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FOREWORD

The forerunner of this publication, IAEA Safety Series No.5, “Radioactive 
Waste Disposal into the Sea” , was published in September 1961. It was prepared 
during a series of meetings in 1957 and 1958 (chaired by Mr. H. Brynielsson) 
which were convened to recommend measures for the control of radioactive 
waste disposal into the sea. Since then, many improvements have been made 
in the basic principles of radiation protection, in the understanding of basic 
oceanographic processes transporting radionuclides from disposal sites to 
resources used by man, and in the knowledge of marine radioecology necessary 
to predict the impacts of such disposal activities. Also during this period, several 
international agreements governing the protection of the marine environment 
from pollution have been negotiated and brought into force. The IAEA is 
designated as the competent authority on radioactive questions in the Con
vention on the Prevention of Marine Pollution by Dumping of Wastes and other 
Matter (London, 1972). In particular, the Agency was requested to define 
radioactive wastes unsuitable for dumping into the sea (i.e. high-level wastes 
prohibited by the Convention) and to make recommendations to national 
authorities regarding ocean dumping of radioactive wastes that do not fall under 
this definition (i.e. low-level wastes). This task was completed by the Agency 
in 1978 and it was therefore thought timely to revise IAEA Safety Series No.5.

The objective of the new publication is to update the information on which 
decisions may be made by appropriate national authorities to dispose of radio
active wastes into the marine environment. A Technical Committee Meeting, 
chaired by Mr. J.M. Bewers of Canada, was held in Vienna in November 1980 to 
begin this task. During this meeting, 26 experts from 15 countries and four 
international agencies drafted a preliminary working document which was 
subsequently revised by six consultants in June 1981.

This report provides information on the background, technical procedures 
and control of the marine disposal of radioactive wastes and on relevant inter
national law and international recommendations. The publication represents 
the views of the experts participating in their individual capacities and should 
not be regarded as an official statement of the IAEA of its views on policies 
in relation to the subject discussed.
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1. INTRODUCTION

The development of nuclear programmes in many countries throughout the 
world requires that measures be taken to effectively manage the radioactive wastes 
that arise from such programmes. Some States have found ocean disposal of some 
types of radioactive wastes more suitable than land-based alternatives. Therefore, 
in order to assist States in reaching decisions regarding radioactive waste disposal 
into the sea, the Agency assembled experts in this field to provide guidance on the 
subject.

The first international meeting to treat the specific problems of radioactive 
waste disposal into the ocean was held in Geneva in 1958 at the United Nations 
Conference on the Law of the Sea. A key provision of this conference was that 
“every State shall take measures to prevent pollution of the seas from dumping of 
radioactive wastes, taking into account any standards and regulations which may 
be formulated by competent international organizations” . An immediate result 
of this provision was the formation by the IAEA in 1958 of a scientific panel.
Its charter was to recommend measures for ensuring that disposal of radioactive 
wastes into the sea would not result in unacceptable hazards to man. A series of 
meetings of this panel resulted in the publication in 1961 of Safety Series No. 5, 
Radioactive Waste Disposal into the Sea.

Safety Series No. 5 was a landmark Agency document which has been in 
continuous demand since its publication. However, in the intervening time, 
major changes in the philosophy and recommendations of the International 
Commission on Radiological Protection (ICRP) have occurred which are crucial 
to the assessment of impacts arising from the disposal of radioactive waste into the 
sea. The knowledge of oceanographic processes has also improved markedly, and 
this has provided a better understanding of physical transport processes and of the 
pathways by which radionuclides are transported from marine disposal areas back 
to man. Finally, marine radioecology has developed to the stage where predictions 
of radionuclide cycling pathways and rates are possible.

Since 1961, the IAEA has convened several symposia dealing with subjects 
related to sea disposal, such as radionuclide cycling in the marine environment, 
radioactive waste management, radiological and environmental protection, and 
environmental monitoring. The Agency has published not only the proceedings 
of these symposia, but also several Safety Series and Technical Reports Series, 
covering areas such as the effects of radioactivity on marine organisms and the 
measurement of specific radionuclides in a variety of marine materials. The 
Agency has also supported co-ordinated research programmes providing assistance 
and advice to developing countries regarding marine radioactivity.

1.1. BACKGROUND

1
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With more nations considering the use of the sea for the disposal of radioactive 
and other wastes, the number of international and regional conventions has 
increased. One resolution of the United Nations Conference on the Human 
Environment held in Stockholm in 1972 provided a stimulus for the formulation 
of the Convention on the Prevention of Marine Pollution by Dumping of Wastes 
and other Matter (London Dumping Convention, London, 1972) [1], which 
entered into force in 1975. This Convention binds those States which accede to it 
to take all practical steps to prevent the pollution of the sea by dumping of wastes 
which are liable to create hazards to human health, to harm living resources and 
marine life, to damage amenities or to interfere with other legitimate uses of the 
sea. The London Dumping Convention entrusts the IAEA with specific 
responsibilities for the definition of high-level radioactive wastes unsuitable for 
dumping at sea, and for making recommendations to national authorities in 
matters concerning the issuance of special permits for ocean dumping of radioactive 
wastes not falling within this definition.

1.2. DEVELOPMENT OF THE REVISION OF SAFETY SERIES No. 5

The revision of Safety Series No. 5 was initiated in 1979 with the preparation, 
by consultants, of working papers for a Technical Committee Meeting held in 
Vienna in November 1980. The draft working paper from this meeting was 
reviewed and refined by six consultants in Vienna in June 1981, on the basis of 
Agency publications and documents, and the literature in the field. These 
publications and documents are referred to in the references. The text was then 
sent for review to the participants of the Technical Committee Meeting and, after 
the incorporation of their comments, it was again reviewed by the members of 
the Technical Committee before its submission for publication.

1.3. IAEA PHILOSOPHY ON OCEAN DUMPING

The Agency reminds readers that nothing in its publications should be construed 
as encouraging the dumping of radioactive wastes into the ocean. It also emphasizes that 
the Definition and Recommendations set forth by the Agency pursuant to the London 
Dumping Convention (LDC) should not be interpreted as precluding the adoption 
of more restrictive requirements by appropriate national authorities. In addition, 
in the recent (1978) IAEA Revised Definition and Recommendations Concerning 
Radioactive Wastes and other Radioactive Matter referred to in Annexes I and II 
to the LDC, the Agency recommends that a general policy of continued isolation 
and containment of radioactive waste after descent to the sea-bed should be 
pursued, through the use of suitable packaging, to minimize the release of radio
activity, thereby preventing unnecessary contamination of the marine environment.

2
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1.4. SCOPE OF THE REPORT

The body of this publication is intended to provide adequate information on 
the broad aspects of radioactive waste disposal into the sea. The introduction of 
radionuclides into the sea from uncontrollable sources, such as weapons test 
explosions, is outside the scope of this publication, as are releases of radionuclides 
from nuclear-powered vessels. It should be stressed that agreements on practices 
for the marine disposal of wastes are being developed and the understanding of 
oceanographic processes is rapidly progressing; therefore, the conclusions 
presented here should always be considered in the context of changes in both 
knowledge and practice that occur subsequent to the completion of this text.

2. THE SOURCES AND NATURE 
OF RADIOACTIVE WASTES

2.1. INTRODUCTION

The generation of electricity by nuclear fission and the use of radioactive 
isotopes throughout the world has led to the production of waste materials, as 
with any other industrial activity. The nature of these wastes is an important 
factor with respect to possible sea disposal because, as described in the subsequent 
sections, the various radioisotopes behave differently in the marine environment. 
Marine disposal of radioactive wastes has been carried out during the last 30 years, 
but the quantities of radioactivity involved have been relatively small compared 
with the total quantities generated by the nuclear industry. This section discusses 
the sources and the nature of radioactive wastes as well as the factors affecting 
the nature and quantities of radioactive wastes likely to be disposed of in the 
ocean under the existing regulations and practices.

2.2. NATURE OF RADIOACTIVE WASTES

2.2.1. Wastes from the nuclear fuel cycle

The world total electricity generation in 1980 was approximately 8326 TW h
[2], Only 7.9% of this energy was produced by nuclear reactors. Installed nuclear 
capacity by the end of 1980 was 135.8 GW(e), which corresponds to the produc
tion of 660 TW-h(e). By 1985, the installed nuclear capacity is expected to

3
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increase to about 311 GW(e). The nuclear fuel cycle includes the following stages: 
mining and milling of uranium (and thorium) ores, purification and conversion to 
fuel-grade material, which usually includes enrichment of the 235U isotopic content, 
fabrication of fuel elements, reactor operations, withdrawal of the fuel elements, 
and storage of unreprocessed fuel or reprocessing of irradiated fuel for the recovery 
of fissile and fertile materials. In all of these stages in the cycle, wastes are 
produced, but the composition of the wastes depends upon the stage at which they 
are removed from the fuel cycle.

In the stages from mining to fuel fabrication, the radioactive materials 
comprise uranium (or thorium) and naturally occurring daughter nuclides. These 
wastes can be in solid, liquid or gaseous form. Radioactive wastes from mining 
operations are usually left near to the mining site and are buried under inactive 
overburden material (soil) to decrease the exposure of radioactive materials to 
environmental processes. Depleted uranium is not generally treated as waste and 
is normally stored for possible future use. Fuel fabrication gives rise to wastes 
containing uranium, or plutonium in the case of fast breeder reactors. Such wastes 
are sufficiently valuable to make it profitable to store and recycle them for the 
production of fuels. They are therefore not normally candidates for disposal.

The radionuclides produced in nuclear power reactors are of two main types: 
fission products and activation products. Fission products are produced only 
within the fuel, whereas activation products can be formed both within the fuel 
itself and outside, primarily as a result of neutron bombardment. The fission 
products comprise a variety of radionuclides having a broad range of half-lives.
Only the longer-lived (more than a few weeks) of these radionuclides are normally 
of concern in waste management. The main products of fuel activation are the 
transuranium nuclides, i.e. isotopes of neptunium, plutonium, americium and 
curium. Almost all of the radioactivity associated with the nuclear fuel cycle is 
present within the spent fuel, but activation products of fuel cladding and other 
materials within the reactor vessel are also important. Such activation products 
include slCr, s4Mn, s9Fe, 60Co and 63Ni. In most modern reactors the primary 
coolant is in a closed system, linked through heat exchangers to a secondary, 
steam-generating, cooling loop. Primary liquid coolant is usually continuously 
purified by in-line filters and ion-exchange resins and these purification media 
need to be disposed of as active waste. Thus, part of the liquid and solid wastes 
arising from the normal operation of power reactors contain radioactive corrosion 
products which have been removed from primary coolant streams. The amounts 
of fission products and transuranium nuclides appearing within the primary 
coolant, and subsequently within the purification media, depend strongly on the 
condition of the fuel and its cladding.

Irradiated fuel elements are stored after their removal from the reactor.
When spent fuel is reprocessed, some constituent radionuclides enter a variety of 
waste streams in gaseous, liquid and solid forms. The inventories of fission
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products and transuranics from seven alternative fuel cycles have been estimated 
by the IAEA International Nuclear Fuel Cycle Evaluation (INFCE) Working Group 
No. 7 [3]. The fractions of these radionuclide inventories of spent fuel which are 
produced in the various waste categories depend upon the reprocessing and waste 
treatment techniques used in reprocessing plants [4], Contaminated or activated 
materials, such as pipework, valves and control-rod assemblies, are also regular 
waste materials from reactor operation.

Although not a common experience to date, the impending decommissioning 
of existing reactors will give rise to additional quantities of contaminated and 
activated materials. The amounts of radioactive waste from decommissioned 
reactors have been negligible compared with wastes generated by operating reactors, 
but this ratio will gradually change as reactors are replaced in the future. In fact, 
the amounts of waste from the decommissioning of a power reactor are expected 
to be comparable to the total of wastes generated during routine operations.

2.2.2. Other wastes

Finally, various types of radioactive waste can arise from industrial research 
and medical applications of radioisotopes. Relatively small amounts of radioactive 
material arise from the operation of particle accelerators and neutron generators, 
and from the production of isotopes by research reactors through activation.
Such isotopes include those commonly used in medicine and diagnostic applications, 
and those applied to industrial uses.

2.3. AMOUNTS OF WASTES PRODUCED

2.3.1. The nuclear fuel cycle

Those interested in details regarding the amounts of wastes produced in the 
nuclear fuel cycle are referred to the report of the INFCE Working Group No. 7 [3] 
in which all the wastes arising in seven selected nuclear fuel cycles are summarized. 
These fuel cycles include light water reactors (LWR), with and without plutonium 
recycling, fast breeder reactors (FBR), heavy water reactors (HWR) and high- 
temperature reactors (HTR). In order to make comparisons possible, in the 
INFCE study a number of assumptions have been made, the most important of 
which postulates that all wastes produced, except those from mining and milling 
operations, will ultimately be disposed of in a geologic repository. The quantities 
of waste produced are presented in units of activity per gigawatt-year of electricity 
generated. This makes it simple to estimate the present aggregate amounts of 
waste from individual countries or groups of nations by multiplying by the installed 
capacity involved. Amounts of waste generated in the future can only be

5

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



estimated by predicting the distribution of nuclear capacity among the various 
reactor types, particularly since fast breeder reactors produce smaller volumes of 
waste but larger amounts of transuranic material. Projections [2] suggest that the 
total production of nuclear-derived electrical energy by the year 2000 will be of 
the order of 5500 TW h(e), based on an installed capacity of 900 GW(e). It 
should be noted that the waste production figures presented in the INFCE Working 
Group 7 report [3] are based on contemporary management strategies and practices.

2.3.2. Applications of radionuclides

The quantities of radioactive waste generated in the production of radioiso
topes for application in industry, medicine and agriculture are relatively small 
compared with those generated by nuclear power reactors. As an example, the 
production of 60Co for industrial uses has reached the multi-PBq level, and 
occasionally large sources of separated 90Sr and 137Cs have been made. Various 
radioactive wastes have also been produced at the multi-PBq level at major 
research centres.

2.4. TYPES AND AMOUNTS OF WASTES DISPOSED INTO THE SEA

One difficulty associated with a brief discussion of the quantities of radio
active waste disposed into the marine environment is that such a discussion 
tends to njask the complexities of the situation. The radiotoxicities of radio
nuclides vary widely and their significance in particular environments depends on 
their distribution, the quantities released, their degree of accumulation by 
environmental components, and the use of such components by man which might 
lead to radiation exposure. Thus, it is not the total number of activity units 
released or the relationship between anthropogenic and natural fluxes of radio
nuclides which is a matter of concern, but the resultant radiation exposure of man 
and of components of the marine ecosystem. Nevertheless, the types and 
quantities of radioactive wastes introduced into the ocean through deliberate 
disposals are briefly discussed in order to provide the interested reader with an 
appreciation of the extent to which the ocean has been used for such disposals in 
recent years.

2.4.1. Dumping of solid wastes

During the period from 1946 to the mid-1960s, the United States disposed 
of solid packaged radioactive wastes by dumping at different locations in the 
Atlantic and Pacific Oceans [5]. Approximately 100 000 packages were dumped, 
containing a total activity, at the time of disposal, of approximately 2.2 PBq (or
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an average of 0.1 PBq a -1). Since 1970, land burial of these wastes has been found 
to be most economical. These figures do not include the M/S Seawolf reactor 
vessel containing an additional 1.2 PBq that was dumped into the western North 
Atlantic.

Since 1949, several European countries have dumped solid packaged radio
active waste into the North-east Atlantic. Since 1967, most of these disposal 
operations have been organized and carried out on an international basis within 
the framework of the Nuclear Energy Agency of the Organization of Economic 
Co-operation and Development. Some of these countries have found land-based 
alternatives to sea disposal, but four countries (Belgium, the Netherlands, Switzerland 
and the United Kingdom) continue to dump waste in this area at aggregate activity 
rates of approximately 3 PBq per year [6]. Approximately 50% of this activity is 
due to tritium, 48% to beta/gamma emitting nuclides and 2% to alpha emitters [6].

2.4.2. Effluent discharges into coastal zones

The discharges of liquid effluents into coastal areas are predominantly from 
fuel reprocessing facilities, particularly those from Windscale in the United Kingdom 
and Cap de la Hague in northern France [7], Average radioactivity releases from 
these facilities during the period from 1975 to 1978 were 8.7 PBq and 1.2 PBq, 
respectively. The wastes consist primarily of activation and fission products.
The discharges of radioactivity in liquid effluents from nuclear power reactors in 
these years were in the range of from 0.2 to 0.4 TBq per gigawatt-year, but only 
a limited number of the world’s nuclear power reactors are situated on the coast
[4]. For comparative purposes, we use the mean of the above range and assume 
that an average of 25% of the world’s installed nuclear power capacity would 
result in a total amount of ~  30 TBq per year of radioactivity discharged in liquid 
effluents reaching the seas either through rivers or directly from coastal sites.

Thus, to date, the radioactive wastes released into the marine environment 
through deep-sea dumping or coastal discharges constitute only a small part of the 
total amount of radioactive wastes arising from the nuclear fuel cycle and other 
sources. It should be borne in mind, however, that the quantities of waste that 
have been disposed into the ocean reflect the needs of operators and the application 
of contemporary ICRP philosophy. Future discharges will also reflect the three 
major recommendations embodied in ICRP Publication No. 26 [8],

2.5. FACTORS AFFECTING FUTURE WASTE DISPOSAL INTO THE SEA

A variety of factors will influence the types and quantities of waste generated 
as well as the nature, extent and methods of future ocean disposals. Predominant 
among these factors are:
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(a) The extent to which fuel reprocessing is practised
(b) The growth rates of the nuclear power industry, which will, to  a large extent, 

regulate the amounts of waste produced
(c) The mixture of power reactor types in operation; for example, the potential 

replacement of light and heavy water reactors by fast breeders and high- 
temperature reactors will result in some changes in the form and composition 
of wastes as well as the amounts produced per unit of electrical energy

(d) Decommissioning of nuclear facilities; some proportion of the wastes from 
decommissioned reactors and other facilities may be amenable to ocean 
disposal without major treatment

(e) Technical advances in the segregation and reduction of wastes at the source
(f) Conditioning of wastes, covering all types of treatment before disposal
(g) ICRP recommendations and their application
(h) The application of the de-minimis definition for radioactive wastes. (Since 

all materials, natural or anthropogenic, are inherently radioactive, such a 
definition is required to identify materials whose content of radionuclides is 
so low that negligible radiological risks are involved if the materials are 
handled and disposed of as if they were devoid of radioactivity. The IAEA 
has recently commenced to define de-minimis levels for materials intended 
for marine (see Annex III) and land disposal.)

(i) The viability of other options for the disposal of radioactive wastes and their 
respective radiological, social and economic acceptability.

The importance and impact of these factors make it difficult to estimate the
nature and quantities of radioactive wastes that might be amenable to future
marine disposal.

3. THE MARINE ENVIRONMENT

3.1. INTRODUCTION

A variety of factors and processes control the dispersion, cycling and fate of 
radionuclides within the marine environment and their potential pathways to man. 
These processes pertain to a wide spectrum of scientific disciplines; for the most
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part, however, they can be segregated into three major areas: physical oceanography, 
marine geochemistry and marine biology. Sediment transport and sedimentary 
geochemistry are important subjects in the context of radionuclide transport in the 
oceans; they are dealt with here as parts of physical oceanography and marine 
geochemistry, respectively. All three subject areas are closely related with regard 
to the behaviour of radionuclides in the marine environment, and the study of 
these interacting processes as well as their environmental impact is usually referred 
to as marine radioecology. It should be noted that this section is not intended to 
be a summary of these subjects; rather, it attempts to  highlight those features 
which are of particular relevance to radioactive waste disposal into this particular 
environment.

The physical transport and transfer of elements in the sea is determined by 
motion. Sea-water is always in motion, and therefore mixing and exchange 
processes are occurring continuously. These stirring motions range from the 
Brownian movements of molecules, through all kinds of turbulent eddies, to 
large-scale circulation associated with the major ocean current systems. The 
spreading, or dispersion, of a passive contaminant is governed by two classes of 
physical processes: advection and mixing. Advection involves the physical 
displacement, or movement, of water and results from the relatively large-scale 
transport of parcels of water in currents. Within the cores of such currents the 
composition of the water is essentially constant, or conserved. Mixing, sometimes 
called turbulent diffusion, or just diffusion, involves relatively small-scale random 
motions which give rise to local exchanges of water properties without any net 
transport of water.

Chemical processes which control the transport and transformation of 
chemical substances in the ocean include dissolution, precipitation, complexation, 
ion exchange, isotopic exchange, oxidation and reduction. The ocean is not a pure 
fluid; neither is it a pure solution because, in addition to the large amounts of salt 
in solution, it contains particles in suspension which, although generally present in 
small concentrations, play a major role in the sequestering and transport of many 
elements and radionuclides.

A number of marine pathways are also mediated by biological activity.
Because of the larger mass turnover at the lower trophic levels it is generally the 
smaller organisms which play the most significant role. It should also be noted 
that although biological activity is ubiquitous in the ocean, the oceanic biomass 
is not homogeneously distributed.

The accumulation of radionuclides by biological materials is an essential 
area of study because such processes may result in intake by man of the disposed 
radionuclides. The means by which such accumulation takes place is a complicated 
process, but much effort has been expended in recent years to further our under
standing of it. Similarly, any potential adverse effects on the marine ecosystem as 
a whole have also been, and will continue to be, the subject of much research.
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3 .2 . D IV IS IO N  O F  T H E  SE A  IN T O  ZO N E S

3.2.1. Physical zones

With respect to the characteristics of the marine environment that are 
relevant to marine radioactive waste disposal, it is convenient to subdivide the 
sea into three major zones.

3.2.1.1. The near-shore zone

The near-shore zone includes the intertidal portions of the coast, estuaries, 
and areas that are partially enclosed by land masses, such as harbours, bays, 
lagoons and passages of water separated from the open sea by fringing islands.
The extent of the intertidal zone depends upon the slope of the land to the sea 
and the vertical range of the tidal excursion; the latter can vary from less than 
1 m, as in some areas of the Mediterranean Sea, to about 15 m in the Bay of 
Fundy, Canada.

3.2.1.2. The continental shelf

The sea-floor as far out as the continental margins — the submarine portions 
of the land masses — constitutes the continental shelf The depth of water over it 
varies, but is typically less than 200 m. The width of the shelf is also extremely 
variable, extending off-shore from only a few kilometres in such areas as the coast 
of California and some of the Japanese islands to over 150 km in such areas as the 
Atlantic coast of North America. The continental shelf also contains several large 
marginal seas, such as the North Sea, the Baltic Sea and the South China Sea. The 
fauna of the continental shelf is markedly different from that of the deeper parts 
of the oceans and this area is referred to by biologists as the neritic province.

3.2.1.3. The deep sea

Beyond the continental shelf the sea-floor slopes fairly steeply (3—6° to the 
horizontal) to form the continental slope, then the sea-floor slopes more gently 
(<  1°) to form the continental rise, before giving way to  the abyssal plains at some 
4000—6000 m depth. In addition, there are local topographic features of sea 
mounts and canyons, and each oceanic basin also has ridges and trenches which 
correspond to the arrangement of the tectonic plates. Because of the marked 
difference in species composition, biologists refer to the area off the continental 
shelf as the oceanic province.
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3 .2 .2 . B iological z o n a tio n

3.2.2.1. Pelagic zones

Marine organisms which either float or swim in the water mass are termed 
pelagic organisms; those which live on or in the sea-bed are termed benthic 
organisms. Pelagic organisms are further divided into those which are strong 
swimmers, such as fish and squids, constituting the nekton, and those which are 
rather weak swimmers or float passively, constituting the plankton. Planktonic 
organisms may be either plants (phytoplankton) or animals (zooplankton). 
Another frequently used term is neuston, referring to those organisms which 
inhabit the top few centimetres of the sea’s surface.

The phytoplankton includes three principal groups: the diatoms, the dino- 
flagellates and the microflagellates or nanoplankton. These are the primary 
producers in the marine food-chain, together with the large, attached benthic 
algae in the coastal zones. The zooplankton is derived from many groups of 
animals: protozoans, coelenterates, ctenophores, polychaetes, crustaceans, 
molluscs, etc. Many species have an entirely planktonic life history and these 
are referred to as the holoplankton. Other organisms — including some of those 
which otherwise live on the sea-floor -  spend only part of their life history in 
the plankton, particularly as eggs and larvae, and these temporary additions to 
the plankton are called the meroplankton.

The vertical distribution of pelagic organisms is to a large extent dictated by 
the physical and chemical characteristics of the oceans (Fig. 1). Phytoplankton, 
like other plants, synthesize high-energy compounds such as glucose and 
adenosine triphosphate (ATP) from carbon dioxide or other low-energy carbon 
sources and water, using the energy from the sunlight which is absorbed by the 
plants’ pigments. The wavelengths absorbed range from 0.4 to 0.7 jum, but 
because of the differential absorption of light wavelengths by sea-water it is the 
blue-green range (0.4—0.6 /um) of the spectrum which provides most of the energy 
for these photosynthetic processes.

Photosynthesis is obviously restricted to the surface layers of the ocean, 
and the zone in which it occurs, the euphotic zone, extends from the surface to 
a depth of about 100—150 m; this zone is also abundant in animal life. Some
times, an arbitrary horizontal division of the ocean is made at about 200 m, which 
also coincides with the mean depth of the continental shelf; it is termed the 
epipelagic zone. Beneath this zone, some light is still present, but there is usually 
a marked change in the composition of the fauna; particularly noticeable is the 
presence of small luminous fish with silvery sides. The mean depth to which light 
can penetrate is about 1000 m; the zone from about 200 m to 1000 m is referred 
to as the mesopelagic zone; in tropical and subtropical waters this zone also 
contains the main thermocline. Below 1000 m, the temperatures are low (less
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BENTHIC ZONES PHYSICAL ZONES DEpTH PELAGIC ZONES

F IG .l. Vertical zon ation  in the oceans.

than 5°C) and there is no light except for that produced by bioluminescent 
organisms. The fauna is again distinctive and is termed bathypelagic. The number 
of organisms declines with depth, there being a virtual biological cut-off at about 
2500 m. The term bathypelagic is sometimes used for the zone from 1000 m to 
2500 m. At depths in excess of about 4000 m the fauna again changes somewhat 
in character; this zone is referred to as abyssopelagic. In the deepest parts of 
the oceans (more than 6000 m) a hadopelagic fauna is defined. It should also be 
noted that, in the deep sea, some of the pelagic faunae actually live near, and 
feed on, the sea-floor; they are therefore referred to as benthopelagic. In shallow 
waters, fish feeding predominantly on the sea-floor are termed demersal.

3.2.2.2. Benthic zones

Marine organisms which live on or in the sea-bed are termed benthic 
organisms. The large macroalgae which live attached to the sea-floor -  except 
for some of the Sargassum species -  are also restricted to the euphotic zone. 
Coastal waters, however, are generally more turbid and turbulent than the open 
ocean; attached algae are therefore limited to a depth of about 30 m in temperate 
seas, although in clear waters they may extend to below 100 m. Sheltered rocky 
areas of temperate seas frequently sustain large populations of intertidal algae.
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The benthic fauna is usually subdivided into those animals which live on the 
sea-bed — the epifauna, and those which live in the sea-bed — the infauna. The 
benthos, as these two sets of fauna are collectively known, is composed of 
representatives of all of the major phyla. The intertidal zone constitutes a distinct 
marine community, and the dominant intertidal species are unique to it. The sea- 
floor from the lower edge of the intertidal or littoral zone to the outer edge of the 
continental shelf is the sub-littoral zone; it is a very important source of food for 
bottom-feeding fish and also provides a spawning ground for some fish species.
The benthic animals which live on the shelf frequently occur in groups of species 
that are characteristic of particular depths of water and types of sediment. In 
temperate seas, many benthic invertebrates produce planktonic larvae, but those 
living in the Arctic and Antarctic usually have short or non-existent planktonic 
larval stages. From the edge of the continental shelf to  a depth of about 4000 m 
the benthos is much reduced and has a typical fauna; this area is termed the 
bathybenthic zone. From 4000 m to 6000 m is the abyssobenthic zone; below 
6000 m, a separate hadobenthic zone may be defined.

3.3. PHYSICAL OCEANOGRAPHY

As mentioned in Section 3.1, the physical transport of elements in sea-water 
is governed by two classes of physical processes: advection, involving physical 
displacement by currents, and mixing or diffusion. The effects of the advective 
motion are analogous to stirring; the effects of diffusion or turbulent diffusion, 
which decrease the mean value of the concentration gradient, may be termed 
mixing.

Turbulence resulting from shear between two water masses in relative motion 
with one another will obviously enhance the exchange of constituents between 
the edges of those water masses in a manner analogous to diffusion (mixing).
The rate of such diffusion is, as a first approximation, proportional to the 
concentration gradient involved. The gradient may be a physical one, such as 
heat, or a chemical one. In molecular diffusion the rate of proportionality, or 
diffusivity, is a constant, determined by the physical and chemical properties of 
the medium and the properties of the constituents concerned. The concept of 
constant diffusivity can also be invoked when mixing occurs predominantly 
through eddies of small dimensions compared to the size of the water mass 
involved. Such a limitation to the scale of the eddies may be present, for instance, 
in currents in shallow water where the depth of the water sets a limit to the 
vertical development of eddies and the bottom friction sets a limit to their 
horizontal development. Although in such a case the diffusivity is independent 
of the concentrations, it is not necessarily constant in time or equal at every spot 
and direction, in other words, it may be both inhomogeneous and anisotropic.
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The diffusion generated by the fluctuating random motion is generally much 
larger than the molecular diffusion, so that the effective turbulent exchange 
coefficients are not influenced by the particular value of the molecular coefficients. 
This does not mean that molecular diffusion is unimportant, because it must ulti
mately be responsible for the mixing and dissipation. The action of the random 
motion is to deform or convolute the volume and thus to increase both the 
concentration gradients and the surface area over which the smaller scales of 
motion, including molecular diffusion, can act.

3.3.1. The near-shore zone

Both currents and mixing processes are more intense in coastal waters than 
in other regions of the sea. Currents resulting from large-scale oceanic circulation 
patterns, regional or local winds, and combinations of all of these, usually follow 
the main trend of the coastline and give rise to currents which are tangential to it. 
The shallow waters of many coastal areas are also subjected to considerable stress 
by tidal forces and by winds, which produce intense horizontal and vertical mixing. 
There are also areas where morphology and topography, and lack of tidal motion, 
together with some fresh-water run-off, will markedly suppress mixing and water 
exchange. There are also limits to the degree of dilution in the near-shore areas, 
due to the shallower depths. After initial dilution, further dilution is essentially 
dependent upon horizontal water exchange with adjacent water masses. Dispersion 
is then limited by the degree of mixing of the contaminated water with other 
currents. Of course, in the open sea, mixing can occur in all directions, whereas 
in coastal currents, bounded by the shoreline, mixing is only possible through 
about 180° of arc. In semi-enclosed embayments this arc may be much 
smaller, and smaller still within an estuary. For discharges from an outfall into 
a relatively well-mixed embayment, whose exchange with external waters is 
restricted, an equilibrium concentration may therefore become established that 
is largely dependent upon the rates of exchange across the marine boundary of the 
bay. In such cases the rate of water replacement in the embayment will be 
dependent upon the width and hydraulic characteristics of the connection 
between that basin and the adjacent external basins, in addition to the intensity 
of tidal forces, fresh-water inflow and wind stress.

In the vicinity of estuaries the sea-water is diluted by fresh water and, 
depending upon the intensity of tidal and wind forces, this may give rise either 
to more or to less density stratification than elsewhere in the coastal zone. The 
greatest complexity of physical processes, and the largest diversity of conditions, 
usually occurs in estuaries. Another major feature of near-shore areas, which 
differentiates them from off-shore regions, is the magnitude of sediment 
remobilization and transport processes. Because of the relatively strong physical 
forcing in near-shore areas, sedimentary material may be mobilized, by both

14

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



resuspension and bed-load transport, in amounts atypical of other parts of the ocean. 
This mobile material, which predominantly includes silts and sands, is subject to 
displacement in fairly large quantities by the action of currents, waves and 
turbulence. Coastal waters contain more suspended matter than waters of the 
continental shelf and the deep ocean, and the transport of contaminants by inter
mediaries, such as sedimentary material, is relatively more important.

