Bear Creek s i t e ,  s l i g h t l y  lower in 

Schoenherr  D ra in ,  and lowest  a t  the  16 Mile Road s i t e .  This ranking 

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

r u n o f f  wi th  w a te r  from o t h e r  sources .  The peak c h l o r i d e  conc en t ra ­

t i o n  a t  each s t a t i o n  was recorded during th e  same snow event  

(February 17 & 18, 1986).  These maxima were:  Bear Creek,  5425 ppm;

Schoenherr  D ra in ,  4571 ppm; and Red Run, 1830 ppm. These c h lo r id e  

c o n c e n t r a t i o n s  a r e  38, 27, and 16 t imes h ighe r  than t h e i r  r e s p e c t i v e  

summer means.  Thus,  d e ic in g  s a l t s  produce l a r g e  changes in  c h lo r id e  

l e v e l s  a t  t h e s e  sampling s t a t i o n s .

At each s t a t i o n ,  z inc  was found in the  h i g h e s t  c o n c e n t r a t i o n s ,  

g e n e r a l l y  fo l lowed by nickel  and coppe r ,  wi th  cadmium being d e t ec t ed  

a t  the  lo w es t  l e v e l s .  Lead was below th e  l i m i t s  of  d e t e c t a b i l i t y  in 

n ea r ly  a l l  t h e  samples and was, t h e r e f o r e ,  e l i m in a t e d  from f u r t h e r  

c o n s i d e r a t i o n .  In g e n e r a l ,  Bear Creek had th e  h i g h e s t  c o n c e n t r a t i o n s
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Table 25

D issolved Metal C oncen trations (ug/L) in Red Run a t 16 Mile Roada

Date Time P re c ip -. Snow- Sample ppm Cl Cd Cu Ni Zn
i t a t i  on fa l 1 Number

12-02-85 7:45 am 31 1.2 1 99 2 12 26 47

12-22-85 3:00 pm 20 1.9 6 270 1 8 29 45
12-22-85 8:40 pm 9 303 3 7 37 34
12-23-85 11:05 pm 12 333 1 8 40 40
12-23-85 9:15 pm 15 830 l d 5 28 25
12-24-85 7:50 am 18 1157 nd 5 38 62

1-04-86 10:50 pm 20 2.5 22 883 1 2 27 77
1-04-86 11:00 pm 21E 836 1 5 27 56
1-05-86 6:55 am 25 501 1 1 23 66
1-05-86 2:45 pm 28 540 1 4 23 52
1-05-86 11:20 pm 32 896 nd 3 24 49
1-06-86 1:35 pm 35 818 1 7 24 44

1-19-86 4:15 pm 38 38 250 3 9 — 20

2-08-86 1:05 am 31 5.8 39 564 1 2 18 61
2-08-86 2:10 pm 42 531 1 4 21 58

2-17-86 12:30 am 37 5.1 45 503 1 1 33 52
2-17-86 9:50 am 48 647 nd 2 38 58
2-17-86 10:10 am 49E 651 nd 3 41 46
2-17-86 4:10 pm 62 818 1 1 34 53
2-17-86 10:35 pm 55 1016 1 1 26 75
2-18-86 12:30 pm 58 1830 2 7 26 101
2-18-86 7:45 pm 61 1505 2 9 21 113

3-29-86 1:10 pm 0 62 249 3 3 18 48

1-02-87 1:45 am 19 2.8 64 135 2 ... 37 94
1-02-87 2:00 am 63E 134 1 — 36 44
1-02-87 11:59 am 67 157 nd — 33 43
1-02-87 8:00 pm 70 592 1 — 45 12
1-03-87 1:00 pm 73 894 1 — 42 79
1-03-87 9:10 pm 76 430 . 3 — 35 47

Pearson r  (m eta l:ch lo rid e ) -0 .18 -0 .09 -0 .18 0.57
P ro b a b ility 0.17 0.33 0.18 0.001

8-27-88 8:45 pm 17 77 I l l 1 1 17 52
8-27-88 11:45 pm 80 100 nd 1 13 47
8-28-88 1:40 am 83 104 1 1 14 41
8-28-88 7:00 am 86 120 nd — — 58
8-28-88 10:15 am 89 131 1 2 14 37

Mean P rec is ion +1 +1 +2 +4 +7

.W inter samples: temp. 4 - 14.5 C, mean pH = 7 .6 . Summer: temp. 20 -  23 C, mean pH = 7 .3 . 
in hundredths o f an Inch w ater e q u iv a le n t. E n trie s  are  t o ta l s  fo r each p re c ip ita tio n  

event and are averages o f data from six  ra in  gauges lo ca ted  in and around the  study a rea . 
From: Nurnberger, R. V ., S Ordiway, A. R. (1985-1988). [SEMCOG p r e c ip i ta t io n ,  annual 
summaries]. Unpublished raw d a ta . cin inches. Oata courtesy  gf W illiam McNeil, Weather 
S ta tio n  C h ief, S e lfr id g e  Air National Guard, Mt. Clemens, MI. nd = none d e tec ted .
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Table 26

Dissolved Metal C oncentrations (ug/L) in Schoenherr Drain Mouth3

Date Time P re c ip -b
i ta t io n

Snow- 
fa l 1

Sample
Number

ppm Cl Cd Cu Ni Zn

12-02-85 8:30 am 31 1.2 2 126 3 21 24 86
12-02-35 4:30 pm 4 266 3 9 14 32

12-22-85 4:00 pm 20 1.9 7 537 1 2 12 49
12-22-85 9:10 pm 10 1047 2 6 14 57
12-23-85 1 2 :L5 pm 13 2643 3 6 12 46
12-23-85 9:45 pm 16 2654 2 8 4 78
12-24-85 3:25 am 19 2217 3 5 7 70

1-04-86 11:30 pm 20 2.5 23 1273 ndd 4 17 67
1-05-86 7:25 am 26 1461 nd 9 13 87
1-05-86 3:20 pm 29 1721 nd 4 14 55
1-05-86 3:30 pm 30L 1206 nd 2 13 60
1-05-86 11:45 pm 33 2289 2 3 8 63
1-06-86 2:00 pm 36 3101 1 5 5 95

2-08-86 1:25 am 31 5.8 40 656 1 2 U 44
2-08-86 3:55 pm 43 1375 3 3 9 71

2-17-86 1:05 am 37 5.1 46 1833 2 13 7 72
2-17-86 10:45 am 50 3921 3 14 15 91
2-17-86 4:40 pm 53 3987 3 12 7 136
2-17-86 11:00 pm 56 4571 5 19 16 144
2-18-36 1:35 pm 59 2860 1 14 13 167

1-02-87 2:30 am 19 2.8 65 262 1 _ 10 158
1-02-87 12:25 pm 68 1208 nd — 25 S5
1-02-87 8:25 pm 71 2402 1 — 14 113
1-03-87 1:30 pm 74 858 2 — 15 135

Pearson r  (m eta l:ch lo rid e ) 0.42 0.36 -0.07 0.38
P ro b ab ility 0.02 0.06 0.37 0.03

8-27-88 9:25 pm 17 78 190 1 1 8 67
8-28-88 12:15 am 81 216 nd 2 nd 72
8-28-88 2:10 am 84 203 nd 3 2 34
8-28-88 7:20 am 87 108 nd 3 - - 71
8-28-88 10:45 am 90 114 1 2 14 29

Mean Prec ision +1 + .8 +2 +2 +6

3Winter samples: temp. 5 - 9°C, mean pH = 7 .7 . Summer: temp. 19 -  21 C, mean pH = 7.3 .
in hundredths o f an inch w ater e q u iv a len t. E n trie s  are t o ta l s  fo r  each p re c ip i ta t io n  

event and are averages o f d a ta  from six  ra in  gauges loca ted  in and around the  study a rea . 
From: Nurnberger, R. V ., & Ordiway, A. R. (1985-1988). [SEMCOG p r e c ip i t a t io n ,  annual 
summaries]. Unpublished raw d a ta . in inches. Data courtesy  gf w illiam  McNeil, Weather 
S ta tio n  C hief, S e lfrid g e  A ir National Guard, Mt. Clemens, MI. nd = none d e te c te d .
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Table 27

D isso lved  Metal C oncen trations {ug/L) in Bear Creeka

Date Time P re c ip -b
i ta t io n

Snow-
f a i r

Sample
Number

ppm Cl Cd Cu Ni Zn .

