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SUMMARY 

An  ion-exchange  column-equilibrium  procedure  capable of measuring  biologically 

ac t ive   heavy   me ta l   concen t r a t ions   i n   s eawa te r   was   deve loped   and   t e s t ed   w i th  

Cd,   Cu,   Pb   and   Zn .   The   procedure   was   based   on   the   assumpt ion   tha t   the   amount  

of heavy  metal   sorbed  by a cation-exchange  resin of the   su l fon ic   t ype   was  

r e l a t e d  to t h e   f r e e   m e t a l   c a t i o n   c o n c e n t r a t i o n s  in  solution. A n e w   t e r m ,   t h e  

Effect ive  Metal   Concentrat ion  (EMC),   was  der ived  f rom  the  ion-exchange 

procedure   and   was   equated  to the   t ru ly   d i sso lved   inorganic   meta l   concent ra t ion  

in a sample .   I t   was   t he   EMC  va lue   t ha t   was   be l i eved  to  be   p ropor t iona l  to t h e  

biological   act ive  metal   f ract ion  in   solut ion.  

A se r i e s  of expe r imen t s   was   conduc ted  to d e t e r m i n e   t h e   o p t i m a l   o p e r a t i n g  

condi t ions  for   the  ion-exchange  procedure.   The  sorpt ion of meta ls   by   the   res in  

w a s   a f f e c t e d  by a number   o f   fac tors   inc luding   f low rate of   solut ion,   method of 
resin  prepart ion,   res in   crossl inkage,   and  batch of resin  used.   Al though  var iabi l i ty  

in   the   sorp t ion   charac te r i s t ics  of the   res in   was   observed   be tween  exper iments ,  

var iabi l i ty   within  an  experiment   was  minimal .  

Oys ter   embryo  (Crassos t rea   g igas)   and   a lga l   (Thalass ios i ra   pseudonana)  assays 

were   conduc ted  to g e n e r a t e   t o x i c i t y   d a t a  to  compare   w i th   EMC  va lues  

de te rmined   by   the   ion-exchange   procedure .   Exper iments   o f  a 6 x 4 f ac to r i a l  

design  using  s ix   metal   concentrat ions  and  four   EDTA  concentrat ions  per   assay 

were  performed.   EDTA  was  used to va ry   t he   f r ee   me ta l   i on   concen t r a t ion  of a 

sample   ( thus   i t s   tox ic i ty)   whi le   main ta in ing   the   to ta l   meta l   concent ra t ion  

cons t an t .  

A poor   re la t ionship  was  found  between  toxici ty   and  total   added  metal  

concen t r a t ions   fo r   Cd ,   Cu ,   Pb   and   Zn   when   EDTA  was   added  to the   samples .  In 

con t r a s t ,   when   t he   s ame   t ox ic i ty  data was   p lo t t ed  as a funct ion  of   EMC, a much 
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st ronger   re la t ionship was observed   for   Cu,   Pb   and   Zn ,   ind ica t ing  a 

propor t iona l i ty   be tween  EMC  and   the   tox ic   meta l   f rac t ion .   This   was   ev ident   in  

bo th   the   oys te r   embryo  and   a lga l  assay exper iments .   The  EMC values   for   Cd,  

however ,  did not  show  such a s t rong   re la t ionship  to  tox ic i ty   in   e i ther   the   oys te r  

or  algal  assays.   Although  not  conclusive,   adsorption of the  Cd-EDTA  complex  by 

the   res in   appeared  to be  occurr ing.   This   resul ted  in   EMC  being  an 

overes t imat ion  of the   t rue   t ox ic   me ta l   f r ac t ion .  

2886 ix 



A. INTRODUCTION 

Envirocon  Pacif ic   Ltd.   was  re ta ined  on  February 4,  1985 by   the   Envi ronmenta l  

P ro tec t ion   Se rv ice   and   t he   Na t iona l   Resea rch   Counc i l  to conduc t  a research  

program to develop  and test an   ana ly t ica l   t echnique  to est imate   biological ly  

a c t i v e   h e a v y   m e t a l   c o n c e n t r a t i o n s  in seawater .   The  proposed  technique  used  an 
ion-exchange  res in   and  was  based  on  the  assumption  that   the   amount   of   heavy 

meta l   sorbed   by  a s t rongly  acidic   cat ion-exchange  res in   was  re la ted to t h e   f r e e  

metal   ion  concentration  in  solution.  The  application of th i s   approach  to 

seawater   was   f i r s t   descr ibed   by   Zork in  (1983) for   copper .  

The   research   program  was   d iv ided   in to   two  Phases .   Phase  I involved  modifying 

the  s ingle-element   ion-exchange  procedure  of   Zorkin (1983) to provide a me thod  

sui table   for   mult i -e lement   analysis .   The  procedure  was  f i rs t   tes ted  in   ar t i f ic ia l  

s eawa te r   w i th   cadmium,   coppe r ,   l ead   manganese   and   z inc .   Cadmium,   coppe r ,  

l ead   and   z inc   were   chosen   because  of the i r   envi ronmenta l   impor tance   and   tox ic  

nature ,   whi le   manganese  was  chosen  because  i t   i s   known to a f f e c t   c o p p e r  

toxici ty   (Sunda  and  Huntsman,  1983). 

The   p r imary   ob jec t ive  of Phase  I1 was to demonst ra te   the   b io logica l   s ign i f icance  1 

of the  ion-exchange  measurement .   Oyster   embryo  (Crassostrea gigas) and  a lga l  
(Thalassiosira  pseudonana)  assay  procedures  were  employed to provide   tox ic i ty  

d a t a   t h a t   c o u l d  be compared  to resul ts   of   the   ion-exchange  analyses .  

The   fo l lowing   repor t   p rovides  a descr ipt ion of the   ion-exchange   procedure   and  

the   exper iments   conducted   dur ing   the   deve lopment   and   tes t ing   o f   th i s   p rocedure .  

2886 
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1.0 BACKGROUND INFORMATION 

Although  heavy  metals   are   required  in   t race  quant i t ies   for   the  growth  and 

sus tenance  of marine  organisms,  a t  e leva ted   l eve ls ,   meta ls   such  as Cu ,   Pb   and   Zn  

a re   t ox ic .   The   t ox ic i ty  of a meta l   i s   governed   no t   by   i t s   to ta l   concent ra t ion   in  

so lu t ion   bu t   r a the r   i t s   chemica l   fo rm.  Of a l l   the   meta l   spec ies   poss ib le   in  

s eawa te r ,  it appea r s   t ha t ,   f o r  a number of me ta l s ,   t he   f r ee   hydra t ed   me ta l   i on   i s  

the  most   biological ly   act ive.  

A s t rong   r e l a t ionsh ip   be tween   f r ee   me ta l   i on   ac t iv i ty*   and   t ox ic i ty   has   been  

demons t r a t ed   fo r  a number  of   organisms,   including  bacter ia  (e.g. Sunda   and  

Gillespie,  1979;  Sunda  and  Ferguson,  1983),  algae (e.g. Sunda  and  Cuillard,   1976; 

Anderson  and  Morel,   1978;  Rueter  and  McCarthy, 1979; Guy  and  Kean,  19801, 

zooplankton (e.g. Andrew et al., 1977;  Young - et -*, a1  1979)  and  fish (e.g. Waiwood 

and  Beamish,  1978; Howarth  and  Sprague,   1978;   Chakoumakos ” et al., 1979). 

Canter ford   and   Canter ford   (1980)   s tud ied   the   in f luence   o f   Zn ,   Cd,  Pb,, Hg,  Ag 

and   T I   on   a lga l   g rowth   and   found   t ha t   me ta l   t ox ic i ty   was   co r re l a t ed  to t h e   f r e e  

m e t a l   i o n   c o n c e n t r a t i o n   a n d   n o t   t h e   t o t a l  metal concent ra t ion .  A number  of 

studies  using  model  l igands  such as EDTA  or  NTA to con t ro l   me ta l   spec ia t ion  

have   shown   tha t   t he   concen t r a t ion  of t h e   f r e e   m e t a l   i o n   r a t h e r   t h a n   t h e   t o t a l  

concen t r a t ion  of t h e   m e t a l   b e s t   r e l a t e s  to the  toxic   response  in   a lgae  (Sunda  and 
Guillard,  1976;  Anderson  and  Morel,  1978;  Allen et al., 1980) .   Cadmium  toxici ty  

to grass   shr imp  was   found to  b e   i n f l u e n c e d   b y   t h e   f r e e  Cd ion   concent ra t ion  

(Sunda et al., 1978),   while  the  accumulation  of Cu and   Zn   by   adul t   oys te rs   was  

found to be  reduced  in   the  presence  of   NTA  and  EDTA  (Zamuda  and  Sunda,   1979;  

Harr ison,   1982) ,   implying  that   the   dissolved  inorganic   f ract ion  control led  the 

accumula t ion   ra te .  

* ac t iv i ty   i s   concen t r a t ion   co r rec t ed   fo r   t he   i on ic   s t r eng th  of the   med ium.  
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Although  the   f ree   meta l   ion   appears  to be   the   mos t   b io logica l ly   ac t ive   meta l  

fo rm  i t s   measu remen t   i s   ex t r eme ly   d i f f i cu l t .   Th i s  is d u e  to the  low 

concentrat ion  levels   encountered  in   natural  sea wa te r s   and   t he   complex  

chemis t ry  of seawater .   Before  discussing  the  methods  present ly   avai lable   for  

s tudying   meta l   spec ia t ion ,  a brief  overview of heavy  metal   speciat ion  in  

seawater   wil l   be   given.  

The   chemica l   fo rms  of heavy  meta ls   in   seawater   can   be   b roadly   ca tegor ized   in to  

par t icu la te ,   co l lo ida l   and   d i sso lved   spec ies .   Par t icu la te   meta ls   a re   re ta ined   by  a 

f i l ter   wi th  a 0.45 um  pore  size  while  colloidal  and  dissolved  species  pass  through. 

Par t icu la te   meta ls   usua l ly   cons is t  of metal   bound to o r   i n c o r p o r a t e d   i n t o   m a t t e r  

such  as remains  of l iving  organisms.  Colloidal  metals  generally  consist  of m e t a l s  

adso rbed   on to   ma t t e r   such  as c l ay   mine ra l s   and  Fe and  Mn oxides.   The  dissolved 

fract ion  is   subdivided  into  1)   s imple  hydrated  ions,  2) meta l   ions   complexed   wi th  

inorganic   anions  such as OH- and  C02-  and  3) meta l   ions   complexed   by   o rganic  

l igands  such as humic   and   fu lv ic   ac ids   (F igure  1). S ince   cons iderable   ev idence  

i n d i c a t e s   t h a t   i t  is the   d i s so lved   i no rgan ic   me ta l   f r ac t ion   wh ich   a f f ec t s   aqua t i c  

organisms,   the   d i sso lved   forms  of the   b io logica l ly   impor tan t   meta ls   such  as Cd,  

Pb ,   Cu   and   Zn  are of   par t icu lar   in te res t .  

3 

In seawa te r ,  Cd is thought  to be   p resent   in   the   d i sso lved   form  most ly  as t h e  

chlorocomplexes  (CdCI CdCI') (Sunda, 19841, whi le   the   o ther   inorganic   spec ies ,  

i nc lud ing   t he   f r ee   Cd   i on   cons t i t u t e   on ly   abou t  3% of the   d i sso lved   f rac t ion  

(Nurnberg, 1983). In coas t a l   s eawa te r ,   Cd   was   r epor t ed  to be   ne i ther   assoc ia ted  

with  colloidal  compounds  nor  significantly  bound to organo-metal l ic   compounds 

(Hasle   and  Abdullah,  1981; Sunda,  1984). 

22: 

Dissolved  Pb  is   pr imari ly   found  in   seawater  as ca rbona te   complexes  (e.g. 

PbC03).  The  spec ies   PbOH'   and   PbCl   a re   a l so   p resent   though  wi th   the   f ree  2 
hydra ted   meta l   ion ,   cont r ibu t ion   i s   l ess   than  2% of the   d i sso lved   meta l  
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concentrat ion  (Nurnberg,  1983). Hasle  and  Abdullah  (1981)  found  l i t t le  or  no 

associat ion of P b  with  col loids ,   but   found  extensive  associat ion of Pb   w i th  

o r g a n i c   m a t t e r  in coas t a l   s eawa te r .  

The  predominant   dissolved  inorganic   forms of C u   a r e   t h o u g h t  to be  Cu(OH)*  and 

CuCO  (F lorence   and   Bat ley ,   1980) .   The   assoc ia t ion  of C u   w i t h   o r g a n i c   m a t t e r  

and  col loids   in   coastal   seawater   has   been  found to be  highly  variable,   though  up 

to 74% of dissolved  Cu  has   been  reported to be  associated  with  high  molecular  

weight  organic  complexes  (Hasle  and  Abdullah,   1981).  

3 

Dissolved  inorganic  Zn  seems t o  exis t   mainly as hydrated  Zn+*  ions  and 

chlorocomplexes  (Florence  and  Batley,   1980;  Sunda,  1984).   There is s o m e  

confus ion   about   d i sso lved   Zn   concent ra t ions   and   spec ia t ion ,   however ,   p r imar i ly  

d u e  to  problems  assoc ia ted   wi th   Zn   contaminat ion .  

Al though  numerous   methods   a re   ava i lab le  to s tudy   meta l   spec ia t ion ,   mos t  

measu re  a c l a s s  of metal   species   based  on  some  physical  or chemica l   p roper ty  

and   f ew  a re   spec ie s   spec i f i c ,   pa r t i cu la r ly   fo r   t he  free metal   ion.   General ly ,   two 

approaches   have   been   t aken .   Me ta l   spec ia t ion   can   be   e s t ima ted   by   t heo re t i ca l  

compute r   mode l s  or by   d i rec t   chemica l   ana lys i s  of water   samples ,   Computer  

models have  only  l imited  appl icat ion  in   natural   seawater   because  the  nature   and 
concen t r a t ion  of na tura l ly   occur r ing   complexing   agents   a re   genera l ly   unknown.  

The   spec ia t ion   o f  a me ta l   e s t ima ted   t h rough   chemica l   ana lys i s   i s   gene ra l ly   by  

d i r ec t   measu remen t   o r   a f t e r   some   p re t r ea tmen t   s t ep .   A l though   many  

i n s t r u m e n t a l   t e c h n i q u e s   a r e   c a p a b l e  of measur ing   d i sso lved   meta l   l eve ls   d i rec t ly  

(e.g. neutron  act ivat ion,   a tomic  absorpt ion,   x-ray  f luorescence) ,   such  methods 

g ive   on ly   to ta l   meta l   concent ra t ions   and   provide   no   in format ion   on   par t icu lar  

f o r m s  of metal .   Ion-select ive  e lectrodes (ISE) and   anodic   s t r ipp ing   vo l tammetry  

(ASV), by  cont ras t ,   a re   t echniques   whose   response  is dependent   on   the   meta l ' s  
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speciat ion.   Ion-select ive  e lectrodes  can  measure  the  act ivi ty  of t h e   f r e e   m e t a l  

ion   wi thout   a f fecdng  the   so lu t ion   equi l ibr ia ,   bu t   the i r   use   i s   l imi ted   because  of 

the  low  sensi t ivi ty  a t  metal   concentrat ions  found  in   natural   seawater .   Anodic  

s t r ipp ing   vo l tammetry   has   been   used  to e s t ima te   me ta l   spec ia t ion  in s e a w a t e r  

(e.g. Nurnberg  and  Valenta,   1983)  because of i ts   h igh  sensi t ivi ty   and  i ts   abi l i ty  

to measure  the  ASV-labi le   ( f ree   metal   ion  plus   the  metal   complexes  which  wil l  

d i ssoc ia te  a t  the   Hg   i n t e r f ace )   spec ie s  of me ta l s   such  as Cd,   Cu,   Pb  and  Zn  in  

one  analysis .   However ,   surface-act ive  compounds  in   natural   seawater   samples  

(e.g. humic   and   fu lv ic   ac ids)   may  adsorb   on to   the  Hg f i lm   and   i n t e r f e re   w i th   t he  

analysis.   Moreover,   the  ASV-labile  fraction  cannot  be  directly  related to t h e  

f r ee   me ta l   i on   concen t r a t ion  as complexes  having a low s t ab i l i t y   w i th   t he   me ta l  

d i ssoc ia te  a t  t h e   e l e c t r o d e   s u r f a c e   a n d   t h u s   c o n t r i b u t e  to the   ana ly t ica l   s igna l .  

A  number of chemica l  or physical   separat ion  techniques  pr ior  to analysis  of t h e  

sample   by   ana ly t ica l   methods   such  as ASV or a tomic   abso rp t ion   spec t roscopy  

have  been  developed.  Molecular size separa t ion   i s   o f ten   used  to d iv ide   t he  

d i s so lved   me ta l   f r ac t ion   i n to   t he   mo lecu la r   and   co l lo ida l   spec ie s .   U l t r a f i l t r a t ion  

us ing   membranes   w i th   po re   d i ame te r s   r ang ing   f rom 1 to 15 nm  (Hoffman - et a1 

19811, and  dialysis   membranes  have  been  used to sepa ra t e   i on ic   spec ie s   and  

so luble   complexes  from colloidal  species  (Benes,   1980;  Hart   and  Davies,   1977, 
1981). However ,   f i l t ra t ion   and   d ia lys i s   membranes   a re   o f ten   contaminated   wi th  

t r a c e   m e t a l s   a n d   o r g a n i c   m a t t e r   a n d   m u s t   b e   r i g o u r o u s l y   c l e a n e d   p r i o r  to use. 

O the r   d i sadvan tages   i nc lude   t he   adso rp t ion  of some  charged   meta l   spec ies   on to  

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

Less   used  separat ion  procedures   based  on  molecular   s ize   include  centr i fugat ion 

(Benes  and  Steinnes,  19751, ion  exclusion  chromatography  (Steinberg,   1980)  and 

reverse-phase  l iquid  chromatography  (Mills  and  Quinn,  198 1). 

Separa t ion   methods   based   on   the   charge   o f   the   meta l   spec ies   have   a l so   been  

used.  Chelating  resins  such as Chelex-100  s t rongly  bind  ionic   metal   whi le   large 
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molecules   and   co l lo ids   a re   exc luded   and   no t   re ta ined   on   the   co lumn.   Bat ley  and 

F lo rence  (1 976)  ahd  Batley  and  Gardner (1 978)  defined  seven classes of m e t a l  

species   depending  on  their   abi l i ty   to   adsorb  onto  Chelex-100  before   and  af ter   the  

oxidat ion of organic   mat ter .   However ,   Chelex-100  dissociates   metal- l igand 

complexes  present   in   natural   seawater   and  thus  would  overest imate   the  amount  

of free  metal   ion  in  solution.  I t   is   more  often  used to p re -concen t r a t e   me ta l s   fo r  

t o t a l   me ta l   ana lys i s   t han   fo r   measu remen t  of spec i f ic   meta l   spec ies .  

Thiol  resins,   which  contain  sulfhydryl  functional  groups,   have  been  stated  to 

es t imate   biological ly   act ive  metal   concentrat ions  (Florence,   1982) .   However ,  

these   res ins   a re   found to bind  metals   s imilar  to Chelex-100  and  thus  were  not  

su i tab le   for   appl ica t ion  to t h e   m e a s u r e m e n t  of f r ee   me ta l   i on   concen t r a t ions .  

Strongly  acidic   cat ion  (Shuman  and  Dempsey,   1977)   and  s t rongly  basic   anion 

(Koide " et al., 1984)   exchange  res ins   have  a lso  been  used to  s tudy   me ta l  

speciation.  These  resins do no t   demons t r a t e   such  a strong binding  for   metals  as 

Chelex-100  or   thiol   res ins   and  general ly   adsorb  only  ionic   metal   forms.  As a 

r e s u l t ,   t h e y   a r e  less likely to dissociate   metal- l igand  complexes to t h e   e x t e n t  of 

chelating  resins.   Cation-exchange  resins  have  been  used to m e a s u r e   f r e e   m e t a l  

ion   ac t iv i t ies   in   complex   media   such  as milk  (Christianson " et a l ,   1954;   Pearce  

a n d   C r e a m e r ,  19741, a n d  to e s t i m a t e   f r e e  Ni   ion  concentrat ions  in   sewage 

samples   (Cantwel l  et al., 1982). 

I t   i s   t he   s t rong ly   ac id i c   ca t ion   exchange   r e s ins   t ha t   a r e   be l i eved  to p rov ide   t he  

best opportuni ty  to de te rmine   f r ee   me ta l   i on   concen t r a t ions   i n   s eawa te r .  
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2.0 THEORY 

The  ion-exchange  procedure is based   on   the   assumpt ion   tha t   the   amount  of me ta l  

sorbed  to a s t rongly   ac id ic   ca t ion-exchange   res in   can   be   re la ted  to t h e   f r e e  

metal   ion  concentrat ion  in   solut ion.   The  fol lowing  sect ion  descr ibes   the 

theoret ical   basis   for   this   assumption.   Although  copper  is used in this  discussion, 

i t   i s   r ep resen ta t ive  of a number  of d iva len t   heavy   meta ls   inc luding   cadmium,  

lead  and  z inc.  

When a cat ion-exchange  res in   is   p laced  in   contact   wi th a so lu t ion   conta in ing  a 

d iva len t   t rans i t ion   meta l   ion   such  as Cu2+,   an   exchange   reac t ion   occurs   tha t ,  

a s suming   t ha t   t he   r e s in   i s   i n i t i a l ly   l oaded   w i th   Na+  ions, can   be   represented   by  

t h e   e q u a t i o n  

Cu'+ + 2 c+ __ 2 Na+ + G2+ 

where   the   overbar   ind ica tes   ions   bound  in   the   res in   phase .   Apply ing   the   l aw of 
mass   ac t ion  to th is   reac t ion ,  

where   t he   cu r ly   and   squa re   b racke t s   r ep resen t ,   r e spec t ive ly ,   ac t iv i t i e s   and  

concent ra t ions ,   and  f and  Y a r e   t h e   a c t i v i t i y   c o e f f i c i e n t s  of the   i ons   i n ,  

respect ively,   the   res in   and  solut ion  phases .   Al l   appl icat ions  considered  here  

a s sume   t ha t   t he   r e s in   u sed  is of t h e   s t r o n g l y   a c i d i c   t y p e   a n d   i t   a c h i e v e s  

equilibrium  with  the  solution  phase.  

Seawater   essent ia l ly   has  a cons t an t   r e l a t ive   compos i t ion ,   t ha t   i s   t he  

concent ra t ion  of e a c h  of the   ma jo r   cons i tuen t s   va r i e s   w i th   t he   s ample   s a l in i ty ,  

t h e   l a t t e r   b e i n g  a quan t i ty   r ep resen ta t ive  of t h e   t o t a l   a m o u n t  of dissolved  solids 
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in  g/kg  solution. In seawa te r   hav ing   an   ave rage   s a l in i ty  of 35 g/kg,   the   summed 

concent ra t ion  of the   major   ca t ions   i s   about  0.6 eq/kg whereas   t ha t  of t r a c e  

me ta l s   such  as Cu2+  is   less   than 1 peq/kg .   Hence ,   a f te r   equi l ibra t ing  a resin 

wi th   s eawa te r  as indica ted   above ,   the   number  of exchange   s i tes   occupied  by 

ma jo r   s eawa te r   ca t ions   g rea t ly   exceeds   t ha t   occup ied  1 by   t r ace   me ta l   ca t ions ,  

and  any  exchange  of   Cu2+  for   major   seawater   cat ions  due to a change  in  

dissolved  Cu  concentrat ion  wil l   not   s ignif icant ly   a l ter   the   bulk  composi t ion of 

the  res in   phase.  As a resu l t ,   the   ac t iv i ty   coef f ic ien ts  of the   i ons  in the  res in  

phase   wi l l   remain   cons tan t  as long as the   sample   sa l in i ty ,   which   cont ro ls   the  

concent ra t ion  of major   ions,   and  the  pH,   which  controls   the  concentrat ion of 

complex   forming   bases   such  as hydroxides   and  carbonate ,   remain  constant .  

Rewri t ing   equat ion  (1) i n   t h e   f o r m  

[ Na+ l2 2 - fN. 'Cu 
x, = [CU2+1 / [CU2+ I = KCU,", e - .  

[ Na+ l2 *CU 'Na 
2 

and  no t ing   tha t   equiva len t   express ions   can   be   wr i t ten   for   the   exchange  of C u  2+ 

wi th   t he   o the r   ma jo r   ca t ions  K+, Mg2+ and Ca2+, it is e v i d e n t   t h a t  X t h e  

dis t r ibut ion  coeff ic ient  of t h e   f r e e  Cu2+ ions,  will  have a cons t an t   va lue   fo r  a 

given  pH  and  salinity.  

0' 

In seawater ,   Cu2+  occurs   no t   on ly  as f r e e   i o n s   b u t  also in  var ious  complexes.  

These  include  posi t ively  charged (e.g. CuCI', Cu(OH)+),  neutral  (e+,  CuC12, 0 

C u C O  ), and   nega t ive ly   cha rged   ( e+   Cu(C0  )2-) species .   Since a ca t ion  

exchange  resin sorbs a l l   c a t ion ic   spec ie s ,   t he   t o t a l   concen t r a t ion  of C u  in t h e  

resin  phase  wil l   be  

0 
3 3 2  

where  [CuL.   ] represents   the  concentrat ion of compIexes   fo rmed   be tween  Cu 
2+ 

and  n   molecules  of the   i th   l igand   and   i s   used  to i n d i c a t e   t h a t   t h e   s u m m a t i o n  
1,n n(+) 
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includes only values  of n  result ing  in  posit ively  charged  complexes.   Substi tuting 

in t e r m s  of the  dis t r ibut ion  coeff ic ients   and  solut ion  concentrat ions of t h e  

var ious  species ,   equat ion (3) becomes  

i n(+) 

X [CUI = A, [Cu2+ 1 + Xi,n [CuL i,n I 

where  X i s   an   overa l l   d i s t r ibu t ion   coef f ic ien t   for   a l l   (ca t ion ic)   forms  of Cu ,  

[Cu]  is the   to ta l   d i sso lved   concent ra t ion ,   and  6. t he   s t ab i l i t y   cons t an t  of t h e  

dissolved  complexes.   Thus,   on  subst i tut ing  for  [Cu] using  the  re la t ionship 
',n 

and  solving  for  X ,  i t   i s   e v i d e n t   t h a t  

The   d i s t r ibu t ion  of Cu between  the   res in   and   so lu t ion   phases   wi l l   therefore   be  

de te rmined   by   the   pH  and   sa l in i ty   o f   the   seawater   and   by   the   l igand   composi t ion .  

In ar t i f ic ia l   organic- l igand-free  seawater ,   the   concentrat ion of inorganic  l igands 

is fixed by pH  and   sa l in i ty .   Calcu la t ions   us ing   the  MINEQL compute r   p rog ram 

(Westall et al., 1976) ind ica t e   t ha t   t he   on ly   cg t ion ic   Cu   complexes   p re sen t   i n  
s ign i f icant   amounts   in   a r t i f ic ia l   seawater  are the   monochloro   and   monohydroxo 

species ,   suggest ing  that   these  wil l   a lso  occur   in   the  res in   phase.  
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In na tu ra l   s eawa te r s ,  a p a r t  of the  dissolved  Cu  may  be  complexed  by  organic  

l igands  or  be  bound to col loidal   mat ter .   Assuming  that   none of t h e s e   f o r m s  of 

C u   b e a r  a ca t ion ic   cha rge   and   t hus   t he   ca t ion ic   me ta l   concen t r a t ion  is d i rec t ly  

proport ional  to the   i no rgan ic   me ta l   concen t r a t ion ,   t he   amoun t  of Cu  sorbed   by  

the  res in   wil l   be   determined  solely by the   i no rgan ic   Cu   f r ac t ion   p re sen t  in t r u e  

solut ion.   Thus  the  amount  of inorganic   Cu,   Cuinorg,   can  be  caIculated  f rom  the 
relat ionship 

[CUI, 
ICUinorg J = - 

A inow (7 1 

where  [Cu], is the   expe r imen ta l ly   de t e rmined   so rbed   Cu   va lue   fo r   t he   na tu ra l  

s eawa te r   s ample   and  h is the   va lue  of the   d i s t r ibu t ion   coef f ic ien t  of C u  

der ived   f rom  measurements   on   a r t i f ic ia l   seawater  of t h e   s a m e  pH  and  salinity. 
inorg 

T h e   a c t i v i t y  of the   Cu2+   i on   i n   s eawa te r   s amples  is r e l a t ed  to  Cuinorg through 

the   re la t ionship  

where  CY is t h e   f r a c t i o n  of Cuinorg  present  as f ree   ions .   The   va lue  of Y c a n   b e  

e s t ima ted   f rom  r e l a t ionsh ips   such  as the   Davies   equa t ion   (Davies ,  1962) while cy 

can   be   ca lcu la ted   us ing   computer   models   such  as MINEQL. Hence,   ion-exchange 

measurements   can,   in   pr inciple ,  be used to e s t i m a t e   f r e e   m e t a l   i o n  

concentrat ions  and  act ivi t ies   in   natural   seawater   solut ions.  

The   va lues  of CY and  Y der ived   us ing   ex is t ing   models   a re  at  best   only  crude 

es t imates ;   consequent ly ,   the   accuracy  of the   ac t iv i t i e s   based   on   t he i r   u se  is 

rather  doubtful.   Cuinorg,  which  is   closely  related to the   ac t iv i ty ,   i s  by con t r a s t  

exper imenta l ly   wel l   def ined ,   sugges t ing   i t s   use  as a n   a l t e r n a t i v e   p a r a m e t e r   f o r  

assess ing   the   tox ic i ty  of C u  to o rgan i sms   i n   na tu ra l   s eawa te r   s amples .   S ince  
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“inorg values   wil l   d i f ferent ia te   Cu  bound to organic  l igands  and colloidal 

m a t t e r   f r o m   t h a t   p r e s e n t  in   inorganic   species   in   t rue  solut ion,   they  provide a 

measu re  of the   b io logica l ly   e f fec t ive   meta l   concent ra t ion  (EMC) of the  solut ion.  

T h e  EMC value  (i.e. Cuinorg) of a sample  should  be  par t icular ly   useful   in  

envi ronmenta l   s tud ies .  
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B. PHASE 1 - DEVELOPMENT OF THE  ION-EXCHANGE  PROCEDURE 

1.0 Procedure   Overv iew 

In the  ion-exchange  procedure  the  fol lowing  condi t ions  must  be met :  1) t h e  

cation-exchange  resin  used  must  not  display a high  specif ic i ty   for   t ransi t ion 

meta l   ca t ions ;  2) the  res in   must   achieve  equi l ibr ium  with  the test solution;  and 3) 

the  resin  must  be  used  in a co lumn  form so tha t   the   res in   i s   exposed  to 
unper turbed   sample .  

A  res in   that   has  a s imilar   re la t ive  ion  select ivi ty   for   both  t ransi t ion  metal  

ca t ions   and   a lka l ine   ea r th   me ta l s   i s   t he   su l fon ic   ac id   t ype .   Such   r e s ins   a r e  

commerc ia l ly   p roduced   and   a r e   ava i l ab le   i n   r eagen t   g rade   qua l i t y .  

Consequent ly ,  a su l fonic   ac id   res in   was   chosen   for   the   p resent   s tudy .  

The  ion-exchange  procedure  is   d ivided  into  four   s teps:  

1) Equilibration of a cation-exchange  resin  with a sample ;  

2) Removal  of me ta l s   so rbed  to the  res in   (e lut ion);  

3) Quant i f ica t ion  of me ta l   i n   t he   co lumn  e lua t e ;   and  1 

4) Comparison of t h e   a m o u n t  of meta l   sorbed   f rom  s tandard   so lu t ions  to 
tha t   so rbed   f rom a sample  (calibration).  

Resin  equi l ibrat ion  is   achieved  by  passing  solut ion  through  res in   in  a column  form 

un t i l   t he   e f f luen t   me ta l   concen t r a t ion  is t h e   s a m e  as the   in f luent   concent ra t ion .  

The   res in  is used  in a co lumn  form so that   the   f inal   volume  of   sample  passing 

through  the  res in   is   essent ia l ly   unperturbed;  i.e. the re   i s   no   fu r the r   ne t   change   i n  

the  res in 's   or   solut ion 's   metal   concentrat ion.  

Af te r   equi l ibra t ion ,   meta ls   mus t   be   removed  f rom  the   res in   for   quant i f ica t ion .  

T h e r e   a r e   d i f f e r e n t   s t r a t e g i e s   t h a t   c a n   b e   t a k e n  to a c h i e v e   c o m p l e t e   m e t a l  

recovery .   One   procedure   i s   to  use a s t rong   ac id   such  as HN03. As  hydrogen  ions 
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compete   wi th   the   meta l   ions   for   sorp t ion  sites, the  re la t ively  high  hydrogen ion 

concent ra t ion   in   so lu t ion   wi l l   cause   comple te   d i sp lacement  of metal   ions.  A 

second  approach   i s  to use a s t rong   complexing   agent   such  as EDTA. As t h e  

complexing   agent   has  a much  s t ronger   a f f in i ty   for   meta ls   than   does   the   res in ' s  

sorpt ion  s i tes ,   the   metals   wil l   tend to  form  complexes   wi th   the   l igand .  

