
A word from the editor 
  

The book series “MARINE ECOLOGY – A Comprehensive 
Treatise on Life in Oceans and Coastal Waters” (organized 
and edited by Otto Kinne and contributed to by numerous 
outstanding experts over years) is now freely available with 
online Open Access.  
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IN
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D

U
C

TIO
N

 T
O

 P
A

R
T

 3 (0
. K

IN
N

E
) 

E
ven now

 the coverage of hum
an activities w

hich m
ay affect, deform

 or dam
age natural 

processes 
of life in the seas is incom

plete. W
e have focused on aspects w

hich 
have 

received m
ost attention and/or pose especially severe threats. P

art 3 covers radioactive 
m

aterials (C
hapter 2

), heavy m
etals an

d
 their com

pounds (C
hapter 3), and oil pollution 

and its m
anagem

ent (C
hapter 4

); follow
ing the introduction (C

hapter 5), P
art 4 deals 

w
ith pesticides and technical organic chem

icals (C
hapter 6

), dom
estic w

astes (C
hapter 

7), an
d

 therm
al deform

ations (C
hapter 8). T

ogether, P
arts 3 and 4 provide the m

ost 
com

prehensive review
 of m

arine pollution research thus far available. B
ased on V

ol- 
um

es I to IV
, the 4 parts of V

olum
e V

 present an exhaustive, critical state-of-the-art- 
account that can effectively assist in the developm

ent of concepts and m
echanism

s for 
m

anaging 
the 

threat 
to 

m
arine 

life 
arising 

from
 

anthropogenic 
interferences. T

h
e 

enorm
ous extent an

d
 intensity of these interferences are a function of the w

orld-w
ide, 

alm
ost logarithm

ic increase in hum
an population size and the rapidly grow

ing im
pact 

potential per capila, especially in the so-called 'developed countries'. F
or general assess- 

m
ents of pollution im

pact, control, an
d

 m
anagem

ent in the seas consult K
IN

N
E

 and 
A

U
R

IC
H

 (1968), R
U

IV
O

 (1972), G
O

L
D

B
E

R
G

 (1976), JO
H

N
ST

O
N

 
(1976), K

IN
N

E
 an

d
 

B
U

L
N

H
E

IM
 

(1980), an
d

 G
E

R
L

A
C

H
 (1981). 

(2) T
erm

s and C
on

cep
ts 

T
h

e term
 (m

arine) 'pollution' has been defined repeatedly. I quote here 3 increasingly 
detailed versions, all of w

hich are basically in line w
ith the connotation of the term

 
em

ployed in P
arts 3 and 4 of V

olum
e V

 of M
a

t-im
 Ecology: 

(i) 
'H

u
m

an
 

activities 
causing 

negative* 
effects 

on 
hum

an 
health, 

resources, 
am

enities or ecosystem
s' (K

IN
N

E
, 1968, p. 518, 1980a, p

. 734). 
(ii) 'A

ny kind of m
an-m

ade reduction in the quality of the m
arine environm

ent' 
(W

O
R

L
D

 H
E

A
L

T
H

 O
R

G
A

N
IZ

A
T

IO
N

, 
early version). 

(iii) 'Introduction by m
an

, directly or indirectly, of substances or energy into the 
m

arine environm
ent (including estuaries), resulting in such deleterious effects as 

harm
 to living resources, hazards to hum

an health, hindrance to m
arine activities 

including fishing, im
pairm

ent of quality for use of sea w
ater and reduction 

of 
am

enities' 
(G

E
S

A
M

P
? 

111 1, P
aragraph 12, 1969, w

ith slight am
endm

ents in the 
U

pdated M
em

orandum
 on G

E
S

A
M

P
, 4 A

ugust, 1972; see also G
E

S
A

M
P

 V
III/I I, 

P
aragraphs 74 and 75, 1976). 

T
h

e em
phasis on m

an in these definitions is not only essential for pointing to the 
ultim

ate source of pollution, but also for distinguishing the term
 pollution as defined 

above from
 'natural pollution'. 

E
xam

ples of natural pollution 
are volcanic activities, 

intensive dust storm
s, natural oil seeps, and therm

al deform
ations d

u
e to extensive 

clim
atic (hydrographic) change. U

sually, m
an judges the seriousness of pollution dam

- 

* In regard to ecosystem
s, 'negative' refers here to detrim

ental erects causing im
pairm

ent in such ecological 
param

eters as sun,ival, grow
th, reproduction, energy procurem

ent, stress endurance, com
petition, orienta- 

tional and behav~
oural com

petence, diversity, abundance and system
 hornoeostasis. 

t Joint 
G

roup 
of 

E
xperts 

on 
the 

Scientific 
A

spects 
of 

M
arine 

P
ollution, 

representing 
IM

C
O

/FA
O

/ 
L

-N
E

SC
O

/W
,M

O
/lV

H
O

/IA
E

A
/U

N
. 



TE
R

M
S 

A
N

D
 C

O
N

C
EP

T'
S 

ag
e 

by
 t

he
 d

eg
re

e 
to

 w
hi

ch
 i

t 
af

fe
ct

s 
hi

s 
he

al
th

 a
nd

 g
en

er
al

 w
el

fa
re

. 
R

el
at

ed
 t

o 
th

e 
te

rm
 

'p
ol

lu
ti

on
', 

th
e 

te
rm

 'c
on

ta
m

in
at

io
n'

 d
en

ot
es

 a
 r

ed
uc

ti
on

 i
n 

qu
al

it
y 

of
 m

at
te

r,
 i

nc
lu

di
ng

 
fo

od
, 

us
ed

 b
y 

m
an

 a
nd

 o
th

er
 o

rg
an

is
m

s.
 

D
ef

in
it

io
n 

(i
ii

) 
ne

gl
ec

ts
 t

he
 f

ac
t 

th
at

 p
ot

en
ti

al
ly

 d
el

et
er

io
us

 a
nt

hr
op

og
en

ic
 e

ff
ec

ts
 o

n 
na

tu
re

 a
re

 n
ot

 r
es

tr
ic

te
d 

to
 'i

nt
ro

du
ct

io
n'

. 
T

he
re

 a
re

 4
 p

ri
nc

ip
al

 t
yp

es
 o

f i
m

pa
ct

 i
nf

lic
te

d 
by

 m
an

 o
n 

na
tu

ra
l 

ec
os

ys
te

m
s 

(K
IN

N
E

, 19
82

: r
em

ov
al

, 
ch

an
ge

, 
ad

di
ti

on
, 

an
d 

m
ix

in
g)

 
(F

ig
. 

1 -
 1

).
 R

em
ov

al
 

co
m

pr
is

es
 

ha
rv

es
ti

ng
 

of
 

se
le

ct
ed

 
w

ild
 

or
ga

ni
sm

s 
(e

sp
ec

ia
ll

y 
fi

sh
er

ie
s;

 
fo

r 
de

ta
il

s 
se

e 
V

ol
um

e 
V

: 
G

U
L

L
A

N
D

 (1
98

3)
 

as
 

w
el

l 
as

 
ex

pl
oi

ta
ti

on
 

of
 

no
n-

li
vi

ng
 m

at
er

ia
ls

 s
uc

h 
as

 w
at

er
, 

co
al

, 
m

et
al

s,
 a

n
d

 o
il 

(m
in

in
g,

 d
ri

ll
in

g)
. 

C
ha

ng
e 

in
vo

lv
es

 m
od

if
ic

at
io

n 
of

 n
at

ur
al

 f
lo

w
 p

at
te

rn
s 

of
 e

ne
rg

y 
an

d 
m
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(e.g. population explosions in species originally foreign to the target ecosystem
) and thus 

cause 'negative effects on resources, am
enities or ecosystem

s'. 
In situ effects of pollution depend on the pattern of pollutant release in space and tim

e. 
P

oint release (discharge) usually causes initial intensities of im
pact different from

 non- 
point release. P

oint-discharge effects are a function of local hydrographical, geological 
and biological conditions; they often depend acutely on tim

ing, e.g. discharge in sum
m

er 
or w

inter, at high tide or low
 tide, continuous or interruptive. 

N
egative ecological consequences of pollution 

m
anifest 

them
selves 

in detrim
ental 

deviations from
 

the norm
al state of individuals, 

populations or ecosystem
s. 

A
t the 

individual an
d

 population levels such deviations involve im
pairm

ents, quantifiable in 
term

s of functions (e.g. reductions in survival, grow
th, reproduction, energy procure- 

m
ent, stress endurance, disease resistance, com

petitive capacity, abundance or distribu- 
tion) 

and of structures 
(e.g. abnorm

alities in m
orphological differentiation, m

eristic 
characters, architecture of organs, tissues, and cells; proliferative disorders). A

t the 
ecosystem

 level, negative deviations com
prise distortions in the flow

 patterns of energy 
an

d
 m

atter, or in species com
position, or reductions in system

 stability that ultim
ately 

dim
inish the system

's m
an-supporting qualities (pp. 1096 and 1097). 

T
h

e principal criteria for assessing biological pollution effects, as w
ell as m

easures of 
pollution control and environm

ental m
anagem

ent, have been review
ed briefly by K

IN
N

E
 

( 1980a, pp. 75 1- 760). H
e distinguishes 4 categories of environm

ental m
anagem

ent: the 
m

anagem
ent of areas, resources, species, and ecosystem

s (p
p

. 758-760). 
S

ignificantly, pollution elicits practically the sam
e types of organism

ic responses as 
does natural stress d

u
e to excessive levels of environm

ental factors such as light, tem
per- 

ature, salinity, turbidity, pressure, etc. (for com
prehensive treatm

ents of organism
ic 

responses 
to environm

ental factors consult V
olum

es I and 11). B
oth functional and 

structural responses m
ay be m

odified d
u

e to diseases (e.g. K
IN

N
E

, 1980b; L
A

U
C

K
N

E
R

, 
1980a-j, 

1983a-c). 
P

rogress in m
ethods and technology of cultivation 

(V
olum

e 111) has m
ade m

ore 
m

arine organism
s available for assaying pollution effects. S

uitable assay anim
als can be 

found especially in the follow
ing groups: unicellular algae, protozoans, hydroids, roti- 

fers, bryozoans, annelids, crustaceans, bivalves 
('M

ussel W
atch': G

O
L

D
B

E
R

G
, 1975; 

G
O

L
D

B
E

R
G

 an
d

 co-authors, 1978), echinoderm
s, and fishes (especially larvae); see also 

P
H

IL
L

IP
S

 (1977). 
'P

ollution 
control' (environm

ental protection or m
anagem

ent) com
prises legal and 

other organizational arrangem
ents aim

ing at the prevention, reduction or adjustm
ent 

(to
 levels considered acceptable) of negative pollution effects. B

ased on scientific studies, 
m

arine pollution control presently focuses on: (i) B
anning extrem

ely dangerous sub- 
stances from

 being released into the sea. T
h

e banned substances, the so-called 'black 
list', 

include chlorinated hydrocarbons, other halogenated 
organic com

pounds, and 
substances capable of form

ing organohaiogen com
pounds in the m

arine environm
ent 

(C
hapter 6

), unless they are degradable or biologically innocuous; m
ercury and cad- 

m
ium

 com
pounds (C

hapter 3); plastics; degradation-resistant oils and hydrocarbons 
derived from

 petroleum
 (C

hapter 4
); and certain categories of radioactive w

astes (C
hap- 

ter 2). (ii) L
im

iting the release of problem
 substances and m

aking their input into the 
seas 

subject 
to 

special 
perm

ission. 
T

h
e 

list 
of 

problem
 

substances-the 
'grey 

list1-includes 
organophosphorus, organosilicon an

d
 organotin com

pounds, pure phos- 
phorus, 

degradable oils 
and 

hydrocarbons 
derived 

from
 

petroleum
, com

pounds of 
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 f
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 c
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),

 f
in

al
ly

, 
ca

n 
ca

us
e 

lo
ca

l 
eu

tr
op

hi
ca

ti
on

, 
re

du
ct

io
n 

of
 a

m
en

it
ie

s,
 o

do
ur

 n
ui

sa
nc

e 
an

d
 r

el
at

ed
 h

az
ar

ds
, 

bu
t 

ar
e 

un
li

ke
ly

 t
o 

in
fl

ic
t 

w
id

er
 d

am
ag

e,
 u

nl
es

s 
th

ey
 c

on
ta

in
 t

ox
ic

 s
ub

st
an

ce
s.

 
S

ud
de

n 
ex

po
su

re
 t

o 
th

e 
m

os
t d

an
ge

ro
us

 p
ol

lu
ta

nt
s,

 e
ve

n 
if 

th
es

e 
ar

e 
on

ly
 s

ho
rt

-l
iv

ed
, 

of
te

n 
ex

er
ts

 g
re

at
er

 i
m

m
ed

ia
te

ly
 d

em
on

st
ra

bl
e 

ef
fe

ct
s 

th
an

 l
on

g-
te

rm
 e

xp
os

ur
e 

to
 s

ub
- 

cr
it

ic
al

 p
ol

lu
ti

on
 s

tr
es

s.
 T

h
e 

la
tt

er
 le

av
es

 t
im

e 
fo

r 
co

m
pe

ns
at

or
y 

re
gu

la
ti

on
s 

an
d

 a
da

pt
a-

 
ti

on
s 

an
d 

th
us

 t
en

ds
 t

o 
m

as
k 

an
y 

de
tr

im
en

ta
l 

co
ns

eq
ue

nc
es

 t
ha

t 
m

ay
 o

cc
ur

. 
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(4
) T

h
e M

ost E
ndangered A

reas 

T
h

e
 m

ost endangered sea areas are those near the prim
ary source of pollutant release: 

industrial sites on the coasts, especially in harbours, estuaries, and bays. E
conom

ically 
attractive in term

s of' trade, traffic and pollutant release, estuaries, m
ud flats, sheltered 

bays an
d

 ljords tend to be particularly vulnerable to pollution. E
stuaries and m

ud flats 
have been show

n to trap, retain, and accum
ulate pollutants in their sedim

ents. A
t the 

sam
e tim

e they have im
portant ecological functions for recruiting an

d
 supporting life in 

.adjacent sea and land areas. F
or details consult K

IN
N

E
 and B

U
L

N
H

E
IM

 (1980) and the 
follow

ing chapters. O
ther highly endangered areas are the ecologically highly sensitive 

coral-reef and m
angrove system

s. S
ea areas m

ore or less separated from
 m

ajor oceanic 
w

ater bodies, such as the M
editerranean, B

altic, and N
orth S

eas tend to suffer m
ore 

than w
ater bodies in the open oceans. L

im
ited w

ater exchange in these seas is often 
com

bined w
ith supranorm

al pollutant inputs from
 m

ajor industrial nations. 

(5) P
ollu

tion
 M

anagem
ent 

It is, of course, legitim
ate to consider oceans and coastal w

aters as a resource for a 
variety of hum

an endeavours such as fisheries, navigation, recreation, aquaculture, and 
w

aste disposal. T
h

e point is that the degree to w
hich a given resource is exploited m

ust 
be subject to a balanced com

prom
ise betw

een different use-interests and be com
m

ensu- 
rate w

ith 
nature's 

capacity 
of com

pensation. C
ritical long-term

 dam
age to m

arine 
resources m

ust be avoided. W
hile the inform

ation presently available is still insuflicient 
for a sound interpretation and com

prehension of ecological dynam
ics in the seas (V

ol- 
um

e IV
), there can be little doubt that the developm

ent of civilized hum
an societies has 

depended-and 
w

ill continue to depend-on 
intact m

arine, as w
ell as lim

nic and terres- 
trial ecosystem

s. 
A

s has been em
phasized previously (K

IN
N

E
, 1980a, p. 757), to protect, m

aintain or 
m

anage natural ecosystem
s does not necessarily m

ean to aim
 for the conservation of a 

specific ecosystem
 function or structure. A

 m
ajor feature of ecosystem

s is their ability to 
adapt. D

ynam
ic variability an

d
 evolutionary change-not 

consistency-are 
the essen- 

tial vectors of ecosystem
s. T

hese properties facilitate survival under changing condi- 
tions. A

pparently, functions and structures of ecosystem
s have been subject to change 

ever since the first form
s of life organized them

selves into m
ultispecific system

s, i.e. into 
dynam

ic entities, characterized 
by increasingly com

plex relations am
ong interacting 

and interdependent biotic and abiotic com
ponents, linked by energy flow

 and m
aterial 

cycling, by exchange betw
een biotic and abiotic, and am

ong biotic constituents, as w
ell 

as by 
hom

oeostatic 
control m

echanism
s 

(V
olum

e IV
: K

IN
N

E
, 1978, p

. 1). E
cosys- 

tem
s-the 

basic carrying units of life on earth-have 
changed and w

ill continue to 
change. H

ow
ever, it is obvious that ecosystem

s m
ust have certain qualities in order to be 

able to support civilized hum
an com

m
unities as w

e know
 them

 today. A
 desert is an 

ecosytem
, a biological sew

age-processing plant is an ecosystem
, the interstitial m

icro- 
and m

eioflora and fauna in the sand filter of a large sea-w
ater aquarium

 tend to form
 an 

ecosystem
-but 

none of these system
s can support m

an. 
T

h
e ultim

ate aim
 of m

onitoring, com
prehending, and m

anaging m
an's potentially 

destructive im
pact on natural ecosystem

s m
ust be, therefore, to avoid critical hastening 

of change and irreversible dam
age that leads to a reduction or elim

ination of the sys- 
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te
rn

's
 

m
an
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up

po
rt

in
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qu
al

it
ie

s.
 C

ha
ng

es
 s

ho
ul
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be

 a
vo

id
ed

 o
r 

be
 r

ed
uc

ed
 t

o 
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le
ve
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th

at
 c

an
 b
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ex

pe
ct

ed
 t
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be

 r
ev

er
si

bl
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w
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hi
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re
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on

ab
le

 p
er

io
d 

of
 t

im
e,

 s
ay
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n 

ye
ar

s 
or

 d
ec

ad
es

. 
A

s 
ha

s 
al

re
ad

y 
be

en
 s

ai
d,

 t
he

 p
re

se
nt

 s
ta

tu
s 

of
 m

ar
in

e 
ec

ol
og

ic
al

 
kn

ow
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is
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qu
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fo

r 
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de
ta
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ed

 c
om

pr
eh

en
si
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os
ys

te
m

 d
yn
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ic

s 
(V

ol
um

e 
IV

),
 le

t 
al

on
e 

fo
r 

a 
de

fi
ni

ti
on

 o
f 

th
e 

m
an

-s
up

po
rt

in
g 

sy
st

em
 p

ro
pe

rt
ie

s 
w

hi
ch

 r
eq

ui
re

 
pr

ot
ec

ti
on

 i
n 

or
de

r 
to

 s
af

eg
ua

rd
 h

um
an

 e
xi

st
en

ce
 in

 t
he

 f
ut

ur
e.

 A
s 

lo
ng

 a
s 

ou
r 

kn
ow

le
dg

e 
is

 i
ns

uf
fi

ci
en

t 
fo

r 
an

 e
xa

ct
 d

ef
in

it
io

n 
of

 t
ho

se
 f

un
ct

io
ns

 a
nd

 s
tr

uc
tu

re
s 

of
 e

co
sy

st
em

s 
w

hi
ch

 
ar

e 
es

se
nt

ia
l 

fo
r 

su
pp

or
ti

ng
 h

um
an

 s
oc

ie
ti

es
, 

w
e 

m
us

t 
fo

rm
ul

at
e 

an
d

 e
nf

or
ce

 
m

ea
su

re
s 

th
at

 
as

su
re

 t
he

 c
on

ti
nu

ed
 e

xi
st

en
ce

 o
f 

a 
hi

gh
 

de
gr

ee
 o

f 
or

ga
ni

sm
ic

 a
nd

 
en

vi
ro

nm
en

ta
l 

di
ve

rs
it

y,
 a

nd
 t

he
 c

on
se

rv
at

io
n 

of
 a

 l
ar

ge
 v

ar
ie

ty
 o

f 
ge

ne
 p

oo
ls

 a
nd

 
ha

bi
ta

ts
, 

th
us

 r
ed

uc
in

g 
th

e 
ri

sk
 o

f 
ir

re
ve

rs
ib

le
 d

am
ag

e.
 

A
t 

a 
ti

m
e 

w
he

n 
so

m
e 

po
li

ti
ci

an
s 

of
 t

he
 m

aj
or

 i
nd

us
tr

ia
l 

na
ti

on
s 

be
gi

n 
to

 s
hy

 a
w

ay
 

fr
om

, 
or

 p
ay

 o
nl

y 
li

p 
se

rv
ic

e 
to

, 
th

ei
r 

pa
ra

m
ou

nt
 r

es
po

ns
ib

il
it

ie
s 

in
 t

he
 f

ie
ld

 o
f 

en
vi

ro
n-

 
m

en
ta

l 
pr

ot
ec

ti
on

, 
w

e 
m

us
t 

st
at

e 
he

re
 c

le
ar

ly
 

an
d 

fi
rm

ly
: 

no
 a

re
a 

of
 p

ol
it

ic
al

 
an

d
 

ad
m

in
is

tr
at

iv
e 

ac
ti

vi
ty

 o
r 

of
 r

es
ea

rc
h 

is
 m

or
e 

im
po

rt
an

t 
fo

r,
 a

nd
 i

s 
a 

be
tt

er
 i

nv
es

tm
en

t 
to

w
ar

ds
, 

th
e 

lo
ng

-t
er

m
 f

ut
ur

e 
of

 h
um

an
it

y 
th

an
 a

re
 e

co
sy

st
em

 r
es

ea
rc

h 
an

d 
en

vi
ro

nm
en

- 
ta

l 
pr

ot
ec

ti
on

. 
M

an
's

 u
ni

qu
e 

ec
ol

og
ic

al
 r

ol
e 

ha
s 

it
s 

pr
ic

e.
 I

f 
m

an
 w

an
ts

 t
o 

be
 a

ro
un

d 
on

 
th

is
 g

lo
be

 f
or

 m
or

e 
th

an
 t

he
 n

ex
t 

4 
or

 5
 g

en
er

at
io

ns
 h

e 
m

us
t 

tr
an

sf
er

 a
 m

aj
or

 p
or

ti
on

 o
f 

th
e 

en
or

m
ou

s 
fu

nd
s 

pr
es

en
tl

y 
sp

en
t o

n 
'd

ef
en

ce
' 

in
to

 in
cr

ea
si

ng
 h

is
 c

ap
ab

il
it

ie
s 

fo
r 

in
ve

s-
 

ti
ga

ti
ng

, 
pr

ot
ec

ti
ng

, 
an

d 
m

an
ag

in
g 

na
tu

ra
l 

m
ul

ti
-s

pe
ci

es
 s

ys
te

m
s 

on
 l

an
d 

as
 w

el
l 

as
 i

n 
li

m
ni

c 
an

d 
m

ar
in

e 
w

at
er

s.
 

T
h

e 
re

st
ri

ct
io

n 
of

 p
ol

lu
ti

on
 m

an
ag

em
en

t 
to

 m
an

-s
up

po
rt

in
g 

sy
st

em
 q

ua
li

ti
es

 w
ill

 n
ot

 
be

 e
no

ug
h 

fo
r 

th
os

e 
w

ho
 i

ns
is

t 
on

 p
ro

te
ct

iv
e 

m
ea

su
re

s 
fo

r 
sp

ec
if

ic
 a

ni
m

al
 o

r 
pl

an
t 

po
pu

la
ti

on
s 

th
re

at
en

ed
 b

y 
ex

ti
nc

ti
on

. 
W

hi
le

 s
uc

h 
pr

ot
ec

ti
on

 g
oa

ls
 a

re
 c

om
m

en
da

bl
e,

 
th

ey
 a

re
 u

na
tt

ai
na

bl
e-

ex
ce

pt
 

w
he

re
 r

ut
hl

es
s 

ex
pl

oi
ta

ti
on

 o
r 

hu
nt

in
g 

re
pr

es
en

t 
th

e 
m

aj
or

 i
m

pa
ct

 f
ac

to
r-

fo
r 

re
as

on
s 

al
re

ad
y 

po
in

te
d 

ou
t 

ab
ov

e 
(p

. 
10

96
).

 In
 a

dd
it

io
n,

 s
uc

h 
go

al
s 

su
ff

er
 f

ro
m

 l
ac

k 
of

ob
je

ct
iv

it
y.

 O
f 

th
e 

m
an

y 
hu

nd
re

ds
 o

f 
th

ou
sa

nd
s 

of
 sp

ec
ie

s 
w

hi
ch

 
po

pu
la

te
 o

ce
an

s 
an

d 
co

as
ta

l 
w

at
er

s,
 o

nl
y 

a 
ve

ry
 f

ew
 l

ar
ge

-s
iz

ed
 a

n
d

 g
en

er
al

ly
 w

el
l-

 
kn

ow
n 

an
im

al
s-

su
ch

 
as

 b
ir

ds
, 

se
al

s,
 d

ol
ph

in
s 

an
d 

w
ha

le
s-

ha
ve

 
be

en
 a

bl
e 

to
 a

ro
us

e 
pu

bl
ic

 e
m

ot
io

ns
 i

n 
th

ei
r 

su
pp

or
t,

 a
n

d
 r

ig
ht

ly
 

so
. 

B
ut

 t
he

n 
w

ho
 f

ig
ht

s 
fo

r 
ba

ct
er

ia
, 

ph
yt

op
la

nk
te

rs
, 

pr
ot

oz
oa

ns
, 

ne
m

at
od

es
 o

r 
co

pe
po

ds
? 

A
ll 

of
 t

he
se

, a
n

d
 n

um
er

ou
s 

ot
he

rs
, 

ar
e 

fu
nc

ti
on

al
ly

 m
uc

h 
m

or
e 

im
po

rt
an

t 
ec

os
ys

te
m

 c
om

po
ne

nt
s 

th
an

 a
re

 t
he

 f
ew

 l
ar

ge
 

pr
ed

at
or

s 
at

 t
he

 t
op

 o
f 

th
e 

fo
od

 p
yr

am
id

. 
In

 f
ac

t, 
th

e 
ve

ry
 l

if
e 

of
 t

he
se

 t
op

 p
re

da
to

rs
 

de
pe

nd
s,

 f
ir

st
 o

f 
al

l, 
on

 t
he

 w
el

l-
be

in
g 

of
 t

he
 s

m
al

le
r,

 l
es

s-
kn

ow
n,

 l
es

s-
pu

bl
ic

iz
ed

 a
nd

 
ap

pa
re

nt
ly

 
le

ss
-l

ov
ed

 
or

ga
ni

sm
s.

 C
ri

ti
ca

l 
da

m
ag

e 
to

 e
ve

n 
a 

fe
w

 o
f 

th
es

e 
gr

ou
ps

 o
f 

or
ga

ni
sm

s 
m

ay
 '

au
to

m
at

ic
al

ly
' 

en
d 

th
e 

ex
is

te
nc

e 
of

 'h
ig

h-
sy

m
pa

th
y 

an
im

al
s'

. 
T

o
 a

vo
id

 
m

is
in

te
rp

re
ta

ti
on

: 
I 

fu
lly

 e
nd

or
se

 a
ct

io
ns

 fo
r 

th
e 

pr
ot

ec
ti

on
 o

f 
bi

rd
s,

 s
ea

ls
, d

ol
ph

in
s,

 a
nd

 
w

ha
le

s,
 b

ut
 I

 w
ou

ld
 l

ik
e 

to
 e

nc
ou

ra
ge

 a
 w

id
er

 f
ra

m
e 

of
 r

ef
er

en
ce

. 
In

 s
pi

te
 o

f 
co

ns
id

er
ab

le
 

ef
fo

rt
s,

 
it

 h
as

 r
em

ai
ne

d 
di

ff
ic

ul
t-

in
 

m
os

t 
ca

se
s 

im
po

ss
- 

ib
le

-t
o 

di
ff

er
en

ti
at

e 
be

tw
ee

n 
na

tu
ra

l 
va

ri
at

io
ns

 a
nd

 s
up

er
im

po
se

d 
m

an
-m

ad
e 

ef
fe

ct
s.

 
W

it
h 

so
m

e 
de

gr
ee

 o
fc

er
ta

in
ty

, 
su

ch
 d

if
fe

re
nt

ia
ti

on
 c

an
 p

re
se

nt
ly

 b
e 

m
ad

e 
on

ly
 i

n 
ca

se
s 

of
 v

er
y 

ex
tr

em
e 

im
pa

ct
s 

th
at

 c
au

se
 a

dv
an

ce
d 

st
ag

es
 o

f 
de

fo
rm

at
io

n 
in

 p
op

ul
at

io
ns

 a
nd

 
ec

os
ys

te
m

s.
 F

or
 p

ro
pe

r 
id

en
ti

fi
ca

ti
on

 a
nd

 m
an

ag
em

en
t 

of
 p

ol
lu

ti
on

 e
ff

ec
ts

, 
it

 is
 a

 p
ri

m
e 

re
qu

ir
em

en
t 

th
at

 w
e 

kn
ow

 n
at

ur
e'

s 
ow

n 
lo

ng
-t

er
m

 v
ar

ia
bi

li
ti

es
. 

L
ac

k 
of

 f
in

an
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al
 s

up
- 

po
rt

 f
or
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ou

ti
ne

 s
tu
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es

 a
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 i
ns

uf
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io
n 

by
 

m
ar

in
e 
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ol
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, 

ch
em
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al
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an
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ol
og
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al

 p
ro
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ss
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th

e 
se
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 a

s 
a 

fu
nc

ti
on

 o
f 

ti
m

e 
ha

ve
 d
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ri

ve
d 

us
 o

f 
th

e 
ba

se
li

ne
 d

at
a 
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ce

ss
ar

y 
no

w
 f

or
 a

ss
es

si
ng

 p
ol
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ti

on
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ff
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ts
 w

it
h 

a 
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fi
ci

en
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ee
 o

f 
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soundness. M
onitoring program

m
es are m

eaningfill only in com
bination w

ith long-term
 

basic research. N
atural variations in N

orth S
ea phytoplankton dynam

ics, for exam
ple, 

m
ay have w

avelengths of ca. 5 yr (G
IL

L
B

R
IC

H
T

, 
1981, p. 24) or m

uch longer (G
IL

L
- 

B
R

IC
H

T
, pers. com

m
.). W

e need m
ore funds for extensive, sound, long-term

 program
- 

m
es in order to keep our hands on the pulse of nature, to recognize her norm

al dynam
ics 

an
d

 to m
onitor 

early signs of disease d
u

e to m
an's 

activities. A
nd w

e need 
m

ore 
institutionalized feedback an

d
 control of m

onitoring data, m
anagem

ent procedures, and 
environm

ental predictions. In
 a letter to m

e (1 1 Jan., 
1983). D

O
N

 R
E

IS
H

 w
rites: 

'M
onitoring d

ata often appear only on laboratory sheets o
r in annual reports and 

never becom
e part of the scientific literature. T

here is a serious need for a critical 
evaluation on at least a regional 

basis of all such d
ata generated to determ

ine 
w

hether o
r not it is answ

ering our questions. M
onitoring program

s are generally 
funded under the control of adm

inistrators w
ho m

ay have only a lim
ited know

ledge 
of ecosystem

s. T
h

ey
 tend to fund the program

s w
ith a m

inim
um

 am
ount of m

oney 
in order to com

ply w
ith 

the regulations. 
Im

pact studies are m
ade prior to a

n
 

environm
ental change, but after the project is com

pleted, nobody looks to see if the 
predictions w

ere right or w
rong.' 

T
h

e m
ost im

portant general guidelines for pollution m
anagem

ent are: (i) pollution 
control is easiest and m

ost effective at the input level: control and m
anage m

an's input 
and you have little to w

orry about having to m
anage the environm

ent; (ii) pollution 
prevention is cheaper than the repair of pollution-caused dam

age;* (iii) repair of m
an- 

m
ade environm

ental deform
ation requires m

uch m
ore know

ledge than dam
age preven- 

tion. E
ffective, ecologically sound rem

edial m
echanism

s-other 
than sim

ple pollution 
restriction and rem

oval of polluted m
aterials-are 

not yet available; (iv) for defining the 
quantities and qualities of perm

issible input levels, extensive continuous m
onitoring is 

necessary in order to record an
d

 evaluate the responses to pollution in populations and 
ecosystem

s. 
F

or m
any pollutants the m

ost obvious and m
ost effective m

eans of m
anagem

ent is ad 
hoc treatm

ent of objectionable m
aterials at the production site (at-the-source pollutiorl 

control). Industrial production procedures m
ust, from

 the beginning, pay m
ore atten- 

tion to m
aterial selection, possibilities for reutilization (recycling), safe storage and 

transform
ation of by-products into less toxic substances. In

 addition, optim
ization of 

pollutant dispersion system
s, as w

ell as careful selection of discharge locations and 
tim

es, can effectively reduce the initial im
pact of pollution. 

T
h

e essential prerequisites for m
anaging m

an's im
pact o

n
 nature m

ay be sum
m

arized 
as follow

s: (i) R
eliable, w

orld-w
ide inform

ation on pollutant sources, types and input 
rates covering air, land, fresh and m

arine w
aters. (ii) K

now
ledge of the fate of released 

pollutants: (a) changes in physico-chem
ical characteristics due to dilution, evaporation, 

hydrolysis, radiation, sorption to particulate m
atter and biota, deposition, accum

ula- 
tion, inactivation, rem

obilization, m
etabolization, release, excretion, etc.; (b) pollutant 

derivatives resulting from
 these processes, their properties and potentials as harm

ful 
substances; (c) cum

ulative ecological consequences o
f(a) and (b

) under field conditions. 

* T
h

e
 re

sto
ra

tio
n

 of the T
h

am
cs esrual-);, 

lor exam
ple, rurned out to bc exceedingly espensi\,e 
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Indeed, the am
ount of know

ledge produced on the short-term
 perform

ance of dying, 
diseased, shocked an

d
 m

alnourished m
arine anim

als is im
pressive. 

P
ollutants are not chem

ically pure substances. T
hey are m

ixtures of different sub- 
stances w

hose com
position m

ay vary already at the production site-usually 
w

ithout 
notice to pollution researchers. A

dditional changes-due 
to ageing, use, handling, etc., 

as w
ell as to im

purities-som
etim

es 
m

ore dangerous than the m
ain pollutant itself-m

ay 
further m

odify the physico-chem
ical 

identity of a pollutant even before its release into 
the sea. O

n
ce in contact w

ith sea w
ater and its biota, pollutants again tend to change 

their form
s and properties. 

O
f course, such changes influence and m

odify 
also the 

pollutant's biological effects. 
In

 nature, an organism
 is usually not confronted w

ith a single pollutant, but w
ith 

different pollutants acting in concert. T
h

e com
bined effects of several pollutants m

ay be 
larger or sm

aller-and 
qualitatively different-from

 
the sum

 of individually assessed 
com

ponent effects. In
 m

uch of the current pollution-effect research, these facts have 
received insufficient attention. O

n
 the other hand, it is of course im

portant-and 
som

e- 
tim

es the only key available for assessing pollution effects-to 
determ

ine the m
ost toxic 

com
ponent(s) in a pollutant m

ixture and their ecological consequences. 
P

ollution effects m
ay m

anifest them
selves in biotic and abiotic com

ponents of an
 

ecosystem
. 

S
ince 

both 
com

ponents 
are ecologically 

interrelated 
in 

a 
m

ultitude of 
exchange and equilibrium

 phenom
ena, they m

ust be considered together. M
uch of the 

published w
ork at hand has neglected this point. 

T
w

o
 aspects, in particular, have received insufficient attention: 

(i) 
T

h
e

 need to assess pollution effects against the background of long-term
 in situ 

variability. 
N

ow
here 

in 
the w

orld 
are d

ata available on 
the dynam

ics of 
m

arine 
com

m
unities that w

ould reach back m
ore than 2 or 3 decades an

d
 cover a sufficiently 

dense net of vital data. W
orse than that: all m

odern 'm
onitoring program

m
es' w

hich 
have com

e to m
y 

attention continue to be grossly inadequate. In
 order 

to detect 
potential dam

age against 'natural background noise', and early enough to allow
 for 

corrections, 
the 

net 
of 

stations 
to 

be 
covered 

and 
the 

diversity 
and 

intensity 
of 

m
easurem

ents to be m
ade m

ust be increased far above present schedules. 
(ii) 

N
ature's com

pensatory m
echanism

s (at the individual, population, and ecosys- 
tem

 
levels) 

tend 
to conceal dam

age very 
elT

ectively (K
IN

N
E

, 1980a, pp. 
753, 

754, 
759-760). H

ow
ever, the total build-up of stress-resulting 

from
 natural plus m

an-m
ade 

factors-m
ay 

not be w
ithout ultim

ate penalty. W
ith m

ost of the criteria presently used, 
the response levels of no harm

 and heavy, or even irreversible dam
age m

ay be m
uch 

closer together than is generally assum
ed. T

h
e critical point of sw

itching to sudden 
collapse or radical change m

ust becom
e subject to intensive research. 

M
ost adm

inistrative concepts and m
easures of environm

ental m
anagem

ent are thus 
far restricted to the m

anagem
ent of differeni use-interests. In

 these cases, the m
anage- 

m
ent goal is to reduce the pollution im

pact to levels com
patible w

ith continued resource 
exploitation. T

h
e fisheries industry, for exam

ple, considers pollution acceptable so long 
as the annual harvest-levels of certain species are sustained. T

o
 m

ake use-interests the 
prim

e criterion for pollution control is not acceptable to the ecologist. R
eliable landing 

statistics of the fisheries are difficult to obtain-for 
several reasons, including com

m
er- 

cial com
petition and fisherm

en's 
dom

inating interest in quick profit w
hich tends to 

obscure their ability to recognize long-term
 requirem

ents for environm
ental protection 

(K
O

R
R

IN
G

A
, 1980). T

h
e fisheries exploit the seas, as do industry, shipping, tourism

, 
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or
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 f
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 m
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ad
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radioactive w
astes, generated by the continued industrial exploitation of radioactivity 

an
d

 nuclear energy, w
ill probably tend to increase. T

h
e detrim

ental eflects of radiation 
on living tissues, the absence of natural m

echanism
s capable of 'degrading' radioacti\ e 

m
aterials, and the often L

ery long half-lives of m
an-m

ade radionuclides disposed of into 
the seas could pose long-term

 problem
s. It is, therefore, necessary to expand our k

n
o

w
 

ledge of the ecological effects of radioactive contam
ination, 

to m
onitor carefully 

the 
im

pact of radionuclides on m
arine system

s, and to enhance an
d

 com
plem

ent our present 
capability for im

pact m
anagem

ent. 
In

 general, the degree of the potentially negative im
pact of radioactive w

astes released 
into the seas is a function of the in silu concentrations attained. \'\rhile w

ater m
ovem

ent 
(V

olum
e I) tends to dilute and disperse the radionuclides, geochem

ical and biological 
processes tend to reconcentrate them

, thus increasing the exposure of m
arine organism

s 
an

d
, ultim

ately, m
an

. 
In

 living tissues, the absorption of radiation produces excited and ionized atom
s and 

m
olecules, a proportion of w

hich initiate biochem
ical change. W

hile progress has been 
slow

 in analysing the developm
ent of these initial changes to an overt expression of 

dam
age, quantitative relationships have been firm

ly established betw
een the absorbed 

radiation dose and such end-point phenom
ena as cell m

ortality, chrom
osom

e dam
age, 

m
utations, etc. S

ince even sm
all doses to hum

ans entail a finite risk, the International 
C

om
m

ission on R
adiological P

rotection (IC
R

P
) recom

m
ends that all unnecessary radi- 

ation exposure be avoided; no practice be adopted unless its introduction produces a net 
benefit; all exposures be kept as low

 as reasonably achievable; an
d

 the dose equivalent to 
individuals shall not exceed the lim

its recom
m

ended for the appropriate circum
stances 

by IC
R

P
. 

F
or the m

anagem
ent of m

arine disposals of radioactive w
astes, 3 approaches have 

been em
ployed: point of discharge control (p

. 1 13 l), specific activity approach (p
. 1 132), 

an
d

 critical pathw
ay analysis (p

. 1134). T
h

e prim
e objective of these 3 approaches is the 

lim
itation of hum

an exposure. H
ence radionuclide disposals m

ust be considered in 
term

s of the extent of the resulting exposure of m
an. O

f the num
erous sources of 

m
an-m

ade radionuclides entering the m
arine environm

ent as w
aste, the nuclear fuel 

cycle exerts by far the m
ost pronounced effect. T

h
e industrial m

anufacture of consum
er 

goods incorporating radionuclides, m
edical procedures and research activities represent 

only m
inor contributions. In regard to the nuclear fuel cycle, reactor operation, fuel 

reprocessing at coastal sites, an
d

 the disposal of radioactive w
astes into the deep ocean 

constitute the m
ajor sources of contam

ination. O
nce released into the m

arine environ- 
m

ent, the behaviour of the radionuclides is m
odified, especially by dispersion (p

. 1155), 
interaction w

ith m
arine organism

s (p
. 1166), an

d
 interaction w

ith sedim
ents (p

. 1178). 
In

 the m
arine environm

ent, the dose rates to m
arine organism

s d
u

e to releases of 
m

an
-m

ad
e radionuclides range from

 less than the natural background for typical nuc- 
lear pow

er stations in routine operation to a few
 tens of m

rem
 h

-' for the \Y
indscale 

discharge into the northeast Irish S
ea. In contrast to the situation for hum

ans, w
here the 

response of the individual to radiation is the im
portant criterion, for m

arine organism
s it 

is the response at the population level w
hich is of consequence, especially the capacity of 

the population to sustain itself through reproduction and com
petition under the total 

am
ount of stress encountered, including that due to radioactive m

aterials. U
nfortu- 

nately, there is very 
little inform

ation 
available on 

the responses of populations of 
m

arine m
icro-organism

s, plants and anim
als to radiation in the presence of additional 
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 b
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kn
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 p
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 c
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a d
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 p
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at
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 d
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re
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 m
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 re
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 d
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 d
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 d
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 f
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 b
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S d
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m
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at
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 p
ol
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on
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n 
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e 
m
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y 
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 o
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m

m
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 c
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m
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T
h

ere also is need for further refinem
ent of concepts, tools, an

d
 m

ethods. W
e m

ust 
m

ake our instrum
entarium

 sensitive an
d

 reliable enough for coping w
ith a m

atter as 
delicate as is the definition an

d
 m

anagem
ent of ecologically significant sublethal long- 

term
 consequences of heavy-m

etal pollution. 
In

 m
any cases, only crude an

d
 obvious effects have been recognized. W

e still know
 too 

little about the com
bined effects of several stressors acting in concert-such 

as extrem
e 

intensities of natural environm
ental factors, nutritional deficiencies, parasitation and 

different types of other pollutants. It is, of course, the total resulting stress encountered 
th

at determ
ines the organism

's response. S
om

e m
arine bacteria, plants, an

d
 anim

als 
exhibit rem

arkably eficient capacities for detoxification, regulation, an
d

 adaptation. 
O

n
ly

 w
hen such com

pensatory m
echanism

s fail can m
easurable changes in perform

ance 
an

d
 ecological potential be expected to reveal them

selves. M
asking of potentially detri- 

m
ental effects of supranorm

al m
etal levels m

ust also be expected at the population level, 
w

here selection an
d

 m
igration m

ay obscure response or dam
age at the individual level. 

W
hile behaviour an

d
 chem

ical com
m

unication m
ay be of considerable ecological signifi- 

cance in nature (see also C
h

ap
ter 4), little is know

n yet on possible interferences d
u

e to 
m

etal stress. O
u

r present know
ledge on the toxicity for m

arine organism
s of heavy 

m
etals is alm

ost entirely based on laboratory experim
ents, conducted under unrealisti- 

cally high test concentrations. 
M

ajor shortcom
ings of the present concept and instrum

entarium
 for assessing in situ 

consequences of increasing levels of heavy m
etals and their com

ponents include the 
follow

ing: (i) insuflicient sensitivity of m
onitoring program

m
es; (ii) lack of m

etal specif- 
icity of analytical m

ethods; (iii) analytical difficulties in situations of m
ulti-factor stress 

exposure; (iv) insuficient aw
areness of the often high efliciencies of organism

ic com
pen- 

satory m
echanism

s (regulation, adaptation, selection) w
hich tend to m

ask sublethal, 
but possibly near-critical 

effects-especially 
in com

plex form
s of life an

d
 at supra- 

individual levels. 
O

f the m
etals considered 

in C
h

ap
ter 3, F

e, C
u

, Z
n, C

O
, M

n
, M

O
, S

e, C
r, N

i, V
 

(possibly also A
s an

d
 S

n
) are essential for the norm

al functioning of biological processes. 
S

everal of these m
etals constitute essential parts ofenzym

es, others of haem
oglobin (F

e), 
haem

ocyanin (C
u

) o
r of structural body elem

ents. H
ow

ever, at significantly increased 
concentration 

levels, 
these 'essential 

m
etals' tend to becom

e toxic. H
ence, they are 

considered here along w
ith the 'non-essential' m

etals A
g, A

I, B
e,C

d, H
g, P

b, S
b, T

i, an
d

 
T

I. S
ince the in situ 

concentrations of trace m
etals are very low

, the possibilities of 
m

an-m
ade contam

ination are high. 
M

arine organism
s com

m
only accum

ulate 
trace 

m
etals by concentration factors of 10' to 105; hence, in polluted w

aters, tissue concentra- 
tions m

ay attain toxic levels. F
or m

an
, excessive intake of m

etal-contam
inated seafood 

m
ay result in health problem

s. In
 this context, the potentially m

ost dangerous m
etals 

are m
ercury, cadm

ium
, an

d
 lead. In several parts of the w

orld 
the consum

ption of 
m

ercury-contam
inated fish has led to increases in hum

an H
g tissue levels approaching 

the assum
ed critical threshold for the M

inam
ata disease. R

egular consum
ption of con- 

tam
inated seafood can readily lead to critical accum

ulation, both in m
an and m

arine 
anim

als. In the sea, the m
ore abundant zinc and copper m

ay som
etim

es constitute a 
greater hazard to m

arine species than m
ercury or cadm

ium
. 

O
n

e
 of the m

ain objectives of C
h

ap
ter 3 is to assess and to com

pare [he evidence for 
the toxicity 

to m
arine organism

s of increased 
m

etal concentrations obtained in the 
laboratory an

d
 at sea. T

h
e

 review
er devotes considerable attention to sources, inputs, 

fate an
d

 bioaccum
ulation of m

etals, an
d

 to the effects of elevated m
etal concentrations. 
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M
an

's
 a

ct
iv

it
ie

s 
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nt
ri
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te

 to
 m

et
al

 i
np

ut
 i

nt
o 

th
e 

se
a 

vi
a 

ri
ve

rs
 a

nd
 o

ut
fa

ll
s,

 a
tm

os
- 

ph
er

ic
 f

al
lo

ut
, 

du
m

pi
ng

, 
m

ar
in

e 
m

in
in

g,
 a

n
d

 d
ri

ll
in

g 
fr

om
 s

hi
ps

. 
T

h
e

 m
os

t 
co

nt
am

i-
 

na
te

d 
si

te
s 

ar
e 

es
tu

ar
ie

s,
 f

jo
rd

s,
 a

nd
 b

ay
s.

 F
ur

th
er

 f
ro

m
 l

an
d,

 a
tm

os
ph

er
ic

 in
pu

t 
co

nt
ri

- 
bu

te
s 

m
or

e 
th

an
 o

ri
gi

na
ll

y 
as

su
m

ed
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E
st

ua
ri

es
 o

ft
en

 a
ct

 a
s 

tr
ap

s 
w

he
re

 m
et

al
 i

np
ut

s 
ar

e 
de

po
si

te
d 

in
 s

ed
im

en
ts

, 
fi

om
 w

hi
ch

 p
ol

lu
ta

nt
s 

m
ay

 b
e 

re
le

as
ed

 a
ga

in
 o

ve
r 

lo
ng

 p
er

io
ds

 
of

 t
im

e.
 I

n 
th

e 
re

m
ob

il
iz

at
io

n 
of

 m
et

al
s 

tr
ap

pe
d 

in
 s

ed
im

en
ts

, m
ic

ro
bi

al
 m

et
hy

la
ti

on
 o

f 
m

er
cu

ry
 (

an
d 

po
ss

ib
ly

 o
th

er
 m

et
al

s)
 t

ur
ne

d 
ou

t 
to

 b
e 

of
 p

ar
ti

cu
la

r 
im

po
rt

an
ce

. 
F

or
 a

ss
es

si
ng

 m
et

al
 e

ff
ec

ts
 o

n 
aq

ua
ti

c 
or

ga
ni

sm
s,

 b
io

lo
gi

ca
l 
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ai
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, 
de

to
xi

fi
ca

- 
ti

on
, 

ac
cu

m
ul

at
io

n 
an

d 
ac

ti
ve

 o
r 

pa
ss

iv
e 

re
le

as
e 

fr
om

 t
he

 b
od

y 
pl

ay
 a

 b
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ic
 r

ol
e.

 T
h

e 
bi

ol
og

ic
al

ly
 

m
os

t 
av
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e 

st
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f 
m

et
al

s 
in

 s
ea

 w
at

er
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 s
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ll

 u
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in
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t 

ar
e 

th
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gh
t 

to
 i
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lu

de
 o

rg
an
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 f

or
m

s 
lik

e 
m

et
hy

l 
m

er
cu

ry
 a

n
d

 t
he

 f
re

e 
io

ns
 o

f 
so

m
e 

m
et

al
s.
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 c
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 c
om
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ex

at
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n 
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e 
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ga
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c 
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nd
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 T
h

e
 e

co
lo

gi
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l 
si

gn
if

ic
an

ce
 o

f 
or

ga
ni

c 
co

m
pl

ex
es

 v
ar

ie
s 

fr
om

 n
ea

r-
 

pr
ev

en
ti

on
 o

f 
m

et
al

 u
pt

ak
e,

 t
o 

no
 e

ff
ec

t, 
to

 u
pt

ak
e 

en
ha

nc
em

en
t.

 I
n

 s
ed

im
en

t 
su

rf
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es
 

m
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va
il
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y 
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s 

to
 b
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ed

 b
y 

m
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in
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ng
 s
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on
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s 
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T

h
e

 p
ri

m
e 
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 o
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m

et
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pt

ak
e 
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 a

m
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en
t 

w
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er
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 p
h

y
te

 
pl
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n
d
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ea

w
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ut
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d 
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r 
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rd
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m
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m
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 I
n

 m
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of
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 e
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m
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, 

w
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er
-m

ov
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en
t 

ro
ut

es
 n

ea
r 

or
 w

it
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n 
th

e 
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 s

ee
m
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m
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an
t 

an
d
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on
sh

ip
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to
 m

ec
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s 
of
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sm
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an

d 
io
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ti
on

 m
ay

 b
e 
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m
ed

. 
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 d
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to
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 t
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f 
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l 
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 c
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to
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 m
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ac
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e.
 

B
io
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ul
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n 

of
 m

et
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he
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tr
op
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c 
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m
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m
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 b
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F
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 b
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m
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ve
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ff
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t 

ty
pe

s 
of

 o
rg

an
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m
s 

ar
e 

re
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ir
ed

 f
or
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ss
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ng
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nt

am
in

at
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n 
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ve
ls
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u

e 
to

 d
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so
lv

ed
, 
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rt

ic
ul

at
e,
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n

d
 s

ed
im

en
t-

bo
un

d 
m

et
al

s.
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 d

et
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le
d 
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m
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f 
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ol
og

ic
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 e
ff
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ts

 o
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in
cr
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en
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 c
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ti
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s.

 E
xp

er
im

en
ta

l 
st

ud
ie

s 
re

\;e
al

 t
ha

t 
m

er
cu

ry
, 

co
pp

er
, a

n
d

 s
il

ve
r 

ar
e 

no
t 

on
ly

 t
he

 m
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t 
ra

pi
dl

y 
ab
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ed
 m

et
al

s,
 b

ut
 a
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o 
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e 

m
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t 
to
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c 
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. 
P

ar
ti

cu
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e 
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d
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t,
 

ox
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en
 c
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m
pt
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n 

an
d 
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m
e 

fu
nc

ti
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s,
 a

s 
w

el
l 
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w
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 o

f 
in
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al
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an

d
 p
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ul

a-
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n
~

. E
vi
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e 
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d 
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e 
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, 
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d
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ug

ge
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s 
th

at
 

de
tr

im
en

ta
l 

ca
di

um
 e

ff
ec

ts
 c

ou
ld

 o
cc

ur
 a

t 
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nc
en

tr
at

io
ns

 r
ec
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de

d 
at

 s
ea

; 
ho

w
ev

er
 f

or
 

m
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t 
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ec
ie

s 
su

ch
 d

am
ag

e 
ne

ed
 

no
t 

be
 e

xp
ec

te
d.

 
P

ot
en
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al

ly
 

to
xi

c 
zi
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 a

n
d

 c
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pe
r 
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nc

en
tr

at
io

ns
 h

av
e 

be
en

 m
ea

su
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d 
in

 s
ev

er
al

 s
ea
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m
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 e
xc
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 d
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 c
on

di
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ii
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 c
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m
in

an
t-
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ti
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nd
ic

es
; 

(i
v)

 s
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 c

he
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 m
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form
s of m

etals m
ost readily m

etabolized; pollution consequences at the population and 
ecosystem

 levels; (v
) carefully designed, long-term

 m
onitoring program

m
es in ecological 

key 
areas 

receiving 
m

inim
um

, 
m

edium
, 

and 
m

axim
um

 
pollution 

loads-both 
at 

national and international levels. T
h

e m
anagem

ent goal m
ust be defined m

ore clearly. 
M

ore directivity and uniform
ity is needed for agreem

ent on target com
ponents of the 

ecosystem
 concerned, exposure standards, safety m

argins, and standardization of m
eas- 

urem
ent procedures. 

T
h

e intensities and tim
e scales of physico-chem

ical processes of heavy-m
etal m

etabol- 
ization in ecosystem

s require investigation. Safety m
argins and m

anagem
ent of pollution 

input w
ill ultim

ately depend on the rate of ecosystem
 processes w

hich counteract pollut- 
an

t accum
ulation as a function of tim

e. A
pparently, reduction in m

etal input m
ay quite 

rapidly 
result 

in 
concom

itant 
decreases 

in 
the 

m
etal 

load 
in 

organism
s; how

ever, 
sedim

ent-bound m
etals tend 

to require m
uch longer periods of tim

e for abatem
ent. 

C
hapter 4: O

il P
ollution and its M

anagem
ent 

In
 its broadest sense, the term

 'oil' refers to diverse, separable liquids produced by plants 
an

d
 anim

als. N
atural oils are w

idely distributed and, together w
ith carbohydrates, 

proteins, and fats, form
 the nutritional basis for m

an and m
ost anim

als. 'C
rude oil' or 

is a com
plex m

ixture of hydrocarbons and other rem
nants of life, deposited 

beneath the earth's 
surface several hundred m

illion years ago. P
etroleum

 com
prises 

m
aterials in gaseous, liquid, and solid states. V

ast am
ounts of petroleum

 have aggre- 
gated in the pore spaces of sedim

entary rocks. A
s natural gas and processed fossil fuels 

they now
 provide by far the largest portion of m

odern m
an's 

energy budget. V
ery 

occasionally petroleum
 escapes naturally to the surface from

 crustal faults. 
P

etroleum
 

originates fi-om
 prim

ordial organic m
aterials, rem

oved 
from

 ecosystem
 

recycling by burial and then exposed to conditions of elevated tem
peratures (u

p
 to 80 

"C
) and pressure in the absence of air. T

urned into a greasy or tarry fluid, the m
aterials 

becam
e accum

ulated in geological reservoirs. T
h

e large variety of com
plex m

olecular 
structures discovered in petroleum

s of different origin m
irrors differences in the com

pos- 
ition of the prim

ordial donators-diatom
s, 

blue-green algae, foram
iniferans, other pro- 

tozoans, terrestrial plants m
 and in the local processes of partial degradation, chem

ical 
m

aturation, an
d

 storage. W
hile no 2 crude oils fi-om

 different or even neighbouring 
sources are com

pletely identical, all crude oils are derived essentially from
 only 2 ele- 

m
ents: carbon (80 to 87%

) and hydrogen (10 to 15%
). T

h
e resulting com

pounds can be 
subdivided 

into 3 basic groups: parallins or m
ethanes (general form

ula: C
,H

,+,) 
a 

w
idely 

variable proportion 
of cycloparafins or naphthenes (C

,H
,), 

and arom
atics 

(C
,H

,-,) 
together w

ith their alkyl derivatives and other hydrocarbons. 
T

h
e extrem

ely num
erous hydrocarbons in crude oil are blended in an infinite num

ber 
of different m

ixtures w
hich, in addition, contain varying sm

all am
ounts of other sub- 

stances-such 
as sulphur, nitrogen, oxygen, salts, and trace m

etals-and 
are associated 

w
ith siliceous skeletal rem

ains, spores, resins, coal, and lignite. 
O

n
e m

ajor problem
 in studying oil pollution in the m

arine environm
ent is that none of 

the crude oils an
d

 only few
 of the oil products have ever been com

prehensively analysed, 
i.e. to single hydrocarbon com

ponents. P
artial analysis indicates that a crudeoil consists of 

* 'P
etroleum

', from
 the G

reek pelra and the L
atin oleum

, literally m
eans 'rock oil' 
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W
hile there is no unequivocal e\,idence for irreversible long-term

 dam
age of oil pollu- 

tion at the population or ecosystem
 levels, there is reason to w

arn that w
e m

ay not yet be 
able to see the w

hole picture. L
ong-lived crude-oil hydrocarbons, their derivatives and 

specific m
acrom

\olecular com
ponents ofdegrading oil m

ay cause difficult-to-detect dam
- 

age by interfering w
ith biochem

ical avenues of ecosystem
 integration and w

ith chem
ical 

com
m

unication am
ong aquatic organism

s. Is the present scarcity ofdem
onstrable nega- 

tive effects at sublethal levels a consequence of insufficient know
ledge? A

re our analyti- 
cal m

ethods inadequate? A
re w

e unable to detect potentially detrim
ental effects before 

dam
age has occurred? S

ince constant oil contam
ination represents an active dem

and on 
organism

s to adjust to its presence, does this constitute a w
idespread suboptim

al condi- 
tion of existence? 

W
hile scientific understanding ofoil pollution cannot be com

plete and exact, this does 
not afford an excuse for less than the best m

ethods and efforts to prevent and com
bat 

incursion of oil w
herever it arises by responsible industrial, local environm

ental and 
national or international pollution m

anagem
ent. 

O
il pollution research and m

anagem
ent still suffer from

: (i) lack of a com
prehensive 

concept of the factors contributing to oil pollution, an
d

 of internationally 
integrated 

policies regarding oil spill abatem
ent-m

ost 
authorities fail to grasp the m

eaning of the 
term

 'oil pollution' and are aw
are only of m

ajor oil spills; (ii) deficiencies in existing 
controls an

d
 insuflicient harm

onization and integration of local, national, and interna- 
tional m

onitoring activities; (iii) lack of w
orld-w

ide m
anagem

ent policies covering pollu- 
tion of air, land, fresh w

ater, an
d

 the seas. W
hile som

e oil an
d

 shipping industries strive to 
m

eet their responsibilities, m
any governm

ental adm
inistrators and experts seem

 content 
to perpetuate outdated practices relating to the regulation, reporting, and m

easurem
ent 

of chronic inputs. T
here is need for im

provem
ents in the partnership betw

een scientific 
experts an

d
 adm

inistrators, Lbr 
concerted efforts to utilize oil m

ore efliciently and for 
m

ore effective recycling of w
aste oils. 

O
n

e prom
ising aspect of oil-pollution assessm

ent is the use of indicator organism
s. 

'T
hus the responses to oil pollution of the w

ell-investigated m
ussel M

ytilus edulis have 
yielded 

encouraging results 
('M

ussel W
atch 

P
rogram

m
e', p. 1518 4

. H
ydrocarbon- 

determ
inations in M

. edulis corresponded broadly w
ith the know

n history of local oil 
input an

d
 provided insights into the natural cleansing capacity of biotopes subsequent to 

an
 oil spill. In

 addition to the m
ussel's ability to record oil exposure, its responses to 

toxic polycyclic 
arom

atic hydrocarbons open 
the door to sound evaluations of oil- 

product toxicities. 
R

ecent progress in crude-oil analysis (p. 1485) has provided new
 instrum

entation for 
identifying different sources of crude oil. T

h
e 'fingerprinting' 

technique, developed in 
the U

nited S
tates, is considered scientifically and legally sound, and provides a m

eans 
for tracing the sources of an illegal oil spill. N

evertheless, great care is needed in the 
choice of m

ethods for m
onitoring oil pollution 'and m

uch of the published inform
ation 

needs careful 
scrutiny on 

the basis of the exact m
ethods of sam

pling and analysis 
em

ployed' (p
. 1492). 

T
h

e
 international efforts to control and m

anage m
arine oil pollution 

have a long 
history. T

h
e first convention w

as drafted in W
ashington in 

1926, but never adopted. 
S

ince then several conventions have initiated national legislation aim
ing at the restric- 

tion and control of oil pollution. T
h

e latest IM
C

O
 M

arine P
ollution 1978 C

onvention 
still aw

aits signing by a num
ber of m

ajor nations (p
. 1538). O

ptions for rem
edial actions 

are review
ed on p. 1539 ff. 
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biological effects of radiation and their relation to absorbed dose w
as required. T

h
e 

results of these early studies, and particularly 
the establishm

ent of satisfactory 
and 

reproducible m
ethods of dosim

etry, provided 
a basis both for im

proved radiotherapy 
practice and for. recom

m
endations for the lim

itation of occupational exposure. H
ence, 

radiological safety procedures w
ere de\,eloped w

hich ensured com
pliance w

ith exposure 
lim

its w
hile perm

itting the continued utilization of radiation and radioactive m
aterials. 

T
h

e
 rapid expansion of these activities over the past 35 yr has led to the extension of 

radiological safety into the field of public health. W
here there is a potential for the 

exposure of the general public to either radioactivity or radiation, techniques have been 
developed to assess the degree of such exposure and thus to allow

 the possibility of its 
control w

ithin defined lim
its. In

 addition, there has also been a parallel developm
ent of 

concern, albeit of lesser degree, as to the effects of the increasing scale of these activities 
on both the living and non-living resources of the environm

ent. 
T

h
e use of the sea as a repository for w

astes of any form
 m

ay be legitim
ately regarded 

as a resource. H
ow

ever, the extent to w
hich this resource m

ay be exploited m
ust be 

assessed w
ithin the perspective of other, perhaps conflicting, dem

ands on the m
arine 

environm
ent, e.g. as a source of food and raw

 m
aterials, for leisure, etc. F

or radioactive 
w

astes disposed of into the sea, the hazards w
ill usually be related to the concentrations 

attained. In
 general, hydrographic processes w

ill operate to dilute and disperse the 
radionuclides, w

hereas geochem
ical and biological processes w

ill tend to reconcentrate 
them

-thus, 
perhaps, increasing the potential for exposure of m

arine organism
s and, 

ultim
ately, m

an. T
h

e capacity of a particular m
arine site to accept radioactive w

astes 
w

ithout 
unacceptably harm

ful consequences clearly depends on m
any factors and a 

considerable understanding of the environm
ental behaviour of the individual radionuc- 

lides m
aking up the w

aste is necessary before disposal can be authorized. 
T

h
e

 control of m
arine disposals of radioactive w

astes is based upon the need to ensure 
th

at the consequent exposure of hum
ans, either as individuals or as populations, does 

not exceed acceptable lim
its. T

h
e exposure of populations of m

arine organism
s has been 

of secondary concern; nevertheless, rational resource m
anagem

ent requires that this 
hazard also be assessed an

d
 included in any consideration of the overall acceptability of 

a w
aste disposal practice. (2) R

adioactivity and R
adiation 

(a) N
ature of R

adioactivity 

R
adioactivity 

is the physical m
anifestation of the unstable state of the nuclei of a 

proportion of the atom
s in a radioactive m

aterial. T
h

e instability arises from
 an excess of 

energy in the nucleus. In m
ost cases this is reduced by the spontaneous em

ission of m
ore 

or less energetic a- or P
-particles w

hich are often accom
panied by y-rays. T

h
e em

ission 
of an a-particle reduces both the m

ass and the electrical charge of the nucleus w
hereas 

P
-decay has a very 

sm
all effect on 

the nuclear m
ass but increases or decreases the 

nuclear charge for negative electron (B-) 01- positron (B') em
ission respectively. In

 each 
case the change in nuclear charge m

eans that the daughter nucleus is that of a different 
elem

ent an
d

 it m
ay or m

ay not be stable. T
h

e y-rays arise from
 the rearrangem

ent of the 
energy states of the daughter nucleus. S

om
ew

hat sim
plified decay schem

es for radio- 
nuclides of interest in an environm

ental context are illustrated in F
ig. 2-1 including 

exam
ples of the less com

m
on decay m

ode via electron capture (E
C

). 
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A
lthough a radioactive nucleus has excess energy it does not lose this im

m
ediately; i~ 

is effectively in a state of unstable equilibrium
 w

ith a characteristic probability of decay 
per unit tim

e. A
s a broad generalization, for a given m

ode of decay, the greater the 
excess energy in the nucleus the greater the probability of decay. T

here is no m
eans of 

predicting the m
om

ent of decay of a given radioactive nucleus but for a large population 
of these nuclei the num

ber of decays per unit tim
e is the product of the characteristic 

probability of decay (A, the decay constant) and the num
ber of nuclei (N

): 

w
here the negative sign is necessary because the decay rate declines w

ith tim
e follow

ing 
the reduction in N

. Integrating this expression gives: 

w
here N

o is the num
ber of radioactive nuclei present at zero tim

e. T
h

e param
eter m

ost 
com

m
only used to characterize the decay of a radionuclide is not the decay constant (1) 

but a closely related quantity, the half-life. T
his is defined as the tim

e interval required 
for the decay of half the nuclei in a pure sam

ple of a given radionuclide, i.e. 

No 
0.693 

-
 =

 A
r0e-" 4 w

hence t 
=

 -
 

2 
1
 

V
alues oft! vary from

 m
icroseconds to billions of years. 

R
adioactivity is quantified in term

s of the decay rate o
r num

ber of nuclear disintegra- 
tions per unit tim

e. H
istorically, the unit of radioactivity has been the curie (C

i). T
his 

w
as originally defined in term

s of the disintegration rate of the quantity of radon in 
equilibrium

 w
ith 1 g of pure radium

, and is equivalent to 3.7 
X

 10" disintegrations S
-'. 

M
ore recently, as part of the developm

ent of an
 internationally consistent set of units for 

general scientific use, the basic unit of activity has been redefined as one disintegration 
S

-'. T
h

e becquerel (B
q) has been adopted as the special nam

e for this unit, and 1 curie is 
exactly equivalent to 3.7 X

 10" becquerels. S
ince alm

ost all of the relevant published 
d

ata are given in term
s of curies, these units w

ill be retained in this review
, but the 

corresponding value in becquerels w
ill be included in parentheses. 

T
h

e concentration of radioactivity in a m
aterial is expressed in C

i 
(B

q kg-') o
r C

i 
I-' 

(B
q I-'), 

but for a pure radionuclide the activity g-' 
is an

 intrinsic property: the 
specific activity. S

ince the disintegration rate is given by 0-693N
/ti and the num

ber of 
atom

s g-' of a pure radionuclide by the quotient of A
vogadro's 

num
ber by the gram

 
atom

ic w
eight (W

,) specific activity =
 0.693 

X
 6.025 X

 10'' 
C

i g-' 
li 

X
 W

, 
X

 3.7 X
 10'" 

w
here the half-life is in seconds; 

1.128 X
 10" 

4.174 X
 

thus specific activity =
 

C
i 

1, W
,, 

F
or exam

ple: '"Pu 
has a specific activity of 6-20 X

 10-' 
C

i 
(2.29 X

 10" 
B

q kg-') 
w

hile 
that 

of 
the 

m
uch 

shorter-lived 
natural a-em

itter 
""PO

 
is 

4.48 X
 10' 

C
i 

(1.66 X
 10" B

q kg-'). A
 second, and m

ore com
m

on, usage of the term
 specific activity 

relates the disintegration rate of a given radionuclide to the am
ount of the sam

e elem
ent 

(including both stable and unstable isotopes) present in a m
aterial. T

h
e units rem

ain 
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pC
i 

g-
' 

(B
q 

kg
-'

) 
bu

t 
th

er
e 

is
 n

o 
un

iq
ue

ly
 d

ef
in

ed
 v

al
ue

. 
F

or
 a

n
 e

nv
ir

on
m

en
ta

l s
am

pl
e 

fo
r 

ex
am

pl
e,

 t
he

 v
al

ue
 d

ep
en

ds
 u

po
n 

th
e 

de
gr

ee
 o

f 
co

nt
am

in
at

io
n,

 a
n

d
 c

an
 c

ha
ng

e 
in

 
re

la
ti

on
 t

o 
bo

th
 t

he
 i

np
ut

 a
n

d
 e

nv
ir

on
m

en
ta

l 
co

nd
it

io
ns

. 
T

hi
s 

us
ag

e 
is

 m
os

t 
of

te
n 

fo
un

d 
in

 s
tu

di
es

 i
n 

ra
di

oc
he

m
is

tr
y 

an
d 

ra
di

ob
io

lo
gy

 w
he

re
 t

he
 v

er
y 

sm
al

l 
gr

av
im

et
ri

c 
qu

an
- 

ti
ti

es
 o

f 
a 

ra
di

on
uc

li
de

 w
hi

ch
 c

an
 b

e 
ea

si
ly

 q
ua

nt
if

ie
d 

by
 r

ad
io

m
et

ri
c 

m
et

ho
ds

 a
re

 u
se

d 
as

 t
ra

ce
rs

. 
F

or
 e

xa
m

pl
e,

 
10

0 
pC

i 
(3

-7
 B

q)
 o

f 
b5

Z
n 

co
rr

es
po

nd
s 

to
 

1.
22

 X
 

10
-'

"g
 (

or
 

1.
13

 X
 

10
" 

at
om

s)
. 

(b
) 

In
te

ra
ct

io
n 

of
 R

ad
ia

ti
on

 w
it

h 
 m

at
te

r 

B
ef

or
e 

co
ns

id
er

in
g 

th
e 

m
ea

ns
 b

y 
w

hi
ch

 t
he

 r
ad

io
ac

ti
vi

ty
 o

f 
a 

m
at

er
ia

l 
m

ay
 b

e 
qu

an
- 

tif
ie

d,
 i

t 
is

 n
ec

es
sa

ry
 t

o 
ex

am
in

e 
ho

w
 t

he
 r

ad
ia

ti
on

s 
em

it
te

d 
du

ri
ng

 n
uc

le
ar

 d
is

in
te

gr
a-

 
ti

on
 i

nt
er

ac
t 

w
it

h 
m

at
te

r.
 T

hi
s 

is
 a

ls
o 

fu
nd

am
en

ta
l 

to
 a

 d
is

cu
ss

io
n 

of
 t

he
 b

io
lo

gi
ca

l 
ef

f'e
ct

s o
f 

ra
di

at
io

n.
 C

ha
rg

ed
 a

- 
an

d 
P

-p
ar

ti
cl

es
 t

ra
ve

rs
in

g 
m

at
te

r 
m

ay
 i

nt
er

ac
t 

w
it

h 
bo

th
 

th
e 

ne
ga

ti
ve

ly
 c

ha
rg

ed
 o

rb
it

al
 e

le
ct

ro
ns

 a
nd

 t
he

 p
os

iti
\le

ly
 c

ha
rg

ed
 n

uc
le

i 
of

 t
he

 c
on

- 
st

it
ue

nt
 a

to
m

s.
 T

h
e 

en
er

gy
 l

os
s 

fr
om

 t
he

 i
nc

id
en

t 
pa

rt
ic

le
 t

hr
ou

gh
 t

he
 a

ct
io

n 
of

 t
he

 
el

ec
tr

ic
al

 f
or

ce
s 

ca
n 

be
 s

ho
w

n 
to

 b
e 

in
ve

rs
el

y 
pr

op
or

ti
on

al
 t

o 
th

e 
m

as
s 

of
 t

he
 i

nt
er

ac
ti

ng
 

pa
rt

ic
le

; 
th

er
ef

or
e,

 t
he

 m
aj

or
it

y 
of

 t
he

 e
ne

rg
y 

is
 t

ra
ns

fe
rr

ed
 t

o 
th

e 
or

bi
ta

l e
le

ct
ro

ns
. 

T
h

e
 

m
ag

ni
tu

de
 o

f 
th

e 
tr

an
sf

er
 i

s 
al

so
 d

ep
en

de
nt

 o
n

 t
he

 s
tr

en
gt

h 
of

 t
he

 f
or

ce
 a

n
d

 t
he

 t
im

e 
pe

ri
od

 d
ur

in
g 

w
hi

ch
 i

t 
ac

ts
. 

T
h

e 
en

er
gy

 g
ai

ne
d 

by
 t

he
 o

rb
it

al
 e

le
ct

ro
n 

m
ay

 r
es

ul
t 

in
 

ei
th

er
 e

xc
it

at
io

n,
 o

r 
se

pa
ra

ti
on

 f
ro

m
 t

he
 p

ar
en

t 
at

om
, i

.e
. i

on
iz

at
io

n.
 F

or
 a

 g
iv

en
 e

ne
rg

y,
 

an
 a

-p
ar

ti
cl

e 
ha

s 
a 

m
uc

h 
lo

w
er

 v
el

oc
it

y 
th

an
 a

 P
-p

ar
ti

cl
e 

be
ca

us
e 

of
 t

he
 d

if
fe

re
nc

e 
in

 
m

as
s 

(m
, 

: m
, 
=

 7
30

0 
: 

l)
; t

hi
s 

fa
ct

or
, 

to
ge

th
er

 w
it

h 
th

e 
gr

ea
te

r 
ch

ar
gr

 (
2 

: 
l)

 m
ea

ns
 t

ha
t 

in
 a

ny
 i

nt
er

ac
ti

on
 a

n 
a-

pa
rt

ic
le

 is
 m

or
e 

lik
el

y 
to

 lo
se

 s
uf

fi
ci

en
t e

ne
rg

y 
to

 c
au

se
 e

xc
it

at
io

n 
an

d 
io

ni
za

ti
on

 t
ha

n 
a 

P
-p

ar
ti

cl
e.

 T
h

u
s 

th
e 

pa
th

 o
fa

n
 a

-p
ar

ti
cl

e 
is

 c
ha

ra
ct

er
iz

ed
 b

y 
ra

pi
d 

en
er

g)
. 

lo
ss

, v
er

y 
de

ns
e 

io
ni

za
ti

on
 a

nd
, i

n 
un

it
 d

en
si

ty
 ti

ss
ue

, a
 v

er
y 

sh
or

t 
p

at
h

 le
ng

th
 n

ot
 

ex
ce

ed
in

g 
ab

ou
t 

10
0 

p
m

. 
A

ls
o,

 d
u

e 
to

 t
he

 g
re

at
er

 m
as

s 
of

 t
he

 a
-p

ar
ti

cl
e 

co
m

pa
re

d 
w

it
h 

th
at

 o
f 

th
e 

or
bi

ta
l 

el
ec

tr
on

s,
 t

he
 p

at
h 

is
 r

el
at

iv
el

y 
st

ra
ig

ht
; 

on
ly

 a
 c

lo
se

 e
nc

ou
nt

er
 w

it
h 

th
e 

el
ec

tr
ic

 c
ha

rg
e 

on
 t

he
 e

qu
iv

al
en

t 
or

 g
re

at
er

 m
as

s 
of

 a
n 

at
om

ic
 n

uc
le

us
 c

an
 c

au
se

 
a-

pa
rt

ic
le

 s
ca

tt
er

in
g.

 T
h

e 
pa

th
 o

f 
a 

P
-p

ar
ti

cl
e,

 o
n 

th
e 

ot
he

r 
ha

nd
, 

is
 c

ha
ra

ct
er

iz
ed

 b
y 

sl
ow

 e
ne

rg
y 

lo
ss

, 
sp

ar
se

 i
on

iz
at

io
n 

an
d 

fr
eq

ue
nt

 w
id

e-
an

gl
e 

sc
at

te
ri

ng
; 

th
e 

to
ta

l 
pa

th
 

le
ng

th
 i

n 
un

it
 d

en
si

ty
 t

is
su

e 
m

ay
 b

e 
se

ve
ra

l c
en

ti
m

et
re

s 
fo

r 
th

e 
hi

gh
er

 e
ne

rg
y 

P
-p

ar
ti

cl
es

. 
A

lt
ho

ug
h 

th
e 

y-
ra

y,
 b

ei
ng

 u
nc

ha
rg

ed
, 

do
es

 n
ot

 c
on

ti
nu

ou
sl

y 
lo

se
 e

ne
rg

y 
al

on
g 

it
s 

tr
ac

k 
th

ro
ug

h 
io

ni
za

ti
on

, 
it

 d
oe

s 
ha

ve
 c

er
ta

in
 p

ro
ba

bi
li

ti
es

 o
f 

in
te

ra
ct

io
n 

w
it

h 
or

bi
ta

l 
el

ec
tr

on
s 

vi
a 

2 
pr

oc
es

se
s.

 T
hr

ou
gh

 t
he

 p
ho

to
el

ec
tr

ic
 e

ff
ec

t, 
th

e 
in

ci
de

nt
 y

-r
ay

 i
s 

to
ta

ll
y 

ab
so

rb
ed

 i
n 

ej
ec

ti
ng

 a
 b

ou
nd

 e
le

ct
ro

n 
fr

om
 a

n
 a

to
m

. 
T

h
e 

di
ff

er
en

ce
 i

n 
en

er
gy

 b
et

w
ee

n 
th

e 
in

ci
de

nt
 g

-r
ay

 a
nd

 t
he

 b
ou

nd
 e

le
ct

ro
n 

ap
pe

ar
s 

as
 k

in
et

ic
 e

ne
rg

y.
 T

h
e 

C
om

pt
on

 
sc

at
te

ri
ng

 p
ro

ce
ss

 i
n\

,o
l\

le
s 

an
 e

la
st

ic
 c

ol
li

si
on

 w
it

h 
a 

fi-
ee

 o
r 

lo
os

el
y 

bo
un

d 
el

ec
tr

on
 i

n 
w

hi
ch

 t
he

 e
le

ct
ro

n 
re

ce
iv

es
 a

 f
ra

ct
io

n 
of

 t
he

 e
ne

rg
y 

of
 t

he
 i

nc
id

en
t 

y-
ra

y.
 T

h
e 

sc
at

te
re

d 
y-

ra
y,

 o
f 

lo
w

er
 e

ne
rg

y,
 u

nd
er

go
es

 f
ur

th
er

 C
om

pt
on

 o
r 

ph
ot

oe
le

ct
ri

c 
in

te
ra

ct
io

ns
 u

nt
il

 
to

ta
ll

y 
ab

so
rb

ed
. 

In
 b

ot
h 

ca
se

s,
 t

he
 k

in
et

ic
 e

ne
rg

y 
of

 t
he

 f
re

e 
el

ec
tr

on
 p

ro
du

ce
d 

by
 t

he
 

in
te

ra
ct

io
n 

is
 d

is
si

pa
te

d 
th

ro
ug

h 
ex

ci
ta

ti
on

 a
n

d
 i

on
iz

at
io

n.
 T

h
e

 r
el

at
iv

e 
im

po
rt

an
ce

 o
f 

th
es

e 
2 

pr
oc

es
se

s 
de

pe
nd

s 
on

 t
he

 y
-r

ay
 e

ne
rg

y 
an

d
 t

he
 a

to
m

ic
 n

um
be

rs
 o

f 
th

e 
el

em
en

ts
 

m
ak

in
g 

u
p

 t
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 a
bs

or
bi

ng
 m

at
er

ia
l.

 A
t 

hi
gh

er
 y

-r
ay

 e
ne

rg
ie

s 
(>

l-
0

2
 M

eV
) 

an
d

 m
or

e 
co

m
m

on
ly

 in
 m

at
er

ia
ls

 c
on

ta
in

in
g 

hi
gh

 a
to

m
ic

 n
um

be
r 

el
em

en
ts

, t
he

re
 is

 a
 t

hi
rd

 p
ro

ce
ss

 
le

ad
in

g 
to

 7
-r

ay
 a

bs
or

pt
io

n:
 p

ai
r 

pr
od

uc
ti

on
. 

T
h

e 
in

ci
de

nt
 ?

-r
ay

 i
nt

er
ac

ts
 w

it
h 

th
e 

el
ec

tr
ic

 fi
el

d 
of

 t
he

 n
uc

le
us

 a
nd

 m
at

er
ia

li
ze

s 
in

to
 a

 n
eg

at
iv

e 
el

ec
tr

on
 a

n
d

 a
 p

os
it

ro
n.

 T
h

e 
en

er
gy

 d
if

fe
re

nc
e 

be
tw

ee
n 

th
e 

y-
ra

y 
an

d 
th

e 
en

er
gy

 e
qu

iv
al

en
t 

of
 t

he
 r

es
t 

m
as

s 
of

 t
he
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electrons (1-02 M
eV

) appears as kinetic energy w
hich is once again dissipated as excita- 

tion an
d

 ionization along the particle tracks. T
h

e stochastic nature of the interactions 
betw

een y-rays an
d

 the absorbing m
aterial m

eans that y-rays can penetrate considerable 
distances, of the order of tens of centim

etres of unit density tissue, before absorption 
occurs. 

T
h

e positrons produced by radioactive decay and through y-ray absorption via pair 
production 

have only 
a 

transitory existence. 
T

heir kinetic energy is 
norm

ally 
lost 

through excitation and ionization and the resulting, slow
-m

oving positron com
bines 

w
ith a negative electron, cancelling the electric charge, and converting the rest m

ass of 
the 2 electrons into 2 y-rays, each w

ith an energy of 0.51 1 M
eV

. T
his is the so-called 

annihilation radiation. 
T

h
e energy of the incident radiation is not com

pletely degraded at this stage of the 
absorption process. T

h
e excited an

d
 ionized atom

s w
hich have been produced gradually 

revert to a stable ground state by the rearrangem
ent of the orbital electrons an

d
 the 

em
ission of low

er energy electrom
agnetic radiation (low

 energy X
-rays, ultra-violet an

d
 

visible light). T
hese, too, are absorbed, yielding atom

ic an
d

 m
olecular vibrations w

hich 
are ultim

ately indistinguishable from
 those d

u
e to the therm

al energy content of the 
absorber. W

here the absorber consists of m
ore than 

1 elem
ent, a proportion 

of the 
incident energy m

ay be taken u
p

 to produce an altered chem
ical com

position. 

(c) Q
uantification of R

adioactivity 

T
h

e quantification of the radioactivity in a sam
ple requires the detection and enum

er- 
ation of the radiations characteristic of each radionuclide present. S

ince the prim
ary 

product of radiation absorption is ionization, essentially all detection system
s in general 

use depend upon the direct o
r indirect m

easurem
ent of ionization. A

lthough a given 
sam

ple m
ay contain a-, 8- an

d
 8-y-active 

radionuclides it is not possible to evaluate the 
concentrations of each by a single technique. E

ach radiation type is best treated w
ith a 

specialized analytical approach dictated by its physical properties. 
T

h
e

 decay schem
e show

n in F
ig. 2-1 for 2

3
9

P
~

 
is a fairly typical exam

ple of the 
radiations produced by the m

ajority ofa-em
itting radionuclides: there are several distinct 

com
ponents to the a-spectrum

 and the accom
panying y-rays are ofrelatively low

 energy. 
T

h
e a-particle energy spectrum

 provides the best basis for identifying the a-em
itters 

present in a sam
ple; the y-rays generally d

o
 not perm

it easy discrim
ination betw

een these 
radionuclides. T

h
e short range of the a-particles in solid m

aterials m
eans that only those 

em
itted from

 nuclei w
ithin this distance of the surface can leave the sam

ple and, also, 
that the flux at the surface of the sam

ple contains a-particles w
ith all energies from

 zero 
to 

the m
axim

um
 

em
ission 

energy. B
oth 

the low
 concentrations usually present in 

environm
ental sam

ples (hence a low
 surface flux) and the degraded energy spectrum

 
m

ake it necessary to use radiochem
ical procedures to separate and concentrate the 

a-em
itting radionuclides from

 the bulk of the sam
ple. T

h
is has the additional advantage 

-
 

that chem
ical discrim

ination betw
een elem

ents can be applied. T
h

e separated elem
ents 

are usually electroplated o
r evaporated on to a sm

all m
etal disc. T

h
e form

er technique is 
preferable since it gives a thinner, m

ore uniform
 source. 

T
h

e ionization produced by, an
d

 hence the energy of, the a-particles em
itted from

 
these sources m

ay 
be determ

ined 
by 2 different 

m
ethods. F

irstly, 
the ionization is 
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2-
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X
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ha
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.i
~.

ti
cl
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ne

rg
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ec

m
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 o
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p
lu
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iu
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n
 es

rr
ac

te
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li-
om

 m
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se
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[y
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ul

i~
, sa

m
pl

ed
 l
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m

 [
ti

e 
\t

.i
nd

sc
al

e 
pi

pe
li

t~
e.

 (L
li

ni
sr

ry
 o

l':
\g

ri
cu

lt
ur

e,
 

F
is

he
ri

es
 a

n
d

 F
oo

d,
 D

ir
ec

to
ra

te
 0

1- 
F

is
he

ri
es

 R
es

ea
rc

h,
 u

np
ub

li
sh

ed
, 

ge
ne

ra
te

d 
in

 t
he

 g
as

 i
n 

an
 i

on
 c

ha
m

be
r,

 a
nd

 t
he

 i
on

s 
co

ll
ec

te
d 

by
 a

pp
ly

in
g 

a 
vo

lt
ag

e 
be

tw
ee

n 
2 

el
ec

tr
od

es
. T

h
e 

nu
m

be
r 

of
 i

on
 p

ai
rs

 p
ro

du
ce

d 
is

 p
ro

po
rt

io
na

l 
to

 t
he

 e
ne

rg
y 

of
 

th
e 

a-
pa

rt
ic

le
 a

n
d

 w
he

n 
th

es
e 

ar
e 

co
ll

ec
te

d 
a 

co
rr

es
po

nd
in

g 
el

ec
tr

ic
al

 p
ul

se
 i

s 
ge

ne
ra

te
d 

in
 t

he
 e

le
ct

ri
ca

l 
ci

rc
ui

t.
 T

hi
s 

is
 t

he
n 

am
pl

if
ie

d,
 s

or
te

d 
as

 t
o 

am
pl

it
ud

e 
(e

qu
iv

al
en

t 
to

 
a-

pa
rt

ic
le

 
en

er
gy

) 
an

d
 s

to
re

d 
to

 
ge

ne
ra

te
 

an
 e

ne
rg

y 
sp

ec
tr

um
. 

A
lt

er
na

ti
ve

ly
, 

th
e 

a-
pa

rt
ic

le
s 

m
ay

 b
e 

ab
so

rb
ed

 b
y,

 a
n

d
 h

en
ce

 p
ro

du
ce

 i
on

iz
at

io
n 

in
, 

a 
si

li
co

n,
 s

ur
fa

ce
 

ba
rr

ie
r,

 s
em

ic
on

du
ct

or
 d

et
ec

to
r.

 E
ss

en
ti

al
ly

, 
th

is
 o

pe
ra

te
s 

as
 a

 s
ol

id
-s

ta
te

 i
on

 c
ha

m
be

r 
pr

od
uc

in
g 

an
 e

le
ct

ri
ca

l p
ul

se
 w

it
h 

an
 a

m
pl

it
ud

e 
pr

op
or

ti
on

al
 t

o 
th

e 
or

-p
ar

tic
le

 e
ne

rg
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 A
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be
fo

re
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th
e 

pu
ls

es
 c

an
 b

e 
pr

oc
es

se
d 

to
 g

en
er

at
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an
 e

ne
rg

y 
sp

ec
tr

um
. 

In
 p

ra
ct

ic
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 t
he
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tt
er
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th
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m
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 u
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te

ch
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e.

 A
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 s
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 f
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 c
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 in
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f t
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 d
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ch
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ue
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ng

 f
ac

to
ry
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W
in

ds
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 (

E
ng
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gi
ve

n 
in

 F
ig
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2-

2.
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at
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in
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ru
m

 c
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ed

 t
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de
ri

ve
 

th
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nc

en
tr

at
io

ns
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f 
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e 
pl

ut
on

iu
m

 i
so

to
pe

s 
in

 t
he
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ri

gi
na

l 
sa

m
pl

e,
 2

 f
ur

th
er

 d
at

a 
ar

e 
re

qu
ir

ed
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T
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se
 a

re
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he
 r

ec
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er
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ch
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 p

ro
ce

du
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 u
se
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d
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 c
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ic
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ct

or
 d

et
ec
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to
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 T

h
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rs

t 
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 d
et

er
m
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ed
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pl

e 
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m
ea
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re

d 
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an
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a 

pl
ut
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iu

m
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ot

op
e 

kn
ow

n 
no

t 
to

 b
e 

pr
es

en
t 

in
it

ia
ll

y,
 i

.e
. 

a 
yi

el
d 

tr
ac

er
 o

r 
m

on
it

or
; 

th
e 

se
co

nd
 i

s 
ob

ta
in

ed
 b

y 
co

un
ti

ng
, i

n 
th

e 
sa

m
e 

ge
om

et
ry

, a
 s

ta
nd

ar
d 

so
ur

ce
 p

re
pa

re
d 

un
de

r 
id

en
ti

ca
l 

co
nd

it
io

ns
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In
 t

he
 e

xa
m

pl
e 

sh
ow

n,
 t

he
 y

ie
ld

 t
ra

ce
r 

w
as

 '"
Pu

, 
th

e 
ch

em
ic

al
 y

ie
ld

, 
45

.6
%
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an
d

 the detector efficiency, 22.5%
. In

 fact, it is not necessary to know
 either of these 

factors explicitly w
hen an

 internal tracer is em
ployed, but the determ

ination of the yield 
provides a useful quality control for the chem

ical separation. 
T

h
ere are relatively few

 pure P
-em

itters w
hich are of environm

ental consequence, but 
they include the very im

portant parent-daughter 
com

bination 90Sr-90Y
 (F

ig. 2-1). In 
contrast to the energy spectra of both a-particles and y-rays, that of P

-particles is continu- 
ous from

 zero to a m
axim

um
 value characteristic of the radionuclide concerned. T

his is 
because the energy available for B

-decay, although constant for a given transition, is 
shared betw

een the B
-particle and a neutrino. T

h
e latter is a particle of zero charge and 

very sm
all rest m

ass w
hich is required to conserve the intrinsic angular m

om
entum

 
betw

een 
the initial an

d
 final states of the system

; it has a very low
 probability 

of 
interaction 

w
ith 

m
atter 

an
d

 
does 

not 
contribute 

to 
the 

energy 
absorption 

from
 

decay.T
hus 

the B
-ray 

spectrum
 does not 

provide a very 
satisfactory m

eans of dis- 
crim

inating betw
een radionuclides and, for the pure B

-em
itters, radiochem

ical proce- 
dures 

are required 
to 

separate and 
concentrate 

the 
radionuclide 

of 
interest. T

h
e 

P
-particles from

 the separated nuclide m
ay be detected by 2 different m

ethods. A
fter 

preparation of a thin, planar source a G
eiger counter w

ith a thin end w
indow

 m
ay be 

em
ployed. T

h
e P

-particles penetrate the w
indow

 and produce ionization in the counter 
gas. T

h
e electric potential betw

een the counter electrodes is such that the output pulse is 
effectively 

independent 
of 

the 
num

ber of ion 
pairs 

initially 
produced. 

T
h

u
s, after 

appropriate calibration, the counting rate is directly related to the activity of the source. 
A

lternatively, 
the activity m

ay be determ
ined 

by liquid scintillation counting. T
h

e 
separated radionuclide is converted to a form

 w
hich is com

patible w
ith the organic 

solvent base of the scintillator, and the 2 are m
ixed in sm

all plastic or glass vials. A
 part 

of the excitation an
d

 ionization energy deposited in the liquid is transferred to activator 
m

olecules present as a solute in the solvent base. T
hese return to the ground state w

ith 
the em

ission of light, w
hich is detected by a photom

ultiplier and converted to an electri- 
cal pulse. A

gain, after appropriate calibration, the pulse rate is related 
to the source 

activity. In
 general, low

-activity sources m
ust be evaluated w

ith gas-filled counters since 
low

er backgrounds are obtainable. A
s for the a-em

itters, the use of chem
ical separation 

procedures requires the addition of a yield tracer to the sam
ple. 

In
 the case of 

the separated radionuclide, 
together w

ith 
the yield 

tracer 
(y- 

em
itting '5

r) an
d

 stable strontium
 carrier, are obtained as the chloride in acid solution. 

T
h

is is y-counted (see below
) to determ

ine the chem
ical yield, and is left for at least 2 w

k 
to allow

 the short-lived V
 daughter to grow

 back into equilibrium
 w

ith the w
S

r parent. 
T

h
e greater energy of the B

-particles from
 w

Y
 decay allow

s easier detection of this 
radionuclide an

d
 gives a quantitative determ

ination of the parent activity. T
h

e V
 is 

stripped from
 the solution by coprecipitation w

ith ferric hydroxide after the addition of a 
sm

all quantity offerric chloride (=2 m
g iron) follow

ed by am
m

onium
 hydroxide. F

iltra- 
tion and drying produces a thin, planar source suitable for G

eiger counting. T
h

e decline 
of the source activity, as show

n by sequential counts, w
ith the characteristic half-life 

of 9
 (64.1 h

) 
provides 

additional 
confirm

ation 
of 

the 
radionuclide 

identity 
and 

repeat 
determ

inations 
m

ay 
be 

m
ade 

after 
the 

regrow
th 

of 
the 

9
 

in 
the 

G
nal 

solution. 
T

h
e m

uch greater penetrating pow
er of y-rays, com

pared w
ith that of either a- or 

p-particles, together w
ith the em

ission of line spectra characteristic of the radionuclides, 
reduces the need for com

plex sam
ple preparation. In

 m
ost cases all that is required is 
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 c

ur
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e 
di

sa
dv

an
ta

ge
 s

te
m

s 
fr

om
 t

he
 

sm
al

l 
vo

lu
m

e 
of

 t
he

 a
va

il
ab

le
 d

et
ec

to
rs

 a
nd

 h
en

ce
 t

he
 r

el
at

iv
el

y 
lo

w
 y

-r
ay

 d
et

ec
ti

on
 

ef
fi

ci
en

cy
. 

In
 

F
ig

. 
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 f
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 c
ol

le
ct

ed
 f

ro
m

 t
he

 v
ic

in
it

y 
of

 t
he

 W
in

ds
ca

le
 

di
sc

ha
rg

e 
an

d 
fo

r 
th
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h
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th
e 
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ue
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e 
co
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2-
3b
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w
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at
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he

re
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re
 2

 m
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nd
 s

ev
er

al
 m

in
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 p
ea

ks
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 c
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 f
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 c
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T
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o
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ra
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G
am

m
a-ray energy spectrum

 obtained w
ith a G

e(L
i) spectrom

eter Ior m
ussels, 

,V
lj~tlylllu~ edull,, sam

pled at W
indscale, and peak identilication. 

iM
inistry of' A

griculture, 
Fisheries and F

ood, D
irectorate of Fisheries R

esearch, unpublished) 

giving a negative ion w
hich breaks u

p
 to produce a hydrogen radical and a hydroxyl ion: 

H
,
O
-
 +
 O
H
-
 + H

'
 

In
 oxygenated system

s, w
hich is effectively the case in m

ost tissues, the follow
ing reac- 

tion produces a hydroperoxy radical: 

H
'
 + 0
,
 +

 H
O
,
 

T
h

e hydrogen and hydroxyl ions produced m
ake a negligible contribution to the respec- 

tive concentrations in the cell. S
ince the ionization potential of w

ater is 12.6 eV
 com

- 
pared 

w
ith 

the 30 to 35 eV
 (depending on the incident particle 

type and energy) 
required to produce an

 ion pair in w
ater, several excited m

olecules m
ust be generated for 

each one ionized. A
t the higher levels of excitation the m

olecule m
ay becom

e disrupted: 

H,O + energy 
+

 H
,
O
'
 

-3
 
H
'
 + O

H
'
 

T
hese free hydroxyl and hydroperoxy radicals can interact w

ith, and oxidize, biological 
m

olecules generating an
 initial chem

ical lesion. T
h

e severity of the eventual biological 
effect 

arising from
 

the chem
ical 

lesion 
depends 

upon 
the 

com
plex and com

peting 
interactions betw

een the norm
al repair m

echanism
s and the developm

ent of the dam
age 

via the m
etabolic processes w

ithin the cell. A
 basic problem

 in radiobiology concerns the 
m

echanism
s w

hereby the relatively few
 initial ionization and excitation events (

=
 106), 

induced in a cell by a lethal radiation dose, can be am
plified to cause such a catastrophic 
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1968). T
h

u
s the quantification of a radiation field in roentgens provides only an indirect 

indication of the energy absorbed in a biological 
target. T

h
e increased 

use of radio- 
nuclides, fissile m

aterials, and particle accelerators increased the possibilities for exposure 
to particulate radiations w

hich produce sim
ilar biological effects due to ionization but 

for w
hich the roentgen unit, by definition, is inapplicable. T

o
 overcom

e these difficulties 
and in recognition of the significant correlation betw

een absorbed energy and resultant 
effect a new

 quantity, absorbed dose, to be expressed in units of rads, w
as established. 

O
n

e rad w
as defined as the absorbed dose of any ionizing radiation w

hich w
as accom

- 
panied by the release by ionizing particles of 100 ergs of energy g-l of absorbing m

aterial 
at the point of interest. In

 the International S
ystem

 of U
nits the new

 unit of radiation 
absorbed dose is the G

ray (G
y) w

hich corresponds to an energy absorption of 1 J kg-'; 
thus 1 G

y is the equivalent of 100 rad. 
F

urther investigation of the biological effects of various radiation types (or qualities) 
dem

onstrated that a given effect resulted fi-om
 different absorbed doses of the individual 

radiation types; that is, there is a difference in biological effectiveness. T
his led to the 

introduction of another unit, the rem
, to quantify the biologically effective dose w

hich, 
for a given radiation type, is related 

to the corresponding absorbed dose by a factor 
called the relative biological effectiveness (R

B
E

) as follow
s: 

B
iologically effective dose (rem

s) =
 A

bsorbed dose (rads) X
 R

B
E

 

F
or a given radiation type, the R

B
E

 is the inverse ratio of the absorbed dose in rads 
required to produce a given effect to the absorbed dose of 250 keV

 X
-rays (the reference 

radiation type) required to produce an identical effect. T
h

e value obtained for the R
B

E
 

depends prim
arily on the nature of the radiation being investigated, e.g. a-particles, 

B
-particles, neutrons, protons, etc. but it is also m

odified by such secondary factors as 
the radiation energy, dose rate, and the nature of the biological effect under considera- 
tion. 

D
u

e to these com
plexities, the biologically effective dose and R

B
E

 have found their 
prim

ary application in radiobiological studies. H
ow

ever, in radiological protection it is 
also necessary to quantify the radiation dose in a m

anner w
hich is directly related to the 

potential hazard. It had been noted that the R
B

E
 value w

as partially correlated w
ith the 

density of ionization generated by the particles depositing the energy, that is, the quan- 
tity designated as linear energy 

transfer 
(L

E
T

) and m
easured 

in keV
 

(energy) per 
m

icron (p
m

) of track length. H
ence the R

B
E

 w
as replaced by the quality factor (Q

F
), 

and appropriate values for ranges of L
E

T
 w

ere arbitrarily chosen from
 the literature on 

the differential effects of radiation on sm
all m

am
m

als (IC
R

P
, 1977). T

hus, in radiologi- 
cal protection, the biologically effective dose, renam

ed the dose equivalent, becam
e: 

D
ose equivalent (rem

s) =
 A

bsorbed dose (rads) X
 Q

F
 

In
 the International S

ystem
 of U

nits the new
 unit of dose equivalent is the S

ievert (S
\/) 

and is equivalent to 100 rem
s. 

A
t this point a dilem

m
a arises. T

h
e biologically effective dose and R

B
E

 have been 
essentially restricted for use in laboratory studies of the biological effects of radiations 
and quality factors have, strictly, only been defined for hum

an radiation protection. In 
any assessm

ent of the effects of radiation in the natural environm
ent how

ever, it is 
necessary to take account of the differential responses to equal absorbed doses of differ- 
ent radiations, that is, a factor equivalent to R

B
E

 or Q
F

 is required to m
odify either 
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os
ur

es
 f

or
 e

st
im

at
in

g 
th

e 
bi

ol
og

ic
al

ly
 e

l?
ec

ti
ve

 d
os

es
 in

 a
qu

at
ic

 e
nv

ir
on

m
en

ts
 

w
hi

le
 r

ec
og

ni
zi

ng
 t

ha
t 

th
is

 p
ro

ce
du

re
 i

s 
op

en
 t

o 
ar

gu
m

en
t.

 S
im

il
ar

ly
, t

he
 t

er
m

 '
bi

ol
og

i-
 

ca
ll

y 
ef

le
ct

iv
e 

do
se

' 
w

ill
 b

e 
em

pl
oy

ed
 h

er
e 

si
nc

e 
it

 d
es

cr
ib

es
 p

re
ci

se
ly

 t
he

 q
ua

nt
it

y 
in

 
qu

es
ti

on
 a

n
d

 th
er

e 
is

 n
o 

go
od

 r
ea

so
n 

fo
r 

ad
di

ng
 f

ur
th

er
 to

 a
n

 a
lr

ea
dy

 l
ar

ge
 t

er
m

in
ol

og
y.

 
In

 r
es

pe
ct

 o
f 

en
vi

ro
nm

en
ta

l 
do

si
m

et
ry

 i
t 

is
 a

n
 e

st
im

at
io

n 
of

 t
he

 b
io

lo
gi

ca
ll

y 
eK

ec
tiv

e 
do

se
 f

ro
m

 a
-p

ar
ti

cl
es

 w
hi

ch
 i

s 
of

 i
m

po
rt

an
ce

. T
h

e 
li

ne
ar

 e
ne

rg
y 

tr
an

sf
er

 v
ar

ie
s 

w
it

h 
th

e 
a-

pa
rt

ic
le

 e
ne

rg
y 

al
on

g 
it

s 
tr

ac
k 

an
d 

an
 a

cc
ur

at
e 

es
ti

m
at

e 
of

 t
he

 d
os

e 
re

qu
ir

es
 a

 k
no

w
- 

le
dg

e 
of

 t
he

 a
-p

ar
ti

cl
e 

en
er

gy
 s

pe
ct

ru
m

 i
nc

id
en

t 
o

n
 t

he
 t

ar
ge

t 
vo

lu
m

e.
 T

h
is

 r
eq

ui
re

m
en

t 
im

pl
ie

s 
a 

de
ta

il
ed

 k
no

w
le

dg
e 

of
 t

he
 s

pa
ti

al
 d

is
tr

ib
ut

io
n 

of
 t

he
 a

-a
ct

iv
e 

ra
di

on
uc

li
de

s 
re

la
ti

ve
 t

o 
th

e 
ta

rg
et

-i
nt

br
m

at
io

n 
w

hi
ch

 is
 g

en
er

al
ly

 u
na

va
il

ab
le

. 
In

 s
uc

h 
a 

si
tu

at
io

n 
it

 
ha

s 
be

en
 c

on
se

rv
at

iv
el

y 
re

co
m

m
en

de
d 

th
at

 a
 Q

F
 o

f 
20

 is
 a

pp
li

ca
bl

e 
(I

C
R

P
, 

19
77

),
 a

nd
 

th
is

 w
ill

 b
e 

ad
op

te
d 

as
 a

pp
ro

pr
ia

te
 i

n 
th

e 
re

m
ai

nd
er

 o
f 

th
is

 r
ev

ie
w

. 
A

ls
o 

it
 w

ill
 b

e 
as

su
m

ed
 t

ha
t 

th
e 

Q
F

 fo
r 

y-
ra

ys
 a

n
d

 B
-p

ar
ti

cl
es

 i
s 

un
it

y.
 

T
h

e 
m

ea
ns

 u
se

d 
to

 d
et

er
m

in
e 

th
e 

ab
so

rb
ed

 d
os

e 
o

r 
do

se
 r

at
e 

de
pe

nd
s 

on
 m

an
y 

fa
ct

or
s 

in
cl

ud
in

g 
ra

di
at

io
n 

ty
pe

, 
ta

rg
et

, 
an

d 
do

se
 r

at
e.

 F
or

 y
-r

ad
ia

ti
on

 a
n

d
, 

to
 a

 m
uc

h 
le

ss
er

 
ex

te
nt

, 
fo

r 
P

-r
ad

ia
ti

on
 f

ro
m

 e
xt

er
na

l 
so

ur
ce

s,
 i

ns
tr

um
en

ta
l 

m
et

ho
ds

 c
an

 b
e 

em
pl

oy
ed

. 
G

en
er

al
ly

, 
th

es
e 

ar
e 

ba
se

d 
on

 a
 r

ad
ia

ti
on

 d
et

ec
to

r 
w

ho
se

 e
ne

rg
y 

re
sp

on
se

 h
as

 b
ee

n 
m

od
if

ie
d 

to
 c

or
re

sp
on

d 
ei

th
er

 t
o 

th
at

 o
f 

ai
r 

if
 i

t 
is

 t
o 

m
ea

su
re

 t
he

 e
xp

os
ur

e 
in

 a
n

 X
- 

o
r 

y-
ra

y 
fi

el
d 

or
 t

he
 a

bs
or

be
d 

do
se

 i
n 

ai
r 

in
 a

 m
ix

ed
 p

ho
to

n 
an

d 
P

-r
ay

 f
ie

ld
, 

or
 t

o 
th

at
 o

f 
ti

ss
ue

 if
 i

t 
is

 t
o 

in
di

ca
te

 t
he

 a
bs

or
be

d 
do

se
 in

 t
is

su
e.

 T
h

e 
ra

di
at

io
n 

de
te

ct
or

 m
ay

 b
e 

an
 io

n 
ch

am
be

r,
 G

ei
ge

r 
co

un
te

r 
or

 s
ci

nt
il

la
ti

on
 c

ry
st

al
 t

og
et

he
r 

w
it

h 
th

e 
as

so
ci

at
ed

 e
le

ct
ro

ni
cs

. 
A

 m
or

e 
re

ce
nt

 d
ev

el
op

m
en

t 
w

hi
ch

 h
as

 p
ro

ve
d 

to
 b

e 
\:

c
ry

 
us

ef
ul

 i
n 

de
te

rm
in

in
g 

th
e 

in
te

gr
at

ed
 a

bs
or

be
d 

do
se

s 
to

 b
ot

h 
hu

m
an

s 
an

d 
ot

he
r 

or
ga

ni
sm

s 
fr

om
 7

- 
an

d 
P

-r
ad

ia
ti

on
 

in
 c

on
ta

m
in

at
ed

 e
nv

ir
on

m
en

ts
 i

s 
th

e 
th

er
m

ol
um

in
es

ce
nt

 d
os

im
et

er
. 

L
it

hi
um

 f
lu

or
id

e 
is

 
th

e 
th

er
n~

ol
um

in
es

ce
nt

 m
at

er
ia

l 
of

 c
ho

ic
e 

si
nc

e 
it 

ha
s 

go
od

 s
en

si
ti

vi
ty

, 
th

e 
st

or
ed

 s
ig

na
l 

sh
ow

s 
ve

ry
 

li
tt

le
 f

ad
in

g 
w

it
h 

ti
m

e 
an

d
, 

m
os

t 
si

gn
if

ic
an

tl
y,

 t
he

 e
ne

rg
y 

re
sp

on
se

 t
o 

y-
ra

di
at

io
n 

is
 v

er
y 

cl
os

e 
to

 t
ha

t 
of

 s
of

t 
ti

ss
ue

. 
T

h
e 

li
th

iu
m

 f
lu

or
id

e 
m

ay
 b

e 
us

ed
 i

n 
th

e 
fo

rm
 o

f 
m

ic
ro

-c
ry

st
al

s,
 e

it
he

r 
lo

os
e 

or
 e

m
be

dd
ed

 i
n 

a 
te

fl
on

 m
at

ri
x,

 o
r 

as
 l

ar
ge

 s
in

gl
e 

cr
ys

ta
ls

. 
T

h
e 

si
ze

 a
nd

 g
eo

m
et

ry
 o

f 
th

e 
do

si
m

et
er

 c
an

 b
e 

ad
ap

te
d 

to
 e

ac
h 

pa
rt

ic
ul

ar
 

ap
pl

ic
at

io
n.

 A
 s

m
al

l 
pr

op
or

ti
on

 o
f' 

th
e 

el
ec

~
ro

n
s r

el
ea

se
d 

fi
om

 v
al

en
ce

 s
ta

te
s 

in
 t

he
 

cr
ys

ta
ls

 a
s 

a 
re

su
lt

 o
f 

th
e 

ab
so

rp
ti

on
 o

f 
io

ni
zi

ng
 r

ad
ia

ti
on

, 
be

co
m

e 
tr

ap
pe

d 
in

 h
ig

he
r 

en
er

gy
 s

ta
te

s 
fr

om
 w

hi
ch

 a
 d

ir
ec

t 
re

tu
rn

 t
o 

th
e 

gr
ou

nd
 s

ta
te

 h
as

 a
 v

er
y 

lo
w

 p
ro

ba
bi

li
ty

. 
'T

he
se

 e
le

ct
ro

ns
 m

ay
 s

ub
se

qu
en

tl
y 

be
 f

re
ed

 f
io

m
 t

he
 t

ra
ps

 b
y 

he
at

in
g 

th
e 

cr
ys

ta
ls

 a
nd

 
th

ey
 t

he
n 

re
tu

rn
 t

o 
th

e 
gr

ou
nd

 s
ta

te
 w

it
h 

th
e 

em
is

si
on

 o
f 

li
gh

t.
 T

h
e 

to
ta

l 
li

gh
t 

o
u

tp
u

t 
is

 
fo

un
d 

to
 b

e 
pr

op
or

ti
on

al
 t

o 
do

se
 o

ve
r 

a 
w

id
e 

ra
ng

e 
of

do
se

s.
 T

h
e

 lo
w

 p
en

et
ra

ti
ng

 p
ow

er
 

of
a-

pa
rt

ic
le

s 
m

ea
ns

 t
ha

t 
th

e 
do

se
 f

ro
m

 e
xt

er
na

l 
so

ur
ce

s 
is

 o
nl

y 
of

 s
ig

ni
fi

ca
nc

e 
fo

r 
ti

ss
ue

s 
ve

ry
 c

lo
se

 (
<

l0
0

 p
m

) 
to

 t
he

 b
od

y 
su

rf
ac

e 
an

d
 t

ha
t 

th
e 

re
la

ti
ve

 g
eo

m
et

ry
 o

f 
th

e 
so

ur
ce

 
an

d
 ta

rg
et

 a
re

 v
er

y 
im

po
rt

an
t.

 T
h

u
s 

th
e 

a-
do

se
 r

at
e 

is
 u

su
al

ly
 c

al
cu

la
te

d 
fr

om
 a

 m
ea

su
re

- 
m

en
t 

of
 t

he
 a

-p
ar

ti
cl

e 
fl

ux
 a

t 
th

e 
so

ur
ce

 s
ur

fa
ce

 t
og

et
he

r 
w

it
h 

a 
kn

ow
n 

o
r 

as
su

m
ed

 
a-

pa
rt

ic
le

 e
ne

rg
y 

di
st

ri
bu

ti
on

 (
fo

r 
a 

fu
ll 

di
sc

us
si

on
 o

f 
do

se
 m

ea
su

re
m

en
t 

th
e 

in
te

re
st

ed
 

re
ad

er
 i

s 
re

fe
rr

ed
 t

o 
A

T
T

lX
 a

n
d

 R
O

E
S

C
H

, 1
96

6 
an

d
 A

T
T

IX
 a

nd
 T

O
C

H
IL

IN
, 

19
69

).
 



1126 
2. C

O
N

T
:\.\IIN

A
T

IO
S 

D
U

E
 T

O
 R

A
D

IO
A

C
T

IV
E

 L
IX

T
E

R
IX

L
S (D

. S
. \\'O

O
D

H
E

X
D

) 

F
or internal sources the estim

ates of the absorbed dose rate m
ust be calculated from

 
m

easurem
ents 

or 
estim

ates 
of 

the 
tissue 

concentrations 
and 

distributions 
of the 

radionuclides. T
hese m

ethods w
ill be discussed m

ore fully in later sections. 

(3) R
adiological P

rotection 

T
h

e existence of a hazard associated w
ith ionizing radiation w

as appreciated very 
soon after the discovery of S

-ray
s and radioactivity through the occurrence of radiation 

burns. S
ince radiation use prom

ised undoubted benefits in the m
edical field, the prob- 

lem
 of how

 the potential could be safely realized becam
e an im

portant topic for discus- 
sion an

d
 investigation. T

h
e S

econd International C
ongress of R

adiology, in addition to 
defining the roentgen unit, also m

ade recom
m

endations for protective m
easures; specifi- 

cally, a tolerance dose of 1 R
/w

k w
as proposed to prevent the occurrence of radiation- 

induced erythem
a in radiological personnel. T

his congress further saw
 the founding of 

the International X
-ray and R

adium
 P

rotection C
om

m
ission to provide a forum

 for 
w

ork o
n

 the problem
 of radiation safety and to m

ake independent recom
m

endations on 
safe practices an

d
 procedures. T

his responsibility continued until 1950 w
hen, in recog- 

nition of the extension of concern beyond X
-rays an

d
 radium

 as a result of advances in 
nuclear physics, the C

om
m

ission w
as reconstituted as the International C

om
m

ission on 
R

adiological P
rotection (IC

R
P

) (S
IE

V
E

R
T

, 1959). T
h

e IC
R

P
 has becom

e the prim
ary 

source of independent advice in the field of radiological protection and has been respons- 
ible for the continuing evolution of the underlying philosophy. F

rom
 tim

e to tim
e it has 

published 
recom

m
endations 

for 
the practical 

application 
of this 

philosophy 
to 

the 
protection of radiation w

orkers and the general public (IC
R

P
, 1955, 1959, 1960, 1964, 

1966a, 1973, 1977). W
hile the recom

m
endations have no legal standing, they have been 

w
idely accepted and adapted as a basis for national legislation and codes of practice. In

 
particular, the recom

m
endations published in l966 (IC

R
P

, 1966a), together w
ith earlier 

supporting d
ata (IC

R
P

, 1960, 1964), have found application in the developm
ent of 

techniques for the control of hum
an exposure to environm

ental radioactivity. 

(a) B
asic P

hilosophy 

T
h

e
 need for a balanced response to the presence of a radiation hazard in term

s of the 
safety m

easures deployed has continued to be a cornerstone of radiological protection 
philosophy. 

It is explicitly recognized that the exploitation of radiation, radioactivity 
and nuclear energy entails som

e risk and that a quantification of the risk perm
its a 

rational m
eans of resolving 

the problem
 of defining acceptable degrees of radiation 

exposure. T
h

e
 early tolerance dose w

as based on a single, acute biological response (i.e. 
skin erythem

a) having a m
ore or less w

ell-defined threshold dose beyond w
hich the 

severity of the efTect increased w
ith dose in all individuals. It w

as soon realized that the 
concept of a dose below

 w
hich there w

ere no adverse effects w
as not supported by the 

evidence derived from
 studies of either exposed hum

ans or experim
ental anim

als. In
 

particular, the incidence of m
alignant disease, often m

any years after exposure, and the 
incidence of hereditary dam

age, apparently depended on the m
agnitude of exposure 

although the severity of the efTect in a given individual w
as independent of exposure. 

T
h

e C
om

m
ission has, therefore, adopted the conservative assum

ption that any exposure 
to radiation carries an inherent risk of the developm

ent of cancer and the induction of 



R
A

D
IO

L
O

G
IC

A
L

 P
R

O
T

E
C

T
IO

N
 

ge
ne

ti
c 

da
m

ag
e 

ex
pr

es
si

bl
e 

in
 s

ub
se

qu
en

t 
ge

ne
ra

ti
on

s.
 I

t 
ha

s 
al

so
 a

ss
um

ed
 t

ha
t 

th
e 

m
ag

ni
tu

de
 o

f 
th

e 
ri

sk
 i

s 
li

ne
ar

ly
 r

el
at

ed
 t

o 
th

e 
to

ta
l 

do
se

 a
cc

um
ul

at
ed

 b
y 

th
e 

in
di

vi
du

al
. 

T
h

e 
ob

je
ct

iv
es

 o
f 

ra
di

ol
og

ic
al

 p
ro

te
ct

io
n 

ar
e,

 th
er

ef
or

e,
 t

o 
pr

ev
en

t 
ac

ut
e 

ra
di

at
io

n 
ef

fe
ct

s 
an

d 
to

 l
im

it
 

th
e 

ri
sk

 o
f 

lo
ng

-t
er

m
 d

am
ag

in
g 

ef
fe

ct
s 

to
 a

 r
ea

so
na

bl
e 

le
ve

l 
w

hi
le

 n
ot

 
cu

rt
ai

li
ng

 t
ho

se
 a

ct
iv

it
ie

s 
gi

vi
ng

 r
is

e 
to

 r
ad

ia
ti

on
 e

xp
os

ur
e 

an
d 

fr
om

 w
hi

ch
 b

en
ef

it
 m

ay
 

be
 d

er
iv

ed
. 

T
hr

ee
 f

ac
to

rs
 a

re
 i

nv
ol

ve
d 

in
 a

n 
at

te
m

pt
 t

o 
as

se
ss

 t
he

 l
ev

el
 o

f 
ri

sk
 w

hi
ch

 m
ay

 b
e 

re
ga

rd
ed

 a
s 

ac
ce

pt
ab

le
; 

(i
) 

th
e 

re
la

ti
on

sh
ip

 b
et

w
ee

n 
ra

di
at

io
n 

do
se

 a
nd

 r
is

k;
 (

ii
) 

th
e 

pe
rc

ei
ve

d 
co

st
 o

f 
th

e 
ri

sk
 e

it
he

r 
to

 t
he

 i
nd

iv
id

ua
l 

or
 t

o 
so

ci
et

y;
 a

n
d

 (
ii

i)
 t

he
 v

al
ue

 o
f 

th
e 

ac
ti

vi
ty

 g
iv

in
g 

ri
se

 t
o 

th
e 

ra
di

at
io

n 
ex

po
su

re
. 

N
on

e 
of

 t
he

se
 f

ac
to

rs
 c

ou
ld

 b
e 

ev
al

ua
te

d 
w

it
h 

an
y 

pr
ec

is
io

n 
an

d 
th

e 
C

om
m

is
si

on
 a

cc
ep

te
d,

 t
he

re
fo

re
, 

th
at

 a
 s

ub
st

an
ti

al
 e

le
m

en
t 

of
ju

dg
em

en
t 

w
ou

ld
 b

e 
in

vo
lv

ed
 i

n 
de

te
rm

in
in

g 
an

 a
cc

ep
ta

bl
e 

de
gr

ee
 o

f 
ri

sk
 a

nd
 s

et
ti

ng
 

th
e 

co
rr

es
po

nd
in

g 
m

ax
im

um
 p

er
m

is
si

bl
e 

do
se

. 
N

ev
er

th
el

es
s,

 in
 v

ie
w

 o
f 

th
e 

re
qu

ir
em

en
t 

fo
r 

gu
id

an
ce

, a
n

d
 o

n 
th

e 
ba

si
s 

of
 l

on
g 

ex
pe

ri
en

ce
 w

it
h 

ra
di

at
io

n 
an

d
 r

ad
ia

ti
on

 e
ff

ec
ts

 i
n 

hu
m

an
s 

an
d

 a
ni

m
al

s,
 

th
e 

C
om

m
is

si
on

 
re

co
m

m
en

de
d 

m
ax

im
um

 
pe

rm
is

si
bl

e 
do

se
s 

w
hi

ch
 i

t 
co

ns
id

er
ed

 w
ou

ld
 a

ch
ie

ve
 t

he
 o

bj
ec

ti
ve

s 
of

 r
ad

io
lo

gi
ca

l 
pr

ot
ec

ti
on

. 
In

 t
he

 e
ve

nt
, 

th
e 

C
om

m
is

si
on

 
co

ns
id

er
ed

 
th

at
 

th
e 

m
ax

im
u

n
~

 pe
rm

is
si

bl
e 

do
se

s 
re

co
m

m
en

de
d 

fo
r 

oc
cu

pa
ti

on
al

 e
xp

os
ur

e 
w

ou
ld

 n
ot

 r
es

ul
t 

in
 h

az
ar

ds
 e

xc
ee

di
ng

 t
ho

se
 a

cc
ep

te
d 

in
 o

th
er

 
oc

cu
pa

ti
on

s 
w

it
h 

a 
hi

gh
 s

ta
nd

ar
d 

of
 s

af
et

y.
 I

t 
w

as
 a

ls
o 

co
ns

id
er

ed
 t

ha
t 

th
e 
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m
ore com

plex than for external exposure. S
ince each elem

ent is m
etabolized differently 

w
ithin the body and since the radioisotopes of an elem

ent generally em
it radiations of 

different quality and energy and decay w
ith different half-lives, the consequences of 

intake 
m

ust 
be considered 

separately 
for each radionuclide. H

ow
ever, 

the 
prim

ary 
criterion for protection rem

ains an appropriate lim
it on the radiation exposure of either 

specific organs or the w
hole body, and this lim

it can be related, by m
eans of a dosim

etry 
m

odel, to an organ or body burden of each radionuclide. F
or m

any elem
ents, norm

al 
m

etabolism
 m

aintains a balance betw
een intake and excretion, and there is an equilib- 

rium
 body burden w

hich m
ay be m

ore or less uniform
ly distributed or m

ay tend to be 
concentrated in a specific organ or tissue. T

h
e processes involved in m

aintaining the 
equilibrium

 body burden are very com
plex and can depend on the chem

ical form
 and 

route of intake of the elem
ent and the age, sex, and state of health o

fth
e exposed subject. 

T
o

 reduce the problem
 to m

anageable proportions the IC
R

P
 introduced the concept of a 

'standard m
an' w

ith a defined m
orphology, elem

ental com
position, and m

etabolism
 

representative'of the average individual. In
 addition, inhalation and ingestion (in food 

or w
ater) are the only intake routes considered, and the question of chem

ical form
 has 

been reduced to an
 assessm

ent of the fate of either soluble or insoluble com
pounds. T

h
e 

turnover of an
 elem

ent in the body or organ has been assum
ed to be governed by a 

sim
ple exponential law

, i.e. the loss per unit tim
e is proportional to the body o

r organ 
burden; thus 

w
here B

 is the body burden; I the intake of the elem
ent per unit tim

e, and I, the 
elim

ination rate per unit tim
e. 

Integrating this expression and applying the boundary condition that B
 =

 0 w
hen 

=
 0 gives: 

F
or 

a 
radionuclide, 

w
hich 

is 
physically 

decaying 
as w

ell 
as 

being 
elim

inated 
by 

m
etabolic processes, the expressions becom

e: 

and 

w
here 1, 

is the radioactive decay constant, an
d

 (1, + 1
,) the effective elim

ination rate 
corresponding to an

 effective clearance half-tim
e of T

,T
,/(T

, + T
,). T

h
u

s a particular 
equilibrium

 body or organ burden (i.e. that giving the m
axim

um
 perm

issible dose to the 
w

hole body or the critical organ) can be related to an intake of the radionuclide per unit 
tim

e if the elim
ination rate (1,) 

is know
n. H

ence, using the fixed respiration and drink- 
ing rates of 'standard m

an', m
axim

um
 perm

issible concentrations in air and drinking 
w

ater can be defined. T
h

e lim
iting concentrations in drinking w

ater can be sim
ply 

transform
ed 

into corresponding lim
its 

in 
individual 

food item
s 

by determ
ining the 

appropriate consum
ption rates. T

hese lim
iting concentrations in environm

ental m
a- 

terials are know
n as 'derived w

orking lim
its'. T

able 2-2 presents a selection of relevant 
data Ibr 3 radionuclides w

hich are of environm
ental significance. 
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T
h

e assum
ptions concerning the dose-response 

rclationship underlying the recorn- 
m

ended 
m

axim
um

 perm
issible doses or dose lim

its have 2 im
portant consequences. 

S
ince any dose, how

ever sm
all, is considered to have an associated finite risk, the IC

R
P

 
recom

m
ends that all unnecessary radiation exposure be avoided and that all doses be 

kept as far below
 the lim

its as is reasonably achievable, w
ith due account being taken of 

risks, benefits, and costs. In addition, any estim
ate of the total radiation hazard requires, 

in principle, the integration of dose over the w
hole of the exposed population to give the 

collective dose in m
an-rem

 (m
an-sievert). F

ollow
ing the recom

m
endations of the C

om
- 

m
ission, such an estim

ate w
ould be required to ensure that the genetic dose lirnit w

as 
respected. It w

as also indicated that the estim
ate w

ould be one of the factors necessary to 
m

ake a cost-benefit 
analysis of any procedure resulting in radiation exposure. 

T
h

e possibility 
of m

aking a num
erical analysis of the risks, costs, and benefits of 

procedures involving radiation exposure w
as a recurring them

e in the recom
m

endations 
published 

by the IC
R

P
 in 1966 (IC

R
P

, 1966a). It is an attractive objective since, in 
principle, the cost of reducing the risk, at all levels of risk, could be determ

ined and 
balanced against the benefits to be gained. T

his w
ould allow

 an appropriate, acceptable 
level of risk to be set for each particular circum

stance. H
ow

ever, it rem
ained a possibility 

since the C
om

m
ission conceded that the d

ata base and m
ethodology required 

w
ere 

insuficiently developed. T
herefore, the recom

m
ended dose lim

its retained their prim
ary 

im
portance although w

ith the added riders given above. 
In

 the latest set of recom
m

endations (IC
R

P
, 1977) the em

phasis has changed com
- 

pletely. T
h

e C
om

m
ission now

 recom
m

ends a system
 of dose lim

itation such that: (i) no 
practice shall be adopted unless its introduction produces a positive net benefit; (ii) all 
exposures shall be kept as low

 as reasonably achievable, econom
ic an

d
 social factors 

being taken into account; (iii) the dose equivalent to individuals shall not exceed the 
lim

its recom
m

ended for the appropriate circum
stances by the C

om
m

ission. T
h

e first 2 
recom

m
endations (equivalent to the riders given above) have assum

ed prim
ary im

por- 
tance an

d
 the dose lim

its now
 sim

ply represent the boundary beyond w
hich the im

plied 
risks have been judged 

to b
e unacceptable. It is evident that risk-benefit 

an
d

 cost- 
benefit analyses w

ill be required to im
plem

ent these recom
m

endations an
d

 that appro- 
priate analytical techniques an

d
 supporting d

ata need to be developed. F
or exam

ple, 
in addition to the collective dose equivalent discussed above, an

 assessm
ent of the 

total risk arising from
 a particular activity requires the calculation of the collecti\re dose 

equivalent com
m

itm
ent, i.e. the dose equivalent sum

m
ed over the predicted lifespan of 

each individual in the present an
d

 future exposed population. T
his has particular sig- 

nificance for radioactivity released to the environm
ent since, am

ong other im
ponder- 

a
b

le
~

, it presupposes a know
ledge of the future behaviour of the long-lived radionuclides. 

It is also clear, how
ever, that the day-to-day assessm

ent and m
onitoring of activities 

resulting in radiation exposure w
ill continue to be carried out w

ithin the context of the 
dose lim

its. 
T

h
e C

om
m

ission has also changed the principle used to set the dose lim
its for certain 

specific organs and tissues. P
reviously (IC

R
P

, 1966a) the dose lim
it for uniform

 irradia- 
tion of the w

hole body w
as equal to that recom

m
ended for certain organs or tissues (see 

T
able 2.1) a situation w

hich, ifth
e intention w

as to operate at a single level ofacceptable 
risk, w

as clearly inconsistent. F
or non-uniform

 irradiation, it is now
 recom

m
ended that 

the dose equivalents for each exposed organ or tissue should be m
ultiplied by appropri- 

ate risk-dependent w
eighting factors and then sum

m
ed to give an effective dose equi- 
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superficial m
anner (P

R
E

S
T

O
N

, 1969; IA
E

A
, 1978a). D

ue allow
ance is m

ade, how
ever, 

for the relative radiotoxicities of the nuclides and the m
axim

um
 perm

issible concentra- 
tions in the em

uent at the discharge point are usually a set fraction of the corresponding 
m

axim
um

 
perm

issible 
drinking 

w
ater 

concentrations 
for 

continuous 
occupational 

exposure recom
m

ended by IC
R

P
 (IC

R
P

, 1960, 1964). 
T

h
e apparent advantages of this system

 of control derive from
 the follow

ing factors: 
(i) a single set of m

axim
um

 perm
issible effluent concentrations are specified w

hich are 
applicable to all discharges; (ii) it is very sim

ple for the plant operator to apply; an
d

 (iii) 
m

onitoring to ensure com
pliance is a straightfor\vard task for the regulatory authorities. 

T
h

ere are, none the less, significant and substantial deficiencies in the m
ethod as a 

rational approach to the control of radiation exposure. R
easonable certainty that a 

chance com
bination of restrictive environm

ental circum
stances could not lead to over- 

exposure from
 any discharge requires that large safety factors be applied to the general 

assum
ptions concerning environm

ental behaviour. E
ven so, it has been dem

onstrated 
that em

uent concentration lim
its w

hich have been adopted by regulatory bodies w
ould 

not be adequate in all circum
stances (P

R
E

S
T

O
N

, 1969). In
 addition, the application of 

such large safety factors m
ay w

ell result in rather low
 values for the lim

iting concentra- 
tions in the em

uent an
d

 m
ay, therefore, entail investm

ent in treatm
ent plant w

hich is 
unnecessary an

d
 unjustified in certain situations in relation to the reduction in the 

potential radiation hazard. E
stim

ates of the actual radiation exposure to either indi- 
viduals or populations, and hence assessm

ent of the im
plied hazard, cannot be m

ade for 
any site by this m

ethod (IA
E

A
, 1978a). T

hese points are of particular relevance in view
 

of the m
ost recent recom

m
endations m

ade by IC
R

P
 (IC

R
P

, 1977). F
inally, the m

ethod 
is inapplicable to the problem

 of solid w
aste dum

ping. 

The Specific A
ctivio Approach 

T
h

e basis of this control procedure is the transform
ation of the recom

m
ended m

axi- 
m

um
 perm

issible body or organ burden for each radionuclide into a specific activity 
(activity of radionuclide per gram

 of elem
ent) relative to the norm

al quantity of the 
corresponding stable elem

ent in the body or organ. O
n

 the assum
ption that en

\' ~~
ro

n
rn

en
- 

tal an
d

 biological processes d
o

 not differentially affect the different isotopes of an ele- 
m

ent at any point in the food chain, or ultim
ately, in the hum

an body, these derived 
specific activities then becom

e the lim
iting values for the environm

ent receiving the 
w

aste (P
R

E
S

T
O

N
, 1969; F

O
S

T
E

R
 an

d
 C

O
-au thors, 197 1 ; IA

E
A

, 1978a). 
T

h
e

 relative uniform
ity of the chem

ical com
position of sea w

ater (V
olum

e I: C
O

L
- 

L
IE

R
, 1970, p. 66; K

A
L

L
E

, 1971, p. 684; V
olum

e 111: K
IN

N
E

, 1976, p. 21) m
akes this 

approach appear attractive for the control of discharges of liquid radioactive w
astes to 

the m
arine environm

ent since, in principle, the derived 
specific activities com

bined 
w

ith stable elem
ent concentrations in sea w

ater can be used to set m
axim

um
 perm

issible 
concentrations for each radionuclide in sea w

ater. T
h

e rate of introduction of radionuc- 
lides, therefore, needs to be controlled so that these concentrations (and hence specific 
activities) are not exceeded, a procedure w

hich only requires inform
ation as to the 

natural processes of dilution an
d

 dispersion in the receiving w
ater m

ass. D
ata on the 

accum
ulation of radionuclides from

 sea w
ater by edible m

arine organism
s and the extent 

of their subsequent utilization as food are not required. F
or a point source discharge, a 

m
easure ofjudgem

ent w
ould be required to determ

ine the \iolum
e of the receiving w

ater 



Outline of the specific activity approach to the control ofdischarges of radioactive wastes (Based on PRESTON, 1969) 

ICRP standard: 
maximum permissible 
organ or body burden 
of radionuclide 

Organ or body burden 
of stable element 

C 

T 

Maximum permissible 
specific activity in 
the organ or body 

Maximum permissible 
specific activity in 
sea water 

Radionuclidc composition 
of the efAuent 

Hydraulic and 
. geochemical data 

T 
Equilibrium water 
concentration for unit 
input rate 

Stable element concentration 4 

in sea water 

l 

Equilibrium specific activity 
in sea water 

II Environmental ca~acitv: . maximum permissible 
discharge rate 

I Authorized discharge rate 
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m
ass over w

hich to average the radionuclide concentration since rather large gradients 
are likely to be present. T

h
e application of the concentration lim

its to the im
m

ediate 
vicinity of the discharge point w

ould probably be excessively restrictive. T
h

e elem
ents of 

the control procedure are outlined in T
able 2-3. 

T
h

e approach is inherently rather conservative since it im
plicitly assum

es that the 
total intake of an

 elem
ent is from

 seafood. T
h

e degree of conservatism
 could be reduced 

if som
e fraction of the stable elem

ent body burden w
ere allocated to this source. T

his 
refinem

ent, how
ever, w

ould require seafood consum
ption rate d

ata obtained from
 habits 

surveys and a know
ledge of the stable elem

ent content of the seafoods, requirem
ents 

w
hich w

ould confound the relative sim
plicity of the approach. 

T
h

e m
onitoring of discharges controlled in this m

anner w
ould be fairly straightfor- 

w
ard, m

erely requiring the analysis of w
ater sam

ples taken in the vicinity of the dis- 
charge for radionuclide concentrations (or perhaps a determ

ination of specific activity). 
A

 m
ajor shortcom

ing of this approach is the reliance upon the assum
ption that the 

environm
ental behaviour of an

 introduced radionuclide is an
 exact parallel of its stable 

counterpart. T
h

e m
ajority of m

arine discharges of liquid radioactive w
astes are to 

coastal w
aters and it is precisely here that the concentrations of trace elem

ents and their 
physicechem

ical form
 are likely to be m

ost variable. A
lso the lim

iting situation resulting 
in exposure tends to occur in the im

m
ediate vicinity of the discharge w

here it is least 
likely that an

 introduced radionuclide is in exchange equilibrium
 w

ith its stable isotopes 
in all the relevant com

partm
ents. A

 further problem
 arises for those elem

ents for w
hich 

there is no stable isotope, e.g. technetium
, plutonium

, am
ericium

, and the m
ajority of 

m
em

bers of the natural decay series. R
adionuclides of these elem

ents cannot be con- 
trolled by the specificactivity m

ethod. E
qually im

portant, the m
ethod is not applicable for 

those radionuclides for w
hich the gastrointestinal tract is the critical organ for exposure 

since the degree of exposure depends on the quantity of the radionuclide ingested and 
not the specific activity in the foodstuff. In

 addition, an alternative procedure is neces- 
sary to ensure that excessive external exposure cannot arise from

 radionuclides adsorbed 
to sedim

ents on beaches. T
h

e actual doses to individuals and populations 
are not 

available from
 the d

ata required to operate the control procedure. F
urther inform

ation 
w

ould be necessary on the degree of contam
ination of seafoods an

d
 on consum

ption 
rates. T

herefore, it is not im
m

ediately possible to dem
onstrate com

pliance w
ith the lim

it 
on genetic exposure of the populations. 

C
rilical Pathw

ay A
nalysti 

In
 essence, the shortcom

ings of the previous 2 control procedures stem
 from

 the 
attem

pts w
hich have been m

ade to sim
plif~

t exceedingly com
plex situations. In each case 

it has been 
indicated 

that m
ore inform

ation about the system
 w

ould 
be required 

to 
rem

edy the deficiencies. C
learly, a position at the opposite extrem

e could be adopted in 
w

hich a com
plete tim

e- an
d

 space-dependent m
odel w

as developed to trace the m
ove- 

m
ent of each of the radionuclides through every conceivable com

partm
ent of the m

arine 
system

 and to assess its consequent potential for a contribution to hum
an exposure, i.e. a 

total system
s analysis approach. T

h
e d

ata base required to set up such a m
odel Sor each 

disposal operation w
ould be rather large and each analysis w

ould include m
any path- 

w
ays leading to zero or, at m

ost, trivial potential exposure. T
h

e outcom
e w

ould be the 
identification of a few

 routes of exposure on w
hich control w

ould need to be based. T
his 
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traced for each radionuclide. S
ite-spccific hydrographic data allow

 the equilibrium
 con- 

centrations in 
the recei\.ing w

ater m
ass 

to be 
predicted. T

hese are com
bined w

ith 
appropriate concentration factors to determ

ine the probable concentrations of radionuc- 
lides in those com

ponents of the enirironm
ent provisionally identified as being likely to 

engender the greatest degree of hum
an exposure. Inform

ation concerning the consum
p- 

tion rates of contam
inated m

arine products or occupancy tim
es of contam

inated beaches 
can then be used to calculate the daily intakes of the radionuclides or the daily exposure. 
T

h
e inverse ratio of these to the appropriate m

axim
um

 perm
issible values recom

m
ended 

by IC
R

P
 gives an estim

ate of the m
axim

um
 perm

issible daily discharge rate or, effec- 
tively, 

the environm
ental capacity 

to receive the w
aste w

ithout unacceptable conse- 
quences for hum

an health. T
h

e m
ajor differences betw

een this control m
ethod an

d
 the 

specific activity approach lie in the requirem
ents for estim

ates of the degree of contam
i- 

nation of environm
ental m

aterials and, m
ore im

portantly, detailed inform
ation concern- 

ing the eating, w
orking, an

d
 leisure habits from

 w
hich exposure m

ay ensue, in either the 
local or a m

ore distant population. 
D

u
e to variations in both the environm

ent, leading to differing degrees of contam
ina- 

tion, and also the personal characteristics of each individual, it is to be expected that the 
potential exposure for a given pathw

ay w
ould be non-uniform

 throughout the popula- 
tion. F

or the sam
e reasons it is im

possible to predict the dose w
hich m

ight be received by 
each individual. T

h
e

 IC
R

P
 has, therefore, departed som

ew
hat from

 the ideal objective 
of lim

iting the m
axim

um
 dose to the individual and, to accom

m
odate the variation, has 

recom
m

ended 
that a critical 

group representative 
of those individuals expected 

to 
receive the greatest exposure should be selected from

 w
ithin the population 

(IC
R

P
, 

1966a,b). T
h

e m
ean potential exposure of this group is recom

m
ended as the basis for 

planning w
ithin the context of the appropriate dose lim

its and ultim
ately, for m

arine 
disposals, for the determ

ination of the m
axim

um
 perm

issible discharge rate. A
lthough it 

w
as suggested that the critical group should be sm

all enough to be hom
ogeneous w

ith 
respect to the characteristics affecting exposure, e.g. age, consum

ption of seafood, tim
e 

spent on beaches, etc, no m
ore definitive guidance w

as given as to selection criteria. It is 
the purpose of the habits survey to determ

ine the range of the characteristics governing 
the potential exposure from

 a particular pathw
ay and to provide inform

ation to allow
 

the selection of an appropriate critical group. It is usually not practicable, and by no 
m

eans necessary, to survey the w
hole population w

hich m
ight be exposed via the path- 

w
ay; it being sufficient that the sam

ple exam
ined be representative of the population 

and particularly of those likely to be m
ost highly exposed. A

lthough a qualitative or 
subjective identification of a critical group from

 habits survey d
ata is usually fairly 

straightforw
ard, the developm

ent of an objective approach w
hich has general applicabil- 

ity has been m
ore difficult (P

R
E

S
T

O
N

 and JE
F

F
E

R
IE

S
, 1969a; P

R
E

S
T

O
N

, 1971; P
R

E
S

T
O

N
 

and co-authors, 1974; B
E

A
C

H
, 1975; S

H
E

P
H

E
R

D
, 

1975; H
U

N
T

 and S
H

E
P

H
E

R
D

, 
1980). T

h
e 

total inform
ation obtained from

 the survey provides the basis for an assessm
ent of the 

collective dose equivalent. In
 certain cases, care needs to be exercised to determ

ine 
w

hether individuals could be significantly exposed via m
ore than one pathw

ay, e.g. 
fisherm

en eating contam
inated fish and spending tim

e on contam
inated beaches. 

In
 

general, 
post-operational 

program
m

es 
of 

environm
ental 

m
onitoring 

have 
2 

m
ain objectives. T

h
e first is to provide confirm

ation that the exposure via the critical 
pathw

ays does not exceed the dose lim
its. T

his is norm
ally achieved through periodic 

sam
pling an

d
 radioanalysis of the environm

ental m
aterials w

hich are directly respons- 



ib
le

 l
or

 e
xp

os
ur

e 
(t

h
e 

cr
it

ic
al

 m
at

er
ia

ls
) 

an
d

 a
 c

on
lp

ar
is

on
 o

f 
th

es
e 

re
su

lt
s 

w
it

h 
th

e 
d

er
i\

ed
 w

or
ki

ng
 l

im
it

s.
 I

n
 t

he
 p

ar
ti

cu
la

r 
ca

se
 o

f 
ex

te
rn

al
 e

xp
os

ur
e 

fr
om

 c
on

ta
m

in
at

ed
 

se
di

m
en

ts
 p

er
io

di
c 

m
ea

su
re

m
en

ts
 o

f 
th

e 
do

se
 r

at
e 

ar
e 

m
ad

e.
 T

h
e

 s
ec

on
d 

0b
je

ct
iL

.e
 i

s 
to

 
ob

ta
in

 o
pe

ra
ti

on
al

 d
at

a 
w

hi
ch

 w
ill

 p
er

m
it

 r
ef

in
em

en
t 

of
 t

he
 c

ri
ti

ca
l 

pa
th

w
ay

 a
na

ly
se

s 
an

d 
ad

ju
st

m
en

t 
of

 t
he

 p
er

m
it

te
d 

di
sc

ha
rg

e 
ra

te
s 

as
 n

ec
es

sa
ry

. 
T

h
e 

li
m

it
at

io
n 

of
 h

u
m

an
 e

xp
os

ur
e 

is
 t

he
 p

ri
m

e 
ob

je
ct

iv
e 

of
 t

he
 3

 c
on

tr
ol

 p
ro

ce
du

re
s 

de
sc

ri
be

d.
 I

n 
pr

in
ci

pl
e,

 t
he

re
 i

s 
no

 r
ea

so
n 

w
hy

 t
he

 l
im

it
at

io
n 

of
 t

he
 e

xp
os

ur
e 

of
 m

ar
in

e 
or

ga
ni

sm
s 

sh
ou

ld
 n

ot
 b

e 
su

bs
ti

tu
te

d 
as

 t
he

 o
bj

ec
ti

ve
 p

ro
vi

de
d 

th
at

 a
pp

ro
pr

ia
te

 d
os

e 
li

m
it

s 
co

ul
d 

be
 s

et
. 

