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INTRODUCTTEON

The Si<tli Report of the Royal Commission on
Bnvironumental Pollution (Cmnd 6618) recommended that
a prograumie of research 1s needed to ensure that safe
contaimnent For an indsfinite pexiod of long-lived,
highlily radiocactive wastes is feagible before a
commitment is made to a large scale nucleair programme.

In vresponse to the Commission’s recommendations
the Government decided to keep open and study further
two optiocns for the disposal of waste in the ocean
(Cmnd 6820). They are
g ) disposal on the bed of the deep ocean
(ii) disposal within the deep ocean bed.

e e

If either of these options are Ffinally adopted,
it is ipevitable, in view of the long time scales
over which the waste products will remain radicactive,
that waste will be reiecased from its primary conbain-
ment before radiocactivity ceases to be a hazard.

IT waste material is placed on the bed of the
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
eztablish that dispersion and diiution will prevent any
unacceptable concentration. ’

I waste is to be digposed of within the deep
ccean bed it is necessary to be sure that any release
from the containers will be localised within the sediment
baririer for the remaining active 1ifetime of the waste
praoducts 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 seawalter may cccur during
transport and emplacement of the waste containers. It
must be established that any such release will be
sufficiently diluted.

Research will be neecded before any of these
conditions can be satisfied. Preparation of this
docunment was commissioned by the Department of the
Environment as a step in defining the necessary
programme. Lt 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 dispesrsal of material released from its
container.

b) to identify areas of research in which norc
worlk is needed bhefore the safety of disposal oa, or

J

beneath, the occan bed can be assessed.



¢) to indicate which areas of research can or
should be undertaken by British scientists,

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

fields.

Each chapter commences with a summary of its
objectives and 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 options. 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 periocd in which the reports were prepared, and
they apclogise to those whose research has been over-
Iooked. Referenceg 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 wvork published in the present decade.

Naturally the approach to the problems and
guestions raised regarding the feasibility of the
oceanic disposal options is different in the variocus
chapters. Nevertheless, it should be appreciated that
there iz muech common ground, especially among the
recommendaticns for resecarch., Some of the research in
each of the four areas of science will wrely heavily on
information from resecarch 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 cceanic research
undertaken for practical purposes or in guest of

scientific understanding.

Many of the problemgs that must be solved before
waste can be disposed of in the ccean are cf 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 apprcpriate and possible. Thisg
approach may not however fit the timetable Tor
necessary decisions about the future of nuclear power
which reguireg a pilot disposal Tacility to be in
operation by the early 1990s.

Of course scientists ave naturally attracted to
problems of great praciical importance that lie within
their sphere of interest and may well redirect their
own interests, But the 2mount of redirection wili be
limited by a number of constraints, the most telling of
which is the small number of pecple now working in marine



science vho are qualilfied to praoidunce useful work in a
short time. However hard the scientists try it is
wirealistic to expect to achieve the wresults that are
necded 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 undertalken
by the United Hingdom with this in mind, making use of
advanced expexrtlise already present, adding to it where
hecessary and reinforcing it by selective recruiting
where appropriate.

International cooperation

Research by British scientiste will depend on,
and be closely related to, work being done abrcad to
the same general end. The United Kingdom is one of a
small group of nations with the expertise and equipment
to worlk effectively at sea. ALl will have to play their
part if work on the many problems is toc progress
satisfactorily. Some types of research reguire a broad
attack by many scientists, so that the same socxrt of
activity will probably be needed in several countries
simultaneously. Others reqguire special krnowledge or
eguipment available only in one ox two places and are
best left to the countries qualified fto do them.

If all necessary work is to be done without
wasteful duplication but with the reguired degree of
Jjoint effort it is necessary to ensure that there is a
well coordinated international programme. TFortunately
there are close informal 1inks 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
alsoe necessary and to somec extent already exists. Underx
the auspices of thie NEA Radioactive Waste Management
Committee, three international workshops have been held
in the United States in 1976, 1977 and 1978 to discuss
the problems arising from scabed disposal and tc highlight
the research required. The NEA Seabed Working Group was
formed with menbership from USA, UE, France, Japan and
Canada, and between annual meetings works through
correspondence in geven task groups:-—

Physical Oceanography
Canisters

Waztc Form

Biclogy

Sediment and Rock
Site Selecticn
Systems Analysis

The objective of the Seabed Working Gwoup and its
Tasls Groups are tos-



"Provide forums for discussion, assessment cof
progress and planning of flt 1re efforts;:

Encourage and coordinate cocoperative crulses
and experiments among the wmember nations including the
sharing of ship time between experiments from different
nations;: ‘

Share facilities and test equipment;

Exchange information

e

Maintain cognizance of international policy
issues.!

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

ORI

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 bureauciracy. Direct contact in
this way between involved scientists may well be more
productive than intergovernmental agrsements.

rch programiues on land disposal and on the

sea al of low level waste are at present discussed
and cooxdinated through the TAEA and the EEC. However
neither of these owvganisaticns has vet been active in
considering the rescarch reqguired for high level disposal
in the deep ocean.

8582
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The Intevrnational Council of Scientific Unions has
recently considered (at the 17th General Assembly) a
report on the "Question of ICSU involvement in the
problem of disposal of nuclear wastbes'" in which it was
proposcd to set up & steering committee and a series
of working groups on different disposal options inclu
the marine option. Their task would be to study exis
and planned research and development programmnes and to
examine inteirnational ccordination from a more academic
viewpoint. A study group will be set up to explore
ICSU's role din thisg field,

The principal recommendations

The recommendations of this report take into account
he need to plan a United Kingdom research programie SO
as to take advantage of national needs and capabilities
and to it in with the worc of cther nations.

Bach of the four chapters recommends a selective
apprecach to support of 1ebearch,mau1nm maximum ve2 of
existing expertise and fecilities in government
laberatories, universities and elsewhere.



T ALl sgwee in one way or another that it ig possible
to ddenvify Types of research that will have to

be done by anryv nation that is to be regarded as a
serious contributor. This basic element dincludes the
support of techniques needed for a range of research
topics and the suppoxrt of international research
programmes aimed at the rapid joint acquisition of basic
knowledze about the properties of the ocean and its

floor woridwide.

v n'D

In addition it will be necessary Tor cach 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 develoved from skills aliready possessed.

The four chapters cach reccocmmend a programme of
research foxr the United Xingdom combining these two gorts
of elements., In addition to meking a useful contribution
to an international elffort, the combined programmes
should also meetl the dowmestic regquirement for the range
of skills neeced Tor participation in decisgion making at
all levels and for knowledge about parflcuial disposal
areas of practical interest. Furthermnore public acceptance
in UK of a particular disposal option will require the
demonstration of itg safety through the advice and
expertise of its own scientific comnunity and not be
dependent on foreign assessments. The proposed reseawxch
programnoes will C?eate a body of scientists which the
public will see to be independent of any miclear Lobby,
who have great experience of probiems of ccean disposal
and who will be able to give such advice.

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

1. Geoclogyv and geopuvsics
a Basic progiamme

Reconnaissance surveys (1-49)% of arcas of the
ocean fTloor which seem to be of a type that might
be suitable for digposal, to determine bathymetry,
sediment thickness, morphology of the seabed

and nature of the superficial sediments on a
regional scale., Estimation of geophysical

paramebers such as seismicity and heat flow. Some areas
for reconnaissance mway alrcady be chosen from what
is alrecdy “nowin, others may come t0 be considered
as more ls learned of the processes affecting

)

stability of the seca [floor,

# wrefer to chapter and page numbers in this report.
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ii Routine sedimentoliogical work {(1-51) on ship or
shore as appx Op“lat including i

Initial core description

Detailed sedimentological core analysis
Dating

Palaeoenvircnmental studies
Geotechnical mecasurements

Heat source experiments

b Speciali or advanced studies

i Sea floor observations. As the problems of geabed
digposal become more firmly identified it will be
necessary to study certain aspects of the sea bed
in greater detail, often using seafloor
observaticng to obtain the required wxesclution.
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 L,B).

Detailed heat flow determinations

Heat transfer experiments

Long term soil mechanics expoeriment

Detailed studies of local seismicity

Small scale seismic profiling

Detailed acoustic and seigmic reflexion profiling
using deep towed devices

Bottom photography

In-situ sedimentation studies

More advanced research studiez in suppert of these
topics might incliude work on the mechanigms of

heat flow, on the fundamental basis fer the soil
mechanical properties of deep sea sediment and

cn the improvement of dating and palaeocenvironmental
techniques (1-53).

-
¥

c Laboratory and field instruments for bagic and advanced

i
prog?ammes<zi~)2)

Becazse of the volume of work to be dene, censiderable
extension will be needed of facilities suitaizie for rouline
work in tlie basic programme parfticularly for scdimentological
use. This will not necessarily ipvolve the development of
noevel eqguipment.

The acguisgition of svgta
sanniing devices will start
svailable eqguipment end wil
develop appropriate spe alis

hle coring ahd seoabed
tth purchase of tie best
cad on to progianivies to
devices.
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s and ocecan bottom seicgsmic

the advanced programme will include
bottom scismic sources, deep towed
refllexion equipment and the apparatus
geolechnical measurements and

s for

seigmic
in situ

and

sedimentation studies.

2. Geochemist

vy

A general study probably lasting

a. Basic programme,

three to five vears and including the following

elements (2~52),

i Chemistry and mineralogy of sedlments, collection
and analysis Gi long core secticns
characterigation of modern and Qhutevnqry
(gla61al) horizons.

ii Accumulation rates of bulk sediments and heavy
elements; dating of sediment sections; geclogical
histories.

jidii hemistry of fission, activation product, and
transuranic nuclides in the ITrish Sea; a basic
geochemical study of a point-source "experiment!
provided by the Windscale outfail

iv Chemistyry of the pore waters of marine sediments.

b Specialist or advanced stud ie Theoe mould ioliow fron
et

the basic work and would 1s

Exchange properties of sediments,

using

radiocactive

ine
and stable nueclides.

Behaviour of nstural series actinides and
lanthanides in marile deposits.

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

Chemistry of suspended particles in the deep sea.

thermodvinamics and

and field experiments on tle
of transuranic nuclidesg

nts.

Laboratory
interaction
marine sedime

sediments, pore

Radiation effects on
waste forms,



C Instrunentation

The geochemistyry programme will share many of the
regulrenents for new or improved sediment samples of the
geclogy and geophysics programme oullined in seection 1.

Special equipment will include traps for suspended
particles (2—&5}, instrumentation for studying the affects
of in situ releases (2-46) and equipment to work in the

laboratory on the chemical behavicur of gediments =2t high
temperature and pressure (2.0, 2-LE).

v

3 Physical Oceanography

a Bagsic programme

4L contribotion by the United Kingdom -~ which is among
the world leaders - to an international study of the abyssal
currents and circulaticon of the ccean. The basic programie
will include, at a later stage, studies to determine the
potentizl behaviour of ccontaminants released at specific
sites.

Its elements will include:
i Observation of the large scale current systems
t

c
using neutrally buoyvant floats to estimate
o . - A
iong term advection (3~68).

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

iii Study of mesoscale eddies in the cecean and
particularly their effect oxn the benthic
boundary layer {(3-28),

iv Thecretical work cn dispersal using numerical
models (3-69).

v An overview of climatic modelling undertalken ss
part cof the Global Atmospheric Research Project
{(3-70).

b Specialist or advanced studies

A long term study concentrating on the benthic
boundary laver including

i Leng term observations at a few sites to
determine the turbulent structure of the
boundary layer under different mean currents,

hermal structure and bottom topography

(3-67).

Associated pumerical modelling.

e
N



-9 -

o didii Tundamental studies in the laboratory and at
sea of special n“oco&'rog for example double
diffusive effects, likely to affect dispersion
(3-22).

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

c Tnstruments and apparatus

AT

Considerable effort will be wequired to develop the
eguipment for making observations close to the floor of the
deep ocean. In the early stages this will incliude bofl
static equipment to measure water movements and temperature
and neutrally buoyant flcats able to work within a few
metres of the bottom. Speecial attention will be needed to
the means of recovering instruments and to the accurate
measurements of weak currents under severe conditions

(5-61).

The most difficult instrumental development for work
on the abyssal circulation will be of a neutraslly buovant
float syvetem for use ovexr long time periods to define the
3 e

mean circulation and diffusion in ocean basins where waste
may be dumped (3-68).

L. Marine Biology
a Basic progranme

Contributions to arn international programme to £ill
in the mest serious gaps in knowledge about the guantitative
distribution of organisms in the occean Eiements requiring
UK paxticipation includer:

i L sampling and obqe*vatloial programme aimed

principally at estimating the heterogeneity
in the distribution of benthic and midwalten
animals {(4~39).

idi A sawpling programne using technigues developed
in the UK to detect diurnal, ontogenetic and
feeding migrations of animals below 1000m depth
(L-43, 4-L5).

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

iv Reinfeorcement of UK capability in taxonomy of
deep sea species (L~29).

v Cooperation in an international programme of

community anelysis and zoogeography (amhl),
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43 Specialist or advanced studies

s

Contribution to an invernational programme of
guantitative gtudiea of benthic micro-, macro-,
and megafauna aend of midwatlter macropliankton and
nekton {(L—-i1).

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

iii Detailed study of migrations revealed by the
basic programme,

iv Mathematical modelling of the whole and parts ol
the oceanic ecosystem,

c Instruments

i

[N

The United Kingdom ias among the leaders in guantitative
sampling methods for deep ocean fauna. Among the systems
reeding further development are:

Rt

XN

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

T0S RMT+8 Net. Development of g multiple

sampling system to xreduce ship time for deep
hauls. )

methods,
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etailed information with which to answer many of the guestions posed by the

proposal to embed radicactive waste canisters beneath the seabed.

b

Only in the past twenly years have abysal ccean fo0rs baen recognised as

sediment accumulation. Sediment transport

cother than tranguil regions of
and deposition over huge areas of the ocean floor 1s controlled by
bottowm~Tlowing currents. Larcge-scale erosion of the seaflo also occurs.

Submarine move enornouq volumes of sediment on

1

for research into earthguake hazard

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

e:
r knowledge of the controls on sedimentary processes is severely

]
O
C
=
m
"y
ot
=2
-
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C
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limited. Similarly there is almost no information on the physical properties

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

have suggested the possibility of convective heal flow through deep ocean

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

within the proposed scdiment barrie

r
Changes observed in oceanlc sediment cores provide a record of past

environmental changes averaged over time scales similer to those involved in

decay of the radicactive waste. Studies aimed at prediecting future environ-

particularly refined knowledge of the recent

)..I
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H
D
Q
o
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H
o
W
e
)
l‘—l
.J

mental changes wi
history of a disposal location, built from a renge of stratigraphic techniques

We consider that the choice of study areas, and later of possible dispos

which are centinually refined as the

p,\

sites, should rest on site criteri

o}

research progrecses. The prime target of any U.K. research programme devete

i,

to the keneath~thz-seabed option should be the evaluation of the sediment

barrier in a variety of environments.

Most of the research reguirements that we have identified fall within the

=

expertise and technology. They call for a concentration of

f

range of present
research effort in a small number of study areas with the emphasis on in-situa

experimentation and evalvztion of the sediments as a barrier.
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this chapter
physical factors relevant to the
it is a

beneath the ocean floor.

into canisters and
gediments ox underlying rock of t
concepnt From the geo
problem then is: can we predict,

the sediments and rock and from w
what will happen to the waste dur
the radicactivity to decay to bac
the gediment and rock "barrier® a
factors controlling the

Here the

and rocks as a physical barrier a

No particular method of empl

assumed. Although several emplac
checice of the actual method to be
ness of the sedimentkrock barrier
emplacement 1s necessary has been
of the gediment/rock have been con
the sediments and rock relevant
this chapter

centrating on th

although con

reviews current knowledge of

the processes affecting the

15 to identify the geological and geo-~

disposal of high level radiocac Lve waste

ssumed that the waste will be processed

that these will be embedded in the

he ocean flooxr. Thus a "multiple barrier™-

logical and geophysical point f view the

from our knowledge of the processes affecting

hat we know of their physicel properties,

. . & ; .
ing the ensuing 10  years that it takes for

kground levels? The chemical aspects of

re discussed elsewhere in the I0S Report.

effectiveness and endurance of the sediments

re considered.

acement of the waste in the seabed is

ement technigues have been meooted, the
employed can only be made when the effective-

is understood, when the depth to which.

determined and when the physical properties
cidered. However, physical propertiesz of

o any emplacement process are discusgsed in

e "beneath-the-seabed" option, this chapter

resistance to erosion of the sediment barrier. Thus,. in common with the
later chanterg, interactions with the overlying seawatcr are considered.
Fur ither studies on these procesgses are identified as reseaxrch reguirements
in the last section.
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2. THE GEOLCGTICAL ENVIRO

1

2.1 THE MOVING, COOLING PLATE

ies

~

Geclogical and geophysical studies of the ocean floor over the past
two decades have established that the older idea of continental drift is
substantially true. The new thoory of plate tectonics, now just over ten
years old, summarises modern ideas about the evolution of the eaxrth's
surface. Rather like a cracked egg, the earth's surface is composed of
a number of jntegral pieces ox plates. The plates are not stationary,
but are constantly moving relative to each other under the influence of

1ly understood, generated in the earth's interior. The

|

forces, not yet ful
total number of plates is small - there are only about a dozen major plates
and a few minor ones ; so that the distance across one is typically measured
in thousands of kilometres. In contrast, their thickness is only about a
hundred k?"metres. Nevertheless, because the plates forming the outer
hard shell {(the Iithosphere) of the eafth are congiderably mcre rigid than
the underlying asthencsphere, they suffer very little deformation within
their interior as they move about. However, the boundaries separating the
plates are zcnes of congiderable tectonic, volcanic and earthguake 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:

S

The Spreading Axis ~ where the plates are moving apart and new plate

material is formed by the upwelling of molten rock from within the carth.
Because the rocks thus feormed are denser and less buoyant than the granitic
rocks which constitute the basement of the continents, the spreading axis

is almost always found below sea level, except where rifting has just bégun
beneath a continent. ard manifests itself as the axis of a mid-oceanic ridge.

The Mid aAtlantic Ridoc and East Pacific Rise are ewampl=as.

{2y The Subduction Zorz - where the plates are moving togetnar and one or
E g 8!

the plates is destroye: by passing down beneath the other and being assimilated
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into” the earth's mantle. Where an oceanic plate collides with a plate
carrving a concinent, the less dense continental massg remains on the
surface while the denser coceanic plate is consumed. This process is

taking place along the west coast of South 2merica. (Note, however,

thiat not all continental margins are plate boundaries. Fregquently
continent and adjacent ocean basin belong to the same plate, for example

the eastern Atlantic Ocean south of the Azores belongs to the African
they '
plate, and /rove together. In this situation the continental margin is

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

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

plate material is neither being created noxr destroyed. Transfiorm faults
are found both ou the ocean f£loor and on the continents. The Romanche
Frackbure Zone offsetting the Mid Atlantic Ridge near the equator and the
San Andreas Fault in California are examples.

It is apparent from the above discussion of the processes taking place
at plate boundaries that whereas oceanic crust is easily formed and easily
dastroyved, continental crust — once formad - remaingz at the earth's surface.
Thus the rocks found on the continents, in particular the granitic basenent
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 yearé old whereas rocks nearly 4000 million years old have been
found on the continents. Furthermore, because, during their long history.
the granitic basement complexes of the continents have suffered veworking
and metamorphism, no simple pattern can be observed in their age distribution.
In contrast the age distribution of the ba§altic crust of the ocean floor
forms a simple banded pattern, with the youngest rocks observed along the

mid-cceanic ridges ana The crust becoming progress 1y older with increasing

distance from the mid-oceanic ridge at which it was forxrmed. only rarely dces

I

cff-avis volcanism create a seamount or (more rarely still) an island,

e.qg. Hawaii, to disrup: this simple age configuration.

1-5
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from molten rock et the ridge axis, cools, it acquires the magnetization
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 or rocks on land teo change its polarity at

. . 5 6 ' _ .

intervals of 107 or 10 years. Thus the magnetized rocks of the ocean
floor retain the polariity of magnetization appropriate to the time of

their And the moving ocean floor itself has been likened to

an enormous tape recorder with the rocks alternately ncrmally and reversely
magnetised in bands parallel tc the mid-oceanic ridge. “These bands of
varying magnetic polarity give rise to ancmalies in the earth's magnetic

field which can be detected by magnetometers towed behind ships or air-
o (3)
craft clese to the ses surface /(Plcu e 1-3). A sufficiently detailed magne
(4)

age of the ocean floor to b= Getermined /. Undexr-

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

digcoveries of the nineteen sixties.

2.2 THERMAL CONTRACTION OF THE COOLING PLATE

The upwelling of hot mclten 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 upper mantle rock under

L’}

low confining pressures - about 1200°C. As it moves away from the spreading
axis 1t cools thruugh.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 the sea depth increases with increasing distanc
from the ridge axis. It has besen found that when the sea depth (strictly
speaking the depth to the basaltic basement, corrected for the effect of

loading) is nlotted against age, all oceans follow & similar
d ge

=wolationship. oOut to about 70 my (equ1valbdt to a distance from the ridge

axis of from 1000 to 5000 km, according to spreading rate) the depth increases

i-6



EO0°N -

o ~
€ v
Y Lt . o
Y] = &
3 oJ

3,
-
Y .S
S o
' I
] e b
- 7

g

it

e L3

A s

=4

&
be
S RE
PR S5 Gy

wr
o

.
S B
2 [ I =
[ ,n LR S U
o 34y oy
LRI P S
[SSRRYS RS TR
© [
(G255 O
o [ BRG]
43§y it
oW oW

! -

} . NS |




B Rt T e B L

PRUCATEEEE S SIS 2

NORTH PACIFIC

{- Heon Jsrth ond tisndud Cevinton

e §Rzozgticni elsvatieon, pioie mods!

3

500 i
¢ 3 —ee= tumeer 177 rstehan

4000 - \ -

METERS

™

2060 |-

orpTY

~
~
5 6 8 n 2 o6 A2 [ERGLINE )
H HE R o
TO0G ] ! FHEUN DU J00 T8 N § SN I SRS RS X ISR SO O S T |
Q ¢ 2z 5 <4 s & 7 g 5 10 il [¥s 133 14
JRSE (1Y 6 F)
i ¥ H T 1 T i

. . B |} Kean rpth ond glandwd devioton
— «tice! glevoling, pint " 1
oo b l‘.!s;v!lwt:’:'l\l!'m.‘“ pinfa mndal
R " - - Linsgr 17 rslafien

8 acen

_14- .

2EPTH
g
7,
 S—

i1l
N
1 NS LI
won b \\t\\-i“ 1 -
N TE—
AN
AN
N
3 13 AN NOMA T M2
' ¥ 1 P [ 1 [N
7000 ! ! L L LU 1S W S | RS D I S S
o [ 2 y s s 3 7TTE [ L TR T .

ABE (Y B P

Fipure -4 IHean water depthsa ('w:;th standard devintiong} plotied apgoinst the
nquare root of plate age for (a) the North Pacific and (b) the
North Atlantic (alter Parsons end Sclater, 1977).



o . 3 0 00

o R I P

SRV - ﬂu ‘mw

AN ~ 43

< 3 //f// “ f4

T& G / G of

$ ¢ NN O

LLs .A..M 5

§ /N 3

Mo N n o

) «f ,n,f/, Nu __w
o = W

Q@ 3

C e)

with

o
£\

Yty

)

s
(LR

4

T

AGEL

AR ]
L0 mw

FA . S

oo




i
: Z 4 S i & - . P
linearly with t7, i.e. /he =guare vc of the ag
A numbexr < i

the plate {Figure

1-4).
e cooling plaice have been developed (55.
fifer in the assumptions made about the lower boundary, but
3.
it has been shown that all give rise to the linear {° 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 would continue indefinitely. That this dependence
breaks down beyond 70 my is an indication of the finite thickuess of the
plate ar
ze

nd that the heat flux through its upper surface dces not decay to

ro but 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 THE OCEAN FLOOR

The same cooling plate models which describe the variation of water
depth witl

h plate age prodict the veriation of the heat flow through
the ocea age

1

where the depth shows a t
flow should vary linearly

W

dzpendence, the heat
at t ".

The success of the thermal models in
fitting the depth data gives one confidence in their applicability to
heat flow data.

from

iz

the
However, the observed heat flow deviates considerably
the simple relation predicted.

The observations show cqnsiderable
scatter and only recently have the causes of this scatter been understood.
The processes iunvolved ar
detail

<

Basins

best understood by considering the results of
d measurements within a
of

limited area -~ the Crozet and Madagascar
(6,7)

the Southwest Indian Ocean/. The same

elsevhere

processes are involved
oni the ocean floor, but the timescale
Heat

varies.
flow observations from the Crozet and Madagascar Basins are

plotted against age (determinec from the magnetic anomalies) in Figure 1-5.
12

Most of these measurements were chtained by measuring the temperature

gradient in the top few metres of the ocealn flooxr and by measuving the

1~7
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thermal conductivity of scdiment samples on bosrd ship. The divergence

from the range of valuesz predicted by theovetical cooling plate models

o different

is considerable. Rreoadly, the plet can be

{1) At ages vounger than about 40 my, observed heat flow inveriably falls

below the predicted value. Fxtremely low valuves are observed, even over

C wy, the observed heat

1o

(2} At intermediate ages, approximately 40 to

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

-

(3} Beyond about 60 my, the scatier of the observations decreases and the

av e necessary in the case shown) .

of the rodels m

The above behaviour has been interpreted as f£sllows. Young oceanic
crust is highly cracked and fractured, extremsiy permeable and saturf?ed
with sea water. Thus the dominant process of heat trans
kilometres of young plate is not conduction through the rvock but convection

of seawater. Furthermore, until the crust is completely hlanketed by an
& £ 2

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

'O
O
h

'-
0]
he
9
=

\:

closed but open to the sea itself. Thus much of the coocling
plate takesz place by the mass transfer of seawater across the ocean floor.
Heat flow volues in this region (which cair only be made when there is

sufficient sediment to take the temperature probe) are conseqguently always
less than that predicted by conduction models. The results of a detailed
heat flow survey over 18 my ©ld crust in the Crozet Basin illustrate thise

situation {Figure 1-6). The cyclical pattern of the heat flow observations
with a wavelength considerably longer than fluctuations in the thickness

of the sedimentary cowes is thought to reflect the dimensions of thne

convection cells themselves.

When the sediment is sufficiently thick to forim an impenstsable

berrier to the passacge of scawater and to seal of

15



is applicable to the 40 to G0 my age range in the Crozet and Madagascar

I3

Rasins. A detailed heat flow survey cver 55 my crust in the Madagascar
Zasin illustrates the situaticn on a fine scale (Figure 1-7). Good agreement
with the theoretical heat flow predicted by the conduction models is
obtained. But the cyclical wvariation reflecting the convection cell

(93 5] yane

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 meking. Convecticn then ceases and heat

F_J -
9]
¢
I
o))
0
i

ferred by conduction throucghout. This is thought to be the explanation
of the smaller scatter of heat flow measurements in o0id plate (older than
60 wy in Figure 1-5).

The processes outlined sbove are believed to occur in all oceanic
crust. However, because thare is considerable variation in sedimentation
rates and in tﬁe 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 xridge segments in Figure 1-8.0n the
Galapagos spreading centre cobeerved heat flow matches ihe theoretical
in only 5 wmy. 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
racific Rise does not straddle the theoretical curve until about 15 my.
In the atlantic Ccean the same process takes nearly 88U my. The reason
for thisg difference in the behaviour of mean heat f?nw-between the East

is bhelieved to be due to the much

it takes corsiderably longer for
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{ basement relief away h

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

gradient measured in the tep f£2w motres of the sediment on the ccean floor

is not always linear. BRoth concave-up and concave-down temperature-dept

for this phencmencn; it has been suggested that flow of water intc or o

of the gediment way be taking place because the sediment blanket is not

completely sealing the underlying convection cells from the sea (6,8).

N

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

downward flow a concave upwards profile. 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 logs of 0.72 HFU and
-6
an upward flow of water alt a velocity of 3.4 % 10 cw/sec. It is important

to emanSLSe, however, that this interpretation iz highly speculative and

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

The possibility thalt in some areas water iz being driven convectivelv
throuch the gsedimente has important implications for rad tive waste
disposal. Flow rates of 1077 cm/sec would bring pore water from 100 m depth
to the sediment surface.in a few centuries. Thus detailed heat flow surveys

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

line of research.

1-10



2.4 CRrRUST
.

Al

rock

Seismic rvefraction techniques have been employed for many yvears to

sine the velocity structure of the oceanic crust/. Alrgun or explosive
sources near the sea surface are recorded by surface floating sonobuoys or
bottom receivers. The travel time data thus obtained is intorpreted in

terms of the compressional velocity structure of the top few kilometres

The technigue vields little information about the sedimentary

“the latter's low seismic velocity. Most of the

h

bhecause o

and to calculate the velocities and thicknesses of these layers. When
this is done, essentially four different layers can be identified,

to their seismic velociiies, in the top few kilometres of the

Layer Average Velocity
23 - 3.6 km/sec

om 5.2

£ ooxen e 3

vhe structure of the upper oceanic crust in the attlantic and Pacific
Oceans, interpreted in this wmanner from a large number of airgun/sonobucy
records, is shown as a function of age in Figure -10. The low velocily
layer 24 is found to be thickest on the ridge axis in both cceans bat thins

at about 30 my in the Pacific Ocean and at about

it disappears completely is uncertain

1

than about 100 m are unresclveble with the airgun/

in layer 2A is that its

sonnouey technigue. Anotner

frow about 2.3 km/sec on the ridge axis to
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A more

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

interpreted

ther than dus

tc any compositlonal changes. The esgential feature of the rock affeciing

/depth curves for 4 my and

from the seismic velocity

u
}—J.
O
=}
0
=
[
[o])
v}

limits to the tree porosity because of the simplifying assusp

of the upper ocgeznic

crust show that the young crust preduced at the vidge axis ig extremely
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been cervied out on core sampies

£ = 1 - - % - o~ e e 7, A
of the ccean floor. Suh measurements would be o

he ignecus crust is higily fractured

heoretical

nodels cf the convective hydrothermal systems which have been observed
Al £
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indicaie that the permeability of the crust lies in the range 10 to 10

dercy{ These values apply to the full thickness of rock in which convec-

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

permeability over this depth range ig unrealistic because cracks and

igsures tend to close with increasing pressure of overburden. Thus the
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permeability near the top of the igneous crust is probably greater than

=

of the upper oceanic crust may be inferred frxom

observations in Iceland and Hawaii. Hobt-water convecitlive systems are
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of the Mid-Atlantic Ridge. But vapour-dominated systems, such as found
{
re not found. This is thought to be due to |

rocks and to the abundant precipi-

hole penetrating more into the active volcano, Kilauea,

on Hawaii, have been measured/, The rocks encountered were basalts,

te 1 daway.  These values

~f the rock in which fractures
In conclusicon, the pe
. . , LAl s
young oceanic crust is very higl, prebably in the ronge 10 to 10 darcy.
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z.5 & C SEDIMENTOLOGY

Dzepite the aweal extent of the deep ccean basins on the Barth's
surface (Figure 1-12},the practical difficulties of working in such regions
have ensured that our knowledge of their scdiment seguences is surprisingl
recent. Systematic attempts to sample the sediment surface beneath the
deep ocean began with the E./..&8. Challenger expedition of [i872-76 but most
of the data now available have been collected since World War II (Figure
Only in recent ye has this worldwide data base built up toc the extent
that ceneral horizontal distributions of on the flocrs of
the deep oceans could be mappad. These distributicns have been coupled

with new .
the present day deep marine sedimentary
deep ccean basing has been determined

more readily by seismic reflection profiling. Following an intensive

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

(18)

sy

i€

s until mid-1968, reatyi
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disvosal studies ig chown in Figure -15B. Some short pieces of ghip traci
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zps /(Figure -id)and to infer the zediment type from its

to coring the
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in main, these are seaflocr chemical precipitoies
but they may well be in part biochemically formed. Zmong the most widel

known, because of their rcscuvrce potential, are manganese nodules and shallow
water phosphates. Manganese nodules cover wide areas of the deep ocean
fleoors and technigues are in advanced stages of development to mine them.
Man's activities in dumping waste materials into the ocean, although

not yet of geological significance on a global scale, are locally important
near densely populated, highly industrialised seaboards. It has been pointed

out that New Yorlk City suppliecs more particulate matter to the ccean annually

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

2.7 TRANSFORT
Mechanisms that transport sediments in the marine system are all pyrimarily
responses to gravity. Deep water areas are influenced by density driven curren s

of vaeriouz kinds as well as svrface currents. The principal influence of the

]

surfaece currents ils to distribute the fine suspended load along with the
biogenically produced sedinent. Additionally surface currents distribute
ice-rafted material and wvolcanic debris, especially fléating pumice.

