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FOREWORD

The Convention on the Prevention of Marine Pollution by Dumping of
Wastes and Other Natter (London, 1972) conferred upon the IAEA the
responsibility for defining levels and making recommendations to National
Authorities for protecting the marine environment in case of dumping of
radioactive wastes and other radioactive substances at sea.

The Agency's action in this field first took the form of the
preparation in 1976-78 of "Revised Definitions and Recommendations" which
were adopted in October 1978 and are now in force under the Convention.

Since these regulations prohibit the dumping of certain radioactive
substances and make the dumping of others subject to the obtaining of a
special permit, the Agency in 1979-80 turned its attention to defining
recommendations on site selection, surveillance and packaging for
radioactive wastes that may be disposed of at sea under special permit
conditions.

However, since no substance is entirely free of radioactive
properties, the Agency has now to define the activity threshold below
which normal releases would not be subject to rules specifically
applicable to substances defined as radioactive.

The definition of such a "de minimis" threshold - an expression
taken from the maxim "de minimis non curât praetor" (the courts are not
concerned with trifles) - has been the subject of a preliminary study by
an an hoc advisory group^ / and encounters in particular the
difficulty of establishing a relationship between an agreed "de minimis"
dose to the population concerned and the quantities of radioactive
substances giving rise to this dose.

Since the experts consulted considered that any substances not
governed by the recommendations previously issued would be liable to
inshore and coastal releases, the dispersion mechanisms of which are very
little understood, the first step should be to prepare a summary of
knowledge on coastal and regional modelling.

For this purpose the Agency has proceeded to collect from qualified
experts any information relating to thorough knowledge of the physical
transport and accumulation mechanisms over long distances and in the long
term, adopting an overall and forward-looking view which would take into
account as far as possible likely trends of a climatic, geo-dynamic and
demographic nature.

Considerations concerning "de minimis" quantities of radioactive
waste suitable for dumping at sea under a general permit. Report of
an Advisory Group Meeting organised by the IAEA and held in Vienna,
2-6 July 1979. IAEA-TECDOC-244, Vienna, 1981, 28pp.



At the same time, in order to have available a preliminary basis for
judgement, the Agency has entrusted two consultants' groups with the
preparation of the following working documents:

- One on the present state of knowledge about the
modelling of coastal hydrodynamic processes;

- Another on the behaviour of radionuclides in coastal zones
and on the information afforded by existing resources.

The present report relates to the second of the above points. It was
conceived in December 1981 by an expert group consisting of Simon ASTON
and Rinnosuke FUKAI (of the IAEA's International Laboratory of Marine
Radioactivity, Monaco), Pierre M. GUEGUENIAT (Environment Research and
Studies Services, French Atomic Energy Commission), ßhupendra PATEL
(Health Physics Division, Bhabha Atomic Research Centre, India) and
R.Jan PENTREATH (Fisheries Laboratory, Ministry of Agriculture, Fisheries
and Food, United Kingdom).

The project, which followed the lines determined beforehand, namely
to apply a methodology for establishing the critical pathways of
radionuclides in coastal zones, was aimed at completing the review of
knowledge about migration by taking physico-chemical, biological and
radiobiological aspects into consideration, whereas the hydrodynamic
approach had already been covered by the first consultants' group.*- '

The procedure adopted was to compile an inventory of papers in this
field, making use especially of the information gained through
radioactive releases from existing nuclear facilities, and in particular
from those of greatest importance with regard to their possible
radiobiological impact, namely reprocessing plants. The decision to deal
with this latter aspect by preparing three case studies - , Sellafield
(formerly Windscale), La Hague and Trombay-Bombay - which are attached in
extenso to this document, proved extremely fruitful for each of the
protagonists and for the scientific community as a whole. In fact, the
monitoring methods and the results collected had never before been the
subject of a comparison on the scale of this one, which has already
facilitated the interpretation of certain problems that may arise locally
and has led to some more universally applicable information which is set
forth in the first part of the document.

The continuation of such exchanges of views and their extension to
new sites and new partners cannot but be beneficial and will make
available to the scientific community ever more complete and reliable
data on migration processes in coastal zones, a question to which a first
approach is given in the present document.

Thus the present document consists of two parts:
- A bibliographic review which had already been sketched out in

broad outlines by the first experts meeting. This review was
prepared mainly by R. Jan PENTREATH and edited by him in its
entirety;

Modelling of hydrodynamic mechanisms of pollutant propagation in
coastal zones, IAEA-TECDOC-274, Vienna, November 1982, 104 pages.



~ The three case studies ; these were prepared within a commonly
agreed framework and then discussed by specialists from each of
the three sites:

. For Sellafield (formerly Windscale), United Kingdom,
by R. Jan PENTREATH;

. for La Hague, France, by Pierre M. GÜEGUENlAT, later
assisted by Dominique CALMET;

. for Trombay-Bombay, India, by ßhupendra PAThL,
later assisted by Shafcunt PATEL.

The three case studies together received final editing at the
hands of R. Jan PENTRhATH.

The reader's attention is drawn to the fact that both the review and
the case studies were prepared exclusively by their authors on the basis
of existing publications and documents and that the authors have
endeavoured not to advance any speculative interpretations of the data
thus compiled.

The document is presented in the original languages of
contributions, English and French. Observations, comments and additional
data will be most welcome and should be addressed to :

Waste Management Section
Division of Nuclear Fuel Cycle
International Atomic Energy Agency
Wagramerstrasse 5, P.O. Box 100
A-1400 Vienna, Austria

Jacques Molinari
Scientific Secretary
July 1984



AVANT PROPOS

La Convention sur la prévention de la pollution marine par immersion
de déchets et autres substances (Londres 1972) a confié à l'AIEA la
responsabilité de définir des critères et de formuler à l'attention des
Autorités Nationales des recommendations pour protéger l'environnement
marin dans le cas d'immersion de déchets radioactifs, ou plus
généralement de substances radioactives, en mer.

L'action de l'Agence en ce domaine s'est tout d'abord concrétisée
par la préparation en 1976-1978 d'une "version révisée des définitions et
recommandations" adoptée en Octobre 1970 et actuellement en vigueur dans
le cadre de cette convention.

Cette réglementation prohibant l'immersion de certaines substances
radioactives et subordonnant celle des autres à l'obtention d'un permis
spécial, l'Agence s'est attachée, en 1979-1980, à définir des
recommandations sur le choix des sites, la surveillance, et le
conditionnement de ceux des déchets radioactifs dont l'immersion est
autorisée à ces conditions.

Cependant, aucune matière n'étant dénuée de propriétés radioactives,
l'Agence est conduite à définir des seuils d'activité en deçà desquels
des rejets ordinaires ne relèveraient plus des règles spécifiques aux
substances qualifiées de radioactives.

La définition d'un tel seuil désigné "de minimis", expression tirée
de la maxime "de minimis non curât praetor" (il n'y a pas lieu
d'instruire procès pour des vétilles), définition qui a fait l'objet d'un
examen préliminaire par un groupe consultatif ad hoc^ ) , achoppe
notamment sur la difficulté d'établir une correspondance entre la dose
d'irradiation correspondant au seuil "de minimis" pour les populations
concernées et les quantités de matières radioactives les générant.

Les experts consultés ayant estimé que toute substance échappant aux
recommandations précédemment édictées étant vouées à des rejets littoraux
et côtiers, dont on connaît très mal les mécanismes de dispersion, il
importait en premier lieu de procéder à un bilan des connaissances en
matière de modélisation côtière et régionale.

A cette fin, l'Agence a entrepris de recueillir, auprès d'experts
qualifiés, toute information relative à la connaissance approfondie des
mécanismes physiques de transport et d'accumulation sur les grandes
distances et à long terme, dans une approche globale et prospective,
tenant compte, dans la mesure du possible, des possibilités d'évolution
climatique, géodynamique et humaine.

(*) Consideration concerning "de minimis" quantities of radioactive
waste suitable for dumping at sea under a general permit. Report
of an Advisory Group Meeting organized by the IAEA and held in
Vienna, 2-6 July 1979. IAEA-TKCUOC-244, Vienna, 1981, 28 pages.
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Dans le mime temps, afin de disposer de premiers éléments
d'appréciation, l'Agence a confié à deux groupes de consultants le soin
d'élaborer respectivement les documents de travail suivants :

l'un sur l'état des connaissances en matière de modélisation
des processus hydrodynamiques littoraux;

- l'autre sur le comportement des radionucléides en zone
littorale et les enseignements fournis par les rejets existants.

Le présent rapport est relatif au second point. 11 a été conçu en
décembre 1^81 par un groupe d'experts constitué de Simon ASTON et de
Rinnosuke FUKAI (du Laboratoire International de Radioactivité Marine de
JL'AlEA à Monaco), de Pierre M. GUEGUENIAI (du Service d'Etudes et de
Recherches sur l'Environnement du Commissariat à l'Energie Atomique,
France), de Bhupendra PATEL (Health Physics Division of Bhabha Atomic
Research Centre, India) et de R. Jan PENTREATti (Fisheries Laboratory,
Ministry of Agriculture, Fisheries and Food, UK).
Le projet, qui s'inscrivait dans le cadre précédemment défini, à savoir
celui d'une méthodologie de l'établissement des chemins critiques des
radionucléides en zone littorale, visait à compléter l'état des
connaissances en matière de migration, en prenant cette fois en compte
les aspects physicochimiques, biologiques et radiobiologiques, l'approche
hydrodynamique ayant été traitée par ailleurs par le premier groupe de
consultants.(*)

La démarche suivie a consisté à dresser un inventaire des travaux en
ces domaines en tirant le meilleur parti des informations fournies par
les rejets radioactifs des installations nucléaires existantes, et
notamment des plus importants d'entre elles, quant à leur impact
radiobiologique éventuel les installations de retraitement.
Le parti de traiter ce dernier aspect dans le cadre de trois études de
cas [à savoir, Sellafield (ex Windscale), La Hague et Trombay-Bombay],
jointes in extenso au document, s'est révélé extrêmement fructueux, tant
pour chacun des protagonistes que pour l'ensemble de la communauté
scientifique. En effet, méthodes de suivi et résultats recueillis
n'avaient jusqu'à ce jour fait l'objet d'aucune confrontation de cette
ampleur. Celle-ci a d'ores et déjà facilité l'interprétation de certains
problèmes qui pouvaient se poser à l'échelle locale et permis de dégager
certains renseignements de caractère plus universel, lesquels figurent
dans la première partie du document.
De tels échanges de vues ne devraient pas manquer de se poursuivre avec
profit en s'élargissant à de nouveaux sites et à de nouveaux partenaires,
en mettant à la disposition de la Communauté scientifique des données de
plus en plus complètes et fiables sur les processus de migration en zone
littorale dont une première approche est fournie dans le présent document.

Le présent document se présente donc en deux volets :
- Une synthèse bibliographique dont les grandes lignes avaient

été définies dès la première réunion d'experts. Cette
synthèse bibliographique a été préparée pour l'essentiel par
R. Jan PENTREAÏH et entièrement rédigée par lui.

- Les trois études de cas;
elles ont été préparées sur un canevas établi d'un commun
accord, puis discutées par les spécialistes de chacun des
trois sites :

. Pour Sellafield (ex Windscale), U.K., par R. Jan
PENTREAÏH,

(*) Modélisation de mécanismes hydrodynamiques de propagation en zone
cotière. lAEA-TECuOC-274, Vienne, Novembre 19ö2, 1U4 pages.
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. Pour La Hague, France, par Pierre M. GUEGUENIAT
auquel s'est ultérieurement associé Dominique CALMEX,

. Pour Trombay-Bombay, India, par ßhupendra PATEL
auquel s'est ultérieurement associée Shakunt PATEL.

L'ensemble des études de cas a fait l'objet, par les soins de
R. Jan PENTKEATH, d'une ultime révision.

L'attention du lecteur est attirée sur le fait que étude de synthèse
comme études de cas ont été exclusivement préparées par leurs auteurs à
partir de publications et de documents existants, et que ces derniers se
sont astreints à n'avancer, à propos des données ainsi recueillies,
aucune interprétation à caractère spéculatif.

Le document ici présenté l'est dans les langues d'origine des
documents, anglais et français. Remarques, commentaires et compléments
d'information seront vivement appréciés, ils doivent être adressés à :

Section de Gestion des Déchets
Division du Cycle du Combustible

Nucléaire
Agence Internationale de l'Energie

Atomique
Wagramerstrasse 5, B.P. 100
A-1400 Vienne, Autriche

Jacques Molinari
Secrétaire Scientifique
Juillet
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EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency
have mounted and paginated the original manuscripts as submitted by the authors and given
some attention to the presentation.

The views expressed in the papers, the statements made and the general style adopted are
the responsibility of the named authors. The views do not necessarily reflect those of the govern-
ments of the Member States or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.
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GENERAL REVIEW OF LITERATURE RELEVANT
TO COASTAL WATER DISCHARGES

Compued by R. Jan PENTREATH



1. INTRODUCTION

Artificially-produced radionuclides have been introduced into the
marine environment since 1944, when cooling water released by the Hanford
reactors in Washington (USA) into the Columbia River entered the NE Pacif-
ic Ocean. These releases were insignificant, however, compared with the
subsequent inputs arising from the atmospheric testing of nuclear weapons,
a programme which began with the Trinity detonation at Alamogordo (USA) in
July 1945, although in a more directly marine context with the detonations
at Bikini Atoll in 1946. The input of radionuclides into the atmosphere -
and thus ultimately to the oceans - was considerably reduced following the
test-ban agreement between the USA, the USSR and the UK in 1963, but other
direct sources had arisen in the meantime such as that of the controlled,
authorized, low-level liquid discharges from the reprocessing plant at
Sellafield (formerly Windscale) in the UK. Controlled authorized dis-
charges from other reprocessing plants, nuclear power stations, and a
variety of other sources also contribute to coastal water inputs, and to
these may be added the low-level solidified wastes dumped into deep water
which will ultimately contribute in a very minor way.

An excellent early summary of the data available is provided in the
report prepared by the (US) National Academy of Sciences (1971). Many of
these earlier data related to a number of relatively short-lived radio-
nuclides, with the notable exceptions of 137Cs and ̂ °Sr. Notably absent
was information on the transuranium nuclides, and on a number of other
long-lived nuclides which are now known to arise in the nuclear industr-
ies. Modern practices in fact give rise to a large range of neutron acti-
vation and fission product nuclides; the analytical techniques necessary
to study the environmental behaviour of such nuclides, and of alpha-emit-
ting nuclides in particular, have greatly improved in recent years. The
need to obtain data on the long-term behaviour of a number of these radio-
nuclides, in order to calculate dose-commitments, has also stimulated more
detailed study of naturally-occurring radionuclides, particularly those of
the U (4n+2), Th (4n) and Ac (4n+3) series.

The IAEA has devoted four symposia to the general subject of aquatic
radioecology, both alone and jointly with other organizations (IAEA, 1966,
1973a, 1975a, 1981a). It has also held one symposium on tritium (IAEA,
1979a) and one on transuranium nuclides (IAEA, 1976a) in the environment,
four symposia on general environmental surveillance (IAEA, 1960, 1969,
1973b, 1974) and one on the biological implications of nuclear industry
releases (1979a). The OECD/NEA has also devoted a symposium to marine
radioecology (OECD/NEA, 1980). Other general texts to note are Ancellin
et al., (1979) on marine radioecology, the proceedings of an IAEA technic-
al committee on transuranium nuclides in aquatic environments (IAEA,
1981b), and a review on transuranium nuclides in the environment (Hanson,
1980). Two recent documents relating solely to the radiological conse-
quences of effluent discharges are those by the CEC (1979) and the IAEA
(1983).

The quantity of literature available on radioactivity in coastal
waters, and on laboratory studies which have been made in relation to the
subject, is now quite substantial and it was clearly both impractical and
undesirable to attempt an in-depth survey of it. Instead it was decided
to highlight some of the more important aspects relating to the behaviour
of radionuclides in coastal environments, to discuss some of the more
dominant radionuclides, and to illustrate the more general points which
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have been made by comparing three specific sites in the appendices -
Windscale, La Hague and Trombay - chosen because each contains a variety
of readily—measurable nuclides in quite different coastal environments,
and because the impact of their discharges, in terms of dose to man, has
been studied in some detail. Wherever possible the data have been inter-
preted in terms which relate concentrations in environmental materials to
estimated doses to man. Occasionally it has been possible even to relate
the concentrations in such environmental materials to the rates of dis-
charge (i.e. rate of introduction) into a coastal water environment. Such
an approach may have value in considering the de minimis concept where,
ultimately, an estimate of dose to man must be related to a given practice
of introducing possibly contaminated materials into the environment.

2. PATHWAYS OF EXPOSURE

Before discussing in detail the behaviour of radionuclides in coastal
waters it is as well to outline the various pathways by which the public
may be exposed to radioactivity, as a result of environmental contamina-
tion, in order to emphasize the necessity to obtain a wide range of basic
information. Both external and internal irradiation needs to be consider-
ed, and it should be emphasized that exposure by each route needs to be
combined.

External irradiation is often thought of in terms of handling con-
taminated fishing gear - which may in turn have resulted from contact with
contaminated offshore sediments - and as a result of contact with con-
taminated intertidal sediments. The latter category would obviously
include recreational activities, to which even immersion in sea water
from bathing may be added. But there are also groups of people who live
afloat, and house-boats maintained in estuaries will often rest directly
on the sediment at low water. Occupations other than fishing, such as
salt-panning, may also need to be considered.

Internal irradiation is obviously most likely to arise from the con-
sumption of contaminated sea foods, and a large range of fish, crusta-
ceans, molluscs and other marine foodstuffs is consumed. Once again,
however, pathways may obtain which could be seasonal (e.g. echinoderm
gonads), indirect (alginates, fish meal) or immediately less obvious
(desalination). There is also the possibility that radionuclides could be
inhaled as a result of suspension from the sea surface, or as a result of
re-suspension from contaminated intertidal sediments and shore-line vege-
tation. In all cases, however, it is necessary to relate concentrations
in food, air and water, or external dose rates, to the length of time per
year that the public will be exposed to them. This is attained in some
countries by carrying out habit surveys, as briefly discussed in
Section 5.

3. BEHAVIOUR OF RADIONUCLIDES IN COASTAL ENVIRONMENTS

3.1 The nature of sea water

Just over seventy percent of the earth's surface is covered by the
oceans, which consist of a single body of water containing dissolved salts

20



and suspended solids. The oceans are always in motion, the scale of move-
ment ranging from Brownian movements of molecules, through various turbu-
lent eddies, to the large-scale circulations associated with the major
ocean current system. The physical dispersion of substances, including
radionuclides, in sea water is controlled by two types of process - advec-
tion and turbulent diffusion. Advection involves the physical displace-
ment, or movement, of water and results from relatively large-scale trans-
port of water in currents. Turbulent mixing results from shear forces
between water bodies and transport occurs in a manner analogous to diffu-
sion.

The dissolved constituents found in sea water are a complex mixture
of salts and organic compounds, which are derived principally from the
input of continental weathering products and the biological activity in
the oceans respectively. The major ionic constituents are, in order of
decreasing concentration: chloride, sodium, sulphate, magnesium, calcium,
potassium, bicarbonate, bromide, borate, strontium and fluoride, which
together account for >99% of the dissolved solids in sea water. Collect-
ively they constitute the "salinity" of the oceans, which varies from 33-
38 g kg"1 in off-shore areas. The quantitative relationships between the
major ions remain constant throughout the ocean, except in some regions of
low salinity, e.g. estuaries, and other special situations. The salinity
of sea water in coastal in-shore areas can be variable due to inputs of
freshwater, effluents, brines, etc, and these can also modify the relative
proportions of major ions present. In addition to the major components, a
multitude of other elements and their compounds exist in sea water at very
low concentrations. Despite their low concentrations this group of con-
stituents is of interest because they are, for the most part, both geo-
chemically and biologically 'reactive'.

The oceans are generally regarded as being in a steady state situa-
tion with respect to the input/output of elements via runoff and the
atmospheric supply and removal of particulate material which subsequently
deposits onto the ocean floor as sediment. For practical purposes it is
important to note that filtration of sea water through an appropriate, yet
somewhat arbitrary, pore-size is used to determine what is regarded to be
"dissolved" and "particulate" in sea water samples.

Sea water contains a number of naturally occurring radionuclides, by
far the most abundant being ^K. The typical open-ocean concentration of
this nuclide is ~ 12.2 Bq I"-'- , giving a total ocean activity of some
1.7 x 10^ EBq. Other natural radionuclides in sea water include Rb,
those of the U, Th and Ac series, and 3H, 7Be, 14C and 22Na.

As this report is concerned with the behaviour of radionuclides
released into coastal environments, it is also useful to state that signi-
ficant differences do exist between the open-ocean, which occupies the
major part of the 'World Ocean', and coastal waters. These differences
and the nature of the coastal zone are discussed in the following section.

3.2 The nature of coastal environments

The oceans may be divided into two basic regions: the open-ocean, or
deep-sea region, which occupies the vast majority of the marine environ-
ment and has average water depths of ~- 4000-6000 m; and secondly the
shallower coastal environment which consists of the nearshore zone and the
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continental shelf. The waters of the open-ocean are more stably stratifi-
ed than those of the coastal environment, and vertical mixing is far less
intense. It has much lower concentrations of suspended material than the
coastal waters, and the chemical composition is less influenced by local
inputs (natural and man-made) than that of near-shore waters.

Both currents and mixing processes are more intense in coastal
waters, especially within the nearshore zone where currents from major
ocean circulation patterns, winds, and tidal motions combine, typically
following the general trend of the coastline and giving rise to flows
which are tangential to it. Although mixing is relatively strong, the
shallow depths of this region restrict the quantities of water available
for dilution of discharged radioactivity. The physical boundary of the
shoreline also restricts the directions in which dispersion can occur. In
semi-enclosed bays, and particularly in estuaries, the dispersion may be
greatly restricted. The nearshore-zone is a complex environment subject
to many local phenomena so that generalisations are difficult, and often
misleading, to make. Some characteristics which are worth mentioning are
the influence of river run-off, the relatively high suspended-matter loads
due to the remobilisation of local sediments, the presence of inter-tidal
areas, the contrasting nature of shorelines which range from bare rocks to
extensive muddy flats, tidal cycles, seasonal variability of physical and
biological phenomena, and the occurrence of man-made constructions and
pollutant discharges.

The continental shelf waters are, as might be expected, somewhat
intermediate between those of the nearshore and open-ocean environments.
Water depths in this area extend up to ~ 200 m, and considerable varia-
tions in vertical stratification and mixing occur from place to place.
Continental shelf waters generally exhibit considerably less heterogenity
and seasonal variability than nearshore waters. Tidal currents are weak-
er, and the predominant physical processes controlling water motion on the
continental shelf are density currents and the Coriolis effect. The outer
shelf areas are subject to the influence of gross oceanic circulation
patterns, and over the whole shelf the local wind stress contributes sig-
nificantly to turbulent mixing.

With respect to man, the coastal environment is important for many
reasons. Not least is the fact that this environment provides the main
source of seafood, which includes algae, molluscs and Crustacea - all of
which are relatively localised - whereas fish are more mobile and may be
caught over quite extensive areas. The coastal environment is an import-
ant nursery area for many commercial marine species. Anthropogenic influ-
ences in the coastal environment include effluent discharges, both indust-
rial and sewage, oil spills from shipping traffic, and engineering con-
structions, such as barrages and ports.

3.3 The behaviour of radionuclides in sea water

The behaviour of radionuclides in sea water is, with one or two
exceptions, essentially that of the behaviour of the trace elements.
Different aspects of the chemistry of sea water have been thoroughly
reviewed in a series of books edited by Riley & Skirrow (1975a,b,c,d) and
Riley & Chester (1976a,b, 1978, 1983), which included one chapter on trace
elements (Brewer, 1975) and one on radionuclides (Burton, 1975).
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3.3.1 Hydrogen-3 (Tritium)

Although H is released into the coastal environment from both nucle-
ar power and reprocessing plants, it has also been produced through the
nuclear weapon tests carried out during the past three decades and has
entered the oceans via the atmosphere. In addition, 3H is known to be
continuously produced in nature through nuclear reactions of cosmic rays
with atoms of nitrogen and oxygen in the upper atmosphere. The naturally-
produced H enters the marine environment either via precipitation or gas
exchange. Thus the present global inventory of H includes various quan-
tities from these different sources. Although the global inventory of the
bomb-produced 3H largely surpasses either that of natural 3H or that from
nuclear operations at present, it has been estimated that the amounts
originating from the nuclear industry may approach those which might
affect the total inventory towards the turn of the century, if the projec-
ted developments of the nuclear industry for the year 2000 are pursued
(Preston et al., 1971).

Since practically all of the 3H atoms produced in the different pro-
cesses enter the marine environment in the form of the tritiated water
molecule, the behaviour of 3H at and near the surface of the globe is
considered to be identical with that of the normal (H) water molecule.
Strictly speaking, the behaviour of the tritiated water molecule is
slightly different in physical processes such as evaporation and condensa-
tion from that of the normal water molecule, due to their mass difference,
but such an effect is too small to have any practical significance. In
this sense, 3H is an ideal tracer for studying water movements in the
environment. Also, taking into account its relatively long half-life of
12.3 years, 3H has been extensively used for tracing movements and mixing
of oceanic water masses which have a time scale between several years and
hundreds of years (e.g. Ostlund & Fine, 1979). Similarly, in coastal
areas H may be used as a tracer for studying the fate of water and its
soluble components released from nuclear installations, when specific
requirements warrent its use as an in situ tracer.

3.3.2 Strontium-89,90
89Qv. _, 90,Because the fission yields of °ySr and auSr are similar, the activity

of 89Sr in fresh fission products is higher than that of 90Sr by a factor
of approximately 200, due to their different half-lives (50 days for 89Sr
and 29 years for Sr). However, as the mixtures of fission products
discharged from reprocessing plants are normally aged before their release
for longer periods of time relative to the half-life of 89Sr, substantial
fractions of Sr are likely to decay before reaching the coastal environ-
ment. For radioprotection purposes, ^Sr is much more important because
of its persistance in human bone. The Sr atoms in the effluents releas-
ed from nuclear installations are presumed to be in soluble ionic forms,
and therefore isotopic equilibration between 90Sr and its stable counter-
part in sea water is expected to be established fairly quickly, Sea water
usually contains around 8 mg of stable strontium per litre, depending on
its salinity. Thus the behaviour of 90Sr in the marine environment should
follow exactly that of its stable counterpart. This is important for
assessing the extent of the radiological impact of 90Sr, because the
specific activity of 90Sr has already been reduced substantially through
the isotopic dilution by its stable isotopes as soon as it enters the
marine environment. Moreover, this effect is amplified by the presence of
a large amount of calcium (~ 400 mg Ca I"1), a chemical homogogue of
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strontium, as one of the major dissolved constituents in sea water. In
some processes calcium acts very similarly to strontium, so that the pres-
ence of calcium in sea water has the effect of further isotopic dilution.
As members of the alkaline earth elements, both calcium and strontium are
not very reactive in sea water, tending to remain in solution without
association with terregenous particulate matter. Even in the assimilation
of calcium (as well as strontium) by some marine organisms as materials

Q rifor their calcareous tissues, the levels of Sr taken up are surpressed
by the isotopic dilution effects described above. Although the decay
product of Sr, Y, behaves quite differently from its parent, associat-
ing strongly with suspended matter in sea water, its half-life (64 hours)
is too short for it to be significant in the environment when it is not
supported by its parent.

3.3.3 Caesium-134,137

Two nuclides of caesium, Cs and Cs (half-lives 30 and 2 years
respectively), may enter coastal waters from the nuclear industries.
Caesium-137 is an important fission product whereas 134Cs is a shielded
nuclide formed by neutron activation of the stable •*• Cs. Caesium is a
Group 1 (alkali metal) element which exists in aqueous solution as the
relatively simple species - hydrated Cs+ ions. Caesium nuclides are use-
ful examples for the introduction of the concept of the partitioning of
radionuclides in sea water between the "dissolved" and "particulate"
phases. Caesium readily undergoes adsorption on to naturally occurring
suspended solids, especially clays (alumino-silicates), by ion-exchange
reactions. The process can be represented by a simplified reaction

Cs+ + M-Clay >c=̂  Cs-Clay + M+
where "clay" represents an alumino-silicate particle surface with charged
exchange sites, and M+ is any metal cation. In such a reaction, an equi-
librium will be established according to the law of mass action (strictly
for a closed system), and may be expressed as

[Cs-clayj [M+]
K —

[Cs+] [M-Clay]

It is commonplace to represent the partitioning of radionuclides
between sea water solution and solids by distribution coefficient (K,)
values. Values for K, have been determined for many sedimentary materi-
als in both field and laboratory studies (see e.g. Duursma & Eisma, 1973),
and a number of the factors which control caesium nuclide K, values have
been determined (Aston & Duursma, 1973; Stanners & Aston, 1981). Values
for radiocaesium K,s are typically in the range 10-"--10 , which are low
compared to many other important radionuclides, especially some transuran-
ic elements. Cs and Cs from reprocessing effluents are to some
extent reversibly adsorbed onto particulate matter, inferring some form of
ion-exchangeable mechanism (Stanners & Aston, 1982).

3.3.4 Iodine-129,131

The radionuclides 129I and •1-31I are fission products which occur in
1 0 Qfuel reprocessing wastes. I is of special interest because of its

extremely long half-life (1.6 x 107 years), longer than that of any of the
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other principal fission products. Iodine nuclides are, in contrast to
caesium, present in aqueous solution as simple anions. Iodine in sea
water can occur as iodide (I~) or iodate (I03~) anions, both of which are
very soluble and very poorly adsorbed in sedimentary materials. These
species are coupled by biological processes, with redox interconversion
occurring in either direction. Reduction of I03~ to I~ results from
photosynthesis, and reverse oxidation happens during respiration and
organic degradation (Tsunogai, 1971). When incorporated into sedimentary
solids, radionuclides of iodine are likely to occur as N-iodoamines, as
found for stable iodine (Harvey, 1980).

3.3.5 Cerium-144

Cerium—144 is another major fission product, with a half-life of 285
days. Unlike caesium it is effectively removed from sea water solution
via particulate forms (Joseph et al., 1971). The removal of cerium from
sea water may be due to uptake onto adsorption sites of sedimentary
solids, and/or due to the hydrolysis of cerium ions to form highly insol-
uble species. There is evidence that K, values for Ce in sea water and
other natural waters are not dependent on competing ion concentrations,
but that pH and salinity are important. This suggests that hydrolysis
reactions, rather than ion-exchange, may be predominant (Jenne & Wahlber,
1968; Nishiwaki et al., 1973). Typical K^ values have been reported
over the range 103to 106, depending on the nature of the sedimentary
materials involved (Gromov et al., 1972; Nishiwaki et al., 1973).
Cerium-144 appears to be adsorbed in a non-reversible manner on sediments
(Stanners & Aston, 1982).

3.3.6 Zirconium-95/Niobium-95

Zirconium-95 and its daughter 95Nb are both short-lived fission prod-
ucts (half-lives of 65 and 35 days respectively). As with ^44Ce, the
hydrolysis of these nuclides is thought to be important in controlling
their removal from sea water to particulate forms. The laboratory studies
of Duursma & Eisma, (1973) suggest that K^ values over a wide range of
marine sediment types are around 10-10 and that the adsorption reac-
tions are controlled by hydrolysis products precipitating e.g.
[Zr(OH)ni|~nJ . Zr-95/Nb-95 from reprocessing wastes appear to be
effectively irreversibly associated with sediment at some sites (Stanners
& Aston, 1982).

3.3.7 Ruthenium-103,106

Although various stable and radioactive nuclides of ruthenium are
produced as the result of the fission of 235U as well as 239Pu, only two
isotopes, 103Ru and 106Ru have sufficiently long half-lives (39 days and 1
year respectively) to be significant, and due to the aging of the mixture
of fission products before their release, only ^°°Ru is found in appreci-
able quantities in coastal environments.

(a) Ruthenium complexes

Because the oxidation state of Ru changes relatively easily between 0
and 8 depending on the conditions of the solution, 106Ru forms various
complexes with different ligands in acidic media. Thus 106Ru in the acid
solution of the mixed fission products may 'tend to escape various steps of
waste effluent treatments at reprocessing plants.
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After the dissolution of spent fuels with nitric acid 106Ru in the
acid solution is present in the form of various complexes of nitrosyl
ruthenium, RuNO. Practically all of these complexes belong to one of two
groups: nitrato complexes or nitro complexes.

The nitrato complexes can be expressed by a general formula

[RuNO(N03)x(OH)y(H20)z]

where x+y+z = 5. As it is improbable that the OH group occurs in nitric
acid solution above 0.1M, the general formula for the acidix medium can be
simplified as

[RuNO(N03)x(H20)5_x]3~x

where x may vary between 0 and 5. Depending on the number of the NO,
groups, these complexes are referred to as penta-nitrato complexes, tetra-
nitrato complexes, etc. It should be noted that the electric charge of
these complexes changes between 2- and 3+; that is, nitrato complexes may
occur as anions or cations as well as neutral species. Various forms of
these nitrato-complexes exist under equilibria in nitric acid solution,
the relative proportions of which vary depending on the concentration of
nitric acid. With decreasing acidity these forms become unstable, tending
to hydrolyse (Fletcher et al., 1959; Story & Gloyna, 1963). The other
group of nitrosyl ruthenium complexes, nitro complexes, contain at least
one N02 group and can be expressed as

RuNO(N02)x(N03) (OH)3_ <H20)2]y
where x > 1. They are much more stable than the nitrato complexes and are
difficult to destroy once formed. Their formation depends on many fact-
ors, such as acidity, time, temperature, etc, so that the proportion of
various nitro complexes in nitric acid solution cannot easily be predicted
(Story & Gloyna, 1963). The nitro complexes of nitrosyl ruthenium may be
a major portion of ^ Ru in the effluents released from nuclear reproces-
sing plants (IAEA 1975b; Guegueniat, 1975).

(b) Speciation

The chemical speciation of Ru is further complicated by the poly-
merization of nitrato-complexes in diluted acid-neutral solutions. At an
acidity of 0.1M, for example, nitrato-nitrosyl ruthenium complexes may be
hydrolyzed and then polymerized, occurring possibly in forms such as
(RuNO-0-RuNO)n+ or ( RuNO (OH)̂ (H20)2-0-RuNO(OH)2 (H20)2 ) (Brown et al.,
1957). These polymerized fractions are very stable and increase with
increasing pH. Thus, depending on the condition and history of the treat-
ment of effluents carried out at reprocessing plants, different degrees of
polymerization of nitrato-nitrosyl ruthenium complexes occur when the
effluents are in contact with sea water. Laboratory experiments have
demonstrated that the polymerized fraction may reach as high as 70% of
released nitrato-complexes (Guegueniat, 1975), and is expected to serve as
a primary source of nuclei for the formation of colloids and particulates,
which may have either positive or negative electric charge. While the
positively charged particles tend to be sorbed onto the surface of, for
example, seaweeds within a relatively short time, the negatively charged
particles tend to remain in the medium for several weeks (IAEA, 1975b).
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Because of the fact that the chemical speciation of 106Ru in sea
water is so much dependent on the condition and history of the released
effluents, its behaviour in the coastal environment is not fully under-
stood with respect to its speciation equilibria. It has been observed,
however, that ^06Ru in the effluents is partially precipitated immediately
after its contact with sea water and tends to associate slowly with parti-
culate matter (Guegueniat, 1975). The K^ values for 106Ru observed in
laboratory experiments are in the range of lO^-lO5, although these experi-
ments did not take into account the presence of nitrosyl complexes of
ruthenium in sea water (Duursma & Gross, 1971; Sibley et al., 1981).

3.3.8 Transition Metal Radionuclides

Several radionuclides in effluent streams are those of transition
metals, and for the most part are neutron activation products such as
51Cr, 54Mn, 59Fe, 60Co, 60Zn and 110mAg. These radionuclides may be
subjected to inorganic and organic complexing in sea water, hydrolyse, and
interact with sedimentary materials by ion-exchange, coprecipitation and
other adsorption reactions. They often exhibit more than one oxidation
state, and oxidation/reduction reactions will occur under changes of en-
vironmental conditions. The marine chemistry of these radionuclides is
clearly a complicated topic, but their behaviour can be predicted, with
some degree of success, because their natural analogues have been studied
in detail in recent years (see Stumm & Brauner, 1975; Brewer, 1975). In
general terms the transition metal nuclides have high K, values (>l(r )
and the complexing of the radionuclides by natural and anthropogenic
organic substances can both increase and decrease their tendencies for
uptake by sediments.

3.3.9 Technetium-99

The long-lived fission product 99Tc (half-life 2.1 x 105 years) is of
interest for various reasons, including the fact that there is no stable
technetium, and thus no pre-existing knowledge of the behaviour of this
element in the environment. Technetium can exist in different oxidation
states and in normal, oxygenated, sea water theoretical predictions
suggest that Tc(VII) should be present as the pertechnetate anion TcO^"
(Anders, 1960; Zoubov & Pourbaix, 1966). When the lower oxidation state
Tc(IV) is introduced to sea water, it is rapidly oxidized to the Tc(VII)
state (Fowler et al., 1981). There are insufficient published data on its
adsorption to sediments for any general remarks to be made, except that
the Kd for Tc(IV) would be substantially greater than that of Tc(VII).

