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ABSTRACT

Preliminary results on the levels of organochlorine residues 
and mercury in the main compartments of the North Sea are 
described and the advantage of presenting data on three bases 
(wet weight, fat »eight and water volume) is emphasized.

Higher concentrations are by far found in the pelagic 
seabirds but no bloaagnification can be detected at the first 
levels of the food chain (phytoplankton - Zooplankton and fish). 
The results are discussed considering the relative importances of 
the uptakes by food and directly from water.

The modelling of the pollutants cycles in marine ecosystems 
requires notably the knowledge of the percentages of ingested 
pollutants assimilated, the concentration factors and the rates 
of excretion which all have to be determined in the laboratory.

Some physiological adaptations to pollution are described 
which can change their kinetics of uptake and should be taken 
into account in the interpretation of the ecotoxicological data.

Finally we discuss the fact that the liposolubility of all 
stable pollutants (organic and inorganic) would be related to 
their rate of uptake, suggesting that general laws describing the 
fate of pollutants in aquatic systems nay exist.
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INTRODUCTION

Ecotoxicology can be defined as the science d e a l in g  w ith  the contamination 

o f  the ecosystems by natura l and a r t i f i c i a l  p o l lu ta n ts  as w e ll  as t h e i r  mecha­

nisms o f  a c t ion  and e f fe c ts  on l i v i n g  organisms (RAMADE, 1977, f re e  t r a n s la t io n ) .  

C le a r ly ,  t h i s  means th a t  contam ination le v e ls ,  ra tes  o f  t r a n s fe r  o f  p o l lu ta n ts  

between atmosphere, water, sediments and b io lo g ic a l  compartments as w e ll  as t h e i r  

to x ic  e f fe c ts  are included in  eco tox ico logy .

In th is  frame, we are dea l ing  w ith  two main complementary approaches :

1. determ inat ion  o f  the contamination leve ls  o f s ta b le  p o l lu ta n ts  in  the 

f i e l d  ( i . e .  North Sea)

2. labo ra to ry  experiments needed f o r  the understanding o f  t h e i r  t ra n s fe r  me­

chanisms.

1. Levels o f organochlorine residues and mercury in  the main compartments o f  the 
North Sea

PCB's c o n s t i tu te  by f a r  the main organochlorine residues in  marine systems 

and were detected in  a l l  samples. Q u a l i t a t i v e ly ,  t h e i r  s t ru c tu re  is  much c lo s e r  

to  a m ixture o f  the type A roc lo r  1254 than A roc lo r 1260 ty p ic a l  f o r  the surroun­

ding t e r r e s t r i a l  systems ( f i g . l ) .  Such a pa tte rn  d i f fe re n c e  is  not c le a r ly  un­

derstood ye t  but could be re la te d  to  d i f fe re n ce s  in  b io lo g ic a l  s t a b i l i t y  and in  

s o l u b i l i t y  ( p a r t i t i o n in g )  o f  the d i f f e r e n t  compounds w i th in  the m ix tu re .

A summary o f  the re s u l ts  gathered on the main compartments ( f ig .2 a ,b , c )  

shows th a t  no important bioaccumulation i s  tak ing  place a t  the f i r s t  ( " low e r" )  

le v e ls  o f  the food chain ( p a r t i c u la te  m atte r-m ain ly  phy top lank ton - ,Zooplankton, 

f i s h ) ,  but w e ll  from f i s h  and Zooplankton to  seabirds ( fo r  a more d e ta i led  d i s ­

cussion o f  these re s u l t s ,  see DELBEKE and JOIRIS, 1985). When the data are 

expressed on a f a t  weight bas is ,  the re  even e x is ts  a decrease o f  contamination 

from p a r t ic u la te  matter to  Zooplankton : t h i s  can be q u a n t i ta t iv e ly  understood 

by assuming th a t  the PCB's bound to  the phytoplankton l ip id s  are t rans fe r red  

to  Zooplankton through graz ing , and then d i lu te d  w i th in  the animals by newly 

formed, PCB fre e  l i p i d s .