As suspended materials settle through the water column, concentrations
are developed at density discentinuities where appreciable lateral movement
can be initiated as sediment plumes, such as occur freguently at the permanent

thermocliine. Another concentration zone, lecated within a thousand metres of
(28)

-

the bettom in all deep ocean areas, is known as the ‘*nepheloid layex'/ It is
a zone in which upward mixing and resuspension of sediment from the bottom
also cccurs and its distribution (Figure i-20)depends strongly on the effec

of topography (downslope movement caused by excess of densitv) and bottom
water circulation (lateral wovement) .

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

continuocus spectriy ¢Ff mechanisms for movement of cediment along

e

stage in

i}

the seafloor under gravity. The possible irange is one cof inosreasing scale
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and volume of entreined sediment, thyough density currents, grain flows,

19

nte and debris flows and then

fluidized sedinent

serhans on to mass movement processes, such as creep, slumping and sediment
¥ i e

slides. Most of the above mechenisms are episodic in nature and are the
cause of the merked vertical variability of sediment sequences found beneath

the continental rise and the abyssal plains. The larger scale processes are
able to transport coarse~grained cediment and thus will give rise to sand

and silt layers in what would ncrmally be clayey sequenc Tracing of

these =andy layers (ox turbidiEgE) by seismic profiling reveals a gencral
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 even 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 theirx

sources come of these flow mechanisms may ecven be erosive, so that it will
be necessary to loucate dis posaliareas at least beyond layered turbidite
distributions that can be inferred from seismic profiling.

Thermohaline currents are a component of the ocean’sz bottom watex
circulation resultiﬁg from density differences between water masses of
differing salinity and/or temperature. They can rework or erode existing
deep water deﬁositsp 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 the sediment
surface by bottom currents, producing characteristic bedforms in abyssal

regions, has been widely reccguilced in recont years. These bedforms range
b 7 v

from millimetres to kilomecres in scale (Table i-1). However, rot infrequently

even the largest bedforms arec simply surface modifications cf even grander
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scale depositional ridges, known as sediment drifts, that have been bullt by

_bottom current action over millions of years. BAn example is Feni Ridge, a wedge
of sediment up to 1 km thick that has been built up over the past 20 million
yvears against the south-eastern msrgin of Rockall Plaéeau (gg) (Figure 1-21).
recent long range sonar mapping of its surface haé revealed complex dune fields

of longiltudinal mud waves up te 30 metres high and over 26 km in length.

since practically no in-situ experimentation on sedimentary processes has

yvet been carried out on deep ccean flooxrs, our knowledge of the controls cn

depogition 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 on

North Atlantic margins range upwards from 20 cm per thousand years. These rates
however will vary spatially end in time. YFor 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 canyong 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-

kY

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

On seismic profiles the deposits of deep ocean bottom currents (contourite
squences) 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 comeimiy decorated with mudwaves and because they

are built by geostrophic current= they are mcost common around the margins

1-21
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2.8.2

of thé ocean basins. Averaged accumulation rates lie between 5 and

15 cm/lO3 yrs.

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

as the mid-gyre-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 terrigénous 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 suxvives

: (30}
to reach the seafloor and half of that is dissclived after deposition;T—Thus,
accumulations of siliceous sediment are found only beneath regions of high
biological producti&ity, namely the equatorial (radioclarian cozes) and
subpolar regions and those ocean margins where upwelling occurs (diatomaceocus

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/lO3 VIs.
The accumulation of calcareous sediments is governed by similar factors,
except that tﬁe 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. Relow 5000 metres virtually no

(24)
undissolved carbonate can survive. Recent studies/have shown however that

most solution occurs at the sediment water interface over long exposure times,
rather than in the water cclumn during sinking. The depth at which carbonate

supply from the surface metches ~arbonate dissolution and there is no net

accumulation of calcareous sediment is referred to as the caxbonate

compensation depth or 'CCD'., It tends to be depressed under the equatorial

1-22
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high productivity belt, but becomes shallowey towarxde the ccean margins.
that stand above the CCD axe
usually blanketed in calcareous ocze, Below it only the residual component

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

have accumulated at average rates of between

North Atlantic

eriod. Accumulation rates in

[65]

Y
9]
e
ol
e

e}

2 and cm/107 yrs since the last gla

N ; 3 .
Pacific deep sea clays are genevally less than 0.1 cm/10° yrs and in many

regions almost zero depositicon bas occurred over millions of years.

2.9 EROSION QF THE SEAFLOOR

-

Erosion by deep ocean current systems may occur on a large scale (Figuyr ~1-2C
On a regional Ff‘a?e deep sea drilling has cshown that, over large areas of the
Atlantic and Indian Gceans, sediments representing long periods of geologic
history are missing; these bresks in accumulation (hiatuses) attest to the

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

M

Information on more lowal dynamic conditions that might be necessary
for the erosion of sediment surfaces, in disposal study areas for exampie,
ig difficult to cbhtain. Fine grained marine sediments éxhibit a resistance
to erosion in excess of that which would be expected from considerations of
the size and weight of the constituent sedimont.gartgc1es alone. This
additional erosion registance (or cohesion) could mainly be the result of
both interparticle surface attractions
and orgenic binding. Thus simple relationships, such as those that can be
measurad in laboratory flumes for coarser sediments between grainsize and
threshold erosion velocity, are not directly epplicable. Neither are

55

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

strengly affects the behaviour of fine g¢grained marine sediment surfaces.
Cohesion and erosion resistance in marine muds are complex functions of
a number of inter-related sedincar properties including their water content,
mineral and organic composilion; grainsize, depcsit?onal history and their

fabric {spatial arrangement of particles). Some useful information, such
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generally inverse relationship of water content changes to the

threshold ercsion velecity of marine clays, has resulted from investigation

that involved laboratory experimentation on reconstituted merine sediments
)

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

properties are typically not reproducible for laborxatory flume studies.

o
,3’

a

"
Recent in-situ experiments ; ising a sea--floor flume in a shallow embayment
off the U.S. coast have emphaszised this point. The experiments also
demonstrated that the intensity of bioturbation (biological reworking)
can be a prime factor in destabllizing muddy sediments and decreasing
their resistance to erosion. So far in-situ flume experiments have been
conducted only in vexry shéllow water (16 metres depth) but the SEAFLUNE
device?ﬁéraesignéd to operate at any depth. Even at this stage it is

clear that experiments with such equipment will be necessary in disposal

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

ve the abvesal ccean Floors been recognised
ol S

as other than tvanguil regions with little to disturb the gentle rain of

particles from the surface. 7o 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 areas of the seafloor,

employing a wide range of oceancgraphic techniques, is necessary before

predictions can be made of the geclogically short term stability of

sediments in these basins.

2.10 GEOGRAPHICAL DISTRIBUTION OF SEDIMENT TYPES

Figure 1-8presented earlier, scrves to illustrate some basic differences
in the patterns of sediment types throuch the three major oceans. These are
the result of the range of depeositional controls outlined akove. In the

Pacific and Indian Queans, :il our of the major sediment types, calcareous

silicecus noze and terrigeneous sediment, are represented

22

by extensive zones where they are the dominant sediment variety. The Atlantic
Y

1-24



diffeis in a number cof respects as is discussed below.

Pelagic clay and siliceous ocoze occurrence is strongly dependent upon
the level of the CCD and the distribution of current-deposited (terrigenous)
sediments. The CCD in the Korth Atlantic varies between 5000 and 6000 metres
vater 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 terrigencus sediment. Thus areas of pelagic clay in the Atlantic

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

Similarly, although surface productivity is high enough in a zone south of
Icelarnd for considerable deposition of biogenic silica, calcareous plankton
productivity is also very high and the seaflcor is sufficiently elevated
above the CCD that siliceous remains simply become a component of calcareous
ooze. Conseguently no high latitude siliceous oozes are present in the Noxrth
Atlantic either, his leaves only two major sediment types: calcareous coze
and terrigenous sediments.

In both the Pacific and Indian Oceans, bottom water is pro&uced at the
southern ends only, in the Antarctic sink regions, and fiows northwards.
The Atliantic, on the other hand,.has bottem 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

currenlt 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 PrOULZSES

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 ovganisms living in the upper metre of
the seabed (bioturbation; is a redistributiocn process that occurs almost
everywhere; regions under anoxic bolttom walters being the only exception.
Bioturkatiocn 4is known to re-introduce laxge quantitiés cf fine sediment
to the nepheloid layer

Sedimentary material that survives these redistributive processes

begins to suffer diagenetic changes. Mineraleogies alter with the formation

of authigenic mineralg; such as where a distinctive suite of clay minexals
and zeolites are produced by the submarine weathering cof volcanic materials.
When the sediment pile begins to thicken, a series of physico-chemical
changes are brought aboutrby compaction and loading. Resulting physical
changes in sedlmért and rock permeability, porosity and shear strength

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

properties are referred te in Chapter 2: Gecchemistry. Relatively few
studics have considered the inter-relaticnship of changes in both chemical

and phvsical properties, and these mostly have confined themselves to

Q

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 one particular chemical
process that may be of importance in disposal considerations. The discovery

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

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

Vl

#

surprises o
the English Chalk. Incipient chertification in the upper layers could

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

2.12 PREDICTABILITY OF SEDINMENT SEQUENCES

2.12.1 THE LAST 200 MILLIOY YEARS: The first sediments deposited

on newly-created seafloor in a rature ocean are frequently volcanogenic
but these scon become swamLed by calcareous ccze as the seafloor spreads

away Trom the ridge. Calcarecus ooze will in most cases build up a

1-26
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congiderable sediment cover on the oceanic basement before the seaflour

has subsided below the CCD. Thereafter residual pelagic clays will be
deposited. Fluctuwations in the level of the CCD through geclogic time (38,
due to changing oceanocgraphic conditions, will produée lavering variations

in the sediment column (Figure 1-23). Should a sub-CCD site pass intoc
high productivity zones, siliceous oozes will begin to appear in the
Alternatively passage intc

column, / volcanically active regions, such as near subduction zones, could cause
Volcanogenié 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 iﬁ 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‘éccur
at the seafloor con 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. Moniteoring eguipment is presently
being developed in the United States that may bercapable 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 zbove 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 veax<s 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 timescale. Evelutionary changes of micro-

s

fossil groups have not been rapid enough to apply the standard micro-
paleontclogical technigues 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 do
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 cycles/. Absolute dating of marine cores is tackled
by geochemical measurements, either on bulk sediments, using radiocarbon
14 . . " . L. 2
(C”7) or uranium series methods (thorium, Th-230 and proactinium, Pa-231),
or on individual volcanic ash layers, using the potassium~argon method.
(17
Unfortunately absolute dating is not always reliable/. Carbonates older
. 14 ; s .
than 20,000 yvears 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 cproced to 2,500 years. Also, since the surface
sediment being mixed will maiuntsin the signature of the contenmuvorary

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

of 'blurring'.

-
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Disposal studies aimed predicting environmental changes will recuire

then particularly a detailed krowledge of the recent history of a Jocation.

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

range of micropa eonto?oglcal, paleomagnetic and geochemical dating techniques

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

for disposal studies will reguire the serxrvices of a number of spec1al1s-

laboratories, groups and individuals to provide this basic information.

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

any stratigraphy determined by established methcds should be encouraged.

These include the use of secular variation to refine the paleomagnetic
(44,45)

timescale jover the past 10-20 thousand years and measurement of magnetic

fabrics to astablish changes in current regimes through time (46,47).

Major environmental changes have been recognised in deep marine

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

last 1.8 million years of Quaternary time. Recent palecmagnetic and

oxygen isctope studies have shown thatl glacial/interglacial fluctuaticns
have characterised the Earth's climate for at Jeast.the past 3.2 million
(41)
years; only their scale has increased in the past 2.5 million years/. our
present climate most prokably represents an interglacial 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 ecarlier

sections of this chapter. &n 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-
(48)

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
(32)

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

detailed paleo-envirommental inccormation such as that published by the

(48)
CLIMAP group/is available for o more than 50 core locations worldwide;
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very few of these arc less than 100 km epart. In order to estimate the

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

2.13 STABILITY OF THE SEABED

2.13.1 MECHANISKS OF SEDIMENT FAILURE

There is an obvious hazard of the sediment barrier becoming stripped
off by ercsive bottom currents cr breached by mass sediment movement.
Sediment on any slope is liabkle to failure under conditions controlled
by the steepness of the slope, the sediment type, and on cccasion the
occurrence of earthguakes. The mechanisms of sediment failures on land
have been inteﬁsively studied by civil engineers. 1In contrast, the
'state of the art! for submarine environments beybnd the shelf break
has barely gone further than description of seabed morphology left behind
after mass failure. Waste canisters carefully emplaced at some optimﬁﬁ
spacing could become concentrated under the effects of creep, slumping ox
sliding; cor 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 ccntortion are minimal. A slide is a failure
in which the sediment has translated along a glide plane and moved down-
slope, usually transforming intc 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 initiated, which extend depositional
effects onto abyssal plains well beyvond the immediate locality of the

mass movement (51).

Submarine mass movements can involve enormous volumes of zediment

(Figure 1-24).At least a dozen localities on North Atlantic margins have
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slides and slumps ranging upwards from 200 km® in areal extent. Some of

. . e}
these are known to have occurred on slope angles of as little as 0.57.

i

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 earthguake-induced, occurred on
continental margins that would be considered aseismic in the short term
(<100 vears).

If it is assumed that the continental margins will be avoided as
possible disposal sites because of factors like resource potential
and that aisposal areas will be located beyond thé 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 slcpes.

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%d0

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) or the building uo by relagic sedimentaticn of a depesitional

sediment scarp above an o0l¢ basement fault. Clearly there is a need to

link long-term monitoring of carthcuake (and microearthguake} activity in
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any dispocsal study areas to expeviments 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 ox other artificial effects such
as sndden loading by a sunken ship should also be éonsidered. 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 HAZARD

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 cccurred during the last two decades ~ the
brief period during which an efficient worldwide seismic monitoring network
has existed. For exémple, the largest known British earthquake (mb = 5.5),
which occurred in 1931, was ar 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 netwcrk is not
uniform over the 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 earthqguakes in that region.

Earthgquakes 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 procesz of compaction and hence the rate at which

sediments Cewater.



(2) By altering the topogrephy of the ocean floor through faultinc.
This could lead to waste canisiers being expo;ed at the sediment surface
directly, or indirectly by sltering the depositional /ferosional regime at
the sgeabed. Faults arce commonly observed on seismic feflecticn profiles
of the seabed and it is not always clear from the sedimentary structure
wiether these are active or merely the fossil record of the creation of
igneous crust at the ridge axis (Figure 1-25).

Microcarthguake surveys on the ocean floor with Ocesan Bottom Seismo-
graphs could indicate whether such faults are seismically active at the

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

seismicity maps suggest (Table 1.3.6).
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2.14 PHYSICAL PRCPERTIES OF DEEP SEA SEDIFMENTS

2.14.1 THE SOFT SEDIMENT KNCOWLEDGE 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 diagenesis
zauze the component particles to be cemented together. Thus when thé sedi-
mentary column is old encugh 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 felating 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 technigues

are summarised in the sectica cn sediment shear strength. The largest
(2,54)
corer now in use can penetrate soft sediment tc a depth of 30 m/. This is
too big for conventional oceanogfaphic ships to dgploy in oceanic depths
and prcbably represents the limit of development cof this technique.
Sediment samples from deeper than 30 m beneath the ccean floor have
practically all been.obtained by the Deep Séa 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 phyéical properties are inter-
bedded.

Difficulties in Measurement In-situ measurement of such parameters as

compressional and shear wave velocity, electrical xésistivity and shear
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strength have been made in the top few metres of the sediment. Below this
depth, down to about 10C m, only spot *empcrnt*vc measurements have been

h a probe pushed ahead of the drilling bit into

&
s
98

made in DSD

undrilled sedime 106 m, provided the sediment is suf ficiently
lithified, the whole range of well logging tools have been employed to
neasure the properties of the rock. Among the properties measured have
been scnic velocity, density, vorosity, electrical resistivity, natural vy
radiation.

Seismic technigues might oprovide a way to study some of the in-situ
rroperties of the soft sediments. For this to work however, both sources
and receivers must be depioyed on the ocean floor. Ocean floor receivers
have Lkeen operatéd with 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 sedimentary column is usually limited to interval time
and sounding velocity - averages which may embrace a wide range of

roperties 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 should be possible to generate
more shear wave energy. Shear wave velocity is a more sensitive indicator

cf the physical propertiec of sediments than is compressicnal wave velocity

(Table 1.3.3).
2.314.2 POhOSITY

The porosity of a rock is defined as the volume of voids expressced as
a percentage of the total volume. The unconsclidated sediments of the ocean
floor have porocsities ranging from about 40% to 90%, but typically lie in
the region of 70%. Porosity is found to correlate with grain size, the fine
grained sediments composed of clay-sizod particles being the most porous.

This is a consequence of tlic siape of the particles. The platy clay-sized

0

particles form open “house-oi-cards tructnres; the coarser parcticles, being

more rounded, form more cloge-packed structures. Porosity decreases with depth



-

below the bottom due Lo compaction, bul not necessarily in a simple way and
porosities in excess of 503 are commcnplace gt 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
3

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

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

i

o} 2.7 - 1.67¢

o 0.37 + 0.63w

i

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

e
¢ = (e T 101006

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/cm® 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 TUERMAL PROPERVIES

Thermal Conductivity The thermal conductivity o©of a scdiment 1s controlled
(57)
primarily by its porosity or watexr content /. Laboratory measurements have

shown that the thermal resistivity (the reciprocal of the conductivity)

is approximately linearly related to water content and, at the temperature

. G, A7 . . . .
and pressure of the ocean floor (37°C, 5 % 10 Pa), the following relationship
(58)

1 :

— = 168 4 678w

k
where w is the water content expressed as a fraction of ths wet weight,
- e et e -1 ~lo _~1 )
Xk is thermal conductivity in cal cm “sec c . .

this sort can be entirely adequate, for

th

However, no relationship o
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 the expression above has been

found to underestimate the in-situ conductivity of some sediments by up
(59)

to 20% /. Nevertheless, poresity or water content is the dominant influence
on conductivity. Furthermore, since porosity corxrelates strongly with grain
size - finer grained sediments being more porcocus - arenaceous sediments such
as abyssal turbidites are more conductive than finer grained clays.
The thermal conductivity of sediments has been measured both in the
(60) :

iaboratory and in situ on the ocean flooxr /. Good agreement is obtained between
the two techniques. Since the effect of pressure is to increase the thermal
conductivity by 1% for every 1000 fm (1829 m) of water depth and the eifect

s+ PSR . < - N o .
of temperature is to decrease the conductivity by 1% for every 4 C dreop in
temperature, laboratory measurements must be reduced by approximately 4% to
obtain in-situ values.

Maps of the thermal conductivity of the superficial sediments of the

(61)
ocean floor show consideral = wmiformity over large regions /. Most values
Co 3 " o - 5 -1 ~lo ~1 o M |
lie in the range 1.8 to 2.2Z25 meal cm sec C (0.75 to 0.94 #m 'K 7).

1-37



The thermal conductivity of the roocxs composing the igaecous crust
‘ (62)°
has been determined from laboratory meesurements on drilled samples/. The
¥

1 ~lo -1

- - . ' - 1
average conductivity of young basalts is 4.0 mcal cm ~sec C

(1.7 wn” k71
With age the conductivity of the uppermost basalts decreacses due to weathering
to about 3.5 (1.5), whilst that of the deeper basalts increases as a resuit

of hydrothermal alterstion 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,
k . : . . R
-, to be calculated, for bhoth the density, p, and specific heat, 0, are more
g
closely related fo 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
-1

o = 0.37 + 0.63w
where w is the water content expressed as a fraction of the wet weight;
p is density in gm cm .

The specific heat of the high porosity sediments found in the deep
oceans is deominated by that of water, so that it is sufficient tc take the

e . . . -lo -1
specific heat of the mineral grains as 0.18 cal gm C ~. Hence the
specific heat of the sediment is given by

o= 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 cocnsiderably 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 radiocactive waste disposal have bLroadened this interest.
The parallcl growth in geotechnical studies of councinental shelf sediments,
assoclated with oil and gas installations, has becn orf less relevance to
the deep ocean work, because the Contineﬁtal shelf = diments are in general
much coarser—-grained and becauce the problems encountered are different
(being principally associated with wave-induced loading and current scour).
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Meveritheless, in-situ measurement of
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geotechnical properties on the continantal sinelf might be adaptaeble for deep
¥

water operation.

A limited number of in situ measuremente of sediment shear strength

¥

&

and other geotechnical properties have been made fxrom submersibles and

by uwnmanned equipment. These have not penetrated more than a few metres.
into the sediment. Most measurements have been conducted in the laboratory
{(either shipboard or on land) on samples obtained by coring or drilling.
This immediately introduces a prcblem because most of the sediments found

on the ocean floor are highly sensitive, meaning that their strength is

considerably reduced by working or remolding. Undisturbed samples of

ocean floor sediments can only be obtained with the richt type of equipment

and the exercise of considerable care. The table below summarises the

capabilities of variocus sampling techniques currently in use.

ateral dim i £f ediment
Method Lat rﬁp dimensions penetration Effect on Sediment
— — of core ————— Shear Strength
Spade Box 20 cm % 30 cm <im Minimal. 0.7 kPa
Corer {.007 kg ecm ~, 0.1 psi)

strength sediment has
been recovered with
worm burrows intact (64)

Giant Piston 11.5 cm dia <30 m Less disturbance thy
Corer with smaller diamete.
’ corers.
Conventional 5 to 8 ¢cm dia <10 m Piston cores more dis-
Corer turbed than gravity
cores. Both often too
disturbed for geo-
technical purposes.
‘Drilling 6.6 cm dia Complete penctration Soft sediments always
(DSDP) of soft sediments. highly disturbed.

In addition to the disturbance introduced by the sampling techniques,
all deep-sca sediment samples are subjected to a wapid reduction of pressure
¢ aoproximately 5 % 10 Pa (500 bar) in being brought o the surface. Since
wates is more compressible than rock-forming minerals (it expands 2% in being
raised from ocean depths to the surface), this causes the pore water to expand
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50 thet some dewatering of the sediment

e

more than the sedimentary minerals

8

or disruption of its fabric is inevitable.
v

The effect of this on the bulk density, poroesity and related parameters
is smail, but on the shear strength can be considerable. Temperature changes
are also involved in sampling, but have less effect than the pressure chanées.

Attempts have been made to correct lahoratory 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

(66)
" strength profile to a depth of two hundred metres /but the validity of these
estimates is qguestionable.

Recent studies of the shear strength of sediments are summarised in
Figure 1-26. At the sediment surface the shear strength of ocean floor
sediments is often very low, sometinmes due to bioturbation, but within a
metre is usually in the region of 10 kPa (0.1 kg cm-z, 1.4 psi). 1In the
top 20 metres the variability shown in the figure prcbably 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,

]

&
<

o

while showing increasing strength with depth, also show considerable scatter
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 verv much on the rate at which
shearing stresses are applied. Because of this the dynamic rigidity derived

(68)
from in situ observations of seismic shear or Stoneley waves /on the ocean

floor (typically 107 Pa) is found to be three or four orders of magnitude

greater than the shear strength determined for the cume site by in situ or ;
(59)
lab-xalcry soil mechanical tests (typically 107 -10° Pai/. Nevertheless the

sheay velocity profile of the sediment determined fronm close range seismic

observations might be used to determine the profile of shear strength if the
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initial value a? the sediment surface were calibrated by scil mechanical
measurements. Compressional wave velocities are too insensitive to the
low rigidity of the sediments for them to ke a useful indicator of
sediment strength. However, iithification of the sediment is usually
associated with a marked increase in compressional velocity, so that
compressional wave observaticns 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 genetratién of projectiles into sea
floor scoils. It has been found empirically that the effective shear strength
experienced by projectiles is about twice that determined under static
conditiong 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 ic important therefore to
consider first the whole range of permeabilities found in earth materials
and geological formations. These are summarised in Table 1.2,

Infoimation on the permesgbility of unconsolidated soils and sediments
comes mainly from soil mechanical studies. A wide range of'permeabilities
is found in nature, from the order of 104 darcy for a clean gravel (e.g. a

' ‘ p (71)
shingie beach) to values ranging from 1077 to 10'—8 darcy for clays/. To a
first order fermeability 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
inéreasing porosity. RBowever, when sediments of a limited range Of grain
size.are studied in Jsbo:atory consolidation tests, permeability iz obserxrved
to decrease with decsreasing porosity or void ratio. Hexe the effect of
compoction, closing up the holes between particles, is being observed.

Laboratory teste on a range of carbonate and clay sediments from the deep
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NB The coefficient of permeability only applies whern the fluid is water at moderate temperatures.

Coelificient of Permeability k cm sec « Log Scale
C A2 ik ’ -1 -2 -3 . = -5 -0 -7 -8 -9 ~10 -11
10 i0 1 10 10 10 10 10 10 107" 10" i0 0" 107"
rermeakbility K cm? Log Scale
_’3 /1 -_5 _(‘ ‘_-—l _‘8 _O —AO _11 _1"\ ~I"'1 _JA‘ _ﬁ.—- _:
Pt (o] / " i P P i " 14 .~
10 10 10 10 10 10 107 10 10 10 10777 10 107> 10 15
Permeabillity K Darcy Log Scale
5 4 3 ) 1 -1 2 3 -4 -5 -6 -7 -
10 10 10 i0 1 1 10 10 10 i0 i0 10 10 el
| E i
Drainage Cood ~ Poor ! Practically Impervicus
. Very fine sands, organic and .
i Clean sands, sand and LS T Hes. 0Fg -
Soil Type Clean gravel I incrganic silts, mixtures of Clays
gravel mixtures .
sand, silt and clay

o Direct testing of soil in-situ ~ pumping tests Derived from consolidation tests
Measuxement =

-

Range of producing oil and gas formations
\ Schlumberger Ltd, 1972

Pacific Red
, Oil rocks ., Nad.cores  Clay (Illitic)
Bear, 1972 " ucNw 1971 0 silva, 1977

Geothermal Steam Areas
Elder, 1965

. Deep Water Sediments from Gulf of Mexico
Bryant et al, 1974 k = 10 e’ cm/sec

Kilauea Hole

(Top 500 m) Cceanic Crust
Zablocki Anderson et al, .
et al, 1974 1977

TABLE 1.2 Summary of the Peimezbilities found in Earth Materials-und Geological Formations




waters of the Gulf of Mexico have yielded the following relationship between

coefficient of permeability (k) and void ratio (e) {72).

¥
-9 5 < e < 4.
k= 10777 0.4 < 4.0
Similar tests on one particular sediment type, an illitic clay from the
(54) '

deep Pacific/,are summaricsed 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

oozes found on the ccean floor prchbably lie in the range 10—4 to 10_5 darcy.

Higher permeabilities are likely to be found in turbidite sequences}?%érti—
cularly in the coarser grained beds at the bottom of individual turbidite
flows. Indeed thece 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 sedimeng
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 ih 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 tho
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
Asamples in addition to those already there). It can however be determined
by downhole pumnping experiments, or at least an upper limit to the bulk
permeability can be obtained. The technique is comuscnplace in the oil
indvctry. Permeability experiments have been propcsed for DSDP drill

hcles in the ocean floor, but have not yet been athtempted.



Under the temperature and pressure conditions prevailing in the top fow

many common gases combine with water to

" hundred metres of the deep-s
form solid gas hydrates, one class of a group of compounds called clathrates
Z 7 g P 1

(76) . Methane is the most important gas that does this. At greater depths

bzlow the seafloor the temperature is too great for hydrates to exist and
methane, for example, would e present as a gas. Evidence for the existence
of hydrates has been found on geismic 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 methane available from
biogenic sources is supplemented by that outgassed from the earth's interior
(77) . ‘

0lid gas hydrates present within a sediment increase its strength and
inhibit the percolation of gas and pore water. Heait from a radioactive waste
canister buried within guch 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 permecability on gas free samples

would indicate.



’ 3. CHOICE CF AN OPTIMUM ENVIRONMENT

3.1 _:_[ETBQQUCTI@N

The many parameters involved in definiﬁg sites suitable for radio-
active waste disposal beneatlh the ocean flcoor make it unwise at the outset
of this research to concentrate too closely on a limited number of aréas
or to be teo resirictive in our concepts of what might eventually make a
good disposal site. It is ciear from our foregoing review of relevant
knowledge in marine geclogy 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 this stage, do less
to improve our knowledge than the same effort spread over a large number
of locations. Indeed, it will be necessary to study areas that from the
outset have no potential for waste disposal. Similarly, a reguirement
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 3.4 below discuss some examples that will require
investigation.

