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PREFACE

T his  d i s s e r t a t i o n  c o n s i s t s  of t h r e e  m an u sc r ip ts  w i th  a  common, 

i n t r o d u c t i o n ,  a n a l y t i c a l  m ethods and p ro ced u re  e v a lu a t io n ,  and c o n c lu s io n .  

The f i r s t  m a n u sc r ip t  co n ce rn s  c o n c e n t r a t io n s  o f  cadmium* c o p p e r  and 

z i n c  in  o y s t e r s ,  CiuMAoitfiiza. vXAcKrttCfl, from the  m ajo r  e s t u a r i e s  in  th e  

S o u th e rn  Chesapeake Bay. I t  has  been p u b l is h e d  In  Water R e s e a r c h . The 

seco n d  m a n u s c r ip t  was p u b l is h e d  in  P ro ceed in g s  o f  a. Symposium on M inera l  

C y c l in g  in  B o u th e aa te rn  Ecosystem s and in v o lv e s  c o n c e n t r a t i o n s  o f  copper 

and z in c  In bo ttom  sed im en ts  and o y s t e r s  w hich  l i v e  on th o se  s e d im e n ts .  

The t h i r d  m a n u sc r ip t  concerns  c o n c e n t r a t io n s  o f  cop p er  and z i n c ,  in  

suspended  and bottom  sed im en ts  from the  Rappahannock R iver b e f o r e ,  

d u r in g  and a f t e r  T ro p ic a l  Storm Agnes. I t  h a s  been p u b l is h e d  i n  The 

E f f e c t s  o f  T r o p ic a l  Storm Agnes on th e  Chesapeake Bay E s tu a r in e  System.

vi
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ABSTRACT

O y s te r s ,  v ifig ^ in icn , were c o l l e c t e d  from 95 s t a t i o n s
lo c a t e d  on the  w e s te rn  s id e  o f  t h e  s o u th e r n  Chesapeake Bay. A n a ly s is  
o f  t h e s e  samples f o r  th e  t r a c e  m e t a l s ,  cadmium, c o p p er  and z in c  
I n d ic a te d  t h a t  c o n c e n t r a t i o n  g r a d i e n t  e x i s t e d  f o r  each  o f  t h e  t h r e e  
e le m e n ts .  Samples c o l l e c te d  f u r t h e r  u p - s t re a m  ( lo w e r  s a l i n i t i e s )  
u s u a l l y  c o n ta in e d  mote o f  th e  m e ta l s  than  d id  th o s e  dow n-stream - The 
c o n c e n t r a t io n  g r a d i e n t s  w ere  u t i l i z e d  s u c c e s s f u l l y  to  p r e d i c t  n a t u r a l  
a n d /o r  an th ro p o g en ic  m etal c o n c e n t r a t i o n s  In  o y s t e r s  from th a  s tu d y  
a r e a .

O yste r  samples c o l l e c t e d  from th e  Newport R iv e r  e s t u a r y  in  
N orth  C aro lin a  showed th e  same m e ta l  g r a d i e n t  a s  had been  o bserved  in  
th e  Chesapeake B ay.

Bottom sed im en ts  from t h e  York and Rappahannock R iv e ra  were 
c o l l e c t e d  and a n a ly z e d  f o r  cop p er  and z in c  by t h r e e  chem ica l e x t r a c t i o n  
methods fo llow ed  by Atomic A b s o r p t io n  S p e c tro p h o to m e try .  A lthough  
t r e n d s  o f  sed im en t-m eta le  w ere  o b s e rv e d  th e y  d id  n o t  c o r r e l a t e  w ith  
th o se  p re s e n t  in  o y s t e r s  from th e  same e s t u a r i e s .

A n a ly s is  o f  Rappahannock R iv e r  bottom  and suspended sed im en ts  
b e f o r e ,  d u ring  and a f t e r  th e  r u n - o f f  from T r o p ic a l  S torm  Agnes showed 
t h a t  th e  copper c o n c e n t r a t i o n  I n  bo ttom  sed im en ts  i n c r e a s e d  due to  the  
s to rm . Since suspended sed im en ts  were a l s o  h ig h ,  th e  a ssu m p tio n  was 
made t h a t  d e p o s i t io n  o f  t h a  copper  r i c h  p a r t i c u l a t e s  accoun ted  f o r  th e  
I n c r e a s e  in  bottom  sedim ent c o p p e r .  A d e p o s i t io n - m ix in g  model was 
fo rm u la ted  and th e  amounts o f  d e p o s i t i o n  In  the  Rappahannock R iv e r  
Channel due to  T r o p ic a l  Storm Agnes w ere  c a l c u l a t e d .

xil



COPPER AND ZINC IN BOTTOM SEDIMENTS AND OYSTERS, 

CRASSOSTREA VIRGINICA. FROM VIRGINIA’S ESTUARIES



INTRODUCTION

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

r e l a t i v e  p o te n cy  and t h e  d u r a t i o n  o f  t h e i r  e x i s t e n c e .  The damage done 

by p o l l u t a n t s  l a  l e s s  f o r  th o s e  w hich  have ch em ica l  h a l f - l i v e s .  An 

o b v io u s  exam ple o f  t h i s  I s  th e  d i f f e r e n c e  In  p o l l u t i o n  p o t e n t i a l  o f  

o rg a n o -p h o s p h a te  an d  c h l o r i n a t e d  h y d ro c a rb o n  p e s t i c i d e s ,  O rgano-phoaphate  

p e s t i c i d e s  have s h o r t  l i v e s  In  t h e  en v iro n m en t * o f t e n  on t h a  o rd e r  o f  

d a y s ,  and hence  a r e  I m p o r ta n t  m a in ly  th ro u g h  l o c a l  d i r e c t  a c u te  exposure  

(B ender and  Westmann, 1 9 7 6 ) ,  However, c h l o r i n a t e d  H ydrocarbons such  as 

DDT c an  e x i s t  from b e tw een  10 and 15 y a a r s  d epend ing  on th e  su r ro u n d in g  

p h y s i c a l - c h e m i c a l  c o n d i t i o n s  and t h i s  lo n g  l i f e  t im e  a l lo w s  f o r  g lo b a l  

d i s t r i b u t i o n  and s i g n i f i c a n c e  In  t h e  b io s p h e r e  (R acH ullan , 1968). The 

p o t e n t i a l  o f  e c o l o g i c a l  damage from a  p o l l u t a n t  l a  d i r e c t l y  p r o p o r t io n a l  

to  I t s  h a l f - l i f e .  E x trem e  c a u t i o n  must be e x e r c i s e d  in  t h e  r e l e a s e  

o f  a s u b s t a n c e  w i t h  an I n f i n i t e  h a l f - l i f e  I n to  t h e  en v ironm en t.  Once 

In t h e  en v iro n m e n t  i t s  p o t e n t i a l  f o r  harm rem a in s  u n t i l  i t  l o s e s  I t s  

b i o l o g i c a l  a v a i l a b i l i t y .  T race  m e ta l s  a r e  exam ples o f  su ch  p o l l u t a n t s .

T race  m e ta l s  may be d e f in e d  as th o s e  e le m e n ts ,  u s u a l l y  th e  

t r a n s i t i o n  o n e s ,  w h ich  a r e  found i n  t r a c e  q u a n t i t i e s  i n  t h e  environm ent 

r e l a t i v e  t o  th e  more ab u n d an t e le m e n ts  such  a s  I r o n .  From a  chem ical 

s t a n d p o i n t  e le m e n ts  su ch  a s  t i n  a r e  n o r t - n e ta l s  b u t  a r e  a c c e p te d  under  

th e  b ro a d  c a te g o r y  o f  t r a c e  m e t a l s .  T ra c e  m e ta l s  e x i s t  n a t u r a l l y  In 

m in e r a l s  and t h e r e f o r e  t h e r e  I s  a  n a t u r a l  b u d g e t  o f  t h e s e  e lem en ts  in  

aqueous s y s te m s .  W ith  t h e  w e a th e r in g  o f  r o c k s ,  t h e  e lem en ts  r e a c h  th a
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r i v e r s ,  e s tu a r ie s  and e v e n tu a l ly  the  o c ea n s .  The accompanying b io l o g i c a l  

sy s tem s  have evolved to  cope w i th  t h i s  n a t u r a l  o c c u r re n c e .  When a 

n a t a l ' a  budget i s  unbalanced  tay m a n -In f lu en ced  a u g m e n ta t io n ,  th e  b i o t a  

m ust r e a d ju s t  to  re a c h  a  new e q u i l ib r iu m  and I n  th *  p r o c e s s  th e  p ro 

d u c t i v i t y  of many organ ism s may b e  s i g n i f i c a n t l y  a f f e c t e d .

Between 1953 and 1970, 46 perp^ J d ie d  in  tha v i c i n i t y  o f  

Minamata Bay, Japan from the consum ption o f  m ercury  c o n tam in a te d  s h e l l 

f i s h  (Nelson, 1971). More r e c e n t  ev idence  I n d i c a t e s  t h a t  cadmium 

con tam inated  r i c e  c rops  In  n o r th e r n  Jap an  k i l l e d  mote th a n  50 p e rso n a  

(M cCaull, 1971). Im proper w aste  d i s p o s a l  management was t o  Mama in  

b o th  c a s e s .  No lo n g e r  can the  axiom, " D i l u t i o n  i s  th e  s o l u t i o n  to  

p o l l u t i o n , "  be used i n  th e  s e l e c t i o n  o f  m e ta l  d i s p o s a l  m ethods and s i t e s .  

The chem ical and p h y s ic a l  dynamics o f  aqueous system s a r e  to o  comp l i c e t  ad 

f o r  su ch  s  naive app roach . P ro p e r  management d e c i s io n s  c o n c e rn in g  

d i s p o s a l  o f  heavy m e ta ls  in  n a t u r a l  aqueous sy s te m s  depend upon th e  

d e te r m in a t io n  of th e  q u e s t io n s  t o  be answ ered  and  te c h n iq u e s  r e q u i r e d  

to  a r r i v e  a t  the  answ ers . The c o r r e c t  ap p ro a ch  w i l l  be one  which 

i n t e g r a t e s  the  b i o l o g i c a l ,  c h em ica l ,  and p h y s i c a l  a s p e c t s  y i e l d i n g  a 

m easure  o f  the e c o lo g ic a l  c o s ta  o f  v a r io u s  d i s p o s a l  a l t e r n a t i v e s .  This 

in fo rm a t io n  coupled w i th  the  s o c i o l o g i c a l  and economic c o a t s  can  then  

he g iv e n  to management ag en c ie s  and a d e c i s io n  b ased  on an  e n l ig h te n e d  

c o a t - b e n e f i t  a n a ly s i s  can  be made. U n f o r tu n a te ly  most o f  t h e  n ece ssa ry  

b i o l o g i c a l ,  chemical and p h y s ic a l  a s p e c t s  a r e  unknown. U n t i l  the  

b i o l o g i c a l  impacts o f  such  a d d i t io n s  can be a c c u r a t e l y  a s s e s s e d  and 

p r e d i c t e d ,  the s o c io l o g ic a l  and economic on es  can n o t  be d e te r m in e d .

The re se a rc h  re p o r te d  i n  t h i s  m a n u s c r ip t  in v o lv e s  a t te m p ts  

to  d e te rm in e  th e  b u d g e ts  o f  cadmium, copper  and s in e  in  s e d im e n ts  and
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o y s te r s ,  CxAA&cA&ieJi vaag-inica  from two e a s te r n  c o a s t a l  p l a i n  e s t u a r i e s ,  

the York and  Rappahannock (F ig u re  1 ) .

H o tton  sed im en ts  a r e  m a in ly  comprised o f  m in e ra l  g r a i n s ,  

b iogen ic  ca lc ium  c a r b o n a te ,  and o r g a n ic  m a t t e r ,  ( t h e  o rg a n ic  m a t t e r  

being e i t h e r  as d i s c r e t e  p a r t i c l e s  u s u a l ly  from p a r t i a l  d eco m p o s it io n  

of dead o rgan ism s, o r  as b a c t e r i a l  o r  a lg a l  c o a t in g s  on m in e ra l  g r a i n s ) .

In  noncontam inated  e a t u a r l n e  sed im en ts  from V i r g i n i a ,  th e  o r g a n ic  

con ten t a s  approxim ated by lo s s  on i g n i t i o n ,  commonly ran g es  between 

I f  and 153 on a dry w e ig h t  b a s i s  (Brehmer, 1970; V i r g in i a  I n s t i t u t e  o f  

Marine S c ie n c e ,  1972). The m o is tu re  c o n te n t  o f  t h e  sed im en t,  a s  I t  

comes up In  th e  sam ples, v a r i e s  depending  on th e  a v e rag e  g r a in  s i z e ,

Sandy sed im en t w i l l  o f t e n  c o n ta in  between 60X and SOX s o l i d s ,  w h ile  

those  com prised  m ostly  o f  s i l t s  and c la y s  w i l l  hav e  from 201 to  SOX 

s o l ld a .  W ith in  an e s t u a r y ,  the  p a r t i c l e  s i r e  d i s t r i b u t i o n  may change 

g r e a t ly  from one p la c e  to  a n o th e r  depending  on t h e  c u r r e n t  p a t t e r n s ,  

depth o f  th e  s tream , and so u rc e  o f  d e t r l t a l  m a t e r i a l .

