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The disposal of radioactive wastes into the marine 
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containing Pu and Am in the source term 

E. I. HAMILTON 

Institute for Marine Environmental Research, Prospect Place, The Hoe, Plymouth PL1 3DH, Devon 

AB S TRA C T. Radioactive particulate matter (identified as 
hot particles) is present in the effluent discharged by the 
British Nuclear Fuels Ltd (BNFL) uranium reprocessing 
plant at Sellafield, Cumbria, UK. There is very little 
information on the abundance or chemical and physical 
forms of solid matter in the effluent; even less is known of 
the significance of particulate debris in relation to the 
uptake of radionuclides for non-occupationally exposed 
people as a result of transfer along marine foodchains. 
Some observations on the occurrence and abundance of 
hot particles in the vicinity of Sellafield are reported, with 
special reference to those that contain transuranic radio- 
nuclides (Pu,Am,Cm). Some of the uncertainties are 
discussed in an evaluation of the significance of hot 
particles, albeit aggregates of colloids for the smallest 
particles, and exposure to man from ionizing radiation. 
There is no evidence that hot particles derived from 
BNFL and subsequently dispersed into the marine 
environment represent a hazard to man. However, further 
studies are required in order to determine whether or not 
the pathways followed by the particles are significant, or 
different to those of other radionuclides through which 
the radiation exposure of man within this region of 
Cumbria is assessed. 
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A PRIME objective in the disposal of radioactive 
wastes into near-shore waters of the marine en- 
vironment is to ensure that the procedures adopted 
provide for an adequate dispersion of the effluent, 
such that now, and in the future, the practice should 
not constitute a hazard to man or to parts of marine 
ecosystems. In practical terms this statement 
requires some clarification: 

(i) Any hazard should be evaluated in relation 
to other accepted risks which are associated 
with man's cultural and technological advance- 
ment. 

(ii) The important  components of the total cost- 
benefit equation should be identified, in particular 
the accuracy of the data which are used, and an 
identification of those components of the equation 
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which are most sensitive to change, or for which 
quantitative data are not  available. 

(iii) In the disposal of radioactive wastes the 
average concentration of a radionuclide over 
several decades, the short-term maximum in a small 
region, or the occurrence of extreme transfer events 
should not lead to a potentially significant hazard. 

Man  appears to be the form of life which is most 
sensitive to the effects of ionizing radiation: in the 
marine environment, no effects on biota are seen 
which can be unequivocably attributed to the 
presence of ionizing radiation (above that which 
occurs naturally) as a consequence of the current 
practices for the disposal of radioactive wastes into 
the sea. This does not mean that such effects do not 
occur, but rather that because of the very high 
natural mortali ty in the seas, any small contribu- 
tion arising from the disposal of radioactive wastes 
cannot be identified. The complexity of the prob- 
lems associated with the disposal of radioactive 
wastes, and the limited availability of data have 
resulted in the adoption of various types of predic- 
tive models. It is essential that these models are 
evaluated for sensitivity to all processes likely to be 
operating. One small aspect of  the problem is 
considered here, namely the high levels of radio- 
activity associated with small (hot) particles, which 
is a neglected field of study. They occur in the 
natural environment and are derived from the 
nuclear industry: similar particles form in the sea as 
a result of natural processes. 

The health of man is assumed to be safeguarded 
by the practice of monitor ing seafoods available for 
consumption and identification of critical path- 
ways for transfer of radionuclides, together with 
more detailed studies of individuals who are subject 
to unusual exposures. With the exception of occu- 
pationally exposed individuals, most of the data in 
current use for the purposes of radiological protec- 
tion does not  distinguish between conservative and 
non-conservative forms of radionuclides; very little 
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is known of the abundance and composition of 
so-called hot particles. 

The study area is in the NE Irish Sea, which 
receives high-level radioactive wastes* from the 
British Nuclear Fuels (BNFL) reprocessing plant at 
Sellafield, Cumbria, UK. According to the Ministry 
of Agriculture, Fisheries and Food Certificate of 
Authorization for the Disposal of Radioactive 
Waste (Great Britain, 1960), 'liquid radioactive 
waste means waste consisting of liquid with or 
without solid matter in suspension therein'. 

Reports (e.g. Atherton, 1979, 1980; Hetherington, 
1976; HoweUs, 1977; Hunt, 1979-83; Mitchell, 
1967-77) on radioactive discharges into the Irish 
Sea do not identify the amount, particle size, or 
composition of solids which are discharged. The 
data presented here are based mainly on pre- 
liminary observations which are considered rele- 
vant for non-occupationally exposed individuals; a 
more detailed account of the procedures adopted 
will be presented elsewhere. The data cannot be 
extrapolated to other sites and are only applicable 
to the study area; attention is mainly focused on the 
alpha-emitting heavy radionuclides (Pu,Am,Cm). 

The quality of data used in radiological protection 
of the general population 

Two extreme approaches are often taken when 
considering the subject of environmental radio- 
activity: first, the use of experimental systems to 
understand the processes controlling the disper- 
sion, uptake, loss, and retention of radionuclides in 
marine ecosystems (to be of practical value they 
need to be validated on natural systems); secondly, 
an evaluation of the extent to which man-produced 
radionuclides behave as analogues of stable ele- 
ments. In the disposal of radioactive wastes to the 
oceans, the nature and composition of the source 
term could initially influence or even control sub- 
sequent distributions (source term effects are most 
likely to occur near the site of discharge). Most 
radionuclides which enter the seas, in diverse 
chemical and physical forms, will gradually adopt 
characteristics which are identical or similar to 
those of stable element analogues through pro- 
cesses of geochemical and biological recycling. An 
exception would be a highly resistant and non- 
degradable type of waste which, in the water 
column or in bottom sediment, would probably act 
in a non-conservative manner. Therefore in order 
to understand better the processes affecting the 
cycle of radionuclides in the sea, it is important to 
consider the short- and long-term influence of the 

*Arising principally from the reprocessing of spent 
Magnox uranium fuel rods. 

source term. Unfortunately, for most industries, 
and the nuclear industry in particular, information 
which adequately defines the source term is rarely 
available. 

One of the primary aims of radiological protec- 
tion is to ensure that radiation exposures are kept 
'as low as reasonably achievable' (ALARA). The 
radiation exposure of the population (called the 
collective dose) is used as a measure of the health 
detriment in the irradiated population to ensure 
that the ALARA criterion is met. Prediction of 
the collective dose in marine systems involves 
an assessment of the dispersion of radioactivity 
throughout the oceans and its subsequent return 
via marine pathways to man. A large number of 
factors needs to be identified, which may be often 
restricted to defined geographical or climatic 
regions of the world, or to particular situations such 
as proximity to a source. The National Radiologi- 
cal Protection Board and the Commissariat fi 
l'Energie Atomique (NRPB/CEA, 1979) have 
created a compartmental model which, in the UK, 
has been further developed by the MAFF Fisheries 
Radiological Laboratory [FRL] (Camplin et al., 
1982) to obtain estimates of collective dose. In the 
UK the various compartments of the model and 
transfer factors are considered in more detail for 
special areas, such as those affected by the opera- 
tions at BNFL; similar models are being considered 
for the open ocean dump sites (GESAMP, 1983). 

