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Abstract

This report summarises all of the research carried out by the Institute of Oceano-
graphic Sciences in connection with the possible disposal of radiocactive waste

at sea. It covers the period April 1 1979 to March 31 1984.

All the work mentioned here is reported upon, usually in much greater detail,

in a series of individual reports.
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This work has been commissioned by the Department of the Environment as part of
its radiocactive waste management research programme. The results will be used
in the formulation of Government policy, but at this stage they do not necessarily
represent Government policy.
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CHAPTER 1

INTRODUCTION

The Institute of Oceanographic Sciences has carried out a five year programme
of oceanographic and marine biological investigations aimed at a better under-
standing of the problems and possibilities associated with the disposal of radio-

active waste in the oceans.

The work has been funded by the Department of the Environment through five separate

contracts as follows:

DGR _481/176 - Studies of the benthic boundary layer in relation to the disposal

of radioactive waste

The objective of this contract is to examine the processes which control the char-
acteristics of the benthic boundary layer and would control the dispersal of radio-
active material released into it. The approach to the problems has been through
mathematical modelling of the processes involved backed up by observation in the

deep ocean.

DGR 481/177 - The properties of ocean sediments in relation to the disposal of

radioactive waste

The objective is to establish the physical, chemical and geotechnical properties
of marine sediments suitable for the emplacement of radiocactive waste. Studies
have been made of a wide range of properties of sediments, the pore water within

the sediments and particulate matter in the ocean.

DGR 481/178 - Biological transfer of materials between sea bed and surface

This is an investigation of midwater and sea bottom biota aimed at identifying
and quantifying biological processes by which radionuclides may be transferred
through the deep ocean environment for the development and validation of predictive

mathematical models.
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DGR 481/179 - Selection and evaluation of sites for the disposal of radiocactive

waste

The tasks are to identify potential areas for the disposal of radioactive waste
in the ocean bed and to establish generic characteristics of representative areas.
Studies have been carried out of selected areas in the North Atlantic to determine

the history and stability of sediments in those areas.

PECD 7/9/023 - Dispersion in the deep waters of the Eastern North Atlantic

The principle objective of this contract is to acquire systems and make measure-
ments to permit estimates to be made of advection and the ability of the ocean
to disperse radioactivity. The Department has funded specific ocean circulation
studies carried out by the Institute of Oceanographic Sciences and also the Insti-

tute's participation in international longer term measurements.

This report is intended as a summary of all the work, is self contained and is
laid out in a manner which it is hoped will present the overall picture while
at the same time acting as a worthwhile reference. Considerably more detail than
ig presented here is available in the many individual reports the work has gener-
ated. Research into the problems of the disposal in the ocean of radiocactive
waste is continuing under revised contracts with revised objectives and work

schedules.
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CHAPTER 2

SELECTION AND EVALUATION OF AREAS AND SITES

In 1979, following the production of IOS Report 77, a set of site selection guide-
lines was drawn up and used to carry out a preliminary assessment of areas in
the North Atlantic that might prove suitable for HLRW disposal (Searle, 1979).
The guidelines were broadly classified as relating to the stability of the disposal
site, the suitability of the sub-seabed disposal medium, oceanographic, biological,

operational and general factors. They have now been published (Searle, 1984).

IOS work has been confined to the North Atlantic ocean, although the progress
of US and Japanese studies of the North Pacific has been followed closely through
the OECD Nuclear Energy Agency's Seabed Working Group (SWG). Indeed, throughout
the IOS work there has been close cooperation with other nations through the SWG,
with IOS providing the UK representatives of the SWG's Site Selection and Sediment
and Rock Task Groups. This international cooperation has been particularly import-
ant with regard to studies in the Great Meteor East area (GME), where most of
the early work including the majority of the high resolution seismic profiling
was carried out by the Dutch Geological Survey (RGD). Details of SWG activities

are contained in Anderson (1980, 1981, 1982, 1983).

Our site selection studies have concentrated on five specific areas. Kings Trough
(KTF) and Great Meteor West (GMW) are typical of the lower flanks of the Mid-
Atlantic Ridge, and were expected to have more or less continuous sequences of
calcareous pelagic sediment. GME, Cape Verde One (CV1) and Nares Abyssal Plain
(NAP) are distal abyssal plains where the uppermost hundred metres or so of sedi-
ment are fine-grained turbidites (predominantly clay at NAP and calcareous at
CVl and GME). A reconnaissance of the southern Cape Verde Abyssal Plain was also
carried out (McGiveron, 1981; Kidd and Searle, 1984), but it was eventually
decided that the area did not warrant further investigation at present because
of the evidence of strong bottom transport of sediments (Kidd and Searle, 1984).
The upper parts of the Mid-Atlantic Ridge and the more proximal parts of the abys-
sal plains and continental margins were considered either to have too little sedi-
ment or for the sediment to be too unstable for them to be considered as potential

disposal areas.
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Three compilations of previously existing data have been carried out at IOS.

First, available seismic reflection data were compiled to produce a map of average
widths of sediment basins throughout the North Atlantic (Searle, 1979). Secondly,
a compilation of seismic‘reflection and core data was made for the distal abyssal
plains between 30°N and 45°N (McGiveron, 1980) to complement a gimilar French
compilation to the south. Finally, a copmpilation and analysis of all existing
geophysical data in the KTF area was undertaken and included in the report of

that area (Kidd et al, 1983).

A 2 kHz hull-mounted profiler was developed for RRS Discovery and was tested on
Cruise 106 in December 1979 (Kidd et al, 1980). It was subsequently replaced
by a towed 3.5 kHz profiler, also developed at I0S. These profilers provide verti-
cal resolution of 2-5m and penetration of up to 80m. A near-bottom profiler,
giving a penetration of over 30m and resolution of 20cm was built and successfully
tested on Discovery Cruise 118 February-March, 1981 (Francis et al, 1981). Finally,
a survey camera system (WASP) was built. It has the capacity of taking up to

1600 frames each covering 25 to 100m2, on each lowering.

Seven cruises have contained a large component of site selection work. Discovery
118 (Francis et al, 1981) and 134 (Francis et al, 1983) and 144 (Schultheiss et al,
1984) worked at GME only; Farnella 3/81 (Searle et al, 1982) worked at GME and
CVl; Farnella 8 (Revie et al, 1983) worked at NAP; and Farnella 9 (Revie et
al, 1983) worked at KTF., All the Farnella cruises carried the long-range sidescan
sonar GLORIA; the others carried a variety of geophysical equipment including
airgun seismic reflection profilers and 2 kHz or 3.5 kHz profilers. In addition,
a small amount of 2 kHz profiling was carried out over NAP during Discovery 108

(Anon, 1980).

Early work at GMW by RGD demonstrated the widespread occurrence of debris flows
and other types of sediment instability (Kuijpers, 1982). It was therefore decided

not to investigate the area further.

The CV1 area has been studied in detail by French workers (Auffret et al, 1984)
and was covered by our GLORIA reconnaissance of the Cape Verde Basin (Kidd and
Searle, 1984; Searle et al, 1982). There is considerable evidence of energetic
bottom sediment transport and the existence of shallow, massive sand beds. We

have therefore not pursued further investigations there.
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I0S studies of NAP have been 1largely restricted to the GLORIA survey. Further
investigations are being carried out by our Dutch, American and Canadian colleagues.
Preliminary results suggest that the sedimentary environment may be somewhat more

heterogenous than GME, but perhaps with less faulting (see below).

Work at KTF to the end of 1982 has been reported by Kidd et al (1983). Additional
work has been carried out on Discovery Cruise 134. The area is situated at 41°-43°N
21°-24°W, in depths of 3400-4000m (Figure 2.2). Sediments consist of alternating
calcareous oozes and marls in the uppermost 80m or so, underlain by ooze and chalk.
Sediment thickness is in the range 300-800mn. It is concluded that areas on the
order of 10-30km wide and several 10s of kilometres long exist that are free of
scarps or basement outcrops. These are mostly sedimented basins. Near the edges
of the basins there is evidence of small-scale sediment slumping or non-deposition
and possibly erosion. Minor slumping and hiatuses have been observed in some
cores remote from the edges of the basins. Drilling by the Deep Sea Drilling
Project (Kidd & Ruddiman, 1983; Kidd, 1984) has documented continuous sediment-
ation over the last 30 My. Pore-water samples taken from the drilled cores show
linear gradients of Ca and Mg, which imply pore-water advection of less than lo'ucm

y'1 (T.R.S. Wilson, personal communication, 1984).

GME and NAP are now the two sites at which NEA/SWG work is being concentrated,
and most IOS effort in recent years has been spent on GME. The area lies between
30.5° and 33°N, 23° and 26°W, in a water depth of 5400m. It is a flat, distal
abyssal plain, broken by occasional abyssal hills (some with outcrops of igneous
crust) a few hundred metres high (Figure 2.3). Evidence of strong turbidity cur-
rent transport and debris flows exists east of 24°W, (Simm & Kidd, 1984) but west
of there the surface of the abyssal plain appears fairly uniform and stable.

Turbidites probably make up the bulk of the uppermost 125m, and are 1likely to
be underlain by pelagic clay and carbonate. Sediment thickness is generally around
250-1250m. The largest basin lies between 31.2° and 31.8°N, 24.0° to 25.0°W.
However, this area is characterised by small faults (Duin et al, 1984) spaced
10-20km apart which offset the sediments below about 15m depth. A smaller basin
around 31.2°N, 25.3°W appears to be fault free at present. A detailed report

of the GME area is in preparation (Searle et al, 1984).

In conclusion, there are areas within KTF, GME, and probably NAP where sediments

appear to be adequately thick and stable for waste disposal, but these areas are
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only on the order of 20km wide. It appears very difficult to find wider areas

in the Atlantic that are reasonably homogenous and present a history of sediment

stability.
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CHAPTER 3

REGIONAL STUDIES

3.1 Estimation of Seismic Risk at Atlantic Ocean Intra-Plate Sites

Earthquakes recorded by the World Seismological Network have been used to assess
the seismic hazard for sites within the Atlantic Ocean intra-plate region. For
the period for which we have the most complete data (1964-1979) over 100 events
can be identified as occurring within the intra-plate regions of the Atlantic
(Lilwall, 1982). From these data it is possible to identify a region of greater
than average activity to the East and North-East of the Caribbean, which may be
the result of slight relative motion of the North and South American plates.

Such a zone may not truly represent an oceanic intra-plate region and the data
were excluded from seismic risk estimates. Seismicity appears relatively uniform
over the remaining regions but overall activity in the South Atlantic is about
half that in the north even after correction for network detection thresholds.
Relocation and examination of events prior to 1964 gives a similar difference
in activity although the zone of high activity near the Caribbean is less evident

(Lilwall, 1982).

The largest earthquake for the period 1964-1979 had a magnitude of‘6.4 on the
surface wave scale (MS) whilst during the whole period for which we' have data
(1913-1979) the largest magnitude recorded is 7.2. An extreme valqe analysis
of the magnitude of all the oceanic intra-plate events gives a value of 7.3 for
the upper 1limit and therefore 7.5 would be a conservative upper bound to assume
in seismic risk estimation. Below this value the seismicity for North Atlantic

intraplate events can be described by the magnitude frequency relation:
= -5.63-0.44
LoglON 5.63-0.4 MS

where N is the number of earthquakes per annum per square km with magnitude greater

than M |
s
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The larger events are capable of causing considerable damage and 1liquefaction
effects near their epicentre. The seismic risk at any given site, however, depends
on the spatial distribution of the above seismicity with respect to the site.
If the seisgmicity is everywhere uniform over long periods then assuming attenuation
relations used for land sites the return period for 0.lg peak acceleration (a
point at which slope instability and liquefaction may occur) is estimated to be
circa 10,000 years. If, as suspected in published work on these earthquakes,
the seismicity 1is concentrated along zones of weakness such as fracture zones,

then the return period in such zones may be as short as 2000 years.

In addition to the above analysis of teleseismically recorded earthquakes, a start
was made on monitoring the GME area with ocean bottom seismographs for small local
events on Discovery Cruise 118 in 1981. Work on the seismicity project was tempor-
arily suspended in April 1982 due to funding constraints, it being considered
more sensible at that time to concentrate the available resources behind other
projects. However, the concentration of future work in the GME area and the dis-
covery there of faults in the sediment close to the sea bed now makes the monitor-
ing of local seismicity in that area by ocean bottom seismograph an important

field of future study. The objectives of this work would be two-fold:

i. Determining whether there are any local concentrations of geismic acti-

vity in the area, possibly along the traces of fracture zones.

ii. Establishing whether the faulting observed in the shallow sediments

is associated with underlying faulting in the lithified rocks.
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3.ii Physical Properties of Sediments

The objective of this work was to investigate and assess the physical properties
of deep-sea sediments in HLRW study areas. In particular it is intended to quan-
tify pore water advection velocities as low as 0.1 mm/year. The innovative nature
of some of the research has meant that a significant amount of development work

has been necessary.

Two major parameters need to be measured before the vertical pore water speed
can be calculated; these are the permeability and the differential pore pressure
gradient within the sediment column. Whilst it is desirable that both these

should be measured in situ it is argued that values of permeability can be measured
accurately in the 1laboratory from core samples. Consequently an apparatus has
been developed at IOS which allows sediment permeability to be measured at decreas-
ing void ratios during a back pressured consolidation test. Data already collected
from over 60 samples have established the major differences in permeabilities bet-
ween various sediment types and how this changes as a function of burial depth
and void ratio (Schultheiss & Gunn, 1984) (Figure 3.ii.1). Samples from two study
areas in the North Atlantic, Kings Trough Flank (KTF) and Great Meteor East (GME),
have been compared with samples of Red Clay (RC) obtained from the Pacific Ocean.
Typically the permeability of the nanno-fossil turbidites in the GME area is

1 x 10”2 mm/s but increases to 1 x 1073

mm/s in the silty bases. The marls and
oozes in the KTF area generally have coarser grain sizes than at GME and have
permeabilities around 5 X 1075 mm/s. Permeability values for the RC samples range
from 1 x 10°} mm/s near the surface to less than 1 x 10-7 mm/s at a sub-bottom
depth of 170m. More detailed discussion of the measurements obtained for samples

in the KTF and GME area is given in Chapter 4,

The measurement of differential pore pressure gradients in sediment can only be
done in situ. Consequently a Pop-Up-Pore-Pressure-Instrument (PUPPI) has been
developed which can achieve the required differential pressure resolution for
measuring extremely slow rates of flow (Figure 3.ii.2). The PUPPI incorporates
a 3 or 4 metré lance which penetrates the sea-floor after the device has fallen
through the water column. A pore pressure port near the tip of the lance is con-
nected to a differential pressure transducer and solid state logger which records
the difference between the tip pressure and the hydrostatic pressure. A positive

pressure pulse is recorded as the probe enters the sediment which decays with
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time, The instrument ascends to the surface, leaving the disposable lance and
the driving weights in the sea-floor, on an acoustic command from the ship. It
is still unclear how long it is necessary to record the pressure decay before

the residual pore pressure can be calculated. During a deep water trial some
100 miles NE of the GME area in November 1983, the instrument was left recording
for 2 days. The pore pressure was still decaying after this time but the extra-
polated residual pore pressure was 0.28 kPa at a depth of 1.4m which indicated

an upward pore water velocity of 8 mm/yr (Schultheiss et al, 1984).

The major problém that has arisen with the development of the PUPPI is coping
with the variation in strength of various sediment types. If the sediment is
too hard then the instrument may not penetrate fully and there is a risk that
it will topple over. If the sediment is too soft then the instrument may over
penetrate and the mud will cause suction forces which may prevent the recoverable
section 'taking off' on release. Although it is possible to trim the PUPPI by
using different amounts of ballast and different lengths of probes to compensate
for variations in sediment properties this requires a detailed prior knowledge

of the sediment and experience with the PUPPI which is now accumulating.
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3.iidi Glacial Erratics

The scouring action of a glacier as it flows downhill scrapes rock from the floor
and walls of the enclosing valley. This debris becomes frozen into the ice and
protrudes in places, so increasing the scouring action of the glacier. In this
way, the action of glaciers erodes bedrock to produce a sediment called glacial
drift which is characteristically unsorted; it is composed of particles of rock

(or glacial erratics) which vary in size from rock flour to large boulders.

Depending upon climatic and geographic conditions, a glacier may terminate on
land or at sea. If the termination occurs on land, rock material trapped in the
ice is released at the toe of the glacier to produce thick deposits of glacial
material called terminal moraines. When a glacier terminates in the sea, the
toe moves away from land and is repeatedly broken off to form icebergs. These
float oceanwards carrying glacial erratics frozen into them; the process is known

to geologists as "ice rafting".

Calculations based upon the densities of rock and ice indicate that icebergs may
carry up to 7.5% by volume of rock material before sinking. This being the limit-
ing case, however, concentrations of up to 1% or more are normally cited for

glacier ice (Ovenshine, 1966).

Rock material may be continuously released from icebergs, either through their
slow melting or in batches, as icebergs roll over and deposit material lying loose
on their upper surfaces. Small fragments of ice containing more than 7.5% rock
material may calve off larger icebergs and sink before completely melting, so
producing a characteristically clustered deposit of erratics on the sea floor

(Heezen & Hollister, 1971).

For at least the past three million years, glaciers have been active in many areas
around the North Atlantic Ocean. An estimated 200,000 km3 of glacial drift has
been moved from the continents by ice rafting alone (Ruddiman, 1977). During
interglacial periods like the present, glacial activity is much reduced. Small
icebergs (up to 10m thick) have, nevertheless, been observed as far south as 31°N

in the North Atlantic (USNOO, 1968).
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Glacial erratics may, therefore, be expected to occur on and within deep sea sedi-
ment in the NE Atlantic Ocean. It is also expected that, as the frequency of ice-
berg sightings falls off to the south, so too should the density of ice-rafted
material found on the sea floor. Other variations in the distribution of ice-
rafted material are also expected; the main cause being differences in the rate
of sedimentation of fine-grain pelagic sediments which ultimately bury any material

(like glacial erratics) lying on the sea floor.

In the IOS report, "Guidelines for the selection of sites for disposal of radio-
active waste on or beneath the ocean floor" (Searle, 1979), it was recognised
that glacial erratics could obstruct the emplacement of waste canisters into the
sediment. This project has, therefore, been conducted to collect data that would

enable an assessment to be made of:

1. The risk of canister impact with individual boulders; and

2. The southernmost limit of ice rafting in the NE Atlantic Ocean.

The data for this project were collected from dredge hauls containing rock material

sediment cores and sea-floor photographs.

(a) Dredge Hauls. Visits to all the main repositories of dredged rock material

in the UK, France, Germany and USA have been made. A total of 288 dredge
hauls have been examined from which 121 yielded glacial erratics. Twenty-
one of these dredge hauls had been run with excellent control and so accurate

data on the distribution of ice rafted material have been collected.

(b) Sediment Cores. A 1literature survey of 1164 sgediment cores revealed 72

containing material identified as glacial erratics. A further, more detailed
study of core no. D10333 (taken from the Kings Trough Flank) has produced
data covering the variations in ice-rafted input to the deep sea over the

past 120,000 years (down to 2m depth in the sediment).