3.3.10 Natural Actinide Series

Although the radionuclides included in these series - the three pri-
mordial actinide parents, 232Th, 235U and 238U, and their daughter
products - are present ubiquitously in nature at appreciable levels, the
effluents from mining of nuclear fuel materials, as well as from fuel
fabrication, may result in releases of some of these radionuclides into
the coastal environment in excess of their natural levels. The signifi-
cance of the presence of these radionuclides in the marine environment
does not lie in their radiological effects, however, but rather in the
possibilities of their use as tracers for following various geochemical
processes taking place in the sea; although the highest radiation dose
received by many marine organisms does arise from alpha-radiation from one
of the members of the present group, 210Po (Cherry & Shannon, 1974).
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As stated, the actinides include three primordial parents, 232Th,9 o c o o p3 U and U, and their respective decay products consisting of about 35
radionuclides of Pb, Bi, Po, Rn, Ra, Ac, Th, Pa, and U. According to
their specific decay schemes, the daughter products form three independent
decay series which are dependent on their primordial parents and charac-
terized by their mass numbers. The daughter products of Th have always
mass number of 4n (n is an integral number) and are grouped as the thorium
decay series. Similarly, the mass numbers of the daughter products of

U and "U are respectively (4n+2) and (4n+3), and they form respectiv-
ely the uranium and the actinium decay series. In a closed system of
sufficient age in the environment a daughter radionuclide in a given decay
series exists in a steady state equilibrium with its parent and daughter,
since the radioactive decay law dictates that the rate of production of
the given daughter radionuclide from its immediate parents is equal to the
rate of decay of that nuclide or its own daughter. In a dynamic environ-
ment, however, the closed system is often disrupted by the separation of a
daughter nuclide from its parent, as the daughter may be chemically quite
different from its parent. For example, the daughter 228Ra as a member of
the alkaline earth elements is much more soluble in ambient water than its
immediate parent 232Th, so that Ra tends to dissolve into the liquid
phase, leaving 232Th in the solid phase. In this way, disequilibria bet-
ween parents and daughters are established in nature through various pro-
cesses, such as precipitation, dissolution, sorption, complexation and so
on. Because the degree of the disequilibrium in a system is determined by
the half-lives of the parent and daughter involved, as well as by control-
ling chemical reactions taking place, the observed degree of the disequil-
ibrium can be used as a measure of time elapsed between the disruption of
the equilibrium and the observation. Thus measurements of the degree of
the parent-daughter disequilibria established through natural processes in
well-chosen systems are able to provide information on the time-scales of
various geochemical processes involved. The three decay series mentioned
include radionuclides of a variety of elements with different chemical
properties, having different half-lives; appropriate selections of radio-
nuclide combinations can therefore provide useful information on various
geochemical processes to be studied. This approach has been extensively
applied for determining sedimentation rates, transport rates, mixing pro-
cesses, etc. The wider application of these approaches to coastal geo-
chemical processes is believed to broaden the understanding of these com-
plicated processes. The most recent reviews of the naturally-occurring
actinides are those of Burton (1975), Ivanovich & Harman (Eds) (1982) and
Broeker & Peng (1982).

3.3.11 Transuranic Elements

Neptunium is considered to exist in sea water primarily in the penta-
valent form (Np02+) and environmental observations on the association of237Np with particulate matter in suspension have indicated K^ values of
the order of 103 to 104 (Pentreath & Harvey, 1981; Pentreath et al.,
1982). Laboratory experiments with 235Np have produced K^ values over a
greater range and have demonstrated that the extent to which NpC^ is
adsorbed appears to be a function of the sediment carbonate content
(Fowler & Aston, 1982).

The chemistry of plutonium in sea water is particularly complex
because of the simultaneous existence of several oxidation states. Selec-
tive precipitation techniques used by Nelson and Lovett (1978), Lovett &
Nelson (1981), have shown that off the UK coast the plutonium in
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'solution' consists primarily of Pu (V + VI), and that the K^ values for
this pair are less than 104 whereas that for Pu (III + IV) is about 106,
giving a 'total' Pu K^ of about 4 x 105. The theoretical aspects of the
Pu species most likely to occur in solution have been discussed by Aston
(1980) and recent experimental studies suggest that Pu(V) is probably the
dominant form in solution (Nelson & Orlandi, 1979; Bondietti & Trabalka,
1980; Rai et al., 1980). The association of transuranium nuclides with
sedimentary materials has been reviewed by Edgington (1981) and it appears
that K^ values for Pu measured in a variety of locations - the Irish
Sea, the Great Lakes, the Arctic and coral detritus in the Pacific - are
all very similar. Studies on Pu geochemical phase association in sedimen-
tary materials suggest that the non-detrital hydrous oxides of Fe and Mn
are important (Edgington et al., 1976; Aston & Stanners, 1981).

Americium is generally considered to exist in sea water, in solution,
as Am (III), and it is effectively adsorbed onto sedimentary materials
(Hetherington et al., 1976; Pentreath et al., 1980a; Aston and Stanners,
1982). A comparison of data from suspended material of the Irish Sea has
indicated that K^ values for Am and Cm are greater than those of Pu, all
of which are greater than those of Np (Pentreath et al., 1980a; Pentreath
et al., 1982). An increased association of Am with particulate matter,
relative to Pu, has also been observed in Mediterranean waters (Holm et
al., 1980).

There are few data on Cm in the marine environment, but it is
generally considered to be present as Cm (III) and the K^ values
measured, as stated above, are similar to those of Am (Pentreath et al.,
1980a; Pentreath et al., 1982). There are no environmental data relating
to californium but recent experimental studies with 252Cf3"1" tracer in sea
water have revealed that rapid adsorption takes place onto near-shore and
deep-sea sediments, with K^ values in the range 1.4 x 104 to > 1 x 105
(Aston & Fowler, 1983). In the laboratory Cf in filtered sea water showed
a significant tendency to produce a particulate fraction within a few
days.

3.4 The behaviour of radionuclides in sediments

The interactions of radionuclides with sedimentary materials, especi-
ally those suspended in sea water, have already been discussed in some
detail in Section 3.3. Thus it would be redundant to discuss here such
topics as K, values and the mechanisms by which radionuclides are adsor-
bed onto sediments. A more useful approach is to devote attention to the
behaviour of radionuclides in deposited sediments of coastal environments.
In this respect the items of interest are the possible redistribution of
radionuclides by processes such as chemical diagenesis, bioturbation and
desorption. Closely linked to these phenomena is the pore-water behaviour
of radionuclides. Another aspect of interest is the movement of deposited
sediments in dynamic coastal regimes as a vector of radionuclide redistri-
bution.

It is apparent from Section 3.3 that many radionuclides have a strong
affinity for marine sediments. Exceptions are the nuclides of hydrogen,
iodine and technetium. The transuranic elements display particularly
notable adsorption characteristics (see Section 3.3.11).

One of the most intriguing aspects of the behaviour of radionuclides
in the marine environment is the question of whether or not they are
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redistributed within and/or released from settled sediments. This topic
is of interest from a geochemical point of view; it also has a bearing on
the longer-term consequences of the disposal of radionuclides into coastal
waters.

Many studies have been made in recent years, and a variety of often-
conflicting conclusions have been drawn. It is apparent that site-specif-
ic differences occur, and the extent to which radionuclides have migrated
within sediments, or desorbed from them, is often obscured by the variable
and sometimes continuous input of the radionuclides into the local envir-
onment. Thus observations in areas which received the major contribution
of radionuclide inventories in the 1960s would not necessarily compare
directly with those obtained close to sources of continuing discharges.

It is the behaviour of the longer-lived radionuclides which has been
most contentious. Two recent review papers on the transuranium nuclides
are those of Edgington (1981) and Sholkovitz (1983). Both emphasize stud-
ies on Pu. The review by Sholkovitz (1983) deals with the question of
plutonium mobility/immobility in detail. This author contends that much
of the data available do not satisfactorily constitute evidence for or
against chemical remobilisation. Research papers which deal with this
topic which are particularly pertinent include Noshkin & Wong (1979,
1980), Koide et al. (1980), Livingston & Bowen (1976, 1979), Carpenter and
Beasley (1981), Santschi et al. (1979, 1980), Hetherington (1976, 1978),
Aston & Stanners (1981, 1982), Nelson & Lovett (1981), Harvey (1981a, b)
and Sanchez et al., (1982).

The desorption of radionuclides from coastal sediments has been
investigated by Patel et al. (1978) and Stanners and Aston (1982). In
general, desorption of the important radionuclides is very low, especially
for 95Zr/95Nb, 106Ru, lt+4Ce and transuranics, as reflected by their Kd
values. However, Cs and Cs are desorbable and this undoubtedly
reflects the fact that caesium is held on sediment surfaces to a large
extent in a reversible ion-exchangeable form.

Inevitably, however, the behaviour of radionuclides in deposited
sediments is ultimately related to all of the biogeochemical processes
obtaining in them. Reviews of particular interest are those of Berner
(1980) and volumes edited by Banner et al. (1980), Hails & Carr (1975) and
Olausson & Cato (1980). Two publications of particular interest are
Broecker & Peng (1982) and that edited by Ivanovich & Harman (1982), both
of which discuss the use of naturally-occurring radionuclides in the study
of marine sedimentology„

4. BIOLOGICAL AVAILABILITY

4.1 Introduction

Marine organisms, like any other, are constructed basically of C, H,
0, N and S, although the ratios of these elements are not constant; for
example animals contain more N and S but less 0 than plants because of
their higher protein content. Living cells by and large also actively
accumulate K and exclude S and Cl. Other elements generally considered to
be necessary are Ca, Fe, Mn, Mg and Mo, but for particular groups of
plants and animals quite extensive lists have been compiled for elements
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which are considered to be essential for the functioning of normal meta-
bolic processes.

Trace elements are known to be used for a variety of purposes within
living cells. A few occur inside cells as free ions at concentrations
different from those outside the cell to maintain a potential difference
across the cell membrane. Cell cytoplasm generally has high concentra-
tions of K+ and Mg2+, and low concentrations of Na+ and Ca2+, relative to
the intercellular fluids. The ions K+} Na+ and Cl~ are thought to be free
inside and outside the cell whereas the divalent Mg2+ and Cer are consid-
ered to be largely free outside the cell but bound to proteins inside the
cell. These ions have electrochemical functions, the exact nature of
which is not always known. Others which play a similar role are H+}
HC03~, SO^2" and PC^H2".

Several elements, particularly the halogens, are incorporated into
relatively small molecules which have antibiotic properties. Other small
molecules, which form discrete complexes with a number of metals, are the
porphyrins: particularly important are those which incorporate Fe. For
animals the Fe-porphyrins are essential in the storage and transport of
oxygen. The essential metalloporphyrins of plants are the chlorophylls;
these incorporate Mg. Yet another group are the cobalmins, which incor-
porate Co. Metals, in fact, play a vital part in the functioning of en-
zyme systems. Metal-activated enzymes only function when certain, loosely
bound metals are present. The most important metals in such enzymes are
Mg, K and Mn, but many others have been implicated for specific enzymes
and, because of the relatively loose bonding involved, can often be suc-
cessfully replaced with another metal. In contrast, metalloproteins have
metals firmly bound or incorporated into their structure in a stochiomet-
ric manner. For these the metal may be essential to their functioning -
the metalloenzymes - or, if absent, severely reduces their catalytic pro-
perties. Metals incorporated into metalloproteins include Ca, Co, Cu, Fe,
Mn, Ni, Zn, Mo, Se and I. It should be noted, however, that the quantiti-
es of metals required in these proteins are very small indeed, and even
the trace quantities of such metals measured in biological tissues gener-
ally far exceed those required to maintain them biochemically.

Of equal importance is the fact that both plants and animals incor-
porate a variety of elements into structural tissues. Some algae form
hard tissues from calcite, aragonite and amorphous silica, and crystals of
other minerals are found in some algal cells. Marine animals which sec-
rete silica, such as the foraminiferans and sponges, are notably found in
temperate waters where the solubility of silica is comparatively low,
whereas those which secrete calcium carbonate flourish in warm and shallow
sea areas. The shells of molluscs and echinodoms are largely formed of
calcium carbonate - although in different crystal forms - as are coral
reefs. Calcium phosphate (apatite) occurs in vertebrate bones and teeth.

Regardless of the purpose, however, it is clear that both marine
plants and animals accumulate the majority of elements to concentrations
greater than those of sea water, even though there is not always an appar-
ent metabolic requirement for them. This may be due, in part, to only a
partial success in regulating essential elements plus an inability to
differentiate specifically between chemically similar elements; but many
elements may simply be accumulated onto external biological surfaces simp-
ly because of the physical and chemical properties of those surfaces.
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A useful source of data on trace element concentrations is that of Eisler
(1981).

4. 2 Mechanisms of accumulation

Elements are accumulated by marine organisms both actively and pas-
sively, but it is important to note that this is a continuing, dynamic
process and that the mechanisms involved are only poorly understood.
Because marine organisms live in a medium which contains a veritable cock-
tail of elements it is to be expected that some direct exchange will occur
between the organism and the sea water. Indeed for algae this is the only
means by which elements can be accumulated. Animals, however, are hetero-
trophic; in other words, they eat. Food is therefore clearly a major
source of many elements, 'food' being regarded as other living organisms,
dead and decaying (detrital) material, or even sediment. In this respect
- the possibility of direct uptake from the medium as well as uptake from
food - aquatic fauna differ from the terrestrial fauna because the only
route of uptake for the majority of elements by the latter is from the
ingestion of food, there being very little direct exchange with their
medium, the air. Adsorption to outer surfaces can be an important mechan-
ism for the accumulation of elements by small unicellular and multicellul-
ar organisms having a large surface area to volume ratio. Particularly
well known for their capacity to accumulate elements by adsorption are
seaweeds, which have large surface areas of extra-cellular polysaccharides
of high adsorbative capacity. Elements which adsorb strongly onto sedi-
ments are also likely to adsorb readily onto biological surfaces, atlhough
there are exceptions, and the processes are highly dependent on the chemi-
cal form of the element.

The absorption of elements by marine organisms involves the active or
passive transport through biological membranes, such as the outer membran-
es of unicellular organisms and the epithelial lining of gut, skin and
gills. The passage through these barriers may involve active transport at
the expense of energy, or passive transport governed by concentration
gradients. As a result there are large differences in the degree of
absorption of different elements from the gut contents of marine organ-
isms, and the gut and gill epithelia of closely related species are not
necessarily equally effective barriers for a given element.

Expressed in its most simple form, the accumulation of an element by
a marine (or any other) organism is a balance between the rates of intake
and of excretion. It is often observed, for the exchangeable amount of
element within an organism, that an asymptotic, or steady state, value is
attained. Thus if Q^ is the amount of element within the organism at
time t, and Q is the asymptotic value, thenss

dQ
- -

where Iq is the total rate of intake per unit time and k is an excretion
coefficient. At equilibrium Iq equals kQ . The value of k can be
used to determine a biological half-time XCbQ^g) because tb0 <5 =
In2/k = 0.693/k. Such a linear differential equation is clearly a gross
oversimplification of the numerous processes involved, and is frequently
expanded in practice - to interpret experimentally derived data - into
multi-exponential forms. One complication which immediately becomes
apparent is that if there are several routes of uptake the value for Iq
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must be a composite of these, and similarly that k represents all routes
of excretion. There is considerable experimental evidence, however, that
radionuclides accumulated direct from sea water by marine fauna may have a
different tissue distribution, and different turn-over times, from the
same radionuclide accumulated from food (Pentreath, 1977; Fowler, 1982).
It should also not be forgotten that, for a radionuclide, the effect of
radioactive decay must be taken into account. If the incorporated radio-
nuclide is not supported by a parent, its turnover may be described by

-at < 4- 2>
where X is the decay constant of the radionuclide, being related to the
physical half-life (tpQ>5) by tp0>5 = 0.693/X.

Thus Qt =

The quantity of an element, or radionuclide, within an organism is
not usually referred to in terms of a body burden, but as a concentration
i.e. per unit weight. The notation in the above equations may therefore
be substituted by C. , C and I, all of which relate to unit weight.

4.2.1 Concentration factors

(a) Derivation

The quantity of an element or radionuclide in environmental samples
is almost always discussed in terms of concentration, either on a dry or
wet weight basis, and this value is then often represented for the purpos-
es of modelling as a concentration factor (CF), that is, as concentration
in the organism divided by the concentration in the water. There is con-
siderable scope for variance in the data thus obtained. Ignoring for a
moment the complexities of radioactive decay and variable rates of input
into the local environment, it is quite obvious that, even for stable
element analyses, different results may be obtained depending on whether
the water data are derived from filtered or unfiltered samples; it is
worth giving this criterion some detailed consideration. Except for
algae, the term concentration factor as used in these circumstances does
not imply that all of the element within the organism is concentrated by
direct accumulation from the water. It is simply a value that relates the
concentration in the organism - which, as already stated, may have been
derived by uptake of the element from sea water, particulate matter and
from food- to that of the medium in which it lives, that is, the sea
water. The term is thus of particular value to those concerned with
radiological control practices in which calculations are made of the
expected concentrations of different radionuclides in a particular water
mass for a given rate of discharge. Having obtained the water concentra-
tion values it is then possible to estimate the expected concentrations,
under equilibrium conditions, in the living and non-living components of
that body of water. In these terms sea water must be considered as being,
quite literally, the solution which it is, and that suspended materials
within it, which can be filtered off, constitute a separate compartment.
As discussed in Section 3, K^ values are often derived by filtering off
suspended matter. Because the suspended load of coastal sea water is
highly variable it is usually found that reproducible relation-ships can
only be obtained for any one element or radionuclide by relating
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the rate of discharge to the filtered seawater concentration, and then
relating this value in turn, to a concentration factor based on filtrate-
derived data. It must be noted that, in many coastal situations, the
suspended load will not only vary with different weather conditions but
may also vary with the state of the tide. For elements which are strongly
adsorbed on to particulate matter any concentration factor data based on
total, unfiltered, seawater analyses could vary by orders of magnitude
simply because of the turbidity of the water when the samples were collec-
ted.

(b) Factors affecting concentration factor data

Concentration factor data are by no means constant or absolute
values; they are merely approximations under relatively steady state
conditions. Even where the concentration of an element, or a radionu-
clide, in a given water mass is relatively constant the concentration in
the organism may alter considerably due to a range of biological factors.
Rates of both uptake and loss are known to be affected by body size, rate
of change of body size, temperature, salinity, and so on. Differences in
body size frequently make difficult the comparison of data on a single
species even from the same area. The body burden can often be related to
weight (W) by a power function relationship such that body burden varies
as jiW—•, and thus concentration varies as _a_W—- , where a_ and _b_ are
constants (Boyden, 1974; Pentreath, 197671977). When" b_ = T the
concentration remains constant with body weight but when it is >1 or <1
the concentration will increase or decrease with body weight respectively.
Also, because the majority of aquatic organisms are poikilothermic (i.e.
they have very limited homeostatic control), the rate of uptake and loss
of elements will be affected by changes in the ambient temperature. This
not only affects the rates of direct exchange with sea water but also
affects the rates of food intake, growth rates and so on. Thus
measurements of biological half-times will produce different results at
different seasons, at different latitudes, and between different sized
individuals of the same population.

The extent to which different elements can be regulated within their
exchangeable pools has not been studied in great detail, but some degree
of regulation, particularly of the 'essential' elements, undoubtedly
exists. This will clearly affect attempts to derive concentration fact-
ors. For example concentrations of Zn in the muscle of fish from differ-
ent parts of the world usually fall within the range of 1 to 10 ^g g"1
wet, but the derived concentration factors can alter by more than two
orders of magnitude, depending on whether the water samples are filtered
or not and whether the data refer to the open ocean or to estuaries
(Pentreath, 1977), Concentrations of a number of elements - including Fe,
Mn and Zn - in sea water decrease markedly with increasing distance from
the shore. The concentrations of these elements in the muscle of individ-
ual fish species vary little with size or age (Pentreath, 1977) and thus
again any stable-element derived concentration factor would probably de-
pend more on the water sample taken from the area in which the fish was
caught than on any other factor.

A further complication is that a number of elements which are accumu-
lated by some organisms are not subsequently excreted, a variable fraction
being virtually permanently incorporated into some part of the body struc-
ture. Quite frequently skeletal tissues are 'sinks' for a number of ele-
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ments, particularly for multivalent cations, although it has also been
observed that a number of metals are incorporated into various forms of
granules - probably as a means of detoxification - which may or may not be
subsequently excreted. Crustaceans, which grow by a process of moulting,
may both use cast moults as a means of ridding themselves of unwanted
materials as well as resorbing, prior to moulting, certain other elements
which are then re-incorporated into the new exoskeleton.

(c) Application

Because of all of these processes it is thus again obvious that, for
any one element and any one organism, no absolute, reference, or standard
concentration factor or biological half-time value can be readily defined,
even using stable element data. If the values are derived from radionuc-
lide data then the estimates will be compounded by the possible changes in
the ambient water concentrations, particularly when they arise from efflu-
ent discharges. For example, ideally, either the concentration of the
radionuclide in the water remains constant, so that the concentration in
the organism can be described by an equation of the form of that at 4.3;
or the concentration in the water decreases only by the processes of
radioactive decay, so that the A. value in the water and organism effectiv-
ely cancel out. In practice, however, even if contamination occurred as a
single event, it may be found that the concentration in the ambient water
rapidly decreases due to advection, diffusion and removal to sediment,
whereas the concentration in a sessile organism will decrease only by the
processes of biological excretion and physical decay i.e. in relation to
its effective half-time (teQ>5), defined by

tb0.5 x tp0.5
te0'5 = tb0.5 + tPo.5——— (4'4)

By successively dividing the organism's radionuclide concentration by
that of the ambient water, an increasingly large value will be obtained.
Alternatively, the ambient water concentration of a radionuclide may rema-
in fairly constant over distances which are small relative to the normal
range of mobile fauna such as fish. These, of course, are not steady
state or 'equilibrium' conditions but it is often difficult to character-
ize specifically a given environmental situation, which will often be
somewhere between the two extremes cited above, particularly when a dis-
charge is pulsed. It is partly for this reason that ICRP-29 (1979a) sug-
gests that in such situations a systems analysis approach is more useful
than one employing concentration factors. Unfortunately, concentration
factor data are not always easily obtainable, and for a systems analysis
approach an even greater range of, primarily kinetic, data is required.

Finally, it should be noted that the term 'concentration factor' is
also used by radiobiologists studying the accumulation of radionuclides by
organisms under controlled laboratory conditions. These experiments are
usually made in order to differentiate between the importance of different
routes of accumulation and the data obtained from them, for example with
regard to uptake from water only, are not usually applicable to radiologi-
cal modelling because they do not represent the total concentrations which
could be attained by an organism, throughout its entire life history, in
the natural environment. The nature and purpose of such experiments has
been the subject of an IAEA Technical Report (No.167) (IAEA, 1975c).

In spite of all these many complications with regard to the deriva-
tion of concentration factor data, it is evident that they have been
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employed, successfully, to estimate the probable concentrations of radio-
nuclides in different organisms resulting from given water concentrations.
Where quite accurate data are required, as in the critical pathway appro-
ach to ensure that dose limits are optimized, values specific to a given
operational site may be required. For the modelling of collective and
committed dose calculations however, more generalized concentration factor
data may be sufficient. But again it must be stated that absolute, true,
concentration factors do not exist, whatever the demads of those concerned
with the control of radioactive waste disposal, although there is merit in
deriving sets of reference values for specific applications. Because of
this demand a variety of concentration factor lists have been compiled,
for example by: Ichikawa (1961); Mauchline & Templeton (1964); Bryan et
al_., (1966); Freke (1967); Ettenhuber (1971); Lowman et al., (1971);
Thompson et al., (1972); Jinks & Eisenbud (1972); Pentreath (1977);
IAEA (1978); Ancellin et al., (1979); CEC (1979); Mauchline (1980).
But the only answer to the oft asked question 'which values do I use?' is
'use the values which are appropriate to that particular site1.

4.2.2 Food chain transfer

In view of the complexities of marine food webs the transfer of ele-
ments along them is clearly an important and complicated aspect of the
total cycling of elements in the marine environment. Statements in the
literature with regard to the food chain transfer of elements are, how-
ever, frequently obscure because of a lack of definition of what is meant
by such terms as food chain 'accumulation', 'concentration', biomagnifica-
tion and so on, and from a selective use of data. As previously noted,
elements are not evenly distributed within organisms. The tissue with the
lowest concentrations of many of the di- and multivalent cations, apart
from the plasma, is muscle. Conversely the tissues with the highest con-
centrations of such ions are usually the liver, kidney or other organ
serving similar functions of elemental storage or excretion. The concen-
tration of such an element in a predator may be considered to have increa-
sed along a food chain when its concentration in, for example, its liver
is greater than that of the whole-body concentration of the prey. In
contrast, the opposite conclusion may be arrived at if the comparison is
made between the whole-body concentration of the prey and the concentra-
tion in the predator's muscle. Both conclusions are valid within their
terms of definition, but are frequently cited out of context. When the
mass transfer of an element from one link in the food chain is considered,
that is on a whole-body basis at each link, the general tendency is for a
decrease in concentration at the higher trophic levels because muscle
tissue usually has relatively low concentrations, and muscle tissue com-
prises a large fraction (> 50% in fish) of the body weight in the top
predators. There are exceptions: a number of elements are found in
muscle tissues at concentrations not markedly different from others.
Caesium is such an element. Where the rate of excretion is also quite
slow relative to the rate of intake, increases in concentration can occur,
even on a whole-body basis; but this is the exception rather than the
rule.

The mass transfer of elements along aquatic food webs is a specializ-
ed subject and interpretations of it become numerically rather cumbersome.
There have been many attempts to construct food chain models for pollutant
transfer in general through aquatic environments: for example that of
Williams (1972) for steady-state non-linear food webs; three and four
compartmental models (Conover & Francis, 1973); the use of gamma and log-
normal distributions (Eberhardt & Gilbert, 1973); and equilibrium models
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for diverse food chains (Thomann, 1981). The transfer between each link
is often expressed in terms of relative concentrations, or transfer coef-
ficients, and a transfer coefficient model approach has been outlined in
connection with the deep sea disposal of packaged wastes (Pentreath,
1983); but it must be noted that, having been transferred, the element
may be differently distributed in the organs of the predator relative to
the prey (Pentreath, 1977). Unfortunately this is a subject which has not
been studied in sufficient detail, but the relevance of such data for
radiological protection purposes is that the ultimate concentrations
attained in species eaten by man will differ from one tissue to another,
and allowance should be made as to whether the whole animal, or only
selected tissues, are consumed.

A further interesting aspect of food web transfer is that many ele-
ments which are ingested, particularly at the higher trophic levels, are
only poorly absorbed across the gut wall and are therefore eliminated in
the faeces. As a result they may then be ingested at the lower levels of
a completely different food web. These complex pathways may well be res-
ponsible for the cycling of a number of elements, particularly those which
form complexes with organic molecules. A recent review of some mathemati-
cal models used in biological oceanography is that edited by Platt et al.,
1981.

4.2.3 Isotopic fractionation

The question frequently arises as to whether marine - or indeed any
other organism - will preferentially accumulate, or discriminate between,
different isotopes of an element. Quite clearly the chemical behaviour of
an element is a function of its electron shell, whereas different isotopes
of the same element only differ with regard to their nuclear composition.
Nevertheless, some degree of isotopic fractionation does occur; but it is
very slight. The fractionation occurs because a light isotope moves fas-
ter than a heavy one due to its lower inertia. The effects of this can be
seen, for example, in very slight changes in the abundance of the carbon
and oxygen isotopes in living materials. Algae take up C02 slightly
faster than 13C02 and thus their organic blomass is depleted in 13C by
some 1.3 to 1.7% with respect to their source of carbon dioxide. The
carbon isotope ratios of animals usually reflect those of their diets.
Respiration by marine organisms slightly alters their ^80/^60 quotient
because 1602 is preferentially consumed by a factor of about 0.014. Simi-
lar slight differences have been observed for the isotopes of nitrogen,
sulphur and, of course, hydrogen.

The effects of isotopic fractionation is clearly of greatest import-
ance with the very light elements, the relative difference in isotopic
masses becoming smaller with increasing atomic number; this general topic
has been discussed in detail by Bowen (1979). But there is another
mechanism which can result in different isotopic ratios being attained,
and that is the degree to which the behaviour of the parent radionuclide
affects the subsequent distribution of the daughter. There are notable
disequilibria in the naturally-occurring radioactive series in sea water.
For example, the 23LlU/238U quotient is about 1.14 although the two nuclid-
es are only separated by 234Th, 23Xtmpa and 23l+Pa, which have short half-
lives of 24 days, 1.2 minutes and 6.7 hours respectively. Quotients
observed in marine organisms vary from 0.96 to 1.16, and such differences
are believed to result from different quotients in soluble and particulate
phases of sea water, the former having a value of 1.15 and the latter a
value of 0.98 (Hodge et al., 1979).
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A further outcome of differences in parent nuclide behaviour is the
effect this may have on the relative abundance of isotopes of different
elements. The nuclide 226Ra may be enriched relative to its immediate
parent, 230Th, because it is derived not from the 230Th in sea water but
from the 230Th which has been scavenged out onto the sea floor and incor-
porated into sediments. The scavenging of thorium from sea water is effi-
cient: the concentration of 226Ra is still an order of magnitude down on
its ultimate precursor, 238U. Because of its source, concentrations of
225Ra are generally highest close to the sea bed and lowest at the sur-
face. The situation is complicated, however, because Ra is also
believed to be scavenged from sea water and returned to the sediments, by
mechanisms which are not fully understood. Even more interesting is the
226Ra daughter, 222Rn. Radon diffuses quite quickly out of sea water and
thus near the sea surface the 222Rn/226Ra quotient is typically 0.5.
Radon also diffuses out of sedimentary materials much more quickly than
its parent, and thus in deep water, close to the bottom, 222Rn/225Ra quo-
tients as high as 8 have been reported.

The relevance of such examples is that differences in behaviour of
parent and daughter are to be expected from the higher actinides. The
beta-emitting 241Pu may be discharged in larger quantities than are the
alpha-emitting plutonium nuclides, and it decays to 241Am. The behaviour
of plutonium in sea water is complex but, as discussed in section 3, it
appears to be different from that of americium. Therefore the distri-
bution of Am derived from this environemntal source may be different
from that of 241Am discharged direct. It should also be noted that 241Am
decays to 23 Np, which has a different behaviour yet again.

4.3 Biological availability of radionuclides

4.3.1 Hydrogen-3 (Tritium)

A number of experimental studies have been made on H accumulation
but environmentally derived data are lacking. Studies by Kirchmann et al.
(1979) and Bonotto et al., (1981) have shown that 3H present as tritiated
water is incorporated into the organic fraction of algae such that the
tissue-bound tritium (TBT) reaches a concentration of about 0.7 relative
to the ambient water. Experiments have also been made with mussels,
shrimps and starfish, with fairly similar results.

4.3.2 Strontium-89,90

Strontium is largely associated with skeletal structures, particular-
ly vertebrate bone. Environmental data for Sr in algae are numerous (e.g.
Mauchline & Templeton, 1966; Preston & Jefferies, 1969a; Argiero &
Manfredini, 1971; Yamamoto, 1972; Ueda et al., 1973, 1975). Concentra-
tion factors are generally low «50) except for calcareous algae. The
kinetics of Sr (and Y) accumulation by algae were reported on as early as
1949 (Spooner, 1949). The data on molluscs and crustaceans are somewhat
limited, environmentally derived concentration factors being generally <10
for molluscan soft parts, and <100 for whole body of crustaceans.
Boroughs et al., (1957), Chipman (1958) and Hijama & Shimizu (1964) made
some of the first experiments on the rates of accumulation of 89Sr from
sea water by molluscs and crustaceans. More detailed studies have been
made since, such as that of Martin (1972) on the accumulation of 85Sr by
crabs in relation to the moulting cycle.
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As to be expected, there have been many studies on the accumulation
of Sr by fish, the most recent review of which is that of Pentreath
(1977). Environmental samples have been analysed from the Pacific proving
grounds, the Atlantic and Indian oceans, the Black Sea, the Caspian Sea
and the Seas of Okhotsk and Azov. The most notable features of these
studies has been the relative uniformity of the data in view of the dif-
ferent species analysed and their presumed differences in size and age,
parameters which have not usually been recorded. The most complete set of
chronological data is that of Ueda et al., (1975) in which 2 to 3 year old
fish from the seas around Japan were sampled from 1963 to 1971.

Although chemically similar, the concentration of Sr in marine fish
relative to that of sea water is less than that for Ca. The relationship
between Sr and Ca has usually been expressed either as a strontiun unit
(SU)

SU = 1 pCi 90Sr/g Ca

or as an 'observed ratio" (OR)

[(Sr/Ca) or (90Sr/Ca)] organism
OR =

[(Sr/Ca) or (90Sr/Ca)] sea water
There have also been many studies on the accumulation of Sr by fish

under laboratory conditions, from fish eggs and larvae to adult fish. As
discussed by Pentreath (1977) however, a clear picture of the roles of
food and water in the accumulation of Sr by fish has not emerged, and none
of the results would have been useful in predicting environmental concen-
trations. It should also be noted that the general distribution and level
of accumulation of Sr in marine organisms will not necessarily reflect
that of Y (Chipman, 1958).

4.3.3 Caesium-134,137

Caesium is not highly accumulated by any forms of marine organisms.
Concentration factors for marine algae are generally 100 or less as deduc-.,
ed from environmental data (Preston & Jefferies, 1969a; Broom et al 1975;
Pentreath, 1976; Ishii et al., 1978; Dahlgaard et al., 1981). Some
kinetic aspects of Cs accumulation by algae have been studied by Gutknecht
(1965), Bonotto et al., (1981) and others.

Molluscs and crustaceans have been extensively studied. Again esti-
mates of concentration factors as derived from environmental observations
are not greater than 100. Values are available from Preston and
Jefferies, 1969; Broom et al., 1975; Patel et al., 1975 and Suzuki _e_t
al., 1978). Much effort has also been expended on laboratory studies,
particularly with regard to comparing the metabolism of Cs with K (Bryan,
1961, 1963a, 1963b; Bryan & Ward, 1962; Morgan, 1964; Wolfe & Coburn,
1970; Cranmore & Harrison, 1975). The concentration of 137Cs in the
tissues of invertebrates has been shown to be strongly dependent upon
salinity. Bryan (1963a) has shown that concentration factors can vary by
almost two orders of magnitude in the same species of brackish water mol-
luscs and crustaceans acclimated to normal sea water and near-freshwater
conditions. In addition, 137Cs was lost more slowly in freshwater than in
sea water.

The accumulation of Cs by fish has been the subject of many detailed
environmental and laboratory studies. The literature to 1975 was reviewed
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by Pentreath (1977) but a number of significant papers have appeared in
recent years, including additional environmental data (Young & Folsom,
1979; Bettencourt et al., 1980; Izak-Biran & Guinn, 1980) and laboratory
studies (Hewett & Jeffériés, 1976, 1978; Ishak et al., 1977; Suzuki
et al., 1979). By and large environmental concentration factors for fish
are of the same order as those for invertebrates but, significantly,
values >100 are often reported. Values for ̂ 'Cs are sometimes reported
relative to K, or 4UK, in a matter analogous to that of Sr and Ca.

4.3.4 Iodine-129,131

It has long been recognized that marine algae are accumulators of I,
and the early literature has been summarized by Vinogradov (1953). A
recent study on the accumulation of I by benthic algae, based on colori-
metric techniques, is that of Saenko et al., (1978), which also summarizes
some of the earlier literature. Laboratory studies have been made by
Hiyama & Khan (1964), Saiki (1968) and Bonotto et al., (1981).

There does not appear to be a very extensive literature on I accumu-
lation by marine organisms since the early summary by Vinogradov (1953).
The data on fish were summarized by Pentreath (1977), and studies on the
accumulation of I by crustaceans and molluscs have been made by Hiyama &
Khan (1964), Short et al.. (1969) and Harrison (1973). Data are avail-
able, however, on the response of 1311 concentrations in Fucus to a pulsed
release from Sellafield (Preston & Jeffériés, 1969a). This study
concluded that concentration factors for benthic algae would be MCr but
about 10 for molluscs.

The majority of the detailed invertebrate biochemical studies which
have been made on I relate to the phylogenetic development of the thyroid
gland. A number of references relating to these aspects are given in a
paper on 131j accumulation by the polychaete Nereis diversicolor by
Fletcher (1970).

4.3.5 Cerium-144

Benthic algae adsorb ̂ 4Ce such that concentration factors of >10^
are generally reported in the literature. There are, however, consider-
able differences between the values reported for different species collec-
ted in the same area (Guegueniat & Lucas, 1969; Pentreath, 1976). There
appear to have been as many laboratory studies on ll+ttCe accumulation as on
its behaviour in the environment, the majority of field data deriving from
routine monitoring programmes.

Early experiments with algae, molluscs and crustaceans were made by
Hiyama & Shimizu (1964), Ancellin & Vilquin (1966), Avargues et al.,
(1968), Ancellin (1968) and subsequently by Le Gall & Ancellin (1971) and
Harrison (1973). The general tendency is for Ce to be adsorbed onto
external surfaces, but absorbed across the gut of most invertebrates to
some extent. In rapidly moulting crustaceans, such as euphausiids, a
large fraction (20%) of the body burden is lost with the moult (Fowler
et al., 1971) The major fraction of ingested Ce (141Ce) however, has been
shown to be poorly absorbed and rapidly excreted in the faeces (Fowler
et al., 1973).

It does not appear that •'•Ce is accumulated by fish muscle to any
great extent (Pentreath, 1977), although contamination of gill and gut
occurs, and of some internal organs such as the liver.
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4.3.6 Zirconium-95/Niobium-95

Concentrations of Zr and Nb, usually measured collectively, indi-
cate a behaviour not too dissimilar from that of ̂ ^Ce. Early environmen-
tal measurements are those of Bryan et al., (1966), Guegueniat & Lucas
(1969), Hampson (1967) and Preston & Jefferies (1969), from which estimat-
es of concentration factors were derived. Early experimental studies are
those of Ancellin & Vilquin (1966). More recent experimental studies are
those of Harrison (1973), and those of Suzuki et al., (1979) on fish.
Previous data on fish are summarized by Pentreath (1977).