In
 

pr
ac

ti
ce

, 
ho

w
ev

er
, 

th
e 

pr
im

ac
y 

of
' h

u
m

an
 d

os
e 

li
m

it
at

io
n 

is
 

re
ta

in
ed

 f
or

 t
he

 p
ur

po
se

 o
f' 

di
sc

ha
rg

e 
co

nt
ro

l 
an

d
 a

n
 a

ss
es

sm
en

t 
m

ad
e 

of
 t

he
 c

on
se

qu
en

t 
ex

po
su

re
 o

f,
 a

n
d

 h
az

ar
d 

to
, 

m
ar

in
e 

or
ga

ni
sm

s 
at

 t
he

 
re

le
as

e 
ra

te
s 

so
 d

et
er

m
in

ed
 

(D
U

N
S

T
E

R
 an

d
 c

o-
au

th
or

s,
 1

96
4)

. 

(4
) 

R
ad

io
ac

ti
vi

ty
 i
n 

th
e 

M
ar

in
e 

E
n

vi
ro

n
m

en
t 

R
ad

io
ac

ti
vi

ty
 a

n
d

 r
ad

ia
ti

on
 h

av
e 

be
en

 p
er

va
si

ve
 f

ac
to

rs
 i

n 
th

e 
te

rr
es

tr
ia

l 
an

d
 a

qu
at

ic
 

en
vi

ro
nm

en
ts

 s
in

ce
 t

he
ir

 f
or

m
at

io
n,

 a
n

d
 a

ll
 l

if
e 

ha
s 

ev
ol

ve
d 

in
 t

he
 p

re
se

nc
e 

of
 a

 b
ac

k-
 

gr
ou

nd
 

ra
di

at
io

n 
fl

ux
 

of
 

gr
ea

te
r 

o
r 

le
ss

er
 

m
ag

ni
tu

de
 d

ep
en

di
ng

 o
n

 
th

e 
pa

rt
ic

ul
ar

 
en

vi
ro

nm
en

ta
l 

ni
ch

e 
oc

cu
pi

ed
. 

In
de

ed
, 

th
e 

ea
rl

ie
st

 f
or

m
s 

of
 l

if
e 

pr
ob

ab
ly

 e
xp

er
ie

nc
ed

 
hi

gh
er

 
ba

ck
gr

ou
nd

 
ra

di
at

io
n 

ex
po

su
re

s 
th

an
 a

re
 c

ur
re

nt
 

to
da

y 
si

nc
e 

se
ve

ra
l 

of
 t

he
 

na
tu

ra
l 

ra
di

on
uc

li
dc

s 
ha

ve
 h

al
f-

1i
c.

e~
 of

 t
he

 s
am

e 
or

de
r 

as
 t

he
 t

im
e 

ov
er

 w
hi

ch
 l

if
e 

ha
s 

be
en

 p
re

se
nt

 o
n 

th
e 

ea
rt

h 
(T

ab
le

 2
-5

).
 T

h
u

s 
th

e 
in

tr
od

uc
ti

on
s 

of
 r

ad
io

nu
cl

id
es

, 
ei

th
er

 
ar

ti
fi

ci
al

, 
i.e

. m
an

-m
ad

e,
 o

r 
na

tu
ra

l,
 d

u
e 

to
 h

u
m

an
 a

ct
iv

it
ie

s 
m

us
t 

be
 a

ss
es

se
d 

w
it

hi
n 

th
e 

pe
rs

pe
ct

iv
e 

of
 t

he
 n

at
ur

al
 b

ac
kg

ro
un

d 
co

nc
en

tr
at

io
ns

 a
n

d
 t

he
 c

on
se

qu
en

t 
ex

po
su

re
 o

f 
bo

th
 m

ar
in

e 
o

rg
an

is
n

~
s a

n
d

 m
an

. 

(a
) 

C
on

ce
nt

ra
ti

on
s 

of
 N

at
ur

al
 R

ad
io

nu
cl

id
es

 i
n 

th
e 

M
ar

in
e 

E
nv

ir
on

m
en

t 

A
 s

um
m

ar
).

 o
f 

th
e 

co
nc

en
tr

at
io

ns
 o

f 
th

e 
lo

ng
er

-l
iv

ed
 

na
tu

ra
l 

ra
di

on
uc

li
de

s,
 w

hi
ch

 
ha

ve
 b

ee
n 

m
ea

su
re

d 
in

 s
ur

fa
ce

 s
ea

 w
at

er
 s

am
pl

es
 f

ro
m

 o
pe

n 
oc

ea
n 

st
at

io
ns

, 
is

 g
iv

en
 i

n 
T

ab
le

 2
-5
. T

h
e 

va
lu

es
 q

uo
te

d 
ar

e 
br

oa
dl

y 
si

m
il

ar
 t

o 
th

os
e 

gi
ve

n 
in

 p
re

vi
ou

s 
su

rv
ey

s 
of

 
ea

rl
ie

r 
w

or
k 

(h
'1

A
t 

C
H

L
IN

E
 a

n
d

 T
E

~
~

I-
'I

~
E

?
'O

N
, 

19
64

; J
O

S
E

P
H

 
an

d
 c

o-
au

th
or

s,
 1

97
1)

. 
In

 
co

as
ta

l 
w

at
er

s 
th

e 
th

or
iu

m
 i

so
to

pe
s,

 i
n 

pa
rt

ic
ul

ar
, 

ca
n 

be
 p

re
se

nt
 

in
 c

on
ce

nt
ra

ti
on

s 
gr

ea
te

r 
th

an
 t

ho
se

 s
ho

w
n 

in
 T

ab
le

 2
-5

 (
K

O
G

Z
Y

 an
d

 c
o-

au
th

or
s,

 1
95

7;
 S

O
M

A
Y

A
JU

L
U

 
an

d
 

G
O

L
D

B
E

R
G

, 
19

66
; 

M
IY

A
K

E
 

an
d

 c
o-

au
th

or
s,

 1
97

0c
) 

d
u

e,
 p

re
su

m
ab

ly
, 

to
 a

n
 i

np
ut

 f
ro

m
 

la
nd

 r
un

of
fw

hi
ch

 is
 o

nl
y 

sl
ow

ly
 b

ei
ng

 s
ca

\,
en

ge
d 

fr
om

 t
he

 w
at

er
 c

ol
um

n 
by

 g
eo

ch
em

ic
al

 
pr

oc
es

se
s.

 C
on

ve
rs

el
y,

 t
he

 c
on

ce
nt

ra
ti

on
s 

of
 t

he
 r

ad
io

nu
cl

id
es

 w
hi

ch
 a

re
 m

or
e 

o
r 

le
ss

 
co

ns
er

va
ti

ve
 w

it
h 

se
a 

w
at

er
, 

e.
g.

 p
ot

as
si

um
-4

0 
an

d 
ru

bi
di

um
-8

7,
 c

an
 b

e 
lo

w
er

 d
u

e 
to

 t
he

 
di

lu
en

t 
ac

ti
on

 o
ft

h
e 

fr
es

h 
w

at
er

 i
np

ut
. 

B
ot

h 
tr

it
iu

m
 (

"H
) a

n
d

 c
ar

bo
n-

14
 a

re
 p

ro
du

ce
d 

as
 

a 
re

su
lt

 o
f t

he
 i

nt
er

ac
ti

on
 o

f 
hi

gh
-e

ne
rg

y 
co

sn
~

ic
 ra
ys

 (
m

ai
nl

y 
pr

ot
on

s 
w

it
h 

en
er

gi
es

 2
 1

0'
 

eV
) 

w
it

h 
th

e 
at

m
os

ph
er

e.
 T

ri
ti

um
 

ar
is

es
 s

im
pl

y 
as

 a
 f

ra
gm

en
ta

ti
on

 p
ro

du
ct

 o
f 

th
e 

hi
gh

-e
ne

rg
y 

co
ll

is
io

ns
. 

T
h

es
e 

co
ll

is
io

ns
 a

ls
o 

pr
od

uc
e 

a 
fl

ux
 o

f 
ne

ut
ro

ns
 w

hi
ch

, 
af

te
r 

m
od

er
at

io
n,

 a
re

 a
bs

or
be

d 
by

 n
it

ro
ge

n 
nu

cl
ei

 i
n 

th
e 

fo
ll

ow
in

g 
pr

oc
es

s:
 

liN
 +

 n 
+

 
'"

C
 +

 p
 +

 en
er

gy
 

T
h

e 
va

ri
ab

le
 c

on
ce

nt
ra

ti
on

 o
f 

tr
it

iu
m

 i
n 

su
rf

ac
e 

se
a 

w
at

er
 a

ri
se

s 
bo

th
 f

ro
m

 i
ts

 n
on

- 
un

if
or

m
 d

ep
os

it
io

n 
as

 t
ri

ti
at

ed
 

w
at

er
 i

n 
ra

in
 a

n
d

 a
ls

o 
fr

om
 t

he
 r

el
at

iv
el

y 
sh

or
t 

ha
lf

- 



1138 
2. C

O
I

.\lI
\lO

N
 D

U
E

 TO
 R

A
D

lO
A

C
TIC

E M
r\l'E

R
lt\L

S
 [D

. S
. \\'O

O
D

H
E

A
D

I 

life of 12.3 a w
hich is com

parable w
ith the tim

e scales of oceanic m
ixing process. T

h
e 

longer half-life of'carbon-14 (5760 a) results in a m
ore even distribution. P

otassium
-40, 

rubidium
-87, uranium

-238, uranium
-235, and thorium

-232 com
prise a group of very 

long-li\ped radionuclides generated 
during the process of prim

ordial 
nucleosynthesis 

prior to the form
ation of the solar system

. O
f this group, the uraniurn 

and thol-ium
 

isotopes are the precursors of decay chains including radionuclides of the elem
ents 

thorium
, radium

, I-adon, polonium
, and lead w

hich have also been m
easured in sea 

w
ater. T

h
e different chem

ical properties of these elem
ents and their interaction w

ith 
m

arine geochem
ical processes result in varying degrees of radioactive disequilibrium

 
relative to the respective parent radionuclides. T

h
e shorter-lived m

em
bers of each decay 

chain can be assum
ed to be in equilibrium

 w
ith the appropriate longer-lived precursor 

as indicated in T
ab

le 2-5. 
F

rom
 these d

ata it can be seen that, am
ong the B- an

d
 y-active radionuclides and 

overall in sea w
ater, "K

 
is predom

inant, representing approxim
ately 97%

 of the total 
activity; the a-em

itting radionuclides, m
ainly "'U

 
and '('U

, m
ake up less than 1%

 of the 
total. S

ince potassium
 

is conservative in sea w
ater and varies in direct proportion to 

salinity the concentration of "'K
 w

ould be expected to show
 relatively little variation 

throughout the ocean. F
or an ocean volum

e of 1.37 X
 10" 1 a constant concentration of 

320 pC
i I-' represents a total activity of approxim

ately 4.4 
X

 105 M
C

i (1.6 X
 10" 

B
q). 

F
or m

any of the other radionuclides listed in T
able 2-5 there are spatial variations in 

concentration arising from
 involvem

ent in either biological or geochem
ical processes, or 

both. F
or exam

ple, because the greater part of the "'T
h 

produced by the decay ofY
3'U

 is 
precipitated from

 the w
ater colum

n (activity ratio "@
Th/"'U

: 
(0.5 to 10) X

 10-"), the 
m

ain source ~
f

"
~

R
a

 
is the deep ocean sedim

ent from
 w

hich the radium
 leaches back into 

the bottom
 w

ater and is dispersed by the oceanic circulation (activity ratio "Q
a/'"T

h 
in 

surface w
ater: =

 100) (K
O

C
Z

Y
, 1958). T

h
e half-life of "'R

a 
is sufficiently short that 

significant decay can occur before the radium
-bearing bottom

 w
aters becom

e m
ixed to 

the surface. T
h

u
s there is an increase in radium

 concentration w
ith depth w

hich m
ay be 

as m
uch as 5-fold (C

H
A

N
 and co-authors, 1976). H

ow
ever, part of this variation is also 

due to the biological accum
ulation of radium

 from
 w

ater in the surface layer and the 
sedim

entation of the refractory com
ponents of dead organism

s, particularly siliceous 
tests (K

h
 and L

IN
, 1976), into deep w

aters w
here som

e dissolution and release ofradium
 

takes place. T
h

e total oceanic inventory of2"'R
a is not less than 50 M

C
i and m

ay be in 
excess of 100 M

C
:i (3.7 X

 1 0Ib B
q). 

T
h

ere are relatively few
 d

ata on the concentrations of natural radionuclides in the 
seabed, and the great m

ajority of those available refer 
to m

easurem
ents m

ade in the 
course of geochem

ical and sedim
entation studies in the deep ocean. In

 coastal and shelf 
w

aters 
it can be reasonably assum

ed 
that the m

ineral fractions of the sedim
ent are 

sim
ilar to the 

terrestrial 
rocks 

from
 w

hich, in 
the m

ain, 
they are derived. T

ypical 
concentrations of uranium

, thorium
, and potassium

 in a num
ber of terrestrial rocks are 

given in T
ab

le 2-6 (IM
A

H
D

A
V

I, 
1964; .V

O
X

H
A

M
, 

1964). T
h

e deep oceans receive very 
little terrigenous sedim

ent and are characterized by very low
 sedim

entation rates, pre- 
dom

inantly of refractory biological detritus (e.g. skeletons ofplankton and higher organ- 
ism

s) and m
aterial derived from

 geochem
ical processes in the w

ater colum
n (e.g. pre- 

cipitates). H
E

Y
E

 ( 1969) has show
n that the uranium

 and th
o

ri~
~

m
 

contents of the sedi- 
m

ents vary inversely w
ith the concentration of calcium

 carbonate. In the uranium
 series, 

there are differing degrees of disequilibrium
 betw

een the longer-lived m
em

bers as a 
consequence of the different geochem

ical processes active in the w
ater colum

n. T
h

e m
ost 



Table 2-5 

Concentration of natural radionuclidcs in surface scawatcr (Compiled from the sources listcd) 

Daughter 
radionuclides 

Half-lifc assumed to be Concentration 
Radionuclide (S) in equilibrium pCil-l (mBq I-') Sourcc 

None 
None 
None 
None 

34Th, 234Pa 

UNSCEAR (1 966) 
BROECKER and co-authors (1960); UNSCEAR (1962) 

MIYAKE and co-authors (1966); MIYAKE and co-authors 
(l 970b) 

MIYAKE and co-authors (1966); MIYAKE and co-authors 
(1970b) 

MOORE and SACKET (1964); MIYAKE and co-authors 
(1 970c) 

BROECKER and co-authors (1967); SZABO ( 1967); KU 
and co-authors (1970); BROECKER and co-authors 
(1976); CHUNC (1976); KU and LIN (1976) 

BROECKER and co-authors ( 1967) 

None 

None 

None 

RAMA and co-authors (1961); GOLDBERC (1963); 
KAURANEN and MIETTINEN (1970); SHANNON and 
co-authors (1 970); SHANNON (1 973); BACON and co- 
authors (1976); NOZAKI and co-authors (1 976); 
THOMSON and TUREKIAN (1976); HEYRAUD and 
CHERRY (I 979) 

KAUFMAN (1967); BEASLEY (1968); FOLSOM and 
BEASLEY (1968); KAURANEN and MIETTINEN (1970); 
SHANNON and co-authors (1970); SHANNON (1973); 
NOZAKI and co-authors (1976); THOMSON and 
TUREKIAN (1976); HEYRAUD and CHERRY (1979) 

MOORE and SACK ET^ (1964); SOMAYA,JI'I.U and 
GOL.DBERG (1966); MIYAKE and CO-authors ( 1970c) 

KAUFMAN and co-authors (1973) 

None 

None 

MOORE and SACKET (1964); MIYAKE and co-authors 
( 1970~) 



Table 2-6 

Concentration of natural radionuclides in beach sand, common rocks and deep ocean sediments, pCig- l  (mBqg- l )  (Based on WOODHEAD, 1973a; 
IAEA, 1976; WOODHEAD and PENTREATH, 1980) 

U Th K 
Material ( P P ~ )  z s e u  2 3 ' ~  ?"-)-h z l a ~ ~  235U ( P P ~ )  21q-h (%l 'OK 

Beach sand 
Granite 
Shale 
Limestone 
Sandstone 
Basalt 
Red clay 

Clobigerina 
ooze 

5.0 
3 .7  Equilibrium assumed in thc series 
1.3 0.43 ( 16) 

No data 
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Table  2-7 

Concentrations of natural radionuclides in marine organisms, pCig -  ' (mBq g- l )  wet (Compiled from the sources indicated) 
Par t  1 

Radio- 
nuclide Phy loplankton Source Zooplankton Source Molluscs Source 

MIYAKE and co-authors 
(1970b) 

IMIYAKE and co-authors 
(1970b) 

SZABO (1967) 
SHANNON and co-authors 

( 1970) 

[0,5-2.71 X 10 ' -. 

([0.19-1.01 X 10-l) 
0.24-0.27 - 

(8.9-10) 
2.5 (93) 

ND 
[l-21 X 10-2 MIYAKE and co-authors 
(0.37474) (1970b) 

[l-21 X 10-= MIYAKE and co-authors 
(0.37-0.74) ( 1970b) 

2 X I O - =  (0.74) SZABO (1967) 
[1.0-251 X 10-2 BEASLEY (1968); 

(0.37-9.3) HOLTZMAN (1969); 
SHANNON and co-authors 
(1970); HEYRAUD and 
CHERRY ( 1979) 

[S2301 X 10-2 SHANNON and CHERRY 
( 1.9-84) (1967); BEASLEY ( 1968); 

HOLTZMAN (1969); 
SHANNON and co- 
authors (1970); 
HEYRAI-U and CHERRY 
(1979) 

CHERRY and co-authors [2-221 X I O - ?  CHERRY and co-authors 
( 1969) ([7.4-811 X 10-') (1969) 

- 6 X 10-' (2.2 X 10-1) .- 

SHANNON and CHERRY 
(1967); SHANNON and 
co-authors (1970) 

- ~ 

FUKAI and MEINKE (1959) 

KALRANEN and 
MlETrlNEN (1970) 

KAURANEN and 
MIETTINEN (1970); 
HEYRALD and CHERRY 
( 1979) 





Table 2-7-conld 

Radionuclide Crustaceans Source Fish Source 

2 1 0 P ~  Whole animal 

Muscle 

Hepatoprancreas 

BEASLEY (1968); KAURANEN 
and MIETI'INEN (1970); 
H E ~ R A C D  and CHERRY (1979) 

[2-8-14] X 10-' HEYRAUD and CHERRY 
(1.0-5.2) (1979) 
3.3-61 CHERRY and co-authors (1970); 

( 120-2300) HEYRACD and CHERRY 
( 1979) 

Liver [1.1-2.41 X 10-' 
(0.4 1-0-89) 

Bone [g-1301 X 10-3 
(0.33-4.8) 

Muscle [4-17001 X 10-' 
(0.0 15-63) 

Stomach 

Liver 

Bone 

N D 
Muscle LO.003-1.41 X 10-3 

([0.1-521 X 10-') 
Bone [l-381 X 10-' 

( [ o .P I~ ]  X 10-9  

BEASLEY (1968); KALRANEN and 
M I E ~ I N E N  (1970) 

BEASLEY (1968); KACRANEN and 
MIETINEN (1970) 

BEASLEY ( 1968); HOLTZUAN ( 1969); 
KACRANEN and MIETTINEN (1970); 
HOFFMAN and co-authors ( 1974); 
HEYRACD and CHERRY (1979); 
PENTREATH and co-authors (1980b) 

BEASLEY ( 1968) 

BEA~LEV (1968); CHERRY and co-authors 
(1970); KACRANEN and MIETTINEN 
(1970); HOFFMAN and co-authors 
(1974); HEYRALD and CHERRY 
(1979); PENTREATH and ceauthors 
( 1980b) 

BEASLEY ( 1968); KAURANEN and 
MIETINEN (1970); HOFFMAN 
and co-authors (1974); 
PENTREATH and co-authors (1980b) 

ATEN and co-authors (1961); H A ~ I I L T O N  
(1972) 

PENTREATH and co-authors 
( 1980b) 
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Table 2-8 

Concentrations of certain fallout radionuclides in surface sea water, pCi I - '  (mBq 1 ' )  (Compiled from WOODHEAD, 1973a and IAEA, 1976; 
with additions from FUKAI and co-authors, 1976; MURRAY and FUKAI, 1978 and FUKAI, pen. comm.) 

90Sr '37Cs 'H "C 23sPu 

Location Mean Range Mean Range Mean Range Mean Range Range 

N Atlantic Ocean 0.13 0.024.50 0-2 1 0-034.80 48 31-74 0.02 0~01-0~04 r0.3-1.21 X 10-3 
(4.8) (0,7419) (7.8) (1.1-30) (1.8 X 10') ([1.1-2.71 X 103) (0.74) (0.37-1.5) ([1.1-4.4] X I O - ' )  

S Atlantic Ocean 0.07 0.024.20 0. l l 0.034332 19 16-22 0.03 0.024.04 0.2 X 10-S 
(2.6) (0.7G7.4) (4.1) (1.1-12) (700) (590-810) (1.1) (0.7C1.5) (7.4 X 1 0 - 9  

Indian Ocean 0.10 0.024.15 0.16 0.034.24 N D ND N D 
(3.4) (0.74-5.6) (5.9) ( 1.1-8.9) 

NW Pacific Ocean 0.54 0.07-3.1 0.86 0.1 1-5.0 29 6-70 0.03 0.024.03 [0.1-1.41 X 10-3 
(20) (2.6-1 10) (32) (4.1-190) (1-1 X 103) (rO.22-2.61 X 103) (1.1) (0.741.1) (rO.37-5.21 X 10-l) 

SWPacificOcean 0.08 0.014.20 0.13 0.024.32 8 0.7-22 ND ND 
(3.0) (0.37-7.4) (4.8) (0.74-12) (300) (2- 10) 

NE Pacific Ocean 0.27 0 ,05458  0.43 0.084.93 44 10-240 0.03 0 - 0 4  r0.1-1.31 X 10-3 
(10) (1.9-21) (16) (3-0-34) (1.6 X 103) ([0.37-8-91 X 103) (1-1) (&l-5) [(0-374.81 X 10-l) 

SE Pacific Ocean 0.09 0.034.33 0.14 0.050.53 8 0.3-34 0.01 M . 0 3  ND 
(3.3) (1.1-12) (5.2) (1.9-20) (300) ([0.01-1.31 X 10') (0.37) (C1.1) 

North Sea 0.50 0.3 14 .97  0.80 0.50-1.55 N D ND N D 
(19) ( 1  1-36) (30) (19-57) 

Baltic Sea 0.71 0.36-1.0 1.1 0.56-1.6 N D N D ND 
(26) (13-37) (41) (21-59) 

Black Sea 0.47 0.07-0.78 0.75 0.11-1.25 ND ND N D 
( 17) (2.6-29) (28) (4.1-46) 

Mediterranean Sea 0.23 0.0W.38 0-37 0-14-0.61 28 N D [0&8.5] X 10-' 
(8.5) (3.3-14) (14) (5.2-23) (1 X 103) - ([0.30-3.11 X 10-l) 



Table 2-9a 

Concentrations 01' I'allout radionuclides In marine plankton, ~CI g-' (mBq g-l) wet (Compiled rrorn the sources indicated) 

Radio- 
nuclide Phytoplankton Source Zooplankton Source Mixed plankton Source 

0.1-0.4 (3.7-15) FOLSOM and co-authors 0.02-0,l (0.743.7) 
( 1963) 

0.5 (19) PALMER and BEASLEY 0.16-1.5 (5.9-56) 
(1967) 

FOLSOM and co-authors 
( 1963) 

PALMER and BEASLEY 
(1967) 

'47Pm 
155EU 
239Pu [0.3-831 X 10-3 PILLAI and co-authors 1.1 X 10-3 (4.1 X 10-2) PILLAI and co-authon 

(0.01-3.1) (l 964); NOSHKIN and ( 1964) 
CO-authon (1973) 

2.3 (85) SCY~~OUR and Lewrs (1964) 
0.32-1 6 (l 2-590) SEYMOUR and LE\VIS (1964) 
0.1-0.4 (3.7-15) BEASLEY and HELD (1969) 

0.02-0.34 (0.74-13) SCHRE~BER ( 1967) 
2-800 (74-3.0 X 10') SEYMOUR and LEWIS (1964); 

SCHREIBER (1967) 
0.3-30 (1 1-1 100) OSTERBERC (1962); 

OSTERBERC and co-authors 
(1963); SEYMOUR and 
LEWIS (1964) 

0.9 (33) SCHREIBER (1967) 
0.5-36 (19-1300) SEYMOUR and LEWIS (1964) 

04480 (15-1.8 X 10') SEY~VIOUR and LEWIS (1964); 
SCHREIBER (1967) 

3.3 (120) SCHREIBER (1967) 
0.4 ( 15) SCHREIBER (1967) 



Table 2-9b 

Concentration of fallout radionuclides in marine molluscs and crustaceans, pCig -  ' (mBqg-  ' )  wet (Compiled from the sources indicated) 

Radio- 
nuclide Molluscs Source Crustaceans Source 

g'Zr/93Nb 
103RU 106RU 

108mAg Hepatopancreas 
I IO'nAg Hepatopancreas 

FOLSOM and co-authors (1963); 0.06 (2.2) FOUOM and co-authors (1963) 
CHIPMAN and THOMMERET 
( 1970) 

PALMER and BEASLEY ( 1967) 
SEYMOUR and LEWIS (1964) 
SEYMOUR and LEWIS ( 1964) 0.65 (24) SEYMOUR and LEWIS (1964) 
BEASLEY and HELD (1969) 
FITZCERALD and SKAUEN (1963); 0.07 (2.6) FOLSOM and co-authors (1963) 

FOLSOM and co-authors (1963) 
SEYMOUR and LEWIS (1964) 
SEYMOUR and LEWIS (1964) 
FOL~OM and co-authors (1970) Hepatopancreas 0.06 (2.2) FOL~OM and co-authors (1970) 
FOLSOM and YOUNG (1965); Hepatopancreas 1.0 (37) FOLSOM and co-authors (1970) 

FOLSOM and co- 
authors ( 1970) 

SEYMOUR and LEM'IS (1964) 
SEYMOUR and LEWIS (1964) 
PILLAI and co-authors (1964); 

NOSHKIN and co-authors (1973) 



Table 2-9c 

Concentration of fallout radionuclides in marine fish and sediments, pCi g- ' (mBq g- ') wet (Compiled from the sources indicated) 

Radio- 
nuclide Fish Sourcc Sediment Source 

FOLSOM and co-authors ( 1963) CHIPMAN and THOMMERET 
( 1970) 

LABEYRIE and co-au~liors Muscle 
Livcr 
Gonad l 

PALX~ER and BEASLI.Y (1967) 

SEYMOUR and LEWIS (1964) 
SEYMOUR and LEWIS (1964) 
SEYMOUR and LEWIS (1964); 

FOLSOM and YOLNG (1965) 
Fo~soxr and co-authors (1963) 

Muscle 
Liver 

CE.RRAI and co-authors ( 1965, 
1967) 

Whole 
Liver 
Muscle 
Muscle 
Liver 
Liver 
Liver 

1 
SEYMOUR and L~ws (1964) 

)SEI\I~L'X and Lf.ii~r (1964) 

FOLSOM and co-authors (1970) 
FOLSOM and YOLNG (1965); 

FOLSOM and co-authors (1970) 
SEYMOUR and LEWIS (1964); [4,1-121 X 10-' (1.5-4.4)' BO~EN and co-authors (1976) 

PRES-I'ON ( 1970) 
Muscle 

Whole 
Liver 
Muscle l 

SEYMOLR and LEWIS (1964) 

1.5 (56) CERRAI and co-authors (1967) 
0.15 (5.6) CERRAI arid co-authors (1967) 

Muscle r0.1-181 X 10-5 [2.7-171 X 10-3 NOSHKIN and BOLVEN (1973); 
(~0.4-671 X 10-') WONG and co-authors (1970); (O.l(M.63) BOWEN and co-authors (1976) 

Liver [1.&250] X 10-' BOWEN and co-authors (1976) 
([0-6-93] X 10-3) 

*Sediment concentrations in pCig- ' (mBq g ') dry wcighr 
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sources and an assessm
ent of the potential hum

an exposure). In
 practice, the m

ajor 
sources of contam

ination 
of the m

arine environm
ent 

are reactor operation and fuel 
reprocessing at coastal sites and the disposal of packaged 

radioactive w
astes from

 a 
variety of sources into the deep ocean. 

In
 the context of a discussion of w

aste m
anagem

ent and the application of control 
procedures it is not necessary 

to consider every source and just four w
ill be used as 

exam
ples: 

(i) 
the gas-cooled 

m
agnox 

reactor 
operated 

by 
the 

C
entral 

E
lectricity 

G
enerating B

oard at B
radw

ell, E
ssex in the U

nited K
ingdom

; (ii) the boiling w
ater 

reactor operated by the Jersey 
C

entral P
ow

er and L
ight C

om
pany at O

yster C
reek, 

O
cean C

ounty, N
ew

 Jersey in the U
nited S

tates; (iii) the fuel reprocessing plant oper- 
ated by B

ritish N
uclear F

uels L
td, at W

indscale, C
um

bria in the U
nited K

ingdom
; and 

(iv) the disposal of packaged, solid radioactive w
astes into the northeast A

tlantic O
cean 

under the auspices of the N
uclear E

nergy A
gency of the O

rganization for E
conom

ic 
C

ooperation an
d

 D
evelopm

ent. 
A

t B
radw

ell, the prim
ary source of liquid radioactive w

aste is the w
ater in the spent- 

fuel storage ponds. T
h

e radionuclides present include fission products (m
ainly '34C

s and 
137 C

S
) leached from

 the fuel an
d

 activation products (including 5'C
r, j5Fe, jgFe, 60C

o, and 
65Z

n) derived from
 im

purities in the m
agnox canning m

aterial (PR
E

ST
O

N
, 1968). A

ddi- 
tional sources include the carbon dioxide gas coolant drying system

 w
here tritium

, in 
particular, is found, an

d
 the reactor 

vessel 
cooling system

. T
h

e liquid w
astes are 

discharged into the B
lackw

ater estuary w
ith the condenser cooling w

ater. T
h

e annual 
discharges for the years 

1962 to 1971 have been published previously 
(W

O
O

D
H

E
A

D
, 

1973a; IA
E

A
, 1976) an

d
 m

ore detailed d
ata for 1972 to 1979 are given in T

able 2-10. 
A

t the O
yster C

reek B
W

R
, the prim

ary source of liquid w
aste is the leakage of reactor 

cooling w
ater from

 a num
ber of points in the coolant circulation system

. T
his is collected 

via equipm
ent drains into a storage tank w

hich also receives spent-fuel storage pond 
w

astes and liquid process w
astes from

 the reactor clean-up system
. A

ll of these w
astes 

contain both fission product radionuclides released from
 defective fuel elem

ents and ac- 
tivation products from

 the zircaloy fuel cans and other reactor construction m
aterials. 

P
rior to discharge into O

yster C
reek w

ith 
the condenser cooling w

ater the w
aste is 

filtered and passed through a m
ixed bed dem

ineralizer. T
h

e laundry and the fuel ship- 
ping cask decontam

ination system
 are tw

o m
inor sources of w

aste w
hich are not treated 

before discharge to the creek (B
L

A
N

C
H

A
R

D
 

and co-authors, 1976). T
h

e estim
ated annual 

discharges of activity in liquid w
astes are given in T

able 2- 11. 
E

ven apart from
 the possibility of sim

ple m
echanical failure, fuel elem

ents have a 
lim

ited effective life in a reactor. R
eactor operation reduces the content of fissile "jU

 
in 

the fuel, a process w
hich is only partially com

pensated by the generation of fissile "'Pu 
follow

ing neutron capture in '"8U
 and subsequent double P

-decay. E
ventually, therefore, 

there w
ould be insufficient fissile m

aterial in the reactor core to m
aintain the chain 

reaction on w
hich sustained heat production is based. In

 addition, there is som
e loss of 

reactivity d
u

e to the presence of increasing quantities of fission products, som
e of w

hich 
absorb the neutrons necessary for continuing fission. E

fficient operation thus requires 
the periodic replacem

ent of the spent fuel in the reactor. T
h

e objective of spent-fuel 
reprocessing is to separate the valuable m

aterials, i.e. 239Pu and uranium
, from

 the 
accum

ulated fission products. 
O

n
 arrival at the W

indscale plant the fuel elem
ents are retained in storage ponds to 

aw
ait decanning an

d
 reprocessing. T

h
e pond w

ater is m
aintained at an alkaline p

H
 to 



Table 2- 10 

Annual discharges of radioactivity to the Blackwater cstuary rrom the Bradwell nuclear power station, Ci(TBq) (Compiled from MITCHELL, 
1975, 1977a, 1978; HETHERINGTON, 1976b; HUNT, 1979, 1980 and MAFF Directorate of Fisheries Research, unpublrshed) 

Year 3H* 65Znt 

Total activity* 
excluding 

I3'Cst IS7Cst tritium 

0.031 (1.1 X IO-S) 0.11 (4.1 X IO-~) 
0.059 (2.2 X 10-3) 0.044 (1-6 X 10-3) 
0.14 (5.2 X IO-') 0.022 (0-8 X 10- 3, 

0.16 (5.9 X 10-9 ~0.028 (<I-0 X IO-') 
0.22 (8.1 X IO-~) <0.016 (<0.6 X 10-3) 
0.16 (5.9 X 10-~) 0.016 (0-6 X 10-3) 
0.19 (7.0 X 10- 3) 7.0 X 10-3 (0.3 X 10-3) 

Analyses discontinued 

*Values based on data submitted by the operator. 
?Values based on analyses of quarterly bulked samples by the Fisheries Radiobiological Laboratory, Lowestoft, Suffolk, WK. 



Table 2- 1 1 

Annual discharges of radioactivity to Oyster Creek from the BWR nuclear power station, Ci(TBq) (Based on BLANCHARD and co-authors, 1976 
and UNSCEAR, 1977; reproduced by permission of the U.S. Environmental Protection Agency) 

Radionuclide 1971 1972 1973 1974 

5.0 X 10-2 (1.9 X 10-3) 6.5 X 10-? (2.4 X 10-3) 2.0 X I O - ~  (7.4 X I O - ~ )  NR 
99Mo 0.13 (4.8 X 10-3) 0.22 (8.0 X I O - ~ )  0.24 (9.0 X I O - ' )  0.11 (4.1 X I O - ~ )  
9gmTc 0.10 (3.7 X 10-=) 0.20 (7.4 X I O - ~ )  0.24 (9.0 X 10- NR 
lZ4Sb 3.0 X I O - ~  (1.1 X I O - ~ )  3.0 X 1 0 - ~  (1.1 X I O - ~ )  NR NR 
1 3  11 0.38 (1-4 X 10-l) 0.45 (1-7 X 10-%) 8.2 X 10-' (3.0 X 10-3) 1.4 X 10-' (5.2 X 10-4) 
1 3 3 1  0.29 (1-1 X 10-?) 0.41 (1-5 X 10-') 7.8 X 10-' (2.9 X 10-3) 1.6 X I O - ~  (5-9 X 10-') 
133Xe NR 0.78 (2.9 X 10- ') 0.75 (2.8 X 10-') NR 
1 s 3 x e  NR 2.5 (9.2 X IO-?) 2.2 (8.2 X I O - ? )  NR 
I3"Cs 0.10 (3.7 X I O - ~ )  2.1 (7.6 X 10-') 8.3 X 10-l (3.1 X 10-3) 2.6 X 10-l (9.6 X 10-') 
1 3 7 C ~  0.24 (9.0 X 10-') 3.0 (0. l l )  8.2 X 10-2 (3.0 X 10-') 1.5 X 10-2 (5.6 X 10-') 
1 4 0 ~ ~ - 1 4 0 ~ ~  0.16 (5.9 X 10-y 6.7 X I O - ?  (2.5 X 10-3) 0.15 (5.4 X I O - ~ )  NR 
IJ1Ce NR NR 5.0 X 10-s (1.9 X 10-') 4.1 X I O - ~  (1.5 X 10-'l 
14*Ce NR NR 2-0 X 10-l (7.4 X 10-') 3.1 X I O - ~  (1.1 X 10-+) 
239N P 0.66 (2.4 X 10-') 0.68 (2.5 X 10-') 0.23 (8.6 X 10-S) NR 

NR, Not reported. 



Annual discharges of radioactivity to the northeast Irish Sea from the BNFL fuel reprocessing plant, kCi (TBq) (Data from returns made to MAFF, 
Directorate of Fisheries Research, Lowestoft, England) 

Year 
1972 
1973 
1974 
1975 
1976 
1977 
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T
able 2-13 

Q
uantities of packaged solid radioactive w

aste dum
ped annually into the northeast A

tlantic O
cean 

(O
E

C
D

-N
E

A
, 1980; reproduced by perm

ission of O
E

C
D

-N
E

A
) 

A
pproxim

ate radioactivity, kC
i (T

B
q) 

G
ross w

eight, 
Y

ear 
tonnes 

U
-activity 

p-, y-activity 
T

ritium
 

* Including tritiurn. 

m
inim

ize the corrosion 
of the m

agnox cans but 
substantial quantities 

of caesium
 

isotopes are still released into the w
ater from

 the fuel. T
h

e concentration of caesium
 is 

controlled by circulating the w
ater through zeolite skips im

m
ersed in the ponds. T

h
e p

H
 

and visibility in the storage ponds are m
aintained by continually replacing the w

ater, 
and the consequent low

-activity effluent passes to delay tanks to allow
 settlem

ent of 
suspended solids before being discharged to the Irish Sea. T

h
e efluent pipeline extends 

2.5 km
 beyond high-w

ater m
ark and the w

aste is released at a depth of 20 m
. T

h
e 

separation of the uranium
 and plutonium

 from
 the fission and activation products is 

achieved by a m
ultistage solvent extraction process. T

h
e m

agnox cans are m
echanically 

stripped from
 the fuel elem

ents and stored on the W
indscale site. T

h
e fuel rods are 

- - 
dissolved in nitric acid from

 w
hich the uranyl and plutonium

 nitrates are preferentially 
extracted using an

 organic solution of the com
plexing agent, tributyl phosphate.T

he 
greater proportions (>

99%
) 

of the fission an
d

 activation radionuclides rem
ain in the 

aqueous phase constituting a highly active w
aste w

hich is retained in storage in w
ater- 

cooled stainless steel tanks on the W
indscale site. F

urther cycles of back-extraction into 
different strengths of nitric acid an

d
 solvent extraction give separate plutonium

 nitrate 
an

d
 uranyl nitrate stream

s, an
d

 produce m
edium

- and low
-activity aqueous w

astes. 
M

edium
-activity w

astes are stored to allow
 the decay of short-lived radionuclides before 

being discharged into the Irish S
ea together w

ith low
-activity w

astes. T
h

e w
aste stream

s 
from

 
reprocessing are m

ainly 
acidic and 

are neutralized 
prior 

to discharge. T
h

e 
radionuclide com

position of the em
uent discharged into the northeast Irish S

ea from
 the 

W
indscale plant in recent years is given in T

able 2-12; d
ata relating to earlier years have 

also been published 
(H

O
W

E
L

L
S

, 
1966; W

O
O

D
H

EA
D

, 
1973a; IA

E
A

, 1976; U
N

S
C

E
A

R
, 

1977). 
T

h
e types ofsolid radioactive w

astes w
hich are packaged and sent for disposal into the 

northeast A
tlantic O

cean include contam
inated laboratory equipm

ent, e.g. glove boxes, 
glassw

are, etc., process sludges, spent ion-exchange resins, and w
astes arising from

 the 
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. 
In

 g
en

er
al

, 
th

es
e 

w
as

te
s 

ar
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96
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E
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\,i
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 re
sp

on
si
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T
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le
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 l
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at
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00
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 D
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ep
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 b
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 d
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 p
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 f
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ad
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 p
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 d
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 c
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 c
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se
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w
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F

or
 c

er
ta

in
 r
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io

nu
cl

id
es

 i
n 
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e 

en
vi

ro
nm

en
t,

 t
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pa

ss
ag

e 
of

 t
im

e 
al

so
 a
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ow

s 
an
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qu

il
ib

ri
um

 s
ta

te
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ch
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al
 s
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ci
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io

n 
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 d
ev
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 f
ro

m
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e 
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rm
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ti
al

ly
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nt
ro

du
ce

d 
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 t
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 w
as

te
. 

A
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un
de

rs
ta
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in
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of
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se
 p

ro
ce

ss
es
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a 
pr

er
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ui
si

te
 f

or
 a

n 
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cu
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te
 a

ss
es

sm
en

t 
of

 t
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 c
on

se
qu

en
ti

al
 r
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on

 e
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ur

e 
of

, 
an

d 
he
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e 
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te

nt
ia
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ha

za
rd

 t
o,

 b
ot

h 
hu

m
an
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n

d
 m
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in

e 
po

pu
la

ti
on

s.
 

(a
) 

D
is

pe
rs

io
n 

Bl
ac

kw
at

er
 E

st
ua

ry
 

A
 m

ap
 o

f 
th

e 
B

la
ck

w
at

er
 e

st
ua

ry
 s

ho
w

in
g 

th
e 

po
si

ti
on

 o
f 

th
e 

B
ra

dw
el

l 
nu

cl
ea

r 
po

w
er

 
st

at
io

n 
is

 g
iv

en
 i

n 
Fi

g.
 2

-5
. 

E
xt

en
si

ve
 m

ea
su

re
m

en
ts

 o
f 

sa
li

ni
ty

 a
n

d
 t

em
pe

ra
tu

re
 i

n 
th

e 
es

tu
ar

y 
pr

io
r 

to
 s

ta
ti

on
 o

pe
ra

ti
on

 s
ho

w
ed

, 
as

 e
xp

ec
te

d,
 t

ha
t 

th
e 

ri
ve

r 
ou

tf
lo

w
 t

en
ds

 t
o 

fo
llo

w
 t

he
 s

ou
th

er
n 

sh
or

e,
 b

ut
 a

ls
o 

th
at

 t
he

 e
st

ua
ry

 i
s 

w
el

l 
m

ix
ed

 b
ot

h 
ve

rt
ic

al
ly

 a
n

d
 

lo
ng

it
ud

in
al

ly
. 

F
ur

th
er

 e
vi

de
nc

e 
of

 a
 h

ig
h 

de
gr

ee
 o

f 
m

ix
in

g 
w

as
 o

bt
ai

ne
d 

us
in

g 
br

ot
h 

cu
lt

ur
es

 o
f 

th
e 

ba
ct

er
iu

m
 S

er
ra

lia
 m

ar
ce

se
ns

 r
el

ea
se

d 
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ra
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n 

th
e 

vi
ci
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 o
f 

th
e 

co
ol

in
g 

w
at

er
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ut
fa

ll
 a

t v
ar

io
us

 s
ta

te
s 

of
 t

he
 t

id
e.

 W
it

hi
n 

a 
fe

w
 h

ou
rs

 o
f 

re
le

as
e,

 v
ol

um
e 

di
lu

ti
on

s 
in

 t
he

 r
eg

io
n 

of
 1

0"
er

e 
ob

se
rv

ed
. 

It
 h

as
 b

ee
n 

es
ti

m
at

ed
 t

ha
t 

be
tw

ee
n 

1%
 a

n
d

 5
%

 o
f 

th
e 

hi
gh

-w
at

er
 v

ol
um

e 
of

 t
he

 e
st

ua
ry

 u
ps

tr
ea

m
 o

f 
th

e 
st

at
io

n 
is

 e
xc

ha
ng

ed
 w

it
h 

th
e 

op
en

 s
ea

 
on

 e
ac

h 
ti

da
l 

cy
cl

e 
(L

O
\V

T
O

N
 a

nd
 c

o-
au

th
or

s,
 

19
66

).
 P

os
t-

op
er

at
io

na
l 

st
ud

ie
s 

of
 t

he
 

w
ar

m
 w

at
er

 d
is

ch
ar

ge
d 

to
 t

he
 e

st
ua

ry
 d

ur
in

g 
a 

co
m

pl
et

e 
ye

ar
 h

av
e 

pr
o\

li
de

d 
an

 e
st

im
at

e 
of

 9
%

 p
er

 t
id

al
 c

yc
le

 f
or

 t
he

 m
ea

n 
ex

ch
an

ge
 b

et
w

ee
n 

th
e 

op
en

 s
ea

 a
n

d
 t

he
 t

id
al

 p
lu

g,
 i

.e
. 

th
at

 v
ol

um
e 

of
 w

at
er

 w
hi

ch
 m

ov
es

 u
p

 a
n

d
 d

ow
n 

th
e 

es
tu

ar
y 

on
 e

ac
h 

ti
de

. 
E

xp
re

ss
ed

 a
s 

a 
pe

rc
en

ta
ge

 o
f 

th
e 

hi
gh

-w
at

er
 v

ol
um

e 
of

 t
he

 e
st

ua
ry

 u
ps

tr
ea

m
 o

f 
th

e 
st

at
io

n,
 t

he
 c

or
re

s-
 

po
nd

in
g 

va
lu

e 
w

as
 6

%
 (

L
O

~
"T

O
N

 
an

d
 c

o-
au

th
or

s,
 1

96
6;

 C
en

tr
al

 E
le

ct
ri

ci
ty

 G
en

er
at

in
g 

B
oa

rd
, 

19
67

).
 A

t 
fu

ll 
lo

ad
 t

he
 s

ta
ti

on
 r

eq
ui

re
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so
m
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X
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7 1

 o
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er
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 c
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 d
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Fig. 2-5: B
lackw

ater estuary. (A
fter PRESTON, 1967; reproduced by perm

ission of Per- 
gam

on P
ress L

td.; C
row

n copyright) 

prevents re-entry of the w
arm

 w
ater discharging through an

 outfall positioned on the 
inshore side. A

ctive w
astes are added to the cooling w

ater outflow
 during the first 3h of 

the ebb tide w
hen m

axim
um

 dispersion 
to

 the open sea is attainable (W
A

SSO
N

 and 
M

IT
C

H
E

L
L

, 1973). 
In the pre-operational assessm

ent of the proposed discharge from
 the B

radw
ell pow

er 
station it w

as calculated, on the basis of assum
ptions concerning the hydrographic 

processes in the estuary, that the m
ean concentration of a radionuclide in the w

ater of 
the tidal stretch w

ould be approxim
ately 150 pC

i I-' 
per C

i d
-' discharged (150 B

q I-' 
per T

B
q d-l) (see T

able 2-23). R
ecently, a direct estim

ate of this value has been m
ade. 

T
h

e concentration of "'C
S 

has been m
easured in m

onthly w
ater sam

ples collected from
 

the station cooling w
ater intake (on the assum

ption that this is representative of the 
w

ell-m
ixed 

w
ater in 

the estuary) and related 
to 

the m
ean 

daily discharges 
of the 

radionuclide. T
h

e m
ean m

onthly concentration in the estuary during 1977 w
as found to 

be 58 (range 34 to 13 1 ) pC
i I-' 

per C
i d

- ' discharged (58 B
q I-' 

per T
B

q d
- ') (D

. F
. 

JE
F

F
E

R
IE

S
, Low

estoft, pers. com
m

.). In view
 

of the assum
ptions and uncertainties 

underlying these results, better agreem
ent w

ould not have been expected. 

O
yster Creek 

T
h

e site of the O
yster C

reek generating station relative to the local w
aterw

ays and the 
A

tlantic O
cean is illustrated in F

ig. 2-6. T
h

e hydrology of O
yster C

reek and B
arnegat 

B
ay have been described by B

L
A

N
C

H
A

R
D

 
and co-authors (1976). T

h
e condenser cooling 

w
ater for the station is draw

n from
 the south branch of the Forked R

iver and discharged 
into O

yster C
reek, and the flow

, at 1.2 X
 10" 1 m

onth-', is substantially greater than the 
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R
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at
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iv
er
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en
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ay
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h
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ra

th
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w
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er
 s

ep
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ro
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A
tl

an
ti

c 
O
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he
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 T
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er
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an
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e 
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ea
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 a
nd

 t
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 m
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im
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se
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th

e 
B

ar
ne

ga
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In
le

t,
 i

s 
7 

km
 

so
ut

he
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t 
of

 t
he

 m
ou

th
 o

f 
O

ys
te

r 
C

re
ek
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D

ye
 s
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di

es
 c

ar
ri

ed
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ut
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at

 a
 t
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 f
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 o
ce

an
 i

s 
ab

ou
t 

14
%

 a
n

d
 t

ha
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im
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r 
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ge
 i

s 
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5 
d
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In

 t
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en
ce
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 t
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 d
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 m
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 o
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 b
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T
able 2- 14 

C
oncentration ol'certain radionuclides in sea w

ater sam
ples collected in the vicinity of the O

yster 
C

reek nuclear pow
er station (B

ased on data from
 B

L
A

N
C

H
A

R
D

 
and co-authors, 1976) 

R
adio- 
nuclide 

Sam
pling period 

R
ange of concentration 

C
om

m
ents 

5'M
n 

28 Sept. 1972 
<

 0.01-2.2 ( <0.37-81) ) 
P

articulate fraction 
=O

C
o 

28 Sept. 1972 
0.07-4.0 (2.6-1 50) 

only 
90S

r 
18 O

ct. 1971-2 N
ov. 1972 

<
 0.1-2.6 ( <

 3.7-96) ) 
B

ackground from
 fall- 

I3'C
s 

18 O
ct. 1971-2 N

ov. 1972 
0.2-1.3 (7

.4
4

8
) 

out not subtracted 

an accum
ulation ofw

ater in the northern basin and reducing the displacem
ent of w

ater. 
O

verall it appears that the w
ind has a dom

inating influence on the m
ovem

ent and 
m

ixing of w
ater in the bay. 

A
s at B

radw
ell, 

the liquid 
radioactive w

astes are discharged 
w

ith 
the condenser 

cooling w
ater and in the period 

1971 to 1973 the annual dilution volum
e averaged 

1- 13 X
 10" 1. F

rom
 this and the annual discharges given in T

able 2-1 1 it can be seen 
that the average concentrations of individual radionuclides, except tritium

, in the cool- 
an

t outflow
 w

ould be expected to be generally less than 1 pC
i I-' (37 rnB

q I-') and often 
very m

uch less. H
ow

ever, the batch disposal of w
astes leads to higher predicted values in 

the range 0.1 to 10 pC
i I-' 

(3-7 to 370 m
B

q 1-l) for short periods of tim
e for the m

ajor 
com

ponents of 
the w

aste 
and 

these have been generally 
confirm

ed by 
analysis of 

appropriate sam
ples taken from

 the coolant canal. T
h

e concentrations of 54M
n, T

o
,

 
%

r, and '37C
s w

hich w
ere determ

ined for w
ater sam

ples taken from
 the F

orked R
iver, 

O
yster C

reek, and B
arnegat B

ay are sum
m

arized in T
able 2-14. S

am
ples collected in 

G
reat B

ay to the south of, and having no direct connection w
ith, B

arnegat B
ay yielded 

background (fallout) estim
ates of 0.36 to 0.50 pC

i I-' 
(13 to 19 m

B
q-') and 0.3 to 0.4 

pC
i 1-' 

(1 1 to 
15 m

B
q 1-l) 

for %
r 

and 
I3%

s respectively. T
hus m

any of the w
ater 

sam
ples collected from

 the vicinity of the station gave no indication of contam
ination 

attributable to the presence of these tw
o nuclides in the discharges (B

L
A

N
C

H
A

R
D

 
and 

co-authors, 1976). 
D

uring 1972, the average discharge rate for Is7C
s w

as 8.35 X
 10-' C

i d-l (3.09 X
 10' 

B
q d-l); using thevolum

e (2-4 X
 10" 1) and turnover half-tim

e (5
 d) for B

arnegat B
ay, it 

is estim
ated that the m

ean equilibrium
 concentration of Is7C

s in the B
ay w

ould have been 
0.25 pC

i 1-I (9.3 B
q I-'). F

rom
 the analytical data for w

ater sam
ples taken from

 the B
ay 

in 
1972 (B

L
A

N
C

H
A

R
D

 
and co-authors, 1976), the m

ean concentration of "'C
S 

can be 
estim

ated to have been 0.29 pC
i 1-' 

(1 1 B
q I-') 

above the fallout background. O
nce 

again, considering the uncertainties involved, the m
easure of agreem

ent betw
een these 

values 
m

ust 
be 

regarded 
as 

satisfactory 
and 

providing 
confirm

ation 
of 

the 
pre- 

operational estim
ates of local dispersion. 

P
rior to the construction of the W

indscale reprocessing plant it w
as recognized that an 

estim
ate w

as required of the quantity of radioactivity w
hich could be safely discharged 

into the sea on a continuing basis. T
h

e available inform
ation on tidal currents suggested 



F
A

T
E

 O
F 

U
D

iO
N

U
C

L
lD

E
S 

D
IS

C
H

A
R

G
ED

 
11

59
 

th
at

, 
cl

os
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he
 s

ho
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th

e 
w

at
er

 m
ov
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 i

n 
an

 e
lo

ng
at

ed
 e

ll
ip

se
 w

it
h 

a 
m

aj
or

 a
xi

s 
be

tw
ee

n 
3 

an
d

 6
 m

il
es

 i
n 

le
ng

th
 m

or
e 

o
r 

le
ss

 p
ar

al
le

l 
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 c
oa

st
. T

h
er

e 
w
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, 
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w
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er
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in
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ff
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ie

nt
 i

nf
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 e

st
im
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th
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 d

eg
re

e 
of

 d
il

ut
io

n 
w

hi
ch

 w
ou

ld
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e 
at
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in
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im
m

ed
ia

te
ly

 a
ft

er
 r

el
ea

se
 a

nd
 h

ow
 t

hi
s 

w
ou

ld
 v

ar
y 

w
it

h 
th

e 
di

st
an

ce
 o

fr
sh

or
e 

of
 t

he
 

re
le

as
e 

po
in

t 
or

 t
he

 i
m

pa
ct

 o
f 

th
e 

w
in

d 
on

 t
he

 d
is

pe
rs

io
n 

pr
oc

es
s.

 A
 s

er
ie

s 
of

 e
xp

er
im

en
ts

 
em

pl
oy

in
g 

re
le

as
es

 o
f 

fl
uo

re
sc

ei
n 

dy
e 

at
 d

is
ta

nc
es

 b
et

w
ee

n 
1.

9 
an

d 
4

.8
 k

m
 o

ff
sh

or
e 

at
 

va
ri

ou
s 

st
at

es
 o

f 
th

e 
ti

de
 a

nd
 i

n 
di

fr
er

en
t 

w
ea

th
er

 c
on

di
ti

on
s 

w
er

e 
co

nd
uc

te
d 

to
 o

bt
ai

n 
th

es
e 

da
ta

. 
It

 w
as

 f
ou

nd
 t

ha
t 

th
e 

in
it

ia
l 

di
lu

ti
on

 w
as

 a
lw

ay
s 

at
 le

as
t 

10
-'l

 a
n

d
 o

f 
th

e 
or

de
r 

of
 1

0-
b 

w
it

hi
n 

12
 h

. 
M

ea
su

re
m

en
ts

 o
n

 t
he

 s
ho

re
li

ne
 s

ho
w

ed
 d

il
ut

io
ns

 o
f 

10
-5

 o
n

 t
he

 d
ay

 
of

 r
el

ea
se

 a
n

d
 1

0-
' 

w
it

hi
n 

24
 h

. T
h

e 
dy

e 
pa

tc
h 

us
ua

ll
y 

de
ve

lo
pe

d 
an

 e
cc

en
tr

ic
 s

h
ap

e 
w

it
h 

th
e 

lo
ng

er
 a

xi
s 

pa
ra

ll
el

 t
o 

th
e 

ti
da

l c
ur

re
nt

. T
h

e 
ov

er
al

l 
m

ov
em

en
t 

of
 t

he
 p

at
ch

 c
ou

ld
 b

e 
ac

co
un

te
d 

fo
r 

by
 t

he
 k

no
w

n 
ti

da
l 

st
re

am
 a

n
d

 a
 s

up
er

im
po

se
d 

m
ot

io
n 

d
u

e 
to

 t
he

 w
in

d;
 a

 
no

rt
he

rl
y 

se
t 

w
as

 g
en

er
at

ed
 b

y 
on

sh
or

e 
(w

es
te

rl
y)

 w
in

ds
 a

nd
 a

 s
ou

th
er

ly
 s

et
 b

y 
ea

st
er

ly
 

or
 s

ou
th

-e
as

te
rl

y 
w

in
ds

. 
T

he
se

 f
in

di
ng

s 
w

er
e 

co
nt

ra
ry

 t
o 

th
e 

on
ly

 a
va

il
ab

le
 t

he
or

y 
an

d
 

w
er

e 
an

 in
su

ff
ic

ie
nt

 b
as

is
 f

or
 d

ev
el

op
in

g 
an

 a
lt

er
na

ti
ve

 fo
r 

pr
ed

ic
ti

ng
 t

he
 i

nf
lu

en
ce

 o
f 

th
e 

w
in

d 
on

 t
he

 e
ff

lu
en

t. 
F

ro
m

 t
he

 r
es

ul
ts

 o
f 

th
es

e 
ex

pe
ri

m
en

ts
 it

 w
as

 d
ec

id
ed

 t
ha

t 
th

e 
w

as
te

 
sh

ou
ld

 b
e 

di
sc

ha
rg

ed
 t

hr
ou

gh
 a

 p
ip

el
in

e 
en

di
ng

 2
.5

 k
m

 b
ey

on
d 

hi
gh

-w
at

er
 m

ar
k.

 I
n

 
th

es
e 

ci
rc

um
st

an
ce

s 
it

 w
as

 p
re

di
ct

ed
 t

ha
t 

th
e 

eq
ui

li
br

iu
m

 c
on

ce
nt

ra
ti

on
 a

t 
th

e 
sh

or
el

in
e 

w
ou

ld
 b

e 
3 

to
 1

2 
pC

i 
I-'

 
pe

r 
C

i 
d

-'
 d

is
ch

ar
ge

d 
(3

 to
 1

2 
B

q 
I-'

 
pe

r 
T

B
q

 d
-'

 d
is

ch
ar

ge
d)

 
(S

E
L

IG
M

A
N

, 19
55

).
 

T
h

e 
lo

ng
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 d
il

ut
io

n 
an

d
 i

ni
ti

al
 m

ov
em

en
t 

in
 t

he
 t

id
al

 
st

re
am

 w
as

 m
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E
M

P
L

E
T

O
N

 
an

d 
P

R
E

S
T

O
N

, 1
96

6)
. 

In
 a

 w
id

er
 

co
nt

ex
t,

 t
he

 d
et

ai
ls

 o
f 

th
e 

w
at

er
 c

ir
cu

la
ti

on
 w

it
hi

n 
th

e 
Ir

is
h 

S
ea

 r
em

ai
n 

a 
m

at
te

r 
of

 
de

ba
te

, 
al

th
ou

gh
 t

he
re

 i
s 

ag
re

em
en

t 
on

 t
he

 e
xi

st
en

ce
 o

f 
a 

ne
t 

fl
ow

 o
f 

no
rt

he
as

t 
A

tl
an

ti
c 

w
at

er
 i

n 
th

ro
ug

h 
S

t 
G

eo
rg

e'
s 

C
ha

nn
el

 in
 t

he
 s

ou
th

 a
n

d
 o

ut
 t

hr
ou

gh
 t

he
 N

or
th

 C
ha

nn
el

 
(R

A
C

IS
T

E
R

, 19
73

; J
. \

V
. T

A
L

B
O

T
, L

ow
es

to
ft

, 
un

pu
bl

.)
. 

In
 a

dd
it

io
n 

to
 th

e 
cl

as
si

ca
l m

ea
ns

 
of

 i
nv

es
ti

ga
ti

ng
 t

he
se

 c
ir

cu
la

ti
on

 p
at

te
rn

s,
 s

tu
di

es
 o

f 
th

e 
w

id
er

 d
is

pe
rs

io
n 

of
 r

ad
io

nu
c-

 
li

de
s 

fr
om

 t
he

 W
in

ds
ca

le
 d

is
ch

ar
ge

 a
re

 a
ls

o 
co

nt
ri

bu
ti

ng
 t

o 
th

e 
re

so
lu

ti
on

 o
f 

th
e 

pr
ob

le
m

 
UE

FF
ER

IE
S an

d
 c

o-
au

th
or

s,
 1

98
2)

. 
T

h
e 

di
st

ri
bu

ti
on

s 
of

 t
he

 f
is

si
on

 p
ro

du
ct

s 
g5

Z
r-

y5
N

b,
 'O

bR
u,

 "
'C

e,
 a

n
d

 '
"C

S 
de

ri
ve

d 
fr

om
 t

he
 a

na
ly

si
s 

of
 f

il
te

re
d 

(0
.2

2 
p

m
 m

em
br

an
e 

fi
lt

er
) 

sa
m

pl
es

 o
f 

su
rf

ac
e 

se
a 

w
at

er
 

co
ll

ec
te

d 
in

 t
he

 i
m

m
ed

ia
te

 \
.ic

in
ity

 o
f 

th
e 

\Y
in

ds
ca

le
 o

ut
fa

ll
 o

n 
13

-1
4 

S
ep

te
m

be
r 

19
68

 
ar

e 
gi

\r
en

 i
n 

Fi
gs

 'L
-7

a-
d.

 D
ur

in
g 

th
e 

sa
m

pl
in

g 
pe

ri
od

 t
he

 w
in

ds
 w

er
e 

li
gh

t 
to

 m
od

er
at

e 
fr

om
 a

 n
or

th
-e

as
te

rl
y 

qu
ar

te
r.

 T
h

e 
d

at
a 

fo
r 

95
Z

r-
95

N
b a

n
d

 '
&

R
U

 cl
ea

rl
y 

sh
ow

 t
he

 i
nf

lu
- 

en
ce

 o
f 

th
e 

ti
da

l 
fl

ow
 p

ar
al

le
l 

to
 t

he
 C

u
m

b
ri

an
 c

oa
st

 w
it

h 
an

 a
pp

ar
en

t 
ne

t 
m

ov
em

en
t i

n 
a 

so
ut

he
rl

y 
di

re
ct

io
n.

 T
h

er
e 

is
 a

ls
o 

so
m

e 
in

di
ca

ti
on

 o
f 

m
ov

em
en

t 
of

fs
ho

re
, 

po
ss

ib
ly

 d
u

e 
to

 
th

e 
no

rt
h-

ea
st

er
ly

 w
in

ds
. T

h
e

 d
at

a 
fo

r 
""

C
e 

ar
e 

le
ss

 c
le

ar
 b

ut
 a

ls
o 

se
em

 t
o 

in
di

ca
te

 a
 n

et
 

m
ov

em
en

t 
in

 a
 s

ou
th

er
ly

 d
ir

ec
ti

on
. T

he
se

 f
ou

r 
nu

cl
id

es
 a

re
 m

or
e 

o
r 

le
ss

 r
ap

id
ly

 r
em

ov
ed

 
fr

om
 t

he
 w

at
er

 c
ol

um
n 

to
 t

he
 s

ed
im

en
t;

 t
he

 d
is

tr
ib

ut
io

n 
pa

tt
er

ns
 s

ho
w

n 
in

 F
ig

s 
2-

7a
-c

, 
- 

th
er

ef
or

e,
 

re
fl

ec
t 

th
e 

in
fl

ue
nc

e 
of

 w
at

er
 m

ov
em

en
ts

 o
n 

di
sc

ha
rg

es
 o

f 
th

es
e 

nu
cl

id
es

 
im

m
ed

ia
te

ly
 p

ri
or

 t
o,

 a
n

d
 d

ur
in

g 
th

e 
sa

m
pl

in
g 

pe
ri

od
. 

In
 c

on
tr

as
t,

 "
'C

S 
is

 r
el

at
iv

el
y 

co
ns

er
va

ti
ve

 w
it

h 
w

at
er

, 
an

d
 t

he
 r

at
he

r 
di

ff
er

en
t 

pa
tt

er
n 

of
 c

on
ce

nt
ra

ti
on

 (
F

ig
. 2

-7
d)

 i
s 

m
or

e 
lik

el
y 

to
 r

ep
re

se
nt

 t
he

 n
et

 d
is

tr
ib

ut
io

n 
w

hi
ch

 h
as

 d
ev

el
op

ed
 f

ro
m

 t
he

 m
ov

em
en

t 
of

 
ef

fl
ue

nt
 d

is
ch

ar
ge

d 
ov

er
 a

 c
on

si
de

ra
bl

y 
lo

ng
er

 p
er

io
d 

of
 t

im
e.

 



1160. 
2. C

O
N

T
A

M
IN

A
T

IO
N

 D
U

E
 T

O
 R

A
D

IO
A

C
T

IV
E

 M
A

T
E

R
IA

L
S (D

. S. \l1O
O

D
H

E
A

D
) 

D
 

I 
I 

I 
I 

O* 
b
 

O
* 

b
 

0
 

- 
L

n
"

 
In

N
 

U
0
 

m
- 



F
A

T
E

 O
F 

U
D

IO
N

U
C

L
ID

E
S

 D
IS

C
H

A
R

G
E

D
 



1162 
2. C

O
N

TA
'LIIN

A
TIO

N
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U
E

 T
O

 R
A

D
1O

A
C

TIi.E ?vIr\TER
IA

LS (D
 S

. \L'O
O

D
H

EA
D

) 

T
h

e possibility ofquite different long-term
 distributions due to changes in the circula- 

tion patterns in the northeast Irish S
ea has been confirm

ed by studies of tritium
 w

hich, 
as tritiated w

ater (H
T

O
), is a truly consew

ative tracer of w
ater m

ovem
ent. N

et north- 
w

ard and southw
ard m

ovem
ents of w

ater from
 the discharge point have been observed 

at different tim
es. S

ince these observations w
ere m

ade after long periods of relatively 
steady tritium

 disposal they w
ere, presum

ably, representative of quasi-equilibrium
 situ- 

ations. In
 the im

m
ediate vicinity of the discharge point the norm

alized w
ater concentra- 

tions of tritium
 w

ere 4 pC
i 1-I 

per C
i d-l released (4

 B
q I-' per T

B
q

 d-l) during O
ctober 

1971 (net northw
ard transport) and 5 pC

i I-' 
per C

i d-l (5
 B

q I-' 
per T

B
q d

-') during 
July 

1973 (net southw
ard transport). In

 July 
1974, w

hen disposal of tritium
 had been 

taking place for only a few
 w

eeks after an 8-m
onth period during w

hich discharges of 
tritium

 w
ere virtually zero, a southw

ard displacem
ent of activity w

as observed and the 
norm

alized 
w

ater concentration w
as 8 pC

i I-' 
per C

i d
-' 

(8
 B

q 
I-' 

per T
B

q
 d

-') 
(H

E
T

H
E

R
IN

G
T

O
N

 
and R

O
B

S
O

N
, 1979). 

T
h

e average dispersion of "'C
S close to W

indscale during the period 1970 to 1978 is 
show

n in F
ig. 2-8 w

here the concentration has been norm
alized to the daily discharge 

rate. In
 addition to the trend tow

ards a northerly or north-w
esterly displacem

ent of 
activity, there is also evidence for stratification. T

h
e annual average norm

alized con- 
centrations of "'C

S in shoreline sea w
ater sam

ples taken m
onthly at S

eascale are given in 
T

able 2-15 w
here it can be seen that there is variation betw

een 2.6 and 6
-3

 pC
i 1-I per C

i 
d

-' released (2.6 to 6
.3

 B
q I-' 

per C
i d-l) 

U
E

F
F

E
R

IE
S

 and co-authors, 1982). 
T

h
u

s the post-operational d
ata on the dispersion of the conservative radionuclides 'H

 
and "'C

S provide confirm
ation o

fth
e original prediction m

ade by S
E

L
IG

M
A

N
 

( 1955). F
or 

IU
hR

U
, liiC

e, and 2'" P
u, w

hich are not conservative w
ith sea w

ater, m
uch low

er norm
al- 

ized concentrations are found w
ithin l0

 km
 of the outfall, i.e. 0.57, 0.063, and 0.15 pC

i 
I-' 

per C
i d

-' released respectively (H
E

T
H

E
R

IN
G

T
O

N
 

and co-authors, 1975). 
T

h
e w

ider dispersion of the efluent from
 W

indscale has been studied using '37C
s as a 

tracer and the distribution w
ithin the Irish S

ea on the basis of a survey conducted in 
January 1976 is show

n in F
ig. 2-9 (P

R
E

S
T

O
N

 
and co-authors, 1978). T

h
e concentrations 

are greater than those observed in earlier surveys UEFFERIES and co-authors, 1973; 
H

E
T

H
E

R
IN

G
T

O
N

 
and co-authors, 1975) reflecting the increased discharge of this nuclide 

since 
1974 (T

able 2-12). T
hese studies have confirm

ed 
the northerly drift of w

ater 
through the Irish S

ea and the m
ajor part of the caesium

 leaves via the N
orth C

hannel. 
T

here appears to be relatively little m
ixing of the Irish S

ea w
ater w

ith northeast A
tlantic 

w
ater to the north of Ireland and the activity m

oves northw
ards through the ~

M
inch and 

round the north coast of S
cotland to enter the N

orth S
ea circulation through the P

ent- 
land 

F
irth 

UEFFERIES and 
co-authors, 

1973, 
PR

E
ST

O
N

 and 
co-authors, 

1978). 
K

A
U

T
S

K
Y

 (1973) reported "'C
S 

derived from
 W

indscale in the northern N
orth S

ea in 
1971. S

ubsequent surveys have confirm
ed this finding and extended the observations 

throughout the N
orth S

ea. T
h

e distribution of '"C
S

 in the N
orth S

ea derived from
 the 

analysis of filtered sea w
ater sam

ples obtained during M
ay-June 

1976 by 
both the 

F
isheries R

adiobiological L
aboratory, L

ow
estoft 

(U
K

), and the D
eutsches H

ydrog- 
raphisches Institut, H

am
burg (F

R
G

) is given in F
ig. 2-10 (P

R
E

S
T

O
N

 and co-authors, 
1978). A

dditional studies of the shorter-lived nuclide '-'''C
S (l, : 2.06 y

r), w
hich is also 

discharged from
 L

l~
indscale, have indicated that the transit tim

e for the m
ovem

ent of 
activity from

 the outfall to the N
orth C

hannel is betw
een 1.1 and 1.8 yr U

E
F

F
E

R
lE

S
 and 

co-authors, 1973). 
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Fig. 2-9: C
oncentrations of "7C

s (pC
i I-') 

in filtered sea w
ater firom

 
the 11-ish Sea, January 

1976. (A
fter PR

E
ST

O
N

 and co-authors, 
1978; C

row
n copyright) 

M
ore recently, interest has becom

e focused on the m
ovem

ent of the actinide elem
ents, 

an
d

 in particular '-'9~''"Pu, in the m
arine environm

ent. A
part from

 any im
m

ediate (and 
rather low

) radiological im
plications, these studies are of fundam

ental interest since the 
nuclides d

o
 not occur naturally an

d
 the northeast Irish S

ea represents a labelled envi- 
ronm

ent w
here their behaviour m

ay be readily observed. A
lthough a substantial fraction 

of the plutonium
 discharged from

 W
indscale is rapidly rem

oved from
 the w

ater colum
n 

to sedim
ent, the sm

all proportion w
hich rem

ains in the w
ater behaves m

ore or less 
conservatively an

d
 the concentration distribution w

ithin the Irish S
ea has been deter- 

m
ined 

(H
E

T
H

E
R

IN
G

T
O

N
 

an
d

 co-authors, 
1975; H

E
T

H
E

R
IN

G
T

O
N

, 
1976a; P

E
N

T
R

E
A

T
H

 
an

d
 co-authors, 

1980a). A
s the chem

ical state of plutonium
 

in sea w
ater w

ould be 
expected to have a considerable influence on the fate of the elem

ent, this aspect of its 
behaviour 

has 
been 

investigated. A
s 

discharged, 
it has 

been 
determ

ined 
that 

the 
plutonium

 
is 

alm
ost entirely in 

the P
u 

(111 + IV
) oxidation states. M

ore detailed 
exam

ination of the sm
all fraction w

hich rem
ains in the w

ater colum
n has show

n that the 
plutonium

 retained by a 0.22 p
m

 m
em

brane filter is also predom
inantly P

u
(II1

 + IV
) 

w
hile that in the filtrate is predom

inantly P
u

(V
 + V

I) (N
E

L
S

O
N

 and L
O

V
E

T
T

, 1978; 
P

E
N

T
R

E
A

T
H

 and co-authors, 
1980a). F

urther afield, M
U

R
R

A
Y

 and co-authors (1978) 
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 o
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 c
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se
 (

O
E

C
D

-N
E

A
, 

19
80
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 A

t 
th

e 
si

te
 t

he
 o

ce
an

 i
s 

ho
ri

zo
nt

al
ly

 
st

ra
ti
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ed

 a
nd

 n
or

th
 A

tl
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ti
c 

de
ep

 a
n

d
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ot
to

m
 w

at
er

s 
ex

te
nd

 f
ro

m
 1

50
0 

m
 d

ep
th

 t
o 

th
e 

se
ab

ed
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A
bo

ve
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 l
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ra
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 m

 d
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 f
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th
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R
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ge
. 

T
w

o
 f
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th

er
 l
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er

s 
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t 
fr
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 6

00
 m

 t
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th
e 

su
rf

ac
e:

 n
or

th
 

A
tl

an
ti

c 
ce

nt
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l w
at

er
 e

xt
en

di
ng

 to
 a

bo
ut

 1
00

 m
 d

ep
th

 a
n

d
 th

e 
su

rf
ac

e 
m

ix
ed

 l
ay

er
. T

h
e 

pr
es
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ce

 o
f 

th
es

e 
w

el
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ye
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O
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D
H

E
A

D
) 

d
ru

m
s resting on the seabed can be 

transported both vertically and horizontally by 
currents. V

ertical transport is, in the m
ain, a very slow

 process, the exceptions being in 
areas of upw

elling and deep convective m
ixing, neither of w

hich is to be expected at the 
site. O

bservations using neutrally buoyant floats and short-term
 current m

eters have 
show

n daily m
ean currents of 2 to 3 cm

 S
-' 

near the bottom
. A

 longer series of current 
m

eter observations over a period of 14 m
onths show

ed that the daily residual current 
velocity at the bottom

 w
as very variable w

ith speeds up to 4 cm
 S

-', although the m
onthly 

average w
as about 2 cm

 S
-'. T

h
e estim

ate of the residence tim
e of w

ater in the deepest 
layer is rather approxim

ate. T
h

e site is just w
ithin the southern boundary of the E

uro- 
pean B

asin for w
hich a value of 13 y

r has been given, m
ainly on the basis of the large 

flow
 of deep w

ater in the northern sector; in the adjacent N
orth A

frican B
asin the 

estim
ate is 662 yr (W

O
R

T
H

IN
G

T
O

N
, 

1976). It w
as concluded that an

 appropriate resi- 
dence tim

e for the deep w
ater at the site probably w

ould be not less than the average 
value of 200 yr, estim

ated for the deep w
ater in the w

hole north A
tlantic O

cean. 
N

o d
ata have been published indicating the presence of radionuclides from

 the w
astes 

in w
ater sam

ples taken either w
ithin the boundary of the site or elsew

here. C
oncentra- 

tion profiles w
ith depth determ

ined for "Sr 
and '"C

S to the southeast of the d
u

m
p

 site 
are consistent w

ith their origin in atm
ospheric fallout (K

A
U

T
SK

Y
, 1977; K

A
U

T
SK

Y
 and 

C
O

-au thors, 1977). 

(b
) Interactions w

ith M
arine O

rganism
s 

D
uring the pre-operational study of the B

lackw
ater estuary it w

as concluded that the 
critical pathw

ay for hum
an exposure w

ould be the reconcentration of 65Z
n by oysters 

and their consum
ption by the local inhabitants involved 

in the fishery. S
ubsequent 

investigations have, therefore, concentrated upon the interaction betw
een the radionuc- 

lides in the station effluent an
d

 the oyster. 
F

ig. 2-1 1 show
s the variation w

ith tim
e of the @

Z
n concentration in native oysters 

(O
s~rea edulis) sam

pled 0.5 km
 dow

nstream
 of the outfall on the southern bank of the 

estuary (S
ite A

 in F
ig. 2-5). A

lso show
n are the annual discharges of 65Z

n, and it is 
apparent that the relationship betw

een the concentration of the nuclide in the oysters 
and the discharges has changed w

ith tim
e. T

his can be seen m
ore clearly in T

able 2-16 
w

hich gives the concentrations in the oysters norm
alized to the m

ean annual discharge 
in the current and p

rev
io

~
~

s 
year. W

ithin the generally declining trend three m
ore or less 

separate phases m
ay be discerned. T

h
e reasons for this decline are not know

n although 
there are several possibilities. 

In
 

1968, the treatm
ent plant installed 

to reduce the 
discharges of '"C

S 
also had the effect of reducing the quantity of 65Z

n in the eflluent 
(M

IT
C

H
E

L
L

, 196913); it m
ay, in addition, have changed the chem

ical form
 of the latter 

nuclide 
and 

hence 
its 

biological 
availability. T

h
e feasibility 

of 
this 

explanation 
is 

reduced by the lack of a coincidence betw
een the change in operational procedures and 

the first m
ajor drop in the norm

alized concentration of6'Z
n in oysters betw

een 1970 and 
1971. T

h
e stock of oysters w

hich is sam
pled is know

n to be in decline U
E

F
F

E
R

IE
S

, pers. 
com

m
.) and the causal stress m

ay also affect the ability of the oyster to accum
ulate zinc. 

It should be noted, how
ever, that oysters in poor condition, i.e. having low

 soft tissue dry 
w

eight for size, have the highest zinc content (P
R

E
S

T
O

N
, 1967). T

h
e zinc concentration 
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Fig. 2- 12: (:oncentrations of 65%
n, 60C

o, an
d

 '-"C
S in oysters 

O
slrea edull~ from

 the B
lackw

ater estuary as a ['unction ol 
distance From

 
the outlall. (A

lier PR
E

ST
O

N
, 1968; C

row
n 

copyright) 

fairly 
uniform

ly distributed w
ithin the estuary, a finding w

hich is consistent w
ith it 

behaving conservatively in the w
ater and becom

ing w
ell m

ixed as predicted by the 
hydrographic studies. In contrast, the concentrations of 65Z

n and 60C
o fall rapidly w

ith 
distance indicating the presence of a sink w

hich prevents dispersion. T
h

e concentration 
of "Z

n 
in oysters from

 S
ite E

, 4
.4

 km
 from

 the outfall but on the north shore of the 
estuary, w

ere m
uch low

er than those in oysters from
 S

ite D
, 9.25 km

 from
 the outfall on 

the southern bank. T
h

is observation could not be reconciled w
ith the activity being 

transported 
in 

the w
ell-m

ixed 
w

ater phase, 
and the presum

ption 
that 

the activity 
becom

es associated w
ith silt particles w

as supported by the finding that W
oodhead 

seabed drifters released at the outfall w
ere transported along the southern shore but not 

across the estuary (P
R

E
S

T
O

N
, 1967). W

ithin the oyster the highest concentration ofb5Z
n 

w
as m

easured in the gills w
hich again suggested that the radionuclide w

as accum
ulated 

in a particulate form
 (P

R
E

S
T

O
N

, 1968). 
A

 sum
m

ary of' the concentrations of a variety of radionuclides in oysters, seaw
eed, 

fish, and sedim
ent from

 the B
lackw

ater estuary is given in T
able 2-1 7. T

h
e d

ata for 1968 
(M

L
T

C
H

E
L

L
, 

1969b) are included because these have previously been used for the pur- 
pose of environm

ental dosim
etry (W

O
O

D
H

E
A

D
, 1973a; IA

E
A

, 1976). M
ore recent d

ata 
(H

U
N

T
, 1979) are given for com

parison and also because m
easurem

ents have been 
m

ade on fish. 

O
ys~er Creek 

A
lthough only 4 radionuclides have been positively identified in the w

aters of B
ar- 

negat B
ay as having originated 

from
 the station, m

any m
ore have been detected in 



Table 2- 17 

Concentration of radionuclides in environmental materials from the Blackwater Estuary, pCi g- ' (mBq g- l) wet weight (Compiled from MITCHELL, 19691, and HUNT, 
1979) 

='Zr- 
Material year 3zp 6SZn s5Fe BoCO l lomA g I3'Cs 1370 9sNb 238pU 239 llOpU 241Am 

Osrrca edulis 

Chelon labrosus 

Sediment 
(on a dry weight basis, 
the drylwet ratio is 
~0.4) 

NA, not analysed; ND, Not detected. 



Table 2- 18 

Concentration of radionuclides in environmental materials from Barnegat Bay, pCi g-  l (mBq g- l )  wet weight (Compiled from BLANCHARD 
and KAHN, 1979) 

Radionuclide 

J'Mn 
5BC0 
60Co 
@OSr 
95Zr 
95Nb 
Io6Ru 
I3'Cs 
'='CS 
"'Ce 
I "Ce 

Sediment 
Fish muscle Clam meat (on a dry weight basis) 

0-2.4 X 10 - ( 0 . 8 9 )  ND 0.15-3.6 (5.6-1 30) 
ND ND ND 

0 - 4 . 4 ~  I O - '  (0-1.6) 1.5 X 10- '-0.25 (0.56-9.3) 0-03-18.6 (1.1490) 
C-2.3 X 10- ( 0 . 8 5 )  ND ND 

ND ND ND 
ND ND ND 

0-5.8 X 10-' (0-2.1) ND ND 
[1.0-6.91 X 10-2 (0.37-2.6) ND 0.04-0.89 (1.5-33) 

0 . 1 2  (04.4)  ND 0.10-1.65 (3.7-61) 
ND ND ND 
ND ND ND 

ND, Not detected 
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2. C
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A
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U

E
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O
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A
D

IO
A

C
T

IV
E

 M
A

T
E

R
IA

L
S (D

. S. W
O

O
D

H
E

A
D

) 

D
 

-
-
-
-
 -
-
-
-
 

B
ockgm

und 
range 

for lo6R
u 

- -
 -
 -
 -

 -
 -
 -
 -
 

0
 

0.1 
-. 

C
 

*- . 

D
lstonce 

from
 

W
indscale 

outfoll (km
) 

F
ig. 2-14: C

oncentrations of Io6Ru and 95Z
r-95N

b in 
P

orplyra as a function ofdistance from
 W

indscale. 
(A

fter PR
E

ST
O

N
 and JE

F
F

E
R

IE
S

, 1969b; P
R

E
S

T
O

N
 

an
d

 co-authors. 197 1; reproduced by perm
ission 

of 
the 

International 
A

tom
ic 

E
nergy 

A
gency; 

C
row

n copyright) 

advective transport of the nuclides along the coast in tidal currents and their m
ore 

w
idespread 

dispersion 
by 

turbulent 
diffusion. O

th
er radionuclides 

have 
also 

been 
m

easured in Porphyra and the d
ata are given in T

able 2- 19 together w
ith that for the brow

n 
seaw

eed F
uus veszGulosus (M

IT
C

H
E

L
L

, 1969b; H
U

N
T

 1979). W
here com

parisons are poss- 
ible, the differences in concentrations betw

een 1968 and 1977 reflect the changes in the 
com

position of the discharge (T
able 2-12). 

T
h

e presence of a sm
all, but locally im

portant inshore fishery, m
ainly for plaice, 

together w
ith increasing discharges of caesium

 radionuclides generated another path- 
w

ay of significance for hum
an exposure. T

h
e m

agnitudes of the annual discharges of 
I3%

s are plotted in F
ig. 2-15 w

ith the corresponding concentrations of the radionuclide 
m

easured in the m
uscle of plaice caught at a reference station w

ithin 5 km
 south of the 

outfall 
(M

IT
C

H
E

L
L

, 
197 la,b, 

1973 
1975, 

1977a)b; H
E

T
H

E
R

IN
G

T
O

N
, 

1976b; H
U

N
T

, 
1979); the norm

alized concentration of Iy7C
s in plaice m

uscle as a function of tim
e is 

show
n in F

ig. 2-16 (JE
FFE

R
IE

S, 
pers. com

m
.) and can be seen to be reasonably stable. 

T
h

e concentrations of other radionuclides w
hich have been m

easured in plaice m
uscle 

are sum
m

arized in T
able 2-20 w

ith additional d
ata for other organism

s of potential 
im

portance as sources of hum
an exposure. A

lthough from
 the hum

an radiological point 
of view

 
it is only the activity in m

uscle (the edible fraction) w
hich is im

portant, the 
internal distributions, of the a-em

itting radionuclides in particular, have a significant 
bearing on the exposure of the organism

s. D
ata of this type for plaice are given in T

able 
2-2 1 (PE

N
T

R
E

A
T

H
 

an
d

 L
O

V
E

T
T

, 
1978). 



Table 2- l9 

Concentration of radionuclides in Porphyra umbilicalis and Fucus vesiculosus rrom the shoreline in the vicinity of Windscale, pCi g- wet (mBq g- l) 
(Compiled from MITCHELL, 1969b and HUNT, 1979) 

Radionuclide Porphyra umbilicalis FUGUS uesiculosus 

1968 1977 1968 1977 

NA, Not analysed 
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O
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O
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A
D

IO
A

C
T

IV
E

 M
A

TER
IA

LS (D
. S

. \V
O

O
D

H
EA

D
) 

Fig. 2-1 5: 
D

ischarges of 
137C

s and concen- 
uations of I3'C

s in plaice flesh as a func- 
tion of 

tim
e. 

(O
riginal from

 data given 
in T

able 2-12; M
IT

C
H

E
L

L
, 1971a,b, 1973, 

1975, 
1977a,b; 

W
O

O
D

H
E

A
D

, 1973a; 
H

E
T

H
E

R
IN

G
T

O
N

, 1976b; H
U
N
T
,
 1979, 

1980 r m
inistry of A

griculture, Fisheries 
and 

Food, 
D

irectorate 
of 

Fisheries 
R

esearch, unpublished) 

T
h

e m
uch increased discharges of '","'C

S 
in recent years and their w

idespread disper- 
sion beyond the confines of the Irish S

ea into the shelf w
aters of northw

estern E
urope (p

. 
1162) have extended the radiological context from

 the lim
itation of individual exposure in 

the coastal com
m

unity of C
um

bria to include the assessm
ent of the collective dose 

equivalent from
 the consum

ption of fish caught in these w
aters. T

his has involved the 
routine radiom

etricanalysis of 
fish sam

pled 
from

 
grounds distant from

 
W

indscale 
(H

E
T

H
E

R
IN

G
T

O
N

, 1976b; H
U

N
T

, 1979; M
IT

C
H

E
L

L
, 1975, 1977a,b). 

Initially, laboratory studies of the accum
ulation of radionuclides by m

arine organism
s 

w
ere m

ade to provide estim
ates of the concentration factors required for critical path 

Fig. 2-16: N
orm

alized concentrations of "7C
s in plaice 

llesh as a function of tim
e. (A

fter PE
N

T
R

E
A

T
H

, 1980; 
reproduced 

by 
perm

ission 
of A

pplied 
Science Pub- 

lishers L
td.; C

row
n copyright) 



Table 2-20 

Concentration of radionuclides in organisms sampled close to Windscale, pCi g- l wet (mBq g- l) (Compiled from MITCHELL, 1969b and HUNT, 1979) 

Plaice 
Pleuronectes 1968 NA N A N A 
platessa 

1977 NA NA NA 

Cod 
Gadu rnorhua 1977 NA 

Crabs 
Cancer 1977 0.23 0.35 0.28 
paguru 

(8.5) (13) (10) 
Lobsters 

Hornarus 1977 ND N D NA 
vulgaris 

Winkles 
Lillorina 1977 1.2 46 0.1 1 
littorea (44) (1.7 X 10" (4.1) 

Mussels 
Mytilus 1977 0.54 9 1 NA 
edulrr (20) (3.4 X lo3) 

NA, Not analysed; ND, Not detected. 



Table 2-21 

Concentration of transuranic nuclides in plaice during 1975-1977, fCig-l wet (pBq g - l ) .  (After PENREATH and LOVETT; 1978; Crown 
copyright; reproduced by permission of Springer-Verlag) 

Muscle 
Bone 
Kidney 
Liver 
Gill 
Skin 
Gut 
Gut contents 

NA, Not analysed. 
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using a single food organism
, the intake of caesium

 from
 food accounted for approsi- 

m
ately 42%

 of the body burden an
d

 that the rate of turnover in m
uscle w

as independent 
of the route of intake (H

E
W

E
T

T
 and JE

F
F

E
R

IE
S

, 
1978). 

S
tudies of G

roup-I plaice caught close to the W
indscale outfall have indicated that the 

accum
ulation of '"C

S 
from

 food is closely correlated w
ith the presence of polychaete 

w
orm

s in the gut. T
his food item

 contained the low
est concentration of '"C

S 
am

ong the 
rem

ains identified but w
as the m

ost com
pletely digested, thus releasing the nuclide for 

absorption across the gut w
all. T

h
e observed variations in the absorption of '"C

S from
 

both 
food and w

ater, the variation in tissue concentrations 
due to grow

th, and the 
changes in the am

bient w
ater concentration of Ij7C

s during the study period suggested 
that any value derived from

 the data from
 the concentration factor w

ould be rather 
arbitrary (P

E
N

T
R

E
A

T
H

 an
d

 JE
F

F
E

R
IE

S
, 197 1 ; P

E
N

T
R

E
A

T
H

 and co-authors, 1973). T
h

e 
value obtained for an

 individual fish w
ould only rarely reflect a state of dynam

ic equilib- 
rium

 betw
een the body burden an

d
 the w

ater concentration at the tim
e and place the 

fish w
as caught. T

hese studies indicate that considerable care is necessary in applying 
concentration factors derived 

from
 sim

ple laboratory experim
ents to environm

ental 
hazard assessm

ents. In
 the context of the W

indscale discharge, laboratory studies have 
em

ployed 
the thornback 

ray as w
ell 

as the plaice 
and radionuclides 

studied 
have 

included 
58C

o, 59F
e, 65Z

n, "O
m

A
g, and 2

3
7

p
~

 
(JE

F
F

E
R

IE
S

 
and H

E
W

E
T

T
, 1971; 

H
E

W
E

T
T

 and JE
F

F
E

R
IE

S
, 1978; P

E
N

T
R

E
A

T
H

, 1973a,b, 1976, 1977b, 1978a,b). 

N
ortheast Atlanlic D

eep Ocean D
isposal Site 

S
om

e very prelim
inary results from

 the analyses of fish sam
pled in 1979 at the north- 

east A
tlantic d

u
m

p
 site have been published by FE

L
D

T
 an

d
 co-authors (1979). B

oth 
"'C

S 
(0.037 to 0.051 

pC
i 

dry w
eight) and '"Sr 

(0-014 pC
i 

dry w
eight) w

ere 
detected in the fish an

d
 w

ould be expected to be present from
 fallout. In

 the absence of 
m

easurem
ents for sim

ilar fish from
 stations rem

ote from
 the d

u
m

p
 site it is difficult to 

assess the significance of these d
ata. It should be noted that the concentration of fallout 

'.''C
S 

in deep ocean w
ater from

 the northeast A
tlantic O

cean has been determ
ined to be 

0.01 to 0.02 pC
i I-' 

(K
A

U
T

S
K

Y
, 1977) and this, together w

ith the assum
ptions of a 

concentration factor of 50 an
d

 a dry/w
et 

ratio of 0
-2

, w
ould 

suggest a fish m
uscle 

concentration of 2.5 to 5.0 X
 10-"C

i 
dry w

eight, an order of m
agnitude less than 

the value observed. G
iven the assum

ptions in this calculation, it w
ould be prem

ature to 
attribute the observed IY

7C
s contam

ination to w
aste disposal but the relevance of further 

investigations is indicated. 

(C
) Interaction w

ith S
edim

ent 

B
lackw

ater E
s~uary 

A
s has already been noted (p

. 1168) the relative extent of the interaction betw
een 

sedim
ent and the radionuclides in the effluent m

ay be inferred from
 the distributions 

w
ithin the estuary of the concentration of the individual radionuclides in the oysters. 

F
ig. 2-12 show

s that the concentrations of 60C
o an

d
 65Z

n in oysters fall m
uch m

ore 
rapidly w

ith 
distance from

 
the outfall 

than 
those for 

IY
7C

s im
plying a scavenging 

m
echanism

 in the estuary for the form
er. A

dditional d
ata indicate that 55Fe behaves 
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Fig. 2- 19: N
orm

alized 
concentrations 

of 
radionuclides 

in 
surface sedim

ent from
 the R

avenglass estuary. (M
inistry of 

A
griculture, Fisheries and Food, D

irectorate of 
Fisheries 

R
esearch, unpublished) 

nuclides for fine sedim
entary m

aterial through either the form
ation of chem

ical species 
w

hich precipitate out o
r nucleate on suspended solids or surface adsorption; at greater 

distances the difference in radioactive half-life betw
een the nuclides is an additional 

factor U
E

FFE
R

IE
S, 1970). T

h
e

 norm
alized concentrations of 95Z

r-95N
b, lo6R

u, I3'C
s, and 

the actinide nuclides '"+
 Pu in surface sedim

ents from
 the R

avenglass estuary 10 km
 

south of the W
indscale pipeline are given in F

ig. 2-19 U
E

F
F

E
R

IE
S

, pers. com
m

.). T
h

e 
greatest variation is show

n by 95Z
r-95N

b, but, overall, the norm
alized concentrations are 

relatively stable w
ith tim

e and there is little evidence of correlated variation. F
or the 

fission product radionuclides, the concentrations have been show
n to follow

 changes in 
the quantity of activity discharged w

ith a response tim
e 

betw
een 

1 and 3 m
onths 

(H
E

T
H

E
R

IN
G

T
O

N
 and JE

F
F

E
R

IE
S

, 
1974). 

A
lthough the y-dose rate over sedim

ent correlates very w
ell w

ith the concentrations of 
95Z

r-95N
b an

d
 '06R

u in the surface layer U
E

F
F

E
R

IE
S

, 1968, 1970; PR
ESTO

N
, 

1972), the 
activity in deeper layers also contributes to the dose rate and inform

ation on the varia- 
tion of the concentration w

ith depth is required. F
ig. 2-20 show

s the average m
easured 

depth distributions of fission products in m
ud cores taken from

 the R
avenglass estuary 

betw
een 

1967 an
d

 1973. T
h

e profiles are m
ost sim

ply described by an
 equation of the 

form
 

w
here A

, and A
, are the volum

e concentrations of the nuclide at the surface and depth 2 
respectively and 

is the depth at w
hich the concentration has fallen to 0.5A

0. T
h

e 
derived half-value depths are tabulated in F

ig. 2-20. Inclusion of the variation of the 
concentration of activity w

ith depth in the sedim
ent in a predictive m

odel has produced 
good agreem

ent w
ith the m

easured y-ray dose rates over contam
inated m

ud flats in the 
R

avenglass estuary U
E

F
F

E
R

IE
S

, 1970). 
It m

ay be reasonably assum
ed that the tw

o caesium
 isotopes behave identically both 

in respect of diffusion and their chem
ical and physical interactions w

ith sedim
ent par- 

ticles. T
herefore, the difference betw

een the tw
o concentration profiles for these nuclides 
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long-term
 processes could result in significant release back into the w

ater colum
n and 

hence the possibility of a greater potential for hum
an exposure. T

his m
ay not necessarily 

be true for the longer-lived nuclides and it is in this context that the behaviour of the 
U

-em
itting actinides has been investigated. 

H
E

T
H

E
R

IS
G

T
O

N
 

and co-authors ( 1975) concluded-on 
the basis of a plutonium

 
inventory in the w

aters of the Irish S
ea, the annual discharges and an estim

ate of one 
year for the turnover half-tim

e of the w
ater in the Irish S

ea-that 
96%

 of the plutonium
 

input from
 W

indscale is rapidly rem
oved to the sedim

ent in the im
m

ediate vicinity of the 
pipeline. T

h
e extent of the affinity of plutonium

 
for sedim

ent, as indicated 
by 

the 
concentration factor, is dependent on the particle size distribution, w

ith finer-grained 
sedim

ents show
ing higher values. A

fter allow
ing for the different natures of the sedi- 

m
ents there appeared to be little variation in the m

easured concentration factor w
ith 

distance from
 the outfall. It w

as concluded, therefore, that although the plutonium
 in 

the em
uent is rem

oved to the sedim
ent very rapidly, it is then transported out of the 

im
m

ediate vicinity in association w
ith m

obile sedim
entary particles. A

part from
 the 

observed correlation betw
een the activity per gram

 of sedim
ent an

d
 the specific area 

there appeared to be no preferential association of the plutonium
 w

ith either particular 
m

ineral fractions of the sedim
ent or the organic com

ponent i.e. the accum
ulation is a 

surface adsorption phenom
enon 

(H
E

T
H

E
R

IN
G

T
O

N
 and co-authors, 1975; H

E
T

H
E

R
IN

G
- 

T
O

N
, 1976a; 1978). F

ig. 2- 19 includes the norm
alized concentrations of 

2'9t "" Pu 
in 

surface sedim
ent from

 the R
avenglass estuary as a function of tim

e; the overall variation 
is less than a factor of 2 and there is no indication of a build-up of the nuclides despite 
increasing rates of discharge and long physical half-lives. 

T
h

e distribution of the plutonium
 w

ith depth in the sedim
ent has been investigated to 

determ
ine w

hether the elem
ent is fixed or show

s evidence of m
obility. T

h
e profiles of 

plutonium
 concentration w

ith depth have, at certain sites, been show
n to be exponential 

(see for exam
ple F

ig. 2-21a) and very sim
ilar to those of "'C

S; 
the m

ain difference being 
that the plutonium

 show
s a slightly greater penetration. In

 view
 of the very different 

chem
ical properties w

hich w
ould be predicted for these tw

o elem
ents in the circum

- 
stances, it w

as concluded that the observed sim
ilarity in the sedim

ent profiles could not 
be reconciled w

ith a process of m
olecular diffusion and sorption-desorption 

reactions. It 
w

as accepted, how
ever, that if other d

ata indicated that this process did play a signifi- 
cant role in determ

ining the distribution then it w
ould be im

portant evidence as to the 
actual (as opposed to predicted) chem

ical state of plutonium
 in the m

arine environm
ent. 

T
h

e observed profiles are com
patible w

ith both biological rew
orking of the sedim

ent and 
the process ofcontinuing sedim

entation. F
urther studies of the variation of the 2

"9
2

w
P

~
 

: "'Pu 
activity ratio w

ith depth in the cores have provided support for the interpretation 
that sedim

entation is the prim
ary 

m
echanism

 
leading to the incorporation of these 

nuclides into the seabed 
in 

these 
areas. A

s 
fuel elem

ents w
ith 

progressively 
longer 

irradiation 
tim

es have been 
processed, 

the activity ratio in 
the effluent has fallen. 

A
lthough there w

as no direct inform
ation on the ratio in the discharges the change w

ith 
tim

e has been assum
ed to be reflected in the activity ratio m

easured annually in bulked 
surface sedim

ent sam
pled m

onthly from
 the R

avenglass estuary. T
h

e d
ata are given in 

T
able 2-22. T

herefore, it w
as assum

ed that the activity ratio at a point in a core fixed, by 
com

parison w
ith the d

ata in T
ab

le 2-22, the tim
e at w

hich the sedim
ent w

as labelled and 
deposited. Fig. 2-21 b show

s the activity ratio profile for a core an
d

 the d
ata from

 T
able 

2-22 plotted on a linear tim
e scale adjusted by a process of trial and error to give the best 

fit. F
rom

 this a m
ean sedim

entation rate of 25 m
m

 a-' over the 8 yr period w
as deduced 
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T
here is, how

ever, som
e evidence that this neat picture does not tell the w

hole story. 
T

h
e finding of relatively uniform

 activity ratio profiles in other cores (even from
 the 

sam
e station as the exam

ple given in F
ig. 2-21 b) indicates m

ixing to a depth of at least 
55 cm

 (H
E

T
H

E
R

IN
G

T
O

N
, 

1976a; P
E

N
T

R
E

A
T

H
 

and co-authors, 1980a). It w
as suggested 

that the use of a gravity barrel corer to obtain longer cores m
ight have resulted in the 

spread of plutonium
 from

 the surface to the deeper segm
ents through the coring action, 

and hence produced a uniform
 activity ratio profile (H

E
T

H
E

R
IN

G
T

O
N

, 
1976a). If it is 

assum
ed 

that 
the 

in 
situ 

activity 
ratio 

profile 
for 

the 
gravity 

core 
studied 

by 
H

E
T

H
E

R
IN

G
T

O
N

 
(1976a) w

as sim
ilar to that given in F

ig. 2-21b (from
 the sam

e station) 
then the reduced activity ratio observed at depth requires a greater input of u

v
u

 relative 
to 239+

240P
~

. 
T

h
u

s a m
echanism

 m
ust be proposed for the selective transport of '"Pu 

and 
the coring action does not seem

 
to be an acceptable explanation. In addition, the 

transfer of plutonium
 dow

nw
ard w

ould increase the apparent penetration w
hereas the 

half-value depth for the gravity core is substantially less than that for the R
eineck box 

core obtained at the sam
e site (F

ig. 2-21a). A
lthough it is clear that undisturbed profiles 

are present in the sedim
ent, the question of w

hether disturbed profiles are an artefact of 
the sam

pling technique or the product of natural processes, such as resuspension and 
sedim

entation or biological rew
orking rem

ains to be answ
ered. T

h
e undisturbed profiles 

indicate that at least part of the plutonium
 discharged to the Irish S

ea has rem
ained 

im
m

obilized in sedim
ent for periods of years. 

A
lthough the preservation of the activity ratio profiles is strong circum

stantial evi- 
dence for the retention of the plutonium

 w
ithin the sedim

ent colum
n in a stable state, 

only analyses of interstitial w
ater can dem

onstrate the existence of conditions necessary 
for, an

d
 the extent of, m

ovem
ent w

ithin the colum
n. P

relim
inary results have indicated 

that only a very sm
all fraction (<

0.01%
) 

of the plutonium
 in the sedim

ent colum
n is 

present in the pore w
ater and, therefore, available for redistribution. A

part from
 the 

surface layer, the concentrations of plutonium
 in interstitial w

ater extracted from
 tw

o 
estuarine cores show

ed no variation w
ith depth w

ithin the lim
its of the analytical errors; 

thus the conditions required for diffusive transport are apparently absent. T
h

e m
easured 

2'39 + 2
.

1
0

~
~

 
: 2

3
s

P
~

 
activity ratio in the pore w

ater also did not vary significantly w
ith depth 

in m
arked contrast to the increase w

ith depth found in the solid phase. T
h

e ratio in the 
pore w

ater w
as found to be sim

ilar to that in the overlying w
ater, as w

as the concentra- 
[ion of LJ9 + 2

t0
 P

u. It w
as concluded, therefore, that the plutonium

 in the pore w
ater w

as 
m

ore representative of that in the overlying w
ater than that adsorbed in the sedim

ent 
and that there w

as no evidence for the rem
obilization of plutonium

 in these estuarine 
sedim

ents (H
E

T
H

E
R

IN
G

T
O

N
, 

1978). O
nce again, this description m

ay be oversim
plified. 

P
relim

inary studies have been m
ade of the chem

ical form
 of plutonium

 in the interstitial 
w

ater obtained from
 a m

arine core (P
E

N
T

R
E

A
T

H
 

and co-authors, 1980a). In the surface 
layer the higher oxidation states, Pu 

(V
 + V

I), predom
inate, as is the case in the 

overlying w
ater, but the situation is com

pletely reversed in the deeper layers w
here the 

plutonium
 is m

ainly in the m
uch less m

obile, low
er oxidation states, Pu (111 + IV

) 
(N

E
L

S
O

N
 and L

O
V

E
T

T
, 1978). T

h
u

s it appears that, for m
arine, as opposed to estuarine, 

sedim
ents, the plutonium

 in the interstitial w
ater m

ay not be representative of that in 
the overlying w

ater. T
h

e m
arine geochem

istry of plutonium
 

is obviously extrem
ely 

com
plex an

d
 the present d

ata base is far too sm
all to perm

it firm
 conclusions. T

here is 
still m

uch to be learned from
 the northeast Irish S

ea before an unqualified assessm
ent 

can be m
ade of the long-term

 behaviour of plutonium
. 
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2. C

O
N

T
A

M
IN

A
T

IO
N

 D
U

E
 T

O
 R

A
D

IO
A

C
T

IV
E

 M
A

T
E

R
IA

L
S (D

. S. L
V

O
O

D
H

E
A

D
) 

T
able 2-23 

P
re-operational assessm

ent of the environm
ental capacity of the B

lackw
ater estuary for 65Z

n (B
ased 

on P
R

E
S

T
O

N
, 

1966; reproduced by perm
ission of the International A

tom
ic E

nergy A
gency; C

row
n 

copyright) 

Input rate of 65Z
n: 

H
igh w

ater volum
e of estuary 

above station: 1.1.2 
X

 101 1; 
E

xchange rate w
ith sea: 

L
 

=
 3%

 p
er tide; 

.', dilution volum
e is 

~
r
 

7 X
 109 1 

l
 

E
quilibrium

 w
ater 

concentration in the 
tidal stretch: 

C
oncentration factor for zinc in 

oyster flesh: 105 

E
quilibrium

 concentra- 
tion in oyster flesh: 

O
yster flesh consum

ption rate 
from

 habits survey: 30 g d
- l 

L
 l
 

D
aily intake of 65Z

n: 

M
axim

um
 perm

issible daily intake 
of 

5Z
n for w

hole body as 
critical organ, as recom

m
ended by 

L
 

IC
R

P
: 2.2 

X
 

105 pC
i (8-1 X

 
103 B

q): 
v 

~
stim

ated
 environm

ental 
capacity, or m

axim
um

 
perm

issible discharge 
rate: 

0.5 C
i d - 

(1.9 X
 

10'"B
q d

-l) 
[I82 C

i a
-' 

(6.75 T
B

q a
- l)] 

~
u

th
o

rized
 discharge 

rate: 
5

C
ia

-l 
(0-19 T

B
q a

-') 

underline the advisability of setting conservative authorizations and also the need for reg- 
ular re-evaluation of the d

ata required for the assessm
ent of the environm

ental capacity 
(P

R
E

ST
O

N
, 

1966). T
h

e accum
ulation of m

onitoring data, w
hich w

as not confined to the 
analysis of6'Z

n in oysters, allow
ed a revised authorization to be issued. T

h
e lim

it on 65Z
n 

w
as retained, but w

ithin a total lim
it of 200 C

i a-' (7
-4

 T
B

q a-') for all radionuclides 
excluding tritium

 w
hich w

as separately restricted to 1500 C
i a-' (56 T

B
q a

-'). T
his 



EX
TE

N
T 

O
F' 

H
U

M
A

N
 E

X
P

O
S

U
R

E
 

au
th

or
iz

at
io

n 
re

m
ai

ns
 i

n 
fo

rc
e 

(H
U

N
T

, 1
98

0)
, a

nd
-a

s 
ca

n 
be

 s
ee

n 
fr

om
 T

ab
le

 2
-1

0-
 

th
e 

an
nu

al
 d

is
ch

ar
ge

s 
to

 t
he

 e
st

ua
ry

 h
av

e 
re

m
ai

ne
d 

w
el

l 
w

it
hi

n 
th

e 
pr

es
cr

ib
ed

 l
im

it
s.

 
T

h
e 

cr
it

ic
al

 g
ro

up
 w

hi
ch

 h
as

 b
ee

n 
id

en
ti

fi
ed

 f
or

 t
he

 d
is

ch
ar

ge
 t

o 
th

e 
es

tu
ar

y 
is

 m
ad

e 
up

 o
f 

50
 f

is
he

rm
en

 (
P

R
E

S
T

O
N

, 19
71

),
 a

nd
 t

he
ir

 e
st

im
at

ed
 e

xp
os

ur
e 

ba
se

d 
on

 a
n

 o
ys

te
r 

fl
es

h 
co

ns
um

pt
io

n 
ra

te
 o

f 
75

 g
 d

-l
 i

s 
su

m
m

ar
iz

ed
 i

n 
T

ab
le

 2
-2

4.
 T

h
e 

co
nc

en
tr

at
io

ns
 o

f 
ra

di
on

uc
li

de
s 

in
 o

ys
te

r 
fl

es
h 

gi
ve

n 
in

 
th

is
 t

ab
le

 a
re

 t
ho

se
 w

hi
ch

 w
er

e 
m

ea
su

re
d 

in
 

an
im

al
s 

ha
rv

es
te

d 
fr

om
 t

he
 c

om
m

er
ci

al
 b

ed
 n

ea
re

st
 t

o 
th

e 
o

u
th

ll
 (

M
IT

C
H

E
L

L
, 19

69
b;

 
H

L
N

'I
.,

 19
79

).
 T

h
e 

va
lu

es
 f

or
 1

96
8 

ar
e 

le
ss

 t
ha

n 
th

e 
co

rr
es

po
nd

in
g 

d
at

a 
gi

ve
n 

in
 T

ab
le

 
2-

1 
7 

be
ca

us
e 

th
e 

la
tt

er
 w

er
e 

de
te

rm
in

ed
 f

or
 o

ys
te

rs
 s

pe
ci

fi
ca

ll
y 

la
id

 o
n

 t
he

 b
ar

ri
er

 w
al

l 
ad

ja
ce

nt
 t

o 
th

e 
di

sc
ha

rg
e 

as
 p

ar
t 

o
fa

 re
se

ar
ch

 p
ro

gr
am

m
e 

an
d 

no
t,

 t
he

re
fo

re
, 

av
ai

la
bl

e 
So

r 
co

ns
um

pt
io

n.
 F

or
 1

96
8 

it 
ca

n 
be

 s
ee

n 
th

at
 "

Z
n 

on
ly

 r
et

ai
ns

 it
s 

po
si

ti
on

 a
s 

th
e 

cr
it

ic
al

 
ra

di
on

uc
li

de
 b

y 
a 

ve
ry

 s
m

al
l 

m
ar

gi
n 

re
la

ti
ve

 
to

 I
s7

C
s.

 T
h

e 
w

ho
le

 b
od

y 
re

m
ai

ns
 t

he
 

cr
it

ic
al

 o
rg

an
 b

ut
 t

he
re

 i
s 

al
so

 e
nh

an
ce

d 
ex

po
su

re
 o

f 
sp

ec
if

ic
 t

is
su

es
; 

th
e 

es
ti

m
at

ed
 

ex
po

su
re

 o
f 

bo
ne

 i
s 

gi
\,

en
 a

s 
an

 e
xa

m
pl

e.
 T

h
e 

in
cr

ea
si

ng
 p

ro
po

rt
io

ns
 o

f 
""

C
S 

an
d 

"'
C

S 
in

 
th

e 
ef

fl
ue

nt
 n

ec
es

si
ta

te
d 

th
e 

in
st

al
la

ti
on

 o
f f

ur
th

er
 i

on
-e

xc
ha

ng
e 

ca
pa

ci
ty

 d
ur

in
g 

th
e 

ye
ar

 
to

 k
ee

p 
th

e 
to

ta
l 

qu
an

ti
ty

 o
f 

ra
di

on
uc

li
de

s 
di

sc
ha

rg
ed

 w
it

hi
n 

th
e 

au
th

or
iz

at
io

n 
(M

IT
C

H
- 

EL
L,

 1
96

9b
).

 T
h

is
 m

ea
su

re
 w

as
 e

ff
ec

tiv
e 

an
d,

 i
nc

id
en

ta
ll

y,
 a

ls
o 

re
du

ce
d 

th
e 

qu
an

ti
ty

 o
f 

"Z
n 

di
sc

ha
rg

ed
. 

It
 d

id
 n

ot
, h

ow
ev

er
, i

nf
lu

en
ce

 t
he

 c
on

ce
nt

ra
ti

on
 o

f 
'"

"
~

g
 in

 t
he

 e
m

ue
nt

 
an

d
 th

is
 i

nc
re

as
ed

 u
nt

il
, 

in
 1

97
0,

 th
e 

pr
es

en
ce

 o
f 

th
is

 r
ad

io
nu

cl
id

e 
in

 o
ys

te
rs

, 
re

su
lt

in
g 

in
 

th
e 

ir
ra

di
at

io
n 

of
 t

he
 g

as
tr

oi
nt

es
ti

na
l 

tr
ac

t 
of

 t
he

 f
is

he
rm

en
, 

co
ns

ti
tu

te
d 

a 
ne

w
 c

ri
ti

ca
l 

pa
th

w
ay

 
(M

IT
'C

H
E

L
L

, 19
71

b)
. 

D
ur

in
g 

19
72

 a
nd

 
19

73
 f

ur
th

er
 e

ff
or

ts
 w

er
e 

m
ad

e 
to

 
m

in
im

iz
e 

th
e 

di
sc

ha
rg

es
 ~

f
~

~
Z

n
,

 
"

O
"

A
~

, a
nd

 ''
'C

S;
 t

he
se

 w
er

e 
su

cc
es

sf
ul

 a
n

d
 b

y 
19

75
 th

e 
3 

nu
cl

id
es

, 
th

ro
ug

h 
th

ei
r 

ac
cu

m
ul

at
io

n 
by

 o
ys

te
rs

, 
ha

d 
si

m
il

ar
, 

ve
ry

 l
ow

 r
ad

io
lo

gi
ca

l 
si

gn
if

ic
an

ce
. 

In
cr

ea
se

d 
fi

sh
in

g 
ef

fo
rt

 i
n 

th
e 

es
tu

ar
y 

an
d 

th
e 

lo
ca

l 
co

ns
um

pt
io

n 
of

 t
he

 f
is

h 
co

nt
am

in
at

ed
 w

it
h 

'"
C

S
 a

n
d

 "
'C

S 
(t

he
 l

at
te

r 
pa

rt
ly

 d
er

iv
ed

 f
ro

m
 t

he
 W

in
ds

ca
le

 d
is

- 
ch

ar
ge

, s
ee

 F
ig

. 2
- 1

0)
 g

en
er

at
ed

 a
 f

ur
th

er
, n

ew
, c

ri
ti

ca
l p

at
hw

ay
 w

it
h 

a
n

 e
st

im
at

ed
 w

ho
le

 
bo

dy
 e

xp
os

ur
e 

in
 t

he
 c

ri
ti

ca
l 

gr
ou

p 
of

 f
is

he
rm

en
 o

f 
2.

1 
m

re
m

 a
-'

 o
r 

0.
4%

 o
f 

th
e 

IC
R

P
 

re
co

m
m

en
de

d 
li

m
it

  
IT

CH
EL

L 
EL

L,
 1

97
8)

. 
O

ve
ra

ll
, 

it
 c

an
 b

e 
se

en
 t

ha
t 

th
e 

in
cr

ea
se

d 
ra

di
at

io
n 

ex
po

su
re

 d
u

e 
to

 t
he

 d
is

ch
ar

ge
 i

s 
m

in
im

al
 a

nd
 i

t 
m

ay
 b

e 
co

nc
lu

de
d 

th
at

 t
he

 c
on

tr
ol

 m
ea

su
re

s 
ap

pl
ie

d 
ar

e 
qu

it
e 

ad
eq

ua
te

 
to

 p
ro

te
ct

 h
un

ia
n 

he
al

th
. 

(b
) 

O
ys

te
r 

C
re

ek
 

T
h

is
 d

is
ch

ar
ge

 i
s 

co
nt

ro
ll

ed
 b

y 
co

m
pl

yi
ng

 w
it

h 
li

m
it

s 
on

 t
he

 c
on

ce
nt

ra
ti

on
s 

of
 i

nd
i-

 
vi

du
al

 r
ad

io
nu

cl
id

es
 i

n 
th

e 
ef

fl
ue

nt
 a

t 
th

e 
po

in
t 

w
he

re
 i

t 
en

te
rs

 t
il

e 
en

vi
ro

nm
en

t.
 T

h
e

 
li

m
it

s 
ar

e 
se

t 
by

 t
he

 U
S

 G
ov

er
nm

en
t 

(,
4N

O
N

, 
19

65
; 

P
A

R
K

E
R

, 19
65

) 
an

d
, 

in
 g

en
er

al
, 

co
rr

es
po

nd
 t

o 
on

e-
te

nt
h 

of
 t

he
 r

na
xi

m
un

i 
pe

rm
is

si
bl

e 
co

nc
en

tr
at

io
ns

 i
n 

dr
in

ki
ng

 w
at

er
 

re
co

m
m

en
de

d 
by

 t
he

 I
C

R
P

 f
or

 c
on

ti
nu

ou
s 

oc
cu

pa
ti

on
al

 e
xp

os
ur

e 
(I

C
R

P
, 

19
60

, 
19

64
).

 
A

t 
O

ys
te

r 
C

re
ek

 t
he

 w
as

te
 i

s 
m

ix
ed

 i
nt

o 
th

e 
co

nd
en

se
r 

co
ol

in
g 

w
at

er
 a

n
d

 it
 i

s,
 t

he
re

fo
re

, 
th

e 
co

nc
en

tr
at

io
ns

 o
f 

th
e 

ra
di

on
uc

li
de

s 
in

 t
he

 d
is

ch
ar

ge
 c

an
al

 w
hi

ch
 m

us
t 

be
 m

ai
nt

ai
ne

d 
w

it
hi

n 
th

e 
pr

es
cr

ib
ed

 l
im

it
s.

 A
 k

no
w

le
dg

e 
of

 t
he

 a
nn

ua
l 

co
ol

in
g 

w
at

er
 f

lo
w

 a
ll

ow
s 

th
e 

co
nc

en
tr

at
io

n 
li

m
it

s 
to

 b
e 

co
nv

er
te

d 
in

to
 to

ta
l q

ua
nt

it
ie

s 
of

 a
ct

iv
it

y.
 C

er
ta

in
 v

al
ue

s 
of

 th
e 

an
nu

al
 d

is
ch

ar
ge

 l
im

it
s 

ob
ta

in
ed

 f
or

 O
ys

te
r 

C
re

ek
, 

as
 g

iv
en

 b
y 

B
L

A
N

C
H

A
R

D
 an

d
 c

o-
 

au
th

or
s 

(1
97

6)
, a

re
 li

st
ed

 i
n 

T
ab

le
 2

-2
5 

an
d

 m
ay

 b
e 

co
m

pa
re

d 
w

it
h 

th
e 

re
po

rt
ed

 a
nn

ua
l 

di
sc

ha
rg

es
 s

um
m

ar
iz

ed
 i

n 
T

ab
le

 2
-1

 1
. T

hi
s 

sh
ow

s 
th

at
, 

pr
ov

id
ed

 t
ha

t 
th

e 
w

as
te

 w
as

 
re

le
as

ed
 t

o 
th

e 
co

ol
in

g 
w

at
er

 d
is

ch
ar

ge
 o

ve
r 

a 
re

as
on

ab
le

 p
er

io
d 

of
 t

im
e 

so
 a

s 
to

 o
bt

ai
n 



Table 2-24 
S 

Estimated potential exposure of the critical group of fishermen eating oysters harvested from the Blackwater estuary (Original; based on data 21 
M 

given MITCHELL 1969b and HUNT, 1979) 7: 

Organ exposed 
ICRP dose 
limit (mrem a-  l )  

Whole body 

500 
Maximum hlaximum 
permissible permissible 

Concentration in oyster Estimated daily daily intake Estimated resultant daily intake Estimated resultant 
flesh (pCi g- ') intake (pCi) (pCi) exposure (mrem a -  l )  (pCi) exposure (mrem a -  l )  

Bone 

3000 

Radionuclide 1968 1977 1968 1977 1968 1977 1968 1977 

3 2 P  9.7 X 10-2 7.28 1.98 X 105 1.84 X 10-2 - 4.40 X 10' 4.96 X 10-I - 

65Zn 3.0 5.1 X 10-I 225 38.3 2-20 X 10' 5.1 1 X 10- 8.70 X 10-p 2.20 X 106 3.06 X 10- 5.22 X l O - '  
5'Fe 1.1 X 10-I 8.25 - 4.40 X 106 9 . 3 8 ~  10-4 - 8 . 8 0 ~  10' 2.82 X 10-' 
6 0 C ~  4.3 X 10-> - 3.23 2.20 X lo5 7.34 X I O - ~  - 
l l OmA g 2.8 X 10-' 4.0 X 10- l  21.0 3.00 1.54 X 10' 6.82 X 10-* 9.74 X 10-5 4.40 X 10' 1.43 X 10-a 2.04 X 10-4 
I3'Cs 4 . 0 ~ 1 0 - ~  I . O X I O - ~  30.0 7.50 3.08 X 10' 4.87 X 10-' 1.22 X 10-I 1.10 X 105 8.18 X 10-' 2.04 X 10-I 
23sPu - 8.6 X 10-5 - 6.45 X 10-3 8 . 8 0 ~  10' 3.66 X 10- '  1.10 X 10' 1.76 X 1 0 - ~  
299+240pu - 3.7 X l o - '  - 2.78 X 10-' 6.60 X 10' 2.11 X 10-' 1.10 X 10' 7.58 X 10-3 
? + ' A m  - 6.8 X 10-' - 5.10 X 10-2 2.20 X 10' - 1.16 X 10-' 1.10 X 10' 1.39 X IO-? 
Total estimated 

exposure 
(mrem a - ) )  1.03 0.2 1 1.62 0.14 
of recommended 

l imit 0.2 0.04 0-05 0.01 
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Table  2-26 

Estimated potential exposure of the general public in the vicinity of the Oyster Creek generating station (Original; based on data  given by BLANCHARD 
and co-authors, 1976; BLANCHARD and KAHN, 1979) 

Organ exposed 
ICRP dose limit 

(mrem a - ' )  

Whole body Bone 

500 3000 
Maximum Maximum 

Concentration in the Estimated daily intake permissible Estimated resultant permissible Estimated resul~ant 
Radio- organism (pCig- l )  (PC;) daily intake exposed (mrern a- l) daily intake exposed (mrem a -  l) 

Source of exposure nuclide Calculated Measured Calculated Measured (pCi) Calculated  measured (pCi) Calculated Measured 

Internal 
Fish consumption '?P 1.6 <2.0 X 10- ' 92 < 12 1.98 X 105 2.3 X 10-I <3.0 X IO-'  4.40 X 10' 6.3 <8,2 X 10-' 

at 21 kg a - '  L5Fe 1.5 <8-0 X 10-' 86 <4.6 4.40 X 106 9.8 X 10-3 <5.2 X 10-' 8.8 X 106 2.9 X 10-? < 1-6 X 10-3 
WO 7.6 X 1 0 - ~  6-0 X 10-' 4.4 3.5 X 10-1 2.20 X 10' 1.0 X I O - ?  8.0 X 10-4 - -. 

61Zn 3.0 X 10-l <3.0 X 10-? 1.7 <1.7 2.20 X 10) 3.9 X 10-3 <3.9 X 10-3 2.20 X 106 2.3 X 10-' <2.3 X 10-' 
'OSr 6.0 X 10-' 2.3 X 10-3 3.5 X 10-3 1.3 X 10-' 1.54 X 103 1.1 X 10-3 4.2 X 10-l 8.80 X 102 1.2 X 10-? 4.4 X 10-I 
'3'1 2.6 X 10-S 12 .0  X 10-' 1.5 X 10-I < 1.2 4.40 X 105 1.7 X 10-' < 1.4 X 10-' - 

"'CS 3.3 X 10-2 3.0 X 10-' 1.9 1.7 3.08 X 10' 3.1 X 10-? 2.8 X 10-' 1.10 X 105 5.2 X 10-' 4.6 X 10-2 
Total estimated 

exposure (mrern a -  l )  2.9 X 10-' <1.1 X 10-I 6.4 < 1.3 

recommended 
limit 0.06 < 0.02 0.2 1 < 0.04 

- 
P 

Shellfish consumption 3 2 P  1.7 < 0.4 23 <5.5 1.98 X 10' 5.8 X 10-2 < 1.4 X 10-' 4.40 X 10' 1.6 13 .8  X 10-I 
at 5 kg a - '  55Fe 9.8 <0.1 130 ~ 1 . 4  4.40 X 106 1.5 X 10-2 <I.6 X 10-* 8.80 X 106 4-4 X 10-z <4.8 X 10-' 

60Co 7-6 X 10-I 1.8 X 10-I 10 2.5 2.20 X lo5 2.3 X 10-? 5.7 X 10-' - - 

6'Zn 4.2 <2.5 X 10-? 58 <3.4 X 10-' 2.20 X 1 0 V . 3  X 10-I < 7 . 7  X 10-' 2.20 X 10' 7.9 X 10-l <4.6 X 10-' 
O0Sr 6.0 X 10-' <1.2 X 10-l 8.2 X 10-S < I . 6  X 10-I 1.54 X 103 2.7 X 10-S <5.2 X 10-2 8.80 X 102 2.8 X 10-P <5.5 X 10-' 
I 1.3 X 10-2 <2.0 X 10-2 1.8 X 10-l <2.7 X 10-I 4.40 X 105 2.0 X 10-' <3.1 X 10-' - 

"'CS 2.0 X 10-' 3.0 X 10-l 2.7 X 10-' 4.1 X 10-' 3.08 X 10' 4.4 X 10-3 6.7 X 10-' 1.10 X 105 7.4 X 10-S 1.1 X 10-' 
Total estimated 

exposure (mrem a - ' )  2.3 X 10-' 7.9 X 10-2 1.7 9.3 X 10- '  

recommended 
limit 0.05 0.02 0.06 0.03 

P P - - P 
- 
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Table 2-27 

Constraints on the Windscale discharge imposed by the Porphyra/laverbread critical pathway (Original) 

Organ or tissue 
exposed Radionuclide 

C 

Environmental 
Maximum 

Concentration in permissible 
seaweed for a daily intake 

discharge of 103 (ICRP, 1960, 
Ci month- l 1964) 

(PC; g-  ' 1  (PC;) 

Maximum capacity or 
permissible maximum 

concentration in permissible 
seaweed, discharge rate 

@/B01 (c/a X 1.2 X 10') 
( P C ~  g - 1 )  (Ci a - l )  

Authorized discharge rate 
(Ci a - ' )  

W hole body '-''CS 
Lower large Io6Ru 
intestine Io3Ru 

95Zr-95Nb 
(at activity 
ratio 1.0) 
91Y + RE* 

"'Ce 
90Sr 

Total a- 
activity 

(as 2 3 9 P ~ j  

Bone 

Total &activity 
limited 
to 
3.0 X 105 

* R E  represenls the rare earth radionuclides, principally ''7Pm; the maximum permissible daily intake is that for 91Y, the more restrictive of the two. 
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 b
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 c
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 c
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 d
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ad
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ra
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 f
ra
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 b
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 p
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 d
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w
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e 
ot

he
r 

ra
di

on
uc

li
de

s 
w

hi
ch

 a
re

 a
cc

um
ul

at
ed

 b
y 

th
e 

se
aw

ee
d 

al
so

 c
on

tr
ib

ut
e 

to
 t

he
 i

rr
ad

ia
ti

on
 o

f 
th

e 
gu

t.
 T

he
re

fo
re

, 
th

e 
to

ta
l 

ac
ti

vi
ty

 d
is

ch
ar

ge
d 

ca
nn

ot
 b

e 
th

e 
su

m
 o

f 
th

e 
pe

rm
is

si
bl

e 
di

sc
ha

rg
es

 f
or

 t
he

 i
nd

iv
id

ua
l 

ra
di

on
uc

li
de

s.
 T

h
is

 
ci

rc
um

st
an

ce
 c

an
 b

e 
co

nt
ro

ll
ed

 b
y 

re
qu

ir
in

g 
co

nf
or

m
it

y 
w

it
h 

an
 in

eq
ua

li
ty

 e
xp

re
ss

io
n 

of
 

th
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 D
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 m
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ra
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 b
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 b
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 c
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2. C

O
N

TA
M

IK
A

TIO
N

 D
U

E TO
 R

A
D

IO
A

C
TIV

E M
A

TER
IA

LS (D
. S. iV

O
O

D
H

EA
D

) 

rem
ainder can be grouped together into a 'total B

-activity' 
term

. T
h

is allow
s consider- 

able sim
plification of the expression, and the lim

itation im
posed on the discharge over a 

period of a calender quarter is: 

C
i '06R

u discharged 
C

i Iw
C

e discharged 
C

i total B
-activity discharged 

+ 
+ 

1.5 X
 104 

9 X
 lot 

3 X
 loi 

1 

(P
R

E
S

T
O

N
, 1971). F

or Io6R
u and ""C

e the denom
inators are (w

ith rounding) one-quarter 
of the annual environm

ental capacities given in C
olum

n 6 o
fT

ab
le 2-27. O

f the rem
ain- 

ing p-em
itting radionuclides, ''Y

 + R
E

 has the sm
allest environm

ental capacity based 
on irradiation of the gut, i.e. it is the m

ost restrictive; therefore, a com
pletely conserva- 

tive approach w
ould dictate the adoption of 2.2 

X
 105 for the denom

inator of the total 
B

-activity term
. H

ow
ever, it is know

n that "
Y

 + R
E

 constitute only a sm
all proportion 

of the activity in the w
aste (IA

E
A

, 1976) and the value of 3 
X

 105 em
ployed is m

ore than 
adequate to provide protection from

 "Y + R
E

 and is conservative for the other radio- 
nuclides. In

 a sense, discussion of this value is academ
ic because the total B

-activity 
is the subject of a separate, and low

er lim
it d

u
e to the accum

ulation of the radionuclides, 
particularly g5Z

r-9iN
b, by sedim

ent and the consequent exposure of people on the m
ud 

banks and beaches of the R
avenglass E

stuary. T
h

e authorized lim
it is 3 X

 105 C
i a-' 

based on 95Z
r-95N

b (and is conservative for the other radionuclides) and m
eans that the 

gut dose from
 the total B

-activity could not be greater than a fraction of the appropriate 
lim

it even in the unlikely event of all the exposure being d
u

e to these nuclides being 
discharged at the lim

iting rates. 
A

lthough the discharge at W
indscale has been restricted prim

arily on the basis of the 
P

orphyrallaverbread pathw
ay and secondarily through considerations of external expos- 

ure over m
ud banks in the R

avenglass estuary, there are tw
o further pathw

ays, involving 
the consum

ption of fish an
d

 shellfish, w
hich lead to exposure and w

hich are routinely 
m

onitored. T
h

e P
orphyrallaverbread pathw

ay is now
 of only potential im

portance since 
there has been no harvesting of the seaw

eed from
 the C

um
brian coast since 1972. T

h
e 

last d
ata available concerning exposure via this pathw

ay, therefore, relate to 1971. A
s 

m
entioned above, it is know

n that the C
um

brian coast is not the sole source ofw
eed for 

laverbread m
anufacture: a large and variable proportion being obtained from

 other, 
uncontam

inated areas (P
R

E
S

T
O

N
 and JE

F
F

E
R

IE
S

, 
1967). T

h
u

s the sim
plest m

eans of 
m

onitoring the possible exposure entails the routine sam
pling of the foodstuff as m

ar- 
keted in S

outh W
ales, and m

easuring the radionuclide content. F
rom

 these d
ata it w

as 
estim

ated that, depending on the m
anufacturer, the radiation exposure of the low

er 
large 

intestine 
of 

the 
critical 

group 
ranged 

betw
een 

1%
 

and 
33%

 
of 

the 
IC

R
P

- 
recom

m
ended dose lim

it, w
ith a w

eighted m
ean value of 8%

 (equivalent to 120 m
rem

 
a-'), m

ainly d
u

e to Io6R
u (M

IT
C

H
E

L
L

, 1973). H
ow

ever, since the discharge assessm
ent 

an
d

 the consequent controls are based on the assum
ption that W

indscale w
ould be the 

sole source of Porphyra for S
outh W

ales, and since it is possible th
at laverbread w

u
ld

 
occasionally have been m

anufactured from
 undiluted W

indscale w
eed, a dem

onstration 
of the effective control of the discharge by 

the constraints applied requires that the 
potential exposure from

 Porphyra of W
indscale origin be estim

ated. T
h

e relevant d
ata are 

given in T
able 2-28. It can be seen that the low

er large intestine w
as the critical 

organ w
ith the B

, y-em
itters 'O

G
R

u, I4'C
e, and 'jZ

r-'jN
b 

contributing respectively 88.6%
, 

9-3%
, an

d
 1.8%

 of the total dose and "Sr 
and the a-em

itters delivering the rem
aining 

0-3%
. T

h
e

 total estim
ated dose equivalent rate of 1.4 X

 10' m
rem

 a-' (14 m
Sv a-') is 
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O
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R
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91
%

 o
i't

he
 r

el
ev

an
t 

IC
R

P
 li

m
it

 a
nd

 c
on

fi
rm

s 
th

e 
ef

fe
ct

iv
e 

co
nt

ro
l 

O
S t

he
 d

is
ch

ar
ge

. T
h

e 
es

ti
m

at
ed

 p
ot

en
ti

al
 e

xp
os

ur
e 

of
 b

on
e 

(m
ai

nl
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fr
om

 W
S

r a
nd

 ":
'"'"

' P
u)

 a
nd

 t
he

 w
ho

le
 

l~
o

d
y

 (m
ai

nl
y 

lt
om

 "
'S

r,
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."
C

S,
 a

n
d

 '
O

b;
R

u)
 w

er
e 

of
 m

uc
h 

le
ss

 s
ig

ni
fi

ca
nc

e.
 

K
ad

ia
ti

on
 e

xp
os

ur
e 

fo
ll

ow
in

g 
[h

e 
co

ns
um

pt
io

n 
of

 c
on

ta
m

in
at

ed
 f

is
h 

an
d 

sh
el

lf
is

h 
is

 o
f 

gr
ea

te
st

 s
ig

ni
li

ca
nc

e 
in

 t
he

 l
oc

al
 f

is
hi

ng
 c

om
m

un
it

y.
 A

 s
ul

-v
ey

 o
f'

ea
ti

ng
 h

ab
it

s 
sh

ow
ed

 
th

at
, 

fo
r 

19
77

, 
th

er
e 

w
er

e 
2,

 e
ss

en
ti

al
ly

 i
nd

ep
en

de
nt

, 
pa

th
w

ay
s,

 i
.e

. p
eo

pl
e 

co
m

m
on

 t
o 

bo
th

 c
ri

ti
ca

l g
ro

up
s 

w
er

e 
no

t 
lo

un
d.

 I
n

 t
he

 f
ir

st
 c

as
e,

 t
he

 m
ax

im
um

 c
on

su
m

pt
io

n 
ra

te
 o

f 
fi

sh
 (

22
4 

g 
d

-l
),

 m
ai

nl
y 

th
e 

pl
ai

ce
 (

P
le

ur
on

ec
le

sp
la

te
~~

a)
, an

d
 c

ra
bs

 (
41

 g
 d

-l
) 

le
ad

s 
to

 a
n

 
es

ti
m

at
ed

 w
ho

le
 b

od
y 

ex
po

su
re

 O
S 

12
0 

m
re

m
 (

1-
2 

m
S

v)
 d

ur
in

g 
19

77
, 

o
r 

24
%

 o
f 

th
e 

re
co

m
m

en
de

d 
li

m
it

. 
T

h
e 

ex
po
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 d
er

iv
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lm
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nd
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.'"

C
S
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h
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ra
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at
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ge
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 b
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th
e 
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rr
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en

de
d 

li
m

it
s.

 C
on

ta
m
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te
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w

in
kl
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lil
to

re
a 

co
ns

ti
tu

te
 t

he
 s
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ay
 a

nd
 t

he
 m

ax
im

um
 c
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 d
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to
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he
 l

ow
er

 l
ar

ge
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in
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of
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90

 m
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 a

-'
 

(1
-9
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Sv

 a
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),
 a
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nl
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 c
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en
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na
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d 
fi
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ra
in

 s
ed
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en
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n 
th

e 
R

a\
,e

ng
la

ss
 e

st
ua

ly
 t

o 
th

e 
so

ut
h 

of
 L

V
in

ds
ca

le
. T

h
e 

do
se

 
ra

te
 o

\,
er

 t
he

 s
ed

im
en

t 
is

 m
ea

su
re

d 
pe

ri
od

ic
al

ly
 t

hr
ou

gh
ou

t 
th

e 
ye

ar
 a

nd
 t

he
se

 d
at

a,
 in

 
co

m
bi

na
ti

on
 w

it
h 

a 
m

ax
im

um
 o

cc
up

an
cy

 t
im

e 
of

 3
50

 h
 a

-'
 d

ur
in

g 
19

77
, 

pr
ov

id
e 

an
 

es
ti

m
at

e 
of

'2
1 

m
re

m
 a

-'
 (

0.
21

 m
S

v 
a-

')
 S

ol.
 t

he
 w

ho
le

 b
od

y 
ex

po
su

re
. 

T
h

e 
\.

ar
ia

ti
on

s 
w

it
h 

ti
m

e 
of

 t
he

 e
st

im
at

ed
 a

nn
ua

l 
do

se
 e

qu
iv

al
en

ts
 f

or
 e

ac
h 

of
 t

he
 3

 
m

ai
n 

pa
th

w
ay

s 
at

 \
V

in
ds

ca
le

 a
re

 s
ho

w
n 

in
 F

ig
. 

2-
22

. 
(I

M
IT

C
H

E
L

L
, 19

67
, 

19
68

, 
19

69
b;

 
19

71
a,

b,
 1

97
3,

 1
97

5,
 1

97
7a

,b
; 

P
R

E
S

T
O

N
 an

d
 M

II
'C

H
E

L
L

,, 1
97

3;
 H

E
T

H
E

R
IN

G
T

O
N

, 19
76

b;
 

H
L

N
T

, 1
97

9,
 1

98
0)

. I
t 

is
 a

pp
ar

en
t 

th
at

 t
he

 c
on

su
m

pt
io

n 
of

 f
is

h 
an

d 
sh

el
lf

is
h 

re
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en
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e 

cr
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al

 p
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t 
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e 
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m

e,
 a
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ug
h 
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l 
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e 
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w
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s 
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 s
uf
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en
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nt
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o
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 c
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h
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 p
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ra
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e 
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in
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m
m

un
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 T

h
e 
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m
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f 

re
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ve
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g 
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e 
an
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n 

se
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w
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 r
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d 
di
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S 

th
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e 
nu

cl
id

es
, 

al
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it
 a

t 
lo

w
 c

on
ce

nt
ra

ti
on

s,
 i

n 
th

e 
sh

el
f 

w
at

er
s 

of
 n

or
th

w
es

te
rn

 E
ur

op
e 

(F
ig

s 
2-

9 
an

d 
2-

 1
0)

. T
he

se
 w

at
er

s 
su

pp
or

t 
la
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e 

st
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S c
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m
er

ci
al
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 i

m
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an

t 
fi

sh
 

w
hi
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 h
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e 
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co

m
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ig
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 c
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 w
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ch
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e 

U
ni
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K
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n 

m
an
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 n
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th

w
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 E
ur

op
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 being the concentration of activity in the tissue) o
fa radionuclide em

itting 
a-particles of m

ean energy E, 
M

eV
 per disintegration. F

or the other 4 groups of organ- 
ism

s the range of the a-particles is so short in com
parison w

ith the assum
ed size that it 

w
as reasonable to conclude that the m

ean absorbed dose rate from
 internally deposited 

a-em
itting radionuclides w

ould be equal to D
, 

(m
). 

In
 unit density tissue, the P

-particles em
itted by radionuclides encountered in the 

m
arine environm

ent have ranges LIP to 2 cm
. T

h
u

s, for both phytoplankton and zoo- 
plankton, a m

ajor fi-action of the energy of the /?-particles em
itted by internal activity is 

not absorbed by the organism
. T

h
e point source P

-dose function developed em
pirically 

by LO
EV

IN
G

ER
 (L

O
E

V
IN

G
E

R
 

and co-authors, 1956b) w
as used to estim

ate, as a function of 
the m

axim
um

 B
-ray energy, the m

ean dose rate in the sphere representing the phyto- 
plankton an

d
 the dose rate at the centre of the cylinder representing zooplankton. F

or the 
m

olluscs, crustaceans, and fish the dim
ensions of the m

odels w
ere sufliciently large that 

the m
axim

um
 dose rate could be assum

ed to be D
g
 (m

) to a very close approxim
ation. 

T
h

e absorption coefficient of y-radiation is so low
 that it w

as assum
ed that y-ray 

em
ission from

 internal radionuclides w
ould not m

ake a significant contribution to the 
exposure of phytoplankton. F

or the other 4 groups of organism
s geom

etrical factors had 
also to be considered and the average dose rate from

 internal sources w
as obtained from

 
the expression 

w
here 

is the specific y-ray constant in cm
' rad h

-' m
C

i-l 
(cm

2 G
y h-' G

bq-l); C
 the 

radionuclide concentration in pC
i g

-' (B
q 

p
 the tissue density and taken to be 

1 g cm
-3; an

d
 g the m

ean geom
etrical factor in cm

. T
h

e values o
fg

 interpolated from
 

published d
ata for cylinders (L

O
E

V
IN

G
E

R
 

and co-authors, 1956a) are 1, 10, 25, and 41 
cm

 for zooplankton, m
olluscs, crustaceans, and fish respectively. 

T
h

e dose rates to phytoplankton and zooplankton from
 a- and /?-activity in the w

ater 
w

ere sim
ply calculated from

 the general reciprocity relation: 

w
here D

 (internal) w
as calculated as above for the particular organism

 geom
etry and 

particle energy, but evaluated at the radionuclide concentration appropriate to w
ater as 

also w
as D

 (W
). T

h
e a

-
 an

d
 B

-dose rates to the m
olluscs, crustaceans, and fish from

 
activity in the w

ater w
ere taken to be zero. F

or all the groups of organism
s the 7-ray 

dose rate from
 activity in the w

ater w
as taken to be D

, (m
). 