It is important to establish the relationship 
between field data and the effects of radiation. The 
accuracy and uncertainties of the data which are 
related to effects from ionizing radiation should be 
considered in relation to those concerned with the 
nature and rates of processes in models for the 
disposal of radioactivity into the marine environ- 
ment. Although many of the models appear accept- 
able they still contain terms based on inadequate 
data. 

The extent of further research required on the 
exposure of general members of the population to 
low levels of ionizing radiation can only be deter- 
mined when more data become available for the 
concentration of radionuclides in human tissues at 
critical sites. 

If radioactive (hot) particles enter the body and 
are retained as discrete particles they may act as loci 
of high radiation doses; high concentrations could 
lead to death or to a shortening of life by destroying 
functional tissue; lower concentrations may be 
detrimental by causing progressive fibrosis. The 
respiratory and lymphatic tissues are of particular 
concern in the inhalation of particles, and the 
possible development of radiation-induced neo- 
plasia in these systems requires further considera- 
tion. The problem is so complex that data of direct 
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relevance to effects are not presented here; indeed 
no effects have been observed beyond the occa- 
sional accidents among occupationally exposed 
individuals, or individuals in close proximity to 
nuclear detonations. Nevertheless, areas of uncer- 
tainty for normal members of the population, 
which are evident from a study of the principles 
adopted by the International Commission on 
Radiological Protection (ICRP), are as follows: 

(i) The ICRP (1972, 1981) describes three classes 
of solubility for retention of radionuclides in the 
body which partly reflect their chemical and physi- 
cal forms. These classes may be appropriate for 
exposed workers but there is little information 
concerning the abundances or chemical form of 
radioactive particles which are present in the 
natural environment. 

(ii) Considerable uncertainties exist in the in- 
fluence or significance of chemical and physical 
form of radionuclides in transfer of materials from 
lung to lymph nodes. The relative roles of particle 
form or macrographic processes on translocation 
are not discussed. 

(iii) No human beings (apart from those exposed 
in the industry or accidents) have shown health 
effects that can be associated with inhalation of 
radionuclides. It is therefore necessary to obtain 
data from animal experiments, where almost all the 
data are derived from the inhalation of simple 
chemical and physical forms of radionuclides which 
may not be present, or even stable, in the natural 
environment. 

(iv) The ICRP does not recommend the use of its 
data and models for exposed individuals to esti- 
mate committed dose equivalents to members of 
the general population by adjusting solely on the 
basis of differences in mass of organ and magnitude 
of intake; the data were not collected with this 
purpose in mind. 

(v) The ICRP Annual Limit on Intake (AL[) 
does not consider chemical toxicity. By definition a 
hot particle contains a high concentration of an 
element in a small volume, hence the chemical 
nature of the material may be 'recognized' by a 
biological process and retention and translocation 
within the cell, organ or whole body may be 
influenced by such a process. 

(vi) For  the purposes of environmental exposure 
the ICRP does not consider chelated forms of 
radionuclides (e.g. Pu,Am,Cm), although they are 
considered to be more mobile in the body than 
other compounds (Durbin, 1973) and therefore may 
be more rapidly excreted than other forms. 

(vii) For  non-occupationally exposed indivi- 
duals, an evaluation of lung burdens of the heavy 
radionuclides by in vivo counting is of no practical 
value. Even for those occupationally exposed, the 
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limits of detection are poor and measurements pose 
many difficulties, so that only cases of very severe 
exposure can be diagnosed. Information concern- 
ing the distribution of radiation dose or the in- 
fluence of translocation processes is not available 
even in these circumstances. 

There are also uncertainties associated with the 
efficiency of field sampling of natural aerosols and 
estimating their transfer from the natural environ- 
ment to the human lung. It is contended by some 
that lung deposition of radioactive hot particles 
containing a certain amount of alpha-activity repre- 
sents a risk of lung cancer substantially greater than 
if the same amount of radionuclide were distributed 
among small sources, or present as a true diffuse 
distribution (Tamplin and Cochran, 1974). The 
National Resources Defence Council (NRDC) in 
the United States considers that the critical particle 
contains a minimum of between 0.14 and 4.3 pCi; in 
this work an average value of 0.6 pCi is used 
(Tamplin and Cochran, 1974; ICRP, 1980). In this 
study the ICRP (ICRP, 1980) description of hot 
particles is adopted. They are recognized in auto- 
radiographs (for alpha sources) as 'alpha stars', 
generated by alpha radiation emanating from 
larger particles of high specific gravity or smaller 
particles inhaled, the solubility and the propensity 
to aggregate, determine the characteristics of alpha 
radiation, e.g. the formation of single tracks or 
stars. Recognition of a hot particle by a star 
depends on the duration of autoradiographic ex- 
posure. If long exposure times are used most diffuse 
distributions will eventually be represented by 
'alpha stars'. It is difficult to determine the specific 
activity of a hot particle whose density has to be 
assumed and which can range from about 1-12 g 
cc-  1. In autoradiography hot particles are seen as 
'fixed phenomena'; in vivo the particle would be 
expected to move over tissue surfaces, and hence 
the dose delivered per unit volume of tissue with 
time would be much less. From a consideration of 
radiation effects some cells adjacent to a hot 
particle would be killed, which is a common 
biological process. However, the probability that a 
cancer will be induced by a given particle will 
depend upon whether or not the radioactivity of the 
particle is sufficient to impart just enough energy to 
cause changes in adjacent cells leading to cell 
transformations and eventually cancer (ICRP, 
1980). Evidence that a single radioactive particle 
can lead to histological changes and eventually 
neoplasia has not been demonstrated. 

The foregoing statement thus outlines the need 
for research requiring evaluation in relation to the 
physical and chemical properties of radioactive 
particulate material, and is here applied to the 
study of hot particles, as a component of the source 
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FIG. 1. Possible constituents of the BNFL effluent source term in relation to the production of hot particles. 
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term, released by B N F L  at Sellafield into the N E  
Irish Sea. 