(c) Sea-floor Photographs. Photographs from 176 camera stations have been exam-
ined. Thirty-two of these were run with sufficient control to estimate
surface distributions of glacial erratics. Ten survey camera stations were

run specifically for this project to cover areas of 1low distributions of
glacial erratics where other sampling techniques were unable to cover suffi-

cient ground.



Results

The risk of canister impact is dependent upon two variables: the grain-size of

the particles considered hazardous to canister emplacement and the latitude which

controls the bulk quantity of material within the sediment.

(a)

Grainsize. Ice rafted material can occur on or 1in deep sea sediments as
pebble/boulder material of any size up to 78m diameter. The grainsize dis-
tribution of this material has been assessed at a number of sites (Figure
3.iii.1) and can be described by the negative exponential distribution rep-

resented by the equation:
LOgIOX = LoglOM - 0.5D

where: M is the intercept of the line of the y axis
D is the grain size (maximum diameter in cm)

X is the cumulative number of particles per sq.km.

In estimating the risk of canister impact, particle size is clearly important
Figure 3.iii.2 shows a curve giving the percentage of ice rafted material
to be found in the upper 3cm of sediment with diameters betweeniz.o and
10.0cm. This is a cumulative curve from which values for the percentage
of ice rafted material up to 10.5cm in diameter may be estimated. This
work has been extended to take account of both the varying proportions of
ice-rafted material down through the sediment and the larger grain sizes

which have not been sampled.

Latitude. As one moves south, away from the source of icebergs in the N.

Atlantic there is a fall off in the amount of ice rafted material to be
found on and in deep sea sediments. Accurate measurements of ice rafted
input have been made at 50°, 42° and 32°N in order to estimate the risk
of canister impact down to the southernmost 1limit of ice rafting which is

at about 30°N.

A full description of this project is in preparation (Huggett, 1984).
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ROCK SIZE DISTRIBUTIONS OBTAINED FROM SEDIMENT SLEDGES
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Figure 3.ii.1 Grain size data of Glacial Erratics drawn on log-linear paper
for comparison. (NB: data not normalised for areas sampled.)



- 28 -

10

—<¢

-003

FPigure 3.iii.2

I
N
o
o

‘001

TBTJI81BW P33JBI-90T ¢ UT SUWNTOA SATFBRTNUND

Curve showing the cumulative volume of ice-rafted material

in the surface sediments at 42°N,

N

Grainsize (cm)



- 29 -

CHAPTER 4

SITE SPECIFIC STUDIES

4.1 GREAT METEOR EAST

4.i.a Regional Setting

The Great Meteor East study area (GME) lies between 30.5°N and 32.5°N, 23.0°W
and 26.0°W. Five IOS cruises have carried out site assessment studies in the
area: Discovery cruises 118, 126, 134 and 144, and Farnella cruise 3/81 (Francis
et al., 1981b, 1983, 1984; Schultheiss et al., 1984c; Searle et al., 1982b). The
Farnella cruise carried out a GLORIA long-range sidescan and airgun seismic profil-
ing survey, while the others conducted various other seismic profiling surveys

(using both airgun and higher resolution sources) and sediment sampling.

The age of the igneous oceanic basement in the area is estimated to be mid-late
Cretaceous (about 75 My in the NW, 106 My in the SE corner). It is inferred that
this crust is overlain by carbonates, then pelagic clay, and finally turbidites.
The latter probably account for most of the uppermost 125m of sediment, but have
only been sampled to a maximum of 22m depth. The total sediment thickness ranges
from zero to over 2km, but is between 250 and 1250m in most of the area (Figure

4.1.1).

The sea floor west of 24°W is generally flat, representing the distal Madeira
Abyssal Plain at a depth of 5440m. The plain is pierced by occasional abyssal
hills that rise a few hundred metres above it. These are mostly covered by pelagic
sediment, although a few have outcrops of igneous crust. East of 24°W the seabed
begins to shoal gradually and here represents the lowermost part of the northwest
African continental rise. Studies of this continental rise have shown evidence
of strong turbidity current and debris flow activity, including channeling and

deposits of coarse sand, east of 24°W (Simm & Kidd, 1984; Kidd et al., 1984a).

Sediments cored from the abyssal plain west of 24°W are calcareous to marly turbid-
ites alternating with pelagic sediments that range from clays, in the severest

glacial periods, to marly oozes in the interglacials; Figure 4.i.2 (Weaver &
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Kuijpers, 1983). These sediments are generally fine-grained (fine silt to clay),

but the basal units of some turbidites contain somewhat coarser silts.

It has been possible to date the pelagic intervals using a combination of oxygen
isotope and coccolith stratigraphy (Weaver, 1983). This has shown that there
has been continuous sedimentation over most of the area west of 24°W during at
least the last 350,000 years (Weaver & Kuijpers, 1983). Only in one core taken
near an abyssal hill are two very thin units missing, possibly because of enhanced
bottom currents around the hill. It appears that turbidity current input to GME
occurs principally during changes from glacial to interglacial or from interglacial
to glacial climate (Weaver & Kuijpers, 1983). The overall mean sediment accumul-

ation rate during the last 190,000y has been between 4 and 1llcm per thousand years.

The largest basin within GME that is free of abyssal hills 1lies between 31.2°N
and 31.8°N, 24.0°W and 25.0°W. However, high resolution seismic profiling has
shown that in this area the sediments are affected by faults spaced about 10km
apart (Duin et al., 1984; Searle g&_gl.,198ub). They offset sediments deeper than
about 15m, and are thought to be related to differential sediment compaction
and dewatering (Searle et al., 1984b). A smaller basin some 20km across near 31.2°N,

25.3°W appears at present to be fault-free.

In addition to the references given above, work at GME by various nations has
been reported at the NEA Seabed Working Group (Anderson, 1980, 1981, 1982, 1984)

and by the Dutch Geological Survey (Kuijpers, 1982; Duin & Kuijpers, 1983).

4.i.o Chemistry

The information presented in this section of the report derives mainly from study
of three cores taken at Discovery station 10554 (Posn: 31°30'N 24°30'W) during RRS
Discovery Cruise 129. This station is situated a little to the east of the centre
of the Great Meteor East area, and was chosen for its lack of relief so as to
minimise the chance of encountering horizontal variability in the sediments.

It was intended that the station should be as typical as possible of the study

area as a whole.



- 31 -

A preliminary study of piston core material taken in the area by Dutch researchers
and by IOS has shown that the pelagic sediments are predominantly calcareous,
as would be expected at this depth in the Atlantic. The pelagic material consists
of calcareous (biogenic) and detrital material (mainly terrestrial in origin).
Minor contributions include a component scavenged from the overlying water column.
This scavenging process is of obvious interest in the context of waste disposal.
It appears to be redox-related, and elements scavenged in oxidising conditions
are remobilised into solution if the redox potential later falls. Accordingly,

a2 high priority has been assigned to studies related to these processes.

Although presently accumulating sediments are carbonate-rich, this has not been
true continuously in the past. During cold (glacial) stages the bottom water
becomes undersaturated with respect to calcium carbonate (calcite), so that much
of this mineral dissolves at the sediment-water interface and is not buried. Con-
sequently, an argillaceous (clay) material is typical of glacial periods, and
this contrasts with the more calcareous (marl or ooze) material which accumulates

during warmer periods.

Although it is possible to obtain cores near to the GME study area which are almost
devoid of turbiditic material (e.g. RGD core 82 PCS 17, Colley et al, 1983), these
are by no means typical. Weaver and Kuijpers (1983) demonstrated that pelagic
sedimentary accumulation in this area is interrupted sporadically by turbidite
units, which possibly originate on the NW African continental margin. Over the
past 3 x 10° years the pelagic accumulation rate has averaged 0.5cm per kyr, while
the overall accumulation rate is 10cm per kyr because of the turbiditic contrib-
ution. Many of the turbidites have relatively high organic carbon contents, some-
times greater than 1% by weight of the sediments. For this reason it was expected
that the redox potential at this site could be lower than average for pelagic
sites in general. It was also considered possible that the redox state might
vary from place to place within the study area, since the relative contribution
of turbiditic material is known to be less in the south east of the area. The
studies made on RRS Discovery Cruise 129 were not designed to address this latter
point, which 1is among the objectives of a forthcoming cruise, but the results
presented below indicate that the sediment at station 10554 was unexpectedly vari-
able in redox state with position. It was also more reducing than had been expec-
ted, dissolved oxygen falling rapidly to near zero in the upper few tens of centi-
meters. The reasons for this behaviour, and its implications in relation to High

Level Waste Disposal research, are discussed in succeeding sections.



Station 10554

" Two box cores and two Kasten cores were taken at 10554, as well as a series of
in situ pore water samples. One of the box cores was devoted entirely to a study
of rare earth elements (Dr H. Elderfield, Cambridge University); since this work
ig reported separately the results from this core are not further considered here.
Kasten core 1K, taken some 4 nautical miles to the ENE of the main sampling area
proved to be atypical. It contained dissolved oxygen at about 20% of saturation
levels at all depths sampled, in contrast to the remaining cores which show values
close to zero below 30cm depth. The reason for this difference is not at present
clear; further investigation is a prime objective of our future field studies.
The discussion below is therefore limited to the cores taken in the main sampling
area. The cores showed a prominent green-coloured band at about 40cm depth in
the core. This has an organic carbon content of about 1.5% and exhibits sharp
contacts at both upper and lower surfaces. Originally, this band was interpreted
as a digcrete turbidite unit, but later information showed that in fact the green
layer is only the lower part of a large turbidite. Figure 4.i.3 shows the depth
23OTh, Si0

profiles of CaCO, and Al,0; in boxcore 10554 BX. (Total 230Th is

2° 273
is plotted here rather than 2307h excess because of the mobility of uranium at

this site, a feature further discussed below.) The top 0.6m of the core is en-

tirely Holocene, on the evidence that the coccolith Emiliania Huxlleyii is the
230

dominant species. The Th (total) data indicate a high surface value, as would
be expected from pelagic accumulation, but downward mixing by bioturbation occurs
over 15cm or so, to a lower value of 6-7 d.p.m. g—l which characterises the turbid-
ite. Below the base of the green layer a high (total) value of 18.5 d.p.m. g—l is
found, again indicating sediment formed under pelagic conditions. The SiO,, A1203

and Ca0 profiles (Figure 4.i.3) are consistent with this interpretation. Because
of bioturbation the depth of the top of the turbidite cannot be defined precisely,

but the section from 12cm to the base at 51lcm appears largely homogenous.

What then is responsible for the difference in appearance of the upper (brown)
zone and the lower (green) zone of the turbidite? Considering the oxygen and
nitrate pore water profiles (Figure U4.i.4), their relationship to the onset of
the green colouration, and the solid phase organic carbon profile (Figure 4.i.5)
it is inferred that the colour change represents a downward-moving oxidation front.
The rate of movement of this front is controlled, inter alia, by the rate of dif-

fusion of oxygen and nitrate from the bottom water to the front. Thus, the brown
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upper section is the part of the turbidite where reactive organic carbon has been
combusted and which is now oxic. The linear profiles of oxygen and nitrate indic-
ate that oxidation occurs at a restricted locus of activity at or near the colour
change boundary, rather than throughout the sediment thickness above this layer.
Initially, it was considered that the colour change might bve related directly
to the step in organic carbon content (Figure 4.i.5) which occurs at the colour
change boundary, but the recent paper by Lyle (1983) demonstrates that such colour
changes are often related to redox changes in the lattice iron content of clay
minerals. Experimentally, the colour of both parts of the turbidite may be changed
reversibly by treatment with oxidising or reducing agents. These observations
indicate that, although organic carbon content may influence sediment colour,
the redox profile exerts considerable influence on the colour of the sediment
by the direct mechanism described by Lyle (1983). Further evidence of a strong
redox gradient in the colour-change region of the core is provided in Figure 4.1i.5,
The step in solid-phase manganese concentration which occurs in the brown zone
above the colour interface is caused by migration of manganese in the pore waters
from below and precipitation at this point on the rising redox gradient. The
pore water manganese profile (Figure 4.i.5) is supplying manganese to the bottom
of the solid phase peak in this manner. A second redox-related feature is the
slight decrease in Ca0 of the brown section of the turbidite relative to the green
section (Figure 4.i.3). This is believed to be due to carbonate dissolution con-

sequent on the production of COp when organic carbon is oxidised.

A peak in the uranium solid phase concentration occurs in the green band, about
2cm below the colour change (Figure 4.i.5). A similar observation has previously
been made in a core from the Cape Verde Abyssal Plain (Colley et al, 1984). As
here, the peak was attributed to a post-depositional mobilisation of uranium orig-
inally associated with organic matter in response to the progress of an oxidation
front; preferential downward migration is caused by fixation deeper in the sediment

under reducing conditions (Bonatti, et al, 1971).

The measurements made on uranium in the porewaters (Figure 4.i.6) also depict
an active system, although there are discrepancies between core-squeezed samples
and in situ sampler measurements. Some of these have been traced to a systematic
error in uranium samples taken by the former method (see section 5.iv) and Toole
et al, 1984), The in situ profile is enhanced over the seawater value; from the

uppermost four points a uranium flux from the sediments to seawater is indicated.
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Using Fick's relationship:
F = -D dC/d4Z

where F is the flux in g/cm/yr, D is the diffusion coefficient in cm/yr (a value
of 30cm/yr is used here; see Li & Gregory, 1974 and Ku et al, 1977) and dC/dZ
is the measured gradient, a flux of 1.1 x 10 g cm'2 yr’l is estimated. The source
of this flux is inferred to be uranium remobilised at the oxidation front. The
process involved may be the oxidation of organic matter to which the uranium is
bound, the complexation of uranium by 1ligands formed in the oxidation pfocess
or inorganic remobilisation as a direct consequence of the redox change which
occurs across the reaction front. At present it is not possible to distinguish
between these alternative mechanisms, nor is it possible to define the uranium
gpeciation in the solid or the solution phases of the natural system in any detail.
Although considerable progress has been made in the thermodynamics of solution/min-
eral equilibria (Langmuir, 1978), such work has been concerned with uranium minerals
and high laboratory concentrations. These contrast with the laboratory situation;
in particular, the effects of organic complexation have not yet been elucidated

(Giblin et al, 1981).

The concept of a progressive downward migration of an oxidation front into a turb-
idite is not steady-state, but implies a continuing readjustment of the redox
profile after the emplacement of organic-rich sediment. Initially this turbidite
gsediment is present at the sediment-water interface, and oxygen from bottom water
rapidly raises the redox potential of the uppermost centimeters. This higher
redox potential front thus moves downward as reaction proceeds. (This is in con-
trast to the steady-state behaviour customarily assumed in deep-sea sediments,
in which subsurface redox boundaries track upwards to maintain a constant separ-
ation from the sediment-water interface.) On this interpretation, it would be
predicted that organic-rich turbidites which are exposed at the ocean floor for
any length of time subsequent to deposition should exhibit organic carbon removal
in their uppermost section due to oxidation. Examination of piston cores taken
in the Madeira Abyssal Plain region confirms that this diagenetic phenomenon is
commonly found in the upper layers of organic-rich turbidites, and it may be infer-
red from this that the behaviour described has been a recurrent feature in this

5

area for at least 3 x 10° years (Weaver & Kuijpers, 1983).
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Model of Labile Carbon Oxidation at CV2 and GME

The concept that an oxidation front can progressively 'burn down' into an organic-
rich layer potentially has wide applicability. Any site which has an organic-
rich layer at a shallow depth is likely to exhibit this type of subsurface maximum
in metabolic activity. The consequences of such behaviour are difficult to predict
without a quantitative treatment. One approach is to model the progress of a
diagenetic oxidation front into an organic-rich layer by a time-stepped numerical
model. The rate of reaction may be computed from the diffusion-limited supply
of electron-acceptors. A new diffusion depth is then calculated, and this is
used to recalculate the diffusion gradient, and hence the flux, applicable to
the next time-step. We have appied a model of this type at another station (Colley
et al, 1984); the application of this model to the present results is presented
in Table 4.i.1. However, models of this type, although useful, do not provide
information on the biological and chemical processes which are active. In the
present case, the data are adequate to support a more detailed treatment, which
permits conclusions of general applicability to be drawn from a consideration

of the data reported here.

Although the depth of the subsurface reaction site is increasing with time, it
is possible to show (Table 4.i.1) that the present rate of this process is slow,
on the same order as the rate of pelagic sedimentation. Consequently, one may
assume that the pore water profiles do not materially differ from the characteris-
tics which they would have if the depth of the reaction site was held fixed.

This permits removal of the advective terms from the equations describing the

system, and a considerable simplification is thereby attained.

Since at station 10554 oxygen is observed to be reaching the surface of the organic
rich layer, the initial assumption is made that both oxic and anoxic processes
are active within this layer. On this hypothesis, the upper surface of the layer
will be undergoing oxic diagenesis, while at some distance below this an anoxic

denitrification layer will exist.

The linear sections of the oxygen and nitrate profiles do not, when extrapolated
to the sediment-water interface, intersect at the bottom water values of these
reactants (Figures 4.i.8 and 4.i.9). Instead there is an offset, (positive for

nitrate, negative for oxygen), the magnitude of which reflects the activity at
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the sediment-water interface which must be included in the model. This activity

is controlled by sclid phase bioturbation of organic carbon as well as the reaction

rate constant in the surface layer.

In summary, the model presented here has the following properties:

ii.

iii.

iv.

The distributions of oxygen, nitrate and organic-carbon are inter-related.
The processes of solid-phase bioturbation, diffusion in solution and reaction

are modelled.

Metabolism at the sediment-water interface and at the surface of the high-

substrate layer is included.
Reaction according to the Redfield ratio stoichiometry is assumed.

All reactions in the oxic layer are taken to be first-order in organic carbon.
This assumption implies that the bacterial community is substrate-limited,
a conditions which does not seem unlikely in the relatively lean deep-sea

environment (Jahnke et al, 1982b).

Porosity (@) is assumed constant, and free-solution diffusion coefficients
are corrected for tortuosity effects using the relation

Ds - Dsoln/ 92 .
where Ds is the corrected coefficient and 92 is assigned the empirically
derived value of 1.8. The surface reaction layer, in which organic-carbon
arriving at the sediment-water interface is metabolised, is defined by the
depth (Zl) (Figure 4.i.7) at which the processes of bioturbation and metabol-
ism have reduced the pool of non-refractory organic-carbon effectively to
zero. Below this depth the reaction term is unimportant, giving linear oxygen
and nitrate profiles. Since the slopes (P and F) and the concentration inter-
cepts 22 and Z3 of these straight portions of the profiles are relatively
well defined by the data, these parameters were chosen as input data for

the model presented here.
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The general diagenetic equation given by Berner (1980) may be written:

5C -3F,
©— = — + IR, 2
1

i
ot R4
where Ci is the concentration of component i in terms of mass per unit volume
of sediment, Fi is the flux of i in terms of mass per unit area of total sediment
per unit time, and Ri is the rate of each reaction involving component i, the

units being mass per unit volume of total sediment per unit time.