F
or the natural radionuclides in coastal sedim

ents it w
as assum

ed that the seabed 
represented an infinitely thick, plane source of uniform

ly distributed activity so that the 
dose rate at the sedim

ent-w
ater 

boundary could be taken as 0.5 D
 (m

) for each radia- 
tion 

type. F
or the radionuclides 

discharged 
from

 
C

V
indscale and for certain 

of the 
natural radionuclides in deep-sea sedim

ents, the finite thickness of the source and the 
variation in the concentration of activity w

ith depth w
ere taken into account in calculat- 

ing the y-ray dose rate at the sedim
ent surface. F

or the B
lackw

ater estuary and B
arnegat 

B
ay, for w

hich equivalent d
ata are unavailable but w

here sim
ilar variations are alm

ost 
certainly present, it has been assum

ed that these factors, as at W
indscale, result in the 

y-radiation dose rate at the sedim
ent surface being approxim

ately 0.25 D
, (m

). 
T

h
e dose rates to m

arine organism
s calculated 

on the basis of these very sim
ple 

m
odels and the concentrations of radionuclides in the environm

ent as given in T
ables 
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background an
d

 in m
ost cases by a very substantial m

argin. T
h

e activity in the sea 
w

ater is unim
portant as a source of exposure com

pared w
ith the radionuclides accurnu- 

lated by the organism
s or associated w

ith the sedim
ent. T

h
e values given for phyto- 

plankton an
d

 zooplankton m
ust be treated w

ith som
e reservations since the estim

ates are 
based o

n
 the radionuclide concentrations in the w

ater an
d

 generalized concentration 
factors (L

O
W

M
A

N
 an

d
 co-authors, 1971). T

h
e values given are probably m

axim
a an

d
 

are likely to be overestim
ates to an

 extent w
hich depends o

n
 the fraction of the equilib- 

rium
 organism

 burden im
plied by the concentration factor w

hich can be attained before 
dilution an

d
 dispersion of the activity can occur. F

or pelagic fish, the accum
ulated 

activity is the m
ost im

portant source of exposure and the m
agnitude of the absorbed 

dose rate is of the sam
e order as the natural background, but in term

s of biologically 
effective dose it is som

ew
hat less. F

or benthic organism
s the underlying sedim

ent is by 
far the m

ost im
portant source. F

ig.2-23 show
s the dose rate contours at the seabed-sea 

w
ater interface as calculated from

 the radionuclide distributions show
n in F

ig. 2-18. 
T

h
e

 estim
ated dose rates an

d
 the area over w

hich these exceeded natural background 
(2

2
0

0
0

 km
2) w

ere sufficient to m
ake it feasible to attem

pt in situ dosim
etry provided that 
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of 
m
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fter 
CVOODHEAD, 
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on Press 
L
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age dose rates experienced 
betw

een release and recapture as indicated by the low
er 

dosim
eter is illustrated in Fig. 2-25. T

h
e m

ean dose rate w
as 350 prad h-' (3.5 pG

y h
-') 

w
ith occasional dosim

eters registering up to 2
-5

 m
rad h

-' (25 pG
y h

-'). T
h

e
 m

axim
um

 
dose rates m

easured w
ere of the sam

e order as those calculated on the basis of the 
concentrations of radionuclides in the seabed but it is clear that the natural m

ovem
ents 

of the fish substantially reduced the m
ean dose rate experienced. A

nalysis of the dose 
rate distributions as a function of the tim

e at liberty show
ed little correlation an

d
 it w

as 
concluded that the d

ata give a fairly accurate indication of the radiation experience of 
the plaice population in this size range in the northeast Irish S

ea. T
h

e m
ean ratio of the 

responses of the upper an
d

 low
er dosim

eters w
as 0.68 w

ith a range of 0.13 to 1.79, i.e. 
values substantially greater than anticipated. It w

as concluded that there w
ere tw

o 
factors related 

to the behaviour of the fish w
hich could account for the discrepancy. 

F
irst, the resting fish tends to bury itself in 

the sedim
ent thus exposing the upper 

dosim
eter to P

-radiation; second, w
hen sw

im
m

ing just clear of the seabed in search of 
food, even a thin intervening layer of w

ater w
ould substantially reduce the P

-radiation 
dose rate to the low

er dosim
eter. In

 both instances the y-ray dose rate to both dosi- 
m

eters w
ould be alm

ost identical. F
rom

 the relative responses of the tw
o dosim

eters and 
assum

ptions concerning the behaviour of the fish it w
as concluded that the m

ean dose 
rate to the gonads w

as 210 prad h
-' (2- 1 pG

y h
-') (W

O
O

D
H

E
A

D
, 

197313). 
F

or the northeast A
tlantic O

cean disposal site there are insufficient d
ata yet available 

on w
hich to base estim

ates of the increm
ents of radiation exposure d

u
e to dum

ping. A
ll 

the indications are, how
ever, that the general increases in radiation exposure at current 

dum
ping rates are likely to be of the order of, or less than, natural background. A

 few
 

organism
s in the im

m
ediate vicinity of a very sm

all proportion of the w
aste d

ru
m

s m
ay 

experience higher external dose rates from
 the y-em

itting radionuclides contained w
ithin 

the drum
s. 

T
h

e com
putational approach underlying the dosim

etry m
odels on w

hich the d
ata in 

T
ab

le 2-30 are based has recently been generalized 
(W

O
O

D
H

E
A

D
, 

1979) to allow
 the 
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kn
ow

n 
(e

.g
. 

H
O

P
P

E
N

H
E

IT
 a

nd
 c

o-
au

th
or

s,
 1

98
0)

. 
T

h
e 

m
et

ho
ds

 w
er

e 
ex

em
pl

if
ie

d 
by

 
ap

pl
ic

at
io

n 
to

 t
he

 c
as

e 
of

 f
is

h 
eg

gs
 d

ev
el

op
in

g 
in

 c
on

ta
m

in
at

ed
 w

at
er

 a
nd

 w
ill

 b
e 

co
ns

i-
 

de
re

d 
in

 g
re

at
er

 d
et

ai
l 

w
it

hi
n 

th
e 

sa
m

e 
co

nt
ex

t 
fu

rt
he

r 
on

 (
p

p
. 

12
40

-1
24

2)
. 

(b
) 

E
ff

ec
ts

 o
f 

R
ad

ia
ti

on
 o

n 
A

qu
at

ic
 O

rg
an

is
m

s 

T
h

e 
m

ag
ni

tu
de

s 
of

 t
he

 d
os

e 
ra

te
s 

to
 m

ar
in

e 
or

ga
ni

sm
s 

fr
om

 t
he

 n
at

ur
al

 b
ac

kg
ro

un
d,

 
gl

ob
al

 f
al

lo
ut

 a
n

d
 w

as
te

 r
ad

io
nu

cl
id

es
, 

as
 g

iv
en

 i
n 

T
ab

le
 2

-3
0,

 p
ro

vi
de

 a
 v

er
y 

ne
ce

ss
ar

y 
pe

rs
pe

ct
iv

e 
w

it
hi

n 
w

hi
ch

 t
he

 p
os

si
bl

e 
ha

rm
fu

l e
ff

ec
ts

 o
f 

th
e 

in
cr

ea
se

d 
ra

di
at

io
n 

ex
po

su
re

 
of

 m
ar

in
e 

or
ga

ni
sm

s 
m

us
t 

be
 c

on
si

de
re

d.
 T

h
e 

es
ti

m
at

es
 o

f 
th

e 
in

cr
em

en
ta

l 
ex

po
su

re
 

fr
om

 w
as

te
 r

ad
io

nu
cl

id
es

 p
ro

vi
de

 t
he

 o
nl

y 
va

li
d 

ba
se

s 
fo

r 
an

 a
ss

es
sm

en
t 

of
 t

he
ir

 p
ot

en
- 

ti
al

 i
m

pa
ct

 i
n 

aq
ua

ti
c 

en
vi

ro
nm

en
ts

. 
T

h
e 

do
se

 r
at

es
 i

n 
th

e 
m

ar
in

e 
en

vi
ro

nm
en

t 
d

u
e 

to
 

ra
di

on
uc

li
de

 i
np

ut
s 

ar
is

in
g 

fr
om

 h
um

an
 a

ct
iv

it
ie

s 
ra

ng
e 

fr
om

 l
es

s 
th

an
 t

he
 n

at
ur

al
 

ba
ck

gr
ou

nd
 f

or
 t

yp
ic

al
 n

uc
le

ar
 p

ow
er

 s
ta

ti
on

s 
in

 r
ou

ti
ne

 o
pe

ra
ti

on
 u

p
 t

o 
a 

fe
w

 t
en

s 
of

 
m

re
m

 h
-'

 f
or

 t
he

 r
at

he
r 

ex
ce

pt
io

na
l 

ca
se

 o
f 

th
e 

W
in

ds
ca

le
 d

is
ch

ar
ge

 i
nt

o 
th

e 
no

rt
he

as
t 

Ir
is

h 
S

ea
. 

Id
ea

ll
y,

 t
he

re
fo

re
, 

fi
rm

 c
on

cl
us

io
ns

 c
on

ce
rn

in
g 

th
e 

po
te

nt
ia

l 
im

pa
ct

 o
f 

w
as

te
 

di
sp

os
al

 o
pe

ra
ti

on
s 

on
 t

he
 m

ar
in

e 
en

vi
ro

nm
en

t 
sh

ou
ld

 b
e 

de
ri

ve
d 

fr
om

 t
he

 r
es

ul
ts

 o
f 

ch
ro

ni
c 

ir
ra

di
at

io
n 

ex
pe

ri
m

en
ts

 e
m

pl
oy

in
g 

do
se

 r
at

es
 i

n 
th

is
 r

an
ge

, 
a 

po
in

t 
w

hi
ch

 h
as

 
re

ce
nt

ly
 b

ee
n 

em
ph

as
iz

ed
 (

IA
E

A
, 

19
79

).
 H

ow
ev

er
, 

th
e 

gr
ea

t 
m

aj
or

it
y 

of
 t

he
 d

at
a 

re
la

t-
 

in
g 

to
 t

he
 e

ff
ec

ts
 o

f r
ad

ia
ti

on
 o

n 
aq

ua
ti

c 
or

ga
ni

sm
s 

ha
ve

 b
ee

n 
ob

ta
in

ed
 a

t 
to

ta
l d

os
es

 a
nd

 
do

se
 r

at
es

 s
ev

er
al

 o
rd

er
s 

of
 m

ag
ni

tu
de

 g
re

at
er

 t
ha

n 
ev

en
 t

he
 h

ig
he

st
 o

f 
th

os
e 

es
ti

m
at

ed
 

fo
r 

co
nt

am
in

at
ed

 e
nv

ir
on

m
en

ts
. T

h
is

 s
it

ua
ti

on
 r

ef
le

ct
s 

th
e 

di
ff

ic
ul

ti
es

 in
vo

lv
ed

 i
n 

de
te

ct
- 

in
g 

ra
di

at
io

n 
ef

fe
ct

s 
at

 v
er

y 
lo

w
 d

os
es

 a
nd

 d
os

e 
ra

te
s;

 t
he

 g
ro

ss
 e

ff
ec

ts
, s

uc
h 

as
 m

or
ta

li
ty

, 
d

o
 n

ot
 o

cc
ur

 o
r 

ar
e 

on
ly

 a
pp

ar
en

t 
as

 v
er

y 
sl

ig
ht

 c
ha

ng
es

 i
n 

no
rm

al
 l

if
e 

ex
pe

ct
an

cy
, a

n
d

 
th

e 
te

ch
ni

qu
es

 f
or

 d
et

ec
ti

ng
 t

he
 m

or
e 

su
bt

le
 e

ff
ec

ts
, 

su
ch

 a
s 

ch
ro

m
o

so
n

~
e d

am
ag

e 
or

 
ch

an
ge

s 
in

 t
he

 c
el

l-
ty

pe
 d

is
tr

ib
ut

io
ns

 in
 t

he
 g

on
ad

s 
ar

e 
on

ly
 s

lo
w

ly
 b

ei
ng

 d
ev

el
op

ed
. T

h
e 

re
le

va
nt

 e
xp

er
im

en
ts

 a
re

 f
re

qu
en

tl
y 

ex
pe

ns
iv

e 
in

 t
er

m
s 

of
 t

he
 t

im
e 

re
qu

ir
ed

 f
or

 d
et

ec
t-

 
ab

le
 d

am
ag

e 
to

 d
ev

el
op

 a
nd

 t
he

 n
um

be
r 

of
 o

rg
an

is
m

s 
re

qu
ir

ed
 t

o 
ob

ta
in

 s
ta

ti
st

ic
al

ly
 

va
li

d 
in

di
ca

ti
on

s 
of

 a
 d

if
fe

re
nt

ia
l 

re
sp

on
se

 w
it

h 
re

sp
ec

t 
to

 d
os

e:
 f

ac
to

rs
 w

hi
ch

 h
av

e 
te

nd
ed

 t
o 

di
sc

ou
ra

ge
 i

nv
es

ti
ga

ti
on

. 
T

h
u

s 
th

e 
co

nc
lu

si
on

s 
dr

aw
n 

ab
ou

t 
th

e 
in

ci
de

nc
e 

of
 

en
vi

ro
nm

en
ta

l 
ef

fe
ct

s 
ha

ve
 l

ar
ge

ly
 r

es
te

d 
on

 m
or

e 
o

r 
le

ss
 e

xt
en

de
d 

ex
tr

ap
ol

at
io

n.
 

S
uc

h 
ex

tr
ap

ol
at

io
n 

al
m

os
t 

al
w

ay
s 

in
vo

l\
~

es
 th

e 
ex

pl
ic

it
 o

r 
im

pl
ic

it
 a

ss
um

pt
io

n 
of

 a
 

li
ne

ar
 e

xt
en

si
on

 t
o 

lo
w

 r
ad

ia
ti

on
 d

os
es

 o
f 

th
e 

re
la

ti
on

sh
ip

 b
et

w
ee

n 
do

se
 a

n
d

 t
he

 c
on

se
- 

qu
en

t 
ef

fe
ct

 o
bs

er
ve

d 
at

 h
ig

h 
do

se
s.

 T
h

is
 h

as
 t

he
 c

or
ol

la
ry

 t
ha

t 
an

y 
ra

di
at

io
n 

do
se

, 
ho

w
ev

er
 s

m
al

l,
 c

ar
ri

es
 a

 f
in

it
e 

ri
sk

 o
f 

ha
rm

. 
D

is
cu

ss
io

n 
of

 t
he

 v
al

id
it

y 
of

 t
hi

s 
pr

oc
ed

ur
e 

ha
s 

be
en

 c
on

fi
ne

d 
al

m
os

t 
en

ti
re

ly
 t

o 
th

e 
fi

el
d 

of
 h

um
an

 r
ad

io
lo

gi
ca

l 
pr

ot
ec

ti
on

 w
he

re
 

et
hi

ca
l 

co
ns

id
er

at
io

ns
 r

eq
ui

re
 t

ha
t 

th
e 

ri
sk

 o
f 

ha
rm

 t
o 

an
 in

di
vi

du
al

 in
 e

it
he

r 
th

e 
pr

es
en

t 
ge

ne
ra

ti
on

 (
so

m
at

ic
 e

ff
ec

ts
),

 o
r 

in
 s

ub
se

qu
en

t g
en

er
at

io
ns

 (
ge

ne
ti

c 
ef

fe
ct

s)
 b

e 
ac

ce
pt

ab
ly

 
sm

al
l.

 I
n

 th
is

 i
ns

ta
nc

e 
th

e 
ex

ac
t f

or
m

 o
f 

th
e 

do
se

-r
es

po
ns

e 
re

la
ti

on
sh

ip
 a

t v
er

y 
lo

w
 d

os
es

 
ob

vi
ou

sl
y 

ha
s 

a 
su

bs
ta

nt
ia

l 
be

ar
in

g 
on

 t
he

 a
ss

es
sm

en
t 

of
 t

he
 c

on
se

qu
en

ti
al

 r
is

k 
fr

om
 

ex
po

su
re

, 
an

d
 h

en
ce

 o
n 

th
e 

se
tt

in
g 

of
 a

pp
ro

pr
ia

te
 d

os
e 

li
m

it
s.

 A
s 

in
di

ca
te

d 
ab

ov
e 

fo
r 

aq
ua

ti
c 

or
ga

ni
sm

s,
 m

uc
h 

w
or

k 
re

m
ai

ns
 t

o 
be

 d
on

e 
to

 e
lu

ci
da

te
 t

he
 c

om
pl

ex
it

ie
s 

of
 t

he
 

re
la

ti
on

sh
ip

s 
be

tw
ee

n 
ve

ry
 l

ow
 d

os
es

 r
ec

ei
ve

d 
by

 i
nd

iv
id

ua
ls

 a
n

d
 a

 v
ar

ie
ty

 o
f 

po
ss

ib
le

 
bi

ol
og

ic
al

 r
es

po
ns

es
. 

H
ow

ev
er

, 
on

 t
he

 b
as

is
 o

f 
th

e 
av

ai
la

bl
e 

d
at

a,
 a

nd
 o

n
 t

he
or

et
ic

al
 

gr
ou

nd
s,

 t
he

 I
C

R
P

 h
as

 c
on

cl
ud

ed
 t

ha
t 

th
e 

li
ne

ar
 r

el
at

io
ns

hi
p 

is
 a

n
 a

cc
ep

ta
bl

e,
 a

n
d
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O
N

T
A

lIIN
A

T
IO

N
 D

U
E T

O
 R

A
D

IO
A

C
TIV

E M
A

TER
IA

LS (D
. S

. \V
O

O
D

H
EA

D
) 

perhaps, conservative sim
plifying assum

ption for stochastic effects at the very low
 doses 

an
d

 dose rates w
hich are the predom

inant concern for public health. S
tochastic effects 

are those for w
hich it is the probability of occurrence rather than the severity of effect 

w
hich increases w

ith 
the total absorbed dose. T

his class of response includes both 
som

atic effects, of w
hich the m

ost im
portant in hum

an term
s is tum

our induction, an
d

 
m

utations in germ
 cells. N

on-stochastic effects are those for w
hich the severity of the 

effect increases w
ith the total dose received by an

 individual, an
d

 there is frequently an
 

effective threshold dose below
 w

hich the response, although present, is not considered to 
be detrim

ental. T
h

e lens of the eye, the skin, haem
atopoiesis and gam

etogenesis are the 
tissues an

d
 cell system

s of particular significance for hum
an exposure, and of these, 

gam
etogenesis exhibits the greatest sensitivity to irradiation (IC

R
P

, 1977). A
 linear 

extrapolation of the dose-response 
(severity) relationship to very low

 doses can be seen 
to be conservative if there is an

 effective threshold. Indeed, there m
ay be a true threshold 

if there exist effective m
echanism

s for repairing dam
age w

hich are saturated at the high 
doses an

d
 dose rates at w

hich the effects are m
ost usually scored in laboratory experi- 

m
ents. S

uch repair m
echanism

s m
ay be intracellular or operate through the dynam

ic 
process of cell turnover an

d
 differentiation at the tissue level; there is som

e evidence for 
their existence in aquatic organism

s (O
P

H
E

L
 an

d
 co-authors, 1976). 

In
 direct contrast to the situation for hum

ans, the fate of any given individual in a 
population of m

arine organism
s is unim

portant; the total population is the significant 
entity and, therefore, it is the capacity of the population to m

aintain itself under the 
im

pact of external stresses w
hich m

ust be considered. T
h

u
s, although enhanced radia- 

tion exposure of m
arine organism

s d
u

e to w
aste disposal m

ay, on the linear hypothesis, 
be expected to induce detrim

ental effects in individuals, these w
ill be unim

portant if 
there are n

o
 concom

itant effects o
n

 subsequent recruitm
ent to the population or signifi- 

cant changes in population structure. 
T

h
ere are very few

 d
ata on the effects of radiation on aquatic populations. In general, 

therefore, it is necessary to assem
ble the available d

ata on the effects of radiation on the 
lifespan, fertility, fecundity and genom

e of individual organism
s, placing the greatest 

w
eight on results from

 experim
ents w

hich have em
ployed chronic exposure, and attem

pt 
to interpret them

 in term
s of a response at the population level. H

ow
ever, the latter step 

is only required w
here it seem

s possible that the estim
ated dose rates in the en\ l~

ronrnent 
'
 

could cause significant effects in the individual since it is inconceivable that an exposure 
w

hich does not produce any effect in individuals could have any significant im
pact on 

the population. 
In

 addition to the survey in V
olum

e I of M
arzne Ecology (C

H
IP

M
A

N
, 

1972) there have 
been several other m

ore o
r less com

prehensive review
s of published d

ata o
n

 the effects of 
radiation o

n
 aquatic organism

s (P
O

L
IK

.A
R

P
O

V
, 

1966; T
E

M
P

L
E

T
O

N
 

and co-authors, 197 1; 
O

P
H

E
L

 an
d

 co-authors, 
1976; B

L
A

Y
L

O
C

K
 and T

R
A

B
A

L
K

A
, 

1978; EG
,-\M

I and 
IJIR

I, 
1979). T

h
u

s it is not necessary to give a further, detailed account of the entire literature. 
In 

m
ost 

respects 
the 

conclusions 
and generalizations developed 

by 
these authors, 

together w
ith relevant d

ata w
hich have been obtained subsequently, provide a satisfac- 

tory basis for an
 assessm

ent of potential environm
ental dam

age. T
h

e
 m

ajor deficiency 
w

hich has been identified concerns the substantial, and often contradictory, literature on 
the effects ofradiation on developing fish em

bryos and, hence, recruitm
ent. A

n effort has 
been m

ade to analyse these d
ata critically and to determ

ine how
 far they provide a sound 

foundation for predicting the degree of effect in contam
inated environm

ents. 
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 f
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 c
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er
 f
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l m
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 l
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 p
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 d
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 b
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 p
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 c
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 d
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O
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H
E

A
D

) 

sure of the m
osquito fish G

am
busia affinzs to 60C

o 7-rays at dose rates of 1-43, 2.45, and 
5.43 rad h

-', at either 15 'C
 

or 25 'C
 

for a period of 40 d (total doses 1200, 2300, and 
5000 rad

), elicited no increased m
ortality com

pared w
ith the controls (C

O
S

G
R

O
V

E
 

and 
B

L
A

Y
L

O
C

K
, 1973). P

airs of guppies Poecilia re/icula&
a exposed to "'C

S 
y-radiation at a 

m
ean dose rate of 1-27 rad h

-' accum
ulated 7200 rad over a period of 238 d w

ith no 
increased m

ortality (W
O

O
D

H
E

A
D

, 
1977). A

t each of 2 low
er dose rates (0.17 rad h

-' for 
974 d and 0.40 rad h

-' for 771 d
) there w

as som
e indication of increased m

ortality 
relative to the controls. T

h
e d

ata (F
ig. 2-26) w

ere obtained incidentally to the m
ain 

objectives of the investigation an
d

, because only sm
all num

bers of fish w
ere involved, 

have 
relatively lim

ited 
significance. T

hey are included 
here, how

ever, because they 
represent the only data available w

hich concern the effects of chronic irradiation over 
essentially the w

hole lifespan of a fish (W
O

O
D

H
E

A
D

, 
unpubl.). 

F
rom

 these lim
ited d

ata it can be reasonably concluded that there w
ould not be any 

significant reduction in the life expectancy of aquatic organism
s irradiated at the dose 

rates w
hich have been estim

ated to prevail in contam
inated environm

ents (T
able 2-30). 

It also seem
s likely that fish w

ould be m
ost susceptible to dam

age. 
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y-irradiation. 
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Ejffects of Radiation on F
ecundip 

T
h

e gonads have been found to be one of the m
ore sensitive of cell system

s (C
A

R
L

S
O

N
 

and G
A

S
S

N
E

R
, 1964; B

L
A

Y
L

O
C

K
 and T

R
A

B
A

L
K

A
, 

1978), and a detailed account of the 
effects of radiation on the gonads of teleost fish has been given by E

G
A

M
I and IJIRI 

(1979). 
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O
X

?'A
hllN

A
T

IO
N
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U

E TO
 R

A
D

IO
A

C
TIV

E M
A

T
E

R
IA

L
S

 (D
. S

. \V
O

O
D

H
EA

D
) 

population birth rate w
ith increasing dose rate above 22.3 rad h

-' w
as attributed alm

ost 
entirely to reduced 

fecundity 
(M

A
R

S
H

A
L

L
, 

1962). In the second study in w
hich the 

individuals com
peted for a fixed food supply to the population, the m

ean brood size 
(taken as an indicator of fecundity) show

ed a slight tendency to increase up to the 
m

axim
um

 dose rate of approxim
ately 18 rad h

-' w
hich could apparently be tolerated 

m
ore or less indefinitely. T

his w
as interpreted as being d

u
e to the increased food supply 

available to each individual in the progressively sm
aller populations m

aintained at the 
increasing dose rates an

d
 w

hich 
tended 

to com
pensate for the dam

aging effects of 
radiation on fecundity (M

A
R

S
H

A
L

L
, 

1966). 
S

O
L

B
E

R
G

 (1938a) found a 65%
 decrease in the fecundity of fem

ale m
edaka O

ryzias 
latipes 7 d after an

 X
-ray exposure of 1980 R

 w
ith recovery of egg production by D

ay 20. 
T

hese results w
ere confirm

ed by subsequent studies w
hich show

ed the partially m
ature 

oocytes to be the m
ost radiosensitive (E

G
A

M
I and H

Y
O

D
O

, 1965; E
G

A
M

I and IJIR
I, 

1979). E
xposure of fem

ale loach M
isgurnus anguillicaudatus to less than 1 kR

 produced no 
m

arked changes in the ovary over a period of 2 m
onths, but exposures of 2 kR

 and m
ore 

again caused degeneration of the partially m
ature oocytes (E

G
A

M
I and A

O
K

I, 1966). A
t 

least part of the observed dam
age to the oocytes has been 

attributed 
to radiation- 

induced disturbances of the horm
one system

 governing gonad activity since 2 kR
 expos- 

ures of the head alone (E
G

A
M

I and A
O

K
I, 1966) or the w

hole body w
ith 

the ovary 
shielded (E

G
A

M
I and H

Y
O

D
O

, 1965) produced essentially the sam
e ovarian response. 

T
his suggestion is supported by the finding that 10 to 15 d after an exposure of 2 kR

 
there w

as an increased accum
ulation ofgonadotropic secretion granules in cells of the 

pituitary gland of the m
edaka relative to controls (Y

A
M

A
M

O
T

O
 and E

G
A

M
I, 1974). T

h
e 

im
m

ature ovaries in developing em
bryos and new

ly 
hatched 

fry also appear to be 
relatively radiosensitive. 

E
xposure of m

edaka em
bryos to 

1 kR
 did not significantly 

change the num
ber of cells present in the developing ovary but delayed the onset of 

m
eiosis until 12 d after hatching. 
A

t hatching, w
hen m

eiosis norm
ally com

m
ences, and in the im

m
ediate post-hatch 

period there is a profound change in the radiosensitivity of the cells and in the capacity 
of the survivors of irradiation to repopulate the ovary. D

uring this period, and exposure 
of 

1 kR
 kills m

ost of the oogonia and diplotene oocytes im
m

ediately; m
any of the 

rem
aining oogonia and apparently less sensitive cells in earlier stages of m

eiosis only 
survive until the transform

ation from
 pachytene to diplotene (H

A
M

A
G

U
C

H
I 

and E
G

A
M

I, 
1975; H

A
M

A
G

U
C

H
I, 
1976, 1980). K

O
K

N
O

 (1980) found that exposure of rainbow
 trout 

Salm
o gairdneri irideus em

bryos at the late-eyed stage to 600 and 800 R
 of 60C

o y-rays 
produced 

a high incidence of sterility in surviving fry of both sexes; at low
er X

-ray 
exposures u

p
 to 200 R

, how
ever, no significant effects w

ere observed on the fecundity 
(W

E
L

A
N

D
E

R
 

and co-authors, 197 1). X
-irradiation of rainbow

 trout fry at an age of 130 d 
to an exposure of 500 R

 caused a significant reduction 
in the ovarian w

eight as a 
proportion of body w

eight w
hich persisted for at least 310 d; a low

er exposure of 100 R
 

produced a m
arginally significant reduction in ovarian w

eight 100 to 120 d after irradia- 
tion w

ith subsequent recovery (K
O

B
A

Y
A

S
H

I 
and M

O
G

A
M

I, 1958). E
xposures in excess of 

500 R
 have been 

found to have a m
arked 

effect on the testes of the m
edaka both 

histologically (S
O

L
B

E
R

G
, 1938a) an

d
 in term

s of the gonado-som
atic index (M

IC
H

IB
A

T
A

, 
1976); in the latter case, recovery w

as essentially com
plete after 60 d. A

n exposure of 2 
kR

 to m
ale m

edaka reduced 
the num

ber of fertilized eggs produced in m
atings w

ith 
unirradiated fem

ales in the period 2 to 6 w
k after irradiation (E

G
A

M
I 
and IJIR

I, 1979). 
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 o
va

ri
es

 o
f 

6 
fe

m
al

es
 

w
hi

ch
 h

ad
 a

cc
um

ul
at

ed
 5

.8
1 

to
 7

.3
7 

kr
ad

; 
ho

w
ev

er
, 

th
e 

ov
ar

ie
s 

of
 a

 C
ur

th
er

 2
 f

em
al

es
 

w
er

e 
de

vo
id

 o
f 

ge
rm

 c
el

ls
 a

ft
er

 6
.5

2 
an

d 
7.

37
 k

ra
d.

 A
t 

th
is

 d
os

e 
ra

te
 t

he
 l

as
t 

br
oo

d 
w

as
 

pr
od

uc
ed

 o
n 

D
ay

 7
49

 (
7-

 19
 k

ra
d)

. 
It

 w
as

 c
on

cl
ud

ed
 t

ha
t 

th
e 

re
du

ce
d 

fe
cu

nd
it

y 
w

as
 n

ot
 

ne
ce

ss
ar

il
y 

de
pe

nd
en

t 
up

on
 h

is
to

lo
gi

ca
ll

y 
de

te
ct

ab
le

 d
am

ag
e 

to
 t

he
 g

on
ad

s 
an

d
 t

ha
t 

th
e 

ov
ar

y 
w

as
, 

in
 g

ro
ss

 t
er

m
s,

 m
or

e 
ra

di
os

en
si

ti
ve

 t
ha

n 
th

e 
te

st
is

. I
t 

is
 a

ls
o 

ap
pa

re
nt

 t
ha

t 
an

 
ac

cu
m

ul
at

ed
 g

on
ad

 d
os

e 
of

 s
ev

er
al

 k
ra

d 
do

es
 n

ot
 p

re
cl

ud
e 

su
cc

es
sf

ul
 r

ep
ro

du
ct

io
n 

in
 t

he
 

fi
rs

t 
ge

ne
ra

ti
on

 (
W

O
O

D
H

E
A

D
, 19

77
).

 A
 r

at
he

r 
m

or
e 

de
ta

il
ed

 
st

ud
y 

of
 t

he
 e

ff
ec

ts
 o

f 
ch

ro
ni

c 
ir

ra
di

at
io

n 
o

n
 s

pe
rm

at
og

en
es

is
 h

as
 b

ee
n 

m
ad

e 
w

it
h 

th
e 

m
ed

ak
a 

by
 H

Y
O

D
O

- 
T

.-
\G

U
C

H
I 

(1
98

0)
 a

t 
'"C

S 
y-

ra
y 

do
se

 r
at

es
 o

f 
1.

3 
to

 8
4

-3
 ra

d 
d-

l.
 A

ft
er

 3
0 

d 
of

 e
xp

os
ur

e 
th

e 
go

na
do

-s
om

at
ic

 i
nd

ex
 w

as
 s

ig
ni

fi
ca

nt
ly

 r
ed

uc
ed

 a
t a

ll
 d

os
e 

ra
te

s 
gr

ea
te

r 
th

an
 2

.9
 r

ad
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2. C

O
N

TA
M

IN
A

TIO
N

 D
U

E
 TO

 R
A

D
IO

A
C

TIV
E M

A
T

E
R

IA
L

S
 

(D
. S

. W
O

O
D

H
EA

D
) 

d
-' (approxim

ately 0.12 rad h
-'). B

etw
een 30 and 120 d m

ore or less com
plete recovery 

took place at dose rates less than 15.6 rad d
-' (

~
0

.6
5

 
rad h

-'). H
istological exam

ination 
of the testes show

ed m
arked reductions in the num

bers of prim
ary sperm

atogonia (Ib) 
present after 30-d exposure at dose rates greater than 6.8 rad d

-'. B
etw

een 30 and 120 d 
the cell population recovered at dose rates less than 15.6 rad d

-' (-0.65 
rad h

-'). A
t 

15.6 an
d

 24.2 rad d
-' the cells attained low

er densities w
hich appeared to represent new

 
hom

eostatic equilibria w
hile 84.3 rad d

-' alm
ost com

pletely destroyed the cell popula- 
tion. T

h
e effect on fecundity of irradiation for 60 d at these dose rates w

as tested in 
m

atings w
ith unirradiated fem

ales. S
ignificant and progressively greater reductions in 

fecundity w
ere observed at dose rates greater than 6.8 rad d

-' (0.28 rad h
-'); the pro- 

portion of com
pletely infertile m

ales also increased progressively w
ith dose rate. 

S
everal studies have been m

ade of the effects on the gonads of radionuclides present in 
the body of the fish. C

obalt-60 injected into catfish H
eteropneusles fossilis 

dam
aged the 

ovary (S
R

IV
A

S
T

A
V

A
 

an
d

 R
A

T
H

I, 1967), and %
r

-
9

 
accum

ulated from
 the w

ater dam
- 

aged the ovary of a m
arine goby (H

Y
O

D
O

T
A

G
U

C
H

I 
and co-authors, 1971), as w

ell as 
the testes of the m

edaka (Y
O

S
H

IM
U

R
A

 
and co-authors, 1969). H

ow
ever, these results are 

only qualitative since no estim
ates of the doses or dose rates w

ere given, nor w
ere 

sufficient d
ata provided to allow

 independent dose estim
ates to be m

ade. M
ature loach 

M
isgurnus fossilis received estim

ated doses of 0.02 and 0.2 rad to the ovary from
 %

r
-

9
 

accum
ulated 

over 3 m
onths from

 am
bient w

ater concentrations of 3.1 1 X
 10-" 

and 
1.32 X

 
C

i I-' respectively, and greater doses of pituitary extract w
ere required to 

stim
ulate egg production in these fish than in the controls (S

H
E

K
H

A
N

O
V

A
 

and P
E

C
H

- 
K

U
R

EN
K

O
V

, 
1969). E

xposure of m
ale m

edaka 
to various concentrations of tritiated 

w
ater caused detectable dam

age to the testes. A
fter 10 d exposure, the gonadesom

atic 
index 

w
as significantly 

reduced 
at a 

concentration of 
10-' C

i I-' 
(dose rate ~

0
.8

7
 

rad h
-'), as w

ere the num
ber of prim

ary sperm
atogonia (Ib

) at concentrations greater 
than 10-' C

i I-' (-0.085 
rad h

-'). A
t 30 d of exposure the reduction in gonadesom

atic 
index had becom

e significant at the low
er concentration 

of 5 X
 10-' 

C
i I-' 

(-0.43 
rad h

-'), w
hile som

e recovery w
as apparent in the num

bers of prim
ary sperm

atogonia 
(Ib

) at 10-' C
i I-'. It should be noted, how

ever, that there w
as progressive decrease in 

the num
bers of sperm

atogonia w
ith increasing concentration so that the reduction at the 

low
est concentration of 5 X

 1
0

-W
i I-' (~

0
.0

4
2

 rad h
-') w

hile not significant in isola- 
tion m

ight nevertheless have been indicative of a real effect (H
Y

O
D

O
-T

A
G

U
C

H
I 

and 
E

G
A

M
I, 1977). B

O
N

H
A

M
 an

d
 D

O
N

A
L

D
S

O
N

 (1972) show
ed that a dose rate of 0.42 

rad h
-' during the 80-d egg incubation period of chinook salm

on O
ncorhynchus Lshawylscha 

m
arkedly affected the gonad developm

ent in the fry. 
It is clear from

 the preceding sum
m

ary that fish are the m
ost radiosensitive aquatic 

organism
s in the context of reduced fecundity. T

here is considerable apparent variation 
betw

een species but in general term
s it m

ay be concluded that m
inor dam

age can be 
expected in fish gonads at dose rates greater than 0.1 rad h

-'. T
his is substantially 

greater than 
the m

axim
um

 dose rate w
hich 

has been 
estim

ated for benthic fish in 
contam

inated environm
ents (T

able 2-30), and significant reductions in fecundity due to 
the increased radiation exposure can be discounted. 

C
rzticul Reassessrnenl oJ' the lnjluence oJ' R

adiation on D
euelopzng Fish Em

bryos 

A
side from

 fecundity, the factor likely to have the greatest influence on potential re- 
cruitm

ent is m
ortality during em

bryonic developm
ent. S

ince P
O

L
~

K
A

R
P

O
V

 
and IV

A
X

O
\' 



EF
FE

C
TS

 O
F 

R
A

D
IA

TI
O

N
 O

N
 i

M
A

R
lN

E
 O

R
G

A
N

lS
M

S 
12

19
 

( 1
96

1,
 

19
62

b)
 f

ou
nd

 a
pp

ar
en

t 
ra

di
at

io
n-

re
la

te
d 

da
m

ag
e 

af
fe

ct
in

g 
th

e 
em

br
yo

s 
of

 a
 

va
ri

et
y 

of
 f

is
h 

de
ve

lo
pi

ng
 i

n 
se

a 
w

at
er

 c
on

ta
m

in
at

ed
 w

it
h 

lo
w

 c
on

ce
nt

ra
ti

on
s 

of
 g

uS
r-"

U
Y

, 
an

d 
fr

om
 

th
es

e 
re

su
lt

s 
pr

oc
ee

de
d 

to
 p

re
di

ct
 

co
ns

id
er

ab
le

 a
dv

er
se

 c
on

se
qu

en
ce

s 
fo

r 
co

m
m

er
ci

al
 f

is
h 

st
oc

ks
 a

t 
th

e 
th

en
-p

re
va

il
in

g 
en

vi
ro

nm
en

ta
l 

co
nc

en
tr

at
io

ns
 (

P
O

L
IK

A
R

- 
P

O
v

, 
19

66
),

 th
is

 h
as

 b
ee

n 
th

e 
m

os
t 

co
nt

en
ti

ou
s 

as
pe

ct
 o

fa
qu

at
ic

 r
ad

io
bi

ol
og

y 
(G

A
R

R
O

D
, 

19
66

; T
E

M
P

L
E

T
O

N
, 19

66
).

 
T

h
e 

fa
ct

 t
ha

t 
th

e 
ve

rt
eb

ra
te

 e
m

br
yo

 w
as

 a
t 

le
as

t 
as

 r
ad

io
se

ns
it

iv
e 

as
 t

he
 a

du
lt

, 
an

d
 

pr
ob

ab
ly

 m
or

e 
so

, h
ad

 b
ee

n 
re

co
gn

iz
ed

 q
ui

te
 e

ar
ly

 in
 r

ad
io

bi
ol

og
ic

al
 s

tu
di

es
 (

fo
r r

ev
ie

w
s 

se
e 

K
U

S
S

E
L

L
, 19

54
; E

L
L

IN
G

E
R

, 19
57

; K
U

G
H

, 1
96

0)
. T

hi
s 

co
nc

lu
si

on
 c

ou
ld

 a
ls

o 
ha

ve
 b

ee
n 

pr
ed

ic
te

d 
on

 t
he

 b
as

is
 o

f 
th

e 
'la

w
' 

of
 B

E
R

G
O

N
IL

 an
d 

T
R

IB
O

N
D

E
A

U
 

(1
90

6)
 w

hi
ch

 w
as

 
de

du
ce

d 
m

ai
nl

y 
fr

om
 s

tu
di

es
 o

f 
ir

ra
di

at
ed

 t
es

te
s 

an
d 

al
so

 f
i-o

n1
 c

on
si

de
ra

ti
on

 o
f 

ot
he

r 
in

\i
es

ti
ga

ti
on

s.
 T

hi
s 

'la
w

' 
st

at
es

 t
ha

t 
'th

e 
ra

di
os

en
si

ti
vi

ty
 o

f 
ce

lls
 a

nd
 t

is
su

es
 i

s 
pr

op
or

- 
ti

on
al

 t
o 

th
ei

r 
re

pr
od

uc
ti

\,
e 

ac
ti

vi
ty

 a
nd

 in
ve

rs
el

y 
pr

op
or

ti
on

al
 to

 t
he

ir
 d

eg
re

e 
of

 d
if

fe
re

n-
 

ti
at

io
n'

. 
T

h
e 

de
ve

lo
pi

ng
 e

gg
s 

of
 a

n 
aq

ua
ti

c 
ve

rt
eb

ra
te

 w
er

e 
em

pl
oy

ed
 i

n 
a 

ra
di

at
io

n 
ex

pe
ri

- 
m

en
t 

ve
ry

 s
oo

n 
af

te
r 

th
e 

di
sc

ov
er

y 
of

 X
-r

ay
s 

(T
A

R
K

H
A

N
O

V
, 

18
96

).
 I

t 
w

as
 f

ou
nd

 t
ha

t 
w

he
n 

ar
ti

fi
ci

al
ly

 f
er

ti
li

ze
d 

eg
gs

 o
f 

th
e 

la
m

pr
ey

 w
er

e 
ex

po
se

d 
to

 X
-r

ay
s 

fo
r 

15
 m

in
 o

nc
e 

or
 

tw
ic

e 
da

il
y,

 e
m

br
yo

ni
c 

de
ve

lo
pm

en
t 

w
as

 i
nh

ib
it

ed
 a

lt
ho

ug
h 

co
nt

ro
l 

eg
gs

 p
ro

du
ce

d 
no

r-
 

m
al

 l
ar

va
e.

 I
n

 t
hi

s 
ca

se
, 

as
 w

it
h 

a 
gr

ea
t 

m
an

y 
of

 t
he

 e
ar

ly
 e

xp
er

im
en

ts
 w

it
h 

ot
he

r 
or

ga
ni

sm
s 

it 
is

 i
m

po
ss

ib
le

 t
o 

es
ti

m
at

e 
th

e 
do

se
 r

at
e 

or
 t

he
 a

bs
or

be
d 

do
se

. 
T

h
e 

ea
rl

y 
re

co
gn

it
io

n 
of

 t
he

 i
m

po
rt

an
ce

 o
f 

do
si

m
et

ry
 t

o 
th

e 
sa

fe
 r

ea
li

za
ti

on
 o

f 
th

e 
di

ag
no

st
ic

 a
n

d
 

th
er

ap
eu

ti
c 

pr
op

er
ti

es
 o

f 
ra

di
at

io
ns

 h
as

 a
lr

ea
dy

 b
ee

n 
m

en
ti

on
ed

 (
se

e 
S

ec
ti

on
 l

),
 a

nd
 t

he
 

fu
nd

am
en

ta
l 

si
gn

if
ic

an
ce

 o
f 

ra
di

at
io

n 
do

se
 i

n 
ra

di
ol

og
ic

al
 p

ro
te

ct
io

n 
w

ill
 h

av
e 

be
co

m
e 

ap
pa

re
nt

 i
n 

S
ec

ti
on

 3
. 

T
h

e 
ab

so
lu

te
 n

ec
es

si
ty

 f
or

 d
os

im
et

ry
 i

n 
aq

ua
ti

c 
ra

di
ob

io
lo

gi
ca

l 
st

ud
ie

s 
if 

th
e 

re
su

lt
s 

ar
e 

to
 h

av
e 

an
y 

m
ea

ni
ng

 w
ill

 b
e 

a 
re

cu
rr

in
g 

th
em

e 
in

 t
hi

s 
se

ct
io

n.
 

In
 v

ie
w

 o
f 

th
e 

pr
ob

ab
le

 g
re

at
er

 s
en

si
ti

vi
ty

 o
f 

th
e 

em
br

yo
ni

c 
ph

as
e 

of
 t

he
 l

if
e 

cy
cl

e,
 i

t 
w

as
 n

at
ur

al
 t

ha
t 

in
 t

he
 c

on
te

xt
 o

f 
co

nt
am

in
at

ed
 a

qu
at

ic
 e

nv
ir

on
m

en
ts

 a
tt

en
ti

on
 s

ho
ul

d 
ha

ve
 b

ec
om

e 
fo

cu
se

d 
on

 d
ev

el
op

in
g 

fi
sh

 e
gg

s 
si

nc
e 

fi
sh

 h
av

e 
ve

ry
 s

ig
ni

fi
ca

nt
 f

oo
d 

an
d

 
am

en
it

y 
va

lu
e.

 T
h

e 
im

po
rt

an
ce

 o
fs

uc
h 

in
ve

st
ig

at
io

ns
 w

as
 u

nd
er

li
ne

d 
by

 t
he

 f
in

di
ng

 t
ha

t 
fa

ll
ou

t 
ra

di
oa

ct
i\

.i
ty

 e
xt

ra
ct

ed
 f

ro
m

 r
ai

nw
at

er
 a

ft
er

 t
he

 t
es

t 
se

ri
es

 i
n 

th
e 

Pa
ci

fi
c 

in
 1

95
4 

ha
d 

a 
da

m
ag

in
g 

ef
fe

ct
 o

n 
th

e 
de

ve
lo

pi
ng

 e
gg

s 
of

 t
he

 z
eb

ra
 f

is
h 

(H
IB

IY
A

 
an

d
 Y

A
G

I,
 19

56
; 

M
IK

A
M

I an
d 

co
-a

ut
ho

rs
, 

19
56

, 
19

65
).

 T
h

e 
in

te
rp

re
ta

ti
on

 o
f 

th
es

e 
re

su
lt

s,
 h

ow
ev

er
, 

is
 

ha
m

pe
re

d 
by

 t
he

 la
ck

 o
f i

nf
br

ni
at

io
n 

on
 th

e 
ra

di
on

uc
li

de
 c

om
po

si
ti

on
 a

n
d

 c
he

m
ic

al
 f

or
m

 
of

 t
he

 r
es

id
ue

 (
O

P
H

E
L

 an
d 

co
-a

ut
ho

rs
, 

19
76

).
 

S
ev

er
al

 m
or

e 
or

 l
es

s 
co

m
pl

et
e 

re
vi

ew
s 

or
 s

um
m

ar
ie

s 
of

 t
he

 p
ub

li
sh

ed
 d

at
a 

on
 t

he
 

ef
fe

ct
s 

of
 r

ad
ia

ti
on

 o
n 

de
ve

lo
pi

ng
 f

is
h 

em
br

yo
s 

ha
ve

 r
ec

en
tl

y 
be

en
 p

ub
li

sh
ed

. 
D

A
B

- 
R

O
\V

SK
I 

(1
97

5)
 h

as
 g

iv
en

 a
 v

er
y 

br
ie

f 
su

m
m

ar
y 

of
 s

om
e 

of
 t

he
 m

ai
n 

re
su

lt
s 

w
hi

ch
 h

ad
 

be
en

 p
ub

li
sh

ed
 u

p 
un

ti
l 

19
73

; t
hi

s 
ha

s 
th

e 
vi

rt
ue

 o
f 

in
cl

ud
in

g 
m

an
y 

pr
ev

io
us

ly
 u

nc
on

si
- 

de
re

d 
R

us
si

an
 d

at
a.

 H
ow

ev
er

, 
no

 c
ri

ti
ca

l 
co

m
pa

ri
so

ns
 o

f 
th

e 
d

at
a 

w
er

e 
m

ad
e 

an
d

 t
he

 
pr

ob
le

m
 o

f 
do

si
m

et
ry

 w
as

 i
gn

or
ed

. 
A

 s
ho

rt
 r

ev
ie

w
 o

f 
se

le
ct

ed
 d

at
a 

ha
s 

be
en

 g
iv

en
 b

y 
E

T
O

H
 (

19
76

) 
as

 a
n

 i
nt

ro
du

ct
io

n 
to

 h
is

 o
w

n 
re

su
lt

s.
 A

lt
ho

ug
h 

th
e 

do
se

 r
at

es
 t

o 
th

e 
de

ve
lo

pi
ng

 e
m

br
yo

 f
ro

m
 r

ad
io

nu
cl

id
es

 i
n 

th
e 

w
at

er
 a

n
d

 o
n 

an
d

 i
n 

th
e 

eg
g 

ar
e 

co
ns

i-
 

de
re

d,
 t

he
 d

is
cu

ss
io

n 
an

d
 c

om
pa

ri
so

n 
of

 t
he

 d
at

a 
ar

e 
gi

ve
n 

in
 t

er
m

s 
of

 t
he

 r
ad

io
nu

cl
id

e 
co

nc
en

tr
at

io
ns

 in
 t

he
 w

at
er

. 
In

 a
n

 a
tt

em
pt

 to
 g

iv
e 

a 
de

fi
ni

ti
ve

 a
ss

es
sm

en
t o

f 
th

e 
po

ss
ib

le
 

ad
ve

rs
e 

bi
ol

og
ic

al
 c

on
se

qu
en

ce
s 

in
 c

on
ta

m
in

at
ed

 a
qu

at
ic

 e
nv

ir
on

m
en

ts
, 

es
ti

m
at

es
 o

f 
th

e 
lik

el
y 

do
se

 r
at

es
 to

 a
 v

ar
ie

ty
 o

f o
rg

an
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O
D

H
EA

D
) 

nated w
ith radionuclides the problem

 of dosim
etry w

as not addressed and once again 
the d

ata w
ere com

pared and discussed on the basis of the radionuclide concentrations in 
the w

ater. It is apparent, though not explicitly stated, that m
any of the d

ata could not be 
used as a basis for the assessm

ent. B
L

A
Y

L
O

C
K

 and T
~

W
B

A
L

K
A

 
(1978) em

phasized the 
fundam

ental im
portance of dosim

etry 
to 

radiobiological 
studies of developing fish 

em
bryos. T

h
ey

 also recognized that som
e of the apparent inconsistencies betw

een the 
results of different investigators arose fi-om

 the differential accum
ulation of the \~

arious 
radionuclides by the eggs, the variety of species studied, and the range of biological 
end-points em

ployed as criteria of effect. D
espite these insights, the results of the exper- 

im
ents w

ere once again discussed in term
s of the concentration of the radionuclide in the 

w
ater. 
It seem

s clear that the authors of the latter three review
s appreciated that there w

ere 
m

any problem
s involved in interpreting the results of m

uch of the experim
ental w

ork 
either in an environm

ental context or for the purposes of assessm
ent and in the absence 

of any obvious m
eans of resolving the problem

s confined them
selves to a straightforw

ard 
statem

ent of the results. It is the objective of this section to provide a critical reappraisal 
of the published d

ata on the effects of radiation on the developing fish em
bryo an

d
 to 

determ
ine its utility as a basis for the assessm

ent of the possible effects in contam
inated 

aquatic environm
ents. 

Effects arising from
 external in.adia&

ion of the developing em
bryo w

ith X-rays or w
ith ?-rays from

 
sealed sources 

A
cu

te irrad
iation

 
T

h
e

 response of developing fish em
bryos to acute, external irradia- 

tion is of lim
ited direct relevance to the m

ain problem
 of environm

ental concern, i.e. 
chronic, low

 dose rate exposure. H
ow

ever, som
e of the results w

hich have been obtained 
can provide a useful insight into the m

echanism
s w

hich m
ay underlie the response in the 

latter case. A
 num

ber of experim
ents have show

n that the radiosensitivity of the develop- 
ing em

bryo changes w
ith increasing developm

ent. 
B

O
N

H
A

M
 and W

E
L

A
N

D
E

R
 (1963) 

determ
ined the m

edian lethal dose (L
D

,,) 
at hatching an

d
 at 150 d after fertilization 

(larval age approxim
ately 90 d

) for the silver salm
on. T

h
e m

inim
um

 values w
ere calcu- 

lated to be 30 R
 and 16 R

 respectively for irradiation early in the one-cell stage. F
or both 

criteria the early phases of developm
ent 

(u
p

 to 32 cells) show
ed cyclic variations in 

radiosensitivity. D
uring the later stages, w

hich w
ere less intensively investigated, the 

L
D

,, 
at hatching show

ed a steady decrease in radiosensitivity w
ith a final value of 1871 

R
 for irradiation at the late-eyed stage, w

hile the LD
,, 

for the larvae continued to give 
evidence of a num

ber of m
ore sensitive periods of em

bryonic developm
ent against a 

background of increasing radioresistance (an L
D

, 
of 874 R

 for irradiation of late-eyed 
em

bryos). 
S

uch 
variations 

in 
the 

radiosensitivity 
of 

the 
very 

early 
phases 

of 
em

bryogenesis have been noted on a num
ber of occasions (S

O
L

B
E

R
G

, 1938b; N
ElFA

K
H

 
and R

O
T

T
, 1958; B

E
L

Y
A

E
V

A
 

and P
O

K
R

O
V

S
K

A
Y

A
, 

1959; PR
O

K
O

F'Y
E

\~A
-B

E
L

'G
O

V
SK

A
Y

A
, 

1961; K
U

L
IK

O
V

, 1970a,b) and the synchrony of early cleavage divisions and the differ- 
ential sensitivity of the phases of the m

itotic cycle have been im
plicated as the underly- 

ing cause. T
h

e trend of decreasing radiosensitivity w
ith increasing developm

ent is a 
general finding 

(S
O

L
B

E
R

G
, 1938b; W

ELA
N

D
ER

, 1954; M
C

G
R

E
G

O
R

 and N
E

~
V

C
O

M
B

E
, 

1968; F
R

A
N

K
 and B

L
A

Y
L

O
C

K
, 

1971; W
X

D
L

E
Y

 and W
E

L
A

N
D

E
R

, 
197 1; E

G
A

M
I and H

A
M

A
, 

1975). W
E

L
A

N
D

E
R

 
( 1954) determ

ined the L
D

, 
at hatching and at the end of the yolk sac 
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8
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R
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es
pe

ct
iv

el
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fo
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ir
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di
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at
io

n 
of

 t
he

 o
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l 
st

ag
e,

 a
nd

 7
35

 R
 a

nd
 4

54
 R

 r
es

pe
ct

iv
el

y 
fo

r 
ir

ra
di

at
io

n 
of

 l
at

e 
ge

rm
 

ri
ng

 e
m

br
yo

s.
 F

or
 l

at
e-

ey
ed

 e
m

br
yo

s 
th

e 
L

D
,,,

 a
t 

th
e 

en
d 

of
 t

he
 y

ol
k 

sa
c 

st
ag

e 
in

cr
ea

se
d 

to
 9

04
 R

. T
h

e 
de

ve
lo

pi
ng

 e
m

br
yo

s 
of

 t
he

 c
ar

p 
se

em
 t

o 
be

 s
ub

st
an

ti
al

ly
 le

ss
 r

ad
io

se
ns

it
iv

e 
th

an
 s

al
m

on
id

 e
m

br
yo

s.
 B

L
A

Y
L

O
C

K
 

an
d 

G
R

IF
F

I'
I'

H
 

(1
97

1)
 fo

un
d 

th
e 

L
D

,, 
at

 h
at

ch
in

g 
to

 
be

 6
01

 r
ad

 a
nd

 5
01

 r
ad

 f
or

 e
xp

os
ur

e 
of

 s
in

gl
e 

ce
ll 

eg
gs

 t
o 

y-
ra

di
at

io
n 

an
d 

P
-r

ad
ia

ti
on

 
re

sp
ec

ti
ve

ly
. 

F
R

A
N

K
 an

d 
B

L
A

Y
L

O
C

K
 

( 1
95

 1)
 f

ur
th

er
 s

ho
w

ed
 t

ha
t 

th
e 

L
D

,, 
at

 h
at

ch
in

g 
re

ac
he

d 
16

 k
ra

d 
fo

r 
ir

ra
di

at
io

n 
of

 e
ar

ly
-e

ye
d 

ca
rp

 e
m

br
yo

s.
 T

h
e 

on
ly

 d
at

um
 w

hi
ch

 h
as

 
ap

pa
re

nt
ly

 
be

en
 o

bt
ai

ne
d 

fo
r 

a 
m

ar
in

e 
fi

sh
 

is
 

th
e 

va
lu

e 
of

' 9
0 

ra
d 

fo
r 

th
e 

LD
,, 

at
 

m
et

am
or

ph
os

is
 f

or
 p

la
ic

e 
la

rv
ae

 w
hi

ch
 h

ad
 

be
en

 
ir

ra
di

at
ed

 a
t 

th
e 

bl
as

tu
la

 
st

ag
e 

of
 

em
br

yo
ge

ns
is

 (
W

A
R

D
 an

d 
co

-a
ut

ho
rs

, 
19

7 1
 j.

 
T

w
o

 s
et

s 
of

 d
at

a 
(W

E
L

A
N

D
E

R
, 

19
54

; B
O

N
H

A
M

 an
d 

W
E

L
A

N
D

E
R

, 19
63

) 
ha

ve
 i

nd
ic

at
ed

 
th

at
 l

ow
er

 v
al

ue
s 

of
 L

D
,, 

ar
e 

ob
ta

in
ed

 i
f 

th
e 

ti
m

e 
in

te
rv

al
 b

et
w

ee
n 

ir
ra

di
at

io
n 

an
d

 t
he

 
as

se
ss

m
en

t 
of

 t
he

 d
am

ag
e 

in
fl

ic
te

d 
du

ri
ng

 e
m

br
yo

ge
ne

si
s 

is
 i

nc
re

as
ed

. 
It

 h
as

 b
ee

n 
no

te
d 

th
at

 a
n

 a
cu

te
 r

ad
ia

ti
on

 d
os

e 
m

ay
 r

es
ul

t 
in

 t
he

 m
or

ta
li

ty
 o

f 
th

e 
eg

gs
 

at
 a

 s
pe

ci
fi

c 
st

ag
e 

la
te

r 
in

 d
ev

el
op

m
en

t.
 T

hu
s,

 i
rr

ad
ia

te
d 

ra
in

bo
w

 t
ro

ut
 e

m
br

yo
s 

ex
pe

ri
- 

en
ce

d 
m

uc
h 

in
cr

ea
se

d 
m

or
ta

li
ty

 d
ur

in
g 

th
e 

la
te

 c
le

av
ag

e 
st

ag
e 

an
d

 d
ur

in
g 

th
e 

de
ve

lo
p-

 
m

en
t 

of
 t

he
 e

ye
, 

br
ai

n,
 a

nd
 c

au
da

l 
re

gi
on

 (
W

E
L

A
N

D
E

R
, 19

54
);

 fo
r 

sa
lm

on
 e

m
br

yo
s 

th
e 

in
cr

ea
se

d 
m

or
ta

li
ty

 o
cc

ur
re

d 
at

 g
as

tr
ul

at
io

n 
an

d 
at

 h
at

ch
in

g 
(W

A
D

L
E

Y
 

an
d

 W
E

L
A

N
D

E
R

, 
19

71
),

 w
hi

le
 f

or
 l

oa
ch

 a
nd

 s
tu

rg
eo

n 
em

br
yo

s 
a 

hi
gh

 d
os

e 
(1

0 
kR

) 
at

 a
ny

 t
im

e 
be

tw
ee

n 
fe

rt
il

iz
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io
n 
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d 

ea
rl

y 
bl
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la
 d

ev
el
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m

en
t 
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ev

en
te

d 
su

cc
es

sf
ul

 g
as

tr
ul

at
io

n 
(N

E
IF

A
K

H
 

an
d 

R
O

TT
', 1

95
8)

. I
n 

th
e 

la
tt

er
 c

as
e 

it
 a

pp
ea

re
d 

th
at

 t
he

 g
en

et
ic

 i
nf

or
m

at
io

n 
ne

ce
ss

ar
y 

to
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nt

ro
l 

de
ve

lo
pm

en
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 f

ar
 a

s 
ga

st
ru
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ti
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 h
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ee
n 
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le
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ed

 b
ef
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e 
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rt

il
iz
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io
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d 
w
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in
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 f
or
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 t

ha
t 

w
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e 

ef
fe

ct
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nl
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w
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ur
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 d
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d 

th
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en
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pa
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O
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 d
at
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ai
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ev
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 d
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E
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K
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V
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B
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L
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S
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, 
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; 

U
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~
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 C
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 d
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at
ch

in
g 

su
cc

es
s 

(W
E

L
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N
D

E
R

, 
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; K

O
N

N
O
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rs
, 
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55

; 
N

E
IF

A
K

H
 

an
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R
O

T
T

, 
19
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; 

B
E

L
Y

A
E

V
A

 
an

d 
P

O
K

R
O

V
S

K
A

Y
A

, 
19

59
; 

B
O

N
H

A
M

 an
d 

W
E

L
A

N
D

E
R

, 19
63

; 
W

H
IT

E
, 1

96
4;

 K
U

L
IK

O
V

 an
d 

co
-a

ut
ho

rs
, 

19
68

; 
M

C
G

R
E

G
O

R
 an

d 
N

E
\V

C
O

&
[B

E
, 19
68

; H
Y

O
D

O
-T

A
G

U
C

H
I an

d 
E

G
A

M
I,
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; K
U

L
IK

O
V
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d 
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-a
ut

ho
rs

, 1
96

9,
 

19
70

b,
 A

L
'S

H
IT

S 
an

d 
co

-a
ut

ho
rs

, 
19

70
; 

K
U

L
IK

O
V

, 19
70

a;
 B

L
A

Y
L

O
C

K
 an

d 
G

R
IF

F
IT

H
, 

19
71

; 
F

U
N

K
 a

n
d

 B
L

A
Y

L
O

C
K

, 19
71

; 
K

U
L

IK
O

V
 

an
d 
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-a

ut
ho

rs
, 

19
71

a;
 W

A
D

L
E

Y
 an

d 
\'V
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t\N

D
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, 
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71
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d
 l
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l 
m

or
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(W

E
L
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N

D
E

R
, 19
54

; 
K

O
N

N
O
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d 

co
-a

ut
ho

rs
, 

19
55

; 
B

O
N

H
A

M
 an

d
 

W
E

L
A

N
D

E
R

, 19
63

; 
K

U
L

IK
O

V
 an

d 
co

-a
ut

ho
rs

, 
19

68
; 

H
Y

O
D

O
- 

T
A

G
U

C
H
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an

d
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G
A

M
I,
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69

; K
U

L
IK

O
V

 an
d

 c
o-

au
th
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s,

 1
96

9,
 1
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0b

; K
U

L
IK

O
V

, 19
70

a;
 

K
U

L
IK

O
V

 
an

d 
co

-a
ut

ho
rs

, 
19

7 1
a;

 W
A

R
D

 an
d 

co
-a

ut
ho

rs
, 

19
71
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 T
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 p
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 r
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 d
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 d

er
iv

e 
a 

re
as

on
ab

ly
 u
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on
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i.e
. 
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L
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,, 
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 s
om

e 
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if

ie
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ti
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ra
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. H
ow
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e 

fi
na

l 
an

d 
m

os
t 



1222 
2 

C
0N

T
.A

M
IN

A
T

IO
N

 D
U

E
 TO

 R
A

D
IO

A
C

TI\.'E M
A

TER
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. S. \\'O

O
D

H
E

A
D

) 

easily identifiable expression 
of dam

age to biological 
functions, tissues, and organs 

w
hich are developing in the em

bryo. A
ny or all of these m

ay be dam
aged to a greater or 

lesser degree in a m
oribund em

bryo or larva and sim
ilar, although less extensive, dam

- 
age m

ay be present in apparently viable individuals. A
nother criterion of dam

age w
hich 

is frequently em
ployed is the incidence of abnorm

al em
bryos and larvae. In severe cases 

this is the equivalent of m
ortality, but m

ilder, m
ore or less viable form

s of anom
aly have 

been observed. D
u

e to the rather m
ore subjective nature of the assessm

ent and also to 
the frequent existence of m

ultiple anom
alies in a given individual, particularly at high 

doses, it is less easy to quantify than m
ortality. 

W
E

L
A

N
D

E
R

 
( 1954) scored visible anom

alies such as m
icrophthalm

ia, abdom
inal and 

caudal foreshortening, abdom
inal lordosis and abnorm

al fin structures in rainbow
 trout. 

A
n 

increased 
incidence of abnorm

al fish 
w

ith 
increasing absorbed dose w

as 
only 

detected w
ith certainty for those em

bryos irradiated at the 32 cell and the early-eyed 
stages. T

h
e relatively m

inor changes in the other characters scored (standard length, eye 
diam

eter, head length, pigm
entation, and fin ray num

bers) probably represent, in a 
m

ild form
, the sam

e type of dam
age w

hich w
as scored as abnorm

ality. T
h

e late cleavage 
stage of rainbow

 trout em
bryos w

as found 
to be significantly m

ore sensitive to an
 

absorbed dose of 1000 rad than the early cleavage, blastula, and germ
 ring stages by 

M
C

G
R

E
G

O
R

 and N
E

\Y
C

O
M

B
E

 
(1968), w

ho scored m
ajor m

alform
ations of the eyes and 

body. In the absence of com
parable absorbed doses and stages at irradiation it is not 

possible to m
ake a close com

parison of the results of these tw
o experim

ents. K
O

N
N

O
 and 

co-authors 
(1955) noted 

skeletal 
deform

ities and 
hypertrophy of 

the yolk 
sac and 

pericardium
 in goldfish w

hich increased in incidence w
ith absorbed dose. F

R
A

N
K

 and 
B

L
A

Y
L

O
C

K
 (1971) scored as abnorm

al those carp em
bryos w

hich show
ed crooked tails 

and bodies, enlarged abdom
ens and reduced overall size; again, for irradiation at a given 

stage of developm
ent, the subsequent incidence of abnorm

al larvae 
increased 

w
ith 

absorbed dose and the sensitivity to irradiation declined w
ith increasing developm

ent. 
Irradiation of the em

bryos of the euryhaline fish F
undulus heleroclitus m

ainly produced 
anom

alies in the developm
ent of the brain and a general stunting of grow

th (R
U

G
H

 and 
C

L
U

G
S

T
O

N
, 1955; R

U
G

H
 and G

R
U

P
P

, 1959). 
A

L
L

E
N

 and M
U

L
K

A
Y

 (1960) m
ade an

 extensive histological investigation of the effects 
o

n
 em

bryos of the paradise fish M
acropodus opercularis, of an

 X
-ray exposure of 1000 R

 at 
different stages of developm

ent. T
w

elve tissue or organ system
s w

ere investigated and 
w

ere found to have the follow
ing approxim

ate order of decreasing sensitivity: (1) blood 
and haem

opoietic tissue; (2) eye; (3
) central nervous system

; (4
) germ

 cells; (5) m
uscles; 

(6) gut; (7) heart; (8) ear and lateral line; (9) pronephros; (10) olfactory organ; (l l) 
notochord; (12) pigm

ent cells. If dam
age to m

uscles can be assum
ed to be, in part at 

least, responsible for deform
ations of the body, then the abnorm

alities w
hich are m

ost 
easily scored also correspond to dam

age to som
e of the m

ost sensitive tissues. F
or all 

tissues and organs it w
as found that specific types of dam

age could be elicited by irra- 
diation prior to the appearance of any identifiable precursor cells, i.e. u

p
 to and inclu- 

ding at least the late blastula stage and for som
e tissues (germ

 cells, heart, pronephros, 
and olfactory organ) m

uch later. T
his finding is in agreem

ent w
ith both the stated 

conclusions (W
E

L
A

N
D

E
R

, 
1954; R

U
G

H
 and G

R
U

P
P

, 1959; ~
M

C
G

R
E

G
O

R
 

and N
E

W
C

O
M

B
E

, 
1968) an

d
 the results of other w

orkers (K
U

L
IK

O
V

 
and co-authors, 1969; A

L
'S

H
IT

S
 and 

co-authors, 1970; K
U

L
IK

O
V

, 1970b; F
R

A
N

K
 and B

L
A

Y
L

O
C

K
, 1971). T

h
e process of dif- 
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ge
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E
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95
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 d
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 d
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U

L
IK

O
V

 
an

d 
co

-a
ut

ho
rs

 
(1

96
9,

 1
97

0b
) 

no
te

d 
th

at
 e

xp
os

ur
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t c
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 d
el

iv
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 t

o 
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un
g 
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F
ur

th
er

 o
bs

er
va
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 t
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rr
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d 

la
rv

ae
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ve
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ng
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pe
ri
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im
e 

w
ou

ld
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av
e 

pr
ov

id
ed

 m
or

e 
co

nv
in

ci
ng

 e
vi

de
nc

e 
of

 th
e 

si
gn

if
ic

an
ce

 o
f 

th
is

 
ap

pa
re

nt
 e

ff
ec

t. 
T

h
e 

co
ns

eq
ue

nc
es

 o
f 

ir
ra

di
at

io
n 

du
ri

ng
 e

m
br

yo
ni

c 
de

ve
lo

pm
en

t 
on

 t
he

 
gr

ow
th

 o
f 

th
e 

re
su

lt
in

g 
la

rv
ae

 a
re

 q
ui

te
 c

om
pl

ic
at

ed
. 

H
ig

h 
ex

po
su

re
s 

(>
 60

0 
R

) 
at

 a
ny

 
st

ag
e 

of
 d

ev
el

op
m

en
t 

ca
n 

be
 e

xp
ec

te
d 

to
 c

au
se

 a
 r

et
ar

da
ti

on
 o

f 
gr

ow
th

 (
W

E
L

A
N

D
E

R
, 

19
54

; 
K

O
N

N
O

 an
d 

co
-a

ut
ho

rs
, 

19
55

) 
w

he
re

as
 l

ow
er

 d
os

es
 m

ay
 c

au
se

 n
o 

ef
fe

ct
 o

r 
a 

re
ta

rd
at

io
n 

if
 d

el
iv

er
ed

 a
t 

la
te

 s
ta

ge
s 

of
 d

ev
el

op
m

en
t 

(W
E

L
A

N
D

E
R

, 19
54

; 
W

E
L

A
N

D
E

R
 

an
d 

co
-a

ut
ho

rs
, 

19
71

) 
or

 m
ay

 s
ti

m
ul

at
e 

or
 r

et
ar

d 
gr

ow
th

 i
f 

ex
po

su
re

 o
cc

ur
s 
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 e

ar
ly

 
st

ag
es

 o
f 

de
ve

lo
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en
t 

(W
E

L
A

N
D

E
R

, 
19

54
; W

A
D

L
E

Y
 

an
d 

W
E

L
A

N
D

E
R

, 19
7 1
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t 
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 o
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 c
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 c
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. S. \V

O
O

D
H

EA
D

) 

experim
ents m

ay 
be, in part, contradictory (W

E
L

A
N

D
E

R
, 

1954; W
E

L
A

N
D

E
R

 
and co- 

authors, 1971). H
A

M
A

G
U

C
H

I 
(1 976) show

ed that the exposure ofO
ryzias latipes to l000 R

 
on the day prior to hatching delayed the proliferation 

of oogonia in the developing 
gonad, but that recovery w

as in progress at a larval age of 12 d
. Irradiation of rainbow

 
trout w

ith exposures u
p

 to 203 R
 at the eyed-em

bryo stage produced no significant effect 
on either the subsequent fecundity of the fem

ales or on the survival to the eyed-em
bryo 

stage of eggs from
 crosses betw

een sim
ilarly irradiated parents (W

E
L

A
N

D
E

R
 

and co- 
authors, 1971). 

W
H

IT
E

 (1964) investigated the effect of fiactionated exposure (daily exposures in the 
range l00 to 2000 K

 on the first 6 d of developm
ent) on em

bryos of Fundulus heteroclz~us. 
A

t 
all exposures there w

as a reduction 
in 

the rate of developm
ent and a delay in 

hatching, an
d

 except at 100 R
 d

-' 
(total exposure 600 R

), there w
as a decline in the 

hatch rate an
d

 a low
er survival of em

bryos and larvae. In
 the absence of corresponding 

d
ata for a single acute exposure it is not possible to determ

ine w
hether fractionation of a 

given dose am
eliorates the dam

age produced. E
G

A
M

I and H
A

M
A

 (1975) have show
n 

that 2 kR delivered at early stages ofdevelopm
ent produce a sim

ilar response in term
s of 

reduced hatching rate and lengthened incubation period w
hen the exposure rate is either 

250 R
 m

in-l or 33.3 R
 m

in
', but that at 1-7 R

 m
in-' there is little change from

 control 
values. In

 the latter half of the incubation period 2 kR
 appeared to have little effect on 

these param
eters regardless of dose rate. L

ow
ering the tem

perature of the eggs during 
exposure elim

inated the sparing effect of either reduced dose rate or dose G
actionation. 

C
h

ron
ic irrad

iation
 

C
om

pared 
w

ith 
the num

ber of' studies w
hich 

have 
utilized 

radionuclides in solution as the source ofchronic radiation exposure (see pp. 1242- 1258), 
there are relatively 

few
 investigations w

hich have adopted the sim
pler procedure of 

using an external, sealed source of y-rays, e.g. 60C
o or 137 CS

. T
h

e obvious advantage of 
the latter approach lies in the ease w

ith w
hich unam

biguous estim
ates of the dose rate 

an
d

 total absorbed dose to the fish em
bryo can be obtained by em

ploying conventional 
dosim

etric techniques, e.g. film
, ionization cham

bers or therm
olum

inescent dosim
eters. 

T
h

u
s, the biological response of the developing em

bryo to irradiation can be directly 
related to the prim

ary cause of dam
age, i.e. the absorbed energy. 

C
oncern 

as to the possible effects of the radioactive em
uent from

 
the plutonium

 
production reactors on the H

anford reservation in W
ashington S

tate on the natural 
salm

on runs u
p

 the C
olum

bia R
iver prom

pted early and detailed investigations. T
h

e 
studies w

hich have been m
ade are unique in that they have utilized the salm

on runs 
w

hich have been developed to return to the ponds m
aintained by the C

ollege ofF
isheries 

on the U
niversity of W

ashington cam
pus. T

here, norm
al fish hatchery procedures have 

been em
ployed to rear populations of both irradiated and control em

bryos to m
igratory 

size. T
hese fish have been differentially m

arked and then released to return to the sea so 
that an

 assessm
ent of the effects of irradiation can be m

ade under essentially natural 
conditions (D

O
N

A
L

D
S

O
N

 
and B

O
N

H
A

~
I, 
1964, 1970; B

O
N

H
A

~
L

I 
and D

O
N

A
L

D
S

O
N

, 
1966, 

1972; D
O

N
A

L
D

SO
N

, 1970, 197 1 ; D
O

N
A

L
D

S
O

S
 

and C
O

-au [hors, 1972; H
E

R
S

H
B

E
R

G
E

R
 

and 
co-authors, 

1973, 1974, 1976, 
1978). T

h
e initial 

level of irradiation w
as arbitrarily 

chosen to be approxim
ately 0.5 R

 d
-' or a total exposure of som

e 40 R
 betw

een the 
fertilization of the salm

on eggs and the attainm
ent of free feeding after the absorption of 

the yolk sac. T
his exposure w

as greater than the 
1 R

 w
hich it w

as estim
ated m

ight 
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Table 2-3 1 

Erects of chronic y-irradiation on embryonic development and subsequent life history of Chinook salmon (Compiled from DONALDSON and 
BONHAM, 1964, 1970; BONHAM and DONALDSON, 1966, 1972; DONALDSON, 1970, 197 1 ; DONALDSON and co-authors, 1972; HERSHBERCER 

and co-authors, 1973, 1974, 1976, 1978) 

Brood year 1960 1962 1963 1964 1965 1966 1967 1968 1969 1970 

Dose rate, R d - ' 
Total dose, R 

0.54 Bg* Bg* 0.53 1.3 2.8 5.0 10.0 20.0 50.07 
33-37 ~ 0 . 2  ~ 0 . 2  W 2  95-100 230 355 810 1720 38004000 

Stock 

Mortality 
Smolt weight 
Smolt length 
Growth rate 
Abnormalities: Number of vertebrae 

Vertebral fusions 
Cross abnormalities 

Gonad development 
Returns: Age l yr d 

P 

Unirradiated Irradiated and control 4 Unirradiated chinook salmon - 
chinook chinook salmon from 
salmon the 1960 brood year 

mated Irr X Irr 
and Con X Con 

0 0 0 
0 

--- + + +  0 
0 0 0 
- 0 - - - 
0 % 0 

0 
0 0 0 

0 0 0 0 
0 0 0 0 
0 0 ---  - - 
0 0 0 0 

+ + +  + +  0 0 
0 0 0 0 

+ +  + + +  0 0 
0 + 0 0 
0 0 0 0 
0 + + 0 0 



Total d 
Total P 
Total d + P 

Relative fecundity: Age 3 yr 
4yr 
5 yr 

F, crosses (unirradiated) 
Mortality 
Smolt weight 
Parental age 3 yr EP X E6 

E9 xC6 
C9 xE6 

4yr EP X Ed 
EP X G3 
C? X W 

Smolt length 
Parental age 3 yr EP X E3 

EP xC6 
CP X W 

4yrE9 XW 
E9 xW 
C9 xW 

*Bg: natural background. 
t12 of the 16 irradiated lou received an exposure rate of 17 Rd-' for the first 5d ofdevelopment and 50 Rd-' Tor the remainder; thc remaining 4 lou received 
50 R d- ' for the whole of the incubation period. 
$In HERSHEERGER and co-authors (1978) the same data for weights as given in DONALDSON and BONHAM (1964) for irradiated and control smolu are said not to 
be significantly different. 
§Data given for two observers: the first finds no significant (P > 0.25) increase in vertebral fusions, the second, a significant (P < 0.01) increase in incidence in 
irradiated smolu. 
Plus signs indicate that irradiated fish outperformed controls at the following levels of significance: + P < 0.05; + + P < 0.01, and + + + P < 0,001. 
Minus signs indicate that controls outperformed irradiated fish at the following levels of significance: - P < 0.05; - - P < 0.01, and - - - P < 0.001. 
0 indicates no significant effect either way. 
E indicates a deleterious effect with no attached degree of'significance. 



1228 
2. C

O
N

T
A

M
JN

A
T

IO
N

 D
U

E
 T

O
 R

A
D

IO
A

C
T

IV
E

 M
A

T
E

R
IA

L
S (D

. S. \V
O

O
D

H
E

A
D
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either as an
 increased incidence of dead or abnorm

al em
bryos or as an 

increased 
post-natal m

ortality of the young. It w
as, therefore, concluded that the reduced m

ean 
actual brood size could m

ore probably be attributed to a reduced production of viable 
gam

etes than to increased em
bryonic m

ortality. T
h

u
s chronic irradiation at these dose 

rates did not appear to have any significant effect on the developing em
bryo. 

EfJects 
arising from

 
irradiation of the developzng 

em
bryo by radionuclides in the w

ater and by 
radionuclides adsorbed and absorbed by the eggs 

F
ish eggs developing in a contam

inated environm
ent w

ill be irradiated not only by 
radionuclides associated w

ith external com
ponents of the environm

ent, e.g. w
ater, sea- 

bed, etc., but also by radionuclides w
hich are adsorbed on to the surface of, o

r absorbed 
into, the eggs them

selves. T
h

e
 possibility 

that such accum
ulations 

m
ight 

produce 
enhanced radiation fields in the vicinity of the em

bryo has prom
pted investigations of 

the response to irradiation of developing fish eggs under conditions w
hich attem

pt to 
parallel reasonably closely those w

hich m
ight obtain in contam

inated environm
ents, 

that is, the eggs have been incubated in w
ater labelled w

ith increasing concentrations of 
the radionuclide being studied. It seem

s, therefore, that there are three aspects of the 
problem

 w
hich require detailed study if the experim

ental d
ata are to have any relevance 

to environm
ental concerns, viz, the kinetics of radionuclide accum

ulation by developing 
fish eggs, dosim

etry, an
d

 the quantification of the radiation response as a function of 
dose. 

A
ccu

m
u

lation
 of rad

ion
u

clid
es by d

evelop
in

g fish
 eggs. 

T
h

e accum
ulation of 

radionuclides on the surface, an
d

 in the contents of developing fish eggs to bulk concen- 
trations (i.e. activity per unit w

eight of egg) above that of the surrounding w
ater w

ould, 
in general, be expected to have som

e significance in respect of an
 increased radiation 

field in the vicinity of the em
bryo. T

h
e concentration factor, defined as 

quantity of radionuclides 
egg 

C
F

 =
 quantity ofradionuclidesg-' w

ater 

has been used as a convenient basis on w
hich the results of accum

ulation experim
ents 

conducted under laboratory conditions can be either com
pared, or applied in other 

situations: in particular in contam
inated environm

ents. T
h

at this basis is not com
pletely 

sound in the case of fish has recently been pointed out by P
E

N
T

R
E

A
T

H
 

(1977a). F
or fish 

eggs the situation is som
ew

hat sim
pler in that there is no food input term

, and the 
accum

uated radionuclides are directly derived from
 solution or from

 suspended m
a- 

terial. H
ow

ever, there rem
ain the reservations as to the utility o

fa single C
F

 value in the 
- 

absence of a precise definition of the physico-chem
ical form

 of the radionuclide under 
the conditions of the m

easurem
ent. 

M
uch of the available inform

ation concerning the accum
ulation of radionuclides by 

fish eggs is sum
m

arized in T
ab

le 2-32. W
ith the possible exception o

fth
e values reported 

by G
U

S
'K

O
V

A
 

an
d

 co-authors (1 975) all the d
ata are derived from

 laboratory studies. In
 

17 of the 41 references cited the d
ata w

ere collected in the course of experim
ents inves- 

tigating the effects o
fw

ater contam
ination on the developing fish em

bryo. P
resum

ably, 
therefore, these d

ata w
ere intended to provide a basis for estim

ates of dose rate or 
absorbed dose; their utility in this respect w

ill be considered in detail later. 
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Table 2-32 

Radionuclide accumulation by fresh water and marine fish eggs (Original; compiled from the sources indicated) 

Species Radionuclide 
Concentration 

factor* 

Other details 
given of the 

accumulation 
process Source 

Fresh water spawning fish 
Salmo salar g"Sr-nitrate 

goY-nitrate 
SOSr-90y 
90Sr-9Oy 

137Cs 

59Fe-citrate 
goSr-nitrate 
90Sr-90Y 

Oncorhynchus kisutch 
Salmo lrulla 

Salmo gairdnni 
( = Salmo irideus) l+C-sodium carbonate 

32P-disodium hydrogen 
phosphate 

45Ca-chloride 
60Co-chloride 
89Sr-chloride 

90Sr-90Y chloride 
g l Y-chloride 

37 (1, = 60) 
I D t  

8-10 (t,, = 9) 
ID 

1-2 (leq = 10) 
I D 

16-18 ( 1 ,  = 51) 
25 (1,  = 57) 
25 (1,  = 58) 

A,Bt 
B 
B 
C 
B 

A,B 
A,B 
A,B 

None 

BROWN (1962) 
BROWN (1962) 
KOSHELEVA ( 1973a) 
MIGALOVSKIY (1973b) 
KOSHELEVA (1973a) 
OLSON (1 973) 
DABROWSKI and co-authors ( 1975) 
BROWN (1962) 
BROWN and TEMPLETON (1964); 

TEMPLETON ( 1966) 
BROWN (1962) 
DOKHOLYAN and co-authors (1974) 

DOKHOLYAN and co-authors (1974) 

DOKHOLYAN and co-authors (1974) 

DOKHOLYAN and co-authors (1974) 

STRAND and co-authors ( 1973b) 
SHEKHANOVA (1970) 
SHEKHANOVA (1970) 

SHEKHANOVA ( 1970) 
K I M U R A  and HONDA (1977) 
SHEKHANOVA (1970) 
SHEKHANOVA (1970) 
SHEKHANOVA ( 1970) 



l 06Ru (chloro-complex 
in l0 N HCI) 

'06Ru (NO-nitro 
complex in water) 
Io6Ru (NO-nitrato 

complex in 0.0 1 
N HNO,) 

Io6Ru (NO-binuclear 
complex in water) 
I I I-sodium iodide 

l 37Cs-chloride 
l 44Ce-chloride 

l 4C-sodium acetate 

HONDA and co-authors (1 972) 

KIMURA and HONDA (1977) 

KIMURA and HONDA (1977) 

K~MURA and HONDA (1977) 

KIMURA and HONDA (1977) 
KIMURA and HONDA (1977) 
KIMURA and HONDA (1977) 
FEDOROVA ( 1965) 

14C-sodium acetate 

Coregonw peled 4C-sodium acetate 
"C-sodium acetate 

Io6Ru 
1311 

140Ba-140La 
e°Co 

goSr-chloride 
goY-chloride 

goSr-gOY-nitrate 

A,B 
B 

None 
None 
A,B 

A 
A 
A 
A 

FEDOROVA (1965a) 
FEDOROVA (1972b) 
GUS'KOVA and co-authors ( 1975) 
GUS'KOVA and co-authors (1 975) 
GUS'KOVA and co-authors (197 1) 
KULIKOV and OZHEGOV (1975) 
KULIKOV and OZHEGOV (1976) 
KULIKOV and OZHEGOV (1976) 
FEDOROVA (1963t) 

Coregonu lavarelw 20 (l = 16) 
3 (lh = 120) 

80 (Lh = 120) 
103 at 2 X 10b9 
Ci I- ' (I = 25) 
80 at 2 X 10-7 
Ci 1- (4 = 30) 
20at 2 X 10-5 
Ci 1- (1, = 30) 
18 at 8 X 10-l0 
Ci I - ' (lh = 1.5) 
4 at 3.2 X 10-B 
Ci 1 - ' (lh = 1.5) 
1.7 at 1.1 X 10-6 
Ci 1-l (lh = 1.5) 

1.8 at 1.39 X 10-4 
Ci 1- (Lh = 1.5) 

Clenopharyngodon 
idella 



Table 2-32---conld 

Rutilus rulilus 
Acerina cernua 
Albumus alburnu 
Carassius carassius 

Esox lucius 

Other details 
given of the 

Concentration accumulation 
Species Radionuclide factor* process Source 

goY-chloride 24 at 8 X 10-l0 A NILOV (1974) 
Ci I - '  (lh = 1.5) 

g"Y-chloride 9 at 3.2 X 10-" A NILOV (1974) 
Ci I- '  (lh = 1.5) 

g"Y-chloride 2 at 1 .1  X 10-6 A NILOV (1974) 
Ci l- (lh = l .5) 

g"Y-chloride 1 at 1.39 X 10-4 A NILOV (1974) 
Ci 1 - I  ( lh = 1.5) 

' *C-acetic acid 2.9 (th = 4) A FEDOROVA ( 1963b) 
' *C-acetic acid 2.3 (Lh = 4) None FEDOROVA ( 1  963b) 
I *C-acetic acid 2 (l,, = 4) None FEDOROVA ( 1  963b) 
I 4C-acetic acid 0.7 ( l  = 4) None FEDOROVA ( l  96313) 

90Sr 5 at 10°C and 20°C A KULIKOV and co-authors (197 1 b) 
( l  = 4) 

gay  24 at  10°C (l = 8) A KULIKOV and co-authors (197 1 b) 
goy 66 at  20 "C ( t  = 4.5) A KULIKOV and co-authors (197 1 b) 

6oCo 32 (l = 14) A KULIKOV and OZHEGOV (1975) 
90Sr 8 (l = 7) A KULIKOV and co-authors ( 1  97 1 b) 
soy 31 (l = 7) A KULIKOV and co-authors (1971 b) 

95Zr-95Nb 4 at 10°C (lh = 12) A KULIKOV and co-authors (1970a) 
95Zr-95Nb 8 a t 2 O 0 C  (lh = 6) A KULIKOV and co-authors (1970a) 

'06Ru 6 at 10°C (lh = 12) A KULIKOV and co-authors (1970a) 
Io6Ru 14 at 20 "C (lh = 6) A KULIKOV and co-authors (1970a) 
I3'Cs 2 a t  10°C ( l h =  12) A KULIKOV and co-authors (1970a) 
137Cs  3 at 20°C (lh = 6) A KULIKO\/ and co-authors (1970a) 
I4*Ce 18 at 10°C (1, = 12) A KULIKOV and co-authors (1970a) 
"*Ce 26 at 20°C ( l b  = 6) A KULIKOV and co-authors (1970a) 
6oCo 29 at 10°C ( l  = 12) A KULIKOV and OZHECOV (1975) 
6oCo 36a t2O0C ( L =  4) A KULIKOV and OZHECOV ( 1975) 
90Sr 2 at 10°C (l = 4) A K U L I K O ~  and co-authors ( 1  97 1 b) 



Pimephales promelac 
0ryzia.s lalipes 

24 I Am-citrate 
244Cm-ci trate 
'?"U-citrate 
233U-citrate 

3H-water 

Marine spawing fish 
Rhombus maeolicus 54Mn-chloride 

( = Scophlhalmus 60Co-chloride 
rnaeolicw) 65Zn-chloride 

90Sr 

I37Cs 
13'Cs 
".'CC 

'85W-sodium 
tungstate 

35S-sodium sulphate 
9Fe-chloride 

goSr-chloride 
goY-chloride 

l 06Ru-chloride 
I 44Ce-chloride 

Odonlogadus merlangus 
ponlicus 
( Gadus merlangus 
euxinus) 

1 (Ih = ?) 
169 (Lh = ?) 
4.4 (L, = ?) 
73 (1, = ?) 

17.8 (Lb = ?) 
152 (Lh = ?) 

A,B 
A 
A 

A,B 
A,B 

B 
None 
A,B 
A,B 

B 
A 

None 
None 
A,B 
A,B 

KULIKOV and co-authors ( 197 1 b) 
KULIKOV and co-authors ( 197 1 b) 
KULIKOV and co-authors ( 197 1 b) 
KULIKOV and co-authors (l97 l b) 
KULIKOV and co-authors (l971 b) 
KULIKOV and co-authors (l970a) 
KULIKOV and co-authors (1970a) 
KULIKOV and co-authors (1970a) 
KULIKOV and co-authors (1970a) 
SHEKHANOVA and PECHKURENKOV 

( 1968) 
SHEKHANOVA and PECHKURENKOV 

( 1968) 
PATIN and co-authors (1 97 1 ) 
TII,L (1976); TILI. and FRANK (1977; 
'TILL (1978) 
TILL and FRANK (1977) 
TILL and FRANK (1977) 
TILL (1976) 
TILL (1976) 
UENO (1974) 



Table 2-32-contd 

Species 

Other details 
given of the 

Concentration accumulation 
Radionuclide ractor* process Source 

Engraulis encrasicholus 
ponlicus 

Trachurus meditewaneus 
panticus 

Mullus barbalus 
ponlicus 

Scorpaena porcw 

Sewanus scriba 

Uranoscopus scaber 
Pleuronectes 

platessa 

Belone belone euxini 'P-phosphoric acid 
90Sr 
9OY 
95Zr 
gSNb 
Io6Ru 
I4'Ce 

2P-phosporic acid 

9OY 
9lY 

95Zr-95Nb 
lo6Ru 
I3'Cs 
90Sr 

9OY 
9IY 

I4'Ce 
90Sr 
9OY 
"C 
09Sr 
89Sr 
"C 
8gSr 
95Zr 

5ICr (111) 
$ ' C r  ( V I )  

5 4  Mn-chloride 

A,B 
None 
None 

B 
B 
B 
B 

A,B 
None 
None 
A,B 
A,B 
A,B 
A,B 
B 
B 
B 
B 

A,B 
None 
None 
None 

B 
A 

None 
B 
B 
B 
B 

A,B 

ZESENKO and IVANOV (1966) 
IVANOV (1965a) 
IVANOV (1965a) 
IVANOV (1972) 
IVANOV (1972) 
IVANOV ( 1965a) 
IVANOV (1965a) 
ZESENKO and IVANOV (1966) 
IVANOV (1965a) 
IVANOV (1965a) 
IVANOV (1965a) 
IVANOV (1965a) 
IVANOV ( 1965a) 
IVANOV ( 1965a) 
IVANOV (1965a) 
IVANOV (1972) 
IVANOV (1965a) 
IVANOV (1965a) 
IVANOV (1965a) 
IVANOV ( 1965a) 
IVANOV (1965a) 
IVANOV ( 1972) 
IVANOV (1972 
POLIKARPOV and GAMEZO (1966) 
IVANOV (1972) 
IVANOV (1972) 
IVANOV (1972) 
PENTREATH (1977a, pen. cornrn.) 
PENTREATH (1977a, pen. cornrn.) 
PENTREATH (1976) 



Xeogobius 
melanoslomus 

95Zr-oxalate complex 
95Nb-oxalate complex 

lo6Ru (nitrosyl Ru 
nitrato complex in 

8 N HNO,) 
''O"~~-nitrate 

'CS-chloride 
I 44Ce-chloride 
239P~ in 0.5 M 

nitric acid 
239P~ in 0.5 M 

nitric acid 
?"Am in 0.5 M 

hydrochloric acid 
4C-sodium 
carbonate 

5Ca-chloride 
89Sr-chloride 

10 (L, = 12) 
4-8 (1, = 12) 
10 (l, = 12) 

1600 (1, = 1 7) 
0.7 (1, = 12) 
10 (l,, = 12) 

5.8 (1, = l 1.5) 

A,B 
A,B 

None 

A,B 
None 

PENTREATH (1976) 
WOODHEAD (197q) 
BROWN and TEMPLETON (1964); 

TEMPLETON ( 1966) 
WOODHEAD (197%) 
BROWN and TEMPLETON (1964); 

TEMPLETON (1 966) 
WOODHEAD (19708) 
WOODHEAD ( 19705) 
WOODHEAD (197%) 

PENTREATH (1 977a,b) 
WOODHEAD (1 97%) 
WOODHEAD (19708) 
HETHERINGTON and co-authors (19768) 

HETHERINGTON and co-authors (19769) 

WOODHEAD (unpubl.) 

*Where possible the concentration factor has been given at, orjust prior to hatching and is indicated by (6h = incubation time in d). For other data the time of the 
concentration factor measurement is indicated by (1 = time in d); (1 = ?) indicates that the time of measurement either after fertilization or after immersion in 
contaminated water is not known. 
tcategories of details given: 

A. Tabulated or graphical data for concentration factor or accumulation process are given for the duration ofexposure to the radionuclide; this may cover the 
whole incubation period. 

B. Information is given concerning the differential distribution or the radionuclide through the egg. 
C. Data are given in terms of radioactivity units per egg and insufficient additional data are provided to permit calcularion of the concentration factor. 

Slnsufficient information is provided to determine the concentration factor. 
§Chemical form of radionuclide as added to the sea water not given in original publication. 
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reported for the accum
ulation of radionuclides by 

the eggs of m
arine species. T

h
e 

presence in sea w
ater of m

uch higher concentrations of ionic and/or colloidal form
s of 

the m
ajority of the elem

ents can be expected to elim
inate this effect on the accum

ulation 
process at the low

 gravim
etric concentrations of the m

ajority of radionuclides. 
A

 further 25%
 of the d

ata in T
able 2-32 refer to other fission product radionuclides. O

f 
these, I4'C

e 
an

d
, to a lesser extent, 

are significantly accum
ulated by fish eggs 

reaching concentration factors in the range 18 to 495 and 6 to 50 respectively, w
ith the 

m
ajor part of the radioactivity being associated w

ith the chorion. 
A

 few
 studies have 

been 
m

ade of 
the accum

ulation 
of the actinide elem

ents by 
developing fish eggs. T

hese m
ight be of im

portance in tw
o respects: firstly, there are no 

stable isotopes of the elem
ents to have a diluent effect on the accum

ulation process 
leading to the possibility 

of high concentration 
factors an

d
, secondly, m

any of the 
nuclides decay by a-particle em

ission. T
h

e short range and relatively high energies of the 
a-particles m

ean that if there is a substantial accum
ulation of the radionuclides by the 

egg contents, and particularly if localization occurs in the developing em
bryo, a signifi- 

cant increase in radiation exposure could be expected. F
igs 2-27 a, b, and c show

 the 
accum

ulation curves for 'j9Pu 
(2) and '"A

m
. 

In
 each case for the plutonium

 study 
approxim

ately 1000 eggs at the gastrulation stage w
ere placed in 2.5 1 of filtered 

sea 
w

ater (0.22 p
m

 filter) labelled w
ith a solution of2"Pu 

in 0.5 M
 nitric acid to a concentra- 

tion of 0.1 pC
i 1 -'. T

h
e developm

ent of the eggs proceeded norm
ally w

ith no significant 
m

ortality an
d

 norm
al, healthy larvae w

ere obtained at hatching. H
ow

ever, as can be 
seen from

 F
igs 2-27 a and b the kinetics of accum

ulation w
ere quite different yielding 

respectively linear and pow
er law

 functions of tim
e w

ith quite different concentration 
factors for the w

hole eggs just prior to hatching. L
ow

-level bacterial contam
ination of 

the incubation system
 in the second case has been im

plicated as a possible cause of the 
difference (H

E
T

H
E

R
IN

G
T

O
N

 
and co-authors, 1976). A

nalysis of the new
ly hatched larvae 

indicated that m
ore than 90%

 of the accum
ulated radioactivity w

as associated w
ith the 

chorion. T
h

e accum
ulation curve for am

ericium
 (original solution ""A

m
 

in 0.5 h4 hyd- 
rochloric acid) obtained under sim

ilar experim
ental conditions show

s that the rate of 
absorption/adsorption of the nuclide decreases w

ith tim
e and that the concentration 

factor tends tow
ards an

 asym
ptotic value. A

gain it w
as determ

ined that the m
ajority of 

the radioactivity w
as associated w

ith the chorion. 
A

m
ong the rem

aining data, the very high concentration factor of 1600 for "'"A
g 

by 
plaice eggs and individual values of 169 for jgFe, 49 for '"C

, an
d

 36 for "C
O

 are notable. 
F

or both silver and cobalt the greater part of the accum
ulation w

as found to be by the 
chorion. 

W
here it has been indicated in C

olum
n 4 of T

able 2-32 that d
ata have been obtained 

regarding the differential distribution of the radionuclide w
ithin the egg, this m

ost often 
refers 

to 
m

easurem
ents 

of 
the 

concentration 
factor 

in 
new

ly 
hatched 

larvae. S
uch 

m
easurem

ents give an
 approxim

ate indication of the distribution of the radionuclide 
betw

een the egg shell an
d

 the contents. T
h

at this m
ay not be a com

pletely adequate 
m

easure of the relative distributions of the nuclides during the w
hole of the incubation 

period is show
n by the d

ata reported by S
H

E
K

H
A

N
O

V
A

 
(1970). 

IV
A

N
O

\' an
d

 P
A

R
C

H
E

V
S

K
A

Y
A

 
(1974) have show

n that there is a distribution of con- 
centration factors am

ong individual eggs sam
pled at a given tim

e and also that, in the 
case of "Y

, an aged solution generates a different and m
uch broader distribution. T

h
u

s a 
series of m

easurem
ents of the accum

ulation of a radionuclide during incubation based 
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on replicate sam
ples of perhaps 20 eggs m

ay perm
it the calculation of the m

ean dose rate 
an

d
 the m

ean total absorbed dose to the em
bryos, but the range of dose rates experi- 

enced by individual em
bryos m

ay be quite w
ide. It is necessary to take account of such 

factors w
hen attem

pting to interpret the results of an experim
ent to determ

ine the effects 
of radiation from

 accum
ulated radionuclides. 

In
 the early studies (P

O
L

IK
A

R
P

O
V

 
an

d
 IV

A
N

O
V

, 1962a; IV
A

N
O

V
, 1965a) a w

hole egg 
concentration factor of 100 for 

w
hich, due to the location of the m

ajor part of the 
radionuclide on the egg surface, w

as equivalent to a concentration factor of 103 to 104 for 
the egg m

em
brane, w

as taken to m
ean that the dose rate to the em

bryo w
ould be very 

high. T
his assum

ption is sim
plistic. F

or a given radionuclide the factor determ
ining the 

dose rate to the em
bryo from

 a radionuclide accum
ulated by the egg w

ill be the total 
quantity of radionuclide present on or in the egg, a quantity w

hich is not altered w
hether 

the concentration factor is given as 100 for the w
hole egg or 

10' 
to 

104 for the egg 
m

em
brane. T

h
e high concentration factor for w

Y
 appears to be m

ainly due to surface 
adsorption and thus larger eggs have sm

aller concentration factors than sm
aller eggs 

(IV
A

N
O

V
, 1965a). H

ow
ever, if the concentration factor scales w

ith the surface area per 
g

ram
 of the eggs, it can very sim

ply be show
n that if the egg radius is reduced by a factor 

of 2, then the concentration factor w
ill increase by a factor o

f?, but that the quantity of 
radionuclide per egg is reduced by a factor of 4. T

h
u

s, despite the increase in concentra- 
tion factor for the sm

aller egg, it is clear that the dose rate to an isolated egg could be 
reduced. 

D
osim

etry 
T

h
e earliest apparent attem

pt to treat the problem
 of determ

ining the 
absorbed 

dose rate to fish eggs from
 

radionuclides 
in 

their environm
ent is that of 

F
E

D
O

R
O

V
 (1965). W

hile correctly identifying som
e of the im

portant sources ofradiation, 
e.g. radionuclides in the surrounding w

ater, adsorbed on to the surface of the egg and 
absorbed into the egg, it cannot be said that the treatm

ent contributed significantly to 
the resolution of the problem

. T
h

e approach utilized to determ
ine the dose rate from

 the 
P

-particle com
ponent arising from

 the first 2 sources is erroneous in both concept and 
execution. F

or the third source the dose rate in an infinite, uniform
ly contam

inated 
m

edium
 is correctly derived, but in applying this result to fish eggs, correction factors 

are introduced w
ithout either explanation of their necessity or derivation of their form

. 
S

im
ilar strictures apply to the treatm

ent of the y-ray dosim
etry. 

K
U

L
IK

O
V

 and co-authors (1970a) give expressions (w
ithout derivation) for the dose 

rate at the centre of the egg due to P
-particles from

 the follow
ing three sources: (i) 

radionuclides uniform
ly distributed through the egg and the surrounding w

ater; (ii) 
radionuclides adsorbed on to the surface of the egg; (iii) radionuclides accum

ulated into 
the egg an

d
 uniform

ly distributed throughout the volum
e. T

h
e expressions appear to 

provide a m
eans of calculating the dose rate in units o

frad
 S

-', but dim
ensional analysis 

show
s that the quantity determ

ined is sim
ply the absorbed dose in rads. T

h
e inclusion of 

2 m
ultiplying factors in the expressions, i.e. the m

ean lifetim
e of the radionuclides being 

considered, an
d

 the proportion of the radionuclide decaying in the tim
e the eggs had 

been exposed to contam
inated w

ater, is difficult to com
prehend in the absence of any 

detailed derivation. T
h

e
 first of these factors is the cause of the dim

ensional inequality 
and the second is redundant since the concentration of activity also appears in 

the 
equations. 



EF
FE

C
TS

 O
F 

R
A

D
IA

TI
O

N
 O

N 
,M

A
RI

N
E 

O
R

G
A

N
IS

M
S 

P
O

D
Y

M
A

K
H

IN
 

(1
97

3b
j 

pr
ov

id
es

 s
om

e 
in

si
gh

t 
in

to
 t

he
 o

ri
gi

ns
 o

f 
ce

rt
ai

n 
of

 t
he

 f
or

- 
m

ul
ae

 g
iv

en
 b

y 
F

E
D

O
R

O
~

, 
( 1

96
5)

 a
nd

 K
U

L
IK

O
V

 
an

d 
co

-a
ut

ho
rs

 ( 
19

70
a)

. A
 p

oi
nt

 s
ou

rc
e 

do
se

 d
is

tr
ib

ut
io

n 
fu

nc
ti

on
 i

s 
us

ed
 

to
 d

et
er

m
in

e 
th

e 
do

se
 r

at
e 

du
e 

to
 c

om
pl

ex
 s

ou
rc

e 
ge

om
et

ri
es

. 
T

h
e 

fu
nc

ti
on

 i
s 

of
 t

he
 f

or
m

 

k e
-W

 
D

(r
) 
=

-
 

ra
d 

di
s-

l 
r2

 

w
he

re
 k

 
is

 a
 n

or
m

al
iz

in
g 

co
ns

ta
nt

 d
ef

in
ed

 b
y 

th
e 

re
qu

ir
em

en
t 

th
at

 t
he

 t
ot

al
 e

ne
rg

y 
ad

so
rb

ed
 i

n 
a 

ve
ry

 l
ar

ge
 s

ph
er

e 
ab

ou
t 

th
e 

po
in

t 
so

ur
ce

 m
us

t 
be

 t
he

 a
ve

ra
ge

 B
-p

ar
ti

cl
e 

en
er

gy
 p

er
 d

is
in

te
gr

at
io

n,
 E

#;
 

1.
27

 X
 

IO
-~

,&
~ 

th
us

 k
 =

 

w
he

re
 p
 

cm
2 

g
-'

 i
s 

th
e 

m
as

s 
co

ef
fi

ci
en

t 
of

 a
ds

or
pt

io
n 

of
 t

he
 P

-r
ad

ia
ti

on
 a

nd
 p

 i
s 

th
e 

de
ns

it
y 

of
 t

he
 m

ed
iu

m
. F

or
 a

n
 e

gg
 o

f 
ra

di
us

 r 
un

if
or

m
ly

 c
on

ta
m

in
at

ed
 t

hr
ou

gh
ou

t 
w

it
h 

a 
B

-a
ct

iv
e 

ra
di

on
uc

li
de

, 
th

e 
re

su
lt

an
t 

do
se

 r
at

e 
at

 t
he

 c
en

tr
e 

ob
ta

in
ed

 
by

 
in

te
gr

at
in

g 
E

qu
at

io
n 

1 
ov

er
 t

he
 v

ol
um

e 
of

 t
he

 e
gg

, 
as

su
m

ed
 t

o 
be

 s
ph

er
ic

al
, 

is
 

A
 

D
 (0

) 
=

 -
 D

,(
a)

 ( 
l 
-
 e

-'"
) 

ra
d 

S
-'

 
m
 

w
he

re
 A

 i
s 

th
e 

ac
ti

vi
ty

 p
er

 e
gg

 i
n 

pC
i,

 m
 i

s 
th

e 
m

as
s 

of
 t

he
 e

gg
 i

n 
g 

an
d 

D
B

(a
) i

s 
th

e 
eq

ui
li

br
iu

m
 d

os
e 

ra
te

 in
 a

n 
in

fi
ni

te
, u

ni
fo

rm
ly

 c
on

ta
m

in
at

ed
 v

ol
um

e 
in

ra
d

 S
-'

 
(p

C
i g

-'
)-

l.
 

T
h

e 
te

rm
 (

 1 
-
 e

-'"
) 

is
 c

om
m

on
 t

o 
fo

rm
ul

ae
 g

iv
en

 b
y 

bo
th

 F
E

D
O

R
O

V
 an

d 
K

U
L

IK
O

V
 

an
d 

co
-a

ut
ho

rs
 a

n
d

 r
ep

re
se

nt
s 

th
e 

ge
om

et
ri

c 
fa

ct
or

 a
ll

ow
in

g 
fo

r 
th

e 
av

er
ag

e 
at

te
nu

at
io

n 
of

 
th

e 
ra

di
at

io
n 

fl
ux

 b
et

w
ee

n 
th

e 
el

em
en

ts
 o

f 
th

e 
so

ur
ce

 g
eo

m
et

ry
 a

nd
 t

he
 p

oi
nt

 a
t 

w
hi

ch
 

th
e 

do
se

 r
at

e 
is

 t
o 

be
 d

et
er

m
in

ed
. 

P
O

D
Y

M
A

K
H

IN
 

(1
97

3b
) 

go
es

 o
n 

th
e 

st
at

e 
th

at
 t

he
 

ge
om

et
ri

c 
fa

ct
or

 a
t 

th
e 

su
rf

ac
e 

of
 t

he
 s

ph
er

e 
is

 h
al

f 
th

at
 a

t 
th

e 
ce

nt
re

 w
it

ho
ut

 a
dd

in
g 

th
e 

qu
al

if
ic

at
io

n 
th

at
 t

hi
s 

is
 o

nl
y 

tr
ue

 f
or

 a
 d

os
e 

di
st

ri
bu

ti
on

 f
un

ct
io

n 
of

 t
he

 f
or

m
 D

(7
) 

=
 k

/r
2 

w
he

re
 t

he
 a

bs
or

pt
io

n 
of

 t
he

 r
ad

ia
ti

on
 i

s 
ne

gl
ec

te
d;

 t
he

 u
se

 o
f 

0.
75

 t
im

es
 t

he
 g

eo
m

et
ri

c 
fa

ct
or

 a
t t

he
 c

en
tr

e 
of

 a
 s

ph
er

e 
as

 th
e 

m
ea

n 
ge

om
et

ri
c 

fa
ct

or
 f

or
 t

he
 s

ph
er

e 
(i

.e
. 

to
 o

bt
ai

n 
th

e 
m

ea
n 

do
se

 r
at

e 
th

ro
ug

ho
ut

 t
he

 s
ph

er
e)

 i
s 

su
bj

ec
t 

to
 t

he
 s

am
e 

qu
al

if
ic

at
io

n.
 W

he
n 

th
e 

at
te

nu
at

io
n 

of
 t

he
 r

ad
ia

ti
on

 i
s 

in
cl

ud
ed

 i
n 

th
e 

ca
lc

ul
at

io
ns

, 
th

e 
re

la
ti

on
sh

ip
s 

be
- 

tw
ee

n 
th

e 
va

ri
ou

s 
ge

om
et

ri
c 

fa
ct

or
s 

be
co

m
e 

co
m

pl
ic

at
ed

 
fu

nc
ti

on
s 

of
 p

r 
an

d
 o

nl
y 

ap
pr

oa
ch

 
th

e 
si

m
pl

er
 

re
la

ti
on

sh
ip

s 
fo

r 
ce

rt
ai

n 
ex

tr
em

e 
va

lu
es

 
of

 
p

, 
r,

 
an

d
 

pr
. 

P
O

D
Y

M
A

K
H

IN
 

do
es

 s
ta

te
, 

ho
w

ev
er

, 
th

at
 t

he
 e

xp
re

ss
io

n 

A 
D

 =
 0

.7
5 
-
 D

,(
w

)(
 -

 
e-

IU
) r

ad
 S

-'
 

m
 

fo
r 

th
e 

av
er

ag
e 

do
se

 ra
te

 is
 s

ub
je

ct
 t

o 
er

ro
rs

 n
ot

 e
xc

ee
di

ng
 2

0%
 d

ep
en

di
ng

 o
n 

th
e 

va
lu

e 
of

 
pr

. 
T

hi
s 

ex
pr

es
si

on
 i

s 
th

at
 g

iv
en

 w
it

ho
ut

 s
up

po
rt

in
g 

de
ta

il
s 

by
 F

E
D

O
R

O
V

 (1
96

5)
. 

T
E

L
Y

S
H

E
V

A
 

an
d 

S
H

L
L

Y
A

K
O

V
S

K
IY

 
(1

97
4)

 g
iv

e 
a 

fo
rm

ul
a 

fo
r 

th
e 

do
se

 r
at

e 
to

 t
he

 
em

br
yo

 fr
om

 r
ad

io
ac

ti
vi

ty
 a

cc
um

ul
at

ed
 b

y 
th

e 
eg

g 
w

hi
ch

 is
 d

er
iv

ed
 f

ro
m

 t
he

 d
os

e 
ra

te
 in

 
an

 i
nf

in
it

e,
 u

ni
fo

rm
ly

 c
on

ta
m

in
at

ed
 m

ed
iu

m
. 

T
w

o
 m

od
if

yi
ng

 f
ac

to
rs

 a
re

 i
nt

ro
du

ce
d.

 



1240 
2. C

O
N

T
A

M
IN

A
T

IO
N

 D
U

E
 T

O
 b-\D

IO
A

C
T

IV
E

 IvlA
T

E
R

IA
L

S (D
. S. \V

O
O

D
H

E
hD

) 

T
h

e first, containing tw
o additive term

s, appears to be intended to take account of the 
accum

ulation of radionuclides both in and on the egg. T
h

e definitions of the tw
o term

s 
are not all all clear and it seem

s at least possible that they could have different units. N
o 

explanation is given as to w
hy 

it is 
necessary 

to consider only half the am
ount of 

radionuclide deposited on the m
em

brane. T
h

e second m
odifying factor is to allow

 for the 
fractional energy deposition in the egg if the particle range is greater than the diam

eter 
of the egg. T

here are tw
o errors im

plicit here: firstly, this factor w
ould not, in general, 

have the sam
e value for particles originating from

 radioactivity uniform
ly distributed 

over the egg surface as for particles originating from
 radioactivity unifol-m

ly distributed 
throughout the egg; secondly, for low

er energy particles w
here the range is less than the 

diam
eter of the egg, the factor w

ould not have the im
plied value of unity. T

h
u

s this 
form

ula does not provide a sound basis for dosim
etric calculations. 

T
h

e m
ain shortcom

ing of these approaches lies in the form
 of the dose distribution 

function em
ployed w

hich, w
hile it is not grossly in error, does not accord closely w

ith 
m

easured and theoretical p-ray dose distributions (B
E

R
G

E
R

, 1971; B
O

C
H

K
A

R
E

V
 

and 
co-authors, 1972; M

U
R

T
H

Y
 an

d
 co-authors, 1973). A

D
A

M
S

 (1968) gave estim
ates of the 

dose rates received by contam
inated fish eggs using the sim

ple inverse square law
 dose 

distribution function an
d

, in all cases considered, show
ed these to be upper lim

its to the 
dose rates w

hich could 
be calculated 

using 
the em

pirical dose distribution function 
developed by L

O
E

V
IN

G
E

R
 

an
d

 co-authors (1956b). T
his distribution function has tw

o 
adjustable constants w

hich perm
it a good fit betw

een the calculated dose rates and those 
m

easured for a variety of P
-particle sources. T

h
e function has the form

: 

+ pw
 exp(1 -

 pvr) 

w
here 

and the norm
alizing content 

I 7op'i3E
B

 
k 

=
 

rad h
-' m

C
i-l 

3c2 -
 (c2 -

 1)e 

T
h

e tw
o adjustable param

eters are v, the apparent m
ass absorption coefficient, and c. 

P
A

R
C

H
E

V
S

K
A

Y
A

 
( 1969, 1972) used the L

oevinger dose distribution function to deter- 
m

ine the dose rate at the centre of the egg from
 /?-active radionuclides uniform

ly distri- 
buted throughout the egg, uniform

ly distributed over the surface of the egg, and in the 
surrounding w

ater. T
h

e
 results w

ere given in graphical form
 for a num

ber of different 
radii as a function of the m

ean energy of em
ission of the 8-particles. T

hese d
ata w

ould 
allow

 an
 estim

ate to be m
ade of the absorbed dose to a developing em

bryo during 
incubation in contam

inated w
ater provided that the tim

e dependence of the accum
ula- 

tion process, and the differential distribution of the radionuclide betw
een the com

po- 
nents of the egg, w

ere determ
ined. Independently, the sam

e approach had been used to 
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at
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 o
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l p
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 c
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 c
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 f
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h
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ra
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 c,
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param
eters required to calculate the dose distribution for radionuclides not included in 

the tabulation given by B
erger and for radionuclides em

itting com
plex spectra. F

or 
organism

s of the size of developing fish eggs, the sim
ple inverse square law

, neglecting 
absorption and scattering, is an

 adequate description of the y-ray flux em
itted by the 

accum
ulated, y-active radionuclides. T

h
e use of this function to describe the y-ray dose 

field about a point source im
plies the com

plete absorption of the energy at the site of 
the y-ray-electron 

interaction 
although it is dissipated along the secondary electron 

track. T
h

u
s the inverse square law

 tends to overestim
ate the dose rate to a sm

all 
contam

inated organism
 w

hich has dim
ensions less than the m

ean range of the secondary 
electrons. T

h
e exact derivation of the factor to take account of the build-up of ionization 

intensity is difficult (B
E

R
G

E
R

, 1968); how
ever, a factor of the form

 

w
hich im

plies that intensity reaches 90%
 of the value predicted at a distance equal to the 

range of an
 electron w

ith energy 0.3E
, M

eV
, w

ould serve to reduce the discrepancy. 
T

h
u

s the point source dose distribution function applicable to sm
all, contam

inated 
organism

s is 

w
here 

cm
2 g

-i is the true m
ass energy absorption coefficient, at energy E

, M
eV

, ofthe 
tissue being irradiated and n, is the num

ber of photons of energy E
, M

eV
 em

itted per 
disintegration. 

E
ffects ob

served
 in

 d
evelop

in
g fish

 eggs u
n

d
er exp

erim
en

tal con
d

ition
s 

A
 con- 

siderable num
ber 

of 
papers 

have 
been 

published 
on 

the 
effects 

of radiation 
from

 
radionuclides in the w

ater on the developm
ent of both fresh w

ater and m
arine fish eggs. 

A
n attem

pt has been m
ade to sum

m
arize the m

ain results described by the various 
authors and this is presented in T

ab
le 2-33. O

nly those types of dam
age w

hich have 
been m

ost frequently used as evidence of radiation-induced effects have been included so 
as to keep the sum

m
ary reasonably concise. O

ther types of possible radiation-induced 
dam

age w
hich 

have been studied 
include changes in 

m
itotic index (IV

A
N

O
V

, 1967; 
D

O
K

H
O

L
Y

A
N

 and 
co-authors, 

1974; 
P

E
C

H
K

U
R

E
N

K
O

\; and 
co-authors, 

1974; 
S

H
E

K
H

A
N

O
V

A
 

and co-authors, 1974; T
S

Y
T

S
U

G
IN

A
, 

1975), larval survival (F
E

D
O

R
O

V
A

, 
1963a, 1964; K

O
S

H
E

L
E

V
A

, 1973a; P
O

D
Y

M
A

K
H

IN
, 

1973a), em
bryonic and lanial grow

th 
rates (B

R
O

W
N

 and T
E

M
P

L
E

T
O

N
, 

1964; N
E

U
S

T
R

O
E

V
 and P

O
D

Y
M

A
K

H
IN

, 
196613; T

E
M

- 
PLETO

N
, 

1966; E
R

IC
K

S
O

N
, 1973; M

IG
A

L
O

V
S

K
IY

, 
1973a,b; ST

R
A

N
D

 and co-authors, 
197313; 

K
A

S
A

T
K

IN
~

Z
 

and 
co-authors, 

1974), larval 
eye 

diam
eter 

(W
A

L
D

E
N

, 1973; 
IC

H
IK

A
\L

'A
 

and 
S

U
Y

A
M

A
, 

1974), haem
oglobin 

production 
(S

H
E

K
H

A
N

O
V

A
 

and 
co- 

authors, 1970), R
N

A
 and D

N
A

 content of developing em
bryos (S

H
E

K
H

A
N

O
V

A
 

and 
co-authors, 1970), gonad form

ation (H
Y

O
D

O
-T

A
G

U
C

H
I 

and E
G

A
M

I, 1970; M
IG

A
L

O
\'- 

SK
IY

, 197313; K
A

S
A

T
K

IY
A

 
and co-authors, 

1974), the function of the hatching gland 
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S
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T
K
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A

, 19
73

; 
K

A
S

A
T

K
IN

A
 an

d 
co

-a
ut

ho
rs

, 
19

74
),

 
du

ra
ti
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of
 

ha
tc

hi
ng

 
(K

O
S

H
E

L
E

V
A

, 19
73

a;
 

M
IG

A
L

O
L

'S
K

IY
, 

19
73

a,
b)

, 
re

sp
ir

at
io

n 
ra

te
 

f N
E

U
S

T
R

O
E

V
 an

d 
P

O
D

Y
~

L
A

K
H

IN
, 

19
66

a;
 S

H
E

K
H

A
N

O
\'

A
 

an
d 

co
-a

ut
ho

rs
, 

19
70

; 
K

L
Y

A
S

H
T

O
R

IN
 

an
d

 c
o-

 
au

th
or

s,
 

19
72

; 
S

H
E

K
H

A
N

O
V

A
 

an
d 

co
-a

ut
ho

rs
, 

19
74

) 
ch

an
ge

s 
in

 
pe

ri
ph

er
al

 
bl

oo
d 

(K
O

S
H

E
L

E
V

A
, 

19
73

b)
, i

nt
er

ac
ti

on
 o

f 
in

cu
ba

ti
on

 t
em

pe
ra

tu
re

 w
it

h 
ir

ra
di

at
io

n 
(I

V
A

N
O

V
, 

19
66

a)
, 

va
ri

at
io

n 
of

 
ra

di
os

en
si

ti
vi

 ty
 

w
it

h 
de

ve
lo

pm
en

t 
st

ag
e 

(I
V

A
N

O
V

, 1
96

6b
; 

F
E

D
O

R
O

V
A

, 1
97

2a
,b

),
 

th
e 

fu
nc

ti
on

al
 

st
at

e 
of

 
th

e 
hy

po
ph

ys
is

 
an

d 
th

e 
th

yr
oi

d 
(O

G
A

N
E

S
Y

A
N

, 
19

73
),

 th
er

m
al

 t
ol

er
an

ce
 (

S
T

R
A

N
D

 an
d 

co
-a

ut
ho

rs
, 

19
73

b)
, a

nd
 s

us
ce

pt
i-

 
bi

lit
y 

to
 p

re
da

ti
on

 (
S

T
R

A
N

D
 an

d 
co

-a
ut

ho
rs

, 
19

73
b)

. 
It

 w
ill

 b
e 

no
te

d 
th

at
 t

he
 in

su
lt

 is
 g

iv
en

 i
n 

te
rm

s 
of

 th
e 

co
nc

en
tr

at
io

n 
of

 r
ad

io
ac

ti
vi

ty
 i

n 
th

e 
w

at
er

; 
in

 a
ll

 c
as

es
, a

s 
fa

r 
as

 c
an

 b
e 

as
ce

rt
ai

ne
d 

fr
om

 t
he

 p
ub

li
ca

ti
on

s,
 t

hi
s 

re
pr

es
en

ts
 

th
e 

co
nc

en
tr

at
io

n 
of

 t
he

 r
ad

io
nu

cl
id

e 
in

 t
he

 w
at

er
 a

t 
th

e 
be

gi
nn

in
g 

of
 t

he
 e

xp
er

im
en

t.
 

T
h

e 
ta

bu
la

ti
on

 h
as

 b
ee

n 
as

se
m

bl
ed

 o
n 

th
is

 b
as

is
 b

ec
au

se
 t

he
se

 d
at

a 
re

pr
es

en
t 

th
e 

on
ly

 
co

m
m

on
 p

oi
nt

s 
of

 r
ef

er
en

ce
 b

et
w

ee
n 

pu
bl

ic
at

io
ns

. 
In

 o
nl

y 
18

 o
f 

th
e 

59
 re

fe
re

nc
es

 c
it

ed
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s 
th

er
e 

an
y 

at
te

m
pt

 t
o 
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se

ss
 e
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he

r 
th

e 
do

se
 r
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e 

to
, o

r 
th

e 
ab

so
rb

ed
 d

os
e 

re
ce

iv
ed

 b
y,

 t
he

 
em

br
yo

 
du

ri
ng

 
de

ve
lo

pm
en

t.
 T

he
se

 
2 

qu
an

ti
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es
 

ar
e 
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e 
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nd
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m
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s 
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 f
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 a
n 
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 c
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 c
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 d
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at
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 c
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Scorpaena porcus 

Neogobius melanostomus 

Salmo lrulla 

Rhombus maeoficus 

Salmo irideus 

90Sr-90Y Salmo salar 

Oncorhynchus gorbucha 

Salmo irideus 

Salmo trulla 

Abnormal larvae 

Embryo survival 

Incubation time 

Mortality during hatching 

Embryo survival 

Incubation time 

Mortality during hatching 

Abnormal larvae 

Chromosome aberrations 

Embryo abnormality 

Embryo survival 

Embryo survival 

Chromosome aberrations 

Embryo survival 

Embryo survival 

Embryo survival 

Embryo survival 

Embryo survival 

Embryo survival 

Embryo survival 

Embryo survival 

FEDOROVA ( 1964) 

FEDOROVA ( 1964) 

FEDOROVA ( 1964) 

FEDORO\,A ( 1964) 

FEIIOROI:A ( 1964) 

FEDOROVA (1964) 

FEDOROVA ( 1964) 

TSYTSLGINA ( 197 1, 1972, 1975) 

MOSKAI.KOVA ( 1970) 

MOSKALKO\IA (1970) 

DAEIROLVSKI and co-authors (1975) 

TSYTSL'CINA (197 1, 1972, 1973) 

SHEKHANOVA and co-authors (1970) 

NEUSTROEV and PODY~~AKHIN (1966b) 

PODYMAKHIN (1973a) 

BROWN (1962) 

SHEKHANOVA and co-authors (1970) 

SHEKHANOVA and co-authors (1970) 

DOKHOLYAN and co-authors (1 974) 

BROWN and TEMPLETON (1 964); 
I I B I I 1 TEMPLETON (1966) 
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90Sr_90y Clenopharyngodon idella 

Tinco linca 

Esox lucius 

Misgurnw fossilis 

Mullus borbatw 

Trashurus trachurur 

Crenilabnu hybrid 

Scarpacna porctlr 

Sarguis annularis 

Salm solar 

Salmo lrulh 

Aristichthys nobilk 

Misgurnw fossilis 

Scorpaena porcus 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Abnormal larvae 

Chromosome aberrations 

Chromosome aberrations 

Chromosome aberrations 

Chromosome aberrations 

Chromosome aberrations 

PECHKURENKOV and co-authors (1972a,b) m 
=1 m 

SHEKHANOVA and PECHKURENKOV (1968) D 
2 FEDOROV and co-authors (1964) 
g 

BROWN and TEMPLETON (1964); 
TEMPLETON ( 1966) 

POLIKARPOV and IVANOV ( 1961 ) 

POLIRARPOV and IVANOV ( 1962b) 

POLIKARPOV and IVANOV (1962b) 

POLIKARPOV and IVANOV (1962b) 

POLIKARPOV and IVANOV ( 1962b) 

POLIKARPOV and GAMEZO (1966) 

POLIKARPOV and GAMEZO (1966) 

MICALOVSKAYA (1973) 

DOKHOLYAN and CO-authon ( 1974) 

DOKHOLYAN and co-authors (1974) 



Table 2-33-contd 

13 
P 

Radio- Biological erect Concentration or  radionuclide, Ci l- l CD 
nuclide Spccies scored 10- l ?  10 - l0  I O - ~  1 0 - ~  I O - ~  10 - l  100 lol  Sourcc 

N 
I I l I l I 1 l 

n 
'"Sr-90Y Esox lucirrs Chromosome abcrrations * TIMOFEEVA and AL'SHITS (1970); 

TIMOFEEVA and co-authors (1 97 1 )  2 
Salmo salar Incubation time 

Incubation time NELST'ROEV and PODYMAKHIN (1966b) 

Incubation time 

Incubation time 

Chromosome aberrations 

Engraulrs errcrnsrcholus 

Esox luctus 

Scorpaena porcus 

Scopfhalmur marolicus 

' 06Ru  i>oregonus peled 

POLlKARrOv and ~ V A N O V  (1961) 

PITKYANEN ( 197 1) 

TSYTSL'CINA (1971, 1975) 

Chromosome aberrations 

Embryo survival 

Abnormal larvae 

TSYTSUCINA (1971, 1972, 1973, 1975) 

CUS'KOVA and co-authors (1975) 

CUS'KOVA and co-authors (1975) 

Embryo survival Trichiurus lepturus 

Dentex canadiensis 

Trachu~us frachurus 

Plruronec~es platessa 

Salmo salar 

Esox luciur 

Dcnlcx canad~enrrs 

Trachurus frachurw 

Plruronecles plalessa 

TELYSHEVA and SHLLYAKOVSKIY (1974) 

Embryo survival 

Embryo survival 

TELYSHEVA and SHULYAKOVSKIY (1974) 

TELYSHEVA and SHULYAKOVSKIY (1974) 

Embryo survival 

Embryo survival 

Embryo survival 

FEDOROV and co-authors (1964) 

PECHKURENKOV and co-authors (1972a,b) 

PECHKUKENKOV and co-authors ( 1972a,b) 

Abnormal larvae TELYSHEVA and SHULYAKOVSKIY (1974) 

Abnormal larvae TELYSHEVA and SHULYAKOVSKIY (1974) 

Abnormal larvae FEDOROV and co-authors (1964) 
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2. C

O
N

TA
M

IN
A

TIO
N

 D
U

E
 T

O
 R

A
D

IO
A

C
TIV

E M
A

TER
IA

LS (D
. S. \Y

O
O

D
H

E
..\D

) 

D
A

B
R

O
W

S
K

I 
an

d
 co-authors, 1975; T

IL
L

, 1976, 1978). In
 no instance are any d

ata given 
concerning the accum

ulation of radioactivity by the different com
ponents of the incuba- 

tion system
s w

hich m
ight constitute significant sources of external exposure. T

hese d
ata 

m
ust be judged in respect of their utility for providing reasonably accurate estim

ates of 
the dose rates an

d
 absorbed doses received by the developing em

bryos. 
S

T
R

A
N

D
 an

d
 co-authors, (1973a) give d

ata on the accum
ulation of tritium

 (as tritiated 
w

ater, H
T

O
) by eggs of the rainbow

 trout in term
s of a relative count rate as a function 

of tim
e for both a volatile fraction and a 'bound' 

fraction. T
h

e accum
ulation of the 

tritiated w
ater reached a peak value after 2 d and then declined slow

ly. It w
as noted, 

w
ithout giving details, that the concentration of the radionuclide 

in the incubation 
system

 decreased w
ith tim

e and this presum
ably accounts for the slow

 decline in the 
tritium

 content of the eggs. P
relim

inary results suggested that the equilibrium
 concen- 

tration factor had a value betw
een 0.92 and 1.1, an

d
 autoradiographs show

ed that the 
tritium

 w
as essentially uniform

ly distributed throughout the egg. T
h

e authors d
o

 not 
give any estim

ate of the absorbed doses received by the developing em
bryos. H

ow
ever, 

using the inform
ation given an

d
 the fact that at the em

ission energy of tritium
 D

g
(m

) is a 
valid estim

ate of the dose rate to the em
bryo, the follow

ing approxim
ate values for the 

total doses received during the 28-d incubation period can be obtained: at 0.01, 0.1, 1.0, 
and 10.0 pC

i m
l-l initial concentration, 0.04,0.4,4.0, and 40 rad respectively. B

ecause of 
the rapid uptake of the tritiated w

ater by the eggs the dose rates w
ould have reached the 

m
axim

um
 values during the early part of em

bryogenesis. S
uch estim

ates are easy to 
obtain in the case of tritium

 because the low
 em

ission energy of the B
-particles m

eans 
that radioactivity in the egg is the only significant source. In

 the absence of any other 
d

ata, rapid and uniform
 accum

ulation of the radioactivity to the sam
e concentration as 

the w
ater (i.e. a concentration factor of unity) w

ould be an
 unexceptionable assum

ption. 
T

h
u

s, the only d
ata required for reasonably accurate dose estim

ates relate to the vari- 
ation of the concent]-ation of radioactivity in the w

ater during the incubation period. It is 
only in the case of exposure from

 tritiated w
ater that the problem

 is so readily solved. 
D

A
B

R
O

W
S

K
I 
an

d
 co-authors (1975) investigated the accum

ulation kinetics of 59Fe by 
trout eggs and also noted the cum

ulative m
ortality in control and treated groups during 

incubation. T
h

e variation in the concentration of radioactivity in the w
ater throughout 

the 60-d incubation period of the eggs is given, as also is the accum
ulation factor for the 

w
hole egg, egg m

em
brane, yolk, perivitelline fluid, an

d
 em

bryo. If it is assum
ed that the 

eggs are spherical and of unit density, then it w
ould be possible to develop from

 the 
given w

eights of the egg com
ponents a geom

etrical m
odel as a basis for estim

ating the 
dose rate from

 
the accum

ulated 
radioactivity. T

ro
u

t eggs norm
ally adhere to one 

another an
d

 to the substrate, an
d

 inform
ation about the relative positions of the eggs 

and possible adsorption of radioactivity to the substrate w
ould be necessary to m

ake 
reasonable estim

ates of the dose rate to a given egg from
 external sources. S

uch inform
a- 

tion is lacking. T
h

u
s it appears that, in this case, only a partial description of the 

radiation exposure of the em
bryos w

ould be possible on the basis of the d
ata given. 

!W
hen, as in 

the experim
ents w

ith 
salm

on and 
trout eggs conducted 

by 
B

R
O

\Y
N

 
(1962), the radionuclide pair 90Sr-90Y

 is the source ofradiation, the differential accum
u- 

lation of the tw
o nuclides by the eggs com

plicates the situation. D
ata are given on the 

variation of the radioactivity (at secular equilibrium
) in the w

ater and in the eggs during 
the incubation period. S

ingle observations are reported of the differential uptake of "Sr 
an

d
 9
 in w

hole eggs and also in separated egg m
em

branes and egg contents; for dose 
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 m
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al

id
it

y 
of

 t
he

 e
st

im
at

es
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 d
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at
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 m
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at
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 f
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 o
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 o
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at
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 d
os

es
 f

ro
m

 b
ot

h 
in

te
rn

al
 a

n
d

 e
xt

er
na

l 
so

ur
ce

s 
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 d

os
e 

w
it

h 
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 d
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f 
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t 
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e 

re
su

lt
s 

ar
e 
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th
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 m
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d
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 c
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 d
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 c
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 d
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 c
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at
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at
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 o
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at
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 d
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 d
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O
K

T
A

M
IN

A
T

IO
iX

 D
U

E
 T

O
 R

A
D

IO
A

C
T

IV
E

 M
A

T
E

R
IA

L
S

 (D
. S

. \V
O

O
D

H
E

A
D

) 

the m
agnitude of the concentration factors appears to be dependent on the concentration 

of the radionuclides in the w
ater. SH

E
K

H
A

N
O

\..A
 and P

E
C

H
K

U
R

E
N

K
O

\' 
(1968) also relate 

the uptake of '"Sr 
and 

by eggs of the loach .M
isgurnus fossilis 

to the developm
ent stage 

of the em
bryos. A

lthough there is insufficient inform
ation on w

hich to base independent 
estim

ates, the authors did use the data on accum
ulation kinetics to obtain values for the 

dose rate and total absorbed dose to the em
bryos. N

o details of the m
ethod are given and 

no m
ention is m

ade of the contribution w
hich m

ight be derived from
 external sources; 

the estim
ates m

ust, therefore, be treated w
ith caution. 

T
h

e accum
ulation 

of 
'40B

-'w
L

a on 
the 

m
em

brane 
and 

in 
the 

contents 
of 

the 
developing eggs of C

oregonus peled is described by G
U

S
'K

O
V

A
 and co-authors 

(1971). 
A

pparently 
no 

d
ata w

ere 
obtained 

concerning 
the differential 

uptake 
of 

the 
tw

o 
radionuclides and the w

ater concentrations em
ployed in the experim

ent are not defined 
precisely (n 

X
 

10-4 and n 
X

 10-6 C
i I-'). 

T
h

u
s it is not possible to m

ake realistic, inde- 
pendent estim

ates of dose rates or absorbed doses from
 the d

ata given. In
 view

 of the 
relatively high B

-ray energies an
d

 the intense y-radiation (l- 
=

 12 cm
2 r(m

C
i h

)-' for 
"'La 

alone) follow
ing decay of these nuclides it is essential that possible sources of 

radiation external to the eggs be adequately considered. V
alues of the total absorbed 

dose as a function of the developm
ent 

tim
e are given but there are no details of the 

- 
derivation or of the sources considered. O

nce m
ore, therefore, the data m

ust be consi- 
dered to be of doubtful validity. 

T
IL

L
 has determ

ined the accum
ulation kinetics of 'j8Pu (1 976, 1978) and "'U

 
(1976) 

by developing eggs of the carp and has investigated the differential distribution of the 
radionuclides betw

een 
the egg m

em
brane and 

the 
egg contents. A

utoradiographic 
studies indicated that the plutonium

 penetrating the chorion becam
e uniform

ly distri- 
buted throughout the contents, but that the uranium

 w
as largely associated w

ith the 
yolk. In

 corresponding investigations of the radiotoxicity of2"P
u and 

to developing 
carp and fathead m

innow
 em

bryos these data w
ere used as a basis of'calculations of the 

absorbed doses. A
s 

""U 
decays solely through a-em

ission, and because there is no 
significant build-up in the activity of daughter nuclides w

ith other decay m
odes, the only 

source of radiation 
that needed 

to be considered 
in 

the dose calculations w
as the 

plutonium
 distributed through the content of the eggs. T

h
u

s the derived estim
ates of the 

total absorbed dose to the carp
 em

bryos during developm
ent can be accepted w

ith 
confidence. T

h
e extrapolation of the accum

ulation d
ata for carp eggs to developing 

m
innow

 eggs m
ust introduce som

e uncertainty as to the accuracy of the absorbed dose 
estim

ates for 
the latter. D

ue to 
the build-up of daughter radionuclides of "'U

, 
the 

dosim
etry problem

 in these experim
ents w

as m
uch m

ore com
plex. A

t the tim
e of the 

experim
ent w

ith the carp
 eggs, 35 d after the separation of pure ""U

, 
som

e 15%
 of the 

total a-activity of the solution w
as d

u
e to daughter radionuclides; for the experim

ent 
w

ith m
innow

 eggs the corresponding d
ata w

ere 180 d and 45%
. T

h
u

s, although the 
tracer experim

ent w
ith '"U

 
undoubtedly provides a reasonable basis for the calculation 

of the dose rate from
 ''>U

 
to carp

 em
bryos, and to a lesser extent (due to the extrapola- 

tion involved) to m
innow

 em
bryos, it has no relevance at all to the dose rate from

 the 
daughter radionuclides. It is not sulficient, as w

as done, to adjust the value of the m
ean 

energy of the a-particles used in the calculation to take account of the increasing m
ean 

energy of the a-particles derived from
 the daughter nuclides. A

 dose rate calculated on 
the basis of the a-irradiation arising from

 the accum
ulation of "'U 

alone w
ould be a 

m
inim

um
 estim

ate; in addition, there could be contributions from
 the accum

ulation of 
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Larval survival 

Larval growth rate 

9BP~ Cj$rinus carpi0 

'H Salmo gairdneri STRAND and co-authors (1973b) 

STRAND and co-authors (1973b) 

Larval eye diameter ICHIKAWA and SLYAMA (1974) 

Mitotic activity 

' 'C Scorpaena porcus Chromosome aberrations 

90Sr-90Y Scorpama porcus TSYTSUCINA (1971, 1972, 1973, 1975) 

TSYTSUCINA (1971, 1975) 

TSYTSLCINA ( I97 I, 1975) 

Tsvrstic~~~ (1975) 

STRAND and co-authors (1977) 

STRAND and co-authon (1973b) 

Immune response 3H Salmo gairdnmi F+? F+20d 

Susceptibility to predation H Salmo gairdtt~ri 

Thermal tolerance 3H Salmo airdnm' F+6h F+20d ++ STRAND and co-authors (1973b) 

Symbols as for Tables 2-33 except Tor dashed lines; here these represent the extrapolation of dose rates given by TSYTSUCINA (1975) to results presented in earlier 
publications (TSYTSUGINA, 1971, 1972, 1973) for what appears to be the same series of experiments. 
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H
E

r\D
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expected natural background dose rate), and that the highest 
is 220 rad h

-'. It is 
im

m
ediately apparent from

 T
ab

le 2-34 that the norm
alization of the radiation effects 

d
ata on the basis of absorbed dosc has not elim

inated all the inconsistencies betw
een the 

various d
ata. 

U
sing the criterion of em

bryo survival (as m
easured by hatching rate) after irradia- 

tion for the m
ajor part of em

bryogenesis, the highest total absorbed dose at w
hich no 

effect has been observed is 8600 rad (T
IL

L
, 1976, 1978) w

hile the low
est at w

hich an 
effect has been noted is 0.3 rad (S

T
R

A
N

D
 and co-authors, 1973b). T

his discrepancy m
ay 

w
ell be m

uch greater since the form
er exposure w

as derived from
 '"PU

 
w

hile the latter 
w

as d
u

e to tritium
, and the relative biological effectiveness of the a-radiation w

ould be 
expected to be greater than that of the B

-radiation. T
here are 2 points w

hich generate 
som

e reservations about the validity of the low
er lim

it. S
T

R
A

N
D

 and co-authors (1973b) 
in 

fact 
report 

2 experim
ents in 

w
hich 

the 
hatching success w

as 
m

easured, and 2 
concentrations 

of 
tritium

 
are 

duplicated 
betw

een 
these 

experim
ents. In 

the 
first 

experim
ent 

no 
response 

w
as 

noted 
in 

respect 
of 

hatching 
success 

at 
these 

tw
o 

concentrations, w
hereas in the second, such an effect w

as observed. T
h

u
s there can be 

som
e doubt as to w

hether a genuine radiation-induced effect w
as being produced. T

his 
conclusion is supported by the fact that the decline in hatching success w

as not found to 
be m

onotonically dependent on increasing dose rate; the highest dose produced less 
effect on hatching success than either of the 2 low

er doses. If these d
ata are excluded on 

the basis of these apparent internal inconsistencies, then the rem
aining doses at w

hich 
an

 effect has been observed are 2160 rad (IC
H

IK
A

W
A

 
and SUYAM

A, 
1974) and 750 rad 

(F
E

D
O

R
O

V
A

, 197213). 
S

ince 
F

E
D

O
R

O
V

A
 (1972b) 

only 
gives 

d
ata 

for 
a 

single 
concentration of ''C

, 
it is not possible to be certain that 750 rad represents the low

er 
lim

it for a significant effect on the hatching success of Coregonus peled. 
F

rom
 the data 

given in the paper it can also be concluded that the actual dose to the em
bryo could be as 

m
uch as 50%

 greater, i.e. 1130 rad. F
E

D
O

R
O

V
A

'S
 data also provide confirm

ation that a 
significant part of the total m

ortality is caused by a sm
all fraction of the total dose 

delivered in the early part of em
bryogenesis, and also that the em

bryo becom
es less 

sensitive during the course of developm
ent. 

T
here are only 2 sets of d

ata on the incidence of em
bryo abnorm

ality (S
T

R
A

N
D

 and 
co-authors, 197313; T

IL
L

, 1976, 1978). O
nce again, the d

ata of S
T

R
A

N
D

 and co-authors, 
(1973b) can only be accepted w

ith reservations due to the clear lack of consistency 
w

ithin and betw
een 

the 2 experim
ents reported; the em

bryos receiving the highest 
absorbed dose yielded 

a low
er proportion of anom

alous individuals than any other 
treatm

ent, including the 2 control populations. T
IL

L
 (1976, 1978) observed that the 

low
est dose at w

hich 
a significantly increased proportion of abnorm

al em
b

~
y

o
s was 

produced w
as 3400 rad. 