2t the present time the only coordinated programme of research into
the préblems of high-level radioactive waste disposal beneath the deep
ocean floor is the United States Seabed Disposal Program which began in
1974 (78). 1Its basic approacﬁ has been: (1) development of criteria with which

to choose oceanic sites for emplacement; (2) evaluation of the effectiveness

-
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of sediments as a barrier to the mobility of radionuclides; (3) devglopment
of the necessary emplacement cagineering. Although these three steps
overlap considerably in timescale, the firét has already tended to place
constrain on the directions in which the remaining research effort is

(7 .
moving/. We consider it particularly important that evaluation of the

sedimentary 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 THE M.P.M.G. STRAIT JACKET

Much of the US research which has been conducted so far into the
problems of high-level radicactive waste disposal in the oceans has revolve
around the "mid-plate, mld»gvrc concept. This does not appear to be a
particularly useful approach. Indeed, it might impede the discovery of the
f“l+hcuah we consider the mid-plate component of this concept to be sound,
opt¢mum sites .fmld ~gyre componeri: can be criticised on the following grounds
Within the "multiple barrier" scheme the time constant associated

likelv o be
with the oceanic barrier is/very short. Much physicael oceanographic and

1.
biological work is neseded teo define this cceanic time constant, but it is
mnlikely to be greater than 103 years and may be much shorter. Since this
is a much shorter time than the sediment barrier might 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 the edge of the ocean could provide
more effective ccntainment of waste than a "bad" sediment in the middle of
an oceanic cgyre. The pro tion provided by the remoteness of a mid-gyre
region such as the mid-Nerth Pacific is an illusion.

2. The MPMG apprcach has tended to concentrate effort into regions
where pelagic clay is the dominant sadinment type. This may yet prove to
be the most effective sedimentary barrier to the migration of radioactive
waste, However the total trickress of sediment in regions of such cover

is often very thin (<50 m) so that the thickness of the available barrier

the

is limited. JPurthermore, slowly depesited red clays are often guite 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 scrption characteristics, low

permeability, low shear strength, large formation thickness. Thus it
might be more effective to emplace waste 100 m deep in soft coze rather
than 30 m deep in stiff clay. Not enough is yet known about the range
cf 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 erocsion, 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—depaéitional mass movement or current

e

erosion.
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‘Distal turbiditeg are those lturbidity curren®t deposits most seaward
{79,80)

from margin sources or downslope from channel sourceg. Sedimentation
models suggest that turbidity currents entéring the distal environment
should already have lost most of thelr coarser-grained sediment and the
resulting unchannelised deposition would be a sheet of fine 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 small component of the
sediment column. Thorough mixing of indigenous pelagic and exotic turbkidite
waterial means that it frequently becomes impossible to differentiate indi-
vidual distal turbidites even in recovered cores.

it is possible that, with increased research effort, clayey distal
turbidite seguences may prove sufficiently prediétable in time and space
for emplacement 4qdelling. Thus the distal abyssal plains should not be

ignored at this stage as a poscible environment for disposal studies.

3.4 AREAS WiTH GLACIAL ERRATICS

Ice transporis sediment with no regard of particlé 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 energy levels provide
only for fine~grained sedimentation. The resulting sediment columns are
a random mixing of clays and coarse sediments. Emplacement of waste
canisters into such media, that might even have a boulder strewn surface,
would be relatively difficult and probébly hazardous. Similarly, after
emplacement, the predictability of the effects of the canister on the
sediment 'barrier’ would be relatively poor.

During glacial maxima, fields of sea ice and iceberygs migrate to lower
latitudes than in periods such as the present interglacial. Most dredge
hauls recovered from scarps a:d seamounts in the Northeast Atlantic are

dominated by glacial errvatis Loulders even as fax south as the latitude of

fod
j
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North Africa/. Little is known of the distribution of glacial rock debris
on the cpen 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 reco&ered
in sediment cores are a bettor guide to the distribution of Pleistocene
glacial debris, and have beén ugsed (Figure 1-17 to 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 seaflcor that might in cther 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 ar emplacement problem are indeed widely distributed
there; whetﬁer 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 biclogical research groups frequently
récovers pebble and cother rock debris on open abyssal plains. Analysis-of

these 'residue' coljections should provide additional data. (It is worth

-

noting that the majority of benthic biological hauls in tho I.J.S, 'Discovery’
collections recoxd 'clinker' in their inventory. Thic waste from coal-
fired shipping is likely to be confined to the mgjor shipping lanes, but it
could present similar emplaccment problems for disposal canisters to surface

ice-rafted debris). - « Ao



“Thorough analysis of presently existing cores in repositories at the
major marine geclogical centres for ice-rafted sand lavers would enable
more reliable guantitative estimates to be‘made of their regicnal extent
in subpolar areas. Precision CLIMAP-type dating would be unnecessary in
this review, since changing patterns through glacial cycles are not

reguired, simply a knowledge of the extent and thickness of sediment

sequences that contain the layers.

4. RESEARCH NEEDS

4,1 RECONNALSSANCE GEOLOGICAL AND GEQPHYSICAL SURVEYS

Some areas suitable for detailed study can be chosen from what is
already known of the ocean floor. Others may come to light after reviewing
site suitabilité problems, such as the hazard presented 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 solution of
problems guite different from the one with which we arée 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, sedimént 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 this reconnaissance could be accomplished
through a coordinated international effort.

Surveying can locate large scale depositional and erosional features
resulting from current flow and allow subdivision of proximal and distal
turbidite environments. Coriag and shallow surface dredging will tackle

such problems as delineation of regional CCD levels, determination of local



grain size variability, refinement of regional distributions of ice-rafted
derris, volcanic ash layers; and manganese deposits, etc.
¥
improvements to the range of sampling devices can be made and supplemented
through the purchase of commevcially available equipment. However, a start

should be made on the development of more advanced and specialised sampling

methods.

4.2 SEAFPLOOR OBSERVATIONS IN STUDY AREAS

Once an area has been reconnoitered by observations from close to the
sea surface, it becomes ﬁecessary to place instruments close to, on or
beneath the seaflocr, 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 radiocactive
waste disposal are given in Table 1.3. References to specific text sections
should allow assescment of the international status cof such work at present.
The table also includes a note of UK centres of which we are aware that

are engaged in'relevanﬁ work. Many of these projects must await the
development of new<instrumentation (seerlater section), but all lie within
the scope of existing oceancgraphic technology. ’

Initially, some degree of exchange of equipment and expertise cdould
‘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 LBBORATORY MEASUREMENTS ON SAMPLES

Sediment sampling will censtitute a major part of the research
programme. Thought must be given to the handling ang curation of the core
sawpies so that they suffer as little disturbance as possible during trans-
pori and storage. it is important that shore-based fecilities 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

4



rroject Objective Relevance to Raediocactive Status of &?r type of
Waste Disposal work in UK* .
i. Heat Flow Detailed tem— To determine the natural The dewatering of sediment Little if any work on oceganic
pefgl?re gradient and con- processes of heat trans- due to compaction is one heat flow during the last ten
ductivity measurements fer through the sediments cause of moving pore water. vears. ﬂowever, the eguipment
within limited areas, and the underliying crust. In some situations it may required 1s simple. The exper-
covering different plate also be driven into move- tise te carry out this type of
ages and sediment thickness. ment by convective pro- ~ project exists within I0S5 and
cesses of heat transfer a number of University depariments.
(2.3; 2.14.3).

2. In-situ heat transfer To observe temperature To study processes of heat None at present. Considérable 8%L7 pment
experiment changes in the vicinity transfer when high tem- development and laboratory testing
isioned as the culmi- of an artificial heat perature and temperature needed. In UK, IC3 has oceanc-
nation of extensive source {radioactive?) gradients prevail, as graphic expertise, Ha:

laboratory experimen- embedded in the sediment. they would around a radio- experience in handlin
tation on the effects of Pre- and post-emplacement active waste canister. material. Many Unive
heat on deep-sea sediments) sediment sampling could Sediment reconstitution ments have the petrolog
Cetermine the effects of processes could affect expertise to study s2di
an isolated heat source integrity of the barrier for geotechnical aspec
on rates of diagenesis, and its susceptibility to
cementation as well as mass movement (2.13.1)

on phvsical properties
the sediment.

*Not intended to be a comprehensive listing of relevant UK study centres.



TABLE

1.3 (contd)

Relevance to Radiocactive

Status of

o . . this type of
Froject Objective Waste Disposal work in UK* :

3. In-situ measurement of
czotechnical properties

{a) Electrical resistivity Te determine sediment poro- Knowledge of the in-szitu physi- - {a) (b) (c). Electrical resis-

robe. sity, density and shear cal properties of the sediment tivity/acoustic probe for use

{b) Acoustic probe to strength of the top few to as great a depth as possible on the continental shelf has

easure compressional metres of sediment. Acoustic 1is required. Comparison of been developed at Marine
wave wvelocity and attenuation is indicative of parameters measured in the Science Laeboratories, UCNW,
attenuation, grain size distribution. laboratory with those deter- Menail Bridge and LScd by IGS

(c) Shear velccity probe. Measuring a range of geo- mined on the ocean fLoor will Engineering Geology Unit.

{(d) Cone penetrometer (vane  physical properties allows gulde the extrapclation of Modification needed for deep
zhear apparatus?) to etter definition of scome the more detailesd laboratory ccean work. Shear velocity
measure shear strength. of the mechanical proper- measurements to in-situ con- probe under develoepment at

{e} Projectile experiment. ties. Only the projectile ditions. Experience of the UCNW for continental shelif
Monitoring the decelera~ experiment could provide penetrability of ocean floor use. Considerakle accustic )
tion of projectile information on shear strength sediments by projectiles is and resistivity experience also
fitted with acoustic to depths greater than 10 m needed before this technigue exists within IO0S.
transmitter (CW 10 kHz) into the sediment. The same can be employed for waste dis- {d) In-situ shear ztrerngth
by shipboard recording projectile might prove use- posal. Mass nmevements could apparatus has been developad
of signal received at ful as a source of P and S affect the integrity of the commercially for continental
deep hydrocgphone. waves for closs range sediment barrier and ccncentrate shelf use.

{f) loniioring for mass seismic profiles (2.14.1). waste canisters (2.13.1). (e) (£) New projectsa I0S has
movement on iow-angle hc acoustic expertise to
slopes using acousti- e]op accustically monitored

cally positioned equipmcn;, ut lacks the soil
markers and bottom mechanics ekpef"_ nezded to
explosive scurces to interpret the results fully.
trigger sediment motion. See project 5 for bottom

{g) Gamma-ray probe to explosive sources

measure density.




Project

Cbjective

Relevance to Radiocactive
Waste Dispcsal

of this type of .

work in UK

4
£

. Bucvant Pinger, long
erm soll mechanics

experiment.

To invesgtigate the bearing
strength of sediments under
a range cof loading condi-
tioas. ©ach buovant

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 caniste
posed onto the seabed,
is important to know
whether they remain therxe
cr whether they slowly sink
into it. Short term
measurements of sediment
strength may overestimate

[}
M
n

A buoyant pinger h een
undex dévelopmént I08 with
a scientific obijective to
investigate whether,. undex
certain conditions, earth-
quakes liquefy deep sea
sediments.

as
at

its long term properties (24 .4).

It may also be necessary to
conduct this experiment with
hot, radiocactive canisters.

183

. Small Scale Seismic
Profiles with bottom
souvrces and receivers.
Seismic refraction and

Stoneley wave experi-
ments at ranges up to
5 k.

To determine the com=-
pressional and shear
velocity structure in the
sediment.

The results can ke inter-—
preted in terms of the
thickness of the soft sedi-
ments and of the variation
of shear strength with depth.
The latter can be used to
extrapolate other types of
shear strength measurement
to greater depth (2.14.4).

The expertiss to deploy and
recover ocean bottom seismi
recelvers already exists at
Development work is required
bottom scurces (explosive, pro-
Jectile, other?).




TABLE

-
1.3

{contd)

Cbhijective

elevance to Radiocactive
Waste Disposal

Status of this type of
work in UK*

6.

Long term monitoring with

Ocnan Bottom Seilsmographs

To determine seismicity in
the vicinity of potential
disposal sites. Observa-
tions of microearthgquakes
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-
prlate earthguakes are infrequent
and may not have cccurred during
the existence of efficient world-
wide seismic monitoring. But
microearthguakes, 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

gquakes on the ocean floor

extend the recording period of

xisting instruments.

to recoxd earth-

‘already exists in I0S. Instru-
ment development is reguired to

¢t

7. Deep towed Seismic
Reflection Profiling

and Side Scon Sonex

nevi~

acoastic
gation.

wira

To elucidate the fine struc-
ture of the sediments; and
to locate targets not resol-
vable from the surface (e
erratics, wrecks). To study
large scale surface bedforms
and relate these to current
ter and nephelometexr
measurements (project 9).
To elucidate stability of
sediments on slopes.

Cnce characteristic bedfocrms 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).

i0S8 has consi
of seismic re ct
side scan sonar and ac
navigation, but needs
the eguipment necess
exploit these technig
o the ccean floor. A
7 km of armoured ele
cable (well-logging ca’i

dex:
fle

!~

;Q Qi
(D

.
L

ot
e

O

® Q

rica

)

1
a
1

mounted on its own winch is

needed for this work.

S

L.
[

e

to obtain




Project

Objective

o Radicactive
Waste Disposal

8. Botitom Phetography

with acoustic navi-
ga. tion.

a y acoustically
detected targets and to /
chserve targets below reso-
iuticen 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 rvelated
to particular sedimentary
regimes, they can be traced
horizontally to establish
gpatial continuity (2.7).

I05 and a number of University
groups have experience in under-

water photography.
occupy predetermined

Ability to

. positions

reguires a SOPRlSCLVat@d real-

time acoustic naV“U?LfOn gy

S.

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-
bution and composition of
the nepheloid layer (2.7,
2.9). Paleocurrents might
be inferred by comparison
with core structure and
fabric.

I0S8 has considerable

in deep ocean current :
Nephelometers
modified from existing

tudies.

bought ox
designs. A sophistica
acoustic navigaticn
again be necessary.

e2 erce

i.)’SJ
meter

could be

tea bottom

systen would
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1.3 (contd)

Project

Objective

Relevance to Radioactive
Waste Dispesal

Status of this type of
work in UK

1C. In-situ flume studies

To determine the erodability
of various sediment surfaces.

Results would establish the
resistance of the sediment

barrier to current erosion
(2.9).

universities have the necessary
Laboratory flume expertise to

studies on
£ bicturbation

introduction
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 s=di-
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.
Agailn a precise

“

s bottom navigaticn
system is reguired. Emplacement
mechanisms that preserve the sediment
surface need development along with
recovery or sophisticatzd box-coring
apparatus.
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will include:

o
o}
0
a
=
e
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(a) Initial core descriptions end pre;iminary dating,
subsequent sampling;

{b) Scme geotechnical and physical property measurements that might
change in transit - deunsity, porosity, water content, compressional and
sheax velocity, shear strength.

The bulk of the work on sediment samples can be done at shore-based

These wiil include:-

(¢) Detailed sedimentclogical study:- sedimentary structures, 1
lithostratigraphy, grain size, bulk mineralogy, carbonate content, etc.

(@) pating,

micropaleontology, paleomagnetism, isotope dating, etc.

(e) Palecenvironmental studies - magnetic fabrics, oxygen
isotopes, : studies on environmentally
sensitive microfaunas for comparison with living forms, e.g. benthic
foraminifera, and ostracodeg, CLIMAP-type
statistical techniques on faunal populations,

(f) Geotechnical measurements - consolidatiqn tests, ...., flume
studies, etc.

{g) Geochemical 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;
this will require the use of box and large diamster corers. Sedimentological
studies require a representative sample of the whole column penetrated, for
which ccnventional corers and giant piston corers are necessary. Some of
thie land-based experiments mas merely require a large volume of sediment

which can be collected with grobs.

Shipboard and shore-based studies will be undertaken as part of the
basic programme in many countries. ¥ach will regquire the full range cf
facilities implied above. 1-51
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4.4  INSTPUMENT DEVELOPHMENT

None of the projects which have been proposed is beyond the scope
of present day oceanographic technolegy. But being able to say that a
particular project is feasible does not mean that it can be carried out
immediately. A considerable amount of instrument development will bé
necessary before many of the near-seafloor measurements can be made on
a routine basis. In some Céses this process will take several yvears. Much
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
transfef 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 (explesives, prejectile, othex?)
for close range seismic studies;

.(f)’Development of near-botiom seismic reflection profiling and side-scan
sonar eguipment;

(g) Development of nephelometers and improvement of bottom camera
systems and current meter arrays;

(h) De&elopment of instruments for in-situ geotechnical measurements,
and sedimentation studies.
4,5 QUPPORT FOR SPECIALISED OCEANOGRAPHIC PROGRAMMES PARTICULARLY RELEVANT

TO RADIOACTIVE WASTE DISPOSAL
Although great advances have been made in oceanography in the past

few decades, considerable ignorance of many of the processes taking place
in and beneath the oIeaus remains. Some of these processes are directly
relevant to the problan of radicactive waste dispesal in che oceans. = Our
undrrstanding of these processes may not be appreciably advanced if waste

disposal research is too site specific. It is appropriate therefore that
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more general support be given to researxch programmes which could yield

o

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 compacticn on the movement of sediment pore water
must also be resolved. Consoliidation tests on sediments from a range
of depositional and erosional environments could aid our understanding
of this process (2.14).

(c) bownhole logging in IPOD holes

Dognhole measurement of the physical properties of both sediments
and igneous crust of the ocean flcor will impfove our understanding of
the prccesses which take place there. Porosity and permeabilit
measurement are particularly relevant (2.14).

(8) Improvement of dating and paleocenvironmental techniques

In ordexr 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 developmer

of appropriate technigues should be encouraged (2.12.2).



v e

NN [

o

{o

LIST CF REFERENCES

BARAZANGT, M. and DCRMAN, J., Bull. Seism. Soc. Bm., 59, 369-380 (1969).

HOLLISTER, C.D., Oceanus, 20, 19-25 (1977).

HEIRTZLER, J.R., LE PICHON, X. and BARON, J.G., Deep-Sea Res., 13,
427443 (i966).

VINE, ¥.J., In The History of the Earth's Crust (ed. R.A. Phinney),

73-89 (Princeteon University Press, 1968).

PARSONS, B. and SCLATER, J.G., J. Geophys. Res., 82, 803-827 (1877).

ANDERSON, R.W., In The Sea, Vol. 7 (in the press).

ANDERSON, R.N., LANGSETH, M.G. and SCLATER, J.G., J. Geophys. Res., §2]

3391-3409 (1977).
ENDERSON, R.N., HOBART, M.A. and LANGSETH, M.G., Science (in the press).
LUDWIG, W.J., NAFE, J.E. and DRAKE, C.L., In The Sea, Vol. 4

(ed. A.E. Maxwell), 53-84 (Wiley-Interscience, New York, 1970).

HOUTZ, R. and EWING, J., J. Geophys. Res., 81, 2490-2498 (1976).

WHITMARSH, R.B., Earth Planet. Sci. Lett., 37, 451-464 (1978).

RIBANDO, R.J., TORRZNCE, X.E. and TURCOTTE, D.L., J. Geophys. Res., §1J

3007-3012 (1976).

ELDER, J.W., Iu Terrestrial Heat Flow (ed. W.H.K. Lee), 211-239 (Amer.

Geophys. Union, 1965).

PALMASON,; G., In Geodynamics of Iceland and the North Atlantic Area

(ed. L. Kristjansson), 297-306 (Reidel Co., Dordrecht, 1974).

ZABLOCKI, C.J. et al., Geophys. Res. Lett., 1, 323-326 (1973).

BERGER, W.H., Ceol. Soc. Amer. Bull., 81, 1385-1402 (1970).

BROECKER, W.S., Chemical Oceanography (Harccurt Brace Jovanovich,

New York, 1974}.

EWING, M., CARPENTER, G., WINDISCH, C. and EWING, J. Gecl.. Soc. Amer.

Bull., 84, 71-88 (197%;.

VAN ANDEL, T., HEATH, G.R. and MOORE, T.C., Geol. Soc. Amex. Memoir, 143

(1975).



ER

W [N}
&) e}

‘

KIp, R.B. and DAVIES, T.A., Mar. Gecl., 26, 49-70 (197€).

GARRELS, R. and MACKENZIE, F.7., Evolution of the Sedimentary Rocks

(Noxrton, New York, 1971).

HOLEMAN, J.H., Wster Resource: ey 4 (1968) .
RUDDIMAN, W.F., Geol. Soc. 2mc: Hull., 88, 1813-1827 (1977).

BERCGER, W.H., In The Geology of Continental Macrgins (eds. C.A. Burk

and C.L. Drake), 213-241 (Springer Verlayg, New York, 1974).

DAVIES, T.A. and GORSLINE, D.S., In Chemical Oceanography, 2nd edition

(eds. J.P. Rilev and R. Chester), i-180 (Academic Press, London, 1976).

VALLIER, T.L. and KIDD, R.B., In Indian Ocean Geology and Biostratigraph:

(eds. J.R. Heirtzler et al.), 87-118 (Amer. Ceophys. Union,
Washington D.C., 1977).

GROSE, M.G., Water Resources Res., 6, 927-931

BISCAYE, P.&E. and EITTREIM, S.I., Mar. Geol., 23, 155-172 (1977).

ROBERTS, D.G., Phil. Tranc. Roy. Soc., A278, 447-509 (1975).

HEATH, G.R., In Studies in Paleo-Oceanography (ed. W.W. Hay), Spec. Publes.

Soc. Econ. Paieont. ildner., Tulsa, 20, 77—-S3 (1974).

BERGCREN, W.A. and HOLLISTER, C.D., In Studies in Paleo-Oceanography

(ed. W.W. Hay), Spec. Publg. Soc. Econ. Paleont. Miner., Tulsa,

20, 126-186 (1974).
DAVIES, w.A., WESER, O.F., LUVENDYK, B.P. and KIDD, R.B., Nature, 253,
15-19 (1975).

EINSELE, G., OVERBECK, R., SCHWARTZ, H.U. and UNSOLD, G., Secdimentology.

21, 339-372 (1974).

LONSDALE, P. and SOUTHARD, J.B., Mar. Geol., 17, M51-M60 (1974).

YOUNG, R.A. and SOUTHARD, J.B., Geol. Soc. Amer . Bull., 89, 663-672 (1978).

YOUNG, R.A., Mar. Geol., 23, MI1-MiS (1S77).

SCHLANGER, S.0. and DOUCTA~, R.G., In Peiagic Sediments on Iand and under

the Sea {eds. K.J. isl and H.C. Jenkyns), Spec. Publs. Int. Ass.

Sedimentol., i, 117-148 (Blackwell Scientific Publications, Oxford, 1974)



Lo
e}
.

o8}
Xe]

|

-

BERGER, W.H. and WINTERER, E.L., In Pelagic Sediments on Land and unéer the

Sea {(eds. K.J. Hsl and I.C. Jenkyns), Spec. Publs. Int. Ass. Sedimentol.,

Ej 11-48 (Blackwell Scientific Publications, Oxford, 1974).

CLAUSSEN, FE.. In Progress in Oceanography, 4, 245-265 (1967).

EMILIANI, C., In Progress in Oceanography, vol. 4 {(ed. M. Sears), 219-224

(Pergamon Press, Londoh, 1967).
SHACKILETON, N.J. and OPDYEE, KN.D., Nature, 270, 216-219 (1977).

BROECKER, W.S., WALLARCE, S. and VAN DONK, J., Rev. Geophys. Space Phys.,

_

g, 169-198 (1970).
TUREKIZAN, K.K., COCHRAN, J.K. and DE MASTER, D.J., Oceanus, gl! 34-41 (1978).

BLOW, R.A. and HAMILTON, N., Earth Planet. Sci. Letts., 22, 417-422 (1974).

CREER, K,M.,.GROSS, D.L. and LINEBACK, J.A., Geol. Soc. Amer. Bull., §ZJ

531-540 (1976).
REES, A.I., VON RAD, U. and SHEPARD, F.P., Mar. GCeol., 6, 145-178 (1968).

HAMILTON, . and REES, A.I., In Paleogeophysics (ed. S.XK. Runcorn),

(Academic Press, New York, 1970j.

CLINE, R.M. and BAYS, J.D., eds., Investigation of Late Quaternary

Paleoceanography and Paleoclimatology, Geol. Soc. Amer. Memoir, 145

(1976) .

HEATH, G.R., MCORE, T.C. and DAUPHIN, J.P.; In Investigation of Late

Quaternary Paleoceanography and Paleoclimatology (eds. R.M. Cline

and J.D. Hayes), Geol. Soc. Amer. Memoir, 145, 393-409 (1976).

EMBLEY, R.W. and JACOBI, R.D., Mar. Geotechnology, 2, Z05-228 (1977).

HEEZEN, B.C. and EWING, M., Amer. Journ. of Science, 250, 849-873 (1952).

VENING MEINESZ, F.A., The Earth's Crust and Mentle (Elsevier Pub. Co.,

Amsterdam, 1964).

LILWALL, R.C., Seismcl. Bull., Inst. CGeol. Sci., 4, 1-9 (19706).

SILVA, A.J., Oceanus, 70, 21-a0 (1¢77). )
ERICKSON, A.J., VON HERZEN, D.P., SCLATER, J.G., GIRDLER, R.W.,

MARSHALL, B.V. and HYNDMAN, R.D., J. Geophys. Res., 80, 2515-2528 (197%).




tn
[

6.

HYNDMAN, R.D., VON HERZEM, R.P., BRICKSCN, A.J. and JOLIVET, J.,

J. Geophys. Res., 81, 4055-4060 (1976).

¥

RATCLIFFE, E.H., J. Geophys. Res,, 65, 1535-1541 (1960).

BULLARD, E.C., In The Sea, Vol. 3 (ed. M.N. Hill), 218-232 (Wiley-

Interscience, New York, 1963}).

LACHENBRUCH, A.H. and MARSHALL, B.V., J. Geophys. Res., 71, 1223-1248 (1966).

SCLATER, J.G., CORRY, C.E. and VACQUIER, V., J. Geophys. Res., z_{{,
1070-1081 (1969).

LANGSETH, M.G. and VON HERZEN, R.P., In The Sea, Vol. 4 (ed; A.E. Maxwell),
29¢-352 (Wiley-Interscience, New York, 1970).

HYMDMEN, R.D. and DRURY, M.J., J. Geophys. Res., 81, 4042-4052 (1976).

DAVIES, T.A. and LAUGHTON, A.S., Init. Rep. Deep Sea Drilling Project,

121 905-934 (U.S. Govermment Printing Office, Washington D.C., 1572).

HAGERTY, R., In Deep Sea Sediments, Physical and Mechanical Properties

(ed. A.T. Inderbitzen), 169-186 (Plenum Press, Wew York, 1974).

LEE, H.J., Init. Rep. Deep Sea Drilling Project, 19, 701-719 (U.S. Government

Printing Cffice, Washington D.C., 1973).

ROCKER, K., Init. Rep. Deep Sea Drilling Project, 27, 425-432 (U.S. Governmen

Printing Office, Washington D.C., 1974).

DAVIES, D., Bull. Seism. Soc. Amer., 55, 903-918 (1865) .

HAMILTON, E.L., BUCKER, H.P., KEIR, D.L. and WHITNEY, J.A., J. Geophys. Res.,

75, 4039-4049 (1970) .

VALENT, P.J. and LEE, H.J., Mar. Geotech., 1, 267~293 (1976).

TERZAGHI, K. and PECK, R.B., Soil Mechanics in Engineering Practice

{Wiley & Sons, New York, 1948).

BRYANT, W.R., DEFLACHE, A.P. and TRABANT, P.X., Ir Deep Sea Sediments,

Physical and Mechanical Properties (ed. A.L. Inderbitzen), 209-244

(Plenum Press, New York, 1974).



~J
o

BUCHAN, S., DEWES, F.C.D., JONES, A.S.G., McCANN, D.M. and TAYLOR-SMITH, D.,

Acoustic and Geotechnical Properties of North Atlantic Cores (Univ.

¥

Coll. North Wales Geol. Rept., 1971).

BEAR, J., Dynamics of Fluids in Porous Media (Elsevier, New York, 1972).

SCHLUMBERGER, Log Interpretation, vol. 1, Principles (Schlumberger Ltd.;

New York, 1972).

TUCHOLKE, B.E., Lamont-Dolerly Geolcgical Observatory Yearbook, 4, 45-48

(1977) .

BISHOP, W.P. and HOLLISTER, C.D., Nuclear Technology, 24, 425-443 (1974).

NELSON, C.H. and KULM, V., In Turbidites and Deep Water Sedimentation,

Soc. Econ. Paleont. Miner. Short Course, Anaheim, 32-78 (1973).

BOUMA, A.H. and HOLLISTER, C.D., In Turbidites and Deep Water Sedimentstion,

Soc. Econ. Paleont. Miner. Short Course, Anzheim, 79-118 (1973).

KEENE, J.B., Init. Rep. Deep Sea Drilling Project, 32, 429-520

(U.8. Goverrnment Printing Office, Washington D.C., 1974).






AV}

CHAPTER

GEOCHEMISTRY



n
.

CC&TsnTS
Summary
Intioduction
Composition of Sea Filoor Deposits
2.1 Intrecduction
2.2 Composition and distribution
2.2.1 Mineralogy
2.2.2 Chemicail Composition
2.3 Sedimentary Rocks
2.3.1 Shales
2.3.2 Chalks and Limestone
2.3.3 Cherts
2.4 Suspended Materisl
Diagenesis in Marine Sediments
3.1 Chemical Reactions in Sediments
3.1.1 DPegradation of organic material
3.1.2 Dissoluticn of silica

3.1,3 Dissolution of carbonate

3.1,4 Formation and recrystallisation of silicates

3.1.5 Changes in redox potential
3.2 Pore Waters
Interaction of Radionuciides with Sediments
4,1 Introduction

4.,1.1 Ciay minerals

4.,1.2 Oxyhydroxides

4.,1.3 Organic matzrial
4.2 Radionuclides and Sediments

4.2,1 Experimenilal results

4.2.2 Field resuiis

4.2.2 Natural cexr-es nuclides

High Level Radioactive ivaste and Matine Sediments

Introduction

Ut
@

1
5.2 PForm and Properties of the Woste



5.3 . Propertics of the Sedimonts 2,37
5.4 The Pore Water ' < 2.38
6. Reseazrch Reguirements v 2,42
6.1 Introduction ‘ 2,42
6.2 Basic Information 2 .42
6.2.1 The chemical and mineralogical make~up of pelagic 2.42
sediments
6.2.2 Accumulation rates of the bulk sediment and the metal 2;43
fraction
6.2.3 Chemistr; pf the pore waters of marine sediments 7 2.43
6.3 Special Studics 2.432
6.3.1 The exchange capacity of marine sediments 2.4
6.3.2 Identification of the sediment components responsible for  2.44
the bulk exchange capacity
6.3.3 Chemistry of authigenesis and its products 2,44
6;§.4 Chenistry of suspended particies 2.45
6.3.5 Migration in the pore fiuid 2,45
6.3.6 DBehaviour of actinides in marine sediments 2,45
6.3.7 Experimental work on the adsorption of transuranic and 2.46
fiss;on product nuclides by sediments
6.3.8 Experimental work on radionuclides and sediments under 2,46
in situ conditicns
6.3.9 Effects of high temperatures and high radionuclide activity 2.46
7. Research Programmes 2.46
7.1 Existing Programme 2.46
7.1.1 Sediment geochemistry 2.47
7.1.2 Pore waters. 2.48
7.1.3 Suspended particies 2.49
7.1.4 Hydrothermal reactions 2.50
7.2 A U.,K. Programme 2.51
7.2.1 DBasic studies 2,52
7.2.2 Special studies 2.52

N}
>

(%1
AS]

8. References



Summary

1. The geocheﬂ;stry of marine sediments is reviewed, étrésclng theose aspects
relevant to the disposal of high level radioac§ive waste on the deep-sea floor
or by burial in sea-floor deposifts.