For a dissolved species in a diffusive system the flux per unit area of sediment

(Berner, 1980) is given by Fick's First Law of diffusion:

where ¢ is the porosity, DS is the diffusion coefficient in the sediment (equation
1), and Ci is the concentration in units of mass per unit porewater volume. Hence
for constant ¢, at steady state, assuming that only a single removal process oper-

ates and that this is first order in Ci (rate constant Ki)

2
9 C.
4
oDy ; - KC =0
Az
The organic carbon associated with the solid phase is subject to bioturbation.
This may be represented by:
Biodiffusional flux = -D_ 3[&] 5

B Y

where DB is a biodiffusion coefficient (Berner, 1980). Assuming a single reaction
process, rate RC and steady-state conditions, we may therefore write, from 2 and

5:

The rate of reaction R is assumed to be first order in 6 so that

-b

Q>
>

B~ + K [C] =0 7
C

Q2
N
[AV]
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(Note that the units of organic-carbon are mass per unit volume of sediment).

The rates of reaction of organic-carbon (Rc)’ nitrate (RN) and oxygen (RO) are

related to each other by the stoichiometry of the oxidation reaction. Assuming

that the c¢lassical Redfield stoichiometry holds, this reaction may be written

as:
1380, + (CH20)106(NH3)16 HPO, + 18 Hco; > 124C0, + 16No; + HPOi_ + 140H,0
So that
Ro = %%% R, 8

from 4 and 8

2
3°[0.]
2 138 ~
o) - K [c] =0 10
822 106 c

D

and from 4 and 9

2
8" [NO.]
ong Z 51,

az2 106 Kc [C]l =0 11

The general solution of equations of the form of 7 has the form
- +
[c] = ae B% 4 petP? 12
and, since in the present case [C] - 0 as Z » » , the value of B is zero.

Hence,

a Bz
(6] = ae™® 13
and the constants A and B are given by
KC 3
B =(5) 14



and
A= [C
(€1, 15
the organic-carbon concentration at Z = 0. Thus [C] may be expressed as a function

of the reaction rate constant and the biodiffusion coefficient. Substituting

for [€] in equation 10

2
9 [0.]
¢Do g - 132 K Ae Bz _ 0 16
oz
By definition, [02] = 0 when Z = Zz. The first differential of the oxygen concen-

tration tends to be a constant value P with increasing depth. Hence, integrating
16:

3[02] - 138 Kc aeBZ 4 p 17
52 106 ¢DOB
and
[0,] = %gg gg; [Gjoe'BZ +ZP + Q 18
where
Q=-2ZpP 19

-, _ _16 "B o -Bz _
[N03] = 160 ¢DN d + ZF Z3F 20

Equations 13, 18 and 20 define the model in the region O<Z<ZL. In order to estim-
ate the total metabolic activity in this zone it is necessary to derive KC and

DB from the measured oxygen, nitrate and organic carbon profiles. Literature
values for the free solution diffusion coefficients are also required.

Equation 13 defines the organic-carbon profile in terms of D_ and KC. Since the

B
experimental labile organic-carbon profile is not well-defined it was decided

to derive KC by reference to the oxygen and nitrate data. From these data, it

is possible to estimate the depth of 2 below which the profiles of oxygen and

1
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nitrate are 1linear. If it is assumed that at this depth the labile organic-carbon
content [6] has fallen to a value corresponding to O.Ol[C]O then this effectively

defines the layer of surficial metabolic activity. It follows (from 13) that:
B = -(1n(0.01))/2, 21
thus fixing the ratio between KC and DB (equation 14).

Equations 18 and 20 may be used to derive independent estimates of the product
of DB and EO from the oxygen and nitrate profiles. At station 10554 these esti-
mates differ by about 15%, a very satisfactory agreement in view of the assumptions
involved. The mean value was used in the calculation of DB: a value of EO being
chosen to give the best fit to the labile organic-carbon data. This 1is probably
the least satisfactory part of the procedure, since the quality of this data is
only fair. However, any error introduced in the choice of 60 doegs not propagate
forward to the estimates of metabolic activity, since a corresponding opposing

error is produced in the estimate of KC from D_ using equation 21.

B
From equations 7 and 13, the rate of consumption of organic-carbon at depth is
given by:

kK [6] 7B 22
C (o]

This may be integrated over the range 0<Z<Z, to give the surficial metabolic rate M:

K [C] _
M=-—2 (1 - ¢ B%, 23

B

Within the high carbon layer (Z>ZL) the rate of carbon oxidation is controlled
by the rate of supply of oxygen to the layer and the stoichiometry of the oxidation

reaction

106P D
= - —— "0

24
L 138

The denitrification within this layer is 1limited by the supply of nitrate ion.
Thig is derived from two sources, the diffusional supply from the surface and
the nitrate produced by the oxidative metabolism within the 1layer itself. The

stoichiometry of the denitrification reaction is:
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- o
94 .4 No3 + (CH20)106(NH3)16H3P04 > 13.6002 + 92.4Hco3 + 55.2N2-+841H%O + HPO,
So that
106 16
My = - 94 .4 F Dy + 106 ML

gives the rate of carbon oxidation by denitrification processes at the reaction

front.

Values of M, ML and MD are listed in Table 4.i.2 for station 10554. At station
10552 there is no lower reaction layer, but the value of M at this station may
be found using the same procedure as described above for 10554, Because nutrient
data points were lost in the upper section of this core, the position can only
be estimated from the organic-carbon data as 1lying in the range 18-22cm. This

- -2
13 13 moles C sec 1 cm for the surficial

gives a range of 1.08 x 10 to 2.17 x 10
metabolic rate; the value corresponding to Z1 = 20cm is tabulated. These metabolic
rate results are similar to those calculated from the results of Reimers et al,
(1984) and Jahnke et al, (1982a) for pelagic sites. Calculated bioturbation co-
efficients are similar to those previously reported for oxic sediments (e.g. Grund-

manis & Murray, 1982; De Master & Cochran, 1982; and Officer & Lynch, 1983).

Model Results

The results obtained from the application of the model at stations 10552 and 10554
are shown in Table 4.i.2, Figure 4.i.8 and Figure 4.i.9. An important aspect
of these results is the revelation that the total metabolic activities at the
two stations are closely comparable. Indeed, it is possible that the consumption
of oxygen at 10552 is slightly higher than at 10554, a finding which is startling
in view of the fact that it is the sediment at the latter site which becomes anoxic
within the sampled interval. The difference between the stations which causes
anoxic conditions to occur is therefore not the total metabolic oxygen demand,

but the distribution of this demand with depth in the sediment column. The model

results indicate that only a minor proportion (about 30%) of the total respiration
at 10554 occurs below the sediment-water interface, but, because of the diffusion-
limited supply of oxygen within the sediment column, this small demand imposes
a large redox gradient on the system. It becomes clear from these results that

the influence of occasional organic-rich depositional events at an otherwise well-
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oxygenated site can be profound, and disproportionately larger than would be indic-

ated from a simple consideration of the quantities of organic-carbon involved.

The additional implication to be drawn from the results presented here 1is that
the presence of a discontinuous substrate concentration implies the probability
of a discontinuous redox profile. That is not to say that the normal redox succes-
gsion (Froelich et al, 1979) will not occur, but that it may be highly compressed
in the depth dimension. Some sections may occupy quite large sediment depth-
intervals while other sections may be compressed into a relatively small interval.
Linear nitrate diffusion gradients have been reported in several recent papers;
the type III sites of Goloway and Bender (1982) and the data shown in Sawlan &
Murray (1983) have this characteristic. Additional references are cited by the
latter authors. Organic-carbon profiles have not been published for all these
gtations. However, the type III sites do possess discontinuous substrate profiles.
For Atlantic sediments at 1least, such substrate distributions may occur quite
often. As shown here for station 10554, this phenomenon can exert considerable
influence on the overall sediment redox poise, and may also be responsible for
the sharp contacts seen at the top of organic-rich layers in otherwise bioturbated

cores.

Because the presence of oxygen is known to inhibit denitrification, the idealised
profile of Figure 4.i.7 shows nitrate falling to zero at a depth significantly
greater than the depth of zero oxygen. Comparison of Figure 4.i.7 with Figure
4.i.9, the 10554 profile, shows that in fact oxygen and nitrate linear profiles
extrapolate to zero at almost the same depth. The resolution of the data is inad-
equate to define the profiles accurately below ZL’ the surface of the high-organic
layer, but it is clear that a very steep redox gradient must exist close to the

upper surface of the high organic-layer.

It is, of course, possible that the model may not include all gignificant redox-
active species (e.g. iron II) (Reeburgh, 1983; Sdrensen, 1982). The upward flux
of Fell in solution to the top of the subsurface reaction layer might then remove
the downward diffusing oxygen from solution so efficiently that no oxic breakdown
of organic-carbon could occur. (The recent report by Lyle (1983) that the brown-
green colour transition in pelagic sediments corresponds to the alteration of
iron (III) to diron (II) within the clay lattice supports the idea that the redox

potential at this point in the profile is close to the iron (III) to diron (II)
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transition point). Unfortunately, no porewater iron values were obtained at sta-
tion 10554, but consideration of the solid phase distribution can provide some
indication of the gquantitative importance of this species. This would suggest
that iron (II) could be of significant importance in electron transport processes
and that a detailed model of the lower reaction zone should include iron, but
that it is probably not of overwhelming quantitative importance, otherwise very
much more diagenetically precipitated iron would be present in the s80lid phase

of the oxic sediment above the reaction front.

The second possible reason for the observed nitrate/oxygen relationship is that
denitrification may begin before oxygen is fully exhausted. The assumption made
in the initial model, that oxygen must be zero before denitrification starts,
is known to be an approximation (Goring, 1968; Cline & Richards, 1972; Cohen,
1978). The observation at station 10554 that Z3 (the nitrate zero depth) is only
very slightly larger than 22 (the zero depth for oxygen) appears to support the
hypothesis that denitrification can occur below oxygen 1levels of the order of
-5

10 M. Clarification of this point would require extremely close-spaced sampling

in the region of ZL'

Summary and Conclusions

The analytical results for the two stations compared show that they exuLibit con-
trasting redox behaviour. At station 10552, on the Cape Verde abyssal plain,
the porewater profiles show an oxygenated profile, typical of a slowly accumulated
pelagic sediment, with oxygen present over the 0-2m range sampled, nitrate increa-
sing throughout this range and no manganese mobilised within the studied interval.
Station 10554, on the Madeira abyssal plain, is found to be very different due
to the presence of an organic-rich layer at shallow depth. Porewater oxygen falls
to zero at about 35cm, nitrate slightly deeper, and manganese is mobilised below
this depth. Little evidence of sulphate reduction is observed, however, and it
appears that almost all the redox change in the upper sediment column occurs in
two zones, one close to the sediment-water interface and the other near to the

top of a green layer of higher organic-carbon content within the sediment.

The solid-phase profiles show that the green layer is closely similar in major
element composition and bulk mineralogy to the brown-coloured layer immediately

overlying it. The colour and organic-carbon content, and the redistribution of
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redox-gsensitive elements (Mn, U) are the only major differences observed. It
is hypothesised that these two layers together constitute a single distal turbidite.
This is supported by thorium-230 compositional data and palaeontological evidence,

and an early Holocene age is indicated for the emplacement event.

It is concluded that the organic-carbon content of the original turbidite has
'purned down' by reaction with oxygen diffusing from the overlying seawater.
The resulting redox change has turned the upper part of the turbidite from green
to brown. The observed oxygen profile supports this concept of '‘burning down'
by reaction at a subsurface oxidation front, since it is 1linear with depth as
would be expected from the hypothesised source-sink diffusion geometry. The nitrate
profile shows a peak value just below the sediment-water interface, but then also
falls 1linearly with depth. This is interpreted as indicating a similar simple
diffusion geometry, with denitrification occurring at, or about, the depth of

Zero oxygen.

In order to provide a more quantitative insight into the processes at work, a
diffusion-reaction model capable of accommodating a step-change in organic-carbon
has been developed. This analytical model utilises oxygen, nitrate and organic-
carbon as input data. Like the finite-difference model of Jahnke et al (1982b),
it enables the assumptions on stoichiometry and reaction rate constants, used
in this and previous models, to be tested by observing the degree of agreement
of the nitrate and oxygen sections of the model at these sites. In general, agree-
ment is good at the level of accuracy achieved. Given higher quality data, such
an approach is capable of providing considerably improved measurements of reaction

rate constants and of mixing coefficients.

The most important conclusion of the model study, and perhaps the most surprising,
is that the overall metabolic intensity at the two contrasting stations studied
is closely comparable. The contrasting redox-profiles observed can be attributed
almost entirely to the fact that about 30% of the total metabolism at station
10554 takes place at the surface of the organic-rich layer. Because of the restric-
ted access of oxygen to this reaction-layer a dramatic redox swing results. By
comparison, at station 10552 where virtually all the respiration occurs close
to the sediment-water interface in conditions of plentiful oxygen supply, the

whole sediment column remains much more oxic.
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It follows from these results that a relatively infrequent input of substrate-
rich sediment can have a considerable impact on the redox-state of the host sedi-
ment column. Organic-rich 1layers are not uncommon in pelagic and hemipelagic
Atlantic sediments, and not all are formed by turbidites. We predict that as
long as the reaction front remains within a metre or less of the sediment-water
interface the 'burning down' phenomenon which we describe here may occur. This
non-steady-state condition will result in a distorted redox-depth profile, with
rapid redox change localised at the sites of reaction in a manner closely similar

to that observed at station 10554.

4.i.c Physical Properties of Sediments in the GME Area

A substantial amount of physical properties data has been obtained from the Great
Meteor East study area. This has been obtained from cores and records taken on
Discovery cruises 118, 126 and 134, and is reported in detail by Schultheiss &
Gunn (1984), and Searle et al., (1984). Cores taken on Discovery Cruise 144 are
currently being analysed (April 1984). Table 4.i.5 shows the positions and water

depth of the cores analysed (KC-Kastenlot Core, PC-Piston Core).

The upper 20 metres of sediment in the GME study area is dominated by a sequence
of distal nannofossil turbidites (thicknesses vary between a few centimetres and
a few metres). The bases of some of the turbidites contain sands and silts which
thin and eventually disappear as the units become more distal (i.e. in the west
of the area). Between each turbidite unit a thin pelagic interval of marl or

calcareous clay is present and is typically only a few centimetres thick.

Data from two samples 1is presented here which represent the consolidation and
permeability behaviour of the turbidites. Sample D10695/2/14 (Figure 4.i.10)
is typical of the bulk of the nannofossil turbidites. It exhibits a high void
ratio and has a high compressibility index (change in void ratio per logarithmic
cycles of stress) of 1.1. Samples from the same turbidite (b) in core S126/4
exhibit even higher void ratios towards the top (up to 5.2) with a compressibility
index of as high as 1.5. At the base of some turbidites (in particular b and
f) the silt component increases rapidly. Sample D10695/8/16 (Figure 4.1.11) illus-
trates the behaviour of a very silty base. The void ratio is below 1 with a com-
pressibility dindex of only 0.1. To illustrate the change in permeability that
occurs within this turbidite sequence the profile for core D10695 has been con-

structed from the available data (Figure 4.i.12). It should be noted that the
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permeability in the silty bases can be over two orders of magnitude higher than

in the bulk of the turbidite unit.

To investigate the continuity of the turbidites and their silty bases correlations

between 3.5 kHz records and four piston cores in the GME area have been made.

The 3.5 kHz records in the GME area are dominated by continuous parallel reflectors
over most of the area. To enable the reflectors to be identified, the four piston
cores were acoustically logged before being split. Compressional wave velocities
(V) were measured at intervals along the core, using a 1 MHz pulse technique and
were corrected to ambient pressure and temperature. Bulk density (p) measurements
were taken at selected intervals along the cores after they were split. Acoustic
impedance (pV) profiles have been produced and compared with the 3.5 kHz records
(Searle et al, 1984). These profiles are dominated by sharp impedance contrasts
at the turbidite Dbases (caused by the coarser grain sizes, giving higher bulk
densities and velocities) which correlate with the major reflectors on the 3.5
kHz records. Consequently, it is possible in an area such as GME to map the thick-
ness and extent of the major turbidites from the 3.5 kHz records hence eliminating

the necessity to take large numbers of cores.

4.4i.d Heat Flow Data in the GME Area

Five heat flow stations were occupied in the Great Meteor East area: station
10318 on Discovery Cruise 118, stations S126/3 and $126/5 on Discovery/Shackleton
Cruise 126 and stations 10972 and 10983 on Discovery Cruise 144, The data from
the latter two stations, obtained in February 1984, are still being analysed.

The data from the three former stations are discussed fully in Noel (1984a,b).

Station 10318 was on the western extremity of the Madeira Abyssal Plain while
stations S126/3 and S126/5 were in the central Madeira Abyssal Plain. These three
stations record remarkably 1linear temperature profiles at a total of 10 penetr-
ations. This may be evidence for a low rate of pore water movement. It is inter-
esting to note that on younger crust to the northwest, at station 10674, the results

suggested pore water velocities of up to 112 cm/y.

During cruise 144 attention was focussed on an area within GME where a network

of 3.5 kHz surveys have revealed fault-like structures in the sediments. Using
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acoustic navigation, two heat flow surveys were run across a selected fault resul-
ting in a total of 23 dips, one of which was within a few hundred metres of the
fault plane. It is hoped, from an analysis of the sediment temperature data,
-to determine whether the fault structufes are preferred paths of porewater migra-
tion through the sediment. This work is being carried out at Sheffield University

under contract to the DoE.
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Table 4.i.1 Diffusion limited numerical model used to estimate
rate of movement of organic reaction front (Colley,
et al., 1984)

Agsumptions:

Pelagic accumulation rate 0.5 cm kyr_1

Model timestep 0.1 kyr

Turbidite organic-carbon 1.5%

Sediment dry density 0.5 gcm_3

Porosity 0.7

Diffusion coefficient 1.5 x 1072 cm 2 sec”!
Bottom Water O2 2.56 x 13-4 molar
Surface O2 consumption offset 4e x 10 molar
Results:

Time to reach present oxidation front depth 9.0 kyr
Pelagic accumulation since turbidite arrival 4,55 cm
Depth of turbidite oxidised 30.75 cm

Present rate of downward front movement 2 cm kyr-1
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Table 4.,i.2 Input data and best-fit output results for the oxygen-nitrate-
organic—-carbon diagenetic model.