The necessity  o f  expressing the re s u l ts  in  the th ree kinds o f  u n i ts  is  s t i l l  

more ev ident a t  the leve l  o f  phytoplankton (= p a r t ic u la te  matte r) (see DELBEKE 

and JOIRIS, 1985) : the r e p r o d u c ib i l i t y  o f  the re s u l ts  o f  PCB contamination per
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volume u n i t  shows th a t  le ve ls  per weight u n i t  d i r e c t l y  depend on the amount o f 

p a r t ic u la te  matter present : the h igher the phytoplankton concen tra t ions , the 

lower i t s  PCB contamination on a weight basis. Such re s u l ts  e n t i r e l y  f i t  the 

simple p a r t i t io n /a d s o rp t io n  hypothesis.

F ig . l  : PCB patterns present in  the main b io lo g ic a l  compartments o f  the North Sea 
and compared to  PCB standard m ixtures (A roc lo r 1254 and A roc lo r 1260).

As f a r  as f i s h  samples are concerned, both ed ib le  and by catch f i s h  show 
comparable leve ls  o f  contamination but the r e la t i v e  ro les  o f  d i r e c t  and in d i r e c t  

contaminations are however d i f f i c u l t  to  be evaluated now (see DELBEKE and JOIRIS, 

1985, f o r  f u r th e r  d iscuss ion) : lab o ra to ry  experiments are c le a r ly  needed in 

order to  solve t h i s  aspect.

Schematica lly , the main ru les  f o r  understanding PCB contamination can be 

summarized as fo l low s  :

-  most PCB's are present in  the p a r t ic u la te  matter compartment

-  p a r t i t io n in g  between water and phytoplankton is  d i r e c t l y  dependent on the 

l i p i d  f r a c t io n  o f  the la s t

-  contam ination o f Zooplankton m ain ly  occurs through food in take

-  the contamination mechanisms o f  f i s h  remain unc lear ,  w ith  arguments favou-

AROCHLOR 1254AROCHLOR 1254
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F ig .2 : B iom agn if ica t ion  o f  PCB1 s ( l a ,b , c )  and mercury ( l d , e , f )  through the t r o ­
phic chain o f  the North Sea. Contamination le v e ls  f ig u re d  by c i r c le s  : 
l a ,d  : yg /g-1 dry  weight ; l b , e : yg /g -1 f a t  weight ; l c , f  : yg/m"3 . For 
seabirds and f i s h ,  the contamination leve ls  o f  the muscles are considered 
(a) : DECADT e t  a l .  (unpublished re s u l ts )  ; (b) : BAEYENS e t  a l .  (1979) ; 
(c )  : GEYER e t  a l .  (1984).
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r in g  d i r e c t  or i n d i r e c t  contamination ( to  be solved by labo ra to ry  e x p e r i ­

ments)

-  " re a l "  pe lagic  seabirds are h ig h ly  contaminated by PCB's, e v id e n t ly  accu­

mulated through the food web.

Mercury contamination was inves t iga ted  on the  same samples. The re s u l ts  

were expressed in  the th ree  kinds o f  u n i ts  as w e l l  ( f i g .  2 d ,e , f )  which allows 

a s im i la r  d iscuss ion .

When consider ing the concentra t ions (dry w e igh t and f a t  w e igh t ) ,  the com­

ments are ra th e r  s im i la r  to  those concerning PCB's :

- l i t t l e  o r  no m a g n i f ica t io n  a t  the f i r s t  le v e ls  o f the food chain

-  decrease o f  contamination from p a r t ic u la te  m atte r to  Zooplankton and f i s h  

on a f a t  weight bas is ,  which suggests th a t  p a r t  o f  the mercury would be 

under an organic l ip o s o lu b le  form (methylmercury f o r  example)
-  more im portan t m a g n ific a tio n  from f is h  and Zooplankton to  seab irds.

Monitor ing : a poss ib le  method f o r  determining the  e vo lu t ion  o f  contamination 

in  fu n c t io n  o f  time could be provided by the ana lys is  o f  seabirds" fea the rs .