Once   the   meta ls   a re   removed  f rom  the   res in ,   the i r   concent ra t ion   in   so lu t ion   i s  

t hen   de t e rmined .  A number of me thods   a r e   ava i l ab le   fo r   measu r ing   t o t a l   me ta l  

concentrat ions  in   aqueous  solut ions.   These  include  induct ively  coupled  argon 

plasma  spectrophotometry,   x-ray  f luorescence,   anodic   s t r ipping  vol tammetry,  

and   a tomic   abso rp t ion   spec t ropho tomet ry .   Because   o f   t he   l ow  me ta l  

concent ra t ion   and   composi t ion  of sample   expec ted  to be   ana lyzed ,   a tomic  

absorp t ion   spec t rophotometry   was   be l ieved  to be   t he   bes t   a l t e rna t ive   fo r  total 

me ta l   de t e rmina t ions .  

The   f i na l   s t ep   i n   t he   ana lys i s  is to ca l ib ra t e   t he   r e s in  to known  meta l   quant i t ies .  

This   involves   passing  seawater   metal   s tandards  through  res in-columns  s imilar  to 

those   used   for   samples   and   de te rmining   the   concent ra t ion  of me ta l   so rbed   f rom 

these   s tandards .   (The   meta l   s tandards   mus t   match   the   pH  and   sa l in i ty   o f   the  

samples   undergoing  analysis . )   The  amount  of m e t a l   s o r b e d   f r o m   t h e   s t a n d a r d s  is 

then   compared  to t h e   a m o u n t  of me ta l   so rbed   f rom  the   s ample  to der ive  a va lue  
t e rmed   t he   E f fec t ive   Me ta l   Concen t r a t ion   (EMC) .   The   EMC  va lue   i s   de f ined  as 

follows: 

I 

Conc. of Sorbed   Meta l  
F r o m   S a m p l e  

Conc. of Sorbed  Metal 
f rom  S tandard   Seawater   Solu t ion  

EMC* -----------------------------:---- x Conc.  of Seawa te r   S t anda rd  

* wil l   have   the   same  un i t s  as the   s eawa te r   s t anda rd .  
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At   p re sen t ,   t he   s eawa te r   me ta l   s t anda rds   u sed   t o   ca l ib ra t e   t he   r e s in   a r e   de f ined  

in t e r m s  of the   i no rgan ic   me ta l   concen t r a t ions  in solution.  Because of th i s ,   an  

EMC value  is   equated to the  t rue  dissolved  inorganic   metal   concentrat ion  in  a 

sample.  (This  is  valid as long as the  t ruely  dissolved  inorganic   composi t ion of t h e  

s tandards  and  samples   match.)   Al though  i t   would  be  preferable  to de f ine   me ta l  

s t anda rds  in t e r m s  of f ree   meta l   ion   concent ra t ions   and   thus   have  EMC so 

equa ted ,   t he re   a r e   p re sen t ly   no   r e l i ab le   me thods  to de te rmine   t h i s   quan t i ty  in 

seawa te r .  

The  metal   s tandards  used  in   the  present   s tudy  have  been  prepared  in   ar t i f ic ia l  

s eawa te r   because   i t   has  a wel l   def ined  composi t ion  and  is   f ree  of o rgan ic  

complexing   agents .   However ,   na tura l   seawater   could   be   subs t i tu ted   for   a r t i f ic ia l  

seawater   p rovided   i t   i s   p roper ly   p re t rea ted  to remove   organics   and  to reduce  

background  meta l   concent ra t ions .  

The   deve lopmen t  of s t e p s  1-3 a re   desc r ibed   i n   Phase  I. The   ca l ibra t ion  

procedures   ( s tep  4) were   deve loped   and   appl ied   in   Phase  11. 
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2.0 MATERIAL  AND  METHODS 

2.1 R e a g e n t s  and Genera l   P rocedures  

Al l   chemica l s   were   r eagen t   g rade .   T race   me ta l   s tocks   (Cd ,   Cu ,  Mn, Pb,   and  Zn> 

were   p repared  frorh high  puri ty   metals   and  were  made  up  in  1% HN03.   S tock  

solut ions  were  prepared a t  a concen t r a t ion  of 10-2M. Working  s tandards  were 

made  by  ser ia l   d i lut ion of the   s tock .  

S tandard   Ocean   Water  (SOW) was   p repared   accord ing  to the   r ec ipe  of Morel - et 

- al., (1979), in 20 L ba tches .   Seawater   sa l t s   (Table  11, excluding MgC12, w e r e  
added  to 18 L of glass-distilled  water  (GDW)  in a 20-L polycarbonate   carboy  and 

bubbled  with  acid  cleaned  (1N H2S04), f i l t e r ed  (0.45 um  Nuclepore)   a i r   un t i l   the  

mixture  was  completely  dissolved.  Magnesium  chloride  was  then  added  to  the 

salt   solution  which  was  brought  up to 20 L with  CDW (MgCI2 was  dr ied for 2 days  

at  7OoC before  use  because  of  its hygroscopic   nature) .   The  medium  was  bubbled 

wi th   a i r   overn ight   to   a l low  equi l ibra t ion   and  to ad jus t   t he  pH to 8.0 - + 0.05. 

After   equi l ibrat ion,   the   solut ion  was  passed  through  an  ion-exchange  res in  

(Chelex-100, 100-200 mesh) to r educe   t he   l eve l  of t r a c e   m e t a l   c o n t a m i n a n t s   a n d  

s tored   in  12-L polycarbonate   carboys  unt i l   use .   The  preparat ion of Chelex-100 

resin  is   described  in  Appendix I. For t he   expe r imen t s   i n   Phase  I,  SOW (35O/oo) 

was  diluted  with CDW to 25'/00 and   ad jus t ed  to pH 8.0 - + 0.05 by  bubbling  with 

air .   The  composition of di luted SOW is given  in  Table 2. 

I 

Only  plast ic   laboratory  ware  was  used  in   this   s tudy as g r e a t e r   a m o u n t s  of m e t a l  

adsorb to glass  than to plast ic .   Al l   p las t icware was init ially  soaked  in  6N H N 0 3  

for  a day,  soaked  in 1N HCI for a number  of days  and  f inally  r insed  thoroughly 

with  glass   dis t i l led  water  (GDW). For subsequent   uses ,   the   p las t icware   was  

r insed  with  1N  HN03  and  r insed 3 t imes   wi th  CDW. 
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TABLE 1 
Salt  Concentrations in SOW (3?/00)a 

Substance 

NaCl 

CaClz-2H20 

KBr 

N aF 

KC1 

H3B03 
N a 2 S 0 4  

NaHC03 

SrCI2 6H20 

MgC12 6H20b 

490.6 

30.8 
2.0 

0.06 

14.0 

0 .6  

81.8 

4 .O 

0.34 
222.0 

'Bubbled with a i r  to  pH 8.0 2 0.05 
bAdded after  other  salts. 

0 
Volume 

20 

20 
20 

20 

20 

20 

20 

20 

20 
20 

Final 
Concentration 

(MI 
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TABLE 2 
Composition of SOW diluted to 2p/ooa 

Analytical 
Substance  Concentration 

(MI 

Chloride 

Sodium 

Sulphate 

Magnesium 

Calcium 

Potassium 

Carbonate' 

Bromide 

Strontium 

Borate 

Fluoride 

Computed Major 
Species (%) 

b 

c1- (100) 

Na+  (99) NaS04-  (1) 
1 

SO;- ( 5 1 )  MgS04 (24)  NaS04 (20) 
CaS04 (4) 

Mg2+ (87)  MgS04 (13) 

Ca 2+ (89) CaS04 (10) 

K+ (97) K2S04 (3) 

HC03- (72) MgC03 (14) 

Br- (100) 

Sr2+  (100) 

H3B03 B(OH)4- 

'pH adjusted to pH of sample. 

bCalculated by t h e  chemical equilibrium  program MINEQL for pH 8.0. 

C HCOj and C0:- 
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2.2 Natu ra l   Seawa te r   Co l l ec t ion   and   P repa ra t ion  

N a t u r a l   s e a w a t e r   w a s   c o l l e c t e d   f r o m   t h e  West Vancouver   Laboratory (of t h e  

D e p a r t m e n t  of Fisher ies   and   Oceans)   seawater   sys tem,   which   i s   co l lec ted   by   p ipe  

f rom a depth  of approximate ly  20 m,   and  t ransported to the   Univers i ty  of British 

Columbia   in   two 45 gal   polypropylene  barrels .   The  barrels   were  c leaned  with 2 N  

H N 0 3   a n d  3N HCL  prior to use.  Within  four  hours of co l l ec t ion ,   t he   s eawa te r  

was  passed  through a 293  mm  Whatman  81   paper   f i l t e r   (nominal   pore   s ize  of 

11 um) to remove   zooplankton   and   la rge   par t icu la te   mat te r .   The   in i t ia l   2 -3  L of 
f i l t ra te   was   d i scarded .  A Masterf lex  per is ta l t ic   pump  ( industr ia l   model)   f i t ted 

wi th   ac id   washed   s i l i cone   tub ing   was   used   in   a l l   f i l t ra t ion   p rocedures .   The  

ba r re l s   were   cove red   w i th   b l ack   p l a s t i c  to  r educe   a lga l   g rowth   du r ing   s to rage .  

F o r   e a c h   b a t c h  of seawater,   pH,  salinity,   alkalinity,   and  dissolved  metal  

measu remen t s   were   made .   The  pH was  measured   wi th  a Corning  (model  130) pH 

me te r   equ ipped   w i th  a Corning  semi-micro  combinat ion  e lectrode.   Sal ini ty   was 

de te rmined   by   an   Endeco   (Type   102)   re f rac tometer  (+0.5°/oo). - Tota l   a lka l in i ty  

was   de t e rmined   u s ing   t he   me thod   desc r ibed   i n   S t r i ck land   and   Pa r sons  (1972). 

Disso lved   meta l   concent ra t ions   were   de te rmined   by   Analy t ica l   Serv ices  

Laboratory,   Vancouver ,  B.C. T h e   s a m p l e s   w e r e   a n a l y z e d   a f t e r   f i l t r a t i o n  (0.45 

urn)  using  the  APDC-MIBK  method  in  conjunction  with  atomic  absorption 
spec t romet ry .  

2.3 Ion-Exchange Analysis 

2.3.1 Equipment   Descr ipt ion 

The   appa ra tus   u sed  in the  ion-exchange  procedure  was  comprised of 1) a pumping 

sys tem,  2) a resin-column,  and  3)  an  elution-column  (Figure 2). The   pumping  

sys tem  cons is ted  of a 500 mL  polypropylene  bot t le   connected to a f i l t e r ed  
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(0.45 um)  a i r   pressure  source.   Air   pressure  was  used to c o n t r o l   t h e   f l o w   r a t e  of 

solution  through  the  resin-column. A pressure  of approximate ly  1 psi   produced a 

f l o w   r a t e  of approximate ly  5 mL/min .   The   bo t t l e   was   connec ted   t o  a resin- 

column  by 0.062" I.D. polypropylene  microtubing. 

Res in   and   e lu t ion   co lumns   were   cons t ruc ted   f rom  12  x 75 mm  polypropylene 

cu l tu re   t ubes ,  5 mL  and  50 mL  Plastipak"  polypropylene  syringes,   Pharmaseal* 

p las t ic   th ree   way  s topcocks ,   po lye thylene   f r i t s  (35 urn),   and  Luer*  miniature 

plast ic   f i t t ings.   Resin-columns  were  constructed  by  cut t ing  the  sealed  end  off  

cu l tu re   t ubes   and   f i t t i ng   t he   t i p s   o f  5 mL  syr inges   over   each   end .  To provide a 

bed suppor t   for   the   res in ,   po lye thylene   f r i t   was   sandwiched   be tween a syr-inge t i p  

and   one   end   o f   t he   cu l tu re   t ube .   Te f lon   t ape   was  used to provide a t i g h t   f i t  

be tween   the   cu l ture   tube   and   syr inge   t ip .  To provide a method  of   f i l l ing   the  
column  with  f luid to any   des i red   l eve l ,  a 3 mL  sy r inge   was   a t t ached  to t h e  

column  via   plast ic   microtubing.  

The   e lu t ion   co lumn  cons is ted   o f  a 50 mL  sy r inge   f i t t ed   w i th  a s i l icon  s topper   and 

connec ted  to an   a i r   p re s su re   sou rce  (e.g., an aquarium pump). A 3-way  stopcock 

w a s   a t t a c h e d  to the   Lue r   f i t t i ng   o f   t he   sy r inge  to provide a method  of   f low 

con t ro l   and  a connect ion  to the  resin-column. 
1 

Twelve  res in   and  e lut ion columns w e r e   f i t t e d  into a plexiglass  sampling  box. 

Three   sampl ing   boxes   were   cons t ruc ted  to e n a b l e  a set of  36 columns  to be  run 

a t  one   t ime ,  if  required. 

2.3.2 Res in   Prepara t ion  

Bio-Rad* AG 50W (200-400 mesh,   hydrogen  form)  analyt ical   grade  cat ion-  

exchange  res in   was  used as the  ion-exchanger .   The  res in   is   composed of 

su lphonic   ac id   g roups   a t tached  to a s ty rene   d iv iny lbenzene   po lymer   l a t t i ce  (R- 

* Regis te red   Trademark  
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SO -). Batches  of resin  were  ini t ia l ly   prepared  by  r insing  with CDW, se t t l ing   and  

d e c a n t i n g   t h r e e   t i m e s   w i t h  CDW to remove  f ines ,   and  f inal ly ,   drying a t  7OoC for  

two  days.   The  res in   was  s tored  in  a dessicator   unt i l   use .  

3 

Resin-columns  were  prepared  by  s lurry  loading 0.75 g of res in   in to  a co lumn  and  

elut ing  with 20 mL of 3N HCI to r emove   t r ace   me ta l   con taminan t s .   The   r e s in  

was  r insed  with  CDW  and  equi l ibrated  with  the  major   seawater   cat ions (Na', K', 
Ca2+, Mg2+) by  passing 50 mL of d i lu ted  SOW (29'/00, pH 8.0) through  the  res in .  

The   co lumns   were   regenera ted   a f te r   use .   This   involved   s t i r r ing   the   res in   wi th  a 

glass rod  to remove   any   a i r   bubbles ,   then   sequent ia l ly   pass ing   th rough  the   res in  

20 mL  of  CDW, 20 mL of 3N HCl (to r e m o v e  trace m e t a l   c o n t a m i n a n t s   a n d  to  

conve r t   o the r   r e s in  to the   p ro tona ted   fo rm) ,  20 mL  of  CDW  and  f inally,  50 mL of 
d i lu ted  SOW. 

2.3.3 Determina t ion   of  Metal Concen t r a t ions   i n   t he   Co lumn  E lua te s  

A Perkin-Elmer  Model 560 a tomic   abso rp t ion   spec t ropho tomete r   equ ipped   w i th  a 

g raph i t e   fu rnace   was   u sed  to d e t e r m i n e   t h e   m e t a l   c o n c e n t r a t i o n s   i n   t h e   s a m p l e s .  

Pyro ly t ica l ly   coa ted   g raphi te   tubes   were   used  for all ana lyses .   The   opera t ing  

cond i t ions   fo r   each   me ta l   a r e   p re sen ted   i n   Append ix  11. 

Metal-EDTA  s tandards  were  used to d e t e r m i n e   m e t a l   c o n c e n t r a t i o n s   i n   s a m p l e s  

genera ted   in   the   ion-exchange   ana lys i s .   Concent ra t ions  of unknowns  were 

ca l cu la t ed   f rom  ca l ib ra t ion   cu rve   equa t ions   where   equa t ions   were   de r ived  by 

computer ized   regress ion   ana lys i s  of data ob ta ined   f rom  ana lyses  of t h e  

s tandards .   Reagent   b lanks   were   run   for   a l l   ana lyses   and   were   subt rac ted   f rom 

s tandard   and   sample   readings .   The   approach   taken  to de r ive   me ta l  

concentrat ions  in   samples   f rom  the  ion-exchange  analysis   is   g iven  in   detai l   in  

Appendix 111 and   w i l l   no t   be   r epea ted   he re .  
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2.3.4 De tec t ion   L imi t s  

The   l imi t  of de t ec t ion  (LOD) is   def ined as the   l owes t   concen t r a t ion   l eve l   t ha t  

can   be   de t e rmined  to be   s ta t i s t ica l ly   d i f fe ren t   f rom a blank  (ACS  Commit tee ,  

1983). T h e  LODs of the  ion-exchange  procedure  for   the  var ious  metals   were 

ca lcu la ted   based   on   the   fo l lowing   formula   for   smal l   sample  sizes (n 20): 

where  t i s   t he   app ropr i a t e   S tuden t ' s  t va lue   fo r  n-1 deg rees  of f r eedom,  % is t h e  

s tandard   devia t ion   of   rep l ica tes   o f   samples   which   g ive   readings   s l igh t ly   above  

t h e   d e t e c t i o n   l i m i t   a n d   m   i s   t h e   s l o p e  of the   ca l ibra t ion   curve .   The   s lope  is used 

to  conver t   the   absorbance   readings  of the  AAS  analysis  to concentrat ion  uni ts .  

The   L imi t  of Quant i f ica t ion   (LOQ)  i s   the   l eve l   above   which   quant i ta t ive   resu l t s  

may   be   ob ta ined   w i th  a specif ied  degree  of   confidence  (ACS  Commit tee ,   1983) .  

LOQ  was   ca l cu la t ed  as follows: 

LOQ = 10 SB 
m 

where  SB a n d   m   a r e   t h e   s a m e  as given  above. 
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3.0 RESULTS AND DISCUSSION 

3.1 Procedure Development  in Art i f i c i a l   Seawa te r  

A  number of expe r imen t s   were   pe r fo rmed  to de te rmine   t he   op t ima l   cond i t ions  

and   ana ly t i ca l   s t eps   r equ i r ed  to apply  the  ion-exchange  procedure to t h e  

measu remen t   o f   Cd ,   Cu ,   Pb ,  Mn and  Zn  in   seawater .   Experiments   were  f i rs t  

conduc ted   i n   a r t i f i c i a l   s eawa te r  to e l imina te   po ten t ia l   in te r fe rences   assoc ia ted  

wi th   o rganic   and   co l lo ida l   mat te r   p resent   in   na tura l   seawater .   The   fo l lowing  
sec t ion   descr ibes   these   exper iments .  

3.1.1 Elut ion  Experiments  

As t h e   m e t a l s   s o r b e d  to the   r e s in   mus t   be   r emoved   be fo re   t hey   can   be  

quant i f ied ,   the   f i r s t  set of exper iments   were   des igned  to d e t e r m i n e  a method to  
a l low  comple t e   r emova l   o f  sorbed meta ls .   An  e luent   was  desired t h a t   c o u l d  

quant i ta t ive ly   remove  Cd, Cu, Mn, Pb and   Zn   f rom  the   r e s in   w i th   t he  least 

volume  possible   (maximize  sensi t ivi ty)   while   s t i l l   being a su i tab le   background 

mat r ix   for   g raphi te   furnace   a tomic   absorp t ion   spec t rophotometry   (GFAAS) .  

In a prel iminary  s tudy  using  Cu  and Mn in  natural   seawater  (Zorkin,   unpubl.) ,  a 
var ie ty   o f   compounds   were   t es ted  as e luen t s   (Tab le  3). Quan t i t a t ive   e lu t ion  

us ing   an   e luent   vo lume of less than  40 mL  was  possible  with  sulphuric,  

hydrochlor ic   and   n i t r ic   ac ids   and   wi th   the   complexing   agent   EDTA  and   NTA.  

EDTA,  however ,   was  the  only  compound to undergo   fur ther   t es t ing .  

The   vo lume of EDTA  required to comple t e ly   r emove   Cd ,   Cu ,   Pb ,  Mn and  Zn  f rom 

the   r e s in   was   t hen   de t e rmined   fo r   d i f f e ren t   EDTA  concen t r a t ions .   Twe lve   r e s in -  

columns  were  loaded  with  metals   by  passing 500 mL of d i lu ted  SOW (2S0/00) 

containing a concen t r a t ion  of 100 nM of Cd,  Cu, Mn, Pb and  Zn (I  1.2, 6.4,  5.5, 
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TABLE 3 
Compounds Tested as Eluents 

ACIDS 

A c e t i c  
Hydrochloric 

N i t r i c  

Sulphuric 

Formula 

CH3COOH 
HCI 
H N 0 3  

H2S04 

COMPLEXING  AGENTS  Acronym 

Ammonium pyrrolidine-N-carbodithioate APDC 

Cyclohexanediaminetetraacetic ac id   CDTA 

E thylenediaminetetraacetic acid EDTA 

Ni t r i lo t r iace t ic   ac id   NTA 

Eluent  
Concen t r a t ion  

3N 

3N 

3N 

3N 

M 

lo-* M 
M 

M 
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20.7 and 6.4 pg/L,   respect ively)   through  the  columns.   After   res in   equi l ibrat ion,  

t he   co lumns   we ie   e lu t ed   w i th   25   mL of EDTA  (pH 4.7) in 5 mL  a l iquots   and  at  

concentrat ions  ranging  f rom 10-50 mM  in 10 mM  increments .   Dupl icate   columns 

were  run  for   each  EDTA  concentrat ion.  

Quant i ta t ive   e lu t ion   was   ach ieved   for   Cd,  Mn and  Pb .with 10 mL of EDTA at  a l l  

EDTA  concentrat ions  tes ted  (Table  4). Copper ,   on   the   o ther   hand ,   requi red  

20 mL of EDTA  for   comple te   e lu t ion   bu t ,  as wi th   t he   o the r   me ta l s ,   i nc reas ing  

the   concen t r a t ion  of EDTA  did  not   reduce  the  volume  required to ache ive  

quant i ta t ive  e lut ion.  

The   r e su l t s   fo r   Cu   a l so   d i f f e red   f rom  the   o the r   me ta l s   i n   t ha t   i t s   concen t r a t ion  

in   the   e lua tes*   appeared  to decrease as t h e   c o n c e n t r a t i o n  of EDTA  increased 

(Table  4). However ,  as all res in-co lumns   were   loaded   wi th   the   same  amount   o f  

Cu ,   t he   concen t r a t ion  of Cu   i n   t he   e lua t e s   shou ld   have   been   s imi l a r .  

Af t e r   fu r the r   expe r imen ta t ion ,   t he   d i sc repancy   i n   t he   Cu   l eve l s   was   found  to be 

due  to an   EDTA effect in   the  CFAAS  analysis .   Figure 3 shows   t he   r e su l t s  of a n  

expe r imen t   where  100 nM of C u  in   t he   p re sence   o f   f i ve   d i f f e ren t   concen t r a t ions  

of EDTA  was  analyzed  by  GFAAS. As t h e   c o n c e n t r a t i o n  of EDTA  in  solution 

inc reased ,   t he   abso rbance   r ead ings   fo r   Cu   dec reased .   S ince   t he   abso rbance  

readings of the   me ta l   s t anda rds   u sed  to q u a n t i f y   t h e   m e t a l   c o n c e n t r a t i o n s   i n   t h e  

e lua tes   were   made   up   in   on ly   one   concent ra t ion  of EDTA (30 mM), t h e  

concent ra t ion  of C u  in e lua tes   having   an   EDTA  concent ra t ion   lower  or higher  

t h a n   t h a t  of the   s tandards   would   thus   be   over   o r   underes t imated .   This  

d e m o n s t r a t e d   t h e   i m p o r t a n c e   o f   e x a c t l y   m a t a i n g   t h e   E D T A   c o n c e n t r a t i o n  of 

the   s tandards   wi th   the   EDTA  concent ra t ion  of the   e lua t e s .  

* An e lua te   i s   the   e luent   a f te r   pass ing   th rough  the   res in-co lumn.  
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TABLE 4 
Resu l t s   f rom  anExper imen t   Us ing  EDTA as the   E luent .  
V a l u e s   a r e  Meta l  Concentrat ions  (nmol)   in  Each 5 ml of Eluent  Volume. 

Metal 

Mn 

Pb  

C d  

c u  

Zn 

Eluent  
Volume 

1st  5 rnl 
2nd 5 rnl 

1st 5 ml  
2nd 5 ml  
3rd 5 ml 

1st 5 ml  
2nd 5 rnl 
3rd 5 rnl 

1st  5 ml 
2nd 5 ml 
3rd 5 rnl 
4 t h  5 ml 
5 t h  5 rnl 

1st 10 rnl 
2nd 10 ml 
3rd 10 rnl 

EDTAa  Concent ra t ion  (rnM) 

10 20 30 40 50 

2.  392 2.59 2.66 2.74 2.72 
0.10 N.D. N.D. N.D. N.D. 

5.07 5.08 4.65 4.59 - 4.87 
0.14 0.42 0.78 0.79 0.34 
N.D. N.D. N.D. N.D. N.D. 

0.441 0.439 0.422 0.429 0.377 
N.D. N.D. 0.007 0.010 N.D. 
N.D. N.D. N.D. N.D. N.D. 

10.27 10.46 6.97 6.87 6.47 
2.04 2.45 1.03 2.41 1.90 
0 .32  0.41 0.35 0.36 0.29 
0.20 0.18 0.17 0.19 0.12 
N.D. N.D. N.D. N.D. N.D. 

1 

0.175' 
0.005 
0.010 

a 

bLimit of Detection: Mn - 0.04 nmol/5  ml  - 

EDTA:  pH 4.7 

Pb  - 0.10 nmol/5  ml  
C d  - 0.004 nmol /5  rnl 
C u  - 0.08 nrnol/5 ml 

'Arbi t rary  Units :   Problems  were  encountered  with  the  Zn  s tandards  and  with  the 
overall  Zn analysis. Because  of th i s ,   on ly   t he   abso rbance   r ead ings   a r e   r epor t ed .  
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FIGURE 3 
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Zinc  a lso  appeared to be  completely  removed  within 10 mL of EDTA.  However, 

because  of numerous  problems  encountered  with  the  measurement  of Zn  by 

GFAAS such as contaminat ion  f rom  the  graphi te   tubes  and  non-l inear i ty  of 

response,   the  reliabil i ty of the   da ta   was   in   ques t ion .   Methods   o ther   than   CFAAS 

seemed  to be   more   appropr i a t e   and   were   l a t e r   app l i ed  to t h e   m e a s u r e m e n t  of Zn 

in   the   co lumn  e lua tes .  

Based  on  the  e lut ion  experiments ,   an  EDTA  concentrat ion of 10 mM  and a 

volume of 20 mL  was   adopted  as s tandard   e lu t ion   condi t ions   for   subsequent  

analyses.   However,  to provide a longe r   con tac t   t ime   be tween   t he   e luen t   and   t he  

res in ,   the   e luent   was  passed through  the   res in   in  10 mL  a l iquots  to a l low  for  a 
f ive  minute   pause  between  each  a l iquot .  

3.1.2 Equil ibrat ion  Experiments  

As discussed  in  Section 8.1.0, the   res in   and   so lu t ion   phases   mus t   ach ieve  

equi l ibr ium  before   any   meta ls   sorbed  to t h e   r e s i n   c a n  be quantified.   Equilibrium 

i s   ach ieved   when   t he   heavy   me ta l   concen t r a t ions   i n   t he   r e s in  does not change  

wi th   any   fur ther   exposure  to the   s ample .  To de te rmine   t he   vo lume  af . s a m p l e  

requi red  to br ing 0.75 g of resin  (AC 50W X-8) into  equilibrium wiRh Cu,   Cd,  Mn 

and  Pb,   var ious  volumes of di lu ted  SOW (25'/00) conta in ing  100 nM of e a c h  
meta l   was   passed   th rough a set of 12 columns.   The  volume of di luted SOW 

ranged   f rom 0 to 500 mL at 50 mL  in te rva ls .   Af te r   res in   equi l ibra t ion ,   the  

co lumns   were   e lu ted   wi th  EDTA a n d   t h e   m e t a l   c o n c e n t r a t i o n s   i n   t h e   e l u a t e s  

measu red .   The   equ i l ib r ium  cu rves   fo r   t he   me ta l s   a r e   p re sen ted   i n   F igu res  4-6. 

Cadmium  and  Mn achieved  equi l ibr ium  with  the  least   volume  requir ing  only 

50 mL of solution.  Lead  achieved  equilibrium  within 150 mL,   whi le   Cu  requi red  

at leas t  450 mL.   As   the   equi l ibr ium  curve   for   Cu  was   suspec t   because  of t h e  

la rge   concent ra t ion   increase   in   sorbed   meta l   be tween 400 and  450 mL of solut ion 

(Figure 61, ano the r   expe r imen t  was conducted  using  sample  volumes  up to 

800 mL. In th i s   expe r imen t ,   t he   concen t r a t ion  of so rbed   Cu   r ema ined   cons t an t  

a f t e r  450 mL of sample   (F igure  7). 
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FIGURE 7 
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A fu r the r   expe r imen t   was   conduc ted  to de te rmine  i f  the   equi l ibr ium  volume  for  

Cu  could   be   reduced  so tha t   l ess   sample   would   be   requi red  for the  analysis.   An 

exper iment   was   run   s imi la r  to the   one   descr ibed   above   except   tha t   ins tead  of 

using  resin  pre-equilibrated  with SOW, resin  in   the  hydrogen  form  was  used.   I t  

was   t hough t   t ha t   l oad ing   Cu   on to   t he   r e s in  at  t h e   s a m e   t i m e  as the   ma jo r  

seawater   ca t ions   may  resu l t   in   equi l ibra t ion  at a lesser   sample   vo lume.  

However ,   th i s   was   no t   the  case. Copper   did  not   acheive  equi l ibr ium  even  af ter  

700 mL of solution  and  the  equilibrium of t h e   m e t a l   a p p e a r e d  to be q u i t e   e r r a t i c  

(Figure 8). I t  was   ev ident   tha t   us ing   res in  in the   hydrogen   form  was   no t   su i tab le  

for th i s   appl ica t ion .   Consequent ly ,  a sample   vo lume of 500 mL  using  resin  pre- 

equi l ibra ted   wi th  SOW was   adop ted . a s   s t anda rd   p rocedure   fo r   t he   i on -exchange  

procedure.  

The   r e l a t ive   s e l ec t iv i ty  of t h e   r e s i n   f o r   t h e   f o u r  trace m e t a l s   c a n  also be 

ob ta ined   f rom  the   concen t r a t ion   da t a   gene ra t ed   i n   t hese   expe r imen t s .   The   o rde r  

of the  res in 's   se lect ivi ty   under   the  operat ional   condi t ions  descr ibed  above  was 

Cu 7 P b  7 M n   7 C d .  

3.1.3 Sorpt ion  Curves 

To   de t e rmine   t he   r e l a t ionsh ip   be tween   t he   concen t r a t ions  of so rbed   me ta l   and  
so lu t ion   meta l ,   the   amount  of metal sorbed to the   r e s in  was de te rmined  as a 
funct ion  of   the  total   d issolved  inorganic   metal   concentrat ion  in   di luted SOW. 
Cadmium,   Cu,  Mn and Pb were   s tud ied   ove r   t he   concen t r a t ion   r ange  of 0- 

800 nM. Metals were   added  to 500 mL  a l iquots  of d i lu ted  SOW to give a f ina l  

concent ra t ion  of 0, 25, 50, 100, 200, 400 o r  800 nM. This   concent ra t ion   range  

was   chosen   because   i t   was   t he   approx ima te   concen t r a t ion   r ange   expec ted  to be 

used  in   the  bioassays.   The  samples   were  passed  through a set of resin  columns, 

t he   co lumns   e lu t ed ,   and   t he   me ta l   concen t r a t ions   i n   t he   e lua t e s   measu red .   (The  

me ta l   concen t r a t ions  in t h e   e l u a t e s   w e r e   c o n v e r t e d  to nmol/g of resin  values  

following  the  procedures  used  in  Appendix 111.) 
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FIGURE 8 
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For  Mn, the   re la t ionship   be tween  the   sorbed   and   so lu t ion   meta l   concent ra t ion  

was  l inear   over   the  ent i re   concentrat ion  range  (correlat ion  coeff ic ient   rz0.9999;  

F igure  9). The   re la t ionship   for   Cd  and   Cu  was   l inear  to 400 nM (rz0.9999  and 

0.9995,   respect ively) ,   but   demonstrated  some  curvature   f rom 400 to 800  nM 

(Figures  10 and 1 I). Lead ,   on   the   o ther   hand ,   showed  curva ture   over   the   en t i re  

concent ra t ion   range   (F igure   12)   wi th   the   curve   bes t   f i t t ed  to a second   deg ree  

polynominal .   The  coeff ic ients  of the   regress ion   equat ion   for   Pb   a re   g iven   in  

F igu re  12. 

Because  of the   l inear   response   for   Cd,   Cu  and  Mn o v e r   t h e   c o n c e n t r a t i o n   r a n g e  

of 0-400 nM,  calibration of the   res in   wi th in   th i s   concent ra t ion   range   would  

require  only a l imi ted   number  of s tandard  solut ions;   in   theory,   only  one  s tandard 

would  be  required.   The  response  for  Pb,  however,   changed  with  an  increase  in 

the   meta l ' s   concent ra t ion .   As   such ,   the   ca l ibra t ion  of the   r e s in  to Pb  wil l  

requi re  a number   o f   s tandards   tha t   b racke t   the   concent ra t ion  of t h e   s a m p l e s  

undergoing  analysis. 

