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FOREWORD 

Spent fuel or high -leve. radioactive waste is now produced in many 
countries as a result of the generation of electricity by nuclear reactors. 
The long periods of time over v;^ch this type of waste remains potentially 
hazardous require a disposal method based on its capability to provide 
long-term isolation. Brrial beneath the ocean floor in geologically stable 
sediment formations has betii studied because of its potential for long-term 
isolation. 

Since 1977, countries conducting research on ocean-floor burial of 
high-level waste, often called sub-seabed or seabed disposal, have cooperated 
and exchanged information ir. the framework of the Seabed Working Group estab
lished under the Radioactive Waste Management Committee of the OECD Nuclear 
Energy Agency. Members of the Group a,e: Belgium, Canada, France, the Federal 
Republic of Germany, Italy, Japan, the Netherlands, Switzerland, United 
Kingdom, United States, and the Commission of the European Communities (CEC). 

The objective of the Seabed Working Group is to provide scientific and 
technical information to enable international and national authorities to 
assess the safety and engineering feasibility of seabed disposal. As none of 
the participating countries intend to use seabed disposal in the foreseeable 
future, the work of the Seabed working Group should essentially be seen at 
this stage as a scientific contribution to the identification and assessment 
of potential methods for radioactive waste disposal. 

An Executive Committee guided the overall direction and policy of the 
Seabed Working Group *.i this research. Its members represented their 
respective national progr^iimes, made financial commitments and coordinated 
national positions in order to permit the Seabed Working Group to pursue its 
overall objectives. A i.?rge number of scientists have contributed to the 
research which comprises the present body of knowledge relating to seabed 
disposal of radioactive waste. 

This volume is one of a rai'ies of eight volumes assessing seabed 
disposal based on research carried out by the Seabed Working Grjup over the 
last ten years. It provides an overview of the research and a summary of the 
results. Volumes 2 to 8 consist of technical supplements which provide a more 
detailed description of radio_o%-cal assessment, gioscience characterization, 
engineering studies and the scientific basis upon which the radiological 
assessment is built. Although legal, political, and institutional aspects are 
essential to possible future rs« of seabed disposal, they are not being 
considered in this series. 

This report was reviewed and approved by the Executive- Committee of the 
Seabed Working Group. It is published under the responsibility of the 
Secretary General of the OECD. It conmits neither the Organisation nor the 
Governments of Member Countries. 
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Chapter 1 

INTRODUCTION 

About 30 countries in the vorld now rely on nuclear power to produce a 
substantial part of their electricity (Table 1.1). The nuclear generating 
capacity of Organisation for Economic Cooperation and Development member 
countries represents about 80 percent of the overall world capacity. A further 
significant increase of installed capacity is expected over the next decades. 
Nuclear pover produces significant quantities of radioactive waste, including 
spent fuel and high-level waste. The latter is produced by the chemical 
reprocessing of spent fuel when it is considered desirable to recover the 
remaining uranium and plutonium. Spent fuel and high-level waste are the most 
difficult to manage because of the extremely long half-life of some of their 
radioactive components and because of the intense levels of radiation and heat 
emitted during the first 50 years after removal from the reactor. This report 
deals exclusively with this type of waste, whether it is unprocessed spent 
fuel or high-level waste in the form of solidified glass blocks. 

Table 1.1. VORLD NUCLEAR POVER 

Number of Number of 
Nation Working Reactors3 Nation Vorking Reactors 

Argentina 
Belgium 
Brazil 
Bulgaria 
Canada 
China 
Cuba 
Czechoslovakia 
Finland 
France 
Democratic Republic 

of Germany 
Federal Republic 

of Germany 
Hungary 
India 
Italy 
Japan 

2 
7 
1 
4 

17h 

0 b 

7 
4 
44 

5 

17 
3 
6 
3 
34 

Korea 
Hexico 
Netherlands 
Pakistan 
Philippines 
Rumania 
South Africa 
Spain 
Sweden 
Switzerland 
Taiwan 
United Kingdom 
United States 
Union of Soviet 

Socialist Republics 
Yugoslavia 

0b 

2 

k 
0 b 

2 
8 
12 
5 
6 
38 
97 

46 
1 

? Prom the Nuclear News, August 1987. 
Has one or more reactors under construction which are more than 50% 
complete. 
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1.1 The Seabed Concept 

The most favored solution for the disposal of high-level waste and 
spent fuel is isolating radioactive vaste from man and the biosphere for a 
period of time such that any possible subsequent release of radionuclides from 
the vaste repository vill not result in undue radiation exposures. The basic 
idea is to use stable geological environments that have retained their integri
ty for millions of years to provide a suitable isolation capacity for the long 
time-periods .required. 

The rationale for relying on such geological environments is ba^ed on 
the following main considerations: 

. It is an entirely passive disposal system with no requirement for 
continuing human involvement for its safety. It can be abandoned 
after closure with no need for continuing surveillance or monitoring. 

. The safety of the system is based on multiple barriers, both 
engineered and natural, the main one being the geological barrier 
itself. 

Various terrestrial geological media (such as salt, clay, or crystal
line rocks) have been studied, as have different types of designs for high-
level waste repositories. As no direct evidence can be provided for the 
long-term safety of such repositories, assessment and "demonstration" have to 
be studied on the basis of predictive modeling of the various processes which 
are likely to affect the integrity of repositories. Confidence in long-term 
predictions is therefore required, and obtaining enough convincing information 
in this respect is the only practical means to "demonstrate" long-term safety. 

The concept of disposing of high-level waste or spent fuel by burial in 
suitable geologic media beneath the deep ocean floor is a potential alterna
tive to geological disposal on land. It is based on the same general princi
ple: the main objective is to isolate waste from the biosphere in suitable 
geological strata for a period of time and in conditions such that any possi
ble subsequent release of radionuclides in the environment, will not result in 
unacceptable radiological risks, even in the long-term. Seabed diposal is 
different from sea dumping which does not Involve isolation of low-level ra
dioactive waste within a geological strata. 

In the seabed concept a multibarrier system would be Involved, includ
ing a suitable waste form such as glass and the use of corrosion-resistant 
packages. Deep seabed sediment formations would be chosen in order to contain 
radionuclides after the vaste package fails through corrosion and the radio
nuclides are released from the waste form by leaching. Such sediments would 
be made up of very fine-grained particles with the ability to adsorb and 
impede the movement of most waste radionuclides. Sites in the ocean would 
have to be chosen on the basis of the characteristics of the seabed sediments. 
They would need to be free from erosion and located away from the edges of 
tectonic plates where seismic or volcanic movements could disrupt a repository 
and expose the waste packages. Sites would also be located away from conti
nental margins to avoid areas containing potential mineral and biological 
resources and away from areas of active pote water movement. 
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In practice the waste packages would have to be transported to a site 
or sites with 4 000 to 6 000 meters of water depth. Methods of land and sea 
transportation would be similar to those in use today. Burial in the sedi
ments could be made by two different techniques: penetrators or drilling 
emplacements. In the case of penetrators, packages could be implanted about 
50 meters into the sediments. Penetrators weighing a few tons would fall 
through the water, gaining enough momentum to embed themselves in the sedi
ments. Penetrators would be placed about 200 meters from each other. At that 
spacing a repository capable of accepting wastes for about 10 years at the 
current world production capacity would require an area of about 500 square 
kilometers. 

Wastes could also be implanted using drilling equipment based on that 
in use in the deep sea for about "0 years. By this method, stacks of waste-
filled packages would be placed in 800 m deep holes with the uppermost package 
about 300 meters below the ocean floor. 

In both options the waste package would protect and contain the wastes 
during transportation and emplacement operations, and for 500 to 1 000 years 
after emplacement. Long-term containment, for thousands of years, would be 
provided by the barrier properties of the sediment. 

1.2 The Seabed Working Group 

In 1975 the Radioactive Waste Management Committee of the Organisation 
for Economic Cooperation and Development's Nuclear Energy Agency decided that 
a workshop should be organized to determine the interest, nature, and scope of 
possible international cooperative activities in the field of investigation of 
waste disposal options. A workshop was held in 1976 to consider disposal of 
reprocessed high-level radioactive wastes or spent fuel in geological forma
tions beneath the ocean floors. Based on that workshop and subsequent inter
est, the Seabed Working Group was formed under the auspices of the Nuclear 
Energy Agency. Members are countries conducting research in seabed disposal. 

The Seabed Working Group provides scientific and technical information 
to enable international and national authorities to assess the long-term 
safety and engineering feasibility of seabed disposal. To this end, members 
have used the Seabed Working Group to promote information exchange, coordinate 
research efforts, and facilitate cooperative research. The membership of the 
Seabed Working Group has grown from four countries in 1977 to ten, plus the 
Commission of European Communities, in 1987 (Table 1.2). The Seabed Vorking 
Group organisation is shown in Figure 1.1. 

The Executive Committee, composed of representatives from each of the 
participating countries, is responsible for planning and directing the Seabed 
Vorking Group program, structuring the task groups, and meeting objectives and 
milestones. A Coordinating Bureau was set up to implement the Executive 
Committee's decisions, to coordinate the work of the different task groups 
and, in general, to manage the program under the guidelines of the Executive 
Committee. Task group members are scientists and engineers conducting active 
research programs in the various areas indicated in Figure 1.1. Each member's 
participation is funded by his or her national research program. 
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Radioactive Waste Management Committee 

I 
Executive Committee of the Seabed Working Group 

Coordinating Bureau 

Site Assessment 
Task Group 

Engineerir j 
Studies 
Task Group 

Near Field Sediment Physical 
Task Group Barrier Oceanography 

Task Group Task Group 

Biological 
Oceanography 
Task Group 

Radiological 
Assessment 
Task Group 

Figure 1.1. Seabed Working Group organisation 

The Seabed Working Group published in 1984 a status report of the Nucle
ar Energy Agency Coordinated Research Program on Seabed Disposal of High-Level 
Radioactive Waste. This included a description of research activities carried 
out so far under the Seabed Working Group. The results had been used in 1983 
to adopt a five-year plan aiming at a thorough feasibility and safety assess
ment of the seabed concept. 

Table 1.2. SEABED WORKING GROUP PARTICIPATION 

Country 

Australia 
Belgium 
Canada 
Commission of 

the European 
Communities 

Federal Republic 
of Germany 

France 
I ta ly 
Japan 
Netherlands 
Sweden 
Switzerland 
United Kingdom 
United States 

76 

A 

A 

A 

A 
A 

A 

A 
A 

77a 

A,M 

A,M 

A,M 
A,M 

78 

A,M 

A 

A,M 

M 

A,M 
A,M 

79 

A,M 

A 

A,M 
A,M 

A,M 
A 

A,M 
A,M 

80 

A 
A,M 

A 

A,M 
A,M 

A,M 
A,M 

A 
A,M 
A,M 

81 

A 
A,M 

A,M 

A,M 
A,M 

A,M 
A,M 

A 
A,M 
A,M 

82 

A,M 

A,M 

A,M 
A,M 
A 
A,M 
A,M 

A,M 
A,M 
A,M 

83 

A 
A,M 

A,M 

A,M 
A.M 
A 
A,M 
A,M 

A,M 
A,M 
A,H 

84 

A 
A,M 

A,M 

A,M 
A,M 
A 
A,M 
A,M 

A,M 
A,M 
A,M 

85 

A 
A,M 

A,M 

A,M 
A,M 
A 
A,M 
A,M 
A 
A,M 
A,M 
A,M 

86 

A,M 
A,M 

A,M 

A,M 
A,M 
A,M 
A,M 
A,M 
A 
A,M 
A,H 
A,M 

87 

A,M 
A,M 

A,M 

A,M 
A,M 
A,M 
A,M 
A,M 

M 
A,M 
A,M 

The Seabed Working Group was formed in 1977. 
A Attended the annual meeting. 
M Seabed Working Group member. 
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As a result of the reduction or termination of some countries' research 
programs, not all objectives that each task group was expected to fulfill as 
its contribution to the five-year plan have been completed. Nevertheless, 
sufficient research has been done to permit a coherent analysis of seabed dis
posal during the year 1987. It is this analysis which is summarized in the 
present report. More detailed information and supporting material can be 
found in the seven accompanying volumes listed in page 4. 