An examination o f  the B N F L  source term 

No data are available on the chemical and 
physical form of the radionuclides in B N F L  
effluent; some possibilities considered in this paper 
are illustrated in fig. 1. If  conservative or non- 
conservative forms are present in the source term 
they may require separate treatment when con- 
sidering protection of the general public from 
sources of ionising radiation. Differences in the 
composit ion of the source term may also require 
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consideration in modelling the behaviour of the 
radionuclides. Discussion will be mainly restricted 
to the transuranic radionuclides 24~Am, 239+24~ 
and 238pu, but some consideration will be given to 
#ross beta-particle emissions. 

The following assumptions are made in this 
investigation: 

(i) The concentration of Pu and Am in various 
materials is considered in terms of their relative 
abundance (~o), i.e. 

~o 2 3 9 + 2 4 ~  in E A m + P u ( ~ )  = 
2 3 9 + 2 4 0 p u  

x 100 241Am + 239 + 240pu + 238pu 
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FIG. 2. Annual discharges of U (kg), 238'239"24~ and 2~lAm(Ci) by BNFL Sellafield to the NE Irish Sea, 1970-80. 
(Insert--Data presented in terms of the relative abundances (~) for Pu and Am radionuclides.) 
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(ii) If the relative abundance (~) of Pu(e) and 
241Am in a sample is the same as that in spent 
Magnox fuel, then this is taken to indicate the 
presence of unaltered solid particles of Magnox fuel 
in the sample. 

(iii) There are no natural processes whereby 
dissolved forms of either Am and Pu can recombine 
to give relative abundances identical to those 
characteristic of Magnox fuel or its products (i.e. 
fresh spent fuel, aged fuel, or products after repro- 
cessing). 

The period of study is 1977-80 for which pub- 
lished data for releases of U, Pu, and Am from 
BNFL are available (Atherton, 1979, 1980, 1981; 
Pentreath et at., 1979) as illustrated in fig. 2 and the 
distribution of sampling sites is given in fig. 3. 
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FIG. 3. Sample locations. 

The relative abundance of the radionuclides 
studied in spent fuel and BNFL effluent are given in 
Table I. The main item to note is the relatively low 
abundance of 241Am compared with radionuclides 
of Pu. 

Relative abundance and concentration of 23apu, 
239+240pu n e a r  the BNFLmarine outfall 

Hetherington (1978) notes that c. 95 % of all Pu 
released into the sea by BNFL is rapidly deposited 
in sediments; after the effluent is discharged it 
remains stratified for 3-4 days because of lower 
density as a tidal plug which is carried in a southerly 
direction by residual currents to Liverpool Bay, 
and then northerly by Atlantic water passing up 
the Irish Sea. Hetherington (1978) did not find 
any significant enhancement in the concentration 
factors for Pu in superficial sediment near the 
outfall which indicates an efficient dispersal, at 
least for Pu. The concentration and relative 
abundance of 238pu, 239+24~ and 241Am in 
superficial (5 cm) sediments of the NE Irish Sea, 
collected along an offshore transect (see fig. 3) 
passing Sellafield in November 1978, are given in 
Table II; these data are compared with those for 
sediments of the Esk estuary some 14 km to the 
south of Sellafield which contain the highest levels 
of radioactivity found within the region (Hamilton 
and Clifton, 1980; Hamilton and Clarke, 1984). All 
data have been normalized to values for sample 329 
(Table II) which is nearest to the BNFL outfall. 

The normalized data have also been considered 
in relation to their distance, in a northerly or 
southerly direction, from the outfall; fig. 4a illus- 
trates the data for E(Am + Pu[ct]) pCi g -  1 for each 
sample and shows that (in 1978) the total concen- 
tration of Pu and Am in surface sediments of the 
NE Irish Sea decreased with distance from the 

Table I. Total Ci and relative abundance of 241 Am, 239*240 Pu, and 238pu 
discharged into the NE Irish Sea, 1979-198D compared to the relative 
abundance of Am, Pu in spent Magnom cooled fuel. 

Year ~ Total Ci discharged 
Relative abundance (%) 

241 Am 239+240 Pu 238 Pu 

BNFL effluent I 

1978 1781 12.0 69.2 18.8 

1979 1547 13.7 65.4 20.9 

1980 959 23.3 57.4 19.4 

Spent Magnox fuel 2 8.3 70.4 21o4 

2 x 103d cooled 

1 - Cambray (1982) 2 - Malts and Nair (1979), 
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Table II. The concentration (pC ~Idry wt) and relative abundance of normalised values (%Norm.) for 241Am, 239 + 24Opu and 238pu 

in sediments of the Irish Sea and Esk estuary 

183 

Sample No. Distance from 241Am(~)l 241Am(a)2 239 + 240pu 238pu 
Type source~ KmS. 
Irish Sea (1978) N = North pCi g'dry wt. pci {'dry wt. %3Norm pCi {'dry wt. %Norm pCi g'dry wt. %Norm 

S - South 

308 Grey silt 32.0/S 5.2 + 0.4 5.4 + 1.3 

318 Coarse sandy silt 41.2/S 7.9 ! 1.9 9.2 ~ 2.0 

323 Grey sandy silt 18.0/8 15.6 ~ 2.6 17.4 ~ 3.5 

328 Grey sandy coarse silt 13.0/N 22.0 ~ 3.9 24.7 ~ I.I0 

327 Grey sandy coarse silt IO.9/S 17.6 ~ 1.2 18.6 ~ 1.3 

329 Grey silty fine sand 9.1/N 106,4 ~ 5.5 108,8 ~ 12.1 

330 Grey silty mud 17.2/N 46.6 + 2.3 45.0 + 6.2 

331 Grey fine silty sand 21.6/N 31.4 ~ 0.5 31.0 ! 5.2 

332 Brown grey fine sand 26.4/N Ii.I ! 0.5 10.7 ! 2.6 

333 Brown grey fine sand 33.2/N 5.6 !0.6 5.2 ! 1.4 

Esk Estuar~ (1980) ld/S 

Waberthwaite mud 62.9 + 8.3 

Newblggln Viaduct mud 176.1 + II.I 

Mussel Bed mud, Ravenglass 36.3 + 4.0 

Particulate debris suspended 69.1 + 8.0 
in water eolian, Newblggin, 

0.8 6.7+ 0.5 0.9 3.4+0.3 2.0 

1.0 8.6+ 2.7 0.9 2.9+0.2 1.3 

1.3 10.5+ 0.7 0.8 3.7+0.4 1.2 

1.2 17.9+ 0.9 0.8 5.9+0.4 I.I 

i.I 17.8~ 1.2 1.0 3.9~0.8 0.9 

l.O 118.O+22.7 i.O 27,7+i.7 l.O 

0.9 61,0+ 9.8 1.1 16.9+0.4 1.3 

I.I 28.4+ 0.7 0.9 9.2+0.6 1.2 

0.8 15.1~ 0.I I.i 4.4!0.6 1.4 

0.7 7,7+ 2.3 1.0 3.5+0.6 2.0 

0.8 93.2+ 5.0 i.I 26.1+1.9 1.3 

1.0 210.5+10.4 l.O 47.9+3.8 i.O 

0.9 45.2+ 2.4 l.O 13.7+0.9 1.3 

0.9 85.5~ 5.2 1.0 28.1~3,9 1.4 

i. Assay by y spectrometry. 