T
h

e survival of larvae, irradiated as em
bryos, does not appear to be alfected until the 

total absorbed dose reaches 8600 rad (T
IL

L
, 

1976, 1978) and the d
ata for larval grow

th 
rate as indicated 

by 
body length are inconclusive (S

T
R

A
N

D
 and co-authors, 1973b); 

how
ever, the larval eye diam

eter show
s a significant reduction at total absorbed doses to 

the em
bryo greater than 1960 rad (\~

'.~
L

D
E

N
, 

1973; IC
H

IK
A

\\'A
 and S

U
Y

~
IM

A
, 

1974). 
T

SY
T

SU
G

IN
.+\ (1975) has investigated certain of the cellular factors w

hich m
ay under- 

lie the effects scored at the level of the w
hole em

bryo, i.e. m
ortality, abnorm

ality, etc. 
C

hanges in the m
itotic index and the incidence of chrom

osom
e anom

alies in the em
bryo 

w
ere the chosen criteria of effect. T

w
o

 experim
ents investigating the effects of %

Sr-- 
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conditions em
ployed. T

here is no w
ay in w

hich either valid intercom
parisons can be 

m
ade betw

een the d
ata, or predictive extrapolations can be m

ade to conditions as they 
m

ight exist in a contam
inated environm

ent. T
herefore, despite the large num

ber of 
experim

ents w
hich have been carried out, it m

ay be concluded that there has been 
relatively little real advance from

 the original rather lim
ited observations of P

O
L

IK
A

R
- 

P
O

V
 and IV

A
N

O
V

 (1961). 

Assessm
en1 of radiation effects in contam

inated envi7onrnenL~ 

It is now
 apparent that an assessm

ent of the effect of contam
inant radionuclides on 

developing fish em
bryos in the natural environm

ent requires an
 estim

ate of the incre- 
m

ental radiation exposure. T
his represents the only secure basis for an extrapolation of 

d
ata on the effects of radiation obtained under controlled conditions in the laboratory to 

a contam
inated natural environm

ent. 
D

O
N

A
L

D
S

O
N

 
and B

O
N

H
A

M
 (1964), using concentrations of radionuclides m

easured in 
the C

olum
bia R

iver, estim
ated that the total exposure of the gam

etes and young salm
on 

u
p

 to the tim
e of their m

igration to the sea w
ould not exceed 1 R

. A
s no details w

ere 
given of the derivation of the estim

ate, it is not possible to assess its accuracy. H
ow

ever, 
it represented 

1/40 of the low
est exposure em

ployed in the long-term
 experim

ents w
ith 

C
hinook salm

on em
bryos and 11800 of the total exposure at w

hich consistently deleteri- 
ous effects w

ere noted (T
ab

le 2-3 1). T
h

u
s it can be reasonably concluded that the degree 

of contam
ination of the C

olum
bia R

iver did not have any significant effects on the 
long-term

 viability of the C
hinook salm

on population of the river. 
T

h
e potential exposure of the developing plaice em

bryos in the northeast Irish S
ea 

d
u

e to the fission product radionuclides (%
r-%

Y
, 

95Z
r-95N

b, '%
U

, 
1

3
7

C
~

, 
and '%

e) 
discharged from

 the fuel reprocessing plant at W
indscale has been estim

ated to be 0.085 
prad 

h-' 
(W

O
O

D
H

E
A

D
, 1970). T

h
is value w

as derived 
from

 
the concentrations of 

radionuclides m
easured in sea w

ater and from
 accum

ulation factors determ
ined under 

laboratory conditions. T
h

e natural background exposure of a developing plaice em
bryo 

has 2 m
ain com

ponents: the natural potassium
-40 in both sea w

ater and the egg w
hich 

contributes 0.7 prad h
-' and the cosm

ic radiation dose rate w
hich varies from

 4 prad h
-' 

at the sea surface to 0.5 prad h
-' at 20 m

 depth. T
h

e total exposure can, therefore, vary 
betw

een 1.2 an
d

 4.7 prad h
-' depending on the position of the egg in the w

ater colum
n. 

T
h

u
s, provided that the extrapolation of accum

ulation-factor d
ata from

 the laboratory 
to the natural environm

ent is valid, the exposure due to the contam
inant radioactivity 

can be seen to be m
uch less than the variation in the natural background likely to be 

experienced by the developing egg. T
h

e total dose received by the em
bryo up to hatch- 

ing w
as 

approxim
ately 

31 
prad; 

this 
is 

m
uch 

low
er 

than 
the 

total 
doses 

during 
em

bryonic developm
ent at w

hich effects have been noted (T
able 2-34) if the uncertain 

d
ata due to T

SY
T

SU
G

IN
A

 are discounted. T
h

u
s it can be concluded that the fission 

product radionuclide concentrations in sea w
ater arising from

 the controlled disposal of 
low

-level 
liquid 

radioactive 
w

astes 
into 

the 
northeast 

Irish S
ea do not 

inflict any 
significant dam

age on developing plaice em
bryos. 

T
h

e dose rate to the developing plaice em
bryo in the vicinity of the W

indscale dis- 
charge 

from
 

plutonium
-239 

has 
also 

been 
investigated 

(H
E

T
H

E
R

IN
G

T
O

N
 

and 
co- 

authors,. 1976). O
nce again, accum

ulation factors derived from
 laboratory studies (F

igs 
2-27a,b) have been com

bined w
ith m

easurem
ents of the concentration of the nuclide in 

the environm
ent (l pC

i I-') 
to estim

ate the dose rate (0.09 or 0.47 prad h
-' depending 
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the developing fish em
bryos have been exposed to acute irradiation concerns the fact 

that the radiosensitivity varies during em
bryogenesis about a generally declining trend. 

T
h

u
s it is im

portant that studies of the effects of chronic irradiation com
m

ence as soon 
as possible after fertilization so as to include the m

ost sensitive phases of developm
ent. 

T
h

ere are few
 studies of the effects ofchronic irradiation using external sealed sources. 

It seem
s that 0.21 rad h

-' is the low
est dose rate at w

hich long-term
 deleterious effects 

have been noted (T
able 2-31), although other studies have concluded that there are no 

significant effects at dose rates u
p

 to 1-27 rad h
-'. 

T
h

e addition of radionuclides to the w
ater in the incubation system

 has been the m
ost 

usual w
ay of irradiating the developing fish em

bryo, probably because it resem
bles to 

som
e degree the circum

stances w
hich w

ould 
exist in 

a contam
inated environm

ent. 
H

ow
ever, there appears, in the m

ajority of cases, to be little appreciation of the addi- 
tional com

plexity of the experim
ental procedures required to obtain interpretable results, 

particularly if it is accepted 
that dosim

etry is an absolute necessity. G
enerally, the 

induced radiation effect has been related to the concentration of the radionuclide in the 
w

ater at the start of the experim
ent, and often, so few

 experim
ental an

d
 operational 

details are provided that it w
ould be difficult to attem

pt, w
ith confidence, the verifica- 

tions of a given observation. T
o

 avoid 
the possibility of additional conflicting and 

uninterpretable results, and to raise their level of scientific credibility, future investiga- 
tions in this field have to give m

uch greater attention to the follow
ing aspects of the 

problem
: 

(i) F
ull details m

ust be given of the differential accum
ulation of the radionuclide(s) 

by the eggs, and the com
ponents of their environm

ent, as a function of tim
e at each 

radionuclide concentration. 
(ii) E

stim
ates of the absorbed dose to the em

bryo and its variation during develop- 
m

ent m
ust be m

ade and full details of the derivation given. 
(iii) S

ufficient replicates m
ust be m

ade to perm
it the relative statistical significance of 

any observation to be determ
ined. 

(iv) A
 range of radionuclide concentrations m

ust be em
ployed such as to allow

 the 
construction of a reliable dose-effect curve over the range of 0 to 100%

 response. 
E

xperim
ents perform

ed w
ith this degree of attention to detail w

ill not be easy or straight- 
fonvard although guidance on m

ethods to be adopted has been given (P
E

C
H

K
U

R
E

N
K

O
V

 
and 

co-authors, 
1972a,b; 

N
ISH

lW
A

K
l 

and 
co-authors, 

1979; 
P

O
L

IK
A

R
P

O
V

, 1979; 
W

O
O

D
H

E
A

D
, 1979). O

nly w
hen d

ata becom
e available from

 a num
ber of studies of this 

type can the hypothesis of a high sensitivity of developing fish eggs to a low
-level 

contam
ination of their environm

ent by radionuclides be proven true or false. 
O

n
 the basis of the lim

ited d
ata sum

m
arised in T

able 2-34, the follow
ing provisional 

conclusions can be draw
n concerning the effects of radiation from

 radionuclides both 
accum

ulated by the egg and in the surrounding environm
ent: 

(i) D
eveloping fish em

bryos d
o

 not appear to be particularly radiosensitive w
hen the 

criteria of em
bryo m

ortality, the incidence of em
bryo abnorm

ality, larval survival and 
larval grow

th rate are em
ployed. 

(ii) T
hose effects w

hich have been studied at the cellular level (e.g. m
itotic index, 

chrom
osom

e aberrations, im
m

une response) indicate a potential for being m
uch m

ore 
sensitive indicators of radiation dam

age. 
H

ow
ever, m

uch further w
ork is required to provide a sounder basis for these tentative 

concJusions 
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S
om

atic dam
age w

as scored in chrom
osom

e preparations m
ade from

 the salivary glands 
of 4th instar larvae sam

pled from
 the generation chronically irradiated w

ith tritium
 

B
-rays and genetic dam

age w
as scored for all exposure conditions in sim

ilar preparations 
from

 
individuals 

sam
pled from

 
the 

first 
post-irradiation 

generation. F
or 

the 
acute 

exposure the chrom
osom

e aberration induction rate w
as determ

ined to be 
1.8 X

 10-' 
rad-l w

hile the chronic exposures yielded estim
ates of (l to 2) 

X
 10-5 g

a
m

e
te

' 
rad-l. T

h
e m

ore realistic conditions (in environm
ental term

s) of chronic exposure indi- 
cated a substantially low

er sensitivity to the induction of heritable chrom
osom

e aberra- 
tions as com

pared w
ith acute exposure. T

here are several factors, in addition to dose 
rate, w

hich m
ay be contributing to the observed difference. O

nly m
ature gam

etes in 
adult m

ale m
idges w

ere given the acute exposure before m
ating to virgin unirradiated 

fem
ales w

hereas both m
ales and fem

ales received chronic exposure and the gam
etogenic 

cells w
ere irradiated 

throughout 
the life cycle. T

h
e basic cause of the difference is 

probably the different degrees of repair w
hich are possible in the 2 cases. A

ccurate 
estim

ation of the induction rate for som
atic chrom

osom
e aberrations is not possible since 

the total doses for the tritium
 exposure from

 developing em
bryo to 4th instar larva are 

not given, but it is reasonable to conclude that it is unlikely to be greater than 5 X
 10-' 

cell-' rad-'. 
S

C
H

R
O

D
E

R
 (1973, 1979) has provided useful sum

m
aries of the genetic experim

ents 
w

hich have em
ployed teleost fish. E

stim
ates of the induced m

utation rate per gam
ete 

an
d

 per locus have been obtained for the guppy Poecilia rericulata for a variety of types of 
m

utation after acute irradiation. T
h

e values are in the ranges (0.38 to 10.9) 
X

 
10-' 

,gam
ete-' rad-l and (2.4 to

4
7

) X
 10-'locus-' rad-' (P

U
R

D
O

M
, 1966; S

C
H

R
O

D
E

R
, 1969a; 

P
U

R
D

O
M

 and W
O

O
D

H
E

A
D

, 1973). In
 each case it w

as concluded that the sensitivity of 
the fish w

as som
ew

hat less than that of the m
ouse. T

h
e reduction in brood size has been 

used to obtain estim
ates of (3.1 to 8.7) X

 1
0

-h
am

ete-' rad
-' for the induction rate of 

dom
inant lethal m

utations in pairs of guppies subjected to chronic '37C
s y-irradiation 

(W
O

O
D

H
E

A
D

, 1977). In
 this case the m

uch-qualified conclusion w
as draw

n that the 
guppy had a radiosensitivity of the sam

e order as that of the m
ouse. S

C
H

R
O

D
E

R
 and 

H
O

L
Z

B
E

R
G

 
( 1972) have show

n that the random
 recessive m

utations produced by irradi- 
ation in the genom

e of 'w
ild type' guppies can yield apparently different estim

ates of the 
m

utation rates depending on the genotype w
ith w

hich 
the test m

atings are m
ade. 

S
egregation ratios in the F, generation after m

atings w
ith a stock hom

ozygous for 3 
recessive genes situated on non-hom

ologous chrom
osom

es w
ere m

arkedly different from
 

expectation. A
ncestral irradiation has effects on quantitative characters, such as the 

num
ber of vertebrae and body dim

ensions (S
C

H
R

O
D

E
R

, 1969b,c,d), the degree of expres- 
sion of other genes (A

N
D

E
R

S
 

and co-authors, 197 l), and behavioural traits, such as m
ale 

aggressiveness 
(H

O
L

Z
B

E
R

G
, 

1973). A
ll 

these characters are considered 
to be under 

polygenic control and the observed changes are undoubtedly of m
utational origin, but 

the relative significance of these effects in com
parison w

ith the specific locus, recessive 
lethal and dom

inant lethal m
utations w

hich have been m
ore com

m
only investigated has 

yet to be determ
ined (S

C
H

R
O

D
E

R
, 1980). 

T
h

e radiation induction of chrom
osom

e aberrations has been investigated both in uiuo 
and in uitro. In

 cells of the gut epithelium
 of the m

ud m
innow

 U
m

bra lim
i an

 X
-ray dose 

of approxim
ately 350 rad produced a total chrom

osom
e aberration rate of 1.0 X

 10-' 
cell-' rad-l (K

L
IG

E
R

M
A

N
 

and co-authors, 1975), w
hile cells ofA

m
eca splendens in tissue 

culture exposed to 290 rad of 60C
o y-rays yielded 

1.2 X
 10-' 

aberrations cell-' rad-' 
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enced as com
pared w

ith the controls. N
evertheless, it w

as clear that any effect of the 
radiation w

as of negligible overall significance in term
s of the fecundity of the popula- 

tion. 
B

L
A

Y
L

O
C

K
 has investigated the incidence of chrom

osom
e anom

alies in the salivary 
glands sam

pled from
 natural populations of larvae of the m

idge C
hironom

us Icntans. A
n 

irradiated population exists in W
hite O

ak L
ake and W

hite O
ak C

reek w
hich receive 

low
-level w

astes from
 the O

ak
 R

idge N
ational 

L
aboratory; the dose rate has been 

estim
ated to be 26 m

rad h-', or about 10' 
X

 natural background. In
 total, 17 different 

chrom
osom

e anom
alies w

ere identified. O
f these, 6 w

ere com
m

on to both irradiated and 
control populations, w

ith 3 occurring at relatively high frequency (0.09 to 0.21). O
n

 the 
basis of an

 exam
ination of their relative frequencies betw

een populations and over tim
e, 

it w
as concluded 

that these 6 inversions w
ere of natural origin and endem

ic in the 
population. T

h
e rem

aining 11 aberrations w
ere only found in the irradiated population 

an
d

 in 
10 cases only 1 exam

ple w
as seen. T

h
e l l th aberration, a sim

ple paracentric 
inversion, w

as recorded 5 tim
es and alw

ays in association w
ith the sam

e exam
ple of an

 
endem

ic inversion. T
h

e 5 larvae concerned w
ere collected at 1 site over a 6-w

eek period, 
an

d
 it w

as suggested that the inversion had initially occurred in a gonial cell in a single 
individual and w

as subsequently lost from
 the population through the action of selection 

or genetic drift. T
h

e unique occurrence of each of the other aberrations also im
plies low

 
carrier 

viability. 
It w

as 
concluded 

that 
chrom

osom
e 

aberrations 
induced 

by 
the 

increased radiation exposure of 26 m
rad h

-' w
ere present at a frequency of 0.02. It w

as 
noted that these aberrations represented 2-hit events and that l-hit or point m

utations 
w

ould, therefore, have been present at a higher frequency. It w
as also concluded that 

although the observed aberrations w
ere apparently lethal in overall effect, there w

as no 
observable response at the population level (N

E
L

S
O

N
 and B

L
A

Y
L

O
C

K
, 1963; B

L
A

Y
L

O
C

K
 

1965, 1966a,b). 
It is instructive to com

pare these d
ata w

ith those obtained from
 laboratory studies w

ith 
the related species C

hironom
us riparitrs (p

. 126 1). F
rom

 the latter, a value of ( l to 2) X
 1 0-5 

gam
ete-' 

rad
-' w

as derived for the induction rate of chrom
osom

e aberrations in this 
species by chronic irradiation. If the probable influence of the large differences in dose 
rate is ignored, then the im

plied aberration frequency at a dose rate of 26 m
rad h

-' over 
a natural lifespan of 46 to 60 days w

ould be in the range (3 to 8) X
 10-', i.e. substantially 

less (by 1 to 2 orders of m
agnitude) than that actually observed. S

ince the aberrations 
are the result of 2-hit dam

age, the higher dose rates used in the laboratory experim
ents 

w
ould 

have 
been 

expected 
to yield 

the higher 
frequency, and not 

the reverse 
as 

observed. T
h

e resolution of this problem
 m

ay, in part, lie w
ith the m

uch higher total 
doses acccurnulated in the laboratory experim

ents and the consequent extent of cell- 
killing leading to a loss of cells carrying aberrant chrom

osom
es. It m

ay be, of course, 
that 

not 
all 

the 
chrom

osom
e aberrations 

observed 
in 

environm
ental 

sam
ples 

are 
attributable to increased radiation exposure. R

adionuclides are not the only contam
in- 

ants in the w
astes discharged 

to the system
 and there m

ay be m
utagenic chem

icals 
w

hich are producing an elTect in addition to that predicted to result from
 the increased 

radiation exposure. H
ow

ever, further w
ork in both the laboratory and the contam

inated 
environm

ent w
ould be required to resolve satisfactorily the apparent discrepancies. In

 
any event, these observations em

phasise the great difficulties involved in extrapolating 
the results obtained at high doses and dose rates in the laboratory to the m

uch low
er 

dose rates characteristic of contam
inated environm

ents. 
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2. C

O
N

'l'r-\M
IN

A
T

IO
N

 D
U

E
 '1

.0
 R

/U
)IO

A
C

T
IV

E
 

M
A

T
E

R
IA

L
S

 (D
. S

. W
O

O
D

H
E

A
D

) 

for the presence of possible radiation effects (E
M

E
R

Y
 and M

C
S

H
A

N
E

, 1980). T
h

e dose 
rates at the sedim

ent-w
ater 

interface w
ere m

easured w
ith lithium

 fluoride therm
olum

i- 
nescent dosim

eters and m
ostly ranged from

 background u
p

 to approxim
ately 3.8 m

rad 
h

-', but 
1 system

 
(the 100-N

 trench) w
as highly contam

inated and gave dose rates 
betw

een 2.2 an
d

 4.4 rad h
-'. T

h
e biological properties investigated included the rates of 

periphyton 
(m

easured as chlorophyll a production) an
d

 invertebrate colonization of 
artificial substrates and diversity indices for both the m

acro-algae and the invertebrates. 
It w

as not possible to detect any correlation betw
een the degree of contam

ination of the 
several sites an

d
 variations in any of these param

eters. 
It w

as concluded 
that these 

properties, w
hich are all indicators at the population and com

m
unity level, w

ere not 
responsive to the present degree of radiation exposure. 

F
rom

 these environm
ental studies it appears to be fairly w

ell established that genetic 
effects arising from

 the increased radiation exposure of 1 or m
ore generations of aquatic 

organism
s can be discerned if a suitable detection system

 is available. It is equally 
apparent that this response has h

ad
 no detrim

ental, overall effect at the population level. 
T

hese results support P
urdom

's conclusion that: 

'at the population 
level genetic dam

age is reparable 
by 

the process of natural 
selection. . . . It w

ould seem
 likely that the genetic response of populations is rela- 

tively unim
portant and th

at general m
ortality an

d
 infertility w

ould be the lim
iting 

factors in the extent 
to w

hich populations m
ay overcom

e radiation exposure.' 
(P

U
R

D
O

M
, 

1966, p. 862) 

(8) C
on

clu
sion

s 

F
rom

 the above review
 of the effects of increased environm

ental radiation on the 
m

ortality, fecundity, fertility, and genom
e of aquatic organism

s and from
 the studies 

carried out in contam
inated environm

ents, it can be concluded that very m
inor effects 

could be expected at the m
axim

um
 dose rates w

hich have been estim
ated for the W

ind- 
scale discharge to the northeast Irish S

ea and w
hich only affect sm

all proportions of the 
populations of the various organism

s; at the other 3 disposal sites considered the dose 
rates are far too low

 for it to be reasonable to expect detectable responses. W
ith the 

possible exception of chrom
osom

e aberrations in a suitable indicator species (in the 
northeast 

Irish S
ea the dog w

helk N
ucella laptllus 

and the m
ussel M

ylilus edulzs 
are 

possible candidates) it appears that these effects w
ould not be easy either to detect or to 

differentiate from
 both natural variability and the responses to other environm

ental 
variables. T

h
e overw

helm
ing w

eight of the evidence indicates that even if there w
ere 

m
inor effects in individual organism

s, these w
ould not becom

e apparent at the popula- 
tion, com

m
unity or ecosystem

 level of com
plexity. 

It is apparent, therefore, that the controls w
hich are applied to the discharge of 

radioactive w
astes into the m

arine environm
ent to lim

it the potential exposure of hum
an 

p
o

p
~

~
latio

n
s 

also provide quite adequate protection for populations of m
arine organism

s. 
T

h
e critical pathw

ay 
system

 of control 
has been 

confirm
ed 

as a reliable m
eans of 

m
anaging discharges of radioactive w

astes to, and for the protection of, the m
arine 

environm
ent. 
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the possibilities of contam
ination from

 m
an's activities are high. T

h
e accum

ulation of 
trace m

etals in m
arine organism

s by concentration factors of the order of 10' to 10' tim
es 

is com
m

only found and in contam
inated w

ater tissue levels m
ay be reached w

hich are 
toxic to the organism

 or its prey. F
rom

 the public health point of view
, the m

ain problem
 

is one of avoiding the excessive intake of m
etals from

 contam
inated foodstuffs of m

arine 
origin. M

ercury, cadm
ium

, an
d

 lead are considered the m
ost hazardous m

etals and the 
first 2 occur on various black lists. F

rom
 the m

arine environm
ent point ofview

, the m
ain 

problem
 is that of preventing biological deterioration w

hile at the sam
e tim

e using the 
enorm

ous capacity of the sea for diluting, dispersing, and inactivating w
astes. In this 

respect, the m
ore ab

u
n

d
an

t m
etals such as zinc and copper m

ay som
etim

es be ofgreater 
hazard than m

ercury or cadm
ium

. 
S

ince m
etals are natural constituents of the m

arine environm
ent, studies on m

etal 
contam

ination encounter the problem
 of distinguishing betw

een natural levels and those 
w

hich are enhanced from
 anthropogenic sources. F

or exam
ple, there are a num

ber of 
exam

ples w
here high residue levels in organism

s, form
erly thought to be evidence for 

contam
ination, appear to be perfectly natural. E

ven w
hen contam

ination is patently 
obvious, and based on experim

ental evidence deleterious effects w
ould be expected, it 

has in fact proved very difficult to observe them
. 

T
h

u
s one of the m

ain objects of the review
 is to try and reconcile the experim

ental 
evidence for the toxicity of accum

ulated m
etals to m

arine organism
s w

ith the situation 
observed in the field in contam

inated areas. H
ow

ever, before discussing this aspect it is 
necessary to consider the various processes leading to the contam

ination of the m
arine 

environm
ent w

ith m
etals and their accum

ulation by m
arine species. 

T
h

e
 units of concentration used in this paper are ppb (parts per 

lo
g

 or pg I-') 
for 

w
ater and ppm

 dry w
eight (parts per 106 or p

g
g

') for tissues and sedim
ents unless a w

et 
w

eight basis is specified. 

(2) 
A

n
alysis of m

etals 

P
articularly w

ith oceanic sea w
ater, avoidance of contam

ination during collection and 
subsequent m

anipulation prior to analysis probably poses as m
any problem

s as the 
analysis itself. T

h
u

s, the gradual low
ering of 'norm

al' oceanic trace-m
etal concentra- 

tions (T
ab

le 3-3) has been achieved by increased care in both sam
pling and analysis, 

an
d

 
good 

exam
ples 

include 
lead 

(S
C

H
A

U
L

E
 and 

P
A

T
T

E
R

S
O

N
, 1980), m

ercury 
(M

U
K

H
E

R
JI 
and K

E
S

T
E

R
, 1979) and cadm

ium
, copper, nickel, and zinc (B

R
U

L
A

N
D

 
and 

co-authors, 1979). P
roblem

s are created in all types of sea w
ater analysis by the salt 

m
atrix. T

h
u

s, although recent advances in furnace atom
ic absorption have m

ade it 
possible 

to analyse iron, m
anganese, and zinc directly (S

T
U

R
G

E
O

N
 and co-authors, 

1979), for m
easurem

ent of the low
est levels preconcentration and rem

oval from
 the salt 

m
atrix is still desirable. B

R
U

L
A

N
D

 
and co-authors (1979) used a dithiocarbam

ate extrac- 
tion into chloroform

 follow
ed by back extraction into nitric acid and carbon furnace 

atom
ic absorption to detect low

 oceanic concentrations (C
d, C

u
, N

i, Z
n). O

n
 the other 

hand, K
IN

G
S

T
O

N
 an

d
 co-authors (1978) used a developm

ent of the C
helex- 100 resin 

m
ethod to preconcentrate prior to graphite furnace atom

ic absorption (C
d, C

O
, C

u
, F

e, 
M

n
, N

i, P
b, Z

u
). N

one of these m
ethods can cope sim

ultaneously w
ith all trace m

etals 
and others m

ust be analysed separately. M
ercury is generally m

easured by cold-vapour 
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at
om

ic
 a

bs
or

pt
io

n 
an

d
 a

 p
re

co
nc

en
tr

at
io

n 
st

ep
 i

nv
ol

vi
ng

 a
m

al
ga

m
at

io
n 

w
it

h 
go

ld
 i

s 
so

m
et

im
es

 i
n\

,o
lv

ed
 (

M
U

K
H

E
R

JI
 an

d 
K

E
S

T
E

R
, 1

97
9)

. 
A

rs
en

ic
 a

nd
 o

th
er

 m
et

al
s 

or
 m

et
al

lo
id

s 
(S

b,
 S

e,
 S

n
) 

fo
rm

in
g 

ga
se

ou
s 

hy
dr

id
es

 c
an

 b
e 

li
be

ra
te

d 
fr

om
 s

ea
 w

at
er

 b
y 

re
ac

ti
on

 w
it

h 
so

di
um

 b
or

oh
yd

ri
de

 a
nd

 m
ea

su
re

d 
in

 a
 

su
it

ab
le

 d
et

ec
to

r 
(A

N
D

R
E

A
E

, 19
77

).
 A

 t
ec

hn
iq

ue
 o

f 
th

is
 t

yp
e 

ha
s 

re
ce

nt
ly

 b
ee

n 
us

ed
 t

o 
m

ea
su

re
 i

no
rg

an
ic

 a
n

d
 o

rg
an

ic
 f

or
m

s 
of

 t
in

 i
n 

se
a 

w
at

er
 (

B
R

A
M

A
N

 an
d 

T
O

M
P

K
IN

S
, 

19
79

).
 T

h
e 

in
or

ga
ni

c 
an

d
 o

rg
an

ic
 t

in
 h

yd
ri

de
s 

ar
e 

sc
ru

bb
ed

 f
ro

m
 s

ol
ut

io
n,

 t
ra

pp
ed

 b
y 

fr
ee

zi
ng

, 
se

pa
ra

te
d 

by
 w

ar
m

in
g 

an
d

 d
et

ec
te

d 
in

 a
 h

yd
ro

ge
n-

ai
r 

fl
am

e-
em

is
si

on
 t

yp
e 

de
te

ct
or

. A
 m

et
ho

d 
of

 t
hi

s 
ty

pe
 h

as
 t

he
 a

dd
ed

 a
tt

ra
ct

io
n 

of
 m

ea
su

ri
ng

 d
if

fe
re

nt
 m

et
al

li
c 

sp
ec

ie
s 

an
d

 m
an

y 
re

ce
nt

 m
et

ho
ds

 h
av

e 
be

en
 d

ev
el

op
ed

 w
it

h 
th

is
 o

bj
ec

t 
in

 m
in

d.
 T

h
is

 is
 

pa
rt

ic
ul

ar
ly

 t
ru

e 
of

 re
ce

nt
 d

ev
el

op
m

en
ts

 in
 t

he
 e

le
ct

ro
ch

em
is

tr
y 

of
 s

ea
 w

at
er

 s
uc

h 
as

 t
he

 
us

e 
of

 a
no

di
c 

st
ri

pp
in

g 
vo

lt
an

~
m

et
ry

 to
 d

et
er

m
in

e 
th

e 
ch

em
ic

al
 f

or
m

s 
of

di
ss

ol
ve

d 
m

et
al

s 
(B

A
T

L
E

Y
 an

d
 F

L
O

R
E

N
C

E
, 19
76

).
 T

h
e 

nu
m

be
r 

of
 m

et
al

s 
po

ss
ib

le
 t

o 
an

al
ys

e 
by

 a
no

di
c 

st
ri

pp
in

g 
vo

lt
am

m
et

ry
 i

s 
at

 p
re

se
nt

 l
im

it
ed

 b
ut

, 
si

nc
e 

pr
ec

on
ce

nt
ra

ti
on

 i
s 

no
t 

ne
ce

ss
ar

y 
an

d 
se

ve
ra

l 
m

et
al

s 
ca

n 
be

 a
na

ly
se

d 
al

m
os

t 
si

m
ul

ta
ne

ou
sl

y,
 t

he
 m

et
ho

d 
ha

s 
gr

ea
t 

at
tr

ac
- 

ti
on

s:
 

it
 s

ee
m

s 
id

ea
l 

fo
r 

us
e 

in
 t

he
 f

ie
ld

 
an

d
 c

an
 a

ls
o 

be
 a

ut
om

at
ed

 
(Z

IR
IN

O
 a

n
d

 
co

-a
ut

ho
rs

, 
19

78
).

 F
or

 e
xa

m
pl

e,
 G

IL
L

A
IN

 an
d

 c
o-

au
th

or
s 

(1
97

9)
 h

av
e 

de
sc

ri
be

d 
a 

m
et

ho
d 

fo
r 

th
e 

m
ea

su
re

m
en

t 
of

 B
i, 

C
d

, C
u

, 
P

b,
 S

b,
 a

n
d

 Z
n

 i
n 

se
a 

w
at

er
 b

y 
di

ff
er

en
ti

al
 

pu
ls

e 
an

od
ic

 s
tr

ip
pi

ng
 v

ol
ta

m
m

et
ry

, 
an

d
 S

IP
O

S 
an

d
 c

o-
au

th
or

s 
(1

98
0)

 h
av

e 
pr

od
uc

ed
 a

 
vo

lt
am

m
et

ri
c 

m
et

ho
d 

fo
r 

m
er

cu
ry

. 
O

th
er

 m
et

ho
ds

 f
or

 m
ul

ti
-e

le
m

en
t 

an
al

ys
is

 o
f 

se
a 

w
at

er
 w

hi
ch

 h
av

e 
re

ce
nt

ly
 b

ee
n 

pr
op

os
ed

 i
nc

lu
de

 t
he

 s
im

ul
ta

ne
ou

s 
de

te
rm

in
at

io
n 

of
 5

 m
et

al
s 

(C
u

, F
e,

 M
n

, 
N

i,
 Z

n)
 b

y 
in

du
ct

iv
el

y 
co

up
le

d 
pl

as
m

a 
at

om
ic

 e
m

is
si

on
 s

pe
ct

ro
ni

et
ry

 f
ol

lo
w

in
g 

pr
ec

on
ce

nt
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ti
on

 
(B

E
R

M
A

N
 

an
d 

co
-a

ut
ho

rs
, 

19
80

),
 a

nd
 a

na
ly

si
s 

of
 1

2 
m

et
al

s 
(A

g,
 A

s,
 A

u,
 C

d
, C

O
, C

r,
 F

e,
 

H
g,

 M
O

, S
b,

 S
e,

 Z
n)

 b
y 

ne
ut

ro
n 

ac
ti

va
ti

on
 o

f 
fr

ee
ze

-d
ri

ed
 s

ea
 w

at
er

 f
ol

lo
w

ed
 b

y 
el

ec
- 

tr
ol

yt
ic

 s
ep

ar
at

io
n 

fr
om

 t
he

 s
al

t m
at

ri
x 

an
d 

g
am

m
a 

sp
ec

tr
om

et
ry

 U
0R

ST
A

D
 a

n
d

 S
A

L
B

U
, 

19
80

).
 

W
it

h 
bi

ol
og

ic
al

 t
is

su
es

 a
nd

 s
ed

im
en

ts
, 

th
e 

pr
ec

on
ce

nt
ra

ti
on

 o
f 

tr
ac

e 
m

et
al

s 
is

 u
su

al
ly

 
no

t 
ne

ce
ss

ar
y 

an
d 

fo
r 

m
an

y 
of

 t
he

 m
or

e 
ab

un
da

nt
 m

et
al

s 
su

ch
 a

s 
ir

on
, z

in
c 

an
d

 c
op

pe
r 

fl
am

e 
at

om
ic

 a
bs

or
pt

io
n 

is
 a

n 
id

ea
l 

te
ch

ni
qu

e.
 F

or
 l

es
s 

ab
un

da
nt

 m
et

al
s 

su
ch

 a
s 

si
lv

er
 

an
d 

ca
dm

iu
m

 
th

e 
se

ns
it

iv
it

y 
of

 a
to

m
ic

 a
bs

or
pt

io
n 

ca
n 

be
 e

xt
en

de
d 

w
it

h 
th

e 
us

e 
of

 
ca

rb
on

 f
ur

na
ce

 t
ec

hn
iq

ue
s;

 h
ow

ev
er

, 
at

 t
he

 l
ow

es
t 

le
ve

ls
, 

m
at

ri
x 

pr
ob

le
m

s 
in

 s
ed

im
en

ts
 

an
d 

ca
lc

ar
eo

us
 t

is
su

es
 c

an
no

t 
al

w
ay

s 
be

 a
de

qu
at

el
y 

re
m

ov
ed

 b
y 

si
m

ul
ta

ne
ou

s 
ba

ck
- 

gr
ou

nd
 c

or
re

ct
io

n 
an

d 
so

m
e 

fo
rm

 o
f 

se
pa

ra
ti

on
 b

ec
om

es
 n

ec
es

sa
ry

. 
F

or
 e

xa
m

pl
e,

 t
he

 
gr

ea
t 

ad
va

nt
ag

e 
of

 c
ol

d-
va

po
ur

 m
er

cu
ry

 m
et

ho
ds

 a
nd

 t
he

 h
yd

ri
de

 m
et

ho
ds

 f
or

 a
rs

en
ic

 
an

d
 t

in
, 

m
en

ti
on

ed
 e

ar
li

er
, 

is
 t

ha
t 

th
ey

 s
ep

ar
at

e 
th

e 
m

et
al

s 
fr

om
 t

he
 s

al
t 

m
at

ri
x 

be
fo

re
 

at
om

iz
at

io
n.

 
A

lt
ho

ug
h 

no
t 

ge
ne

ra
ll

y 
av

ai
la

bl
e,

 n
eu

tr
on

 a
ct

iv
at

io
n 

an
al

ys
is

 i
s 

re
ga

rd
ed

 a
s 

be
in

g 
pa

rt
ic

ul
ar

ly
 

re
li

ab
le

 a
t 

tr
ac

e 
co

nc
en

tr
at

io
ns

. 
F

or
 e

xa
m

pl
e,

 G
R

IM
A

N
IS

 
an

d 
co

-a
ut

ho
rs

 
(1

97
8;

 T
ab

le
 3

-1
 7

) 
an

al
ys

ed
 f

is
h 

by
 n

eu
tr

on
 a

ct
iv

at
io

n 
an

d
 u

se
d 

bo
th

 i
ns

tr
um

en
ta

l 
(C

O
, 

F
e,

 S
b,

 Z
n)

 a
nd

 r
ad

io
ch

em
ic

al
 t

ec
hn

iq
ue

s 
(A

s,
 C

d
, 

C
u

, 
H

g,
 S

e)
 t

o 
se

pa
ra

te
 t

he
 e

le
- 

m
en

ts
. 

O
n

 t
he

 o
th

er
 h

an
d,

 i
n 

st
ud

ie
s 

o
n

 m
us

se
ls

 K
A

R
B

E
 an

d
 c

o-
au

th
or

s 
(1

97
8;

 T
ab

le
 

3-
1 

1)
 u

se
d 

in
st

ru
m

en
ta

l 
ne

ut
ro

n 
ac

ti
va

ti
on

 a
na

ly
si

s 
fo

r 
al

l e
le

m
en

ts
 (

A
g,

 A
s,

 C
d

, C
O

, C
r,

 
F

e,
 H

g,
 N

i,
 S

e,
 S

n,
 Z

n)
. 

P
ol

ar
og

ra
ph

ic
 a

n
d

 v
ol
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m

m
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c 

m
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ds

, 
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ou

gh
 le

ss
 c

om
m
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m
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n 

th
e 
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, 
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 d
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n 
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 c
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m
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m
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, 
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3. PO

LLU
TIO

N
 D

U
E T

O
 H

E
A

L
'Y

 illETA
LS (G

. W
. B

R
Y

A
N

) 

(N
U

K
N

B
E

R
G

, 
1979). A

 m
ethod w

hich has recently received m
uch attention is inductively 

coupled plasm
a em

ission spectrography; this has the attraction of being a m
ulti-elem

ent 
m

ethod and has been used for A
g, A

I, B
a, C

d
, C

O
, C

r, C
u

, F
e, M

n
, M

O
, N

i, P
b, S

n, T
i, 

V
, and Z

n (K
E

IT
H

 and T
E

L
L

IA
R

D
, 

1979). U
nfortunately no single m

ethod has proved 
ideal for all m

etals and for really com
prehensive coverage several m

ethods are generally 
required. T

hus, a com
bination of X

-ray fluorescence, spark-source m
ass spectrom

etry, 
an

d
 atom

ic absorption spectrom
etry w

as used by H
A

M
IL

T
O

N
 and co-authors (1979) to 

obtain com
prehensive analyses of sedim

ents from
 the S

evern estuary (T
able 3-6). 

T
h

e m
ethods discussed so far have been suitable for the analysis of pieces of tissue. 

H
ow

ever, the developm
ent of energy-dispersive X

-ray m
icroanalysis facilities on elec- 

tron m
icroscopes has begun to revolutionize research on the intracellular distribution of 

m
etals (C

H
A

N
D

L
E

R
, 

1977). T
his technique has been used w

ith great success in studies 
on the absorption, translocation, and storage of m

etals such as iron and lead in bivalve 
m

olluscs (G
E

O
R

G
E

 and C
O

O
M

R
S

, 1977b; see also p. 13 19). 

(3) M
etals in th

e M
arine E

n
viron

m
en

t 

(a) S
ources and Inputs 

Anthropo.genzc Sources of M
etals 

S
om

e idea of the scale upon w
hich m

etals are used by m
an is obtained by considering 

the rates at w
hich they are m

ined. A
pproxim

ate annual levels ofproduction are: 10' tons 
(S

e); 10.' to 
105 tons 

(A
g

<
V

<
 H

g
<

C
d

<
A

s<
 

S
b

<
 M

O
); 2 

X
 

105 to 5 
X

 
105 tons 

(S
n

<
N

i); 106 to 10' tons (C
r<

 P
b

<
Z

n
<

C
u

<
M

n
<

A
l); 

4 X
 10' tons (F

e) (M
IN

E
R

A
L

S
 

Y
E

A
R

B
O

O
K

, 1970). A
ll 

stages of m
etal production are potential 

sources of m
etallic 

contam
ination. V

ast quantities of tailings are produced by m
ining processes and their 

disposal at sea has som
etim

es proved convenient: for exam
ple, \Y

A
L

D
IC

H
L

K
 

(1978) has 
described the disposal of tailings into R

upert Inlet in B
ritish C

olum
bia from

 a copper 
m

ine dealing w
ith 38,000 tons of rock daily. In

 addition, the problem
s posed by acidic 

m
ine drainage w

aters having parts per m
illion 

(p
p

m
) concentrations of heavy m

etals 
have been stressed by F

O
R

S
T

N
E

R
 

and \,VITTU,-ISS 
(1 979), and this is a source w

hich can 
rem

ain long after the m
ines have closed. A

lthough m
ining declined in southw

est E
ng- 

land 80 yr ago, the input to the Fa1 estuary from
 the C

arnon river, w
hich drains m

any 
old m

ines, is still about 260 tons of zinc, 21 
tons of copper, and 5.5 tons of arsenic 

annually, m
ost o

fit in solution (T
able 3-5; p. 1301). S

m
elting processes have proved to be 

sources of contam
ination in m

any sea areas, and in S
w

eden, for exam
ple, are a signifi- 

cant source of m
etal input to the B

altic S
ea (H

E
L

L
S

T
R

O
M

, 1979). In
 the U

S
A

, C
R

E
- 

C
E

L
IU

S
 an

d
 co-authors (1975) assessed the input of w

astes from
 the T

acom
a copper 

sm
elter into P

uget S
ound and show

ed that the annual input of arsenic included 20 to 70 
tons in liquid em

uent, 1500 tons in slag dum
ped into the S

ound and a proportion of the 
200 tons of arsenic trioxide released as stack dust: another im

portant by-product w
as 

antim
ony. A

lthough dredging for tin in shallow
 w

ater has been practised for m
any years, 

the possibilities of recovering m
etals from

 deeper w
ater are being seriously considered 

(O
\L

.E
N

, 
1977). F

or exam
ple, an assessm
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Table 3-1 

Examples of quantities and composition of materials dumped in United Kingdom coastal waters (compiled from the sources indicated) 

Material Quantity dumped (metric tons yr- ')  Source 

Dredged spoil 
Sewage sludge 
Fly ash 
Industrial wastes 

Dredged spoil 
Manchester Docks 
Portsniou th 

Sewage sludge 
Plymouth (1975) 

Coal fly ash 
NE England 

Colliery waste 
NE England 

C d Cr C U Hg Pb Zn  Total solids dumped 
17 910 860 17 1770 3760 14.1 X 106 (1977) MURRAY and NOR'I.ON (1979) 
I3 210 260 4 196 761 2 .53x105(1976) '  
0 14 40 0 20 30 7.5 X 105 (1976)' 
0 7 4 1 0 2 70 3.86 X 10' (1976)' 

Concentration (ppm dry weight) 
Cd C r C U Hg Pb % n 

MGRRAY and NORTON (1979) 

5.6-3 76 50- 1272 123-6 17 0.3-24 10-470 93- 1660 EAGLE and co-authors (1979a) 

<2 18-19 30-56 < l  20-60 36-40 EAGLE and co-authors (1979b) 

Dumping in relation to other inputs in dumping area olTmouth of Humber estuary (metric tons yr-l) 
Cd Cr  Cu Hg Pb Zn 

Dumping sewage sludge 0. I 10 7.7 0.18 5.1 3 1 MURRAY and co-authors 
Dumping industrial waste 0 0.4 33 0 0. I 19 ( 1980) 
Leaving Humber estuary? 

soluble 14 4 1 68 0.53 28 401 
particulate <2.2 158 95 0.84 147 339 

Atn~ospheric input in rain 
over 18 10 km' 1.8 2.6 17 0.02 19 50 

*Licensed. 
tAparr from river input to this estuary therc are very signilicant inputs of' sewage, industrial discharges, and dredged spoil lrorn Humber ports. 



,M
ET

A
LS

 1
N

 T
H

E
 M

A
R

IN
E

 E
N

V
lR

O
N

lM
EN

T 

W
it

h 
th

e 
in

cr
ea

si
ng

 a
va

il
ab

il
it

y 
of

 i
nf

or
m

at
io

n,
 a

tt
em

pt
s 

ha
ve

 b
ee

n 
m

ad
e 

to
 c

om
pa

re
 

th
e 

m
ag

ni
tu

de
s 

of
 n

at
ur

al
 a

n
d

 a
nt

hr
op

og
en

ic
 i

np
ut

s 
to

 t
he

 s
ea

 a
n

d
 t

o 
id

en
ti

fy
 t

he
 m

os
t 

si
gn

if
ic

an
t 

so
ur

ce
s.

 
F

ro
m

 s
tu

di
es

 o
n

 d
at

ed
 s

ed
im

en
t c

or
es

, G
O

L
D

B
E

R
G

 
an

d
 c

o-
au

th
or

s 
(1

97
8a

,b
) c

al
cu

la
te

d 
th

at
 a

nt
hr

op
og

en
ic

 i
np

ut
s 

to
 N

ar
ra

ga
ns

et
t 

B
ay

 (
U

S
A

) 
ex

ce
ed

ed
 n

at
ur

al
 i

np
ut

s 
by

 f
ac

- 
to

rs
 o

f 
79

 f
or

 c
op

pe
r,

 5
6 

fo
r 

le
ad

, a
n

d
 2

1 
fo

r 
zi

nc
: 

in
 C

he
sa

pe
ak

e 
B

ay
 (

U
S

A
),

 o
n

 t
he

 o
th

er
 

h
an

d
, 

th
e 

2 
ty

pe
s 

of
 i

np
ut

 w
er

e 
ap

pr
ox

im
at

el
y 

eq
ua

l.
 I

n
 t

hi
s 

la
tt

er
 a

re
a,

 H
E

L
Z

 (1
97

6)
 

ca
lc

ul
at

ed
 t

he
 i

np
ut

s 
fr

om
 d

if
fe

re
nt

 s
ou

rc
es

. A
bo

ut
 h

al
f 

of
 t

he
 t

ot
al

 i
np

ut
 o

f 
co

ba
lt

, 
ir

on
, 

m
an

ga
ne

se
, 

ni
ck

el
, 

an
d

 z
in

c 
co

ul
d 

be
 a

tt
ri

bu
te

d 
to

 r
iv

er
 d

is
ch

ar
ge

, 
sh

or
e 

er
os

io
n 

an
d

 
se

a-
w

at
er

 a
dv

ec
ti

on
 

fr
om

 
th

e 
oc

ea
n.

 
O

n
 t

he
 

ot
he

r 
h

an
d

, 
th

e 
pr

in
ci

pa
l 

so
ur

ce
 o

f 
ch

ro
m

iu
m

 a
n

d
 c

op
pe

r 
w

as
 d

ir
ec

t 
in

du
st

ri
al

 d
is

ch
ar

ge
, 

th
at

 f
or

 c
ad

m
iu

m
 w

as
 m

un
ic

ip
al

 
w

as
te

 w
at

er
, 

an
d

 d
us

t 
an

d
 r

ai
n 

w
er

e 
th

e 
pr

in
ci

pa
l 

so
ur

ce
s 

of
 le

ad
. 

S
im

il
ar

ly
, Y

O
U

N
G

 a
n

d
 

co
-a

ut
ho

rs
 (

 1
97

7)
 c

om
pa

re
d 

m
et

al
 i

np
ut

s 
to

 s
ou

th
er

n 
C

al
if

or
ni

an
 c

oa
st

al
 w

at
er

s 
fr

om
 

m
un

ic
ip

al
 w

as
te

 w
at

er
 o

ut
fa

ll
s,

 s
to

rm
 r

un
of

f,
 p

ow
er

 s
ta

ti
on

 c
oo

li
ng

 w
at

er
 a

n
d

 d
ry

 a
er

ia
l 

fa
ll

ou
t.

 W
as

te
 w

at
er

 w
as

 t
he

 p
ri

nc
ip

al
 s

ou
rc

e 
of

 m
os

t 
m

et
al

s 
b

u
t 

ab
o

u
t 

ha
lf

 o
f 

th
e 

le
ad

 
in

pu
t 

w
as

 a
tt

ri
bu

te
d 

to
 a

er
ia

l 
fa

ll
ou

t.
 M

u
ch

 o
f 

th
is

 a
tm

os
ph

er
ic

 l
ea

d 
em

an
at

es
 f

ro
m

 i
ts

 
us

e 
in

 l
ea

d 
al

ky
l 

'a
nt

ik
no

ck
' 

ad
di

ti
ve

s 
in

 p
et

ro
l 

an
d

 i
ts

 i
m

pa
ct

 o
n

 c
on

ce
nt

ra
ti

on
s 

in
 

co
as

ta
l 

w
at

er
s 

ap
pe

ar
s 

to
 b

e 
ve

ry
 s

ig
ni

fi
ca

nt
. 

F
or

 e
xa

m
pl

e,
 H

O
D

G
E

 an
d 

co
-a

ut
ho

rs
 

(1
97

8)
 c

al
cu

la
te

d 
th

at
 l

ea
ch

in
g 

fr
om

 a
er

os
ol

s 
co

ul
d 

ac
co

un
t f

or
 a

ll
 le

ad
 i

n 
th

e 
up

pe
r 

10
0 

m
 

of
 s

ou
th

er
n 

C
al

if
or

ni
an

 c
oa

st
al

 w
at

er
s.

 T
h

e 
at

m
os

ph
er

ic
 i

np
ut

 o
f 

ot
he

r 
m

et
al

s 
ca

n
 

al
so

 b
e 

qu
it

e 
si

gn
if

ic
an

t 
ne

ar
 i

nd
us

tr
ia

li
ze

d 
ar

ea
s.

 E
st

im
at

es
 b

y 
T

O
P

P
IN

G
 

(1
97

4)
 i

nd
i-

 
ca

te
d 

th
at

 a
tm

os
ph

er
ic

 i
np

ut
 in

 r
ai

nf
al

l 
w

as
 p

os
si

bl
y 

th
e 

m
os

t 
si

gn
if

ic
an

t s
in

gl
e 

so
ur

ce
 o

f 
le

ad
, 

zi
nc

, 
co

pp
er

, 
an

d
 c

ad
m

iu
m

 i
n 

th
e 

F
ir

th
 o

f 
C

ly
de

 i
n 

S
co

tl
an

d.
 S

im
il

ar
ly

, C
A

M
B

R
A

Y
 

an
d

 c
o-

au
th

or
s 

(1
97

9)
 c

al
cu

la
te

d 
th

at
 t

he
 a

nn
ua

l 
in

pu
ts

 o
f 

va
ri

ou
s 

so
lu

bl
e 

m
et

al
s 

in
 

ra
in

fa
ll

 w
er

e 
eq

ui
va

le
nt

 t
o 

10
 t

o 
55

%
 o

f 
th

e 
to

ta
ls

 d
is

so
lv

ed
 i

n 
th

e 
w

at
er

s 
of

 t
he

 N
or

th
 

S
ea

 a
n

d
 t

ha
t 

th
e 

to
ta

l 
in

pu
ts

 i
n 

ra
in

fa
ll

 w
er

e 
ap

pr
ox

im
at

el
y 

eq
ua

l 
to

 t
ho

se
 f

ro
m

 t
he

 
R

iv
er

 R
hi

ne
 (

T
ab

le
 3

-2
).

 I
n

p
u

ts
 f

ro
m

 t
he

 R
iv

er
 H

u
m

b
er

 t
o 

th
e 

N
or

th
 S

ea
 (

T
ab

le
 3

-1
) 

ar
e 

fa
r 

ex
ce

ed
ed

 b
y 

th
e 

to
ta

l 
ra

in
fa

ll
 i

np
ut

s 
in

 T
ab

le
 3

-2
. 

T
h

e 
d

u
m

p
in

g
 o

f 
w

as
te

s 
in

 s
om

e 
co

as
ta

l 
ar

ea
s 

pr
ov

id
es

 a
 s

ig
ni

fi
ca

nt
 s

ou
rc

e 
of

 m
et

al
 

in
pu

t.
 A

ro
un

d 
B

ri
ta

in
 

d
u

m
p

ed
 m

at
er

ia
ls

 i
nc

lu
de

 d
re

dg
ed

 
sp

oi
l 

fr
om

 
ha

rb
ou

rs
 a

n
d

 
do

ck
s,

 p
ow

er
 s

ta
ti

on
 f

ly
-a

sh
, s

ew
ag

e 
sl

ud
ge

, c
ol

li
er

y 
w

as
te

s 
an

d
 v

ar
io

us
 o

th
er

 i
nd

us
tr

ia
l 

w
as

te
s.

 T
h

e 
m

ag
ni

tu
de

 o
f 

th
es

e 
op

er
at

io
ns

 a
n

d
 t

he
 c

om
po

si
ti

on
 o

f 
so

m
e 

of
 t

he
 m

at
er

ia
ls

 
ar

e 
su

m
m

ar
iz

ed
 i

n 
T

ab
le

 3
-1

. 
O

th
er

 i
m

po
rt

an
t 

m
at

er
ia

ls
 w

hi
ch

 a
re

 d
u

m
p

ed
 i

nc
lu

de
 r

ed
 

m
u

d
, 

a 
m

ix
tu

re
 c

on
si

st
in

g 
la

rg
el

y 
of

 t
he

 o
xi

de
s 

of
 i

ro
n 

an
d

 a
lu

m
in

iu
m

 w
hi

ch
 a

ri
se

s 
fi

-o
m

 
th

e 
pr

od
uc

ti
on

 
of

 
al

um
in

iu
m

 
fr

om
 

ba
ux

it
e 

(B
L

A
C

K
M

A
N

 an
d 

W
IL

S
O

N
, 1

97
3)

, 
an

d
 

li
qu

id
 w

as
te

s 
su

ch
 a

s 
fe

rr
ou

s 
su

lp
ha

te
 a

n
d

 s
ul

ph
ur

ic
 a

ci
d 

re
su

lt
in

g 
fr

om
 t

he
 p

ro
du

ct
io

n 
of

 t
it

an
iu

m
 d

io
xi

de
: 

fo
r 

ex
am

pl
e,

 1
80

0 
to

ns
 d

ai
ly

 w
er

e 
du

m
pe

d 
at

 a
 s

it
e 

in
 t

he
 G

er
m

an
 

B
ig

ht
 (

R
A

C
H

O
R

 
an

d
 G

E
R

L
A

C
H

, 19
78

).
 

A~
rn

os
ph

er
ic

 ln
pu

ls
 10

 
th

e 
O

ce
an

s 

A
s 

w
e 

ha
ve

 a
lr

ea
dy

 s
ee

n,
 t

he
 a

tm
os

ph
er

ic
 i

np
ut

 o
f 

m
et

al
s 

in
 c

oa
st

al
 w

at
er

s 
ca

n
 b

e 
of

 
co

ns
id

er
ab

le
 s

ig
ni

fi
ca

nc
e.

 S
in

ce
 th

e 
in

fl
ue

nc
es

 o
f o

th
er

 fo
rm

s 
of

 i
np

ut
 t

en
d 

to
 b

e 
lo

ca
li

ze
d 

ne
ar

 t
he

 c
oa

st
, 

th
e 

re
la

ti
ve

 i
m

po
rt

an
ce

 o
f 

at
m

os
ph

er
ic

 s
ou

rc
es

 o
f 

in
pu

t 
is

 
li

ke
ly

 
to

 
in

cr
ea

se
 w

it
h 

di
st

an
ce

 f
ro

m
 t

he
 l

an
d.

 I
ts

 p
ot

en
ti

al
 s

ig
ni

fi
ca

nc
e 

is
 a

ls
o 

in
cr

ea
se

d 
by

 t
he

 
di

sc
ov

er
y 

th
at

 t
he

 c
on

ce
nt

ra
ti

on
s 

of
 s

ev
er

al
 m

et
al

s 
in

 o
ce

an
ic

 w
at

er
s 

ar
e 

lo
w

er
 t

h
an

 w
as

 
fo

rm
er

ly
 s

up
po

se
d.

 



(6~6 1) S.10~1llE-03 
(8~61) NOJ.II~~ (~~61) LIIVH~~~M pue ,ia;2181.vv3 

OOOL 000'02 000'9 1 OZ SS OL 
- 

uZ 
- - OS21 L'F: +.I; 

- - 
A 

- S6 I OS'O bS'0 as - - OP 1 - SE'O 09'0 9s 
OOF 0006 008s 9f7 S'L I Si: 9d 
00s l OOOZ 006 1 > 8 1 X'9 8 > ! N 
00s l 0009 00 l+ OZ> Zl> S.L I 

- 
"h' 

00 l 00 1 L ,t'Z KO'O %H 
0009 000'08 OOO'SO 1 SS P8 OS-P 2.J 
OOOZ OOOZ 009s SF S I bi; 

- 
"3 

000 1 000 1 OP L 66'0 Z't: -'D 
- 88 8'6 L I 8t:'O 03 

009 002 06F> SZ> L')> 
- 

P 3 
0006 000 1 09P> Z > Z> S V 

(suol 3!~1aur) (suol s!~~aur) (suol 3!~1arn) WJ0N .l0 (@c') (qdd) slela1,y 
~a~oa -10 SJ!GJIS E!A 3U!qtl '8 JO .I~I~MU!~J lualuo3 alqnlos ,jo %) alqnlos l"l0.L 

indu! alqnlos ~ndu! [enuuv U! eas ql.10~ 01 U!EJ U! indu! ~alernu!~~ 
~ndu! ~enuue le~o,~ alqnlos ~vnuuv U! nunout/ 



14
ET

A
LS

 I
N

 T
H

E
 M

A
R

IS
E

 E
N

\~
IR

O
N

L
lE

S'
I 

T
h

e 
m

ai
n 

na
tu

ra
l 

so
ur

ce
s 

of
 m

et
al

s 
in

 t
he

 a
tm

os
ph

er
e 

ha
ve

 b
ee

n 
li

st
ed

 b
y 

N
R

IA
G

U
 

(1
97

9)
 a

s:
 (

i)
 w

in
db

lo
w

n 
du

st
; 

(i
i)

 f
or

es
t 

fi
re

s;
 (

ii
i)

 v
ol

ca
ni

c 
pa

rt
ic

le
s;

 
(i

v)
 p

ar
ti

cl
es

 
pr

od
uc

ed
 b

y 
ve

ge
ta

ti
on

; 
(v

) 
se

a 
sa

lt
 s

pr
ay

; 
an

d 
th

e 
m

ai
n 

an
th

ro
po

ge
ni

c 
so

ur
ce

s 
as

: 
(i

) 
m

in
in

g;
 (

ii
) 

pr
im

ar
y 

an
d 

se
co

nd
ar

y 
no

n-
fe

rr
ou

s 
m

et
al

 p
ro

du
ct

io
n;

 (
ii

i)
 i

ro
n 

an
d 

st
ee

l 
pr

od
uc

ti
on

; 
(i

v)
 i

nd
us

tr
ia

l 
ap

pl
ic

at
io

ns
; 

(v
)c

om
bu

st
io

n 
of

 c
oa

l,
 o

il
, 

w
oo

d,
 a

nd
 w

as
te

; 
(v

i)
 p

ho
sp

ha
te

 f
er

ti
li

ze
r 

m
an

uf
ac

tu
re

; 
(v

ii
) m

is
ce

ll
an

eo
us

. A
pa

rt
 f

ro
m

 t
he

 d
if

fe
re

nt
 t

ot
al

 
qu

an
ti

ti
es

 o
fm

et
al

s 
w

hi
ch

 a
re

 i
nv

ol
ve

d,
 t

he
 v

ol
at

il
it

y 
of

 t
he

 m
et

al
 i

s 
pe

rh
ap

s 
th

e 
m

os
t 

im
po

rt
an

t 
fa

ct
or

 g
ov

er
ni

ng
 

it
s 

re
le

as
e 

to
 

th
e 

at
m

os
ph

er
e;

 
th

us
 v

al
ue

s 
fo

r 
th

e 
ra

ti
o 

an
th

ro
po

ge
ni

c/
na

tu
ra

l 
in

pu
t 

de
cr

ea
se

 in
 t

he
 o

rd
er

 P
b 

>
 H

g
 >

 A
g 

>
 IM

O
 >

 b
 >

 e
 >

 A
 

>
 Z

n
 >

 C
d

 >
 C

u
 
>

 S
n

 
>

 N
i 

>
 V

 
>

 C
r 

>
 C

O
 >

 1
M

n 
>

 F
e 

(L
A

N
T

Z
Y

 an
d

 
  M

AC
KE

N
ZI

E 
(1

97
9)

. R
at

io
s 

ca
lc

ul
at

ed
 f

or
 a

 g
lo

ba
l 

as
se

ss
m

en
t 

by
 N

R
IA

G
U

 (1
97

9)
 a

re
 

18
 f

or
 l

ea
d 

(m
ai

nl
y 

fr
om

 p
et

ro
l)

, 
9 

fo
r 

ca
dm

iu
m

, 
7 

fo
r 

zi
nc

, 
3 

fo
r 

co
pp

er
 (

no
n-

fe
rr

ou
s 

m
et

al
 

pr
od

uc
ti

on
 

be
in

g 
a 

m
aj

or
 

so
ur

ce
) 

an
d

 a
bo

ut
 

2 
fo

r 
ni

ck
el

 
(m

ai
nl

y 
fr

om
 

oi
l 

co
m

bu
st

io
n)

. 
L

ea
d 

is
 a

lm
os

t 
ce

rt
ai

nl
y 

th
e 

m
os

t 
im

po
rt

an
t 

he
av

y 
m

et
al

 c
on

ta
m

in
an

t 
in

 t
he

 a
tm

os
- 

ph
er

e,
 a

n
d

 P
A

T
T

E
R

S
O

N
 (1

97
8)

 h
as

 c
om

pa
re

d 
th

is
 f

or
m

 o
f 

in
pu

t 
w

it
h 

ot
he

r 
fo

rm
s 

un
de

r 
pr

es
en

t 
co

nd
it

io
ns

 a
nd

 '
na

tu
ra

l'
 c

on
di

ti
on

s.
 A

nt
hr

op
og

en
ic

 i
np

ut
s 

of
 l

ea
d 

to
 t

he
 o

ce
an

s 
ar

e 
gi

ve
n 

as
: 

at
m

os
ph

er
ic

, 
40

,0
00

 t
on

s 
(3

7,
00

0 
to

ns
 f

ro
m

 p
et

ro
l)

; d
is

so
lv

ed
 i

n 
ri

ve
rs

 a
n

d
 

se
w

er
s,

 6
0,

00
0 

to
ns

 (
m

uc
h 

of
 it

 d
er

iv
ed

 f
ro

m
 a

er
os

ol
s)

; 
so

li
ds

, 2
00

,0
00

 t
on

s.
 T

h
e 

co
rr

es
- 

po
nd

in
g 

na
tu

ra
l 

in
pu

ts
 a

re
 1

00
0,

 1
3,

00
0,

 a
nd

 1
00

,0
00

 t
on

s 
re

sp
ec

ti
ve

ly
. 

E
jj

ec
ls

 o
j I

~
~

U
L

J
 

on
 C

on
ce

nl
ra

fio
ns

 in
 S

ea
 W

al
er

 

A
 s

ea
rc

h 
of

 t
he

 l
it

er
at

ur
e 

fo
r 

w
ha

t 
m

ig
ht

 b
e 

re
ga

rd
ed

 a
s 

ba
se

li
ne

 c
on

ce
nt

ra
ti

on
s 

in
 s

ea
 

w
at

er
 r

ev
ea

ls
 a

 g
re

at
 d

ea
l 

of
 v

ar
ia

bi
li

ty
. 

T
h

er
e 

ar
e 

va
ri

ou
s 

re
as

on
s 

fo
r 

th
is

: 
(i

) 
th

e 
na

tu
ra

l 
in

pu
t o

f h
ea

vy
 m

et
al

s 
to

 t
he

 s
ea

 is
 n

ot
 u

ni
fo

rm
; 

(i
i)

 t
he

 d
is

tr
ib

ut
io

n 
is

 a
ff

ec
te

d 
by

 
ag

en
ci

es
 s

uc
h 

as
 b

io
lo

gi
ca

l 
tr

an
sp

or
t;

 (
ii

i)
 m

an
y 

of
 t

he
 v

ar
ia

ti
on

s 
re

su
lt

 f
ro

m
 s

am
pl

e 
co

nt
am

in
at

io
n 

an
d 

th
e 

us
e 

of
 d

if
fe

re
nt

 m
et

ho
ds

 o
f 

an
al

ys
is

. 
T

h
e 

la
tt

er
 a

re
 a

rg
ua

bl
y 

th
e 

gr
ea

te
st

 s
ou

rc
es

 o
f 

va
ri

at
io

n 
in

 t
he

 l
it

er
at

ur
e 

va
lu

es
. 

F
or

 e
xa

m
pl

e,
 B

R
U

L
A

N
D

 
an

d 
co

- 
au

th
or

s 
(1

97
9)

 s
ho

w
ed

 t
ha

t 
by

 p
ay

in
g 

pa
rt

ic
ul

ar
 a

tt
en

ti
on

 t
o 

th
e 

el
im

in
at

io
n 

of
 s

am
pl

e 
co

nt
am

in
at

io
n,

 t
ot

al
 c

on
ce

nt
ra

ti
on

s 
of

 c
op

pe
r,

 c
ad

m
iu

m
, 

ni
ck

el
, 

an
d

 z
in

c 
in

 s
ea

 w
at

er
 

ar
e 

lo
w

er
 t

ha
n 

ha
d 

pr
ev

io
us

ly
 b

ee
n 

re
al

iz
ed

: 
m

or
eo

ve
r 

th
e 

re
su

lt
s 

ga
ve

 c
on

si
st

en
t 

pr
o-

 
fi

le
s 

w
it

h 
co

nc
en

tr
at

io
ns

, 
pa

rt
ic

ul
ar

ly
 o

f 
zi

nc
 a

nd
 c

ad
m

iu
m

, 
in

cr
ea

si
ng

 w
it

h 
de

pt
h.

 
L

ev
el

s 
of

ca
dm

iu
m

 in
 t

he
 n

or
th

ea
st

 P
ac

if
ic

 s
ho

w
ed

 a
 c

lo
se

 r
el

at
io

n 
to

 le
ve

ls
 o

f 
ph

os
ph

at
e 

an
d

 n
it

ra
te

 (
B

R
L

L
A

N
D

 an
d

 c
o-

au
th

or
s,

 
19

78
),

 a
 c

on
ce

nt
ra

ti
on

 o
f 

0.
00

45
 p

p
b

 b
ei

ng
 

fo
un

d 
in

 n
ut

ri
en

t 
de

pl
et

ed
 s

ur
fa

ce
 w

at
er

s 
in

cr
ea

si
ng

 t
o 

0.
12

5 
p

p
b

 a
t 

th
e 

de
pt

h 
of

 t
he

 
ph

os
ph

at
e 

an
d 

ni
tr

at
e 

m
ax

im
a.

 T
he

se
 r

es
ul

ts
 a

re
 c

on
si

st
en

t 
w

it
h 

th
e 

id
ea

 t
ha

t,
 i

n 
ad

di
ti

on
 t

o 
nu

tr
ie

nt
s,

 h
ea

vy
 m

et
al

s 
ar

e 
ab

so
rb

ed
 b

y 
pl

an
kt

on
ic

 o
rg

an
is

m
s 

in
 t

he
 p

ho
ti

c 
zo

ne
 a

n
d

 t
ra

ns
fe

rr
ed

 
to

 d
ee

pe
r 

w
at

er
 w

he
n 

th
e 

de
ad

 o
rg

an
is

m
s 

an
d

 t
he

 f
ae

ce
s 

an
d

 
m

ou
lt

s 
of

 z
oo

pl
an

kt
on

 s
in

k.
 I

nd
ee

d,
 i

n 
th

e 
oc

ea
ns

 t
he

 r
es

id
en

ce
 t

im
es

 o
f'

m
an

y
 m

et
al

s 
(i

.e
. t

he
 a

ve
ra

ge
 ti

m
e 

fo
r 

w
hi

ch
 t

he
 m

et
al

 r
em

ai
ns

 in
 t

he
 w

at
er

 b
ef

br
e 

it
 is

 d
ep

os
it

ed
) 

ar
e 

th
ou

gh
t 

to
 b

e 
pr

im
ar

il
y 

co
nt

ro
ll

ed
 b

y 
fa

ec
al

 d
ep

os
it

io
n 

(B
I:

\\
'E

R
s 

an
d

 Y
E

A
T

S,
 1

97
7;

 
C

H
E

R
R

Y
 an

d
 c

o-
au

th
or

s,
 1

97
8)

. A
 c

om
pa

ri
so

n 
is

 m
ad

e 
in

 T
ab

le
 3

-3
 b

et
w

ee
n 

so
m

e 
of

 t
he

 
re

ce
nt

 c
on

ce
nt

ra
ti

on
s 

fo
r 

se
a 

w
at

er
 a

nd
 t

he
 t

yp
ic

al
 v

al
ue

s 
gi

ve
n 

ea
rl

ie
r 

by
 B

R
E

~
V

E
R

 
(1

97
5)

. 
It

 i
s 

cl
ea

r 
th

at
 t

he
 c

on
ce

nt
ra

ti
on

s 
of

 s
e\

,e
ra

l 
m

et
al

s,
 s

uc
h 

as
 z

in
c 

an
d 

le
ad

, 
fo

rm
er

ly
 r

eg
ar

de
d 

as
 n

or
m

al
 w

er
e 

to
o 

hi
gh

. T
h

is
 f

ac
t, 

an
d 

th
e 

di
sc

ov
er

y 
th

at
 c

on
ce

nt
ra

- 
ti

on
s 

of
 m

et
al

s 
in

cl
ud

in
g 

zi
nc

 a
n

d
 c

ad
m

iu
m

 a
re

 o
ft

en
 l

ow
es

t 
at

 t
he

 s
ur

fa
ce

, 
ce

rt
ai

nl
y 



Table 3-3 

l'ypical metal concen~rations in natural waters (ppb) (compiled from the sources indicated in the  able Ibotnotes) 

 metal Fresh water' Oceanic sea water Probable major species in sea water 

M n  
klo 
Ni 
1'13 

SIJ 
Se 
S 11 

'I ' i  
'1'1 
v 
%. 11 

Older' 
values 

0.04 
2 
3.7 
0. I 
0.05 
0.3 
0.5 
2 
0.03 

Some recent 
values 
0 .01~  
0.85" 

2.2-3.S5 
0,015-0, 118" 

<o.o I 
0.1 3X 

0.092-0, 24b 
0,467 

0.0 1 1-0.033" 
0 . 0 0 4 ~ ~  
0.081° 
10.7" 

0.228-0.693' 
0.001-0.015" 

0.37-0.7' 
0~05-0~12'J  

0.0005 l 6  
- 
- 

1.19" 
0.007-0.64" 

Normal ~ a l i n i t f ~ ~ ~ ' ' '  
AgC I; 

AI(0H); 
HASO:-, H,ASO; 
CdCI+, CdCl! " 
c o c o ; ,  CO'+ " 

Cr0.Y-, Cr(OH), '' 
Cu(OH);, Cu humic, CuCOQ 

Fe(OH);, Fe(0H); 
H&[:-, HgCI, l'' 

14 

Moo&- 
NiCO!, Ni2+ "' 

PbCOy, Pb(C0,);- 
Sb(0H); 
se03 - 

SnO(0H);  

H, VO; 
Zn2+, %nCI+ ' "  %n2+ 

Cd2+, CdCI+ 
Co2+, c o c o g  

Cu hurnic, Cu(0H);  

Hg humic, H&I: 

M n'+ 

Ni2+, NiCO! 

I .  I " o n s . r . ~ ~ ~  and WITI.HANN (1979); 2. BREWER (1975); 3. BCRRELL (1977); 4. HVDES (1979); 5. ROMANOV and RYABININ (1976); 6. BRCI..\SD and 
co-authors (1979); 7. D ~ s l E ~ s s o r  (1980); 8. CWNS.I.ON and ~MURHAY (1978); 9. GAKUNEK (1975); 10. BEWERS and co-authors (1976); 11. ~MOKRIS (1975); 
12. SCHALLE and PAII-EUON (1980); 13. BUR.I-ON and cc-authors (1980); 14. MAYTUORA and coauthors (1978); 15. IMUKHERJI and KESI-ER (1979); 
l( ; .  HODGI-. illid co-authors (1979). 
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Fig. 3-1: 
R

estronguet C
reek. R

elations betw
een salinity and 'soluble' concentrations of 4 m

etals. 
S

haded areas below
 theoretical lines for sim

ple dilution indicate degree ol'rem
oval of m

etal from
 

solution. (A
fter B

R
Y

A
N

, 1980; reproduced 
by perm

ission of B
iologische A

nstalt H
elgoland) 

largely so, m
anganese an

d
 zinc exhibit far less tendency to be rem

oved (i.e. they show
 

m
ore conservative behaviour). A

 com
parison betw

een concentrations in the inflow
ing 

w
ater (largely in solution, p

H
 3.9) and the creek sedim

ents is show
n in T

ab
le 3-5. In

 
addition, the degrees ofretention of m

etals by the sedim
ents, assum

ing that iron is 100%
 

retained, are also show
n an

d
 com

pared w
ith values for other areas. T

h
e

 high degree of 
retention of lead an

d
 arsenic m

ay relate to their adsorption by oxides of iron, or, as is 
m

ore likely for copper, by the associated hum
ic m

aterials. 
Possibly by virtue of their 

high concentrations in the river, m
anganese and zinc show

 little retention, as also does 
cadm

ium
 w

hich form
s strong chloride com

plexes in sea w
ater and is not readily rem

oved 
from

 solution (S
H

O
L

K
O

V
IT

Z
, 1978). 

S
tudies by FO

ST
E

R
 an

d
 co-authors (1978) on the input of acid m

ine w
astes via the 

A
fon G

och into D
ulas B

ay in N
orth \.V

ales gave sim
ilar results. It w

as concluded that 
- 

losses of copper an
d

 zinc from
 solution occurred on to hydrated ferric hydroxide above 

p
H

 values of 4.5 an
d

 6 respectively an
d

 that concentrations of m
anganese w

ere affected 
solely by dilution. 

A
lthough the behaviour of iron (F

ig. 3- 1) is com
m

only found, the degree ofrem
oval of 

other m
etals (cross-hatched areas) varies considerably betw

een estuaries. W
orking in 

the uncontam
inated B

eaulieu estuary in southern E
ngland, H

O
L

L
ID

A
Y

 
and L

ISS (1976) 
show

ed that dissolved zinc an
d

 m
anganese behaved conservatively an

d
 a sim

ilar obser- 
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Estuaries 

Restronguet Poole Severn Mersey Humber 
Avon Teign Creek Gannel Harbour Loughor industrial industrial industrial 

(Devon) Barytes mining old lead industrial tin plate inc. inc. inc. 
clean mining wastes mines wastes manufacture smelting chlor-alkali TiOz 

Metal (typical) (max) (mas) (max) (max) (max) (mean) (max) ( max ) 

375 3510 1215 
BRYAN and CO-au thors ( 1980) 

 MEREY YIELD (1976) 
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can only be dissolved 
after fusion 

w
ith am

m
onium

 iodide. iM
ost, if not all, of the 

sedim
ents in T

ab
le 3-6 are inhabited by m

acroscopic organism
s and, as w

ill be seen 
later, the availability of these sedim

ent-bound m
etals to the biota is of particular inter- 

est. O
th

er exam
ples ofsedim

ent contam
ination are illustrated in T

able 3-7 and dem
ons- 

trate the incredibly high levels w
hich have been reached in som

e confined areas. 
T

h
e question of the rem

obilization 
of m

etals in sedim
ents and their return to the 

overlying w
ater has been studied both in the laboratory and in the field. F

or exam
ple, 

L
U

 and C
H

E
N

 (1977) exposed 3 types ofcontam
inated sedim

ent, ranging from
 sandy silt 

to silty clay, to sea w
ater under oxidizing, slightly oxidizing, and reducing conditions 

an
d

 follow
ed the concentrations in the w

ater for several m
onths. It w

as obsenred that 
w

ith reducing conditions 
in 

the w
ater the release of iron and m

anganese from
 the 

sedim
ent 

w
as 

enhanced, w
hereas 

the 
release 

of 
cadm

ium
, 

nickel, 
lead, 

and 
zinc 

increased as conditions becam
e m

ore oxidizing. A
 practical exam

ple of changes in the 
m

obility of m
etals caused by redox changes in the w

ater is given by the w
ork of H

O
L

M
E

S
 

and co-authors (1974). In the long (13 k
m

), narrow
 harbour at C

orpus C
hristi, T

exas, 
they observed peak concentrations of 1 1,000 ppm

 of zinc and 130 ppm
 ofcadm

ium
 in the 

sedim
ents of the m

iddle reaches but m
uch low

er levels at either end. D
uring sum

m
er 

w
hen w

ater in the harbour stagnates, levels of zinc and cadm
ium

 from
 industrial eflluent 

increased in the oxidizing surface w
aters and m

axim
a of 480 and 78 ppb respectively 

w
ere observed. H

ow
ever, the deeper w

ater in the harbour becom
es anoxic and m

etals 
from

 the w
ater above are precipitated w

ith the sulphide ions present. T
his results in low

 
concentrations of m

etals in the deeper w
ater and a m

etal-sulphide-rich sedim
ent. In 

w
inter, high w

inds and low
er tem

peratures increase the circulation of w
ater betw

een the 
harbour and the bay, so that m

etal-poor, oxygen-rich w
ater enters along the bottom

 and 
leaves along the surface. T

h
e desorption of m

etals from
 the harbour sedim

ent by this 
circulation transfers m

etals to the bay w
here they can be redeposited on the bay sedi- 

m
ents. It w

as concluded that the harbour sedim
ents m

ay form
 a source of m

etals in the 
bay long after the discharge of industrial em

uent has stopped. 
R

edox conditions in the sedim
ents are certainly very 

im
portant 

and in estuarine 
sedim

ents, w
here the organic content is often of the order of 5 to 10%

, a surface layer a 
few

 m
illim

etres or centim
etres thick is usually oxidized, the deeper sedim

ents being 
dom

inated by sulphides. S
ince the sulphides of iron and m

anganese are m
ore soluble 

than the oxides, their concentrations in the interstitial w
ater of deeper sedim

ents are 
often of the order of several parts per m

illion (p
p

m
) and a significant fraction of the iron, 

but not m
anganese, is organically bound (K

R
O

M
 and S

H
O

L
K

O
V

IT
Z

, 1978). A
lthough 

the sulphides of other m
etals such as zinc and copper have extrem

ely low
 solubilities, 

interstitial w
ater concentrations w

hich exceed those of the overlying w
ater have fre- 

quently been found. It is thought that m
etals such as zinc, copper, cobalt, nickel, and 

lead are released from
 association w

ith the oxides of iron and m
anganese w

hen the latter 
dissolve and are stabilized at relatively high interstitial w

ater concentrations by dis- 
solved organic m

atter (E
L

D
E

R
F

IE
L

D
 

and H
E

P
W

O
R

T
H

, 1975); although another possibi- 
lity is that they exist as polysulphide or bisulphide com

plexes (G
A

R
D

N
E

R
, 

1974). In the 
C

onw
y estuary sedim

ents, E
L

D
E

R
F

IE
L

D
 

and co-authors (1979) observed about l00 ppb 
of zinc in 

the interstitial w
ater com

pared w
ith about 

10 p
p

b
 (m

ax. 50 ppb) in the 
overlying w

ater. A
 partial barrier to the diffusion of zinc from

 the interstitial to the 
estuary w

aters seem
s to be provided by the m

ore rapid re-oxidation of iron and m
angan- 

ese at the sedim
ent-w

ater 
interface w

hich scavenges the dissolved zinc. T
hese rem

obil- 
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L
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 r
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e 

su
rf

ac
e-

w
ill

 
m

ak
e 

it
 

m
or

e 
di

ff
ic

ul
t 

to
 

as
se

ss
 a

n-
 

th
ro

po
ge

ni
c 

in
pu

ts
 f

ro
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 c
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 c
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, c
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 f
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 c

on
su
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s 
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ct
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 a

nd
 t

he
 p
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d 
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c 
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 r
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n 
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w
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po
si
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fe

ed
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s 
o

n
 

th
e 

re
le
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e 

of
 m

et
al

s 
is

 l
ik

el
y 

to
 b

e 
si

gn
if

ic
an

t.
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h
e 

w
or
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 A
L

L
E

R
 (

19
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ow
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 f
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o 
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he
r 

m
et

al
s 

al
so

. 
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ha

ll
ow

 
w

at
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s 
an

d 
m

ar
sh
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, 

an
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os
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 a
s 

Sp
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b 
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et
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ei
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m
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o 

as
si

st
 i

n 
th
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m
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 m
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ow
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g 
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e 
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h 

of
 t
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le
av

es
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nd
 s

te
m

s 
(s

ee
 a

ls
o 

p.
 1

31
6)

. I
n 

th
e 

fi
el

d,
 t

he
 i

nf
lu

en
ce

 o
f s

ed
im

en
t 

re
m

ob
il

iz
at

io
n 

on
 c
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ce

nt
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on

s 
in

 t
he
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ve
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yi

ng
 w

at
er
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s 

no
t 

ea
si

ly
 s

ep
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ed

 f
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m
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th
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ff

ec
ts

. 
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s 

m
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t 
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m
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 c
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d 
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n 
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w
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s 
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 e
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 b
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n 
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tr
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ed
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o 
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ou
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e 
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O

R
R
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ho
rs

 (
19

78
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 s

tu
dy

 o
f 

th
e 

lo
ss

 o
f 

m
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 c
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m
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H
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nc
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at
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se

di
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b 

w
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 f
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T
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m
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 m
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m
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ul

d 
no

t 
be

 d
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 b
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 p
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m
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L
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B
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R
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H

A
R

R
IS

S
, 19

74
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h
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 m
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 b
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 p
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 b
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ro
m
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W
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D
O

M
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d 

co
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ut
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, 

19
76
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at

he
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 m
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vo
ur

ab
le

 
fo

r 
th

e 
m

ic
ro

bi
ol

og
ic

al
 m
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G
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R
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 m
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 b
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n 
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ro
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c 

co
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B
E

R
D

IC
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V
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K
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79
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 m
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f 

m
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B
L

U
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an
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B

A
R

T
H

A
, 1
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In

 t
he

 f
ie

ld
, 

B
A

R
T

L
E

T
T
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d 

co
-a
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ho

rs
 (

19
78

) 
fo

un
d 
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m
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 M
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y 
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ta

l 
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 1
-3

 to
 1

1.
3 

pp
m

 o
f 

m
er

cu
ry

 o
fw

hi
ch

 
ab

ou
t 

0.
5%

 w
as

 i
n 

th
e 

m
et

hy
l 

fo
rm

, 
lo

w
er

 p
er

ce
nt

ag
es

 i
n 

ot
he

r 
se

di
m

en
ts

 b
ei

ng
 a

tt
ri

- 
bu

te
d 

to
 t

he
 i

nc
re

as
ed

 p
re

se
nc

e 
of

 m
er

cu
ry

 a
s 

su
lp

hi
de

. 
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 s
pi

te
 o

f 
th

e 
fa

ct
 t

ha
t 

se
di

- 
m

en
ts

 c
on
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l 

m
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m
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e 

of
 t
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m
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d 
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t 
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 m
et
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h 
m
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h 
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G

A
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T
A
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A
 

(1
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7)
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w
or

st
 

pa
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 o
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M
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B
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w
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 p
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f 

m
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e 
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m
en

ts
, 

bu
t 
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fs

ho
re

 c
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ti
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s 

w
er

e 
be
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w

 t
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 d
et

ec
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f 

0.
00
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TaMe 3-7 

Concentrations of metals in sediments liom a range of contaminated areas (ppm dry weight, except Fe %). Highest values are underlined 
(Compiled from the sources indicated) 

GunnekleivrJord Minamata Bay Saguenay Fjord 
Gulf of Bothnia Baltic proper Elbe Estuary Sorljord chlor-alkali acetalaldehyde chlor-alkali 

industrialized industrialized industrialized smelting plant plant plant 
iMetal (mean) (max) (max) (max) (max) (m=) (max) 

129 2090 2450 1 18,000 
HALLBERC OLAUSSON and MULLER and SKEI and S K E I  (1978) TSUBAKI and LORINC and 

( 1 979) co-authors F ~ R S T N E R  co-authors 
( 1977) ( 1975) ( 1972) 
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,M
ETA

LS (G
. 11'. B

R
Y

A
N

) 

D
A

V
IE

S
 and

 co-authors (1979) estim
ated that the m

inim
um

 level of m
ethyl m

ercury in 
the w

aters of the F
irth ofF

orth w
as 0.00006 p

p
b

 or only 0.3%
 of the total concentration. 

O
th

er m
etals o

r m
etalloids m

ay be m
ethylated in the sedim

ents but the evidence is 
not unequivocal. A

N
D

R
EA

E (1979) w
as unable to find evidence for the biom

ethylation 
of arsenic in the interstitial w

aters of oxidized or reduced sedim
ents, although m

ethy- 
lated form

s of arsenic are com
m

on in the environm
ent (see also pp. 13 l l and 1326). S

om
e 

experim
ental evidence for the m

ethylation of lead has been discovered in fresh w
ater 

sedim
ents (W

O
N

G
 and co-authors, 1975). C

oastal sedim
ents have been suggested as a 

source for alkyl 
lead 

in 
the atm

osphere (H
A

R
R

IS
O

N
 and 

L
A

X
E

N
, 1978); how

ever, 
T

H
O

M
P

S
O

N
 

an
d

 
C

R
E

R
A

R
 (1980) 

concluded 
that, 

at 
least 

in 
anoxic 

sedim
ents, 

m
ethylation contributes little to the m

obilization of the m
etal. C

H
A

U
 and co-authors 

(1980) w
ere unable to detect tetra-alkyl lead com

pounds in fresh w
ater sedim

ents or 
plants but found that they accounted for about 10%

 of the total lead content in fish. 
P

ercentages ranging from
 9.5%

 to 81%
 have been found in m

arine tissues, including fish 
m

uscle an
d

 liver an
d

 lobster digestive gland (S
IR

O
T

A
 an

d
 U

T
H

E
, 1977), but the original 

source of the tetra-alkyl lead is uncertain (see also p. 1388). O
rgano-tin com

pounds have 
been detected in the w

aters of N
arragansett B

ay (H
O

D
G

E
 an

d
 co-authors, 1979) and 

m
ay be of natural origin or could stem

 from
 the use of these com

pounds as biocides. 

Sum
m

ary-D
eposition 

and Sedim
ents 

(i) 
Interactions 

betw
een fresh w

ater (or other discharges) and sea w
ater tend 

to 
prom

ote the transfer of m
etals from

 w
ater to sedim

ents. T
h

u
s, rather than being dis- 

persed to the open sea, m
etal inputs to estuaries and other confined areas m

ay becom
e 

trapped in highly m
etallic sedim

ents. 
(ii) T

h
e m

etals in sedim
ents are not necessarily inert an

d
, depending on the condi- 

tions, rem
obilization m

ay occur som
etim

es follow
ed by the return of the dissolved m

etal 
to the overlying w

ater. A
 particularly im

portant facet of this process is the m
icrobiologi- 

cal m
ethylation 

of m
ercury (an

d
 possibly 

other m
etals) 

in 
the sedim

ent, w
hich 

is 
thought to be the ultim

ate source of m
uch of this rather toxic com

pound in the environ- 
m

ent. 

(c) B
ioaccum

ulation of M
etals 

Biological A
uailabzlz~ from 

Solutzon 

F
rom

 experim
ental and theoretical studies on the com

plexation of m
etals by hum

ic 
m

aterials in natural w
aters, M

A
N

T
O

U
R

A
 and co-authors (1978) concluded that in fresh 

w
ater m

ore than 90%
 of the copper and m

ercury m
ay be com

plexed by hum
ics but less 

than 11%
 of cadm

ium
, cobalt, m

anganese, nickel, and zinc. W
hen fresh w

ater is diluted 
w

ith sea w
ater, the p]-oportions of various ligands an

d
 com

peting ions change an
d

 so also 
does the speciation of m

etals. B
etw

een salinities of O
%

O
 an

d
 lO

%
oS, the speciation of 

copper, for exam
ple, is still dom

inated by hum
ics. H

ow
ever, in full strength sea w

ater 
inorganic species, principally C

u(O
H

),O
 an

d
 C

uC
O

!, 
usually becom

e dom
inant although 

som
e organic com

plexes rem
ain (T

able 3-3). T
h

e
 concentration of ionic copper C

u2+
 in 

sea w
ater is thought to be quite low

, but it is this form
 w

hich determ
ines the bioavailabil- 

ity of copper to phytoplankton (S
U

N
D

A
 and G

U
ILLA

R
D

, 1976) and fish eggs (E
N

G
E

L
 and 
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s 
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l d
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en
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nl
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e 
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ta
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nc
en
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io
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co

pp
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 a
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th

e 
ex

te
nt

s 
to

 w
hi

ch
 i

t 
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 c
om

pl
ex

ed
 b

y 
or

ga
ni

c 
or

 i
no

rg
an

ic
 l

ig
an

ds
, 

bu
t 

al
so

 o
n 

p
H

. 
In

 t
he

 c
as

e 
of

 c
ad

m
iu
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 d
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 c
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 C
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 c
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 m
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 d
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 b
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 r
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at
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i.Y
 .\IETA

LS (G
. it'. B

R
y.A

-\') 

B
ioaccum

ulation ofb5Z
n for exam

ple, w
as m

ost closely related to the am
ount extracted 

by IN
 am

m
onium

 acetate and bioaccum
ulation of '"'C

d 
to the am

ount extracted w
ith 

70%
 ethanol (L

U
O

M
A

 and JE
N

N
E

, 
1976). 

U
nder field conditions, the biologically m

ost significant part of the sedim
ent is alm

ost 
certainly the oxidized surface layer, on w

hich m
any species feed, rather than the reduced 

subsurface sedim
ents w

hich are dom
inated by sulphides. It is thought that the distribu- 

tion of trace m
etals betw

een the various sedim
ent com

ponents or substrates depends on 
the strength of m

etal-substrate 
binding and on the abundance of the various substrates. 

A
s w

e saw
 earlier, oxides of iron and hum

ic substances are intim
ately associated w

ith 
depositional processes, and not surprisingly they are am

ong the m
ost im

portant m
etal- 

binding substrates in 
surface sedim

ents. R
ecognition 

of 
the various substrates and 

assessm
ent of their associated 

trace m
etals depends m

ainly on chem
ical 

extraction 
procedures, often inherited from

 soil chem
ists. A

lthough these m
ethods are useful, they 

are rarely if ever specific, so that descriptions of extracted 
m

etals as 'adsorbed' 
or 

'organically' 
bound are operational rather than accurate (L

u0M
t.1 and B

K
Y

A
N

, 1981). 
A

ttem
pts to find a single extractant w

ith w
hich to predict the biological availability of 

sedim
ent-bound m

etals have not, in general, been very successful. N
E

F
F

 and co-authors 
(1 978) w

ho exposed the bivalve Rangia cuneata, the polychaete N
eanthes arenaceodentata and 

other species to sedim
ents in experim

ental tanks w
ere unable to relate the uptake of 

m
etals by the organism

s to the concentrations rem
oved from

 the sedim
ents by 5 extrac- 

tants including am
m

onium
 acetate, acetic acid, hydroxylam

ine hydrochloride, acidic 
hydrogen peroxide and a total acid digestion. L

U
O

M
A

 and B
R

Y
A

N
 (1978, 1979), com

- 
pared the concentrations of heavy m

etals in the deposit-feeding bivalve Scrobicularia plana 
w

ith those of different sedim
ent extracts at sites in 20 different estuaries. T

his enabled 
them

 to study not only the influence ofdiflerent sedim
ent-m

etal concentrations on those 
of the organism

s but also the influence of variations in the concentrations of m
etal- 

binding substrates. F
or exam

ple, it w
as show

n that, although the relationship betw
een 

concentrations of lead in S. plana and those of 1 N
 H

C
I extracts of surface sedim

ent w
as 

poor, 
the relationship to the P

b/F
e 

ratios in the extracts w
as one of alm

ost direct 
proportionality. A

 sim
ilar result for arsenic in the sam

e species w
as found by L

A
N

G
ST

O
N

 
(1980) (F

ig. 3-2) and both results are interpreted as indicating that the availability of 
the m

etal is controlled by 
the am

ount of 'reactive' 
iron oxide in the sedim

ent, w
ith 

increased 
levels of iron tending to inhibit the absorption of the m

etal. T
his sim

ple 
approach could not be used for all m

etals and in the case of zinc the best relationship, 
although not one of great predictive value, w

as found betw
een the concentration in the 

anim
al and that extracted w

ith 1N am
m

onium
 acetate (L

L
O

M
A

 and B
R

Y
A

N
, 1979). In 

the case of copper, som
e influence of iron on its availability could be discerned, but som

e 
of the results defied explanation (L

U
O

M
A

 and B
R

Y
A

N
, 1982). O

n
 the other hand at the 

sam
e sites the concentrations of copper in iVereis diverslcolor w

ere very closely related to 
the total sedim

ent concentrations and to the am
ounts of copper extracted w

ith 1N
 H

C
I 

(see also F
ig. 3-3). T

his im
plies that different sedim

ent fractions are m
ore readily 

available to difl'erent species. 
T

here has been a great deal of w
ork on the availability ofm

etals from
 dum

ped w
astes. 

L
E

E
 and co-authors (1978) exam

ined the possibility of using chem
ical extractants to 

predict the availability of m
etals to the m

arsh plants Spartina al!e~nijZora and S. patern 
grow

ing at dredged m
aterial disposal sites. O

f the various extractants considered D
P

T
A

 
(diethylenetriam

ine penta 
acetic acid) w

as 
the m

ost 
successful. T

h
e availability of 
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he

 t
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en
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ap

id
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 d
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at
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er
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 b

y 
fl

y-
as

h 
co

nt
ai

ne
d 

in
 t

he
 g
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 w
at

er
w

ay
s 

an
d

 
th

e 
du

m
pi

ng
 o

rb
po

il
 s

ee
m

 t
o 

in
di

ca
te

 t
ha

t 
th

e 
re

le
as

e 
is

 g
en

er
al

ly
 a

t 
a 

su
ff

ic
ie

nt
ly

 l
ow

 
le

\.e
l a

nd
 o

f 
su

ch
 s

ho
rt

 d
ur

at
io

n 
th

at
 a

\v
ai

la
bi

lit
y 

fb
r 

up
ta

ke
 G

om
 t

he
 w

at
er

 i
s 

ex
tr

em
el

y 
li

m
it

ed
 

(P
..\

,I
'K

Ic
K

 an
d 

co
-a

ut
ho

rs
, 

19
77

; 
S

L
S

I':
\R

 
an

d 
W

A
K

E
M

A
N

, 19
77

; 
B

R
A

N
N

O
N

, 
19

78
).

 M
at

er
ia

l 
de

po
si

te
d 

ol
'fs

ho
re

 d
ur

in
g 

du
m

pi
ng

 o
pe

ra
ti

on
s 

an
d 

ha
vi

ng
 a

bn
or

m
al

ly
 

hi
gh

 m
et

al
 c

on
te

nt
 i

s 
lik

el
y 

to
 r

et
ai

n 
so

m
e 

bi
ol

og
ic

al
 a

va
il

ab
il

it
y 

to
 d

ep
os

it
 f

ee
de

rs
 if

 t
he

 
su

rf
ac

e 
of

 t
he

 d
ep

os
it

 b
ec

om
es

 o
xi

di
ze

d.
 H

ow
ev

er
, 

in
 t

he
 a

bs
en

ce
 o

f 
co

nt
in

uo
us

 i
np

ut
 

an
d

 d
u

e 
to

 l
ea

ch
in

g 
by

 t
he

 r
el

at
iv

el
y 

un
co

nt
am

in
at

ed
 s

ea
 w

at
er

, 
m

at
er

ia
l d

re
dg

ed
 f

ro
m

 
a 

co
nt

am
in

at
ed

 e
st

ua
ry

 a
nd

 t
he

n 
du

m
pe

d,
 l

ar
ge

ly
 i

n 
a 

re
du

ce
d 

fo
rm

, 
w

ou
ld

 n
ot

 b
e 

ex
pe

cr
ed

, 
ev

en
 o

n 
ox

id
at

io
n,

 t
o 

po
ss

es
s 

it
s 

or
ig

in
al

 a
va

il
ab

il
it

y.
 i

-\
na

ly
se

s 
of

 o
rg

an
is

m
s 

fr
om

 
ar

ea
s 

of
 d

um
pi

ng
 t

en
d 

to
 c

on
fi

rm
 t

hi
s 

vi
ew

. 
M

A
C

K
A

Y
 an

d 
co

-a
ut

ho
rs

 
(1

97
2)

 
ob

se
r\

,e
d 

ra
th

er
 h

ig
he

r 
co

nc
en

tr
at

io
ns

 o
f 

m
et

al
s 

in
 s

ev
er

al
 s

pe
ci

es
 f

ro
m

 a
 s

lu
dg

e 
du

m
p-

 
in

g 
ar

ea
 in

 t
he

 F
ir

th
 o

f C
ly

de
 a

n
d

 s
om

e 
in

cr
ea

se
 i

n 
co

nc
en

tr
at

io
ns

 i
n 

sc
al

lo
ps

 P
la

co
pe

cl
en
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m
agellanicus appeared to result from

 the dum
ping of sew

age sludge and acid w
astes from

 
a titanium

 dioxide plant off the U
S

 m
id-A

tlantic coast (P
E

S
C

H
 and co-authors, 1977). 

S
tudies on other d

u
m

p
 sites off the sam

e coast show
ed that concentrations of several 

m
etals increased in the gastropod Busycon canaliculalum

 although results for other species 
w

ere less convincing (G
R

E
IG

 an
d

 co-authors, 1
9

7
7

~
). 

Biological AvailabiliQ
 From

 Food 

Just as the availability of heavy m
etals from

 sedim
ents is dependent not only o

n
 the 

total concentration but on the com
position of the sedim

ent as a w
hole, so the uptake of 

m
etals from

 food is influenced by the dietary m
atrix. F

or exam
ple, P

E
N

T
R

E
A

T
H

 (1976d) 
show

ed that the plaice Pleuronectes platessa retained 80%
 to 93%

 of m
ethyl m

ercury from
 a 

diet of N
ereis diuersicolor com

pared w
ith 4%

 
to 42%

 from
 a fitifu

s edulis diet. W
hen 

inorganic m
ercury w

as used only 11%
 w

as retained by the fish from
 N

. diversicolor, thus 
illustrating the greater availability of the m

ethylated form
. 

Accum
ulation and M

etabolism
 of M

etals 

T
h

e
 accum

ulation of abnorm
al concentrations of m

etals by the tissues of m
arine 

organism
s is the basis for m

uch of o
u

r concern about m
etallic contam

ination; first, 
because the accum

ulation of high concentrations by com
m

ercial species m
ight prove 

harm
ful to m

an
 an

d
 other higher vertebrates; an

d
 second, because the productivity of 

m
arine o

r estuarine organism
s m

ay be affected. In the follow
ing account, evidence 

concerning the absorption, storage, an
d

 excretion of m
etals w

ill be considered in som
e of 

the m
ost 

im
portant m

arine 
groups. 

H
ow

ever, even 
for 

som
e extrem

ely 
im

portant 
groups, including m

arine bacteria UONES and co-authors, 1976a), m
arine protozoans, 

coelenterates, echinoderm
s, an

d
 tunicates there is insufficient inform

ation on the pro- 
cesses of accum

ulation to provide a coherent account. 

M
arine Planls 

Phytoplankton 
T

h
e

 adsorption an
d

 accum
ulation of m

etals by phytoplankton have been review
ed in 

d
ep

th
 by D

A
V

IE
S (1

9
7

8
). F

rom
 studies on the uptake of zinc in Phaeodactylum

 tricornutum
 

and m
ercury in Isochrysis galbana and D

unaliella tertiolecta, D
A

V
IE

S
 concludes that uptake 

is a passive process involving rapid adsorption on to the cell m
em

brane follow
ed by 

diffusion-controlled transport into the cytoplasm
 at rates proportional to the concentra- 

tion of surface-bound m
etal. B

inding to protein m
ay control the level of zinc in the cell 

because during the population grow
th cycle, the concentration reaches a m

axim
um

 an
d

 
then decreases as the am

ount of protein in the cell declines. A
 sim

ilar pattern has been 
observed for nickel in the sam

e species (SK
A

A
R

 an
d

 co-authors, 1974). It w
as also show

n 
that in phosphate-starved cells the capacity for nickel accum

ulation w
as low

 an
d

 w
as 

enhanced by pretreatm
ent w

ith phosphate, presum
ably d

u
e to the synthesis of new

 
binding sites. 

A
lthough the concentration in the cell is influenced by its m

etabolic state, it is also 
m

arkedly influenced by the concentration of m
etal in the m

edium
. F

or exam
ple, SK

A
A

R
 



M
ET

A
LS

 I
N

 T
H

E 
M

A
R

IN
E

 E
N

V
IR

O
N

M
EN

T 

an
d 

co
-a

ut
ho

rs
 (

19
74

) 
fo

un
d 

th
at

 c
on

ce
nt

ra
ti

on
s 

of
 n

ic
ke

l 
in

 t
he

 c
el

ls
 o

f 
Ph

ae
od

ac
ty

lu
m

 
lr

ic
or

nu
tu

m
 w

er
e 

pr
op

or
ti

on
al

 t
o 

th
os

e 
of

 t
he

 m
ed

iu
m

 u
p

 t
o 

a 
le

ve
l 

of
 a

bo
ut

 7
50

 p
pb

. 
In

 
th

e 
sa

m
e 

sp
ec

ie
s 

an
d 

in
 C

ri
co

sp
ha

er
a 

el
on

ga
~a

, a 
si

m
il

ar
 c

on
cl

us
io

n 
w

as
 d

ra
w

n 
fo

r 
co

pp
er

 
by

 B
E

N
T

L
E

Y
-M

O
W

A
T

 
an

d 
R

E
ID

 (
19

77
);

 a
nd

-a
lt

ho
ug

h 
th

is
 w

as
 n

ot
 o

bs
er

ve
d 

fo
r 

co
p-

 
pe

r 
in

 D
io

lu
m

 b
~i

gh
lw

el
li

i b
y 

C
A

N
T

E
R

F
O

R
D

 an
d 

co
-a

ut
ho

rs
 (

19
79

)-
co

nc
en

tr
at

io
ns

 
of

 
zi

nc
, 

le
ad

, 
an

d 
ca

dm
iu

m
 t

en
de

d 
to

 r
ef

le
ct

 t
ho

se
 o

f 
th

e 
m

ed
iu

m
. 

T
h

at
 c

on
ce

nt
ra

ti
on

s 
in

 
ph

yt
op

la
nk

to
n 

re
fl

ec
t 

th
os

e 
of

 th
e 

m
ed

iu
m

 u
nd

er
 f

ie
ld

 c
on

di
ti

on
s 

al
so

 h
as

 b
ee

n 
sh

ow
n 

by
 

E
ID

E
 an

d 
co

-a
ut

ho
rs

 (
19

79
) w

ho
 c

ul
tu

re
d 

Ph
ae

od
ac

pl
um

 t
rl

co
rn

ul
um

 a
t 

si
te

s 
ha

vi
ng

 d
if

fe
r-

 
en

t 
se

a 
w

at
er

 z
in

c 
le

ve
ls

. 
S

in
ce

 t
he

 c
ul

tu
re

 m
ed

ia
 u

se
d 

in
 e

xp
er

im
en

ta
l 

st
ud

ie
s 

on
 p

hy
to

pl
an

kt
on

 o
ft

en
 c

on
ta

in
 

or
ga

ni
c 

ch
el

at
or

s,
 a

 n
um

be
r 

of
 s

tu
di

es
 h

av
e 

be
en

 c
on

ce
rn

ed
 w

it
h 

th
e 

in
fl

ue
nc

e 
of

 n
at

ur
al

 
an

d 
sy

nt
he

ti
c 

ch
el

at
or

s 
on

 m
et

al
 a

cc
um

ul
at

io
n 

by
 p

hy
to

pl
an

kt
on

; 
fo

r 
ex

am
pl

e,
 S

U
N

D
A

 
an

d 
G

U
IL

L
A

R
D

 (1
97

6)
 s

ho
w

ed
 t

ha
t 

in
 s

uc
h 

m
ed

ia
 t

he
 a

va
il

ab
il

it
y 

of
 c

op
pe

r 
is

 r
ed

uc
ed

 
an

d 
in

 T
ha

la
ss

io
si

ra
 p

se
ud

on
an

a 
th

e 
co

nc
en

tr
at

io
n 

in
 t

he
 c

el
ls

 i
s 

re
la

te
d 

to
 t

he
 c

up
ri

c 
io

n 
(C

u"
) 

ac
ti

vi
ty

 o
f 

th
e 

w
at

er
 a

nd
 n

ot
 t

o 
th

e 
to

ta
l c

op
pe

r 
co

nc
en

tr
at

io
n.

 T
h

e 
av

ai
la

bi
li

ty
 o

f 
zi

nc
 t

o 
th

e 
sa

m
e 

sp
ec

ie
s 

ap
pe

ar
s 

to
 b

e 
de

pe
nd

en
t 

up
on

 t
he

 a
va

il
ab

il
it

y 
o

fZ
n

2
+

, a
nd

 it
 h

as
 

be
en

 c
on

cl
ud

ed
 t

ha
t 

if 
co

m
pl

ex
at

io
n 

of
 z

in
c 

oc
cu

rr
ed

 t
o 

a 
su

ff
ic

ie
nt

 d
eg

re
e 

in
 u

nc
on

- 
ta

m
in

at
ed

 w
at

er
, g

ro
w

th
 o

f 
th

is
 s

pe
ci

es
 c

ou
ld

 e
as

il
y 

be
 l

im
it

ed
 b

y 
de

fi
ci

en
cy

 (
A

N
D

E
K

S
O

N
 

an
d 

co
-a

ut
ho

rs
, 

19
78

).
 

Se
aw

ee
ds

 
E

xp
er

im
en

ta
l 

w
or

k 
on

 t
he

 u
pt

ak
e 

of
 z

in
c 

by
 t

he
 g

re
en

 a
lg

a 
U

lu
a 

la
ct

uc
a 

an
d 

th
e 

re
d 

al
ga

 P
or

ph
yr

a 
um

bi
lic

al
is

 h
as

 s
ug

ge
st

ed
 t

ha
t 

pa
ss

iv
e 

ad
so

rp
ti

on
 o

r 
io

n-
ex

ch
an

ge
 p

ro
ce

ss
es

 
ar

e 
in

vo
lv

ed
 (

G
U

T
K

N
E

C
H

T
, 19

61
, 

19
63

, 
19

65
).

 U
pt

ak
e 

is
 p

ro
m

ot
ed

 b
y 

in
cr

ea
se

d 
p

H
, 

an
d 

bo
th

 u
pt

ak
e 

an
d 

lo
ss

 a
re

 e
nh

an
ce

d 
by

 i
nc

re
as

ed
 t

em
pe

ra
tu

re
 a

n
d

 t
he

 p
re

se
nc

e 
of

 
li

gh
t.

 L
ig

ht
 a

pp
ea

rs
 t

o 
be

 p
ar

ti
cu

la
rl

y 
es

se
nt

ia
l 

fo
r 

th
e 

ab
so

rp
ti

on
 o

f 
ca

dm
iu

m
 b

y 
P

. 
um

bi
lic

al
zs

 a
nd

, 
un

li
ke

 z
in

c,
 i

ts
 a

cc
um

ul
at

io
n 

se
em

s 
to

 d
ep

en
d 

la
rg

el
y 

on
 t

he
 s

yn
th

es
is

 o
f 

pr
ot

ei
n 

up
ta

ke
 s

it
es

 (
M

C
L

E
A

N
 an

d 
W

IL
L

IA
M

S
O

N
, 19

77
).

 Z
in

c 
ab

so
rp

ti
on

 i
n 

La
m

in
ar

ia
 

sp
. 

is
 e

nh
an

ce
d 

by
 t

he
se

 s
am

e 
fa

ct
or

s,
 b

ut
 i

s 
in

hi
bi

te
d 

by
 t

he
 p

re
se

nc
e 

of
 o

th
er

 m
et

al
s 

in
cl

ud
in

g 
ca

dm
iu

m
, 

m
an

ga
ne

se
, 

an
d 

co
pp

er
 (

G
U

T
K

N
E

C
H

T
, 19

63
; 

B
R

Y
A

N
, 1

96
9)

. T
h

e 
ov

er
al

l 
ac

cu
m

ul
at

io
n 

of
 z

in
c 

by
 b

ro
w

n 
se

aw
ee

ds
 a

pp
ea

rs
 t

o 
be

 m
ai

nl
y 

a 
ne

t 
up

ta
ke

 
pr

oc
es

s,
 s

in
ce

 l
os

se
s 

ar
e 

sl
ow

. L
os

se
s 

d
o

 o
cc

ur
, 

ho
w

ev
er

, 
an

d
 in

 A
sc

op
hy

llu
m

 n
od

os
um

 f
ie

ld
 

ex
pe

ri
m

en
ts

 h
av

e 
sh

ow
n 

th
em

 
to

 b
e 

fa
st

er
 i

n 
su

m
m

er
 t

ha
n 

in
 w

in
te

r 
(E

ID
E

 an
d 

co
- 

au
th

or
s,

 1
98

0)
. T

he
se

 a
ut

ho
rs

 s
ug

ge
st

 t
ha

t 
th

e 
up

ta
ke

 a
nd

 r
el

ea
se

 o
f 

zi
nc

 a
nd

 c
ad

m
iu

m
 

re
qu

ir
e 

an
 i

np
ut

 o
f 

m
et

ab
ol

ic
 e

ne
rg

y 
w

he
re

as
 t

he
 a

cc
um

ul
at

io
n 

of
 l

ea
d 

m
ay

 d
ep

en
d 

on
 

io
n-

ex
ch

an
ge

 
pr

oc
es

se
s.

 
It

 
ha

s 
be

en
 

co
nc

lu
de

d 
by

 
K

L
U

M
PP

 
( 1

98
0a

) 
th

at
 

ar
se

ni
c 

ac
cu

m
ul

at
io

n 
by

 b
ro

w
n 

se
aw

ee
ds

 r
eq

ui
re

s 
en

er
gy

 d
er

iv
ed

 f
ro

m
 r

es
pi

ra
ti

on
. 

T
h

e 
ra

te
 o

f 
up

ta
ke

 in
cr

ea
se

s 
w

it
h 

te
m

pe
ra

tu
re

 b
ut

 i
s 

in
de

pe
nd

en
t 

of
sa

li
ni

ty
 a

nd
 p

H
; 

it 
al

so
 d

ep
en

ds
 

on
 t

he
 f

or
m

 o
f 

ar
se

ni
c 

an
d 

ar
se

na
te

 i
s 

m
or

e 
re

ad
il

y 
ab

so
rb

ed
 b

y 
F

uu
s 

sp
ir

al
is

 
th

an
 

ar
se

ni
te

. 
In

 b
ro

w
n 

se
aw

ee
ds

 t
he

re
 a

re
 s

ev
er

al
 c

om
po

ne
nt

s 
ca

pa
bl

e 
of

 b
in

di
ng

 m
et

al
s.

 T
h

e 
af

li
ni

ty
 

of
 

al
gi

na
te

 
ex

tr
ac

te
d 

fr
om

 
La

m
in

ar
ia

 
dz

gi
ta

ta
 

fo
r 

m
et

al
s 

is
: 

P
b 

>
C

u
 >

C
d

 >
 B

a 
>

S
r 

>
C

a
 >

C
O

 >
 N

i, 
Z

n,
 M

n
 >

 M
g

 (
H

A
U

G
, 1

96
1)

; 
th

e 
af

fi
ni

ty
 o

f 
fu

co
id

an
 f

ro
m

 A
sc

op
hy

llu
m

 n
od

os
um

 i
s:

 P
b

 >
 B

a 
>

 C
d

 >
 S

r 
>

 C
u 

>
 F

e 
>

 C
O

 >
 Z

n
 >

 
M

g 
>

 1M
n 

>
 C

r 
>

 N
i 
>

 H
g

 >
 C

a 
(P

A
S

K
IN

S
-H

U
R

L
B

U
R

T
 

an
d 

co
-a

ut
ho

rs
, 

19
78

);
 a

n
d

 
th

at
 o

f 
po

ly
ph

en
ol

s 
fr

om
 F

uc
us

 u
es

ic
ul

os
us

 is
: C

u
 >

 P
b 

>
 N

i 
>

 Z
n 

>
 C

O
 >

 C
d

 >
 M

n
 >

 
B

e 
>

 C
a 

>
 M

g
 >

 S
r 

(
~

G
A

N
 

an
d 

co
-a

ut
ho

rs
, 

19
79

).
 P

ol
ys

ac
ch

ar
id

es
 s

uc
h 

as
 a

lg
in

at
es
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an
d

 fucoidan in the cell w
alls or intercellular spaces confer som

e m
etal-exchange capa- 

city o
n

 the w
eed, b

u
t the relatively irreversible uptake of zinc an

d
 possibly other m

etals is 
thought to be explained by its binding to m

aterial in m
em

brane-bound vacuoles-poss- 
ibly polyphenol-rich vacuoles called physodes (S

K
IP

N
E

S
 an

d
 co-authors, 1975). 

T
h

e
 concentrations of m

etals reached in seaw
eeds tend to reflect those dissolved in the 

surrounding w
ater, although it is possible that som

e, such as copper an
d

 lead, m
ay also 

b
e absorbed from

 contact w
ith particulates (S

E
E

L
IG

E
R

 an
d

 E
D

W
A

R
D

S, 1977). C
oncen- 

tration factors relating levels in the w
eed to those of the w

ater are sum
m

arized in T
ab

le 
3-8. O

n
e of the param

eters on w
hich the concentration factor depends is the age of the 

w
eed, and in Ascophyllum

 nodosum
 concentrations of zinc, copper, lead, and m

ercury 
increase m

arkedly w
ith age (M

Y
K

L
E

S
T

A
D

 and co-authors, 1978). T
h

e sam
e authors 

show
ed that w

hen A
. nodosum

 w
as transferred from

 a contam
inated to an uncontam

i- 
nated site, the concentration in new

 grow
th w

as related to that of the new
 environm

ent 
In the older tissues, how

ever, only 20%
 to 30%

 of the zinc and m
ercury w

as lost in 5 
m

onths, but cadm
ium

 an
d

 lead w
ere lost m

ore readily, suggesting that they are bound 
differently. 

S
pecies such as Fucus uesiculosus are som

etim
es able to tolerate m

ore than a 1000 p
p

m
 

of copper o
r zinc in their tissues, suggesting that m

echanism
s exist for im

m
obilizing 

m
etals (cf. T

ab
le 3-28). In

 other form
s such as the fresh w

ater green alga Scenedesm
us 

acutiJbnnis copper is im
m

obilized in nuclear inclusions (S
IL

V
E

R
B

E
R

G
 

and co-authors, 
1976) and, in higher plants, inclusions of zinc phosphate have been observed; thus the 
presence of zinc can lead to phosphorus deficiency (F

IL
IP

P
IS

 and P
A

L
L

A
G

H
Y

, 1975). 
A

rsenic in the form
 of arsenate is a com

petitor of phosphate for uptake by seaw
eeds. It is 

not im
m

obilized but is converted to organic form
s having an apparently low

er toxicity 
(S

A
N

D
E

R
S

, 197913); analyses of a large num
ber of species show

ed that, on average, nearly 
80%

 of the arsenic in brow
n algae and about 50%

 of that in red and green algae w
as in 

an organic form
. 

A
ngzospens 

S
ince they are rooted in the sedim

ents, m
arine angiosperm

s provide a potential route 
by w

hich m
etals can be returned to the overlying w

ater from
 the sedim

ent. C
oncentra- 

tions of m
etals in the tissues tend to reflect levels in the environm

ent. F
or exam

ple, 
S

T
E

N
N

E
R

 an
d

 N
IC

K
L

E
SS (1975) found concentrations of zinc, copper, and lead in eel- 

grass Zostera sp. from
 an

 area of heavy contam
ination to be 1 to 2 orders of m

agnitude 
higher than norm

al (cf. T
ab

le 3-29). S
im

ilarly A
L

G
IE

R
 and co-authors (1978) show

ed 
that both Z

. m
urina and Posidonia oceanica reflect levels of m

ercury in the environm
ent. 

A
lthough m

etals including zinc and m
anganese are released to the w

ater during the 
con\.ersion of eelgrass to detritus (W

O
L

F
E

 and co-authors, 1975) this does not necessar- 
ily im

ply that there is a net transfer of m
etals from

 the sedim
ents to the overlying w

ater. 
C

ertainly in the case of cadm
ium

, the m
etal is absorbed by the leaves from

 solution and 
translocated 

to the root 
rhizom

e an
d

 thus provides a route from
 

the w
ater 

to the 
sedim

ent rather 
than a m

eans of rem
obilization 

from
 the sedim

ent 
(F..IILID

A
Y

 and 
C

H
U

R
C

H
IL

L
, 1979; B

R
IS

K
H

U
 IS

 and co-authors, 1980). 
In

 the case of m
arsh grasses such as Spartina altem

~Jora there is evidence that the 
form

ation of detritus from
 the dead plants provides a m

eans of conveying m
etals from

 
salt-m

arsh sedim
ents to other areas an

d
 possibly a m

eans of returning sedim
ent-bound 

m
etals to the w

ater colum
n. \V

IN
D

O
M

 (1975) has com
pared the am

ounts of m
etals 



Table 3-8 

Concentration Sactors in seaweeds (pg g-' dry tissue pg-' ml-' water). All values in thousands (Compiled liom the sources indicated) 

Ag Cd Cr Cu Mn Ni Pb % n Source 

Phaeophyceae 
Fucus (UK coast) 5 
cesiculosu~ (Restronguet Creek) 

(Menai Straits) 
(Raritan Bay) 
(Bristol Channel) 
(Serrljord) 

Ascophyllum nodosurn 
(Menai Straits) 
(Serrljord) 

Laminaria digilata (U K coast ) 

Rhodophyceae 
Porphyra umbilicalis (UK coast) 1 ~9 

Chlorophyceae 
Blidingia minima (Rari tan Bay) 
Enleromorpha (Ssrfjord) 
Enleromorpha linza (Raritan Bay) 
Ulua (Rariian Bay) 

20 PRESTON and co-authors (1972a) 
I I BRYAN and HUMMERSTONE (1973~) 
10 FOSTER (1976) 

SEELICER and EDWARDS (1977) 
18 MORRIS and BALE (1975) 

7.1-24 MELHUUS and co-authors (1978) 

13 FOSTER (1976) 
12-18 MELHUUS and co-authors (1978) 
17.5 BRYAN (1 969) 

10 PRESTON and co-authors (1972a) 

SEELICER and EDWARDS (1977) 
8-38 MELHUUS and co-authors (1978) 

SEELICER and EDWARDS (1977) 
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V
Y

 M
ETA

LS (G
. \V

. B
R

Y
A

N
) 

accum
ulated 

annually by 
the leaves and shoots of S. allernflora 

(i.e. the m
axim

um
 

am
ounts w

hich m
ay be lost as detritus w

hen the plants die) w
ith the am

ounts gained by 
sedim

entation from
 the w

ater. U
ptake by the plants from

 the sedim
ents am

ounted to 
about 3%

 of the copper, cadm
ium

, and iron gained by sedim
entation and 17%

 of the 
m

ercury. It w
as also concluded that the release of m

etals from
 the plants probably has 

an
 insignificant effect on concentrations in the w

ater colum
n. O

ther evidence for the 
rem

obilization of m
etals from

 sedim
ents by Spartina 

has been review
ed 

by L
E

E
 and 

co-authors (1978), w
ho also considered the relations betw

een concentrations in the roots 
an

d
 shoots and those in various sedim

ent extracts. T
hey observed significant relation- 

ships betw
een 

concentrations of cadm
ium

, copper, 
and zinc in the plants and the 

am
ounts extracted from

 the sedim
ents, w

hich w
ere of dredged m

aterial, w
ith diethyl- 

enetriam
ine penta acetic acid. 

M
arine A

nim
als 

Coelenlerales 
T

h
e concentrations ofm

etals in a few
 species are show

n in T
able 3-16. H

ow
ever, little 

is know
n about the m

etabolism
 of m

etals by coelenterates and m
ost of the available 

inform
ation is to be found in papers on the toxicity of m

etals w
hich are discussed on 

p. 1377. 

Polychaetes 
In

 m
any species the uptake of m

etals from
 solution probably takes place over the 

w
hole body 

surface, but 
in 

the sabellid E
u

dis~
lia uancouueri, w

here 
the abdom

en is 
enclosed in an unirrigated tube, the branchial crow

n is thought to be the m
ain site for 

copper 
absorption 

(Y
O

U
N

G
 and 

co-authors, 
1979a). A

lthough 
som

e 
cadm

ium
 

is 
absorbed from

 solution over the body surface of,G
lycera dib~anchiata, significant uptake 

also occurs via the intestine, the absorbed m
etal rapidly binding to coelom

ic proteins 
including haem

oglobin (R
IC

E
 an

d
 C

H
IE

N
, 1979). T

here is no evidence that active trans- 
port processes are involved in the absorption of m

etals from
 solution. C

H
IP

M
A

N
 (1966) 

concluded that the absorption ofchrom
ate ions by H

erm
ione hystnx w

as a passive process, 
an

d
 B

R
Y

A
N

 ( 1976a), w
orking w

ith N
ereis diversicolor, reached sim

ilar conclusions for a 
range of m

etals. F
or m

anganese the rate of uptake is directly proportional to the external 
concentration over the range 1 to 10,000 ppb, but the relations for other m

etals are less 
exact, the rates being relatively low

er at higher concentrations. In
 the case ofzinc, this is 

because uptake is m
ore closely related to its adsorption on to the surface of the body 

during the uptake process (B
R

Y
A

N
 an

d
 H

U
M

M
E

R
S

T
O

N
E

, 
1973a). H

ow
ever, the rapid 

initial uptake of m
ethyl m

ercury in G
lycera dzbranchiala is thought to be facilitated by its 

solubility in the lipid cell m
em

brane (M
E

D
E

IR
O

S
 and co-authors, 1980). 

E
xperim

ental studies have show
n that in N

ereis diuersicolor the rates of absorption of 
m

anganese, zinc, and copper are increased at low
er salinities (B

R
Y

A
N

 and H
U

M
M

E
R

- 
STO

N
E, 1973a,b;JO

~
E

S
 and co-authors, 1976b). O

n
e possible explanation, particularly in 

the case of m
anganese, m

ay be found in the w
ork of F

L
E

T
C

H
E

R
 (1970), w

ho show
ed that 

the concentration factor for calcium
 in the coelom

ic fluid 
increases w

ith decreasing - 
salinity and w

as able to explain this, w
ithout invoking active transport, in term

s of an 
increase in the potential difference (negative inside) across the body w

all. T
h

e influence 
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Fi
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 s
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H
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 m
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 b
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ETA

LS (G
. \V. B

R
Y

A
N

) 

cluded that in N
. virens cadm

ium
 is absorbed from

 the interstitial w
ater rather than from

 
the sedim

ent and that the m
etal is not excreted. H

ow
ever, field observations on N

. diver- 
sicolor have suggested that dissolved and sedim

ent-bound cadm
ium

 are both im
portant 

sources (L
O

U
M

A
 and B

R
Y

A
N

, 1982b). In
 addition, N

E
U

H
O

F
F

 (in "1'H
EED

E, 1980) found 
that cadm

ium
-contam

inated food (M
ytilus + 30 to 100 ppm

 dry) reduced the grow
th 

rate in N
. sucn'nea. C

oncentrations of other m
etals in N

. diversicolor, especially copper, are 
strongly related to those of the sedim

ents (F
ig. 3-3), but there is still uncertainty about 

w
hat in the sedim

ent constitutes the available fraction. 
O

nly a few
 studies have considered the influence of m

etallic form
 on uptake. F

or 
exam

ple, C
H

IP
M

A
N

 (1966) show
ed that chrom

ium
 w

as available to H
em

ione hystrix in 
the soluble hexavalent form

 but not in the relatively insoluble trivalent form
 and, in 

C
irrlform

ia spirabrancha, the uptake of copper from
 solution w

as unaffected by the pres- 
ence of dissolved yellow

 organic m
atter (M

IL
A

N
O

V
IC

H
 

and co-authors, 1976). 
T

h
ere is not 

m
uch inform

ation 
on the detoxification and excretion of m

etals in 
polychaetes. In

 nereid species (T
ab

le 3-9) as m
uch as 50%

 of the body zinc m
ay be 

incorporated 
in the jaw

s 
(B

R
Y

A
N

 an
d

 G
IB

B
S

, 1980), but this is not regarded 
as a 

detoxification m
echanism

 since the jaw
 concentrations (- 

15,000 ppm
) are unrelated to 

environm
ental levels. B

R
Y

A
N

 an
d

 H
U

M
M

E
R

S
T

O
N

E
 (1973a) concluded that since the 

absorption of zinc does not appear to be controlled, its regulation at a relatively constant 
level in the body (F

ig. 3-3) is dependent upon the excretion of the m
etal. O

n
 the other 

hand, in copper-contam
inated N

erei~
 dzoersicolor (F

ig. 3-3) the m
etal is detoxified and 

stored in m
em

brane-bound vesicles in the epiderm
al cells (B

R
Y

A
N

, 1976a). It is also 
found in the nephridia, but there is little evidence for copper excretion w

hen contam
i- 

nated anim
als are placed in uncontam

inated conditions. S
ilver seem

s to be detoxified 
and stored by a sim

ilar m
echanism

 (B
R

Y
A

N
, 1976a), and lead is also stored although 

w
hether by the sam

e system
 is unknow

n. 
A

s in N
ereis diversicolor, concentrations of copper in the soft parts of N

ephthys hom
bergi 

and G
lycera convoluta reflect changes in the environm

ent, w
hereas concentrations of zinc 

tend to be m
ore constant (B

R
Y

A
N

, 1976b; G
IB

B
S

 and B
R

Y
A

N
, 1980). In

 species ofG
lycera, 

the jaw
s contain about 16,000 ppm

 of copper (T
able 3-9) and som

etim
es account for 

m
ore than 60%

 of the body burden. H
ow

ever, as w
ith zinc in nereid species, this is not 

thought to be part of a detoxification system
 since the copper concentration of the jaw

 is 
unaffected by environm

ental variations. T
h

e sam
e applies to the high gill copper content 

of M
elinna palm

aka 
(T

ab
le 3-9) w

hich appears to be a chem
ical 

defence m
echanism

 
rendering the exposed parts of the body distasteful to sm

all fish. 

B
ivalve m

olluscs-m
ussels 

A
lthough m

ussels (e
tilu

s sp.) d
o

 not norm
ally contain high concentrations of heavy 

m
etals (T

ab
le 3-1 l), they have by virtue of their potential as indicators of m

etallic 
contam

ination, received m
ore attention than other m

olluscs. 
T

h
e absorption of m

etals by m
ussels has been studied in som

e detail. F
or exam

ple, 
S

C
H

U
L

Z
-B

A
L

D
E

S
 

(1974) found that rates of uptake of lead from
 solution and the con- 

centrations achieved after 40 d of uptake w
ere proportional to the external concentration 

over the range 5 to 5000 ppb. T
h

e rate of loss into clean w
ater turned out to be 

proportional to the concentration of lead in the body. T
h

u
s, on exposure to contam

i- 
nated sea w

ater, the concentration of lead in the body increases until the rate of excre- 
tion equals the rate of intake. A

ssum
ing equal inputs of lead from

 food and w
ater, it w

as 
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Table  3-9 

Metal levels in whole bodies and  tissues of some polychaete worms (Compiled from the sources indicated) 

Concentrat~on (pprn dry weight) 

I'olychaete Ag As Cd CO Cr Cu Fe Hg M n  Ni Pb Sn Zn Source 

Nerei~ (tied~rle) druer~lcolor 
(estuaries o1'S.W. Brltain) 

Inltilmurn 
maximum 

Nereis (Neanthe~) uiren~ 
(Tamar estuary) 

wliole body 
jaws 
% in jaws 

New13 (A'eanllre~) jnponrca 
(experimental study) 

wl.~ole body 

ArinerelJ nrtnfta 
(expcr~niental study) 

~Oiole body 

0.05 4 0.03 0.7 0.1 10 181 0.01 4.1 0.6 0.2 0.06 91 BRYAN and co-authors 
2 1  87 10.1 24.5 10.4 1430 871 2.5 51.9 15.6 1190 3.9 510 (1980) 

18.3 489 5.3 5.6 l l0 BRYAN and GIUBS ( 1980) 
14 600 795 8.7 16,l 10 
0- 16 0.26 3 1.8 0.37 30-9 

5 4 140 MORI  and KURIHARA 
(1979) 

8 5 1 10 MORI and KURIHARA 
(1979) 
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Fig. 3-4: .l.lyt~lus edul~
s. A

 m
odel for zinc d

y
n

am
~

cs. So
l~

d
 arrow

s: know
n 

path- 
w

ays; dashed arrow
s: possible routes. S

ii, of tissue sp
~

tccs 1s proportional to the 
proportion ol'total body zinc in that tissue (including its '~

m
oebocytca)-except 

the blood 
w

hich contains only 0.5%
 of' the total zlnc. C

oncentrations in 
thc 

tissues arc also show
n. [ilfier G

E
O

R
C

E
 an

d
 P

I
~

I
E

, 
I9t30; llletab

o
l~

sm
 ol'zinc In 

the m
ussel .lfj/rlu\ 

edulrs: a com
bined 

ultrastructural 
and b

~
o

ch
em

ical stud) 
Jau/nui o

j fhe .C
lut~ne B

~
olug~

cul 
I~

J
.\O

C
I(I/~

U
~

 
OJ ///v C

n
~

lrd
 Alngdorn; reproduced by 

p
elm

iss~
o

n
 ol'C

am
b

rid
g

e U
ni\-ersity I'rcss) 

of these reagents there w
as an

 initial lag in the uptake process, suggesting that ionic 
cadm

ium
 m

ust 
be com

plexed before 
it can be absorbed-an 

exam
ple of facilitated 

diffusion. S
im

ilarly, com
plexation w

ith E
D

T
A

 or citrate increased the rate of absorption 
of ferric hydroxide; this w

as attributed to the possible effects of these reagents on the 
process of pinocy tosis (G

E
O

R
G

E
 and C

o
o

&
r~

s, 
1977b). 

O
th

er factors som
etim

es influencing the uptake process are changes in salinity, tem
- 

perature, and concentrations of other heavy m
etals in the w

ater w
hich m

ight com
pete for 

binding sites; exam
ples are show

n in ?'able 3-10. L
ow

 salinity enhances the absorption 
of cadm

ium
 (cf. p. 131 1) but not zinc, and changing the tem

perature has little effect on 
the rates of uptake of se\;eral m

etals including zinc and cadm
ium

, thus suppor-ting the 
idea that they are passively absorbed. 

A
m

ong factors w
hich influence m

etal concentrations in m
ussels are size, sex, repro- 

ductive condition, and seasonal val-iation. B
O

Y
D

E
N

 (1977) show
ed that concentrations 

of iron, m
anganese, nickel, lead, and zinc w

ere generally higher in sm
all specim

ens 
w

hereas the level 
of cadm

ium
 w

as independent of size. In 
Chorom2~!i/us 

mei-idionalis, 
W

/-\T
L

IK
G

 
and L

V
A

'~I.,ISG
 (1976a) found significant differences betw

een the concentra- 
tions of som

e m
etals in the 2 sexes (T

able 3-1 1) and L
O

\V
E

 and M
O

O
R

E
 ( 1979a) show

ed 
that lysosom

es containing zinc granules w
ere m

ore abundant in 
the kidney of' m

ale 
,.Mytilu~ edulis than in fem

ales. In the latter the storage of zinc granules in oocyte lyso- 
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Ni (chloride) 

Pb (nitrate) 

Sb (potassium 
antimony1 tat [rare) 
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TI (sulphate) 
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0.1' 
18-107 

S5000 
&-L0 

15CL.5000 
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M
etal levels in

 som
e bi\:alve 

m
olluscs 

C
oncentration (ppm

 dry w
eight) 

A
g 

A
I 

A
s 

C
d 

C
O

 
C

r 
C

 U
 

Species 

M
ytilus edulis 
Poole, L

K
 

C
alifornia 

H
elgoland 

0.16 
-
 

M
ytilus galloprovincialis 

(m
 i n .) 

0.10 
(N

W
 M

editerranean) 
(m

ax.) 
1.89 

C
hloronytilus m

eridtonalis (S
 A

fiica) 
(fem

ale) 
0.3 

(m
ale) 

0.3 
C

hlam
y~ opercularis (E

nglish C
hannel) 

(w
hole) 

10.4 
49 

(digestive gland) 
77 

43 
(kidney) 

35 
58 

(striated m
uscle) 

Placopeclrn m
agel/an~cw

 
1.8 

338 
(E

 coast U
S

A
 slight cont.) 

C
erastodm

a edule (P
oole, U

K
) 

0. I 
Pilar rnorrhrrana (R

hode Island slight cont.) 
1.8 

.M
ercenaria rnercenaria (S

outham
pton w

ater) 
Scrobicularia plana (S\,\' B

ritain) 
(m

in.) 
<O

. I 
(m

ax.) 
259 

%
 of total m

etal burden in digestive 
gland from

 T
am

ar E
stuary anim

als 
15%

 
.2.lacoma 

ballhica (S
 W

 B
ritain) 

(m
in.) 

0.3 
(m

an.) 
122 

C
rassoilrea gigas 

(K
nysna estu

a~
y

, S A
l'r~

ca) 
1.9 

(T
om

ales B
ay, C

aliforn~
a) 

1.7 

(R
edw

ood C
ity, C

alilbrnia) 
82 

(P
oole, U

K
) 

(T
asm

ania) (m
in.) 

(m
ax.) 

C
rassoslrea m

argarilacea 
(K

nysna estuary, S A
frica) 

2.6 
C

rassoslrea airginica 
(T

om
ales B

ay, C
alifornia) 

6.1 
(R

edw
ood C

ity, C
alifornia) 

81.5 
(D

eer Island, M
ississippi) 

(C
onnecticut estuaries) 

(m
in.) 

(m
ax.) 

V
isceral m

ass 
M

antle 
G

ill 
M

uscle 
O

slrea eduli, 
(K

nysna estuary, S A
frica) 

6.1 
(P

oole, L
K

) 
(R

estronguet C
reek, U

K
) green oyster 

0.4 
O

slrea angase (\V
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ort, A
ustralia) 

(m
in.) 

(m
ax.) 
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C
hlam

ys operculari~ are attributable to sim
ilar excretory concretions (T

able 3-1 1) and this 
seem

s to be a feature of all scallop species (C
A

R
.L

IIC
H

~
\E

L
 

and co-authors, 1979). In 
Pecten m

a
~

im
u

s the 5 to 15 p
m

 granules consist chiefly of the m
ixed phosphates ofcalcium

, 
m

anganese, and zinc, but include low
er concentrations of m

agnesium
, copper, iron, and 

cadm
ium

 (G
E

O
R

G
E

 an
d

 co-authors, 
1980). C

oncretions also occur in the kidneys of 
Tridacna m

axim
a an

d
 P

inna nobilis: although they consist prim
arily of calcium

 phosphate 
an

d
 oxalate, they also contain m

etals such as zinc and cobalt (H
IG

N
U

IT
E

, 1979). 
In

 m
ost bivalves that have been studied experim

entally, tissue concentrations tend to 
reflect those in the w

ater, although direct proportionality is not necessarily found (e.g. 
oysters: 

S
H

L
S

T
E

R
 and P

K
IN

C
L

E
, 1969; Z

A
R

O
O

G
IA

N
 

and co-authors, 1979). In fact, 
under field conditions, tissue concentrations m

ay be m
ore closely related to those of the 

sedim
ents. A

Y
L

IN
G

 (1974) concluded that concentrations of zinc, cadm
ium

, and lead 
(b

u
t not copper and chrom

ium
) in C

ra.ssos/rea gzgaJ 
w

ere related 
to those of the sedi- 

m
ents, and in 

the deposit-feeder Scrobiculal-la plana 
concentrations 

of several 
m

etals 
including lead (L

U
O

M
A

 
and B

R
Y

A
N

, 1978) and arsenic (fig. 3-2) are related to those of 
the sedirnents. In

 addition 
to the availability of the m

etal, size and season exert a 
considerable influence 

on 
bivalve 

tissue 
concentrations. 

T
h

e influence of size w
as 

studied by B
O

Y
D

E
K

 (1977) in 6 species, including O
strea edulis, M

ercenaria m
ercenaria, and 

Pecten m
axim

us. H
e found that concentrations of cadm

ium
, copper, iron, m

anganese, 
nickel, lead, an

d
 zinc either fell gradually w

ith increasing size or w
ere independent of 

size: an exception w
as cadm

ium
 in P

. m
axim

us, since the concentration increased from
 

about 20 ppm
 in anim

als of 2 g tissue w
eight (dry) to 100 pprn in those of 8 g. In this 

species, 90%
 of the cadm

ium
 lies in the digestive gland com

pared w
ith less than 2%

 in 
the kidneys (B

K
Y

A
N

, 1973), and therefore it m
ay be less readily excreted than m

etals 
such as zinc and lead w

hich occur largely in the kidneys. In S. plana w
here the m

ajority 
of m

etals are concentrated in the digestive gland (T
able 3-1 l), excretion seem

s to be 
rather inefficient and concentrations of cadm

ium
, zinc, and lead, for exam

ple, increase 
m

arkedly 
w

ith increasing 
size, particularly in 

anim
als from

 contam
inated 

estuaries 
(B

R
Y

A
N

 an
d

 
U

Y
S

A
L

, 1978; B
R

Y
A

N
 and 

H
U

M
M

E
R

S
T

O
N

E
, 

1978). T
ransferred 

to 
an 

uncontam
inated site, contam

inated S. plana 
revealed 

that 
m

uch 
of the decrease in 

concentration of lead, for exam
ple, could be attributed to tissue grow

th, rather than to a 
reduction in body burden. T

his is one of the factors responsible for seasonal concentra- 
tion changes in bivalves; others w

hich m
ay also be concerned include changes in tem

- 
perature, availability of m

etals, an
d

 m
etabolic rate (B

R
Y

A
N

, 1973). 
M

etal levels in oysters tend to vary w
ith season, and FFV

IZ
IE

R
 (1975 concluded that 

w
hereas changes in the body burdens of m

anganese and iron are associated w
ith shell 

deposition, changes in levels of copper, zinc, and cadm
ium

 correlate in som
e w

ay w
ith 

gonad developm
ent and spaw

ning. A
 

rapid 
loss of 33%

 to 50%
 of these m

etals by 
C

rassoslreu virginicu 
in 

late sum
m

er w
as parrially attributed 

to loss of gam
etes, 

but 
am

oebocytes m
ust be involved as w

ell since G
R

E
IC

 and co-authors (1975a) established 
that the spaw

ned eggs contain 50 to 100 tim
es low

er concentrations of zinc and copper 
than the w

hole body. S
paw

ning has also been suggested as a m
ajor route for the loss of 

m
ercury by C

U
N

N
IN

G
H

A
M

 
and T

R
IP

P
 

(1973), w
ho studied its depuration from

 contam
i- 

nated anim
als. R

ecent w
ork on the depuration of other m

etals including zinc, copper, 
cadm

ium
, 

and 
lead 

from
 

C. 
uirginica 

docum
ents 

that 
they 

are 
lost 

fairly 
readily 

(S
C

R
U

D
A

T
O

 an
d

 E
ST

E
S, 1976; Z

A
R

O
O

G
IA

N
, 

1979; Z
A

R
O

O
G

IA
N

 
and co-authors, 1979). 

T
h

e latter follow
ed 

the loss of lead 
w

ell after the end of the spaw
ning period 

and 
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 d
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e 

ki
dn

ey
s;

 h
ow

ev
er

, 
th

es
e 

or
ga

ns
 s

ee
m

 t
o 

ha
ve

 b
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 c
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M
etal levels (ppm

 dry w
eight) in

 som
e gastropod a

n
d

 

C
oncen [ration 

A
g 

A
I 

A
s 

C
d

 
C

O
 

C
r 

C
u

 

H
erb

ivorou
s gastropods 

H
aliolis luberculala 

(E
nglish C

hannel) 
(w

hole) 
(digestive gland) 
(right kidney) 
(m

uscle) 
H

aliotis rujescens (C
alirornian coast) 

(digestive gland) 
(m

uscle) 
O

liurlla bipltcata (C
alilornian coast) 

(w
hole) 

Lilbn'na lillorea (E
nglish C

hannel) 
(w

hole) 
Acm

aea scabra (C
alirornian coasr) 

(m
in. values) (w

hole) 
Palella uulgala (E

nglish C
hannel) 

(w
hole) 

C
repidula jornicala 

(E
nglish C

hannel) (w
hole) 

C
arnivorous gastropods 

B
w

inum
 undalum

 (w
hole) 

I I* 
6.5 

7.3 
123 

Scaphandzr ligm
riu

 (w
hole) 

6.8 
26.4 

44.5 
N

ucella lapillu (E
nglish C

hannel) 
(w

hole) 
2.5 

42 
38' 

23 
0.8 

1
1

.4
 

66 
Polinices lew

ijii (C
alilbrnian coast) 

(w
hole) 

0.7 
5 1 

0.3 
115 

C
ep

h
alop

od
s 

O
clopw

 uulgaris 
(~

M
edirerranean Sea) 

(w
hole) 

1.2 
260 

(digestive gland) 
50 

2500 
(m

uscle) 
0.08 

26 
Sepia offzcinalts 

(gills) 
198 

0.1 1 
A

llo~eu~hzs 
subula~a 

(E
nglish C

hannel) 
(w

hole) 
1.0 

72 
1.4 

0-7 
<O

-4 
146 

~t&
oleulh~s barIram

i (Japan coast) 
(digestive gland)* 
(m

uscle) 
Loligo opalescm

 (S
 C

alifornia) 
(digestive gland) 

45.9 
Sym

PlecloleuLhis oualanltm
is 

(digestive gland) 
24.1 

O
m

m
asfrepht-S barlram

i 
(P

acific O
cean) (digestive gland) 

12- 1 
287 

195 

*L
E

K
T

H
E

R
L

\SD
 and B

L
R

-ro
i (1974);  SM

ITH
 and BU

R
TO

S (1972); SC
onverred to dry w

eight basls 
X

 4. 
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PO
LLU

TIO
N

 D
L

'E
 T

O
 H

EA
V

Y
 M

ETA
LS (G

 L\' 
B

R
Y

i\S
) 

and m
idgut from

 Buccinum
 lenuissim

um
. A

bout 95%
 of the m

ercury in m
uscle w

as in the 
m

ethyl form
 com

pared w
ith 65%

 in the m
idgut, and it w

as suggested that dem
ethylation 

m
ay occur in this organ. 
A

 com
parison betw

een concentrations of m
etals in Littorlna litlorea and in the brow

n 
seaw

eed Fucus ueslculosus indicated that w
hereas concentrations of silver, cadm

ium
, nic- 

kel, and lead in the w
inkle tended to be proportional to those in the w

eed, the levels of 
copper and zinc did not increase in proportion-suggesting 

that they are to som
e extent 

regulated (B
R

Y
A

N
, 1979). A

ccording to B
E

T
Z

E
R

 and P
IL

S
O

N
 (1975) copper is regulated 

rather crudely by B
ugcon canaliculatum

, and both A
N

D
E

R
L

~
N

I 
(1974) and B

R
Y

A
N

 and 
co-authors (1977) concluded that zinc is probably regulated in m

uscle tissue in H
aliolis 

rufescens and H
. luberculata. 