An example ( f i g . 3) concerns mercury leve ls  in  fea the rs  o f  the Guil lemot {U r ia  

a a lg e ) .  One can d iscern  a period o f  increasing contamination w ith  maximal 

values in  the period 1920-1970, fo l low ed by a period o f  decreasing le v e ls .
Such p re l im in a ry  re s u l ts  are confirmed by the ana lys is  o f  s ta b i l iz e d  sediment 

cores in  the Rhine estuary  (SALOMONS, 1983), but are not y e t  confirmed by the 

Hg leve ls  in  f i s h ,  where no c le a r  decrease is  to  be detected (VYNCKE e t  a l . s 

1981).

p g  Hg g 1

10-, 2

5 -

0
« O  1BOO 1 9 5 0  2 0 0 0  y M T

F ig .3 : Evo lu t ion  o f  the mercury p o l lu t io n  from 1945 t i l l  1983 as re f le c te d  in 
fea thers  o f  G u i l lem o ts , U r ia  aa lge  (mean, standard d e v ia t io n ,  number o f 
samples).
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2. Laboratory approach o f  the study o f  t r a n s fe r  mechanisms

Modelling the d i s t r i b u t io n  o f  to x ic  substances in  marine ecosystems requires 

the knowledge o f  several aspects re la te d  not on ly  to  the ecology o f  the described 

systems but a lso to  the phys io log ica l  mechanisms im p lied  in  the bioaccumulation 

o f p o l lu ta n ts  by marine organisms.

The fo l lo w in g  d i f f e r e n t i a l  equation f o r  concen tra t ion  o f  a to x ic  substance
+■ h

in  the biomass o f  a n t ro p h ic  leve l has been described by JORGENSEN (1983) :

d = BI0(n) MY(n) YT(n) y ( n - l )  - MORT(n) y (n)

-EXC(n).y(n) -  M Y(n+ l) .y (n ) + UT(n).T0X(o)

BI0(n) : concentra t ion  o f  biomass, nth t ro p h ic  leve l 

EXC(n) : ra te  o f  e x c re t io n ,  rated to  y(n)

MORT(n): m o r ta l i t y ,  nth t ro p h ic  leve l 

n : t ro p h ic  leve l (n=o, water)

TOX(n) : concentra t ion  o f  to x ic a n t ,  nth t r o p h ic  le ve l (mg/1 water)

TOX(o) : concen tra t ion  o f to x ic a n t  in  water (mg/1)

UT : uptake ra te  o f  p o l lu ta n t

y(n ) : concentra t ion  o f  to x ic a n t ,  nth t r o p h ic  leve l  : T0X(n)/BI0(n)

YT(n) : y ie ld  fa c to r  o f to x ic a n t ,  nth t ro p h ic  leve l 

MY(n) : growth ra te  o f nth t ro p h ic  leve l

The use o f  such a model requ ires  :

-  eco log ica l  data (biomasses and f l u x e s ) ,

-  p o l lu ta n t  concentrations o f  the d i f f e r e n t  compartments in  the f i e l d ,

-  eco to x ico lo g ica l  data which are to  be determined in  the labo ra to ry  : 

the a s s im i la t io n  ra te  o f  the to x ic a n t  from food CTY(n)),

the d i r e c t  uptake ra te  o f  the to x ic a n t  from water (UT),

the ra te  o f  excre t ion  o f  the to x ic a n t  (EXC(n)l.

The percentage o f  ingested p o l lu ta n ts  ass im ila ted  from food by aquatic  o r ­

ganisms can be determined by means o f  a lab o ra to ry  set up which allows to  s im u l­

taneously fo l lo w  the  p o l lu ta n t  concentra t ion  in  animals fed w ith  contaminated 

preys and th a t  o f  animals l i v i n g  in  the same water, tak ing  so in to  account the 

d i r e c t  contamination from the water (BOUQUEGNEAU e t  a l . s 1979).

Table 1 shows the percentage, determined by th a t  way, o f  ingested heavy 

metals ass im ila ted  by some aquatic  organisms.
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Cd 
( CdCl2)

Hg 
( HgCl2

Hg
(CH3HgCl)

ZOOPLANKTON

A rte m ia  s a l in a  (1) 4 6 29
Praunus sp . (2) 7 20 43
Leptom ysis  spp. (2) 8 19 26

FISH

L e b is te s  r e t ic u la t a  (1) - 0-2 37-53

S erranus c a b r i l l a  (1) 1 - -

Table 1 : Percentages o f  ingested heavy metals ass im ila ted  by some aquatic 
organisms.
(1) : from BOUQUEGNEAU e t  a l .  (1979)
(2) : BOUQUEGNEAU e t  a l . ,  to  be published
-  : no t determined

