
I N T E R N A L DOCUMENT 

r p , , 

OCEANOGRAPHY 

DEEP SEA. WASTE DISPOSAL 

[This document should not be cited in a published bibliography, and is 
supplied for the use of the recipient only]. 

-

a 

INSTITUTE OF 
OCEAN OGRAPHIC 

SCIENCES 

% V. 

\ z 

'"oos 



INSTITUTE OF OCEANOGRAPHIC SCIENCES 

Worm ley, Godalming, 
Surrey, GU8 BUB. 

(042-879-4141) 

(Director: Dr. A. S. Laughton) 

Bidston Observatory, 

Birkenhead, 

Merseyside, L43 7RA. 

(051 652-2396) 

(Assistant Director: Dr. D. E. Cartwright) 

Crossway, 

Taunton, 

Somerset, TA1 2DW. 

(0823-86211) 

(Assistant Director: M.J. Tucker) 



OCEANOGRAPHY 

rslatsd to 

DEBP SEA. WASTE DISPOSAL 

A Survev commissioned bv the Department of the Environment 

In^tltnt^ or Oceanogr^phie Sciences, 
Woruloy, ^onalming, Surrey GDW September 1978 



•r; 

Wn fr̂ 'W'w , -iĝ at 
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%& g,*;gĥ  h#wk̂ , 

. '::Y '"?' "%v t /:;,f 
»"-^iY: ̂ j w & j 
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INTROnUCTZON 

The Sixth Report of the Royal CommisaioA on 
Environmental Pollution (Cmnd 66l8) recommended that 
a programme of research is needed to ensure that safe 
containment for an indefinite period of lon^-lived, 
highly radioactive wastes is feasible before a 
commitment is made to a large scale nuclear programme, 

In response to the Commission^ recommendations 
the Government decided to keep open and study further 
two options for the disposal of waste in the ocean 
(Cmnd 6820). They are 

i i) disposal on the bed of the deep ocean 
(ii) disposal within the deep ocean bedo 

If either of these options are finally adopted, 
it is inevitable, in view of the long time scales 
over which the waste products will remain radioactive, 
that waste will be released from its primary contain-
ment before radioactivity ceases to be a hazard. 

If waste material is placed on the bed of th^ 
deep ocean release will be directly into the seawater, 
through which the radionuclides may find a pathway to 
the marine and terrestrial biota. It is necessary to 
establish that dispersion and dilution will prevent any 
unacceptable concentration. 

If waste is to be disposed of within the deep 
ocean bed it is necessary to be sure that any release 
from the containers will be localised within the sediment 
barrier for th^ remaining active lifetime of th^ waste 
products at least to the extent that any secondary 
release to the water will be sufficiently diluted. 

Whichever option is chosen, accidents that could 
result in release to the seawater may occur during 
transport and emplacement of the waste containers. It 
must be established that any such release will be 
sufficiently diluted. 

Research will be needed before any of these 
conditions can be satisfied. Preparation of this 
document was commissioned by the Department of th^ 
Environment as a step in defining the necessary 
programme. It attempts 

a) to summarize the present state of knowledge of 
the deep ocean environment relevant to the disposal 
options and ascess the processes which could aid or 
hinder dispersal of material released from its 
container. 

b) to identify areas of research in which riorc 
work is needed before the safety of disposal o^^ or 
beneath, the occan bed can be assessed. 
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c) to indicate which areas of research can or 
should be undertaken by British scientists. 

The report is divided into four chapters dealing 
respectively with geology and geophysics, geochemistry, 
physical oceanography and marine biologyo The chapters 
were written separately by different authors, or groups 
of authors, specialists in the different scientific 
fields. 

Bach chapter commences with a summary of its 
objectives an^ conclusions, provides a review of 
present knowledge in its particular discipline, and 
ends with recommendations for the research needed to 
assess the feasibility of the disposal optiona. Whilst 
intended to be a fairly complete survey of past and 
present research developments, the report naturally 
covers only work of which the authors were aware during 
the short period in which the reports were prepared, and 
they apologise to those whose research has been over-
looked. References are given at the end of each chapter. 
The rapid rate of increase in relevant research and 
understanding is reflected in the number of references 
to work published in the present decade. 

Naturally the approach to the problems and 
questions raised regarding the feasibility of the 
oceanic disposal options is different in the various 
chapters. Nevertheless, it should be appreciated that 
there is much common ground, especially among the 
recommendations for research. Some of the research in 
each of the four areas of science will rely heavily on 
information from research in the other fields of study. 

The need for an increased research effort 

Work in connexion with deep ocean waste disposal 
will be intimately related to other oceanic research 
undertaken for practical purposes or in quest of 
scientific understanding. 

Many of the problems that imust be solved before 
waste can be disposed of in the ocean are of great 
scientific interest and will undoubtedly be attacked 
in the course of time. One possible strategy would be 
to allow the present research effort to proceed, 
redirecting it where appropriate and possible. This 
approach may not however fit the timetable for 
necessary decisions about the future of nuclear power 
which requires a pilot disposal facility to be in 
operation by the early 19908. 

Of course scientists are naturally attracted to 
problems of great practical importance that lie within 
their sphere of interest and may well redirect their 
own interests. But the amount of redirection will be 
limited by a number of constraints, the most telling of 
which is the small number of people n^w working in marine 



science wbo are qualified to produce useful work in a 
abort time. However hard the scientists try it is 
unrealistic to expect to achieve the results that are 
needed in the above timescale. 

The only way to achieve what is desired is to 
expand the applied effort selectively bringing in new 
people with the right basic skills. This paper attempts 
to identify scientific projects that could be undertaken 
by the United Kingdom with this in mind, making use of 
advanced expertise already present, adding to it where 
necessary and reinforcing it by selective recruiting 
where appropriate. 

International cooperation 

Research by British scientists will depend on, 
and be closely related to, work being done abroad to 
the same general end. The United Kingdom is on^ of a 
small group of nations with the expertise an^ equipment 
to work effectively at sea. All will have to play their 
part if work on the many problems is to progress 
satisfactorily. Some types of research require a broad 
attack by many scientists, so that the same sort of 
activity will probably be needed in several countries 
simultaneously. Others require special knowledge or 
equipment available only in one or two places are 
best left to the countries qualified to do them. 

If all necessary work is to be done without 
wasteful duplication but with the required degree of 
joint effort it is necessary to ensure that there is a 
well coordinated international programme, Fortunately 
there are close informal links between ocean scientists 
the world over which will ensure that all are kept 
informed of plans and progress. 

However, some degree of formal coordination is 
also necessary and to some extent already exists. Under 
the auspices of the NBA Radioactive Waste Management 
Committee, three international workshops have been held 
in the United States in 197&, 1977 1978 to discuss 
the problems arising from seabed disposal an^ to highlight 
the research required. The NEA Seabed Working Group was 
formed with membership from USA, UK, Prance, Japan and 
Canada, and between annual meetings works through 
correspondence in seven task groups:-

Physical Oceanography 
Canisters 
Waste Form 
Biology 
Sediment and Rock 
Site Selection 
Systems Analysis 

The objective of the Seabed Working Group and its 
Task Groups are to:-



"Provide forums for discussion, assessment of 
progress and planning of future efforts; 

Encourage and coordinate cooperative cruises 
a^^ experiments among the member nations including the 
sharing of ship time between experiments from different 
nations; 

Share facilities and test equipment; 

Exchange information; 

Maintain cognizance of international policy 
issues." 

A restructuring of task groups has been suggested 
by the Systems Analysis Task Group Meeting in May 1978, 
together with a systems analysis model of an overall 
research programme. 

These task groups have already provided an 
invaluable channel for communication on research 
programmes in other countries and are leading to 
cooperative research projects and coordinated cruises 
with the minimum of bureaucracy. Direct contact in 
this way between involved scientists may well be more 
productive than intergovernmental agreements. 

Research programmes on land disposal and on the 
sea disposal of low level waste are at present discussed 
and coordinated through the IAEA and the EEC. However 
neither of these organisations has yet been active in 
considering the research required for high level disposal 
in the deep ocean. 

The International Council of Scientific Unions has 
recently considered (at the lyth General Assembly) a 
report on the "Question of ICSU involvement in the 
problem of disposal of nuclear wastes" in which it was 
proposed to set up a steering committee and a series 
of working groups on different disposal options including 
the marine option. Their task would be to study existing 
and planned research and development programmes and to 
examine international coordination from a more academic 
viewpoint. A study group will be set up to explore 
ICSU's role in this field. 

The principal recommendation; 

The recommendations of this report take in±o account 
the need to plan a United Kingdom research programme so 
as to take advantage of national needs and capabilities 
and to fit in with thu ^^r^ of other nations. 

Each of the four chapters recommends a selective 
approach to support of research,making maximum uso of 
existing expertise and facilities in government 
laboratories, universities and elsewhere. 
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All agree in one way or another that it is possible 
to identify, types of research that will have to 
be done by any nation that is to be regarded as a 
serious contributor. This basic element includes the 
support of techniques needed for a range of research 
topics and khe support of international research 
programmes aimed at the rapid joint acquisition of basic 
knowledge about the properties of the ocean and its 
floor worldwide. 

In addition it wi]l be necessary for each nation 
to carry out specialist or advanced studies, appropriate 
to its own capability, selected either because the 
expertise is already available or because expertise can 
be developed from skills already possessed. 

The four chapters each recommend a programme of 
research for the United Kingdom combining these two sorts 
of elements. In addition to making a useful contribution 
to an international effort, the combined programmes 
should also meet the domestic requirement for the range 
of skills needed for participation in decision making at 
all levels and for knowledge about particular disposal 
areas of practical interest. Furthermore public acceptance 
in UE of a particular disposal option will require the 
demonstration of its safety through the advice and 
expertise of its own scientific community and not be 
dependent on foreign assessments. The proposed research 
programmes will create a body of scientists which the 
public will see to be independent of any nuclcar lobby, 
who have great experience of problems of ocean disposal 
and who will be able to give such advice. 

The principal recommendations chapter by chapter 
whether specifically included in the proposals for 
research or referred to in the body of the text, are 
here summarized and rearranged under basic, specialist 
or advanced and instrumental headings. 

1. Geology and geophysics 

a Basic programme 

i Reconnaissance surveys (l-49)* of areas of the 
ocean floor which seem to be of a type that might 
be suitable for disposal, to determine bathymetry, 
sediment thickness, morphology of the seabed 
and nature of the superficial sediments on a 
regional scale. Estimation of geophysical 
parameters such as seismicity and heat flow. Some areac 
for reconnaissance may already be chosen from what 
is already ^nown, others may come to be considered 
as more is learned of the processes affecting 
stability of the sea floor. 

2fer to chapter and page numbers in this report. 



The programme of reconnaissance surveys is, therefore, 
likely to be a continuing one; it is best fitted 
as logistic opportunity occurs, into the national 
oceanographic programme. 

ii Routine sedimentological work (l-5l) on ship or 
shore as appropriate including 

Initial core description 
Detailed sedimentological core analysis 
Dating 
Palaeoenvironmental studies 
Geotechnical measurements 
Heat source experiments 

Specialist or advanced studies 

i Sea floor observations. As the problems of seabed 
disposal become more firmly identified it will be 
necessary to study certain aspects of the sea bed 
in greater detail, often using seafloor 
observations to obtain the required resolution. 
Topics in which UK might play a leading role or 
in which the development of a UK expertise is 
essential include: (l-50 and table 1.3). 

Detailed heat flow determinations 
Heat transfer experiments 
Long term soil mechanics experiment 
Detailed studies of local seismicity 
Small scale seismic profiling 
Detailed acoustic and seismic reflexion profiling 
using deep towed devices 

Bottom photography 
In-situ sedimentation studies 

More advanced research studies in support of these 
topics might include work on the mechanisms of 
heat flow, on the fundamental basis for the soil 
mechanical properties of deep sea sediment and 
on the improvement of dating and palaeoenvironmental 
techniques (l-53). 

c Laboratory and field instruments for basic and advanced 
programmes (1-52) 

Because of the volume of work to be done, considerable 
extension will be needed of facilities suitable for routine 
work in th^ basic programme particularly for scdimentological 
usee This will not necessarily involve thy development of 
novel equipment. 

The acquisition of suitable coring and seabed 
sampling devices will start with purchase of the best 
available equipment and will lead on to proginRimes to 
develop appropriate specialist devices. 



other requirements in the early stages will include 
acoustic navigation systems for precise location of 
samplers and other instruments on or near the sea floor, 
apparatus for heat flo% determinatiorn and the improvement 
of oo^ieras and ocean bottom seismic receivers. 

Requirements for the advanced programme will include 
development of ocean bottom scismic sources, deep towed 
acoustic and seismic reflexion equipment and the apparatus 
required for in situ geotechnical measurements an^ 
sedimentation studies. 

2, Geochemistry 

& Basic programme." A general study probably lasting 
three to five years and including the following 
elements (2-52). 

i Chemistry and mineralogy of sediments; collection 
and analysis of long core sections; 
characterisation of modern and Quaternary 
(glacial) horizons. 

ii Accumulation rates of bulk sediments an^ heavy 
elements; dating of sediment sections; geological 
histories. 

iii Chemistry of fission, activation product,and 
transuranic nuclides in the Irish Sea; a basic 
geochemical study of a point-source "experiment" 
provided by the Windscale outfall. 

iv Chemistry of the pore waters of marine sediments. 

b Specialist or advanced studies. These would follow from 
the basic work and would last at least a further decade. 

Exchange properties of marine sediments, using 
radioactive and stable nuclides. 

Behaviour of natural series actinides and 
lanthanides in marine deposits. 

Sediment properties and stability of waste forms 
under elevated temperatures and pressures; studies 
of natural glasses. 

Chemistry of suspended particles in the deep sea. 

Migration in the pore fluid; thermodynamics and 
gpeciation of radionuclides. 

Laboratory and field experiments o^ T^e 
interaction of transuranic nuclides ar^ natural 
marine sediments. 

Radiation effects on sediments, pore fluids aud 
waste forms. 
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c IrGtrumertation 

The geochemistry programme will share many of the 
requirements for new or improved sediment samples of the 
geology and ^aophyclcs programme outlined in section 1. 

Special equipment will include traps for suspended 
particles (2-45), instrumentation for studying th^ effects 
of in situ releases (2-46) and eauipment to work in the 
laboratory on the chemical behaviour of sediments at high 
temperature an^ pressure (2-44, 2-46). 

3 Physical Oceanography 

a Basic programme 

A contribution by the United Kingdom - which is among 
the world leaders - to an international study of tb^ abyssal 
currents and circulation of the ocean. The basic programme 
will include, at a later stage, studies to determine the 
potential behaviour of contaminants released at specific 
sites. 

Its elements will include: 

i Observation of the large scale current systems 
using neutrally buoyant floats to estimate 
long term advection (3-68). 

ii Complementary observations using fixed moorings 
(3-68). 

iii Study of mesoscale eddies in the ocean and 
particularly their effect on the benthic 
boundary layer (3-28). 

iv Theoretical work on dispKM^a using numerical 
models (3-69). 

V A# overview of climatic modelling undertaken as 
part of the Global Atmospheric Research Project 
(3-70). 

b Specialist or advanced studies 

A long term study concentrating on the benthic 
boundary layer including 

i Long term observations at a few sites to 
determine the turbulent structure of ttm 
boundary layer under different mean currents, 
thermal structure and bottom topography 
(3-67). 

ii Associated numerical modelling. 
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iii Fundamental studies in the laboratory and at 
sea of special processes, for example double 
diffusive effects, likely to affect dispersion 
(3-22). 

iv Fundamental studies in the laboratory and at 
sea of the stability, erosion and, transport of 
fine grained sediments (3-68). 

c Instruments and anuaratus 

Considerable effort will be required to develop the 
equipment for making observations close to the floor of the 
deep ocean. In the early stages this will include both 
static equipment to measure water movements and temperature 
and neutrally buoyant floats able to work withd^ a few 
metres of the bottom? Special attention will be needed to 
the means of recovering instruments and to the accurate 
measurements of weak currents under severe conditions 
(3-61). 

The most difficult instrumental development for work 
on the abyssal circulation will be of a neutrally buoyant 
float system for use over long time periods to define the 
mean circulation and diffusion in ocean basins where waste 
may be dumped (3-68). 

4. Marine Biology 

a Basic programme 

Contributions to an international programme to fill 
in the most serious gaps in knowledge about the quantitative 
distribution of organisms in the ocean. Elements requiring 
UK participation include: 

i A sa^gling and observational programme aimed 
principally at estimating the heterogeneity 
in the distribution of benthic and midwater 
animals (4-39). 

ii A sampling programme using techniques developed 
in the HE to detect diurnal, ontogenetic and 
feeding migrations of animals below 1000m depth 
(4—43; 4—4^)« 

iii Study of the statistics of catches and 
distribution of the larger animals (4-44). 

iv Reinforcement of UK capability in taxonomy of 
deep sea species (4-39)^ 

V Cooperation in zn international programme of 
community analysis and zoogeography (4-4l). 
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Specialist or advanced studies 

i Contribution to an international programme of 
quantitative studies of benthic micro-, macro-, 
and megafauna and of midwater macroplankton and 
nekton (4-4l). 

ii Study of feeding and reproductive strategies 
of selected groups where UK has special 
expertise (4-42). 

iii Detailed study of migrations revealed by the 
basic programme. 

iv Mathematical modelling of the whole and parts of 
the oceanic ecosystem. 

c Instruments 

The United Kingdom is among the leaders in quantitative 
sampling methods for deep ocean fauna. Among the systems 
needing further development are: 

i Longhurst Hardy Plankton recorder - modification 
to deal with low density of organisms below 600m. 

ii lOS RMTf8 Net. Development of a multiple 
sampling system to reduce ship time for deep 
hauls. 

iii Benthic sampling - development of quantitative 
methods. 
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rUMf'IZUlY 

A review of presenu knowledge in marine geology and geophysics emphasises: 

firstly, the enormous:̂  increase over the past thee decades in our general under-

standing of geological processes in the deep ocean; an^ secondly, the lack of 

detailed information with which to answer many of the questions posed by the 

proposal to embed radioactive waste canisters beneath t±ie seabed. 

Only in the %)cGt tv;enty yeais liave abyssal ocean flcorsbeen recognised as 

other than tranquil regions of rteady sediment accumulation. Sediment transport 

and deposition over huge areas of the ocean floor is controlled by 

bottom-flowing currents. Large-scale erosion of the seafloor also occurs. 

Submarine sediment: slides and slumps can move enormous volumes of sediment on 

low angle slopes, demonstrating the need for research int^ earthquake hazard 

in likely disposal areas. 

Practically no in-situ experimentation has been carried out on deep ocea: 

floors; thus our knowledge of the controls on sedimentary processes is severely 

limited. Similarly there is almost no information on t̂ ie physical properties 

of the medium into which the waste canisters might be emplaced. Recent studies 

have suggested the possibility of convective heat flow through deep ocean 

sediments, and illustrate the need for an understanding of physical processes 

within the proposed sediment barrier. 

Chanqes observed in oceanic sediment cores provide a record of past 

environmental changes averaged î wsr scales similar to bhose involved in 

decay of the radioactive waste. Studies aimed at predicting future environ-

mental changes will require a particularly refined knowledge of the recent 

history of a disposal location, built from a range of stratigraphic techniques. 

We consider that the choice of study areaSf and later of possible dispos 
" 

sites, should rest on site criteria which are continually refined as the 

research progresses. The prime target of any U.K. research programme devoted 

to the beneath-th?:-seabed option should be the evaluation of the sediment 

barrier in a variety of environments. 

Most of the research requirements that we have identified fall with]_n tlie 

range of present expertise and technology. They call fc^ a concentration of 

research effort in a small number of study areas wit^ emphasis on in-situ 

experimentation and evalratdon of the sediments as a barrier. 

1 - 2 



1. INTRODUCTION 

%he purpose of this chapter is to idenrify the geological and geo-

physical factors relevant to the disposal of high level radioactive waste 

beneath the ocean floor. It is assumed that the waste will be processed 

into canisters and that these will be embedded in the 

sediments or underlying rock of the ocean floor. Thus a "multiple barrier" 

concept is assumed. From the geological and geophysical point of view the 

problem then is: can we predict, from our knowledge of the processes affecting 

the sediments and rock and from what we know of their physical properties, 

6 

what will happen to the waste during the ensuing 10 years that it takes for 

the radioactivity to decay to background levels? The chemical aspects of 

the sediment and rock "barrier" are discussed elsewhere in the lOS Report. 

Here the factors controlling the effectiveness and endurance of the sediments 

and rocks as a physical barrier are considered. 

No particular method of emplacement of the waste in the seabed is 

assumed. Although several emplacement techniques have been mooted, the 

choice of the actual method to be employed can only be made when the effective-

ness of the sediment/rock barrier is understood, when the depth to which, 

emplacement is necessary has been determined and wnen the physical properties 

of the sediment/rock have been considered. However, physical properties of 

the sediments and rock relevant to any emplacement process are discussed in 

this chapter. 

Although concentrating on the "beneath-the-seabed" option, this chapter 

reviews current knowledge of the processes affecting the stability and 

resistance to erosion of the sediment barrier. Thus., in common with the 

later ch&ptsrs, interactions with the overlying senw^tcr are considered. 

FuiLher studies on these processes are identified as research requirements 

in rhe last section. 



2. THE GHOLOGTCAL ENVIRONMENT 

2.1 THE MOVING, COOLING PLA' 

Geological and geophysical studies of the ocean floor over the past 

two decades have established that the older idea of continental drift is 

subsbantially true. The new theory of plate tectonics, now just over ten 

years old, summarises modem ideas about the evolution of the earth's 

surface. Rather like a cracked egg, the earth's surface is composed of 

a number of integral pieces or plates. The plates are not stationary, 

but are constantly moving relative to each other under Uie influence of 

forces, not yet fully uniderstood, generated in the earth/s interior. The 

total nu3i?3er of plates is small - Uiere are only about a dozen major plates 

and a few minor ones - so that tlie distance across one is typically measured 

in thousands of kilometres. In contrast, their tbickness is only about a 

hundred kilometres. Nevertheless, because the places forming the outer 

hard shell (the lithosphere) of the eart]-; are considerably mere rigid than 

the underlying asthenosphere, they suffer very little dufonnation within 

their interior as they move about. However, the boundaries separating the 

plates are zones of considerable tectonic, volcanic arid earthquake activity. 
(1) 

So much so that a map of the earth's seismicity/is essentially a map of th; 

plate boundaries (2) (Figure 1-1). 

Three main types of plate boundary have been identified: 

(1) T^e Spreading Axis - where the plates are moving apart and new plate 

material is formed by bhe upwelling of molten rock from within the earth. 

Because Lhe rocks thus formed are denser and less Ibuoyant than the granitic 

rocks which constitute the basement of the continents, spreading axis 

is almost always found below sea level, except where rifting has just begun 

beneath a continent, and manifests itself as the axis of a mid-oceanic ridge. 

The Mid Atlantic Ridqc and East Pacific Rise are examples. 

(/) The Subduction Zo^a - where the plates are moving togc tner and one oi 

the plates is destroycJ by passing down beneath the other and being assimilated 

1 —4 
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into'the earth's mantle. Where an oceanic plate collides with a plate 

carrying a continentf the less dense continental in^ss remains on the 

surface while the denser oceanic plate is consumed. T̂ iis process is 

taking place along the west coast of South America. (Note, however, 

tliat not all continental margins are plate boundaries. Frequently 

continent and adjacent ocean basin belong to the plate, for example 

the eastern Atlantic Ocean south of the Azores l^slongs to the African 
they 

plate, and/r^ove together. In tliis situation the continental margin is 

called a passive margin (Figure 1-2)). 

(3) The Transform Fault - where the plates are moving past each other and 

plate material is neither being created nor destroy^^L Transform faults 

are found both on the ocean floor and on the continents. The Romanche 

Fracture Zone offsetting tlie I4id Atlantic Ridge near the equator and the 

San Andreas Fault in California are examples. 

It is apparent from the above discussion of tlie processes taking place 

at plate boundaries that whereas oceanic crust is easily formed and easily 

destroyed, continental crust - once formed - remains at the earth's surface. 

Thus the rocks found on the continents, in particular the granitic basement 

rocks, are in general considerably older than those found on the ocean 

floor. The oldest rocks recovered from the ocean floor are approximately 

200 million years old whereas rocks neajily 4000 million years old have been 

found on the continents. Furthermore, because, (luring their long history, 

the granitic basement complexes of the continents suffered reworking 

and metamorphism, no simple pattern can. be observed in their age distribution. 

In contrast the age distribution of the basaltic crust of the ocean floor 

forms a simple banded pattern, with the youngest rocks observed along the 

mid-oceanic ridges an^ the crust becoming progressiA^sly older with increasing 

distance from the mid-oceandc ridge at which it was formed. JrJy rarely does 

off-axis volcanism create a seamount or (more rarely still) an island, 

e.g. Hawaii, to disrupt this simple age configuratJxsn. 
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The simple age relationships of Mie ocean floor in turn allow simple 

methods to be used to determine its age. As new oceanic crust, formed 

from molten rock at the ridge axiS; cools ̂  it acquires the magiietization 

of the earth's field at that time. However, the earth's magnetic dipole, 

whilst remaining aligned with the axis of the earth's rotation, is known 

from paleomagnetic studies of roclrs on land to change its polarity at 

4 6 

intervals of 10" or 10 years. Thus the magnetized rocks of the ocean 

floor retain the polarity of magnetization appropiriate to the time of 

their formation. And the moving ocean floor itself has been likened to 

an enormous tape recorder with the rocks alternately normally and reversely 

magnetised in bands parallel to the mid-oceanic ridge. These bands of 

varying magnetic polarity give rise to anomalies in t±ie earth's magnetic 

field which can be detected by magnetometers towed behind ships or air-

craft close to the sea surface/(Figure 1-3). A sufficiently detailed magnetic 
(4) 

anomaly map allows tlie age of the ocean floor to be determined/- Under-

standing how to "read" the oceanic tape recorder was one cf the outstanding 

discoveries of the nineteen sixties. 

2.2 THERMAL COlSn'RACTlON OF THE COOLING PLATE 

The upwelling of hot molten rock to produce new plate material along 

the axes of the mid-oceanic ridges implies that the temperature of the 

newly formed plate is close to the melting point of i%%)er mantle rock under 

low confining pressures - about 1200°C. As it moves away from the spreading 

axis it cools through its upper surface - maintained by the ocean at a 

temperature close to 0°C - and thickens at its lower surface. As the rock 

cools it contracts, co that sea depth increases with increasing distance 

from the ridge axir. It has been found that when the sea depth (strictly 

speaking the depth to the basaltic basement, corrected for the effect of 

sediment loading) is plotted against age, all oceans follow e similar 

relationship. Out to about 70 my (equivalent to a distance from the riage 

axis of from 1000 to 5000 km, according to spreading rate) the depth increases 
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linearly with t^, i.e. /the square root of the of the plate (Fiourc 1-^). 

7\ number of tberinul modelu: of the cooling plate have been developed 

The models differ in the assumptions made about the lower boundary, but 

it has been shown that all give rise to the linear t^ dependence of depth 

out to some age, for all are solutions of the same equation of heat 

transport. If the plate were a semi-infinite half space - the simplest 

model - the t^ dependence vfould continue indefinitely. That this dependence 

breaks down beyond 70 my is an indication of the finite thickness of the 

plate and that the heat flux through its upper surface does not decay to 

zero biit to a finite value, which is the sum of the background value through 

the base of the plate (0.8 HFU) and the heat generated by radioactive decay 

within the plate itself (0.2 HFU). 

2.3 PROCESSES OF HEAT TRANSFER NEAR TEE OCEAN FLOOR 

The same cooling plate models which describe th^ variation of water 

depth with plate age also prcdict the variation of the heat flow through 

h 

the ocean floor with age, Where the depth shows a t dependence, the heat 

flow should vary linearly at t ". The success of the thermal models in 

fitting the depth data gives one confidence in their applicability to the 

heat flow data. However, the observed heat flĉ f (deviates considerably 

from the simple relation predicted. "The observatior^ considerable 

scatter and only recently have the causes of this scatter been understood. 

The processes involved are best understood by considering the results of 

detailed measurements within a limited area - Crozet and Madagascar 
(6,7) 

Basins of the Southwest Ir^ian Ocean/. The same ^processes are involved 

elsewhere on th^ ocean floor, but the timescale i/aries. 

Heat flow observations from the Crozet and IMadagascar Basins are 

plotted against age (determined from the magnetic anomalies) in Figure 1-5. 

f-k̂ st of these measurements wrrm obtained by measuring the temperature 

gradient in the top few metres of the ocean floor and measuring the 
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thermal conduutivify of aadiment samples on board ship. The divergence 

from the range of valuer predicted by theoretical cooling plate models 

is considerable. Broadly, the plot can be divided into three different 

areas according to age: 

(1) Ab ages younger than about 40 my, observed heat flow invariably falls 

below the predicted value. Rxtreeely low values are observed, even over 

young plate. 

(2) At Intermediate ages, approximately 40 to'60 orf, the observed heat 

flow shows rough agreement with that predicted, tyut with considerable scatter. 

(3) Beyond about 60 my, tlie scatter of the observations decreases and the 

observations tend to agree with theoretical predictions (some refinement 

of the models may be necessary in the case shown). 

The above behaviour has Jbeen interpreted as follows. Young oceanic 

crust is highly cracked and fractured, extremely permeable and saturated 

with sea water. Thus the dominant process of heat transfer in the top few 

kilometres of young plate is not conduction throrigh the rock but convection 

of seawater. Furthermore, until the crust Is coapD.etsly blanketed by an 

impermeable layer of soft sediment, the crustal convection cells are not 

closed but open to the sea itself. Thus much of the cooling of the young 

plate takes place by the mass transfer of seawater across the ocean floor. 

Uea.t flow values in this j_egion (which ucin only be made vjhen there is 

sufficient sediment to take the temperature probe) are conseguently always 

less than that predicted by conduction models. 30:̂ 2 results of a detailed 

heat flow survey over 18 my old crust in the Cro%et Basin illustrate this 

situation (Figure 1-6). The cyclical pattern of the l̂ sat fL^^ observations 

with a wavelength considerably longer than fluctuations in the thickness, 

of the sedimentary is thought to reflect the dimensions of tne 

convection cells them/elves, 

When the sediment is sufficiently thick to form an 2.mpena-L::able 

barrier to the passage of seawater and to seal off all rock outcrops from 
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cont&ct with the sea, 1die convection ca^ls in the occo^^c crust became 

closed systems. All the heat transferred conveokively through the rock 

layer must now be conducted through the sedi^^nt blanket. This regime 

is applicable to the 40 to 60 my age range in the Crozet and Madagascar 

Basins. A detailed heat flow survey over 55 my crust in the Madagascar 

Basin illustrates the situation on a fine scale (Figure Good agreement 

with the theoretical heat flow predicted by the conduction models is 

obtained. But the cyclical variation reflecting the convection- cell 

pattern in the crust is still apparent. 

The closed convection systems in the oceanic crust do not continue 

indefinitely. Ultimately they seal themselves up with hydrothermal 

minerals of their own making. Convection then ceases and heat is trans-

ferred by conduction throughout. This is thought to be the explanation 

of the smaller scatter of heat flow measurements in old plate (older than 

60 my in Figure 1-5). 

The processes outlined above are believed bo occur in all oceanic 

crust. However, because there is considerable variation in sedimentation 

rates and in the degree of cracking and fracturing of the crust, the time 

scale varies. The behaviour of mean heat flow with age is shown in some-

what idealised form for all the major ridge segments in Figure 1-8.On the 

Galapagos spreading centre observed heat flow matches the theoretical 

in only 5 my. This is because this particular spreading axis lies beneath 

the equatorial high productivity zone in the eastern Pacific Ocean, where 

sedimentation rates are extremely high - about 50 m per million years. 

Elsewhere in the Pacific, the heat flow over plate created at the East 

Pacific Rise does not straddle the theoretical curve until about 15 my. 

In the Atlantic Ocean the same process takes nearly 8U my. Ttm reason 

for this difference in the behaviour of mean hear flnw between the East 

pacific Rise ^nd the Mid Atlantic Ridge is believed to be due to the much 

more rugged nature of the latter. Thus it takes considerably longer for 
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sediments to completely blanket crusL creatcd at the Mid Atlantic Ridge 

(typical basement relief away froK the axial region -^1000 m) than that 

created at the East Pacific Kise (typical basement relief .^200 nO. 

Finally the effectiveness of the sediment layer as an imp^rmeabJe 

blanket isolating the rock from the sea must be considered. The temperature 

gradient measured in the top ^^tres of the sediment on the ocean floor 

is not always linear. Both concave-up and concave-down temperature-depth 

profiles have been observed. Though there are many possible explanations 

for this phenomenonf it has been suggested that flow of water into or out 

of the sediment may be taking place because the sediment blanket is not 

completely sealing the underlying convection cells from the sea (6^8j. 

Upward flow of water would produce a concave downwards temperature profile, 

downward flow a concave upwards profiie. An example of a non-linear 

temperature gradient observed on the flanks of the East Pacific Rise is 

shown in Figure 1-9. This profile has been interpreted to indicate a 

conductive heat flow of 2.65 HFU, a convective heat loss of 0,72 HFU and 

- 6 

an upward flow of water at a velocity of 3.4 x 10 cm/sec. It is important 

to emphasisef however, that this interpretation is highly speculative and 

that many more measurements are needed to confirm or refute this hypothesis. 

The possibility that in some areas water is being driven convectively 

through the sediments has important implicarions for radioactive waste 
- 6 

disposal. Plow rates of 10 cm/sec would bring pore water from 100 m depth 

to the sediment surface.in a few centuries. Thus detailed heab flow surveys 

over a wide range of sediment thicknesses and plate ages will form an important 

line of research. 
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X.4 . I PRi' '' ' ' IN THH IGNEOUS CRUST 

2.4,1 Î )ck Porosity and Seismic VRloeitv 

Seismic refraction techniques have been employed for many years to 

(99 

dctcrminG the velocity structure of the oceanic crust/. Airgun or explosive 

sources near the sea surface are recorded by smrface floating sonobuoys or 

bottom receivers. The travel time data thus obtained is intczpreted in 

tcnns of the cqmpressional velocity structure of the top few kilometres 

of crust. The technique yields little information about the sedimentary 

overburden, because of the latter's low seismic "velocity. Most of the 

inforr;:aticn concerns tlie hard rocks. The simplest method of interpreting 

the data is to regard the oceanic crust as a series of homogeneous layers 

and to calculate the velocities and thicknesses of these layers. When 

this is done, essentially four different layers can be identified, 

according to their seismic velocities, in the top few kilometres of the 

igneous crust (10). 

Layer Average Velocity 

2A 3.6 km/sec 

2E 5.2 

2C 6il 

3 G.9 

The structure of the î pper oceanic crust in Atlantic and Pacific 

Oceans, interpreted in this wanner from a large number of airgun/sonobuoy 

records, is shown as a function of age in Figure 1-10. The low velocity 

layer 2a is found to be thickest on the ridge axis in both oceans but thins 

witli age, disappearing at about 30 my in the Pacific Ocean and at about 

GO my in the Atlantic. Whether it disappears compl'Ztely is uncertain 

beceuac layers tliinner than about 100 m are unreeolvsnle with the airgun/ 

^onohuoy technique. Another chanqe observed in layer 2A is that JLts 

velocity increases with age, froi:' about 3.3 km/scac on the ridge axis to 

layer 2B values (more than 4.5 km/sec) at 40 my. 

1 - 1 1 
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The ^clncitie^ obsor^cd at the top of oceanic crust are 

believed to be due to its high porosicy. The cli^nqes which occur in 

the thickness and velocity of layer 2A are thought be the result of 

the filling of voids and cracks by hydrothermal laineralisaticn. 

A more sophisticated method of interpreting seismic refraction data 

is to treat the velocity strrckure as a series of velocity gradients. The 

better quality data available from airgun/bottom receiver profiles merits 

this approach. It is thought that the velocity gradient model gives a 

better repj/eser.tation of the true velocity structzu.re than Wie stack of 

constant velocity layers. Seismic velocity is not a unique indicator of 

rock type, but since the top few kilometres of the igneous crust are 

kno^n with some confidence Lo be composed of basaltic lavas (except in 

the uppermost few hundred metres where sediments ar^ basaltic rubble are 

often intermixed), the variations of seismic velocity can be interpreted 

in terms of the varying physical properties of the basalt rather than due 

to any compositior.a.1 changes. The escentjal feature of the rock affecting 

its seismic velocity is its porosity. Porosity/cleptii cur/es for 4 my and 
(11) 

62 my old crust in the North Atlantic/, inferred frcxn seismic velocity 

structure, are shown in Figure 1-11 Tliese porosities are probably upper 

limits to the true porosity because of the simplifying assuiaptions made 

about the geometry of the water-filled voids. 

In conclusion, sei^aic refraction measurements of t±e up^)er oceanic 

crust show that the young crust produced at the ridge axis is extremely 

porous, with porosities near its top surface in the region of 30-40%. 

As the crust ages and n̂ ovoa away from the ridge axis its porosity decreases 

due to the filling of ',oids and cracks by hydrothermal minerals. This 

process takes longer on the Mid-Atlantic Ridge than on tJie East Pacific 

Rise, probably bec^us_ faulting and fissuring, \vhich is yjrj, p/uvalent on 

the former, makes yo^ng MAR crust more porous. 

1 - 1 2 
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2.4.2 ̂  -''L'rZ 

No permeability maasurcmentn have been carried out on core saaipl.e's 

of the igneous rocks of the occan floor, Such measurements would be of 

Tittle value, for it is known tliat t:ie igneous crust is highly fractured 

and fissured during the process of its formation so t̂ iat bulk, 

permeability is undoubtedly controlled by cracks ar^ fissures. Theoretical 

models cf the convective hydrothermal systems which been observed 

—3 
indicate that the permeabilitv of the crust lies in the range 10 to 10 

( 1 2 ) 

darcyt The^e values apply to the full thickness of txack in which convec-

tion is thought to be important - the order of 5 km. A constant value of 

permeability over this depth range is unrealistic because cracks and 

fissures tend to close with increasing pressure of overburden. Thus the 

permeability near the top of the igneous crust is probably greater than 

- 1 

10 darcy. 

The perzieability of the upper oceanic crust may be inferred from 

observations in Icoland and Hawaii. Hob-water convective systems are 

found in volcanically active parts of Iceland, a sub-aerial extension 

of the Mid-Atlantic Ridge. But vapour-dominated systems, such as found 
(.13) 

in Italy and New Zealand/are not found. This is thought to be due to , 
the greater permeability of Icelandic rocks and to the abundant precipi-

( W 

tation{ This suggests permeabilities in the region of 1 darcy. 

The permeabilities of core samples obtained frc^ a research drill 

hole penetratinq more than a kilometre into the active volcano, Kilauea, 

on Hawaii, have been measurecK The rocks encountered were basalts, 

similar to those found in the oceanic basement. Ttie permeabilities 
- 1 

determined for cores from the top 500 m of the hole lay in the range 10 

tc 1 dercy. These values are prolmbly lower li.aj tr? to the bulk permeab:.iity 

nf the roc^ in which fractures undoubtedly play a large part. 

In conclusion, the peoreability of the top few nundred metres of the 
. - - 1 

yonng oceanic crust i5 very higii, probably in the r^uige 10 " to lU darcy. 

1-13 
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The average pcrMfability of the top few kilometres of t̂ ie crnst is thought 

-1 

to lie in ths range 10 to 10 darcy. The permeability of tho igneous 

crust appears to doc%ease with age and convection probably caases when its 

average permeability falls Lelow 10 ^ darcy (see table in Section 2.14.5). 

1-14 



2.5 U3 OF OCEANIC SEDIMBN^OLOGY 

Despite t^e arcal extent of the deep ocean basins on the Earth's 

surface (Figure 1-2),the practical difficulties of working in such regions 

have ensured that our knowledge of their sediment sequences is surprisingly 

recent. SysLematic attempts to sample the sediment surface beneath the 

deep ocean began with the Challenger expedition of 1872-76 bat most 

of the data now available have been collected since World War II (Figure 1-13) 

Only in recent years has this worldwide data base built up to the extent 

that general horizontal distributions of sediment types on the floors of 

the deep oceans could be mapped. These distributions have been coupled 

with new information from physical and chemical oceanography and marine 

biology to provide an insight into the present day deep marine sedimentary 

system (16,17). 

The volume of sediment in the deep ocean basins has been determined 

more readily by seismic reflection profiling. Following an intensive 

period of study during the sixties, it became possible to draw generalised 

(Ĵ ) 

sedlu^nt thickness maps/(Figurel.-i4)and to infer the sediment type from its 

acoustic signature. Sampling was, until mid-19G8, restricted to coring the 

top ten metres or to dredging scarps where sections of the sedimentary 

layering might be exposed. Since then the Deep Sea Drilling Project has 

penetrated hundreds of metres to determine changes in sediment type with 

depth (and age). This information can be extended horizontally using 

seismic profiling to interpret the geological history of the deep ocean 

basins (19,20). 

We must emphasise the recency of the available information and its 

patchy data coverage. Figure illustrates seismic reflection profiling 

tracks in part of th= E^^tern Atlantic. Much of the profiling has been 

devoted to the continental margins, the plate boundaries ^r detailed 

ctu^y areas. Typicai coverage over an area that could be considered for 

disposal studies is shown in Figure 1-15B, Ekmie short pieces of ship track 
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give, the only information on rhe Kcdjment covec, chree isolated 

cora sampler: this for an arK^ ^bout half the size of Scotland. 