The m etal c o n te n t  o f  any e a tu a r ln e  sed im en t I s  d i f f i c u l t  to  

g e n e ra l iz e  because  i t  depends on how the  m eta ls  a r e  e x t r a c t e d  from th e  

sediment and  how the  a n a ly s e s  a re  perfo rm ed . A w ide ly  a c c e p te d  c h a r a c t e r 

i z a t i o n  o f  sed im ent m e ta l s  I s  one fo rm u la ted  by Gibbs (1973) In  which 

th e re  a re  f o u r  b a s ic  m e ta l  " l o c a t i o n s "  In  se d im e n ts .  One I n c lu d e s  

those m e ta ls  which a re  in c o rp o ra te d  In to  c r y s t a l l i n e  m a t r i c e s .  Thase 

may be e i t h e r  a p a r t  o f  the  l a t t i c e  o r  " t ra p p e d "  In  th e  l a t t i c e  

s t r u c t u r e  o f  c la y  or mica m in e ra l s .  These m e ta ls  a r e  c a l l e d  c r y s t a l l i n e  

m e ta ls .  A no ther  In vo lves  those  m e ta ls  scavenged i n t o  I ro n  o r  manganese 

o x id e -h y d ro x id e  c o a t in g s  on the  p a r t i c l e s  and a r e  known as scavenged , o r  

p r e c l p i t a t e d - c o p r e c l p l t s t e d ,  m e ta l s .  A t h i r d  ty p e  in c lu d e s  th o s e  m e ta ls
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adsorbed  to  th e  s u r f a c e  o f  the  m in e ra l  g r a in  which a re  c a l l e d  adsorbed  

me t a l a .  The f o u r th ,  c a l l e d  o rg a n ic  m e ta le ,  a r e  th o s e  In c o rp o ra te d  In  

o rg a n ic  m a tr ic e s .  e i t h e r  aa c o a t in g s  on th e  u i n e r a l  o r  an b io l o g i c a l  

d e b r i s .  Three o f  th e s e  fo u r  types  a r e  d i r e c t l y  r e l a t e d  to  th e  s u r f a c e  

a r e a  o f  the  sed im en t g r a in s  and hence , th e  p a r t i c l e  s l a e .  With a l l  o th e r  

th in g s  b e in g  e q u a l ,  one gram o f  a f i n e  g ra in e d  sed im en t w i l l  u s u a l l y  

c o n ta in  more o f  a m e ta l  th a n  w i1l  an e q u a l  mass o f  a c o a r s e r  one.

I f  th e  m e ta ls  i n  u n t r e a t e d  sed im en ts  a re  q u a n t i f i e d  by 

a c t i v a t i o n  o r  e q u iv a l e n t  a n a l y s i s ,  a l l  f o u r  " ty p e s ” o f  a m eta l  com prise  

th e  r e s u l t i n g  v a lu e .  There a r e  ad v an tag es  to  t h i s  k ind o f  a n a l y s i s  

because  s o lv e n t  e x t r a c t i o n s  to  " a t r i p 11 one type  o f  m e ta l  r e l a t i v e  to  

a n o th e r  a re  n o t  w e l l  d e f in e d  and undoub ted ly  e x t r a c t  m e ta ls  from u n d ea lred  

l o c a t i o n s .  However, due t o  th e  expense  o f  a c t i v a t i o n  a n a ly s e s  and th e  

p o in t  t h a t  c r y s t a l l i n e  m e ta ls  a r e  p ro b ab ly  th e  l e a s t  im p o r ta n t  w i th  

r e s p e c t  to  t h e i r  b i o l o g i c a l  a v a i l a b i l i t y ,  e x t r a c t i o n s  fo llow ed by 

atom ic a b s o r p t io n  a p e c t ro p h o to m e tr ic  a n a ly s e s  a r e  u s u a l l y  perform ed .

The r e s e a r c h  r e p o r te d  i n  t h i s  m a n u sc r ip t  was based  on s o lv e n t  e x t r a c t i o n s  

o r  " s t r i p s "  fo llo w ed  by atom ic  a b s o r p t io n  a p e c tro p h o to m e tr ic  q u a n t i t a t i v e  

a n a l y s i s .

The organism  chosen  to  compare th e  l e v e l s  o f  cadmium, copper 

and s in e  i n  a d so rb e d ,  p r e c l p l t a t ^ d - ' c o p r e d p l t a t e d  and o rg a n ic  phases  

In  sed im en ts  to  t i s s u e  l e v e l  was the  E a s te rn  o y s t e r ,  CXJM&O&tXeJl 

uiAg-tfU,ca. T h is  s p e c ie s  i s  abundant i n  th e  so u th e rn  Chesapeake Bay 

and com prises  a  m u l t i - m i l l i o n  d o l l a r  p e r  y e a r  in d u s t r y  in  V i r g in i a  

(Haven, 1977). They commonly in h a b i t  w a te r s  w ith  s a l i n i t i e s  between 

7 o /oo  and 30 o /o o  where th e  bottom  ty p e  i s  s u f f i c i e n t l y  hard to  

su p p o r t  the  an im als  and th e  s u b s t r a t e  to  w hich th e y  " s e t " .  They a re
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f i l t e r  f e e d e r s  which can  f i l t e r  ae much as 575 l i t e r s  a t  w a te r  a  day 

th rough t h e i r  g i l l s ,  e f f i c i e n t l y  removing p a r t i c l e s  betw een 2\i and 8p 

f o r  food (Haven, 1977). These p a r t i c l e s  a r e  p a s s e d ,  by un d u la ticm a  

o f  the  c i l l i a  on th e  g i l l s  to  the  mouth and from t h e r e  on I n to  th e  

stomach and g u t  ( G a l t s t o f f ,  1964). Once In  th e  gut t h e  p a r t i c l e s  a r e  

s u b je c te d  to  d i g e s t i v e  f l u i d s  which may have a pH as  low as  4 (W ilbur 

and Yonge, 1 9 6 6 ) .  The p o t e n t i a l  I s  th e r e  f o r  m e ta ls  which a r e  bound 

to  th e  p a r t i c l e s  and l a b i l e  under reduced pH’ s  to  be m o b i l is e d  under  

th e se  c o n d i t io n s  and in c o rp o ra te d  in to  th a  o y s t e r ' s  t i s s u e s .  Commonly 

o y s te r a  from n o n - p o l lu te d  w aters  have m e ta l  c o n c e n t r a t io n s  w hich a re

fo u r  t o  f i v e  o r d e r s  o f  magnitude above th o s e  In  su r ro u n d in g  w a te r s

(K o p fle r  and M ayer, 1969) and one to  te n  t im e s  th o s e  in  sed im en ts  

( t h i s  m a n u sc r ip t )  . T h e re fo re  t h e i r  a b i l i t y  to  c o n c e n t r a te  m e ta ls  

makes them an a t t r a c t i v e  cho ice  fo r  t r a c e  m e ta l  s t u d i e s .  Also s in c e  

o y s t e r s  a re  s e s s i l e ,  t h e i r  o c t a l  c o n te n t  r e f l e c t  l e v e l s  in  t h e i r  

immediate en v ironm en t.  This  a sp e c t  o f  t h e i r  eco logy  i s  e s s e n t i a l  i f  

one i s  to  compare c o n c e n t ra t io n s  of a su b s ta n c e  In  th e  an im al w i th  th o s e

In  o th e r  segm ents  o f  th e  ecosystem.

The o b j e c t i v e s  o f  th e  p re s e n t  s tu d y  were to :

a) d e te rm in e  th e  c o n c e n tra t io n s  o f  cadmium, copper and s in e

i n  o y s t e r s  from V i r g i n i a ' s  t r i b u t a r i e s  e n t e r i n g  th e  

Chesapeake Bay;

b) d e v e lo p  a mechanism to  d e te rm in e  w h e th er  th e  c o n c e n t r a t i o n s  

o f  cadmium, copper or s in e  in  o y s t e r s  from v a r io u s  l o c a t i o n s

had been augmented by m an 's  a c t i v i t i e s ;

c) d e te rm in e  w hether copper o r  s in e  a s s o c i a t e d  w i th  bottom 

sed im e n ts  i s  a v a i l a b le  to  o y s t e r s  t h a t  l i v e  on th o s e  sed im en ts*



ANALYTICAL METHODS AND PROCEDURE EVALUATIONS

V irg in ia  sed im ent a n d /o r  o y s t e r  sam ples wars c o l l e c t e d  In 

the  James, Nanaeaond, E l iz a b e th ,  Back, Poquoson, York, Pamunkay, 

H a t tap o n l ,  Severn , Ware, N orth , E a s t ,  P ia n k a ta n k  and Rappahannock 

r i v e r s .  O y ste rs  were alBO bamp le d  from two beds  in  th e  Newport R iv e r  

Estuary  and one i n  Rogue Sound, N orth  C aro l in a  <F ig u res  1 A 2 ) .

Bottom sed im ents  were sam pled w ith  a Ponar Crab S am pler. Upon 

reach ing  th e  b o a t ,  th e  top 1 cm o f  sedim ent was removed from th e  sam pler 

w ith  a s t a i n l e s s  s t e e l  s p a tu la .  Care was tak en  t o  remove o n ly  t h a t  

sedim ent which was n o t  in  d i r e c t  c o n ta c t  w ith  t h e  s id e s  of th e  sam pler.  

The sedim ent samples were then p la c e d  In  p l a s t i c  bags and ic ed  u n t i l  

re tu rn e d  to  th e  l a b o r a to r y .  In  t h e  l a b o ra to ry  th e  samples were wet 

s iev ed , (U .S. s tan d a rd  s i e v e ,  No, 230, 63 pm openings) and t h a t  p o r t i o n  

p ass in g  th e  s ie v e  was saved fo r  m e ta l  a n a l y s i s .  Subsequent r e - s l e v l n g  

r e s u l t e d  In  no d l s c e m a b le  in c r e a s e  in  the  c o n c e n t r a t io n s  o f  e i t h e r  

cadmium, copper o r  z in c .

The c o n c e n t ra t io n s  o f  m e ta l s  in  bottom  sediment a r e  p robab ly  

a fu n c t io n  o f  th e  s u r f a c e  a re a  p e r  u n i t  mass o f  sedim ent a s  was mentioned 

In th e  I n t r o d u c t io n .  T here fo re  s i e v i n g  was n e c e s sa ry  to  n o rm a lize  th e  

su r fa ce  a r e a s  p e r  u n i t  mass betw een sample l o c a t i o n s .  To ex em p lify  th a  

importance o f  s i e v in g ,  copper and z in c  c o n c e n t r a t io n s  and p e r c e n t  s o l i d s  

of bu lk , n o n -s iev ed  sedim ent sam ples  taken  from noncon tam inated  a re a s  

throughout th e  Chesapeake Bay a r e  compared In  F ig u re  3 and 4 . S ince  

f in e  g r a in  samples always c o n ta in  more water th a n  do c o a r s e r  o n e s ,  i t

7
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was th o u g h t t h a t  a l i n e a r  r e l a t i o n s h i p  m ight e x i s t  between p e r  c en t  s o l id s  

and m e ta l  l e v e l s  which would a l lo w  com parisons o f  d i s s i m i l a r  sed im ents .

As can  be seen  t h i s  proved t o  be th e  c a s e .  The r e l a t i o n s h i p  i s  a  u se fu l  

one when t r y i n g  t o  c o r r e l a t e  a n a ly s e s  perform ed on  b u lk  sed im ent 

samples a f t e r  a  s t r i p p i n g  te c h n iq u e  has been  employed. I t  does n o t .  

however» a l lo w  t o t a l  n o rm a l iz a t io n  o f  one sample to  a n o th e r  baaed on 

p e rc e n t  s o l i d s  a lo n e .  Too. t h i s  r e l a t i o n s h i p  f o r  co p p er  and s in e  may 

not hold fo r  o t h e r  m e ta l s .  D i f f e r e n c e s  between sam ple s u r f a c e  a reae  

can be p a r t i a l l y  e l im in a te d  by a n a ly z in g  a g iven  p a r t i c l e  s i z e  f r a c t i o n  

o f  th e  s e d im e n ts ,  th u s  e q u a t in g  s u r f a c e  a r e a s  betw een samples and 

red u c in g  c o n c e n t r a t i o n  d i f f e r e n c e s  due to  p a r t i c l e  s u r f a c e  a r e a  a lo n e .

Once th e  sam ples w ere  s i e v e d ,  t h e  <63 p p o r t i o n  was f i r s t  

a i r  d r i e d ,  th e n  d r i e d  a t  105“C» and saved  f o r  f u t u r e  m e ta l  e x t r a c t i o n  

and a n a l y s i s .

t h e  p ro c e d u re s  u t i l i z e d  to  e x t r a c t  o r  " s t r i p "  m e ta ls  in  

d i f f e r e n t  phases  from th e  sed im en ts  a r e  g iv en  below:

A. T o t a l  n o n - c r y s t a l l i n e  m e ta ls

1 . P lace  0 .5 0 0  g o f  d r i e d ,  homogeneous sedim ent i n  a 

n i t r i c  a c i d  washed c e n t r i f u g e  tu b e ;

2. Add 5 .0  ml of c o n c e n t r a te d  n i t r i c  a c id  and h e a t  to  

fuming b e in g  c a r e f u l  n o t  to  lo s e  sample by sp la sh in g  

due to  b o i l i n g ;

3 . A f te r  c o o l in g  to  room te m p e ra tu re  an a d d i t i o n a l  5 .0  ml 

o f  c o n c e n t r a te d  r e a g e n t  g rad e  n i t r i c  a c id  i s  added and 

th e  sample r e h e a te d  t o  fuming;

4 .  The m ix tu re  i s  th e n  c e n t r i f u g e d  and th e  s u p e rn a ta n t  

I s  s e p a r a te d  and d i l u t e d  to  volume;
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5. The d i l u t e d  s u p e r n a t a n t  I s  t h e n  re e d y  f o r  p e t a l  

a n a l y s i s  by A tom ic A b so rp t io n  S p e c tro p h o to m e try .

A n a ly se s  o f  10 f r e s h  r e p l i c a t e  sam ples showed t h i s  p ro c e d u re  

to  have a p r e c i s i o n  of +  IX f o r  c o p p e r  and  + 5% f o r  t i n e .  I n  m ost 

case s  t h e  s e d im e n ts  from th e  Y o rk  and Rappahannock R iv e r  sy s tem s 

c o n ta in e d  cadmium a t  o r  n e a r  t h e  d e t e c t i o n  l e v e l  o f  th e  a to m ic  a b s o r p t i o n  

u n i t  bu t due  to  h ig h  b la n k  L ev e ls  o f  cadmium In  th e  n i t r i c  a c i d ,  t h i s  

e lem en t waa n o t  q u a n t i f i e d .

T h is  te c h n iq u e  l a  a d m i t t e d ly  h a r s h  and u n d o u b ted ly  does 

remove some c o p p e r  and z in c  from c r y s t a l l i n e  s i t e s .  However, t h e  

p ro ced u re  y i e l d s  r e p r o d u c i b l e  am ounts  o f  copper  and z in c  from f r e s h  

sam ples a s  e v id e n c e d  by th e  above m en tio n e d  p r e c i s i o n s  o f  +71 and +  51 , 

r e s p e c t i v e l y .  E x t r a c t i o n s  and a n a l y s e s  w ere perform ed f o r  t h e s e  e l e m e n t s  

over a 20 month p e r io d ,  i n  p o r t i o n s  from  a l a r g e  co m p o si te  o f  s e d im e n t .