3.1.4 Experiments   Using  EDTA as a Complexing   Agent  

To ve r i fy   t ha t   on ly   ca t ion ic   me ta l   spec ie s   were   so rbed  to the   res in   and   sorp t ion  

of an ionic   meta l   spec ies  was negligible, a ser ies   o f   exper iments   was   per formed 

us ing   the   o rganic   complexing   agent  EDTA. EDTA was  chosen   because  i t  forms 

anionic   spec ies   wi th   the   meta ls   under   s tudy .  

Experiments   were  conducted  using  di luted SOW containing  100 nM of C d ,   C u ,  Pb 

and  Mn tha t   had   EDTA  added  at  concent ra t ions   ranging   f rom 25 to 2000 nM. T h e  

resu l t s  are repor ted  as the   concen t r a t ion   o f   me ta l   so rbed  per g of res in   for   each  

meta l - l igand   combina t ion .   For   a l l   the   meta ls   t es ted ,   increas ing   the  EDTA 

concentrat ion  in   solut ion  resul ted  in   the  concentrat ion of so rbed   me ta l  to 

dec rease   (Tab le  5) .  This   i nd ica t ed   t ha t   t he   i on -exchange   p rocedure   cou ld   de t ec t  
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FIGURE 11 
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TABLE 5 
The Effect   o f  EDTA on  the  Sorption of Metal, 
Values  are  Sorbed  Metal  Concentrations  (nmol/g) 

EDTA 
Conc. 

(nM) 

SERIES= Added 

A 

B 

0 
25 
50 
100 
200 
400 

0 
500 
750 
1000 
1500 
2000 

Metal 

c u  - 
6.05 
5.86 
5.21 
4.35 
1 .80 
0.37 

12.11 
0.56 
0.27 
N.D. 
N.D. 
N.D. 

Pb - 
8.12 
7.48 
6.79 
5.50 
2.58 
0.81 

7.91 
0.35b 
N.D. 
N.D. 
N.D. 
N.D. 

Mn 

3.19 
3.24 
3.18 
3.15 
3.11 
3.10 

3.57 
3.50 
3.40 
3.25 
3.26 
2.96 

Cd 

0.429 
0.440 
0.420 
0.418 
0.400 
0.329 

0.459 
0.306 
0.227 
0.205 
0.174 
0.163 

aMetals  added to solution was 100 nM. 

bNon-Detectable:  Limit of Detection: Cu - 0.23 nmol/g 
Pb - 0.35 nmol/g 
Mn - 0.25 nmol/g 
Cd - 0.030  nmol/g 
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the   metal ' s   complexat ion  with  EDTA  and  that   the   metal-EDTA  complex  did  not  

appea r   t o   be   so ibed  to the  res in .  

The   ab i l i ty  of EDTA to r educe   t he   concen t r a t ion  of so rbed   me ta l   was   r e l a t ed  to 

the   s t ab i l i t y  of the  metal-EDTA  complex.   Copper   and  Pb,   with  the  highest  

formation  constants   for   EDTA (log K f l =  18.07 and  17.97,  respectively),  showed a 

70%  reduct ion  in   sorbed  metal  at  a 1:2 meta l -EDTA  concent ra t ion   ra t io .  

Manganese (log K* 13.311, on   the   o ther   hand ,   had   on ly  a 17%  reduct ion   in   the  
sorbed   meta l   concent ra t ion  at t h e  1 2 0  meta l -EDTA  concent ra t ion   ra t io .  

1 =  

The   pe rcen tage  of metal   bound to EDTA  could   a l so   be   es t imated   f rom  the   sorbed  

me ta l   concen t r a t ion   da t a .   The  % bound  meta l   va lues   were   ca lcu la ted  as follows: 

Concen t r a t ion  of me ta l   so rbed   f rom 

Concen t ra t ion  of me ta l   so rbed   f rom a 
similar   solut ion  with  no  EDTA 

% bound  metal  = 100 - a solut ion  with  EDTA x 100 

The   pe rcen tage  of metal   bound to EDTA for each   meta l -EDTA  concent ra t ion  

combina t ion   was   a l so   es t imated   by   the   computer   model  MINEQL (Westall - et " 9  a1 

1976) .   The   chemica l   model   ca lcu la tes   the   concent ra t ion  of meta l   spec ies   in  

so lu t ion   when   t he   t o t a l   me ta l   concen t r a t ion   and   t he   s t ab i l i t y   cdns t an t s   fo r   a l l  

me ta l   complexes  are given.  However,  as m o s t   s t a b i l i t y   c o n s t a n t s   a r e   d e r i v e d   i n  
so lu t ions   un l ike   tha t  of s e a w a t e r   a n d  are de te rmined  a t  a d i f f e ren t   i on ic  

s t r eng th ,   t he   ex t r apo la t ion  of these   s tab i l i ty   cons tan ts  to a s e a w a t e r   m a t r i x   a n d  

the   concurren t   ion ic   s t rength   cor rec t ions   needed   se r ious ly   compromise   the  

accu racy  of the   computer   model .   Wi th   these   l imi ta t ions   in   mind ,   the   t rends   in  

t he   measu red   and   ca l cu la t ed  % bound  metal   values   are   discussed.  

* i on ic   s t r eng th  of 0.55 
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The   amoun t  of metal   complexed  with  EDTA as est imated  by  the  ion-exchange 

technique   was  less t han   t ha t   p red ic t ed  by the   compute r   mode l   fo r   a l l   t he   me ta l -  

EDTA  concentrat ion  combinat ions  (Table  6) .  This   was  consis tent   with  the  work 

of Zorkin (1983) who  found  tha t   the   computer   model   overes t imated   the  

complexa t ion  of C u  by EDTA in SOW of 3jo/oo. However ,   cons ider ing   the  

l imi ta t ions  of the   compute r   mode l ,   r ea sonab le   ag reemen t   was   ob ta ined   be tween  

the   t r ends   p red ic t ed   by   t he   mode l   and   t he   i on -exchange   r e su l t s   sugges t ing   t ha t  

the   res in   was   re la ted  to the   i no rgan ic   me ta l   f r ac t ion   and   so rp t ion  of t h e  

negatively  charged  metal-EDTA  species  was  negligible.  

3.1.5 Metal-Metal  Interaction 

In   theory ,   vary ing   the   concent ra t ion  of a t r ace   me ta l   ca t ion   i n   t he   r e s in   phase   by  

vary ing   i t s   so lu t ion   concent ra t ion   should   no t   a f fec t   the   concent ra t ion  of any  

o the r   heavy   me ta l   ca t ion   so rbed  to the  res in .   Previous  work,   however ,   has  

ind ica ted   tha t   changes   in   the  Fe c o n t e n t  of a s a m p l e   m a y   a f f e c t   t h e   s o r p t i o n  of 
Cu  (Zorkin,  1983). T o   d e t e r m i n e  if me ta l -me ta l   i n t e rac t ions   was   occu r r ing   w i th  

t h e  metals under   s tudy,  a set of e x p e r i m e n t s   w a s   c o n d u c t e d   w h e r e   t h e   s o r b e d  

me ta l   concen t r a t ion  of one   me ta l   was   va r i ed   wh i l e   mon i to r ing   t he   concen t r a t ion  

of   other   sorbed  metals .  1 

In t h e   f i r s t   e x p e r i m e n t ,   C d ,   C u   a n d  Mn w e r e  added to 6 L of d i lu ted  SOW 

(25'/00) to g ive  a f ina l   concen t r a t ion  for 50 nM of each   meta l .   The   so lu t ion  was 
divided  into 12-500 mL  al iquots  to which Pb was   added  a t  a concen t r a t ion  of 25, 

50, 100, 200, 400 o r  800 nM. E a c h  Pb concen t r a t ion   was   run  in   dupl icate .   The 

samples   were   t hen   pas sed   t h rough  a set of co lumns ,   e lu ted ,   and   the  

concent ra t ion  of me ta l s   measu red   i n   t he   e lua t e s .  A second   expe r imen t   was  

conducted   fo l lowing   the   same  procedure  as a b o v e   e x c e p t   t h a t   b o t h  Cd and  Mn 

concen t r a t ions   were   i nc reased   wh i l e   t he   concen t r a t ions  of C u   a n d  Pb w e r e   k e p t  

cons t an t  at  50 nM. 
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TABLE 6 
Complexation of Metal  with  EDTA as Predicted 
By the Ion-Exchange  Technique and MINEQL 

EDTA 
Conc. 
(nM) 

0 
25 
50 

100 
200 
400 
500 
750 

1000 
1500 
2000 

% of Metal Complexed with EDTA 

c u  Pb Mn Cd 

Meas.a Calc.b Meas. Calc. Meas. Calc. Meas. Calc. 
" 

0 0 0 0 0 0 0 0 
3 21 8 2 0 0 0 0 

14 4 1  16 5 0 0 2 0 
28 71 32 15 1 0 3 3 
70 93 68 48 2 0 7 14 
94 99 90 89 3 0 23 60 
95 99 95  94 2  2 33 75 
98 99 99 98 5 4 50 89 
99 99 99 99 9  6 55 93 
99  99 99 99 9 1 1  64 96 
99  99 99 99 17 15 93 97 

a measured by ion-exchange  technique: 
concentration of metal  sorbed  from  a  solution 

with EDTA 
concentration of metal  sorbed  from  a  similar 

solution with no EDTA 

I 

% complexed = 100 - x 100 

bCalculated by MINEQL; pH 8.0, Ionic strength 0.55. 
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In both   exper iments ,   increas ing   the   concent ra t ion  of a m e t a l  in the  res in   phase 

had  no  s ignif icant-effect   on  the  concentrat ion of a n y  of the   o the r   me ta l s   i n   t he  

resin  phase  (Tables 7 and 8). Consequent ly ,   there   should  be  no  problems  in   using 

the  ion-exchange  procedure  in   s i tuat ions  where  the  concentrat ion of o n e   o r   m o r e  

m e t a l s   f a r   e x c e e d s   t h e   c o n c e n t r a t i o n  of another .  

3.1.6 Precis ion of the  Ion-Exchange  Analysis 

The   prec is ion   of   the   meta l   sorp t ion   measurements   was   de te rmined   by   pumping  

d i lu ted  SOW containing 50 nM of Cd,  Cu, Mn and   Pb   t h rough  a set of co lumns   and  

analysing  the  e luates   by  CFAAS.  The  coeff ic ient  of var ia t ion of t h e  

observa t ions   was   h ighes t   for   Cu at  4.1% and  was  2.8% f o r   t h e   o t h e r   m e t a l s  

(Table 9). A s  a component  of the   var iab i l i ty   in   the   ana lys i s  is associated wi th  

t h e  GFAAS procedure  used to quan t i fy   t he   me ta l s   i n   t he   e lua t e s ,   t he   p rec i s ion  of 

the   sorp t ion   of   meta l   on to   the   res in   was   cons idered   adequate .  

However ,   t he   amoun t  of Cu and  Pb s o r b e d   f r o m   t h e   s a m e   m e t a l   c o n c e n t r a t i o n s  

in   solut ion  did  vary  f rom  one  experiment  to the   nex t .   Th i s   was   unexpec ted  as 
the   res in   should   sorb   approximate ly   the   same  amount   o f   meta l  for e a c h  

experiment .   The  change  in   sorpt ion is thought  to b e   d u e  to some   change   i n   t he  

opera t ing   condi t ions   be tween  runs   such  as f low  ra tes ,   res in   p repara t ion ,  etc. 
However, this does not p re sen t  a problem as the   s t anda rd   so lu t ions  to c a l i b r a t e  

the   res in   a re   a lways   run   in   each   exper iment .  

1 

Sorpt ion   var iab i l i ty   a l so   a f fec ts   the   L imi t  of Detec t ion   (LOD)  repor ted   for   each  

analysis. As LOD  i s   dependent   on   the   s lope  of the   ca l ib ra t ion   cu rve ,  a change   in  

slope,  which is t h e   a m o u n t  of me ta l   so rbed   pe r   un i t   concen t r a t ion ,   changes   t he  

LOD of the  analysis .   This   is   why  the  LODs  have  s l ight ly   different   values   for  

each   expe r imen t   conduc ted   i n   Phase  I. 

I 
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TABLE 7 
Effect  of Increasing Pb Concentration  on  the  Sorption  of 
Cd,  Cu  and Mn. Values  are Means (One Standard  Deviation) 
of Sorbed Metal  Concentrations  (nmol/g) for Duplicates. 

Pb  Conc. 
in 

Solution 
- (nM) P b  Cda Cua  Mna 

25  3 .05  (0 .O9lb  0 .230  (0 .007)b  2 .33  (0 .O7Ib  1 .83  (0 .06)b 

50  5 .94  (0 .13)   0 .226  (0 .006)   2 .40  (0 .03)   1 .90  (0 .02)  

100 10.84  (0.03)  0.229  (0.004)  2.29  (0.02)  1.86 (0.00) 

200  17.29  (0.48)  0.228 (-1 2.18 (-) 1.90 (-1 

400  32.37  (0 .32)   0 .222  (0 .004)   1 .82  (0 .16)   1 .92 (0 .04 )  

800 54.16 (-1 0.225  (0 .016)   2 .15   (0 .08)   1 .96   (0 .04)  

aMeta l   added  at a concen t r a t ion  of 50 nM to t h e   s a m p l e .  

bLirnit of Detect ion:  Pb - 0.32 nmol/g 
Cd - 0.019 nmol/g 
Cu - 0.33 nmol/g 
Mn - 0.18 nrnol/g 
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TABLE 8 
E f f e c t   o f  Increasing  Cd  and  Mn  Concentrations on the  Sorption of  
Cu and Pb. Values are Means (One Standard Deviation) of Sorbed 
Metal Concentrations  (nmol/g) f o r  Duplicates. 

Cd and Mn 
Conc.  in 
Solution 
- (nM) Cd Mn c u a  Pba 

25 0.104 (0.003) 0.82  (0.02) 4.40 (0.03) 4.90 (0.09) 

50  0.228  (0.004) 1.61 (0.06) 4.35 (0.10) 4.89 (0.03) 

100 0.441 (0.0) 3.23 (0.02) 4.28 (0.14) 4.94 (0.22) 

200 0.907 (0.014) 5.71 (0.22) 4.16 (0.24)  4.94 (-) 

400 1.877 (0.08 1 11.93 (0.53) 4.53 (0.21) 5.16 (0.14) 

800 3.473 (-1 23.82 (-) 4.52 (-) 4.98 (-) 

aMeta l   added  at a concen t r a t ion  of 50 nM to the   s ample .  

L imi t  of Detect ion:  Pb - 0.21 nmol/g 
C d  - 0.014 nmol/g 
Cu - 0.28 nmol/g 
Mn - 0.10 nmol/g 
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TABLE 9 
Precision of the Ion-Exchange Procedure. 

- No. of 
Metal X SD CV(%) Columnsa 

Cd 0. 227b 0.007 2.9 11 

cu 4.36 0.18 4.1 11 

Mn 1.89 0.052 2.8 11 

Pb 4.97 0.14 2.8 10 

a SOW containing 50 nM was passed through a set of columns  

nmol/g of sorbed m e t a l  
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3.2 Procedure Deve lopmen t   i n   Na tu ra l   Seawa te r  

The  fol lowing  sect ion  descr ibes  a number  of   experiments   conducted  in   natural  
seawater .   Unl ike  the  previous  experimentat ion,   which  was  conducted  pr ior  to 

the   oys t e r   and   a lga l  assays, these   expe r imen t s   were   conduc ted  at  var ious   t imes  

throughout   the  project .   Thus,   the   modif icat ions  made to  the  ion-exchange 

procedure  descr ibed  in   this   sect ion  may  not   have  been  included  in   a l l   analyses  

conducted   in   oys te r  or a lga l  assays. 

3.2.1 Flow R a t e  

As a known  volume  of  solution  is   required to pass   th rough  the   co lumn to  ach ieve  

resin  equi l ibrat ion,   the   length of t i m e   n e e d e d   f o r   t h i s   s t e p  is dependen t   on   t he  

solut ion 's   f low  ra te .   Since  an  increase  in   f low  ra te   would  resul t   in  a decrease   in  

t he   ana lys i s   t ime ,   an   expe r imen t   was   conduc ted  to d e t e r m i n e   t h e   f a s t e s t   f l o w  

r a t e   t h a t   c o u l d  be used  without   compromising  the  analyt ical   resul ts .  

Six l i t res   o f   f i l t e red  (0.45 um) ,   na tura l   seawater   was   sp iked   wi th  Cu to give a 

f inal   concentrat ion  of  0.10 uM and  left f o r  12 hours  to equi l ibra te .   Twelve  

co lumns   were   p repared   and  500 mL  a l iquots  of seawa te r   were   pas sed   t h rough   t he  

co lumns  a t  f low  ra tes   o f  0.7+0.2, - 4.0+0.2 - or 6.0+0.2 - mL/min .   Four   co lumns   were  
used for e a c h   f l o w   r a t e .   A f t e r  equilibration,  the columns were e lu t ed   w i th  

EDTA a n d   t h e  eluates ana lyzed  for Cu by CFAAS. 

Table  10 shows   t he   r e su l t s  of the   f l ow  r a t e   expe r imen t .   The   co lumns   hav ing  a 
f low rate of 0.7 mL/min  were  found to h a v e   t h e   l e a s t   a m o u n t  of Cu   so rbed  to t h e  

resin,   This   was  unexpected as f low  ra te   should  ndt  affect t h e   a m o u n t  of sorbed  

meta l   un less   very   h igh   f low  ra tes   a re   used .  
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TABLE 10 

The Effect  of Flow Rate on the Sorption of Copper. 
Means,  Standard Deviations and Analysis of Variance of Sorbed Cu 
Concentrations 

Flow Rate (ml/rnin)a 

Number  of  replicates 

0.7 4.0 6 . 0  

4 4 4 

Treatment Mean (nmol/g) 1.77 2.18 2.07 

Standard  Deviation 0.06 0.24  0.13 

Analysis of Variance  Table 

H = No difference  due to flow rate. 
0 

Source of Degrees of Mean F 
Variation Freedom Square Ratio 

Total 11 

Treatment 2 0.184 6.89 

Error 9  0.027 

Results 
of Test 

P< 0.05 
Reject Ho 

a Resin: AG 50W X-8 (1127947) 
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One  explana t ion   for  a dec rease  in metal   sorpt ion at  the   lower   f low  ra te  is t h a t  a 

port ion of the  resin  was  not  fully  exposed to the   sample   and   thus   no t   comple te ly  

equi l ibra ted   wi th   the   sample .   This   could   occur  i f  there   was   channel ing  of t h e  

sample  through  the  res in  (i.e. the   solut ion  passes   through  only a port ion of t h e  

to t a l   c ros s   s ec t iona l   a r ea  of the  column).   Increasing  the  f low rate could  possibly 

dec rease   t he   channe l ing  effect. Fur ther   exper imenta t ion   was   conducted  to test 

this  hypothesis.  

3.2.2 Methods of Resin  Equilibration 

An  exper iment   was   des igned  to test d i f fe ren t   methods   for   equi l ibra t ing   the   res in  

wi th   t he  test solution.  Six  l i tres of seawa te r   s imi l a r  to tha t   desc r ibed   above  

(0.10 pM Cu)   was   p repared   and  500 mL al iquots   of   sample  were  passed  through a 

set of 12 columns.   The  columns  were  manipulated as follows: 

1. Three   co lumns   were  used in t h e   n o r m a l   m a n n e r ;   t h a t   i s ,   t h e r e   w a s   n o  

column  or   res in   manipulat ion,   the   sample  was  s imply  pumped  through 

the   res in .  

2. Three   co lumns   were   ro t a t ed  120' a f t e r   e a c h  50 mL of solut ion  had 

passed  through. As t h e   d e l i v e r y   t u b e   f o r   t h e   s a m p l e   i s  to one   s ide  of 
the   co lumn,   ro ta t ing   the   co lumn  would   ensure  that  channeling of the 

sample   down  the   s ide  of the   de l ivery   tube   was   no t   occur r ing .  

3. The  res in   in   three  columns was s t i r r ed   w i th  a glass rod   a f t e r   each  100 

mL of sample.  

4. The   s ample  in t h r e e  of the   co lumns   was   pumped   up   t h rough   t he   bo t tom 

of the   co lumn.   This   method  resu l ted   in   the   co lumn  comple te ly   f i l l ing  

with  solut ion  and  the  res in   cont inual ly   being  c i rculated  within  the 
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column  by  the  f low  act ion of solution.  Both  ends of the   co lumns   were  

sea led  by a polye thylene   f r i t  to p reven t  loss of resin. 

Tab le  11 shows  the  resul ts  of the   co lumn  manipula t ion   exper iment .   As   compared  

to no   co lumn  manipula t ion ,   ro ta t ing   the   co lumns   or   c i rcu la t ing   the   res in   wi th in  

the   co lumns   resu l ted   in  a h igher   sorbed   Cu  concent ra t ion .   This   sugges ted   tha t  

these  manipulat ions  a l lowed  more  res in  to come  in to   equi l ibr ium  wi th   the  test 

so lu t ion   and   tha t   some  channel ing  of the   s ample   cou ld   be   occu r r ing   i n   t he   no rma l  

co lumn  procedure .   S t i r r ing   o f   the   res in   a f te r   every  100 mL of solution,  however,  

was  found to r e d u c e   t h e   a m o u n t   C u   s o r b e d  to the   r e s in .   The re   i s  no appa ren t  

explanat ion for th i s   r e su l t   excep t   t ha t   t he   phys i ca l   ag i t i t a t i on   o f   t he   r e s in   may  

have   caused   re lease  of Cu  in   some  manner .   Fur ther   exper imenta t ion   would  be 

requi red  to d e t e r m i n e   t h e   r e a s o n s   f o r  a dec rease   i n   so rbed   me ta l   due  to s t i r r ing.  

3.2.3 Resin  Crossl inkage 

Exper iments   were   conducted   us ing   d i f fe ren t   c ross l inked   res ins  as i t   w a s   t h o u g h t  

tha t   lower   c ross l inkage ,   which   g ives   the   res in  a more   open   s t ruc tu re   and   t hus  

more pe rmeab le  to higher   molecular   weight   compounds,   would  resolve  the 

problem of resin  equilibration. 

The   f i r s t   expe r imen t   examined   t he   so rp t ion  of C u  to different  crosslinked  resins:  

Ag  50W X-8 (X-8 i nd ica t e s  8% crossl inkage)  as compared  to Ag 50W X-4 (X-4 

ind ica t e s  4% crosslinkage).  An  aliquot (3 L)   of   f i l t e red   na tura l   seawater   was  

sp iked   wi th   Cu to give a f ina l   concent ra t ion  of 200 nM (0.20 NM)  and  lef t   for  12 

hours to equi l ibrate .   Six  columns  were  prepared  with 0.75 g of AG 50W X-8 and 

s ix   columns  with 0.75 g of A C  50W X-4, with   a l iquots  (500 mL) of seawa te r   be ing  

passed  through  each  column.   After   equi l ibrat ion,   the   columns  were  e luted  with 

EDTA  and   the   e lua tes   ana lyzed  for C u  by  GFAAS. 
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TABLE 11 

The   E f fec t   o f   Equ i l ib ra t ion   Me thods   on   t he   So rp t ion  of Copper.  
Means, Standard Deviations and Analysis of Variance of Sorbed C u  
Concentrat ions.  

Number of 
rep l ica tes  

Equilibration  Methoda 

Normal  Columns Resin Resin 
P rocedure  R o t a t e d  S t i r red  C i rcu la t ed  

3 3 3 2 

T r e a t m e n t  3.40  3.67  2.98  3.86 
Mean  (nmol/g) 

Standard  Deviat ion 0.07 0.05 0.13 0.16 

Analysis of Variance  Table  

Ho = No d i f f e rence   due  to equi l ibrat ion  method.  

Source  of Degrees  of Mean F Resul ts  
Var ia t ion   Freedom  Square   Rat io  of T e s t  

1 

Tota l  11 

T r e a t m e n t  3  0.39927  38.6 P <0.05 
R e j e c t  Ho 

Erro r  8  0.01035 

a Resin: AG 50W X-8 (/I279471 
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T h e  effect of crossl inkage  on  metal   sorpt ion is shown  in  Table 12. Although  the 

s a m e   a m o u n t  of Cu  was present   in   solut ion,   the   iower  crossl inked  res in  (AG 50W 
X-4) sorbed  higher  levels of Cu.   These   resu l t s   sugges ted   tha t   lower   c ross l inkage  

a l lowed  more   sorp t ion   s i tes  to come  into  equi l ibr ium  with  the  solut ion  and  more 

complete   res in   equi l ibr ium  was  obtained.  

T o   f u r t h e r   e x a m i n e   t h e   c h a r a c t e r i s t i c s  of AC 50W X-4 in   na tu ra l   s eawa te r ,   an  

exper iment   was   conducted  to de te rmine   t he   vo lume  of sample   requi red  to 

achieve  resin  equilibrium. Six l i t r e s  of f i l t e r ed   na tu ra l   s eawa te r   was   sp iked   w i th  

C u  to g ive  a f ina l   concent ra t ion  of 100 nM (0.lOpM) Cu.   Twelve  columns  were 

prepared   wi th  0.75 g of res in   and   sample   vo lumes  of 200 to 700 mL  in  100 mL 

increments   were   passed   th rough  the   co lumns .   Two  co lumns   were   used   for   each  

sample  volume.  

F igure  13 shows  the  equi l ibr ium  curve for the   res in .   The   res in   ach ieved  

equi l ibr ium  a f te r  a sample   vo lume of 400 mL, as little change   i n   t he   so rbed   Cu  

concen t r a t ions   was   obse rved  at g rea t e r   vo lumes .   Th i s   was   t he   approx ima te  

volume for resin  equi l ibr ium  observed  for  AG 50W X-8 in   a r t i f ic ia l   seawater .  

Because  of these   f ind ings ,   the   res in  AG 50W X-8, which   was   used   in   the   oys te r  

assays,   was  changed to AG 50W X-4. The  new  res in  was  used  in   the  a lgal   assays.  

3.2.4 Resin   Batch   Exper iments  

Al though  i t   appeared   tha t   lower   c ross l inkage   a f fec ted   the   sorp t ion  

cha rac t e r i s t i c s  of the   r e s in ,   fu r the r   work   i nd ica t ed   t ha t   o the r   f ac to r s   may   be  

more  important   than  crossl inkage.   This  was discovered   dur ing   the   a lga l   assay  

exper iments   ( see   Sec t ion  D.3.2) where   the   res in  AC 50W X-4 (cont ro l  #21934) 

was  init ially  used  in  the  ion-exchange  analyses.   During  these  experiments,  

however ,  a new  bot t le  of resin (AG 50W X-4; cont ro l  830008) was  purchased to 

2886 
54  



FIGURE 13 

EQUILIBRIUM CURVE FOR Cu USING 
AG 5OW X-4 
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TABLE 12 

The  Effect  of  Different  Resin Crossfinkage on the 
Sorption of Cu. Means  and  Standard  Deviations of Sorbed Cu 
Concentrations (nmol/g). 

Resin 

AGSOW X - 4  AGSOW X-8 

Number of replicates 3 3 

Treatment Mean 5.58 4.35 

Standard  Deviation 0.23 0.49 
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rep lace   the   o ld   res in   and   wi th   i t s   use ,   i t   became  ev ident   tha t   the   sorp t ion  

cha rac t e r i s t i c s  of the  two  res ins   were  dramatical ly   different .   This   is   i l lust rated 

in   Figure 14 where   s eawa te r   s t anda rd   cu rves   fo r   Cu   f rom  two   s epa ra t e   a lga l  

expe r imen t s   a r e   p re sen ted .   A l though   t he   new  r e s in   had  a much  lower  sensi t ivi ty  

to Cu,   i ts   re la t ionship to the   meta l   concent ra t ion   in   so lu t ion   was   l inear  as 

compared  to the   non- l inear   response   ob ta ined   wi th   the   f i r s t   ba tch  of resin 

(control  /121934). 

A number of f ac to r s   cou ld   exp la in   t he   d i f f e rence   i n   s ens i t i v i ty   be tween   t hese  

resins. First, a l though   i t   i s   poss ib l e   t ha t   d i f f e ren t   ba t ches  of resin  could  have 

such   d i f fe ren t   sorp t ion   charac te r i s t ics   due  to the   manufac tu r ing   p rocess ,   i t  is 

unlikely  due to the   qua l i t y   con t ro l   measu res   t ha t  are t aken   by   t he   manufac tu re r .  

Another   explanat ion  is  associated w i t h   t h e  age of  the  resin.   With age, t h e s e  
resins   undergo  chemical   degradat ion  which  may  resul t   in   more  s i tes   becoming 

ava i lab le  for sorpt ion.   Al though  the age of t he   f i r s t   ba t ch   was   unknown,  it was  

at least two   yea r s   o lde r   t han   t he   newly   pu rchased   r e s in   and   cou ld   accoun t   fo r   t he  

d i f fe rence   in   the   sorp t ion   curves .  

Obta in ing  a non-l inear   s tandard  curve as presented  here ,   poses   many  problems 

for the  analyst   conduct ing  the  ion-exchange  analysis .   I t l   i s   therefore  

r ecommended   t ha t   fo r   each   ba t ch  of resin purchased ,   an   in i t ia l   charac te r iza t ion  
of the   r e s in   be   conduc ted  to ensure   an   appropr ia te   sorp t ion   response .  
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FIGURE 14 r 
SORPTION CURVES FOR Cu  USING 
DIFFERENT RESIN BATCHES 
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C .  PHASE I1 - OYSTER  EMBRYO  AND  ALGAL ASSAY EXPERIMENTS 

1.0 INTRODUCTION 
I 

In  Phase 11, the   biological   s ignif icance of the   ion-exchange   procedure   deve loped  

in   Phase I was   t e s t ed  by employing   oys te r   embryo  and   a lga l  assay procedures .  

These  assays  were  used to gene ra t e   t ox ic i ty   da t a   t ha t   cou ld  be compared  to 

resul ts   obtained  f rom  ion-exchange  analyses   conducted  on  s imilar   samples  as 

those  used  in  the  bioassays.  

The   s cope  of the   work   in   Phase  I1 was as follows: 

1. De te rmine   t he   op t ima l   expe r imen ta l   des ign   fo r   t he   t ox ic i ty  
exper iments .  

2. D e t e r m i n e   t h e   c o n c e n t r a t i o n   r a n g e s  of Cd, C u ,   P b   a n d   Z n   t h a t  are tox ic  
to oys te r   embryos   and   the   d ia tom  Thalass ios i ra   pseudonana .  

3. Dete rmine   t he   r e sponse  of these   o rgan i sms  to t o x i c   m e t a l  
concent ra t ions   in   the   p resence  of EDTA. 

4. Analyze   water   samples   s imi la r  to those  used  in   the  bioassays  by  the  ion-  
exchange   procedure   and   de te rmine   an   Ef fec t ive  Metal Concen t r a t ion  
(EMC) for each   s ample .  

5.  C o m p a r e  t h e  results f rom the bioassay and  ion-exchange  analyses  to 
de termine   the   b io logica l   s ign i f icance  of the  ion-exchange  measurement .  
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2.0 MATERIALS AND METHODS 

2.1 N a t u r a l   S e a w a t e r  Preparation 

J u s t   p r i o r  to use, t h e  s to red   s eawa te r   ( s ee   Sec t ion  8.2.2) was  f i l t e red  a second 

t ime  th rough a 142  mm  Whatman #I1 pape r   p re f i l t e r   ( cu t  to s i ze )   and  a 0.45 um 

Celman  (CA-6)   cel lulose  t r iacetate   f i l ter .   The  f i rs t   two  l i t res  of f i l t r a t e   was  

discarded.   The  sal ini ty ,   pH,   a lkal ini ty   and  dissolved  metal   concentrat ions of t h e  

var ious   ba tches  of seawater   used   in   the   exper iments  are given  in  Table 13. 

For the   oys te r   assays ,   th ree   l i t re  aliquots of f i l t e r e d   s e a w a t e r   w e r e   p u t   i n t o  a 

set of 4-L narrow-mouthed  polyethylene  jugs.   The aliquots were   sp iked   w i th   t he  

appropriate   addi t ion  of   metal   and  EDTA,  swir led  vigorously,   and  a l lowed t o  

equi l ibra te   overn ight .   One   l i t re   was   used   for   the   co lumn  ana lys i s   and  1.5 L for  

t he   oys t e r   embryo   a s says .  

Fo r   t he   a lga l   expe r imen t s ,  a 10 L al iquot  of f i l t e r ed   s eawa te r   was   p l aced   i n  a 12- 

L Nalgene   po lycarbonate   carboy  and   sp iked   wi th   nu t r ien ts ,   t race   meta l   and  a 
vi tamin  mix.   Two litre a l iquots  of t h e   e n r i c h e d   s e a w a t e r   w e r e   t h e n   p u t   i n t o  a 
set of 4-L polyethylene  jugs,   and  these  were  spiked  with  the  appropriate   addi t ion 

of m e t a l  and EDTA. One l i t r e   was   u sed   fo r   t he   co lumn  ana lys i s   and  750 mL  for  

t h e  algal assays.   The seawater p repa ra t ion   s cheme   fo r  algal and   oys t e r   a s says   i s  

depicted  in   Figure 15. 