1.3 The Nature of this Assessment 

In the 1984 Status Report on Seabed Disposal of High-Level Radioactive 
Vaste published by NEA, the following three key questions were formulated in 
order to assess the feasibility and long-term safety of this disposal concept: 

1. Are there locations in the oceans which have the geologic stability 
and barrier properties suitable for disposal? 

2. Is it possible to implant waste-filled canisters in the seabed 
sediments and what effect does this have on the barrier properties 
of the containment system? 

3. What are the radiological consequences of seabed burial? 

The five-year plan adopted in 1983 was largely influenced by the need 
to answer these three questions and the various Task Groups have collected a 
great deal of relevant information in their respective areas as a result of 
closely coordinated laboratory and field research programmes. The Seabed Work
ing Group has notably sponsored joint oceanographic research cruises, such as 
the ESOPE Campaign carried out in 1985 on two different sites in the Atlantic 
Ocean. During 40 days, 70 scientists from six countries and the Commission of 
European Communities who took part in this Campaign conducted experiments on 
engineering aspects and collected and characterized seabed sediments at depths 
never reached before. Most of this information is or will be published in a 
large number of national reports as well as in the other seven volumes of this 
series, which present the state-of-the-art on seabed disposal assessment. 

The first and present volume is an overview of the integrated analysis 
carried out by the Seabed Working Group. It is conceived as an attempt to 
answer each of the above questions, given the current state of knowledge and 
the uncertainties inherent to such assessments which require the modelling of 
complex scientific processes as well as considerations of probabilistic and 
far future situations. The Seabed Working Group has also identified areas for 
further research, particularly when the results of the assessment vere found 
to be relatively sensitive to certain parameters or phenomena and their rela
tive uncertainties. 
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Chapter 2 

SITE QUALIFICATION, INCLUDING GROSCIENCE CHARACTERIZATION AND 
BARRIER PROPERTIES STUDIES 

To answer the first question related to possible locations in the 
oceans which have the geologic stability and barrier properties suitable for 
disposal, geoscience characterization and barrier property studies have been 
performed by investigators from member nations of the Seabed Working Group 
since its inception in 1977, resulting in an extensive data base established 
over this time period. To assess specific barrier properties of these sites, 
coordinated laboratory studies of radionuclide migration through deep-sea 
sediments have been performed by investigators in six countries over a period 
of 12 years. 

2.1 Introduction to Deep Ocean Sediments with Relevant Geological Processes 

Some of the most stable and predictable geologic formations on earth 
are found beneath the oceans. It is in these formations that high-level ra
dioactive wastes could be buried. The following is a summary description of 
the geologic, physical, oceanographic, and biological processes which could 
affect disposal of radioactive wastes beneath the ocean floor. 

The earth's crust beneath the ocean floor is young relative to the age 
of the earth as a whole. This results from the formation of crust at spread
ing centers of ocean ridges and subduction of crust at the deep ocean tren
ches. Between the areas of formation and subduction, the crust exists as 
large plates moving relative to each other at rates of a few centimeters per 
year. The edges of the plates, where they hit each other, are geologically 
active. Ocean ridges, trenches, areas of mountain building, and major fault 
zones are the areas where seismic activity and volcanism are concentrated. 
The interiors of the plates under the ocean arc; much less active. Bedrock 
faults in the interior are remnants cf processes occurring near the spreading 
centers and are inactive. Any movement which does occur is largely a result 
of cooling and gradual subsidence of the crustal rock as it gets older. How
ever, in several abyssal plains evidence has been found for sediment faults 
probably caused by compaction. Sites being evaluated for seabed disposal are 
generally located away firom the plate boundaries in the interior of plates, 
where they should be free from stresses caused by plate motions. 

After oceanic crust is formed at a ridge, it is being covered by sedi
ment. The nature of the deposited sediment and the rate of deposition vary 
throughout the oceans. Shortly after the formation of the crust, the sedi
ments being deposited are likely to be enriched in metals. These are formed 
by precipitation of materials carried by hot water returning from circulation 
within the crust at the spreading centers. As the crust moves from the active 
spreading center, accumulation of metal within the sediments slows and parti
cles falling from the ocean surface continue to cover the bottom. 
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Many planktonic plants and animals make tests, or shells, of calcium 
carbonate or opaline silica. These settle on the ocean bottom. Their rate of 
production depends on the rate of plant nutrient supply to the sunlit surface 
waters and the types of organisms predominant in the overlying waters. Both 
calcium carbonate and opaline silica are undersaturated in deep-ocean waters 
and tend to dissolve. Thus, their rate of accumulation on the sea floor 
depends on both the rate of supply and rate of dissolution. 

The rate of calcium carbonate dissolution depends on the water depth. 
Surface waters are saturated with respect to the major form of calcium carbon
ate, calcite, but deep waters dissolve calcite. At mid-depths the rate of 
calcite supply exceeds the rate of dissolution and it accumulates in the sedi
ments. Below a certain depth, called the calcite compensation depth (typical
ly 5 000 m in the Atlantic and 3 500 m in the Pacific), dissolution is faster 
than supply and no carbonate accumulates. The accumulation of sediments rich 
in opaline silica occurs in deep waters beneath areas of high primary produc
tion typically found at high latitudes and near the equator. 

Geologic formations on land are constantly being eroded by air and 
water. These erosion products are carried by winds and rivers to the oceans. 
Small sizes of particulate weathering products are transported more easily 
than larger particles. Sands are usually initially deposited relatively near 
shore. Very fine, silt-and-clay-particle-sized material may be blown by winds 
for thousands of kilometers. 

Organic matter, produced by organisms living near the surface of the 
ocean, sinks with the tests of the organisms. Most of the organic carbon is 
utilized as food by deep-sea organisms. A small portion of the organic carbon 
remains and accumulates in sediments. The rate of organic matter accumulation 
reflects the rate of primary surface production and is highest on the conti
nental shelves. Although organic carbon is a minor fraction of most sedi
ments, it can have a large influence on the chemistry of the sediment. 

At a specific location the sediments from one or more sources may be 
accumulating. The areas being studied for seabed disposal reflect different 
sediment sources. At the Pacific sites, sediments which have accumulated over 
the last few million years are primarily clay minerals and quartz transported 
by winds from the Asian continent. Most biogenic components are dissolving as 
they settle to the ocean floor and are not accumulating. With only one source 
of sediment, the total sediment accumulation rate is slow, about 0.1 to 1 cen
timeter per 1000 years. The accumulating sediment is very uniform over large 
regions, except near edges of seamounts and rises. The same changes in sedi
ment properties;, reflecting geologic events and global climate change, are 
found in cores from much of the North Pacific. The seafloor at the study 
sites is primarily very gently rolling abyssal hills. The hills are a result 
of the blanket of sediment covering the irregularities in crustal rock remain
ing from when the crust was formed at an oceanic ridge spreading center. 
Cores of sediment taken at the Pacific study locations can be used to show the 
uniform history of sedimentation over large areas. Sediments at the top of 
the core were deposited recently. The sediments are progressively older and 
change in type further down the core. The changes correlate to the changing 
sources of sediments as the oceanic crust underlying the site moved away from 
the spreading center and through different oceanic regimes. 
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The Atlantic sites being investigated have very different sources of 
sediments from the sediments accumulating in the Pacific sites. Some of the 
world's major rivers empty into the Atlantic and deposit sediments on the con
tinental margin. These sediments, which include biogenic components that have 
settled out of the water column, are gradually moving into deeper water by 
mass movement processes that may generate turbidity currents. These turbidity 
currents flow downslope as a fluid more dense than seawater and redeposit the 
sediments in topographic lows, smoothing the sea floor and creating abyssal 
plains. Turbidity currents can move coarse, sandy sediments initially depos 
ited near the coasts over large distances (thousands of kilometers) into the 
deep sea. The surface of the abyssal plains is extremely flat, interrupted by 
occasional hills protruding through the plain. Individual turbidity current 
events can deposit up to several meters of sediment over a very large area 
(thousands of square kilometers) in a very short time interval (much less than 
one year). Between events the abyssal plains receive sediment components set
tling from local surface waters. The combination of turbidite deposits and 
settling from surface waters gives the Atlantic areas being studied total sedi
ment accumulation rates of one to ten centimeters per 1 000 years. Because 
individual turbidites may have different sources and deposition is episodic, 
Atlantic abyssal plain: often have more spatial variability in sediment charac
ter than the abyssal areas of the Pacific. 

In some areas of the oceans, sediments are subject to erosion by bottom 
currents. This especially occurs at the western boundaries of ocean basins 
where, as a result of the rotation of the earth, faster currents are found. 
Local erosion may also occur on the flanks of seamounts and rises. Cores 
taken in the areas being studied for seabed disposal indicate that no major 
erosive events have occurred for at least the last half a million years. 

Approximately the upper 100 meters of sediments at most areas under 
study are a thick viscous mud. They are made up of roughly equal volumes of 
very small particles and of water. Since the sediments are made up of very 
small particles, and the spaces between the particles are also very small, 
there is a great deal of friction, or resistance, to water movement through 
the sediments. But some water movement is still possible. Circulation 
through sediments is evident near heat sources associated with mid ocean 
ridges. Away from heat sources, pore waters usually appear not to exhibit 
such upward movement. The compression of deeper sediments by the weight of 
sediment accumulating above also may cause pore water movements. Offsets, or 
faults, have been found in some abyssal plain sediments. Accelerated water 
movement might also be possible along the^e faults at least temporarily. 
Sediments below the muddy layers have been altered through time and pressure 
and have become more brittle and rocklike, or lithified. 

In sediments with no pore water advection, the transport of dissolved 
materials or radionuclides can occur only through diffusion. Molecular diffu
sion over long distances (greater than a few millimeters) is a very slow pro
cess. In deep-sea sediments two factors slow the diffusion even further. 
First, the molecules cannot travel a direct path. They must progress through 
particles which made up the sediment. This tortuous path makes the effective 
pathway about twice as far as the direct path. Second, and more importantly, 
many ions tend to adsorb, or adhere, to sediment particles. For a few ele
ments there is little sorption. For others, the attraction to particles may 
be so strong that for each 100,000 molecules, only one will be dissolved while 
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the remainder are attached to particles. With only a small portion of the 
molecules free to move the diffusion through sediments is greatly slowed. 
Some elements may exist in multiple valence or oxidation states. The ions of 
an element in different oxidation states may have different tendencies to 
adsorb to particles. 

Recently deposited sediments are mixed and stirred by bottom-living 
organisms. This bioturbated zone, about the uppermost 10 cm of sediment, is 
where most bottom organisms live. However, some worms etc. burrow to much 
greater depths. Vhile some bacteria exist below the bioturbated zone, most 
other organisms living in deep sea sediments appear to live in the upper few 
centimeters. In the bioturbated zone the movement of chemicals is accelerated 
over the rate of diffusion alone. 

2.2 Guidelines for Site Qualification 

The site assessment guidelines developed and implemented during the 
course of this study are discussed at length in Vol. 3 of this series 
(Shephard e<. al., 1988). These guidelines form the basis for evaluating geo-
science feasibility. Within the guidelines, two factor complexes are consid
ered most significant. First, the areas must have predictable characteristics 
in time and space to ensure long-term stability and to enhance the level of 
confidence in the ion-transport risk-assessment models. Also, the areas must 
be geologically stable with a minimal probability of activities disrupting the 
integrity of the sediment barrier. Second, sediments should have characteris
tics that make them effective barriers to the release of radionuclides. In 
particular, radionuclide transport by pore water advection must be less than 
the rate of diffusion. 

2.3 Site Study Procedures 

The Site Study Procedures developed during the detailed investigations, 
as outlined in Shephard et al. (1988), are both necessary and adequate to 
develop a comprehensive understanding of the geoscience characteristics in a 
particular area. An assessment of procedures that were not employed should be 
performed to see whether they are vital to address the remaining questions on 
concept feasibility. Each of the procedures used to date was found to be 
essential for geoscience characterization. The laboratory investigations of 
radionuclide migration were mostly sorption and diffusion experiments and 
yielded distribution ratios (RJS) and effective diffusion coefficients (D ,,s) 
respectively. The laboratory investigations carried out were empirical in 
nature, and thus defined neither the speciation of the radionuclide of inter
est nor the mechanism or mechanisms responsible for the removal of each of 
these species from solution by the sediment. 
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2.4 Results 

Geoscience characterization studies have been conducted to varying 
levels of detail within 15 study areas in the North Atlantic and North Pacific 
Oceans. Studies in 12 of these areas were de-emphasized on the basis of the 
available technical data or because o f the need to focus available resources 
(funding, personnel, and ship time) on a limited number of areas. Detailed 
geoscience characterization studies have been conducted in two North Atlantic 
study areas (Grea'i Meteor Eas. and the Southern Nares Abyssal Plain) and in 
one North Pacific study location (the E_ location), using many of the proce
dures deemed necessary and adequate for characterizing potentia1 study areas. 
The following statements compare the krown characteristics of these three 
study areas based on the Site Assessment Guidelines. 