The y i e l d s  o f  copper  and z in c  w e re  1 U  a n d  7 i ,  r e s p e c t i v e l y  (T ab le  1)*

B. PTflclpltated-Copreclpltated Metals

1 . P la c e  0 ,5 0 0  g o f  hom ogenized , d r ie d  s e d im e n t  in  a 

n i t r i c  a c id  w ashed  c e n t r i f u g e  tube ;

2. Add 25 ml o f  0 .1 0  m o la r  r e a g e n t  g rad e  h y d r o c h lo r i c  

a c i d ;

3, Shake f o r  60 m in u te s  a t  room te m p e r a tu r e  and c e n t r i f u g e ,

4 , Save t h e  s u p e r n a t a n t  l i q u i d  f o r  a tom ic  a b s o r p t i o n  

a n a l y s e s .

T h i s  p ro c e d u re  y i e l d e d  a  p r e c i s i o n  o f  +■ 41 f o r  b o th  c o p p e r  and 

z in c  on 10 r e p l i c a t e  s am p les .  I t  was fo u n d ,  however, t h a t  t h e  r e a c t i o n  

t im e ,  ( t h e  s h a k in g  t im e ) ,  I s  I m p o r t a n t  I n  th e  y i e l d .  A lso  e x p e r im e n ts  

i n d i c a t e  t h a t  t h e  d i l u t e  h y d r o c h l o r i c  a c i d  p ro b a b ly  a t t a c k s  some o f  t h e
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o rg a n ic  and c r y s t a l l i n e  m e ta ls  a s  w e l l -  T h is  i s  e x e m p l i f ie d  i n  

F ig u re  5 w h ich  shows t h e  amount o f  e ln c  e x t r a c t e d  by t h i s  method on a  

Rappahannock R iver  sam ple w i th  d i f f e r e n t  e x t r a c t i o n  t lm a a .  A f t e r  

a p p ro x im a te ly  4 5 to  60 m in u te s ,  t h e r e  l a  a  g r a d u a l  I n c r e a s e  w hich  p ro b a b ly  

l a  due to  t h e  a d d  l e a c h in g  m e ta l s  from  n o n - in te n d e d  p h a s e s .  Thar a f o r e  

a shak ing  t im e  o f  60 m in u te s  was s e l e c t e d .

Cadmlun c o n c e n t r a t i o n s  in  t h i s  s ed im en t p h a se  w ere  u n o b ta in a b le  

because  r e a g e n t  b lan k  c o n c e n t r a t i o n s  were too h ig h  (> 5 0 t)  r e l a t i v e  to  

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

C. Adsorbed M eta ls

The adso rbed  m e ta ls  method was d ev e lo p e d  by G ibbs (1973) and 

In v o lv e s  re p la ce m e n t  o f  copper and e in c  adso rbed  to  s e d im e n ts  by magnesium 

c h l o r i d e .  The r e s u l t a n t  m ix tu re  I s  c e n t r i f u g e d  and  t h e  s u p e r n a t a n t  

ana lyzed  by Atomic A b so rp t io n  S p e c tro p h o to m e try .  A gain  h ig h  b la n k  

cadmium l e v e l s  nega ted  d e te r m in a t io n  o f  t h i s  e le m e n t .

O rg a n ic  c o n c e n t r a t i o n s  w ere  o b ta in e d  by s u b t r a c t i n g  concen

t r a t i o n s  o f  p r e c l p l t a t e d - 'C o p r e c l p i t a t e d  m e ta ls  from  t o t a l  n o n - c r y s t a l l i n e  

v a lu e s  fo r  each  sam ple.

D. O y s te rs

The a n a ly s e s  o f  o y s t e r  sam p les  f o r  cadmium, c o p p e r  and s in e  

in v o lv ed  n o t  o n ly  c a r e  In  t h e  d i g e s t i o n  bu t a l s o  i n  t h e  o p e n in g  o f  th e  

a n im a l 's  s h e l l s  and d r a in in g  o f  th e  s h e l l  l i q u o r .  The e n t i r e  scheme 

i s  g iv en  below :

1 . O y s te rs  a re  c a r e f u l l y  washed to  remove any a d h e r in g  mud

w ith  p a r t i c u l a r  a t t e n t i o n  g iv e n  to  t h e  h in g e ,

2 . A s t a i n l e s s  s t e e l  o y s t e r  k n i f e  l a  I n s e r t e d  i n t o  t h e  h inge

and tw is te d  c a u s in g  t h e  h in g e  to  b r e a k .  C a u t io n  must be
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e x e r c i s e d  n o t  to  s t a b  o r  p u n c tu r e  t h e  a n i m a l ' s  f le s h *

3* The o y s t e r  l a  h e l d ,  h in g e  down, and  shaken  t h r e e  t im e s  

to  d r a i n  s h e l l  l i q u o r  w h ich  I s  d i s c a r d e d .

4 ,  The a d d u c to r  m u sse l  i s  c u t  and t h e  o y s t e r  m eat I s  p la c e d  

I n t o  an a c i d  washed and d r i e d ,  125 e r le n m e y e r  f l a s k  and 

t h e  w et w e ig h t  r e c o r d e d .

5. A p p ro x im a te ly  20 ml o f  r e a g e n t  g ra d e  c o n c e n t r a t e d  n i t r i c  

a c i d  i s  added  and t h e  sam ple  I s  a l lo w ed  to  d i g e s t  f o r

24 h o u r s  a t  room t e m p e r a t u r e .

G. The sam ple I s  then  h e a t e d  to  fuming o r  u n i t l  a c l e a r ,  

d a rk  r e d  s o l u t i o n  r e s u l t s ,

7 . The d i g e s t  i s  c o o le d  t o  room t e m p e r a t u r e  and f i l t e r e d  

th ro u g h  a c i d  washed g l a s s  wool and  th e  f i n a l  f i l t e r e d  

volume m e a s u re d .

B. The sam ple i s  th e n  r e a d y  f o r  a n a l y s i s  by Atomic A b s o r p t io n  

S p e c t r o p h o to m e t r y .

T h is  m ethod i s  r e l a t i v e l y  s im p le  compared to  most a s h in g  

m e th o d s .  Sample s p l i t s  w hich  w e re  s e n t  by th e  N a t io n a l  M arine  F i s h e r i e s  

S e r v i c e ,  A t l a n t i c  E a t u a r l n e  F i s h e r i e s  C e n te r  i n  B e a u f o r t ,  N o r th  C a r o l i n a  

were a n a ly se d  by t h i s  p r o c e d u r e  and  compared to  r e s u l t s  on th e  s p l i t s  

e x t r a c t e d  by them u t i l i z i n g  a d ry  a s h  m ethod . The r e s u l t s  w e re  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  f o r  c o p p e r  and z in c  a t  th e  0 .0 0 1  s i g n i f i c a n c e  

l e v e l .  They were n o t  s e t - u p  to  a n a ly z e  f o r  cadmium.

The e x t r a c t s  w ere  a n a ly z e d  f o r  c o p p e r  and z in c  and w here  

p o s s i b l e  cadmium by Atomic A d s o r p t io n  S p e c tro p h o to m e try  u s in g  a V a r la n  

AA-5 in s t r u m e n t .  C o n d i t io n s  w ere  a s  fo l lo w :
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Copper Zinc  Cadmium

Fuel A cety lene  A c e ty le n e  Acety lene

Suppor t  A i r  A i r  Ait

Wavelength 324.8  mm 213 .9  nm 228.6 m&

S l i t  100 \i 100 v 200 V



F ig u r e  1. Hap o f  t h e  Chesapeake Bay.
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Figure 2. Hap o£ the Newport Estuary and Bogue Bound, North 

Carolina.
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Figure 3 Concentration o f copper ( n i t r ic  acid digestion) in 

sediments from noncontaminated areas throughout the  

Chesapeake Bay v s .  percent fiolidB.
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Figure 4 Concentration of s in e  f n l t r ic  acid d ig e s t )  In sediments 

from noncontaminated areas throughout the Chesapeake 

Bay vs. percent s o l i d s .
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Figure 5. Yield o f zinc by 0 .10  Molar Hydrochloric Acid va , shaking 

t im e .
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TABLE 1

ZINC AND COPPER CONCENTRATIONS OBTAINED FROM A COMPOSITE OF 

RAPPAHANNOCK RIVER SEDIMENTS ANALYZED BY THE NITRIC ACID 

METHOD OVER A 20 MONTH PERIOD*

nR kg-  ̂ Dry Weight
Date of A nalysis  Zinc____  Copper

February 1974 60 17

March 1974 60 18

May 1974 21

February 19 75 G4 20

May 197 5 62

May 1975 54

June 1975 59 24

September 1975 66 20

54 17

53 17

54 16

56 18

55 17 

X+sd = 58+4 X+sd -  19+2
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UTILIZING METAL CONCENTRATION RELATIONSHIPS IN THE EASTERN OYSTER 

(CfcLSSdSTREA I/IRGINICA) TO DETECT HEAVY METAL POLLUTION

INTRODUCTION

The eastern oyster ,  CtA&AOAfJiea. v - iA g in ic a - , inhabiting  areas  

having s a l i n i t i e s  of 7-30 o /ot\  Is  subjected to varying cond itions with  

respect to both food and the chemical c h a r a c te r is t ic s  o f  the surrounding 

waters {Wilber and Yonge, 1969). The responses of these organisms as 

measured In terms o f  growth rate , s u r v iv a l ,  e tc .  to  t h i s  gradient are 

of both commercial and s c i e n t i f i c  importance* One c h a r a c te r is t ic  of 

f i l t e r  feeding organisms, e s p e c ia l ly  o y s te r s ,  which i s  o f  considerable  

s ig n if ica n ce  in th is  regard i s  their  a b i l i t y  to concentrate  a v a r ie ty  

of compounds from the aqueous phase* Many substanceH, while not 

n ecessar ily  harming the organism, are concentrated In the animal1s 

t i s s u e s ■

The heavy metals, cadmium, copper and a Inc are no exception  

and have been shown to be concentrated four to f iv e  orders of magnitude 

above that o f  the surrounding water (Kopfler and Mayer* 1969}. Aside 

from the obvious public hea lth  and entrepreneurial a spects  of t h i s  

concentrating a b i l i t y ,  the phenomenon may be used to d e te c t  p o llu t io n  

sources (Schuster and P r in g le , 1969}.

Previous workers have reasoned that i f  o y s te r s  from a given  

area contain more of a substance than a p r e -se t  ’’A ct io n -lev e l"  then a 

nearby source i s  Indicated. Unfortunately, th is  reasoning can lead to  

erroneous conclusions and even at beat can detect unnatural sources only  

a f te r  gross contamination has occurred.

The work, described in  th is  paper shows that the concentrations  

of the heavy m etals, cadmium, copper and zinc In o y s te r s  are a function

25



of not only source but a lso  the animal's p o s i t io n  In the estuary* The 

future use o f  concentration r a t io s  Is  suggested which allow s:

1. an Indication  whether metal concentrations In organisms 

be from natural or manmade sources;

2, recognition o f problem areas before they reach nuisance  

l e v e l s ;

3* p red iction , with norae cer ta in ty , o f  areas which would 

be adversely a f fe c te d  by unnatural additions of metals;

4. pred iction  o f areas which could best to lera te  unnatural 

additions o f m etnls.

METHODS AND PROCEDURES

A to ta l  o f  495 oysters  were co l le c te d  during the period of  

February-May 1971 from the areas Indicated in Fig. 1. S a l in i t i e s  at 

the sampling lo ca t io n s  ranged from 32 o /oo, for the ocean-side, Eastern 

Shore to 7 o/oo in the es tu a r ie s .

Five specimens from each s i t e  were removed from the s h e l l  

without puncturing the body of the oyster, and the Individual organisms, 

ranging in wet weight from 2 to 35 g, were completely d igested  in con

centrated n i t r ic  acid  (Reagent ACS, Fisher S c i e n t i f i c ) ,

The d isso lved  samples were analyzed for cadmium, copper and 

zinc u t i l i z in g  a Beckman Model 1301 Atomic Absorption System with a 

Model DB-G Grating Spectrophotometer.

RESULTS

Examination o f the data showed that o y s te r s  from the same 

sampling location  o ften  d iffered  in  metal concentration as much as 100 

per cent and occas iona lly  300 per cent. Such v a r ia b i l i t y  o f metal con

centrations in oysters  from the same location  i s  not unique to Chesapeake 

Bay. Fitzgerald and Skaven (19 63) and Kopfler and Mayer (1969) reported



l ik e  findings for oysters  c o l le c te d  frota various areas along the A tlantic  

and Gulf Coasts. These variable concentrations are assumed to be normally 

d istr ib u ted  around some population mean, therefore the sample mean from 

each lo ca t io n  should approximate the papulation mean. The use o f means, 

however, weakens the s t a t i s t i c a l  computation s ince the degrees o f freedom 

are reduced and the p rob ab ility  o f re jec t in g  a nu ll hypothesis i s  greater.  

Before using the means, an attempt was made to find whether or not the 

v a r f a h l l l t y  nf concentrations from the same sampling lo ca t io n  could be 

explained by the o y s te r 's  age. The individual organism zinc data from 

the James River are expressed in Fig. 2 and there appeared to be no 

co rre la t io n  between the age o f the o y s te r ,  as indicated by weight, and 

the metal concentration . This in d ica te s  that the oysters  are in steady  

s ta te  equilibrium with respect to the ava ilab le  metals and that sample 

mean can be used i f  necessary.

In th is  study, means were used only to ascerta in  the areal 

d is tr ib u t io n  o f metals in the various r iver  systems. The means showed

that a concentration gradient e x is te d  in a l l  systems and that each

metal increased in concentration as fresh water was approached (F igs. 3,

U and 5).

