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ABSTRACT: In a genera l  sense, the ma in  at traction of the  mar ine  envi ronment  as a repository for 
the  wastes  genera ted  by h u m a n  activities lies in the degree  of dispersion and  dilut ion which  is 
readily at tainable.  However,  the capacity of the oceans to receive wastes  wi thout  unacceptab le  
consequences  is clearly finite and  this is even  more true of localized mar ine  envi ronments  such  as 
estuaries, coastal waters  and  semi-enclosed seas. Radionuclides have  always b e e n  present  in the 
mar ine  env i ronment  and  mar ine  organisms and  humans  consuming mar ine  foodstuffs have  always 
b e e n  exposed, to some degree, to radiat ion from this source. The hazard  associated with ionizing 
radiat ions is dependen t  upon  the absorpt ion of energy  from the  radia t ion field wi th in  some 
biological  entity. Thus any disposal of radioactive wastes  into the mar ine  envi ronment  has  
consequences,  the acceptabil i ty of which  must  be  assessed in terms of the possible resul tant  
increase in radia t ion exposure of h u m a n  and  aquatic  populations.  In the Uni ted  Kingdom the 
pr imary considerat ion has  b e e n  and  remains  the safe-guarding of publ ic  heal th.  The control 
procedures  are therefore des igned  to minimize  as far as pract icable the degree  of h u m a n  exposure 
wi th in  the overall  l imits r ecommended  as acceptable  by  the Internat ional  Commission on 
Radiological  Protection. There  are several  approaches  through which  control could be  exercised 
and  the s trengths and  weaknesses  of each are considered. In this review the  deta i led applicat ion of 
the critical pa th  technique  to the control of the discharge into the nor th-east  Irish Sea from the fuel 
reprocessing plant  at Windscale  is g iven  as a practical  example.  It will be further  demonst ra ted  that  
w h e n  h u m a n  exposure is controlled in this way no significant risk at taches to the increased 
radia t ion exposure exper ienced by populat ions of mar ine  organisms in the area. 

I N T R O D U C T I O N  

T h e  p o t e n t i a l  of t h e  s e a  to a b s o r b  w a s t e  m a t t e r  a n d  r e n d e r  i t  h a r m l e s s  h a s  p r o b a b l y  

b e e n  k n o w n  e m p i r i c a l l y  f r o m  p r e h i s t o r i c  t i m e s .  A l t h o u g h  i t  is  l i k e l y  t h a t  t h i s  p o t e n t i a l  

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

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

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

s u p p o r t e d .  T h e  m a g n i t u d e  of t h e  d e t r i m e n t a l  e f fec t s  of w a s t e s  is g e n e r a l l y  r e l a t e d  to t h e  

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

of t i d e s  a n d  c u r r e n t s  a r e  i m p o r t a n t  d e t e r m i n a n t s  of t h e  c a p a c i t y  of a p a r t i c u l a r  e n v i r o n -  

m e n t  to  r e c e i v e  a w a s t e  o n  a c o n t i n u i n g  b a s i s  w i t h o u t  s i g n i f i c a n t  d a m a g e .  For  c e r t a i n  

w a s t e s  (e. g. s e w a g e )  c h e m i c a l  a n d  b i o l o g i c a l  p r o c e s s e s  m a y  c o n v e r t  n o x i o u s  c o m p o -  

n e n t s  to h a r m l e s s  p r o d u c t s ,  or  g e o c h e m i c a l  p r o c e s s e s  m a y  ac t  to  i n c r e a s e  t h e  i s o l a t i o n  of 

n o n - d e g r a d a b l e  c o m p o n e n t s  (e. g. h e a v y  m e t a l s ) .  C o n t r a r i l y ,  t h e s e  s a m e  p r o c e s s e s  m a y  

s e r v e  to r e c o n c e n t r a t e  c e r t a i n  m a t e r i a l s ,  i n c r e a s i n g  t h e i r  a v a i l a b i l i t y  to, a n d  p o t e n t i a l  for  

e x p o s u r e  of, m a r i n e  o r g a n i s m s  a n d  p e r h a p s ,  u l t i m a t e l y ,  m a n .  T h e  r a t i o n a l  u s e  of t h e  
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capacity of the sea to accept waste without  unaccep tab le  env i ronmenta l  or h u m a n  
consequences  therefore requires  considerable  unde r s t a nd i ng  of the interact ions of the 

waste with all components  of the mar ine  envi ronment .  
The damag ing  effects of radioactivi ty result  from the absorpt ion in  l iv ing tissue of 

the radia t ion energy  emit ted dur ing  decay, and  this hazard was recognised soon after the 
discovery of radioactivity at the end  of the 19th century. The rapid adopt ion of radia t ion 
by the medica l  profession as a diagnost ic  and  therapeut ic  tool, despite the k n o w n  
hazards, had  several  consequences .  Firstly, an  increas ing  amount  of effort was directed 
towards ga in ing  an  unde r s t and ing  of the biological  effects of irradiation. Secondly, 
recommendat ions  for the l imi ta t ion of occupat ional  exposure were formulated, and  
safety practices to achieve this, whilst  still rea l i s ing  the benefits,  were developed.  Thus 
there was a considerable  body  of information and  exper ience  avai lable  for appl ica t ion to 
the radia t ion protection problems which arose  w h e n  the commercial  exploi tat ion of the 
nuc lear  fuel cycle for electricity genera t ion  became practicable.  