2.2 Ion-Exchange Procedure 

A set of 28  resin-columns  were  run at  one  t i .me.   Six  columns  were  used for 

seawa te r   me ta l   s t anda rds   (dup l i ca t e s  of th ree   me ta l   concen t r a t ions ) ,   21   co lumns  

w e r e  used fo r   s amples   and   one   co lumn  fo r  a column  blank.  Two sets of co lumns  

were  run per oys te r  or algal  assay. 
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TABLE I 3  

S e a w a t e r   C h a r a c t e r i s t i c s  

Ba tch  114 Ba tch  415 Batch  # 6  

28.1  28.3b 2 0.7 29.1b + 0.8 s O/OO 

PH 

- 

7.75  7.69a + 0.0 1 7.76b + 0.03 

2.0 1 2.00a + 0.02 1.99b + 0.0 1 

- 

Alkalinity  (meq/L) 

Dissolved (0.45 ym)   Me ta l s   (mdL) :  

- - 

c u  

P b  

C d  

Zn 

Mn 

L =  
a =  
b =  
c =  
d =  

Fi l ter   Blank 

LO.00 lCYd LO.00 lC LO.OOIC’d LO.0OlC 

LO.00 lCPd LO.00 lC LO.00 ICYd LO.0OlC 

LO. 0005‘  0.0006C’d  L0.0005c  L0.0005C’d 

LO .oo lC 0.002C’d o.oo2c 0.002C’d 

LO.00 lCld  LO.00 lC LO.00 lC’d LO. 00 lC 

Less   than  (detect ion limit) 
Based  on 7 rep l ica tes  
Based  on  4  replicates 
GFAAS  ana lys i s   a f te r   che la t ion   (APDC)  and   so lvent   ex t rac t ion  (MIBK) 
Based  on  2  replicates. 
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Seawa te r   me ta l   s t anda rds   were   made   up   i n  SOW diluted  with GDW to the  same 

sal ini ty  as the  samples  undergoing  analysis;  SOW was  chosen as t h e   s t a n d a r d  
med ium  because   i t   has  a wel l   def ined  and  consis tent   chemical   composi t ion.   The 

pH of the   s t anda rds   was   ad jus t ed  to match   the   pH of the  samples   by  bubbl ing 

wi th   ac id   c leaned  ( I N  H2S04), f i l t e r ed  (0.4 um  Nuclepore) C02;  th i s   p rocedure  

was  used  instead of ac id   o r   base   addi t ion  so there   would  be  no  change  in   the  total  

a lkal ini ty  of the   s tandard .   One   l i t re   o f   s tandard   was   p repared   for   each   meta l  

concent ra t ion   by   the   addi t ion  of a m e t a l   s t o c k  to the   d i lu t ed  SOW. 

The  methods   used  to  der ive   EMC  va lues   in   the   ion-exchange   procedure   a re   g iven  

in  detail   in  Appendix 111 and  wi l l   no t   be   repea ted   here .  

2-3 Oyster Embryo Assays 

2.3.1 Oyster   Condi t ion ing  

Oys ters   (Crassos t rea   g igas)   were   purchased   f rom a local wholesaler,   generally 

wi th in   two  days   o f   the i r   p rocurement   f rom a commerc ia l   oys te r   g rower .   Only  

s ingle   oys te rs   measur ing   grea te r   than  4 inches   in   l ength   were   used .   The   oys te rs  

were   sc rubbed  to remove   ex t r aneous   deb r i s   and   p l aced   i n  a set of   f ive  45-L glass  

aquaria   for   condi t ioning.   Twelve to f i f t een   oys t e r s   were   p l aced   i n   each   t ank  
depending on the i r  size. S e a w a t e r  of 27 - + lo/oo was dripped into the aquar ia  a t  

a r a t e   s u f f i c i e n t  to comple t e ly   r ep lace   t he   vo lume   eve ry   two   days ;   s eawa te r   was  

obta ined   f rom  the   c losed   c i rcu la t ing   seawater   sys tem a t  U.B.C. T e m p e r a t u r e  

was   kep t   cons t an t  at  20 - + IoC  by   an   Ebo-Jager   au tomat ic   aquar ium  hea ter   o r   an  

Hagen  rad ian t   aquar ium  hea ter   wi th   thermosta t   cont ro l .   The   seawater   in   the  

aquar ia   was   f i l t e red   by  a Hagen  Aquaclear   combina t ion   mechanica l /b io logica l  

f i l t ra t ion   sys tem  and   was   aera ted   by   bubbl ing   a i r   th rough  a i r   s tones .   The   aquar ia  

were  monitored  dai ly   for   oyster   mortal i t ies   and  any  dead  oysters   were  promptly 

removed.   The   aquar ia   were   c leaned   every   th ree  to  four   weeks ,   o r   more  

I 
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f requent ly  i f  t he re   was   an   accumula t ion  of feces and  debris.  I f  a n  oyster 

spawning  occurred,   a l l   oysters  in tha t   aquar ium  were   d i scarded   and   the   aquar ium 

was   c leaned .  

Oys ters   were   condi t ioned   for   var ious   l engths  of t i m e  to produce  sexual ly   mature  

adul t s .   Oys ters   co l lec ted   in   the   spr ing   genera l ly   requi red  3-4 weeks  of 

condi t ioning at  20 C whi le   oys te rs   co l lec ted   in   the   summer   months   requi red   no  

more   t han   one   week .  

0 

2.3.2 Oyster   Embryo  S tock   Prepara t ion  

T o   p r e p a r e   a n   e m b r y o   s t o c k ,   a n   o y s t e r   w a s   o p e n e d ,   r e m o v e d   f r o m   i t s   s h e l l   a n d  

checked   for   i t s   overa l l   condi t ion .  If immatu re   o r   unhea l thy   i t   was   d i sca rded .  
Otherwise  a small   incis ion  was  made  in   the  gonad  and a sma l l   s ample   o f   game tes  

was   t aken  to de te rmine   t he   v i ab i l i t y  of eggs or   sperm.   Sperm  v iab i l i ty   was  

determined  by  moti l i ty   and eggs were  considered  r ipe  when  golden  brown  and 

pear   shaped.  

Eggs   and   spe rm  were   co l l ec t ed   by   t he   s t r i pp ing   me thod .   To   p repa re   an   egg  

suspens ion ,   the   membrane   cover ing   the   gonad   was   removed  and  eggs w e r e   g e n t l y  

washed   f rom  the   gonad   in to  a 2-L polypropylene  beaker  with a s t r e a m  of f i l t e r ed  
(0.45 um)  natural   seawater .  A f ina l   vo lume of o n e   l i t r e  of egg suspension  was 

obtained  in   this   manner .   Sperm  were  removed  by  making a smal l   inc is ion   in   the  

gonad   and   ex t rac t ing   them  wi th  a p ipe t tor .   Approximate ly  0.5 mL  of  sperm  was 

a d d e d   t o  400 mL of seawater   in  a 500 mL  Erlenmeyer   f lask.   Ten  mil l i l i t res  of 

the  sperm  suspension  was  then  added to t h e  egg suspension  and  the  solut ion 

s t i r r ed  to  in i t ia te   fe r t i l i za t ion .  

A f t e r  30 min,  excess  sperm,  blood cells and  body  f luids   were  removed  f rom  the 

fer t i l ized  egg  suspension  by  passing  i t   through a Ni tex  15 um  mesh   sc reen   and  
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backwashing   the   fe r t i l i zed  eggs f rom  the   s c reen   w i th   na tu ra l   s eawa te r   i n to  a one  

l i t re   polypropylene  beaker .   The  f i l t ra t ion  and  backwashing  s tep  was  conducted a 

number  of t imes  to ob ta in   t he   dens i ty  of embryos   r equ i r ed   fo r   t he   embryo   s tock .  

Density  was  determined  using a Coulter   Counter   (model   Zf) .  If  the   readings  
were   l ess   than  6000 eggs /mL,   t he  stock was   concen t r a t ed   fu r the r .  

2.3.3 Oyster   Embryo  Assay  Procedure 

One   mi l l i l i t re  of fe r t i l i zed   egg   s tock   (approximate ly  6,000 fer t i l i zed   eggs)   was  

added  to a set of 500 mL  polypropylene  beakers   containing 250 mL of test 

solut ion.   Al l   experiments   were  ini t ia ted  within 1 hour of fe r t i l i za t ion .  

Tr ip l ica te   cu l tures   were   es tab l i shed   for   each   t rea tment   and   s ix   cu l tures  to which 

no   EDTA  nor   meta ls   were  added were  used as cont ro ls .   The   beakers   were  

covered  in   Saran  Wrap  and  kept   in  a cont ro l led   envi ronment   room at  2OoC f o r  

t he   du ra t ion   o f   t he   a s say .  

A f t e r  48 hours ,   the   assay   was   t e rmina ted   by   f i l t e r ing   the  test solut ions  through a 
Ni t ex   s c reen  to r e t a in   t he   oys t e r   l a rvae .   The   l a rvae   were   backwashed   w i th  

7.5 mL of na tura l   seawater   in to   sc rew-capped   g lass   sc in t i l l a t ion   v ia l s .   To   s top  

fu r the r   deve lopmen t   and   p re se rve   t he   s ample ,  100 UL of 37% formal in   was   added  

to each  vial .  

For enumera t ion ,   each   v i a l   was   swi r l ed   and  a sub-sample of approximate ly  

0.5 mL  was  added to a Sedgewick-Raf te r   count ing   ce l l  to obta in   counts  of 
g r e a t e r   t h a n  120 la rvae .   Those   embryos   tha t   d id   no t   deve lop   in to   D-hinge  

vel iger   larvae  and  those  that   developed  into  abnormally  shaped  D-hinge  larvae 

were   s co red  as abnorma l .   Two   coun t s   were   made   pe r   s ample   and   t he   r e su l t s  

averaged .   Enumera t ion   was   per formed  us ing  a WILD  dissecting  microscope. 
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2.3.4 Data   Analysis  

T h e   b a s i c   s t a t i s t i c  of i n t e r e s t   i s   t h e   m e a n   p e r c e n t a g e  of abnormal   larvae  per  

t rea tment .   This   va lue  is t h e   r e s u l t  of response   measurements   made   on   s ing le  
cu l tu re s   t aken   f rom  each  of seve ra l   r ep l i ca t e   cu l tu re s  a t  a t r ea tmen t   l eve l .  

However ,   t he   r e su l t an t   abnorma l i ty   r a t e   i s   due  to t h e   a c t i o n  of two   f ac to r s ;   t he  

qual i ty   and  handl ing of t h e   o y s t e r   e m b r y o s ,   a n d   t h e   t r e a t m e n t   i t s e l f .   A s   c o n t r o l  

cu l tu re s   a r e   u sed  as a measure   o f   the   qua l i ty   and   handl ing   of   the   embryos ,  

Woelke  (1972)   presents   the  s ta t is t ic  of percent  net   r isk  which  would  be 

representa t ive   o f   the  effect of t h e   t r e a t m e n t  only. 

This   i s   def ined  as: 

% t r e a t m e n t   a b n o r m a l  - % cont ro l   abnormal  

100 - % con t ro l   abnorma l  
% N e t   R i s k  = x 100 

T h e  % n e t   r i s k  statistic is t h e   p e r c e n t a g e  of abnorma l   l a rvae   co r rec t ed  for 
con t ro l   abnorma l s ,   a s suming   t ha t   t he   e f f ec t   o f   hand l ing   and   qua l i t y   i s  

synchronous  and  independent  of t h e   e f f e c t  of t h e   t r e a t m e n t .   B o t h  % 

abnorma l i ty   and   t he  % n e t   r i s k   s t a t i s t i c  are used   in   the   p resent   repor t .  

2.4 Algal Assays 

2.4.1 Nu t r i en t   S tock   P repa ra t ion  

S tock   so lu t ions  of phospha te ,   n i t r a t e   and   s i l i ca t e   were   p repa red   s epa ra t e ly  

(Table 14). The  pH of a l l   s tocks   was   ad jus ted ,  to 8.0 and   then   passed   th rough 

Chelex-100 to r e m o v e   t r a c e   m e t a l   i m p u r i t i e s .  

T w o   s e p a r a t e   t r a c e   m e t a l   s t o c k s   w e r e   p r e p a r e d ,   t h e   f i r s t   c o n s i s t i n g  of Cu ,  Mo 

and Co, and   the   second of Mn and   Zn   (Table  14). Aliquots  of e a c h   w e r e   t h e n  
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TABLE 14 

Nutrient  Stock and Final  Concentrations 

Nutrients:  

Stock 

(MI 
Subs tance   Concent ra t ion  

N a H 2 P O c H 2 0  1.00 x 

N a N 0 3  1.00 x 10-1 

Na2SiOf   9H20 1.25 x  10- 2 

T r a c e   M e t a l s :   C u S O c 5 H 2 0  9.97 x 

(NH416M07024@4H20 1.50 x 
CoC12*6H20 2.50 x 
MnC12-4H20 2.30 x loe2 

Z n S O c 7 H 2 0  4.00 x 
FeC13.6H20a 4.51 x 

Vitamins: B12 1.1 x loo g/l 
Biotin 1.0 x 10-1 g/l 

Thiamine  HCI 2.0 x 10-1 g/l 

Medium 
Concent ra t ion  

(MI  

1.00 x 
1.00 x 

1.25 x 

9.97  x 

1.50 x 
2.50 x 

4.00 x 
4.51 x 

2.30 x 

a Added as prec ip i ta ted   fe r r ic   hydroxide .  
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combined  to m a k e  a t race   meta l   mix .   Pr ior  to each   a lga l   expe r imen t ,   an  Fe 

s tock   was   f resh ly   p repared  a t  0.45 mM  and  allowed to equi l ibra te   for  a few  hours  

to al low  the  formation of ferr ic   hydroxide.   Freshly  percipi ta ted  ferr ic   hydroxide 

has  been  found to  be   an   e f f ec t ive   sou rce  of Fe to phytoplankton  (Wells ” et al., 

1983). 

Stocks  of  B I 2 ,  biotin  and  thiamine-HC1  were  prepared  separately,   then  combined 
to make  a vi tamin  mix  (Table  14). 

The   p repa red   s tocks   were   s to red   i n  500 mL  polycarbonate   Erlenmeyer   f lasks  a t  

4OC i n   t he   da rk   w i th   t he   excep t ion   o f   t he   v i t amin   mix ,   wh ich   was   f rozen   i n  

20 mL  al iquots   in   glass   scint i l la t ion  vials .   The  s i l icate   s tock  was  s tored  for  a 

maximum of 2 weeks  as i t   i s   u n s t a b l e  at pH 8.0. Al l   the   s tocks   were   a l lowed t o  

r e a c h   r o o m   t e m p e r a t u r e  (22OC) before   addi t ion  to the   assay   medium.   The   f ina l  

concent ra t ions  of t h e   n u t r i e n t s ,   v i t a m i n s   a n d   t r a c e   m e t a l s   i n   t h e   a s s a y   m e d i u m  

are given  in   Table  14. 

2.4.2 Alga l   S tock   Prepara t ion  

The   mar ine   cen t r ic   d ia tom  Thalass ios i ra   pseudonana  (= Cyclo te l la   nana   Hus ted t )  

Hasle   and  Heimdal  (WHO1 c lone  3H) was  used as the   a lga l   a s say   o rgan i sm.   I t   was  
chosen   because  of its sensi t ivi ty  to heavy  meta ls ,  its uniform size and   shape  

( f ac to r s   wh ich   make   i t   amenab le  to measu remen t   by   e l ec t ron ic   pa r t i c l e  

count ing) ,   and   i t s   fas t   g rowth   ra te   (up  to 2.5 doubIings/day) .   The  organism  var ies  

f rom 2.5 to  10 um  in size and  normally  appears   s ingly or in  pairs   in   laboratory 

cul tures .  

7 

I 

Stock   cu l tures   were   in i t ia l ly   ob ta ined   f rom  the   Nor theas t   Pac i f ic   Cul ture  

Collection  (University of B.C., Vancouver, B.C.) and   main ta ined   in   f i l t e red  (0.45 

um)   na tura l   seawater  to which   nu t r ien ts ,   t race   meta ls   and   v i tamins   were   added  
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(Table  14). Inocula   for   the  assays  were  obtained f rom exponentially  growing 

s tock   cu l tures .   Cul tures   were   main ta ined   in   exponent ia l   g rowth   by   t ransfer r ing  

approximate ly  1 mL  of   exis t ing  s tock to fresh  media   every 3 to 4 days. 

2.4.3 Algal   Assay  Procedure 

Aliquots  (250 mL) of test so lu t ion   were   pu t   in to  a set of 500 mL polypropylene 

bo t t l e s   and   s tock   cu l tu re   was   added  to g ive  a f ina l   ce l l   concen t r a t ion  of 1000- 

2000 ce l l s /mL.   Tr ip l ica te   cu l tures   were   run   for   each   t rea tment .   S ix   cu l tures  to 

which  no  metal   nor  EDTA  were  added  served as cont ro ls .   The   organisms  were  

grown  in a cont ro l led   envi ronment   room at  20 + l0C with a l igh t   in tens i ty  of 95 

uEin/m /sec under   cont inuous   l igh t .   The   ce l l   concent ra t ions   were   measured  

dai ly  at approx ima te ly   t he   s ame   t ime   each   day   u s ing  a Coul te r   Counter   (model  

2,) over  a per iod of 5 days. For enumera t ion ,   each   bo t t l e   was   swi r l ed   and  a sub- 

sample  (2.0 mL)  taken. Four coun t s   were   ob ta ined   pe r   s ample   and   t he   coun t s  

averaged.  

2 
- 

2.4.4 Data   Analysis  

The  bioassay results were   expressed  as cell yield  taken as a pe rcen tage   o f   t he  

control   cul tures .   The  cel l   y ie ld  is t h e  total populat ion at t h e   e n d   o f   t h e  
expe r imen ta l   pe r iod   minus   t ha t  a t  t h e  start .  Cell yield (% of cont ro l )   i s  

determined  by  taking  the  cel l   y ie ld  of t h e   t r e a t m e n t   c u l t u r e   a n d   t h e  cell yield of 
the   cont ro l   cu l tures   and   apply ing   the   fo l lowing   formula :  

I 

C e l l   y i e l d   t r e a t m e n t  

Cel l   y ie ld   cont ro l  
Cel l   y ie ld  (% of  control)  - - x 100 
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3.0 RESULTS AND DISCUSSION 

3.1 Oyster Embryo Assays 

3.1.1 Experimental   Design 

Initially, a 6 x 1 fac tor ia l   des ign   employing   s ix   meta l   concent ra t ions   and   one  

concentrat ion  of  EDTA was to be   used   per   oys te r   assay;   the   overa l l   number  of 

expe r imen t s  to be conducted  for a g iven   me ta l   was   t he re fo re   de t e rmined   by   t he  

number of EDTA concent ra t ions   requi red  to gene ra t e   su f f i c i en t   t ox ic i ty   da t a  for 
a metal .   Using  the  resul ts   f rom a set of   tox ic i ty   exper iments   was   be l ieved  to b e  

valid as i t   was   a s sumed   t ha t   oys t e r   embryos   f rom  d i f f e ren t   pa ren t   s tocks   wou ld  

respond to tox ic   me ta l   concen t r a t ions   i n  a s imi la r   manner  (i.e. t h e   s a m e  

pe rcen tage  of abnormal   larvae  would be ob ta ined   fo r  a g iven   tox ic   meta l  
concent ra t ion   in   every   exper iment ) .   Af te r   p re l iminary   inves t iga t ion ,   however ,  it 

was  realized tha t   there   was   suf f ic ien t   var iab i l i ty   in   the   sens i t iv i ty  of oys t e r  

embryos   f rom  d i f f e ren t   pa ren t   s tocks  to inva l ida te  a compar ison  of r e su l t s  

be tween  exper iments .   This   i s  best i l lus t ra ted   wi th   resu l t s   ob ta ined   f rom  an  

expe r imen t   conduc ted   w i th  Cd. 

Cadmium  was   added  to na tu ra l   s eawa te r  to g ive   t o t a l   concen t r a t ions  of 0.0, 1.0, 
2.0, 3.0, 4.0 and  6.0 pM. An  embryo  s tock   was   p repared ,  the samples  inoculated, 

and  a 48-hour   bioassay  conducted.   The  bioassay  was  then  terminated  in   the 

n o r m a l   m a n n e r   e x c e p t   t h a t ,   a f t e r   f i l t r a t i o n ,   t h e  test so lu t ions   were   re -  

inocula ted   wi th   embryos   t aken   f rom a second  spawn  and  another   48-hour  

bioassay  conducted.   The  parent   oysters   used to p repa re   t he   s econd   embryo   s tock  

had   been   condi t ioned   in   the   same  tank   and   for   approximate ly   the   same  length  of 

t i m e  as the   oys t e r s   u sed   fo r   t he   i n i t i a l   s tock .  
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Figure  16 shows  the   tox ic i ty   curves   genera ted   for   the   exper iment .  I t  was  

evident   the  re la ' t ionship  between  toxici ty   and  the  inorganic   metal   concentrat ion 

was   d i f f e ren t  for the   embryos   f rom  each   s tock .   The   embryos   f rom  the   s econd  

spawn  appeared to be   more   sens i t ive  to C d   t h a n   w e r e   t h e   e m b r y o s   f r o m   t h e   f i r s t  

spawn. As a l l   o ther   condi t ions   were   kept   cons tan t   be tween  the   b ioassays ,   the  

d i f fe rence   in   the   response  to Cd was   p r imar i ly   a t t r i bu ted  to d i f f e rences   i n   t he  

sensi t ivi ty  of the   embryos   f rom  the   d i f f e ren t   spawns .   Such   va r i ab i l i t y   was  also 

evident   in   exper iments   conducted   wi th   the   o ther   meta ls ,   though  no t   near ly  as 

pronounced as presented   here   for   Cd.  

S imi la r   f ind ings   wi th   Crassos t rea   g igas   embryos   have   been   repor ted   for   Cu.  

Coglianese  and  Martin  (1981)Jreported  toxicity data tha t   showed   cons ide rab le  

var iab i l i ty   in   the   sens i t iv i ty   o f   embryos   f rom  d i f fe ren t   spawns .  For example ,  a t  
a Cu   concen t r a t ion   o f  10 &L, t he   pe rcen t   no rma l   embryon ic   deve lopmen t s   i n  
t h ree   expe r imen t s   u s ing   embryos   f rom  d i f f e ren t   spawns   were  3.0, 21.3 and  

44.0%. They  a l so   found a s imi l a r   r ange   o f   va lues   fo r   o the r   Cu   concen t r a t ions .  

The   change   i n   . embryo   s ens i t i v i ty   cou ld   be   due  to a number  of factors, which 

includes  condi t ioning of the   paren t   oys te rs .   Condi t ion ing   would   a f fec t   gonad  

r ipeness  and the   ove ra l l   qua l i t y  of t h e   o y s t e r   s p e r m   a n d  eggs (Russell,  1963)." 

However ,  it was   beyond  the   scope  of the   p re sen t   s tudy  to d e t e r m i n e   t h e   f a c t o r s  
a f f ec t ing   embryo   s ens i t i v i ty  to m e t a l s   a n d   t h e r e f o r e   f u r t h e r   e x p e r i m e n t a t i o n  

was  not   conducted.  

To   e l imina te   t he   p rob lem of sens i t iv i ty   changes ,   the   overa l l   exper imenta l   des ign  

was  modif ied  by  increasing  the  number of samples   in  a s ingle   tox ic i ty   exper iment  

fourfold.  This  would  allow a set of meta l - l igand   concent ra t ion   combina t ions  

ana lyzed   i n   fou r   s epa ra t e   expe r imen t s  to be analyzed  using a s ingle   embryo 

s tock.  All tox ic i ty   exper iments   p resented   be low  were  of a 6 x 4 fac tor ia l   des ign  

tha t   u sed   s ix   me ta l   concen t r a t ions   and   fou r   EDTA  concen t r a t ions   pe r  

exper iment .  
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3.1.2 Toxic i ty   Exper iments  

Metal-EDTA  concentrat ion  combinat ions  were  added to na tu ra l   s eawa te r   and  

analysed  by  the  oyster   embryo assay. The  purpose of adding a model  l igand  such 

as EDTA  was to va ry   t he   t ox ic i ty  of a sample   whi le   main ta in ing   the   to ta l   meta l  

concent ra t ion   in   the   sample   cons tan t ;   EDTA  var ies  a meta l ’ s   tox ic i ty  by 

complexa t ion  of the   f ree   meta l   ion ,   which   i s   the   meta l   spec ies   be l ieved  to b e  

most  toxic.   EDTA  was  chosen as the   o rganic   l igand   because   i t   has  a s t rong  

af f in i ty   for   heavy   meta ls  (log K va lues   fo r   Cd ,   Cu ,  Pb and   Zn   a re ,   respec t ive ly ,  

16.5, 18.1, 18.0 and  15.8; co r rec t ed   fo r   Ion ic   s t r eng th   o f  0.5) and   t he   l i gand  

would   therefore   be   requi red   in  a r e l a t i v e l y   l o w   c o n c e n t r a t i o n ’ t o   a f f e c t   m e t a l  

toxici ty .  

CoDDer 

Of   t he   fou r   me ta l s   s tud ied   Cu   was   found  to b e   t h e   m o s t   t o x i c .   T h e   v a l u e s  

ob ta ined   f rom a bioassay  where  no EDTA was  added  yielded an a v e r a g e  LC5o of 
0.21 pM by  log-probit  analysis  (Figure 17). This  is consis tent   with  the  work  of  

Harr ison ” et al. (1981)  who  obtained  an  LC5o of 0.18 pM f o r   C r a s s o s t r e a   g i g a s  

embryos  using a similar  48-hour  static  bioassay test. G r e a t e r  than 80% larva l  

abnormali ty   was  found  with  exposure to 0.3 pM t o t a l   a d d e d  Cu. 

1 

Figure  18A  shows  the  toxici ty   curves   for   the  embryos  when  exposed to C u   i n   t h e  

presence  of 0.000, 0.025, 0.050 and  0.100 pM EDTA. The   response  of t h e  

embryos   i s   represented   here  as t h e  % net   r i sk   s ta t i s t ic   which   i s   the   percentage  

of abnormal   l a rvae   in  a t r ea tmen t   co r rec t ed   fo r   con t ro l   abnorma l s .   The  

s imi la r i ty   in   the   four   curves   ind ica ted   tha t   the   amount  of EDTA  added  was  not  

suf f ic ien t  to r educe   Cu   t ox ic i ty ,   excep t  a t  t h e  0.20 pM C u   l e v e l   w h e r e   t h e  

addi t ion of EDTA reduced   ne t   r i sk   f rom 29% to approximate ly  10%. 

I 

2886 
7 3  



FIGURE 17 

v) 
I- 
m 
0 
n 
K 

- 

LOG-PROBIT  GRAPH TO DETERMINE LCSQ 
OF C. gigas EMBRYOS EXPOSED TO 
COPPER FOR 48 HOURS 

1 2 

2 

I 
I 

A 

I 

I "- 
I 

I 

I 

I 

I 

6 7  

10 
"10.1 

-.1 

--x) 

"-20 

"30 

"40 

"50 

"-70 

--.ea 

"-90 

"95 

i: 10 

v) 
I- 

0 
K 

- 
m 

n 

23 
TOTAL cu ( X  I O - ~ M )  



PERCENT  NET RISK 

“’;, 
‘I 

1 

PERCENT  NET RISK 

I 



However ,   increas ing   the   concent ra t ion  of EDTA above  0.10 uM had a d r a m a t i c  

effect. F igure  188 presents   tox ic i ty   curves   for   embryos   exposed  to C u  in t h e  

p re sence  of 0.00, 0.15, 0.30 and  0.46 uM EDTA. As t h e  EDTA concen t r a t ion  

inc reased ,   t he   t ox ic i ty  a t  a g iven   meta l   concent ra t ion   decreased .   For   example ,  

ne t   r i sk   ob ta ined  a t  0.30 uM Cu  was   reduced   f rom 99.7% to less   than 1% by t h e  

addi t ion of 0.30 uM EDTA. An  addition of 0.46 uM EDTA  prac t ica l ly   e l imina ted  

Cu   t ox ic i ty  a t  al l   concentrat ions  s tudied,   including a Cu  leve l  of 0.60 uhl. In 
conclusion,  adding  EDTA  in a concen t r a t ion   equ iva len t  to t h a t  of t h e   C u  
concen t r a t ion   appea red  to be   su f f i c i en t  to r educe   i t s   t ox ic i ty .  

T h e   a m o u n t  of Cd  requi red  to  in i t i a t e  a tox ic   r e sponse   was   g rea t e r   t han   t ha t  

required for Cu.   Tota l   meta l   concent ra t ions  of 2.0 uM or   more   were   needed  to 

a f f e c t   t h e   d e v e l o p m e n t  of t h e   e m b r y o s  as compared   wi th   on ly  0.2 uM for Cu. 

F igure  19 presents   the   re la t ionship   be tween  tox ic i ty   and   to ta l  Cd concen t r a t ions  

in   t he   p re sence  of EDTA. As with  Cu,   the  addi t ion  of   EDTA  resul ted  in  a 

dec rease   i n  Cd tox ic i ty   and   t he  extent of   th i s   reduct ion   was   re la ted  to l igand 

concent ra t ion .   However ,   the   amount  of ligand needed to reduce   Cd   t ox ic i ty   was  

proport ional ly   much  greater   than  that   needed  for  Cu (i.e. t he   concen t r a t ion  of 
l igand  added  had to be much higher t han   t he   concen t r a t ion  of me ta l   be fo re  a 

reduction  in  toxicity  was  realized).   This can b e   a t t r i b u t e d  to t h e   r e l a t i v e  

s tab i l i ty  of the   Cd-EDTA  complex   and   the   s t rong   complexa t ion  of Cd   by   t he  

chloride  ion. (As  the   aff ini ty   of   EDTA  for  Cd (log K 1  = 16.5; I = 0.5M) i s   lower  

than   for   Cu  ( log  KI = 18.1), more   EDTA  i s   requi red  to r e d u c e   t h e   f r e e   c a d m i u m  

ion  concentration  than  would  be  required to reduce   the   f ree   cupr ic   ion  

concentrat ion.)  

I 

I 

2886 

76 



PERCENT NET RISK 

0 0  
A N  + F $ o : T b $  

I 

. 

.. 



Lead  and   Zinc  

. .  

Figures  20 and  21 presents   the   tox ic i ty   curves   for   the   exper iments   conducted  

with  Zn  and  Pb.   The  amount  of Zn  required to induce  a toxic   response  was 

s imilar  to tha t   found  for   Cd.   Tota l   Zn   concent ra t ions   be tween 2.0-3.0 pM w e r e  

found  to  affect embryo  deve lopment   and  a 100% response  was  found at a t o t a l  

me ta l   concen t r a t ion  of approximate ly  5.0 pM. 

In the   Pb   expe r imen t s ,   t he   s ens i t i v i ty  of t h e   o y s t e r   e m b r y o s  to to t a l   i no rgan ic   Pb  

concent ra t ions   var ied .   For   example ,   in   one   exper iment   (F igure  21A) t he   add i t ion  

of 4.0 pM Pb resul ted  in  a ne t   r i sk  of 0.5%, while   in   another   (Figure 22B) t h e  

same  addi t ion   o f   meta l   resu l ted   in  a net   r isk  of   approximately 60%. As was  

demons t r a t ed   fo r   Cd ,   t he   change   i n   s ens i t i v i ty  to Pb was   pa r t ly   a t t r i bu ted  to 

var iab i l i ty   in   the   sens i t iv i ty  of embryos   f rom  d i f f e ren t   pa ren t   s tocks .  

As wi th   t he   o the r   me ta l s ,   t he   add i t ion   o f  EDTA to t h e   c u l t u r e   w a t e r   r e d u c e d   t h e  

tox ic i ty  of bo th  Pb a n d   Z n   a n d   t h e   e x t e n t  of th i s   reduct ion   was   re la ted  to t h e  

l igand's  concentration.  Moreover,  as was  found for Cu,  a metal- l igand 

concen t r a t ion   r a t io  of approximate ly  1:l was  suf f ic ien t  to r educe   t he   me ta l ' s  

toxici ty .  1 

In conclusion,   the   re la t ionship  between  toxici ty   and total me ta l   concen t r a t ion  

changed   d rama t i ca l ly   w i th   t he   add i t ion  of EDTA for   a l l   metals   s tudied.   When 

one   ex t rapola tes   these   f ind ings  to t h e   n a t u r a l   e n v i r o n m e n t ,   i t   i s   e v i d e n t   t h a t  

predict ion of a metal ' s   toxici ty   in  a na tu ra l   s eawa te r   s ample   con ta in ing  

complexing  agents   would be l imi ted   i f   pn ly   to ta l  or dissolved  metal  

concent ra t ion  data were   ava i lab le .  
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3.1.3 Ion-Exchange  Results 

Aliquots  of the   meta l -EDTA  samples   ana lyzed  in t h e   o y s t e r  assay a lso   underwent  

analysis   by  the  ion-exchange  procedure to d e t e r m i n e   a n  EMC fo r   each   s ample .  

The   r e su l t s  of the   ion-exchange   ana lyses   a re   p resented   in   Tables  15-18. 