2.6 '' ; ' 'ES AMD 

The basic elements of all ssdi^entaiy cysLems arc: (a) the source 

of the sedimentary material; (b) its transport and distribution; (c) its 

deposition or accumulation; (d) any post-depositicwml. cffects such 

as erosion and redistribution, consolidation int^ rock, etc. Environmental 

constraints influence each of the basic elements referred to above. Factors 

such as climate, relief, regional geology or oceanoqraphic conditions acting 

at the source for exaniple, put constrai.nts on tlie nature and amount of t!ie 

sediment supply. Once deposited the sediments can still undergo erosion 

and redistribution by deep bottom currents if a change in oceanographic 

conditions occurs, or mass movements such as slumping if affected by earth-

quakes or other tectonic instability. 

Deep sea sedimentr^ are usually named for tlieir source material. Thus 

terrigenous sedi^^nt^ are n^de up predominantly of land-derived sediment; 

the biogenous oozes are composed of the microscc^xic regains of marine 

organisms. Othtr major types are the volcanogenic sediments and authigenlc 

(chemical) precipitates, while a minor category is extraterrestrial in 

origin (i.e. meteorites and tectite swarms from outer space). 

P.G.I TERRIGENOUS SRprMENT: The addition of terrigenous materials to tlie oceans 

frozii the land is about 250 x 10"'̂  graiTiS annu^illy of which cibout 206 x 10' g 

( m 
is solid, particulate matte^/ Climate, relief and geology of the source 

areas are the principal factors which determine t±ie sediment supply and 

the world's rivers are the most important disperrsal agents, transporting 

14 

183 X 10"̂  g/yi: cf particulate marter/f^nd 42 x 10'̂  g/y:' of dissolved 

substances. Small changes in c _o factois can create large variations 

in sediment supply to the _ :L^nS; ^nd thus can (drastically change the sedi-

mentary record of deep sea co\es. 

Four rivers, the Rv'ang IIo, Ga;:gc3, Bram:tpui:r3. a_nd Yanr;tze, at present 
accounu lor of the sediment transported to tJia world ocean. Of the top 

i-]b 
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zweJ.V'i j.'ivers Dy sediment diischarge., only thj Amazon^ Indus and Ganges/ 

BT_a.mapu.tra sysrens input into the open ocean (?.igure i-16) . All of tlie 

others deposit thej.r sadiment.'? in marginal seas.r siich as tiie Gulf of 

M-fxico, the Mediterrantpcm or the China Seas. More importantly, in all 

cases tl3e bulJ: of sediment carried in by .rî ''crs is presently deposited 

ne3.z.9?i:)r& izi eftuar.ies, deltas or offshore basins^ and i.n i nly a fevj 

case.'j, such as the Congo,, is it discharged dircctly beyond the cont.inental 

uheif and margin,^ intcj the deep basins of the ope.n ocean. That, this has 

been true for ;r:o5t of the geologj.c history of the present deep basins is 

shov/n by sedifiient thickness distributions (Figure 1-14). Probably no more 

than 20% of the tot.al volume of sediment in the op'en oceans is located 

beyond the continental Margins. However, lowered sea levels during 

glacial periods probaJoly caused exposure and erosion of much of the 

cont.incntal shelf reginie and thus ;nore rivers to input directly into 

th.e deep basins. 

Terrigenous icaiterials can be eroded and transported into the deep 

oceans by glaciers and icebergs. After melting such materi.als presently 

1 4 

contribute 19 10"" g/yr to the marine sedimentary system. ']?odayf this 

is of significance only in polar regions; principally Antarctica, but 

again conditions were markedly different during the Quaternary glacial 

periods (Figure 1-1?). Ice 1:rei.n3port was of icuch greater importance and 

iiiaxiimim deposition o.f i.cc-rafi:ed niaterials shifted, to the subpolar Norrh 
l^) 

Atlantic, Koutl] of Iceland/ As will be shown in section 3.4, ice-

raftcd debris is of particular significance in di.sposal considercitions. 

Coastal, erosion and wind, transport also del:i.ver terrigenous material 

to the oceans but are insignificant compared to rivor and ice transport. 

2.6.2 BIOCr̂ Gi.'S Biogenous sedimentary materials result from the 

[i.xation of inineral phasĉ .g by :.'.iarj.nn organisms. 1:̂  nea.r.shoire regions 

r.-j.l.luscs ar.d coral produce their .rhells and other oc.rts by fixing calcium 

1-17 
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carbenatc iu form of aragonitc. Yhoso fossil regains c^a collect to 

form mhull benku and harriers, and and atolls in Wie tropics. 

In the open ncca)!̂  on the oi.hcr liirnd, 2.ooplcinkton (principalJ.y foiraniini.fera 

and radiolarians) and phyroplankton (mainly ccccollths and diatoms) are 

responsible for fixing largs amounts of calcium carbonate (as calcite) 

and silica (as opal) from the surface waters. '^heir fossil remains settle 

to form the oceanic oozes which blanket much of th^ dec^ seafloor. Fish 

and sponges are also capable of fixing various minerals. Many organisms 

in the surface lâ /er of the deep ocsan generate fecal pellets of silt size, 

composed ij.ainly of biogenous irateriaJ., which will sink to the seafloor much 

faster than the terrigenous suspended clays. 

The production-of biogenous sediment is ckatermined by the surface 

biological productivity of the ocean. Very rough calculations (based upon 

the assujaptions that tlie oceans stay in chemical equilibrium and that all 

of the calcium carbonate and silica removed as sedimtzn'k is replaced by 

input of dissolved .substances frorn the land) show that tĥ ^ aniount of 

bion^nnus sediment produced annually is only abont 10% of terrigenous 

( 'I terrigenous 
in% Hoivever, sijice most of the/sediment in tlie oceans accumulates on 

the continental margins, the spatial distribution of biogenous sediment 

(25) 

is impressive/^Figure 1-18). 

2.6.3 VOLCA^OCENIC SEO] : These are the volcanj.c ashes (tep]ira) and idieir 

altered equivalenLS^ wnich result from eruptions on continents or the 

oceanic ridges or islands (Figure 1-19X They are carried by winds and become 

the next largest contributor to the deep mardiie sedimentary system. Altered 

volcanic af:h is a major comiDOnent of the Pacific red clays and may also be 

a source of mangane^:o and iron precipitates, particularly in areas of sub-

marine volcanism Lediment sequences with highly porous layers of unalterea 

ash could present p o^lems for disposal because they mi^ht p^oviae easy 

patnway^ to the 

l-ll 
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.6.4 SEDIMENTS: In th^ main, these are seafloor chemical precipitates 

but they may well be in part biochemically formed. .4mong the most widely 

known, because of their resource potential, are manganese nodules and shallow 

water phosphates. Manganese nodules cover wide areas of the deep ocean 

floors and techniques are in advanced stages of development to mine them. 

Man's activities in dumping waste materials into t±^ ocean, although 

not yet of geological significance on a global scale, locally important 

near densely populated, highly industrialised seaboards. It has been pointed 

out that New York City supplies more particulate matter to ocean annually 

than any of the rivers of the eastern United States (27). 

2.7 SEDIMENT TRANSPORT 

Mechanisms that transport sediments in the marine system are all primarily 

responses to gravity. Deep water areas are influenced by density driven currents 

of various kinds as well as surface currents. The principal influence of the 

surface currents is to distribute the fine suspended load along with the 

biogenically produced sediment. Additionally surface currents distribute 

ice-rafted material and volcanic debris, especially floating pumice. 

As suspended materials settle through the water column, concentrations 

are developed at density discontinuities where appreciahde lateral movement 

can be initiated as sediment plumes,such as occur frequently at the permanent 

thermocline. Another concentration zone,located within a thousand metres of 

(&8) 

the bottom in all deep ocean area^ is known as the 'nepheloid l a y e r I t is 

a zone in which upward mixing and resuspension of sediment from the bottom 

also occurs and its distribution (Figure ]H20)depends strongly on the effects 

of topography (downslope movement caused by excess of density) and bottom 

water circulation (lateral movement), 

Downslope movement of sediment in the nepheloid layer is seen as a 

stage in a continuous spectr^^ mechanisms for movement of sediment along 

the seafloor under gravity. The possible lange is one of increasing scale 

-19 
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and volume of entrained sediment, bhrough density currents, grain flows, 

fluidised sedinient flows to turbidity currants and debris flows and then 

perhaps on to mass movement processes, such as creep, slumping and sediment 

slides. Most of the above mechanisms are episodic in nature and are the 

cause of the marked vertical variability of sediment sequences found beneath 

the continental rise and the abyssal plains. The larger scale processes are 

able to transport coarse-grained sediment and thus will give rise to sand 

and silt layers in what would normally be clayey sequences. Tracing of 

these sandy layers (or turbidites) by seismic profiling reveals a general 

decrease in their occurrence away from the continental margins. However, 

any upstanding topographic feature can be the source of such flows should 

its sediment cover become unstable. In addition, the nature of the transport 

is such that flows are strongly controlled by topography and ev^^ on open, 

flat seafloor turbidity currents are known to create their own channel 

systems. Horizontal variability is therefore great and areas within reach 

of such sediment transport mechanisms are likely to prove impossible to 

model in terms of leakage pathways for emplaced wastes. Close to their 

sources some of these flow mechanisms may even be erosive, so it will 

be necessary to lucate disposal areas at least beyond layered turbidite 

distributions that can be inferred from seismic profiling. 

Thermohaline currents are a component of the ocean's bottom water 

circulation resulting from density diffeiences between wa±er masses of 

differing salinity and/or temperature. They can rework or erode existing 

deep water deposits. Acceleration of currents around upstanding features 

may cause erosion of the surrounding sediment surface (Figure 1-22), while 

later deceleration will cause deposition. Modification of th^ sediment 

surface by bottom currents, producing characteristic bedforms in abyssal 

regions, has been widely reccgni^od in recant years. These bedforms range 

from millimetres to kilomecres in scale (Table 1-1). However, not infrequently 

even the largest bedforms arc simply surface modifications of even grander 
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1.1 - CHARACTERISTICS OP BED FORMS IN THE !%%%) 

SMALL-SCALE FEATURES 

Relief Width Length 
Conditions of 

formatidn 

Lineations 

Scour and 'tuils' 
around "tatic 
obstacles 

Up to 10 mm Up to 
1-2 mm 

Up to 
1-2 mm 

100-150 iMO Faint examples 
formed by very slow 
currents; increasing 
definition with 
increasing current 

Depends on size of obstacle 
Formed with pro-
nounced lineations 
and at faster flow 
rates 

Asymmetrical 
ripples 

Propor-
tional to 
1000 times 
the grain 
diameter 

Generally 
40 mm 

May be 
continuous 
for metres 
to tens of 
metres, or 
form a 
complex 
network 

Caused by net move-
ment of water in one 
direction 

LARGA-SCALE FEATURES 

TItAIJSVERSE TO CURRENT 

Megaripples 

Sand wavA 

0.6-30 m 0.4-1.5 m 

Tens of 
metres to 
hundrreds 
of metres 

As for ripples above 

Ĝ n̂erally 
30-500 m 
but up to 
1 km 

1.5-25 m 
(1/3-1/10 
of flow 
depth) 

Hundreds 
of metres 
to tens 
of kilo-
metres 

Beneath b^d flow of 
0.5-1 ms (wide-
spread on continen-
tal shelves but rare 
in the deep ocean 

Transverse mud 
waves 

2-6 km 20-100 m Tens of 
metres to 
kilo-
metres 

Where appreciable 
bottom currents ar 
accompanied by higi 
suspended sediment 
concentrations 

i 

PARALLEL TO CURRENT 

Sand ribbons Tens of 
metres to 
hundreds 
of metres 

1 m Tens of Kilo-
metres metres 

(e.g. in water depth 
of 100 m with 
surface currents of 
1 ms ) 

Furrows Tens of 
metres 

1-2 m Metres Kilo-
metres 

? 

Longitudinal 
mud waves 

2-6 km 20-100 m Kilo-
metres 

As for transverse 
mud waves, but 
generally little 
known 

** Generally width and spacing same for wave-like structur 



scale depositlonal ridges, known as sediment drifts, that have been built by 

bottom current action over millions of years. An example is Feni Ridge, a wedge 

of sediment up to 1 km thick that has been built up over the past 20 million 

years against the south-eastern nargin of Rockall Plateau (29) (Figure 1-21). 

Recent long range sonar mapping of its surface has revealed complex dune fields 

of longitudinal mud waves up to 30 metres high and over 26 km in length. 

2.3 SEDIMENT DEPOSITION 

Since practically no in-situ experimentation on sedimentary processes has 

yet been carried out on deep ocean floors, our knowledge of the controls on 

deposition of the major sediment types and their accumulation rates is severely 

limited. 

2.8.1 Current Deposited Sediments: Infilling of seabed morphology by gravity-

controlled processes has been the prime factor in producing the present, broad 

flat abyssal plains. Averaged accumulation rates in turbidite sequences 

North Atlantic margins range upwards from 20 cm per thousand years. These rates 

however will vary spatially snd in time. For example. Pleistocene sea level 

changes over the past 1.8 million years not only produced increased sediment 

supply but also lengthened (high sea level stand) or shortened (low sea level 

stand) the courses of submarine canyon systems on the continental slope and 

shelf. The canyons are major conduits through which turbidity currents and 

other gravity flows funnel sediment away from the continents. Thus the sea-

level changes have influenced the patterns of sediment deposition on the conti-

nental rise (submarine fans) and the basin floor (abyssal plains). 

On seismic profiles the deposits of deep ocean bottom currents (contourite 

sequences) are acoustically fairly transparent, lacking strong internal layering. 

They are not uniformly distributed in relation to the basement topography 

but are heaped into piles and ridges elongated parallel to the current. 

Their upper surfaces are co.cnanjy decorated with mudwaves and because they 

are built by geostrophic current? they are most common around the margins 
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of th6 ocean basins. Averaged accumulation rates lie between 5 and 

3 
15 cm/10 yrs. 

2.6.2 Pelagic Sediments: In areas where bottom current activity is slight, such 

as the mid-gyr^-regions central to the major bottom water circulation 

patterns, particles carried by currents in the surface layer settle out 

and cover the seafloor in a uniform blanket, irrespective of basement 

morphology. The terrigenous fine-sediment component, comprising mainly 

clays, volcanic debris and windblown dust, is distributed worldwide. 

The biogenous component on the other hand accumulates only where produc-

tivity exceeds dissolution. The surface oceans are undersaturated in 

silica and so siliceous biogenic remains begin to dissolve immediately. 

It has been estimated that only 4% of the skeletal silica formed survives 
(30) 

to reach the seafloor and half of that is dissolved after deposition/, Thus, 

accumulations of siliceous sediment are found only beneath regions of high 

biological productivity, namely the equatorial (radiolarian oozes) and 

subpolar regions and those ocean margins where upwelling occurs (diatomaceous 

oozes). Diatom oozes have accumulated, over the past 2 million years on 

ridges and plateaus of the Aleutian Arc, at rates between 7 and 14 cm/10^ yrs. 

The accumulation of calcareous sediments is governed by similar factors, 

except that th^ oceans' surface waters are supersaturated in calcium carbonate 

and thus carbonate deposits (reefs, etc.) can accumulate in shallow seas the 

world over. The oceans become undersaturated with respect to calcium carbonate 

below a few hundred metres and dissolution commences, becoming particularly 

rapid below about 4000 metres water depth. Below 5000 metres virtually no 
(2̂ ) 

undissolved carbonate can survive. Recent studies/have shown however that 

most solution occurs a^ the sediment water interface over long exposure times, 

rather than in the water column during sinking. The depth at which carbonate 

supply from the surface matches carbonate dissolution and there is no net 

accumulation of calcareous sediment is referred to as the carbonate 

compensation depth or 'CCD'. It tends to be depressed under the equatorial 
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high productivity belt, but bccames shallower towards ocean margins. 

In regions remote from the la;id. seafloors that stand above the CCD are 

usually blanketed in calcareous ooze. Below it only residual component 

of fine terrigenous sediment is deposited; these are the pelagic clays. 

North Atlantic calcareous oozes have accumulated at average rates of between 

3 
2 and 3 cm/10' yrs since the last glacial period. Accumulation rates in 

3 

Pacific deep sea clays are generally less than 0.1 cm/10 yrs and in many 

regions almost %ero deposition has occurred over inillions of years. 

2.9 EROSION OF THE SEAFLOOR 

Erosion by deep ocean current systems may occi^ cMi a Icurĉ  scale (Figui 1-2^ 

On a regional scale deep sea drilling has shown that, over large areas of the 

Atlantic and Indian Oceans, sediments representing long periods of geologic 

history are missing; these breaks in accumulation (hiatuses) attest to the 

long term effects of current erosion (31,32). 

Information on more local dynamic conditions might be necessary 

for the erosion of sediment surfaces,in disposal study areas for example, 

is difficult to obtain. Fine grained marine sexlunents exhibit a resistance 

to erosion in excess of that which would be expected from considerations of 

the size and weight of the constituent sediment particles alone. This 

additional erosion resistance (or cohesion) could mainly be the result of 

both interparticle surface attractions 

and organic binding. Thus simple relationships, stuzh as those that can be 

measured in laboratory flumes for coarser sediments between grainsize and 

threshold erosion velocity, are not directly applicable. Neither are 
(32) 

studies on the erosion of freshwater muds/since salt water flocculation 

strongly affects the behaviour of fine grained marir^ sediment surfaces. 

Cohesion and erosion resistance in marine muds are complex functions of 

a number of inter-related seair,properties including their wal.er content, 

mineral and organic composition, grainsize, depositional history and their 

fabric (spatial arrangement of particles). Some useful information, such 
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as the generally inverse relationship of water cont^u^ changes to the 

threshold erosion velocity of marine clays, has resulted from investigations 

that involved laboratory experimentation on reconstituted marine sediments 
(34; 

sampled at sea/ However, some of the complexly inter-related sediment 

properties are typically not reproducible for Icdx^ratory flume studies. 
(35) 

Rccent in-situ experiments/using a sea-floor flume a shallow embayment 

off the U.S, coast have emphasised this point. The experiments also 

demonstrated that the intensity of bioturbation (biological reworking) 

can be a prime factor in destabilizing muddy sediments and decreasing 

their resistance to erosion. So far in-situ flume experiments have been 

conducted only in very shallow water (16 metres dept±0 twit t±^ SEAFLUME 
(36) 

device/^s designed to operate at any depth. Even at 1±iis stage it is 

clear that experiments with such equipment will be necessary in disposal 

study areas and should be linked to long term monitoring by bottom current 

meter arrays. 
To Summarise: 

Only in tlie T̂ad.-. W o decades have the abyssal ocean floors been recognised 

as other than tranguiJ regions with little to distirrb the gentle rain of 

pa% bides from the surface. To date we have only a general impression of 

the dynamic processes at work in these areas. A concentrated effort in 

nearbottom investigation over a number of small a^eas of the seafloor, 

employing a wide range of oceanographic techniques, is neccssary before 

predictions can be made of the geologically short term stability of 

sediments in these basins, 

2.10 GEOGRAPHICAL DISTRIBUTION OF SEDIMENT TYPES 

Figure l-^Gpresented earlier, serves to illust^^ite s(%wa basic differences 

in the patterns of sediment types through the three major oceans. These are 

the result of the range of depositional controls outlined above. In the 

Pacific and Indian Oceans, jii J:o'jr of the major sediment types, calcareous 

ooze, pelagic clay, siliceous ooze and terrigeneous sediment, are represented 

by extensive zones where they are the dominant sediment variety. Th^ Atlantic 
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differs in a number of respecks as is discussed below. 

Pelagic clay and siliceous ooze occurrence is strongly dependent upon 

the level of the CCD and the distribution of current-deposited (terrigenous) 

sediments. The CCD in the Horth Atlantic varies between 5000 and 6000 metres 

water depth. Some abyssal plains and small troughs do exist in the North 

Atlantic that are below the local CCD level, but in most cases, these are 

near enough to land areas to be reached by copious supplies of rapidly-

depositing terrigenous sediment. Thus areas of pelagic clay in the Atlantic 

are sparser than in the Pacific, where pelagic clays cover enormous areas. 

Similarly, although surface productivity is high enough in a zone south of 

Iceland for considerable deposition of biogenic silica, calcareous plankton 

productivity is also very high and the seafloor is sufficiently elevated 

above the CCD that siliceous remains simply become a component of calcareous 

ooze. Consequently no high latitude siliceous oozes are present in the North 

Atlantic either. This leaves only two major sediment types: calcareous ooze 

and terrigenous sediments. 

In both the Pacific and Indian Oceans, bottom water is produced at the 

southern ends only, in the Antarctic sink regions, and flows northwards. 

The Atlantic, on the other hand, has bottom water production at both its 

northern and southern ends. In the North Atlantic especially, few deep 

areas can be considered remote from either density currents or geostrophic 

current action. This means that whereas distinct sedimentary provinces 

exist in the Pacific and Indian Oceans, North Atlantic sediments are complex 

admixtures of two, biogenous and terrigenous, end members. This is parti-

cularly true at the latitude of the United Kingdom where nearly all of the 

sediments have been transported long distances by a wide range of mechanisms 

before becoming deposited. 

2.11 POST-DEPOSITIONAL PROCESS^g 

Deposited sediment may be affected by erosion, redistribution, winnowing, 

episodic mass movements and turbidity current flow. Disruption of the sediment 



pile by the burrowing activity of organisms living in the upper metre of 

the seabed (bioturbation) is a redistribution process occurs almost. 

everywhere; regions under anoxic bottom waters being the only exception. 

Bioturbation is known to re-introduce large quantitJLes of fir^ sediment 

to the nepheloid layer. 

Sedimentary material that survives these redlstributive processes 

begins to suffer diagenetic changes. Mineralogies alter with the formation 

of authigenic minerals; such as where a distinctive suite of clay minerals 

and zeolites are produced by the submarine weatherlr^ of volcanic materials. 

When the sediment pile begins to thicken, a series of physico-chemical 

changes are brought about by compaction and loading. Resulting physical 

changes in sediment and rock permeability, porosity aî i shear strength 

are dealt with in other sections of this chapter.. Changes in chemical 

properties are referred to in Chapter 2: Geochemistry. Relatively few 

studies have considered the inter-relationship of changes in both chemical 

and physical properties, and these mostly have (xinfined themselves to 

long-term changes in drill holes: the alteration of calcareous oozes to 

soft limestones, for example (37). 

The mobilization of silica to form chert is or^ particular chemical 

process that may be of importance in disposal coi^siderations. The discovery 

of extensive chert horizons within sediment sequences has been one of the 

surprises of deep sea drilling. These are analogous to the flint beds of 

the English Chalk. Incipient chertification in the up^^^ layers could 

present major problems to emplacement and modelling of slowly deposited 
sediments, such as pelagic clays (81). 

2.12 PREDICTABILITY OF SEDIMENT SEQUENCES 

2.12.1 THE LAST 200 MILLIO';] YEZJ^S: The first sediments deposited 

on newly-created seafloor in a mature ocean are :&requently volcanogenic 

soon become swamped by calcareous ooze as seafloor spreads 

away from the ridge. Calcareous ooze will in most cases build up a 
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considerable sediment cover on the oceanic basement before the seafluur 

has subsided belo# the CCD. Thereafter residual pelagic clays will be 

deposited. Fluctuations in the level of the CCD through geologic time (38), 

due to changing oceanographic conditions, will produce layering variations 

in the sediment column (Figure 1-Z3). Should a sub-CCD site pass into 

high productivity zones, siliceous oozes will begin ta appear in the 
Alternatively passage into 

column. / volcanically active regions, such as iieî c subduction zones, could cause 

volcanogenic sediments to be deposited. In addition, at any time in its 

geologic history a site could come within reach of terrigenous sedimentation, 

which is dominant on passive ocean margins. Local tectonic events or current 

erosion will cause gaps in the sedimentary record preserved at a particular 

location.. Thus the development of ocean basin sediment columns is fairly 

predictable (20). 

.At the other extreme in terms of predictability are changes that occur 

at the seafloor on a time scale of months to years. Many of the current-

produced bedforms known from the deep ocean floors are thought to result 

from episodic changes in sedimentary regimes, since current meter monitoring 

over periods of up to a month has so far failed to record conditions that 

could cause such bedform . developments. Monitoring equipment is presently 

being developed in the United States that may be capable of recording such 

'events', but again this field of in-situ experimentation requires urgent 

attention. 

2.12.2 THE LAST 1.8 MILLION YEARS: Between the above extremes lies 

the time scale covered by surficial sediment core sampling. Generally the 

upper 20 to 30 metres of cover represents no more than the last 3 million 

years of deposition for most sediment types, but similar thicknesses can 

represent up to 70 million year^ in the extremely slowly accumulated pelagic 

clays (2). 
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A great deal of research effort is necessary to date sedimentary 

sequences over this shortened Limescale. Evolutionary changes of micro-

fossil groups have not been rapid enough to apply the standard micro-

paleontological techniques that divide up(relatively coarsely the Cenozoic 

timescale (the last 64 million years). Some major paleontological events 

are correlated with reversals of the Earth's magnetic field as measured 

in paleomagnetic studies. Variations in bulk carbonate content in sediments, 
(39) , 

caused by differing foraminiferal productivity, reflect climate changes/as also (̂ 3 

differing oxygen isotope ratios in the shells of planktonic foraminifera (40,41). 

Measurements of these parameters are taken together and correlated with 

the paleomagnetic changes to provide a reference stratigraphy for deep sea 
(42) 

cores based on glacial cycleg{ Absolute dating of marine cores is tackled 

by geochemical measurements, either on bulk sediments, using radiocarbon 

14 
(C ) or uranium series methods (thorium, Th-230 and proactinium, Pa-231), 

or on individual volcanic ash layers, using the potassium-argon method. 
( m 

Unfortunately absolute dating is not always reliablg^ Carbonates older 

14 

than 20,000 years may give erroneous C dates caused by contamination 

with recent carbon; many cores do not yield ideal Th-230 versus depth 

curves; and volcanic ash layers may already be contaminated by old 

material at the source eruption. Similarly bioturbation by benthic 

fauna can have a marked effect on the stratigraphic record held by cores (43). 

Although recent studies have shown that bioturbation is confined to the 

upper tens of centimetres of deep ocean sediment and that rates of mixing 

are lower than in shallow environments, biological effects are constant 

over all sedimentary environments irrespective of surface productivity 

and local sedimentation rates. Thus stratigraphies will be 'blurred' over 

a greater time range in slowly deposited red clays than in carbonate oozes; 

perhaps 25,000 years as opposed to 2,500 years. Also, since the surface 

sediment being mixed will maintain the signature of the contemporary 

magnetic field, the magnetic reversal sequence will be offset by the amount 

of 'blurring'. 
1 - 2 8 



Disposal^ studies cjlined at predicting environmental changes will require 

then particularly a detailed knowledge of the recent history of a location. 

Reliable stratigraphies such as tliis can only be built up when the whole 

range of micropaleontological, paleomagnetic and geochemical dating techniques 

are employed and compared with one another. Any coordinated sampling programme 

for disposal studies will require the services of a number of specialist 

laboratories, groups and Individuals to provide this basic information. 

In addition, certain techniques that may enable refinements to be made to 

any stratigraphy determined by established methods should be encouraged. 

These include the use of secular variation to refine t±ie paleomagnetic 

(41,45; 

timescale/bver the past 10-20 thousand years and laeasurement of magnetic 

fabrics to establish changes in current regimes l^brough time (46,47^. 

Major environmental changes have been recognised in deep marine 

sediment sequences linked to the main advances of glacial ice during the 

last 1.8 million years of Quaternary time. Recent paleomagnetic and 

oxygen isotope studies have shown that glacial/int^six^Lacial fluctuations 

have characterised the Earth's climate for at least the past 3.2 million 
(41) 

years; only their scale has increased in the past 2.5 million years/. Our 

present climate most probably represents an int^nrglacial rather than post-

glacial condition. Some of the effects of glacial climatic and sea-level 

changes on sediment supply and distribution have been outlined in earlier 

sections of this chapter. An understanding of regional changes in water 

mass circulation over the past 200,000 years is being gained through appli-

cation of multivariate statistical studies of planktonic microfossil popu-
(4̂ ) 

lations from sediment cores/. This information has already been linked to 

regional changes in sediment composition and rates of accumulation (23,49). 

Intensification of bottom water circulation has been suggested as an 
(3̂ ) 

explanation of widespread erosional events on the cksep seafloor/. To date, 

detailed paleo-environmental inLcrnation such as published by the 

(48) 
CLIMAP group/is available for inore th&n 50 core locations worldwide; 
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very few of these are less than 100 km apart, in order to estimate thm 

predictability of disposal areas, such techniques Tvill need to be con-

centrated on closely spaced suites of long cores. 

2.13 STABILITY OF THE SEABED 

2.13.1 MECHANISMS OF SEDIMENT FAILURE 

There is an obvious hazard of the sediment barrier becoming stripped 

off by erosive bottom currents or breached by mass sediment movement. 

Sediment on any slope is liable to failure under conditions controlled 

by the steepness of the slope, the sediment type, and on occasion the 

occurrence of earthquakes. The mechanisms of sediment failures on land 

have been intensively studied by civil engineers. In contrast, the 

'state of the art' for submarine environments beyond the shelf break 

has barely gone further than description of seabed morphology left behind 

after mass failure. Waste canisters carefully emplaced at some optimum 

spacing could become concentrated under the effects of creep, slumping or 

sliding; or at worst even become exposed at the sediment/water interface, 

thus negating the effectiveness of the sediment barrier. 

A submarine sediment slump is defined as a slope failure in which 

the sediment has been down-dropped and rotated, but whose actual mass 

translation and internal contortion are minimal. A slide is a failure 

in which the sediment has translated along a glide plane and moved down-

slope, usually transforming into a debris flow in which semi-consolidated 

lumps of slide sediment become mixed with surficial materials downslope (50) 

In most cases, as for example in the 1929 earthquake-induced Grand Banks 

failure which broke a number of submarine telephone cables south of 

Newfoundland, turbidity currents are initiate^ which extend depositional 

effects onto abyssal plains well beyond the immediate locality of the 

mass movement . (51). 

Submarine mass movements can involve enormous volumes of sediment 

(Figure least a dozen locaO.ities on North Atlantic margins liave 
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slides and slumps ranging upwards from 200 km^ in areal extent. Some of 

these are known to have occurred on slope angles of as little as 0.5°. 

Suggested mechanisms for slope failure are: (1) tectonic,- involving 

earthquakes or long-term tilting; (2) overloading/due to high sedimen-

tation rates near the shelf edge; (3) progressive failure,caused by lower 

slope erosion by geostrophic currents; (4) in-situ changes in internal pore 

pressures,related to gas generation. We note here that many of the large 

slides that are thought to have been earthquake-induced, occurred on 

continental margins that would be considered aseismic in the short term 

(<100 years). 

If it is assumed that the continental margins will be avoided as 

possible disposal sites because of factors like resource potential 

and that disposal areas will be located beyond the range of debris flows 

initiated by known margin slides and slumps, we are still left with the 

knowledge that causes (1) and (3) above are capable of initiating large 

scale mass movement on very low regional slopes. 

Isolated oceanic rises like the Madeira Rise and Great Meteor Seamount 

might also be avoided as potential sites, but this still leaves wide areas 

where the microtopography is such that local slopes of greater than 1.5°do 

occur. 

More important perhaps in deep ceafloor regions might be small scale 

effects of mass movement,such as creep. This has been detected in shelf 

areas such as the Gulf of Mexico but nothing is known of whether it exists 

on the deep ocean floor. Similarly very little is known of mid-plate 

tectonism and its effects on sediments. Closely-spaced seismic profiling 

surveys frequently detect what, depending upon interpretation (Figure 1-25), 

may either be recent faulting of the sediment cover (that is, mid-plate 

tectonism) o^ the building up by pmlagic sedimentation of a depositional 

sediment scarp above an olo bascmsnt fault. Clearly there is a need to 

link long-term monitoring of earthquake (and microearthquake) activity in 
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any disposal study areas to experiments on sediment mass movement on local 

low-angle slopes (Table 1.3.3f). 

As well as the above natural effects on local sediment stability, 

responses to container emplacement itself or other artificial effects such 

as sudden loading by a sunken ship should also be considered. Also, an 

emplaced heat-producing waste canister could cause stresses that exceed the 

shear strength of its host sediment and thus initiate mass fluidisation. 

Research into sediment mass movement should also attempt in-situ measurements 

of the effects of emplaced heat sources (Table 1.3.2). 

2.13.2 SEISMIC EAZARD 

Although most earthquakes occur at plate boundaries, intra-plate earth-

quakes do occur. At any particular location large intra-plate earthquakes 

are infrequent and may not have occurred during the last two decades - the 

brief period during which an efficient worldwide seismic monitoring network 

has existed. For example, the largest known British earthquake (m = 5.5), 

which occurred in 1931, was an order of magnitude more energetic than anything 

which has been detected since (53). Even at active plate margins, seismically 

quiet periods have prevailed in some regions for several decades. Furthermore, 

the detection threshold of the present earthquake reporting network is not 

uniform over tbe earth's surface, but is biassed by the distribution of stations 

to greater sensitivity over the land masses of the northern hemisphere. Thus 

the lack of reported earthquakes from a region of the ocean floor cannot be 

taken to mean the absence of earthquakes in that region. 

Earthquakes occurring beneath the ocean floor could affect the environ-

ment in which waste canisters were emplaced in two ways: 

(1) By affecting the physical properties of the sediment itself. Even 

on gentle slopes this could initiate sediment failure. In flat-lying areas 

it might speed up the proce^3 of compaction and hence the rate at which 

sediments dewater. 

1-32 



(2) By altering the tcpogrrphy of the ocean floor through faulting. 

This could lead waste canisters being exposed at idhe sediment surface 

directly, or indirectly by altering the depositional/erosional regime at 

the seabed. Faults are commonly observed on seismic reflection profiles 

of the seabed and it is not always clear from tlie sedimentary structure 

whether these are active or merely the fossil record of the creation of 

igneous crust at the ridge axis (Figure 1-25). 

iWicroearthguake surveys on the ocean floor with (%:ean Bottom Seismo-

graphs could indicate whether such faults are seismically active at the 

present time and whether the ocean basins are as inactive as current 

seismicity maps suggest (Table 1.3.6). 

1-33 



2.14 PHYSICAL PROPERTIES OF DEEP SEA SGDl 

2.14.1 THE SOFT SEDIMENT KNOWLEDGE GAP 

The superficial sediments of the ocean floor are generally found to be 

soft, often plastic and with low shear strength. With time soft sediments 

compact under the overburden of more sediment and processes of dlagenesis 

cause the component particles to be cemented together. Thus when the sedi-

mentary column is old enough or thick enough the material at the bottom has 

become lithified into a rock. The process of lithification is complicated 

and need not be entered into here. Suffice to say that the thickness of 

the superficial soft sediment, while showing considerable variability, is 

of the order of 100 m. Determining the properties of this soft sediment 

layer has proved more difficult than finding out those of the lithified 

sediments beneath. In particular information relating to the depth range 

30-100 m is difficult to acquire both from the point of view of sampling 

and of making in situ measurements. 

Difficulties in Sampling The capabilities of modern sampling techniques 

are summarised in the section on sediment shear strength. The largest 
(2.'54) 

corer now in use can penetrate soft sediment to a depth of 30 m/. This is 

too big for conventional oceanographic ships to deploy in oceanic depths 

and probably represents the limit of development of this technique. 

Sediment samples from deeper than 30 m beneath the ocean floor have 

practically all been obtained by the Deep Sea Drilling Project Ship Glomar 

Challenger. The latter process involves considerable disturbance to the 

sediment, which is particularly great near the top of DSDP holes because 

oscillations of the drill pipe are not damped out until a considerable 

length is buried in the seabed. Furthermore, recovery is often incomplete, 

particularly where layers with contrasting physical properties are inter-

bedded. 

Difficulties in MeasuremenL In-situ measurement of such parameters as 

compressional and shear wave velocity, electrical resistivity and shear 
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strength have been made in the top few metres of the sediment. Below this 

depth, dovm to about 100 m, only spot temperature measurements have been 

made in DSDP hoj.eŝ  with a probe pushed ahead of the drilling bit into 

undrilled sediment/. Below 100 provided the sediment is sufficiently 

lithified, the whole range of well logging tools have been employed to 

neaaute the properties of the rock. Among the properties measured have 

been scnic velocity^ density, porosity, electrical resistivity, natural y 

radiation. 

Seismic teclmiques might provide a way to study some of the in-situ 

properties of the soft sediments. For this to ifork however, both sources 

and receivers must be deployed on the ocean floor. Ocean floor receivers 

have been operated witb success for many years, but little effort has so 

far been devoted to the development of ocean floor seismic sources. With 

air gun or explosive sources fired near the sea surface, information .. 

relating to the sedimentairy column is usually limited to interval time 

and sounding velocity - averages which may embrace a range of 

properties within the column. Furthermore, purely compressional sources 

near the sea surface produce little converted shear energy in the sediments 

and rocks. With sources on the ocean floor it stwould be possible to generate 

more shear wave energy. Shear wave velocity is a nxHre sensitive indicator 

of the phvsical prooertiec of sediments than is c(3mpressional wave velocity 
(Table 1.3.3). 

2.14.2 POROSITY 

The porosity of a rock is defined as the volume of voids expressed as 

a percentage of the total volume. The unconsolidated sediinents of the ocean 

floor have porosities ranging from about 40% to 90%, bMt typically lie in 

the region of 70%. Porosity is found to correlate with grain size, the fine 

grained sediments composed of clay-sized particles being the most porous. 

This is a consequence of rhapc of the particles. The platy clay-sizcd 

particles form open "house-of-c3rds" structures; tl^ coarser particles, being 

more rounded, form more close-packed structures. Porosity decreases with depth 
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below the bottom due to compaction, but not necessarily in a simple way anj 

porosities in excess of 50% are commonplace at subbottom depths of 200 metres. 

Because the density of the solid particles in the sediments recovered 

from the ocean_floor is usually close to 2.7 gm/cm^, other physical parameters 

such as wet bulk density (p) and water content (w) (pore water expressed as 

6 fraction of the wet weight) can be calculated from the porosity. Thus 

p = 2.7 - 1.674, 

p"* = 0.37 + 0.63w 

In soil mechanical studies the parameter void ratio (e) is often used, 

defined as the ratio of the volume of voids to the volume of solids. Hence 

4 = (;-l-l4100% 

"The following table indicates how porosity and its related parameters 

vary with the grain size of a sediment. (Real sediments, of course, cover 

a range of particle size). 

Very fine sand Silt Clay 

Grain diameter 0.1 mm 0.01 mm 0.001 mm 

Porosity 45% 60% 75% 

Wet bulk density 1.95 gm/cm^ 1.7 gm/cmf 1.45 gm/cm^ 

Water content 0.24 0.36 0.53 

Void ratio 0.82 1.5 3.0 

"The porosity of a sediment sample is measured in the laboratory either 

by gravimetric or by gamma-ray attenuation methods. In-situ determinations 

of the porosity of ocean floor sediments have been made by measuring their 

resistivity and by gamma-ray scattering techniques. 
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2.14.3 THERMAL PROPERTIES 

Thermal Conductivity The thsiinial conductivity of a sediment is controlled 
' '' ' (5^ 

primarily by its porosity or water content/. I^^x^ratory measurements have 

shown that the thermal resistivity (the reciprocal of conductivity) 

is approximately linearly related to water consent at temperature 

and pressure of the ocean floor (3°C, 5 % lO^Pa), t±^ following relationship 

has been proposed/. 

^ = 168 4- G78w 

k 

where w is tine water content expressed as a fraction of the wet weight, 

j "Jo '"1 

k is thermal conductivity in cal cm sec C . 

However, no relationship of this sort can be entirely adequate, for 

the mineral particles from which a sediment is composed have an effect on 

its conductivity. In particular, calcareous sediments are found to have 

greater than average conductivities, and tbs eiqpression above has been 
found to underestimate the in-situ conductivity of scmie sediments by up 

(^) 

to 20%/% Nevertheless, porosity or water content is dominant influence 

on conductivity. Furthermore, since porosity co:rrelates strongly with grain 

size - finer grained sediments being more porous - arenaceous sediments such 

as abyssal turbidites are more conductive than finer grained clays. 

The thermal conductivity of sediments has been measured both in the 
(M) 

laboratory and in situ on the ocean floor/. Good agreement is obtained between 

the two techniques. Since the effect of pressure is increase t±ie thermal 

conductivity by 1% for every 1000 fm (1829 m) of water depth and the effect 

of temperature is to decrease the conductivity by 1% for every 4°C drop in 

temperature, laboratory measurements must be redtK^^ approximately 4% to 

obtain in-situ values. 

Maps of the thermal conductivity of the superficial sediments of the 

ocean floor show consideru!, e uniformity over large regions/. Most values 

lie in the range 1.8 to 2.25 mnal cm *sec ^ (0.75 to 0.94 Mm . 
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The thermal conductivity of the reeks composing igneous crust 

has been determined from laboratory measurements on drilled samples/. The 

average conductivity of young basalts is 4.0 meal sec C (1.7 iWm K ). 

tfrth age the conductivity of the uppermost basalts decreases due to weathering 

to about 3.5 (1.5), whilst that of the deeper basalts increases as a result 

of hydrothermal alteration to about 5.0 (2.1). 