3.3.2. The continental shelf

The waters of the continental shelf exhibit conditions that are intermediate 
between those of the near-shore zone and the deep sea. There is considerable 
variation in the extent of vertical stratification, with large areas being well mixed 
from surface to bottom and other areas showing strong vertical stability. The 
waters of the continental shelf exhibit less heterogeneity and seasonal variability 
than those of the near-shore zone, but more than those of the deep sea. Along 
coastlines of high fresh-water run-off, the waters of the inner shelf have lower 
densities than the off-shore waters. These density gradients and Coriolis 
effects generally produce a current flowing parallel to the coast. The outer parts 
of the continental shelf, however, generally exhibit currents related to the large- 
scale ocean circulation systems. In addition, wind-induced motion contributes 
significantly to the current pattern throughout the shelf region and constitutes 
the predominant mechanism for turbulent mixing. Since wind stress is variable, 
the intensity of mixing in shelf waters also shows considerable temporal variation.

Several large regional seas form part of the continental shelf. Many of these 
seas have characteristic internal circulation patterns, but they vary greatly in their 
degree of internal vertical mixing. In general, the surface circulation of regional 
seas is also influenced by geostrophic motions reflecting the effects of Coriolis 
forces. The extent of dispersion of contaminants introduced to  such regional 
seas is largely governed by the character of internal currents and the extent of 
vertical mixing in such areas. In many shelf seas the mixing induced by tidal 
motion is also very important, as for example in the North Sea.

Water circulation in semi-enclosed regional seas is driven by both thermo- 
haline processes and meteorological forcing; in other words, it is induced by fresh
water supply, wind stress and atmospheric pressure distribution. The fluctuating 
motion in such regions is generally related to the meteorological forcing, and 
marked seasonal variations often occur owing to seasonal patterns in the 
meteorological conditions and fresh-water supply. Conditions in regional seas 
depend critically upon the balance between fresh-water influx and losses due to 
evaporation. A positive water balance, where the fresh-water inflow exceeds 
evaporative loss, will produce a stable stratification with generally outflowing, 
less saline water on the surface and a compensating influx of more saline water 
along the bottom. Good examples of such regional, or marginal, seas are the Gulf
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of St. Lawrence and the Baltic Sea. Inside such seas, vertical mixing is relatively 
weak, and the supply of bottom water can be continuous or episodic, depending 
largely upon the topography of the sea and its connection with the ocean. In 
contrast, negative water balances result in an increase in the salinity of the surface 
waters due to the net excess of evaporation. Deep-water convection can occur 
under favourable meteorological conditions, as in periods of cooling winds blowing 
from the continent; in such cases the circulation is reversed, with the outflowing 
water confined to subsurface layers and open-ocean water entering the sea on the 
surface, as in the case of the Mediterranean Sea.

Many areas of the continental shelf contain regions of increased turbidity 
close to the sediment/water interface. These features are thought to be due to 
the resuspension and transport of sedimentary material by turbulence and 
bottom currents. It should be noted that in partially mixed estuaries and in 
several regional seas the net bottom water flow is shorewards, giving rise to 
significant recirculation of sedimentary materials or particular grain-size fractions 
of them. Elsewhere on the continental shelf the net transport of the material is 
predominantly along the shore, or off-shore, and this ultimately provides a 
mechanism for sedimentary material, initially deposited on continental shelves, 
to be transported into the deep ocean.

3.3.3. The deep sea

The waters of the deep sea are generally more stably stratified and vertical 
mixing is generally less intense than in the waters over the shelf and in the near
shore regions. Exceptions are areas of deep water formation. The surface of the 
open sea contains a so-called ‘mixed layer’ which is up to  several tens of metres 
thick and is separated from the underlying waters by a density gradient of 
variable sharpness and depth. In the mixed layer, vertical mixing is relatively 
intense as a result of wind stress and seasonal changes in temperature; in warmer 
latitudes, however, this layer remains isolated from the deeper waters by a 
difference in density which impedes the exchange of water between the mixed 
layer and the underlying waters.

By far the largest fraction of sea-water is confined to the deep ocean basins; 
these are filled with cold water (less than 4°C) originating from the polar regions.
In the open ocean the warmer upper layers are separated from the colder deep 
waters by a permanent thermocline, referred to as the main or standing thermocline. 
This lies at about 300 m depth in equatorial regions, deepens to 600—800 m in 
subtropical areas, and then gradually shallows to intersect the surface at latitudes 
of approximately 50°S and 55°N. The general circulation of the upper layer of 
the oceans consists of large-scale current systems which, in the subtropical and 
tropical regions, create one big gyre on each side of the equator. These gyres have 
strong east-west asymmetry, with the most pronounced currents at the western
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boundaries of the oceans, for example, the Gulf Stream in the North Atlantic and 
the Kuroshio in the North Pacific. These currents transport water with velocities 
of the order of 1 —2 m • s '1. The currents on the eastern sides of the gyres are less 
pronounced, generally slow, and feed the equatorial currents.

Other features of the upper ocean dynamics are the slightly elliptical rings, 
or large-scale vortices, which have been observed to break off from, for example, 
the Gulf Stream. These rings are formed when meanders in the Gulf Stream are 
closed off, leaving rings of water of Gulf Stream origin moving around cores of 
differing water character. They can be shed from either side of the Gulf Stream; 
those forming to the south and east of the Stream carry cold water of slope 
origin into the Sargasso Sea, whereas those forming to the north and west enclose 
a warm core of Sargasso Sea water and these seem to interact strongly with the 
continental shelf over times of up to one year. Rings of a similar nature have been 
observed in other areas such as in the Kuroshio current system, at the northern 
boundary of the Antarctic Polar Front, and to the south-east of Australia; but 
they are best documented in the case of the Gulf Stream.

Physical oceanographers also define a ‘surface layer’ to the oceans. This is 
the region most directly affected by meteorological conditions. Above a certain 
wind speed, the wind-induced motion gives rise to a well-mixed surface layer 
whose thickness depends primarily on the force and duration of the wind but is 
also influenced by the rotation of the earth. This layer is often separated from 
the underlying waters by a transition zone or seasonal pycnocline (or thermocline 
or halocline) where the water density and conservative properties change relatively 
rapidly to those characteristic of the deeper waters. The scales of both vertical 
and horizontal mixing in the mixed layer are greater than in the other pelagic areas, 
and soluble contaminants introduced into the surface layer are relatively rapidly 
dispersed. Further penetration of such contaminants into the deeper layers, 
through the pycnocline, proceeds very slowly. In areas devoid of such pycnoclines, 
however, or where the pycnocline is weak, as in the cold polar zones, soluble 
substances introduced into the surface layer may undergo rapid vertical transport 
to deep water regions.

Meteorological conditions, or weather systems, have a major and fundamental 
effect, not only upon the surface layer but also upon the whole ocean on both 
local and global scales. Tropical cyclones constitute discrete forcing agents that 
can influence currents, waves and water mass characteristics over distances of 
hundreds of kilometres. The weather in the middle and higher latitudes is, to a 
large extent, controlled by pressure systems, with time-scales of days to weeks, 
which are coherent over thousands of kilometres; these are especially dominant 
in winter. The monsoonal atmospheric circulation system, which has semi-annual 
periodicity, and the planetary system of polar easterlies, mid-latitude westerlies 
and tropical easterlies (trades) of a long-term, statistically steady nature serve as 
long-term transport-generating forces. The large-scale wind-driven circulation is
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forced by the latitudinal variation of the large-scale wind stress, the curl of the 
wind stress transferring angular momentum to the ocean.

There is a continual exchange of the warmer upper layers of the oceans with 
the colder waters of the deep oceanic basins. Regions where the sinking of dense 
water occurs are few and restricted in area. The main such region appears to be 
the Weddell Sea (Antarctica), but there are others in the North Atlantic. In these 
areas, considerable vertical motion occurs during limited periods of the year, 
transferring surface water to  the deeper layers of the ocean. The newly formed 
deep-water masses influence the deep-water circulation of all the oceans, and 
soluble long-lived substances introduced into deep waters will eventually become 
distributed throughout almost all parts of the ocean basins. The overall deep 
circulation of the oceans is fairly well established and in some basins, such as the 
North Atlantic, it is understood in some detail; in other areas, however, the data 
are more fragmentary.

Deep-water masses are being continually replenished and depleted by 
advection and mixing. The rates of replacement of these water masses can be 
defined in terms of the average length of time a water molecule resides in that 
particular water mass. For coastal zone and continental shelf waters, the residence 
times are generally of the order of months and years, whereas, for deep waters, the 
residence times can be decades or centuries. This introduces the concept of 
oceanic turnover time: the time taken for a parcel of surface water to become 
entrained in the deep oceanic circulation and eventually to reappear at the surface. 
This is of the order of one thousand years.

Important vertical motion occurs not only in regions of deep-water formation 
but also in certain ocean boundary areas adjacent to the western coasts of 
continents. In such areas, water upwelling occurs through the combined action of 
the wind, the bottom topography and Coriolis forces. The upwelling water 
originates from a few hundred metres depth, generally less than 300 m. Other 
vertical motions are associated with frontal systems in both shelf seas and the open 
ocean. The equatorial and polar fronts are regarded as the most significant such 
zones in the open ocean. They constitute regions of convergence in which sinking 
of surface water occurs. For example, on the southern side of the Antarctic Polar 
Front, relatively nutrient- and particle-rich surface water sinks beneath the warmer 
northern water to depths of between 800 and 1200 m, forming the so-called 
Antarctic Intermediate Water. Studies of frontal zones in open shelf seas have 
shown that they separate regions of strong vertical mixing from regions in which 
vertical mixing is weaker. It seems clear that fronts are common, and that they 
have considerable influence on biological conditions and on the transfer of 
substances. Many fronts are transient phenomena, occurring only under certain 
weather conditions or seasons, whereas others are virtually permanent features, 
such as the major oceanic fronts, those in the northern European shelf seas, and 
the Maltese Front in the Mediterranean Sea. Internal waves generated by tidal
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motion are also important with regard to mixing along the boundaries of the ocean 
basins. Breaking of internal waves at basin boundaries will not only generate local 
mixing but will also radiate mixing energy into the interior of a basin.

It is normally anticipated that soluble contaminants in deep water which are 
transported over large distances by currents will undergo widespread dispersion 
during transport. This implies that such contaminants will be substantially diluted 
before reaching the ocean surface. Although it is unlikely that contaminated water 
can be moved in conservative parcels, or in narrow ‘threads’, to surface regions far 
from their origin, such processes cannot be ruled out.

3.3.4. Particulate material in the ocean

There is a continuous flux of particulate material through the oceans.
Particles of crustal material of various sizes are transported to the sea by rivers, 
glaciers and winds. The amount of such material introduced by aeolian (wind) 
transport is approximately 5 X 1011 kg-a-1, whereas the flux of particles discharged 
in suspension by rivers is approximately 2 X 1013 kg-a-1. Additional material is 
conveyed by rivers through bed-load and saltation transport, but essentially all of 
this material is retained in the sediments near to the river/estuarine interface. The 
majority (>  90%) of the river-borne suspended load settles into the sediments 
of the near-shore and continental shelf, giving rise to relatively high sedimentation 
rates on the continental shelf itself (of the order of millimetres per year). It is 
only the very fine suspended material, typically that with sizes of less than 
2 -3  jum, that survives sedimentation on the continental shelf and reaches the 
deep-ocean environment. In the deep ocean, these fine particles settle, either as 
aggregates or singly, towards the ocean floor where they supply material to the 
fine pelagic sediments, such as the red clays of the abyssal ocean. These fine 
suspended particles have high surface-to-volume ratios and can act as sites for the 
adsorption of dissolved constituents. In this way, settling particles can scavenge 
dissolved elements and thus increase their rates of removal from sea-water.

Biological activity within the upper layers of the oceans produces other types 
of particulate material, such as faecal pellets and organic and skeletal detritus.
The proportion of biogenic detritus found in ocean sediments therefore depends 
upon the relative intensity of biological productivity in the overlying and neigh
bouring waters. In the near-shore zone, the sediments are generally dominated 
by the coarser products of weathering, although biological activity does supply 
sufficient organic material to the sediments to sustain a variety of organisms 
living within them. In the deep ocean, where the flux per unit area of weathering 
products is much smaller, biogenic components can constitute a major part of 
the sediments in areas of high surface water productivity. Thus deep-sea sediments, 
which cover the largest portion of the sea-bed, consist of three major components: 
lithogenous material, derived from weathering processes and volcanic activity,
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such as clays; biogenic detritus, mainly derived from skeletal remains of marine 
plants and animals, including calcium carbonate, silicious material and apatite; 
and authigenic or hydrogenous components originating from the precipitation 
and adsorption of dissolved constituents of sea-water, such as ferromanganese 
minerals and barite.

3.3.4.1. Sedimen t transport by physical processes

The greater intensity of sediment transport processes in the near-shore zone 
has already been pointed out. Such processes can also be important in off-shore 
areas for redistributing sedimentary material. Critical gradients can sometimes be 
exceeded on the continental slopes and slumping therefore occurs. Particularly 
severe examples have been known to disrupt submarine cables over fairly large 
areas. The resulting downflow of sedimentary material, as a slurry, can induce 
strong currents because considerable momentum is involved. The suspended load 
in bottom waters produced by slumping also increases the density of that water 
mass, and the resultant currents can often flow out along surfaces of equal density 
in the deep ocean basins. Slope sediments can therefore be redistributed over 
wide areas of the ocean floor within relatively short time-scales.

In the deep ocean, an increased concentration of suspended material often 
exists in the bottom few tens of metres of the water column above the sea-bed. 
This region is referred to as the ‘bottom  nepheloid layer’ and it arises from two 
principal processes; however, the relative importance of each of these is at 
present unclear. Currents sweeping across the ocean floor produce turbulence in 
the boundary layer above the sediments. This turbulence, within the benthic 
boundary layer, can resuspend sedimentary material which then moves laterally 
under the influence of bottom currents. Another contributory process involves 
the effect of bottom turbulence upon particles that have settled through the 
overlying water column. If the intensity of bottom turbulence exceeds the 
turbulence in the upper layers of the ocean, particles settling through the water 
column as flocculated aggregates — clumps of particles that are loosely bound 
together — can be broken up into their finer constituents which have lower 
settling velocities and can therefore persist in suspension in the neighbourhood of 
the nepheloid layer. The nepheloid layer therefore provides a vehicle for particle 
accumulation and relatively fast horizontal transport, possibly over large distances. 
One aspect of this process which is of particular relevance is the possibility that 
nepheloid-layer horizontal transport can occur in regions of the continental slope, 
such that components of deep-sea sediments can be transported onto the 
continental shelf, even if such transport is episodic and infrequent.

It should be stressed that the predominant direction of particulate matter 
transport, for both terrigenous and biogenic components, is towards the deep 
ocean sediments. It is probable that the relatively short residence time of
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suspended particulate matter in the deep ocean (about 10 years) is a consequence 
of biological ‘packaging’ and flocculation processes. It is therefore the larger 
particles, or aggregates, which are responsible for the major part of the vertical 
flux of particulate material in the open ocean.

All of these mechanisms of particle production and transport in the ocean 
are important to the transport and fate of radionuclides introduced into the ocean 
through natural processes and through man’s activities.

3.4. MARINE GEOCHEMISTRY

Water vapour in the atmosphere is derived primarily from the surface of the 
oceans by evaporation and results in atmospheric precipitation of rain and snow 
onto the surface of the earth. Precipitation onto the continents replenishes the 
terrigenous surface water, the ground-water, and glacial reservoirs which are 
continuously being depleted by evaporation, continental run-off, ground-water 
flow, glacial melt and glacier calving into the oceans. Water from the surface of 
the oceans is therefore being continually recycled through the atmospheric and 
continental surface water reservoirs. This hydrological cycle also plays a major 
role in weathering processes by leaching of crustal rocks and transport of dissolved 
and particulate products of chemical and mechanical weathering towards the oceans. 
The oceans are therefore being continuously supplied by weathering products and 
these are responsible, in large part, for the nature and composition of oceanic waters 
and sediments.

3.4.1. Sea-water geochemistry

The dissolved constituents of sea-water are a complex mixture of salts and 
some organic compounds. 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 more than 99% of the dissolved solids in sea-water. Collectively they constitute 
the ‘salinity’ of the oceans, which varies between 33 and 38 g kg-1 in off-shore 
areas. The quantitative interrelationships between the major ions remain constant 
throughout the ocean, except in regions of very low salinity, such as at the heads 
of estuaries, and in the vicinity of local injections of extraneous material, such 
as close to outfalls, areas of brine discharge, and submarine volcanic activity. For 
this reason the major ions are referred to as ‘conservative’, implying that their 
mass is essentially conserved in water and that they are scavenged from the aqueous 
phase very slowly. The ocean is mildly alkaline, having a pH of approximately 8, 
and is buffered by the carbonate-borate system.
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TABLE I. CONCENTRATIONS AND RESIDENCE TIMES OF DISSOLVED 
ELEMENTS IN SEA-WATER

Element
Dissolved concentration
in sea-water a
(kg/kg)

Principal forms
Oceanic 
residence time 
(years)

H 1.1 X 10 ' 1 h 2o -

He 6.8  X 10 ' 12 He (gas) -

Li 1.7 X 10 ' 7 Li+ 6 X 10s

Be 3.9 X 10 ' 13 BeOH + 550

B 4.5 X 10 ' 6 B(OH)3) B(OH)J 1 X 107

C 2.8 X 1CTS H C O j, CO3 ' ,  c o 2 1 X 105

C (organic) 5 X 10 ' 7 organic -

N 1.5 X 10 ' 4 N2(gas), NOJ, N O j, N H l -

O (w ater) 8.8  X 10 ' 1 h 2o -

O (dissolved) (0—7)X 10 ' 6 0 2 (gas) -

O (sulphate) 1.8 X 10" 3 SO4 -

F 1.35 X 10 ' 6 F " , MgF + 5 X 10s

Ne 1.2 X 10 ' 10 Ne (gas) -

Na 1.075 X 10 ' 2 Na+ 7 X 107

Mg 1.28 X 10 ' 3 Mg2+ 1 X 107

Al 5 X 10 ' 10 Al(OH ); 420

Si 2.9 X 10 ' 6 Si(OH)4, SiO(OH>3 2 X 104

P 6.0 X 10 ' 8 HPO4 ' .  H2 P 0 4 , p o r 2 X 104

S 9.03 X 10 ' 4 SO4 , N aS04 1 X 107

Cl 1.935 X 10 ' 2 c r 1 X 108

Ar 4.3 X 10 ' 7 Ar (gas) -

K 4.0 X 10 ' 4 K + 1 X 107

Ca 4.1 X 10 ' 4 Ca2+ 1 X 106

Sc 6 X 10 ' 13 Sc(OH) 3 6 X 103

Ti 1 X 10 ' 9 Ti(OH )4 3 X 103

V 1 X 10 ' 9 H2V 04, HVO4 ' 9 X 104

G 3 X 10 ' 10 C r0 4 ',  Cr(OH ) 3 1 X 104

Mn 3 X 10 ' 11 Mn2+, MnCl + 250

Fe 5 X 10 ' 10 F e3+, Fe(O H )3, Fe(O H )2 420

Co 3 X 10 ' 11 Co2+ 6 X 103

a Salinity = 35%o.
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TABLE I (cont.)

Elem ent
Dissolved concentration 
in sea-water 
(kg/kg)

Principal forms
Oceanic 
residence tim e 
(years)

Ni 2 X 1(T10 Ni2+ 1 X 104

Cu 1 X 1(T10 C uC 03, CuOH+ 3.7 X 103

Zn 3 X 1(T10 Zn2+, Z nO H +, Z n C 0 3 4.2 X 103

Ga 3 X l ( T n Ga(OH>4 1 X 104

Ge 5 X 10‘ n Ge(OH>4 -

As 1 x  i < r 9 HASO4 , H2 A s04 2 X 104

Se 9 X 10~n SeO^ 2 X 104

Br 6.4 X 10 ' 5 Br" 1 X 108

Kr 2 X 10~10 Kr (gas) -

Rb 1.2 X 10~7 R b+ 3 X 106

Sr 7.9 X 10“ 6 Sr2+ 4 X 106

Y 1.3 X 1CT12 Y(OH )3 -

Zr 3 X 10 ’ 11 Zr(OH )4 490

Nb 1 X 1 0 "n - -

Mo 7.5 X 1(T9 M0 O4" 6 X 10s

Ru 7 X 1(T13 - . -

Rh - - -

Pd - - -

Ag 4 X 10“u AgCl2' 1 X 104

Cd 3 X 10" 11 Cd2+, CdCl2 2 X 104

In 1 X 10 ' 13 In(OH )2 -

Sn 1 X 10~u SnO(OH)J 7 X 103

Sb 2.4 X 10-10 Sb(OH)6' 9 X 103

Te - H TeO j -

I 6.4 X 10 ‘ 8 I', K b 4 X 10s

Xe 4.7 X 10 ’ 11 Xe (gas) -

Cs 3 X 10 ' 10 Cs + 6 X 10s

Ba 2 X 10 " 8 Ba2+ I X  104

La 3.5 X 10 ' 13 La(OH )3 -

Ce 2.6 X 10 ' 12 Ce(OH )3 -

Pr 6 X 10 ' 13 Pr(OH ) 3 —
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TABLE I (cont.)

Elem ent
Dissolved concentration 
in sea-water 
(kg/kg)

Principal forms
Oceanic 
residence time 
(years)

Nd 2.9 X 10 ’ ’ 2 Nd(OH ) 3 -

Sm 5.8 X 1(T13 Sm(OH )3 -

Eu 1.7 X 1(T13 Eu(OH )3 -

Gd 8.2 X 10 ' 13 Gd(O H )3 -

Tb 1 X 10~13 Tb(OH ) 3 -

Dy 1 X 10 ‘ 12 Dy(OH )3 -

Ho 2 X l t r 13 Ho(OH ) 3 -

Er 8.7 X 10 ’ 13 Er(OH ) 3 -

Tm 2 X 10~13 Tm(OH ) 3 -

Yb 8.2 X 10 ‘ 13 Yb(OH )3 -

Lu 2 X 1(TIJ Lu(OH )3 -

Hf 7 X 10~12 - -

Ta 2 X 10 ' 12 - -

W i x  i c r 10 WO4' 1 X 10s

Re 4 X 10 ‘ 12 R e 0 4 -
Os - - -
It - - -
Pt - - -
Au 4 X 10 ' 12 AuClJ 9 X 104

Hg 5 X 10 ' 12 HgCl4 , HgCl2, Organic 2 X 104

T1 1 X 1 0 'u Tl+ -
Pb 3 X 10~12 P bC 03, P b (C 0 3)2_ 1 X 103

Bi 2 X 1 0 'u BiO+, Bi(OH>2 -
Po - - -
At - - -
Rn 6 X 10 ' 22 Rn (gas) -
Ra 7 X 1(T17 Ra2+ -
Ac - - -
Th 6 X lO ' 14 Th(OH )4 30

Pa 5 X 10~17 - -

U 3.2 X 10 ' 9 u o J(c o 3)i‘ 5 X 10s

2 4
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TABLE I (cont.)

The concentrations given in Table I are intended to  represent the most recent and reliable determ i
nations o f  th e  elem ents in sea-water. T hey are either derived from  the  prim ary scientific literature 
or reproduced from  Brewer (BREWER, P.G., “ Minor elem ents in seawater” , in Chemical 
Oceanography (RILEY, J.P., SKIRROW, G., Eds), Vol. 1, 2nd ed., Academic Press, New York 
(1975)); the  la tter is also the  source for the  chemical form s of the  elem ents in sea-water. In 
cases where considerable heterogeneity  in th e  oceanic d istribution  o f  an elem ent exists, the  
values given for elem ent concentration  pertain  to  deeper open-ocean waters uninfluenced by 
b o ttom  boundary  effects. The residence tim es given are calculated from  the oceanic elem ent 
concentrations and recent estim ates o f dissolved elem ent concentrations in m ajor rivers. They 
are therefore ‘stream  flow residence tim e’ estim ates. It should be stressed th a t such residence 
tim es are o ften  o f lim ited practicality  o r realism since they  take no  account o f  the  in troduction  
o f elem ents to  the ocean in the exchangeable phases o f  riverborne suspended material.

The average time spent by an atom of an element in the ocean after its 
initial introduction through run-off or atmospheric deposition is referred to as its 
residence time. Some elements, such as the alkali metals, alkali earths, and the 
halogens — which constitute the bulk of the major ions in sea-water — have long 
residence times and are therefore mixed throughout the ocean much faster than 
they are removed by chemical and biological processes. Other elements have much 
shorter residence times because their removal rates are higher than those of the 
conservative ions. These increased removal rates can be a consequence of the 
incorporation of the element into biological cycles, or of a greater ‘reactivity’ 
which causes the element to be removed from solution into particulate form 
relatively rapidly. Table I shows the concentrations of the elements in deep- 
ocean waters of a salinity of 35%o and also provides estimates of the oceanic 
residence times of the elements in the dissolved phase.

3.4.1.1. Radionuclides in the ocean

It is important to note that the oceans contain large quantities of radio
nuclides, both naturally occurring and originating from the atmospheric testing 
of nuclear weapons. The occurrence of such nuclides is, of course, of no direct 
relevance to calculations made for radiological protection purposes, but, never
theless, such data provide a useful background to the use of the oceans for 
radioactive waste disposal.

Of the naturally occurring radionuclides, by far the most abundant is 40K. 
Potassium has a long residence time (~  107 years) and 40K has a half-life of 
1.3 X 109 years. With a typical open sea-water concentration of ~  12.2 Bq- L-1 
and a total sea-water volume of ~  1.37 X 1021 L, this results in a total of some
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1.7 X 104 EBq of 40K. Another abundant nuclide is 87Rb which, with a 
concentration of ~  0.11 Bq-L-1, accounts for some 1.5 X 102 EBq. The 
uranium isotopes are also abundant: with a typical sea-water concentration of 
~  3.3 Mg L-1 they account for some 61 EBq o f 234U, 56 EBq of 238U and 
2.5 EBq of 235U. Other naturally occurring radionuclides present in sea-water 
are 3H ,7Be, 14C and 22Na, and those originating from the decay series of 238U,
235U and 232Th. Some of these nuclides, like 40K and 238U, are homogeneously 
distributed because of their long half-lives and residence times. However, nuclides 
with shorter half-lives and residence times will not be homogeneously distributed.

The oceans also contain a range of radioactive isotopes which were produced 
as a result of nuclear weapons explosions. Long-lived fission products and several 
activation products, including transuranium nuclides, are now fairly abundant in 
the marine environment as a consequence of global atmospheric fall-out. For 
example, 137Cs, 90Sr and 239/240Pu are readily detected in marine materials from 
the northern hemisphere, and the inventory of some naturally occurring nuclides 
has been augmented by fall-out. For instance, the natural inventory of tritium of 
~  0.8 EBq has been increased to 107 EBq as of 1980. Apart from a few high- 
energy reaction products, like 55 Fe which results from fast neutron bombardment 
during weapons explosions, most of the nuclides in the fall-out are the same as 
those which predominate in the wastes from the nuclear fuel cycle and fission 
reactor operations. A small fraction of the total plutonium in the environment 
which has been derived from weapons testing consists of 238Pu. In 1964, a release 
of ~  0.6 PBq of 238Pu occurred as a result of the burn-up of a navigational satellite 
in the stratosphere of the southern hemisphere which effectively trebled the 
oceanic inventory of this nuclide, although 238Pu still represents a small fraction 
of the total plutonium.

3.4.1.2. Role o f  biological and chemical processes

Some elements play such a major role in marine biological processes that they 
are referred to as the ‘nutrient elements’. These are nitrogen, silicon and phosphorus, 
compounds of which are essential to metabolic activity and the formation of 
biogenic material. Compounds of the nutrient elements are removed directly from 
solution by marine plants. The compounds produced by them are then utilized 
within the marine food-web for the sustenance of higher trophic organisms. 
Eventually, most of the nutrients are returned to solution through the dissolution 
and decay of organic and inorganic biogenic detritus in the water column and in 
the surficial sediments, although some proportion, particularly of silicon, is retained 
in marine sediments and thereby contributes to the composition of sedimentary 
material. The distribution of the nutrients in the ocean is very heterogeneous and 
is intimately related to the extent of biological activity.
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All the atmospheric gases are soluble in sea-water. Oxygen and carbon 
dioxide play intimate roles in the biological cycles of the oceans and control 
the oxidation-reduction (redox) and pH conditions of the medium. The processes 
of biological production and decay provide a vast array of organic substances, 
both in solution and in particulate form. Many of these, as well as others derived 
from continental run-off, are able to influence the distribution of trace inorganic 
constituents through complexation reactions. Biological activity also influences 
the distribution of trace elements which may, or may not, be essential to marine 
life.

Apart from biological activity, the other major influences on the distribution 
and behaviour of dissolved elements in sea-water are the chemical attributes of 
the elements and physical adsorption processes. Most of the elemental constituents 
of sea-water occur at exceedingly low concentrations (<  1 ng ■ k g '1), but they are 
of interest because of their relatively high reactivities. Their residence times in 
sea-water are consequently much shorter than those of the conservative, unreactive 
elements. Most trace elements exhibit higher and more variable concentrations in 
near-shore waters than in the subsurface waters of the deep ocean. These distribu
tional characteristics reflect the greater heterogeneity of conditions in coastal 
environments and the effects of continental run-off.

3.4.2. Sediment/water exchange chemistry

As discussed under physical oceanography (Section 3.3.4), the deep-sea 
sediments are the ultimate repository for materials entering the oceans through 
weathering processes. Many elements and radionuclides have a high affinity for 
particulate material and this enables fractions of them to be transported through 
the oceans in a manner similar to their host particles. Exchanges between originally 
dissolved constituents and particles can occur throughout the marine environment, 
including the sediments, and it is therefore important to delineate the processes of 
sediment transport, sedimentation and the subsequent reworking of sediments.

Sedimentation rates in the deep ocean are low — of the order of millimetres 
per thousand years. The sediments are therefore in contact with the overlying 
sea-water for considerable periods of time before burial, and this contact can be 
enhanced by resuspension processes and variously affected by biological activity 
on and within the sediments. Biological activity can cause sediment mixing, or 
reworking, such that surficial sedimentary constituents can be transported down 
into the sediments. Burrowing organisms also allow subsurface sediments to be 
irrigated or displaced. If the adsorbed constituents are strongly bound under all 
redox and pH conditions found within the sediments, these processes simply result 
in greater vertical homogeneity than would otherwise exist. Most elements, 
however, are susceptible to exchange between particulate and dissolved phases,
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and these exchanges are sensitive to changes in the physical-chemical conditions 
in the media. The ocean sediments are permeated by interstitial, or pore, water 
and this water acts as a medium of transport for some sedimentary constituents.
If the elemental binding to particulate material is weakened by changing redox 
or pH conditions in the sediments, pore water can become a more important agent 
of subsequent transport, either through diffusion or through advective processes 
caused by biological reworking or ‘bioturbation’ as it is usually termed.

Wherever intimate contact between suspended particles and dissolved 
constituents exists in sea-water, elemental changes occur owing to adsorption, 
ion exchange, isotopic exchange, precipitation and chelation/complexation 
reactions. Similar processes occur to a reduced extent between the permanent 
surficial sediments and the adjacent overlying sea-water. Equally important with 
regard to the long-term fate of marine constituents are the exchange reactions 
that occur within the sediments between particulate phases and pore waters.
When examining the composition of particulate matter in the ocean, therefore, 
both with regard to sediments and suspended materials, it is desirable to discriminate 
between lattice-bound constituents and the weakly bound, or exchangeable, 
components. Only the latter will contain the material that has been derived from 
processes of adsorption. The lattice, or detrital, composition only reflects the 
nature of the host particle concerned. As in soil science, the empirical value of the 
ion-exchange capacity (also called the base-exchange capacity) is an important 
characteristic of marine sedimentary constituents. It represents the ability of the 
particles to participate in sorption processes such as ion and isotopic exchange.
For reactions such as complexation and precipitation, the processes are almost 
entirely dependent upon the element concerned and can occur independently of 
the nature of the substrate.

In order to provide a measure of the partitioning of elements between 
dissolved and particulate phases, it is common to apply empirically determined 
distribution coefficients (Kd values). The Kd value for a particular element and 
sediment matrix is given as

_ Mass of the element per unit mass of sediment 
Mass of the element per unit mass of water

when the particulate and dissolved phases are in intimate contact. The Kd values 
for the major radionuclides in water and major ocean sediments range from 
10 to 10 6, depending on the chemical properties of the radionuclides and the 
geochemical properties of the sediments involved; for very long periods of 
contact they are probably higher. Once derived, Kd values can be used to predict 
the physical diffusivity of elements or radionuclides in sediments in terms of 
molecular diffusion coefficients by the relationship

DeDe = -----5—
® 1 + Kde
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where De' is the apparent diffusivity of elements in the sediment with distribution 
coefficient Kde, and De is the molecular diffusivity. It should be stressed, 
however, that this simplistic relationship breaks down if there are significant 
variations in the redox conditions in the sediments, and the distribution coefficient 
is dependent upon redox potential. Furthermore, this relationship neglects the 
influence of biological activity on the transport of radionuclides within sediments. 
The presence of burrowing or vertically migrating fauna in the sediments can give 
rise to greatly increased vertical transport of particles, and of pore-waters, within 
the top 20 cm or so of the sedimentary column. Models have recently been 
developed to cater for such biological artifacts by calculating apparent vertical 
diffusivities which take into account both biological reworking and molecular 
diffusion.