2. Sediments accumuisting irn the deep sea by the rain of mineral part1c;es
derived from the continents and bv the seltling of bicicgical debris formed in

the sea, the pelagic sediments, are fine-grained, are highly oxidised and have

. Chemical rezctions in the sediments after deposition lead to alterations
in the sclid 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 sediment
are poorily known. Available informetion suggests that significant amounts of

ions can be removed from solution by association with sediment particies. This

aiso applies to faliocut radionuclides and to discharged fission and activation

n

product nucliides in the sea. Oa present understanding, it is not possiblie to

predict the degree to which various nuclides will be zssociatcd with zediment

5. Recent experimental work on borosiliicate glass, the presently favoured
dispcozai medium for high level waste, shows that considerablie alitecration of the

iass and migration of contained nuclides can occur under moderately high

e}

temperature and pressure conditicns.

6. Simple estimates of the migration of dissolived constituents in uncon-
solidated sea-floor sediments, assuming available effective diffusion coefficientis
are applicable, show that a column of fine-grained clayv of the order tens of metres

thick might be adeguate To iscolate high level waste for time periocds of the

7. Research requiremenis fall into two parts: a) a phase of busic studies

aimed at tanding ¢f the chemistry and mineralogy of pels sediments
and the composition of pore waters, and (L) a phase of spccial studies of the



stability of waste forms and

(&

the thermedynamic properticse of pore waters and
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he interaction of fission and
activation product and fransuranic nuclides with natural sediments.
&. Reievant work in marince geochemistry presently being carried out in

the U.K. and abroad is briefly reviewed. A possibie U.K, programme is described.
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burial within sea floor sediment. Chemical reactions between waste and
sediment could plazy an important part in decreuasing or increasing the rate of
migraiion, and in determining the migration pathways, of radionucliides released

from a mass of waste. The geochemical environment of possible disposal sites

_must therefore be fully described so that the potentizl of the sediment as a
barrier to migration can properly be assessed.
Regearch azimed at understanding the precesses governing the chemistry

and mineralogy of sea floor sediments has only been undertaken during the iast

few decades. Before the Second World War it was mainly concerned with establishing

a cataloguc of the composition of different types of sea flioor materials.
Information on geochemical reactions, and the ways in which the composition of
sea water and sediments have reached their prasent composition over geological
time, has only become available in the last decade. The informstion is still
fragmentary in the extreme, but this is an area of znctive research znd some
rapid progress at the present time in the U.K. and elzewhere,

Because of the rudimentary state of knowledge of the geochemical environment

of the deep oce: it is necessary at the moment to have stringent criteria for

-

n the deep ocean, either in or on the sea

P

selecting specific disposal sites
bed, Few sites would be selected on the basic of present informaticn and
understanding. Research in marine geochemistry pertinent to this problem may,
in future, permit relaxation of some of the criteria. DBut it is essential

to approach the problem from a general point of view before potential disposal

sites are selected. Site-specific investigations will naturalily follow, guided -
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are known or suspected to bring about alterations in the original material. The

¥
materiagls is cutiined before a final account is given of the research needed to
as8esz the effectiveness of oceanic sediments as a barrier to radionucliide migration.

The floor of the deep ocean, lying on average 4 km below sea level, is

material is derived
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mostliy covered with a Dianket ol

ow gravitational settiing of particies fthrough the water column and by bottom
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révorking and down-slope movement (See Chapter 1), Sediments composed of fine
particies from the incessant rain of material from the near-surface layers, the
pelagic deposits, are more widespread than are those supplied by down-slcpe

moverment of continental material. They are more relevant to the problem addressed
hevein. Areas of bare rock outcrops, consisting in the main of basalt, are zlso
widely distributed on the ocean floor. They are most common in the central ridges
of the occeans, where new crust is formed (see Chapter 1), but are also represented
by igocliatsd seamounts and the pedestals of oceanic islands,

Pelzgic sediments have thicknesses above s03id rock basement ranging from a

ections are found close

%]

few tens of metres to about 1 km (see Chapter 1). Thicker
to the marging of the ccean basins where slope-drived material is added to the ru;h
of peiagic sediment particles. The cldest unconsolidated pelagic sediment is
perhaps 50 to 60 million vears old; mowe consolidated and Jithified sedimentary
rocks (see 2.3) are found below the unconsolidated overburden, and above the

F:e us (basaltic) basement.

he accumuiation rate of modern pelaogic sediments ranges between about 0.5 mm

[

per 1000 years in the clays of the South Pacific tc¢ roughkly 23 mm per 1000 years

4

in tha calcaercus oozes (see 2.2) of the North Atlantic. The accumulation is by

no moons uniform, 50 million year-oid sediment being fTound at the sea floor in
seme nures of the Pacific
2.2 Composition and distributic




2.3
different ultimate sources (Fig. 2.1), The major cemponents are (a) detrital
particies, represented by mineral and rock grains supplied from the land or

rom sea-floor rocks; (b) blogLno us paiticles, repres 1100 by the

of planktonic algae and protozoa, composed of czleium carbanate

tituents, which are compounds or minerals
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pilates). Siliceous cozes are sediments containing a significant fraction of

silica shelis (radioclariang and disztoms). The distribution of these pelagic

types is shown in Fig. 2.2,

The distribution of calcium carbonate on the sea floor appears to be rela

in a complex way to the water depth (see aliso Section 3.1.3). The planktonic

shells may well settle to the sea floor in all depths, but they are preserved

more elevated parts and dis the unders

solve on the deeper ones, because

of sea water with respect to calcium carbonate increa

and increasing hydrostatic pressure and because active bottom water flow

8

dissclution. The boundary between sediments

f

rich in caxrbonate and those with

oniy a few percent czrbonate defines the carbonate compensation depth;y

actual depth is variable and depends on the balance between the rate of supply
of carbongte shells and their rate of solution on the sea floor (see Section
Size freguency distributions of the three main classes of pe ic sediments
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Because of the fine-grained nature of pelagic sediments their specific
. . 2
surface areas are high. Values range between 60 and 15C m g (1). Such
sediments are therefore highily surface-reactive (see Section 4).

2.2,1 Mineralogy

[oB

The mineralogical composition (Table 2.1) of pelagic sediments is detcermined

by the composition of the scurce material and chemical reactions in the sediments

it

~

ived from

+

after deposition. Silicate minerals make up the bulk of the materizl de

P

cate

)]

I..\ -
=
|

the continents or from within the ocean basins themselves. A further
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

"

Laid

silicate, montmorillonite. Bicgenous shells are composed of calcite or aragonite,
both polymorphs of cacog, and amorphous hydrated SiO2 (referred to as opal).

The mmaining common minerals in pelagic sediments are authigenic and can form_
large concentrations in some areas, The ferromanganese wminerals are particularily
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).

o

The distribution of the main silicate minerals in pelagic sediments provides

77}

ciues to the origin of the different mineral species. The c¢lay minerals (layer-

.

lattice silicates, mainiy formed in the soil profile) and quartz have been studied

mest extensively. Quartz is known to be more abundant in middle latitude zones of

¢ zones of the continents (2) and it

Ie

the oceans corresponding‘to the arid cliimat
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 «1iiite is the domznant clay mineral in the North Pacific and the North
Atiantic (Fig. 2.4), whers quartz is alsce abundant, and is also thought to be
continentally derived via the atmospheére (3). This has been corroborated by
mineralogical analyses of atmespuccic dusts collected over the oceans (4). On

éhe other hand, montmorillonite is the dominant clay species in the South Pacific
where it is thought to form by the alteration of zbundant velcanic rock debris.

The remaining two important clay minerals, kaolinite and chliorite, are also
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Table 2.1

General Mineralogy of Pelagic Sediments

[

Mineral Abundance Source

Conmon Continents
Feidspars Commnon Continents; ocean floor
basalits
Clay minerals Abundant Continents; aliteration of

volcanic debris in the =cean

Zzolites Rare (locally Alteration of volcanic debris
abundant in Pacific) in the ocean

Velcanic giass Rare Ocean floor basalts

Opal Common Planktonic diatoms and

radiolarians

Carbonates

Calcite Abundant Foraminifera (protozoa);
(hexagonal CaCOB) coccolithophoride (algae)
Aragonite (orthoerhombic Rare Pteropoda (mollusca)
CaCo_)
I
Sulphates
Barite (BaSO4) Rare Authigenic

Locally abundant Authigenic
as phosphorites
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Oxides/Hydroxides

MnO., (variants) Locally abundant Authigenic (coatings and
(3 i
concretions)
FG(OH}B {veriants) Locally abundant Authigenic (coatings and

concretions)




derived from the continents, kaoiiaite from intense chemical westhering in the

N
o
Nt
o

tropics and chlorite from physical) weathering in high latitudes (Fig.
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
£ sedimentation in this part of the ocean. This important observation provides
evidence of varying sedimentation conditions in the remote parts of the sea fioor.

2.2.2 Crhemical Composition

A limited number of chemiczl analyses of pelagic sediments are aveilable whic
serve to show the degree of variability in composgition which is in turn brought

about by the complex mixture of different mineral components discussed in Section

o

2.1, Hence carbonate-poor pelagic clays yielid major element analyses similar
tc those of fine-grained crustal materials; minor variations in this end-member
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 zeolite;
and iron and mangenese oxyhydroxides (see below); Calcareous oozes are
predominantly composed of Cal FOS 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, cut of all proportion to their abundance
They inciude:r=

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 kas sucvived complete alteration during
descent through a deep column of nxyganated seawater, it does support a bacterial
popuiztion and further breakdowa ano aiteration within the sediment does take
place {(sece Section 3.1.1). . . o

Organic material 18 much more abundant in nezrshore sediments than in
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rate of primary organic

pelagic ehvironments because: (a) there is a
production arcund the margins of tho ocean (see Chapter 43, (b) the transit time

from the sea surface to the bottom sediments 18 shorter, and (¢) material is more

»"2

apidly buried by sediment derived from the land. Values of organic carbon (being

Y
>

ghily 60% of , and providing a useful measure of, total organic material) in
)7 7’ 3 !

selapgic scediments are between less than 0.1% and 2% (6). Calcarecus oozes
b s

[

Ty

contain more organic carbon than the clays because the carbonate shells ca
o

in the North Pacific have

e

an organic coating. Some very slowly-accumulating clays
carbon contents lower than the detection limits of the analytical methods available,
The concentration of organic carbon in surface sediments is positively

~orreiated with the accumulation rate of the totsal sediment (6) because the

’\

carbon accumulating in slowly deposited pelagic sediments is efficiently utiiised
or degraded. In shallower environments, where dppo sition rates are faster, more
is presecrved.

In modern pelagic clays there is an exponential decrease in carbon with depth
in the sediment, which reflects degration during burial, with an apparent hal
1ife of between 15000 and 50000 vears. In Quaternary (aNGC’GT) sediments,
encountered at variablie depths below modern deposits, organic carbon contents
are generally higher; carbon was apﬁareniiy delivered to the sea flcor during
these periods at perhaps 2 to 40 times the present rate (8).

The presence of organic material in marine sediments is important from three

4

different points of view:w

oiymerised orgaric msterial has a high exchange
capacity (see Section 4.1.3) and is thought to be responsible for binding (complexing)
& E

many metals in some deposits (7,8),
{ii) During the further degradaticn of this material, dissclved complex

organic molecules may be produced (9) which may be capable of complexing and

transporting a wide range of eljesnents in the pore soluticn (8ee Section 3.2).

(iii) Respiratory decompos:ition of the crganiz material by micro-organisms

near the sediment surface can consumz all molecular oxygen in the pore water. At

point reduced substances are produced {see Section 3.1.5) and the behaviour

+
St
=
[
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Oxygen~deficient conditions are common in rapidly-—accumulating

some hemipelagic deposits where z signif i organic material is

its, such conditions

are not common, although ithey are met in two sets of circumstances:. (a) relatively

h calicareous oozes (10)
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sme 11 reduction zenes have bee
and () asz noted above, giacial scdiments generally con

- sediments, and oxygen-poor condéitions may be foun eiow modern oxidised depocits.

Uniformly oxidised pelagic sediments contain a small fraction of dispersed,
amorphous manganese and iron owyhydrowide, which is present as a fine coating on
and

grain surfaces and zs ferromanganesc micro-concretions., Amcunts of manganese

iron in this form, determined by selective leaching, are approximately 1% by

oxygen-
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depositional reactions within the sediment, leading

poor conditions {(see Ssctionm 3.31.5), can lead to an increase in precipitated

minor sediment fraction iies in its surfece chemistry

end adsorptive capacity. Iron and manganese oxyhydreszides have both positive and

negative surface charges under environmental conditions and are capable of

specifically adsorbing a wide range of cations and andons from gorution (12D,

o

=5

when compared with near-shore sediments (Table 2.2) and this is possibly due to

their adsorption by the oxyhydroxides.

¢} Ferromanganese Nodules

The well-known ferromanganese nodules represent a special case of the

ed zbove, Suzh nodules are widely distributed

3

oxyhydroxide component disc

W

us

f":

on the sea fioor of all the cocean tasing, being most abundant in remote areas
of the Pacific where sediment eccomulation rates are very low (16). They are

composed of crystalline manganese cxXyhydroxides and largely amorphous iron

oxyhydroxides together with admixed silicatle and biocgenous debris. They arxe

by very hipgh minor metai contenis {Tabie 2,3) and are thougnt to

',’.1»

distinguishe



N
2

ok
(M)

Table 2.2

Minor metal composSition {(ppm) of peliagic and nearshore
sediments.

Element i 2 3 : 4 5
Ba 690 5640 600 518 580
Co 190 280 280 44 : 19
Cu 300 700 200 110 45
Mo 40 40 15 3

- Ni 260 400 80 105 68
Pb 90 ' 45 100 31 20
Sr 170 320 1190 125 300
Zn 200 270 110 9% 95
Zr 190 200 30 183 160

I North Pacific pelagic.clay (13)

2 North Pacific siliceous ooze {13)
3 South Pacific calcareous ooze (13)
4 North Atiantic pelagic clay (14)

5 Nearshore muds (15)



form exivemely slowiy by precipitation from sea water and from sediment pore

waters, the minor metals being takon up by adsorplion and coprecipitation by the
- ¥ L.
oxyhydrexide phases, Such deposits are now concidered te be a potential ore

reserve, esgpecially for copper and nickel (18).

Recent driliing in the deep ocean from Glomar Cha nger (19) has provided

1

information on the distribution and composition of the consolidated and 1lithified

PV nts of the urconsolidatcd sediments sampled by conventional coring methods.

Shaies represent the 1ithified 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 perosity and permeability of such rocks are conseguently very low. They have

i sampled below the sea floor under a few hundred metres burial and may be up

heen
to 100 miliion years oid.

2.3.2 Chaiks and Limestones

)

Chalks and limestones are the lithified equivalents of calcareous oozes
They are formed by solution, reprecipitation and recrystaliisation, in addition
to gravitational compachng, of biogenous carbonate. Porosity, the proportion cof
void space in the sediment, is reduced from a value of approximately 70% in ooz
alues of around 10% in cemented limestones, Available information suggests
that calcareocus ocze is transformed into a chaik under few hundred metres burial

- ial.

iie limestones eare produced by further cementation under about 1 km bur
Caicareous rocks have been drilled in all ocean basins and are 20 to 120 million

years old.

2.3.3 Cherts

Cherts, representing the 1ithified equivalents of siliceous oozes, and

the precipitates from hydrothermal solutions, arve very compact beds of

,r

possivi
coistodalite and quartz {(both SiO2 poiymorphs) derived from the reprecipitation of

veill cemented and porosity is extremely low.

They were a serious impediment to deep drilling in the ocean floor prior t



Bulk chemical composition (major elements wt., %; minor elements ppm)

minor metal contents presentliy consider
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to be ore grade, from a survey area in the northern equatorial Pacific (17).,

Bilement Concentration (wit%)
Si 5.40
Al 2.00
Ti 0,506

Fe 6.40

Ca ' 1.60
Mg 1.70
K 1.00
P c.1¢
- Mn 24.90

Concentration (ppm)

Ba 2420

Co 2400
Cu : 10100
Mo " 610
Ni , 12500
fb 560
Sr 530
Zn 860
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development of rewentry techniques, Cherts have been samplied ir all ocean basins,

generally several Fundred metres below the sea {loor, and are 20 to 150 miilion

vears old,

et

2.

4 Suspended Materia

Reference has already been made to the derivaticon of the bulk of the detrital
minerai components of deep sea clays from Iand via the zatmosphere and the formation

1is There is

o

of biogencus cozes by the accumtiation of ssttling planktonic sh
evidence that this materizl recuches the sea floor in organic aggregates (rainly
faecal pellets) which settle more rapidly than the individual particles (20).

Once on the sea floor, the fine-grained material is released by the disaggregation
and bregkdown of the liarger particles. |
In addition to the downward flux of primery particulate material from the

surface layers, fine particles are alsc resusgénded.from the bottem by benthonic

organisms and by fluid shear and mwaintained in suspension by strong turbulence

n the boundary layers. (see Chapter 3). A near-bottom layver of increased particle

e

concentration, called the nepheicid layer, is therefore presgent over large areas

of the sea floor (21). The particles agre most iikely recvcled between the
sediment surface and the water ceolumn, providing a mechanism for extensive
redistribﬁtion of sedimented material by currente (see Chapter 1), Since the
particles have very fine grain sizes, of the order of a few micrometres, and

kigh specific surface area, they have a high adsorptive capacity
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for dissoived and colloidal constituents in the bettom water that may be derived
frem the sediment. The fluxeq of particies from the sea surface and through the
nepheloid layer are poorly known, as is the composition and the surface chemistry

of the material.

3. Diagenesis in Marine Sediments

3.1 Chemical Reactionc in Sediments

Diagenesis, the alteration of the solid phase components of 3 sadiment after

=3 P

deposition, occurs universaily in marine sediments. The processes of diagenesis

[

-

can invelive all of the compoacnts discussed in section 2 above, ond may continue

to operate throughout the whole depositional history of the sediment. Certain
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of calcium carbonate below the carbonate
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changes, such as
compensation depih (Section 2.2), can occur with great rapidity
eésentiaiiy complete before burial. Cthers, Suéh as the devitrification of

re slow. Another important group of reactions occurs within

voicanic glass, ar

nse to changes in environmental conditions after buxial.

j#]

the sediment in respeo
Reaciion sites within the sediment are supplied with dissoived reactants bv

e Section 3.2), which also serves to remove any soluble

N
o]
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the pore-water

_reaction products. The predominant mechanism for such supply and removal is
molecular diffusion, which is a siow process; consequently, the concentrati
gradients of dissolved constituents in the pore fiuids are relatively high even
for reactions which do not occur rapidiy. 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).

SR

These particles are mainly the faecal pellets of herbivecrous zcoplankton, and theiz

[=X

organic content is derived from the phytoplankton overlying the site of deposition.

is

materiai eo suppiied supp rts the benthic community (See Chapter 4),

}.\ .

The organ
which inciudes a large bacterial population at the sediment-water interface
cteria obtain their energy by the oxidation of organic material
carbon dioxide fCO ) us*ng the oxygen dissoclved in sea water. At the same

time they fix CO2 to form their own cellular structure., Thus some fraction of
the carbon which érrives at the bottom is converted into new organic molecules

while another fraction is released from the sediment surface as COZ‘ This process

[

g rapid in geoclogical terms, so that by the time the sediment is buried to 2
epth of a few centimetres only the more refractory organic material survives.
Conseqguently, there is a rapid decwsace in the numbers of bacteria with depth

i 7

in the sediment, with cell counts faliling by several orders of magnitude in the

In rapidiy~accumulating sediments with a high organic content the oxXygen



demand mdy persiat deeper inte the sediment. If this demand exceeds the supply
by molecular diffusion from the sediment surface the oxygen ceontent of the pore
vater will fall to zero. However, bacteria exﬁst whiech are 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 predominasnt., After all the suiphate ion has been
reduced bacterizl activity falls essentially to zero (see Section 3.2). Any

the

compounds cannot

shew such rapid oxvygen depl

Most pelagic sediments do not

ow to sus

-

(gee Sect

likely that such

sxygen to considsrable depths. They may indeed neve

so that the rezctions characteris of reducing envizonments
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on continues after

Fo

water iteelf and at the scdinment-water interface. Dissolut

possibie that as littie as 0.1% of the total silica produced
- 3 "‘

by orgsnisms is finally incorporated in the sediaent (23).

3.1.3 Dissolution of carbonate

The most common carbonate mineral produced in the ocean is calcite (Table 2.1).

Leszer guantities of aragonite, a more soluble form of CaCO3, are also fo:mgd.
Calcite is roducea by coccelithophores and by foraminife;
structures of the pteropods (peiagic molluscs) are supported by aragonitee

After the death of the organism, degradation of the organic coatings exposes
the CaCO3 to direct contact with sea water. However, since surface ses water is
supersaturated with respect to both aragonite and calcite, it is probable that
erosion of the carbonate does not commence untii tne particie has sunk tc deep
water, where the low temperature and high pressure act to increase the solubility

of both polymorphic forms (Z24). The smallest particles (a few pm in diameter)

the water column, but larger ocnes (several hundred pm in

1=
o}

probably dissolve
diameter) appear to reach the sea floor before erosica has progressed very far,
Rapid transport by the faecal pellets of marine zooplankton can z1so supply
material directly to the sea floor {(Section 2.4).

In an environment of low deposition fate, where the surficial sediments

are exposed to waters undersaturated with respect to calcium carbonate, the

of carbonzte

=

tests and fragments so exposed dissoive before burizl, The surviva
depends on the activity of carbonate ions, which is a complicated function of
temperature, pressure and pH, and on the rate of supply of fresh calcareous
material to the sea bed. Consequently, the depth below which the calcium
cafbonate content of éediments falls to low ievels (the carbenate compensation
depth) varies widely—éver the world ocean. In the Nor Pacific this depth is
as shallow as 3000 m, while it varies in the Atlantic From about 5500 m dept:
in the north to less than 5000 m in the south. Hence a high proportion of the
Atlant.c floor is covered with carbonate~rich sediment, aut at all water depths

Atlaniic sediments contain more calcarecus material than other oceans of



Tt must be ewphosized that our present understanding of {he behaviour of

is omiv gqualiitative. In particular, 1t is not
zent possible to predict the effect on the ocezn of fossil fuel combustion,
except te say that the activity of carbenate ion will, eventualily, be reduced
throughout the worid ocean. This will cause a compensating dissolution of
calcarecus sediment. It has been shown that the burning of 511 fossil fQEI

reserves would produce enough CO2 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 t

.

sat the carbonate compensation depth will become shallovew

in the velatively near future and some modern surficial sediments will dissolve
Uncertainties are too great to permit a precise prediction cf the magnitude of

-

In the longer term calcareous sediments are vulnewxable to dissclution

cean circulztion and from climatic changes. Any

resulting from changes in occes 1

variation in the several parameters which centrol carbonate ion activity can

vary the effective compensaticn depth, end the sedimentary record bears much
evidence that such variations have ccecurred in the past.

7
3.1.4 Formation and rvecrystailisation ¢f silicates

The bulk of the silicate fraction of marine sediments originates from the

of terrestrial scuxce rocks, Clay minerals
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Fig. 2.4) and are formed under
conditions guite different from those encouniered on the deep sea floor. It

ng'' takes place in the marine sediments

)
iy

‘reverse weather

3 2 OT

whereby amorphous and poorly-crystalline detrital clay particles take up cations
from the pore~water to produce more ordered crystalline clays (27). Such reactions
e impertant in the overalil geochemical balance, but could aiso alter the exchange
capacity of the sedimenis (s=e Section 4.1).

A further source of clay minerals is the in situ alteratio: of volcanic
glass. In the South Pacific in particular, abundant rocks aund glasses produced

by the myriad volcanic archipelagos are thought to be the source of the

montmoriiionite in the sediments (see Fig. 2.4). On the other hand, there are



al8c reports of bhasealitic glass fragments up to 2.5 miilion years old which appear
tc be totally unaltered (28). The stability of voleanic gluzsses of a variety of
compositions, and their alteration rezctions, are poorly understood.

3.1.5 Changes in Redox Potential
Pl

The balance between the degree of oxidation and reduction in a system is

measvred by the electron activity and is designated the redox potential, 1In
s o

the uppermost horizons of oceanic sediments, the potential has a value of
‘about +400 mv because free oxygen is present as the favoured oxidant. When the
oxygen has been consumed, as described in Section 3.1.1, the redox potentizl
fails and nitrate is used as an oxidant. Thereafter, sulphate is reduced, which
leads to the production of sulphide ions, and the redox potential falls further
to about - ISQ mv.
The gradient of electron-availabiiity thus esteblished hezs a considerable
influence on the behaviour of many elements. For instance, iron and manganese

34 4
. N . 5] .
are present as their oxidised species (Fe and Mn ) in the oxidised surface

rer (Section 2.,2.2.b)., They are present almest entirely as amorphous,

L
o

insoluble hydrated oxides, As the redox potential falls with incrcasing buzrial,

2+

2+ . i . . .
s reduced to Mn and, a 1ittle later, iron is reduced to Fe . These

=
I
ot
aq
o
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ions are much more soluble and enter'the pore water., Typically, therefore, a
stepwise increase in these ions is seen when pore water concentration-Cepth
vrofiles are plotted (29). Many other elements of the transition scries
presumatly follow this behaviour,

The higher concentration of dissolved iron and manganese at depth in the
sediment will cause upward diffusion of these species intc the oxidised layer,
vhere the higher redox potential will cause their precipitation. This phenomenon
11as 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 ¢iosz to the sediment-water interface, there is

the

also scme recent evidence suggestisz vhat manganese 18 also mobile

o

ic sediments presumably due to subtie changes in the nedox

IS

}-4

surface of oxic pela
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the sediment (13).
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they zccumulate. The composit

Sea water is trapped within the sediments as
1 4
of this pore water is altered by the processes of organic matter degradation
(Section 3.1.1), mineral dissolution (Scctions 3,1.2 and 3.1.3), the diagenesis
of minerais (Section 3.1.4) and the exchange between solid and aguecus phases

(Secticon 4.1). Because the ratic of golid to liquid in the sediment is high,

such subtie reactions produge large changes in the chemical compositicon of the
mevement of sclutes is by molecular diffusion rather

than by turbulent mixing, concentration gradients of chemical species in the

4 - i=4
pors waters ars marked, They provide valuable infermeticn on the ifypes of

s of reaction, the rate of suppily of reactants ard vemoval
of products and the infiuence of the reactions on thc composition of sea water.

f the chanrges in the composition of pore waters relative to sea
g p

I
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(a) the oxidation of organic material. Fig. 2.5 shows a schematic

representation of the changes in concentration of some of the major redox

‘s in pore waters. Consumption of oxygen in the upper lzyer is followed

C7

by the reduction of nitrate and finally sulphate., Iron and manganese are taken

into sojution from the solid phase as the redox potc tial falls. .

() the dissoiution of skeletal material, either siliceocus or calcareous.
Fig. 2.6 shows the influence of digscilution on the contration-depth profiie of
dissoived silicon in e marine sediment, calculsted for differing dissclution rates.

(¢) The formation of authigenic mineral phases., Fig. 2.7, containing data
gathered by the Deep Sea Drilling Project, shows considerable change in the
composition of pore water possibly due to the formation of delemite ((Ca, Mg) COE)

from calcite,

he concentration of major and minor consvituents in the pore
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wWate s of marine sediwents are providing valuable inforrsation on the subtle
cigml=zl reactions that take place ir marine sediments and on the role that
alance in the occean. In many

ed by looking at the pore waters
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sitive to chenges in the composition of the solids. In
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eavirvonments where itne sedimentation rate is low, such as in pelagic clays,

4, Interazction of Radiocnuclides with Sediments

Sedimentary particies possec an exchange capacity or ability to adsoerb ionsg

Q

from and to relcase ions to sciution. This adscrption may or wmay nct be

reversible,. The irreversible reactions are fthought to be important in controlling
g i 2

[¢]
-
D
w
0
ﬂ..
m

continental denudation hav
from seawater into the bottom sediments where other reactions may occur (34
Three general categories of pelagic sediment components arc known to be

important in this respect and some background information is available on the

r of the clay minerzls has been known for

&)
20
o

The so-callied ion exchange capnsz

(R
’

a long time. Although anion exchange is aiso known to be important, by far the
main emphssis has been on the behaviour of cations In clay-water systems. This
ig important in sgricuiture where the uptlake and rejease of potassium and

wmonivm iond, for example, by Soil clays play important roles in determining

elagic sediments contsin a mixture of clay minerals (see Section 2.2.1),

each type of ciay having a different catiocn exchange capacity (C.E.C.).
Montmorillonite, for example, has a CEC up to 8 times greater than that of illite,
which in turn has a CEC at least twice that of kaclinite (35). Thnis contrast

expansion aleng basal planes whore an

environment, resides. Iilite has azn interlayer population of potessium ions

in non-expandable layers, whercas kaolinite has no interlayers at all. The
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exchange sites in the Jlatter two mineralis are therefore mainly on the crystaj

surfaces and the total CEC is much Iower.,

v

=

The population of exchangeable cations in terresfrial and marine clay
minerals are quite differeat and they change when terrestrial cliays are

transported into the sea. In terrestrial clays, the dominant exchangeable cation

s caivium followed by magnesium. Sodium and potassium are minor componeants, On

e

entering sez 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 clays (36). This has necessitated a reappraisal of conventional
metnods for determining this property which were developed for a different ionic
medium., The avaizab;e information on the exchange propérties of different types

of clzy minersls 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 scrbed 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 CEC 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 histery. It is

or different clay minerzl species and is known to change naturally

By

quite different

also drusvicaliy altered at high femperatures. Some

wn

aover geological time., It i
further work on pelagic sedimente is urgently required in view of the methedolical

problems mentioned above, in order to place the availablie information on a firm



specific surface areas. Here, clectrost
surfaces lead to large changes in soiution compositions -4in the presence of clay

minerals.