2. Assay by.spectrometry using surface barrier detectors. 

3. eg. % Abtmdance for 241Am for each sample normalised against the value for sample 329. 

outfall with the sediment passing to the north 
having the highest activity. In fig. 4b the abundance 
(~) data for 24aAm shows a similar decrease in 
activity away from the outfall, but with slightly 
more 241Am passing to the south. In fig. 4c, d, data 
are illustrated for the plutonium radionuclides; the 
trend is the reverse to that found for 241Am and 
there is an apparent relative enhancement of Pu in a 
southerly direction, the most significant being 
for 23Spu. Therefore Hetherington's observation 
(1978) that there is no build up of either Pu or Am 
near (c. 9 km) the outfall is confirmed, with a gradual 
decrease in concentration with distance from the 
outfall; however, examination of the relative 
abundance of the radionuclides shows an enhance- 
ment with distance for Pu, and a relative depletion 
in Am compared with the discharge site. This is not 

as expected since the decay system 241pu fl-~ 241Am, 
with a radioactive half life of 13.2 yrs., should 
enhance the pool of 241Am, hence an apparent 
depletion in 2~tAm relative to Pu includes any 
effect which is attributable to the decay of 24~pu. It 

is assumed that the atoms of 241pu are homo- 
genously mixed with those of other Pu radio- 
nuclides. Nevertheless this effect may be attributable 
to past differences in the amounts of Pu and Am in 
BNFL effluent (see fig. 2). 

Although there is no evidence for the gradual 
build up of radionuclides in bottom sediments near 
(c. 9 km) the BNFL outfall, if significant amounts of 
particulate debris were present in the effluent, then 
some may be transported to intertidal zones by 
tides and accumulate with time in intertidal sedi- 
ments. There are very few historical records through 
which such a process can be investigated. The 
gamma dose rate (p rad h - l )  of intertidal sedi- 
ments, between 1965 and 1980, reported in various 
FRL reports, has been selected as a measure of 
concentration processes. Sediments along the shore 
line at Sellafield consist of coarse-grained re- 
worked sands; approximately equidistant to the 
north and south intertidal fine-grained silts are 
deposited at Whitehaven Harbour and Newbiggin 
respectively. Although sedimentation may differ at 
each site it is assumed to have remained constant 
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FIG. 4. The relative abundance (~) of Pu and Am 
normalized against sample No. 329 (see fig. 3) of the Irish 
Sea transect (see Table II), in relation to distance of 
sampling site from SeUafield. A Total 238+239+24~ 
24lAin in bottom sediments; B 2+1Am; C 239+24~ 
D 23Spu. (N) northern direction. (S) southern direction. 

with time; all three sites are within the high 
radioactivity zone offshore at Sellafield and there- 
fore the dominant source of radioactivity will be 
from fresh BNFL discharges. The dose rates for 
Whitehaven Harbour and Newbiggin have been 
normalized to the value for Sellafield as illustrated 
in fig. 5. Overall the curves show a gradual decrease 
in levels of activity which can be related to dis- 
charges by BNFL. Relative to Sellafield, the White- 
haven data have remained fairly constant with 
time, but at Newbiggin there has been a gradual 
decrease; the high values of 1969 were caused by an 
unusual release of short-lived radionuclides which 
were transported preferentially to the south. Today 
both sites, relative to Sellafield, have similar dose 
rates which are about 4 times higher than those at 
Sellafield. The data illustrated in fig. 5 show that 
there has been no gradual build-up of radionuclides 
in intertidal sediments 10 km to the north or south 
of Sellafield, and hence they reflect the fairly rapid 
loss of radionuclides deposited on intertidal sedi- 
ments as a result of either transport or burial. 

Comments on the relationship between Pu and Am 
content of samples and grain size of sediment 

It is generally accepted that Pu and Am is 
concentrated on the surface of sediment debris; 

hence the concentration of Pu and Am in a sample 
and grain size and surface area should be related. 
This topic will be discussed elsewhere; however, it 
should be noted that: 

(i) There is an increase in Pu and Am content of a 
sample as the proportion of fine grained (< 60 #m) 
debris increases in this region. 

(ii) For many sediments there is a more pro- 
nounced relationship between the total number of 
hot particles per unit mass of sediment and the total 
concentration of Pu + Am. Using 4 • 4 cm tablets of 
compressed sediment powder, exposed against the 
dielectric detector CR-39, the total number of hot 
particles recorded from a thick source can be 
determined. In fig. 6 the numbers of hot particles 
(normalized relative to sample 329, which is nearest 
the BNFL outfall) are given for various distances 
from the outfall, together with total Pu and Am 
content of the samples. The number of particles 
decreases fairly rapidly for the northerly flow 
direction, but is not so pronounced for the southerly 
flow. Correlation between the relative abundance 
of hot particles and Pu + Am content is good. Of 
the ten samples examined, six contained a greater 
abundance of < 60 #m sediment debris than was 
present in sample 329. 

Recent studies indicate that a correlation exists 
between Pu and Am content and grain size for 
sands and other types of sediment which lack hot 
particles; this is not always the case for silts and 
muds, especially where organic-rich. 

Relationships between the Am and Pu content of 
mussels in relation to those in sediment and 

BNFL effluent 

Evidence derived from a study of the concentra- 
tion of Am and Pu in tissues of the mussel is 

+ij "0 0 ,o  

, Northern flow Whltehaven 

~ Southern flow Newblggin 

~ Nor thern f l o w  

1 9 6 5  1970 1975 1980 
Y e a r  

FIG. 5. Gammadose/~R(1965-80) formuds at Newbiggin 
and Whitehaven Harbour normalized against sands at 

Sellafield (see fig. 3). 
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FIG. 6. The relative number of hot particles normalized to sample 329, nearest the BNFL outfall, in relation to (a) 
distance from the outfall in a northerly and southerly direction and (b) total concentration of 238'239'24~ + 241Am 

in samples for the off-shore seabed transect. 