As   EMC  i s   equa ted  to the   i no rgan ic   me ta l   concen t r a t ion  of a sample  (see Sec t ion  

B.1.0), a sample  having  no  EDTA  addi t ion  should  have  an  EMC  value  s imilar  to  

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

seawater   used   in   the   exper iment   d id   no t   conta in   o rganic   l igands   in   suf f ic ien t  

quan t i ty  to a f f e c t   t h e   c h e m i s t r y   o f   t h e   m e t a l .  

A l though   t he  EMC's for   Cu,   Cd  and   Zn   in   samples   having   no   EDTA  added   were  

genera l ly   s imi la r  to t h e  total added  metal   concentrat ion  (Tables   15-17) ,   there  

w e r e  a few  ins tances   where   EMC's   were   lower   than   the   to ta l   added   meta l  

concen t r a t ion .   Fo r   example ,   i n   an   expe r imen t   w i th   Cu   (Tab le  15: Expt. B), a n  

EMC  value of 0.139 uM was   ob ta ined   when 0.200 uM C u   w a s  added to the   s ample .  

Such   d i sc repanc ie s   were   a t t r i bu ted  to expe r imen ta l   e r ro r .  

Lead ,   on   t he   o the r   hand ,   had   EMC  va lues   l ower   t han   t he   amoun t   o f  Pb added   fo r  

a l l   concen t r a t ions   s tud ied   (Tab le  18). As t h i s   occu r red   i n   bo th   expe r imen t s ,   t he  
dec rease   i n  EMC appea red  to be d u e  to f a c t o r s   a f f e c t i n g  Pb spec ia t ion   in   the  

na tu ra l  seawater. Such   fac tors   inc lude   the   p resence   o f   co l lo ida l   mat te r   tha t  

cou ld   adso rb   t he   me ta l  or complexa t ion   of   the   meta l   by   o rganic   l igands .  

When  EDTA  was  added to the   s amples ,   t he   EMC  va lue   o f   t he   s ample   was  

dec reased   and   t he   ex ten t   o f   t h i s   r educ t ion   was   r e l a t ed  to  l igand  concentrat ion.  

The   reduct ion  of the   EMC  va lues   was   a t t r i bu ted  to the   complexa t ion  of t h e   f r e e  

meta l   ion   by   EDTA  and   thus   the   reduct ion  of t h e   c a t i o n i c   m e t a l   c o n c e n t r a t i o n   i n  

solution; it is the   concen t r a t ion  of c a t i o n i c   m e t a l   t h a t   d e t e r m i n e s   t h e   a m o u n t  of 

meta l   sorbed   by   the   res in   and   hence   the  EMC value. 
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.E 15 

its of the Ion-Exchange Analyses for Copper. 
:s are  Means (One Standard Deviation) of EMCs (uM) for Duplicates 

EDT% - ~” Copper Conc. Added‘ (uM) 
x- Conc. 
I n ta (uM) - __” 0.100  0.200  0.300 - -~ 0.400 - - - 0.600 

- -- 

0.0 0.089  (0.005)  0.198  (0.027)  0.302  (0.036)  0.438  (0.043) 0.687 (0.032) 

0.025 0.050  (0.004) 0.117  (0.015) 0.190  (0.025) 0.265  (0.004) 0.609 (0.020) 

0.050 0.074  (0.002) 0.172  (0.007) 0.288 (0.042) 0.381 (0.018) 0.518 (0.033) 

0.100 0.017 (0.001) 0.100  (0.003) 0.223  (0.023) 0.308 (0.029) 0.456 (0.020) 

0.00 0.090 (0 .009)  0.139 (0.029)  0.302  (0.073)  0.374  (0.002)  0.491  (0.011) 

0.15 0.008 (0.001) 0.057 (0.002) 0.156  (0.041) 0.240 (0.003) 0.352 (0.013) 

0.30 N .D. 0.007 (0.000) 0.040 (0.007) 0.145 (0.003) 0.357 (0.025) 

0.46 N.D. N .D. 0.006 (0.000) 0.013  (0.002)  0.222  (0.003) 

d 
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TABLE 16 

Results of the Ion-Exchange Analyses for Cadmium. 
Values are  Means (One  Standard  Deviation) of EMCs (uM) for  Duplicates 

I 

EDT% Cadmium  Conc. Added' (uM) 
Exper- Conc. 
irnent (uM) 1 .o 2.0 4.0  6.0 8 .O a 

A 0.0 0.94(0.02)d 2.00(0.03) 4.02(0.07)  5.98(0.11) 8.1 l(0.03) 

5 .O 0.37(0.01) 0.81(0.04) 2.35(0.26) 4.37(0.08) 6.48(0.38) 
25.0 0.26(0.06) 0.70(0.13) 1.37(0.03) 2.01(0.13) 3.10(0.30) 

100.0 0.25(0.03) 0.59(0.03) 1.22(0.01) 1.74(0.01) 2.43(0.40) 

2.0 3.0 4 .O 5 .O 6 .O 

B 0.0 1.78(0.06) 3.01(0.06) 4.04(0.15) 4.99(0.03)  6.80(0.64) 

5.0  0.71(0.04)  I.ll(O.06) 1.59(0.00) 2.42(0.13) 3.04(0.11) 
10.0  0.29(0.01) 0.70(0.01) 1.11(0.01) 1.48(0.05) 1.77(0.13) 
15.0  0.49(0.13) 0.81 (-1 0.94(0.07) 1.40(0.11) 1.63(0.11) 

=Resin: A G  50W X-8 (1727947). 

bConcentrations of total EDTA added to  t h e  bioassay  water  (Seawater  Batch #4). 
C Concentrations of total Cd added to  the bioassay water. 

dLirnit of Quantification: 0.005 uM; Limit of Detection: 0.002 uM. 
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TABLE 17 

Results of the  Ion-Exchange  Analyses for Zinc. 
Values are Means (One  Standard  Deviation) of EMCs (uM) for Duplicates 

ED"% Zinc  Conc.  Added' (uM) 
ExDer-  Conc. 
i m e n t  ' a  (uM) 3 .O 4.0 5.0 6.0 7 .O 

A 0.0 2.73(0.00) 3.74(0.07) 4.60(0.00) 5.58(0.00) 6.45(0.07) 

1 .O 1.58(0.26) 2.67(0.03) 3.51(0.14) 4.43(0.04)  5.14(0.04) 

2.0 0.84(0.21)  1.71(0.04) 2.64(0.00) 3.23(0.21) 3.71(0.1 I )  

4.0 N.D. N.D. 0.94(0.06)  1.63(0.14)  2.24(0.10) d 

B 0 .O 2.95(0.03)  4.05(0.00) 5.04(0.06)  6.14(0.09) 6.92(0.00) 

1.5 I.58(0.1 I )  2.62(0.03) 3.47(0.06) 4.39(0.30) 5.61(0.00) 
3.0 N.D. 1.36(0.40) 2.37(0.00) 3.33(0.09) Ir.OS(0.09) 
5.0 N.D. N.D. N.D. 1.47(0.00) 2.47(0.09) 

aResin: AC 50W X-8 (#27947) 

bConcen t ra t ions  of t o t a l  EDTA added  t o  the   b ioassay   water   (Seawater   Batch  174). 

CConcent ra t ions  of t o t a l   Zn  added to the bioassay water. 

dNon-Detectable:   Limit of Quantif icat ion - 0.68 uM; Limi t  of Detec t ion  - 0.14 uM. 
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TABLE 18 

Results of the Ion-Exchange Analyses for Lead. 
Values are Means (One Standard Deviation) of EMCs (uM) for Duplicates 

EDT? Lead Conc. Added (uM) 
Exper-  Conc. 
imenta (UM) 2.0 4 .O 6 .O 8 .O 10.0 
” 

A 0.0 1 .69(0 .08 )d   3 .62 (0 .08 )   4 .65 (0 .35 )   7 .00 (0 .17 )   8 .78 (0 .07 )  

2.0 O . l l ( 0 . 0 3 )  2 .11 (0 .11 )   3 .73 (0 .31 )  5 .27(0 .21)  6 .72 (0 .08 )  
3.0 0 .06(0 .04)  0 .97(0 .04)   2 .81(0 .03)  4 .30 (0 .25 )  5 . 9 8 ( 0 . 0 9 )  
5.0 0.05(0.01) 0 .04(0 .01 )   0 .85 (0 .11 )  2 .53 (0 .15 )  I r .OS(0.05) 

4.0 6 .O 8 .O 10.0 12.0 

0 0.0 2 .96(0 .04)   4 .34(0 .13)   6 .16(0 .33)   8 .27(0 .22)   8 .38(0 .16)  

4 .0   0 .25(0.04)  2 .18(0 .07)   3 .71(0 .01)  5 .68 (0 .04 )  6 .22 (0 .00 )  
6.0  0..06(0.01) 0 .53(0 .08)   2 .37(0 .01)  4 .23(0 .27)  5 .92 (0 .00 )  
7 .0   0 .06 (0 .02 )  0.15(0.01) 1 .50(0 .02 )  3 .25(0 .33)  4 .68 (0 .11 )  

1 

’Resin: AC 50W X-8 (#27947). 

bConcentrations of total EDTA added to the bioassay water (Seawater Batch 64).  

CConcentrations of total Pb added to the bioassay water. 

dLirnit of Quantification - 0.027 uM; Limit  of Detection - 0.008 uM. 

2886 

a5 



Although  Cd  EMC  values   could  be  decreased  with  the  addi t ion of EDTA,  the 

re la t ionship   be tween its concen t r a t ion   and   t he  effect on   EMC  was   d i f fe ren t   than  

the   o the r   me ta l s .   Apparen t ly ,  as a threshold  concentrat ion of EDTA  was 

reached ,   the   ab i l i ty  of the  l igand to  reduce  EMC  was  dramatical ly   reduced.  For 

example ,   in   the   f i r s t  Cd exper iment   (Table  16: Expt.   A),   the  addition of 5 uM 

EDTA to a sample   conta in ing  4.0 uM Cd resul ted  in  a 42%  reduction  in  EMC. 

However ,   adding 5 t i m e s   t h e   q u a n t i t y  of EDTA  (25  uM)  resulted  in a d e c r e a s e  of 

EMC  by  an  addi t ional   24%.  Increasing  the  EDTA  concentrat ion to  100 uM 

resul ted  in   an  EMC  value  s l ight ly   lower  than  was  obtained  with 25 uM EDTA.  As 
this   high  level  of EDTA  should  have  dramatical ly   reduced  the  EMC  value,   i t  

a p p e a r e d   t h a t   o t h e r   f a c t o r s   w e r e   a f f e c t i n g   t h e   i o n - e x c h a n g e   a n a l y s i s  of Cd. 

These   r e su l t s   sugges t   t ha t   e i t he r   t he   complex ing   ab i l i t y   o f   EDTA  fo r   Cd  

dec reased  as its concen t r a t ion   i nc reased ,   o r   t he re   was   adso rp t ion  of Some of t h e  

Cd-EDTA  complex.  Further  work  is   necessary to  discover   the  reason(s)   for   these 

resul ts .  

I t   should   be   no ted   tha t   there   were   some  incons is tenc ies   in   the  data. In o n e  

expe r imen t   w i th   Cu   (Tab le  15: Expt. A), samples   conta in ing  0.025 uM EDTA  had 

lower  measured  EMC  values   than  EMCs  measured  for   samples   containing a 

h igher   EDTA  concent ra t ion  (0.050 uM EDTA).   S ince   increas ing   the  

concen t r a t ion  of EDTA  should decrease t h e  EMC va lue  of t h e   s a m p l e ,   t h e  
r e a s o n s   f o r   t h e   d i s c r e p a n c y   a r e  attributed to experimental   error ,   possibly  with 

the   i n i t i a l   sp ike  of the   me ta l ,   o r   i n   t he   GFAAS  ana lys i s .  

1 
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3.1.4 Comparison of Oyster  Assay  and  Ion-Exchange  Results 

To   de t e rmine   t he   r e l a t ionsh ip   be tween   t ox ic i ty   and   EMC,   t he  % net   r i sk   s ta t i s t ic  

was   p lo t ted  as a func t ion  of t h e  EMC values .   Data   for   a l l   metal-EDTA 

concen t r a t ion   combina t ions   ana lyzed  in a g iven   exper iment   were   p lo t ted   on  a 

s ingle   graph.   By  plot t ing  the  data   in   this   manner ,   a l l   data   points   should  fa l l  

a long  a single  sigmoidal  curve  regardless of the   EDTA  concent ra t ion   assuming 

t h a t   E M C  is proport ional  to the  toxic   metal   concentrat ion  in   solut ion.  

Fu r the rmore ,  as EMC  is   equivalent  to the   t ru ly   d i sso lved   inorganic   meta l  

concent ra t ion   in  a sample ,   p lo t t i ng   t he   t ox ic i ty  data as a function  of  EMC  should 

resul t   in  a toxic i ty   curve   s imi la r  to the   cu rve   ob ta ined   when   t he   embryos   were  

exposed to only  inorganic   metal  (i.e. no  EDTA  addi t ion)   provided  no  natural  

complexing   agents   were   p resent .  

Figure 22 shows  the   re la t ionship   be tween  tox ic i ty   and   EMC  for   two  exper iments  

conducted   wi th   Zn .   The  data could be   bes t   desc r ibed  by a s ingle   s igmoidal   curve 

sugges t ing   the   re la t ionship   be tween  tox ic i ty   and  EMC was   independent  of t h e  

EDTA  concent ra t ion   and   EMC  was   p ropor t iona l  to t h e   t o x i c   m e t a l   c o n c e n t r a t i o n  

in  solution. 

A s imi la r   re la t ionship   be tween  tox ic i ty   and   EMC  was  also found  for   Pb  in t h a t  

the % n e t  risk s t a t i s t i c   a p p e a r e d  to  be a d i r ec t   func t ion  of EMC fo r  all ligand 

concent ra t ions   s tud ied   (F igure  23). This   was   in   cont ras t  to t h e   s e p a r a t e  

func t ions   ob ta ined   for   each  ligand concen t r a t ion   when   t he   s ame   t ox ic i ty   da t a  

were   p lo t t ed   aga ins t   t o t a l   me ta l   concen t r a t ions   (F igu re  21). I t   w a s   t h u s  

concluded t h a t  EMC  was  proport ional  to t h e   c o n c e n t r a t i o n  of t o x i c   m e t a l   a n d  

EMC could   be   used  to p red ic t  t h e  me ta l ' s   t ox ic i ty   more   accu ra t e ly   t han   was  

poss ib le   us ing   to ta l   meta l   concent ra t ion  data. 

I 
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Figure 24 shows  the  re la t ionship  between  toxici ty   and  EMC  for  C u  (Expt.  8). 

This  relationship  was not as wel l   def ined  as   that   found  for   Pb  and  Zn  pr imari ly  

because  of the   l ack  of data   points   between  the  region of no  toxicity ( ( 5 %  n e t  

risk)  and  full   toxicity 09.5% n e t  risk).   However,   the % ne t   r i sk   s t a t i s t i c  

appea red  to be  proport ional  to EMC  provided  the 46% net   r isk  data   point  is 

ignored. As discussed  ear l ier ,   th is   data   point   i s   probably  in   error  as the   EMC 

value   and   the   amount  of inorganic   meta l   added   were   no t   s imi la r   (EMC  was   on ly  

0.14 pM f o r  0.20 pM to ta l   meta l   added) ;   these   two  va lues   should   be   s imi la r   in   the  

absence  of EDTA as a lmos t   a l l  of t he   me ta l   added   i s  in the   inorganic   form.   This  

a r g u m e n t  is s t r eng thened   by   t he  fact tha t   o the r   s amples   con ta in ing   Cu   and   no  

EDTA  had   EMC  va lues   s imi la r   to   the   to ta l   meta l   concent ra t ion .  

Cadmium  did  not   display  the  same  re la t ionship as t h e   o t h e r   m e t a l s   ( F i g u r e  25). 

As   shown  in   F igure   25A,   the   p lo t  of % net   r i sk   and   EMC  was   no t   descr ibed   by  a 
s ingle   s igmoidal   curve  but   appeared to be  divided  into  two  curves;   one  curve  was 

associated  with  samples   containing  EDTA  and  the  other   associated  with  samples  

containing no EDTA.  As  the  data   points  of samples   with  EDTA  addi t ions  were to 

t h e  left of the '   da t a   po in t s  of no  EDTA  addi t ion,   th is   indicated  that   e i ther   the 

ion-exchange  procedure  was  underest imat ing  the  amount  of toxic Cd  in a s a m p l e  

or the  Cd-EDTA  complex  was  contr ibut ing to toxicity.  I 

The  p lo t  of % net   r i sk   and  EMC f o r  a Cd  exper iment   us ing   h igher  EDTA 
concen t r a t ions   gave  a d i f fe ren t   curve   than   descr ibed   above .  In Figure 25B, a 
number  of d a t a   p o i n t s   a r e  to the   r i gh t  of the   da t a   po in t s   a s soc ia t ed   w i th   s amples  

having  no  EDTA  addi t ion,   indicat ing  that   the   ion-exchange  procedure  was 

ove res t ima t ing   t he   amoun t  of toxic  Cd  in a sample .   These   r e su l t s   i nd ica t e   t ha t  

Cd-EDTA  adsorpt ion  may  be  inf luencing  the  ionlexchange  resul ts .  
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FIGURE 24 

ABNORMAL  EMBRYONIC  DEVELOPMENT (% net risk) 
OF C. gigas vs EMC VALUES FOR COPPER 
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3.2 Algal Assays 

3.2.1 Toxici ty  Curves 

A se r i e s  of expe r imen t s   were   conduc ted  to de te rmine   t he   s ens i t i v i ty  of t h e   a l g a l  

organism to Cd,   Cu,  Pb and  Zn.   These  experiments   involved  exposing  the 

organism to a wide  range of me ta l   concen t r a t ions   and   de t e rmin ing   t he   ce l l   y i e ld  

a f t e r  a 96 hour  exposure  period.  The  results  were  then  used to de f ine  

concent ra t ion   ranges   for   subsequent   tox ic i ty   exper iments .   Dupl ica te   cu l tures  

were   run   for   each   meta l   concent ra t ion .  

F igure  26 shows  the   re la t ionship   be tween  ce l l   y ie ld   expressed  as a p e r c e n t a g e  of 

t h e   c o n t r o l   c u l t u r e s   a n d  total added   Cu   concen t r a t ions .   The   me ta l   was   found  to 

be qui te   tox ic  as only 20 nM Cu   was   r equ i r ed  to c a u s e  a decrease  in   cel l   y ie ld .  A 

meta l   concen t r a t ion  of 100 nM resu l ted  in g r e a t e r   t h a n  a 95% reduct ion  in   cel l  

yield. 

L e a d   w a s   t o x i c  at  concent ra t ions   s imi la r  to those  of Cu.  When Pb was  added a t  

10, 25, 50, 75 and  100 nM, a reduct ion  in  cell yield  was  evident  at  25 nM (Figure 

27) and  an   addi t ion  of 100 nM Pb   caused  a dec rease   i n  cell yield of ove r  80%. 

Cell   yield  was  found to decrease by 20% f o r   e a c h  25 nM inc rease   i n  Pb 

concent ra t ion .  

F igure  28 shows the   response   o f   the   o rganism to C d   c o n c e n t r a t i o n s   b e t w e e n  100 

and 6000 nM. Cadmium  was   no t  as tox ic  as Cu o r  Pb. A C d   l e v e l  of 250 nM w a s  

required to reduce   ce l l   y ie ld  as compared  to approximate ly  20 nM for Pb and  Cu.  

A Cd  concent ra t ion  of 1000 nM reduced  cel l   y ie ld   below 10% of t h e   c o n t r o l  

cu l tures .  
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FIGURE 26 

3ESPONSE OF T. pseudonana TO COPPER 
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FIGURE 27 

RESPONSE  OF T. pseudonana TO LEAD 
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FIGURE 28 

RESPONSE OF T. pseudonana TO CADMIUM 
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The  organism  was  exposed to Zn  concent ra t ions   f rom 100 to 6000 nM to 

de termine   tox ic i iy .   The   concent ra t ion  of z inc   requi red  to in i t i a t e  a tox ic  

response  was  found to b e   b e t w e e n  250 and  500 nM (Figure 29), with a Zn 

concent ra t ion  of 1000 nM reducing  cel l   y ie ld   by 90%. However ,   in te rpre ta t ion  of 

the   resu l t s   was   compl ica ted   by   the  fact t h a t   s o m e  test cu l tures   had   ce l l   y ie lds  

higher   than  those of the   cont ro ls .   For   example ,   cu l tures   wi th  100 nM Zn  added  

had  cel l   y ie lds  33% h ighe r   t han   t he   con t ro l s .   Th i s   sugges t ed   t ha t   Zn   was  a 

l imit ing  nutr ient   in   the  cul ture   medium.  Zinc  l imitat ion  wil l   be   discussed  fur ther  

in a later sect ion.  

3.2.2 Toxic i ty   Exper iments  

A se r i e s  of meta l -EDTA  exper iments   were   per formed  us ing   the   same 

exper imenta l   des ign  as was  used  in   the  oyster   embryo  assays;  i.e. a 6 x 4 

fac tor ia l   des ign   tha t   used   s ix   meta l   concent ra t ions   and   four   EDTA 

concent ra t ions   per   assay .  

Copper  

The   r e sponse  of the   o rganism  when  exposed  to C u   i n   t h e   p r e s e n c e  o f  0, 50, 100 

and  150 nM EDTA  is   presented  in   Figure 30A. Toxic i ty   i s   represented   here  as 
cell yield  expressed as a percentage of control  cultures. A t  all Cu 

concen t r a t ions   s tud ied   t he   add i t ion  of EDTA  resulted  in a reduct ion of C u  

toxicity. In a cu l ture   conta in ing  100 nM C u  and no EDTA,   for   example ,   the   ce l l  

yield  was  only 5% of the   cont ro ls ,   bu t   by   adding  100 nM EDTA  the  cel l   y ie ld  

could   be   increased  to over  90% of   t he   con t ro l s .   The   e f f ec t   t ha t   EDTA  had   on  

tox ic i ty   was   a l so   re la ted  to l igand  concentrat ion.  * 

A fur ther   exper iment   was   conducted   us ing  a lower   and   nar rower   concent ra t ion  

range  of Cu  and  EDTA. In th i s   exper iment ,   Cu  concent ra t ions  of 0-100 nM a t  20 
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FIGURE 29 

RESPONSE OF T. Dseudonana TO ZINC 
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nM inc remen t s   were   s tud ied  in the   p re sence  of 0, 20, 40 and  60 nM EDTA. As in 

t he   f i r s t   expe r imen t ,   t he   t ox ic i ty  of Cu  decreased   wi th   the   addi t ion  of EDTA and 

t h e   e x t e n t  of th i s   reduct ion   was   re la ted  to the  l igand 's   concentrat ion  (Figure 

30B). As  in   the  oyster  assays, the   addi t ion  of EDTA a t  a concen t r a t ion  

equiva len t  to the   meta l   concent ra t ion   was   suf f ic ien t  to d r a m a t i c a l l y   r e d u c e   t h e  

metal ' s   toxici ty .  

Lead   and   Cadmium 

Figures  31 and  32 present   the   re la t ionships   be tween cell yield (% of cont ro l )   and  

to t a l   me ta l   concen t r a t ions   fo r   Pb   and   Cd   i n   t he   p re sence  of EDTA.  As  with  Cu,  

t he   add i t ion  of EDTA  reduced  both  Pb  and Cd t o x i c i t y   a n d   t h e   e x t e n t  of th i s  

reduct ion   was   re la ted  to l igand  concentrat ion.   With  respect  to Cd,   however ,  a 

proport ional ly   much  higher   concentrat ion of EDTA  was  required to r e d u c e   i t s  

tox ic i ty   than   was   requi red  for C u  or Pb. 

An  anomaly   was   a l so   observed   in   the   exper iment   wi th   Cd.   From  F igure  32, i t  

appea red   t ha t   EDTA,  at  the   concent ra t ions   s tud ied ,   could   no t   comple te ly   reduce  

Cd tox ic i ty .   Fo r   example ,   an   add i t ion   o f  1500 nM EDTA to cul tures   conta in ing  

only 150 nM Cd had  cel l   y ie lds  20% be low  tha t  of the   con t ro l   cu l tu re s .  As I500 
nM EDTA  increased  cel l   y ie lds   f rom 25% to  75% in cu l tures   conta in ing  a C d  

concen t r a t ion  of 600 nM, th is  l eve l  of EDTA at a Cd concen t r a t ion  of only 150 

nM should  have  resul ted  in  a comple te   reduct ion   in   the   meta l ' s   tox ic i ty .  

However ,   upon  c lose  examinat ion  of   the data, t h i s   e f f e c t   a p p e a r e d  to be a n  

a r t i f a c t  of t h e   e x p e r i m e n t a l   p r o c e d u r e   a n d  not to a t r u e   C d  effect. 

I 

If one   examines   the   da i ly   ce l l   numbers   for   the-   Cd  exper iment   (Appendix  V) ,  

cul tures   with  low Cd concent ra t ions   (wi th   and   wi thout  EDTA added)   had   s imi la r  

ce l l   numbers  to t h a t  of t h e   c o n t r o l s   f o r   t h e   f i r s t  72 hours  of growth.   I t   i s   only  in  

t h e   l a s t  24 hour   per iod  that   control   values   exceeded  those of t h e  

2886 

100 



CELL  YIELD (% of control) 

”””” ”” __ 

“i 

CELL YIELD (% of control) 

t ”””””” - 

1’ 
0 

I 



FIGURE 32 

CELL  YIELD(% of control) OF T. pseudonana 
vs TOTAL  ADDED  CADMIUM  CONCENTRATION 
IN THE PRESENCE OF EDTA 
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t r ea tmen t   cu l tu re s .  A s  a meta l ' s  effect was   genera l ly   apparent   th roughout   the  

g rowth   pe r iod   fo r ' a l l   o the r   me ta l s   s tud ied ,   t he   s lower   g rowth   o f   t he   t r ea tmen t  

cul tures   only  during  the  las t  24 hours   ind ica tes   tha t   e i ther  it took 72 hours   for  

Cd a t  low  concentrat ions to affect the   cu l tu re s   o r   t he re   was   an   i nc rease   ce l l  

number   in   the   cont ro l   cu l tures   due  to o ther   un ident i f ied   fac tors .   The   la t te r  is 

bel ieved to be the  more  plausible  explanation. 

Zinc  - 

Figure   33A  presents   the   response  of the   o rganism  when  exposed  to Zn  in   the  

p re sence  of 0, 500, 1000 and  1500 nM EDTA.  As  expected,   the   addi t ion of EDTA 

dec reased   Zn   t ox ic i ty   and   t he   ex ten t  of th i s   reduct ion   was   re la ted  to ligand 

concent ra t ion .   However ,   in te rpre ta t ion   o f   the   resu l t s   was   compl ica ted   by   the  

f a c t   t h a t   s o m e  of t h e   t r e a t m e n t   c u l t u r e s   h a d  cell y i e lds   much   h ighe r   t han   t he  

cont ro l   cu l tures .   This   was   fur ther   ev idence  to sugges t  a Zn  l imi ta t ion   in   the  

cont ro l   cu l tures .   Z inc  is impor t an t  to a l g a l   g r o w t h   b e c a u s e   i t   a p p e a r s  to 
func t ion  as a n   e n z y m e   a c t i v a t o r  or cofactor   in   physiological   processes   such as 

pro te in   synthes is   and   s i l i c ic  acid uptake  (Anderson et al., 1978; R u e t e r  & Morel, 

1981)./ 

4 

To test for   z inc   l imi ta t ion ,  a fu r the r   a lga l   a s say   was   conduc ted   where  a basel ine 
Zn   concen t r a t ion  of 50 nM was  added to a l l   cont ro l   cu l tures ,   which  is a 

concent ra t ion   be low  the   meta l ' s   tox ic   concent ra t ion   range .   F igure  338 presen t s  

t he   r e su l t s   f rom  th i s   expe r imen t .   The   absence  of ce l l   y ie lds   g rea te r   than  100% 

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

expe r imen t s   and  a 50 nM spike to the   con t ro l   cu l tu re s   was   su f f i c i en t  to e l i m i n a t e  

the   Zn   de f i c i ency .  
. .  
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3.2.3 Ion-Exchange  Results 

Aliquots of the   meta l -EDTA  samples   ana lyzed  by algal  assay were   a l so   ana lyzed  

by the  ion-exchange  procedure  to   determine  an  EMC  value for each   sample .   The  

resul ts  of the   ion-exchange   ana lyses   a re   g iven  i n  Tables  19-22. 

For all meta ls   s tud ied ,  t h e  EMC  value of a sample   decreased   wi th   the   addi t ion  of 

EDTA  and   t he   ex ten t  of the   dec rease   was   r e l a t ed  to the  l igand 's   concentrat ion.  

With  cadmium, a proport ional ly   higher   EDTA  concentrat ion  was  required to 

d e c r e a s e  a sample 's   EMC  value  than  was  required  for   the  other   metals .  

However ,   there   were   some  incons is tenc ies   in   the  data. In an   exper iment   wi th   Pb  

(Table 19: Expt. B), a sample   conta in ing  25 nM P b   a n d  25 nM EDTA  had a lower  

EMC  value  than a s imi la r   sample   conta in ing  a higher  EDTA (50 nM), while  in a 

Cd  exper iment   (Table  20) an   EMC  va lue  of 1068 nM was  obtained  when  only 750 
nM to ta l   meta l   ws   added  to the   s ample .   As   t hese   were   i so l a t ed   anomal i e s ,   t hese  

d a t a   w e r e   a t t r i b u t e d  to exper imenta l   e r ror .  

As  previously  discussed,  an  EMC  for a sample  containing  no  EDTA  should  be 

s imi l a r   t o   t he   t o t a l   added   me ta l   concen t r a t ion   p rov ided   t he re  ate no  natural ly  

occurr ing  complexing  agents   in   the  natural   seawater   used  in   the  experiment .  
However ,   th i s   was   no t   the  case for   Cu  (Table  21). The  EMC  values  of samples  

containing  no  EDTA  were  much  lower  than  amount  of meta l   added .  For 
example ,   an   EMC  va lue  of only 47 nM was  obtained  when 100 nM Cu   was   added  

to the  sample.   Low  EMC  values   were  a lso  found  in  a Pb   expe r imen t   (Tab le  19: 

Expt .   A)   that   used  s imilar   seawater  as was   used   in   the   Cu  exper iments   (Seawater  

Ba tch  #5) .  When a second  Pb   exper iment   was   conducted   us ing  a d i f f e r e n t   b a t c h  

of seawater   (Table  19: Expt. 8; Batch  1/61, the   EMC  va lues   were   s imi la r  to t h e  

to ta l   added   meta l   concent ra t ions ,   sugges t ing   the   low  EMC  va lues   for   bo th   Pb   and  

C u  were   ba tch   re la ted .  
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TABLE 19 

Results of the Ion-Exchange  Analyses for Lead.. 
Values  are Means (One Standa rd  Deviation) of EMCs (nM) for Two  Replicates. 

EDT% Lead  Conc.  AddedC  (nM) 
Exper-  Conc. 
i m e n t  (n M) 25 50 7 5  100 125 

- a  

B 

aResin: A C  50W X-4 (#21934)  used  in  Expt. A; AG 50W X-4  (#30008)  used  in  Expt. B. 

bConcen t ra t ions  of total EDTA added to the  bioassay  water   (Expt .  A - Seawa te r   Ba tch  # 5 ;  
Expt. B - Seawa te r   Ba tch  8 6 ) .  

Concen t ra t ions  of to t a l  Pb added to the   b ioassay   water .  C 

dNon-Detectable:   Limit  of Detec t ion  - 4  nM. 
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TABLE 20 

Resu l t s  of the   Ion-Exchange  Analysis   for   Cadmium. 
Values are Means (One Standard Deviation) of EMCs (nM) for Two R e p l i c a t e s  

EDT%  Cadmium  Conc.  Added'  (nM) 
Exper-  Conc. 
imenta  (nM) 150  300 450 600 750 

A 0 135 ( l 3 I d  266 ( 3 )  395 (2 )  522  (23)   1068  (49)  

500 1 1 1  ( 6 . 3 )  221 ( 1 5 )  361 ( 6 )  468 (19 )  577 ( 1 1 )  

1000 99 ( 1 . 1 )  219  (10.2) 329 ( 2 5 )  466 ( 5 5 )  610  (18) 
1500 8 1   ( 2 . 5 )  189 (0.0) 319 ( 5 )  426  (13) 553   (11)  

aResin:  AC 50W X-4 (1121934) 

bConcen t ra t ions  of to ta l   EDTA  added   to   the   b ioassay   water   (Seawater   Batch  #5) .  

CConcen t ra t ions  of to ta l   Cd  added   to   the   b ioassay   water .  

dLirnit of Quant i f icat ion - 1.4 nM; L imi t  of De tec t ion  - 0.4 nM. 
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TABLE 21 

Results of the Ion-Exchange Analyses for Copper. 
Values  are  Means (One Standard  Deviation) of EMCs (nM) for Two Replicates. 