C
ephalopod m

olluscs 
T

here is a paucity of inform
ation on heavy m

etals in cephalopods-certainly 
not 

sufficient to obtain a coherent picture. O
ctopus uulgarzs obtains copper largely from

 its diet 
of crustaceans (G

H
IR

E
T

T
I and V

IO
L

A
N

T
E

, 1964) and its branchial hearts appear to be 
im

plicated in m
etal m

etabolism
; they accum

ulate cobalt very strongly (N
A

K
A

H
A

R
A

 
and 

C
O

-au thors, 1979). B
ranchial hearts and the digestive gland of Sepia o fficznalis 

contain 
storage bodies 

(S
C

H
IP

P
 and H

E
V

E
R

T
, 1978); a role for 

the branchial gland in 
the 

m
etabolism

 of copper and zinc has been proposed by D
E

C
L

E
IR

 and co-authors (1978). 
T

h
e high concentrations observed in the digestive gland ofdifferent species are show

n in 
T

ab
le 3-12. T

h
ere is not m

uch evidence for the rem
oval of m

etals from
 cephalopods, but 

copper and zinc are lost in the urine and rectal fluid ofO
ctopus dojZelni (P

O
m

S
 an

d
 T

O
D

D
, 

1965). 

C
rustaceans 
T

here is a considerable body of inform
ation on the absorption and loss of m

etals by 
crustaceans, although no single species has been exhaustively studied (cf. T

able 3- 13). In
 

sea w
ater the m

ost readily available form
s of m

etals such as cadm
ium

 and copper are 
probably the divalent ions (E

N
G

E
L

 and F
O

W
L

E
R

, 1979; Y
O

U
N

G
 and co-authors, 1979b); 

how
ever, in m

any cases the food m
ay be a m

ore im
portant source of m

etal than the 
w

ater (T
able 3-13). T

here is no definite rule, since in the sam
e species both view

s m
ay 

be correct, depending on the m
etal, the am

bient concentrations and the type of food. In
 

the euphausiid M
eganycliphanes norvegica, for exam

ple, the food is the principal source of 
zinc, cadm

ium
, and selenium

, but not m
ercury, at natural levels in the sea (F

O
W

L
E

R
 and 

co-authors, 1976a). 
In

 decapod crustaceans the absorption of zinc, and probably several other m
etals, 

from
 solution is alm

ost certainly a passive process ini~
olving adsorption on to the cuticle 
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ard diffusion, probably attached to organic m

olecules (B
R

Y
A

N
, 1971). 

Z
inc is transported to the tissues bound to blood proteins, m
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ocyanins, and 
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h

e 
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portance of these various routes depends not only on the level of the m
etal in the body 

but also on the species; since losses over the gills seem
 to be im

portant in the crab 
C
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aenas, losses in the urine are appreciable in the lobster H
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ater crayfish Austropo~arnobius 
pallipes (B
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Y
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, 1967). A
s a result of these processes, excess zinc, w

hether absorbed from
 

the w
ater or from

 food, can to a large extent be elim
inated. T
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u

s B
R

Y
A

N
 (1971) show

ed 
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Table 3-14 

lnlluence of low sea-water metal concentrations (ppm) on tissue metal levels or4 decapod crustaceans (Compiled from the sources indicated) 

Species 

Concentration 
in water Hepato- Whole 

( P P ~ )  pancreas Gills Muscle Exoskeleton Blood animal Source 

Crangon crangon 

Homarus americanus 

Macropodia roJtrata 

Cadmiumt ( 1  3-d exposure) 
Control 2.97 0- 92 0.14 0.1 - - DETHLEF~EN (1977) 

20 14.6 13.1 0.23 0.74 

Control 
3 
6 

Mercury* (30-d exposure) 
0.14 0.23 

40.9 0- 54 
85.3 I .O 

Lead* (7-d exposure) 
0.003 0.0086 0.0026 0.000 1 7 
0.037 0.112 0-031 0.001 16 

Zinc* (mean 28-d exposure) 
Hornurns gummarus Control 56.6 14.9 15.1 4.6 7.3 

100 47.8 28.3 13.7 8.4 8.3 

THURBERG and 
co-authors ( 1977) 

0.009 CHAISEMARTIN and 
0.128 co-authors ( 1978) 

* Wet ussue. t Dry tissue. 
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 t
o 

be
 1

00
 t

im
es

 a
n

d
 2

0 
ti

m
es

, 
re

sp
ec

ti
ve

ly
, g

re
at

er
 t

ha
n 

th
os

e 
of

 s
ea

 w
at

er
. 

H
ow

ev
er

, 
ex

pe
ri

m
en

ta
l 

w
or

k 
on

 p
la

ic
e 

ha
s 

sh
ow

n 
th

at
 t

he
 f

oo
d 

is
 p

ro
ba

bl
y 

th
e 

m
ai

n 
so

ur
ce

 o
f 

ir
on

, 
co

ba
lt

, 
zi

nc
, 

m
an

ga
ne

se
, 

m
et

hy
l 

m
er

cu
ry

, 
ca

dm
iu

m
, 

an
d

 s
il

ve
r 

(P
E

N
- 

TR
EA

TH
, 

19
73

b,
 c

, 
19

76
,a

, 
b,

 c
, d

, 
19

77
a,

 b
).

 E
st

im
at

es
 o

f 
th

e 
re

te
nt

io
n 

of
 m

et
al

s 
fr

om
 

fo
od

 (
N

er
ei

s d
zv

er
si

co
lo

r)
 g

av
e 

va
lu

es
 i

nc
lu

di
ng

 8
9%

 fo
r m

et
hy

l m
er

cu
ry

, 
1 1

%
 fo

r 
in

or
ga

ni
c 

m
er

cu
ry

 a
n

d
 le

ss
 t

ha
n 

5%
 fo

r 
si

lv
er

 a
n

d
 c

ad
m

iu
m

. 
E

ve
n 

a
t 

th
es

e 
lo

w
 l

ev
el

s 
of

 r
et

en
ti

on
, 

it
 w

as
 c

al
cu

la
te

d 
th

at
 a

t 
fa

ir
ly

 n
at

ur
al

 l
ev

el
s 

in
 t

he
 e

nv
ir

on
m

en
t,

 o
nl

y 
fo

r 
in

or
ga

ni
c 

m
er

cu
ry

 (
P

E
N

T
R

E
A

T
H

, 19
76

d)
 d

oe
s 

th
e 

co
nt

ri
bu

ti
on

 o
f 

th
e 

w
at

er
 a

pp
ro

ac
h 

th
at

 o
f 

th
e 

fo
od

. 
R

A
D

O
U

X
 an

d 
B

O
U

Q
U

E
G

N
E

A
U

 
(1

97
9)

 h
av

e 
co

nc
lu

de
d 

th
at

 u
pt

ak
e 

of
 i

no
rg

an
ic

 
m

er
cu

ry
 f

ro
m

 t
he

 w
at

er
 is

 t
he

 m
aj

or
 r

ou
te

 in
 S

er
ra

nu
s c

ub
ri

lla
 a

nd
 F

U
JI

K
I a

nd
 c

o-
au

th
or

s 
(1

97
8)

 h
av

e 
dr

aw
n 

a 
si

m
il

ar
 c

on
cl

us
io

n 
fo

r 
m

et
hy

l 
m

er
cu

ry
 i

n 
C

hr
ys

op
hr

ys
 m

aj
or

. 
In

 t
he

 
ra

y 
R

aj
a 

cl
av

ul
a 

th
e 

im
po

rt
an

ce
 o

f 
fo

od
 a

s 
a 

so
ur

ce
 o

f 
tr

ac
e 

m
et

al
s,

 i
nc

lu
di

ng
 m

er
cu

ry
, 

is
 

gr
ea

te
r 

th
an

 i
n 

th
e 

pl
ai

ce
 (

P
E

N
T

R
E

A
T

H
, 1

97
3d

, 
19

76
e)

; 
th

is
 m

ay
 b

e 
be

ca
us

e,
 u

nl
ik

e 
te

le
os

ts
, e

la
sm

ob
ra

nc
hs

 d
o

 n
ot

 d
ri

nk
 s

ea
 w

at
er

. 
(V

ol
um

e 
I:

 H
O

L
L

ID
A

Y
, 19

71
).

 A
lt

ho
ug

h 
it

 m
ig

ht
 b

e 
ex

pe
ct

ed
 t

ha
t 

up
ta

ke
 o

f 
m

et
al

s 
fr

om
 t

he
 w

at
er

 w
ou

ld
 b

e 
m

or
e 

im
po

rt
an

t 
in

 
yo

un
g 

fi
sh

, 
P

E
N

T
R

E
A

T
H

 (1
97

6a
) 

co
nc

lu
de

d 
th

at
, 

ev
en

 i
n 

th
e 

ea
rl

ie
st

 s
ta

ge
s,

 f
oo

d 
is

 t
he

 
m

aj
or

 p
at

hw
ay

 f
or

 t
he

 u
pt

ak
e 

of
 z

in
c 

an
d

 m
an

ga
ne

se
 i

n 
pl

ai
ce

. 
B

y 
co

m
pa

ri
so

n 
w

it
h 

le
ve

ls
 i

n 
m

os
t 

in
ve

rt
eb

ra
te

 p
hy

la
, 

co
nc

en
tr

at
io

ns
 o

f m
et

al
s 

in
 f

is
h 

te
nd

 
to

 b
e 

on
 t

he
 l

ow
 s

id
e 

(B
R

Y
A

N
, 1

97
6b

; 
T

ab
le

 3
-1

 7
).

 M
er

cu
ry

 i
s 

th
e 

pr
in

ci
pa

l 
ex

ce
pt

io
n 

to
 

th
is

 
ru

le
, 

si
nc

e 
in

 
so

m
e 

sp
ec

ie
s 

ve
ly

 
hi

gh
 

co
nc

en
tr

at
io

ns
 

ha
ve

 
be

en
 

ob
se

rv
ed

, 
a 

po
in

t 
th

at
 w

ill
 b

e 
di

sc
us

se
d 

fu
rt

he
r 

w
he

n 
th

e 
bi

om
ag

ni
fi

ca
ti

on
 o

f 
m

et
al

s 
al

on
g 

fo
od

 c
ha

in
s 

is
 c

on
si

de
re

d 
(c

f.
 p

. 
13

53
).

 I
n

 m
an

y 
fi

sh
, 

m
os

t 
of

 t
he

 m
er

cu
ry

 i
n 

th
e 

bo
dy

 o
cc

ur
s 

as
 t

he
 m

or
e 

to
xi

c 
m

et
hy

l 
m

er
cu

ry
; 

it
 i

s 
pr

es
um

ab
ly

 a
bs

or
be

d 
in

 t
hi

s 
fo

rm
 

si
nc

e 
it

 d
oe

s 
no

t 
ap

pe
ar

 t
o 

be
 m

et
hy

la
te

d 
by

 t
he

 f
is

h 
(P

E
N

T
R

E
A

T
H

, 1
97

6b
; 

H
U

C
K

A
B

E
E

 



3. PO
LLU

TIO
N

 D
U

E
 T

O
 H

EA
V

Y
 M

ETA
LS (C

. \v. B
R

Y
A

N
) 

T
able 

M
etal concentrations (ppm

 dry w
eight) in a range of' 

S
pecies 

A
g 

A
s 

C
d 

C
O
 

C
r 

C
L! 

Fe 
H

g 

A
carl~a clausi (copepod) 

-
 

2.9 
0-61 

0.28 
3.3 

55 
738 

0.29 

B
alanu am

phitrite (barnacle, body) 
3.9 

54 
1- 14 

Sernibalanlu balanoides 
1 G

2
8

 
232 

(barnacle, body) 
60 

3232 
Sguilla m

antis* (stom
atopod) 

1.8 
1.2 

63 
66 

0.6 

C
orophium

 volutator (am
phipod) 

77 
494 

M
eganycliphanes 

259 
325 

norvegica (euphausiid) 
1.3 

66 
140 

C
rangon c7angon * (shrim

p) 
1-2 

2.8 
92 

0.6 

Pandalus borealis (shrim
p) 

C
arcinus m

aenas (crab) 
0.9 

95 
0.4 

2-4 
H

om
arus gam

m
arus (lobster) 

0 
33 

1345 
0.08 

hepatopancreas 
94 

20 
12 

0.36 
1074 

40 
m

uscle 
0.3 

0.012 
22 

3.7 
D

ecapod crustaceans (geom
etric 

0.4 
30 

1 
0.2 

0.3 
70 

160 
0

-4
 

m
ean of literature values) 

* W
et w

eight values 
X

 4. 
'f See p. 1302. 

and co-authors, 1978). H
ow

ever, R
U

D
D

 and co-authors (1 980) recently reported that 
m

ethylation by the intestinal contents had been observed in 6 species of fresh w
ater fish. 

In
 addition, som

e species including F
undulus heteroclitus an

d
 Salm

o gairdneri are capable of 
slow

 dem
ethylation (R

E
N

F
R

O
 and co-authors, 1974; O

L
S

O
N

 an
d

 co-authors, 1978). T
h

e 
ability to dem

ethylate m
ethyl m

ercury seem
s to be w

ell developed in som
e predatory 

species, particularly m
arlin, w

here very high 
total concentrations are found 

(T
able 

3-1 7). T
his w

as suggested by 
R

IV
E

R
S

 and co-authors (1972) to account for the low
 

proportion of organic m
ercury observed in both liver an

d
 m

uscle tissue from
 the Pacific 

blue m
arlin M

akaira nigruam
 (am

pla). In
 m

arine m
am

m
als, selenium

 appears to be 
involved in the detoxification of m

ercury (cf. p. 1345); in M
akaira nigricam

 an
d

 the black 
m

arlin M
akaira indica, concentrations of both elem

ents appear to be closely related in 
kidney, liver, and m

uscle (M
A

C
K

A
Y

 and co-authors, 1975; S
H

U
L

T
Z

 and IT
O

, 1979). 
W

hile experim
ental w

ork w
ith F. heleroclitus 

has show
n that treatm

ent w
ith selenium

 
changes the tissue distribution of m

ethyl m
ercury (S

H
E

L
IN

E
 

and S
C

H
M

ID
T

-N
IE

L
S

E
K

, 
1977), how

 they are associated in fish rem
ains unknow

n-although 
it m

ight be as a 
protein. 

In
 sea-w

ater-adapted eels A
nguilla anguilla, the induction of the protein m

etallothio- 
nein has been show

n to detoxify inorganic m
ercury in the gills (B

O
U

Q
U

E
G

N
E

A
U

, 
1979). 

T
his low

-m
olecular-w

eight protein seem
s to be particularly concerned w

ith the detoxifi- 
cation of cadm

ium
 in fish an

d
 has, follow

ing exposure, been found in the liver ofF
undulus 

heterocli~us (P
R

U
E

L
L

 
and E

N
G

E
L

H
A

R
D

T
, 

1980), gills and liver of eels (N
O

E
L

-L
A

M
B

O
T

 
and 

co-authors, 1978b), an
d

 gills, liver, and kidney of the coho salm
on O

ncorhynchw
 klsulch 



M
E

T
A

L
S

 I
N

 T
H

E
 M

A
R

IN
E

 E
N

V
IR

O
N

M
E

N
T

 

cr
us

ta
ce

an
 s

pe
ci

es
 (

C
om

pi
le

d 
li-

on
l 

th
e 

so
ur

ce
s 

in
di

ca
te

d)
 

1M
n 

N
i 

P
b 

S
b

 
Se

 
Sn

 
V

 
%

 11
 

L
oc

al
ir

y 
S

ou
rc

e 

12
70

 
E

le
ts

is
 B

ay
 

Z
,\

I,
IK

O
P

O
U

L
O

S
 

an
d 

G
R

IM
A

N
I~

 
(1

97
7)

 
G

ra
do

 L
ag

oo
n 

B
A

R
B

A
R

O
 an

d 
co

-a
ut

ho
rs

 (
 1

97
8)

 
27

,8
40

 
S

ou
th

en
d 

R
\l

ue
o~

v an
d 

11
3,

25
0 

D
ul

as
 B

ay
? 

co
-a

ut
ho

rs
 (

19
80

) 
59

 
G

ul
f 

of
 T

ri
es

te
 

~
~

A
J

O
K

I
 

an
d 

co
-a

ut
ho

rs
 (

1
9

7
8

~
) 

10
4 

M
en

ai
 S

tr
ai

r 
~

C
E

L
Y

 an
d 

N
O

T
T

 (1
 98

0)
 

10
9 

D
ul

as
 ~

a~
 t 

85
 

~
M

ed
it

er
ra

ne
an

 S
ea

 
FO

W
L

E
R

 an
d 

co
-a

ut
ho

rs
 (

1 9
76

b)
 

88
 

E
ng

la
nd

 a
nd

 
M

~
R

IZ
A

Y
 

(1
97

9)
 

\\'
al

es
 

co
as

t 
10

3 
O

sl
of

jo
rd

 
N

E
E

L
A

K
A

N
T

A
X

 
( 1

97
6)

 
76

 
Ir

el
an

d 
W

 IL
S

O
N

 (
 1

98
0)

 
66

 
S

co
tl

an
d 

B
R

V
A

N
 ( 1

97
6b

) 
83

 
59

 
80

 
B

R
Y

:z
\: 

(1
97

6b
) 

(R
E

IC
H

E
R

T
 a

nd
 c

o-
au

th
or

s,
 1

97
9)

. Z
in

c 
an

d 
co

pp
er

 m
et

al
lo

th
io

ne
in

 o
cc

ur
s 

in
 t

he
 l

iv
er

 
of

 n
or

m
al

 e
el

s 
an

d 
it 

is
 s

ug
ge

st
ed

 t
ha

t 
th

is
 p

ro
te

in
 h

as
 a

 r
ol

e 
in

 t
he

 m
et

ab
ol

is
m

 o
f 

th
es

e 
es

se
nt

ia
l 

m
et

al
s 

(N
O

E
L

-L
A

M
B

O
T

 
an

d 
co

-a
ut

ho
rs

, 
19

78
b)

; 
le

ad
, 

ho
w

ev
er

, 
do

es
 

no
t 

ap
pe

ar
 t

o 
as

so
ci

at
e 

w
it

h 
sp

ec
if

ic
 d

et
ox

if
ic

at
io

n 
pr

ot
ei

ns
 

in
 f

is
h 

(R
E

IC
H

E
R

T
 a

n
d

 c
o-

 
au

th
or

s,
 1

97
9)

. D
et

ox
if

ic
at

io
n 

of
 a

rs
en

ic
 in

 t
he

 b
ro

w
n 

tr
ou

t S
al

m
o 

tr
ut

ta
, b

y 
co

nv
er

si
on

 t
o 

le
ss

 to
xi

c 
or

ga
ni

c 
fo

rm
s,

 is
 p

ro
ba

bl
y 

ca
rr

ie
d 

ou
t 

by
 t

he
 in

te
st

in
al

 f
lo

ra
 (

P
E

N
R

O
S

E
, 

19
75

).
 

H
ea

vy
 m

et
al

s 
ar

e 
pr

ob
ab

ly
 l

os
t 

fr
om

 f
is

h 
in

 t
he

 u
ri

ne
, 

vi
a 

th
e 

li
ve

r,
 b

ile
 d

uc
t 

an
d

 g
ut

, 
vi

a 
th

e 
gi

lls
 a

nd
 a

ls
o 

ov
er

 t
he

 b
od

y 
su

rf
ac

e.
 H

ow
ev

er
, t

he
re

 is
 l

it
tl

e 
in

fo
rm

at
io

n 
ab

ou
t 

th
e 

re
la

ti
ve

 i
m

po
rt

an
ce

 o
fd

if
fe

re
nt

 r
ou

te
s.

 V
A

R
A

N
A

S
I an

d 
M

A
R

K
E

Y
 

(1
97

8)
 in

je
ct

ed
 l

ea
d 

an
d 

ca
dm

iu
m

 i
nt

o 
se

a-
w

at
er

-a
da

pt
ed

 s
al

m
on

 O
nc

o~
hy

nc
hu

s ki
su

lc
h 

an
d 

ob
se

rv
ed

 r
ap

id
 u

pt
ak

e 
by

 t
he

 s
ki

n 
fo

llo
w

ed
 b

y 
a 

gr
ad

ua
l 

re
le

as
e.

 T
he

y 
su

gg
es

t 
th

at
 t

he
 s

ki
n 

an
d 

sc
al

es
 a

ct
 a

s 
a 

te
m

po
ra

ry
 d

et
ox

if
ic

at
io

n 
si

te
, 

es
pe

ci
al

ly
 

fo
r 

le
ad

-s
ug

ge
st

in
g 

a 
re

la
ti

on
 

to
 c

al
ci

um
 

m
et

ab
ol

is
m

-a
nd

 
th

at
 m

uc
us

 t
ur

no
ve

r 
is 

an
 i

m
po

rt
an

t 
pr

oc
es

s 
fo

r 
le

ad
 a

nd
 c

ad
m

iu
m

 
ex

cr
et

io
n 

in
 f

is
h.

 I
n

 t
he

 s
am

e 
sp

ec
ie

s 
th

er
e 

is
 a

ls
o 

a 
po

ss
ib

il
it

y 
th

at
 p

ro
te

in
-b

ou
nd

 
ca

dm
iu

m
 m

ay
 b

e 
ex

cr
et

ed
 w

it
h 

th
e 

gi
ll 

m
uc

us
 (

R
E

IC
H

E
R

T
 

an
d 

co
-a

ut
ho

rs
, 

19
79

).
 L

os
se

s 
of

 a
rs

en
ic

 f
ro

m
 t

he
 l

iv
er

 t
o 

th
e 

gu
t 

in
 t

he
 b

ile
 w

er
e 

ob
se

rv
ed

 
by

 
PE

N
R

O
SE

 (1
97

5)
 

fo
llo

w
in

g 
it

s 
in

je
ct

io
n 

in
to

 t
he

 t
ro

ut
 S

al
m

o 
tr

uu
a.

 
S

ev
er

al
 m

et
al

s,
 i

nc
lu

di
ng

 c
op

pe
r,

 z
in

c,
 m

ol
yb

de
nu

m
, 

an
d

 c
ad

m
iu

m
 b

ut
 n

ot
 m

et
hy

l 
m

er
cu

ry
, 

ca
n 

be
 r

eg
ul

at
ed

 
by

 s
om

e 
fr

es
h 

w
at

er
 f

is
h 

(s
ee

 r
ev

ie
w

s 
by

 B
R

Y
A

N
, 1

97
6b

, 
19

79
).

 I
n

 m
ar

in
e 

te
le

os
ts

 t
he

re
 is

 e
vi

de
nc

e 
fo

r 
th

e 
re

gu
la

ti
on

 o
f c

op
pe

r 
an

d 
zi

nc
, 

bu
t 

no
t 

m
er

cu
ry

, 
in

 P
le

ur
on

ec
ta

 p
la

te
ss

a 
(S

A
W

A
R

D
 a

n
d

 c
o-

au
th

or
s,

 1
97

5;
 P

E
N

T
R

E
A

T
H

, 19
76

a,
 b

; 
M

IL
N

E
R

, 19
79

; T
ab

le
 3

-1
8)

. 
M

an
ga

ne
se

 a
nd

 i
ro

n 
m

ay
 a

ls
o 

be
 r

eg
ul

at
ed

 (
C

R
O

S
S

 an
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3. P
O

L
L

U
T

IO
N

 D
LE T

O
 H

E
A

\:Y
 

M
ETA

LS (G
. \V

. B
R

Y
A

N
) 

T
ab

le 

M
etal concentrations (p

p
m

 d
ry

 w
eight) in som

e coelenterates, 

Species 
A

g 
A

s 
C

d 
C

O
 

C
r 

C
u 

Fe 

C
w

len
terates 

Tealia jelina 
Alcyonium

 digilalum
 

E
ch

in
od

erm
s 

O
plz~oderm

a longrcauda 

Plsuster breoispinu, 
(ray

) 
A

sferrai rubens 

Spherechinus granulari~ 

Paracenfrofus liuidu~ 
A

rbacia li~
u

la 
Slronyylocen/ru~ droebachien~i~ 
B

rissopsis lyriJera (test) 
(gonads) 
(large intestine) 

H
ololhuria tubulosa 

T
u

n
icates 

Ascrdra nrgra 
(ru

n
lc

) 

(body) 
(blood cells) 

Crona rnfe~frnall~ 
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) 

Fig. 3-5: R
elationship betw

een approxim
ate w

eight of fish and m
uscle 

m
ercury concentration w

ith the use of m
ean values from

 literature. 0
 

clupeids; 
gadoids; 8

 flatfish; @
 sablefish; 

m
ackerel, tuna, sw

ord- 
fish; E

I m
arlin; n

  sharks;^ basking shark; X
 others.* C

ontinuous lines: 
concentration-w

eight relation for (1) M
erlayus m

erlangw
 (C

L
E

R
K

 and 
co-authors, 

1974); 
(2) 

~M
oxocephallo quadricornis 

(N
U

O
R

T
E

V
A

 and 
H

A
S

A
N

E
N

, 1975); 
(3) Pom

atom
us 

sallalrlx 
(C

R
O

S
S

 and 
co-authors, 

1973); (4
) N

eolhunnu, albacora (M
E

N
A

S
V

E
T

A
 

and S
IR

IY
O

N
G

, 
1977); (5) 

Telrap~urus audax; (6) M
akaira nigrzcans (S

H
O

M
U

R
A

 
and C

R
A

IC
, 1974). 

B
roken lines: geographic variation in sablefish A

naplopom
ajlm

bria and 
halibut H

ippoglossus slenolepis (H
A

L
L

 and C
O

-au thors, 1976a, b) . (O
rigi- 

nal) * 

F
or exam

ple, concentrations of arsenic clearly increased w
ith increasing size in the 

m
uscle and liver of the sculpin M

yoxocephalus scorpius, w
hereas trends w

ere less obvious 
for cadm

ium
, copper, lead, and zinc (B

O
H

N
 and F

A
L

L
IS

, 1978). In
 w

hite m
uscle from

 
blue fish Pom

atom
us saltatrix 

and a bathy-dem
ersal 

fish Antim
ora rostrata, C

R
O

S
S

 and 
co-authors. (1973) show

ed that concentrations of m
anganese, iron, copper, and zinc, 

either fell w
ith increasing size or rem

ained constant, w
hereas that of m

ercury increased. 
S

im
ilarly in the dogfish Squalus m

itsukurii concentrations of cadm
ium

, copper, iron, and 
zinc tend to be higher in em

bryos than the m
other, w

hereas m
ercury levels are highest in 

the m
other (T

A
G

U
C

H
I and co-authors, 1979; T

ab
le 3- 17). 

M
arine m

am
m

als 
A

 sum
m

ary is given in T
ab

le 3-19 of som
e of the m

ore recent values for heavy m
etal 

concentrations in seals, w
hales, sea otter, and dugong. T

h
e

 outstanding results are the 
high concentrations of cadm

ium
 in the kidneys of som

e species and the high concentra- 
tions of m

ercury and selenium
 in som

e livers. 
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 m
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 b
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 c
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 b
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 b
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B
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R
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n
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97
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 c
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 c
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 P
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 s
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cr
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A
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 c
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T
able 

M
etal concentrations (ppm

 dry w
eight) in a range of 

Species 
A

g 
A

s 
B

e 
C

d 
C

O
 

C
r 

C
u 

Fe 
H

g 
M

n 

M
orone sa.rafilis 

(striped bass) 
L

iver* 
M

uscle* 
M

yoxocephaius scorpzus 
(shorthorn sculpin) 

L
iver 

M
uscle 

Pseudopleuronec/es 
am

ericanus (flounder) 
L

iver* 
M

uscle* 
Sargus annularis 
(sabaris) 

L
iver 

M
uscle 

M
akaira zndica 

(black m
arlin) 

L
iver' 

M
uscle* 

Squalus m
zlsukurz~ 

(dogfish) 
A

dult m
uscle* 

E
m

bryo m
uscle* 

G
eom

etric m
ean literatu

re 
values 

W
hole 

* W
et w

eight values 
X

 4. 

Sea birds 
S

om
e exam

ples of m
etal concentrations in the tissues of seabirds are show

n in T
able 

3-20. T
h

e distribution of cadm
ium

 betw
een different tissues resem

bles the pattern in 
m

am
m

als, low
 levels being found in m

uscle and very high levels in kidney. S
im

ilarly age 
is im

portant and in the great skua C
a&

haracta skua, w
hich is a top predator, concentra- 

tions of cadm
ium

 in the kidney and liver increase w
ith age (F

U
R

N
E

S
S

 
and H

U
T

T
O

N
, 

1979). In
 addition to the analyses of the puffin Fratercula arctica given in T

able 3-20, 
O

S
B

O
R

N
 and co-authors (1979) found very little cadm

ium
 in the brain, skin, and feath- 

ers but 16 ppm
 in the gonads. A

s in other phyla, m
etallothioneins appear to be involved 

in the detoxification of cadm
ium

, and bind copper .and zinc also (B
R

O
W

N
 and co- 

authors, 1977). 
F

airly high concentrations of m
ercury occur in the liver and kidneys of birds (T

able 
3-20) an

d
 the proportion of m

ethyl m
ercury in the tissues is generally high (G

A
R

D
N

E
R

 
and co-authors, 1978; O

S
B

O
R

N
 and co-authors, 1979). T

here is no definite evidence for 
the dem

ethylation of m
ethyl m

ercury in 
the liver or kidney and the evidence for a 
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 m
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R

N
E

S
S

 a
nd

 H
U

T
T

O
N

, 19
79

; T
ab

le
 3

-2
0)

. I
n

 
ad

di
ti

on
, c

on
ce

nt
ra

ti
on

s 
of

 c
ad

m
iu

m
 a

nd
 s

el
en

iu
m

 a
re

 c
lo

se
ly

 r
el

at
ed

 i
n 

th
e 

ki
dn

ey
 a

n
d

 
it

 is
 s

ug
ge

st
ed

 t
ha

t 
se

le
ni

um
 m

ig
ht

 p
la

y 
a 

ro
le

 i
n 

th
e 

de
to

xi
fi

ca
ti

on
 o

f 
bo

th
 m

er
cu

ry
 a

n
d

 
ca

dm
iu

m
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Table 3-18 W 

13 
Influence of sea-water metal concentrations (ppm) on tissue metal levels or hsh (Compiled rrom the sources indicated) P 

F 

Concentration in: - 
0 

Species Water (ppb) Liver Pancreas Spleen Gills Kidneys Muscle Backbone Skin Source z - 
Cadmiumr (96-d exposure) 

Limandn l ~ m a n d a  Control 0.43 - 0.22 - 0.07 
(dab) 5 1.69 - 2.96 - 0.18 - 

50 6.83 - 5.73 - 0.14 

Coppert ( 100-d exposure) 
Pleuronecles plalessa 4.9 30$ - - 15-30 
(plaice) 8.8 71* - - 29.5 

17.8 147* - - 42 
47.6 56 7.* - - - 19.1 

L 
m 

0.054 0.20 WES?.ERNHACEN and 
0.126 0.29 CO-au thors ( 1980) 

El 
0.362 0.80 F2 > 

< 
< 

- SAWARD and 
- 

K 
co-authors ( 1975) m 

- * > 
- G; 

Chromium(V1)t (4+d exposure) 
- - - ND - 

/ 

Cilharzchlhys stigrnaeus Control N D 1.4 SHERWOOD and K 

(sand dab) 16 ND - - ND - 3.2 WRIGHT (1976) m 
95 0.2 - - 0.1 - 3.5 F 

-c 
550 1.9 - - - 0.6 1 1  

- - - 3000 13 3.2 32 



lMercury* (from field) 
Teleost fish 

Mercury? (57-d exposure) 
- 0.32 - 0.47 
- 32 - 10.3 

Mugil aurnlus Control 
(golden grey mullet) 100 

- ESTABLIER and 
- co-authors (1 978) 

Methyl mercury? (45-d exposure) 
- 1.61 0.08 3.94 0.36 

77.8 24.4 78.9 11.8 
Control 

8 

Leadt (36-d exposure) 
11.7 8.77 
197 69.1 

Gillichlhys mira bills 

(goby) 
Control 0.45 

2650 9.04 
( 100% SW) 

2650 14.6 
(25% SW) 

2.69 2.28 SOMERO and 
26.8 29.7 co-authors (1977a) 

Scyliorhinus canicula 
(dogfish) 

Zinct (25-d exposure) 
87 - 120 

117 - 93 
- FLOS and co-authors 
- ( 1979) 

Control 
15000 

Wet tissue. t Dry tissue. S Viscera. ND, Not detectable. 
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U
E

 T
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 H
E

A
V

Y
 ,M

ETA
LS (G

. \L'. 
B

R
Y

A
N

) 

'M
etal concentrations (ppm

 w
et w

eight) in
 m

 

C
d 

C
 U

 
H

gt 
'\K

C
. 

lengt h 
L

ocation, species 
orw

eight 
M

uscle 
L

lver 
K

idney 
iM

uscle 
L

iver 
K

idney 
M

uscle 
L

tver 
K

I 

E
. W

adden S
ea 

Phoca uitulina 
(com

m
on seal) 

U
nited K

ingdom
 

Phoca uitulina 
F

inland 
Phoca hisptda (ringed seal) 
C

anadian A
rctic 

Phoca hispida 

O
khotsk Sea 

H
istriophoca jasciah 

(ribbon seal) 
C

alifornia 
Zolophus cal~

Jom
~

an
u

 
(sea lion) 

B
ay of F

undy 
P

lrocoe~
 phocom

a 
(harbour porpoise) 

C
um

berland Island 
G

'loboccphala m
~

orh
yn

ch
a 

(short tinned pilot w
hale) 

Jap
an

 
G

'lobocephala d
a

e
n

a
 

(pilot w
hale) 

A
ntarctic O

cean 
B

alam
oplrra physalis 

(fin w
hale) 

A
ntarctic O

cean and 
N

 Pacific 
Physefrr calodon 
(sperm

 w
hale) 

C
alifornia 

E
nhydra lurm

 
(sea otter) 
A

ustralia 
D

ugong dugon 

(duyong) 

l ncrease 
w

ith age 
l ncrease 
w

i~
h

 age 

A
dult 

10.2 yr 

A
dult 

P
U

P
 

11.5 yr 
A

dult 
A

dult 

0.5 yr 
8 Yr 

C
d, Z

n increase 
w

ith age; 
C

u decreases 

N
D

* 
1-0' 

N
D

' 
13.7' 

171' 
5-0' 

22.3' 
950' 

4.2' 
133' 

N
D

, N
ot detected. 

' D
ry w

eight. 
W

W
/D

W
 - 3.5. 

t F
~

g
i~

rrs 
in parentheses are m

ethyl m
ercury. 
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T
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C
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n
cen
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n

s o
f m

etals in th
e tissues o

f so
m

 

C
oncentration (ppm

 dry w
eight) 

A
g 

C
d 

C
 U

 

Species, rem
arks 

 m
uscle 

L
iver 

K
idney 

M
uscle 

L
iver 

K
~

d
n

ey
 

M
uscle 

L
iver 

K
idney 

C
atharacta skua (great sliua)S 

(S
hetland; 

diet-fish 
an

d
 birds) 

Fulm
arus ,glaciali~ (fulm

ar) 
(S

t K
ilda; diet-fish) 

Fratercula arclicn (pu fin
) 

(S
t K

ilda; diet-fish) 
Pujltnus puJ'inu 

(m
anx shearw

ater) 
(S

t K
ilda; diet-fish) 

Sterna jkscata 
(sooty tern

)t 
(F

lorida; 
diet-juvenile 

fish) 
.M

elantlla perspicillafa 
(surf scoter)t 
(B

ritish C
olum

bia; 
diet-m

ussels) 
A

ytlva m
arila (great scaup)? 

(B
ritish C

olum
bia; 

diet-plant 
Sorage) 

Som
ater~a m

ollissim
a (eider) 

(N
orw

ay; diet-invertebrates) 
LarusJuscus Jiuscus 
(lesser black-backed gull) 
(N

orw
ay; diet-fish, 

carrion) 
Larus argentatu, (H

erring gull) 
(B

ritain; diet-scavenger) 

N
D

, N
ot detectable. 

* L
argely m

ethyl m
ercury. 

t W
et w

eight 
X

 4. 
$ C

oncentrations increase w
ith age. 

feathers and liver w
ere related in the great skua (F

U
R

N
E

S
S

 
and H

U
T

T
O

N
, 1979). It is 

thought that high levels of m
ercury in the eggs reflect elevated blood levels produced by 

recent dietary intake and are not necessarily related to high tissue levels (F
IM

R
E

IT
E

 
and 

co-authors, 1980). T
h

u
s H

E
IN

Z
 ( 1974) observed 6 to 9 pprn of m

ercury (w
et) in eggs 

fi-om
 m

allards having a diet containing 3 pprn (w
et) ofm

ethyl m
ercury, w

hereas norm
al 

eggs contained less than 0.05 ppm
. E

ggs in fish-eating species contain m
ore than this: 

F
IM

R
E

IT
E

 
and co-authors ( 1980) reported 0.8 pprn (w

et) in the eggs of uncontam
inated 

gannets M
O

~
Z

L
S

 
bas~

aru
s, FU

R
N

E
S

S
 

and H
L

m
o

h
 (1979) found a m

ean of 0.47 pprn (w
et) 

in eggs of the great skua C
alh

aracla sku
a and S

T
O

N
E

B
U

R
N

E
R

 
and co-authors (1980) found 

8 pprn (w
et) in eggs from

 the sooty tern Sterna Juscata, although there w
as no evidence 

that this w
as of anthropogenic origin 
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4 

S
T

O
N

E
B

U
R

N
E

R
 

an
d 

co
-a

ut
ho

rs
 (

19
80

) 

\~
E

R
X

.I
E

E
R

 an
d 

P
E

A
K

~
L

L
 

(1
97

9)
 

Bi
om

ag
nz

fic
al

io
n 

of
 M

et
al

s 
Al

on
g 

Fo
od

 C
ha

in
s 

PR
E

ST
O

N
 an

d 
co

-a
ut

ho
rs

 (
19

72
b)

 h
av

e 
po

in
te

d 
ou

t 
th

at
 it
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s 

th
e 

in
it

ia
l 

ac
cu

m
ul

at
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n 
of

 m
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fr
om
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 w
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ph

yt
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nk

to
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w
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ch
 p
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vi

de
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m
uc

h 
of

 t
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 m
om

en
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m
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th
ei
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sf
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ng

 f
oo

d 
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O

f 
18

 m
et

al
s 

co
ns

id
er

ed
 b

y 
B

R
Y

A
N

 (1
97

6b
),

 in
 v

ar
io

us
 

gr
ou

ps
 o

f 
m

ar
in

e 
or

ga
ni

sm
s,

 m
er

cu
ry

 w
as

 o
ne

 o
f 

th
e 

fe
w

 w
he

re
 m

ea
n 

le
ve

ls
 i

n 
fi

sh
 

ex
ce

ed
 

th
os

e 
in

 p
hy

to
pl

an
kt

on
 o

r 
se

aw
ee

d 
on

 a
 d

ry
 w

ei
gh

t 
ba

si
s 

an
d

, 
as

 w
e 

ha
ve

 
al

re
ad

y 
se

en
, 

it
 i

s 
th

e 
le

as
t 

w
el

l 
re

gu
la

te
d 

of
 t

ra
ce

 m
et

al
s.

 
S

in
ce

 m
er

cu
ry

 i
s 

on
e 

of
 t

he
 m

os
t 

im
po

rt
an

t 
m

et
al

li
c 

co
nt

am
in

an
ts

, 
so

m
e 

of
 t

he
 e

vi
- 

de
nc

e 
fo

r 
an

d
 a

ga
in

st
 it

s 
bi

om
ag

ni
fi

ca
ti

on
 a

lo
ng

 fo
od

 c
ha

in
s 

w
ill

 b
e 

co
ns

id
er

ed
. T

h
er

e 
is

 
no

t 
m

uc
h 

ev
id

en
ce

 f
or

 a
m

pl
if

ic
at

io
n 

of
 m

er
cu

ry
 l

ev
el

s 
in

 t
he

 s
eq

ue
nc

e 
in

ve
rt

eb
ra

te
s 

to
 

sm
al

l 
fi

sh
 (

cf
. K

N
A

U
E

R
 an

d
 M

A
R

T
IN

, 1
97

2)
, b

ut
 t

he
re

 is
 m

or
e 

ev
id

en
ce

 w
he

n 
la

rg
er

 f
is

h 



3. PO
L

L
U

T
IO

S D
U

E
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 H
E

r\b'\. .\.IETA
I,S [G

 
l
\
. B

R
L

't\N
) 

T
ab

le 3-2 I 

M
ean 

inorganic and m
ethyl 

m
ercury 

c
o

n
c
e
n

tra
tio

n
s
 (p

p
m

 dry w
eight) in 

organism
s From

 
a 

contam
inated halt m

arsh (B
dsed on G

A
R

D
Z

E
K

 
and co-authors. 1978) 

M
ater~

al 
Inorganic m

ercury 
M

ethyl m
ercury 

S
edim

ents (0-5 
cm

, 9 sites) 
2partina 

(leaf; 10 sites) 
A

nnelids (3
 sp

ec~
es) 

*B
ivalves (4

 species) 
(1 species, 2 sitcs) 

G
astropod (l species, 10 sites) 

C
rustacean (I species, 5 sites) 

*E
chinoderm

 ( l 
species) 

*F
ish ( I 1 species, m

uscle) 
(6

 species, li\-er) 
T

errestrial m
am

m
al<

 (4
 species, m

uscle) 
(4

 species, liver) 
B

irds (12 species, m
uscle) 

( 12 specics, liver) 

* F
ro

m
 river running through m

arsh 

are considered. M
uch of the m

ercury in fish is found in m
uscle, and F

ig. 3-5 com
pares 

concentrations in a w
ide range of species w

ith the w
eight of the w

hole fish. G
enerally 

speaking, there is an
 increase in trophic level and m

ercury concentration ranging from
 

plankton-feeding clupeids on the left to large predacious species on the right; this sup- 
ports the conclusion of R

A
T

K
O

L
V

S
K

Y
 

and co-authors (1975) that m
ercury concentration 

is related 
to the position in the food chain. H

ow
ever, leaving aside the problem

s of 
analytical and geographical variability, it is also clear from

 F
ig. 3-5 that in som

e indi- 
vidual species concentrations of m

ercury increase m
arkedly w

ith size or age. T
h

u
s, 

C
R

O
S

S
 and co-authors (1973) proposed that the higher concentrations in large preda- 

cious fish m
ay be as m

uch a function of tim
e as of trophic level, if it is assum

ed that the 
larger predacious fish are on average longer lived. B

oth factors are probably im
portant 

since, although the high levels in som
e fish can be explained by old age, the very high 

levels in m
arlin and som

e sharks tend to support the trophic-level idea. S
o also does the 

contrast in levels betw
een 

the very large (although possibly quite young) plankton- 
feeding basking shark C

elorhinus m
axzm

us and the other sharks listed 
in F

ig. 3-5. In 
m

arine m
am

m
als also, both factors seem

 to be im
portant: N

A
G

/-\K
U

K
r\ and co-authors 

( 1974) found only 0.01 to 0.03 ppm
 (w

et) of m
ercury in the m

uscle of baleen w
hales, 

w
hich feed on krill, but 0.54 to 1.57 ppm

, increasing w
ith size, in m

uscle from
 the sperm

 
w

hale w
hich feeds on squid and fish. 

A
ny tendency for total m

ercury levels to be am
plified along food chains should be 

m
uch m

ore obvious for m
ethyl m

ercury, since it generally accounts for an
 increasing 

proportion of the total in going from
 som

e invertebrates w
ith as little as a few

 per cent to 
alm

ost 100%
 in som

e predacious fish. In addition, the apparent ability of som
e species 

of m
arlin (F

ig. 3-5) and m
arine m

am
m

als to dem
ethylate m

ethyl m
ercury (p. 1345) 

suggests that this m
echanism

 has evolved in response to biom
agnification. B

iom
agnifi- 
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es

ul
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 p
re

se
nt

ed
 i

n 
T

ab
le

 
3-

21
, 

al
th

ou
gh

 t
he

re
 i

s 
lik

el
y 

to
 b

e 
so

m
e 

ag
e 

ef
fe

ct
 a

s 
w

el
l. 

A
 c

er
ta

in
 a

m
ou

nt
 o

f 
m

ys
te

ry
 s

ur
ro

un
ds

 t
he

 u
lt

im
at

e 
so

ur
ce

 o
f 

m
et

hy
l 

m
er

cu
ry

: 
it

s 
pr

od
uc

ti
on

 i
n 

se
di

m
en

ts
 b

y 
m

ic
ro

-o
rg

an
is

m
s 

ha
s 

be
en

 r
ec

og
ni

ze
d,

 b
ut

 i
ts

 d
et

ec
ti

on
 i

n 
se

a 
w

at
er

 h
as

 s
o 

fa
r 

pr
ov

ed
 a

lm
os

t 
im

po
ss

ib
le

 (
p.

 1
30

7)
. I

t 
is

 p
os

si
bl

e 
th

at
 t

he
 f

or
m

at
io

n 
of

 m
et

hy
l 

m
er

cu
ry

 m
ay

 o
cc

ur
 a

t o
th

er
 p

oi
nt

s 
in

 t
he

 f
oo

d 
ch

ai
n,

 p
er

ha
ps

 d
u

e 
to

 in
te

st
in

al
 

m
ic

ro
fl

or
a;

 i
nd

ee
d,

 m
et

hy
la

ti
on

 b
y 

th
e 

in
te

st
in

al
 c

on
te

nt
s 

of
 f

re
sh

 w
at

er
 f

is
h 

ha
s 

be
en

 
re

po
rt

ed
 (

R
U

D
D

 an
d 

co
-a

ut
ho

rs
, 

19
80

).
 

T
h

u
s,

 a
lt

ho
ug

h 
fo

r 
a 

nu
m

be
r 

of
 m

et
al

s 
ex

am
pl

es
 c

an
 b

e 
fo

un
d 

w
he

re
 c

on
ce

nt
ra

ti
on

s 
in

 i
nd

iv
id

ua
l 

pr
ed

at
or

s 
ex

ce
ed

 t
ho

se
 o

f 
th

ei
r 

pr
ey

, 
w

he
n 

th
e 

o\
pe

ra
ll 

si
tu

at
io

n 
is

 c
on

si
- 

de
re

d,
 t

he
 o

nl
y 

he
av

y 
m

et
al

 f
or

 w
hi

ch
 t

he
re

 i
s 

ev
id

en
ce

 o
f 

ge
ne

ra
l 

bi
oa

m
pl

if
ic

at
io

n 
is

 
m

er
cu

ry
 o

r,
 m

or
e 

sp
ec

if
ic

al
ly

, 
m

et
hy

l 
m

er
cu

ry
. 

Bi
ol

og
ic

al
 a

ua
il

ab
il

i~
 

R
ec

en
t 

ev
id

en
ce

 i
nd

ic
at

es
 t

ha
t 

fr
ee

 i
on

s 
ar

e 
bi

ol
og

ic
al

ly
 t

he
 m

os
t 

av
ai

la
bl

e 
in

or
ga

ni
c 

- 
-
 

sp
ec

ie
s 

of
 t

ra
ce

 m
et

al
s 

in
 s

ea
 w

at
er

. 
T

h
e 

co
nc

en
tr

at
io

n 
of

 i
on

s 
is

 c
on

tr
ol

le
d 

no
t 

on
ly

 b
y 

th
e 

to
ta

l 
m

et
al

 c
on

ce
nt

ra
ti

on
 b

ut
 a

ls
o 

by
 

in
or

ga
ni

c 
an

d
 o

rg
an

ic
 c

om
pl

ex
at

io
n;

 t
he

 
fo

rm
er

 is
 l

ar
ge

ly
 d

ep
en

de
nt

 o
n 

sa
li

ni
ty

 a
n

d
 p

H
, 

th
e 

la
tt

er
 o

n 
th

e 
ty

pe
 o

f 
or

ga
ni

c 
li

ga
nd

. 
T

h
e

 i
nf

lu
en

ce
 o

f 
or

ga
ni

c 
co

m
pl

ex
es

 v
ar

ie
s 

fr
om

 a
lm

os
t 

co
m

pl
et

e 
pr

ev
en

ti
on

 o
f 

m
et

al
 

up
ta

ke
 t

o 
no

 e
ff

ec
t, 

or
 e

ve
n 

en
ha

nc
em

en
t 

if 
co

m
pl

ex
at

io
n 

re
m

ov
es

 c
om

pe
ti

ng
 m

et
al

s.
 

In
 o

xi
di

ze
d 

su
rf

ac
e 

se
di

m
en

t 
th

e 
av

ai
la

bi
li

ty
 o

f'
ni

et
al

s 
to

 d
ep

os
it

 f
ee

de
rs

 a
pp

ea
rs

 to
 b

e 
co

nt
so

ll
ed

 b
y 

th
e 

re
la

ti
ve

 c
on

ce
nt

ra
ti

on
s 

of
 v

ar
io

us
 m

et
al

-b
in

di
ng

 s
ub

st
ra

te
s 

su
ch

 a
s 

ox
id

es
 o

f 
ir

on
 o

r 
or

ga
ni

cs
. 

T
h

e
 a

va
il

ab
il

it
y 

of
' m

et
al

s 
fr

om
 f

oo
d 

is
 c

le
ar

ly
 d

ep
en

de
nt

 o
n 

th
e 

ch
em

ic
al

 f
or

m
 o

f 
th

e 
m

et
al

 a
n

d
 t

he
 c

om
po

si
ti

on
 o

f 
th

e 
fo

od
 m

at
ri

x.
 

T
h

e 
di

et
 i

s 
th

e 
pr

in
ci

pa
l 

so
ur

ce
 o

f 
m

et
al

s 
in

 m
ar

in
e 

m
am

m
al

s 
an

d
 b

ir
ds

 a
n

d
, 

at
 t

he
 

ot
he

r 
en

d 
of

 t
he

 s
pe

ct
ru

m
, w

at
er

 is
 t

he
 p

ri
nc

ip
al

 s
ou

rc
e 

in
 b

ac
te

ri
a,

 p
hy

to
pl

an
kt

on
, 

an
d 

se
aw

ee
d.

 B
et

w
ee

n 
th

es
e 

ex
tr

em
es

 t
he

re
 i

s 
a 

go
od

 d
ea

l 
of

 u
nc

er
ta

in
ty

. 
H

ow
ev

er
, 

si
nc

e 
m

er
cu

ry
 i

s 
m

os
t 

re
ad

il
y 

ad
so

rb
ed

 f
ro

m
 s

ol
ut

io
n 

(s
ee

 T
ab

le
 3

-2
4)

 i
t i

s 
th

e 
m

et
al

 f
or

 w
hi

ch
 

th
e 

w
at

er
 r

ou
te

 m
ig

ht
 b

e 
ex

pe
ct

ed
 t

o 
be

 m
os

t 
im

po
rt

an
t.

 T
h

is
 is

 g
en

er
al

ly
 t

he
 c

as
e:

 t
he

 
m

aj
or

it
y 

of
 e

xa
nl

pl
es

 s
ug

ge
st

 t
he

 w
at

er
 r

ou
te

 t
o 

be
 i

m
po

rt
an

t 
or

 a
t 

le
as

t 
si

gn
if

ic
an

t 
fo

r 
m

er
cu

ry
, 

w
he

re
as

 f
or

 m
os

t 
ot

he
r 

m
et

al
s 

th
e 

fo
od

 r
ou

te
 i

s 
m

or
e 

im
po

rt
an

t.
 

U
pt

ak
e 

of
 m

et
al

s 
A

lt
ho

ug
h 

th
er

e 
is

 e
vi

de
nc

e 
in

 s
om

e 
m

ic
ro

-o
rg

an
is

m
s 

fo
r 

th
e 

ac
ti

ve
 t

ra
ns

po
rt

 o
f 

tr
ac

e 
he

av
y 

m
et

al
s 

(B
R

Y
A

N
, 1

97
6a

),
 e

vi
de

nc
e 

fr
om

 m
os

t 
gr

ou
ps

 s
ug

ge
st

s 
th

at
 u

pt
ak

e 
fr

om
 

w
at

er
 a

t 
le

as
t 

is
 a

 p
as

si
ve

 p
ro

ce
ss

. 
R

at
es

 o
f 

up
ta

ke
 i

n 
N

er
ei

s 
dz

ue
r-

si
co

lo
r d

ec
re

as
e 

in
 t

he
 

or
de

r 
H

g 
>

 C
u

 >
 A

g 
>

 C
r 
=

 P
b 

>
 Z

n
 >

 C
d

 >
 N

i, 
C

O
, S

e,
 a

n
d

 t
hi

s 
se

em
s 

to
 b

e 
fa

ir
ly

 
ty

pi
ca

l. 
H

ow
ev

er
, 

in
 m

ol
lu

sc
s,

 p
in

oc
yt

os
is

 h
as

 b
ee

n 
sh

ow
n 

to
 b

e 
in

vo
lv

ed
 i

n 
th

e 
up

ta
ke

 
an

d
 t

ra
ns

fe
r 

of
 m

et
al

s 
an

d
, 

si
nc

e 
en

do
cy

to
si

s 
is

 a
 c

om
m

on
 p

he
no

m
en

on
 (

se
e 

re
vi

ew
 b

y 
S

IL
V

E
R

S
T

E
IN

 
an

d
 c

o-
au

th
or

s,
 1

97
7)

, i
t 

is
 l

ik
el

y 
to

 b
e 

im
po

rt
an

t 
in

 t
he

 t
ra

ns
fe

r 
of

m
et

al
s 

in
 o

th
er

 g
ro

up
s 

al
so

. 



T a b l e  3-22 

S o m e  propert ies  of  biological indicators  o f  heavy-metal contamina t ion  (Compiled from thc sources indicated in  the table footnotes; after 
BRYAN, 1980; reproduced by permission ol' Biologische Anstal t  Helgoland) 

Estuarine tolerance Use as indicator: 
(SPOONER and + Appears to act as  indicator ? Doubt about use 
MOORE, 1940) ++ Particularly good accumulator R Definite regulatory ability 
Upstream limit ( ) Months for transplanted organisms to equilibrate with new environment 

Feedlng in Tamar estuary 
Spec~es type Substrate (km from mouth) Ag Cd Cu C r  Hg N i Pb Zn Ref. 

Ascophyllum nodosum 

Fucw vesiculosus 

hfy l i lu~  edults 

hlacoma ballhrca 
Nerers druersrcolor 

Lillorina liltorea 

Lillorina obfusata 

Filter 

F~lrer 
Deposit 

Deposit 
Deposit/ 

Omnivore 
Herbivore 

Herbivore 

Rock 

Rock 

Rock 

Sediment/ 
stones 

Sediment 
Sediment 

Sediment 
Sediment 

Rock/ 
Sediment 

Rock/weed/ 

+ + + + + 1 , 2 , 3  
(New growth relates to new environment but old tissue may never equilibriate) 

+ + + + + + + + 2, 4, 5, 6, 
7, 8 

?" + ?'l + + + + + 9, 10, 

12, 13 
( > 5  m?) (-3 m) (>4  m) ( > 5  m) 10, 12, 

14, 15 
+ + + ++ 9, 10 

( > 5  m) (>5m?)  ( < 5 m )  10 
+ + + + + ?6 + 6,  9 
+ + ? + + + ++ ++ 6 

( 8 m )  (>12rn)  ( 8 m )  (>12rn)  ( > 1 2 m )  ( > 1 2 m )  17 
+ + ? + + + + + + 6 
+ + + + + + + R 6, 19 

sediment 
Palella uulgala Herbivore Rock 8 + ++ + + + 6, 22, 24 

(3 m?) (>3  m) ( > 3 m )  20 
Nucella lapillus Carnivore Rock 5 + ++ ++ ++ 6 , 2 2  

( > 4  m) (>4 m) ( 3  m) 20 



Estuarine tolerance 
(SPOOSER and Influence of increasing size or age 
MOORE, 194.0) 
Upstream limit Concentration rises (+) falls (-) remains constant (0) 

Feeding in Tarnar estuary 
Species type Substrate (km from mouth) Ag Cd Cu Cr Hg Ni Pb Zn Ref. z 

Ascoplyll~rm nodosum - Rock 

Fucu~ vesiculojus 

A4ylilus edulrs 

Oslrea edulis 

Cerasfoderma edule 

Scrobicularia plana 

Macoma balthica 

- Rock 

I:ilter Rock 
Filter Sediment/ 

stones 
Filter Sediment 

Deposit Sediment 
Deposit Sediment 

Nereis diucrsicolor Deposit/ Sediment 
Omnivore 

Lt~torina litlorea Herbivore Rock/ 
Sediment 

Liltorina obluatn Herbivore Rock/weed/ I 
sediment 

Yalella oulgala Herbivore Rock 8 
Nucella lapillus Carnivore Rock 5 

+ + + + + 3 4 
> 

Seaweed values higher in older tissues G; 
+ t + 4 
- - 2. 

0 + l2 10 + - 

0 0 0 10 3: 
m 

Variable but not usually marked 
- 

l. HALC and co-authors (1971); 2. IMELHULS and co-authors (1978); 3. MYKLESTAD and co-authors (1978); 4. BRYAN and HUMMERSTONE (1973~); 
5. MORKIS and BALE (1975); 6. BKYAX and HLMMEK~I.ONE (1977); 7. SEELICER and ED~ARDS (1977); 8. Unpublished; 9. BOYDEN (1975); 10. BOYDEN 
(1977); 11. PHILLIPS (1977); 12. DA\.IES and PIRIE (1978); 13. YOUNG, D. R. and co-authors (1979); 14. SIMPSON (1979); 15. MAJORI and co-authors 
(1978a); 16. BOYDEN (1974); 17. BRYAN and HUMMERSTONE (1978); 18. BRYAN and UYSAL (1978); 19. BRYAN (1974); 20. STENNER and NICKLESS (1974a); 
21. BRYAN (1979); 22. NICKLESS and co-authors (1972); 23. YOUNG (1975); 24. PRESTON and co-authors (1972a). 
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M
ethods of detoxlflcation 
T

hese include (i) binding to non-specific high-m
olecular-w

eight proteins or polysac- 
charides (all groups); (ii) binding to specific low

-m
olecular-w

eight proteins of the m
etal- 

lothionein type (m
ost anim

als but less certain in plants); (iii) im
m

obilization in intracel- 
lular inclusions of different types; a high calcium

 level in som
e granules suggests a link 

betw
een m

etal detoxification and calcium
 m

etabolism
 (m

ost anim
als and som

e plants); 
(iv) im

m
obilization by incorporation in shell, skeleton, fur, feathers, etc.; (v) dem

ethyla- 
tion of m

ethyl m
ercury in m

arine m
am

m
als, som

e fish and possibly other groups such as 
birds an

d
 gastropod m

olluscs; (vi) detoxification of arsenic by conversation to less toxic 
organic form

s in m
arine plants an

d
 possibly som

e anim
als, although in the latter the 

intestinal flora m
ay be involved. 

M
ethods of rem

oval from
 the body 

T
hese include (i) loss over body surface by diffusion and excretion-com

prising 
losses 

in secretions an
d

 granules an
d

 by diapedesis of am
oebocytes; (ii) urinary excretion as 

fluid o
r granules; (iii) loss via alim

entary tract; (iv) loss by m
oulting of exoskeleton, fur 

or feathers; (v) incorporation in eggs. 

Relations betw
een levels in biota and environm

enl 
T

here is little evidence that organism
s actively prevent the absorption of m

etals and, 
therefore, the relations betw

een body concentrations and those in the environm
ent m

ay 
largely be determ

ined by m
echanism

s for im
m

obilization an
d

 excretion. 
T

hree types of relation can be recognized: 
(i) T

h
e organism

 excretes the m
etal at a rate proportional to the body burden. If 

intake increases, the body level rises until intake is balanced by excretion. T
h

u
s 

the concentration in the body tends to be proportional to environm
ental avail- 

ability and usually rem
ains constant or falls w

ith increasing size or age (e.g. P
b in 

M
ytilus edulis) . 

(ii) T
h

e organism
 has lim

ited pow
ers of excretion and tends to detoxify and store 

m
etals. In

 this case, the concentration 
in 

the organism
 m

ay still be roughly 
proportional to environm

ental availability, but-unless 
the organism

 grow
s fast 

enough to dilute the m
etal-the 

level in the body tends to increase w
ith age and 

no equilibrium
 level is reached (e.g. H

g
 in m

arlin). 
(iii) 

In
 response to increased 

absorption, the organism
 

increases the efficiency of 
excretion and, therefore, the concentration in the body increases relatively little 
for a considerable increase in environm

ental availability (e.g. Z
n in crabs). 

G
enerally speaking, the m

ore highly evolved form
s including fish and decapod crusta- 

ceans are the best regulators an
d

 the essential m
etals, such as zinc and copper, are better 

regulated than the non-essential, such as lead, cadm
ium

, and especially m
ercury. 

Biom
agnzJication oj'm

elals 
A

lthough 
it is 

possible 
to 

find 
m

any exam
ples 

w
here predators 

contain higher 
heavy-m

etal concentrations than their prey, w
hen the overall situation is considered 

only m
ercury, or m

ore specifically m
ethyl m

ercury, show
s appreciable signs of being 

biologically m
agnified as a result of food-chain transfer. 
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Table 3-23  

Comparison between metal indicator species from a single site in a silver-lead contaminated estuary. Highest concentrations (ppm dry tissue) 
in organisms are in boxes (After BRYAN and co-authors, 1980; reproduced by permission of the authors) 

Mean dry 
weight Metal 

soft parts 
Species (group), sediment (g) Ag Cd CO C r  Cu Fe Mn Ni Pb Zn As Hg Sn 

East Looe estuary (2 km Crom mouth) 

Scrobicularia plana (bivalve) 

~Macoma balfhica (bivalve) 

Nereis diuersuolor (ragworm) 

cMylilus edulis (mussel) 

Cerasloderma edule (cockle) 

Liltorina lillorea (winkle) 

Patella vulgala (limpet) 

&us vesiculosu~ (seaweed) 

Surface sediment (HNO, 
digest; fusion for Sn) 
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ETA
LS (G

. \,V. B
R

Y
A

N
) 

than the w
hole body (A

L
E

X
A

N
D

E
R

 
and Y

O
U

N
G

, 1976). A
nother m

ethod w
hich is attrac- 

tive, is the use of caged, cultivated m
ussels of know

n age as indicators (D
A

V
IE

S
 and 

P
IR

IE
, 1978). A

 study of the num
ber of native M

ytilus calzJornianus 
that m

ust be analysed 
in order to detect a certain percentage difference betw

een 2 sites has been m
ade by 

G
O

R
D

O
N

 and co-authors (1980). F
or a num

ber of m
etals (C

d, C
r, C

u
, N

i, P
b, Z

n) 
som

ew
here betw

een 20 and 
100 individuals need 

to be analysed 
at each site for a 

concentration difference of 20%
 to be detectable. H

ow
ever, about 3 tim

es few
er indi- 

viduals allow
 a difference of 40%

 to be detected. T
h

e absolute num
ber of individuals 

required depends on the site and on the m
etal; for exam

ple, copper and zinc concentra- 
tions are m

uch less variable than those ofcadm
ium

 and lead. O
bservations onScrobicularia 

plana by B
R

Y
A

N
 and co-authors (1980) gave com

parable results, indicating, for the sam
e 

m
etals, that by analysing 3 pooled sam

ples each containing 6 individuals at 2 sites a 
difference of 30 to 40%

 can be detected. 
G

enerally speaking, the best 
biological indicators are not 

the com
m

ercially m
ost 

valuable species. F
ish m

uscle is usually m
onitored in the interests of public health, but is 

hopelessly insensitive to m
ost form

s of m
etallic contam

ination, since the m
etals appear 

to be regulated or the concentrations are inconveniently low
. H

ow
ever, fish are unable to 

regulate m
ercury (largely in the m

ethyl form
) and are arguably the best indicators of 

environm
ental contam

ination w
ith this m

etal if size is taken into account (P
H

IL
L

IP
S

, 
1977). F

or exam
ple, the sand flathead Plaocephalus bassenszs w

as proposed as an indicator 
of m

ercury contam
ination in T

asm
anian coastal w

aters by D
rx

 and co-authors (1975), 
since it is w

idespread, easily caught and non-m
igratory; concentrations of m

ercury in 
m

uscle varied from
 0.03 to 1-06 ppm

 
(w

et) and w
ere clearly related to the levels of 

contam
ination at different sites. 

W
e m

ay sum
m

arize the inform
ation presented on biological m

onitoring as follow
s: 

(i) A
 num

ber of species, m
ainly seaw

eeds and m
olluscs, appear to reflect m

etal levels 
in the environm

ent and are useful as first-order indicators of contam
ination. E

xactly 
w

hich m
etallic species these organism

s reflect is uncertain and it is suggested 
that 

several organism
s of different types are required to assess contam

ination w
ith dis- 

solved, particulate, and sedim
ent-bound m

etals. T
h

ere is no universal indicator. 
(ii) S

ince the concentrations of m
etals in m

ost organism
s are dependent not only on 

am
bient levels but on factors such as body size and tim

e of year, the use of indicators 
requires standardization of technique. 

(5) B
iological E

ffects of M
etals 

(a) E
xperim

ental S
tudies 

Introduction 

T
h

ere is no doubt that the L
C

,, 
(m

edian lethal concentration) approach to m
etal 

toxicity in m
arine species has provided a w

ealth of inform
ation about the effects of 

different m
etals on different species and has revealed 

the m
any factors-chem

ical, 
biological, and environm

ental-w
hich 

m
odify toxicity (cf. B

R
Y

A
N

, 197613). H
ow

ever, 
even after long exposure, LC

, 
concentrations rarely fall w

ithin the range of concentra- 
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V
Y
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L
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R
Y

A
N

) 

D
ays 

Fig. 3-7: Fucus 
vesiculosus. 

EK
ect 

of 
Cu 

on 
grow

th and concentrations in plants from
 3 

contrasting estuaries. E
ach line represents 3 

plants of about 3 cm
 initial length (13 'C

, 
17.5%

0S
, continuous light, no added nutri- 

ents). (A
fter B

R
Y

A
N

, 1980; reproduced 
by 

perm
ission 

of 
B

iologische A
nstalt 

H
elgo- 

land.) 

w
ith an

 ability to function w
ith a high internal concentration (H

A
L

L
 and co-authors, 

1979): C
O

-tolerance to zinc an
d

 cobalt m
ay be explained by the sam

e exclusion m
echan- 

ism
 

(H
A

L
L

, 1980). A
 sim

ilar explanation m
ay also apply to the tolerance of Fucus 

vesiculosus to copper (F
ig. 3-7). A

lthough having a low
er initial grow

th rate, the heavily 
contam

inated w
eed from

 R
estronguet C

reek is able to continue grow
ing in w

ater con- 
taining 0. l ppm

 of copper w
hich prevents grow

th in the w
eed from

 other estuaries. 
A

nalyses of the w
eed before an

d
 after exposure suggest that the tolerant w

eed is prob- 
ably less perm

eable to copper and that this coupled w
ith grow

th dilution helps to lim
it 

the internal concentration. In
 som

e species, the production of extracellular products 
having the capacity to bind m

etals can am
eliorate their effects. 

Polychae tes 
T

h
e evidence available suggests that polychaetes are fairly resistant to heavy m

etals 
(T

ables 3-24, 3-27). In
 the short term

 at least, m
ercury, copper, an

d
 silver are the m

ost 
toxic; 

alum
inium

, chrom
ium

, zinc, an
d

 lead 
are less 

toxic; an
d

 the least toxic are 
cadm

ium
, nickel, cobalt, and selenium

. In
 Arereis diversicolor the acute form

 of toxicity is 
very dependent on the rate of uptake of the m

etal, since this determ
ines the speed w

ith 
w

hich the lethal dose is built u
p

 (T
able 3-24). A

lthough the dose to an
 organism

 is very 
im

portant it is difficult to define. It is not sim
ply the total level in the body since this w

ill 
include m

etals in 
im

m
obilized 

form
s. T

h
e rate of intake is im

portant because this 
determ

ines w
hether the organism

's detoxification m
echanism

s can cope or not. F
or 
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T
h

e m
ajority of studies on the sublethal effects of m

etals on polychaetes concern their 
influence on reproduction in cultures and are considered later (p

. 1379). H
ow

ever, M
C

L
- 

L
E

R
 (1979), w

ho m
easured 

the influence of m
etals on oxygen consum

ption in N
ereis 

diver~lcolor, gives the effective concentrations as 10 ppb, 50 ppb, and 
100 p

p
b

 of cad- 
m

ium
, copper, and lead respectively, and these concentrations of cadm

ium
 and copper 

are realistic in relation to those observed in contam
inated areas (T

able 3-4). A
nother 

process that m
ight be expected to be sensitive to m

etals is the direct uptake of organic 
nutrients from

 the w
ater by som

e polychaetes. H
ow

ever, studies on the uptake ofglycine 
by several species have failed to dem

onstrate effects at realistic m
etal levels (R

IC
E

 and 
C

H
IE

N
, 1977; S

IE
B

E
R

S
 and E

H
L

E
R

S
, 1979). 

Bivalve m
olluscs 

T
h

ere seem
s little doubt that the em

bryonic and larval stages of bivalve m
olluscs are 

the m
ost vulnerable to heavy m

etals. A
lthough m

ercury is the m
ost toxic m

etal, others 
including copper, cadm

ium
, and zinc seem

 m
ost likely to pose problem

s in the field. F
or 

exam
ple, 15 p

p
b

 of copper w
as found to produce deform

ed em
bryos in C

rassostrea uir- 
ginica and 33 p

p
b

 proved 
lethal to the larvae (T

able 3-25). T
h

e adults, on the other 
hand, can w

ithstand long exposure to such levels although, through the im
m

obilization 
of copper, they becom

e green and unpalatable: for exam
ple O

R
T

O
N

 (1923) reported a 
value of about 16,000 ppm

 in a very green specim
en of O

strea edulis, from
 R

estronguet 
C

reek (p
. 1384). V

ery high concentrations of zinc also have been m
easured in contam

i- 
nated oysters (T

able 3-29). T
here is no evidence that such levels are toxic but they 

suggest the anim
als had been exposed to the equivalent of several hundred p

p
b

 of zinc, 
w

hich, as T
ab

le 3-25 show
s, w

ould be toxic to the young stages. 
E

xposure to 100 ppb of cadm
ium

 for about 15 w
k induced poor condition and m

or- 
talities in adult C

rassostrea virginica at a body concentration ofaround 700 ppm
 (S

H
U

S
T

E
R

 
an

d
 P

R
IN

G
L

E
, 1969); how

ever no effects w
ere reported 

by 
Z

A
R

O
O

G
IA

N
 (1980) w

ho 
found over 290 ppm

 of cadm
ium

 in the tissues after exposure to 15 p
p

b
 for 40 w

k. A
bout 

20 p
p

b
 of cadm

ium
 in solution w

as observed to increase m
ortality and reduce grow

th in 
the larvae of C

. gigas (W
A

T
L

IN
G

, 1978) and such a concentration is of the sam
e order as 

those observed in the m
ost contam

inated sea areas (T
able 3-4). In considering these 

results 
it should be rem

em
bered 

that in reality 
m

etallic contam
inants rarely occur 

singly, and at least in oyster em
bryos the effects of m

etals have been 
show

n to be 
additive (M

A
C

IN
N

E
S

 
and C

A
L

A
B

R
E

S
E

, 
1978). In

 addition, m
ost of the w

ork reported in 
T

ab
le 3-25 refers to the effects of m

etals on organism
s not subjected to other stresses. 

T
h

u
s, from

 experim
ents in w

hich salinity, tem
perature, and copper concentrations w

ere 
varied, M

A
C

IN
N

E
S

 
and C

A
L

A
B

R
E

S
E

 
(1979) concluded that copper m

ay produce intoler- 
able effects on the recruitm

ent of oyster em
bryos during periods of low

 salinities and low
 

or high tem
peratures. 

S
ince oysters are fairly tough organism

s, greater sensitivity w
ould be expected in other 

species. A
 thorough study of the com

bined effects of tem
perature, cadm

ium
, and salinity 

on the developm
ent of the larvae ofM

ytilus edulis w
as m

ade by L
E

H
N

B
E

R
G

 
and T

H
E

E
D

E
 

(1979), w
ho reported significant effects at 50 p

p
b

 of cadm
ium

. S
im

ilar w
ork on em

- 
bryonic developm

ent in M
ytilus galloprovincialis by H

R
S

-B
R

E
N

K
O

 
and co-authors (1977) 

show
ed that it w

as retarded by 100 ppb of lead at high tem
perature coupled w

ith low
 

salinity. H
ow

ever, m
ussels seem

 to be m
ost sensitive to copper. A

D
E

M
A

 and co-authors 
(1972) observed 

a high 
m

ortality in adult m
ussels at 25 p

p
b

 of copper and som
e 
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p.
 1

3 1
 1

).
 



3
. P

O
L

L
U

T
IO

N
 D

U
E

 T
O

 H
E

A
V
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E
T

A
L
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 (G

. W
. B

R
Y

A
N

) 

T
oxicity of m

etals to som
e bivalve m

olluscs. C
oncentration 

M
etals 

A
s 

Species, param
eter studied 

R
esult 

A
g 

(arsenite) 
C

d 
C

r 
C

u 

Crarsostrea uirginica 
M

ortality, em
bryos 

D
eform

ity, em
bryos 

M
ortality, larvae 

R
educed shell grow

th, juveniles 
R

educed shell g
ro

w
~

h
, adults 

C
ondition, adults 

Crarsoslrea gigas 
M

ortality of 
5 d larvae 
5 d larvae 

16 d larvae 
25 d spat 

3 m
onth spat 

Settlem
ent, larvae 

O
sfrea cdulis 
M

ortality, larvae 
~M

ortality, adults 

M
ercenaria rnercenaria 
M

ortality, em
bryos 

M
ortality, larvae 

A
rgopeckn irradians 

M
ortality, 2C

L30 m
m

 juveniles 
G

row
th, 1 1-1 7 m

m
 juveniles 

~l.lytilur edulis 
B

ehaviour, adults 

Venerupis decussala 
B

urrow
ing activity 

Prolo!haca slam
im

tu 
~M

ortality, adults 
E

rect on gills 

48 h LC
, 

9 
48 h EC

, 
24 

1
2

d
L

C
5

, 
25 

33%
 in 47 d 

-
 

Inhibition 
-
 

in 20 w
k 

Poor in 7 w
k 

-
 

l ncreased 
96 h LC

, 
96 h L

C
5, 

96 h L
C

5, 
96 h L

C
x, 

D
elay 

4a 
h LC

, 
4a h LC

, 

Shell closure 

30 d LC
,, 

cytotoxic 
response? 

E
xperim

ents on other groups, including copepods, m
ysids, and brine shrim

p, have 
show

n that at low
 m

etal levels the fecundity of som
e species is reduced (e.g. cadm

ium
: 

P
A

F
F

E
N

H
O

F
E

R
 

and K
N

O
W

L
E

S
, 

1978; copper: R
E

E
V

E
 and co-authors, 1977; T

able 3-26), 
developm

ent is delayed and m
ortality increased. It can be concluded from

 T
able 3-26 

that concentrations of copper, cadm
ium

, and zinc, lying w
ithing the ranges observed in 

contam
inated w

aters (T
able 3-4) are likely to inhibit reproduction and developm

ent in 
som

e species of crustaceans, especially w
hen conditions are not optim

al. H
ow

ever, in 
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T a b l e  3-26 

Effects of  low metal  concentrat ions (ppb)  o n  crustaceans (Compiled from the sources indicated) 

Temperature Salinity Concentration 
Metal Animal Species ("C) ( 700) (ppb) Erect Source 

Copepod 

Larval crab 

h~lysid 

Copcpou 

Lobster 

Larval crab 

Tt.yriopus japonicus 

Eurypanopeus depressw 

~Mysidopsis bahia 

18-23 27 

13 combinations 

Ag Crab  larvae Carcinus rnaenas 15 - I Photopositive behaviour depressed AMIARD (1976) 
by prolonged exposure 

Cd Shrimp Pulamoneles pugio 6.5-14 27-3 1.5 200-300 Incipient LCjo PEXH and STEWART 
( 1980) 

Hcrmit crab Pagurus lorrgicarpu, 2.5-7 27-31.5 70 Incipient LC, PEXH and STEIVART 
( 1980) 

Shrimp Palaemonetes pugio 15-25 5- 30 50 Increased mortality as salinity VEKNBERC and co-authors 
decreased (1977) 

Lar\.al crab Rh~lhropanopeus harrisc~ 20-35 10-30 50 Hatch to megolopa development R O S E N B E R C ~ ~ ~  COSTLOW 
time increased under non-optimal (1976) 
conditions 
Time to reach F2 generation D ' A c o s ~ t ~ o  and FINNEY 
more than doubled (1 974) 
Development time from megalopa M I R K E S  and co-authors 
to juvenile crab extended (1978) 
Number of young produced by NIMMO and co-authors 
9 halved: 10.6 ppb gave 90% (1978) 
mortality at 23 d 
50% reduct~on in reproduction PAFFENHOFER and 
rate but not other efects KNOWLES (1978) 
Elevated gill tissue O2 c o n s u m p t i o n T ~ ~ ~ ~ ~ ~ ~  and co-authors 
loss of Mg sensitivity in heart (1977) 
muscle transaminasr after 30 d 
Increased glycolysis. GOLLD (1980) 
Increased mortality under VEKNBERC and co-authors 
suboptimal conditions ( 1974) 



Cu Larval shrimp Pandalus danae 

Copepod Tigrropus japonicus 

Copepod Tzgriopus japoniarsu 

Copepod Acart~o lonsn 

Larval copepod Euchmla japonica 

Copepod Acartra clausi 

Barnacle nauplii Balanus improuisus 

Hg Larval shrimp Palaemoncles uulgarl~ 

Larval crab Eu~panopeu depressus 

Post-larval shrimp t'enacus sct~erus 

Brine shrimp 

Pb Larval crab 

Zn Larval shrimp 

Arlemia sp. 

Rhtlhropanoptus harnsii 

Palaemonele~ pugio 

5 Delay of 5 d in transformation 
from Stage 4 to Stage 5 zoea 

64 Time to reach F2 generation 
more than doubled 

6.4 Cu Time to reach F2 generation 
+ 4.4 Cd more than doubled 

10 Reduced fecundily 

6-7 Reduced survival beyond second 
naupliar sLage 

1 Reduced fecundity 

50 Reduced swimming speed 

"-6 30% morlality ofunfed larvae in 
48-h 

1.8 Depressed swimming rate of 
early zoeal stage 
No elTect on growth, respiration 
or moulting rate: 96 h 
LC, = 17 ppb 

I (methyl) Reduced survival of nauplii from 
treated parents 

50 Hatch to megalopa development 
time increased 

250 Little or no survival of larvae at 
high temperature/low salinity 

Lanlal crab Rhilhropanopew. harnsii 23.5 20 25 Hatch to megalopa development 
time increased 

YOL;SG, J. S. and co-authors 
( 1979) 
D'AGOSTINO and FINNEY 
(1974) 
D'ACOSTINO and FINNEV 
(1974) 
REEVE and co-authors 
(1977) 
LEWIS and co-authors 
(1972) 
M~RAIT~~-AP~ST~L~POU - 
LOU and 
VERRIOP~ULOS (1 979) 
LANC and co-authors 
( 1980) 
SHEALY and SANDIFER 
(1 975) 
MIRKES and co-authors 
(1 978) 
GREEN and co-authors 
(1976) 

CUNNINGHAM and 
GROSCH (1978) 
BENUTS-CLAUS and 
BENIJTS (1975) 
MCKENNEY and NEFF 
(1979) 
BEN~J~~-CLAUS and 
BENIJTS (1975) 
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A
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ETA
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B
R

Y
A

N
) 

C
arcinus m

aenas 
(T

able 3-28), 
tolerance 

to 
copper 

in 
Arcartza 

clausi 
(M

O
R

A
IT

O
U

- 
A

PO
STO

LO
PO

U
LO

U
 and V

E
R

R
IO

P
O

U
L

O
S

, 
1979), tolerance to copper and lead in the fresh 

w
ater isopod Asellus 

m
eridianus (B

R
O

W
N

, 1978), and acclim
ation to cadm

ium
 in the 

copepod Tisbe hololhurzae (H
O

P
P

E
N

H
E

IT
, 1977). 

Echinodenns 
E

arly w
ork show

ing that egg and larval developm
ent in echinoderm

s w
as sensitive to 

m
etals (see also V

olum
e 111: K

IN
N

E
, 1977) has been confirm

ed by m
ore recent studies. 

F
or exam

ple, H
E

S
L

IN
G

A
 (1976) show

ed that larval skeletal developm
ent w

as inhibited 
by 20 p

p
b

 of copper in Echinom
etra m

athaei, and B
O

U
G

IS
 and co-authors (1979) used the 

sensitivity of the larvae ofP
aracenlrotus liuzdus to copper and its m

odification by different 
w

aters as a m
eans of assessing sea w

ater quality. S
im

ilarly, K
O

B
A

Y
A

S
H

I 
(1977) has 

show
n that the form

ation of the pluteus larva in Peronella japonzca 
is sensitive to m

etals. 
T

h
e percentage of norm

al pluteus larvae present 24 h after insem
ination w

as reduced by 
about 10 p

p
b

 of m
ercury, 8

p
p

b
 of copper, 14 ppb of zinc, 600 p

p
b

 of cadm
ium

, and 420 
p

p
b

 of chrom
ium

(V
1) 

Fish S
tudies on the influence of low

 m
etal concentrations of fish are largely concerned w

ith 
the long-term

 effects of soluble form
s. C

A
L

A
B

R
E

SE
 

and co-authors (1975) show
ed that 

exposure of the flounder Pseudopleuronectes am
erzcanus to 5 p

p
b

 of cadm
ium

 for 60 d caused 
oxygen consum

ption to be depressed in the excised gills. N
o effects w

ere observed on 
various haem

atological param
eters such as plasm

a protein level and plasm
a osm

olality, 
nor w

ere any histopathological effects found. H
ow

ever, the synthesis of zinc m
etallo- 

enzym
es w

as stim
ulated so that, although under attack from

 cadm
ium

, their functions 
could continue at a near-norm

al rate (G
O

U
L

D
, 1977). A

daptation to cadm
ium

 exposure 
w

as also observed by D
A

W
S

O
N

 an
d

 co-authors (1977); oxygen consum
ption of excised 

gill tissue from
 the striped bass M

orone saxatilis w
as depressed after 30-d exposure to 0

-5
 

to 5 ppb of cadm
ium

; it returned to near-norm
al after 90-d. A

t 1 ppb of m
ercury, oxygen 

consum
ption w

as unaffected in the sam
e species, but changes observed at 5 ppb sug- 

gested an ability to adapt to the m
etal. 

G
row

th w
as depressed in juvenile plaice Pleuronectes plalessa by 5 ppb of cadm

ium
, but 

this concentration did not affect the d
ab

 Lim
anda lim

anda during 96-d ofexposure (W
E

S
- 

TER
N

H
A

G
EN

 an
d

 co-authors, 1980). O
n

 the other hand, 50 p
p

b
 of cadm

ium
 caused fin 

erosion and m
ortality in both species; how

ever, since som
e fish recovered 

from
 fin 

erosion, it w
as concluded that the effects of cadm

ium
 m

ight not be caused by poisoning 
per se but by the action of pathogenic bacteria exacerbated by cadm

ium
 stress. 

A
lthough 

the osm
oregulatory system

 of fish m
ight 

be expected to be sensitive to 
m

etallic inhibitors, this has not been found to be the case for cadm
ium

 (IM
A

C
IN

N
E

S
 

and co-authors, 1977) or m
ethyl m

ercury (S
C

H
M

ID
T

-N
IE

L
S

E
N

 
and co-authors, 

1977). 
T

h
e latter observed no effect from

 injected m
ethyl m

ercury on electrolyte transport or 
N

a-K
-A

T
P

ase 
activity in the gills ofPseudopleuronectes am

ericanus and concluded that this 
lack of effect m

ight be attributed to enzym
e adaptation or to the synthesis of m

etal- 
lothionein. Induction of m

ercury m
etallothionein in the gills of sea-w

ater adapted eels 
has been observed to give protection 

against the inorganic form
 of the m

etal 
(B

O
U

- 
Q

U
EG

N
EA

U
, 1979). 
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 c
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f c
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 c
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 c
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. 

T
h

e 
re

su
lt

s 
fo

r 
ot

he
r 

es
tu

ar
in

e 
sp

ec
ie

s-
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 c
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d

 D
E

A
N

, 
19

77
; V

O
Y

E
R

 an
d 

co
-a

ut
ho

rs
, 

19
77

, 
19

79
).

 D
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p
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 m
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 b
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 f
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 f
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at
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 l
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 d
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3. PO

LLU
TIO

N
 D
U
E
 T

O
 H

E
A

V
Y

 M
ETA

LS (C
. W

. B
R

Y
A

N
) 

m
ight be involved in a high incidence of prem

ature births in the sam
e species w

as 
studied by M

A
R

T
IN

 and co-authors (1976). T
here w

as certainly evidence for an im
bal- 

ance of m
ercury, selenium

, and brom
ine in prem

ature pups, but no evidence that this 
had anything to d

o
 w

ith m
etallic contam

ination. 
H

eavy m
etals have also been im

plicated in the stranding of w
hales (see also V

olum
e 

11: K
IN

N
E

, 1975, p. 844): S
T

O
N

E
B

U
R

N
E

R
 

(1978) observed H
g/S

e atom
 ratios of about 3 

in the livers of 2 non-gravid fem
ale pilot w

hales com
pared w

ith norm
al values of about 1 

in 2 other stranded anim
als and suggested that the m

ercury-selenium
 

detoxification 
system

 m
ay have broken dow

n (T
able 3-19; see also p. 1345). In

 the sam
e vein, V

IA
L

E
 

(1978) considers that there m
ay be a relation betw

een the beaching of w
hales in the 

M
editerranean an

d
 pollution, particularly the dum

ping of w
astes from

 titanium
 dioxide 

production (p. 1295). 

Seabirds 
H

eavy m
etal residues have on various occasions been cited as a possible contributary 

factor in seabird kills, perhaps as a result of being rem
obilized in starving birds, as 

appears to happen w
ith pesticides. 

F
or exam

ple, a recent report 
in M

arine Pollution 
B

ulletin (1
1

, N
o. 

1) nam
es organic lead as the prim

e suspect in a recent bird-kill in the 
M

ersey estuary (see also p. 1388). In
 addition, ingested lead shotgun pellets have proved 

toxic to som
e species. T

h
ere is also evidence for the toxic effects of m

ercury to fish- 
eating 

birds, 
particularly 

to 
the 

eggs 
(V

E
R

M
E

E
R

 an
d

 
P

E
A

K
A

L
L

, 1977). 
U

nlike 
m

arine m
am

m
als, birds m

ay be unable to dem
ethylate m

ercury and it is certainly 
transferred 

to the eggs. M
allards A

nas pla~rkynchos on a diet having 3 ppm
 (w

et) of 
m

ethyl m
ercury produced eggs containing 6 to 9 ppm

 (w
et) com

pared w
ith <

 0.05 ppm
 

in controls (H
E

IN
Z

, 1974). T
h

e birds w
ere not visibly affected by 12 m

onths on this diet, 
but egg laying w

as reduced and em
bryonic an

d
 duckling m

ortalities w
ere increased. 

E
ggs from

 fish-eating birds m
ay be m

ore tolerant than those of m
allards, since 2 to 16 

ppm
 (w

et) has been reported as having no apparent effect on hatching and fledging in 
herring gulls (V

E
R

M
E

E
R

 and P
E

A
K

A
L

L
, 1977) and 8 ppm

 (w
et) seem

s to be a natural 
level in eggs of the sooty tern Sterna fusca 

(S
T

O
N

E
B

U
R

N
E

R
 

and co-authors, 1980). 

E
ffects on E

xperim
n~

ai Population~ 

E
xperim

ental w
ork w

ith trace m
etals in cultured organism

s ranges from
 that on 

m
icroscopic species such as bacteria having very short generation tim

es, to that on m
uch 

larger organism
s such as polychaete w

orm
s. O

n
e of the possible problem

s w
ith this type 

of w
ork is that the m

ost easily cultured organism
s are frequently the m

ost physiologi- 
cally resistant and, therefore, m

ay not 
be entirely representative 

of the m
ajority of 

species (for details consult V
olum

e 111). 

Bacteria 
S

om
e m

arine bacteria appear to be quite resistant to m
etals, since studies on strains of 

deep-sea bacteria by Y
A

N
G

 and E
H

R
L

IC
H

 (1976) show
ed that grow

th w
as inhibited by a 

m
inim

um
 of l000 ppb of copper and nickel and 5000 ppb of cobalt. O

n
 the other hand, 

other w
ork has revealed effects on glucose assim

ilation at about 1 ppb of m
ercury and 2 

ppb of copper (A
Z

A
M

 and co-authors, 1977; G
IL

L
E

S
P

IE
 and V

A
C

C
A

R
O

, 1978). T
h

e 
effective form

 of copper is the cupric ion C
u2', the level of w

hich depends on the total 
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ct
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 d
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th
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hr
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to
rs

 o
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m
id
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w

hi
ch

 c
ar

ry
 t

he
 g

en
es

 c
on

fe
rr

in
g 

re
si

st
an

ce
, 

w
as

 g
iv

en
 b

y 
S

IL
V

E
R

 an
d

 c
o-

 
au

th
or

s 
(1

97
6)

. O
n

e 
of

 t
he

 m
os

t 
im

po
rt

an
t 

fa
ce

ts
 o

f 
to

le
ra

nc
e 

co
nc

er
ns

 t
he

 a
bi

li
ty

 o
f 

so
m

e 
to

le
ra

nt
 s

pe
ci

es
 t

o 
vo

la
ti

li
ze

 o
r 

m
et

hy
la

te
 m

er
cu

ry
 i

n 
se

di
m

en
ts

 (
p

. 
13

07
).

 O
L

S
O

N
 

an
d 

co
-a

ut
ho

rs
 (

19
79

) 
w

ho
 w

or
ke

d 
on

 m
er

cu
ry

-r
es

is
ta

nt
 s

tr
ai

ns
 f

ro
m

 C
he

sa
pe

ak
e 

B
ay

 
ha

ve
 s

ho
w

n 
th

at
 v

ol
at

il
iz

at
io

n 
of

 m
er

cu
ry

 b
y 

re
du

ct
io

n 
of

 H
i2

' 
or

 o
rg

an
ic

 m
er

cu
ry

 t
o 

m
et

al
li

c 
m

er
cu

ry
 H

gO
 is

 p
la

sm
id

 m
ed

ia
te

d;
 a

 l
os

s 
of

 r
es

is
ta

nc
e 

an
d

 t
he

 c
ap

ab
il

it
y 

to
 

vo
la

ti
li

ze
 m

er
cu

ry
 t

ur
ne

d 
ou

t 
to

 b
e 

as
so

ci
at

ed
 w

it
h 

th
e 

lo
ss

 o
f p

la
sm

id
s 

in
 2

 s
tr

ai
ns

. T
w

o
 

of
 t

he
 r

es
is

ta
nt

 s
tr

ai
ns

 w
er

e 
ab

le
 to

 m
et

hy
la

te
 m

er
cu

ry
, 

bu
t 

th
is

 s
ee

m
s 

to
 b

e 
m

ed
ia

te
d 

by
 

a 
ge

ne
ti

c 
sy

st
em

 d
if

fe
re

nt
 

fr
om

 
th

at
 i

nv
ol

ve
d 

in
 v

ol
at

il
iz

at
io

n.
 O

n
 e

xp
os

ur
e 

of
 t

he
 

m
er

cu
ry

-r
es

is
ta

nt
 b

ac
te

ri
a 

to
 o

th
er

 m
et

al
s 

(C
O

, C
d

, 
Z

n,
 N

i,
 C

r,
 P

b)
 i

t 
w

as
 f

ou
nd

 t
ha

t 
ea

ch
 t

yp
e 

w
as

 a
ls

o 
re

si
st

an
t 

to
 a

t 
le

as
t 

on
e 

ot
he

r 
m

et
al

, a
lt

ho
ug

h 
th

e 
re

si
st

an
ce

 m
ec

ha
n-

 
is

m
, i

n 
th

e 
ca

se
 o

f c
ad

m
iu

m
 a

t l
ea

st
, i

s 
th

ou
gh

t 
to

 in
vo

lv
e 

an
 e

xc
lu

si
on

 p
ro

ce
ss

. 
P

ro
ba

bl
y 

th
ro

ug
h 

a 
li

nk
ag

e 
vi

a 
pl

as
m

id
s,

 b
ac

te
ri

al
 r

es
is

ta
nc

e 
to

 m
et

al
s 

al
so

 a
pp

ea
rs

 to
 b

e 
re

la
te

d 
to

 a
nt

ib
io

ti
c 

re
si

st
an

ce
 (

D
E

V
~

A
S

 
an

d 
co

-a
ut

ho
rs

, 
19

80
).
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 m
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y 
to

 m
ar

in
e 

ph
yt

o-
 

pl
an

kt
on

 h
as

 b
ee

n 
re
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ed
 b

y 
D

A
V

IE
S

 (1
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8)
. H

e 
co
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id

er
ed

 t
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el

ev
an

ce
 o
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ph
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pl
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 c
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 to

 t
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ti

on
 in

 t
he

 f
ie

ld
 a

nd
 s

tr
es

se
d 

th
e 

fa
ct

 t
ha

t 
in

 t
hi

s 
ty

pe
 o

f 
sy

st
em

 t
he

 t
ox

ic
it

y 
of

 m
et

al
s 

is
 s

tr
on

gl
y 

de
pe

nd
en

t 
on

 t
he

 c
om

po
si

ti
on

 o
f 

th
e 

cu
lt

ur
e 

m
ed

iu
m

, 
th

e 
de

ns
it

y 
of

 t
he

 c
ul

tu
re

 a
nd

 m
et

al
 l

os
se

s 
th

ro
ug

h 
ad

so
rp

ti
on

, p
re

ci
pi

- 
ta

ti
on

 o
r 

vo
la

ti
li

za
ti

on
. 

T
h

u
s,

 t
he

 c
on

ce
nt

ra
ti

on
 o

f 
m

et
al

 a
dd

ed
 a

t 
th

e 
st

ar
t 

gi
ve

s 
li

tt
le

 
in

di
ca

ti
on

 o
f 

th
e 

am
ou

nt
 i

nc
or

po
ra

te
d 

in
 t

he
 c

el
ls

 o
n

 w
hi

ch
 t

he
 i

nh
ib

it
io

n 
of

 g
ro

w
th
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N
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U
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E

A
V

Y
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ETA
LS (G

 
\
l
' BR

Y
A

N
) 

m
ercury inhibited the grow

th ofIsochrysis galbana), but hundreds of ppb had no effect on 
D

unaliella tertiolecta (D
I~

V
IE

S
, 

1976). B
ecause of the difficulty of extrapolating the results 

of laboratory culture experim
ents to the field there has been a recent trend tow

ards the 
use of cultures in the field an

d
 the use of natural populations. T

h
e form

er is illustrated 
by the w

ork of E
ID

E
 and co-authors (1979) w

ho cultured laboratory species in dialysis 
sacs im

m
ersed in the zinc-contam

inated w
aters of N

orw
egian fjords. In

 O
rkdalsfjord 

(Z
n

 7 to 54 ppb; C
u

 1.3 to 9
-4

 ppb) S. costaturn 
w

ould 
not grow

, but grow
th in T. 

pseudonana 
responded 

to variations in contam
ination; in S

srfjord w
here the m

inim
um

 
concentration of zinc w

as about 
100 ppb neither this species nor S. costatum

 could 
survive, but P

. tricornutum
 survived at a reduced level of grow

th in w
aters containing 

around 
500 ppb of zinc. A

n 
im

portant point here is that in laboratory culture, P
. 

tricom
i~tum

 w
as unaffected 

by 4000 ppb of zinc plus 250 ppb of copper (B
R

A
E

K
 and 

co-authors, 1976). 
F

rom
 experim

ents on the effect of zinc on the grow
th of m

ultispecies 
cultures of 

phytoplankton, K
A

Y
S

E
R

 (1977) concluded that m
ixtures of species are m

ore sensitive 
than single species and that this m

ight also apply in the field. C
ertainly, studies on 

natural populations of phytoplankton have show
n them

 to be quite sensitive: thus, 
D

A
V

IE
S

 an
d

 S
L

E
E

P
 (1979/1980) found that the carbon fixation rate w

as depressed by 
about 15 p

p
b

 of zinc or 1 to 2.5 ppb of copper-levels 
often exceeded in contam

inated 
areas. In

 a recent study by T
H

O
M

A
S

 
and co-authors (1980) the toxicity of a m

ixture of 
10 m

etals (A
s, C

d
, C

r, C
u

, H
g, N

i, P
b, S

b, S
e, Z

n) w
as studied in natural populations. 

T
h

e
 com

position of this m
ixture approxim

ated the concentrations found in m
oderately 

contam
inated w

aters (e.g. 0.15 ppb H
g, 0.75 ppb C

d
, 3 ppb C

u
) but it had no effect on 

phytoplankton grow
th. H

ow
ever, a 5-fold increase in concentration did inhibit grow

th, 
and deletion of m

etals from
 the m

ixture show
ed that copper and m

ercury w
ere the cause 

of toxicity. It w
as also observed that the dom

inance of certain species in natural phyto- 
plankton w

as changed by m
etal contam

ination. 
M

ost of the evidence points to m
ercury and copper as being particularly toxic to 

phytoplankton. H
ow

ever, the effects of zinc cannot be ignored since it is such a com
m

on 
contam

inant, an
d

 there is certainly som
e evidence for the influence of low

 levels of lead 
an

d
 cadm

ium
, although generally speaking their toxicity is low

 (D
A

V
IE

S
, 1978). F

or 
exam

ple, R
IV

K
IN

 (1979) observed inhibition of grow
th in Skeletonem

a costaturn at less than 
10 p

p
b

 of lead. B
E

R
L

A
N

D
 an

d
 co-authors (1976) established inhibition of grow

th in 
C

ylindrotheca closterium
 at 5 p

p
b

 ofcadm
ium

, and K
A

Y
S

E
R

 and S
P

E
R

L
IN

G
 

(1980) recorded 
inhibition in Prorocentrum

 m
icans at about 1 ppb of cadm

ium
. 

- 
T

h
e m

echanism
s by w

hich species of phytoplankton handle m
etals are only gradually 

becom
ing understood. In the case of arsenate, w

hich com
petes w

ith phosphate and can 
inhibit prim

ary productivity in Skeletonem
a costatum

 at very low
 levels, conversion to an 

organic form
 occurs, one of the products being the relatively non-toxic dim

ethylarsine 
(A

N
D

R
E

A
E

 and K
L

U
M

P
P

, 1979; S
A

N
D

E
R

S
, 19

7
9

~
). 
T

h
e high tolerance of D

unaliella ter- 
tiolecla to m

ercury is thought to be partially dependent on a slow
 rate of uptake, but 

largely dependent on the precipitation of the m
etal w

ithin the cell as sulphide, since the 
species produces hydrogen sulphide (D

A
V

IE
S

, 1976). In
 S. costatum

 no evidence could be 
found for the detoxification of m

ercury by m
etallothionein, 

although low
-m

olecular- 
w

eight proteins m
ay detoxify copper and zinc (C

L
O

U
T

IE
R

-M
A

N
T

H
A

 
and B

R
O

~
V

N
, 

1980). 
T

h
e adaptation of a population to m

etal contam
ination has been studied by L

I (1979) 
w

ho observed physiological adaptations in Thalassiosira w
eissJogii 

follow
ing prolonged 
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 1
8 

d,
 B

E
R

K
 

an
d 

co
-a

ut
ho

rs
 (

19
78

) 
fo

un
d 

th
at

 t
ol

er
an

ce
 t

o 
m

er
cu

ry
 i

n 
U

. 
ni

gr
ic

an
s 

w
as

 i
nc

re
as

ed
 

w
it

hi
n 

a 
si

ng
le

 g
en

er
at

io
n 

by
 f

ee
di

ng
 w

it
h 

m
er

cu
ry

-l
ad

en
 b

ac
te

ri
a.

 

Co
el

en
te

ra
le

s 
O

u
r 

kn
ow

le
dg

e 
of

 t
he

 e
ff

ec
ts

 o
f 

m
et

al
s 

on
 c

oe
le

nt
er

at
es

 i
s 

la
rg

el
y 

co
nf

in
ed

 t
o 

m
ar

in
e 

hy
dr

oi
ds

. 
In

 E
ir

en
e 

vi
ri

du
la

 m
or

ph
ol

og
ic

al
 a

bn
or

m
al

it
ie

s 
w

er
e 

pr
od

uc
ed

 b
y 

as
 li

tt
le

 a
s 

1 
to

 3
.3

 p
pb

 o
f 

m
er

cu
ry

, 3
0 

to
 6

0 
p

p
b

 o
fc

op
pe

r,
 1

00
 to

 3
00

 p
pb

 o
f c

ad
m

iu
m

, 
10

00
 to

 3
00

0 
pp

b 
of

 l
ea

d 
an

d
 1

50
0 

to
 3

00
0 

p
p

b
 o

f 
zi

nc
 (

K
A

R
B

E
, 1

97
2)

. C
on

se
qu

en
tl

y,
 K

A
R

B
E

 pr
o-

 
po

se
d 

E
. 

vi
ri

du
la

 a
s 

a 
po

ss
ib

le
 b

io
as

sa
y 

or
ga

ni
sm

. 
T

hi
s 

th
em

e 
ha

s 
be

en
 c

on
ti

nu
ed

 b
y 
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\lE
T

r\L
S

 
(G

. \\'. B
R

Y
.43) 

S
T

E
B

B
IN

G
 

(1976) w
ho show

ed that the colonial grow
th rate of C

am
panulariaJlexuosa 

w
as 

sensiti\:e to as little as 1.6 to 1.7 ppb of m
ercury, 10 to 13 ppb of copper and 1 10 to 280 

p
p

b
 of cadm

ium
. T

h
e effect of these m

etals invol\,es increased lysosom
al hydrolase 

activity, and by em
ploying a cytochem

ical staining reaction the effective threshold w
as 

reduced to 0
- 17 ppb of m

ercury, 1.2 to 1.9 ppb of copper and 4
0

 to 75 ppb of cadm
ium

 
(M

O
O

R
E

 an
d

 S
T

E
B

B
IN

G
, 1976). P

retreatm
ent of the colonies w

ith 
10 ppb of copper 

failed to induce additional tolerance, although it w
as suggested that sequestration of 

copper occurs in endoderm
al cell lysosom

es. 
T

h
e

 effect of cadm
ium

 on the hydroid C
lava m

ulticornis at the various tem
peratures and 

salinities show
ed that after a 6-W

 exposure the sublethal threshold concentration of 200 
p

p
b

 w
as unaffected by com

binations of 5 to 20 "C
 an

d
 10 to 25%

&
 (FISC

H
E

R
, 1978). 

A
nother hydroid, Laom

edea loueni, w
as m

ore sensitive to cadm
ium

. C
oncentrations pro- 

ducing irreversible retraction of 50%
 of the hydranths after 7-d exposure varied from

 3 
p

p
b

 at 
17 "C

 and 
10%

0S to 80 ppb at 7.5 "C
 and 25%

&
 (T

H
E

E
D

E
 and co-authors, 

1979a). U
ptake studies dem

onstrated that accum
ulation of the m

etal occurred m
ore 

rapidly at higher tem
peratures, but w

as insensitive 
to a salinity change from

 
10 to 

3
5

%
0

S
alth

o
u

g
h

, in 
theory, reduced 

chloride com
plexation should 

m
ake the m

etal 
m

ore readily available at low
 salinity (p

. 13 1 1). 

T
able 3-27 

E
rects of m

etals on survi\.al and reproduction ofcultured polychaete w
orm

s (A
fter R

EISH
, 1978; 

PE
T

R
IC

H
 and REISH, 1979; m

odified; reproduced 
by perm

ission 
of the R

evue 
Internationale 

d'O
cC

anographie M
edicale, S

pringer-V
erlag) 

T
est conditions 

C
oncentration in w

ater (ppm
) 

and effects 
H

g
 

C
u 

A
I 

C
r 

Z
n 

P
b 

N
i 

C
d

 

96 h L
C

, 
C

onc. significantly 
suppressing reproduction 

96 h LC
,, 

C
onc. significantly 

suppressing reproduction 

96 h L
C

, 
C

onc. significantly 
suppressing reproduction 

96 h
 LC

, 
C

onc. significantly 
suppressing reproduction 

O
phryotrocha diademo 

0.09 
0.16 

N
D

 
>5.0 

2.7 
14.0 

N
L), N

o
r determ

ined. 
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L
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 T

hi
s 

is
 p

ar
ti

cu
la

rl
y 

tr
ue

 f
or

 c
hr

om
iu

m
 a

nd
 p

ro
ba

bl
y 

re
fl

ec
ts

 i
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 s
lo

w
 

up
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ke
 b
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th

e 
w

or
m
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nd

 
he
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th
e 

sl
ow

er
 a

tt
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en

t 
of

 a
 t

ox
ic

 d
os

e.
 I

n 
C

te
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dr
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se
rr
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us
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fo

r 
ex
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pl

e,
 r

ep
ro

du
ct

io
n 

is
 a

ff
ec

te
d 

by
 e

qu
al

 c
on

ce
nt

ra
ti

on
s 

of
 c

hr
om

iu
m

 a
nd

 
m

er
cu

ry
, 

al
th

ou
gh

 t
he

 L
C

,,
 c

on
ce

nt
ra

ti
on

s 
di

ff
er

 b
y 

a 
fa

ct
or

 o
f 

al
m

os
t 

50
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cl
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ca
l 

ex
am
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 d

if
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he
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 t
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N
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97
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 s

ho
w

ed
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ha
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r 
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 d
 e

xp
os

ur
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to
 1

0,
 1

00
, a

nd
 l

00
0 

pp
b,

 c
on

ce
nt

ra
ti

on
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of
 

79
, 

31
5,

 a
nd

 1
70

8 
pp

m
 w

er
e 

re
ac

he
d 

by
 t

he
 w

or
m

s.
 T

h
e 

le
ve
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 i

n 
62

 t
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11
6-

da
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w
or

m
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 c
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ra
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m
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in
 t
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 e

gg
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E

D
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 s
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ed
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ff

ec
ts

 o
f 

20
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pp
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 c

ad
m
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ph
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at
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 d
if

fe
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nt
 s

al
in

it
ie
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0,
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5,
 3

0%
0S

) o
ve

r 
3 

ge
ne
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ti
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s.

 L
ow

 s
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in
it

y 
an

d 
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dm
iu

m
 c

au
se

d 
a 

re
du

ct
io

n 
in

 g
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w
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e,
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ro
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ng
ed

 t
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im

e 
to

 r
ea

ch
 s

ex
ua

l 
m

at
ur

- 
it

y,
 a

nd
 r

ed
uc

ed
 s

iz
e 

at
 m

at
ur

it
y.

 A
t 

th
e 

lo
w

es
t 

sa
li

ni
ty

 a
nd

 4
00

 p
p

b
 o

f 
ca

dm
iu

m
, 

th
e 

fi
rs

t 
ge

ne
ra

ti
on

 w
as

 u
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bl
e 

to
 p

ro
du

ce
 v
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bl

e 
la
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ae

: 
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 t
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ig

he
r 
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, 
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ev
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m

 b
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ge
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ra
ti
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s.
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n 

co
m
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bl
e 
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ri
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en
ts

 w
it

h 
th

e 
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el

id
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in
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lu

s 
gy

ro
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s,
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cr
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to

le
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e 

to
 c
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m

iu
m

 a
nd

 m
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ct

in
g 

to
ge
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 w
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 o
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er
ve

d 
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0%

0S
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t 
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 2
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&

 t
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pt
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n 

m
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ha
ni
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 s
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m

ed
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D
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T
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 r
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 s
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en
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m
er

cu
ry
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or
th

 S
ea

 c
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st
al

 p
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m
m

un
it
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 W

he
n 

5 
pp

b 
w

er
e 

ad
de

d 
to

 t
hi

s 
sy

st
em

, 
th

e 
m

er
cu

ry
 d

is
ap

pe
ar

ed
 r

ap
id

ly
 f

ro
m

 t
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 w
at

er
 s

om
e 
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g 
de
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si

te
d 
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 t
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se
di

m
en
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ow
ev

er
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m
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 r
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w
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 m
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 c
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 c
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V
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ETA
LS (G

. \V
. B

R
Y

A
N

) 

no overall effect on the structure or size of the phytoplankton or zooplankton populations 
(D

A
V

IE
S

 and G
A

M
B

L
E

, 1979). M
ercury w

as, how
ever, lost rapidly from

 the w
ater, the 

reactive m
ercury level falling to about 0

-2
 p

p
b

 in only 4 d
. O

n
 the other hand, the 

addition of 10 ppb caused a 10-fold decrease in the biom
ass of zooplankton and other 

obvious effects. E
ssentially sim

ilar results over 72 d w
ere observed in the S

aanich Inlet 
enclosures, w

ith m
arked transitory effects on bacteria and phytoplankton at 1 ppb but 

fairly obvious effects at 5 p
p

b
 (G

R
IC

E
 and M

E
N

Z
E

L
, 1978). H

ow
ever, reduced grow

th of 
chum

 salm
on at the 5 p

p
b

 level w
as attributed to the reduced availability ofzooplankton 

for food rather than to the direct effect of m
ercury. 

A
lthough som

e effects have been observed w
ith the addition of Ippb of m

ercury (and 
10 ppb of copper) to these system

s, it has proved dificult in som
e cases to separate the 

effects of m
etals from

 the added stresses of enclosure. In fact, S
T

E
E

L
E

 (1979) points out 
that large-tank experim

ents involving a sim
ple phytoplankton-T

ellina 
tenuis-0-group 

plaice food chain have proved to be m
ore sensitive to m

ercury and copper than the m
ore 

natural enclosed ecosystem
s. E

ffects on the carbon fixation rate of phytoplankton in the 
tanks w

ere observed at a copper concentration about 4 p
p

b
 higher than the control 

(SA
W

A
R

D
 and co-authors, 1975) and at 0.1 p

p
b

 of m
ercury various effects w

ere observed 
including a decrease in 

the grow
th of plaice 

(S
T

E
E

L
E

, 1979). H
ow

ever, unlike the 
enclosures, the w

ater in the tank experim
ents w

as gradually replaced and the m
etal 

levels m
aintained 

by additions 

E
xperim

ental Toxicity Studies-Sum
m

ary 

(i) 
T

h
e relative toxicity of m

etals m
ay be exem

plified as follow
s: 

(a) N
atural 

phytoplankton 
(grow

th); H
g >

>
 C

u >
 P

b >
 A

s(v) >
 Z

n =
 C

d >
 N

i, 
C

~
(V

I), 
S

h, S
e, A

S
(III) (H

O
L

L
IB

A
U

G
H

 
and co-authors, 1980). 

(b
) P

hytoplankton 
D

itylum
 

brightw
ellii 

(grow
th); 

H
g >

 A
g >

 C
u >

 P
b >

 C
d

 >
 

Z
n

 >
 T1 (C

A
N

T
E

R
F

O
R

D
 and C

A
N

T
E

R
F

O
R

D
, 

1980). 
(c) 

S
eaw

eeds (grow
th); H

g
 (org.) >

 H
g

 (inorg.) >
 C

u >
 A

g >
 Z

n
 >

 C
d >

 P
b 

(p. 3- 75). 
(d

) H
ydroid E

irene v
i~

id
~

la 
(m

orphological abnorm
alities); H

g
 >

 C
u >

 C
d >

 P
b >

 Z
n 

(K
A

R
B

E
, 1972). 

(e) 
P

olychaete C
tenodrilus serratus (reproduction); H

g
 =

 C
r(v1) >

 C
u >

 A1 >
 Z

n >
 N

i >
 

P
b >

 C
d (R

E
IS

H
, 1978; P

E
T

R
IC

H
 and R

E
IS

H
, 1979). 

(0 
M

ollusc em
bryos C

rassostrea virginica (48 h L
C

,); 
H

g
 >

 A
g >

 C
u

 >
 Z

n >
 N

i >
 P

b 
>

 C
d

 >
 A

S
(III) >

 C
~

(III) 
>

 M
n (C

A
L

A
B

R
E

S
E

 
an

d
 co-authors, 1973). 

(g) E
chinoderm

 larvae Peronellajaponica (developm
ent); H

g =
 C

u >
 Z

n >
 C

r(v1) >
 C

d 
(K

O
B

A
Y

A
S

H
I, 
1977). 

(h
) C

opepod N
itocra spinipes (96 h L

C
,); 

H
g >

 Z
n

 >
 C

d =
 C

u >
 C

O
 >

 N
i >

 A
I >

 F
e 

>
 M

n (B
E

N
G

T
S

S
O

N
, 

1978). 
G

enerally 
speaking 

the 
m

ost 
rapidly 

absorbed 
m

etals-m
ercury, 

copper, 
and 

silver-are 
the 

m
ost 

toxic, 
but 

for 
others-including 

cadm
ium

, 
lead, 

zinc, 
and 

chrom
ium

(v1)-the 
toxicities are extrem

ely variable depending not only on the per- 
m

eability of the particular species to the m
etal but also on its capacity to detoxify the 

m
etal. T

h
e length 

of toxicity experim
ents is quite im

portant since a m
etal such as 

cadm
ium

 or chrom
ium

 w
hich is absorbed slow

ly m
ight ultim

ately prove m
ore toxic 

relative to say m
ercury than w

ould be predicted from
 short-term

 experim
ents. 
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(i
i)

 F
ac

to
rs

 a
ff

ec
ti

ng
 t

he
 t

ox
ic

it
y 

of
 a

 m
et

al
 i

n 
a 

pa
rt

ic
ul

ar
 s

pe
ci

es
 a

re
: 

(a
) 

F
or

m
 o

f 
th

e 
m

et
al

 i
n 

th
e 

en
vi

ro
nm

en
t;

 t
hi

s 
go

ve
rn

s 
it

s 
av

ai
la

bi
li

ty
 f

or
 b

io
ac

cu
m

ul
a-

 
ti

on
. 

(b
) 

P
re

se
nc

e 
of

 o
th

er
 m

et
al

s 
o

r 
po

is
on

s;
 t

he
ir

 i
nf

lu
en

ce
 m

ay
 r

an
ge

 f
ro

m
 a

 m
or

e-
th

an
- 

ad
di

ti
ve

 i
nc

re
as

e 
in

 t
ox

ic
it

y 
on

 t
he

 o
ne

 h
an

d 
to

 a
nt

ag
on

is
ti

c 
ef

fe
ct

s 
on

 t
he

 o
th

er
. 

(c
) 

E
nv

ir
on

m
en

ta
l 

fa
ct

or
s 

(t
em

pe
ra

tu
re

, 
sa

li
ni

ty
, 

p
H

, 
di

ss
ol

ve
d 

ox
yg

en
, 

li
gh

t)
; 

th
es

e 
m

ay
 in

fl
ue

nc
e 

to
xi

ci
ty

 b
ot

h 
by

 c
ha

ng
in

g 
th

e 
sp

ec
ia

ti
on

 o
f t

he
 m

et
al

 a
n

d
 b

y 
ch

an
gi

ng
 

th
e 

ph
ys

io
lo

gi
ca

l 
st

re
ss

 o
n

 th
e 

or
ga

ni
sm

, t
o 

w
hi

ch
 t

ha
t o

f t
he

 m
et

al
 is

 o
ft

en
 a

dd
it

iv
e.

 
(d

) 
C

on
di

ti
on

 o
f t

he
 o

rg
an

is
m

 (
ph

as
e 

of
li

fe
 c

yc
le

, a
ge

, s
iz

e,
 s

ex
, n

ut
ri

ti
on

al
 s

ta
te

, e
tc

.)
 i

s 
ex

tr
em

el
y 

im
po

rt
an

t;
 f

or
 e

xa
m

pl
e 

th
e 

em
br

yo
ni

c 
an

d
 l

ar
va

l 
st

ag
es

 o
f 

bi
va

lv
e 

m
ol

- 
lu

sc
s 

ar
e 

fa
r 

m
or

e 
vu

ln
er

ab
le

 t
ha

n 
th

e 
ad

ul
ts

. 
(e

) 
A

bi
li

ty
 t

o 
av

oi
d 

th
e 

w
or

st
 c

on
di

ti
on

s 
by

, 
fo

r 
ex

am
pl

e,
 s

he
ll

 c
lo

su
re

. 
(F

) 
A

bi
li

ty
 t

o 
ad

ap
t 

to
 m

et
al

s:
 i

m
pr

ov
em

en
ts

 i
n 

th
e 

ab
il

it
y 

to
 d

et
ox

if
y 

m
et

al
s 

m
ay

 b
e 

in
du

ce
d 

in
 i

nd
iv

id
ua

ls
 o

f s
om

e 
sp

ec
ie

s 
by

 e
xp

os
ur

e 
to

 s
ub

le
th

al
 le

ve
ls

 a
n

d
 in

 p
op

ul
a-

 
ti

on
s 

fr
om

 c
on

ta
m

in
at

ed
 a

re
as

 m
et

al
 

to
le

ra
nc

e 
so

m
et

im
es

 h
as

 a
 g

en
et

ic
 b

as
is

. 
R

ed
uc

ed
 m

et
al

 p
er

m
ea

bi
li

ty
 i

s 
a 

fa
ir

ly
 c

om
m

on
 g

en
et

ic
 a

da
pt

at
io

n.
 

(i
ii

) 
L

if
e 

fu
nc

ti
on

s 
m

os
t 

se
ns

it
iv

e 
to

 m
et

al
s:

 
T

h
er

e 
ar

e 
no

 c
le

ar
 c

on
cl

us
io

ns
 t

o 
be

 d
ra

w
n,

 s
in

ce
 t

he
 n

um
be

rs
 a

nd
 t

yp
es

 o
f 

st
ud

y 
w

hi
ch

 h
av

e 
be

en
 c

ar
ri

ed
 o

ut
 v

ar
y 

so
 m

uc
h 

be
tw

ee
n 

di
ff

er
en

t 
ph

yl
a.

 H
ow

ev
er

, 
gr

ow
th

 o
f 

in
di

vi
du

al
s 

or
 o

f 
po

pu
la

ti
on

s 
ha

s 
ge

ne
ra

ll
y 

pr
ov

ed
 t

o 
be

 p
ar

ti
cu

la
rl

y 
se

ns
it

iv
e 

to
 m

et
al

s.
 

E
ve

n 
m

or
e 

im
po

rt
an

t,
 e

m
br

yo
ni

c 
an

d 
la

rv
al

 d
ev

el
op

m
en

t 
ha

s 
be

en
 s

ho
w

n 
to

 b
e 

vu
ln

er
- 

ab
le

 to
 lo

w
 m

et
al

 le
ve

ls
 i

n 
va

ri
ou

s 
ph

yl
a,

 a
n

d
 s

o 
al

so
 h

as
 f

ec
un

di
ty

, a
lt

ho
ug

h 
th

e 
nu

m
be

r 
of

 s
tu

di
es

 o
n 

th
is

 t
op

ic
 i

s 
fa

ir
ly

 l
im

it
ed

. 
O

xy
ge

n 
ut

il
iz

at
io

n 
an

d
 t

he
 f

un
ct

io
ns

 o
f 

va
ri

ou
s 

en
zy

m
es

 a
ls

o 
nu

m
be

r 
am

on
g 

th
e 

m
os

t 
m

et
al

-s
en

si
ti

ve
 p

ro
ce

ss
es

, 
al

th
ou

gh
 i

t 
is

 n
ot

 
al

w
ay

s 
cl

ea
r 

ho
w

 s
ig

ni
fi

ca
nt

 s
om

e 
of

 t
he

se
 o

bs
er

va
ti

on
s 

ar
e 

in
 t

er
m

s 
of

 t
he

 s
ur

vi
va

l 
of

 
or

ga
ni

sm
s 

an
d

 p
op

ul
at

io
ns

. 
F

or
 i

ns
ta

nc
e,

 t
he

re
 i

s 
ev

id
en

ce
 t

ha
t 

su
ch

 m
et

al
-i

nd
uc

ed
 

ch
an

ge
s 

ca
n 

be
 c

om
pe

ns
at

ed
 

fo
r,

 
at

 l
ea

st
 

in
 s

om
e 

sp
ec

ie
s,

 
by

 
ad

ap
ti

ve
 p

ro
ce

ss
es

, 
al

th
ou

gh
 t

hi
s 

pr
es

um
ab

ly
 i

nv
ol

ve
s 

th
e 

ut
il

iz
at

io
n 

of
 a

dd
it

io
na

l 
en

er
gy

. 
(i

v)
 E

xp
er

im
en

ta
l 

to
xi

ci
ty

 i
n 

re
la

ti
on

 t
o 

re
al

 e
nv

ir
on

m
en

ta
l 

co
nc

en
tr

at
io

ns
: 

In
fo

rm
at

io
n 

fr
om

 t
he

 f
or

eg
oi

ng
 p

ag
es

 o
n

 t
he

 t
ox

ic
it

y 
of

 5
 m

et
al

s 
is

 c
om

pa
re

d 
in

 F
ig

. 
3-

8 
w

it
h 

th
e 

se
a 

w
at

er
 c

on
ce

nt
ra

ti
on

s 
fr

om
 d

if
fe

re
nt

 a
re

as
 a

ls
o 

re
po

rt
ed

 i
n 

th
is

 r
ev

ie
w

. 
T

h
e 

fi
gu

re
 d

oe
s 

no
t 

in
cl

ud
e 

th
e 

va
st

 p
ro

po
rt

io
n 

of
 t

ox
ic

it
y 

d
at

a 
w

hi
ch

 c
on

ce
rn

s 
co

m
- 

pl
et

el
y 

un
re

al
is

ti
c 

co
nc

en
tr

at
io

ns
, a

n
d

 is
 a

ls
o 

bi
as

ed
 i

n 
th

e 
se

ns
e 

th
at

 n
eg

at
iv

e 
re

su
lt

s 
ar

e 
ex

cl
ud

ed
. 

In
 a

dd
it

io
n,

 t
he

 w
at

er
 c

on
ce

nt
ra

ti
on

s 
ar

e 
fa

r 
fr

om
 c

om
pr

eh
en

si
ve

 b
ut

 a
re

 
th

ou
gh

t 
to

 c
ov

er
 f

ai
rl

y 
ac

cu
ra

te
ly

 t
he

 f
ul

l 
ra

ng
e 

of
 v

al
ue

s 
ob

se
rv

ed
 i

n 
th

e 
fi

el
d.

 
M

er
cu

ry
 is

 u
nd

ou
bt

ed
ly

 t
he

 m
os

t 
to

xi
c 

m
et

al
 b

ut
 t

he
re

 is
 a

 p
au

ci
ty

 o
fe

vi
de

nc
e 

fo
r 

it
s 

to
xi

ci
ty

 a
t 

co
nc

en
tr

at
io

ns
 b

el
ow

 1
 p

pb
. 

H
ow

ev
er

, 
th

e 
te

nd
en

cy
 f

or
 m

er
cu

ry
 t

o 
di

sa
pp

ea
r 

fr
om

 e
xp

er
im

en
ta

l 
so

lu
ti

on
s 

pr
ob

ab
ly

 m
ea

ns
 t

ha
t 

in
 m

an
y 

ex
pe

ri
m

en
ts

 a
ct

ua
l 

ex
po

su
re

 
le

ve
ls

 w
er

c 
pe

rh
ap

s 
ha

lf
 t

he
 n

om
in

al
 c

on
ce

nt
ra

ti
on

s 
or

 e
ve

n 
le

ss
. 

E
ve

n 
so

, 
se

a 
w

at
er

 
co

nc
en

tr
at

io
ns

 e
xc

ee
di

ng
 0

.5
 p

pb
 h

av
e 

on
ly

 r
ar

el
y 

be
en

 f
ou

nd
 a

nd
 l

ev
el

s 
ex

ce
ed

in
g 

I 
pp

b 
in

 F
ig

. 
3-

8 
ar

e 
co

nf
in

ed
 t

o 
M

in
am

at
a 

B
ay

 
(J

ap
an

) 
an

d
 a

 h
ig

h 
va

lu
e 

fr
om

 t
he

 
D

er
w

en
t 

es
tu

ar
y 

(T
as

m
an

ia
) 

(T
ab

le
 3

-4
).

 
A

lt
ho

ug
h 

ge
ne

ra
ll

y 
le

ss
 t

ox
ic

 t
ha

n 
m

er
cu

ry
, 

co
pp

er
 p

os
se

ss
es

 c
on

si
de

ra
bl

e 
to

xi
ci

ty
 t

o 
so

m
e 

sp
ec

ie
s 

of
 p

hy
to

pl
an

kt
on

, 
em

br
yo

ni
c 

bi
va

lv
e 

m
ol

lu
sc

s,
 a

n
d

 c
ru

st
ac

ea
ns

. 
T

he
se

 
to

xi
c 

co
nc

en
tr

at
io

ns
 a

re
 w

el
l 

w
it

hi
n 

th
e 

ra
ng

e 
of

 v
al

ue
s 

ob
se

rv
ed

 i
n 

va
ri

ou
s 

co
nt

am
i-

 
na

te
d 

ar
ea

s.
 H

ow
ev

er
, 

th
e 

to
xi

ci
ty

 o
f 

co
pp

er
 a

pp
ea

rs
 to

 b
e 

de
pe

nd
en

t 
up

on
 t

he
 c

on
ce

n-
 

tr
at

io
n 

of
 fr

ee
 c

up
ri

c 
io

ns
 a

n
d

 th
is

 is
 v

er
y 

de
pe

nd
en

t 
o

n
 th

e 
pr

es
en

ce
 o

f d
is

so
lv

ed
 o

rg
an

ic
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0
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C
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D
M

IU
M

 
-m

 0
 

0
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0
0

 
d
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D
 

ppb In w
ater 

F
ig. 3-8: C

om
parison of concentrations affect- 

ing organism
s under experim

enral conditions 
w

ith 
those actually found 

in 
'norm

al' 
and 

contam
inated sea areas. O

nly values given 
in this review

 are used. (O
riginal) 

D
 P

a
le

m
 

l
 P

h
yto

p
b

&
n

 
o

 C
llutes 

ligands. T
h

u
s the potential effects of a relatively high dissolved copper level m

ay be 
am

eliorated by, for exam
ple, the presence of hum

ic acids. T
h

e toxic level of cupric ions 
to som

e species m
ay be extrem

ely low
 an

d
 several w

orkers have suggested that in the 
absence of chelators copper m

ay be toxic to som
e species at natural concentrations. 

T
h

ere is certainly evidence from
 som

e species of phytoplankton, crustaceans, and fish 
that effects of cadm

ium
 m

ay be expected at concentrations such as have been observed 
in the field. O

n
 the other hand, there is a lot of evidence supporting the view

 that 
cadm

ium
 has little effect on the m

ajority of species. 
A

lthough zinc is not regarded as being particularly toxic and is the best regulated of 
all m

etals, it is a very com
m

on contam
inant and potentially toxic concentrations have 

been observed in a num
ber of different sea areas. 

T
h

e
 threat from

 inorganic lead to m
arine organism

s seem
s to be very sm

all, since 
-
 

-
 

there is little evidence that environm
ental concentrations ever approach toxic levels. 

H
ow

ever, it m
ay be som

ew
hat prem

ature to ignore lead com
pletely in view

 of our 
general ignorance about the environm

ental cycling of the relatively 
toxic alkyl lead 

com
pounds (p

p
. 1310 and 1374). 

a
 Seaw

eed 
H

yd
rad

s 
0
 P

olydaetes 

.
 .
 

  here is little evidence to suggest that any of the other m
etals or m

etalloids in solution 
is likely to pose problem

s except under rather exceptional circum
stances. H

aving said 

M
dluscs 

0
 C

rustaceom
 

0
 E

ch
m

d
erm

s 

a
 F

ish 
L

~
o

r
m

i
~

~
 

t--1C
m

tarnm
 SW
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th
is

, 
it 

is
 p

er
ha

ps
 w

or
th

 p
oi

nt
in

g 
ou

t 
th

at
 p

ra
ct

ic
al

ly
 a

ll
 t

he
 t

ox
ic

ity
 

d
at

a 
re

la
te

 t
o 

co
nc

en
tr

at
io

ns
 i

n 
so

lu
ti

on
 w

he
n 

w
e 

kn
ow

 t
ha

t 
in

 m
an

y 
an

im
al

s 
fo

od
 a

nd
 p

ar
ti

cu
la

te
s 

ar
e 

th
e 

m
aj

or
 s

ou
rc

es
 f

or
 a

cc
um

ul
at

io
n.

 F
or

 e
xa

m
pl

e,
 s

om
e 

of
 o

ur
 r

ec
en

t 
w

or
k 

on
 t

he
 

to
xi

ci
ty

 o
f 

co
nt

am
in

at
ed

 s
ed

im
en

ts
 t

o 
bi

va
lv

e 
m

ol
lu

sc
s 

in
di

ca
te

s 
th

at
 i

n 
th

e 
fi

el
d 

th
e 

to
xi

ci
ty

 o
fs

ed
im

en
t-

bo
un

d 
co

pp
er

 is
 m

or
e 

im
po

rt
an

t 
th

an
 t

ha
t 

of
 t

he
 w

at
er

 w
it

h 
w

hi
ch

 i
t 

m
ay

 b
e 

in
 e

qu
il

ib
ri

um
 (

B
R

Y
A

N
 an

d 
G

IB
B

S,
 19

83
).

 
(v

) 
P

re
di

ct
io

ns
 f

ro
m

 e
xp

er
im

en
ta

l 
to

xi
ci

ty
 d

at
a:

 
If

 c
on

ce
nt

ra
ti

on
s 

of
 d

is
so

lv
ed

 m
et

al
s 

in
 c

oa
st

al
 a

re
as

 a
re

 a
ss

um
ed

 t
o 

be
 H

g,
 0

.0
05

 t
o 

0.
05

 p
pb

; 
C

u
, 0

.2
 t

o 
1 

pp
b;

 C
d

, 0
.0

3 
to

 0
.0

7 
pp

b;
 Z

n,
 0

.5
 t

o 
2 

pp
b;

 P
b,

 0
.0

1 
to

 0
.1

 p
pb

, 
th

en
 a

n 
in

cr
ea

se
 i

n 
co

nc
en

tr
at

io
ns

 b
y 

an
 o

rd
er

 o
f 

m
ag

ni
tu

de
 w

ou
ld

 
be

 e
xp

ec
te

d 
to

 
pr

od
uc

e 
so

m
e 

ef
fe

ct
s 

in
 t

he
 c

as
es

 o
f 

co
pp

er
 a

nd
 p

os
si

bl
y 

m
er

cu
ry

. 
H

ow
ev

er
, 

an
 in

cr
ea

se
 

of
 n

ea
re

r 
to

 2
 o

rd
er

s 
of

 m
ag

ni
tu

de
 w

ou
ld

 b
e 

re
qu

ir
ed

 f
or

 c
ad

m
iu

m
 o

r 
zi

nc
 t

o 
pr

od
uc

e 
si

gn
if

ic
an

t 
ef

fe
ct

s 
an

d 
ar

gu
ab

ly
 a

n 
in

cr
ea

se
 o

f 
3 

or
de

rs
 o

f 
m

ag
ni

tu
de

 w
ou

ld
 b

e 
re

qu
ir

ed
 

be
fo

re
 t

he
 t

ox
ic

it
y 

of
 l

ea
d 

be
ca

m
e 

ap
pa

re
nt

(F
ig

. 
3-

8)
. 

S
ea

 a
re

as
 w

he
re

 p
ot

en
ti

al
ly

 t
ox

ic
 c

on
ce

nt
ra

ti
on

s 
of

 d
is

so
lv

ed
 m

et
al

s 
ha

ve
 b

ee
n 

fo
un

d 
ar

e 
la
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 b
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at
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 f
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ldLU
T1O

N
 D

U
E

 T
O

 H
E

A
V

Y
 M

ETA
LS (G

. \V
. B

R
Y

A
N

) 

1959 the rock-dw
elling bivalve H

onnom
ya m

utibalzs contained about 100 pprn 
(dry) of 

m
ercury of w

hich about 30%
 m

ay have been in the m
ethyl form

; how
ever, concentra- 

tions had fallen to about 10 pprn by the early 1960s. E
ven in the 1960s the sedim

ent- 
dw

elling Venus japonzca m
aintained values in the range 8 to 84 pprn (dry) and it w

as only 
follow

ing the final closure of the factory that levels fell sharply over a few
 m

onths so that 
total m

ercury levels from
 1969 to 1972 w

ere, w
ith a few

 exceptions, less than 5 pprn of 
w

hich less than 0.2 pprn w
as in the m

ethyl form
. R

ecent studies in M
inam

ata B
ay 

indicate that m
ercury levels in the w

ater have fallen by about an order of m
agnitude 

since the 1960s w
hen m

axim
um

 values of 1.5 and 3.6 p
p

b
 w

ere observed (H
O

S
O

H
A

R
A

 
and co-authors, 1961; M

A
T

ID
A

 and K
U

M
A

D
A

, 1969; K
U

M
A

G
A

I 
and N

IS
H

IM
U

R
A

, 
1978). 

S
edim

ent concentrations have also fallen but values as high as 100 pprn are still found at 
som

e sites (K
U

M
A

G
A

I 
and N

IS
H

IM
U

R
A

, 1978) and there are plans to rem
ove or cover 

the 
contam

inated 
sedim

ents 
by 

1983 
(T

S
U

B
A

K
I and 

IR
U

K
A

Y
A

M
A

, 
1977; see also 

p. 1398). 

Restronguet C
reek-C

opper, 
Zinc, and Arsenic 

T
his estuary (F

ig. 3-6) is a branch of the Fa1 estuary system
 (U

K
) and is heavily 

contam
inated w

ith m
etals from

 m
etalliferous m

ining (F
ig. 3.1; T

ables 3-4, 3-5). T
h

e 
creek is 4 km

 long, alm
ost dries out at low

 tide and has been contam
inated for over 200 

yr. 
E

xam
ples 

of 
copper 

and 
zinc 

concentrations in 
organism

s 
approaching 

their 
upstream

 
lim

its of distribution 
are given 

in 
T

able 3-28 
and 

ratios show
ing 

their 
enhancem

ent above norm
al values are also given. E

nhancem
ent for copper varies from

 
about 2 orders of m

agnitude in seaw
eed and polychaete w

orm
s to low

 levels in the crab 
and flounder w

here regulation of the m
etal alm

ost certainly occurs. R
egulation by m

ore 
advanced form

s probably explains the variability in zinc enhancem
ent both directly and 

because som
e predators m

ay feed on organism
s w

hich already regulate. 
E

nhanced arsenic concentrations are also found in seaw
eeds and invertebrates from

 
the creek (K

L
U

M
P

P
 and P

E
T

E
R

S
O

N
, 1979; L

A
N

G
S

T
O

N
, 1980). A

lthough copper is one of 
the m

ost toxic m
etals and the influence of zinc and arsenic m

ight be expected to be 
additive, the variety of species in the creek clearly results from

 their ability to handle 
m

etals. F
or exam

ple, this is inherent in oysters w
here the im

m
obilization of copper (and 

zinc) in a granular form
 in the am

oebocytes leaves the anim
als green in colour and 

inedible but otherw
ise unaffected 

(T
able 3-28). O

th
er species appear to have adapted 

follow
ing exposure to m

etals. C
arcinlls m

a
n

u
s from

 the upper creek w
ere particularly 

tolerant to zinc, m
ost of the larger creek anim

als in one experim
ent being unaffected by 

10 pprn over a period of 38 d w
hereas 50%

 of the norm
al crabs died w

ithin 6 d. T
h

e m
ore 

tolerant anim
als w

ere generally less perm
eable to zinc and perhaps better equipped to 

excrete it; how
ever, the induction of Z

n-m
etallothionein m

ay also be involved, having 
been observed in other species of crabs by O

L
A

F
S

O
N

 and co-authors (1979). In the 
polychaete N

ereis diverszcolor from
 the creek, tolerance to both copper and zinc m

ay be 
genetically based (B

R
Y

A
N

, 1976a) and this m
ay also be true ofcopper tolerance in F

ZU
U

S 
vesiculosus (F

ig. 3-7). 
S

ince there seem
s to be no non-m

etallic contam
inants of any significance in the creek, 

any effects on the distribution of the biota should be attributable to m
etals. O

w
ing to the 

developm
ent of tolerance in various species, the effects are certainly not as clear-cut as 

m
ight 

be 
expected. B

ivalve 
m

olluscs 
appear 

to 
be 

m
ost 

vulnerable; 
for 

exam
ple, 
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 c
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 p
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 b
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, c
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 l
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T a b l e  3-28 

High  metal  concentrat ions (dry  basis) in biota from 3 contaminated a reas  (Arter BRYAN, 1980**; modified; reproduced by permission of  
Biologische Anstalt Helgoland) 

Restronguet Creek ( U K )  

Copper Zinc 

Restr. Cr. Restr. Cr. 
Site 

(km from mouth) Species 'normal' ppm 'normal' Remarks 

Furus vrsiculosus 
Nerrh divrrsiclor 
Ncphys hombergi 
Scrobicularia plana 
Os lna  cdulis 
Chlamys varra 
Lillorlna oblusala 
Carcrnus m a r n u  

Plalichlhys Jlesus (liver) 

Tolerance to Cu partly the result oiexclusion mechanism (Fig. 3-7) 
Cu and Zn tolerance based on lower permeability and Cu storage1 
Possibly same as [V. diversicolor 
Slight tolerance to Cu.' May avoid worst by shell closure 
Storage of Cu and Zn in amoebocytes-green oysters2 
Storage of Zn in kidney granules (Zn = 7.6% of dry kidney) 
Cu probably immobilized In granules1° 
Zn tolerance based partly on lower permeability and possibly 
metallothionein 
May avoid worst conditions and tends 10 regulate both metals 



Se\,crn estuary (UK) 

Cadmium Silver 

Se\ ern kern 

Sire Species pp,n '110rmal' 'normal' Remarks 

Sharpness 
Sharpness 
Sharpness 
Fonrygary B. 
Portishead 
Sheperdine 
Flatholm 
Clevedon 
Oldbury 

&us veszculo~u~ 
Nerers dzuer~~color 
Macoma balthlco 
Myfrlus eduhs3 
Patella uulgafa 
Ltlbnna obfusata 
Nt~cella laprllusJ 
Carclnu rnacnaJ' 
Ela/rchltys Jlesu K 

Unknown how metals handled 
Ag may be handled like Cu' 
Unknown how metals handled 
Cd metallothionein induced4 
Cd metallothionein induced6 
Cd rnetallothionein possibly involvedg 
Cd rnetallothionein inducedg 
Cd metallothionein induced7 
Cd rnetallothionein possibly involved 

Ssrljord (Norway) 

Cadmium Lead Zinc 

Ssrljord Ssrljord Ssrfjord 
Site 

(km from mouth) Species 'normal' 'normal' 'normal' 

25 Fucus ces~culosw ' ' 13 13 250 125 
25 Ascophyllum nodosum l I I I 105 50 
25 Mylilus edulis" 140 74 3100 1550 
25 Aslerias rubens 18 46* 460 200* 
0 Gadus morhuo I2 (n~uscle) 0-35 3-5 2 2 

(gill) 1-4 I 12 2-4 
25 P/euronecles lrmanda (muscle) 0.7 - 14 - 

(sin) 2.5 50 
- 

"Normal' values from Tablr 1- 16 
1 * Compiled from I. BRYA> (1976a, 1979); 2. GEORCE and co-authors (1978); 3. NICKLESS and co-authors (1972); 4. NOELLAMBOT (1976); 5. PEDEN 
and co-authors (1973); 6. Ho\vi\nu and NICKLESS (1977); 7. JENNINGS and co-authors (1979); 8. HARDISTY and co-authors (1974); 9. NOEL~LAMBOT and 
co-authors (1978a); 10. MARTOJA and co-authors (1980); l l. MELH~ L b and co-authors (1978); 12. STENNER and NICKLESS (1974b) 
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B

R
Y

A
N

) 

and there is no certain baseline w
ith w

hich 
to com

pare. O
bviously, m

ore sensitive 
m

ethods of assessing the presence or absence of deleterious effects are required and som
e 

additional evidence for this estuary is considered on p. 1389. 

O
rher Areas 

E
xam

ples from
 other areas w

here, in m
ost cases, appreciable levels of contam

ination 
have been observed in the biota, are show

n in T
able 3-29. T

here is only lim
ited evidence 

in these papers for the effects of heavy m
etals, based largely on observations of the 

distribution of organism
s. F

or exam
ple, R

E
N

Z
O

N
I and co-authors 

(1973) observed 
a 

scarcity of organism
s near an Italian chlor-alkali factory, but it w

as uncertain to w
hat 

extent m
ercury contam

ination w
as responsible. O

n
e of the very few

 studies linking 
fauna1 differences w

ith residue levels w
as carried out by L

A
N

D
E

 (1977) w
ho show

ed that 
the bottom

 fauna of O
rkdalsfjorden, part of T

rondheim
sfjord in N

orw
ay, differed from

 
that of other areas an

d
 attributed this to the influence of m

ining w
astes. 

In
 the autum

n of 1979 m
ore than 2000 birds w

ere killed in the M
ersey estuary (U

K
): 

these included w
aders (1336 dunlin C

alzdris alpzna), gulls (368 black-headed gulls Larus 
ridibundus and w

ildfow
l. It has been concluded by H

E
A

D
 and C

O
-au thors ( 1980) and B

U
L

L
) 

an
d

 co-authors (1983) that lead is an im
portant factor in the m

ortalities. S
ources of 

input to the estuary include lead refining, paint m
anufacture, alkyl lead production, and 

sew
age; also the sedim

ents contain m
oderately high concentrations of lead (T

able 3-6). 
A

nalyses of affected dunlin revealed 11 to 34 ppm
 (w

et) of lead in the livers com
pared 

w
ith less than 1 ppm

 in the controls; m
ost im

portant, 27 to 78%
 of the m

etal w
as in the 

tri- or dialkyl form
. T

rialkyl lead also accounted for 31 to 67%
 of the totals in M

acom
a 

balthlca (2 to 4 ppm
 w

et) and Nereis diversicolor 2-7 to 5.2 ppm
 w

et) and it is thought that 
the birds died from

 alkyl lead poisoning through eating contam
inated prey. 