considered next, to establish whether the mussel 
reflects Am and Pu levels in sediment or from a 
different source. Data are given in Table III and fig. 
7 for the relative abundance of 241Am, 239+24"~ 
and 23Spu in mussels calculated from data pre- 
sented by Hamilton and Clifton (1980). The mussels 
were collected from the Ravenglass site (see fig. 3) 
between 1977 and 1979 and the data are compared 
with comparable values for mussels (total soft 
tissue) collected near the BNFL outfall (Hunt, 
1979-81) and Newbiggin sediments, which have a 
composition very similar to those found at Raven- 
glass. The mussel only accepts particles into the 
digestive tract of a limited size range (Bayne 1976), 
although the range is not known precisely. Further- 
more, Hamilton and Clifton (1980) indicated that 
the mussel derives some Am and Pu directly from 
seawater, together with small amounts which are 
absorbed in the digestive tract as a result of 
digestive processes. The highest concentrations of 
Am and Pu are found in the digestive gland and 
intestine and reflect the presence of ingested sedi- 
ment. Hot particles are found (Hamilton 1981) in 
the digestive tract (see fig. 9/) and are also associated 

with granules present in the pericardial gland and 
kidney (Hamilton and Clifton 1980), which reflect 
ultrafiltration and excretory processes respectively. 
Am and Pu are retained in the mussel for a long 
time (Clifton et al., 1983), although the pericardial 
gland, kidney and byssus have a more rapid 
turnover. The byssal threads, and to some extent 
the periostracum (organic covering to the external 
surface of the shell), may obtain a significant 
portion of their Am and Pu from seawater or 
adhering sediment (Hamilton, 1980). 

Between 1973 and 1980 (fig. 2) the amount of Pu 
discharged into the NE Irish Sea has gradually 
decreased. Large amounts of 241Am were dis- 
charged between 1972 and 1975, followed by a 
sharp decline. There was a gradual increase in the 
amount of uranium discharged from 1971 until 
1978 and then a decline; the releases of U, 238pu, 
and 239+24~ at the peak are coincident, but 
were not noted in previous releases--indeed they 
generally vary inversely. The association of high U 
and Pu with low Am would be compatible with the 
release of unprocessed Magnox fuel debris by 
BNFL in 1978 or alternatively is related to the 
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Table Ill. A comparison between the relative abundances (Z) of 241Am, 239+240Fu, 238pu in mussels from the Esk (Ravenglass), 
Windscale shoreline near BNFL and Esk muds (Newbiggln). 

0rgan/Tissue 

Raven~lass samples ( i )  

Total soft tissues 

Digest ive  gland 

Kidney 

Mantle 

M~ntle edge 

G i l l  

Muscle 

Poor 

Periostraeum 

Syssal threads 

Windscale shoreline (2) 

241Am 239 + 240pu 238pu 241Am 239 + 240pu 238pu 241Am 239 + 240pu 238p~ 

1977 1978 1979 

73.1 21.7 6.0 58.8 46.3 15.0 14.9 70.2 14.9 

65.4 24.7 9.8 43.1 45.2 11.7 6.4 79.0 14,6 

53.6 35.9 10.5 62.0 13.1 17.2 7.2 84.8 8.0 

78.8 i6.7 3.9 48.1 39.0 13.0 23.6 64.6 11.8 

61.0 30.5 8.5 49.0 37.3 13.7 25.6 64.7 9,8 

65.8 29.2 4.9 55.2 27.1 17.7 21.8 84.4 13.5 

74.2 18.2 7 .6  35.9 3S .9 22.1 34.8 53.6 l 1 . 6  

- 3 . 4  6 8 . 4  2 8 . 2  1 5 . 0  6 7 . 5  1 7 . 5  

50.0 39.0 11.2 55.5 31.9 12.6 

27.5 62.1 10.4 24.6 54.5 20.9 17.3 68.1 14.6 

Total soft tissues 40.1 47.6 11.7 39.8 48.0 12.1 35.1 51.9 13.0 

Newbi~inmuds (3) 42.0 45,8 12.3 36.6 50.9 12.5 31.7 54.9 13.4 

(1) Clifton. Stevens Ramilton (1983) (2) Hunt 1979. 1980. 1981 (3) Hamilton and Clifton 1980. 

composition of the source term without considera- 
tion of the solid content. In comparing the relative 
mass abundance of Am and Pu, there was a small 
decline in Pu between 1978 and 1980 and a slight 
increase in Am, albeit small. Fig. 7 shows that there 
is only a small difference between the abundance of 
Am and Pu in Windscale mussels (total soft tissue) 
and Newbiggin mud; hence it can be concluded that 
the source material has the same composition 
which has not changed during transport from 
Sellafield to Newbiggin and which would be com- 
patible with the movement of Pu and Am in, or on, 
particles. The Pu/Am ratio is c. i, which is similar to 
that found for regional sediments, providing that 
allowance is made for any significant changes in the 
amounts of these radionuclides which are released 
by BNFL at a particular time. Apart from the 
241Am content (pCi g 1 dry wt.) of byssal threads 
for Ravenglass, which appear to be similar to those 
observed for Windscale mussels (total soft tissue) 
and Newbiggin sediment, the Pu burdens indicate a 
more readily available direct source of Pu than for 
Am. Fresh BNFL effluent, which has not been 
mixed with the regional reservoir of Am and Pu 
present in sediments, is one possible source, 
especially Magnox fuel debris suspended in the 
water column, although the amounts present are 
small. In 1977, Hamilton (1981) observed an enrich- 
ment of Pu relative to Am in particulate debris 
collected from the sea surface which coincided with 
increased releases of uranium by BNFL, in the 
period 1971-6, of 3000 kgU yr.- 1 (1977--5268 kg 

U, 1978--10936 kg U, and 1979--6000 kg U). 
Hamilton and Clarke (1984) determined a lag-time 
for transport of Pu and Am from Sellafield to 
Ravenglass/Newbiggin of c. 1 yr., hence an increase 
in Pu in mussels from Ravenglass in 1979 may 
reflect the 1978 releases of uranium by BNFL. 

In sampling mussels at Newbiggin, time and 
spatial variability has been reduced to a minimum 
by selection of animals: at the same time of the year; 
at similar stages of the Condition Index; of sizes 
between 5 and 7.5 cm. Animals removed from the 
same area were randomly divided into two groups, 
one being used for total soft tissue analysis and the 
other for the dissection of individual organs. Total 
soft tissue of mussels collected at Newbiggin and 
Windscale appear to reflect the composition of 
local sediment, but this is not observed for indivi- 
dual tissues and organs from mussels sampled at 
Newbiggin. If allowance is made for biological 
variability (c. 30 ~) between mussels, the trend of 
relative enrichment in Pu and/or relative depletion 
in Am, for most tissues, suggests that the mussel 
does not differentiate between Pu and Am, either 
because it cannot, or because both Pu and Am are 
not recognized by biological processes and are 
treated in the same manner; although numerous 
reports indicate that Am is more mobile in biologi- 
cal systems than Pu. An alternative hypothesis 
suggests that the animal does not react to Pu or Am 
because both are present or associated with parti- 
culate debris which would be distributed through- 
out the body tissues of the mussel in a random 
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FIG. 7. The relative abundances (~o) of Pu(c 0 and Am in various organs of Mytilus edulis from Ravenglass, compared to 
total soft tissue for animals sampled near Sellafield and muds from Newbiggin for 1977-9. Solid circles: Newbiggin 

muds. Stars: Windscale shoreline mussels (TS). 

manner and be controlled by the animal's macro- 
phage-lyosome system. 