Only when the constituents of the sediments are buried to depths at which 
subsequent mobility is negligible can they be regarded as truly removed from 
oceanic processes. Certain elements can be recycled through the surface sediment 
layer at rates much greater than their rates of permanent removal from oceanic 
cycles. Sediment-water exchanges and sediment reworking can therefore have a 
considerable influence on the pathways of radionuclides discharged to the oceans. 
Such influences are most important for radionuclides that are lithophillic or 
biologically accumulated.

3.5. MARINE BIOLOGY

The biological component of the seas is, at any time, a very small fraction of 
the total in terms of weight, but it is this living component which can have a 
marked effect on the distribution and even on the chemical form of the elements 
within it. Marine biological pathways are also the major route by which man may 
be exposed to radionuclides which have been discharged into the marine environ
ment.

3.5.1. Marine populations/food-chain interactions

3.5.1.1. Photosynthesis and respiration

It is important to realize that the factors regulating populations of marine 
plants and animals are complex and by no means fully understood. The base of 
the food-chain is the phytoplankton community, synthesizing organic material.
A proportion of the total organic material produced in daylight — the gross 
production — is used continuously as a respiratory substrate by the phytoplankton. 
The remaining organic material is the net production. Gross production clearly 
decreases with depth as the light intensity decreases, whereas the respiration rate
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remains relatively constant. A point is reached, therefore, where the rate of 
organic material produced by photosynthesis is balanced by the rate of breakdown 
due to respiration: this is the compensation depth. Below it, there is a net loss 
of organic material, and another point is reached where the total loss of such 
organic material by respiration, per unit surface area of water, is equal to the total 
amount of organic material produced. This is the critical depth, and the significance 
of both this and the compensation depth is that it can be related to both the depth 
of light penetration and the depth of mixed surface water layers.

In temperate waters the depth to which phytoplanktons are spread during 
the winter months, as a result of wind-mixing processes, is much greater than the 
compensation depth. Over the continental shelves there is clearly a physical limit 
to the extent of this vertical mixing. In spring, the depth of wind mixing decreases 
and, because of the improved lighting conditions, the compensation depth 
increases. This allows an acceleration of the phytoplankton reproduction rate, 
producing the ‘spring bloom’. There is then a lag of several weeks before the 
herbivorous zooplankton, which have a much lower reproduction rate, regain a 
grazing control over the phytoplankton population. Herbivorous zooplankton 
are fed upon by carnivorous zooplankton, and the plankton in general is enriched 
by the meroplankton, particularly by the larvae of benthic invertebrates and fish.
At the end of the summer the grazing pressure is relaxed and a second, but smaller, 
algal bloom may occur before the winter returns. This cycle is also accompanied 
by a considerable change in the quantities of inorganic nutrients present in sea
water, phosphates and nitrates being high during the winter and spring, low in 
the summer as the thermocline forms, and higher again in the autumn and winter 
months because of the vertical mixing of the water column. The extent to which 
such nutrients impose limits, if at all, on the neritic and oceanic plankton cycles 
is, however, a subject which is still not fully understood, particularly in view of 
the ability of phytoplankton to use dissolved organic nitrogen. Unfortunately, 
although many detailed studies have been made, the relative importance of the 
many factors which undoubtedly affect the productivity of different water masses 
and the temporal changes in this productivity are far from clear.

It is, however, very clear that the major fisheries of the world are dependent 
upon the primary and secondary levels of productivity formed by the planktonic 
communities. Tropical waters do not exhibit the seasonal cycling which is found 
in temperate waters, and their productivity is generally lower. In contrast, the 
productivity of the polar regions is high but short-lived. There are areas of 
upwelling which sustain a high rate of productivity, but again the relative roles 
of nutrient limitation, physical processes and predator/prey relationships in these 
regions are not understood. Both phytoplankton and zooplankton are, however, 
patchily distributed both on a local and on a large scale. There are many reasons 
for this. Large and small-scale water movements result in patches of plankton 
being formed and disrupted. Many zooplanktons also actively swim downwards
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before sunrise and upwards after sunset. These migrations can be extensive, 
usually occurring over depths of up to 500 m and thus crossing the epipelagic/ 
mesopelagic boundaries; however, migrations are known to occur down to 
1000-2000 m. Many ideas have been advanced for such diurnal migratory 
behaviour. One of the consequences of this behaviour is that planktons become 
redistributed because of the differential movement of the water masses.

3.5.1.2. Food-webs

Feeding relationships in the oceans are so complex that the term ‘food-web’ 
is usually used instead of the term ‘food-chain’. The transfer of energy from one 
link to the next is not very efficient, assimilation rates seldom being greater than 
50%. The remainder is excreted as faeces. Many zooplanktonic animals also 
grow by a process of moulting, and thus a considerable quantity of detrital 
material descends through the water column. There are many planktonic detrital 
feeders which take advantage of this material but, together with detrital material 
originating from land run-off, it nevertheless sustains a rich and abundant benthic 
fauna on the continental shelf. There are a large number of suspension-feeding 
organisms in the shelf benthos which feed on this material, together with many 
specialized forms which feed on the material actually deposited on the sea-floor.

Off-shore from the continental shelf, in the oceanic province, the detrital 
material is utilized by the mesopelagic community and thus less and less survives 
to reach the deep sea. In addition, the action of bacteria, which oxidize ammonium 
liberated in the decomposition of plant and animal material and which are excreted 
by zooplankton, produces nitrate. Bacteria also play a major role in the return of 
phosphate to sea-water, and these remineralizing processes in the water column 
further reduce the quantity of organic material reaching the deep-sea-floor. By 
absorbing dissolved organic matter the microorganism community also constitutes 
an important first step in food-webs, particularly in providing a food source for 
protozoa.

It is clearly very difficult to  make estimates of the relative abundance of 
organisms throughout the water column in the open ocean. By and large, the 
quantity beneath a unit area of sea surface decreases more or less exponentially 
with depth, and the turnover rate of this living material is also much slower. As 
an example, the data in Table II have been calculated for a 4000 m water column 
in the temperate region of the North Atlantic. In comparison, the quantity of 
benthic material on the continental shelf, at about 2 0 0  m, would be expected to 
be'in the range of 1 0 —2 0  grams of carbon per square metre in the more productive 
areas.

Fine organic material descending through the water column is not the only 
source of food for deep-sea organisms. Some material comes down the continental 
slopes, and large ‘lumps’ of organic material arising from the death of the top
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TABLE II. ESTIMATED BIOMASS AND PRODUCTION RATE IN A 4000 m 
WATER COLUMN OF THE TEMPERATE NORTH ATLANTIC a

Com ponent Depth
(km )

Q uantity
( g C 'm 'V

Production rate 
(g C - m '2 - a - 1) b

Turnover tim e 
(years)

Primary production 0 - 0 .1 5 - 85 -

Plankton/nekton 0 - 1 6 12 0.5

1 - 2 1.5 3 0.5

2 - 4 0.5 0 .0 5 - 0 .5 1 -  10

Benthic fauna (large) 0.08 0 .0 0 8 -0 .0 8 1 -  10

(small) 0.08 0.08 1

Benthic bacteria 0.002 1.0 0 .0 02

a Based on: Institu te  o f Oceanographic Sciences, Godalming, UK, Rep. IOS-77, Natural 
Environm ental Research Council, Wormley, UK (1978). 

b g C stands for grams o f carbon.

predators are also considered to be an important food source. Collectively, this 
food supply supports communities with high species diversity, the biology of 
which is still largely not understood. The extent to which these communities 
interact vertically with one another is also not known; it is evident that the net 
flux of organic material is from the surface waters downwards, but this does not 
exclude the presence of discrete pathways in the reverse direction.

Finally, it should also be noted that in-shore environments differ very 
markedly in relation to geographic location. In particular, tropical in-shore 
environments contain several habitats which have no parallel in temperate or 
polar waters. Coral reefs occur in waters where the average sea temperature is 
about 24°C; they do not develop at temperatures below 18°C, need good lighting 
conditions, and do not grow well at depths in excess of about 25 m. Coral reefs 
are largely built by hermatypic corals which, although they are animals 
(coelenterates), contain symbiotic algae living within some of their cells. The 
presence of the algae enables skeletal formation by calcification, at a high rate 
during the day so that reefs can actually be formed. Non-reef-building corals occur 
in many sea areas — not just in warm waters — and at much greater depths. Coral 
reefs typically have very high productivities relative to neighbouring waters.
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Other features of warmer waters are saline lagoons, which may also sustain 
high productivity rates, and mangrove swamps. The latter extend from about 
mean tide level to  the extreme high water mark in sheltered estuaries and shores. 
They are dominated by a number of species of mangrove trees which grow in 
sediments that are usually reducing, often semi-fluid, and rich in organic matter.

3.5.1.3. Food from  the sea

Sea food is usually thought of in terms of fish and shellfish — crustaceans and 
molluscs -  but considerable quantities of benthic algae are also taken for direct 
human consumption, and large quantities of fish are taken for conversion into fish 
meal, which is in part fed to  domestic animals and therefore ingested by man via 
a secondary route. Fish and shellfish are certainly the most important in quantity 
and their yield has been continually increasing as more sophisticated fishing 
techniques have been developed. A number of estimates of the total world fish 
resources have been made, on the basis of such methods as a knowledge of the 
primary productivity of different sea areas. These estimates usually amount to 
about 1 0 8 t - a-1 for bony fish, a value which could possibly be doubled if it 
included squid, small crustaceans and some of the small mesopelagic fish. The 
actual world catch of marine fish and shellfish in 1979 was about 6.4 X 107 t -a -1 

(Table III). This is more than double the estimated world catch in 1959, but, as 
can be seen from Table III, the data have not changed markedly in the last four 
years. The relative importance of different fishing areas can also be seen from 
the table, and these have changed markedly over the years, with the north-west 
Pacific becoming more important than the north-east Atlantic. The relative 
catches of different nations have also changed: in 1979, in the order of tonnes 
of marine fish and shellfish landed, the biggest catches were those of Japan, the 
USSR, Peru, the USA and China.

The major catches are of typical demersal and pelagic fish caught along the 
continental margins. Demersal fish are particularly abundant in temperate regions 
and are caught primarily by bottom-trawling and long-lining (baited hooks placed 
over or on the sea-bed, particularly over ground unsuitable for trawling). Pelagic 
fish are also abundant in these areas of high primary productivity and are caught 
by purse-seines, mid-water trawls and drift netting. In the open ocean, fish taken 
from the epipelagic zone include tunny, bonito, shark and jack mackerel. These 
are caught by a variety of methods, but primarily either with long-lines which are 
suspended from surface floats or by purse-seining. Large quantities of squid are 
also taken, particularly by the Japanese, either by jigging (in which a device with 
barbless hooks is jerked up and down), netting or, off California, by pumping.

Geographically, the major fishing areas at present are the north-east Atlantic 
and the north-west Pacific. In the former, large quantities of cod, blue whiting, 
haddock, Norway pout and sand eels were taken in 1979, together with pelagic
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TABLE III. WORLD TOTAL CATCH (in Mt) OF SEA-FOODS (EXCLUDING 
MAMMALS AND AQUATIC PLANTS) FROM THE MAJOR MARINE 
FISHING AREAS a

Area 1975 1979

Atlantic, north-west 3.77 2.84

A tlantic, north-east 12.02 11.71

Atlantic, western central 1.55 1.78

Atlantic, eastern central 3.53 2.82

Atlantic, south-west 0.82 1.47

Atlantic, south-east 2.53 2.52

Atlantic, Antarctic 0.04 0.45

M editerranean and Black Sea 1.29 1.32

Indian Ocean, western 2.11 2.22

Indian Ocean, eastern 1.07 1.35

Indian Ocean, A ntarctic 0.03 0.07

Pacific, north-w est 17.25 18.32

Pacific, north-east 2.25 1.97

Pacific, w estern central 5.12 5.69

Pacific, eastern central 1.28 2.02

Pacific, south-west 0.27 0.36

Pacific, south-east 4.38 6.90

a From  FAO Y earbook o f Fishery Statistics, Vol. 48 (1980).

species such as capelin, herring, sprat and mackerel. The major flatfish landed 
was the plaice. In the same year, the major landings in the north-west Pacific 
were of Alaskan pollack, Japanese pilchard and chub mackerel. Details of such 
analyses, however, change from year to year. One interesting recent trend is the 
increase in catches from the Antarctic, as can be seen from the data in Table III. 
This is largely due to the direct commercial exploitation of krill (Euphausia 
superba), the catches of which have increased markedly (Fig. 2). The largest 
catches are those made by the USSR and Japan. Krill had previously been taken 
indirectly by man in large numbers because it is the principal diet of the large 
baleen whales inhabiting the southern oceans.
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FIG. 2. A nnual landings o f  A n ta rc tic  krill (Euphausia superba). 
(From  F A O  Y earbook  o f  F ishery S ta tistics, Vol. 4 8  (1 9 8 0 ).)

Fishery statistics are published in great detail by the FAO, in terms of sea 
areas, countries, and species — including crustaceans, molluscs, echinoderms, 
mammals, sponges, benthic algae and even amphibians. This wealth of information 
is invaluable with regard to obtaining an overall picture of a given sea area, but 
such details may be misleading in terms of the importance of particular sea foods 
to local communities. Thus, although enormous quantities of a particular fish 
species may be caught in a given sea area, small groups of people may consume large 
quantities of other species caught in very restricted areas, the bulk of the major 
fish catch being, for example, processed for fish meal. This pattern of sea-food 
consumption is especially true for crustacean and molluscan shellfish, which may 
be caught very near to  the shore or even intertidally.

Benthic algae are another food source which is often collected very locally, 
and they are being harvested in increasing quantities (Fig. 3). Brown algae 
(Phaeophyceae) are used for a number of purposes, such as the production of 
alginates, but some are consumed directly. Of the 1979 crop shown in Fig. 3, 
the largest fraction (64%) was taken by China. Red algae (Rhodophyceae) are 
eaten directly, particularly the genus Porphyra, which, in Japan, is cultured on 
nets suspended horizontally in the shallow in-shore waters. In 1979, some 46%
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FIG. 3. A nnual harvesting o f  marine algae.
(From  F A O  Y earbook  o f  F ishery S ta tistics, Vol. 4 8  (1 9 8 0 ).)

of the red algae harvested were taken by Japan. Green algae (Chlorophyceae) are 
taken in much smaller quantities, the principal harvesting of them in 1979 being 
made by the Republic of Korea, which accounted for some 80% of the total.

Increasing attention has been paid to the possible exploitation of fish at 
greater depths than those which are currently fished. A large potential fishery 
does exist in certain areas, particularly on the continental slopes, down to about 
1500 m. These fish, such as grenadiers ( Coryphaenoidae), are not normally 
eaten, but are perfectly edible. Their commercial exploitation in the future is 
likely to reflect the economics of fishing at such depths and the public acceptance 
of different species for human consumption. Some relatively deep-water species

36

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



are already marketed, such as the black scabbard (Aphanopus carbo), which is 
caught at a depth of up to 1500 m in some parts of the North Atlantic. It is 
unlikely, however, that large commercial fisheries could be sustained at depths 
greater than this. It is evident that, at bathypelagic levels, there is such a low 
density of biomass that any form of direct fishing is technically difficult and 
financially unrewarding.

3.5.2. Chemical composition of marine organisms

The basic organic molecules of life are constructed from the elements 
carbon, hydrogen, oxygen, nitrogen and sulphur. Most organisms contain similar 
concentrations of carbon and hydrogen per unit dry weight, but animals, because 
of their higher protein content, contain more nitrogen and sulphur and less 
oxygen than plants. Bacteria have higher concentrations of nitrogen than other 
organisms. Living cells by and large also actively accumulate potassium and 
eliminate sodium and chlorine. Other elements generally considered to be vital 
to all living organisms are calcium, iron, manganese and magnesium; however, 
for particular groups of plants and animals, quite extensive lists have been 
compiled of elements which are considered to be essential for the functioning 
of normal metabolic processes, such as those of growth and reproduction. Such 
lists are more easily compiled for plants than for animals and undoubtedly the 
list of essential elements required by different animal groups will continue to 
expand.

Both plants and animals use elements for structural purposes. 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 secrete silica, 
such as the foraminiferans and sponges, are predominant in temperate waters 
where the solubility of silica is lowest, whereas organisms which secrete calcium 
carbonate occur in large numbers in warm and shallow sea areas. The shells of 
many groups of marine animals, particularly of the echinoderms and molluscs, 
are largely formed of calcium carbonate, as are coral reefs. Calcium phosphate 
(apatite), which always contains fluorine, occurs in vertebrate bones and teeth.

Another group of elements is used for electrochemical and messenger functions; 
they occur inside cells as free ions, at concentrations different from those outside 
the cell, and thus maintain a potential difference (of ~  0.1 V) across the cell 
membrane. In general, cell cytoplasm has high concentrations of K+ and Mg2+, 
and low concentrations of Na+ and Ca2+, relative to the intercellular fluids. The 
monovalent ions K+, Na+ and CT are thought to be free inside and outside the cell, 
whereas the divalent cations Mg2+ and Ca2+ are considered to be largely free 
outside the cell but bound to proteins inside the cell. Other ions which probably 
have electrochemical functions are H+, HCO3, SO4- and PO4H2". The exact nature 
of the electrochemical functions themselves is still not clear. Many functions have
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been suggested — the maintenance of osmotic pressure, the source of free energy 
during cell stimulation, the ordering of water molecules in the cytoplasm, and the 
stabilization of oil/water emulsions. Calcium ions are considered to be very 
important in performing a ‘messenger’ function, as in the contraction of muscle 
cells in animals and the alteration of cell membrane permeability leading to move
ments in plant tissues.

A number of elements, particularly the halogens, are incorporated into 
relatively small molecules which appear to have antibiotic properties. Other small 
molecules, which form discrete complexes with many metals, are the porphyrins. 
Particularly important are those which incorporate iron, such as the groups 
associated with cytochromes which are linked with vital enzyme systems of 
mitochondria. For animals, the iron porphyrins, attached to proteins forming the 
pigments haemoglobin, myoglobin and chlorocruorin, are essential in the transport 
and storage of oxygen. The essential metalloporphyrins of plants are the chloro
phylls, and these incorporate magnesium. Yet another group are the cobalamins, 
which incorporate cobalt; of these the best known is vitamin B12, but other 
cobalamins are also important in association with certain enzymes.

In fact, metals play a vital part in the functioning of enzyme systems. 
Enzymes are large proteins which act as catalysts. Metal-activated enzymes only 
function when certain metals are present, but the metal is loosely bound and can 
often be successfully replaced by another metal. The best known metals in such 
enzymes are magnesium, potassium and manganese, but many others have been 
implicated with specific enzymes. Metalloproteins are proteins which have metals 
firmly bound to or incorporated into their structure in a stoichiometric manner. 
Some of these proteins are enzymes (the metalloenzymes) for which the metal is 
therefore essential to their functioning; if the metal is absent, their catalytic 
properties are severely reduced. Metals incorporated into metalloproteins in 
general are calcium, cobalt, copper, iron, manganese, nickel, zinc, molybdenum, 
selenium and iodine. The quantities of metals required in these proteins are very 
small indeed, and even the trace quantities of such metals measured in biological 
tissues are usually in excess of those required to maintain them. Nevertheless, 
because such elements are essential to many biochemical processes, living 
organisms have evolved methods of metal accumulation and, to  varying degrees, 
methods of regulating their concentrations within certain body tissues. It will 
also be apparent that, because of the specific functions of the elements within 
living tissues, their distribution within the animal or plant body is far from 
homogeneous; this applies to organs and at all levels, even down to the subcellular 
level of the tissue structure. Elements, even the essential trace elements, are also 
not permanently incorporated into living tissues but are continually taken up and 
excreted through the normal processes of metabolism, and of tissue growth, 
destruction and repair.
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In connection with radiology, there is the important fact that both aquatic 
plants and animals accumulate the majority of the elements to concentrations in 
excess of those of the medium, even though there is no apparent (at present) 
metabolic requirement for them. This may be partly due to only a partial success 
in regulating the concentrations of the required elements and a concomitant 
inability to differentiate between chemically similar elements. However, many 
elements may be accumulated on external surfaces simply because of the physical 
and chemical properties of those surfaces.

3.6. MARINE RADIOECOLOGY

As stated in Section 3.1, the study of the behaviour and effects of radio
nuclides in the marine environment is generally referred to as marine radioecology. 
The need to further understand the cycling and biological availability of radio
nuclides in the oceans, as a result of nuclear power waste management practices, 
has been directly responsible for the initiation of a large number of research 
programmes, these concerning not only studies of the radionuclides themselves 
but also related areas of trace element analyses, and physical, chemical and 
biological processes in the oceans generally.

3.6.1. Accumulation of elements by marine organisms

3.6.1.1. Mechanisms o f  accumulation

The ability of cells to take up ions from a solution against a concentration 
gradient is an important characteristic of living organisms in general and is well 
illustrated by the accumulation of elements by algae, which are autotrophic and 
thus obtain all of their nutrients from solution. Benthic algae accumulate 
virtually all of the elements in sea-water to concentrations greater than that in 
the sea-water itself, with the exception of the two major ions CP and Na+, which 
are excluded, and fluorine and magnesium, which are present at about the same 
concentrations as those in sea-water. By and large, multivalent cations of the 
group IA elements are more strongly concentrated than the divalent ions of group 
IIA elements. In fact, the cytoplasm within cells is generally an efficient cation 
exchanger and a less efficient anion exchanger because of the preponderance of 
acidic groups in the structural polymers of the cells. There is a considerable 
difference in the accumulation of monovalent anions by benthic algae, chlorine 
being excluded, bromine being very little concentrated, and iodine being highly 
concentrated by brown algae in particular. The external surfaces of benthic algae 
are also coated with mucilaginous substances which serve to minimize the extent 
of mechanical damage as a result of wave action, and these substances have highly
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adsorbent properties. It is generally found that those radionuclides which are 
largely soluble in sea-water, such as tritium and the nuclides of Sr and Cs, are 
poorly accumulated by the laminae of benthic algae, whereas those with greater 
adsorbent properties — nuclides of Ru, Ce, Zr, Nb and of the transition elements — 
are highly accumulated. The transuranium elements, Pu, Am and Cm, are also 
highly accumulated. The fact that an element is very soluble in sea-water, 
however, does not necessarily imply that it will not be accumulated by benthic 
algae. For example, "T c , which probably exists in sea-water as the pertechnetate, 
is highly soluble but is nevertheless highly accumulated by some benthic algae, 
possibly because of its chemical similarity in sea-water to iodine. Radionuclides 
which are highly adsorbed onto fine sedimentary particles are also likely to be 
present in samples of benthic algae because of the physical adsorption of the fine 
particles themselves onto algal surfaces.

Phytoplanktons differ to some extent in their chemical composition from 
benthic algae, as demonstrated, for example, by the high concentrations of silica 
present in diatoms. Because of their relatively greater surface-to-volume ratios, 
phytoplanktons also frequently contain higher concentrations of elements with 
strong adsorbent properties than do benthic algae.

The majority of marine invertebrates have permeable skins through which 
ions can diffuse; their blood (or body fluids) is generally similar in composition 
to sea-water. Some invertebrates, notably crustaceans, do have relatively 
impermeable body walls, but ions can still be exchanged across the gills, and some 
are excreted via specialized glands which open to the body surface. Elements can 
be accumulated by animals from the food and from sedimentary particles with 
which the food may be contaminated as well as directly from the sea-water.
Some animals, of course, feed directly on sediments.

Planktonic crustaceans, again because of the surface-to-volume ratio effect, 
usually have high concentrations of those radionuclides which have adsorbent 
properties. The larger benthic crustaceans also frequently concentrate a large 
range of elements in their digestive glands — organs which are eaten by man. 
Filter-feeding organisms clearly have a high potential ability to accumulate radio
nuclides which are adsorbed onto particles, not only as a result of general 
external contamination but because many of them, such as the bivalve molluscs, 
have a phagocytic mode of absorption in addition to extracellular digestion.
Small particles are therefore engulfed by mobile cells which transport them 
across the gut wall.

Vertebrates have a far more complicated gut wall than the invertebrates 
and elements must be in solution, or attached to organic molecules, before being 
absorbed into the blood stream. Nearly all anions readily diffuse across the 
vertebrate gut wall, as do many univalent cations. Bivalent cations are less 
readily absorbed, especially those with large atomic weights. Multivalent cations 
are almost all poorly absorbed. The extent to which absorption across the gut
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wall occurs depends on the chemical species present in the digested food, and 
absorption can be modified by other components of the diet. Indeed the 
importance of different physical and chemical states of radionuclides with 
regard to their accumulation by aquatic organisms is frequently stressed in the 
literature, although very little documented information is available on precisely 
what the magnitude of these effects might be in environmental situations.

3.6.1.2. Concentration factors

The accumulation of an element by a marine (or any other) organism is a 
balance between the rates of intake and excretion. The resultant body burden is 
usually expressed as a concentration, per unit wet or dry weight, and this value 
is then often represented as a concentration factor, i.e. as a concentration in the 
organism divided by the concentration in the water. Obviously, different results 
may be obtained depending on whether the water sample is filtered or not, and 
it is worth giving this criterion some detailed consideration. Except possibly for 
algae, the term concentration factor does not imply that all of the element 
within the organism is concentrated by direct accumulation from the water.
The concentration factor simply relates the concentration in the organism -  
which may have been derived by uptake of the element from sea-water, suspended 
particulate matter and food — to that of the medium in which it lives, namely 
the sea-water. The term is of particular value to those concerned with radiological 
control practices in which the expected concentrations of different radionuclides 
in a particular water mass for a given discharge rate are calculated.

With the obtained water concentration 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, with suspended 
materials within it, which can be filtered off, constituting a separate compartment. 
Since the suspended load of coastal sea-water is highly variable, it is often found 
in practice that predictable relationships for any one radionuclide can only be 
obtained by relating the discharge rate to the filtered sea-water 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 radionuclides which are strongly adsorbed onto 
particulate matter, any concentration factor data based on total, unfiltered sea
water analyses could vary by orders of magnitude, simply because of the turbidity 
of the water when the samples were collected.

In addition, 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 to
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differentiate between the importance of different accumulation routes; the data 
obtained, for example with regard to uptake from water only, are not usually 
applicable to radiological modelling because they do not represent the total 
concentrations which could be attained in the environment. The nature and 
purpose of such experiments is the subject of IAEA Technical Reports Series 
No. 190 [9].

3.6.1.3. Turno ver ra tes

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 radionuclide in a given water mass is relatively 
constant, the concentration in the organism may alter considerably because of a 
range of biological factors. The turnover of an element or radionuclide can 
usually be represented by a biological half-time, although it is frequently observed 
that the kinetics of uptake and loss are such that a single value cannot be used 
because multi-exponential rate functions need to be applied. 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 
complicate 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 aW-, and thus concentration varies 
as aW—1, where a and b are constants. When b = 1, the concentration remains 
constant with body weight; when b is <  1 or >  1 , the concentration will increase 
or decrease with body weight, respectively. Also, since 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 affects not only the rates of direct exchange with sea-water 
but also 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 for differently sized individuals of the same population.

As if intended to confound attempts at deriving biological half-times, a 
number of elements which are accumulated by some organisms are not subsequently 
excreted, but a variable fraction is virtually permanently incorporated into some 
part of the body structure. Quite frequently, skeletal tissues are used as repositories 
for a number of elements, particularly for multivalent cations; however, 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 sub
sequently excreted. Crustaceans, which grow by a process of moulting, may use 
cast moults as a means of ridding themselves of unwanted materials; they may also, 
before moulting, resorb certain other elements which are then re-incorporated into 
the new exoskeleton.
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Because of all of these processes it is 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 defined. Nevertheless, approximate values can be, 
and have been, derived for a large number of elements and different organisms.
These have provided useful guidelines for radiological protection purposes in 
cases where conditions are expected to result in relatively constant sea-water 
concentrations of radionuclides in given areas.

It is obvious that the quantity of a radionuclide present in an organism will 
not only reflect the biological factors previously discussed, but will also be a 
function of the half-life of the radionuclide. With regard to the kinetics of radio
nuclide accumulation, the combined effects of the biological and physical half- 
times are incorporated into a single expression, the effective half-time. Where the 
concentration of the radionuclide in a water mass is relatively constant owing to 
the discharge rate, the turnover time of the water mass, the half-life of the isotope, 
or other values, the concentration factor approach is usually valid. In certain 
circumstances, however, as for example when only pulses of short-lived radio
nuclides are discharged, this approach is not valid. This is because the radionuclide 
may be rapidly taken up by an organism, such as a benthic alga, and then slowly 
excreted. During this period the water concentration will continually decrease and 
thus the apparent concentration factor will continually increase. This is obviously 
due to the absence of a steady-state balance between the organism and its 
surroundings. In addition, any subsequent growth of the alga will alter its radio
nuclide concentration. In these circumstances the ICRP (Publication No. 29 [10]) 
recommends that a different method be used (systems analysis) rather than one 
relying on concentration factor data.

3.6.1.4. Element transfer through food-webs

In view of the complexities of marine food-webs the transfer of elements 
through 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 food-chain transfer of elements are frequently obscure because of lack of a 
definition of what is meant by such terms as food-chain accumulation, concentration, 
biomagnification and so on, and because of 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 divalent and multivalent cations, apart 
from the plasma, is muscle. Conversely, the tissues with the highest concentrations 
of such ions are usually the liver, kidney or other organs serving similar functions 
of elemental storage or excretion. Thus the concentration of such an element in 
a predator may be considered to have increased along a food-chain when its 
concentration in, for example, the liver is greater than that of the whole-body 
concentration of the prey. In contrast, the opposite conclusion may be arrived
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at if the comparison is made between the whole-body concentration of the prey 
and the concentration in the predator’s muscle. Both conclusions are valid within 
their terms of definition, but frequently they are cited out of context. When the 
mass transfer of an element from one link in the food-chain to another is 
considered, i.e. 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 comprises 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, and it is of 
radiological importance; other examples are mercury and arsenic. Where the 
excretion rate is also slow relative to the intake rate, 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 rather specialized 
subject and interpretations of it become numerically rather cumbersome. The 
transfer between each link is often expressed in terms of relative concentrations, 
or transfer coefficients, but it must be noted that, having been transferred, the 
element may be differently distributed in the organs of the predator relative to 
its distribution in the prey. 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 elements 
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 responsible for the cycling of 
a number of elements, particularly those which form complexes with organic 
molecules.

Finally, with regard to radionuclides, the question frequently arises as to 
whether marine organisms — 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; 
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 faster 
than a heavy one because of 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 12C 02 slightly faster than 13C 02 and 
thus their organic biomass is depleted in 13C by some 1.3-1.7% with respect to
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the carbon dioxide source. The carbon isotope ratios of animals usually reflect 
those of their diets. Respiration by marine organisms slightly alters their 180 / 160  
quotient because 160 2 is preferentially consumed by a factor of about 0.014.
Similar slight differences have been observed for the isotopes of nitrogen, sulphur 
and, of course, hydrogen.

The effects of isotopic fractionation are clearly of greatest importance for 
the very light elements, the relative difference in isotopic masses becoming smaller 
with increasing atomic number. But there is another mechanism which can result 
in different isotopic ratios being attained, namely the degree to which the 
behaviour of the parent radionuclide affects the subsequent distribution of 
the daughter radionuclide. There are notable disequilibria in the naturally 
occurring radioactive series in sea-water. For example, the 234U/238U quotient is 
about 1.14, although the two nuclides are only separated by ^ T h ,  234mPa and 
234Pa, which have short half-lives of 24 d, 1.2 min and 6.7 h, respectively.
Uranium isotope 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.

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, possibly 
because, in some instances, it is derived not from the 230Th in sea-water but from 
the 230Th which has been scavenged out onto the sea-floor and incorporated into 
sediments. The scavenging of thorium from sea-water is efficient: the concentra
tion of 226 Ra is still an order of magnitude less than that of its ultimate precursor,238 U. 
Because of its source, concentrations of 226Ra in sea-water are generally highest 
close to the sea-bed and lowest at the surface. The situation is complicated, 
however, because 226 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 
o f 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/226Ra quotients 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 241 Pu 
may be discharged in larger quantities than are the alpha-emitting plutonium 
nuclides, and it decays to 241 Am. The behaviour of plutonium in sea-water is 
complex, but it appears to predominate, in soluble form, in a high oxidation state -  
different from that of americium. Therefore the distribution of 241 Am derived 
from this environmental source may be different from that o f 241 Am discharged 
directly. It should also be noted th a t241 Am decays to  237Np, which has a different 
behaviour yet again.