ANALYTICAL DATA 10552 10554 UNITS
Oxygen profile linear slope —3.03):10—10 —5.79:{10_9 moles cm
Oxygen linear depth intercept 597.8 37.5 cm
Bottom-water oxygen 2.56){10_7 .’2.56;{10_7 moles cm_3
Nitrate profile linear slope 3.02x10-11 —1.024){10-9 moles cm
Nitrate linear depth intercept -1470 37.9 cm
Bottom-water nitrate 2.8){10"8 2.8)(10—8 moles cm-3
MODEL RESULTS
Surficial organic carbon (02) 8.45){10—5 7.3x10n5 moles cm_3
Surficial organic carbon (NO§) 9.58:{10'-5 10.51{10-5 moles cm—3
Surface layer rate constant (K) 1.25x10—9 10—9 sec_1
Surface layer bioturbation -9 -9 B
coefficient (D) 5x10 3x10 cm sec
Deep layer rate constant (K) - 1.1x10_11 sec-l
Denitrification rate constant (KD) - 3.21x10_6 sec_1
Integrated surficial metabolism 2<Z 11.893(10—13 2.91){10“13 moles cm sec-1
Integrated deep oxic metabolism Z<ZL - 0.333{10_13 moles cm"2sec_1
Integrated denitrification rate - 0.O9x10—13 moles cm sec—1
Total metabolic rate ll.89x10_13 3.33x10n13 moles cm—‘?sec-1
Note: Free solution diffusion coefficients assumed for 0, 1.5){10-5 cm2 sec-1

for nitrate 9x10‘6 cm? gec-1,

Porosity assumed 0.7
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Table 4.i.5. Cores from GME on which physical property measurements
have been made

Core Water Depth Latitude Longitude
m

D10321 (KC) 4978 31°04'.8N 25°49"' . 3W
D10325 (KC) 5407 30°22'.9N 24°05'.8W
D10688 (PC) 5428 32°03'.0ON 24°12' 1w
D10695 (PC) 5433 31°23'.7N 24746 . 3W
D10698 (PC) 5433 31°38'.2N 24° 49" 8w
D10699 (PC) 5433 30°43'.8N 24°29'.0W
S126/2 (KC) 5466 31°32'.2N 24°50'.5W
S126/4 (KC) 5446 31°31'.7N 24°25' . 3W
S126/15 (KC) 5330 30°22'.ON 23°35'.0W
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Figure 4.1.2

Lithology and age of recent sediments from GME. For each core,
the left-hand column gives the lithology. Blank, lettered units
are turbidites, each one deposited essentially instantaneously.
Intervals with ornamentation are pelagic units, the ornamentation
indicating the 1lithology, from clay (horizontal dashes) to ooze
(brick wall symbol}. The right-hand column for each core shows
the relative abundances of different coccolith species, which change
markedly at glacial stage boundaries., The stages identified by
oxygen isotope variations are numbered. (The base of stage 7 1is
247,000 years before present.) From Weaver & Kuijpers (1983).
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Figure 4.i.7

Schematic of model profiles for organic-carbon, oxygen and nitrate.
The model is roled for intervals O<Z<ZL. Below ZL the organic layer
breakdown rates for the processes of oxidation and denitrification
are estimated from the oxygen and nitrate fluxes through ZL (see
text).
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0 Oxygen 100 200 300 u molar
0 Org-C 02 06 o

0L
0 . o / \}
° |
l,= gcn;[]—'L O/ /
/ i

Depth }
20- }/

cm {/}

Fit up model to oxygen, nitrate and labile organic-carbon data for
station 10554.

Figure 4.1i.8
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Figure 4.i.9 Model COr and porewater oxygen and nitrate data for core 10552#2K

(Wilson e% al., 1984).
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4.ii KINGS TROUGH FLANK

4.ii.a Regional Setting

The KTF study area is located on the lower eastern flank of the Mid-Atlantic Ridge
some 300 miles northeast of the Azores. There is a general regional slope to
the south-east upon which are superimposed a series of sub-parallel ridges and
intervening low areas bounded by scarps aligned in an approximate 010° direction.
Water depths range from less than 2000 metres to more than 4300 metres but gener-
ally are between 3500 and 4000 metres (Figure 4.ii.2). The topography to a large
extent mirrors the morphology of the acoustic (igneous) basement that was generated
at the Mid-Atlantic Ridge. The area was chosen in 1979 because its apparently
extensive sediment cover, half to one kilometre thick, offered an opportunity

to study the suitability of pelagic carbonate sequences as a disposal medium.

Kidd et al., (1983) summarised the results of studies undertaken following visits
by four research cruises to the areaup to the end of 1982. Subsequently a further
RRS Discovery cruise has been mounted there (Francis et al., 1984) and drilling
has taken place from D.V. Glomar Challenger on the northern edge of the study
area (Kidd, Ruddiman et al., 1983; Kidd, 1984). Dredge sampling suggested that
the study area is located on oceanic crust of predominantly Eocene age (Kidd et al.,
1982) and this was confirmed by the recent drilling (Kidd, 1984) which also allowed
calibration of a magnetic anomaly in the area. Analysis of the magnetic profiling

data suggests that at least one minor transform fault disrupts the igneous basement

in an east-west direction.

KTF is bounded on three sides by unusual bathymetric features which have been
much discussed because of their implications for the tectonic history of the North-
east Atlantic Ocean. To the north is the Kings Trough tectonic complex of anoma-
lously deep troughs and ridges now believed to result from rifting of a hot-spot
ridge about 30 million years ago and its later subsidence (Kidd, Ruddiman et_al.,
1983). The Azores Biscay Rise to the southeast is also thought to be an extinct
hotspot trace but one which pre-dated that at Kings Trough (Whitmarsh et al,, 1982).
The Azores Platform to the southwest is the present day site of the active Mid-
Atlantic Ridge/Azores Fracture Zone triple junction (Searle, 1977). Despite this
tectonic setting our studies indicate that no major tectonic upheavals have occur-

red in the area since the middle Miocene, i.e. in the last 11 to 15 million years.
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What is still not clear, however, is whether any local tectonic movements, such
ag small-scale adjustments on basement-controlled faults, have occurred in the
recent geological history of the area. An analysis of intraplate seismicity in
the Atlantic Ocean identified four earthquake events in this general region over
the historical period 1913-1979 with magnitudes >4.5 (Lilwall, 1982). One of
these occurred near the western end of the Kings Trough complex but none was recor-

ded from KTF itself.

The area has remained above the regional carbonate compensation depth for all
of its U40-60 million year geologic history and thus the sediment column above
oceanic basement is dominated by pelagic carbonate sequences. Sediment thicknesses
as detected from seismic reflection profiling (Figure 4.ii.1), vary greatly across
the study area. They are thickest, reaching 1200 metres thick, in a 40km wide
basin in the southeast, but are between 300 and 900 metres over most of the remain-
ing area and become nil where igneous basement crops out on the flanks and summits
of the hills. As well as outcropping igneous rock, outcrops of older consolidated
carbonate rock occur on the seismic profiles at topographic scarps that appear

fault-controlled.

Drilling results at DSDP Site 608 show that the only major change in sediment
character that has occurred in the last 30 million years was due to the onset
of glacial-interglacial cycles 2.4 million years ago. Because of the stiffness
of the uppermost sediments, our sediment cores are limited to 10 metres penetration
The cyclic climatic changes cause them to display alternations of carbonate oozes
and marls. The marls are produced during glacial intervals when clay, silt and
rock fragments (erratics) are added to the sediment from melting ice. Deposition
rates average 2.5 to 3 c¢m/1000 years but are around 2.0 cm/1000 years in the pre-

glacial drilled section.

Studies of sediment stability in the area have concentrated upon the uppermost
few tens of metres of the sediment column (representing the last one million years
or so) using 2 kHz, 3.5 kHz and 10 kHz profiling records. A variety of echo types
are observed and horizontal variability is evidently marked. Eliminating, in
the first instance, those areas of hills and scarps occurring at a spacing of
about 10 to 30km, and the slopes around hills, as areas of likely sediment disturb-
ance, it was found that areas of relatively smooth sea-floor (< 10m relief) are
available at KTF. Even these, however, sometimes displayed anomalous echo types

that suggested sediment instability.
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Only a few examples of sediment disturbance had been found in the twelve gravity
and piston cores recovered up until the end of 1982 (Figure 4.ii.2). The cores,
recovered from a variety of environments, are well-correlated across the area
using an integrated high resolution stratigraphy based upon coccolith, foramini-
feral, oxygen isotope, 1lithologic and paleomagnetic analyses (Weaver, 1983a)
(Figures 4.ii.3, 4.ii.4). Slumps, sandy turbidites and minor hiatuses do occur

in the cores but these appear to be local phenomena.

The station work carried out at KTF subsequently was aimed at resolving the apparent
discrepancy between the picture of great horizontal variability provided by the
géophysical data and the long-range similarity of the cored sequences. In partic-
ular, we needed to identify the causes of anomalous echo-character in the vicinity
of the areas of relatively smooth relief. Figure 4.ii.2 shows the additional
station work conducted. Much analysis of the recovered samples and data remains
to be done but the additional 3.5 kHz profiling suggests that anomalous echo chara-
cter may be confined to the margins of the 'smooth' areas and preliminary results
of coring and camera studies indicate that current winnowing and erosion of sedi-
ments cannot be discounted in the area. Localised sediment slumping near steep
slopes and concentration of current activity also near slopes seem to combine
to produce unusual bedforms and variable sediment sequences at the margins of

the 'smooth' areas.

Upon completion of analyses on the Discovery 134 samples and data the so-called
'smooth' areas may remain attractive sites for further investigation. However,
the difficulties of corer penetration encountered at KTF and the long-term predic-
tability of the deeper drilled sections may already argue against shallow penetro-
meter disposal but in favour of drilled disposal in such ridge~flank carbonate

sequences.

4.ii.b Chemistry

The KTF area was revisited during RRS Discovery Cruise 135 (Wilson et al, 1984)
to obtain porewater and sediment samples. Porewater samples were obtained success-
fully using the Mk II in situ sampler at station 10702 (42°04'.6N 23°30'.1W),
and 16lcm (10702 2K) and 30lcm (10702 8K) long Kastenlot cores were recovered
at the same site, the latter in a water depth of 3551m. The proximity of the

site to 82PCS01 (previously cored) makes it possible to provide a precise geological
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control. Detailed biostratigraphic (planktonic foraminifera and coccoliths),
oxygen-isotope (180) and calcimetric analyses have been performed on core 82PCS01
(Kidd et al, 1983). Integration of this data has enabled the identification in
this core of four glacial and interglacial phases during the last 150,000y, the
last interglacial being further subdivided into three discrete isotope stages.
(Kidd et al, 1983). This stratigraphy provides a useful framework for geochemical

interpretation.

Sedimentology and Coring Artefacts at Station 10702

The sedimentary successions in cores 10702 2K and 10702 8K are closely comparable
with that in 82PCSOl, consisting of very pale orange to white intervals of carbon-
ate ooze, interbedded with yellowish brown marly oozes and marls. Clay-rich inter-
vals correlated broadly with glacial periods, possibly due to a greater input
of terrigenous non-carbonate material associated with ice-rafting and increased
erosion of the continental shelves during glacial periods (Ruddiman & McIntyre,
1976). This is particularly important near Kings Trough as the polar front lay

just to the north during glacial maxima {(McIntyre et al, 1972).

Lithostratigraphic correlation of the two Kastenlot cores with piston core 82PCSO1
(Figure 4.ii.3) demonstrates that the former are severely attenuated. Burrow
cross-sections (principally of the dichnogenera Planolites and Chondrites) are
geverely compressed in the horizontal in the Kastenlot cores, indicating that
attenuation is a result of coring, and not a consequence of lateral depositional
variation. Detailed correlation of individual bedding planes (Figure 4.1i.3)
enables a comparison to be made of bed thickness, and demonstrates that in core
10702 8K marly intervals are reduced by up to 50% of their thicknesses in 82PCSO01.
Beds of the firmer carbonate ooze, however, are more than 95% of their original
thicknesses. Core 10702 2K is less attenuated, with marls more than 70% and oozes
up to 100% of their original thicknesses. This difference may be attributed to

the heavier weight of the longer barrel corer.

Attenuation of sedimentary successions is a well-known problem with narrow-diameter
gravity corers (Richards, 1961; Weaver & Schultheiss, 1983) but has not been
widely recognised in Kastenlot cores, which have a 15cm cross-section. Attenuation
during coring is believed to result from lateral flow of sediment during penet-

ration of the corer into the sediment (P.J. Schultheiss, personal communication,
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1984) and should not have caused appreciable lateral movement of porewater or

mixing of lithologies.

Since the amount of attenuation varies between cores, it is only possible to com-
pare directly depth versus concentration (e.g. porewater) profiles if compressional
effects are removed. This was accomplished by normalising the thickness and depth
of each bed to that of the corresponding interval in core 82PCSO1 (Table 4.ii.1),
which displays no evidence of deformation. The validity of this technique is
supported by marked improvement in the correspondence of porewater profiles ob-

tained from the in situ sampler and depth-normalised Kastenlot cores.

Porewater Chemistry at Site 10702

Methods

The nutrients silicate, phosphate and nitrate were determined colorimetrically
using a continuous flow analyser. The precision of the analyses for all three
methods was 1%. (Hydes 1984). The metals were determined by flameless atomic
absorption spectroscopy. Manganese was determined by direct injection of samples
diluted with 5% nitric acid into the graphite furnace atomiser (GFA). Nickel,
copper and cadmium were extracted as their dithiocarbamate complexes into Freon,

back extracted into nitric acid and determined by GFA (Chapman et al, 1983).
Results

Nutrients

The general picture of nutrient distributions seen at site 10702 (Table 4.ii.2,
Figure 4.ii.6) is similar to that seen at the MANOP site C in the eastern equator-
ial Pacific (Jahnke et al, 1982a), which is also characterised by carbonate rich
sediments.

Silicate

Marine sediment pore waters are universally enriched in dissolved silicate compared

to the overlying water column. The extent of the enrichment and the shape of

the concentration profile with respect to depth depends on the composition of
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the sediment, the sedimentation rate and the degree of biologically induced mixing
at the sediment/water interface. The smoothness of the observed profiles, and
the correspondence of observed concentrations at similar depths with what should
be similar sites, can be used as a criterion of how successful sampling has been
(Bischoff et al, 1970) and how similar the sites are. The profiles plotted in
Figure 4.ii.6 from three sample sets obtained at Station 10702 agree well. This
indicates that (a) the recalculated sample depths produce a coherent gilicate
distribution for the three sets, (b) the material at the three sites is gsimilar,

and (c¢c) no major problems have occurred with the sampling techniques.

Phosphate

The average phosphate concentration in both cores is 3.0 uM, with a range from
1.7 uM at the top of core 8K to 4.3 uM at 168cm depth in core 2K. This range
of concentrations does not reflect a clear trend in phosphate concentrations with
depth, and there is some scatter of observed concentratio.ns around the mean concen-
tration. All observed concentrations are higher than that of bottom water (1.3 p M)
The results of Jahnke et al (1982a) indicate that sampling artefacts induce changes
in observed phosphate concentrations. At gite C results obtained by in situ (har-
poon) pore water sampling are about 25% higher than those from pore waters sampled
from cores. This is probably related to pressure changes in parallel to those
which occur within the carbonate system (e.g. Toole et al, 1984). Such a large
effect as this is not seen in other types of sediments. A1l but one of the sets
of samples collected by Jahnke et al (1982a) at their siliceous ooze site S by
in situ sampling agree quite well with the core results. The exception is one
gite where the in situ results are actually lower than in the other sets. Jahnke
et al (1982a) also point out that, in both in situ and non-in situ data, they
consistently observe that the level of phosphate in the sample closest to the
interface is lower than that in bottom water. They calculate that the actual
occurrence of such a gradient of phosphate into the sediment is highly unlikely

as the corresponding accumulation of phosphate in the solid phase is not seaq.

In the light of the results of Jahnke et al (1982a) it would appear 1likely that
the phosphate values obtained at station 10702 do not represent in situ conditions.
True values may be some 20% or so higher. In contrast to their results the topmost
sample in both cores contains more phosphate than bottom water. However, this
is probably due to the greater depth of these samples, 8 and 10cm as opposed to

the O-lcm interval from which the Jahnke et al (1982a) top sample came.
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The results do, however, suggest that during the aerobic mineralisation of organic
material in the upper layer of the sediment phosphate is released along with nit-
rate. If one assumes a Redfield ratio for the organic matter being metabolised
in the upper layer of the sediment, then nitrate and phosphate should be released
in a molar ratio of 16 to 1 (Froelich et al, 1979). For core 10702 2K nitrate
and phosphate increase in a ratio of 12:1 between bottom water and the first pore
water sample at 8cm depth. In contrast, for core 8K the ratio is 72:1. This
higher ratio results from the low level of phosphate in the 10cm sample from core
8K. The phosphate profile from core 8K looks the most coherent of the two sets
of data from station 10702, showing less scatter than the 2K results. This however
may represent a more complete degree of equilibration with the conditions that

produce phosphate loss than occurred in core 2K before pore water sampling.
Nitrate

In the top 20cm of sediment the nitrate data from the two cores 10702 2K and 8K
and the in situ pore water sampler all show a rapid increase in nitrate concentr-
ations corresponding to the rapid decrease in dissolved oxygen measured in samples
from the in situ pore water sampler. When the oxygen decrease is compared to
the increase in nitrate, a ratio of 8.6 is predicted by the equation:

)

(CH2O) (H POM) + 13802 = 106 CO, + 16HNO_ + H_PO, + 122 H20

106 NH3) 6 (Hy 2 3 3y

(Redfield organic composition)

The oxygen to nitrate ratios are 8.0, 6.1, 5.8 for cores 2K and 8K and the PWS

respectively. This agreement is better than for the nitrate/phosphate ratio and
indicates that the quality of these data is more consistent. Below 20cm depth
to 2m there is an offset between the results from the two cores. Both sets do,

however, show a consistent trend to decrease with depth. Interestingly the offset
between data sets from closely spaced stations is also seen in the results from

MANOP site C (Jahnke et al, 1982).

Metals

Concentration profiles for manganese, nickel, copper and cadmium in pore waters

from site 10702 are presented in Figure 4.ii.7.
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Manganese

Both cores 2K and 8K become sufficiently anoxic for manganese to be mobilised
within the pore waters at 140cm and 95cm depth respectively. This discrepancy
between the positions of the manganese oxidation horizons is, as with the offset
between the nitrate profiles, reflected in the MANOP site C results. This raises
the question of whether this degree of lateral inhomogeneity is a universal phenom-
enon or peculiar to such carbonate-rich sites. It is only seen clearly in the
redox sensitive components of the pore water. Major differences in the sediment
golid phase can be ruled out as silica profiles in the two 10702 cores are similar.
Differing rates of ventilation of pore waters to overlying waters by burrowing
animals can also be dismissed as this would also effect the silica profiles (Schink
et al, 1975). The offset could be produced by a minor component, which is mostly
likely to be the organic carbon content of the sediment. It is difficult to envis-
age, however, how the organic carbon content could be different at the two sites
without there being corresponding differences in the solid phase composition of
the sediment. One possibility is that differences in the ecological settings
at the two sites produce animal communities which at site 8K are able to bury
organic matter deeper in the sediment than at site 2K, without having a significant
effect on the silicate profile. Further work is currently being undertaken to

plarify these problems.