4.3.7 Ruthenium-103,106

Ruthenium has been extensively studied. Early studies on the accumu-
lation of Ru by benthic algae were made by Jones (1960), and subsequent
work by Vilquin (1969), Ancellin & Bovard (1971), Guegueniat
et al., (1972) and Ishikawa & Pucar (1973) generally concluded that
'insoluble1 forms were more highly accumulated than 'soluble' ones and,
more specifically in the last of the above papers, that chloro-complexes
were accumulated to a greater extent than nitrosyl-nitrato-complexes.

The occurrence of 106Ru in environmental samples of benthic algae has
also been studied in detail, and the accumulation by one particular spec-
ies, Porphyra, has been important in providing a pathway for human expos-
ure at Sellafield, UK, as discussed in Appendix 1. Apart from data in
monitoring reports, i06Ru in algae, and in marine animals, have been dis-
cussed by Bryan et al., (1966), Templeton & Preston (1966), Preston &
Jefferies (1969a), Guegueniat & Lucas (1969) and Guegueniat et al.,
(1972). Concentration factor data are generally of the order of 103 for
benthic algae, but have a range from ~500 to >1500.

There have also been a number of experimental studies on the accumu-
lation of °Ru by molluscs and crustaceans. Jones (1960) compared the
accumulation of nitrosyl 106Ru by mussels with that of 106Ru in effluent
arising from U purification processes; the nitrosyl 106Ru appeared to be
the more biologically available. When present as a chloride complex,
however, Ru was more highly accumulated from sea water than the
nitrosyl-nitrato form (Keckes et al., 1967). Furthermore, the anionic,
cationic and neutral fractions of these complexes behave differently from
one tissue to another. In a similar study with clams, Ishikawa et al.,
(1973) found that cationic fractions accumulated in soft parts to levels
an order of magnitude greater than those of others. They reported that
the order of concentration was cationic > neutral > anionic. Further
studies were made by Ishikawa et al., (1976).

Crustaceans take up very little io6Ru from sea water, the majority
being adsorbed to the exoskeleton although some does become associated
with the viscera (Hiyama & Khan, 1964; Vilquin, 1969; Keckes et^ al.,
1972). 10o£u is also poorly absorbed by fish but some accumulation does
occur - notably in liver and spleen (Pentreath, 1977).

4.3.8 Transition Metal Radionuclides

There is a wealth of data on transition elements in marine biological
materials, largely because of interests directed towards 'heavy metal'
pollution. The extensive literature on this subject was recently reviewed
in detail by Phillips (1980), and a more recent review is that of Fowler
(1982). Any attempt to summarize the data in this report would therefore
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be superfluous. By and large the concentration factors observed for
algae, invertebrates and fish are >102 and may be >105 for some elements
in some organisms. Many detailed tissue analyses have been made, indicat-
ing the large inhomogeneity in distribution within organisms, and a large
number of experimental studies have been made to estimate biological half-
lives, the roles of food and water in accumulation at individual links in
the food chain, and the effects of such parameters as size, age, tempera-
ture, growth rates and so on. Some of the literature relating specific-
ally to aquarium studies were discussed by Pentreath & Fowler (1979).

4.3.9 Technetium-99

The occurrence of Tc in marine algae within the Irish Sea was
reported on by Pentreath et al., (1980a), and its presence as a result of
the Sellafield operations has been apparent from monitoring reports (e.g.
Hunt, 1979). These data indicated a marked ability to concentrate 99Tc,
particularly by Fucus vesiculosus. Marked differences in the concnetra-
tions of "Tc in edible crustaceans was also observed (Hunt, 1981;
Pentreath, 1981) with lobsters attaining higher concentrations than crabs.
Laboratory experiments have confirmed the ability of lobsters (Homarus
gammarus) to accumulate Tc by direct uptake from sea water to a much
greater extent than other crustaceans (Pentreath, 1981, 1982; Masson et
al_., 1981).

The discharges from La Hague also result in the local contamination
of the fauna with 99Tc (Jeanmaire et al., 1981; Masson et al., 1981).
Laboratory experiments have been made which indicate that fish do not
exhibit high accumulation, by direct absorption from sea water, and
excrete Tc fairly rapidly when ingested (Pentreath, 1981; Masson et al.,
1981).

A number of detailed studies have been made wlth invertebrates.
Fowler et al., (1981) studied the accumulation of "̂ Tc, under laboratory
conditions, by mussels, shrimps, isopods and polychaetes. From direct
uptake from sea water very low concentration factors were attained by all
but polychaetes. These experiments were made with "'Tc (VII), but poly-
chaetes accumulated Tc less when it was introduced as mTc(IV). Phyto-
plankton exhibited little ability to concentrate mTc, and this pathway
to the mussel therefore had little effect on the resultant concentrations
attained. Laboratory experiments have also been made by Masson et al.,
(1981) with algae, annelids, crustaceans and fish. Beasley et al., (1982
(a),(b)) have made detailed studies on the accumulation of Tc by mol-
luscs, confirming low accumulation by bivalves - which was unaffected by
the addition of I~ or I0~3 - and confirming earlier work (Spies, 1975)
that the abalone, a gastropod, attains much higher concentration factors.
Studies have also been made on the transfer of mTc from experimentally
contaminated deep sea sediments to clams (Fowler et al., 1983).

4.3.10 Natural Actinide Series

Alpha-emitting nuclides generally in marine organisms were reviewed
by Cherry & Shannon (1974), a review which included most of what was known
of the actinide series up to that date. This paper highlighted the defi-
ciencies in the data, such as the uncertainties relating to Th and U, and
little has been learned since. Ichikawa & Ohno (1981) have provided some
further data on U in marine fish, and Hamilton (1980) has made a detailed
study on the accumulation of U by mussels. Pentreath et al., (1980b)
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have produced further data on U, Th and 2-"-^Po in shallow water and deep
sea fish.

The review by Cherry & Shannon (1974) also highlighted the importance
of 21 Po, the major naturally-occurring «-emitter in marine organisms, and
a number of studies have been made since then. These include the accumu-
lation of 210Po by algae (Hodge et al. 1974; Fisher et al., 1983),
accumulation by crustaceans, including Zooplankton, and the role they play
in its vertical transport (Cherry et al., 1976; Heyraud et al., 1976;
Beasley et al., 1978; Heyraud & Cherry, 1979; Cherry & Heyraud, 1981).
These papers have also stressed the dose rates to the marine fauna result-
ing from such concentrations. Fish, too, have been shown to have high
concentrations of 2^°Po in some organs (Hoffman et al., 1974a,b) and the
concentrations of ^-"Po in shallow water and deep sea fish have been com-
pared specifically to calculate variations in the natural dose rates in
the marine environment (Pentreath et al., 1980b; Pentreath, 1983).

4.3.11 Transuranic Elements

The transuranic elements have been the subject of two recent reviews
(Beasley & Cross, 1980; Pentreath, 1981) but many papers have been pub-
lished since. The number of data, and the range of environments from
which they are obtained, has increased considerably, as indicated by the
IAEA Report TECDOC-265 (IAEA, 1982). Other, independent, environmental
reports have been published, such as those of Triulzi et al., (1982) and
Hamilton & Clifton (1980).

The number of laboratory studies has also increased considerably.
The accumulation of 237Pu by algal cultures has been studied by Fisher
et al., (1980), with the conclusion that this is by and large a passive
process. Invertebrates have been studied in detail. A series of papers
on the octopus (Guary et al., 1981; Miramand & Guary, 1981; Guary &
Fowler, 1982) have shown that the branchial heart contains elevated lev-
els of transuranium and certain naturally-occurring radionuclides. Stud-
ies with starfish by Guary et al., (1982) concluded that uptake of Pu from
water was more important than the food pathway. Studies with crabs have
indicated that, following the ingestion of Pu and 2^-"-Am, these two
elements are primarily associated with a non-mitochondrial mineral frac-
tion of calcium phosphate granules within the hepatopancreas (Guary &
Négrel, 1981). And studies with plaice have shown that 237Pu in the liver
is associated primarily with the microsomal fraction (Leonard & Pentreath,
1981), and thus consistent with a relatively short half-life in this
organ, it having been demonstrated previously that Pu is transferred from
liver to bone in young fish (Pentreath, 1978).

Other studies have concentrated on a wide range of topics, such as
the transfer of transuranics from contaminated sediments to benthic organ-
isms (Grillo et al., 1981; Miramand et al., 1982), and on the rates of
loss of transuranium nuclides from mussels held in environmental condi-
tions (Guary & Fowler, 1981; Clifton et al., 1983).

Plutonium and americium are not the only transuranium nuclides to be
studied. Laboratory experiments have been made on the accumulation of
235Np by Zooplankton (Fowler & Aston, 1982), on 237Np by benthic inverte-
brates (Guary & Fowler, 1977) and on the accumulation of 252Cf by zoo-
plankton (Aston & Fowler, 1983).
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5. HABIT SURVEYS AND CRITICAL GROUPS

5.1 ICRP

The ICRP system of dose limitation (ICRP, 1977) specifically states
that individual doses from sources of radiation, to both the public and to
workers, should not exceed specified limits. It is important to note that
the limits are limits of dose, not of concentration of radionuclides in
particular substances, and for internal exposure corresponding secondary
limits - annual limits of intake (ALIs) - have been derived (ICRP, 1979b,
1980, 1981). Much effort is expended in obtaining accurate and precise
radioanalytical data for environmental substances to estimate both extern-
al and internal dose rates to the public, but without allowance for varia-
tions between individuals and without concomitant data on the habits of
individual members of the public in relation to their contact with such
substances no assessment of actual dose rates, and thus compliance with a
system of dose limitation, can be made. Further data - about the public
in relation to a particular source of radiation - are therefore required.
The assessment of individual dose can be made by suitable modelling, but
when dose rates are expected to be significant fractions of the ICRP-
recommended limit more accurate data are required on the 'habits' of the
relevant members of the public who, by virtue of their exposure rates,
constitute a critical group.

It is important to recognize that both external and internal pathways
of exposure must be taken into account, the annual dose equivalent limit
of 5 mSv for members of the public being applied to the sum of the weight-
ed dose equivalents from external sources and the weighted committed dose
equivalents resulting from internal sources. There is also an annual
organ dose limit for members of the public of 50 mSv - if this is more
restrictive. Such limits, and the secondary limits of ALIs, have been
derived by means of metabolic models and the use of 'reference' data, such
as those of 'reference' man (ICRP, 1975). Data derived from a cross-sec-
tion of the public will inevitably vary considerably from any 'reference'
values in terms of physical, chemical and physiological parameters; in
terms of 'habits', and use of the environment, even more variation would
be expected.

It is fair to state that the definition of what constitutes a 'criti-
cal group1, and the implications of dose rates to individuals within it,
is not entirely clear. The ICRP (1977) guidance on the subject is some-
what general. A selected critical group which is relatively homogeneous
with respect to age, size and habits will clearly have minimal variabil-
ity. Such a group should be representative of those expected to receive
the highest dose equivalent, and the ICRP considers it reasonable to apply
the appropriate dose-equivalent limit for individual members of the public
to the weighted mean dose equivalent of this group. Inevitably, there-
fore, some members of a group would receive dose equivalents higher than
the mean, but because of the maximising assumptions used it is considered
that the dose equivalent actually received will usually be lower than that
which is estimated.

Unfortunately the extent to which 'homogeneity' within a group is
numerically required has never been defined by the ICRP. Even reference
to 'mean1 values allows a variety of interpretation, as a 'mean' can be
arithmetic or geometric, and 'average1 can also be represented by median
or modal values. Equally confusing is the recommendation that the results
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of a critical group dose assessment should not be unduly influenced by the
habits of a particular individual; indeed ICRP-7 (1965) states that
'dramatically unconventional1 observations may exist outside a critical
group. A basic tenet of ICRP, however, is that dose limits should not be
exceeded, and the critical group supposedly consists of those expected to
receive the highest dose equivalents.

Surveys which are made of the public to determine their 'habits' with
regard to pathway's exposure are also essential to identify changes in
such pathways of transfer of radioactivity with time. There has been a
considerable change in critical pathways relating to the Sellafield Site
over the last 20 years (see Appendix I). Such fluctuations of dose to
members of the public over time are also important in terms of assessing
the actual limits for the critical groups which should be set - yet anoth-
er area with considerable latitude of interpretation. The ICRP (1977)
advises that, in rare cases where the doses to a few individuals were
actually found to be received at high dose rates over prolonged periods it
would be prudent to take measures to restrict their life-time dose to a
value that would correspond to 1 mSv per year of life-long, whole-body,
exposure. Again no numerical guide is given as to what this advice con-
stitutes in practice, nor indeed if it refers to those individuals whose
habits are sufficiently unconventional that it is not clear as to whether
or not they are even included in a critical group. Presumably the ICRP
has been sufficiently general in its advice to allow for accommodation of
interpretation at national level. The responsibility for the interpreta-
tion and methodology used in defining critical groups therefore lies with
the appropriate national authorities.

5.2 Application of the critical group concept

A number of papers have been published relating to the application of
the critical group concept at national level. In the UK, a set of criter-
ia which would be useful in practice has been outlined by Shepherd (1975).
Subsequent reviews (Hunt & Shepherd, 1980; Hunt et al., 1982) also dis-
cuss the concept of homogeneity and conclude that, in view of the fact
that metabolic differences between individuals will vary by at least a
factor of 3, the lower limit of the relevant parameter being investigated
in the group should be one third of the maximum observed.

Habits surveys in relation to Sellafield (Preston & Jeffériés, 1967,
1969b; Hunt et al., 1982) and nuclear power stations such as Sizewell
(Leonard & Smith, 1982) have been published in the UK, plus a description
of some of the techniques which are applied (Leonard et al«, 1982). The
results relating to Sellafield are discussed in more detail in Appendix
1. Some data are also available from other countries. With regard to the
La Hague plant in France, habits surveys have been made to identify the
critical group (fishermen) and to compare their consumption rates with
those elsewhere in the local community and with tourists (Vilquin et al.,
1978; Coulon, 1978). Detailed surveys have also been made in relation to
the reprocessing plant at Tokai-mura in Japan, where again local fishermen
and their families formed the critical group (Ohmono & Sumiya, 1979;
Ohmono, 1980; Sumiya & Ohmono, 1980).

One of the most important lessons to be learned from the experience
gained to date is the necessity of periodical updating of the information.
It is also instructive to compare the extent to which this aspect of the
dose-assessment calculation varies relative to the radiometric data
obtained on environmental samples, and how sites differ one from another.
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With regard to the latter, a number of comparisons have been made
(Pentreath, 1980c). In the UK alone the critical materials in different
pathways have varied from the ingestion of seaweed, to fish flesh, to
oysters, and to external irradiation from contaminated silt. It has also
been observed that the critical group is not necessarily that which lives
nearest to the source of contamination. Furthermore, because of the very
large variability in coastal water environments, even similar rates of
discharge and similar habits of the public can result in quite different
dose rates (Pentreath, 1980a).

A further aspect which is often neglected is the extent to which
preparation of food may alter any estimate based on analyses of samples
taken directly from the natural environment. Even data on the edible
fractions, by weight, of commercial seafoods are few (Barker, 1968) and
very little attention has been given to any possible changes in the con-
centrations of radionuclides as a result of different cooking or food
preparation practices.

All of these conclusions highlight the necessity and importance of
habit survey data - an area of radiological protection which has received
insufficient attention in the past«

6. ASSESSMENT OF DOSE TO MAN

6.1 Dose limits

The current recommendations on dose limits for members of the public
are set out in ICRP-26 (1977) and have been adopted by the IAEA as set out
in Safety Series No.9 (1982b). Advice with specific regard to discharges
to the marine environment is discussed in an IAEA Safety Series document
on 'Control of Radioactive Waste Disposal into the Marine Environment'
(IAEA, 1983), and the proceedings of a recent symposium on the Dose Limi-
tation System has been published by the IAEA (1982c).

The practical aspects in applying the recommendations of the ICRP
with regard to discharges into coastal waters have developed and evolved
over many years, and a number of papers have discussed them in both gener-
al and specific terms (e.g. Preston, 1971, 1975; Preston & Mitchell,
1973; Preston et al., 1974; Mitchell, 1974; Mitchell & Jefferies,
1973). It is now generally recognized that the limits for the annual
effective dose equivalent for members of the public are applied to the
critical group of the population, i.e. that group whose exposure from a
given source or group of sources is reasonably homogeneous and is typical
of individuals receiving the highest dose. When the critical pathway
approach is used, its combination with the techniques of 'habits' surveys
is discussed in Section 5.

6.2 Collective effective dose-equivalent commitments

The estimation of collective dose-equivalent commitment, and its part
in optimization calculations, is described in ICRP-26 (1977). The practi-
cal aspects of such calculations have been discussed by, for example,
Mitchell (1979), and in relation to a specific site by Hunt & Jefferies
(1981), Jefferies et al., (1977), and Handyside et al., (1982). It is

46



clear that whereas data to a reasonable degree of accuracy are required
when estimating radiation exposure of the public in relation to dose lim-
its - although some inaccuracy can be tolerated when the main aim is com-
pliance - data for collective dose commitment calculations may necessarily
need to have a greater degree of tolerance. For example the use of con-
centration factor data may be acceptable to estimate concentrations in
foodstuffs taken over large areas whereas for dose limit calculations, for
actual critical groups, the foodstuffs themselves are analysed routinely.

6.3 Monitoring programmes

The role of monitoring, both of the source and of the environment,
has been discussed at length elsewhere (IAEA, 1983), and has been the
subject of several documents and individual papers (e.g. Preston, 1969;
Mitchell, 1969, 1974, 1979; Mitchell et al., 1974; Pentreath, 1982).
One aspect of continued monitoring programmes which has proved to be of
particular environmental interest is that of relating the concentrations
of radionuclides in routinely-collected samples to their rates of dis-
charge. Examples of this, as applied to sessile material, such as algae,
and to mobile species such as fish, have been published covering periods
of 15 years (Preston & Jefferies, 1969a; Pentreath, 1980b, 1982). This
normalizing approach has also been used for collective dose commitment
calculations. It is evident that such an approach is useful for comparing
different sites, and highlights the total effects of the environment - in
terms of dilution, dispersion and biological accumulation - on the concen-
trations of radionuclides in pathways to man.

7. THE EFFECTS OF RADIATION ON AQUATIC ORGANISMS

The disposal of radioactive wastes into aquatic environments is pri-
marily a problem of public health. The potential effects of increased
radiation exposure on aquatic resources, however, principally those popu-
lations exploited for human food, must also be assessed. This requirement
has prompted many studies of the effects of radiation, from both internal
and external sources, on a wide variety of aquatic organisms. The result-
ing literature is considerable and there have been several, more or less
complete, reviews of the field.

Chipman (1972) discussed ionizing radiation as a natural factor in
the marine environment but made only a very limited summary of the data on
the concentrations of natural radionuclides in the different compartments,
and the consequent dose rates received by marine organisms. These data
were used as a context for a fairly comprehensive review of the experimen-
tal work on the effects of radiation on marine bacteria, fungi and blue-
green algae, higher plants and on animals. At that time the great major-
ity of the investigations had used dose rates and total doses which were
of no relevance to environmental situations, either natural or contaminat-
ed. Nevertheless, certain general patterns, similar to those emerging
from the much more extensive work on terrestrial organisms, could be dis-
cerned. Despite wide variations within phyla, the degree of response to
irradiation appeared to be inversely correlated with organism complexity.
The greatest sensitivity was found in proliferating cell systems, such as
the haematopoietic tissues, the gonads, skin, and the gut lining of fish;
the early embryonic stages were also identified as being particularly
radiosensitive.
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The IAEA has a general responsibility for developing standards, and
advising on regulations to control the extent of aquatic pollution by
radioactive materials, and in the period 1971-74 convened a panel to con-
sider the effects of ionizing radiation on aquatic organisms and ecosys-
tems. The outcome (IAEA, 1976b) was a detailed assessment of the poten-
tial and actual impacts of increased radiation exposure in aquatic
environments. Models were developed which allowed estimates to be made of
the dose rates received by a variety of aquatic organisms from internal
and external sources of natural and fallout radionuclides, and from radio-
nuclides discharged into specific environments. It was shown that there
are only isolated situations where the dose rates from contaminant radio-
activity (fallout and waste disposal) significantly exceed the natural
background. The review of the effects of radiation on aquatic organisms
concentrated mainly on those studies, still a minority of the literature,
in which a chronic exposure regime had been employed and, in particular,
assessed the many publications concerning the effects of radionuclides in
the water on developing fish eggs. Earlier indications of an extreme
radiosensitivity of developing fish eggs were discounted and overall it
was concluded that very minor effects might be noted at dose rates approx-
imately 5 times the maximum predicted to occur in one of the specific
contaminated environments. Because it was accepted that in natural aquat-
ic systems it is the population rather than the individual which is impor-
tant, an attempt was made to assess the consequences for populations of
effects in individuals. At the dose rates prevailing in contaminated
environments it was concluded that it would not be possible to detect any
radiation-induced effect separate from that generated by other environmen-
tal factors. Blaylock & Trabalka (1978) covered much the same ground and
produced generally similar conclusions.

One of the biggest problems identified by the IAEA panel was the
difficulty in developing generalisations from experiments conducted with
many different organisms, different radiation regimes, and employing dif-
ferent criteria of effect. Insufficient information is usually given in
the account of an experiment to permit meaningful extrapolations of the
results from the laboratory into an environmental assessment. Many of the
experiments Investigating the effects of radioactivity in solution, for
example, do not include either an estimate of the dose date or the infor-
mation necessary to calculate one. In an attempt to rectify this situa-
tion a second panel was set up to recommend useful methods and techniques
for obtaining reliable quantitative data, capable of intercomparison, from
studies of the effects of radiation on aquatic organisms and systems
(IAEA, 1979c). While not making an assessment of environmental impact per
se, many additional literature references were analysed.

In addition to the developing embryo, the teleost gonad has also been
found to be particularly sensitive to radiation. Egami & Ijiri (1979)
have reviewed these topics and provided a useful, concise, summary of the
important Japanese sector of the literature.

The proceedings of a two-day international symposium held in Japan
(Egami, 1980) demonstrate that there is no lack of interest in this aspect
of radiobiology and that the welcome shift of emphasis towards experiments
utilising chronic low-level irradiation continues.

An assessment of the effects of contaminant radioactivity has been
included as part of a wide-ranging discussion of radioactive waste manage-
ment (Woodhead, 1984). A notable feature of this publication is the
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critical review of the literature concerning the effects of radionuclides
in solution on developing fish eggs. While it is indicated that some, but
not all, of the papers stand adequately on their own it is concluded that
on the criteria of comparability, repeatability, and perhaps most
important - because it is the reason for starting most of the studies -
utility, as a basis for assessing environmental effects, the results have
rather limited usefulness.

Studies have continued of the radiation dose regimes in aquatic
environments (Pentreath et al., 1980b; Paschoa et al., 1981; Woodhead &
Pentreath, 1983), radition effects on developing embryos (Egami & Hama-
Furukawa, 1981; Kostrov, 1981; Konno & Tashiro, 1982; Strand et al.,
1982; Etoh & Hyodo-Taguchi, 1983) and the induction of mutations
(Chakrabarti et al., 1983; Egami et al., 1983; Walker & Streisinger,
1983).
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Annex 1

RADIOACTIVE DISCHARGES FROM SELLAFIELD (UK)

R. Jan PENTREATH
Ministry of Agriculture, Fisheries and Food,
Directorate of Fisheries Research,
Fisheries Laboratory,
Lowestoft, Suffolk,
United Kingdom

1. INTRODUCTION

The British Nuclear Fuels Ltd (BNFL) Sellafield Site is situated on
the Cumbrian coast of England (Fig. 1.1). Until 1981 the site was known
as the Windscale and Calder Works, and prior to April 1971 was operated by
the United Kingdom Atomic Energy Authority (UKAEA). The principal
activities of the Sellafield Site are the reprocessing of irradiated fuel
and the conditioning and storage of nuclear materials and radioactive
wastes. New plant was commissioned for the separation of irradiated
uranium magnox fuel in 1964. This plant allowed greater decontamination
of Pu and U from fission products to be obtained in one step by using TBP
(tributyl phosphate) throughout, instead of a two-step process using Butex
(dibutyl carbitol) and TBP which had been used previously (Williams &
Davidge, 1962).

Low-level liquid wastes arising from the Sellafield Site are
discharged, under authorization, into the eastern basin of the Irish Sea
by a pipe-line which extends some 2.5 km seaward of the high water mark
and ends about 20 m below the surface of the water. The discharges are
regulated by the Radioactive Substances Act (1960) which requires that, in
England, such discharges are authorized jointly by the Department of the
Environment (formerly by the Ministry of Housing and Local Government,
which became part of the Department of the Environment in 1970) and the
Ministry of Agriculture, Fisheries and Food, after consultation with
appropriate local authorities. The dose limitation philosophy of the
ICRP, as set out in ICRP Pubiication 26 (1977), is applied by the Author-
ising Departments; this includes the concept of optimization of practices
leading to radiation exposure, subject to compliance with appropriate dose
limits.

2. THE DISCHARGES

The radioactive wastes arise both from water used to purge the cool-
ing ponds in which spent fuel rods (elements) are kept, and from other
sources on site which are routed through 'sea tanks' before being dischar-
ged.

2.1 Rates of discharge
By 1952 sufficient low-level radioactive wastes had become available

to allow some experimental discharges to be made. Some 10,000 Ci total of
radioactivity was discharged in 1952, and in 1953 the discharge was app-
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Fig. 1.1 Map of the UK and surrounding sea areas

roximately 2,000 Ci a month (Howells, 1966). A fairly detailed analysis
of the major components of the effluent has been available since 1960.

The quantities of radionuclides discharged have changed markedly with
time. As can be seen from Fig. 1.2, the quantities of some of the
shorter-lived fission product nuclides in the effluent, such as Zr,
14t+Ce, and 106Ru, have steadily declined since the early 1970s. Discharg-
es of the longer-lived Cs, and the neutron activation product Cs,
reached peak values during 1974 to 1978 (Fig. 1.3). This increase was due
to a prolonged cessation of reprocessing in 1974, resulting in an increase
in the corrosion of the magnox fuel cladding and a subsequent increase in
the concentrations of soluble radionuclides in the cooling pond waters.
Measures were taken to control corrosion rates by chemical treatment of
the pond water, and in 1976 the use of zeolite skips was introduced to
reduce the 137Cs concentrations as an interim measure until a new effluent
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Fig. 1.2 Annual discharge to sea of 106Ru, 95Zr, 1^tiCe and 90Sr,
under authorization, from the BNFL plant at Sellafield.
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plant (SIXEP) comes into operation in 1984 (Handyside et al., 1982).
number of skips in use has been progressively increased.

The

Discharges of the major transuranium nuclides have also fluctuated
(Fig. 1.4) with peak values of 24lAm from 1971 to 1975, and of 241Pu from
1970 to 1980. The Pu-a discharges were greatest in 1973. Data on 230Pu
separate from "y'^upu ̂ ave been available from 1978, since when the
quotient of 239/21+0Pu/238Pu has varied from about 5.5 to 2.5 on a month-to
month-basis (Pentreath et al., 1984). Analyses of environmental samples,
however, have indicated that this quotient has fallen from about 20 in
1966 to about 5 or less since 1972 (Hetherington, 1978).

2.2 Chemical forms of nuclides

In view of the many processes which occur on site, it is not easy to
predict the chemical form of any specific radionuclide, nor to assume that
this would remain constant over prolonged periods of time. Nevertheless,
some generalizations can probably be made, particularly in view of the
fact that the sea tank effluent is neutralized to pH 8 to 9 by the
addition of ammonia solution prior to discharge, and contains some iron
which would be precipitated out as ferric hydroxide.

The chemical nature of the effluent has not been studied extensively
but some data exist for the transuranium nuclides (Pentreath et al. ,
1984). Results obtained during 1982 are given in Table 1.1 and these are

241Amassumed to be typical of routine releases. Some 99% of the Pu (a),
and 24 / Cm in the sea tanks, and about 60% of the 23l7Np, was associated
with particulate (> 0.22 |_im) material. The percentage of Pu (a) in the

TABLE 1.1 Characteristics of transuranium nuclides in Sellafield liquid-
effluent samples taken in 1982 (errors based on 1 la
propagated counting errors )

% 238Pu

% 239/2«Opu

% 241Am

% 243/2^Cm

% 237Np
239/240pu/238pu

% Pu in each
fraction as Pu (V/VI)

% 237Np in each
fraction as NP (IV)

Sea tanks

Filtrate

1.3+0.3

1.4+0.1

1.610.2

0.0

38.4+3.6
3.711.0

2.217.3

4.913.7

Particulate

98.7+3.6

98.7+2.2

98.4+3.9

100.0
61.6+6.4
3.5+0.1

1.4+0.5

88.018.0

Pond water

Filtrate

12,0+ 1.3

13.2+ 0.6

2.0+ 0.2

4.11 1.4

88.2147.1
4.21 0.4

96.0+ 3.4

0.0

Particulate
88.0+ 5,4

86.8+ 2.6

98.01 4.2

95.9115.9

11.81 5.1

3.81 0.1

1.7+ 0.4

0.0

(a) Larger counting errors
From Pentreath et al.

due to short counting times
(1984).
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pond water effluents retained by filtration was somewhat lower, and that237of Np lower still. There were also differences in chemical speciation,
with oxidized (V + VI) Pu (a) predominating in the filtrate of the
effluent from the cooling ponds. In view of the small contribution
« 10%) of these pond effluents to the total Pu (a) discharges, however,
only about 1% of the total would appear to be in an oxidized form. In

937contrast, only 5% of the Np in the filtrate was present in the reduced
(IV) form so that, in total, about half of the combined Np discharges
are in the oxidized form. The nuclides of Am and Cm were present only in
the (III) form.

The effluent also contains 'hot particles', as determined by CR-39
track-etching techniques, and such particles are also evident in environ-
mental samples. Their contribution to the total quantities discharged is
unknown, but the evidence of Hamilton (1981) would suggest that such par-
ticles persist in the environment for several months at least before
dissolving.

3. THE IRISH SEA

The Irish Sea is an enclosed body of water (Fig. 1.1), connecting
with the Atlantic Ocean via St Georges Channel in the south and via the
narrower North Channel, Clyde Sea and Malin Shelf Sea to the north. The
area is effectively sub-divided into two principal regions, to the east
and west of the Isle of Man. The western portion consists of a deep chan-
nel whereas depths in the eastern Irish Sea (Fig. 1.5) seldom exceed 50 m,
and between the Isle of Man and Cumbria seldom exceed 30 m.

3.1 Physical oceanography
The physical oceanography of the Irish Sea has been quite extensively

studied and modelled, the most recent review being that of Howarth (1983).
Atlantic water enters the Irish Sea from both the north and the south
channels, the latter predominating, and this is reflected in the annual
mean surface isohalines (Bowden, 1980). The eastern Irish Sea's salinity
is markedly affected by freshwater input, which considerably exceeds that
of precipitation minus evaporation. The sea surface temperature has a
large annual variation, with a minimum in February and a maximum in
August. The annual range off the Cumbrian coast exceeds 10°C (~5° to
~16°C), but only weak stratification occurs in the eastern Irish Sea
during the summer, except in Liverpool Bay, because of the shallow depths
and fairly strong tidal currents. Some stratification can occur in the
winter and spring, however, due to freshwater input (Jones & Folkard,
1971).

Tides dominate the dynamics of the Irish Sea, and these have been
extensively studied and modelled (Mungall & Mathews, 1978). They are
generated in the Atlantic, the most important constituents being the semi-
diurnal components due to the moon (M2) and sun (S2). Low-frequency
currents are created by meteorological conditions, spatial variations in
water density, and non—linear tidal effects. The review by Howarth (1983)
has concluded that the water off Sellafield tends to oscillate, flowing
southeastwards parallel to the coast during weak winds, and northwestward
during storms. It eventually leaves the eastern Irish Sea, either via the
south or north of the Isle of Man, through the North Channel.

There are a number of two-dimensional models of non-tidal motion in
the Irish Sea (Hunter, 1972; Horwood, 1974; Horwood & Bedwell, 1978;
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1.5 Map of the Irish Sea, indicating approximate bathymetry;
depths in m.

Pingree & Griffiths, 1979) and also of three-dimensional models (Heaps,
1973, 1974, 1979; Heaps & Jones, 1975, 1977, 1979). A box model has also
been developed specifically to describe the distribution of radionuclides
discharged by Sellafield into the Irish Sea (Camplin et al . , 1982).

3 » 2 Sediment distributions

The geological structure of the Irish Sea has been studied in some
detail (Wright et al., 1971; Mitchell, 1972; Bott, 1966; Dobson,
1977a&b). The area consists of several sedimentary basins; these were
formed by faulting, and contain Carboniferous and Permo-Triassic rocks.
The superficial sediments have been laid down since the Pleistocene, and
the Quarternary sediments have been extensively studied (Cronan, 1969;
Pantin, 1977, 1978). Recent surveys of the area (Smith et al., 1980;
Williams et al . , 1981) have shown that the Eastern Irish Sea consists of
an irregular Permo-Triassic bedrock which has been deeply eroded by
successive glacial advances. These have been overlain by tills and
boulder clays following the retreat of the last ice sheets, since when a
valley was formed off the Cumbrian coast. This region was then
inundated by Holocene seas, or even a proglacial lake, as a result of
which several metres of fine sediment have been deposited in the valley.
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Fig. 1.6 Map of the Irish Sea, indicating distributions of surface
sediments expressed as % by weight of sediment <62.5 \im.
Based largely on Smith et al., (1980) and its contained
references.

Thus at present this area is filled with sands, muds and sandy muds.
Because of the difficulty in interpreting sediment samples from this area,
as a result of extensive bioturbation, the authors concluded that it was
not possible to state that fine sediment is being deposited, or whether
erosion is taking place, under present day conditions. The distribution
of fine sediments on the surface of the sea bed is shown in Fig. 1.6.

3.3 Fisheries

The Irish Sea supports a varied commercial fishery, the history of
which has been reviewed by Brander (1977). The quantities of fish landed,
and the proportions taken by different countries, are published annually
by the International Council for the Exploration of the Sea, from which
the data in Table 1.2 have been obtained. As can be seen, the major fish
landed, in terms of weight, are herring, whiting and cod for the area as a
whole. There are marked spatial variations, however, and the principal
fish caught in the Sellafield discharge area is the plaice, which
constitutes the major species landed at the nearest fishing port,
Whitehaven.

Aspects of the radioecology of the area around Sellafield have been
presented in a large number of publications, of which the following is a
selection. The first general survey and overall evaluation was reported
by Mauchline (1963) and Mauchline & Templeton (1963).
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TABLE 1.2 Weight (t) of main demersal,
pelagic and shellfish species
taken in the Irish Sea by all
countries in 1980 (From ICES
Bulletin Statistique Vol.65
1982)(a)

DEMERSAL SPECIES
Brill
Dab
Flounder
Lemon sole
Megrim
Plaice
Sole
Turbot
Cod
Haddock
Hake
Ling
Pollack
Saithe
Whiting
Conger eel
Gurnards
Monk
Picked dogfish
Dogfish -4- hounds
Rays + skates

PELAGIC SPECIES
Horse mackerel
Herring
Sprat
Mackerel

SHELLFISH
Edible crab
Crawfish
Lobster
Norway lobster
Crangonid shrimps
Whelks
Periwinkles
Oysters
Mussel
Escallop
Queen scallop
Cockles
Squids

133
223
161
146
219

3903
1938
102

10739
418
488
227
179

1313
12646

110
232
677

1745
921
2803

14
15206

1372
359

107
4
84

5351
31
19

701
53

4833
3773
6381
5119

78

(a) Scientific names, where appropriate,
are given in the reference.
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4. BEHAVIOUR OF RADIONUCLIDES IN SEA WATER

The distribution of the most soluble radionuclide, 3H, has been
studied in detail, particularly during the period 1968 to 1974
(Hetherington & Robson, 1979). It has been shown that, for a release rate
of 1 Ci day- t the water concentration in the immediate vicinity of the
discharge point is about 5 pCi I"1 • At greater distance, however,
such normalized interpretations of the data have indicated both southerly
and northerly distributions.

The nuclides of Cs (13t+Cs and 137Cs) have been studied in
considerable detail; these studies have recently been summarized by
Jeffériés et al., (1982). During the period 1963 to 1966 observations
were made off the Cumberland coast (Preston et al., 1971), during which
samples were taken quarterly from a network of up to 25 stations covering
an area of 103 km2. These data showed that the *~37Cs concentration
isopleths close to the shore were elliptical and parallel to the coast,
with their centres displaced approximately 1.5 km in a southerly
direction; further offshore the contours were displaced to the north.

Since 1968 the inventories of i37Cs in filtered sea water have been
examined over much larger areas of the Irish Sea. The distributions in
1968 and 1969 were reported by Preston et al., (1972), and all the earlier
data were reviewed by Jeffériés et al., (1973). This labelling of sea
water by Cs radionuclides has provided excellent opportunities to study
the hydrography of the area as a whole and of adjacent waters (Wilson,
1974; Baxter et al., 1979; Livingstone et al., 1982). The detailed
studies of Jeffériés et al., (1982) for the period 1970 to 1978 have shown
that a release rate of 1 Ci day"1 results in a mean annual concentration
of 4.2 pCi £- in the immediate vicinity of the discharge point, with an
approximate 30-fold reduction in the North Channel, and at least a 300-
fold reduction in the southern entrance. Distributions of L37Cs in 1973,
when discharges were low, and in 1976, are shown in Figs. 1.7 and 1.8.