This ubiquitous component (Section 2.2.2b), altbough occurring in low

[¢

concentrations, is thought to play an important role in the minor element

composition of pelagic depcsita. The main prozess is one of surface adsorpiioin,
to some extent by electrostatic attrscticn of oppoesite charvges btut mainly Dy

chemical reaction or specific. adsorption on mixed manganese and iron oxyhydroxides

tistical correlations

nodules, and marked enrichments of metals in oxide-~rich sediments on some parts

of the ocean floor (38), FERefersnce hzs also been mede (Section 2.2.2) to the
unustal minor metal compoSition of pelagic sediments generaily, a phenomenon which

sides. The

<

can be explained by invoking adsorption onto finelv dispersed oxyhydrox

exchange capacity of soils may alsoc be dominated by the presence of fine coatings

of oxyhydroxides on otherwise fine-grained mineral particies (39). .

Although a certain amount of circumstantial evidence for such adsorption it
avaijable, the hypothesis has yet to be tested, Neither an understanding of the
mechanism of adsorption for differsnt elements nor a means of predicting the
degree of adsorption under different condifions is availabie. A great deal of
laboratory work on the surface chemistry of hydrous manganese dioxide and
precipitated ferric hydroxide has been carried ocut but it dees ncot seem possible
at the present time to extrapolate such data to the marine environment.

and polyme:siced oxganic material, derived as discussed
in Section 2.2.2a, has a high e.chanze capacity. Bvidence from scils suggests
that fraction, which is derived from the eakdown of lignin and other

plant macromoclecules, hes o CEC at lgast two to



hest CEC. This material aprarentiy

mGntmcziléonite, the clay mineral
forms especiaily stable complexes with transiti?n metals,

There is Iimited evidence thst the orgenic fraction of marine sediments also
has a high exchange capacity. 1In the Judson River estu@ry for example,

measurenents of the CFEC before and after the removal of the bulk of the organic

materizl 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),
Morecover, some unpublished experimental results suggest that the organic material

n estuarine sediments has quite different exchange properties from the inorganic

e

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 anovaleét 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

piankton of the open sea, and consejuently may have properties different to those

h\

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 éransition metals (7,8), and the possible
preservation of organic material in some gliacial 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 Radionuciides and Sediments

T

The possible use of the property of ion-exchange for the immobilisation of
radionuciides has been recognised (41). A considerable amount of attention has
been devoted to the fixation of exchanged and adsorbed radionuclides on soils and
by ciays. The importance of montmorillonite as an adsorbing medium is well
established,

Natural marine sediments also hLeve considerable potential to mmove radio-
nuclides from seawater, and this aspect has been the susject of various studies,

Two different approaches have been employed; firstly, laboratory experiments



sediments intevacting with tracer scoiuticns, and, secondly, field

iy in responss to relesse of radio”wleahu“ The

v
resuits of these studies ave most significant. The Scavenging properties of

&5 Within a sediment

ratio of the zactivity on the soiid to that in solution). Conaidersble progress
has been made in recent years in development of theoretical models to describe

important

e

these processes, If these models are to give realistic results it
that the correct distribution coefficienta are incorporaied.

4.2.1 Experimental Results ;

o]

There exists considerable lzborafory datz on the interacticn of {principally)

faliout nuclides with sediments from various water depths and depositi

cate that the distributiocn coefficient (Xp) is insensitive

jE

(42). These resulis ind

to the particle size or to the lithological composition of the sediments; this

ts Found in these experiments
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The evidence f{rom these operztional laboratory evaluations, that the sorption
process is dominated by factors other than bulk Iithology, suggests tha
dealing with a variety of sorption mechanisms; +they may foliow stepwise reac
pathways which are due to competing processes operating at different rates.
These reactions may aisc not be reversible with the same kinetics. The trace
components (organic matter and oxyhydroxides) associa

may be important in causing these features, but this iLas not

cxperimentally. In a study on the seepage of activiiy firom a waste
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Ridge , however, it was demonstrated {hs
by oxides of manganese in the survounding shaile and scoil, rather than by any

major components {



As would be ewpected, K. values found for ~"Sr and ~7'Cs (in the ranze

£ o

100-1000) are markediy less than these found for the trace metals, lanthanide

9]

or actinides, which lie in the range 5,000-100,000. These values are reflected
. . o . se g s e s « . -8
in the effective diffusion coefficients of the nuciides in sediments, about 10

2 g0 . 137 . =10 ~11 2
cm /sec for ~ Sy and 'Cs and in the range 10 to 10 cm /sec for the

lanthanides, As a compariscn 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 nuclideeg with the environment

io ith the globai failout resultfing

rr

have been studied in the main in connec

ng of nuclear bombs and devices, and site
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specific releases from nuclear reactors, weapons and their asscciated fuel and
waste processing facilities. Examples which have received attention in the

and activity

1]

marine gphere inciude releases from coastal processing plant
distributions at Pacific test sites.
One important result of these site specific release studiesg is the dependence

vity on the physical and chemical condition of the

N

of the distribution o
discharge. This is particularly true for the transuranic elements, which have
received increasing atiention in recént years partly because of their high
radiological damage potential and partly because of their persistence and increased
importance at high reactor fuel burnup. From experimental evidence it is
that piutonium (alsc nep%unium and americium) has various possible valency sStates

in agueous solution (44). A characteristic of Pu chemistry is the formation of

coiloidal products of hydrolysis.

5

Relatively few studies appear to have been made of the vertical distribu

-
PJI
O
-

of artificisl activity (i.e. its record in time), and on how this inventory of

activity changes with time in respoasc to input. A major problem in assessing

.

che post-depositional behaviour of radionuclides in the marine environment,

, is the separation of effects caused by geochemical factors

]

particuiarly nearshor

from those caused by physical and biological agents. DPhysical disruption, such
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as cazused by bottom currents or winnowing, can czuse transiocation and change

bicturbation, where sediment is worked vertically dewnwards by organisms inte the
sediment column, resulting in a greater penetlration of sctivity than that due fo

geochemical processes, although the site inventory remains unchanged. Although
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some of this informetion provides useful background to the pr

waste disposai, it is not clear how much is directiv relcvant o vitrified waste

diments (45,46).
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area is found. For plutonium as an example, about 95% of the discharge
is lost rapidly from the effluent to the sediments, while the remainder is

.An appreciable fraction of this residual plutonium in
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seawnter ( 70%) passes a fine filter ss would both a colloid and a true solutien

Fh

(475, Anaiyses of americium in paraliel with those Lfor pluitonium demcnstrate

differences in geochemical behaviour, in that americium is more radidly removed
by fiitroftion and sedimentation. Reported experience from Trombay, India is
¥ 14 7

similar to that at Windscale, 99% of the plutonium heing taken up by sediments

with a mean KD of 90,000 (48).

On {he hssis of a %time sequence of snalyses on cores collected be

-

and 1973 from +the same iocation in

jps)

2uzzard's Bay, U.S.A., it has been claimed

J-

that some remobilisation or scolubilisation of fsllout

This is based on evidence of a decreusing Pu inventory accompanied by a reiative
137 241 239,240 . . I
constant Cs inventeory. The b/ 77 Pu activity ratio also remains constant

with depth. This process, which impiies plutonium (and presumably americium)

migration against the concopiration gradient, is postulated to cccur in reduced

g
sediments with low gedimentation rate. In contrast, a study of aapually layered
depocits Yrom a nearshore nasin off Caliifornia, U.S.A ., found n¢ evidence for



b) Deep-sea Environment

Ee

4L darge number of samples of sodiment and water have been anaiveed in
connection with programmes op the behaviour of long lived faliout nuclides (51),.

ty remains

Fde

Fer soluble species, such as ~ S5r and Cs, it is found- that the activ

predominantly in the top few bhundred metres of the ocean water column, while other

. 95, ,95 106 . .
nucliides such as 2R/ TNb, Ru and the lanthanides Jargely become associated

with particulate material and sink.

In recent years the distribution of fallout actinides in the oceanic water

celumn has also been studied (52). In the mid-1970°%s, about 10% of the cumulative
overland piutonium fallcout was found in the sediments at ocean depths arcund 4000 m,

and z model for this removal based on a particle asscciation mechanism has been

N

in the sediments

\J

developed. The distribution of piutonium {(and americium

ndicates the importance of bioturbati on in the deep sea, as penetrations of

(=0
oy

activity to arocund 10 cm have been found in water depths of 5000 m, where this
sediment depth represents tens of thousands of vears of sedimentation

4,2.3 HNatural Series Nuciides

Nuciides of the natural radioactive series provide an opportunity to examine

the long term behaviour of the heavy elements (atomic number > 82) in desp seca

sediments. Most work has been performed on the natural actinides, thorium,

protoactinium and uranium because of their relatively long half-lives. 1In the

ble bedy of data has been gathered using the known
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rates to date sediment horizons and to:-estimate geochemical rvates (53).

The geochemical mobility of these nuciides is found to be affected by theirx
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

orporation mechanisms. Such information is relevant to the possibie behaviour
of fission products and f{ransuranics on r=lcase to pore water from buried waste
in sediments, at least at normal snrient femperstures.

al Uranium

n omost pelagic depesits, there is 1ittie

~

=N
¢

Under the oxidising conditions

P
b1 - N : G (‘ 1 . . - 4 238‘ 2357 £t
evidence for mobilisation of the primordial isotopes, U and U, from the
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43, In secawater,

vighly conservative with a mean residence time of 200,000-400,000 y.
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the U{VI) complex o, (< Og>§ .

however, it has been observed

that U can migrate out of the sediment column through the sediment-water
234238 PR
‘0 the U U activity ratic of 1.15 found

interfece, where it helps maintain the
throughout the open oceazn (55). Although the phernomenon has not been observed

s often ocer
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in ether types of pelagic sediment, where compositional

, - . . . 234 2, .
a supply rate from the entire ccean {loor of around 0.3 dpm U/cm /1000y is

found necessary to maintain the cbserved uranium content of the ocean. Two
mechanisms for this process have been proposed, From studies on marine phospherites,

. . 234. .
to be owidation of 30% of the in situ U production

in the sediments to UVI), the having been mzde more labile by the decay

ed with precesding alpha and beta emissions, and subsequently

migrating as the uranyl carbonate complex (565. The second mechanism is alpha
L. . 234 238 s . s
recoil of Th from the decay of U from the soiid phase into solution, as

demonstrated by laboratory experiments on the mineral zircon (57). Whatever the

nism, the vajiue 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 epecies is
S 1 - e - ~ N - X x 232
readiiy hydrolysed. The concentration of the primoerdial isotope, Th, in
p : . . , I - 232...
seawater is extremely low, probably 1ess than 0.0Iug/1000 iitres (58). T

230 . .
minerals whereas MTh is supplied to

iiment by scavenging from the overiying water column following its production

- 224 ., . ) 231 , A 235 . .. i
from U. To a first appromimsviog, Fa proluced from U behaves similarly
238
L g = . « -~ .
te Th. Thiz wode of production hins been the basis of various duting methods
23 231
hased on “Th and Pa.

not been demonstratsd



. ~ 230 , 231 . . .
The standing crop of h and Pa in many sediment columns is often found to

be balanced by the supply from the uranium isotcopes in the overlying ocean column,
Hoéwever, there is strong evidence that some short scale mobility is possible,

i
perhaps as TJ(GL>ﬁ. This is demonstrated by the isctope cencentrations in

some authigenic minerals (59), and in concentrations in relict fish teeth
greater than those found in the Iiving animal (60). Related evidence has been

230 . . R .
furnished that authigenic Th becomes progressively less soluble in acid at

. . . R . 232 .
creater depths in sediment cores, while yieids of detrital Th are unaffected
(61).

The authigenic minerals in which the thorium enrichments have been cobserved
found in areas of siow sedimentation. However, the times for the thorium in-

(of the order 100,000 yr) compared with the Iikely recuire

‘e

corporation are shori
periods for containment of radioactive wastes.

C) Radiux

226 228 . . R . .
Ra and Ra are produced in sediments by decay from their respective

230

A 232 . . . - .
parent nuclides Th and Th, As might be anticipated for an alkaline easrth

jte

2

eiement, Ra  has a marked tendoncy to migrate in sediments, as shown by the fact

L

= 22 . . . ' .
that 9¢% of the 6Ra input te the ocean is derived from the sediments (62), and
22¢ .
that the bottom water content of Re is a factor of 2 or 3 greater than that

. -8 2 - .
found in surface water (63). Values of around 10 cie /sec have been found for

the effective diffusion coelfficient.

5. Righ Level Radioactive Waste and Marine Sediments
5.1 Intrcducti
The effects produced by placing radiocactive waste on the deep sea floor, or

ea floor sediments, with respect to the behaviour of

o]

by burying such waste in
the sediment and the short- and long-~term behaviour of the waste itself, are
finknown. These effects will be better uniderstood by acguiring more extensive
information on the form and propertles of the wastefénd from studiesgcf the
geochemistry of pelagic sediments. 1p discussing the interactions neiweén
ption of burial in

wgste

to the alternative of




piacing the waste on the sew floou.

5.2 Torm ’
Present plians arc that the high 1évei radicactive waste origirally in Iliguid

form is solidified by fusion into z boresiliicate gla: (64), 1In the F;MGAL

srocess (65), cylinders 150 c¢m long and 15 cm in diameter have been produced, "and

;D‘
L]
65}
L3
@
<
%)
B
i
o
=3
f)e)
g
=3
o3
W

in the later HARVEST Pregramme, cylind 0 cm in diameter will

Several properties of the glass are still poorly known. In particular,

ieach rates for the radionuciides under conditicnz on the deep sea floor are not
availeble. Although a 10-~year old sample of FINGAL glass is apparcntly stable

in a short-term exposure to distilied water al 90°C (65), it is not clear how

it would react in segwater (pore water) in contact with sediment at a mugh higher

temperature and pressure. It has been recently shewn (67) that simulated waste

boresiiicate giass, containing 13% fission product oxides, became extensively

Moreosver, new uranium-zand caesium-~bearing minerals were formed on the surface

of ihe aitered glass.

Reference hag siready been made {(Section 3.1.4) to the apparent stability of
some basaltic glasses on the deep sea fioor. Further information on these natural
occurrences, and on the products of bydrothermai reaction between rocks and

seavwater (for exemple in the geothermal 3ystem in Iceland), would be useful.

An alternative to vitrification of the radiocactive wastce has been recently

that the radionuclides should be contained in the Isat

n' in a glass. A synthetic rock (MSynroc™)

[
0

ja N

minéz&ls and not in "solid solut
has been prepared containing a group of minerals, which are slso known to occur
naturally, the minerals each having the abiiity to aut =3 hosts for a different
>t and transuranic nuclides. Onoo confined to the minerals,

it is5 argued that the nuclides would be stable for very long time periods;

natursily-occurring uranivm isotopes, for example, are known to be stabl
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for an effective sediment bazrier, Ior the foilowing reszsons:

b) they censist for the most part of clay minerals which have a relatively

high cation exchange capacity {(Section 4.1.1) and are therefore potentially cap :bis
of ad b radionurii f
of adscrbing some radionuciides from solution

¢) they are highiy oxidised (because they have accumulated slowiy in well-
exygenated sca water) end therefore contain very Iittle reactive organic material
which could render radionuciides more soluble. In addition, they contain a very
fine~grained oxyhydroxide fraction (Sections Z.2.2 and 4.1.2) capable of chemically

Ffrom solution. Reference has been wzde (Section 4.2.1) to the

60

adsorption of = Co and other nuclides by the solid manganese oxide fraction of
the ghale and the soil in a radionuclide waste gite. As a result of this

finely-ground manganese oxides be added

that the waste ig coprecipitated

d

manganese oxide so that the migraticn barrier of the

at high temperature with

waste form ig enhanced.
An extensive research programme into the chemistry and mineraiogy of pelagic

ciavs from the north Pacific is being carried out in the U.S. under contract

7N
i

N

N

©

from the IErnergy Resezrch and Devel cat Administration

placement of highly active waste into pelagic clays will cause other

a) alteration of the adsorption or exchange of ions from solution by the

b) alteration of the sediment by recrystaliisation at higher temperatures,

possibly le.ding to an increase in grain gize and a concomittant change in the

excharge cupacity  and by the formaition of new mineral nhases

¢ citeration of the sediment by radiation.

Two aspects are important in considering the rele of the pore water

environment on the ecmplacement of high level waste‘irx marine aediments. The
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first involves the uitimate control of the tion of the pore water which

may change drastically in the presence of waste cunislters at a2 high temperdture
. . . i3

and will determine the chemical form of any rejeased redionuciides, The second

is concerned with diffusion of ions within the sediment and the consequent
migration of radionucliides released from solid waste.
Among other important variables, the rate of Ileaching of radionuclides from

a waste matrix will be a function of the environmental hydrogen jon concentration or

s

pH., In sea water, the ma

n contrcl of pH, at least in the short-term, is the
carbonate system, This maintains the pH at arcund 8. Pore waters are somewhat

more complicated, and the buffer system here is not yet fully understcod. The pH

(=

could be considerably perturbed in the vicinity of a waste canister where the
temperature would be much highér than normal. The conseguent corrosion productis
ceuid further aliter the composition of the pore fluid.

The degree of oxidation or reduction (the redox potential) of a sediment
55 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 3

SR

n

=0

ined

\}

ainst a change in redox 18 unknown. For reasons ocutl

C‘Q

Section 5.3, it will prcbably be best to choose an oxygenated environment for

the disposal of high level waste., It will be essential

he extent

-

o predict

e altered by the presence of the waste, it is

oy

to Which such an enviromment will
known, for example, that the reaction between sea water and hot :ock in the upper
part of the ocean crust (Chapter 1) leads to the formati on of deoxygenated seawater
containing hydrogen sulphide (71). Under thes onditions, the chemical behaviour
of.many constituents in the water and the leaching behaviour of solid waste are
likely to be drastically altered.
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The pore wnters of marine
ceneistrents, botr organic and inorganic,; capable of forming complexes which
aiter the behaviour of other constituents., Many radionuclides can exist in
different chemical forms (Section €6.2) and these will ~eact in various ways to

the compiexing agents. Consequently the gecchemicali behaviour of any given
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i 0.3, is assumed (72),

A 1m thickness of sediment, porosity



that a barricr thickness of the order of tens of mets

5 0

encouraging, it must be amphasised thatlt the treatment is exces

and that the results shown in Fig. 8 can only be taken as o starting point for

further work.

Perturbations to the sediment syscem caused by the presence of a mass of high

level radicactive waste will certainly have profound effects on its physical and

possibie that gross convective overturn of

[
[

chemical properties, Indeed it

sediment and pore water might occur. The implications for predictions of nuclide

=

cennot at present be aszscesed even gualiitativeiy. Also, the

L5

igration rate

=

simple diffusional model mentioned above ignores several possiblie 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.

The previcus sactions of this part of the report make it clear that it will
be necessary initially to approach the problem of the disposal of high level
radioacti#e waste in the ocean in a very general way. Decisions based on present
knowiedge will be far teo restrictive to give an adequate range of options for .
disposal strategy. Moreover, it wiii be essential to work on the basic assumptions
involved and to show thzt they have been questioned fully.

The areas requiring further work are therefore both fundamental and highly
specizlised. While we are able to identify with some confidence those areas

where the background informztion is inadequate, we are not able to specify

e

o completely or 5o confidently the specifically applied resecarch tasks

nearly. s
that are required, Thkis report should be viewed, therefore, as a basis for the

planning of a long-term rescarch programme in the course of which note specific’
questions could arise, reyuiring new approaches for their solutica.

5.2 Basic Information

6.2.1 The chemicel and mineralogical make-up of pelagic sediments

od . . [ A I Lt P - o Iy i
1t Ffor the work The bulk composation ant adc



ts are required

e
4

Lefore other properties of the sediments, or experimental work con adsorption,
are understcod. Infermation on the variability in the chemical composition of

the sedimenis over long time periods {(long core sections) will provide additicnal

fferent sites (see

}-\r

information on the long~term geclogical conditions at di

Chapfer i).

6.2.2 Accumulation rates of the bulk sediment and the metal fraction

An insight into the natural or man-made fiuxes 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 radiocsctive, The present statc of
ignerance about many natursl processes makes a degree of redundancy highly

iesirabie, Information on the bulk accumulation rates of the sediments will be

o
o0

By

useful in an assessment of long-~term geological stability at different sites
(see Chapter 1).

6.2.3 Chemnistry of the pore waters of merine sediments

As discussed in Sections 3 and 5, the porec 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 48 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 tc¢ this éystem,
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 sedimepts

The cation exchange capac*ty of wmoyine sediments is a basic property that may
give clues to the likeliy behaviocur of such sediments towards introduced ionic

L -

species., The retao 1s presently uscd to measure this property require stringent

re~evaluation and the exchange capacities of a2 wide variety of sediments for a



so that they can be related teo

shysical and chemical properties of the secdimenis (see Section 6.,2.1). Use

¥
can be msde of radicactive tracers of the stakie ciements, as well as lanthanide
and actinidse anajogues cf the tr;ms anic elements, Experiments under different

temperatures, pressures, redox conditions and pH will be essential.

responsiblie for the buik

As an ocutgrowth of 6.3.1, it will be necessary to identify the components
(minersiogical or chemical) of the sediments whizh account fos the exchange
properties of any given sed'ir:zenit type, and to understand the surface chemistry
of these components under varying environmental conditions. This will provide
the data on which 2 prediction of likely exchange capacity of any sediment typ
from other properties, can be based,

nd its products
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It will not be possible to assume that the exchange properties of sediments
wili be invariant over long time pericds. Auvthigenesis will bring about important
citerations to the make-up of sediments and will lcad to the production of new
15 after burial. £Aa eXample is the formation o
having relatively higfz exchange capacities or the recrystallation of some minerals

nder oxic and anoxi-~

w
o

to produce phases with a low exchange capacity. Reaction
conditions will require evaluation; the alteration of deposited organic material
“follow different routes under these contrasting conditions, yielding
products having different compliexing capacities.

In paraliel with this problém it will also be necessary to study the effects
n-the exchange properties of sediments at high temperatures, It scems likely
that a cer‘cain‘ amount of recrystailisation of amorphous and poorly crystallised
material in the sediments will take place because of the high temperatures
er

genevated by waste placed on the sea floor or buried., This could produce bett

pinerais, iron and manganese ox shydroxides and cherts, the
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of these new phases are likely to differ significantiZy frwom the original matorial;

hey will probably be much lowsr, On the other hand, it is possible

vated alteration of amorphous siiaca. The exchange propertics



cuuclides might take plzce on recrystelilisation.

6.3.4 Chemistry of suspended particies

-

The chemical composition and the adsorptive capacity of suspended particles

in the deep cocean will be required in order to evaluate the effectiveness of such
fine particles in dispersing radicactivity around dispesal sites. Sampling will

have to be carried out with newly-designed traps which can be niaced in the deep
sea to distinguish berfﬁzem the steady vertical fluy of particlies and the recycled
component from the bottom.

6.3.5 Migraticn in the pore fiuid

As an outgrowth of 6.2,3 it will be necessary to attempt fo model the
diffusive and advective movement of radionuclides in the pore fliuids, Research
into the thermodynamic properties of the pore fiuic und the speciation of dissoclved

i1i be required. Information on the

(I‘

constituents, including radionuciide
perturbations to the sediment/pore water system (see Section 6.3.8) wili also be
needed,

6.3.6 Bebaviour of actinides in marine sediments

Some insight into the likely behaviour of transuranic nuclides in pelagic
o } s

sediment can be gained by two approaches. Firstly, by evaluating the available

data. and extending the research, on the distribution and behaviour of faljlocut
5 r

and discharged radionuclides in the ocean (for exampie, an expanded programme of

: Windscale pliant

research inte the distribution of dis

v_..
»--n

arged nuciides from (he

re reguired of the

@

into the Irish Sez would be valuazbie). Secondly, studies
geochemistry of the lanthanides and uranium and thorium nuclides in pelagic
sediments. Such investigations of analogues of the transuranic nuclides could

begin much eariier than, and could guide, experimental or in situ studies

(Section 6.3.8) of, say, plutonium and americium. Work is also required on the
137

geochemistry of fission product nuciides in marine depociis, including Cs and
90, . £ oo ety S i s N i 89,
Sv, wmang others . because of their high initial sctivities in the waste, and T'c

among others, because of their long half-lives,

Tt



the sediment. Tt will be essential 10 pay particular attention in these experiments

6.3.8 FExperimental work on radionuciides and sediments under in situ conditions
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sre probably justifisd towards the end of the vesezrch programme in order to
examine likely behaviour under disposal site conditions and in order to test mo

and predictions arising from the experimental proegramme,

L-\ .

6.3.9 Effectes of high temperstures and high radionuclide activity

Included here is a group of probiems directly conmected with the effects
produced by the empiacemeﬁt of a mass of highiy radioactive material at a high
temperature (ca. several hundred degrees centigrade)., It is not exhaustive and
wiil be amended frequoatliy during the research programme,

a} efifects of high temperature on advection/convection in the sediment
and its gfrecﬁ on transport through the pore water

b) effects of high temperatures on the sediment (recrys{allisation) and the
effect of this on heai digsipation around a canister

c) effects of high temperatures and pressures on the chemical makeup of the

S

rt (formation of new mineral phases) and on the stability of the waste

d) radiation effects on the waste, sediment and seca water; radiation damage

7.1 Existing Programmes

With one exception (see 7,1.120) research inte the geochemist-y of sea flecox

sediments relevant to the problem of the disposal of high level radioactive

waste in the deep sea is bheing conducted in several laboratories as part of other

ie

szges of {ransuranic and fission product nuclide

2]
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research programmes, Included here is a brici acnotated check~iist of the princi

programmes, emphasising work on the deep Sea envircmaent. This list is LO; clgimed
¥

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.) (formeriy at the University of Rhode -

Ysiand): Part of the Seabed Assessment Programme under contract from the U.S.
IEnvironmental Research and Development Administration (70). A study of the
chenistry of North Pacific pelagic clays and cxperimental determination of the

adsorption of europium and thorium from NaCil

b) Oregon State University (U.S.A.): Part of NSE-supported research project

on the sediments of the scuth-east Pacific emphasising metal-rich deposits and tie
& o -

composition and origin of the oxyhydroxide fraction.

¢) U.S. Geological Survey, Menlo Park, California (U.S.A.): Part of the Desgp
Ocean Mining Fnvironment Study (DOMES) of NOAA on the chemistry of pelagic sediments

from areas of metali-rich ferromanganese nodules.

d) Oregon State Un sity (U.S.A.): Part of NSF-supported Mangan:

Programme (MANOP) on the fiuxes of chemical substances within pelagic sedlments,
using a remote bottom~-lander vehiclie.
e) Impe ‘i 1 College, London University: Part of a NERC-supported project cn
the applied geochemistry of sea-floor metal deposits in the Pacific and Indian Oceans.
£) Leeds University: NERC-supported projects on the geochemistry of the
lanthanide metals in the ocean and on the geochenistry of Indian znd Pacific Ocean

sediments, the latter in

g) Yale Universit

Glasgew University:

A number

collabeoration with Liverpocel Univesity.

and University of Southern Calif

resear

ch projects on

(U.S.A.) and

fornia

ihe accumulation rates

radiometric methods, and the geochemistry of the

of marine sediments, using
neturs? wranium and thorium series nuclides.

h Yoods lole Oceancgraphic Institution and U.S. Ceclogical Survey, Menlo Park,
California (U.S.A.): Projects concerned with the exchange capacities of sediment
savrticles, mainly in fresh-water and near-shere marine environments.



i) University of Utrecht (Nethariends): Chemistiry of pelagic sediments from

Atlantic and experimental work on ithe adsorption of transition metals oy
mangansse oxyhydroxides,

3) University of Gottingen, (¥. Germauy): Chemistyy of pelagic sediments
irciuvding rocks recovered by the Deep Sea Drilling Project.

) Centre des Faibies Radiocactivités, France: Accumulation rates of pelagic
sediments end ferromangancse nodules using radiometric methods.

1) Scripps Institution of Ocesnogr izny Woods Hole Oceancgraphic Institution,
Texas A and M University, Lavrence Livermore Laboratcry (U.S.,A.); International
Laboratory of Marine Radioactivilty (Monaco), Ministry of Agriculture, Fisheries
and Food and Lancaster University: Studies of the behaviour of transuranic and
fission product radicnuciides in the marine environment.

At the Institute of Oceancgraphic Sciences, search is presently carried

out on: the chemistry and mineralogy of pelagic

sediments from

the Atlantic and

Pacific Oceans, the geochemistry of ferromangansse noduies, the behaviour of
uronivm~ and thorium-series pnuciides and on the zccumulation rates of sediments
and constituent elements in peiagic sediments.
7.1,2 Fore Waters

a) Woods Hole Oceansgraphic Institution (U.S.A.): major ion chemistry of
pelagic sediment pore waters using methods for co’Jecfwng in situ samples, Plan.
have been formulsted for work on trace metals to begin shortly.

b} University of Washinston, (U.5.A.): Transition metal and nutrieat chems sty
of pelagic sediment pore watcrs using methods for coliecting in situ samples,

de Tsiand (U.S.A.): Part of the MANOP project (see 7.1.1d))

Az

¢) University of Rho

on the transition metal and nutrient chemistry of pelagic sediment pore waters
using samples collected hy separating watesr from sediments collected by conventional

coring methods,

d) Texas A and M University (U.9.A.3: Various projects on the nutrient
chemistry of pejagic sediment pove .aters emphasising the role of biclogical
L. o ) . . R 222
mixing on the conceniraztion > use is made of natural Rn

measurements in the nore waters
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£} Yale University (U.S.A.): Long~term intevest in the chemistry of anoxic

3 px e

(nhear—~shore) sediment vore waters and the mathematical odelling of concentration

£y Northwestern University (U.S.A.): Mathematical modelling of concentration

g) Leeds University: NERC-supperted projoct on the transition wetal chemistry

and the behavicur of iodine in the pore waters of pelagic sediments from the

h) Xiel University (W. Germany): Extensive experience in the nutrient and

trace element chemistry of pelagic and near-shore sediment porc 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 dissoived organic

substances on the behaviour of trace metals.

£ th

[w]
¢

j) Imperial Coliege, London University: ZExperimental studies

1

compodition of pore waters and rocks at eievated temoeratures and press

o

res,

At the Institute of Oceanocgraphic Sciences, work on pore waters is concerned

f")

with the chemistry of some of the major constituenis and nutrient compounds,

including gases. Use is made of an instrument to ccllect sampies at in situ

conditions at all oceanic water depths.

7.1.3 Suspended Particles

a) Woods Hole Oceancgraphic Institution (U.S.A.): Long-~term research into
the fiux of particuiate material to the deep-sea flcoor (PARFLUX Experiment)

emphasisging transport in large biological aggregates, and using mocred traps.

b) Woods Hole Oceanographic Institution, Lamont-Dcherty Ceojogical Obsexvatory
Scripps Institution of Oceanography (U.S.A.), Centrc des raible Radioactivité
(France) and Physical Research Laboratory (India): Pazt off thé Gecchemical Ocean
Sectisus (GEOSECS) project inte the chemistry of suspeaded ﬁarticulate material
in the epén ocean.