45

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Os

TABLE IV. DOSE RATES (juGy-h-1) TO MARINE ORGANISMS (from Ref. [9])

Source Phytoplankton 3 Zooplankton a Molluscs b Crustaceans b F ish3 Fish b

Natural background

Cosmic radiation 0.005 0.005 0.005 0.005 0.005 0.005

Internal radioactivity 0 .0 1 9 -0 .0 7 3 0 .0 2 6 -0 .1 5 7 0 .0 7 4 -0 .1 4 9 0 .0 7 9 -0 .2 1 4 0 .0 2 7 -0 .0 4 2 0 .0 2 7 -0 .0 4 2

Water radioactivity 0.004 0.002 0.001 0.001 0.001 0.001

Sediment radioactivity, y 0 .0 1 5 -0 .1 6 0 0 .0 1 5 -0 .1 6 0 0 .0 1 5 -0 .1 6 0

& 0 .0 1 6 -0 .2 1 0 0 .0 1 6 -0 .2 1 0 0 .0 1 6 -0 .2 1 0

Fall-out

Internal radioactivity
(3H, 14C, 90Sr, 137Cs, 239Pu)

0.0001 -0 .0 0 8 8 0 .0 0 2 3 -0 .1 3 4 0 .0 0 0 6 -0 .0 0 3 2 <0.0001 -0 .0 0 0 9 0.0002 -  0.0006 0.0002 -  0.0006

a 20 m depth, remote from sea-bed. 
b 20 m depth, on the sea-bed.
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3 .6 .2 . D ose ra te s  su s ta in e d  b y  m arin e  organ ism s

As a result of the normal processes of elemental cycling through marine 
organisms the naturally occurring radionuclides and those arising from world-wide 
fall-out are accumulated into various tissues. The concentrations attained vary 
as a result of the many processes discussed above, and thus the organisms are 
subjected to a variable degree of internal radiation exposure. The major sources 
are the naturally occurring 40K and 87Rb, and isotopes arising from the uranium, 
thorium and actinium decay series. Particularly important is 210Po. Absorbed 
dose rates also result from the naturally occurring radionuclides in the surrounding 
sea-water and from those occurring in marine sediments. The dose-rate levels to 
which marine organisms are subjected and their effects have been reviewed by 
IAEA panels [9, 11] and need not be discussed in full here. A summary of the 
range of dose rates experienced by typical marine organisms, taken from the 
IAEA Technical Reports Series No. 172 [11], is given in Table IV. These data 
are for coastal water organisms, but recent studies have shown that the concentra
tions of the major contributor to absorbed dose rates, 210Po, in deep-sea organisms 
are very similar to those of coastal water species. In addition, deep-sea sediments 
frequently create an increased dose regime relative to that of coastal-water 
sediments because of their geochemical composition. The dose rates to deep-sea 
organisms are therefore just as variable and of the same order as those received 
by shallow-water organisms and thus there is no a priori reason to suspect that 
deep-sea organisms are more radiosensitive.

3.6.3. Advances in marine radioecology

In the early days of the nuclear power era, many of the data required for 
assessment purposes could only be defined in relatively vague terms. It was not 
possible, for example, to be very accurate (or even precise) with regard to estimates 
of Kd values or concentration factors, based on stable element analyses because 
of the limitations of the chemical methods available at that time. Similarly, 
problems of chemical speciation and rates of exchange between different environ
mental compartments could not be determined until radionuclides were used in 
laboratory studies and environmental data from contaminated sites were compiled — 
including data resulting from weapons testing. It would be misleading to imply 
that a full and comprehensive understanding of all of the processes involved in radio
nuclide cycling in the marine environment now exists; it does not. Nevertheless, 
whereas in the past there were virtually no data on many subjects of interest, now 
there is a considerable amount of information on the majority of the radionuclides 
arising from nuclear waste, and considerable experience has been obtained with 
regard to a large number of liquid waste disposal sites in coastal areas.

Obviously, the majority of the relevant data have been published in the 
scientific literature, but a number of symposia, with published proceedings, have
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also been held and have drawn together topics of common interest. The IAEA 
has devoted four symposia to the general subject of aquatic radioecology, both 
alone and jointly with other organizations [12—15]. Many of the early data, 
particularly those arising from weapons testing, were evaluated in the ‘RIME’ 
report [16]. Since the publication of this report, shorter review articles have been 
compiled on such topics as radionuclides in sea-water [17], in sediments [18], and 
in marine fish [19], and other publications have appeared which refer to studies on 
the subject in particular [20, 21] or in more general terms [22].

In more recent years, increased attention has been paid to studies of the 
longer-lived nuclides and to the transuranium nuclides in particular. This is not 
to imply that long-lived radionuclides are of greater concern than others, but it 
is appreciated that a more detailed knowledge of their environmental behaviour 
is desirable in order to predict more accurately their future likelihood of continuing 
to be a source of exposure for man. Such data are clearly needed in order to 
estimate dose commitments, a requirement which does not apply to short-lived 
radionuclides. Studies on the transuranium nuclides (and on "T c ) have only been 
possible since the beginning of the nuclear era because the naturally occurring 
transuranium element concentrations are exceedingly low.

The IAEA has also devoted a symposium to the transuranium nuclides [23], 
and a general review of the available data has also been published [24]. These 
studies highlight the degree of analytical advancement that has been achieved.
Many of the earlier data, both experimental and environmental, were typically 
in the 10-2 Bq-kg-1 range and above. Environmental studies are now being made 
on transuranium nuclides below the 10-s Bq-kg-1 range [25].

The impression should not be given, however, that further research is not 
required. There are many national and international research programmes that are 
devoted solely to problems of marine disposal, related directly to specific radio
nuclides and to other aspects of basic oceanography. Waste disposal practices may 
well be modified when further data are acquired and changes in ICRP philosophy 
and their concomitant recommended values for use in dose assessment are made.

4. RADIATION PROTECTION PRINCIPLES 
AND MARINE DISPOSAL

4.1. INTRODUCTION

The International Commission on Radiological Protection (ICRP) has, for 
several decades, made recommendations concerning the protection of man from 
the detrimental effects of ionizing radiation. These recommendations have become
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widely accepted as the basis for radiological protection by national authorities and 
international organizations. The ICRP has its recommendations under continuous 
review and the latest revision of its primary recommendations was issued in 1977 
[8]. Procedures for implementing these latest recommendations are currently 
under consideration by both the Commission itself and the IAEA.

This section discusses first the nature of ICRP recommendations and the 
principles underlying their derivation; it then discusses how these recommendations 
may be applied to the practice of radioactive waste disposal into the ocean.

4.2. PRINCIPLES AND RECOMMENDATIONS OF THE ICRP

The basic objectives of radiation protection are to protect man from the 
detrimental effects of ionizing radiation. From the evidence available to date, it 
cannot be shown that an absolutely safe dose rate exists, nor can it be shown that 
all low levels of radiation are potentially harmful. The ICRP now recognizes that 
many of the possible effects that result from radiation exposure can only be related 
to the absorbed dose rates in terms of the probability of the detrimental effect 
occurring. Two types of detrimental effect are therefore recognized: stochastic 
effects for which, as for the induction of cancer and for hereditary effects, no 
threshold dose rate can be assumed, but for which the probability of occurrence 
increases with dose; and non-stochastic effects for which the severity of the effect 
varies directly with absorbed dose rate and thus allows the calculation of a 
‘threshold’ value.

The ICRP [8] has also recommended a method which takes into account the 
different risks of mortality associated with the irradiation of different organs, plus 
a proportion of hereditary effects (those arising in the first two generations), by 
using a single value, the effective dose equivalent. Recommended values for indivi
dual dose-equivalent limits have been derived by the ICRP. Calculations are made 
to ensure that the dose received by an individual as a result of external exposure 
(in terms of dose equivalent), plus the effective dose equivalent to which an indivi
dual will be committed over 50 years as a result of internal exposure, will not be 
exceeded. The latter values are calculated in terms of annual limits of intake (ALI) 
for each individual radionuclide.

The rather complex terminology which has evolved can be confusing, and 
definitions of the more commonly used terms are given in the Glossary. It should 
be pointed out, however, that merely recommending limits which should not be 
exceeded is hot particularly helpful, especially since it is unlikely that the limits 
need to be exceeded and the probability of some form of detriment is extremely 
low. Obviously, risks should not be taken unless there is some benefit to be gained, 
and some guidance needs to be provided as to where the line should be drawn. The
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ICRP therefore goes further than merely proposing exposure limits and recommends 
that:

(a) no practice shall be adopted unless its introduction produces a positive 
net benefit

(b) all exposures shall be kept as low as reasonably achievable, economic and 
social factors being taken into account

(c) the dose equivalent to individuals shall not exceed the limits recommended 
for the appropriate circumstances by the Commission.

It is important to state here that, for a number of reasons, separate lower 
limits are recommended for the public as a whole compared with workers who are 
routinely exposed to ionizing radiations occupationally. However, for both 
categories the same three basic principles apply. The first of these is referred to 
as justification. It may be assumed that the use of nuclear power, or the use of 
radioisotopes in other forms, has been considered justifiable at a national level in 
certain countries because of the benefits they bring to members of their population. 
The second principle is referred to as optimization  and this is perhaps the more 
difficult to apply. It is a principle which has been continuously evolved in the 
ICRP recommendations, the current expression being referred to by the phrase 
‘as low as reasonably achievable’ (ALARA). Inevitably, it involves what are 
commonly known as cost/risk and cost/benefit factors.

In optimization calculations the term ‘cost’ comprises the sum of all negative 
aspects of the equation, and the ‘benefits’ include all of the benefits gained by 
society as a whole. There is no reason in principle why such cost/risk and cost/ 
benefit approaches should not be used in radiation protection practices as they are 
in other fields of risk assessment, especially when it is realized that zero risk and 
absolute safety are illusions. In fact, the effects of radiation lend themselves, to 
some extent, to such calculations because they are already evaluated in terms of 
risk of detriment per unit dose.

Essentially, the optimization procedure attempts to assess the level of expendi
ture on protection at which the total cost of waste disposal is least. There are, in 
fact, two sets of ‘costs’. The first set includes the costs of protection, i.e. all costs 
which are the result of measures taken to avoid or reduce waste disposal to the 
environment, essentially those costs related to waste management. The greater 
the effort spent on protection, the lower the collective dose to the general popu
lation. The second set is primarily that of radiological detriment. So far, this set 
has largely been dominated by attempting to put a monetary value on health detri
ment, but, quite clearly, other ‘detrimental’ factors need to be considered. No 
doubt, future developments in ICRP recommendations will reflect these continuing 
considerations. At present, therefore, monetary values based on health detriment 
represent the minimum values which can be used. Regardless of the method of 
assigning a monetary value to this second set of ‘costs’, it is obvious that these will
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increase with increased radiation exposure. Thus, both sets are related to the same 
factor, i.e. the collective effective dose-equivalent commitment, and their costs are 
additive. The optimization technique attempts to determine the level of expenditure 
at which the combined costs are at a minimum. From an administrative point of 
view, therefore, it is not simply a question of balancing a straightforward cost/ 
benefit or cost/risk equation but of solving a differential equation which attempts 
to maximize the net benefit in relation to the collective dose. The application of 
this optimization philosophy to waste management practices will not result in the 
decision to retain all of the waste forever, even if it were technically feasible.

One factor which should not be overlooked in the assessment of radioactive 
waste management is the consequences of occupational exposure. For example, 
a decision to restrict waste disposal operations may increase the dose to the 
personnel responsible for waste treatment, storage and packaging; this needs to be 
balanced against the possible increased exposure of members of the public as a 
result of waste disposal.

The role of radiation protection with regard to justification procedures is 
therefore to ensure that the radiation detriment is taken into consideration and 
that the different practices are evaluated after having applied optimization proce
dures on as realistic a basis as possible, as discussed above. The actual acceptance 
of any one practice, choosing amongst different practices or even parts of them, 
depends upon many factors, and only some of these may be associated with 
radiation protection. Calculations of the various factors are therefore only an aid 
to the final process of decision-making, not an end in themselves, and have to be 
considered alongside with any other political, social and economic factors which 
play a part in the final decision taken.

Finally, with regard to principle (c), the dose limits, the ICRP recommends 
that the uniform lifetime whole-body dose equivalent should be restricted to a 
value corresponding to 1 mSv (100 mrem) per year in order to achieve an acceptable 
risk level for stochastic phenomena for members of the public. If maximizing 
assumptions are made in selecting critical groups, the whole-body dose-equivalent 
limit of 5 mSv (500 mrem) per year recommended by the ICRP provides the desired 
degree of safety. Only in rare cases, where the dose rates to a few individuals of 
critical groups are actually found to be high over prolonged periods, ICRP considers 
it prudent to take measures to restrict the lifetime whole-body dose equivalent of 
these individuals to a value corresponding to 1 mSv (100 mrem) per year.

For non-homogeneous exposures, i.e. doses to specific organs, weighting 
factors are used, representing the proportion of the stochastic risk to the total risk, 
when the body is irradiated uniformly. In order to prevent any organ or tissue 
from receiving a total dose which could contribute significantly to the induction 
of non-stochastic effects, an overriding annual dose-equivalent limit of 50 mSv 
(5 rem) should apply.
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There is no recommended dose limit for the population at large. Each man- 
induced contribution to population doses should be justified by the net benefits 
obtained, with the limit for individual members of the public referring to the total 
dose equivalent received from all sources. The amount of radiation received by a 
total population is an integral of the individual doses over the population and not 
a permissible total dose that is available for apportionment among the population.

It should be noted that there is an annual dose equivalent of about 1 mSv 
(100 mrem) from natural background radiation, namely up to 0.5 mSv (50 mrem) 
from diagnostic medical irradiation, 0.01 mSv (1 mrem) from fall-out and about
0.01 mSv (1 mrem) from various other sources. Natural background radiation can 
vary, depending on the mineral content of the areas, materials used in building 
construction and altitude above sea-level. Maximum radiation levels can be as high 
as 2.5 — 3.0 mSv (250—300 mrem), depending upon the situation.

The current recommendations of ICRP are embodied in publication No. 26 
[8]. This refers to the previously discussed optimization techniques and definitions 
and principles used. Subsequent ICRP publications deal with environmentally 
released radioactivity [10] and recommended values for annual limits of intake of 
radionuclides (ALIs) [26, 27]. The ALI values are primarily derived for occupa
tionally exposed workers. Their application to members of the public, such as 
exposure of children, is not without problems and is discussed in the IAEA Basic 
Safety Standards [28],

4.3. PRACTICAL APPLICATION OF THE ICRP RECOMMENDATIONS

The principles of the current ICRP recommendations are discussed in 
Section 4.2. Clearly, most of our recent experience in the assessment of waste 
discharges to the marine environment reflects the latest ICRP philosophy and 
recommendations. It should be noted that the recent ICRP recommendations 
have not yet been fully endorsed by all countries, but it seems likely that they will 
be. One of the reasons why ICRP publication No. 26 [7] has not been put fully 
into practice is the difficulty of applying it completely and rigorously.

4.3.1. Justification

The difficulty of applying the recommendations of ICRP publication No. 26 
is especially evident in the principle of justification. In order to establish that a 
‘net benefit’ can be derived from a certain practice, many broad issues may need 
to be considered, e.g. economic, social, political and scientific matters, as well as 
the health detriment resulting from waste disposal, this being only one part of 
the whole practice (e.g. operation of nuclear power plants or reprocessing plants). 
Such analyses may in many cases be superfluous because the practice will already
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have been justified by other means. In the context of assessing limits for waste 
discharge to the marine environment, the justification principle is therefore not 
further discussed; the more relevant principles worthy of discussion are optimi
zation and compliance with dose limits.

4.3.2. Optimization

Optimization is a relatively new term, first introduced by the ICRP in 1973 
[29], but the underlying principle of keeping doses down to levels which have been 
variously described as ‘readily’ or, more recently, ‘reasonably’ achievable has 
existed in both national and international (ICRP, IAEA, etc.) documents for some 
time. This is an overriding principle which, although variously interpreted, has 
already been widely accepted and applied. The current ICRP recommendations 
reflect an attempt at developing a quantified and systematic procedure for optimi
zation. As with the formal justification principles, it has been possible to attempt 
optimization calculations only in recent years because the techniques for calculating 
the costs of radiation detriment and for conducting differential cost/benefit 
analyses have only recently been developed. The techniques required are discussed 
in more detail in ICRP and IAEA publications [8, 30] and further attention to 
these matters is currently being paid by these organizations.

In the context of marine waste disposal the relevant assessment required is 
the correlation between discharge rate or release rate and collective dose commit
ments from the waste disposal practice. Since no extensive experience has yet 
accrued from the use of quantified procedures, it is not possible to provide further 
guidance on their use here. However, the derivation of these correlations follows 
a pattern similar to that discussed for critical groups later in this section, except 
for the fact that it is large groups (often entire populations of a country) that are 
being considered. Although the pathways which lead to radiation exposure of 
these large groups may be the same as those which are of significance to critical 
groups, the values of collective dose commitment may also include calculations 
using pathways of little significance to an individual within a critical group.

For proper use of the quantitative optimization procedure of the ICRP it is 
necessary to have realistic values of collective dose commitments, since otherwise 
health detriment will be overestimated and the true position of balance will not 
be correctly located. In practice, however, it is important to realize that the 
development of these quantified procedures and their application has so far only 
included the assessment of health detriment. As the ICRP recognizes, optimization 
should also take other factors (social and political) into account, and indeed the 
pragmatic basis on which the ALARA principle has operated reflects this. One way 
of looking at this, in the context of decisions to limit radioactive waste release 
into the oceans, is that quantified optimization based on health detriment repre
sents the minimum constraint that should be imposed on the operation producing
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the waste and the establishment which proposes to discharge the waste. In practice, 
and depending on the extent to which non-health detriment considerations are 
taken into account, the actual approved discharge rate will be less than that which 
could be accepted when considering health detriment alone.

4.3.3. Dose limits

This is the aspect of ICRP philosophy that has attracted the most attention 
and which, despite the current increasing emphasis on ‘optimization’, continues 
to have a controlling influence on waste disposal. In order to ensure compliance 
with dose limits, it is necessary to determine how discharge rates correlate with 
individual (critical group) doses.

The following sections are devoted to a discussion of the scientific procedures 
involved in making dose assessments.

4.4. RELATIONSHIP BETWEEN WASTE DISPOSAL AND DOSE

In order to limit radiation exposure of the general public on the basis of 
the constraints and conditions recommended by the ICRP, and to limit radiation 
exposure of marine organisms, it is necessary to develop methods for relating the 
magnitude of the potential radiation source to the resultant dose. For the disposal 
of radioactive waste into coastal waters or the deep ocean and considering the 
uncontrolled nature of the interactions involved in the transport of radionuclides 
from their source into components of the environment, there are only two points 
at which control can be applied: at the point of release and at the point 
of exposure. Since dose can rarely be determined directly, it is necessary to 
establish by modelling the relationships between doses, concentrations in environ
mental materials and release rates, in order to enable control to be applied at the 
point of release. Typically, to achieve this, a mathematical model is formulated 
from the available data and, if data are lacking, from realistically conservative 
(restrictive) estimates.

It is desirable during the initial stages to apply simple mathematical models, 
and if the resulting predicted doses are sufficiently high (or insufficiently certain) 
to warrant further refinement, more effort will be required to improve the data 
base. The model must account for the physical transport, biogeochemical cycling 
and ecological transfer of the radionuclides in order to account for human exposure 
through various food-chains and external exposure pathways.

The principles of analysis and assessment apply equally to all radionuclides 
in a given quantity of disposed waste. In principle, no matter which system is used, 
the dose from each radionuclide should be calculated and all doses summed. 
Similarly, in seeking to provide data needed to show compliance with dose limits
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or for use in justification/optimization procedures, the effect of more than one 
pathway must be taken into account and the doses summed arithmetically in such 
situations where they can simultaneously affect the individual/population groups 
concerned. The extent to which each radionuclide is important varies widely, and 
in practice it is not uncommon to find that only a small number of radionuclides 
contribute significantly to the dose. Indeed, when calculating doses to critical 
groups from a given practice, it is often the case that as few as one or two (critical) 
radionuclides account for almost the whole of the dose through a correspondingly 
small number of significant pathways.

4.4.1. Pathway analysis

Pathway modelling provides equally for the assessment of dose to individuals 
in the critical group of a pathway and the collective dose to populations. In order 
to assess the dose received by an exposed population, use is made of the collective 
dose equivalent, which can be derived as the product of the average dose equivalent 
and the number of individuals of a subgroup in the population. Alternatively, the 
collective dose can be obtained by integration of the distribution of dose rates 
over the population. In the case of collective dose, some simplification is often 
possible, to the extent of even avoiding altogether the need to identify and assess 
the separate individual doses. Thus, in a food-chain pathway it is sufficient to know 
the total intake of a radionuclide and not the individual consumption rates, although, 
in a geographically extensive pathway, such as fish consumption, it will be necessary 
to group the total catches and to weight them with the concentrations which vary 
with distance from the point of release. In order to extrapolate the dose estimates 
in time, it is necessary to calculate the dose commitment. The collective dose rate 
will vary as a function of time and thus the total collective dose equivalent from a 
particular source can only be obtained by integrating the collective dose-equivalent 
rate. This collective dose-equivalent commitment is required in justifying or opti
mizing different choices of waste management practices. The collective quantities 
are frequently expressed in man-Sv (or man-rem) to distinguish them from indivi
dual doses.

Calculations to ensure that dose limits are not exceeded are the simplest. 
Estimates of collective dose rate necessarily require a greater knowledge of the 
degree of spatial contamination around a release point and a greater knowledge of 
the habits of the population at large. Difficulties inevitably arise with regard to 
the limits of radiometric detection used to delineate the boundaries of a contami
nated area (for example where the contaminant is still detectable or identifiable 
above ambient marine concentrations) and with regard to estimating the size of 
the population actually exposed to the radioactivity discharges of a particular 
source. Equally difficult are decisions with regard to selecting the time periods 
over which a calculation of committed dose should be integrated. Confidence in
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making such decisions will increase as more calculations become available for 
comparison, and further guidelines are proffered by the ICRP and the IAEA.

The application of these procedures to coastal waste discharges is carried out 
on a specific case-by-case basis by the national authorities involved. The site- 
specific nature of the actual procedures and the applicability of the results preclude 
the need for further discussion of such cases. In the case of ocean dumping, the 
assessment procedure is carried out internationally as far as the generic aspects are 
concerned, and multilaterally in the case of site-specific assessments, and therefore 
such matters warrant more detailed discussion.

Over the last three decades, a number of approaches have been proposed and 
used to control the disposal of radioactive wastes into the environment. Two of 
the approaches, ‘point of discharge control’ and ‘specific activity’, have a number 
of technical disadvantages, while at the time appearing attractive because of their 
simplicity. Further discussion of these approaches is not warranted since they are 
no longer compatible with the recent recommendations of the ICRP. Two 
approaches discussed in considerable detail by the ICRP [10] are the systems 
analysis (SA) approach and the concentration factor (CF) approach. The choice 
to be made between these two approaches depends upon a number of factors. The 
SA approach is fundamentally the more rigorous and is the only approach applicable 
to pulsed discharges. The CF approach is applicable only when the discharge rate 
is fairly uniform and when there is some indication that quasi-steady-state 
conditions will be nearly reached. Both of these approaches treat each disposal 
situation separately, with the objective of identifying and quantifying the routes 
which could potentially result in significant human exposure. Although there are 
potentially a number of pathways by which man may be exposed to ionizing 
radiation, in practice, for any given site, only one pathway, or at most a small 
number of pathways, will prove to be limiting. Therefore, if radiation exposure 
of the public along these critical pathways is kept well within the ICRP recom
mended dose limits, exposure through other pathways will not cause these limits 
to be exceeded. Similarly, although a large number of radionuclides may be 
discharged, only a small number of ‘critical’ radionuclides will account for the 
major fraction of the exposure. This critical pathway approach is now applied in 
many countries, most notably in the United Kingdom where it was largely pioneered.

4.4.2. Systems analysis approach

The SA approach to pathway analysis sets out to model the dynamic behaviour 
of the radionuclides in the environment and requires the application of complex 
mathematics. It is particularly applicable to situations where radioactive releases 
are pulsed, or where environmental situations are such that steady-state conditions 
are not likely to exist. Even so, it is still only a conceptual approximation of the 
real system but has the attraction of representing the time-dependent variations
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that occur. For SA, coupled first-order differential equations must be solved and 
the biggest difficulty is generally the availability of values for the transfer coeffi
cients involved.

In reality, the kinetics of the system, even if they are first-order kinetics, are 
liable to vary continuously over both time and space. Such variability includes 
short-term and seasonal variations due to both random influences (e.g. weather) 
and periodic influences (e.g. tidal and other seasonal events). These will affect the 
distributions of radionuclide concentrations with distance and direction from the 
point of release in both sea-water and materials such as organisms or sediments. 
Strictly, therefore, the most realistic mathematical formulation is a system of 
partial differential equations with the coefficients varying as joint functions of 
time and location. A valid linear approximation may, in practice, be feasible by 
taking the variables as constants over a small range of space or time. Taken to its 
limit, this process becomes the concentration factor method discussed later.

In the simplest first-order kinetic representation, each uptake or loss term is 
expressed as a rate constant multiplied by the quantity or concentration of material 
in the donor compartment. Analytical solutions of the corresponding system of 
linear first-order differential equations are available in the form of exponential 
series involving the values and vectors of the resultant matrix of rate constants.
As the expressions become more realistic, unique analytical solutions do not 
generally exist and numerical solutions have to be adopted to simulate temporal 
behaviour. Methods of this complexity require extensive calculations.

4.4.3. Concentration factor approach

The CF method, largely developed for, and applied to, the assessment of dose 
through critical pathways, is equally applicable to all pathways and radionuclides. 
Conceptually it can be seen as a simplification of the systems analysis method dis
cussed above and is applicable where the release rate is, or is assumed to be, uniform 
over long periods of time and where steady-state conditions can be assumed to 
exist in the environment in which the pathways occur. It is also valid for appli
cation to single or other discrete releases, provided that the whole of the activity 
in each of the interacting compartments can be integrated. The ratio of the 
integrals will then be the same as the concentration factor for equilibrium conditions.

The CF approach is especially appropriate and most frequently used for 
assessing chronic, planned discharges in which disposal is a routine, regular event.
In view of the fact that the ICRP dose limits refer to a period of one year, it is 
usually sufficient to consider average conditions over prolonged periods. However, 
it may be necessary in certain situations to consider the combined effect of transient 
discharge rates and abnormal environmental conditions, where these factors could 
combine to materially influence the total dose received over the year.
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The system response to be evaluated by the CF method is depicted by a series 
of algebraic equations for each compartment of the block diagram chosen to 
simulate the sequential stages of a pathway. The process starts with an assumed 
release rate, the first stage being dilution into the sea at the point of release and 
calculation of an equilibrium concentration resulting from it. The concentration 
in each subsequent compartment is calculated by multiplying the concentration in 
the donor compartment by the appropriate concentration factor. If there is more 
than one effective donor compartment, the contributions must be summed. 
Alternatively, however, such complexity may be avoided by the selection of an 
appropriate concentration factor that accommodates multiple routes of entry, e.g. 
radionuclides from food and water to fish.

Following the stage of dilution into the immediate receiving water mass, 
allowance must be made for factors influencing the amount of a radionuclide 
actually transferred through the remaining compartments. The factors which are 
commonly met are geochemical in nature, e.g. K j values involving the sea-bed or 
sedimentary material in suspension. Sediments may be directly important materials 
in terms of dose to man for non-food-chain pathways such as those resulting from 
occupational or recreational occupancy of beaches. For food-chain pathways, 
the further stages (which may be condensed into one for the purpose of concen
tration factor application) lead to predictions of concentrations in the foodstuff 
consumed. For either type of pathway the final stage in dose calculation requires 
values of the rate of intake of the foodstuff, or the extent of utilization of the 
medium, so as to calculate the daily intakes of radionuclides or the daily exposure 
of the individuals whose dose is being assessed. From the above calculations the 
discharge rate which would correspond to the dose limits recommended by the 
ICRP can be estimated.

In order to apply this method, detailed information is required concerning 
the eating, working and leisure habits of either local or more distant populations 
which may lead to exposure. To ensure that no member of the general public 
receives a dose in excess of the recommended dose limit, it is necessary to identify 
an individual, or a group of individuals, with exceptional habits which lead to the 
highest potential degree of exposure. The estimated average exposure of the critical 
group in a population then provides the basis on which the permissible release rate 
for the discharge is ultimately determined. The determination of the equilibrium 
concentrations in environmental matrices by the above pathway approach also 
provides the starting point for the calculation of doses to marine organisms by the 
methods given in IAEA publications [31, 32].

4.5. DATA REQUIREMENTS

The availability of parameter values sufficient to describe radionuclide transfer 
along pathways is likely to greatly influence decisions regarding the degree of
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complexity or realism that can be represented by pathway modelling. It is also 
a major factor in making a choice between applying the more fundamentally 
rigorous systems analysis (SA) method and its simplified form — the concentration 
factor (CF) method. For the SA method, transfer functions are required for com
partments that are both temporally and spatially dependent. In the CF method, 
the most common application of which assumes that equilibrium, steady-state 
conditions have been attained, only the ratio of concentrations (or an integral of 
concentration) is needed between each pair of compartments assumed to be inter
acting (e.g. fish and sea-water). While the nature of the parameter values used in 
the two methods is very different, in the final stage of conversion of a concentration 
in a food-chain material or of a measured dose rate associated with a non-food-chain 
pathway to the rate of intake or exposure, the data requirements are similar. The 
values chosen will depend on the radiological objective, i.e. individual or collective 
dose assessment. In the former case, since the objective will be to establish con
formity with specified dose limits, the value will generally be that which is 
characteristic of those people who are most highly exposed through the pathway 
in question. In the latter case, values are required which relate to the potential 
exposure of the population at large. This topic is treated in detail in the IAEA 
Safety Series No. 45 [30].

4.5.1. Nature of the released radioactivity

In addition to the daily or annual release quantities of radioactivity by radio
nuclides, it may be important to know the physical and chemical forms of the 
radionuclides at the time of discharge, since these could affect their subsequent 
behaviour. Recent studies on plutonium have shown that this element behaves 
in different ways according to its chemical state. Additionally, the discharge of 
the radionuclides together with non-radioactive wastes may result in complexation 
or adsorption before mixing with sea-water and this may affect its subsequent 
transport or availability to biological systems. Of particular importance is the 
proposed method of release — either continuous or pulsed — since this will define 
whether the concentration factor approach or the systems analysis approach for 
dose estimation is required.

4.5.2. Concentration factors and Kd values

For the calculations discussed in this section it is obvious that concentration 
factors for aquatic organisms and Kd values for sedimentary materials are required. 
It is inappropriate to quote here a recommended list of values because, as is evident 
from the previous sections, such values are only applicable to specific materials at 
any one place or time and are continuously being revised. There are many data in 
the scientific literature, and it is only necessary here to draw attention to the degree
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of caution which is required in applying them to any site. It is also probable that 
if the nature of the waste is known in detail with regard to its elemental (radio
nuclide) composition, then the values in different materials expected from the 
literature will be confirmed by stable-element analyses where appropriate. When 
using Kd and concentration factor values from the literature, it is important to 
realize that various definitions and measurement techniques have been used for 
both environmental and experimental determination. Thus, caution should be 
exercised when using existing data of both types. Attention should also be paid 
to the sea-water values used as a denominator; for example, whether they are 
based on total water samples or on filtrate water only, and by what analytical 
method they were determined.

It is also necessary to consider the degree of accuracy required for these 
values relative to the calculations being made. A greater accuracy is clearly required 
for the analysis of critical pathway materials in order to determine that individual 
dose limits will not be exceeded. For calculations in relation to collective and 
committed dose, greater latitude can be tolerated because of the uncertainties 
inherent in the accompanying calculations with regard to the population size and 
exposure pathways.

4.5.3. Demographic information

When applying the ICRP or national dose limits, it is necessary to ensure 
beyond reasonable doubt that the dose to the most exposed individuals is within 
the dose limits. Identification of the working, eating and recreational habits of 
the local population and, in certain instances, of populations at some distance from 
the site is therefore essential. For example, these studies may include estimates 
of the types and amounts of ingested marine sea-food derived from specific areas, 
the number of hours spent on the beach at work or for recreation, and the number 
of hours spent handing fishing gear on the beach and at sea. Consumption and 
occupancy rates derived from habit surveys of an identified critical group will be 
extremely variable. In practice, these rates are not normally distributed. The ICRP 
considers it reasonable to take account of these variations by applying the appropri
ate dose limit for individual members of the public to the weighted mean dose 
equivalent for this group. A determining factor will be human behaviour, e.g. 
consumption and occupancy rates.