Thermal Diffusivity If the thermal conductivity, k, of a sediment has been 

measured, only its water content need be known for its thermal diffusivity, 

]c 

to be calculated, for both the density, p, and specific heat, o, are more 

closely related to water content than is k. 
-3 

Assuming the grain density to be 2.7 gm cm , the bulk density of a 

sediment is given by 

p"* = 0.37 + 0.63w 

where w is the water content expressed as a fraction of the wet weighty 
-3 

p is density in gm cm 

The specific heat of the high porosity sediments found in the deep 

oceans is dominated by that of water, so that it is sufficient to take the 
~ lo — 1 

specific heat of the mineral grains as 0.18 cal gm C . Hence the 

specific heat of the sediment is given by 

a = 0.18 + 0,82w where w is the water content (58). 

2.14.4 SHEAR STRENGTH 

Study of the geotechnical properties of ocean floor sediments has 

grown considerably in the past two decades, principally in the USA. The 

original inspiration for this work was the naval interest in placing anchors 

and defence installations on the ocean floor. The possibilities of manganese 

nodule mining and radioactive waste disposal have broadened this interest. 

The parallel growth in geotechnical studies of continental shelf sediments, 

associated with oil and gas installations, has been of less relevance to 

the deep ocean work, because the continental shelf sediments are in general 

much coarser-grained and because the problems encountered are different 
(being principally associated with wave-induced loading and current scour). 1-38 



Nevertheless, some of equipment developed for in-situ measurement of 

geotechnical properties on the continental sneJf might be adaptable for deep 

water operation. 

A limited number of in situ measurements of sediment shear strength 

and other geotechnical properties have been made f̂ rc%n submersibles and 

by unmanned equipment. These have not penetrated more than a few metres. 

into the sediment. Most measurements have been conducted in the laboratory 

(either shipboard or qn land) on samples obtained coring or drilling. 

This immediately introduces a problem because most of sediments found 

on the ocean floor are highly sensitive, meaning t±iat their strength is 

considerably reduced by working or remolding. Ikxiisturbed samples of 

ocean floor sediments can only be obtained with the right type of equipment 

and the exercise of considerable care. lÛ Dle below summarises the 

capabilities of various sampling techniques curreritî f in î se. 

Method 

Spade Box 
Corer 

Lateral dimensions 
of core 

20 cm X 30 cm 

Penetration 

<1 m 

Giant Piston 
CCrer 

Conventional 
Corer 

11.5 cm dia 

5 to 8 cm dia 

Drilling 
(DSDP) 

6.6 cm dia 

Effect on Sediment 
Shear Strength 

Minimal. 0.7 kPa 
(.007 kg cm , 0.1 psi) 
strength sediment has 
been recovered with 
worm burrows intact(64). 

lass disturbance th; 
with smaller diameter 
corers. 

Piston cores more dis-
turbed than gravity 
cores. Both often too 
disturbed for geo-
technical purposes. 

Complete penetration Soft sediments always 
of soft sediments. highly disturbed. 

<30 m 

<10 m 

In addition to the disturbance introduced by sampling techniques, 

all deep-sea sediment samples are subjected to a rapid reduction of pressure 

7 

<_ J a^jproximately 5 x 10 Pa (500 bar) in being brcu'^ht to the surface. Since 

weLSj is more compressible than rock-forming minerals (it expands 2% in being 

raised from ocean deptlis to the s^irface) , this causes the pore water to expand 
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more than the. sedimentary minerals so that seme dewatering of the sediment 

or disruption of its fabric is inevitable. 

The effect of this on the bulk density, porosity and related parameters 

is email, but on the shear strength can be considerable. Temperature changes 

are also involved in sampling, but have less effect than the pressure changes. 

Attempts have been made to correct laboratory measurements of sediment 

strength to their in situ values by using the residual pore water pressure 

measured in a sample as.an index of the degree of disturbance it has suffered. 

The method has been applied to DSDP cores (Leg 19) to estimate the shear 

( ^ ) 

strength profile to a depth of two hundred metres /but the validity of these 

estimates is questionable. 

Recent studies of the shear strength of sediments are summarised in 

Figure 1-26.7^ sediment surface the shear strength of ocean floor 

sediments is often very low, sometimes due to bioturbation, but within a 
- 2 

metre is usually in the region of 10 kPa (0.1 kg cm , 1.4 psi). In the 

top 20 metres the variability shown in the figure probably represents the 

actual variability on the ocean floor. The extrapolations to greater depths 

may be considerably in error, since the only measurements available are on 

highly disturbed DSDP samples. Vane shear measurements on DSDP samples, 

while showing increasing strength with depth, also show considerable scatter (66,67L 

For samples from 100 m depth, shear strength ranges from 10 to 100 kPa (0.1 

-2 

to 1.0 kg cm ). 

The shear strength of sediments depends very much on the rate at which 

shearing stresses are applied. Because of this the dynamic rigidity derived 
( ^ ) 

from in situ observations of seismic shear or Stoneley waves/bn the ocean 
7 

floor (typically 10 Pa) is found to be three or four orders of magnitude 
greater than the shear strength determined for the rame site by in situ or 

3 4 

lab-zatory soil mechanical tests (typically lu -10 Pay^ Nevertheless the 

shear velocity profile of the sediment determined fron close range seismic 

observations might be used to deter^^ne the profile of shear strength if the 
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initial value at the sediment surface were calibrated by soil mechanical 

measurements. Compressional wave velocities are too insensitive to the 

low rigidity of the sediments for them to be a useful indicator of 

sediment strength. However, lithification of the sediment is usually 

associated with a marked increase in compressional velocity, so that 

compressional wave observations can be used to indicate the thickness of 

soft sediment. 

Another indication of the dependence of shear strength on the rate 

of shearing comes from studies of the penetration of projectiles into sea 

floor soils. It has been found empirically that the effective shear strength, 

experienced by projectiles is about twice that determined under static 

conditions by soil mechanical tests (70). 

2.14.5 PERMEABILITY 

No in situ measurements of the permeability of the rocks or sediments 

of the ocean floor have ever been made. It is important therefore to 

consider first the whole range of permeabilities found in earth materials 

and geological formations. These are summarised in Table 1.2. 

Information on the permeability of unconsolidated soils and sediments 

comes mainly from soil mechanical studies. A wide range of permeabilities 

4 
is found in nature, from the order of 10 darcy for a clean gravel (e.g. a 

-4 -8 ^1) 

shingle beach) to values ranging from 10 to 10 darcy for clays/. To a 

first order permeability is a function of the grain size of the sediment, 

the finer grained the sediment the lower the permeability. Since the 

porosity (and void ratio) of unconsolidated sediments generally increases 

with decreasing grain size, the permeability tends to decrease with 

increasing porosity. Ecwever, when sediments of a limited range of grain 

size are studied in j^boiatory consolidation tests, permeability is observed 

to decrease with decreasing porosity or void ratio. Here the effect of 

compaction, closing up the holes between particles, is being observed. 

Laboratory tests on a range of carbonate and clay sediments from the deep 
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NB The coefficient of permeability only applies when the fluid is water at moderate temperatures. 

Coefficient of Permeability 
,2 

10 

Permeability 

10̂  

10 10 

10 

- f i 

Permeability 
^ d 1 

10- 10 10 10' 

k 

10 

K 

1 0 " 

K 

- 2 

LO 1 

cm sec 

10 10 

cm 

lO-G 10-9 

Darcy 

10-5 10 10 

0 ,n-41 10 10 
-12 

10 10 - 10 10 

- 8 

10 

10 ^ 

10 
-14 

- 1 0 - 1 1 
1 0 - 1 0 -

Log Scale 

lO"̂ ^ 10"̂ ^ 

Log Scale 

10 10 
-7 

10 

Drainage Good Poor Practically Impervious 

Soil Type 1 Clean gravel 
Clean sands, sand and 

gravel mixtures 

Very fine sands, organic a n d | 
inorganic silts, mixtures of | 

sand, silt and clay | 
Clays 

^ Metnoas or , , .. _ . 
^ ^1 Direct testina of soil in-situ - pumping tests 

^ Measurement " ^ ^ ^ 
N ! 
k 

Derived from consolidation tests 

.Range of producing oil and gas formations. 
Schlumbefger Ltd, 1972 

Pacific Red 
Oil rocks NuMl.cores Clay (Illitic) 

— , > 4— ,' " "jj 
Bear, 1972 UCNW 1971 Silva, 1977 

Geothermal Steam Areas ̂  
Elder, 1965 ^ 

Deep Water Sediments from Gulg of Mexico ^ 
Bryant et al, 1974 k = 10 ^e^ cm/sec 

Kilauea Hole 
(Top 500 m) Oceanic Crust _ 
Zablocki Anderson et al, 
et al, 1974 1977 

TABLE 1.2 Summary of the Permeabilities found in Earth Materials ^nd Geological Formations 



waters of the Gulf of Mexico have yielded kho following relationship between 

coefficient of permeability (ky and void ratio (e)(72). 

,_-9 5 0.4 < e < 4.0 
k = 10 e 

Similar tests on one particular sediment type, an illitic clay from the 
(54) 

deep Pacific/,are summarised by the following equation 

e : 11.04 + 1.27 Log k 1.0 < e < 2.7 

The permeabilities of the bulk of the unconsolidated pelagic clays and 
-4 -5 

oozes found on the ocean floor probably lie in the range 10 to 10 darcy. 
(731 

Higher permeabilities are likely to be found in turbidite sequences/,parti-

cularly in the coarser grained beds at the bottom of individual turbidite 

flows. Indeed these may allow the easy lateral flow of pore water whilst 

flow across the beds is inhibited by the less permeable finer-grained beds. 

No permeability measurements appear to have been made on lithified 

sediment samples recovered from drill holes in the ocean floor. However, 

their permeabilities may be inferred from those of their soft sediment 

analogues and from the range of permeabilities encountered in oil and gas 
(74,75_) 

formations/. The process of lithification is unlikely to produce any 

reduction in permeability because inter-particle cementing will tend to 

seal up the holes in the sediment matrix. Once a sediment is lithified, 

however, it loses its plastic properties and may be fractured. The bulk 

permeability of the sedimentary formation may then be controlled by the 

fractures and faults it contains. No amount of laboratory testing of 

drill hole samples can determine the bulk permeability of such a formation. 

(The drilling process itself introduces numerous fractures into the core 

samples in addition to those already there). It can however be determined 

by downhole pumping experiments, or at least an upper limit to the bulk 

permeability can be obtained. The technique is com^cnplace in the oil 

irdurtry. Permeability experiments have been proposed for DSDP drill 

hcle^ in the ocean floor, but have not yet been attempted. 
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2.15 GAS HYDRATES 

Under the temperature and pressure conditions prevailing in the t^p few 

hundred metres of the deep-sea bed, many common gases combine with water to 

form solid gas hydrates, one class of a. group of compounds called clathrates 

(7G) . Methane is the most important gas that does this. At greater depths 

bslow the seafloor tJie temperature is too great for hydrates to exist and 

methane, for example, would be present as a gas. Evidence for the existence 

of hydrates has been found on seismic reflection records and in core samples 

from the continental slope off the eastern United States. Their distribution 

in the superficial sediments of the ocean basins is difficult to predict on 

present knowledge, but could be extensive if the i&ethane available from 

biogenic sources is supplemented by that outgassed fi^m earth's interior 

(22) -

Solid gas hydrates present within a sediment increase its strength and 

inhibit the percolation of gas and pore water. Heat from a radioactive waste 

canister buried within such a sediment would mobilise methane gas in a zone 

around the canister. The presence of free methane gas is likely to enhance 

the mobility of the pore water and might induce more rapid transport of 

radionuclides than laboratory measurements of permeability on gas free samples 

would indicate. 
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3. CHOICE OP AN OPTIMUM ENVIRONMENT 

3.1 INTRODUCTION 

The many parameters involved in defining sites suitable for radio-

active waste disposal beneath the ocean floor make it unwise at the outset 

of this research to concentrate too closely on a limited number of areas 

or to be too restrictive in our concepts of what might eventually make a 

good disposal site. It is clear from our foregoing review of relevant 

knowledge in marine geology and geophysics that our understanding of many 

of the processes taking place on, and in, the ocean floor is inadequate. 

Thus, highly detailed work in a few areas would, at thd^ stage, do less 

to improve our knowledge than the same effort spread over a lar^e number 

of locations. Indeed, it will be necessary to study areas that from the 

outset have no potential for waste disposal. Similarly, a requirement 

of some of the early research will be to examine closely some of the 

criteria that are currently being proposed to select potential sites. 

Sections 3.3 and 3.# below discuss some examples that will require 

investigation. 

At the present time the only coordinated programme of research into 

the problems of high-level radioactive waste disposal beneath the deep 

ocean floor is the United States Seabed Disposal Program which began in 

1974 (78). Its basic approach has been: (1) development of criteria with which 

to choose oceanic sites for emplacement; (2) evaluation of the effectiveness 
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of oediinents as a barrier to the mobility of radionuclides; (3) development 

of the necessary emplacement engineering, Althou^^i -Û zse t̂ urê  steps 

overlap considerably in timescale, the first has already tended to place 

constraints on the directions in which the remaining research effort is 

(2) 

moving/. We consider it particularly important that evaluation of the 

se^jmentary barrier in a variety of environments becomes the prime target 

of any U.K. research programme devoted to the beneath-the-seabed option. 

3.2 T:'HE M.P.M.G. STRAIT JACKE'l' 

Much of the US research which has been conducted so far into the 

problems of high-level radioactive waste disposal in oceans has revolve 

around the "mid-plate, mid-gyre" concept. This does not appear to be a 

particularly useful approach. Indeed, it might impede the discovery of the 
^Although we consider the mid-plate component of t±iis concept to be sound, 
optimum sites.^mid-gyre conponert can be criticised on the following grounds: 

1. Within the "multiple barrier" scheme the tzune constant associated 
likely to be 

with the oceanic barrier is/very short. Much %#grsical oceanographic and 

biological work is needed to define this oceanic time constant, but it is 

unlikely to be greater than 10^ years and may be mi%:h shorter. Since this 

is a much shorter time than sediment barrier inight provide, the ocean 

can effectively be regarded as a short circuit and effort should be 

concentrated on as wide a range of geological environments as appear 

suitable. Thus a "good" sediment on th^ edg^ of t̂ ie ocean could provide 

more effective containment of waste than a "bad" sediment in the middle of 

an oceanic gyre. The protection provided by the remoteness of a mid-gyre 

region such as the mid-North Pacific is an illusicm. 

2. The MPMG approach has tended to concentrate effort into regions 

where pelagic clay is the dominant sediment type. T^is may yet prove to 

be the most effective sedimentary barrier to the inigration of radioactive 

waste. However the total tnictress of sediment in regions of such cover 

is often very thin (<50 m) so thc.t the thickness of the available barrier 

is limited. Furthermore, slowly deposited red clays are often quite strong, 
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which will inhibit penetration if the waste is packaged into free-fall 

projectiles. The most suitable sediment type is likely to have the 

right combination of properties - good sorption characteristics, low 

permeability, low shear strength, large formation thickness. Thus it 

might be more effective to emplace waste 100 m deep in soft ooze rather 

than 30 m deep in stiff clay. Not enough is yet known about the range 

of properties of the sediment types involved for this kind of judgement 

to be made. 

3.3 DISTAL ABYSSAL PLAINS 

Primarily because of their marked vertical and horizontal variability, 

and possibility of active erosion, turbidity current-deposited sequences 

would appear to have little potential as media for waste emplacement. On 

the other hand, the wide flat abyssal plains away from the main geostrophic 

bottom water flow of the basin margins, are attractive in terms of sediment 

thickness and probable lack of post-depositional mass movement or current 

erosion. 
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'Distal turbidites are those turbidity current deposits most seawara 
(79,80) 

from margin sources or downslope from channcl source:^ Sedimentation 

models suggest that turbidity currents entering distal environment 

should already have lost most of tlieir coarser-grained sediment and the 

resulting unchannelised deposition would be a sheet of fjU^ grained silt 

and clay. Such layers would be undetectable on seismic profiles. When 

distal depositional events follow one another relatively rapidly the 

slowly depositing pelagic sediment would be only a SHmall component of the 

sediment column. Thorough mixing of indigenous pelagic and exotic turbidite 

material means that it frequently becomes impossi±)le Ibo differentiate indi-

vidual distal turbidites even in recovered cores. 

It is possible that, with increased research effort, clayey distal 

turbidite sequences may prove sufficiently predict^dxLe in Ixums space 

for emplacement modelling. Thus the distal abyssal plains should not be 

ignored at this stage as a possible environment fc^ disposal studies. 

3 .4 AREAS WITII GLACIAIu RR2A7ICS 

Ice transports sediment witli no regard of particle size and thus it 

becomes possible that even enormous boulders (up to the size of a house) 

can occur as erratics in areas where local hydraulic enerĝ "̂  levels provide 

only for fine-grained sedimentation. The resulting sediment columns are 

a random mixing of clays and coarse sediments. I&mplacement of waste 

canisters into such media, that might even have a boulder strewn surface, 

would be relatively difficult and probably hazardc^is. Similarly, after 

emplacement, the predictability of the effects of canister on the 

sediment 'barrier' would be relatively poor. 

During glacial maxima, fields of sea ice and icebergs migrate to lower 

latitudes than in periods such as the present interglacial. Most dredge 

hauls recovered from scarps ^eamounts in the Northeast Atlantic are 

dominated by glacial erratic boulders even as far south as the latitude of 
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North Africa/. Little is known of the distribution of glacial rock debris 

on the open abyssal plains which have not been dredged. Bottom photographs 

identify recently deposited rock debris in polar regions, but it is likely 

that a thin sediment cover would mask older Pleistocene rock accumulations 

on open plains beyond polar regions. Layers of ice-rafted sand recovered 

in sediment cores are a better guide to the distribution of Pleistocene 

glacial debris, and have been used (Figure outline changing patterns 
(23) 

of ice-rafted sand deposition over the past 120,000 years/. The distributions 

extend south of Spain. However, this study is based on only 32 cores covering 

the whole North Atlantic and clearly the distribution maps are rather 

generalised. 

It has been suggested that the presently inferred limits of Pleistocene 

ice-rafted sand and erratic transport away from polar regions should stand 

as the boundaries of exploration for disposal areas. Since this criterion 

would confine exploration to subtropical and equatorial regions in the 

Atlantic and exclude huge areas of seafloor that might in other respects 

be perfectly suitable for disposal evaluation, we suggest a concentrated 

research effort to investigate this site criterion and extend its data base. 

Shallow dredging and sonar and photographic investigations of surficial 

sediments on open abyssal plains could ascertain whether glacial rocks and 

boulders that could be an emplacement problem are indeed widely distributed 

there; whether they follow distinct 'iceberg paths', or even whether such 

glacial erratics as have already been dredged are unusually concentrated 

around upstanding seafloor features (because of grounding or circulation 

effects). Benthic net sampling by biological research groups frequently 

recovers pebble and ô iher rock debris on open abyssal plains. Analysis of 

these 'residue' collections should provide additional data. (It is worth 

noting that the majority of benthic biological hauls in the I.O.S. 'Discovery' 

collections record 'clinker' in their inventory. This waste from coal-

fired shipping is likely to be confined to the major shipping lanes, but it 

could present similar emplacement problems for disposal canisters to surface 

ice-rafted debris). , 



'Thorough analysis of presently existing cores in repositories at the 

major marine geological centres for ice-rafted sand layers would enable 

more reliable quantitative estimates to be made of their regional extent 

in subpolar areas. Precision CLIMAP-type dating would be unnecessary in 

this review, since changing patterns through c^Lacial cycles are not 

required, simply a knowledge of the extent and thickness of sediment 

sequences that contain the layers. 

4. RESEARCH NEEDS 

4.1 RECONNAISSANCE GEOLOGICAL AND GEOPHYSICAL SURVEYS 

Some areas suitable for detailed study can be chosen from what is 

already known of the ocean floor. Others may come light after reviewing 

site suitability problems, such as the hazard %n:esented by ice-rafted 

debris (see 3.4) or after geochemical studies aimed at choosing the most 

efficient sediment types in terms of absorbtive capacity (see Chapter 2) 

Nevertheless, the choice will be limited by the coverage provided by 

existing data, much of which has been biassed towards the soJ.ution of 

problems quite different from the one witli which we are now faced. 

Bathymetric and seismic profiling coverage In many potential waste 

disposal areas will probably be sparse (Figure 1—15). Reconnaissance surveys 

are therefore required at the outset of this work. The goal of these 

surveys would be to determine bathymetry, sediment thickness, morphology 

of the seabed and nature of the superficial sediments on a regional scale. 

Techniques to be employed include precision echo sounding (PES, 10 kHz and 

2 kHz), seismic reflection profiling (SRP), large scale side scan sonar 

(GLORIA) and coring. Much of tills reconnaissance could be accomplished 
through a coordinated international effort. 

Surveying can locate large scale depositional cUMl eroslonal features 

resulting from current flow and allow subdivision of proximal and distal 

turbidite environments. Coriny and shallow surfsKie dredging will tackle 

such problems as delineation uf regional. CCD levels, determination of local 
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grain Size variability, refinement of regional distributions of ice-rafted 

debris, volcanic ash layers, and.manganese deposits, etc. 

Improvements to the range of sampling devices can be made and supplemented 

through the purchase of commercially available equipment. However, a start 

should be made on the development of more advanced and specialised sampling 

methods. 

4.2 SEAFLOOR OBSERVATIONS IN STUDY AREAS 

Once an area has been reconnoitered by observations from close to the 

sea surface, it becomes necessary to place instruments close to, on or 

beneath the seafloor, both to improve the resolution of near surface 

observations and to make measurements which can only be conducted in-situ. 

A wide range of projects are envisaged at this stage. Details of the 

individual projects, their objectives and their relevance to radioactive 

waste disposal are given in Table 1.3. References to specific text sections 

should allow assessment of the international status of such work at present. 

The table also includes a note of UK centres of which we are aware that 

are engaged in relevant work. Many of theae projects must await the 

development of new instrumentation (see later section), but all lie within 

the scope of existing oceanographic technology. 

Initially, some degree of exchange of equipment and expertise could 

be possible in a coordinated international programme; for example, 

reconnaissance long range side scan sonar (GLORIA) coverage of a study area 

for detailed short range nearbottom side scan (Deep Tow) surveys. 

4.3 LABORATORY MEASUREMENTS ON SAMPLES 

Sediment sampling will constitute a major part nf the research 

programme. Thought must be given to the handling anu curation of the core 

samples so that they suffer as little disturbance as possible during trans-

pore and storage. It is important that shore-based facilities are available 

to match the volume of sediment collected. 

Some observations will need to be made in shipboard laboratories, 

when the samples are as little disturbed and as fresh as possible. These 



YABLE 1.3 

F^oject Objective 
Relevance to Radioactive 

Waste Disposal 
Status of kis type of 

work in UK* 

1. Eeat Flow Detailed tem-
perature gradient and con-
ductivity measurements 
within limited areas^ 
covering different plate 
ages and sediment thickness. 

To determine the natural 
processes of heat trans-
fer through the sediments 
and the underlying crust. 

The dewatering of sediment 
due to compaction is one 
cause of moving pore water. 
In some situations it may 
also be driven into move-
ment by convective pro-
cesses of heat transfer 
(2.3; 2.14.3). 

Little if any work on oceanic 
heat flow during the last ten 
years. However, the equipment 
required is simple. The exper-
tise to carry out this type of 
'project exists within lOS and 
a number of University departments. 

2. In-situ heat transfer 
experiment 
(envisioned as the culmi-
nation of extensive 
laboratory experimen-
tation on the effects of 
heat on deep-sea sediments) 

To observe temperature 
changes in the vicinity 
of an artificial heat 
source (radioactive?) 
embedded in the sediment. 
Pre- and post-emplacement 
sediment sampling could 
determine the effects of 
an isolated heat source 
on rates of diagenesis, 
cementation as well as 
on physical properties 
of the sediment. 

To study processes of heat 
transfer when high tem-
perature and temperature 
gradients prevail, as 
they would around a radio-
active waste canister. 
Sediment recons^itution 
processes could affect 

integrity of the barrier 
and its susceptibility to 
mass movement (2.13.1). 

No^at present. Considerable equipment 
development and laboratory testing 
needed. In UK, lOS has oceano-
graphic expertise, Eazwell Lhe 
experience in handling radioactive 
material. Many University depart-
ments have the petrological 
expertise to study sediment changes 
for geotechnical aspects, see below. 

*Not intended to be a comprehensive listing of relevant UK study centres. 



TABLE 1.3 (contd) 

:roiect Objective 
Relevance to Radioactive 

Waste Disposal 
Status of this type of 

work in UK* 

3. In-situ measurement of 
gaotechnical properties 

(a) Electrical resistivity 
probe. 

(b) Acoustic probe to 
measure compressional 
wave velocity and 
attenuation. 

(c) Shear velocity probe. 
(d) Cone penetrometer (vane 

chear apparatus?) to 
measure shear strength. 

(e) Projectile experiment. 
Monitoring the decelera-
tion of a projectile 
fitted with acoustic 
transmitter (CW 10 kHz) 
by shipboard recording 
of signal received at 
deep hydrophone. 

(f) Lonii^ring fo: mass 
movement on low-angle 
slopes using acousti-
cally positioned 
markers and bottom 
explosive sources to 
trigger sediment motion. 

(g) G&mma-ray probe to 
measure density. 

To determine sediment poro-
sity, density and shear 
strength of the top few 
metr'es of sediment. Acoustic 
attenuation is indicative of 
grain size distribution. 
Measuring a range of geo-
physical properties allows 
better definition of some 
of the mechanical proper-
ties. Only the projectile 
experiment could provide 
information on shear strength 
to depths greater than 10 m 
into the sediment. The same 
projectile might prove use-
ful as a source of P and S 
waves for close range 
seismic profiles (2.14.1). 

Knowledge of the in-situ physi-
cal properties of the sediment 
to as great a depth as possible 
is required. Comparison of . 
parameters measured in th6 
laboratory with those deter-
mined on the ocean floor will 
guide the extrapolation of 
the more detailed laboratory 
measurements to in-situ con-
ditions. Experience of the 
penetrability of ocean floor 
sediments by projectiles is 
needed before this technique 
can be employed for waste dis-
posal. Mass movements could 
affect the integrity of the 
sediment barrier and concentrate 
waste canisters (2.13.1). 

(a)(b)(c). Electrical resis-
tivity/acoustic probe for use 
on the continental shelf has 
been developed at Marine 
Science Laboratories, UCNW, 
Menai Bridge and used by ICS 
Engineering Geology Unit. 
Modification needed for deep 
ocean work. Sh^ar velocity 
probe under development at 
UCNW for continental shelf 
use. Considerable acoustic 
and resistivity experience also 
exists within lOS. 
(d) In-situ shear strergth 
apparatus has been developed 
commercially for continental 
shelf use. 
(e)(f) New projects. lOS has 
the acoustic expertise to 
develop acoustically monitored 
equipment, but lacks the soil 
mechanics experience needed to 
interpret the results fully. 
See project 5 for bottom 
explosive sources. 



TABI 1.3(contd) 

Project Objective 
Relevance to radioactive 

Waste Disposal 
Status of this type oi 

work in UK* 

4. Buoyant Finger, long 
term soil mechanics 
experiment. 

To investigate the bearing 
strength of sediments under 
a range of loading condi-
tions. Each buoyant 
pinger is moored to a heavy 
sinker lying on the seabed. 
Its height above the bottom 
will be acoustically moni-
tored over a period of 
years. 

If waste canisters are dis-
posed onto the seabed, it 
is important to know 
whether they remain there 
or whether they slowly sink 
into it. Short term 
measurements of sediment 
strength may overestimate 
its long term properties 
It may also be necessary to 
conduct this experiment with 
hot, radioactive canisters. 

a buoyant pinger has b^en 
under development at lOS with 
a scientific objective to 
investigate whetherr under 
certain conditions, earth-
quakes liquefy deep sea 
sediments. 

5. Small Scale Seismic 
Profiles with bottom 
sources and receivers. 
Seismic refraction and 

Stoneley wave experi-
ments at ranges up to 
5 km. 

To determine the comM 
pressional and shear 
velocity structure in the 
sediment. 

The results can be inter-
preted in terms of the 
thickness of the soft sedi-
ments and of the variation 

The expertise to deploy and 
recover ocean bottom seismic 
receivers already exists at ICS. 
Development work is required for 

of shear strength with depth, bottom sources (explosive, pro-
The latter can be used to jectile, other?). 
extrapolate other types of 
shear strength measurement 
to greater depth (2.14.4). 



TABLE 1 :ontd) 

Proiect Objective 
Relevance to Radioactive 

Waste Disposal 
Status of this type of 

work in UK* 

6. Long term monitoring with 
Ocoan Bottom Seismographs 

To determine seismicity in 
the vicinity of potential 
disposal sites. Observa-
tions of microearthquakes 
allow the frequency of 
larger, more hazardous, 
events to be assessed. 

Although most earthquakes occur 
at plate boundaries, intra plate 
earthquakes do occur. At any 
particular location large intra-
plate earthquakes are infrequent 
and may not have occurred during 
the existence of efficient world-
wide seismic monitoring. But 
microearthquakes, too small to 
be detected at land based 
stations, can indicate areas 
of tectonic instability even 
when this is still latent. Such 
areas could be susceptible to 
mass sediment movement (2.13.2). 

The expertise to record earth-
quakes on the ocean floor 
already exists in lOS. Instru-
ment development is required to 
extend the recording period of 
existing instruments. 

7. Deep towed Seismic 
Reflection Profiling 
and Side Soner 
wirj acrjstic navi-
gation. 

TO elucidate the fine struc-
ture of the sediments; and 
to locate targets not resol-
vable from the surface (e.g. 
erratics, wrecks). To study 
large scale surface bedforms 
and relate these to current 
meter and nephelometer 
measurements (project 9). 
To elucidate stability of 
sediments on slopes. 

Once characteristic bedforms are 
related to particular current 
regimes in a study area, they 
can be traced horizontally to 
establish the spatial continuity 
of sedimentation processes (2.7). 
Location of erratics and wrecks 
must be known to ensure safe 
emplacement of canisters (3.4). 

lOS has considerable experience 
of seismic reflection profiling, 
side scan sonar and acoustic 
navigation, but needs to obtain 
the equipment necessary to 
exploit these techniques close 
to the ocean floor. At least 
7 km of armoured electrical 
cable (well-logging cable) 
mounted on its own winch is 
needed for this work. 



TABl 

Pr iect 

8. Bottom Photography 
with acoustic navi-
gation. 

Objective 
Relevance to Radioactive 

Waste Disposal 
Status of tnis type of 

work in UK* 

To classify acoustically 
detected targets and to 
observe targets below reso-
lution of sonar, e.g. small 
erratics. To study small 
scale surface bedforms and 
relate these to current 
meter and nephelometer 
measurements (project 9). 
To determine the areal 
extent of bioturbation. 

Once characteristic sediment 
surface features are related 
to particular sedimentary 
regimes, they can be traced 
horizontally to establish 
spatial continuity (2.7). 

lOS and a number of University 
groups have experience in under-
water photography. Ability to 
occupy predetermined positions 
requires a sophisticated real-
time acoustic navigation system 
(now under development at lOS). 

Nephelometer and 
Current Meter 
Measurements 

To establish bottom current 
regimes and sediment move-
ment in the nepheloid 
layer. To relate these 
to sediment type and 
structure and surface bed-
forms. 

Results would relate to 
projects 7, 8, 10 and 11. 
They would also establish 
the stability of the sedi-
ment surface and the distri-
butlon and composition of 
the nepheloid layer (2.7, 
2.9). Paleocurrents might 
be inferred by comparison 
with core structure and 
fabric. 

lOS has considerable experience 
in deep ocean current meter 
studies. Nephelometers could be 
bought or modified from existing 

designs. A sophisticated bottom 
acoustic navigation system would 
again be necessary. 



TABLE 1.3 (contd) 

Project Objective 
Relevance to Radioactive 

Waste Disposal 
Status of this type of 

work in UK 

10. In-situ flume studie To determine the erodability 
of various sediment surfaces. 

Results would establish the 
resistance of the sediment 
barrier to current erosion 
(2.9). 

None at present. . 
A 'SEAFLUME' device could be 
developed from existing shallow 
water designs for operation on the 
deep ocean floor. lOS should by 
then have the necessary bottom 
navigation system. A number of 
universities have the necessary 
laboratory flume expertise to 
interpret the results. 

in- sicu :tuai.es on 
rates of bioturbation 
by the introduction 
of sediment surfaces 
containing natural or 
artificial tracers. 

To study the rates and 
depths of biological 
mixing. 

Results would relate to 
projects 8 and 10 and would 
also determine likely rates 
of re-introduction of sedi-
ment to the nepheloid layer-
by bioturbation (2.7, 2.9). 
Bioturbation limits reso-
lution with which sediment 
stability/history can be 
determined (2.12.2). 

None at present. 
Again a precise bottom navigation 
system is required. Emplacement 
mechanisms that preserve the sediment 
surface need development alrng with 
recovery or sophisticated box-coring 
apparatus. 



will Include: 

(a) Initial core descriptions and preliminary dating, to control 

subsequent sampling; 

(b) Some geotechnical and physical property measurements that might 

change in transit - density, porosity, water content, compressional and 

shear velocity, shear strength. 

The bulk of the work on sediment samples can be done at shore-based 

laboratorics. 

These will include:-

(c) Detailed sedimentological study:- sedimentzury structures, 

lithostratigraphy, grain size, bulk mineralogy, carbonate content, etc. 

(d) Dating, 

micropaleontology, paleomagnetism, isotope dating, etc. 

(e) Paleoenvironmental studies - magnetic fabric^, oxygen, 

isotopes^ - studies on environmentally 

sensitive microfaunas for comparison with livi_ng forms, e.g. benthic 

foraminifera, and ostracodes, CLIMAP-type 

statistical techniques on faunal populations. 

(f) Geotechnical measurements - consolidation tests, ...., fl^m^ 

studies, etc. 

(g) G&ochemical studies (see separate report), 

(h) Heat source experiments. 

Not all the samples need to be collected in the same manner. For 

geotechnical measurements they must be as little disturbed as possible; 

thd^ will require the use of Ibox large diameter corers. Sedimentological 

studies require a representative sample of tlie whole column penetrated, for 

which conventional corers and giant piston corers aure necessary. of 

the land-based experiments nay merely require a large volume of sediment 

which can be collected with grzbs. 

Shipboard and shore-based .studies will be undertaken as part of the 
basic programme in many countries. Each will requiz^ t±e full range of 
facilities implied above. 1-51 



4.4 INSTRUMENT DEVELOPMENT 

None of the projects which have been proposed is beyond the scope 

of present day oceanographic technology. But being able say t±̂ it a 

particular project is feasible does not mean that it cam carried out 

immediately. A considerable amount of instrument development will be 

necessary before many of the neai'-seafloor measurements can be made on 

a routine basis. In some cases this process will take several years. 

could be accomplished within the framework of an international programme. 
The following development work will be necessary: 

(a) Development of acoustic navigation systems for precise location 

of instruments close to the seafloor; 

(b) Development of heat flow instrumentation and apparatus for in-situ heat 

transfer experiments; 

(c) Improvement of sampling techniques, especially for deep coring 

and shallow dredging; 

(d) Improvement of existing ocean bottom seismic receivers; 

(e) Development of bottom sources (explosives, projectile, other?) 

for close range seismic studies; 

(f) Development of near-bottm seismic reflection profiling and side-scan 

sonar equipment; 

(g) Development of nephelometers and improvement of bottom camera 

systems and current meter arrays; 

(h) Development of instruments for in-situ geotechnical measurements, 

curi sedimentation studies. 

4.5 SUPPORT FOR SPECIALISED OCEANOGRAPHIC PROGRAMT'iES PARTICULARLY RELEVANT 
"TO RADIOACTI^/E" WASTE DISPOSAL 
Although great advances have been imade in oceanography in khe past 

few decades, considerable ignorance of many of the processes taking place 

in and beneath the oceans remains. Some of these processes are directly 

relevant to the problem of radioactive waste disposal in chc; oceans. 0^^ 

UBdnrstanding of these processes laay Ĵ ot be appreciably advanced if waste 

disposal research is too sii^ specific. It is appropriate therefore that 
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more general support he given to research programmes which could yield 

relevant results. Examples of these are: 

(a) Heat flow studies 

The possibility that the pore water of sediments is moving convec-

tively must be explored (2.3). 

(b) Soil mechanical studies of deep sea sediments 

The effect of compaction on the movement of sediment pore water 

must also be resolved. Consolidation tests on sediments from a range 

of depositional and erosional environments could oi^ understanding 

of this process (2.14). 

(c) Downhole logging in IPOD holes 

Downhole measurement of the physical properties of both sediments 

and igneous crust of the ocean floor will improve our understanding of 

the processes which take place there. Porosity ai^ permeability 

measurement are particularly relevant (2.14). 

(d) Improvement of dating and paleoenvironinental techniques 

In order to predict likely stability of the sediment barrier over 

the period of waste decay, it will be necessary to have a detailed 

knowledge of its recent geological history. This will require more 

refined dating of the cored sequences than is presently available and develop mjr 

of appropriate techniques should be encouraged (2.12.2). 
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nummary 

1. The geochemistry of marine sediments is reviewed, stressing those aspccts 

relevant to the disposal of high level radioactive waste on the deep-sea floor 

or by burial in sea-floor deposits. 

2. Sediments accumulating in the deep sea by the rain of mineral particles 

derived from the continents and bv the settling of biological debris formed in 

the sea, the pelagic sediments, are fine-grained, are highly oxidised and have 

high specific surface areas. 

3. Chemical reactions in the sediments after deposition lead to alterations 

in the solid components and to changes in the composition of the water trapped 

within the sediment (the pore water). 

4. The adsorptive and exchange properties of fine-grained marine sediments 

are poorly known. Available information suggests that significant amounts of 

ions can be removed from solution by association with sediment particles. This 

also applies to fallout radionuclides and to discharged fission and activation 

product nuclides in the sea. On present understanding, it is not possible to 

predict the degree to which various nuclides will be associated with sediment 

particles from a knowledge of other physical or chemical properties of the 

sediment. 

5. Recent experimental work on borosilicate glass, the presently favoured 

disposal medium for high level waste, shows that considerable alteration of the 

glass and migration of contained nuclides can occur under moderately high 

temperature and pressure conditions. 

6. Simple estimates of the migration of dissolved constituents in uncon-

solidated sea-floor sediments, assuming available effective diffusion coefficients 

are applicable, show that a column of fine-grained clay of the order tens of.metres 

thick might be adequate to isolate high level waste for time periods of the 

order required. 

7. Research requirements fall into two parts: a) a phase of basic studies 

aimed at an understanding of the chemistry and mineralogy- of pelagic sediments 

and the composition of pore waters, and (b) a phase of special studies of the 



exchange pioperties of pelagic sediments, the stability of waste forms and 

sediments under condition^ of high temperature, pressure zmd radiation intensity, 

t&e thermodynamic properties of pore waters and the speciation and migration 

of radionuclides in this environment, and the interacticm fission and 

activation product and transuranic nuclides with natural sediments. 

#. Relevant work in marine geochemistry presently being carried out in 

the U.K. and abroad is briefly reviewed. A possible U.K. programme is described. 



1. Introduction 

High-level radioactive waste may be disposed of on the sea floor or by 

burial within sea floor sediment. Chemical reactions between waste and 

sediment could play an important part in decreasing or increasing the rate of 

migraiion, and in determining the migration pathways, of radionuclides released 

from a mass of waste. The geochemicel environment of possible disposal sites 

must therefore be fully described so that the potential of the sediment as a 

barrier to migration can properly be assessed. 

Research aimed at understanding the processes governing the chemistry 

and mineralogy of sea floor sediments has only been undertaken during the last 

few decades. Before the Second World War it was mainly concerned with establishinc 

a catalogue of the composition of different types of sea floor materials. 

Information on geochemical reactions, and the ways in which the composition of 

sea water aa^ sediments have reached their present composition over geological 

time, has only become available in the last decade. The information is still 

fragmentary in the extreme, but this is an area of active research and some 

rapid progress at the present time in the U,K. and elsewhere. 

Because of the rudimentary state of knowledge of the geochemicai environment 

of the deep ocean, it is necessary at the moment to have stringent criteria for 

selecting specific disposal sites in the deep ocean, either in or on the &ea 

bed. Few sites would be selected on the basis of present information and 

understanding. Research in marine geochemistry pertinent to this problem may, 

in future, permit relaxation of some of the criteria. But it is essential 

to approach the problem from a general point of view before potential disposal 

sites are selected. Site-specific investigations will naturally follow, guided 

by the information provided by long-term /esuarch into the chemical nature of 

the sea floor environment. 