A significant source of Pu resulting from oxida- 
tion of reduced sediments (Pu4+-Pu 6+) during 
tidal scouring is not likely as field evidence indi- 
cates that Pu is retained in the anaerobic muds and 
the associated flocs, which are formed during tidal 
disturbances. Sand could constitute a source of 
P u  6 + ,  since a large volume of sandy sediment with 
only trace quantities of Pu and Am is involved in 
tidal disturbance. 

Composition of aerial dispersed debris from BNFL 

Data are not available for the physical and 
chemical composition of radionuclides which are 
released into the atmosphere from the BNFL 
stacks; neither is there any information on the 
contribution to ground deposition which is derived 

from general wind blown debris off the BNFL site, 
for example from the uncovered Magnox fuel 
storage ponds. In the vicinity of the site there will be 
an additional source of radionuclides derived from 
marine aerosols, especially from the off-shore 
region where the BNFL effluent is discharged into 
the sea. In several transects Cambray and Eakins 
(1982) report the concentrations of Pu and Am 
present in soil profiles taken to a depth of 15 cm. 
Near the sea-shore the relative abundances of Pu 
and Am radionuclides are similar to those for local 
marine sediments, but passing inland, and up to a 
distance of 10-20 km, the abundance of 2~lAm 
relative to 238+239+24~ decreases until the 
deposited aerosol reflects a composition which is 
similar to that for general global fallout debris of 
the UK, which is characterized by higher levels of 
Pu than Am. Similarly an examination of data for 
the composition of sea spray, described by Eakins 
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et al. (1982), shows a small depletion in the 
abundance of 241Am relative to Pu at the coast near 
Sellafield, and with increasing distance from BNFL 
the composition also becomes similar to that for 
average marine sediments of the region. The num- 
ber of atoms or particles of Am or Pu m -  3 of air 
decreases with distance from the source, if particu- 
late debris is present, although isolated samples of 
soil can contain much higher concentrations of Pu 
and Am presumably resulting from the presence of 
particulate debris. Gorham (1958) concluded that 
almost all the sodium and chloride ions in Cum- 
brian tarns (altitude 15-275 m) is derived from 
sea spray; therefore radionuclides derived from 
BNFL would be expected to be present at least up 
to 50 km inland and possibly across the whole of 
northern England. Therefore while almost all of the 
Pu and Am deposited in Cumbria is derived from 
global fallout debris there is a need to determine 
whether particulate debris does penetrate further 
inland than current estimates indicate. Research 
on this topic is currently being undertaken using 
media which concentrate radionuclides, such as 
bottom deposits of lakes and selective biological 
accumulators. 

H o t  Part ic les  

The discussion has centred So far on identifying 
features which illustrate the coherent or separate 
behaviour of Am from Pu, in geochemical and 
biological systems which involves studies of con- 
servative or non-conservative species of Am or Pu. 
The methods in common use are often arbitrary, for 
example the process of filtration is essentially 
concerned with the separation of solids from 
liquids, which is determined by the pore size of the 
material used for filtration, however, the properties 
of the residue controls what is passed through the 
filter paper and hence the accumulating residue can 
influence the separation. The commonly used 0.45 
/am filter (operating efficiently) allows a consider- 
able number of particles through. 

In order to overcome some of the artefacts of 
separating conservative from non-conservative 
species in the laboratory, measurements are made 
directly on natural samples as described by Hamil- 
ton and Clifton (1981). There is, however, no clear 
definition of a hot particle, especially in relation to 
hazards from ionizing radiation; as the autoradio- 
graphic exposure time increases, the number of hot 
particles also increases. Exposure times of between 
1 hr. and 600 days are used, which identify a hot 
particle as associated with a level of radioactivity 
having a small volume, which is considerably 
higher than that from surrounding areas. It is 
usually difficult to determine the composition of an 

individual hot particle, or the true size of particles 
with a MPD of < 5/am; however, it is assumed that 
for smaller particles, solids are less important than 
solution processes. In the Cumbrian region, alpha- 
active hot particles usually account for at least 10 
of the total radioactivity of a sample, but this may 
not be true for gamma-active particles, especially 
those found in sediments. 

Beta-gamma hot particles are illustrated in fig. 8, 
from a sediment profile of the Esk estuary, Cumbria, 
where the following features are observed: 

(a) The radioactivity is present in well-defined 
layers which reflect the annual releases of radio- 
nuclides by BNFL (Hamilton and Clarke, 1984). 

197( 

~3ottom 
Scale l cm 

FIG. 8. Beta/gamma autoradiograph of a silt core taken 
from the Esk Estuary (sedimentation rate of 3.5 cm 1 yrs.) 
using Kodak Industrex C X-ray film. (White areas 
represent regions of high radioactivity.) Note: The zones 
of high radioactivity can be related to deposition of 
sediments between May and October; in the winter 
months relatively little radioactivity is retained in the 
sediments. Pre-1970 sediments do not appear to contain 

many beta/gamma hot particles. 
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The zones of lower activity represent deposition of 
sediment during the winter when there is less 
retention of radioactive debris because of the 
dominance of high energy conditions. The zones of 
high radioactivity, towards the top of the sediment 
core reflect the presence of higher concentrations of 
short-lived radionuclides (95Zr, 95Nb, ~~ 
which obscures the hot particles. 

(b) Most of the 137Cs activity in the core is 
associated with discrete particles; 40-60 ~o of the 
137Cs can be removed by acid leaching which 
reflects the partial dissolution of particles. Hence as 
the 137Cs activity is also associated with other 
gamma emitters characteristic of BNFL effluent, 
the particles either represent original BNFL effluent 
as released, the formation of particulate matter 
when the effluent enters the sea, or the presence 
of Magnox fuel debris. The distribution of radio- 
activity throughout the core is not compatible with 
the adsorption of 137Cs, which is present in the 
water of the river Esk, as non-conservative species 
on clay minerals. It is therefore concluded that the 
retention of BNFL effluent in the Esk is influenced 
by the nature of the BNFL source term, in particu- 
lar the presence of solid phases. However, most of 
the 137Cs released by BNFL is transported as 
conservative species in seawater and can be traced 
as far afield as Greenland and the Baltic. 