55'

Fig- 1»7 Contours of concentration (pCi I"1) of (a) I06Ru and
(b) lcS/Cs in filtered water from the Irish Sea in July 1973.
From Hetherington et al., 1975.
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Fig. 1.1 Concentrations of Cs (pCi kg *• ) in the Irish Sea, January
1976. From Preston et al., 1978.

The residence half-times of water in the Irish Sea, based on the Cs data,
were estimated as being of the order of 1 year between 1970 and 1976, but
considerably less than 1 year for the period 1976 to May 1978.

Recently in situ spectrometry has been used to study spatial
variability in the Eastern Irish Sea in more detail (Miller et al.,
(1982). It is the more widespread distribution of 13 Cs which has created
greatest interest, however, primarily because of its value as a tracer of
water movements, although the radiological significance of such dispersion
- in terms of collective dose - has also been an important consideration.
The waters leaving the Irish Sea pass through the Clyde Sea, and the rate
of exchange of the water, using Cs data, has been estimated to be
approximately 4.5 months (Baxter et al., 1979). From the Clyde Sea 137Cs
can be traced along the western Scottish coast and eastwards into thei o ynorthern North Sea. The distribution of Cs in the North Sea in the
early summer of 1976 is shown in Fig. 1.9 (Preston et al., 1978), A
number of studies have been made on the distribution of Cs in the North
Sea, and of Sr and other radionuclides, a summary of which was reported
by Kautsky & Murray (1981). Studies have also been made on the
concentrations in the Baltic (Kautsky & Eicke, 1982a), and on the extent
of contamination along the Norwegian coast (Kautsky, 1980).
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Fig. 1.9 Concentrations of 137Cs (pCi kg 1) in filtered water from
the North Sea, May/June 1976. From Preston et al., 1978.

The behaviour of other fission products in sea water has not been
studied to the same extent as Cs, although it is clear that the
shorter-lived ones - 106Ru, 11+t*Ce, ^5Zr, 95Nb - are rapidly removed to
sediments. This effect can be seen by comparing the isopleths of Ru in
sea water with those of 137Cs (Fig. 1.7), although part of the difference
is due to the more rapid physical decay of the former. The distribution
of the long-lived Tc is currently being studied, although preliminary
observations indicate that it is widely dispersed (Pentreath et al.,
1980). A considerable effort has, however, been expended on the behaviour
of the transuranium nuclides. It has been shown (Nelson & Lovett, 1978;
Lovett & Nelson, 1981) that 239/21*0pu exists in filtered Irish Sea water
in a mixture of oxidation states. More than 90% of the "y'24Upu j_n t_he
filtrate exists in the oxidized form, as determined by selective
precipitation, and co-precipitation with hydrated silicon dioxide
(Nelson & Orlandini, 1979) suggests that Pu (V) predominates. The precise
nature of 241Am is unclear in that, unlike the effluent, up to half of the

Am in the filtrate can be precipitated on ferric hydroxide subsequent
to acidification, the remainder requiring reduction by sodium sulphite.
These deductions were made using Am (III) as a yield tracer for the
first scavenge and 241*Cm (III) for the second (Pentreath et al., 1984).
The 237Np, away from the vicinity of the discharge area, is considered to
exist in solution as Np (V) (Pentreath & Harvey, 1981).
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Fig. 1.10 Concentrations of 239/240pu ^mBq i i) in filtrate, surface
waters of the Irish Sea in April 1979. From Pentreath et
al., 1984,

The concentrations of 239/240pu ancj 241^ in Xrish Sea water differ
from year to year. Data for filtrate surface water in 1979 are shown in
Figs. 1.10 & 1.11 (Pentreath et al., 1984). The overall pattern of
distribution is not dissimilar from that of previous years (Hetherington
et al., 1975), The transuranium nuclides are also transported into the
North Sea, and their distributions in total sea water samples have been
described in a number of recent papers (Murray et al., 1978, 1979;
Kautsky & Murray, 1981; Kautsky & Eicke, 1982bT^

5. ASSOCIATION WITH SEDIMENTARY MATERIALS

5,1 Suspended materials

A considerable suspended load obtains in the Irish Sea, which varies
both spatially and temporally, typically lying within the range of 1 to 10
mg JL~^« Samples of sea water taken by MAFF for radiochemical analysis are
routinely filtered (0.22 H-m), and this immediately gives an indication of
the extent to which different nuclides are adsorbed to suspended
sedimentary materials. When pre-weighed filter papers are used, and the
suspended load is reasonably high, direct estimates of K values for such
materials can be derived. A large number of such data have been obtained
for the transuranium nuclides, and some of these are given in Table 1.3
(Pentreath et al., 1984). The order is that of Am and Cm > Pu > Np,
although the Pu value will certainly be that for a mixture of oxidation
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Fig. 1.11 Concentrations of 241Am (mBq I"1) in filtrate, surface
waters of the Irish Sea in April, 1979. From Pentreath et
al., 1984.

states, it having been shown that the Pu (III + IV) K, values are of the
order of 106 whereas those of (V + VI) are less than TO4 (Nelson &
Lovett, 1978). The extent to which any change in oxidation state with
distance (or time) affects K, values is not entirely clear, an effect
which may apply to Np as well as to Pu (Pentreath & Harvey, 1981).

5.2 Settled sediments

Suspended sediments are, clearly, not representative of the range of
settled sediments on the sea bed, and thus K^ estimates derived from
filtered sea water would be expected to give higher values than samples of
the surface of the sea bed. Data derived from analyses of offshore
surface mud for Pu and Am are given in Table 1.4 (Pentreath et al., 1980).
Values for 95Zr/95Nb, 106Ru and 137Cs, similarly derived for both silt and
sand at a shoreline site, are given in Table 1.5 (Jeffériés, 1968).

In view of the dependence of K, values on grain size, it is also to
be expected that derived K, values would reflect to some extent the
changing nature of the sea bed. This effect has been demonstrated by
Hetherington & Jefferies (1974) for 95Zr/95Nb and 106Ru in the vicinity of
the discharge point. A considerable effort has also been expended on the
distribution of radionuclides with depth in the sediments in offshore
areas, and 'half-depth' values calculated for 95Zr/95Nb, Ce, 106Ru,
13i+Cs and 137Cs (Hetherington & Jefferies, 1974). From estimates of
'half-depth', K, values, and water volume to sediment ratios, inventories
for these nuclides in the immediate offshore area have been calculated.
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TABLE 1.3 K, values obtained from seawater samples taken within the
Irish Sea;
samples

x = mean, s- = standard error, n = number ofX

Year

1977

1978

1979

1980

X

sx
n

X

s-
X

n

X
s —

X
n

X
s-

X
n

Radionuclide

2 3 9 / 2 4 0 p u

3.1 x 105

0.8 x 105

15

2.8 x 105

0.4 x 105

21

3.7 x 105

0.4 x 105

28

-

2 4 1 Am

2.4 x 106

0.4 x 106

15

2.2 x 106

0.3 x 106

21

1.9 x 106

0.2 x 106

28

-

243/2^ C m

-;
1.5 x 106

0.5 x 106

6

1.6 x 106

0.4 x 106

8

-

2 3 7 Np

-

-

-

1.1 x 10U

0.4 x 10"4

8

K, values derived from
sea water, filtered through a 0.22 u.m filter.

kg dry weight suspended load/pCi 1 of

From Pentreath et al. (1982.).

TABLE 1 .4 K, values for sediment from the surface of muddy
areas of the Irish Sea; x = mean; s— = standard
error of the mean; n = number of samples

Time of collection

January 1976

September 1977

Radionuclide

x
sxn

x
s-Xn

239/240pu

1.4 x 105
0.4 x 105
7

1.3 x 105
0.6 x 105
5

241Am

1.3 x 106
0.2 x 106
6

1.4 x 106
0.5 x 106
5

K, values derived from Pci kg 1 dry weight/pCi 1 1 of 0.22
filtered sea water.

From Pentreath et al. (1980).
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TABLE 1.5 Estimates of fission product K,
values (from Jefferies, 1968)

Radionuclide
95Zr/95Nb
106Ru
137Cs

Surface silt

1.5 x 101*

1.4 x 10**

0.8 x 103

Surface sand

5.0 x 102

4.0 x 102

0.6 x 102

TABLE 1.6 Estimated inventories of 239/2<40pu ln the waters of the North
Irish Sea and the calculated rates of loss from the area
relative to the discharge

Cruise
date

July 1973
July 1974
July 1975
January 1976
Sept. 1977
May 1978
April 1979

Filtrate
inventory
«0.22 urn)
TBq

2.18
1.33
2.55
2.48
1.59
1.63
1.26

% 239/2HOpu
in filtrate
(mean value)

57
62
52
30
56
54
55

Total
inventory
TBq

3.82
2.15
4.90
8.27
2.84
3.02
2.29

Loss through
North Channel as % of
previous 12 months'
discharge

4
4
9
17
6
6
3

(a) Calculated by multiplying the total inventory by In 2, assuming a
half-time of the water mass of 1 year.

From Pentreath et al. (198f).

Over 95% of the y5Zr/95Nb, 106Ru and 14i4Ce were considered to reside in
the sea bed, and in view of their short half-lives their potential
mobility, offshore, has not received detailed attention. For the longer-
lived transuranium nuclides, however, an understanding of their long-term
behaviour in the sea bed is necessary in order to make estimates of
collective dose commitments.

5.3 Budgeting

In view of the K, values indicated in Table 1.3, it would be expected
that the majority of Pu and Am discharged would be associated with the
offshore sea bed, and estimates of this fraction were initially made on
the basis of sea bed core data (Hetherington et al., 1975, 1976;
Hetherington, 1976a). The most readily made calculations, however, in
view of the complex nature of the sea bed and the relationship between
concentration and particle size (Hetherington, 1976a), are those which
estimate the rates of loss of the radionuclides from the Irish Sea.
Estimated total inventories of 239/21+0pu in the north Irish Sea (north of
53°20'N) for the years 1973 to 1979 are given in Table 1.6, based on the
total in the filtrate and the average percentile values for filtrate as a
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fraction of the total in the sea water (Pentreath et al., 1984). If it is
assumed that this body of water resides in the area with a half-time of
about one year, then the quantity leaving per year can be estimated and
compared with the quantities discharged in the preceding twelve months.
There is a considerable range in the values estimated in this way, and the
possible effect of suspended load can also be seen.

A more direct method is that of taking the concentration of
in surface waters of the North Channel and, assuming a flow rate out of
the channel of 5 km per day, estimating the annual loss compared with the
annual discharge rate (Pentreath et al . , 1984). Unfortunately the
extent to which surface water is representative of the total water column
in the channel is not clear; limited data available suggest that
calculations made on this basis may overestimate the rate of loss.
Nevertheless, both methods give similar estimates, which indicate that
some 3 to 17% of each year's discharge will be removed from the Irish Sea.
Each method, in fact, gives the same average value, over the seven years,
of 7%. A third method, by relating the concentrations relative to Cs,
whose fluctuations in the area have been closely studied, gives similar
results (Pentreath et al., 1984).

In view of the similar K, values for Am (and for isotopes of Cm)
it may be assumed that these approximate calculations also apply; and in
view of the high K, values, it may further be assumed that the quantities
discharged but not transported out of the Irish Sea are therefore
associated with the settled sediments within it. Because of the high K
values, and the effect of particle size, it might even be expected that
the distributions of 239/2HOpu ancj 241Am within the sea bed would reflect,
to some extent, the fine sedimentary deposits. There are other factors to
take into account, however, including the fact that the discharges from
the sea tanks are made on or about high water, and that the tide ebbs to
the north. The immediate distribution will also depend on the local water
movements, which are known to be variable in the immediate vicinity, and
on the suspended load.

A large number of seabed cores has been taken, and all have been
sectioned at 2 cm intervals; core lengths vary, up to 50 cm, but are
typically 30 cm in areas which are not covered with stones or gravel.
Sub-samples, weighted to allow for differences in water content, were
taken from each section, homogenized, and single determinations made to
estimate the total quantities of ^ Pu and Am lying within the sea
bed as of 1977/1978. The results are shown in Figs. 1.12 and 1.13.
Interpolation between observed points is clearly somewhat subjective;
isopleth intervals have been chosen assuming an exponential decrease with
distance. The precise depth of cores at different sites influences the
results, as do their locations relative to changes in the nature of the
sea bed. The data are therefore no more than an approximation and a more
detailed study is in progress. They do indicate, however, that at least
240 TBq of 239/2Hupu and 2go TBq of 241Am are associated with the sea bed
within a coastal strip, approximately 30 km wide, running from
Kirkcudbright Bay in the north to the Ribble estuary in the south. The
quantities outside this zone summate to about 40 TBq of 239/240pu ancj ^Q
TBq of 241Am by the methods used. Approximately 20% of the 24J-Am is
presumed to arise from in situ decay of Pu.
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Fig. 1.12 Estimated quantities (kBq m~2) of 239/240pu iying within the
top 30 cm of the Irish Sea sediments as of 1977/1978. From
Pentreath et al., 1984.

6° 5° 4° 3°

Fig. 1.13 Estimated quantities (kBq m~2) of 241Am lying within the
top 30 cm of the Irish Sea sediments as of 1977/1978. From
Pentreath et al., 1984.
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5.4 In-bed studies

The offshore settled sediments therefore represent both a present-day
sink and a future source of transuranium nuclides. Many core profiles
have been analysed and use made of the 2 /2l4CIPu/238Pu quotients to
interpret the age of sedimentary layers, particularly in an attempt to
estimate the extent to which the radionuclides are incorporated into the
fine sedimentary deposits. As to be expected, a wide range of profiles
has been produced, ranging from those in which the Pu isotope quotients
change fairly smoothly with increase in depth to those in which the
quotient remains fairly constant (Hetherington, 1976a; Hetherington et
al. 1975; Pentreath et al., 1980). At least one organism, the echiuroid
Maxmulleria lankesteri, is influential in transporting surface material to
depths in excess of 30 cm, depositing faecal pellets having '^ Pu/ —o o pPu quotients of 5.0 deep in its burrows, whereas neighbouring sediment
at the same depth had a value of 10.4 (Kershaw et al., 1983).

Interstitial water studies have also been made to assess the post-
depositional mobility of Pu in the offshore sediments in relation to
changes in oxidation states. The water beneath the sediment-water
interface has been found to be primarily in the lower oxidation state (III
+ IV) whereas that in the overlying water is largely in the oxidised form
(V + VI) (Pentreath et al., 1980; Nelson & Lovett, 1981). The Eh,pH and
other characteristics of the interstitial water have also been studied in
detail, particularly with a view to predicting the possible oxidation
states of Np (Harvey, 1981a & b). Leaching rates of transuranium nuclides
from surface sediments have also been measured (Harvey, 1981a), and the
whole area is currently being modelled to estimate potential dose
commitments which might arise over different time scales.

5.5 Shore-line and estuaries
The interest in the contaminated offshore areas is primarily because

of its potential to act as a long-term sink, or continuing source, of
long-lived nuclides in the future. Contaminated estuaries, and the shore-
line in general, are important areas because of their direct contact with
the public. An estuarine complex to the south of Sellafield, the
Ravenglass, has received detailed study over a period of many years. The
estuary receives waters from the rivers Irt, Mite and Esk. Early surveys
indicated that the major fraction of the radioactivity in the estuary was
associated with fine flocculated material (Templeton & Preston, 1966), and
detailed studies were made which related the y-activity in the area to the
presence of 106Ru, 144Ce, 95Zr/95Nb and 137Cs (Jefferies, 1970). Further
detailed studies were made on the relationship between radionuclide
concentration and particle size, rates of penetration into the estuarine
sediments, and on the estimated transit times between Sellafield and the
Ravenglass area. The latter were considered to be possibly 1 month for
106Ru and 144 Ce, and 2 to 3 months for 9bZr/95Nb. It was thought,
however, that such estimates could have resulted in coincidental timing
between discharge and favourable transport conditions (Hetherington &
Jefferies, 1974).

Later studies in the area have been diverse in their nature and
content. Aston & Stanners (1979) used multi-radionuclide discharge
patterns and sediment profiles within the River Esk to estimate net
sedimentation rates. Other studies were made to identify the extent to
which 137Cs, ll*4Ce, 106Ru and 95Zr/95Nb varied within the Rivers Irt and
Esk (Aston & Stanners, 1982a), and the relationship between variations
across transects within the estuary (Aston & Stanners, 1982b).
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As to be expected, the transuranium elements have also been examined
in detail. The results of analyses published by Hetherington (1976a),
relating to the estuary from 1966 to 1973, have been useful because,
assuming a short transit time from Sellafield, the Pu ratios can be
interpreted as approximately representative of those of the discharge
during this period. These ratios were used to estimate rates of
sedimentation within the estuary (Hetherington, 1976a, 1978; Hetherington
et al., 1975). More recent work by Aston & Stanners (1981a) concluded
that there may actually be a considerable lag-time between discharge
resulting in contamination of Irish Sea sedimentary materials and their
subsequent deposition within the estuary. The distribution of 24iAm
within the estuary has also been described by Aston & Stanners (1981b,
1982c), and a similar lag time to that of Pu (about 2.5 years) was
estimated.

Estuaries are very complex systems, and Clifton & Hamilton (1982)
have stressed the necessity of taking this into account when discussing
the distribution of radionuclides within them. The preservation of the
historical record of the Sellafield effluent in sediment cores is
dependent upon the processes of accretion, erosion and remixing, and these
vary both spatially and temporally within the Ravenglass estuary. Thus
estimates of sedimentation rates, ranging from 0.5 up to 6 cm year > may
be real, but short lived, resulting in the formation of unstable deposits
which are prone to erosion and slumping.

The Ravenglass estuary has not been the only one studied; Lowton
et al «, (1966) discuss the occurrence of radionuclides in other areas, and
Stanners & Aston (1981) present more recent data for 13i*Cs, 137Cs and

Ru in a number of shore-line and estuarine areas, and Aston et al.
(1981) on Pu in the Wyre estuary. The general distribution of
radionuclides at different shore-line locations, and the y dose rates
arising from them, have also been reported on in the monitoring reports of
MAFF (see Section 7). Intertidal sediments along the southern ScottishTOT 93Q/9UOcoast have revealed interesting profiles of Cs and ""-^"py which
MacKenzie & Scott (1982) have used to test different possible
interpretations of sedimentation and remobilization of radionuclides
associated with particulate materials. These authors have concluded that
the data are not sufficient to interpret fully the many processes which
are occurring, and thus enable predictions of future behaviour to be
accurately assessed - although limits on possible results of these
processes can be estimated. It is clear that more studies are required in
this area, and that contamination of sedimentary materials in the Irish
Sea has provided a valuable stimulus and means of studying basic
geochemical processes in coastal and estuarine waters.

6. ACCUMULATION OF RADIONUCLIDES BY BIOLOGICAL MATERIALS

6.1 Fission-product nuclides

From the earliest commissioning of the Sellafield plant, samples of
marine biological materials in the area have been analysed for their
radionuclide content (Dunster, 1956, 1958). One of the first important
observations was that benthic algae concentrated Ru; important because
one species, Porphyra umbilicalis, was harvested for human consumption
(Fair & McLean, 1956; Williams & Davidge, 1962). Detailed radioecologic-
al surveys of the area were made in 1959/1960 (Mauchline, 1963; Mauchline
& Templeton, 1963), surveys which included measurements of K, and of
weapon's fallout in areas away from Sellafield. Concentrations of the
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major gamma-emitting fission products were recorded in a large range of
benthic algae, invertebrates and fish, and some concentration factors were
calculated for 106Ru, 144Ce, 137Cs, 95Zr/95Nb and 90Sr in benthic algae.
The intertidal area in the immediate vicinity of Sellafield was also
studied in detail (Mauchline et al., 1964).

Most of the early data relating to Sellafield, and elsewhere, were
summarized by Mauchline & Templeton (1964), monitoring was discussed by
Dunster et al. (1964) and Longley & Templeton (1966), and early estimates
of concentration factors and biological half-times summarized by Bryan et
al. (1966). The results of detailed surveys of the concentrations of
TcreRu in Porphyra, of 106Ru and 9uSr in Fucus vesiculosus, and of 106Ru,

Sr, Ce and Cs in plaice (Pleuronectes platessa), as a function of
distance from Sellafield, were published by Templeton & Preston (1966).

A large number of environmental samples have been collected and anal-
ysed as part of monitoring and surveillance programmes; summaries of
these data have been published routinely since 1966 as discussed in Sec-
tion 7. Many data have also been published elsewhere, both relating to
environmental samples and to supporting laboratory studies. Some of the
earliest of these were, naturally, on Ru: Jones (1960) analysed local-
ly caught plaice for Ru and also studied the accumulation of Ru by
plaice, mussels, and three benthic species of algae, in aquaria, in rela-
tion to chemical form. The results of continuing environmental studies
were published by Preston & Jeffériés (1969a), and in this paper further

I 1 fi Q S / Q ̂  I 3 7estimates of concentration factors were made for Ru, Zr/ Mb, Cs
9 0and Sr in a range of biological materials. Data were also presented on

the relationship between the concentration of Ru in Porphyra and the
rate of its discharge from Sellafield for the period 1959 to 1968. The
difficulties of relating concentrations of radionuclides in fish to those
of water were expressed, drawing attention to the disequilibrium
between the two that was likely to exist close to the discharge point.

Apart from the accumulation of Ru by Porphyra, the accumulation of
Cs nuclides by fish was also recognized to be important - not because of
the high concentration factors attained by fish but because of the
quantities of fish caught for human consumption in the area. Laboratory
studies on the accumulation of Cs from sea water by a large number of
fish species, and some invertebrates, was made by Morgan (1964) and an
environmental study of the thornback ray (Raja clavata) was made by
Mauchline & Taylor (1964). It is the plaice (Pleuronectes platessa),
however, which has received the greatest attention. Jefferies & Hewett
(1971) made a detailed laboratory study on the accumulation of Cs from
sea water by the plaice, with comparative observations on the thornback
ray. It was concluded that at least 50% of the environmental body burden
of Cs in the plaice, and 80% of that in the ray, must be due to absorption
from food rather than direct uptake from sea water. A detailed
environmental study of I-group plaice off Sellafield was made by Pentreath
& Jefferies (1971), in which the fraction of Cs taken up from food was
related to diet, temperature, body size and rate of growth. An assessment
of the other gamma-emitting fission product nuclides in the diet of plaice
was also made (Pentreath & Jefferies, 1971; Pentreath et al., 1973) with
the conclusion that apart from Cs, and to some extent Ru, other
fission products are not accumulated by fish muscle. This is in contrast
to, for example, crabs (Cancer pagurus) which have readily detectable
concentrations of 144Ce,"^5Zr/ySNb as well as 106Ru and 137Cs in
hepatopancreas and muscle tissue (Pentreath, 1980a). Laboratory studies
on the accumulation of Cs by the plaice were continued, particularly with
regard to the effects of changes in body size and water temperature
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(Pentreath, 1975) and on the relative importance of food and water in the
maintenance of body burdens (Hewett & Jefferies, 1978). Laboratory-
studies were also made on the accumulation of 7Cs, 90Sr, 90Y, 10°Ru,
llt4Ce, 95Zr and 95Nb by plaice eggs (Woodhead, 1970). The concentrations
of Cs in samples of plaice taken from off Sellafield, normalized to a
discharge rate of 1 Ci day-1, from 1963 to 1977, have been discussed by
Pentreath (1980a, 1982) and Preston & Portmann (1981).

The occurrence of Cs in samples other than fish taken from the
north—east Irish Sea have been variously reported on, and in some
instances estimates of concentration factors made (Broom et al., 1975;
Pentreath, 1976a; Baxter et al., 1979).

6.2 Neutron activation products

Neutron activation product, transition element, nuclides have not
received detailed study, although Co is detectable in the livers of
plaice taken from off Sellafield, and mAg is detectable in the livers
of thornback rays (Pentreath, 1977). Laboratory studies on the
accumulation of nuclides of Zn, Mn, Co, Fe and Ag by plaice and rays have
been made (Pentreath, 1973a,b,c; 1976b, 1977).

6.3 Transuranium nuclides

It is the transuranium nuclides which have received the most detailed
attention in recent years. Apart from the routine monitoring data, an
early assessment of the distributions of 239/240pu ^n var-[ous samples was
made by Hetherington et al., (1975, 1976), the latter paper including some
detailed tissue analyses of Pu and Am in crabs (Cancer pagurus) and
plaice. A detailed study of ̂ jy'^4Upu ancj ̂ ^Am in plaice was made from
February 1975 to February 1977, and some 242Cm and 2^3/2l+i4Cm data reported
(Pentreath & Lovett, 1976, 1977, 1978). The study concluded that, by and
large, 24iAm appeared to be more available to the plaice than 239/2i*0Pu,
and the data were discussed both in terms of concentrations relative to
sea water and in relation to the rates of discharge. Laboratory studies
were also made on the accumulation of Pu by the plaice (Pentreath, 1978a;
Leonard & Pentreath, 1981) and on the thornback ray (Pentreath, 1978b).
The accumulation of "y/.<i4Upu by plaice eggs was also studied (Hethering-
ton et al., 1976). It was generally concluded that neither Pu nor Am was
highly accumulated by benthic or pelagic fish, and that the concentrations
observed in the muscle of Irish Sea fish were partly dependent upon the
origin of the samples and the method of preparation for analysis
(Pentreath et al., 1979).

It had long been clear that the primary pathway of transuranium nuc-
lides to man would be through the consumption of invertebrates (or algae)
rather than via the consumption of fish. Detailed analyses have been made
of Pu and Am in edible shellfish, and in other invertebrates in the Sella-
field area, by Pentreath et al., (1980a, 1982), Pentreath (1981a,b),
Hamilton & Clifton (1980), Clifton et al., (1983), Thompson et al.,
(1982), and as reported in the annual monitoring reports. The presence of

Np in biological samples from the Sellafield area has also been descri-
bed (Pentreath & Harvey, 1981; Pentreath, 1981a,b; Pentreath et al.,
1982).

6.4 Relating concentrations to rates of discharge
In view of the fluctuating nature of the Sellafield discharges, and

the local hydrographie conditions, it has always been difficult to des-
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Fig. 1.14 (a) 106Ru in Porphyra and (b) 137Cs in the flesh of plaice
(Pleuronectes platessa) caught within the vicinity of
Sellafield, normalized to a discharge rate of 1 Ci day"1
respectively. From Pentreath 1980(a).
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cribe the accumulation of radionuclides in the local fauna - with any
degree of certainty - in terms of concentration factors. This is particu-
larly difficult for the longer-lived radionuclides in the mobile fauna
because there is insufficient knowledge of the biological half-times
required to relate these to ambient concentrations. From the radiological
aspect this is not important because samples of marine foodstuffs are
monitored directly. Nevertheless, the Irish Sea is generally regarded as
a useful source of data on a wide range of radionuclides, and concentra-
tion factors are sometimes useful in comparing sites; although relating
concentrations to rates of discharge is probably just as useful, if not
more so, the long term relationship between 10 Ru in algae, particularly
Porphyra, and the rate of discharge has been studied for many years
(Preston & Jeffériés, 1969a; Pentreath, 1980a, 1982; Preston & Portmann,
1981). The consistency of the relationship is quite remarkable, even
close to the discharge point (Fig. 1.14). The concentrations of
radionuclides in fish, however, would be expected to vary considerably
from month to month, and from year to year, if only because of their
mobility. Relating concentrations in locally caught plaice to discharge
rates does give useful data, however, (Fig. 1.14) and average values
remain remarkably consistent over long periods of time (Pentreath, 1980a,
1982; Pentreath & Lovett, 1978; Preston & Portmann, 1981).

Recently some interesting studies have been made on the accumulation
of U, Pu and Am in mussels from the Ravenglass estuary, both in relation
to the particulate materials in the area - including 'hot' particles - and
to their location within the estuary (Hamilton, 1980; Hamilton & Clifton,
1980; Clifton et al., 1983). Assessments of biological half-times were
made by transplant experiments, values >200 days being recorded for Pu, Am
and 14^Ce, 40 days for 137Cs and 260 days for the 'long' component of

Ru excretion. These data highlight the difficulties of deriving
concentration factor data from single, or few observations. Without a
knowledge of turnover times, changes in discharge rates, and other
detailed environmental information, it is not possible to model adequately
the relationship between the fauna/flora and the ambient water in order to
assess steady state concentration factors. The detailed chemical analysis

TABLE 1.7 Estimates of concentration factors for several
fission product nuclides (from Preston &
Jefferies, 1969)

Fucus vesiculosus

Porphyra

Mussels
Winkles
Limpets

Lobster
Shrimps (whole)
Plaice
Skate

106Ru

330
1800
2000
2000
1200
25
600
10
1

95Zr/95Nb

1700
420
950
1000
750
10
200

-

137Cs
100

15
100
70
25
100
45
25

90Sr
6
1

8
17
15

-

0.3
0.3

89



TABLE 1.8
Preliminary concentration factor data for transuranium nuclides in the
Irish Sea, calculated relative to filtrate «0 = 22 p.m) sea water. These
data were derived from a single sampling of biological materials and sea
water in June 1980. It is not known if they represent equilibrium
conditions. (Errors are based on ± 2 a propagated counting errors).
From Pentreath et al. (1982).

2 3 9 / 2 4 0 Pu 241 Am 2 4 3 / 2 4 4 Cm

ST. BEES HEAD

Ascophyllum nodosum

Fucus spiralis

Fucus vesiculosus

Fucus serratus

Patella vulgata
( s o f t par ts)

Patella vulgata
(shel l)

Nucella laplllus
(sof t par ts)

Nucella lapillus
(shell)

BALCARY POINT

Ascophyllum nodosum

Fucus serratus

Patella vulgata
(soft par ts )

Patella vulgata
(shell)

Myti lus edulis
(sof t parts)

Mytilus edulis
(shell)

7.5 x 10J

±0 .5 x 103

5.7 x 103

±0.3 x 103

4.9 x 103

±0.3 x 103

6.7 x 103

±0.4 x 103

7.0 x 103

±0.5 x 103

2.2 x 103

±0 .2 x 103

3.3 x LO3

±0.2 x 103

1.8 x 103

±0 .1 x 103

2.8 x 103

±0 .2 x 103

4.5 x 103

±0.3 x 103

6.5 x 102

±0.6 x 102

4.0 x 102

±0.4 x 102

1.1 x 103

±0.1 x 103

1.0 x 103

±0.8 x 102

9.4
±0.7

9.2
±0.6

8.2
± 0 . 7

9.7
± 0 . 7

4.1
±0.3

2.5
±0.2

1.4
±0.9

3.3
±0.2

x 103

x 103

x 103

x 103

x 103

x 103

x 103

x 103

x 104

x 104

x 104

x 104

x 104

x 103

x 104

x 104

5.8 x 103

±0.6 x 103

9.7 x 103

±0.9 x 103

5.9 x 103

±0.6 x 103

9.9 x 103

±0.9 x 103

1.3 x 104

±0.1 x 104

9.8 x 103

±0.9 x 103

1.7 x 104

±1.3 x 104

1.6 x 104

±0.9 x 104

8.4 x 103

±8.0 x 103

9.3 x 103

± 7 . 1 x 103

5.7 x 104

±3.6 x 104

3.4 x 104

± 2 . 2 x 104

3.1 x 104

±1.8 x 104

3.6 x 104

± 2 . 3 x 104

7.3 x 103

± 7 . 6 x 103

1.1 x 104

±1.0 x 104

3.9 x 103

±4 .3 x 103

1.5 x 104

±1 .4 x 104

1.7 x 104

±1.6 x 104

2 3 7 Np

2.5 x 10
±0.8 x 10

6.0 x 10
± 2 . 7 x 10

2.5 x 10
±0.8 x 10

2.0 x 10
±0 .9 x 10

8.9 x 102

± 2 . 9 x 10,2

5.5 x 102

± 2 . 0 x 102

5.8 x 102

±1.9 x 102

2.4 x 102

±0.8 x ID2

1.5 x 10
±0 .7 x 10

2.7 x 10
±1.0 x 10

2.6 x 10
±1.0 x 10

1.9 x 102

±0 .7 x 102

1.8 x 102

±0.8 x 102

3.1 x 102

±1.3 x 102

required limits the number of data which can reasonably be attained,
however, and the data which have been published on concentration fac tors
f rom the Irish Sea are usually accompanied by comments on the need for
caution in their interpretation. Some of these are presented in Tables
1.7 and 1.8, and this need for caution in their interpretation needs to be
stressed yet again.
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7. ENVIRONMENTAL MONITORING, SURVEILLANCE. AND ASSESSMENT
OF RADIATION EXPOSURE OF THE PUBLIC

As stated in Section 1, the discharges from Sellafield have been
subject to strict authorization and environmental surveillance, from the
outset, by UK Government departments disassociated with the nuclear
industries. These measures have been implemented in order to safeguard
the public according to the recommendations of the ICRP and the advice of
national bodies on radiological protection, a role played in the UK since
1970 by the National Radiological Protection Board (NRPB).

7.1 Monitoring reports

Annual reports of monitoring and surveillance programmes in the
Sellafield area, and elsewhere in the UK coastal environment, have been
published by the Ministry of Agriculture, Fisheries and Food since 1967.
An annual account of discharges and environmental surveillance is also
published by the operators; since 1971, therefore, by BNFL (Howells,
1975a,b, 1976, 1977; Atherton, 1978; BNFL, 1979, 1980, 1981, 1982,
1983). The first MAFF report (Mitchell, 1967) covered the period 1963 to
1966. Data were presented on the relationship of Ru in Porphyra in
relation to distance from Sellafield and on Sr and Ce in Porphyra.
Samples of various fish species, invertebrates, benthic algae, sea water
and sediments had been analysed by gamma-spectrometry and total ß methods.
At that time the critical pathway was the consumption of a foodstuff cal-
led laverbread, which was manufactured particularly in the Swansea area of
South Wales. Laverbread is produced from the alga Porphyra, some of which
was harvested from the coast near Sellafield. The critical group was
identified as laverbread consumers, typically in the Swansea area. The
results of a detailed habit survey of this pathway was published by
Preston & Jefferies (1967), and covered the period 1959 to 1965. With the
exception of 1959, an adult consumption rate of 75 g day- of laverbread
was estimated as delivering less than 0.5 rad year"1 to the large
intestine, and between 0.5 and 1.0 rad during 1959. From the results of a
more detailed study (Preston & Jefferies, 1969b), it was estimated that a
re-defined critical group had a median consumption rate of 160 g day- }
resulting in doses of 0.4 to 0.7 rem year"1 to the lower large intestine
of adults during the period 1962 to 1967.

In the 1967 report (Mitchell, 1968) data were presented of the
results of monitoring Porphyra and of laverbread samples from the
principal manufacturers. External dose-rates to a sub-critical group in
the Ravenglass estuary were estimated by taking measurements of gamma-dose
rates at selected sites. These data had been related to the radionuclide
concentrations of the sediments (Jefferies, 1968). At this time fish
consumption was recognized as a relatively unimportant pathway of human
radiation exposure, although samples were analysed, as were a large number
of 'indicator' samples, particularly the Fucus algae.

In 1968 (Mitchell, 1969) Porphyra consumption remained the dominant
pathway, and the alpha-radionuclide content of this seaweed was beginning
to be studied. The situation remained much the same in 1969, with
Porphyra consumption in South Wales the critical pathway and external dose
rate to the public from contaminated sediment in the Ravenglass providing
a secondary pathway of importance (Mitchell, 1971a). But in 1970 a third
exposure pathway became evident as the concentrations of Cs and Cs
in fish responded to the increased discharges (Mitchell, 1971b). All
three pathways obtained during 1971, with Porphyra consumption dominating.
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The highest external dose-rate estimate for the Ravenglass estuary was 11%
of the ICRP limit for the public for a salmon fisherman working nets in
the area (Mitchell, 1973).

In 1972, with discharges similar to preceding years and Porphyra
growing as vigorously as ever, the collection of it along that part of the
coastline was discontinued. This had nothing to do with its contamination
by the Sellafield discharges, but was due to the retirement of the
remaining collectors (Pentreath, 1980b), The experience gained from this
pathway, particularly with regard to the identification and characteriza-
tion with regard to the identification and characterization of critical
groups at that time has been discussed by Preston (1971), Preston &
Mitchell (1973) and Preston et al. (1974). Due to the widespread
distribution of radionuclides throughout the Irish Sea, Porphyra collected
elsewhere contains some Ru, and other radionuclides; laverbread has
therefore continued to be monitored and the dose to the public assessed.
And because there is no reason to assume that Porphyra growing close to
Sellafield may not be harvested at some time in the future for laverbread
production it, too, is still routinely monitored and its potential as a
pathway kept under review.

In 1972/73, therefore, the external pathway to individuals working in
the Ravenglass was the most important (Mitchell, 1975) but by 1974
(Hetherington, 1976b) the consumption of fish and shellfish had become the
dominant pathway due to the increasing discharges of 134Cs and 13 Cs. The
maximum consumers of a critical group of fish and shellfish eaters
(265 g day- ) were estimated to be receiving just under 14% of the ICRP
dose limit for members of the public, predominantly as a result of Cs
nuclides; i06Ru, 239/24°Pu and 21|1Am collectively accounted for less than
2.5% of the limit. In 1975 and 1976 (Mitchell, 1977a,b) the situation was
similar with regard to the critical pathways, but due to the increasing
discharges the maximum consumers of a critical group consuming fish and
shellfish were estimated to receive 34 and 44% respectively of the ICRP
limit, again largely the result of the Cs nuclides. More detailed
analysis of the fish/shellfish consumption pathways were reported,
comparing the average and maximum consumers of locally caught sea food
with the average consumers of commercial fish landed at the nearest
fishing ports of Whitehaven and Fleetwood, and with the average consumers
of the public in general.