This section of the report appr-iJees the information on the geochemistry of 

the deep ocean and attempts to identify the problems on-which more work is 

required. It begins with a general review of the make-up of marine sediments 

and oroceeds to a discussion of the chemical reactions on the s. 
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arc or suspected to bring about alterations in the original material. The 

available information on the reaction between radionuclides and sedimentary 

materials is outlined before a final account is given of the research needed to 

a3ses3 the effectiveness of oceanic sediments as a barrier to radionuclide migration, 

Composition of Sea Floor Deposits 

Introduction 

The floor of the deep ocean, lying on average 4 km below sea level, is 

mostly covered with a blanket of fine-grained sediment. This material is derived 

by slow gravitational settling of particles through the water column by bottom 

reworking and down-slope movement (See Chapter 1). Sediments composed of fine 

particles from the incessant rain of material from the near-surface layers, the 

pelagic deposits, are more widespread than are those supplied by down-slope 

movement of continental material. They are more relevant to the problem addressed 

herein. Areas of bare rock outcrops, consisting in the main of basalt, are also 

widely distributed on the ocean floor. "They are most common in the central ridges 

the oceans, where new crust is formed (see Chapter 1), twt are also represented 

by isolated seamounts and the pedestals of oceanic islands. 

Pelagic sediments have thicknesses above solid rock basement ranging from a 

few tens of metres to about 1 km (see Chapter 1). Thick^^ sections are found cl, 

to the margins of the ocean basins where slope^drivad material is added to the r, 

of pelagic sediment particles. The oldest unconsolidated pelagic sediment is 

perhaps 50 to 60 million years old; more consolidated and lithified sedimentary 

rocks (see 2.3) are found below the unconsolidated overburden, and above the 

igneous (basaltic) basement. 

The accumulation rate of modem pelagic sediments ranges between about 0.5 mm 

per 1000 years in the clays of the South Pacific tc rouchly 25 rmm per 1000 years 

in the calcaerous oozes (see 2.2) of the North Atlantic. The accumulation is by 

no uniform, 50 million year-old sediment being found at the sea floor in 

Sume of the Pacific. 

2.2 Composition and distribution 

Pelagic sediments are rather complex mixtures of components from a number of 
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diffarenf ultimate sources (Fig. 2,1). The major components are (a) detrital 

particles, represented by mineral and rock grains supplied from the land or 

derived from sea-floor rocks; (b) biogenous paiticles, represented by the 

empty shells of planktonic algae and protozoa, composed of calcium carbonate 

and silica; and (c) authigenic constituents, which are compounds or minerals 

precipitated, or derived from the alteration of other solids, within the sediments. 

The classification of pelagic sediments is based on the relative proportions 

of these major components, or end-members, in 1̂ ie mixture. Pelagic clays 

sediments composed of detrital minerals and suthigenic phases, and containing 

only minor amounts of biological debris. Calcareous oozes are sediments 

composed predominantly of carbonate shells (foraminifera and coccolithophorid 

plates). Siliceous oozes are sediments containing a significant fraction of 

silica shells (radiolarians and diatoms). The distribution of these pelagic 

sediment types is shown in Pig. 2.2. 

The distribution of calcium carbonate on the sea floor appears to be related 

in a complex way to the water depth (see also Section 3.1.3). The planktonic 

shells may well settle to the sea floor in all depths, but they are preserved on 

more elevated parts and dissolve on the deeper ones, because the undersaturation 

of sea water î ith respect to calcium carbonate increases with decreasing temperature 

and increasing hydrostatic pressure and because active bottom water flow enhances 

dissolution. The boundary between sediments rich in carbonate and those with 

only a few percent carbonate defines the carbonate compensation depth; its 

actual depth is variable and depends on the balance between the rate of supply 

of carbonate shells and their rate of solution on the sea floor (see Section 3.1.3). 

Size frequency distributions of the three main classes of pelagic sediments 

are shown in Fig. 2.3. Pelagic clays have the finest sizes, some Pacific samples 

containing more than 80% by weight clay grade (< 4|i:n dri^eter) material. Calcareous 

ouZPS (fe coarser"grained, containing a significant sard fraction ( > 62|m diameter) 

composed of whole and fragmented shells of foraminifcra. Siliceous oozes have 

size distributions somewhat similai to those of the clays, siliceous shells 
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Because of the fine-grained nature of pelagic sediments their specific 

p — 1 

surface areas are high. Values range between 60 and 150 mTg (1). Such 

sediments are therefore highly surface-reactive (see Section 4). 

2.2.1 Mineralogy 

The mineralogical composition (Table 2.1) of pelagic sediments is determined 

by the composition of the source material and chemical reactions in the sediments 

after deposition. Silicate minerals make up the bulk of the material derived from 

the continents or from within the ocean basins themselves. A further silicate 

fraction is formed by the reaction between freshly erupted volcanic rock and ash 

with sea water and is represented principally by a range of zeolites and a layer 

silicate, montmorillonitc. Biogenous shells are composed of calcite or aragonite, 

both polymorphs of CaCO , and amorphous hydrated SiOg (referred to as opal). 

The remaining common minerals in pelagic sediments are authigenic and can form 

large concentrations in some areas. The ferromanganese minerals are particularly 

important; they are ubiquitous, forming amorphous coatings on grain surfaces and 

occurring in high concentrations as concretions and nodules, mainly as pavements 

on the sediment surface (see Section 2.2.2). 

The distribution of the main silicate minerals in pelagic sediments provides 

clues to the origin of the different mineral species. The clay minerals (layer-

lattice silicates, mainly formed in the soil profile) and quartz have been studied 

most extensively. Quartz is known to be more abundant in middle latitude zones of 

the oceans corresponding to the arid climatic zones of the continents (2) and it 

seems clear that the bulk of this mineral in pelagic deposits is delivered to the 

oceans by the wind. The distributions of the clay minerals support this conclusion. 

ThuS'illite is the dominant clay mineral in the North Pacific and the North 

Atlantic (Fig. 2.4), where quartz is also abundant, and is also thought to be 

continentally derived via the atmosphere (3). This has been corroborated by 

mineralogical analyses of atmoFrd*^ic dusts collected over the oceans (4). On 

the other hand, montmorillonite id the dominant clay species in the South Pacific 

where it is thought to form by the alteration of abundant volcanic rock debris. 

The remaining two important clay minerals, kaolinite and chlorite, are also 
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Table 

General Mineralogy of Pelagic Sediments 

Mineral Abundance Source 

Quartz 

Feldspars 

Clay minerals 

Zeolites 

Volcanic glass 

Opal 

Common 

Common 

Abundant 

Rare (locally 
abundant in Pacific) 

Rare 

Common 

Continents 

Continents; ocean floor 
basalts 

Continents; alteration of 
volcanic debris in the reon 

Alteration of volcanic debris 
in the ocean 

Ocean floor basalts 

Planktonic diatoms and 
radiolarians 

Carbonates 

Calcite 
(hexagonal CaCCy) 

Aragonite (orthorhombic 
CaCO^^ 

o 

Sulphates 

Barite (BaSO^) 

Phocnhates 

Carbonate Pluorapatite 

Oxides/Hydroxides 

MnO^ (variants) 

Fe(OH) (variants^ 

Abundant 

Rare 

Rare 

Locally abundant 
as phosphorites 

Locally abundant 

vocally abundant 

Poraminifera (protozoa); 
coccolithophoride (algae) 

Pteropoda (mollusca) 

Authigenic 

Authigenic 

Authigenic (coatings and 
concretions) 

Authigenic (coatings and 
concretions) 
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derived from the continents, kaojiaite from intense chemical weathering in the 

tropics and chlorite from physical weathering in high latitudes (Pig. 2.4). 

A different clay mineral suite is found below the modern assemblage in the 

North Pacific (5), indicating a distinct change in the source or in the mechanism 

of sedimentation in this part of the ocean. This important observation provides 

evidence of varying sedimentation conditions in the remote parts of the sea floor. 

2.2.2 Chemical Composition 

A limited number of chemical analyses of pelagic sediments are available which 

serve to show the degree of variability in composition which is in turn brought 

about by the complex mixture of different mineral components discussed in Section 

2.2.3. Hence carbonate-poor pelagic clays yield major element analyses similar 

to those of fine-grained crustal materials; minor variations in this end-membec 

are produced by variations in the composition of the various clay mineral species, 

by the presence of unaltered volcanic ash and by the presence of authigenic zeolites 

and iron and manganese oxyhydroxides (see below). Calcareous oozes are 

predominantly composed of CaCO with proportionally lower amounts of the detrital 

and/or authigenic silicate fraction. Siliceous oozes contain amorphous silica 

shells and have higher silicon contents than the other two main types of pelagic 

sediment. 

The presence of certain other components in pelagic sediments assumes an 

importance, in terms of their influence on the chemical reactivity and the 

interstitial environment of a sediment, out of all proportion to their abundance. 

They include:* 

a) Organic material 

This fraction is derived overwhelmingly from the plankton and represents 

only about 1% of the total organic material produced by photosynthesis in the 

surface layers of the sea. Although it has survived complete alteration during 

descent through a deep column of n%/gen&t*d sea^^ter, it does support a bacterial 

population and further breakdo^j an^ alteration within the sediment does take 

place (see Section 3.1.1). 

Organic material is much more abundant in nearshore sediments than in 
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pelagic environments because: (a) there is a higher rate of primary organic 

production around the margins of the ocean (see Chapter 4)^ (b) the transit time 

from the sea surface to the bottom sediments is shorter, and (c) material is more 

rapidly buried by sediment derived from the land. Values of organic carbon (being 

roughly 60% of^ and providing a useful measure of, total organic material) in 

pelagic sediments are between less than 0.1% and 2% (6). Calcareous oozes 

contain more organic carbon than the clays because the carbonate shells carry 

an organic coating. Some very slowly-accumulating clays in the North Pacific have 

carbon contents lower than the detection limits of the analytical methods available. 

The concentration of organic carbon in surface sediments is positively 

correlated with the accumulation rate of the total sediment (6) because the 

carbon accumulating in slowly deposited pelagic sediments is efficiently utilised 

or degraded. In shallower environments, where deposition rates are faster, more 

is preserved. 

In modern pelagic clays there is an exponential decrease in carbon with depth 

in the sediment, which reflects degration during burial, with an apparent half 

life of between 15000 and 50000 years. In Quaternary (glacial) sedi^^nts, 

encounterea at variable depths below modern deposits, organic carbon contents 

are generally higher; carbon was apparently delivered to the sea floor during 

these periods at perhaps 2 to 40 times the present rate (6). 

The presence of organic material in marine sediments is important from three 

different points of view:-

(i) Partially degraded and polymerised organic material has a high exchange 

capacity (see Section 4.1.3) and is thought to be responsible for binding (complexing) 

many metals in some deposits (7,8). 

(ii) During the further degradation of this material, dissolved complex 

organic molecules may be produced (9) which ^ay be capable of complexing and 

transporting a wide range of elewents in the pore solution (see Section 3.2). 

(iii) Respiratory decomposition of the organic material by micro-organisms 

near the sediment surface can consu^^ all molecular oxygen in the pore water. At 

this point reduced substances are produced (see Section 3.1.5) and the behaviour 



2 . 1 2 

of 2 #ide range of elements ir radically altered. 

Oxygen-deficient conditions %re common in rapidly-a^zcimulating nearshore and 

some hemipelagic deposits where a significant amount organic material is 

available for post-depositional reactions. In pelagic deposits, such conditions 

are not common, although they are met in two sets of circumstances: (a) relatively 

sm?/] reduction zones have been reported in some ofgzwiic-rich calcareous oozes (10) 

and (b) as noted above, glacial sediments generally contain more carbon than modern 

sediments, and oxygen-poor conditions may be found belxw modern oxidised depocits. 

b) Cxyhydroxides 

Uniformly oxidised pelagic sediments contain a sinall fraction of dispersed, 

amorphous manganese and iron oxyhydroxide, which is present as a fine coating o^ 

grain surfaces and as fcrromanganesc micro-concretions. Amounts of manganese and 

iron in this form, determined by selective leaching, are approximately 1% by 

weight of the total sediment (11). In some marginal oceanic environments, post-

depositional reactions.within the sediment, leading to the production of oxygen-

poor conditions (see Section 3,1.5), can lead to an increase in precipitated 

ferromanganese oxyhydroxides in the surface layers. 

The important of this minor sediment fraction lies in its surface chemistry 

and adsorptive capacity. Iron and manganese oxyhydroxides have both positive and 

negative surface charges under environmental conditions ajid are capable of 

specifically adsorbing a wide range of cations and ^^ions from solution (12)^ 

Pelagic sediments have relatively high concentrations of a wide range of metals 

when compared with near-shore sediments (Table 2.2) and this is possibly due to 

their adsorption by the uxyhydroxides. 

c) Perromanganese Nodules 

The well-known ferromanganese nodules represent a special case of the 

oxyhydroxide component discussed above. Such nodules are widely distributed 

cm the sea floor of all the oce^n barzns, bein^ most abundant in remote areas 

of the Pacific where sediment dccuwul^tion rates are very low (16). They are 

composed of crystalline manganese cxyhydroxides and largely amorphous iron 

oxyhydroxides together with admixed silicate and biogenous debris. They are 

distinguished by very high minor metal contends (Table 2.3) &nd are thought to 
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Table 2.2 

Minor metal composition (ppm) of pelagic and nearshore 
sediments. 

Element 

Ba 

Co 

Cu 

Mo 

Ni 

Pb 

Sr 

Zn 

Zr 

690 

190 

300 

40 

260 

90 

170 

200 

190 

5640 

280 

700 

40 

400 

45 

320 

270 

200 

1 North Pacific pelagic clay (13) 

2 North Pacific siliceous ooze (13) 

3 South Pacific calcareous ooze (13) 

4 North Atlantic pelagic clay (14) 

5 Nearshore muds (15) 

600 

290 

200 

15 

80 

100 

1190 

110 

30 

516 

44 

110 

105 

31 

125 

99 

188 

580 

19 

45 

3 

68 

20 

300 

95 

160 



form extremely slowly by precipitation from sea water and sediment pore 

#atern, the minor metals bein^ taken up by adsorption and coprecipitation^y the 

oxyhydroxide phases. Such deposits are now considered, to be a potential ore 

reserve, especially for copper and nickel (18). 

2.3 Sedimentary Rocks 

Recent drilling in the deep ocean from Glomar Challenger (IV) lias provided 

information on the distribution and composition of the consolidated and lithified 

equivalents of the unconsolidated sediments sampled by conventional coring methods, 

2.3.1 Shales 

Shales represent the lithified equivalents of clays. They are formed by 

gravitational compaction of the clays where the fine-grained clay mineral 

assemblage is oriented perpendicular to the confining overburden pressure. 

The porosity and permeability of such rocks are consequently very low. They have 

been sampled below the sea floor under a few hundred metres burial and may be up 

to 100 million years old. 

2.:9^2_C^;Uc8 and Limestones 

Chalks and limestones are the lithified equivalents of calcareous oozes. 

They are formed by solution, reprecipitation and recrystallisation, in addition 

to gravitational compacting, of biogenous carbonate. Porosity, the proportion of 

void space in the sediment, is reduced from a value of approximately 70% in ooz 

to values nf around 10% in cemented limestones. Available information suggests 

that calcareous ooze is transformed into a chalk under a jfew hundred metres burial 

while limestones are produced by further cementation under about 1 km burial. 

Calcareous rocks have been drilled in all ocean basins and are 20 to 120 million 

years old. 

2.3.3 Cherts 

Cherts, representing the lithified equivalents of siliceous oozes, and 

of possibly the precipitates from hydrothermal solutions, are very compact beds 

c/ietob2lite and quartz (both SiO polymorphs) derived, from the reprecipitation o 

amorphous silica. The rocks are very well cemented and porosity is extremely low 

They were a serious impediment to deep drilling in the ocean floor prior to the 
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Table 2.3 

Bulk chcmical composition (major elements wt, %/ minor elemeni 

of ferroman^anesc nodules, having minor metal contents presently considered 

to be ore grade, from a survey area in the northern equatorial Pacific (17). 

Element Concentration (wt%) 

Si 

A1 

Ti 

Fe 

Ca 

Mg 

K 

P 

Mn 

Ba 

Co 

Cu 

Mo 

Ni 

Pb 

Sr 

Zn 

Zr 

5.40 

2 . 0 0 

0.56 

1.60 

1.70 

1.00 

24.90 

Concentration 

2420 

2400 

10100 

12500 
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development of re-entry techniques. Cherts have been sampled in all ocean basins, 

generally several hundred metres below the sea floor, and are 20 to 150 million 

years old. 

2^4 Suspended Material 

Reference has already been made to the derivation of the bulk of the detrital 

mineral components of deep sea clays from land via the atmosphere and the formation 

of biogenous oozes by the accumulation of settling pJLanktonic shells. There is 

evidence that this material reaches the sea floor in organic aggregates (mainly 

faecal pellets) which settle more rapidly tha^ the individual particles (20). 

on the sea floor, the fine-grained material is released by the disaggregation 

and breakdown of the larger particles. 

In addition to the downward flux of primary particulate material from the 

surface layers, fine particles are also resuspended frcm tt^ bottom by benthonic 

organisms and l&y fluid shear and maintained in suspension by strong turbulence 

in the boundary layers, (see Chapter 3). A near-bottcm layer of increased particle 

concentration, called the nephcloid layer, is therefore present over large areas 

the sea floor (21). The particles are most likely recycled between the 

sediment surface and the water column, providing a mechanism for extensive 

redistribution of sedimented material by currents (see Chapter 1). Since the 

particles have very fine grain sizes, of the order of a few micrometres, and 

therefore have a high specific surface area, they have a high adsorptive capacity 

for dissolved and colloidal constituents in th^ bottom water that may be derived 

the sediment. The fluxes of particles from the sea surface and through the 

nepheloid layer are poorly known, as is the composition smd ttie surface chemistry 

of the material. 

3. Diagenesis inJilarine S e ^ n ^ t s 

3.2 Chemical Reaction^ in Sediments 

Diagenesis, the alteration of the solid phase ccanponents of i sediment after 

deposition, occurs universally in marine sediments. U^ie proces^et of diagenesis 

can involve all of the conpc.ients discussed in section 2 above, and may continue 

to operate throughout the whole depositional history pt the sediment. Certain 
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changes, Such as the dissolution of calcium carbonate below the carbonate 

compensation depth (Section 2.2), can occur with great rapidity and are 

essentially complete before burial. Others, such as the devitrification of 

volcanic glass, are slow. Another important group of reactions occurs within 

the sediment in response to changes in environmental conditions after burial. 

Reaction sites within the sediment are supplied with dissolved reactants by 

the pore-water (see Section 3.2), which aJ.so serves to remove any soluble 

reaction products. The predominant mechanism for such supply and removal is 

molecular diffusion, which is a slow process; consequently, the concentration 

gradients of dissolved constituents in the pore fluids are relatively high even 

for reactions which do not occur rapidly. Study of such concentration gradients 

provides important clues to the nature of the diagenetic processes which are 

occurring. 

3.1.1 Degradation of organic material 

In open ocean areas much of the organic material which reaches the sediment 

is supplied by the fall of 'fast particles' from the surface waters (Section 2.4). 

These particles are mainly the faecal pellets of herbivorous zooplankton, and theii 

organic content is derived from the phytoplankton overlying the site of deposition, 

The organic material so supplied supports the benthic community (See Chapter 4), 

which includes a large bacterial population at the sediment-water interface. 

The bacteria obtain their energy by the oxidation of organic material to 

carbon dioxide (COg) using the oxygen dissolved in sea water. At the same 

tim^ they fix CO^ to form their own cellular structure. Thus some fraction of 

the carbon which arrives at the bottom is converted into new organic molecules 

while another fraction is released from the sediment surface as CO^. This process 

is rapid in geological terms, so that by the time the sediment is buried to a 

depth of a few centimetres only the more refractory organic material survives. 

Consequently, there is a rapid drcrcare in the numbers of bacteria with depth 

in the sediment, with cell counts falling by several orders of magnitude in the 

first metre (22). 

In rapidly-accumulating sediments with a high organic content the oxygen 



2 . 1 8 

demand msly persisl deeper into the sediment. If this demand exceeds the supply 

by molecular diffusion firom the sediment surface the oxygen content of the pore 

i/ater will fall to zero. However, bacteria exist which arc able to utilise 

nitrate, and these remain active and multiply. When all nitrate has been 

converted into more reduced forms of nitrogen, other bacteria able to reduce 

sulphate to sulphide become prednminnnt. After all tJie sulphate ion has been 

reduced bacterial activity fall.i essentially to zero (see Section 3.2). Any 

organic material not utilised at this point is preserved in the sedimentw because 

of the cessation of biological activity and because the remaining organic 

compounds cannot be metabolised. 

Most pelagic sediments do not show such rapid oxygen depletion. This is 

because the organic cupply to the sediment is too low to sustain the required 

high oxygen demand. Only refractory organic substances remain, and these at 

concentrations of a frsction of one percent by weight (see Section 2.2.2). 

Although direct evidence is lacking, it is likely that such sediments contain 

dissolved oxygen to considerable depths. They may indeed never become anoxic, 

BO that the reactions characteristic of reducing environments (see Section 3.1.5) 

do not occur. 

3 . 1 D i s s o l u t i o n of silica 

Silicon is removed from sea water by several groups of marine organisms 

mainly as structural support for cell walls. After the death of these organisms 

the amorphous silica (opal) can reach the sediments. Planktonic diatoms, 

rgdiolaria, and siliconflagellates and benthic sponges are all known to contribute 

silica in this way(23). 

The interstitial waters of most sediments are enriched in dissolved silica 

and this is generally ascribed to the dissolution of biogenous material. There 

is evidence to suggest that -several factors are important in determining the 

degree of enrichment. Amcig these, the productivity of the "-.'eyiyjug water, 

the degree of bioturbation (ree Chapter 4) and the solubility of iihe silica are 

significant. Less than 10% of the material produced by animals.and plants in 

the ocean will undergo burial, con^;idcrable dissolution occurring in the sea 
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water itself and at the sediment-water interface. Dissolution continues after 

burial, and it is possible that as little as 0.1% of the total silica produced 

by organisms is finally incorporated in the sediment (23). 

3.1.3 Dissolution of carbonate 

The most common carbonate mineral produced in the ocean is calcite (Table 2.1). 

Lesser quantities of aragonite, a more soluble form of CaCO , are also formed. 

Calcite is produced by coccolithophores and by foraminifera, while the winged 

structures of the pteropods (pelagic molluscs) are supported by aragonite. 

After the death of the organism, degradation of the organic coatings exposes 

the CaCO to direct contact with sea water. However, since surface sea water is 

supersaturated with respect to both aragonite and calcite, it is probable that 

erosion of the carbonate does not commence until the particle has sunk to deep 

water, where the low temperature and high pressure act to increase the solubility 

of both polymorphic forms (24). The smallest particles (a few in diameter) 

probably dissolve in the water column, but larger ones (several hundred ^m in 

diameter) appear to reach the sea floor before erosion has progressed very far. 

Rapid transport by the faecal pellets of marine zooplankton can also supply 

material directly to the sea floor (Section 2.4). 

In an environment of low deposition rate, where the surficial sediments 

are exposed to waters undersaturated with respect to calcium carbonate, the 

tests and fragments so exposed dissolve before burial. The survival of carbonate 

depends on the activity of carbonate ions, which is a complicated function of 

temperature, pressure and pHy and on the rate of supply of fresh calcareous 

material to the sea bed. Consequently, the depth below which the calcium 

carbonate content of sediments falls to low levels (the carbonate compensation 

depth) varies widely over the world ocean. In the North Pacific this ck^th is 

as shallow aa 3000 m, while it varies in the Atlantic fron' about 5500 m depth 

in the north to le^s than 5000 m in the south. Hence a high proportion of the 

Atlantic floor is covered with carbon&te-rich sediment, and at all water depths 

Atlantic sediments contain more calcareous material than other oceans of the 

world (25). 
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It must he emphasized that our present understanding the behaviour of 

carbonate materials in the ocean is only qualitative. In particular, it is not 

at present possible to predict the effect on the ocean of fossil fuel combustion, 

except to say that the activity of carbonate ion will, eventually, be reduced 

throughout the world ocean. This will cause a compensatxmg dissolution of 

calcareous sediment. It has been ahoivn that the burning of all fossil fuel 

reserves would produce enough CO^ to dissolve all calcareous sediment accessible 

to the direct action of the waters of the world ocean (26). The inference to be 

drawn from this is that the carbonate compensation depth will become shallower 

in the relatively near future and some modern surficial sediments will dissolve 

Uncertainties are too great to permit a precise prediction of the magnitude of 

this dissolution. 

In the longer term calcareous sediments are Tmihierable to dissolution 

resulting from changes in ocean circulation and from climatic changes. Any 

variation in the several parameters which control carbonate ion activity can 

vary the effective compensation depth, and the sedimentary record bears much 

evidence that such variations have occurred in the past. 

3.1.4 Formation znd recrystallisation cf silicates 

The bulk of the silicate fraction of marine sediments originates from the 

mechanical &nd chemical weathering of terrestrial scurce rocks. Clay minerals 

arc important components of tnis fraction (Pig. 2.4) aJ'e formed under 

conditions quite different from those encountered on the deep sea floor. It 

has been postulated that "reverse weathering" takes place in the marine sediments 

whereby amorphous and poorly-crystalline detrital clay particles take up cations 

from the pore-water to produce more ordered crystalline clays (27). Such reactions 

are important in the overaDl geocbemical balance, but could also alter the exchange 

capacity of the sediments (yee Section 4.1). 

A further source of clay minerals is the i^ situ alteratio of volcanic 

glasf. In the South Pacific in particular, abundant rocks and glasses produced 

by the myriad volcanic archipelagos are thought to be the source of the 

montmorillonite in the sediments (see Fl%. 2.4). On the other hand, there are 



alEo reports of basaltic glass fragments up to 3.5 million years old which appear 

to be totally unaltered (28). The stability of volcanic glasses of a vardety of 

compositions, and their alteration reactions, are poorly understood. 

3.1.5 Changes in Redox Potential 

The balance between the degree of oxidation and reduction in a system js 

measured by the electron activity and is designated the redox potential. In 

the uppermost horizons of oceanic sediments, the potential has a value of 

about +400 mv because free oxygen ia present as the favoured oxidant. When the 

oxygen has been consumed, as described in Section 3.1.1, th^ redox potential 

falls and nitrate is used as zm oxidant. Thereafter, sulphate is reduced, which 

leads to the production of sulphide ions, and the redox potential falls further 

to about - 150 mv. 

The gradient of electron-availability thus established has a considerable 

influence on the behaviour of many elements. For instance, iron and manganese 

3 A' _ 
are present as their oxidised species (Fe andlMn ) in the oxidised surface 

layer (Section 2.2.2.b). They are present almost entirely as amorphous, 

insoluble hydrated oxides. As the redox potential falls with increasing burial, 

2+ 2 + 
manganese is reduced to Mn and, a little later, iron is reduced to Fe . These 

ions are much more soluble and enter the pore water. Typically, therefore, a 

stepwise increase in these ions is seen when pore water concentration-depth 

profiles are plotted (29). Many other elements of the transition scries 

presumably follow this behaviour. 

The higher concentration of dissolved iron and manganese at depth in the 

sediment will cause upward diffusion of these species into the oxidised layer, 

where the higher redox potential will cause their precipitation. This phenomenon 

has been suggested as a mechanism for the formation of some ferromanganese 

nodules (30). Although this mechanism operates mainly in nearshore areas where 

reducing conditions are found tn the sediuent-water interface, there is 

al^o some recent evidence suggesting that manganese is also mobile at the 

surface of oxic pelagic sediments presumably due to subtle changes in the redox 

conditions within the sediment (13). 
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Sea ^ater is trapped within the- sediments as they accumulate. "The composition 

of this pore water is altered by the processes of organic matter degradation 

(Section mineral dissolution (Sections 3.1.3'and 3.1.3), the diagcnesis 

of minerals (Section 3.1.4) and th^ exchange between solid zmd aqueous phases 

(Section 4.1). Because the ratio of solid to liquid in the sediment is high, 

such subtle reactions produce large changes in the chemical composition of the 

pore water; because khe movement of solutes is by molecular diffusion rather 

than by turbulent mixing, concentration gradients of clremical species in the 

pore waters are marked. They provide valuable information i%i the types of 

reactions, the depths of reaction, the rate of supply of reactants and removal 

of products and the influence of the reactions on the composition of sea water. 

Examples of the changes in the composition of pore waters relative to sea 

water are provided by:-

(a) the oxidation of organic material. Fig. 2.5 ehcws a schematic 

representation of the changes in concentration of some (%f the major redox 

indicatozs in pore waters/ Consumption of oxygen in the upper layer is followed 

by the reduction of nitrate and finally sulphate. Iron and manganese are taken 

into solution from the solid phase as the redox potential falls. 

(b) th^ dissolution of skeletal material, either siliceous or calcareous. 

Fig. 2.6 shows the influence of dit;solution en (rhe contratiun-depth profile of 

dissolved silicon :n a marine sediment, calculated for differing dissolution rates. 

(c) The formation of authigenic mineral phases. Fig. 2.7, containing data 

gathered by the Deep Sea Drilling Project, sh^^ considerable change in the 

composition of pore water possibly due to the formation of dolomite ((Ca, Mg) CX)g) 

from calcite. 

Studies of the concentration of major and minor constituents in the pore 

uC marine sediments are providing valuable ir^Torration on the subtle 

cueminai reactions that take place ir marine sediments ant- on the role that 

these reactions have on the overall geochemical balancc in the ocean. In many 

situations, such reactiuna can only be detected by looking at the pore waters 
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which are' very sensitive to changes in cnmposition the solids. In 

envirunments where the sedimentation rate is Icw^ such as in clays, 

theoe reactions arc important/ their potential influence on the disposal of 

radioactive waste is discussed more fully in Section 5. 

4. Interaction of Radionuclides with Sediments 

4.1 Introduction 

Sedimentary particles possess an exchange capacity or ability to adsorb ions 

from and to release ions to solution. This adsorption n̂ iy or may not be 

reversible. The irreversible reactions are thought to be important in controlling 

the chemical composition of sea waters Over geological time, the soluble produf 

of continental denudation have reacted with solids an^ t̂ Lve thereby been removea 

from seawater into the bottom sediments where other reactions m&y occur (34). 

Three general categories of pelagic sediment components are known to be 

important in this respect and some background information is ax'̂ ailable on the 

importance of this phenomenon. 

4.1.1 Clay Minerals 

so-called ion exchange capacity of the clay minerals has been .for 

a long time. Although anion exchange is also known to be important, by far the 

main emphasis has been on the behaviour of cations In clay-water systems. This 

is important in agriculture where the uptake and release of potassium and 

aiomoniium iona, for example, by soil clays play important roles in determining 

soil fertility. 

Pclagic sediments contain a mixture of clay nKlnerals (see Section 2.2.1), 

each type of clay having a different cation exchange capacity (C.EoC.). 

Montmorillonite, for example, has a CEC to 8 times greater than that illite, 

which in turn has a C^C at least twice that of kaolinite (35). This contrast 

is caused by the difference in structure of the various clay mineral speczes. 

Montmorillonite has the pioperty of expansion along basal plrne- wLcie an 

interlaver population of exchangeable ions, depending tlie immediate aqueous 

environment, resides. Illite has an interlayer popiilation of potassium ixms 

in non-expandable layers, whereas kaolinite has no interlayers at all. The 
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exchange sites in the latter two minerals are therefore mainly cn the crystal 

surfaces and the total CEC is much lower. 

: The population of exchangeable cations in terrestrial and marine clay 

minerals are quite different and they change when terrestrial clays are 

transported into the sea. In terrestrial clays, the dominant exchangeable cation 

is calcium followed by magnesium. Sodium and potassium are minor components. On 

entering sea water, the calcium and magnesium are replaced by sodium which then 

becomes the dominant exchangeable ion. It should be pointed out that this general 

conclusion has only been arrived at in the last year following a study of CEC 

of river and marine (36). This has necessitated a reappraisal of conventional 

methods for determining this property which were developed for a different ionic 

medium. The available information on the exchange properties of different types 

of clay minerals concerned, and the different types of pelagic clays, is 

consequently rudimentary. 

Although adsorbed cations can be replaced by other cations, it is well known 

by soil scientists that certain cations can be sorbed by certain clays from 

solution and remain in a non-exchangeable state. A good example is provided by 

potassium which can become "fixed" to a considerable degree in the soil profile. 

Geologists have also noted that the clay mineral composition of thick sections of 

shales changes in a regular way because of the uptake and fixation of potassium 

and magnesium ions (37). 

The CEC is known to be changed by heating. Although the speed of the exchange 

reaction is increased at higher temperatures, the CEC decreases markedly. Thus, 

the CBC of montmorillonite decreases by a factor of 10 after exposure to a 

temperature rise of 700°C (35). 

The cation exchange capacity of marine sediments is therefore a fundamental 

property, depending on composition, grain size and previous history. It is 

quite different for different clay mineral specdes and is kaown to change naturally 

o^^r geological time. It is also drasLically altered at high temperatures. Some 

further work on pelagic sediments in urgently required in view of the methodolical 

problems mentioned above, in order to place the available information on a firm 
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basis. Pn addition to the cation exchange capacity, f i n e - g r a i n e d clays are also 

potentially important in adsorbing elements from KoJuticu! because ^ their high 

specific surface areas. Here, electrostatic attraction between ions and charged 

surfaces lead to large changes in solution compositions -in the presence o± clay 

minerals. 

4jlr2_ Oxyhydroxides 

This ubiquitous component (Section 2.2.2b), althoiig^i occurring in low 

concentrations, is thought to play an important role in the minor element 

composition of pelagic deposits. The main process is cme surface adsorption, 

to some extent by electrostatic attraction of opposite charges but mainly by 

chemical reaction or specific adsorption on mixed m&nganese and iron oxyhydroxidcs 

The evidence for adsorption comes from observations of statistical correlations 

between certain minor elements and either manganese or ircm in ferromanganese 

nodules, and marked enrichments of metals in oxide-rich sedUments on some parts 

the oceaa floor (38). Reference has also been m%de (Section 2.2.2) to the 

unuPual ninor metal composition of pelagic sediments generally, a phenomenon which 

czm be explained by invoking adsorption onto finely dispersed oxyhydroxides. The 

exchange capacity of soils may also be dominated by the presence of fine coatings 

of oxyhydroxides on otherwise fine-grained mineral particles (39). 

Although a certain amount of circumstantial evidence for such adsorption i& 

avaiJable, the hypothesis has yet to be tested. Neither an understanding of the 

mechanism of adsorption for different elements nor a ineans of predicting the 

degree of adsorption under different conditions is available. A great deal of 

laboratory work on the surface chemistry of hydrous manganese dioxide and 

precipitated ferric hydroxide has been carried out but it ck)es not seem possible 

at the present time to extrapolate such data to the marine environment. 

4.1.3 Organic Material 

Partially degraded and polyneiisrJ organic material, deirived as discussed 

in Section 2.2.2a, has a high eLcha^j^ capacity. Evidence from soils suggests 

that the humus fraction, which is Ucrived from the breakdown of lignin and other 

plant macromolecules, has a CEC at least two to three times greater than 
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montmorillonite, the clay mineral with the highest CEC. Thio material aprareutly 

forms especially stable complexes with transition metals. 

There is limited evidence thot the organic fraction of marine sediments also 

has a high exchange capacity. In the Hudson River estu&ry, for example, 

measurements of the CBC before and after the removal of the bulk of the organic 

material by hydrogen peroxide suggest that up to 80% of the total CEC is due 

to the organic fraction, which constitutes roughly 5% of the total sediment (40). 

Moreover, some unpublished experimental results suggest that the organic material 

in estuarine sediments has quite different exchange properties from the inorganic 

fraction. In equilibrium with sea water, roughly 80% of the inorganic exchange 

sites are occupied by monovalent ions, whereas only 30% of the organic sites are 

occupied by monovalent ions. While magnesium cannot be detected on the inorganic 

sites, this ion is the dominant species on the organic exchange sites. 

The exchange properties of the organic fraction of pelagic sediments are 

unknown. The organic material in such sediments is derived overwhelmingly from the 

plankton of the open sea, and consequently may have properties different to those 

of the organic fraction of the nearshore environments studied this far, where an 

input from land is dominant. Nevertheless, the complexing capacity of this 

planktonic material, especially for transition metals (7,8), and the possible 

preservation of organic material in some glacial deep-sea sediments (see Section 

2.2.2a), means that a knowledge of the exchange properties of this minor sediment 

fraction will be essential. 

4.2 Radionuclides and Sediments 

The possible use of the property of ion-exchange for the immobilisation of 

radionuclides has been recognised (41). A considerable amount of attention has 

been devoted to the fixation of exchanged and adsorbed radionuclides on soils and 

by clays. The importance of montmorillonite as an adsorbing medium is well 

established. 

Natural marine sediments also have considerable potential to gjmove radio-

nuclides from seawater, and this aspect has been the subject of various studies. 

Two different approaches have been employed; firstly, laboratory experiments 
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using natural sediments interwciin^ with tracer soraticns, and, secondly, field 

observations of sediment activity in reaponse to relPase radionuclides. The 

results of these studies arc most significant. The scavenging properties of 

suspended particles and the diffusion velocity of radionuclides within a sediment 

are both directly related to the distribution coefficient of the nuclides (the 

ratio of the activity on the solid to that in solution). Considerable progress 

has been made in recent years in development of theoretical models to describe 

these processes. If these models are to giv^ realistic results it is important 

that the correct distribution coefficients aze incorporated. 

4^2,1 Experimental Results 

There exists considerable laboratory data cm the interaction of (principally) 

fallout nuclides with sediments from various water depths and depositional regimes 

(42). These results indicate that the distribution coefficient (Eg) is insensitive 

to the particle size or to the lithological composition of the sediments; this 

finding Is surprising in view of experience from soil chemistry, and warrants 

further investigation. 

^he degree of adsorption of nuclides by sediments .found in these experiments 

is in the following order:-

« C a U, Pu, "'cs < •< < =''pe < ®Zr / < '̂Vln c 

The evidence from these operational laboratory evaluations, that the sorption 

proccss is dominated by factors other than bulk litliology, suggests that we are 

dealing with a variety of sorption mechanism^^ they may follow stepwise reaction 

pathways yhich are due to competing processes operating at different rates. 

These reactions may also not be reversible with the san^ kinetics. The trace 

components (organic matter and oxyhydroxides) associated with natural sediments 

may bf impor^sat in causing these features, but this iias not been demonstrated 

c.xperi mentally. In a study on the seepage of activity /rom a waste site at Oak 

60 

Ridg^, however, it was demonstrated t^at Cq and other nuclides #cre adsorbed 

by oxides of manganese in the surrounding shale and soil, rather than by any 

major components (43). 
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As would be expected, K values found for \Sr and Cs (in the ran;e 

100-1000) arc markedly less than those found for the trace metals, lanthanides 

or actinides, which lie in the range 5,000-100,000. These values are reflected 

in the effective diffusion coefficients of the nuclides in sediments, about 10 ^ 
2/ r 90- , ]37_ , . ^ ir-10 ' 2/ r 

cm /sec ror Sr ana Cs and in the range lO to 10 cm /sec for the 

lanthanides. As a comparison with these values, the diffusion coefficients of 

-5 2 

ions in free solution are around 10 cm /Sec. 

4.2.2 Field Results 

Interactions of fission product and transuranium nuclides with the environment 

have been studied in the main in connection with the global fallout resulting 

from surface and atmospheric testing of nuclear bombs and devices, and site 

specific releases from nuclear reactors, weapons and their associated fuel and 

waste processing facilities. Examples which have received attention in the 

marine sphere include releases from coastal processing plants and activity 

distributions at Pacific test sites. 

One Important result of these site specific release studies is the dependence 

of the distribution of activity on the physical and chemical condition of the 

discharge. This is particularly true for the transuranlc elements, which have 

received Increasing atLentlon in recent years partly because of their high 

radiological damage potential and partly because of their persistence and increased 

importance at high reactor fuel burnup. Prom experimental evidence It is found 

that Plutonium (also neptunium and americium) has various possible valency states 

in aqueous solution (44). A characteristic of Pu chemistry is the formation of 

colloidal products of hydrolysis. 

a) Nearshore Environments 

Relatively few studies appear to have been made of the vertical distribution 

of artificial activity (i.e. its record in time), and on how this inventory of 

activity changes with time in r^sp^use to input. A major problem in assessing 

the post-depositional behaviour of radionuclides in the marine environment, 

particularly nearshore, is the separation of effects caused by geochemlcal factors 

from those caused by physical and biological agents. Physical disruption, such 



ns caused'by hcttom currents or winnowing, ca^ cause transloc&tjon and change 

local inventories of the de^^sitcd nuclides. Biological effects include 

bioturbation, where sediment is worked vertically d^i^nwards by organisms into the 

sediment column, resulting in a greater penetration of activity than that due to 

geochemical processes, although the site inventory remains unchanged. Although 

some of this information provides useful background to the problem of seabed 

Waste disposal, it is not clear how much is directly relevant to vitrified waste 

emplacement in a sediment column. 

The monitoring of radioactivity discharged from the Windscale reprocessing 

plant indicates that several elements have an affinity for sediments (45,46). 

Here the expected relationship between uptake and sediment particle surface 

area is found. For plutonium as an example, about 95% (%f the discharged activity 

is lost rapidly from the effluent to the sediments, wtiilc remainder is 

found in seawater. An appreciable fraction this residual plutonium in 

seawater ( 70*0 passes a fine filter as would both a colloid and a true solution 

(47). Analyses of americium in parallel those for plutonium demonstrate 

differences in geochemical behaviour, in that americium is more radidly removed 

by filtration and sedimentation. Reported experience jfrian Trombay, India is 

similar to that at Winuscale, 99% of the plutonium being taken up by sediments 

with a mean of 90,000 (48). 