12-02-85 9:00 am 31 1.2 3 149 4 15 24 121
12-02-85 5:10 pm 5 544 1 9 16 329

12-22-85 4:30 pm 20 1.9 8 590 ndd 7 19 33
12-22-85 9:40 pm 11 705 1 6 18 24
12-23-85 1:00 pm 14 2337 2 — 13 63
12-23-85 10:15 pm 17 2951 nd 6 18 105
12-24-85 8:50 am 20 3442 2 10 28 177

1-04-86 11:59 pm 20 2.5 24 1420 nd 4 15 78
1-05-86 7:50 am 27 1578 1 3 12 81
1-05-86 3:50 pm 31 2359 2 8 16 57
1-06-86 12:10 am 34 3516 1 18 36 70
1-06-86 2:20 pm 37 3414 1 10 29 75

2-08-86 1:55 am 31 5.8 41 2862 2 9 13 84
2-08-86 4:20 pm 44 4593 2 15 18 79

2-17-86 1:35 am 37 5.1 47 3385 2 12 48 90
2-17-86 11:10 am 51 2935 1 4 22 93
2-17-86 5:20 pm 54 5425 4 27 36 167
2-17-86 11:20 pm 57 4328 4 91 24 157
2-18-86 1:55 pm 60 3058 2 43 34 288

1-02-87 3:00 am 19 2.8 66 355 nd ___ 22 53
1-02-87 12:55 pm 69 2162 1 — 16 74
1-02-87 9:00 pm 72 1992 1 — 28 70
1-03-87 1:50 pm 75 726 nd - - 33 76

Pearson r  (c h lo r id e im e ta l] 0.49 0.45 0.37 0.15
P ro b a b ility 0.01 0.03 0.04 0.24

8-27-88 9:50 pm 17 79 163 1 2 5 31
8-28-88 12:30 am 82 195 1 3 3 27
8-28-88 2:25 am 85 172 nd 4 — 66
8-28-88 7:45 an 88 101 1 3 — 44
8-28-88 11:10 am 91 87 1 3 7 24

Mean P rec is io n +1 + .9 +2 +3 +8

^Winter samples: temp. 1 -  8 C, mean pH = 7 .7 . Summer: temp. 20 - 22 C. mean pH = 7 .4 .
in hundredths o f an inch w ater e q u iv a len t. E n tr ie s  a re  to ta l s  fo r each p re c ip ita tio n  

event and are  averages o f data from s ix  ra in  gauges loca ted  in and around the  study a rea . 
From: N urnberger, R. V ., £ Ordiway, A. R. (1985-1988). [SEMCOG p re c ip i ta t io n ,  annual 
summaries]. Unpublished raw d a ta , in in ch es . Data courtesy  q f W illiam McNeil, Weather 
S ta tio n  C h ief, S e lf r id g e  A ir National Guard, Mt. Clemens, MI. nd = none d e tec ted .
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o f  z i n c  and c o p p e r , Red Run t h e  h i g h e s t  n i c k e l ,  and Bear  C reek  and 

S c h o e n h e r r  D ra in  a p p r o x i m a t e l y  c o m p arab le  l e v e l s  o f  cadmium.

The m e t a l s  c o n t e n t  o f  Red Run w a t e r  h a s  been a n a l y z e d  on an 

i n t e r m i t t e n t  b a s i s  s i n c e  1971.  Most s am p l in g  to ok  p l a c e  i n  t h e  

1 9 7 0 s .  Only  f o u r  w a t e r  sam p le s  have been a n a ly z e d  f o r  m e t a l s  in t h e  

1 9 8 0 s .  In 1980,  one sample  f rom t h e  16 M i le  Road s t a t i o n  was a n a l y z e d  

o n l y  f o r  z i n c ,  and o n l y  one o f  t h r e e  sam ples  c o l l e c t e d  i n  1987 was 

t a k e n  from a l o c a t i o n  p e r m i t t i n g  r e a s o n a b l e  com par i so n  t o  t h e  d a t a  

from t h i s  s t u d y  ( T a b le  2 8 ) .  T h i s  1987 s a m p le ,  from t h e  Red Run a t  15 

M ile  Road,  had l e v e l s  o f  cadmium,  c o p p e r ,  n i c k e l ,  and z i n c  t h a t  were 

co m p a r a b le  t o  t h o s e  found  in  t h i s  s t u d y  a t  t h e  16 M i le  Road l o c a t i o n .

The d e c l i n e  i n  c o n c e n t r a t i o n  f o r  n i c k e l  and z i n c  from t h e  l a t e  1970s 

t o  t h e  l e v e l s  found  in  1987 and in  t h i s  s t u d y  a r e  most  d r a m a t i c .

L e v e l s  o f  c o p p e r  were  fo u n d  t o  d e c l i n e  by s m a l l e r  am oun ts .

Using  t h e  d a t a  from t h e  w i n t e r  sam ples  a t  each sam p l in g  l o c a ­

t i o n ,  P e a r s o n  c o r r e l a t i o n  c o e f f i c i e n t s  were  d e t e r m in e d  be tween t h e  

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

( T a b l e s  25,  2 6 ,  & 2 7 ) .  A m o d e r a t e  c o r r e l a t i o n  ( r = . 5 7 )  w i t h  z i n c  was 

found  i n  Red Run.  Low c o r r e l a t i o n s  we re  found  w i t h  cadmium and w i t h  

c o p p e r  i n  S c h o e n h e r r  D ra in  and B e a r  C r e e k ,  w i t h  z i n c  i n  S c h o e n h e r r  

D r a i n ,  and w i t h  n i c k e l  i n  Bea r  C r e e k .

The s i g n i f i c a n t ,  p o s i t i v e  c o r r e l a t i o n s  between c h l o r i d e  and 

cadmium i n  S c h o e n h e r r  D ra in  and B ea r  Creek and between c h l o r i d e  and 

z i n c  i n  Red Run and S c h o e n h e r r  D ra in  a r e  wha t  would be e x p e c t e d  i f  

c h l o r i d e  i on  f rom highway d e i c i n g  s a l t s  fo rm s  com plexes  w i t h  t h e s e  

m e t a l s  and i n c r e a s e s  t h e i r  s o l u b i l i t y .  Even w i t h  t h e  s t r o n g e s t
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Table 28

S e l e c t e d  M eta ls  in  Red Run Water ,  1976 -  1987

Loca t ion Year
Total
Cadmium

Total
Chromium

Total
Copper

Total
Iron

Total
Lead

Total
Nickel

Total
Zinc

RR-16 Mi Rd 1976
1978
1979

30 .0
18.0 
22.5

24 .0
15 .5
10.5

480.0
1445.0
1 2 1 0 . 0

117.0 
1260.0

146.0

218.0
295.5
150.0

RR-14 Mi Rd 1976
1978
1979

13.0
24.0  
16.5

2 2 . 0

13.0
11.5

470.0
435.0
840.0

466.0
1330.0

131.5

304.0 
636.5
187.0

RR-15 Mi Rd 1987 0 .4 1 0 . 0 a 13.1 1 0 . 0 a 19.0 58.3

WWWTP E f f l u e n t 5 1986 0 . 6 4 .2 5 .7 60 .0 1.5 26.1 52.0

Michigan Water 
Q u a l i t y  S tand ard 0 . 8 1 1 1 . 0 49 .0 13.0 181.0 213.0

Note:  Year ly  av e ra ges  o f  a v a i l a b l e  d a t a  in ug/L.  Adapted from Remedial Action Plan f o r
C l in t o n  R ive r  Area o f  Concern by Michigan Department  o f  Na tura l  Resourc es ,  1988, p.  TJ4.

aActual  c o n c e n t r a t i o n  i s  l e s s  th an  th e  value  shown. bC a l c u l a t e d  from Warren Wastewater 
Trea tment  d a t a  p r e s e n t e d  in  r e f e r e n c e  above,  p.  219.  Long term s a f e  c r i t e r i a  f o r  
a q u a t i c  l i f e .  Exac t  c r i t e r i o n  depends on h a r d n e s s .  Values l i s t e d  a r e  f o r  a hardness  
l e v e l  o f  250 mg/L. From r e f e r e n c e  above,  p.  383.

LD
CO
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c o r r e l a t i o n  d e t e c t e d  in  t h i s  s tudy (z inc  in Red Run, r = .5 7 ,  £= .001) ,  

however, the  va r i a n ce  in c h l o r i d e  concen t ra t ion  can e x p l a i n  only 32 

per cent  o f  the  v a r i a n ce  in metal co n c e n t r a t i o n .  Thus,  o t h e r  v a r i ­

ab l e s  not  inc l uded  in t h i s  s tudy ( f o r  example pH, s t ream d i scha rge ,  

suspended sed im en t ,  organic  m a t t e r ,  d i s so lv ed  oxygen, e t c . )  a l s o  play 

a ro l e  in det ermin ing the  conc en t ra t i o n  o f  heavy me ta l s  in  w in te r  

ru n o f f .

Cadmium l e v e l s  in Red Run samples were c o n s i s t e n t l y  low and more 

homogeneous than cadmium l e v e l s  in Schoenherr Drain and Bear Creek.

Red Run c h l o r i d e  c o n c e n t r a t i o n s  averaged between o n e - t h i r d  and one- 

fou r th  tho se  found in  Schoenherr  Drain and Bear Creek.  Red Run 

c h lo r id e  c o n c e n t r a t i o n s  a l s o  v a r i e d  by only o n e - t h i r d  t o  on e- fo u r t h  

those  of Schoenherr Drain and Bear Creek as measured by th e  s tandard  

dev ia t ion  of  the  mean. Hinkle ,  Wiersma, and J u r s  (1979) note  t h a t  

the  magnitude o f  th e  c o r r e l a t i o n  c o e f f i c i e n t  d ec reases  as  the  homo­

genei ty  o f  e i t h e r  o r  both v a r i a b l e s  i n c r e a s e s .  The combinat ion of 

these  f a c t o r s  may be r e s p o n s ib l e  fo r  the  i n a b i l i t y  t o  d e t e c t  a 

s i g n i f i c a n t  cadmium-chlor ide ion c o r r e l a t i o n  a t  the  Red Run-16 Mile 

Road s i t e .