Nickel

As has been observed previously, the nickel profile closely resembles that of
manganese (Klinkhammer et al, 1982). This is consistent with the incorporation

of nickel into mixed manganese oxide phases, as discussed by Hem (1978).

Copper

The copper distribution is also similar in shape to those observed previously
(Sawlan & Murray, 1983). Diagenetic processes in the topmost layer of the sediment
releagse copper from solid phases, into which it has been scavenged from the water
column as particles have settled to the sea bed. At this site the manganese oxid-
ation horizon would appear to act as a sink for this copper released from the
sediment surface layer. Copper incorporated into manganese oxide phases at this

horizon appears to be released into solution upon reduction of the manganese oxides
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at depth in the sediment. The question which arises from these observations is
that of the chemical form of copper in soclution in these pore waters. Copper
tends to be very strongly adsorbed by solid phases as is evidenced by its scaveng-
ing by particles in the water column, but a change in speciation may give rise

to its mobility in pore waters.

Cadmium

Measurements of dissolved cadmium concentrations in pore waters have only been
reported previously by Klinkhammer et al (1982), who made measurements at the
MANOP siliceous and carbonate ocoze sites. At both sites little variation in cad-
mium concentration was seen with increasing depth in the sediment. Cadmium con-
centrations were approximately twice those seen in bottom waters. Our results
from around 100cm depth in both cores from site 10702 correspond to those observed
at their site C by Klinkhammer et al (1982). This suggests that we do not have

a serious contamination problem.

The shape of the cadmium profiles we observed are, in contrast to MANOP sgite C,
similar to those observed for copper. Rapid release of cadmium from particulate
material arriving at the seafloor is consistent with its relatively rapid regener-
ation in the water column, in parallel to the release of phosphate from the softer
parts of decaying organisms. (In contrast to the case for copper, there is, as
yet, no evidence from studies of cadmium in the water column to suggest that it
may be enriched in sediment surface layers.) In parallel to copper and nickel,
cadmium is probably incorporated into mixed manganese oxide phases at the manganese
oxidation boundary and is then released from these oxides as conditions become

more reducing with deeper burial.

Uranium and thorium isotopic analysis of 10702 8K

Uranium and thorium analyses have been carried out on sixteen samples from core
10702 8K. The analyses are tabulated in Table U4.3ii.3. Figure 4.ii.8 shows a
plot of 230Th excess versus depth measurements corrected for the preferential
compression within the marl and clay horizons which occurred on penetration of
the Kastenlot corer. This plot yields an average accumulation rate of 2.61 cm/lO3
years, The points are distributed on either side of the line, suggesting that

sediment accumulation has not been constant over this period (approximately 150,000
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years, using corrected measurements). Also shown on Figure 4.ii.8 are the approx-
imate boundaries for the oxygen isotope stages, transposed from oxygen isoctope

determinations made on the piston core 82PCSOl (Kidd et al, in press).

Comparison of the calculated water column supply of 23OTh for this water depth
with the sediment inventory of 230Th excess, shows that the sediment contains
between 106% (uncorrected depths) and 140% (corrected for differential compaction)
of the water column 230Th production. Both of these values are high compared
with average values of 68% for the depth range 3400-4600m and 96% for the depth

range 2000-3400m (Kadko, 1980).

Table U4.ii.3 compares ages for the boundaries between selected oxygen isotope
stages determined by Pisias & Moore (1981) with those calculated from the accumul-
ation rate found in 10702 8K and isotope data from 82PCS01. There is good agree-
ment for the 1/2, 4/5 and 5/6 boundaries.

Table 4.ii.4 uses the thickness of selected identified stages, together with their
durations (after Pisias & Moore, 1981) to calculate average accumulation rates
within each stage. It can be seen that the main glacial interval (2-4) is re-
presented by a period of high sedimentation, compared with stage 1, probablly
due to increased input from ice-rafted debris and the transport of river-borne
material across the shelf to deeper waters. These accumulation rates compare
well with those calculated from other piston cores studied by the IOS Marine Geo-
physics Group taken in the same area. The intercept of 1.2dpm/g 230Th excess
indicates that the terrigenous material supplied to this area is out of radioactive
equilibrium. Scott (1968) found a concentration of 0.5dpm/g for twelve <20 um
fraction samples, and Bacon and Rosholt (1982) found an intercept of 1.1 * 0.7dpm/g
for the terrigenous component of core GPC-5 from the Bermuda Rise. The positive

230 232

correlation of age-corrected Th excess and Th (expressed on a carbonate

free basis) is unexpected in view of the oxygen isotope data, which indicate that

232
3 Th-rich) glacial sediments represent periods of faster

. 230
accumulation. It would be expected that 3 Th excess concentrations should be

clay-rich (and therefore

lower at these horizons. The data appear to suggest that the terrigenous clay

material supplied during colder periods performs as a more efficient water column

230

gscavenger of Th than during interglacials, and that a positive correlation
230 232

of age-corrected Th excess and Th is developed. Plots of Th and U versus

CaCO3 indicated that the clay fraction of the sediment contains 2.53ppm U and
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13.9 ppm Th, and there does not appear to have been any post-depositional reloc-

ation of U (Figure 4.ii.9).

Mineralogy

Preliminary mineralogical analyses by X-ray diffraction (XRD) indicate that sedi-
ments in the Kings Trough Flank area are composed essentially of biogenic calcite
with varying proportions of detrital quartz and clay minerals, principally illite,
smectite and chlorite. Fragments of basaltic pumice and shards of volcanic glass
are common in some samples. Stratigraphic analysis of the mineralogical data
is currently being undertaken in an attempt to differentiate between glacial and

interglacial sediments using mineralogical criteria.

Sediment Geochemistry

Twenty-three samples from core 10702 8K were analysed for major (Si, Ti, Al, Fe,
Mn, Mg, Ca, K and P) and eleven trace-element (C1, v, Cr, Co, Ni, Cu, 2Zn, Rb,
Sr, Y, Zr) by X-ray fluorescence (Table 4.ii.6) using standard IOS laboratory
techniques. Chlorine data were utilised to recalculate analyses on a salt-free
basis assuming stoichiometric concentrations in NaC1l. Analyses were also compared

on a carbonate-free basis (CFB) by assuming all Ca occurs as CaCoO This assumption

3
was confirmed by the close correspondence between recalculat:zd carbonate-contents

and those obtained independently by 'LECO' carbon analyser.

Major Element Data

The distributions of the principal major-elements (excluding Ti and P) are shown
in Figure 4.ii.1o0. With the exception of Ca, all major elements display higher
concentrations in sediments deposited during glacial, compared with those deposited

during interglacial, times.

Calcium varies inversely with the other elements. These trends reflect the higher
carbonate contents of interglacial sediments, and when expressed on a CFB most

elements show no systematic variation. Notable exceptions are Mn and K.

The distribution of manganese (Figure #4.ii.10) corresponds least well with the

other elements, displaying a steady decline in concentration from the base of
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the analysed section (around 4m) to 1m below the sediment/water interface. Above
this, there is a marked peak in concentration at 40cm below the sediment surface
with Mn concentrations up to four times their background value. The increase
in solid-phase Mn begins at the point where Mn concentrations in the pore water
falls below 1 pmolar. This indicates that Mn is mobilised at depths under reducing
conditions which permits its migration into the upper oxic layer, here it is pre-

cipitated as an oxyhydroxide (Bender 1971; Froelich et al, 1979).

When expressed on a CFB, the Mn distribution is more complex. The peak at 40cm
depth remains well defined, but comparable enrichments occur at 340, 240 and 1lOcm
depth. Furthermore, CFB Mn concentrations are generally higher in carbonate-
rich (interglacial) sediments. This suggests that Mn is located principally in
a discrete hydrogenous (authigenic) phase. The good correlation between other
elements, when expressed on a CFB, indicates that these are controlled primarily

by the alumino-silicate (clay) component.

The distribution on a CFB of Kisrelatively uniform except for a major increase at
250cm (Figure 4.ii.10). This peak does not correlate with any trends shown by
other major elements and is probably related to a change in the mineralogy of

the alumino-silicate phase.

Small changes in the composition of the alumino-gilicate phase are not well-
displayed by the CFB data but become more apparent if elements are compared with
aluminium. The distributions of Si, Ti and K were examined when normalised to
Al (Figure 4.1ii.11). These elements were selected because they are known to be
associated dominantly with alumino-silicate minerals. It is apparent that glacial
gediments contain a higher proportion of Si and Ti while K remains fairly constant

except for the peak at 250cm (also recorded by the CFB plot).

The higher Si and Ti ratios in glacial sediments may be attributed to a higher
proportion of detrital clay minerals, principally illite, since illites may be
enriched in these elements relative to smectite (Weaver & Pollard, 1973). On
a smaller scale, minor fluctuations within glacial and interglacial intervals
indicate that Si and Ti covary in glacial sediments, but are inversely correlated
in interglacial parts of the succession (Figure 4.11.11). This suggests that
quartz content only becomes a significant control on geochemical variation during

interglacial times.
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These hypotheses are currently being tested by detailed mineralogical analysis.

Trace Elements

Concentrations of trace-elements determined by XRF are given in Table U4.ii.6.
The distributions of additional trace-elements and the REE are currently being

determined by Inductively Coupled Plasma (ICP) techniques.

Preliminary analysis of the trace element trends indicate that Sr covaries with
Ca and is located principally in biogenic calcite. Vanadium, Cr and Rb covary
with K. Cobalt and Ni correlate well with Mn and are probably controlled by
the same diagenetic processes. Both Y and Zr, and to a lesser extent Cu and Zn,
are apparently enriched in the non-carbonate fraction of carbonate-rich sediments,

although this requires confirmation by ICP analysis.

All trace elements except Sr are enriched at the same level as the peak in the
CFB K data. This coincides with a marly horizon within an otherwise pure carbonate
succession (Figure 4.ii.11), and suggests that a very atypical alumino-silicate
phase is controlling the geochemistry at this level. The nature of this phase

or phases is currently under investigation.

Conclusions

1. The thicknesses of sedimentary units may be reduced by up to 50% in Kastenlot
cores when compared with corresponding intervals in piston cores from the
same site. Attenuation is a function of corer weight and the competence

of each sedimentary interval.

2. The distribution of pore water nutrients at station 10702 is similar to that
at MANOP site C in the eastern equatorial Pacific. Silicate is strongly
enriched at depth. Phosphate shows no clear trends but absolute values are

probably 20% too low because of a pressure related sampling artefact. Nitrate
varies inversely with oxygen, being released by the oxidation of organic

matter in the uppermost 50cm of sediment.

3. Porewater Mn and Ni are enriched below 1m indicating suboxic conditions at

depth. Copper and Cd are strongly enriched in porewaters because of rapid
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mobilisation from the solid phase during burial. Depletion in porewater
Cu and Cd at 50cm depth is related to incorporation by Mn-oxides.

4, The 23OTh excess data yield an average accumulation rate of 2.61cm 10-3 y.
The ages of isotope stage boundaries are in good agreement with published
values. Radiochemical analyses indicate that the terrigenous component is
out of radioactive equilibrium. A positive correlation of age-corrected

2 . . ; .
230Th excess and 23 Th suggests that clays supplied during glacial periods

230
act as more efficient water-column scavengers of 3 Th than inter-glacial

¢lays. There is no evidence of diagenetic remobilisation of U.

5. Interglacial sediments are carbonate-rich, glacial sediments contain higher
proportions of alumino-silicates. Consequently, solid-phase geochemical
variation is dominated by the inverse correlation between Ca and the other
major elements. Manganese and,to a lesser extent,Ni and Co, have been fixed
in the oxic part of the sediment column after being remobilised and diffusing
upwards from the suboxic environment below. Other elements do not display
redox-related distributions but may be indicative of the fluctuating proven-

ance of detrital phases.

4.ii.c Physical Properties of the Sediments in the KTF Area

A 1limited amount of physical properties data has been obtained from the Kings
Trough Flank study area. This has been obtained from the single Kastenlot core
D10333 (15cm square section) taken on Discovery Cruise 118 in the southern part

of the area.

The consolidation and permeability characteristics of sediments composed predomin-
antly of calcium carbonate microfossil debris have been studied relatively little
compared with those of clay-rich sediments. Bryant et al, (1974), using consolid-
ation data from a range of sediments, provided a clear discussion on the type
of information that can be obtained from consolidation tests. It was concluded
that fine-grained carbonate muds consolidate in a similar way to non-carbonate
gsilty clays. The only difference observed was that under equal loads older carbon-
ate sediments do not consolidate to as low a final void ratio as non-carbonate
sediments. Miller & Richards (1969) observed marked differences in the void ratio/

pressure relationships obtained from a laboratory consolidation test and from
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a sedimentation-compressed computation on a short core of calcareous ooze. They
concluded that laboratory consolidation tests on carbonate oozes should be inter-

preted with caution for geological and engineering purposes.

Six samples from core D10333 have been tested. Sample D10333/7 taken at a sub-
bottom depth of 76cm is used to illustrate their behaviour. The consolidation
test is similar to that commonly used (Lambe & Whitman, 1979) except that the
sample (75mm in diameter, 20mm in height) is subjected to a back pressure of 700kPa
to ensure complete saturation. Following each incremental load, the permeability
is measured assuming Darcian behaviour by applying a small hydraulic gradient

and measuring the volume flow of water through the sample (Lambe & Whitman, 1979).

Figure 4.1i.12 shows the results from sample D10333/7. The void ratio/vertical
effective stress (e log P) shows no obvious preconsolidation pressure, hence it
is assumed to be normally consolidated. The slope of the e log p curve during
the latter stages of the test defines the compression index, C, which in this
case is 0.37. The compression dindex was found to vary between 0.2 and 0.63 in
core D10333 depending on the carbonate content (higher values of Cc are obtained
for lower carbonate values). These values are similar to data obtained by Buchan
et al. (1971) on comparable North Atlantic sediments. The permeability/void ratio
curve gives a permeability index (change in void ratio per logarithmic cycle of
permeability) of 1.39. The extrapolateu permeability at the initial void ratio
(eo = 2.431) is 3 x 10_5 mm/s. The low value of CC and the high value of the
permeability index compared with other deep-sea sediments means that there is
likely to be only a relatively small decrease in permeability with increasing
depths as shown by the effective stress/permeability curve. For comparison purposes
it is worth noting that 'red clays' have permeabilities around 2 x 10_7 mm/s at

similar void ratios.

It is concluded, therefore, from the very limited data available that the surficial
sediments in the KTF study area are probably normally consolidated (i.e. they
exhibit no evidence of large-scale erosion or large excess pore pressures) and
they have relatively high values of permeability (WJO~5 mm/s) . If confirmed by
further sampling the higher values of permeability might make sediments of this
type somewhat less attractive than deep sea clays as host media for shallow burial

options of high-level radiocactive wastes.
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The sediments in the Kings Trough Flank area were continuously cored to basement
at Site 608 on Leg 94 of the Deep Sea Drilling Project in July 1983 (Kidd et al.,
1983). The consolidation and permeability characteristics of some of these deeper

samples are currently (April 1984) being measured in the Wormley laboratory.

h,ii.d Heat Flow Data in the KTF Area

Two heat flow stations were occupied in the Kings Trough Flank area: station
10335 on Discovery Cruise 118 and station 10662 on Discovery Cruise 134. The
first station gave three full penetrations, one of which disclosed a marked non-
linearity in the sediment temperature profile (Figure 4.ii.13) which could imply
upward porewater movement. When the data are modelled using conduction-convection
theory the suggested velocity is 52 cm y_l. The ten measurements at station 10662
alsc showed consistent evidence for non-linear sediment temperature profiles along
an v5nm transect. However, in this case the implied upward advection was only
10 cm y_1 . Both stations may have recorded water movements which form part of

a more regional scale pore water convection pattern.

Detailed discussion of these and other heat flow stations in the Northeast Atlantic

is contained in Noel (1984a,b).
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Table 4.ii.1 Sample depths in Kasten cores from station 10702
recalculated using data from piston core PCS8201

Isotope Sample depth
Stage 10702#2K 10702#8K
1 7-9 (7-9) 0-2 (0-2)
22-24 (22-24) 4-6 (4-6)
8-10 (8~10)
15-17 {15-17)
2 35-37 (40-42) 25-27 (25-27)
60-62 (74-76) 30-32 (33-37)
76-78 (94-96) 35-37 (42-44)
45-47 (74-76)
55-57 (86-88)
75-77 (111-113)
78-80 (114-116)
3 95-97 (138-140) 95-97 (136-138)
115-117 (145-147) 98-100 (139-141)
105-107 (147-149)
4 135-137 (167-169) 118-120 (164-166)
152-154 (184-186) 125-127 (175-178)
5 147-147 (202-204)
165-167 (227-229)
171-173 (234-236)
175-177 (238-240)
185-187 (249-251)
205-207 (271-273)
207-209 (273-275)
225-227 (291-293)
245-247 (313-315)
265-267 (336-338)
6 275-277 (352-256)
282-284 (366-368)
296-297 (384-386)
Depth in centimetres below sediment surface. Converted depths in
parentheses. Isotope stage boundaries after Shackleton in Kidd

et al. 1984,
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Table 4.1i.4

Oxygen Isotope Boundary Boundary age,
Stage boundary age, kyr kyr for 10702#8K
1/2 11 9.6
b/5 73 76.6
5/6 127 130.3

Ages of oxygen isotope boundaries for 10702#8K compared with
stage boundaries from Pisias & Moore (1981).
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Table 4.ii.5

Accumulation rate
Oxygen Isotope Stage 3
(Pisias & Moore, 1981) per stage cm/10 yrs
1 2.3
2 -4 2.7
5 2.6

Accumulation rates for isotope stages, 1, 2 - 4 angd 5 for 10702#8K
(Isotope stage boundaries transposed from 82PCSs01).
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OXYGEN
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Figure 4.ii.4 Correlation of KTF piston cores: percentage abundance of stratigraph-

ically useful coccoliths in the piston cores; stippled areas represent
glacial intervals; correlation lines are thickened.
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Figure 4.ii.5 Stratigraphic comparisons between closely-spaced cores studied.
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(King’s Trough Flank)

Figure 4.ii.9
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Correlation between Th and U in core 10702#8K.
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Figure 4.ii.11 Profiles of SiOz, K2O and TiO2 normalised to Al1_0O
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4.1iii NARES ABYSSAL PLAIN

4.iji.a Regional Setting

I0S geological involvement in Nares Abyssal Plain has been almost entirely confined
to the GLORIA and seismic profiling surveys carried out during Farnella cruise
8, 1982.' In addition, a very limited amount of 2 kHz profiling was undertaken
during the predominantly chemical cruise Discovery 108. The GLORIA and profiling
data have been largely worked up by our US colleagues in the Seabed Working Group,
though we have kept a watching brief and have offered comments at various stages.
The interpretation is still going on, but a fairly detailed interim report has
been .produced by Tucholke et al. (1983). Tucholke (1980) has discussed some
physical properties of the sediments. Other work by the SWG (principally USA,
Canada and Netherlands) is summarised in Nuclear Energy Agency (1984), Auffret

et al, (1984a) and Anderson (1984).