Several assumptions were made a t th is  po in t, these were:

1. that the metals (Cu, Cd and Zn} a v a ila b le  to oysters in

non-industr ia lizcd  areas are from the natural weathering 

o f  rocks;

2. that the ra tio  o f copper to zinc in the weathering rocks 

i s  r e la t iv e ly  constant w ith in  a drainage basin;

3. that oysters  accumulate a constant percentage of each 

element ava ilab le  to them.
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I f  these assumptions are v a lid  then there should be a l in ea r  

relationsh ip  between the zinc and copper concentrations In oysters  taken 

from areas which have s im ila r  drainage basins. To te a t  th is  h ypothesis ,  

a l l  samples from r ivers  which extend above the f a l l  l i n e  and in  which 

there i s  no known zinc or copper source are p lo tted  i n  Fig. 6.

The method of le a s t  squares was employed to obtain a beat f i t

l in e  for th is  data w ith  an equation:

¥ - -1 .9  + 0 .09  X

Preliminary a n a ly s is  of the cadmium and zinc data Indicate

that a l in ea r  re la tionsh ip  e x i s t s  for these metals as w ell.

DTSCUSSION

Analyses of these  data show that there i s  an apparent l in e a r  

rela tionsh ip  between the le v e l s  of copper and zinc* and zinc and cadmium 

In uncoutaminated o y s te r s .  I f  samples orig inating  from areas which 

have known or highly probable unnatural metal sources are from

c a lc u la t io n s ,  then background conditions are approached as in  Fig. 6. 

Id ea lly ,  confidence In terv a ls  producing confidence bands would g ive  

in vest iga tors  a s t a t i s t i c a l  prob ab ility  of whether samples taken elsewhere 

are from the same "non-contaminated" population. A sample which f a l l s  

outside these bands would indicate e ith e r  an unnatural source o f zinc  

or of copper depending on which side I t  f a l l s .  Unfortunately the use  

of normal confidence In terv a ls  n e c e ss ita te s  that there be an Independent 

and a dependent variab le . I f  the assumptions outlined  In the r e s u lt s  

section  are correct, then both variab les  are independent, i . e .  the 

zinc concentration does not control the copper le v e la  found in the 

oysters .
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The s t a t i s t i c a l  approach should be that o f a normal b lv a r la te  

d istr ib u tio n . This would a llow  confidence in ter v a ls  which would form 

an e l l ip s e  at a given s ig n if ic a n c e  l e v e l  around the mean. The mean of  

a l l  samples, however, Is  not r e a l i s t i c  s in c e ,  at l e a s t  In th is  study, 

i t  Is weighted due to the more numerous high s a l in i t y  sampling a rea s - 

The authors have placed a band, c o n s is t in g  of two stra ig h t  l in e s ,  around 

the lea st  squares l in e .  This band encompasses 95 per cent of the p o in ts  

and can be thought o f as an approximate confidence band. The equations  

for the two l in e s  are !

Y = -31 + 0.07 X

Y -  +30 + 0.11 X

The remaining data from areas o f suspected unnatural Inputs, 

as w ell as those fa l l in g  outside the l i n e s  in Fig. 6, are p lotted  along  

with the confidence band in Fig. 7. Those points f a l l in g  outside the 

band Indicate unnatural contamination and these areas are shown In 

Fig. 8.

It  appears that the Elizabeth River and Hampton Roads, both 

highly Industr ia lized , are contaminating the oysters  in th is  area as 

well as the lower reaches o f the James River with z inc. Oysters from

one s ta t io n  in the Elizabeth River averaged over 6000 ppm in zinc.

Bottom sediments from the Elizabeth confirmed th is  source {or sources)

Fig. 9.

The upper James appears to have an unnatural source of copper 

as indicated by points f a l l in g  on the copper aide o f the band In Fig. 7.

The cause of the concentration banding i a t a t the writing o f  

th is  manuscript, unknown. The concentration o f the metals (whatever 

the form) may be greater in low s a l in i t y  waters. We have, however,
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analyzed cen tr ifu ged  water samples from the York R iver, w ith s t a t io n s  

0.5  m ile apart from the mouth to  10 m ile s  above the s a l t - f r e s h  water 

in t e r fa c e ,  and found no s ig n i f i c a n t  d i f fe r e n c e  in  the con cen tra tio n s  

o f  m etals analyzed (copper, cadmium and lead)*

We have a lao  analyzed bottom sediments from the James and the 

l e v e l s  o f  m eta ls  in  th e se  sediments have no r e la t io n s h ip  to the l e v e l s  

in the o y s te r s .

The authors f e e l  that the form o f  the m etal in  s o lu t io n  governs  

the con cen tra tion  banding phenomenon. Chelating by humlc a c id s  in  the  

low s a l i n i t y  areas may make the m etals  more a v a i la b le  to the organism  

e i th e r  d i r e c t ly  or through the food chain .

At presen t laboratory  in v e s t ig a t io n s  are being conducted to  

determine the cause o f  the banding phenomenon.

CONCLUSIONS

The d i s t r ib u t io n  o f  the m eta ls ,  copper, cadmium and z in c ,  with  

resp ect  to  the s a l i n i t y  regimes, F ig s .  3, A and 5 a l lo w s  the p red ic t io n  

of areas that would be moat a f fe c t e d  by unnatural a d d it io n s  of m eta ls .

A source in  the low s a l i n i t y  areas would be p o t e n t i a l l y  more dangerous 

to the o y s te r s  and th o se  that consume them than one in  high s a l i n i t y .

I t  la  apparent th a t  no s in g l e  con cen tration  fo r  an "Action-  

lev e l"  can be s e t  fo r  cadmium, copper or zinc in o y s t e r s  which w i l l  

d e f in i t e l y  In d ica te  p o l lu t io n  so u r ces .  However, the approach described  

In th is  manuscript has been proven v a l id  in the Chesapeake Bay and may 

be of use elsew here.



31

Figure 1, Location of sampling s t a t i o n s .
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Figure 2, Oyster weight vs . zinc concentration for James River 

o y s t e r s .
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F ig u re  3. The d i s t r i b u t i o n  o f  z i n c  i n  o y s t e r s  from V i r g i n i a '  

m a jo r  r i v e r s .
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Figure The d is tr ib u t io n  o f  copper in oysters  from V irgin ia '  

major r iv e r s .
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Figure 5. The d is tr ib u t io n  of cadmium in oysters from V ir g in ia 's  

major r iv e r s .
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Figure 6. R elationship  between z inc  and copper In o y s ters  from 

V irg in ia 's  major rivers*
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Figure 7. Oyster data Indicating unnatural metal inputs.
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Figure 8. The d is tr ib u t io n  o f unnatural zinc and copper le v e l s  

in oysters  from V irg in ia .
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ure 9. Zinc lev e ls  in Elizabeth River sediments.
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DISTRIBUTION OF COPPER AND ZINC TN OYSTERS AND SEDIMENTS 

FROM THREE COASTAL-PLAIN ESTUARIES

ABSTRACT

Copper and zinc were analysed in oysters  (C xa iS O A tA za . v V ig in i .c a )  

from the Newport River estuary. North Carolina, and the Rappahannock 

River estuary, V irg in ia . Results indicated that a concentration gradient  

ex is te d ,  higher concentrations of metals being found In animals l iv in g  

in fresher waters as was shown previously for o y s ters  in the James, York, 

and Rappahannock es tu a r ie s  In V irgin ia . Absorbed, prec ip lta ted-copre-  

c ip l ta te d ,  and organic fra ctio n s  of copper and zinc in the portion

of the sediments from the Rappahannock and York r ivers  and e s tu a r ie s  

were estimated from c o l le c t io n s  made In January 1972 and June 1973.

These sediment data are d iscussed for both eat marine systems and are 

compared with metal concentrations in oysters. These comparisons 

indicated that the concentration gradient found in  o y s ters  does not appear 

to be related to the d is tr ib u t io n  of copper and zinc in  the sediments. 

A lternative explanations for the inverse re la tionsh ip s  between concen

tra tion s  of copper and zinc in oysters and s a l in i t y  are g iven .

INTRODUCTION

The transport of trace metals from fresh waters through es tu a r ie s  

and eventually to the oceans has been studied by many in v est ig a to r s  over 

the past several decades. The re la t iv e  importance of the various  

mechanisms postulated has changed as hypothesis and a n a ly t ic a l  techniques  

have improved. O r ig in a lly ,  ca lcu la tion s  were mainly based on the s o lu b i l i t y  

products o f  the metal gu lf Ides or hydroxides, While auch ca lcu la tio n s  

are va lid  for a pure Inorganic system, they may not always apply to  

conditions encountered In nature. Goldberg (1957) , for in stan ce , noted

50
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the Importance o f the biosphere In the budgets o f  metals; subsequently  

Its  ro le  In the concentration, transport, and storage of these elements 

was shown, Turekian and Scott (1967) have shown th a t  the ro le  of  

Inorganic suspended matter cannot be ignored In th e  metal budget of  

streams, and they suggest that simple ion-exchange mechanisms for 

removing metals from solution to suspended sediments are not s u f f ic ie n t  

to explain their data but that cop recip ita tion  may be. From the work 

of these men and o thers, we conclude that not only the so lu t io n  chem istries  

but a lso  the b io lo g ica l  and surface chemistries must be considered in 

the routes and rates  of metal transport in e s tu a r in e  systems.

S c ien tis ts  concerned with trace metals as environmental 

contaminants must take Into account not only the t o t a l  natural budgets 

of the elements but a lso ,  and most Important, the b io lo g ic a l ly  ava ilab le  

fractions due to e ither  natural or man-made in p u ts . This requires that  

analytica l schemes be developed which w i l l  s e l e c t i v e l y  Id en tify  the 

elements in question from individual phases in which they e x i s t .

Gibbs (1973) has recently  developed a procedure that d i f f e r e n t ia te s  

between metals in adsorbed, precip itated  and c o p rec ip ita ted ,  organic 

so lid s  and c r y s ta ll in e  phases. Huggett and Bender (1972) have reported 

another method y ie ld in g  metals from lnorganic-noncrysta lllne  and organic 

sediment phases.

Even though the cation-exchange metal concentration for 

suspended matter i s  low (Turekian and Scott, 1967; Gibbs, 1973), metals 

in th is  form are e a s i ly  mobilized by low pH, Such filter** feeding organisms 

as oysters  eat suspended p a r t ic le s  and pass them through th e ir  gut, 

which has a pH as low as 4 (Wilbur and Yonge, 1966)» A portion o f the 

adsorbed metal fraction  of the sediment could be mobilized In the gut 

and made available to the animal. In the upper estuarine portion o f



the Rappahannock River in V irg in ia , oysters  (QfuUiiiO&t/iZa. v V i g i n i c a )  have 

zinc concentrations o f about 600 ppm (whole body, wet weight) (Huggett, 

Bender, and Slone, 1973). A ca lcu la t io n  based on a 20-g animal, a 

pumping rata of up to 575 l i t e r s /d a y  (Haven, 1973), a suapended-particle  

concentration of 30 m g /l i t e r  (Turekian and S c o tt ,  1967) with an adsorbed 

zinc concentration o f  2 ppm ( t h i s  paper), and a lOOJt s tr ip p in g  e f f ic ie n c y  

by the animal shows that the animal could have reached i ta  present body 

burden in about 1 year. Obviously the e f f ic ie n c y  o f s tr ipp ing  and 

a ss im ila t io n  by the animal Is nnt 100%. However, i t  does serve to show 

that, I f  the adsorbed fra c tio n  ia b io lo g ic a l ly  a v a ila b le  and even though 

the adsorbed concentration i s  Kina 11 compared to the to ta l  concentration  

on the p a r t ic le ,  i t  cannot be ignored and may be an important factor  

in biaconcentration by these animals since they may l i v e  for IQ years  

or mote.

Characterized in th is  report are copper and zinc In sediments 

and o ysters  from two adjacent r ivers  and e s tu a r ie s  entering the Chesapeake 

Bay, One system, the Rappahannock River, i s  p r is t in e  in nature; the 

other, the York, rece iv es  acid  mine drainage. The r e la t io n sh ip s  between 

concentrations of metals In the sediments and those in the animals 

were Investigated In an e f fo r t  to define  the b io lo g ic a l ly  av a ila b le  

fraction s . Also reported here i s  research to confirm a previously  

demonstrated n a t u r a l  metal concentration gradient for o y s te r s  l i v i n g  

In waters of d if fe r e n t  s a l i n i t y ,

METHODS AMD PROCEDURES 

O y ste rs

Samples o f o y s te r s ,  C xiliA O iZ X ta . v i x g i n i c A ,  were c o l le c te d  by 

various standard methods (dredge, rake, to n g s) ,  depending on water depth
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and bottom type from the Rappahannock and Che York River estu aries  in  

Virginia and from the Newport River estuary and Bogus Sound In North 

Carolina* All samples were analyzed by atomic absorption spectrophotometry; 

however, samples analyzed by the V irg in ia  I n s t i tu te  of Marine Science  

(VIMS) were oxidized by wet d ig e s t io n  with concentrated acid and those  

prepared at the A tlantic  Estuarine F ish eries  Center (AEKC) were oxid ized  

in a high-temperature oven. S p e c if ic  preparative methods at each 

in s t itu t io n  i s  given by Huggett and Bender (1973) and Cross and Brooke 

(1973)*

Sediments

Bottom sediments were c o l le c te d  from the channels of the 

Rappahannock River in 1972 and 1973 and from the York River in 1972.

The samples were obtained with a Ponar grab sampler. The top 1 cm o f  

undisturbed sediments was extracted from each sampler. The samples 

were stored In p la s t ic  bags on ice  u n t i l  returned to the laboratory 

(<S hr), where the samples were immediately vet sieved (U.S. standard 

s ie v e ,  No. 230, 63-pm openings). Subsequent r e l ie v in g  through the 

s ta in le s s - s t e e l  s iev e  resulted in no discernable increase of metal 

concentrations; therefore contamination from th is  source was n e g l ig ib le .

The portion of each sample wag a ir  dried and saved for a n a ly s is .

Since the concentration of the p rec ip ita ted -cop rec ip ita ted  and adsorbed 

fractions of the metals must be a function  of the surface area per u n it  

mass of the sediment grains and s in ce  the bottom sediments are not 

uniform in s ize  d is tr ib u t io n ,  th is  procedure was necessary to help 

normalize the samples.

Most samples were extracted in three ways to d i f f e r e n t ia te  

among the various b io lo g ic a l ly  a v a ila b le  fraction a l adsorbed m eta ls ,
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precip itated-copreclp ltated  metals, and organic m etals. Metals bound 

within  the c r y s ta l l in e  matrixes of minerals were considered unavailable  

to the b io lo g ic a l  community and were not measured. The adsorbed metals  

were obtained by extracting the sediments with l.QH HgC^ (Gibbs, 1973). 