M
onitoring the EfJec/s of M

efallic C
ontam

ination 

B
ased on the foregoing evidence, 

it is obvious that even at high levels of m
etallic 

contam
ination som

e species are still able to thrive. T
his ability is based on the presence 

in som
e organism

s of rem
arkably efficient detoxification or regulatory m

echanism
s and 

the developm
ent in other species of tolerant strains. M

ost of the evidence, such as it is, 
for the influence of m

etals in the field com
es from

 studies on the presence or absence of 
species in the contam

inated areas. H
ow

ever, it is quite difficult, even in an area like 
R

estronguet C
reek, w

here one is dealing w
ith 

'pure' 
m

etal contam
ination, to state 

unequivocally that the absence of a certain species is caused by m
etallic contam

ination. 
F

ortunately, in this sam
e area there are sim

ilar creeks w
ith w

hich com
parison can be 

m
ade, but there is no baseline for the creek itself B

R
Y

A
N

 and G
IB

B
S

 (1983). T
his type of 

biological study although frequently very useful has certain disadvantages since it is very 
tim

e consum
ing, the response is not usually specific to any particular contam

inant and it 
is not very sensitive since it m

ust be judged against a background of natural variations. 
A

 recent review
 (IC

E
S

, 1978b) has considered the feasibility of m
onitoring effects 

before they are obviously detectable in biological surveys. T
h

e authors considered the 
various contam

inant-related effects that have been observed in laboratory experim
ents 

under headings such as biochem
ical, m

orphological, physiological, and behavioural and 
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 c
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 b
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 p
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 m
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 p
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e 

gi
lls

 o
r 

vi
sc

er
a,

 i
s 

un
li

ke
ly

 t
o 

sh
ow

 
w

he
th

er
 t

he
 f

is
h 

ha
s 

be
en

 e
xp

os
ed

 t
o 

co
nt

am
in

at
io

n.
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 d
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 h
av

e 
be

en
 d

u
e 

to
 

m
et

al
s,

 t
ha

t 
in

 t
he

 m
ai

n 
th

ey
 w

er
e 

w
as

 s
tr

on
gl

y 
su

gg
es

te
d 

by
 t

he
 r

el
at

io
ns

hi
p 

be
tw

ee
n 

th
e 

ef
fe

ct
s 

an
d

 t
he

 m
et

al
 r

es
id

ue
s 

ac
cu

m
ul

at
ed

 a
t 

th
e 

sa
m

e 
ti

m
e 

by
 t

he
 c

el
ls

. 
A

lt
ho

ug
h,

 a
s 

w
e 

ha
ve

 s
ee

n 
ab

ov
e,

 t
he

re
 a

re
 w

ay
s 

of
 im

pr
ov

in
g 

th
e 

sp
ec

if
ic

it
y 

of
ef

fe
ct

s 
m

on
it

or
in

g 
to

w
ar

ds
 m

et
al

s 
o

r 
gr

ou
ps

 o
f 

m
et

al
s,

 m
an

y 
ef

fe
ct

s 
w

hi
ch

 c
an

 b
e 

de
te

ct
ed

 i
n 

ge
ne

ra
ll

y 
po

ll
ut

ed
 a

re
as

 c
an

no
t 

be
 a

tt
ri

bu
te

d 
w

it
h 

an
y

 c
er

ta
in

ty
 t

o 
pa

rt
ic

ul
ar

 c
on

ta
m

in
- 
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Norway 

Slxtin 

Tasmania 

United 
Kingdom 

Trondheimljord blining 

RIO Tinto estuary Mining 

Derwent estuary Zn relinery 

Dulas Bay 

Cu, %n (Ag, Cd, 
Cr, Fe, Hg, Ni) 
Cu, Pb, Zn (Cd) 

Cd, Cu, %n 

Chlor-alkali plant Hg 

Poole Harbour Industry Cd (Cu, Fe, lMn, 
Ni, Pb, Zn) 

Looe estuary Mining and Ag, Pb (Cd, CO, 
industry? Cr, Fe, Mn, Ni, 

Pb, Zn) 
Mining Cu, Zn 

Estuaries of SW DinPrent types 13 metals 
Britain 

Unitcd Stares Turtle River Chlor-alkali plant Hg 

Bellinghan~ Bay Clilor-alkali plant Hg 

South San Industrial/Urban /\g, Cu, Zn 
Francisco Bay 

88 ppm in Mytilu~ edulis, compared with low value 01 LANDE (1977) 
5 ppm; fauna1 en'ecls 
1350 ppm Cu, 1800 ppm Pb and 1480 ppm Zn in STERNER and NICKLESS 
Zosfera sp., compared with low values 01'9, 6, 100 ppm (1975) 
173 and 57,600 ppm ol'Cd and Zn in Cro~soslrea gigu, ~\TKO\\'SKY and co- 
compared with low values of 0 and 1350 authors (1 974) 
1-06 ppm (wet) in muscle of fish P1af)upholus busensis, DIX and co-authors 
compared with low value 01'0.0'3 (1975) 
54 ppm ofCd in Osfrea edulis, compared with low V~IU~BOYDEN (1975) 
of59 ppm; possible eKects in oyster halchery 
184 and 173 ppm ol Ag and Pb in Scrobicularra plana, BRYAN and 
compared with low values of <I and <25 pprn; no HLMMERS.~ONE (1977) 
clear en'ects 
Very high le\.els orCu and Zn in barnacles FOSTER and ceauthors 
Semrbalanus balnnozdes (cl: Table 3- 15); very ( 1978) 
limited launa 
Ev~dence lor very high concentrations in some BHYAN and co-authors 
benth~c species; no ell'ects data ( 1980) 
9.1- ppm in Llflor/na irrorala and fairly high in GARDNER and co-authors 
many other species (1978) 
Organ~sms contain about 10 times normal RASILS~EN and 
conceritrations M'ILLIAMS ( 1975) 
220 and 1-40 ppm of' Ag and Cu in Mucoma ballica, LLOMA and CAIN (1979) 
compared with low values of 7 and 74 ppm 
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ants; and it m
ay be that the contam

inants act jointly. F
or exam

ple, although tests in a 
rotary flow

 apparatus show
ed that the physical perform

ance of the cod G
adus m

orhua 
from

 a polluted area w
as low

er than norm
al it w

as im
possible to ascertain the specific 

cause (O
L

O
F

S
S

O
N

 
and L

IN
D

A
H

L
, 1979). S

im
ilarly, studies in the B

ristol C
hannnel have 

dem
onstrated 

deleterious 
effects 

in 
m

ussels 
as 

inferred 
by 

various 
physiological, 

biochem
ical, and cytological indices of condition (B

A
Y

N
E

 and co-authors, 1979) and the 
high incidence of diseased specim

ens (L
O

W
E

 and M
O

O
R

E
, 1979b). A

ttem
pts are being 

m
ade to refine these m

ethods and perhaps arrive at indices that m
ight m

easure the 
effects of single classes of pollutant. 

F
or exam

ple, H
O

D
S

O
N

 and co-authors 
(1977) 

show
ed that in the rainbow

 trout Salm
o gairdneri 

the activity of erythrocyte D
-am

ino 
lavulinic acid dehydratase w

as depressed by as little as 10 p
p

b
 of lead in fresh w

ater. 
T

h
e effect w

as specific to lead since the enzym
e w

as not inhibited by near-toxic levels of 
m

ercury, copper, cadm
ium

, and zinc. In addition, the effect could be observed w
ithin 2 

w
k and w

as, therefore, proposed as a short-term
 indicator of the potentially long-term

 
effect of lead. A

 com
parable result w

as obtained in the m
ullet M

ugil auratus follow
ing 

exposure to 500 ppb of lead in sea w
ater for 2 w

k and coincided w
ith a fall in haem

o- 
globin concentration (K

R
A

JN
O

V
IC

-O
Z

R
E

T
IC

 
and O

Z
R

E
T

IC
, 1980). T

h
e effects rem

ained 
constant for up to 82 d

, although the level of lead in the blood increased continuously. 
W

hether the enzym
e is specifically inhibited by lead in vivo is uncertain since exposure to 

cadm
ium

, copper, and m
ercury in vitro resulted in inhibition. P

E
Q

U
E

G
N

A
T

 
and W

A
ST

- 
L

E
R

 (1980) regard the inhibition of catalase activity as being a specific response to 
heavy m

etals. T
hey observed inhibition of liver catalase in the killifish F

undulw
 heteroc- 

litus follow
ing exposure for about 2 m

onths at sew
age and m

ud d
u

m
p

 sites: the fish w
ere 

retained in novel m
esh containers (P

elagic and B
enthic B

iotal M
onitors) near the sea 

surface and near the sea bed. 
T

h
e evidence for relationships betw

een the diseases of fish and shellfish and pollution 
has been review

ed by S
IN

D
E

R
M

A
N

N
 

(1979). H
e concluded that for som

e diseases, such as 
fin erosion (p

. 1372) and ulcers in fish, there is fairly good evidence for a relation w
ith 

pollution and som
e evidence that this conclusion m

ight extend to certain tum
ours and 

skeletal abnorm
alities. H

ow
ever, he also observed that there is at present no evidence for 

linkages betw
een certain diseases and specific contam

inants. 

Effececls o
j' M

etals in C
on~am

inated Areas-Sum
m

ary 

(i) 
In

 som
e heavily contam

inated estuaries enhancem
ent ofm

etal concentrations by as 
m

uch as 3 orders of m
agnitude has been 

observed 
in som

e species. T
h

e extent of 
enhancem

ent depends both on the species and on the m
etal and for the m

ajority of 
m

etals studied is m
ost obvious in plants and invertebrate species w

hich d
o

 not regulate 
m

etals. E
nhancem

ent is least obvious in fish, w
here the ability to regulate m

etals is 
perhaps m

ost highly developed, and also depends on w
hether prey organism

s regulate or 
not. M

ercury is exceptional in that it does not appear to be regulated in any species and 
in contam

inated areas is the only m
etal for w

hich enhanced concentrations are usually 
m

ost obvious in fish rather than invertebrates. 
(ii) E

ffects of m
etals on species distribution have been observed in a few

 heavily con- 
tam

inated areas. H
ow

ever, in spite of the discovery of high residue levels in m
any areas, 

there is a paucity of evidence on effects w
hich can unequivocally be attributed to m

etals. 
T

here are several reasons 
for 

this including: 
(a) the relative insensitivity 

and 
non- 
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sp
ec

if
ic

it
y 

of
 m

on
it

or
in

g 
m

et
ho

ds
 b

as
ed

 o
n 

ch
an

ge
s 

in
 p

op
ul

at
io

ns
 a

nd
 s

pe
ci

es
 d

is
tr

ib
u-

 
ti

on
s,

 e
tc

.; 
(b

) 
th

e 
pr

es
en

t 
la

ck
 o

f 
sp

ec
if

ic
it

y 
to

 p
ar

ti
cu

la
r 

gr
ou

ps
 o

f 
po

ll
ut

an
ts

 in
 m

os
t 

of
 

th
e 

m
or

e 
se

ns
it

iv
e 

m
et

ho
ds

 o
f 

ef
fe

ct
s 

m
on

it
or

in
g 

ba
se

d 
on

 v
ar

io
us

 m
or

ph
ol

og
ic

al
, 

ph
ys

io
lo

gi
ca

l,
 

bi
oc

he
m

ic
al

, 
an

d 
cy

to
lo

gi
ca

l 
in

di
ce

s 
of

 
re

du
ce

d 
pe

rf
or

m
an

ce
 

an
d 

in
cr

ea
se

d 
st

re
ss

; 
(c

) 
th

e 
ab

il
it

y 
of

 m
an

y 
sp

ec
ie

s 
to

 d
et

ox
if

y 
m

et
al

s 
an

d
 i

n 
so

m
e 

ca
se

s 
to

 
ad

ap
t 

to
 t

he
m

. 
(i

ii
) 

T
h

e 
im

po
rt

an
ce

 o
f c

om
bi

ni
ng

 e
ff

ec
ts

 m
on

it
or

in
g 

w
it

h 
re

si
du

e 
an

al
ys

is
 is

 s
tr

es
se

d 
an

d 
so

m
e 

of
 t

he
 w

ay
s 

in
 w

hi
ch

 e
ff

ec
ts

 m
on

it
or

in
g 

m
ig

ht
 b

e 
m

ad
e 

m
or

e 
sp

ec
if

ic
 t

ow
ar

ds
 

m
et

al
s 

ar
e 

di
sc

us
se

d (c
) 

E
ff

ec
ts

 o
f 

M
et

al
s 

fr
om

 M
ar

in
e 

S
ou

rc
es

 o
n 

M
an

 

O
cc

up
at

io
na

l 
ha

za
rd

s 
in

vo
lv

in
g 

m
et

al
s 

ar
e 

w
el

l 
kn

ow
n,

 b
ut

 i
t 

is
 e

vi
de

nt
 t

ha
t 

m
uc

h 
lo

w
er

 l
ev

el
s 

of
 m

et
al

s 
in

 t
he

 d
ie

t 
m

ay
 b

e 
im

pl
ic

at
ed

 i
n 

hu
m

an
 d

is
ea

se
 (

H
A

M
IL

T
O

N
, 

19
79

).
 S

om
e 

di
se

as
es

 r
es

ul
t 

fr
om

 t
he

 d
ef

ic
ie

nc
y 

of
 e

ss
en

ti
al

 m
et

al
s 

su
ch

 a
s 

ir
on

, 
zi

nc
, 

co
pp

er
, 

an
d 

co
ba

lt
 (

M
O

Y
N

A
H

A
N

, 19
79

),
 w

hi
le

 o
th

er
s 

ar
e 

at
tr

ib
ut

ab
le

 to
 t

he
 t

ox
ic

it
y 

of
 

es
se

nt
ia

l 
or

 n
on

-e
ss

en
ti

al
 m

et
al

s.
 T

ox
ic

it
y 

is
, 

ho
w

ev
er

, 
no

t 
si

m
pl

y 
a 

fu
nc

ti
on

 o
f 

di
et

ar
y 

co
nc

en
tr

at
io

ns
 b

ut
 r

at
he

r 
of

 i
m

ba
la

nc
es

 b
et

w
ee

n 
co

nc
en

tr
at

io
ns

 o
f 

di
ff

er
en

t 
m

et
al

s.
 

T
h

u
s 

ST
O

C
K

S a
nd

 D
A

V
IE

S
 (1

96
4)

 w
ho

 e
st

ab
li

sh
ed

 a
 r

el
at

io
ns

hi
p 

be
tw

ee
n 

th
e 

in
ci

de
nc

e 
of

 s
to

m
ac

h 
ca

nc
er

 a
nd

 t
he

 Z
n/

C
u 

ra
ti

o 
in

 s
oi

ls
, 

ha
ve

 s
ug

ge
st

ed
 t

ha
t 

an
 i

m
ba

la
nc

e 
of

 
m

et
al

s 
in

 t
he

 d
ie

t 
ca

n 
ev

en
tu

al
ly

 l
ea

d 
to

 d
is

ea
se

. 
U

N
D

E
R

\Y
O

O
D

 
(1

97
9)

 h
as

 s
tr

es
se

d 
th

e 
im

po
rt

an
ce

 o
f 

in
te

ra
ct

io
ns

 b
et

w
ee

n 
di

et
ar

y 
tr

ac
e 

m
et

al
s 

an
d 

ci
te

s,
 a

s 
an

 e
xa

m
pl

e,
 t

he
 

in
te

ra
ct

io
n 

be
tw

ee
n 

m
er

cu
ry

 a
nd

 s
el

en
iu

m
 (

p.
 1

34
5)

. H
e 

su
gg

es
ts

 t
ha

t 
to

le
ra

bl
e 

le
ve

ls
 o

f 
m

er
cu

ry
 i

n 
di

et
s 

ar
e 

lik
el

y 
to

 b
e 

hi
gh

er
 w

he
re

 t
he

 i
nt

ak
e 

of
 s

el
en

iu
m

 i
s 

al
so

 h
ig

h 
an

d 
lo

w
er

 i
n 

ar
ea

s 
of

 lo
w

 s
el

en
iu

m
 s

ta
tu

s.
 T

hu
s,

 in
 f

ac
t,

 t
he

re
 is

 n
o 

si
ng

le
 t

ol
er

ab
le

 le
ve

l 
fo

r 
a 

to
si

c 
m

et
al

, 
si

nc
e 

th
is

 w
ill

 d
ep

en
d 

no
t 

on
ly

 o
n 

its
 c

he
m

ic
al

 f
or

m
 b

ut
 a

ls
o 

on
 i

ts
 r

at
io

 t
o 

m
et

al
s 

w
it

h 
w

hi
ch

 i
t 

in
te

ra
ct

s.
 

G
en

er
al

ly
 s

pe
ak

in
g,

 t
he

 e
ss

en
ti

al
 m

et
al

s 
su

ch
 a

s 
zi

nc
, 

co
pp

er
, 

an
d 

ir
on

, 
fo

r 
w

hi
ch

 
ef

fi
ci

en
t 

ho
m

oe
os

ta
ti

c 
m

ec
ha

ni
sm

s 
ar

e 
fo

un
d 

in
 m

an
, 

ar
e 

re
ga

rd
ed

 a
s 

ha
vi

ng
 l

ow
 t

ox
- 

ic
it

ie
s 

w
he

re
as

 t
he

 n
on

-e
ss

en
ti

al
 

m
et

al
s 

in
cl

ud
in

g 
m

er
cu

ry
, 

ca
dm

iu
m

, 
an

d 
le

ad
 a

re
 

th
ou

gh
t 

to
 h

av
e 

a 
m

uc
h 

lo
w

er
 m

ar
gi

n 
of

 s
af

et
y.

 

W
it

h 
fe

w
 e

xc
ep

ti
on

s,
 fi

sh
 a

re
 th

e 
m

os
t 

si
gn

if
ic

an
t 

so
ur

ce
 o

f 
m

et
hy

l 
m

er
cu

ry
 in

 t
he

 d
ie

t 
an

d,
 i

n 
Ja

pa
n,

 M
in

am
at

a 
di

se
as

e,
 w

hi
ch

 h
as

 t
he

 s
ym

pt
om

s 
of

 m
et

hy
l 

m
er

cu
ry

 p
oi

so
n-

 
in

g,
 o

cc
ur

re
d 

in
 p

er
so

ns
 s

uc
h 

as
 f

is
he

rm
en

 w
ho

 h
ad

 c
on

su
m

ed
 l

ar
ge

 q
ua

nt
it

ie
s 

of
 f

is
h 

co
nt

ai
ni

ng
 7

 t
o 

23
 p

pm
 (

w
et

) 
of

 m
er

cu
ry

 (
T

S
U

B
A

K
I an

d 
IR

U
K

A
Y

A
M

A
, 19

77
).

 T
he

re
 is

 a
 

re
la

ti
on

 b
et

w
ee

n 
th

e 
in

ta
ke

 o
f 

m
er

cu
ry

 a
nd

 c
on

ce
nt

ra
ti

on
s 

in
 h

um
an

 h
ai

r 
an

d 
bl

oo
d 

w
hi

ch
 c

an
 b

e 
us

ed
 f

or
 m

on
it

or
in

g.
 A

 s
tu

dy
 o

n 
m

er
cu

ry
 (

W
O

R
L

D
 H
E

A
L

T
H

 O
R

G
A

N
IZ

A
- 

T
IO

N
, 1

97
6)

 h
as

 in
di

ca
te

d 
th

at
 t

he
 le

ve
ls

 li
ke

ly
 t

o 
pr

od
uc

e 
ef

fe
ct

s 
in

 s
en

si
ti

ve
 i

nd
iv

id
ua

ls
 

ar
e 

of
 t

he
 o

rd
er

 o
f 

0.
2 

to
 0

.5
 p

pm
 i

n 
bl

oo
d 

an
d 

50
 t

o 
12

5 
pp

m
 i

n 
ha

ir
, 

co
rr

es
po

nd
in

g 
to

 
an

 i
nt

ak
e 

of
 s

ev
er

al
 t

ho
us

an
d 

p
g

 o
f 

m
er

cu
ly

 p
er

 w
ee

k.
 A

pa
rt

 f
ro

m
 J

ap
an

es
e 

ex
am

pl
es

, 
bl

oo
d 

an
d 

ha
ir

 v
al

ue
s 

in
 t

hi
s 

ra
ng

e 
ha

ve
 b

ee
n 

fo
un

d 
in

 i
nd

iv
id

ua
ls

 f
ro

m
 f

is
h-

ea
ti

ng
 

po
pu

la
ti

on
s 

in
 b

ot
h 

S
w

ed
en

 a
nd

 C
an

ad
a 

w
ho

 i
ng

es
te

d 
fi

sh
 c

on
ta

in
in

g 
se

ve
ra

l 
pp

m
 o

f 
m

er
cu

ry
. 

N
o 

de
fi

ni
te

 s
ym

pt
om

s 
of

 p
oi

so
ni

ng
 h

av
e 

be
en

 f
ou

nd
 i

n 
S

w
ed

en
, b

ut
 S

K
E

R
F

V
- 

li
\;

G
 a

nd
 c

o-
au

th
or

s 
(1

97
4)

 r
ep

or
te

d 
ch

ro
m

os
om

e 
da

m
ag

e 
in

 s
om

e 
in

di
vi

du
al

s.
 S

tu
di

es
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on native C
anadians (Indians an

d
 E

skim
os) have not conclusively dem

onstrated sym
p- 

tom
s of M

inam
ata disease, although there are indications of som

e effects (C
H

A
R

L
E

B
O

IS
, 

1978). T
hese problem

s in S
w

eden and C
an

ad
a have stem

m
ed m

ore from
 the contam

ina- 
tion of fresh w

ater fish w
ith m

ercury than m
arine fish, although the latter have been 

involved. E
ven in the absence of contam

ination, high levels of m
ercury are found in the 

tissues of som
e m

arine fish and m
am

m
als (T

ables 3-17, 3-19), and studies have been 
carried out on C

anadian native populations w
here seals, for exam

ple, are an im
portant 

source of food. H
ow

ever, although enhanced levels of m
ethyl m

ercury have been found 
in E

skim
os, there is no evidence that this diet has any effect and it is suggested that such 

populations are likely to be adapted to their diet (S
M

IT
H

 and A
R

M
S

T
R

O
N

G
, 1975). 

S
tudies on fish-eating populations from

 other areas of the w
orld have been review

ed 
by H

A
X

T
O

N
 and co-authors (1979). T

hey exam
ined m

ercury (and selenium
) intake and 

blood and hair levels in individuals from
 fishing com

m
unities on the northeast Irish S

ea, 
an

 area affected by the industrial discharge of m
ercury. A

lthough the w
eekly intake of 

m
ercury by 

som
e individuals exceeded the F

A
O

IW
H

O
 (1972) provisional 

tolerable 
w

eekly intake of 300 p
g

 per person (200 p
g

 m
ethyl m

ercury), the m
axim

um
 value for 

blood w
as 0.026 ppm

 an
d

 for hair w
as 11-3 ppm

. T
his is about an

 order of m
agnitude 

low
er than the levels thought likely to approach the toxic threshold in hum

ans and an
 

order of m
agnitude higher than values for individuals having an

 average or low
er than 

average intake of uncontam
inated fish. 

A
 point that em

erges from
 the vast am

ount of m
onitoring d

ata on fish m
uscle is that, 

although concentrations in a specific species are enhanced by contam
ination, som

e of 
the highest values, observed m

ainly in large fish, appear to be perfectly natural (F
ig. 

3-5). T
h

u
s the dietary lim

its such as 0.5 or 1 ppm
 set for saleable fish in several countries 

have led to the curtailm
ent of som

e fisheries w
here there is no evidence for contam

ina- 
tion. It m

ight be possible to relax such lim
its if it could be show

n that the potential 
toxicity to m

an of the m
ercury in these species (often in the m

ethyl form
) is am

eliorated 
by, for exam

ple, selenium
 in the sam

e tissue. F
or this reason, B

E
R

N
H

A
R

D
 

(1978) sug- 
gested that lim

its should not apply to pelagic species such as tuna and sw
ordfish, w

here 
high 

m
ercury 

concentrations in 
the 

tissues 
are likely 

to 
be 

accom
panied 

by 
high 

selenium
 concentrations. S

im
ilarly, S

U
Z

U
K

I and co-authors (1980) proposed that the 
lack of evidence for effects of m

ethyl m
ercury on inhabitants of the T

okara Islands 
having hair concentrations of around 50 ppm

 m
ight be explained by the high S

e/H
g 

atom
 ratios (0.3 to 88) in m

ost dietary fish. 

C
adm

ium
 

S
ince cadm

ium
 is a cum

ulative poison w
ith a half-life in m

an of 16 to 33 yr (F
A

O
/ 

W
H

O
, 1972), its intake should be kept as low

 as possible. W
hile in the U

nited K
ingdom

, 
for exam

ple, the w
eekly intake is 105 to 210 pg ind.-l (M

inistry ofA
griculture, F

isheries 
an

d
 F

ood, 1973), the F
A

O
/W

H
O

 (1972) provisional tolerable w
eekly intake is 400 to 500 

p
g

 ind.-l. 
In

 fish 
m

uscle, 
cadm

ium
 

levels are norm
ally 

low
 

(T
able 3-17) 

and 
are 

relatively unaffected by contam
ination (T

able 3-18). H
ow

ever, high concentrations have 
been found in som

e invertebrates from
 both contam

inated and uncontam
inated areas 

(T
ab

le 3-28) and any problem
s w

ith cadm
ium

 w
ould be expected to com

e from
 this 

source since the tolerable intake could easily be exceeded. T
here is no evidence that 

people have been perm
anently affected by eating contam

inated shellfish, although high 
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 m
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 l
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n
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 f
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 p
pm

 u
su

al
ly

 l
ai
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T
ab

le
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3-
1 

5,
 3

- 1
7)
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ec

en
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w
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 c
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 m
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H

ig
h 

co
nc

en
tr
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f 
se
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ni

um
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av
e 

be
en

 f
ou

nd
 i

n 
so

m
e 

m
ar
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e 

ti
ss

ue
s,

 g
en

er
al

ly
 i

n 
as

so
ci

at
io

n 
w

it
h 

m
er

cu
ry

 w
hi

ch
 i

t 
ap

pe
ar

s 
to

 d
et

ox
if

y 
(T

ab
le

s 
3-

19
, 

3-
20

).
 I

nt
er

es
t 

in
 

se
le

ni
um

 h
as

 a
ls

o 
be

en
 g

en
er

at
ed

 b
y 

th
e 

cl
ai

m
s 

th
at

 i
t 

ha
s 

an
ti

-c
ar

ci
no

ge
ni

c 
pr

op
er

ti
es

 
in

 m
an

 (
U

N
D

E
R

IV
O

O
D

, 19
79

).
 

O
th

er
 p

ot
en

ti
al

ly
 t

ox
ic

 m
et

al
s 

in
cl

ud
in

g 
si

lv
er

, c
hr

om
iu

m
, 

ni
ck

el
, 

an
ti

m
on

y,
 t

in
, 

an
d 

va
na

di
um

 h
av

e 
ra

re
ly

 i
f 

ev
er

 b
ee

n 
fo

un
d 

at
 s

ig
ni

fi
ca

nt
 c

on
ce

nt
ra

ti
on

s 
in

 f
is

h 
m

us
cl

e.
 

E
nh

an
ce

d 
le

ve
ls

 h
av

e 
be

en
 f

ou
nd

 i
n 

in
ve

rt
eb

ra
te

s 
fr

om
 s

om
e 

si
te

s 
b

u
t 

as
 f

ar
 a

s 
I 

am
 

aw
ar

e 
th

er
e 

is
 n

o 
ev

id
en

ce
 t

ha
t 

th
es

e 
m

et
al

s 
ar

e 
lik

el
y 

to
 p

os
e 

pr
ob

le
m

s 
in

 m
ar

in
e 

fo
od

st
uf

fs
. 

(i
) 

P
er

so
ns

 a
t r

is
k 

fr
om

 m
et

al
 c

on
ta

m
in

at
io

n 
of

 m
ar

in
e 

or
ig

in
 a

re
 o

bv
io

us
ly

 th
os

e 
w

ho
 

ea
t 

la
rg

e 
am

ou
nt

s 
of

 fi
sh

 o
r 

sh
el

lf
is

h 
fr

om
 e

st
ua

ri
ne

 o
r 

co
as

ta
l a

re
as

 w
hi

ch
 a

re
 a

ss
oc

ia
te

d 
w

it
h 

in
du

st
ry

. 
O

th
er

s 
w

ho
 m

ay
 a

ls
o 

be
 a

t 
ri

sk
 a

re
 in

di
vi

du
al

s 
ha

vi
ng

 d
ie

ts
 c

on
ta

in
in

g 
a 

la
rg

e 
pr

op
or

ti
on

 o
f 

sp
ec

ie
s 

w
hi

ch
 a

re
 n

at
ur

al
ly

 h
ig

h 
in

 v
ar

io
us

 m
et

al
s.

 S
pe

ci
es

 o
f 

fi
sh

, 
m

am
m

al
s,

 a
nd

 b
ir

ds
 a

re
 m

os
t 

lik
el

y 
to

 c
on

ta
in

 p
ar

ti
cu

la
rl

y 
hi

gh
 c

on
ce

nt
ra

ti
on

s 
of

 
m

er
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nd
 s

el
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iu
m
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n 

th
ei

r 
ed
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 t
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su
es

, 
w

he
re
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 h

ig
h 
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nc

en
tr
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io
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f 
ot

he
r 

m
et
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s 

ar
e 

m
or

e 
us

ua
ll

y 
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so
ci
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ed

 w
it

h 
sh

el
lf

is
h,

 p
ar

ti
cu
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rl

y 
m

ol
lu

sc
s.

 
(i

i)
 W
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e 
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.
 

B
R

Y
A

N
) 

m
etal poisoning. H

ow
ever, the provisional 

tolerable w
eekly intake rates for m

ercury, 
cadm

ium
, an

d
 lead are so low

 that persons eating contam
inated sea food regularly can 

easily exceed them
. 

(iii) S
tudies on com

m
unities living in highly m

ineralized areas have indicated that 
diseases relating to m

etal contam
ination m

ay only becom
e apparent after extrem

ely long 
exposure an

d
 that m

etals should not be considered in isolation since the interactions 
betw

een different elem
ents are im

portant in the induction of som
e diseases. T

h
e prob- 

lem
s of obtaining unequivocal evidence from

 epidem
iological studies are considerable 

an
d

, therefore, it is not surprising that it is dificult to be m
ore specific about the 

influence of foodstuffs of m
arine origin on m

an. T
h

e m
ost obvious risk com

es from
 high 

levels of m
ercury in m

arine tissues and there is reason to suppose that high levels of 
cadm

ium
 and lead are also undesirable. H

ow
ever, 

the threat from
 other m

etals in 
m

arine tissues appears to be sm
all, although based on the present evidence it w

ould 
seem

 unw
ise to assum

e that there are no risks. 

(6
) A

ssessm
en

t o
f th

e P
resen

t state o
f K

n
ow

led
ge A

bout M
etal C

on
tam

in
ation

 of 
O

cean
s and C

oastal W
aters 

C
ontam

ination of the m
arine environm

ent w
ith m

etals is extrem
ely com

m
on, particu- 

larly in the industrialized northern hem
isphere. T

h
e highest levels ofcon~

am
ination occur 

in confined areas such as estuaries, fjords, and bays w
here not only is dilution lim

ited 
but the interactions betw

een inputs an
d

 sea w
ater tend to prom

ote the deposition of 
m

etals in the sedim
ents. T

h
is trapping effect certainly decreases the input of dissolved 

m
etals to coastal w

aters although, augm
ented by dum

ping an
d

 atm
ospheric inputs, 

contam
ination is detectable in m

an
y

 areas. A
tm

ospheric fallout over coastal w
aters is a 

significant source of input for som
e of the m

ore volatile m
etals such as lead, copper and 

zinc an
d

, for lead at least, the influence of atm
ospheric contam

ination extends to oceanic 
surface w

aters. T
h

e chem
ical changes undergone by m

etals in the w
ater and sedim

ents 
an

d
 their cycling in the environm

ent are at present the subject of a great deal ofresearch, 
since the pollution 

potential of a m
etal 

is largely based o
n

 its form
 an

d
 hence its 

biological 
availability. 

Precisely w
hich form

s are m
ost readily available is gradually 

being revealed. D
em

onstrably im
portant dissolved species are the free ions of m

etals 
such as copper, cadm

ium
 an

d
 zinc, an

d
 also m

ethyl m
ercury w

hich appears to be 
rem

obilized from
 the sedim

ents. A
t natural levels the m

easurem
ent of these dissolved 

species poses m
any problem

s an
d

, in fact, the m
uch higher concentrations in particu- 

lates an
d

 food 
organism

s often 
render 

them
 

m
ore im

portant as sources for m
arine 

anim
als. H

ow
ever, so little is know

n about the relevance of different form
s of m

etals in 
the environm

ent that the analysis of biological indicator species is arguably the best 
m

ethod at present available for assessing levels of contam
ination. 

S
tudies on the bioaccum

ulation an
d

 m
etabolism

 of m
etals have concentrated on the 

m
ajor groups, particularly phytoplankton, m

olluscs, an
d

 crustaceans. E
vidence from

 
m

ost phyla suggests that uptake from
 solutior~

 is generally a passive process, although in 
m

olluscs pinocytosis is im
plicated in the uptake and transfer of m

etals and in som
e 

m
icro-organism

s active transport appears to be involved. In m
any anim

als, how
ever, 

uptake from
 solution is far less im

portant than the dietary route. F
rom

 studies on m
etal 

m
etabolism

, it is increasingly evident that in m
any species even the non-essential m

etals 
are handled m

ore effectively than w
as previously suspected. T

h
u

s, although there is 
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 c
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 c
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iz
e.

 A
s 

a 
re

su
lt

 o
f 

th
es

e 
pr

oc
es

se
s 

it
 s

ee
m

s 
li

ke
ly

 
th

at
 t

he
 h

ig
h 

m
er

cu
ry

 c
on

ce
nt

ra
ti

on
s 

ob
se

rv
ed

 i
n 

so
m

e 
la

rg
e 

pr
ed

at
or

y 
fi

sh
 a

n
d

 m
ar

in
e 

m
am

m
al

s 
ar

e 
un

re
la

te
d 

to
 c

on
ta

m
in

at
io

n.
 

O
u

r 
kn

ow
le

dg
e 

of
 t

he
 e

ff
ec

ts
 o

f 
m

et
al

s 
is

 l
ar

ge
ly

 b
as

ed
 o

n
 e

xp
er

im
en

ta
l 

ob
se

rv
at

io
ns

 
an

d
 m

uc
h 

of
 t

hi
s 

w
or

k 
ha

s 
in

vo
lv

ed
 

un
re

al
is

ti
ca

ll
y 

hi
gh

 c
on

ce
nt

ra
ti

on
s 

of
 d

is
so

lv
ed

 
m

et
al

s.
 M

er
cu

ry
 i

s 
th

e 
m

os
t 

to
xi

c 
m

et
al

 i
n 

vi
rt

ua
ll

y 
al

l 
ta

xo
no

m
ic

 g
ro

up
s 

ex
am

in
ed

 a
n

d
, 

al
th

ou
gh

 t
he

 r
el

at
iv

e 
to

xi
ci

ty
 o

fo
th

er
 m

et
al

s 
va

ri
es

, 
th

at
 o

fc
op

pe
r 

is
 c

on
si

st
en

tl
y 

hi
gh

. A
 

re
m

ar
ka

bl
e 

n
u

m
b

er
 o

f 
fa

ct
or

s 
ha

ve
 b

ee
n 

sh
ow

n 
to

 i
nf

lu
en

ce
 m

et
al

 t
ox

ic
it

y.
 T

h
ey

 in
cl

ud
e 

th
e 

va
ri

ou
s 

en
vi

ro
nm

en
ta

l 
fa

ct
or

s,
 p

ar
ti

cu
la

rl
y 

te
m

pe
ra

tu
re

 a
n

d
 s

al
in

it
y,

 t
he

 c
on

di
ti

on
 

of
 t

he
 o

rg
an

is
m

 a
n

d
 t

he
 a

bi
li

ty
 o

f 
so

m
e 

sp
ec

ie
s 

to
 a

d
ap

t 
to

 m
et

al
li

c 
co

nt
am

in
at

io
n.

 T
h

e
 

m
os

t 
se

ns
it

iv
e 

lif
e 

fu
nc

ti
on

s 
in

cl
ud

e 
em

br
yo

ni
c 

an
d 

la
rv

al
 d

ev
el

op
m

en
t,

 g
ro

w
th

 a
n

d
 

fe
cu

nd
it

y.
 O

xy
ge

n 
ut

il
iz

at
io

n 
an

d
 t

he
 f

un
ct

io
ns

 o
f 

va
ri

ou
s 

en
zy

m
es

 a
re

 d
em

on
st

ra
bl

y 
se

ns
it

iv
e,

 a
lt

ho
ug

h 
th

er
e 

is
 e

vi
de

nc
e 

th
at

 s
om

e 
ef

fe
ct

s 
ca

n
 b

e 
co

m
pe

ns
at

ed
 f

or
 b

y 
ad

ap
- 

ti
ve

 p
ro

ce
ss

es
, 

po
ss

ib
ly

 w
it

h 
th

e 
ex

pe
nd

it
ur

e 
of

 a
dd

it
io

na
l 

en
er

gy
. 

P
re

di
ct

io
ns

 b
as

ed
 o

n
 

ex
pe

ri
m

en
ta

l 
ev

id
en

ce
 s

ug
ge

st
 t

ha
t 

in
cr

ea
si

ng
 d

is
so

lv
ed

 c
on

ce
nt

ra
ti

on
s 

of
 c

op
pe

r 
an

d
 

m
er

cu
ry

 i
n 

co
as

ta
l 

w
at

er
s 

by
 a

n
 o

rd
er

 o
f 

m
ag

ni
tu

de
 w

ou
ld

 b
e 

ex
pe

ct
ed

 
to

 p
ro

du
ce

 
m

ea
su

ra
bl

e 
ef

fe
ct

s;
 e

qu
iv

al
en

t 
in

cr
ea

se
s 

fo
r 

ca
dm

iu
m

, 
zi

nc
, 

an
d 

le
ad

 w
ou

ld
 n

ee
d 

to
 b

e 
gr

ea
te

r.
 H

ow
ev

er
, 

su
ch

 p
re

di
ct

io
ns

 a
re

 b
as

ed
 o

n 
to

ta
l 

so
lu

bl
e 

co
nc

en
tr

at
io

ns
 w

he
n 

w
e 

kn
ow

 t
ha

t 
th

e 
ef

fe
ct

iv
e 

fr
ac

ti
on

 i
s 

ge
ne

ra
ll

y 
m

uc
h 

sm
al

le
r 

an
d

, 
th

ro
ug

h 
co

m
pl

ex
at

io
n,

 
no

t 
ne

ce
ss

ar
il

y 
di

re
ct

ly
 r

el
at

ed
 t

o 
th

e 
to

ta
l 

co
nc

en
tr

at
io

n.
 I

n
 a

dd
it

io
n,

 t
he

 b
io

lo
gi

ca
l 

av
ai

la
bi

li
ty

 o
f 

m
et

al
s 

fr
om

 o
th

er
 s

ou
rc

es
 s

uc
h 

as
 s

ed
im

en
ts

 i
s 

ig
no

re
d 

by
 t

he
se

 p
re

di
c-

 
tl

on
s.

 
W

he
n 

re
al

 s
it

ua
ti

on
s 

ar
e 

co
ns

id
er

ed
, t

he
 f

ac
t 

is
 t

ha
t 

on
ly

 i
n 

th
e 

m
os

t 
he

av
il

y 
co

nt
am

i-
 

na
te

d 
ar

ea
s 

ha
ve

 e
ff

ec
ts

 b
ee

n 
ob

se
rv

ed
 w

hi
ch

 c
an

 c
on

fi
de

nt
ly

 b
e 

at
tr

ib
ut

ed
 t

o 
m

et
al

li
c 

co
nt

am
in

at
io

n.
 R

ea
so

ns
 f

or
 t

hi
s 

la
ck

 o
f 

ev
id

en
ce

 i
nc

lu
de

 p
ro

bl
em

s 
ca

us
ed

 b
y 

th
e 

co
ex

is
- 

te
nc

e 
of

 m
et

al
s 

w
it

h 
ot

he
r 

co
nt

am
in

an
ts

, 
th

e 
la

ck
 o

f 
se

ns
it

iv
it

y 
in

 m
on

it
or

in
g 

m
et

ho
ds

 
ba

se
d 

o
n

 p
op

ul
at

io
n 

an
d

 s
pe

ci
es

 d
is

tr
ib

ut
io

n-
pa

rt
ic

ul
ar

ly
 

in
 t

he
 a

bs
en

ce
 o

f 
ba

se
li

ne
 

in
fo

rm
at

io
n,

 t
he

 l
ac

k 
of

 m
et

al
 s

pe
ci

fi
ci

ty
 i

n 
m

or
e 

se
ns

it
iv

e 
m

on
it

or
in

g 
m

et
ho

ds
 b

as
ed

 o
n

 
in

di
ce

s 
of

 p
er

fo
rm

an
ce

 a
n

d
 s

tr
es

s,
 a

n
d

 t
he

 a
da

pt
at

io
n 

of
 s

om
e 

po
pu

la
ti

on
s 

to
 m

et
al

li
c 

co
nt

am
in

at
io

n.
 I

t 
is

 a
ls

o 
a 

fa
ct

 t
h

at
 s

uc
h 

kn
ow

le
dg

e 
as

 w
e 

ha
ve

 a
b

o
u

t 
th

e 
si

tu
at

io
n 

in
 t

he
 

fi
el

d 
st

em
s 

m
ai

nl
y 

fr
om

 w
or

k 
in

 t
em

pe
ra

te
 a

re
as

 o
f 

th
e 

w
or

ld
, 

an
d

 it
 s

ee
m

s 
re

as
on

ab
le

 t
o 

su
pp

os
e 

th
at

 i
n 

tr
op

ic
al

 a
re

as
 a

n
y

 e
ff

ec
ts

 m
ig

ht
 b

e 
en

ha
nc

ed
. 

W
it

h 
th

e 
ex

ce
pt

io
n 

of
 M

in
am

at
a 

di
se

as
e 

in
 J

ap
an

, 
th

er
e 

is
 n

o
 u

ne
qu

iv
oc

al
 e

vi
de

nc
e 

th
at

 m
et

al
-c

on
ta

m
in

at
ed

 f
oo

ds
tu

ff
s 

of
 m

ar
in

e 
or

ig
in

 h
av

e 
ca

us
ed

 a
ny

 p
er

m
an

en
t 

fo
rm

s 
of

 i
ll

ne
ss

 i
n 

m
an

. 
In

 s
ev

er
al

 a
re

as
 o

f 
th

e 
w

or
ld

, 
ho

w
ev

er
, 

di
et

s 
of

 m
er

cu
ry

-c
on

ta
m

in
at

ed
 



3. PO
LLU

TIO
N

 D
U

E
 TO

 H
EA

V
Y

 M
ETA

LS (G
. \V

. B
R

Y
L

V
) 

fish 
have resulted 

in 
hum

an 
tissue 

levels 
approaching 

the 
supposed 

threshold 
for 

M
inam

ata disease. A
 question m

ark rem
ains w

ith regard to the desirability of eating 
som

e species of fish having naturally high concentrations of m
ethyl m

ercury until they 
can be show

n to be harm
less-possibly 

through the coexistence of selenium
 and m

er- 
cury in the sam

e tissues. A
ny problem

s w
ith cadm

ium
, lead or other m

etals w
ould be 

expected to stem
 from

 contam
inated shellfish rather than fish, since concentrations in 

the latter are less sensitive to contam
ination. T

h
u

s the accum
ulation of copper an

d
 zinc 

by oysters has caused problem
s in m

any areas. H
ow

ever, as w
ith the effects of m

etals on 
the m

arine biota in the field, only the obvious effects of m
etals on m

an have been 
recognized: certainly persons eating contam

inated seafood regularly can easily exceed 
the intake rates for m

etals at present regarded as tolerable. It can be concluded that 
serious problem

s w
ith m

arine foodstuffs seem
 m

ost likely to result from
 contam

ination 
w

ith m
ercury or possibly cadm

ium
, w

hereas effects on the m
arine environm

ent seem
 at 

least as likely to stem
 from

 contam
ination w

ith abundant m
etals such as copper and zinc 

as from
 contam

ination w
ith m

ercury or cadm
ium

 

(7) M
a
n
a
g
e
m
e
n
t
 of M

etal P
ollu

tion
 

(a) A
batem

ent of C
ontam

ination 

S
tudies on the abatem

ent of contam
ination have so far largely been concerned w

ith 
the reduction of m

ercury inputs follow
ing the realization that it w

as an
 urgent pollution 

problem
. 

A
t M

inam
ata B

ay (see also p. 1383) closure of the offending acetaldehyde factory in 
1968 lead to a sharp drop in m

ercury concentrations in indicator species over a period of 
a few

 m
onths. M

ean concentrations from
 sam

ples of Venus japonica taken at 4 sites on 
several occasions fell from

 17 pprn (3
 to 60 pprn dry) in 1967 to 3.7 pprn (0.3 to 16 ppm

) 
in 1969 and 5.4 pprn (0.3 to 16 ppm

) in 1970, a reduction of about 70%
 in m

ercury 
residues (F

U
JIK

I, 1973). A
lthough this reduction w

as rapidly achieved, the presence of 
sedim

ents-som
etim

es 
containing m

ore than 
100 pprn of m

ercury-delayed 
further 

im
provem

ents. T
h

e results of m
onitoring several species of fish in recent 

years has 
show

n that in som
e species the flesh contains higher concentrations than the Japanese 

lim
it of 0.4 pprn (w

et) an
d

 this is thought to be the result of persistent contam
ination 

(H
IR

O
T

A
 an

d
 co-authors, 1979). F

ish confined in pens are being used to m
onitor any 

increase in m
ercury levels w

hich m
ay result from

 disturbance during the rem
oval of the 

heavily contam
inated sedim

ents from
 the bay by dredging. T

h
e com

prehensive plans for 
the clean-up of the B

ay have been described by ISH
IK

A
W

A
 and IK

E
G

A
K

I (1980). 
F

ollow
ing a reduction of 95 to 98%

 in m
ercury output from

 an Italian chlor-alkali 
factory it w

as observed that in 28 to 29 m
onths the concentration in the crab Pachygrapsus 

m
annoratus fell by 78%

 and the fall in other species ranged from
 20 to 31%

 (R
EN

ZO
N

I, 
1976). It w

as noted that com
plete recovery w

ould probably be delayed by the large 
am

ounts of m
ercury built u

p
 in the sedim

ents. A
 fall of m

ore than 50%
 in the m

ercury 
level offish m

uscle w
as observed a year after the introduction of a w

aste treatm
ent plant 

at a caustic soda factory in T
hailand (S

U
C

K
C

H
A

R
O

E
N

 
and L

O
D

E
N

IU
S

, 
1980). S

im
ilarly, 

m
ercury levels in eelpout Zoarces uiuiparus appear to have fallen follow

ing the reduction of 
inputs to the E

m
s estuary (E

S
S

IN
K

, 1980). F
rom

 studies on S
aguenay F

jord in C
anada. 
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T 

O
F 

kl
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A
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U
TI

O
N

 

fo
llo

w
in

g 
th

e 
re

gu
la

ti
on

 o
f 

m
er

cu
ry

 i
np

ut
 f

ro
m

 t
he

 c
hl

or
-a

lk
al

i 
in

du
st

ry
, 

L
O

R
IN

G
 an

d
 

B
E

W
E

R
S

 (1
97

8)
 c

on
cl

ud
ed

 t
ha

t 
al

th
ou

gh
 c

on
ce

nt
ra

ti
on

s 
in

 t
he

 w
at

er
 s

ho
ul

d 
re

tu
rn

 t
o 

ne
ar

-n
at

ur
al

 l
ev

el
s 

in
 2

 y
r,

 d
ec

on
ta

m
in

at
io

n 
of

 m
er

cu
ry

-r
ic

h 
se

di
m

en
ts

 b
y 

fl
us

hi
ng

 a
nd

 
bu

ri
al

 w
ill

 t
ak

e 
de

ca
de

s.
 T

he
se

 r
es

ul
ts

 f
ro

m
 d

if
fe

re
nt

 a
re

as
 a

ll
 p

oi
nt

 t
o 

th
e 

po
ss

ib
il

it
y 

of
 

m
ak

in
g 

ra
pi

d 
re

du
ct

io
ns

 i
n 

m
er

cu
ry

 c
on

ce
nt

ra
ti

on
s 

in
 t

he
 b

io
ta

 b
y 

re
m

ov
in

g 
th

e 
so

lu
bl

e 
in

pu
t,

 b
ut

 a
ls

o 
in

di
ca

te
 a

 m
uc

h 
lo

ng
er

 t
im

e 
sc

al
e 

fo
r 

th
e 

re
m

ov
al

 o
f 

th
e 

in
fl

ue
nc

e 
of

 
se

di
m

en
t-

bo
un

d 
m

er
cu

ry
. 

It
 is

 o
fc

ou
rs

e 
no

t 
al

w
ay

s 
ea

sy
 t

o 
st

op
 th

e 
in

pu
t 

of
w

as
te

s.
 T

h
e 

in
pu

t 
of

 m
et

al
s 

in
 r

un
of

f 
fr

om
 a

re
as

 w
he

re
 t

he
 s

oi
ls

 h
av

e 
be

en
 c

on
ta

m
in

at
ed

 b
y 

m
in

in
g 

or
 a

er
ia

l 
fa

ll
ou

t 
fr

om
 

sm
el

ti
ng

 o
r 

th
e 

us
e 

of
 le

ad
 i

n 
pe

tr
ol

 c
an

no
t 

be
 s

w
it

ch
ed

 o
ff

. F
or

 e
xa

m
pl

e,
 e

xa
m

in
at

io
n 

of
 

a 
da

te
d 

co
re

 f
ro

m
 t

he
 T

am
ar

 e
st

ua
ry

 b
y 

C
L

IF
T

O
N

 an
d 

H
A

M
IL

T
O

N
 

(1
97

9)
 s

ho
w

ed
 t

ha
t 

le
ve

ls
 o

f 
co

pp
er

, 
zi

nc
, 

an
d 

le
ad

 r
os

e 
sh

ar
pl

y 
fo

llo
w

in
g 

a 
pe

ak
 o

f 
m

et
al

li
fe

ro
us

 m
in

in
g 

in
 

th
e 

m
id

-n
in

et
ee

nt
h 

ce
nt

ur
y 

an
d 

ha
ve

 r
em

ai
ne

d 
co

ns
ta

nt
 f

or
 t

he
 p

as
t 

10
0 

yr
, 

al
th

ou
gh

 
m

in
in

g 
la

rg
el

y 
ce

as
ed

 8
0 

yr
 a

go
. T

h
is

 h
as

 b
ee

n 
ca

us
ed

 b
y 

th
e 

w
ea

th
er

in
g 

of
 s

po
il

 h
ea

ps
 

an
d,

 a
lt

ho
ug

h 
th

e 
es

tu
ar

y 
is

 r
eg

ar
de

d 
as

 u
np

ol
lu

te
d,

 c
on

ce
nt

ra
ti

on
s 

in
 t

he
 b

io
ta

 a
re

 
ab

no
rm

al
ly

 h
ig

h 
(B

R
Y

A
N

 
an

d 
H

U
M

M
E

R
S

T
O

N
E

, 
19

71
, 1

97
3c

; B
R

Y
A

N
 

an
d

 U
Y

S
A

L
, 19

78
).

 

(b
) 

M
on

it
or

in
g 

A
lt

ho
ug

h 
th

er
e 

is
 a

 g
re

at
 d

ea
l 

of
 i

nf
or

m
at

io
n 

av
ai

la
bl

e 
on

 m
et

al
 r

es
id

ue
s 

in
 s

ea
 w

at
er

, 
se

di
m

en
ts

, 
an

d 
bi

ot
a 

in
 d

if
fe

re
nt

 p
ar

ts
 o

f 
th

e 
w

or
ld

, 
st

ud
ie

s 
ha

ve
 o

ft
en

 t
en

de
d 

to
 b

e 
un

co
nn

ec
te

d 
an

d
 th

e 
re

su
lt

s 
di

ff
ic

ul
t 

to
 c

om
pa

re
 b

ec
au

se
 o

f 
th

e 
us

e 
of

di
ff

er
en

t a
na

ly
ti

ca
l 

m
et

ho
ds

. 
O

ve
r 

th
e 

pa
st

 
fe

w
 y

ea
rs

 a
tt

em
pt

s 
ha

ve
 b

ee
n 

m
ad

e 
at

 b
ot

h 
na

ti
on

al
 a

nd
 

in
te

rn
at

io
na

l 
le

ve
ls

 t
o 

in
tr

od
uc

e 
an

 e
le

m
en

t 
of

 c
oo

pe
ra

ti
on

. 
In

 t
he

 U
ni

te
d 

K
in

gd
om

, 
fo

r 
ex

am
pl

e,
 t

he
 c

oo
rd

in
at

in
g 

bo
dy

 f
or

 m
ar

in
e 

m
on

it
or

in
g 

by
 v

ar
io

us
 a

ge
nc

ie
s,

 i
nc

lu
di

ng
 

go
ve

rn
m

en
t 

de
pa

rt
m

en
ts

, 
w

at
er

 a
ut

ho
ri

ti
es

, 
in

du
st

ry
, 

an
d

 u
ni

ve
rs

it
ie

s,
 i

s 
th

e 
M

ar
in

e 
P

ol
lu

ti
on

 M
on

it
or

in
g 

M
an

ag
em

en
t 

G
ro

up
. T

he
y 

ha
ve

 f
or

m
ul

at
ed

 p
ol

ic
ie

s 
(D

O
E

, 
19

79
) 

to
 e

xt
en

d 
m

ar
in

e 
m

on
it

or
in

g 
be

yo
nd

 
th

e 
an

al
ys

is
 o

f 
re

si
du

es
 i

n 
co

m
m

er
ci

al
 f

is
h 

an
d 

sh
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3. PO
LLU

TIO
N

 D
U

E T
O

 H
E

A
V

Y
 M

E
T

A
L

S
 (G

. \V
. B

R
Y

A
N

) 

(c) P
ractical A

pplication of R
esults 

T
h

e
 principles of the application of the results of laboratory and field experim

ents to 
the derivation of standards for the discharge of contam

inants to the sea, w
hile at the 

sam
e tim

e protecting the environm
ent have been described by P

R
E

S
T

O
N

 ( 1979). T
h

is 
involves the recognition of the critical target for the m

etal w
hich m

ay be m
an or som

e 
section of the m

arine biosphere, the setting of exposure standards w
hich m

ay contain 
substantial m

argins of safety an
d

 the application of the standards to individual situa- 
tions. P

R
E

S
T

O
N

 concludes: 

'T
h

e w
ay ahead is reasonably clear: develop standards, if necessary on a purely 

em
pirical basis, w

ith the use of a hypothesis such as that of linear dose-response, 
unless threshold phenom

ena can be clearly show
n to exist; apply the standards to 

individual situations based on the application of critical path techniques; define 
acceptable 

rates of introduction 
and 

associated 
environm

ental 
concentrations; 

m
onitor introduction 

and, w
here appropriate, the environm

ent by 
using d.w

.ls 
(environm

ental quality standards) as the field criteria dem
onstrating com

pliance 
w

ith standards' (P
R

E
S

T
O

N
, 1979, p. 622). 

A
 present bone of contention is w

hether the em
ission standards for pollutant dis- 

charges should be uniform
ly applied over a w

hole country o
r countries o

r w
hether, as 

advocated above, em
issions should be controlled in the light of the capacity of each sea 

area, estuary an
d

 so o
n

 to accept the contam
inant, taking account of all environm

ental 
factors. T

h
e

 argum
ents, environm

ental, practical an
d

 econom
ic, for an

d
 against these 2 

view
s have been discussed by H

O
L

D
G

A
T

E
 (1979) w

ho points out that th
e uniform

 em
is- 

sion view
 tends to reject 

the use of the disposal capacity of the sea as a resource. 
C

ertainly in the case of m
etals, o

u
r ow

n experience ofover 50 estuaries of different types 
w

ould support the contention that if there are m
etallic em

issions they should be tailored 
to individual areas. T

h
e

 im
portance of the form

 of input an
d

 the local environm
ental 

conditions o
n

 the biological availability of m
etals m

ay be illustrated by the follow
ing 

exam
ple. In

 R
estronguet C

reek (U
K

), w
hich receives acid m

ine w
astes containing as 

m
uch as 1 ppm

 of dissolved copper, an
d

 w
here the sedim

ents contain 3000 ppm
 of 

copper, the deposit-feeding bivalve Scrobicularia plana contains 150 ppm
. O

n
 the other 

hand, in the E
rm

e estuary (U
K

), w
here there is no com

parable copper input an
d

 the 
sedim

ents contain 
only 

30 ppm
, S. plana 

have 
been 

found 
containing around 

700 
ppm

-due 
apparently to som

e subtlety in the chem
ical com

position of the sedim
ents 

w
hich are very reducing in character. 

(8) C
on

clu
sion

s and F
uture P

rosp
ects 

T
en

 years ago there w
as very little inform

ation on m
etal contam

ination in the sea and 
even now

 after the publication of thousands of papers there are still question m
arks 

against m
any aspects of the problem

. F
or exam

ple, there is a shortage of reliable infor- 
m

ation about m
etallic inputs to the sea, although in som

e areas it has been possible to 
d

raw
 up inventories. E

ven less is know
n about the relevance ofdifferent inputs in term

s 
of their ability to cause pollution since, w

ith few
 exceptions, w

e d
o

 not know
 w

hich 
chem

ical form
s in the field are m

ost readily available or toxic to m
arine organism

s. 
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Fig. 4-1: Petroleum
 in the m

arine environm
ent. (A

fter RAY, 1981; redraw
n; reproduced by per- 

m
ission of the A

ssociation of E
uroptene O

ctanique) 

B
ecause the literature on oil pollution is so extensive and in order to convey other 

interpretations a literature appendix (p. 1580 to 1582) has been provided for guidance. 
V

iew
s on the im

portance of oil pollution m
ay be gleaned from

 the G
E

S
A

M
P

 (1977) 
review

 and the m
any w

orkshops and studies on inputs and effects. D
etailed accounts of 

m
ajor oil spill incidents are listed and a few

 im
portant references to the principal 

specialist topics. L
egal aspects are of interest in the w

ider scene. A
 com

pilation of the 
m

ore accessible and com
prehensive bibliographies is included for those seeking detailed 

literature references on specific topics. 

(b
) C

ause for C
oncern 

C
oncern about oil pollution gets its m

ost im
m

ediate boost from
 m

ajor oil spills-par- 
ticularly in recent years from

 errant oil tankers-but 
also from

 blow
outs, oil pipelines 

and storage tanks as a result of operational failure and error, or deliberate acts of 
sabotage o

r w
ar. 

T
h

e U
S

 A
cadem

y of Sciences is currently review
ing its w

ell publicized estim
ate of a 

total 6.1 13 m
illion tons of oil reaching the seas of the w

orld (N
A

S, 1975) but there is 
little expectation of a m

ajor revision. C
O

W
E

L
L

 (1978, unpubl.) provides an interim
 

revised and reduced estim
ate of 4.951 m

illion tons based on im
provem

ents in oil hand- 
ling and oil technology over the intervening period. S

ubsequently, how
ever, there have 

been recent disastrous oil spill incidents, like that of the grounding of the Am
oco C

adiz 
and the Ixtoc I blow

out, w
hich can only increase the latest figures. 

O
il exploration and exploitation-earlier 

restricted to sources on land or in shallow
 

seas in an oil belt girdling the w
orld-are 

now
 rapidly extending to land areas all over 

the w
orld and into territorial seas everyw

here at ever increasing depths and into ever 
m

ore adverse environm
ents. 

R
egardless of increasing oil costs, the dem

and for oil continues at a high rate and the 
frenzy to explore and exploit escalates in the face of m

ounting difficulties. T
here is 

evident reason for environm
entalists to clam

our m
ore and m

ore for restraint in the use of 
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T
h

e cost of m
arine oil pollution is only a little less com

plicated, but various attem
pts 

have been m
ad

e to express the losses of m
arine resources and disturbance of the fishing 

industry in financial term
s to be added to the costs of clean-up. C

ostings are necessary 
for reclaim

ing dam
ages from

 those spilling oil. S
urely the true costs of continuous 

on-going m
arine oil pollution as it affects anim

als an
d

 plants are also w
orth calculating 

even if the reckoning is incom
plete. 

(c) O
il P

ollution an
d

 its  m
anagem

ent 

O
n

ce it reaches the sea there is no w
ay in w

hich oil can be totally recovered. R
em

edial 
m

easures for oil spills are difficult, ineflicient, and restricted in application. T
h

ey
 are 

also expensive an
d

 can
 be dam

aging to the environm
ent. S

cope exists for good m
anage- 

m
ent of clean-up operations but m

ost w
ould agree that such efforts are unrew

arding. 
P

revention is better th
an

 cure, no m
ore so th

an
 for oil pollution w

hich has no cure. 
T

h
e

 tools for m
anagem

ent are sound know
ledge, identification of responsibility, an

d
 

m
eans of effective control. A

t best, the science of oil pollution is com
plex and incom

plete. 
T

h
e responsibilities for global oil pollution lie not only w

ith the oil industry but also w
ith 

every industry an
d

 everyone. T
h

ere are serious deficiencies in existing controls, stan- 
d

ard
s an

d
 m

ethodologies and overall total absence of harm
onization. 

A
bove all is the fact that the m

anagem
ent of oil pollution does not fall on any single 

group o
r agency an

d
 consequently deficiencies are not recognized. 

M
anagem

ent in
 the oil an

d
 shipping industries an

d
 on the part of their trade associa- 

tions can justly claim
 to be striving to fulfil their responsibilities, an

d
 their scientists 

show
 lively aw

areness. In
 m

ost other aspects of oil pollution, experts and adm
inistrators 

seem
 content to perpetuate attitudes an

d
 practices that have progressed little since the 

beginning of the century. 
O

n
ly

 better aw
areness an

d
 an

 im
proved partnership betw

een expert an
d

 adm
inis- 

trator can bring about reduction in global oil pollution an
d

, m
ore im

portant, w
ork 

tow
ards optim

um
 utilization of oil on a long-term

 plan. It is the duty of scientists to 
assist m

anagem
ent in these objectives and to direct m

anagem
ent tow

ards m
ore m

ean- 
ingful control of oil pollution an

d
 better integrated m

onitoring program
m

es for the total 
environm

ent an
d

 ecosystem
. 

T
h

e
 role of the scientist is to recognize oil pollution for w

hat it is, exam
ine com

prehen- 
sively w

hat dam
age it does to the sea an

d
 declare the action that is necessary and 

possible to rem
edy these effects. Inevitably this m

eans dedicated research into the 
problem

s of fate of oil an
d

 the effects of oil on organism
s an

d
 com

m
unities. 

It is logical to begin by looking at the pathw
ays by w

hich oil reaches the sea and by 
quantifying these having regard to the validity of the available data. T

h
e global picture 

only becom
es clear if one looks at air, land, and fresh w

ater, as w
ell as at the sea w

hich is 
the centre of interest. 

(2) O
il In

p
u

ts to the Sea and th
eir C

h
aracteristics 

It is clear from
 estim

ates of the m
ean annual quantities of oil reaching the sea (T

able 
4-1) that m

arine transportation-including 
tanker accidents-is 

an
 im

portant c
o

m
p

e
 

nent, only equalled o
r perhaps exceeded by the m

uch m
ore elusive input from

 rivers. 
Inputs related to oil transportation are initiated by direct deposit of oil into the sea. In 
ecological term

s, the initial im
pact for som

e unfortunate m
arine creature is 100%

 oil. 



O
IL

 I
N

P
U

T
S

 T
O

 T
H

E
 S

E
A

 A
N

D
 T

H
E

IR
 C

H
A

R
A

C
T

E
R

IS
T

IC
S

 

T
ab

le
 4

-1
 

E
st

im
at

e 
of

 o
il 

re
ac

hi
ng

 t
he

 s
ea

s 
of

 t
he

 w
or

ld
, 

19
78

 (
B

as
ed

 o
n 

re
ce

nt
 w

or
ld

 b
ud

ge
ts

: 
in

 m
il

li
on

s 
of

 to
ns

; 
up

da
te

d 
by

 C
O

W
E

L
L

: 
B

ri
ti

sh
 

Pe
tr

ol
eu

m
 

C
om

pa
ny

; 
fo

r 
a 

E
ur

op
ea

n 
P

ar
li

am
en

ta
ry

 
H

ea
ri

ng
, 

P
ar

is
, 

4 
Ju

ly
, 

19
78

) 

O
ff

sh
or

e 
oi

l 
pr

od
uc

ti
on

 
C

oa
st

al
 o

il 
re

fi
ne

ri
es

 
In

du
st

ri
al

 w
as

te
 

M
un

ic
ip

al
 w

as
te

 
U

rb
an

 r
un

of
f 

R
iv

er
 r

un
of

f 
N

at
ur

al
 s

ee
ps

 
A

tm
os

ph
er

ic
 r

ai
no

ut
 

M
ar

in
e 

tr
an

sp
or

ta
ti

on
 

bi
lg

es
 a

nd
 b

un
ke

ri
ng

 
lo

ad
 o

n 
to

p 
no

n-
lo

ad
 o

n 
to

p 
dr

y 
do

ck
in

g 
ta

nk
er

 a
cc

id
en

ts
 

dr
y 

ca
rg

o 
ac

ci
de

nt
s 

te
rm

in
al

 l
oa

di
ng

 

T
ot

al
 

S
om

e 
ri

ve
r-

bo
rn

e 
m

un
ic

ip
al

 a
nd

 i
nd

us
tr

ia
l 

in
pu

ts
 m

ay
 w

el
l 

be
gi

n 
up

st
re

am
 i

n 
th

e 
sa

m
e 

w
ay

, 
bu

t 
by

 t
he

 t
im

e 
a 

ri
ve

r 
en

te
rs

 a
n

 e
st

ua
ry

 m
os

t 
of

 t
he

 o
il 

w
ill

 e
va

po
ra

te
, d

is
so

lv
e 

or
 

em
ul

si
fy

 a
nd

 m
uc

h 
of

 t
he

 r
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at
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probable m
ake-up w

ould 
include traffic-contam

inated 
runoff from

 
highw

ays 
(w

hich 
them

selves are often based on tarred stone chips) and escapes or discharges of used 
lubricating oils an

d
 greases from

 sundry dom
estic, service and industrial sources and, of 

course, land-based spills of petrol, heating and engineering oils. O
n

e suspects that m
uch 

of the m
ore toxic lighter fractions w

ill have escaped into the air or have been m
etabol- 

ized. O
f the m

ore persistent fractions it has been suggested that polycyclic arom
atic 

hydrocarbons w
hich m

ay include carcinogens are am
ong the im

portant groups. 
B

ecause about 90%
 of all petroleum

 is used prim
arily as a source of energy (T

able 4-2) 
in static or m

obile m
achines for com

bustion, these operations constitute a m
ajor point of 

origin for oil pollution of air, land, and fresh w
ater. It is hard to descry the exclusive 

m
an-m

ade inputs to the air and to the terrestrial environm
ent, and little is know

n about 
thd 

dynam
ics 

of 
the exchanges 

into w
ater. 

In 
consequence, 

the 
approach 

usually 
adopted is to regard hydrocarbons used as fuel as giving rise initially to atm

ospheric 
pollution w

ithin w
hich subsequent dam

age to the terrestrial environm
ent is included. 

V
irtually nothing is know

n about the inputs of air-borne hydrocarbons into rivers; the 
usual 

analytical 
m

ethods 
are so designed 

that 
any 

contribution w
ould 

largely 
be 

excluded. O
u

r uncertain 
know

ledge of hydrocarbons in 
fi-esh w

ater extends alm
ost 

exclusively to the rem
aining 10%

 of oil used as lubricants and non-fuels. 
T

h
e

 m
ain non-fuel products include naphtha, essentially a feedstock for m

anufactur- 
ing chem

ical products; bitum
en, m

ainly used as a construction m
aterial for roads, roofs, 

etc.; lubricating oils, w
hite spirits, w

idely used as solvents; and w
axes, used in solid form

 
and blended into greases. O

f these, in term
s of m

arine pollution potential, naphthas are 
relatively toxic; bitum

en is a source of polycyclic arom
atic hydrocarbons; lubricants are 

chiefly discarded as w
aste oils; w

hite spirit has an
 indirect air-borne input and w

axes 
reach the sea only as greases included under w

aste lubricants. T
ab

le 4-3 sum
m

arizes the 
general features of the norm

al disposal of these non-fuel petroleum
 fractions. 

F
rom

 T
ab

le 4-3 it is clear that lubricants give rise to the m
ajor disposal problem

 in 
effluents. L

ubricants of num
erous types are in use, m

any of them
 in w

idespread sm
all 

applications. S
ince lubricants have usually a short life, there is considerable turnover 

generating substantial am
ounts of w

aste oils an
d

 greases. A
bout one-sixth is held in 

perm
anent use or is recycled, about one-third is burned during use or on recovery 

leaving about one-half w
hich is either dum

ped in a controlled m
anner or finds its w

ay 
into soil, w

ater, or sew
ers. C

hem
ical additives are w

idely used to im
prove the perform

- 
ance of 

hydrocarbons 
as lubricants, 

in am
ounts varying w

ith 
application but 

on 
average about 4%

 (see K
O

R
T

E
, 1977 for details). S

om
e of these chem

ical additives are 
considerably m

ore toxic than oil and m
ost are at least as resistant to degradation. S

cope 
exists for approaching com

plete recycling or controlled destruction of w
aste oils from

 
static engines but 

the elim
ination of uncontrolled 

disposal of w
aste lubricants from

 
m

obile units is m
ore difficult w

here there is no focal point for w
aste oil collection. It is 

equally necessary to provide an efficient routine collection of w
aste oils from

 interceptor 
traps, sum

ps and other oil separation units at engineering sites; otherw
ise considerable 

quantities of w
aste lubricants m

ay find their w
ay via surface runoff and sew

ers into 
dom

estic w
ater treatm

ent plants w
hich have lim

ited potential for coping w
ith oil. 

C
haracterization of river-borne, m

unicipal, an
d

 industrial inputs is com
plex because 

of the extrem
ely diverse nature of the com

ponent inputs-including 
appreciable levels of 

pesticides, P
C

B
s, and other petrochem

ical derivatives. Q
uantification is generally m

ade 
in term

s of 'persistent oils and greases' by a solvent extraction stage follow
ed by w

eigh- 
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 C
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 b
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es
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 c

on
ta
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p.
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to
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. 



1440 
4. 

O
IL

 P
O

L
L

U
T

IO
N

 A
N

D
 IT

S
 IM

A
N

A
G

E
IM

E
N

T
 (R

. JO
H

N
S

T
O

N
) 

T
able 4

-3
 

D
isposal of non-fuel products (106 tons yr-l) (A

fter K
O

R
T

E
, 1977; reproduced by perm

ission of 
the author) 

D
um

ping, 
em

uent 
Fixation, 

T
otal 

discharge, 
transfer 

Product 
quantity 

etc. 
E

vaporation 
B

urning 
reuse 

N
aphtha 

130 
130 

B
itum

en 
86 

1 
8 

77 
Petr, coke 

46 
46 

L
ubes 

36 
17 

13 
6 

W
hite spirits 

33 
1 

26 
5 

1 
W

axes 
3 

2 
1 

Sulphur 
3 

3 

T
otal 

(c) N
atural S

eeps 

N
atural seeps an

d
 biogenic hydrocarbons form

 
the next largest input. P

etroleum
 

seepages into the G
ulf of V

enezuela, on the V
enezuelan island o

fcab
ag

u
a, off P

uerto d
e 

la C
ruz, an

d
 near N

ueva Z
am

o
ra (M

aracaibo) have been know
n for over 400 yr (C

O
W

- 

E
L

L
, 1976) an

d
 n

o
 doubt m

an
y

 other m
inor em

issions of crude oils exist. M
ore recently, 

underw
ater seeps in ocean areas have been alleged and som

e coastal seeps have been 
intensively studied 

(H
A

R
V

E
Y

 an
d

 co-authors, 1979; S
P

IE
S

 an
d

 co-authors, 1980). O
il- 

drilling activities can w
eaken rock structure leading to blow

-outs (V
A

N
 D

E
N

 H
O

E
K

, 1977; 
S

T
R

A
U

G
H

A
N

, 
197 7). 

E
nvironm

ental studies in relation to these seeps have m
ad

e an
 invaluable contribu- 

tion to our know
ledge of long-term

 effects of exposure to oil. Q
uantification of seeps in 

shallow
 w

ater is based on a direct estim
ate of the m

ean rate of flow
 of the seep. M

an
y

 
seeps display variable an

d
 interm

ittent flow
. T

h
e toxicology of oil seeps is discussed on 

p. 1456 to 1458. 

(d
) 

B
iogenic H

ydrocarbon Inputs 

It is generally acknow
ledged 

that petroleum
 

hydrocarbons have been form
ed from

 
prim

ordial aquatic plants an
d

 anim
als under conditions of heat (u

p
 to 80 'C

) 
an

d
 high 

pressure in the absence of air. B
ecause of the prolonged 

period during w
hich fossil 

hydrocarbons have been out of contact w
ith w

ater and the atm
osphere the natural stable 

isotope "C
 is m

u
ch

 depleted relative to the stable non-radioactive "C
 

during m
aturation 

an
d

 radioactive "C
 decreases. M

arine biogenic hydrocarbons are largely of recent origin 
an

d
 are derived from

 a m
ultitude of sources on land, in fresh w

ater, an
d

 in the sea. T
hese 

recent hydrocarbons possess "C
 

an
d

 "C
 

relative to ''C
 

in proportions sim
ilar to, o

r only 
slightly depleted from

, the ratio in the carbon dioxide of the low
er atm

osphere and 
surface w

aters show
ing recent 

parentage associated w
ith photosynthesis and photo- 

synthetic products. 
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ch

ai
ns

 (
F

ig
. 4

-2
).

 T
h

e 
ex

ac
t m

ec
ha

ni
sm

 g
iv

in
g 

ri
se

 t
o 

th
is

 p
re

do
m

in
an

ce
 is

 n
ot

 k
no

w
n;

 i
t 

m
ay

 b
e 

re
la

te
d 

to
 m

ic
ro

bi
al

 a
ct

io
n 

an
d 

m
at

ur
at

io
n 

of
 p

la
nt

 a
nd

 a
ni

m
al

 d
eb

ri
s.

 T
he

re
 is

 
no

 o
dd

-e
ve

n 
pr

ed
om

in
an

ce
 i

n 
th

e 
n-

al
ka

ne
s 

fr
om

 p
et

ro
le

um
. 

T
h

e 
m

os
t 

ab
un

da
nt

 n
at

ur
al

 h
yd

ro
ca

rb
on

s 
ar

e 
th

e 
si

m
pl

es
t 

ga
se

ou
s 

al
ka

ne
s,

 m
et

ha
ne

 
pr

ed
om

in
an

tl
y 

w
it

h 
m

uc
h 

sm
al

le
r 

pr
op

or
ti

on
s 

of
 e

th
an

e,
 p

ro
pa

ne
, 

an
d 

bu
ta

ne
. 

T
he

se
 

ga
se

ou
s 

fi
-a

ct
io

ns
 a

re
 o

m
it

te
d 

fr
om

 t
he

 g
lo

ba
l 

hy
dr

oc
ar

bo
n 

es
ti

m
at

es
 a

s 
th

ey
 a

re
 g

en
er

- 
al

ly
 r

eg
ar

de
d 

as
 r

ap
id

ly
 b

io
de

gr
ad

ed
. 

T
h

er
e 

is
 a

 c
om

pl
ex

 i
nt

er
ch

an
ge

 o
f g

as
eo

us
 h

yd
ro

ca
rb

on
s 

be
tw

ee
n 

so
il,

 a
ir

, a
n

d
 w

at
er

. 
B

io
ge

ni
c 

pr
od

uc
ti

on
 o

fm
et

ha
ne

 m
ay

 b
e 

at
 le

as
t 

10
' 

to
ns

 y
i
'
.
 

T
he

re
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 g
re

at
 u

nc
er

ta
in
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ou

t 
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al

 p
ro

du
ct

io
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 o

th
er

 m
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og

en
ic
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yd
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U
N
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97
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at
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 c
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ly
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 W

E
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96
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 m
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 c
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 m
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 p
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 c
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 d
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H
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H

N
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T
O

N
) 

cal sm
og. T

his results from
 com

plicated chem
ical reactions of nitrogen oxides w

ith 
partly oxidized hydrocarbons. 

T
h

e very high local concentration of crude oil vapours created over the first few
 days 

of the Am
oco C

adir oil spill w
as reported as causing w

idespread discom
fort to anim

als 
an

d
 m

an and also gave rise to im
m

ediate and subsequent effects on local plant life. 
R

egional pollution by hydrocarbons affecting w
ider areas up to 200 km

 radius is m
uch 

rarer, because the high degree of natural dispersion precludes such problem
s in the 

absence of acute local inputs, alm
ost certainly m

an m
ade. P

ossible problem
s in this 

category are the dispersion of benzo [
a
]
 pyrene and related com

pounds in urban air and 
the dispersion of incom

pletely com
busted fuel oil residues w

hich becom
e adsorbed on 

particulate m
atter and as aerosols. It is frequently difficult to isolate hydrocarbon pollu- 

tion from
 other pollutants w

hich occur sim
ultaneously such as soot(carbon), sulphuric 

and nitric acids, lead and other toxic m
etals so that the interpretation of effects on the 

biota of contam
inated air, fallout or rainout is com

plex. 
G

lobal atm
ospheric pollution is synonym

ous w
ith stratospheric pollution for w

hich 
m

ixing tim
es are typically a few

 w
eeks in the east-w

est 
dim

ension and a few
 m

onths in 
the north-south 

dim
ension. V

ertical m
otion has characteristic tim

es of a few
 years. In

 
this stratum

 are found the sources of the m
ajor problem

s relating to excess carbon 
dioxide, threatened ozone deficiency, enhanced concentrations of sulphur dioxide and 
oxides of nitrogen. M

ethane and som
e of its oxidized derivatives are also involved w

ith 
these in intricate photochem

ical reactions and equilibria. T
h

e disturbance of chem
istry 

in the stratosphere is w
idely held to constitute m

an's m
ost serious infringem

ent on the 
natural balance of cycles and equilibria. 

T
h

e quantification of these atm
ospheric hydrocarbon inputs is highly uncertain. O

f 
prim

e im
portance is the com

bustion in one w
ay or another of gas, oil, oil fractions, oil 

derivatives, oily w
astes, an

d
 the m

any kinds of disposable plastic products. S
ince use of 

fuels am
ounts to at least 88%

 of crude oil production (natural and produced gas to be 
added), inefficiency at this stage can generate pollution of considerable, perhaps over- 
bearing m

agnitude. V
alues in the percentage range apply to internal and jet com

bustion 
engines in certain m

odes of operation, and the inefficiency of furnaces rises w
hen out- 

put above a certain optim
um

 is dem
anded. F

uel efficiency is greatly sought after in 
recent engine and furnace design but the proportion of m

odern im
provem

ents m
ay be 

outw
eighted by w

ear and m
alfunction in the vastly greater resource of old and very old 

equipm
ent. T

ypical average efficiencies from
 large and sm

all units are given by K
O

R
T

E
 

(1977, T
ab

le 4-4), but it is hard to tell how
 representative these values m

ay now
 be. A

n 
im

pression of the m
agnitude of global em

issions from
 oil fuels and gas firing m

ay also be 
gleaned from

 T
ab

le 4-4. A
 larger plant is m

ore fuel efficient than sm
aller units, but ow

ing 
to higher furnace tem

peratures form
s nitrogen oxides. T

h
e particulate m

atter is generally 
soot accom

panied by som
e m

etal oxides, etc. 
T

o
a

d
d

 to theuncertainty in the best statistics for em
issions at source, thereis m

uch still 
to be know

n of the fate of hydrocarbons in the atm
osphere and of the dynam

ics of h
y

d
r

~
 

carbon interchanges betw
een the atm

osphere, the land and its living m
antle, and the 

aquatic regim
e. 

T
h

e general 
approach 

to m
onitoring hydrocarbons at low

 concentrations 
in 

the 
atm

osphere is to adsorb them
 quantitatively at am

bient tem
perature on to an appropri- 

ate porous polym
eric substrate. A

 solvent extraction or other elution procedure follow
s, 

and the constituent hydrocarbons are m
easured 

by gas chrom
atography or gc m

ass 
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ot
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bo
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rp
ti

on
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llo

w
ed
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at

io
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 c
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bo

n 
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ox
id
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by
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pt
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ch
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n
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e 

de
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rm
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at
io

n 
of

 t
he

 a
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nt
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si

du
al

 o
xi

da
nt
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In
pu
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ro
m

 t
he
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il
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nd

us
tr
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D
el

ib
er

at
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sc

ha
rg
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of

 t
re
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ed
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ng
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eq
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nt
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ng
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l 
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ti
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B

ro
ad

ly
 s

pe
ak

in
g 

th
e 

am
ou

nt
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of
 t
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se
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ily

 w
at

er
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ar
e 

re
la

te
d 
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 t

he
 a

m
ou

nt
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of
 o

il 
pr

od
uc

ed
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ut
 c

an
 v

ar
y 

su
bs

ta
nt

ia
ll

y,
 b

ei
ng

 m
uc

h 
hi

gh
er

 f
or

 o
il 

fi
el

ds
 a

pp
ro

ac
hi

ng
 t

he
 

en
d 

of
 t

he
ir

 u
se

fu
l 

liv
es

 a
nd

 f
or

 a
ge

in
g 

pe
tr

ol
eu

m
 r

ef
in

er
ie

s 
an

d
 p

et
ro

ch
em

ic
al

 p
la

nt
s.
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h 
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 p
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 t
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y
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 c
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de
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 p
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 c
ru

de
 o

il.
 D

is
ch

ar
ge

s 
fr

om
 o

ns
ho

re
 p

ro
ce

ss
in

g 
ca

n 
in

cl
ud

e 
si

m
il

ar
 b

ut
 l

es
s 

w
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 p
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(3
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E
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E
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 o
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 o
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n
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 o
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w
el

l 
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 l
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n
d

 p
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ll

at
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N
or

th
 S

ea
 p
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 a
bo
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%
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ld

 p
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(a) P
roduction \V

ater 

R
ecent estim

ates for the volum
e and trend of production w

ater arising in the N
or- 

w
egian and B

ritish sectors are sum
m

arized in   able 4-5. In future years, as the oil fields 
becom

e depleted (F
ig. 4-3), these estim

ates w
ill at least double and a joint total in the 

region of 5000 tons y
r-' ofdispersed oil w

ould not be unexpected for the end of the 1980s. 
O

il-field depletion leads to the greater breakthrough of form
ation (and perhaps injec- 

tion) w
ater into the oil entering the arrays of boreholes conducting the oil to the produc- 

tion platform
s. T

h
e higher the extraction rate of oil from

 the sedim
entary bedrock, the 

greater the risk of w
ater breakthrough; the higher the rate of oily w

ater flow
 into the 

separation 
an

d
 treatm

ent 
units housed 

in the platform
s, the less efficient they are. 

B
ecause of severe restrictions on space for such plant on production platform

s there are 
penalties on size, and the efficiency of oil rem

oval for any given design capacity is 
inversely related to flow

 rate. T
h

e problem
s encountered in the treatm

ent of oily w
aters 

on offshore platform
s have been discussed in som

e detail by R
E

A
D

 ( 1980). 
P

roduction w
ater (initially form

ation w
ater) has been in contact w

ith crude oil under 
conditions of high pressure and tem

peratures not far short of 100 "C
. A

t this stage the 
crude oils contain gaseous hydrocarbons and all the light liquid fractions including 
benzene and toluene. A

s a result the w
ater is saturated w

ith a w
ide range of oil com

po- 
nents an

d
 a considerable concentration of endem

ic organic com
pounds. O

n
 reaching the 

platform
, excess gas an

d
 som

e of the lighter liquid fractions are released at successive 
stages of pressure reduction causing som

e of the less soluble heavy-oil fractions to form
 

em
ulsions or oil droplets in the aqueous phase. In

 the separators a com
plex particle 

T
able 4

-5
 

N
orth S

ea ollshore oily w
ater discharges. (a) N

orw
egian Shelf (B

ased on S
C

H
R

E
IN

E
R

, 
1980); 

(b
) U

K
 Shelf (B

ased on R
E

A
D

, 1980) 

(a) N
orw

egian Shelf 
M

axim
um

 
volum

e (m
"-') 

C
oncentration 

m
ax (m

g I-') 
M

axim
um

 as 
oil (tons y

r-') 

E
kofisk 

C
od 

E
dda 

E
ldfisk 

A
lbuskjell 

W
est E

kofisk 
F

rigg (N
or.) 

S
tatfjord A

 
T

ar 

4000 
400 
700 

3000 
2100 
nil 
600 

60,000 
900 

O
il in predicted discharges 

(b) U
K

 Shelf 
1980* 

1985" 

D
isplacem

ent w
ater 

P
roduction w

ater 
O

perations 

T
otal oil content 

820 tons yr-' 
2495 tons yr-' 

* T
h

e original paper (READ, 1980) should be consulted for inform
ation on the basis of these predictions. 
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ha

n 
in

 w
at

er
, 

bu
t 

th
e 

th
eo

re
ti

ca
l 

pa
rt

it
io

n 
co

ef
fi

ci
en

ts
 m

ay
 b

e 
m

od
if

ie
d 

by
 o

th
er

 o
rg

an
ic

 c
om

po
ne

nt
s 

of
 t

he
 f

or
m

at
io

n 
w

at
er

. 
F

or
 

N
or

th
 S

ea
 in

st
al

la
ti

on
s,

 t
he

 c
on

ce
nt

ra
ti

on
 o

fo
il

 in
 t

he
 t

re
at

ed
 w

at
er

 i
s 

in
 t

he
 r

an
ge

 1
5 

to
 

40
 m

g 
I-

'. 
A

s 
th

er
e 

is
 n

o 
ab

so
lu

te
 m

et
ho

d 
ca

pa
bl

e 
of

 m
ea

su
ri

ng
 t

ot
al

 o
il

, 
th

es
e 

fi
gu

re
s 

re
la

te
 t

o 
oi

l 
as

 m
ea

su
re

d 
by

 t
he

 I
M

C
O

 m
et

ho
d 

(p
. 

14
91

) 
to

ge
th

er
 w

it
h 

th
e 

en
de

m
ic

 
or

ga
ni

c 
co

m
po

un
ds

 a
ri

si
ng

 f
ro

m
 t

he
 f

or
m

at
io

n 
w

at
er

. 
T

h
e 

to
xi

co
lo

gy
 

an
d 

po
ss

ib
le

 
ec

ol
og

ic
al

 i
m

pa
ct

 o
f 

th
es

e 
di

sc
ha

rg
es

 i
s 

di
sc

us
se

d 
on

 p
p.

 1
50

7-
 1

50
9.

 
A

lt
ho

ug
h 

ge
oc

he
m

is
ts

 h
av

e 
st

ud
ie

d 
fo

rm
at

io
n 

w
at

er
 i

n 
co

ns
id

er
ab

le
 d

et
ai

l,
 m

ai
nl

y 
w

it
h 

re
ga

rd
 t

o 
va

ri
at

io
ns

 i
n 

co
m

po
si

ti
on

 i
n 

te
rm

s 
of

 m
in

er
al

 e
le

m
en

ts
, 

th
e 

or
ga

ni
c 

co
m

po
si

ti
on

 i
s 

ve
ry

 c
om

pl
ex

. 
L

Y
SY

J a
nd

 c
o-

au
th

or
s 

(1
98

1)
 d

es
cr

ib
e 

th
e 

hy
dr

oc
ar

bo
n 

co
m

po
si

ti
on

 o
f 

pr
od

uc
ti

on
/f

or
m

at
io

n 
w

at
er

 f
ro

m
 3

 p
la

tf
or

m
s 

in
 C

oo
k 

In
le

t,
 A

la
sk

a.
 

T
ot

al
 o

rg
an

ic
 c

ar
bo

n 
w

as
 g

en
er

al
ly

 in
 t

he
 r

an
ge

 4
00

 t
o 

50
0 

m
g 

C
 I

-' 
of

 w
hi

ch
 a

 v
ar

ia
bl

e 
am

ou
nt

 w
as

 a
s 

su
sp

en
de

d 
oi

l 
w

hi
ch

 c
ou

ld
 b

e 
re

du
ce

d 
by

 t
re

at
m

en
t 

to
 a

bo
ut

 3
6 

m
g 

I-
' 

w
it

h 
ar

om
at

ic
 h

yd
ro

ca
rb

on
s 

pr
op

or
ti

on
al

ly
 h

ig
he

r 
in

 t
he

 t
re

at
ed

 w
at

er
. 

M
u

ch
 o

f 
th

e 
di

ss
ol

ve
d 

no
n-

\i
ol

at
il

e 
or

ga
ni

c 
m

at
te

r 
(1

40
 t

o 
40

0 
m

g 
I-'

) 
co

ul
d 

no
t 

be
 a

cc
ou

nt
ed

 f
or

. 
S

om
e 

un
pu

bl
is

he
d 

L
K

 r
es

ul
ts

 f
or

 p
ro

du
ct

io
n/

fo
rm

at
io

n 
w

at
er

 a
re

 o
f 

co
ns

id
er

ab
le

 
in

te
re

st
. 

T
he

y 
sh

ow
 a

 w
id

e 
ra

ng
e 

in
 b

ri
ne

 s
tr

en
gt

hs
 a

n
d

 c
om

po
si

ti
on

 a
n

d
 q

ui
te

 l
ar

ge
 

de
pa

rt
ur

es
 f

ro
m

 t
he

 m
in

er
al

 c
om

po
si

ti
on

 o
f 

se
a 

w
at

er
. 

M
os

t 
br

in
es

 p
re

ci
pi

ta
te

 i
ro

n 
ox

id
es

 a
nd

 h
yd

ro
xi

de
s 

fo
r 

a 
co

ns
id

er
ab

le
 p

er
io

d 
af

te
r 

sa
m

pl
es

 a
re

 d
ra

w
n.

 S
om

e 
of

 th
es

e 
br

in
es

 a
ls

o 
fo

rm
 c

op
io

us
 p

re
ci

pi
ta

te
s 

of
 a

lk
al

in
e 

ea
rt

h 
ca

rb
on

at
es

 a
nd

 h
yd

ro
xi

de
s 

al
on

g 
w

it
h 

so
m

e 
of

 t
he

 l
es

s 
so

lu
bl

e 
hy

dr
oc

ar
bo

ns
 w

he
n 

m
ix

ed
 w

it
h 

se
a 

w
at

er
. 

N
ot

 m
uc

h 
is
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T
able 4-6 

S
om

e d
ata subm

itted 
regarding the salt content 

of production/form
ation 

w
aters 

(B
ased on 

inform
ation provided by the ~

e
~

a
r

th
e

n
t 

of E
nergy, U

K
) 

T
otal solids 

B
uchan 

(g dry w
t I-') 

(b
) 

(g I-') 

F
orties 

T
histle (21.9.78) 

T
histle (29.1 1.78) 

D
unlin 

B
eryl A

 
A

uk A
 

A
rgyll 

B
uchan 

10 1 
N

 a 
58 

<
5

 
C

a 
16 

27.5 
M

g
 

1.03 
7 

C
 1 

122 
35 

H
C

O
, 

0.122 
78 

so4 
<0.001 

43 
196 

(c) B
rent field 

M
iddle 

L
ow

er 
(d

) 
58"411N

 
1°17'E

 
Jurassic 

Jurassic 
(D

are from
 M

atthew
 H

all E
ngineering) 

("g 
I-') 

(m
g I-') 

(m
g
 I-') 

N
 a 

K
 

C
 a 

'M
g 

T
otal F

e 
D

issolved F
e 

B
a 

C
1 

C
O

, 
H

C
O

, 
so, 
D

iss. solids 
S

usp. solids 

9600 
170 
65 

260 
7.3 
0.2 
39 

14,400 
N

il 
1460 

33 
26,710 

140 

5 100 
180 
5 5 

480 6 
2.3 
39 

13,472 
N

il 
433 
2 1 

23,910 
92 

N
 a 

K
 

C
 a 

'M
g 

Fe 
B

a 
S

t 
C

 1 
H

C
O

, 
so, 
C

O
, 

O
H

 
N

O
, 

2 1,240 
1030 
420 

50 
10 
2 1 6 

3 1,620 
5030 

26 
N

il 
N

il 
16 

Specific conductivity at 25 'C
 =

 0-0236 ohm
 m

etres 
Specific conductivity at 15.6 "C

 =
 0.158 ohm

 m
etres 

pH
 6.6 

pH
 6.7 

N
o bacteria w

ere detected 
Saturated w

ith C
O

2 and m
ethane at 20 p.s.i. 

and 65 "C
 

(a) T
otal solids in N

orth Sea lorm
ation w

aters. 
(b

) Salts from
 B

uchan Field. 
(C

) 
Form

ation w
ater from

 B
rent Field (D

ata: courtesy of D
epartm

ent of E
nergy). 

(d) Form
ation w

ater from
 58' 41'N

 
l" 17'E (D

ata: courtesy of M
atthew

 H
all E

ngineering L
td, L

ondon, 
and Shell U

K
 E

xploration and Production, A
berdeen, Scotland). 

know
n about the identity of the non-hydrocarbon organics and the w

hole topic needs 
m

uch m
ore detailed study (T

ables 4-6, 4-7). T
h

e organic m
atter in sea w

ater can 
considerably influence the solubility of oil or of specific hydrocarbons; its effect on the 
toxicity of oily w

aters has not been determ
ined. 

(b
) D

isplacem
ent W

ater 

In
 the process of transferring oil em

erging from
 the array of boreholes to either a 

pipeline 
to shore or a buoy system

 for loading tankers at sea, tem
porary storage is 
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T
ab

le
 1
-
7
 

T
en

ta
ti

ve
 a

na
ly

si
s 

of
 p

ro
du

ct
io

n 
w

at
er

. S
am

pl
e 

of
 F

or
ti

es
 F

ie
ld

 p
ro

du
ct

io
n 

w
at

er
, 

1 1
.1

2.
79

. (
D

at
a:

 
co

ur
te

sy
 o

f 
B

P 
G

ra
ng

em
ou

th
 L

td
, 

U
K

) 

T
ot

al
 s

ol
id

s 
by

 e
va

po
ra

ti
on

 
87

-5
 g

 I
-' 

'S
al

in
it

y'
 

by
 c

hl
or

id
e 

ti
tr

at
io

n 
87

.5
 g

 I
-' 

S
us

pe
nd

ed
 s

ol
id

s 
0.

38
 g

 I-
' 

as
 re

ce
iv

ed
, 

th
e 

am
ou

nt
 in

cr
ea

se
s 

w
it

h 
ti

m
e 

d
u

e 
to

 p
re

ci
pi

ta
ti

on
 o

f F
e,

 
et

c.
 

pH
 7

.0
 (

as
 re

ce
iv

ed
) 

S
ol

ub
le

 o
rg

an
ic

 c
ar

bo
n 

by
 U

V
 i

rr
ad

ia
ti

on
 a

nd
 C

O
2 

by
 I

R
 s

pe
ct
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m

et
ry

: 

U
nf

il
te

re
d 

45
9 

m
g 

C
l-

' 
F

il
te

re
d 

46
5 

m
g 

C
l-

' 
F

il
te

re
d 

U
nf

il
te

re
d 

Ir
on

 
33

 m
g 

I-'
 

65
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 m
g 

I-'
 

M
an
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ne

se
 

3.
9 

m
g 

I-'
 

4.
0 

m
g 

I-
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C
ob

al
t 

50
 p

g 
I-'

 
l I

0 
pg

 I-
' 

N
ic

ke
l 

60
 p
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I-'

 
60

 p
g 

I-
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Z
in
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18

 p
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I-:
 

-
 

L
ea
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m
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M
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<
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pg
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 r
ad
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N
it
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ge
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A

m
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m
-N

 
38
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T

ot
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So

l. 
or
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N
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I-'
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 m
g 

N
 I
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e-
N
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.0
 m

g 
I-'

 
ni

tr
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+ 
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tr

ite
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0.
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2 

m
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P
ho

sp
ho

ru
s 

S
ol

ub
le

 r
ea

ct
iv

e 
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os
ph

at
e 

0.
87

 m
g 

I-'
 

(f
il

te
re

d)
 

T
ot

al
 p

ho
sp

ha
te

-n
o 

re
su

lt
, 

in
te

rf
er

en
ce

s 
T

ot
al

 h
vd

ro
ca

rb
on

s 
ab

ou
t 

10
 m

g 
I-'

 
(g

ra
vi

m
et

ri
c)

 
T

ot
al

 h
yd

ro
ca

rb
on

s 
(I

R
 m

et
ho

d)
 5

0-
60

 
m

g 
I-'

 

O
th

er
 c

om
po

ne
nt

s 
su

sp
ec

te
d:

 a
li

ph
at

ic
 a

nd
 a

ro
m

at
ic

 c
ar

bo
xy

li
c 

ac
id

s;
 n

o 
es

te
rs

 f
ou

nd
. 

ne
ce

ss
ar

y.
 T

he
re

 m
us

t 
be

 a
 b

re
ak

 i
n 

th
e 

sy
st

em
 t

o 
al

lo
w

 f
or

 p
re

ss
ur

e 
ba

la
nc

in
g 

in
 t

he
 

pi
pe

li
ne

, 
an

d 
in

 t
he

 c
as

e 
of

 t
an

ke
r 

lo
ad

in
g 

fr
om

 a
 b

uo
y 

sy
st

em
 i

nt
er

im
 s

to
ra

ge
 a

ll
ow

in
g 

oi
l 

to
 a

cc
um

ul
at

e 
in

 t
im

e 
fo

r 
th

e 
ne

xt
 l

oa
d.

 S
in

ce
 it

 i
s 

un
sa

fe
 t

o 
st

or
e 

cr
ud

e 
oi

l 
in

 o
pe

n 
ta

nk
s 

it 
is

 u
su

al
 t

o 
ad

op
t 

st
or

ag
e 

ov
er

 s
ea

 w
at

er
. 

T
hi

s 
co

nt
ac

t 
be

tw
ee

n 
oi

l 
an

d 
w

at
er

 
gi

ve
s 

ri
se

 t
o 

di
sp

la
ce

m
en

t 
w

at
er

. 
T

he
re

 a
re

 2
 g

en
er

al
 m

et
ho

ds
 n

am
el

y:
 (

i)
 e

nc
lo

se
d 

st
or

ag
e 

of
 o

il
 a

bo
ve

 a
 p

er
m

an
en

t 
vo

lu
m

e 
of

 w
at

er
 t

ha
t 

is
 d

is
pl

ac
ed

 i
nt

o 
a 

re
se

rv
e 

ta
nk

 a
s 

oi
l 

ac
cu

m
ul

at
es

 a
nd

 w
at

er
 i

s 
pu

m
pe

d 
ba

ck
 t

o 
di

sp
la

ce
 o

il
 a

s 
ne

ed
ed

; 
(i

i)
 o

pe
n-

en
de

d 
st

or
ag

e 
w

it
h 

m
or

e 
o

r 
le

ss
 f

re
e 

ac
ce

ss
 o

f 
se

a 
w

at
er

 b
en

ea
th

 t
he

 o
il 

ta
nk

. 
W

he
re

 t
he

re
 i

s 
st

or
ag

e 
of

 o
il

 a
bo

ve
 a

 f
le

xi
bl

e 
w

at
er

 b
ed

 t
he

 l
os

s 
of

 o
il

 i
n 

di
sp

la
ce

m
en

t 
w

at
er

 is
 a

pp
re

ci
- 

ab
le

 (
SC

H
R

E
IN

E
R

, 
19

80
).

 C
om

pa
re

d 
to

 t
he

 o
il

 s
pi

ll
 s

it
ua

ti
on

, 
ho

w
ev

er
, 

th
e 

co
nd

it
io

n 
of

 
th

e 
oi

l/
w

at
er

 i
nt

er
fa

ce
 i

n 
st

or
ag

e 
ta

nk
s 

is
 e

ss
en

ti
al

ly
 t

ra
nq

ui
l 

an
d

 t
he

 r
at

e 
of

 lo
ss

 o
f 

oi
l 

is
 

lo
w

. 

(c
) 

C
on

ta
m

in
at

ed
 R

ai
nw

at
er

, 
et

c.
 

O
n

 m
os

t 
pr

od
uc

ti
on

 
pl

at
fo

rm
s 

se
pa

ra
te

 a
rr

an
ge

m
en

ts
 h

av
e 

be
en

 i
ns

ta
ll

ed
 t

o 
co

pe
 

w
it

h 
(i

) o
il

-c
on

ta
m

in
at

ed
 r

ai
n 

an
d 

w
as

h 
w

at
er

, 
an

d 
(i

i)
 th

e 
oc
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si

on
al

 s
m

al
l 

am
ou

nt
s 

of
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oil lost from
 leaks and necessarily released during repair and m

aintenance of pipew
ork, 

valves, pum
ps, etc. U

sually platform
 rainw

ater drainage is conducted to an interm
ediate 

tank from
 w

hich the settled w
ater layer is passed to the oily w

ater separators; at sites 
w

here routine sm
all oil 'spills' are expected there are drains connected to oil interceptors 

from
 w

hich the trapped oil is recovered. 

(d
) O

ily B
allast W

ater 

O
n

 shore, deliberate discharges of treated oily ballast are associated w
ith those loading 

term
inals w

hich provide the reception facilities for oily ballast w
ater. In

 addition som
e 

refineries have the capacity to provide oily ballast reception treatm
ent. 

In
 principle, onshore processing of oily ballast w

ater appears to be sim
ilar to that for 

production of w
ater offshore; how

ever, the operations differ in the scope of treatm
ent 

available on shore, an
d

 in the continuity of the differing activities w
hich generate the oily 

w
ater. T

ankers in ballast calling at a term
inal to load oil cargoes discharge their oily 

ballast, w
hich usually am

ounts to 113 of their cargo capacity, sim
ultaneously w

ith cargo 
loading. B

oth rates are adjusted, and sector tank filling and em
ptying are balanced to a 

rigorous schedule, so that the stability of the tanker and safety of its crew
 are ensured. 

T
h

e norm
al stages in oily ballast treatm

ent 
begin w

ith initial reception in large 
enclosed tanks w

here settlem
ent (usually for 15 to 24 h) perm

its the first gross stage of 
w

atery oil an
d

 oily w
ater separation to take place. T

h
e oily w

ater is later drained off and 
passes to the treatm

ent plant. T
h

e w
atery oil is pum

ped to storage and further settle- 
m

ent; then the em
ulsion layer is pum

ped to the special units w
here the em

ulsion is 
broken dow

n by heat treatm
ent aided by chem

ical additions ifnecessary. T
h

e oily w
ater 

separator plant usually consists of som
e kind of plate separator together w

ith one or 
m

ore accessory stages such as air flotation, chem
ical flocculation or sand filtration; for 

sensitive environm
ents a final biotreatm

ent stage w
ith clarifier m

ay be incorporated. 
S

uccessful operation depends on spreading the load of ballast w
ater to m

atch the plant 
capacity (tanker turnover planning) and successfully coping w

ith problem
s associated 

w
ith certain crude oils or uncooperative m

ixtures of crude oils. In
 general a standard of 

25 m
g I-' 

treated ballast w
ater should be readily attained and m

aintained routinely; in 
practice 10 to 15 m

g I-' 
is m

ore usual. F
ull treatm

ent can reliably m
eet a standard of 5 

m
g I-' 

w
ith operational values running close to 3 m

g I-'. 

(e) S
egregated B

allast W
ater 

S
ince it w

ould be difficult to envisage a schem
e by m

eans of w
hich oil production 

platform
s can accept an

d
 process oily ballast w

ater in addition to their ow
n oily w

aters, 
at all N

orth S
ea platform

s w
here oil is loaded at special m

ooring buoys, only tankers 
carrying perm

anent ballast or segregated ballast are used. 
S

egregated 
ballast 

tankers 
loading 

at offshore 
loading 

buoys 
or shore term

inals 
arrange to pum

p out the ballast w
ater in step w

ith the filling ofcargo com
partm

ents. In
 

theory this ballast w
ater should be oil free but in practice-due 

to flexing m
ovem

ents of 
the ships' structural m

em
bers w

hen under w
ay and possibly also d

u
e to m

inor cracks in 
these com

partm
ents-oil 

in varying degree enters and contam
inates this w

ater. T
h

e 
w

ater taken aboard w
ill differ in salinity and chem

ical com
position and in biological 

characteristics, including bacteria and parasites from
 the surrounding w
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Tab le  4-8 

Petroleum refineries and product consumption statistics (After RESCORLA, 1977; reproduced by permission of the UNEP, Paris) 

Latin Middle North Communist  Western Asia & World 
America East America areas Aliica Pacilic Total  Europe 

Number of refineries (1976) 90 34 294 1 00 166 38 109 83 7 
Relinery capacity ( 1976) 
( X  10Vbbl d - ' )  7690 3288 1 7 , l  19 12,406 20,238 1320 9778 7 1,839 
Product consuinption 
1975 (estimate) 
( ~ 1 0 '  bbl d - ' )  3784 1669 18,085 10,199 13,030 960 7855 55,582 
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astew

ater flow
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O
N

C
A
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E

, 
1980; m

odified; reproduced by perm
ission oI'C

O
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C

A
W

E
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w
ith them

 drilling m
ud or injection w

ater, thus setting u
p

 conditions for the grow
th and 

abundant developm
ent of these bacteria. It is essential then at all stages of borehole 

drilling and installation to elim
inate or counteract any entry of bacteria. T

his is achieved 
by the use of biocides, variously term

ed bactericides, slim
icides, m

ud inhibitors, etc. T
o

 
fulfil1 these functions, pow

erful and persistent toxic chem
icals m

ust be used, com
patible 

w
ith the technological properties of drilling m

ud or injection w
ater, an

d
 such chem

icals 
w

ill be toxic to m
arine life. F

or these chem
icals to function they m

ust be w
ater soluble 

since bacterial grow
th prevails in trapped w

ater and w
ater/oil 

interfaces and cannot 
exist in oil alone. 

T
h

e release of' these oil chem
icals to the environm

ent only occurs w
hen used m

ud is 
jettisoned or is carried overboard on rock cuttings or w

hen injection w
ater reaches the 
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It is appropriate to add a cautionary rem
ark concerning the use of chlorine and other 

halogens as antiseptics. T
h

e practice has been in w
idespread com

m
on use for m

any 
years in relation to drinking w

ater and over the past decade has extended rapidly in 
som

e countries into the disinfection 
of processed 

sew
age and industrial w

astes, es- 
pecially food w

astes. C
hlorination gives rise to a w

ide range of halogenated residues 
norm

ally in low
 concentration but am

ounting to m
any tons per year. C

hloroform
, 

carbon tetrachloride, chlorinated arom
atic hydrocarbons and phenols, etc., are undesir- 

able contam
inants now

 occurring w
idely. D

ata on the am
ounts of halogenated com

- 
pounds, their persistence and bioaccum

ulation, and their direct and indirect health 
effects are a relatively recent topic for study (e.g. JO

L
L

E
Y

 and co-authors, 1978). T
h

e 
total global inputs of these substances to the sea m

ay far exceed those of pesticides and 
polychlorinated biphenyls but their environm

ental im
portance is as yet unknow

n. T
h

at 
'the practice of chlorinating w

aste w
aters containing arom

atic hydrocarbons can no 
longer 

be regarded 
favourably' 

(S
M

IT
H

 an
d

 C
A

R
P

E
N

T
E

R
, 1977) seem

s a 
sensible 

guideline. T
o

 d
ate no reports have been forthcom

ing on the possible environm
ental 

repercussions of the use of chlorine in the offshore oil industry. 
T

h
e

 industrial practice causing m
ost concern to m

arine environm
ental scientists is the 

use of oil-based 
drilling m

uds. T
hese have ordinary m

ud com
ponents but w

ater is 
replaced by a m

ineral oil as suspension m
edium

. 

(h
) O

il-B
ased D

rilling M
uds 

O
il-based m

uds are em
ployed w

here particularly hard rocks are encountered or w
here 

it is desired to drill strongly deviating holes. T
h

e hydrocarbon base is usually diesel or 
gas oil. S

pecial provisions are introduced to m
inim

ize the oil pollution from
 the con- 

tam
inated cuttings. T

h
e rock cuttings passing back u

p
 the drill stem

 are separated on 
special screens an

d
 the oil-based m

ud is recycled. A
t the end of the drilling phase the 

oil-based m
ud is norm

ally brought ashore for disposal. R
ock cuttings are processed by 

high pressure w
ashing or by burning or by various patent cleansing processes, but so far 

national authorities and oil com
panies alike are aw

are that the clean-up m
ethods seldom

 
fulfil 

the designer's expectations 
w

hen 
operated 

under 
field conditions. T

h
e partly 

cleaned cuttings pass dow
n a w

ater-filled shaft an
d

 are ejected into the sea som
e tens of 

m
etres above bottom

. A
ny oil separated from

 the cuttings in the w
ater-filled shaft is 

recovered by pum
ping the upper part of the w

ater colum
n to the oily w

ater separators. 
B

ecause the rem
aining oily m

ud adheres tenaciously to the rock cuttings, dispersal ofoil 
from

 the m
ounds of drill cuttings is slow

, and it is claim
ed (S

C
H

R
E

IN
E

K
, 

1980) that even 
the present im

perfect arrangem
ents protect the environm

ent against pollution. 
T

o
 illustrate the scale of these operations involving oil-based m

uds G
R

A
H

L
-N

IE
L

S
O

N
 

and co-authors (1 980) have described recent experience at S
tatfjord A

 in the N
orw

egian 
sector of the N

orth S
ea w

here 4 w
ells have been drilled out of a program

m
e requiring 32 

w
ells. A

t the prim
ary screens w

here the m
ud is separated fbr recycling, drill cuttings for 

clean-up contained 128 g hydrocarbons kg-' of w
et cuttings. O

n
e option for cleansing 

oil-contam
inated drill cuttings is to w

ash them
 w

ith diesel oil, but as in the U
K

 sector 
this w

as not successful. C
onfirm

ing this, G
R

A
H

L
-N

IE
L

S
O

N
 

reports an
 increase in hydro- 

carbon content to 177 g kg-'. 
O

n
 the basis of assurances from

 the operators and their 
m

ud experts, the N
orw

egian governm
ent had set a target standard of not m

ore than 501 
hydrocarbons m

-3
 of cuttings as discharged. In

 practice the am
ount of oil on a volum

e/ 
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 p
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 o
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p.
 1
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) 

L
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so
n
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om
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il
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ee
p
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(a
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B
ac

kg
ro

un
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P
ap

er
s 

N
at

ur
al

 s
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m
ar

in
e 

oi
l s

ee
ps

 h
av

e 
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en
 d

es
cr

ib
ed

 f
or

 S
an

ta
 B

ar
ba

ra
 C

ha
nn

el
, C

al
if

or
- 

ni
a;

 A
la

sk
a 

P
en

in
su

la
, 

w
es

te
rn

 G
ul

f 
of

 A
la

sk
a;

 G
ul

f 
of

 M
ex

ic
o 

an
d 

C
ar

ib
be

an
 S

ea
. 

It
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em

s 
hi

gh
ly
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nl

ik
el

y 
th

at
 s

ee
ps
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re

 c
on
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d 
so

le
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o 
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e 

m
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th
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m
er
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an
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w
hi
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 b
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e 
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es
 l
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te
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in

 t
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 l
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ur
e 
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pe

nd
ix
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n

d
 t

he
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e 
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 G

E
Y

E
R
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d 

G
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M
M

O
N

A
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).
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 p
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re
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 o
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 C
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A
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h
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pr
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 m
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 m
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O
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m
arine grass and attached algae. S

ubsequently there w
as no reduction in the breeding of 

intertidal sessile barnacles (2 spp.) but the low
er intertidal stalked barnacle and the 

m
ussel M

ylilus cal$om
ianus 

show
ed reduced breeding rates. T

h
e latter species is here at 

the w
arm

 lim
it of its geographical spread. W

ithin a year substantial recuperation occur- 
red in virtually all of the affected plant and anim

al species. D
am

age w
as m

uch less than 
predicted w

hen the blow
out com

m
enced; the m

ain factors lim
iting the dam

age being : 
(i) the relatively low

 toxicity of the oil by the tim
e it covered the 10.6 km

 from
 site to 

shore; (ii) the m
odifying effect of other natural seeps in the area over a long period; and 

(iii) abnorm
ally heavy rainfall and subsequent flooding causing above-norm

al inshore 
w

ater renew
al. 

A
ccording to S

P
IE

S
 and co-authors (1980) no less than 2000 individual seeps have 

been located along the southern C
alifornia borderland w

ith som
e corresponding 22 

faults an
d

 cross-faults. 
S

om
e seeps em

it only gas. O
ff C

oal O
il P

oint in 
the S

anta 
B

arbara C
hannel at depths of 20 to 35 m

, tarry oil escapes into the sea-usually 
at a rate 

of 50 to 70 bbl d-l (about 10 m
3 d

-') but on occasion u
p

 to l00 bbl d
-' (nearly 20 m

' d-l) 
according to S

T
R

A
U

G
H

A
N

 
(1 977) o

r 15 to 400 bbl d-l as revised by F
ISC

H
E

R
 (1978). T

his 
seep is the best know

n an
d

 largest subm
arine oil intrusion. 

S
edim

ents from
 sites chosen as controls had background levels of C

C
1,-extractable 

m
aterial generally below

 100 m
g I-', never in excess of 200 m

g I-' 
as determ

ined by an
 

analysis using infra-red (units are as quoted in the original, S
T

R
A

U
G

H
A

N
, 

1977, w
hich 

presents no analytical details). M
acrobenthic infauna (2 m

m
 m

esh size), regarded as 
sensitive to petroleum

 hydrocarbon w
ere found in sedim

ents of 1000 m
g I-', and even 

10,000 m
g I-', 

extractable organics. E
xtractable organics above 100 or 200 m

g I-' 
are 

interpreted by S
T

R
A

U
G

H
A

N
 

as w
eathered petroleum

 residues. P
etroleum

 hydrocarbons 
as determ

ined 
by the gas chrom

atographic m
ethods em

ployed w
ere absent from

 the 
edible parts of large m

olluscs such as abalone an
d

 m
ussel in sam

ples (6 to 30 m
 depth) 

from
 control sites an

d
 from

 C
oal O

il P
oint but w

ere detected in the viscera of 4 out of 21 
m

olluscs at the latter site. A
balone grew

 at virtually the sam
e rate and had the sam

e 
body w

eight for shell length at all the sites and the reproductive cycles w
ere sim

ilar. N
o 

m
alform

ed or histologically abnorm
al m

olluscan gonads w
ere found am

ong 2200 sam
- 

ples exam
ined. E

arlier analyses had 
found 30 to 210 pg hydrocarbon 

in 'w
hole 

anim
al sam

ples' of M
ytilus calt/ornian~- from

 C
oal O

il P
oint. O

ther sam
ples gave an 

average of 130 pg 
com

pared to 34 pg g
'

 near the L
os A

ngeles sew
age outfall and 7 

pg g
-1

 at P
ism

o B
each. N

o petroleum
 hydrocarbons w

ere found in m
ussel sam

ples from
 

the legs of tw
o oil production platform

s. 
S

T
R

A
U

G
H

A
N

 
(1977, p. 566) em

phasizes that 

'these d
ata m

ust be extrapolated w
ith care because this (i.e. that m

arine inverte- 
brates can live an

d
 breed in areas of chronic exposure to crude oil) m

ay not be true 
in areas w

here com
pletely different types of petroleum

 are being produced'. 

H
e goes on 

to reject 
the argum

ent that anim
als living near natural seepages have 

evolved a higher 
tolerance of hydrocarbons on the grounds that these species have 

pelagic larvae and that in consequence recruitm
ent is not specifically lim

ited to the areas 
near seeps. T

h
ere m

ay be a gradual increase in tolerance in the anim
als after settlem

ent. 
B

A
R

S
D

A
T

E
 (1972) describes effects of natural oil seeps at C

ape S
im

pson, A
laska. In 

ponds w
here the w

ater w
as in contact w

ith old tars and asphalts, phytoplankton produc- 
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tiv
ity

 a
nd

 a
bu

nd
an

ce
 w

er
e 

hi
gh

, 
ac

co
m

pa
ni

ed
 b

y 
la

rg
e 

po
pu

la
ti

on
s 

of
 b

ac
te

ri
a.

 P
ro

du
c-

 
tiv

ity
 w

as
 s

ub
st

an
ti

al
ly

 le
ss

 in
 o

il
-f

re
e 

po
nd

s 
an

d
 in

 p
on

ds
 c

on
ta

in
in

g 
fi

es
h,

 lo
w

-v
is

co
si

ty
 

oi
l. 

It
 w

as
 t

ho
ug

ht
 t

ha
t 

ph
yt

ot
ox

ic
it

y 
m

ig
ht

 l
im

it
 t

he
 d

ev
el

op
m

en
t 

of
 p

hy
to

pl
an

kt
on

 i
n 

w
at

er
s 

in
 c

on
ta

ct
 w

it
h 

fr
es

h 
oi

l 
an

d 
th

at
, 

at
 m

uc
h 

lo
w

er
 l

ev
el

s 
of

's
ol

ub
le

 h
yd

ro
ca

rb
on

 
st

re
ss

, 
pr

od
uc

ti
vi

ty
 w

as
 h

ig
h 

po
ss

ib
ly

 b
ec

au
se

 o
f 

re
du

ce
d 

gr
az

in
g 

pr
es

su
re

. 

(b
) 

R
ec

en
t 

R
es

ea
rc

h 

S
P

IE
S

 an
d 

co
-a

ut
ho

rs
 (

19
80

) 
ha

ve
 p

ro
du

ce
d 

a 
m

or
e 

co
m

pr
eh

en
si

ve
 e

co
lo

gi
ca

l 
st

ud
y 

of
 

th
e 

l0
00

 m
' 

Is
la

 V
is

ta
 s

ee
p 

ar
ea

 w
hi

ch
 i

nc
lu

de
s 

m
an

y 
0.

25
 to

 2
-0

 m
' 

pa
tc

he
s 

of
 a

ct
iv

e 
se

ep
ag

e 
w

he
re

 d
ro

pl
et

s 
le

av
e 

th
e 

ge
ne

ra
ll

y 
fi

ne
, s

an
dy

 s
ed

im
en

ts
. 

G
as

 b
ub

bl
es

 c
on

ta
in

- 
in

g 
m

et
ha

ne
 w

it
h 

sm
al

l a
m

ou
nt

s 
of

 C
,-C

, 
al

ka
ne

s 
ar

e 
co

m
m

on
 i

n 
th

e 
ac

ti
ve

 p
at

ch
es

 a
n

d
 

ha
ve

 p
et

ro
ge

ni
c 
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uptake. H
ence the evidence in support of the suggestion that the supplem

entary organic 
input enhances the ecosystem

 does not provide a sim
ple yes/no interpretation. 

A
 bioassay 

using early-stage larvae of the locally com
m

on starfish Patiria rniniata 
show

ed no support for the adaptation hypothesis, just as S
T

R
A

U
G

H
A

N
 

(1976) had show
n 

earlier using Strongylocentrotuspurpuratus for S
anta B

arbara crude oil. F
urtherm

ore, exam
i- 

nation of P. m
iniata gonad tissue failed 

to reveal any induction of aryl hydrocarbon 
hydroxylase, though there is literature support for induction in polychaetes by N

o. 2 
F

uel O
il. Induction of the hydroxylase w

as dem
onstrated, how

ever, for a bottom
-feeding 

fish. H
ence the evidence once again does not produce a clear-cut answ

er applicable to all 
levels of the ecosystem

. 
P

robably the m
ost striking feature of these seep studies is the lack of evidence of 

w
idespread m

ortalities or even of an explicitly hostile environm
ent in the neighbourhood 

of these hydrocarbon intrusions. T
h

e ecological disturbance could be com
pared to other 

form
s of organic-rich introductions-such 

as sew
age, food rem

ains, etc.-w
hen 

scale is 
taken into account. M

an
y

 seeps are very slow
, m

uch slow
er than the 100 1 m

in-l o
ffco

al 
O

il P
oint w

hich is regarded as the m
ost active intrusion. In

 term
s of oil input this 2 tons 

d
-' (m

ax.) is com
parable w

ith m
an

y
 single oil industry treated discharges but probably 

does not m
atch these in term

s of oil availability since m
uch of the seep oil is adm

ixed 
w

ith bottom
 sedim

ent and rem
ains as a slow

ly w
eathering tarry m

ound. A
ll the w

ork on 
- 

seeps relates to fairly shallow
 w

arm
 w

aters w
ith generally good open circulation. A

s 
S

P
IE

S
 an

d
 co-authors (1980) com

m
ent, it rem

ains a
t present an

 open question w
hether 

the effects they have seen in a broad study of the seep com
m

unity are representative of 
chronic oil pollution w

orld-w
ide. 

(5) H
ydrocarbons in 

S
ea and S

ed
im

en
t 

(a) O
ceanographic S

urveys 

A
s stark num

bers, (T
ab

le 4-g), the total hydrocarbon concentrations in sea an
d

 ocean 
give very little idea of the ecological picture behind them

. T
h

ere is m
uch to be learned 

from
 the m

ake-up of the com
plex hydrocarbon m

ixture, how
 concentration and quality 

vary w
ith depth and how

 seasonal factors are dem
onstrable in hydrocarbon am

oun4 and 
com

position. A
lthough it w

ould be hard to dem
onstrate any likely effects of the general 

overall hydrocarbon concentrations in oceans an
d

 open seas, all reports, involving even 
m

odest num
bers of sam

ples, contain occasional unexpectedly high values here an
d

 there 
at the surface, in

 the w
ater colum

n, an
d

 in bottom
 sedim

ents. T
hese high values are 

m
ore frequent along tanker traffic and shipping routes, in coastal w

aters, and near 
oil-related operations. B

ecause of the variety of m
ethods of approxim

ating for total 
hydrocarbons or specific groups of hydrocarbons it is im

possible to resolve this rather 
ragged and unsystem

atic inform
ation into a neat set of charts of distribution as for 

tem
perature o

r salinity. 
T

h
e

 m
ain purpose of this section is to provide the reader w

ith the observed range an
d

 
frequency of values against w

hich ecological observations and interpretations m
ay be 

placed. B
iogenic hydrocarbons and other com

ponents of the natural organic m
atter in 

surface film
, w

ater colum
n, an

d
 upper seabed sedim

ent have im
portant bearing on oil 

concentrations an
d

 on the m
icrobial populations. T

h
e realm

 oforganic m
atter in the sea 



Table 4-9 

Hydrocarbons in sea water (i4lier BOEHM* and co-authors, 1978; reproduced by permission or the authors) 

Location 
Concentration 

I-') Comments Reference 

Georges Bank region 
South Texas OCS 
Alaska OCS 
Gulf of Mexico Loop Current 
West African coast 
French coast 
Open ocean (Atlantic) 

Mediterranean Sea 

Atlantic 
Baltic Sea 
Gulf of Mexico (coastal) 
Galveston Bay area 
New York Bight 
Gulf of Venezuela 
Bedlbrd Basin, Nova Scot~a 
Gulf of St Lawrence 
Narragansett Bay 

Woods Hole harbour 

Gas chromatography (GC) 
Paraffins only 
GC 
GC 
GC 
GC 
I R 
fluorescence 
1-3 mm 
Fluorescence 
SurSace (IR) 
Subsurfice (IR) 

Non-aromatics 
n-alkanes only 

This study 
BERRY and BRAMMER (1977) 
SHAW and co-authors (1977) 
ILJFFE and CALDER (1974) 
BARBIER and co-authors (1 973) 
BARBIER and co-authors ( 1973) 
BROWN and co-authors ( 1973) 
GORDON and KEIZEK (1974) 
GORDON and KEILER (1974) 

BROWN and co-authors ( 1975) 
BRO~N and CO-authors (1975) 
BROWN and co-authors ( 1975) 
ZSOLNAY ( 1972) 

PARKER and CO-au thors ( 1972) 
BROWN and co-authors (1973) 
BROWN and co-authors ( 1973) 
BROWN and co-authors ( 1973) 
KEIZER and GORDON (1973) 
LEVY and WALTON ( 1973) 
DUCE and co-authors (1972) 
BOEHM (1977) 
STEGEMAN and TEAL ( 1973) 

* Consult this paper Lbr lull details. 
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is vast and only a few
 aspects im

m
ediately associated w

ith oil pollution can be m
en- 

tioned. 
T

h
e evidence of tar balls, tar specks, oil patches, oil slicks, and oil sheen is w

ell 
docum

ented 
for the surface of the 

sea and 
no voyager can m

ake a cruise w
ithout 

encountering som
e of this evidence. T

h
is m

ultiple m
acrosam

pling from
 visual reports, 

together w
ith aerial patrols and surveys, provides w

ider substantiation of the tiny spot 
sam

ples taken by scientists at infrequent and w
idely spaced intervals. V

irtually all tar is 
of petrogenic origin but occasionally som

e oil film
s are form

ed from
 zooplankton break- 

dow
n and quite often from

 factory ships processing fish and offal. 
E

xtensive d
ata on surface and subsurface petroleum

 hydrocarbons and extractable 
organic m

atter are given by M
Y

E
R

S
 and G

U
N

N
E

R
S

O
N

 
(1976) for a broad coverage of the 

P
acific O

cean and m
ainly coastw

ise around the A
tlantic O

cean and the east coast of 
A

frica incorporating m
any of the routes used by crude oil tanker traffic. T

h
e overall 

hydrocarbon com
position of the sam

ples and of som
e of the relevant crude oils is show

n 
in F

ig. 4-5. T
h

e authors describe how
 surface sam

ples w
ere collected using a clean 

bucket; subsurface sam
ples w

ere collected on a num
ber of cruises at fixed depths (ca. 3 m

 
and 10 m

) by m
eans of pipeline supplies through the vessels' hull. H

ydrocarbon con- 
centrations ranged over several orders of m

agnitude; surface volatile hydrocarbons from
 

0-01 p
g

 1-' 
(low

er detection lim
it) to 4.0 pg I-'; 

sam
ples from

 3 m
 and 10 m

, 0.01 to 2.0 
p

g
 I-'; w

ith m
edian values near 0.10 pg I-'. 

T
hese volatile fractions contained C

, to C
8

 
hydrocarbons of w

hich benzene, toluene, and xylenes m
ade up 75%

 of the total. 
T

h
e non-volatile hydrocarbons show

ed a w
ider range; 0.01 to 56 pg I-' at the surface 

and 0.01 to 32 pg I-' at 10 m
. C

ycloparaffins w
ere predom

inant follow
ed by iso-paraffins 

and arom
atics indicating a pervasive distribution of petrogenic and biogenic hydrocar- 

bons on and in ocean w
aters. C

oastal routes and tanker routes gave higher and m
ore 

variable values. In
 deeper oceanic w

aters the values w
ere m

ostly below
 1 p

g
 I-'. A

 trend 
for higher values in the therm

ocline w
as observed. 

A
 positive relationship w

as established betw
een extractable organic m

atter and non- 
volatile hydrocarbons for sam

ples from
 different w

ater depths. 
M

icrolayer surface sam
pling of the S

argasso S
ea gave 14 to ca. 59 pg I-' 'total h

y
d

re 
carbons'; subsurface values (0.2 to 0.3 m

) ranged from
 0.13 to 239 pg I-' 

(W
A

D
E

 and 
Q

U
IN

N
, 

1975). O
ff the w

est coast ofA
frica dissolved hydrocarbons ranged from

 10 to 43 
pg 1-I for sam

ples over w
ater-colum

n depths from
 50 to 4500 m

 w
ith little change in 

detailed hydrocarbon com
ponents (gc-m

s). S
urface sam

ples at B
rest and R

oscoff con- 
tained 137 and 46 p

g
 I-' 

respectively (B
A

R
B

IE
R

 
and co-authors, 

1973). 
M

uch higher ranges w
ere found for enclosed sea areas. T

otal hydrocarbons (by an
 IR

 
m

ethod) in the surface m
icrolayer of the M

editerranean S
ea varied betw

een 0.26 and 
2.97 m

g I-', com
pared to 0.0 to 0-1 m

g I-' 
at 1 m

 depth. P
etroleum

-derived hydrocar- 
bons w

ere 0.10 to 2-05 m
g I-' 

in the m
icrolayer and averaged only 0.02 2

 0.001 m
g I-' at 

1 m
. H

igher values w
ere recorded in inshore w

aters (M
IK

H
A

Y
L

O
V

, 
1979). S

ignificant 
correlations w

ere established betw
een petroleum

 hydrocarbons and chlorinated organic 
pesticides, and also their m

etabolites in the surface film
. 

S
IM

O
N

O
V

 
and co-authors ( 1980) illustrate the spread of oil pollution into the A

rctic 
S

ea w
ater and ice. N

o quantitative results are given in the E
nglish version available, but 

total hydrocarbon determ
inations w

ere m
ade using infrared m

ethod. D
istribution of 

n-alkanes (gc) betw
een ice, sub-ice w

ater, and sub-zero bottom
 w

ater is discussed in 
relation to partition by low

-tem
perature processes. T

h
e n-alkanes dom

inated (83%
 on 
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+ 
Table 4- 12 0 

r 

Hydrocarbon concentrations (pg I - ' )  near Ceorges Bank and Nantucket Shoals alier the Argo Merchanl oil spill (After BOEHM and co-authors, 
1979; reproduced by permission or the authors) 

B r 
c] 

Particulate Dissolved 
Surface 

Total (1, + l,), Aliphatic, pristane free (I;[PF]) Total ( f ,  + 12) microlayer 

Scason Near surlace Near bottom Near surface Near bottom Near surlace Near bottom Total (I, + P>) 
g 

Winter (Feb. 1977) 0.57 + 0.35 0.90 + 1.21 0.28 * 0.29 0.46 + 0.73 29.6 4 15.3 35.3 r 24.8 48.1 + 24.5 P 
Spring ([May 1977) 1.86 + 1.62 0.92 + 0.71 0.39 + 0.52 0.23 + 0.14 12.3 + 12.7 10.0 - 9.8 18.4 + 7.9 Z 

P 
Summer (Aug. 1977) 0.75 + 0.74 0.26 * 0.32 0.35 + 0.53 0.09 + 0.08 1.0 + 1.0 1.9 + 2.7 8.4 ? 4-4 
Fall (Nov. 1977) 0.27 + 0.34 0.18 0.11 0.06 + 0.10 0.04 + 0.04 0.2 2 0.2 0.8 2 1.5 45.8, 

- - - 
f 

Winter (Feb. 1978) 0. I0 + 0.08 0.05 + 0.07 0.4 + 0.6 !2 
4 

Averaged over maximal 12 stations. 
Aliphatic hydrocarbons = T,; olefinic and aromatic hydrocarbons = f2. 
Single analysis. 
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n-A
lkanes (C
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,,) 

in surlace film
; N

orth S
ea, 1972-1976 (A

fter H
A

R
D

Y
 and co-authors, 1977a; 

reproduced by perm
ission of the authors) 

R
ange of 

S
tandard 

N
o. of' 

am
ounts 

 mean 
deviation 

S
ite category 

sam
ples 

m
-') 

m
-') 

(L
%

 m
-') 

A
ll 

62 
4.3- 158 

33.6 
27.8 

N
orth S

ea (O
il lieldsi 

10 
13- 75 

32.8 
23-4 

O
pen sea (C

eltlc S
e

x
 

7 
4.3-7.7 

5.7 
l .'L 

U
rban 

8 
25- 158 

62.9 
45.4 

R
efinery 

5 
23- 148 

64.2 
50.3 

Industrial 
10 

13-90 
38.1 

22.4 

T
able 4-14 

n-A
lkanes (C

I5
-C

Y
3

) in N
orth S

ea, 1 m
 depth, 1972-1976 (A

fter H
A

R
D

Y
 and co-authors, 1977b; 

reproduced by perm
ission of [he authors) 

R
ange of 

S
tandard 

N
o. of 

am
ounts 

M
ean 

deviation 
S

ite categoly 
sam

ples 
1

-l) 
(P

P
 I-') 

(K
%

 I-') 

A
ll 

N
orth S

ea (O
il fields) 

O
pen sea (C

eltic S
ea) 

U
rban 

R
efinery 

Industrial 

naval vessels, heavy and light industry of m
any kinds an

d
 im

portant urban concentra- 
tions. T

h
e

 gradient along the axis of the F
irth of F

orth is sam
pled thence through 

relatively clean w
aters to the neighbourhood of the F

orties oil field. S
uch a progression is 

evident from
 T

ab
le 4-15; it show

s higher ranges of all the com
ponents in the upper 

estuary dropping off seaw
ards. T

h
e

 B
ell R

ock site reveals unusually high levels in this 
set of sam

ples w
ith A

 an
d

 B
 m

ore representative of S
cottish coastal w

ater. V
alues for 

m
any com

ponents increase near the F
orties oilfield, but the high 

polycyclic 
arom

a- 
tics-notable 

in the upper F
orth estuary-are 

not reproduced. T
his tends to confirm

 
m

any other indications that these arom
atics arise m

ainly from
 outfalls, rivers, land 

sources, and urban air. 

(e) S
edim

ent S
urveys 

H
ydrocarbons in sedim

ents from
 the open N

orth S
ea, m

easured by an
 IR

 m
ethod 

(F
lorisil treatm

ent proved effective) show
ed less variability than levels in surface film

 



Table 4-15 

Concentration (IO-~ g I-') of certain PCAH in water (10 m) on a survey between Kincardine on Forth and the Forties Field, 1978. Kinc: 
Kincardine; Long: Longannet; Gran: Grangemouth; Queens: Queensferry; Hound Pt: Hound Point; Bass: Bass Rock; Bell: Bell Rock; Forties: 

Forties Field (After MACKIE, unpublished, reproduced by permission of the IMAFF Torry Research Station, Aberdeen) 

Kinc Long Gran Queens Hound Pt Bass Bell oo" 04'W 00" 42'E Forties 

Naphthalene 1.80 0.13 8.76 1.27 1.25 0.14 4.49 0.09 0.07 0.18 
Methyl naphthalene 12.00 ND 11.28 4.84 1.02 0.34 4.96 0.03 0.03 1.80 
Dimethyl substituted 18.90 ND 3404 19.29 4.0 7.80 14.93 0.05 0.05 12.84 
Dibenzthiophene ND ND 2.18 1.75 0.78 1.17 0.89 0.49 0.83 0.8 1 
Phenanthrene 0.90 2.59 2.06 1.36 l .87 0.85 0.21 0.72 0.49 0.41 
Methyl phenanthrenes 

and anthracenes 1.50 ND 3.13 3-44 l .52 2.79 1-70 0.64 0.59 1.39 
Fluoranthene 3.20 0- 13 2.18 1.06 1.07 0.76 0.60 0.40 0.19 0.29 
Pyrene 1.60 0.20 2.96 1.51 1.04 0.4-4 0.28 0.30 0.34 0.23 
Benzanthracenes and 

benzphenanthrenes ND ND 1.17 1.17 0.66 0.76 0.41 1.04 0.84 0.38 
Benz[a]pyrene 6.50 0- 34 0.37 0.43 0.16 0.13 0. l l 0.49 0.78 0.07 

ND, Not determined. 
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reproduced by perm
ission of the authors) 

R
ange of 

am
ounts 

N
o, of 

(dry sedim
ent) 

M
ean 

Site category 
sam

ples 
(
M
 K

') 
(fig g 

') 

A
ll 

60 
0.1-42.5 

2.69 
N

orth Sea (O
il fields) 

14 
0.1-4.8 

1.13 
U

rban 
7 

0.2-1.5 
0.77 

R
efinery 

5 
0.2-2.1 

1.04 
Industrial 

9 
0.6-22.7 

6.00 

Standard 
deviation 
(
p
g
 g-'1 

6.44 
1.15 
0.54 
0.76 
7.13 

and w
ater colum

n. T
h

e range found by G
U

N
K

E
L

 
and co-authors (1980) w

as 3.9 to 45.4 
m

g kg-' calculated on a dry w
eight sedim

ent w
ith a m

ean of 21.0 m
g kg-'. 

O
ther general results for hydrocarbons in offshore and inshore sedim

ents are sum
m

ar- 
ized in T

able 4-16. T
h

e range in concentration and the scatter of values for replicates 
taken w

ithin sm
all areas are higher than for the surface m

icrolayer or the w
ater colum

n 
but m

uch of the variation com
es from

 a sm
all num

ber of industrial sites m
arked by high 

concentration. D
ifference in concentration betw

een sedim
ent and w

ater is also m
arked 

by differences in the com
ponent hydrocarbons, e.g. the n-alkanes (p. 1441). N

o consistent 
associations could be m

ade betw
een the quantities or detailed n-alkane profiles of the 

hydrocarbons from
 sedim

ent, w
ater colum

n, and surface film
. T

hese analyses did not 
attem

pt to discrim
inate betw

een biogenic and petroleum
 hydrocarbons. 

S
im

ilar ranges for total saturated hydrocarbons (pentane extracts) w
ere reported by 

S
L

E
E

T
E

R
 and co-authors (1978), nam

ely 10 to 60 m
g kg-' inside the B

erm
udan reef, 3 to 

10 m
g kg-' outside the reef, an

d
 neglible concentrations (about 0.3 m

g kg-') in w
aters 15 

km
 offshore. F

urther studies (S
L

E
E

T
E

R
 and co-authors, 1979) gave 1-47 2

 1.42 m
g kg-' 

inside and 0.57 + 0.51 m
g kg-' outside the reef. U

sing the unresolved com
plex m

ixture 
as an

 index of petroleum
, the biogenic hydrocarbons from

 
surface sedim

ent alm
ost 

exactly doubled the concentration of petroleum
 for sedim

ents inside the reef. O
utside the 

reef about equal quantities w
ere found in each category. C

oncentrations of total alipha- 
tics w

ere only 0.27 + 0.17 m
g kg-' inside and 0.08 2

 0.05 m
g kg-' 

outside at l0
 to 13 cm

 
sedim

ent depth, containing about equal am
ounts of biogenic and petrogenic com

po- 
nents. 

O
ccasional surveys have also been m

ade around U
K

 offshore installations selected on 
the basis of the type of drilling in operation or the am

ount of oily w
ater discharge. T

h
e 

F
orties oilfield in production since 1974 has been established largely w

ithout the use of 
oil-based drilling m

uds; to date (1981) its treated oily w
ater discharges do not include a 

large am
ount of production w

ater. T
h

e B
eryl oilfield, like the F

orties, is fairly isolated 
but because of the drilling conditions has used oil-based m

uds alm
ost from

 the begin- 
ning. T

h
e B

rent field is one of a num
ber of oilfields in the east S

hetland basin, an area of 
expanding developm

ent and capable of producing a m
ajor fraction of N

orth S
ea oil and 

gas. 
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ot
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S

 f
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nc
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m

ea
su
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m

en
t 

(m
g

 o
il 

kg
-'

 
se

di
m

en
t)
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ot
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m
 s
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pl

es
 c

ol
le

ct
ed
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ro

un
d 

oi
l 

li
el

ds
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n 
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e 
N
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 S
ea
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19

78
, 

19
80
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(a

) 
F

or
ti

es
 f

ie
ld

; 
(b

) 
B

er
yl

 f
ie

ld
; 

(c
) 

B
re

nt
 

li
el

d.
 (

A
L

ie
r 

h4
.4

ss
lE

 a
nd

 c
o-

au
th

or
s,

 1
98

1;
 r

ep
ro

du
ce

d 
by

 p
er

m
is

- 
51

0,
 

ol
't

he
 D

A
F

S
, 

M
ar

in
e 

L
ab

or
at

or
y,

 A
be

rd
ee

n,
 S

co
tl

an
d)

 

un
pu

bl
.)

. 
It

 i
s 

no
t 

su
rp

ri
si

ng
 t

he
n 

th
at

 i
n 

th
e 

oi
l 

in
du

st
ry

 t
he

 a
na

ly
si

s 
of

 o
il 

is
 d

ir
ec

te
d 

to
w

ar
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 p
ar
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et

er
s 

th
at
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id
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an
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g,
 s

el
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 a
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 p
ro
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in
g 

of
 c
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de

s 
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d 
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e 
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ro
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at
 c
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 s
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ci
fi
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on
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-1
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s 
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e 
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ra
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-w
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h

e 
m
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n 
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ff
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s,
 n
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le

ne
s,

 
ot

he
r 
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om

at
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 n

on
-v

ol
at

il
e 

re
si

du
e:
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oi

li
ng

 
ab

ov
e 

37
0 

"C
) 

re
ve

al
 c

on
si

de
ra

bl
e 

di
ff

er
en
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s 

be
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ee
n 

cr
ud

e 
oi

ls
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f 
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ff
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t 
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n
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al
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e 
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 f
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 n
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bo
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g 

fi
el
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. 

U
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 c
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pl
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d

o
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 s
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p 
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C

ru
d

e 
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l 
se

ld
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nt

o 
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nt
ac
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w
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m
ar
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e 
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ul
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 c
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O

n
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ra
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m
m
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ol
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il
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m
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t 
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m
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ly
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(i
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 c
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ex
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f 
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m

po
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 d
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e 
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ea
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at
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lu

te
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d
 d
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 c
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 p
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ly
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 d
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 c
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 d
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T
able 

A
rom

atic hydrocarbons (
p
g
 kg-' dry w

elght) in sedim
ents around B

eryl field (A
fter 

* I \V 
;

W
 

f E
 

1 E 
2E

 
3E

 

N
aphthalenes 

31.03 
622.6 

834-5 
48.97 

40-5 
22.60 

B
iphenyls 

1.94 
5.8 

71-4 
5.86 

13-2 
6.50 

A
cenaphthenes + Fluorenes 

1.91 
47.1 

36.7 
4.82 

5.2 
1.94 

**D
B

F
's 

0.76 
12.1 

11.6 
1.99 

2.4 
0.98 

***D
B

T
's 

8.32 
87.9 

218.3 
10.83 

4.8 
0-82 

A
nthracenes + P

henanthrenes 
6

4
2

4
 

261 5.3 
869.7 

55.01 
56.5 

18-00 

3
o

+l
i

J
 

5.35 
46.1 

22.6 
7.11 

8.1 
2.42 

O
ther 5 0

 

T
otal (rn

g
 k

g
-') arom

atics 
T

otal oil by IG
O

S
S

 
Fluor (m

g
 kg-') 

* 1 W
: I m

ile w
est of B

eryl 'A
' platfbrm

 
** D

B
F's: D

ibenzfurans 
***D

B
T

's: Dibenzthiophenes 

A
s tim

e goes on, chem
ical change becom

es allied to physical change through m
icro- 

bial degradation an
d

 photochem
ical oxidation. T

hese and m
any other m

inor biological 
and chem

ical processes generate a great m
any partially degraded oil derivatives to add 

to any rem
aining crude oil hydrocarbons. 