On the basis of a time sequence of enalyses on cores collected between 1964 

and 1973 from the same location in Buzzard's Bay, U.S.A., it has been claimed 

that some remobilisation or solubilisation of f&llout plutonium has occurred (49). 

This is based on evidence of a decreasing Pu inventory accompanied by a relatively 

constant ' Cs inventory. The " Am/^ Pu activity ratio also remains constant 

with depth. This process, which implies plutonium (and presumably americium) 

migration against the concentration gradient, is postulated to occur in reduced 

sediments with low sedimentation rate. In contrast, a study of a^nvally layered 

depccHs from a nearshore oafin off California, U.S.A., found no evidence for 

Plutonium migration (50). 
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b) Deep-sea Environment 

A large number of samples of sediment and water have analysed in 

connection with programmes on the behaviour of long lived fallout nuclides (51). 

9Cu 137 
For Soluble species, such as 5r and Cs, it is found- the activity remains 

predominantly in the top few hundred metres of the ocean water column, while other 

99 99 106 

nuclides such as 'ZR/ 'Nb, Ru and the lanthanides largely become associated 

with particulate material and sink. 

In recent years the distribution of fallout actinides in the oceanic water 

column has also been studied (52). In the mid-1970's, about 10% of the cumulative 

overland plutonium fallout was found in the sediments at ocean depths around 4000 m, 

and a model for this removal based on a particle association mechanism has been 

developed. The distribution of plutonium (and americium) in th^ sediments 

indicates the importance of bioturba^on in the deep sea, a^ penetrations of 

activity to around 10 cm have been found in water depths c^ 5000 m, where this 

sediment depth represents tens of thousands of years of sedimentation. 

4.2.3 Natural Series Nuclides 

Nuclides of the natural radioactive series provide an opportunity to examine 

the long term behaviour of the heavy elements (atomic number > 82) in deep sea 

sediments. Most work has been performed on the natural actinidcs, thorium, 

protoactinium and uranium because of their relatively long half-lives. In the 

past 25 years an appreciable body of data has been gathered using the known 

decay rates to date sediment horizons and to-estimate geochemical rates (53). 

The geochemical mobility of these nuclides is found to be affected by their 

mode of supply to the sediments, and isotopes of the same element may behave 

differently in the same sediment column depending on their production and 

incorporation mechanisms. Such information is relevant to the possible behaviour 

of fission products and transuranics on release to pore water from buried waste 

in sediments, at least at norma] pmrirnt lemperptures. 

a) Uranium 

Under the oxidising conditions in most pelagic deposits, there is little 
238 239 

evidence for mobilisation of the primordial isotopes, ^ U and "'"U, from the 



detrital of a sediment, the main vehiclc of supply. The valency of 

uranium in the sediments is thought to be predominantly U(TV), perhaus as a 

substitute for calcium which ha% a similar ionic radius (54). In seawater, 

uranium is highly conservative with a mean residence time of 200,000-400,000 y. 

Here it is thought to exist as the U(VI) complex U0g(C0g)g . 

In a small number of homogenous red clay cores, however, it has been observed 

that can migrate out of the sediment column through the sediment-water 

interface, where it helps maintain the activity ratio of 1,15 found 

throughout the open ocean (55), Although the phenomenon has not been observed 

in other types of pelagic sediment, where compositional inhomogeneity often occ* 

a supply râ te from the entire ocean floor of around 0.3 dpm '"^^U/cm'^/lOOOy is 

found necessary to maintain the observed uranium content of the ocean. Two 

mechanisms for this process have been proposed. From studies on marine phosphorites, 

234. 
the mechanism is postulated to be oxidation of 30% of the in situ U production 

234 

in the sediments to U(V.[), the ' having been made more labile by the decay 

energies associated with preceeding alpha and beta (^missions, and subsequently 

migrating as the uranyl carbonatc complex (56). The second mechanism is alpha 

recoil of 'Th from the decay of U from the solid phase into solution, as 

demonstrated by laboratory experiments on the mineral zircon (57). Whatever the 

mechanism, the value of the effective diffusion coefficient is of the order 10 

b) Thorium and Protactinium 

There is only one valency state of thorium, Th(IV), and this species is 

readily hydrolysed. The concentration of the primordlial isotope, Th, in 

232 
seawater is extremely low, probably less than O.Olp.g/1000 litres (58). Th 

230 

finds its way into sediments in detrital minerals whereas Th is supplied to 

the sediment by scavenging from the overlying water column following its product:or 

from " U, To a first approxire v? 'W, Pa proluced from " U behaves similarly 

to ^^^Th, This mode of production uaa been the basis of various dating methods 

based on ^^^Th and ~^*Pa. 
Larce scale mobility of thorium isotopes in sediments has not been demonstrau^ 
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The standing crop of Th and " Pa in many sediment columns is often found to 

be balanced by the supply from the uranium isotopes in the overlying ocean column. 

However, there is strong evidence that some short scale mobility is possible. 

perhaps as Th(OH)^. This is demonstrated by the isotope concentrations in 

some authigenic minerals (59), and in concentrations in relict fish teeth 

greater than those found in the living animal (60). Related evidence has been 
230 

furnished that authigenic Th becomes progressively less soluble in acid at 
232 

greater depths in sediment cores, while yields of detrital Th are unaffected 

(61) . 

The authigenic minerals in which the thorium enrichments have been observed 

are found in areas of slow sedimentation. However, the times for the thorium in-

corporation are short (of the order 100,000 yr) compared with the likely required 

periods for containment of radioactive wastes. 

c) Radium 

226 228 

Ra and Ra are produced in sediments by decay from their respective 

2^0 212 

parent nuclides, ^ Th and ' Th. As might be anticipated for an alkaline earth 

2+ 
element, Ra/ has a marked tendency to migrate in sediments, as shown by the fact 

226 
that 99% of the Ra input tc the ocean is derived from the sediments (62), and 

226 

that the bottom water content of ^ Ra is a factor of 2 or 3 greater than that 

found in surface water (63). Values of around 10 cm"/sec have been found for 

the effective diffusion coefficient. 

5. High Level Radioactive Waste and Marine Sediments 

5.1 Introduction 

The effects produced by placing radioactive waste on the deep sea floor, or 

by burying such waste in sea floor sediments, with respect to the behaviour of 

the sediment and the short- and long-term behaviour of the waste itself, are 

unknown. These effects will be better understood by acquiring more extensive 

information on the form and propertzci of the waste and from studies of the 

geochemistry of pelagic sediments. In discussing the interactions between 

waste and the sediment medium, we hzve emphasised the option of burial in 

sediment/ the problerK involved will be equally relevant to the alternative of 
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placing the waste on the scu floor. 

5^2 form and Properties of tbeWastc 

Present plans arc that the high level radioactive waste originally in liquid 

form is solidified by fusion into a borosilicate glass (64). In the FINGAL 

piocess (65), cylinders 150 cm long and 15 cm in diameter have been produced, and 

in the later HARVEST Programme, cylinders 300 cm long and. 50 cm in diameter will 

be produced (66). 

Several properties of the glass are still poorly known. In particular, 

leach rates for the radionuclides under conditions on the deep sea floor are not 

available. Although a 10-year old sample of PINGAL glass is apparently stable 

in a short-term exposure bo distilled water at 00*C (65), it is not clear how 

it would react in scawater (pore water) in contact with sediment at a mugh higher 

temperature and pressure. It has been recently shown (67) that simulated waste 

borosilicate glass, containing 13% fission product oxides^became extensively 

altered when reacted with water at 300"C and 3C^ bar pressure over a 2 week period. 

Moreover, new uranium-and caesium-bearing minerals were formed on the surface 

of the altered glass. 

Reference has already been made (Section 3.1.4) to the apparent stability of 

some basaltic glasses on the deep sea floor. Further information on these natur 

occurrences, and the products of hydrotherKal reacticm between rocks and 

seawater (for example in the geothermal system in Iceland), would be useful. 

An alternative to vitrification of the radioactive waste has been recently 

suggested by workers at the Australian National University (68). They suggest 

that the radionuclides should be contained in the lattices of crystalline 

minerals and not in "solid solution" in a glass. A synthetic rock ("Synroc") 

has been prepared containing a group of minerals, which are also known to occur 

naturally, ^he ^^nerals each having the ability to aut hosts for a different 

group of fission product and transuranic nuclides. One? confined to the minerals, 

it in 4r?ued thzt the nuclides would be stable for ver%' lung time periods/ 

naturally-occurring uranium isotopes, for example, are known ko be stable in 

crystal lattices of rocks, admittedly at lower temperatures zmd at lower 
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radiation intensities than would be present in a waste block, for time periods 

of the order of 2000 to 3000 million years. 

Support for this interesting suggestion comes from information on the natural 

nuclear reactor at Oklo, Gabon Republic (69). A natural chain reaction in a 

makS of uranium ore took place some 2000 million years ago and was detected by 

the anomalous isotopic composition of the uranium and by the presence of 

long-lived fission products and their daughters in some of the ore samples. 

It appears that most of the products of the reaction were remarkably immobile; 

90 

the most mobile nuclide was apparently Sr, but even in this case very little 

escaped the reactor zone (a few metres) before it decayed away to undetectable 

levels. The heavy elements (including the lanthanides and the actinides) 

remained relatively fixed; plutonium nuclides in particular were completely 
239 

immobilised for time periods comparable with the half-life of Pu (24,400 

years) and apparently fixed in the crystal lattices of the ore minerals, mainly 

pitchblende. 

Whatever the final form of the waste, it will be essential to know the 

chemical form of the radionuclides that are released into s.ea water or into 

the sediment pore water as a result of leaching. The behaviour of an element 

will depend on whether it is present in true solution or as a colloid; moreover, 

different valency states of the same element have quite different properties and 

can behave quite differently under environmental conditions. The transuranic 

nuclides are known to have variable valencics and plutonium in particular 

characteristically forms colloidal hydrolysis products. 

5.3 Properties of the Sediments 

Some of the sediments on the deep sea floor have physical and chemical 

properties which may make them suitable as a barrier to radionuclide migration 

once some of the activity is eventually released from its container. It is 

recognised that borosilicate not confine the radionuclides for periods 

in excess of 1000 years so that the properties of the sediment bar/ier will become 

crucial. 

The deep sea pelagic clays (Section 2.2) are probably the most suitable candidates 



for an effective sediment barrier, for the fallowing reasons;-

they are very fjnc-grained Cn^at constituent particles are less than 

! in diameter) and consequently have high specific surface areas (Section 4.1.1) 

and low permeabilities (Chapter 1) 

b) they consist for the most part of clay minerals which have a relatively 

high cation exchange capacity (Section 4.1.1) and are therefore potentially capable 

of adsorbing some radionuclides from solution 

c) they are highly oxidised (because they h%ve i^zcumulated slowly in well-

oxygenated sea water) and therefore contain veiy little reactive organic material 

which could render radionuclides more soluble. In zw^iition, they contain a verv 

fine-grained oxyhydroxide fraction (Sections 2.2.2 and 4.1.2) capable of chemically 

adsorbing ions from solution. Reference has beem (Section 4.2.1) to the 

adsorption of ^^Co and other nuclides by the solid manganese oxide fraction of 

the shale and the soil in a radionuclide waste site. VLs a result of this 

finding, it wa? suggested (43) that finely-ground rwinganese oxides be added 

to high-level waste before it is solidified or that the waste is coprecipitated 

at high temperature with manganese oxide so tkm^ the imigration barrier of the 

waste form is enhanced. 

An extensive research programme into th^ chemistry iMXi mineralogy of pelagic 

clays from the north Pacific is being carried cmt in the U.S. under contract 

from the Energy Research and Development Administration (70). 

The emplacement of highly active waste into pelagic clays will cause other 

effects, including 

a) alteration of the adsorption or exchange of ions frcm solution by the 

sediment particles at higher temperatures, 

b) alteration of the sediment by recrystallisaticxi at higher temperatures, 

possibly Ic^di^g to an increase in grain size and a coniomittant change in th^ 

exrhsrg^ capacity^ and by the formation of new mineral nhases 

C/ :Iteration of the sediment by radiation. 

5^4_ The Pcrc Wattr 

Two aspects ar^ important in considering the role of the pore water 

environment on the emplacement of high level waste in marine sediments. The 
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first involves the ultimate control of the composition of the pore water which 

may change drastically in the presence of waste canisters at a high temperature 

will determine the chcmical form of any released redionuclides. The second 

is concerned with diffusion of ions within the sediment and the consequent 

migration of radionuclides released from solid waste. 

Among other important variables, the rate of leaching of radionuclides from 

a waste matrix will be a function of the environmental hydrogen ion concentration or 

pH. In sea water, the main control of pH, at least in the short-term, is the 

carbonate system. This maintains the pH at around 8. Pore waters are somewhat 

more complicated, and the buffer system here is not yet fully understood. The pH 

could be considerably perturbed in the vicinity of a waste canister where the 

temperature would be much higher than normal. The consequent corrosion products 

cm:^ further alter the composition of the pore fluid. 

The degree of oxidation or reduction (the redox potential) of a sediment 

is largely controlled by the presence of free oxygen or reduced substances in 

the pore waters (see Sections 3.1.1 and 3.1.5). The processes determining the 

redox potential are not as yet well defined, and the extent to which the system 

is buffered against a.change in redox is unknown. For reasons outlined in 

Section 5.3, it will probably be best to choose an oxygenated environment for 

the disposal of high level waste. It will be essential to predict the extent 

to which buch an environment will be altered by the presence of the waste; it is 

known, for example, that the reaction between sea water and hot rock in the upper 

part of the ocean crust (Chapter 1) leads to the formal on of deoxygenated seawater 

containing hydrogen sulphide (71). Under these conditions, the chemical behaviour 

of many constituents in the water and the leaching behaviour of solid waste are 

likely to be drastically altered. 

The pore waters of marine sediments contain high levels of dissolved 

ccnEt\trents, both organic and inorganic/ capable of forming complexes which 

alter khc behaviour of other constituants. Many radionuclides can exist in 

different chemical forms (Section 6.2) and these will react in various ways to 

the complexing agents. Consequently the gecchcmical behaviour of any given 
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radionuclide in a sediment nay be nighly variable depending on the chemical 

species present. Although some progress has been m^cle in predicting the 

chemical speciation of sea water, the more complicatsa system in t)^ pore water 

is almost entirely unknown. It will not be possible to make predictions about the 

behaviour of any given nuclide released to the pore fluid until considerably 

more information on the thermodynamic properties of pore waters is available. 

The vertical migration of chemical constituents in pî re waters is by molecular 

diffusion (see Section 3.2) at a rate which is sloK^r by a factor of about 10 

turbulent diffusion. Profiles of chemical constituents in pore waters are 

considered to represent diffusicnal gradients reflecting processes occurring 

over long time periods/ quite significant concentratii^i gradients can result 

from slow reactions. 

Prom simple diffusion theory, the fl^^ a dissoJU/ed constituent in a 

porous medium is proportional to the concentration gradienL through the medium 

and to the porosity of the medium. A knowledge of the proportionality constant, 

trie diffusion coefficient, is required in order to evaluate fluxes within sediments 

and across the sea-floor into the ocean. This has been done for a number of 

non-radioactive substances and it is clear that ttie process is important in the 

global geochemical balance of many elements. 

Assuming a very simple diffusional mechanism for transport through a sediment 

barrier, a breakthrough time can be defined as follows:-

De 

where Z is the barrier thickness and Dg is the effective diffusion coefficient. 

An empirical expression for Dg has been derived (72) which allows values of t 

for various values of (the distribution coefficient of a nuclide between 

solid and aqueous phases) to be estimated (Fig 2.8). It is seen that the 

distribution coefficient must be at ]3ast 10' if the breakthrough time is to 

exceed 10^ years. Por any give^ of Kg; an increase in barrier thickness 

by a factor of ten increases the tl^^ to breakthrou^:!! by a factor of 100. 

These rudimentary considerations, taken together with the tew distribution 

coefficients %hichhave bren mcnsured for actinide and fission product ni 
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suggest that a barrier thick^rss of the order of tens of metres ot pelagic 

sediment might be adequate to isolate high level waste. Although this is 

encouraging, it must be amphasiscd that the treatment is excessively simplistic 

and that the results shown in Fig. 8 can only be taken as a starting point for 

further work. 

Perturbations to the sediment syscem caused by the presence of a mass of high 

level radioactive waste will certainly have profound e:ffects on its physical and 

chemical properties. Indeed it is possible that gross convective overturn of 

sediment and pore water might occur. The implications ixar predictions of nuclide 

migration rates cannot at present be assessed even qualitatively. Also, the 

simple diffusional model mentioned above ignores several possible natural processes, 

including pore water advection, the Importance of which is not yet clear. 

Quantitative assessment of all these factors will be necessary before realistic 

estimates of migration rates can be obtained. 

6. Research Requirements 

6.1 Introduction 

The previous sections of this part of the report maloe it clear that it will 

be necessary initially to approach the problem of the disposal of high level 

radioactive waste in the ocean in a very general way. Decisions based cm present 

knowledge will be far too restrictive to give an adequate range of options fc^ ^ 

disposal strategy. Moreover, it will be essential to work CMi the basic assumptions 

involved and to show that they have been questioned duully. 

The areas requiring further work are therefore both fundamental and highly 

specialised. While we are able to identify with some confidence those areas 

where the background information is inadequate, we are not able to specify-

nearly So completely or 3o confidently the specifically applied research tasks 

that are required. Thia r^^ort should be viewed, therefore, as a basis for th^ 

planning of a long-term rrscarch programme in the course of whic% Kcrc specific 

questions could arise, re^ujring new approaches for their so^ubici^ 

6.2 ba^ic Information 

6.2.1 The chemical and mineralogical make-up of pelngic sediments 
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chemistry, and mineralogy of the major end-members of the sediments are required 

before other properties of the sediments, or experimental work on adsorption, 

are understood. Information on the variability in the chemical composition of 

the sediments over long time periods (long core sections) will provide additional 

information on the long-term geological conditions at different sites (see 

Chapter 1). 

6.2.2 Accumulation rates of the bulk sediment and the metal fraction 

An insight into the natural or man-made fluxes of chemical constituents in 

the ocean can be provided by determinations of the accumulation rates of metals, 

notwithstanding the fact that they may not be radioactive. The present state of 

ignorance about many natural processes makes a degree of redundancy highly 

desirable. Information on the bulk accumulation rates of the sediments will be 

useful in an assessment of long-term geological stability at different sites 

(see Chapter 1). 

6.2.3 Chemistry of the pore waters of merine sediments 

As discussed in Sections 3 and 5, the pore waters represent the most important 

migration medium for constituents recycled through the sediments, both natural 

and otherwise, and they are a very sensitive indicator of chemical change in the 

sediments as a whole. It will be essential to have a broad knowledge of the 

composition of natural pore waters in different types of pelagic sediments in 

order to provide a basis for recognising man-made perturbations to this system. 

Estimates of diffusion in the pore water, derived from the profiling of natural 

constituents, will be required for an assessment of natural migration rates 

and will provide a basis for designing experiments to measure such rates both 

vertical and horizontally (see 6.3.8). 

6.3 Special Studies 

6.3.1 The exchange capacity of marine sedimerts 

The cation exchange capacity of mrrine sediments is a basic property that may 

give clues to the likely behaviour of such sediments towards introduced ionic 

species. The methods presently used to measure this property require stringent 

re-evaluation and the exchange capacities of a wide variety of sediments for a 



2.44 

range of %ajor and minor elements arc required so thar they can be related to 

other physical and chemical propertlcb of the sediments (see Section 6.2.1). Use 

can be made of radioactive tracers of the stable elements, as well as lanthanide 

and actinide analogues of the transuranic elements. Experiments under different 

temperatures, pressures, redox conditions and pH #ill be essential. 

6.3.2 Identification of the sediment comnoncnts responsible for the bulk 
exchange capacity 

As an outgrowth of 6.3.1, it will be necessary to identify the components 

(mineralogical or chemical) of the sediments which account for the exchange 

properties of any given sediment type, and to understand the surface chemistry 

of these components under varying environmental conditions. This will provide 

the data on which a prediction of likely exchange czgpacity of any sediment type, 

from other properties, can be based. 

6.3.3 Chemistry of authigenesis and its products 

It will not be possible to assume that the exchange properties of sediments 

will be invariant over long time periods. Authigenesis will bring about important 

alterations to the make-up of sediments and will lead to the production new 

solid phases in sediments after burial. An example is the formation of silicates 

having relatively high exchange capacities or the recrystallation of some minerals 

to produce phases with a low exchange capacity. Reactions under oxic anoxic 

conditions will require evaluation; the alteration of deposited organic material 

will follow different routes under these contrasting conditions, yielding 

products having different complexing capacities. 

In parallel with this problem it will also be necessary to study the effects 

on the exchange properties of sediments at high temperatures. It seems likely 

that a certain amount of recrystallisation of amorphoiis i&nd poorly crystallised 

material iu the sediments will take place because of the high temperatures 

generAted by waste placed on the sea floor or buried. This could produce better 

c^yslaJJised silicate minerals, iron and manganese ^hydroxides and cherts, the 

latter from the accelerated alteration of amorphous siLiCa. The exchange properties 

of these new phases are likely to differ significantly from the original material; 

intuitively they ^ill probably be much lower. On the other hand, it is possible 
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that Home'incorporation of radionuclides might take place on recrystallisation. 

6.3.4 Chemistry of suspended particles 

The chemical composition and the adsorptive capacity of suspended particles 

in the deep ocean will be required in order to evaluate the effectiveness of such 

fine particles-in dispersing radioactivity around disposal sites. Sampling will 

have to be carried out with newly-designed traps which can be placed in the deep 

sea to distinguish between the steady vertical flux of particles and the recycled 

component from the bottom. 

6.3.5 Migration in the pore fluid 

As an outgrowth of 6,2.3 it will be necessary to attempt to model the 

-diffusive and advective movement of radionuclides in the pore fluids« Research 

into the thermodynamic properties of the pore fluiu and the speciation of dissolved 

constituents, including radionuclides, will be required. Information on the 

perturbations to the sediment/pore water system (see Section 6,3,8) will also be 

needed. 

6.3.6 Behaviour of actinides in marine sediments 

Some insight into the likely behaviour of transuranic nuclides in pelagic 

sediment can be gained by two approaches. Firstly, by evaluating the available 

data, and extending the research, on the distribution and behaviour of fallout 

and discharged radionuclides in the ocean (for example, an expanded programme of 

research into the distribution of discharged nuclides from Ihe Windscale plant 

into the Irish Sea would be valuable). Secondly, studies are required of the 

geochemistry of the lanthanides and uranium and thorium nuclides in pelagic 

sediments. Such investigations of analogues of the transuranic nuclides could 

begin much earlier than, and could guide, experimental or i^ situ studies 

(Section 6.3.8) of, say, plutonium and americium. Work is also required on the 

137 
geochemistry of fission product nuclides in marine deporiis, including Cs and 

90 99 
Sr, '̂ I'lng others^ because of their high initial activities in the waste, and Tc 

among others, because of their long half^lives, 
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/ t i' work on the adsorption of transuranic and fission product 

rn 

This requires the use of appropriate plutonium, zunericiumf curium and fission 

product nuclides and samples of the various types of pelagic sediments to conduct 

a series of experiments on adsorption and its relationsliip to other properties of 

the sediment. It will be essential to pay particular attention in these experiments 

to the speciation of the nuclides and to the effects of relatively high temperatures. 

6.3.8 Experimental work on radionuclides and sediments under in situ conditions 

A certain number of in situ releases of transuranic and fission product nuclides 

are probably justified towards the end of the research programme in order to 

examine likely behaviour under dispos&l site conditions in order to test mo s 

and predictions arising from the experimental programme:. 

6.3.9 Effects of hi^h temperatures and high radionuclide activity 

Included here is a group of problems directly connected with the effects 

produced by the emplacement of a mass of highly radioactive material at a high 

temperature (ca^ several hundred degrees centigrade). It is not exhaustive and 

will be amended frequently during the research programme. 

a) effects of high temperature on advection/convection in the sediment 

and its effect on transport through the pore water 

b) effects of high temperatures on the sediment (recrystallisation) and the 

effect of this on heat dissipation around a canister 

c) affects of high temperatures and pressures on the chcmical makeup of the 

sediment (formation of new mineral phases) and on the stability of the waste 

form itself. 

d) radiation effects on the waste, sediment and sea water; radiation damage 

to solid phases, and the resulting changes in physical ZMKl chemical properties, 

and radiolysis of the aqueous phase. 

Research Programmes 

7.1 Existing Programmes 

With one exception (s«!r 7,1.1%)) research into the geochcmistvy of sea floor 

sediments relevant to the problem of the disposal of high level radioactive 

waste in the deep sea is being conducted in several laboratories as part of other 
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research programmes. Included here is a brief annotated check-list of the principal 

programmes, emphasising work on the deep sea environment. This list is not claimed 

to be comprehensive/ it is derived from an appraisal of the (western) scientific 

literature and from personal contact. 

7.1.1 Sediment Geochemistry 

a) Oregon State University (U.S.A.) (formerly at the University of Rhode 

Island): Part of the Seabed Assessment Programme under contract from the U.S. 

Environmental Research and Development Administration (70). A study of the 

chemistry of North Pacific pelagic clays and experimental determination of the 

adsorption europium ai^ thorium from MaCl solutions by these clays. 

b) Oregon State University (U.S.A.): Part of NSP-supported research project 

on the sediments of the south-east Pacific emphasising metal-rich deposits and tk 

composition and origin of the oxyhydroxide fraction. 

c) U.S. Geological Survey, Menlo Park, California (U.S.A.): Part of the Deep 

Ocean Mining Environment Study (DOMES) of ]NOAA on the chemistry of pelagic sediments 

froH areas of metal-rich ferromanganese nodules. 

d) Oregon State University (U.S.A.): Part of NSP-supported Manganese Nodule 

Programme (MANOP) on the fluxes of chemical substances within pelagic sediments, 

using a remote bottom-lander vehicle. 

e) Imperial College, London University: Part of a NERC-supported project on 

the applied geochemistry of sea-floor metal deposits in Pacific and Indian Oceans 

f) Leeds University: NERC-supported projects on th^ geochemistry of the 

lanthanide metals in the ocean and on the geochemistry of Indian and Pacific Ocean 

sediments, the latter in collaboration with Liverpool Univesity. 

g) Yale University and University of Southern California (U.S.A.) and 

Glasgow University: A number of research projects on Lhc accumulation rates 

of marine sediments, using radiometric methods, and the geochemistry of the 

uranium and thorium series nuclides. 

h* Woods Hole Oceanographic Institution and U.S. GecZogical Survey, Menlo Park, 

California (U.S.A.); Projects concerned with the exchange capacities of sediment 

particles, mainly in fresh-water and near-shore marine environments. 
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i) University of Utrecht (Nethrrlznds); Chemistry pelagic sediments from 

the Atlantic and experimental work on the adsorption of transition metals oy 

manganese oxyhydroxides. 

j) University of Gottingen, (W. Germany): Chemistry _of pelagic sediments, 

including rocks recovered by the Deep Sea Drilling Project. 

k) Centre des Faibles Radioactivites, France: Accumulation rates of pclagic 

sediments and ferromanganese nodules using radiometric rnethods. 

l) Scfipps Institution of Oceanography, Woods Hole Oceanographic Institution, 

Texas A and M University, Lawrence Livermore Laboratory (U.S.A.); International 

Laboratory of Marine Radioactivity (Monaco), Ministry of Agriculture, Fisheries 

and Food and Lancaster University; Studies of the behaviour of transuranir and 

fission product radionuclides in the marine environment. 

At the Institute of Oceanographic Sciences, research is presently carried 

out on: the chemistry and mineralogy of pelagic sediments from the Atlantic and 

Pacific Oceans, the geochemistry of ferromanganese nodi^Les, tl̂ ; behaviour of 

uranium- and thorium-series nuclides and on the accumulation rates c^ sediments 

and constituent elements in pelagic sediments. 

7.1.2 Fore Waters 

a) Woods Hole Oceanographic Institution (U.S.A.): major ion chemistry of 

pelagic sediment pore waters using methods for collecting in situ samples. Plan^ 

have been formulated for work on trace metals to begin shortly. 

b) University of Washington, (U.S.A.): Transition metal and nutrient chemistry 

of pelagic sediment pore waters using methods for collecting in situ saraples. 

c) University of Rhode Island (U.S,A.): Part of the project (see 7.1.Id)) 

on the transition metal and nutrient chemistry of pelag^x: sediment pc#^ waters 

using samples collected by separating water from sedimeiits collected conventional 

coring methods. 

d) Texas A and M University (U.S.A,): Various projects on the nutrient 

chemistry of pelagic sediment .aters emphasising the role of biological 

222^ 

mixing on the concentration profilJ^ observed/ use is n^Kle natural Rn 

measurements in the pore waters. 
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c) Yale University (U.S.A.): Long-term interest in the chemistry of anoxic 

(near-shore) sediment pore w&kers and the mathematical modelling of concentration 

profiles. 

f) Northwestern University (U.S.A.): Mathematical modelling of concentration 

profiles from pore waters. 

g) Leeds University: NERC-supported project on the transition eetal chemistry 

and the behaviour of iodine in the pore waters of pelagic sediments from the 

Pacific and Indian Oceans.. 

h) Kiel University (W. Germany): Extensive experience in the nutrient and 

trace element chemistry of pelagic and near-shore sediment pore, waters from the 

Atlantic and Pacific Oceans. 

i) Edinburgh University: NERC-supported project on the chemistry of anoxic 

(near-shore) sediment pore waters with emphasis on the role of dissolved organic 

substances on the behaviour of trace metals. 

j) Imperial College, London University: Experimental studies of the 

composition of pore waters and rocks at elevated temperatures smd pressures. 

At the Institute of Oceanographic Sciences, work on pore waters is concerned 

with the chemistry of some of the major constituents and nutrient compounds, 

including gases. Use is made of an instrument to collect samples at in situ 

conditions at all oceanic water depths. 

7.1.3 Suspended Particles 

a) Woods Hole Oceanographic Institution (U.S.A.); Long-term research into 

the flux of particulate material to the deep-sea floor (PARFLUX Experiment) 

emphasising transport in large biological aggregates, and using moored traps. 

b) Woods Hole Oceanographic Institution, Lamont-Doherty Geological Observatory 

Scripps Institution of Oceanography (U.S.A.), Centre des raible Radioactivite 

(Prance) and Physical Research Laboratory (India): Patt o^ the Geochemical Ocean 

Sect::u8 (GBOSECS) project into the chemistry of suspended particulate material 

in the open ocean. 

c) Woods Hole Oceanographic Institution (U.S.A.): Co-ordination of a multi-

institutional experiment on the flux of particulate material to the sea floor in 
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Low Energy Benthic Boundary Layer Experiment QUIBBLE) using moored traps. 

c) Oregon State University (U.S.A.): Flux of biologically-aSHOciatcd metals 

to the deep-sea floor, as part of the*KANOP project (see 7.1.Id)), using moored 

traps. 

e) Scripps Institution of Oceanography (U.S,A.): Various projects on the, 

flux of particulate materia] to the floors of the Southern California offshore 

basins, using moored traps, as part the Institute of Marine Resources programme. 

f) Marine Laboratory, Aberdeen (DAPS); Research into ttie supply of organic 

material to the sea floor, mainly around U.K., using moored traps. 

g) Edinburgh University: NERC-supported projects on the chemistry o± suspended 

particulate material in oceanic waters, using large volume water samples. 

At the Institute of Oceanographic Sciences, work cm suspended particulate 

material forms part of a project on the chemistry cf the surficial sediment 

layers in the deep sea. Use is made of large volume sampling and a newly-

designed particle trap for use in deep water. 

7..%4_Hydro^herm^l Reactions 

There is considerable interest in the chemistry of reactions between seawater 

and ocean crustal rocks at high temperatures since this bears on the evolution of 

seawater and crustal rocks over geological time. This ifork is carried cx:t by many 

University groups and at other institutions. The work is relevant to the problc 

of the long-term stability of buried waste forms (glass, ceramic or "synroc") 

of the alteration of barrier sediments. Some of the most interesting work is 

carried out at:-

a) U.S. Geological Survey, Menlo Park (U.S.A.); rnainly experimental investigatit 

using seawater and basalt. 

b) National Energy Authority, Iceland: Geochemistry of the sea water and rocks 

in the Reykjane^ and Svartsengi geothermal fields. 

c) Woods Hole Oceanographic Institution (U.S.A.) and Newcastle University: 

Conpos^^ion of sea-floor basaltic glasses and their alteration products ar^ the 

geochemical mobiliries of major and mi^or constituents ucawater and rocks 

during cooling. 
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d) Geophysical Laboratory of the C&rnegie Institution, Washington (U.S.A.): 

Long and distinguished history of research into experimental appzo&ches to the 

origin of igneous and metamorphic rocks and their alterations. 

e) Edinburgh and Manchester Universities: Centres of NERC-supported research 

into the origin of igneous rock series by means of high temperature and pressure 

experiments. 

7.2 A U.K. Research Programme 

It was pointed out in Section 1 of this Chapter that research on the chemistry 

and mineralogy of sea-floor sediments is relatively new, ilie txxly relevant 

information on geochemical cycles in the marine environment has been acquired 

only during the last decade or so. Section 7.1 identifies scrn̂  of the research 

now being done aad where it is being carried out both in the U.K. and abroad. 

If there were no acceleration in the research effort, it seems most unlikely 

that the additional basic knowledge would be sufficiently detailed for this 

problem before a further decade has elapsed/ this ivould further delay the more 

specific studies which should follow the acquisition of the basic information. 

Although a certain amount of this information is being provided in other 

research programmes, notably under the contract from BRDA to tt^ Sandia 

Corporation in the U.S^A. (70), a large amount of additional research will be 

required on a wide range of pelagic sediment types and their pore waters from 

different marine environments. A substantial part of the necessary expertise in 

the Western World is in the U.K/ it is essential that U.K. scientists play their 

part in an international programme if the research that is required is to be 

completed in good time. 

The objectives of a U.K. programme should be:-

a) to accelerate the international programme by taking a share of the work 

in the basic studies reoulring effort by many scientists working on a broad front, 

b) to undertake some research that can only or best be done uy U.K scientists 

because of some special expertise or facility, 

c) to maintain a broad U.K. expertise as a basis for future programmes and to 

make possible a meaningful british participation in international planning and 

decision-making. 
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A brief outline cf a possible collaborative prograr^me can be given as 

follows. It would involve ^any of the U.K. groups identified in Section 7.1 

as well as others; whose expertise has not been recognised here buc vfho would be 

identified in the planning phase of the programme. 

7.2.1 Basic_Studi^^ 

These would last 3 to 5 years, 

a) Chemistry and mineralogy, of sediments; collection zund analysis of long 

core sections; characterisation of modern and Quaternary (glacial) horizons. 

b) Accumulation rates of bulk sediments and heavy elements; dating of 

sediment sections; geological histories. 

c) Chemistry of fission, activation product and transuranic nuclides in 

the Irish Sea; a basic geochemical study of a point-soturce "experiment" provided 

by the Windscale outfall. 

d) Chemistry of the pore waters of marine sediments. 

7.2. 2 Special Studies 

These would follow from the basic work and would last at least a further 

decadco 

a) Exchange properties of marine sediments, using radioactive and stable 

nuclides (special expertise available in U.K.). 

b) Behaviour of natural series actinides and lanthanides in marine deposits 

(special expertise available in U.K.). 

c) Sediment properties and stability of waste forms under elevated 

temperatures and pressures; studies of natural glasses (necessary expertise must 

be acquired). 

d) Chemistry of suspended particles in the deep sea (special expertise available 

in U.K.). 

e) Migration in the pore fluid; thermodynamics and speciation of radionuclides 

(necessary expertise must be acquired). 

f) laboratory and fjeld experiments on the interacticm uf tran^uranic nuclides 

and natural marine sediments (necessary expertise must be acquired). 

g) Radiation effects on sediments, pore fluids anci waste fo:nns. (necessary 

expertise must be acquired). 
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3.1 

SUMMARY 

This chapter provides information on the present state 

of knowledge of the physical processes which cause diffusion 

of material in solute form from the deep-sea floor^ and 

identifies those areas of research where work is needed 

before the safety of disposal on or in the ocean bed ca^ be 

assessed. 

Section 1 emphasises the inadequacy of gross diffusion 

coefficients in parameterizing the mixing. It is suggested 

that understanding of possible pathways requires an 

appreciation of the specific physical processes operating 

in different parts of the ocean. 

Section 2-5 summarise our present understanding of 

a ^ observational evidence for the operation of specific 

physical processes in the layer immediately adjacent to 

the sea floor, in the interior of the deep ocean and at 

the continental slope. Observations, though sparse, serve 

to illustrate the spatial and temporal variability. 

The importance of the world wide developing interest 

in the modelling of future climate is emphasised in relation 

to the long term fate of radioactive waste. 

After identification in Section 7 of a number of 

related but largely unconnected existing programmes it is 

suggested in Section 8 that due to variability a sustained 

programme will be required to ensure adequate understanding. 

Specifically, in the benthic boundary layer, measure-

ments are needed of heat flux, shear stress and variability 

of thermal structure. In the deep ocean the existing 
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knowledge of large scale variability of currents is inadequate 

to support a programme of waste disposal \di±ch relies to any 

extent on dispersion in the water and a prograinirie of float 

tracking is proposed. 

Numerical models of circulation incorporating the results 

of field investigations n6ed development to permit them to be 

adequate for predictive use in site specific studies. The 

application of the newly developed models of climatic change 

to studies of long term and large scale variability is 

recognised. 
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1. IB^RODUC^ION 

1.1 The objective of this chapter is to describe what is known 

of the turbulence or of the physical processes leading to dispersal 

which operate in those parts of the deep ocean into which radio— 

active waste may be introduced directly by a release from or on 

the sea floor, or in those parts to which it may subsequently be 

carried; to state briefly what is at present known and- what yet 

needs to be known if sound estimates are to be made of the 

possible concentration levels in sensitive parts of the ocean 

following dumping in, or on, the sea floor. It will be clear from 

the account which follows that too little is known of the dynamics 

of the deep ocean to predict with any confidence the route along 

which radio-active nuclides might be carried once released into 

the ocean, water. More research is needed before the hazards 

can be assessed, Recommendations on the nature of this research 

are made in Section 8. 

1.2 When a solute is introduced into a large body of water, it 

is carried, or advected, by the ocean current and spread, or 

diffused, by the eddying, turbulent motion. In engineering 

applications, it is usual to describe the effect of the ensemble 

of mechanisms which cause diffusion by an 'eddy^ diffusion 

coefficient, which may be a function of position and time. The 

fluid is regarded as a turbulent medium and the dynamics of the 

individual mechanisms or processes which operate to diffuse the 

solute are largely ignored, their net action being blanketed in 

the choice of the coefficient. 

The use of gross diffusion coefficients Lo estimate mean 

concentrations is.however^only appropriate once the diffusing 
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property has spread to such a size that it exceeds the scales of 

variatioHf the turbulent eddies,'leading uo diffusion. Even in 

simple flows the errors involved in ignoring this condition are 

considerable. It is for example inappropriate to use a coefficient 

describing one-dimensional longitudinal spreading in a flow through 

a circular pipe until the diffusing material introduced at som^ 

point in the pipe cross section and at some position along the pipe 

has diffused right across the cross section. Such diffusion takes 

an unexpectedly long time. It is equally inappropriate to use 

some mean coefficient describing the vertical diffusion to calculate 

:mean concentrations occurring at levels above a point source on the 

floor of the deep ocean until the diffused solute has spread to 

cover the ocean floor, and is thus affected by all Idhe components 

contributing to the calculation of the vertical diffusion coefficient. 

It will be apparent in later sections that the tiUms for such mixing 

is so great as to make the use of such a coefficient f(^ releases 

from small areas invalid if realistic estimates of concentration in 

particular sensitive areas in the ocean are to be obtained. Indeed 

t±^ use of a gross coefficient may well lead to results which have 

no relevance to reality. Instead a model is appropriate which 

accounts for the physical diffusive processes in limited parts of 

the ocean where eddy coefficients may be estimated and correctly 

applied, for example in the benthic boundary layer. shall 

therefore discuss diffusion, and the physical processes of diffusion 

(for we must know their scale in our estimates to ensure the size 

of the diffusing 'cloud' is greater) in parte of the ocean, rather 

than treating the ocean as a whole. 
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The greatect hazard will probably result fro% an extreme 

concentration occurring for a relatively short period in a 

certain locality and not as a result of the mean concentration 

at some place in the ocean reaching a critical value. The study 

is thus concerned with the probability of high concentrations 

and the statistics of extreme values. These may again be more 

readily estimated through a knowledge of the efficiency and 

probability of individual processes which, perhaps, acting 

together, may result in a rapid (relative to the mean rates) 

spread from a point of release to a region in which the presence 

of the solute is dangerous. It is however certain that present 

knowledge of large scale ocean circulation and turbulence is not 

yet sufficiently developed to allow the prediction of these 

potential extreme values. 