Even though c o n c e n t r a t i o n s  o f  z inc  and c h l o r i d e  ion were h ig h e s t  

a t  the  Bear Creek s t a t i o n ,  t h e r e  was l i t t l e ,  i f  any,  c o r r e l a t i o n  

between th e  two.

The low, b u t  s i g n i f i c a n t ,  p o s i t i v e  c o r r e l a t i o n s  o f  c h l o r i d e  ion 

with copper in Schoenherr Drain and Bear Creek were not  expected.  

C a l cu l a t i o n s  by Z i r i n o  and Yamamoto (1972) o f  copper s p e c i a t i o n  in 

seawater as a f u n c t io n  o f  pH from 7.0 to  9.0 i n d i c a t e d  t h a t ,  a t  most,
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co p p e r - c h lo r id e  spec ie s  make up on ly  few per cen t  of  t h e  t o t a l  copper 

in s o l u t i o n .  S im i l a r  c a l c u l a t i o n s  by van der  Weijden e t  a l ._(1977)  

wi th seawater  and 1:1 d i l u t e d  seawa te r  a t  pH 7.5 and pH 8 .0  gave 

analogous r e s u l t s .  In a d d i t i o n ,  t h e i r  s tudy of the d e s o r p t i o n  o f  

heavy meta ls  from suspended sediments i n t o  seawater and 1:1 d i l u t e d  

seawater  a l s o  showed t h a t  only 5 p e r c e n t  and 3 p e r c e n t ,  r e s p e c t i v e l y ,  

of  sediment copper  desorbed in to  s o l u t i o n .  Thus, i f  copper  desorbed 

only minimal ly from sediments under  th e  inf luence  of n e a r l y  10,000 to

20,000 ppm c h l o r i d e ,  i t  would no t  be reas on ab le  t o  p r e d i c t  t h e  same 

or  a g r e a t e r  l ev e l  of  des orp t ion  w i th  1500 to  5400 ppm c h l o r i d e .  The 

pH o f  Bear Creek samples taken February  18, 1986 and Janua ry  2 and 3,

1987 ranged from 7.6  to  8.1 and averaged 7 . 7 .  Assuming t h e s e  value s  

r e p r e s e n t  a normal range o f  pHs, th e  r e l e a s e  of copper from sediments  

due to  i n c r e a s e s  in  a c i d i t y ,  which would a l s o  have to  c o r r e l a t e  wi th 

in c r e a s e s  in c h l o r i d e  i on ,  seems u n l i k e l y .

In a comparison o f  the  su r f a c e  r u n o f f  of  seven heavy m e t a l s  from 

d i f f e r e n t  land use t y p e s ,  Helsel  e t .  a l .  (1979) found good, n o n l i n e a r  

c o r r e l a t i o n s  between e x t r a c t a b l e  l e a d ,  z i n c ,  and copper  v e r sus  

t r a f f i c  volume and pe rcen t  impervious cove r .  This im pl ied  t h a t ,

"motor v e h i c l e s  a r e  a major source o f  th e se  m e ta l s ,  and t h a t  imper­

vious s u r f a c e s  d e l i v e r  them e f f i c i e n t l y  to storm d ra in age sys tems"

(p .  716) .  Wilber  and Hunter ( c i t e d  in  Whipple and Hunter ,  1977) 

monitored t o t a l  heavy meta ls  in s t reams  d ra in ing two h e a v i l y  urban­

ized wa te rsheds  a t  Lodi ,  New J e r s e y  and found l e a d ,  z i n c ,  and copper 

to  be p r e s e n t  in  th e  h ig h e s t  c o n c e n t r a t i o n s .  They a l s o  found t h a t  

most of  the  l e a d  and z i nc  were in  t h e  form of  p a r t i c u l a t e s .  I f  a
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s i m i l a r  behavior  i s  assumed f o r  r u n o f f  i n t o  Bear Creek,  t h e  observed 

low c o r r e l a t i o n  of  copper wi th  c h l o r i d e  may be the  r e s u l t  o f  each 

c o r r e l a t i n g  wi th ru n o f f  from a nearby,  major seven lan e  t h o r o u g h f a r e .

This  highway s lop es  toward Bear Creek and c r o s se s  i t  l e s s  than 2000 

f e e t  upst ream from th e  sampl ing s t a t i o n .

Heavy Metals  in Deic ing S a l t

An a n a ly s i s  f o r  heavy meta ls  in d e i c in g  s a l t  a p p l i e d  to  

s t r e e t s  showed t h a t  only  z i nc  could  be d e t e c t e d  c o n s i s t e n t l y  (Table 

2 9 ) .  A mean 0.69 mg Zn/kg NaCl was d e t e c t e d  in t h e  s i x  samples  from 

the  t h r e e  s ep a ra t e  s a l t  s t o r a g e  a r e a s .  I f  t h i s  s a l t  were used to  

make a s o l u t io n  co n ta in in g  5000 ppm c h l o r i d e ,  the  s o l u t i o n  would a l s o  

co n ta in  approximate ly  5.7 ug Zn/L as w e l l .  The c o n t r i b u t i o n  o f  z in c  

from d i s s o lv e d  de ic ing  s a l t  t o  the  t o t a l  c o n c e n t r a t i o n  o f  z in c  found

a t  each of the  t h r e e  sampl ing s t a t i o n s  i s ,  t h e r e f o r e ,  minimal .  I f  

z inc  c o n t r i b u t e d  by de ic ing  s a l t  i s  s u b t r a c t e d  from the  z in c  concen­

t r a t i o n s  found in  water  samples c o l l e c t e d  from each of th e  t h r e e  

sampl ing s t a t i o n s ,  the  e f f e c t  on the  z in c  v e r sus  c h l o r i d e  c o r r e l a t i o n  

i s ,  l i k e w i s e ,  minimal (Table 30) .  Cadmium was d e t e c t e d  in on ly  one 

sample a t  a l evel  b a r e l y  above th e  d e t e c t i o n  l i m i t  of  th e  atomic 

abso r p t i o n  in s t ru m en t .

Heavy Metals  in Red Run Bottom Sediments

Comparisons wi th Road S a l t i n g  Pe r io d s

I f  highway de ic ing s a l t s  promote th e  m o b i l i z a t io n  o f  heavy
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metals  from st ream sediments ,  one might p r e d i c t  t h a t  stream sediments  

c o l l e c t e d  a f t e r  a r o a d - s a l t i n g  p e r io d  should conta in  lower l e v e l s  of

Table 29

Metals  in  Road S a l t  (mg/kg NaCl)a

Metal

S a l t  Source

Mean
S t e r l i n g  Heights 
DPW

Warren
DPW

Macomb County 
Road Commission

Cd ndb nd nd
0.01

0.06 nd nd

Cu nd nd nd
nd

nd nd nd

Ni nd nd nd
nd

nd nd nd

Zn 0.49 0.55 0.85
0.69+.2

0.49 0.85 0.91

aCalcula*ed from a n a l y s i s  o f  10,000 mg/L c h l o r i d e  s o l u t io n s  pre pared  
from hignway de ic ing  s a l t .  nd = none d e t e c t e d .

th ose  me ta l s  compared t o  sediments  c o l l e c t e d  b e fo re  r o a d - s a l t i n g .

With t h i s  s i m p l i s t i c  approach,  grab samples o f  sediment  were c o l l e c t ­

ed from th e  Red Run-16 Mile Road s i t e  and analyzed fo r  t h e i r  t o t a l

and exchangeable  heavy meta l s  c o n t e n t  (Table 3 1 ) .  The October 31,

1985 samples were taken bef ore  th e  beginning o f  th e  1985 -  1986 

w in t e r  snow season and the  March 29, 1986 samples were taken a t  the

end o f  the  snow season a f t e r  a l l  t h e  snow had mel ted  and the
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T a b l e  30

Corrected  and Uncorrected 
Zinc versus  Chlor ide  C o r r e l a t i o n s 3

Sampling Locat ion
Without  Zn in 

S a l t  Correct ion
With Zn in 

S a l t  C o r re c t ion

Red Run-16 Mile Rd 0.57 0.56

(£<.001) (£<.001 )

Schoenherr  Drain 0.38 0.35

(£<.03) (£<.05}

Bear Creek 0.15 0.13

(£<.24) (£<.27)

aPearson c o r r e l a t i o n .

l i k e l i h o o d  o f  an a d d i t i o n a l  major snowfal l  was remote.  With the  

exc ep t ion o f  l ead  and z inc  a t  s t a t i o n  2,  the  t o t a l  sediment  concen­

t r a t i o n  o f  each of  the  meta ls  was found to  decrease  between the  two 

d a t e s .  The observed decrease  was g r e a t e s t  fo r  cadmium which 

dec reased  an average  o f  49 p e r c e n t .  Copper,  l e a d ,  n i c k e l ,  and z i n c  

dec reased  33, 18, 29,  and 12 p e r cen t  r e s p e c t i v e l y ,  averaged over both 

s e t s  o f  samples .