E
xact figures vary according to oil and sea conditions, but F

ig. 4-15 show
s the trends 

for a V
enezuelan crude oil (G

uanipa) at 2 "C
 in the laboratory w

ith m
echanical agita- 

tion, aeration, U
V

-rich radiation; all at constant level over a period of over 500 h 
(M

A
C

G
R

E
G

O
R

 and M
C

L
E

A
N

, 1977) 
It is not possible to dem

onstrate such changes m
ore realistically 

for an oil spill 
situation because usually the oil is not confined and w

ater renew
al goes on continuously. 

E
vaporative loss of about 50%

 of dissolved natural gas and volatile com
ponents occurred 

in a few
 hours in relation to the 'E

kofisk' 
blow

out, m
ore rapid m

ousse form
ation has 
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 m
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 r
ep
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 d
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 c
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e 
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s 
w
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l 
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ep
or
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 s

ev
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 f

in
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ng
 n
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e 
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l 
af

te
r 

2 
or

 3
 d

 (
e.

g.
 'E
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fi

sk
').

 
Pr

og
re

ss
 t

o 
th

e 
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ti
m

at
e 

br
ea

kd
ow

n 
in

to
 c

ar
bo

n 
di

ox
id

e 
an

d 
w

at
er

 p
ro

ce
ed

s 
qu

it
e 

ra
pi

dl
y:

 w
ee

ks
 o

r 
m

on
th

s 
fo

r 
li

gh
te

r 
an

d 
so

m
e 

m
id

dl
e 

hy
dr

oc
ar

bo
n 

ra
ng

es
; 

m
an

y 
m

on
th

s 
to

 m
an

y 
ye

ar
s 

fo
r 

th
e 

he
av

y 
fr

ac
ti

on
s.

 I
n 

ad
di

ti
on

 t
o 

na
tu

ra
l 

or
ga

ni
c 

m
at

te
r 

in
 

th
e 

se
a,

 g
en

er
al

ly
 r

eg
ar

de
d 

as
 u

p
 to

 2
00

 y
r 

ol
d 

fo
r 

th
e 

m
os

t 
re

si
st

an
t 

fr
ac

ti
on

s,
 t

he
re

 is
 a

n
 

in
cr

ed
ib

le
 v

ar
ie

ty
 o

f 
pe

tr
ol

eu
m

 c
he

m
ic

al
s 

at
 a

ll
 s

ta
ge

s 
of

 r
er

ni
ne

ra
li

za
ti

on
. 

H
ow

 t
he

n 
sh

ou
ld

 o
il

 b
e 

m
ea

su
re

d 
if 

th
e 

ob
je

ct
iv

es
 a

re
 n

ot
 p

ri
m

ar
il

y 
(i

) 
th

os
e 

of
 

in
du

st
ry

, 
(i

i)
 d

ic
ta

te
d 

by
 t

he
 u

lt
im

at
e 

in
 c

he
m

ic
al

 a
rt

is
tr

y,
 (

iii
) 

di
re

ct
ed

 t
ow

ar
ds

 s
pe
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fi

c 
co

m
po

un
ds

 o
f 

im
m

ed
ia

te
 n

ar
ro

w
 c

on
ce

rn
? 

S
ho

ul
d 

at
te

nt
io

n 
be

 d
ir

ec
te

d 
at

 p
ar

ti
cu

la
te
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dr
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r 
so

lu
bl

e 
fr

ac
ti

on
s?

 D
o 
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ai

la
bl

e 
te

ch
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qu
es

 e
xi

st
 t

ha
t 

m
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t 
ec

ol
og

ic
al

 
de

m
an

ds
? T

he
se

 a
re

 s
uc

h 
de

m
an

di
ng

 q
ue

st
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ns
 t

ha
t 

no
 i

m
m

ed
ia

te
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A
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atic hydrocarbons (p
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 kg-' dry w
eight) in sedim

ents from
 Inshore, F
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orth. 

m
odified; reproduced by 

B
ell 

B
ass 

H
ound 

R
ock 

R
ock 

Point 
B

ridges 

N
aphthalenes 

D
iphenyls 

A
cenaphthene + F

luorenes 
D

ibenzfurans 
D

ibenzthiophenes 
A

nthracenes + P
henanthrenes 

O
ther 5 0
 

T
otal (rng kg-') arom

atics 
T

otal oil by IG
O

S
S

 F
luor (m

g kg-') 

Inshore 
F

irth 
of 

F
orth 

to give a ready answ
er. A

s the value of the various types of analysis currently practised 
becom

es clearer w
ith respect to the biological issues, perhaps som

e helpful clues m
ay 

em
erge for further evaluation by som

e suitable expert group. 
C

learly for fresh oil an
d

 short-term
 studies, to know

 the type of oil or product and how
 

it w
as used, goes a long w

ay to provide the basic inform
ation for a repeat or extension of 

the w
ork. S

im
ilarly, near an

 oil spill, the identification of the oil, its fate in the w
ater, and 

its im
pact over som

e prelim
inary 

period 
w

ill 
be 

capable of unequivocal 
chem

ical 
description. In the case of a steady input of an unaltering type of oily w

ater, it m
ay be 

possible to relate input to long-term
 ecological effect but if inputs change greatly over the 

years an
d

 quality varies as m
ight happen in the evolution of a refinery discharge for 
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A
SS
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ut

ho
rs
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19

81
; 

pe
rm

is
si

on
 0

1' 
th

e 
au

th
or

s)
 

B
er

yl
 A

 
O

il
-b

as
ed

 
C

om
bu

st
io

n 
cr

ud
e,

 %
 

m
ud

, 
%

 
co

al
 +

 w
oo

d,
 %

 

C
on

u-
ol

 
s

ta
ti

o
n

s
 

in
st

an
ce

, 
it

 
th

en
 

be
co

m
es

 
di

ff
ic
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t, 
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 n

ot
 

im
po

ss
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le
, 

to
 c

or
re

la
te

 i
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ut
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nd
 

bi
ot
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re
sp
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se

. 
W

he
n 

it
 c

om
es

 t
o 

di
ff

us
e 

in
pu

ts
 t

o 
th

e 
se

a 
fr

om
 a

ir
, l

an
d,

 a
nd

 w
at

er
, 

vi
rt

ua
ll

y 
no

th
in

g 
is

 k
no

w
n 

ex
ce

pt
 f

or
 t
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 m

os
t 

du
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bl
e 
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dr

oc
ar

bo
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. 
M

et
ho
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 o

f 
is

ol
at
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 f
ra
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io
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ti

on
, 

id
en

ti
fi

ca
ti

on
, 

an
d 

qu
an

ti
fi

ca
ti

on
 o

f 
po

la
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oi
l 

re
si

du
es

 r
em
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n 
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pe
d 

fo
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th
e 
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 A
t 
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o
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xi
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 f
ew
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e 
in

 m
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A
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m
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P
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b
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1 
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3
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4
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6
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P
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t 

A
m

o
u

n
t o

f o
il c

o
m

p
y
e
n

; 
ro

u
tin

ely r
w

r
y

d
., 

adsntofled. and q
u

m
ttfte

d
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m
stq
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h

o
c 

m
eth

o
d

s em
p

lo
yed

 by en
rvro

n
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F
ig. 4-14: 

T
h

e lim
ited 

am
ount 

of 
hydrocarbon 

routinely 
reported 

by 
environm

ental 
chem

ists 
for 

oil 
pollution 

studies. 
(D

ata: courtesy 
of 

C
L

A
R

K
E

, R. C
., Jr., B

R
O

W
N

, D. \V
. and M

A
C

L
E

O
D

, M'. 
D

., Jr) 

3
0

0
 

T
im

e ( h 

U
) 

. 3
 

m 
. c
 

- 0 
-
 0 

[L
 

F
ig. 4-15: 

C
hange w

ith um
e of key physical param

eters m
easured during a sirnu- 

lated spill of G
uanipa crude oil at 2 "C

. (A
fter M

A
C

G
R

E
C

O
R

 and M
A

C
L

E
A

N
, 

1977; reproduced by perm
ission of the A

m
erican P

etroleum
 Institute) 
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 c

om
po

un
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de
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d 
fr

om
 t

he
se

 b
y 

co
m

bu
st

io
n,

 m
ec

ha
ni

ca
l 

st
re

ss
es

 a
nd

 d
el

ib
er

at
e 

or
 u

na
vo

id
ab

le
 

bi
ol

og
ic

al
 

ac
ti

on
. 

B
y 

co
m

bi
na

ti
on

s 
of

 f
ra

ct
io

na
ti

on
 

te
ch

ni
qu

es
 

su
ch

 
as

 d
is

ti
ll

at
io

n,
 

de
ri

va
ti

za
ti

on
, 

pa
rt

it
io

n,
 

an
d 

hi
gh

-p
re

ss
ur

e 
li

qu
id

 c
hr

om
at

og
ra

ph
y 

it
 i

s 
po

ss
ib

le
 

to
 

re
so

lv
e 

th
e 

co
m

pl
ic

at
ed

 
m

ix
tu

re
 o

f 
su

bs
ta

nc
es

 
w

hi
ch

 
ea

ch
 f

ra
ct

io
n 

co
ns

ti
tu

te
s 

in
to

 
gr

ou
ps

 o
f s

pe
ci

fi
c 

ch
em

ic
al

 c
ha

ra
ct

er
 a

nd
 n

ar
ro

w
 r

an
ge

 o
f 

n~
ol

ec
ul

ar
 w
ei

gh
t. 

B
y 

ap
pl

ic
a-

 
tio

n 
of

 l
iq

ui
d 

or
 g

as
 c

hr
om

at
og

ra
ph

y 
ea

ch
 g

ro
up

 c
an

 b
e 

fu
rt

he
r 

an
al

ys
ed

 a
nd

 s
ub

se
- 

qu
en

tl
y 

of
te

n 
ch

ar
ac

te
ri

ze
d 

by
 r

ef
er

en
ce

 t
o 

ap
pr

op
ri

at
e 

st
an

da
rd

s;
 w

he
re

 r
ef

er
en

ce
 h

y-
 

dr
oc

ar
bo

ns
 e

xi
st

, 
so

m
e 

or
 a

ll
 o

f 
th

e 
co

m
po

ne
nt

s 
m

ay
 b

e 
qu

an
ti

fi
ed

 i
nd

iv
id

ua
ll

y.
 G

as
 

ch
ro

m
at

og
ra

ph
y,

 i
nf

ra
-r

ed
 

sp
ec

tr
om

et
ry

, 
an

d 
fl

uo
re

sc
en

ce
 s

pe
ct

ro
m

et
ry

 e
m

pl
oy

ed
 i

n 
va

ri
ou

s 
de

gr
ee

s 
of

 e
la

bo
ra

ti
on

 a
re

 c
ap

ab
le

 o
f 

ge
ne

ra
ti

ng
 s

pe
ct

ra
 o

f 
cl

os
el

y 
re

la
te

d 
hy

dr
o-

 
ca

rb
on

s 
fr

om
 w

hi
ch

 d
et

ai
le

d 
ch

em
ic

al
 c

ha
ra

ct
er

is
ti

cs
 o

f 
oi

ls
 a

nd
 o

il 
de

ri
va

ti
ve

s 
ca

n 
be

 
de

te
rm

in
ed

. 
T

h
e 

hi
gh

es
t 

re
so

lu
ti

on
 i

s 
at

ta
in

ed
 f

or
 s

tr
ai

gh
t-

ch
ai

n 
an

d
 b

ra
nc

he
d-

ch
ai

n 
hy

dr
oc

ar
bo

ns
 b

y 
us

e 
of

 h
ig

h 
pe

rf
or

m
an

ce
 g

la
ss

 c
ap

il
la

ry
 g

as
 c

hr
om

at
og

ra
ph

y 
an

d 
fo

r 
ar

om
at

ic
 h

yd
ro

ca
rb

on
s 

us
in

g 
ga

s 
ch

ro
m

at
og

ra
ph

y 
co

up
le

d 
w

it
h 

m
as

s 
sp

ec
tr

om
et

ry
. O

n
 

th
is

 b
as

is
, 

m
an

y 
hu

nd
re

ds
 o

f 
co

m
po

un
ds

 h
av

e 
be

en
 i

de
nt

if
ie

d 
an

d 
ap

pr
ox

im
at

el
y 

qu
an

- 
tif

ie
d 

in
 c

ru
de

 o
ils

. 
E

xa
m

pl
es

 o
f 

hi
gh

 r
es

ol
ut

io
n 

ga
s 

ch
ro

m
at

og
ra

m
s 

of
A

m
oc

o 
C

a
d

i~
 m
ou

ss
e 

ar
e 

sh
ow

n 
in

 
F

ig
s 

4-
16

 a
nd

 4
-1

 7
. T

h
e 

65
 id

en
ti

fi
ed

 a
nd

 n
um

be
re

d 
co

m
po

ne
nt

s 
sh

ow
n 

in
 F

ig
. 4

-1
 7

 a
re

 
ch

ar
ac

te
ri

ze
d 

in
 T

ab
le

 4
-1

9.
 C

om
po

ne
nt

 g
ro

up
s 

ca
n 

be
 q

ua
nt

if
ie

d 
fr

om
 p

ea
k 

he
ig

ht
s 

us
in

g 
st

an
da

rd
s 

(c
om

pa
re

 T
ab

le
 4

- 1
6)

. 
In

 f
or

en
si

c 
ca

se
s,

 fo
r 

ex
am

pl
e 

as
 e

vi
de

nc
e 

in
 la

w
 f

or
 a

tt
ri

bu
ti

ng
 a

 s
ou

rc
e 

to
 o

il 
fr

om
 a

n
 

ill
eg

al
 o

il 
sp

il
l, 

th
e 

U
S

 C
oa

st
 G

ua
rd

 R
es

ea
rc

h 
an

d
 D

ev
el

op
m

en
t 

C
en

te
r 

ha
s 

de
ve

lo
pe

d 
a 

'fi
ng

er
pr

in
ti

ng
' 

th
at

 i
s 

's
ci

en
ti

fi
ca

ll
y 

an
d

 le
ga

lly
 s

ou
nd

' 
(B

E
N

T
Z

 an
d

 S
M

IT
H

, 19
79

).
 T

h
e 

m
aj

or
 c

om
po

ne
nt

 o
f 

th
e 

'fi
ng

er
pr

in
ti

ng
' 

co
m

pr
is

es
 4

 m
ut

ua
ll

y 
re

in
fo

rc
in

g 
an

al
yt

ic
al

 
ap

pr
oa

ch
es

, 
na

m
el

y 
in

fr
a-

re
d 

sp
ec

tr
os

co
py

, 
fl

uo
re

sc
en

ce
 s

pe
ct

ro
sc

op
y,

 g
as

 c
h

ro
m

at
e 

gr
ap

hy
 

(g
lc

) 
an

d
 t

hi
n-

la
ye

r 
ch

ro
m

at
og

ra
ph

y.
 

C
om

pu
te

ri
ze

d 
d

at
a 

re
so

ur
ce

s 
en

ab
le

 
w

ea
th

er
in

g 
ef

fe
ct

s 
on

 t
he

 o
il

 s
am

pl
es

 t
o 

be
 t

ak
en

 i
nt

o 
ac

co
un

t.
 E

ss
en

ti
al

 d
oc

um
en

ta
ti

on
 

of
 a

ll 
as

pe
ct

s 
of

 t
he

 s
pi

ll
, 

so
ur

ce
 o

il
, 

an
d 

sa
m

pl
in

g 
is

 v
it

al
 e

vi
de

nc
e 

to
 s

up
po

rt
 t

he
 

'fi
ng

er
pr

in
ti

ng
'. 

A
ll 

th
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 i
ll

us
tr

at
es

 h
ow

 u
ni

qu
e 

oi
l 

sa
m

pl
es

 c
an

 b
e 

an
d 

ho
w

 d
if

fi
cu

lt
 i

t 
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 t
o 

ge
ne

ra
li
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ab
ou

t 
oi

ls
 i

n 
a 

ch
em

ic
al

 s
en

se
. 

W
he

n 
it

 c
om
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 t

o 
sc

ie
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if
ic

 f
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 s

ur
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 t

he
 s
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e 

an
al
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ic

al
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et
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e 
bu

t 
th
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e 

m
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t 
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 p
ri

or
 s
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ge

s 
re
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ir

in
g 

of
te

n 
ve

ry
 m

et
ic

ul
ou

s 
ca

re
 in
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e 

co
ll

ec
ti

on
, 

ex
tr

ac
ti

on
, 

cl
ea

n-
up

, 
an

d 
gr

ou
p 

fr
ac

ti
on

at
io

n 
pr

io
r 

to
 a

na
ly

si
s.

 
C

ru
de

 o
ils

 c
on

ta
in

 m
an

y 
al

ka
ne

s,
 m

an
y 

cy
cl

ic
 c

om
po

un
ds

, 
an

d 
a 

ra
ng

e 
of

 h
yd

ro
ca

r-
 

bo
ns

 c
on

ta
in

in
g 

he
te

ro
-c

om
po

un
ds

 
in

vo
lv

in
g 

at
om

s 
su

ch
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s 
su

lp
hu

r,
 n

it
ro

ge
n,

 a
n

d
 

ox
yg

en
. 

B
ei

ng
 o

f 
na

tu
ra

l 
or

ig
in

 h
yd

ro
ca

rb
on

s 
co

nt
ai

n 
a 

w
id

e 
ra

ng
e 

of
 m

et
al

li
c 

an
d 

no
n-

m
et

al
li

c 
co

m
po

un
ds

 a
nd

 i
n 

sp
it

e 
of

 c
ar

ef
ul

 p
ur

if
ic

at
io

n 
tr

ac
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 o
f' 

br
in

e 
sa

lt
s,

 e
sp

e-
 

ci
al

ly
 s

od
iu

m
 c

hl
or

id
e,

 a
re

 u
su

al
ly

 p
re

se
nt

. 
T

h
e 

do
m

in
an

t 
su

lp
hu

r 
co

m
po

un
ds

 a
re

 m
er

ca
pt

an
s,

 o
rg

an
ic

 s
ul

ph
id

es
, 

C
,-

, C
,-

, 
an

d
 

C
,-

di
be

nz
ot

hi
op

he
ne

 i
so

m
er

s 
an

d 
m

an
y 

ot
he

rs
 i

n 
m

in
or

 a
m

ou
nt

. 
M

er
ca

pt
an

s 
gi

ve
 r

is
e 

to
 t

he
 c

ha
ra

ct
er

is
ti

c 
od

ou
r 

of
 c

ru
de

 o
ils

 a
nd

 a
ls

o 
of

 m
an

y 
pr

od
uc

ts
. A

m
on

g 
th

e 
ni

tr
og

en
 

co
m

po
un

ds
 a

re
 p

yr
id

in
e,

 q
ui

no
li

ne
 a

nd
 r

el
at

ed
 

hy
dr

oq
ui

no
li

ne
s,

 p
or

ph
yr

in
es

, 
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rg
el
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T
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T
y

p
ical in

d
u

strial d
ata o

n
 cru

d
e oils (B

ased o
n

 B
ER

G
H

O
FF, 1968; R

U
M

PF, 1969; an
d

 A
L
U

N
D

, 
1976; in: lim

w
el~

~
roblem

 
der ~V

ordsee, 1980; p. 2 1 7) 

Source 
N

ear and M
iddle E

ast 

T
rade description 

A
rab light 

Q
atar 

Iraq 
Iranian 

(B
erry) 

D
ukhan 

K
irkuk 

light 
K

uw
ait 

D
ensity d150 

A
P

l gravity 
.S 

C
lassification 

2 
T

otal sulphur 
E

 8 
K

inem
atic viscosityJ38 "C

 
2
 

Flow
 point 

V
anadium

/nickel 

C
4

 and lighter 

g 
0.831 

0.821 
A

PI 
39 

40.9 
-
 

PG
 

G
 

%
 S 

1.10 
1-29 

cST
 

5.65 
-30 

"C
 

-34.4 
-
 20 

P
P

~
I

P
P

~
 1217 

v01 %
 

7.9 

B
enzin fraction (C

5-150 'C
) 

v01 %
 

10.5 
31.3 

12-5 
8.1 

16.65 
Parallins 

%
 

87.4 
58-0 

80 
50.0 

N
aphthas 

%
 

10.7 
20.0 

18 
33.0 

.Q 
A

rom
atics 

%
 

1.9 
22.0 

2 
17.0 

.- U
 

.S
 

M
iddle distillate (150-370 "C

) 
v01 %

 
48.9 

34.3 
53.1 

51.3 
35.15 

U
 

-
 

Flow
 point 

"C
 

-12.2 
-
 15 

-37 
Parafiins 

.- 
%

 
66.3 

69 
54.0 

5
 

N
aphthas 

%
 

20.0 
2 1 

30.0 
2 

A
rom

atics 
%

 
13.7 

10 
16.0 

5 
R

esidual oil (above 370 "C
) 

v01 %
 

38.0 
26.5 

34.4 
45.4 

45.75 
' 

Flow
 point 

"C
 

24 
38 

30.0 
23.9 

T
otal sulphur 

%
S

 
2.04 

2.34 
4.0 

2.4 
4.16 

V
acuum

 distillable 
%

 
7.4 

19.85 
V

acuum
 (370-525 'C

) 
R

esidue (above 525 'C
) 

%
 

6.2 
18.6 

25.90 

P
 =

 Parallinic. 
N

 
=

 N
aphthenic. 

G
 =

 M
ixed. 

associated w
ith naphtha and heavy oil fractions. O

xygen, the least abundant of these 
extra atom

s, gives rise to sm
all am

ounts of phenols, arom
atic aldehydes, and ketones. 

D
uring refining and as a result of catalytic treatm

ent and hydrogenation, appreciable 
am

ounts 
of 

new
 

arom
atics 

and 
olefinic hydrocarbons 

are produced. 
E

xperts 
are 

interested in these sulphur and nitrogen com
pounds and partially oxidized or h

y
d

re 
lysed derivatives as key com

pounds in som
e biological effects of oil. 

T
o

 return to the m
ore general problem

 of m
easuring total oil, dem

and exists outw
ith 

and w
ithin the oil industry for the routine surveillance of oil in air, m

unicipal and 
industrial w

astes, rivers, estuaries, inshore w
aters, open seas and oceans, and in m

any 
specific applications-for 

exam
ple in oily w

aters on board tankers, at oily w
ater treat- 



C
H

E
M

IC
A

L
 A

S
P

E
C

T
S

 O
F

 O
IL

 P
O

L
L

U
T

IO
N

 

A
lr

ic
a 

N
or

th
 S

ea
 

V
en

ez
ue

la
 

L
~

b
y

a 
N

ig
er

ia
n 

A
lg

el
-i

an
 

N
or

w
eg

ia
n 

G
B

 F
or

ti
es

 
B

ac
ha

qu
er

a 
B

re
ga

 
B

on
ny

 l
ig

ht
 

H
as

si
 M

 
E

ko
fis

k 
fi

el
d 

B
os

ca
n 

Z
ul

ia
 

m
en

t 
pl

an
ts

, r
ef

in
er

ie
s 

an
d 

so
 o

n.
 T

h
e 

co
nc

en
tr

at
io

n 
ra

ng
e 

en
co

un
te

re
d 

is
 e

no
rm

ou
s 

an
d 

m
et

ho
ds

 m
us

t 
ta

ke
 t

hi
s 

in
to

 a
cc

ou
nt

. 
In

 f
or

m
ul

at
in

g 
a 

gl
ob

al
 p

ic
tu

re
, 

pr
ob

le
m

s 
w

ou
ld

 b
e 

si
m

pl
er

 if
 t

he
re

 w
er

e 
on

e 
un

iv
er

- 
sa

l 
m

et
ho

d.
 T

h
is

 m
ig

ht
 b

e 
po

ss
ib

le
 i

f 
th

er
e 

w
er

e 
on

ly
 o

ne
 k

in
d 

of
 o

il
, 

bu
t 

th
er

e 
ar

e 
li

gh
t 

cr
ud

es
 a

nd
 t

he
 s

o-
ca

ll
ed

 'w
ax

y'
 o

r 
pa

ra
fi

ni
c 

cr
ud

es
, l

ig
ht

 p
et

ro
le

um
 f

ra
ct

io
ns

, 
ga

so
li

ne
, 

fu
el

 o
il

s,
 h

ea
vy

 f
ue

l o
il

s 
an

d 
a 

ra
ng

e 
of

 a
sp

ha
lt

s 
an

d 
ta

rs
. 

A
bo

ve
 a

ll
 p

er
ha

ps
, t

he
 p

ro
bl

em
 

is
 n

ot
 s

o 
im

m
ed

ia
te

ly
 a

 t
ec

hn
ic

al
 o

ne
 b

ut
 a

 l
og

is
ti

c 
ba

tt
le

 i
nv

ol
vi

ng
 m

an
y 

bo
di

es
 i

n 
th

e 
oi

l 
in

du
st

ry
, 

ot
he

r 
in

du
st

ry
, 

ai
r 

an
d 

w
at

er
 q

ua
li

ty
 c

on
tr

ol
, 

ri
ve

r 
au

th
or

it
ie

s,
 m

un
ic

ip
al

 
se

w
ag

e 
au

th
or

it
ie

s,
 

po
rt

 
an

d 
te

rm
in

al
 

op
er

at
or

s,
 

go
ve

rn
m

en
t 

bo
di

es
 

an
d 

fi
sh

er
ie

s 
bo

ar
ds

. 
E

ac
h 

ha
s 

di
ff

er
en

t 
sa

m
pl

in
g 

re
qu

ir
em

en
ts

 
an

d 
re

as
on

s 
fo

r 
co

nd
uc

ti
ng

 a
n

 
an

al
ys

is
. 

E
ac

h 
al

so
 p

ut
s 

a 
ca

sh
 v

al
ue

 o
n

 t
he

 a
na

ly
si

s 
w

it
h 

re
sp

ec
t 

to
 i

ts
 o

w
n 

ne
ed

s 
an

d
 

co
m

m
it

m
en

ts
. 

It
 is

, 
th

er
ef

or
e,

 n
o 

su
rp

ri
se

 t
ha

t,
 a

s 
di

sc
us

se
d 

in
 r

el
at

io
n 

to
 T

ab
le

 4
-1

 i
n 
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in
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T
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im
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in
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yd
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 o
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T
able 4- 19 

D
istribution 

of 
65 com

ponent 
arom

atic hydrocarbons In Am
oco 

C
adq 

reference 
m

ousse as 
num

bered in Fig. 4-1 7 (A
fter C

A
L
D

E
R

 and co-authors, 1978; m
odified; reproduced by perm

ission 
of N

O
A

A
-E

PA
) 

Peak N
o. 5 

B
enzenes C

,-alkyl 
B

iphenyl 
C

, naphthalene isom
ers 

C
, naphthalene isom

ers 
C

, naphthalene isom
ers 

C
, naphthalene isom

ers 
C

, fluorene isom
ers 

C
2 fluorene isom

ers 
Phenanthrene 
C

, phenanthrene isom
ers 

C
2 phenanthrene isom

ers 
C

, phenanthrene isom
ers 

D
obenzothiophene 

C
, dibenzothiophene isom

ers 
C

? dibenzothiophene isom
ers 

C
, dibenzothiophene isom

ers 

' Shared peaks in parenthesis, 

oil pollution since there is no w
ay of deriving from

 them
 a representative hydrocarbon 

inventory an
d

 corresponding toxic potential. 
S

am
pling is clearly a problem

 to start w
ith. A

ir, suspended particles, and rainout 
dem

and separate system
s. Soil, w

ater, suspended m
atter, and sedim

ent have different 
problem

s and for m
any biological m

aterials the presence offats, essential oils an
d

 w
axes, 

etc., can ad
d

 to the problem
. A

ssum
ing a sam

ple containing all the hydrocarbons has 
been secured, setting aside any considerations of how

 it m
ay be preserved intact, the 

next stage is to extract, purify, an
d

 if necessary concentrate the total hydrocarbons prior 
to quantification (it is further assum

ed that qualitative analysis has established that the 
com

position varies little). 
F

or inert solids a gravim
etric determ

ination of the dried m
aterial under standard 

conditions is a sure an
d

 reproducible m
ethod. It cannot be so for oil despite w

idespread 
adoption for control purposes (for exam

ple in industry this m
easure m

ay m
eet som

e 
routine need). In

 relation to environm
ental quality the w

eight m
ethod used exclusively 

w
ith n

o
 better back-up is totally unsuitable. T

w
o

 distinct m
ethods have been proposed 

to replace o
r supplem

ent the w
eight m

ethod, each involving m
easurem

ent of a specific 
function of a class of com

pounds present in the sam
ple, hopefully exclusive to hydrocar- 

bons (L
A

W
, 1980). 

Infra-red 
spectrom

etry m
easures the absorption by hydrocarbons and other com

- 
. 

. 
pounds of light energy of know

n w
avelength either at preset w

avelengths or by scanning 
appropriate bands. C

hem
ical bonds in organic m

olecules have one or m
ore characteris- 

tic absorption w
avelengths. A

bsorption arises from
 the stretch betw

een C
-H

 represented 
by C

H
, C

H
,, 

an
d

 C
H

, groups. F
or technical reasons the C

H
, frequency 3.4 p

m
 has 

advantages and has been adopted w
idely. B

y choosing a solvent such as trichlorotri- 
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A
s a rough guide to the costs involved-and 

these can vary appreciably, depending 
on the routine analytical program

m
es for w

hich the laboratory is stream
ed-they 

range 
presently from

 $10 to 50 per gravim
etric oil determ

ination, $50 to l00 per lR
 analysis, 

$50 to 100 per U
V

 absorbance or single scan spectrofluorescence, about $300 for quan- 
titative S

C
O

T
 or W

C
O

T
 gas chrom

atography, and at least $5000 for gc coupled to m
ass 

spectrom
etry. T

hese costs relate to w
ater or eflluent sam

ples. F
or som

e sedim
ents and 

for all biological m
aterials, solvent extracts are m

uch m
ore com

plex and clean-up pro- 
cesses m

ust be undertaken before the hydrocarbon fraction can be subjected to analysis. 
T

hese stages greatly increase the cost. O
ne need scarcely m

ention the im
portance of 

analytical costs in relation 
to the control of pollutant inputs and the assessm

ent of 
environm

ental quality. A
s w

ith m
ost things in life you get w

hat you pay for; for $10 you 
get an unreliable m

easure of an anonym
ous oil, but it costs $5000 to $10,000 for a fully 

evaluated 'fingerprint' w
hich has legal or ecological validity. M

oney spent on chem
ical 

analysis is an investm
ent. F

or optim
um

 benefit, a judicious choice (not entirely certain 
but certainly not a m

atter ofgood luck) predisposes the likelihood of the results obtained 
giving both adequate coverage and sufficient detailed inform

ation. 
N

one of the routine m
ethods discussed w

ill discrim
inate betw

een 
petrogenic and 

biogenic hydrocarbons and even som
e of the research m

ethods give only a debatable 
indication of their respective contributions (F

ig. 4-14). G
reat care.is needed in the choice 

of m
ethods for environm

ental m
onitoring and m

uch of the published inform
ation needs 

careful scrutiny on the basis of the exact m
ethods of sam

pling and analysis em
ployed. 

A
t this tim

e no one w
ould claim

 
that present know

ledge of global hydrocarbons 
represents a w

ise investm
ent or a judicious program

m
ed approach. A

lm
ost certainly 

m
ore ecologically-useful know

ledge could be obtained w
ith better m

anagem
ent w

ithout 
increasing the total cost to the populace. 

(c) B
iogenic H

ydrocarbons 

M
any species, from

 m
icrobes to m

am
m

als, produce their ow
n brand of hydrocarbons 

and these contribute directly to the sea or indirectly from
 land and fresh w

ater. A
s for 

petrogenic hydrocarbons, these products subsequently undergo m
any changes due to 

physical, chem
ical, and m

icrobiological processes. 
T

h
e original hydrocarbons w

hich are m
inor constituents of phytoplankton (less than 

1%
 by w

eight) are predom
inantly alkanes w

ith carbon num
bers C

,,, C
,,, C

,,, and C
,, in 

addition to carotenes. S
eaw

eeds such as Laminaria contribute a single alkane, pen- 
tadecane (C

,,). S
om

e calanoid copepods contain m
uch higher levels of a restricted range 

of alkanes greatly dom
inated by C

,, (pristane), C
Ig

, and C
,, olefins. 

R
iver w

ater and land plants contribute a variety of hydrocarbons including leafw
axes 

show
ing n-alkanes C

,,, C
,g, C

,,, C
,,, and unsaturated cyclic and acyclic alkanes. 

T
h

e evidence on arom
atic hydrocarbons of biogenic origin is poor and controversial 

(C
L

A
R

K
 and B

R
O

W
N

, 1977) and on balance 
it seem

s unlikely that algae and higher 
organism

s can synthesize them
. H

ow
ever, P

C
A

H
 in large quantities are form

ed from
 the 

burning of w
ood and in forest fires, and 

thus contribute indirectly very substantial 
quantities to the m

arine environm
ent and are found in sedim

ent sam
ples from

 clean 
areas around the B

ritish Isles and elsew
here. T

hey are not detectable in clean sea w
ater 

by existing m
ethods U

O
H

N
S

T
O

N
, 1980). 

A
s an exam

ple of w
hat hydrocarbons m

ay be involved in a clean area, in this instance, 
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In
 the hydrocarbon chem

istry of sea w
ater the progressive increase in sensitivity and 

in know
ledge of detailed com

position, afforded by the m
ost recent analytical develop- 

m
ents, 

m
arks 

the 
beginning of a revolution 

in 
the interpretation of environm

ental 
chem

istry in relation to ecology. A
 w

ider 
insight 

into m
arine organic chem

istry 
in 

general m
ust be expected to unfold exciting new

 understanding of the role of chem
istry 

in ecology. 

(e) M
icrobial D

egradation of O
il 

If petroleum
 concentrations are low

 enough to exclude lethal and inhibitory effects, 
m

any m
icrobes an

d
 the tissues of m

any anim
als respond to contam

ination by gradual 
adaptation enabling hydrocarbons to be broken dow

n or converted into products that d
o

 
not lead to excessive accum

ulation in lipid-rich tissues. It w
ill be fam

iliar know
ledge 

that in bio-engineering, m
icrobial species and strains can be effectively used to convert 

natural gas an
d

 som
e oil com

ponents into a w
ide range of com

m
ercial chem

ical feed- 
stocks, an

d
 in a

u
e

n
t treatm

ent w
orks colonies can be established on the inert support 

m
edia of biotreatm

ent units w
hich are effective in virtually elim

inating hydrocarbon 
solvents an

d
 other products from

 industrial w
aste w

aters. H
ow

ever, even these specially 
selected clones are not able to w

ithstand shock exposure to sudden high concentrations 
of petroleum

 
hydrocarbons or any undue flux in physical or chem

ical conditions or 
access of other contam

inants. Indeed it has often been observed that highly selected 
clones capable of w

ithstanding one form
 of polluting siress to an unusually high degree, 

are frequently vulnerable w
hen conditions relating to other stresses are altered by w

hat 
m

ight be a degree of change tolerated by a less developed w
ild com

m
unity (L

IN
D

E
N

 an
d

 
C

O
-au thors, 1980). 

In
 a recent sym

posium
 the m

icrobial degradation of pollutants in m
arine environ- 

m
ents w

as discussed in considerable detail, including a section on oil (B
O

U
R

Q
U

IN
 

and 
P

R
IT

C
H

A
R

D
, 1979). T

ogether w
ith supplem

entary m
aterial, these discussions provide a 

useful outline of the susceptibility of com
ponent oil groups to m

icrobial attack and of the 
com

m
oner 

pathw
ays 

of biochem
ical 

transform
ation 

of individual hydrocarbons or 
fam

ilies of related com
pounds. 

T
h

e aliphatic hydrocarbons present in m
ost crude oils form

 a regular series, prim
arily 

and virtually exclusively, of n-alkanes. T
h

e m
icrobes considered are chiefly bacteria, 

yeasts, an
d

 fungi but other unicellular organism
s such as flagellates, heterotrophic algae, 

an
d

 som
e protozoans have som

e capacity for hydrocarbon degradation but are norm
ally 

less capable an
d

 less opportunistic. A
 large contribution to current know

ledge of m
icro- 

bial degradation (of hydrocarbons and pollutants generally) relates to species and com
- 

m
unities isolated 

from
 soil, fresh w

ater and w
astew

ater treatm
ent plants. It m

ay be 
helpful to regard the operation of m

arine m
icrobial degradation as com

parable but this 
extrapolation has not been consistently confirm

ed for estuary and sea, or adequately 
investigated over a w

ide enough range of applications. S
ince there is, how

ever, a broad 
resem

blance in the general biochem
istry and physiology of m

arine, fresh w
ater, and 

terrestrial form
s of life, this process of generalization is not com

pletely w
ithout support. 

T
h

e n-alkanes range from
 the gas m

ethane w
hich is the sim

plest and m
ost uniform

ly 
abundant 

hydrocarbon 
w

ith 
petroleum

 
and 

non-petroleum
 

associations, 
to 

liquid 
n-alkanes including several com

m
on to petrogenic (C

, upw
ards) and biogenic origins 

(usually C
,, to C

,,) and solid paraffins (above C
,,). S

olubility in sea w
ater, w

hich w
ill be 
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er

. T
w

o
 b

io
ch

em
ic

al
 m
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ha

ni
sm

s 
ar

e 
co

m
m

on
: 

(i
) e

nz
ym

e 
ca

ta
ly

se
d 

re
ac

ti
on

 w
it

h 
w

at
er

 o
r 

hy
dr

ox
yl

at
io

n 
w

hi
ch

 is
 t

he
 g

en
er

al
 m

ec
ha

ni
sm

 f
av

ou
re

d 
in

 t
he

 i
ni

ti
al

 a
tt

ac
k 

on
 n

-a
lk

an
es

; 
(i

i)
 e

nz
ym

e 
ca

ta
ly

se
d 

re
ac

ti
on

 w
it

h 
di

ox
yg

en
 o

r 
ca

ta
bo

li
c 

ox
id

at
io

n 
pr
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es
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le
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in
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to

 t
he

 c
le

av
ag
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of

 u
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ur
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ed

 r
in
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st
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 l
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 c
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at
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.g

. t
he

 f
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A
lic

yc
lic

 c
om

po
un

ds
 (

sa
tu

ra
te

d 
ri

ng
 f

or
m

s)
 a

re
 g

en
er

al
ly

 c
on

ve
rt

ed
 b

y 
st

ep
w

is
e 

ox
i-

 
da

ti
on

 i
nt

o 
hy

dr
ox

y-
ca

rb
ox

yl
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 a
ci
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 a

nd
 d

ic
ar

bo
xy

li
c 

ac
id

s 
th

ou
gh

 s
om

e 
co

nv
er

si
on

 
in

to
 a

ro
m

at
ic

 f
or

m
s 

is
 a

ls
o 

po
ss

ib
le

. 
O

n
e 

of
 t

he
 m

os
t 

di
st

in
ct

iv
e 

fe
at

ur
es

 o
f 

th
e 

re
ac

ti
on

 
se

qu
en

ce
s 

br
ou

gh
t 

ab
ou

t 
by

 
ae
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c 
m
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ro

be
s 

in
 t
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 c

at
ab

ol
is

m
 o

f 
be

nz
en

oi
d 

m
ol

ec
ul

es
 i

s 
th

e 
in

co
rp

or
at

io
n 

of
 t

he
 

ox
yg

en
 m

ol
ec

ul
e 

as
 a

 C
O

-s
ub

st
ra

te
 in

 t
he

 c
le

av
ag

e 
of

 s
uc

h 
ri

ng
s.
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om
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yg
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en
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dr

oc
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n 
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t
 

di
ca
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W
he
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na
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up
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e 
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he

se
 p
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ve
 s
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 f
or

 
at

ta
ck

. 
F

or
 e

xa
m

pl
e,

 s
id

e 
ch

ai
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 m
ay

 b
e 

su
bj
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t 
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xi
da

ti
on
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W

it
h 
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rd
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o 
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l 
co

m
po
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s 
co

nt
ai

ni
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 s
ul

ph
ur
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ox

yg
en
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r 

ni
tr

og
en

, 
th

e 
he

te
ro

- 
el
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en

t 
ha

s 
a 

st
ro

ng
 in

fl
ue
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e 

o
n

 t
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us

ce
pt

ib
il

it
y 

of
 t
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 m
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e 

to
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tt
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k 
an
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e 



4. 
O

IL
 P

O
L

L
U

T
IO

N
 A

N
D

 IT
S

 h1A
N

A
G

E
M

E
N

T
 (R

. JO
H

N
S

T
O

N
) 

site of attack. S
ulphur-containing rings are less am

enable to m
icrobial degradative 

processes than other rings in com
plex heterocyclic com

pounds and as a rule oxidation or 
hydroxylation begins in these other rings. 

C
om

plex hydrocarbons containing oxygen substituted rings are m
ore vulnerable to 

attack and breakdow
n starts w

ith the oxygen-containing ring. 
F

or saturated ring system
s containing nitrogen, hydrolysis of the cyclic im

ine form
ed 

by dehydrogenation of the parent com
pound is the m

ost usual cleavage m
echanism

. F
or 

unsaturated heterocyclic m
olecules, such as pyridine carboxylic acids, nicotinic 

and 
picolinic acids, hydroxylation at ring position 6 is the initial step follow

ed by one of 
several types of oxidation. 

If hydrocarbons are halogenated, 
or becom

e chlorinated or brorninated 
by som

e 
process for bacterial control at sew

age w
orks o

r at production platform
s, the products 

are m
uch less vulnerable to m

icrobial attack, their toxicity is enhanced and there is 
increased 

likelihood 
of 

biom
agnification. 

M
any 

studies 
have 

been 
m

ade 
of 

organohalogen pesticides and industrial chem
icals, and the processes 

giving rise 
to 

breakdow
n products are broadly w

ell established. It is less w
ell know

n that there are at 
least 300 naturally occurring organohalogen com

pounds, m
any of m

arine origin, for 
w

hich a range of enzym
ic reactions leading to the elim

ination of the halogen atom
 from

 
the m

ain organic residual com
pound are know

n to exist. 
M

ore than 200 species (60 genera) of bacteria, filam
entous fungi, and yeasts are 

capable of oxidizing hydrocarbons. H
ow

 m
any of these are m

arine species is not clear 
but they are num

erous. 
T

hese m
icrobial reactions all relate to aerobic conditions and, in general, under the 

experim
ental conditions in w

hich they w
ere studied, adequate provision w

as m
ade of 

nutrients an
d

 accessory substrates. C
O

L
L

V
E

L
L

 
(1974) and m

any previous authors indi- 
cate that in the sea an

d
 in the upper layers ofoxic sedim

ents, adequate concentrations of 
nutrients are essential for the operations of hydrocarbon breakdow

n. 
In

 the pelagic 
phase, particulate m

atter and detritus are im
portant as sites providing relatively rich 

nutrients in otherw
ise low

 soluble nutrient conditions. 
Z

O
B

E
L

L
 (1964) pointed 

out that to com
pletely oxidize 1 kg of oil requires all the 

oxygen from
 about 400 m

' 
of sea w

ater and this m
ust be equivalent to a very great 

volum
e of interstitial w

ater w
hich norm

ally has a m
uch low

er oxygen content. 
C

om
pared to the aerobic environm

ent, the rate of biodegradation of oil under low
 

oxygen and anaerobic conditions is decreased to extrem
ely low

 levels. A
erobic decom

- 
position of organic debris or of hydrocarbons uses u

p
 oxygen and helps to prom

ote 
reducing conditions w

hich increase or reach an
 equilibrium

 depending on the rate at 
w

hich oxygen is replenished. A
ny reduction products form

ed are sw
ept aw

ay or re- 
oxidized w

hen w
ater turnover occurs. A

t the sea floor, oxygen transfer into pore w
ater 

falls off radidly especially in fine sedim
ents over depths of a few

 centim
etres or m

illi- 
m

etres. 
W

hen oxygen becom
es depleted, the m

icrobes seek sources of com
bined oxygen, first 

from
 nitrates then from

 sulphates and the higher oxidized form
s of m

etals, and at greater 
depth m

ethane-producing bacteria get rid of excess hydrogen by m
ethane form

ation. In
 

the process, organic substrates such as acetate are cleaved to carbon dioxide w
hich is 

subsequently reduced to m
ethane. M

E
R

T
E

N
S

 (1 976) established that about 90%
 of the 

sulphate present m
ust be reduced by sulphate-reducing bacteria before anaerobic condi- 

tions are suficiently extrem
e to support m

ethanogenic species. S
ince hydrocarbons are 



C
H

E
M

IC
A

L
 A

SP
EC

TS
 O

F
 O

IL
 P

O
LL

U
TI

O
N

 

al
re

ad
y 

hy
dr

og
en

-r
ic

h 
co

m
po

un
ds

 t
he

y 
ar

e 
no

t 
su

it
ab

le
 a
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su
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tr
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 f
or

 
m

et
ha
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ng

 b
ac

te
ri
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 I

n 
co
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ra

st
, 

su
lp

ha
te

-r
ed

uc
in

g 
ba

ct
er

ia
 c

an
 u

ti
li

ze
 a

 w
id

e 
ra

ng
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of
 c
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xy
li

c 
ac

id
s 

an
d

 o
th

er
 o

rg
an

ic
 s

ub
st

ra
te

s 
an

d 
in

 t
he

 p
ro

ce
ss

 s
ul

ph
at

e 
is

 
re

du
ce

d 
to

 h
yd

ro
ge

n 
su

lp
hi

de
. 

U
nd

er
 f

av
ou

ra
bl

e 
co

nd
it

io
ns

, 
fo

r 
ex

am
pl

e 
in

 o
il 

st
or

ag
e 

ta
nk

s 
an

d
 o

n 
oi

l 
pl

at
fo

rm
s,

 t
he

 h
yd

ro
ge

n 
su

lp
hi

de
 t

hu
s 

fo
rm

ed
 c

an
 p

re
se

nt
 a

 m
aj

or
 

ha
za

rd
 b

y 
gr

ea
tl

y 
ac

ce
le

ra
ti

ng
 c

or
ro

si
on

 o
f 

ir
on

 a
nd

 c
on

cr
et

e 
an

d 
by

 f
or

m
in

g 
po

ck
et

s 
of

 
hy

dr
og

en
 s

ul
ph

id
e 

w
hi

ch
 i

s 
ra

pi
dl

y 
le

th
al

 t
o 

m
an

 if
 i

nh
al

ed
. 

F
ew

 n
or

m
al

 b
en

th
ic

 a
ni

m
al

s 
su

rv
iv

e 
in

 a
na

er
ob

ic
 c

on
di

ti
on

s 
b

u
t 

so
m

e 
fo

rm
s 

ca
n 

liv
e 

pa
rt

ly
 i

m
m

er
se

d 
in

 a
no

xi
c 

se
di

m
en

t.
 

In
 th

e 
dy

na
m

ic
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of
 t
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 o

il 
de

gr
ad

at
io

n 
pr

oc
es

s 
pe

rh
ap

s 
th

e 
on

ly
 u

nr
es

tr
ic

ti
ng

 p
ar

am
e-

 
te

r 
is

 t
he

 c
ap

ac
it

y 
of

 t
he

 h
yd

ro
ca

rb
on

 d
eg

ra
de

rs
 s

in
ce

 t
he

se
 c

an
 m

ul
ti

pl
y 

vi
rt

ua
ll

y 
in

de
fi

ni
te

ly
 a

t 
a 

hi
gh

 r
at

e 
gi

ve
n 

op
ti

m
um

 s
ub

st
ra

te
 c

on
di

ti
on

s.
 E

ve
ry

w
he

re
 i

n 
th

e 
se

a 
th

es
e 

co
nd

it
io

ns
 a

re
 li

m
it

in
g,

 s
ev

er
el

y 
li

m
it

in
g 

o
r 

ad
ve

rs
e.

 T
h

e 
m

os
t a

dv
er

se
 c

on
di

ti
on

 is
 

pr
ob

ab
ly

 d
il

ut
io

n 
in

 t
he

 w
at

er
 c

ol
um

n 
w

hi
ch

 c
on

ti
nu

ou
sl

y 
re

du
ce

s 
an

d 
di

sa
dv

an
ta

ge
s 

th
e 

ba
ct

er
ia

l 
po

pu
la

ti
on

 i
n 

re
la

ti
on

 t
o 

th
e 

su
bs

tr
at

e.
 P

re
se

nc
e 

o
fa

 s
ol

id
 s

ub
st

ra
te

 f
av

ou
rs

 
ba

ct
er

ia
l 

pr
ol

if
er

at
io

n 
an

d
, 

si
m

ul
ta

ne
ou

sl
y,

 a
cc

es
s 

to
 o

il 
an

d 
so

m
et

im
es

 n
ut

ri
en

ts
. T

h
e 

am
ou

nt
 o

f 
pa

rt
ic

ul
at

e 
m

at
te

r 
in

 o
ff

sh
or

e 
w

at
er

 i
s 

li
m

it
in

g.
 C

om
pa

re
d 

to
 o

il 
as

 a
 c

ar
bo

n 
so

ur
ce

 i
n 

an
 o

il 
sp

il
l 

si
tu

at
io

n,
 t

he
 s

up
pl

y 
of

 n
ut

ri
en

ts
 i

n 
fo

rm
s 

av
ai

la
bl

e 
to

 b
ac

te
ri

a 
is

 
se

ve
re

ly
 l

im
it

in
g,

 v
er

y 
se

ve
re

 w
he

n 
nu

tr
ie

nt
s 

ar
e 

se
as

on
al

ly
 d

ep
le

te
d.

 T
h

is
 s

ho
rt

ag
e 

of
 

nu
tr

ie
nt

s 
en

su
re

s 
th

at
 t

he
 o

xy
ge

n 
de

m
an

d 
fo

r 
th

e 
bi

ol
og

ic
al

 
co

m
bu

st
io

n 
or

 
pa

rt
ia

l 
ox

id
at

io
n 

of
 o

il 
do

es
 n

ot
 e

xc
ee

d 
th

e 
ra

te
 o

f 
su

pp
ly

. 
W

he
re

 o
il 

gl
ob

ul
es

 o
cc

ur
 t

he
 a

ss
oc

i-
 

at
ed

 m
ic

ro
bi

al
 b

io
m

as
s 

ca
n 

so
m

et
im

es
 g

ro
w

 t
o 

20
 t

o 
60

%
 o

f 
th

e 
w

ei
gh

t 
of

 o
il.

 
H

ig
he

r 
ra

ti
os

 c
an

 b
e 

ac
hi

ev
ed

 w
it

h 
pu

re
 b

ac
te

ri
al

 c
ul

tu
re

s 
an

d
 p

ur
e 

hy
dr

oc
ar

bo
n 

su
bs

tr
at

es
 b

ut
 u

su
al

ly
 p

ur
e 

cu
lt

ur
es

 a
tt

ac
k 

on
ly

 a
 n

ar
ro

w
 s

pe
ct

ru
m

 o
f 

hy
dr

oc
ar

bo
ns

. 
F

or
 

se
ed

in
g 

of
 o

il 
sp

il
ls

 p
ol

yv
al

en
t 

or
 m

ix
ed

 b
ac

te
ri

al
 c

ul
tu

re
s 

w
ou

ld
 b

e 
m

or
e 

ef
fe

ct
iv

e,
 b

ut
 

(a
s 

ha
s 

ju
st

 b
ee

n 
di

sc
us

se
d)

 t
hi

s 
pa

ra
m

et
er

 i
s 

no
t 

us
ua

ll
y 

li
m

it
in

g 
un

de
r 

na
tu

ra
l 
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ti
on

s.
 T

h
e 

pr
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ot
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of

 n
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ur
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ht

 b
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hi

ev
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en
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ea
 s
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ll
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by

 t
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nt

ro
du
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n 
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 a
 r
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h 

ox
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en
 s

ou
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e 
su

ch
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s 
pe
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xi

de
 i

n 
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so
ci

at
io

n 
w

it
h 

ox
id

iz
ed

 f
or

m
s 

of
 n

ut
ri

en
ts
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G

A
S

S
M

A
N

N
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S
el

ec
te

d 
A

sp
ec

ts
 o

f 
th

e 
T

ox
ic

ol
og

y 
of

 O
il

 

G
en

er
al

 C
on

si
de

ru
tio

ns
 

T
ox

ic
ol

og
ic

al
 r

es
ul

ts
 f

or
 c

ru
de

 o
il

s,
 o

il 
pr

od
uc

ts
, 

an
d 

si
ng

le
 h

yd
ro

ca
rb

on
s 

ex
is

t 
fo

r 
a 

w
id

e 
ra

ng
e 

of
 b

ac
te

ri
a,

 y
ea

st
s,

 m
ou

ld
s,

 f
un

gi
, 

un
ic

el
lu

la
r 

al
ga

e,
 z

oo
pl

an
kt

on
, 

be
nt

ho
s,

 
m

ar
in

e 
gr

as
se

s,
 i

nt
er

ti
da

l 
pl

an
ts

 a
n

d
 a

ni
m

al
s,

 f
is

he
s,

 i
nv

er
te

br
at

es
 a

n
d

 v
er

te
br

at
es

, 
m

am
m

al
s,

 b
ir

ds
, 

an
d

 t
o 

so
m

e 
ex

te
nt

 m
an

. 
T

h
e 

lis
t 

is
 p

ro
ba

bl
y 

in
co

m
pl

et
e.

 M
ar

in
e 

lif
e 

ha
s 

be
en

 e
xp

os
ed

 t
o 

hy
dr

oc
ar

bo
ns

 i
n 

pu
re

, 
ba

ct
er

ia
-f

i-
ee

 c
ul

tu
re

s 
an

d
 a

ll 
so

rt
s 

of
 i

nt
er

- 
m

ed
ia

te
 g

ro
up

s 
u

p
 t

o 
fi

el
d 

co
m

m
un

it
ie

s.
 B

ib
li

og
ra

ph
ie

s 
al

on
e 

co
m

pr
is

e 
se

\,
er

al
 v

o
lu

n
~

es
 

(s
ee

 li
te

ra
tu

re
 a

pp
en

di
x)

. 
T

ox
ic

ol
og

ic
al

 s
tu

di
es

 c
an

 b
e 

ro
ug

hl
y 

ca
te

go
ri

ze
d 

in
to

 s
ho

rt
- 

te
rm

 m
or

ta
li

ty
 t

es
ts

, 
ex

te
nd

ed
 l

ab
or

at
or

y 
te

st
s,

 a
n

d
 m

od
el

-e
co

sy
st

em
 e

xp
er

im
en

ts
. 

In
 

ad
di

ti
on

, 
oi

ls
 h

av
e 

be
en

 t
es

te
d 

al
on

g 
w

it
h 

di
sp

er
sa

nt
s 

in
 m

an
y 

di
ff

er
en

t 
w

ay
s.

 A
 s

el
ec

- 
ti

on
 f

ro
m

 t
hi

s 
va

st
 p

oo
l 

of
 i

nf
or

m
at

io
n 

ha
s 

be
en

 m
ad

e 
to

 i
ll

us
tr

at
e 

ge
ne

ra
l 

pr
in

ci
pl

es
 

w
he

re
 p

os
si

bl
e,

 i
nd

ic
at

io
ns

 o
f 

th
e 

m
or

e 
ac

ti
ve

ly
 

to
xi

c 
oi

l 
co

ns
ti

tu
en

ts
, 

an
d 

fe
at

ur
es

 
de

em
ed

 t
o 

be
 e

co
lo

gi
ca

ll
y 

or
 c

om
m

er
ci

al
ly

 i
m

po
rt

an
t.

 I
n

 s
ee

ki
ng

 u
se

fu
l 

ge
ne

ra
li

za
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on
s 

O
T

T
~

V
A

Y
 

(1
97

1)
 f

ou
nd

 t
ha

t 
th

e 
to

xi
ci

ty
 o

f 
20

 c
ru
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 f

ai
rl
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the proportion of low
 boiling point fractions, especially the arom

atics contained in the 
distillate below

 
150 'C

. 

P
hy~oplank~on 

Spenes as C
ellular M

odels 

T
h

e
 sim

plest exam
ple is the toxic response of unicellular algae to individual pure 

hydrocarbon in single culture. 
T

h
e m

ost com
prehensive study w

hich coordinates toxic responses w
ith the physico- 

chem
ical properties of individual hydrocarbons has been conducted by H

U
T

C
H

IN
S

O
N

 
and co-authors (1979) using several fresh w

ater unicellular algae. T
h

e keynote of these 
studies is the use of the "C

O
, uptake m

ethod to m
easure photosynthetic activity under 

highly reproducible laboratory conditions. Inhibition of photosynthesis in response to 
added hydrocarbon is m

easured over a 3-h period. L
eakage of "C

-labelled 
photosynthe- 

tic products can also be m
easured, and loss of potassium

 and m
anganese from

 the cell. 
P

hotosynthetic inhibition m
ay be extrapolated 

to 
represent reduction of prim

ary 
productivity in the photic zone; losses of labelled products, potassium

 and m
anganese 

reflect various aspects of the health of the cell and of its nutritional value in the food 
chain. T

hese losses also dem
onstrate effects on the ability of the cell m

em
brane to 

m
aintain its integrity and norm

al function. T
h

e physico-chem
ical m

easurem
ents on the 

38 hydrocarbons, covering a w
ide range of oil com

ponents and organochlorines, provide 
independent correlation w

ith their lipophilic properties including partition 
betw

een 
w

ater an
d

 solvent. 
T

h
e m

ain findings of H
U

T
C

H
IN

S
O

N
 

and co-authors are: 
(i) H

ydrocarbon concentration, expressed as a percentage of fresh w
ater saturation, 

is statistically related (P <
 0.01) to toxicity as indicated by 50%

 inhibition of 
C

hlorella vulgarzs and C
hlam

ydom
onm

 angulosa. H
ence the toxicity of all hydrocar- 

bons, irrespective of structure, can be predicted 
from

 solubility alone. O
n

 a 
m

olar basis the least soluble hydrocarbons are the m
ost toxic. 

(ii) If vapour pressure (m
m

H
g

 at 25 "C
) is used in place of percentage solubility a 

valid statistical relationship is found w
ith toxicity but not as good as for solubil- 

ity. P
artition coefficient, as determ

ined by a G
C

 headspace technique, is highly 
correlated to toxicity to algae. 

(iii) 
D

ifferences in response to hydrocarbon toxicity is neither m
arked nor consistent 

betw
een the 2 algal species. 

(iv) T
h

e am
ount of hydrocarbon inducing the loss of 20%

 labelled '%
 photosynthe- 

tic product is significantly correlated (P <
 0.001) w

ith 
the solubility of the 

hydrocarbon. T
h

is correlation is seen as evidence for partitioning of the hydro- 
carbon w

ith lipid in the plasm
olem

m
a, thus interfering w

ith m
em

brane func- 
tion. 

(
J

 Even 15-m
in exposure to hydrocarbon causes com

plete loss of potassium
, indi- 

cating a rapid response to change in m
em

brane perm
eability. P

otassium
 loss is 

also statistically, highly 
significantly related 

to hydrocarbon 
solubility and 

toxicity. 
(vi) 

M
anganese loss is som

ew
hat m

ore highly correlated than potassium
 loss w

ith 
hydrocarbon solubility and toxicity. N

o attem
pt w

as m
ade at detailed interpret- 

ation of M
n

 loss; it it slow
er than K

 loss and, again, associated w
ith a m

em
- 

brane effect. 
(vii) C

hlorinated hydrocarbons behave exactly as other hydrocarbons. 
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H
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S

T
O

N
) 

and co-authors (1977) found feeding activity and ingestion altered or com
pletely sup- 

pressed, w
hile low

 levels had no effect (<
 

50 m
g naphthalene I-'). 

Ingestion of oil droplets has been w
idely reported. LC

,, 
tests on zooplankters (m

ainly 
copepods) reveal short-term

 survival in concentrations from
 I m

g I-' 
upw

ards of various 
oils and oil products (as their w

ater-soluble fractions). T
hese concentrations are m

any 
tim

es higher than the general background in sea w
ater ((1 

to 140 pg. I-'), but these 
studies concentrate on the cutaneous absorption of hydrocarbons by copepods (m

ainly) 
that m

ay have a special resistance to this type ofintake. C
O

R
N

E
R

 and co-authors (1976a) 
established that for the copepod C

alanus helgolandicus the dietary route w
as m

ore im
por- 

tant for naphthalene. H
A

R
R

IS
 an

d
 co-authors (1977) cam

e to the sam
e conclusion for 

C
.he1golandicus 

and extended 
this 

finding 
to 6 other species-estuarine, 

neritic, 
and 

oceanic. 
In

 view
 of the overlap in particle size betw

een dispersed oil and unicellular algae in 
phytoplankton, H

E
B

E
R

 and P
O

U
L

E
T

 (1980) exam
ined ingestion of oil droplets w

ith food. 
M

echanical and natural suspensions of oil in sea w
ater both resolve after m

ixing into a 
sim

ilar particle size spectrum
. W

hen introduced into sea w
ater, som

e of the oil particles 
aggregate w

ith food o
r non-food particles, resulting in contam

inated and uncontam
i- 

nated non-food, and contam
inated and uncontam

inated good-food w
hich are not dif- 

ferentially ingested. P
article feeders such as euphausiids and copepods are capable of 

altering their feeding pressure to correspond w
ith the m

ost abundant particles w
ithin 

their range. S
om

e anim
als thereafter respond to contam

ination by active avoidance (e.g. 
cessation of feeding, changes and inhibition of phototropism

 through sensory m
echan- 

ism
s). O

n
 exposure to a suitable size range of particles of V

enezuelan crude oil, both 
feeding and behaviour w

ere m
odified in M

eganyclzphanes noruegica and C
alanus hyperborea, 

and grow
th and survival of Acarlia 

hudsonica 
w

ere rapidly and significantly reduced. 
G

roups kept under starvation show
ed sim

ilar decreases in grow
th and survival. D

uring 
recovery in clean w

ater, treated and untreated sets show
ed sim

ilar grow
th rates. H

E
B

E
R

 
an

d
 P

O
U

L
E

T
 also considered various aspects of the function of copepod chem

oreceptors 
w

hich clearly trigger a feeding response but d
o

 not discrim
inate against oil, plastic beads 

or red m
ud particles. T

hey dism
iss the possibility that the chem

oreceptors are insensi- 
tive to oil and favour an

 explanation based on the coating of the chem
oreceptors w

ith an
 

oil film
 or on the uncertain or delayed response of chem

oreceptors to oil w
hich perm

its 
som

e feeding before the receptors are coated. 
O

u
r know

ledge of oil effects on zooplankton is dom
inated by short-term

 observations 
and by a very lim

ited coverage of this m
ost variable com

ponent of the ecosystem
. T

here 
is evidence from

 oil spill studies that species intolerant of laboratory culture are also 
those specially sensitive to oil. (b

) E
nclosed E

cosystem
s 

T
w

o
 types of pilot-scale laboratory system

s have been used to bridge the g
ap

 betw
een 

bench experim
entation and field surveys. T

hese are tank system
s w

hich have been used 
for m

any years to study the dynam
ics of the food chain in m

ixed pelagic an
d

 bottom
 

com
m

unities an
d

 large plastic bags (e.g. L
E

E
 an

d
 T

A
K

A
H

A
S

H
I, 
1977) used to enclose for 

study a colum
n of w

ater an
d

 its biota, usually cut off from
 the seabed. B

oth types of 
enclosed ecosystem

s can be set up so that the stresses of nutrients or pollutants can be 
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M
icrobial 

degradation 
rates 

for 
"C

-hydrocarbon 
substrates using 

w
ater 

from
 an ecosystem

 
enclosure before and follow

ing addition of N
o. 2 Fuel O

il (A
fter L

E
E

 and T
A

K
A

H
A

S
H

I, 
1977; 

reproduced by perm
ission of the International C

ouncil for the E
xploration of the S

ea) 

H
ydrocarbon 

T
im

e 
D

egradation 
C

ollection 
Incubation 

after oil 
rate 

T
urnover 

C
oncentration 

depth 
tim

e 
addition 

(
p
g
 I-' 

d
-l) 

tim
e 

(fig 1-l) 
(m

) 
(h

) 
(d) 

X
 102* 

(d
) 

B
enzpyrene 

B
enzpyrene 

F
luorene 

F
luorene 

H
eptadecane 

H
eptadecane 

M
ethyl naphthalene 

M
ethyl naphthalene 

N
aphthalene 

N
aphthalene 

N
aphthalene 

N
aphthalene 

O
ctadecane 

* ?
 S

tandard deviation. 

used to outline the biodegradative processes for the added fuel oil, labelled naphthalene 
show

ed the m
ost dram

atically increased rate of degradation from
 low

 initial values to 5 
pg 

1
-I d-l 

at D
ay 4. T

h
e rates for heptadecane, benzene, and toluene also increased 

m
arkedly. 
It is m

ore difficult 
to m

anipulate 
oil 

slicks 
in 

plastic 
bags 

but 
the results m

ay 
nevertheless 

be 
m

ore 
m

eaningful 
than 

bench 
experim

ents. 
U

sing 
sm

all 
plastic 

enclosures L
A

C
A

Z
E

 (1974) studied slicks of K
uw

ait crude oil on w
ater enclosed from

 the 
R

ance estuary over a 27 d period covering S
eptem

ber and O
ctober. Z

ooplankton w
ere 

rem
oved by m

icrostraining. A
s m

ight be expected phytoplankton "C
- 

productivity 
progressively halved over the period in the control enclosures. In

 the treated enclosures 
there w

as a rapid fall in I4C
- productivity to about 50%

 but after 5 d and evaporation of 
m

uch of the lighter fractions there w
as som

e brief recovery follow
ed by collapse to very 

low
 levels. T

h
e

 collapse w
as attributed by L

A
C

A
Z

E
 to the progressive solubilization of oil 

from
 the slick an

d
 the w

alls of the enclosure. 
T

h
e continuing studies using enclosed ecosystem

s at L
och E

w
e on the w

est coast of 
S

cotland are directly aim
ed at elucidating oil spill and oily w

ater em
uent situations in 

relation to the ecosystem
 of the N

orth S
ea and w

here possible N
orth S

ea fisheries. A
s a 

result, m
uch of the effort has been devoted to observing: (i) the fate of oil; (ii) the effects 

on phytoplankton and productivity; (iii) the effects on zooplankton including fish eggs 
an

d
 larvae; an

d
 (iv) the associated transfer of oil to the bottom

 and to benthic organ- 
ism

s. T
hese studies are also related to ongoing studies of pelagic and near-bottom

 food 
relationships in an effort to construct a realistic quantitative m

odel or sim
ulation of the 

com
plete open sea food w

eb (D
A

V
IE

S
 

and G
A

M
B

L
E

, 1979). 
T

h
e loch w

ater used receives little fresh w
ater and there are only a few

 sm
all scattered 
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In the control enclosure the num
ber of predators increased in step w

ith the rising 
num

bers of prey organism
s but in the presence ofoil the num

bers declined after the first 
few

 days. 
W

ith regard to m
inor com

ponents, no trends w
ere discernible for the less num

erous 
-
 

O
ithona spp. and appendicularians; the larvae of bottom

 invertebrates w
ere slow

ly lost 
from

 the w
ater colum

n (as expected) but declined abruptly in the oil-treated ecosystem
 

w
hen the oil w

as introduced. 
O

f the 30 g oil initially adm
inistered as an

 em
ulsion, 14 g

 w
ere recovered from

 settle- 
- 

m
ent m

aterial at the bottom
 of the enclosure, 7 g w

ere calculated to be in solution or fine 
suspension o

r associated w
ith living m

atter and 9 g could not be accounted for, this 
fraction w

as attributed to losses by evaporation and m
icrobial m

ineralization. V
ery little 

oil w
as adhering to the w

alls of the enclosure but m
icrobial degradation reaching 1-5 g 

d-l for naphthalene at peak could readily account for the non-recovery of this fraction. 
T

h
ere is m

uch debate about effects of oil on phytoplankton and zooplankton w
hich 

are so difficult to study under actual sea conditions. M
ost short-term

 tests indicate 50%
 

m
ortalities in the 0.1 to 5.0 m

g I-' 
range but enclosed ecosystem

 results are indicating 
reduced productivity and declining populations in the range 0.01 to 0-05 m

g I-' 
or less 

for sensitive zooplankters. H
ence the total effects ofoil spills and chronic pollution from

 
continuous inputs are alm

ost certainly greater than m
ight be dem

onstrable from
 in situ 

field sam
pling. 

In
 term

s of the significance of such losses to the w
ider m

arine ecosystem
 m

ost phyto- 
plankton species have a generation period of a few

 days usually and m
ost zooplankton a 

few
 m

onths. L
oss of a local population can have no perm

anent effect o
n

 the survival of 
such species o

r a very drastic effect on the year's production. H
ow

ever planktonic eggs 
and larvae of longer lived zooplankters, fish, and som

e benthos m
ay represent once a 

year precursors of new
 stocks and cannot be so readily replaced. A

nother possible 
im

pact o
n

 these valuable stocks m
ight be the local dim

inution o
r contam

ination of 
short-lived plankton as food for these replacem

ent larvae or juveniles at a critical period 
of their developm

ent. 
E

cosystem
 enclosures have very recently been used to study the fate of polycyclic 

arom
atic hydrocarbons by using radiolabelled benz [

a
]
 anthracene an

d
 dim

ethylbenz 
[a

] anthracene, (L
E

E
 and co-authors, 1982). A

dsorption on particulate m
atter follow

ed 
by sedim

entation rem
oved half the benz [a

] anthracene in about 24 h. P
hotochem

ical 
oxidation led to the rem

oval of 50%
 of the dim

ethylbenz [a
] anthracene in less than 12 

h, and once the oxidized products reached the bottom
 sedim

ent m
icrobial degradation 

follow
ed. 

O
il and Fish 

T
h

e pathw
ays for oil transport into, w

ithin, and out of pelagic and dem
ersal fish are 

im
portant in relation to the toxicity of hydrocarbons but also in relation to the tainting of 

fish and the identification of the tissues m
ost likely to incorporate high concentrations. 

D
IX

IT
 and A

N
D

ER
SO

N
 (1977) exposed Fundulrrs sim

ilus to "C
-labelled 

naphthalene 
dissolved in cod liver oil by direct introduction into the g

u
~

 
and also by exposing the fish 

to the w
ater-soluble fraction of N

o. 2 F
uel O

il at a concentration of 7000 pg I-' 
ofw

hich 
about 2000 p

g
 1-' w

ere naphthalene and alkylnaphthalenes. B
y the end of 8 h nearly all 

the naphthalene placed in the gut had been m
etabolized by the liver an

d
 excreted via the 
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Interferences by hydrocarbons in the pre-reproductive process are puzzling. If the 
shore crab Pachygrapsus m

sip
es is exposed to naphthalene in solution at concentrations 

about 10 
g I-' for 24 h, the attraction of m

ale to fem
ale, a pherom

e response, is com
- 

pletely blocked and in the absence of naphthalene the crab recovers only after 3 d
. A

t 
these concentrations dam

age to chem
oreceptors is favoured as the likely explanation 

(K
IT

T
R

E
D

G
E

, 
1973; T

A
K

A
H

A
S

H
I 

and K
IT

T
R

E
D

G
E

, 1973; K
ITTR

ED
G

E and co-authors, 
1974). 

T
h

e sperm
 attractant of the eggs of the brow

n alga D
ic&

ota dichotom
a is a conjugated 

alkene, n-butyl-cyclohepta-2,5-diene. 
S

im
ilarly ectocarpen (a m

onocyclic unconjugated 
C

,, olefin) is found in 2 species of E
ctocarpus; m

ultifeden (a com
plex m

onocyclic conju- 
gated olefin) in C

utlena, and fucoserratin (a polyunsaturated C
, olefin) in 2 species of 

Fucur (B
O

L
A

N
D

 
and co-authors, 198 1). N

o exact quantitative data are given but 0. l p1 
droplets of D

zcpota sperm
 attractant in a non-active im

m
iscible fluorocarbon solvent 

w
ere extrem

ely attractive to sperm
atozoids in a P

etri dish. O
ne m

ight speculate the 
crude oils d

o
 not m

ask the possible hydrocarbon sperm
 attractants of som

e eggs but 
perhaps very sm

all am
ounts of oil can also be attractive. It w

ould be interesting to find 
out how

 general hydrocarbon sperm
 attractants are in the m

arine biota and w
hat the 

exact role of extraneous hydrocarbons m
ight be. A

re pherom
ones also hydrocarbons? 

T
h

e fertilization of the egg is a sensitive process involving chem
otaxis and sperm

 
m

obility. 
S

urprisingly, crude oils generally have very little effect on fertilization 
as 

reported by A
L

L
E

N
 ( 197 1) for a num

ber of crude and refined oils and sea urchin eggs, 
L

O
N

N
IN

G
 

(1977) for sea urchin eggs, W
IN

T
E

R
S

 and P
A

R
K

E
R

 (1977) for K
uw

ait crude 
and N

o. 2 Fuel O
ils and sand dollar eggs, B

A
X

T
E

R
 (unpubl.) for up to 250 pg I-' K

uw
ait 

oil on herring eggs, R
E

N
Z

O
N

I (1973) for 3 crude oils and the gam
etes of oysters and 

m
ussels. H

ence the sexual attraction of m
ales to fem

ales is a m
ore vulnerable process 

than that of the sperm
 to the egg. 

W
hen oil dispersants are involved (L

O
N

N
IN

G
, 

1977 and earlier papers) effects are 
m

uch m
ore drastic generally resulting in poor fertilization and im

paired em
bryonic 

developm
ent of the successfully fertilized eggs. If only eggs or sperm

 are exposed to 
dispersant solution there is m

arginally im
proved fertilization but subsequent em

bryonic 
disturbances are found. D

ispersants introduce a series of fundam
ental interferences first 

w
ith the haploid nucleus of the gam

ete, and in early developm
ent w

hen rapid cleavage 
should occur this rate is slow

ed dow
n and differentiation im

peded leading to abnor- 
m

alities in the intestinal and skeletal developm
ent. E

ffects arising from
 oil plus disper- 

sant are usually som
ew

hat w
orse than oil alone. 

T
h

e effect of m
ineral oils on the developm

ent of eggs and larvae of m
arine species has 

been review
ed in depth by K

O
H

N
H

O
L

D
 

(1977). In
 the absence of dispersants the 24-h 

LC
, 

for crude oil on cod eggs w
as 12 m

g I-'. E
qual m

ortality resulted from
 0-1 m

g I-' 
present throughout the developm

ent period. K
U

H
N

H
O

L
D

 (1977) and, in m
ore detail, 

B
A

X
T

E
R

 (unpubl.) indicate that the stage of herring em
bryogenesis m

ost susceptible to 
crude oil is the early period of developm

ent, certainly prior to the form
ation of the 

rudim
entary backbone o

r the appearance of the eye spot. 
D

ispersants enhanced the toxicity of crude oil for eggs and larvae of cod, herring, and 
plaice. O

ils of different origin differ in their toxicity. L
IN

D
E

N
 (1975) found that disper- 

sants increased the toxicity of V
enezuelan crude oil to herring several hundredfold for 

m
odern preparations and a thousandfold for old types. T

h
e toxicity of physically dis- 

persed crude oil varied w
ith tim

e and decreased considerably in 24 h and 72 h. 
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Table 4-21 

Toxicity of various oils for fish eggs and larvae (After KIJHNHOLD, 1977; reproduced by permission of the International Council for the 
Exploration of the Sea) 

Volume Analysis OS 
Manner of of test medium 

Type of test Type of ore application medium or oil Source 

Rhombus maeolicus Blacksea E 
turbot L 

Enyraulis e~lrrrasicholus anchovy E 
Scorpaena porcus E 
Crenilabru ltnca E 
(;odu~- morhua Atlantic E 

cod 

Survival Russian crude 
Hatching Light 
Behaviour Heavy fuel 
Mortality Heavy fuel 

Mortality Heavy Bunker C 
Light Bunker C 

Survival time Venezuelan crude 
Embryogenescs Iranian crude 
Hatching 

yolk sac Behaviour Libyan crude 
larvae recovery LC50 

herring E Survival time Venezuelan crude 
L Hatching Iranian crude 

success Libyan crude 

OWD 

O W D  

None 

None 

None SMrE OS 0. I % l ,  6 1 
(static & flow 
through) 
SMJE of 0.1, 0.01% 20 1, I 1, Total hc (by wt), K ~ J H N H O L D ,  

0. I I refinery data of (1973) 
oils, relative 
aromatic content 

SWE OS 1 (2)%, 1 1 
dispersions 

None K ~ H N H O L D  
Refinery data for (1969a,b) 
oils 

Morphogenesis fractions of Iranian 
behaviour crude 

E = egg; L = larvae; OLVD = Oil in water dispersion. SWE = Sea-water extract. 
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1510 
4. O

IL
 PO

LLU
TIO

N
 A

N
D

 ITS M
A

N
A

G
EM

EN
T (R

. JO
H

N
ST

O
N

) 

'O
n

 A
pril 2 several m

illion dead m
olluscs and urchins w

ere present along 2: 
km

 o
f 

beach near the village of S
t E

fflam
 . . . at R

ulosquet m
arsh near Ile de G

rand on the 
sam

e day thousands of dead polychaetes and large num
bers of dead crabs covered 

the m
arsh surface' (C

R
O

S
S

 an
d

 co-authors, 1978, p. 212). 

'M
ariculture operations for oysters w

ere severely affected in the A
ber B

enoit and 
A

ber W
rac'h estuaries and the B

ay of M
orlaix. L

arge num
bers of oysters w

ere 
either killed 

or contam
inated by 

the spill. T
h

e holding pens of the com
m

erical 
lobster operation at R

oscoff w
ere heavily oiled and w

ill probably be out of operation 
for a year', C

R
O

SS and co-authors, 1978, p. 213. 

C
A

B
IO

C
H

 and co-authors (1980) describe the long-term
 effects of the spill and identify 

the situations w
here repopulation w

ill be difficult. A
fter an

 initial phase of sharp and 
selective m

ortality lasting no m
ore than a few

 w
eeks the effects evolved w

ith tim
e. F

ine 
sand com

m
unities (w

ith m
oderate exposure) w

ere affected to a greater degree than those 
on m

ixed sedim
ents (w

ith greater exposure). R
ecruitm

ent of the residue of the m
a

c
re

 
benthic 

population 
gradually 

becam
e 

norm
al 

w
ith 

an
 

added 
proliferation 

of 
polychaetes in suitable habitats. T

his recovery took place in sedim
ents retaining high 

levels 
(>

l0
0

 m
g k

g
-') of hydrocarbons 

w
hich 

by 
that tim

e had lost m
uch 

of 
their 

soluble arom
atic com

ponents. 
T

h
e

 use of old type oil dispersants in such a situation could only have exacerbated 
these effects, for exam

ple com
pare the reports of the Torrey C

anyon oil spill (S
M

IT
H

, 1970) 
w

hich involved less than half the am
ount of beached oil. 

F
rom

 hundreds of studies on non-com
m

erical benthos a selected few
 m

ay be identified 
as of special interest since they exem

plify m
odes of action of hydrocarbons. 

T
h

e spill at L
ong C

ove, M
aine, introduced a m

ixture ofN
o. 2 F

uel O
il and jet fuel JP

5
 

into the exposed sedim
ents (D

ow
, 1978). W

ith tim
e w

eathering and leaching processes 
established a m

axim
um

 level of this m
ixture a

t 15 to 25 cm
 w

hich persisted in substan- 
tial quantities for at least 6 yr. C

lam
s (M

ya arenaria) attem
pted to recolonize the area after 

6 yr, burrow
ed dow

n through the redistributed clean sedim
ents and on reaching the oil 

suffered m
ortalities. T

h
is case em

phasizes the hazard of thin oils of high toxicity that can 
penetrate into layers beyond m

echanical redistribution by w
ave action. T

hese layers 
m

ay be or becom
e anoxic and consequently degradation is extrem

ely slow
. B

urrow
ing 

organism
s are particularly at risk in this situation. 

T
h

e
 sinking of the barge Florida releasing only 700 tons of N

o. 2 F
uel O

il in S
eptem

ber 
1969 has also had a long afterm

ath after initial severe pollution (K
R

E
B

S
 and B

U
R

N
S

, 
1977). P

opulations of the sm
all fiddler crab U

ca~
ugnax were studied in W

est F
alm

outh 
B

ay from
 the tim

e of the spill to just prior to the report. T
h

e spill initially reduced the 
crab

 population in the heavily oiled areas and there w
ere subsequent heavy ovenvinter 

m
ortalities. T

h
e ratio of fem

ales to 
m

ales considerably 
declined 

and 
all 

the crabs 
accum

ulated oil in their tissues. A
bility to m

ove about w
as im

paired and the crabs 
constructed burrow

s of abnorm
al shape. B

ehavioural disorders displayed by the crabs 
several years after the spill w

ere attributed by the authors to accum
ulation of hydrocar- 

bons (possibly substituted arom
atics and their m

etabolites) in the central nervous sys- 
tem

 of the crabs. 
 more recently, L

A
U

G
H

L
IN

 and N
E

F
F

 (1979) studied the exposure of juvenile m
ud 

crabs to a range of phenanthrene concentrations in w
ater under laboratory conditions in 
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 c
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 c
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 d
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 c
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R
O

SSI considered that his m
easurem

ents of the kinetics of uptake from
 w

ater m
atched 

reported values for fish, m
ussels, and crustaceans. D

epuration of unm
etabolized naph- 

thalene w
as essentially com

plete in 
14 d

. R
O

S
S

I m
entions the reported 

transfer 
of 

polycyclic 
hydrocarbons, resident in natural sedim

ents, to infaunal bivalves in field 
situations but does not com

m
ent on the im

portant point of aerobic or anaerobic condi- 
tions in force. T

h
e

 failure of N
. arenaceodentata to acquire hydrocarbon from

 treated food 
is contrary to m

any other reports relating to fish, crustaceans, copepods, an
d

 benthic 
bivalves. 

R
ossi 

interprets 
the 

lack 
of 

hexane-soluble 
labelled 

hydrocarbon 
in N

. 
arenaceodentata 

w
hich w

ould indicate uptake as arising from
 the strong binding of the 

polar m
etabolites in the tissues. P

olar radioactivity w
as also found in the sea w

ater. 
T

h
e m

ussel ~M
odiolus dem

issus an
d

 the oyster C
rarsos~rea uirgznica w

ere exposed to succes- 
sive sm

all dosings w
ith N

o. 2 Fuel O
il in a m

arsh at the m
outh of C

hesapeake B
ay 

(L
A

K
E

 and H
E

R
S

H
N

E
R

, 1977). T
w

o
 w

eeks after the cessation o
f2

0
 w

k ofdosing, the levels 
of saturated cyclic and paraffinic hydrocarbons and of m

ainly naphthenic arom
atics 

w
ere determ

ined. D
epuration w

as m
easured over the follow

ing 4 w
k and a further 9 w

k. 
M

ussel an
d

 oyster both depurated the arom
atics at accelerating rates and achieved 

>
90%

 reduction in content; both had virtually linear depuration rates for the paraffins 
an

d
 retained 30%

 an
d

 20%
 at the end of 15 w

k. S
ulphur com

pounds w
ere as effectively 

depurated as the naphthalenes. D
epuration in these experim

ents related to a recovering 
m

arsh environm
ent. A

 sum
m

ary of the uptake an
d

 depuration phases of these an
d

 other 
experim

ents is given in T
ab

le 4-23. M
ost of the observations show

 that depuration of the 
alkylated naphthalenes is m

uch slow
er than naphthalene. D

epuration under field condi- 
tions is very m

uch slow
er than on transfer to clean w

ater. 

Biological Accum
ulation of H

ydrocarbons 

A
s o

u
r know

ledge of hydrocarbons in the m
arine ecosystem

 becom
es m

ore com
plete 

w
ith regard to form

ation of biogenic hydrocarbons an
d

 their subsequent fate w
ithin the 

food w
eb an

d
 in the inanim

ate environm
ent, it becom

es m
ore an

d
 m

ore difficult to draw
 

hard and fast distinctions betw
een the origins of hydrocarbons found in m

arine plants 
an

d
 anim

als. A
s analytical m

ethods increase in sensitivity a situation approaches w
hen 

all biota w
ill be deem

ed to have traces ofpetrogenic hydrocarbons present on the basis of 
som

e criteria adopted an
d

 w
here petrogenic 

hydrocarbons are abundant one m
ust 

accept that biogenic hydrocarbons are also there even if it is difficult to dem
onstrate 

w
hat m

ay be the com
m

on features. It is unlikely that m
ore than a very sm

all refractory 
residue of today's biogenic products is capable of giving rise to the petroleum

 of som
e 

rem
ote tom

orrow
 but there are strong hints that this type of m

aturation can be dem
on- 

strated to occur for a num
ber of specific triterpanes an

d
 isoprenoid alkanes. 

In
 considering the hydrocarbon content of the biota it is also helpful to avoid the 

assum
ption that chem

ical analysis of the necessarily dead tissue describes a perm
anent 

state. A
lm

ost invariably part, som
etim

es the m
ajor part, of the hydrocarbons found are 

involved in a continuous dynam
ic turnover. In the light of m

uch field and experim
ental 

observation it is now
 established that analysis of a specim

en reveals perhaps the legacy 
of exposure to som

e light fractions persisting a few
 days, or exposure to fractions pro- 

gressively m
ore difficult to m

etabolize surviving w
eeks, m

onths or years; in addition, this 
elim

ination program
m

e is overlaid by successive inputs of oil from
 the m

icroenviron- 
m

ent of the anim
al. T

h
ere are no grounds for assum

ing that all organism
s have equal 
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T a b l e  4-23 

Hydrocarbon  exposure, peak tissue concentrat ion a n d  depura t ion .  M:  source reports  metabolites Pormed; T: source reports  thiophenes 
depura ted ;  C: al ier  transfer to  clean conditions; F: algal  food supplied (Original; compiled rrorn t h e  sources indicated) 

Organism Substrate Concentration duration Tissue peak Depuration time Source 

Spot shrimp 
k'anda1u.i plalyceros 
Stages I & V 
Pandalus plalyceros 
Dungeness crabs 
Cancer rnagc~ler- larvae 
Cancer magislrr larvae 
Shrimp 
l'andulu~ hypslnvhis 
Polychaete worm 
A'eanlhes arenaccodenlata 

Mussel 
Modiolu~ dm&sus 

'"C-naphthalene 8 t 0 1 2 p g 1 - ' u p t o 3 6 h  820ngg- l  100% 1 2 h  

"C + serum albumin equivalent 100% 12 h 

l "~-naphtha lene  8 to 12 pg I-' up to 36 h 220 ng 100% 12 h 
'"C + serum albumin equivalent 100% 12 h 

No. 2 Fuel Oil 

No. 2 Fuel Oil 

Salt marsh conditions 
20 wk 

Salt marsh conditions 
20 wk 

MC V A R A N A ~ I  and IMALINS ( 1978) 

MC VARANASI and MALINS (1978) 

MC VARANASI and MALINS ( 1978) 
MC VARANASI and MALINS (1978) 

MC VARANASI and MALINS ( 1978) 

M R o s s ~  (1977) 

35% saturates 
88% aromatics T LAKE and HERSHNER (1977) 
4 wk 

68% saturates L LAKE and HERSHNER 
98% aromatics (1977) 
9 wk 



Oyster 
Cra\ ,o~lrea ulrginica 

Cra.ssos/rea virginica 

Copepods 
Calanuj plurncl~ru.~ 

Clam 
Rangeala cut~eala 

Rangeala cuneala 

Kangeafa cuwafo 

No. 2 Fuel 011 

No. 2 Fuel 011 

Salt marsh conditions 
20 wk 

Salt marsh cond~r~ons 
20 wk 

\.VSI.' No 2 Fuel 011 + 5 pg I-' I to 3 d 
labelled tracers 

Baskets exposed over 2 to 4 pg 113ph g-I 
sediments near platform; sed~mtnr 96 d 
Naphthaler~es 
Baskets exposed ovel- 12 to 22 pg g-' 
sediments near platform; 104 d 
Naphthalenes 
Baske~s exposed ovcr I to 2 pg g-' 96 d 
sediments near platform; 
Naphthalenes 
Baskets exposed over 0.5 to 5 pg g-' l04 d 
sedimcnts near platform; 
Naphthalenes 

60% saturates 
67% aromatics T LAKE and HERSHYER (1977) 
4 wk 
80% saturates 
95% aromatics T LAKE and HERSHWEK (1977) 
9 wk 

6300 ng, p-' 100% naphthalenes C FLCJK and co-authors 
47 d (1977) 

8400 ng g-' 85% naphrhalenes C FUCIK and co-authors 
47 d (1977) 

NI! No accumulation 

Nil Noaccumula~ion 

FLCIK and ceauthors 
( 1977) 

FUCIK and co-authors 
(1977) 
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T
able 4-24 

A
ccum

ulation factors relative to sea w
ater for plankton, herring, hake, dogfish, plaice, and cod 

from
 the F

irth of C
lyde, S

cotland (O
riginal; based on M

A
C

K
IE

 and co-authors, 1974) 

n-alkane in plankton 
i\ccum

ulation factor for plankton 
=

 n-alkane in sea w
ater (m

id-depth) 

C
arbon 

num
ber o

r 
P

lankton 
H

erring 
H

ake 
D

ogfish 
Plaice 

C
od 

n-alkane 
(x

1
0

3
) 

(
~

1
0

')
 

(X
1

0
3

) 
(

~
1

0
~

)
 (

~
1

0
~

)
 (~

1
0

')
 

18 
296 

206 
1.3 

1.4 
6.0 

0.1 
19 

258 
194 

1.5 
2.0 

2.5 
0.3 

20 
168 

64 
1.1 

2.1 
1.9 

0.6 
2 1 

138 
30 

4.8 
4.2 

3.6 
0.8 

2 2 
103 

28 
15 

8.6 
4.5 

1.0 
23 

115 
3 1 

30 
10 
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N
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spills. T
h

e am
ount of oil needed to im

part a detectable sm
ell or taste is a function of the 

oil o
r oil product and this also controls the length of exposure needed, an

d
 the tim

e since 
exposure needed for depuration. T

h
e m

anner of exposure w
hether by dispersion in 

w
ater, skin contact, or uptake in food also affects the distribution of oil in edible tissues 

(W
H

IT
T

L
E

, 1978). 
A

m
ong the com

m
onest m

eans by w
hich seafoods acquire hydrocarbon taint are: (i) 

physical contact w
ith oil slick or accum

ulations at the surface or on the seabed; (ii) 
exposure to high levels of oil in w

ater, w
ith or w

ithout added dispersant; (iii) contact 
w

ith oiled fishing gear, deck, fish boxes, processing plant, etc.; (iv) uptake in food of the 
organism

. 
S

hort-term
 exposure 

to direct contact (i.e. (ii) or (iii)) 
m

ay be 
discounted 

if the 
product is first processed to a fillet, for exam

ple, or is shelled before cooking or consum
p- 

tion in the case of certain shellfish. 
F

ish are also know
n to acquire off-flavours from

 'oily' com
ponents of certain item

s of 
food occurring in exceptional abundance at certain tim

es of year and positive evidence of 
hydrocarbons as taint com

pounds in seafood is rare (H
O

W
G

A
T

E
 

and co-authors, 1977). 
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It is by no m
eans proved that taint-giving com

pounds w
ill behave like the n-alkanes 

but there are reasonable indications that oily or fatty fish like herring, sprats, m
ackerel, 

an
d

 m
ullet (w

hich feeds at a low
 trophic level) are especially prone to petroleum

 pollu- 
tion. 

H
ydrocarbons and M

ussel 
LV

alch 

T
here is probably no m

ore com
prehensively studied m

arine invertebrate than the 
m

ussel M
ytilus edulis. T

o
 date studies regarding the responses ofM

. edulis have focused on 
hydrocarbons, organochlorines, m

etals, and radionuclides. M
uch is also know

n about 
responses 

to 
tem

perature, 
salinity, w

ave exposure, 
substrate 

types, 
tides 

and 
tidal 

im
m

ersion. T
h

e extent 
of inform

ation 
on 

life 
history, feeding, grow

th, physiology, 
biochem

istry, disease, parasites, behaviour, and other characteristics of individuals and 
populations is im

pressive. T
his fact gave support to and later benefited greatly from

 the 
concept of 'M

ussel W
atch' (G

O
L

D
B

E
R

G
 

and co-authors, 1978) in an attem
pt to use the 

m
ussel as a recording entity, a logical tool for global m

arine m
onitoring. 

C
om

pared to the other pollutant groups, oil in its m
any form

s has least perm
anence in 

the environm
ent and probably also in m

ussel tissues. T
h

e native m
ussel, 

therefore, 
carries a burden of oil w

hich results from
 overlapping processes of uptake an

d
 depura- 

tion of hydrocarbons w
hich the tissues have w

idely differing capacity to m
etabolize. 

L
aboratory studies by A

N
D

ER
SO

N
 an

d
 co-authors (1979) have dem

onstrated (F
ig. 

4-18) the uptake an
d

 induction of depuration for the benthic am
phipod Anonyx laticoxae 

in the presence of an
 extract of P

rudhoe B
ay oil. D

uring the 120 h exposure the tissues 
reached an

 interim
 peak concentration for naphthalene in 8 h an

d
 for m

ethyl naph- 
th

alen
e~

 in 24 h but the peak for dim
ethyl naphthalenes w

as not reached in 120 h. T
h

e 
course of depuration discussed elsew

here dem
onstrates the persistence of the dim

ethyl 
naphthalenes an

d
 polynuclear arom

atics in bivalves and other anim
als. 

It is possible to m
ake m

ore rigorous in situ assays of oil in the environm
ent of a know

n 
discharge by exposing cages of uniform

 clean m
ussels for an appropriate period, prob- 

ably not exceeding a few
 w

eeks. B
y this technique it m

ay be possible to determ
ine the 

uptake an
d

 availability of hydrocarbons to the m
ussel in relation to the am

ount of oil 
discharged. 

T
h

e m
ost w

idespread and fundam
ental finding of the  m

ussel W
atch program

m
e w

as 
that oil content, as m

easured by a uniform
ly applied technique, corresponded broadly 

w
ith the know

n history of oil input. P
rogram

m
es w

hich included m
ore closely sam

pled 
sub-areas som

etim
es disclosed hitherto unsuspected inputs and very detailed sam

pling 
revealed variation d

u
e to extrem

ely local, often transient, oil incidence of sm
all m

ag- 
nitude. T

here w
as som

e evidence of individual variation in the capacity of m
ussels in a 

cluster to m
anage oil (N

R
C

, 1980). 
T

here are indications that there are 'saturation' levels for individual hydrocarbons or 
hydrocarbon groups accum

ulating in m
ussel tissue believed to be controlled by som

e 
factor of lipid m

etabolism
 (N

R
C

, 1980). B
U

R
N

S
 and S

M
IT

H
 (1977, 1978) set this satura- 

tion level at about 30 m
g total hydrocarbons 

body lipid. T
h

e upper lim
it in M

ussel 
W

atch sam
ples w

as about 12 m
g total hydrocarbons 

dry w
eight body tissues. 

A
n im

portant point em
phasized by JE

N
SE

N
 ( 1981) is that exposure to general indus- 

trial and urban w
astes is just as effective a source of high levels of n-alkanes (C

,, to C
,,) 

in M
ytilus edulis as proxim

ity to discharges from
 the oil industry. T

h
e survey relates to 
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S
cottish  m

ussel \V
atch, 1977. R

esults [or n-alkanes in the green gland and gut, and arom
atics 

in 
w

hole w
et 

tissue. C
lj-C

3J alkanes: pg 
N

aph: total naphthalenes, 
ng 

A
nth: total 

anthracenes and phenanthrenes, ng g-1; H
P

A
: higher polynuclear arom

atics, 
ng.g-'; 

D
B
T
:
 

dibenzothiophene, ng g-l (A
fter IM

A
C

K
IE

 and ceau
 thors, (1980), reproduced by perm

ission of the 
M

A
F

F
 T

orry R
esearch S

tation, A
berdeen) 
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S
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102 
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A
lkane sources: P, Phyroplankton; 0

, O
il; S

, S
ed

~
m

en
t; N/K

, N
ot know

n. 
* \V

hole anim
al. 

(ii) n-A
lkanes: th

e biogenic profile in an
im

als o
r sed

im
en

ts (e.g. F
ig. 4-2) is highly 

ch
aracteristic as is the profile of cru

d
e oil (e.g

. F
ig. 4- 16) o

r oil p
ro

d
u

ct (e.g. F
ig. 4- 13; 

N
o. 6 F

u
el O

il) h
en

ce p
rep

o
n

d
eran

ce of su
ch

 profiles m
ay

 be g
au

g
ed

 in som
e m

ixtures. 
(iii) W

ealhered n-alkanes are indicated by the progressive loss of low
er alk

an
e peaks: a 

m
u

ch
 w

eath
ered

 sam
p

le w
ould sh

o
w

 little below
 C

,,. 
(iv) Sedim

enl alkanes sh
o

w
 a p

red
o

m
in

an
ce of o

d
d

 n
u

m
b

ered
 peaks in th

e ran
g

e C
,, 

to 

c
3
5
. 

(v
) A

rom
alics are n

o
t p

ro
d

u
ced

 de nouo by living m
arin

e o
rg

an
ism

s (H
A

S
E

 an
d

 H
IT

E
S

, 
1976) a

n
d

 th
eir p

resen
ce signifies petrogenic co

n
tam

in
atio

n
. T

h
e

 g
c profile m

ay
 reveal 

o
r identify cru

d
e oil (e.g. F

ig. 4-1 7) o
r p

ro
d

u
ct (e.g. Fig. 4-14). 

(vi) W
ealhered arom

alics: b
earin

g
 in m

in
d

 th
e d

isto
rtio

n
s created

 by selective u
p

tak
e an

d
 

d
ep

u
ratio

n
, th

ey
 are m

ark
ed

 by th
e progressive loss of benzenes (if an

y
) n

ap
h

th
alen

e, 
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: p
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 c
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h
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at
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 f
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 f
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 d
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 m
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re
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e 
m
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e 
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ra
ct
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e 
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h 
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s 

an
d

 o
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s 
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r 
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e 
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e 
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n 
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as
 c
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O
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n 

u
p
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 c
hr
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s 
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e 
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t 
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lo

w
er

 
m
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ra
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 o
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 d
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 d
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at
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4. 
O

IL
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O
L

L
U

T
IO

N
 A

N
D

 IT
S

 ivlA
K

A
G

E
M

E
N

T
 (R

. JO
H

N
S

T
O

K
I 

T
able 4-28 

ikhfllu, edrtlis. H
ydrocarbon concentrations in sam

ples Srom
 C

orton, U
K

 (pg g-l w
et flesh w

eight 
fuel oil equivalents) 

and am
bient w

ater concentrations at tim
e of sam

pling (pg I-' 
fuel oil 

equix-alents) (A
lier B

L
A

C
K

~IA
N

 
and L

A
IZ

', 1981; reproduced by perm
ission of the authors) 

D
ate 

D
ays since spill 

M
ussel flesh 

.\m
bient w

ater 

18 M
ay 1978 

7 June 1978 
31 July 

1978 
16 O

ctober 1978 
12 D

ecem
ber 1978 

25 January 1979 
22 F

ebruary 1979 
28 M

arch 1979 
4 M

ay 1979 
2 1 N

ovem
ber 1979 

13 M
ay 1980 

rounding w
ater. V

alues ranged from
 

1
0

5
0

 107 for n-alkanes in the range C
,, to C

,, 
(B

U
R

N
S and S

M
IT

H
, 1978). R

ISE
B

R
O

U
G

H
 

an
d

 co-authors (1979) report 300,000 to 70 
m

illion (T
able 4-29). L

ess consistent relationships have been found for bioaccum
ulation 

betw
een sedim

ent and m
ussel since this com

parison introduces m
uch m

ore com
plex 

problem
s of discrim

inative hydrocarbon uptake by the organism
 and the m

anner in 
w

hich individual hydrocarbons are held on different kind of particles and in m
icro- 

organism
s. F

rom
 com

parisons of lipid-type extracts of sedim
ent an

d
 m

ussel, the hy- 

T
able 4-29 

M
ylilus calijbm

ianus. 
R

elationships 
betw

een 
tissue 

total 
saturated hydrocarbons 

(ng g
-') 

and 
concentrations in 

'dissolved' 
phase 

and 
on 

particulate 
m

atter 
(ng I-') 

(A
fter 

N
R

C
, 

1980; 
m

odified; reproduced by perm
ission of the N

ational R
esearch C

ouncil, U
SA

) 

m
i~

ssel concentration (n
g

 k
g

-') 
B

ioconcentration factor ('dissolved') =
 'dissolved' concentration (ng I-') 

C
,,-C

,, 
alkanes 

B
ioconcentration factor 

concentration 
for M

ytilus 

Palos V
erdes 

'dissolved' 
4-1 2

 1.3 
3 

X
 107 

n
=

2
 

particulate 
83 

2 X
 106 

M
ytzlus 

140,000 
-
 

G
oleta Point 
'dissolved' 

5
-6

2
 1.2 

7 X
 107 

particulate 
970 

4 
X

 lo5 
M

yfi1u.c 
390,000 

-
 

S
an N

icholas Is. 
'dissolved' 

1
2

4
 2 

3 X
 105 

n
=

2
 

particulate 
13 

3 X
 lo5 

M
y~21us 

3900 
-
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ir
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 d
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n 
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e 

N
or

th
 

A
tl

an
ti

c 
O

ce
an

 a
nd

 N
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th
 S

ea
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s 
a 

di
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 r
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t 
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 o
il 
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ll

ut
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(G

U
N

K
E

L
 

an
d 

G
A

SS
- 

M
A

N
N
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80
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 T
h

e 
nu
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r 
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 s
ea
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rd

s 
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d 

de
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 o
n 

th
e 

se
as
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s 

ea
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 t
o 
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se

ss
 a

n
d
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 a
ve

ra
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 b
et

w
ee

n 
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 a
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 2
5%

 o
f 

th
em
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 e
vi

de
nt
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 c

on
ta

m
in

at
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 w
it

h 
oi

l 
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 d

eg
re

e 
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fe
ct

in
g 

th
ei

r 
vi
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il

it
y.

 T
h

e 
no

rm
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nc
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 o

f 
se
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d 
m
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 d
u
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il 
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 t
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l 
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 t
ra
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 a
nd

 o
il 
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nd
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ng

 a
ct

iv
it

y 
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d 
m

ay
 r
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e 

to
 l
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 d
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m
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 w
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n 
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t 

oi
l 
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 d
en
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s 
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e 
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O
f 

w
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t 
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if
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an
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 t

o 
m

an
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 t

o 
th

e 
m

ar
in

e 
ec

os
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te
m

 a
re

 s
ea

bi
rd

s 
an

d 
th
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at

s 
to

 
th

ei
r 

w
el
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re

? 
B

ir
ds

 in
 g

en
er

al
, 
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 w

el
l 
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 s

ea
bi

rd
s,

 s
er

ve
 a

s 
co
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pi

cu
ou

s 
in

di
ca

to
rs

 o
f 

th
e 

st
at

e 
of

 t
he

 'n
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' 
en
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en

t 
an

d 
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 d
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e 
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t.
 B
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d 
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s 
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n 
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s 
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nd

 e
as

il
y 
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de
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od
 b

y 
th

e 
ge

ne
ra

l 
pu

bl
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. 
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nd

 b
ir
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 e
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ou

nt
er

 m
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y 
te

rr
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tr
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l 
co

m
pe

ti
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rs
 f

or
 f

oo
d 

an
d 

m
an

y 
pr

ed
at

or
s.

 
B

ir
ds

 o
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r 
th

e 
se

a 
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ve
 t
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t 
ex

cl
us

iv
el

y 
to

 t
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m
se

lv
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U

nc
er

ta
in

 w
ea

th
er

 a
nd

 
va
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 f

oo
d 

su
pp
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 h

av
e 

le
d 

th
em

 t
o 

de
ve

lo
p 

st
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te
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 f

or
 t

en
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 e
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ur
an
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nd
 

th
ei

r 
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 t
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d 
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 b

e 
ve
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 s
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e 

an
d

 lo
ng

, a
nd

 u
nd

er
 f

av
ou

ra
bl

e 
co

nd
it

io
ns

 t
he

ir
 n

um
be

rs
 

be
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m
e 

la
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e 
an

d 
th

ei
r 

di
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er
sa

l 
va

st
. S

ea
bi

rd
s 
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 n
ot

 d
ev
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ed
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ea
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 o

f 
re

pr
od

uc
ti

on
 

on
 w

at
er

 (
th

ou
gh

 th
e 

em
pe

ro
r 

pe
ng
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n 

m
an
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 o
n 
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e)

 a
nd

 t
he

y 
m
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t 
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 t

o 
a 

so
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d 
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se
 n
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 t
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e 
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oo
d 

fe
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g 
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 t

o 
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 t
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ir

 e
gg

s 
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d 
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 t

he
ir
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ng
. 

S
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 t

o 
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 l
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 c
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ife
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le
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 s
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e 
w

it
h 
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ng

 p
er
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 o
f 

im
m

at
ur

it
y,

 
ot
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 s
pe

nd
 a

 l
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ge
 p
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t 
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 t
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 y

ea
r 
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g 

an
d 
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n 

on
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t 
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n 
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at
e 
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c 
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s 
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 e
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a 
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 s
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e 

d
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 n
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la
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it 

if 
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 l
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t 

th
ou
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 c
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 b
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 m
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 o

r 
3 

eg
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m
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 m
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ab
il

it
y 

of
 d
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, 
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 c
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e 
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g 
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h 
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be
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o 
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l 
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m
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n 
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e 
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 o
f 
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s 
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co
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B

ec
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il
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 i

t 
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d

 c
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te

d 
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o 

se
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w
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it 
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T

h
e 
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oo
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ag
e 

do
es

 n
ot

 s
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ke
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il
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o 
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 f
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s 
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uo
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necessary to keep afloat and to m
aintain body tem

perature. In severe cases the birds die 
rapidly bom

 exhaustion and exposure. M
any birds are sensitive to sm

ell, som
e acutely 

so, and exposure to vapour of crude oil can cause dam
age to their lung tissue. B

irds m
ay 

also sw
allow

 oil after preening 
and this causes dam

age to liver, pancreas, kidneys, 
adrenals, and other organs. O

iled seabirds m
ay sink or drift ashore or sim

ply disinte- 
grate at sea, hence beach surveys underestim

ate casualties at sea (see B
O

U
R

N
E

, 1976 for 
a com

prehensive discussion). 
R

ecords of bird deaths due to oil pollution have greatly im
proved but w

here prevail- 
ing w

inds drive floating objects consistently offshore there m
ay be little evidence of 

m
ortalities. L

ocalities 
such as estuaries, enclosed bays, narrow

 channels, and sem
i- 

enclosed seas like the B
altic S

ea, give the m
ost representative counts; the larger seas and 

open oceans can conceal m
ajor bird catastrophies. M

uch of the evidence on oil-pollution 
an

d
 its effects on seabirds has been review

ed by B
O

U
R

N
E

 (1976) w
ho has also attem

pted 
to assess the extent of casualties caused by som

e of the m
ajor oil spills w

orld-w
ide. H

is 
studies reveal that seabirds are particularly vulnerable during certain parts of their 
daily, annual, and life cycles-especially 

during breeding, m
oulting, roosting on the 

w
ater, an

d
 feeding. T

h
e consequences of oil pollution can be so conspicuously dreadful 

that a great deal of effort has gone into devising w
ays to m

itigate them
 including efforts 

to retrieve an
d

 rehabilitate oiled birds. 
S

om
e success has been achieved but the available resources fall far short of being able 

to m
itigate the problem

 on a m
eaningful scale an

d
 the financial an

d
 m

anpow
er costs are 

very high. 
D

am
age to local stocks of som

e seabird species can attain levels w
here reduction is 

ecologically significant in term
s of the survival of that colony. S

m
all colonies have been 

w
iped out an

d
 their niche filled by som

e com
peting species. B

ecause of increased vul- 
nerability, susceptibility, an

d
 low

 reproductive capacity, a num
ber of particular seabird 

species in any region of the w
orld ocean becom

e.specia1 targets of this kind of pollution, 
an

d
 w

ith repeated oil spills it is typically these species that suffer m
ost and are least able 

to m
ake u

p
 the losses. T

h
e vulnerable species tend to be those that spend a large part of 

their lives on, rather than above the sea, have sm
all w

ings, little reserve capacity for 
prolonged flight, an

d
 a low

 breeding rate. 
In ecological term

s it is only possible to gauge changes in natural populations by 
observing live colonies and not from

 counting dead oily birds. O
n

 this basis oil has been 
established as a definite contributory cause of the m

arked reduction in num
bers of long 

tailed ducks and velvet scoters m
igrating through the B

altic S
ea, in breeding colonies of 

puffins and guillem
ots in southw

est E
ngland, and in B

rittany-possibly 
also in colonies 

of puffins and razorbills in N
ew

foundland (C
O

W
E

L
L

, 1976). D
eaths of several species of 

gulls in oil spills have not prevented the continued rise in these populations around the 
B

ritish coasts. 
V

ery few
 attem

pts have been m
ade at even approxim

ate quantification of the oiling of 
seabirds in term

s of oil (g
) per bird at sea in the course of an oil spill. M

ost casualty 
figures relate to shore counts of beached 

birds oiled, disabled or dead. P
O

~
V

E
R

S
 

and 
R

U
M

A
G

E
 (1978) m

ade sightings at sea near the w
recked A

rgo hilerchant from
 the day of 

stranding to D
ay l0

 and subsequently D
ays 20 to 30 and 41 to 53. Initially, 1120 birds of 

13 species w
ere recorded in a series of 146 valid 

10-m
in counts (w

here no interfering 
events occurred and visibility w

as adequate). G
ulls m

ade up 92%
 of the sightings; of the 

herring gulls 59%
 w

ere visibly oiled, and 41%
 of the great black-backed gulls. O

nly 12%
 

of the gannets and 9%
 of the kittiw

akes w
ere oiled. 
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s 
6 
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0 
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r 
se
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be
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an
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et
 

Is
la

nd
 a

nd
 o

f 
M
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th

a'
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V
in

ey
ar

d 
yi

el
de

d 
69

 l
iv

e 
ai

li
ng

 b
ir
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 a

nd
 1

12
 d

ea
d 

bi
rd

s 
of

 1
6 

sp
ec

ie
s;

 a
lc

id
s 

(4
9%

),
 g

ul
ls

 (
27

%
),

 a
nd

 l
oo

ns
 (

 1
9%

) 
fo

rm
ed

 a
 l

ar
ge

 p
ar

t 
of

 t
he

se
 c

as
ua

lt
ie

s.
 S

om
e 

15
 

sp
ec

im
en

s 
re

pr
es

en
ti

ng
 5

 s
pe

ci
es

 s
ho

w
ed

 t
he

se
 c

om
m

on
 c

on
di

ti
on

s 
on

 n
ec

ro
ps

y:
 (

i)
 a

ll 
w

er
e 

un
de

rw
ei

gh
t 

as
 d

et
er

m
in

ed
 b

y 
ex

po
su

re
 o

f 
th

e 
ke

el
; 

(i
i)

 a
ll

 l
ac

ke
d 

a 
la

ye
r 

of
 b

od
y 

fa
t;

 (
ii

i)
 n

on
e 

ha
d 

fo
od

 i
n 

th
e 

di
ge

st
iv

e 
tr

ac
t.

 
A

w
ay

 f
ro

m
 t

he
 t

an
ke

r 
th

e 
pe

rc
en

ta
ge

 o
f 

oi
le

d 
gu

ll
s 

de
cl

in
ed
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D

ur
in
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th
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Ja

nu
ar

y 
su
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ey

s 
m
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e 
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rd

s 
w

er
e 

pr
es

en
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ou
ts

id
e 

th
e 

af
fe

ct
ed

 a
re

a 
bu
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a 

la
rg

er
 p

ro
po

rt
io

n 
of

 t
he
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rd
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w
it
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th
e 

ar
ea

 w
er
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vi

si
bl

y 
oi

le
d.

 T
h

e 
au
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er
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nc
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ne
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th
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 s
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re
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un
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(i
) d

id
 n

ot
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nt

 t
he

 s
pe
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es

 c
om
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on
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ff
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of
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re
 a

nd
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i)

 w
er

e 
no
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an
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cc
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 c
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 d
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in
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h
e 
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 m
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l i
nv
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ve
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il
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n 
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w
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eg

at
ed

. 
T

h
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 c
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 m
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e 
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 m
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 t
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m
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 g
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ds
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C
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O
S

S
 an
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, 
19
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 d
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 c
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ra
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a,
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aa
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 p
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 c
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 p
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 l
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 p
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h
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 t
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e 
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 o
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 b
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n
d

 g
ul

ls
 w
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 b
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am

ou
nt

s 
of

 d
ea

d 
an

d 
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nt
am
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at

ed
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nt
er

ti
da

l 
an

d 
su
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oo
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ie
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er
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 e
xp
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ed
 f
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 c

hr
on
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 h

yd
ro
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on
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ng
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ti
on
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 f

ur
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er
 d
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ge
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 b
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ed
 f
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 w
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 o
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se
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 m
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fe
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M
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ie
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 c
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t 
an
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pe

ng
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 t
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 f
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ck
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of

 g
ul
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te
rn
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lb
at

ro
ss

, 
an

d 
ot

he
r 
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ie
s 

es
ca

pe
d 
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gh

tl
y 

(H
A

N
N

, 19
77

).
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 f
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 d
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 c
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be vulnerable. S
hortly after the Am

oco C
adiz disaster 3 dead grey seals w

ere found on the 
northw

est coast of B
rittany. 

S
ea otters have been reported to be oiled (B

O
U

R
N

E
, 1980), and sw

ans and w
aders that 

feed at the shoreline have on occasion been seriously affected (B
O

U
R

N
E

, 1976). 
C

oral reefs are also of anim
al origin and apart from

 constituting one of the biologically 
m

ost productive of all natural com
m

unities have created great natural geographical 
features w

hich act as a living battlem
ent protecting tropical lands and islands against 

ocean storm
s. T

h
ere is, therefore, justifiable concern for the survival of coral reefs w

hich 
preserve som

e 400 atolls, m
any low

 islands and island chains and thousands of m
iles of 

coastline in the w
arm

 seas an
d

 oceans. 
In

 the norm
al course of events coral reefs undergo, over a protracted tim

e scale, cycles 
of degeneration and renew

al w
ith a considerable m

easure of m
ystery about the events 

leading to coral death. W
hen coral dies the reef structure gradually w

eakens and parts 
m

ay be sw
ept aw

ay by storm
s. E

qually, renew
al is unpredictable and m

ay or m
ay not 

serve to restore dam
aged areas. 

A
s w

ith other sm
all anim

als, the response to oil pollution is dictated by the m
anner of 

encounter 
w

ith 
oil, 

prevailing 
oil 

concentrations, 
and 

the 
tim

e 
scale of exposure. 

S
P

O
O

N
E

R
 (1969) found no dam

age to coral-reef com
m

unities in T
au

ru
t B

ay in S
audi 

A
rabia in 

an area of chronic low
-level oil pollution. L

O
P

E
Z

 (1978) concluded from
 

studies on oil spills in the vicinity of coral reefs in P
uerto R

ico that the dilution and 
dispersion of oil did not penetrate to affect these reefs under the prevailing high energy 
hydrographic conditions. JO

H
A

N
N

E
S

 
(1972) has review

ed 
the early field studies and 

experim
ental w

ork m
uch of w

hich relates to unrealistic hydrocarbon concentrations and 
direct application of oil. 

In
 experim

ents using sublethal concentrations of the w
ater-soluble part of Iranian 

crude oil L
O

Y
A

 and R
IN

K
E

V
IC

H
 

(1979) found that introduction ofdilute solutions stim
u- 

lated the R
ed S

ea coral Stylophorapistalla im
m

ediately to open its m
outhparts follow

ed by 
prem

ature extrusion of the planula larvae. P
rem

ature release of underdeveloped larvae 
decreases their viability and their chances of successful settlem

ent. T
h

e authors observe 
that alm

ost no new
 colonization of reef areas is occurring at sites w

ithin the coral nature 
reserve at E

ilat w
here chronic oil pollution prevails, yet at areas free of oil pollution 

active colonization is taking place. 

(d
) S

ublethal E
ffects and O

rganism
ic R

esponse 

G
eneral Aspects 

It is fundam
ental to environm

ental m
onitoring, field survey or bioassay of p

rim
a~

ily
 

sublethal or baseline concentrations of oil that due account is taken of the biochem
istry 

and the physiological pathw
ays of oil in the organism

(s) selected as targets. C
hronic 

exposure often leads to an
d

 is recognized by the m
alfunction of a vital organ. T

his is the 
final step of a derangem

ent w
hich m

ay be traceable back to a subcellular biochem
ical 

disturbance. 
In

 studying sublethal effects w
ithin the organism

 2 approaches m
ay be 

distinguished: 
(i) general responses to stressors reflected as broad changes in w

eight, 
grow

th rate, rate of m
aturation and so on; (ii) m

ore specific responses 
reflected in 

changes of certain enzym
e levels or loss or gain of enzym

e functions. 
It is 

usually 
possible to gauge the exposure thresholds w

hich m
ark the low

est concentration inducing 
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C
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nt
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pp

ro
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ec
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ch

 h
yd
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ke
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ha

s 
co

nc
en

tr
at

ed
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ce

ll
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em
br

an
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in
te

gr
it
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an

d
 f

un
ct

io
n 

(e
.g

. p
. 

14
98

).
 I

n
 

an
im

al
s 

th
e 

m
ec

ha
ni

sm
s 

ar
e 

m
or

e 
co

m
pl

ex
 a

n
d

 v
ar

y 
gr

ea
tl

y 
be

tw
ee

n 
sp

ec
ie

s.
 T

h
er

e 
ar

e 
se

ve
ra

l 
m

ec
ha

ni
sm

s 
by

 w
hi

ch
 o

il 
en

te
rs

 t
he

 a
ni

m
al

. 
T

he
re

af
te

r 
va

ri
ou

s 
m

ec
ha

ni
sm

s 
-i

nc
lu

di
ng

 
co

m
pl

ex
 e

nz
ym

e 
re

ac
ti

on
s-

go
ve

rn
 

st
or

ag
e,

 tr
an

sp
or

t 
be

tw
ee

n 
or

ga
ns

, 
an

d
 

ex
cr

et
io

n.
 

O
il

, 
be

in
g 

hy
dr

op
ho

bi
c 

an
d
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ip

op
hi

li
c,

 t
en

ds
 t

o 
m

ov
e 

aw
ay

 f
ro

m
 a

qu
eo

us
 m

ed
ia

 a
n

d
 

to
 a

ss
oc

ia
te

 w
it

h 
li

pi
ds

 a
t 

th
e 

su
rf

ac
e 

of
 t

he
 s

ea
 a

nd
 o

n 
ce

ll 
su

rf
ac

es
. 

O
il

 a
ls

o 
en

te
rs

 
an

im
al

s 
in

 f
oo

d 
m

at
er

ia
ls

 a
n

d
 t

en
ds

 t
o 

fo
llo

w
 t

he
 l

ip
id

 p
at

hw
ay

 b
et

w
ee

n 
or

ga
ns

. T
ra

ns
- 

fe
r 

in
to

 t
he

 a
qu

eo
us

 p
ha

se
 w

it
hi

n 
an

 o
rg

an
is

m
 m

ay
 r

eq
ui

re
 t

he
 p

re
se

nc
e 

of
 e

m
ul

si
fi

er
s 

o
r 

de
te

rg
en

ts
 o

r 
m

ig
ht

 fo
llo

w
 c

on
ve

rs
io

n 
in

to
 m

or
e 

po
la

r 
de

ri
va

ti
ve

s 
pr

im
ar

il
y 

by
 o

xi
da

ti
on

 
o

r 
hy

dr
ox

yl
at

io
n.

 O
il

 d
ro

pl
et

s 
ca

n 
pa

ss
 t

hr
ou

gh
 t

he
 g

ut
 o

f 
so

m
e 

an
im

al
s 

at
 l

ea
st

, w
it

h 
m

in
im

al
 a

bs
or

pt
io

n.
 B

ut
 i

fo
il

 is
 a

ss
im

il
at

ed
, i

t 
m

ay
 b

e 
pa

rt
ly

 o
r 

ex
te

ns
iv

el
y 

m
et

ab
ol

iz
ed

 
be

fo
re

 e
xc

re
ti

on
. 

G
en

er
al

ly
, 

as
si

m
il

at
ed

 o
il 

is
 e

nr
ic

he
d 

in
 t

he
 f

at
ty

 o
rg

an
s 

su
ch

 a
s 

th
e 

liv
er

 r
el

at
iv

e 
to

 m
us

cl
e 

ti
ss

ue
s 

an
d

 is
 f

ou
nd

 i
n 

hi
gh

er
 c

on
ce

nt
ra

ti
on

 i
n 

fa
tt

y 
fi

sh
, 

e.
g.

 t
he

 
he

rr
in

g,
 t

ha
n 

in
 t

he
 l

es
s 

fa
tt

y 
on

es
 (

co
d,

 h
ad

do
ck

, 
w

hi
ti

ng
, 

et
c.

).
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n
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ra
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ep
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 m
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de
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bo
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 v
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 c
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id
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 m
us

se
l M

yt
ilu

s 
ed

ul
is

 a
nd

 in
 

bi
va

lv
es

 g
en

er
al

ly
. 
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 c
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 o
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uptake, and rate of nitrogen, phosphorus, and silicon uptake. C
onsequently in the sea 

the overall effect ofoil is to m
odify and usually to reduce prim

ary plant productivity (see 
V

olum
es I to IV

, M
arzne E

cology). O
ther approaches m

ight be to look for effects on 
pigm

ents, cell size and division rate in unicellular algae and also on reproduction in 
m

acroalgae. 

E
ffects on Anim

al3 

Feeding 
F

or anim
als, feeding is an essential biological function but there are m

any problem
s in 

the secure interpretation of feeding experim
ents. F

eeding rates have been determ
ined for 

a large variety of m
arine anim

als (see V
olum

es I to IV
, M

arine E
cology). A

lm
ost invari- 

ably feeding is reduced and som
etim

es irreversibly inhibited (e.g. P
E

R
K

IN
S

, 
1976, p.549) 

w
here the only food available is affected by crude oil or processed oil; others report a 

reduction in food detectability, e.g. H
Y

L
A

N
D

 
and M

IL
L

E
R

 (1979) found that 1500 pg I-' 
N

o. 2 F
uel O

il com
pletely blocked food detection by the m

ud snail N
arsarius obsoletus and 

as little as 15 pg 1-I im
paired food detection. H

ow
ever, B

E
R

D
U

G
O

 and co-authors (1977) 
report 

the exposure of the copepod Eurytem
ora 

afjnis to 
10 and 

50 m
g I-' 

of I4C
- 

naphthalene for a period of 
10 d produced 

no significant effect on feeding despite 
accum

ulation of high concentrations in the tissues. S
om

e researchers observed differ- 
ences in feeding behaviour w

here both clean and contam
inated 

foods w
ere offered. 

C
learly, m

any factors influence feeding in anim
als w

hen oil is present and it m
ay be 

m
isleading to quote concentrations w

ithout full disclosure of at least details of presenta- 
tion of food, adm

inistration of oil, and choice of foods available. 
A

ssociated w
ith bioassays based on feeding other im

portant elem
ents are appetite, 

ability to feed, and, overall, the anim
al's efficiency in food conversion (V

olum
e 11: 

P
A

N
D

IA
N

, 
1975). It is not hard to appreciate the relevance of feeding factors in relation 

to oil pollution of the sea. 

Respiralion 
M

easurem
ents of respiration or of gill activity have often been used 

to determ
ine 

physiological stress in m
olluscs, crustaceans, and fishes. C

hanges in dissolved oxygen 
are convenient to m

easure and gill m
ovem

ents can be directly recorded. F
requently, 

how
ever, it is difficult to evaluate the data because of m

odifying environm
ental changes 

and individual variability. R
espiratory activity is a particularly useful criterion 

for 
assessing the initial onset of a stressor but it is less useful for deriving long-term

 effects. 

Excretion 
T

h
ere is another im

portant function that in general has som
e m

onitoring potential 
and is particularly relevant to the m

etabolism
 of oil. E

xcretion is norm
ally observed by 

m
easuring the release of w

aste products am
ong w

hich are am
m

onia, urea, am
ino acids, 

purines, an
d

 sterols (V
olum

e 11: P
A

N
D

IA
N

, 1975). S
om

e m
etabolically produced h

y
d

re
 

carbon derivatives can be studied directly but the easier technique is to study labelled 
hydrocarbon. B

y these m
eans the ability and capacity of the organism

 to cope w
ith oil 

and individual hydrocarbons can be defined (e.g. C
O

R
N

E
R

 
and co-authors, 1973; L

E
E

 
and R

Y
A

N
, 1976). 
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hydrocarbons, 
m

any other m
olecules-including 

contam
inants such as som

e of the 
halogenated biphenyl isom

ers-induce 
lM

FO
 reactions. 

If it can be established that hydrocarbons are the dom
inant cause of M

F
O

 induction 
for sites rem

ote from
 land influence, the am

ount of M
F

O
 present in target organism

s 
m

ight be useful as a m
easure of prolonged exposure to increased background concentra- 

tions of oil. M
ore inform

ation is needed on the w
ay in w

hich enhanced M
F

O
 m

odifies 
norm

al m
etabolic efficiency, scope for grow

th and perhaps the organism
's iw

lnerability 
to carcinogens an

d
 pathogens. 

In relation to present considerations, blood is less of a specific enzym
e substrate than 

a com
plex m

edium
. It is capable of revealing a great deal about the reproductive state 

and condition of the anim
al-its 

responses to physical and chem
ical stress, to pathogens 

and parasites, an
d

 to other influences. S
tress or condition can affect the chem

istry of the 
blood, the balance of blood cell com

ponents and an array of enzym
e functions in the 

blood (e.g. T
H

U
R

B
E

R
G

 
and co-authors, 1978). S

ince hydrocarbons m
ay be presum

ed to 
affect m

ore im
m

ediately the lipid-associated organs and pathw
ays in an anim

al, they 
m

ay reveal their influence in 
the total serum

 lipid. T
his is, how

ever, a speculative 
suggestion an

d
 it seem

s m
ore reasonable at this stage to regard blood as one of the less 

easy an
d

 definitive study options. V
irtually any pollutant could be conceived as having 

an effect on blood. 
S

im
ilarly, our know

ledge of steroid horm
one m

etabolism
 

in m
arine organism

s is 
largely confined to fish an

d
 considerable new

 ground w
ould need to be explored before 

enough know
ledge is available so that response to pollutants could be usefully identified. 

S
om

e pollutants suggest them
selves as likely subjects causing interference; the role of 

pesticides has been established in relation 
to salm

onid steroid m
etabolism

, and som
e 

petroleum
 

hydrocarbons have structural sim
ilarities 

both w
ith 

pesticides 
and w

ith 
natural steroids 

and their 
m

etabolites. T
here m

ay, therefore, be grounds for som
e 

research in this area. T
h

e m
ethods of testing are relatively sophisticated and presum

ably 
the state of reproductive developm

ent in the anim
al m

ay have a strong influence on any 
stress response. 

A
nim

al actzvzp 
T

h
e m

otive for studying behaviour in the present application is to gain insight into 
sublethal responses. H

ow
ever, anim

al activities are subject to num
erous com

plicating 
factors. In w

hat w
ays could the properties ofoil be anticipated to interact w

ith activities 
of a sessile, a residential, an

d
 a m

igratory anim
al? It has already been m

entioned that 
crude oils and som

e oil products stim
ulate or interfere w

ith chem
oreceptors at low

 
concentrations. T

h
ere are m

any other responses affecting, e.g. m
otility, filtering capa- 

city, orientation, sexual behaviour and release of gam
etes, and burrow

ing. M
an

y
 oil 

dispersants also disrupt norm
al anim

al activity (B
N

C
O

R
, 1980). 

It is conventional to explore and quantify individual behavioural responses first under 
controlled conditions in the laboratory w

hich has the advantage of 'excluding' m
ost of 

the eni.ironm
ental variables as w

ell as reducing the array of intra- and interspecific 
responses. 

O
rientation in space and tim

e is a m
ost im

portant m
anifestation of anim

al activity. It 
has received detailed attention in V

olum
e 11: G

eneral introduction: S
C

H
O

N
E

 (1975); 
Invertebrates: C

R
E

U
T

Z
B

E
R

G
 (1975); F

ishes: T
E

S
C

H
 (1975); and M

am
m

als: K
IN

N
E

 
(1975). A

nim
al activity an

d
 behaviour are sensitive and useful param

eters for assessing 
potential effects of oil pollution. 
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T
able 4-30 

D
ynam

ic 
budget 

for 
oil 

in 
the 

N
orth 

Sea 
(area: 0.575 X

 1012 m
'; 

volum
e: 

54 X
 1012 m

'). 
(A

) standing stock of hydrocarbons; (B
) rates of biodegradation 

affecting 50%
 of the total oil 

and corresponding potential; (C
) sum

m
aly oil account (O

riginal) 

(A
) Standing stock of hydrocarbons 

S
urface film

 
=

 90 p
g
 m

-2 n-alkanes equivalent to 3 X
 90 =

 270 pg m
-' 

total oil; 
hence oil in surface film

 
=

 270 X
 

~
0

.5
7

5
 X 1012 X

 10-6 t 
=

 155 t 

T
ar balls 

=
 10 pg m

?; 
hence surface tar balls 

=
 10 X

 10-6 X
 0.575 X

 1012 X
 10-6 t 

=
 6 t 

W
ater volum

e 
(i) 

C
,-C

, volatile n-alkanes dissolved in w
ater colum

n =
 70 pg I-'; 

hence total volatile alkanes 
=

 70 
X

 10-6 X
 54 X

 
1012 X

 103 X
 1

0
-~

 t 
=

 3,780,000 t 
(ii) C

,,-C
,, 

n-alkanes =
 1 pg I-' 

equivalent to oil 3 pg I-'; 
hence total oil 

=
 3 X

 10-6 X
5

4
 X

 10'2 X
 10-6 t 

=
 162,000 t* 

(iii) N
aphthalenes, phenanthrenes, and dibenzothiophenes equivalent to 2%

 
oil =

 60 ng I-'; 
hence total oil 

100 
=

 -
 X

 60 X
 IO

-~
 X 54 X

 1o12 X
 10" X

 10-6 t 
2 - 162,000 t 

S
edim

ent 
A

ll oil in dynam
ic exchange is in top 1 cm

 
1 cm

 layer 
X

 1 m
2 

=
 0.02 t (S

G
 =

 2) 
total sedim

ent 
=

 0.02 X
 0,575 X

 10" t 
=

 1.150 X
 101° t 

C
I5-C

Y
4 n-alkanes 

=
 2

p
g

 I-'o
r 2 g t-l 

=
 69,000 t 

(B
) R

ates o
f biodegradation affectin

g 50%
 of the total oil? a

n
d
 corresponding potential 

S
ea surface 

=
 0.05 g m

-2 d-l 
W

ater colum
n 

=
 0.6 m

g m
3 yr-l 

S
eashore and on seabed 

=
 0.01 g m

-2 d
-' 

H
ence potential am

ount of oil degraded annually: 
at the sea surface 

=
 0.05 X

 365 X
 0.575 X

 1012 X
 1

0
-9

 
=

 10.5 X
 106t 

in w
ater colum

n 
=

 0.6 X
 10-3 X

 54 X
 1oL

2 X IO
-~

 t 
=

 32,000 t 
at seashore (20 m

 band 
X

 1500 km
 
=

 3 X
 

10' m
') 

=
 0.01 x

3
6

5
 x

3
 X

 107 X
 1

0
-6

=
 110 t 

on seabed 
=

 0.01 
X

 365 X
 0-575 X

 10" 
X

 106 =
 2.1 

X
 106 t 
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and around other coasts, the proportion of unattributable spills is m
uch higher. M

any 
spills becom

e apparent only w
hen oiled seabirds are found on the shore. Indeed it is 

recognized that accurate recording of oil slicks is quite a com
plex problem

, w
ith consid- 

erable disparity betw
een the num

bers recorded by the central authority (coastguards, 
aerial observation, shipping reports, etc.) and 

those 
collected 

by 
responsible non- 

governm
ental conservation organizations. A

t the scale of dim
ension and fkequency of 

these oil slicks it is extrem
ely difficult to ensure that each slick or series of slicks repres- 

ents one incident, an
d

 that incidents are recorded only once even if not by successive 
observers. D

espite vigilance there w
ill alw

ays be som
e undetected and unlisted slicks in 

isolated 
areas and som

e double counting. T
able 4-31 w

itnesses how
 diverse are the 

origins, types, and causes of oil spills. T
h

e high frequency of land-based 
spills adds 

credence to the high position in the inputs (T
able 4-1) for fresh w

ater sources. E
ven 

allow
ing for success in oil salvage and oil recovery from

 land-based facilities, a consider- 
able proportion 

m
ust find its w

ay 
into w

aterw
ays, 

m
unicipal and industrial w

aste 
w

aters, an
d

 into the atm
osphere, on its w

ay to the sea. 
A

lthough the vast m
ajority ofspills are associated w

ith errors of technical operation or 
negligence or equipm

ent failure not spotted beforehand in routine m
aintenance, signi- 

ficant num
bers involve accidental dam

age or deliberate sabotage by third parties. Q
uite 

a few
 are associated w

ith natural causes such as earthquake and lightning. 
T

h
e quantities in each spill cover several orders of m

agnitude. T
his explains w

hy 
global estim

ates of the averages in each spill category (T
able 4-1) are so uncertain and 

w
hy oil spill contingency planning m

ust be flexible and be ready on call to cope w
ith 

20,000 or 20,000,000 gallons of thick or thin oil. 
In assessing the ecological im

pact of oil pollution it is relevant to recollect the effects 
on the fresh w

ater environm
ent, although our m

ain interest here is in estuaries, seas, and 
oceans. O

il spills causing spectacular environm
ental dam

age are not restricted to very 
large crude-oil carriers; quite sm

all spills of heavy fuel oil from
 ordinary shipping have 

caused equal dam
age. 

(b
) O

il S
pills at S

ea 

A
 catalogue of the outstanding recent oil spills at sea is given in T

able 4-32. T
h

e list 
outlines the dam

age that resulted, the m
ethod used in clean-up, and som

e of the costs 
and claim

s associated w
ith each spill. S

uch lists have value in determ
ining m

anagerial 
policy in the reduction of m

arine oil pollution. 
O

n
 a m

ore detailed scale the classified statistics of spills at an oil term
inal are a useful 

guideline in directing policing effort. T
h

e port of M
ilford H

aven, P
em

broke, U
K

 is used 
for crude-oil im

ports and also handles the export by sea of som
e of the resulting refinery 

products. T
able 4-33 and Fig. 4-20 show

 how
 the port has perform

ed w
ith respect to the 

handling of crude-oil im
ports over the past 

16 yr. T
his study of term

inal operations 
suggests that there is now

 no single outstanding cause of oil spills. B
y continuously 

developing control policies the various operational steps are dem
onstrably uniform

ly 
supervised an

d
 there are no easy pronouncem

ents regarding w
here better controls are 

needed. 
T

h
ere is a long history of international effort to control m

arine pollution from
 opera- 

tional discharges of oil and oily w
astes by 

shipping (M
O

O
R

E
, 1976). T

h
e first draft 

convention w
as outlined in W

ashington in 
1926 but never adopted. S

ince then p
re
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C

rude 
D

iesel 
B

unker C
 

C
rude 

T
ank rupture 

Pipeline rupture 
Pipeline puncture 
G

rounding 
T

ank overfill 
T

ank fire 
V

alve failure 
R

am
m

ing 
H

ull fracture, fire, 
explosion, 30 dead 

tracted series of international conventions have been draw
n u

p
 broadening the scope of 

m
arine pollution control and seeking ever tighter restrictions. V

ery slow
ly these conven- 

tions have been signed for adoption by contributing countries, and this assent has 
eventually em

erged in national legislation designed 
to im

plem
ent the term

s of these 
conventions. A

 num
ber of the m

ajor nations w
ith heavy involvem

ent w
ith oil handling 

have not as yet signed or im
plem

ented the m
ost recent IM

C
O

 M
arine P

ollution 1978 
C

onvention. 
D

ealing w
ith accidental spills is m

uch m
ore com

plex. International bodies have used 
a 4-fold approach: 

(i) T
h

e Intergovernm
ental M

aritim
e C

onsultative O
rganization (IIM

C
O

) has w
orked 

for a long tim
e to prevent accidents at sea and has established conventions regarding 

safety of navigation, obligatory traffic separations, and codes for safe navigational prac- 
tices an

d
 signals. 

(ii) C
onsiderable efforts have also gone into m

inim
ization of pollution resulting from

 
an

 accident at sea. C
onventions exist for construction standards, lim

itation of cargo- 
tank sizes an

d
 distribution of cargo tanks. O

th
er constructional aspects anticipate the 

reduced stability w
hich m

ay follow
 hull dam

age. P
ollution m

ay also be reduced if early 
intervention to salvage, repair, m

odify or rem
ove a stricken vessel can be achieved. A

 
convention for intervention on the high seas has been m

ooted. 
(iii) C

ooperation in cleaning up spilled oil is prim
arily a m

atter for regional or local 
action. H

ow
ever, there are provisions for the reporting of incidents involving the spilling 

an
d

 the detection of spills of oil and other harm
ful substances. 

(iv) M
uch attention has been given to determ

ining liability for pollution dam
age and 

to setting up funds to m
eet such eventualities. T

hese are discussed under 'C
osts of oil 

pollution' 
(p

p
. 1553 to 1558). 

M
any of these m

atters relating to the design and operation of ships, w
ritten into the 

1978 an
d

 earlier conventions, have IM
C

O
 approval as d

o
 standards of training and 

w
atch-keeping w

hich w
ould lead to a uniform

 m
inim

um
 qualification necessary for all 

m
ariners. It requires m

eticulous im
plem

entation by every nation to m
ake these IiM

C
O

 
agreem

ents w
ork. 

A
ccidents can only be reduced if the oil tanker industry w

orld-w
ide adopts a firm

 
policy to em

ploy only the best personnel and to provide an
d

 m
aintain the best vessels 
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 b
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 o
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 f
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fi
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so
 o

n.
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t 
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nt
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n 
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e 
oi

l 
ta
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er
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nd

us
tr
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n
d
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so
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n
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ov
er
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en
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ch

 d
et

er
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in
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y 
re
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rd
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g 
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 t

er
m
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al
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 t

ra
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m
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br
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de
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es
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 s

et
 h

ig
h 

st
an

da
rd

s 
an

d 
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 t
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en
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rc
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th
em

 (
C

O
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E
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O
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 f
or

 R
em

ed
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T
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 d
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 m
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 m
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l 
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 m
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 b
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f c
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t c
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ot
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 p
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 p
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 p
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 c
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n
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n
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 c
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 c
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 c
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 c
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 b
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 o
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 t
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 m
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 p
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re
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 m
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 c
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 b
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T a b l e  4-32 

Causes ,  spillage, d a m a g e ,  clean-up a n d  costs reported for s o m e  recent oil spills (Original  compilation; based o n  OSIR, 1978, 1979) 

Shlp Location Cause Spillage Damage Clean-up, etc. costs 

Tsesis 26.10.77 

Rollnes 
(coal carrier) 
26.05.78 
World Horizon 
26.05.78 

Unknown 
(Howord Slur?) 

Klarringklabben, 
Sweden 

Portsall. France 

Mobile Harbor, 
Alabama, USA 

O r  Durban, 
South Africa 

Port Sutton, 
Tampa, Florida, 
USA 

P - - 

Grounded while l100 t No. 5 rue1 
under pilotage oil cargo and 

some bunker oil 

Steering lost, ran 21,600 t Arabian 
aground and sank crude and ship's 

fuel 

Hit shore instal- 275 c No. 2 and 
lation, severed No 6 Fuel Oils 
loading gear 
Heavy swell caused 600-700 t Middle 
hull damage East crude 

Unknown; suspect 103-160 t Bunker 
operator error Canal Diesel fuel 

P 

Severe coastal impact Remainder cargo trans- 10 million Swedish 
due to sheltered site shipped. Manual and Kronor claim for clean- 
and cold. Marine life mechanical recovery of up against Latvian 
including herring mousse Shipping Co. 6 to 7 
spawn million Swedish Kronor 

claim against Swedlsh 
Maritime Administra- 
tion for damdge and 
salvage 

Massive coastal impact. Dispersants (oKshore), $1500 million total 
Tourism, amenity, booms, absorbents, claims filed 
shellfish culture, fish- skimmers, vacuum 
ing, marine life, sea trucks, oil mop, pumps, 
birds sumps, manual methods 
Harbour amenity, Oil mop, absorbent, $180,000 clean-up 
temporary fire hazard vacuum trucks cost5 
alarm 
None rcported Remainder cargo R 250,000 surety 

transhipped. Air imposed against oil 
bubble screen, float- clearance 
ing barriers 

Mangrove swamps, Absorbents, vacuum $700,000 oil clearance 
marine life; threat to trucks, manual costs 
power station methods 



Peck Slip 
19.12.78 

Pembroke Coast, Grounded on rocks, 3000 t Iran~ab~ Many seabirds, somc l000 t scuttled w~th $1.5 to 1.7 m~llion 
S\.\' Wales, UK navigational error? crude marine life ship, remainder suit for damagcs 

transhipped. Natural 
forces, dispersants 

Cape San Juan, Struck bolton1 in 1750 t Bunker C Tourism, mangrove Booms, skimmers, S1 rnillion wit againsl 
Porto Rico shallow water in Fuel Oil swamps, a Tew birds, \<acuum trucks, Sun Oil Co. $50,000 

heavy sea5 marine Ill+ absorbents, manual costs for clean-up 
and mechanical 
clearance 

Esso tlernzcia Sullom Voe oil Fil-e on tug, ber~hingl 100 I heavy fuel Many seabirds, otters, Bulldozers, manual 
30.12.78 terminal, Shetland tanker struck oil sheep clearance, boom 

Islrs, Scotland dolphin and holed failed 
Arulros Palrra Cape Villano, Hull lailure in 40,000 L Iranian Amenities, ~helllish Remainder cargo $1.5 million costs 
31.12.78 Spain 

Thunlunk J 

30.1.79 

hea\.y sea>, crude and marlne lilt. transhipped. Dispers- liled 
explosion and lire 29 seamen killed ants, booms, vacuum 

trucks, pumps 
Bantry Bay, Eire Explosion during 20,000 I Saudi  minor en\.~ronmental Bow section 20,000 t 

discharge of cargo Arabian crude damagc. Problems in oil off-loaded. Wreck 
and lire 

Hatter Reel, Groundcd 
Samse, Denmark 

dealing with burned boomed, skimmel-S, 
oil rer~dues, 51 crew absorbenrs, vacuum 
and shore star killed pumps. Heavy cquip- 

400 t heal~y fuel 011 Many seabirds 

ment, aerial spraying 
dispersants on shorc 
Clearance hampered by 
sea Ice and bad 
weather. Dispersants, 



1 542 
4. O

IL
 PO

L
L

U
T

IO
N

 A
N

D
 IT

S
 M

A
N

A
G

E
M

E
N

T
 (R

. JO
H

N
ST

O
N

) 

T
able 4-33 

O
il spills at ~M

illbrd Ha\en betw
een 1963 and 1978 classilicd by liequency in each category (A

lter 
D

A
\'IE

S and co-authors, 1981 b; reproduced by perm
ission of 

the M
~lford H

a\ en C
onser\ ancy 

B
oard) 

%
 of total spills 

T
ankers in passage and at m

oorings 
T

ankers 
loading 
discharging 
ballasting 
de-ballasting 
hull defects (1972-1 978) 
bunkering 
m

iscellaneous 
Jetty spills 

gravitational separation becom
e progressively less efficient. W

here the environs of an
 oil 

spill perm
it oil skim

m
ing w

ith o
r w

ithout oil collection, the operation is relatively ch
eap

 
an

d
 sim

ple. T
h

e
 equipm

ent involved is also sim
ple an

d
 often readily available. U

nfortu- 
nately, only very few

 m
arin

e spills occur under such protected conditions. 
F

rom
 such considerations m

ost engineering developm
ents in recent years have ab

an
- 

doned techniques for recovery based solely o
n

 gravitational separation. F
urtherm

ore, it 
is now

 w
ell recognized by clean-up experts th

at boom
s have a specific role to play w

ithin 
lim

its dictated by w
ind, w

ave, an
d

 current. 
Incidentally, if ice replaces w

ater at the surface quite different criteria apply. O
il o

n
 

to
p

 of a firm
 ice base is easy to recover; oil in quantity beneath solid o

r extensive ice 
cover can

 be m
anoeuvred into pools an

d
 channels for collection from

 equipm
ent on the 

Fig-. 4-20: A
nnual frequency ofoil spills (1963-1978) in relation 

to tonnage of oil handled. (A
fter D

A
V

IE
S and ceauthors, 

1981 b; reproduced by perm
ission of the ~M

ilford Haven C
on- 

servancy B
oard, U

K
) 
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 m
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 m
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 b
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sa
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 b
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 b
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of

 o
il 

fr
om

 w
at

er
 m

us
t 

en
ga

ge
 o

th
er

 o
il 

ch
ar

ac
te

ri
st

ic
s 

to
 p

ro
m

ot
e 

se
pa

ra
ti

on
. 