The estimated percent of ICRP dose limit for members of the public
during the period 1970 to 1976 are given in Table 1.9, taken from the
publications cited above. From 1977 onwards the dose estimates have been
calculated on the basis of ICRP-26 i.e. as effective dose equivalents.
The data obtained are not, therefore, strictly comparable with those
derived earlier, although for the years 1977, and 1978, estimates based on
both ICRP-9 and ICRP-26 were made. In 1977 the maximum consumers of
plaice and crab in the local fishing community (at 224 g and 41 g day-1
respectively) were estimated to be receiving 31% of the ICRP effective
dose equivalent for the public, at these consumption rates, the major
fraction arising from Cs (Hunt, 1979). A separate estimate was made
on consumers of winkles (Littorina littorea), who were estimated as
receiving 11% of the ICRP effective dose equivalent at a consumption rate
of 5 g day- - primarily from the Am, Ru and Pu isotope content. A
third group - those associated with commercial fisheries along the coast,
primarily around Whitehaven, Fleetwood and in Morecambe Bay - consumed
greater quantities of sea food (290 g, 70 g and 45 g day"1 respectively of
fish, crustaceans and moluscs) but received a percentage of the ICRP-

92



TABLE 1.9 Maximum exposures, as a % of ICRP-9
limits for members of the public,
resulting from Sellafield discharges
from 1970 to 1976. (For refs., see text)

1970
1971
1972/3
1974
1975
1976

Porphyra/
laverbread
(Critical
group)

5
33
2

< 0.2
< 0.2
0.2

External
exposure
(Ravenglass)

12
11
7
7
9
8

Fish con-
sumption
(Critical
group)

1
3
3

14
34
44

recommended limit similar to that of the local fishing community because
the food contained lower concentrations of radionuclides, having been
caught at greater distances from the discharge point.

In 1978 further habit survey data indicated that, using ICRP-
recommended techniques (Hunt & Shepherd, 1980), the consumption rates in
the local fishing community were somewhat lower than in 1977, but those of
consumers associated with commercial fisheries were somewhat higher. At
the new consumption rates the two groups received 25% and 15% respectively
of the appropriate effective dose equivalent limit, with Cs being the
dominant radionuclide (Hunt, 1980). In 1979 - at the same consumption
rates - the results were similar to those of the previous year (Hunt,
1981), but for the 1980 estimates the situation had been re-evaluated,
with changes having been made in the techniques of habit-survey data
collection (Hunt, 1982; Leonard et al., 1982; Hunt et al., 1982). The
revised data indicated that the consumption rates appropriate to the local
fishing community's assessment were 100 g of fish and 18 g each of
crustaceans and molluscs per day. On the basis of current ICRP
recommendations the results indicated that this group of people were
receiving 24% of the appropriate effective dose equivalent limit, with 8%
arising from 13 Cs; but allowing for advice from the NRPB, to the effect
that Pu in low concentrations in food could be absorbed by a factor of 5
greater than that assumed in ICRP-30, the predominant nuclides were
239/240pU) contributing 9.5% of a revised total of 39% of the limit.

By the 1981 report (Hunt, 1983) the situation had been reviewed yet
again. A further study had been made which, although indicating that the
range of consumption rates was similar to that observed previously,
identified an effectively new critical group with an average mollusc
consumption rate of 45 g day"1• The consumption rates for fish and
crustaceans were considered to be essentially unaltered. The revised
molluscan consumption rate was thought to be partly due to the general
effects of the economic recession, in which some people had more time to
exploit a food supply that is freely available, and thus could not be
applied retrospectively prior to 1981 with any degree of confidence. Even
so, the substantially increased molluscan contribution indicated that this
group received 46% of the annual 5 mSv ICRP-recommended effective dose
equivalent, of which the major contributor (20%) was Am - from the
molluscs. If allowance is made for possible increased Pu absorption, as
advised by the NRPB, the total dose estimate increased to 69% of the
appropriate limit (Table 1.10).
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TABLE 1.10 Individual radiation exposures due to consumption of Irish Sea fish and
shellfish, 1981. From Hunt (1983).

Exposed population

Consumers in local
fishing community

Consumers in local
fishing community

Consumers associa-
ted with commer-
cial fisheries
(Whitehaven,
Fleetwood,
Morecambe Bay)

Consumption rate
used in assessment

100 g d"1 fish
18 g d"1 crustaceans
45 g d""1 molluscs

100 g d"1 fish
18 g d~ crustaceans
18 g d molluscs

360 g d-I fish
70 g d crustaceans
50 g d molluscs

Nuclide

90Sr106Ru
134Cs
137Cs
238pu
239pu + 240pu
241pu
241Am

Total
90Sr
1Q6Ru
13"Cs
137Cs23Bpu
239pu + 240pu2mPu
2ItlAm

Total

l31*Cs
106Ru
""Cs
137Cs238pu
239pu + 240pu
241PU
241Am

Total

Effective dose equivalent
(as % of ICRP-recommended_ idose limit of 5 mSv year
for members of the public)

On basis of
current ICRP
recommenda-
tions

0.3
9.6
0.7
8.6
0.7
2.9
2.3

20.2
46

0.3
3.9
0.7
7.7
0.3
1.2
1.0
8.7

24
0.3
0.1
1.0

11.7
0.1
0.4
0.3
2.0

16

Effect of Pu
enhanced by
a factor of 5

0.3
9.6
0.7
8.6
3.4
14.5
11.5
20.2

69
0.3
3.9
0.7
7.7
1.4
6.0
4.8
8.7

34
0.3
0.1
1.0

11.7
0.3
1.8
1.3
2.0

19

The relative contribution of nuclides with long body-retention times
needs to be carefully considered, however, because the percentile of the
effective dose equivalent limit which is calculated in any one year would
only be received in the 50th year following continued consumption at the
rate calculated for that year, assuming similar concentrations of the
nuclide in the foodstuff.

The importance of transuranium nuclides in the pathway analyses has
increased for a number of reasons. Their concentrations in fish flesh are
low (Pentreath et al., 1979), but they are accumulated by molluscan shell-
fish (Pentreath, 1981a). In recent years the importance of Cs has also
decreased, the quantities discharged having been reduced by the use of an
artificial zeolite as an interim measure before the new ion exchange
effluent plant (SIXEP) is fully commissioned. The implementation of this
procedure is described by Handyside et al., (1982) as an example of ICRP-
26 optimization techniques in practice.
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An additional pathway to those discussed above is that of inhalation.
Inhalation has been allowed for in the calculations made by Hunt &
Jef fériés (1981), based on information from Knight et al. , (1980). More
recently detailed studies have been made relating to the transfer of
radionuclides discharged to sea being returned to the Cumbrian terrestrial
environment via aerial pathways (Pattenden et al., 1981; Cambray &
Eakins, 1982; Peirson et al., 1982). There is some evidence for small
quantities of Pu and Am being transferred in this manner. The highest
annual average concentration of 230/2i*0pu observe(j was 93 x IQ-18 Ci kg""1
of air at Eskmeals in the Ravenglass estuary, which represents 0.2% of the
derived air concentration as modified for the public (Peirson et al. ,
1982).

7. 2 Collective dose

The collective dose rates arising from the Sellafield discharges have
also been evaluated in detail, and the estimates quoted in the annual MAFF
reports since 1970. The collective dose for any given population may be
computed by using fish landing data - compiled by ICES -together with
measurements of radioactivity in fish samples (Jefferies et al., 1977;
Preston et al . , 1978). This approach is supplemented by estimating the
concentrations in fish in different areas from a knowledge of the water
concentrations and the concentration factors for the fish. The nuclides
primarily responsible for collective effective dose equivalents are Cs
and Cs and estimates of these for the period 1974 to 1978 are discussed
by Hunt and Jefferies (1981) (Tables 1.11 & 1.12). These data have been
corrected, as appropriate, for the collective dose equivalent for the
years prior to ICRP-26, and after subtracting the contribution from other
radionuclides and from fallout. Hunt & Jefferies (1981) have, for the
purposes of optimization, estimated the collective effective dose
equivalent commitment normalized to a unit rate of discharge for H, Sr,
Zr 95Nb, 99Tc, 106Ru, 129I, 134Cs, 137Cs, 144Ce, 238Pu, 39Pu, Pu,

24iPu, and 2MAm, truncated at 104 years. For the 1979 discharges a
collective total detriment commitment of some 200 man Sv was estimated, of

1 "3 7which >85% was due to Cs, A compartment model to calculate collective
dose has been described by Camplin et al . , (1982) and the results for
some radionuclides are given in Camplin (1982). The collective dose
arising from 3H has been discussed in a separate paper (Hetherington &
Robson, 1979), and the difficulties in assessing the dose commitment
arising from discharges of transuranium nuclides are discussed by
Pentreath et al. , (1984).

8. IMPACT ON THE ENVIRONMENT

The assessments of the impact of discharges from Sellafield have
always taken the irradiation of the local marine fauna and flora into
consideration. Initial calculations had estimated that, at the maximum
permissible discharge rate, the maximum possible dose rate would be about
45 mrem hour"1 over a relatively small area. It was concluded that such a
dose rate would be unlikely to have any significant effect on the marine
ecosystem (Dunster et al., 1964).

The most radiosensitive components of the marine environment were
generally considered to be the eggs of marine fish, and in view of the
proximity of a plaice spawning area to Sellafield, an evaluation of the
dose rates to developing plaice embryos was made (Woodhead, 1970). Plaice
eggs were reared in sea water containing Ce, Cs, Ru, Sr and

Zr/ Nb, concentration factors determined and, by relating these to
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TABLE 1.11 Collective effective dose equivalents from Cs in edible fish:
Waters, North Sea

Irish Sea, Scottish

Year Collective effective dose
equivalent, man-Sv

United Kingdom Western Europe

1974
1975
1976
1977
1978

41
72

111
76

102

75
122
211
146
191

Coefficient of correlation (U.K.)
(r) with collective
dose equivalent

effective
(W.E.)

Windscale
charge, TBq

(a)

4061
5231
4289
4478
4088

0.08
-0.17

(b)
2415
4646
4760
4383
4236

0.79

0.75

Cs dis-

(c)

2040
3353
4527
4666
4285

0.84
0.86

(d)
1861
2837
3587
4515
4522

0.72
0.74

Normalised collective effective
dose equivalent on the basis of
(c), man-Sv TBq"

United Kingdom

0
0
0
0
0

Mean 0

Std. error 0

.0201

.0215

.0245

.0163

.0238

.0212

.0016 (7.7%)

Western Europe

0
0
0
0
0

0

0

.0368

.0364

.0466

.0313

.0446

.0391

.0032 (8.1%)

(a) In year of discharge
(b) Average of year and preceding year
(c) Average of year and two preceding years
(d) Average of year and three preceding years.

From Hunt & Jeffériés (1981).



TABLE 1.12 Collective effective dose equivalents from
Waters, North Sea

Cs in edible fish: Irish Sea, Scottish

Year Collective effective dose
equivalent , man-Sv

Windscale
charge, TBq

Cs dis- Normalised collective effective
dose equivalent on the basis of
(c), man-Sv TBq"

1974
1975
1976
1977
1978

United Kingdom

6.8
11.7
21.7
9.9
11.0

Western Europe
12.2
19.8
38.4
18.5
19.5

Coefficient of correlation (U.K.)

(a)
997
1081
738
594
404

0.13

(b)
581
1039
910
666
499
0.54

(c)
459
748
939
805
579

0.81

(d)
403
615
745
853
704

0.45

United Kingdom

0
0
0
0
0

Mean 0

.0148

.0156

.0231

.0123

.0190

.0170

Western

0
0
0
0
0

0

.0266

.0265

.0409

.0230

.0337

.0301

Europe

(r) with collective effective
dose equivalent (W.E.) -0.17 0.51 0.82 0.46 Std. error 0.0021 (12%) 0.0036 (12%)

(a) In year of discharge
(b) Average of year and preceding year
(c) Average of year and two preceding years
(d) Average of year and three preceding years,

From Hunt & Jefferies (1981).



ambient sea water concentrations off Sellafield, the dose rates to
developing embryos were calculated using modelling techniques. It was
concluded that in view of the ß and v irradiation dose rates being less
than that from natural background ( K) no adverse effects on the embryos

p O Qwould be expected. Subsequent experiments were made with Pu
(Hetherington et al., 1976), from which it was concluded that irradiation
from a-particles would be negligible, due to the short hatching time of
the eggs (~2 weeks) relative to the half-life of the nuclide. The direct
effect of irradiation of plaice eggs has also been studied (Templeton,
1966; Ward et al., 1971), the LD50 at metamorphosis being estimated as 90rads whereas the dose rates to the eggs off Sellafield were estimated at
~0.1/rad hour-1 (Woodhead, 1970).

TABLE 1.13 Dose rates (M-rad h ) to marine organisms from waste disposal
radionuclides. From Woodhead (1973). W1NDSCALE

Isotope and
of radiation

134Cs

137Cs

14"Ce/144Pr

106Ru/106Rh

95Zr/95Nb

source

External
Internal

External
Internal

External
Internal

External
Internal

External
Internal

Phy t op lank t on

-

(2.3-20) x 10~2
-

(A. 1-16) x 10~2
51-160

(7.6-75) x 10~2
140-1400

(7.0-220) x 10~2
20-510

Zooplankton

-

(1.9-16) x 10~2
-

(3.1-12) x IQ"2
11-40

(6.4-64) x 10~2
410-4100

(6.0-210) x 10~2
110-2800

Mollusca

-

(1.8-16) x
(9.4-81) x

(1.4-5.5) x
15-55

(1.1-11) x
0.2-2

(6.0-210) x
0.03-1.1

ID"2
10-2

io-3

io-2

IQ'2

Isotope and
of radiation

134Cs

137Cs

If'ce/mpr

106Ru/106Rh

95Zr/95Nb

source

External
Internal

External

Internal

External

Internal
External

Internal

External

Internal

Crustacea

-

(1.8-16) x 10~2

(8.5-73) x 10~2

(1.4-5.5) x 10~3

(8.1-31) x 10~2

(1.1-11) x 10~2

6.7-66

(6.0-210) x IQ"2

(2.7-84) x 10~2

Fish

(0.14-0.49)

(1.8-16) x 10~2

0.36-1.0

(1.4-5.5) x 10~3

(1.1-11) x IQ"2

(6.0-210) x IO-2

Sediment

-

y-dose 1.4-10
ß-dose 0.8-5.6

y-dose 1.2-25
ß-dose 80-1700

y-dose 8.8-200
ß-dose 120-2900

y-dose 25-3100
ß-dose 6.3-77
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The dose rates to the gonads of adult plaice have also been studied
(Woodhead, 1971, 1973 (a), (b), 1974; Pentreath et al., 1973).
Calculations based on seabed radioactivity measurements indicated that the
dose rate could range up to 5 mrad hour-1 from ß and Y radiation, and
direct estimates were obtained by using LiF-sachet dosimeters attached to
the fish together with Petersen disc tags. A total of 3580 marked plaice
were released 0.4 km from the discharge point, from which 1053 were
subsequently recaptured. A mean dose rate to the gonad of some 200 jirad
hour"1 was calculated from these data (Woodhead, 1973(a)), allowing for
the habits of the fish throughout a 24 hour period. It was also estimated
that plaice living in the vicinity of Sellafield for a period of 5 years
(by which age most have been caught) would receive a life-time dose in the
region of 9 rad (Pentreath et al., 1973). The dose rates to other
components of the fauna were also calculated, from a knowledge of water
and sediment concentrations and using simple dosimetry models (Woodhead,
1973(b)), the results of which are given in Table 1.13.

It must be assumed that any exposure to radiation carries some degree
of risk of harm. For marine organisms, however, if the damage to individ-
uals is not manifest at the population level, and does not damage the
overall reproductive capacity of the population, then the effect must be
regarded as of little significance. Evaluation of the dose rates received
by the marine fauna off Sellafield have been compared with the known
effects of irradiation on aquatic organisms, and a programme of
irradiation effects studies has been in progress at MAFF, Lowestoft, for
some 15 years (Woodhead, 1976, 1977). In a comprehensive review of
radiation effects, particularly on teleosts, it was concluded that the
lowest dose rate at which minor radiation—induced disturbances of
physiology or metabolism might be detectable was about 40 mrem hour-1
(IAEA, 1976). The dose rates around Sellafield are at least an order of
magnitude below those which would be expected to elicit any effect under
controlled laboratory conditions, and about two orders of magnitude below
those which might be expected to have an effect at the population level
(Woodhead, 1980).
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Annex 2

LES REJETS D'EFFLUENTS LIQUIDES RADIOACTIFS DU
CENTRE DE TRAITEMENT DES COMBUSTIBLES IRRADIES
DE LA HAGUE (FRANCE) ET L'EVOLUTION RADIOLOGIQUE
DU DOMAINE MARIN

D. CALMET,
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Service d'études appliquées de protection sanitaire,
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Institut de protection et de sûreté nucléaire,
Commissariat à l'énergie atomique,
Fontenay-aux-Roses

P. GUEGUENIAT
Département d'études et recherches en sécurité,
Service d'étude et de recherches sur l'environnement,
Laboratoire de radioécologie marine,
Institut de protection et de sûreté nucléaire,
Commissariat à l'énergie atomique,
Cherbourg

France

1. INTRODUCTION
Dès 1950, le Commissariat à l'Energie Atomique (CEA) a engagé un

programme de recherche et de développement concernant les procédés
d'extraction d'uranium et de plutonium des combustibles irradiés. Le
procédé mis au point entre 1949 et 1956 a été appliqué industriellement
à partir de 1958 à l'Usine de Plutonium (UP1) de Marcoule, et le CEA a
été chargé officiellement en 1961 [J.O. France (1961)] de la construction
d'un nouveau centre de traitement des combustibles irradiés provenant
des réacteurs nucléaires électrogènes du type Uranium-Naturel-Graphique-
Gaz (UNGG). L'usine (UP2) a été construite dans le département de la
Manche, au niveau du Cap de la Hague dans le nord-ouest Cotentin
(Fig .2.1) et a été mise en service industriel en 1967 [C.E.A. (1980)].
Par la suite, la mise en place de la filière à eau légère (EL) à partir
de 1969 a conduit le CEA à modifier et compléter les installations d'UP2
par la construction d'un nouvel atelier dit "Haute Activité Oxydes"
(HAO) [J.O. France (1974)]. L'autorisation, en 1978 [J.O. France (1978)],
de sa mise en exploitation par la Compagnie Générale des Matières Nuclé-
aires (COGEMA) permet le traitement de 400 tonnes.an-1 alternativement
de combustibles type UNGG, EL et de la filière à neutrons rapides.
Cependant, compte-tenu du développement futur du parc français de cen-
trales électronucléaires, il était nécessaire de disposer d'installa-
tions capables de retraiter 800 tonnes.an-1 de combustibles d'ici 1990
et 1600 tonnes.an-1 d'ici 1995 [J.O. France(1980a) ]. Afin d'optimaliser
les coûts de construction et de fonctionnement, il a été décidé de
réaliser simultanément deux nouvelles usines UP2800 et UP3A chacune
capable de traiter 800 tonnes.an-1 de combustibles [J.O. France (1981)],
et dont toutes les unités devraient être opérationelles en 1990.
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Figure 2.1 Situation générale du centre de retraitement des combus-
tibles irradiés du Cap de LA HAGUE (Cotentin, France).

Le fonctionnement de telles installations industrielles produit un
grand nombre d1effluents gazeux et liquides qui doivent être épurés
avant leur rejet dans l'environnement. Ainsi, l'ensemble des effluents
liquides issus d'UP2 est dirigé dans une station de traitement des
effluents qui est chargée de la collecte, du stockage temporaire, du
traitement, du conditionnement ou du rejet en mer après un dernier
contrôle des effluents radioactifs [J.O. France (1980b)].

Le choix du site du Cap de la Hague, pour l'installation de l'usine
de traitement des combustibles irradiés, résulte de nombreuses études
qui ont montré que cette région permettait une implantation de ce type :
activité séismologique très faible, densité démographique basse, impor-
tance minime de la pêche conjointement à l'existence d'importants cou-
rants de marée côtiers susceptibles de faciliter la dispersion des
effluents liquides rejetés en mer.

Dans ce rapport, après avoir brièvement décrit la composition des
effluents liquides rejetés par l'usine depuis sa création, les princi-
pales caractéristiques du site seront précisées avant de rappeler les
résultats les plus démonstratifs concernant les mesures de radioactivité
des nombreux indicateurs (eaux, sédiments, aérosols, organismes) collec-
tés en Manche par l'Institut de Protection et de Sûreté Nucléaire du
CEA. Les estimations des conséquences sanitaires des rejets liquides
pour les populations de la région cherbourgeoise seront ensuite données.
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2. LES RADIONÜCLEIDES REJETES
2.1 Nature des rejets

Avant d'être rejetés en mer, les effluents de l'usine de la Hague
sont épurés par des techniques en amélioration permanente : coprécipita-
tion, chimisorption, échange d'ions minéraux en solution, échange d'ions
sur résine et filtration. Les eaux résiduaires, très faiblement radio-
actives, obtenues à la suite de ces opérations peuvent alors être reje-
tées en mer sous certaines conditions.

Les rejets sont soumis à un contrôle très strict. Tout d'abord de
la part des autorités gouvernementales qui ont donné, par décret
[J.O. France (1980b)], à l'établissement de la Hague une autorisation
annuelle de rejets, après examen du dossier par les services spécialisés
du Ministère de la Santé Publique et du Ministère de l'Industrie. Avant
chaque rejet en mer, le service de contrôle radioactif du Service de
Protection Radiologique de l'établissement de La Hague effectue une
vérification des niveaux de radioactivité par échantillonnage et analyse
des eaux résiduaires isolées dans une cuve. Ce service s'assure en
permanence, sous la responsabilité légale du directeur de l'établisse-
ment, que les activités éliminées et les procédures de rejet (heure,
débit) sont bien conformes à la réglementation. Il assure, également, la
comptabilité détaillée des rejets qui est ensuite transmise aux services
centraux du Commissariat à l'Energie Atomique et aux organismes gourver-
nementaux de contrôle, Service Central de Protection contre les Rayonne-
ments Ionisants en particulier [SCHEIDHAUER et al. (1974) ; LAFAILLE
(1980)].

Le tableau2.l donne les quantités annuelles des principaux radio-
nucléides rejetés en mer entre 1966 et 1982. On remarque que les princi-
paux nucléides rejetés, outre le tritium, sont le ruthénium 103 et 106,
le césium 134 et 137, le strontium 89 et 90, l'antimoine 125 et le
cérium 144. Parmi les autres éléments rejetés figurent, mais en quantité
faible et variable, les transuraniens, le cobalt 60 et le zirconium 95.
Cependant les quantités annuelles fluctuent au cours du temps (fig- 2.2
et 2.3)

2.2 Physicochimie des effluents et de leur devenir. Le cas du ruthénium
Différents travaux montrent le rôle important joué par les paramè-

tres physiques et chimiques dans la dispersion des radionucléides à
partir d'un émissaire de rejet en mer. Nous développerons ici le cas du106 Ru comme exemple d'un élément pour lequel les données recueillies
sur un site quelconque sont difficilement extrapolables à un autre site.

Dans les usines de traitement de combustibles irradiés, le ruthé-
nium prend la forme de composés du nitrosyl-ruthénium n'ayant pas d'équi-
valent sur le plan physico-chimique avec les radioruthéniums des retom-
bées (103Ru - 106Ru) et avec le ruthénium stable présent dans l'eau de
mer. Les composés du nitrosyl-ruthénium sont caractérisés par l'existen-
ce d'un groupement RuNO très stable dans lequel le ruthénium possède la
coordinence 6 ; selon la nature des ligands, on distingue : les composés
nitrato du type RuNO (NO.,) (OH) (H?0) et les composés nitro caracté-
risés par rapport aux précédents par l'existence d'un ou plusieurs
groupements N0„.
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Tableau 2.1 Activités annuelles des différents radionucléides rejetés
de 1966 à 1982 par l'usine de traitement des combustibles
irradiés de LA HAGUE (en GBq).

ANNEE

1966
1967
1968
1969
1970
1971
1972
1973
1974

1975
1976
1977
1978
1979
1980
1981

1982

3H

61. 103

78. 103

84. 103

110. 103

281. 103

411. 103

263. 1C3

331. 103

728. 103

576. 103

539. 103

72. 103

1.2.103

103Ru

5435
12210
6031
666
3404
6919
16650
4292
8917
15170
2220
1147
96
203
126
118

106Ru

1.103

49. 103

60. 1Q3

53. 103

200. 103

285. 103

280. 103

263. 103

537. 103

829. 103

555. 103

539. 103

801. 103

747. 103

774. 103

639. 103

938. ]03

13«Cs

281
1628
3034
1295
13838
48026
6142
8399
9028

4255
6549
9546
7844
3574
3925
5957
8412

137Cs

7289
16391
28416
20165
89133
242000
32930
69264
55981

34447
34743
50764
39035
22533
26758
38591
50535

89Sr

1036
629
777
259
370
777

2516
1221
8621

8695
777

2701
788
1073
275
315
470

90Sr

1036
407
1369
703
3959
16539
32930
18870
104000

75073
39886

72705
140000
117000
58892
54168

172597

144Ce

318
4588
518
925

13135
5365
6549

41551
20942

5809
4995
10508
13283
5483
8066
6340

9SZr

1028
2538
214,6
2738
2664

11914
851

15207
11433
3404
740
92,5
348,8
67,4
92,5
496

ANNEE

1966

1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982

9Sm>

1665
4144
370
1739
1628
7363
1443

13320
9990
1961
1295
333
506,9
53,6
27,75
47

125Sb

81

192

740
925

2516
18204
66193
68894
71891
35927
54797
62160
53687
50893
47771
75563

«°Co

418,1
11,1

218,3
199,8
222
355,2
1102,6

2269,9
3959
3124

no»Ag

11,1
48,1

18,5
18,5
25,9
22,2
166,5

1,4
2

65Zn

54,35
1,40
7,77

222
11,10

11,43

Autres
radio-éléments

5217
3182

31265
2960
15836
44622
22681
47619
71780
99308
27232

78
63
98
52
100

239pu +
238pu

1,11

11,84

31,45
13,32
23,60
144,67
66,23
81
551,30
261,60
156,50
239
214,60
235,60
185,74

164,79
190

Uranium

4,16

6,89
6,19
3,60
4,77
50,32
48,10
51,43
444
229,40
207,20
384,80
303,40
450,70
325,74
372,70
450

Total en GBq
(Uranium non
compris)
24. 103

67. 103

91. 103

74. 103

392. 103

741. 103

513. 103

598. 103

1220. 103

1590. 103

978. 103

1070. 103

109. 103

997. 103

938. 101

838. 103

1260. 103
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Figure 2.2 Tracés chronologiques des quantités annuelles rejetées en
tritium, ruthénium 106, césium 137 et strontium 90 dans
les rejets liquides du Centre de LA HAGUE.

800-1
• In CBq x 102

In OBq x 10Z

t n O B q x i O 2

Figure 2.3 Tracés chronologiques des quantités annuelles rejetées en
cerium 144, zirconium 95, cobalt 60, antimoine 125 et
plutonium 238-239 dans les rejets liquides du Centre de
LA HAGUE.
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Dans l'eau de mer, il se produit un réarrangement de la structure
des complexes selon deux réactions concurrentes : hydrolyse et formation
de dérivés chlorés solubles. Il en résulte l'apparition de nombreuses
formes que l'on peut regrouper en trois grandes catégories : A, B, et C
[GUEGUENIAT (1975) ; GUEGUENIAT, GANDON (1977)].

La forme A regroupe un ensemble de composés colloïdaux, cationi-
ques, éventuellement neutres ou même anioniques possédant des propriétés
d1adsorption élevées. Les formes B sont des formes anioniques non adsor-
bables directement mais reliées aux précédentes par des réactions d'équi-
libre. Les composés B seront amenés à être adsorbés, après disparition
de l'eau de mer des composés A, selon les réactions B •* A. Les formes C
concernent les composés nitro qui représentent les formes stables non
adsorbables. Par rapport à ces derniers, les composés nitrato présentent
un pourcentage supérieur en forme A et inférieur en forme C ainsi qu'une
vitesse de réaction B -» A plus rapide. Au sujet de cette vitesse les
expériences semblent montrer qu'il faut attendre 200 jours pour que les
composés nitrato évoluent de B -> A, plusieurs années pour que les autres
composés nitro subissent une transformation totale de B •» A [GUEGUENIAT
(1975)].

Quel que soit le pourcentage des formes A et B, lorsque A disparaît
de la solution, la quantité de B redonnant A dans une intervalle de
temps compris entre t, et tp est proportionnelle à log (t? - t, ) et
correspond à une loi d^adsorption tout à fait inhabituelle. Cette loi se
traduit par des courbes de fixation linéaires de la forme B sur Mn09 etsur les sédiments fins [GUEGUENIAT, GANDON (1977)]. ^

Entre septembre 1974 et juillet 1976, une évolution très sensible
dans les propriétés physico-chimiques du 106Ru a été observée en ce qui
concerne la répartition relative des formes A et B (tableau2.2):

TABLEAU n° 2-2

Septembre 1974 -
Janvier 1975
Mai 1975
Juin 1975
Novembre 1975
Février 1976
Juillet 1976

FORME A

90-100 %
90-100 %
87,5 %
70 %
50 %
48 %
57 %

FORME B

0-10 %
0-10 %
12,5 %
30 %
50 %
52 %
43 %

3. LA REGION NORD-CQTENTIN - LE CAP DE LA HAGUE
3.1 Courantologie locale

L'hydrodynamisme de cette région est dominé par l'existence d'une
grande différence de marnage entre la baie du Mont Saint-Michel et la
Manche centrale. Le Raz Blanchard, situé entre la pointe nord-ouest du
Cotentin et l'île d'Aurigny, est le siège de courants de marée caracté-
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Figure 2.4 Schema des principaux courants marins, direction et
vitesse en noeud, à proximité du Cotentin et en Baie de
Seine [LARSONNEUR (1971)] (m noeuds).

rises d'une part par des vitesses élevées, de l'ordre de 6 à 8 noeuds en
moyenne, pouvant atteindre 10 noeuds en vive eau et, d'autre part par
des orientations sud-nord en période de flot et nord-sud en période de
jusant. Au nord du Cotentin, les courants deviennent moins forts, de
l'ordre de 3 à 4 noeuds et sont orientés ouest-est lors du flot, et
sud-ouest lors du jusant, enfin, près des côtes, ils peuvent encore
diminuer d'intensité localement (fig.2.4).

3.2 Morphologie et sédimentologie littorales
La région comprise entre la Baie de Seine et la Baie du Mont

Saint-Michel a été l'objet de nombreuses études sédimentologiques régio-
nales dont les traits les plus importants sont explicités par HOMMERIL
(1967) et LARSONNEUR (1971). Plus localement, la région la plus proche
du point de rejet (fig„2.5a et 2.5b), entre Goury au nord et Herquemoulin
au sud, correspond à une côte constituée de falaises rocheuses graniti-
ques et cristallophylliennes précambriennes entrecoupées d'anses sableu-
ses telle que celle d'Ecalgrain caractérisée par un sable fin homogène,
à médiane granulométrique de 0,25 à 0,30 mm et contenant 10-' à 15 % de
calcaire.

Plus au sud, entre Herquemoulin et le Cap de Flamanville, apparais-
sent des étendues de sable fin, telle l'anse de Vauville dont la distri-
bution granulométrique est caractérisée par une médiane de 0,20 mm, et
qui contiennent 30 % de calcaire au maximum. Un cordon littoral de
galets provient du démantèlement des falaises et-complète la configura-
tion des côtes.
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Figure 2.5 Schema des courants marins du Cap de LA HAGUE en période
de rejets de l'usine. Les vitesses sont exprimées en
lOème de noeud, le premier chiffre correspond aux marées
de vives eaux moyennes de coefficient 95, le deuxième
chiffre correspond aux mares de mortes eaux moyennes de
coefficient égal à 45.

le, En ce qui concerne la partie nord du Cotentin, de Goury a Omonvil-
, la côte est basse et rocheuse avec parfois des grèves de galets ou

de petites plages de gravier et de sable comme à l'anse Saint-Martin ,
entre Omonville et Landemer, apparaissent à nouveau des falaises domi-
nant une plate-forme rocheuse, puis de Landemer à Cherbourg la côte
redevient basse, avec des plages de sable fin.

Au large, les fonds sont constitués de cailloutis, graviers ou
sables graveleux : ces fonds correspondent à des zones où les conditions
hydrodynamiques ne permettent pas la sédimentation des fractions les
plus fines. Par contre, les apports sédimentaires de ces dernières se
produisent en zones côtières protégées des courants de marées. La dyna-
mique des sédiments de ces zones est soumise à l'action des houles et
par conséquent des vents : les tempêtes agissent en provoquant une
migration du matériel sableux vers la zone infra-littorale et le retour
vers le haut estran se produit au cours des périodes où les vents sont
faibles, c'est-à-dire, en général, du printemps à la fin de l'été.
Au-delà du bas estran, vers le large, où les houles n'agissent plus, il
peut se produire une accumulation de sables fins et même de vases : les
anses d'Ecalgrain, de Saint-Martin, la rade de Cherbourg, la baie du
Becquet, le port de Fermanville sont de bons exemples de ces mécanismes
de dépôts [LARSONNEUR (1971)]. D'une façon générale, la turbidité des
eaux côtières de la région est assez importante.
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3.3 Les peuplements biologiques littoraux
En ce qui concerne les peuplements côtiers de divers substrats,

l'importance de la ceinture algale classique en Manche et de la zone à
balanes est observée. La marée avec ses alternances d'immersion et
d'émersion joue ici un rôle prépondérant dans 1'étagement des espèces
[ANCELLIN, MICHON, VILQUIN (1965)].

En 1964-1966 pour deux espèces d'algues très communes dans la
région, Laminaria digitata et Fucus serratus, la biomasse était respec-
tivement de 4 à 8 kg/mz - de 2,5 à 10 kg/m2 et, pour des crustacés
fixés, Balanus sp., de 3 à 9 kg/m2.

Cependant, l'importance de ces peuplements est sujette à des fluc-
tuations comme celles obervées à la suite de l'hiver particulièrement
rigoureux de 1962-1963. Les études de peuplement de substrats meubles,
peu nombreuses dans cette région, concernent plus précisemment les
sédiments de la Baie de Seine et du Mont Saint-Michel.

Les organismes marins exploités localement, poissons, crustacés et
mollusques, font l'objet, quant à eux, d'une comptabilité de la part des
services vétérinaires et des pêches du port de la ville de Cherbourg.

4. LA DISPERSION DES EFFLUENTS AU SEIN DES EAUX DE LA MANCHE
4.1 Etudes préliminaires
4.1.1 Etudes_hydrodynamigues

Avant la mise en fonctionnement de l'usine, l'étude du transport et
de la dispersion des effluents par les courants marins a été abordée
selon plusieurs voies.

Tout d'abord, des études hydrodynamiques ont été menées sur le
modèle réduit de la plaque tournante de la Manche (Laboratoire National
d'Hydraulique de Chatou, Laboratoire de Mécanique des Fluides de Greno-
ble). Les essais menés sur ce modèle, fondé sur le principe d'une plaque
tournante reconstituant la force de Coriolis, ont comporté notamment une
étude du phénomène de dispersion à distance par visualisation d'un nuage
de fluorescéine éclairée en lumière de Wood et par injection d'une
solution saline [CHABERT D'HYERES, HYACINTHE (1967)].

En second lieu, une série d'évaluation in situ des courants locaux
par le suivi lagrangien de différents traceurs a conduit à larguer des
bouées lestées au niveau du point d'aboutissement de l'émissaire, pen-
dant la période favorable définie par les études antérieures sur modèle
réduit (fig=2.6 ) et de neuf lâchers de 1 730 cartes-témoins destinées à
apporter des informations complémentaires sur le transport à longue
distance des masses d'eau susceptibles de recevoir les effluents.

Ces études ont été complétées par une série d'expériences d'injec-
tion en mer de colorant (rhodamine B). Cinq opérations de rejets de
colorant ont eu lieu entre 1962 et 1964 ; la dernière, simulant les
conditions de fonctionnement de l'usine de La Hague, a eu lieu pendant
une période de quinze jours et a comporté, aux moments favorables des
courants de marée, 30 rejets successifs de chacun 90 m3 d'eau douce
contenant 300 kg de colorant [AUSSET (1969)].
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Figure 2.6 Trajet d'un flotteur lesté lâché 2 heures avant la pleine
mer de vives-eaux au niveau de l'émissaire et suivi
pendant 4 cycles de marées [VILQUIN, COULON, LE GRAND
(1978)].

Ces expériences ont confirmé que la région du raz Blanchard, entre
l'île d'Aurigny et le cap de La Hague, était tout à fait favorable à la

intenses qui régnent
de la rhodamine, les

dispersion des effluents en raison des courants
dans ce secteur ; grâce aux études de dispersion
connaissances se sont précisées en ce qui concerne le trajet probable de
I1 effluent pour différents coefficients de marée, et, différents niveaux
de dilution ont été ainsi déterminés; ceux-ci sont de l'ordre de 107 à
6-8 km du point de rejet après le lOème jour de rejet [AUSSET, FARCES
(1968)].