EDT% Copper  Conc.  Added'  (nM) 
Exper-  Conc. 
i m e n t  a (nM)  25 50 100  150  200 

A 0.0 

50 .O 
100.0 

150 .O 

B 0.0 
20.0 

40 .O 
60.0  

17   (0 .3)  26 ( 1 . 2 )  47 ( 1 . 0 )  

N.D. 13   (0 .4 )   26   (1 .0 )  

N.D. N.D.  11  (1.4) 

N.D. N.D. 7   (0 .1 )  

d 

20  40 60  

20 (0.5) 37 ( 1 . 4 )  46  (4 .5)  
15 ( 1 . 6 )  20 (0.5) 34  (18.0)  

12   (0 .4 )  19 ( 0 . 8 )  27 (2 .3 )  

N.D. 6 (0.2) 7 (1.0) 

91  (0 .4)  132 (0 .6)  

46   (11 .0)  107 (5 .2)  

22   (0 .2)  40 ( 2 . 2 )  
11   (1 .3)  27 (0 .9)  

80 100 

57 ( 2 . 6 )  6 5   ( 1 . 3 )  

47 (0 .3)  54 ( 4 . 9 )  

37 (2 .6 )  52   (6 .9)  

29 (3 .3 )  31 ( 1 . 6 )  

a Resin: AG 50W X-4  (//21934) 

' Concen t ra t ions  of to t a l   Cu  added to t h e  bioassay  water. 
Concen t ra t ions  of total EDTA added to t h e  bioassay wate r   (Seawa te r   Ba tch  #5) .  

Non-Detectable:   Limit  of Quant i f icat ion - 3.8 nM; L imi t  of De tec t ion  - 1.1 nM. 
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TABLE 22 

Results of the Ion-Exchange Analyses for Zinc. 
Values are  Means (One Standard  Deviation) of EMCs (nM) for Two Replicates 

EDT% Zinc  Conc. Added' (nM) 
Exper-  Conc. 
imenta (n M) 500 1000 1500  2000  2500 

A 0 342 ( 5 0 )  1088  (26)   1465 ( 5 0 )  2132 ( 5 0 )  2202 (50) 

500 N.D. d 342  (149)   1237  (174)   1570  (149)   1833  (29)  

1000 N.D. 200 (-1 478  (52)   913  (56)   1212  (59)  

1500 N.D. N.D. 430 (124)   1009  (99)   1147  (124)  

B 0 333 (44)   748  (22)   1255 (0 )  1687  (131)   2133  (65)  
500 N.D. 348  (65)  794  (87)  1256  (44)  1687  (174) 

1500 N.D. N.D.  213 (0 )  698  (39)   1227  (20)  

2000 N.D. N.D.  N.D.  345  (17)  597 (0 )  

aResin: AC 50W X-4 (/I299341 used in Expt. A; AC 50W X-4 (#30008) used in  Expt. B. 
bConcentrations of total EDTA added to the  bioassay  water:  Expt. A - Seawater  Batch #5;  

Expt. B - Seawater  Batch #6 .  

Concentrations of total Zn added to the  bioassay  water. C 

dNon-Detectable:  Limit of detection - 101 nM. 
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One  possible  explanation for low  EMC  values   f rom  Seawater   Batch /I5 i s   t ha t   t he  

na tura l   seawater   may  have   conta ined   na tura l   complexing   agents   in  sufficient 

quant i ty   to   a f fec t   the   meta ls '   spec ia t ion .   As   an   ex tens ive   o rganic  association of 

Cu  and  Pb  in  coastal seawater   has   been   repor ted  by a number  of r e sea rche r s  (see 

Hade   and   Abdul lah ,  1981; Duinker   and  Kramer,  1977; Whitfield, 1975), i t  is l ike ly  

tha t   o rganic   complexing   agents   were   respons ib le   for   the   complexa t ion  of these  

metals .  

3.2.4 Comparison of Algal  Assay  and  Ion-Exchange  Results 

To compare   t he   r e su l t s   f rom  the   a lga l  assays to the  ion-exchange  analyses ,   cel l  

yields (% of con t ro l )   were   p lo t t ed  as a funct ion of the   EMC  va lues .   As   wi th   the  

oys t e r   embryo  assays, al l   data   obtained  in  a given  a lgal   experiment   were  plot ted 
on a s ingle   g raph .   The   da ta   were   expec ted  to be  descr ibed by a s ingle   funct ion 
provided  EMC  was  proportional to the   t ox ic   me ta l   concen t r a t ion .  

Figure 34 descr ibes   the  re la t ionship  between  toxici ty   and  EMC  for   two 

exper iments   conducted   wi th   Cu.   The   da ta   in   bo th   f igures   can   be   descr ibed  by a 
s ingle   func t ion   sugges t ing   tha t   the   re la t ionship   be tween  tox ic i ty   and   EMC  was  

independent  of the   EDTA  concent ra t ion   and   EMC  was   p ropor t iona l  to t h e   t o x i c  

metal fraction  in  solution.  A  similar  relationship  between  toxicity  and  EMC  was 

found   fo r   Pb   (F igu re  35) and Zn (Figure 36), as cell y ie lds   appea red   t o   be  a d i r e c t  

funct ion of EMC for all the   EDTA  concent ra t ions   s tud ied .  

In one   exper iment   wi th   Zn ,   the   re la t ionship   be tween  tox ic i ty   and   EMC  was   no t  as 

well   defined as was  found for t h e  Cu and  Pb  pr jmari ly  due to s c a t t e r  in t h e   d a t a  

above  cel l   y ie lds  of 100%. This   was   a t t r ibu ted  to Zn  l imitat ion  in   the  control  

cul tures   (see  Sect ion 3.2.2). By e l imina t ing   the   Zn   def ic iency   (F igure  3681, t h e  

s c a t t e r  in da ta   was   reduced   cons iderably .  
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Cadmium  d id   no t   d i sp lay   the   same  re la t ionship   be tween  tox ic i ty   and  EMC as t h e  

o ther   meta ls   (F igure  37). T h e   s c a t t e r  in the   da t a   was   s imi l a r  to t h e   s c a t t e r  

ob ta ined   when   t he   s ame   ce l l   y i e ld   da t a   was   p lo t t ed  as  a funct ion of the   t o t a l  

added   Cd   concen t r a t ion   (F igu re  32). As  the   da t a   po in t s  of samples   conta in ing  

EDTA  were to the   r i gh t  of the   da t a   po in t s  of samples   containing  no  EDTA,  this  

implied  that   the   ion-exchange  procedure  was  overest imat ing  the  amount  of tox ic  

metal   in  solution. In o the r   words ,   t he   amoun t  of EDTA  added to the   s amples   d id  

no t   appea r  to reduce  the  EMC  values   while   the  response of the   a lga l   o rganism 

indica ted  a reduct ion   in   the   amount   o f   tox ic   meta l   due  to EDTA.  This effect 

could be explained if adsorpt ion of the   Cd-EDTA  complex   by   the   res in   was  

occurring. 

These   resu l t s   combined   wi th   the   f ind ings   f rom  the   oys te r   assay   s t rongly   sugges t  

t ha t   t he   concen t r a t ion  of Cd sorbed to the   res in  is not   solely  due to ca t ion ic  

metal concentrat ions  in   solut ion  and  adsorpt ion of the  Cd-EDTA  complex is 
occurring.  These  problems  will   have to be reso lved   before   the   ion-exchange  

p rocedure   can   be   app l i ed  to t h e   m e a s u r e m e n t  of bio logica l ly   e f fec t ive  Cd 

concen t r a t ions  in seawa te r .  
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D. RECOMMENDATIONS  FOR  FUTURE  STUDIES 

As t he   po ten t i a l  of the  ion-exchange  procedure to measure   b io logica l ly   ac t ive  

heavy  meta l   concent ra t ions   in   seawater   has   been   demonst ra ted ,   fur ther   s tud ies  

wi th   the   ion-exchange   procedure   a re   warran ted .   The   research   s tud ies   tha t   a re  

r e c o m m e n d e d   a r e  as follows: 

1. The  ion-exchange  procedure  should  be  applied to n a t u r a l   s e a w a t e r  

samples .  A study  would  be  designed to take   the   ion-exchange   procedure  

in   t he   f i e ld   and   u se   i t   f o r   on - s i t e   measu remen t s .   These   measu remen t s  

would  then be compared  to measu remen t s   made   unde r   l abo ra to ry  

conditions. 

2. Examine   t he   u se  of na tu ra l   s eawa te r   fo r   t he   p repa ra t ion  of t h e  

seawater   meta l   s tandards   ra ther   than   us ing   a r t i f ic ia l   seawater  to 
ca l ibra te   the   res in .   I t  is be l i eved   t ha t   na tu ra l   s eawa te r   p re t r ea t ed  to 

remove   organics   and   background  meta l   concent ra t ions   may  provide  a 

be t t e r   med ium  fo r   t he   s eawa te r   me ta l   s t anda rds .   O the r   advan tages  

inc lude   prepara t ion   of   l a rge   seawater   ba tches  at a reduced  cost. 

3. Conduc t   fu r the r   expe r imen ta t ion   w i th   cadmium to d e t e r m i n e   t h e  

f a c t o r s   t h a t   a f f e c t   t h e   m e t a l ' s   s o r p t i o n  to t h e  resin. This  would  be 

requi red   before   the   ion-exchange   could   be   appl ied  to cadmium 

measuremen t s  in na tu ra l   s eawa te r .  

4. Incorporate   the  ion-exchange  procedure  into  pre-screening  methods  for  

heavy  meta ls   such  as those  used for dredging  spoils or drilling  muds. 

5.  Examine   ways  of au tomat ing   the   ion-exchange   procedure .  
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Chelex-  100 Prepa ra t ion  

Due  to a low degree  of cross   l inkage,   Chelex  is   subject  to l a rge   changes  in 

volume as the   ca t ion ic   fo rm of the   res in   i s   changed .   Therefore ,   res in  

prepara t ion   and   regenera t ion   i s   per formed  in   the   ba tch   mode   pr ior  to being 

added  to a column.  Chelex-100  is   supplied  in  the Na' form  and  should  be 

conve r t ed  to the   ion ic   composi t ion   and   pH of SOW before  use.   This  will   avoid 

any   a lka l in i ty   changes   t ha t   migh t   occu r  in the   medium  i f   the   res in   ga ined   or   los t  

p ro tons  as the  solution  was  passed  through.  The  method of new  res in   p repara t ion  

i s   d i f f e ren t   f rom  the   me thod   u sed   when   t he   r e s in   i s   r egene ra t ed .   The   two  

methods   a re   p resented   be low.  

- New  Chelex: A 40 g por t ion   of   the   res in   i s   p laced   in  a 500 mL  polypropylene 

disposable  beaker  (acid  cleaned),   r insed  with 100 mL of methanol  to r e m o v e   a n y  

residual   organics ,   and  r insed 3 t imes   wi th  200 to 300 mL of GDW. The   r e s in   i s  

s lu r r i ed   two  to t h r e e   t i m e s   i n  300 mL  of SOW and t i t r a t e d   w i t h  acid o r   base  to a 

pH of  ca. 8.0. The   so lu t ion  is decan ted ,   f r e sh   so lu t ion   added   and   t he   t i t r a t ion  

procedure   repea ted .   Fresh   so lu t ion  is added   four   o r   f ive   t imes   o r   un t i l   the   pH is 

s t a b l e   a f t e r   t h e   a d d i t i o n  of fresh  solut ion.   The  res in  is then   r eady  to be poured 

in to   the   co lumn.  

Regenerated  Chelex:   The  columns  should be r e g n e r a t e d   a f t e r  ca. 40 L of SOW 

has  been  passed  through.   The  top 5 cm  o f   t he   r e s in   was   gene ra l ly   d i sco lo red   and  

r emoved   be fo re   r egene ra t ion .   The   r e s in   was   r emoved   f rom  the   co lumn,   r i n sed  

wi th  200 mL  GDW,  then  slurried in 200 mL  of  1N HC1  and  s t i r red  for  30 min. 

The   ac id   was   decanted   and   the   res in   was   r insed  3 t imes   w i th  200 mL of GDW. T o  

conver t   the   res in  to t h e  Na' form,  200 mL of 0.5 NaOH  was   added ,   s t i r red   for  30 

min  and  r insed 3 t imes   wi th   CDW.  The   res in   then   underwent   the   same  procedure  

as for  new  chelex. 
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The  f ina l   s tep   in   the   res in   p repara t ion   was   the   p repara t ion  of the   co lumns .  A 5.0 

x 60.0 cm  g lass   co lumn  f i t t ed   wi th   g lass  wool was  f i l led  with  the  solut ion to b e  

cleaned.  While  the  column  was  dripping, a s lurry of resin  was  poured  into  the 

column at  a cons t an t   r a t e .  A slurry  was  used so as to prevent   any  bubbles   f rom 

be ing   t rapped  as the   res in   was   packed .  A fluid  head of 25 cm  was   ma in ta ined  

over   the  res in  at a l l   t imes .  
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OPERATING CONDlTIONS 

2886 



METAL: Mn 

Program 

S t e p  - 1 - 2 3 4 5 - 
T e m p  ( O C )  110  150 500  1000 2700 
Ramp  T ime  (5) 5 5 5 5 0 
Hold  Time (s) 10 20 5 I5 5 

Injection  Volume:  10 pl 
Wavelength: 279.5 nm 
Lamp  Curren t :   12   ma 
Sl i t  Width: 0.2 nm  (Normal) 

METAL: Cu 

Program 

S t e p  1 - 
T e m p  ( O C )  110 
R a m p   T i m e  (s) 8 
Hold  Time (s) 10 

2 3 4 5 

150  250 900 2500 
30  10 5 0 
20 10 10 5 

- - 

Injection  Volume:  25 pI 
Wavelength: 324.8  nm 
Lamp  Curren t :   12   ma 
Slit  Width: 0.7 nm  (Alternate) 

METAL: Pb 

Program 

S t e p  2 - 3 4 

T e m p  ( O C )  110  550 1,900 2 ,500  
R a m p   T i m e  (s) 8 10 - 1  1 
Hold  Time (s) 20 30 5 3 

5 

Injection  Volume: 10 p1 
Wavelength: 217.0  nm 
Lamp  Curren t :  8 m a  
Sl i t  Width: 0.7 nm  (Al te rna te)  

* Pyroly t ic   coa ted   tubes   were   used   for  all m e t a l s  
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METAL: Cd 

Program 

S t e p  I 2 3 - 4 - 5 - 
T e m p  (OC) 110 120 350 1900 2500 
R a m p   T i m e  (s) 5 5 5 2 1 
Hold T ime  (s) 10 20 10 5 3 

Injection  Volume: 10 p1 
Wavelength: 228.8 nrn 
Lamp  Cur ren t :  8 m a  
Slit  Width: 0.7 nm (Al te rna te)  

METAL: Zn 

Flame  AAS 

Wavelength: 213.9 nm 
Air-Acetylene  Mixture  
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Determination of EMC Values 
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Conversion of Absorbance  Readings of t h e  CFAAS  Analysis to EMC Values 

The  purpose of th i s   exerc ise   i s   to   ou t l ine   the   methods   used  to d e t e r m i n e  

e f f ec t ive   me ta l   concen t r a t ion   (EMC)  of a   sample  f rom  the  analysis  of column 

e lua te s   by   a tomic   abso rp t ion   spec t ropho tomet ry .   The   workshee t   g iven   be low is 

taken   f rom  an   a lga l   exper iment   tha t   s tud ied   the   Pb-EDTA  concent ra t ion  

combinat ions  given in Table  111-1. To  aid in the   explana t ion  of the   workshee t ,  

the   f i rs t   page  has   been  divided  into  sect ions  which  represent   dif ferent  

components  of the  analysis .  

In Sect ion I ,  a portion of the  experimental   condi t ions  used  in   the  ion-exchange 

procedure   a re   descr ibed   inc luding   the   d ry   weight  of the  res in   used  in   each 

co lumn,   the   vo lume of EDTA  passed  through  the  columns to remove   t he   so rbed  

meta ls ,   and   the   sample   in jec t ion   vo lume  used   in   the   GFAAS  ana lys i s .   The   res in  

we igh t   and   e lua t e   vo lume   a re   r equ i r ed   fo r   ce r t a in   ca l cu la t ions   and   t he i r   u se   w i l l  
be  given  below. 

Sec t ion  2 out l ines   the   ana lys i s  of metal-EDTA  s tandards.   These  s tandards  were 

made  up  in  0.01 M EDTA (i.e. t he   s ame   EDTA  concen t r a t ion  as was  used to e l u t e  

the  columns)   and  were  used to q u a n t i f y   t h e   m e t a l s   i n   t h e   c o l u m n   e l u a t e s   a n d  to 

monitor   the  CFAAS  analysis   for   precis ion,   day to day  var ia t ion  and  l inear i ty  of 
readings .   They   were   s tab le  for a long  period of t i m e  as t he   s t rong   complexa t ion  

of t h e   m e t a l  by  EDTA  prevented  adsorpt ion  and  precipi ta t ion losses. 

Three   absorbance   readings   were   t aken   for   each   meta l -EDTA  s tandard .  

Absorbance   readings   were   a l so   t aken   for   an   EDTA  so lu t ion   having   no   meta l  

added  (s tandard  blank) .   The  s tandard  blank  was  kept   s tored  with  the  metal  

s t anda rds  to de te rmine   any   me ta l   con tamina t ion   ove r   t ime .   The   abso rbance  

readings   for   the   s tandards   were   averaged   and   cor rec ted   for   the   background 

m e t a l  in the  standard  blank  (heading  "Corr  Mean"  in  worksheet) .   Linear 
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regression  analysis of the   co r rec t ed   r ead ings   was   t hen   u sed  to g e n e r a t e  a 

cor re la t ion   coef f ic ien t   ( r ) ,  t h e  s lope (m) of t h e   s t a n d a r d   c u r v e   a n d   t h e  y- 

i n t e r c e p t  (b). This   component  of the  analysis   was  performed  before   any 

subsequent   ana lys i s  of s a m p l e   e l u a t e s  to provide  ear ly   warning of any   procedura l  

or   equipment   p roblems (e.g. worn   ou t   g raphi te   tubes ,   a l ignment  of g raph i t e  

furnace  or   spectrophotometer ,   e tc . ) .   These  metal-EDTA  s tandards  were also run 

dur ing   the   ana lys i s  of t h e   s a m p l e   e l u a t e s  to d e t e r m i n e  if changes   in   ins t rument  

sensi t ivi ty   was  occurr ing  during  the  analysis .  

Sec t ion  3 descr ibes   the   ana lys i s   assoc ia ted   wi th   the   sample   e lua tes .   Genera l ly ,  

28   e lua t e s   were   ana lyzed  at one   t ime,   which   was   ha l f   the   number  of e l u a t e s  

g e n e r a t e d  in any   one   a lga l   o r   oys t e r   expe r imen t .  Of the   28   e lua t e s ,   s ix   were  

a s soc ia t ed   w i th   s eawa te r   me ta l   s t anda rds ,  one wi th  a column  blank  and 21 wi th  

samples .  In th i s   example ,  columns I ,  2, 3 and 15, 16, 17 w e r e   a s s o c i a t e d   w i t h  

e lua t e s   o f   t he   s eawa te r   me ta l   s t anda rds   (dup l i ca t e s  of t h r e e   m e t a l  

concen t r a t ions ) .   The   s eawa te r   me ta l   s t anda rds   were   u sed  to c a l i b r a t e   t h e  resin 
to ino rgan ic   me ta l   concen t r a t ions   and   were   made   up   i n   a r t i f i c i a l   s eawa te r   t ha t  

matched   the   sa l in i ty   and   pH  of   the   samples   undergoing   ana lys i s .   Column 18 w a s  

used as a column  blank.  The  column  blank  was a resin-column  prepared  in   the 

s a m e   m a n n e r  as the   o the r   r e s in -co lumns   excep t   t ha t   no   s t anda rd   , o r   s ample   was  

passed  through.   The  column  blank  was used to ind ica t e  if a n y   m e t a l  

con tamina t ion   occu r red   du r ing  the prepara t ion  of the  resin-columns. All o t h e r  

e lua t e s   were   f rom  the   na tu ra l   s eawa te r   s amples .   Gene ra l ly ,   dup l i ca t e   r e s in -  

co lumns   were   run   for   each   meta l -EDTA  concent ra t ion   combina t ion  (see Tab le  

111- 1). 

Three   absorbance   readings   were   t aken   for   each   e lua te .   Absorbance   readings  

were   a l so   t aken   fo r   t he   EDTA  so lu t ion   u sed  to e l u t e   t h e   c o l u m n s  to d e t e r m i n e   a n  

eluent   blank.   The  readings  for   the  column  e luates   were  then  averaged  and 

co r rec t ed   fo r   t he   e luen t   b l ank .   The   co r rec t ed   mean   was   t hen   u sed   i n   t he  
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regression  equat ion  der ived  f rom  the  metal-EDTA  s tandard  curve  ( f rom  Sect ion 

2) t o  solve for   the 'concentrat ion of t h e   m e t a l  in the   e lua tes .   This   i s   g iven   under  

the   heading  "nM" in  Sect ion 3 on   t he   workshee t .   The   e lua t e   me ta l   concen t r a t ion  

in nM was   then   conver ted  to the   number  of nanomoles   (nmol)   in   the   e lua te  

volume (e.g. nmol/lO  mL)  and  using  the  weight of resin, to nmol/g.  (The  nmol/g 

value  is   calculated  by  dividing  nmol/lO  mL  value  by  the  weight of resin  used.) 

The  nmol/g  value is independent  of t h e   v o l u m e  of e lua t e   o r   we igh t  of resin  and 

therefore   can   be   used   for   compar ison   be tween  ana lyses .  

Although  any of the   va lues   genera ted   in   the   ana lys i s  (e.g. nM,  nmol/lO  mL  or 

nmol/g)  could be used to gene ra t e   EMC  va lues ,   gene ra l ly   t he   nmol /g   va lues   were  

used.  This  involved  generating a s tandard   curve   (F igure  111-1) f r o m   t h e   s e a w a t e r  

meta l   s tandard   (co lumns  1, 2, 3, 15,  16, 17) nmol /g   va lues   and   apply ing  

polynominal  or  l inear  regression  analysis,   depending on the   curve ' s   shape ,  to  
de te rmine   an   equa t ion   fo r   t he   cu rve .   Gene ra l ly ,   l i nea r   r eg res s ion   was   su i t ab le  

for   Cd  and  Zn  s tandard  curves   and  polynominal   regression  for   Cu  and Pb  s t anda rd  

curves.  

To   der ive   an   EMC  va lue ,   the   coef f ic ien ts  of the   r eg res s ion   equa t ion  of t h e  

s tandard  curve  could  be  used to so lve   for   the   concent ra t ion  of inorganic   meta l   in  

a sample  with  the  following  equation: 

Conc. of 1 - l  

inorganic   meta l  = -b + d b L  - 4a(c-y) = EMC 
in nM. 2a  

where  a, b, c a r e   t h e   c o e f f i c i e n t s  of the   r eg res s ion   equa t ion   and  y i s   t he   nmol /g  

va lue  of the   sample .   The   EMC  va lue   was   equiva len t  to the   i no rgan ic   me ta l  

concent ra t ion  as def ined   by   the   seawater   meta ' l   s tandards   and   had   the   same 

concent ra t ion   un i t s  as these   s tandards .  
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Detection Limits 

The   l imi t  of de t ec t ion  of a method  i s   def ined  as the   l owes t   concen t r a t ion   l eve l  

t h a t   c a n   b e   d e t e r m i n e d  to be   s t a t i s t i ca l ly   d i f f e ren t   f rom a blank (ACS 

C o m m i t t e e ,  1983). The  method  used  to c a l c u l a t e  LODs in the   p resent   s tudy   i s  
given  in  Section 8.2.3.4. 

The  LOD of the  ion-exchange  procedure  for  a me ta l   was   s t rong ly   dependen t   on  

the   opera t ing   condi t ions  of the  analysis .   Condi t ions  such as t y p e  (e.g. 

crosslinkage,  batch  number)  and  weight of r e s in   u sed ,   f l ow  r a t e ,   e lua t e   vo lume  

and   t he   s ample   i n j ec t ion   vo lume   u sed   i n   t he  CFAAS ana lys i s ,   a l l   a f f ec t ed   t he  

LOD level.   I t  is the re fo re   d i f f i cu l t  to d e f i n e   a n   L O D   f o r   e a c h   m e t a l   u n l e s s   t h e  

condi t ions of the   ana lys i s   a r e   s t r i c t ly   mon i to red   and   kep t   cons t an t .   Even   t hen ,  

t h e r e  is some  var iab i l i ty   in   the   sorp t ion   charac te r i s t ics   o f   the   res in   be tween 

expe r imen t s .   However ,   unde r   t he   ope ra t ing   cond i t ions   o f  0.75 g of  AG 50W X-8 

resin, 10 mL of e lua te   vo lume,  and 10 UL sample  injection volume for CFAAS, 

conse rva t ive   e s t ima tes  of LODs  were  as follows: 

C u  - 2 nM 

C d - 2 n M  

P b  - 4 nM 

*Zn - 100 nM 

* Zinc   was   de t e rmined   by   f l ame   a tomic   abso rp t ion   spec t roscopy .   Th i s  LOD 
could be reduced  considerably by using ASV ins tead  of AAS - a f t e r  

a p p r o p r i a t e   t r e a t m e n t  to f ree   meta l   f rom  complex .  
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TABLE 111.1 
Metal-EDTA  Concentrat ion  Combinat ions for a n  
Exper iment   Conducted   wi th   Lead  

SET # la 

Metal  EDTA 
Conc.  Conc. 

Column I! (nM) (n M) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

50 S tanda rds  
150 made   up   in  
250 d i lu ted  SOW 

Column  Blank 
50 0 
50 0 

100 0 
100 0 
150 0 
150 0 
200 0 
200 0 
250 0 
250 0 

Metal EDTA 
Conc.  Conc. 

Column # (nM)  (nM) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

50 S tanda rds  
150  made  up  in 
250 diluted SOW 

Column  Blank 
50 150 
50 150 

100 150 
100 150 
150 150 
150 150 
200 150 
200 150 
250  150 
250 150 

Column /I 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Column #I 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Metal 
Conc.  
(nM) 

50 
150 
250 

0 
50 
50 

100 
100 
150 
150 
200 
200 
250 
250 

Metal  
Conc. 
(nM) 

50 
150 

0 
50 
50 

100 
100 
150 
150 
200 
200 
250 
250 

220 

EDTA 
Conc. 
(nM) 

S tanda rds  
m a d e  up in 

di luted SOW 

75 
75 
75 
75 
75 
75 
75 
75 
75 
75 

- 

EDTA 
Conc. 
(nM) 

S tanda rds  
made  up  in  

d i lu ted  SOW 
0 

200 
200 
200 
200 
200 
200 
200 
200 
200 
200 

a The   expe r imen t   was   conduc ted   w i th   s eawa te r   Ba tch  #6; Resin,   AC 50W X-4 
(#30008). These  Metal-EDTA  concentrat ions  were  added to t h e  500 mL of 
medium  and  allowed to equ ib ra t e  12 hours   before   analyses .  
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W O R K S H E E T  EXAMPLE 

I Experiment#: 41 Jletal: Pb Date: Feb 26/86 1 
Setll 

Resin rt. : 0.75 g 
Eluate volume: 10 pL 

Inject Vol. : 10 pL Section 1 

Standards: 
Absorbance ( x ~ O - ~  1 Corr 

nU Rdtl Rd12  Rd13 Iean  Ueen 
"-"" """ """ """ """ """ 

Std Blk 4 3 4 4 
50 43 40 39 41 37 
100 84 83 79 82 78 
200 156 161 160 159 155 

r= 0.9998 
m= 0.780 
b= -1.5 

"""  """  """ """ """ """ 

Section 2 

Column Eluates: 

Column Absorbance ( ~10'~) Corr 
# 

""" 

1 

2 

3 

4 

5 
6 

7 
8 

9 
10 

11 
12 

13 
14 

Eluent 
Blank 

Rd#1 ""_ 
43 

134 

190 

4 

47 
46 

91 
08 

118 
119 

144 
139 

180 
184 

3 

Rdt2 
""- 

37 

129 

184 

5 

46 
48 

92 
86 

115 
122 

140 
134 

179 
188 

4 

Rd13 Mean ""_ -"" 

41  37 

130 128 

186  184 

2 1 

48  44 
44  43 

90 88 
87  a4 

116  113 
121  118 

141  139 
138  134 

178  176 
186  183 

2 

nn 
""- 

49 

165 

237 

0 

58 
57 

114 
109 

146 
152 

179 
173 

226 
235 

nmol/ 
10 11 ""- 

0.49 

1.65 

2.37 

0.00 

0.58 
0.57 

1. 14 
1.09 

1.46 
1.52 

1.79 
1.73 

2.26 
2.35 

m o l /  
9 ""_ 
0.65 

2.20 

3.16 

0.00 

0.77 
0.77 

1.52 
1.45 

1.95 
2.03 

2.39 
2.30 

3.01 
3.13 

EIC 
(nI) 
"" 

?fetal 
Standards 

0 

52 
52 

103 
9a 

136 
143 

175 
167 

243 
260 

Section 3 



Experiment I :  41 (con' t )  Set #l Date: Feb 26/86 

Column Eluates: 

Column  Absorbance ( ~ 1 0 ' ~ )  Corr 
t 

""" 

15 

16 

17 

18 

19 
20 

21 
22 

23 
24 

25 
26 

27 
28 

Rdtl ""_ 
36 

127 

175 

5 

21 
18 

59 
63 

90 
88 

121 
119 

140 
137 

Rdt2 ""_ 
36 

128 

174 

3 

22 
19 

65 
61 

90 
91 

121 
116 

141 
135 

Rdt3 
."" 

38 

131 

1 70 

3 

20 
22 

63 
61 

88 
86 

125 
117 

143 
134 

Heen ""_ 
34 

126 

170 

1 

18 
17 

59 
59 

86 
85 

119 
114 

138 
132 

~~ ~ 

nl! ""- 
45 

163 

219 

0 

25 
24 

77 
77 

112 
110 

154 
147 

179 
170 

~~ ~ 

nnol/ 
10 ""_ 

0.45 

1.63 

2.19 

0.00 

0.2s 
0.24 

0.77 
0.77 

1.12 
1.10 

1.54 
1.47 

1.79 
1.70 

~ ~~ ~ 

naol/ 
9 "-" 

0.60 

2.17 

2.92 

0.00 

0.33 
0.32 

1.03 
1.03 

1.49 
1.47 

2.05 
2.09 

2.39 
2.33 

El!C 
(dl> 
"" 

Hetal 
Standards 

26 
25 

69 
69 

101 
100 

145 
148 

175 
169 



F i g l l r e  111.1. S e a w a t e r  Metal S t a n d a r d s   C a l i b r a t i o n  Curve 

Seauater Standard Cuwe (I1 



Experiment#: 41 ( c o n ' t )  Set 

Resin ut. : 0.75 g 
E luate   vo l .  : 10 nL 
I n j e c t   v o l .  : 10 HI 

Standarde: 

ntl 
"""- 
Std  B l k  

50 
100 
200 

""" 

Absorbance (~10'~) 
Rdtl Rdt2  Rd#3 

3 2  3 
39 41 40 
80 79  80 
161  158  160 

""" """  """ 

"""  """  """ 

Column Eluates :  

Column 
# 

""" 

1 

2 

3 

4 

5 
6 

7 
8 

9 
10 

11 
12 

13 
14 

Eluent 
Blank 

Abeorbance (~10'~ 1 
Rdtl ""_ 
44 

116 

180 

2 

a 
10 

22 
21 

42 
51 

71 
80 

116 
114 

3 

Rdi2 ""_ 
41 

119 

181 

4 

8 
11 

18 
21 

46 
51 

73 
81 

118 
112 

2 

Rdt3 ""_ 
44 

120 

183 

3 

9 
12 

19 
19 

44 
49 

70 
82 

117 
111 

2 

112 

tlean 

3 
40 
80 
160 

""" 

""" 

Corr 
Wean "-" 
41 

116 

179 

1 

6 
9 

18 
18 

42 
48 

69 
79 

115 
110 

Corr 
tlean 

0 
37 
77 
157 

""" 

""" 

nW ""_ 
53 

149 

229 

2 

9 
12 

23 
24 

54 
62 

89 
101 

Date: Feb 27/86 

nnol/  
10 ""- 

0.53 

1.49 

2.29 

0.02 

0.09 
0.12 

0.23 
0.24 

0.54 
0.62 

0.89 
1.01 

147 1.47 
141 1.41 

R= 0.9999 
I)= 0.787 
b= -1.1 

n m 1 /  
9 ""_ 
0.71 

1.94 

3.05 

0.03 

0.12 
0.17 I 

0.31 
0.32 

0.73 
0.84 

1.19 
1.36 

1.96 
1.89 

EHC 
(nW) 
"" 

10 
13 

23 
24 

52 
59 

85 
97 

144 
139 



Experiment t :  41 (con’t) Set  Ir2 Date: Feb 27/86 

Column Eluates: 

Column  Absorbance ( x ~ O - ~ )  
# 

“”” 

15 

16 

17 

18 

19 
20 

21 
22 

23 
24 

25 
26 

27 
28 

Rd#l 
””_ 

40 

125 

184 

4 

4 
3 

14 
9 

36 
3s 

59 
61 

74 
78 

Rdt2 
””_ 

38 

126 

186 

5 

1 
2 

14 
10 

35 
39 

62 
61 

76 
80 

Rd#3 
””_ 

38 

127 

185 

4 

3 
2 

16 
9 

39 
39 

58 
59 

76 
79 

Corr . 
Hean 
””- 

737 

124 

183 

2 

1 
0 

13 
7 

35 
36 

58 
58 

73 
77 

nW 
””_ 

48 

159 

234 

4 

0 
0 

18 
10 

46 
47 

75 
75 

94 
99 

nnol / 
10 

””_ 

0.48 

1.59 

2.34 

0.04 

0.00 
0.00 

0.18 
0.10 

0.46 
0.47 

0.75 
0.7s 

0.94 
0.99 

naol / EWC 
9 (nH) 

-”” -”” 

0.63 

2.12 

2.12 

- 

0.00 0.0 
0.00 0.0 

0.24 18 
0.14  12 

0.61  43 
0.63 45 

1.00 71 
1.00 71 

1.25 89 
1.32  94 



Figure 111.2. Seawater  Metal  Standards  Calibration  Curve 

Seauatcr Standard Curve 82 
4 

3. 