2.4.1 Stability/Predictability Factors 

Site Bathymetry - All three study areas ha^e water depths greater than 
4000 meters and contain minimal topographic slopes, as required. 

Sediment Thickness - Characterization has not been performed in any of 
the three areas to twice the depth of emplacement as required. A limited 
amount of characterization using sediment samples has been performed to depths 
of 35 meters in Great Meteor East, 26 meters in the Southern Nares Abyssal 
Plain, and 77 meters in E-. Only E- has been sampled at a single location to 
the reference emplacement depth of 50 + 20 meters. 

Sediment Structure - In Great Meteor East a high degree of horizontal 
continuity exists in the properties of sedimentary units over distances of 
100 kilometers; however, some structural discontinuity exists that may be 
related to compaction faulting. In the Southern Nares Abyssal Plain, the 
degree of horizontal continuity for individual units is limited to distances 
of less than 1 kilometer. Similar types of faulting also occur in the Southern 
Nares Abyssal Plain. In E» limited core data indicate continuity of sedimen
tary units over horizontal distances of tens of kilometers. Based on acoustic 
profiles, structural continuity exists, except in the vicinity of widely 
spaced abyssal hills or basement irregularities. 

Vertical changes in sediment properties are especially apparent in 
Great Meteor East and the Southern Nares Abyssal Plain. 

Stratigraphy - In Great Meteor East and the Southern Nares Abyssal 
Plain, sites were found where sediment accumulation has been essentially con
tinuous and no large scale (> several meters) erosional episodes have occurred 
for at least the last 270,000 years. The E„ location probably also contains 
sites with essentially continuous sediment accumulation for the last five 
million years. 

Volcanism, Seismicity, and Tectonics - None of the study areas is 
expected to be disturbed by volcanism for the next million years. Seismicity 
is not perceived to be a concern in either Great Meteor East or E„. Seismic 
shocks occur frequently in the vicinity of the Southern Narts Abyssal Plain, 
but are not known to directly influence sedimentary properties. Intraplate 
tectonic activity is not known o affect the three study areas. 
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2.4.2 Barrier Property Factors 

Pore Water Advection - Pore pressure measurements at Great Meteor East 
and geochemical analyses performed on pore water from Great Meteor East and 
the Southern Nares Abyssal Plain indicate advection rates generally less than 
the chemical diffusion rate of 10" meters per year. Observations and prelim
inary chemical analyses of an alteration zone around a sampled fracture plane 
found in the Southern Nares Abyssal Plain indicate that oxidizing fluids have 
migrated along the fracture plane. Analyses in E» indicate pore water veloci
ties of less than 1 to 5 x 10~ meters per year. 

Sorptive Properties and Diffusion Rate - The deep-sea sediments that 
were studied from all three areas would provide a very effective barrier to 
the migration of Am, Cs, Cm, Np, Pd, Pu, Ra, Sn, Th, U, and Zr, which are con
tained in high-level radioactive waste, by removing a very high percentage of 
these elements from the pore water. Although C, I, Se, and Tc are not removed 
from solution to a significant extent by these sediments, the escape of sig
nificant quantities of these elements to the overlying water column would 
still be delayed for a period on the order of 10 years after their release 
from waste packages emplaced at a depth of 50 ± 20 meters in the sediment 
because of the time required for diffusion through the sedimentary pore water. 
In most cases, the mineralogy and redox state of the fine-grained sediments 
did not have a significant effect (as defined by the radiological assessment 
of Great Meteor East and the Southern Nares Abyssal Plain) on the distribution 
ratios or effective diffusion coefficients measured in laboratory investiga
tions of radionuclide migration. This is notwithstanding the fact that the 
Southern Nares Abyssal Plain sediment is rich in clay minerals, while Great 
Meteor East sediment has a low percentage of clay minerals. 

Redox Conditions - Sediments within both Great Meteor East and the 
Southern Nares Abyssal Plain exhibit a range of redox conditions that vary 
with depth. The extent of chemical reductions at both sites does not extend 
to conditions where sulfate is reduced to sulfide. Oxidation of residual 
organic matter in turbiditic sediment appears to be restricted to the upper 
1 meter of sediment in Great Meteor East and to the upper 3 meters in the 
Southern Nares Abyssal Plain. Oxidizing conditions extend to at least 
8 meters in pelagic sediments in the Southern Nares Abyssal Plain. Insuffi
cient data exist for the E« location. 

Erratic Boulders - Naturally occurring erratics are not perceived to be 
a concern in any of the three study areas. However, man-made erratics left in 
or on the sea floor could be of more concern. 

Sand Layers - Sand layers are known to extend along the eastern margin 
of Great Meteor East. Foraminiferal sand layers were identified in long cores 
in the southwest of Great Meteor East. No sand layers have been sampled or 
inferred in the Southern Nares Abyssal Plain or E». 

Bioturbation - Open burrows are not present in sufficient quantities to 
significantly increase the bulk permeability in Great Meteor East, Southern 
Nares Abyssal Plain, or E. sediments. 

Physical Properties - All three areas contain the viscoelastic 
sediments required to get adequate sealing around the emplaced canister. 
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Finally, the three study areas do not contain present or probable 
future commercial resources. The areas are not used for other purposes. 

2.5 Unresolved Issues and Desirable Investigations to Increase Confidence 
Levels 

Sampling of the sediment layers to well beyond the depth of waste 
emplacement is required for the following reasons: 

Sedimentological features such as discontinuous sand layers or 
lenses may not be detected by geophysical techniques. 

. Impermeable sediment layers and diagenetic zones (chert) may only be 
detected and adequately characterized by direct sampling. 

Confirmation of continuous deposition, and hence geologic stability, 
over time periods through the Pleistocene can only be achieved 
by study of stratigraphic samples representing this time period. 

. Changes in geochemical conditions at depth may reveal significantly 
different barrier characteristics. 

. Evaluation of pore water advection requires sampling to well beyond 
the depth of emplacement. 

Faults have been identified in sediments above and below the proposed 
depth of emplacement in some study areas. The significance of these faults as 
they pertain to radionuclide transport through the sediment barrier and the 
mechanisms responsible for their origin and distribution are not fully under
stood. Additional information about faults is required for addressing the 
following issues: 

The mechanisms of faulting must be understood in order to explain 
their distribution. 

. Improved resolution of faults and associated fracture systems is 
required to distinguish possible different fault mechanisms. 

. Improved technology needs to be applied to properly discriminate 
between true faults and other lateral discontinuities; this is of 
particular concern in areas with high lateral sediment variability 
over relatively short distances. 

. The nature of fault and associated fracture systems and processes 
active in these systems should be more clearly defined, so that 
their effect on radionuclide transport is better understood. 

If an improved understanding of the nature and distribution of faults 
cannot be attained, then known areas of faulting must be avoided, which will 
significantly restrict the size and number of potential subseabed disposal 
sites. 
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Laboratory studies reported in Seabed Working Group documents indicate 
that the mineralogy and redox state of sediments do not have a profound effect 
on the distribution ratios and effective diffusion coefficients of radionu
clides. It is plausible that this results, in part, from OL~ inability to 
reproduce in situ conditions in the laboratory. Additional field and labora
tory experiments are needed to confirm the laboratory results mentioned above. 
Laboratory studies should take account of variations in the chemistry of the 
pore fluids (e.g., silica and manganese), the effects of microbial activity 
and the effects of pre ure. Also, the influence of diagenetically altered 
clays on distribution ratios and effective diffusio.. coefficients should be 
evaluated. 

The lateral continuity of sedimentary units characterized by uniform 
sedimentary and geochemical characteristics (grain size, mineralogy, organic 
carbon, redox conditions, etc.), and consistent geometries and stratigraphic 
relationships (i.e., uniform thickness over distances of tens of kilometers 
and vertical cyclicity related to predictable sedimentation patterns) are 
required to adequately model the interrelationships between the emplaced waste 
and the components comprising the sediment barrier. 

Several additional field and laboratory investigations are recommended 
to increase confidence in the efficacy of the sediment barrier. First, addi
tional laboratory sorption and diffusion experiments with the elements C, Cm, 
I, Pd, Ra, Se, Sn, Th, and Zr should be carried out to obtain empirical data 
for a variety of sediments comparable to that used for Am, Cs, Np, Pu, U and 
Tc. Second, more realistic laboratory experiments with all these 15 elements 
should be conducted (these experiments should at the very least be performed 
with well preserved sediments at in situ pressures and should reproduce in 
situ redox conditions more accurately than current laboratory experiments). 
Third, the speciation of these elements under simulated repository conditions 
should be determined (the Sediment Barrier Task Group expects that the specia
tion of I, Np, Pd, Se, Sn, Tc, U, and perhaps Pd will be complex, and should 
be given higher priority than that of Am, C, Cm, Cs, Ra, Th, and Zr). Fourth, 
the mechanism or mechanisms responsible for removal of the important species 
of each of these elements from solution by deep-sea sediments should be identi
fied. Fifth, the statistical distribution of the distribution ratios and/or 
effective diffusion coefficients for these elements should be quantified. 
Sixth, in situ experiments to validate the results of laboratory investiga
tions of radionuclide migration through deep-sea sediments should be carried 
out. 

2.6 Sumary and Conclusions 

Comparison of data available from each of the detailed study areas with 
the site assessment guidelines of Section 2.2 can be used to support the fol
lowing three conclusions. 

The Great Meteor East study area contains sites which meet all guide
lines, except for the possible presence of sands and/or possible occurrence of 
faults. 
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The Southern Nares Abyssal Plain study area does not contain sites that 
meet the critical guidelines of lateral predictability, continuous structure, 
and seismic activity. 

Data available from the E„ location indicate that sites exist which meet 
all guidelines except for the occurrence of chert at approximately 60 meters 
subbottom. However, critical types of barrier property data, especially pore 
water data, are not available for the E„ location. 
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Chapter 3 

ENGINEERING FEASIBILITY 

3.1 Introduction 

Assessment of engineering feasibility for seabed disposal, which is the 
second question which this report attempts to answer, depends on identifying 
and describing in detail all operations and technical systems required to 
successfully emplace waste in the sediments. 

The task group most involved with the technical aspects of seabed 
disposal is the Engineering Studies Task Group. However, many findings of 
other task groups, such as the Near Field and Sediment Barrier Task Groups, 
are very closely related to the engineering feasibility of the concept of 
seabed disposal. 

The objectives of work in the present five-year plan were to identify 
viable methods for seabed disposal and to provide preliminary assessments of 
risk and cost. 

In order to reach the present level of understanding, an extensive 
program of modeling, analysis, and experimentation was necessary. This, in 
turn, required the development of special equipment and instrumentation. 

3.2 Disposal Concepts 

Disposal of long-lived radioactive waste in deep ocean sediments is 
assumed to be conceivable in isolated ocean regions under water at least 
A 000 meters deep. Potential disposal sites possess thick, weak, relatively 
homogeneous sediments of very fine particles. 

The objective of proper emplacement is to implant waste packages 
beneath the sea floor in such a way that the barrier properties of sediments 
can isolate the radionuclides for thousands of years. 

In order to meet the objective, a number of engineering issues need to 
be addressed. In the present five-year plan the Seabed Working Group has as
signed priority to finding plausible waste package configurations, emplacement 
methods, and sealing procedures. 

Many concepts have been proposed for emplacing radioactive waste under 
the ocean floor. Representative examples of emplacement concepts are illus
trated in Figure 3.1. 
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Figure 3.1. Representative Emplacement Methods 

It was obvious from the start that the Engineering Studies Task Group 
could not study in detail all emplacement concepts, due to time and resource 
limitations. Therefore, a choice had to be made. In the end two emplacement 
methods were chosen for detailed study: emplacement of strings of waste canis
ters in drilled holes and burial in the sea floor by free-falling penetrators. 
The choice did not imply an endorsement of the two options or a criticism of 
the other emplacement methods; on the contrary, it was seen as the logical 
selection of two extremely different approaches that would require examining a 
wide variety of engineering problems. 
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3.3 Baste Packages 

The design of waste packages suitable for seabed disposal is an impor
tant technical aspect. The waste package contains the vaste form, the canis
ter, and any additional container, called an overpack. 