¢) Weoods Hole Oceancgraphic Institution (U.S.A.): Co-ordination of a multi-

institutiocnai experiment on the fiux of particulate material to the sea floor in
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ipps Institution of Oceanography (U.S.A.)

fivxz of particulszte material to the fiocors of the South
basins, using moored traps, as part of the Inctitute of
£) Marine Laberatory, Aberdeen (DAFS): Resesrch in
material to the sea floor, mainiv avound UK., using mo
g} Edinburgh University: NERC~supp 'rted fsalel
paerticulate material in oceanic waters, using large vol
K¢ the Institute of Oceancgraphic Sciences, work on

forms part of a project on istry cf the

layers in the de¢7 gea, Use is made of large volume Ss
designzd particle trap for use in deep water.
7.1.4 Hydrothermal Reactions

There 1s considerabls interest in the chemistry of

and ocean crustal rocks at high temperatures since this

seawater and crustal rozks over geological time., This

University groups and at other institutions. The work

ects on the chemi

Various projects on the.
ern Cajiforriia offshore

Marine ResSources programme.

to the supply of organic

crod traps

ume water samples.
suspended particulate
surficial sediment

mpling and a newly-

reactions between seawater

s on the evolutioa of

ear

b

work is carried out by many

is refevant to the problic

of the Iong-term stabiiity of buried waste forms (glass, ceramic or "synroc') and
of the alteration of bharrier sediments., Some of the most interesting work is
carried ocut at:-

a) U.S, Geological Survey, Menio Park (U.S.A.): mainly experimental investiga

er and basalt.

Nationai Energy Authority, Iceiand:

in the Reyicjanes and Svartsengi geotlermal fields,
¢) Woods Hole Oceanographic Institution (U.S.A.) an
and their a2l%c
constituents

Geochemistry

7 ol

& Newcastle University:
rotion products and the
of wcawater and rocks

stry cof suspended

4
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the sen water and rocks



origin of igneous and metamorphic rocks and their aliterations.

experiments,

7.2 A U.X. Research Programme

Fn

It was pointed out in Section 1 of this Chapter that research on the chemistry
and mineralogy of sea~floor sediments is relatively new. The body of relevant
information on geochemical cycies in the marine envxronnunt has been zacguired

dentifies some of the research

Fae

only during the last decade or so0, Section 7.1
now being done and where it is being carvied out both in the U.K. and abroad,
If there were no acceleration in the research effort, it scems most unlikely
that the additional b351c knowledge would be sufficiently detaiied for this
pfobiem before a further decade has elapsed; this would further delay the more
specific studies which ehould folilcow the acéu sition of the basic information.

Although a certain amount of this information is being pwrovided in other
research programmes, notably under the contract from ERDA to e 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 theis
part in an internationai programme if the research that is reguired is to be
compieted in good time.

The objectives of & U.K. pregramme should be:-

) to accelerate the irternational programme by taking a share of the work

in the basic studies recuiring effort by many scientists working on a broad front,

b) to undertake some research that can oniy or best be done by UK scientists
because of some special expertise or facility,

> 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



A brief gutline of a possible colinborative programme can be given as
foilows. 1t would dnvoive many of the U.£, groups identified in Section 7.1

as well as others whose expertise has not been recognised here but who would be

a) Chemistry and minerzlogy of sediments; collection and znalysie of long

i

sat

w

core sections; character on of modern and Quaternary (giacial) horizons.

b) Accumulation rates of bulk sediments and heavy elements; dating of

sediment sections; geological hictories.
¢) Chemistry of fission, activation product and transuranic nuclides in

"S'
%]

the Irish Sea; a basic geochemical study of 2 point-source "experiment” provided

1.

ot

by the Windscale ocutfa

d) Chemistry of the pore waters of marine sediments.

’l)

7.2.2 Specizi Studies

a} Exchange properties of marine sediments, using radiozctive and stable

D) Behaviour of natural series actinides and ilanthanides in marine deposits

temperatures and pressures: studies of natural glasses (necessary expertisc must
14 7 £ < 2

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 wradionuciides

¢) Rzdiation effects on sediments, pore fluids and waste forms . (necessary
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SUMMARY

Thig chapter provideg information on the present state
of knowledge of the physical processes which cause diffusion
of material in solute form from the deep-gea floor, and
identifies those areas of research where more work is needed
before the safety of disposal on or in the ocean bed can ke
assessed.

Section 1 emphasises the inadequacy of corogs diffusion
coefficients in parameterizing the mixing. It is suggested
that understanding of possible pathways requires an
appreciation of the sgpecific physical processes operating
in different parts of the ocean.

Section 2~5 summarisge our present understanding of
ard obeservational evidernce for the operation of specific
physical processes in the layer immediately adjqcent to
the sea floor, in the interior of the deep ocean and at
the continental clope. Observations, though sparse, serve
to illustrate the spatial and temporal variability.

The importance of the worid wide developing interest
in the modelling of future climate is emphasised in relation
to the long term fate of radicactive waste.

After identification in Section 7 of a number of
related but largely unconnected existing programmes it is
suggested in Section & that due to variability a sustained

rogramme will be required tce encure adequate understanding.

'O

Specifically, in the heati:ic boundary layer, measure-
ments are needed of heat 1liv:, shear stress and variability

i

of thermal structure. In the deep ocean the existing
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inadeqguate
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knowledge of large scale variability of currents is
to support a prograwms of wagte disposal which relies to any
extent on dispersion in the water and a programme of Iloat
tracking is proposed.

Numerical models of circulaticn incorporating the result

of field investigations need 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
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1.  INTRODUCTION ' 9
v
1.1 The objective of this chapter is to describe wh is known

of the turbulence or of the physical processes leading to dispersal
which opera te in those parts of the deep ccean into thﬂh radio-~-
active waste may be introduced directly by a release from or on

sea floor, or in those parts to which it may subsequently be

oy
e
[0
n

tate briefly what 1s at present known and what yet

mn

carried; to
to be known if sound estimates are to be made of the
pﬂss;ble concentration levels in sensitive parts of the ocean
following dumping in, or on, the sea floor. It will be clear Iron
the account which follows that toc little is known of the dynsmics
of the deep ocean to predict with any confidence the roube along

which radio-azctive nuclides might be carried once relezged

into
the ocesn wabter. More research is needed before the hazsrds
can be assessed. Recommendations on the nature of this research

5 8
.
bion e

are made in Sec
1.2 Vhen a solﬁté,is introduced 1nto & large body of water,
is carried, or advected, by the ocean current and spread, or
diffused, by the eddying, turbulent motion. In engineering
gpplications, 1t is usuwal to describe the effect of the ensemble
of mechsnisms 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 dynsmice of the
individual mechanisms or processes which operate to diffuse the

solute are largely ignored, thelr net action being blanketed in

concentrations 1s . however, only appropriate cnce the diffusing



property has spread to such @ size that it exceeds the scales of

turbulent eddies,; "leading o diffusion. Even in

<
o
4
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3
o
=3
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simple flows the errors involx red in ignoring thig condition are
considerablie. It is for example inappropriate to use a coé ficient
describing one~dimensional longitudinal spreading in a iflcw through
a circular pipe until the diffusing material introduced at some .

point in the pipe cross section and at some positicn alonc the pipe

has diffused right across the cross section. Such diffusion takes
an.unexpectedly long time. It is egually inappropriate to use
some mean coefficient describing the verticel diffusion to Calculah

mean concentrations occurring at levels above a point source on the
fliloor of the deep ocean until the diffused solute has spread to
cover the ocean floor, and is thus affected by all the components

cient.

o F
I

contributing to the calculation of the vertical diffusion coefii
Tt will be apparent in later sectionsg that the time for such mixing
is zo great as to make the use of such a coefficient for releases
from small areas invalid if realistic estimates of concentration in
particular sensitive areas in the ocean are to be obtained. Indeed
the use of a gross coefficient may well lead to results which have
no relevanace to reality. Instead a médel is appropriate which |
accounts for the physical diffusive processez in limited parts of
the ocean where eddy coefficients may be estimated and correctly
applied; for example in the benthic boundary layexr. We shall
therefore discuss diffusion, and the physical processes of diffusion
(for we must know their scale in ocur estimates to ensure the size
of the diffusing ‘cloud® is greater) in parts of the ocean, rather

than treating the ocean as a whole.
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Ul

t hazard will provebly result frowm an extreme

o]

The greater

concentration cccurring 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 acritical value. The study

Y

is thus concerned with the probhability of high concentrations

3

gain be more

£

and the statistics of extreme values. These may

ney and

0]

resdily estimated through a knowledge of the effici
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 vhich the presence
of the solute is dasngerous. It 1is however certain that present
knowiedge cf large scale ocean circulation and turbulence is not
yevt sufficiently develobed to allow the prediction of these
poﬁeﬁtial extreme values.

1.5 The ewmphasis on physical proceéses is intentionally suggestive

certain procesgs being eificient in trans-

W

cf a "pathways' approach,
ferring solute from one part of the ccean to another. The
preccesses operate on different time and space scales; the
pathways are of corresponding scales. The ocean is throughout
its depth a turbulent medium characterised by fevents', resulting
from the operation of the physical processes, which are
intermittent and intense for short periods of +time and in esnmall
volumes. The nost enérgetic events, or those whicli lesad to the
mest repid diffusion or advection, mey be rare but, even when

onsidered, may dominate the longer

Q

average conditions are
lasting ‘background uoice!. In view of the long half-lives of

some of the potentisl radio-active wastes, even climewic changes

which may change the circulation pattern of the cczen nmust be
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L4 Tigore 1 is a diagran int
features and processes which m
sea floor. The diagram serves
chapters of the report which £
knowledge of diffusion and ad

layer, mid-water and around th

his r

tes oxr dangero
the form of a
In practice t

or be ca rrled in association w

-

temporarily) from the

sea bed in a

decay of thenselves

radio-active into the

this Chapter, (but see Chapter

to man. ital

inherent in radio-active waste

discussed chapters of

1.6 MNMuch research has already

diffusion prepriat

o]

boundery 1

Pasquill's reviews (1 and 2) s

es and illust:

further referenc

rediction of pollution in the
p

te the.

illustrate some of
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7 dispersion from the

fect

<t

a8 an introduction to the

[agalyray:

o

o A
nG

Pt

iealing with

[N

ollo & our prH

g

4y

<r'

e

on the benthic boundary

3

vectl n

e continental slopes and islands.

eview it is supposed that the

us derivatives are released into

neutral or passive solubte and

h difiuse in like manner,

ey may
ith minersl particles lifted

sea bed or,; nesr the source, be

thermal pilume arising from the

The mechanism of entry of the

e

sea water is not discussed in

2), nor is their eventual passage
to the understandi
disposal; are more comprehensively
this repoft.

been carried out on atmospheric

e (for example in the benthic
e appliceble to oceanic diffucsion.

re valuable sources of detaills and

Tate the difficulties of accurate

natural environment.

measurements which

1.7. Where possible we shall give examples of

have been made of the Vafious processes in lhe ocean. These arc
u=uas 1y chosen with the North atlaentic in mind but in many cases
the Lest, somevimes only, measurements are fror other parts of
the ocean. Seme topics will be but briefly mentioned, being more

ng of the dangers



3.8

L.b

S R 3 e e e N kY LR T
appropriate to the chapters in other disciplines. One of fhese

18 pore water contained in uﬁ;@r layers of sediment which,
perty to the exchange in the regions immédiately 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 eventusl diffusion of matter to the sea surface

itself, being content to confine attention to diffusion in the

FaVe

deen ocean. Difrusion through the thermally stratified ccean
leyers, the main and seasonal thermcclines, to the surface may

be inhibhited 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
Fichardson number, makes this uncertain (see 4.6). KNo thermocline
howev,rr present in the Arctic rcg*ono (3.6) where vertical
axchange is known to be considerable. Once past the seasconal
thermocline dlfiuqmon to the gurface is likely to be very rapid

in the near-surface mixing layer anywhere in the oceain.
1.8 The number of recent publications included in the references
indicates the vitality of studies in this field and the rapid

pment (and sometimes change) in our understanding

o]

o

[
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of the important physicel processes.

-
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2.1 Bolute released from a source on the deep ocean floor (or,

4-1n

via processes in the sediment, into the sea water {rom a source

buried in the sediment) enters a layer of water which differs ir

=t

character from the water at higher levelg, because c¢f the proximity

of the sea bed. This layer is genersally called the benthic

3

boundary layer. It is thought to be similar in some respects

to the atmospheric boundary layer (the atmosphere immediately

above the Earth) but =s yet few measurements have been made of

its detailed properties, and its mean structure is unknown. It
is, however, natural to suppocse that diffusion of solute in this
ilayer will be similsr to thet occurring in the ‘near field' of a
near-neutral stmosphere from a ground source. It is in this leyer
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 conbamination of

local sediment and merine 1life is most direct.

2.2 Structure of the benthic boundary laver

The boundaxry 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 (%). A velocibty boundary layer transfers the
atress from the ocean flocr 1o the overlying fluid whilst

thermal layers accomodate the geothermal heat flux, soout
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produced by radio-active waste. Above and

temperature increasing with depnth. The friction velocity,

et
<

is an essentiagl quen g

of the layer. Turbulence in the boundary

predominently from shear if

/'\'
w

¢]

o
n
)

There are, at present three metho

aveilable for determining the heat fluxa%i

Sediment will be moved if the current

There 1s a considerable body of work on this topic

predicting the critical speed at a certain height,

S

& heat flux

in the upper layers

erature gradient

10—6 deg C. cm

eantity in deternmining the structure and properties

layer will arise

38

ee Appendix 3 for no ‘tation) which will almost always be the

are sufficiently la

, aimed at

usually 1m,

above the sea bed at which grains of a certain size, comprising

the scediment

(‘)

-

cohesive sediments the best estimate of this

A (LAY

. e v e e
will fixst De brought into wmotion.

For non-—

threshold speed,

ase in the uatural benthic boundary layer wihiere Vg is typicelly

rEe.

¥ . ~ .
appears to be through the ‘Shields curve relating the stress

T ng’on the sea bed to The Reynolds number%&g%A . where 17 is
i g .

the dismeter of the becd grains. Figure 2 shows a Shields curve
(4) incerporating recent data. This has been translated into -
a curve relating W, or “ = against grain diameter (v, Tigure 3,
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at the onset of sediment motion with L. . Where
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T, o/ ﬁ;@i[a&“’g’ﬁ { &= ig the stress, T = {‘*‘*a@ s e
{
is the sediment density; {3 is the water density, ¥ 1is

P

. . . . P . , -
the sedinent particle size) and §‘ng,_% is the Keynoclds number

based on i, , ¥ 2

o]

é¢ % , the kinematic viscosity of the

water. The shaded area envelopes most of the data points.
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using velues of density and viscosity eppropriate vo sea water
and sand grains,and relating %, to A, using the logarithmic

) for a neutral flow with 2, = 0.5 cm,typical ol a

> - -,
ere as yet untested in the ocean).

It ig found in experiments in shallow water that the

2
)

centration and invtegrated transport are highly

et

particle cor

¢

sensitive to changes in W, , once the critical threshold speed
fficiently exceeded, (& factor of ebout two appears
sufficient) . Tt is found that the concentration of particles

of size 180 um measured at a height of 10 cm above the

L He bk :
bed, varied as YL eand inferred that the integrated transport

~i

weuldrvary approximately as W .

It is however likely that, should the option of disposal
below the sea bed be taken, an area covered by fiﬁe grain, and
therefore possibly cohesive, sedirnents would be chosen, since theix
mechanical and chemical properties are more likely to prevent the
subsequent escape of wastes. (If this option were chosen knowledge
of the dynsmics of tThe boundary layer may none the less be

important in case of accidental discharge during the injection

D
<
Ui
ct
o}

We know of no theoretical understanding which would enable
predict with confidence the onset of motion of a cohesive sedimer

on the deep ocean floor.
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Wimbush and Munk (%), report observations of current and

temperature measvred within 5.5 m of the sez bed in & fairly level

and dynanically smooth area off California where the water depth was

about 40060 m. Horizontal currents were measured ab several levels
using a hcated tQKrmomeuer device (6) and this was supplenmented

3

by 8 dye injecting system together with a camera (7 which provide

D

an independent measure of current and an idea of the scales of
bottom roughness. The current record was dominated by the semi-

. s . o - -1
diurnal tides, with a nmaximum amplitude of about 4 cms ~.

Methods B and C (4ppendix 2) were used to determine W .
. . ‘o - : N - -1
These estimates differed somewhat, C.14 and 0.09 cms , in the one
- m s . v ae . Y ~
case quoted. Bstimates of t, using method B (2.2) rangeibetween

0,02 and 0.2 cms — during the tidal cycle. The logarithmic layer
extended up Ge slightly more than im, thus giving maxinmum value of
¥ of about 8 cmzsnl. The mean veering of the current (in the
kman spiral sensc) between observations overs three days at 40 cm and
520 c¢m above the sea bed was 305 as compared with an estimated

20 - ,
%; = 12" The small value observed wss probably the result of

The temperatures were measured by guartz crystal sensors
(8). Variations of about 2 milli-degrees were recorded. The
observéd gradients were 1.%° which agreed well with theoretical
predictions based on equation A%, with an assumed 'global' average-

value of ™. IEstimates o the heat flux, using methoad ¢ {Appendix 2
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method/in the same area (see also 9) although limited by the

“

There was no evidence in the obgervations that the sediven

curbed by the curreats which were always smaller than those

[

=
w0
i, X3
o
(..J
0

xpected 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'®s appear to be the only detailed observations in

deep water other than some short term messurements on the continenta

siope in the Gulf of Cadiz (1%). Accurate temperature observations
are also scarce. DBrown et al (14), however report variations of
as much as 40 milli-degrees C in the MODE area SW of Bermuda,

much greater than those found in the Pacific, and thought to be

reloted Lo the presence of Antarctic Bottom Water.

2.5.2 Observations of large scale structure of the

benthic boundary layer.

The overall structure of the boundary layer 1s now known
to vary considerably both in position and in tiwe. The first
indications that this wmight be so, cane from observstions of
turbidity and the study of the nephloid layers. A recent survey
paper (15), describe observations made in the North Atlanti

(see also Chnapter 1). These are sparse in some areas (figure 4) butb

f.

in genercl there 1s an increase in turbidity as the ocean floor
is approacncd. This is undoubitedly sometines the result of matter

1wy advected into an area from g distant cousce, but in some

cnts there 1s lccal re~suspension
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15). Observatbtions have

been made at the positicas marked by
generzlly higher near the Western
editerranean Outflow in the Gulf of Cadiz
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Coreful observationg of The temperature zand salinity .
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structure, show that the lowest: 50 - 1 m are sometimes uniform

in properties, well mixed, with an adlisbatic temperature

ient, the uniform layer frequently being capped by a sharp
change in pTupﬁftiGS (see figure 5a). This structure strongly
suggests that 1in some areas turbulence generated meciilivqllysAor
perhzos by convection, at the sea floor is sometinmes sufficient
to mix the waver column up to 100 m or more abeve the Séa bed,
although the 63h01ﬁ layer is found to be up to 1 Km thicit in
some areas. The thermal structure is highly variable (e.g. see
ure 5b). A serices of 130 CTD profiles at 5 min intervals
scme 30 m apart in a water depth of 5250 m on the Uatteras Plain

.

tions

ct

he thickrness of the uniform lsyer

fde

& n

jte

[
<

(17) showed 20% vari

short as 40 mins, sometimes

n

(mean thickness 50 m) in periods a
accompanied by an increase in the potential temperature of the

T

Periieps the most useful work on the benthic boundary layen
diffusion hase come from the GEOSECS programme and studies,

particularly at the Lamont-Doherty Geological Observatory in the

U504, of Ra-228 and BP~222 profiles in the abyssal water column.
The Ra~-228 and R_~222 found in the deep sea originate from the

La
sediments. Their helf-lives are 6 years and 0.0l yesrs respectiv

and, Tthere being no known sinks of any significance in the deep

tration profiles are & function only of the

)

3
0
]

ocean, their cor
flwx from the sediments, diffusive and advective transport, and
radiocactive docay. The profiles may thus be wsed to estina

vertical diffusion (18,19). Figure 6 shows (in the numbers in

porentresis) values of vertical 2ddy diffusion coefficient

The cocfficrent appears to be
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*n the lower few kundred metres of
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n .o0p  arofiles. Unlte are cm. 8 {from 19 ).
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the water column using
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inversely proportional to t local buoyuncy gradient

) o % o e
(i.e, e~ N . A pood correlation is found between the

£ 1 1 jo3s STy I . Ly e ~
structure of the R _-222 and La-228 w»rofiles and that ol The
. K
_ . S 3 N
potential temperature (19,20).
Un «

It is not yet known what determines the thickness cf the

the vupper wixing layer of the ocecan or the
stwospheric boundary layer can be used as analogies, the layer
depth will be time-dependsnt and possibly proportioned to a

‘scale debernined by the shear stress and hest flux, the lMonin
Obukov length scale. It is however, dangercus at this stage to
hvp»thegise since the cavse of the structure is as yet unknown.

ht sometimésgfﬁr example, be The breaking of internal
the ocean surface or locally

<

penerated breaking waves (21, 22, see 3.2), in which case the

e

gscale imposed by waves

be appropriste. There ic

the benthic structure, or which
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The varisbility of the thermal structure of the boundary layr
is, in thisg context, important for two reasons. There is first a

clear posgibility that layers with uniform properties may be
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sea bed, and this requires further study. There is
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question of the fate of water which has become vertically u
The collapse and spread of a mixed patch along 2 constant density
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boundary layer enid serve to disperse umaterial released from

-,

sea bed directl Ly over a comparable distance, sonme returning back to
the sea bed on one tidal cycle,to be spread yet further on

i 3 hd <3 ~ < oY L = £
subsequent tides. The presence cf an oscillatory tidal flow
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boundary layer iteelf. Over regilons of ugh topography it may
also generate internal tidel waves which may promote mixing (21,22
%.% Inertisol oscillistions.

These are frequently present in current meter records,
often occuring intermittently, perhsps in conseguence of Tthelr
occasional generation at the sea surface by a passing sbornm (27)
and downward radiation through the water column. Drop-sonde

2) also conbtain clear evidence of inertisl oscillations

of a few hundred mebtres, and Their presence
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came first from observations by Crease and Swallow (20)
lete changes in
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envimetres per sccond,and hence have a period of abou

days. The largest contribution to the variance of

measured at & point in the ocean occurs within the freguency band

of these eddies ( 2D . No study huas yet bLeen made of thelr effect

on the benthic boundary layer.
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current
Filgure 1C shows the/streamliines at 3000m on @iz, non-succe
davs. {(These streamlines were constructed from hydrographic

measured by tracking, neutrally bucyant floats in the SOFAR

channel at 1500 m). The non-stationery pattern of eddie

i K e s o~ ST N ¥ b TP o
he trajectories of neutrally buoyant flcats track

P PR
further the variasbil

strength of the currents in the deep ccean. Neo clear pa
diffusion can be detected in T e shert tracks. The Tl
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the plain and radially outwards to the order of twice the

diameter of the Feature (Gould, Hendry and Huppert ~ manuscript
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in cn for publication).
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S0 Tieon Currentcs

Frxcept in the Western boundary currents, advection by mesn
currents is generally at specds much less than those associated

g

ith the tides, inertisl waves or eddies; as Munk has put it, the

@

ccean is an AC, not & DC, device. Information on the mean currents
LOMES from studies of water masses and, for the North
Atlemtic, these have recently been summarised by Worthington (38).
Pigure 14 shows a dizgram o»f the circulation of the deep water,
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Worthington finds no direct pathway for near bottom water to
reach the surface within the North Atlantic. The meridional

pathways for water exchange are shown in the box model in figure 15,
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fied by Worthingbon are shown in the
figure 16. These times, while ilmperfect, ewbody what is
presently known from physical measurements about the rate of
formation and mixing of the North Atlantic water masses. Figures

nd 16 makes it clear that solute relessed into the lower
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ocean basin, perhaps intc another ocesn, before it reaches the

suriace.

2.7 Diffusion slong densibty surfaces: possibie direct links
hetween the benthic lavers and the ocean suriacse.
It is poesgible that, without any traus-isopycnal mixing

whatscever, solute released at the ocean floor could bhe carried

almoet to the sea surface. Figure 17 shows a North-3South
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vervical section of constant density surfasce

By mixing or advection alcng these constant densi
. « g . O Oy

naverial released from the sea bed between 6075 and 557N csn

reoch the SC0O m 78V61 near the Antarctic Convergence at 6575.

section thrcugh the Drake Passage shown in figure 18 shows how
extreme is the isotherm and isopycnal Tilt in this ares. Whilst

the mesn ocean circulation does not favogr such a pathway,
iffusion along isopycnel surfeces i1s far more rapid than across

the order of

n
43
-3
®
Q
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the surfaces, The diffusion coefficients ax
107 and 10° cmog a L respectively, (see 3.4 and 4.1). The
relatively large horizontal diffusion is the coanseguence of ‘quasi-

horizontal turbulence® of which the mesoscaie cddies form a

compeuent. The processes of trans-isopycnal miwing are discussed
in o section 4. It is known that verticsl or (traans-isopyenal)

OVET VUL NY anc ¥ LXINnEg 8¢ s8¢



“ < .
T C | =
o . . . . . e
T . . = o “
s w2 . . . . - S i i
3 & o G
; . . . . = o ©
= et s
/ Lad © ~
. . . . - - i
r = -
. | . . . = i |
N % C e = [
ﬂ T = ]
i - M
N 1 I
o ~ P [ .w J.,V
= . . . . . B ;
s | 3 o] o
Z i<, 4y
- ' = ; (&
- “ o
! t . :
H . v . “ = bl.” WJ
A ! & o &)
Lo “ i S )
: i ) T 0] o
i ~ }
; . . . . ! jo +2
H - Ty
\ w 65 i
| « Sl . = ~t
i ks pecd et
- - i} <. 4 i,
A P S e
A <o - -
° | { ~
2 o 5 ~
= \ : 7 os 2 j B
I 5 { i e 2 SN
iy . S i 5 $ ]
o e U R ]
8 i H e
- R R R e ¢M - | 2 B
- -
T i s e ey g o~ 4 )
| | SN ¥ o o
. | m—— k1 L =
& / pe 4 “ 0
- 2 = o / ! = =
- = . # - Nt
o J Lo o P s g
£ - i e A I A A T DA S
B o T P —
NN, .. / B e = 2 n
o~y . B .= ey
o o —— & I
? LA NN ¥ »
« . <3
g % & [
B H 5
, 2
SE ¥ st
- ‘ "3 S
v . . . . . o
H 0o 1 a2 o
& | S I ©
\ b ¢, o
/ o~ S
e ! [ iy 3
2 . . . . -4
) 0 ¢
£ : D & o
3 L . . . -t 1
. S o o P
T ' .
e =1
. N . : ay
e - : WD
. . « . ) -~ -
. (- S e SR
I . i
2 -
sttt
. o e
= e *
. . T -
N . . . . . ,%\ ]
¥ j T
T o .
L o e -y
i R £ n
. - | e E
e kS P& i N
> e ouit BT SR e S
w0 . TP e B b o
= - 5 - o AT i s it St § " _ e
. " [ Leel mu. & ,.G,v < Nﬂ @u < o ' o I
e .. D < g P €5 o =1 g
= O 2 b= s & & S . & & = 54 < &
¥3 o5 oEE S e =3 S = =
B ~ < (%) w2




o

P
2e —
J gand

¥ Y
=] o~
.
3 £ O
R ~ W ©

€00

cee]

v,

Q B
[ 9] B
m °
E "
8]
o
Q O
& [an
¢ FM
& —
8 g =
o o et
e w2
Y
N .
3
? =
o
T,Y
)
o
h\/,
[
o 48]
By 2 g ¢ 8 8 2 2 2 b
Heo m $ E B % = [} k) ot
& o Q o 2 &N B w2 &
= f e H T ¥
T
(ol
LS
(=
!
{ B
d ')
8 <
O
=
<)
o
& &
S -
. . &
*
)
o 3 :
X ;
o9 W
B i
s
Y =
3 i
N Eaanl
e
%)
(3¢}
[ E
35 wl
- [l . jel . <
™Y b 2 85 @ 8 % M g bed 2 m
© 3 ¢ 8 8 & 2 2 ¥ ¢ b 2 N
. N




are inhibited because
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relating che stebility of the stratifi

isgipated by the turbulent motions,
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of the presence of the coverall stable

vertical density gradient. Thus isotropic turbulence occurs

only at small scales,

turbulence! dominates

~

probably of the order of 1m and ‘horizontal

at larger scales. Such mixing is *the

subiect of the next section.
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4.3 1% is nov Tnown wnilch of these processes deminste mixing

in mid-water, sithough clear evidence oif both {(a) and Qi} have
been obtninecd.

Direct observations of (a) ve be nade by divers in tne
Vediterranean thermocline (44;. The overturning patches of fluid,

microstructure probe shows inversions of scales of sbout 2 nm

(48) interprets gsome of his observations wade from a neubrally

buoyant flozst as billows some 5 m high at a depth of about 750 m.

154
This instability can onliy occur if a parameter, bThe Richardscn

tic of the stable dengity gradient to the

ne
[y

nunber, measuring the r
current shear, is less than one guarter. OUbservations of velocit
1

and density gradients (28, 47, 48) show that such low values are not

uncormon in the deep ocezn and thus that shear instability naj
occur falrly frequently. Attempts have been made 49 to
quantify the diffusion which could be attributed to ins

ear induced by internal gravity waves, bvut

0
=

caused by the
at present, rests on tenuous assumptions and The uncertainty of the
estimates ig considerable. The occurence of breasking internal waves

(b) is also enhanced in regions of low Richardson number.

5

Ividence of double diffusive instabllity is reviewed by

Turner (24) and comes largely from observations of layered structures

in regions in which the vertical gradients of tenperature and salinity
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£ 3 s 1
where . 1is the local Richardson number and &, is the value

successful. in debtermining mixing rates in guasl-stezdy conditions,
£ . 5 ot -
wher &2; is well determined.
- C s L : .
The variaticn of ratio ™y f:iwx , Where 5uﬁ ig the vertical

eddy diffusivity of momentum, has also been extensively studied
(see 24, figure 5.1% and 56, figure 2) and is found Lo decrease

. P .4 . . . e ;
rapidiy with .. , indicating the relatively rapic mixiag o

mouentum but slow mixing of heat (or solute) at large %u~ .