1.3 The emphasis on physical processes is intentionally suggestive 

of a 'pathways' approach, a certain process being efficient in trans-

ferring solute from one part of the ocean to another. The 

processes operate on different time and space scales; the 

pathways are of corresponding scales. The ocean is throughout 

its depth a turbulent medium characterised by 'events', resulting 

from the operation of the physical processes, which are 

intermittent and intense for short periods of time and in small 

volumes. The most energetic events, or those which lead to the 

most rapid diffusion or advection, may be rare but, even when 

average conditions are considered, may dominate the longer 

lasting 'background noise'. In view of the long half-lives of 

some of the potential radio-active wastes, even climatic changes ' 

which may change the circulation pattern of the crsan must be 

considered to be of importance. 
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1.4 figure 1 is a diagram intended to illustrate some of the. 

features and processes which m&y effect dispersion from the 

sea floor. The diagram serves as an introduction to the 

chapters of the report which follow, dealing with our present 

knowledge of diffusion and advection in the benthic boundary 

layer, mid-water and around the continental slopes and islands. 

Ic5 the purpose of this review it is supposed that the 

radio-active wastes or dangerous derivatives are released into 

th^ sea water in the form of a neutral or passive solute and 

spread as such. In practice they may diffuse in like manner, 

or be carried in association with mineral particles lifted 

(perhaps temporarily) from the sea bed or, near the source, be 

carried from the sea bed in a thermal plume arising from the 

decay of the wastes themselves. The mechanism of entry of the 

radio-active nuclides into the sea water is not discussed in 

this Chapter,(but see Chapter 2), nor is their eventual passage 

to man. These aspects, vital to the understanding of the dangers 

inherent in radio-active waste disposal are more comprehensively 

discussed in other chapters of this report. 

1.6 Much research has already been carried out on atmospheric 

diffusion and where appropriate (for example in the benthic 

boundary layer) results will be applicable to oceanic diffusion. 

Pasquill's reviews (1 and 2) are valuable sources of details and 

further references and illustrate the difficulties of accurate 

prediction of pollution in the natural environment. 

1.7. Where possible we shall give examples of measurements which 

have been made of the various processes in the ocean. These are 

u-uajl^ chosen with the North Atlantic in mind but in many cases 

the best, sometimes only, measurements are froc. other parts of 

the ocean. Some topics will be but briefly mentioned, being more 
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anorw^riate to the ch&Dter^ in othei disciplines. One of these 

is pore water contained in upper layers of sediment which, being 

party to the exchange in the-regions immediately above and 

below the sea floor, is intimately involved in the process of 

transfer of solute from the sediment into the water of the 

benthic boundary layer (see Chapter 2). We have also omitted 

discussion of the eventual diffusion of matter to the sea surface 

itself) being content to confine attention to diffusion in the 

deep ocean. Diffusion through the thermally stratified ocean 

layers, the main and seasonal thermoclines, to the surface may 

be inhibited by the large vertical density gradients,although 

the concentration of current shear at these levels and consequent 

reduction in stability, measured by a parameter called the 

Richardson number, makes this uncertain (see 4.6). No thermocline 

is, however, present in the Arctic regions ($.6) where vertical 

exchange is known to be considerable, (^nce past the seasonal 

thermocline diffusion to the surface is likely to be veo^r rapid 

in the noar-surface mixing layer anywhere in the ocean. 

1.8 (The number of recent publications included in the references 

indicate the vitality of studies in this field and the rapid 

rate of development (and sometimes change) in oi^ understanding 

of the important physical processes. 



THE BENTHIC BOUNDARY LAY 

2.1 Solute released from a source on the deep ocean floor (or, 

via processes in the sediment, into the sea water from a source 

buried in the sediment) enters a layer of water which differs in 

character from the water at higher levels/because of the proximity 

of the sea bed. This layer is generally called the benthic 

boundary layer. It is thought to be similar in some respects 

to the atmosphere boundary layer (the atmosphere immediately 

above the Earth) but as yet few measurements have been made of 

its detailed properties, and its mean structure is unknown. It 

is, however, natural to suppose that diffusion of solute in this 

layer will be similar to that occurring in the 'near field' of a 

near-neutral atmosphere from a ground source. It is in this layer 

that the largest concentrations may be found (unless some 

biological process is found which may concentrate the waste 

products later in its diffusion path) and where contamination of 

local sediment and marine life is most direct. 

2.2 Structure of the benthic boundary layer 

The boundary layer is conceptually composed of several 

layers in which different physical balance are 

important. These layers are summarised in Appendix 1; the 

structure of the lowest layers is comprehensively reviewed by 

Wimbush and Munk (3). A velocity boundary layer transfers the 

stress from the ocean floor tj the overlying fluid whilst 

thermal layers accomodate the geothcrmal heat flux, about 
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10"^ CGlB, err'-.. 8"^ ^ and perhaps a heat flm: 

produced by radio-active waste. Above and in the upper layers 

of the benthic boundary layer structure, the temperature gradient 

^ 2 ^ 

is often near the adiebatic lapse rate of about 10 " deg C. cm , 

temperature increasing with depth. The friction velocity, u.**— 

is an essential quantity in determining the structure and propertie,' 

of the layer. Turbulence in the boundary layer will arise 

predominently from shear if 

1̂  / O CV H \ 
> Kv ( (-

\ Cp j- / 

(see Appendix $ for notation) which will almost always be the 

case in the natural benthic boundary layer wliere is typically 

about 0.1 cm s 

There are, at present three methods for measuring and 

these are described in Appendix 2, together with the methods 

available for determining the heat fluxH. 

Sediment will be moved if the currents are sufficiently large. 

There is a considerable body of work on this topic, aimed at 

predicting the critical speed at a certain height, usually Im, 

above the sea bed at which grains of a certain size, comprising 

the sediment, will fii-st be brought into motion. For non-

cohesive sediments the best estimate of this threshold speed, 

4 appears to be through the'Shields cuj^^e^relating th^ stress 

"C- on the sea bed to the Reynolds number , where %) is 

the diameter of the bed grains. Figure 2 shovrs a Shields curve 

(4) incorporating recent data. This has been translated into -

a curve relating or against grain diameter figure 
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using values of density and viscosity appropriate to sea water 

and sand grains,and relating to using the logarithmic 

profile A(l) for a neutral flow with "Zg. = 0.^ cm,typical of a 

rippled bed. (There is some inconsistency in this derivation 

since the Shields curve is strictly valid for a flat bed, being 

derived empirically in laboratory experiments.and the conclusions 

ere as yet untested in the ocean). 

It is found in experiments in shallow water that the 

particle concentration and integrated transport are highly 

sensitive to changes in , once the critical threshold speed 

is sufficiently exceeded, (a factor of about two appears 

sufficient). It is found that the concentration of particles 

of size 180 urn measured at a height of 10 cm above the 

,, I * 

bed, varied as and inferred that the integrated transport 
7 

would vary approximately as , 

It is however likely that, should the option of disposal 

below the sea bed be taken, an area covered by fine grain, and 

therefore possibly cohesive,sediments would be chosen, since their 

mechanical and chemical properties are more likely to prevent the 

subsequent escape of wastes. (If this option wer^ chosen knowledge 

of the dynamics of the boundary layer may none the less be 

important in case of accidental discharge during the injection 

of waste, or to establish the stability of the sediment to erosion). 

We know of no theoretical understanding which would enable us to 

predict with confidence the onset of motion of a cohesive sediment, 

on the deep ocean floor. 



2.$ Observations in the benthic boundary layer, 

2.3,1 Near bottom observations. 

Wimbush and Mimk ($), report observations of current and 

temperature measured within $.5 m of the sea bed in a fairly level 

and dynamically smooth area off California where the water depth was 

about 4000 m. Horizontal currents were measured at several levels 

using a heated thermometer device (6) and this v;as supplemented 

by a dye injecting system together with a caimera (7) which provide 

an independent measure of current and an idea of the scales of 

bottom roughness. The current record was dc^alnated by the semi-

diurnal tides, with a maximum amplitude of aljout 4 ci^ 

Methods B and G (ADpendi% 2) were used to determine . 

These estimates differed somewhat, 0.14 and 0.09 cms { in the one 

case quoted. Estimates of using method B (2.2) rangelbotween 

0,02 and 0.2 cms"^ during the tidal cycle. The logarithmic layer 

extended up to slightly more than Im, thus gpLving maximum value of 

of about 8 cm^s . The mean veering of the current (in the 

Z&^ian spiral sense) between observations over three days at 40 cm and 

520 cm above the sea bed was 3°, as compared with an estimated 

= 1$° The small value observed was probatly the result of 

unsteady flow ($, section 6). 

The temperatures wore measured by quartz crystal sensors 

(8). Variations of about 2 milli-degrees were recorded. Th^ 

observed gradients were l.^H which agreed well with theoretical 

predictions based on equation with an assigned 'global' average-

value of H' Estimates uf the heat flux, using method U (Appendix 2/ 

were in good accord wiLL the heat flow measured by tlio direct 
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method/in the same area (see also 9) although limited by the 

slow (1 min) sampling rate. 

There was no evidence in the observations tb^^ the sediment 

was disturbed by the currents which were always smaller than those 

expected to be necessary to initiate sediment motion. 

There are numerous observations of turbulence near the sea bed 

in shallow waters (10, 11, 12; see also 7.1.$) but those of 

Wimbush and Munk*8 appear to be the only detailed observations in 

deep water other than some short term measurements on the continental 

slope in the Gulf of Cadiz (1$)« Accurate temperature observations 

are also scarce. Brown et al (14), however report variations of 

as much as 40 milli-degrees C in the MODE area of Bermuda, 

much greater than those found in the Pacific, and thought to be 

related to the presence of Antarctic Bottom Water. 

2.^.2 Observations of large scale structure of the 

benthic boundary layer. 

The overall structure of the boundary layer is now known 

to vary considerably both in position and in timeo The first 

indications that this might be so, came from observations of 

turbidity and the study of the nephloid layers, A recent survey 

paper (1^0, describe observations made in the North Atlantic; 

(see also Chapter l). These are sparse in some areas (figure 4) but 

in general there is an increase in turbidity as the ocean floor 

is approachcd. This is undoubtedly sometimes the result of matter 

b ^dvected into an area from a distant cource, but in some 

,f large currants there is Ic^al re-suspension 

of material from the sea floo 1' 
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NEAR-BOTTOM 
SCATTERING 
INDEX 

7r GO' 

The turbidity near the sea floor in the Atlantic Ocean (from 

15). Observations have been made at the positic^^ marked by 

dots. The turbidity is generally higher near the I/estern 

Boundaries and in the Mediterranean Outflovf in the Gulf of Gad: 
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Careful observations of the temperature and salinity 

structure, show that the lowest, 50 - 100 n are sonetimes uniforo 

in properties, well mixed, with an adiebatic temperature 

gradient, the uniform layer frequently being capped by a sharp 

change in properties (see figure 5a), This structure strongly 

suggests that in some areas turbulence generated mechanically, or 

perhaps by convection, at the sea floor is sometimes sufficient 

to mix the water column up to 100 m or more above the sea bed, 

although the nephbid layer is found to be up to 1 Km thick in 

some areas. The thermal structure is highly variable (e.g. see 

figure 5b). A series of 1^0 CTD profiles at 5 ^in intervals 

some 30 m apart in a water depth of 52)0 m on the Hatteras Plain 

(17) showed 20% variations in the thickness of the uniform layer 

(mean thickness 50 m) in periods as short as 40 mins, sometimes 

accompanied by an increase in the potential temperature of the 

Perhaps the most useful work on the benthic boundary layer 

diffusion has come from the GE08EC8 programme and studies, 

particularly at the Lamont-Doherty Geological Observatory in the 

U.S.A; of Ra-228 and R -222 profiles in the abyssal water column. 

The'Ra-228 and R^-222 found in the deep sea originate from the 

sediments. Their half-lives are 6 years and 0,01 years respective! 

and, there being no known sinks of any significance in the deep 

ocean, their concentration profiles are a function only of the 

flux from the sediments, diffusive and advectiv^ transport, and 

radioactive docay. The profiles may thus be nsed to estimate 

vertical diffusion (18,19). Figure 6 shows (in the numbers in 

paientrcsis) values of vertical eddy diffusion coefficient 

estimated from the R_-222 nroflle. The coeffic'.ent appears to be 
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inversely proportional to the local buoyancy gradient 

(i.e. N "). A good correlation is found between the 

structure of the % -222 and Ea-228 profiles and that of the 
li -

potential temperature (19,20). 

It is not yet known what determines the thickness of the 

benthic layer. If the upper fixing layer of the ocean or the 

atmospheric boundary layez' can be used as analogies, the layer 

dearth will be tiiae-dependent and possibly proportioned to a 

scale determined by the shear stress and heat flux, the Konin 

Obukov length scale. It is however, dan^^rous at this stage to 

hypothesise since the cause of the structure is as yet unknown. 

The cause might sometimes,for example, be the breaking of internal 

gravity waves generated near the ocean surface or locally 

generated breaking waves (21, 22, see 3.2), in which case the 

scale imposed by waves (e.g. their vertical wave length) would 

be appropriate. There is, as yet, no set of observations which 

can explain the variability of the benthic structure, or which 

can be used to estimate the rate at which diffusion occurs across 

its upper boundary. 

The variability of the thermal structure of the boundary lay 

is, in this context, important for two reasons. There is first a 

clear possibility that layers with uniform properties may be 

associated with rapid vertical and horizontal diffusion from the 

sea bed,and this requires further study. Tlrere is secondly the 

question of the fate of water which has become vertically mixed. 

The collapse and spread of a mixed patch along a constant density 

(isopycnal) surface will result in water becoming separated from 

the sea bed, (see figure ?), yet marked wit^ tlie properties which 

it attained in its mixed ct-t?: and cause steps in the profiles of 

salinity, temperature, and light scattrring corresponding to the 
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intensive spreading layers - nee figure 8. Such 'intrusions' 

will be dincussed later ^Section 5). 

2.4 description of tbo structure of the benthic boundary 

layer ir^ncres t!:e sublayers v.'hich inin;ht develop as the result of 

double diffusive processes (24, and ;[)ection 4 ) following release 

of the solute through, or on, the 8e% floor. These processes occur 

in the presence of two diffusing components (e.g. Salt and heat) 

when their aolecular diffusivities are unequal. It should be 

noted thr;t even if Uhe rate of solute release were so great that 

the net resulting stable (heavy) buoyancy flu^ exceeded the 

destabilizing buoyancy flux due to heat released by the wastes 

and the geothermal heat flux together, the effect of double 

diffusive convection might be to spread the solute vertically 

(as well as horizontally). In view of the Importance of double 

diifusive effects in ether parts of the ocean, their effect in 

benthic layers should not be disregarded. 



$.23 

' 7 ' ' . _ . _ ' / 9 j/o I W _ . i.w_.,'M.._y* 

4̂iO 

4 8 9 0 

49%0 

4 9 G 0 

5 0 0 0 

n040 

5 0 8 0 

5 ( 2 0 

. 5 I G 0 

200j NCPtlLl̂  fo-kiayy) 
'P... _ A P 

3 4 . 8 9 -

^ / 

5%0i 
I 

54004 

5 4 4 0 ! 

54aoj 

5 5 2 0 j 

666Ci 

f :? 

•// 

KNG0/4/E P 
D A F F 7 6 - 1 0 - 5 

ST ^ 4 

L A T % ' 5 7 . 3 
L O N G . 5 3 ° 4 5 5 

TT-i Ig. b, Profile showing lu defined by their teiaperatur 

salinity ^^and ^epn^l contc ent above the sea bed (from ?$) 



$.24-

3* A3D ClkCULATIOn 

j). ]_ 1)1%p(2]:3icTi c)f larit u:rir\l 131; EsolulbG zLn a ]p]LiJj%e ĵ i'om a sĉiii'cus 

on the nea ood in, of cour^c;^ jicinarilj through advcction by' 

the aoon cu3?rent und, ninec the structure of tlie lower b o u n d a r y 

layeru is similar, will follow the pattern of short range diffusion 

already studied in some detail in the atmosphere (1,2). For 

example, the formula relating the height % of the diffused plume 

to the distance from the source in the logarithm/layer in 

neutral conditions 

' (oee 2), (2) 

emphasises the importance of estimates of Z^, the roughness 

length. It is beyond the scope of this report to discuss in 

(Retail the analogies which may be found. These may, however, be 

used to some advantage^ since it is clear that observations made 

with the same izitensity as those which have "been made in the 

atmospheric boundary layer are never likely to be possible in 

the benthic boundary layer. It is salutary to recognise the 

considerable problem in sampling even in the atmosphere and to 

recognise the serious errors possible in estimating atmospheric 

pollution levels even near the source due to variations in the-

turbulence and mean properties of the air (1% table 4). 

'fhe Analogies are limited, because of the highly time-

dependent stability of the atmosphere,and the oceanic tides, 

%he tides. 

. As mentioned in 2.$.! the dominant short-term variability in 

Q yd the benthic boundary layer arises from tidal notions. Figure 

shows the computed Mp tidal chart for the ivorld's ocean. In 

the North Atlantic there are three amphidomic points. l̂ te 

mcgn^^uuc of the tidal currents is of the ojx'er of cm.s 

(figure 9b),corresponding to an oscillatory moTion of about 1 km 

acring in a barotropic mode (i.e. throughout tl^ water depth). 

This motion will advect water in the upper part of tiie benthic 
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boundary layer ani serve to disperse material released from the 

sea bed directly over a comparable diotance, some returning back to 

the sea bed on one tidal cycle,to be spread yet further on 

subsequent tides. The presence of an oscillatory tidal flow 

is important in producing enhanced diffusion (26), in the 

boundary layer itself* Over regions of rough topography it may 

also generate internal tidal waves which may promote mixing (21,22) 

:5' 3 Inertial oscillations. 

These are frequently present in current meter records, 

often occuring intermittently, perhaps in consequence of their 

occasional generation at the sea surface by a passing storm (2?) 

and downward radiation through the water column. 3rop-sonde 

records (28) also contain clear evidence of inertial oscillations 

with a vertical scale of a few hundred metres, and their presence 

has been reported in the benthic boundary layer (29),where they 

will produce periodic horizontal advection and effects similar 

to those of the tides. 

3.4 Mesoscale Eddies, 

Evidence that the deep ocean is active, rather than almost 

stagnant, came first from observations by Crease and Swallow (vO) 

who found currents of $-10 cm.s ^ with complete 

direction over a period nf a month or so. The currents are now 

understood to be causu^ by large waves or eddies, although much 
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yet newdc to bo clarifiod about their dynamicrs. are 

features of some 100 Kn scale moving usually westv/ard at a few 

centimetres per uecond,and honce have a period of about 100 

days, The largest contribution to the variance of temperature 

measured at a point in the ocean occurs within the frequency band 

of these eddies ( 33). No study has yet been iitade of their effect 

on the benthic boundary layer. 

A comproheusive mid-ocean dynamics expez-j.menb (MODZ) was 

made in an area 81/ of Bermuda in 197$ to examine the eddies. 
current 

Figure 10 shows the/streamlines at $000m on szuK, non-successive 

days. (These streamlines were constructed from hydrographic data, 

from which goostrophic currents were estimatodiand the currents 

measured by tracking, neutrally buoyant floats in the 80FAR 

channel at 1^00 m). The non-stationery pattezni of eddies is 

apparent in the figure. 

The trajectories of neutrally buoyant floats tracked during 

MODE by 109 (figure 11) demonstrate further the variability and 

strength of the currents in the deep ocean. No clear pattern of 

diffusion can be detected in these short tracks. 0%^ floats A,B 

and C at $000 m, figure 11a, delineate a triangle (figure 11c) 

whose area increases after 12th April, at a rate roughly proportional 

to time and corresponding to a horizontal diffusion coefficient 

of about 2.10 cm ", s . This value is fairly typical of mid-

ocean, although smaller than the classical estimates of 

(1-4) X 10"̂  cm"', for the whole ocean ($3). Figure lid shows 

successive distortion of a quadrilateral of floats at 4000 m. A 

patch of marked water would soon become highly distorted in the 

flow field. A far Koie comprehensive study of floa^b in the SO^AE 
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sound channel at 1500 s (^ce figure 12j has been made 

and the horisontal diffusivitieG estimated by finding the 

integral of the Lngrangian covarianccs The estimated 

^6 2 _-l 
values of the diffusivitias vere about 7.y.lO cm.' s 

Except in the strong wentern boundary currents it is usual for 

the eddy currents to completely dominate the mean circulation, and 

current measurements of duration limited to a fraction of a year 

may produce erroneous indications of the mean flow. For example 

figure 1^ sho^s progressive vector diagrams of currents measured 

$0 m off the bottom in th^ Pacific over a period of 6 months, 

indicating a mean westward flow in an area in which the water 

mass characteristics and theory of the abyssal circulation 

predict an eastward flow. 

The eddies appear to be akin to the cyclcmic depressions in 

the atmosphere and it is possible that, like the atmosphere eddies, 

fronts form pert of their structure. If so, these are regions of 

lelatively rapid veruical transport and mixing of water from the 

benthio boundary layer. 

The topography (hills, ridges and vallej^) of the ocean 

floor appears to influence the trajectories of water particles at 

considerable heights above it, an effect which has been studied 

by Eogg (jG, ̂ ?) and which was the subject of a $ month long 

experiment by 108 in the abysr:,al ocean West of Portugal in 1975* 

iPhls revealed bhe effect of isolated hill on the flow pattern 

and density structure on an otherwise flat abyssal plain. The 
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Fig. 12, Displacement of float tracks in the SOF^E channel at IpOO m 

in (a) E/W and (b) M/G directions (from The bold 

lines show the mean computed dispersion. 

N 
SCO 

250 

2 0 0 -

)50 

100 

50 4 

EBW-

PROGRESSIVE VECTOR DIAGRAM 
4 MAY - 2 NOV 76 

3 0 m 

EBW-2 

50 too 150 MO 2M 
KILOMETERS 

300 ^0 C 

Fig. ly. Prog^GssivG vector diagram of currents measured pO m above 

the sea floor at A 138°2$'W) and B (8°27'N 150^49'W) 

(from 29 DOMES experiment). 



effect of topography ou the isopjcnal surfaccH can be detected 

to several times the height of the topo^TapkLic feature above 

the plain and radially outwards to the order of twice the 

diameter of the feature (Gould, Hendry and j3uppert - manuscript 

in preparation for publication). 

2^6 Hean Currents 

Except in the Western boundary currents, advection by mean 

currents is generally at speeds nuch less than those associated 

with the tides, inertial waves or eddies; as Munk has put it, the 

ocean is an AC, not a DC, device. Informatlcm on the mean currents 

comes primarily from studies of water masses and, for the North 

Atlantic, these have recently been summarised by Worthington (38). 

Figure 14 shows a diagram of the circulation of the deep water, 

that colder than 4°C. (This diagram differs significantly from 

8to%mel's (29) diagram, based largely on theoretical ideas). 

Worthington finds no direct pathway for near bottom water to 

roach the surface within the North Atlantic. Stie meridional 

pathways for water exchange are shown in the bc^ model in figure 1^^ 

whilst the residence times in years of water at different levels in 

each of six basins identified by Worthington are shown in the 

table, figure 16. These times, while imperfect, embody what is 

presently known from physical measurements about the rate of 

formation and mixing of the North Atlantic water masses. Figures 

Ij? and 16 makes it clear that solute released into the lower 
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?ig. 14^ Circulation of deep water in the N. Atlantic (from 38). ^ho 

vertical arrow symbols represent vertical upward or downward 

exchange with overlying water. I'he numbers show the transport 

in units of 1 % 10^ 

the N-8 transports, units also in 1 x 10^ s"^ 

At the right is a box model of 

Two main 

anticyclonic gyres lie in tbe Western basin with a narrow 

Southward flow alon^ the continental slope. 
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A box model of circulation in the N. Atlantic (from $8). 

Five layers are defined by their tezaperature ranges and 

exchange between the layers is shown by vertical arrows 

crossing the horiBontal boundaries. Units are 1 x 10^ s 

ITo direct flow to the surface layers is found in the . 

Atlantic. The auin inflows are from tlie Norwegian Sea 

through the Denmark Straight and over Iceland Faroe Eidge. 

There is a net flux of about 7 x 10^ s to the South 

Atlantic. 

T/C 

Labrador Ibsin 

I'uropcan Busin 
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Guiana Dasin 

Guini-a Piisin 

Noilh Alianiic. 

> 1 7 17-12 12-7 7-4 < 4 

0 2 2 2 12 

0 0 . 7 0 . 8 1.9 10.5 

0 11 1 3 30 28 

0 .4 S 7 11 

0 0 . 2 2 . 1 1.4 4 . 5 

0 2 S 6 13 

3 2 1 C 7 
3 . 2 2 . 4 2 . 4 6.1 28.1 

34 38 7 6 > 3 8 7 127 

2 8 4 1 1 
1.4 2.7 5 . 7 6 . 3 2 0 . 9 

21 II 45 100 662 

3 0 1 0 8 
0 . 5 0 . 3 J .1 3 . 3 7 . 9 

5 > 1 9 3 5 > 2 0 9 31 

2 0 0 0 0 
O.I O.f 1 .8 4 . 8 14 .8 

8 > 3 1 > 1 1 4 > 3 0 4 > 9 3 8 

5 8 1 0 8 14 
7.1 1 3 . 9 23 .8 8 6 . 7 

35 28 44 94 195 

Residence time in yc'vm in each ].ayer and basi.n in the 

North Atlantic (fror: jiin) based on estimates of the z-ate of 

foz'mation and nixing of the water masses and on the assurnptior 

of ^tondy state. 
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layers of this ocean will not, in tuo memn, be diffused through 

the water column to the surfacp in the vicinity of the release 

area but will bo advected along isopycnal surfaces to another 

ocean basin, perhaps into another ocean, before it reaches the 

surface. 

$.7 Diffusion alonRdensity surfaces: possible direct links 

between the benthic layers and the ocean surface. 

It is possible that, without any trans-isopycnal mixing 

whatsoever, solute released at the ocean floor could be carried 

almost to the sea surface. Figure 17 shows a North-South 

vertical section of constant density surfaces through the Pacific 

By mixing or advection along these constant density surfaces, 

material released from the sea bed between 60°8 and 55°^ can 

reach the $C0 m le^el near the Antarctic Convergence at 

(The Atlantic Ocean section is similar in this respect), ^he 

section through the Drake Passage shown in figure 18 shows how 

extreme is the isotherm and isopycnal tilt in this area Whilst 

the mean ocean circulation does not favour such a pathway, 

diffusion along isopycnal surfaces is far more rapid than across 

th^ surfaces. The diffusion coefficients are of the order of 

10^ and 10° cm.^ s"^ respectively, (see $.4 and 4.1). The 

relatively large horizontal diffusion is the consequence of 'quasi-

horizontal turbulence' of which the mcsosc^le eddies form a 

component. The processes of trans-isopycnal Mixing are discussed 

ib n^ction 4. It is known that vertical or (trans-isopycnal) 

overturning and mixing at scales exceeding a certain si%e, the 
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Osmidov length scale, relating Lhe sLability of tl^ stratified 

water column to the energy dissipated by the turbulent motions, 

are inhibited because of the presence of the overall stable 

vertical density gradient. Thus isotropic turbulence occurs 

only at small scales, probably of the order of im and 'horizontal 

turbulence' dominates at larger scales. Such mixing is the 

subject of the next section. 



CKAl MINING IN MIU-WAl 

4.1 Hunk (42) has surveyed vertical diffusion in the ocean, 

2 -1 .. 
riving at a gross figure of about l.j cm,^ s ' for the eddy 

diffusion coefficient in the Pacific Ocean, corresponding to a 

""1 

vertical flux at a rate of about 4.4 m.yr . These figures do 

not lead to the clear identity of an obvious process or location 

in which the diffusion is most active. In particular it is not 

certain whether vertical diffusion is dominated by mixing in mid-

water or by mixing near ocean boundaries. We, therefore, consider 

in this section the processes which may occur in mid-water, and 

in section 5 the processes which occur in special localities 

where mixing may be most efficient, namely the continental slopes 

and islands. 

4.2 Diffusion in mid-water (the water column above the benthic 

boundary layer and below the near surface 'mixing' layer) and 

away from the continental boundaries,is dominated by stratification 

Three sources of trans-isopycnal mixing are known: (a) shear 

induced instability (sometimes called Kelvin-Helmholtz 

instability) (b) internal wave breaking, when the waves become 

so large that the horizontal particle speeds exceed the phase 

speed of the waves and (c) double diffusive instability, tsee 

also 2.4) of which there are two kinds, diffusive convection and 

'salt finger' convection. Diffusive convection may occur when 

warm, but salty, water lies below lighter and relatively cold 

fresh water, whilst finger convection occurs when the warm and 

lies above heavier cold, but fresh, water. Photographs 

Gses as observed in 

ligure ly. 
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4^$ It is not known which of those processes doninate mixing 

in aid-water, although clear evidence of both (a) and (&) have 

been obtained. 

Direct observations of (a) have been made by divers in the 

Mediterranean thernocline (44). The overturning patches of fluid, 

'billows' were about 10-^0 c^ high. Gregg (4^0 using a free fall 

microstructure probe shows inversions of scales of about $ m 

which might however, be caused by breaking internal waves. Ceirns 

(4cO interprets some of his observations made from a neutrally 

buoyant float as billows some 5 ^ high at a depth of about 7^0 

l^is instability can only occur if a parameter, the Eichardson 

number, measuring the ratio of the stable density gradient to the 

current shear, is less than one quarter. Observations of velocity 

and density gradients show that such low values are not 

uncommon in the deep ocean and thus that shear instability may 

occur fairly frequently. Attempts have been made (49) to 

quantify the diffusion which could be attributed to instability 

caused by the shear induced by internal gravity waves, but this, 

at present, rests on tenuous assumptions and the uncertainty of the 

estimates is considerable, The occurence of breaking internal waves 

(b) is also enhanced in regions of low Richardson number. 

Evidence of double diffusive instability is reviewed by 

Durner (24) and comes largely from observations of layered structures 

in regions in which the vertical gradients of temperature and salinit; 

are such as to promote the instability. Firm evidence of 'salt 

fingers' in the Hediberranean outflow have been obtained by 

photographic studies (^0) and further supporting eviderce comes 

from work ($1) usin% a towed body, and free fall ^robec (4^). 

rn 



4.4 Measurement? very rensiti/c fant roGpc^so free 

foil probes have bean nsed to e^ti^^te the vertical diffusivity 

of heat, K-y) usin^ a relationship proposed b y Cox and Osborne^ 

K ( ̂ 1 / ( 
^3) V V 

/ t V ; ? 
/ 

-7 ^ 

where kiis the mclecul^f diffusivity (about 1.,^^ 10 ^ cm.^ s ), oft^et 

and#:s the vertical temperature gradient. T^ie assumptions 

implicit in this relationship are summarized by Gregg (4^ ^ B) 

and involve horizontal isotropy and the absence of mean local 
mean 

upward currents. It is tlms assumed tbiat tli(^/i%opycnal surfaces 

are horizontal so that K, is the tmnH- isop2,^cnal diffusion 

coefficient. Measurements 1% the Pacific give 
o —1 

estym^dtes as high as ^ cm.'^ s in the high shear region of the 
p —1 

Equatorial undercurrent, 2 - 60 cm. " s"'̂  in n n "active" shallow 
^ "—l 

intrusive feature off California^ and 0.0$ em,'^ s at depths 

of 200 " 2000 m in the centre of the subtropical gyre of the 

5orth Pacific in calm weather. These compare with values of 
z O 

10 - lOrcm.^ s" ' in the surface mixing layer during the passage 
2 -1 

of a mild storm. GreRg suggests that values of about 0.15 cm. " s 

are typical background levels in mid-ocean. 

4.5 Gregg's observations serve to illustrate the great spatial 

and temporal variability in and its control by physical 

processes. No measurements are yet available which relate the 

microscale observations of to the presence or internal 

structure of mesoscale eddies. In these eddies shear instability 

and internal wave breaking are likely to be important since the 

todies appear to produce vertically extensi^^ regions of low 

dyLiamical stability (that is of low Richardson number) and hencc 

may lead to rapid vertical diffusion. 
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'elation between 

Richardson number and vertical diffusion coefficient of heat 

is (y5) 

- A p ( I ^ 3 3% \ (4) ^ I ^ \ 

where is the local Richardson number and is the value 

if k^, in neutral conditions. Bhis relation is moderately 

successful, in determining mixing rates in quasi-steady conditions 

where At; is well determined. 

The variation of ratio ? where is the vertical 

eddy diffusivity of momentum, has also been extensively studied 

(see;%4, figure $.13 and 56, figure 2) and is found to decrease 

rapidly with , indicating the relatively rapid mixing of 

momentum but slow mixing of heat (or solute) at large K,; . 

4.7 Near surface diffusion 

Diffusion in the upper layer of the ocean (which in some 

ways is similar in character to the benthic boundary layer^ 

although relatively well studied,is yet poorly understood. It 

has been reviewed by Bowden ( 5 0 , The majority of data comes fror 

studies of dye diffusicn experiments, either from continuous 

point source releases or instantaneous sources, and r^nge in 

scales from 100 m to 100 Km and 1 hr to 1 month. apparent 

horizontal diffusivity uf the dye is a function of horizontal 



r>. 

scjlc . Gbuko (!)8) finds ^ O- o:0'6 v, measured in . 

c%u^ and ^ in cw,), the exponent lying between that of unity 

proposed by Joseph and Sendner (59),and proposed by O^^idov 

(60). (It is clear that other dimensional quantities siust 

influence this relationship but they are at present unknown.) 

nberg (bl) has recently studied mixing in the thermocline 

inds horizontal spreading at rates which are much lower 

then in the mixed layer. Vertical profiles of dye patches show 

clear evidence of strong isoDycnal spreading in thin vertical 

rn 
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^.1 The continental slopes, separating the deep ocean from 

the continental shelveRfhave gradiento of around 10°. They 

are often incised with canyons and gullies, Gteep slopes may 

be sources of mud slides and turbidity currents which, fanning 

out from the base of the slope, may effect the benthic boundary layer 

and sediments some distance from the slope itself (see Chapter 1). 

Near the sea bed processes similar to those described in Section 

2 operate, but noM stratification of the water column may play 

a different role. In this chapter we discuss some of the 

processes which cause diffusion near continental and mid-ocean island 

slopes. Their importance is such that Armi (2$) has claimed that 

vertical mixing near the ocean boundaries can account for almost 

all the vertical diffusion in the deep ocean without any 

significant vertical diffusion in the interior. 

The boundary layer and internal waves 

Close to.a sloping boundary a logarithmic layer similar 

to that described in Section 2 may be expected. The theory of 

Zkman boundary layer has been given by Wunsch and Hendry 162) 

The overall thickness is found to be 

M r (5) 

momentum eddy coefficient 



. "Y" ̂  

and ' is Von-Knrnan constant, about 0^4, is the fricti 

velocity, io the Prandtl number, fV is the local Brunt-

Vaisula frequency, % is the Coriolis parameter and % the 

Pattray (6^) has shown that the interaction of the surf 

ides with a continental slope will generate an internal tide. 

The theory of internal tides was developed b y Wunsch ((^0 

internal waves propagate off-shore as raj^ with tangent 

mi 

slopes 

^ (6) 

where is the wave frequency /period % where period is 

about 12.5hr8 for the seai-diurnal tide). For typical values of 

and N this slope is not far from that of the continental 

slope itself and internal tidal waves are probably generated in 

regions where the two are equal. In these regions intensified 

currents and mixing are expected. 

Observations have been made by Wunsch and Hendry (62) on 

the NE American slope south of Caipe Cod. Tliey estimated the 

thickness of the boundary layer 

3m 

% 
)cm , 
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in the layer. There wac evidence of the enhancement nf rhe 

baroclinic (internal) tide as the slope was upproucheu nnd u 

veering of the current with height of about 10^ between ^ and 10 m 

off the bottom. 

The effect of widespread rixing in the sloping stratified 

boundary layer is to generate currents up the slope near the bottom 

and down the slope at the top of the mixed layer. The mixing 

causes the water near the bottom (top) to become lighter (heavier) 

and it therefore rises (sinks). A theory of the vertical transfer 

deriving from this fixing is given by Wunsch (6^) but the net flu: 

given K,, ^ cm^\ s"^ as observed, is too small to explain a 

significant proportion of the totals estimated for the Pacific 

by Munk ( 42). 

5'^ intrusions 

Figure 20 shows a succession of temperature profiles made 

near Bermuda. These demonstrate an apparent increase in the 

'steppyness' of the profiles as the island slope is approached. 

It is thought. (6^^ that the steps represent regions of fluid 

which have been mixed on the slope and which are spreading at thei: 

own density level along isopycnal surfaces (see fig. 7 ) diffusin.: 

and hence loosing their 'signature' the further away they are 

from the island. (Mid-ocean islands thus act as 'oceanic stirring 

rods\),Armi (2$)h:^ described observations of similar structures 

in the deep ocean (sec figure 8 ). The sources of mixing may be' 

internal waves breaking on the slope or regions of enhanced slope 

mixing due to extrene bottom roughness or large currents. 

A good example of such slope mixing between the Mediterranean 
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Pie. 20. of teaperatare V: depth along a section towards 

Bermuda, on the left, (from 65), showing an increase in. fine 

structure as the island is approached. 



wnter and North,Atlantic water is fonnd in the Gulf of Cadiz 

with subsequent intrusive nixing along isopycnal surfaces (66) . 

Laboratory experiments have been made by (6?, 66) to investigate 

the spreading of mixed layers in stratified surroundings. 

An alternative cause of the near-slope layers is, however, 

possible whore the temperature and salinity stratification of 

the water column are such as to permit double diffusive convection, 

see Section 4* Studies (69, 70) in the laboratory have demonstrated 

how layers develop and rapidly intrude from the 

slope onto the interior of the fluid. 

s % Upwellinc v.;" 

Upwelling is a term given to the ascent of water from the 

thermocline, or below, to the surface on western continental 

slopes. water is often nutrient enriched and the process 

is thus of great importance to local fisheries. Major sites off 

Peru, the Oregon coast and NW Africa have now been quite extensively 

studied. Although originally recognised as resulting from the 

Zkman layer pumping of surface water off-shore when the wind 

stress has a long-shore component, it is now known that it can be 

forced by internal Kelvin and shelf waves (71) , perhaps 

propagating from a distant source. The region of upwelling is 

confined to about one Rossby radius of deformation from shore 

( where 0, is the speed of the first mode long 

internal wave and ^ is the local Coriolis perimeter) typically 

$0 Em, and is greatest near the thermocline, being: pr^^cminantly 

a firct internal mode-Like response. Vertical displacements of 
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over 100 m not uncommon. Associated wlbh upwollinc are 

longHhorc currents, coastal jots and counter currents (72, 7), 7^) 

whore horizontal and vertical shear and hence mixing, will be 

enhanced. Such longshore currents will also cause gcostropic 

tilts of isopycnal surfaces and hence effective vertical 

diffusion by trans-current nixing along isopycnal surfaces. 

Rccent theoretical studies (75) have deinonstrated that 

ridges and canyons running down a continental slope can be 

important in locally enhancing apwelling. 

Although primarily concentrated near the thermocline and 

transient (when following a parcel of water moving along the 

coast through regions of upwelling), upwelling will locally be 

important in enhancing vertical diffusion iiear certain western 

continental slopes. 
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6. Clin^TIC V^RI^TIOH AHD MODELLING OP CIBCRLAT: VJ.̂  

'fURj3UIjEITCE 

6.1 It was mentioned In Section 1 that the half-life of some 

potential radio-active waste products is very great, as much as 

24,000 yrs. Over such a great period of time significant changes 

in the ocean and atmospheric circulation may occur. Figure 21 shows 

migrations of the ^orth Atlantic Polar Front in the last 6^,000 yrs 

and an even longer time span is covered by figure 22 , showing 

episodic advances and retreats of the polar and subtropical 

fronts. Similar changes may occur in equal periods of time in 

the future, and removal of the thermocline over a large area of 

the North Atlantic would lead to greatly enhanced vertical 

diffusion over a considerable area. 

6.2 At present the most promising approach to understanding future 

changes of ocean circulation under climatic variation comes from 

sophisticated linked ocean-atmospheric numerical models, like that 

of Bryan, Manabe and Pacanowski (78) . These models reproduce 

satisfactorily many features of the present circulation. Detailed 

studies of parts of the ocean in which special processes are 

important, or,studies the processes themselves, have been made. 

For example the Weddell Sea (79) , the Gircumpolar current 

(80) and upwelling (75) have been studied, although these 

models have primarily focussed on explaining the currents and 

density fields, rather than attempting to examine diffusion. 

6.$ Studies of lar^^ scale ocean waves and turbulence have also 

been made using analytical approaches and numerical models. 

Rojsby waves and their interaction with topography ha^e been studied 
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(81) whilst the response of a stratified model of the North 

Atlantic, incli/ding topography,to changes in wind forcing have 

recently been reported (82) . ?he development of waves and 

mesoscale eddies and their interaction on ap-plane lias been 

studied (f^)) using a numerical box-model. ^his has demonstrated 

that the upward migration in size of the largest turbulent scale 
y 

nearly ceases at a wavenumber ( )^ where is the r.n.s. 

particle speed and p the northward gradient of the Coriolis 

perimeter, the turbulent flow initiated at small scales passing 

through a state of propagating waves with properties and size 

similar to. the observed, mesoscale eddies, and tending towards 

a flow of alternating zonal jets. Topography can act in a way 

similar to the effect if slopes extend over scales greater than 
I • 

the eddies or waves, although roughness will generally induce 

a cascade of energy to smaller size (81) . 