The precip itated-copreclp ltated  and adsorbed metals were extracted  

with Q.1N HC1, and the to ta l  noncrystalline tnetals were extracted with  

concentrated HNO-j (Huggett and Gender, 1972), Analyses o f re p lic a te  

samples showed the n i tr ic  acid extraction to have a precis ion  of +73! 

for copper and +5£ for zinc; that o f  the hydrochloric acid procedure 

was ±43! far both copper and zinc. These three ex traction  procedures 

allow a quantitative estimate o f those metals adsorbed, coated (pre

c ip ita ted  o t  cop recip ita ted ), and organically  bound in the bottom 

sediments. Obviously the reagents mobilize some metals from nonintended 

phases, but these are considered to be n e g l ig ib le  on the b asis  of 

rep lica te  analyses and extraction e f f ic ie n c ie s  that are in turn based 

on reextractions of the same sample.

RESULTS

Oysters

In 1971 a survey of metal le v e ls  in oysters  from the southern 

Chesapeake Bay Indicated that a natural concentration graldent e x i s t s  

which Is a function o f ,  or i s  measured by, s a l i n i t y  (Huggett, Bender 

and Slone, 1973). Animals l iv in g  In fresher waters co n s is ten tly  contained  

more copper and zinc than thoae from a more s a l in e  environment (Fig. 1).  

This finding had not been shown previously and has not been tested  

s in ce . I t  i s  extremely important, however, in  l ig h t  of environmental 

problems associated with anthropogenic additions o f metals to the environ

ment that e f f e c t s  o f  environmental variables on concentrations of metals  

In marine organisms be understood.
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To confirm e a r lier  f ind ings o f Huggett, Bender, and Slone 

(1973) and Huggett and Bender (197 3) that concentrations of copper and 

zinc decrease in  oysters with Increasing s a l i n i t y  and to compare a n a ly t ic a l  

techniques between our two lab orator ie s ,  we c o l le c te d  50 oysters  in 

January 1974 from each of two o y s ter  beds in the Newport River estuary  

and one in  Bogue Sound, N. C. One-half o f  the oysters  from each of  

the three beds was sent to VIMS, and the remaining oysters  were retained  

at AEFC and held in the same manner as the samples that ware sent to 

VIMS. On the same day the oy sters  were opened by id e n t ic a l  methods at  

each laboratory and then analyzed for concentrations o f  copper and z in c .

Results o f these analyses (Fig. 2) show that concentrations  

of both copper and zinc decrease w ith  in creasin g  s a l in i t y  in the Newport 

River estuarine system as described previously  fo r  the Rappahannock 

River estuary (F ig . 1), although absolute  va lues  are considerably lower 

in the Newport River estuarine system than in the Rappahannock. Similar  

relationshipH b e t w e e n  cnncentrntIona of copper and zinc and s a l in i t y  

have been reported for the James and York r iver  e s tu a r ies  (Huggett,

Bender, and Slone, 1973), In add ition , s t a t i s t i c a l  comparisons between 

concentrations o f copper and zinc obtained at each laboratory were not 

s ig n i f ic a n t ly  d ifferen t  at the 99.9% confidence le v e l ;  thus the data 

from both laboratories  are pooled in  Fig, 2 ,

Sediments

The in ten t of th is  study was to d e l in e a te  any trends in  the 

sedlment-metals concentrations which could be explained by natural 

estuarine v a r ia b les ,  such as s a l i n i t y  and pH. Once these trends were 

es ta b lish e d , they could be c (imp a red to the concentration trends found 

in the b io ta .  The sediment r e s u lt s  are g iven as moving averages between
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three adjacent s ta t io n s  in Fige. 3 to  7. This method was used because 

r e p l ic a te  sediment samples were not taken at each s i t e ,  and no estim ate  

o f  v a r ia b i l i t y  o f  a s in g le  sta tion  could be obtained. By averaging 

adjacent s ta t io n s  (moving averages), a better approximation i s  gained. 

This type of presentation  does not change the trends but rather smooths 

out the data (Lewis, 1963).

Rappahannock River and Estuary 

Copper

The p rec ip ita ted -cop rec lp lta ted  metal concentrations in 

sediments (Rig. 3) from both sampling periods are almost id en tica l from 

the mouth of the estuary up to the s a l t  water-freshwater Interface (nor- 

mally between 55 and 70 km). The l e v e l s  vary between 10 and 15 ppm from 

the mouth to 55 km. From 55 to 100 km from the mouth, the 1972 samples

show an increase of approximately 1Q03S over downstream samples. The

1973 samples show such an increase between 70 and 88 km from the mouth. 

The reason for these increases Is unclear, hut two p o s s i b i l i t i e s  a r ise :

1. The sorption reactions are controlled by s a l in i t y .

2, The r e s u lt  from sedimentation due to the f loccu la t ion

at the turbidity maximum which occurs in thlH segment

of the river  (Kichols, 1974).

In a d d it io n ,  the organic copper concentrations (Fig, 3) are nearly 

constant (10 ppm) throughout the e n t ir e  river and estuary sampled.

The adsorbed phase, as indicated hy magnesium chloride  

e x tr a c t io n ,  shows that in  the estuary the adsorbed fr a c t io n  of copper 

la  low compared to  the other two fraction s  (Fig. 4), Because magnesium 

la an abundant element In seawater, estuarine sediments have already 

been "stripped" o f  some absorbed m eta ll ic  Lons. The v ar ia t ion s  In 

adsorbed concentrations tn the freshwater portions (55 km upstream)
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are probably due to e ither  surface area or mlneraloglcal changes in  

the sediments as a resu lt  of sedimentation parameters (p a r t ic le  d en sity ,  

f lo c cu la t io n ,  current v e lo c ity ,  e t c . ) .  This ia somewhat confirmed by the 

lower concentrations found In samples taken In areas of scour in the 

r iver . The Increase In copper toward the mouth of the estuary is  

probably due to p a r t ic le - s iz c  d ifferen ces ,  smaller p a r t ic le s  being 

deposited downstream.

Zinc

The precip itated-coprecip itated  zinc concentrations Increased 

toward the mouth o f the estuary while the organic phases decreased (Fig.

5). The range o f concentrations was approximately the same for both 

sampling periods.

To our knowledge there are no man-made sources of zinc In the 

Rappahannock River. The three-fold increase In precip itated-copreclp ltated  

zinc from freshwater to the estuary mouth may be explained, in part,  

by the p a r t ic le  s iz e s  of the bottom sediments. Under normal conditions  

the carrying capacity of an estuary for suspended sediments decreases 

with Increasing s a l in i t y .  This should resu lt  in the downstream deposition  

of f in er  grained sediments. If the concentrating mechanisms for inorganic  

zinc i s  dependent on sediment surface area, then the Increase may be 

expected.

The decrease in organic zinc may be a result of one or more 

of the following:

1. Zinc's being bound inorganically  and hence made unavailable  

to be bound organically .

2. A decreasing concentration of organic material toward the 

mouth o f the estuary.
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The decreasing trend fo llow s that found for zinc In o y s te r s  from t h is  

stream (Huggett, Bender, and Slone, 1973).

The adsorbed fraction  follow s the same trend as that o f  copper 

and i s  genera lly  s l i g h t l y  higher In concentration, suggesting  th is  element 

to be more favored In adsorption reactions or more abundant in  the 

Incoming waters (F ig , A).

York, River

The York River i s  s ituated  between the James and Rappahannock 

rivers and i s  unique in that tt hi furcates approximately 45 km upstream 

from i t s  mouth, the Pamunkey River being the southern tributary and the 

Mattaponi River the northern tr ibutary . Under normal conditions the  

freshwater^salt water in ter face  i s  located approximately 7 .5  km above 

the b ifu rca t ion  poin t. The two tr ib u ta r ie s  are almost id e n t ic a l  in  s iz e ,  

drainage basin , and bordering vegetation . One exception , however, i s  that 

the Pamunkey River r e c e iv e s  mine drainage from abandoned p y r ite  mines 

that were operated from the middle o f the la s t  century up u n t i l  the 

early 1900s. This drainage enters the stream approximately 130 km above 

the b ifu rca tion  poin t. As w i l l  be shown, th is  abandoned mine has a ffected  

tho m etals budgets o f  the stream and that of the parent r iv e r .

Hopper

The d is tr ib u t io n  o f p rec ip ita ted -cop rec lp lta ted  copper in the 

York r iv e r in e  and estuarine sediments does not resemble that in the 

Rappahannock River (F ig .  6). There appears to be an unnatural source 

of copper between 7 .5  and 22 km from the mouth. At t h i s  segment o f the 

r iv er , the concentrations are three to four times higher than those on 

e ither  s id e .  Within th is  area there are at lea st  two p o ss ib le  sources  

for t h i s  metal. One source i s  a primary sewage o u t f a l l  located approximately
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6 km upstream, and the other Is the Naval Weapons Station located  

approximately 16 km upstream. In addition , the e f f e c t  of the abandoned 

mines dra in ing  Into the Pamunkey River la  evident. The concentrations  

are 100 to  2QQZ higher In th is  stream re la t iv e  to i t s  counterpart, the 

Mattapon! R iver.

The organic copper concentrations r e f le c t  the unnatural Input 

in to  the lower r iv e r  but otherwise do not appear greatly  d ifferen t than 

the Rappahannock River sediments (Fig. 6). The le v e l s  in the Mattaponi 

and Pamunkey r iv e r s  are s im ila r ,  ind icating  that the inorganic copper 

from mine drainage i s  not grenLly manifested in the organic phases.

7, Inc

The p r ec ip ita ted -co p rec lp lta ted  zinc le v e ls  in th is  system are 

g rea t ly  e lev a ted  over those of the Rappahannock (Fig, 7). This Is  

apparently due to  the input from the previously mentioned abandoned 

mines. The concentrations decrease in a linear manner from the most 

upstream s ta t io n  on the Pamunkey River to the mouth of the York River.

The lower s t a t io n s  on the York River have nearly the same concentrations  

as do those at the mouth of the R a p p a h a n n o c k  (40 to GO ppm). The le v e ls  

in the Mattaponi River increase  downstream as did those in the unpolluted 

Rappahannock.

The organic zinc concentrations are similar to those found In 

the Rappahannock except that the Pamunkey levels  are apparently being  

a f fe c te d  by the mine drainage (Fig. 7). The general trend i s  a decrease  

in organic z in c  with in creasin g  s a l i n i t y  to about 10 ppt (32 km upstream) 

and then steady to  the mouth o f  the York River.
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DISCUSSION

A concentration gradient e x i s t s  In the o y s ter  samples from 

the Newport River estu ar in e  system, with p rogressive ly  higher concentrations  

of e i th e r  copper or zinc being found In p ro g ress iv e ly  fresher waters.

This gradient, which a lso  has been shown In the Rappahannock and York 

e s tu a r ie s ,  suggests  that a natural phenomenon Is resp on sib le .  One 

explanation might be that those animals in fresher waters are c lo se r  

to th e  source, I f  the metals are supplied from the natural weathering 

of rocks, Thus a gradient should e x i s t  for concentrations of copper 

and z inc  in so lu t io n  in the r iv er  waters sim ilar to  that found in o y s te r s .  

The e f fo r t s  at VlHS to analyze the capper and zinc content of Rappahannock 

River water, passed through 0.4*5 pm membrane f i l t e r s ,  have not been 

s a t i s fy in g .  Two methods were tried* each with l im ited  success: aniodic

s tr ip p in g  voltametry and organic ch e la t io n  and ex tra c t io n .  Each has 

the ] im itation  of matrix in ter feren ce s  as s a l i n i t i e s  change. Even so 

the lim ited  data obtained do not show a concentration gradient for 

copper, cadmium, or z inc . Recently Cronin et a l .  (1974) reported on 

tnetal-water data from samples c o l le c t e d  In the upper Chesapeake Bay.

As in  the case of the Rappahannock River samples* no con s is ten t  metal 

trends were shown in  these samples as a function o f  s a l in i t y .  S im ilar ly ,  

Cross, Duke, and W il l i s  (1970) report that concentrations of zinc in  

u n f l l te r e d  water samples were constant throughout the Newport estuary,

North Carolina. These data Imply that the concentration gradients found 

in  the oysters are not a re su lt  o f  a s im ila r  gradient in the water.

Another p o ss ib le  explanation i s  that sediments serve an a source 

of copper and z inc  to o y s te r s ,  and thus sediments may control d ir e c t ly  

the l e v e l s  of m etals found in  these f i l t e r - f e e d in g  organisms. The 

sediment data presented in  th is  paper, however, tend to  d ispute thlH
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hypothesis. Even though the sediments were extracted by severa l techniques  

and concentration trends were noted, they were not s im ilar  to  those found 

in the oy sters  except for organic zinc in  sediments from the Rappahannock 

estuary* Concentrations of copper In th is  fra c tio n , however, remained 

constant throughout the estuary. I f  th le  fraction  was con tro llin g  

d ir e c t ly  the a v a i la b i l i t y  o f copper and zinc to the o y s te r s ,  we would 

expect both metals to  decrease in  sediments with s a l in i t y ,  as i s  shown 

for o y s te r s .

The p r e c ip ita te d -c o p r e c lp lta te d  zinc concentrations in the Rappahannock 

River sediments decreased with decreasing s a l in i t y ,  and the same phase of  

copper remained r e la t iv e ly  constant in the estuarine portion o f the 

river. But the copper and zinc concentration in oysters  from the flame 

river increased with decreasing s a l in i t y -  Comparison of a l l  the various  

sediment metal fr a c t io n s  with the m etals in oysters in th is  manner showed 

no co n s is ten t  r e la t io n sh ip s .  Cronin et  a l .  (1974) conclude that trace-  

metal concentrations in  oysters  do not depend on the concentration of  

the m e t a l s  on suspended m ateria l. This confirms our f in d in gs  i f  the 

assumption i s  made that suspended m aterial la sim ilar in nature and 

composition to the f in e  surface sediments at any point in an estuarine  

system.