With t h e  exc ep t ion o f  co ppe r ,  n i c k e l ,  and z in c  a t  s t a t i o n  2 ,  th e  

sediment  c o n c e n t r a t i o n  o f  the  exchangable heavy meta ls  a l s o  dec reased  

from the  beginning to  the  end o f  the  r o a d - s a l t i n g  p e r io d .  As wi th  

th e  t o t a l  me ta l s  c o n c e n t r a t i o n ,  cadmium decreased most ,  an average  o f  

44 p e r c e n t .  Lead l e v e l s  dec reased  28 pe rcen t  averaged over  both s e t s  

o f  samples ,  whereas copper and nicke l  l e v e l s  f e l l  an average o f  5 and
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Table 31

Metals in Red Run Sediments (mgAg dry wt.)

Location
Sample
Number Date

Cadmium Copper Lead Nickel

Total Exchangeable Total Exchangeable Total Exchangeable Total Exchangeab]

Clinton River 1970 36.2 390
below Red Run

RR-15 Mi Rd 9-09-76 8.6 88 270 120

RR-16 Mi Rd3 1 lO-Sl-SS*3 5.2 1.2 46.6 3.0 118.5 2.0 36.1 1.8
Station 1 2 1-19-86 3.4 1.0 26.4 2.5 73.8 1.0 28.1 1.7

3 3-29-86 2.7 0.8 22.7 2.4 56.9 1.2 21.6 1.6

4 1-02-87 2.5 0.6 20.6 1.1 68.3 2.3 31.7 1.4
5 1-03-87 2.1 0.5 16.3 1.2 57.0 2.0 25.5 1.3

RR-16 Mi Rd° 6 10-31-85 6.9 2.7 32.6 3.0 64.0 3.1 27.0 1.3
Station 2 7 1-19-86 5.0 1.7 42.4 3.8 101.6 2.2 29.6 1.8

8 3-29-86 3.5 1.2 28.0 3.3 74.7 2.4 22.2 1.3

9 1-02-87 1.9 0.7 18.6 2.3 59.8 2.2 21.4 1,7
10 1-03-87 2.5 0.8 26.7 2.5 76.6 2.7 26.0 1.7

11 8-27-88 1.8 0.5 18.1 1.1 56.4 2.3 21.4 1.5
12 8-28-88 2.2 0.5 26.8 1.6 73.3 2.5 26.7 1.2

Mean Precision +.1 +.1 +.5 +.1 +1.4 +.3 +1.2 +.1

Note: Data in first row is from Heavy metals in surface waters, sediments and fish in Michigan by J. Hesse & E. E
Resources Commission, 1972, p. 26, Data in second row is from A sediment survey of the Clinton River, Pontiac to 
1976 by J. Grant, Michigan Department of Natural Resources, 1976, p. 4.
ci b eIbis study, sediment collected about 25 feet from east bank. Sample used for desorption studies. This study, e

about 25 feet from west bank.
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T able 31

ta le  in  Red Run Sediments (mg/kg dry w t .)

um Copper Lead N ickel Zinc

angeable to ta l  Exchangeable to t a l  Exchangeable to ta l  Exchangeable t o t a l  Exchangeable

390 948

88 270 120 440

1.2 46.6 3 .0 118.5 2.0 36.1 1 .8 276.6 28.9
1.0 26.4 2 .5 73.8 1 .0 28.1 1 .7 192.5 22.5
3.8 22.7 2 .4 56.9 1 .2 21.6 1 .6 151.6 19.5

3.6 20.6 i : i 68.3 2.3 31.7 1 .4 133.8 7 .9
3.5 16.3 1 .2 57.0 2 .0 25.5 1 .3 104.6 '9 .6

2.7 32.6 3 .0 64.0 3 .1 27.0 1 .3 160.8 15.9
1.7 42.4 3 .8 101.6 2.2 29.6 1 .8 290.4 33.1
1.2

i
28.0 3 .3 74.7 2 .4 22.2 1 .3 195.3 26.4

3.7 18.6 2 .3 59.8 2.2 21.4 1 .7 126.7 26.2
3.8 26.7 2 .5 76.6 2.7 26.0 1 .7 165.8 31.3

3.5 18.1 1 .1 56.4 2.3 21.4 1 .5 115.9 26.2
3.5 26.8 1 .6 73.3 2 .5 26.7 1 .2 155.6 15.7

+.1 +.5 +.1 +1.4 +.3 +1.2 + .1 +3.6 +1.6

3 in  surface w aters, sediments and f is h  in  Michigan by J . Hesse £ E. Evans, Michigan Water 
second row i s  from A sediment survey o f  th e  Clinton R iver, Pontiac to  mouth, September 9, 
ural Resources, 1976, p . 4 .

b  c
t  from e a s t  bank. Sample used fo r  desorption stu d ies . This study, sediment co lle c ted
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6  p e r c e n t  r e s p e c t i v e l y .  Exc hangeab le  z i n c  l e v e l s  f e l l  33 p e r c e n t  a t  

s t a t i o n  1  b u t  r o s e  6 6  p e r c e n t  a t  s t a t i o n  2 , g i v i n g  an a v e r a g e  r i s e  o f  

17 p e r c e n t .

Th us ,  e x c e p t  f o r  e x c h a n g e a b le  l e v e l s  o f  z i n c ,  t h e  a v e r a g e  t o t a l  

and e x c h a n g e a b le  l e v e l s  o f  t h e  f i v e  m e t a l s  d e c r e a s e d  between Oc tobe r  

31 ,  1985 and March 29 ,  1986.  From t h i s  d a t a  one m i g h t  be t em pted  t o  

i n f e r  t h a t  t h e  d e c r e a s e  i n  sed im en t  heavy m e t a l s  may be c o r r e l a t e d  

w i th  t h e  u s e  o f  h i ghw ay d e i c i n g  s a l t s  d u r i n g  t h e  snow s e a s o n .  De- 

i c i n g  s a l t  u s e ,  h o w e v e r ,  i s  o n l y  one v a r i a b l e  t h a t  c o u l d  e x p l a i n  t h e  

o b s e r v e d  a v e r a g e  d e c l i n e  i n  m e t a l s  between t h e  two d a t e s .  S ev er a l  

s t u d i e s  have shown,  f o r  e x a m p l e ,  t h a t  heavy m e t a l s  t e n d  t o  be co ncen­

t r a t e d  in  t h e  f i n e r  f r a c t i o n s  o f  sed im en t  ( F o r s t n e r  & Wit tmann,  1981; 

Mudroch,  1985; S a r t o r  & Boyd,  1972; S a r t o r  e t  a l . ,  1 9 7 4 ) .  Fo l low ing  

t h e i r  t h r e e - y e a r  s t u d y  o f  t h e  c o n c e n t r a t i o n  and d i s t r i b u t i o n  o f  heavy 

m e t a l s  in  a s e c t i o n  o f  t h e  S a d d l e  R iver  i n  New J e r s e y ,  W i lb e r  and 

H unter  (1979b)  n o t e d  t h a t

c o n c e n t r a t i o n s  o f  [ t o t a l ]  heavy m e t a l s  in  S a d d l e  R i v e r  s ed im en t s  
were found t o  be q u i t e  v a r i a b l e .  . . . O f  t h e  f a c t o r s  s t u d i e d  which 
c o n t i b u t e  t o  t h e  v a r i a t i o n  in  m e t a l s  c o n c e n t r a t i o n . . . ,  p a r t i  c l u  
s i z e  seems t o  p l a y  t h e  l a r g e s t  and most  s i g n i f i c a n t  r o l e .
( p .  797 & 79 9)

A s i e v e  a n a l y s i s  o f  t h e  Red Run s e d im e n t  s a m p l e s  ( T a b le  32) 

r e v e a l e d  t h a t  t h e  p e r c e n t  o f  sed im en t  f i n e r  t h a n  0 . 0 6 3  mm showed an 

a v e ra g e  r e l a t i v e  d e c l i n e  o f  2 7 . 4  p e r c e n t  between O c t o b e r  31 ,  1985 and 

March 29,  1986.  T h u s ,  t h e  d e c l i n e  i n  t h e  f i n e s t  s e d i m e n t  f r a c t i o n s  

may e x p l a i n  t h e  d e c l i n e  in  most  o f  t h e  s e d i m e n t  hea vy m e t a l s .

Cadmium l e v e l s  a p p e a r  t o  have d e c l i n e d  more t h a n  ca n  be e x p l a i n e d  by 

changes  i n  g r a i n  s i z e  d i s t r i b u t i o n  between t h e s e  two d a t e s .
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Table 32

Sieve A na ly s i s  of  Red Run-16 Mile Road 
Sediments (p e r c e n t  f i n e r  by we igh t ) 3

Locat ion

Sample

Number Date

Sieve Opening (mm)

<0.063 0.125 0.250 0.420 1 . 0 0 2 . 0 0

S ta t io n  l b 1 10-31-85 36.6 46.9 67.0 87 .5 95.1 98.6
2 1-19-86 18.3 27.0 58.5 87.7 96.3 99.4
3 3-29-86 25.6 33.2 61.1 89.0 96.7 99.5

4 1-02-87 17.8 21.3 45.6 77.6 92.1 98.8
5 1-03-87 17.8 2 1 . 2 42.5 77.1 93.6 1 0 0 . 0

S ta t io n  2C 6 10-31-85 36.7 49 .8 85.9 95.3 97.8 • 98.7
7 1-19-86 39.7 52.8 89.2 96.5 98.4 99.0
8 3-29-86 27.6 44.1 90.9 97.8 99.4 99.7

9 1-02-87 12.7 20.4 88.5 98.6 99.3 99.5
1 0 1-03-87 17.3 23.1 89.0 98 .4 98.9 98.9

1 1 8-27-88 13.5 2 2 . 6 75.9 95 .8 98.1 99.4
1 2 8-28-88 40.3 53.6 88.3 97.1 98.8 99.2

aSediment samples p r e v io u s l y  s i eved  to  remove p a r t i c l e s  l a r g e r  than 
2.00 mm. C o l l e c t e d  abo ut  25 f e e t  from e a s t  bank. C o l l e c t e d  about  
25 f e e t  from west  bank.