CONSTRAINTS ON HUMAN RADIATION EXPOSURE 

The In terna t ional  Commiss ion on Radiological  Protection (ICRP) is the pr imary 
source of gu idance  in  the field of radia t ion protection. From t ime to t ime the Commiss ion 

publ i shes  recommendat ions  as to the fundamen ta l  pr inciples  upon  which appropriate  
radia t ion protection measures  can be based,  and  those publ i shed  in  1966 (ICRP, 1966) 
have ga ined  wide  acceptance.  

In the dose range  of concern  in  radiological  protection the Commiss ion  has adopted 
the cautious assumptions  that any exposure to radia t ion carries a finite risk of the 
deve lopment  of ma l i gnan t  disease or of the induc t ion  of genet ic  damage  expressible in  
offspring, and  that  the risk is directly proport ional  to the accumula ted  dose. On this basis 
the object ive of radia t ion protection is to l imit  the risk of damag ing  effects to an  
acceptable  level  whi le  still permi t t ing  those activities which entai l  radia t ion exposure 
and  from which benef i t  may be derived. At that t ime there was a lack of deta i led 
informat ion as to the precise na ture  of the dose-effect re la t ionship and  it was accepted 

Table 1. ICRP dose limits for members of the general public 

Organ or tissue Dose ]imit 
(rem a "I} 

Individuals Gonads, red bone marrow, and, in the case of uniform 0.5 
irradiation, the whole body 
Skin, bone 3.0 
Thyroid, children up to 16 y of age 1.5 
Thyroid, persons over 16 y of age 3.0 
Hands and forearms, feet and ankles 7.5 
Other single organs 1.5 

Gonads 5 rem per person 
in 30 a averaged 
over the whole 
population 

Populations 
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that a considerable  e lement  of j u d g e m e n t  was involved in  dec id ing  on a degree of risk 
which would  be considered acceptable  in  part icular  si tuations and  also that quant i ta t ive  
eva lua t ion  of benefi ts  was very difficult. Nevertheless,  the Commission recommended  
dose limits which it considered would  achieve the objectives of radia t ion protection, and  
the values  for ind iv idua l  members  of the genera l  publ ic  are g iven in Table  1. The 
exposure from natura l  background  (0.1-0.2 rein a -1) and  that received, as a patient,  from 
medical  procedures are specifically excluded from the dose limits and  the contr ibut ions 
from all other sources, both in terna l  and  external  to the body, are addit ive wi th in  the 
limits. In the case of in terna l  exposure it is not possible to apply the dose limits directly. 
The limits have therefore b e e n  re -eva lua ted  in  terms of the concentrat ions of ind iv idua l  
radionucl ides  in  air and  water  which, through cont inuous  dai ly in take at s tandard rates 
by a m a n  of s tandard metabol i sm and  morphology, would  ma in ta in  body or organ 
burdens  sufficient to deliver the l imi t ing dose rates (ICRP, 1960; ICRP, 1964). The 
l imit ing concentrat ions in  d r ink ing  water  can be re la ted by simple extension (i. e. by 
employing  an  appropriate consumpt ion  rate) to corresponding limits in ind iv idua l  food 
items. These l imi t ing concentrat ions in  env i ronmenta l  materials  are known  as "der ived 
working limits." 

The assumptions concern ing  the dose-response relat ionship unde r ly ing  the set t ing 
of the dose limits have two important  practical consequences .  Since any dose, however,  
small, is considered to entai l  an  associated, non-zero, risk of harm, doses should not only 
be kept  wi th in  the r ecommended  limits but  also as far be low these limits as is reasonably  
achievable,  with due account  be ing  t aken  of risks, benefi ts  a nd  costs. In  addit ion,  any  
est imate of the total radiat ion hazard requires, in principle,  the in tegrat ion of dose over 
the whole of the exposed popula t ion  to give the collective dose in  man-rein.  Fol lowing 
the recommendat ions  of the Commission,  such an est imate would  be necessary to ensure  
that the genet ic  dose limit was respected. It was also indicated  that the est imate could 
provide a basis  for the cost-benefit  analysis  of any procedure giving rise to radia t ion 
exposure. These considerat ions have b e e n  expanded  and incorporated into the most 
recent  recommendat ions  of the Commission which also inc lude  a change  in the pr inciple  
employed to set the dose limits for certain specific organs and  tissues (ICRP, 1977). 
However,  the deta i led consequences  of this change  have yet to be  fully developed in  
terms of the der ived l imi t ing concentrat ions in  env i ronmenta l  materials.  Therefore the 
remainder  of this discussion will  be concerned  with the appl icat ion of the earl ier  
recommendat ions  of the Commiss ion  to the controlled disposal of radioactive wastes to 
the mar ine  environment .  