Nares Abyssal Plain lies mainly between 22°N and 24°N. At its western end it
is linked to the Hatteras Abyssal Plain via Vema Gap at 67.5 W; to the east it
runs into the abyssal hills on the lower flank of the Mid-Atlantic Ridge near

60°W. The surface of the plain lies between 5800 and 5900m.

Sediment thickness ranges from about 75m to over 525m, although there are also
occasional outcrops of basement in the rare abyssal hills. The majority of the
sediment is horizontally bedded and acoustically 1laminated on seismic records,

suggestihg that it consists predominantly of turbidites.

3.5 kHz profiles show echo characters ranging from flat, continuous, well-defined
sub-bottom reflectors (probably turbidites) to poorly laminated or acoustically

transparent bottoms (probably pelagic sediment overlying basement highs).

The 3.5 kHz records show considerable echo focussing (which suggests the presence
of very small-scale surface relief), but so far little faulting has been recognised

(in contrast to GME).

The GLORIA data show fairly extensive patterns of lineations of a type not observed
elsewhere. Our preliminary interpretation is that these reflect sediment transport

pathways and facies variations, and this has received limited support from sampling.
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However, there is as yet insufficient detailed sampling and geophysical work for

a definitive interpretation.

Cored sediments are brown or grey lutites with 1low calcium carbonate content,
although some cores contain layers of coccolith or foram ooze. The lutites are
of both pelagic and turbiditic origin, the latter grading from clay to fine silt.
The cored sediments appear to be horizontally quite heterogenous on a horizontal
scale of 10km or so, and closely-spaced geophysical surveys and sampling are now

being undertaken to attempt to understand this variability.

4,iii.b Chemistry

While there is now a reasonable geophysical data base for Nares Abyssal Plain
sediments, there is less geochemical information. Chester et al (1973) drew atten-
tion to the fact that the elements Mn, Ni and Co were enriched in some (but not
all) upper sediments in the south-west area of the North Atlantic relative to
a North Atlantic clay average. It was concluded that the enrichments approximated
the composition of manganese nodules, and probably were derived from seawater.
Addy (1979) examined the rare earth element (REE) contents and patterns of nodules
and micronodules from the abyssal hills in the area of the Nares Fracture and
Deep Fracture Valleys. From the REE systematics he concluded that these elements
in the nodules probably had a seawater origin, although the situation was more
complex as regards micronodules. Differences were also found in the contents
of Mn, Fe, Ni, Co and Cu of nodules and micronodules co-existing in the same cores
(Addy, 1978). Addy (1979) also demonstrated that the red clays which contained
micronodules and nodules were enriched in REE, Mn, Fe, Ni and Co relative to the

grey clays which had a low ferromanganese phase content.

Similarly, little pore-water data has been published for this region. Addy, Presley
and Ewing (1976) report dissolved and solid phase manganese profiles for a single,
oxidising site on the north wall of the Puerto Rico trench. They conclude that
the observed distributions at this site are due to post-depositional diagenetic
remobilisation of a labile, hydrogenous fraction of the manganese at depths greater
than 2 metres. Sayles (1979) gives major element data for stations further south,
but does not include data on redox-sensitive species. The present paper, therefore,
presents the first detailed report on the redox status of the interstitial waters
of the Nares Abyssal Plain and in the light of this information discusses the

depositional and post-depositional histories of sediments of this area.
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Porewaters

In order to interpret the observed solid phase composition profiles, it is import-
ant to evaluate the extent of post-depositional mobilisation and migration. For
many of the elements of interest, this is a function of the redox potential of

the sedimentary environment.

Porewater composition analyses indicate that the sediments sampled are intermediate
in redox status between the most oxidising sediments (e.g. Grundmanis & Murray,
1982) at which no reduction is observed, and the much more intensely reducing
conditions typical of equatorial and other areas of high productivity (e.g Froelich
et al, 1979). In particular, the low levels of dissolved manganese observed (except
in core 10164#1K), indicate that active diagenetic remobilisation of this element
is not proceeding at present in most of the intervals sampled. From this, it
ig possible to conclude that the wide variations in manganese content of the solid
phase originate either from depositional variations, or from periods of more in-
tense reduction in the past. The latter hypothesis is unlikely. In order to
produce the observed profiles, the sediment column would need to have become almost
totally anoxic at some time within the last 100,000 years or so. All manganese
peaks would then be generated as diagenetic relicts of previous shallow 'stands’
of the redox boundary as it migrated downwards towards its presently observed
position. It is difficult to visualise such a very strongly reducing profile
in this abyssal plain environment. Consequently, it is concluded that the solid
phase manganese distribution is predominantly depositional in origin at these
gites: exceptions to this are found within the 30-40cm depth interval in core
10164 #1K and 140-170cm interval in core 10163 #1K (Figure 4.iii.3). In both these
intervals, high solid phase manganese values are measured close to the depth at
which manganese begins to increase in the pore waters, and these two features

are therefore probably diagenetic.

The iodide/iodate couple is an indicator of the redox state of pore waters. Reduc-
tion is calculated to take place over the narrow range pE = 10 to 10.7, which
means that the couple indicates the depth at which this pE occurs very precisely,
though the system is useful over a very limited dynamic range (Wong & Brewer,
1977). For this reason, it would be expected that reduction would take place
over a very restricted depth interval (eg Core 10164 #1K, Figure 4.iii.2). This

behaviour is in fact observed at stations 10164 and 10165, but a more complex
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pattern is shown at stations 10163 and 10170 (see Figure #4.iii.2), and it seems
possible that these cores are poised at a rather higher pE value than the range
indicated above, and further that a strong redox gradient is absent at both these
stations. The normally accepted pattern of organic diagenesis in slowly accumulat-
ing sediments yields concentration profiles in a characteristic sequence and with
a characteristic shape. Because the most intense diagenetic activity 4is found
at the sediment-water interface, the slopes of the concentration profiles are
normally greatest near this interface; conversely, slopes approach zero as depth
in the sediment increases (Froelich et al, 1979). This simple conceptual model,
although consonant with the broad majority of the observations, is inadequate
to explain certain features observed in our pore water profiles. For instance,
in core 10164#1K the slopes of the silicate, manganese, total iodine and alkalinity
profiles do not approach zero with increasing depth but tend to constant positive
values: cf Figure 4.i1i.2 which compares this core with the more typical 10163 profiles.
These observations cannot be reconciled with a simple diagenetic model based on
the concept of a constant, slow sedimentary accumulation. Instead, it is necessary
to postulate that a relatively recent catastrophic event may have occurred at
this site. If such an event had resulted in the burial of organic-rich material

at or below 2 metres depth, then profiles of the observed shape could be generated.

In order to test this hypothesis, the fluxes implied by the observed gradients were
calculated for the four species mentioned (Table 4.iii.2). Assuming simple one-
dimensional diffusion, the minimum time to approximate a steady-state linear profile
is given by Dt/12=0.45, where D is the diffusion coefficient, t is time and 1 is the
diffusion distance (Crank,1956). This gives minimum diffusion times on the order of
400 years for manganese (II) and 140 years for iodine. As the calculated fluxes given
in Table 4.iii.2 are quite small relative to the total quantities of material present,
the linear gradients could thereafter be maintained for considerable periods by mob-
ilising the so0lid phase. For instance, the dissolved manganese gradient of core
10164#K could be maintained by the mobilisation of a quantity of solid phase manga-

nese equivalent to the content of a 3cm thick layer of sediment every thousand years.

Similar conclusions can be drawn for other diffusing species in this core. It
is thus clear that the pore water profiles at this site support the hypothesis
that sedimentation has been sporadic and catastrophic, rather than continuous
and gentle. Similar, but less dramatic, episodes may have occurred in some sections

230

of other cores sampled. These cbdnclusions are in agreement with the Th data

(see next section).
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230
Sediment Accumulation Rates and 3 Th data
excess

It has been remarked by Shipley (1978) and Keller & Lambert (1979) that there

ig a paucity of sediment accumulation rate data for the Nares Abyssal Plain, and
in this study radiometric data for the 23OThexcess method were gathered in parallel
with the elemental data for this suite of cores. This method is based on the
phenomenon of constant production of 23th by decay of 23L‘U in the water column,
and its subsequent rapid removal and incorporation into the sediments. The custom-

ary procedure is to estimate a mean accumulation rate for the sediment column

230 230 .
by measuring the decay of unsupported 3 Th ( 3 Thexcess) with depth (Ku, 1976;
230 230
Goldberg & Bruland, 1974). By convention 3 Thexcess equals the total 3 Th spec-
ific activity measured minus the corresponding U specific activity. If the

rate of sediment accumulation has been constant in time, then:

ln A = 1n A. - A. z/s

2
where A is the 30Thexcess specific activity at depth z, A. is the sediment inter-
230Th 23

excess’
accumulation rate. Figure 4.iii.4 illustrates plots of the data from the four

[¢]
face value of A is the decay constant for Th and s is the sediment

box cores treated in this fashion, with mean sediment accumulation rates obtained

from the slopes of the best-fit lines. (No rate can be estimated for core 10165#2BX

23OTh
excess

core will be discussed later along with the Kasten cores. Although a thin lens

because grey clay with low values 1is observed below 20cm, and this

of grey clay is also observed in core 10163 #3BX, a regression line has been drawn
in this case because the influence on the full core section is minor.) For core

2
10164 #5BX, 31Pa data are available (Table 4.iii.10). These may be treated

230excess
similarly to Thexcess data and yield an independent (if 1less accurate because

of lower activity levels) estimate of accumulation of O.42cm/103 yr which compares

with the value of 0049cm/103 yr from the 230Th method.
excess

The process of bioturbation is commonly observed in the uppermost few centimeters
of sediment in deep sea deposits (Turekian et al, 1978), even in some slowly accum-
ulating clays (Cochran & Krishnaswami, 1980). This feature is not observed within
the resolution of the data here and has been ignored in the calculation of mean
rates. These three box cores yielding sedimentation rates are interpreted as
having been formed under pelagic conditions, and are referred to subsequently

as slowly accumulated brown clay.
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It should be noted that the accumulation rates obtained (0.49 - 1.02 cm/lO3 yr)
are higher than those estimated by Shipley (1978) for the brown clay in this area
since mid-Cretaceous time (0.1 - 0.3 cm/10 3 yr). They translate, however, to
clay fluxes of 0.3 - 0.7 g/cm2/103 yr, which are not unusually high values for
Atlantic sediments in the past 100,000 years (Turekian, 1965; Bacon, 1983). Shipley
(1978) observed that brown clay always overlay the uppermost grey unit in the
cores he studied, and used his long-term accumulation rates to estimate that turb-
idity current activity (as revealed by the presence of grey clay units) had not
been active for 300,000 years in the area. If the higher recent accumulation
rates determined here are also applicable to the abyssal hills in the area of
the Fracture Valleys where most of his cores were taken, they suggest that 300,000
years will be an overestimate. Specifically, a grey silt layer is found within
12¢m of the surface in core 10163 #3BX, a depth corresponding to an age of only
15,000 years.
23OThexceSS data obtained for the two Kasten cores are illustrated in Figure 4.iii.5.
The section 29-71lcm in core 10163 #6K yields a rate of 0.51/103 yr and like the
three box cores above is interpreted as slowly accumulated brown clay. Nevertheless
as with the case of box core 10165#2BX, no plausible sedimentation rate can be
derived for most of the Kasten core sections because low and erratic 230 Th
230 . excess
Thexcess method has little power when lateral movement
23O'I'h

and consequent sediment mixing has occurred. First, low excess

expected when a sediment section moves, is mixed and redeposited; and second,

values are observed. The

values are

rapidly accumulated sediment from shallower water will have low 230Thexcess levels
even before it is moved and introduced to greater depth. The interpretation of
the grey clay units as turbidites leads to an expectation of low specific activi-
ties, and this is in accord with observation in the sections 150-200cm in core

10163#6K and 50-160cm in core 10164#1K.

230

A further useful aspect of Thexcess data is that a comparison may be made of
230
the sediment inventory of 3 Thexcess activity with that anticipated by supply
230

from the overlying water column. Th has one of the shortest water residence
times known (Bacon & Anderson, 1982) and the consensus opinion is that it does
not tend to move out of the ocean basin in which it is formed (Bacon & Rosholt,
1982) ., In view of calculations made later in this paper to estimate the fluxes
of various elements removed from the water column to the sediments, it is of inter-

230 .
est to make this sediment/water column comparison for 3 Thexcess . The comparison
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is in Table 4.iii.3, where the water column supply is calculated from the uranium

4y 2
23 u/ 38U activity ratio of sea water (3.3 ug/f and 1.14 respectively,

content and
Ku et al, 1977) and the sediment column inventory evaluated from the expression

(Krishnaswami et al, 1971):

5 = p.S.A.
A
where X is the 230Thexcess inventory per cm2, p is the in situ dry sediment density
(measured for the slowly accumulated brown clay as 0.65g/cm3), 8 is the mean sedi-
ment accumulation rate, A. is the interface (regression line intercept) 230Thexcess
specific activity and A is the 230Th decay constant. It is evident from Table

4,iii.3 that there is marked shortfall, around 40%, in the sediment inventory.
Kadko (1980) found a deficit of 28% for 28 cores from the literature taken in
water depths, between 4600 and 5800m, but attributed at least part of this to
the effects of surficial sediment mixing on his model calculations. The reasons

for the shortfall here are unclear, but the consistency for all three box cores
230Th

suggest that the sediments are systematically failing to record the excess

pro-

duction of the full water column depth.

Geochemical and mineralogical characterisation

This discussion is based on 62 sediment subsamples taken from four box cores and
two Kastenlot cores obtained on four stations. Alternate layers of grey and
reddish-brown clay were described in all cores taken at water depths greater than
5700m (Table #4.iii.l1) the grey clays generally forming graded silty units 10-
80cm thick with coarse, sharp bases. The cores lacking grey silty interbeds were
taken at shallower water depth; on a small topographic high (core 10164 #5BX:
55cm homogenous brown clay in 5613m) and above the carbonate compensation depth
on the northern flank of the Puerto Rico Trench outer ridge (core 10170#1BX: 60cm

of yellowish grey marls and brown clay in 5520m).

These observations are in agreement with those of Shipley (1978), who concluded
that the brown and grey clays are ultimately derived from the same source but
that the grey clays represent distal turbidites (containing more silt-sized mater-
ial) and the brown clays represent slow pelagic deposition. In this study, the
following classification of sediment types has been adopted as a result of both

core description and analytical data:
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1. Homogenous brown clays, subdivided into:
(a) metal-rich or slowly accumulated brown clays,

(b) metal-poor brown clays.
2. Grey clays with some silt-sized material.

3. Assorted minor 1lithologies, predominantly laminated and mottled clays

and predominantly red/brown/orange in colour.

The first two major 1lithologies mentioned above account for 46 out of a total
of 62 analyses, whereas minor lithologies such as orange and tan clays, laminated
clays and yellowish marls, account for 16 analyses. Although the grey clays (18
analyses) are very heterogenous as a group (see Table 4.iii.4), this variability
is coherent in the sense that it can be explained in terms of co-variance of well
correlated variables (see Table 4.iii.s5). The minor 1lithologies are included
in the overall mean of Table 4.iii.H4 even though, as a group, they lack both chem-
ical homogeneity and statistical coherence.

It is only in conjunction with 230Thexcess data that it 1is possible to subdivide
the homogenous brown clays (28 analyses) into 1(a), slowly accumulated brown clays
(16 analyses) with clear enrichment in metals generally regarded (e.g. reviews
by Chester & Aston, 1976; Murray & Brewer, 1977) as hydrogenous (Mn, Cu, Ni and
Co) and 1(b) brown clays (12 analyses) with little or no enrichment in hydrogenous
metals, i.e. metal-poor deep sea clays with no evidence for slow, pelagic deposition

(<1cm/103 yr) yet exhibiting no evidence of turbidite characteristics.

In general, the variations in mineralogy between brown and grey clays support
the suggestion of Shipley (1978) that colour differences are not reflected in
a primary way in mineralogy. XRD mineralogical scans on the same samples used
for XRF analysis have revealed a marked but variable enrichment of calcite and
quartz contents in the grey clays (up to 9% calcite and 15% quartz contents) com-
pared with homogenous brown clays (<2% calcite and < 8% quartz). Nevertheless,
there appears to be 1little systematic difference in clay mineralogy between the

brown and grey layers, as observed by Addy (1978) and Shipley (1978).

The major significant difference between slowly accumulated brown clays, metal-

poor brown clays and grey clays are best summarised by correlation matrices for
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each group which identify the main controls on co-variance amongst the major and
trace element data base (see Table 4.iii.5). Chemical variation between groups
can then be accounted for by changes in the relative importance of five cluster

groups which are as follows:

i. Ni, Co, Cu and MnO - micronodules are evident in the samples exhibiting

this association; (both slowly accumulated and metal-poor brown clays).

ii. A1203, Zn, V and Fe203T - these elements are partly related to the Fe-
rich hydrogenous component in slowly accumulated brown clays, and partly
agssociated with impurities in kaolinite and/or chlorite in grey clays.

They are excluded from the carbonate phase, and from metal-poor clays.

iii. KEO’ Rb and Cr - these elements are associated with illite (the dominant
clay mineral phase in all groups). Cr may be associated with illite
and chlorite in grey clays, but is excluded from illite in slowly accum-
ulated brown clays.

iv. Sr, CO organic C and Ca0 -~ here the association is with biogenic cal-

2 ’
cite, found mainly in grey clays.

v. Si02, Zr and Nb - these elements are associated with the quartz variation

in grey clays.

These five groups of well correlated elements have been interpreted (see Table
4,iii.5) in terms of mineralogical control, i.e. good positive correlations between
pairs of elements are taken to imply a process such as solid solution or an assoc-
iation due to inclusions or coatings, whereas negative correlations imply an exclu-
gsion or dilution effect. If the major and trace element data base were re-
calculated on a salt-free, carbonate-~-free basis, the conclusions drawn from cor-
relation matrices would no longer be valid, due to the removal of a major source
of variance (CaCO3) and the discrimination between slowly accumulated brown clays
and grey clays would become statistically significant (at the 10 level) only for

organic carbon, Rb and the hydrogenous metals, Mn, Ni, Cu and Co.

In comparing the metal-rich brown clays (type 1l(a)) with the grey clays (Table

4.iii.4), it is apparent that the metal-poor homogenous brown clays and the assor-
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ted minor lithologies are intermediate in composition between the two end members
(pelagic clays and turbidites) in most respects apart from carbonate content.
This overall enrichment in preserved biogenic calcite in grey clays is consistent
with an initial rapid deposition and burial of biogenic material and subsequent
transportation from shallower water sites to the Nares Abyssal Plain by turbidity
currents. A comparison of the group mean compositions in Table 4.iii.4 shows
that slowly accumulated brown clays differ from metal-poor brown clays in having
generally higher average contents of MnO, Ni, Cu and Co, but significantly 1lower
contents of K20, Rb and Cr. These differences can be explained if the metal-
poor brown clays result from either an in situ mixing of compositionally distinct
end members (i.e., pelagic clays and turbidites) or a chemical fractionation rela-
ted to transport and settling of particles during a waning current regime. The
latter hypothesis is supported by the grain size and mineralogical variation from
grey silty clays through laminated clays to homogenous brown clays, which is obser-

ved in vertical succession in certain cores (10163#6K and 10164#1K).