I t  appears th a t  the a s s im i la t io n  ra tes are much lower f o r  inorgan ic  p o l lu ­

tan ts  than f o r  organic ones (methylmercury in  t h i s  case). This re s u l ts  most 

probably from the high l i p i d  s o l u b i l i t y  o f  the organ ic  complexes. In a l l  these 

experiments however, the f a c t  th a t  on ly a pa r t  o f  the ingested p o l lu ta n t  was as­

s im ila ted  led to  an important secondary d i r e c t  contam ination o f  the animals.

Those experiments (BOUQUEGNEAU e t  a l .  , 1979) c le a r ly  show the importance o f  the 

d i r e c t  contam ination o f  aquatic  animals as f a r  as ino rgan ic  p o l lu ta n ts  are con­
cerned.

However, when consider ing the uptake ra te  o f  to x ic a n ts ,  on ly  few data are 

a va i la b le  in  the l i t e r a t u r e  and JORGENSEN (1983) suggests the use o f  the concen­

t r a t i o n  fa c t o r .  Indeed, a t  s teady -s ta te ,  ^  and are a l l  equal

to  zero and in  the experimental cond it ions  needed in  the lab o ra to ry  determina­

t io n  o f  the concen tra t ion  fa c to rs ,  MORT(n), MY(n+l) and y ( n - l )  are a lso equal 

to  ze ro , so th a t

MY(n) YF(n) -  RESP(n) = 0 , and

* ( n )  -  UT(n) _ c F
TOX(o) EXC(n)

From th is  equa t ion , UT(n) can be found i f  EXC(n) and C.F. are known
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(JORGENSEN, 1983); EXC(n) i s  r e l a t i v e l y  e a s i ly  determined by p lac ing  contamina­

ted animals in  unpo llu ted  water and fo l lo w in g  the decrease o f  the contamination 

in  fu n c t io n  o f  time.

The use o f  lab o ra to ry  determined C.F. f o r  the mode ll ing  o f  the d i s t r i b u t i o n  

o f  to x ic  substances in  marine ecosystems requires however some comments.

The concentra t ion  fa c to r  is  no t constant even f o r  a s in g le  species. As a 

r u l e ,  i t  seems to  decrease when the concentra t ion  o f  the p o l lu ta n t  CTOX(o)] i n ­

creases in  the medium (see f o r  example BOUQUEGNEAU e t  a l . ,  1985). This probably 

re s u l ts  from the f a c t  th a t  when TOX(o) increases, the re  is  ge n e ra l ly  ( i n  the 

case o f  ac t ive  uptake) a sa tu ra t io n  o f  the s i te s  o f  e n try  o f  the p o l lu ta n t  so 

th a t  the i n i t i a l  ra te  o f  uptake is  not always p ropo r t iona l to  the concen tra t ion  

in  the medium. So, in  the la b o ra to ry ,  i t  is  necessary to  determine the C.F. 
in  a concentra t ion  range c lose to  th a t  o f  the s tud ied  environment.

This decrease o f  the C.F. when TOX(o) increases is  o f  value as f a r  as no 

storage mechanism is  i n i t i a l i z e d  from a thresho ld  concen tra t ion  in  the organism. 

When such storage mechanisms are concerned, a t  high leve ls  o f  exposure, there 

is  c le a r ly  no tendency f o r  e q u i l ib r iu m  to  be approached. This i s  c le a r ly  de­

monstrated in  f i g . 4.

[C d ] [Cd] [C d ]

A tlantic w ater 

0.1 ppb

Savern estuary

5.0 ppb

t

Laboratory
experiment

5 0 0  ppb

F ig .4 : Theoret ica l k in e t i c s  o f  accumulation o f  cadmium by P a te l la  v u lg a ta
( —  ) and L i t t o r i n a  l i t t o r e a  (----- ) in  three d i f f e r e n t  environments
(from data by NOËL-LAMBOT e t  a l . ,  1978).
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In unpo llu ted  na tura l seawater, low leve ls  o f  cadmium are observed in  Pa­

t e l l a  v u lg a ta  and in  L i t t o r i n a  l i t t o r e a .  In the p o l lu te d  waters o f  the Severn 