2. 

I, 



Figure 111.2. S e a w a t e r   M e t a l   S t a n d a r d s   C a l i b r a t i o n   C u r v e  

Scawtcr Standard Curve 12 

Total Pb Added <nH) 



APPENDIX IV 

Oyster Embryo  Assay Results 

2886 



Hetal: Cu Date: Oug/B5 

EDTR cow. : 0.m pH EDTR Cow. : 0.025 pH 

% CIbnorra1 
Duplicates  Mean 
"" - 

Metal 
Corm. ($1 
"" "" 

% R b n w M 1  
Duplicates Mean 
-" " 

5.0 5.2 5.1 
3.0 2.5 2.8 
3.3 2.4 2.9 
0.9 1.8 1.4 
4.1 3.4 3.8 
3.2  3.0  3.1 

WEFW 3.2 
SD 1.2 

- 

% Net Risk 

Ctr CI 
B 
C 
D 
E 
F 

5.0 5.2 5.1 
3.0 2.5 2.8 
3.3 2.4 2.9 
0.9 1.8 1.4 
4.1 3.4 3.8 
3.2 3.0 3.1 

Ctr 
8 
C 
D 
E 
F 

IQIy( 3 2  
SD 1.2 

% Net Risk 

0.10 a 
B 
C 

6.8 6.3 6.6 3.5 
5.6 5.8 5.7 2.6 
2.4 3.8 3.1 0.0 

EM 5.1 2.0 
SD 1.8 1.9 

" 

4.7 ! io  4.9 1.8 
5.1 5.8 5.5 2.4 
3.6 4.4 4.0 0.9 

WEFW 4.8 1.7 
SD 0.7 0.8 

- " 

0.10 A 
B 
C 

0.20 a 
B 
C 

0.20 CI 
B 
C 

31.0 31.3 31.2 26.9 
27.3 27.9 27.6 25.2 
33.8 34.6 34.2 32.1 

lEcw 31.0 28.7 
SD 3.3 3.4 

" 

13.7 13.4 13.6 10.7 
13.5 12.4 13.0 10.1 
15.0 13.6 14.3 11.5 

IIw( 13.6 10.8 
SD 0.7 0.7 

.- - 

0.30 a 
B 
C 

81.7 80.2 81.0 80.3 
80.6 80.8 80.7 80.1 
84.9 80.7 82.8 82.2 

KIW 81.5 80.9 
SD 1.1 1.2 

" 

91.2 92.4 91,8 91.5 
93.4 95.5 94.5 94.3 
94.0 94.2 94.1 93.9 

N%J 93.5 93.2 
SD 1.4 1.5 

" 

0.30 a 
B 
C 

0.40 A 
B 
C 

100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
99.1 100.0 99.6 99.5 

0.40 A 
B 
C 

100.0 100.0 100.0 100.0 
99.1 100.0 99.6 99.5 

100.0 99.0 99.5 99.5 

WEFW 99.7 99.7 
SD 0.3 0.3 

"- - " 

"IN 99.9 99.8 
SD 0.3 0.3 

0.60 A 
B 
C 

99.2 98.3 98.8 98.7 
98.4 99.2 98.8 98.8 

100.0 100.0 100.0 100.0 

0.60 a 
B 
C 

100.0 100.0 100.0 100.0 
98.2 100.0 99.1 99.1 

100.0 99.1 99.6 99.5 

99.6 99.5 
SD 0.4 0.5 

"- - 
Effl 99.2 99.2 
SD 0.7 0.7 



Experiment#: 0 (cont. 1 Uetal: Cu 

EDTFI Conc.: 0.100 pH EDTA Conc. : 0.050 pM 

% Flhrcral 
Duplicates Mean 
-"" " 

Metal corn. C p M n ,  
% flbnormal 
Duplicates Mean 
" - 

Ctr R 
B 
C 
D 
E 
F 

5.0 5.2 5.1 
3.0 2.5 2.8 
3.3 2.4 2.9 
0.9 1.8 1.4 
4.1 3.4 3.8 
3.2 3.0 3.1 

- 
ERN 3.2 
SD 1.2 

Ctr FI 
B 
C 
D 
E 
F 

5.0 5.2 5.1 
3.0 2.5 2.8 
3.3 2.4 2.9 
0.9 1.8 1.4 
4.1 3.4 3.8 
3.2 3.0 3.1 - 

E W  3.2 
SD 1.2 

Z Net Risk % Net Risk 

9 1  
5.0 
4.0 

4.7 
0.6 

- 

0.10 R 
B 
C 

7.0 6.5 6.8 3.7 
7.1 6.4 6.8 3.7 
5.9 6.0 6.0 2.9 

WN 6.5 3.4 
SD 0.5 0.5 

" 

0.10 R 
B 
C 

7.7 8.5 8.1 
8.7 7.2 8.0 
6.8 7.3 7.1 

WN 7.7 
SD 0.6 

- 

0.20 FI 
B 
C 

14.7 14.9 14.8 12.0 
12.5 12.0 12.3 9.4 
13.5 13.2 13.4 10.5 

lERN 13.5 10.7 
SD 1.3 1.3 

" 

9.2 9.1 9.2 6.2 
9.9 10.2 10.1 7.1 

12.2 10.0 11.1 8.2 

WN 10.1 7.2 
SD 1.0 1.0 

" 

0.20 R 
B 
C 

90.4 91.6 91:O 90.7 
91.9 90.6 91.3 91.0 
91.7 91.2 91.5 91.2 

llEFw 91.2 90.9 
SD 0.2 0.2 

" 

92.1 92.4 92.3 92.0 
94.0 93.2 93.6 93.4 
92.4 92.9 92.7 92.4 

HEM 92.8 YZ.6 
SD 0.7 0.7 

" 

0.30 FI 
B 
C 

0.30 FI 
B 
C 

0.40 FI 
B 
C 

97.1 98.2 97.7 97.6 
98.1 99.1 98.6 98.6 
99.1 99.0 99.1 99.0 

WW 98.4 90.4 
SD 0.7 0.7 

- " 

0.40 FI 
B 
C 

100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 

rn 100.0 100.0 
SD 0.0 0.0 

- " 

0.60 a 
B 
C 

100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
99.2 100.0 99.6 99.6 

99.9  99.9 
SD 0.2 0.2 

" - 

0.60 FI 
B 
C 

100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 

IEW 100.0 100.0 
SD 0.0 0.0 

" "- 



metal: cu  Date: Rug/85 

EDTR Conc. : 0.60 pH EDTR Cow. : 0.15 pM 

11 f ibroma1 
Duplicates Hean 
-" I_ 

% Rbnoraai 
Duplicates Hean "- - 

3.7 2.7 3.2 
6.4 4.8 5.6 
!5.7 6.0 5.9 
3.8 2.7 3.3 
3.5 4.2 3.9 
5.8 5.9 5.9 - 

WERN 4.6 
SD 1.3 

Ctr CI 
B 
C 
D 
E 
F 

3.7 2.7 3.2 
6.4 4.8 5.6 
5.7 6.0 5.9 
3.8 2.7 3.3 
3.5 4.2 3.9 
5.8 5.9 5.9 

lERN 4.6 
SD 1.3 

- 

Ctr 0 
B 
C 
D 
E 
F 

Z Net Risk 
" 

5.9 5.2 5.6 1.0 
4.0 4.7 4.4 0.0 
5.3 4.2 4.8 0.2 

EM 4.9 0.3 
SD 0.6 0.6 

" 

% Net Risk 

0.10 a 
B 
C 

6.1 5.0 5.6 1.0 
5.8 6.0 5.9 1.4 
4.7 4.4 4.6 0.0 

llwJ 5.3 0.8 
SD 0.7 0.7 

" 

0.10 R 
B 
C 

0.20 FI 
B 
C 

53.8 52.6 53.2 50.9 
4a8 46.7 4a8 44.2 
45.8 48.1 47.0 44.4 
" 

49.0 46.5 
SD 3.7 3.8 

6.3 6.5 6.4 1.9 
I 4  I 5  5.5 0.9 
6.0 4.9 5.5 0.9 

llEw 5.8 1.2 
SD 9.5 0.6 

" 

0.20 a 
B 
C 

0.30 a 
B 
C 

99.0 100.0 99.5 99.5 
100.0 100.0 100.0 100.0 
100.0 99.0 99.5 99.5 

IEW 99.7 99.7 
!a 0.3 0.3 

" 

0.30 a 
B 
C 

19.2 18.3 lB.8 14.8 
15.8 17.1 16.5 12.4 
18.7 19.2 19.0 15.0 
" 

WERN 18.1 14.1 
SD 1.4 1.5 

0.40 a 95.9 95.1 95.5 95.3 

C 94.6 95.9  95.3  95.0 

CERN 95.4 95.1 
SD 0.1 0.1 

B .  %.O 94.7 95.4 95.1 

- " 

0.40 a 
B 
c 

100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 

WERN 100.0 100.0 
SD 0.0 0.0 

_I " 

0.m a 
B 
C 

0.60 a 
B 
C 

100.0 99.1 99.6 99.5 
99.0 99.0 99.0 99.0 

100.0 100.0 100.0 100.0 

UEW 39.5 99.5 
SD 0.5 0.5 

" " 

100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 

lIEcIN 100.0 100.0 
SD 0.0 0.0 

" "" 



Experiment#: B ( 2 2 )  (cant.) Hetal: Cu 

EDTR Conc. : 0.46 pM EDTR Cow. : 0.30 pH 

Z Rbmrmal 
Duplicates k i n  

Metal 
conc. c p m ,  

Z Rbnormal 
Duplicates Mean - 

Ctr FI 
E 
C 
D 
E 
F 

Ctr FI 
E 
C 
D 
E 
F 

3.7 
6.4 
5.7 
3.8 
3.5 
5.8 

2.7 
4.8 
6.0 
2.7 
4.2 
5.9 

3.2 
5.6 
5.9 
3.3 
3.9 
5.9 

4.6 
1.3 

" 

Z Net Risk 

3.7 2.7 3.2 
6.4 4.8 5.6 
5.7 6.0 5.9 
3.8 2.7 3.3 
3.5 4.2 3.9 
5.8 5.9 5.9 

4.6 
SD 1.3 

__ 

% Net Risk 

6.4 4.5 5.5 0.9 
5.2 4.5 4.9 0.3 
3.9 4.8 4.4 0.0 

lERN 4.9 0.3 
SD 0.6 0.6 

" 

m 
SD 

0.10 fl 
E 
C 

0.10 fl 
B 
C 

4.0 
5.4 
S.0 

4.1 
4.5 
6.0 

4.1 0.0 
5.0 0.4 
s 5  0.9 

4.8 0.2 
0.7 0.8 

" 

m 
SD 

0.20 FI 
B 
C 

4.5 3.4 4.0 0.0 
5.0 4.8 4.9 0.3 
5.4 5.5 5.5 0.9 

4.8 0.2 
SD 0.8 0.8 

" 

0.20 FI 
B 
C 

4.4 5.8 5.1 0.5 
5.0 4.9 5.4 0.8 
5.0 4.4 4.7 0.1 

EM4 5.1 0.5 
SD 0.3 0.3 

" 

0.30 FI 
E 
C 

4.8 5.2 5.0 0.4 
6.3 4.0 5.2 0.6 
5.5 5.7 5.6 1.0 

0.30 tl 
B 
C 

6.2 5.6 5.9 1.4 
4.2 4.9 4.6 0.0 
4.1 6.0 5.1 0.5 
" 

llEcw 5.2 0.6 
SD 0.7 0.7 

" 

HEW 5.3 0.7 
SD 0.3 0.3 

0.40 FI 
E 
C 

4.9 4.3 4.6 0.0 
5.5 4.9 5.2 0.6 
4.5 3.7 4.1 0.0 

0.40 FI 5.1 4.3 4.7 0.1 
E 5.1 5.2 S.2 0.6 
C 5.5 5.0 5.3 0.7 

IEW 5.0 0.5 
SD 0.3 0.3 

- " " 

N3N 4.6 .O 
SD 0.6 0.6 

0.60 FI 
E 
C 

98.2 99.0 98.6 98.5 
100.0 100.0 100.0 100.0 
99.0 99.1 99.1 99.0 

0.60 FI 7.3 6.0 6.7 2.1 
B 9.3 8.5 8.9 4.5 
C 7.0 6.2 6.6 2.1 

llEw 7.4 2.9 
SD 1.3 1.4 

" 

CECW 99.2 99.2 
SD 0.7 0.7 



Experiment R (17) M a l :  Cd 

Ctr 
B 
C 
D 
E 
F 

1 C I  
B 
C 

2 0  
B 
C 

3 t . 4  
B 
C 

4 4  
E 
C 

5 a  
b 
C 

EDTR Cow. : 0.0 pH 

% clbnotmal 
Duplicates  Mean 

- 

4.9 2.8 3.9 
6.1 3.5 4.8 
4.1 4.5 4.3 
5.4 5.9 5.7 
3.0 3.9 3.5 
4.2 3.1 3.7 

lEFLN 4.3 
SD 0.8 

P 

% Net Risk 

7.0 8.2 7.6 3.5 
23.6 22.3 23.0 19.5 
24.3 24.8 24.6 21.2 
" 

W 16.4 14.7 
SD 9.4 9.8 

%.O 94.6 95.3 95.1 
95.0 %.6 95.9 95.7 
95.7 95.1 95.4 95.2 

W 95.5 95.3 
SD 0.3 0.3 

93.3 95.3 94.3 94.0 
96.8 96.0 96.4 96.2 
97.0 97.2 97.1 97.0 

m 95.9 95.8 
SD 1.5 1.5 

94.8 %.O 95.4 95.2 
100.0 97.9 99.0 9&9 
99.0 98.0 96.5 98.4 

EM 97.6 97.5 
SD 1.9 2.0 

100'0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 
100.0 100.0 100.0 100.0 

lyRN 100.0 100.0 
SD 0.0 0.0 

" 

" 

" 

" - 

Metal 
conc. cgn, 
" 

CTR fl 
E 
C 
D 
E 
F 

1 c 1  
B 
C 

2 f l  
B 
C 

Date: Rug /85 

EDTQ Cone. : 5.0 pH 

3 a  
B 
C 

4 f l  
B' 
C 

5 c I  
B 
C 

z abnormal 
Duplicates Mean 

- 

4.9 2.8 3.9 
6.1 3.5 4.8 
4.1 4.5 4.3 
5.4 5.9 5.7 
3.0 3.9 3.5 
4.2 3.1 3.7 

W 4.3 
SD 0.6 

- 

% Net Risk 

4.0 3.9 4.0 0.0 
5.9 7.0 6.5 2.3 
5.0 3.1 4.1 0.0 

IIERI( 4.6 0.6 
SD 1.4 1.5 

8.5 7.5 8.0 3.9 
9.4 7.3 6.4 4.2 

10.4 10.2 10.3 6.3 

" 

" 

m 8:9 4.8 
SD 1.2  1.3 

98.2 97.1 97.7 97.5 
98.1 99.0 98.6 98.5 
99.1 98.0 98.6 96.5 

rn 98.3 98.2 
SD 0.5 0.5 

100.0 100.0 100.0 100;o 
100.0 99.1 99.6 99.5 
97.9 99.1 98.5 98.4 

m 99.4 99.3 
SU 0.8 0.8 

97.8 99.0 98.4 98.3 
99.0 100.0 99.5 99.5 

100.0 100.0 100.0 100.0 

lEAN 99.3 99.3 
SD 0.8 0.9 

" 

" 

" - 



Experiment f i  (17) Metal: Cd Date: hug 185 

Metal 
Cow. (pH) 
"" 

CTR 11 
B 
C 
D 
E 
F 

1 I I  
B 
C 

2 1 1  
B 
C 

3 1 1  
B 
C 

4 1 1  
3 
C 

5 I I  
B 
C 

EDTA Conc. : L ?  uM 

Z Abnormal 
Duplicates k a n  
"""" " 

4.9 2.8 3.9 
6.1 3.5 4.8 
4.1 4.5 4.3 
5.4 5.9 5.7 
3.0 3.9 3.5 
4.2 3.1 3.7 

lERN 4.3 
SD 0.8 

- 

Z Net Risk 

6.0 4.6 5.3 1.1 
6.1 3.8 5.0 0.7 
7.5 2.9 5.2 1.0 

llERN 5.2 0.9 
SD 0.2 0.2 

2.9 3.7 3.3 0.0 
6.0 4.4 5.2 1.0 
6.7 3.5 5.1 0.9 

- " 

" 

KiN 4.5 0.3 
SD 1.1 1.1 

15.3 15.7 15.5 11.7 
18.6 16.3 17.5 13.8 
12.8 13.0 12.9 9.0 

)IwJ 15.3 11.5 
SD 2.3 2.4 

" 

9.3 8.9 9.1 5.0 
6.9 7.9 7.4 3.3 

12.5 9.4 11.0 7.0 
" " 

CECrJ 9.2 5.1 
SD 1.8 1.9 

11.7 12.4 12.1 8.1 
8.1 11.6 9.9 5.8 

11.3 8.6 10.0 5.9 
" " 

llEFw 10.6 6.6 
SD 1.2 1.3 

Metal 
cow. (pH) 
"""" 

CTR A 
B 
C 
D 
E 
F 

1 I I  
B 
C 

2 1 1  
B 
C 

3 f l  
B 
C 

4 a  
B 
C 

5 Q  
E 
C 

EDTR Conc. : 100 d 

Z Abramal 
Duplicates k a n  
"I__ - 

4.9 2.8 3.9 
6.1 3.5 4.8 
4.1 4.5 4.3 
5.4 5.9 5.7 
3.0 3.9 3.5 
4.2 3.1 3.7 

lEFw 4.3 
SD 0.8 

" 

Z Net Risk 

6.3 4.1 5.2 1.0 
4.5 1.9 3.2 0.0 
6.1 4.5 5.3 1.1 
" 

EM 4.6 0.3 
SD 1.2 1.2 

3.1 4.0 3.6 0.0 
5.0 3.8 4.4 0.1 
2.7 4.6 3.7 0.0 

HEM 3.9 0.0 
SD 0.5 0.0 

" 

8.4 8.6 8:s 4.4 
7.6 5.9 6.8 2.6 
5.8 4.a 5.3 1.1 
" 

lElyi 6.9 2.7 
SD 1.6 1.7 

11.0 9.8 10.4 6.4 
6.7 6.4 6.6 2.4 
4.5 5.5 5.0 0.7 
" 

CECrJ 7.3 3.2 
SD 2.8 2.9 

5.9 4.9 5.4 1.2 
5.5 4.0 4.8 0.5 
4.2 4.8 4.5 0.2 - " 

"4 4.9 0.6 
SD 0.5 0.5 



Experiment#: B (271 *tal: cd Date:  Sept/& 

Metal 
conc. (pH) 

Ctr II 
B 
C 
D 
E 
F 

2.0 ll 
B 
C 

3.0 a 
B 
C 

4.0 c) 

B 
C 

5.0 a 
B 
C 

6.0 a 
B 
C 

m a  COX. : 0. o pu 

X Flbnotwal 
Duplicates  Mean - 

3.1 2.3 2.7 
3.6 3.0 3.3 
2.5 2.6 2.6 
3.3 3.4 3.4 
2.0 1.9 20 
3.3 4.2 3.8 

IE;cw 2.9 
SD 0.7 

- 

% Net Risk 

5.4 5.0 5.2 2.3 
4.9 4.2 4.6 1.7 
5.1 4.3 4.7 1.8 
" 

NM 4.8 1.9 
SD 0.3 0.4 

29.4 28.7 29.1 &9 
29.6 31.5 30.6 26.5 
29.3 30.1 29.7 27.6 

lERN 29.8 27.6 
SD 0.6 0.8 

" 

76.4 78.2 77.3 76.6 
73.9 74.1 74.0 73.2 
77.5 79.2 78.4 77.7 

HEW 76.6 75.8 
SD 2.3 2.3 

" 

98.2 99.1 98.7 98.6 
99.1 100.0 99.6 99.5 
98.3 98.3 98.3 98.2 

HEN4 98.8 98.8 
SD 0.6 0.7 

" 

100.0 99.1 99.6 99.5 
100.0 100.0 100.0 100.0 
99.2 99.2 99.2 99.2 

WN 99.6 99.6 
SD 0.4 0.4 

" "- 

Metal % Qbnorclal 
conc. C @ f )  Duplicates  Hean - 

Ctr R 3.1  2.3  2.7 
B 3.6 3.0 3.3 
C 2.5  2.6  2.6 
D 3.3  3.4  3.4 
E 2.0  1.9  2.0 
F 3.3  4.2 3.8 

lElw 2.9 
SD 0.7 

- 

X Net Risk 

2.0 ll 
B 
C 

LO fl 
B 
C 

4.0 a 
B 
C 

5.0 4.9 5.0 2.1 
4.6 38 4.2 1.3 
5.3 4.8 S.1 2.2 
" 

m 4.7 1.9 
SD 0.5 0.5 

10.6  10.6  10.6  7.9 

11.9  11.2  11.6  8.9 

EM 11.0  8.3 
SD 0!5 0.5 

10.9  10.8  10.9 a 2  

" 

42.6 46.9 44.8 43.1 
49.0 47.4 48.2 46.6 
51.9 48.3 50.1 48.6 

m 47.7 46.1 
SD 2.7 2.8 

" 

5.0 a 91.0  90.6  90.8  90.5 
E -  90.4  91.3 90.9 90.6 
C 91.2  90.0 90.6  90.3 

lERN 90.8  90.5 
SD 0.1 0.1 

" 

6.0 CI 100.0 99.1 99.6 99.5 
B 100.0  100.0  100.0  100.0 
C 100.0  100.0 100.0 100.0 
" 

m 99.9 99.6 
SD 0.3 0.3 



Metal 
conc. r j m  

Ctr CI 
B 
C 
D 
E 
F 

2.0 A 
B 
C 

3.0 A 
B 
C 

4.0 R 
B 
C 

5.0 CI 
B 
C 

6.0 A 
B 
C 

EDTfl Cow. : 10.0 pH 

I f-Um-1 
Duplicates  Mean - 

3.1 2.3 2 7  
3.6 3.0 3.3 
2.5 2.6 2.6 
3.3 3.4 3.4 
2.0 1.9 2 0  
3.3 4.2 3.8 

llERN 2.9 
SD 0.7 

- 

X Net Risk  

4.1 4.8 4.5 1.6 
4.7 4.5 4.6 1.7 
4.0 5.1 4.6 1.7 

EM 4.5 1.6 
SD 0.1 0.1 

5.1 4.5 4.8 1.9 
4.4 4.2 4.3 1.4 
5.2 4.1 4.7 1.8 

” 

“ 

1Iw( 4.6 1.7 
SD 0.3 0.3 

5.1 5.4 5.3 2.4 
4.4 4.9 4.7 1.8 
4.4 4.8 4.6 1.7 

lEcw 4.8 2.0 
SD 0.4 0.4 

” 

48.8 47.1 48.0 46.4 
46.5 47.7 47.1 45.5 
44.2 43.0 43.6 41.9 

W 46.2  44.6 
SD 2.3  2.4 

80.8  81.1  81.0 80.4 

76.7  76.1  76.4  75.7 

Ka 78.3 77.6 
SD 2.4 2.4 

- “ 

77.5 77.6 77.6 76.9 

” 

Metal: Cd 

Ctr A 
B 
C 
D 
E 
F 

2.0 a 
B 
C 

3.0 R 
B 
C 

4.0 a 
B 
C 

5.0 R 
B 
C 

6.0 R 
B 
C 

EDTR Conc.: 15.0 pH 

X C I b m l  
Duplicates  Mean 
“ - 

3.1 2.3 2.7 
3.6 3.0 3.3 
2.5 2.6 2.6 
3.3 3.4 3.4 
2.0 1.9 2 0  
3.3 4.2 3.8 

UEW 2.9 
SD 0.7 

X Net Risk 

5.0 5.4 5.2 2.3 
4.4 4.5 4.5 1.6 
5.3 4.8 5.1 2.2 

lERN 4.9 2.0 
SD 0.4 0.4 

” 

4.6 4.9 4.8 1.9 
4.4 4.8 4.6 1.7 
3.9 4.8 4.4 1.5 

EM 4.6 1.7 
SD 0:2 0.2 

” 

5.3 4.6 5.0 2.1 
5.0 5.2 5.1 2.2 
4.5 5.1 4.8 1.9 

llERN 5.0 2.1 
SD 0.1 0.2 

” 

5.2 4.5 4.9 2.0 
5.0 4.8 4.9 2.0 
3.8 3.9 3.9 0.9 

4.5 1.6 
SD 0.6  0.6 

“ 

26.7 29.3 28.0 25.8 
29.5 29.6 29.6 27.4 
29.4 30.3 29.9 27.7 

lIEIIN 29.1 27.0 
SD 1.0 1.0 

” 



Experiment#: I4 (23) Metal: Zn Date: Rug/& 

EDTR Conc. : 1.0 pH EDTII Cox. : 0.0 pH 

% FIbnormal 
Duplicates  Mean 
" - 

% flbnorrral 
Duplicates Mein 
"- - 

Metal 
conc. (pH) 

1.6 2.5 2.1 
0.9 1.9 1.4 
1.9 3.5 2.7 
1.9 1.9 1.9 
2.5 1.6 2.1 
2.6 3.3 3.0 

lERN 2.2 
SD 0.6 

- 

1.6 2.5 2.1 
0.9 1.9 1.4 
1.9 3.5 2.7 
1.9 1.9 1.9 
2.5 1.6 2.1 
2.6 3.3 3.0 

m 2.2 
SD 0.6 

- 

Z Net Risk 

Ctr R 
B 
C 
D 
E 
F 

Ctr II 
B 
C 
D 
E 
F 

% Net Risk 

9.5 

7.5 
a. 3 
- 
a. 4 
1.0 

3.0 R 
B 
C 

11.6 11.4 11.5 
10.0 10.6 10.3 
9.4 9.6 9.5 

lERN 10.4 
SD 1.0 

- 

3.0 CI 
B 
C 

4.0 a 
B 
C 

51.7  50.8  51.3  50.2 
47.2 48.1 47.7 46.5 
53.1 53.8 53.5 52.4 
" 

nm 50.8  49.7 
SD 2.9  3.0 

4.0 R 
B 
C 

73.5 74.5 74.0 73.4 
75.2 77.1 76.2 75.6 
77.6 77.0 77.3 76.8 

CERN 75.8 75.3 
" 

SD 1.7  1.7 

5.0 a 
B 
C 

85.1  85.9 6 5  85.2 
87.5 87.2 87.4 87.1 
6.8 13~3 6 . 6  86.3 
" 

lERN 6 . 5  86.2 
SD 0.9 0.9 

50 a 
B 
C 

100.0 99.0 99.5 99.5 
98.9 100.0 99.5 99.4 
99.1 98.3 98.7 96.7 
" 

lERN 99.2 99.2 
SD 0.4 0.5 

6.0 FI 98.0 99.0 98.5 98.5 
B 99.1 98.1 98.6 98.6 
C 97.4 %.7 97.1  97.0 

CERN 98.1 98.0 
SD 0.9 0.9 

" 

6.0 II 
B 
C 

100.0 99.2 99.6 99.6 
100.0 99.1 99.6 99.5 
100.0 100.0 100.0 100.0 

99.7 99.7 
SD 0.2 0.3 

" 

7.0 fl  100.0  100.0  100.0  100.0 
B 100.0  100.0  100.0  100.0 
C 100.0  100.0  100.0  100.0 

100.0 100.0 
SD 0.0 0.0 

" 

7.0 CI 
B 
C 

100.0 99.1 99.6 99.5 
99.1 99.0 99.1 99.0 
100.0 99.0 99.5 99.5 

MAN 99.4 99.4 
SD 0.3 0.3 

" "- 



Experiment#: FI (23) (cant.) Metal:  ln 

EDTR Conc. : 4.0 pH EDTR Cow. : 2.0 JIM 

Metal % fibnormal corn. (#I) Duplicates  Mein 
Metal L &noma1 
conc. ( p H )  Duplicates  Mean 
" ~ 

Ctr CI 1.6  2.5 
B 0.9  1.9 
C 1.9  3.5 
D 1.9  1.9 
E 2.5  1.6 
F 2.6  3.3 

Ctr II 1.6  2.5  2.1 
B 0.9  1.9  1.4 
C 1.9  3.5  2.7 
D 1.9  1.9  1.9 
E 2.5  1.6  2.1 
F 2.6  3.3  3.0 

2.1 
1.4 
2.7 
1.9 
2.1 
3.0 

2.2 
0.6 

- 

% Net Risk 

3.9 1.8 
5.0 2 9  
4.1 2.0 

4.3 2.2 
0.6 0.6 

" 

m 2.2 
SD 0.6 

X Net Risk 

3.0 a 
B 
C 

8.9 8.0 8.5 6.4 
6.1 6.8 6.5 4.4 
7.2 7.1 7.2 5.1 

Ew 7.4 5.3 
SD 1.0 1.0 

" 

3.0 a 
B 
C 

4.5 3.3 
5.2 4.8 
3.7 4.5 

SD 

4.0 a 
B 
C 

3.7 5.2 4.5 2.3 
11.5 10.2 10.9 8.9 
9.2 9.3 9.3 7.2 
" 

Ew 8.2 6.1 
SD 3.3 1 4  

4.0 a 
B 
C 

5.9 6.6 6.3 4.2 
4.3 5.4 4.9 2.7 
4.9 5.1 5.0 2.9 

m 5.4 3.3 
SD 0.8 0.8 

" 

5.0 CI 
B 
C 

47.6 47.7 47.7 46.5 
44.4 44.6 44.5 43.3 
48.6 49.1 48.9 47.7 
" 

H M  47.0 45.6 
SD 2.2 2.3 

5.0 CI 
B 
C 

8.1 
6.8 
7.6 

8.0 8.1 6.0 
7.1 7.0 4.9 
6.8 7.2 5.1 
" 

m 7.4 5.3 
SD 0.6 0.6 

6.0 fl 
B 
C 

6.0 CI 
B 
C 

95.7 95.0 95.4 95.2 
93.2 93.8 93.5 93.4 
94.3 94.4 94.4 94.2 

CQRN 94.4 94.3 
SD 0.9 0.9 

" 

13.1 
10.6 
13.4 

12.3 12.7 10.8 
11.1 10.9 8.9 
12.1 12.8 10.8 

m 12.1 10.1 
SD 1.1 1.1 

" 

100.0 99.1 99.6 99.5 
99.0 99.1 99.1 99.0 

100.0 99.2 99.6 99.6 

lyAN 99.4 99.4 
SD 0.3 0.3 

- " 

7.0 0 
B 
C 

27.2 
19.6 
23.0 

25.0 26.1 24.5 
23.1 21.4 19.6 
21.3 22.2 20.4 
" 

HEW 23.2 21.5 
SD 2.5 2.6 

7.0 a 
B 
C 



Metal: Zn Date: Septf85 

EDTR Cow. : 0.0 pM EDTII Conc. ; 1.5 pi4 

Ctr FI 
B 
C 

3.8 4.1 4.0 
2.9 2.8 2.9 
4.6 4.3 4.5 
2.7 3.5 3.1 
2.7 3.4 3.1 
4.2 2.5 3.4 

llEcw 3.5 
SD 0.6 

- 

Ctr FI 
E 
C 
D 
E 
F 

3.8 4.1 4.0 
2.9 2.8 2.9 
4.6 4.3 4.5 
2.7 3.5 3.1 
2.7 3.4 3.1 
4.2 2.5 3.4 

HEM 3.5 
SD 0.6 

- 

% Net Risk 

19.4 19.0 19.2 16.3 
21.2 21.8 21.5 18.7 
21.0 20.6 20.8 18.0 

nW 20.5 17.7 
SD 1.2 1.2 

” 

D 
E 
F 

% Net Risk 

45.2 
44.2 
43.6 

44.3 
0.8 

- 

3.0 a 
B 
C 

47.4 46.7 47.1 
& 5  6 7  46.1 
45.7 45.4 45.6 

nW 46.2 
SD 0.8 

- 

3.0 FI 
B 
C 

4.0 R 
B 
C 

76.9  76.7  76.8  76.0 
7a3 7 ~ 5  77.4 7 ~ 6  
77.1 77.5 77.3 76.5 

m 77.2 76.3 
” 

SD 0.3  0.3 

4.0 R 
B 
C 

44.9 44.5 44.7 42.7 
45.9 44.8 45.4 43.4 
46.2 45.4 45.0 43.9 

m 45.3 43.3 
SD 0.6 0.6 

“ 

5.0 FI 
B 
C 

78.7 78.4 7816 77.8 
80.6 80.8 80.7 80.0 
77.8 7 L 9  78.1 77.6 

M 3 4  79.2 78.5 
SD 1.3 1.3 

” 

LO R 
B 
C 

91.5 90.8 91.2 90.8 
91.0 91.7 91.4 91.0 
92.2 91.9 92.1 91.8 
“ 

91.5  91.2 
SD 0.5 0.5 

6.0 R 
B 
C 

99.1 100.0 99.6 99.5 
100.0 100.0 100.0 100.0 
98.2 99.0 98.6 9 . 5  

llERN 99.4 99.4 
SD 0.7 0.7 

” 

6.0 R 
B 
C 

95.5 %.3 95.9 95.8 
94.9 9!i8 95.4 95.2 
95.6 95.7 95.7 9S.S 
” 

EM 95.6 95.5 
SD 0.3 0.3 

7.0 II 
E 
C 

100.0 100.0 100.0 100.0 
100.0 99.2 99.6 99.6 
100.0 100.0 100.0 100.0 

Iuw 99.9 99.9 
SD 0.2 0.2 

” 

7.0 FI 
B 
C 

100.0 99.1 99.6 99.5 
99.2 100.0 99.6 99.6 

100.0 100.0 100.0 100.0 

HEM4 99.7 99.7 
SD 0.2 0.3 



Experirentt: B (28) (cmnt.1 ktal: Zn 

EDTQ Conc. : 5.0 pH EDTQ Conc.: 3.0 pH 

ktal 
conc. (pH) 

Qbnormal 
Duplicates k i n  

x a b n o m 1  
Duplicates  Mean - 

Ctr R 
B 
C 
D 
E 
F 

3.8 
2.9 
4.6 
2.7 
2.7 
4.2 

4.1 
2.8 
4.3 
3.5 
3.4 
2.5 

4.0 
2.9 
4.5 
3.1 
3.1 
3.4 

3.5 
0.6 

- 

Ctr FI 
B 
C 
D 
E 
F 

3.8 4.1 4.0 
2.9 2.8 2.9 
4.6 4.3 4.5 
2.7 3.5 3.1 
2.7 3.4 3.1 
4.2 2.5 3.4 

Iur( 3.5 
SD 0.6 

- 

Z Net Risk 

5.9 6.3 6.1 2.7 
4.4 5.7 5.1 1.6 
3.5 4.2 3.9 0.4 

EM4 5.0 1.6 
SD 1.1 1.2 

" 

lERN 
SD 

t Net Risk 

2.4 
2.0 
2.1 

2.1 
0.2 

- 

3.0 a 
B 
C 

3.0 a 
B 
C 

6.0 
5.6 
5.6 

5.5 
5.2 
5.3 

5. 8 
5.4 
5.5 

5.5 
0.2 

- 

4.0 1 
B 
C 

8.3 6.8 7.6 4.2 
6.6 6.1 6 .4  3.0 
6.5 5.6 6.1 2.7 

IEW 6.7 3.3 
SD 0.8 0.8 

" 

4.0 1 
B 
C 

6.4 5.6 6.0 2 6  
5.3 5.9 5.6 2.2 
5.4 4.8 5.1 1.7 

EM4 5.6 2.2 
SD 0.5 0.5 

" 

5.0 a 
B 
C 

14.3 13.8 14.1 11.0 
13.8 13.9 13.9 10.8 
13.6 12.7 13.2 10.0 
" 

H3J 13.7 10.6 
SD 0.5 0.5 

5.0 CI 
B 
C 

5.8 6.2 6.0 2.6 
5.7 4.5 5.1 1.7 
5.7 4.6 5.2 1.8 

EM4 5.4 2.0 
SD 0.5 0.5 

" 

6.0 a 
B 
C 

46.7 45.1 45.9 44.0 
46.1 44.2 45.2 43.2 
44.3 42.5 43.4 41.4 

-7 

WWI #.a 42.8 
SD 1.3 1.3 

6.0 c1 
B 
c .  