Diffusion in the upper layer of the ocean (which in some
wayes 1is similar in b*r',uer to the benthic boundary layer),
although relatively well studied, is yet peoorly understood. It

has been reviewed by Bowden ( 5. The ajﬁrL+3 of data cones from

noint Source releascs or instantanecus sources, and rsnogs in -
L ’ A -
scales from 100 m to 10C ¥n and 1 hr to 1 month. The auvparent

bﬁrlzonvaL
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with subsequent Intrusive nixing cioug isopycnali surlaces (66) .
N e A gt R S e S P
Laboratory experiments have been made by (67, 68) +to investigate
S Y : NPT 4 . g Py 4 L o~ L 'J'",\’i N T
the gspreading of mixed layers in stratified surroundings.

the water column are such &s to permit double diffusive convection,
. €3 . -~ Is N s T o —_— R - L
see Section 4. Studies (69, 70) in the laboratory have demonstrated

how layers develcp and rapidly intrude from the
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thermocline, or below, Tto the surface on western conbtinental

slopes. The wster is often nubtrient enrichned and the process
is thus of grest importance tc local fisheries. Major sites off

Peru, bthe Cregon ceoast snd HW Africa have now been quite extensively
3 o 1 X

can Le

propagating from a distant scurce. The region of upwelling is

3‘ e
confined to about one Rossby radius of defermation Trom sheore
e, B Q,-;9§ L1 B ~ . 14 A g2l Fas = q -
( =y ¢y , where &, 1s the speed of the first mode long
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internal wave and 7» 123 the local Coriolis perimeter) typically -
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6. CLIMATTIC VaRIATION AND VMODELLIHNG O CLOHCULATION 2D OCELN
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TURPBYULECS

o

6.1 Tt wae 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 satmospheric circulation may occur. Figure 21 shows
migrations of the North Atlantic Polar Front in the last 65,000 yrs
and =zn even loanger time span is covered by figure 22 . saowing
episodic ad ¢s and retreats of the polar and subtropical

fronts, Similar changes may occur in egqual periods of
the future, and removal of the thermocline over a large area of
the North atlantic would lead to greatly enhanced vertical
diffusion over g considerable area.

6.2 At present the most promising approach to understanding future

changes of ocean circulation under climatic varistion comes from

sophisticated linked ocean-ztmospheric numerical models, like that
of Bryan, Manabe and Pacanowski (78) . These models reproduce

gsatisfactorily many features of the present circulation. Detailed
studies of parts of the ocean in which special process are
important, or studies the processes themselves, have been unade.

For example the Weddell SBea (79 , the Circumpolar current

iny

(80) and upwelling .(75) ave been studied, although these

models have primarily focussed on explaining the currents and
ity fields, rather then attempting to exanine diffusiocr

6.% Studies of lérge gcale ocean waves and turbulence have clso

been made using analytical approaches and numerical models. -

Rossby waves and their interaction with topography have been studied
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T a stratified model of the North
Atlantic, inciuding topography, te changes in wind forecing have
- N I 5 -~ e 3 Y T .\ YR L > -~ -
recently been reported (82} . The development of waves and

mesoscale eddies and thelr interasction on ag@lane has been

nearly ceases at a wavenumber ( ?
particle speed an@ ? the northwsrd gradient of the Coriolics
perimeter, the turbulent flow initiasted at small scales passing
through a state of propagating waves with properities and size
similar to. the chserved, mescoscale eddles, and tending towards
a flow of alternating zonal Jets. Topography can act in & way
similar Lo the ?m:effect if slopes extend cver gscazles greater than
the eddies or waves, although roughness will generally induce
a cascade of energy to smaeller size (81) .

A numerical study of nmid-ocean mescoscale ecdies, has been

a six-layer model. It is found (figure 23%)

09
a

made  (84) , usine
that the scele of the eddies is smaller in the water belcow the
thermocline than above it, a result in accordance with observations.

] g

The overall statis

<
l..J-

cs - eddy advection speeds, length and time
ales and horigzontal diffusivity - are also counsistent with

odels thus anpear to be realisghic.
T LLCe

e
e
et
&

observaticns, and
.4 Two existing models of dispersion in the ocean from radio-
active wastes dumped on the sea bed, those of (
(856, 87) and Shepherd (88) provide estimates of probable mean

concentration levels. However they fall to include details of the

D
w
AJ}
}_-
o
*...h
@
=
o

real ocean dynamics by their use of grogs diffusion

(see 1.2). The forusv neglects horizontal advecvion which, in
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This is not intended te be a complete Llist but rather sone
rnotes eboult relevant worl, esnd ecxpertise, mainly in the U.K, of
Tormation in tThe
carliier chapbers and draws attention to some relevant work at

present in progress.

[ E o) PO TR & SN T ~
7.1 Penthic Beundary Layer

7.1.1 LEBELE -~ Low Energy Benthic RBoundary Layer Experiment.

American programrme to study chemical and particulate flux in
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greas of low currents (low gbre

submersibles; bogzinning soon, probably in the Panana

oy

R r . ™, o L
Energy Benthic Boundory Layer Lyperiment.

N

7.1,

A ey mre Tl A e ST P ¢ o o e = -
imerican developing over next 5 years to study areas ol

£

large bottom currents, including botton currents, temperature, 1
salinity, turhidity, photography, structure cof the boundary

layer at 300 m gbove sea bed, and collection of bhottom samples

. J. 1 ST S s g 3 . 1 . . Lo
vo test the stability to erosicn by currents.

N Ixveriments on the Continental Shel

Experiments have bteen made by several groups to examine

turbulence and sedimeant mobtion in the relatively shollow waters of

re

by

usLion and

- S R ey s e <5 S Y 5 -
the continental shexrd, =ined mainly at sssessing G
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sediment wmotion and in providipg realistic data for use in

ad

In general the tidal flows in shallow seas are far greater then
those expected near the floor of the deep ocean Moreover the

stratification is weak, especislly during the winter months,

allowing mixing to occur fairly rgpidly and uniformly through
the water column, unlike the situation in the deep ocean. The
majority of studies (e.g. those at University of Zast Anglia;

MATEF, Lowestoft, F.B.A., and Bristol University) have used the
profile method (method B, iAppendix 2) to determine the roughrness
length and shear stress, but others (at Liverpool University,
Univergity College of W. Wales, and I0S) have used
electromagnetic current meters to estimate the shear stress
directly(liethod A, Appendix 2). Sediment motion has been studied,
for example by H.R.S.Wallingford and ICS. 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 spectrs of velocity fluctuations and of the threshold

speeds, has been developed. The technology and engineering

inveolved in waking observetions close to the deep ocean floor

—u;))
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8
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o
ol
=
jor
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i
5
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however, introduce a degree of complexity not

shallow water- observations (for exanmple the recovery of

instrunents from the sea floor and the accurate measurenent of
weak currents) and at presenl expertise is avallable in the U.XK.

only in Government Laboratcries.
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Althiough directed towards on unde rostanding of diifusion

of warm water released into/tidsl current, there are experinents
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ial fluctuation on diffusion in the boundary layer.

7.2 Abyssal currents and circulation

7,201 Tides.
Recent observations in the NE Atlantic and theoretical work

at 105 are expected to provide greatly improved charts

o
-l.

des and hence of the strength of the related

barotroplce currents.
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The impetus for the North East Atlantic Jynamics Stuay (AR

came via SCOR WG 34 ip an attempt to co-ordinate the resources ©

sories having the capability to deploy recording
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current meters on fixed moorings in the deep ocesn f2or DCriods O
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Six gites between lotitudes of )C’ anda 57N and mast of .

tO;v H - N e B N e i <fe - P =
2574 have now been occupiced for slmost two yesrs (the planned

duration of the experiment). Two arc the responsibility of IfIl,

_ e e s o e
Kiel, one mazintained Joinlly by the French CUI3 and Musees d'Histoire
Tey 4 2 -~ 1 o S S Y - NG 3 TyES S R A cx
Raturelle, ané three have been deployed by 105, Shorter record:
R ., PR A N ~ 4 eyt e S 1y T e 13 A
are 2lso agvailable from an additionsl site maintained by 105 snd

from a site meintained by lMalF, Lowestolt.
It is hoped thﬁt'an yeis of the records will give a measure

» U - T - - e e s
he mean and fluctusting components of currents

o

at depths ranging from 6C0 Lo 400Cm and will alsc revezl the

he NE Atlentic of the energetics of the current

7.2.%  POLYNCDD

~-An experin 1t developing from MODE and POLYCGON (& U.S.5.R.
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with the objective of prov

of valid physical models of oceanic circulstion. This exper
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is a collaborative cxperiment in the N. Atlantic between the USA

*XJ

in 1976-1979.

and the UZSR

7.2 4 Theoreticasl Studies

3 R

The effect of stvratificavtion on wurbulent flow over and arcund
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8. RECOMMEWNDATIONS FOR FURTHER RESEARCH

-

8.1 The objective should be the ability to predict the probability

O

of a given concentration arising in any part of the ocean after
release from a source on the ocean floor. It is not gh’flClGDb
simply to obtain estimates of the average probable concentration
or iits variance. Knozle?gﬁ of extreme concentrations and thelr

persistence, mav be of grezter importance. The cobjective is, however,

unlikely to be attained within the next decade or so but it should be

N

possible to idenﬁify and quantify the most important processes, to
chow that there is a reasonable chance that levels will not exceec
a certain awmcunt (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 wariasbility of the
the deep layers: to develop knowledge of

the causes of this variability and of the inter-actions and inter-—
relation between the mean stetistical state of the ocean and the
rocesses which operate in it, all of which need to be
better defined, with a view to modelling and assessing diffusion.

essential, in view of the intermittent nature of turbulence

4

t i

n

and diffusion {(see 1.

S8}

; 3.4),; that any observational programme
should be suff ient,; 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 mathamatical/numerical
P

modelling and to the ouservations in other disciplines, chemistry,

geophysics and marine biclogy, where appropriate i
The following +t+hrea related areas of research eve basic and

may, once more 1is know, evolve into investigations ol other yet-
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i

e T - . S A ey A~ P o e g
(a) Tong term observaticons are nceeded at a few sites of

"o

differing bottom topography of
the fricticn velocity
. ~ (see 2.2, hence ?im, see A2):
the vertical heat flux
H - (see 2.2),
the thermai structure of tThe benthic boundsry layer 2.35.2;

the turbidity and its change with currents and thermal structure

wa
0
O
¥

e}
fork
6]

+
o
o

2.%2.25; tidal and other oscillatory flows (%.2.4)
adeguate model of the layer can be evolved. These physical
servavions in the water column should be linked to simultianecus
observations in the wabter column should be linked to simultl cus
geophysical observations (e.g. heat flux in sediunent, scdiment

roughness and nositior oT oSty rohesive DI ertie ana
T”‘U.g}“ 55 and Composition, Sltuf, COon ive Drope 1es nao

movemnent), chemical observations {(e.g. suspended partic

N

conmposition, Rp - 222 and Ra ~ 228 profiles - see 2.5.2, pore
& €.

water properties and convection, ion fluw) and biclogical

sediment dispersed by marine organisms)

v

observations (e.g.

inn other Chapters.

S

iscugsed 1 h¢
A Tt - 77 ~ ~ s P A e s eSS oy
(b) Eventually these studies might become gite specific {(at

potential sites for waste disposal) bub in the initial stages a

oy

proper understanding of the dynsmics of the boundary layer could

different parameter ranpes. IV 1s emphasised That s porely

L N AL J S NI S S i} sl oy sar 4 £ C o i
site-specific study mey permit the development of a forecast model
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great importance and which will subsequently be the subject

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 adecguate 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 technigues chould be kept under review.

8.4 Modelling

Several numerical models of ocean circulation and mesoscals
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 ccean would ke a usetful ctarting point for studving release
and dispersioﬁ 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

4
i)

nd proved adeguate to model dispersion,

sted

)

technigues have been t
gsuch modelling could uscfully become site sgpecific when a sct of
possible disposal sites have been selected. It mizyhi then be

used to predict concentration levels near the site folilowing



3,70
a dental vrelease of radio—-acti
input a range of neasurements Iz
same way &s forecast charts of t
Such a facility might be particul:
piloc studies of sites and in d

for monitoring.

at Liverpocl University (7.2.4)
diffusion geem most appropriate
are worth pariticular attention,

Mocdelling climatic changes
cceanic circulation {(see 6.1) is
CARP and is a Jong term multidi

rance to radiocactive

conxr S vy s
revisaw ana

ve waste, perhaps using as
om moorings; in much the
he weather are constructed.

arly useful in assessing

determining sensitive regions

The random walk methods now being developed

to provide estimates of

to oceanic diffusion and

n

e

onsequent changes

of the objectives of

sciplinary stﬁdy which,

waste disposal, should

encouraged where possible
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and | 1s about 5. Usually o << L., and the second the
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sracket can npe
H is s s e
v L WA A R
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sub~iaye:
S~ el ey ey £ Ny s K - 4 s A W et e T
The velocity profile (1) ig observed to extend heights above

tom which exceed the linits of the constant stress layer,

m being typilcal, and 4(2), continues to be approximately

The Llkman Laver

Fen) . e LA e ;i; . . -3 > - e 3 ' o e el
Thickness gﬁu¥%73%4 , btypically ewtending up to 1-10 m above the

H
=t

 in its structure.

4
]
-4

sea floor and inciuding the logarithmic lay

Csanady's (90) formulee for the veering, “¥W., in the Ekman Layer:

P \zf"* i
3 e
o L H ta
fix,{, - ié*; i S AT e
A\ &l ’; e P
s b R
Y o R
f e &
S W2 e L
' to §
£ PR, B . - B e PR
where & 28, L~ e in neutral conditiomns of stratification.
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P

a 3 P & £
Mensurement of healb Flux,

{
"

Method a. (The direct classical method). The temperature gradient
T in the sediment is measured using a sediment penetrating
probe, and a ssmple of sediment taken to obtain its thermal

conductivity, % .
. R, %4 V &
Then Moo U o,

: . . o Ny
Method b. The temperature, % , and vertical velocity component,

tancously in the logarithmic layer and

ot
Q‘)

et , are mezsured sinu

<

the mean product given the heat flux

¥ , 1 ~ wf . -‘¢
Method c¢. The frequency spectrun of the temperature, f;ﬁ{u* R

is deternined from measurecment of tewmperature in the logarithmic

L
Mo 0 gty | E A R R A7)
A N -
where & is about 0.09. Uhis eqgustion, fronm
{
( % , equation ©) holds in the same conditio as that for A(5).
Method . The temperature gradient in the forced convective layer

It should be noted i usscssing the usefulness of the varicus
s
methods, that since &~ = 7} = b ub g in neutrali conditions
? ek iy i %
Ny B ) F~ ot ~
(27, 2-—; in obgervations in shallow watber Bowden , {1()/\,) 5o finds
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4.1

Chapter 4

High Level Radioactive Waste Disposal in the Ocean

Marine Bioclogical Research Reguirements

1. The paper attempts to idéntify the research requirements for
exploring the relationship between a sea bed disposal programme, the deep
sea eccsystem, 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 guantitative data is empliasized and
the importance of a2 knowledge of rate processes in understanding the ener-
getics of the ecosystem is also stressed.

4. Pessible biological mechanisms by which material might be trans-
ported from one part of the ecosystem to another are outlined. These
seasonal and less regular vertical and horizontal migrations

include diurnal

>

Ay

n

intimately associated with feeding and reproductive strategies.

5. The available knowledge of the likely direct effects of radicactive
waste disposal on the oceanic ecosystem is summarised and some consequential
indirect effects on man are identified.

6. In identifying future rescarch requirements the key qguesticn 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 inadeguate.

7. In order to supplement these data so that the key gquestion can

be answered with more conlicence o case is made for research in the



o

following main araeas:

(a) Identification and taxonomy

(b) Spatial patchiness

{(¢) Community analysis and zoogeography

(3) Improved bicmass estimations

(e) Peed:';ng strategies

(f) Reproductive strategies

(g) Diurnal migrations

(h) Ontogenetic migrations

(j) Feeding migrations

(k) Migration up the co_ntinentai slope

(1) Mathematical modeliing of the oceanic ecosystem

8. Finally, an attempt is made to identify which parts of this suggested

research programme could and should be undertaken by U.K. laberatories,

1

1
A



4.3

The existing models of the dispersal of radiocactive isotopes after
their disposal in the deep sea either on the sca bed or within the sea
bed are entirely physical (1) and have ignored possible mechanisms whereby
biological processes may accelerate the movement of isctopes. Furthermore
the underlying aim of these models has been to estimate the potential
maximun direct dosage to man, so indirect effects have been ignored. Also

poed

the degree of spread of any deleterious effects on deep sea communities
needs te be examined from a conservationist viewpoint to ensure the
public acceptability of any dumping programme. This paper secks to

identify the research requirements for exploring the relationship between
y

a sea bed disposal programme, the deep sea eccsystem, and man.



4.4

2.1 The wateir column is divided for convenience into three main zones,
the epipelagic, the mesopelagic and the bathypeiagic. Although the
boundaries betwcen these zones are not always clearly defined, there are

differences in ecological processcs between each zone which are important.

2.1.1 The epipelagic zone

The epipelagic zone siretches from the surface to the bottom of the

seasonal thermocline which is usually arcund about 200-250m depthb. Wind

driven vertical mixing occurs in the stratum above the top of the thermo-
ciine and it is within this layer that all the primary productivity in the

ocean occurs. Primar y production is the term given to the growth of plant
(phytoplankton) through the utilisation of the sun‘®s energy by the process
of phctosynthesis to convert the simple molecules of carbon dioxide and
water in to high energy complex organic molecules such as sugars and

proteins. This ic the prime food source for all aunimals in the oceans

from the surface to the greatest depths. Oceanic plants ore nearly all

microscopic. Although the guantity or standing crop of plarts within the
surface layers at any one time is small, the turnover rate is high so that
the amount of plant material grown per year (i.e. the productivity) is
equivelent 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 which are usually small

(ranging in size from around 100pm to about 10-20mm in length) constitute

part of the plankten. Gther planktonic animals include carnivores and

fL

detritivores (auimals that feed

are mostly carnivores feeding on the plankton or other nekionic animals.

on detritusy. The larger animals cor npekton



At the top end of the size range of neklonic animels are the fishes and
whales that are commercially exploited by man.

From all these organisms in the epipelagic zone falls a rain of

"

detvitus consisting of faecal pellets and dead bodies. This rain of

b}

material is an important food supply to deep-living communities. Corpses
of many cf the larger animels haje 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
0%, 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 thiedeepest depth to which detectable daylight
penctrates. 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 {rom the epipelagic zone or b) grazers which inhebit this zone by

day and migrate up into the surface laysrs at night, or c) carnivores
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Mar

into the surface layers at

that either reside within t!

n figure 4.1 the grazers and carnivores are linked with the

[

night. llence
epipelagic zone. This zone is the maximum depth to which commercial fisheries
are likely to operate economically (e.g. the Espada fishery off Madeira).

3 The bathypelagic zone

For the subject of this report, the bathypelagic zone is considered
to extend from 1000m to the sez bed. Other authors subdivide this zone,
but the ecological significance of these subdivisions has vet to be
established. The ceiling of the zone is possibly the maximum depth from
which significant diurnal -migration occurs to shallower depths (but sec
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 thcse 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 thercfore living within, on or in the
immediste vicinity of the bottom.

Like the phytoplankten benthic marine plants, mainly algae, are limited
to regions whére the light intensity permits photosyrnthesis, that is to
areas where the sea bed is nc 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 paris of the ocean trenches, but otherwise,
and certainly down to abyssal Cepilis (to 6000m), all the major taxa are

represented in the benthic commuaity though their relative importance
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(corals and ancmones), the errant cor sedantary polychaete worms, the molliuscs

For convenience the bentios is usually divided into iwo main size
categories, though the distincticns between these are obviously not clear--cut.
The meiofauna are those organisms which pass through screens with a mesh

size of 300-500um but are retained or screens of about 60pm mesh, while the

category, the megafaiuna, consists of those animals which are teo large to
be adequately sampled by grabs and corers but would appear on photographic
SUFVEYS.

A more significant, though practically less useful, classification is
that between suspensiocn feeders, collecting small dead or living food
particles {rom the water overliying the sea bed, and deposit feeders, living

on organic material in and con the sediment surface. While suspension feeding

is mainly typical of thc sessile forms such as sponges,.corals, the sedentary
worms aind mussel-like molluscs, deposit feeders tend to be mobile, though
they may be veiy 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 bottcem clearly do no
such a classificaticn.

Suspension feeding is common in shallow areas where the water carries
a high load of suspended organic material, or where currents continually
repleunish the food supply. It has beesn crgued (2) that this feeding

1so predominates in the vewy food-poor, deep, central parts

9]
\""
=
&
-+
[0}
[§3¢]
~
o

of the oceans. However, 1it- av:ilable data indicate that deposit fecding,



inciuding predaticn and scavenging {(see below), 1is the dominant strategy
throughout the deep sea benthos (3).
Except in very shallow rvegions, the benthic community is ultimately

dependent upon focd 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 smell particles. DBecause of
the depredations of the mid water communities on this material during its
descent Jess and less of it reaches the seaz bed with increasing depth
and this seemed to be reflected in the observed depth related decreasa
both in numbers of individuals and numbers of species taken in trawls

1950s and 1960s have

0]

and dredges. Improved sampling techunigues during th
tended to confirm the decreasing benthic biomass in the deep sea (see
Section 2.1.5), but at the same time have revealed & previocusly unsuspected

v, with several animals groups being represented by many more

jurd
[
V)]
-
o
s
b
0}
]
9]
}..\
ﬁ'\.

species in the deep benthos than in shallower regions (4).
Two main hvpotheses have been advanced to explain .this hish species

lity

et
N

'

diversity. According to the first (5), the so-called time-stab
hypothesis, the long-tferm stability of the physical conditicns in the deep

sea has allowed high specific diversity by extreme niche specialisation.

o
»

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 unecessity, food generalists within the physical limitations set by

size and morphology. The high species diversity is made possible according

o+

o this theory by high predation pressurcs keeping the populations of the
smaller organisms so low thet vhey are not in competition with one another

her for space or food. A ceroliary of this theory is that specific
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gst the larger predators and, in general,
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this seeins to be true. ¥
Apart from the inherent academic interest of these concepts, they have

considerable general significance. For while the time-~stability hypothesis

nvironment as extremely stable and lhwomogeneous,
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advocates of the predation theory, while accepting its long-term overall
tability, suggest that the benthic community is prone 1o small-scale

crally. One source of such disturbance

iz assumed fto be the activitiies of the predators oxr croppers, but another
suggested source is the supply of food to the system. Because of the great
dmnbns 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. 1in this case the faster faliing, larger parcels

such as the bodies of dead euphausiids (krill), fish, sguid, whales and

The arrival of such large lumps on any particular small arvea of sea bed
would probably be more unpredictable than anywhere on the planet and this
could be a potent source of bioclogical oscillation.

Indirect evidence of the possible importance of such large food parcel
has been provided by the results of baited camera and trap work which has
demonstrated the existence of a considerable population of highls
£ the deep ocean where such observations have been
made (3,6,7,8,9). This scavenging community contains representatives of
- fish and amphipod shrimps

many animal groups, but seems teo be dominated by

which are quickly attracted to the bait, and pre=sumably to any naturally
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has been consumed
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arcel, and disper

o

occurring large food

o

Apart from their obvious ability to locate and reach a large food
pa-cel quickly, several of the scavenging animals scein: to be highty

adapted to mal:ing use of auch an unpredicatable and irregular scurce of food.
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Some of the amphipods, for insvance, are able to gorge themselves 1o such

an extent that the body becomes deformed and many of the limbs temporarily
useless. Similarly, there is some evidence thaf they may be able to
maintain a high level of "reproductive readiness'" for long periods and then,
perhaps complete the process rvapidly after a single adequate fceding period.

Little is known of the food webs within the deep sea benthos (sece
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 tc 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 ma jor seaséﬂal variations in temperature, light and food supply
in fhe 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 which such information has been obtained.

Similarly, because of the remoteness from regions of primary producticn,
the common practice amongst shallow water benthic crganisms of producing
large numbers of smzall, 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 counterparts indicating eithér totally
abbreviated development or at leest the production of large, lecithotrophic

(yolk sustained) larvae. Sowe dieer sea groups, such as the rat-tail fishes
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which move up to th
gtiil largely unknown (11,12,13,14).

The importance of a knowledge of the rates of such processes as

oduction in understsnding the encrgetics of any

!"'

metabolism, growth and

biological system is emphasised in section 2,1.5. Because of the techno-

£

logical problems, direct measurements of such rates for the deep sea have
sc far been very rare. Those in situ  experiments on the yespi#ation rates
of slope and abyssal benthic organisms which have been conaucted indicate
that metabolic rates in the abyss may be two orders cof magnitude lower

than on the continental shelves (15,16), though thie metsbolic activi

the intestinal microflora from trap-caught amphipods from the Aleution

jo-

rench wag not significantiy lower at in situ pressures than in atmospheric
contreols (17). Similarly, the single attempt so far made toc age a deep
benthic animal, a small bivalve mollusc, suggest a longevity of 100 years

cr 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,
recclonisation experiments of defaunated sediment at almest 2000m (i9)
indicate that this process is much siower at this depth, both in terms of

numbers of individuals and species, than on the continentsl shelf.

studics (20) indicate that

"[v
p .
«

On the other hand, rvecent photogray
bicturbation 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 cuantitative understanding of any ccosystem zeguires the knowledge
of three components, (i) the structure of the food web (ii) the biomass

wihin the various components of ihe food web aund (iiil) the energy flow
Fd
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through the components. The letter peint is often neglected but in fact
is the most important. For imsvance a grarzed field can ha a low standing
crop but a very high energy fiow Gn the form of organic compounds with a

y content passing into the grazing cows. The relationship
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“between the flow of organic material (or production) and standing crop

{or biomass) is given by the fellowing formula,

Production = biomass/turn over time

When describing a food web an attempt is usually made to spiit the

biomass into trophic’ levels with each level representing a stage in

the food chain. Fig. 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 ef{ficiency and usually is of the order 10 to 50%k. Part
of this assimilated matter goes towards maintaining the organism and is
eventually iost asg 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 %he 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 tftop carnivores is oftecn

J

less than 1% of the plant biomass.
When an attempt is made to apply these techniques to the deep occan

ecosystem the extent of our present ignorance swiftly becomes apparent.

[€2]

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 pocrly understood. Table 4.1 represents

an attempt to produce a productim budget for a 4000m water colum in the
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energy flow model for a trophic level.



Iberian abyssal plain using the presently avzilable knowledge; It musT
be emphasised that the figures should be treated with great caution as
some of them have beaen ext;anoiated 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 produciive flow within

e

P

the benthic ecosystem. The input to the system consists cf the sediment
rain, dead organic midwater organisms (Mlarge lumps™) and live midwater
organisms which may perhaps be predated by the larger benthic macrofauna
sng megafauna. The existing data suggest that the sediment rain is the
mest important although this conclusion rests on the results of one
experiment (24).
The available biomass estimates of the meio- macro- and 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-

I

fauna have a similar biomass (26). This latter observation prompted the

e

be supported by th

n

speculation that, as the megafaunal biomass covld no
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 lecast at
AZOOOm,observational evidence of stomach contents suggessts the megafauna
are predating on midwater orgasnisms. However, at 4000m, large lumps may
still be important and new evidence is needed to resolve this question.

Table 4.1 suggests that bacteria, although having a small biomass,

cai produce & high proportion of the benthic community production due
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- Standing Crop Turnover Time Production -
Compounent N . - sgurce
: oC/m? (yrs.) eC/mi S vr
Primary Production - - 85 ) - (z2>
Plankton/nekton {0-1000m) 6 % i2 14 Unpublished ICS
" {1000-2000m) 1.3 % 3 3.5 ”

” (2000-4000m) 0.5 1-10 0.05-0.5 0.06-C.6 ”

0.004 1-i0 0.0004-0.004 0.0005-0.005 "
0 0

0.08 3 .008--0.03 0.0i-0.1 (235

Denthilc meioiauna 0.08 1 0.08 0.1 (23>
Bacteria 0.C02 20 hrs 0.9 1 (23>
*

Large lumps 0.001-0.01 0.0012-0.C1

o1y

Particle sedimentation 7 1 1.2 (245
TOTAL 20%

1

his total the larger values of a range have been used.

o
i

N.B. in estimating
*This was calculated by assuming 50% of the world production of pelagic top

carnivores sink to the sea bottom with no significant decomposition durin

Q

{

sinking.
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to their bl gh tusrnover rate. However, the signifi,,_ncc of bacieria in

the deep ocean benihos is still a matier of dispute due to a number of
contradictory experimental results (23). This is vet ancther controversy

that has 1o be resolved before the energy flow in the benthic ecosystem
can be studied in any meaningiul way.
There is some evidence (16) that suggests there is very little

>robably
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accumulation of dead organic matter on ithe sea floor. N

recycled fairly quickly, although there is the possibility that some returns
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The methods 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 %o be a large percentage of the total

benthic bicmass. Tf we assume a conservative figure of 10% then, using the

figures in tablé 4.1, thiz would represent 0.3% of the biomass found in the
top 1000m. This level could still be important i¥ the turnover time for
this re 1 flow was shert (i.e. hours or months). At present we have no

on the turncver time, but & consideration of the likely pathways

would sugpgest years rather than months. The tentative conclusion is therefore
that this return {low is unlikely to be important relative to the total
production in the top 1000m. However, it is always possible that effects
such as selective predation Dby carniveres might produce a concentration
of radicactivity in a similar manuner to the concenttration of DDT by hawks.

[{ects associated with continental slope

the cceanic area. AT

the top of the slope, the cheif break is recoguisable by a relatively sharp
change in the planktonic fauna. This is partly produced by the change in
the physical envircenment and paertly by the rapidly diminish

£ the benthic {aune 0w the midwater organisms, as the depth of the ocean
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However there is evidence of the benthic slope {ishes feeding on
midwater organisms (27,28). Higration of deep-living fishes up the clope

fauna which thev would othevwise

S

will bring them in
always be too deep to encounter. Once they connected with ﬁhe mesopelagic
fauna, movement of méterial upwards would be accelerated through the diurnal
vehaviour of this fauna. Similariy the higher up *the slope they move the

more likely they are to come in contact with benthic organisms with planktonic
larval stages. This contact would be in areas close to commercially exploited
fish stocks and even closcr to the potential deep~fishing grounds in which
experimental fishing trials have already been attempted.

At present there is véry little known about the way in which midwatex
organisms.respond to the shoaling of the sea-bed. Vertical ranges may be
pushed up particularly if light is an important envircnmental factior in
controlling vertical range as the turbidity of ihe surface layers is greater
on the shelf than in 'blue water®. Alternatively the range may be depressed,
because of the higher aveilability of food resocurces close to the sea bed
in the nephleid layer.

2.3 Bioclogical transport processes that transfer biomass between the various

zones
Knowledge £ the transport of biological material is important in
o "+

estimating the potential contribution of biclogical 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 imacdiately above them. The
activities of those animals secu’i in surfacce furrows, mounds, craters and

burrows ana generally cause 2z iizing of the upper lavers of ihe sediment.
< o 13
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This disturvonce rarely extends deeper than 20-30cm beneath
water interface and never more than a metre or so.

ften 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 much lower and the physicai
environment much more stable, bioturbation is usually considered to be much
siower and the resulting features to have a much longer life. In general
this must be true, but vecent photographic results indicate that bioturbation

helf regions (20).