O
il

 h
as

 a
 g

re
at

 p
ro

pe
ns

it
y 

to
 c

li
ng

 t
o 

so
lid

 s
ur

fa
ce

s 
of

 v
ir

tu
al

ly
 a

ny
 e

le
m

en
t 

or
 c

om
po

si
ti

on
, 

fo
r 

ex
am

pl
e,

 a
s 

a 
lu

br
ic

at
in

g 
la

ye
r.

 T
h

is
 c

ha
ra

ct
er

is
ti

c 
ca

n 
be

 e
xp

lo
it

ed
 

by
 a

 w
id

e 
va

ri
et

y 
of

m
ec

ha
ni

ca
l 

co
nt

ri
va

nc
es

 u
su

al
ly

 a
im

ed
 a

t p
re

se
nt

in
g 

a 
la

rg
e 

ar
ea

 fo
r 

oi
l c

on
ta

ct
 a

nd
 s

ha
pe

d 
to

 e
na

bl
e 

th
e 

oi
le

d 
su

rf
ac

e 
to

 b
e 

w
ip

ed
 c

on
ti

nu
ou

sl
y 

an
d 

th
e 

oi
l o

r 
m

ou
ss

e 
co

ll
ec

te
d.

 
O

le
op

hi
li

c 
m

at
er

ia
ls

 h
av

e 
an

 e
nh

an
ce

d 
ca

pa
ci

ty
 f

or
 c

ol
le

ct
in

g 
oi

l 
an

d 
va

ri
ou

s 
ty

pe
s 

of
 

eq
ui

pm
en

t 
ha

ve
 b

ee
n 

de
vi

se
d 

to
 e

xp
os

e 
co

nt
in

uo
us

ly
 s

uc
h 

m
at

er
ia

l 
in

 t
he

 f
or

m
 o

f 
ro

pe
 

or
 c

lo
th

 t
o 

th
e 

oi
l 

la
ye

r 
w

hi
ch

 a
dh

er
es

 a
n

d
 is

 t
ra

ns
po

rt
ed

 o
n 

bo
ar

d 
a 

ve
ss

el
 f

or
 t

he
 e

n-
 

ri
ch

ed
 o

ily
 w

at
er

 t
o 

be
 s

qu
ee

ze
d 

ou
t 

in
to

 a
 t

an
k 

an
d

 t
he

 o
il 

su
bs

eq
ue

nt
ly

 s
ep

ar
at

ed
 f

or
 

re
cl

am
at

io
n.

 
M

an
y 

su
bs

ta
nc

es
 a

bs
or

b 
oi

l, 
pa

rt
ic

ul
ar

ly
 i

f 
un

w
et

te
d.

 S
tr

aw
 a

nd
 d

ri
ed

 p
ea

t 
ar

e 
su

it
- 

ab
le

 i
f 

th
e 

oi
l 

sl
ic

k 
is

 c
on

ti
nu

ou
s 

an
d

 n
ot

 t
oo

 t
hi

n.
 S

yn
th

et
ic

 f
oa

m
 m

at
er

ia
ls

 c
an

 b
e 

ol
eo

ph
il

ic
 a

s 
w

el
l 

as
 a

bs
or

be
nt

 a
nd

 a
re

 s
up

er
io

r.
 W

he
n 

su
ch

 m
at

er
ia

ls
 a

re
 a

pp
li

ed
 l

oo
se

, 
th

ei
r 

su
bs

eq
ue

nt
 r

ec
ov

er
y 

ca
n 

ca
us

e 
pr

ob
le

m
s 

an
d 

th
e 

di
sp

os
al

 o
f 

oi
le

d 
st

ra
w

, 
pe

at
 o

r 
pl

as
ti

c 
so

dd
en

 w
it

h 
se

a 
w

at
er

 i
s 

di
ff

ic
ul

t. 
O

n
 a

 s
m

al
l-

sc
al

e 
ab

so
rb

en
t,

 o
le

op
hi

li
c 

m
at

er
i-

 
al

s 
he

ld
 i

n 
lo

ng
 f

lo
at

in
g 

fa
br

ic
 o

r 
ne

tt
in

g 
cy

li
nd

er
s 

ha
ve

 p
ro

ve
d 

su
cc

es
sf

ul
. 

S
om

et
im

es
 

th
es

e 
ca

n 
be

 c
le

an
se

d 
fo

r 
re

us
e 

or
 r

ef
ill

ed
. 

E
xp

er
im

en
ts

 a
re

 i
n 

pr
og

re
ss

 t
o 

de
vi

se
 a

 
fl

oa
ti

ng
 r

ig
 f

un
ct

io
ni

ng
 s

im
ul

ta
ne

ou
sl

y 
as

 a
 s

w
ee

pi
ng

 b
oo

m
 

an
d 

a 
co

ll
ec

ti
on

 n
et

, 
to

 
re

tr
ie

ve
 s

em
i-

so
li

d 
w

ax
y 

(p
ar

af
li

ni
c)

 o
il

, a
s 

fo
r 

ex
am

pl
e 

is
 y

ie
ld

ed
 b

y 
th

e 
B

ea
tr

ic
e 

F
ie

ld
, 

M
or

ay
 F

ir
th

, N
or

th
 S

ea
. A

 d
el

ic
at

e 
ba

la
nc

e 
ha

s 
to

 b
e 

m
et

 b
et

w
ee

n 
to

w
in

g 
th

e 
ri

g 
as

 fa
st

 
as

 p
os

si
bl

e 
to

 c
ov

er
 t

he
 w

id
es

t 
ar

ea
 a

nd
 m

ai
nt

ai
ni

ng
 th

e 
up

pe
r 

ga
th

er
in

g 
ed

ge
 ju

st
 a

bo
ve

 
th

e 
se

a 
su

rf
ac

e.
 S

im
il

ar
ly

, 
th

e 
sp

ee
d 

th
ro

ug
h 

th
e 

w
at

er
 m

us
t 

no
t 

fo
rc

e 
th

e 
so

ft
 w

ax
 

th
ro

ug
h 

th
e 

m
es

he
s.

 
T

h
e 

re
co

\.e
ry

 o
f 

oi
l 

fr
om

 b
ea

ch
es

 a
nd

 s
ho

re
s 

ge
ne

ra
ll

y 
ha

s 
th

e 
hi

gh
es

t 
pr

io
ri

ty
 b

y 
th

e 
pu

bl
ic

. 
F

or
 r

oc
ky

 
an

d 
st

on
y 

sh
or

es
 b

et
w

ee
n 

lo
w

- 
an

d 
hi

gh
-t

id
e 

m
ar

ks
 

(a
nd

 i
n 

ba
d 

w
ea

th
er

 o
ft

en
 c

on
si

de
ra

bl
y 

be
yo

nd
 t

he
 h

ig
h-

ti
de

 m
ar

k)
 t

he
 a

rr
iv

al
 o

f 
oi

l 
is

 t
he

 s
ta

rt
 o

f 
a 

pr
ot

ra
ct

ed
 

pr
oc

es
s.

 
D

ep
os

it
io

n 
on

 s
to

ne
 c

an
 b

e 
pe

rm
an

en
t 

(u
p

 t
o 

8 
yr

 h
av

e 
be

en
 

re
co

rd
ed

),
 e

sp
ec

ia
ll

y 
if 

th
e 

st
on

e 
be

co
m

es
 w

ar
m

 a
nd

 d
ry

 a
ft

er
 e

xp
os

ur
e 

to
 o

il
, 

en
ab

li
ng

 
th

e 
oi

l 
to

 r
ep

la
ce

 t
he

 f
ilm

 o
f 

m
oi

st
ur

e,
 e

va
po

ra
te

, 
an

d
 a

dh
er

e 
fi

rm
ly

. 
S

to
ne

s 
co

ve
re

d 
in

 
sl

im
y 

se
aw

ee
ds

 o
r 

m
ic

ro
al

ga
e 

m
ay

 r
ej

ec
t 

a 
co

at
in

g 
of

 o
il.

 
F

or
 s

an
dy

 a
nd

 p
eb

bl
y 

be
ac

he
s 

si
m

il
ar

 c
on

si
de

ra
ti

on
s 

ho
ld

. 
If

 t
he

 s
lo

pe
 o

f 
th

e 
be

ac
h 

m
ai

nt
ai

ns
 m

ai
nl

y 
w

et
 s

an
d 

th
en

 o
il 

pe
ne

tr
at

io
n 

is
 s

li
gh

t,
 u

nl
es

s 
it

 i
s 

as
si

st
ed

 
by

 
a 

co
ns

id
er

ab
le

 a
m

ou
nt

 o
f 

w
av

e 
en

er
gy

. 
T

h
e 

co
ar

se
r 

th
e 

be
ac

h,
 i

ts
el

f 
a 

si
gn

 o
f 

hi
gh

 w
av

e 
en

er
gy

, 
th

e 
gr

ea
te

r 
th

e 
da

ng
er

 o
f 

oi
l 

pe
ne

tr
at

in
g 

it
. 

B
ec

au
se

 t
he

 o
il 

m
ay

 s
ub

se
qu

en
tl

y 
as

so
ci

at
e 

w
it

h 
th

e 
sa

nd
 g

ra
in

s 
it

 m
ay

 n
ot

 e
as

ily
 b

e 
di

sl
od

ge
d.

 I
t 

is
 t

he
 o

il 
th

at
 i

s 
th

ro
w

n 
ab

ov
e 

th
e 

hi
gh

-t
id

e 
m

ar
k 

on
 a

ny
 k

in
d 

of
sh

or
e 

th
at

 h
as

 t
he

 g
re

at
es

t c
ha

nc
e 

of
 r

em
ai

ni
ng

 
th

er
e 

in
 g

ro
ss

 a
nd

 a
cc

um
ul

at
in

g 
am

ou
nt

. 
M

ud
dy

 s
ho

re
s 

ar
e 

in
va

ri
ab

ly
 f

la
t a

nd
 p

ro
te

ct
ed

. 
T

he
y 

ar
e 

pr
on

e 
to

 c
as

ua
l 

in
va

si
on

 b
y 

ve
st

ig
ia

l 
oi

l 
sl

ic
ks

 a
n

d
 i

f 
th

ey
 a

re
 s

w
am

pe
d 

by
 a

 m
as

si
ve

 s
lic

k 
of

 c
ru

de
 o

il
. 

T
he

y 
ar

e 
pa

rt
ic

ul
ar

ly
 v

ul
ne

ra
bl

e 
if 

th
e 

m
ud

 c
an

 d
ry

 o
ut

 e
ve

n 
sl

ig
ht

ly
. 

So
ft

 m
ud

dy
 e

nv
ir

on
m

en
ts

 
ar

e 
pr

ob
ab

ly
 t

oo
 w

et
 t

o 
be

co
m

e 
ba

dl
y 

af
fe

ct
ed

. 
P

ub
li

c 
ac

cl
ai

m
 

m
ot

iv
at

es
 

th
e 

cl
ea

ni
ng

 o
f 

be
ac

he
s,

 n
ot

 o
nl

y 
ho

li
da

y 
ba

th
in

g 
an

d 
su

n-
ba

th
in

g 
be

ac
he

s,
 b

u
t 

co
m

pu
ls

iv
el

y 
al

so
 t

he
 m

or
e 

re
m

ot
e 

be
ac

he
s 

vi
si

te
d 

re
gu

la
rl

y 



4. 
O

IL
 P

O
L

L
U

T
IO

N
 AAND IT

S
 M

A
N

I\G
E

?vIE
N

T
 (R

 JO
H

N
S

T
O

N
) 

by 
no m

ore 
than a few

 w
alkers, birdw

atchers, and beachcom
bers. N

ot only sandy 
beaches are popular but frequently also pebble and stony beaches, and not too difficult 
rocky shores. T

o
 clean a beach to a standard above public criticism

 is a long, difficult, 
and costly operation. N

ot to clean up a holiday beach can also involve severe losses to 
the com

m
ercial 

holiday 
industry. T

able 4-34 sum
m

arizes som
e of the m

ore 
usual 

options and the incentives or reasons prom
oted as grounds for action. It is not 

too 
difficult to im

agine how
 laborious and costly 'chem

ical restoration', as C
A

N
E

V
A

R
I 

(1979) 
calls it, m

ust be. T
o

 illustrate the point for a w
ider fram

ew
ork of oil spills T

able 4-32 
show

s clean-up plus legal costs, actual or claim
ed. C

learly, m
oney can be earned in oil 

spill clean-up. R
ecords show

 that in relation to serious and m
ajor oil spills a staggering 

am
ount of oil-contam

inated stones, pebbles, sand, soil and other beach m
aterials (reck- 

onable in hundreds of thousands or a m
illion tons y

r-') are m
oved for burial. S

om
e 

shallow
 stony beaches have entirely disappeared, and other beach profiles have been 

m
easurably altered in the interests ofgood housekeeping. B

E
L

L
IE

R
 and M

A
SSA

R
T

 (1979, 
p. 14 1) concerning the Am

oco C
adzz spill: 

'T
h

e spill involved som
e 223,000 tons of oil spilled along 400 km

 of coast. A
lm

ost 
10,000 persons w

orked on the project during the busiest period. A
s a result alm

ost 
200,000 tons of oil and debris w

ere pum
ped and gathered. H

ow
ever, less than 

20,000 tons of oil w
as finally retrieved 

after separation from
 the total 

m
ass of 

m
aterial obtained from

 the coastal zone.' 

In theory, oil m
ight be recoverable from

 som
e of these m

aterials but m
ost m

odern 
refineries have no access points to receive them

. O
n

e could hope at best to extract only 
the m

ost available portion for use as plant fuel. M
ethods are under developm

ent at the 
U

K
 D

epartm
ent of Industry to cleanse beach m

aterials w
ith the double objectives of 

T
ab

le 4-34 

S
om

e exam
ples of shore oil pollution, clean-up options, and incentives for action (O

riginal) 

Im
p

act 01' 
oil 

C
lean-up options 

Incentives 

C
reation ol'oil-saturated 

H
e

a
~

y
 

equipm
ent such as 

A
m

enity reasons in tourlst areas, 
sand an

d
 soil 

H
eavy oil o

n
 rocks an

d
 

stony beaches 

bulldozers lor m
ajor 

prc\.cnt contam
ination 01' 

incidents, m
anual clearance 

adjacent shores an
d

 property 
for m

inor incidents 
H

igh pow
er w

ater- hoses and 
R

em
ove threat of long-term

 
stcam

 lances 
contam

ination to adjacent 

O
il contam

inated salt m
dr-sh 

.\/lechanical or m
anual 

cutting equipm
ent 

am
enity of sensitive areas 

R
educc perm

anent d
am

ag
e to 

shore structure an
d

 threat to 
bird life 

F
resh oil driliing onshore 

S
pray low

 toxicity dispersant 
R

educe shore im
pact, threats 

ar least 2 km
 oK

shor-e 
to seabirds, inshore fisheries and 
industrial plant 

S
en

s~
tiL

e shores/areas w
ith 

D
o

 nothing 
A

void d
am

ag
in

g
 action/allow

 
no sp

ec~
al leatures 

natural recover) 



O
IL

 S
PI

L
L

S-
R

E
IM

E
D

IA
L

 
A

C
T

IO
N

 A
N

D
 E

N
V

lR
O

N
M

E
N

T
 

re
st

or
in

g 
th

e 
cl

ea
ne

d 
be

ac
h 

m
at

er
ia

l 
an

d
 w

as
hi

ng
 o

ut
, 

se
pa

ra
ti

ng
, 

an
d

 c
ol

le
ct

in
g 

th
e 

w
as

te
 o

il 
fo

r 
re

cy
cl

in
g 

o
r 

in
ci

ne
ra

ti
on

. T
h

e 
ha

nd
li

ng
 o

f 
se

pa
ra

te
d 

bu
t 

w
et

 w
as

te
 o

il 
is

 
m

uc
h 

m
or

e 
ak

in
 t

o 
no

rm
al

 r
ef

in
er

y 
pr

oc
es

si
ng

 t
ha

n 
ha

nd
li

ng
 o

f 
lo

w
-o

il 
so

li
ds

. 

(d
) 

Im
pa

ct
 o

f 
C

le
an

-U
p 

O
cc

as
io

na
ll

y,
 th

e 
cl

am
ou

r 
of

 p
re

ss
 a

nd
 p

ub
li

c 
fo

r 
's

om
eo

ne
 t

o 
d

o
 s

om
et

hi
ng

' w
he

n 
an

 
oi

l 
sp

il
l 

ha
pp

en
s 

pr
ov

ok
es

 o
th

er
w

is
e 

re
sp

on
si

bl
e 

or
ga

ni
za

ti
on

s 
to

 a
ct

 h
as

ti
ly

 w
it

h 
le

ss
 

th
an

 d
ue

 h
ee

d 
to

 t
he

 e
nv

ir
on

m
en

ta
l 

co
ns

eq
ue

nc
es

 i
n 

an
 e

ff
or

t 
to

 a
pp

ea
se

 t
he

 e
m

ot
io

na
l 

ou
tb

ur
st

 (
e.

g.
 C

O
\V

E
L

L
 

an
d 

co
-a

ut
ho

rs
, 

19
79

).
 T

h
e 

ge
ne

ra
l p

ub
li

c 
ca

n 
se

e 
fo

r 
th

em
se

lv
es

 
th

e 
da

m
ag

e 
to

 s
ea

bi
rd

s,
 t

he
 d

ir
ec

t 
to

xi
ci

ty
 o

f o
il 

to
 s

ho
re

 c
re

at
ur

es
, 

th
e 

ph
ys

ic
al

 c
oa

ti
ng

 
of

 b
oa

ts
 a

n
d

 p
ie

rs
, 

da
m

ag
e 

to
 s

an
d,

 r
oc

k,
 r

oc
k 

po
ol

s,
 a

n
d

 s
o 

on
. 

S
in

ce
 a

m
on

g 
th

es
e 

ar
e 

th
e 

pl
ac

es
 i

n 
w

hi
ch

 f
am

il
ia

r 
se

aw
ee

ds
 a

n
d

 a
ni

m
al

s 
liv

e,
 p

eo
pl

e 
ca

n 
re

ad
il

y 
un

de
rs

ta
nd

 
th

e 
di

sr
up

ti
on

 o
f 

fo
od

 c
ha

in
s 

an
d

 t
he

 c
on

ta
m

in
at

io
n 

of
 o

rg
an

is
m

s,
 i

nc
lu

di
ng

 t
ho

se
 u

se
d 

as
 se

af
oo

d.
 B

ut
 i

t m
us

t 
be

 e
m

ph
as

iz
ed

 t
ha

t 
th

is
 a

cc
ou

nt
s 

fo
r 

on
ly

 p
ar

t 
of

 t
he

 d
am

ag
e 

an
d

 
pa

rt
 o

f 
th

e 
oi

l 
sp

il
le

d,
 p

ro
ba

bl
y 

a 
m

in
or

 p
ar

t.
 T

h
e 

to
ta

l 
ha

rm
 i

s 
m

uc
h 

m
or

e 
di

fi
cu

lt
 f

or
 

th
e 

ec
ol

og
is

t 
to

 a
ss

es
s 

an
d

 f
or

 t
he

 n
on

-e
xp

er
t 

to
 g

ra
sp

. 
C

yc
le

s 
of

 li
fe

 i
n 

th
e 

se
a 

an
d 

th
e 

pr
oc

es
s 

of
 o

il 
po

ll
ut

io
n 

ar
e 

bo
th

 d
yn

am
ic

. 
T

im
e 

is
 o

f 
pa

ra
m

ou
nt

 s
ig

ni
fi

ca
nc

e.
 E

ve
n 

if 
oi

l 
is

 p
hy

si
ca

ll
y 

re
m

ov
ed

, 
th

e 
so

lu
bl

e 
an

d
 d

is
pe

rs
ed

 
pa

rt
s 

co
nt

in
ue

 t
o 

im
po

se
 o

n
 o

r 
be

co
m

e 
in

co
rp

or
at

ed
 i

nt
o 

th
e 

fo
od

 w
eb

. 
If

 o
il 

is
 n

ot
 

re
m

ov
ed

 b
ut

 's
im

pl
y 

di
sa

pp
ea

rs
' 

ac
co

rd
in

g 
to

 c
om

m
on

 p
ar

la
nc

e 
it

s 
in

fl
ue

nc
e 

is
 s

im
il

ar
 

bu
t 

m
or

e 
ex

te
ns

iv
e.

 H
ow

 m
uc

h 
of

 t
he

 v
ol

at
il

e 
fr

ac
ti

on
 t

ha
t 

go
es

 i
nt

o 
th

e 
ai

r 
co

m
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 b
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m
ethods should 

be used 
in 

the various habitats but 
also w

hat are the consequent 
dam

ages from
 the m

aterial an
d

 equipm
ent em

ployed and the disturbance thus created. 
It is possible to define and recognize in advance the m

ain aspects of the varying shore 
habitats in the contingency planning (T

able 4
-X

) but 
it nevertheless rem

ains w
orth 

w
hile to consult an expert w

ith local know
ledge of the com

m
unities at risk, not only in 

these easily recognizable places but also in the superficially hom
ogeneous inshore and 

offshore w
aters. B

ecause of their action, dispersants increase the w
ater volum

e and 
seabed area over w

hich the oil is spread. T
his contrasts w

ith sinking agents w
hich give 

rise to high local concentration on the sea floor. 
T

aking a long-term
 view

 the effects of optim
um

 physical rem
oval of oil from

 the sea 
can be expected to reduce the ultim

ate total im
pact of the spill by as m

uch as one-third 
at m

ost. D
ispersants probably alter the ultim

ate distribution of oil betw
een pelagic tar, 

biota, sedim
ent, benthos, and w

ater colum
n, thus varying the total im

pact to w
hich one 

m
ust add their ow

n im
pact in the w

ater colum
n. S

inking agents greatly concentrate oil 
on the bottom

 an
d

 this can either assist o
r inhibit decay, depending on the form

 of the 
aggregates. Inevitably the im

pact is different but not necessarily greater or less than no 
treatm

ent. 
If no action is 

taken 
the spilled oil 

w
ill gradually decay w

ith 
the m

ost 
resistant fractions perpetuating for 1 or a few

 years in the biota and on the seabed. If 
containm

ent or diversion boom
s are used these have essentially localizing or neutral 

effect. 
T

h
e firm

 conclusion, therefore, is that after the initial clam
our has died dow

n there 
are few

 sound environm
ental reasons for clean-up treatm

ent at great expense. O
f the 

m
otives for treatm

ent, conservation of seabirds and preventing the further fouling of 
holiday beaches are the com

m
onest. A

ny beach w
ith seagulls w

ithin a 2-h journey of a 
m

ajor centre such as L
ondon is politically sacrosanct. E

ffective rem
edial action for really 

valuable w
ildlife sanctuaries, m

arine fish and shellfish farm
s, m

angrove sw
am

ps and salt 
m

arshes alm
ost has to be inbuilt to be tim

ely, adequate and, just as im
portant, to avoid 

serious dam
age d

u
e to the operations. 

A
n analogy w

ith a F
ire S

ervice has often been draw
n. T

o
 be accurate, this analogy 

should 
also 

envisage 
the 

provision 
of 

fireguards, 
fire 

extinguishers, 
and 

fire 
escapes-inbuilt 

oil spill rem
edial m

easures for valuable sites-and 
techniques for fight- 

ing prairie an
d

 forest fires should have their m
arine equivalents. 

(e) N
ew

 Ideas on O
il S

pill M
onitoring 

T
h

e Argo 
M

erchanl 
spill report 

represents 
the first breakthrough from

 established 
program

m
es 

based 
on 

the often 
inconclusive 

biology-oriented 
study of population 

change in plankton and benthos to a m
uch m

ore interdisciplinary approach. P
rogress of 

the slick of N
o. 6 F

uel O
il w

as m
apped frequently from

 D
ay 2 to D

ay 13 and the residual 
fragm

ented slick w
as m

arked by a satellite-trackable buoy 4 d later. T
h

e buoy track w
as 

plotted for the subsequent 25 d by w
hich tim

e surface drift had m
oved it 200 m

iles w
est 

of the A
zores Islands (M

A
T

T
S

O
N

, 1978). P
rogress w

as also m
ade tow

ards determ
ining 

subsurface oil drift. P
etroleum

 hydrocarbon concentrations m
arked a high peak of 340 

p
g

 I-' in late D
ecem

ber (ca. 7 to 9 d after initial im
pact) falling to less than 20 pg I-' 

in 
January (ca. 20 d

) an
d

 F
ebruary (ca. 50 d

). In m
ore rem

ote areas, how
ever, concentra- 

tions ranging from
 10 to 100 pg I-' w

ere found in F
ebruary falling to 1 to 50 pg 1

'
 in M

ay 
and 1 to 20 pg I-' 

in A
ugust. 
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 m
an

ua
l 

cl
ea

n-
up
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 p
os

si
bl

y 
m

or
e 

yr
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no

t 
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ry
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ff
ec

tiv
e,

 b
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es
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n 
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F
rom

 D
ecem

ber 1976 to F
ebruary 1977 the shallow

 turbulent w
aters over the N

an- 
tucket shoals is w

ell m
ixed and the prevailing petrogenic hydrocarbon concentration 

(particulate and dissolved) is about 20 p
g

 I-' 
on the basis of T

able 11 of B
O

E
H

M
 and 

co-authors (1 979). 
T

H
U

R
B

E
R

G
 

and co-authors (1978) describe their studies on m
olluscs and fish follow

- 
ing the spill of the A

rgo :M
erchant cargo of N

o. 6 F
uel O

il. G
ill-tissue oxygen consum

ption 
rate of scallops from

 the spill area w
as 594 p1 h

-' 
for sam

ples collected betw
een D

ays 
21 an

d
 27. S

callops from
 an

 adjacent unim
pacted area gave 675 p1 h

-' g-1; in F
ebruary 

(ca. D
ay 

50) scallops 
from

 
previous contam

inated 
and control areas w

ere alike at 
651 pg h

-' g
-l an

d
 654 pg h

-' g-l. January sam
ples of only 2 m

ussels from
 the affected 

area gave 451 pg h
-' 

com
pared to 596 pg h

-' g
-1

 for 6 clean m
ussels. S

erum
 sam

ples 
from

 scallops collected in F
ebruary show

ed sodium
 an

d
 calcium

 ion concentrations to be 
elevated, the potassium

 osm
olality rem

aining unaffected. 
M

alate dehydrogenase activity w
as significantly depressed in scallop m

uscle, lactate 
oxidation w

as low
er, pyruvate reduction activity unchanged and rnalic enzym

e activity 
depressed; all relating to sets of anim

als deep-frozen at sea. S
callops brought back live 

(ca. 3 d
) an

d
 held in clean flow

ing sea w
ater at least partially assum

ed clean condition, 
though lactate oxidation rate rem

ained 20-fold higher than in controls, and pyruvate 
activity w

as depressed. 
B

iochem
ical 

function 
in 

scallops, 
flatfish 

(L
im

anda Jerrugznea, 
Pseudopleuronectes 

am
ericanus), clupeids (Pom

olobus pseudoharenglu and P
, aestivalis), and am

ong the gadoids, 
cod (G

adus m
orhua) and haddock (M

elanogram
m

us aeglejinus) from
 the spill area (F

ebru- 
ary) w

as com
pared to individuals of the sam

e species from
 outside the area (see original 

for sam
pling details). 

T
able 4-36 

S
erum

 m
easurem

ents on blood sam
ples from

 pelagic and dem
ersal fish from

 clean areas and 
areas im

pacted by the Argo iblerchanl oil spill (B
ased on T

H
U

R
B

E
R

G
 

and co-authors, 1978 (T
ables 

4, 5, and 6
)) 

O
sm

olality 
F

ish serum
 

C
/O

 
n

 
(m

 O
sm

 kg-') 
(rneq I-') 

H
erring 

Clupeu harengus 

A
lew

ile 
Pom

olobus p~.eudoharengru 

H
addock 

M
elanopam

m
us aeglejinus 

Y
ellow

tail flounder 
Lim

anda jerrugineu 

W
inter flounder 

Pseudopleuronec~s am
ericanlcs 

C
, C

lean area; 
0

,
 O

il-im
pacted area; 

n, N
um

ber o
fsp

ec~
m

en
s; P, P

ro
b

ab
~

llty
; 

N
S

, N
ot significant; 

N
D

, N
ot determ

ined. 
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 c
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N
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ea
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 c
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80
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 D
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V
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 p
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w
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ra
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in
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20
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 1 
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37

8.
9 
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8.
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n 
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H
H
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ue
 

33
1.

5 
24

5.
5 

31
3.

4 
27

3.
0 

17
2.

2 

 m
ea

n 
A

H
H

 v
al

ue
 

H
ad

do
ck

 

S
er

um
 m

ea
su

re
m

en
ts

 s
ho

w
ed

 n
o 

si
gn

if
ic

an
t d

if
fe

re
nc

es
 f

or
 t

he
 c

lu
pe

id
s.

 F
or

 t
he

 o
th

er
 

gr
ou

ps
 a

ny
 c

ha
ng

e 
of

 v
ar

ia
bl

es
 m

ea
su

re
d 

w
as

 a
 c

on
si

st
en

t 
(b

u
t n

ot
 s

ig
ni

fi
ca

nt
) 

tr
en

d 
to

 
lo

w
er

 o
sm

ol
al

it
y 

le
ve

ls
 

(T
ab

le
 4

-3
6)

. 
T

H
U

R
B

E
R

G
 

an
d

 c
o-

au
th

or
s 

(1
97

8)
 r

eg
ar

d 
th

e 
sc

ar
ci

ty
 o

f s
am

pl
e 

m
at

er
ia

ls
 a

va
il

ab
le

 a
s 

a 
se

ve
re

 li
m

it
at

io
n 

to
 e

st
ab

li
sh

in
g 

th
e 

st
at

is
ti

ca
l 

va
li

di
ty

 o
f 

th
ei

r 
un

iq
ue

 m
ea

su
re

m
en

ts
. 

A
 m

uc
h 

w
id

er
 d

at
a 

ba
se

 i
s 

ne
ed

ed
 t

o 
de

te
rm

in
e 

th
e 

ra
ng

e 
of

 s
pa

ti
al

 a
n

d
 s

ea
so

na
l 

va
ri

ab
il

it
y 

in
 u

nc
on

ta
m

in
at

ed
 a

ni
m

al
s.

 
T

h
e 

po
te

nt
ia

l 
va

lu
e 

of
 b

io
ch

em
ic

al
 c

ha
ra

ct
er

is
ti

cs
 s

ig
na

ll
in

g 
su

bl
et

ha
l 

re
sp

on
se

s 
to

 
ve

ry
 l

ow
 l

ev
el

s 
of

 o
il 

in
 t

he
 o

pe
n 

oc
ea

n 
is

 s
ug

ge
st

ed
 b

y 
th

is
 w

or
k.

 I
t 

ha
s 

be
en

 p
os

it
iv

el
y 

de
m

on
st

ra
te

d 
in

 t
he

 e
nh

an
ce

d 
le

ve
ls

 o
f 

ar
yl

 h
yd

ro
ca

rb
on

 h
yd

ro
xy

la
se

 (
T

ab
le

 4
-3

7)
 in

 3
 

co
m

m
er

ic
al

 
fi

sh
 

sp
ec

ie
s 

(c
od

 G
ad

us
 

m
or

hu
a;

 
w

hi
ti

ng
 M

ei
-la

ng
iu

s 
m

er
la

ng
ic

s;
 

ha
dd

oc
k 

M
el

an
og

ra
m

m
us

 a
gl

ef
in

us
) 

ta
ke

n 
by

 t
ra

w
l 

in
 c

lo
se

 p
ro

xi
m

it
y 

to
 o

ily
 w

at
er

 d
is

ch
ar

ge
s 

fi-
om

 
th

e 
C

or
m

or
an

t,
 B

re
nt

, 
B

er
yl

, 
an

d
 F

or
ti

es
 o

ilf
ie

ld
s 

in
 t

he
 N

or
th

 S
ea

 (
D

A
V

IE
S

 an
d

 c
o-

 
au

th
or

s,
 1

98
1b

).
 

(1
0)

 H
yd

ro
ca

rb
on

s 
an

d 
H

u
m

an
 H

ea
lt

h
 

T
h

er
e 

ar
e 

2 
go

od
 r

ea
so

ns
 f

or
 c

on
si

de
ri

ng
 h

er
e 

hy
dr

oc
ar

bo
ns

 i
n 

re
la

ti
on

 t
o 

h
u

m
an

 
he

al
th

. F
ir

st
ly

, o
il

 p
ol

lu
ti

on
 i

s 
a 

gl
ob

al
 th

re
at

 t
o 

w
hi

ch
 m

an
 is

 p
os

si
bl

y 
m

or
e 

ex
po

se
d 

an
d

 
m

or
e 

vu
ln

er
ab

le
 t

ha
n 

m
ar

in
e 

lif
e 

in
 t

he
 s

ea
. S

ec
on

dl
y,

 t
he

 r
es

po
ns

e 
of

 th
e 

h
u

m
an

 b
od

y 
to
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hydrocarbon exposures m
ay help our understanding of the response of perhaps seabirds 

and m
arine m

am
m

als, if not m
arine organism

s m
ore generally. 

C
onsidering m

an and m
arine anim

als, hydrocarbon intake by ingestion is essentially 
com

parable but it is the lung function in m
an that m

atches gill function in m
ost of the 

larger m
arine anim

als, e.g. fish. 

(a) B
ackground E

xposures 

P
etroleum

 is a characteristic global contam
inant of the past century w

ith dram
ati- 

cally increased inputs of hydrocarbons and com
bustion products. A

 few
 aspects are w

ell 
know

n, especially the hazards of the internal com
bustion engine, but broader historical 

appraisal of the enhanced background and its effects on health are generally not know
n. 

F
ew

 people have ever thought about the hydrocarbons they encounter in everyday 
life. H

ydrocarbons and their com
bustion products are everyw

here. V
apours and com

- 
bustion products are in the air w

e breathe, and hydrocarbons are integral com
ponents of 

crops, anim
als raised for food or captured; this food m

ay be further contam
inated by 

storage, transport, processing, m
arketing, cooking, sources of heat, additives, w

rappings 
and so on. H

ydrocarbons are in rainw
ater supplies and in drinking w

ater m
ade from

 
them

; hence they are in the diet, on the skin and on our clothes. A
dditional sources are in 

cosm
etics, polishes, 

printing 
inks, solvents, paints, fabric finishes, and m

any do-it- 
yourself sport, m

otoring, and dom
estic item

s. It m
ust be about the m

ost difficult thing in 
the w

orld to avoid petrogenic hydrocarbons, and totally im
possible to avoid natural 

hydrocarbons. It is fortunate, therefore, that aller0
 to background hydrocarbons is a 

very rare disorder. 
M

edical I-esponse to backgrourid hydrocarbons has 
been 

highly 
selective, alm

ost 
entirely concerned w

ith a few
 special cases. R

egarding air pollution, traffic fum
es and 

sm
og have com

m
anded attention 

because of their occasional 
or local acute effects. 

T
raffic fum

es can contain high lead levels, carbon m
onoxide, and residual hydrocarbons 

including benz [a] pyrene (B
[a]P

) w
hich give rise to a com

plex of health hazards m
ost 

evident in busy urban centres. S
m

og is a chem
ically m

odified form
 of vehicular pollution 

com
bined w

ith other em
issions w

hich is fam
iliar in som

e southw
estern parts of U

S
A

 and 
in 

M
exico. S

m
og has a range of effects on m

an
, horn eye irritation 

and breathing 
difficulties experienced by a healthy person to severe or even fatal respiratory problem

s 
for the asthm

atic, sick or aged. F
orests and food crops can also be affected. 

N
ot all countries recognize a threat to health from

 hydrocarbons in w
ater supplies. It 

.
 .
 

is difficult to recognize a threat frorn epidem
iological studies on drinking w

ater since oil 
is transient an

d
 com

plex. R
ecently, the E

uropean C
om

m
unity (E

E
C

) has identified a 
need for standards to be set on raw

 w
ater supplies and on drinking w

ater. B
oth total 

hydrocarbons and polycyclic arom
atic hydrocarbons (P

C
A

H
) are considered. T

h
e lim

it 
for hydrocarbon taint on drinking w

ater is not greater than 10 pg I-'. F
urther num

erical 
values from

 the D
irectives are listed inn T

able 4-38. U
nfortunately the chem

ical specifi- 
cation of the hydrocarbons 

to be m
easured 

betrays a half-hearted approach 
to 

the 
enterprise. T

h
e recom

m
ended chem

ical m
ethodology for dissolved or em

ulsified hyd- 
rocarbons is non-specific regarding the contribution of groups such as alkanes, arorna- 
tics or P

C
A

H
 and probably bears little relation to taint and no relationship to health 

hazard. T
h

e m
ethodology for P

C
A

H
 is som

ew
hat m

ore specific but it does not venture 
to get to grips w

ith the real health problem
 by avoiding strict identification and quantifi- 
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a)

 su
rf

ac
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w
d

te
r 

in
te

nd
ed

 I
or

 t
he

 a
hs

tr
ac

~i
on

 of
 d

ri
nk

in
g 

w
at

er
; 

(b
) 

dr
in

ki
ng

 w
at

er
. A

ll 
un

its
 a

re
 k
g 

I-
'; 

C
L

: g
ui

de
lin

e 
le

ve
l; 

M
A

C
: m

ax
im

um
 a

dm
is

si
bl

e 
co

nc
en

- 
11

-a
tio

n (
B

as
ed

 o
n 
E
E
C
 D

ir
ec

tiv
es
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5/
44
0/
EE
C,
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 J
un

e,
 1

97
5 

an
d

 8
0/
77
8/
EE
C,
 15

 Ju
ly

, 
19
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A
 l

 
A
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A
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(a

) 
W

at
er

 T
or 

ab
st

ra
ct
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D
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so
lv

ed
 o

r 
em

ul
si

fie
d 

hy
dr

oc
ar
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af
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r 

ex
tr
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tio

n 
by

 p
et

ro
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um
 e
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er

) 
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0.
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0.
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(b
) 

D
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g 
w
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G

L
 

M
A
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D
is

so
lv

ed
 o

r 
em

ul
si

fie
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dr

oc
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bo
ns
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af
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r 

ex
tr

ac
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n 
by

 p
et
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le
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 e

th
er
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N
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 s
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ci

fie
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Po
ly

cy
cl

ic
 a

ro
m
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ic

 h
yd

ro
ca
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on

s 
N

ot
 s

pe
ci

fie
d 

0.
2 

* 
Su

gg
es

te
d 

tr
ea

tm
en

t 
op

ti
on

s 
(f

or
 d

et
ai

ls
 c

on
su

lt 
or

ig
in

al
) 

A
 I

: 
C

O
 b

e 
tr

ea
te

d 
by

 r
ap

id
 f

il
tr

at
io

n 
an

d 
di

si
nf

ec
tio

n;
 

A
 2

: 
to

 b
e 

[r
ea

re
d 

by
 p

re
-c

hl
or

in
at

io
n,

 c
oa

gu
la

tio
n,

 fl
oc

cu
la

ti
on

, 
d

ec
an

~
at

io
n

, fi
lt

ra
ti

on
, 

an
d 

d~
si

nf
ec

ti
on

; 
A

 3
: 

to
 b

e 
tr

ea
te

d 
by

 c
hl

ol
-i

na
ri

on
 to

 b
re

ak
po

in
t, 

co
ag

ul
at

io
n,

 I
lo

cc
ul

ar
~o

n,
 de

ca
nt

at
io

n,
 f

il
tr

at
io

n,
 a

ds
or

pt
io

n 
on

 a
ct

i\
.a

re
d 

ca
rb

on
, 

di
si

nf
ec

ti
on

. 

ca
ti

on
 o

f 
re

co
gn

iz
ed

 c
ar

ci
no

ge
ns

. 
N

o 
at

te
m

pt
 i

s 
m

ad
e 

to
 c

at
eg

or
iz

e 
in

 a
ny

 w
ay

 t
he

 
pe

tr
og

en
ic

 a
n

d
 b

io
ge

ni
c 

co
m

po
ne

nt
s.

 
In

 m
ed

ic
al

 h
ea

lt
h 

te
rm

s,
 t

he
 m

on
it

or
in

g 
ex

er
ci

se
 i

s 
pu

re
ly

 p
ol

it
ic

al
 a

n
d

 o
f 

no
 p

os
it

iv
e 

va
lu

e.
 I

t 
is

 s
el

do
m

 p
ub

li
ci

ze
d 

th
at

 '
fo

od
 g

ra
de

 m
in

er
al

 h
yd

ro
ca

rb
on

s'
 a

re
 c

us
to

m
ar

y 
ad

di
ti

ve
s 

(a
du

lt
er

an
ts

) 
to

 a
 r

an
ge

 o
f 

fo
od

st
uf

fs
 c

om
m

on
ly

 a
n

d
 w

id
el

y 
us

ed
, 

su
ch

 a
s 

or
an

ge
s 

an
d 

ot
he

r 
ci

tr
us

 f
ru

it
s,

 d
ri

ed
 f

ru
it

s,
 c

on
fe

ct
io

ne
ry

, c
he

w
in

g 
g

u
m

 (
60

%
),

 ri
nd

 o
f 

pr
oc

es
se

d 
ch

ee
se

, 
an

d 
pr

es
er

ve
d 

eg
gs

. 
S

om
et

im
es

 t
he

se
 h

yd
ro

ca
rb

on
s 

ar
e 

re
je

ct
ed

 i
n 

pr
ep

ar
in

g 
th

e 
fo

od
 

(o
n 

sk
in

s,
 s

he
ll

s,
 

et
c.

) 
bu

t 
fo

r 
ot

he
r 

it
em

s 
th

e 
hy

dr
oc

ar
bo

ns
 a

re
 c

on
su

m
ed

. 
O

n
e 

of
 t

he
 m

aj
or

 s
ou

rc
es

 o
f 

B
[a

]P
 i

s 
m

ed
ic

in
al

 p
ar

af
fi

n 
if 

us
ed

 h
ab

it
ua

ll
y 

as
 a

 l
ax

at
iv

e.
 T

h
er

e 
ar

e 
pr

ec
is

e 
st

an
da

rd
s 

fo
r 

P
C

A
H

s 
in

 f
oo

d 
gr

ad
e 

m
in

er
al

 h
yd

ro
ca

rb
on

 b
ut

 n
ev

er
th

el
es

s 
th

es
e 

ad
di

ti
ve

s 
ar

e 
po

te
nt

ia
ll

y 
ca

pa
bl

e 
of

 e
xc

ee
di

ng
 a

ll 
ot

he
r 

no
rm

al
 d

ie
ta

ry
 P

C
A

H
 i

nt
ak

es
 i

n 
pr

ep
ar

ed
 

na
tu

ra
l 

fo
od

st
uf

fs
. 

(B
as

ed
 o

n 
U

K
 S

ta
tu

to
ry

 I
ns

tr
um

en
t 

(1
96

6)
 N

o.
 

10
73

 F
oo

d 
an

d
 

D
ru

gs
, 

C
om

po
si

ti
on

. 
T

h
e 

M
in

er
al

 H
yd

ro
ca

rb
on

s 
in

 F
oo

d 
R

eg
ul

at
io

n,
 1

96
6.

) 
F

ew
 c

ou
nt

ri
es

 h
av

e 
le

gi
sl

at
io

n 
re

la
ti

ng
 t

o 
hy

dr
oc

ar
bo

n 
co

nt
am

in
at

io
n 

of
 f

oo
d 

an
d

 
fo

od
st

uf
fs

. 
A

n 
of

te
n 

qu
ot

ed
 g

ui
de

li
ne

 o
f 

un
ce

rt
ai

n 
au

th
or

it
y 

is
 t

ha
t 

fo
od

 t
ha

t 
is

 n
ot

 
ta

in
te

d 
w

it
h 

oi
l 

to
 th

e 
ex

te
nt

 t
ha

t 
it

 is
 u

na
cc

ep
ta

bl
e 

is
 n

ot
 l

ik
el

y 
to

 b
e 

ha
rm

fu
l.

 T
ai

nt
in

g 
of

 fo
od

 h
as

 t
hr

es
ho

ld
 l

im
it

s 
fo

r 
pe

rc
ep

ti
on

 a
n

d
 f

or
 r

ej
ec

ti
on

 a
s 

un
ac

ce
pt

ab
le

 w
hi

ch
 v

ar
y 

w
it

h 
th

e 
in

di
vi

du
al

 a
nd

 c
an

 b
e 

de
ve

lo
pe

d 
w

it
h 

tr
ai

ni
ng

. 
O

il
y 

ta
in

t 
va

ri
es

 i
n 

in
te

ns
it

y 
w

it
h 

th
e 

na
tu

re
 o

f 
th

e 
hy

dr
oc

ar
bo

n 
an

d 
it 

is
 h

el
d 

th
at

 c
er

ta
in

 s
ul

ph
ur

- 
an

d 
ni

tr
og

en
- 

co
nt

ai
ni

ng
 h

yd
ro

ca
rb

on
s 

ha
ve

 t
he

 h
ig

he
st

 f
la

vo
ur

 o
r 

sm
el

l. 
F

or
 c

ru
de

 o
il

s 
th

e 
lo

w
er

 l
im

it
 

fo
r 

a 
de

te
ct

ab
le

 t
ai

nt
 is

 in
 t

he
 r

eg
io

n 
of

 1
0 

to
 5

0 
m

g
 k

g-
' 

fr
es

h 
w

ei
gh

t 
fi

sh
: 

th
e 

up
pe

r 
li

m
it

 
of

 a
cc

ep
ta

bi
li

ty
 h

as
 n

ot
 b

ee
n 

st
ud

ie
d 

bu
t 

is
 p

ro
ba

bl
y 

be
lo

w
 I

 g
 k

g-
'. 

M
os

t 
re

po
rt

s 
of

 
un

ac
ce

pt
ab

le
 t

ai
nt

 i
n 

m
ar

in
e 

fi
sh

es
 r

el
at

e 
to

 t
he

 m
ul

le
t 

w
hi

ch
 i

s 
ch

ar
ac

te
ri

st
ic

al
ly

 a
 

ha
rb

ou
r 

an
d

 in
sh

or
e 

sp
ec

ie
s 

li
vi

ng
 n

ea
r 

th
e 

co
as

tl
in

e,
 a

n
d

 s
pr

at
s 

an
d

 h
er

ri
ng

 w
hi

ch
 h

av
e 

a 
pa

rt
ic

ul
ar

ly
 h

ig
h 

li
pi

d 
co

nt
en

t a
n

d
 t

ur
no

ve
r.

 A
ll 

th
es

e 
sp

ec
ie

s 
fe

ed
 n

ea
r 

th
e 

su
rf

ac
e.

 I
n
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EN
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. JO

H
N

ST
O

N
) 

addition to taint acquired through food organism
s and w

ater, fish of all species can also 
becom

e tainted in the event of an
 oil spill from

 contact w
ith an

 oil slick or oiled fishing 
gear, or on the deck of the vessel. 

(b
) C

arcinogens from
 M

arine S
ources 

T
h

e influence on m
an of the hydrocarbons in sea w

ater and in seafoods has conven- 
tionally been focused entirely on carcinogens, usually B

[a]P. W
e d

o
 not know

 if this is an 
adequate basis of assessm

ent. C
H

A
N

D
L

E
R

 
(1973) estim

ated that som
e 7500 kg of B

[a]P 
w

as discharged into the sea annually from
 petrogenic sources but \>V

ILSO
N

 (1974) put 
this figure nearer 750 tons. N

either figure includes the potential carcinogenic input from
 

m
arine sources an

d
 the processes of hydrocarbon decay and rearrangem

ent, nor d
o

 they 
take into account the breakdow

n and eventual m
ineralization ofcarcinogens w

hich m
ust 

also take place. P
olycyclic arom

atic hydrocarbons have been identified in various shellfish 
an

d
 can be expected to occur m

ore w
idely; the concentrations found or expected are 

little different from
 those in foodstuffs from

 land or fresh w
ater (K

IN
G

 1977). T
here are 

indications that P
C

A
H

 m
ay be substantially enhanced in shellfish from

 areas chroni- 
cally exposed to oil pollution by discharges and dum

ping. A
part from

 know
n areas of oil 

pollution 
there is considerable uncertainty about validity of m

any of the published 
analyses for B

[a]P and other P
C

A
H

 (B
L

U
M

E
R

, 1971). T
h

e uncertainties stem
 both from

 
lack of specificity and inadequate quantification 

in m
any analyses using older tech- 

niques and im
pure reference m

aterials. A
s a result m

uch is unclear not only about B[a]P 
and P

C
A

H
 but also the role of long-lived hydrocarbons and residues generally. T

h
is 

uncertainty cannot be resolved w
ithout dedicated research using the very best analyti- 

cal, biochem
ical, an

d
 physiological techniques to determ

ine not only occurrence and risk 
to m

an but also turnover and the influence of pulses of high hydrocarbon input from
 oil 

spills. 
A

part from
 

rather vague associations betw
een 

neoplasm
s, carcinom

as, and m
ore 

general pathobiological sym
ptom

s in fish and shellfish and the dem
onstrable presence of 

dom
estic and industrial pollution, there is little firm

 evidence on specific causal effects 
attributable to hydrocarbons in the sea or the occasion of crude-oil spills. S

tudies on 
areas of oily w

ater input, natural oil seeps, and refinery em
uents have not convincingly 

established enhanced occurrence of neoplastic diseases. 
M

ost authorities agree that one should avoid all contacts w
ith enhanced levels of 

benzpyrene an
d

 other carcinogens and that responsible authorities should take steps to 
control, an

d
 w

herever possible reduce, entry of polycyclic arom
atic hydrocarbons into 

the environm
ent including the m

arine environm
ent. 

(c) H
igh-L

evel E
xposure 

H
ydrocarbons in w

ide variety are encountered in w
ork situations such as in the oil 

industry, engineering, vehicular transport, painting and paint m
anufacture, industrial 

cleaning, etc., and as lubricants and heating fuels in m
any w

orkplaces. 
E

ffects on m
an depend on the frequency, degree, and m

anner of exposure to vapours 
and liquids. S

ym
ptom

s range from
 m

ild tem
porary effects to perm

anent disablem
ent. 

F
atalities can arise in severe cases from

 both acute and chronic exposures. T
here is 

am
ple experience on the toxicology of the com

m
on products kerosene, m

ineral oils, 



T
H

E
 C

O
ST

S 
O

F
 O
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 P

O
LL

U
TI

O
N

 

di
es

el
 o

il
, 

na
ph

th
a,

 p
et

ro
le

um
 e

th
er

 a
nd

 p
ai

nt
 t

hi
nn

er
s.

 S
uc

h 
li

qu
id

 h
yd

ro
ca

rb
on

s 
ar

e 
fa

t s
ol

ve
nt

s 
an

d 
al

te
r 

th
e 

fu
nc

ti
on

 o
f 

ne
rv

es
 to

 p
ro

du
ce

 d
ep

re
ss

io
n,

 c
om

a,
 a

nd
 s

om
et

im
es

 
co

nv
ul

si
on

s.
 D

ir
ec

t 
as

pi
ra

ti
on

 i
nt

o 
th

e 
lu

ng
s 

du
ri

ng
 i

ng
es

ti
on

 c
au

se
s 

pu
lm

on
ar

y 
ir

ri
ta

- 
ti

on
 

as
 d

oe
s 

as
pi

ra
ti

on
 d

ur
in

g 
\:o

m
iti

ng
. 

A
cu

te
 

po
is

on
in

g 
gi

ve
s 

ri
se

 
to

 
pu

lm
on

ar
y 

oe
de

m
a,

 b
ro

nc
hi

al
 p

ne
um

on
ia

, 
ga

st
ro

in
te

st
in

al
 i

rr
it

at
io

n 
an

d 
ot

he
r 

co
nd

it
io

ns
. 

P
ro

lo
ng

ed
 i

nh
al

at
io

n 
of

 h
ig

h 
co

nc
en

tr
at

io
ns

 c
au

se
s 

de
ge

ne
ra

ti
ve

 c
ha

ng
es

 i
n 

th
e 

li
ve

r 
an

d 
ki

dn
ey

s 
an

d 
hy

pe
rp

la
si

a 
of

 t
he

 b
on

e 
m

ar
ro

w
. 

It
 w

as
 r

ep
or

te
d 

in
 t

he
 l

oc
al

 p
re

ss
 a

nd
 b

y 
w

it
ne

ss
es

 t
ha

t 
pe

op
le

 l
iv

in
g 

in
 t

he
 n

ea
r 

vi
ci

ni
ty

 o
f 

th
e 

Am
oc

o 
C

ad
lt

 o
il 

sp
il

l a
nd

 t
ho

se
 i

nv
ol

ve
d 

in
 c

le
an

-u
p 

op
er

at
io

ns
 e

xp
er

ie
nc

ed
 

di
zz

in
es

s,
 h

ea
da

ch
e,

 a
nd

 n
au

se
a 

du
ri

ng
 t

he
 e

ar
ly

 s
ta

ge
s 

of
 t

he
 s

pi
ll

. 
B

en
ze

ne
, 

to
lu

en
e,

 
an

d 
xy

le
ne

 
ar

e 
co

m
m

on
 

in
gr

ed
ie

nt
s 

of
 

ad
he

si
ve

s 
an

d 
pl

as
ti

c 
ce

m
en

ts
, 

an
d 

to
lu

en
e 

is 
th

e 
us

ua
l 

so
lv

en
t 

us
ed

 f
or

 g
lu

e 
sn

if
fi

ng
. T

h
e 

to
xi

ci
ty

 o
f 

be
nz

en
e 

fo
r 

hu
m

an
 b

ei
ng

s 
is

 a
ro

un
d 

0.
2 

g 
kg

-'
 b

od
y 

w
ei

gh
t 

an
d 

fo
r 

to
lu

en
e 

an
d 

xy
le

ne
 0

.5
 to

 1
 g

 
kg

-'
. 

In
 la

rg
e 

am
ou

nt
s,

 a
ro

m
at

ic
 h

yd
ro

ca
rb

on
s 

de
pr

es
s 

th
e 

ce
nt

ra
l 

ne
rv

ou
s 

sy
st

em
 a

nd
 

on
 r

ep
ea

te
d 

ex
po

su
re

s 
de

pr
es

s 
bo

ne
 m

ar
ro

w
 f

un
ct

io
ns

. 
T

h
e 

ef
fe

ct
s 

of
 s

in
gl

e 
ac

ut
e 

do
se

s 
fr

om
 g

lu
e 

sn
if

fi
ng

, i
nh

al
at

io
n 

o
r 

in
ge

st
io

n 
of

 h
y

d
re

 
ca

rb
on

s 
by

 a
cc

id
en

t 
or

 d
es

ig
n,

 r
an

ge
 f

ro
m

 d
iz

zi
ne

ss
, 

eu
ph

or
ia

, 
na

us
ea

 a
n

d
 s

ta
gg

er
in

g 
as

 a
 r

es
ul

t 
of

 m
il

d 
ex

po
su

re
 t

o 
tr

em
or

s,
 p

ar
al

ys
is

, 
vi

ol
en

t 
ex

ci
te

m
en

t 
or

 d
el

ir
iu

m
 a

n
d

 
un

co
ns

ci
ou

sn
es

s 
in

 s
ev

er
e 

ca
se

s 
an

d 
ki

dn
ey

 d
am

ag
e 

m
ay

 r
es

ul
t.

 
C

hr
on

ic
 e

xp
os

ur
e 

us
ua

ll
y 

in
 a

 w
or

k 
si

tu
at

io
n 

ha
s 

si
m

il
ar

 in
it

ia
l 

ef
fe

ct
s 

le
ad

in
g 

in
 t

im
e 

to
 a

na
em

ia
, p

et
ec

hi
ae

, a
nd

 a
bn

or
m

al
 b

le
ed

in
g.

 C
hr

on
ic

 e
xp

os
ur

e 
to

 b
en

ze
ne

 c
an

 le
ad

 t
o 

an
ae

m
ia

 a
n

d
 c

om
pl

et
e 

at
ax

ia
 o

f 
th

e 
bo

ne
 m

ar
ro

w
. 

T
h

e 
fa

ta
l 

do
se

 o
f 

na
ph

th
al

en
e 

is
 2

 g
 k

g-
'; 

le
ss

 f
or

 y
ou

ng
 c

hi
ld

re
n.

 N
ap

ht
ha

le
ne

 c
an

 
ca

us
e 

ha
em

ol
ys

is
 a

nd
 k

id
ne

y 
da

m
ag

e 
fo

r 
se

ve
re

 e
xp

os
ur

es
; 

th
e 

ea
rl

ie
r 

sy
m

pt
om

s 
in

cl
ud

e 
na

us
ea

, 
vo

m
it

in
g,

 o
li

gu
ri

a,
 c

om
a,

 a
n

d
 c

on
vu

ls
io

ns
 (

B
R

E
IS

B
A

C
H

, 19
80

).
 

T
h

u
s 

th
e 

re
sp

on
se

 o
f 

m
an

 t
o 

hi
gh

 l
ev

el
s 

is
 n

ot
 u

nl
ik

e 
th

e 
re

sp
on

se
s 

of
 s

ea
bi

rd
s,

 
m

am
m

al
s 

an
d 

ot
he

r 
an

im
al

s 
of

 t
he

 s
ea

. 
T

h
e 

pa
th

w
ay

s 
of

 h
yd

ro
ca

rb
on

s,
 i

nc
lu

di
ng

 m
od

e 
of

 e
nt

ry
 a

nd
 t

ra
ns

po
rt

, 
be

tw
ee

n 
or

ga
ns

 a
nd

 t
is

su
es

 h
av

e 
m

an
y 

si
m

il
ar

it
ie

s 
an

d 
th

e 
un

de
rl

yi
ng

 b
io

ch
em

is
tr

y 
ha

s 
m

uc
h 

in
 

co
m

m
on

. T
h

u
s 

in
 l

oo
ki

ng
 a

t 
hy

dr
oc

ar
bo

ns
 a

nd
 h

um
an

 h
ea

lt
h 

it 
ha

s 
be

en
 p

os
si

bl
e 

on
ly

 
to

 c
on

fi
rm

 t
ha

t 
ou

r 
un

de
rs

ta
nd

in
g 

of
 t

he
 e

ff
ec

ts
 o

f 
ba

ck
gr

ou
nd

 e
xp

os
ur

e 
to

 m
an

 a
nd

 t
o 

th
e 

m
ar

in
e 

bi
ot

a 
in

 t
he

ir
 s

ep
ar

at
e 

do
m

ai
ns

 l
ea

ve
 m

uc
h 

un
ex

pl
or

ed
; 

bu
t 

w
it

h 
re

ga
rd

 t
o 

hi
gh

er
 l

ev
el

s 
of

 a
cu

te
 o

r 
ch

ro
ni

c 
ex

po
su

re
 t

he
 f

in
di

ng
s 

ar
e 

m
ut

ua
ll

y 
re

in
fo

rc
in

g 
to

 a
 

re
as

su
ri

ng
 d

eg
re

e.
 

(1
 1)

 T
h

e 
C

o
st

s 
of
 O

il
 P

ol
lu

ti
on

 

(a
) 

D
am

ag
e 

T
he

re
 a

re
 t

he
 u

nk
no

w
n 

tr
ue

 e
nv

ir
on

m
en

ta
l 

co
st

s 
of

 a
n

 o
il 

sp
il

l 
an

d
 t

he
 l

eg
al

 a
ss

es
s-

 
m

en
ts

 o
fd

am
ag

e 
w

hi
ch

 c
an

 b
e 

ca
te

go
ri

ze
d 

an
d 

tr
an

sl
at

ed
 i

nt
o 

fi
na

nc
ia

l 
te

rm
s 

in
 c

ou
nt

- 
le

ss
 d

if
fe

re
nt

 w
ay

s;
 w

it
h 

fi
ng

er
s 

cr
os

se
d 

th
ey

 m
ig

ht
 s

om
et

im
es

 b
e 

eq
ua

l.
 M

or
e 

of
te

n 
th

an
 

no
t 

th
es

e 
as

se
ss

m
en

ts
 a

re
 b

as
ed

 o
n 

ph
il

os
op

hi
ca

l 
de

ci
si

on
s 

su
ch

 a
s 

: 
'W

ho
 o

w
ns

 t
ha

t 
oi

le
d 

se
ab

ir
d?

' a
nd

 v
al

ue
 d

ec
is

io
ns

 s
uc

h 
as

 'W
ha

t 
is

 i
ts

 m
ar

ke
t v

al
ue

?'
 D

am
ag

e 
va

lu
at

io
n 

va
ri

es
 g

re
at

ly
 d

ep
en

di
ng

 o
n

 s
ta

nd
po

in
t a

n
d

 s
el

f-
in

te
re

st
, a

n
d

 s
om

et
im

es
, q

ui
te

 b
la

ta
nt

ly
, 

'H
ow

 m
uc

h 
ca

n 
I 

m
ak

e 
ou

t 
of

 i
t?

' 
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In
 the lim

ited 
realm

 of m
arine oil pollution 

the follow
ing 

list picked 
out of one 

publication (A
P

I, 1979) cannot claim
 to be exhaustive. A

ttributable dam
ages in relation 

to oil spills have been considered in relation to legal expenses, research expenditure, fish 
an

d
 shellfish farm

ing, com
m

ercial fisheries, hum
an health, agriculture, seaw

eeds, all 
kinds of m

arine organism
s from

 w
orm

s to m
angrove trees, com

m
ercial and pleasure 

craft, docks, w
harves, public and private properties, sand dunes, beach sand, driftw

ood, 
tourist industry, sport fishing, birdw

atching, and clean-up costs. S
om

eone forgot the 
cost of the tanker an

d
 its cargo. In

 addition there are the intangible costs of, say, the 
d

ro
p

 in the m
arket value of fish from

 a certain area because the catch m
ay be tainted or 

'unhealthy' d
u

e to an
 oil spill. 

N
ot surprisingly, all sorts of legislation have been concocted to attem

pt to form
ulate 

rules for assessing dam
age, an

d
 som

e of these have led to quite farcical im
plem

entation. 
S

om
e im

pression of the various costs to oil polluters, couched in a variety of term
inology 

are show
n in T

ab
le 4-32 already presented. H

ow
 these costs w

ere arrived at w
ould fill a 

book. T
h

e schem
es suggested range from

 tacit agreem
ent, various form

s of licence or 
assurance, 'dollar-per gallon-rough justice' and the m

eticulous counting of oily corpses 
of m

arine anim
als all double checked for identity and priced 

individually m
ale and 

fem
ale, juvenile an

d
 adult w

ith an
d

 w
ithout eggs. 

T
h

e
 latter fully elaborated system

 is at present in som
eone's pending tray but the 

S
tate of C

alifornia has succeeded in getting close to this system
. A

ccording to D
U

B
IE

L
 

(1979, w
ho m

ay
 bejoking) the S

tate legislation allotvs for punitive dam
ages for the w

ilful 
destruction ofanim

als an
d

 dam
ages to the personal property of the S

tate. B
ecause of the 

am
ount ofw

ork in assessing each individual oil spill in its ow
n unique habitat, com

plete 
lists of anim

als in the inshore environm
ent have been developed. T

h
e

 prices are kept 
current an

d
 reflect the present state ofinflation. F

or one oil spill this price list w
as a book 

2.5 cm
 thick. T

h
e price list has evolved from

 the dealer catalogues for biological speci- 
m

ens (live o
r d

ead
, not stated). W

hen a spill occurs dozens of biologists com
b the area to 

count the d
ead

 an
d

 dying organism
s an

d
 on the basis of these sam

ples and baseline 
populations each species is costed individually according to the estim

ate of the num
ber 

killed. T
o

 this am
ount is added the num

bers rem
oved or killed in carrying aw

ay oiled 
sand o

r debris o
r other clean-up side effects an

d
 also the psychic value of those losses not 

im
m

ediately quantifiable. 
S

and (in 1978) w
as charged at $I I 

per cubic yard, an
d

 
driftw

ood (priced as firew
ood) at $35 per cord. D

am
age to birds w

as found to be difficult 
to assess as stuffed specim

ens only had been m
arketed. 

A
dd to this an injunctive action for replacem

ent of all dam
aged anim

als so that if the 
polluter contests the cost of an

 anim
al he can elect to replace it. P

resum
ably the S

tate of 
C

alifornia w
ill use the dam

ages to purchase specim
ens and replace them

 in their habitat. 
It has been found difficult to replace barnacles an

d
 lim

pets. 
In

 the case of the Zoe Colocotroni oil spill, settled in P
uerto R

ico in 1978, on this basis, 
the cost Lbr d

am
ag

e to anim
als am

ounted to $5,526,583. In
 the S

anta B
arbara oil spill, 

sand an
d

 driftw
ood 

w
ere actually costed w

ith extra charges for transportation 
and 

replacem
ent. C

ounts w
ere m

ade of m
any anim

als rem
oved in the oil) beach m

aterial 
including sand crabs from

 w
hich totals w

ere estim
ated and charged accordingly. In all, 

the docum
ents subm

itted as prosecution evidence totalled 
10,000 for this case. 

T
h

e putative 
re

a
so

n
in

g
 behind this crazy m

ethod of assessing dam
ages and even 

crazier idea of restoration is that only a m
ethod established on real term

s is acceptable. 
T

h
e U

S
 legal tradition is that dam

ages, including environm
ental injury, be gauged in 

dollars an
d

 cents w
hether o

r not this m
akes sense. 
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spaw
ning area. T

h
e extent of interaction depends on the relative siting of oil spill an

d
 

spaw
ning an

d
 the effect of w

ind in prom
oting differential advection and vertical m

ixing. 
T

h
e introduction of oil dispersant interaction could not be adequately resolved w

ith this 
m

odel. 
A

gain the real w
orld distribution of oil and eggsllarvae w

ould not be as sm
ooth as in 

the m
odel 

and the interaction of patches of oil and patches of larvae could not 
be 

assessed. H
ence if the m

odel (of field sam
pling) had been used as a basis for assessing 

dam
ages a considerable num

ber of large errors could not have been elim
inated. 

T
h

e O
rganization for E

conom
ic C

ooperation an
d

 D
evelopm

ent (O
E

C
D

) has attem
p- 

ted to (i) appraise the cost of m
aking structural m

odifications to part of the existing 
w

orld tanker fleet in order to elim
inate oil discharge from

 tank w
ashing; (ii) estim

ate the 
resulting reduction in oily w

ater discharges; (iii) assess the likely environm
ental benefit 

in relation to am
enity and the short-term

 an
d

 long-term
 effects on m

arine life, including 
com

m
ercial dem

ersal fish species U
U

H
A

S
Z

, 1979). JU
H

A
S

Z
 found that oil pollution due to 

oil tankers in 3 selected areas (N
ew

 Y
ork B

ight, southw
est coast of W

ales, northeast 
coast of S

cotland) had no effect on shore am
enity; in consequence, any reduction could 

have no detectable effect. 
U

sing average dem
ersal fish landings by U

K
 vessels for an area of the northern N

orth 
S

ea and a m
odel of N

orth S
ea oil tanker traffic grow

th, w
ith and w

ithout the introduc- 
tion of segregated ballast tankers, com

puter sim
ulations indicated no direct hazard to 

fish o
r via plankton and the food ch

ain
.Ju

H
~

S
Z

 qualified this conclusion by em
phasizing 

the inadequacy of know
ledge of short-term

 hydrocarbon effects on aquatic organism
s 

com
bined w

ith uncertainty in the predicted oil concentrations. C
onsiderable doubt also 

attached to the adaptability of organism
s to sustained enhanced exposure. T

here w
ere 

great errors in predicting the severity of beach pollution. T
h

e overall conclusion w
as that 

the costs of m
odification to the tankers w

ould not be offset by benefits to the environ- 
m

ent. H
ow

ever, from
 the m

agnitudes of the predicted reductions in oil loss, the study did 
suggest that m

ajor oil spills m
ight product effects of significant econom

ic im
portance. 

(b
) C

osts to F
isherm

en and F
isheries 

O
il spills vary greatly in frequency and size. T

his w
as taken into account by JO

H
N

- 
STO

N
 (1977) in his m

odel of the average annual cost of N
orth S

ea oil spills to N
orth S

ea 
fisheries. T

h
e costings (for 1976) are based on an annual input of 15,000 tons. S

hort-term
 

interaction is regarded under 3 sub-heads: (i) toxicity due to fresh crude oil; (ii) inhibi- 
tion of phytoplankton photosynthesis by volatile fractions (m

odel: pentane); (iii) inhibi- 
tion of phytoplankton photosynthesis by less volatile fractions (m

odel: octane); (iv) 
m

ortalities of fish eggs an
d

 larvae. 
T

h
e m

odel 
substances pentane 

and 
octane w

ere 
chosen 

on 
the basis 

of know
n 

n-alkane occurrence and toxicity; m
ore toxic m

odels such as benzene and m
ethyl naph- 

th
alen

e~
, now

 established as m
ore im

portant pollutants, w
ould lead to higher costs to 

the environm
ent. Z

ooplankton findings based on enclosed ecosystem
 experim

ents w
ould 

also increase this item
 in the estim

ate. 
L

ong-term
 interactions are m

any: sm
othering, attachm

ent to oil globules, lethal con- 
tam

ination, dam
age to grow

th and reproduction are all regarded as slow
 processes in 

w
hich oil is carried to the bottom

. A
n arbitrary low

 rate w
as adopted for this collection 

of processes. 
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en
t 

fi
sh

 l
os

s 
du

e 
to

 s
ho

rt
-t

er
m

 p
ro

du
ct

iv
it

y 
lo

ss
. 

(i
ii

) 
E

qu
iv

al
en

t 
fi

sh
 l

os
s 

du
e 

to
 p

ro
tr

ac
te

d 
pr

od
uc

ti
vi

ty
 l

os
s.

 
(i

v)
 

E
qu

iv
al

en
t 

fis
h 

lo
ss

 d
ue

 to
 l

os
se

s 
of

 f
is

h 
eg
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 a

nd
 l

ar
va

e.
 

(v
) 

E
qu

iv
al

en
t 

fis
h 

lo
ss

 d
ue

 t
o 

m
ul

ti
pl

e 
lo

ng
-t

er
m

 e
ff

ec
ts

. 
A

nn
ua

l 
m

ea
n 

to
ta

l 
fis

h 
eq

ui
va

le
nt

 =
 5

81
.5

 t
on

s 
19

76
 v

al
ue

 =
 £

71
,7

57
 

H
en

ce
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ve
ra

ge
 e

nv
ir

on
m

en
ta

l 
co

st
 i

s 
£5

 p
er

 t
on
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f 
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l 
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il

le
d.

 
In

 d
is
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te

r 
ye

ar
 w
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n 

40
0,

00
0 

to
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 m

ea
n 

is
 s

pi
ll

ed
, 

th
e 

w
ei

gh
t 

of
eq

ui
va

le
nt

 f
is

h 
lo

st
 i

s 
15

,3
28

.5
 to

ns
. 

l9
76

 v
al

ue
 =

 £
 1

.9
 m

il
li

on
. 

T
h

e 
m

od
el

 i
s 

si
m

pl
e 

an
d 

ut
il

iz
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al

ue
s 

av
ai

la
bl

e 
at

 t
ha

t 
ti

m
e 

fo
r 

th
e 

to
xi

ci
ty

 o
f o

il 
an

d
 

th
e 

in
hi

bi
ti

on
 o

f 
'-!C

O
, 

up
ta

ke
 b

y 
na

tu
ra

l 
ph

yt
op

la
nk

to
n 

by
 p

en
ta

ne
 a

n
d

 o
ct

an
e.

 L
os

se
s 

of
 p

hy
to

pl
an

kt
on

 a
nd

 z
oo

pl
an

kt
on

 w
er

e 
co

nv
er

te
d 

in
to

 lo
ss

es
 o

f 
fi

sh
 u

si
ng

 c
on

ve
nt

io
na

l 
fa

ct
or

s 
an

d 
co

st
ed

 a
s 

av
er

ag
e 

co
m

m
er

ci
al

 s
pe

ci
es

. 
T

h
e 

ca
lc

ul
at

io
ns

 h
av

e 
be

en
 r

eo
rg

an
iz

ed
 f

ro
m

 t
he

 o
rg

in
al

 i
n 

T
ab

le
 4

-3
9 

an
d 

ha
ve

 b
ee

n 
in

de
pe

nd
en

tl
y 

ch
ec

ke
d.

 T
h

e 
eq

ui
va

le
nt

 f
is

h 
va

lu
es

 f
or

 1
98

1 
w

ou
ld

 b
e 

at
 l

ea
st

 d
ou

bl
e 

th
os

e 
qu

ot
ed

. 
T

h
e 

ov
er

al
l 

co
nc

lu
si

on
 

is
 

th
at

 d
ir

ec
t 

m
or

ta
li

ti
es

 d
ue

 t
o 

oi
l 

an
d 

ef
fe

ct
s 

ca
us

ed
 b

y 
vo

la
ti

le
 f

ra
ct

io
ns

 a
re

 n
eg

li
gi

bl
e.

 T
h

e 
m

or
e 

pe
rs

is
te

nt
 f

ra
ct

io
ns

 a
nd

 a
ny

 e
ff

ec
ts

 o
n 

zo
o-

 
pl

an
kt

on
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pp
ea

r 
as

 a
n

 a
pp

re
ci
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le

 l
os

s 
of

 e
qu

iv
al

en
t 

fi
sh

. 
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 i

m
po

rt
an

t 
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 s
tr
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s 
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at

 
lo

ss
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 o
f 

fi
sh

 e
gg

s 
an

d
 l
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va

e 
d

o
 n

ot
 g

iv
e 

ri
se

 t
o 

nu
m

er
ic

al
ly

 
eq

ui
va

le
nt

 l
os

se
s 

of
 

l-
ye

ar
-o

ld
 r

ec
ru

it
s 

to
 t

he
 s

ub
se

qu
en

t 
fi

sh
 s

to
ck
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N

o 
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p 

ha
s 
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en
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sh

ed
 b

et
w

ee
n 
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ni
ng

 n
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 f
or
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 g

iv
en

 s
pe

ci
es

 a
nd

 t
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ec

ru
it

s.
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s 

m
od

el
 r

el
ie

s 
m
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y 
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 f
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w
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el
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ch
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ay
 b

e 
m
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e 
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pr

es
en
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ti

ve
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ec
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se
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he
y 

ar
e 

le
ss
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ea
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na
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y 
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d 

lo
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ll
y 

va
ri

ab
le

. 
In

 t
he

 a
ve

ra
ge
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ea
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 1

5,
00

0 
to
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 o

f o
il 

w
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ld
 b

e 
sp

il
le

d 
ca

us
in

g 
th

e 
lo

ss
 o

f 5
81

.5
 to
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f 
eq

ui
va

le
nt

 fi
sh

 v
al

ue
d 

at
 £

7 
1,

75
7 

or
 a

pp
ro

xi
m

at
el

y 
£5

 p
er

 t
on

 o
f o

il 
sp

il
le

d.
 I

n
 th

e 
ye

ar
 in

 
w
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ch
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 4

00
,0

00
-t
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 o

il
 s
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ll

 w
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dd

it
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na
l 
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 t

he
 u

su
al

 s
pi

ll
s,

 t
he

 l
os

s 
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 e
qu

iv
al

en
t 

fi
sh

 
w

ou
ld

 b
e 

15
,3

00
 to

ns
 v

al
ue

d 
at

 £
1.

9 
m

il
li

on
 a

ls
o 

ap
pr

ox
im

at
el

y 
£5

 p
er

 t
on

 o
fo

il
 s

pi
ll

ed
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T
he

se
 'r

ou
gh
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st
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e'
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at

es
 w

or
k 

ou
t 

at
 a

bo
ut

 $
2 

pe
r 

ba
rr

el
, 

co
m

pa
re

d 
w

it
h 

th
e 

A
la

sk
a 

ra
te

s 
of

 $
1 

a 
ga

ll
on
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C

on
si

de
re

d 
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la
ti
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o 
th

e 
to

ta
l 
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lu

e 
of
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ll 

N
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(R
 JO

H
N

5 L O
N

) 

average 'dam
ages' w

ould be negligible and 'disaster dam
ages' only a fraction of 1%

. If 
fishing w

ere forbidden in areas of oil slicks for the period they persisted, it is possible to 
calculate the approxim

ate average loss of earnings w
hich turns out to be £28,000 y-' 

(1976). 
N

one of these estim
ates allow

s for m
itigating processes w

hich w
ould greatly reduce 

these calculated losses. JO
H

N
S

T
O

N
 (1 977) goes on to evaluate biodegradation (sum

m
ar- 

ized in T
ab

le 4-30C
) but does not attach financial values. H

e
 concludes w

ith an
 appraisal 

of other costs of N
orth S

ea oil operations to N
orth S

ea fisherm
en. 

T
h

ere are endless possibilities of m
odelling the costs of m

arine oil pollution. T
h

ere are 
also endless w

ays of using the concept of dam
ages to punish the offender, but any 

hopeful schem
es to tax oil operators to recoup unattributable dam

ages w
ould be of 

negligible benefit to the m
ultinational fisherm

en affected and w
ould inevitably an

d
 

needlessly increase the costs of oil fuels to the general public. N
one of the m

oney could 
effectively go to replacing the losses of m

arine life. 

(12) S
cien

ce and M
anagem

ent o
f O

il P
ollu

tion
-A

 
C

on
clu

d
in

g D
iscu

ssion
 

A
n interpretive review

 should not only assem
ble the best of the inform

ation but also 
get the best out of it and identify trends, pressures, new

 openings, and future scope. T
o

 
use scientific evidence as the basis for prevention, control, and alleviation of oil pollution 
fulfils this aim

 w
ith a m

anagerial slant. 
O

il pollution control in every country has been adopted as a subject of central gov- 
ernm

ent policy. C
onsequently, decision based on political dictat, national m

anagerial 
strategy, by default or w

hatever, is the ultim
ate arbiter of attitude and response. T

oday's 
m

inisters are often credited w
ith the blam

e for all related shortcom
ings no m

atter how
 

historical. It is m
ore realistic for industrial an

d
 environm

ental m
anagers an

d
 scientists 

to accept this blam
e since, in general, they already have the continuing responsibility 

an
d

 the capacity to rectify shortcom
ings by their ow

n efforts and actions w
ithin existing 

rem
its. O

ften, effort rather than m
ore legislation an

d
 m

ore m
oney is needed to bring 

about the very m
any im

provem
ents needed. 

In
 oil pollution, responsibilities, control m

easures, d
ata acquisition, and understand- 

ing are all com
plex. P

rogress w
ill need close cooperation and m

utual understanding 
betw

een m
anagers an

d
 scientists dealing w

ith the m
any relevant aspects. 

(a) 
B

ackground on G
lobal O

il P
ollution 

O
n

e m
ight conclude from

 people's w
idespread lack of concern about low

-level global 
oil pollution, continuously replenished, that there are no effects and no hazards. It is a 
conclusion that has never been critically put to test. 

S
om

e of the argum
ents in support m

ight be: 
(i) 

M
an

y
 and 

varied 
natural 

hydrocarbons 
and 

their 
breakdow

n 
products 

and 
residues exist everyw

here an
d

 life has evolved in their presence over countless years. 
(ii) E

nvironm
ental hydrocarbon concentrations are m

uch low
er than those know

n to 
have dem

onstrable biological effect. 
(iii)  m

an's health over m
ore than 50 yr of this petroleum

 
epoch has suffered no 

attributable reduction d
u

e to oil pollution except in the restricted realm
s of occupational 

exposure an
d

 very local effects such as sm
og. 
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(i
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P
et
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 h

yd
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rb
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s 

an
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he

ir
 a

ss
oc

ia
te

d 
pr

od
uc

ts
 o

f 
m

an
uf

ac
tu

re
, 

us
e,

 a
nd

 
ox

id
at

io
n 

ar
e 

no
t 

id
en

ti
ca

l 
w

it
h 
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bi

en
t 
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tu

ra
l 
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dr

oc
ar

bo
ns
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(i
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W
he

re
 p

et
ro

le
um

 a
n

d
 b

io
ge

ni
c 

hy
dr

oc
ar

bo
ns

 a
re

 a
li

ke
, 

th
e 

in
tr

od
uc

ed
 m

at
er

ia
l 

en
ha

nc
es

 t
he

 b
ac

kg
ro

un
d 

le
ve

l 
lo

ca
lly

 a
nd

 p
er

ha
ps

 g
lo

ba
ll

y.
 

(i
ii
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H

yd
ro

ca
rb

on
s,

 e
sp

ec
ia

ll
y 

th
ei

r 
us

ed
 a

n
d

 c
on

~
bu

st
io

n p
ro

du
ct

s,
 i

nc
re

as
e 

th
e 

po
ol

 
of

 p
ol

yc
yc

li
c 

ar
om

at
ic

 c
om

po
un

ds
 s

om
e 

of
 w

hi
ch

 a
re

 c
ar

ci
no

ge
ni

c 
an

d,
 a

cc
or

di
ng

 t
o 

so
m

e 
ex

pe
rt

s,
 t

he
re

 i
s 

no
 s

af
e 

le
ve

l 
fo

r 
ca

rc
in

og
en

s.
 

C
le

ar
ly

, t
he

re
 is

 s
co

pe
 f

or
 d

eb
at

e 
an

d 
so

 f
ar

 n
o 

co
m

pe
te

nt
 g

ro
up

 h
as

 b
ee

n 
as

si
gn

ed
 t

he
 

ta
sk

 o
f 

cr
it

ic
al

ly
 e

xa
m

in
in

g 
th

e 
ev

id
en

ce
 a

n
d

 d
ev

is
in
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te

st
s 

L
O

 s
et

tl
e 

th
e 

is
su

es
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S
om

e 
of

 t
he

 r
es

po
ns

ib
il

it
y 

fo
r 

ba
ck

gr
ou

nd
 h

yd
ro

ca
rb

on
 p

ol
lu

ti
on

 a
s 

it 
af

fe
ct

s 
ev

er
yo

ne
 

is
 b

y 
po

pu
la

r 
ch

oi
ce

 a
nd

 s
om

e 
is

 p
er

so
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l 
de

ci
si
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C
on

si
de
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th
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an
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od
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f 
ex
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su
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F

or
 m

an
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ur
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 c
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 s
m

ok
in
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dr
iv

in
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a 
ca

r-
fa

r 
ex
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ed

s 
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no
rm

al
 

da
y'

s 
in

vo
lu

nt
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ex
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ro

ug
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at

er
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an
d

 f
oo
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 c
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el
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 c
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 f
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w
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ir
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st
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es
po
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ib
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so

m
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 o

th
er

 c
on

tr
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ut
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ge
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li
ty

 
of

 g
lo
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l 

oi
l 
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ll

ut
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n 
ca

n 
be

 
m

or
e 

sp
ec

if
ic

al
ly

 
id

er
i~

il
ie

d.
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m
on

g 
th
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th
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e 
ar
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so

m
e 

w
he

re
 

im
pr

ov
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en
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 p
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bl
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w
it
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be

ne
fi

t 
to

 t
he

 w
id

er
 p

ub
li

c 
an

d 
th

e 
en

vi
ro

nm
en

t.
 

It
 i

s 
hi

st
or

y 
an

d 
ta

xa
ti

on
 p

ol
ic

y 
th

at
 h

av
e 

di
ct

at
ed

 
th

e 
ev

ol
ut
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n 
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 t

he
 t

yp
es

 o
f 

pe
tr

ol
eu

m
 f

or
 p

ow
er

 g
en

er
at

io
n,

 d
om
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ti

c 
he

at
in

g,
 a

nd
 t

he
 i

nt
er

na
l 

co
m

bu
st

io
n 

en
gi

ne
. 

It
 m

ay
 n

ow
 b

e 
m

uc
h 

to
o 

la
te

 i
n 

th
is

 e
po

ch
 t

o 
re

co
ns

id
er

 t
he

 r
at

io
na

l 
er

go
no

m
ic

 a
n

d
 

ec
on

om
ic

 c
ho

ic
es

 t
ha

t 
w

ou
ld

 b
e 

ne
ed

ed
 t

o 
op

ti
m

iz
e 

th
e 

us
e 

of
 p

et
ro

le
um

. 
W

it
ho

ut
 d

o
u

b
t 

gr
ea

t 
sa

vi
ng

s 
ov

er
 t

he
 p

er
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d 
co

ul
d 

ha
ve

 e
vo
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ed

 i
f 

ra
ti

on
al

 d
ec

is
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ns
 r

at
he

r 
th

an
 f

in
an

- 
ci

al
 a

n
d

 p
ol

it
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al
 m

an
ip

ul
at

io
n 

h
ad

 d
et

er
m

in
ed

 t
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 c
ou
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e 

of
oi

l u
se

 d
ev

el
op

m
en

t.
 I

n
 t

he
 

fa
ce

 o
f t

he
 e

cl
ip

se
 o

fo
il

, p
re

ss
ur

es
 i

n 
th

is
 d

ir
ec

ti
on

 m
us

t g
ro

w
, l

ed
 b
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sc

ie
nt

is
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ce
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ed
 

w
it

h 
en

er
gy

 c
on

se
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ho
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f 

su
ch

 a
 r
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in

 
en

vi
ro

nm
en

ta
l 

oi
l 

po
ll

u~
io

n w
ou

ld
 f
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h
e 
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 d
om
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w
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 a

n
d

 s
ur

fa
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f 
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s 
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e 
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ar
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te
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st
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of
 l

ub
ri
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ng
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m
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o
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h
ic

h
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 d
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ed
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he
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u
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p
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se
d 
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m
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il
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 f
ro

m
 

th
e 

un
at

te
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ed
 

ov
er

fl
ow

s 
of

 o
il 

in
te
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ep

to
rs

 a
nd

 
se
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to
rs

 in
 t

ra
de

 p
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m
is

es
. S

im
il

ar
ly

, u
se

d 
lu
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ic

an
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 f
ro

m
 s
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pp

in
g 

ar
e 

a 
m

aj
or

 s
ou
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A
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se
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th
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il 
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th
e 

sc
ar

ce
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ou
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e 

bu
t 

it
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 r
ed

uc
e 

th
e 
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le
nl

s 
an

d 
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s 

of
 s

ew
ag

e 
tr

ea
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en
t,

 
gr

ea
se

 d
is

po
sa

l 
by

 i
nc

in
er

at
io

n 
or

 d
um

pi
ng

, 
an

d
 t

he
 i

nc
id

en
ce

 o
f 

he
av

y 
oi

l 
sl

ic
ks

. 
If

 t
he

 
sa

le
 o

f 
ne

w
 l

ub
ri

ca
nt

 w
er

e 
co

nd
it

io
na

l o
n 

th
e 

re
tu

rn
 o

f 
a 

hi
gh

 p
er

ce
nt

ag
e 

of
 t

he
 u

se
d 

oi
l, 

th
is

 p
ro

bl
em

 w
ou

ld
 b

e 
so

lv
ed

. 
E

nv
ir

on
m

en
ta

l 
m

an
ag

er
s 

in
 t

he
 o

il 
in

du
st

ry
 h

av
e 

it 
in

 
th

ei
r 

po
w

er
 t

o 
in

it
ia

te
 s

uc
h 

a 
lo

gi
ca

l 
m

ov
e.

 S
tr

at
eg

ic
 t

ax
at

io
n 

co
ul

d 
m

ak
e 

it
 f

ea
si

bl
e.

 
A

m
on

g 
m

an
y 

ex
am

pl
es

 o
f 

th
e 

po
ss

ib
le

 b
et

te
r 

ut
il

iz
at

io
n 

of
 p

et
ro

le
um

 a
s 

an
 e

ne
rg

y 
so

ur
ce

, 
th

e 
ou

ts
ta

nd
in

g 
ex

am
pl

e 
m

ig
ht

 b
e 

th
e 

w
as

te
fu

l 
pr

ot
ra

ct
ed

 f
la

ri
ng

 o
f 

na
tu

ra
l 

ga
s 

su
pp

li
es

 a
t 

oi
l 

pr
od

uc
ti

on
 c

en
tr

es
, 

re
fi

ne
ri

es
, 

an
d

 p
et

ro
ch

em
ic

al
 p

la
nt

s.
 T

o
 a

 v
er

y 
sm

al
l 

ex
te

nt
 t

he
se

 m
ay

 b
e 

an
 o

pe
ra

ti
on

al
 n

ec
es

si
ty

. 
In

 m
an

y 
ca

se
s 

th
e 

di
sp

os
al

 o
f 

'u
ns

al
ea

bl
e'

 
pr

od
uc

t 
o

r 
he

at
 i

s 
a 

co
nv

en
ie

nt
 f

in
an

ci
al

 o
r 

po
li

ti
ca

l 
op

ti
on

. 
B

as
ed

 o
n

 o
ne

 c
ur

re
nt

 p
ol

it
ic

al
 d

og
m

a,
 b

ur
ni

ng
 o

ff
 g

as
 is

 b
en

ef
ic

ia
l. 

It
 c

re
at

es
 a

 b
el

t 
of
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w
arm

 air round the earth. T
h

e w
ater form

ed irrigates the S
ahara better. T

h
e carbon 

dioxide is opening up transarctic shipping routes. B
urning off is to the benefit of rich and 

poor alike. T
o

 harvest m
arginal gas supplies, w

aste heat and sm
all volum

e resources of 
useful gas, needs effort and shrew

d econom
ic exploitation. V

ery often it is ill-directed, 
out-m

oded taxation that im
pedes such exploitation but this w

ill change. 
T

here are innum
erable luxury uses of energy and petroleum

 that could be harm
lessly 

expunged or curtailed w
ith no intolerable loss to the general public. F

or exam
ple, plastic 

w
rappings and single-use containers, paper unnecessarily used and not recycled, count- 

less applications relating to aircraft, shipping, public transport, and the m
ovem

ent of 
goods. A

 great deal of unnecessary w
aste and energy consum

ption results in a w
aste of oil 

and a source of added pollution. E
nergy and m

aterials conservation is a m
ajor contribu- 

tion to reducing oil pollution. 
T

h
ere is an

 inkling of aw
areness of the im

portance of global background hydrocar- 
bons in the decisions of the W

orld H
ealth O

rganization and the E
E

C
 to issue standards 

- 
for drinking w

ater and surface w
ater for abstraction. B

ut the term
s of these standards on 

closer exam
ination are dem

onstrably lax and 
the associated 

chem
ical m

ethods and 
underlying chem

istry w
oefully half-hearted. T

h
e influence of biogenic hydrocarbons is 

totally ignored. T
hese m

easures in the long-run are of trivial value for public health 
evaluation. T

h
e sam

e m
ay be said ofother standards for food and air. T

here is also a real 
need for all petroleum

 hydrocarbon standards relating to discharges to the air, land or 
aquatic realm

 to have m
eaning as regards threat to hum

an and environm
ental health, to 

be harm
onious and to be available in useful form

 to those striving to understand and 
control global oil pollution. 

T
here are m

any underlying practical problem
s but the present status is so abyssm

al 
that alm

ost any change tow
ards purposeful control and evaluation w

ould be a m
ajor 

ad\:ance and a start to getting som
ething for the m

oney at present spent m
ost ineffectu- 

ally. C
hange can only start w

ith m
anagers and scientists currently engaged in these 

realm
s. 

M
ost of these exam

ples of global oil pollution relate to the contam
ination by m

an. 
T

his is a deliberate choice since land-based effects are of m
uch m

ore im
m

ediate conse- 
quence to m

an than any that m
ay originate from

 the sea. A
lso the responsibilities for this 

pollution are very generally attributable to life today. 
It is difficult to integrate all these contributions to global oil pollution. T

his unseen 
global presence of oil as it perm

eates the sea, land, and air is virtually unquantified, 
virtually 

unknow
n 

chem
ically, and lacks any presently 

definable threat 
to m

an or 
m

arine creature. Y
et this au

ra of oil represents m
illions of tons of a m

ajor pollutant. 
M

illions of tons ofnew
 oil pollution is added yearly to w

hat rem
ains from

 previous years. 
A

t the very least, enough dedicated research should be done to reassure the enquirer 
that 

this kind 
of oil pollution is 

harm
less or at least 

is 
no m

ore harm
ful 

than 
the 

environm
ent contam

inated only w
ith geological and biogenic hydrocarbons. T

his is a 
m

anagerial 
task 

suitable 
for public health 

institutions, 
universities, 

and specialized 
environm

ental science establishm
ents throughout the w

orld perhaps under the aegis of a 
U

nited N
ations' organization. 

(b
) S

m
all S

pills 

B
etw

een the continuous yet unseen presence of diffusely distributed oil and the infre- 
quent catastrophic lake of oil on the sea occur the m

ultitudinous spills and deliberate 
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di
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 b
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th

e 
pu

ff
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r 
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 o

r 
hu
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 o

f 
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ns
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T
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se
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 f
or

 e
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e,
 a

s 
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is
si
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 t
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ir
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in
 g

ar
ag

es
, 

ho
m

es
, w

or
ks

ho
ps

, 
fu

el
 d

ep
ot

s,
 o

il 
te

rm
in

al
s 

an
d 

ev
er

y-
 

w
he

re
 o

il 
is

 s
to

re
d,

 m
ov

ed
 o

r 
us

ed
 o

n 
la

nd
 o

r 
on

 w
at

er
 a

nd
 a

ls
o 

fr
om

 b
oa

ts
 a

nd
 s

hi
ps

 o
f 

al
l 

si
ze

s 
an

d 
de

si
gn

at
io

ns
 i

n 
ha

rb
ou

rs
, 

co
as

ta
l 

w
at

er
s,

 a
nd

 o
pe

n 
se

as
. 

A
 t

yp
ic

al
 c

ro
ss

- 
se

ct
io

n 
vi

rt
ua

ll
y 

fo
r 

on
e 

co
un

tr
y 

w
as

 s
ho

w
n 

in
 T

ab
le

 4
-3

1 
fo

r 
sp

il
ls

 g
re

at
er

 t
ha

n 
20

,0
00

 
U

S
 g

al
lo

ns
 (

ca
. 

80
,0

00
 1

);
 c

ou
nt

le
ss

 m
or

e 
sp

il
ls

 o
f 

th
is

 s
iz

e 
an

d 
sm

al
le

r 
oc

cu
r 

in
 a

ll
 

co
un

tr
ie

s.
 

E
va

po
ra

ti
on

, 
ab

so
rp

ti
on

 b
y 

th
e 

gr
ou

nd
, 

sp
re

ad
in

g,
 a

nd
 d

il
ut

io
n 

in
 f

re
sh

 w
at

er
 a

nd
 a

t 
se

a 
gr

ad
ua

ll
y 

di
m

in
is

h 
th

e 
im

pa
ct

 o
f 

th
es

e 
sp

il
ls

, 
bu

t 
a 

pr
op

or
ti

on
 r

em
ai

ns
 i

nt
ac

t 
lo

ng
 

en
ou

gh
 t

o 
im

pa
rt

 f
or

 s
om

e 
cr

ea
tu

re
 a

 p
er

ce
pt

ib
le

 e
xp

os
ur

e,
 f

or
 a

no
th

er
 d

am
ag

e,
 a

nd
 f

or
 

ye
t 

an
ot

he
r 

a 
le

th
al

 d
os

e.
 

T
h

e 
m

ag
ni

tu
de

 o
f t

hi
s 

ki
nd

 o
fo

il
 p

ol
lu

ti
on

 o
f t

he
 s

ea
 is

 d
if

fi
cu

lt 
to

 m
ea

su
re

. O
n

 a
 s

m
al

l 
sc

al
e 

it
 is

 s
el

do
m

 d
ec

la
re

d 
si

nc
e 

it 
is

 p
ro

ba
bl

y 
re

ga
rd

ed
 a

s 
in

si
gn

if
ic

an
t 

by
 t

ho
se

 r
es

po
ns

- 
ib

le
 f

or
 it

. 
O

n
 a

 l
ar

ge
r s

ca
le

 e
ve

n 
if 

it
 is

 n
ot

if
ie

d,
 t

he
 c

os
ts

 o
f i

m
pa

ct
 a

ss
es

sm
en

t 
co

ul
d 

no
t 

be
 ju

st
if

ie
d.

 T
hi

s 
is

 t
he

 k
in

d 
of

 o
il 

po
ll

ut
io

n 
th

at
 c

re
at

es
 t

he
 u

nc
om

fo
rt

ab
ly

 h
ig

h 
nu

m
be

r 
of

 r
an

do
m

 p
ea

ks
 i

n 
su

rv
ey

s 
of

 h
yd

ro
ca

rb
on

s 
in

 e
st

ua
ri

es
, s

ea
s,

 a
nd

 o
ce

an
s.

 O
n

e 
or

 t
w

o 
hi

gh
 p

ea
ks

 m
ay

 o
ut

w
ei

gh
 a

ll 
th

e 
oi

l 
in

di
ca

te
d 

in
 t

he
 r

es
t 

of
 t

he
 s

ur
ve

y.
 

R
es

po
ns

ib
il

it
y 

fo
r 

sm
al

l 
oi

l 
sp

il
ls

 m
ay

 b
e 

us
ef

ul
ly

 c
at

eg
or

iz
ed

 i
nt

o 
th

e 
w

or
k 

an
d 

th
e 

no
n-

w
or

k 
se

ct
or

s.
 I

n 
th

e 
w

or
k 

si
tu

at
io

n 
a 

us
ef

ul
 m

an
ag

em
en

t 
st

ra
te

gy
 i

s 
to

 m
ak

e 
a 

ca
re

fu
ll

y 
do

cu
m

en
te

d 
re

co
rd

 o
f 

al
l 

sp
il

ls
 o

ve
r 

a 
pe

ri
od

 t
o 

id
en

tif
y 

sp
il

l 
si

ze
, 

fr
eq

ue
nc

y,
 

an
d 

lo
ca

ti
on

. T
he

se
 d

at
a 

en
ab

le
 t

he
 m

an
ag

er
 t

o 
pu

t 
in

 h
an

d 
re

m
ed

ia
l 

m
ea

su
re

s 
w

hi
ch

 
m

ig
ht

 b
e 

as
so

ci
at

ed
 w

it
h 

fu
el

 l
oa

di
ng

, 
st

or
ag

e 
an

d
 t

ra
ns

fe
r,

 f
or

 e
xa

m
pl

e.
 C

on
tr

ol
, 

an
d 

in
ci

de
nt

al
ly

 s
af

et
y,

 in
 t

he
se

 o
pe

ra
ti

on
s 

ca
n 

be
 a

ss
is

te
d 

by
 i

ns
ta

ll
in

g 
va

lv
es

 w
it

h 
in

te
rl

oc
k-

 
in

g 
ar

ra
ng

em
en

ts
 a

nd
 a

la
rm

 s
ys

te
m

s 
fo

r 
in

co
rr

ec
t 

us
e 

an
d 

ov
er

fl
ow

. 
E

qu
ip

m
en

t 
of

 t
hi

s 
ty

pe
 c

an
 b

e 
ob

ta
in

ed
 f

or
 a

 w
id

e 
ra

ng
e 

of
 a

pp
li

ca
ti

on
s 

on
 l

an
d,

 o
n

 s
hi

ps
, 

an
d 

on
 o

il 
pl

at
fo

rm
s 

re
su

lt
in

g 
in

 g
re

at
er

 s
af

et
y 

an
d 

sa
vi

ng
s 

in
 t

im
e,

 m
on

ey
, 

an
d

 m
at

er
ia

ls
 a

n
d

 
re

du
ce

d 
co

nt
am

in
at

io
n 

of
 t

he
 w

or
kp

la
ce

 a
nd

 t
he

 e
nv

ir
on

m
en

t.
 A

cc
id

en
ts

 s
uc

h 
as

 s
li

p-
 

pi
ng

 a
nd

 f
al

li
ng

 d
ue

 to
 o

il
 s

pi
ll

ed
 i

n 
w

or
k 

ar
ea

s 
m

ay
 r

an
k 

hi
gh

er
 a

s 
he

al
th

 r
is

ks
 t

ha
n 

th
e 

ef
fe

ct
s 

of
 o

il 
on

 b
od

y 
fu

nc
ti

on
. 

T
hi

s 
ap

pl
ie

s 
on

 s
hi

ps
 a

s 
m

uc
h 
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 i

n 
fa

ct
or

ie
s.

 
A

m
on

g 
th

e 
fr

eq
ue

nt
 s

m
al

l s
pi

ll
s 

in
 t

he
 n

on
-w

or
k 

si
tu

at
io

n 
ar

e 
sp

il
ls

 o
r 

le
ak

s 
of

do
m

es
- 

tic
 h

ea
ti

ng
 o

il
, 

sp
il

ls
 f

ro
m

 t
he

 h
om

e-
se

rv
ic

in
g 

of
 m

ot
or

 c
ar

s,
 c

ar
 a

cc
id

en
ts

, 
an

d 
so

 o
n.

 
B

ec
au

se
 i

t 
is

 t
he

 p
ub

li
c 

th
at

 i
s 

re
sp

on
si

bl
e 

an
d 

th
e 

op
po

rt
un

it
ie

s 
fo

r 
sp

il
ls

 a
re

 d
iv

er
se

, 
th

er
e 

is
 n

o 
si

ng
le

 r
em

ed
y.

 F
or

 u
nu

se
d 

oi
l 

pr
od

uc
ts

, f
in

an
ci

al
 l

os
s 

is
 a

 s
tr

on
g 

di
si

nc
en

ti
ve

. 
S

om
e 

pr
ov

is
io

n 
m

ig
ht

 b
e 

m
ad

e 
by

 l
oc

al
 a

ut
ho

ri
ti

es
 f

or
 t

he
 r

ec
ep

ti
on

 o
f 

oi
l-

co
nt

am
i-

 
na

te
d 

w
as

te
s 

fr
om

 u
nu

se
d 

an
d 

us
ed

 o
il 

sp
il

ls
 a

nd
 d

is
po

sa
ls

, 
si

nc
e 

it
 is

 n
ot

 a
lw

ay
s 

sa
fe

 o
r 

re
as

on
ab

le
 t

o 
re

ly
 o

n 
th

e 
se

w
er

ag
e 

sy
st

em
. 

S
m

al
l 

an
d 

no
t 

so
 s

m
al

l 
sp

il
ls

 a
nd

 e
m

is
si

on
s 

du
ri

ng
 r

ou
ti

ne
 o

pe
ra

ti
on

s 
of

 o
il 

ta
nk

er
s 

ha
ve

 b
ec

om
e 

co
ns

pi
cu

ou
s 

ta
rg

et
s 

fb
r 

cr
it

ic
is

m
. T

h
e 

di
sc

ha
rg

e 
of

 o
il

-l
ad

en
 b

al
la

st
, 

ta
nk

 
w

as
hi

ng
s,

 a
nd

 t
an

k 
bo

tt
om

s 
is

 w
as

te
fu

l 
an

d 
en

vi
ro

nm
en

ta
ll

y 
un

ac
ce

pt
ab

le
. 

It
 i

s 
al

so
 

un
ne

ce
ss

ar
y,

 s
in

ce
 m

uc
h 

le
ss

 w
as

te
fu

l 
an

d 
m

es
sy

 m
et

ho
ds

 s
uc

h 
as

 l
oa

d-
on

-t
op

 a
n

d
 

cr
ud

e-
oi

l-
w

as
hi

ng
 c

an
 r

ea
di

ly
 a

n
d

 c
he

ap
ly

 b
e 

im
pl

em
en

te
d 

in
 a

ny
 c

on
ve

nt
io

na
l c

ru
de

- 
oi

l 
ca

rr
ie

r.
 C

om
pa

re
d 

to
 o

il 
ha

nd
li

ng
 a

t o
il 

po
rt

s 
an

d 
te

rm
in

al
s 

th
e 

op
er

at
io

ns
 o

n 
bo

ar
d 

ce
rt

ai
n 

ta
nk

er
s 

ar
e 

gr
ea

tl
y 

la
ck

in
g 

in
 d

is
ci

pl
in

e 
an

d 
m

an
ag

em
en

t.
 A

t 
po

rt
s 

an
d 

te
rm

i-
 

na
ls

, 
sp

il
ls

 a
re

 r
ea

di
ly

 s
ee

n 
an

d
 a

tt
ri

bu
ta

bl
e 

an
d

 t
he

 p
or

t 
m

an
ag

er
 c

an
 i

m
po

se
 s

tr
ic

t 
ro

ut
in

es
 f

or
 e

ac
h 

co
m

po
ne

nt
 o

pe
ra

ti
on

. T
an

ke
rs

 w
it

h 
a 

re
co

rd
 o

fo
il

 s
pi

ll
s 

ca
n 

be
 b

an
ne

d 
fr

om
 p

or
ts

 w
it

h 
st

ro
ng

 p
ol

lu
ti

on
 c

on
tr

ol
 p

ol
ic

ie
s.

 A
t 

se
a,

 t
he

re
 i

s 
le

ss
 c

ha
nc

e 
of

 b
ei

ng
 

se
en

 a
nd

 f
ou

nd
 g

ui
lt

y.
 O

ft
en

, 
il

li
ci

t t
an

k 
cl

ea
ni

ng
 is
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nl

y 
ap
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re

nt
 w

he
n 

oi
l o

r 
ta

r 
ar
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ve
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on the beaches and oiled seabirds are found. Identification of'the culprit after the even 
m

ay be difficult and costly. 
A

 num
ber of strategies have been found successful in com

bating rogue tankers. S
ur- 

veillance by aircraft aids prosecutions and acts as a deterrent and for m
ore general 

m
onitoring of oil slicks space satellites can be used w

ith a range of sensors. B
y insistence 

on the use of oily ballast reception facilities, w
here provided, it becom

es uneconom
ic for 

tanker operators to adopt cost-reducing short cuts. A
nother disincentive is the m

anda- 
tory keeping of each vessel's oil an

d
 oil ballast record books. In

 all these steps to reduce 
rnarine oil pollution IM

C
O

 has taken a leading part and m
erits full support. IIM

C
O

 
participation is also evident in the im

provem
ent of ships' design in relation to safety, 

m
inim

ization of dam
age in 

the 
event of 

collision 
or stranding, 

im
proved 

salvage 
arrangem

ents, and so on. M
odern tankers should have duplicate radar and navigational 

equipm
ent, and electronic aids to sim

plify safe oil handling during tank cleaning, load- 
ing, and unloading. 

U
ltim

ately the responsibility 
lies w

ith the tanker captains and w
ith the operating 

com
panies if they should w

ish to assert it. It can be very expensive to lose a tanker and 
its cargo by a careless or thoughtless m

istake and m
any ports inflict heavy fines even for 

operational oil spills. 
A

s C
A

H
IL

L
 and co-authors (1979) have carefully explained, public clam

our for penal- 
ties on those responsible for oil spills does nothing for the curtailm

ent of spillages but 
sim

ply adds to the cost to the consum
er. I-\ 

m
ore effective approach is to dem

and better 
m

anagem
ent and w

here appropriate pursue for dam
ages. P

orts and term
inals ha\.e 

encouraged discipline by refusing to service tankers w
ith a poor record for operational 

care. If national standards for tanker operations, officer and crew
 proficiency, and ships 

specification 
and m

aintenance are below
 

those recornm
endcd by 

IM
C

O
 and 

trade 
associations a ban on the w

hole fleet m
ight be necessary. 

(c) L
arge S

pills 

T
h

ere is little that need 
to be added here about the responsibility 

for m
ajor oil 

spillages from
 tankers, sunken ships, and blow

outs on oil rigs and production platform
s. 

T
hose responsible have been m

eticulously sought out by legal exam
ination and every 

conceivable m
anagerial strategy has been tried. 

It seem
s that the Torrey C

anyon disaster and the dram
atic attem

pts to salvage and 
latterly blow

 u
p

 the vessel to com
bat oil pollution at sea and on the beaches, touched a 

sensitive spot w
ith the public in m

any countries and initiated a m
ajor effort to prevent 

f~
~

rth
e

r 
events of its kind. 

T
h

e national representatives in IlM
C

O
 sought solutions to som

e of the im
m

ediate 
problem

s of dam
ages and liability. T

h
e 1969 IM

C
O

 International C
onvention on C

ivil 
L

iability covers dam
age to the coast and territorial seas of signatory nations and im

poses 
insurable liability on the tanker ow

ner. A
 second 

IM
C

O
 convention established 

an 
International F

und for O
il P

ollution D
am

age to provide a supplem
ented fund through 

assessm
ents against the ow

ner of the oil cargo. U
nfortunately, these conventions w

ere 
not ratified until 1975 and 1978 respectively. In the interim

 it w
as the tanker ow

ners w
ho 

first established a voluntary undertaking to assure availability of com
pensation for oil 

pollution dam
ages in T

O
V

A
L

O
P

 and to establish a fund (C
R

IS
.I';IL

) m
aintained by 

contributions from
 m

em
ber oil com

panies. T
hese industrial agreem

ents relate to m
ore 
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 b
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nd
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ra
ug
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e 
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or

k 
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 l
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 m
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 c
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M
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im
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se
 s
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ly
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te

rs
 g

ri
nd

 o
n,

 m
aj

or
 t

an
ke

r 
ac

ci
- 

de
nt

s 
co

nt
in

ue
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 p
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ra
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 o
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 c
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s 
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t. 
B
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he

 1
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Pr

ot
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o 
th

e 
In

te
m

en
ti

on
 o

n 
th

e 
H

ig
h 

S
ea
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C

on
ve

n-
 

ti
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na

ti
on

s 
ha

ve
 p

re
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nt
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g 
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rr

an
ge

m
en

ts
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or
 

ra
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d 
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ti
on
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y 
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y 
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m
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il

 c
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go
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el
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ed
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st
 in

 e
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un
tr

y,
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it
h 
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io
na

l 
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or

t i
f c
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le

d 
fo

r.
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n
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 f
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se
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 d
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d 
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d
 e
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pe
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 p

ro
vi

de
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, 

sa
lv

ag
e,

 c
ar

go
 

re
m

o\
la

l,
 a

nd
 

st
or

ag
e/

tr
an

sf
er

 
fo

r 
st

ri
ck

en
 v

es
se

ls
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r 
da

m
ag

ed
 r

ig
s 

or
 p

ro
du

ct
io

n 
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fo
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s 

ar
e 

m
ai

nt
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ne
d 

by
 m

aj
or

 o
il 

co
m

pa
ni

es
. 

It
 is

 o
nl

y 
on

 t
hi

s 
sc

al
e 

th
at

 m
ea

ni
ng

fu
l 

ac
ti

on
 is

 p
os

si
bl

e 
in

 r
el

at
io

n 
to

 m
aj

or
 

oi
l 

sp
il

ls
. 

In
ev

it
ab

ly
 s

uc
h 

op
er

at
io

ns
 a

re
 h

az
ar

do
us

 a
n

d
 e

xp
en

si
ve

. 
It

 i
s 

m
uc

h 
ea

si
er

 a
n

d
 m

uc
h 

le
ss

 e
xp

en
si

ve
 t

o 
be

 i
n 

re
ad

in
es

s 
fo

r 
an

d
 o

pe
ra

te
 s

m
al

l-
 

sc
al

e 
in

sh
or

e 
an

d
 b

ea
ch

 c
le

an
-u

p.
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h
e 
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st
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of
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 s
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lv
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 m
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 m
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4. O
IL

 P
O

L
L

U
T

IO
N

 A
N

D
 IT

S M
A

V
A

G
E

M
E

N
T

 (R
. JO

H
N

S
T

O
N

) 

inshore w
aters and beaches have been exhaustively discussed elsew

here (see literature 
appendix) and review

ed here earlier. 
M

anagem
ent for oil spill clean-up presents problem

s. F
or m

ajor spills, central gov- 
ernm

ent (or state) departm
ents have the resources necessary, and the public expects 

them
 to w

ork efficiently an
d

 harm
oniously. F

or m
inor spills detailed organization in 

different countries varies w
idely, ranging from

 relatively sim
ple to highly com

plex struc- 
tures for com

m
and, m

aterials, equipm
ent, labour, w

aste disposal, and finance. W
hat- 

ever the structure, it m
ust be m

aintained in effective operation by paper and sim
ulation 

exercises and training program
m

es. O
ccasionally, cooperative m

ock disaster exercises 
on a larger scale should be introduced and should be sam

pled, docum
ented, and costed 

as real in order to iron out the im
portant problem

s involving legal issues, finance, and 
dam

age to the environm
ent. T

h
e final record should be review

ed in relation to tim
e of 

response, efficiency, and probable success of the (m
ock) rem

edial m
easures. 

(e) T
reated and C

ontrolled O
ily W

ater D
ischarges 

D
ischarges of treated or processed oily w

aters have specified volum
es an

d
 qualities, 

set an
d

 enforced by appropriate environm
ental m

anagers in cooperation w
ith the indus- 

try. W
h

at is invariably lacking at present are standards that are a direct index of 
environm

ental dam
age o

r hazard w
hich conventional routine analyses do not provide. 

S
im

ilarly, conventional biological m
onitoring is often a slow

 and insensitive tool and 
m

ay not w
arn of dam

age until it is serious or irrem
ediable. N

one of the environm
ental 

studies for discharges 
associated 

w
ith 

treatm
ent 

plants, 
refineries or petrochem

ical 
plants relates the param

eters of the discharge to corresponding hydrocarbon contam
ina- 

tion of the w
ater and sedim

ent and of the biota, not even on the grossest basis of routine 
oil m

easurem
ent. A

s a result none of the great benefits of real site budgets and im
pact 

assessm
ents pass into the pool of environm

ental know
ledge. T

h
e great expense of count- 

less routine analyses and recordings and of chem
ical and biological m

onitoring is virtu- 
ally throw

n aw
ay w

ith no useful outcom
e. E

ven if the daily cost w
ere 100 tim

es greater, 
it w

ould 
be m

uch m
ore valuable to have detailed and m

eaningful oil analysis w
ith 

effluent flow
 records just for 1 w

eek or m
onth w

ith corresponding field surveys in place of 
decades of w

orthless incom
plete d

ata and incom
prehensible m

onitoring. 
E

xpertise and instrum
entation for these tasks m

ay not exist at sites or w
ith the local 

environm
ental unit but these could be organized on a w

ider basis since they are already 
available in the oil industry, its trade organizations, and centres of environm

ental exper- 
tise. It is generally untrue that industry is neglectful of the environm

ent, and it is easier 
to elim

inate or treat a pollutant that is know
n than all conceivable pollutant stream

s. 
A

 revolution is overdue in the m
anagem

ent of oil pollution. M
ajor participation is 

required from
 chem

ists an
d

 biologists as w
ell as environm

ental m
anagers w

ithin indus- 
try an

d
 control authorities. (f) D

irection of S
cientific E

ffort 

C
hem

ts~ry 

T
h

e role of the analytical chem
ist is particularly challenging in relation to oil but this 

does not account for the organization of chem
ical effort having fallen far behind the 

requirem
ents of the present tim

e. L
eaving aside the pursuit of specific research p

re
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e 
ro

ut
in

e 
m

ea
su

re
m

en
t 

of
 s

o-
ca

ll
ed

 '
oi

l 
an

d 
gr

ea
se

' 
or

 '
to

ta
l 

oi
l' 

is
 b
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 p
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w
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 t
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is
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W
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 m
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 b
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IM
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O
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et
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 e

vo
lv

ed
 f

or
 c

al
ib

ra
ti

ng
 c

on
ti

nu
ou

s 
re

co
rd

in
g 

oi
l-

in
-w

at
er

 m
et

er
s 

an
d 

th
e 

IG
O

S
S

 u
lt

ra
-v

io
le

t 
m

et
ho

d 
co

ul
d 

ha
ve
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ra

ct
ic
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 v
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ro
ut
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g 

of
 o

il
y 

w
at

er
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in
 c

on
ta

ct
 w

it
h 

kn
ow

n 
ar

om
at

ic
 f

ra
ct

io
ns

. 
A

ll 
of

 t
he

se
 l

ac
k 

th
e 

re
fi

ne
m

en
t 

ne
ed

ed
 f

or
 w

at
er

 q
ua

li
ty

 d
et

er
m

in
at

io
n 

w
hi

ch
 d

em
an

ds
 r

es
ol

ut
io

n,
 s

en
- 

si
ti

vi
ty

, 
an

d 
sp

ee
d 

of
 id

en
ti

fi
ca

ti
on

. N
ot

 a
ll

 s
am

pl
es

 n
ee

d 
to

 u
nd

er
go

 f
ul

ly
 s

op
hi

st
ic

at
ed

 
ch

em
ic

al
 a

na
ly

si
s,

 b
ut

 e
no

ug
h 

m
us

t 
be

 a
na

ly
se

d 
in

 d
et
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l 

to
 e

st
ab

li
sh

 t
he

 m
ea

n 
co

m
po

si
- 

ti
on

 a
nd

 i
ts

 r
an

ge
 o

f 
va

ri
at

io
n.

 T
he

re
af

te
r,

 a
 c

hc
ap

 a
nd

 e
as

y 
m

et
ho

d 
w

hi
ch

 i
s 

qu
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and insoluble w
eathered (residual) oil com

ponents and their effects. A
t present, studies 

have been alm
ost exclusi\lely devoted to the m

ore soluble, m
ore toxic, m

ore biodegrade- 
able com

ponent groups of oil to the exclusion of those fractions less obviously toxic, less 
am

enable to chem
ical isolation and biological testing, and m

ore likely to sur\~
ive and 

accum
ulate year to year in the sea and at the sea floor. 

T
h

e
 biodegradeable fractions have a role possibly in the depression of prim

ary pro- 
duction, in the survival an

d
 reproductive capacity of herbivores, in altered behaviour 

patterns, biodegradation of detritus, and so on. Q
uantification of these sublethal effects 

is basic for the fuller understanding of the im
pact of m

arine oil pollution and indeed 
global oil pollution. T

h
e study of persistent fractions m

ay also be relevant to the under- 
standing of cancer and disease in m

an and m
arine organism

s. 
In chem

ical term
s, these com

ponents are at present reliably know
n in part for a few

 
com

ponents clouded by a legacy of im
precise an

d
 inaccurate data. T

here is profound 
confusion about P

C
A

H
 an

d
 the capacity of various anim

als especially fish and shellfish 
of com

m
erce, to take up and accum

ulate or m
etabolize them

 on a tim
e scale com

patible 
w

ith the pulsing pattern of oil exposure and especially in the afterm
ath of oil spills. 

T
here are questions about oil an

d
 neoplasm

s in m
arine anim

als, and to w
hat extent 

these neoplasm
s are transm

issible to other anim
als. P

ossibly, one m
ust take a w

ider view
 

of the causes of neoplasm
s and their transm

issibility since it appears that oil m
ay not be 

the sole causative substance. Interactions of a num
ber of com

m
on pollutants m

ay be 
im

portant for m
utagenic effects w

here the single com
pounds are dem

onstrably w
eak or 

not active. 
D

ose-response 
relationships for chem

ical carcinogens are unclear for m
an, and the 

detailed chem
ical and biochem

ical stim
uli and transform

ation are com
plex. It follow

s, 
therefore, that it is difficult at present to establish guidelines for acceptable levels in 
w

ater 
and 

foodstuffs 
including 

seafoods. E
qually, if 

cancer has viral 
causes m

uch 
rem

ains unkow
n 

about the processes of transm
ission. 

S
om

e evidence exists for 
the 

transfer of cancerous disease in bivalves w
hich m

ay open u
p

 new
 pathw

ays for research 
into the disease. 

In
 the general context of hum

an health, exposures and encounters w
ith hydrocarbons 

of all types in ordinary life on land enorm
ously exceed exposures from

 oceanic or even 
inshore or intertidal environm

ents. W
hether it is reasonable to divert m

edical health 
resources from

 m
ore im

m
ediate health risks to m

an to this peripheral aspect ofglobal oil 
pollution is a m

anagerial decision for the controlling bodies. E
quivalent expertise for 

sim
ilar studies on m

arine anim
als is concentrated in N

orth A
m

erica and, unless m
arine 

scientiests in other countries carry equal conviction of the im
portance of such w

ork, 
progress w

ill be confined along the narrow
 lines w

hich lie w
ithin the scope of these few

 
laboratories. 

T
h

e subtle organic chem
istry of the sea is on the threshold of yielding m

uch new
 

know
ledge about the hydrophobic com

ponents using the com
puter gc-m

s 
techniques 

recently 
evolved for hydrocarbons. O

n
e can only speculate that 

hydrocarbons 
m

ay 
dom

inate this class of com
pounds and w

hat w
e learn about hydrocarbons m

ay lead to 
deeper understanding of how

 organic m
atter influences cell w

all function in the aquatic 
w

orld. 
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o 
to

xi
co

lo
gy

. 
M

an
y 

ha
ve

 p
ro

ve
d 

us
ef

ul
, a

n
d

 t
og

et
he

r 
th

ey
 h

av
e 

yi
el

de
d 

a 
co

m
pr

eh
en

si
ve

 
pi

ct
ur

e 
of

 v
ar

io
us

 
oi

ls
 

an
d 

pr
od

uc
ts

 o
n 

m
an

y 
as

pe
ct

s 
of

 
em

br
yo

lo
gy

, 
de

ve
lo

pm
en

t,
 m

et
am

or
ph

os
is

 a
nd

, o
f 

co
ur

se
, 

su
rv

iv
al

 f
or

 a
 w

ho
le

 c
ir

cu
s 

of
 

an
im

al
s.

 A
 g

oo
d 

pr
op

or
ti

on
 o

f 
th

is
 w

or
k 

ha
s 

be
en

 g
en

er
ou

sl
y 

sp
on

so
re

d 
by

 o
il 

co
m

pa
ni

es
 

an
d

 a
ss

oc
ia

ti
on

s.
 S

co
pe

 f
or

 i
nd

iv
id

ua
l 

re
se

ar
ch

 o
n 

oi
l 

po
ll

ut
io

n 
co

nt
in

ue
s 

to
 e

xi
st

 i
n 

ot
he

r 
di

re
ct

io
ns

 b
ut

 i
t 

is
 c

le
ar

 t
ha

t 
m

or
e 

fr
ui

tf
ul

 w
or

k 
ca

n 
be

 a
ch

ie
ve

d 
by

 o
rg

an
iz

in
g 
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researchers into m
ultidisciplinary team

s, provided the objectives are clearly pertinent to 
real situations (preferably not transient oil spills). 

W
hether any oil spill situation is now

 w
orth the effort and cost of study is debatable: 

the intertidal scene has been described ad nuusearn. T
h

e oil spill situation is like an 
ill-conducted experim

ent, nothing is adequately controlled or reproducible nor can it 
even be regarded as novel. 

Future O
utlook 

S
urely, the future of hydrocarbon research lies in the direction of consolidating exist- 

ing fragm
entary know

ledge. F
or chem

istry, this m
eans w

idening the coverage of oil 
com

ponents to em
brace all the m

ain fractions (F
ig. 4.14). O

n
 this w

ider basis a coopera- 
tive target w

ould be the developm
ent of a dynam

ic m
odel for the fate of oil in the sea, 

biota, surface film
, an

d
 sedim

ents. O
il spill research could then enlarge this m

odel to 
include the perturbation th

at is caused. 
F

or biology, existing studies have revealed a num
ber of useful as w

ell as m
any intrigu- 

ing problem
s. M

arin
e oil pollution has achieved im

portance because of its potential 
threat to the w

elfare of m
arine biota, therefore, this m

ust be the objective of biological 
studies. T

h
e key problem

 is the assessm
ent of day-to-day oil pollution w

orld-w
ide. T

h
is 

cannot be done by reference to controlled zero hydrocarbon sites, so one m
ust accept 

extrapolation from
 m

easured hydrocarbon gradients. Inevitably, this leads back to relat- 
ing oil input to biological effect w

hich is essentially the m
onitoring situation evaluated 

m
eaningfully. T

herefore, future progress in understanding the im
pact of oil pollution 

m
ust start w

ith very m
u

ch
 better understanding of a representative range of m

onitoring 
sites preferably w

here the focus of oil pollution m
erges progressively into shelf w

aters 
and open sea. S

om
e ideas on these program

m
es have been outlined. O

il discharges to 
enclosed sites m

ight be fruitfully com
pared w

ith regions of oil seeps w
hich them

selves 
provide natural field sites of great research potential. A

ll of these possible projects m
ust 

have full chem
ical support. 

N
ew

 
biochem

ical 
approaches and 'scope for grow

th' need 
to be developed m

ore 
constructively w

ith adequate replication 
in association w

ith m
ore conventional pro- 

gram
m

es, an
d

 som
e additional effort is needed to com

plete the coverage w
ith respect to 

fish diseases, public health, an
d

 quality of fish and shellfish as food. 
C

learly m
uch ofthis is not new

. T
hese suggestions are a plea for better integration an

d
 

perhaps for the establishm
ent of sound chem

ical inform
ation for a few

 sites and their 
surroundings to provide 

a m
eaningful 

fram
ew

ork for a varied 
pattern of biological 

assessem
en t. 

W
here resources cannot m

eet such a dem
anding program

m
e, team

 use of large plastic 
enclosures o

r natural ponds is m
uch preferred to test-tube experim

ents by the lone 
research w

orker. 
F

inally, the background picture is the one that is m
ost norm

al, least studied an
d

, 
m

oreover, m
ost dificult to study. O

ptions for study m
ay be chem

ical, biochem
ical or 

biological. 
A

n integrated study of environm
ental hydrocarbon assem

blages in utterm
ost detail 

such as the sim
ultaneous evaluation ofcarbon isotope ratios together w

ith characteriza- 
tion using know

n biogenic com
ponents and ratios of steroid diastereom

ers (for a start) 
has not been attem

pted. T
h

is, along w
ith geological evidence, w

ould throw
 new

 light on 
hydrocarbon long-term

 decay o
r m

aturation in sedim
ent cores and could build 

up a 
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br
oa

d 
pi

ct
ur

e 
fr

om
 r

ep
re

se
nt

at
iv

e 
si

te
s.

 C
an

 t
he

 i
m

pa
ct

 o
f 

th
e 

pr
es

en
t 

hy
dr

oc
ar

bo
n 

ep
oc

h 
be

 i
de

nt
if

ie
d 

an
d 

it
s 

di
st

ri
bu

ti
on

 d
ef

in
ed

? 
It

 m
ay

 b
e 

al
so

 p
os

si
bl

e 
to

 d
ev

el
op

 a
 

pa
ra

ll
el

 t
he

m
e 

fo
r 

hy
dr

oc
ar

bo
ns

 a
s 

an
 e

le
m

en
t o

f 
th

e 
or

ga
ni

c 
m

at
te

r 
in

 o
ce

an
ic

 c
ir

cu
la

- 
ti

on
. 

S
ur

el
y 

th
is

 is
 n

ot
 ju

st
 f

an
ci

fu
l 

re
se

ar
ch

 b
ut

 a
 r

ea
l 

ta
rg

et
 fo

r 
m

ea
su

ri
ng

 t
he

 h
ea

lt
h 

of
 th

e 
oc

ea
ns

 in
 t

he
 t

ru
es

t 
se

ns
e.

 I
f 

re
se

ar
ch

 i
nt

o 
to

xi
co

lo
gi

ca
l 

as
pe

ct
s 

of
 b

ac
kg

ro
un

d 
hy

dr
oc

ar
- 

bo
ns

 p
ro

ve
s 

no
 s

ig
ni

fi
ca

nt
 h

az
ar

d 
fo

r 
th

e 
se

a 
o

r 
m

an
, 

th
e 

w
or

k 
w

ill
 n

ev
er

th
el

es
s 

gr
ea

tl
y 

ad
va

nc
e 

kn
ow

le
dg

e 
of

 t
hi

s 
co

m
po

ne
nt

 o
f 

or
ga

ni
c 

m
at

te
r 

in
 t

he
 s

ea
. 

(1
3)

 C
on

cl
us

io
n-

A
 

Su
m

m
ar

y 
fo

r 
th

e 
N

on
-E

xp
er

t 

C
on

cl
us

io
ns

 a
re

 o
nl

y 
va

li
d 

as
 t

he
 f

ac
ts

 o
n 

w
hi

ch
 t

he
y 

ar
e 

ba
se

d 
an

d
 a

re
 a

pp
ro

pr
ia

te
 

an
d 

re
li

ab
le

. 
P

ub
li

c 
op

in
io

n,
 b

as
ed

 
m

ai
nl

y 
on

 o
il 

se
en

 o
n 

th
e 

se
a,

 i
n 

ha
rb

ou
rs

, 
o

n
 

se
ab

ir
ds

 a
nd

 o
n 

be
ac

he
s,

 i
s 

th
at

 o
il

 p
ol

lu
ti

on
 i

s 
a 

m
at

te
r 

fo
r 

se
ri

ou
s 

co
nc

er
n.

 
S

ci
en

ti
fi

c 
gr

ou
nd

s,
 w

hi
ch

 a
re

 i
nt

ol
er

ab
ly

 i
na

cc
ur

at
e 

no
t 

be
ca

us
e 

of
 l

ac
k 

of
 s

ki
ll

 i
n 

as
se

m
bl

in
g 

da
ta

 b
ut

 b
ec

au
se

 o
f 

ol
d 

an
d 

un
re

li
ab

le
 c

he
m

ic
al

 m
et

ho
do

lo
gy

, 
ne

ve
rt

he
le

ss
 

es
ta

bl
is

h 
oi

l 
as

 a
 w

id
es

pr
ea

d,
 e

ss
en

ti
al

ly
 g

lo
ba

l,
 p

ol
lu

ta
nt

 o
f 

im
po

rt
an

t 
m

ag
ni

tu
de

. 
T

h
e 

im
pa

ct
 o

fo
il

 s
pi

ll
s 

or
 s

m
al

l d
is

ch
ar

ge
s 

is
 h

ig
hl

y 
de

m
on

st
ra

bl
e 

on
 s

ea
bi

rd
s 

an
d

, o
n 

th
e 

ba
si

s 
of

 m
uc

h 
ex

pe
ri

m
en

ta
l 

ev
id

en
ce

, r
ed

uc
es

 t
he

 c
ap

ac
it

y 
of

 th
e 

op
en

 s
ea

 to
 p

ro
du

ce
 

ph
yt

op
la

nk
to

n 
an

d 
zo

op
la

nk
to

n 
w

hi
ch

 a
re

 t
he

 o
ri

gi
na

l 
fo

od
 s

ou
rc

es
 f

or
 t

he
 f

is
h 

an
d 

sh
el

lf
is

h 
w

e 
ea

t.
 I

n 
th

e 
sh

or
e 

ar
ea

s,
 o

il 
sp

il
ls

 h
av

e 
po

te
nt

ia
l 

to
 c

au
se

 d
am

ag
e 

to
 a

ll
 f

or
m

s 
of

 p
la

nt
 a

nd
 a

ni
m

al
 li

fe
 to

 a
n

 e
xt

en
t 

de
pe

nd
in

g 
on

 th
e 

ki
nd

 a
nd

 a
m

ou
nt

 o
fo

il
, 

th
e 

ty
pe

 o
f 

sh
or

e,
 a

nd
 t

he
 w

ay
 t

he
 o

il
 b

eh
av

es
. 

T
h

e
 se

ri
ou

sn
es

s 
of

 t
he

 d
am

ag
e 

in
 b

ot
h 

ca
se

s 
de

pe
nd

s 
on

 h
ow

 r
ea

di
ly

 n
at

ur
al

 p
ro

ce
ss

es
 r

es
to

re
 t

he
 o

rg
an

is
m

s 
ki

lle
d 

or
 d

am
ag

ed
. 

O
il

 k
ill

s 
o

r 
da

m
ag

es
 li

fe
 i

n 
m

an
y 

di
ff

er
en

t 
w

ay
s,

 r
an

gi
ng

 f
ro

m
 c

om
pl

et
e 

en
ca

se
m

en
t 

in
 

oi
l 

to
 t

he
 m

er
es

t 
tr

ac
e 

of
 o

il
 r

ev
ea

le
d 

by
 t

he
 d

is
tu

rb
an

ce
 o

f 
or

di
na

ry
 e

nz
ym

e 
ba

la
nc

e 
w

it
hi

n 
a 

si
ng

le
 c

el
l. 

A
s 

a 
re

su
lt

, 
th

e 
ev

id
en

ce
 o

f 
da

m
ag

e 
fr

om
 a

n
 o

il 
sp

ill
-o

r 
m

or
e 

ge
ne

ra
ll

y 
fo

r 
an

y 
di

sc
ha

rg
e 

of
 o

il
, 

oi
ly

 s
ub

st
an

ce
 o

r 
oi

ly
 w

at
er

-o
nl

y 
st

ar
ts

 w
it

h 
th

e 
ev

id
en

t 
ca

su
al

ti
es

. 
It

 b
ec

om
es

 v
er

y 
di

ff
ic

ul
t t

o 
tr

ac
e 

ho
w

 f
ar

 th
is

 t
ra

in
 o

fd
am

ag
es

, w
hi

ch
 e

xt
en

ds
 d

ow
n 

to
 

su
bt

le
 s

ub
le

th
al

 r
es

po
ns

es
 a

nd
 e

ff
ec

ts
 o

n 
be

ha
vi

ou
r,

 a
ff

ec
ts

 t
he

 h
ea

lt
h 

of
 t

he
 o

ce
an

s 
be

ca
us

e 
of

 t
he

 g
re

at
 v

ar
ie

ty
 o

f 
lif

e 
fo

rm
s 

an
d 

th
ei

r 
re

sp
on

se
s 

an
d

 b
ec

au
se

 o
il

 i
s 

ch
em

i-
 

ca
ll

y 
ve

ry
 c

om
pl

ex
 a

nd
 is

 c
on

ti
nu

al
ly

 c
ha

ng
in

g 
an

d 
de

ca
yi

ng
 f

ro
m

 t
he

 m
om

en
t 

it
 e

nt
er

s 
th

e 
w

at
er

. O
il

, w
hi

ch
 i

s 
a 

m
at

ur
ed

 a
nd

 m
od

if
ie

d 
na

tu
ra

l s
ub

st
an

ce
, p

ro
ba

bl
y 

ha
s 

m
ar

gi
- 

na
l 

ef
fe

ct
s 

on
 a

 g
lo

ba
l 

sc
al

e 
an

d 
m

ea
su

ra
bl

e 
ef

fe
ct

s 
on

ly
 w

it
hi

n 
a 

m
il

e 
o

r 
le

ss
 o

f 
m

aj
or

 
in

du
st

ri
al

 s
it

es
. 

T
hi

s 
is

 a
n 

ep
oc

h 
in

 w
hi

ch
 o

il 
fr

om
 t

he
 s

ub
te

rr
an

ea
n 

ro
ck

 s
tr

at
a 

ha
s 

be
en

 l
ib

er
at

ed
 f

or
 

m
an

y 
ye

ar
s 

in
to

 t
he

 a
ir

, 
w

at
er

, 
so

il
, 

an
d 

se
a.

 E
ve

ry
 h

um
an

 b
ei

ng
 e

nc
ou

nt
er

s 
oi

l 
in

 o
ne

 
sh

ap
e 

o
r 

fo
rm

 e
ve

ry
 d

ay
. A

lt
ho

ug
h 

pe
op

le
 a

re
 k

no
w

n 
to

 b
e 

ki
ll

ed
 o

r 
se

ri
ou

sl
y 

af
fe

ct
ed

 b
y 

ex
po

su
re

 t
o 

la
rg

e 
am

ou
nt

s 
of

 o
il 

an
d 

oi
l 

pr
od

uc
ts

, 
un

de
rs

ta
nd

in
g 

of
 l

es
se

r 
an

d 
le

ss
er

 
do

se
s,

 l
ik

e 
th

e 
un

de
rs

ta
nd

in
g 

of
 p

ol
lu

ti
on

 o
f 

th
e 

se
a 

aw
ay

 f
ro

m
 a

n 
oi

l 
sp

il
l,

 b
ec

om
es

 l
es

s 
an

d 
le

ss
 c

le
ar

. 
C

ar
ci

no
ge

ns
 li

ke
 t

ho
se

 i
n 

to
ba

cc
o 

sm
ok

e 
ar

e 
as

so
ci

at
ed

 w
it

h 
al

l 
fo

rm
s 

(a
ir

, l
an

d,
 s

ea
) 

of
 o

il 
po

ll
ut

io
n.

 T
h

e 
se

a 
is

 t
he

 f
in

al
 s

u
m

p
 f

or
 m

an
y 

po
ll

ut
an

ts
. 

H
en

ce
 t

he
re

 i
s 

so
m

e 
co

nc
er

n 
th

at
 t

he
se

 c
ar

ci
no

ge
ns

 m
ay

 c
on

ta
m

in
at

e 
fo

od
 f

ro
m

 t
he

 s
ea

. 
S

uc
h 

re
li

ab
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 e
vi

- 
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nc
e 
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 e

xi
st

s 
(a

nd
 th

er
e 

is
 m

uc
h 

th
at
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s 

of
do

ub
tf

ul
 q
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ty
) 

in
di

ca
te

s 
th

at
 s
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s 

as
 

no
rm

al
ly

 p
re
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d 
an
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ed
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re
 n

o 
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gh
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ta

nc
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 t
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fo

od
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ro
m

 l
an

d,
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an
d

 all are m
uch less of a hazard than sm

oking, bearing in m
ind that know

ledge about 
cancer is incom

plete. 
T

h
e indications are that m

arine carcinogens enter the sea m
ainly from

 the air and 
from

 w
aste, used lubricants reaching rivers, sew

age, and ships' bilges. It w
ould take 

m
inim

al com
m

unity effort to rem
ove this pollution an

d
 to recycle the oil. 

O
th

er very m
inor but im

portant com
ponents of oil an

d
 oil residues are the sulphur 

an
d

 nitrogen com
pounds w

hich have highly pronounced sm
ell and taste an

d
 m

ay cause 
tainting. T

hey are probably also biologically active. N
ot m

uch is know
n about them

. 
R

esearch on oil pollution has tended to be fragm
entary, m

uch of it related to oil spills 
o

r experim
ental situations involving high levels of oil. T

h
is is useful for the occasional 

incident but it tells nothing about the norm
al situation. S

tudies o
n

 sites w
here treated 

oily w
aters are discharged have not alw

ays contributed usefully to establishing broad 
cause-and-effect associations usually because the chem

ical d
ata on the oil w

ere in- 
adequate, an

d
 som

etim
es because the biology did not pursue w

ell-directed 
lines of 

approach w
hich are quantifiable. 

T
h

is chapter presents a review
 of the science behind oil pollution an

d
 attem

pts to 
show

 how
 the sources an

d
 control of oil pollution can be better m

anaged. M
anaging oil 

spill clean-up is com
plex an

d
 costly. R

elative to the totality of oil pollution, is it really 
w

orth w
hile? P

erhaps the m
oney could be better spent in preventive m

easures. 
T

h
e chapter also discusses the scientific inform

ation at hand an
d

 identifies needs. 
T

hese needs include m
uch better d

ata and guidance for environm
ental m

anagers. S
om

e 
areas for new

 study are indicated. P
robably future advance in understanding oil pollu- 

tion requires the sacrifice of individual short-term
 projects in order to sustain m

ore 
disciplined an

d
 orderly team

 research. 
O

u
r m

odern civilization uses oil for pow
er, heat, transport, m

echanical m
ovem

ent, 
plastics, drugs, cosm

etics, and m
any other things. O

il is a finite fossil resource w
hich 

cannot be renew
ed. W

ithin 50 yr it w
ill be scarce an

d
, depending on the control of these 

rem
aining stocks, w

ill sooner o
r later dw

indle to nothing. 
N

o
 governm

ent w
ants to plan 50 yr ahead, an

d
 it w

ill be on the deathbed of oil that 
realization w

ill strike that it takes half a century to find, develop, an
d

 build alternative 
pow

er sources on a scale to replace oil and to provide substitutes for its applications. 
L

ong before that stage, oil w
ill have attained a huge value. T

h
e thought of spilling, 

w
asting o

r not reclaim
ing oil w

ill be beyond belief. H
i-jacking oil w

ill replace diam
ond 

thefts and bank raids. T
h

ere w
ill be no fears of oil spills. O

il decay processes w
ill quite 

soon put an end to oil pollution an
d

 at the end of the oil era if not before, the sea w
ill 

show
 not a trace. 
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