The average grey clay composition as presented in Table 4.iii.4 bears certain
similarities to an average shale composition (Wedepohl, 1968) which is itself

representative of near-shore type sediments. However, the SiO2/A1203 ratio is

much lower in the grey clays here (2.96) than Wedepohl's average shale (3.52)

and there appears to be some enrichment in Fe203 , MgO, Ti02,

when account is made for quartz dilution. It must be stressed tnat the grey clays

Ce, V and 2Zn, even

are very heterogenous as a group and that their range of variation (apart from
SiOz, MgO, Rb, Sr, Y, V and Zn) eéncompagses average shale composition. The average
mineral composition of shales ( Wedepohl, 1971) shows much more quartz and feldspar
than any Nares grey clays (see Table 4.,iii.6), whilst the proportion of kaolinite
is much greater in all the Nares sediments than average shale and also most North

Atlantic sediments (Griffin et al, 1968; Windom, 1976).

Since the metal-poor brown clays are intermediate in composition between slowly
accumulated brown clays and grey clays, we can assume that they probably result
from intermediate and limited up-take of hydrogenous metals onto an illite domin-
ated detrital matrix. This detrital assemblage shows evidence of grain size and
mineral fractionation away from rapidly accumulated grey clay - the coarsest frac-
tion of the silty grey clays appears enriched in quartz and has a clay mineralogy
dominated by illite and chlorite. An enhancement of kaolinite in the slowly accum-~

ulated brown clays (relative to average shale) reflects either the finest grained
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fraction of transported near-shore sediment, or alternatively may reflect a greater
proportion of windborne dust derived from the NE Trade Winds (Delany et al, 1967).
Under no condition, however, can the trace element abundance pattern of the NE
Trades aeclian dust (Chester & Johnson, 1971) explain the hydrogenous element

enrichment of the slowly accumulated brown clays in the Nares Abyssal Plain.

In conclusion, the slower the rate of sedimentation for a particular core section,
the greater is the uptake of hydrogenous metals and the greater 1s the relative
proportion of kaolinite in the bulk mineralogy. Thus there is an association
between fine grained kaolinite and micronodules in the more pelagic of the Nares
Abyssal Plain brown clays. The rate of accumulation for the metal-poor brown
clays must be slow enough to ensure almost complete decomposition of organic mater-
ial within the sediment whilst being fast enough to 1l1limit the growth of micro-
nodules and coatings rich in hydrogenous metals. The more rapidly deposited grey
clays 1lack micronodules and are comparable in terms of chemical composition to
near-shore sediments - thus the grey clays represent a sporadic, detrital input
of sedimentation which can be mixed in variable proportions with a pelagic compon-

ent to produce the sections observed.

A model for metal accumulation in the slowly-accumulated brown clay

As discussed in the previous section, a comparison of the metal contents of the
2
BOThexcess data suggests an association between the elements

Mn, Co, Ni and Cu and 230Th levels in the homogenous brown clay sediment
230 excess

types. Where the Thexcess gpecific activities are high in the pelagic brown

clay sections (indicating slow accumulation rates), high concentrations of those

sediments with the

elements are also found. The converse also holds, for example in core 10163#6K
230
between 80 and 100cm, where the homogenous brown clay has low 3 Thexcess values,

these transition element contents are not greatly enriched over shale values
(Figures 4.iii.3. and 4.iii.5.). The fact that low contents of the redox sensitive

element manganese are observed in the pore waters of the box core sections with

high metal contents is taken as evidence that diagenesis is not the primary cause

2
3OTh is considered
excess

to be supplied to the sediment entirely by scavenging from the water column, so

of enrichment. It has been remarked previously that

it appears reasonable to expect a similar source for the transition element enrich-
ment. This expectation prompts examination of the fluxes of the transition elements
in the four instances where the radiometric data yield reasonable accumulation rates

(29-71lcm in 10163#6K, and the box cores 10163#3BX, 10164#5BX and 10170#1BX).
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In Figure 4.iii.6 the metal data have been averaged over the same core section
230
intervals for which 3 Thexcess mean accumulation rates have been estimated, and

their mean fluxes plotted against the total accumulation fluxes for the same inter-
vals. This procedure is similar to a model developed by Turekian (1965) for the
case where all or part of the trace element content of a sediment is added at

a rate independent of the clay accumulation rate (in fact Turekian did not find

230

3 Th
excess

to it). Here it is used to evaluate the concept that the transition element con-

any case to utilise this model but suggested that might approximate
tent is a function of a constant hydrogenous flux superimposed on a variable det-

rital flux of constant composition:

where LF is the total mean flux of the element, FH is the hydrogenous flux of
the element, s is the total mean sediment flux and k is the concentration of the
element in the detrital phase. The regression line data in Figure 4.iii.6 there-
for allow evaluation of both the hydrogenous flux and of the detrital phase content
(Table 4.iii.7). These values are averages over the sampled area of the Nares
Abyssal Plain over a period of around 100,000 years. The 1linearity of the plots
supports the assumption that the composition of the hydrogenous flux is constant

over the area. Secondary factors not taken into account are the differences in

water column depth and the indications from the box cores that there is a deficit

2

30Th
excess

in the sediment inventories relative to water column supply.

The approach taken above is similar in concept, though different in approach,
to other work with a similar theme of a constant hydrogenous flux superimposed
on a detrital matrix of constant composition. Among these are the "trace element
veil" concept for the world ocean as described by Wedepohl (1960) and further
developed and criticised by Turekian (1965, 1967), the "constant flux model" devel-
oped for Pacific sediments by Krishnaswami (1976) and the "constant water column
supply model" of Bacon & Rosholt (1982) invoked for a site on the Bermuda Rise.
There appear to be few other estimates of hydrogenous flux deduced from sediments.
It is clear from Table 4.iii.7 that there is only a modest agreement between the
magnitudes of the fluxes obtained and literature values. Nevertheless, there
does appear to be a tendency for the fluxes to decrease in the order observed

here, i.e. Fe > Mn > Cu > Ni > Co > Zn "~ V.
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Recent work on the trace element content of seawater with low-contamination analy-
tical procedures have reduced estimates of the absolute concentrations of most
of the elements Jjust discussed. As a consequence of these more accurate data
an improved understanding of the element water column relationships with the major
nutrients phosphate and silica has been established (Bruland, 1980, Boyle et al,
1981). Copper exhibits additional complexities in behaviour due to deep water
scavenging and a regeneration into bottom water from diagenesis at shallow depth
in sediments (Boyle et al, 1977, 1981). Manganese is believed to be scavenged
from the dissolved to the particulate phase throughout the water column (K1inkhammer
& Bender, 1980; Landing & Bruland, 1980) and a similar behaviour has been proposed
for cobalt (Knauer et al, 1982). While the relative importance of these different
water column geochemistries may well vary from area to area of the ocean and vary
the magnitude of the different fluxes, it apbears that these variations do not
dramatically alter the sequence observed. It is also noteworthy that the hydro-
genous flux values determined for the north-east Atlantic are higher than those
obtained for the Pacific by Krishnaswami (1976) from a widely-spaced selection

of cores.

Following the suggestion of Chester et al (1973) that sediment enrichments in
this area approximate to the composition of manganese nodules, a further comparison
of the model-derived hydrogenous fluxes (Figure 4.iii.6 and Table 4.iii.7) can
be made with authigenic ferromanganese phases (nodules and micronodules) from
the area of the Nares Fracture Valleys (Addy, 1979). Figure 4.iii.7a illustrates
the result of this comparison, using mean values obtained from Addy's (1979) data.
In order to display all the information simultaneously it has been necessary
to normalise the data against average shale. The plot for the hydrogenous flux
has as its fixed point the same Mn enrichment factor (around 200) as that of the
two micronodules selected. It is evident that the plots for nodules, micronodules
and the hydrogenous flux are generally of the same order of size and sequence
except for Cu. A perfect agreement is not expected, as Moore et al (1981), for
example, have demonstrated that the top and bottom of a single nodule and its
co-existing sediment can all have markedly different relative enrichments of Fe,
Mn and cogeners. Addy (1978) has also shown from a comparison of complementary
nodules and micronodules that differences usually exist. The best agreement in
Figure #4.iii.7a is between the mean of two of Addy's (1979) separated micronodule
fractions which were selected because they show the same Mn/Fe ratio as the hydro-

genous flux. This might be expected as the slowly accumulated brown clays, which
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were the dominant sediment type used in the model to derive the hydrogenous flux,
do themselves contain micronodules. Thus the same pattern of relative enrichment
over shale values is also evident in Figure 4.iii.7a for the means of the slowly

accumulated (or metal-rich) clay type (Table 4.iii.4).

The model also provides values for the detrital matrix on which the hydrogenous
flux 1is superimposed. As can be seen from Table 4.i11.7, these estimates are
in close agreement with the mean grey clay composition listed in Table 4.iii.4
except for manganese where diagenetic remobilisation is a known problem. This
further supports the idea already discussed of a similar source, close in compos-
ition to average shale (Wedepohl, 1968), for both the brown clay and the grey
clay types. The estimated detrital values also compare well with other data,
from different methods, from the Bermuda Rise (Bacon & Rosholt, 1982) and the
North Atlantic (Chester & Messiha-Hanna, 1970). In Figure 4.iii.7b the means
of the slowly accumulated brown clay, the metal-poor brown clay and the grey clay
(Table 4.iii.4) are plotted on a similar basis to Figure 4.iii.7a along with the
model detrital matrix data. This illustrates the points just made concerning
the similarity to average shale, and the effect of the superimposed hydrogenous

flux on the two types of brown clay already identified.

Conclusions

This investigation of six cores from five sites produces a more detailed appreci-
ation of the geochemistry of the near surface (up to 2m) sediments of the Nares
Abyssal Plain, as revealed by the sediment record and associated pore waters.
Together with previous work it illustrates a complex geochemical situation appar-

ently controlled by sedimentation processes.

In line with Shipley's (1978) observations, grey silty clay turbidites were ob-
served only in cores taken from water depths greater than 5700m. Despite the
marked colour difference, comprehensive major element and mineralogical data here
confirm the similarity noted by Shipley between those grey clays and the pelagic

brown clay also commonly observed.

The major modifications introduced here to Shipley's (1978) representation are

that:
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230
i. Over a 105 year time scale the 3 Thexcess data indicate a higher rate of
pelagic sediment accumulation than previously estimated, but consistent

with other Atlantic clay accumulation values.

ii. A grey clay unit found within a decimetre or so of the surface in a
box core from the eastern end of the Plain demonstrates that turbidity
currents have been active until much more recently (on the order of

I
10 years) than shown by previous work (105 years).

iii. Besides the two types of sediment already referred to, there are other
sediment types which have brown as the main colour but which do not

appear to be pelagic.

Interstitial water analyses reveal that the pore water condition is very mildly
reducing. In general mobilisation of the redox sensitive element manganese into
pore solution is not observed in the top 0.5-1m, and this is interpreted as evid-
ence that no diagenetic migration of elements in this zone is occurring. An excep-
tion was observed in one core (1l0164#1K), and here it has been possible to model
the data on the assumption of relatively recent burial of organic material at
depth. It is found that profiles similar to those found could have been estab-
lished in only a few hundred years in these circumstances, and thereafter main-

tained as oxidation proceeded.

2
A strong association has been demonstrated in the brown clays between the }%h

excess
230
3 Th
excess
data are consistent with slow sediment accumulation, clear enrichments of Mn,

data and the hydrogenous suite of elements. In those cases where the

Co, Ni and Cu, and less marked enrichments of V, Fe and Zn are found. These enrich-
ments are not found in the grey clay sections and are less in brown clays with
low and erratic 230Thexcess values. On the basis of this observation a model
has been applied to the area of the Nares Abyssal Plain which allows estimation
of the hydrogenous fluxes of these metals and of their detrital clay matrix concen-
trations. The values of the hydrogenous fluxes follow a pattern broadly similar
to that found in previous studies, but it is clear that the absolute flux values
exhibit considerable geographical variation. The detrital concentrations agree

well with the means of the grey clay analyses and are close to shale values.
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Table 4.iii.1 Details of cores collected

Core Type Latitude Longitude Depth Percentage of
{N) (W) (Corr.m) grey clay
10163#3BX Box 23°41.3" 59°40.9" 5933 31
10163#6K Kasten 23°43.5" 59°41.7" 5947 20
10164#1K Kasten 26°14.0! 60°20.7" 6221 62
10164#5BX Box 26°04.9" 60724, 71" 5613 0
10165#2BX Box 23°43.8" 61°29.4" 5900 4o
10169#4K Kasten 23°44.8" 65°13.0"° 5835 91
10170#1BX Box 21°43.6" 65°30.5" 5520 0
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Table 4.iii.2 Calculated diffusive fluxes in the interstitial
waters of core 10164#1K.

Concentration gradient
(umoles cm™1)

Effective diffusion
coefficient (cm2 sec—1)%

Flux (pymoles cm~2 sec~1)

Time to steady state
(yrs) +

* Silicate value from FANNING and PILSON (1974).
from LI and GREGORY (1974).

06—2 = 0.55.

Total
Manganese Alkalinity Todine Silicate
-6
0.0016 .0025 3.6x10 .0013
1.3x107 3x10~0 5.2x1076  3.3x1076
2.1x1072 7.5x1079 1.9x10711 4 4x1079
110 48 28 43

Other values

Assumed temperature 0°C and

+ Minimum values as assumption is made that linear portion does

not extend below samples interval.

state Dt £72 >0.45 (CRANK, 1956).

Criterion for steady
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Table hexcess water column production
with sediment column inventory.
Corrected Steady Calculated
* Water State Water Sediment
Core Depth Column Column »
(m) Production Inventory
(P d.p.m./cm?) (Zd.p.m./cm?2)
10163#3BX 5933 1600 940
10164#5BX 5613 1500 910
10170#1BX 5520 1500 1000

*

Calculated with an in situ dry sediment density of 0.65 g/cm3

el [

0.59
0.61

0.67

(measured).



- 118

sentea YbBiy ¢ sejedTpul 4
Jequnu [ejoy st N

‘uesul syj jo
tejels uoTjieThwnooe

*(II1)ed se
*(0.0001) uorytuBr uO Ssol - 107 4°(sTseq A4p) wdd ‘uz - gy fm g ‘O Big - 201§

SUOTIRTIASP pUlepuels ede siayoeuq
paJiejur pue anofod o3 Burpaodoe

ut seunbry pue ‘dnoub
sosse[d urew @aiuy) ojul padnoub ese serdues sedey

pesseiadxe o4 (1B - leleq #
IS3TUN  °uesl WOoJ) Pepnioxe
yoes 03} psubrsse sordwes j0

s6 (ZL) L1l (L) Gzl (v) 2 1A (v) ¢l (6) 9zl uz
44 (02) 474 (Z2) G9 2) 9L (02) el slh) LL no
06 (8) v6 (G) 66 () 00l (€) 6 (9) 96 40
oct ) GGl (8) 991 (L) oLt (6) oLl zl) 691 A
61 (v) vZ o IAY (1) 6¢ (cl) 65 (L) 419 o)
89 L) 9¢ (al) 69 (91) 6L (62) LOL (v2) 8L N
81 Ll Ll 8l Ll (2) Ll aN
091 (Z2) a4} (CAD el <€) (19! (oL) oct (Gl) (19} 47
iv %9 A 0¢ IAY (2) 119 A
00¢ (6¢) 86l (¥9) G91 (1) 6¢1 z1L) A} 61) GGl 48
ovl (L) 291 (vi) 8sl (9) 191 (€) 14} <) Lsl N
(v1°0) zv¥°0 8Z°0 (€1°0) 91°0 (01°0) LL°O (LL°0) Lz2*o 2°6up
€ 1 0"y 2°¢ Ls°1 (ov°0) 8°0 (0¥*0) +9°0 ot or°lL o
L2°00L ov"66 86 ‘66 LE°66 (€L°2) zv'e6 w101
6L°6 8v°6 9°8 26 (cr'L) €576 1101
oL or°1 ovt 06"t GG° 1 Loy av't ofeN
26°0 68" L oz 18°¢ 69°¢C (8€°0) 1¥°Z TOeN
9170 - L1°0 8L°0 L1°0 (00°0) LL'0 50%d
LL*O 68°0 18°0 Z8°0 18°0 (zz*0) 28°0 ZorL
19°¢ (Zvr*0) 89°¢ (ov°0) L&°¢ (02°0) 99°¢ (vL°0) €¢€°¢ (p€°0) 68°¢ ey
127z (9¢°1) v8°¢C (92°2) 8z°'z (Lg'0) 9zl (82°0) (0"t 66°L) 16°1L 0ed
09°¢Z (82°0) 62°¢ (92°0) 2ZL°¢ (62°0) ¢2°¢ (€1°0) ¢€0°¢ (92°0) (Ll°¢ 0B
10 (¥0°0) »0L°0 (LL*0) ¥€°0 (0L70) 62°0 (r1°0) ¢€s°0 (02°0) 6£°0 OUW
68°9 (66°0) &£°L (6v°0) ¢€8°L (€v°0) vi'g (¥1°0) 61°g (69°6) &8°L Floed
€9°91 (bv*L) vO°LL (86°0) ¥9°LL (yL°0) ZL° 8l (ZL°0) 19°81 Z1') 88°Ll folv
19°86 (8€°¢) v¥lg (s€°2) zZi'os 6£°1) 90°1¢ (L6°0) 9070 (62°2) 19°04% 2018

Gl =N 6L = N ZL =N 91 = sesAteuy zg jo

ueely dnoa9 uesaw dnoag uesw dnoig uesw dnouao uesuwt [[eJIBA0

(8961) T14Yodepem so1boroylty sAeid umouq *sAe1o umouq ISjUBMTpPOsS uield

a1eys ebeueay skerd Aeud JouTw peljsossy Jood-1elen pejejnwnaoe ATMOTS 1essAqy seden

(8961 ‘IHOJIAIM) uotITSoduwod sreys ebesere yiTm
pesedwos (Apnis sTyYl) sefdwes Juswipes Y1Ng O uoT}Tsodwod juowala ededy pue Jolew ebeseAy ¢ rTIt'y ofqe]



*euoTe B3ep FQlQl UOTIEIS uo

XTJlew OZ X 0Z WOJ4 ONTeA 4 S8IRDTPUT 4

*XTa3eu

Jernorised yoee uy SOTQRTIRA JO SJISQWNU UT SUOTIRITWI] O} 8NP ©J8 SON[eA jUesqe pue (99°0 > 4) 3uedTyTubrs A1yeem ATuo
8JE S3eyoe.q UT senfeA  “xTJiiew paysTiqeise A1ejeledes yoes wouy peionb ese suOTIRTEJI00 JUedT4TUBTS ATUBTY ‘earyTsod 1TV :@3j0u3o04