3.3.1 Waste Form 

The waste forms considered in the study are: 

. High-level waste from fuel reprocessing. 

. Spent fuel. 

High-level waste is assumed to be solidified by dispersing the waste oxides in 
a matrix of borosilicate glass. 

Two types of high-level waste have been considered: 

. European Reference Vaste. 

. United States Reference Waste. 

The two types are quite similar as far as physical properties are con
cerned, but they differ in relation to thermal power at the time of emplace
ment, due to the different cooling time (54 years for European waste and 
10 years for United States waste). 

If no reprocessing is carried out, spent fuel will require direct dis
posal . 

Spent fuel is discharged from reactors in fuel assemblies consisting of 
square arrays of fuel rods. It is anticipated that spent fuel assemblies will 
be taken apart and that fuel rods will be consolidated before placing them in 
canisters. 

3.3.2 Barrier Materials 

The need for mechanical strength, longevity, and capability to with
stand high temperatures dictates the use of metals in the fabrication of waste 
canisters and waste packages. Important attributes for materials are: 

. Metallurgical stability. 

. Strength, toughness, and creep resistance. 

. Corrosion resistance. 

In consideration of the large numbers of packages that will need to be 
manufactured, cost and ease of inspection and manufacturing are also important. 

The target for barrier materials is to ensure containment for at least 
500 years. 
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3.3.3 Waste Canisters 

The European Reference Canister, containing European Reference Waste, 
is a welded assembly of 5-raillimeter-thick austenitic stainless steel. The 
bottom of the canister is made vith a reverse curvature that allows the canis
ters to stand upright and aids in stacking. It is ordinarily filled to 85 per
cent of capacity with 0.15 cubic meters of molten borosilicate glass. The 
external diameter is 430 millimeters and the total length is 1335 millimeters. 
In order to resist external pressures in a deep ocean environment, the Euro
pean Reference Canister needs to be filled completely. It has been proposed 
that this operation be performed at the port facility, where the canisters 
could be reopened and the ullage filled with molten lead and resealed by weld
ing. An overpack would then be added to provide the handling features neces
sary for emplacement and the corrosion protc'ion needed to assure a 500 year 
containment time. 

United States Reference Canisters are different for two main reasons: 

. The difference in waste form. 

. The desire to explore alternative designs. 

The United States canisters incorporate pressure-resistant and corrosion-
resistant construction to minimize the size of waste packages. 

The spent fuel canister is a welded assembly made of a titanium-based 
alloy. The walls are 35 millimeters thick to resist external pressure and 
corrosion penetration. The external diameter is 465 millimeters and the over
all length is 5090 millimeters. 

The United States reprocessed waste canister is a pressure-resistant 
canister of titanic-"!. The wall thickness is 27 millimeters. Due to the ther
mal power of United States waste, the diameter is only 305 millimeters. The 
overall length is 4080 millimeters, for a total volume of waste equal to 
0.26 cubic meters. 

3.3.4 Packages for Drilled Emplacement 

For European Reference Waste the package has been defined as multiple 
canisters stacked in a linear array in a drilled, cased, and sealeu hole. In 
order to assure the 500-year containment time, an overpack is considered neces
sary. A 6-millimeter-thick titanium overpack would be adequate and would pre
sent advantages over steel from the viewpoints of size and weight. For back
filling and sealing ihe disposal hole, the following approach has been sug
gested: 

. Voids between canisters and the stringer pipe should be filled with 
pressure-injected cement grout. 

. Voids between stringer pipes and the hole casing should be filled 
with a delayed-setting grout of oil well cement. 

. Any voids outside the hole casing should be filled with a grout of 
oil well cement and silica flour. 
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. The plug above the disposal zone should consist of a swelling grout 
of cement, bentonite, and fly ash. 

No conceptual wai>te package has been developed for drilled emplacement 
of United States Reference Waste. 

3.3.5 Packages for Penetrator Emplacement 

In the penetrator option, the waste package and penetrator happen to 
coincide. 

The European Reference Penetrator carries five European Reference 
Canisters. The penetrator body is 75-millimeter-thick steel and all internal 
voids are filled with a lead alloy. 

The characteristics of the European Reference Penetrator and the two 
United States penetrators are listed in Table 3.1. 

The United States penetrators carry a single waste canister. The HK-7A 
is assumed to carry the reprocessed waste canister. The peneUator body is 
constructed of 97-millimeter-thick steel and is sealed. The MK-8A is meant to 
carry spent fuel and is designed to allow flooding during emplacement; there
fore, no additional barrier function is performed by the penetrator. The body 
is made of 44-millimeter-thick carbon steel and is adequate to assure integri
ty for more than 20 years, should recovery of the intact penetrator be neces
sary after an accident. 

3.4 Drilled Baplacement 

The drilled emplacement option is based on the controlled positioning 
of waste canisters at significant depth in the sediments. Two studies have 
been carried out in the United Kingdom to assess the feasibility of drilled 
emplacement (Bury, 1985; Ove Arup, 1986). The drilled emplacement concept 
owes much to the success of the Deep Sea and Ocean Drilling Projects of the 
United States National Science Foundation, carried out by the ships Glomar 
Challenger and Joides Resolution. Starting in the late 1960s, over 
1 000 holes in water depths up to 7 000 meters have been successfully drilled. 
In addition, over 100 reentries of previously drilled holes have been success
ful. 

In practice the two drilling ships have demonstrated most of the tech
nology that would be needed to emplace waste canisters in boreholes in deep 
ocean sediments. The steps in the drilled emplacement concept are shown in 
Figure 3.2. 

Figure 3.3 illustrates the detail of a completed disposal borehole. 
Three vessels would be required to carry out the operation: a transport ship, 
a drill ship, and an emplacement platform stationed at the disposal site. The 
transport ship would ferry personnel, supplies, and waste packages to the plat
form. The drill ship would set a reentry cone, drill the disposal hole, set 
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and cement the casing, and inspect the finished hole. The emplacement platform 
would then move over the hole, make up the waste package stringers, insert them 
into the disposal hole, and backfill the void spaces. Afterward, the emplace
ment platform would move away, allowing the drill ship to return, remove the 
upper casing, and seal the hole. 

Table 3.1. REFERENCE PENETRATOR WASTE PACKAGES 

Property or Characteristic 
US MK-7A US MK-8A 

Units European Reprocessed Spent 
Reference Waste Fuel 
Penetrator Penetrator Penetrator 

Diameter: 

Length: 

No. of Canisters Carried: 

Void Spaces: 

Penetrator Material: 

Canister Material: 

Principal Engineered 
Barrier: 

Barrier Thickness: 

Corrosion Allowance: 

Thermal Power Per 
Penetrator: 

Thermal Power/Canister 
Length: 

Maximum Emplacement Temp.: 

Surface Radiation: 

m 

m 

mm 

mm 

kV 

kW/m 

°C 

J/kg-s 

0.65 

8.50 

5 

Filled 

Carbon 
Steel 

Stainless 
Steel 

Penetrator 

75 

75 

2.50 

0.38 

130 

4xl0~5 

0.56 

6.75 

1 

Unfilled 

Alloy 
Steel 

Titanium 

Canister/ 
Penetrator 

27/97 

5/35 

1.91 

0.47 

200 

lxlO2 

0.56 

7.99 

1 

Unfilled 

Carbon 
Steel 

Titanium 

Canister 

35 

7 

1.58 PVR 
1.50 BWR 

0.39 PVR 
0.37 BVR 

130 

not 
available 
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Hoi* Drilling Hoi* Casing Wast* Upper Casing Closure Plug 
Emplacement Removal 

Figure 3.2. The Sequence of Drilled Emplacement Operations 

Backfilling and sealing the disposal holes is possibly the least de
fined operation in the concept. A suitable seal should have hydraulic conduc
tivity at least equivalent to the undisturbed sediments, make a good bond with 
the walls of the hole, possess adequate longevity, and be reliably emplaceable 
by remote techniques. A mixture of cement, bentonite, pulverized fuel ash, 
and (possibly) other clay minerals has been suggested as a viable sealing mate
rial. 

Because no actual testing has been performed on sealing deep sea bore
holes, further vork will be required to demonstrate that sealing mixtures, 
emplacement procedures, and final properties of the seal are adequate. 

The drilled emplacement method, as outlined in the United Kingdom stud
ies, appears to be a sound conceptual extension of current deep-water drilling 
technology; however, certain operations appear to generate risks or costs that 
might be reduced or avoided with alternative procedures. The high risk opera
tions are: transfer of flasks from transport ship to platform, lowering and 
emplacing waste packages in the boreholes, and removal of the temporary casing. 

The use of a single vessel to perform all needed operations has been 
suggested as potentially capable of decreasing both risk and cost. 
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No studies of drilled emplacement have included the disposal of United 
States waste forms. However, with appropriate modifications, for example in 
canister size and specific heat generation, the method should be able to 
handle United States waste as well. 

Overpack 

Pipe/Canister Void 
\ I / (grouted) 

430 mm 

-6750 m 

Casing/Pipe Void 
(grouted) 

Sediment/Casing Void 
(cemented) 

>/A>VX> y/ASy/VW',% -7000 m 
Bedrock 

Figure 3.3. The Configuration of a Disposal Borehole (Bury, 1985) 
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3.5 Penetrator Baplacement 

The penetrator emplacement option is based on the embedment of suitably 
shaped containers at a depth of a fev tens of meters in fine-grained sediments 
as a result of the kinetic energy of the penetrators at the impact with the sea 
floor. The option developed by the Engineering Studies Task Group (Hickerson 
et al., 1988) assumes that the penetrators are free falling from the ocean 
surface. In this concept the final location of the waste canister is not con
trollable with the same degree of precision as in the drilled option; how
ever, the sea floor operations are minimal and the overall reliability of the 
system is higher. 

Feasibility studies of the penetrator option have been performed by Ove 
Arup (1984) for the European Reference Penetrator and by Sandia National Lab
oratories (Seabed Programs Division, 1983) for the United States penetrators. 
A port facility would receive the waste canisters and assemble them into pene
trators ready for disposal. The penetrators vould be transported to the dis
posal site on purpose-built ships. 

Once at the site the penetrators would be launched from a moon pool 
located amidships over predetermined locations. The reference penetrators 
would reach velocities in excess of 60 meters per second during the fall 
through the water column and would embed themselves up to 70 meters in the 
sediments. Launch points would be spaced to ensure that emplaced penetrators 
would not cause overlapping thermal or chemical effects on any volume of 
sediments. 

The reference penetrators are briefly described in Section 3.3.5 and in 
Table 3.1. 

Figures 3.4 and 3.5 show sketches of European and United States penetra
tors, respectively. 

As in the drilled option, the design of the transport ship is an impor
tant factor having a significant effect on cost and safety of the disposal 
operation. 

Two designs of transport ships have been developed, the first one by 
Ove Arup for the European Reference Penetrator and the second one by Glosten 
Associates for the United States penetrators. The basic characteristics of 
the two designs are shown in Table 3.2. 

Both ships are expressly designed for transporting radioactive waste 
and incorporate many safety features. However, the Glosten design incorpo
rates elements used by the United States Navy to increase resistance against 
collision damage and fire. The hull plates, wing tanks, and inner bulkheads 
are designed to prevent penetration in most side impacts. A double bottom 
resists damage from grounding. The shielded packages are accident resistant 
and recoverable, as are the penetrators themselves. As a result of all these 
features, the risk associated with transport accidents is significantly lower 
with the Glosten ship. 
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Figure 3.4. The European Reference Penetrator (Ove Arup, 1985a) 
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Table 3.2. BASIC DIMENSIONS AND CAPACITIES OF SHIPS DESIGNED 
TO EMPLACE HIGH-LEVEL WASTE PENETRATORS 

(Ove Arup, 1985; Hutchison, 1987) 

Characteristic 

Displacement: 

Overall Length: 

Beam: 

Draft: 

Speed: 

Estimated Cost (thousands): 

No. of Penetrators Carried: 

Heavy Metal Content Per 
Penetrator: 

Total Heavy Metal in Cargo: 

Max. No. of Voyages Per Year 
Per Ship to Atlantic 
Disposal Sites: 

(CEC/UK) 
Ove Arup 
Ship 

7500 

100 

20 

5 

22 

£15,000 

84 

6.95 

584 

7-10 

(US) 
Glostan Assoc. 
Ship 

29,600 

172 

32 

8 

29 

$182,000 

348 (SF)* 
408 (RW)D 

1.50 (SF) 
1.97 (RW) 

524 (SF) 
804 (RW) 

3-5 

Units 

tonne 

m 

m 

m 

km/hr 

MTHM 
MTHM 

MTHM 
MTHM 

SF: United States spent fuel carried in MK-8A penetrators, assuming a mix of 
60% pressurized water reactor and 40Z boiling water reactor fuel rods 
(O'Brien et al., 1987). 