There may, of course, be situations where actual critical pathways cannot be 
identified. In this case, potential pathways, such as consumption of any marine 
fish species or occupancy of the beach at low tide, are selected for analysis. 
Following the start of waste disposal operations, materials in these assumed 
pathways are monitored and the resulting data provide a basis for control. In some 
cases, particularly those where the discharge rates are very low, biological indicator 
species may be used, such as algae and molluscs, which concentrate specific nuclides, 
in lieu of pathway materials.
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4 .6 . G E N E R IC  B A SIS F O R  D E E P-O C E A N  D U M PIN G  O F  PA C K A G E D  W A STES

In contrast to the disposal of liquid wastes into coastal waters the dumping 
of packaged radioactive wastes is the subject of an international agreement, the 
London Dumping Convention. This convention, which embraces all types of 
wastes, divides radioactive wastes into two categories: high-level wastes (Annex I 
of LDC), which are considered unsuitable for dumping in the oceans, and other 
radioactive wastes (Annex II of LDC), which may be dumped under a special 
permit issued by the competent national authority. The Convention requires of 
the IAEA to define radioactive material which is unsuitable for dumping and to 
make recommendations that should be considered when issuing special permits.
The IAEA has prepared a Provisional Definition for Annex I and Recommendations 
for Annex II of the London Dumping Convention in 1975 [33]. This document 
was subsequently reviewed, revised and issued in 1978 as IAEA INFCIRC/205/
Add. 1/Rev. 1 [34]. The Definition is included here as Annex II.

The two key documents used in the preparation of the IAEA Definition and 
Recommendations were the Oceanographic Basis [35] and the Radiological Basis 
[36]. The results took the form of release rate limits, i.e. values of release rates 
for various radionuclides which, under a series of generally pessimistic pathway 
parameter values, would give rise to critical group exposure at a level not exceeding 
the ICRP recommended dose limit. From these studies the revised Definition was 
adopted [34], which gives limits in terms of curies per tonne, averaged over a gross 
mass not to exceed 1000 tonnes.

The model developed by the IAEA is in two parts:

(a) An oceanographic component which predicts the relationship between water 
concentration and release rate at points in the ocean appropriate to the various 
pathways

(b) A radiological component which takes the results of (a) and combines them 
with data on (assumed) environmental exposure pathways and ICRP data to 
relate human radionuclide intake rates to dose.

Release rate limits were calculated on the basis of dose to man rather than 
dose to marine resources, and subsequent calculations confirmed that if the human 
population is adequately protected (i.e. if the ICRP dose limits are not exceeded), 
the potential damage to marine resources will be small.

4.6.1. The oceanographic component of the IAEA model

The model adopted by the IAEA is a hybrid of several fairly simple concepts.
It is based partly on the conclusions of the work of Shepherd [37] and includes 
additional considerations of the possible effects of short-term processes and episodic
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events. These are particularly important because they may ‘short-circuit’ the 
steady and progressive deep-ocean dispersion allowed for in the Shepherd model.

The Shepherd model [37] calculates the theoretical concentrations in an 
equilibrium situation in the ocean, both at the surface and in vertical profile, from 
a continuous release of material on the bottom of the deep ocean. Shepherd’s 
model also shows that, except under rather extreme conditions, the surface con
centrations given will not exceed the long-term average value which would arise 
if all the activity released were eventually distributed throughout the entire ocean.
In order to overcome the possibility that some biological pathways might short- 
circuit the most obvious pathway to man (via dispersion of radioactivity in the 
water mass and then via the consumption of fish), the radiological assessment of 
the IAEA is based on bottom concentrations throughout, i.e. it is assumed that 
the (normally higher) bottom concentrations are present in the surface waters.
A slow vertical diffusivity (1 cm2 • s_1) was used, corresponding in the Shepherd 
model to a 4000 year vertical mixing time. In addition, it was assumed that radio
activity releases would continue on a continuous basis for a period of 40 000 years,
i.e. comparable with the mean lifetime of plutonium-239.

So far, these results provided concentrations applicable to an ocean volume 
of 1017 m3 (which is in fact slightly smaller than the true volume of the north 
Atlantic), irrespective of whether a single site or multiple sites are used for dumping. 
While Shepherd’s model provides the concentration arising from the long-term, 
large-scale waste dispersion from a dumping site, it does not include the possibility 
of physical, chemical or biological processes which, on time-scales of decades or 
less, might result in higher concentrations in pathways leading to man. The IAEA 
oceanographic basis does include estimates of such processes which, on time-scales 
of decades or less, might result in higher concentrations in pathways leading to 
man. The IAEA oceanographic basis also includes estimates of such processes 
which could short-circuit long-term dispersion processes. These are based on the 
possibility of an advective plume of year-long duration, reaching a fishing zone in 
deep water (e.g. a long-line fishery), and deep convective mixing of the type which 
has been observed down to about 2000 m in the Mediterranean Sea and in the 
polar deep-water formation regions. Calculations which have been carried out in 
connection with these two cases indicated that the concentration arising in the 
short term from a single site might be of the order of 10~6 Bq-m-3 per Bq-s"1 
released, and this value was therefore used as a more restrictive limit for single sites, 
except for the longer-lived radionuclides for which the whole ocean limit becomes 
more restrictive.

The oceanographic model also assumes waste disposal in an area where the 
depths are normally greater than 4000 m, a transit time of three years between 
release of radioactivity from the container and its arrival at the nearest possible 
place of interaction with man, and continuous release rates. Any delay in radio
activity release from the waste package once it has reached the bottom of the sea
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will reduce the total amount of activity released because of decay, but this factor 
is not included in the model.

The oceanographic basis therefore depends on fairly simple calculations and 
makes use of several simplifications. In particular, it is assumed that the con
centrations appropriate for input into food-chains in the surface water are the 
(higher) concentrations of deep-ocean waters. Further, for food-chains originating 
in either water or sediments, it is assumed that all of the radionuclides released 
are initially associated with the aqueous or sedimentary phases respectively. The 
assumption of an association of radionuclides with the sedimentary phase could 
not, however, be applied in practice in calculations of the radiological component.

These simplifications are intended to err on the side of pessimism; they are 
particularly pessimistic for short-lived radionuclides. For long-lived radionuclides 
(such as plutonium-239) the degree of pessimism is not so great.

4.6.2. The radiological component of the IAEA model

A tentative attempt to estimate the possible degree of conservatism was made 
by the IAEA Advisory Group which drew up the revised Definition; the estimate 
was published as part of the Radiological Basis [36], The method used was the 
critical pathway approach, and the dose to seven critical groups affected by twelve 
pathways (listed in Table V) was evaluated. Release rate limits for a range of 
radionuclides were derived by first calculating the dose to man in each pathway 
corresponding to unit release rates. The method used for this calculation was con
ventional, combining an estimate of water concentration (from the oceanographic 
basis), a concentration factor, a consumption or occupancy rate, and the appropri
ate maximum permissible annual intake (for ingestion or inhalation pathways). The 
release rate which would lead to the ICRP dose limit was then derived. Additivity 
due to the possibility of exposure via more than one pathway was admitted in 
appropriate cases. The lowest of the release rate limits for the different critical 
groups was then adopted as the overall release rate limit for each radionuclide.
These model calculations will have to be recalculated in order to take into account 
the ICRP concept of effective dose and the derived annual limits of intake [8,26,27],

Some of the pathway parameter values adopted (e.g. sea-weed consumption 
rate) were unrealistically high. Because of such maximizing assumptions as these 
and others in both parts of the model (oceanographic and radiological), the doses 
that would result from release rates at the limits calculated would in practice 
probably be very much less than the dose limit (e.g. 5 mSv (500 mrem) for the 
whole body) to which the ICRP dosimetry is related. This is confirmed in the case 
of radium-226, for example, for which the release rate limit is of the same order 
as the natural production rate, while the natural dose rates from radium-226 are 
known to be much less than the ICRP dose limit [36].
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TABLE V. PATHWAYS AND MODE OF EXPOSURE IN THE 
IAEA RADIOLOGICAL BASIS [35]

Pathway Mode o f  exposure Ingestion rates or 
occupancy rates

Fish consumption Ingestion 0.6 kg-d’ 1

Crustacea consumption Ingestion 0.1 kg-d’ 1

Mollusc consumption Ingestion 0.1 k g -d '1

Seaweed consumption Ingestion 0.3 kg-d’ 1

Plankton consumption Ingestion 0.03 k g -d '1

Exposure from shore sediments External irradiation 1000 h - a '1

Exposure from fishermen’s gear External irradiation 300 h - a '1

Suspension of sediments Inhalation (continuous)

Evaporation o f sea-water Inhalation (continuous)

Desalinated water consumption Ingestion 2.0 kg-d*1

Sea-salt consumption Ingestion 0.003 kg-d’ 1

Swimming External irradiation 300 h*a_1

It should be re-emphasized that the mathematical modelling from which the 
current IAEA Definition was derived is generic in nature. As such, it provides a 
means by which upper dose limit values may be estimated; it is, however, more 
likely to lead to overestimates of dose than a model which is tailored to a specific 
location or set of conditions. At the request of the IAEA, the Group of Experts on 
the Scientific Aspects of Marine Pollution (GESAMP) is currently attempting to 
refine the oceanographic basis.

4.7. SITE-SPECIFIC EVALUATION OF OCEAN DUMPING PRACTICES

The application of the basic IAEA site selection criteria [34] effectively 
minimizes the interaction of the radionuclides in the dumped material with man’s 
activities. This minimal interaction makes it difficult to predict the exposure of 
potential critical populations before dumping and to estimate the actual exposure 
from dumping practices. In addition, the very small quantities of radionuclides 
relative to the scale of the receiving environment (the ocean), together with such 
factors as the degree of containment and the time-scales involved in transport of 
radioactivity from the deep ocean, are expected to result in concentrations in
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potentially critical materials that are below the current limits of detection. Even 
if significant physical and biological short-circuit mechanisms from the deep 
ocean to the surface layers of the open ocean or the continental shelf would occur, 
the prospect of being able to measure the radionuclides in the critical materials 
will still be remote.

Site-specific radiological assessments are required both before the operation 
is authorized and at intervals thereafter. Whereas for coastal waste discharges 
measurements of critical pathways can be made to confirm previous model calcu
lations for dose assessments, in the case of deep-ocean dumping such confirmatory 
measurements are technically difficult. Models are therefore the only means of 
assessing doses in the case of ocean dumping, at least for the foreseeable future.

In order to be able to develop more appropriate models, additional deep-ocean 
scientific research will be required to provide realistic values which correctly 
represent the major oceanographic and biological processes of the area in question. 
However, in view of the ICRP requirement for optimization, the potentially 
expensive research should be carefully tailored to meet the demands of pathway 
analysis and it should not be attempted to obtain a detailed understanding of all 
the transport and biological processes involved in the system.

It should be noted that the term ‘site-specific’ does not mean that all investi
gations must be undertaken at, or in the vicinity of, the proposed dumping site. 
Since it is possible that the radionuclides released will be transported away from 
the site (the long-lived radionuclides whose half-lives exceed their residence time 
in the oceans being of particular concern), it may be entirely appropriate to obtain 
data on basin-wide circulation, mixing within the ocean basin, and perhaps also 
exchanges with other connected basins. There is also a need to examine those 
processes which occur on the margins of the basins which have the potential to 
mix or to conduct water from the deep ocean into biologically productive areas.

One approach to such investigations is that developed within the OECD/NEA 
Research and Environmental Surveillance Programme [38] which covers physical 
oceanography, geochemistry, biological oceanography and model development.
The approach is based upon a general model which has three separate components: 
a release mode, describing the release of radionuclides from the waste package; 
a marine model, describing the dispersion and/or re-concentration of radionuclides 
throughout the marine environment; and a pathways model, describing the trans
port of radionuclides through food-chains or other direct pathways to man. The 
general form of the model is to aid in focusing research work and to assist in 
incorporating the results of research so that a more realistic assessment of dose 
resulting from deep-ocean waste disposal practices may be made.

It should be recognized that for at least the next decade it will be necessary 
to continue to apply a series of simplifying, but intentionally conservative, 
assumptions until more data on the essential oceanographic and biological processes 
become available. It should be stressed that until radionuclides can actually be
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measured in yet to be identified critical pathways, it will not be possible to confirm 
actual radiation exposures. Nevertheless, the present models, which continue to 
be improved as research data become available, do constitute a basis for regulatory 
authorities to decide whether authorization for a proposed waste disposal should 
be granted, since they provide a means of indicating whether individual (critical 
group) exposure limits are likely to be violated. The costs involved in the further 
development of such models and their validation will have to be carefully weighed 
in view of the ICRP recommendations for optimization which remain to be applied 
to ocean dumping.

In order to implement the ICRP principle of optimization, the collective dose 
commitment, i.e. the total dose received by the exposed population, is required.
For the long-lived radionuclides, the assumption of a well-mixed ocean requires 
that the global population, or some portion of it, be considered as the exposed 
population. Given the total annual production of food from all or part of the 
oceans, it is then relatively straightforward to estimate the collective dose. However, 
for shorter-lived radionuclides, the oceanographic dispersion models at present do 
not provide sufficient resolution for the spatial distribution of radionuclides to 
adequately define the exposed population. Therefore, since any values derived are 
likely to be overestimates, perhaps by several orders of magnitude, they will not 
provide a good basis for the precise assessment of collective dose commitments 
or, as a result, for the application of quantified optimization procedures. Optimi
zation will therefore still have to be decided in a qualitative way by application 
of value judgements.

5. ROLE OF INTERNATIONAL AGREEMENTS 
AND AGENCIES RELATED TO 

OCEAN DISPOSAL OF RADIOACTIVE WASTES

5.1. INTRODUCTION

Since marine resources may be viewed as a common property of mankind, 
to be held and managed in trust for all, the exploitation and use of the seas as 
a repository for wastes are undergoing a process of limitation and definition by 
international agreements. While national authorities enforce their own laws and 
regulations, States are obligated, when they acquiesce in international agreements, 
to adopt laws and regulations for implementing applicable international rules, 
guidelines and standards. Such international rules, guidelines and standards are
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established by competent international organizations or at diplomatic conferences 
for the protection of the marine environment through the prevention, reduction and 
control of pollution. Also, countries, on an individual basis, or collectively 
through bilateral, regional or international co-operation, monitor and study the 
effects and risks associated with marine pollution, including the surveillance of 
radioactive waste disposal activities.

Although several regional agreements exist to prevent or control pollution 
of the marine environment from various types of sources, the only truly global 
agreement in force is the Convention on the Prevention of Marine Pollution 
by Dumping of Wastes and other Matter (London, 1972), commonly referred to 
as the London Dumping Convention (LDC). There is, as yet, no parallel 
international agreement on the control of marine pollution from land-based 
waste discharges such as through pipelines. A regional agreement of this type 
does exist (Paris Convention, 1974), but there is only one regional-type agreement, 
the Decision of the Council Establishing a Multilateral Consultation and 
Surveillance Mechanism for Sea Dumping of Radioactive Waste [39] of the 
Organization for Economic Co-operation and Development (OECD), which has 
specific relevance to the disposal of radioactive material in the ocean; this 
is administered by the Nuclear Energy Agency (NEA) of the OECD. Thus 
the bulk of this section deals with the provisions of the LDC, the related role 
of the IAEA in matters concerning the dumping of radioactive materials 
and the provisions of the OECD/NEA agreement.

Reference is also made to the most recent negotiating text of the Law 
of the Sea Conference and the provisions of regional conventions that cover 
disposal of radioactive materials into the sea.

5.2. CONVENTION ON THE PREVENTION OF MARINE POLLUTION BY 
DUMPING OF WASTE AND OTHER MATTER -  THE LONDON 
DUMPING CONVENTION [ 1 ]

The London Dumping Convention regulates the disposal by marine dumping 
of a wide variety of hazardous wastes including radioactive material and other 
matter such as dredge spoils and sewage sludge. Annex I gives excerpts from 
Annexes I, II and III of the London Dumping Convention.

The first article of the LDC states:
“Contracting Parties shall individually and collectively promote the 
effective control of all sources of pollution of the marine environment, 
and pledge themselves especially to take all practicable steps to prevent 
the pollution of the sea by the dumping of waste and other matter that 
is liable to create hazards to human health, to harm living resources and 
marine life, to damage amenities or to interfere with other legitimate 
uses of the sea.”
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Under the LDC, high-level radioactive wastes are considered unsuitable 
for dumping at sea and are prohibited from dumping under Annex I of the 
Convention (the ‘black list’, which also prohibits the dumping of such materials 
as mercury and cadmium, except in trace quantities). In this Annex, the 
responsibility of defining what are high-level wastes was given to the IAEA 
as the competent international body in this field. Other radioactive wastes, 
not defined as high-level waste, fall within Annex II of the Convention (the 
‘grey list’); they may be disposed of through the issuance of prior special 
permits by national authorities who are to take full account of recommendations 
made by the IAEA.

The LDC encourages international and regional co-operation both in the 
development of procedures to protect the marine environment in a given 
geographical area and in the field of monitoring and scientific research. 
Co-operation between the Contracting Parties to the Convention and Parties 
to regional agreements to develop harmonized procedures to be followed by 
the different conventions is one key goal of the LDC.

Annex III of the LDC contains provisions to be considered in establishing 
criteria for the issuance of permits for the dumping of matter at sea and 
applies to all wastes, not just radioactive materials. Such permits are to be 
issued by national authorities only after careful consideration of the characteristics 
and composition of the matter, investigations or evaluations of the characteristics 
of the dumping site, and some other, more general factors. The criteria are 
mostly quite general and do not all have direct relevance to sea disposal of 
radioactive wastes. The provisions apply both to wastes requiring special 
permits under Annex II, such as radioactive wastes not prohibited by Annex I, 
and other wastes, such as sewage sludge requiring a general permit.

Article VI of the LDC requires that each Contracting Party designate 
an appropriate authority (authorities) to issue special permits for Annex II 
materials complying with the requirements of Annex III. According to the 
requirements of Article VI, the Parties must submit information to the 
Inter-Governmental Maritime Consultative Organization (IMCO) consisting of:

— records of the matter permitted to be dumped
— reports on monitoring of sea conditions
— the criteria, measures and requirements the Party adopts in issuing permits.

Article VI also states that the procedure to be followed and the nature of such 
reports shall be agreed by the Parties in consultation.

5.3. THE ROLE OF THE INTERNATIONAL ATOMIC ENERGY AGENCY

The IAEA has been active for many years in the preparation of safety 
standards, guides, recommendations, procedures and data based on the
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recommendations of the ICRP. Under its responsibilities to the London 
Dumping Convention, the IAEA has defined high-level radioactive wastes which 
are unsuitable (prohibited) for disposal in the oceans and has made recommenda
tions on factors to be considered in the disposal of other radioactive wastes.

5.3.1. The IAEA definition of high-level radioactive wastes

The IAEA has prepared a Provisional Definition and Recommendations 
concerning radioactive wastes required in Annexes I and II of the LDC for 
the First Consultative Meeting of the London Dumping Convention in 
September 1976. This document was subsequently reviewed and revised, 
resulting in the document IAEA-INFCIRC/205/Add.l/Rev.l [34], This 
document contains the Definition required by Annex I, paragraph 6, and the 
Recommendations required by Annex II, Section D. The Definition itself 
is included here as Annex II. It should be stressed that no implication is 
intended that materials falling outside the Definition (i.e. materials having 
lower activity concentrations than those defined) are deemed suitable for dumping.

In order to meet the LDC objectives, the definition of high-level radio
active wastes is given in terms of concentration rather than activity. Thus 
the definition of radioactive waste which is unsuitable for dumping at sea is 
given in curies per tonne.

5.3.2. IAEA recommendations

In Section B of Ref.[34], the Recommended Basis for Issuing of Special 
Permits for Radioactive Material listed in Annex II to the Convention, 
recommendations are given on environmental evaluations and monitoring 
requirements. Section B also contains the recommendations for the evaluation 
of total dumping which will be facilitated through the establishment of 
regional agreements and other appropriate forms of international co-operation.

National authorities are not to grant special permits for the dumping of 
radioactive wastes unless a detailed environmental and ecological assessment 
gives reasonable assurance that the dumping can be accomplished in accordance 
with the objectives and provisions of the LDC and the IAEA Recommendations. 
Also, to the extent practicable, national authorities have to ensure that the 
proposed dumping operations comply with the radiation protection requirements 
of the IAEA Basic Safety Standards for Radiation Protection [27], These 
requirements are based on the ICRP system of dose limitation which are 
described in Section 4.

A general policy of continued isolation and containment of radioactive 
waste after descent to the sea-bed by the use of suitable packaging is stated.

The environmental assessment is to include the following factors in 
addition to those specified in Annex III to the LDC:
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“(1) The justification for the proposed dumping operation when weighed 
against the land-based alternatives, including the respective population 
dose commitments

(2) The total alpha, beta and gamma activities and the activity of any 
individual nuclide of special significance for the assessment

(3) Those factors likely to affect significantly the movement of radioactive 
materials from the dumping site to the human environment, including the 
nature of the sea-bed and the physical processes of mixing and transport 
in the sea at the dumping site

(4) Dose commitments to individual members of the public and to the 
population via critical and other appropriate pathways

(5) The risk to marine ecosystems resulting from the release of radioactivity 
from dumped packages

(6) The degree to which it is practical to attempt to reduce dose commitments, 
either for normal dumping or in radioactive material in a relatively 
insoluble form or within a relatively insoluble m atrix, by designing the 
containment to retain for a period of time radioactive material when it
is on the sea-bed, or by selecting an area with characteristics that will 
facilitate the retention of the radioactive material in the vicinity of the 
dumping site

(7) Operational methods to be used, including arrangements for dealing with 
accidents and emergencies and methods of verifying their correct 
execution.”

The IAEA recommends that among the reports to be submitted to the 
Inter-Governmental Maritime Consultative Organization (IMCO), the 
Secretariat to the LDC, should be environmental assessments in relation to an 
individual application for a special dumping permit.

It should be noted that in the Annex to the IAEA Definition and 
Recommendations [34] the following points are made concerning the prep
aration of environmental assessment.

“(1) At the levels of radioactive materials which may be dumped under the 
terms of the Definition, the present state of knowledge, cautiously 
interpreted, should provide a satisfactory basis for environmental assessments

(2) There is a substantial body of relevant scientific literature, including 
publications of the IAEA (e.g. the Safety Series, the Technical Reports 
Series and the Symposium Proceedings), ICRP and UNSCEAR

(3) In carrying out these environmental assessments it should not be necessary 
for the appropriate national authorities to require that detailed field
and experimental studies be undertaken in every case

(4) Dumping sites provide an opportunity for studying the interactions of 
radionuclides with deep-sea sediments and organisms. The IAEA
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recommends that these studies be carried out where appropriate and 
practical to obtain knowledge for future practices and needs.”

With reference to monitoring in order to meet the objective of the LDC, 
the IAEA document [34] states in Section B.2 that the following requirements 
shall be met:

“ (1) Determination by measurement or estimation of the nature and quantities 
of radioactive waste or other radioactive material to be dumped; and 

(2) Monitoring, to the extent feasible and meaningful, of the condition of the 
seas with respect to dumped radioactive wastes in the vicinity of the 
dumping site, taking into full account the relevant guidance as provided 
for in the IAEA Safety Series No.51 and in ICRP Publication 7.”

As background for Section B.2 of Ref.[34], Annex Section 2.5 states:

“As detailed in the relevant guidance provided by the IAEA publications 
(particularly IAEA Safety Series No.51) and ICRP Publication 7, the general 
objectives of environmental monitoring programmes are as follows:

(1) The assessment of actual or potential exposure of man and other sensitive 
elements of the biosphere, or estimation of upper limits of such 
exposure; these assessments or estimations may be needed in relation to 
regulatory functions

(2) Scientific investigations
(3) Improved public understanding
(4) Conservation of ocean resources.

In the context of dumping carried out in accordance with the LDC and 
the Recommendations set out in the Document, it is unlikely that exposure 
assessment objectives could be entirely fulfilled by direct environmental 
monitoring. The use of other less direct methods (e.g. modelling calculations) 
could provide more precise estimates. However, environmental monitoring 
combined with research can provide information testing the validity of present 
assumptions and help to provide a sound scientific basis for the conservation 
of ocean resources and for future monitoring operations and an improved 
technical basis for evaluating future practices. These studies should be 
carried out.”

Section B.3 of Ref.[34] states that:

“In addition to the environmental assessment in relation to an individual 
application for a special permit for dumping, the appropriate national authorities

1 Safety Series No.5 is replaced by the present publication.
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shall take the following factors into account in determining whether each 
proposed dumping operation is acceptable:

(1) Periodic reviews of the total dumping which has been carried out under 
the permits issued by them

(2) Dumping which has been reported pursuant to the Convention as having 
been carried out by other States

(3) Prospective dumping which may reasonably be expected.

This evaluation will be facilitated through the establishment of regional 
agreements and other appropriate forms of international co-operation.”

As background for the above section, the following is added in Annex 2.6.1 
of Ref. [34]:

“It is desirable that a comparable international review also be carried 
out. Such reviews, after considering the past and prospective quantities 
dumped, their locations, the significant operating experience as reported 
by escorting officers and the findings of pertinent oceanographic and 
ecological research, could lead the IAEA to update the Recommendations 
set out in the Document.”

Operational control recommendations are discussed in Section C and 
include site selection requirements, packaging requirements, shipping require
ments, escorting officers, record keeping and international co-operation and 
observation. These generic criteria for site selection impose constraints upon 
regions of the oceans suitable for radioactive waste dumping.

5.4. LAW OF THE SEA

The convention of the Law of the Sea [40] has been concluded. Under 
the general provision in the part entitled “Protection and Preservation 
of the Marine Environment” (Part XII), States are obligated to “take all 
necessary measures to prevent, reduce and control pollution of the marine 
environment from any source including the release from land-based sources; 
from or through the atmosphere; or by dumping” . It is not the intent of 
the Law of the Sea to replace existing Conventions, but rather to provide a 
framework for’more specialized Conventions such as the London Dumping 
Convention.

The mechanism to prevent, reduce, and control marine pollution is by 
a combination of international rules and national legislation. The obligations 
of States are spelled out in Section 5 to Part XII. Article 207 on “Pollution 
from land-based sources” and Article 210 on “Dumping” are presented below.
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5.4.1. Article 207: Pollution from land-based sources

“(a) States shall adopt laws and regulations to prevent, reduce and control 
pollution of the marine environment from land-based sources including 
rivers, estuaries, pipelines and outfall structures, taking into account 
internationally agreed rules, standards and recommended practices 
and procedures.

(b) States shall take other measures as may be necessary to prevent, reduce 
and control pollution of the marine environment from land-based sources.

(c) States shall endeavour to harmonize their national policies at the 
appropriate regional level.

(d) States, acting especially through competent international organizations 
or diplomatic conference, shall endeavour to establish global and regional 
rules, standards and recommended practices and procedures to prevent, 
reduce and control pollution of the marine environment from land- 
based sources, taking into account characteristic regional features, the 
economic capacity of developing States and their need for economic 
development. Such rules, standards and recommended practices and 
procedures shall be re-examined from time to time as necessary.

(e) Laws, regulations, measures, rules, standards and recommended practices 
and procedures referred to in paragraphs 1, 2 and 4 respectively shall 
include those designed to minimize, to the fullest extent possible, the 
release of toxic, harmful or noxious substances, especially persistent 
substances, into the marine environment.”

5.4.2. Article 210: Dumping

“(a) States shall adopt laws and regulations to prevent, reduce and control 
pollution of the marine environment by dumping.

(b) States shall take other measures as may be necessary to prevent, reduce and 
control such pollution.

(c) Such laws, regulations and measures shall ensure that dumping is not 
carried out without the permission of the competent authorities of States.

(d) States, acting especially through competent international organizations 
or diplomatic conference, shall endeavour to establish global and 
regional rules, standards and recommended practices and procedures to 
prevent, reduce and control pollution of the marine environment by 
dumping. Such rules, standards and recommended practices and procedures 
shall be re-examined from time to time as necessary.

(e) Dumping within the territorial sea and the exclusive economic zone or 
onto the continental shelf shall not be carried out without the express 
prior approval of the coastal State, which has the right to permit, regulate
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and control such dumping after due consideration of the matter with 
other States which by reason of their geographical situation may be 
adversely affected thereby.

(f) National laws, regulations and measures shall be no less effective in
preventing, reducing and controlling pollution of the marine environment 
by dumping than global rules and standards.”

5.5. THE OECD/NEA MULTILATERAL CONSULTATION AND 
SURVEILLANCE MECHANISM

The OECD/NEA Multilateral Consultation and Surveillance Mechanism 
(Decision of the Council Establishing a Multilateral Consultation and Surveillance 
Mechanism for Sea Dumping of Radioactive Waste, 1977) [39] is consistent 
with the aim of the London Dumping Convention to encourage international 
and regional co-operation in the development of procedures for its effective 
application and the promotion, within appropriate international bodies, of 
measures to protect the marine environment against pollution caused by 
radioactive pollutants from all sources [33], In addition, there is an agreement 
between the OECD/NEA and the IAEA to provide for close co-operation and 
consultation between the two organizations with regard to matters of 
common interest. Key articles of Ref.[39] for the purposes of this analysis 
are parts of Articles 2 through 7, which are quoted below.

Article 2

“(a) Without prejudice to the responsibilities of IAEA under the London
Convention, NEA shall, in consultation with the Environment Committee 
with respect to all environmental policy aspects:
(i) establish and keep under review, in the light of the experience gained, 

standards, guidelines, recommended practices and procedures for the safe 
dumping of radioactive waste at sea, in particular:
— guidelines for the identification of suitable dumping sites, taking 

account of Annex III.B to the London Convention and of the IAEA 
Definition and Recommendations;

— its Guidelines for Sea Disposal Packages of Radioactive Waste, with 
special attention to improvements intended to facilitate their proper 
application;

(ii) assess and keep under review studies made of the environmental, ecological 
and radiological protection aspects of sea dumping of radioactive waste;

(iii) assess the suitability of sites proposed by national authorities and keep 
under review those previously considered suitable for dumping radioactive 
waste; such a review should take place not later than five years after the
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relevant assessment or the previous review and shall include the results 
of appropriate monitoring.

(b) Participating Countries carrying out a radioactive waste sea dumping 
operation, either individually or collectively, undertake to apply, taking 
into account the provisions of the London Convention and the IAEA 
Definition and Recommendations, the standards, guidelines, recommended 
practices and procedures adopted within the Organization, in force at the 
time of the operation.”

Article 3

“(a) Participating Countries shall notify NEA of the legal and administrative 
measures which they have taken for applying, as appropriate, the London 
Convention, the IAEA Definition and Recommendations and the NEA 
standards, guidelines, recommended practices and procedures.

(b) Participating Countries shall notify NEA as soon as they have determined 
to carry out, either individually or collectively, a radioactive waste sea 
dumping operation, and in any case no later than six months before the 
operation is scheduled to take place. If a new dumping site is proposed, 
notification thereof shall be given no later than twelve months before 
the operation is scheduled to take place.”

Article 4

“(a) Upon receipt of the notification referred to in Article 3 above, the NEA 
Secretariat shall circulate the information so provided to all Participating 
Countries, together with comments and observations relating a proposed 
radioactive waste sea dumping operation to the provisions of the London 
Convention, the IAEA Definition and Recommendations, and NEA 
standards, guidelines, recommended practices and procedures.”

Article 6

“(a) For each radioactive waste sea dumping operation carried out by one
or more Participating Countries, the Director General of NEA shall appoint 
a Representative and shall inform such Participating Country or Countries 
of his name, qualifications, nationality and other relevant particulars.
The NEA Representative shall act in accordance with the instructions of 
the Director General of NEA and shall report to him.

(b) The NEA Representative shall have the duty and right to verify in so far as 
reasonably practicable by visual inspection and by the use of the instruments 
required for a proper radiological control of the operation that the latter 
is being carried out in accordance with the final conditions adopted in 
pursuance of the present Decision and, in particular, that the materials to
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be dumped are in conformity with the certificate provided pursuant to 
paragraph (e) of Article 3 above. For this purpose he shall have the right 
to require that all necessary information is provided by the Escorting 
Officer or Officers, and may make suggestions and representations as to 
the conduct of the operation. The verification by the NEA Representative 
shall begin when the materials to be dumped arrive at the dockside and 
shall end when the contamination clearance certificate for the ship has 
been issued.”