A numerical study of mid-ocean mesoscale eddies, has been 

made (84) , using a six-layer model. It is found (figure 2$) 

that the scale of the eddies is smaller in the water below the 

thermocline than above it, a result in accordance with observations. 

The overall statisbics - eddy advection speeds, length and time 

scales and horizontal diffusivity - are also consistent with 

observations, and the models thus appear to be realistic. 

6.4 Two existing models of dispersion in the ocean from radio-

active wastes dumped on the sea bed, those of Grimwood and Webb 

(86, (^7) and Shepherd (88) provide estimates of probable mean 

concentration levels. However they fail to include details of the 

real ocean dynamics by their use of gross diffusion coefficients-

(see lr2). The former neglects horizontal advec^ion which, in 
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Fig. 2j5. The stream function fields occurring simultaneously at four 

of the six levels (1 is the upper level at top left, 6 is 

the bottom layer at bottom ri^ht) of the Owens-Bret&erton 

model (from 8p), initial values of thermocline 

displacement are to match observed values, until zeiro 

current beloAv the thei'inocline. liotice that tiie scale of the 

eddies is loss below the thermocllne than above; 



the mean, will carry waste far from the disposal yite before 

it reaches the surface (see $.6). The latter model of diffusion 

in a closed ocean basin is concerned with average concentrations 

and not with estimating the ponslblo variability which, in the 

model, is blanketed in a safety factor. Neither is specific 

to a particular ocean or area of ocean. 



7 PRESENT AKD 

^his is not intended to be a complete list bub rother some 

notes about relevant work, and expertise, msi.nly in th^ U.K, of 

which we are aware. This supplements the information in the 

earlier chapters and draws attention to some relevant work at 

present in progress. 

7.1 Benthic Boundary Layer 

7.1.1 LEBBIfE - Low Energy Benthic Boundary Layer Experiment. 

American programme to study chemical and particulate flux in 

areas of low currents (low stress): includes use of deep ocean 

submersibles; beginning soon, probably in tlie Panama Basin. 

7.1.2 HEDBLE - High Energy Benthic Boundary Layer Experiment 

American programme develo%)ing over next years to study areas of 

large bottom currents, including bottom currents, temperature, 

salinity, tarbidity, photography, structure of the boundary 

layer at $00 m above sea bed, and colloction of bottom samples 

to test the stability to erosion by currents. 

7.1.$c Experiments on the Continental 8helf. 

Experiments have been made by several groups to examine 

turbulence and sediment motion in the relatively shcilC'W waters: of 

the continental shell', aimed mainly at assessing ci.Cfu.uion and 
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sediment motion and in providing realistic data for use in 

n^.morical predictive models of tidal flow and sediment transport. 

In general the tidal flows in shallow seas are far greater than 

those expected near the floor of the deep oceah. Moreover the 

stratification is weak, especially during the winter months, 

allowing mixing to occur fairly rapidly and uniformly through 

the water column, unlike the situation in the deep ocean. The 

majority of studies (e.g. those at University of Bast Anglia; 

MAFF, Lowestoft, F.B.A., and Bristol University^ have used the 

profile method (method B, Appendix 2) to determine the roughness 

length and shear stress, but others (at Liverpool University, 

University College of N. Wales, and 108) have used 

electromagnetic current meters to estimate the shear stress 

directly(Kethod A, Appendix 2). Sediment motion has been studied, 

for example byH.R.S.Wallingford and 103. There is thus 

considerable expertise in the U.K. in making observations and 

interpreting boundary layer structure in tidal flows. ,A good 

understanding of the physics (especially turbulent bursts), 

of the spectra of velocity fluctuations and of the threshold 

speeds, has been developed. The technology and engineering 

involved in making observations close to the deep ocean floor 

however^ introduce a degree of complexity not encountered in these 

shallow water observations (for example the recovery of 

instruments from the sea floor and the accurate measurement of 

weak currents) and at present expertise is available in the U.K. 

only in Government Laboratories. 
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;ory 

Although directed towHrds an understanding of diffusion 
a . 

of warn water released into/tidal current, there are experiments 

in progress at DAHIf, Cambridge University, designed to clarify 

the effect of periodic variations in the mean streaa flow on the 

turbulent flow field.which will be useful assessing the effect 

of tidal fluctuation on diffusion in the boundary layer. 

o o Abyssal currents and circulation 

7.2,1 

Recent observations in the NE Atlantic and theoretical wori 

at 10^ are expected to provide greatly imprcnred charts 

of the mid-ocean tides and hence of the stz'ength of the related 

barotropic currents. 

7.2.2 NEAD8 

I'he impetus for the North Eaot Atlantic Dynamics Study (NiilADw/ 

came via SGOR UG $4 in an attempt to co-ordinate the resources of 

European laboratories having the capabilit^r to deploy recording 

current meters on fixed moorings in the deep ocean for periods oz 

several months. 
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Six sites between lotitndey of $0^ and and East of. 

2^°W have now been occupied for almost two year^ (the planned 

duration of the experiment). Two are the responsibility of IfM, 

Kiel, one maintained jointly by the French COB and Musee d'Histpire 

Naturelle, and three have been deployed by 108. Shorter records 

are also available from an additional site maintained by lOS and 

from a site maintained by Lowestoft. 

It iw hoped that analysis of the records wil] give a measure 

of the energies in the mean and fluctuating components of currents 

at depths ranging from 600 to 4000m and will also reveal the 

vertical structure of these currents, together with the variation 

over the NE Atlantic of the energetics of the currents. 

7.2.3 POLYKODE 

-An experiment developing from MODE and POLYGON (a U.8.G.E. 

experiment in 1970) to study large scale fluctuating currents 

with the objective of providing information for the construction 

of valid physical models of oceanic circulation. This experiment 

is a collaborative experiment in the N. Atlantic between the USA 

and the UoSE in 1976-1979-

7.2.4 Theoretical Studies 

Li) Diffusion 

The effect of stratification on turbulent flow over and around 
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topography is being studied at DAMTP, GHnbrid^;e University. 

The Gcudy of variance of concentration on a plune and 

random wnltrtechniques to st^dy diffusion in tidal estuaries, 

are bein% developed at Liverpool University. 

(ii) Ocean Circulation (also refers to sections on slope 

processes, especially upwelling and numerical, modelling) 

A st DAH^P; Cambridge University, is internationally 

recognised for its expertise in the theoretical and numerical 

modelling of ocean currents (see^for example, 75, 79, 80, 82). 

Recent work has been on the spreading of cold water in, and 

from the Arctic Ocean. 

MAFF have recently acquired the Bryan et al ocean numerical 

model (78) for studies of deep water circulation and diffusion. 

7') Trans-iso^ycnal mixing in mid water. 

7.$rl Eesults of a sea-going experiment to study fine-

scale structures between Woods Hole and Bermuda in 1976 are not 

yet available, This joint experiment included the use of a variety 

of instruments to measure fine structure from vertical scales of 

about jpO m to 1 mm. to depths of about 2000 m. The University 

College of N. Wales was involved in this experiment. 

Laboratory experiments. 

There is expertise in double diffusive convection at 

Cambridge University and in studying shear flow rmd internal wave 
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7.4 Slope Processes 

% C C 

Laboratory experiments on intrusive flows are being nade 

at DAH^P, Cambridge University. 
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Ig: COMMENDATION 

8.1 The objective should be the ability to predict the probability 

of a given concentration arising in any part of t̂ ie ocean after 

release from a source on rhe ocean floor. It is rK)t sufficient 

simply to obtain estimates of the average probable concentration 

or its variance. Knowledge of extreme concentrations and their 

persistenccf may be of greater importance. Ttie ctjective is, however, 

unlikely to be attained within the next decade or so but it should be 

possible to identify and quantify the imost junportant processes, to 

shew that there is a reasonable chance that levels will not exceed 

a certain amount (which may or may not be acceptable) and to improve 

our knowledge of the routes along which diffusion occurs. 

The objectives of research should thus be to gain an under-

standing or the abyssal circulation and the variability of the 

ocean, particularly of the deep layers: to develop knowledge of 

the causes of this variability and of the inter-actions and inter-

relation between the mean statistical state of ocean and the 

individual processes which operate in it, all of which need to be 

better defined, with a view to modelling and assessing diffusion. 

It is essential, in view of the intermittent nature of turbulence 

and diffusion (see 1.3, 3.4), that any observational programme 

should be sufficient, in duration and extent, to sample adequately 

the processes and consequences of diffusion (i.e. be correctly 

matched to the space-time 'windows' of the processes involved). 

They should be linked to developments in n^itliamatical/numerical 

modelling and to the observations in other disciplines, chemistry, 

geophysics and marine biology, where appropriate. 

The following thr^e related areas of research pre basic and 

may, once more is kno\', evolve into investigations of other yet-
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;o-be-dlscov^red processes and areas of importance 

8.2 Benthic boundary layer 

(a) Long ter^ observations are needed at a few sites of 

differing bottom topography of:-

the friction velocity 

- (see 2.2, hence see A2); 

the vertical heat flux 

H - (see 2.2), 

the thermal structure of the benthic boundary layer 2.3*2; 

the turbidity and its change with currents and thermal structure 

2.^.2; tidal and other oscillatory flows ($.2,4^; so that an 

adequate model of the layer can be evolved. These physical 

observations in the water column should be linked to simultaneous 

geophysical observations (e.g. heat flux in sediment, sediment 

roughness and composition, porosity, cohesive properties and 

movement), chemical observations (e.g. suspended particle 

composition, R - 222 and R - 228 profiles - see 2.3.2, pore 
' n a _ 

water properties and convection, ion flux) and biological 

observations (e.g. sediment dispersed by marine organisms) 

discussed in other Ghabters. 

(b) Eventually these studies might become site specific / . 

potential sites for waste disposal) but in the initial stages a 

proper understanding of the dynamics of the boundary layer could 

best be gained from studies in different areas and thbo in 

different parameter ranges. It is emphasised that a purely 

site-snccific study may permit the development of a forecast model 



opproprinte to thnt site* not be useful when extrauclatlon 

i% needed to other areoo to which o diffnGiru: cuntaminent may be 

carried. nor nay it be valid an tlie conditions in t?io ocean 

chas^c during the decay period of the long-lived radio-isotopes, 

(c) Fundamental studies of the erosion and properties of fine 

grain cohesive sediments, and in situ methods for determining 

their stability, are needed. 

Abyssal currents and circulations 

(a) Except in a few special areas, insufficient is known at 

present of the abyssal circulation to predict with confidence 

ever the mean direction of advection of a plume from a source 

on tbe se'i bed. A facility should be developed to renotely 

track the long term (at least one year) advection and dispersal 

of clusters of neutrally buoyant instrumented floats near the 

ocea?] floor, thus to define the mean circulation and diffusion 

in ocean basins within which radio-active ivastes may be dumped 

(see $.4, 3.^ and 

A long term programme of research using these floats should be 

complimenbed by observations with current raoters on fixed moorings 

a]]d integrated.with a theoretical programme of dispersal using 

numerical models (see 6.4). Ihis programme could usefully be 

linked to that of 8.2 with float releases near areas of detailed 

boundary study. It is expected that this programme will lead to 

the identification of areas fe.g. continental slopes) where the 

presence of energetic procc^sen indicate thot mixing may be of 
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great importance and which will subsequently be the subject 

of further stuoy. 

The application of dye (or other passive Introduced 

marker) tracking methods used in the surface layers (see 4.7). 

to the study of diffusion in the depths of the ocean is fraught 

with difficulties of instrumentation and adequate sampling, 

both of the dye and of the possibly rare processes which lead 

to the most rapid diffusion. Nevertheless, it may untimately 

be necessary to resort to the tracking of a passive solute to 

assess vertical (or trans-isopycnal) diffusion rates in mid-

water, and techniques should be kept under review. 

8.4 Modelling 

Several numerical models of ocean circulation and mesoscale 

eddies already exist (see 6.2.3) but have not been used to trace 

diffusion of a plume from a sea bed release. The introduction 

of 'marked particles' into the Rhines or Owens-Bretherton type 

models of mesoscale eddies and other numerical models of parts of 

the ocean would be a useful starting point for studying release 

and dispersion from near bottom in mid-ocean in a realistic manner. 

Such modelling, including some features of the topography and 

parameters appropriate to the area, should be made in close co-

ordination with the float programme 8.3. Once the numerical 

techniques have been tested and proved adequate to model dispersion, 

such modelling could usefully become site specific when a set of 

possible disposal site^ have been selected. It m\^ht then be 

used to predict concentration levels near the site following 
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accidental release of radio-active waste^ perhaps using as 

i^^ut a range of measurements from moorings, in nmc± t±^ 

same way as forecast charts of the weather are. constructed. 

Such a facility might be particularly useful in assessing 

piloc studies of sites and in determining sensitive regions 

for monitoring. The random Walk methods now being developed 

at Liverpool University (7.2.4) to provide estimates of 

diffusion seem most appropriate to oceanic diffusion and 

are worth particular attention. 

Modelling climatic changes and consequent changes in 

oceanic circulation (see 6.1) is one of the objectives of 

CARP and is a long term multidisciplinary stukly which, 

having relevance to radioactive waste disposal, should be 

kept under review and encouraged where possible. 



Appeiidix 1. Structure of the Benthic Bnund^ry ILajer 

The viscous conductive layer, very nour the sea bed. 

The thickness io the smaller of 

(a) velocity layer typically 2 cm 

V 

and (b) thermal layer j » typically ca 
OkfA 
6 

Velocity Profile : 

Temperature Profile i tAja 

K 

The boundary layer is smooth if C av 

and rough if (A/> 

Velocity Layers 

The logarithmic suh-layer of the constant stress layer 

The thickness of this velocity layer is about O'Z , 

typically 10 CK. 

Velccity Profile f ^ ^ A(l) 

where ^ if surface is snooth^ 
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md L is about Usually ^ and t)ie second term in tLe 

)rucket can bo labored. 

The velocity profile (1) in observed to extend heights above 

the bottom which exceed the limits of the constant stress layer, 

about 1 m being typical, and A(2), continues to be approximately 

valid. 

Thickness ^ typically extending "up to 1-10 m above tht 

sea floor and including the logarithmic layer in its structure. 

Csanady's (90) formulae for the veering, the Ekman ^ayer 

/ ^ A \ 
^ ^ A I % ^ j 

/ I ̂  f ' 

-i/J 

where in neutral conditions of stratification 



yj) 

cordiDK to (89) 

Tomperatu^G gradient — — : — (logarithmic profiit 

Vp/52 
^3) 

hC" has values close to those of 

Mixed convective layer 

(i\. ( f ' 

Temperature gradient ^ I "Ob ( / 
^ V_V # f I f* 

cl% 

Natural convective layer 

^ I 

Vi '1. 
I Temperature gradient ^ ^ ^ 1/b I 

In practice it iz frequently observed that the layer nf the 

ocean above the sea b:n is fairly isothermal, witb a dharp change 

in temperature at the top seuarating it from the overlying 

ura u J..'. 

discussea in section ^ 

)0 m above the sea bed., '2his i 



4 O Apnendi: 

Meaourencnt oJ bc;nthi.c b0u 11 dnry la^or 

Measurement of friction yolocity, 

Nethod A. ^he horizontal^ and vertical, vj , components of 

current are measured simultaneously in the constant stress layer 

and the mean product^^the Reynolds Stress) Is found: 

. VL^'. A(4) 

^^tbod B. Observations of VL at at least tw^o levels in the 

logarithmic sub-layer are used to determine \A^ frcm A(l), assuming 

L M (near neutral conditions). 

Method C, ^ho frequency spectrum of velocity, ? is 

determined from measurements of in the logarithmic layer. Then, 

) M A(5) 

f or 
^ I* 

where is the mean current, is the Batchelor fine scale, 

I , topical].y 1 cm^and is constant, about 0.1^5* (i), 

equation 8). This formula derives from Kolrnosorov theozry of the 

inertial subrange, and the Taylor hypothesis. ITo direct method of 

determining the stress on the sea bed and tl^en , (for example 

by drag plates) is as yet ^yailable. 
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2. of heat 

'our methods are available 

Method a. (?he direct clannical method). The temperature gradient 

, in the sediment is measured using a sediment penetrating 

probe, and a sample of sediment taken to obtain its thermal 

conductivity, C . 

Then H % -

Method b. The temperature, , and vertical velocity component, 

W , are measured simultaneously in the logarithmic layer and 

the mean product given the heat flux 

,1 .. ^ » Vrfj vw. 
C f 

Method c. The frequency spectrum of the temperature, , 

is determined from measurement of temperature in the logarithmic 

layer. Then 

H - Cp . A(7) 

where & is about 0.09. This equation, from 
I 

( ) , equation 9) holds in the same conditions as that for A(5). 

Method d. The temperature gradient in the forced convective layer 

may be determined and found from A($). 

It should be noted assessing the usefulness of the various 

methods, that since Ei in neutral conditions 
W \ r I 

in observations in shallow water Bowden , y finds 
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when the expocted values uf are small. Si^ularily. in using 

method d ^reat care is needed to measure the temperature gradient 

in the sea, since it is expected to be only slightly larger than 

adiabatic. 

In the logarithmic layer the eddy diffusion coefficient 

of momentum, K , may be determined from A(2) once 

is known. The eddy coefficient for heat is likely to have 

similar values. At higher levels may be determined using the 

equation 

ki" ^ ACQ) 

where & is about 0.44- and \ is the equivalent wavelength for 

the peak (if one cxi.sts) in the product of the frequency spectrum 

end frequency 1% (found from the Taylor Hypothesis ^ 



Appendix $ 

Notation 

3;)nnbol Mennin^ Values 
near deep ocean floor. 

A 

, J 

Ĉ , 

a 

b 

G 

D 

el-

Ll 

k-

k 

k 

L, 

L k. 

a constant, about 2^. 

value of in neutral ccnditiona 

thermal coefficient of volume expansion 

Rossby radius of deformation 

a constant, about 

a constant) about 5 

thermal conductivity of sediment 

wave speed 

specific heat at constant pressure 

sediment particle size 

characteristic size of surface 
roughness 

Ooriolis parameter (frequency) 

acceleration^due to gravity, 
about 981cm.^8^1 

upward vertical heat flux through 
the ocean floor 

thickness of conductive layer 

horizontal eddy diffusion coefficient 
of dye patch 

vortical eddy diffusion coefficient 
of heat 

vertical eddy diffusion coefficient 
of moMentua 

wave number 

Monin-Obukov length 

Batchelor fine scale 

1.9.10"^ 

0.92 cal.gm 
-1 o^—1 

V 

- 5 rad s - 1 at 

cal cm ? s ^ 

. 0 0 n , 

U.9 cm. 



Symbwl Ix-anin̂ !: T;'''--;! Valiios 
near ^ ocean floor 

L horizontal length scale 

pV Brunt-Vaisala frequency, \ , * 6.10 ^ rad.s"^ 
i 

frequency 

Prandtl.Number 

! Reynolds number, VUf 

Richardson number, N * / ^ 

KL&6 critical Eayleigh nnmbur 

frequency spectrum 

^ salinity 

UL horizontal velocity component 

. - - . - 1 
friction velocity % ^ ' ^.1 cm s 

hori%ontal speed at 100 cm above 
'-:o sea level. 

vertical velocity component 

^ horizontal co-ordinate 

vertical co-ordinate 

roughness length 

c< constant 

northward gradient of the Coriolis 
I perineter 

constant, approximately 0.44 

^ angle of continental slope 

^ thickness of viscous layer 

adiabatic lapse rate 

^ rat3 of turbulent-dissipation of 
energy 

thickness of boundary layer on 
slope 

: temperature 

vertical derivative of temperature 
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Symbol heaning typical Values 
near deep ocean floor 

see caption of figure 2 

Von-Karman constant, about 0.4 

molecular thermal diffusivity 10"^ 

Kinematic viscosity i.R. iQ-Z 

density of sea water 1.05 gm.cn' 

sediment density 

r.m.8. vertical velocity 

shear stress . 

angle between direction of flow 10 deg. 
at base of logarithmic layer and 
in flow above the boundary layer. 

see equation 11. 
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Chapter 4 

Hieh LevKl RadioactAvc Waste Disposal in the Ocean 

Marine Biological Research Requirements 

1. Th^ paper attempts to identify the research requirements for 

exploring the relationship between a sea bed disposal programme, the deep 

sea ecosystem, and man. 

2. A brief account is provided of the main features of the oceanic 

ecosystem from the sea surface to the benthic boundary layer. 

3. The paucity of the available quantitative data is emphasized and 

the importance of a knowledge of rate processes in understanding the ener-

getics of the ecosystem is also stressed. 

4. Possible biological mechanisms by which material might be trans-

ported from one part of the ecosystem to another arc outlined. These 

include diurnal, seasonal and less regular vertical and horizontal migration; 

intimately associated with feeding and reproductive strategies. 

5. The available knowledge of the likely direct effects of radioactive 

waste disposal on the oceanic ecosystem is summarised and some consequential 

indirect effects on man are identified. 

6. In identifying future research requirements the key question is 

considered to be whether or not any biological processes exist which might 

transport significant quantities of biomass from the abyssal sea bed back 

to the sea surface. While it is acknowledged that the available inform-

ation indicates that such transport is unlikely to be very significant, 

it is emphasized that the available data are inadequate. 

7. In order to supplement these data so that the key question can 

be answered with more conflre^f^ ^ case is made for research in the 



following main orcss: 

(a) Identification and taxonomy 

(b) Spatial patchiness 

(c) Community analysis and zoogeography 

(d) Improved biomass estimations 

(e) Feeding strategies 

(f) Reproductive strategics 

(g) Diurnal migrations 

(h) Ontogenetic migrations 

(j) Feeding migrations 

(k) Migration up the continental slope 

(1) Mathematical modelling of th^ oceanic ecosystem 

8. Finally/ an attempt is made to identify vtiich parts of this suggested 

research programme could and should be undertaken by U.K. laboratories, 

which parts might he left to non-U.K. organisations, and which parts will 

require international collaboration. 



l.'L. Introduction 

The existing models of the dispersal of radioactive isotopes after 

their disposal in the deep sea either on the sea bed or within the sea 

bed are entirely physical (1) and have ignored possible mechanisms whereby 

biological processes may accelerate the movement of isotopes. Furthermore 

the underlying aim of these models has been to estimate the potential 

maximum direct dosage to man, so indirect effects have been ignored. Also 

the degree of spread of any deleterious effects on deep sea communities 

needs to be examined from a conservationist viewpoint to ensure the 

public acceptability of any dumping programme. This paper seeks to 

identify the research requirements for exploring the relationship between 

a sea bed disposal programme, the deep sea ecosystem, and ma#. 
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2. Occanic ^cosyste^ 

2.1 The water column is divided for convenience into three wiain zones, 

the epipelagic, the mesopeiagic and the bathypelagic. Although the 

boundaries between these zones are not always clearly defined, there are 

differences in ecological processes between each zone which are important. 

2.1.1 The epipelagic zone 

The epipelagic zone stretches from the surface to Uie bottom of the 

seasonal thermocline which is usually around about 200-250ni depth. Wind 

driven vertical mixing occurs in the stratum above K]p of Uus thermo-

cline and it is within this layer that all the primary productivity in the 

ocean occurs. Primary production is the term given to the growth of plants 

(phytoplankton) through the utilisation of the sun's energy by the process 

of photosynthesis to convert the simple molecules of carbon dioxide and 

water in to high energy complex organic moleculcs such as sugars and 

proteins. This ic the prime food source for all animals in the oceans 

from the surface to the greatest depths. Oceanic plants are nearly all 

microscopic. Although the quantity or standing cr(^ of planks within the 

surface layers at any one time is small, the turnover rate is l^igh so that 

the amount of plant material grown per year (i.e. the productivity) is 

equivalent to plant production on land (where the standing crop, i.e. the 

amount of grass, trees and shrubs one can see around, is much higher). 

The microscopic plant cells are grazed by small animals which filter 

them out of the water. These herbivorous animals i^hich are usually small 

(ranging in size from around lOOp^ to about 10-20]Tm in length) constitute 

part of the plankton. Other planktonic animals include carnivores and 

detritivores (animals thab feed on detritus). The larger animals or nekton 

are mostly carnivores feeding on the plankton or other nektonic animals. 
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At the top end of the size range of neklonic animals are the fishes and 

whales that are commercially exploited by man. 

Prom all these organisms in the epipelagic zone falls a rain of 

detiitus consisting of faecal pellets and dead bodies. This rain of 

material is an important food supply to deep-living communities. Corpses 

of many of the larger animals have sinking rates that ensure they reach 

the bottom before either bacterial degradation can occur to any extent 

or midwater scavengers can locate and consume them. These are possibly 

particularly important to sea bed communities. 

In figure 4.1 the main pathways of movement of biomass are indicated. 

However, these do not necessarily indicate all the pathways of energy flow. 

Assimilation rates are seldom greater than 50% - this is the percentage 

of organic material that is absorbed by a consumer, the remainder being 

passed out in the faeces. Metabolic efficiencies are seldom greater than 

20%, i.e. only a fifth of what is consumed is converted into new biomass, 

the remainder is either excreted or else is 'burnt up' by the consumer's 

metabolism. 

2.1.2 The mesopelagic zone 

This zone extends from about 200m to 1000m, either the depth of the 

oxygen minimum, or else the deepest depth to which detectable daylight 

penetrates. No primary production is possible in this zone because it 

is below the maximum depth to which sufficient sunlight can penetrate to 

allow plant growth to occur. The animals within this zone are either 

a) detritivores feeding on the rain of faecal pellets and other organic 

debris from the epipelagic zone or b) grazers which inhabit this zone by 

day and migrate up into the surface layers at night, or c) carnivores 
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that either reside within the zone or migrate into the surface layers at 

night. Hence in figure 4.1 the grazers and carnivores are linked with the 

epipelagic zone. This zone is hhe maximum depth to which commercial fisheries 

are likely to operate economically (e.g. the Espada fishery off Madeira). 

2.1.3 The bathvDcla^ic zone 

For the subject of this report, the bathypelagic zone is considered 

to extend from 1000m to the sea bed. Other authors subdivide this zone, 

but the ecological significance of these subdivisions has yet to be 

established. The ceiling of the zone is possibly the maximum depth from 

which significant diurnal migration occurs to shallower depths (but see 

4.3.1), certainly for planktonic species if not nektonic ones. Thus 

of necessity all organisms living at bathypelagic depths will either be 

detritivoreS; scavengers or carnivores. The volume of available biomass 

and the turnover rates of organic material at these depths are unlikely 

to be high enough to support the larger organisms that may make a significant 

contribution to the large lump supply to benthic communities; these large 

lumps are thus most likely to originate from the two shallower zones. 

2.1.4 The benthic zone 

The benthic community consists of all those organisms intimately 

associated with the sea bed and therefore living within, on or in the 

immediate vicinity of the bottom. 

Like the phytoplankton benthic marine plants, mainly algae, are limited 

to regions where the light intensity permits photosynthesis, that is to 

areas where the sea bed is no more than a few tens of metres beneath the 

surface. Some animals groups, such as the fishes, are extremely rare or 

even absent from the very deepest parks of the ocean trenches, but otherwise, 

and certainly down to abyssal d^p^n^ (to 60^0m), all the major taxa are 

represented in the benthic LO&mniity though their relative importance 



changes dramatically. The bentxos therefore ranges frcm relatively 

simple protozoan groups, through the sessile sponges %uid coelenterates 

(corals and anemones), the errant or sedantary polychaete worms, the molluscs 

and crustaceans, to the echinoderms, prokochordates and fish. 

For convenience the benthos is usually divided into two main size 

categories, though the distinctions between these are obviously not clear-cut. 

Tlie meiofauna are those organisms which pass through screens with a mesh 

size of 300-500|.m but are retained on screens of about 60|im mesh, while the 

macrofauna are retained on the coarser screens. A third, less well defined 

category, the megafauna, consists of those animals which are too large to 

be adequately sampled by grabs and corers but would appear on photographic 

surveys. 

A more significant, though practically less useful, classification .is 

that between suspension feeders, collecting small dea^ or living food 

particles from the water overlying the sea bed, and deposi^ feeders, living 

on organic material in and on Lhe sediment surface. While suspension feeding 

is mainly typical of the sessile forms such as sponges, corals, the sedentary 

worms and mussel-like molluscs, deposit feeders tend to be mobile, though 

they may be very slow-moving or have a very limited foraging range. Predat 

species feeding on other benthic organisms may be considered as employing 

a special type of deposit feeding, but highly mobile benthopelagic predators 

feeding in mid water as well as on the bottom clearly do not fit easily into 

such a classification. 

Suspension feeding is common in shallow areas where the water carries 

a high load of suspended organic material, or %;here currents continually 

replenish the food supply. It has been argued (2) that this feeding 

strategy also predominates in the ^ery food-poor, deep, central parts 

of the oceans. However, tn- av; liable data indicate that deposit feeding. 
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including prcdation and scavenging (see below), is the dominant strategy 

throughout the deep sea benthos (3). 

Except in very shallow regions, the benthic community is ultimately 

dependent upon food descending into the system from the surface regions 

of primary production. Until very recently this was believed to arrive 

almost entirely in the form of a "rain" of small particles. Because of 

the depredations of the mid water communities on this material during its 

descent less and less of it reaches the sea bed with increasing depth 

and this seemed to be reflected in the observed depth related decrease 

both in numbers of individuals and numbers of species taken in trawls 

and dredges. Improved sampling techniques during the 1950s aad 1960s have 

tended to confirm the decreasing benthic biomass in the deep sea (see 

Section 2.1.5), but at the same time have reveaJed a previously unsuspected 

high diversity, with several animals groups being represented by many more 

species in the deep benthos than in shallower regions (4). 

"Two main hypotheses have been advanced to explain this high species 

diversity. According to the first (5), the so-called time-stability 

hypothesis, the long-term stability of the physical conditions in the deep 

sea has allowed high specific diversity by extreme niche specialisation. 

Since there is little environmental heterogeneity in the deep ocean it is 

assumed that this specialisation is in relation to feeding. The second 

explanation (3) suggests that far from being specialist feeders, since 

food is in such short supply in the deep sea, most benthic organisms are, 

of necessity, food generalists within the physical limitations set by 

size and morphology. The high species diversity is made possible according 

to this theory by high predakion pressures keeping the populations of the 

smaller organisms so low thbt rhey are not in competition with one another 

either for space or food. A crrolJary of this theory is that specific 
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diversity should he lower a^^ngst the larger riredators and, in general, 

this seeu^ to be true. ' 

Apart from the inherent academic interest of these concepts, they have 

considerable general significance. For while the time-stability hypothesis 

sees the deep sea benthlc environment as extremely stable and homogeneous, 

advocates of the predation theory, while accepting its long-term overall 

stability, suggest that the benthic community is prone to small-scale 

disturbances both spatially and temporally. One source of such disturbance 

is assumed to be the activities of the predators or croppers, but another 

suggested source is the supply of food to the system. Because of the great 

depths involved and the low sinking rates it is suggested that the smaller 

particles may have little directly utilizable food value when they arrive 

at the deep sea floor. In this case the faster falling* larger parcels 

such as the bodies of dead euphausiids (krill). fish, squid, whales and 

so on may be a much more important source of food to the deep sea benthos. 

The arrival of such large lumps on any particular small area of sea bed 

would probably be more unpredictable than anywhere on the planet and this 

could be a potent source of biological oscillation. 

Indirect evidence of the possible importance of such large food parcel 

has been provided by the results of baited camera zmd trap work which has 

demonstrated the existence of a considerable pr^ujlation of highly mobile 

scavengers in all areas of the deep ocean where suc^ observations have been 

made (3,6,7.8,9). This scavenging community contains representatives of 

many animal groups, but seems to be dominated by fish and amphipod shrimps 

which are quickly attracted to the bait, and presumably to any naturally 

occurring large food parcel, and disperse after .i.t has been consumed. 

Apart from their obvious ability to locate and reaqh a large food 

pa'cel quickly, several of the scavenging animals see^ to be highly 

adapted to Mak:ng use of such an unpredicatable smd nrregular source of food, 



4.11 

Some of the amphipods, for instance, arc able to gorge themselves to such 

an extent that the body becomes deformed and û any of the limbs temporarily 

useless. Similarly, there is some evidence that they may be able to 

maintain a high level of "reproductive readiness" for long periods a#d then, 

perhaps complete the process rapidly after a single adequate feeding period. 

Little is known of the food webs within the deep sea benthos (see 

section 4.2.1), but those organisms of which the gut contents have been 

examined seem to be fairly catholic in their tastes within the confines 

of their broad trophic strategies such as deposit or suspension feeding. 

The bentho-pelagic fish are perhaps something of an exception since, at 

least at mid-slope depths, they appear to feed largely on mesopelagic 

organisms (10). Little is known of the feeding strategy of abysso-bentho-

pelagic fish, but from the available information it seems that large lumps 

would be an important source of food for them. 

The major seasonal variations in temperature, light and food supply 

in the sea are restricted to the near surface zone. In the absence of 

such variations in the deep sea, seasonal reproduction is not to be expected. 

Although there is some indication of seasonality at mid-slope depths, the 

available data for the abyss indicate continuous reproduction in those 

organisms for whicn such information has been obtained. 

Similarly, because of the remoteness from regions of primary production, 

the common practice amongst shallow water benthic organisms of producing 

large numbers of small, pelagic, planktotrophic larvae seems inappropriate 

for the deep sea benthos on theoretical grounds. In support of this view 

the deep sea representatives of several groups seem to produce fewer, larger 

eggs than their shallow-water counterpartc indicating either totally 

abbreviated development or at least the production of large, lecithotrophic 

(yolk sustained) larvae. Soiue sea groups, such as the rat-tail fishes 
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some molluscs, nevertheless apparently producc; pelagic eggs and larvae 

wliic.h iijove up to tlic surface laye!is but tlie extent of this strategy is 

&tiil largely unknown (11,12,13,14). 

The importance of a knowledge of the rates of such processes as 

metabolism, growth and reproduction in understanding the energetics of any 

biological system is emphasised in section 2.1.5. Because of the techno-

logical problems, direct measurements of such rates for tiie deep sea have 

so fa^ very rare. Those In ^it^_ experiments cm th^ respiration rates 

of slope and abyssal benthic organisms which have been conducted indicate 

that metabolic rates in the abyss may be two orders of magnitude lower 

than on the continental shelves (15,16), though tkic metabolic activity of 

the intestinal microflora from trap-caught amphipods from ^be Aleution 

Trench was not significantly lower at in situ pressures than in atmospheric 

controls (17). Similarly, the single attempt so far made to age a deep 

benthic animal, a small bivalve mollusc, suggest a longevity of 100 years 

or so and an age at first maturity of 50-60 years, again an order of mag-

nitude greater than is normal on the continental shelf (18), Finally, 

recolonisation experiments of defaunated sediment at almost 2000m (19) 

indicate that this process is much slower at this depth, both in terms of 

numbers of individuals and species, than on the continental shelf. 

On the other hand, recent photographic studies (2%)) indicate that 

hioturbation in the deep sea, that is the disturbance of the sediment by 

organisms living within and on it, may be much faster than has previously 

been supposed. 

2.1.5 Biomass and energy flow 

A quantitative understanding of any ccosyst^ni requires the knowledge 

of three components, (i) the structure of the foort \;eb (ii) the biomass 

ki\hzn the various components of the food web and (iil) the energy flow 
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through the components. The latter point is often neglected but in fact 

is the most important. For instance a grazed field can have a low standing 

crop but a vciy high energy flowu^n the form of organic compounds with a 

high energy content passing into the grazing cows. The relationship 

between the flow of organic material (or production) and standing crop 

(or biomass) is given by the following formula, 

Production = biomass/turn over time 

When describing a food web an attempt is usually made to split the 

biomass into 'trophic' levels with each level representing a stage in 

the food chainu Pig. 4.2 shows a generalised energy diagram for one trophic 

level (21). The first point to emphasise is that not all the input energy 

is useable. The ratio of the useable energy (A) to the input (I) is called 

the assimilation efficiency and usually is of the order 10 to 50%. Part 

of this assimilated matter goes towards maintaining the organism and is 

eventually lost as heat during respiration. The remainder can be transformed 

into new or different organic matter and results in growth and reproduction. 

This production (P) is, in turn, available as food for the next trophic 

level. The net transfer of energy through a trophic level is called the 

ecological growth efficiency (= P/I) and is usually around 20%. Thus, 

in a structured food pyramid the biomass of the top carnivores is often 

less than 1% of the plant biomass. 

When an attempt is made to apply these techniques to the deep ocean 

ecosystem the extent of our present ignorance swiftly becomes apparent. 

The available biomass estimates are very few and measurements of efficiency 

are virtually non-existent. Also, as already discussed, benthic biomass is 

usually classified in terms of size rather than trophic position, as at 

present the benthic food web is poorly understood. Table 4.1 represents 

an attempt to produce a production budget for a 4000m water colum in the 
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ZL 

A 

I Input or ingested energy 
NU Not used 
A Assimilated energy 
P Production 
R Respiration 
E3 Bk^nass 

(-in.4-2 Generalized energy flow mode! for a trophic level. 



Iberian abyssal plain using the presently available knowledge. It must 

be emphasised that the figures should be treated with great caution as 

some of them have been extrapolated from work done in other areas, while 

others are no more than guesses which can only be estimated within an 

order of magnitude. The total secondary production is about 20% of the 

primary production and 90% of this secondary production takes place in 

the midwater, the remainder being available to the benthic system. 

Fig. 4.3 is a very hypothetical diagram of the productive flow within 

the benthic ecosystem. The input to the system consists of the sediment 

rain, dead organic midwater organisms ("large lumps") liv^ midwater 

organisms which may perhaps be predated by the larger benthic macrofauna 

and megafauna. The existing data suggest that the sediment rain is the 

most important although this conclusion rests on the results of one 

experiment (24). 

The available biomass estimates of the meio- macro- a^^ megafauna 

all show a large statistical variation, even within a given small sampling 

area (25). It has been suggested (23) that the meiofauna become progressively 

more important in the deeper ocean, while at 2000m the megafauna and macro-

fauna have a similar biomass (26). This latter observation prompted the 

speculation that, as the megafaunal biomass could not be supported by the 

macrofauna (assuming a normal trophic pyramid), the megafauna must be 

largely dependent on 'large lumps' for their food supply. This interpretation 

has been challenged by Merrett (pers. comm.) who states that, at least at 

2000m,observational evidence of stomach contents suggasts the megafauna 

are predating on midwater organisms. However, at 4000m, large lumps may 

still be important and new evidence is needed to resolve this question. 

TabJe 4.1 suggests that bacteria, although having a small biomass, 

cai produce a high proportion of the benthic community production due 



Table 4.1 Estimated production in a 4000m water column 

; 
I 
iComoonent 

Standing Crop Turnover Time 
gC/mZ (vrs.) 

roduckion-
C/m2/yr 

Percentage of 
Primary Production )urce 

(Primary Production 

{Plankton/nekton (O-lOOOm) 

I " (1000-2000m) 

I " (2000-4000m) 

(Bent^i^ megafauna 

Pentnic macrofauna 

jBent^jc meiofauna 

(Bacteria 

{Large lump? 

(Particle sedimentation 

0.5 

0.004 

0.08 

0 . 0 8 

0.002 

1 - 1 0 

1 - 1 0 

1 - 1 0 

1 

20 hrs 

85 

12 

3 

0.05-0.5 

0.0004-0.004 

0 . 0 0 8 - 0 . 0 8 

0.08 

0.9 

0.001-0.01 

1. 

TOTAL 

3.5 

0.06-0.6 

0.0005-0.005 

0.01-0.1 

0 . 1 

1 

0 . 0 0 1 2 - 0 . 0 1 

1 . 2 

20% 

N.B. in estimating this total the larger values of a range have been used. 

*This was calculated by assuming 50% of the world production of pelagic top 

carnivores sink to the sea bottom with no significant decomposition during 

sinking. 

Unpublished lOS dat« 

(23) 

(23) 

(23) 
* 

(24) 
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ko their turnovei- rate. However, the significance of buicteria in 

the deep ocean benthos is still a matter of dispute due to a number of 

contradictory experimental results (23). This is yet another controversy 

that has to be resolved before the energy flow in the benthic ecosystem 

can be studied in any meaningful way. 

There is some evidence (lo) that suggests theare is very little 

accumulation of dead organic matter on the sea floor. Most is probably 

recycled fairly quickly, although there is the possibility that some returns 

to the midwatcr ^hjch is obviously important for the waste disposal problems 

The method-:: by which this might occur are discussed in the next two section 

The biomass involved in this return flow cannot at present be estimated 

with confidence although it is unlikely to be a large percentage of th^ total 

benthic biomass. Tf asaume a conservative figure of 1(̂ ^ then, using the 

figures in table 4.1, this vjould represent 0.39̂  of the biome.ss found in the 

top 1000m. This level could still be important if the turnover time for 

this return flow short (i.e. hours or months). At present wc heufe no 

information on the turncvei time, but a consideration of the likely pathways 

would suggest years rather than months. The tentative conclusion is therefore 

that this return flow is unlikely to be important relative to the total 

production in the top 1000m. However, it is always possible that effects 

such fjs selective predation by carnivores might produce a concentration 

of radioactivity in a siznilar manner to the concentration of DDT by hawks. 