APPROACHES TO THE CONTROL OF EXPOSURE "FROM RADIOACTIVE 
CONTAMINATION OF THE MARINE ENVIRONMENT 

In order to apply constraints to the degree of radia t ion exposure of the genera l  publ ic  
wi th in  the limits as r ecommended  by ICRP, it is clearly necessary to develop a means  of 
re la t ing the magn i tude  of the potent ia l  source of radia t ion to the resul tant  exposure, For 
a discharge of radioactivity into the sea, with the ensu ing  uncontrol led  na ture  of the 
interact ions be tween  the radionucl ides  and  the components  of the envi ronment ,  there 
are only two points at which control could possibly be applied,  i. e. the point  of discharge 
and  the point  of exposure. In practice the former is the only feasible option. Thus the 
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amount of radioactivity discharged must be l imited to the extent that no member of the 
general  public could be exposed to doses in excess of the recommended limits. There are 
three approaches which have been  used to achieve this objective. 

Poin t  of d i s c h a r g e  cont ro l  

This method depends upon the applicat ion of concentration limits for the radionu- 
clides in the effluent at the point of discharge and takes account of the subsequent 
processes controlling their distribution in the environment in a very general ised manner 
(Preston, 1969; IAEA, 1978). Account is, however, taken of the relative radiotoxicities of 
the nuclides and the individual  permissible concentrations in the discharge are gener- 
ally related to the maximum drinking water concentrations recommended by ICRP for 
continuous occupational exposure (ICRP, 1960; ICRP, 1964). 

This system of control has several superficial attractions: (a) There is a single set of 
maximum permissible discharge concentrations applicable to all situations; (b) it is 
simple for the operator to apply; and (c) monitoring procedures by regulatory authorities 
are straightforward. It is, however, inadequate  in certain respects. Reasonable confi- 
dence that exposures in excess of the recommended limits cannot arise for any discharge 
may be gained only by applying rather large safety factors to the general  assumptions 
about environmental  behaviour. In a few cases these could prove to be insufficient 
leading to the dose limits being exceeded (Preston, 1969). Equally, the application of 
such large safety factors will probably result in low values for the l imiting discharge 
concentrations and may therefore entail  unjustified expenditure on effluent treatment 
plant in relation to the reduction in the l ikely radiation hazard in many situations. 
Estimates of the actual radiat ion exposure to either individuals or populations and hence 
assessment of the implied hazard cannot be made for any site by this method (IAEA, 
1978). 

The  spec i f i c  ac t iv i ty  a p p r o a c h  

This control procedure (Table 2) depends on a re-evaluation of the permissible body 
or organ burdens recommended by ICRP for individual  radionuclides in terms of specific 
activities (activity of radionuclide per gram of the element) in relation to the concentra- 
tions of the corresponding stable elements in the body or organ. These specific activities 
then become the l imiting values for the receiving water body, and provided that 
environmental  processes do not differentially affect the different isotopes of an element, 
the l imiting specific activity cannot be exceeded at any point in the food chain, or 
ul t imately in the human body (Preston, 1969; Foster et al., 1971; IAEA, 1978). 

The relative uniformity of the chemical composition of seawater makes this 
approach appear  attractive for the control of discharges of l iquid radioactive wastes to 
the marine environment since, in principle, the derived specific activities can be used to 
set maximum permissible concentrations for each radionuclide in seawater. The rate of 
introduction of radionuclides therefore needs to be set so that these concentrations (and 
hence specific activities) are not exceeded, a procedure which only requires information 
as to the natural processes of dilution and dispersion in the receiving water  mass. The 
monitoring of discharges controlled in this manner is also straightforward, merely 
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Table 2. Outline of the specific activity approach to the assessment of discharges of radioactive 
wastes 

Organ or body burden 
of stable element 

ICRP standard: max- Radionuclide com- 
imum permissible or- position of the ef- 
gan or body burden of fluent | 
radionuclide ~ < 

Equilibrium water 
concentration for unit 
input 

Maximum permis- | 
sible specific activity | 
in the organ or body ~ ( 

Equilibrium specific 
activity in seawater 

Maximum permis- 
sible specific activity > 
in seawater 

Environmental capac- 
ity: maximum per- 
missible discharge 
rate 

Authorised discharge 
rate 

Hydraulic and 
geochemical 
data 

Stable element 
concentration 
in seawater 

requi r ing  the analysis  of water  samples  taken  in  the vicini ty of the discharge for 
radionucl ide  concentrat ions (or perhaps a de terminat ion  of specific activity}. 