I f  gradients in  concentrations o f d isso lved  and particu lar  copper 

and zinc are elim inated as p o ss ib le  factors  con tro llin g  the inverse  

relationship  between s a l in i t y  and concentrations of copper and zinc in 

oysters, we are l e f t  w ith the fo llow in g  explanations:

1. In h is  attempt to exp la in  the high concentrations of zinc  

found in oysters  r e la t iv e  to other marine organisms, Wolfe (1970) postulated  

that zinc may he ass im ila ted  from the environment along with calcium by 

a r e la t iv e ly  n on sp ecif ic  ion-transport mechanism to s a t i s f y  the organisms1
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large calcium requirements for s h e l l  d ep osit ion . Because concentrations  

o f  calcium In seawater are dependent on s a l in i t y ,  oysters  may have to 

ex tr a c t  calcium from seawater more e f f i c i e n t l y  at lower s a l i n i t i e s  and 

may a ls o  concentrate  greater  q u a n t i t ie s  of other Inorganic cations such 

as copper and zinc during th is  process of maintaining adequate calcium 

reserves  for  s h e l l  d ep o s it io n  (Wolfe and S t i l l i n g s ,  1975).

2. At higher s a l i n i t i e s  the more abundant cations in seawater 

(magnesium, calcium, e t c . )  may be out competing the le s s  abundant metals such 

as copper o f  zinc for binding s i t e s  in the so ft  t i s s u e .  Although copper and 

zinc form more s ta b le  c h e la te s  with proteins than do magnesium, manganese, 

or calcium (Pringle  et a l . ,  1968), the greater concentrations of these le s s  

abundant ions at higher s a l i n i t i e s  may overwhelm th is  re la tionsh ip .

Romeril (1971) showed, for example, that the uptake of t he oyster ,

Oi>tAe.a i.duJLiA t was decreased by the addition of iron and cobalt.

3, Another exp lanation  for the observed metal concentration  

g ra d ien ts  in  o y s ters  could be that ch e la tion  or complexation of the metals 

in  s o lu t io n  by natural o rg a n ics ,  such as fu lv lc  a c id s ,  make the elements 

more a v a i la b le  to o y s te r s .  These humlc substances are believed to be 

derived from decaying p lant m a ter ia ls  on land and are leached and washed 

away by surface  or subsurface w aters, eventually  reaching the es tu ar ies  

(Swanson and Palacas, 1965). This means that the concentrations of fu lv ic  

a c id s  should decrease w ith  in creasin g  s a l in i t y  (because of d ilu tion )

as do the l e v e l s  o f  z inc  and copper in  the oysters .  Metal complexes and 

c h e la te s  o f  humic substances have been found and studied by many in v e s t i -  

gators (Jenne, I960; Shapiro, 1964), and an e x c e l le n t  review on the 

su b jec t  wee w ritten  by Schnftzer  and Khan (1972). One lo g ica l mode of  

uptake o f  the organometals by the o y s te r s  would be by d irect partit ion ing  

o f  the substances from s o lu t io n  Into the body mucus and then into the
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t is s u e s .  Without further research , however, none of these three hypotheses 

can be proved.

This d iscu ss ion  i l l u s t r a t e s  our lack of knowledge of the 

environmental processes  c o n tr o l l in g  the a v a i la b i l i t y  of trace  metals 

to estuarine b io ta .  Yet th is  aspect  o f  estuarine biogeochemistry is  

rece iv in g  very l i t t l e  e f fo r t  at the present time. ThiH i s  an unfortunate 

s i tu a t io n  because our estuarine systems are being subjected  to  environ

mental m odifications (dredging, f i l l i n g ,  e t c . )  and anthropogenic Inputs 

□f contaminants.

Without adequate basic information on b lo a v a t la b i l i t y  of metals 

to organisms, the consequences of increased  r e lea ses  of metals into estu arin e  

systems cannot be predicted by management agen cies ,  and hence the proper 

management of estuarine ecosystems i s  im possib le ,
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Figure 1. Mean concentration + 2 standard errors o f copper and 

zinc In oy sters  col Letted from the Rappahannock River 

Estuary* The number in parentheses represents the 

individuals analyzed at each s ta t io n .
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Figure 2 .  Mean concentrations + 2 standard e r r o r s  of copper and 

zinc In oysLers c o l le c t e d  front Newport River Estuary 

(12 and 2fl o/cm) and Bo^ue Sound (33 o / o o ) . Each se t  

of values represents the analysis  of 50 in d iv id u a ls .
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Figure 3. Moving averages (3) o f concentrations o f p rec ip ita ted -

coprecip itated  and organic copper in the <63 Jim fraction  

of sediments from the Rappahannock River and estuary 

co l le c te d  in January L972 ( * ) and June 1973 ( ■ ) .

Zero kilometers represent the mouth o f the estuary.
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Figure h . Moving averages (3) o f  concentrations of adsorbed copper 

and zinc in the <63 Jim fraction  o f sediments from the 

Rappahannock River and estuary c o l le c te d  In January 1972. 

Zero kilometers represent the mouth o f the estuary.
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Figure 5. Moving averages O ) of concentrations of p rec ip ita ted -  

coprecip itated  and organic zinc in the <63 ;im fraction  

of sediments from the Rappahannock River and estuary 

co llec ted  in January 1973 ( * )  and June 1973 ( ■ ) .  Zero 

kilometers represent the mouth of the estuary.
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Figure 6. Moving averages (3) o f  concentrations o f precipitated-*

coprecip itated  and organic copper In the <63 pm fraction  

of sediments from the York River and estuary c o l le c te d  

in  June 1973: ♦. t York River, -■ , Mattaponi River,

* , Pamunkey River.
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Figure 7* Moving averages (3) of concentrations of p rec ip ita ted -  

coprecipitated and organic zinc in the <63 tim fraction  

of sediments from the York River and estuary co lle c te d  

in June 1973: * , York River* , Mattaponl River.

•  , Pamunkey River*



910

ISO

150

190

90

6 0

SO

H O

150

120

90

60 '

30 <

A  P ro d p l ta to d -C o p ro d p H a to d

T TT
15 30

YORK RIVER 
KILOMETERS

45  15 30
M A TTA PO N I 
PAM UNKEY RIVER 
KILOMETERS



REFERENCES

Cronin, L, E., D. W. Pritchard, J. R. Schubel, and J. A. Shark* 1974.

Metals in  Baltimore Harbor and Upper Chesapeake Bay and th e ir  

accumulation by oyaterB, J o in t  Report by Chesapeake Bay 

I n s t i tu te .  The Johns Hopkins U n ivers ity , and Chesapeake 

B io log ica l Laboratory, U niversity of Maryland.

Cross, F. A. and J . H. Brooks. 1973. Concentrations o f  manganese,

iron, and z in c  in Juveniles of f iv e  estuarine-dependent f i s h e s ,  in 

Radionuclldea in  Ecosystems, Proceedings of the Third National 

Symposium on Kadioecology, Hay 10-12, 1971, D, J. Nelson ( e d . ) ,  

USAEC Report CONF-7105O1-P2, pp. 769-775, Oak Ridge 

National Laboratory.

, T. W. Duke, and J. N. W il l is .  1970. Biogeochemistry o f  trace  

elements in  a coastal plain estuary; d is tr ib u tio n  o f  manganese, 

iron and z in c  in sediments, water, and polychaetoug worms. 

Chesapeake S c i.  11(4); 221-234.

Gibbs, R. J. 1973. Mechanising of trace-m etal transport in r iv e t s .

Science 180: 71.

Goldberg, E. D. 1957. Biochemistry of trace m etals. Geol. Soc. Amer.

Mem. 67(1) : 345-358.

Haven, D, S. 1973. Virginia In s t itu te  of Marine Science, personal 

ccnmunicat ion.

H uggett, R. J. and M. E- Bender. 1973. E ffects  of Tropical Storm Agnes 

on the tr a c e  metals, cadmium, copper and zinc in  the eastern  

oyster , Final Report to the S h e l l f i s h  Sanitation  Group o f  the 

Food and Drug Administration, Washington, D. C.

78



79

________  and M, E, Bender. 1972. Sediment-heavy metal re la t io n sh ip s  In

Rappahannock River sediments, Annual Report, 1971-1972, 

Chesapeake Research Consortium, I n c . , The Johns Hopkins 

U n iv ers ity ,  Baltim ore, Md.

________, M. E. Bender, and H. D. Slone, 1973. U t i l iz in g  metal con

cen tration  re la t io n sh ip s  in the eastern oyster  

V AA gi,n tC ji) to d e tec t  heavy-metal p o l lu t io n .  Water Res.

7; 451-460.

Jenne, E. A. 1968. Control on Hn, Fe, Ni, Cu, and Zn concentrations

in  s o i l s  and water: the s ig n i f ic a n t  role of hydrous magnesium

on ir o n  o x id es ,  in  Trace Inorganics In Water. American Chemical 

S o c ie ty ,  Advances in  Chemistry Secies  73.

Lewis, E. E. 1963. Methods o f  S t a t i s t i c a l  A nalysis  In Economics and

B u sin ess , Houghton-Mlfflln Company, Boston.

N ichols, M. 1974. personal communication.

P r in g le ,  B. H ., D. E. Hissong, E. L, Katz, and S. T. Hulawka. 1968.

Trace—metal accumulation by estu ar in e  molluaks. J. Sanlt.

Eng. D iv . , Amer. Soc, C ivil Eng. 94(5A3); 455-475.

Romeril, M, G* 1971. The uptake and d is tr ib u t io n  o f  ^^Zn In o y s te r s .

War. B io l.  9: 347-354.

S ch n itze t ,  M. and S* U. Khan. 1972. Humlc Substances in the Environment.

Marcel Dakket, I n c . ,  New York.

Shapiro, J. 1964. E ffec ts  of yellow organic acids  on iron and other  

m etals In water. J .  Amer. Water Works A ss . ,  56: 1062-1062

Swanson, V. E . , and J. G. Palacas. 1965. Humste in  co a sta l  sands of  

Northwest F lo r id a . U, S. G eological Survey, B u lle t in  No,

1 2  H - B t p p .  B 1 - B Z 7 .



90

Turekian, K. K. and M. R. S co tt .  1967. Concentrations of Cr, Ag, Mo, 

HI, Co, and Mu In suspended m aterial In atreams. Environ. 

S c i .  Technol. 1 j 940.

Wilbur, K. M. and C. tt. Yonge. 1966. Physiology of Mo H u sk s . Academic 

Press , I n c . ,  New York.

Wolfe, D- A. 1970. Zinc Enzymes tn viA gxjfiica,*  J . Pish .

Rea. Board Can., 27(1): 59-69.

_, and B. ft. S t i l l i n g s .  1975. Zinc in aquatic organisms, in

National Academy of Science Report on Zinc ( in  p ress) .



THE EFFECTS OF TROPICAL STORM ACHES ON THE COPPER AND ZINC 

BUDGETS OF THE RAPPAHANNOCK RIVER

Abstract

The m etals  copper and z in c  were analyzed In bottom sediments 

(top 1 cm) from the Rappahannock River before and a fter  Tropical Storm 

Agnes. By e x tr a c t in g  the sediments with various techniques (HNQ̂ , HC1) 

the nature o f  the metal s p e c la t lo n  can be estimated. Data show that  

the Inorganic copper was increased by a factor  of 2 to 3 In the normally 

s a l in e  portion  o f  the r iver  as a resu lt  o f  Agnes but returned to before-  

Agnes l e v e l s  w ith in  one year.

Metal a n a ly ses  o f  suspended sediments co llec ted  during the 

Agnes f lood in g  a l lo w s  an estim ate  o f  sedimentation Indicating at le a s t  

7 .5  mu o f  new sediments at m ile 40 . decreasing nearly l in ea r ly  to 1 mm 

at m ile  15.

Introduction

The Rappahannock River i s  a co a s ta l  plane estuary located on 

the Chesapeake Bay (Figure 1) . I t  i s  t id a l  for approximately 100 

n a u tica l  m iles  (185 k ilom eters) w ith the f i r s t  45 miles (80 Kilometers) 

at normal river  f low s being e s tu a r in e  having s a l in i t i e s  greater than 

0.4  parts  per thousand. This system i s  r e la t iv e ly  p r is t in e  in nature 

in  i t s  es tu ar in e  p ortion  with occasional agricu ltural development along 

i t s  banks, To the authors knowledge there are no man-induced trace  

metal sources In the r iv er  w ith  the possib le  exception of drainage 

and sewage from Fredericksburg, V irg in ia , located at the f a l l  l in e ,

185 k ilom eters upstream.
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In an attempt to define and understand the trace metal budgets 

of large coastal plane e s tu a r ie s ,  the Rappahannock River was extensive ly  

sampled In 1972 and 1973, During this period three major sampling 

runs were conducted: one In January 1972, one In October 1972 and one

In June 1973. The f i r s t  sampling was approximately s ix  months before 

Tropical Storm Agnes passed over the system, the second was two months 

and the third was 12 months a f te r .

The work reported here was o r ig in a lly  intended to describe  

the background le v e ls  of copper and zinc in the top 1 cm of Rappahannock 

River bottom sediments and to correlate  the concentrations found to the 

normally analyzed estuarine variables of the pH and s a l in i ty .  Six 

months a fter  such a background study Tropical Storm Agnes passed through 

the system.

To ascerta in  the e f fe c ts  o f  th is  deluge on the sediment metals 

budget on the Rappahannock River for which we had good background data, 

the system was resampled and analyzed. Since some changes were noted, 

the system was sampled again 12 months a f te r  the storm to note recovery 

If  any.

The authors wish to acknowledge the assistance of H, D. Slone 

and J. Lunz of the V irginia I n s t i tu te  of Marine Science in thifi project 

and Dr. B. Nelson o f the U niversity of South Carolina and Dr. H. Nichols 

of the Virginia In s t itu te  o f Marine Science who graciously supplied 

suspended sediment samples for th is  project.
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34069,
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Methods and Procedures

The o r ig in a l  sampling was In January 1972 and consisted  of  

samples taken In the channel at 0 .5  nautica l m ile Intervals  from the 

mouth to 20 m iles above the freshw ater-sa ltw ater  In terface . In a l l ,

63 miles of the stream were sampled, y ie ld in g  a to ta l  o f  126 samples. 