(c) It is observed that the number and shape of 
hot particles tend to change with depth in the 
sediment (Hamilton, 1981; Hamilton and Clarke, 
1984). Angular shapes are present at the sea/water 
interface and at the surface of the sediment, but 
disappear with increasing depth, where they are 
replaced by rounded forms. This probably reflects a 
general solution process which occurs principally 
near the sediment surface, which is subject to many 
periods of disturbance and redox recycling and 
weathering, throughout the year. 

Alpha particle autoradiography, illustrating 
various types* of alpha hot particles are shown in 
fig. 9. In situ exposures for 2 hrs. at Newbiggin, using 
the dielectric detector CR39, have identified the 
presence of a few hot particles; some of the more 
common types recorded are as follows: 

(a) 'Golf balls', defined as very hot particles 
where the detector has been totally burned out. 

(b) Hot particles with well-defined forms 
generally tabular in nature, and which are believed 
to represent fresh BNFL debris. 

(c) Very small hot particles, (1 5 /~m MPD) 
which are only just visible above the diffuse back- 
ground levels. 

(d) Particles with a well-defined form, indicating 

* This study only concerns hot particles with a MPD 
of > 1 #m. 
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that they are either fragments of larger original 
debris or composite particles, part of which is 
inactive. 

(e) Biological debris represents some of the most 
radioactive types of macro hot particle found in the 
Esk. Although still subject to study, it is clear that 
fragments of byssal thread, and especially the 
terminal caps, at all stages of degradation do give 
rise to many of the macro-hot particles found on the 
surface of Esk sediment. Other evidence indicates 
that the alpha-activity associated with the byssal 
threads is only superficial, therefore the specific 
alpha-activity of the tanned surface protein of the 
threads will be very high. 

This paper does not consider the question of 
whether or not a hot particle, if inhaled, constitutes 
a risk of lung cancer. For  members of the general 
public within the Cumbrian region, no information 
is available for intake and retention of such par- 
ticles. For  the sake of completeness their concentra- 
tions and particle sizes should be determined 
together. Considerable gaps exist in our knowledge 
concerning inhalation of particulate debris; at 
present it is not possible to specify rates of transfer 
of airborne particulate debris from the environ- 
ment to the human lung. Much of the highly 
radioactive debris present in the region, especially 
biological debris, is unlikely to become airborne 
unless surfaces of sediment are dry. The size of the 
hot particles range from sub-micron to at least a few 
mm MPD. The most likely sites for the generation 
of hot particles (into the air) would be from mud 
fiats and vegetation rather than high-energy 
regions such as those associated with the surf-zone 
of sandy foreshores. Of particular interest is the 
extent to which large hot particles are trapped in 
the naso-pharyngal cavity, a site known to be 
sensitive for the induction of cancers (i.e. wood- 
workers). At present the ICRP Lung Model does 
not consider the nasal-pharyngal areas for the site 
of induction of cancers as a result of exposure to 
ionizing radiation, but it is recognized that the 
tissues are sensitive to damage. 

Radioactivity of hot particles 

At their present stage of development the tech- 
niques used in this work do not permit an accurate 
estimation of the size of submicron hot particles. 
However, if a sample contains discrete sources of 
highly radioactive submicron particles emitting 
alpha particles, their presence would easily be 
identified. In the CR-39 etching technique (Hamil- 
ton and Clifton 1981) a c. 5 MeV alpha will give rise 
to tracks c. 10/~m in total length, hence a < 1/~m 
particle will give rise to a hot particle with a 
maximum diameter (for the extreme ends of the 
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Alpha particle tracks 

, 2 4 p r o  , ~ 2 p r .  , 

eg 239Pu 5.1MeV- 242Cm 6.1MeV U&Th Series 4MeV-8.8MeV 

a BNFL DEBRIS b NATURAL PARTICLE 

FIG. 10. Diagrams illustrating features of s-track length 
produced in CR.39 for: (a) BNFL particle (Pu,Am,Cm); 

(b) Natural particle (U + Th decay series). 

tracks) of c. 20 #m which would clearly be identified 
as illustrated in fig. 10. 

An illustration of one class of hot particle ('golf 
balls') present in suspended particulate debris in 51 
aliquots of seawater collected throughout one tidal 
cycle in the Esk is given in fig. 11, and shows that the 
radioactivity of a few particles approaches the c. 
0.6 pCi level identified by NRDC. Data given in 
Table IV compare the alpha-activity of hot particles 
removed from the surface of sediment as deter- 
mined by ZnS scintillation counting and surface 
barrier alpha-particle spectrometry; except for the 
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particle with the highest activity, the agreement 
between both techniques is good. 

The routine methods deployed so far only serve 
to identify one class of hot particle, namely those 
which have levels of radioactivity far in excess of the 
background levels (diffuse activity). However, by 
using autoradiographic exposure times of up to 
600 days the general picture (hot particle: diffuse 
activity) does not change, hence it is concluded that 
isolated particles containing > 1 pCi are probably 
rare. Using the data of Mairs and Nair (1979) a c. 
10 pCi particle of fresh unprocessed Magnox fuel 
which has cooled for between one and ten years will 
have a MPD of c. 8/~m, whereas reprocessed fuel 
material (99.9 ~ Pu and U removed) will have an 
activity ofc. 0.1 pCi. Hence it can be concluded that 
while acknowledging uncertainties in the measure- 
ments, in the Esk region at least, particles of fresh 
Magnox fuel or fresh BNFL effluent are present. In 
maintaining a correct perspective which links hot 
particles and possible effects arising from ionizing 
radiation it should be noted that Fews and Hen- 
shaw (1981) found small clusters of alpha-active 
particles, containing between 10 -4 and 10 i pCi of 
activity, in the human lung of non-occupationally 
exposed people. The alpha-particle activity arises 
because of the presumed presence of common 
accessory minerals of igneous rocks, such as zircon, 
which are ubiquitous in most soils. Data are given 
in Table V for the U, Th, and Zr content of some 

Table IY. Total ~activity, 239 + 240pu,238pu + 241Am ' 242Cm and 243 + 244Cm activities (pCi ~'dry wt) for hot 
particles analysed in situ. 

Surface barrier measurements pCi g-i 

Total Activity 
Sample No. ZnS pCi g-' Total Activity 239 + 240pu 238pu + 241Am(1) 242Cm 243 + 244Cm 

121 1.90 4.82 3.3 3.3 0.2 0.02 

141 0.32 0.38 0.14 0.Ii 0.i 0,03 

131 0.43 0.63 0.31 <0.32 <0.1 <O.O1 

128 0.82 0.89 0.59 0.30 ND ND 

109 0.068 0.06 0.04 0.02 bid ND 

94 0.59 0.53 0.38 0.15 ND ND 

(ND - Not detected) 

(I) Using a surface barrier detector and without chemical separation; energies from 238pu and 241Am cannot 
be resolved. 