To f u r t h e r  examine th e  r e l a t i o n s h i p  between g ra in  s i z e  and heavy 

metal c o n c e n t r a t i o n ,  Pearson c o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  

(Table 33) between p e r c e n t  g ra in  s i z e  and heavy metal c o n c e n t r a t i o n  

fo r  the  two f i n e s t  f r a c t i o n s  o f  sediment .  At s t a t i o n  1, h igh,  s i g n i ­

f i c a n t  (jo<.05) c o r r e l a t i o n s  were found wi th  cadmium, c o p p e r ,  l e a d ,  

and z in c  and th e  p e r c e n t  o f  each of  the  sediment  f r a c t i o n s .  S i g n i f i ­

c a n t ,  high c o r r e l a t i o n s  wi th  exchangeable l e v e l s  of  cadmium, copp er ,  

n i c k e l ,  and z inc  were found wi th  only the  <0.125 mm g r a in  s i z e
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Table 33

C o r r e l a t i o n s  Between P e r c e n t  G ra in  S i z e  and 
S e d im e n t  Heavy Metal  C o n c e n t r a t i o n s

Metal

<0.063 mm <0.125 mm

S t a t i o n  l b S t a t i o n  2 C S t a t i o n  1 S t a t i o n  2

T o t a l * ★
Cd . 8 6 .64 . 9 0 .63

* * * *
Cu .90 .80 .93 .73

* *
Pb .82 .59 .82 .51

* *
Ni .47 .79 .44 .67

* *
Zn .84 .62 .90 .57

E x changeab le *
Cd .76 .54 . 8 6 .53

*
Cu .76 .45 .87 .43

Pb .08 .29 - . 0 9 .30
*

Ni .72

o
•1 .84 - . 5 3

*
Zn .79

o
•1 . 89 - . 4 5

P ea r s o n  c o r r e l a t i o n  c o e f f i c i e n t .  Red Run-16 M i l e  Road,  a b o u t  25 
f e e t  from e a s t  b an k .  Red Run-16 Mile  Road,  a b o u t  25 f e e t  from w e s t  
bank .

£ < . 0 5

f r a c t i o n .  High ,  b u t  n o n s i g n i f i c a n t  ( £ > .0 5 )  c o r r e l a t i o n s  we re  c a l c u ­

l a t e d  f o r  t h e  same m e t a l s  w i t h  t h e  <0.063 mm f r a c t i o n .

At s t a t i o n  2 ,  s i g n i f i c a n t ,  m o d era te  t o  h i g h  c o r r e l a t i o n s  were  

o b s e r v e d  f o r  t o t a l  l e v e l s  o f  c o p p e r  and n i c k e l  and  each  o f  t h e  s e d i ­

ment  f r a c t i o n s .  S i g n i f i c a n t  c o r r e l a t i o n s  were  n o t  d e t e c t e d  w i th
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e x c h a n g e a b le  c o n c e n t r a t i o n s  o f  m e t a l s  and p e r c e n t  g r a i n  s i z e  a t  

s t a t i o n  2 .

The s e d i m e n t  s am p les  c o l l e c t e d  J a n u a r y  19 ,  1986 were  c o l l e c t e d  

i m n e d i a t e l y  a f t e r  a 3 -  4 in ch  snow c o v e r  had m e l t e d  w i t h  a 0 .31 inch  

r a i n f a l l .  With  t h e  e x c e p t i o n  o f  e x c h a n g e a b l e  l e a d ,  s e d i m e n t  co nc en ­

t r a t i o n s  o f  b o t h  t o t a l  and e x c h a n g e a b le  m e t a l s  a t  s t a t i o n  1  were 

i n t e r m e d i a t e  betw een t h e  O c to b e r  31,  1985 l e v e l s  and t h e  March 29,  

1986 l e v e l s .  At  s t a t i o n  2 ,  h i g h e r  l e v e l s  o f  b o th  t o t a l  and exc hange­

a b l e  m e t a l s ,  e x c e p t  cadmium and e x c h a n g e a b l e  l e a d ,  were  found in  t h e  

J a n u a r y  19,  1986 sample  compared t o  e i t h e r  t h e  O c to b e r  31 ,  1985 or  

t h e  March 29 ,  1986 s a m p l e s .

The J a n u a r y  2 ,  1987 samples  were  c o l l e c t e d  a s  a 2 . 8  inch snow­

f a l l  ( 0 . 2  i n c h  w a t e r  e q u i v a l e n t )  was b e g i n n i n g .  The J a n u a r y  3,  1987 

sam ples  were  c o l l e c t e d  44 hou rs  l a t e r — more t h a n  24 h o u r s  a f t e r  t h e  

s n o w fa l l  e n d e d .  D ur i ng  t h e  i n t e r v e n i n g  p e r i o d ,  t h e  c o n d i t i o n  o f  a r e a  

s t r e e t s  ch a n g ed  f rom snow -c overe d  t o  s a l t e d  t o  c l e a r  and d ry .

C h l o r i d e  l e v e l s  a t  t h e  sample s i t e  r o s e  f rom 134 ppm t o  a h igh  o f  894 

ppm and t h e n  d e c l i n e d  t o  430 ppm. T o ta l  s e d i m e n t  heavy metal  co n cen ­

t r a t i o n s  a t  s t a t i o n  1 d e c r e a s e d  an a v e r a g e  o f  19 p e r c e n t  d u r i n g  t h i s  

p e r i o d  w h i l e  e x c h a n g e a b l e  metal  l e v e l s ,  e x c e p t  f o r  z i n c ,  changed v e ry  

l i t t l e .  E x c h a n g e a b l e  z i n c  i n c r e a s e d  by n e a r l y  22 p e r c e n t .  The two 

s t a t i o n  1  s e d i m e n t  s am p les  were i d e n t i c a l  i n  t h e i r  p e r c e n t  g r a i n  s i z e  

d i s t r i b u t i o n  i n  t h e  f i n e s t  f r a c t i o n .  In c o n t r a s t ,  t o t a l  sed im en t  

heavy meta l  c o n c e n t r a t i o n s  a t  s t a t i o n  2 i n c r e a s e d  an a v e r a g e  o f  31 

p e r c e n t  a t  t h e  same t i m e  ex c h a n g e a b le  m e t a l s  i n c r e a s e d  an a v e r ag e  o f  

8  p e r c e n t .  Some o f  t h i s  i n c r e a s e  c o u l d  be due t o  t h e  36 p e r c e n t
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r e l a t i v e  i n c re a s e  in  th e  f i n e s t  (<.063 mm) sediments  in  the  January 3 

sample compared to  t h e  January  2 sample a t  s t a t i o n  2.

The August 27 sediment  sample was c o l l e c t e d  a t  the  beginning of 

a 3 hour,  0 .2  inch r a i n f a l l .  The August 28 sample was c o l l e c t e d  

approximate ly  13 hours l a t e r —about  9 hours a f t e r  r a i n f a l l  ceased.

The Red Run was a t  a low flow s t age  throughout  the  sampl ing per io d .

Total  heavy meta ls  i n c r e a s e d  an average o f  32 p e r c e n t  between these  

two samples.  I f  a comparison i s  made between the  Janua ry  2 and 3,

1987 and th e  August 27 and 28,  1988 sediment samples a t  s t a t i o n  2 ,  a 

s t r i k i n g  s i m i l a r i t y  i s  n o t i c e d .  Except f o r  exchangeable copper and 

exchangeable z inc  in th e  August samples,  both the  a b s o l u t e  l e v e l s  of 

heavy meta ls  found and t h e i r  d i r e c t i o n  and magnitude of  change a r e  

c l o s e l y  matched.  Thi s  sugges t s  t h a t  fo r  s i m i l a r  amounts o f  l i g h t  

p r e c i p i t a t i o n ,  r a i n f a l l  ru n o f f  and s a l t - i n d u c e d  snowmelt r u n o f f  pro­

duce s i m i l a r  changes in  sediment heavy metal c o n c e n t r a t i o n s .  This 

i n i t i a l  co n c lu s io n ,  however,  should be tempered by th e  o b s e r v a t io n  

t h a t  the  August 28 sediment sample con ta ins  two to  t h r e e  t imes  more 

o f  the f i n e s t  sediment  f r a c t i o n  (<.063 mm) than e i t h e r  o f  th e  January 

samples o r  the  August 27 sample.