Estuary, the accumulation o f  Cd i s  much more ra p id  in  l impets than in  p e r iw in ­

k les .  In these c o n d i t io n s ,  a high ra te  o f  syn thes is  o f  m eta l!o th ione ins  occurs 

in  l im pe ts  while  th a t  p ro te in  is  no t de tec tab le  in  pe r iw ink les .  In the lab o ra ­
to ry  however, when the cadmium concen tra t ion  o f the  medium is  s u f f i c i e n t  to  i n ­

duce the synthesis o f  metal 1o th ione ins in  both spec ies , the accumulation o f  the 

metal is  high and h igher in  pe r iw ink les  than in  l im p e ts .  These k in e t ic s  show 

th a t  no steady s ta te  can be approached once the th resho ld  o f  concentra tion cau­

sing the synthesis o f  m e ta l lo th io n e in s  has been reached.

So the storage o f  p o l lu ta n ts  appears as a handicap to  the modelling o f  t h e i r  
t r a n s fe r  in  ecosystems. Heavy metals can be s tored and d e to x i f ie d  by marine 

organisms e i th e r  by a compartmentation process w i t h in  membrane-limited ves ic les  

(lysosomes and spherocrys ta ls )  or by binding to  s p e c i f i c  p ro te ins  (m e ta l lo th io -  

ne ins ) .  For a general review o f  the phys io log ica l  ro le  o f  these mechanisms, 
see BOUQUEGNEAU e t  a l .  (1984). I t  seems c lea r  t h a t  those storage mechanisms, 

although genera l ly  considered as a p ro te c t iv e  mechanism, may be repons ib le  f o r  

high metal loads in  some organisms 1 i  v ing in  p o l lu te d  seawater. This does not 

n ecessa r i ly  mean th a t  high contamination loads are to x ic  f o r  the high leve ls  o f  

the t ro p h ic  chain.

Another example o f  the d i v e r s i t y  o f  the responses o f  aquatic  organisms to  

the presence o f  p o l lu ta n ts  in  the environment is  the comparison o f  the accumula­

t io n  o f  mercury by three species o f  f i s h  contaminated in  the labo ra to ry  by the 

same concentra t ion  o f p o l lu ta n t  in  the medium.

F ig . 5 shows the d i f fe re n ce s  in  the k in e t ic s  o f  accumulation o f  mercury 

(100 ppb in  the water) by A n g u i l la  a n g u i l la } S erranus c a b r i l l a  and C re n ila b ru s  

o c e l la tu s .

Three q u i te  d i f f e r e n t  shapes can be observed. The accumulation o f  Hg by 

the eel is  q u i te  l i n e a r ,  th a t  o f  S erranus c a b r i l l a  approaches ra p id ly  an equ i­

l ib r iu m ,  and th a t  o f  C re n ila b ru s  o c e l la tu s , f i r s t  slow, increases s i g n i f i c a n t l y  

from the fo u r th  to  the seventh day and a f t e r  reaches a s teady -s ta te .  The me­

chanism we propose to  exp la in  t h i s  d i v e r s i t y  is  the fo l lo w in g  :

-  the i n i t i a l  ra te  o f  uptake o f  mercury by the e e l 's  g i l l s  i s  f a s t ,  the th re s ­

hold o f  synthesis o f  m e ta l lo th io n e in s  i s  q u ic k ly  reached and a very slow 

exc re t ion  o f  the p o l lu ta n t  occurs (BOUQUEGNEAU, 1975).
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F i  g . 5 : Accumulation o f  mercury from seawater con ta in ing  100 ppb Hg (as HgClg)
1. A n g u i l la  a n g u i l la  (BOUQUEGNEAU, 1975)
2. S erranus c a b r i l l a  (RADOUX and BOUQUEGNEAU, 1979)
3. C re n ila b ru s  o c e lla tu s  (BOUQUEGNEAU and VELISSARIDES, unpublished

re s u l ts )

-  the i n i t i a l  ra te  o f  uptake by S erranus c a b r i l l a  is  f a s t  to o ,  but a mecha­

nism o f  rap id  exc re t ion  by the g i l l s  occurs ( i . e .  in tense mucus production) 

which l im i t s  the en try  o f  the p o l lu ta n t  (RADOUX and BOUQUEGNEAU, 1979).