En ce qui concerne le gradient de dispersion, les résultats des
expériences permettent de dire qu'au-delà de quelques kilomètres du
point de rejet, la concentration varie en fonction inverse de la dis-
tance au point de rejet [LAPICQUE (1974)]. Une carte des isoconcentra-
tions a pu être dressée à la suite de ces études (fig. 2. 7 ) et utilisée
pour les calculs prévisionnels des expositions de différents organismes
marins et de la population concernée (paragraphe 7).
4. 1. 2 Etat_radiglogigue_^i ni

Avant la mise en marche en 1966 de l'usine de La Hague, la radioac-
tivité du milieu marin du Cotentin, et notamment de la partie nord de
cette région, a été établie. Toutefois, les niveaux de radioactivité et
les moyens d'investigation ne permettaient pas d'effectuer des mesures
significatives, isotope par isotope, au sein des masses d'eau, des
radionucléides issus principalement des retombées atmosphériques consé-
cutives aux essais d'armes nucléaires. La situation préalable avant tout
rejet est décrite principalement par la radioactivité bêta totale (y
compris celle due au potassium 40) en 1964 dans la région de Cherbourg
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-3Figure 2.7 Cartographie des concentrations moyennes en Ci.m °, dans
les environs du Cap de LA HAGUE, normalisées pour des
rejets de 1 Ci.an x [VILQUIN, COULON, LE GRAND (1978)].

qui était de l'ordre de 10,730 Bq.l-1 d'eau filtrée et de 13 à
22 mBq.l-1 sur le résidu du filtre ramené en activité volumique [SCPRI
(1964-1967)].

A ces valeurs, il y a lieu d'ajouter les résultats de plusieurs
mesures gamma effectuées, au moyen d'une s'onde Nal (Tl ) sur l'eau de mer
du site d'Ecalgrain, quelques mois avant le commencement des rejets de
l'usine, qui ont révélé des traces de ruthénium 106 de l'ordre de
7 mBq.l-1 [GUEGUENIAT, LUCAS (1969)].

121



4.2 Etudes postérieures à la mise en service des installations
4.2.1

Pour suivre les grandes lignes des transferts dans l'environnement
de radionucléides à partir de l'émissaire de rejet de l'usine de traite-
ment de La Hague, certains émetteurs gamma sont particulièrement intéres-
sants : ainsi le 144Ce est un marqueur des mouvements de la matière en
suspension alors que le 125Sb est un marqueur permettant de suivre le
déplacement des masses d'eau. Ces deux éléments sont caractéristiques
respectivement de Windscale et de l'usine de La Hague.

L'antimoine 125 représente un marqueur idéal [GUEGUENIAT, LE HIR
(1980)] pour suivre le déplacement des masses d'eau en raison de sa
faible fixation sur les sédiments, les suspensions et les constituants
du milieu. Il peut être utilisé d'une part pour établir les dilutions
réelles à partir de l'usine de La Hague et d'autre part pour estimer les
temps de transit entre l'émissaire et un point quelconque de la Manche.
Dans ce dernier cas, la comparaison avec le 106Ru qui se trouve fixé par
les constituants du milieu en fonction des réactions d'équilibre évo-
quées précédemment permet une bonne approche du problème.

De plus, l'antimoine 125 présente une autre particularité tout à
fait intéressante : c'est le seul radionucléide qui soit davantage
rejeté à La Hague (jusqu'à 72 TBq.an-1) qu'à Windscale (18 TBq.an-1).
Son suivi doit permettre, en se référant au 137Cs, de différencier les
zones soumises aux effets de Windscale et de la Hague.
4. 2. 2 Pr§miêr§_r§§y]£§ts_d_!_intergrétation

Les résultats obtenus sont trop peu nombreux dans le nord-ouest
Cotentin pour donner lieu à l'heure actuelle à une interprétation qui
permettrait de vérifier les courbes de dilution de la fig. 2. 7. Ils
permettent, cependant, de disposer d'une base de données "comparatives"
pour les investigations menées spécifiquement en un lieu précis, la Baie
de Seine. En ce lieu, les valeurs en 106Ru et en 125Sb étaient de 851 et
44,4 mßq.l-1 dans une zone qui correspond à une concentration théorique
de 0.1 à 1 mBq.l-1 pour un rejet de 1 GBq.jour-1. Lorsqu'on s'éloigne du
nord-ouest Cotentin, du Cap de La Hague en passant par la Pointe de
Barfleur jusqu'au Havre, une décroissance des teneurs plus rapide pour
le 106Ru que pour le 125Sb est observée. Dans une zone homogène située à
100 et 150 km du point de rejet, le facteur de dilution, par rapport au
secteur de 0.1 ai mBq.l-1 pour 1 GBq.jour-1 défini ci-dessus, est de
7,5 pour le 106Ru et seulement de 2 pour le 125Sb.

Il est ainsi possible de mettre en évidence une des principales
caractéristiques des transferts d'antimoine à partir de l'émissaire de
rejet de La Hague : dilution importante au moment du rejet, entraînement
rapide des radionucléides, mais ensuite dilution variant faiblement avec
1 ' éloignement, comme en témoigne le suivi du 125Sb. Les rejets de l'usine
de La Hague constitueraient une source d'introduction de radionucléides
artificiels les plus mobiles en Baie de Seine [GUEGUENIAT, LE HIR (1980) :
JEANDEL, MARTIN, THOMAS (1981)].

En ce qui concerne le 137Cs, en Manche et en Baie de Seine, les
teneurs qui allaient de 111 à 185 mBq.l-1 en 1971 [KAUTSKY (1973)] sont,
en 1979, comprises entre 11,1 et 33,3 mBq.l-1. Cette évolution corres-
pond, en ordre de grandeur, à celle des rejets de l'usine de La Hague :
242 TBq en 1971 et 22 TBq en 1979.
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Le 137Cs, généralement très étudié, représente un élément de compa-
raison intéressant entre la Manche et l'ensemble de la mer du Nord. Dans
la première région, directement affectée par les rejets de l'usine de La
Hague (16,6 TBq de 137Cs rejetés en 1979), les activités sont de 7,4 à
33,3 mBq.l-1 en septembre-octobre 1979, ce qui représente des valeurs
comparables à celles qui furent observées dans les eaux littorales
allemandes (27,75 mBq.l-1), mais moins élevées que celles du détroit de
Pentland entre l'Ecosse et les Iles Orcades qui atteignirent
423,9 mBq.l-1 en avril 1977. A la même époque, dans les environs immé-
diats de l'usine de La Hague, des activités de 37 à 92,5 mBq.l-1 étaient
mesurées. Ces derniers résultats non publiés, obtenus en septembre 1977
sont confirmés par ceux relevés par Jeffériés en septembre 1977 (commu-
nication personnelle) : 25,9 à 44,4 mBq.l-1 en Manche-Ouest, 7,4 à 18,5
mBq.l-1 à la limite Sole - Manche-Ouest.

5. LIAISONS DES RADIONUCLEIDES AVEC LES SEDIMENTS
5.1 Mesure sur sédiments indifférenciés

II existera toujours une difficulté pour différencier les retombées
atmosphériques liées aux essais nucléaires des rejets de l'industrie
nucléaire. Cette situation s'est, en particulier, présentée au cours de
l'année 1977 qui a connu les effets des 18ème au 22ème essais nucléaires
de la République Populaire de Chine qui se sont déroulés dans l'atmos-
phère. Les activités provoquées par ces derniers au niveau des sédiments
furent étudiées en considérant la bande littorale allant de la Baie de
Morlaix à Brest (fig. 2.8), de Brest à la Loire, de la Loire à la Gironde
uniquement soumise à la contribution des retombées. Pour comparer les
taux de radioactivité, les valeurs les plus élevées sont considérées ;
pour certains échantillons, en effet, on se trouve aux limites de détec-
tion des appareils. Les éléments d'une telle comparaison, rassemblés ci-
dessous dans le tableau2.3,montrent une incidence relativement impor-
tante des retombées.

TABLEAU n° 2.3

144çe + 144pp
106Ru + 106Rh

137Cs
125Sb

COTE ATLANTIQUE

111,00 - 1295,00 Bq.kg-1
37,00 - 55,50 "
18,50 - 22,20 "
5,55 - 7,40 "

FERMANVILLE

125,80 Bq.kg-1

281,20
10,36
11,10

En janvier 1978, sur le site témoin de Fermanville, choisi pour
illustrer les taux moyens de radioactivité dans le nord-ouest Cotentin,
l'effet industriel n'apparaîtrait indubitablement que dans le cas du106Ru. De plus, il serait logique, pour comparer les résultats d'un site
à un autre, d'exprimer les données en fonction
la nature minéralogique des sédiments.

de la granulométrie et de
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Figure 2.8 Repartition géographique des sites étudiés le long du
littoral de la MANCHE [GUEGUENIAT, AUFFRET, BARON
(1979)].

Dans la présentation des données qui vont suivre sur la distribu-
tion des émetteurs gamma dans les sédiments, on retrouvera le souci
permanent d'estimer les limites supérieures de l'impact provoqué par les
retombées atmosphériques dans les secteurs situés à l'ouest de Lannion.
5.2 Mesures sur sédiments de surface

L'évolution au cours du temps, entre 1974 et 1978, des niveaux de
radioactivité gamma des sédiments de surface du nord-ouest Cotentin à
Fermanville, secteur témoin, montre que les résultats les plus élevés
sont 3700 Bq.k-1 pour le 106Ru et le 144Ce et moins de 37 Bq.kq-1 pour
le 137Cs et le 12S Sb.

Dans le cas du 144Ce, éliminé progressivement des rejets indus-
triels depuis 1974, les teneurs moyennes sont passées de 3700 à 88,8
Bq.kg-1 entre décembre 1974 et avril 1978. Pour le 106Ru, un maximum
d'activité a été observé en mai 1979 (3367 Bq.kg-1). Il est intéressant
de noter qu'en 1978 à Windscale les rapports 106Ru/144Ce étaient de 7.8
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dans les rejets, de 8 à 12 dans des sédiments estuan'ens alors qu'en
1976, à La Hague, le rapport 106Ru/144Ce était de 95 dans les rejets et
de 0,8 dans des sédiments de Fermanville. Comparativement au 144Ce dont
le comportement physico-chimique est constant, le 106Ru se fixe cent
fois mieux sur les sédiments de Windscale. Dans le cas de Windscale, ce
sont les composés nitrato qui dominent alors que dans le cas La Hague,
ce sont les composés nitro qui prédominent, car les traitements avant
rejet permettent d'éliminer les composés nitrato [GUEGUENIAT, AUFFRET,
BARON (1979)].

5.3 Mesures sur sédiments vaseux
Pour dresser le bilan de l'évolution spatiale de la radioactivité

artificielle gamma des sédiments de la Manche, il est possible d'utili-
ser les résultats de mesures sur les sédiments vaseux recueillis entre
Brest et Dunkerque à partir du littoral jusqu'en 1977 [GUEGUENIAT,
AUFFRET, BARON (1979)]. A cette date, les taux de radioactivité dans les
sédiments ne dépassent pas 1110 Bq.kg-1 en 144Ce, 1258 Bq.kg-1 en 106Ru,
85,1 Bq.kg-1 en 137Cs, 37 Bq.kg-1 en 95Zr et 29,6 Bq.kg-1 en 125Sb.
Compte tenu des faibles niveaux d'activité, la précision des résultats
atteint, dans les meilleurs cas, 10 à 20 % pour 144Ce, 106Ru, 137Cs, 20
à 50 % pour 95Zr et 125Sb, 50 % pour 103Ru et 141Ce autres radionu-
cléides également mesurés.
5.3.1 Cerijjm JL44 et Ruthénium_106

Les courbes de dispersion du 144Ce et du 106Ru, éléments hydroly-
sables qui constituent l'essentiel de la fraction radioactive des ef-
fluents re jetés depuis 1974 par l'usine de La Hague, ont à partir de
l'émissaire de cette usine une allure dissymétrique en raison d'une
reconcentration dans le golfe Normano-Breton par rapport à la baie de
Seine, et des valeurs extrêmes vers l'ouest, inférieures aux valeurs
extrêmes vers l'est. Ces courbes (fig. 2.9) s'opposent à celles du125Sb, du 95Zr et du 137Cs (fig.2.10 ) qui ne mettent pas en évidence de
secteurs de reconcentration.

Dans le nord-ouest Cotentin, c'est en rade de Cherbourg (222 Bq.kg-1
en 144Ce et 425,5 Bq.kg-1 en 106Ru) et dans les ports de Fermanville
(333 Bq.kg-1 en 144Ce et 259 Bq.kg-1 en 106Ru), de Goury (173,9 Bq.kg-1
en 144Ce et 318,2 Bq.kg-1 en 106Ru) et du Becquet (181,3 Bq.kg-1 en144Ce et 473,6 Bq.kg-1 en 106Ru), que l'on observe les valeurs moyennes
les plus élevées.

Dans le golfe Normano-Breton, les teneurs en 144Ce et 106Ru dépas-
sent celles observées en Baie de Seine. Par contre, les concentrations
du nord-ouest Cotentin atteignent des niveaux moyens identiques à ceux
de la mer du Nord et du Pas-de-Calais. La zone affectée va de la baie de
La Frenaye au port de Granville (fig 2.8). A l'extrême ouest, les
résultats ne dépassent pas 59,2 Bq.kg-1 dans le cas du 144Ce et
18,5 Bq.kg-1 dans celui du 106Ru.
5.3.2 Cesi_um_137_

Pour le 137Cs, les taux moyens d'activité dans les sédiments sont
généralement compris entre 7,4 et 37 Bq.kg-1. Ils sont un peu plus
élevés à la sortie du canal de l'Orne (55,5 Bq.kg-1), en rade de
Cherbourg (51,8 Bq.kg-1), dans le port de Honfleur, la région de
Saint-Vaast (40,7 Bq.kg-1). Ces résultats ne permettent pas de confirmer
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Figure 2.9 Evolution spatiale des niveaux moyens de la
de part et d'autre de !'
pour le ruthénium 106 (+),
cerium 144 (°) [GUEGUENIAT, AUFFRET, BARON

radioactivité
l'émissaire du Cap de LA HAGUE,

l'antimoine 125 (x) et le
(1979)].

la décroissance du 137Cs observée par Kautsky [KAUTSKY (1973)] dans les
eaux de la Manche en fonction de 1'éloignement du cap de La Hague.

une certaine opposition entre le106Ru et du 144Ce apparaît : c'est
Dans le nord-ouest Cotentin,

comportement du 137Cs et celui du
dans le cas de sites où le 106Ru et le 144Ce se concentrent (ports de
Fermanville, de Goury et du Becquet) que l'on relève les teneurs les
plus faibles en 137Cs, de l'ordre de 11,1 Bq.kg-1, à peine supérieures à
celles de l'extrême ouest de la Bretagne dans la région des abers.
Inversement, c'est dans la région de Saint-Vaast, caractérisée par des
valeurs relativement faibles en 106Ru et 144Ce, que le 137Cs se concen-
tre (40,7 Bq.kg-1).
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AUFFRET, BARON (1979)].

radioactivité
LA HAGUE pour
[GUEGUENIAT,

Cette opposition apparaît également lorsque l'on considère d'une
part le golfe Normano-Breton et d'autre part la baie de Seine et la mer
du Nord : les échantillons de l'ouest sont caractérisés par des rapports
i44Ce/i37qs de 5 à 10 et des rapports 106Ru/137Cs de 9 à 16 nettement
plus élevés que ceux de l'est qui restent compris entre 0,8 et 1,9 (ces
derniers varient entre 2,5 et 5.

de la radioactivité peuvent appor-
divers problèmes d'hydrologie, de

5.4 Interprétation radioécologique
Les divers résultats de mesures

ter des éléments d'information sur
sédimentologie, et de géochimie :
- l'observation concernant les éléments hydrolysables comme le 106Ru et

le 144Ce font apparaître des phénomènes de piégeage dans les sédiments
du golfe Normano-Breton. Cette observation met en évidence l'existence
d'une cellule de circulation cyclonique des masses d'eau du golfe
Normano-Breton entre la Hague et le Penthièvre.
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- Vers l'ouest les observations conduisent à définir une limite du
retour à la côte de l'incidence des rejets de l'usine de La Hague qui
se situerait dans la partie est de la baie de Saint-Brieuc et même
jusqu'à l'embouchure du Trieux et à Lannion. Des observations et des
expériences complémentaires sont en cours pour confirmer ces résultats.

- Si l'on considère la forte décroissance de 144Ce dans les rejets à La
Hague entre 1975 et 1977-1978 et la légère augmentation du taux de144Ce entre 1975 et 1977 dans les sédiments du golfe Normand-Breton,
il semble nécessaire d'admettre un décalage temporel important (pou-
vant peut-être atteindre et dépasser 2 ans) entre une modification de
la composition des rejets et l'observation de son effet sur le littoral
lointain.

En ce qui concerne les transuraniens, les activités mesurées durant
la période 1978-1979 en 239Pu et 240Pu à Fermanville étaient comprises
entre 0,37 et 12,95 Bq.kg-1. Ces niveaux d'activités décroissent en Baie
du Mont Saint-Michel, où cependant, on observe dans les sédiments des
activités en plutonium plus élevées que celles observées en Baie de
Seine [GUEGUENIAT, AUFFRET, BALLADA (1981)] mais le nombre de prélève-
ments est trop limité pour tirer une conclusion de ces résultats.

6. DISTRIBUTION DES RADIONUCLEIDES DANS LES ESPECES BIOLOGIQUES
6.1 Campagnes d'échantillonnage des années 1976 à 1978

De 1976 à 1978, environ 1200 analyses en spectrométrie gamma (Ge-Li
furent effectuées sur des organismes prélevés sur les côtes de la Manche,
en majorité dans la région du Nord Cotentin, mais aussi sur le littoral
de la mer du Nord [GERMAIN, MASSQN, BARON (1979)]. De l'ensemble des
mesures, il ressort que les radionucléides artificiels suivants furent
détectés : 144Ce-Pr, 125Sb, 103Ru, 106Ru-Rh, 137Cs, 95Zr-Nb, llol%,134Cs, 54Mn, 65Zn, 60Co, 140La, 140Ba, 131I, 147Nd. Parmi les radionu-
cléides naturels, les U, Ra, Th, 7Be, 40K sont observés, l'activité de
ce dernier représentant plus de 90 % de la radioactivité naturelle.

Des organismes marins comme Fucus serratus et Patella sp. s'avèrent
être des bioindicateurs excellents pour suivre les variations
spatio-temporelles des niveaux de radioactivité. Ainsi, les résultats
présentés ci-dessous constituent un bilan établi en 1977-1978. D'une
manière générale, pour 1 GBq.jour-1 rejeté, les activités dans le
Fucus sp. du nord-ouest Cotentin ont varié autour de 3,7 à 7,4 Bq.kg-1
en poids frais.

Du point de vue quantitatif, la radioactivité naturelle due au 40K
varie de 37 à 3700 Bq.kg-1. En ce qui concerne les radionucléides arti-
ficiels, 106Ru-Rh et 144Ce-Pr sont les éléments dominants : ainsi à
Goury, les intervalles de variation sont de 37 à 3700 Bq.kg-1 pour le106Ru-Rh et de Tordre de 37 à 370 Bq. kg-1 pour le 144Ce-Pr, au cours de
la période d'étude. Pour les autres radionucléides artificiels, les
niveaux enregistrés sont, en général, inférieurs à 37 Bq.kg-1, donc en
dessous des niveaux de radioactivité naturelle due essentiellement au40K.

De même, les activités en 106Ru+Rh, 144Ce+Pr, 137Cs mesurées sur
des Fucus serratus prélevés sur les côtes du nord-ouest Cotentin en
Manche et en mer du Nord au cours des années 1976-1978 sont reportées
sur les fig.2.11,2.12 et 2.13. Il existe une décroissance nette de la
radioactivité en 106Ru et 144Ce entre le nord-ouest Cotentin et les
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• Fucus serra rus
x Fucus vestcuiosus
A Fucus spiralîs
• Fucus ceranoides
(13) nombre d'échantillons prélevés et mesurés
«4,3-11/45 : valeurs minimum et maximum en pCi/g sec
/7,6/ : valeur moyenne en pCi/g s«c
N D : non déterminé
• échantillon prélevé toutes les heures

.(2)1,02-1,83j,43_7
x( l ) 0,54

•{4)0,85-2,92/2/
x(2)0,96-3,19/27

Figure 2.11 Teneur en ruthénium 106 d'échantillons de Fucus serratus
prélevés sur le littoral de la Manche entre février 1976
et février 1978. [GERMAIN, MASSON, BARON (1979)].

• Fucus serratus
x Fucus vesiculosus
& Fucus spiralis
• Fucus ceranoides
(13) nombre d'échantillons prélevés et mesurés
0,69-3,94 : valeurs minimum et maximum en pCi/g sec
f\,7j valeur moyenne en pCi/g s*c
ND : non déterminé
• échantillon prélevé toutes les heures

(5)0,33-2,14/1,16/1
(3)0,54-2,74/1,37

(4)0,22-0,61/0,367
(2)ND-0,93

Figure 2.12 Teneur en cérium 144 d'échantillons de Fucus serratus
prélevés sur le littoral de la Manche entre février 1976
et février 1978. [GERMAIN, MASSON, BARON (1979)].
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• Fucus scrratus
x Fucus vesiculosus
A Fucus spiralis
• Fucus ceranoldes
(13) nombre d'échanti l lons prélevés et mesurés
0,17-0,25 : valeurs minimum et maximum en pCi/g sec
/0,23/ : valeur moyenne en pCi/g sec
ND : non déterminé
• échanti l lon prélevé toutes les heures

[ÄT2JÖ, 05-0,1 7/0,1 1/1

»(13)0,17-0,25/0,237

• (14)0,20-0,41/0,29/
x(12)0,15-0,46/0,24"

(5)0, 15-0, 27/0, 25_/

x(3)0, 16-0, 30/0, 24/

(6)0,20-0,30/0,257
x(3)0,23-0,30/0,257

• (4)0,04-0,18/0,127
x(2)0,13-0,28/0,207

Figure 2.13 Teneur en césium 137 d'échantillons de Fucus serratus
————— prélevés sur le littoral de la Manche entre février 1976

et février 1978. [GERMAIN, MASSON, BARON (1979)].

régions avoisinantes. En ce qui concerne 137Cs, sa distribution est
relativement homogène le long du littoral et ne semble pas montrer de
gradient dans cette étude.

Pour 125Sb, fixé par l'algue Pelvetia canaliculata, les teneurs
observées à Goury sont systématiquement plus faibles qu'à Omonville et
Fermanville et du même ordre qu'à Saint-Vaast et Cancale, situés respec-
tivement à 5, 20, 50, 80 et 110 km de l'émissaire. Ce phénomène serait
attribuable à une lente évolution de l'élément d'une forme non adsorba-
ble vers une forme légèrement adsorbable.

6.2 Campagnes d'échantillonnage des années 1978 à 1982
Des échantillons biologiques (algues, mollusques suspensivores

vivant au contact du sédiment, annélides), de sédiments et d'eau de mer
furent prélevés dans cinq stations du littoral de la Manche de 1978 à
1981 afin de déterminer leur teneur en 238Pu, 239Pu, 240Pu, 241Am et244Cm, [GERMAIN et al. (1979)]. Dans le nord Cotentin, pour l'ensemble
des espèces, les niveaux de radioactivité mesurés sont, en Bq.kg-1 depoids frais, de Tordre de 37 à 370 pour les 239+240PU) de 18>5 | 259
pour le 238Pu et de 37 à 703 pour le 241Am. Pour les stations éloignées
de l'émissaire de La Hague comme celles de la baie de Seine et de la
baie du Mont Saint-Michel, les niveaux, sont chez ces espèces, de l'or-
dre de 11,1 à 185 de 239+24opu ; de 37 à 74 de 238Pu ; de 7,4 à 111 de241Am. Le marquage par les rejets nucléaires est indiqué par les valeurs
dU rapport 238pu/239+240Pu.
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Tableau 2.4 Niveaux de radioactivité de radioémetteurs a chez des
espèces marines prélevées à Goury, exprimés en pCi.kg
frais. [GERMAIN et al (1983)](i pci = 37 mBq),

Echantillon

* Fucus serratus

* Fucus serratus

* Fucus serratus

* Fucus serratus

* Fucus serratus

* Fucus serratus

Fucus serratus

* Mytilus edulis chair

* Mytîlus edulis chair

* Mytilus edulis chair

* Mytilus edulis chair

* Mytiîus edulis chair

* Mytilus edulis chair

Mytilus edulis chair

Mytilus edulis coquille

Pecten maximus coquille

Pecten maximus chair

Date

22/06/78

15/09/78

11/12/78

16/03/79

26/06/79

04/10/79

10/10/80

24/04/78

08/05/78

23/05/78

04/07/78

25/08/78

25/10/78

24/06/80

24/06/80

29/04/80

29/04/80

PS

PF

0,18

0,20

0,18

0,15

0,17

0,18

0,22

0,12

0,14

0,17

0,15

0,16

0,13

0,10

0,88

0,96

0,15

239 +• 240pu

2,70 ± 0,20

5,20 ± 0,30

6,10 ±0,40

7,40 ± 0,20

10 ±0,60

5,50 ± 0,30

6,40 ± 0,90

1,80 ±0,30

1,40*0,08

1,70 ±0,10

2,70 ± 0,14

1,50 ±0,13

1,6040,09

2 ± 0,20

2,60 ± 0,60

9,20 ± 1,50

4,50 ± 0,50

238Pu

1,30 ±0,16

2 ± 0,20

2,60 ± 0,40

2,90 ± 0,20

4,30 ± 0,40

2,70 ± 0,30

4,20 ± 0,70

0,70 ±0,10

0,70 ± 0,07

0,70 ± 0,07

1,40 + 0,09

0,70 ± 0,06

0,70 ± 0,08

1,10 ±0,10

1,10 ±0,40

7,60 ±1,30

2 1 0,30

238pu

239 -t- 240pu

0,48 ± 0,07

0,38 ± 0,04

0,43 ± 0,04

0,39 ± 0,03

0,43 ± 0,05

0,49 ± 0,06

0,66 ± 0,14

0,39 ± 0,09

0,50 ± 0,06

0,41 ± 0,05

0,52 ± 0,04

0,47 ± 0,06

0,44 ± 0,06

0,55 ± 0,07

0,42 ±0,1 8

0,83 ± 0,20

0,44 ± 0,08

244Cm

N.M.

N.M.

N.M.

N.M.

N.M.

N.M.

0,70 ± 0,20

N.M.

N.M.

N.M.

N.M.

N.M.

N.M.

0,50 ±0,10

0,80 ± 0,30

1 ,90 ± 0,70

0,17 ±0,20

241 Am

N.M.

N.M.

N.M.

N.M.

N.M.

N.M.

2,80+0,40

N.M.

N.M.

N.M.

N.M.

N.M.

N.M.

2 ± 0,20

2,80 ± 0,50

9,50 ±1,60

1,50 ±0,20

241 Am

239 -t- 240pu

N.M.

N.M.

N.M.

N.M.

N.M.

N.M.

0.44 + 0,09

N.M.

N.M.

N.M.

N.M.

N.M.

N.M.

1 ±0,14

1,10 + 0,32

1 ,03 ± 0,24

0,33 ± 0,06

* mesures selon méthode [21J

N.M. : non mesuré

pCi kg
3

2,5

2

1,5

1

0,5

~' frais

V f ' I
H
S M Ju A Ma Ma J Ao 0 Ju M

————————— r- ' —— ' —— 1 —— i —— 1 —— 1 —— 1 —— ' —— ' —— " —— 1 —— , ——— 1 —————

M
A

Ma

Ju
J
Ao
S

0

1978

1979

1980

mars
avril
mai

juin

juillet
août

septembre
octobre

Le Vivier Goury Ouistréham

Figure 2.14 Teneur en plutonium 239 et 240 dans les parties organi-
ques de moules de différentes stations de la Manche.
[GERMAIN et al. (1983)].
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Tableau 2.5 Activités en technetium 99 matastable, ruthénium 106 et
césium 137 exprimés en Bq.kg sec de Fucus sp. prélevés
sur le littoral de la Manche. [MASSON et al (1983)].

Kopon

3c
ci

•Q

!'
l
u-o
Bj
n

CQ

U

O
Z<: s
S c< s.
iJ O

Q
(XIuj
S

"3

11s s
D•a ^
(Li C

œ .3
U
B

tî o
1 £Z

a
Hz
5<

S sut

la/le

]
2
3
4

5

6
7
8
9

10

11

12

13

14
15

16

17

18

19
20
21

22
23
24
25
26

Station

Dunkerque
Wimereux
Dieppe
Bruneval
Honfleur

Ouistreham
Luc sut Mer
Saint Vaast
Bailleur
FeimanviUe

Cherbourg

Omonvilie

Goury

POINT DE REJ
Diélette
Sciotot

Granville

Le Vivier

Cancale

Morlaix
Roscoff
Aber \Vrac'h

Ile Tudy
Ile Chevalier
Auray
Damgan
Gnonde

Date de
prélèvement

1978
24.01.80
190279
20.09.79
15.05.79
15.09.79
18 09 80
14.09.80
03.12.80
12.12.80
16.05.79
06.09.79
02.12.80
18.09.80
02.12.80
10.09.80
04.12.80
26.06.79

"T
03.12.80
03.1280

10.09.79
15.09 80
07.09.79

1009.80
09.09.79
10.03.80
01 07.79
24.09.79
02.03.79

15.10.80
23.03.79
02 03.79

05 79
1978

Distance
en km

320
300
200
145

150

140
130
70
50
40

35

18

5

15
20

90

120

110

190
180
200

»»Te
B q k g 1

sec

48 ±10
300 ± 40
167125
218±30
448 ±25

44 ± 8
92,5

111 ±16
300 ±42
407 ±52
422±50
307 ±43
385 ±53
570 ± 80
389 ±58
374+50
507 ± 66
636 ± 80

740 ±96
459 ±64

222 ±30
326 ±45
207 ±31

237 ±35
281 ±39
237 + 33

<7
<4
<4

<5,5
<6
<4
<7
<4

B q k g 1

sec

-
88
40
SI

L.D.
-

LD.
L.D.

40
125
728

__
262
140
262
_

403
1361

773
318

103
44
44

LJ>.
25

L.D.
L.D.
LD.
L.D.

LD.
L.D.
LJ>.
L.D.
L.D.

137Cs
Bqkg 1

sec

_
3,3
5,1
3,7
3,7
_

3,0
1,9
1,9
2,2
5,9
_

1,1
3,7
2,6
_
3,0
5,5

2,2
2.6

3,3
3,0
6,3

3,3
2,6
3,3
1,9
1,5
0.1

1,9
1.9

L.D.
LJ>.
LX>.

"Te/
'.°6Ru

-
3,4
4,2
4,2

N.S.
_

N.S.
N.S.
7,5
3,2
0,6
_
1,5
4,0
1,5
_
1,3
0'5

1,0
1.4

2,1
7,4
4,7

N.S.
11,2
N.S.
N.S.
N.S.
N.S.

N.S.
N.S.
N.S.
N.S.
N.S.

L.D limite de détection
N.S. non significatif

99 A.La précision sur les teneurs de Te tient compte de l'erreur sur le rendement chimique (94±10%)
et de l'erreur sur les comptages, en considérant un intervalle de confiance de 95%.
L» précision sur le comptage 7en GeLi de Ru et Cs est comprise entre 20 et 50%.

Répartition des station! de prélèvements
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Des renseignements plus détaillés sur les mesures de transuraniens
effectués sur les Fucus sp. sont donnés sur le tableau 2.4 pour les
niveaux de radioactivité (Pu, Am et Cm) à Goury, entre 1978 et 1980 et
sur la fig 2.14 en ce qui concerne la distribution spatiale de ces
mêmes radionucléides dans les moules.

Le "Te est détectable chez le Fucus, de la frontière belge, limite
géographique nord des prélèvements, jusqu'à Roscoff à 300 km au sud du
point de rejet [MASSON et al. (1983)]. Les activités les plus élevées
sont observées dans le nord Cotentin entre Saint-Vaast et Sciotot, de
300 à 740 Bq.kg-1 de produit sec (tableau2.5 et fig.2.15 ). A Goury, les
activités de 1979 à 1980 seraient plus élevées que celles observées les
années précédentes de 1974 à 1979, mais le nombre d'échantillons mesurés
ne permet pas de décrire une évolution pluriannuelle (tableau 2.6).

Tableau 2.6 Activités maximales annuelles ingérées par les popula-
tions normandes susceptibles de consommer des produits
péchés localement [ROBEAU et al (1982)].
Année de prélèvement

1974 (1)
1976 (1)
1977 (2)
1978 (3)
1979 (1)
1980 (1)

(x) nombre d'échantillons

Activité

226
311

dosés.

en Bq. kg-1 sec

111 ± 17
241 ± 36

à 282 ± 42
à 389 ± 55
636 ± 80
629 ± 80

tq.kg" l«c

800 •

700

600 .

500

400

300

200

100

200 100 100 200 300 km

Figure 2.15 Mesure de
Patella sp.

"mTc dans des échantillons de Fucus sp.
récoltés sur le littoral de la_______

part et d'autre de l'émissaire de
traitement des
et al (1983)].

combustibles irradiés

____ et
Manche, de

rejet du centre de
de La Hague [MASSON
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Tableau 2.7 Radioactivité massique des échantillons de lichens prélgT
vés sur le littoral de la Manche, exprimée en pCi.kg
sec de lichen. [FRAIZIER, BARON (1982)].

^~~~-~^Rodionu clé ides

Stations ^ -̂̂ ^^^

Pivet te

Cuferon

Houpret

La Roche

Goury

Cap de la Hague

Pte de la Loge

Lei Herbeuies

Pte de Jardeheu

Buchy

Fermanvi Ile

Herquemoulin

Dielet te

F lomonvi Ile

fie au Rozel

Cor te re t

Granvi 1 le

Pie Si Mathieu

7 Be

3464

4615

4134

2966

4440

4958

2008

1356

1555

948

2442

3827

3679

2326

4523

5194

3875

5164

144 Ce-Pr

14723

14046

11944

8816

11516

12115

3946

3333

3377

2073

6705

13156

7836

6189

14061

11315

9487

12115

95 2r

2834

3168

2347

2144

2076

2281

1110

936

999

601

1126

2648

1874

959

2797

1415

1543

2774

103 Ru

287

715

572

461

487

737

261

203

237

139

150

501

434

140

633

202

173

735

141 Ce

386

609

461

345

440

631

181

169

158

72

133

487

382

99

760

230

170

635

106 Ru

-Rh

5248

8311

8762

4725

22122

11205

1732

1029

1651

1396

2592

8997

5817

3720

7435

4142

2815

2805

125 Sb

394

366

401

299

597

315

127

112

156

101

170

535

296

193

282

290

199

219

137 Ci

2737

2952

929

1674

1289

853

1544

1457

1593

974

2045

1702

604

802

649

814

1171

481

54 Mn

116

1 11

62

77

59

65

48

25

24

ND

38

68

39

ND

110

64

78

1 13

155 Eu

ND

403

361

189

433

294

146

154

190

ND

ND

329

284

267

326

295

293

192

40 K

2734

2645

2066

2201

1703

1351

2652

1813

1927

1322

2850

1092

1334

1497

1293

1570

2303

1251

238 Pu

NM

23,7

NM

NM

47,6

NM

3,98

NM

4,30

3,70

4,59

49,0

NM

12,4

14,1

7,0

2,34

2,77

239 -

240 Pu

NM

1 46,6

NM

NM

200,0

NM

43,0

NM

37,6

31,0

62,0

1 64,0

N M

9l ,1

81 ,0

65,3

38,5

46,0

24l Am

NM

66,7

NM

NM

145,0

N M

U,9

NM

12,4

0,5

2 4 , 8

167,0

NM

43,4

5l ,9

2i,2

30, fe

V , 9

244 Cm

NM

9,08

NM

NM

22,1

NM

2,2

NM

0,76

0,37

ND

4l ,4

NM

3,2i

5,5b

1,92

NU

ND

NM non mesuré
ND non détectab le



De part et d'autre de La Hague, on distingue deux zones de concen-
tration assez similaires chez le Fucus, la baie du Mont Saint-Michel
avec 200 à 325 Bq.kg-1 sec et les côtes du Pays de Caux avec 167 à 300
Bq.kg-1. Le "Te est présent en moindre concentration dans la baie de
Seine : 44 à 111 Bq.kg-1. A l'ouest de Roscoff, les activités mesurées
sont voisines de la limite de détection, soit 4 Bq.kg-1 de produit sec,
et semblables aux activités décelables sur les côtes de l'Atlantique non
soumises aux rejets nucléaires industriels, comme l'indique le tableau 2.5.

Les stations de prélèvements de Patella sp. sont moins nombreuses
que celles de Fucus sp. Les activités en "Te les plus élevées, 60 à 200
Bq.kg-1 poids sec de chair, sont mesurables dans le nord Cotentin aux
environs de l'usine de La Hague. Cependant, les concentrations des
Patella sp. de cette zone sont quatre fois plus faibles que celles
mesurées dans les Fucus sp.

6.3 Recherches de nouveaux bioindicateurs
Lors d'une recherche des bioindicateurs les plus appropriés au

contrôle de la contamination de la zone littorale supérieure, le cas
particulier d'un lichen fut distingué pour tenter de quantifier les
transferts par les aérosols [FRAIZIER, GUARY (1977)]. Ce lichen,
Romalina scopulium, qui se développe sur une bande littorale pouvant
s'étendre jusqu'à quelques kilomètres à l'intérieur des terres, présen-
tait une radioactivité accentuée à proximité de la zone de rejet des
effluents de l'usine de La Hague. Une étude plus poussée a montré un
gradient de radioactivité de cette espèce en fonction de son éloignement
par rapport au rivage [FRAIZIER, MASSON, GUARY (1977)], Tordre de
réduction pouvant être d'un facteur 2 à 8 suivant le radionucléide
observé. Ceci a amené les auteurs à considérer que ce phénomène était
lié à un transfert par aérosols des radionucléides rejetés en milieu
marin vers le continent.