In g e n e ra l ,  the  c o n c e n t r a t i o n s  of  heavy meta ls  in Red Run bottom 

sediments were found t o  be somewhat v a r i a b l e .  C l e a r l y  accou nt ing  for  

t h i s  v a r i a b i l i t y  in terms o f  e i t h e r  sho r t - t e rm  or  lo ng - t e rm  road-  

s a l t i n g  pe r io ds  i s  imposs ible  wi th the  l i m i t e d  da ta  a v a i l a b l e .  In 

a d d i t i o n  to  the p o s s i b l e  e f f e c t  of  d i s so lv ed  highway d e i c in g  s a l t s ,  

o th e r  v a r i a b l e s  t h a t  can a l s o  p lay a r o l e  in det ermin ing  sediment  

heavy metal c o n c e n t r a t i o n s  inc l ude:
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1. Sediment g a r in  s i z e  d i s t r i b u t i o n .  Because heavy meta ls  are

u s u a l l y  more c o n c e n t r a t e d  in the  f i n e r  f r a c t i o n s  o f  sediment ,  i t  i s

d i f f i c u l t  to  make compar isons  between sediments  t h a t  have d i f f e r e n t

g ra in  s i z e  d i s t r i b u t i o n s .  F o r s tn e r  and Wittman (1981) noted t h a t :

g ra in  s i z e  e x e r c i s e s  a determining i n f l u e n c e  on th e  metal 
c o n c e n t r a t i o n s . . . .  This f a c t  must be taken  i n t o  c o n s id e r a t i o n  
p a r t i c u l a r l y  wi th  r e s p e c t  to  s t u d i e s  of  r i v e r  sediments  where 
v a r i a t i o n s  in  g r a in  s i z e  a r e  u s u a l ly  l a r g e .  One can even go as 
f a r  as to  s t a t e  t h a t  w i thout  a c o r r e c t i o n  f o r  g r a i n - s i z e  
e f f e c t s ,  a mutual comparison o f  metal d a t a  in  f l u v i a t i l e  
d epos i t s  would be im poss ib le ,  (p.  124)

2.  P e rc e n t  o r g a n ic  m a t t e r .  Some m e ta l s  appear  t o  be p re fe re n ­

t i a l l y  bound by o rg a n ic  m a te r ia l  in  sediments (Hamil ton e t  a l . ,

1984; Harrison e t  a l . ,  1981; Ty le r  & McBride, 1982) .  D i f f er en ces  in 

sediment metal c o n c e n t r a t i o n s  may be a r e f l e c t i o n  o f  d i f f e r e n c e s  in 

organic  m a t t e r  c o n t e n t .  As i t  r e l a t e s  to  t h i s  s tu d y ,  the  conc en tr a­

t i o n  of  o rga n ic  m a t e r i a l  and i t s  heavy metal c o n t e n t  in  overf lows 

from the  S o u th e as t  Oakland County Sewage Disposal  Sys te m/Pol lu t ion  

Control F a c i l i t y  on sediment  heavy meta ls  i s  unknown. This f a c i l i t y  

overflows an ave rage  o f  1 1  t imes  per  y e a r  and c o n t r i b u t e s  an annual 

average of  1.6 m i l l i o n  l b s  of  suspended s o l i d s  and 250,000 lbs  of 

BOD-5 load ings  t o  t h e  Red Run (MDNR, 1988).  Overflows oc cu rr ing  

wi th in  one month o f  sampl ing t imes were reco rd ed  in  October 1985

(1 day, 230 m i l l i o n  g a l l o n s ) ,  November 1985 (2 days ,  303 m i l l io n  

ga l lo n s )  and March 1986 (2 days,  110 m i l l i o n  g a l l o n s ) .  Overflow data  

were u n a v a i l a b le  f o r  1987 and 1988.

3. Flow r a t e s  in th e  s t ream.  D i f f e ren c es  in  f low r a t e s  between 

sample da tes  can a f f e c t  t h e  type  o f  sediment  sample o b t a i n e d .  High 

flow r a t e s  tend to  f a v o r  resuspension  of  the  f i n e s t  sediments ,
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whereas low f low r a t e s  tend to  favor  t h e i r  d e p o s i t i o n .  Sediment 

c o l l e c t e d  dur ing a high flow per iod would be expected to  con ta in  a 

lower p e r cen tage  o f  the  f i n e s t  f r a c t i o n s  whereas  sediment  c o l l e c t e d  

under low f low co n d i t i o n s  would be expe cted to  con ta in  a h igher  

pe rcen tage  o f  the  f i n e s t  f r a c t i o n s .  Resuspension o f  bottom sediments 

a l s o  promotes t h e i r  chemical i n t e r a c t i o n  wi th  d i s s o lv e d  meta ls  o r  

o t h e r  s o l u t e s  in th e  water  column.

4. Source of  sediments and t ime o f  r e s id e n c e  in the  s t ream.

Sediments compris ing a p a r t i c u l a r  sample may be made up of  m a te r ia l  

t h a t  had j u s t  r e c e n t l y  en te red  the  s t r eam as well as  m a te r ia l  t h a t  

had been in  th e  s t ream f o r  an extended p e r io d  o f  t ime .  Sediments 

with such h i s t o r i e s  may d i f f e r  co n s i d e r a b l y  in t h e i r  heavy meta ls  

c o n t e n t .  As a r e s u l t ,  the  p o t e n t i a l  v a r i a t i o n  in  sediment heavy 

m e ta l s  c o n t e n t  would be expected t o  be g r e a t e s t  when comparing 

samples from a low flow per iod to  samples c o l l e c t e d  e i t h e r  dur ing or 

s h o r t l y  a f t e r  a h igh flow pe r io d .

5. D issolved  metal  c o n c e n t r a t i o n s .  Under normal c o n d i t i o n s ,  

s tream sediments  tend to  adsorb and c o n c e n t r a t e  heavy meta ls  from the 

water  column. Changes in sediment  heavy metal  c o n c e n t r a t i o n s  occur 

more s lowly than changes in  d i s s o lv e d  metal  l e v e l s .  Consequent ly ,  i f  

long i n t e r v a l s  o f  t ime e l ap s e  between samples ,  changes in  sediment 

heavy metal  c o n c e n t r a t i o n s  may r e f l e c t  long - t erm changes t h a t  have 

occur red in  s o l u t i o n .

Hi s t o r i c a l  Compari sons

An examinat ion o f  the  changes in  sediment  heavy metal co ncen t ra ­

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



t i o n s  occu rr ing  over the  d u r a t i o n  o f  t h i s  s tudy r e v e a l s  a f a i r l y  

c o n s i s t e n t  dec l in e  in both t o t a l  and a v a i l a b l e  cadmium. Coi nci den t  

w i th  th e  beginning of  t h i s  s tu d y ,  the  C i ty  of  Warren implemented an 

i n d u s t r i a l  wastewater p r e t r e a t m e n t  program to  reduce the  burden to  

th e  Warren Wastewater Treatment P l a n t  (MDNR, 1988; W. Hare,  personal  

communicat ion,  November 21, 1989) .  The e f f e c t  on the  t o t a l  cadmium 

co n c e n t r a t i o n  in water  d is cha rged  from the  t re a tm en t  p l a n t  to  th e  Red 

Run was d ra m a t ic .  Total  cadmium c o n c e n t r a t i o n s  had in c re a s ed  from an 

ave rage  of  3 .3  ug/L in 1982 to  an average  o f  8.39 ug/L in  1985. The 

i n d u s t r i a l  p re t r ea tm e n t  program was implemented in November 1985 and 

reduced the  1986 average cadmium c o n c e n t r a t i o n  to  0.59 ug/L. Thus,  

t h e  o v e r a l l  d ec l ine  in both t o t a l  and exchangeable sediment  cadmium 

d i sco v e red  in t h i s  study i s  probably  a r e f l e c t i o n  of  the  s e d im e n t ' s  

re sponse  to  decreased cadmium d i s c h a r g e s .  The n ea r l y  t h r e e - y e a r  

p e r io d  covered by th ese  sediment samples i s  a l so  an i n d i c a t i o n  o f  the  

long t ime p e r io d s  re q u ir ed  fo r  a r e l a t i v e l y  mobile metal l i k e  cadmium 

t o  begin  to  c l e a r  from sediments .

In Apri l  and May of 1970 t h e  Michigan Water Resources Commission 

conducted a survey o f  heavy m e ta l s  in  s t ream sediments from 46 indus­

t r i a l  and municipal  l o c a t i o n s  thr ou gh ou t  th e  s t a t e  o f  Michigan (Hesse 

& Evans,  1972).  These sampling s t a t i o n s  were then as s igned  a p r i o r i ­

ty  rank ing  based on the  c o n c e n t r a t i o n s  o f  heavy meta ls  found.  Two 

s t a t i o n s  on the  Cl in ton River were i nc luded  in those  samples .  Out of  

th e  46 l o c a t i o n s ,  sediment from a s t a t i o n  l o ca te d  j u s t  below Red Run 

(Table  34) had the  second h i g h e s t  c o n c e n t r a t i o n  of cadmium (36.2  ppm) 

and was ranked e ig h th  in t o t a l  m e ta l s  c o n c e n t r a t i o n .  A 1976 survey
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by t h e  M ich igan  D e p a r tm e n t  o f  N a tu r a l  R e s o u rc e s  ( G r a n t ,  1976) found 

t h a t  s e d i m e n t  cadmium l e v e l s  a t  t h i s  same l o c a t i o n  had f a l l e n  t o  4 . 4  

ppm. T h i s  same s u r v e y  found  sed im en t  cadmium a t  8 . 6  ppm in  t h e  Red 

Run a t  15 M i le  Road ( T a b le  3 4 ) .  T h i s  s t a t i o n  was l o c a t e d  a p p r o x i ­

m a t e l y  one m i l e  u p s t r e a m  from t h e  16 Mile  Road s i t e  o f  t h i s  s t u d y .