RW: United States reprocessed waste carried in MK-7A penetrators. 

Both ships are equipped with maneuverable bow and stern thrusters and 
can be positioned with great accuracy and kept in place by using satellite 
navigation systems. 

A principal advantage of penetrator emplacement is simplicity. It is 
thought that no post-emplacement operations will be required because of the 
immediate flow of sediments behind the penetrator, sealing the entry path back 
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to the ocean floor. Knowledge of the location and embedment depth of some 
fraction of the penetrators will probably be required to determine if emplace
ment occurs according to predictions, to document the configuration of the 
disposal site, and to allow post-emplacement inspection. The installation, 
operation, and recovery of the tracking net needed to monitor the flight of 
the penetrators would be the responsibility of a support vessel. 

The efficiency of disposal site use is directly related to the accuracy 
with which penetrators can be delivered to predetermined emplacement loca
tions. Ove Arup (1985b) has shown that a significant improvement in precision 
can be obtained by aligning the penetrator fins with a one-degree twist to 
induce spiraling during descent. If the penetrator is properly balanced as 
veil, the dispersion in final emplacement due to variations in launch angle 
and fin tolerances are predicted to be less than 15 meters. Ship navigation 
errors are expected to contribute no more than 10 meters, while ocean currents 
may add 10 meters more. This gives a total of 35 meters of possible emplace
ment error. Adding this tc the spacing required for thermal isolation and to 
a margin of safety, the total horizontal separation between launch points re
commended at this time is equal to 180 meters. 

After emplacement, decay heat generation in the waste will cause a 
thermal pulse. Calculations predict a gradual rise in sediment temperatures 
lasting betveen three and four years, followed by a long period of decreasing 
temperatures. The peak temperature rise in the sediments is controlled by the 
thermal power in the waste. Peak temperatures are predicted to range between 
125 °C for United States spent fuel and 200 °C for the United States high-
level-waste penetrator, with the European Reference Penetrator causing inter
mediate temperature rises. 

During the thermal pulse, increased rates of corrosion are expected. 
However, all waste packages make allowance for this and should meet their 
design life. 

Penetrator performance is now sufficiently known to allow reliable 
predictions of their behavior over a wide range of configurations. Changing 
factors include shape, dimensions, weight, payload, and sediment properties. 

The reference designs considered in this study do not give the best 
possible penetrators, so further improvements can be expected with continuing 
vork on the penetrator option. In the absence of comprehensive trajectory 
analyses and measurements, there is still uncertainty about the actual disper
sion of impact locations on the sea floor. Improvement in this area may allow 
reduction of the surface of the disposal site by reducing the spacing between 
launch points. 

3.6 Supporting Research and Development 

The present level of understanding of the technical feasibility of the 
two reference options for seabed disposal is the result of several years of 
research and development vork in three principal directions: 
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Models development. 
Laboratory experiments. 

. Field trials. 

3.6.1 Mathematical Modeling 

A large part of the modeling work performed by the Seabed Working Group 
is related to the penetrator option. 

The velocity achieved during free fall controls the depth of embedment. 
Many models have been developed to calculate penetrator velocity. Comparisons 
of model predictions with experimental observations show that the modeling 
capability is adequate to calculate the velocity of penetrators. 

The accuracy vith which penetrators can be emplaced depends on several 
factors. One of the critical ones is control over their flight path. If pene
trators are launched vertically, fin alignment appears to be the critical fac
tor affecting trajectory. Calculations indicate that vith proper fin alignment 
the dispersion of impact points can be reduced from 300 to about 15 meters. 
As previously stated, no direct verification of trajectory calculations is 
currently available. 

Several models exist to predict the depth of penetration. They range 
from purely empirical relations to fundamental applications of plasticity theo
ry. Once provided vith the appropriate sediment properties, all predict pene
tration to vithin a fev meters. Therefore, the depth of burial of penetrators 
can be predicted vith a high degree of confidence for a vide range of penetra
tor configurations and impact velocities. 

An important aspect of the penetrator concept is the disturbance in
duced in the sediments by the penetration process. During embedment the pene
trator causes physical deformation and changes in local pore pressure. The 
disturbance caused by the penetrator might leave a path vith increased perme
ability and could affect the performance of the sediments as an isolation bar
rier. Several modeling efforts have indicated that the depression created in 
the vake of a penetrator vould suck in the sediments and cause closure of the 
hole. The results of modeling, although not fully verified by field testing, 
are supported by the results of trials conducted at sea to study hole closure. 

Additional modeling of the thermal impact of waste emplacement on the 
various near-field components has been performed. This has been carried out 
for both the drilled and penetrator options. The temperature rise induces 
excess pore pressure in the surrounding sediments and may cause local frac
turing. Calculations of the thermo-mechanical effects have been verified by 
experiments vith heated models, some in the centrifuge. Finally, the effects 
of radiation have been calculated for both the drilled and penetrator options. 
The radiation dose controls the rate of vater radiolysis and hence the produc
tion of oxygen for corrosion of the various materials present in the near 
field. Additional experiments, particularly in the field, are necessary to 
confirm the results of corrosion and temperature calculations. 
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3.6.2 Laboratory Experiments 

In the course of the years several laboratory experiments have been 
carried out to support various aspects of the work. The experiments most rele
vant to technical feasibility have been performed by the Engineering Studies 
Task Group (Hickerson et al., 1988) and the Near Field Task Group (Lanza, 
1988). More details are available in the relevant volumes of this series. 

Both wind tunnel and water tank tests have been performed to verify 
drag and lift coefficients to test penetrators. To study penetration a number 
of model penetrators have been impacted on a number of different materials. 
Some penetration tests have been carried out in the centrifuge. Tests of hole 
closure have been performed both in tanks and in the centrifuge. 

Centrifuge tests have also been used to verify model predictions about 
post-emplacement movements of penetrators and about pore water migration. 

Thermo-mechanical testing has succeeded in inducing cracking in the 
clay. However, the cracks do not extend to great distances and, in the absen
ce of advection, are not expected to affect water migration. 

A number of laboratory experiments about near field effects have been 
performed by the Near Field Task Group. 

3.6.3 Field Trials 

Field trials have been performed to study the behavior of penetrators 
and sediments. An additional important objective of field testing has been to 
develop instrumentation and equipment needed for specific tasks. Most of the 
effort has been directed toward developing penetrators and telemetry systems, 
studying hole closure phenomena, and making in situ geotechnical measurements. 

Penetrator trials have been performed independently in the framework of 
national programs or jointly in Seabed Working Group-sponsored cruises. In 
total, close to a hundred penetrators have been launched, allowing attainment 
of such important objectives as: 

. Model verification and validation. 

. Telemetry system testing. 

. Design optimization. 

. Geotechnical data collection. 

. Hole closure investigation. 

Due to its critical importance in relation to the feasibility of the 
penetrator concept, hole closure has been considered a high priority item and 
has been the object of specific sea trials that have culminated in the hole 
closure experiments at sea HOCUS campaign carried out in November 1986. The 
main investigation in the hole closure experiments at sea campaign consisted 
of performing measurements and sampling in the wake of penetrators by means of 
a deep water geotechnical platform that also recovered cores of the penetrator 
rath (ENEA, 1987). The results of HOCUS confirmed that the holes behind the 
penetrators actually closed. No significant difference between undisturbed 
and disturbed sediments could be detected. 
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3.7 Cost and Risk Considerations 

It has been assumed that the reference disposal site would receive a 
total of 100,000 MTHM or the equivalent amount of high-level waste. The dis
posal rate is assumed to be 2 700 European Reference Canisters or 3 750 MTHM 
per year, which gives an operational life of the disposal site of about 
27 years. 

The dimensions of the disposal site are affected greatly by the amount 
of waste emplaced at a single location. Thus, with drilled emplacement, 
240 boreholes would be sufficient and the disposal site area would be 
240 square kilometers. On the other hand, with penetrator emplacement the 
disposal site area would vary from 466 square kilometers for the disposal of 
Reference European Penetrators to 2165 square kilometers for the disposal of 
United States spent fuel penetrators. 

Cost estimates are based on preliminary considerations and are approxi
mate. The data have been adjusted for consistency and to allow comparisons. 

Detail about the calculations can be found in Ove Arup (1987) and in 
Volume 4 of this series (Hickerson et al., 1988). In summary, the penetrator 
option appears to be less costly than the drilled emplacement by a factor 
equal to about 2.5. If drilled emplacement were shown to be feasible with a 
single vessel, instead of the three assumed in the calculation, the cost dif
ference between the two options might decrease. Regardless of the adjustments 
made in designs and cost estimates, both emplacement methods appear to have a 
small impact on the total cost of the ktfh and compare favorably with the cost 
of alternative disposal methods. 

Comprehensive considerations of the risks associated with disposal in 
the ocean sediments can be found in Chapter 4. What is of interest here is an 
assessment of the reliability of the engineering solutions envisaged. Sarshar 
(1986) has studied the reliability of drilled emplacement as described by Bury 
(1985) in the Taylor Voodrow study. Four potential failures associated with 
drilled emplacement are assumed to present the most serious hazards: 

. A waste transport ship sinking 

. A transfer bridge impact with the transport ship 

. A pipe breaking during lowering of a waste stringer 

. An accidental unlatching of a remote disconnect joint while lowering 
a waste stringer pipe. 

Sarshar has estimated that the average probability of losing a waste 
canister in the drilled emplacement option is 1 in 1000, that is 2.7 canisters 
per year. The addition of an effective redundant lowering line would improve 
the reliability of lowering waste stringers. 

Sarshar performed a reliability analysis for the penetrator option as 
well. The failure scenarios are: 

. Sinking of the transport ship 

. Insufficient embedment of penetrators. 
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The average probability of losing canisters in the penetrator option is 
0.2 canisters per year or 1 European penetrator every 25 years of operation. 

An alternative assessment of the reliability of the penetrator emplace
ment option based on the Glosten ship shows that with appropriate design modi
fications the reliability of the operation could be improved by many orders of 
magnitude. It is likely that a drive to improve the reliability of drilled 
emplacement might have equally dramatic effects. 

It is worth pointing out that even with the relatively high failure 
rates assumed by Sarshar, if the canisters maintain their integrity for their 
design life (500 years), the radiological consequences would be insignificant. 
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Chapter 4 

RADIOLOGICAL ASSESSMENT 

The third and last question dealt with in this report concerns radio
logical safety, i.e., the possible radiological impact of a seabed repository 
on man and the environment, as a result of both abnormal situations during 
transport and operation, and normal processes affecting the long-term perfor
mance of the isolation barriers and the eventual return of radioactive mate
rials to the biosphere. 

A high-level waste repository will need to be effective for many 
thousands of years to allow the wastes to decay. Hence, the performance of a 
repository cannot be evaluated by building a pilot or model repository and 
testing its performance in a few years. The evaluation of any high-level 
repository must be based on an understanding of processes which would act on 
the wastes and repository far into the future. These processes are translated 
into mathematical models which, when coupled together, can predict the perfor
mance of a repository. Many of the individual processes can be measured and 
our ability to model them can be tested over reasonably short periods of time. 
Others, such as the likelihood of a seismic event in the distant future, must 
be inferred from an understanding of geological processes presently acting on 
the site and from the history of those processes. 

Confidence in an evaluation based on modeling is limited by two dif
ferent factors. First is the uncertainty in the measured rates and properties 
used to make predictions with the models. Second is the possibility that some 
important processes may not have been included in the modeling. A major con
cern in any modeling approach must be to see that all important processes 
which affect repository performance are taken into consideration. 