FIG. 9 (opposite). Track lengths c. 10 #m. A 'Golf balls' where the detector is saturated. B Highly radioactive particles, 
often tabular in shape, which are considered to represent fragments of Magnox fuel debris. C < 1/tm highly radioactive 
particles. D Large particles with well-defined form; often found adhering to sand grains. E (i) Cross section of the 
digestive tract of the mussel (Ravenglass) showing the presence of discrete hot particles in the lumen. Exposure time 166 
days. Activity of particles c. 0.0006 pCi. (ii) Macro Particles (Dark field illumination). (iii) Byssus of Mytilus edulis 
illustrating threads and caps. (iv) Higher magnification of a portion of byssal thread. (v) Very high activity byssal thread. 
(vi) Degraded byssal cap. (vii) Fresh byssal cap illustrating stellate structure. (viii-x) Byssal caps illustrating various 

stages of degradation. 
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FIG. 11. Activity and particle size of hot particles, detected in CR.39, for a series of samples filtered (0.22 pm) from 

seawater throughout a tidal cycle, Esk Estuary, Cumbria. 

human tissues (Hamilton, 1979) which show an 
enhancement in U and Zr in lung and lymph nodes 
which may support the observations of Fews and 
Henshaw (1981), although it should be noted that in 
recent years Zr has been widely used in various 
deodorant aerosols. 

Conclusions 

I. An examination of the relative abundance of 
Pu and Am in sediments and tissues of the mussel 
along the Cumbrian coast and nearshore sediments 
indicates changes in composition with distance 
from the source. The observed trends are con- 
sidered more likely to reflect those related to 
geochemical and biological processes rather than 
variability in composition of Pu and Am in the fresh 
effluent. 

2. The gamma-dose rate from coarse grained 
sands of the Sellafield foreshore has been used as an 
index of radionuclide emissions to the marine 
environment. However, the direction of movement 
of the sediment is not constant, although movement 

to the north and south of Sellafield has been similar 
in recent years. 

3. The BNFL effluent discharged into the sea 
contains solid debris, some of which has character- 
istics compatible with relatively unaltered Magnox 
fuel. 

4. In the Esk, some hot particles have activities 
which are similar to those identified by NRDC as 
being of concern; more recent measurements, using 
different techniques, have shown that high activity 

Table V, The concentration of U, Th, Zr (~g g~lwet wt) 
in some human tissues (from Hamilton, 1979) 

Organ U Th Zr 

Blood (whole) 0.0008 • 0.0001 0.002 • 0.0004 0.02 

Liver 0.0003 - 0.03 

Lung 0.001 0.01 0.06 

Lymph Nodes 0.01 • 0.002 0.2 • 0.I 0.3 

Muscle 0.0002 • 0.001 - 0.02 

Bone 0,007 <0.04 <0.I 
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particles with a MPD of < 1 #m are also present. 
The activity of the particles found in the Esk 
are similar to those found in the lung of non- 
occupationally exposed individuals. 

5. Hot particles have also been observed which 
consist of debris from the byssus of the mussel and 
contain Pu and Am which is believed to be derived 
from seawater. With erosion of byssal debris in the 
marine environment, the activity of these particles 
is likely to decrease rapidly as the surface coatings 
are worn away; if Magnox particles are present, 
solution of the uranium is likely to result in the 
production of particles with a much higher specific 
radioactivity. A single (c. 1 x 3 #m) particle, if 
coated with a single layer of 241Am (close packing) 
would contain c. 8 x 10  6 hydrated Am nuclei and 
would give rise to a c. 0.01 pCi particle whose 
activity is a factor of about 60 below the NRDC 
value. 

6. In the Esk sediments various gamma and beta 
particle (137Cs ) emitters are present in hot particles; 
hence it is not acceptable to consider the radio- 
activity of these sediments simply in terms of 
adsorption by conservative species of radionuclides 
on to mineral debris. 

7. An examination of the composition of Pu(~t) + 
Am in mussels collected near Windscale indicates 
that while total soft tissues contain Pu and Am in 
amounts which are similar to those found in 
fine-grained silts, those sampled some 14 km from 
the BNFL outfall at Newbiggin show a relative 
enrichment in Pu, and a relative depletion in Am, 
which possibly indicates a different source for these 
two radionuclides. This may reflect indiscriminate 
uptake by the mussel of fine-grained particulate 
debris which is present in BNFL effluent and has 
been rapidly transported in the sea to the Esk from 
Sellafield (Windscale). 

8. The composition of the source term does exert 
an influence on the distribution of radionuclides 
which are released into the Irish Sea by BNFL. The 
effluent does contain solid debris, some of which is 
transported to the Esk estuary and is found in 
sediments. A radionuclide such as 137Cs is dis- 
persed over very large distances simply because in 
the open sea most of it is present in a conservative 
form. However some of the 137Cs is also associated 
with particulate forms and is present as a consti- 
tuent of the sediment. When using models to 
evaluate the transport of radionuclides released by 
BNFL into the marine environment there may be 
a need to define more precisely their distribution 
between conservative and non-conservative phases 
with respect to relative abundances in the source 
term. Such features may be important when using 
general open-ocean models to predict transfers for 
the near-shore environment, especially following 
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accidental or unusual releases of radionuclides. 
From the evidence available, for the Esk, it appears 
that, once deposited in sediments, there is little 
subsequent migration of radionuclides associated 
with hot particles. Clearly, until samples of BNFL 
effluent can be examined, there are some areas of 
doubt concerning any evaluation of the transport 
of radionuclides off the Cumbrian coast. There is 
little evidence to indicate that such studies will 
identify an unusual hazard from ionizing radiation 
but they are likely to improve our understanding of 
geochemical and biological processes which con- 
trol the observed distribution of radionuclides in 
coastal waters which receive effluent from the 
reprocessing of uranium fuel. 

Future research requirements 

The nature of hot particles released by BNFL, 
under normal working conditions has not been 
adequately characterized so far. Their relevance as 
a significant component in the transfer of radio- 
nuclides to man has not been evaluated for 
Cumbria, and deserves further study. Changes in 
the criteria used in dose assessment, for example a 
change in the gut transfer factor for Pu, or the 
selection of different critical groups for an evalua- 
tion of non-occupation exposure (see Hunt, 1983), 
may indicate a need to determine the pathways 
whereby hot particles can enter man. In predictive 
evaluation, and in modelling the pathways of 
radionuclide to man, more attention should be 
directed towards the presence of hot particles and 
their availability to man, by taking into account 
changes in their composition and forms from the 
point of discharge to eventual sites of deposition 
which should include data on the direction of 
movement for nearshore sediments off the Cum- 
brian coast. 
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