A major  shortcoming of this approach is the re l iance upon  the assumpt ion that the 
env i ronmenta l  behaviour  of an  in t roduced radionucl ide  is an  exact paral le l  of its stable 
counterpart.  The majori ty of mar ine  discharges of l iquid  radioactive wastes are to coastal 
waters and  it is precisely here that the concentrat ions of trace e lements  and  their 
physico-chemical  form is l ikely to be most variable.  Also the l imi t ing si tuat ion resul t ing 
in  exposure tends  to occur in  the immedia te  vicini ty of the discharge where it is least 
probable  that an  in t roduced radionucl ide  is in  exchange  equ i l ib r ium with its stable 
isotopes in  all  the re levant  compartments.  A further problem arises for those e lements  for 
which there is no stable isotope, e.g. technet ium,  p lu tonium,  americium, and  the 
majori ty of the members  of the na tura l  decay series. Radionucl ides  of these e lements  
cannot  be controlled by the specific activity method. Neither  is the method appl icable  for 
those radionucl ides  for which the gastro-intest inal  tract is the critical organ for exposure 
since the degree of exposure depends  on the quant i ty  of the radionucl ide  inges ted  and  
not the specific activity in  the foodstuff. In addition, an  al ternat ive procedure is neces-  

sary to ensure  that excessive external  exposure cannot  arise from radionucl ides  adsorbed 
to sediments  on beaches.  

C r i t i c a l  p a t h w a y  a n a l y s i s  

The deficiencies of the two previous controI methods are remedied  by an analysis  
which treats each disposal s i tuat ion separately with the objective of ident i fy ing and  
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Table 3. Outline of the critical pathway approach to the assessment of discharges of radioactive 
wastes 

Radionuclide composition of the effluent 

Equilibrium concentrations in water for unit 
input rate 

< 

Equilibrium concentrations in environmental 

materials I < 

Rate of exposure or intake of radionuclide 

1, 
Environmental capacity: maximum permis- 
sible discharge rate 

1 
Authorised discharge rate 

Hydraulic and geochemical data 

Concentration factors for environmental 
materials 
i. e. p Ci g-1 material 

p Ci g-1 water 

Habits survey data: seafood consumption 
rates, time spent on beaches etc. 

ICRP standards: exposure rate or daily 
intake to maintain body burden 

quant i fy ing  the routes which could potent ia l ly  result  in  s ignif icant  h u m a n  exposure 
{Preston, 1969; Poster et al., 1971; IAEA, 1978). This approach, critical pa thway analysis,  
is summar ised  in  Table  3. A pre l iminary  examina t ion  of a proposed disposal site is 
usual ly  sufficient to identify the l ikely combinat ions  of radionucl ides  and  pathways 
which will  be  the most important  and  on which the subsequen t  analysis  should concen- 
trate. In order to de termine  the permiss ible  discharge rate the consequences  of a un i t  
input  (1 Ci d -1) are traced for each radionucl ide.  Site-specific hydrographic  data allow 
the equ i l ib r ium concentrat ions in  the receiving water  mass to be predicted.  These are 
combined  with appropriate concentra t ion factors to de termine  the probable  concentra-  
tions of radionucl ides  in  those components  of the env i ronment  ident i f ied as be ing  l ikely 
to e n g e n d e r  the greatest  degree  of h u m a n  exposure. Information concern ing  the con- 
sumpt ion  rates of con tamina ted  seafoods or occupancy times of contamina ted  beaches  
can then  be used to calculate the daily in takes  of the radionucl ides  or the daily exposure. 
The inverse ratio of these to the appropriate  m a x i m u m  permiss ible  values  r ecommended  
by ICRP gives an est imate of the max imum permiss ible  daily discharge rate or, effec- 
tively, the env i ronmenta l  capacity to receive the waste without  unaccep tab le  conse- 
quences.  The major  differences be tween  this control method and  the specific activity 
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approach  l ie  in the  r equ i r emen t s  for es t imates  of the  deg ree  of con tamina t ion  of 
env i ronmen ta l  mate r ia l s  and,  more  impor tant ly ,  de t a i l ed  informat ion concern ing  the 
ea t ing,  work ing  and  le i sure  habi t s  from which  exposure  m a y  ensue,  in e i ther  the  local  or 
a more dis tant  popula t ion .  To ensure  that  no m e m b e r  of the  gene ra l  pub l i c  rece ives  
exposure  in excess  of the  dose l imit  it  is necessa ry  to ident i fy  the  ind iv idua l  or group of 
ind iv idua l s  who have  excep t iona l  hab i t s  l e a d i n g  to the  h ighes t  po ten t ia l  deg ree  of 
exposure.  The e s t ima ted  exposure  of the  cri t ical  i nd iv idua l  in a smal l  popu la t ion  or the 
ave rage  for the  cri t ical  group in a l a rge  popu la t ion  then  prov ides  the bas is  on which  the 
m a x i m u m  pe rmiss ib l e  d i scha rge  ra te  is u l t ima te ly  d e t e r m i n e d  (Preston, 1969). 