During the early part of the Seabed Working Group program, the indi
vidual task groups identified and quantified processes thought important for 
the evaluation of the seabed disposal concept. Early analyses by the task 
groups indicated that emplacement of wastes was possible, that suitable sites 
did exist, and that the sediments would be an effective barrier to waste re
lease (Nuclear Energy Agency, 1984). In contrast to the situation when ear
lier analyses were made, at least some appropriate field or laboratory data 
are now available for each of the steps required to calculate the radiological 
consequences of a seabed repository. Confidence in the present evaluation is 
limited primarily by the possibility that important unknown processes were not 
identified and considered (based on evaluation of overall results using least 
favorable data and OL other scenarios as discussed below). However, without 
rigorous testing of model predictions significant doubts will persist. 

The task groups initially proceeded with their investigations largely 
independent of each other. Working assumptions had to be made about specifi
cations or about the eventual results which would be generated by other task 
groups. These working assumptions were not always consistent between task 
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groups and a few inconsistencies still persist today. Vithin the last few 
years the Seabed Vorking Group has coordinated the investigations of the task 
groups into a single coherent physical and mathematical picture of subseabed 
disposal. The processes identified as important by the task groups have been 
modeled by the Radiological Assessment Task Group with the assistance of the 
other task groups. The Radiological Assessment Task Group has taken the indi
vidual models and combined them so that predictions can be made for repository 
evolution scenarios. 

The primary concern for radioactive waste disposal is the health risk 
to man by exposure to radionuclides escaping from the repository. Other 
important concerns are the health risk during transportation of wastes before 
emplacement and the possible effects on marine biota. The core of the present 
radiological evaluation is a calculation of the exposure of humans to radia
tion from a subseabed repository. This is called the base case and represents 
wcstes emplaced at a depth of 50 meters at sites in the North Atlantic Ocean. 
This case describes what is thought to represent a repository behaving as 
anticipated. Then, the assumed conditions are changed to consider accidents, 
improper emplacement, and the effects of some geological events. These are 
referred to in this document as other scenarios. 

The scope of the present risk assessment, based upon sites in the North 
Atlantic, was limited by resources. The Seabed Working Group also wished to 
complete an analysis of Pacific sites. The limited scenarios presented in 
this evaluation should not be taken as a rejection of sites in other areas of 
the oceans. The data assembled by the task groups are from a variety of ocean 
locations and concern a variety of sediment types. The data were not assem
bled for the purpose of thoroughly evaluating a specific site or sites. This 
assessment should be viewed more as a general assessment of the concept than 
as a site-specific evaluation. The modeling results indicate that the emerg
ing picture of subseabed disposal is not greatly dependent on any of the site-
specific properties included in the base case scenario. Unless other present
ly unknown processes are occurring, the evaluation of an appropriate specific 
site is not expected to substantially differ from the results of this evalua
tion. 

4.1 Identification of Processes 

Each task group has been responsible for an area or related areas of 
science which pertain to an evaluation of seabed disposal. The work of the 
Site Assessment and Engineering Studies Task Groups has been discussed above. 
Also, the Near Field, Sediment Barrier, Physical Oceanography, and Biological 
Oceanography Task Groups, have endeavored to identify processes which affect 
the behavior of wastes in a seabed repository and to assemble data on geologic 
formations, sediment properties, ocean circulation, etc., which are necessary 
to run the models. This section contains overviews of the topics addressed 
by these tasks groups, the processes judged important and included in the 
radiological assessment modeling, and the work remaining to test the model 
predictions. 
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4.1.1 The Near Field: Processes Near a Waste Package 

At the beginning of the program the Near Field Task Group (Lanza, 1988) 
identified a number of near field processes which could potentially be impor
tant in the consideration of seabed disposal. The near field includes the 
vaste form, package, and sediments close enough to the package to be affected 
by the heat or radiation from the wastes. The near field sediments are usual
ly defined as those heated above 100 °C. Questions about processes considered 
by the Near Field Task Group include: 

. How is heat transferred through sediments? 

. What are the effects of heat on pore water, waste package, and sedi
ment movement? 

. What are the effects of heat and radiation on the chemistry of the 
near field sediments and pore waters? 

. What corrosion rates of possible package materials can be expected 
under the conditions found in the near field? 

. How will the near field environment affect the chemical speciation 
of radionuclides, which could in turn affect their sorption to sedi
ments? 

During the last decade, the research programs of Seabed Working Group 
member countries have obtained approximate answers to all but the last 
question: 

. Heat is transferred from the waste package through the sediments 
primarily by conduction. 

. The thermally-induced movement of the pore waters, the waste 
package, and the sediments is small. 

. The sediments and pore waters are not unacceptably modified by the 
heat and radiation. 

Some canister materials will corrode slowly enough that the canister 
described by the Engineering Studies Task Group for penetrator em
placement would last for a few thousand years. Once the canister 
fails, the wastes would be released as the waste form dissolves. 
Based on laboratory studies of leaching, it would take at least 
5 000 years for all the wastes to be leached. 

The firs, three topics do not need to be included in the radiological 
assessment modeling. Estimates of corrosion rates are used in the modeling. 
The possibility that the radionuclides might react with the materials in the 
near field in a manner which reduces their sorption to sediments in the far 
field has not been addressed. Before the assessment of the feasibility of the 
seabed concept can be completed, an answer to this question must be obtained. 
In addition, all of the major conclusions in this section must be validated by 
a set of appropriately designed laboratory or field tests. 
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4.1.2 Radionuclide Migration through Sediments 

The main objectives of the investigations of the Sediment Barrier Task 
Group (Brush, 1988) were to evaluate the barrier properties of various deep-
sea sediments from study locations characterized by the Site Assessment Task 
Group and to obtain data for use in the radiological assessment modeling. The 
questions addressed by the Sediment Barrier Task Group included: 

. Are deep-sea sediments at the sites of interest to the Site Assess
ment Task Group effective barriers against the migration of radio
nuclides from correctly placed packages of high-level waste or spent 
fuel? 

. How do the mineralogy and oxidation state of different sediments 
affect the sorption of radionuclides? 

Laboratory investigations of radionuclide migration vere composed of 
sorption measurements and diffusion studies. In general, these investigations 
vere empirical and thus define neither the chemical speciation of the radionu
clide of interest nor the mechanisms for the sorption to sediment particles. 
Nevertheless, the experiments gave data that are directly useful for the radio
logical assessment modeling. From these studies the Sediment Barrier Task 
Group concluded that: 

. The deep-sea sediments tested would provide a very effective barrier 
to the migration of Most long-lived radionuclides contained in the 
wastes by removing them from pore waters. Although some important 
elements (carbon, iodine, technetium, and selenium) are not removed 
from the pore waters, the escape of these elements to the overly
ing water column would still be delayed by the approximately 
10,000 years it takes for diffusion from a waste package buried at 
50 meters. 

. In most cases the mineralogy and oxidation state of the sediments 
tested did not have a significant effect on the tendency of radio
nuclides to be adsorbed by sediments or on radionuclide diffusion 
rates. 

. On an element-by-element basis, the tendency of radionuclides to 
adsorb to deep-sea sediments was not very different from that of 
many continental geologic formations. 

The Sediment Barrier Task Group has supplied a table of sorption coef
ficients that numerically describe the tendency for radionuclides to adsorb to 
sediments from the Great Meteor East and Southern Nares Abyssal Plain sites. 
The coefficients were used for modeling in the radiological assessment. As 
indicated in Section 2.5, the Sediment Barrier Task Group recommends that fur
ther work be carried out to increase confidence in the efficacy of the sedi
ment barrier, including: 

. Additional laboratory sorption and diffusion experiments with 
carbon, curium, iodine, palladium, radon, selenium, tin, and zirco
nium to obtain empirical data from a variety of sediments, as has 
been done for other elements studied in high-level waste. 
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Sorption and diffusion experiments with all the important elements 
under conditions representative of the in situ pressure and oxida
tion state. 

. Determination of the chemical speciation of important elements under 
conditions representative of in situ conditions. 

. Development of a better understanding of the mechanism or mechanisms 
responsible for the sorption of the important elements by deep-sea 
sediments. 

. Quantification of the statistical distribution of the empirically 
measured distribution ratios for the important elements. 

. In situ experiments to validate the results of the laboratory inves
tigations. 

A.1.3 Ocean Circulation and Dispersion 

The work of the Physical Oceanography Task Group (Marietta and Simmons, 
1988) has been to develop a method of describing the dispersion of radionu
clides in the ocean. The objective was to incorporate a realistic description 
of ocean circulation processes into a series of mathematical models. While 
developing the model, the Physical Oceanography Task Group collected field and 
historical oceanographic data and developed plans to test each of the models 
with field data. 

Early in the program, workshops were held to identify the important 
processes affecting dispersion in the ocean. These processes occur on a wide 
range of time and space scales. To obtain a useful picture of the dispersion 
of radionuclides in the oceans, however, a more detailed resolution near the 
source is required. The approach taken by the Physical Oceanography Task 
Group was to develop a coupled series of models which would move from small-
scale, short-time to large-scale, long-time processes. The models developed 
included: 

Boundary layer models describing small- to medium-scale processes 
around a source of radionuclides. 

. An eddy-resolving model for medium-scale processes in the open ocean. 

. General circulation models to describe the circulation in an ocean. 

The boundary layer and eddy-resolving models vould provide a fine-scale pic
ture of the concentration fields in the area of the source and describe the 
concentration fields as they expanded and moved away from the source. These 
models would be embedded in the coarser-scale general circulation models which 
vould describe the movement of radionuclides through ocean basins and the 
world ocean. These models were developed to be able to include biological and 
chemical processes. 
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Data bases were assembled for the three Site Assessment Task Group 
study locations: Great Meteor East, the Southern Nares Abyssal Plain, and E2. 
In general, all three data sets are incomplete. Work at Great Meteor East has 
progressed the furthest, but is still insufficient for model validation at 
this specific site. Only minimal scale information is available at the 
Southern Nares Abyssal Plain, since the field program was never completely 
initiated. Seabed Working Group-dedicated studies at E„ were not even begun, 
but data from other independent programs and low-level waste studies provide a 
preliminary characterization. These regional descriptions must be placed in 
the context of the larger scale mean circulation. This was accomplished for 
the Atlantic sites by using the historical data and descriptive picture of the 
circulation assembled by the Nuclear Energy Agency Coordinated Research and 
Environmental Surveillance Program that focuses on low-level waste disposal. 
A similar data set and ocean circulation data for the Pacific were never 
assembled. 

Other particularly dense, long-term data sets deriving from non-Seabed 
Working Group programs were used for model validation. A prototype field 
survey was completed in the Northeast Atlantic and dynamic validation was 
achieved on a regional domain. Validation of the tracer component of the 
regional models has not been completed. 

At the time of this assessment the Physical Oceanography Task Group has 
not completed its model development. Work to be finished includes: 

Development of coastal and shelf models suitable for describing 
radionuclide dispersion in coastal and shelf areas. 

Testing of the model components describing biological and chemical 
processes. 

. Testing of all models against known tracer distributions in the 
oceans. 

Completion of realistic simulations of releases into the oceans. 

. Collection of site-specific data. 

In order to proceed without a completed, realistic, and detailed dis
persion modeling capability, a simplified box model was used for the radiolog
ical assessment. The Mark-A box model describes the North Atlantic Ocean as a 
series of four regional boxes, each having three vertical layers (Figure 4.1). 
Within the regional boxes, smaller bottom boundary and eddy scale boxes are 
included where a repository is to be simulated. Other boxes are included for 
the Arctic, South Atlantic, and remaining oceans. Historical data were used 
to set the rates of horizontal and vertical exchanges of water between the 
boxes. These exchanges are the net result of the physical processes which 
comprised the realistic model. Given the large scale of the boxes, this 
approach lacks resolution. Predictions are not precise enough to be criti
cally tested against tracer distributions. Nevertheless, this model component 
of the radiological calculations should be adequate for feasibility assess
ment, provided that the limits of resolution are kept in mind. 