T ab le  34

M e t a l s  i n  Red Run and C l i n t o n  R ive r  S e d i m e n t s  (mg/kg d r y  w t . )

L o c a t io n Date Cadmi urn Copper Lead N i c k e l . Zinc

C l i n t o n  R i v e r 3  

below Red Run
1970 36 .2 390 948

C l i n t o n  R i v e r *5 

below Red Run
1976 4 . 4 6 8 130 1 1 0 300

RR-15 M i l e  Rdb 1976 8 . 6 8 8 270 1 2 0 440

RR-16 M i le  Rdc 1987-88 2 . 2 2 1 . 2 6 5 . 2 2 5 . 5 133.7

P e r c e n t  ch ange  in  
Red Run m e t a l s ,  
1976 -  1988

-74 -76 -76 - 7 9 -70

From Heavy m e t a l s  i n  s u r f a c e  w a t e r s ,  s e d i m e n t s  and f i s h  i n  Michigan 
by J .  H esse  & E. E v an s ,  Michigan Water  R e s o u r c e s  C ommiss ion ,  1972, 
p .  26 .  From A s e d i m e n t  s u rv e y  o f  t h e  C l i n t o n  R i v e r ,  P o n t i a c  t o  
mouth,  S ep tem b er  9 ,  1976 by J .  G r a n t ,  Michigan D e p a r tm e n t  o f  Na tu ra l  
R e s o u r c e s ,  19 76 ,  p .  4 .  T h i s  s t u d y ,  mean o f  s i x  s a m p l e s .

The d o c u m e n t a t i o n  o f  l o n g - t e r m  t r e n d s  i n  s e d i m e n t  heavy  m e t a l s  

was n o t  a p r i m e  f o c u s  o f  t h i s  s t u d y .  I t  does  a p p e a r ,  how ever ,  t h a t  

s ed im en t  hea vy m e ta l  c o n c e n t r a t i o n s  have u n d e r g o n e  s i g n i f i c a n t  lo n g ­

term d e c l i n e s .  The f i v e  heavy m e t a l s  examined i n  t h i s  s t u d y  were 

found  t o  be p r e s e n t  i n  s e d i m e n t  a t  c o n c e n t r a t i o n s  w e l l  be low  th o s e
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found in the 1970 and 1976 surveys in t h e  same a r e a .  I f  the  sediment 

d a t a  f o r  each metal in  t h i s  s tudy a r e  averaged f o r  1987 and 1988 and 

then compared to  th e  1976 survey ,  each metal  i s  found to  have 

d ec l in e d  s u b s t a n t i a l l y ,  and by about  th e  same percen tage  (Table 34).  

Although thes e  comparisons a r e  based on da ta  from s t a t i o n s  only one 

mile a p a r t ,  and such compar isons  o f  d i f f e r e n t  s t a t i o n s  may not  be 

e n t i r e l y  v a l i d ,  they a r e  probably  i n d i c a t i v e  of  long- term t r en d s  fo r  

th e  Red Run.
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CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

The p u r p o s e s  o f  t h i s  s t u d y  we re  t o :  (a )  d e t e r m i n e  t h e  e f f e c t  o f

sodium c h l o r i d e  c o n c e n t r a t i o n  on m o b i l i z i n g  cadmium, c o p p e r ,  l e a d ,  

n i c k e l ,  and z i n c  f rom s t r e a m  s e d i m e n t s ;  (b)  d e t e r m i n e  i f  c h l o r o - m e t a l  

complexes  may p l a y  a r o l e  in  any such m o b i l i z a t i o n ;  and ( c )  d e t e r m i n e  

t h e  c o r r e l a t i o n s  between c h l o r i d e  ion  and each  meta l  i n  an urban  

s t r e a m  d u r i n g  p e r i o d s  when t h e  s t r e a m  was r e c e i v i n g  r u n o f f  c o n t a i n i n g  

highway d e i c i n g  s a l t s .

S t r eam  s e d i m e n t s  found t o  c o n t a i n  t h e s e  f i v e  heavy m e t a l s  were  

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

c o n c e n t r a t i o n .  A l i q u o t s  were  removed a t  s p e c i f i e d  t im e  i n t e r v a l s  and 

c o n c e n t r a t i o n s  o f  d i s s o l v e d  m e t a l s  w ere  d e t e r m i n e d  by f l am e  a to m ic  

a b s o r p t i o n  s p e c t r o m e t r y .  A r e g r e s s i o n  a n a l y s i s  was u s ed  t o  compare 

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

n i t r a t e  s o l u t i o n s .

The d r a i n a g e  b a s i n  o f  t h e  Red Run,  an u rb an  s t r e a m  d r a i n i n g  a l l  

o r  p a r t s  o f  s e v e r a l  c i t i e s  n o r t h  o f  D e t r o i t ,  M i c h i g a n ,  was ch o se n  as 

a s t u d y  s i t e .  C h l o r i d e  and meta l  c o n c e n t r a t i o n s  were  m easu red  in  

w a t e r  s a m p le s  t a k e n  from t h e  Red Run i t s e l f ,  S c h o e n h e r r  D r a i n ,  and 

Bea r  Creek d u r i n g  p e r i o d s  when s t r e e t  r u n o f f  c o n t a i n e d  e l e v a t e d  

l e v e l s  o f  d e i c i n g  s a l t .  Metal  c o n c e n t r a t i o n s  were  a l s o  d e t e r m i n e d  in  

Red Run s e d i m e n t  b e f o r e  and a f t e r  a  s i n g l e  snow and r o a d - s a l t i n g

110
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e v e n t  and b e f o r e  and a f t e r  an e n t i r e  w i n t e r  s e a s o n .  The f o l l o w i n g  

c o n c l u s i o n s  and  recommendat ions  a r e  a r e s u l t  o f  t h i s  s t u d y .

C o n c l u s i o n s

1.  In l a b o r a t o r y  d e s o r p t i o n  t r i a l s  w i t h  Red Run b o t tom  s e d i ­

m e n t s ,  t h e  c o n c e n t r a t i o n  o f  cadmium in  s o l u t i o n  was found  t o  have a 

h ig h  c o r r e l a t i o n  (£ = . 9 0 )  w i th  c h l o r i d e  ion  c o n c e n t r a t i o n .  Cadmium 

was a l s o  d e s o r b e d  from Red Run s e d i m e n t s  by c h l o r i d e  s o l u t i o n s  t o  a 

g r e a t e r  e x t e n t  t h a n  by n i t r a t e  s o l u t i o n s  o f  t h e  same c o n c e n t r a t i o n  

( i n  m g /L ) .  T h i s  i s  t h o u g h t  t o  a g r e e  w i t h  a d e s o r p t i o n  model in  which 

n i t r a t e  s o l u t i o n s  i n c r e a s e  cadmium s o l u b i l i t y  p r i m a r i l y  t h r o u g h  i o n -  

ex ch an g e  a t  s e d i m e n t  a d s o r p t i o n  s i t e s ,  w h e r e a s  c h l o r i d e  i o n s  a d d i ­

t i o n a l l y  form s t a b l e  c h i o r o - c o m p l e x e s  w i t h  cadmium,  t h e r e b y  f a v o r i n g  

i t s  i n c r e a s e d  r e l e a s e  i n t o  t h e  w a t e r  column.

2 .  In l a b o r a t o r y  sed im e n t  d e s o r p t i o n  t r i a l s ,  z i n c  c o n c e n t r a t i o n  

was found t o  have  a low c o r r e l a t i o n  ( r = . 4 9 )  w i t h  c h l o r i d e  ion  concen ­

t r a t i o n .  Z in c  was d e s o r b e d  from Red Run s e d i m e n t s  by c h l o r i d e  s o l u ­

t i o n s  t o  a s l i g h t l y  g r e a t e r  e x t e n t  t h a n  by n i t r a t e  s o l u t i o n s  o f  t h e  

same c o n c e n t r a t i o n ,  b u t  o n l y  a t  l o n g e r  d e s o r p t i o n  p e r i o d s .  T h i s  may 

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

s o l u t i o n  a r e  i n  t h e  form o f  chi  oro -compl  e x e s  and t h a t  t h e s e  a r e  in  

c o m p e t i t i v e  e q u i l i b r i u m  w i t h  o t h e r  m a jo r  z i n c  s p e c i e s .