The l imi ta t ion  of h u m a n  exposure  is the  p r ime  objec t ive  of the  three  control  
p rocedures  descr ibed .  In pr incip le ,  there  is no reason  why  the l imi ta t ion  of the  exposure  
of mar ine  organisms  should  not be  subs t i tu ted  as the  objec t ive  p rov ided  that  appropr i a t e  
dose l imits  could  be  set. In pract ice ,  however ,  the p r imacy  of h u m a n  dose l imi ta t ion  is 
r e t a i n e d  for the pu rpose  of d i scharge  control  and  an  a s sessmen t  m a d e  of the  consequen t  
exposure  of mar ine  o rgan isms  at the re lease  rates  so d e t e r m i n e d  (Dunster  et al., 1964). 

At any  d i sposa l  site the  pos t -opera t iona l  p r o g r a m m e  of env i ronmenta l  moni tor ing  
has two object ives .  The first is to p rov ide  conf i rmat ion that  the  exposure  v ia  the cri t ical  
pa thways  does not  exceed  the dose limits.  This is normal ly  ach ieved  by  pe r iod ic  
s ampl ing  and  rad ioana lys i s  of the  env i ronmenta l  ma te r i a l s  which  are  d i rec t ly  respon-  
s ib le  for exposure  (the cri t ical  mater ia ls )  and  a compar i son  of these  resul ts  wi th  the  
de r ived  work ing  limits.  In the  par t i cu la r  case of ex te rna l  exposure  from con tamina ted  
sed imen t s  pe r iod ic  measu remen t s  of the  dose ra te  are made .  The second objec t ive  is to 
ob ta in  opera t iona l  da ta  which  wil l  pe rmi t  r e f inement  of the  cri t ical  p a t h w a y  ana lyses  
and ad jus tmen t  of the  pe rmi t t ed  d i scharge  rates  as necessary .  

T h e  W i n d s c a l e  d i s c h a r g e  i n t o  t h e  n o r t h - e a s t  I r i s h  S e a  

The s torage and  reprocess ing  of spent  fuel  e l ements  is the  p r imary  act ivi ty  genera t -  
ing  low- leve l  l iqu id  was tes  at the  Windsca l e  site (nor th-western  Britain). The effluent  
contains  main ly  fission products  toge ther  wi th  smal l  quant i t ies  of t ransuranic  nuc l ides  
and t races  of ac t iva t ion  products  from the fue l - e l emen t  cann ing  mater ia ls .  

The ear ly  inves t iga t ions  of the  po ten t ia l  hazards  from the d i scharge  of this  eff luent  
into coas ta l  waters  cons ide red  numerous  pa thways  but  it was qu ick ly  shown that  there  
were  just  three  which  could  resul t  in s igni f icant  h u m a n  exposure,  i. e. the  accumula t ion  
of r ad ionuc l ides  in ed ib l e  s e a w e e d  and  in fish and  the depos i t ion  of con tamina ted  
sed iments  on beaches  (Dunster, 1958). Of these  three  pa thways ,  that  v ia  ed ib l e  s e a w e e d  
was  d e t e r m i n e d  to be  the  most  restr ict ive.  

The de ta i l s  of the  Porphyra-laverbread cri t ical  p a t h w a y  are  g iven  in Table  4 and  
demons t ra te  how the env i ronmen ta l  capac i t ies  for cer ta in  of the  r ad io log ica l ly  signifi-  
cant  components  of the  was te  may  be  de te rmined ,  and  the constraints  which  have  b e e n  
p l a c e d  on the d ischarge .  The da ta  g iven  in Co lumn two are  empi r i ca l  va lues  ob ta ined  
from the pos t -opera t iona l  moni tor ing  p rog ramme  (Jefferies, pe r sona l  communicat ion) .  In 
the in i t ia l  assessment  e s t ima ted  va lues  we re  used,  b a s e d  on e xpe r ime n t a l  inves t iga t ions  
of both  the  shor t - term hydrog raph ic  processes  in the a rea  (Sel igman,  1955) and  the 
concentra t ion  factors for env i ronmenta l  mater ia ls ,  l e a d i n g  to ten ta t ive  eva lua t ions  of the  
env i ronmenta l  capaci t ies .  The  resu l t ing  prov is iona l  d i scharge  author isa t ions  were  set to 
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be  de l i be ra t e ly  conservat ive  (Dunster, 1958). It is c lear  from Table  4 that  l~ is the 
cri t ical  r ad ionuc l ide ;  however ,  s ince other  r ad ionuc l ides  which  are  accumula t ed  by  
Porphyra also i r rad ia te  the intest ine,  the total  d i scharge  cannot  be  the  sum of the  
i nd iv idua l  pe rmiss ib l e  d ischarges .  This add i t iv i ty  cons idera t ion  imposes  a fur ther  
res t ra in t  upon  the d i scharge  such that  