45 



CS32li)(m) 

35° N 

25° N 

10° N 

26 
27 
28 

45 
46 
47 

55° N 

ARCTIC 

21 
N. W. N. 22 

ATLANTIC 23 
24 
25 

S. W. N. 
ATLANTIC 

40 
41 
42 
43 
44 

S. N. A. P. 

62°N 

N. E. N. 
ATLANTIC 

11 
12 
13 
14 
15 

G. M. E. 

S. E. N. 
ATLANTIC 

35 
36 
37 
38 
39 

SOUTH 
ATLANTIC 

48 
49 
50 
51 

47° N 

30° N 

15° N 

Surface 
layer 

In tame. 

ard 

Deep 
layers 

Bottom 
boundary 
layer 

Bioturb. 
layer 

50° S 

REST OF THE WORLD OCEANS 

52 
53 
54 
55 

11 

Small/Large 
particles 

" 

1 1 
12 

13 

14-

i iis 

u 

1 
1000 

2000 

4425 

4500 

4500.1 

S. P. and L. P. 

LAYERS 

Small 
Particles 

S. P. 

S. P. 

S. P. 

13 

14 

15 

250* 250 km* 

16 

12 • 12 km2 

17 

18 

19 

20 

17 

18 

14 

15 

DeEltl (m) 
2000 

4000 

4425 

4500 

4500.1 

AREAS. 
NESTED BOXES 

ABOVE SITE 

Figure A . l . The Mark-A Box Model 

46 



4.1.4 Biological Processes 

Biological sciences are important to an assessment of the feasibility 
of seabed disposal in four vays: 

. Organisms are the major route for the potential transfer of radio
nuclides to man. 

. Organisms have a role in redistribution of radionuclides in the 
oceans. 

. A seabed repository may affect the oceanic fauna. 

. Microorganisms present in the seabed have potential detrimental 
effects on corrosion and leaching rates of the wastes. 

The scope of relevant biological studies is very vide and the Biologi
cal Oceanography Task Group (Pentreath et al.f 1988) has relied heavily on 
studies of low-level vaste disposal, general oceanic biology, and biogeochem-
istry carried out by the research community generally. Specific biological 
work conducted as part of the Seabed Vorking Group Program includes detailed 
site investigations. 

The relationship between environmental concentrations of radionuclides 
and the concentrations found in organisms is important to all the biological 
aspects of vaste disposal. Because this topic is common to any assessment of 
radionuclide input to the oceans, it is a field that has been studied since 
the advent of nuclear power and has been the subject of many revievs. The 
concentration of a radionuclide in an organism is usually expressed as a ra
tio, or concentration factor, to the concentration in seawater. In this 
approach, the ratio is treated as a constant, even though it is really a re
sult of a number of dynamic processes. Concentration factors are determined 
empirically from both laboratory and field measurements. The measured concen
tration factor for an organism is the result of both direct uptake and possi
ble uptake through food sources. The use of concentration factors includes 
possible food chain effects. Bioamplification, the increase of concentration 
in organisms progressively farther up the food chain (as occurs with organic 
pesticides in terrestrial environments), vould be accounted for by the use of 
concentration factors. However, the only radionuclides found to bioamplify in 
the marine environment are those of cesium. The concentration factors used in 
the radiological assessment were taken from a recent review of the subject by 
the International Atomic Energy Agency. 

Organisms which become contaminated by radionuclides may be harvested 
for human consumption. Most harvesting is done in relatively shallow water 
and shallow-water organisms may become contaminated by radionuclides carried 
into the area by advection and mixing processes or by direct biological 
transport. A number of calculations have shown that the total amount of ra
dionuclides which could be transported by the circulation of ocean waters away 
from a deep ocean source (at greater depths than 4 000 meters) is at least 
1 000 times larger than the maximum that could be potentially transported by 
organisms. Nevertheless, the Biological Oceanography Task Group has investi
gated possible biological "short cuts" whereby radionuclides could be intro
duced into specific, but limited, groups of surface-living organisms. These 
processes include: 
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Active migration of animals from deep to shallov vater. 

A vertical ladder of overlapping migrations, incorporating predation 
on animals from deeper waters. 

Horizontal migrations of deep-sea fish or squid leading to accumula
tions near coasts in commercially attractive numbers 

Rising of buoyant lipid particles produced by "sloppy feeding" of 
deep-sea animals. 

Rising of eggs or larvae of deep-living animals to shallov waters. 

No evidence has been found in the general oceanographic literature or 
in purposefully directed Seabed Working Group studies to indicate that the 
first three processes exist. If they do occur, they must be rare. Any radio
nuclide transfer associated with these processes would be a small fraction of 
the total that could be transported by biota, vhich is already much smaller 
than transfer by vater circulation. The rising of eggs of deep-sea species 
definitely occurs, but is restricted to a small number of species and should 
also result in a very small transport. A consideration of the amounts of mate
rial which could be transported indicates that rising lipids released from 
"sloppy feeding" are insignificant. 

While none of these pathways appears important, and none has been in
cluded in the radiological assessment base case scenario, our understanding of 
deep-sea biology is not yet sufficient to state that these pathways do not 
exist at all; but we are confident that their role would be insignificant in 
term of mass transport. 

One biologically-mediaced process, particle generation followed by 
sinking, has a very clear effect on the distribution of materials, including 
radi -nuclides, in the ocean. Organisms growing in surface waters take up 
materials from seawater. Some of these organisms then sink to deeper waters, 
carrying with them materials they have concentrated from the surface waters. 
This scavenging process is greatly accelerated by the feeding activities of 
zooplankton. As a result, the surface waters of the oceans are depleted of a 
variety of elements. The downward flux of particulate materials has been an 
active area of oceanographic study in the last decade and will continue to be 
studied in the near future. Although biological processes play a major role 
in this process, it is often classified as a geochemical or biogeochemical 
topic. The Biological Oceanography Task Group has reviewed the currently 
available data for calculation of the particulate scavenging process and has 
supplied estimates of flux appropriate for each of the regions in the ocean 
box model used in the radiological assessment. Future work by the oceanog
raphic community will allow a more precise estimation of this process. 

The effects that a seabed repository would have on marine organisms, 
especially those near the repository, are also important. With the exception 
of some bacteria and a few amphipods, deep-living organisms cannot yet be held 
in culture. Considerations of the background radiation in the deep sea, which 
is similar to or higher than terrestrial and shallov vater environments, and 
of radiation sensitivity studies on deep-sea bacteria indicate that deep-sea 
organisms are affected by radiation to about the same degree as similar 
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shallow-water organisms. Preliminary calculations for a normally operating 
repository indicate that the most exposed organisms vould receive about the 
same dose as their natural background radiation. This small a dose should 
have a negligible effect on the exposed fauna population. 

Although no biological factors have been identified vhich vould pre
clude seabed disposal of radioactive waste, many of our data are based on 
single or very fev observations. There is a need to validate present obser
vations and interpretations in order to provide better information for models 
of radiological assessment. Four areas may require future research: 

Biological transfer mechanisms, especially the quantitative signifi
cance of deep-sea migrations and the variability and seasonality in 
deep-sea particulate flux. 

. Studies of deep-sea food vebs. 

. Potential impact of a repository on deep-sea organisms. 

. Potential impact of microorganisms on seabed sediments. 

4.1.5 Radiological Assessment Procedure 

The Radiological Assessment Task Group developed or adapted models for 
the sediment and ocean processes identified as important by the other task 
groups. These models were coupled with existing radiological dose models to 
permit the effects of seabed disposal to be predicted. The list of processes 
included in the base case, or normal emplacement, assessment are: 

. Corrosion of the waste package. 

. Leaching of the waste. 

. Diffusion of radionuclides through sediments. 

. Transfer in the bottom boundary layer. 

. Transport and dispersion in the ocean. 

. Scavenging from ocean vater by settling of particles. 

. Resuspension of particles from the ocean floor and mixing of 
particles into sediments. 

. Doses for various routes, including consumption of seafood, sea 
salt, and desalinated water, and external exposure by beach 
occupancy. 

For other scenarios, processes were eliminated from or added to the base case. 
For example, the effects of ship accidents were studied by eliminating the 
sediment barrier. Pore water advection in the sediments was added to study 
its effect. 
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Data sets used in the calculations were also assembled by the Radio
logical Assessment Task Group. Data ranging from the composition of the glass 
matrix to the concentration factors for each radionuclide in different types 
of marine organisms had to be selected, usually with the assistance of other 
task groups. A complete listing of the data used in the calculations is in 
Volume 2 of this series (de Narsily et al., 1988). 

There are two concerns in the execution of the radiological calcula
tions themselves. First is the possibility that the results are an artifact 
of the computation. This might occur by incorrect coding of the computer 
programs that comprise a model. Second is the concern that the results may be 
very sensitive to some components of the data sets. If this were the case, 
the results could change substantially with other choices for input data, 
hovever reasonable. 

In order to address the concern that the results are an artifact of the 
models themselves, more than one model was constructed, by different groups 
for each major process. These models were then run using identical data sets 
on test problems. From this process, imperfections in the models were iden
tified so they could be corrected. In addition, two completely different mod
eling approaches, deterministic analysis and stochastic uncertainty analysis, 
were used. In deterministic analyses, fixed values of data are used to pre
dict the consequences of a given set of conditions. Four independent deter
ministic modeling efforts were conducted by Radiological Assessment Task Group 
participants. The concern of the sensitivity of the results to input data was 
addressed in the deterministic modeling by conducting sensitivity studies for 
the scenarios. All parameters were simultaneously set to their potentially 
least or most favorable values and the models rerun. In the stochastic model
ing conducted by Radiological Assessment Task Group participants, each para
meter is described not by a single value, but by a range of possible values 
and a probability function for taking those values. The model is run hundreds 
to thousands of times for each scenario with the probability functions govern
ing selection of the data. The multiple runs generate a histogram, or distri
bution, which shows the probability of various doses. 

In addition to the analyses completed by the Radiological Assessment 
Task Group, other analyses would also be useful in the evaluation of seabed 
disposal. Calculations for repositories in the Pacific Ocean would be a high 
priority for future work. At present only the consequences of non-base case 
scenarios are described. Further work must be conducted to assign a proba
bility to these scenarios so their risk can be determined. Models for use in 
evaluating coastal processes need to be improved. In addition, the use of the 
models for sensitivity analyses to determine the importance of individual pro
cesses can be helpful in directing future research to those processes which, 
if described with greater understanding or precision, will do the most to 
reduce the overall uncertainty in the evaluation of seabed disposal. 
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4.2 Base Case Results 

The base case results presented belov are predictions for a repository 
that behaves as anticipated. The repository is undisturbed by geologic forces 
which vould expose waste packages to seavater and free from vater movements 
vithin the sediments. The base case calculations describe the effects ex
pected from the seabed burial of wastes produced by the present world nuclear 
energy production capacity operating for 11 years (3 333 reactor years). This 
would produce 100,000 metric tons of heavy metal. The wastes would be repro
cessed, held in storage for 50 years, placed in 14,667 penetrators, and em-
placed at a depth of 50 meters in a single Atlantic repository. Two volatile 
elements which vould separate from the wastes during reprocessing (iodine and 
carbon) have been included in the calculations, since they will also need to 
be disposed of in some form, but in a different matrix than the rest of the 
wastes. 

Figure 4.2 shows the total expected doses versus time, and the radio
nuclides responsible for the dose, for disposal at the Southern Nares Abyssal 
Plain site using a deterministic analysis. Very similar results were obtained 
using a separate deterministic analysis for Great Meteor East. The probabil
istic analysis also generates an average dose rate to maximally exposed indi
viduals versus time curve for Great Meteor East, again very similar to the 
others (Figure 4.3). The maximum individual dose rate histogram in Figure 4.4 
shows the results of the data-varying procedure built into the calculations 
compared with the deterministic sensitivity results. Table 4.1 summarizes the 
maximum individual dose results from the Seabed Working Group calculations and 
from two other independent studies conducted by Seabed Working Group partici
pants. The other two studies (United Kingdom and the Performance Assessment 
of Geological Isolation Systems) used data bases not identical to those used 
in the Seabed Working Group analyses. The maximum doses and the time at which 
the maximum dose will occur are all similar. The least and most favorable 
cases for the deterministic calculations are very similar to the ranges given 
by probabilistic calculation. These ranges represent different conditions for 
the two types of analysis. For the deterministic case, the least and most 
favorable cases represent the extremes of all the data simultaneously. For 
example, in the least favorable case there is much less sorption of radionu
clides in the sediment than the body of information available today indicates. 
The range given for the probabilistic calculation is taken directly from 
Figure 4.4. 

The models can also be used to determine the population or collective 
dose to mankind vhich would result from a repository. Figure 4.5 shows the 
results from a deterministic model for the Southern Nares Abyssal Plain site. 