Article 7

“(a) In conformity with IAEA Definition and Recommendations, the NEA 
Secretariat shall maintain records of the nature and quantities of all 
wastes dumped during radioactive waste sea dumping operations carried 
out in accordance with the present Decision and of the location, time 
and method of the dumping . . . .

(c) With the approval of the Participating Country or Countries having 
carried out an operation NEA shall report to the Inter-Governmental 
Maritime Consultative Organization the information recorded pursuant 
to paragraph (a) of this Article.”

5.6. OTHER REGIONAL AGREEMENTS

Convention for the Protection of the Mediterranean Sea against Pollution, 
Protocol for the Prevention of Pollution of the Mediterranean Sea by 
Dumping from Ships and Aircraft (Barcelona Dumping Protocol, 1976) [41] 
and Protocol for the Protection of the Mediterranean Sea against Pollution 
from Land-based Sources (Barcelona Protocol, 1980) [42].

Both Barcelona Protocols prohibit the disposal of any radioactive wastes 
into the Mediterranean Sea.

Convention on the Protection of the Marine Environment of the Baltic Sea Area 
(Helsinki Convention, 1974)

The Helsinki Convention [43] prohibits dumping of radioactive materials 
unless they are in insignificant quantities and concentrations in dredged materials, 
and requires States to take steps to strictly limit dumping in order to reduce 
pollution introduced into the marine environment (Baltic Sea) from land- 
based sources.
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Convention for the Prevention of Marine Pollution from Land-based Sources
(Paris Convention, 1974)

The Paris Convention [44] entered into force in 1978, although no specific 
provisions with respect to radioactive waste have been developed. The Convention 
encompasses the eastern part of the North Atlantic and will require advice to 
be provided regarding radioactive materials by a competent international 
organization.

5.7. SUMMARY

The major international and regional agreements that impose criteria for 
the disposal of radioactive waste are the London Dumping Convention and 
the OECD/NEA Multilateral Consultation and Surveillance Mechanism. Both 
apply only to dumped wastes. Other regional agreements restrict the disposal 
of radioactive waste into specific regional seas. The Barcelona Protocols [41,42] 
restrict waste disposal to the Mediterranean Sea through dumping and from 
land-based discharges. The Helsinki Convention [43] restricts dumping of 
radioactive material into the Baltic Sea. It is to be hoped that the Paris Con
vention [44] will soon provide a mechanism for the uniform treatment of 
land-based discharges of radioactive wastes from western Europe and that the 
Law of the Sea negotiations will result in further incentives for the development 
of other regional, and also hopefully international, agreements related to land 
discharge of contaminants, including radioactive materials.

6. CONTROL AND SURVEILLANCE 
OF WASTE DISPOSAL OPERATIONS

6.1. INTRODUCTION AND SCOPE

The purpose of this section is to describe those activities which are designed 
to ensure the safety and to measure the impact of waste disposal practices.
These activities form part of the overall management of radioactive waste 
disposal operations and should provide factual information which can be used 
to assess similar future practices or to alter existing ones so as to minimize their 
impact upon man and the sea. Sections 4 and 5 provide information on the 
requirements for control and surveillance which follow from the application of 
the ICRP recommendations and from international and regional agreements.
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This section indicates how these requirements may be met and how the 
information necessary for confirming the safety of disposal practices may be 
acquired.

Control and surveillance activities can be considered in three fairly distinct 
categories according to the sequence in which they are undertaken. The initial 
activities involve planning of the waste disposal operation, particularly with 
regard to the method of disposal and its location. Such activities may be 
described under the heading ‘pre-operational and planning aspects’. The actual 
disposal operation — be it a continuous land-based discharge of liquid effluent 
or periodic deep-sea dumping of packaged solid waste — imposes certain 
surveillance and security requirements to ensure that the practice is carried out 
within the bounds considered in the planning process. Many of the concerns 
at this stage involve ensuring that good safety practices are observed and that 
the risks of deviation from the authorized disposal procedure are minimized. 
Finally, there are the post-operational features of control and surveillance to 
detect unforeseen effects.

Some parts of such monitoring activities involve ‘base-line’ measurements 
which have to be made before disposal, but in this case it is most convenient 
to deal with these as part of the section on ‘environmental monitoring’ ' 
despite their being out of chronological sequence.

The basic responsibility for control and surveillance activities lies with 
national regulatory authorities, and systematic procedures have been developed 
for many aspects of control and surveillance of radioactive waste disposal. In 
the case of sea dumping of solid wastes, it is also possible to discuss these 
activities in the context of internationally agreed or recommended procedures, 
many of which are referred to in Section 5.

6.2. PRE-OPERATIONAL AND PLANNING ASPECTS

The planning stages of a waste disposal operation culminate in the issuance 
of an authorization for the operation if its environmental and human health 
consequences are acceptable. Thus, during planning, decisions need to be 
made on a wide variety of regulatory and operational questions in order to 
minimize the consequences. It is assumed that alternative waste management 
strategies have been considered and a consequent decision has been made to 
adopt some form of sea disposal. This decision should ideally have resulted 
from an optimization exercise, taking into account the factors discussed in 
Section 4, including the effects of using alternative sites and different rates 
of disposal. Final specification or acceptance of the conditions under which 
a disposal operation may take place is then the role of the national regulatory
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authority responsible for the issuance of a licence or authorization. The 
principal conditions to be specified are the quantities and rates of disposal, 
the disposal site and procedural requirements imposed upon the licensee, 
aimed at ensuring the safety of the operation. The types of waste characterization 
required, e.g. its composition and radioactive content, requirements for 
pre-treatment or packaging, and any environmental monitoring necessary 
should also be specified by the licensing authority. Some of the factors on 
which an assessment depends may only be fully understood as a result of 
research. Although lack of detailed knowledge need not impede the preparation 
of an assessment to be used for initial control purposes, relevant research is an 
appropriate interest of the regulatory authority and continues to be so after 
disposals have begun.

6.2.1. Site selection for liquid waste discharges

In the majority of cases involving liquid waste discharges into the sea the 
location and characteristics of the disposal site are intimately related to  the siting 
of the nuclear establishment from which the wastes arise. Invariably, the 
prospects for sea disposal of wastes should be considered in the initial decision 
regarding the location of a particular nuclear plant. However, the degree of 
importance of waste disposal aspects, relative to other aspects influencing 
site selection, will depend upon the nature of the site and its environment as 
well as the type and scale of operations for which the establishment is to be 
licensed. Thus, waste disposal issues will carry more weight in the choice of a 
site if radiation exposure is likely to be significant because of restricted 
possibilities for dispersion or other restrictive environmental factors, or if the 
amounts of waste requiring disposal are relatively high, as in fuel reprocessing 
operations. Marine waste disposal considerations are likely to play a greater 
role in the siting of fuel reprocessing plants than in the siting of other facilities 
related to the nuclear fuel cycle, such as reactors. In specific situations it may 
be possible to adjust the precise location of the release point in order to 
obtain the most suitable oceanographic conditions in the receiving waters. 
Nevertheless, these adjustments will usually be small, confined perhaps to the 
length and position of the pipe through which the waste discharges are to be 
effected. Such adjustments may influence the level of critical group exposures, 
but they are unlikely to significantly alter collective dose commitments. In the 
context of the foregoing discussion, the factors that are of prime importance 
in effluent disposal are the physical, chemical and biological oceanography factors; 
meteorological conditions; sea-bed morphology and the incidence and extent 
of marine resources and their utilization, especially as they relate to pathways 
of radionuclide transport back to man. These factors are discussed in Section 4 
in relation to the evaluation of the releases.
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6.2.2. Site selection for packaged waste dumping

The first IAEA document to treat this matter was IAEA Safety Series No.5. 
Since then, site selection criteria have been considered further, especially as a 
result of the role undertaken by the IAEA within the London Dumping 
Convention. In contrast to the situation for liquid wastes, internationally agreed 
criteria thus exist to guide national authorities in reaching decisions on the 
site(s) to be used. In principle, this could lead to the setting up of many such 
sites, but it is specifically recommended [34] that the number of sites be kept 
to a minimum. Because international co-operation in site selection has been 
encouraged, only one radioactive waste dumping site has been used in the north 
Atlantic during the last decade.

The specific criteria for suitable dumping sites are laid down in the IAEA 
Definition and Recommendations [34], In addition to the criteria set down in 
Annex III of the London Dumping Convention, the following specific criteria 
need to be met by the appropriate national authorities in the selection of sites 
for the dumping of packaged waste:

(1) The chance of accidental recovery of the waste by processes such as 
trawling shall be minimized.

(2) Dumping shall be restricted to those areas of the oceans between the 
latitudes 50°N and 50°S. The areas shall have an average water depth 
greater than 4000 m. Recognizing that variations in sea-bed topography 
do exist, this restriction should not be interpreted to exclude those sites 
within which there are localized areas with water depths of 3600 m.

(3) Sites should be located clear of continental margins and open sea islands; 
they should not be located in marginal or inland seas, nor should they be 
situated in known areas of natural phenomena, for example volcanic activity.

(4) The area must be free from known under-sea cables currently in use.
(5) Areas shall be avoided which have potential sea-bed resources that may

be exploited either directly by mining or by harvesting of marine products, 
or indirectly (e.g. spawning) as feeding grounds for marine organisms 
important to man.

(6) The number of sites shall be strictly limited.
(7) The area must be suitable for the convenient conduct of the dumping 

operation and as far as possible shall be chosen so as to avoid the risk of 
collision with other ships during manoeuvring; preferably, the area should 
be covered by electronic navigational aids.

It is further stated that the dumping site should be defined by precise spatial 
co-ordinates. The site should be as small as practical, but in any case not larger 
than 104 km2 in area.
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Additional factors to be considered, which are specifically referred to 
national authorities by the IAEA in the Annex to the Definition and Recom
mendations, are as follows:

(1) A site would not be suitable if it were not highly improbable that accidental 
recovery of packaged or solid wastes would occur; the selection of shallow 
waters for dumping of these wastes would be considered unacceptable

(2) Evaluation should be made o f the potential utilization of the sea-bed site 
by man, either by direct harvest of marine products or by indirect use of 
the area by organisms which are harvested by man for food in adjacent areas

(3) The nature of bottom sediments with respect to their ability to absorb 
released radioactivity and to mitigate the impact of damage to packages 
should be considered

(4) The potential transport of radionuclides by deep-sea currents from the 
dumping site should be evaluated, with particular concern for any 
shoreward flow

(5) The rate of turbulent diffusion in the waters in the vicinity of the dumping 
site should be considered

(6) The rate of water exchange of the particular marine subdivision containing 
the dumping site with other subdivisions of the marine environment should 
be estimated.

Since the oceans are expected to be increasingly exploited for mineral and 
food resources that are required by an expanding global population, the IAEA 
document [34] proposes that, before a dumping site is selected, the possible 
future resource development in the area concerned should be assessed. It is 
incumbent upon those responsible for giving permits to dump solid wastes in 
the ocean to ensure that all these criteria and factors are considered in the site 
selection process. Nevertheless, these considerations should not be regarded 
as necessarily comprehensive and, if further factors are found to have an 
important bearing upon site selection, possibly as a result of findings of 
marine and radioecological research, it is equally the responsibility of the 
licensing authority to ascertain that these additional factors are dealt with as 
part of site selection procedures.

It should be stressed that the exact siting is less critical for deep-sea 
dumping than for liquid discharges from land into coastal waters. This is 
because of the greater remoteness of the disposal site from pathways that lead 
directly to man and also because of the greater volume of the receiving 
environment. The following excerpt from The Oceanographic Basis of the 
IAEA Revised Definition and Recommendations Concerning High-Level 
Radioactive Waste Unsuitable for Dumping at Sea [35] discusses site selection 
and the ability to predict radionuclide transport in a site-specific way.
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“Not enough is known about deep-ocean circulation to be able to 
distinguish the rates of transport likely from specific dump-site locations. 
We have simply made pessimistic assumptions, and have not yet therefore 
made separate estimates for different locations. Specific assessments for 
individual disposal sites are however called for within the terms of the 
London Convention.”

A recent example of a site selection process is provided as part of the 
Nuclear Energy Agency’s Review of the Continued Suitability of the Current 
Dumping Site in the North-East Atlantic [45]. Although the purpose of the 
document is to consider the reapproval of a site for the dumping of packaged 
solid waste, the material presented provides also some insight into an approach 
based upon IAEA site selection recommendations.

6.3. DISPOSAL OPERATIONS

This section refers to activities conducted during disposal. Ocean dumping 
includes activities related to waste packaging and transport as well as its actual 
dumping from ships.

6.3.1. Liquid effluent discharge

A common method of dealing with liquid wastes is to accumulate them 
in batches in storage tanks before release, with two such ‘delay tanks’ being 
employed on an alternative basis. This procedure has a number of advantages 
over direct, continuous flow:

(a) The waste may be analysed before deciding whether to pump it directly 
into the sea or into an inactive waste stream such as the main cooling 
water flow of the installation

(b) It is possible to pretreat the waste, for instance to adjust the pH level or 
to further purify the waste by recirculation through ion-exchange resins 
or using flocculants

(c) Releases may be made during particularly desirable periods for release, 
when oceanographic conditions in the receiving waters are most conducive 
to rapid dispersion.

6.3.1.1. Effluent monitoring

The primary objective of effluent monitoring is to provide assurance that 
releases are being adequately controlled to be within the discharge limits 
permitted by the licensing authority. Effluent monitoring may also be useful 
for additional purposes, such as the following.
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— Providing a basis for estimating actual individual and collective doses to 
critical groups and populations

— Providing, in conjunction with environmental monitoring, correlations 
with dose rates for assessment purposes, particularly with regard to 
predicting the effects of future discharges

— Demonstrating that waste treatment and control systems are functioning 
normally; or detecting malfunctions that might lead to unplanned 
radioactivity releases

— Determining the nature and extent to which environmental monitoring 
may be necessary.

The method by which sampling is effected may depend upon the adopted 
method of discharge, particularly whether this is to be continuous or in batches.
In either case, samples should be taken which are representative of the waste 
to be released, realizing that the constituent radionuclides may be both in 
solution and in particulate suspension in the liquid. In the continuous flow 
mode, samples should ideally be composites reflecting the flow rates of the 
main waste stream. However, periodic ‘grab’ samples may well be adequate if 
the planned release rates are small and little temporal variability is anticipated.
An advantage of the batch mode is that the radionuclide concentrations are 
generally greater and more easily measurable than those in a continuous discharge. 
Nevertheless, care must be taken to obtain representative samples, especially 
in mixing the delay tank liquid to obtain a homogeneous distribution of 
the constituents.

An alternative method of characterizing the waste stream is the use of 
in situ radiation detectors which monitor the waste stream on a continuous 
basis. In situ detection is not as comprehensive nor as precise and accurate as 
the analysis of samples collected from the waste stream, but it does have the 
merit of providing immediate results. Unfortunately, the measurement of 
specific radionuclides is limited to gamma emitters. Measurement of total 
beta and total gamma is possible, but the results are subject to uncertainties 
unless the isotopic composition of the waste stream is known and low-energy 
beta and gamma emitters are absent or always a fixed proportion of the 
other major constituents. In situ detection is obviously inapplicable to 
alpha-emitting radionuclides.

6.3.2. Packaged waste dumping

In the case of dumping of solid radioactive waste, operational control 
must include the stages of waste preparation before dumping as well as the 
actual dumping operation itself. The IAEA has provided a basis for operational 
control [34], The system operated by the OECD/NEA under the Multilateral
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Consultation and Surveillance Mechanism [39] demonstrates how operational
procedures for sea dumping can be applied in practice within the framework
of a regional agreement as recommended by the London Dumping Convention [49],

6.3.2.1. Preparation o f  waste packages

The underlying aim in radioactive waste packaging for ocean dumping 
purposes is to ensure safety, both in handling and transport. It should also 
be ensured that the conditions envisaged in the derivation of the IAEA Revised 
Definition and Recommendations [34] are fully met. The primary requirement 
in this respect is that the packaged radioactive waste remains contained at least 
until the dumped package has descended to the sea-bed. Although additional 
containment is not in any way mandatory for adherence to the conditions 
specified in the IAEA Revised Definition and Recommendations [34], a policy 
of continued containment and isolation to the extent consistent with the ICRP 
principle of optimization is advocated by the IAEA in its Recommendations. 
Specifications for radioactive waste packaging for ocean dumping have been 
considered by both the IAEA and the OECD/NEA [46, 47], Section C.3 of the 
IAEA Revised Definition and Recommendations [34] treats of this subject, as 
did a more recent IAEA Technical Committee [46],

The OECD/NEA Guidelines for Sea Dumping Packages of Radioactive 
Waste [47] essentially embody the IAEA’s recommendations and give the 
packaging requirements as follows:

“The packages should be designed in such a way as to ensure that the 
radiation exposure of persons involved in the preparation, handling, trans
portation and dumping of the packages, as well as the exposure of 
members of the public is maintained as low as is reasonably achievable, 
economic and social factors being taken into account.”
“The packages should be designed to ensure containment of the waste 
during their handling, transportation (and) dumping at a water depth 
corresponding to the dumping site in use but at any rate not less than 
4000 m, descent to and impact upon the sea floor, and to minimize to 
the extent reasonably achievable subsequent release of radionuclides 
to the sea.”

Certain restrictions are placed on the forms in which wastes can be 
incorporated into waste packages. Wastes should generally be in solid or 
solidified form. Small quantities of liquid are allowed, provided that they have 
been absorbed in a solid substrate within an enclosure filled with additional 
absorbent. Buoyant materials are to be excluded unless they have been treated 
or packaged so as to preclude their return to surface waters. If the material 
could return to surface waters, it must neither constitute a radiation hazard
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nor interfere with other legitimate uses of the sea such as fishing or navigation. 
The size, weight and configuration of the packages should be such that they 
may be conveniently handled and transported in accordance with the IAEA 
Transport Regulations [48] and other relevant national regulations.

The OECD/NEA Guidelines recommend that the following minimum 
criteria should be met by the packages [47]:

(1) The package should have a total specific gravity of 1.2 or more. Should 
the package include materials which have a specific gravity of less than 1.2, 
such materials should be conditioned so as to preclude their return to the 
surface should the container deteriorate and lose its structural integrity.

(2) The package should be able to withstand the external sea-pressure exerted 
during descent to the sea-floor. If the package is not sufficiently strong 
to withstand the external pressure at the disposal depth and is susceptible 
to collapse, then a properly designed device for equalizing the pressure 
forces should be provided.

(3) The container should be closed with a suitable cap of proper material and 
dimensions which becomes an integral part of the package and will 
contribute to the overall structural integrity.

(4) The package should provide inherent shielding so that radiation levels at 
the outer surface are kept within acceptable limits.

(5) The package should be strong enough to withstand damage during handling 
and transport. Provision must be incorporated for lifting and manoeuvring 
the packages through all stages of transport and dumping, taking into 
account the nature of the available equipment.

(6) The package should be strong enough to remain intact upon impact on the 
sea-floor and for a period of time thereafter to minimize to the extent 
reasonably achievable the radioactivity which might ultimately be released.

The OECD/NEA Guidelines [47] also give some advice with regard to 
methods of pressure equalization and also on design considerations for ‘special’ 
packages containing, for example, radionuclides which give rise to gaseous 
daughters by their decay. The document provides some examples of different 
types of packaging which are suitable for various radioactive waste forms.

6.3.2.2. Measurement o f  radioactive content

This is not a topic which has been explicitly treated in any of the above- 
mentioned IAEA and OECD/NEA documents; it is, however, just as important 
to know the content of radioactive materials for solid waste dumped into the 
sea as it is for liquid waste discharged into the coastal zone. Measurements 
of the radioactive content of waste packages intended for ocean dumping 
clearly present problems different from those associated with liquid discharge
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measurement. Once the wastes have been packaged, the only analysis possible 
is a measurement of the gamma-emitting nuclides if their photons are reasonably 
energetic. It is therefore necessary to estimate the radioactive content of 
the packages by assembling information on the activities within individual 
waste constituents before they are packaged and, wherever possible, confirming 
the aggregate activities by later, direct measurements on the packages themselves. 
Some effort is therefore required to account for the radioactivity of the package 
constituents as they are assembled for packaging. For wastes derived from 
fluid treatment processes, such as treatment plant floes and sludges and 
ion-exchange resins, a knowledge of the original fluid composition provides a 
means of estimating their radioactive content. For other wastes, such as active 
laboratory waste, contaminated clothing and laboratory and engineering 
hardware, estimates have to be made on the basis of their history. Often, the 
best that can be achieved are estimates of upper limits of the major radioactive 
constituents and of the overall aggregate activity for different radiation types.

Under the terms of the London Dumping Convention, within which permits 
for dumping are granted, characteristics of the waste other than its radioactive 
content also need to be specified before dumping. The OECD/NEA Guide
lines [47] state: “The waste should conform to all the stipulations of the 
London Dumping Convention, and attention should therefore be given to all 
potentially hazardous properties of the waste and not only that from its 
radioactive content.” In addition to information on the radioactive content 
of the packages at the time of disposal, it would be advantageous to know the 
release rates of radionuclides from the packages subsequent to their arrival 
on the sea-bed. This information would reduce the uncertainties associated 
with the release rates of radionuclides to the ocean from dumping and enable 
more realistic estimates of radiation doses from dumping. In practice, it is 
rarely possible to determine the true rates of radionuclide release with 
sufficient certainty to justify an estimate of the dose consequences on any 
other basis than an assumption that the radionuclide release rate is equal to 
the dumping rate.

6.3.2.3. The waste dumping operation

Several aspects of the actual waste dumping operation have a bearing on 
its safe execution and demand careful attention. Predominant among these 
is the suitability of the dumping vessel and its equipment, which are discussed 
in the Revised IAEA Definition and Recommendations [34] and the 
OECD/NEA document entitled Recommended Operational Procedures for 
Sea Dumping of Radioactive Waste [49], The other factors specifically treated 
in the IAEA document are supervision (escorting officers), record keeping and 
international observation. The OECD/NEA recommendations [49] cover

86

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



preparation and transport of the waste packages, the loading phase, the 
navigational phase, the dumping phase and post-dumping requirements; they 
probably represent the most comprehensive advisory notes on these topics.
Rather than discuss these various subjects in detail, the OECD/NEA document 
is included in this publication as Annex IV.

The IAEA Revised Definition and Recommendations [34] describe in some 
detail the escorting officer’s responsibilities, duties and discretionary powers.
It is therefore worth discussing these at more length in order to provide some 
idea of the accountability recommended by the IAEA and the degree to which 
international supervision should be effected. It should be stressed that these 
procedures are essentially those being used by OECD/NEA in its previous and 
current dumping activities, and again the OECD/NEA process provides an 
example of the ways in which international co-operation in these matters is 
dealt with in practice. The escorting officer’s responsibility is to ensure that 
practices carried out under a special permit to dump (under the terms of the 
London Dumping Convention) comply with the requirements and conditions 
therein specified. The escorting officer chosen should satisfy the following 
requirements:

— “He must be adequately trained in the basic principles of radiation protection 
and must know how to use monitoring equipment and interpret the readings

— He must be fully conversant with the design and construction of all 
approved types of containers and, if possible, should have practical 
experience of the problems involved in handling them

— He should have supervisory and organizing experience.”

The escorting officer works closely with the master of the ship and, 
without prejudice to the master’s overall responsibilities for safety and control 
of the ship and its crew, is effectively in charge of the loading and dumping 
phases of the operation. According to the IAEA Recommendations [34] the 
escorting officer has the following duties:

(1) “He must ensure that he is provided with a certified copy of the special 
permit with respect to each dumping operation. He must ensure that he is 
provided in advance with sufficient information about all containers and 
their contents to enable him to act appropriately in an emergency.

(2) Before loading, he must be satisfied that all containers are:
(i) of an approved type and on visual inspection appear sound and not 

to be leaking
(ii) correctly identified and marked with the gross weight to show a 

specific gravity of not less than 1.2
(iii) within the radiation and contamination limits laid down by the 

appropriate national authorities.
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(3) The escorting officer must ensure that the master of the ship is provided 
with a loading sheet showing weights and volumes to be dumped.

(4) In conjunction with the master, the escorting officer shall ensure that the 
cargo is safely stowed. The consignment must be stowed and segregated 
to ensure that the levels of radiation measured at living quarters and 
regularly occupied working spaces do not expose the crew to doses exceeding 
those specified by the appropriate national authorities.

(5) He is responsible for the radiological safety and the individual dosimetry 
of all personnel engaged in the operation. For this purpose, he shall ensure 
that there is an adequate supply of personal dosimeters, protective 
clothing, monitoring and decontamination equipment. He shall ensure 
that the crew is monitored and provided with protective clothing whenever 
necessary.

(6) The daily rate of dumping and the dumping hours must be approved by 
the escorting officer. Before dumping commences, the escorting officer 
must obtain from the master an assurance that the ship is at the approved 
dumping site and make arrangements for hourly fixes of the ship’s 
position during dumping. He must also witness the dumping of all containers 
to satisfy himself that the drums and their contents sink.

(7) He must ensure that monitoring for radioactive contamination occurring 
on the ship is carried out and arrange for decontamination of the affected 
areas as necessary. Subject to his ultimate responsibility for the safety
of the ship, the master must comply with any directions given by the 
escorting officer in this connection.

(8) When the dumping operation is completed and after completion of any 
necessary decontamination, the escorting officer must provide the master 
with a Clearance Certificate of an approved type. He must also prepare, 
for the appropriate national authorities, a Certificate of Disposal confirming 
that the recorded cargo has been dumped at the designated site, with 
details of how the ship’s position was fixed. This shall be accompanied
by a certified copy of the ship’s log for the duration of the voyage, including 
details of hourly fixes of the ship’s position during the dumping period.”

The IAEA further recommends that the escorting officer’s discretionary
powers extend as follows:

“Without prejudice to the master’s overall responsibility for the safety
and control of the ship and the crew:
(1) The escorting officer must be empowered to refuse the loading or dumping 

of any container which, in his opinion, does not conform with the standards 
of packaging or have the documentation required by the special permit.

(2) He must be empowered to stop the dumping operation at any time if, in 
his judgement, the requirements for the operation cannot be met or the 
safety of the operation cannot be guaranteed.
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(3) He must be empowered to prescribe, through the ship’s officers or port 
officials, any protective measures which in his opinion are necessary for 
the radiological safety of the personnel engaged in the operation.

(4) Subject to the requirements of the appropriate national authorities, he 
must be empowered to require that the ship or any part of it may not be 
used for other cargoes except in accordance with the terms of a Contamina
tion Clearance Certificate.”

Thus the escorting officer is fundamental in the control of all phases of 
the dumping operation subsequent to packaging. The escorting officer is 
appointed by and responsible to the national authorities which have authorized 
the dumping operation; also, it has been generally recommended and accepted 
that the dumping operation should be subject to international observation. This 
is reflected in the IAEA Recommendations [34] and is an integral part of the 
system operated by the OECD/NEA as part of its Multilateral Consultation 
and Surveillance Mechanism [39]. The Director General of the OECD/NEA 
appoints a representative who joins the ship at the dockside and verifies that 
the agreed conditions preliminary to dumping are met and that the Recommended 
Operational Procedures for Sea Dumping of Radioactive Waste [49] are applied 
from the loading to the dumping phases. The OECD/NEA representative is 
also on hand to verify that any necessary decontamination of the ship is 
carried out after dumping has been completed.

6.4. ENVIRONMENTAL MONITORING

‘Monitoring’ is a much used and often misunderstood term. For this 
reason, some preliminary discussion is warranted in order to define what is 
meant by environmental monitoring in the context of sea disposal of radio
active waste.

The IAEA Safety Series No.41 [50] (co-sponsored by the World Health 
Organization), which discusses the objectives and design of environmental 
monitoring programmes for radioactive contaminants, provides a slightly 
different perspective on the purposes of such monitoring. It states in the foreword:

“Environmental monitoring is a very important component of the 
verification system for demonstrating that the controls on the releases 
of radioactive substances to the environment under normal working 
conditions are functioning as intended. It is also used to provide timely 
information for decisions on any action that can be taken to protect the 
public in the event of a larger, accidental release.”
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The foreword then goes on to point out the ambiguity with which the 
term ‘environmental monitoring’ is interpreted for such purposes by 
succinctly stating:

“There has been uncertainty in the past on the type and scope of the 
monitoring programmes required for different types of work involving the 
use of radioactive materials. This often stems from the lack of a clear 
understanding of the objectives of an effective monitoring programme.
It can lead either to an inadequate system, which fails to give the necessary 
assurance, or to an overelaborate system, which is wasteful of resources 
in manpower or equipment.”

As might be anticipated, the predominant objective given by the ICRP 
Publication No.7 [51] (currently under revision) for environmental monitoring 
programmes is an assessment for the limitation of human exposure. This 
document points out that, in order to achieve this objective, considerable 
attention must be paid to carefully conducted scientific investigations and it 
must be clear beforehand how the expected data are to be used.

For the purposes of the present discussion, the objective presented in the 
IAEA Safety Series No.41 [50] is the most appropriate since it is more general.
It will therefore be implicit in the following discussion that environmental 
monitoring is required (a) to protect human health and to establish the related 
human exposures to radiation, and (b) to verify that the controls on, and general 
consequences of, releases of radioactive substances are within permitted limits.
It is appropriate at this point to give the definition of environmental monitoring 
first developed within the OECD/NEA forum [52] and subsequently adopted, 
in suitably modified form, by the London Dumping Convention, since this 
definition reflects all of the previously discussed points. The OECD/NEA 
definition [52] of environmental monitoring related to sea dumping of 
radioactive waste encompasses two different purposes or aspects, as follows:

(a) “Monitoring for the purpose of radiological surveillance of the marine 
environment to assess whether there are fluctuations in the levels of the 
background radiation to suggest that these may be attributable to radio
activity released from waste packages dumped on the sea-bed, and more 
generally to verify that the initial safe conditions established for the 
execution of dumping operations are being maintained; and

(b) Monitoring as part of scientific investigation and research programmes 
to increase knowledge of the various processes which control the radio
activity released to the marine environment and of the routes of exposure 
to man. The objective of such monitoring should be to build up sufficient 
background information to improve modelling calculations for the assessment 
of exposure to radiation from sea dumping operations and to assess the 
long-term effects of past and future operations.”
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Finally, it should be noted that ICRP Publication No.26 [8] also discusses 
the subject of monitoring, and essentially only envisages limited environmental 
programmes; it states:

“In a few cases, essentially limited to situations where the exposure 
results from the release of radioactive materials into the environment, it 
may be necessary to supplement the monitoring of sources by monitoring 
of the relevant sector of the environment. Such monitoring may also be 
useful in verifying exposure. The introduction of environmental monitoring 
is only necessary in the few cases where preoperational studies have shown 
that the installation might be the cause of a significant exposure of members 
of the public. Situations may also arise where several installations may 
release radioactive materials into the same sector of the environment and, 
even if each is individually insignificant, they may together make it 
necessary to introduce a programme of environmental monitoring, usually 
of a limited nature.”

In essence, therefore, environmental monitoring for radiological protection 
purposes encompasses monitoring for surveillance and for compliance with 
authorized procedures. In addition, research programmes may be required to 
further study certain aspects of radionuclide behaviour and to improve the basic 
understanding upon which assessments are based, such as the determination of 
the presence of short circuits.

To meet these objectives, there are important aspects of monitoring that 
need to be considered both before and after waste releases to the environment. 
For any monitoring programme — be it for coastal or deep-sea disposals — 
it is important to achieve a reasonable balance between the cost of the monitoring 
and its usefulness. Indeed, the IAEA Recommendations [34], although including 
reference to the need for monitoring, only require that this be done “to the 
extent feasible and meaningful” . One way in which a reasonable perspective 
may be maintained is to judge the cost of the programmes against the costs 
incurred in conducting the disposal operation, particularly the detrimental 
cost of exposure. Furthermore, the scale, and thus the cost, of a monitoring 
programme should always be included in the overall optimization calculations 
as recommended by the ICRP.

Although within these qualifications it may not be found practicable to 
undertake any large-scale monitoring programme, it is important to appreciate 
that the requirement to meet the primary objective normally met by monitoring 
in other situations still holds, namely the estimation of radiation exposure 
from dumping. If it cannot be estimated by means of a direct monitoring 
programme, then this objective should be met by other means (e.g. mathe
matical modelling).
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6.4.1. Environmental monitoring for radiological surveillance purposes

The most common purpose of radiological surveillance monitoring is to 
obtain experimental or field measurements which enable doses to man to be 
determined. In certain circumstances it may be possible for such programmes to 
collect information regarding compliance with regulations, such as to find out 
whether there are levels of environmental radioactivity that are attributable 
to the disposal operation for which the programme has been designed, to 
demonstrate that authorized limits for disposal are being observed, and to 
detect unplanned or otherwise inadvertent radioactivity releases. Thus, one 
of the most effective uses of radiological surveillance monitoring is to establish 
that the predictions of the consequences are confirmed by actual measurements 
of the changes in the distribution of radionuclides in the environment that are 
attributable to waste disposal.