After Agnes in October 1972, the samples were taken at 2 mile Intervals  

from the mouth to approximately 30 m iles upstream and then at 1 mile 

In terva ls  up to m ile 60. The la s t  sampling was conducted In June 1973 , 

approximately one year a f t e r  Agnes and consisted  o f samples taken at 

5 m ile Intervals  from the mouth to m ile 35 and then at 2 mile in terva ls  

up to mile 63. The sampling In terv a ls  Increased with each subsequent 

sampling because we were I n i t i a l l y  unaware o f the natural variations;  

therefore as many samples as we could analyze were taken. As more was 

learned about the system, fewer samples were taken.

The samples were c o l le c te d  with a ponar grab sampler which 

was lowered slow ly to the bottom. When tension was released on the  

w ire , the sampler closed  and was returned to  the boat, opened and the 

top 1 centimeter o f sediment was removed, being carefu l not to c o l le c t  

m aterial which had come in contact w ith  the sampler's s id e s .

Each sample was wet s ieved  and only the less-th an  or equal-to  

63 micron portion was saved for a n a ly s is .  Since the concentrations  

of metals sorbed or coated to sediment grains i s  a function o f the 

surface area per un it  mass o f the gra in s ,  the s lav ing  was necessary to 

help normalize the samples.

After the <63 p fra c tio n s  were obtained from the samples, 

they were dried f i r s t  in a ir  and then at lQ5*c. Each dried sample was 

then s p l i t  and one portion was extracted  with 0.1H HC1 at room tempera-
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ture for one hour and another p ortion  wan extracted  with fuming (not 

b o i l in g )  concentrated HNQj. The e x ta c t  d e t a i l s  of the extractions are 

g iven  by Huggett, Bender and Slone (1972).

The variou s  methods o f  e x tr a c t io n  y ie ld  two d is t in c t  metal 

f r a c t io n s :  the HC1  should r e le a s e  n o n -c r y s ta l l in e  metals which are

bound to  the sediments by ab so rp tio n , p r e c ip i ta t io n  and co-precip itation  

r e a c t io n s .  The HNÔ  e x tr a c t io n  should r e le a s e  these metals as well 

as th o se  bound w ith in  organic m atr ices .  The d ifferen ce  between the 

HNO3 and HC1 y ie ld s  should approximate the organic m etals.

The e x tr a c ts  were a l l  analyzed by standard Atomic Absorption 

techn iques.

Suspended sediments were obtained from Dr. H. Nelson (University  

o f  South Carolina)and Dr. M. N ichols (V irg in ia  I n s t i tu te  of Marine 

S c ien ce )  who c o l l e c t e d  them from the Rappahannock River during the 

Agnes f lood ing  1 The suspended sediments were separated on 0.45 micron 

membrane f lL te r s  by f i l t r a t i o n .

The suspended m atter was scraped from the f i l t e r s  with a 

g la s s  rod and ex tracted  for copper by the prev iously  mentioned HNO3 

procedure. S ince the suspended sediments had been 3 toreti approximately 

18 months before a n a ly s i s ,  i t  was feared that the samples may have lo st  

t h e ir  in t e g r i t y  w ith  respect to  organ ic-in organ ic  copper phases.

Therefore the HNOj e x tr a c t ,  which should ex tra ct  both, was used.

R esu lts  and D iscu ss ion

The p r e c ip i ta te d -c o -p r e c ip l ta te d  z in c  data are graphically  

d isp layed  in  Figure 2. The con cen tra tion s  at a s ta t io n  are nearly the 

same fo r  a l l  three  sampling p er io d s . In the normally freshwater portion 

of th e  r iv e r  (above m ile 4 5 ) ,  the concentrations are r e la t iv e ly  constant
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at approximately 18 ppm. From m ile  45 downstream to m ile  10 there I s  

an Increase to between 50 and 60 ppm. This Increase may be due to  

either an Increase In pore-water pH towards the mouth o f  the estuary  

(Nelson, 1971) or an Increase In surface area of the downstream sediment 

grains. I f  such a sediment grain surface  area Increase Is tru e , I t  must 

be for p a r t ic le s  below 1 1J s in ce  nearly the same s i z e  d is tr ib u tio n  for  

p a r t ic le s  greater than 1 b e x i s t  in the estuarine portion  of the stream  

(Nelson and N ichols, 1973). From mile 10 to the mouth of the estuary  

the concentrations vary between 50 and 60 ppm.

The organic zinc concentrations are given In Figure 3, As In 

the case o f  the p r e c lp ita te d -c o -p r e c ip ita te d  zinc f r a c t io n ,  the l e v e l s  

of organic zinc are nearly the same for a l l  three sampling periods.

From mile 45 to m ile 60, the values range between 40 and 50 ppm but 

decrease from about 45 ppm beginning a t  mile 45 to 2 0  ppm at the mouth 

of the estuary at mile 0. Tills decrease la gradual but quite l in ea r  

and opposite  the trend observed for the p r e c ip ita te d -c o -p r e c ip ita te d  

zinc fra c t io n .  This suggests  that the metal bound Inorganica lly  Is 

not a v a ila b le  for organic reaction s.

The p r e c lp ita te d -c o 'p r e c ip ita te d  copper data are presented  

in Figure 4 .  These data c le a r ly  show that shortly  a f t e r  Tropical 

Storm Agnes passed over the Rappahannock River, the p r e e tp lta ted -  

cc-p recip lta ted  copper was a factor  o f  2 to 3 times higher In the 

normally sa ltw ater  portion of the r iv er  tnan e ith e r  s i x  months before  

or one year a f te r .  In the normally freshwater s e c t io n  the values did  

not s ig n i f ic a n t ly  change during the e ighteen  months o f  study. I t  I s  

the author fs b e l i e f  that the increase was due d ir e c t ly  to  Tropical 

Storm Agnes. The estuarine sec tio n  o f  the river  was turned nearly  

ftesh  by the deluge and s in ce  th is  s e c t io n  showed e lev a ted  copper
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but the normally freshwater portion  did not, a s a l i n i t y  controlled  

reaction for the p rec ip ita ted -eo -p rec lp ita ted  copper appears p o ss ib le .

However, the Investlgatora did not note such a phenomenon even a f te r  

subjecting Rappahannock River sediments to various s a l i n i t i e s  and 

dissolved  copper concentrations In the laboratory. Another p o s s ib i l i t y  

i s  that e levated  d isso lved  copper was brought Into the system from 

upstream runoff. This appears u n lik e ly  s in c e  the concentrations did 

not change at the upstream s ta t io n s .  The l ik e l ih o o d  that the copper 

was transported Into the estuary from the Chesapeake Bay a lso  appears 

u n lik e ly  since the net flaw of the stream was in to  the Bay during th is  

period ,

The f in a l  and mast l ik e ly  explanation of the increase i s  

that new sediments high in copper were transported from the land to 

the r iver  during the storm s1 rain and runoff and were deposited in the 

estuary. This hypothesis i s  substantiated  by the s tu d ies  of Nichols*

Nelson and Thompson (1974) which showed massive amounts o f ero s io n a l  

products being swept in to  the Rappahannock estuary by Tropical Storm 

Agnes runoff. Further su b sta n t ia tio n  w i l l  be presented la te r  in the 

d iscussion  o f  copper ana lysis  o f  suspended sediments c o l le c te d  a f te r  

Agnes in the Rappahannock R iver .

The organic copper concentrations are g iven in Figure 5. The 

le v e ls  are nearly the same for a l l  sampling periods ranging between 

10 and 15 ppm. The elevated  p r e c lp ita te d -c o -p r e c lp lta te d  copper 

previously mentioned was not evident in the organic fraction  suggesting  

that the inorganically  bound metals are not rea d ily  a v a ila b le  for  

organic react ion s.
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The suspended sediments co l lec ted  during the Agnes runoff 

period were analyzed for  organic copper (Table I ) .  Due to the extremely 

small sample s i z e s  only th i s  fract ion  could be extracted and analyzed, 

The data in  Table 1 show that the copper concentrations tend to Increase 

for samples taken c lo s e r  to the estuary's  mouth. This i s  explained 

by the fact  that the suspended sediments should have a greater surface 

area the further downstream they travel s ince  larger p a r t ic le s  would 

be s e t t l i n g  out.

I f  the hypothes is  that the elevated copper concentrations 

(Fig. A), were due to Agnes' Induced new sediments i s  true, then by 

comparing the pre-Agnes sediment copper concentrations with the a f ter -  

Agnes values and the suspended sediment copper l e v e l s ,  an estimate of 

sedimentation can be obtained. in order to do th is  several assumptions 

must be made;

1) That a l l  the suspended materials  were of the same or 

s im ilar  or ig in  with respect to their  prec ip ita ted-co-  

preclpiated capper concentrations.

2) That the copper concentrations did not s ig n i f i c a n t ly  

change from time of  deposit ion u n t i l  sampling.

3) That the suspended sediments c o l lec ted  at any one 

place were s imilar  with respect to copper as those  

deposited at that point.

4) That the new sediments were not mixed below 1 cm by 

e i the r  b io lo g ic a l  or physical factors .

Assumption one appears v a l id  s ince  sam ples co l lec ted  on d i f f er 

ent days from the same loca t ions  had similar copper concentrations.

The second assumption may not be en t ir e ly  v a l id .  Since samples
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c o l le c ted  one year a f te r  the atom showed copper Levels to have returned 

to normal I t  Is  log ica l  that the re -eq u i l ib ra t io n  s tar ted  soon a f t e r  

the waters returned to  normal (~1 month before the October sampling).  

This would resu lt  In the sedimentation estimates being low. The third  

assumption Is  probably va l id  s in c e  the r iver 1 b  t id a l  and therefore the 

suspended sediments move up and downstream depending on the t ide  stage .  

Thla assumption would probably not be true i f  the system were non—t id a l .  

The fourth assumption, i f  not true,  would again r e s u l t  in a lower 

estimate  of sedimentation. The authors know of  no way to check th i s  

assumption.

With these assumptions, the before-Agnes and after-Agnes  

bottom sediment copper data and the suspended sediment copper va lues ,  

the percent o f  the top 1 cm of bottom sediment due to Agnes can be 

calculated  at  each locat ion  for which a l l  these values  are known by 

the fo llowing formula:

X -
a-b

It  must be noted that th is  formula i s  valid  only i f  the top 1 cm o f  

bottom sediment is  sampled. In th is  equation "x" Is the m il l im eters  

of new sediment in the top 1 cm of the bottom material  after-Agnes;  "a" 

i s  before-Agnes sediment concentration; Mb" is  the suspended sediment 

concentration and "c,t i s  the after-Agnes sediment concentration.

The data used for  these ca lc u la t io n s  were the raw sediment 

rather than the moving averages presented in the previous f ig u r e s .

The moving average technique was used to smooth out "noise1’ in the data 

but at i l l  show trends. The un-averaged data must be used in  the 

sedimentation ca lculations to assure accurate es t im ates  a t  each lo ca t io n .  

The r e s u l t s  are presented in Figure 6. In t h i s  f igure  the range o f
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values  as v e i l  as the means are given for each loca t ion  in  which there  

were suspended sediment samples. The data show that a t  l e a s t  7.5 

mill imeters  of new sediment were deposited In the channel at  mile  39. 

The amount of new material decreases nearly l in e a r ly  to about 1 

mill imeter  at mile  15. This trend i s  l o g ic a l  and may be thought of  as  

a proof of the ca lcu la t ions  because more sediments should have been 

deposited upstream s ince these areas are closer to the source o f  the 

suspended sediments.

A year a f ter  the storm the sediment copper l e v e l s  were back 

to normal. This could be due to: migration of  the sediments upstream

on the estuarlne s a l t  wedge; bottom sediments being resuspended and 

carried seaward In the surface waters; mixing of  the new sediments 

with old underlying material by burrowing animals or chemical re

equil ibration of  copper to normal with the return of  s ta b le  s a l i n i t y  

and pH structure.  The authors do not know the exact mechanism; perhaps 

a combination o f  a l l .

Conclusions

Tropical Storm Agnes caused a 2 to 1 fold  increase In the 

prec lp ita ted -co-prec ip ita ted  copper content of the es tuar ine  surface  

sediments of the Rappahannock River. The sediments did, however, 

return to "normal" within one year a f ter  the storm. The organic copper 

and zinc and the prec ip l ta ted-co -prec ip i ta ted  zinc l e v e l s  were not 

af fected  by the storm.

A ca lcu la t ion  based on the deposit ion of  suspended materia l ,  

high in pre t ip i ta ted -co -p rec lp i ta ted  copper on material  r e l a t i v e l y  low 

In thla  copper phase, re su l t in g  in a sediment with a copper content 

betw een the tuo, shows that at l ea s t  7.5 m il l im eters  of  new sediment
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was depos i ted  a t  m ile  39 w ith  amounts decreas ing  downstream to about  

1 m i l l im e te r  a t  mile  15. This  technique appears extremely s e n s i t i v e  

to small  sedimentation amounts and may prove u s e fu l  to  other i n v e s t i g a t o r s .
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F ig u r e  1 .  Map o f  Che Chesapeake Bay.
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Figure 2.  Prec ip ita ted -coprec ip ita ted  zint: in Rappahannock River 

sediments.
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Figure 3.  Organic zinc in Rappahannock River sediments.
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Figure 4. Prec ipitated-coprecipitated topper in Rappahannock River 

sediments.
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Figure 5. Organic copper in Rappahannock River sediments.
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Figure 6* Sedimentation in the Rappahannock River due to Tropical 

Storm Agnes.
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CONCLUSIONS

Data herein show that concentration gradients of  cadmium, 

copper and zinc e x i s t  in oysters  Craasostrca v lrg in ica  from Virginia  

and NoTth Carolina e s tu a r ie s .  Recently MacKay, ^t  a l . , (1975) reported 

a s im ilar  gradient for o y s te r s ,  Craasostrea cominercialia in estuaries  

of New South Wales, Austral In. These gradients allow a crude pred ic t ive  

mechanism of metal concentrations in oys ters  as a function of their  

pos it ion  in the estuary.  Animals l iv in g  further upstream ( i . e . ,  in 

lower s a l i n i t i e s )  have higher concentrations of  cadmium copper and 

zinc than those downstream. Therefore, s ince  th i s  re lat ionship  has 

been shown for animals from a s ig n i f i c a n t  portion of the Atlantic  

Coast of  the United States  as well  as from Australia ,  i t  appears that 

the re la t ionsh ip  i s  fundamental in the ecology of e s tu ar ies .