Ci l~ d i scha rged  Ci 144Ce d i scha rged  + Ci total  f l d i s c ha rge d  :~ 1 (Preston, 1971). 
15,000 + 90,000 300,000 

Table  5 summar izes  the  de ta i l s  of the  th ree  s ignif icant  pa thways  p resen t  at Wind-  
scale,  and  also the  d e g r e e  of exposure  due  to the  d ischarge .  The  env i ronmenta l  capac i ty  
for l~ has  b e e n  ca l cu la t ed  on the a s sumpt ion  that  the  l averbread ,  as consumed,  is 
m a d e  en t i re ly  from Porphyra of Windsca le  or ig in  and  the au thor i sed  d i scharge  ra te  set 
accordingly .  This p rov ides  a measu re  of conserva t i sm in the  assessment  s ince it is k n o w n  
that  w e e d  from other  sources is u t i l ized.  This factor accounts  for the re la t ive ly  low 
es t imate  of the ac tua l  exposure  in 1971, as a pe r c e n t a ge  of the  dose l imit ,  even  though  
the annua l  d i scharge  rate  was  6 1 %  of that  author ised .  After  1971, ha rves t ing  of Porphyra 
from the Windsca le  a rea  ceased,  and  this p a t h w a y  is now only of potent ia l ,  ra ther  than  
ac tua l  s ignif icance.  In recen t  years  the  quant i t ies  of caes ium rad ionuc l ides  d i s cha rged  
have  t e n d e d  to inc rease  and  this is re f lec ted  in the  e s t ima ted  e x t e n t  of exposure  ar is ing 
from the consumpt ion  of fish and  shel l f ish dur ing  1976 (Mitchell ,  1973, 1977). 

These  factors emphas i ze  the  impor tance  of the  cont inu ing  assessment  of d i scharges  
and  the Suitabi l i ty  of the  cr i t ical  p a t h w a y  app roach  for the  purposes  of ra t ional  control. 

RADIATION EXPOSURE OF FISH POPULATIONS 

N a t u r a l  r a d i o a c t i v i t y  i n  t h e  m a r i n e  e n v i r o n m e n t  

Radioact iv i ty  has  a lways  b e e n  a factor in the mar ine  env i ronment  and  the na tura l  
r ad ia t ion  f ie ld  from this source provides  a va luab l e  pe r spec t ive  for a t tempts  to assess  the  
s igni f icance  of increases  in exposure  due  to con taminant  rad ionuc l ides .  Severa l  sum- 
mar ies  have  b e e n  m a d e  of the  concentra t ions  of the  na tura l  r ad ionuc l ides  in seawater ,  
s ed imen t  and  mar ine  organisms  (Mauchl ine  & Temple ton ,  1964; Woodhead ,  1973a; 
IAEA, 1976) and  of the i r  consequent  r ad ia t ion  exposure  (Woodhead,  1973a; IAEA, 1976). 
A summary  of the  da ta  r e l evan t  to the  na tu ra l  r ad ia t ion  exposure  of mar ine  fish is g iven  

in Tab le  6. 
It is ev iden t  that,  in seawater ,  the p r imord ia l  rad ionuc l ide ,  potass ium-40,  is the most  

s ignif icant  both  in terms of concent ra t ion  and  as a source of ex te rna l  w ho le -body  7-ray 
exposure  to pe l ag i c  organisms,  r ep resen t ing  a lmost  97 % and  99.6 % of the  respec t ive  
totals.  For the seabed ,  the  po tass ium and  the u ran ium and  thor ium decay  series  
contr ibute  more  or less equa l ly  to the  7-ray dose rate  at the  sed imen t  surface and  for 
ep iben th i c  fish this is a more s ignif icant  source of exposure  than  the rad ioac t iv i ty  in the 
water .  Of the r ad ionuc l ides  accumula t ed  by  fish, potass ium-40 is, once again ,  the 
p r inc ipa l  source of who le -body  i r rad ia t ion  and  the dose rate,  at 2.5/~rem h -1, wi l l  vary  
l i t t le  b e t w e e n  organs  wi th in  a fish or b e t w e e n  spec ies  b e c a u s e  of the phys io log ica l  
r equ i r emen t  for and  control  over  the concent ra t ion  of this  e lement .  Other  rad ionuc l ides ,  
p r inc ipa l ly  21~ and  to a lesser  ex tent  238U and 234U may  contr ibute  s igni f icant ly  to the 
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whole-body dose depend ing  on the concentrat ions in  tissue which are found to be very 
variable.  In addition, ul~ can deliver var iable  and sometimes quite high doses to 
specific organs e.g. stomach and  liver. 