In many cases, conservative assumptions or data were used in this 
assessment, so it is most likely that future research will show that the 
consequences of this disposal option may be even smaller than those described 
here. 
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Tabla 4.1. MAXIMUM INDIVIDUAL DOSES RESULTING FROM A SUBSEABED REPOSITORY 

Faak Individual Doaa 

(Siavarta par yaar) 

Tiaa of Faak Doaa 

(yaara aftar diapoaal) 

Analyaia 

Baat Moat Laast Baat Moat Laast 

Sita Estiaata Favorabla Favorabla Eatiaata Favorabla Favorabla 

Dotarainiatic SNAP 5 x 10~ 1 0 2 x 10 - 1 3 7 x 10~8 1 x 105 7 x 106 7 x 10' 

Datarainiatic GME 2 i 10 ' 2 x 10~15 8 x 10~8 1 x 105 7 x 106 5 x 10* 

Probabiliatic GME 3 x lO-9 3 x 10~15 3 x 10~8 n.a.d n.a.d n.a.d 

Datarainiatic 

(UK) 

b,c 

GME 1 X 10 -9 2 x 10 

Datarainiatic 

(PAGIS) GME 6 x 10 -10 2 x 10 

For tha datarainistic analyaas, tha aoat and laast favorabla casaa ara datarainad by 

aiaultanaoualy aattting all piraaatara to tho Boat and laaat favorabla nuabara 

raapactivaly poaaibla. In tha laaat favorabla caaa, aadiaant aorpion ia not allowad for 

any radionuclido. In tha probabiliatic analyaia, tha Boat and laast favorabla caaaa 

rapraaant tha axtraaaa of tha doaa rata fraquancy hiatograa. 

In thia aaaaaaaant Boat eaniatara vara batwaan 30 and 70 aatara burial dapth, but aoaa 

ara laaa than 30 aotara. 

Saa Voluaa 2 (da Maraily at al., 19S7) for a daacription of thaaa analyaaa. 

Not applicabla. A uniqua tiaa cannot ba apacifiad for tho arrival at paak doaa rataa 

for probabiliatic analyaia, ainca tha raaulta cf tha doaa rata fraquancy hiatograa 

(Fig. 4.4) auaaariia tha outcoaa of a aariaa of individual runa whoaa paaka arriva at 

varying tiaaa. Tha tiaa of arrival of tha paak of tho aaan doaa rataa, howavar ia 

1 x 10 yaara. 
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Figure 4.4. Maximum Individual Dose Rate Frequency Histogram for the Great 
Meteor East Site, Base Case Scenario and Pathway. Comparison 
between Probabilistic and Deterministic Results 

4.3 Other Scenarios 

The Radiological Assessment Task Group applied the models to a number 
of scenarios in addition to the base case. Insufficient work has been done to 
apply probabilities to all these scenarios, which would be necessary to calcu
late their risk (risk being defined as the probability of occurring times the 
consequence of the event if it does occur). Nevertheless, these scenarios are 
useful in determining which events require a more detailed study, thus adding 
to the overall picture of the seabed concept. 
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Figure 4.5. World Population Doses for the Base Case, Using a Deterministic 
Analysis and the Nark-A Box Model. This assumes best estimate 
parameter data values for the Southern Nares Abyssal Plain site. 

4.3.1 Abnormal (Post-Emplacement) Scenarios 

The consequence of a number of low-probability, post-disposal events 
was assessed (Table 4.2; Figure 4.6). In all but one case, that of high pore 
water velocities and a damaged waste package, the peak individual doses were 
so low that the entire inventory could be affected without the dose rates 
reaching the International Commission on Radiological Protection dose limit 
(discussed below) of 10" sievert per year. In the case of pore water veloci
ties of 1 meter per year and damaged waste packages, the International Commis
sion on Radiological Protection limit would be exceeded if more than 55 per
cent of the waste were subjected to this condition. Eventhough this is a very 
unlikely event these calculations point out the importance of ensuring a very 
small vertical pore water velocity. 
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Figure 4.6. Comparison of Several Abnormal Scenarios and the Drilled Option 
with the Base Case. The scale on the vertical axis is the ratio 
of the peak individual dose to the peak for the base case, for 
the same amount of waste. 



Table 4.2. LIST OF OTHER SCENARIOS INVESTIGATED 

1. Poor emplacement of penetrator 

2. Presence of rocks hit by penetrator 

3. Improper hole closure behind penetrator 

A. Sabotage and human errors 

5. Degraded quality of canister and/or glass matrix waste (lack of 
quality control) 

6. Human exploitation of seabed or erosion 

7. Glaciation and climatic effects 

8. Water movement through sediments 

9. Changes in sediment properties, including adsorption properties 

10. Unexpected chemical processes (e.g., microbial activity) 

11. Changes of pathways for radionuclides in the biosphere 

12. Faulting in sediments 

A.3.2 Transportation Accident Scenarios 

The consequences of damaged or undamaged waste packages containing 
50-year-old waste sitting on the sediment surface on either the continental 
shelf or deep ocean bed have been estimated. As expected, these consequences 
have been found to be considerable compared to those from an equal number of 
correctly emplaced waste packages. This implies that deliberate disposal of 
waste packages on the sea floor would not be nearly as safe as burial of the 
same waste packages in sediment formations below the sea floor. It also 
implies that losses of large numbers of waste packages through transportation 
accidents will not be acceptable. It will be necessary to develop reliable 
transportation systems for this type of waste disposal. 

The Radiological Assessment Task Group conducted one study to see if 
the risks associated with transportation could be significantly reduced 
through good engineering practice. The assessment is based on a conceptual 
penetrator emplacement ship specifically designed to avoid accidents and to 
survive if there is an accident. The risks of transportation associated with 
this design are listed in Table A.3. These risks are lower than those for 
normal, base case emplacement. 
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Table 4.3. PROBABILISTIC DOSES PER REPOSITORY FROM SEA TRANSPORTATION 
ACCIDENTS USING SAFE SHIP DESIGN 

Peak Individual Dose 
Data Level (Sv per year ) 

Shelf 

Most Favorable Data 2.5 x 10 

Best Estimate Data 4.4 x 10 

-13 
Least Favorable Data 8.3 x 10 

Deep Ocean 

-20 
Most Favorable Data 5.3 x 10 

18 
Best Estimate Data 1.0 x 10 

Least Favorable Data 1.3 x 10 

a -3 
For comparison, the average annual background radiation dose is 10 Sv per 
year. 

4.4 Comparison with International Co—ission on Radiological Protection 
Standards 

The assessment of the radiological acceptability of a radioactive vaste 
disposal concept is a complex process, involving not only scientific and tech
nical considerations, but also economic and social aspects such as comparisons 
with other available disposal concepts (including judgements about their re
spective costs and benefits). This process has been described in detail in 
tvo recent international reports (Nuclear Energy Agency, 1984; International 
Commission on Radiological Protection, 1985). These reports suggest that the 
assessment could be conducted in tvo main steps: 

. First, identification of vhich disposal options are acceptable in 
principle from the point of view of individual doses or risks. 

. Second, integration of radiological and nonradiological factors into 
an overall comparison and optimization process, where all the poten
tially acceptable options or different designs of the same options 
are considered with the ultimate objective of identifying the 
optimum solution. 
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The present assessment is only concerned with the first step, since no 
decision is required at this stage to select one particular option. Consid
eration needs only be given to vhether seabed disposal can be ruled out solely 
on the basis of generic radiological protection considerations or, on the 
contrary, to vhether it must alvays be considered as one of the potentially 
acceptable options. 

Taking International Commission on Radiological Protection recommenda
tions as the most videly accepted reference in this respect, the basis for 
judging the acceptability in principle of a disposal option is the annual dose 
limit to individuals of critical groups of the public, which is 10-3 sievert 
per year for all sources of exposure other than that from natural background 
radiation and medical practices. 

The results of the radiological assessment (see Volume 2 for more 
details), both from the base case and from abnormal scenarios, indicate that 
doses to individuals resulting from a seabed repository would remain many 
orders of magnitude belov the International Commission on Radiological 
Protection dose limit (or even belov a fraction of this limit to take into 
account other sources of exposures). 

Another means sometimes used to judge the radiological acceptability of 
a disposal option is comparison vith natural background radiation levels. 
These are usually of the order of 10" sievert per year, again many orders of 
magnitude above the exposure level calculated in the radiological assessment 
of the seabed concept. 

Without prejudging results of a more global assessment of the concept 
when a full comparison is made with other disposal options, and using collec
tive dose considerations and site-specific data for all options, it can be 
concluded from the radiological assessment that seabed disposal has the capa
bility of meeting relevant safety criteria and should therefore be considered 
as a potentially viable option for the safe disposal of high-level and other 
long-lived radioactive waste. 
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Chapter 5 

CONCLUSIONS 

The composite conclusion which can be drawn from the work of the Seabed 
Working Group is that subseabed burial appears to be a technically feasible 
method of disposal of high-level radioactive wastes or spent fuel. The assess
ment is based on 11 years of research through the Seabed Working Group and up 
to 13 years of research conducted by individual member countries. The present 
body of information available to characterize seabed disposal is substantial. 
The Seabed Working Group suggests that further research can reduce the remain
ing uncertainties, and should be conducted before any attempt is made to use 
seabed disposal for high-level waste and spent fuel. 

Some of the specific conclusions which may be drawn from the research 
are: 

1. With regard to the existence of ocean locations with geological 
stability and suitable barrier properties: 

. Sites have been found in both the North Atlantic and North Pacific 
oceans which, based on current guidelines (Section 2.2) and 
available data, appear suitable for disposal. 

2. With regard to the emplacement technology: 

. High-level vastes or spent fuel could be emplaced in sediment 
formations using currently available technology if applied to the 
specific tasks required for seabed disposal. 

Two options, penetrator emplacement and drilled emplacement, have 
been found to oe technically able to place canisters of wastes at 
required depths into sediments. Present designs for either European 
or United States waste package configurations can be adapted to 
both options. 

Preliminary cost estimates suggest that high-level wastes or spent 
fuel could be disposed of economically through seabed disposal. 

3. With regard to the safety assessment of the seabed disposal concept: 

. Extrapolations from laboratory tests indicate that waste packages 
can be made to survive from a few hundred to as much as a few 
thousand yeais after burial. The waste form would slowly release 
wastes over another few thousand years. 

. Analytical models and field and laboratory data indicate that the 
primary sediment barrier will contain most of the radionuclides for 
thousands of years. 
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. Based on scenarios used and estimates, radionuclides which would 
eventually escape the sediment formation into the ocean would give 
their maximum doses to humans about 100,000 years after burial. 

. The maximum dose to individuals or the population would be very 
small relative to natural background radiation and would be many 
orders of magnitude below present standards for human health pro
tection for nearly all scenarios considered. 

. There would be insignificant risk to the deep sea environment from 
seabed disposal. 

Although the general feasibility of seabed disposal has been estab
lished, further research in the following areas would be needed before actual 
schemes could be implemented: 

- The magnitude and possible causes of pore water migration in the 
sediments; hole closure behind a penetrator; role of existing or 
subsequent faults; role of layered sediments. 

- Adsorption properties of the sediments, especially for long-lived 
fission products, but also for actinides; chemical speciation of 
radionuclides in the sediments near the waste package. 

- Ocean mixing in continental slope and coastal areas to study 
transportation accidents in these zones. 

- Deep-sea biological activity and its role in redistribution of 
materials in the ocean; deep-sea fish pathways from sediments to 
surface waters at the disposal area. 

- Engineering aspects of transportation; emplacement and recovery 
actions in case of accidents. 

- Field or laboratory validation of the models used in the assessment. 
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ppen x 

GLOSSARY 

BBL Bottom Boundary Layer 

BWR Boiling water reactor 

BOTG Biological Oceanography Task Group 

CEC Commission of European Communities 

E- Designation for a western Pacific site near the Kuroshio 

ENEA The Italian Committee for Nuclear and Alternative Energy Sources 

ESTG Engineering Studies Task Group 

GME Great Meteor East 

HLV high-level waste 

HOCUS (ESTG) Hole Closure Experiments at Sea (Campaign) 

ICRP International Commission on Radiological Protection 

NFTG Near Field Task Group 

PAGIS Performance Assessment of Geological Isolation Systems 

POTG Physical Oceanography Task Group 

PVR pressurized water reactor 

RATG Radiological Assessment Task Group 

SATG Site Assessment Task Group 

SBTG Sediment Barrier Task Group 

SNAP Southern Nares Abyssal Plain 

Sv sievert 

SVG Seabed Vorking Group 

UK United Kingdom 

US United States 
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