Many in ves t iga tor s  have attempted to determine the average 

concentration of  a me Lai in oys ters  from an estuary for puhllc health  

regulatory purposes. In doing so samples have been taken from through— 

out the estuary or in some cases the region and resu l t s  averaged 

(Proceedings of  the 7th National S h e l l f i s h  Sanitation Workshop, 1971).  

The r e s u l t s  reported here c le a r ly  show that th i s  procedure Is risky  

in that the obtained averages w i l l  not he r e a l i s t i c  because the natural 

concentration gradients have been Ignored. A better  indication of  

oysters  contaminated by cadmium, copper and zinc i s  obtained by 

u t i l i z i n g  the concept of  natural concentration gradients and the

1 05
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resu lt ing  linear re lat ionship  between cupper and zinc,  cadmiuni and 

zinc,  and cadmium and copper concentrations in oysters  from the same 

locat ion .  The use o f  the copper-zinc re lat ionship  to d e tec t  heavy 

metal po l lu t ion  ia documented in this  manuscript and Bender and Huggett,  

(1977) showed that s imilar  use of oopper-cadmium and cadmium-zinc i s  

p o s s i b l e ,

Another consideration often omitted in the design of sampling 

s t r a te g ie s  for determining metals in oysters  involves  the natural 

v a r a b i l i ty  of metal concentrations within a given population or sampling 

s ta t io n .  Concentrations of cidnfum, copper and zinc in oystera from 

Virginia which are co l lec ted  from the same locat ion  or bed commonly 

d i f f e r  by factors  of 1 to 3. Therefore to determine the mean concen

trations for a given location one must ei ther c o l l e c t  and analyze a 

number of  re p l ic a te s  or blend a number of  rep l ic a te s  together and then 

analyze the blend (S h e l l f i sh  Sanitation,  1976), The problem with the 

l a t t e r  a l tern a t iv e  i s  that there is  no measure of v a r ia t io n  thus no 

s t a t i s t i c a l  t e s t s  of s ign if icance  can bn made. I f ,  however, the 

object ive  of  a survey of metals in oysters  from an area i s  only to 

obtain a general idea of concentrations with minimum c o s t ,  a few 

rep l ica tes  nr blends can be used (Colby, Cross and huggett ,  1977).

The avai lab le  data on cadmium, copper or zinc l e v e l s  In 

solut ion in coastal plaLn-estuarine systems do not in d ica te  that there  

are concentration gradients similar to those found in o y s t e r s .  These 

analyses were based on the assumption that a const i tuent  in solution  

was one which was present in the water after f i l t e r i n g  through a 0,45  

pm f i l t e r .  The procedures were such that only to ta l  concentration of  

a "disso lved11 metal was analyzed. Therefore i t  ia p oss ib le  that metals



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

w i t h  c o l l o d i a l  p a r t i c l e s  l e s s  t h a n  0 . 4 5  p m  o r  t h a t  t h e y  e x i s t e d  I n  

s e v e r a l  s p e c t a t e d  f o r m s  i n  t r u e  s o l u t i o n  ( I . e .  h y d r a t e d ,  c o m p l e x e d ,  

e t c . ) .  Y e t ,  s i n c e  n o  t o t a l  s o l u t i o n  m e t a l  g r a d i e n t  w a s  e v i d e n t  I t  

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

o y s t e r s  a r e  n o t  d i r e c t l y  d u e  t o  t o t a l  d i s s o l v e d  "lu r V s ,

A n a l y s e s  o f  b o t t o m  s e d i m e n t s  f r o m  t w o  e s t u a r i e s ,  t h e  Y o r k  

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

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

e x i s t  i n  s e d i m e n t s  a n d  o y s t e r s  J r v l n g  o n  t h o s e  s e d i m e n t s .  S e d i m e n t  

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

a s s o c i a t e d  w i t h  o r g a n i c ,  o x i d e  c o a t i n g s  a n d  a b s o r b e d  p h a s e s  i n  o r  o n  

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

e x i s t  b u t  t h a t  t h e y  w e r e  d i f f e r e n t  t h a n  t h o s e  o b s e r v e d  i n  t h e  o y s t e r s .

F o r  I n s t a n c e ,  t h e  c o n c e n t r a t i o n s  o f  z i n c  a s s o c i a t e d  w i t h  o x i d e - h y d r o x i d e  

c o a t i n g s  J n  R a p p a h a n n o c k  R i v e r  s e d i m e n t s  i n c r e a s e d  w i t h  I n c r e a s i n g  

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

c o n s t a n t  t h r o u g h o u t  t h e  s a l i n e  p o r t i o n  o f  t h e  r i v e r .  T h t  o y s t e r  

" m e t a l 1' g r a d i e n t  f o r  t h i s  r i v e r  d e c r e a s e d  w i t h  i n c r e a s i n g  s a l i n i t y .

T h e  f r a c t i o n s  o f  c o p p e r  a n d  z i n c  w h i c h  w a s  a d s o r b e d  t o  t h e  s u r f a c e  o f  

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

f r o m  a s  h i g h  a s  6  m g k g - ^ i n  f r e s h  w a t e r  t o  n e a r  1  m g k g - ^  i n  l o w  s a l i n i t y  

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

t h e  m o u t h .  T h e s e  c h a n g e s  c a n  b e  a t t r i b u t e d  t o  t w o  b a s i c  p h e n o m e n o n  

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

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

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

< 6 3  p m  f r a c t i o n  o f  t h e  s e d i m e n t  b e c a u s e  o f  f i n e r  p a r t i c l e s  b e i n g  d e p o s i t e d  

f u r t h e r  d o w n s t r e a m .  N i c h o l s  ( 1 9 7 7 ) ,  h o w e v e r ,  h a s  f o u n d  t h a t  t h e  a v e r a g e  

p a r t i c l e  s i z e s  I n  t h i s  p o r t i o n  o f  t h e  R a p p a h a n n o c k  R i v e r  t o  b e  n e a r l y  

c o n s t a n t .  T h e s e  " a d s o r b e d 11 t r e n d s  w e r e  o p p o s i t e  f r o m  t h o s e  e n c o u n t e r e d  

i n  o y s t e r s  f r o m  t h e  r i v e r .

T h e  s e d i m e n t  z i n c  w h i c h  w a s  o r g a n i c  i n  n a t u r e  d e c r e a s e d  t o w a r d  

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

T h i s  z i n c  f r a c t i o n  s h o w e d  t h e  o n l y  t r e n d  w h i c h  c o r r e s p o n d e d  t o  t h e  

g r a d i e n t s  I n  o y s t e r s .  H o w c j i  s i  n e e  t h e  o y s t e r  g r a d i e n t s  e x i s t  o v e r  

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

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

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

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

T h e  s e d i m e n t  m e t a l s  i n  t h e  Y o r k - P a m u n k e y - M a t t a p c n i  s y s t e m  

s h o w e d  d i f f e r e n t  g r a d i e n t s  t h a n  d i d  t h e  R a p p a h a n n o c k .  A s  I n  t h e  

R a p p a h a n n o c k  t h e  t r e n d s  w e r e  i n c o n s i s t e n t  w i t h  t h o s e  o b s e r v e d  i n  o y s t e r s .

T h e  Y o r k “ P a m u n k e y - H a t t a p o n i  s y s t e m  c l e a r l y  s h o w e d  t h e  i n f l u e n c e  o f  a c i d  

m i n e  d r a i n a g e  e n t e r i n g  t h e  s y s t e m  i n  t h e  u p p e r  P a m u n k e y  R i v e r ,  T h e  

c o n c e n t r a t i o n s  o f  c o p p e r  a n d  z i n c  i n  s e d i m e n t s  w e r e  2  t o  1 0  t i m e s  h i g h e r  

i n  t h e  P a m u n k e y  R i v e r  t h a n  i n  t i i e  M a t t a p o n i .  S i n c e ,  b o t h  t h e  r i v e r s  

d r a i n  s i m i l a r  s t r a t a  a n d  h a v e  s i m i l a r  s i z e d  d r a i n a g e  b a s i n s  t h e  m e t a l  

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

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

t h e  s e d i m e n t s  o f  t h e  Y o r k  H i v c r ,  T h i s  c a n  h e  c o n c l u d e d  s i n c e  t h e r e  I s  

c o n t i n u i t y  I n  s e d i m e n t  c o p p e r  a n d  z i n c  c o n c e n t r a t i o n s  f r o m  t h e  Y o r k  t o  

t h e  P a m u n k e y  w h e r e a s  t h e r e  a p p e a r s  t o  b e  d i c u n t i n u i t y  f r o m  Y o r k  t o



t h e  M a t t a p o n I . T h e  d a t a  a l s o  s h o w  a n  u n e x p l a i n e d  a b u n d a n c e  o f  c o p p e r  

I n  s e d i m e n t s  o f  t h e  Y o r k  f r o m  7 t o  2 2  k m  f r o m  t h e  m o u t h .  T h e  o y s t e r  

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

l e v e l s  o f  c o p p e r  w h i c h  s u p p o r t s  t h e  h y p o t h e s i s  t h a t ,  a t  l e a s t  f a r  

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

m e t a l  c o n c e n t r a t i o n s  i n  o y s t e r s .

T h e r e f o r e  i t  a p p e a r s  t h a t  l i t t l e  r c l n t l o n s h l p  e x i s t s  b e t w e e n  

t h e  c o n c e n t r a t i o n  g r a d i e n t s  o b s e r v e d  i n  o y s t e r s ,  a n d  t h e  c o n c e n t r a t i o n s  

o f  t o t a l  d i s s o l v e d  m e t a l s  a n d / o r  m e t a l s  i n  s e d i m e n t s .  S e v e r a l  o t h e r  

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

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

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

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

l i v i n g  I n  h i g h e r  s a l i n i t i e s  a t  r e m o v i n g  c a l c i u m  f r o m  t h e  s a m e  a m o u n t  

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

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

c o p p e r ,  o r  z i n c  ( W o l f  a n d  S t i l l i n g s ,  1 9 7 5 ) ,

A n o t h e r  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  o y s t e r  g r a d i e n t s  i s  t h a t  

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

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

s i t e s  b y  m o r e  a b u n d a n t  c a t i o n s  f r o m  s e a w a t e r  ( m a g n e s i u m ,  c a l c i u m ,  e t c . )  

a t  h i g h e r  s a l i n i t i e s ,

A  t h i r d  p o s s i b i l i t y  I n v o l v e s  c h e l a t i o n  a n d / o r  c o m p i  t a x a t i o n  

o f  t h e  d i s s o l v e d  m e t a l s  b y  h u m i o  s u b s t a n c e s ,  p a r t i c u l a r l y  f u l ' / I c  a c i d s .  

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

c h e l a t i n g  a g e n t s  f o r  c a t i o n s  ( J u n n e ,  I 9 6 0 ;  S h a p i r o ,  1 9 6 4 ;  H a i r  a n d  

B a s s e t t ,  1 9 7 3 ) .  S i n c e  t h o s e  s u b s t a n c e a  o r i g i n a t e  f r o m  d e c a y i n g  p l a n t
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material on land i t  i s  probable that their concentrations would Increase 

with decreasing s a l i n i t y .  This trend was noted by Hair, t̂. aJL, (1973).  

Therefore i f  the dissolved metal concentrations for copper, cadmium 

and sine are constant throughout the estuary but the f u lv i c  acid 

decreases from fresh water-seaward due to d i lu t io n  by the hamate poor 

seawater, then there should be a gradient of  completed or chelated  

metals decreasing in a seaward d irect ion.  This would he the same type 

of gradient as observed in oysters  from the es tuar ies .  I t  i s  popsihle  

that hy completing or chelating the metals their  b io lo g ica l  a v a i la b i l i t y  

is increased by direct  part i t  i o  i i r.g o f  the substances from estuarine  

water into the body mucus of the ovsters .

During the period of Lhis research, Tropical Storm Agnes 

passed over the drainage basin of the Rappahannock River and the resu lt ing  

rains washed large quantit ies  o f  sediments into the estuary.  Analysis  

of the bottom sediments of the Rappahannock River soon a f t e r  the deluge 

showed that the precipitated-coprecipitatcd copper concentrations of  

the estuarine sediments were elevated by a fartor of 3 to 4 r e la t iv e  

to before the sLorm. Subsequent analyses of  the sediments approximately 

twelve months later Indicated that the copper concentrations had returned 

to pre-Agnes leve ls .  Suspended sediment samples c o l lec ted  in the 

Rappahannock River during the Agnes run-off period were analyzed for  

ropper and showed concentrations as much aa 40 times those  observed in  

the underlying bottom sediments. Rv assuming that the increase In 

sediment copper, immediately after  Agnes was due to deposit ion  of 

erosion products (suspended sediments) a 1:) mixing model was used 

to calculate  the amount of sediments deposited in the Rappahannock 

Estuary as a result of the tropical storm. The ca lcu la t io n s  indicated



n :

that approximately 7*5 mm of  new sediments were deposited in  the channel 

at kilometer 38 on the Rappahannock decreasing almost l in e a r ly  towards 

the mouth of  the estuary to about 1 mm at  kilometer 15, These 

estimations of deposit ion are supported by measurements of  suspended 

sediment concentrations obtained by Nichols and Nelson during the 

run-off period (Nichols,  1975).

In summary, oys ters  from non-contnminated e s tuar ies  in Virginia  

and North Carolina have concentrations of cadmium, copper and zinc which 

can vary depending their  p o s i t io n  in the estuary. Animals l iv in g  in 

l e s s  s a l in e  waters w i l l  c o n t a i n  more of the metal than those l iv ing  

downstream. These gradients  can be used to detect  unnatural leve ls  

of these metals in oys ters  and to determine anthropogenic sources.

Analyses of  copper and zinc concentrations in bottom sediments 

y ie ld  data which when interpreted suggest that the abundance of these  

metals does not corre la te  with the l e v e l s  of these elements in oysters*  

Therefore, the reason for the trace element gradients  in oysters  may 

be e i ther  related to the b io lo g ic a l  functions of  the animals as n 

function of  s a l in i t y  nr the spec ia t ion  or chemistry of the metal in 

solution .is a function of  s a l i n i t y .

Metal analysis  of bottom and suspended sediment before and 

after  major erosional events  may be used to es t imate deposit ion of 

new sediments In the estuary resu lt ing  from the event.
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