15.5 14.9 15.2 12.2 
15.3 14.8 15.1 12.0 
15.1 15.6 15.4 12.3 
" 

15.2  12.2 
SD 0.1 0.2 

7.0 a 
B 
C 

84.2 84.0 84.1 83.5 
82.1 80.5 81.3 80.6 
83.2 84.9 84.1 83.5 

m 83.2 82.5 
SD 1.6 1.7 

" 

7.0 fi 
B 
C 

47.4 46.9 47.2 45.3 
9 . 6  51.5 52.1 50.3 
42.6 46.2 44.4 42.4 

m 47.9 46.0 
SD 3.9 4.0 



Experiment#: R ( 2 5 )  M a l :  Pb Date: FIuglB5 

EDTR Corn. : 0.0 pM EDTll Cow. : 2.0 

lktal Ihc. (pH) 

% Flbnorral 
Duplicates Mean 

% Rbrorclal 
Duplicates  Mean 

Ctr fl 
B 
C 
D 
E 
F 

2.5 1.6 2 1  
1.6 2.7 2.2 
1.8 2.5 2 2  
1.0 2.8 1.9 
1.6 1.6 1.6 
2.5 2.5 2.5 

m 2.1 
SD 0.3 

- 

Z Net Risk 

Ctr FI 

C 
D 
E 
F 

a 
2.5 1.6 2.1 
1.6 2.7 2.2 
1.8 2.5 2.2 
1.0 2.8 1.9 
1.6 1.6 1.6 
2.5 2.5 2.5 

HYN 2.1 
SI) 0.3 

- 

Z Net Risk 

2.0 fl 
B 
C 

4.0 CI 
B 
C 

6.0 FI 
B 
C 

6.0 FI 
B 
C 

10.0 fl 
B 
C 

1.9 2 5  2.2 0.1 
4.7 3.6 4.2 2.1 
2.8 1.9 2.4 0.3 
" 

W 2.9 0.9 
SD 1.1 1.1 

1.7 2.5 2.1 0.0 
3.5 3.4 3 5  1.4 
2.6 1.8 2.2 0.1 
" 

lERN 2 6  0.5 
SD 0.8 0.8 

85.3 85.0 85.2 04.8 
86.8 87.9 87.4 87.1 
87.3 86.4 86.9 86.6 

lERN 86.5 86.2 
SD 1.2 1.2 

" 

98.1 99.1 98.6 98.6 
99.0 100.0 99.5 99.5 

100.0 99.1 99.6 99.5 

HYN 99.2 99.2 
SD 0.5 0.5 

" - 

100.0 100.0 100.0 100.0 
99.0 100.0 99.5 99.5 

100.0 100.0 100.0 100.0 

CLCW 99.8 99.6 
SD 0.3' 0.3 

" 

2.0 FI 

C 
a 

4.0 fl 
B 
C 

6.0 fl 
B 
C 

1.9 2.7 2.3 0.2 
2.6 1.8 2.2 0.1 
1.8 1.9 1.9 0.0 

Em 2.1 0.1 
SD 0.2 0.2 

" 

3.1 2.5 2.8 0.8 
2 5  2.5 2.5 0.5 
2.4 1.7 2.1 0.0 

W 2.5 0.4 
SD 0.4 0.4 

" 

1.9 1.9 1.9 0.0 
1.8 2.6 2.2 0.1 
2.5 2.5 2.5 0.5 

Em 2.2 0.1 
SD 0.3 0.3 

" 

8.0 fl 89.2  88.7 69.0 88.7 
B 91.2 90.0 90.6  90.4 
C 92.2 92.4 92.3  92.1 

lERN 90.6 90.4 
SD 1.7 1.7 

" 

10.0 fl 98.1 100.0 99.1 99.0 
B 99.0 100.0 99.5 99.5 
C 99.1 99.1 99.1 99.1 

HEM 99.2 99.2 
!a 0.2 0.3 

- " 



Experiment#: R ( 2 5 )  (mnt.1 Netal: Pb 

EDTII Conc.: 5.0 p4 EDTR Cow. : 3.0 JIM 

6 IIbnorral 
Duplicates kin 

X fibnormal 
Duplicates  Mean 

Ctr 1 
B 
C 
D 
E 
F 

2.5 1.6 2.1 
1.6 2.7 2.2 
1.8 2.5 2.2 
1.0 2.8 1.9 
1.6 1.6 1.6 
2.5 2.5 2.5 

w 2.1 
SD 0.3 

- 

X Net Risk 

Ctr II 
B 
C 
D 
E 
F 

2.5 1.6 2.1 
1.6 2.7 2.2 
1.8 2 5  2.2 
1.0 2.8 1.9 
1.6 1.6 1.6 
2.5 2.5 2.5 

lERN 2.1 
!iD 0.3 

- 

X Net Risk 

2.0 1 
B 
C 

0.9 0.0 0.5 0.0 
1.7 0.9 1.3 0.0 
0.9 1.0 1.0 0.0 

0.0 0.a 
0.6 0.9 
1.6 2.3 

~~ 

0.4 0.0 
0.9 0.0 
2.0 0.0 

1.1 0.0 
0.8 0.0 

" 

2.0 a 
B 
C 

" 

lERN 0.9 -1.2 
SD 0.4 0.4 

lERN 
SD 

4.0 II 
B 
C 

4.7 3.5 4.1 2.1 
5.7 5.3 5.5 3.5 
3.5 4.0 3.8 1.7 
" 

W 4.5 2.4 
SD 0.9 0.9 

4.0 a 
B 
C 

0.1 1.8 
2.5 1.6 
1.7 0.9 

1.0 0.0 
2.1 0.0 
1.3 0.0 

1.4 0.0 
0.6 0.0 

" 

W 
SD 

6.0 a 
B 
C 

6.0 II 
B 
C 

4.7 4.1 4.4 2.4 
5.6 5.4 5.5 3.5 
4.2 5.4 4.0 2.8 
" 

EMI 4.9 2.9 
SD 0.6 0.6 

1.6 1.7 1.7 0.0 
1.7 1.8 1.8 0.0 
3.4 2.6 3.0 1.0 

lERN 2.1 0.0 
SD 0.8 0.0 

" 

8.0 a 
B 
C 

84.6 84.7 84.7 84.3 
04.4 80.3 82.4 82.0 
86.1 86.0 86.1 85.8 

" - 
)Iw( 84.4 84.0 

SD 1.9 1.9 

8.0 II 
B 
c .  

18.5 17.4 18.0 16.2 
16.7 17.7 17.2 15.5 
14.0 13.8 13.9 12.1 
" 

EM4 16.4 14.6 
SD 2.2 2.2 

10.0 a 
B 
C 

98.3 99.2 98.8 98.7 
100.0 100.0 100.0 100.0 
9 . 1  99.1 99.1 9 .1  

10.0 II 
B 
C 

21.2 21.4 21.3 19.6 
20.9 21.4 21.2 19.5 
19.9 19.7 19.8 18.1 
" 

lyRN 20.8 19.1 
SD 0.6 0.8 

lERN 99.3 99.3 
SD 0.6 0.7 



Ewperiwntft: B (26) Metal: Pb Date: fiug/85 

*tal 
conc. (pun, 
" 

Ctr 
B 
C 
D 
E 
F 

4.0 c) 

B 
C 

6.0 CI 
B 
C 

8.0 a 
3 
C 

10.0 R 
B 
C 

12.0 a 
B 
C 

EDTR Corc. : 0.0 pH 

% CIbrOrral 
Duplicatm k i n  
"- - 

9.3 9.8 9.6 
7.0 6.5 6.8 
6.8 5.6 6.2 
5.6 7.1 6.4 
4.2 5.0 4.6 
6.1 6.3 6.2 - 

llwJ 6.6 
SD 1.6 

L Net Risk 

59.2 63.0 61.1 58.3 
61.0 62.6 61.8 59.1 
66.0 64.1 65.1 62.6 

lEcvJ 62.7 60.0 
SD 2.1 2 3  

93.7 93.9 93.8 93.4 
9&0 E 4  92.7 92.2 
92.5 92.0 92.3 91.7 

m 429 4 2 4  
SD 0.8 0.9 

100.0 99.1 99.6 99.5 
99.1 99.0 99.1 99.0 

100.0 100.0 100.0 100.0 

KIW 99.5 99.5 
SD 0.5 0.5 

100.0 100.0 100.0 100.0 
100.0 99.1 99.6 99.5 
100.0 99.2 99.6 99.6 

m 99.7 99.7 
SD 0.2 0.3 

100.0 99.2 99.6 99.6 
100.0 100.0 100.0 100.0 
99.2 100.0 99.6 99.6 

ClERN 99.7 99.7 
SD 0.2 0.2 

" 

" 

" 

-7 

" - 

EDTR Conc.: 4.0 pH 

% A b n o r m a l  
Duplicates Hean 

Ctr R 
B 
C 
D 
E 
F 

9.3 9.8 9.6 
7.0 6.5 6.8 
6.8 5.6 6.2 
5.6 7.1 6.4 
4.2 5.0 4.6 
6.1 6.3 6.2 

4.0 c) 

B 
C 

6.0 
B 
C 

8.0 a 
B 
C 

10.0 a 
B 
C 

12.0 a 
B 
C 

EM 6.6 
SD 1.6 

% Net Risk 

8.5 8.0 8.3 1.8 
ao a8 7.4 0.8 
7.6  7.9 7.8 1.2 

KIW 7.8 1.3 
SD 0.4 0.5 

" 

37.9 39.6 38.8 34.4 
41.0 39.4 40.2 36.0 
30.4 37.6 38.0 33.6 

lEcw 39.0 34.7 
SD 1.1 1.2 

" 

90.6  90.2 d 4  89.7 

91.2  90.6 90.9 90.3 

Ea4 90.1  89.4 
SD 1.0  1.1 

88.7 a9.1 B B . ~  
" 

96.1 97.1 97.6 97.4 
97.3 96.4 96.9 96.6 
98.2 98.2 98.2 98.1 

Ea4 97.6 97.4 
SD 0.7 0.7 

" 

100.0 99.0 99.5 99.5 
100.0 100.0 100.0 100.0 
100.0 99.1 99.6 99.5 

EM4 99.7 99.7 
SD 0.3 0.3 

" 



Hetal: Pb 

DTI )  Cox.  : 6.0 pM EDTfl Conc. : 7.0 pM 

k t  a1 Z Rbnoraal 
m. C y n )  Duplicates k i n  

Ctr A 
B 
C 
D 
E 
F 

4.0 A 
B 
C 

9.3 9.8 9.6 
7.0 6.5 6.8 
6.8 5.6 6.2 
5.6 7.1 6.4 
4.2 5.0 4.6 
6.1 6.3 6.2 - 

MEW 6.6 
SD 1.6 

% Net Risk 

9.9 7.8 8.9 2.4 
9.2 7.5 0.4 1.9 
7.5 8.4 8.0 1.4 

cIEIy( 8.4 1.9 
SD 0.5 0.5 

" 

6.0 A 15.2  13.5  14.4  8.3 
B 15.2  14.9  15.1  9.0 
C 16.8  16.0  16.4  10.5 

)IEcyy 15.3 9.3 
SD 1.0 1.1 

" 

8.0 A 22.4  19.8  21.1  15.5 
B 20.4  19.8  20.1  14.4 
C 21.1  21.9 21.5 15.9 

l€M 20.9 15.3 
SD 0.7 0.8 

" 

10.0 FI 81.1 81.2 81.2 79.8 
B 79.0 78.0 78.5 77.U 
C 81.6 79.6 80.6 79.2 

UEM 80.1 78.7 
SD 1.4 1.5 

" 

12.0 R 100.0 100.0 100.0 100.0 
B 99.2 100.0 99.6 99.6 
C 100.0 100.0 100.0 100.0 

#EIw 99.9 99.9 
SD 0.2 0.2 

" - 

"" 

Ctr I) 
B 
C 
D 
E 
F 

4.0 R 
B 
C 

6.0 A 
B 
C 

8.0 R 
B 
C 

10.0 A 
B 
C 

12.0 A 
B 
C 

% flbnotwal 
Duplicates Mean 
-____ _. 

9.3 9.8 
7.0 6.5 
6.8 5.6 
5.6 7.1 
4.2 5.0 
6.1 6.3 

UEM 
SD 

4.8 4.3 
5.9 5.2 
4.7 4.5 

lam 
SD 

9.6 
6.8 
6.2 
6.4 
4.6 
6.2 

6.6 
1.6 

- 

% Net Risk 

4.6 0.0 
5.6 0.0 
4.6 0.0 

4.9 0.0 
0.6 0.0 

" 

7.6 a.0 7.8  1.3 
5.6 5.1  5.4 0.0 
6.2 6.5 6.4 0.0 

6.5 0.0 
SD 1.2 0.0 

" 

12.1 7.8 10.0 3.6 
7.6 7.8 7.7 1.2 
5.9 6.3 6.1 0.0 

lERN 7.9 1.4 
SD 1.9 2.1 

" 

70.7 71.2 71.0 66.9 
€6.9 68.0 67.5 65.1 
73.8 75.2 74.5 72.7 - " 

IWN 71.0 68.9 
SD 3.5 3.8 

99.0 100.0 99.5 99.5 
100.0 99.1 99.6 99.5 
100.0 100.0 100.0 100.0 

ERN 99.7 99.7 
SD U.3 0.3 

- " 
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EDTcl Conc. 0 nW 

*an Cell  Yield (cells/rl) 
Day 0 Day f' Day 2 Day 3 Day 4 "_ - "_ - - 
2,oc;7 10,323 n,m 236,880 479,319 

397 364 13,310 16,189 5,384 

2,150  10,608  59,895  211,735  348,700 
263 188  4,617  8,972  6,151 

2,037  9,097 . 22,997  49,688  84,537 
86 265 2,805 6,068 37227 

1,873 7,810 14,415 19,382 26,943 
28 379 409 2,  162 3,495 

1,712 6,127 11,770 13,330 13,420 
16 551 1,034 728 683 

1,680  4,183 89W 9,127  8,273 
88 5)2 1,013  708 406 

EDTll be. 100 IA 

1,%0 10,850 83,512 225,565 4=,!%8 
36 797 22,916 18,838 2,455 

1,917 11,213 84,572 229,782 459,980 
153 !i90 3,586 15,286 1,418 

1,808  12,477  92,143 233,063 qooo 
60 343 9,878  12,213  14,720 

1,837 lb,W 29,518 53,575 06,042 
36 1,261  1,167  907  449 

1,862  7,577  14,403  19,388  24,767 
24  1,012  1,855  1,968  1,595 

llean Cell Yield (cells/&) 
Day 0 Day 1 Day 2 Day 3 Day 4 
" " - "_ 

1,795  10,905  99,040  237,942 49,337 
85 131  15,233  21,682  23,945 

1,907 10,673 98,367 234,545 449,343 
45 1,478 16,410 37,096 14,5'3 

1,727  6,723 11,m 16,737  18,480 
43  1,190 4 4 2 2 8 5 6 2 6  

EDTO Cone. 150 IA 

1,907 11,W 86,035 225,388 447,497 
84 1,106  4,256  5,745  9,201 

1,892 12,607 93,')60 217,762 431,415 
83 415 16,463 19,165 28,635 

1,%7 13,133 95,103 230,737 449,328 
93 1,446 17,051 1,8?i? 1,863 

1,885  12,060  24,802 49,203 . 99,868 
48 948 461  3,561  2,604 



Experiment#: B (39) 
*tal: Cu 

EDTR conc. 0 nll 

k a n  Cell Yield (cells/ri) 
Day 0 Day 1‘ Day 2 Day 3 Day 4 
_I_ - ” ” ” 

1,597 10,436 80,068 241,083 468,765 
133 726 1,240 9,%3 17,715 

1,688 10,300 77,108 219,330 403,623 
106 1,082  3,465  5,825 25,970 

1,683 9,960 76,012 137,522 216,437 
85 987 1,430 2,790 8,106 

1,665 9,273 22,473 143,312 160,865 
60 585 2,026 6,354 2,B 

1,765 10,157 16,515 46,345 81,855 
75 1,018 822 2,637 665 

1,742 7,950 14,075 19,127 22,067 
37  487 599 558 1,521 

EDTA hrc. 40 nW 

1,677 9,427 83,416 245,017 447,030 
108 1,717 4,706 1,398 21,381 

1,778 10,360 77,508 231,660 464,250 
158 793 2,361 13,453 21,m 

1,645 9,972 79,798 186,985 441,302 
66  1,625 925 5,039 14252 

1,692  10,192  68,375  141,837  240,928 
60 722 1,715 3,370 986 

1,660 8,863 21,888 126,775 166,582 
179 474 593 1,563 &sos 

EDTR Cone. 20 nW 

k a n  C e l l  Yield (cells/d) 
Day 0 Oay 1 Day 2 Day 3 Day 4 

1,790 9,475 80,318 234,055 471,765 
1 3 5  883 3,054 1,183 23,669 

1,703  9,158  79,587  200,267 453,655 
8 474  1,679  13,641  17,022 

1,683 8,400 73,355 151,267 255,405 
43 1,282 3,815 1,741 9,362 

1,723  8,730 22,377 140,413  163,900 
1s a93  313  5,223 1,481 

EDTA Cam. 60 nW 

1,762 9,208 80,473 223,203 470,792 
134 958 276 16,504 19,975 

1,680 9,143 80, b0 233,887 427,067 
61 1,009 1,316 2,212 24,178 

1,667  7,855  74,747 211,328 455,253 
63 197 1,421 4,437 22,888 

1,708 4% 69,903 176,232 390,423 
179 850 233 4,690 26, 106 

1,838 9,677 67,245 129,248 233,510 
137 375 1,208 2,672 16,766 



ExperimntY: FI (36) 
Hetal: Cd 

m1Cl corn. 0 nn 

Mean Cell Yield ( c e l l s / d J  
Day 0 Day I Day 2 Day 3 
"" 

2,443  7,890  38,593  188,121 
332 4,430 3,988  7,156 

2,075 5,365 44,975  178,937 
169  417  3,655  938 

2,098 5,942 33,W 134,997 
207  711  1,549  3,111 

2,422 5,550 20,053 109,788 
103 215 1,461 1,488 

2,228 6,?22 22,133 90,128 
78 753 701 807 

2,318 4,900 19,307 28,597 
35 so5 630 2,141 

EDTII Car. lo00 d 

2,217 5,208 41,427  180,887 
488 345 822 4,955 

2,263  5,713  40,492  180,590 
128  323  1,004  407 

1,980  5,317  40,762  177,343 
36 374 730  1,215 

1,983 5,480 34,178  133,275 
121  218  155  2,805 

2,180  5,927  22,297  73,368 
2 0 8 w  786 1,194 

Day 4 

455,708 
28,154 

387,102 
12,788 

257,650 
e, 947 

181,542 
837 

101,157 
4329 
31,232 
1, J98 

385,780 
5,667 

362,492 
2,197 

323,513 
9,741 

239,450 
2,883 

189,542 
1,217 

Hean Cell  Yield  (cells/mL) 
Day 0 Day 1 Day 2 Day 3 Day 4 
"" - - "" 

2,345 5,145 44,878 180,480 
463 460 542 262 

2,207 4,450 42,042 181,525 
101 1% 999 572 

2,128  4,680  37,877  140,502 
203 292 77 550 

2,120  4,880  30,032 98,m 
110 745 224 2,477 

2,078  4,120  19,683  32,213 
78  454  702  3,897 

EDTII Conc. is00 rU 

1,%2 6,175 44,547 180,603 
173 48 326 3,771 

2,618  6,373 40,& 179,792 
368 578 2,659 1,253 

2,202 6,522 41,230 180,273 
171 326 1,660 1,297 

2,100 6,260 42,48!j 170,185 
33  134 352 2,505 

2,122 6,087 31,887 91,768 - 172 355 116 137 

=,= 
6,636 

274,970 
8,810 

243,460 
3,143 

144,847 
2,332 

loo, 363 
3,781 

357,267 
8,896 

371,108 
6,754 

372,123 
3,167 

=,- 
13,612 

244,372 
9,356 



ERperiaentt: CI (38) 
k t a l :  Pb 

k t a l  
cow. 
(dl, 

Control 

25 

50 

75 

100 

125 

' 2 5  

50 

75 

100 

125 

EDTCI Cow. 0 4 

Mean C e l l  Yield ( ce l l s /d )  
Day 0 Day f Day 2 Day 3 Day 4 
"" _" "" " "- 

1,809 10,323 72,145 297,198 M,%9 
128 565 3,812 12,281 9,420 

1,765 5,675 69,105 304,237 384,535 
133 1,903 4,407 7,- 13,037 

1,647 7,373 70,230 169,642 241,!23 
81 464 1,298  3,470  6,907 

1,760  5,442 32, 480 43,188 B),203 
45 399 1,083  2,574  2,233 

1,868 5 , a  17,270 444,007 48,213 
147 1,306 l,oiT 5% 1,666 

1,683 3,620 14,553 41,850 42,978 
100 08 413 204 467 

EDTa Cant. 50 f l  

1,710 5,522 93,748 261,6M 441,663 
87 1,579 6,017 19,030 12,767 

1,785 4,697 88,853 219,313 433,730 
39 464 3,508 4,111 18,781 

1,708 3,475 72,400 114,245 301,878 
114 195 1,725 6,335 3,%1 

1,751 4,d& 51,133 84,785 141,148 
24 350 2,782  1,214 2,485 

1,687  3,587  27,227  41,695  45,047 
160  661  1,224  1,367  3,919 

EDTCI Conc. 25 4 

Hean Cell Yield (cells/&) 
Day 0 Day 1 Day 2 Day 3 Day 4 

1,812 ~ , O X  68,875 3 0 7 , ~  440,673 
140 903 2,089 5,513 10,628 

1 , m  5,272 67,453 1 2 0 , 9 0 2  306,918 
214 649 4,620 5,552 1,560 

1,762 4,353 44,492 83,292 139,067 
83 1,184 1,213 960 3,600 

1,657 4,260 38,895 103,562 102,872 
77 577 1,674 1,992 3,595 

EDTa Caw. 75 f l  

1,705 5,W 115,912 209,585 429,725 
51 306 4,281  14,532  13,651 

1,985 5,285 94,693 214,%7 420,833 
88 193  4,008  22,617  26,103 

1,767  5,413 77,263 160,693  266,248 
83 646 1,662 560 19,995 

1,672  5,082 29,620 93,463 147,045 
-80 26 1,151  3,123  3,340 



EnperiaentY: B (41) 
M a l :  Pb 

EDTfl Car. 75 &I 

50 

100 

150 

m 

250 

Day 0 
” 

2,058 
171 

21 320 
95 

2,017 
61 

1,957 
76 

2,067 
143 

1,983 
1 4 6  

1,948 
49 

1, 948 
188 

1,978 
84 

1,963 
33 

2,030 

EDTfl Conc. 0 nll 

*an Cell Yield (cells/rL) 
Day t Day 2 Day 3 
”- - ” 

11,453 105,504 309,926 
2,174 10,034 20,071 

9,788 53,m 225,648 
770 &433 8,344 

8,880 40,188  151,703 
850 472  9,311 

6,942 27,510  77,445 
990 1,135  5,336 

9,005 23,362 44,692 
319 573 q293 

4,973  11,175  12,130 
645 698 322 

aT4 canc. Is0 nw 

12,712 103,448 299,053 
331 1,142 4,521 

11,367 106, 518 252,097 
799 3,036 8,206 

11,765  67,270  148,558 
553 2,730  1,068 

9,877 51,198  122,462 
843  4,428  1,062 

9,428 32, 198  93,023 

Day 4 

445,712 
17,591 

298,518 
16, 858 

261,992 
6lm 

13,492 
2,581 

65,675 
2, 795 

24,250 
1, 778 

454,267 
10,139 

402,693 
16,697 

3011 307 
14, 027 

210, 108 
9,974 

k a n  Cell Yield (cel Is/&) 
Day 0 Day 1 Day 2 Day 3 Day 4 

2,037  11,458  105,423 239,690 390,150 
98 612  7,148  9,989  9,183 

1,895  11,157  58,697  143,975  240,843 
92 553 2,986  2,481  51 

1,913 11,292 38,477 100,475 151,042 
88 1,086 3,103 4,163 5,753 

1,926 9,592 26,492 40,227 73,537 
99 771 1,418 2,241 710 

1,875 10,198 110,762 306,618 456,422 
71 992 1,287 4,821 13,544 

1,932 11,903 67,450 181,365 300,913 
76 812 2,222 5,361 7,657 

1,967 12,227 46,348 140,357 179,925 
51 1,015 2,765 1,701 1,317 



Experiment#: P (4@) 
k t a l :  Zrr 

k t a l  
conc. 
c n n ,  

500 

I O 0 0  

1500 

m 

2500 

EDTCL bnc. 0 rU 

Mean Cell Yield (cells/rl) 
Day 0 Day t Day 2 Day 3 Day 4 
""- -" " "- "- 

1,917 7,873 44,944 199,369 302,700 
118 1,290 7,660 14,322 12,350 

1,803 8,412 21,618 41,510 74,747 
153 805 3,058 7,930  42,518 

1,865 8,038 20,853 31,473 36,947 
216 2,045 4,803 8,570 9,941 

1,817 6,910 13,300 20,eSe 27,718 
78 686 966 4,431 3,194 

1,883 7,862 15,227 22,798 28,802 
72 1,215 1,011 2,214 3,308 

1,768 6,2S? 14,325 Bo,958 24,648 
257 9% 664 1,107  2,206 

EDT4 Cone. lo00 rA 

1,787 7,553 50,860 292,105 558,082 
159 1,401 377 61,727 141,547 

1,%2 8,753 44,645 286,408 557,100 
191  1,132  4,575  74,238  150,967 

1,813  8,732  30,137 85,675 189,597 
162 063 417 4,973 7,562 

1,745 7,940 20,015 34,088 49,637 
73  174 770 2,131  2,694 

1,790 8,355 19,418 27,348 37,588 
13 129 870 969 477 

EDTFl Cow. 500 r)l 

Mean Cell Yield (cells/rl) 
Day 0 Day 1 Day 2 Day 3 Day 4 

1,907 
156 

1,765 
87 

1,715 
61 

1,907 
88 

1,028 
112 

1,943 
188 

1,745 
33 

1,803 
33 

1,792 
45 

11= 

8,903 9,915 254,308 512,645 
1,418 2,507 4,W 9,114 

7,942 32,933 76,368 214,262 
667 1,322 5,247 19,568 

7,308  19,730  37,297 48,400 
803 576 034 1,355 

6,617  15,297  24,  185 28,M)L' 
537  175  436  1,069 

7,115 14,717 8,547 29,920 
959 1,272 3,699 3,306 

10,335 6%,b37 3&,697 475,280 
1,180 4,219 18,754 9,810 

8,125 55,638 306,210 479,847 
530 4,548 6,879 7,615 

8,992 20,813 36,745 123,123 
765 1,922 6,463 15,038 

8,247  18,948  29,148 42,W 
17s  1,551 698 1,447  3,826 



Experiment): 0 
Metal:  In 

500 

lo00 

1500 

2900 

2500 

EDTfl Cow. 0 d4 

Mean Cell Yield  (cells/d) 
Day 0 Day 1 Day 2 Day 3 
- "_ " "_ 
1,912 12,369 72,422 308,455 
107 1,741 6,469 15,681 

1,803 11,770 36,522 68,697 
105 320 1,455 3,422 

1,868  9,490  16,193  23,020 
98 903 525 1,113 

1,865 9,158  14,733 20,268 
5 0 5 0 5  118  1,328 

1,875 9,272 12,497 17,095 
72 762 950 487 

1,738 7,662 11,477 13,617 
94 288 765  1,310 

€Dm corr. 1500 nn 

1,758  11,658  79,527  309,785 
24  1,275  5,766  15,752 

1,880  109413  70,425  300,703 
79  176  1,621  1,194 

1,623 9,830 66,OOO 306,845 
81 1,055 2,432 8,232 

1,922 10,130  20,732  33,915 
75 1,539  874  2,469 

1,915  11,070  16,108  26,087 
39 910 625 1,351 

Day 4 
" 

602,098 
25,919 

79,447 
3500 

6, 4a3 
1,235 

31,983 
m 

30,450 
844 

2s, 110 
706 

600,937 
17,872 

606,518 
14,029 

=,w 
5905 

117,910 
11,548 

50,405 
1,504 

EDTa bnc. 750 tN 

k a n  Ce l l  Yield (cells/mL) 
Day 0 Day 1 Day 2 Day 3 Day 4 
""" "" 

1,862  11,320  79,792 304,902 605,723 
10  546  3,855  12,799  10,082 

1,837  11,987 34,580 52,172  300,153 
200 159  2,223  2,074  410 

1,923 9,638 21,037 35,270 79,475 
117 823 1,277 710 2,692 

1,997 9,503 17,398 23,277 33,768 
166 1,270 1,280 1,510 941 

1,720  10,230  15,273  17,545  27,067 
6 5 3 5 4  341 330 1,358 

1,913 10,747 79,007 315,342 602,020 
58 399 2,694 13,311 16,670 

1,937 10,775 76,j98 312,022 609,442 
118 699 2,240 17,759 13,690 

1,858 12,263 00,597 321,880 #6,710 
7a 968 1,462  6,887  16,261 

1,783 10,820 66,543 213,873 319,487 
103 419 1,176 9,024 7,815 

2,042 11,493  26,245 58,553 80,065 
- 37  875 854 2,590  1,974 
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