Since the embryonic  per iod is known  to be relat ively more radiosensi t ive than  other 
stages of the fish life cycle it is also per t inent  to consider  the potent ia l  exposure of the 
developing  egg. For pelagic  eggs, cosmic radiat ion is an  exposure source of var iable  
importance depend ing  on the posit ion in  the water  co lumn at which deve lopment  takes 
place. The exposure rate decl ines from 4 ~rem h -1 at the surface to 0.5 ~rem h -1 at 20 m 
depth (IAEA, 1976}. Potassium-40, both in  the water  and  in  the egg, is the only other 
s ignif icant  source of exposure and  for plaice eggs it has b e e n  es t imated that the resul tant  
dose rate to the deve loping  embryo is 0.7 ~rem h -1. For eggs which develop on the 
seabed y-ray dose rates in  the range  1-16/~rem h -1 (see Table  6) are l ikely to be typical. 
Overall,  it appears  that the na tura l  background  radia t ion exposure of deve loping  fish 
eggs is probably  in  the range  of 1-20 ~rem h -1. 

C o n t a m i n a n t  r a d i o a c t i v i t y  i n  t he  W i n d s c a l e  e n v i r o n m e n t  

The first assessment  of the Windsca le  discharge also considered the i rradiat ion of 
mar ine  organisms and  indica ted  that the most s ignif icant  source of increased exposure 
would  be con tamina ted  sediment.  The max imum possible dose rate (at the ma x i mum 
permiss ible  discharge rate} was est imated to be about  45 mrem h -1 over a relat ively 
small  area and  it was concluded that this would  be un l ike ly  to have any signif icant  effect 
on the mar ine  ecosystem (Dunster et al., 1964). 

The degree of contamina t ion  in  the immedia te  vicini ty of the Windscale  outfall is 

shown in  Table  7, from which .can be seen the potent ia l  s ignif icance of the sed iment  as a 

Fig. 1. Dose-rate contours on the sea bed in the vicinity of Windscale. Dose rate in ~rem h -1 
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Fig. 2. Dose rate to plaice in the north-east Irish Sea as indicated by the dosimeter on the underside 
of the fish. The histogram represents the experimental results and the continuous curve is the best 

fit lognormal distribution 

source of radiation.  The calculat ion of the dose rates to fish from both in terna l  and  
external  sources confirms this s ignif icance for demersal  fish, such as the plaice, which  
spend  the greater part  of the t ime very close to, or in  contact with, the seabed. The results 
of the dosimetry calculat ions are g iven in  Table  7. Figure 1 shows the dose-rate contours 
at the s eabed - seawa te r  interface as calculated from measured  radioactivity concentra-  
tions in  sediment  samples  collected from a grid of 26 stations dur ing  1968 (Woodhead, 
1973b). It is apparen t  that the discharge results in  dose rates to benth ic  organisms in  
excess of that from the na tura l  background  radiat ion over an  area of about  2000 km 2. The 
magn i tude  of the exposure of the plaice was confirmed by a t taching two l i th ium fluoride 
dosimeters (one each on the upper  and lower surfaces) to about  3500 fish by means  of the 
Petersen disc tag and  re leas ing  them 0.4 km south of the effluent outfall. The fish were 
recaptured in  the course of normal  commercial  f ishing operations and  re turned to the 
laboratory. The dosimeters on the unders ide  of the fish indica ted  that the m e a n  dose rate 
dur ing  the t ime at l iberty (up to 2I/2 years) was  350 ~ e m  h -1 with occasional  ind iv idua l  
values  up to 2.5 mrem h -1. The dis t r ibut ion of the measured  dose rates is g iven  in  Figure 
2. The max imum dose rates measured  are of the same order as those calculated on the 
basis of seabed radioactivi ty measurements  close to the discharge point. However,  it is 
clear that the na tura l  migrat ions  of the fish considerably  reduced the m e a n  exposure rate 
in  the majori ty of cases. The data ob ta ined  from the dosimeter  on the upper  surface of the 
fish permit ted an  est imate of the relative contr ibut ions from/3- and  y-radiation to be 
made and  from this the m e a n  dose rate to the gonads  was est imated to be 250 ffrem h -1. 
Thus the m e a n  dose rate from the con taminan t  radioactivity is be t w e e n  10 and  50 times 
higher  than that to be  expected from the na tura l  radia t ion background.  