6.4.1.1. Design o f  radiological surveillance programmes

(a) Estimation of human radiation exposure

Environmental monitoring provides for the direct measurement of 
environmental contamination levels, thereby reducing the degree of uncertainty 
in the estimation of doses derived from the activities in the waste being released. 
However, in many cases, the environmental monitoring programme can only 
confirm that environmental contamination levels resulting from waste release 
are below some value dictated by the minimum detectable level of the measure
ment method. Even in cases where the radiation doses to persons may be 
trivial, due regard should be given to the value of limited environmental 
monitoring programmes in providing assurance to the public that adequate 
control over the operation is being exercised.

The design of effective and economical programmes depends heavily on 
the identification of those critical population groups which are representative 
of the individuals expected to receive the highest doses, and those critical 
radionuclides and pathways which are responsible for most of the total dose 
received by the critical groups. Furthermore, information will be needed on 
the pathways responsible for significant collective dose commitments. These 
may not necessarily be the same as those which are important with respect 
to the exposure of individuals and, therefore, additional pathways will have 
to be taken into account. Pre-release studies should enable the critical groups, 
critical radionuclides and pathways to be identified and it is important that 
these are the subject of further post-release study through environmental 
monitoring. Factors which need to be determined include:
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— the consumption of fish and other marine products, and the use of the 
sea and coastal areas for commerce and recreation

-  the distribution of the exposed populations according to age and dietary, 
occupational, domestic and recreational habits

-  the fate of the long-lived radionuclides (for calculating the dose 
commitment)

— the identification of biological and other indicator matrices.

The environmental monitoring programme should be sufficiently 
comprehensive to ensure that any significant changes in the concentrations of 
potentially critical radionuclides in major pathways and in the environment 
in the vicinity of the release are determined. It is important that these 
programmes are reconsidered from time to time. The initial programme may 
have been based upon relatively little information and the results should, 
therefore, be periodically reviewed to determine whether the programme is 
continuing to meet its objectives. Changes in the method of disposal, the rate 
of disposal and the isotopic composition of the waste will undoubtedly require 
to be considered in this respect, as will changes in the characteristics or 
utilization of the environment.

(b) Compliance purposes

The design of monitoring programmes for compliance purposes depends 
to a large degree on the ways in which the resultant data are to be used and 
interpreted. Materials which are monitored for human radiation exposure 
may be useful in compliance assessments, but often such programmes will 
best be served by the use of indicator materials. In the course of surveys to 
determine exposure pathways and the characteristics of potentially exposed 
populations, attention should also be paid to identifying suitable indicator 
materials. Such materials are useful in indicating and determining the extent 
of environmental contamination around a release point.

Indicator materials are characterized by a particular affinity for one or 
more radionuclides in the wastes released. Particularly useful indicators are 
sessile organisms, such as some molluscs and algae. Sediments may also be 
useful indicators, especially if they contain a large proportion of fine-grained 
material. It should be stressed that if indicator materials are to be used as 
part of the programme, it is important that, whenever possible, sufficient 
pre-release data on their radionuclide composition be obtained so that significant 
post-release changes can be detected. Insufficient attention to reducing the 
uncertainties associated with background measurements will severely hamper 
the usefulness and validity of environmental monitoring activities related 
to compliance aspects.
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6.4.1.2. Radiological surveillance programmes in practice

The release of radioactive wastes into the sea can result in three situations:

— The radioactivity levels can be measured in the critical pathways and 
estimates can be made of the radiation doses received by the critical and 
larger populations

— The radioactivity levels in the critical pathways are either below the 
detection limits or below the background values due to fall-out and can 
be measured only in indicator materials

— The radioactivity levels are below the detection limits or below the 
fall-out background values for all environmental components, in which 
case only a limited surveillance programme may be necessary to ascertain 
that this situation is maintained; a more exact assessment of environmental 
concentrations will only be possible through the use of mathematical models.

(a) Pre-release programmes

Pre-release programmes are concerned with gathering the basic data which 
are required to make the assessments of the consequences of waste release 
meaningful and valid. Much of the same data is needed for modelling purposes, 
as described in Section 4. Data need to be collected on the environmental 
concentrations of the predominant radionuclides expected in the release, if 
these are at measurable concentrations in the environment as a consequence 
of natural processes, fall-out or previous waste disposals in the area. It is, 
however, often impractical to measure short-lived radionuclides which are 
not normally constituents of fall-out. Similarly, not many naturally occurring 
radionuclides correspond to major components of the kinds of wastes discharged 
into the sea nor do such radionuclides in waste constitute the major dose 
contributors. Measurements should concentrate upon components of the 
critical pathways and any suitable indicator materials, and efforts should be 
made to make accurate and precise determinations of the concentrations 
of any measurable radionuclides that are thought to be major constituents of 
the waste. ‘Major’ in this sense refers not only to the actual radionuclide 
concentration in the waste but, more particularly, to those radionuclides 
having the greatest dose consequences.

(b) Post-release programme for land-based discharges

Coastal-zone monitoring, for the purpose of estimating human radiation 
exposure, will almost invariably concentrate on the penultimate stage of the 
pathway to man. Most of the effort will be devoted to sampling the critical 
materials themselves or to measuring the ambient radiation dose rate in the 
cases of external exposure pathways. The programme can usually be
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restricted to a small number of points in a few pathways. The scale of the 
programme will vary according to the characteristics of the pathway and the 
distribution of the exposed population, the degree of variability due to changing 
discharge rates, and seasonal and other environmental factors. The scale of 
sampling required is also likely to depend on the degree of confidence in the 
stability and safety of the environmental conditions as judged by the monitoring 
agency. When discharges have been proceeding for several years without creating 
serious levels of environmental contamination, it will generally be possible to 
progressively reduce the extent and frequency of the measurements.

Coastal-zone monitoring for compliance purposes aims not only at 
confirming that exposures are within the permitted limits but also at providing 
data indicating the extent to which the ALARA principle is met. Such 
monitoring is also designed to detect avoidable releases, although they may best 
be detected through careful sampling and analysis of the discharges themselves.
In such cases the materials collected and analysed will not necessarily be critical 
pathway constituents but may well include indicator materials. The particular 
property sought in indicator materials is the ability to concentrate radio
nuclides to a high degree, which enhances the detectability of particular radioactive 
discharge constituents. Indeed, an indicator that is not a component of a 
critical pathway will often be the most useful material for these purposes.

The frequency of sampling and measurement in routine surveys is dictated 
partly by the fact that the relevant recommendations of the ICRP relate to 
annual dose limits and partly by the anticipated rates of change in the receiving 
environment. For nuclides with a long half-life, sampling may be infrequent, 
e.g. quarterly or even semi-annually, unless there are large fluctuations in the 
rate of waste discharge or marked temporal variations of the environmental 
conditions, or unless the radionuclides concerned have relatively short residence 
times in the materials measured. If such conditions exist, more frequent or 
continuous sampling may be required, but experience suggests that quarterly 
analyses of composite samples may well suffice.

(c) Post-release programme for deep-sea dumping

The circumstances of deep-sea monitoring, applied to the kinds of waste 
disposal activities which have occurred during the last few decades, are entirely 
different from those of coastal-zone monitoring. At the present dumping rates 
of solid wastes into the deep sea there is little prospect for conventional 
environmental monitoring to provide data which will permit the direct 
estimation of radiation exposure other than on a ‘less than’ basis. This is 
especially true of materials in potentially critical pathways since none of 
them have been positively identified and most of the more likely materials 
are very remote from the dumping sites, in terms of distance and the time 
taken for radionuclides to reach them. It is therefore rather unlikely that
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routine measurements on such materials constitute an effective monitoring 
effort; the probabilities of success are somewhat better if efforts are focused 
on materials close to the dumping site. Nevertheless, the scale and method 
(packaging of material to preclude rapid leaching and release of radionuclides) 
of current dumping activities and the capacity of the deep-sea environment 
to rapidly dilute and disperse the radioactivity make the prospects for 
success in identifying radionuclides solely attributable to waste dumping 
relatively poor. Furthermore, until the nature of deep-ocean transport 
processes and the relationships between benthic and pelagic food-webs are 
better understood, modelling provides the only means by which radioactive 
releases from dumped wastes may be used to determine doses to man. However, 
some of the radionuclides of interest in dumped radioactive wastes are already 
present in the ocean through fall-out, and a limited surveillance programme 
may be useful in order to determine if the present levels and distributions of 
these nuclides and their interrelationships change in a way which may reasonably 
be attributed to dumping activities.

It should be noted that, because of the nature of the assumptions made 
in the derivation of the release rate limits, as outlined in Section 4, information 
on the degradation of the dumped packages is not of great importance and thus 
no direct surveillance or inspection of them on the sea-floor is necessary. The 
most significant monitoring requirement is that which relates to the collection 
of data from which radiological assessments can be made. In view of the high 
cost of obtaining samples from the deep ocean, however, it is desirable that 
surveillance be combined with research programmes and that advantage be 
taken of materials which become available from such programmes. For this 
reason it is likely that the design of surveillance programmes is not always 
amenable to proper structuring. According to availability, the materials selected 
would normally be of the indicator type which is amenable to sensitive analysis. 
Wherever possible, samples should be collected in a systematic way, with 
equivalent samples being taken both close to and remote from the dumping site. 
Water samples are unlikely to be particularly useful, since large volumes are 
required and since their spatial relationship to the dumping location depends 
crucially on the prevailing physical oceanographic conditions. In general, 
therefore, benthic organisms, especially sessile species, and sediments are preferred. 
Potentially edible species, where these can be collected and correlated with 
the location of waste release, should also be analysed.

6.4.2. Research aspects of environmental monitoring

There are a number of research topics which should be of concern to 
regulatory authorities responsible for authorizing radioactive waste disposal 
operations. These topics are of direct relevance to the control of waste

96

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



disposal practices. In general, the licence conditions and the assessment and 
evaluation of waste disposal operations are primarily concerned with the 
protection of man. Nevertheless, it is also important to consider potential 
damage to marine resources. One area of research that should be continued 
is the study of radiation exposure of marine resources, to determine the 
validity of the prevailing philosophy that, if man is protected by applying the 
dose limits and objectives of the ICRP, no unacceptable harm to marine 
resources will occur. While this is the general opinion according to work 
promoted by the IAEA [9, 11] continuing attention to this subject is both 
desirable and appropriate since it might result in factors other than the dose 
consequences for man to become significant in the control and authorization 
of waste disposal operations.

A further field of research pertinent to regulatory matters is that related 
to the disposal rates to be authorized. Such research involves the processes 
and rates at which radionuclides can be transported from their disposal sites 
to man and is similar to that required for waste disposal evaluation discussed 
in Section 4. For coastal liquid discharges, information is required on the 
correlations between the introduction rate of waste and the consequent doses 
to man at both the individual (critical group) and population (collective dose 
commitment) levels. For individual dose calculations, the information is 
needed to find out what the exposures of the critical group are, and to ensure 
not only that these are within regulatory limits but also that they comply with 
the ALARA principle. For population dose calculations, the information is 
required for optimization purposes.

For radionuclides of short to medium half-life (up to some tens of years) 
it is not always necessary to understand the mechanisms responsible for their 
transfer along the pathways to man, even though it might be scientifically 
interesting to investigate them. This is because, in some cases, radioactive decay, 
rather than any environmental process, is the rate-determining step. The same 
situation applies to critical-group doses from radionuclides of longer half-life 
in the case of coastal discharges since the materials within the penultimate 
stages of the various critical pathways are generally amenable to direct analysis. 
However, in such cases attention must be paid to any potential changes in the 
nature of the exposure pathways, particularly for the more persistent radionuclides 
or their persistent daughters. Such changes might occur for example in the 
event that contaminated coastal sediments were more directly accessible to 
critical populations through future programmes of land reclamation from the sea.

In certain cases, the effect of waste discharges into coastal water may be 
geographically widespread (and it is certainly important to include the consequent 
doses in any total ocean basin assessment, even though the coastal discharges 
may be confined to only a segment of that basin); however, deep-ocean waste 
disposals are characteristically very different because the point of release is
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remote from the locations at which the associated doses are received. The 
research needed in support of assessments of deep-ocean dumping is therefore 
different from that required for coastal waste discharges. The scales of 
transport that need to be understood, and the complexity of the transport 
pathways involved, increase the breadth of the relevant research. Research 
directed towards the better assessment of marine radioactive waste disposal 
can be generally placed within the heading of ‘marine radioecology’, which is 
defined and discussed in Section 3. Not all such radioecological research will 
be relevant to control objectives, but its promotion will adequately serve to 
ensure that the necessary information is acquired. Research related to 
deep-ocean dumping must be placed in a broader perspective since radio
nuclide transport is determined primarily by physical and geochemical 
processes and immobilization rather than food-chain pathways. A further aspect 
of deep-ocean dumping which should not be neglected is that, if the release rates 
become large enough to provide measurable concentrations of radionuclides 
in the deep-ocean environment, there may be an opportunity to use the 
dumped radionuclides for experimental purposes in the real environment.
There is thus a chance that dumped low-level wastes provide tracers to support 
investigations of those processes which are important constituents in the 
ocean waste disposal model.

Research into pathway mechanisms is particularly needed in the case of 
collective and committed dose estimation, where the dose is likely to be 
delivered over long time-scales, and factors different from those applied today 
may well operate in the future. Generally, a sufficiently accurate description 
of the correlations required for most decision-making processes, particularly 
in the case of liquid discharges, may be obtained without knowing the details 
of the mechanisms underlying the pathways concerned. Necessarily, however, 
these poorer levels of understanding result in conservative estimates (i.e. more 
restrictive on the practice) for both the transfer processes and the consequent 
doses. This is not an entirely satisfactory situation and research aimed at 
providing more quantitative and realistic bases for such assessments is, therefore, 
adequately justified within the purview of control procedures. Indeed, for a 
rigorous application of quantified optimization procedures, realistic values of 
collective dose commitments are essential.

As indicated in Section 4.7, a research and environmental surveillance 
programme has been devised by OECD/NEA in the framework of its Decision 
of the Council Establishing a Multilateral Consultation and Surveillance 
Mechanism for Sea Dumping of Radioactive Waste [39]. The main purpose 
of this programme is to increase the data base on the oceanographic and 
biological characteristics of the current dumping site in the north-east Atlantic 
and to assist in developing a site-specific model of the transfer of radionuclides 
in the marine environment which would permit a more realistic assessment
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of the potential radiation doses to man from dumping of radioactive waste.
The programme is being carried out with the participation of several OECD/NEA 
member countries and the International Laboratory for Marine Radioactivity 
of the IAEA in Monaco. The research work is co-ordinated through subject-area 
working groups under the overall supervision of an executive group of 
representatives from participating countries and organizations. Results obtained 
through the OECD/NEA research programme will be assessed periodically by 
the executive group and will serve to reinforce the scientific basis of future 
assessments of radioactive waste disposal into the north-east Atlantic 
dumping site.

6.5. RECORDS AND REPORTS

An essential feature of any control system is to keep adequate records 
which can be made available as necessary. This applies equally to information 
about the radioactivity being disposed and to the results of environmental 
monitoring. Harmonization of the form of the recording procedure is therefore 
important. Special attention should be paid to the way in which the results are 
presented, in order to facilitate their dissemination and use not only at a 
national level but also at an international level. The underlying aim is to ensure 
not only that data are available but also that they can be interpreted accurately. 
In this context, therefore, it is equally important for waste and environmental 
data to be accurate. It is therefore necessary for procedures generating these 
data to be subject to quality control/assurance. Attention should be given to 
sampling procedures as well as to analytical methods. Quality assurance 
programmes may include repetition of sampling routines, activity determinations, 
analyses of standard reference materials and intercomparison exercises organized 
on both national and international bases.

6.5.1. Waste disposal operations

The conditions attached to authorizations of waste disposal will normally 
require that all such operations be reported to the competent national authorities 
in the countries in which the operations originate. The main purposes of such 
reporting are to check compliance with the authorized limits, to provide 
information to be used as a basis for assessments of collective and individual 
doses to groups of persons, and to allay any undue public concern. In the case 
of deep-sea dumping it is a condition of Articles VI. 1(c) and VI.4 of the London 
Dumping Convention that approved records of the nature and quantities of 
the wastes permitted to be dumped, and the location, time and method of 
dumping shall be kept and reported to IMCO and to other parties as appropriate.
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OECD/NEA maintains records of the nature and quantities of all wastes dumped 
during radioactive waste sea dumping operations carried out in accordance with 
the Multilateral Consultation and Surveillance Mechanism [39] and of the 
location, time and method of dumping. OECD/NEA reports this information 
to IMCO, together with summaries of reports on the execution of sea-dumping 
operations. While no such formal arrangements exist for the reporting of 
liquid waste discharges at an international level, it is desirable that all significant 
disposals are known so that the total impact on the marine environment can be 
evaluated and kept under review. Progress in this direction should be encouraged.

6.5.2. Environmental monitoring and dose estimates

The results of the monitoring programmes should be recorded in a manner 
which facilitates the assessment of doses to both individuals (critical groups) 
and whole populations, as appropriate. In addition to the measured activity 
levels, the record should contain information on the location of the sampling 
point, the nature of the sample, and relevant information as to the method 
of preparation, the date and time of collection, the type of analytical procedure(s) 
used and the methods of measurement adopted, together with any factors that 
may have affected the results.

When the radioactivity levels are detectable in environmental materials 
involved in exposure pathways, estimates of the doses received, based directly 
on these data, can be recorded. Estimates may also be possible of lower doses 
received through non-critical pathways and these may also be recorded. When 
the radioactivity levels are below detectable limits in relevant materials, it may 
be that data from indicator matrices can be used in lieu of direct measurements.
If the relative concentration factors for the indicator matrices and the exposure 
pathway materials are known, dose estimates can still be made. Alternatively, 
dose estimates may be derived by mathematical modelling, in which case 
they should be recorded in place of data generated from direct measurements. 
Even when the radioactivity levels are too low to permit quantitative measure
ments to be made by any method, the results of any limited monitoring 
performed should be recorded since they may be of use in allaying public concern.

7. SUMMARY AND CONCLUSIONS

This publication attempts to describe the factors, both regulatory and 
scientific, that are significant when considering the use of the sea for radioactive 
waste disposal. The substantial increase in the number of relevant international
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and regional agreements since the publication of Safety Series No.5 has 
necessitated a far more detailed treatment of the regulatory constraints on sea 
disposal practices. The improved understanding of the ocean and the processes 
at work within it have enabled more rigorous and reliable assessments of the 
consequences of such practices to be made, and it has been attempted to 
describe this progress. However, the revisions in the ICRP philosophy and 
recommendations that have occurred during this period require a more 
sophisticated approach to the assessments of sea-disposal practices and an 
effort has been made to indicate how these assessments might be carried 
out and what is the inherent degree of difficulty.

Inevitably, these developments will continue and will, to some extent, 
modify the content of some of the discussions in this publication, which 
should, therefore, always be considered in the context of contemporary 
philosophical and scientific policy and, most particularly, in the context of the 
prevailing state of international and regional agreements that bear upon 
this subject.

It appears that previous and current practices involving the disposal of 
radioactive waste have not resulted in any serious deleterious effects upon 
either the marine environment or man. It is clear, however, that the oceans 
are contaminated with radionuclides from both fall-out and waste disposals 
into the marine environment, over and above the natural radionuclide inventory. 
The present ocean disposal practices are generally well regulated by national 
authorities, in conformity with several relevant international and regional 
agreements. Indeed, the extent of international and regional co-operation in 
this field is quite substantial and should continue to be encouraged. In this 
respect, it should be noted that the only major international agreement 
covering ocean disposal of radioactive wastes is the London Dumping Convention, 
which applies only to the dumping of materials into the ocean. It is hoped 
that the development of a complementary international agreement covering 
land-based discharges of radioactive material to the marine environment will 
receive early attention. Equally, the development of further regional agreements, 
similar to the Paris Convention, dealing with such land-based waste discharges 
should also be encouraged.

Both the adequacy and utility of current surveillance and monitoring 
activities, which are designed to determine the consequences of ocean disposal 
practices, need to  be continuously appraised. The need for such appraisal has 
been emphasized by recent changes in ICRP recommendations and philosophy, 
particularly in relation to optimization. However, until the processes of 
optimization can be applied with some rigour, complacency with regard to 
the consequences of ocean disposal practices should be avoided when 
surveillance and monitoring programmes are being formulated or reassessed. 
Continuing reappraisal of the present opinion that the protection of man from
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the consequences of ocean disposal practices will adequately ensure the protection 
of marine resources will also be required.

There continues to be a need for research directed towards the improve
ment in our understanding of marine and radioecological processes. The 
results of such research are invaluable for the refinement of the models 
needed to predetermine the safety and effectiveness of waste disposal practices. 
These results will also facilitate a better identification of the ways in which the 
predicted consequences and the acceptability of disposal practices can be 
confirmed through surveillance and monitoring.

The design and conduct of international quality control programmes 
related to the detection and measurement of radionuclides in the environment 
is an important part of the IAEA’s role in assessing the impact of ocean waste 
disposals. It is not recommended that sampling and analytical techniques 
applied to surveillance and monitoring programmes be standardized, since this 
might introduce systematic errors into the results. However, in order for such 
data to be as precise, accurate and intercomparable as possible, a comparison 
of suitable sampling and analytical techniques intended for use in monitoring 
programmes with those employed by highly qualified and experienced 
laboratories is strongly recommended as a means of ensuring high data quality.

Finally, a register should be developed of authorized and accidental 
releases of radioactive materials into the oceans which occur as a consequence 
of the application of nuclear energy. One criterion on which the IAEA 
Definition [34] is based is that the waste release rates are aggregate rates from 
all sources (other than natural sources), and a register of all radioactivity releases 
into the oceans would be useful in ensuring that this criterion is satisfied.
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Annex I

ANNEXES TO THE LONDON DUMPING CONVENTION

SUBSTANCES CONTAINED IN ANNEX I TO THE LONDON DUMPING 
CONVENTION

1. Organohalogen compounds.
2. Mercury and mercury compounds.
3. Cadmium and cadmium compounds.
4. Persistent plastics and other persistent synthetic materials, for example netting and 

ropes, which may float or may remain in suspension in the sea in such a manner as 
to interfere materially with fishing, navigation or other legitimate uses o f the sea.

5. Crude oil and its wastes, refined petroleum products, petroleum distillate residues,
and any mixtures containing any of these, taken on board for the purpose o f dumping.1

6. High-level radioactive wastes or other high-level radioactive matter defined on public 
health, biological or other grounds, by the competent international body in this field, 
at present the International Atomic Energy Agency, as unsuitable for dumping at sea.

7. Materials in whatever form (e.g. solids, liquids, semi-liquids, gases or in a living state 
produced for biological and chemical warfare).

8. The preceding paragraphs of this Annex do not apply to substances which are rapidly 
rendered harmless by physical, chemical or biological processes in the sea provided that 
they do not:
(a) make edible marine organisms unpalatable, or
(b) endanger human health or that o f  domestic animals.
The consultative procedure provided for under Article XIV should be followed by a 
Party if there is doubt about the harmlessness o f the substance.

9. This Annex does not apply to wastes or other materials (e.g. sewage sludge and dredged 
spoils) containing the matters referred to in paragraphs 1 — 5 above as trace contaminants. 
Such wastes shall be subject to the provisions o f Annexes II and III as appropriate.

10. Paragraphs 1 and 5 of this Annex do not apply to the disposal o f wastes or other matter 
referred to in these paragraphs by means of incineration at sea. Incineration o f such 
wastes or other matter at sea requires a prior special permit. In the issue of special 
permits for incineration the Contracting Parties shall apply the Regulations for the 
Control o f  Incineration of Wastes and Other Matter at Sea set forth in the Addendum
to this Annex (which shall constitute an integral part o f  this Annex) and take full account 
of the Technical Guidelines on the Control o f Incineration o f Wastes and Other Matter at 
Sea adopted by the Contracting Parties in consultation.2

1 Originally: “Crude oil, fuel oil, heavy diesel oil and lubricating oil, hydraulic fluids, 
and any mixtures containing any of these, taken on board for the purpose o f dumping.” The 
new version was adopted by the Fifth Consultative Meeting o f Contracting Parties and entered 
into force on 11 March 1981, except for the Federal Republic o f Germany and Japan who made 
a declaration o f non-acceptance.

2 Paragraph 10 was not included in the original Convention. The Third Consultative 
Meeting of Contracting Parties adopted the addition o f paragraph 10 to Annex I. The amend
ment went into force on 11 March 1980, except for the Federal Republic o f Germany and 
New Zealand who made a declaration of non-acceptance. The Addendum to Annex I con
taining the Regulations for the Control o f Incineration is not included here.
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SUBSTANCES CONTAINED IN ANNEX II TO THE LONDON DUMPING
CONVENTION

and their compounds

The following substances and materials requiring special care are listed for the purposes 
of Article V I(l)(a ).

A. Wastes containing significant amounts o f matters listed below:
— arsenic
— lead
— copper
— zinc
— organosilicon compounds
— cyanides
— fluorides
— pesticides and their by-products not covered in Annex I.

B. In the issue o f permits for the dumping of large quantities o f acids and alkalis, considera
tion shall be given to  the possible presence in such wastes o f the substances listed in paragraph A 
and to the following additional substances:

— beryllium
— chromium
— nickel
— vanadium

and their compounds

C. Containers, scrap metal and other bulky wastes liable to sink to the sea bottom which 
may present a serious obstacle to fishing or navigation.

D. Radioactive wastes or other radioactive matter not included in Annex I. In the issue of 
permits for the dumping o f this matter, the Contracting Parties should take full account of the 
recommendations o f the competent international body in this field, at present the International 
Atomic Energy Agency.

E. In the issue of special permits for the incineration of substances and materials listed in 
this Annex, the Contracting Parties shall apply the Regulations for the Control o f Incineration 
of Wastes and Other Matter at Sea set forth in the Addendum to Annex I and take full account 
of the Technical Guidelines on the Control o f Incineration o f Wastes and Other Matter at Sea 
adopted by the Contracting Parties in consultation, to the extent specified in these Regulations 
and Guidelines.3

F. Substances which, though of a non-toxic nature, may become harmful due to the 
quantities in which they are dumped, or which are liable to seriously reduce amenities.4

3 Paragraph E was included in Annex II by the Third Consultative Meeting of Contracting 
Parties in 1978 and entered into force on 11 March 1979, except for the Federal Republic o f 
Germany and New Zealand who made a declaration of non-acceptance.

4 Paragraph F was included in Annex II by the Fifth Consultative Meeting of Contracting 
Parties in 1980 and entered into force on 11 March 1981, except for the Federal Republic of 
Germany and Japan who made a declaration of non-acceptance.
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PROVISIONS SET OUT IN ANNEX III TO THE LONDON DUMPING
CONVENTION

Provisions to be considered in establishing criteria governing the issue o f permits for
the dumping of matter at sea, taking into account Article IV (2), include:

A. CHARACTERISTICS AND COMPOSITION OF THE MATTER

(1) Total amount and average composition o f matter dumped (e.g. per year);
(2) Form, e.g. solid, sludge, liquid or gaseous;
(3) Properties: physical (e.g. solubility and density), chemical and biochemical (e.g. oxygen  

demand, nutrients) and biological (e.g. presence o f viruses, bacteria, yeasts and parasites);
(4) Toxicity;
(5) Persistence: physical, chemical and biological;
(6) Accumulation and biotransformation in biological materials or sediments;
(7) Susceptibility to physical, chemical and biochemical changes and interaction in the 

aquatic environment with other dissolved organic and inorganic material;
(8) Probability o f production o f taints or other changes reducing marketability o f resources 

(fish, shellfish, etc.).

B. CHARACTERISTICS OF DUMPING SITE AND METHOD OF DUMPING

(1) Location (e.g. co-ordinates o f the dumping area, depth and distance from the coast), 
location in relation to other areas (e.g. amenity areas, spawning, nursery and fishing 
areas and exploitable resources);

(2) Rate o f disposal per specific period (e.g. quantity per day, per week, per month);
(3) Methods o f packaging and containment, if  any;
(4) Initial dilution achieved by proposed method of release;
(5) Dispersal characteristics (e.g. effects o f  currents, tides and wind on horizontal transport

and vertical mixing);
(6) Water characteristics (e.g. temperature, pH, salinity, stratification, oxygen indices o f 

pollution-dissolved oxygen (DO), chemical oxygen demand (COD), biochemical oxygen 
demand (BOD), nitrogen present in organic and mineral form including ammonia, suspended 
matter, other nutrients and productivity);

(7) Bottom characteristics (e.g. topography, geochemical and geological characteristics and 
biological productivity);

(8) Existence and effects o f  other dumpings which have been made in the dumping area 
(e.g. heavy metal background reading and organic carbon content);

(9) In issuing a permit for dumping, Contracting Parties should consider whether an adequate 
scientific basis exists for assessing the consequences o f such dumping, as outlined in this 
Annex, taking into account seasonal variations.

C. GENERAL CONSIDERATIONS AND CONDITIONS

(1) Possible effects on amenities (e.g. presence o f floating or stranded material, turbidity, 
objectionable odour, discolouration and foaming);

(2) Possible effects on marine life, fish and shellfish culture, fish stocks and fisheries, seaweed 
harvesting and culture;
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(3) Possible effects on other uses o f the sea (e.g. impairment o f water quality for industrial 
use, underwater corrosion of structures, interference with ship operations from floating 
materials, interference with fishing or navigation through deposit o f waste or solid objects 
on the sea floor and protection o f areas o f special importance for scientific or conserva
tion purposes);

(4) The practical availability o f alternative land-based methods o f treatment, disposal or 
elimination, or o f treatment to render the matter less harmful for dumping at sea.
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Annex II

IAEA DEFINITION OF HIGH-LEVEL RADIOACTIVE WASTE 
UNDER THE LONDON DUMPING CONVENTION

INFCIRC/205/Add. 1 /Rev. 1 (1978)

DEFINITION

Definition of high-level radioactive wastes or other high-level radioactive matter unsuitable 
for dumping at sea1

A. 1.1. For the purposes o f Annex I to the Convention, high-level radioactive wastes or other 
high-level radioactive matter unsuitable for dumping at sea means any waste or other matter with 
an a c t iv i ty  per unit gross mass (in tonnes) exceeding:

(a) 1 Ci/t for a-emitters but limited to 10"1 Ci/t for 226 R a and supported 210Po;
(b) 102 Ci/t for (3/7-emitters with half-lives o f  at least 0.5 years (excluding tritium) and 

(3/7-emitters o f unknown half-lives; and
(c) 106 Ci/t for tritium and /3/7 -emitters with half-lives o f less than 0.5 years.

The above activity concentrations shall be averaged over a gross mass not exceeding 1 0 0 0  to n n es .

A. 1.2. The Definition must not be taken to imply that material falling outside the Definition 
is thereby deemed to be suitable for dumping.

A. 1.3. Materials o f  activity concentrations less than those in the above Definition shall not be 
dumped except in accordance with the provisions of the Convention, in particular Annexes II 
and III thereto, and the Recommendations set out in this Document, in p a r tic u la r  S e c tio n  B .1 .2 .

1 The Definition is based on:

(1) An assumed upper limit to the mass dumping rate o f 100 000 t per year at a sin g le  
d u m p in g  site; and

(2) Calculated upper limits to activity release rates from all sources (other than natural 
sources) o f
(a) 10s Ci/year for a-emitters (but limited to 104 Ci/year for 226Ra and supported 

210Po);
(b) 107 Ci/year for ^/7 -emitters with half-lives o f at least 0.5 years (excluding tritium) 

and /?/7 -emitters o f unknown half-lives; and
(c) 1011 Ci/year for tritium and /3/7 -emitters with half-lives o f  less than 0.5 years 
at a single dumping site and also in the case o f a-emitters when released to an ocean 
basin of not less than 1017m3 .
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Annex I I I

SUMMARY OF IAEA-TECDOC-244 (1981)

“Considerations Concerning de minimis Quantities of Radioactive Waste 
Suitable for Dumping at Sea Under a General Permit”

This document contains a definition o f material that may be treated as non-radioactive 
under the terms of the London Dumping Convention. It also describes procedures for the 
definition of materials that would be suitable for ocean dumping under terms and conditions 
different from those specified in the IAEA Revised Definition and Recommendations conerning 
Radioactive Wastes (IN FC IR C /205/A dd.l/R ev.l). Such a definition is referred to as a de minimis 
definition. The definition of non-radioactive materials is as follows:

“Materials should be considered non-radioactive for the purposes o f the London Dumping 
Convention if: (a) their content of radionuclides is not artificially enhanced relative to the 
normal levels o f those radionuclides appropriate for that type o f substance, and (b) they 
are not potential sources o f naturally occurring radionuclides for commercial or other 
purposes, and (c) they are not enriched in natural or artificial radioisotopes as defined 
under (b).”