No m e ta l lo th io n e in  can be detected (BOUQUEGNEAU, unpublished r e s u l t s ) .

-  the i n i t i a l  ra te  o f  uptake by C re n ila b ru s  o c e lla tu s  is  s low, but a synthe­

s is  o f  m e ta l lo th io n e in  occurs from the fo u r th  to  the seventh day o f  conta­

m ination (BOUQUEGNEAU and VELISSARIDES, unpublished r e s u l t s ) .

A t h i r d  example o f the d i v e r s i t y  o f  responses to  p o l lu ta n ts  is  presented in  

another chapter o f these proceedings (BOUQUEGNEAU e t  a l . ,  1985) about the accu­

mulation o f  technetium by marine molluscs. F in a l l y ,  i t  i s  worth no t ic ing  th a t  

o ther phys io log ica l  mechanisms can also in te r f e r e  w ith  the metal loads o f  the 

aquatic  organisms such as seasonal va r ia t io n s  (see f o r  example BOUQUEGNEAU e t  

a l . ,  1984).

GENERAL DISCUSSION

No general ru le  can, a t  f i r s t  s ig h t ,  be used to  describe the t ra n s fe r  o f  

s tab le  p o l lu ta n ts  in  marine ecosystems :

- the routes o f  en try  o f  p o l lu ta n ts  in  the food chain are to  be determined:
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d i re c t  accumulation seems to  be predominant f o r  " in o rg a n ic "  heavy metals 

but e i th e r  both routes o f  en try  o r  mainly i n d i r e c t  contam ination occur in  

the case o f  organic p o l lu ta n ts .

-  the adapta t ion  mechanisms evolved by some marine organisms are to  be care­

f u l l y  taken in to  account in  p o l lu ted  areas because they can complete ly  mo­

d i f y  the f lu x e s  o f  p o l lu ta n ts  between the d i f f e r e n t  compartments o f  the 

ecosystems. This has been c le a r ly  demonstrated in  the case o f  the storage 

o f  heavy metals. In  the case o f  organic p o l lu ta n ts  (PCB's f o r  example),

no s p e c i f ic  mechanism o f  storage has been described t i l l  now. Whether l i ­

p ids should be considered as PCB's storage s t ru c tu re s  is  worth to  be inves­

t ig a te d .  I t  seems c lea r  however th a t  t h e i r  l i p o s o l u b i l i t y  and t h e i r  level

in  the PCB's content o f  the prey determine the  p o l lu ta n t  loads. For exam­

p le ,  VEITH e t  a l .  (1980) have shown a close c o r r e la t io n  between the b io ­

concentra t ion  fa c to rs  o f  organic chemicals and the n -oc tano l-w a te r  p a r t i ­

t io n  c o e f f i c ie n ts .  When consider ing organochlorine res idues, i t  has been 

es tab l ished  th a t  t h e i r  p a r t i t i o n  c o e f f i c ie n t  between water and p a r t ic u la te  

matter as w e ll  as t h e i r  l i p o s o l u b i l i t y  d i r e c t l y  in f luences  t h e i r  bioaccu­

mulation in  marine food web (DELBEKE and JOIRIS, in  p re p a ra t io n ) .

When cons ider ing  heavy metals however, SIMKISS (1984) suggests t h a t ,  a t 

variance w ith  "c lass a" hard acid metals (Na,K,Ca,Mg) which d is s o c ia te  in  water 

to  form h ig h ly  charged and hydrated p a r t ic le s ,  the  "c lass b" metals (e .g .  Cu,Zn, 
Cd,Hg), present the phenomenon o f  ion p a i r  fo rm ation  which confers to  heavy me­

ta l  a property  o f  l i p i d  s o l u b i l i t y  which could e x p la in  the high ra tes  o f  pene­

t r a t i o n  o f  these p o l lu ta n ts  across c e l l  membranes.

Much fu r th e r  research i s  needed in  these d i re c t io n s  to  t r y  and f i n d  general 

laws th a t  would a l low  to  in te g ra te  the actual data w i th in  a general explanation 

and to  p re d ic t  the fa te  o f  p o l lu ta n ts  in  aquatic environments.
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