2.2 Special effects associated with continental slope 

Continental slopes make up approximately 8-lZ#o of Oie oceanic area. At 

the top of the slope, tlie shelf break is recognisable by a relatively sharp 

change in the planktonic fauna. This is partly produced by the change in 

the physical environment and partly by the rapidly diminishing influence 

of the benthic faun̂ . o^ the midwater organisms, as ^le depth cf the ocean 

fglla away. 
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However there is evidence of the benthic slope fishes feeding on 

midwater organisms (27,28). Migration of deep-living fishes up the slop* 

will bring them in contact with midwater fauna which they would otherwise 

always be too deep to encounter* Once they connected with the mesopelagic 

fauna, movement of material upwards would he accelerated through the diurnal 

behaviour of this fauna. Similarly the higher up the slope they move the 

more likely they are to come in contact with benthic organisms with planktonic 

larval stages. Thds contact would be in areas close to commercially exploited 

fish stocks and even closer to the potential deep-fishing grounds in which 

experimental fishing trials have already been attempted. 

At present there is very little known about the way in which midwater 

organisms.respond to the shoaling of the sea-bed. Vertical ranges may be 

pushed up particularly if light is an important environmental factor in 

controlling vertical range as the turbidity of the surface layers is greater 

on the shelf than in 'blue water'. Alternatively the range may be depressed, 

because of the higher availability of food resources close to the sea bed 

in the nephloid layer. 

2.3 Biological transport processes that transfer biomass between the various 

zones 

Knowledge of the transport of biological material is important in 

estimating the potential contribution of biological processes to the 

movement of radioactive isotopes in the ocean. To be able to estimate the 

upward vertical flux of material the dominant downward rates need to be 

accurately assessed. 

2.3.1 Bioturbation 

Bioturbation is the general term used to describe the disturbance of 

sediments by animals living in. on or immediately above them. The 

activities of those animals in surface furrows, mounds, craters and 

burrows and generally cause s Mixing of the upper layers of the sediment. 
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This distui^ance rarely extends deeper than 20-30cin beneath "Le sediment/ 

water, interface and never more than a metre or so. 

Often in shallow water bioturbation is a relatively rapid process, 

burrows and craters having a life measured in days or weeks (29,30). 

In the deep sea, where the biological activity is nawzh lower and the physical 

environment much more stable, bioturbation is usually considered to be much 

slower and the resulting features to have a much longer life. In general 

this must be true, but recent photographic results indicate that bioturbation 

features may be hardly less ephemeral than in ccmtinental shelf regions (20). 

Bioturbation may affect the mobilisation of ivaste material in three 

main ways. First the disturbance of the near surface layer will rapidly 

bring shallowly buried material to the water/sedimi^it interface and, of course, 

vice versa. Second suspension of sediment may be caused by the active ejection 

of material into th^ water column during burrowing aixi feeding activities. 

Finally, water current erosion may be enhanced by bioturbation as a result 

both of unevenness of the sediment surface and by a chsn^e in the physical 

characters of the reworked material (31, 32). 

However, direct effects of bioturbation on clumped waste material should 

not be overstated. It could have little effect on mobilisation of 

material intentionally or accidentally dumped on tJie sea tx:d unless the 

waste in som^ way became incorporated into the ig^per layers of the sediment. 

For material embedded deeply in the sea l̂ zd, cm tJbe other hand, vertical 

transport resulting from bioturbation, affecting as it (k)es only a fî w tens 

of centimetres at most, must represent only a very small fraction of the 

total transport system reeded to move material to the sediment/water 

interface from the e^^edding site. 

The disturbance of the surface sediment by bioturbation however, 

have important indirect effects on waste disposal strategy. Firstly, the 

interpretation of scdir^nt geochemistry may be complicated by the destrucYion 



of the near surface stratification which would be established in undisturbed 

conditions. Secondly, the sediment geochemistry itself may be altered 

a result of such disturbance. Thirdly,bioturbations may have an important 

effect on the resistance to erosion of muddy sediments. 

2.3.2 Diurnal migration 

Each night at low latitudes there is movement of plankton and nekton 

up towards the surface (33). These migrations can be extensive, (up to 

500m), larger migrators tending to move greater vertical distances. The 

timing of the migrations tends to be associated with the change in the light 

regime, animals either following isolumes or being stimulated to migrate 

up by the rate of change of light intensity. Downward movement at dawn is 

possibly by passive sinking in certain species (34). Young juvenile stages 

are often non-migrants and the migratory habit progressively develops as the 

animal matures. At latitudes higher than about 40-45^ little if any migration 

occurs during the winter, for example at 44°N 13°W in 1974 there was 

relatively little migration by planktonic organisms in April, although 

nektonic species like prawns were migrating extensively: Later in the 

year the planktonic organisms migrated extensively (Discovery Collections, 

unpublished data). 

The function of these migrations is not established; theories include 

escape from predation, search for food, more efficient utilisation of 

metabolic energy, improved reproductive performance, etc. There is some 

evidence on the pattern of feeding in relation to these migrations (35,36) 

which is important to the understanding of the vertical fluxes of biomass. 

But there is surprisingly little quantification of the movement of biomass 

involved in these migrations. Most uf the present data is restricted to 

the near surface 600-800m of the water column. The evidence of migration 

occurring from below 1000m is sketchy and unconvincing (37). 



Ontu&cu&cic migration is the result of different stages of the life 

history of organisms living at different depths in the water column. Many 

mesopelsgic organisms h^ve larval stages that occur in the epipelagic zone 

where there is an abundance of small food particles for th^ tiny larvae 

to feed oil. A number of bathypelagic species like the angler fishes also 

have epipelagic larvae^ Sowe benthic fishes such as Hie rattails (Macrourids) 

have midwater larval stages (38). The movement down into deep water may 

either be a gradual descent with the animals' gradual development, op a 

sudden downward migration at some critical stage of development. Benthic 

organisms in shallow water have planktonic larvae that act as a dispersive 

phase. With increasing depth a greater proportion of benthic organisms change 

their reproductive strategy away from the shot-gun approach of producing 

thousands or even millions of tiiTy eggs hatching into minute larvae that 

have to feed and grow in the epipelagic zone, to producing a few large eggs 

hatching into larvae with a very limited planktonic existence, or which 

may even be brooded by the adult. Even at abyssal depths there may be some 

species which have an extensive planktonic larval phase (13,14) and these 

are the species whose eggs and larvae could play a role in transporting 

radioactive isotopes. It is worth noting that the larvae of shelf species 

of benthic organisms^ which have persistent planktcMiic larvae have been 

caught right across the Atlantic (39). There are no data available to 

quantify this movement. 

In addition there are extensive seasonal nugrations by midwater 

organisms that result in considerable upward fluxes of biomass at certain 

times of the year, particularly at latitudes hig^^er Ui&n . Discovery 

Collections at 44°N 13°W during 1974 showed both planktonic and nektonic 

species occurred considerably st zllower in April than during the summer months. 

The deep-living mysid Eucopi,, la shrimp-like crustacean) was caught at 450m 



4.23 

where it was a diurnal migrant in April, but later in the year it was rare 

above 1000m and probably no longer migrated diurnally. The copcpod Calanus 

finmarchicus which is an extremely important food organism of commercial 

fish species and is very abundant north of 50°N in the N.E. Atlantic, 

overwinters in deep water as a stage V copepodite larva (po?s]bly in a 

non-feeding state) and migrates up to the surface to mature and breed during 

the Spring bloom. There are insufficient data available to quantify the 

movement of biomass involved in these migrations. 

2.3.4 Deposition of small and large particles 

The most important flux of biomass down into the deep sea is by the 

sinking of particles both large and small down through the water column. 

The larger a particle, the faster it tends to sink, and the shorter the 

time that micro-organisms have to degrade the utilisable organic material. 

Very large particles such the carcasses of large whales, sharks, and 

fishes such as tuna probably sink to abyssal depth in a day or two and may 

provide an important food source to benthic organisms (see 2.1.5). Fine 

particles tend to clump into aggregates especially in regions where midwater 

organisms are using mucus extensively for feeding (40). 

The sinking of faecal pellets is especially important as a mechanism 

of accelerating the descent of organic material into the deep ocean. Salps, 

(pelagic tunicates) for example, are continuous feeders and in bloom conditions 

consume far more than they can assimilate. The salp faeces are wrapped in 

a mucus membrane which tends to distintegrate after a couple of days by which 

time the pellet will hav^ sunk to a depth of 1000m. These are thought to 

be the source of living phytoplankton sampled at deptns of around 1000m. 

Faecal pellets are found down to depths of 5000m but quantitiative measurements 

of the deposition rates are only just becoming available. These rates are 

important in quantifying the flux of biomass in the open ocean, as well as 

in the study of geochemistry and other geological processes in the region of 
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dump 5ito% (see Cbauter 2, section ). 

2.3^5_PpcdinR Blgra^ions 

Extensive vertical migrations are associated with feeding in some species 

In sperm whales, which specialise in feeding on squicl bu1: %dll also take 

fish, 5% of dives off S. Africa were to deeper than 800m (41), and a sperm 

whale was caught, after a 1 hour 52 minute dive off Durban over a sounding 

of 3200m, with a fresh bottom living shark in its stomach (42). Weddell 

seals are known to dive to 600m (43). In Lhs reverse mode, McGowan (44) 

recorded the capturc of a deep-living amphipod at 800m with sand in its 

stomach where the sounding was over 5000m over a wide surrounding area. 

The amphipod Eurythenes gryllus are notable in being caught in midwater 

with stomachs full of mineral particles (45). Discovery Collections include 

midwater captures of sea cucumbers (Holothurians) at depths of 4000-3500m 

over soundings of 5000m. Holothurians are likely to be particularly important, 

as sediment feeders, in the mobilisation of rsKiioactive isotopes ficm surface 

sediments. Fishes which are usually considered to be benthic e.g. the 

rattail Coryphaenoides rupestris have been caught 270-1440m above the sea 

bod over depths of 1000-2100m (11) in the Denmark Strait, where they formed 

45% of the total fishes caught. 

2.3.6 Migration up the continental slope 

The pelagic feeding of normally epibenthic fishes (27, 28, 40) highlights 

the potential problem associated with the continental slope region. The 

range of these fishes stretches from abyssal regions to well up the 

continental slope. This implies that quite extensile horizontal migrations 

by these fishes may occur which could take them frcm areas on the abyssal 

plain to high up the continental shelf. There thev yould come 'in contact 

with a progressively richer midwater fauna and be .'itin/ilated into migrating 

up off the sea bed to feed. Radionuclides, releasee by #)e excretion of 

these fishes in midwater, mighc then be linked witli midwater organisms that 
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diurnally vertically migrate into the suzfacc layers, or the fish containing 

the isotopes may be eaten by larg% predators such as sperm whales. 

Also, nothing is known of the influence of the slope on the vertical 

ranges of midwater species. If, as seems the case, the availability of 

food is greater close to and on the bottom as compared with the overlying 

water, then midwater organisms may well extend their vertical ranges deeper 

down the slope than in the open ocean. If midwater animals living deep near 

the slope are advected'offshore then their movement back up to their normal 

vertical range could m^^^ significant quantities of biomass up the water 

column. 
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3. Present knowledge interactions between a woste disposal scheme 

and th2 ccqsystem 

3..1. Bejiî lic organisms 

While there is an extensive literature on the biological effects of 

organic and heavy metal pollutants on shallow water organisms (47), little 

is known of the effects of radioactive materials on these animals and there 

is no information available on the effects of any pollutants on the deep sea 

benthos. In this situation any forecast of the possible effects of radio-

active waste must be highly conjectural and based on indirect evidence. 

Assuning thai: any waste dumping would be restricted to a small number 

of sites and that lateral transport in highly toxic concentrations would 

be small, any really dramatic effects, such as total annihilation of 

the animal community, should be quite localised. Iri tl^ highly variable 

environments typical of many shallow water and land areas even such localised 

damage might be very serious, since populations of rare species whose 

distribution happened to coincide with the affected region might be 

considerably rcduced or even becomc totally extinct, "rhe observed relative 

constancy of the deep sea environment would appear to minimise such effects 

since, in general, abyssal species tend to be very widely distributed so 

that devastation would have to be extremely extensive to cause such extinction. 

On the other hand, this constancy of the cUoyssal environment probably 

means that the local effects of disturbance would be particularly severe. 

Indirect evidence for this is furnished by the high species diversity 

encountered in the deep sea for although, as indicated in section 2.1.4, 

there are differences of opinion about how this diversity has arisen, there is 

general agreement that the long-term stability of the environment has been 

a key factor. The inevitable corollary is that the abyssal benthos is likely 

to be very sensitive tc any sudden changes, and tlhcre is gooj eviaonce from 

the observed slow growth and decolonisation rates that it would carry the 
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scars for a very long time. 

3.2 Midwater organisms 

Little is known of possible effects of waste disposal on the midwater 

ecosystem. Grimwood and Webb (1) reviewed the known literature on 

accumulation rates of radionuclides and assumed concentration factors of 

A 

10 for all elements other than Cs and Sr. Although there is no reason to 

expect deep living organisms to differ in this respect, the evidence to 

hand so far is all for surface organisms; it is important to confirm these 

results particularly for organisms that are likely to be highly mobile between 

depth zones. Effort, too might be best focussed on organisms that are known 

to process large volumes of water, and to have an exceptional ability to 

concentrate ions. For example salps have been shown to migrate vertically 

at least 1000m (48), they continually filter water and they concentrate Vanadium 
5 

by a factor of 2.5x10 (49). Furthermore, they filter large volumes of water 

(e.g. each animal of Pegea confederata filters 100 mis per minute (50). 

The toxic effects of radioactive isotopes do not appear to have been 

much studied. The accumulation of insecticide residues, Polychlorinated 

Biphenols (PCB) and heavy metal ions in some organisms is well documented, 

but as yet no clear evidence of deleterious effects have been recorded. 

However, effects do not have to be lethal to have important and far reaching 

effects. Oceanic communities, particularly the deeper-living communities 

are extremely fragile i.e. any minute perturbation of the environment is 

likely to cause drastic and irreversible effects. If pathways of significance 

do exist between the deep-living communities and theepipelagic zone, changes 

in these communities could have an influence on the organisms of the epipelagic 

zone with potentially serious indirect effects on ™an. For example important 

fisheries may be effected- rmt directly by contamination with radioactive 

icotopes, but by an upset of the ecological balance. 3he oceanic ecosystem 
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plays an inpoz ( ant role in the regeneration of atmosi^^^ric oxygen and in the 

removal of carbon dioxide; subtle effects of radioactive pollution could 

interfere with this role. It is therefore extremely important not only to 

consider the potential direct dose to man, but also t±e effects of 

sublethal doses on the marine ecosystem. 

3 . Khales 

Special attention should be focussed on whales as 

a) They form a rapid and direct route to man. Sperm whales arc known 

to be able to feed on the bottom at depths in excess of 1000m. RorquaJ 

whales feed at shallov; depths but consmne vast quantities of zooplankton. 

b) They perform long distance migrations so they could carry contaminani 

over wide areas of ocean. 

c) They are subject to extreme public interest aiM conservationist 

concern. Commercial exploitation of seals may also restart as a food 

resou.cce; some species like the Weddell Seal are capable of diving to 

considerable depths. 

3.4 Pelagic birds 

There is considerable documentation of the effects of organochloride 

residues, and the accumulation of PCBs ai:id heavy metals in sea birds, but 

little is known about the effects of radioactive isotopes on them. Ttiey 

are potentially important in linking the epjpelagic oceanic areas with 

;strial environments. Tliey are also of considerable interest to 

.ic opinion. Initial observations on mallard ducks feeding on a 

freshwater pond contaminated with Pn and Am indicate that r̂ ily of the 

isotopes consumed was assimilated into the body tissues (51). 
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Fubnre research requirements 

The initial question to be answered before any deep sea disposal programme 

should be begun even as a pilot scheme is whether or not any biological 

processes exist that may result in the movement of signifjcant quantities 

of binmass from the abyssal sea bed (i.e. 5000m depth) bac^ to the sea 

surface, as radio-isotopes are likely to be transported with the organic 

material. Present knowledge suggests that any such transport is unlikely 

to be very significant^ but present knowledge is based on inadequate data. 

Research is needed that will identify and roughly quantify potential 

transport mechanisms, particularly as any such biological processes should 

be taken into account in site selection. 

The necessary precision in the estimation of the rates of the fluxes 

of organic material will be greater should it prove necessary to attempt 

accurately to model the deep sea ecosystem. The building of such a model 

will require a large expenditure of scientific effort and research funds. 

Furthermore the time required to construct such a model, could well result 

in a setting back of the time table for the start of disposal. The research 

requirements would also be well beyond the resources of any one nation or 

small group of nations. 

In drawing up the research requirements in the various fields of interest 

there has been a noticeable marked variation in the confidence with which 

the requirements could be described. This reflects a patchiness in the 

research capability (both in personneland technology) at present available 

in this country and internationally for tackling such problems. 

Finally it should be emphasised that even if the full ecosystem model 

does noi prove necessary, a continued research effort ^111 be needed to 

esuablish that any disposal programme will not result in unacceptable changes 

t^e benchic ecosystem (an esoteric judgement) and to monitor the deep 

Sua communities in the vicinity of dump sites to corrirm the correctness 

of previous conclusions as to the safeness of dumping. 



4.30 

delalied biological information relevant to the problems 

of radioactive waste disposal will be site specific. "Hius, while the 

general characteristics and extent of any possible biological transport 

mechanisms may be established by work in almost any deep ocean locality, it 

will be possible to identify the consequences of dumping at any particular 

site only by studies carried out at that site. The criteria for site 

selection will bs mainly non-biological and the selection procedure will 

inevitably take some time. In the meantime, however, research into the 

biological problems should proceed for the following reasons. 

1. Knowledge of deep sea biology is still so incomplete that in order t 

understand processes occurring at dump sites it is essential that more inform-

ation is gathered from other areas. Such information will also be necessary 

for the long-term monitoring programme which must be undertaken even if the 

biological results indicate that deep sea dumping would be completely safe. 

2. If the present impression of low biomass aJid therefore of little 

upward biological transport in the water column below about 2000m is confirmed, 

the most likely biological route to the surface from a dump site might be 

across the t̂ ea bed and up the slope to depths where the mesopelagic comnmnity 

impinges on the bottom (see sections 2.3.2 and 2.3.6). In such circumstance-

a knowledge of mid-slope phenomena, particularly Iri midwater, may be even 

mure important than that at abyssal depths. 

3. Any biological transport mechanisms identified are unlikely to 

be completely site-specific. Horizontal transport, for instance, will 

immediately tend to remove material from a dmq: site so that knowledge of 

the likely vertical transport mechanisms in other regions will be important. 

4. Many of the biological questions posed by the problem of radioactive 

waste disposal will inevitably require considerable development of gear 

and anaJytical techniques. There is already too little ti;a« available to 

an.'%wt:r all the question.; before some of the crucio.l decisioji:: are likely 
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to be taken. 

This section attempts to identify the major research studies which 

should ultimately be undertaken at potential dump sites and some which 

could, or should, be pursued in other areas even after possible sites have 

been selected. Before site selection the region where these studies might 

begin will depend to some extent on the specific questions involved but for 

logistic reasons a general study area should be one in which abyssal depths 

are reasonably close to topographically fairly simple slope conditions. 

4.1.1 Identifition and taxonomy 

With the growth and sophistication during this century of disciplines 

such as physiology, genetics and molecular biology, the study of zoological 

taxonomy, that is the identification, description and classification of 

animal species, has become less and less fashionable amongst both potential 

workers and potential sponsoring bodies. In recent years, however, concern 

has been expressed that taxonomy has not kept abreast of the needs of these 

other disciplines and particularly with the requirements of ecologists (52). 

Nowhere is this short-fall more serious than in the deep sea environment iwhere 

almost every haul contains previously unknown species. 

Ideally, perhaps, all of the necessary taxonomy should be undertaken by 

institutions, such as museums, which are specifically suited to this type 

of work. Unfortunately, there are insufficient specialists in such 

institutions to deal with all of the problems so that the field scientists 

must themselves inevitably become involved in taxonomy to some extent. 

While it is essential that taxonomy does not become the prime activity of 

such institutions, it is equally important that the necessity of such basic 

research is recognised. Furthermore, it may even be necessary to sponsor 

specific taxonomic rrse^cch to answer questions posed by the problems of 

radioactive waste dispccal. This is because a) without adequate basis 



4.32 

of tKXonomv, inrcrco^^arisons between different programmes carried out at 

d i f f e r e n t institutions and by different nations will be impossible 

b) incompatible data msy be generated within a programme that may be used 

in modelling the deep sea ecuzystem, c) a knowledge of the zoogeography of 

a species is an important indicator of the potential horizontal movement of 

isotopes and zoogeographic studies are impossible without taxonomy. This 

is important both for benthic and midwater organisms. 

4^.2 Spatial pn.tchiness 

Patchiness of animal distribution presents one of the major problems 

in the estimation of biomass and studies of diversity. Most animals and 

plants in the ocean are non-randomly or patchily distributed in space and 

the reasons for this have interested marine biologists for many years. If 

animals are randomly distributed then a sample of any size will give a good 

estimate of animal density. However if the animals are patchily distributed 

it is necessary to have a sample size greater than the predominant patch 

size (or sizes) present in the animal community. If this is not achieved 

any density estimates will be highly variable. Tfiis may explain the hig^ 

variability of bcnthic macrofaunal biomass estimates referred to earlier. 

Experiments to estimate the spectrum of patchiness for benthic and pelagic 

communities are often time-consuming and may require tt^ development of 

special gear. However it is essential to carry out these experiments in 

order to obtain reliable estimates of biomass in the bentho-pelagic region. 

4.1.3 Community analysis and zoogeography 

One of the first steps in the unravelling of food webs in an ecosystem 

is the description and classification of communities. A community is 

defined as "a collcction of animals often found in each others company" 

and many multivariate statistical methods have been developed to remove 

as much subjectivity as possible from the process, using oVscr^eu species 

abundance data to defire communities. As informatix^ becomes available 



frcm a wider geographic range, similar statistical methods can be used to 

delineate zoogeographic areas. This information will obviously be useful 

in any selection of a possible dumping site and in quantifying the possible 

range of horizontal migrations. 

4.1.4 Improved methods for estimating biomass 

Reliable figures for standing stocks both in midwater and on the sea 

bed are essential for an understanding of the enorgetics of the deep sea 

ecosystem (see section 2.1.5). Reasonably reliable techniques have been 

developed for quantitatively sampling the smaller organisms^ both midwater 

and benthic, but quantiative samples of the larger organisms are much more 

difficult to obtain. This is particularly true in the benthic zone where 

towed gears are notoriously non-quantitative. Several possible techniques 

to overcome this difficulty require further study. These include photography, 

either alone or in conjunction with towed sampling gears, and the use of manned 

or unmanned submersibles and tr^ps. 

Once such quantitative samples are obtained it is also essential to 

make the resulting data comparable with those obtained by other workers. 

This involves all aspects of sample treatment from sorting or sieving 

techniques to the ultimate measurement of wet weights, dry weights, calorific 

values, organic carbon equivalents and so on. 

Because the turnover rates of micro-organisms, including bacteria, are 

likely to be so much faster than those of the larger constituents of the 

deep sea fauna it is also important that accurate measurements of the standing 

stocks of these smaller organisms should be obtained even though they may 

seem to be very low indeed (see section 2.1.5). 

4.2 Trophic relationships and rate processes 

4.2-1 Feeding strategies 

The transfer of organic substances through an ecosystem is almost 

entirely dependent upon feeding sirotegies. For instance, material dumped 

on the deep sea flour might become concentrated in the bodies of deposit 
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feeding bcii:'hic organisms which never leave the sea bed. If, however,: 

such organisjup aie then eaten by a vertically migrating midv.'atcr animal 

the dumped material could rapidly approach the surface layers via the 

pelagic trophic ladder. On tliR other hand an extensively migrating midwater 

organisms might contribute nothing to such upward transport mechanisms 

if it fails to feed during its deeper living periods. A knowledge of the 

trophic relationships, not ojily of migrating animals but also of their prey, 

is essential if the possible transport mechanisms are to be understood. 

Three main p.pproaches can be used to obtain such data: 

Ir Trie study of comparative morphology to establish general feeding 

strategies. 

2. The analysis of intestinal contents; 

3. The use of in experiments (remotely controlled experiments on 

t]ie sea floor). 

Given an adequate overall sampling programme, no special samples are 

necessary for the first two of these approaches, though special preservation 

techniques may be needed. Tlie third approach is clearly a special case 

and might involve the use of manned submersibles, free vehicles, and pop-u%j 

or moored systems. 

As pointed cut in 2.3.5 above, for a quantitative understanding of an 

ecosystem the complete structure of the food web should ideally be known. 

Such studies are extronely time consuming and may require the attention 

of taxonomic experts in many different groups so that a selective approach 

is essential. The priorities For the radioactive waste disposal programme 

are on the one hand the feeding strategies of the mobile organisms, both 

midwater and benthic, \vhich are likely to migrate horizontally or vertically, 

and on the other of t/ie deposit feeding benthic animals which are likely to 

be the first link in j.ny biological chain tending to retuni v.a.'t':! material 

towards the surface lay^is. 



4.2,2 Reproductive strategics; birth and death rates 

A knowledge of these parameters is necessary for an understanding of 

populations and community metabolism. It is also essential if ontogenetic 

migrations as possible transport mechanisms are to be identified. 

Much information on reproductive strategies can be gleaned from occasional 

samples, for example by the examination of gonads or egg masses for fecundity 

data or the presence of larval or juvenile forms in regions not occupied 

by the adults. For detailed information, however, repeated quantitative 

samples of the benthic and midwater communities obtained over a considerable 

period and certainly at different seasons, would be necessary. Such a 

sampling programme could be combined with those discussed in section 4.3. 

Tlieestimatkw of birth and death rates is likely to be quite difficult 

since the established methods used in shallow water, including tagging 

experiments, are clearly difficult if not impossible in the deep sea. The 

alternative technique of the statistical analysis of population structure 

demands larger samples than those normally obtained will therefore 

probably require a specific sampling programme. 

4.3 Transport mechanisms 

In addition to the need of quantifying the rate processes within the 

various zones, it is necessary to describe and quantify the transport 

of biomass, and hence the potential movement of radioactive isotopes, between 

zones. These have been described in section 2.3. 

4.3.1 Diurnal migration 

The following information is required to fully quantify the biomass 

fluxes associated with diurnal vertical migration in the vicinity of a 

dump site. 

a) Perhaps the zust immediate relevant problem is whether or not organisms 

living deeper than 3000^ undertake diurnal migrations. r̂ iŷ ,i.cal processes 

belcw 1000m are not so uapid as above that depth, so any movement of 
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biomass could signiricantly increase the diffusion of isotopes towards 

the surface. 

b) A full inventory of spccics undertaking nu-grations. 

c) How these migrations vary with each species' development. 

d) The seasonal variations in vertical migration. 

e) The vertical extent of movement by each species. 

f) The timing of the migration and its relationship to the feeding 

cycle of the component species. 

g) The dry weight/calorific value - size relationships of the major 

components of the community. 

4.3.2 Ontogentic migrations 

Description and quantification of the fluxes involved in ontogenetic 

migrations at a dump site will require 

a) Repeated observations throughout different seasons on the vertical 

distribution of plantkon and nekton in the water column. 

b) Estimates of the expenditure in reproductive effort of the species 

involved. 

c) Establishment of the life histories of the important contributors 

to the overall biomass in the water column. 

d) Establishment of dry weight/calorific valiie size relationships 

of the major components of the community. 

e) A knowledge of the zoogeography of the s^jecies involved. 

4.3.3 Deposition 

The requirements for data on the flux of suspended material through 

the water column: is largely met by the programme outlined in the paper 

on sediment geochemistry. 

Data on the deposition of l&r&e 'particles' requires a knowledge of 

the population statistics of l&rje pelagic fish, squid and marine mammals. 

Commercial fishery statistics could provide some of this information but 
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a prograinric of fishing large commercial trawls in oceanic regions would 

be needed to explore the populations of organisms not commercially exploited. 

Even this sort of programme would not answer questions on the population 

statistics of large highly motile fishes (e.g. those caught by long-lining 

and sports fishing), smaller whole populations (e.g. pilot whales and dolphins). 

and the large squid populations. Any of these data would be invaluable in 

improving the precision of biomass budgets (see 2.1.5). 

4.3.4 Feeding migrations 

Information on feeding migrations will be partly incidental and will 

be derived from other sampling programmes, and partly dependent on the 

availability of commercial catches of sperm whales. A special effort should 

be made to try to quantify sperm whale feeding rates while commercial whaling 

still exists. They could provide an extremely important short-circuiting 

mechanisms for the movement of radio-isotopes vertically through the water 

column. Their main diet is large squid. The biology of these large squid 

is almost completely unknown, basically because no adequate method of sampling 

them is yet available other than collecting them from sperm whale stomachs. 

4.3.5 Migration up the ̂ continental slope 

The effects of the impingement of the continental margins on deep sea 

communities needs special study. Any such movement would provide an important 

short circuit route for raJio-isotopes to be circulated into the near-surface 

layers and into commercially utilised populations. There is thus a need 

for a sampling programme on the continental slope to complement any 

programme at a dump site. This programme need not be site specific and 

could be. initiated before the final dump site has been selected. 

4.4 Mathematical modelling of the oceanic ecosystem 

It was shown in aertion 2.1.5 that, with the present state of 

knowledge, it is not pc^^ible to reliably quantify a simule energy flow 

model as shown in Fie. ^.3. Until this can be done with some confidence 
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it is premature to discuss here any sophisticated n^^t^matical mo^el; 

However it is suggested that mathematical models should form pari 

of a biological research programme from the very beginning for the often 

stated reason that only by defining the model do all the lacunae in our 

knowledge becomc apparent. 
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5. Detailed research specifications 

In this section the research requirements discussed above are exp&nded 

and specific recommendations for sponsored research in the United Kingdom 

are made. Mention is also made of research institutes abroad where the 

research in question is being, or could be, undertaken. It should be 

emphasised that, while an attempt has been made to mention all the U.K. 

research organisations working in this field, an exhaustive survey of 

relevant research in all universities and institutes has not been made. 

5.1.1 Identification and taxonomy 

No single institution, or even nation, can hope to cover all deep sea 

groups amongst its taxonomic specialists, so that international collaboration 

to make the most efficient use of the available expertise is essential and 

must be encouraged. 

Beyond this, it is importa^^ that taxonomic work in specific groups, 

either because of their numerical dominance or because of peculiar taxonomic 

difficulties, should be actively supported by financial sponsorship. This 

is particularly true in the U.K. where, despite a well-established tradition 

in taxonomy, there are very few deep sea specialists^ Nevertheless, the 

facilities available at U.K. institutions such as the British Museum (Natural 

Histor^and the Royal Scottish Museum are certainly capable of supporting 

such specialists if adequate funds were available. 

5.1.2 Spatial' patchiness 

To obtain robust statistical estimates of patchiness a large number 

( 100) of, preferably contiguous, samples will be required. 
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For the study of bcnthoc these samples should ideally be distributed 

equally in two di^^nsions, %^ile the animals a three-dimensional 

coverage should be aimed for. In practicc it is usually impossible to 

obtain this ideal coverage and some compromises must be made. Sampling 

methods that can provide partial estimates of patchiness are 

(i) Use of a sequential series of photographs obtained from a 

platform a few feet above the bottom. These could be used to quantify 

the spatial pattern of'the megafauna. Sequential sets of bottom photographs 

have already been obtained by lOS and are at present being analysed. Some 

parallel development of statistical analysis techniques will be required 

to obtain the maximum information from these photographs. 

(ii) Repeated sampling of a given area with sledgss or grabs or trawls. 

This could give useful information on the variability caused by patchiness 

but the spatial scales of this patchiness can only estimated if the 

relative position of the samples on the bottom is known. is cmly 

just becoming possible with new techniques (53). In the U.K. this research 

can be carried out as a routine part of any benthic sampling programme by 

lOS or SMBA, although the number of samples required will obviously put 

a strain on the present sorting capacity. 

Some work on the variability of biomass estima.tes obtained from grab 

samples has been done at SMBA (54) and also in the U.S.A. (25, 53, 55). 

(iii) Patchiness of midwatcr animals can be studied using the Longhurst-

Hardy net (LHPR) which allows contiguous samples to be obtained. This net 

has been used by a number of workers to study horizontal patchiness (56, 57) 

and vertical distribution (33, 58) at depths betweeri 0 EU%d lOOOmu 

In the U.K. both lOS and SMBA have had experieiice i)i the use of 

Lof'ghurst nets down to 600m but the existing gear v i H probably need 

audAfication to sample adequately the low density fauna found at greater 

depths. lOS also have some expc/innce in the development of appropriate 

statistical analysis methods (59). 



5.1.3 Community analvsis pnd zoogeography 

Apart from an ability to obtain and classify the raw data, research 

of this nature requires access to a medium size computer with good data 

base software and statistical packages. This is available on the lOS 

HoTPywell computer and the biology department have also developed experience 

in the writing and use of advanced multivariate statistical methods 

(60,61,62,63). 

In the case of the zoogeographic research there is an obvious case 

to be made for international cooperation. This could take the form of an 

agreement to pool data into a common data base under t±^ auspices of 

one of the international oceanographic data centrcs. 

5.1.4 Methods and techniques for biomass estimations 

Studies of the standing stocks and turnover rates of deep sea micro-

organisms are being actively pursued in other countries, particularly the 

U.S.A. This is a very specialised field which lOS could certainly not enter 

without considerable expense and difficulty. This is probably true of other 

British laboratories also so that the U.K. should leave this research area 

to the existing teams overseas. 

Quantitative studies of the benthic meiofauna and macrofauna are also 

particularly well-established in the U.S.A., in Germany and in France, In 

the U.K. there is a good basis for this type of work at SMBA. 

The most pressing problem in benthic biomass estimations is in the larger 

macrofauna and megafauna and a number of groups in the U.S.A. and France are 

working on this problem. For the relatively immobile megafauna the most 

reliable method of obtaining quantitative estimates is probably direct 

observation from manned submersibl^s. However, this is an extremely costly 

technique and, in any ease is ir ^ost cases restricted to depths shallower 

than the abyssal floor. A more practical approach is the use of towed 
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collecting the lOS has already begun to make such gears more q^antitativi 

and to develop si^^ikaneous photographic techniques. possibility of using 

tagging and rccapturc techniques in conjunction with traps fitted with camera 

systems should also be investigated. 

The lOS has also developed wh&k is probably the most efficient quant-

itative midhater net currently available. 

5.2.1 Feeding strategies 

Almost any institution involved in general deep sea biology should be 

capable of carrying out at least some studies of this type, particularly 

the analysis of gut contents. ICS is already doing so euM will continue 

studies of the feeding of selected groups such as the fish and echinoderms. 

If detailed identifications of gut contents are required the assistance 

of many taxonomic specialists will be needed; this v^Lll inevitably involve 

collaboration both nationally and internationally with the relevant taxonomic 

institutions. 

5.2.2_Rep:^ductive strategies 

Information on reproductive strategies is being gathered already by a 

number of groups in the U.S.A. and Europe, including ICX). However, since 

the techniques employed vary from one taxonomic group to another and often 

require considerable expertise, for example in the recognition of gonad 

developmental stages, there is a strong case for collaboration between 

institutes to make the most efficient use of specialists in each taxon. 

At lOS, for ins Lance, our work on reproductive s krategies of the echinoderms 

is being carried out in collaboration with specialists in these groups 

from the Copenhagen Museum. 
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5.3.1 Diurnal migration 

In order to determine whether organisms belo# 1000m migrate diurnally 

(item (a) in 4.3.1), a one off sampling programme of 3 days per depth, each 

requiring 1 x 2 man years to work up will be required. Depths required 

are ideally 1200, 1400, 1600, 1800, 2000m, but a compromise of 1250, 1500, 

2000m would be realistic. Samples from 1000m are already available but not 

worked up at lOS Wormley. 

The lOS RMT 1+8 net system is probably the only system with the depth 

capability. The Woods Hole Oceanographic Institution MOCHNESS system is 

depth-limited by the length of the conducting cable. IC^ is one of 

the few Instituteswhere sufficient expertise in deep oceanic fauna is 

accumulated under one roof to work up results within a sensible time scale. 

If this programme suggested that significant emigration occurred at 

these depths then a more comprehensive experiment (items b-f in 4.3.1) 

would be necessary. This would take at least 18 months involving approximately 

6 cruises with 10 days sampling in the selected area. Working up the 

material would take about 3-4 : years depending on the precision 

required, tlie staff available. 

5.3.2 Ontogenetic migration 

Much of the material needed for this study would be catered for Ibythe ISmont 

sampling programme needed for the diurnal migration study. For the zoogeographic 

information there is already a large collection of material at lOS from 

along 2̂ I°W in the N.E. Atlantic, with supplementary collections along 13°W 

a#d 17°W between 42"-50°N. Similarly for item (a) some seasonal coverage 

of the fauna at 44°N 13°W is available. Tbe effort required for working up 

this material would be approximately 2 x 1 man years per taxonomic group, 

sc long as trained specialists were available. TLe effort required would 

ba at least 50^ greater if new staff have to be r^czjCted; difficult groups 

e.g. copepods would need significantly greater effort. 
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' For items (b) to (e), if the programme was run in parallel with 

5.3,1 then the additional analysis of the results could require a further 

1 x 4 man years. If the programme was conducted separately then analysis 

of the samples would take about 3 x 4 man years. 

Probably only the lOS RMT 1+8 multiple net system is suitable for this 

programme as it samples plankton and nekton simultaneously. The Longhurst 

net could be used for the plankton studies alone but this would miss the 

adults of most of the important species involved. Similarly the MOCHNESS 

system does not sample a wide enough size spectrum of organisms. The standar 

RMT 1+8 net is suitable but without using a multiple sampling system the 

increase in ship's time required will add significantly to the cost. 

5.3.3 Deposition 

a) Immediate use should be made of the commercial whaling operations 

still extant in the North Atlantic to provide whale population statistics. 

b) A programme of study on the populations of small whales should be 

funded. 

c) A deep sea commercial fishing project should be initiated for 

accumulating statistics on the larger species not caught by conventional 

research techniques. 

This type of sampling has been carried out by the Germsn Research 

Walther Herwig in the Atlantic on an exploratory basis. M.A.F.F. Lowestoft 

fishery research vessels have the capability of working such gear down to 

about 1200m. As lOS is experienced in the likely fish groups to b^ 

encountered cooperation between the two groups is recommended. 

d) A review of catch statistics for pelagic fisheries should be made 

to try and establish the required popul^tdon data, iwid s^%e experimental 
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fishing should be carricd out in ar^as where no data is available 

particularly in the region of any dump site. 

5y3.4 Feeding migrations 

It is to be hoped that information on feeding migrations will be 

obtained from the sampling programmes already suggested. 

5.3.5 Migration up the continental slope 

Samplers presently available are limited operationally to areas 

with relatively gently inclined slope regions (e.g. in the N.E. Atlantic -

the Porcupine Sea Bight area &nd off the Straits of Gibraltar and the 

Moroccan Coast). For midwater organisms the only opening/closing sampler 

that has been operated within a few metres of the sea bed is the lOS RMT 1+S 

system. 

For saa^ling on the sea bed a great variety of samplers are available 

which range from traps and grabs, to opening/closing sledge trawls and commercial 

trawls. The more effective such samplers are in catching the larger organisms, 

the organisms most likely to be significant in this context, the less 

quantitative are the samples they collect. Some bottom and near-bottom 

sampling has already been done lOS in tl^ Porcupine Bight. However further 

samples will be needed which, used in conjunction with similar samples in 

the abyssal plain, could be used to identify any spccies that are candidates 

for slope migrations. 

Ideally mark and recapture experiments should be used to study migrations, 

but at present it is not possible to capture deep sea organisms alive, let 

alone mark them and release them. Furthermore the effort required to provide 

adequate recapture data will be too expensive to countenance unless deep-



trawling does become a commercial operatjon. A more feasible alternative 

is to mark individual fish in silu from submersibles with transponders or 

other devices that would allow them to be tracked. Such a technique has 

been used for trout within the confines of a small Icike at the University 

of Stirling and also by the M.A.F.F. Lowestoft laboratory (using their sector 

scanning sonar) for commercial fishes in the sea. At depths greater than 

1500m within the 'SOFAR channel' the attenuation of sound is much reduced 

and tracking acoustically could be more feasible. By the time initial 

exploratory observations have identified which species have wide enough 

distributions to be potential horizontal migrators, developments in undersea 

tracking devices may have advanced for the techniques to scaled up 

sufficiently for use in the deep ocean. 

5.4 Mathematical modelling 

There does not appear to be anyone in the U.K. or the U.S.A. with any 

experience of modelling a deep benthic ecosystem although a proposal for 

such a model has been made (64). 

In the U.K. considerable experience in the development of large 

ecosystem models has been obtained at I.M.E.R. in development of 

their GEMBASE model of the Severn Estuary ecosystem. At lOS ajid also the 

fisheries laboratories at Lowestoft and Aberdeen nwDdelling has been used 

to study small isolated aspects of the ecosystem rather than the ecosystem 

as a whole. 

Any development of a model of the benthic/pelagic ecosystem would 

necessitate a large amount of international cooperation as the necessary 

expertise is not available at any one institute. 
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