[¢]

features may be hardly less ephemeral than in continental

Bioturbation may affect the mobilisation of waste material in three
main ways. First ihe disturbance of the near surface layer will rapidly
bring shallowly buried’material to the water/sediment interface and, of course,
vice versa. Second suspension of sediment may be caused by the active ejection

of material into the water column during burrowing and feeding activities.

Pinally, water current erosion may be enhanced by Dbictlurbation as a result
both of unevenness of the sediment surface and by a clisnge in the physical

characters of the reworked material (31, 32).

:.....
(&N

However, direct effects of bioturbation on dumped waste material sho
not be overstated. It could have little effect on the mobilisation of
material intentionmally or accidentally dumped on the sea bed unless the
waste in some way became incorporated into the upper layers of the sediment.
For material embedded deeply in the sea bed, on the other hand, vertical
transport resulting frém bioturbation, affecting as it does only a few 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 eubedding site.

The disturbance of the surface sediment by bioturbation may, however, -
bave important indircct effects on waste disposal stratesy, Flistly, the

in‘arpretation of scdirent geochemistry may be complicated by the destrucrion
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of the near surface stratification which would be established in undisiurbhed
conditions. Secondly, the sediment geochemistry itself may be altered ex
a result of such disturbance Thirdly, bioturbations may have an iwmportant

effect on the resistance to erosion of muddy sediments.

2.3.2 Diurnal migration

Bach 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 Qf 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" 1ittle if any migration
occurs during the W1nteL, for example at 44°N 13°W in 1974 there was
relatively little migraticn by planktonic organisms in April,'although
nektonic species like prawns were migrating extensively. Later in the
yvear the planktenic 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
invelved in these migrations. Most of the present data is restricted to

the near surface 600-800m of the water column. The evidence of migration

occurring from below 1000m ig sketchy and unconvincing (37).
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e result of diffexent stages of the life

history of organizms living ot difierent depths in the water column. Many

mesopelagic organisms have larval stages that occur in the epipelagic zone
there is an abundance of small food particles for the tiny larvae

to feed oinn. A number of bathvpelagic species like the angler fishes also

have epipeiagic larvae. Some benthic fishes such as the rattails (Macrouiids)
have midwater larval stages (38). The movement down into deep water may

the aniwmgls' gradual developuent, or a

either be a grad
sudden downward migration at some critical stage of development. Benthic .
crganisms in shallow water have planktonic larvae that act as a dispersive

phase. Witii increasing depth a greater proportion of benthic organisms change

o

ne

their reproductive strategy away from the sheot-gun approach of producing
thousands or even millions of tiny eggs hatching into minute larvae that

gs

o

feed and grow in the epipelagic zone, to producing a few large e
hatching inte larvae with a very limited planktonic existence, or which

may even be brooded by the aduit. ZEven at abyssal depths there may be some

se (13,14) and thesc

o

species which have an extensive planktonic larval ph

i

are the species whose eggs and larvae could play a role in transporting
radicactive isotopes. It is worth noting that the lavvae of shelf species
of benthic organisms, which have persistent pl nk+tm1c larvae have bezn

caught right across the Atlantic (39¢). There are no data available %o
& A

quantify this movement.

In addition there are cxtensive seasonal migrations by midwater

organisms that result in considgerable upward fluxes of biomass at certain
times of the year, particularly at latitudes higher than 40 . Discovery

iwing 1974 showed both planktonic and nektonic
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Collections at 44

species occurred considerably sroilower in April than during the summer months.
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The deep-Yiving mysid Eucopi.
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where it was a diurnal migrant in April, but later in the year it was rare

v

i

above 1000m and probably no

ongex migrated diurnally. The copepod Calanus

finmarchicus which is an extremely important food organism of commercial

Cor ¢ E H . 'A
s very abundant north of 50 N in the N.E. Atlantic,

Fae

fish specigs and
overwinters in deep water as a stage V copepodite larva (possibly in a
non-feeding state) and migrates up to the surface to mature and breed dufing
the Spring bloom; There are insufficient deta available to quantify the
movement of biomass inéolved in these migrations. ‘

2.3.4 Deposition of small and large particles

The most important fiux of biomass down into the deep sea is by the
sihking of particles both large and small down through the water column.
The larger a particle, the faster it tends tc sink, and the shorter the
time that micro-organisms have to degrade the utilisable organic material.
Very large particles such as 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 especialiy important as a mechanisn
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 have sunk to a depth of 1000m. These are thought to
be the source of living phytoplankton sampled at dentinns of around 1C00m.
Faecal pellets are found down to depths of 5000m »ut guantitiative measurements
of the deposition rates are only just becoming available. These rates are
important in quantifying the flux of biomass in the oren ocean, as well as

in the study of geochemistry and ather geological processes in the region of



Extensive vertical migrations are associated with feeding in some species.
In sperm whales, which specialise in feeding on squid but will also take
A - S . .
56 of dives off 5. Africa were to deeper than 800m (41), and a sperm

whele was caught, after a2 1 heur 52 minute dive off Durban cver a sounding

of 3200m, with a fresh bottom living shark in its stomach (42). Weddell
ceals are known to dive to 600m (43). In ihz reverse mode, McGowan (44)
recorded tlie cepturc of a deep-living amphipod at 800m with sand in its

stomach where the sounding was over 5000m over a wide surrcunding area.

The amphipod EBurvthenes cryllus are notable in being caught in midwater

with stomachs full of mineral particles (45). Discovery Collections include

tures of sea cucumbers (Holothurians) at depths of 4000-3500m

)

midwater car

)

over souncdings of 5000m. Holothurians are likely to be particularly important,
in the mobilisation of radiocactive isotopes from surface
sediments. TFishes which are usuzlly considered to be benthic e.g. the

N ht 270-1440m above the sea
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bed over depths of 1000-2100m (11) in the Denmark Strait, where they formed
45% of the total fishes caught.

2.2,6 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 extensive horizontal migrations
by these fishes may cccur which could take them from areas on the abyssal

hev ~ould come in contact

P

plain to high up the continental shelf. There

with a progressively richer midwater fauna and be 5iincilated into migrating
«r off the sea bed to feed. Radiomiclides, releazec by the excretion of

these fishes in midwater, might tren be linked with midwater organisms that
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diurnatly vertically migrste intc +the surface lavers, or the fish containine
k o E 7 =

%

the jgotopes may be eaten by largeg predators such as sperm whales.

et

Also, nothing is known of the influence of the slope on the vertica
ranges of midwater species; If, as seems the case, the availability of
food is gréater close to and on the bottom as compared with the overlying
water, then midwater organisms may well cxtend their vertical ranges deeper
down the slope than in the open ocean. If midwater animals living deep neér
the slope are advected offshore then their movement back up to their normal

vertical range could move sigunificant gquantities of biomass up the water

column.
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2, Prisent knowledge of the interactions between a waste disposal scheme

While there is an extensive literature on the biological ef fects of

organic and heavy metal pollutants on shallow water organisms (47), little

is known of the c¢ffects of

ive materials on these animals and there

ot

radioac

"4

is no information available'on thie effects of any pollutants on the deep sea
benthos. n this situation any forecast of the possible effects of radio-
active waste mnust be highly conjectural and based: on indirect evidence.
Assuning that any waste dumping wouid 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 the total annihilation of
the animal community, should be guite localised. In the highly variable
environments typical of many shallow water and land areas even such locs

iz specicg whose

o

damage might be very serious, since populations of r
a4-

distribution happened to coincide with the affected regicn might be
considarably reduced or even become totally extinct. The ubserved relative
constancy of the deep sea environwent 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 extinctiuﬂi

On the cther hand, this constancy of the abyssal environment probably

means that the local effects of disturbance would be particularly severe.

O

Indirect evidence for this is furnished by the high species diversity

there are differences of opinion about how this diversity has arisen, there is
general agreement that the long-term stability of the environment has becn

a key factor. The inevirable corollary is that the abyssal Lenthos is likely
to be very sensitive t¢ anv sudden changes, and there is o0l evidence from

e

the observed slow growth and recolonisation rates that it would carxy th
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scars for a verv 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 1literature on’

accumulation rates of radionuclides and assumed concentration factors of

4

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 %o

hand so far is all for surface organisms; it is impertant to confirm these
results particularly fof organisms that are likely to be highly mobile between
depth zones. ZEffort, 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. TFor example salps have been shown to migrate vertically

at least 1000m (48), they continually filter water and they concentrate Vanadium
by a faétor of 2_5x105 (49). PFurthermore, they filier large volumes of water

{e.g. each animal of Pegea confederata filters 100 mls per minute (50).
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The toxic effects of radioactive isotopes do ncot appea
much sfudied. 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
ceffects. Oceanic communities, particularliy the deeper-living communities
are extremely fragile i.e. any minute perturbaticn of the environment is
likely to cause drastic and irreversible effects. If pathways of significance
.do exist between the deep-living communities and the epipelagic zone, changes
in these coﬁmunities could have an influence on the organisms of the epipelagic
zone with potentially serious indirect effects on man. For example important
fisheries wmay be effected~ not directly by contaminaiion with radioactive

icotopes, but by an upset of the ecclogical balancec. The oceanic ecosystem
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plays an inaor?;ﬁirole in the regeneration of atmospheric oxvgen and in the
carbon dioxide; subile effects of radioactive pollution could
interfere with this role. It is therefore extremely importautl not only to
consider the potential direct dose to man, but also the effects of

sublethal doses on the marine ecosystem.

id be focuszed on whales as

oy

attention shot
a) They form a rapid and direct route to man. Sperm whales are known

to be able to fred on the bottom at depths in excess of 1000m. Rorqual

whales feed at shallow depths but consume vast quantities of zooplankton.

)5

o
@]

b)Y They perform long distance migrations go
over wide areas of ocean.
c) They are subject tc extreme public interest and consecrvationist

concern, Commer ~cial explcoitation of seals may also restart as a food

resoucce; some species like the Weddell Seal are capable of diving to

3.4 Pelagic birvds

a1

There is considerable documentation of the effects of organochloride
residues, and the accumulation of PCRBs and heavy metals in sea birds, but
litile is known about the effects of radioactive isotopes on them. They
ave potentially impoctant ip linking the epipelagic oceanic areas with
terrestrial ;u.*,onments. They are also of considerabie interest to
publiic opinion. Initial observations on mallard ducks feeding on a
freshwater pond contaminated with Pn and Am indicate that only 5% of the
t

isotopes consumed was assimilated into the body tissues (51).

y could carry contaminants
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4. Puture recsearch requirements

The initial question to be apswered bcfcre any deep sea disposal programme

should be begun even as a pilot scheme is whether or not any biological

srocesses exist that may result in the movement of significant quantities

of biomass from the abyssal sea bed (i.c. 5000m depth) back to the sea

surface, as radio-isotopes are likely to be transported with the organic’

materiai. FPresent knowledge suggests that any such transport is unlikely

to be very significant, but present knowledge is based on inadequate data.

Research is needed fhatAwill identify and roughly quantify notential
transport mechanisms, particularly as sny such biclogical 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 ccosystem. The building of such a model
will require a large expendiiure of scientific effort and research funds.
Furthermore the time reguired 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 beyondrthg resources of any one nation or
small group of nations.

In drawing up the research requirementis in the varicus fields of interest
“there has been a noticeable marked variation in the confidence with which
the reguirements 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.

t should be emphasised that even if the fuil ecosystem model

[

Finally
does nol prove necessary, a continued rescarch effort will be needed to
ecrcalblish that any disposal programme will not resilt in unacceptable changes
ia the Dbenchic ecosystem (an esoteric judgement) and vo monitor the deep
sca communities in the vicinity of dump sites to corrirm the correctness

of previous conciusions as to the safeness of dumping. .



the detealied biological information relevant to the problems

ind extent of any possible biologicar transport
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mechanisms may be established by work in almost any deep ocean locality, it
will De possible to identify the consequences of dumping at any particuiar
site only bv studies Carried.cut at that site. The criteria for site
selection will bz mainly non-biological and the selection procedure will
inevitably take some time. In the me ntlme,nowever, recsecarch into the

biologicsl provlenms should proceed for the following reasocns.

et

1. Knowiedge of deep sea biology is still so incomplete that in order .
understand processes occurring at dump sites it is essential that more inform-

s pgathered {rom other areas. Such information will also De necessary

(=

ation

for the long-term monitoring programme which must be undertaken even if the

-

o

viological results indicate that deep sea dumping would be completely safe.

~

2. If the present impression of low biomass and therefore of liitle

oy

upward biological transport in the water column below about 2000m is confirmed,

1
hy

ace from a dump site wmight b

@]

hie sca bed and up the slope to depths where the mesopslagic communivy
impinges on the bottom (see sections 2.3.2 and 2.3.6). In such circumstancec

a knowledg

o
<

¢ of mid-slope phenomena, particularly in midwater, may be even
more inmortant than that at abyssal depths.

2. Any biological transport mechanisms identified are unlikely to
be completely site-specific. Horizontal transport, for instance, wiil
immediately tend to remove material {rom a dump site so that knowledge of
the likely wvertical transport mechanisms in other vegions will be important.

4. Many of the biological questions posed by the problem of radiocactive

waste disposal will anevitably require considerable development of gear i
and anaiytical technigues. There is alrecady teo little tiwe available to
AnSwor questions before some of the crucisl decisions are likely
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to be taken.

N

search studies which

This secticn attempts to identify the major re

s

should ultimately be undertaken at potential dump sites and somz which
could, or should, be pursued in other areas even after possible sites have

been selected. Before site selectiion the region where these studies might

4

begin will depend to some exinsnt on the specific gquestions 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 Identification and taxonomy

With the growth and sophistication during this century of disciplines

such as physiology, genetics and molecular biology, the study of zocological
taxonomyy‘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 decep sea environment wiiere
almost every haul contains previously unknown species.

Ideally, perhaps, all of the necessary taxonomy should be undertakgn by
institutions, such as muscums, which are specifically suited tc this type
of work. Unfortunately, there are insufficient specjalists 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 recognisecd. Yurthermore, it may even be necessary to sponsor
specific taxonomic resceesch te answer questions posed by the problems of

radicactive waste dispucral. This is because a) without i) adeguaie basis
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of tawonomv, i isons between different programmes carried out at

diffevent instituiions and by differvent nations will be impessible

ARG

a programme that may be used

b) incompatible dota may be
in modelling the deep sea ccousystem, <) a knowledge of the zoogeography of
a species is an importsnt indicator of the potential horizental movement of
isotopes and zoogeographic stulies are impossible without faxonomy. This

s important both for benthic and midwater organisms.

A

4.1,2 Spatial patchiness

Patchiness of animal distribution presents one of the major problems
in the estimation of biomass and studies of diversity. HMost animals and

plants in the ocean are non-randomly or patchily distributed in space and

by

the reasons for this have interested marine biologists for many years. If

nimals are randomly distributed then a sample of any size will give a good

7 =

2

estimate of animal density. However if the animals are patchily distributed
it is necegsary to have a samplé size greater than the predominant paich
size (or sizes) present in the animal commurity. If this is not achieved
any deuasity estimates will be highly variable. This may explain the

variability of benthic macrofaunal biomass estimates referred to earlier.

stimate the spectrum of patchiness for benthic and pelagic

2]
ot
o}

Experiment
communities are often time-consuming and may reguire the development of
special gear. Ilowever it is esgential to carry cut these experiments in
crder to obtéin reliable estimates of biomass in the bentho-pslagic region.

4.1.3 Community analysis and zoogeography

COne of the first steps in the unravelling of food webs in an ecosystem

s, A community is

[¢)

is the description and classification of communiti

n

deiined as "a collecticn of animals often found in each others company’™

and many multivariate scacistical methods have been developed to remove
as much subjectivity as possible from the process, using Ghserved species
abundance data o As information becomes available
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from a wider geographic range, similar statistical methods can be used to
delineate zcogeographic areas. fhis informeTion will obviously be useflul
in any selection of a possible dumping site and in quantifying the possible
ranges of horizontal migratiéns.

el

i Improved methods for estimating biomass

Reliable figures for standing stccks both in midwater and on the sea
bed are essential for an understanding of the encrgetics of the deep sea
ecosystem (sce section 2.1.5). Reasonably reliable techniques ﬁéve been
developed for quantitati%ely 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 zcne where
towed gears are notoriously non-quantitative. Several possible technigues
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 traps.

Once such quantitative samples are cbtained it is also essential to
make the resultigg data’comparable with those obtained by other workers.
This involves all agpects 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 véry low indeed (see section 2.1.5).

4.2 Troplic relationships and rate processes

The transfer of organic substences through an ccosystem is almost
entirely dependent upon feeding siroiegies. For instance, material dumped

onn the deep sea floor might becowe concentrated in tlhic bodies of deposit



feeding benthic organisms which never leave the sea ‘bed. i{, however,

ace then eaten by a vertically migrating midwater animal

the dumped material could rapidly approach the surface layesrs via the
pelagic trophic ladder. On the other hand an extenszively mig“atlnc midwater
organisms might contribute nothing to such upward transport mechanisms

if it fails to feed during i?s deeper living periods. A knowledge of the
trophic relationships, not only of migrating animals but alsc of their prey,
is essential if the possible tranéport mechanismns afe to be understood.
Three main = ':uauu\s can bLe used to obtain such datas

1. The study of comparative morphology to establish general feeding
strategies,

2. The analysis of intestinal contents;

i tu experiments (remotely controllied experiments on
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Given an adequate overall szmpling programne, nc special samples are
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necessary for the first two of these apprcaches, though srecial preserv

<4

techniques may be neceded. The third approach is clearly a special case

and might involve the use of manned submersibles, free vehicles, and pop-up

o
w

or moores

system
As pointed cut in 2.1.5 above, for a quantitative understanding of an

ecosystem the complciz structure of the food web should ideally be known.

Such studies are extromely time consuming and may require the attention

of taxonomic experts in many different groups so that a selective approach

is essential. The pricrities for the radiocactive waste disposal programme

ategies of the mobile oxrganisms, both

-k

- [N ~ £ (AN S ~
are on the one hand the feceding s

ntally or verticaily,

midwater and benthic, wiich are likely to migrate hori
and on the other of 1he deposit feeding benthic animals which are likely to

be the first link in on, biolegical chain tending to return waste material
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4.2.2 Reproductive strategies: birth snd death rates

A knowladge of thesc parameters is necessarv for an understanding of
populations and community metabolism. Tt is also essential if cntogenetic
migrations as possible transport mechanisms are to be identified.

Much information on reproductive strategies can be gleaned from dccasional
samples, for example by the exemination 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 guantitative
samples of the benthic and midwater communities obtained over a considerable
period and certainly at different scasons, would be necessary. Such a
sampling programme could be combined with those discussed in section 4.3.

The éstimaﬁon 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 nermally obtained snd will therefo;e
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 radiocactive isotopes, between
zones. Thesé 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
duﬁp site.
a) Perhaps the zost immediate relevant problem is whether or net organisms

living deeper than 1000x undertake diurnal migrations. IDuyoical processcs

belcow 1000m are not so rapid as above that depth, so any movemant of
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biomass could significantly increase the diffusiorn of isc
the surface.

by A full inventory of specics undertaking migrations.

c) How these migrations very with each species’ development.
) The seasonal variations in vertical migration.
¢) The vertical extent of movement by cach species.
£) The timing of the migration‘and its relationship to the feeding
the compornent species.
fic wvalue - size relationships of the majox
components of the community.

4.3.2 Outogentic mwglatlonc

b

Description and quantification of the flux xes involved in ontogenetic

migrations at a cdump 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 exsenditure in reproductive effort of the species
involved.

¢) Establishmenz of the life histories of the important contributors
to the overall DbDiomass in the water columm.

d) EBstabiishment of dry weight/calorific vaiue - size relationships
of the major components of the community.

e) A knowledge of the zoogcography of the species involwved.

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 geochemistiry.

Data on the deposition of larzpe 'particles' requires a knbwledge of

the population statistics oi large pelagic fish, squid and marine mammals.

Commercial fishery statistics could provide some of this infermation but
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a programnmc of fishing large commercial trawls

be neecded to explere the populations of organisms not commercially exploited.
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Even this sort of programme would questions on the population

statistics of large highly motile fishes (e.g. those caught by long-lining
and sports fishing), smaller whale populations {e.g. pilot whales and dolphins),
and the large squid populations. Any of thesedata would be invaluable in

improving the precision of biomass budgcets (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 cpecial effort should
be made té try to guantify sperm whale feeding rates while commercial whaling
still exists. They could provide an extremely important shert-circuiting
mechenisms for the movement of radio~isotopes vertically through the wéter
column. Their main diet is large squid. The biology of these large squid
is almost completely unknown, basically because no adegnaiz method of sampling
them is yet available other than collecting them from snerm whale stomachs.

4.2.5 Migration up the ntinental slope

The eff{ects of the impingement of the continental margins on deep sea

communitics needs special study. Any such movement would provide an important

short circuit route for radio-isotopes to be circulated into the near.-surface

O

layers and iﬁto commercially utilised populations. There is thusg a nced
for a sampling pfogrammé on the continental slope to complement anyr
programme at a dump site. This programme need not be site specific and
could Dbe initiated before the final dump site has been selected.

4.4 Mathematical modelling of the oceanic ccosystem

It was shown in sectzon 2.1.5 that, with the present stafe of N

knowledge, it is not pcesible to reliably gquantify a simule cnergy flow

mode? as shown in Fig. 4.3. Until this can be done with somc confidence

F
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it is premature to discuss hiere any more sophisti
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knnwledge become appavent.

Cated mathematical models,

models should form part

beginning for the often

a1l the lacunae in our
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5. Detailed research specifications

in this section the research requirements discussed‘above are expeznded
and specific recommendations for sponsored rescarch in the United Kingdom
are made. Mention is also made of research institutes abroad where the
rescarch 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 ccollaboration
to make thé most elficient use of the available expertise is essential and
must be encouraged.

Beyond this, it is important 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 3 well-established tradition

~in taxonomy, there are very few deep sea specisliists. Nevertheless, the

1lities available at U.K. institutions such as the British Museum (Natural

T e

fac
History and the Royal Scottish Museum are certainly capable of supporting
such speciazlists if adeguatc funds were available.

5.1.2 Spatial patchiness

To obtain robust statistical estimates cf patchiness a large number

( 100) of, preferably contiguous, samples will be required.
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For the study of benthos thesce samples sheuld ideally be distributed
A
32 in ey e ~ o - .
egually in two dimensions, wl Lor the

fer. In practice

chtain this ideal coverage and some coupro

methods that can provide partizl estimates of patchiiness are

(i) Use of & seguential series of photographs obtained from a

iatform a few feet above the pottom. These could be used to quantify

the spatial pattern of the megalauna. Seouential sets of bot;oﬁ‘photogra>hs
have already been obfaiﬁed by 1I0S and are at present being analysed. Some
parailel development of siatisticel analysis technigues will be reguired

~

to obtain the maximum information from these plictographs.

3o}

(ii) Repeated sampling of a given area with sledges or grabs or trawls.
This could give useful information on the variability caused by patchiness

but the spatial scales of this patchiness can only be estimated if the

relative position of {he samples on the bottem is known. This is only
just becoming possible with new technigues (53). In the U.K. this resecarch

can be carried out as a routine pert of any benthic sampling programie by
IOS or SMBA, although the number of samples required will cobviously put

a strain on the present sorting capacity.

Some work on the variability of biomass estimates obteined from grab

U‘.

‘samples has been done at SMBA (54) and algo in the U.S.A. (25, 53, 55).

(iii) Patchiness of midwatcr animals can be studied using the lLonghurst-
Hardy net (LHPR) which allows contiguous sampliecs to be obtained. This net
‘has been used by a number of workers to study horizontal patchiness (56, 57)
and verticai distribution (33, 58) at depihs between O and 1000m.

In the U.K. both I0S and SMBA have had experience in the use of

Lorighurst nets down to 600m but the existing gear will probably need

e

aoaification to sample adeguately the low density Tavna found at greater

in *he develcenment of appropriate

depths. 108 alsc have

statistical analysis methods (52).
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5.1.3 Community analivsis eand

Apart from an ability to obtain and classify the raw data, research
of this nature rvequires access to a medium size computer with good data
base software and statistical packages. This is available on the IOS
Hoaeywell computer and the biolegy 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 the auspices of
onte of the interpational oceanographic data centres.

5.1.4 Methods and techniques for biomass estimations

Studies of the standing stocks and turnover rates of deep sea m;cro-
organisms are being actively pursued in other countries, particularly the
Uc.S.A. This is a very specialised field which I0S cculd certainiy 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 mosi 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 guantitetive estimates is probably direct
observation from manned submersibles. Hewever, this is an extremely costly
technique and, in any case is i.,0 m0st cases rcé%ricted to depths shallower

than the abyssal floor. A mcre practical approach is the use of towed



collecting g-ars: the ICS has already begun to make such gears more quantitativ

and to develop simulianeons photographic techniques. The possibility of using

tted with camera

1-A .

tagging and recepture technigues in conjuncition witlhh traps f

systems should zlso be

The I0S has also developed what iz probably the mest efficient quant-

n general deep sea biclogy should be.
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Almost any institution involved
capable of carrying'out at least some studies of this type, particularly
£ sut contents. I0GS is already dding so and will continue
studies of the feeding of sglected 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 will inevitably invelve
collaboration botﬁ nationally and internationally with the relevent taxonomic

mmstitut

fobo

018 .

0]

5.2.2 Reproductive sirategies

f SN

Information on veproductive strategies is being gathered already !

number of groups in the U.S.A. znd Burope, inciuding J0S. However, since

the techniques employed vary from one taxonomic group to another and often

require considerable expcrtise, for example in the recognition of gonad

[
bt

developwental stages, there is a strong case for collgboration beiween

~

institutes to make the most efficient use of spec

s in each taxon.
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alz
for instance, our work on reproductive strategies of the echinoderms
1

is being carried out in collaboration with specialists in these groups

from the Copenhagen Museum.
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In order to determine whether organisme below 1000m migrate diuwrnally
(item (a) in 4.3.1), a one off sampling programuae of 3 days per depth, each
requiring 1 x 2 man years to work up will be required. Depths required
are ideally 1200, 1400, 160C, 1800, 2000m, but a compromise of 12530, 1500;
2000m would be realistic. Samples from 1000m are already available but not
worked up at I0S Wormley.

The IO0S RMT 1+8 net system is probably the only system with- the depth

capability. The Woods Hole Cceanographic Institution MOCENESS system is

depih-limited by the length of the conducting cable. I0OS is one of
the few Instituteswhere sufficient expertise in deep oceanic fauna is
accumulated under one roof to work up results within a scnsible time scale.
If this programme suggested that significant migration 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
b4 g L ¥

6 cruises with 10 days sampling in the selected area. Working up the

ot

material would take about 3-4 . vears depending on the precision
required and the staff available.

5.3.2 Ontogenetic migration

Much of the material needed for this study would be catered for by the 18 mont

N

sampling programne neceded for the diurnal migration study. For the zoogeographic

information there is already a large collection of material at IOS from

° . 1 A e . 47 b rxo'r
along 20 W ain the N.E. Atlantic, with supplementary collections along 13 W
‘1 ,_,0, © Oy e : .{‘ g Id
cand 17 W between 42 -50 N. Similarly for item (a) some seasonal coverage
1 O* O. - . . -

of the fauna at 44 N 13 W is available. The effort requircd for working up

this material would be approximately 2 x 1 man years per taxonomic group,

sc long ag trained specialists were available. Tie eiffort required would

B - 74 - - - - e
re at least 5070 greater if new staff have to be rucooited; difficult groups

n

4
-

¢.5. copepods would need significently greater effor
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For items (b} to {e), if {he programme was ruld in parallel with

.2.1 then the additional analysis of the resulls could require a further

it
7

L

cmme was conducted separétely then analysis

I % 4 man years.
of the samples would take about 3 x 4 man years.

vobably only the TOS 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 plankion studies alene but this would miss the
adults of most of the important species involved, Similarly the MOCHNESS
svystem does not sample a wide enough size spectrum of corganisms. The stande
EMT 1+8 net is suitable but without using a multiple sampling system the
increase in ship's time required will add sigpifi cantly to the cost.

5.3.3 Deposition

a) Inmediate use should be made of the commercial whaling operations
still extant in the North Atleutic to provide whale population statistic

b) A programme of study on the populaticns of small whales should be
funded. \

¢) A deep sea commercial fishing project szhould be initiated for
accumulating statistics on the lafger speciés not caught by conventional
research techniques.

This type of sampling has been carried out by the German Research Ship

Walther Herwig in the Atlantic on an exploratory basis. M.A.F.F. Lowestolt

.

fishery research vessels have the capability of working such gear down to

about 1200m. As IOS is experienced in the likely fish groups to be
encountered cocperation between the two groups is recommended.
d) A review of catch statistics for pelagic fisheries should be made

to try and establich the requirved population data, ond some experimental



D
P

I
L

fishing should be carried out in ardas where 1o data is available

ticularly in ihe region of any dump site.

i)
o
=
,..\

5.3.4 Peeding migrations

It is to be hoped that information on feeding migrations wiil be
obtained from the sampling programmes already suggested.

5.3.5 Migration up the continental slope

Samplers prescntly ;Vallublc are limited operationally to areas
with relatively gently inclined slope regions (e.g. in the N.E. At tic -
the Percupine Sea Bight area and off the Straits of Gibraltar and the
‘Moroccan Coastl). For midwater organisms the only opening/closing sampler
that has been operated within a few metres of the sea bed is the IOS RMT 1+8
system.

For sampling on the sea bed a great variety of samplers are available
which range from traps and grabs, to opening/closing sledge trawls and commercial
The nore 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 by I0S in the Porﬂuane Bight. However further

amples will be needed which, used in conjunction with similar samples in

abyssal plain, could be used to identify any spccies that are candidates

o
o
o)

slope nigrations.

)
Q
4

Tdeally 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

capture data will be too expensive to countenance unless deep-

ok
oW

adequate



-

Trawling doss become a commercisl operaticn. A more feassible alterinative
is to mark individual fish in situ from submersibles with transponders or
cther devices that would allow them to be tracked. Such a technigue has

been used for trout within the confines of a small lake at the University

of Stirling and also by the M.ALF.F. Lowestoft laboratory (using their sector
ccanning sonar) for commercial fishes in the sea. At depths greater than

1500m within the *SCFAR channel® the attenuaticn of sound is much reduced
end tracking acoustically could be more feasible. By the time initial
ezploratory observations have identified which species have wide enough
distributions to be potential horizontal migrators, devel opments in urderses

tracking devices may have advanced for the techniques to be scaled up

sufficiently for use in the deep ocean.

5.4 Mgthematical modelling
There does not appe 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

osystem medels has been obtained at I.M.E.R. in the development cof

I3

their GEMBASE model of the Severn EBstuary ecosystem. At JOS and also the
fisheries laboratories at Lowestoft and Aberdeen modelling has been used
to study small isolated aspects of ihe ecosystem rather than the ecosystienm
as a whole.

Any develcpment of a model of the bePLb1c /pelagic ecosystem would
necessitate a large amount of interiiational coopereticn as the necessary

expertise is not available at any one institute
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