The above definition is expected to allow most materials that are not radioactive as a 
consequence o f their association with, contact with (excepting contamination through the 
global dissemination of debris from nuclear weapons explosions), or their potential value to, 
anthropogenic nuclear processes to be treated as non-radioactive. In addition to materials 
that have some association with the nuclear power industry, those associated with the medical 
and research use o f radioisotopes, those activated by nuclear or other ionizing radiations, and 
other materials, which by virtue o f processes not normally associated with the industry have 
acquired an enhanced level o f constituent radionuclides, would be treated as radioactive under 
the terms of this definition. It should be stressed that the application o f this definition will 
result in some materials having negligible radioactivity to be defined as radioactive simply 
because they arise from the nuclear industry. However, the intended use o f the definition 
is merely to identify materials whose content o f radionuclides will have to be defined further, 
through actual measurements, in order to determine their suitability for ocean dumping under 
the terms o f a de minimis definition or alternatively as low-level wastes.

The recommendations of the IAEA Revised Definition and Recommendations concerning 
Radioactive Wastes (IN FC IR C /205/A dd.l/R ev.l) require that radioactive materials only be 
dumped in the ocean in packaged form into abyssal regions. The approach to a de minimis 
definition for radioactive materials that might be suitable for ocean disposal under different 
terms and conditions than those specified in INFCIRC/205/Add.l/Rev. 1 is as follows. A level 
of radiation dose to the average member of a critical population was chosen that entails a 
negligible level o f  risk to the individual concerned. The de minimis dose was chosen to be 
10 ixSv/year which corresponds to a level o f risk o f 10"7/year. This dose comprises the sum 
of all future external and internal doses from a single year’s practice to the average individual 
of a critical group. It should be noted that, by comparison, the dose limit above background 
for individual members o f the public recommended by the ICRP is 5 mSv/year. The de minimis 
dose then needs to be translated into units o f flux or concentration for the definition to be 
applicable under the London Dumping Convention. This conversion will be the most difficult
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part o f the process and the IAEA document only serves as a guide to three alternative approaches 
to this problem. These approaches are:

1. The use o f models for coastal zone and continental shelf transport and removal o f  
radionuclides by physical oceanographic, geochemical and biological processes. This 
approach is similar to that used in the derivation of IN FC IR C /205/A dd.l/R ev.l.

2. The application of limiting specific activities based upon the relationships between 
radioisotopes and their stable element analogues in critical components o f the human 
body. It would be assumed that if the material disposed of contained lower specific 
activities than those required in humans to give rise to the de minimis dose, then the 
practice would be safe since transport pathways between the dumped material and the 
human receptor would always involve dilution of the radioisotope relative to its stable 
element analogue rather than enrichment.

3. Defining limiting activity concentrations in wastes in terms of the natural concentrations 
of radionuclides in natural environmental reservoirs such as coastal sediments.

The document also points out some of the necessary administrative decisions that will 
need to be made before the definition can be employed within the procedures o f the London 
Dumping Convention. Particularly important in this respect are mechanisms to ensure that 
the dose to populations in neighbouring states are considered by national authorities before 
approval is given for disposal operations under the terms of a de minimis definition. It is 
provisionally suggested that no single state should conduct disposal operations under the 
de minimis definition that would involve risk of doses to members of critical populations 
exceeding 1 pSv/year.
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Annex IV

RECOMMENDED OPERATIONAL PROCEDURES 
FOR SEA DUMPING OF RADIOACTIVE WASTE*

INTRODUCTION

Under the NEA Multilateral Consultation and Surveillance Mechanism for Sea Dumping of 
Radioactive Waste established in 1977 by a Decision of the OECD Council [1] to further the objec
tives o f the London Dumping Convention [2], the Agency is requested to establish and keep 
under review standards, guidelines, recommended practices and procedures for the safe dumping 
of radioactive waste at sea. The overall safety o f operations depends on a number of factors 
such as the characteristics o f the dumping site, the amount, composition, conditioning and 
packaging of waste, and the way in which operations are organised and controlled.

The present recommended procedures refer to the organisation and control o f operations. 
They have been established by a Working Party o f representatives from Member countries partici
pating in the NEA Mechanism, in the light o f past operational experience and taking into account 
the IAEA Definition and Recommendations for the purpose of the London Dumping Conven
tion [3]. These procedures were adopted by the OECD Steering Committee for Nuclear Energy 
for application by, and under the responsibility of, the national authorities o f Participating 
countries carrying out radioactive waste sea dumping operations, in accordance with Article 2(b) 
of the OECD Council Decision.

1. PURPOSE

The purpose o f this document is to establish procedures for the organisation and control 
of radioactive waste sea dumping operations carried out under the NEA Mechanism. These 
procedures are designed to ensure the safe disposal o f the radioactive waste in such a way that 
any radiation exposure is kept as low as reasonably achievable within designated dose limits, 
and that other risks are also adequately controlled.

2. SCOPE AND APPLICATION

2.1. The present procedures do not affect the legal and administrative responsibilities o f the 
national authorities for authorization and control o f radioactive waste sea dumping operations 
under the London Dumping Convention and in accordance with the IAEA Definition and

* Printed with the permission of the Nuclear Energy Agency of the OECD.

[1] Decision of the OECD Council o f 22nd July 1977 [C(77) 115(Final)].
[2] Convention on the Prevention of Marine Pollution by Dumping of Waste and Other 

Matter, drawn up at the Inter-Governmental Conference on the Dumping of Waste 
at Sea, held in London from 30th October to 10th November 1972.

[3] The IAEA Revised Definition and Recommendations o f 1978 concerning Radioactive 
Waste and Other Radioactive Matter referred to in Annexes I and II o f the Convention 
on the Prevention of Marine Pollution by Dumping of Waste and Other Matter, 
INFCIRC/205/Add. 1/Rev. 1, August 1978.
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Recommendations insofar as they relate to operational procedures, or their responsibilities 
in accordance with the OECD Council Decision.

2.2. Responsibility for the application of the present operational procedures lies with the 
national authorities o f  countries carrying out a sea dumping operation, who will appoint an 
Escorting Officer or Escorting Officers to supervise the operation in accordance with Article 5 
of the OECD Council Decision. The application o f the operational procedures shall not affect 
the Master’s overall responsibility for the normal safety and control o f the ship and crew and 
his prior agreement shall be obtained with regard to applying the procedures, where appropriate.

2.3. The NEA Representative shall verify that the operation is conducted according to the 
present procedures. He shall have the duties and rights laid down in Article 6 o f the OECD 
Council Decision and shall act in accordance with the instructions o f the Director General of 
NEA. The NEA Representative shall co-operate with the Escorting Officer(s) particularly when 
facing any emergency situations which might arise during the operation. The Escorting 
Officer(s) shall ensure that the NEA Representative is given the necessary assistance to fulfil 
his duties adequately.

3. ADVANCE PREPARATION OF THE OPERATION

3.1. Preparation and Transport o f the Waste Packages

3.1.1. The national authorities o f a country carrying out an operation, either individually or
collectively, shall satisfy themselves that the containers, the conditioning of the waste materials
and the waste packages conform to the requirements specified in the current NEA Guidelines 
for sea dumping packages o f radioactive waste.

3.1.2. The national authorities o f a country carrying out an operation, either individually 
or collectively, shall provide NEA with the number and specifications of the waste packages 
to be used and a statement that the packages as a minimum conform to the current NEA 
Guidelines, as provided for in Article 3 (c) (i) o f the OECD Council Decision.

3.1.3. The national authorities o f a country carrying out an operation, either individually 
or collectively, shall provide NEA with a certificate that the materials to be dumped have been 
prepared in accordance with NEA standards, guidelines, recommended practices and procedures, 
as provided for in Article 3 (e) o f the OECD Council Decision.

3.1.4. The national authorities o f a country carrying out an operation, either individually 
or collectively, shall satisfy themselves that the arrangements for the transport of the waste 
packages are in accordance with the relevant national and international transport regulations 
and codes. For loading on board the ship the packages must arrive at the dockside in a satis
factory state.

3.1.5. The national authorities o f a country carrying out an operation, either individually 
or collectively, shall establish an inventory containing the following information for each 
package:

a) type of package;
b) serial number;
c) weight in kg;
d) activity (alpha and radium, beta-gamma, tritium) in becquerel (curies);
e) maximum surface dose equivalent rate in mSv/s (mrem/h);
f) list o f the principal radionuclides.
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3.2. Suitability of the Ship

3.2.1. The national authorities shall satisfy themselves that the ship selected for the dumping 
operation meets the criteria for the suitability o f ships as set out in the Appendix. They shall 
provide NEA with a statement that the ship, as a minimum, meets these criteria, in accordance 
with Article 3 (c ) (ii) o f the OECD Council Decision.

3.2.2. The total number of.the ship’s personnel shall be sufficient to ensure safe and accurate 
navigation and safe handling o f the packages at the dumping site.

3.3. Radiological Protection

Provision shall be made for the radiological protection of all personnel directly involved 
in the dumping operation and the following equipment shall be made available for this purpose 
during all phases o f the operation:

— appropriate equipment for radiation and contamination monitoring o f working 
areas and persons;

— appropriate protective clothing;
— appropriate equipment for decontamination of persons and areas.

The equipment shall be adequate in kind and quantity for its purpose and in good working 
condition.

3.4. Emergency Procedures

The conventional emergency procedures shall be extended, in agreement with the Master 
of the ship, to cope with incidents which may cause significant radiation exposure o f persons 
on board or significant contamination of the ship. These procedures shall include provisions 
for requesting instructions from the national authorities o f the country carrying out an operation.

4. LOADING PHASE

4.1. Working Procedure

In consultation with the Master o f the ship, a general working procedure shall be drawn 
up which shall be used during the dumping operation. This procedures shall include deployment 
of the ship’s personnel for handling the cargo and controlling the ship in the dumping area.

4.2. Provision of Documents Relating to the Dumping Operation [1]

The Escorting Officer(s) and the NEA Representative shall be provided with copies o f the 
following documents and certificates prior to the loading of waste packages [2]:

(i) dumping permit granted by the national authorities;
(ii) statement of conformity of waste packages with the current NEA Guidelines;

(iii) certificate that materials to be dumped have been prepared in accordance with NEA 
standards, guidelines, recommended practices and procedures;

(iv) inventory of waste packages;

[1] A check-list o f documents needed for the application of these operational procedures is 
annexed for the convenience of users.

[2] The copies to be provided to the NEA Representative shall be in English or French.
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(v) statement of conformity of the ship with the NEA criteria;
(vi) certificate of adequacy of the ship’s lifting equipment and dockside’s lifting equipment 

if this is used to load the ship.

4.3. Stowage of Waste Packages

4.3.1. A plan shall be prepared for loading and stowing the waste packages on the ship.

4.3.2. If intermediate stowage of the waste packages at the dockside is necessary, then 
the arrangement of the packages on the dockside should be such that their subsequent loading 
onto the ship can be achieved in accordance with the plan mentioned above.

4.3.3. Means of decontaminating the intermediate stowage area shall be available.

4.4. Inspection of the Waste Packages

Steps shall be taken to ensure:

a) by visual inspection of the packages and/or by the use of instruments, that these appear 
sound and not to be leaking, and that they are correctly identified and within the 
radiation dose rate and contamination limits laid down by the appropriate national 
and international rules and regulations;

b) that any contamination found on vehicles used to transport the waste packages to the 
dockside is reported immediately;

c) that packages which are damaged or no longer comply with the NEA Guidelines in any 
other way are rejected and returned to the appropriate establishments.

4.5. Navigational and Communication Equipment

The navigational and communication equipment on board the ship shall be checked to 
ensure that they are in good working order.

4.6. Information of Personnel

All members of the crew and other persons involved in the operation shall be informed 
of the basic personnel radiological protection procedures, including emergency procedures.

4.7. Loading on Board Ship

4.7.1. Waste packages shall be loaded and stored on board the ship in accordance with the 
plan provided for in point 4.3.1.

4.7.2. Prior to loading, it shall be verified that the holds of the ship are suitably clean, dry 
and free of any obstacles which may damage the waste packages.

4.7.3. During loading, radiation monitoring shall be carried out in the holds and living 
quarters to verify that persons on board are not unduly exposed to radiation.

4.7.4. When loading is completed, a radiation survey of the ship, including living quarters, 
shall be carried out.

5. NAVIGATIONAL PHASE

5.1. The availability of emergency procedures as provided for under point 3.4 shall be verified.
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5.2. If entry into a hold is necessary, appropriate radiation and contamination monitoring shall 
be undertaken before such entry is allowed.

5.3. Radiation monitoring shall be carried out at various points on the ship at least once a day.

6. DUMPING PHASE

6.1. Steps shall be taken to ensure that the working procedure provided for under point 4.1 
is being applied and that the following conditions are observed for the execution of the 
dumping operation.

6.2. Position of Ship

The correct position of the ship in relation to the designated dumping site shall be verified 
and the Master shall give the necessary assurances in this respect.

6.3. Weather Conditions

6.3.1. The weather conditions shall be such as to enable safe handling and dumping of the 
cargo as well as the use of the boat referred to in paragraph (iv) of the Appendix.

6.3.2. There shall be sufficient visibility to enable the Escorting Officer(s) on the ship to be 
satisfied that the packages sink, that no material from within the packages returns to the surface 
and that difficulties with other ships sailing in the area are avoided. Any floating material 
associated with the dumping operation shall be recovered. It should be noted that while 
dumping is in progress, other material must not be thrown overboard.

6.4. Radiological Protection

6.4.1. Radiological control of the working areas shall be established to ensure that persons 
on board are adequately protected against radiological risks.

6.4.2. Holds shall be adequately ventilated to ensure that airborne contamination is dispersed 
before persons are allowed to enter. Particular attention shall be paid to the possibility of the 
existence of tritium and/or radon.

6.4.3. In view of the possibilities of contamination, special attention shall be paid to main
taining good personal hygiene and avoiding injuries such as open wounds. If such injuries occur, 
they shall be reported immediately so as to enable corrective action to be taken.

6.4.4. Personnel who handle, or are in close proximity to waste packages, and any other 
relevant personnel, shall wear personal dosimeters which can be read at any time. They shall 
also wear personal dosimeters which give the total integrated dose for the duration of their 
involvement in the operation. If there is reason to believe that there has been significant internal 
exposure, then appropriate action must be taken.

6.4.5. Radiation dose records shall be transmitted to the national authorities of the country 
carrying out the dumping operation. Particular attention should be paid to records of those 
persons who are likely to receive additional radiation doses during the same year.

7. POST DUMPING PHASE

7.1. After completion of the dumping operation, the ship, as well as the lifting and dumping 
equipment, shall be monitored to assess whether contamination has occurred. Decontamination
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shall be carried out, as appropriate. Contaminated debris shall be collected in empty drums or 
other appropriate receptacles and brought back to the originating or other appropriate establish
ment for treatment as waste.

7.2. When appropriate decontamination is completed, the Master shall be provided with a 
certificate that the ship is free of any significant contamination and can be allowed to resume 
its normal activities.

7.3. A Certificate of Disposal shall be prepared confirming that the recorded cargo has been 
dumped at the designated site, with details of how the ship’s position was fixed. This shall be 
accompanied by a certified copy of the ship’s log for the duration of the voyage, including 
details of hourly fixes of the ship’s position during the dumping phase. A copy of the Certificate 
of Disposal shall be transmitted to NEA.
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Appendix

(i) General Requirements

The ship selected for a specific radioactive waste dumping operation shall be capable of 
carrying safely the approved consignment of waste packages to the designated site in accordance 
with maritime law and relevant international codes.

(ii) Registration and Classification

The registration and classification of the ship shall be such that it is permitted to proceed 
to the dumping area.

(iii) Navigation and Communication Equipment

The selected ship shall be provided with the following navigational and communication 
equipment:

— Efficient magnetic compass with up-to-date Deviation Card;
— Adequate charts, sailing directions, list of lights, list of radio signals, current nautical 

almanac and navigational tables, etc.;
— Efficient log;
— Sextant chronometer and sextant;
— Radar;
— Suitable electronic equipment for coastal and ocean navigation;
— Electronic sounding machine;
— A large-scale chart of dumping area;
— Radio receiving and transmitting equipment capable of continuous operation;
— Satellite navigation system for use in the dumping area together with printer (preferably 

with automatic dead reckoning).

Equipment important for safe and accurate navigation of the ship and accurate deter
mination of the dumping position must be identified and reserve equipment must be carried 
and used in case the principal equipment breaks down and cannot be repaired at sea.

(iv) Handling Equipment and other Provisions

The following additional requirements dictated by the nature of the cargo shall also be
met:

— An adequate supply of dunnage and equipment shall be provided to ensure that the 
waste packages can be suitably stowed;

— The ship shall be provided with a suitable handling gear to cope with the severity of 
conditions which can be expected at sea and which might result, for example, in 
excessive swinging or dropping of waste packages during dumping at sea;

— A boat and facilities suitable for recovering floating material from the sea in all 
weathers suitable for dumping shall be readily available;

— The holds of the ship shall be made reasonably smooth, clean and dry so that they 
are capable of being satisfactorily decontaminated. Provisions for closing the holds 
shall be available, as well as for hosing and pumping out the holds and bilges;

— Accommodation on board shall be provided for the national Escorting Officer(s) 
and an NEA Representative.

CRITERIA FOR THE SUITABILITY OF SHIPS
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GLOSSARY

absorbed dose: The absorbed dose, D, is the quotient of de by dm, where de 
is the mean energy imparted by ionizing radiation to matter of mass dm 
[ICRU* Report 33]:

de
D = -----

dm

The special name for the SI unit of absorbed dose is gray (Gy):
1 Gy = 1 J-kg"1.
The special unit of absorbed dose, rad, may be used temporarily:
1 rad = 1CT2 Gy.

activity: The activity, A, of an amount of radioactive nuclide in a particular 
energy state at a given time is the quotient of dN by dt, where dN is the 
expectation value of the number of spontaneous nuclear transformations 
from that energy state in the time interval dt [ICRU Report 33]:

dN
A = -----

dt

The special name for the SI unit of activity is becquerel (Bq):
1 Bq = 1 s"1.
The special unit of activity, curie (Ci), may be used temporarily:
1 Ci = 3.7 X 1010Bq (exactly).

collective effective dose equivalent: The collective effective dose equivalent, 
Sg, gives a measure of the total health detriment from a given radiation 
source, and is defined as:

OO

SE = / H EP(HE)dH E
o

where P(Hg)dHE is the number of individuals receiving an effective dose 
equivalent between Hg and Hg + dHg from the given source. The units 
of Sg are man-sieverts (man-Sv).

DEFINITIONS AND EXPLANATIONS OF TERMS USED

* International Commission on Radiation Units and Measurements, Washington, DC.
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committed effective dose equivalent: The committed effective dose equivalent, 
He,50 , resulting from an intake of radioactive material into the body is 
the effective dose equivalent that will be accumulated during the 50 years 
following the intake:

and t0 is the time of intake. Sometimes it may be necessary to extend 
the integration time beyond 50 years in order to assess the “lifetime dose” .

competent authority: A national authority designated or otherwise recognized 
as competent authority by the government of a state for a specific purpose 
in connection with this publication.

critical group: For a given source or group of sources, the group of members 
of the public whose exposure is reasonably homogeneous and is typical 
of individuals receiving the highest dose.

detriment: The mathematical expectation of harm which is determined by 
taking into account the severity of an effect and the probability of its 
occurrence.

dose: A term denoting the quantity of radiation energy absorbed by a medium. 
Although the terms ‘dose’ or ‘radiation dose’ are often used in a general 
sense, they should usually be qualified, for example as absorbed dose (D), 
dose equivalent (H), effective dose equivalent (H e ), effective dose-equivalent 
commitment (He,c), committed effective dose equivalent (He,5o), or 
collective effective dose equivalent (Se ), etc.

dose equivalent: The dose equivalent, H, is the product of D, Q and N at the 
point of interest in tissue, where D is the absorbed dose, Q is the quality 
factor and N is the product of all other modifying factors [ICRU 
Reports 25, 33]:

The SI unit for H is the same as that for D (joule per kilogram). The special 
name for the SI unit of dose equivalent is sievert (Sv):
1 Sv = 1 J-kg-1.
The special unit of dose equivalent, rem, may be used temporarily:
1 rem = 10-2  Sv.
Currently ICRP assigns a value of unity to N.

t0 + 50 years

to

where He W  is the relevant effective dose-equivalent rate from the intake

H = DQN
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dose-equivalent indices: Two dose-equivalent indices are defined:
(a) deep dose-equivalent index, Hid,  at a point is the maximum dose 
equivalent within the 28 cm diameter core of a 30 cm diameter sphere 
centred at this point and consisting of material equivalent to soft tissue 
with a density of 1 g-cm-3.
(b) shallow dose-equivalent index, H i)S, at a point is the maximum dose 
equivalent within the spherical shell extending from a depth of 0.07 mm 
to a depth of 1 cm from the surface of a 30 cm diameter sphere centred 
at this point and consisting of material equivalent to soft tissue with a 
density of 1 g-cm-3.
(For a definition of dose-equivalent index, see ICRU Reports 25, 33.) 

effective dose equivalent: The effective dose equivalent, He , is defined as:

where Hy is the mean dose equivalent in tissue T and w j is a weighting 
factor representing the proportion of the detriment from stochastic effects 
resulting from tissue T to the total detriment from stochastic effects when 
the body is irradiated uniformly.
The values of wx are specified by ICRP [ICRP Publication No. 26] and are:

Tissue w j Tissue Wx

Gonads 0.25 Thyroid 0.03
Breast 0.15 Bone surfaces 0.03
Red bone marrow 0.12 Remainder 0.30
Lung 0.12

A value of w j of 0.06 is applicable to each of the five organs or tissues of 
the remainder receiving the highest dose equivalents, and the exposure of 
all other remaining tissues may be neglected. (The following parts of 
the GI tract — stomach, small intestine, upper large intestine and lower 
large intestine — are to be treated as four different organs.) The dose 
equivalents in hands and forearms, feet and ankles, the skin, and the lens 
of the eye are not considered in computing the effective dose equivalent. 
However, to assess the detriment from exposure of population groups due 
to a small risk of fatal cancer resulting from exposure of the skin, a value 
of w j of 0.01 is assigned.

T
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effective dose-equivalent commitment: The effective dose-equivalent
commitment, He ,c , from a given decision or practice is the infinite time 
integral of the per caput effective dose-equivalent rate, He (t), for a 
specified population:

The exposed population is not necessarily constant in size. It is also 
possible to define a collective effective dose-equivalent commitment. This 
may be obtained by integration of the collective effective dose-equivalent 
rate.

quality factor, Q: This factor weights the absorbed dose in the definition of 
dose equivalent. The values of Q are specified by ICRP [see ICRP 
Publication 26].

OO

0
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FACTORS FOR CONVERTING SOME OF THE MORE COMMON UNITS 
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS

NOTES:
(1) SI base units are the metre (m ), kilogram (kg), second (s), ampere (A ), kelvin (K ), candela (cd) and mole (mol).
(2) ► indicates SI derived units and those accepted for use w ith SI;

indicates additional units accepted for use with SI for a limited time.
I F o r fu r th e r in fo rm a tio n  see the  c u rre n t ed itio n  o f  The In te rn a tio n a l System o f  Units (SI), pub lished  in  English b y  HMSO, 
London, and  N a tion a l Bureau o f  Standards, W ashington, DC, and In te rn a tio n a l S tandards ISO-10 0 0  and  the  
several parts  o f  IS 0 '3 1 , pub lished  b y  ISO, Geneva. ]

(3) The correct symbol for the unit in column 1 is given in column 2.
(4) *  indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures:

=  indicates a definition o f an SI derived unit: [ ] in columns 3 + 4  enclose factors given for the sake o f completeness.

The following conversion table is provided for the convenience o f  readers

C o lu m n  1

M u ltip ly  data given in :
C o lu m n  2 C o lu m n  3

b y :
C o lu m n  4

to  obtain data in :

Radiation units  
p- becquerel

disintegrations per second (= dis/s)
1 Bq
1 s- '

(has dimensions o f s '1) 
1.00 X 10° Bq *

>  curie 1 Ci = 3.70 X 1010 Bq *
>  roentgen 1 R | 2.58 X 10-4 C/kg] *
► gray 1 Gy | 1.00 X 10° J/kg ] *
>  rad 1 rad = 1.00 X 10~2 Gy *
^  sievert (radiation p ro tec tion  on ly) 1 Sv [ A 1.00 X 10° J/kg ] *
>  rem (radiation pro tection  only) 1 rem = 1.00 X 10~2 Sv *

Mass

► unified atom ic mass u n it ( i i  o f the mass o f 12C) 1 u i 1.660 57 X 10_:11 kg, approx. ]

>  tonne (= m etric ton) 1 t  I 1.00 X 103 kg] *

pound mass (avoirdupois) 1 Ibm = 4.536 X 10_1 kg
ounce mass (avoirdupois) 1 ozm * = 2.835 X 101 9
ton (long) (= 2240 Ibm) 1 ton = 1.016 X 103 kg
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg

Length

statute mile 1 mile = 1.609 X 10° km
>  nautical mile (international) 1 n mile = 1.852 X 10° km *

yard 1 yd = 9.144 X 10~‘ m *
foo t 1 f t = 3.048 X 10_1 m *
inch 1 in = 2.54 X 10‘ mm *
mil (= 10~3 in) 1 mil 2.54 X 10‘ 2 mm *

Area
>  hectare 1 ha |[ = 1.00 X 10" m2] *

>  barn (effective cross-section, nuclear physics) 1 b [ = 1.00 X 1 0 '28 m2 ] *

square mile, (statute m ile )2 1 m ile2 = 2.590 X 10° km 2
acre 1 acre = 4.047 X 103 m2
square yard 1 yd2 = 8.361 X 10_1 m2
square foo t 1 f t 2 = 9.290 X 10‘ 2 „ 2m
square inch 1 in2 = 6.452 X 102 mm2

Volume

► litre 1 I o r  1 L I[ = 1.00 X 1 0 '3 m3] *
cubic yard 1 y d 3 = 7.646 X 10_1 m3
cubic foo t 1 f t 3 = 2.832 X 1 0 '2 m3
cubic inch 1 in3 = 1.639 X 10" mm3
gallon (imperial) 1 gal (UK) = 4.546 X 10"3 m3
gallon (US liqu id) 1 gal ( US) - 3.785 X 10~3 m3

T h is  ta b le  has been p re p a re d  b y  E. R. A . Beck fo r  use b y  th e  D iv is io n  o f  P u b lic a tio n s  o f  th e  IA E A .  W h ile  e ve ry  e f fo r t  has 
been m ade  to  ensure  a ccu ra cy , th e  A g e n c y  c a n n o t be he ld  re sp o n s ib le  f o r  e rro rs  a ris ing  f r o m  th e  use o f  th is  ta b le .
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C o lu m n  1

M u ltip ly  data given in :
C o lu m n  2 C o lu m n  3

b y :
C o lu m n  4

to  obtain data in :

Velocity, acceleration

fo o t per second (= fps) 1 ft/s = 3.048 X 10*1 m/s *
fo o t per m inute 1 ft/m in = 5.08 X 10-3 m/s *

[4.470 X 10“ ' m/s
m ile per hour {= mph) 1 m ile/h

"  [1.609 X 10° km/h
>  knot (international) 1 knot = 1.852 X 10° km /h *

free fa ll, standard, g = 9.807 X 10° m/s2
fo o t per second squared 1 ft /s 2 = 3.048 X 10"1 m/s2 *

Density, volum etric rate

pound mass per cubic inch 1 lbm /in3 = 2.768 X 104 kg/m 3
pound mass per cubic foo t 1 lb m /ft3 = 1.602 X 101 kg/m 3
cubic feet per second 1 f t 3/s = 2.832 X 10‘ 2 m3/s
cubic feet per m inute 1 f t 3/m in = 4.719 X 10"* m 3/s

Force

^  newton 1 N =  1.00 X 10° m -kg-s"2] *
dyne 1 dyn = 1.00 X 1 0 's N *
kilogram force (= kilopond (kp)) 1 kgf = 9.807 X 10° N
poundal 1 pdl = 1.383 X 10~‘ N
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N
ounce force (avoirdupois) 1 ozf = 2.780 X 1 0 '1 H

Pressure, stress

^  pascala 1 Pa [=  1.00 X 10° N /m 2] *
atmosphere^, standard 1 atm = 1.013 25 X 10s Pa *

>  bar 1 bar = 1.00 X 10s Pa *
centimetres o f mercury (0°C) 1 cmHg = 1.333 X 103 Pa
dyne per square centimetre 1 dyn/cm 2 = 1.00 X 10"1 Pa *
feet o f water (4°C) 1 ftH 20 = 2.989 X 103 Pa
inches o f mercury (0°C) 1 inHg = 3.386 X 103 Pa
inches o f water (4°C) 1 inH 20 = 2.491 X 102 Pa
kilogram force per square centimetre 1 kgf/cm 2 = 9.807 X 104 Pa
pound force per square fo o t 1 Ib f / f t2 = 4.788 X 10' Pa
pound force per square inch (= psi)c 1 t b f/ in 2 = 6.895 X 103 Pa
to rr (0°C) (= mmHg) 1 to rr = 1.333 X 102 Pa

Energy, work, q u a n tity  o f  heat

^  joule {=  W-s) 1 J [ s  1.00 X 10° N m ]  *
► electronvolt 1 eV [= 1.602 19 X 10" 19 J, approx.]

British thermal u n it (In ternational Table) 1 Btu = 1.055 X 103 J
calorie (thermochemical) 1 cal = 4.184 X 10° J *
calorie (In ternational Table) 1 cal it = 4.187 X 10° J
erg 1 erg = 1.00 X 10‘ 7 J *

foot-pound force 1 ft -  Ibf = 1.356 X 10° J
k ilow att-hour 1 k W h = 3.60 X 106 J *

k ilo ton  explosive y ield (PNE) (=  10 ‘2 g-cal) 1 k t yield -  4.2 X 10 '2 J

a Pa (g): pascals gauge ^  atm (g) (= a t i i) : atmospheres gauge c lb f / in 2 (g) { -  psig): gauge pressure 
Pa abs: pascals absolute atm abs (= ata): atmospheres absolute tb f/ in 2 abs (= psia): absolute pressure
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C o lu m n  1

M u ltip ly  data given in :

C o lu m n  2 C o lu m n  3  C o lu m n  4

b y : to  obtain data in :

Power, radiant flux

► w att 1 W [ =  1.00 X 10° J/s] *

British thermal un it (Internationa! Table) per second 1 Btu/s = 1.055 X 103 W
calorie (In ternational Table) per second 1 ca l|j/s = 4.187 X 10° W
foot-pound force/second 1 f t - lb f/s = 1.356 X 10° W

horsepower (electric) 1 hp = 7.46 X 102 W *
horsepower (metric) (= ps) 1 ps = 7.355 X 102 W
horsepower (5 5 0 ft- lb f/s ) 1 hp = 7.457 X 102 W

Temperature

► kelvin
► degrees Celsius, t

where T is the therm odynam ic temperature in kelvin 
and T 0 is defined as 273.15 K 

degree Fahrenheit 
degree Rankine 
temperature difference^

_ K ______

t -  T -  T 0

toF - 3 2

T.„
A T .r (= A toF)

X I -  I gives
t  (in degrees Celsius) *  
T (in ke lv in ) *
AT (= A t) *

Thermal conductiv ity  

1 B tu in / ( f t 2 s °F )
1 B tu / ( f t s ° F )

(In ternational Table B tu j 
(In te rnationa l Table Btu)

5.192 X 10" 
6.231 X 103 
4.187 X 102

W m " 1 K ‘  
W m '1 K “ 
W m '1 K “

Miscellaneous quantities

l itre  per mole per centim etre {1 M/cm =) 1 L -m o f '- c m -1 = 1.00 X 10-1 m2/m ol #
(m ola r e x tin c tio n  c o e ffic ie n t o r  m o la r abso rp tion  c o e ffic ie n t) 

e-value, trad itiona lly  quoted per 100 eV
o f energy absorbed 1 X 10“ 2 eV ’ 1 = 6.24 X 1016 J " 1

(rad ia tion  y ie ld  o f  a chem ical substance)

mass per u n it area 1 g/cm2 [= 1.00 X 10' kg/m 2] *
Iabsorber thickness and  mean mass range)

^  A  temperature interval o r a Celsius temperature difference can be expressed in degrees Celsius as well as in kelvins.
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