Une étude portant sur Romalina sp. menée en 1981 [FRAIZIER, BARON
(1982)] de part et d'autre du cap de La Hague, en seize stations échelon-
nées sur 40 km le long du littoral nord Cotentin a permis de cerner le
gradient spatial : la station Saint-Mathieu, du fait de son éloignement
(250 km) a été retenue pour servir de référence du niveau des retombées
atmosphériques (tableau 2.7).

7. PROGRAMME DE SURVEILLANCE DE L'ENVIRONNEMENT MARIN
ET EXPOSITION DU PUBLIC

7.1 Cadre général du programme de surveillance
i i * _i_ _ . _i _ _i _ _ A . _ _ _L_ *• ._ ._ * _ ~\ _ \_ -\ _ _ _ ._ j_ ? _i_ _ i_ -\ * _L'étude de sûreté préalablement établie avant la mise en fonction-

nement de l'usine de traitement de la Hague a fait appel, comme nous
l'avons vu au paragraphe 4, à une ensemble important de travaux tant
théoriques qu'appliqués au cours des années 1960. Ces études ont permis
d'optimaliser les conditions de rejet des radionucléides afin d'en
minimiser les conséquences pour l'environnement au sens large et les
populations humaines. Ainsi, après la détermination précise sur modèle
réduit de l'implantation sous-marine du radier de l'émissaire de rejet
dans le Raz Blanchard d'une part et des modalités horaires de rejet
d'autre part, une simulation en vraie grandeur a été réalisée en 1964
permettant la quantification des processus dispersifs de la zone [AUSSET,
CANTEL (1966)]. A partir de ces mesures, réalisées in situ, une
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PECHE COTIEREC2)
„_^»_ LIMITE DES EAUX RESERVEES BRITANNIQUES
t—— ——i QUARTIERS MARITIMES

« PORTS PRINCIPAUX
O AUTRES PORTS

CRUSTACES $ Cantonnements .;-"
ALGUES

Source* i AFFAIRES MARITIMES-ISTPM

SEICHES [*] Casiers ® Chalut
Limite des Casiers

BUCCINS • SOLES O LANÇONS A ,
——————— Baie du Mont Saint Michel

- \ TI-C i^'~v'a^:~—->
\G&-* l 'C^v?•' l fë

Limite« de» Chalut»

( POISSONS DIVERS
+ ( (Chalut) f

Figure 2.16 Principales activités halieutiques du golfe Normano-breton
——————— [CNEXO (1982)].
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cartographie régionale des niveaux de concentration normes pour un rejet
unitaire fut établie (fig.2.7 ) afin d'évaluer les conséquences sanitai-
res des rejets.

Parallèlement, le Département de Protection du CEA a réalisé des
enquêtes écologiques, économiques et sanitaires qui permirent l'évalua-
tion de la capacité radiologique théorique du milieu marin [CEA (1965 a,
b)]. La connaissance des ressources maritimes exploitées localement et
des régimes alimentaires (tableau 2.8, fig. 2.16) associés à l'éthologie
des populations normandes a conduit à l'individualisation de différents
groupes de populations intéressés à différents niveaux par les consé-
quences sanitaires des rejets marins. C'est ainsi que les populations
urbaine cherbourgeoise, rurale de la région côtière, rurale non côtière,
celle constituée des familles de pêcheurs artisanaux et enfin celle,
plus occasionnelle, composée des touristes, furent distinguées.

Tableau 2.8 Consommations journalières individuelles (g.jour-1) asso-
ciées au trois populations susceptibles d'être en contact
avec des produits marins d'origine locale : poissons,
crustacés et mollusques. [ANCELLINet BOVARD (1980)].

CONSOMMATION JOURNALIERE ( en grammes par Jour )
rar Individu

AI t men t

Population urbains do
Cherbourg

Population rurale do
l'intérieur

Population dos pêcheurs
et de leurs faml 1 los

Poisson

25

2l

48

Crustacé

6

2

19

Mol 1 usque

7

8

!2

7.2 Ethologie du groupe critique
Si nous prenons comme exemple de groupe critique celui des pêcheurs,

les enquêtes réalisées sur les conditions d'utilisation artisanales des
ressources maritimes à proximité du site ont permis de préciser les
différents points nécessaires au calcul des doses pour chaque groupe de
population intéressé par les rejets.
7.2.l Les pratiques de la pêche en mer côtière

Ainsi, la pêche en mer dans le secteur côtier du nord-ouest du
Cotentin, du Cap de Flamanville à Cherbourg, se pratique principalement
à bord de petits bateaux de 3 à 4 tonneaux de jauge brute en moyenne et
ayant un à deux hommes d'équipage. Ces bateaux, au nombre d'une quaran-
taine, sont basés soit à Cherbourg, soit dans les petits ports du lit-
toral : Querquevil le, Omonville, Goury et Dielette. Ils pratiquent une
pêche aux casiers (homards, crevettes, crabes et araignées de mer), avec
des lignes de fond (congres) et des lignes trainantes (maquereaux), plus
rarement au chalut (poissons plats) ou avec des dragues (vanneaux,
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coquilles Saint-Jacques). Les tonnages sont de l'ordre de 15 tonnes par
an dans la partie ouest de la côte, de Vauville au cap de La Hague et
de l'ordre de 180 à 200 tonnes par an dans la partie nord du cap de
La Hague à Cherbourg. Ils comprennent 75 à 80 % de poissons, 15 à 20 %
de crustacés, 5 à 10 % de mollusques. Le temps de présence en mer et de
manipulation des engins de pêche par un pêcheur a été évalué à 2 000
heures par an en moyenne [CEA (1965 a)].
7.2.2 Les__prati_ques__de_^a_pêche_à_p_i_ed

En ce qui concerne la pêche à pied, outre quelques récoltes de
coquillages (pourpres, ormeaux), l'exploitation la plus notable est
celle de l'algue Chondrus crispus. La récolte, pratiquée de mai à octobre
par les habitants du littoral de Vauville au cap Lévi, s'élève à environ
400 tonnes par an et représente plus du tiers des récoltes de cette
algue faites dans le département de la Manche.Le temps moyen consacré
par pêcheur à cette occupation a été évalué à 300 heures par an en
moyenne [CEA (1965 b)].

7.3 Evaluations des conséquences sanitaires des rejets
Les précisions obtenues par ces premières enquêtes et leur compa-

raison avec les résultats des travaux effectués sur d'autres sites
industriels tant français qu'étrangers, ont permis d'affiner le calcul
des conséquences sanitaires des radionucléides prépondérant dans les
rejets liquides de l'usine de La Hague [CEA (1965 a) ; VILQUIN, COULON,
LE GRAND (1978)]. La comparaison des estimations sanitaires des rejets
liquides pour chaque étape du cycle du combustible nucléaire permet
également de replacer l'incidence des rejets liés aux retraitements des
combustibles dans le contexte plus général du cycle du combustible
nucléaire [ROBEAU et al. (1983)]. De l'ensemble de ces travaux, il
apparait que les hypothèses retenues dans le calcul de l'évaluation des
doses aux populations conduisent toujours à une majoration des niveaux
d'exposition calculés, introduisant ainsi un facteur de sécurité supplé-
mentaire qui complète les efforts de l'exploitant pour rester en deçà
des limites de rejets autorisés (tableau 2.9).

Tableau 2.9 Résultats des calculs prévisionnels exprimés en fraction
de limite de dose pour les pêcheurs (rejet prévisionnel
de 1665 TBq.an-1). [ANCELLIN et BOVARD (1982)].

ELEMENTS

SR 90CS 137
AUTRESl*)
H 3
ACTINIDES

ACTIVITES LIMITES INGEREES (BQ/AN) POUR LA :
POPULATION URBAINE

CHERBOURGEOISE

2.0
18.0

525.0112.00.3

POPULATION RURALE
COTIERE

1.5
16.5

444.0
100.0
0.2

POPULATION DES
FAMILLES OE PECHEURS

12.0
111.0

3593.0699.01.5

(«) AUTRES RADIOELEMENTS EMMÊTTEURS BETA ET GAMMA
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Ces études générales sont complétées par des travaux plus spécifi-
ques, tels ceux liés à un radionucléide particulier [MASSON et al.
(1983)] ou à une famille de radionucléides [CALMET, ROSEAU, VERGNAUD
(1984)] ou ceux encore qui cherchent à quantifier plus précisément une
voie de transfert secondaire comme celle constituée par les aérosols
côtiers [FRAIZIER, BARON (1982)]. Parallèlement, les résultats des
mesures de surveillance effectuées en différentes zones de prélèvement
(fig 2.17 ) font régulièrement l'objet de synthèses [SCHNEIDHAUER et al.
(1974)] dont les conclusions sont confrontées avec les estimations des
modèles qui sont eux-mêmes en constante amélioration et qui tiennent
compte des modifications qualitative et quantitative des rejets [CALMET,
ROBEAU, VERGNAUD (1984)].

JOMVtttf

V VAASt LA MOUOÄ
U

• AVRANCHES

Figure 2.17 Surveillance du domaine marin du Nord-Cotentin. Les
différentes zones de prélèvements sont encadrées.
[SCHEIDHAUER et al (1974)].
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L'étude prévisionnelle a donc permis d'établir (tableau2.9) ,pour la
population critique de pêcheurs, et pour des rejets liquides annuels en
émetteurs gamma pouvant atteindre la limite d'autorisation (1665 TBq) ,
que l'irradiation
la limite de dose et
BOVARD (1980)]. Pour
rentes voies de

interne pour l'organisme entier était de 0,45.10-3 de
de 3.25.10-3 pour l'irradiation externe [ANCELLIN,
l'ensemble des radionucléides rejetés, 'les diffé-

contamination atteignent 3,70.10 de la limite de_ _ dose àdémenties
suite sur

le cadre d'expériences
a proximité de l'émis-

l'organisme entier (Tabl.2.io). Ces valeurs n'ont jamais été
par les calculs effectués à partir des mesures obtenues par la
les différentes composantes tant abiotiques que biologiques de l'environ-
nement marin du nord-ouest Cotentin. Ainsi dans
in situ, la contamination de moules implantées
saire de rejet a conduit à estimer, pour une consommation journalière de
12 g de mollusques, une exposition atteignant 1Q-3 de la limite annuelle
d'ingestion [MASSON et al. (1983)]. De même, les mesures de transura-
m'ens effectuées sur des Patella sp, mollusque susceptible d'être
consommé, conduisent à des valeurs de l'ordre de 10-4 de la limite
annuelle d'ingestion [GERMAIN et al (1983)]. Des mesures de technétium
99, sur ces mêmes organismes ont conduit à une valeur de 4.10-10 Sv.an-1
pour l'équivalent de dose engagée effectif et de 8.10-7 Sv.an-1 pour
l'équivalent de dose à la thyroïde [MASSON et al. (1983)]. En ce qui
concerne les aérosols, FRAIZIER et BARON (1982) ont estimé que la
fraction équivalente de dose engagée pour une personne vivant en perma-
nence sur la zone littorale la plus exposée se situait entre 10-4 et
10-3 de la limite fixée par la CIPR pour un individu du public.

Tableau 2.10
Irradiation interne par consommation alimentaire

Tractus digestif : 1,52.10-2
Organisme entier : 0,45.10~3

Irradiation externe
Tractua digestif
Organisme entier

Irradiation totale
Tractus digestif
Organisme entier

1,25.10~3
3,25.10-3

1.64.10"2
0.37.10"2
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Annex 3

RADIOACTIVE DISCHARGES FROM
TROMBAY-BOMBAY, INDIA

Bhupendra PATEL, Shakunt PATEL
Health Physics Division,
Bhabha Atomic Research Centre,
Tombay, Bombay, India

1. INTRODUCTION

The understanding and the evaluation of the possible interactions of
various anthropogenic pollutants, especially radioactive, with the
nearshore environment off the Indian sub-continent assumed significance
about two decades ago with the release of controlled low-level aqueous
radioactive wastes from the nuclear facilities at Trombay, Bombay
followed by that from Tarapur, about 100 km to the north (Fig.3.1). In
addition to this, the coastal waters of Bombay (referred to hereafter as
harbour/bay waters) also receive non-radioactive conventional wastes from
petro-chemical, fertilizer and other allied industrial complexes, a
thermal power unit, and domestic sewage. The nuclear facilities at
Trombay include research reactors (CIRUS 40 MW, APSARA 400 KW), a
radioisotope laboratory, and a fuel reprocessing plant. The basic
philosophy adopted for the safe management of wastes from these
facilities has been to concentrate, contain, and store high- and medium-
level wastes into a stable geological environment, and release into the
coastal environment only those wastes at concentrations as low as 3.7 x
10~3 Bq ml~l, and thereby achieve "zero discharge" to the greatest
extent possible. The low-level wastes from the nuclear facilities,
including the fuel reprocessing unit, is treated at a centralized wastes
treatment plant, diluted, monitored and mixed with the secondary sea
water coolant line (45 x 10" 1 day"-'-) and then released at spring
tide periods, so as to achieve maximum dilution and dispersion. This
review summarizes marine radioecological studies, which include the
hydrography of the bay and distribution and interactions of various
radionuclides on the local ecosystem, carried out over a period of the
last two decades (Patel B. et al, 1975b; 1978a,b; 1979a,b; Patel S. and
Patel B., 1971; Pillai, 1975; Pillai and Dey, 1975; Pillai and Mathew,
1976; Pillai et al., 1975; Kotrappa et al., 1978; Doshi et al., 1972; Dey
et al.,1976, 1978, 1981; Bhat et al., 1981; Mathew et al., 1981).

2. THE DISCHARGES

The major source of low-level radioactive waste is a fuel
reprocessing facility. The main radionuclides present in the wastes are
cesium-137, cerium-144, ruthenium-106, zircon±um/niobium-95, strontium-90
and uranium and its daughter products, and traces of plutonium-239. The
discharge inputs are controlled by computing release units in terms of

145



Research Laboratory
MAHigh Altitude Research Laboratory

QHeavy Water Plant

Power Station
Saha Institute of Nuclear Physics

^£)Variable Energy Cyclotron
Uranium Corporation of India Ltd

RINAGAR

ULMARG

W
RANA PRATAP SAGAR

TARAPUR
TROMBAY
BOMBAY

Bhabha Atomic Research Centre

Power Reactor Fuel Reprocessing Unit

NPft Tata Memorial Centre
JL, Electronics Corporation of India Ltd.

GAURIBIDANUR
H
KALPAKKAM

ALWAYE

CHAVARAjjjf

MANAVALAKURUCHr

Nuclear Fuel Complex

Atomic Minerals Division
Seismic Station

Reader Research Centre

Rare Earths Plant
Mineral Sands

Fig.3.1 LOCATIONS OF NUCLEAR AND ALLIDED COMPLEXES IN INDIA.

strontium-90 equivalent activity based on their respective hazard index
with the following relationship:
90Sr equivalent = (90Sr x 1.0) + (106Ru x 1.5) + (Gross beta-

[90Sr + 106Ru] x 0.15) + (Gross alpha x 0.3)

where, 1.0, 1.5, 0.15 and 0.3 are the relative hazard index for Sr-90,
Ru-106, Cs-137 and Pu-239 respectively derived on the basis of their
respective MPC values (Patel et al., 1975b). The recommended annual safe
recipient capacity for the bay from all sources is 1460 Ci of Sr-90
equivalent (Kotrappa et al., 1978).

The total input per annum through the centralized waste treatment
facility during 1967 was about 65 strontium-90 equivalent Curies which
rose to about 378 strontium-90 equivalent Curies in 1971, and thereafter
decreased gradually to a steady state level of about 10 units per annum
in 1980, the major nuclide being cesium-137 (25 to 50%), followed by
strontium-90 (10 to 20%) and ruthenium-106 (8 to 12%) (Patel B. et al.,
1975b, 1979a; Kotrappa et al., 1978).
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The distribution of these radionuclides in the local ecosystem -
water, salt, silt, sediment, fish and shell-fish - from the discharge
zone to a distance of about 10 to 100 km due north and south have
therefore been monitored from 1967 to the present day.

3. THE BOMBAY HARBOUR

The Bombay Harbour region (Lat. 18° 53' to 19° 04' N;
Long. 72° 48' to 72° 53' E) is located on the west coast of India
(Figs. 3.1 and 3.2). It is a land locked water mass connected with the
Arabian Sea at the south (Fig.3.2). It contains several islets, shoals
and is indented by bays and inlets. The Panvel river opens into the bay

Fig.3.2 Bombay harbour and environ showing (i) locations of various industrial
complexes discharging \\astes into the harbour, (n) clam beds, (in) positions of
stations occupied ( •) and the isoactivity contours showing the distribution pattern
of cesium-137 (pCi/g dry) in bed material during 1968-69 and (iv) the directions
of residual currents at the surface (—————»-)> at mid depth (- — — — -*•) and near
bottom (— — -*•) during a spring tide at four stations (No. 1-4 shown in circles).
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from the mainland on the east. The Dharamtar Creek, at the head of which
is the Amba River, enters the bay from the southeastern side. At the
head is the Thana creek, lined by mud banks at low water, through which
opens one arm of the Ulhas river. The other major arm opens into the
Arabian Sea through the Bassein Creek on the northern reaches of the
Bombay isle.

3.1. Physical hydrography and sedimentology

The bay is subjected to semidiurnal tides and there exists asymmetry
in both their periods and range. The water movements are mainly governed
by the tidal actions. On average, about one third of the bay water is
renewed per tidal cycle with the ingress of the Arabian sea water.
During the southwest monsoon period there is also an influx of about 1.0
to 1.5 x 1()6 m^ of fresh water from the rivers per tidal cycle,
affecting the circulation pattern considerably. There are three parallel
tidal streams running into the bay: (1) stream flowing near the Trombay
shore, (2) stream flowing near the Elephanta shore and (3) stream flowing
between the Elephanta and Nhava-Shiva. The current measurements showed a
maximum speed of about 135 cm sec"-*- for spring and 53.3 cm sec""-*- for
neap tide at a station in the middle of the bay off the discharge zone.
The residual currents indicate a net flow of surface waters towards the
east at all stations on the western side of the bay, suggesting mixing
between the stream flowing near the Trombay shore and that near the
Elephanta and Butcher Islands (Nair and Bhattathiri, 1969). The sediment
transport, however, is linked to the speed of the current, which is
capable of resuspending sediment from the bottom, rather than to the
total mass of water transported. The resuspension of sediment occurs at
a current speed above 50 cm sec"-*-, whereas settling occurs below this
speed (Patel et al., 1975b). Thus the ebb-tide has sufficiently strong
currents to resuspend large quantities of sediment from the bottom, which
means that the residual sediment transport is towards the entrance of the
bay and beyond. About 0.84 x 10" m-' of silt flow during the monsoon
into the harbour through the creeks and land run-offs. This in turn is
redistributed over 240 km^ of the bay area through oscillating tidal
currents during the rest of the year, rendering the bay waters extremely
turbid. The silt load in the bay water varies between 0.01 to
3.0 g 1~1 with the season, being maximum during the monsoon.

The bay could be considered as an estuary during the southwest
monsoon period (June-September, rainfall 200 cm), when the land
drainage and river run-offs are considerable. During this period
salinity drops down to about 4 °/oo. During the rest of the year the
salinity is maintained in accordance with the ingress of sea water
(maximum 38 °/oo). The surface water temperature varies between 22.5
and 32.4°C. The dissolved oxygen varies in the range of 2.7 to
5.8 ml I"1.

3.2. Fisheries

The bay yields about 2 to 3 thousand metric tonnes of fish
annually. This includes Bombay duck Harpodon nehereus, ribbon-fish
Trichiurus savala, golden anchovey Coilia dussumieri, white sardine Kowla
coval, mudskipper Boelophthalmus boddaerti, prawns Metapenaeus monoceros
and Parapenaeopsij stylifera, rock crab Scylla serrata and bivalves
Anadara granosa, Placenta placenta, Paphia malabarica and Meretrix
meretrix. Of these species, mudskipper Boleophthalmus boddaerti and an
arcid clam Anadara granosa are fished extensively from the Trombay
intertidal zones (Patel et al., I975b, 1978a, 1979a,b; Patel and Patel,
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1972; Bhat et al., 1981). There is an extensive network of salt pans
along the coast. During non-monsoon periods the salt pans are filled
with sea water at spring tides, which is evaporated to separate out
gypsum. Through repeated evaporation crude and pure salt is produced for
industrial and domestic uses.

4. BEHAVIOUR OF RADIONUCLIDES IN SEA WATER

A.I. Water

Of various radionuclides present in the effluent only cesium-137 and
strontium-90 could be detected in surface sea water samples, other
nuclides - those of cerium, ruthenium, zirconium and plutonium - were
either in trace quantities or below detection limits. Thus whereas
cesium-137 and strontium-90 levels were in the range of 1 to
1.5 Bq 1~1, cerium, ruthenium, zirconium and plutonium nuclides were
3-4 orders of magnitude lower, just near background/fallout levels. The
annual average levels of both cesium and strontium nuclides in surface
water samples collected within 2 to 4 km of the discharge zone since 1967
are shown in Figs.3.3 and 3.4. In general these levels reflected the
pattern of discharges (Fig 3.4). Furthermore, the activity levels
dropped significantly with distance (Table 3.1). Thus during a single
day cruise cesium-137 activity off the discharge zone fell from about 8.5
to less than 0.5 Bq 1~1 towards the mouth of the harbour and was beyond
detection limit in open oceanic waters. This clearly shows that no
sooner was the radioactivity released then it was diluted by bay water
and removed from the discharge zone through various natural processes -
advection, eddy diffusion, sedimentation, biological etc. (Patel et al.,
1975b, 1978a,b;).
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Fig.3.4 Temporal variations in concentration of ccsium-137 in Anadara granosa
(a) and in the sediment from Sewri clam bed (b), in sea water off ClRUS Jetty
(c) and total radioactivity, expressed as Ci strontium-go equivalent discharged
during 1966-70 (d).

TABLE 3.1.

Distribution (annual average Bql"1)* of strontium-90 and cesium-137
in the harbour water during 1967-80.

Year

1967

1968

1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

2-4 Km North

90Sr 137Cs

0-1 Km Dis-
charge Zone

90Sr 137Cs

2-4 Km south

90Sr 137Cs

Bq.l"1

1.850

0.870

0.560

0.670

0.520
0.480
0.510
0.270

2.080
2.110
1.150
1.060
1.150
0.560
0.500
0.820

5.080
2.430
2.410
3.250
1.410
0.600
0.650
0.410

6.200
6.380
3.000
1.930
2.080
1.115
1.150
0.860

0.089
0.167
0.311
0.958

1.870
0.680
0.450
0.120
0.080
0.140
0.140
0.090
0.090
ND

0.055
1.040
1.224
1.202

2.000
1.800
1.270
0.850
0.800
0.520
0.650
0.330
0.380
0.240

10 Km south

90Sr 137Cs

0.926
0.058
0.040
-
-
-
0.030
0.030
0.004
ND

0.052
0.178
0.250
0.200
0.200
0.120
0.100
0.090
0.004
ND

ND : Below detection limit.
* 1 Bq=27.03 pCi
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4.2. Salt

Strontium-90 and cesium-137 could only be detected in soluble
fraction of the salt samples from the pans within the harbour region
(Thana creek pans, north of discharge zone). The levels of these
nuclides varied in the range of 0.5 to 105 mBq g~^ over a period of the
last 12 years (Table 3.2). The levels of plutonium-239 were extremely
low (3.7 xlO~' Bq g~l) in the soluble fraction compared to that in
the silt (6.7 x 10~3 Bq g"1) (Pillai and Mathew, 1976). Further, the
levels of these radionuclides were significantly lower in the soluble
fractions and silt from the pans far away from the discharge zone
(Table 3.2). In general, strontium-90 concentration was higher than that
of cesium-137. This may well be due to removal of cesium activity in
bitterns (supernatant remaining after crystallization of salt) during the
purifications (Pillai et al., 1975; Dey et al., 1976, 1978, 1981).

TABLE 3.2.

Strontium-90 and cesium-137 (annual average, Bq.Kg"1)* in soluble
fraction of salt from pans within Thana creek.

Year

1969
1971
1972
1973
1976
1977
1978
1979
1980

Strontium-90 Cesium-137

Bq.Kg-1

4.7
23.3
63.3
104.0
1.2
2.0
2.7
3.0
3.0

1.2
0.37
0.16
0.48
0.20
0.35
0.04
0.40
0.40

*1 Bq = 27.03 pCi

5. ASSOCIATION WITH SEDIMENTARY MATERIAL

5.1 Suspended materials

The annual average cesium-137 activity in the suspended silt from
the discharge zone over the last ten years varied between 0.3 to
25 Bq g~l. The maximum activity was recorded in samples collected
during 1971, and since then it has decreased significantly, reflecting
the pulsed input patterns as discussed above. Furthermore, the activity
also dropped with distance from the discharge zone (Table 3.3). The
distribution of other radionuclides present in the effluent in samples
from the discharge is also shown in Table 3.3 and the resultant
concentration factors (Kd factors) in Table 3.4 (Pillai, 1975). The
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TABLE 3.3.

Distribution of cesium-137 in the suspended silt from the bay waters
during 1970-80 (Annual average KBq.Kg"1.)*

Year

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

Cesium-137 KBq.Kg"1 silt

2 - 4 Km North

-

4.69
2.63
3.10
1.88
0.96
0.70
0.70
0.30
0.15
0.07

Discharge zone

8.96
25.12
16.50
5.05
6.50
3.50
1.30
2.30
0.77
0.53
0.30

2 - 4 Km South

1.93
7.22
2.10
1.69
1.18
0.91
0.80
0.63
0.37
0.43
0.20

*(1 Bq = 27.03 pCi)

TABLE 3.4

Distribution coefficient (Kd factors) of various radionuclides in silt.

Nuclide

9°Sr
137Cs
106Ku
144Ce
239Pu

K(j factor

Minimum

4.3
4.2 x 102

1.75 x 103

1.69 x 104

4.84 x 104

Maximum

31.0
1.57 x 103

8.72 x 103

1.32 x 105
1.31 x 105

Average

15.8
8.70 x 102

4.86 x 103

8.67 x 10*
8.96 x 105
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sequence of these radionuclides in terms of decreasing order of Kd factor
was plutonium-239, cerium-144, ruthenium-106, cesium-137 and strontium-90
(Table 3.4).

5.2. Settled sediments

The deposited sediment samples (surface I to 4cm depth) from various
locations in the bay were found to absorb cesium-137 followed by
cerium-144 and ruthenium-106. Cesium was distributed throughout the
harbour bed, whereas cerium, ruthenium and plutonium radionuclides were
limited to a small area within 1 km radius of the discharge zone (Patel
et al., 1975b). Like the suspended silt, the distribution of various
radionuclides in the deposited material was found to be directly related
to their levels in the ambient waters, which in turn reflected the pulsed
input pattern (Fig. 3.4.). The harbour sediment has been analysed by
many laboratories around the world during the IAEA programme on
intercalibration of methods for the measurement of radionuclides. The
results of these analyses are given in Table 3.5 (Fukai et al., 1974).

TABLE 3.5

Distribution of various radionuclides in a sample from the harbour analyzed
under the IAEA intercalibration of methods for radionuclide measurements
programme.

Radionuclide

No. of reported
results
Max. Value
(pCi* g"1)
Min. Value
(pCi*g~1)
Overall average
(pCi*g~̂ )

90Sr

23

24.1

1.83

13.8
+0.9

106Ru

36

734

0.067

87
+19

uv.

29

16

4.6

9.9
+0.5

1370.

39

726

0.399

356
+17

1440e

34

279

0.122

126
+9

* 1 pCi - 0.037 Bq

Although cerium has been present in the effluent since 1965, and known to
be readily adsorbed with a higher distribution coefficient (log K 5.0,
Tables 3.4 and 3.6) than cesium-137 (log K 3.0), on the sedimentary
particles, it could not be detected in the samples collected prior to
1969. Even from 1969 to 1976 it could only be detected at a few stations
(Tables 3.7 and 3.8). Ruthenium-106 also showed similar patterns of
distribution (Table 3.8, Patel et al., 1975b; 1978a,b; 1979a,b; Bhat et
al., 1981). Plutonium-239 levels at these stations varied from 0.3 to
0.9 pCi g"1 dry sediment (Pillai, 1975). The variation in ratios of
cesium-137 to cerium-144 and of cesium-137 to plutonium-239 indicate
differential sorption and deposition of these radionuclides and possibly
the subsequent redistribution of either contaminated and/or
uncontaminated mobile material from one location to another.
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TABLE 3.6

Sorption distribution coefficient (log K) and half uptake time (t1/2,
days) by harbour sediment (18° 60'N ; 72° 57' E) at the final state of
equilibrium.

Nuclide

106Ru

"*Ce
5%>
59Fe

95Zr/Nb
«zn
60Co

"7?m
137Cs
90Sr

Sorption distribution
coefficient (log K)

5.08
5.00
4.70
4.61
4.00
3.64

3.46
3.11
3.08

2.00

Half uptake time
in days

25.0
16.0
24.0
3.2
8.0
4.2

8.0
11.0
0.4

0.8

TABLE 3.7
Levels of 137Cs and 144Ce
1970.

(pCi*g~-'- dry) in the harbour sediment during

Station Numbers
(Fig. 3. 5)

1, 2, 13, 15, 24,
25, 26, 27, 29, 30
3, 12, 14, 21
4, 20, 23
5, 22
19
18
17
10
7

16
11
8
9

137Cs 144Ce 137Cs/144Ce

pCi*/g sediment

2
4
8

8.1
10.7
16.2
26.2
29.3
45.2
50.2
56.2
76.3
140.0

N.D.
N.D.
N.D.

3.2
N.D.
3.4

19.9
7.4
2.1

78.5
27.6
23.7

117.2

-
-
-

2.5
-
4.8
2.2
3.96
21.5
0.6
2.0
3.2
1.2

N.D. - below detection limit
* 1 pCi - 0.037 Bq
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TABLE 3.8
Distribution pattern (Maximum-Minimum) of
sediment from Trombay clam bed during 1970-80

, 106RU atuj 137 Cs in

Year

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
Our analysis
Fukai et al.
(1974)

144Ce 106Ru 137Cs

KBq.Kg"1 dry sediment

2.59 - 6.44
3.11 -10.80
0.70 - 5.18
0.15 - 2.52
0.11 - 0.37
NU - 0.15

ND
ND
ND
ND
ND

4.44 + 0.57

4.66 + 0.33

0.89 - 2.78
1.48 - 8.95
0.89 - 2.78
0.33 - 1.48
0.15 - 0.59
0.07 - 0.30

ND

ND

ND

ND

ND

3.37 + 0.136

3.22 + 0.703

2.22 - 7.66
6.10 -18.50
2.92 - 9.62
2.85 - 9.25
1.15 - 6.66
0.96 - 5.55
0.74 - 2.15
1.42 - 3.30
1.00 - 1.90
0.54 - 2.00
0.90 - 1.30

13.28 + 0.19

13.17 + 0.63

5.3 Budgeting

Fig. 3.2 shows the positions of stations occupied during 1968-69
cruises in the harbour and distribution pattern of cesium-137, expressed

"1as pCi g" (1 pCi g" = 0.037 Bq"1 = dry sediment. As expected,
the maximum deposition of activity, 75 pCi g~ , dry (2.78 Bq g"^-) was
recorded off the discharge zone, which decreased by more than two orders
of magnitude towards the mouth of the bay ( <1 pCi g"1). The levels
were near background/fallout levels off Alibag, about 100 km south of the
discharge zone. Comparing the radionuclide isopleths observed during
subsequent years (Figs. 3.5 and 3.6), it is seen that there was in
general about a two to three tiiues increase in the radioactivity around
the discharge zone, although the levels in the effluent had increased by
five times over the same period. The radioactivity levels elsewhere in
the bay showed very little increase. The principal trend in the spread
of activity was along the coast from the discharge zone, both towards the
north and south, suggesting a two directional pattern of sediment
movement due to oscillating tidal currents. The decrease in activity in
the main channel is due to regular dredging to maintain average depths
within the shipping route (Patel et al., 1975b) .
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Fig.3.5 Distribution pattern of cesium-137 (pCi/g dry) in surface sediment at
30 stations (numbers shown in circles) during 1969-70.

5.4. On-bed studies

During the 1971 to 1980 surveillance, the absolute levels of cesium,
cerium and ruthenium radionuclides in the sediment from the Trombay clam
bed, about 1 km north of the outfall, were found to decrease
significantly with time after reaching apparent peak concentrations in
1971 (Table 3.8). A similar decrease in the sedimentary radioactivity
was also evident over the entire 240 km2 of the harbour bed (Fig. 3.7,
Patel et al., I978b). This decline in radioactivity was observed despite
continuous releases of wastes, though at much reduced levels, from about
378 to a steady state level of less than 10 units per annum. The rates
of decline in cesium-137 activity, in terms of ecological half-time, was
about 1.97 and 3.09 years for 1970 to 76 and 1977 to 80 respectively
(Figs. 3.8 and 3.9, Table 3.9), which are significantly shorter than its
physical half-life (30 years). The ecological half-times of ruthenium
and cerium, on the other hand were about 4 to 8 times higher than their
respective physical half-lives (Fig. 3.8, Table 3.9). This suggests that
the environmental retention of Loth cerium and ruthenium (Te/2 =2.4
and 6.7 years) is longer than their physical half-lives, and are by and
large controlled by the latter. The effective half-life of cesium-137,
on the other hand, being shorter than its physical half-life, is
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¥ig.3>.6 Distribution pattern ofcesium-itf (pdjg dry) in surface sediment during
1970-71.

predominantly controlled by other processes. This then clearly
demonstrates the efficiency of the environment in removal of cesium-137
from the sediment. The observed minor losses in the case of cerium and
ruthenium radionuclides, after allowing for their radioactive decay,
could perhaps be due to the influx of fresh sediment rather than due to
those causes which depletes radiocesium in the sediment. Assuming the
observed sedimentary half-life of cerium and ruthenium to be meaningful,
and ruling out other parameters for the observed decrease in the
sedimentary radioactivity due to these nuclides, one can easily see that
there is an influx of about 20% fresh sediment. Allowing for this
sedimentary influx, therefore, especially during monsoon run offs and the
natural decay of cesium-137, the observed sedimentary half-life (E) of
the radionuclide should have been about 24 years instead of 1.86 years as
has been observed (Figs. 3.8-9, Table 3.9). It is then tempting to
suggest that the environment, or some physico-bio-chemical properties of
one or more of its constituents, have been playing a significant role in
reducing the levels of cesium in the bed material, at a rate much faster
than its natural decay. Further independent evidence has been provided
by environmental TLD monitoring results at a location over the discharge
zone, where an effective half-life of 2.2 y (Fig. 3.9) has been observed
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Fig.3.7 Bombay harbour and environ showing clam bed and per cent IS7Cs
activity retained or desorbed from the bed material, in March 1974 as compared to
that observed during March 1971. The full circle represents the observed concen-
tration during 1971 and the shaded as the fraction retained during 1974 at various
stations. (B.A.R.C.—Location of Bhabha Atomic Research Centre.)

1000

Fig.3.8 Annual average distribution of U4Ce («), ™6Ru (A) and "7Cs (v) in
sediment from the Trombay clam bed during 1971-76.
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TABLE 3.9 The rate of loss of radionuclides from the tissues of a clam Anadara
granosa and a goby mudskipper Boleophthalmus boddaerti and the sediment
f rom their habitat under field conditions during 1971-80, expressed as
effective (E/2) and ecological (e/2) half-life.

Anadara
granosa

Boleophthalmus
boddaerti

Sédiment

Effective
(TE/2)
Ecological

Effective
<T£/2>
Ecological
(Te/2)
Effective

Ecological
<Te/2>
Physical
half-life
<Tp/2>

Half-life (in years)

Cesium- 137
1971-76

1.60

1.70

1.50

1.58

1.86

1.98

30.00

1977-80

1.90

2.03

2.30

3.49

2.80

3.09

Cerium-144
1971-76**

0.60

2.60

*m

0.59

2.42

0.78

Ruthenium-106
1971-76**

0.85

5.70

_

0.87

6.67

1.00

** below detection limit during 1977-80.
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during the surveillance period 1972 to 82 (Nambi, 1983). A similar
pattern of desorption of radiocesium, present in the effluent from a PWR
station, from the sediment of the Hudson River Estuary (USA) under
environmental conditions was also observed during the surveillance period
1972-74. The rate of desorption yielded a half-time of 1.3 and 1.0 year
for cesium-137 and cesium-134 respectively (Jinks and Wrenn, 1976).

5.5. In-bed studies

The decrease of cesium radioactivity amounting to about 48% to 57%,
was also evident in vertical profiles at a mid-stream station off the
discharge zone (Fig.3.10). It can be seen that, up to a depth of about
15 cm, the net cesium activity retained was more or less uniform, at
about 43%, over a period of three years. Below this depth, up to about
30 cm, about 52% of activity was retained. This also clearly shows that
about 53% of cesium activity was desorbed from the sedimentary particles
up to 30 cm depth over a period of three years, which leads to an
effective sedimentary half-life of the same order as observed at the
Trombay clam bed. We do recognize that on reaching dynamic equilibrium
the exchanges should be reversible, which perhaps is unlikely if the
radionuclides are incorporated into the mineral lattice.

50 100 150 200
p C i / g Sediment ( d r y )

250 300

Fig.3.10 Distiibution of 1S7Cs in vertical profile at a mid-stream station off the
discharge zone in the Bombay harbour during March 1971 (@) and 1974 (O).

The decrease in radioactivity in the sediment may well be due to
some biotic and abiotic environmental parameters. These include the
removal of radioactivity by heterotrophic bacteria and/or through
ingestion by benthic communities. The drop in activity to a certain
extent could have also been accentuated by the influx of fresh material
or through the tidal currents leading to churning of the mobile layer of
the sediment, which in turn may cause frictional detachment, and/or by
the subsequent movement of the bed material from the area of higher or
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lower concentrations to the region under study. Notwithstanding these
mechanisms, the desorption of some radionuclides (cesium-137, zinc-65,
cobalt-60) from the sedimentary particles has been observed under
laboratory conditions, with sufficient concentrations of radioactivity in
the medium. About 10% of cesium-137 was thus found desorbed from the
sediment, both original and sediment free from organic matter, after 50
days of exposure (Ganapathy et al., 1968).