3 .  In l a b o r a t o r y  d e s o r p t i o n  s t u d i e s ,  c o p p e r  and n i c k e l  conc en ­

t r a t i o n s  were  found  t o  have low n e g a t i v e  ( £ = - . 3 8 )  and l i t t l e  i f  any 

( £ = - . 2 9 )  n e g a t i v e  c o r r e l a t i o n s ,  r e s p e c t i v e l y ,  w i t h  c h l o r i d e  i o n .  

S i g n i f i c a n t  d i f f e r e n c e s  were n o t  d e t e c t e d  between t h e  c o n c e n t r a t i o n s

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



112

o f  copper  o r  n ickel  in ch lo r i de  s o l u t i o n s  ver sus  n i t r a t e  s o l u t i o n s  of 

th e  same c o n c e n t r a t i o n .  These o b s e r v a t io n s  were found to  be c o n s i s ­

t e n t  wi th  o t h e r  s t u d i e s  which i n d i c a t e  t h a t  copper and nickel  have 

p a r t i c u l a r l y  s t rong  a f f i n i t i e s  f o r  o rg an ic  m a t t e r  t h a t  becomes l e s s  

s o l u b l e  as the  s o l u t io n  ion ic  s t r e n g t h  i s  i n c r e a s e d .  Lead concen t ra ­

t i o n s  were g e n e r a l l y  below l i m i t s  o f  d e t e c t a b i l i t y  o f  the  ins t rumen­

t a t i o n  used.

4 .  Ch lor ide  ion co n c en t ra t i o n s  in  s t ream samples c o l l e c t e d  

du r i ng  th e  summer were found to  vary by,  a t  most ,  a f a c t o r  of  two. 

Compared to  the  r e s p e c t i v e  summer means, maximum w in te r  c h l o r i d e  ion 

c o n c e n t r a t i o n s  were found to  be h igher  by f a c t o r s  of  16, 27, and 38 

f o r  Red Run, Schoenherr  Drain,  and Bear Creek r e s p e c t i v e l y .

5. A moderate ch lo r id e  ver sus  z in c  c o r r e l a t i o n  was found f o r  

w i n t e r  wa te r  samples from Red Run. O therwise ,  only low to  l i t t l e ,  i f  

any,  c h i o r id e -m e ta l  c o r r e l a t i o n s  could  be d e t e c t e d  f o r  cadmium, 

co p p e r ,  n i c k e l ,  or  z inc  a t  any l o c a t i o n .  Lead was g e n e r a l l y  below 

l i m i t s  o f  d e t e c t a b i l i t y .

6 . Only z inc  could  be c o n s i s t e n t l y  d e t e c t e d  in s a l t  from munic­

ip a l  and county s a l t  p i l e s  used fo r  highway de ic ing purposes.  The 

c o n t r i b u t i o n  of  z inc  from de ic ing  s a l t  to  t o t a l  z inc  l e v e l s  found a t  

each o f  th e  sampling s i t e s  was found to  be minimal and to have a 

minimal e f f e c t  on ov era l l  c h lo r id e  ve r sus  z i nc  c o r r e l a t i o n s .

7.  Changes in stream sediment  heavy metal co n c en t ra t i o n s  over 

an e n t i r e  w in t e r  road- sa l  t i n g  p e r io d ,  o r  over  a s i n g l e  snow and road- 

s a l t i n g  e ve n t  could  not  be unequ ivoca l ly  a t t r i b u t e d  to  the  use of  

highway d e ic in g  s a l t s .  I n s t ea d ,  d i f f e r e n c e s  in  sediment heavy metal
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co n c en t ra t i o n s  appeared to  be more c l o s e l y  r e l a t e d  to  d i f f e r e n c e s  in 

the  p e r cen t  of  sediment  f i n e r  than 0.063 or  0.125 mm. In g e n e r a l ,  

t o t a l  heavy metal l e v e l s  showed moderate to  high c o r r e l a t i o n s  wi th 

the p e r cen t  f i n e  sed im en ts .  Exchangeable l e v e l s  of  cadmium, copper ,  

n i c k e l ,  and z inc  showed high c o r r e l a t i o n s  wi th the  p e r c e n t  f i n e  

sediments a t  on ly  one o f  two sampling s i t e s .  L i t t l e ,  i f  any,  c o r r e ­

l a t i o n  was found wi th  exchangeable  lead  c o n c e n t r a t i o n s  and pe r cen t  

f in e  sediments .

8 . When t h e  r e s u l t s  o f  t h i s  study were compared w i th  the  

r e s u l t s  o f  p re v io us  Red Run and Cl in ton River  s t u d i e s ,  l e v e l s  of  

sediment  heavy m e t a l s  were found to  show a s u b s t a n t i a l  long- te rm  

d e c l i n e .  This  d e c l i n e  r e p r e s e n t s  a response  o f  the  s t ream to  con­

t r o l s  p laced  in  t h e  1970s on p o i n t  source  metal d i s c h a r g e s .  The 

dec l i ne  observed f o r  cadmium fo r  the  d u r a t i o n  of t h i s  s tudy was most 

l i k e l y  a re spon se  o f  th e  Red Run to  c o n t r o l s  p laced in November, 1985 

on metal l e v e l s  e n t e r i n g  and being discharged  from the  Warren 

Wastewater Treatmen t  P l a n t .

Recommendations

1. Measurements o f  the  s p e c i a t i o n  of  each metal in  s t ream 

samples co n t a i n i n g  d i f f e r e n t  c o n c e n t r a t i o n s  of  dei c ing  s a l t s  would 

permit  more d e f i n i t i v e  s t a t em en t s  rega rd ing  the  r o l e  o f  ch lo ro-me ta l  

complexes in m o b i l i z in g  heavy meta ls  from sediments .  Such s p e c i a t i o n  

s t u d i e s  ar e  n eces sa ry  to  v e r i f y  spec ies  d i s t r i b u t i o n s  ob t a in e d  by 

c a l c u l a t i o n  and might a l s o  provide  i n s i g h t s  i n to  the  r o l e  t h a t  s o l ­

uble organic  complexes may p lay  in competing wi th chloro  complexes.
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2. At tempts t o  model the  movement of heavy meta ls  in  s t reams 

u s u a l ly  do not  c o n s i d e r  the  p o s s i b i l i t y  t h a t  e l e v a t e d  c h l o r i d e  ion 

c o n c e n t r a t i o n s  may i n c r e a s e  t h e i r  m o b i l i t y .  Measurements of  the  

heavy metal p a r t i t i o n  c o e f f i c i e n t s  between sediments and the  s o lu t io n  

phase wi th d i f f e r e n t  c h l o r i d e  ion c o n c e n t r a t i o n s  could provide 

va luable  re f i nem en ts  to  those  models.  This would be expected to  be 

most s i g n i f i c a n t  in models o f  s t r eams  t h a t  have high sediment  

c o n c e n t r a t i o n s  o f  me ta l s  t h a t  i n t e r a c t  s t r o n g l y  wi th c h l o r i d e  and 

t h a t  c a r ry  e l e v a t e d  l e v e l s  of  d e i c in g  s a l t s  during snow p e r io d s .

3. Heavy m e ta l s  ar e  g e n e r a l l y  b e l i e v e d  to  be more con c en t ra t e d  

in the  f i n e r  f r a c t i o n s  of  sediment .  An examination of  heavy meta ls  

in suspended sediment  dur ing w in t e r  road -s a l  t i n g  per iods  could  pro­

vide more d i r e c t  evidence  of th e  s i g n i f i c a n c e  of  c h l o r i d e  ion in 

heavy metal d e s o r p t io n  than t h a t  o b t a in ed  in  t h i s  s tudy.

4.  Temperature i s  known to  have an e f f e c t  on the  k i n e t i c s  and 

p o s i t io n  o f  eq u i l i b r i u m  in  chemical r e a c t i o n s .  Yet the  e f f e c t  o f  

temperature  on metal  s o rp t io n  or  d e s o r p t io n  i s  conspicuous ly  absent  

in s t u d i e s  r e p o r t e d  in  th e  l i t e r a t u r e .  An examinat ion o f  such 

tempe>ature e f f e c t s  may provide a d d i t i o n a l  i n s i g h t s  i n to  the  movement 

of heavy meta l s  between sediments and th e  water  column in  co lder  

c l i m a t e s .

5. Overflows from the  S o u th eas te rn  Oakland County Sewage 

Disposal  System P o l l u t i o n  Control F a c i l i t y  have an unknown e f f e c t  on 

metal c o n c e n t r a t i o n s  in Red Run wa te r  and sediments .  Measurements of  

metal c o n c e n t r a t i o n s  in  th e se  over f lows could reveal  the  r e l a t i v e  

s i g n i f i c a n c e  of  t h i s  source to  the  t o t a l  inpu t  o f  meta ls  to  the  Red
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Run.

6 . Leachate samples from l a n d f i l l s  l o c a t e d  a long th e  Red Run 

have been found to  con ta in  t o x i c  organic s  as well  as l e a d ,  n i c k e l ,  

and chromium. A s tudy to  determine the e x t e n t  to  which l e a c h a t e  from 

th e s e  l a n d f i l l s  e n t e r s  th e  Red Run could revea l  t h e i r  c u r r e n t  and 

p o t e n t i a l  impact on Red Run and Clinton River  wate r  q u a l i t y .
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