The accumulat ion,  by plaice eggs, of f ission-product radionucl ides  and  p lu tonium-  
239 has b e e n  inves t iga ted  unde r  laboratory conditions.  These data, together  with the 
measured  concentrat ions of the radionucl ides  in seawater  in  the plaice spawning  area of 
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the north-east  Irish Sea, have b e e n  used to est imate the increa'se in  radia t ion exposure of 

deve loping  plaice embryos (Woodhead, 1970; Hether ing ton  et al., 1976). For the fission 
products, the inc rementa l  dose rate, at 0.08 ~ e m  h -1, is about  12 0/0 of that from the 
na tura l  potassium-40 and  a lesser proport ion of the probable  total na tura l  radia t ion 
exposure, whi le  for p lu tonium-239 it seems that the derived values  have little m e a n i n g  
w h e n  the discrete and  stochastic na ture  of the decay process is t aken  into account. In the 
case of eggs deve loping  on the seabed,  the increased  exposure of the embryo due to the 
con taminan t  radioactivi ty could obviously be much greater, perhaps up to several  mrem 
h -1 for a small  proport ion of the eggs. 

ASSESSMENT OF RADIATION EFFECTS IN THE NORTH-EAST IRISH SEA 

As indicated  earl ier  in  connect ion  with h u m a n  radia t ion protection, it is usual ly  
assumed that any exposure to radia t ion carries a finite risk of harm which increases in  
direct proport ion to the total dose. Thus restrictions are appl ied  to h u m a n  exposure so 
that the concomitant  risk is acceptably low for each individual .  Al though it is to be  
expected on this basis  that increased i r radiat ion of the biota of the north-east  Irish Sea 
would  result  in  de t r imenta l  somatic, teratogenic  or genet ic  effects for a few indiv iduals  it 
is the preservat ion of mar ine  popula t ions  which is of pr imary concern. If the damage  to 
ind iv idua l  organisms is not manifest  at the popula t ion  level  then  the effect may be 
regarded as of no significance. Thus the pr imary considerat ion can be seen to be that the 
increased radia t ion exposure should not damage  the overall  reproductive capacity of the 
populat ion.  

There are rather few exper imenta l  data for fish which can useful ly be used as the 
basis of an  assessment  of the effects of low-level  chronic i rradiat ion on reproductive 
capacity. It has recent ly  b e e n  suggested that gametogenes is  may be the most sensi t ive 
phase of the whole  life-cycle. Male Oryzias latipes were exposed to tri t iated water  at a 
concentra t ion of 10 .2 Ci 1-1, corresponding to an  es t imated whole  body (or gonad) dose 
rate of 85 mrem h -1. After 10 days the normal  process of spermatogenesis  was found to be 
disrupted a l though signs of a recovery were apparent  after 30 days (Hyodo-Taguchi  & 
Egami, 1977). At the h igher  concentra t ion of 5 X 10 -2 Ci 1-1 (420 mrem h-l), the effect 
was still present  after 30 days. Exposure of pairs of guppies  (Poecilia reticulata) at a 
m e a n  dose rate of 170 mrem h -1 from the age 0-3 days unt i l  the end  of their  b reed ing  life 
produced signif icant  effects on several  aspects of b reed ing  performance.  In total, the 
m e a n  lifetime fecundi ty (young per  pair) was reduced  by 43 %, main ly  as a result  of a 
greater  inc idence  of temporary inferti l i ty and  earl ier  onset  of pe rmanen t  sterility (Wood- 
head, 1977). Chronic y-irradiation of chinook sa lmon eggs (Oncorhyncus tshawytscha) 
dur ing  the 80-day incuba t ion  period had no signif icant  effect on the length  and weight  of 
fry at 90 days of age, re turn of mature  fish to the hatchery, gonad deve lopment  or fertility 

unt i l  the dose rate exceeded 210 mrem h -1 (Hershberger  et al., 1978). A comprehens ive  
review of the greater  part  of the earl ier  l i terature pe r ta in ing  to radia t ion effects in  teleost 
fish has recent ly b e e n  pub l i shed  (IAEA, 1976). It was concluded that the lowest dose rate 
at which minor  rad ia t ion- induced  dis turbances  of physiology or metabol i sm might  be  
detectable  in  fish is of the order of 40 mrem h -1. 

Thus it appears  that the dose rates calculated for, and  measured  in, the mar ine  
env i ronmen t  at Windscale  are at least an order of magn i tude  below those which would  
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b e  e x p e c t e d  to e l ic i t  a n y  e f fec t  u n d e r  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s  a n d  a l m o s t  two  

o r d e r s  of m a g n i t u d e  l e s s  t h a n  t h o s e  n e c e s s a r y  to h a v e  a n  e f fec t  o n  t h e  c o m p o n e n t s  of 

r e p r o d u c t i v e  capac i ty .  
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