The sorption mechanism of radionuclides follows either isotopic
exchange reactions with kinetics comparable to an ion-exchange type
reaction, e.g. cesium-137, or isotopic exchange, co-precipitation,
dissolution reactions and formation of compounds, e.g. cerium, ruthenium
and cobalt. Further, the sorption of cesium radionuclides is found to
depend upon the other ion (K+, Mg4"1", Na+) concentrations, the
mineral structure, the base exchange capacity, and other physico-chemical
properties of the sedimentary particles (Patel et al., 1975b; 1978b).
Thus the sorption of cesium-137 by the Bombay harbour sediment could be
explained in terms of its having large quantity of clay mineral,
especially illite (32 to 34%, Table 3.10), the major exchangeable co-ion
of which is potassium. The other characteristics of the harbour
sediment, such as high organic content (3%), iron (7.5%), specific
surface (187 to 188 m2/g, Table 3.10) and the base exchange capacity
(46 to 47 meq/100 g, Table 3.10) have also been found to allow a ready
sorption of cesium radionuclides. Further, the half uptake time to reach
an apparent equilibrium state of cesium-137, is also found to be very
short, being only 0.4 day (Table 3.6, Patel et al., I975b).

Under laboratory simulated conditions the desorption of cesium
activity has been found to be dependent upon the salinity of the ambient
sea water. The maximum desorption (40%) occurred at 38 °/oo salinity
and the minimum (25%) at 9.5 °/oo after 10 days of treatment (Fig.
3.11, Patel et al., 1978b). This then clearly shows that the cesium ions
are exchanged readily with potassium ions, and possibly with stable
cesium also. The repeated washing of sedimentary particles with sea
water containing high concentrations of K/Cs ions (ie- high salinity)
leads to desorption/exchange of radioactive cesium. The sediment on
treatment with ammonium acetate, 1:1 ammonium acetate/acetic acid and
EDTA was also found to desorb about 15 to 24% radiocesium. This shows
that a significant amount of cesium was more or less loosely bound to the
sediment particles in an exchangeable form. The desorption of cesium
activity observed both under field and laboratory conditions could be

100

90

= so

60

50 25 50 75 100 t; 38V.,)
% Seowolar

Fig.3.11 Effect of salinity on the desorption of m, '"Cs from the sediment off
Bombay (O, l"Cs) and Tarapur (®, >"Cs; A 134Cs) after 10 days of shaking.
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ONto
TABLE 3.10

Mineral composition, grain size, base exchange capacity and chemical composition of sediment from Bombay harbour

Station
No.

(i)

(ii)

DJQ Mean
grain size

(/*)

17

15

Sorting
parameter

<f(/<)

8

6

Grain
size

2
2-25
25-63

2
2-25
25-63

X wt. in
grain size
fraction

7
91
2

1
96
2

illite

59
30
18

60
35
-

mica

7
12
6

8
6
11

chlori te

3
3
12

4
6
-

kaolite

8
8
4

6
6
6

quartz

7
30
29

9
24
29

calcite

9
2
11

7
3
20

aragon.

-
2

-
2

dolomite

-
2

2
2

feldspar

7
15
16

6
18
30

Station
No.

<i>
(ii)

Specific
surface
(ra?/g)

187
188

CaC03
% dry

14.23

base exchange
capacity
(meg/100g)

46
47

Ca
ME + Ca

Fe C H
(organic) (organic)

%

5.7
5.2

7.4
7.2

3.2 0.07
3.0 0.11

Station
No.

(i)

pg/g dry

Sc

29

Cr

160

Co

34

Zn

240

Br

130

Rb

64

Sr

320

Sb

0.94

Ca

3.6

La

24

Sn

4.4

Eu

1.4

Th Hf Ta Hg Th

1.3 5.6 1.3 0.83 3.5
+0.42

Station positions: (i) 18'60' N - 72*57' E, (ii) 18«59' N - 72-521 E
Depth (m) : (i> 11.0, (ii) 11.0



explained in terms of its sorption mechanism working in the reverse
direction, and hence cesium-potassium sorption-desorption mechanism
follows the law of mass action, applicable to the ion-exchange type of
equilibrium. Similarly, near-shore sediment contaminated by Windscale
discharges under environmental conditions has also been found to desorb
30% of initial radiocesium activity within 10 days of shaking under
laboratory conditions, by an ion-exchange reaction with alkali metals.
However, cerium, ruthenium and americium radionuclides were not found to
desorb to the same extent (Stanners and Aston, 1982).
The fact that the environment can decontaminate itself, as has been
observed here, offers a possibility to revise the present levels of
maximum permissible discharges, especially those in which radiocesium
dominates.

6. ACCUMULATION OF RADIONUCLIDES BY BIOLOGICAL MATERIALS

6.1. Bioindicators in the Bombay harbour ecosystem

Prior to 1965 the concentrations of anthropogenic radionuclides in
plankton, and pelagic and benthic communities of fish and shellfish from
the bay waters, were found to be near background/fallout levels.
Radiometrie analysis of these communities since then showed specific
bioaccumulation of only cesium-137, showing discrimination against other
fission and activation product radionuclides present in the waste. The
absolute concentration of cesium-137, however, varied from species to
species, the concentration factors (Cfs) being in the range of IQl to
10^ (Table 3.11). Of various benthic communities monitored, only the
blood clam Anadara granosa population analysed from 1969 onwards showed
bioaccumulation of cerium-144 and ruthenium-106. Thus the maximum
concentration of each of the three radionuclides, about 50 to 65 pCi
g~l (2.0 to 2.5 Bq g"-'-) dry tissue, was observed in A_. granosa
populations from Trombay clam bed fished during 1971. In the population
from a zone about 10 km away, cesium radioactivity was about 20 to 30
times less (0.07 to 0.15 Bq g"-*- dry tissue), whereas both cerium and
ruthenium radionuclides were below detection limit. A_. granosa
populations, and other benthic and pelagic communities from the fishing
zones about 50 to 100 km away, were found to contain near background
levels of radioactivity. Thus although the harbour has been receiving
the low levels of radioactive wastes for the past decade and a half, the
observed maximum concentrations of various radionuclides were limited to
the populations fished from the area within about 1 km radius of the
input point. The shellfish catch from this zone contributes to less than
1% of the total fish catch. Further, of the total harbour ecosystem only
the arcid clam Anadara granosa showed specific affinity for cesium,
cerium and ruthenium radionuclides.

6.2. Bioaccumulation in Anadara granosa and its correlation with
activities in sediments

The temporal bioaccumulation patterns of cesium, cerium and
ruthenium radionuclides in the tissues of _A. granosa population from the
Trombay clam bed observed during 1966 to 1970, and 1971 to 1975 are shown
in Figs. 3.4 and 3.12. In general, the distribution pattern of these
nuclides in the tissues fluctuated with the levels in the environment,
especially with that in the surface deposited sedimentary material from
their habitat (Fig. 3.13), which in turn varied with the input rates.
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TABLE 3.11

Range of concentration factors (Cf)* observed for cesium-137 in the flesh
of various species of fish and shell fish from the Bombay harbour during
1970-72.

Bivalves

Species

Blood clam Anadara granosa

Oyster Crassostrea cucullata
Windowpane oyster Placenta placenta
Clam - Paphia malabarica
Clam - Meretrix meretrix

Cf

500 - 104

20 - 50

400 - 700

500 - 800

200 - 400

Crustaceans

Fish

Prawns Penaeus sp.

Rock-crab Scylla serrata
Barnacle Balanus amphitrite

Mudskipper Boleophthalmus boddaerti

Bombay duck Harpodon nehereus
Silver pomfret Pampus argenteus

Ribbon fish Trichiurus savala
White sardine Kowala coval
Golden anchovy Coilia dussumieri
Burrowing goby Trypauchen vagina

Mangroves
Plankton

50 - 100

100 - 10s

50 - 100

50 - 100

50 - 60

45 - 50

30 - 40

15 - 20

10 - 15

5-10

100 - 103

100 - 500

Cf = concentration in tissue per unit weight
concentration in water per unit volume
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Fig.3.12 Temporal \ariauon in concentration of caesium-137 (A), ruthenuim-106 (B), and terium-144 (C)
in the tissues ol A granow f rom Bombay harbour nolc itie change in vertical scale from 1973 onwards,

lefl-hand scale is for 1971 1972, risht-lumd for 1971 1975

50 tOO 15O ZOO 250
p C i / g SEDIMENT (DRY)
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Fig.3.13 Distribution of radioactivity in A gianmu as a funLiion of that in sediment regression of con-
centration in tissue on that in sediment
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TABLE 3.12

Temporal variation in concentration factors of cerium-144, ruthenium-106,
and cesium-137 in soft tissues of A_. granosa derived in relation to levels
in the sediment from their habitat (Trombay clam bed) during 1973.

Cf = [level in tissues, pCi g"~l dry]/[level in sediment, pCi g~^- dry]

Month

January
February
March

April

May

June
July
August

September
October

November

December

Average

Observed concentration factor x 10^

Cerium-144

20.5
64.5
39.4
39.4
48.4
70.4
80.2
75.8
58.5
50.6
104.5
97.0

61.7

Ruthenium-106

56.1

88.3
44.1

42.5
53.2
66.7
109.0
50.9
78.3
46.7
69.7
49.3

69.2

Cesium-137

1.56

1.41
2.77
2.62
2.12
3.80
13.80
9.32
4.88
5.50

3.81
5.77

5.78

The quantity of radionuclide sorbed by the sedimentary particles, and its
exchangeable fraction, in turn acts as a limiting factor in the uptake
and accumulation of the nuclides- This leads to a distribution pattern
in the biota similar to that of the sediment. The Cfs for both
cerium-144 and ruthenium-106, on average, were 13 to 15 times higher than
those of cesium-137, though the concentration of cesium activity was
predominantly high in the sediment (Table 3.12, Patel et al., 1978a).
This suggests that the flux of each radionuclide in the tissues of
.A. granosa was different. The correlation coefficients between the
concentrations of each one of the radionuclides in the sediment and in
the internal compartments (tissues) were found to be significantly high
(0.83 to 0.86 + 0.03, N = 40, S.E. = 0.03, P<0.001). This clearly
indicates that the levels of these nuclides in the tissues were in
equilibrium with those in the environment.

The turnover patterns of cerium, cesium and ruthenium radionuclides
observed in A., granosa populations and in sediment can be explained by
considering a three compartment model - with the ambient sea water,
sediment and benthic communities as compartments I, II and III
respectively, - the distribution amongst which could be expressed by the
following polynomial, which also takes into account the inputs of
radionuclides. The possible transfer coefficients from one compartment
to another were empirically derived from the actual observed levels.
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Cn = F[RDn (Rf)2Dn_2 + (Rf)3Dn_3
where cr

F

f

R

represents activity found in the sediment or the clam
population during the ntn year, expressed as
pCi g~1/mBq g"1
represents the actual discharge of radioactivity during the
nth year, expressed as Ci (Bq) of radionuclide released
per year;
represents the fraction of radioactivity retained in the
sediment or clam population;
represents the fraction of the radioactive discharge that is
retained within the discharge zone the following year; and
represents the fractional balance of activity after one
year's radioactive decay of the nuclide.

Knowing the total input (effluent), (Dn), and the observed cumulative annual
environmental inventories of radionuclides over the period of study, (Cn), it
was found that if on a yearly basis about 60£ (f) of the input is retained
during the following year, in addition to what may be currently acquired, then
the estimated environmental inventory closely matched with that actually
observed. Similarly, considering the observed levels of radionuclides in the
sediment and the clam populations (within 1 km of discharge line), it appeared
that the fraction (F) retained by the sedimentary particles from the total
input should be about 45£ in the case of cesium-137 and ruthenium-106 and about
22£ for cerium-144. Thus the fraction of radioactivity taken up by the clam
from the sedimentary particles should be about 2.3, 9.0 and 9.6£ of cesium,
cerium, and ruthenium respectively. It is presumed here that the remaining
unaccounted fractions of all three nuclides are removed from the discharge zone
through various environmental processes. The assumed fractions of transfer
within the aforesaid compartments gave best fits for the above empirical
equation, (Table 3.13). Further, it will be seen from the distribution pattern
of the three nuclides that the uptake of cerium-144, both by sediment and clam

TABLE 3.13

Observed (Obs.) distribution (annual average) of cesium-137, ruthenium-106,
and cerium-144 in the tissues of A^ granosa and sediments from the Trombay
clam bed during 1972-1976, and the calculated (Cal.) levels as a function

~̂of cumulative annual input of radionuclides (pCi dry wt).

Year

1972
1973
1974
1975
1976

Anadara granosa

Cesium-137

Obs.

9.5
6.9
4.6
3.0

1.5

Cal.

8.4
6.4
4.6
3.1

2.0

Ruthe-
nium-106

Obs.

21.7
13.0
4.5
1.8
ND

Cal.

17.5
10.1
5.4
2.8

1.3

Sediment

Cerium-144

Obs.

22.2
9.6
2.5
0.5
ND

Cal.

13.1

7.1

3.6
1.8

1.3

Cesium-137

Obs.

162.0
153.0
73.0
67.0
42.6

Cal.

164.2
125.5
89.5
60.3
42.5

Ruthe-
nium-106

Obs.

89.0
45.0
22.0
10.0
4.0

Cal.

62.0
47.0
25.0
12.9
6.0

Cerium-144

Obs.

61.0
21.0
4.6
1.6
ND

Cal

32.1
17.4
8.7
4.4
2.0

ND : Below detection limit
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population, is different from the other two nuclides. It is also interesting
to note that although the transfer fractions of cesium and ruthenium from the
water to sediment were practically the same, the further transfer of these
nuclides from sediment to clam was not. The bioaccumulation of cerium-144, on
the other hand, was higher, although its sorption by the sediment was about one
half that of the other two nuclides. Thus the sequence of the degree of
accumulation from the water to sediment is

cesium >̂ ruthenium .̂ cerium,
whereas that for the bioaccumulation from the sediment is

cerium ̂ . ruthenium > cesium.
It appears therefore, that on interaction with detritus and sedimentary
particles, both cerium and ruthenium are transformed into available chemical
complexes, which are accumulated by the biosystem, and/or the rates of uptake
of all the three radionuclides are the same, but not their rates of loss.
Cesium seems to be excreted most readily. The sequence of bioaccumulation of
these radionuclides observed is not surprising since concentration factors of
both cerium and ruthenium, like many polyvalent ions in the marine biosphere in
general, have been found an order of magnitude higher than that of cesium
(Patel, 1975). The Cfs for cerium, both under field and laboratory conditions
are found to be practically the same, varying with the species in the range of
1C|2 to 10-". In contrast, the Cfs for ruthenium, under field conditions,
are found to be an order of magnitude higher than those observed under
laboratory conditions. The difference in behaviour of ruthenium, under
laboratory and field studies could perhaps be explained in terms of the
physico-chemical state of the nuclide and its mode of uptake, either directly
from the medium or through ingestion of contaminated food, or .both. This
clearly suggests that the benthic populations have a specific affinity for
cerium and ruthenium and discrimination against cesium. Additional data
confirming relative discrimination against cesium by the clams was also borne
out from the transplant experiments (Patel et al, 1975a). Although the
radiocesium was the major constituent, exceeding 7(% of the total
radioactivity in the effluent, its accumulation in the tissues of A_. granosa
was found to be significantly lower than that of other radionuclides,
especially that of cobalt-60, which constituted just less than 2£ of the
effluent and was below detection limit in the coastal waters off the discharge
zone. Nevertheless, the levels of cesium in tissues varied directly with the
levels of activity in the water (Table 3.14; Patel et al,, 1978a).

6.3 Some considerations on biological uptake mechanisms of the shellfish
studied

The bioaccumulation of cesium and cobalt radionuclides in the soft tissues
was not significantly affected by elevated temperatures in the range of 26 to
35°C (Fig. 14). The rate of filtration also remained more or less steady
over a temperature range of 28 to 36°C (Fig. 3.14). At even higher
temperatures, exceeding 36°C, the filtration rates fell sharply accompanied
by bleeding. Thus, over a wide range of temperature (26 to 36°C) the species
seemed to have adjusted both the rates of filtration and uptake of
radionuclides to a steady level (Patel et al, 1975a).

The levels of both cerium-144 and ruthenium-106 in tissues of A_. granosa
were found to decrease with increasing weight. The specific bioaccumulation
pattern of cesium, on the other hand, was found to be constant within
experimental errors irrespective of the gross weight (Fig. 3.15). In the sea
hare Aplysia benedicti the specific bio-accumulation pattern of cesium-137 in
situ also did not show any significant weight dependence (Patel B. et al.,
1973). We recognize that, in view of the probable faster rates of metabolic
activities in younger, fast growing individuals compared to the adults, the
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rates of uptake and loss of cesium would be weight dependent, but that the
specific net bioaccumulation in the tissues may not be affected. None of the
three nuclides - cesium, cerium and ruthenium — have been known to participate
in any of the metabolic activities in the marine biosphere. The levels of both
cerium and ruthenium have been found to decrease, however, with increasing
weight of the organism, but not that of cesium, an alkali metal whose
physiological role closely mimics that of potassium and which is maintained at
a level simply related to that in the environment. Both cerium and ruthenium
behave like many polyvalent ions, which are either accumulated and bound to
sites in the tissues, or precipitate.
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The tissue sequence in the decreasing order of concentration of both
cerium and ruthenium, in general, was visceral mass, muscular foot, gills,
adductor muscles and mantle folds with labial palps. In respect of cesium
accumulation the sequence was mantle folds and the associated tissues,
visceral mass with foot and the adductor muscles (Table 3.15).

The distribution of cesium, cerium and ruthenium in the blood of
A* granosa is rather interesting. Whereas cesium-137,like potassium, was
concentrated in the corpuscles (erythrocytes), both cerium and ruthenium
could be detected only when the whole blood was analysed, indicating that
these nuclides were predominantly present in the plasma fraction
(Table 3.15). Further, about 9 to 10% of cesium activity in the corpuscles
was associated with nuclei and cell debris fraction, whereas 90% was in the
supernatent pigment. The discrimination shown against cerium and ruthenium
by the erythrocytes of A. granosa is at present difficult to explain.

The radiocesium was found to be accumulated in the muscular tissues of
A., granosa rather than in the shell (Tables 3.14 and 3.15). In the soft
tissues of lamellibranchs, other than muscles, and especially in the gills
and palps and associated tissues involved in feeding, the uptake of cesium
has been found to be rapid. The maximum concentration, however, was found
in the muscular tissues-adductor muscles and mantle folds. Further, 10 to
30% of cesium activity in various tissues was associated with nucli and
cell-debri fraction (600 g), whereas the remaining major fraction was in
the supernatant (54,000 g). Other sub-cellular organells accounted for a
low amount of activity (2 to 7%) (Patel et al., 1979b).

TABLE 3.14

Turnover pattern of cesium-137, iodine-131 and cobalt-60 in the tissues
of .A. granosa, on exposure into a discharge canal receiving radioactive
waste from a boiling-water type of nuclear power station at 27-29°C.

Days after
transplant

5

10

15
30
43
64
94

Level of cesium
radioactivity in
the sea water
(pCil.-l)

30.7
31.7
23.4
30.4
71.5
61.0
28.6

Concentration in tissues of
A. granosa (pCi g dry)

Cesium-137

9.2
5.8
3.7
9.8
13.6
20.8
9.1

Iodine-131

9.9
9.2
6.8
12.7
36.0
25.5
15.7

Cobalt-60

10.9
17.7
16.3
23.6
37.7
111.4
152.2
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TABLE 3.15

Distribution of Cerium-144, rutheniura-106 and cesitun-137 (pci g~^ dry wt) in various tissues of Anadara granosa
population from Trombay clam bed during August 1971 and 1973; the tissues were pooled from 30-40 animals of same
size [(ND) below detection limit; (a) gills and (b) foot analysed separately].

Tissue

Hantle folds, labial palps and gills
Gills
Visceral mass and foot
Foot

Adductor muscles
Blood
Corpuscles (erythrocytes)
Shell

pCi g"1 dry weight

1971

"«Ce

24.1

-
53.5
-

19.9

11.7

-

10.9

106Ru

47.3

-

75.8

-

45.2

50.5

-
20.9

137CS

29.7

-

18.3

-

16.8

20.6

-

HD

1973

"*Ce

0.52a

9.29

19.71b

12.50

6.06

-

TO

2.2

106Ru

0.32a

5.84

17.70b

6.92

3.38

-

ND

2.2

137Cs

1.09a

8.65

8.59b

9.82

1.04

-

11.10
ND

ND : Not detected

The shell contamination was specifically due to cerium and ruthenium,
whereas it was practically free of cesium activity (Tables 3.15 and 3.16).
Much of the cerium and ruthenium (70%) was confined to the periostracum
layer, suggesting that the shell contamination was mainly due to surface
adsorption. Strontium-90 was also preferentially deposited in the shell (14
to 67 pCi g , Table 3.17), whereas soft tissues were practically free of
the radionuclide (1 to 2 pCi g"1 dry tissue) (Patel et al., I978a).

The bioaccumulation of plutonium-239 in the clam population was an
order of magnitude higher (0.04 to 0.3 pCi g~-^ dry) than in other benthic
and pelagic species from the harbour waters (0.002 to 0.03 pCi g~l dry).
The maximum accumulation of the nuclide (0.34 pCi g~^ dry, Table 3.17)
was recorded in the population harvested during 1971, which like other
radionuclides, cesium, cerium, ruthenium dropped significantly with time
(Pillai, 1975; Pillai and Mathew, 1976; Mathew et al., 1981).

The annual average levels of cesium-137, cerium-144 and ruthenium-106
in the soft tissues of Anadara granosa over the period 1971-1980 are
plotted in Figs. 3.9 and 3.16. In the case of cesium distribution,although
the curve appeared biphasic, it was considered as a single exponential
function. It will be seen from the distribution patterns that the
concentrations of all three radionuclides in the field population of A..
granosa, on reaching certain apparent peaks in 1971, decreased
exponentially with time, a pattern similar to that observed in the sediment
and water from their habitat, which in turn was related to the inputs into
the harbour. The uptake of radionuclides through water is considered
negligible. On the other hand, considering the levels of radioactivity in
the sediment and detritus, the uptake of radionuclides is assumed to be via
the ingestion of these particles.
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TABLE 3.16
Distribution of cerium-144, ruthenium-106 and cesium-137
(pCi g""-'- dry wt) in soft tissue and shell of Anadara granosa from Trombay
clam bed during 1971-74.

pCi g ! dry wt

Soft tissues

Ce-144

17.1
16.0
18.0
8.7
4.5
17.0
8.5
7.5

19.8
1.8

Ru-106

50.9
57.3
66.2
8.2
6.0
13.6
19.2
6.0

12.3
3.2

Cs-137

14.9
21.6
22.6
6.4
24.9
3.5
1.4
3.7

4.3
6.0

Shell

Ce-144

14.3
12.7
10.9
41.7
2.2
4.8
1.8
4.1
6.1
0.6

Ru-106

19.9
22.6
20.8
35.5
2.2
6.6
2.4
7.2
13.7
2.6

Cs-137

ND
ND

ND

3.8

ND

0.5

ND

2.5

0.6
ND

ND : Below detection limit

TABLE 3.17
Distribution (annual average, pCi g"1 dry) of strontium-90 and
plutonium-239 in clam ,A. granosa from Trombay clam bed.

Year

1970
1971
1972
1973
1974
1975
1977
1978
1979

annual average, pCi g~l dry

Strontium-90

Tissue

1.14
1.42
1.13
1.24
0.95
0.20
0.11
0.05
0.10

Shell

37.0
67.0
41.0
36.0

-
44.0

-
-
-

Plutonium-239

Tissue

-
0.340
0.200
-

0.015
0.075
0.030
-
-

Shell

-

0.008

0.145
-

0.003
0.018
-
-
-
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6.4. "Ecological half-lives" in Anadara granosa and turnover rates

The rates of loss of all three radionuclides from A. granosa
populations were obtained from the regression lines drawn in Figs. 3.9 and
3.1b. The half-time (Tg/2) was 0.6, 0.85 and 1.6 years for cerium-144,
ruthenium-106 and cesium-137 respectively. This half-time is expressed as
"effective half-life" (Tj?/2)> since it is found to be the result of the
interactions of physical (Tp/2) and biological (T̂ /2) half-lives, and
that due to environmental factors. From this effective half-life, if the
physical half-life of the isotope is eliminated, then it leaves the
combination of biological half-life and that due to environmental factors.
This combination is recognized as "ecological half-life" (Te//2). Thus,
Te/2 = (Tp/2 x TE/2)/(Tp/2 ~ TE/2)> which is defined as the time
required for one-half of the cerium, ruthenium, or cesium activity in the
clam to be lost by processes other than the physical decay of the
respective nuclide during a period when there is both uptake and loss of
the nuclides being followed, the later process being greater under
environmental conditions. The ecological half-lives of both cerium and
ruthenium were 3 to 6 times longer, while that of cesium was significantly
shorter (18 times) than their respective physical half-lives (Table 3.9).
Furthermore, the ecological half-lives of all the three radionuclides in A.
granosa were closely similar to those observed in the sediment from their
habitat (Table 3.9). This clearly indicates that the ecological half-lives
of cesium-137, cerium-144 and ruthenium-106 in A., granosa were
predominantly influenced by the environment rather than by their biological
half-lives. This could only happen when the biological half-life (T̂ /2)
is much shorter than the other two. Under these conditions, it is rather
difficult to estimate precisely the biological half-life of each of the
three nuclides. Hence, to evaluate true biological half-lives
(Tk/2)-An A* granosa population free of radionuclides - both fission and
activation products - was transferred to a discharge canal receiving wastes
containing mainly cesium-137, iodine-131, and to a lesser extent cobalt-60,
etc., from a boiling-water type nuclear power station, about 100 km north
of Bombay. During the exposure period, extending to about 30 days, the
tissues of the experimental population were found to be labelled with
cesium-137 (0.56 Bq g~l dry tissue), iodine-131 (1.10 Bq g~l), and
cobalt-60 (2.2 Bq g ). The labelled animals were transferred back to
their natural habitat, which was almost free of these radionuclides, and
the biological loss of the accumulated radionuclides studied (Patel et al.,
1975a). The curves for loss of cesium-137, iodine-131, and cobalt-60 from
the tissues of A. granosa are shown in Fig. 3.17. It is evident from the
cesium curve that the loss was biphasic, as observed in the Trombay
populations. The fast component (solid circles) was found to contain about
70£ of the initial cesium activity having a relatively short half-time
(Tb/2) °f about 3 days. The second compartment contained the remaining
activity with a half-time of about 15.5 days. This shows that the major
fraction of cesium-137 was lost rather rapidly from the tissues of A.
granosa. The biphasic loss of cesium radioactivity indicates that the
fraction associated with the body fluids, erythrocytes and that loosely
bound to tissues was eliminated at a faster rate than that incorporated.
The biological half-life of cesium in many marine invertebrate and fish
species has been found to vary from 1 to 180 days (Patel et al., 1978a).

The rate of loss of cobalt-60 from the tissues of Anadara granosa,
under environmental conditions, unlike that of cesium-137, was rather slow
and could be described by a single-compartment model, having a half-time of
about 19.4 days (Fig. 3.17). The turnover rates of iodine-131 in Anadara
granosa were found to be rather rapid, always maintaining internal tissue
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compartments in equilibrium with the environment, as seen from the flux
patterns recorded in Table 3.13. The loss of iodine activity from the soft
tissues of the blood clam could be described by a single exponential
function, having a half-time of about 3.3 days (Fig. 3.17).

It was not possible to follow the rates of loss in respect of
cerium-144 and ruthenium-106 from the tissues of A., granosa in these
experiments, since the levels of these nuclides were below detection limits
in the discharge canal environment. In general, the kinetics of uptake and
loss of both these nuclides in marine forms are found dependent upon their
physico-chemical forms, and to be very rapid, the steady state being
attained within 1 to 5 days of exposure. The flux of both cerium and
ruthenium observed during present studies in A., granosa under field
conditions to a certain extent could be explained on these grounds. The
fact that the population was always found to be in equilibrium with the
environment suggests that the turnover rates of cerium and ruthenium, like
cesium, were fairly rapid.

6.5. Some remarks about biological indicators

The annual average levels of cesium-137 activity in the gobiid fish
Boleophthalmus boddaerti harvested from the harbour waters over the period
of the last ten years are shown in Fig. 3.9. On reaching apparent peak
concentration in 1971 to 1972 the activity declined in the mudskipper
population with time, yielding an ecological half time in the range of 1.58
to 2.49 years, a pattern similar to that observed in the clam population
and sediment from their habitat (Table 3.9).

It will be seen from the foregoing that both the blood clam A., granosa
and mudskipper J3. boddaerti, while accumulating nuclides like cesium,
cerium, ruthenium and iodine, also regulate their levels in internal tissue
compartments - through adjusting the physiological flux rates, the kinetics
of which fit linear correlation models - in relation to the fluctuations of
these nuclides occurring in the environment. On the other hand, while
concentrating nuclides such as cobalt to levels tens of thousand times
those present in the environment, it failed to respond to the changing
concentrations of the nuclide in the environment; the tissue levels of
cobalt thus increased with the time of exposure.

This ability of aquatic organisms to accumulate elements/
radionuclides by several orders of magnitude higher than those of the
environment has been utilized in radioecological studies to detect the
presence of the specific element/radionuclide and possibly its temporal
variations in the environment. These species have been recognized as
"indicator organisms"/"biological accumulators". In view of this
recognition and the present studies, which have brought out the important
fact of the regulation of tissue concentration by these biological
accumulators in unison with the environmental levels, we have to recognize
two types of "indicators", ones which qualitatively indicate the presence
of certain elements/nuclides and accumulate without reference to
environmental concentrations, and ones which regulate the internal tissue
concentrations, above certain integrated levels, in equilibrium with, and
thereby indicate, their temporal variations in the environment. It would
be preferable to identify the species of the first category as "qualitative
indicators" and those of the second as "quantitative indicators" of the
elements/nuclides. While understanding the interactions of various
radionuclides on the aquatic ecosystem, therefore, it is desirable to
identify and monitor both the qualitative and quantitative indicators
(Patel et al. 1975a, 1978b, Patel and Ganguly, 1969, Patel et al., 1980).
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TABLE 3.18
Rate of clearance of water and electrophoretic mobility of erythrocytes of arcid clam Anadara Kranosa on exposure
to contaminated sediment.

Ho. of
experiments3

10
10
10
10
10

Av. weight
of animal"

<S>

1.50

1.55

1.55

1.60

1.60

Internal exposure dosec
(mrad/h)

Alpha

2.55

0.85

0.21

0.04

Control

Beta

8.52

2.94

0.71

0.13

-

Volume
cleared

(ml/min.g ->- SD)

1.53 + 0.11
1.13 + 0.12
0,55 i 0.05

0.72 + 0.08

0.87 + 0.04

Increase(-f-)
or decrease(-)
in the rate

of filtration
<%)

+ 75.9
+ 29.9

- 36.8

- 17.2

0

EPM ± 2SE of
erythrocytes

1.278 i 0.073
1.100 + 0.070

-

1.090 + 0.070

1.099 + 0.065

a Batches of 10 animals.
b Dry weight of soft tissues.
c Calculated from the concentration of cesium-137 and strontium-90 in the tissues.

TABLE 3.19

Maximum possible radiation dose received by benthic communities distributed over 1 km radius
from the effluent point.

Radionuclide

137CS
144Ce-144Pr
106Ru-106Rh

9°Sr
239pu

External dose (through sediment)
(mrad h"1)

Gamma

0.640
0.010

0.035

-
-

Beta

3.0 x IQ"3

7.6 x 10-2

4.2 x IQ"2

Negligible
-

Alpha

-

-
-

-
Negligible

Internal dose (through bioaccumulation)
(mrad h"1)

Gamma

2.6 x 10-3

7.8 x IQ"5

7.1 x 10-4

-
-

Beta

2.4 x 10-2

15.0 x 10-2

16.0 x IQ"2

Nil
-

Alpha

-

-
-

-
Nil



7. IMPACT ON THE ENVIRONMENT

7.1. Effects on marine species

On exposure to contaminated sediment under laboratory simulated
conditions, the branchial activity in terms of rate of clearance of dye in
the experimental clams, compared with the controls, was affected by 17 to
37%, when exposed to tissue concentrations in the range of 4 x 10~̂  to 20
x 10~6/<A.Ci g"1 dry. On exposure to still higher concentrations (24 x
10~2/u,ci g"1), however, the rate was practically doubled, suggesting a
significant increase in the branchial activity. Despite the build-up of
cesium activity in the tissues, the experimental animals survived for more
than 90 days exhibiting normal biological behaviour (Patel et al., 1979a).
The studies on the electro-phoretic mobility of erythrocytes shox^ed that
the electro-kinetic behaviour of clam cells was not affected following
exposure to low doses originating from controlled disposal of radioactive
wastes into the coastal zones (Table 3.18). The maximum possible radiation
dose that could be received by both epi- and in-faunal communities through
external and internal exposures originating from releases in the Bombay
harbour environment is given in Table 3.19. So far no detectable changes
in the distribution density, breeding habits, growth etc, of many
intertidal benthic communities from the waste disposal zones have been
observed. Moreover, the annual average fish catch from the harbour waters
has practically remained the same over the last two decades (Patel et al.,
1975b, 1978a, 1979a). The dose rates to marine populations from the
radioactivity in water has been found to be negligible as compared to that
from the activity incorporated in the sediment. Further, in general the
5̂0/30 f°r the clam .A. granosa is about 1 kR (acute exposure) whilst

radiation effect to individual tissue such as blood is evident only when
exposed to more than 18 kR (Patel S. and Patel B., 1971; 1973a,b,c). The
LÜ5Q limit for other benthic communities is still higher (10̂  kR).
Certainly the dose required to induce any detectable biological responses
in the marine benthic ecosystem is significantly higher than the maximum
permissible concentration which the environment receives at present. It is
interesting to note, however, that the growth of A. granosa population
harvested from Trombay clam bed was better and appeared healthier than
those from Sewri clam bed as evident from Fig. 3.18, which records the
percent cumulative frequency in their gross weight. In addition, the
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Fig.3.18 DISTRIBUTION OGIVES OF BLOOD CLAM ANADARA GRANOSA
FROM SEWRI (O) AND TROMBAY {•) CLAM BEDS DURING 1979-80
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colour of the outer layer of shell (periostracum) in the Trombay population
was bright red, as observed in those from other coastal areas (Alibag and
Ratnagiri on the West coast and Porto Novo and Kakinad on the East coast),
whereas the colour in those from Sewri was reduced to dark black and often
peeled off exposing the inner calcareous layer and smelled of hydrogen
sulfide, a condition generally observed in the dead animals. The colour of
the blood, too, was more deep red in those from Sewri than in those from
the Trombay stock. This may well be a physiological adaptation to
counteract the anoxic Sewri environment. Furthermore, irrespective of the
season of collection, the number of dead animals was significantly higher
(19 to 30%) in the population from Sewri than that in Trombay (0 to 2%,
Fig. 3.19). The dead animals contained black decaying material and smelled
of hydrogen sulfide indicating the nature and quality of the Sewri
mudflat. In addition, the overall weight indices of the Trombay clams,
gross-, shell and tissue-, were about 1.2 to 1.6 times heavier than in
those from Sewri, and the population comprised of animals of wide
differences in weight and size as evident from the standard deviation of
the populations (Fig. 3.19). This clearly shows that the poor growth and
mortality in Sewri stock was due to effluents containing organic complexes
and hydrocarbons from the petro-chemical and fertilizer plants discharged
through Mahul creek in the vicinity of Sewri clam bed, rendering it an
unhealthy environment for benthic communities (Patel et al., 1983).

2 4 5 6 8
!979 MONTHS

II 3
1980

Fig.3.19.AVERAGE GROSS-, SHELL-AND TISSUE (DRY)
WEIGHT AND PERCENT MORTALITY IN ANADARA
GRANOSA POPULATIONS FROM SEWRI (HATCHED)
AND TROMBAY (OPEN). VERTICAL LINES
INDICATE STANDARD DEVIATION ( N « 150)
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7.2 Dose to man

Considering the varieties and quantities of fish and shellfish
harvested, and taking into account the food habits of the population living
in the surrounding area, the one residing in Trombay can only be considered
as the "Critical Population". The intake of cesium-137, strontiutn-90 and
plutonium-239 by this population through consumption of 15 g salt and 40 to
50 g meat of shellfish with maximum detected radioactivity (e.g. levels
recorded during 1971 to 1972) per day is about 2 to 3, 1.2 and 0.01% of
their respective derived limit. Further, considering extremely low levels
of plutoriium-239 in the deposited sediment, it is not considered to
contribute/pose inhalation hazards during fishing through its possible
resuspension in air/sea spray. The exposure through operating fishing gear
is also not considered significant, since the levels of these radionuclides
are extremely low over the fishing zone. The exposure through fishing on
the soft clam bed, off the discharge zone during 1971, when the maximum
radiocesium activity was detected (400 pCi cesium-137 g~l dry sediment)
for a period of 4 to 5 hours per day for 250 working days is less than 1/3
of 1CRP recommended dose. This dose would be significantly lower over the
mud flats which are away from the discharge zone. Thus, by considering the
maximum levels of radioactivity detected to this date after two decades of
waste discharges into the coastal environment, the radiation dose to
fishermen, let alone the population at large, is much below the permissible
dose limit.
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