*sAero Aaub uy jue3u0d uoDITZ
pue ziienb uT uorieruea Aq pellodiuc)

sAkero Aeub
UT ©3TOTEeD UT SuoTiettea AQ payrroLiuoc)

*sAe1o Aeisb ur Arisow
‘O3TUTTORY pue 83TJOTYD O3 UoCWWOd
SOT3Tanduwt UT SuOTIBTIEA AQ PBTO43uU0)

*sAe[d umMo4q paieTNUNDOR ATMOTS WOJ}
pepnioxe ‘sAera A311s Aeub ur peyotiue
! *83TTIT Ul suoriersea Ag peiroJ43uc)

*sAero

Keab snousboieysy yitm pejeroosse Ar3jsed
*jusuodwos snousboipAy yiIm pejeroosse
AT3ded :(yori-e4) ser3jtiandur psjerososse
+ ©1TUTTORY UT SUOT3IETJRA AQ Paf1o43luo)

- 119

*stseusberp uw Aq peidajje ‘sAerd umouq
pajernunooe ATMOTS UT paydTJdue :jueuodwos
snousboupAy ul suotiersea Aq parioJ3iuo)

Sjuswwo) pue uorjiejesdisjuy

¢ - - - (66°0) aN 17z
£€8°0 - (1°0) (96°0) 12 Co1s
%GL0 - - [VA) Bi0  0e0
v - - - (tv°0) <00 0%
08°0 - (Lz*0) vL*0 Js 200
96°0 (zZ°0) (Lo (07°0) o) uz
qag L6 0 (z6°0) (8L°0) (65°0) 1) €oley
26°0 - vL*0 (6£°0) 1 folty
B ) £9°0- T T (T T T T T T T T T T T T Iy TG
eg ¥6°0 (61°0) (10°0) (96°0) L) R
£6°0 (26°0) (62°0) €60 X 0%
€60 (LZ°0) 69°0 28°0 A *0led
26°0 - (¥5°0) £8'0 0 1v £0Cleq
. £6°0 (66°0) (87°0) 68°0 uz £oleq
96°0 (20°0) 98°0 98°0 AUz
96°0 - 28°0 88°0 uz €01y
$6°0 - ¥8°0 88°0 A 0TV
(g0 (¥0°0-) 19°0 (v7°0) uZ OUW
(1<°0) (£$°0-) LL*0 (1v°0) A OUW
(L£°0-) 68°0 ZL*0 (90°0) as N
L (20°0) (99°0) £6°0 (£6°0) IN OUW
- zL°0 ZL'0 18°0 oy
(€z°0 (8°0 ZL*o 68°0 ny IN
- v6°'0 18°0 6°0 ) IN

“xXTi3eu “XTda3eu XTJ3eu XTa3en

Gl % 6L ZL x Z1 91 % 91 Lz x 9

(2) (a1) (et) 11e48A0

TS3UeTDT4480) UOIIEe[ello)

*(Z) sAero Aaab pue

(ql) sAeio umouq tood-Tejauw

(®1) sAe1d umoiq peje[nunode ATMOTS

‘eseqeiep T1LJOA0 UT se[qelder TedTweyd JO suTed Joy PeIRTNOTED SIUSTOTS 4800 uoTiereJu0d JO Asewwng G IITI'y o1qel



- 120 -

Table U4.iii.6 Mineralogical composition of Nares Abyssal Plain sediments (1)
compared with composition of average shale (2)
aeolian dust (3 and 4)
and North Atlantic deep-sea sediments (5)

1 2 3 4 5
Illite 4o - 55 45 - 55 37 54 48
Quartz <5 - 15 20 10 - 13
Feldspar 1 - 5 10 - 15 - - -
Chlorite 0 - 10 14 9 13 9
Kaolinite 15 - 30 29 28 17
Smectite 0 - 10 - - <5 14
Calcite 0 - 10 3 14 - -
K+C* 0.28 0.6 - 1.2 1.0 0.76 0.54
I
Footnote: 1. Range of 62 bulk XRD scans (this study)
2. American and European shales (WEDEPOHL, 1971)
3. N.E. Trade wind dust, Barbados (DELANY, et al., 1967)
4, N.E. Trade wind dust, Barbados (GLACCUM, 1978)
5 (GRIFFIN et al., 1968; WINDOM, 1976)

All values quoted as either average composition or

total range of percent weight abundance.

*¥K+C/1I is ratio of kaolinite plus chlorite to illite.
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Table 4.iii.7 Comparison of estimated (1) pelagic brown clay detrital
compositions and (ii) hydrogenous fluxes, of V, Mn, Fe, Co,
Ni, Cu and 2Zn.

(i) Detrital compositions (p.p.m. by weight)

Nares Nares Bermuda North qd Av
Element A.P. Brown A.P. Grey Rise Atlantic Pacific eragg
a Shale
clay clay (GPC-5) average
Y 157+ 11 157 - - - 130
Mn 570+360 770 600%300 582 2087 850
Fe(x1073)  49.2:1.2 51.8 51%3 - 38 43 48
Co 24t 13 27 23%2 12 31 - 48 19
Ni 63t 15 60 6614 63 51 - 92 68
Cu 50% 10 52 369 67 169 -~ 224 45
Zn 114 6 118 124%7 - - 95
- 2 3
(ii) Hydrogenous fluxes (ug/cm” . 10~ yr)
Element Nares Northwest p 4
Abyssal Atlantic Caribbean Pacific
Plain {Gulf Stream)
\ 6+ 2 - - -
Mn 1300+ 50 4300*1100C - 500
Fe 26004200 - - 800
Co 13+ 2 7.2%5.7 7.4 5
Ni 17+ 2 L6t 16 10.7 10
Cu 26+ 2 76 26 18,2 8
Zn T+ 1 17 20 - -
a. Table X, this work
b. BACON and ROSHOLT (1982)
c. CHESTER and MESSIHA-HANNA (1970)
d. KRISHNASWAMI (1976)
e. WEDEPOHL (1968)
f. Turekian (1965)
Note: uncertainties quoted are derived from one standard deviation of the

regression line slopes and intercepts.
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TABLE 4.1ii.8

Interstitial Water Analysis: List of Results
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Table 4.iii.8
10165 # SG
Depth Si POM NO3 ZIodine Iodine
cm Um um Lm um Um
0 -2 117 4 23 0.56 0.22
2 - 4 122 8 23 0.46 0.06
b -7 138 7 26 0.61 0.12
7 -9 132 4 26 0.59 0.07
9 -11 - 5 22 0.68 -
11-13 117 5 19 0.61 0.05
13-15 113 5 22 0.76 0.15
15-17 119 2 23 0.74 0.07
17-19 121 5 22 0.74 0.04
19-21 117 5 24 0.79 0.37
21-23 123 5 22 0.84 0.15
25-27 123 5 24 0.96 0.14
31-33 - 4 25 0.96 0.35
35-37 130 4 24 1.02 0.21
43-45 138 5 11 0.98 0.32
47-49 160 1 - 0.56 0.50
53-55 103 5 13 0.60 0.56
Note:

Nutrient data on this core obtained from stored samples at

shore laboratory.

Todate Manganese

Um Jm
0.34 -
0.40 0.5
0.49 0.6
0.52 0.7
- 1.4
0.56 0.8
0.61 0.8
0.67 1.4
0.70 0.9
0.41 0.9
0.70 -
0.82 0.4
0.61 0.7
0.82 0.5
0.65 1.0
0.06 16.6
0.04 -
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Table 4.1ii.8 (continued)

Depth cm LIodine um Iodine um Iodate um Manganese ym
10163#3BX
0o - 3 0.39 0.22 0.17 1.0
3 - 6 0.38 0.25 0.12 1.6
6 - 9 0.36 0.21 0.15 0.5
9 - 12 0.39 0.27 0.12 1.1
12 - 15 0.36 0.25 0.11 0.6
i5 - 18 0.48 0.36 0.12 1.2
18 - 21 0.48 0.36 0.11 0.7
21 - 24 - - - 0.6
24 - 27 0.55 0.41 0.14 0.6
27 - 30 0.60 0.48 0.12 1.1
30 - 33 0.33 0.18 0.15 -
33 - 36 0.39 0.27 0.12 -
36 - 39 0.24 0.10 0.13 -
39 - 42 0.28 0.02 0.25 -
42 - 45 0.38 0.09 0.30 1.0
4s - 48 0.42 0.17 0.25 1.2
48 - 51 0.35 0.19 0.17 2.3
51 - 54 0.35 0.07 0.28 0.6
54 - 57 0.33 0.16 0.17 0.5
10163#3K
11 - 18 0.52 - - -
18 - 25 0.49 0.44 0.05 -
46 - 53 - - - -
53 - 60 - - - 0.3
83 - 90 0.52 0.33 0.20 0.8
93 - 100 0.60 0.53 0.09 0.8
123 - 130 0.52 0.26 0.25 0.7
143 - 150 0.66 0.51 0.15 1.2
10164#5BX
0 - 3 - - - 0.1
3 - 6 0.39 0.13 0.27 0.2
6 - 9 - - 0.30 0.1
9 - 12 0.31 0.03 0.28 0.1
12 - 15 - - 0.27 0.3
15 - 18 - - - 0.3
18 - 21 - - - -
21 - 24 0.40 0.08 0.32 0.3
24 - 27 0.24 0.04 0.20 0.1
27 - 30 0.24 - - 0.1
30 - 33 - - 0.18 -
33 - 36 0.31 0.23 0.08 0.2

36 - 39 - - - -
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Table 4.i1ii.8 (continued)

Depth cm Llodine ym Iodine Um Iodateum Manganese y m
10164 #5BX(continued)
39 - 42 0.35 - - 0.5
k2 - 45 0.31 0.31 0.0 0.3
4y - 48 0.30 - - 0.6
48 - 51 - - - 0.4
10164 #1K
23 - 29 0.56 0.21 0.36 8.5
35 - k2 - - - 9.1
48 - 55 0.42 0.34 0.08 13.1
61 - 67 0.46 0.46 0.00 23.1
90 - 96 0.48 0.48 0.00 63.1
124 - 131 0.71 0.71 0.00 117.3
137 - 143 0.72 0.72 0.00 140.2
161 - 168 0.77 0.77 0.00 156.9
168 - 174 0.80 0.80 0.00 183.3
181 - 187 0.81 0.78 0.04 211.8
10165#2BX
0 - 2 0.55 0.15 0.40 0.2
2 - 5 0.45 0.06 0.39 0.3
5 - 8 0.33 - - 0.1
8 - 11 0.50 0.15 0.36 0.2
11 - 14 0.54 0.12 0.42 0.3
14 - 17 0.56 0.16 0.40 0.3
17 - 20 0.61 0.15 0.46 0.3
20 - 23 0.56 0.13 0.43 0.1
23 - 26 0.78 0.20 0.58 0.1
26 - 29 0.48 - - -
29 - 32 0.68 0.16 0.52 0.2
32 - 35 0.73 0.14 0.59 -
35 - 38 0.86 0.17 0.69 0.5
38 - M1 0.85 0.11 0.74 0.5
41 - 44 0.74 0.11 0.62 0.6
4y - 447 0.72 0.4y 0.29 0.5
47 - 50 0.81 0.61 0.20 0.1
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Table 4.iii.8 (continued)

Depth cm LIodine Hm Icdine pym Iodate im Manganese Um
10170#1BX
0 - 0.5 1.03 0.53 0.50 0.1
0.5 - 1 0.74 0.30 0.45 0.2
1 - 2 0.65 0.30 0.35 0.1
3 - ) 0.56 0.20 0.36 0.6
6 - 7 0.58 0.22 0.36 0.1
8 - 9 0.56 0.18 0.38 0.8
i0 - 11 .76 0.48 0.28 0.7
11 - 12 0.61 0.14 0.47 0.3
13 - 14 0.61 0.15 0.45 1.1
15 - 16 0.77 0.27 0.50 1.3
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Table 4.iii.oQ

Sediment analysis for major and minor elements: List of Results

(Note: Fq2Q3 : All Fe expressed as Fe (111) LOI
Loss on ignition at 1000°C. Org.C : organic carbon).
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Table 4.iii,10

Radiochemical Analysis: List of Results

(Note: quoted uncertainties are derived
from one-sigma counting statistics).
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STATION 10163

lodine um Manganese um Silica um
50 100 100 200 #m
0 0 05 _0

I—-&———v—'——!-

depth

501

1001

lodide

150+

lodate

200

STATION 10164

lodine um Manganese um Silica um
0 05 50100150 200 100 2(?0 3(')0 1(})0
o + —+——+ s

depth

50+

lodide

lodate

150+

200

Figure 4.iii.2 Concentration/depth profiles of the interstitial water contents

of 1iodine, manganese and silica at Stations 10163 and 10164.

The profiles are composites from both box and Kasten cores recov-
ered at these stations.
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Figure 4.idii.4 Core descriptions and Th data versus depth for the four

excess
box cores studied. The surface intercept (A, ) and sediment accum-
ulation rates derived from the best-fit lines are also shown.
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Figure

Element flux (l.lg/cmz. lOsyr)

Element flux (ng/cmz. ]03yr)

4.14i.6

90+

0-6

1% P x
N0 ™ —_
10 3 H* 3
S0 3 S
2.6] | l§§ L L 9 1 '9 1
0-1 0-2 03 0-4 05 0-6 07

Sediment flux (g/cmz. 103yr)

Regression lines of the fluxes of the elements Mn, Fe, Co, Ni,
Cu and Zn on the total mean sediment fluxes derived from the
gediment accumulation rates of cores 10164 #5BX, 10163#6K,
10163 #3BX and 10170 #1BX. The slope values, corresponding to
the detrital matrix content of the element, and the intercept
values, corresponding to the hydrogenous flux of the element,
are also shown (see text, Section 4 ). (A similar treatment
can be made for vanadium on a different scale).
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FIRST ROW TRANSITION ELEMENT ABUNDANCE PATTERNS IN
NARES ABYSSAL PLAIN SEDIMENTS AND NODULES
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Figure #4.iii.7 7a (upper): Shale normalised enrichment factors for some first
row transition elements in the derived hydrogenous
phase, in nodules and micronodules from the Nares
Abyssal Plain area (ADDY, 1979), and in the slowly-
accumulated brown clay. The Mn enrichment factor
of the micronodules has been used as the fixed point
for the hydrogenous phase plot.

7b (lower): The mean values of the various types of sediment
identified (Table 4.1ii.4) and the derived detrital phase,
normalised against shale and plotted for some first
row transition elements. The similarity of the
derived phase, the grey clays and shale is apparent,
as 1s the effect of the superimposed hydrogenous
flux on the brown clay composition
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4.iv CAPE VERDE ABYSSAL PLAIN

4.iv.a Regional Setting

The Cape Verde Abyssal Plain was studied by IOS during Farnella cruise 4, using
GLORIA and seismic reflection profiling. The results have been reported by Kidd
& Searle (1984), This followed an earlier reconnaissance carried out by 2.2 kHz
profiler during Discovery cruise 118 (McGiveron, 1981). The majority of the work
in the area has been carried out at the CV1 location (near 25°N, 25"W) by the
French, and has been reported in Anderson (1980, 1981, 1982, 1984), Nuclear Energy
Agency (1984) and Auffret et al (1984a,b).

CVl was originally thought to be on a distal abyssal plain, but SEABEAM, coring
and GLORIA studies all revealed considerable evidence of energetic sediment trans-
port, coarse-sediment deposition, and possibly channelling. The sea bed is 4850m
deep and slopes westward at 1.2%. It now seems that the location would be more
properly viewed as part of the lower continental rise, and sediment transport
processes there may be too energetic and too inhomogenous for it to be a prime

gsite for waste disposal, at least with shallow emplacement.

The Discovery and Farnella cruises were designed in part to seek a more distal
abyssal plain setting west of CV1. However, it was found that strongly developed
gsediment lineations persist as far west as 28 W-29°W, by which point there are
numerous abyssal hills so that no extensive flat sea floor could be found there.
Although the precise nature of the sediment lineations seen by GLORIA has not
been proved here, by analogy with similar features elsewhere we interpret them
as indicative of relatively high-energy bed-transport, possibly accompanied by
local sand deposition and erosion. It seems unlikely that there is any extensive

distal abyssal plain in this region.

4. iv.b Chemistry

CVl Area

Only one core from the CVl1 area was investigated, core 10399#7K which was collected

on RRS Discovery Cruise 125 in 1982 (Thomson et al, 1982). This was a 2m Kastenlot

core collected more or less in the centre of the CV1 area (25°16'N,25°26'W: 5235m).
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Data collection on this core was well advanced before it was appreciated that
it represented a repenetration sequence of the type occasionally seeem with the
Kastenlot corer (Weaver & Schultheiss, 1983). The core is probably good to 86cm
depth (Tables 4.iv.1 and 4.iv.2): from 70-85cm a sand layer is present and this
appears to have terminated the corer's penetration. The remainder of the core
(89-126cm) seems to represent two repenetrations of the overlying pelagic carbonate
marl with an incomplete stratigraphy. The compositional data for this core is
collated as Table 4.iv.2 and the radiometric data as Table 4.iv.2, but no further

interpretation seems warranted.

CV2 Area

On RRS Discovery cruise 129 in 1982 (Wilson et al, 1982), station 10552 was devoted
to intensive geochemical sampling.on the most westerly plateau of the area. Success—
ful deployments were made with the IOS box corer and a 2m Kastenlot corer to obtain
sediment samples from which porewaters were obtained by squeezing. The IOS Mark

IT porewater sampler was used to obtain porewaters in situ.

Sediment and Porewater Sampling in the CV2 Area

on "RRS Discovery" Cruise 129

Identification Latitude Longitude Water Depth (m) Sampling
1055242 19°23.1'N 29°53.6'W 4683 2 metre Kastenlot
core.
10552#7 19°24.5'N 29°52.7'W 4735 Pore water sampler
(I0S Mark II).
10552#9 19°27.3'N 29°53,6'W 4655 4lcm box core.
10552#11 19°21.2'N 29°52.5'w 4745 Pore water sampler

(I0S Mark II).

Porewat :rs

Figure 4.iv.1 is a composite of data obtained from porewaters squeezed from corer
sediment and from porewaters collected in situ at station 10552. The data are

tabulated as Table 4.iv.3.
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It is evident that the porewaters at this site are well oxygenated: extrapolation
of the data trend of the dissolved oxygen profile suggests in fact that they may
remain oxic to at least 10m. This observation is that expected of pelagic accumul-
ation where the incoming flux of organic carbon is remineralised extensively at
shallow depth in the sediment, with only a refractory Corg component being buried
and further oxidation only taking place slowly (Miller & Mangini, 1980; Grundmanis
& Murray, 1982). As a result of the availability of oxygen, denitrification does
not occur, and a slight increase is seen in nitrate concentration with depth due
to nitrification as a result of the slow remineralisation of more refractory organ-
ic carbon by oxygen. This process has been modelled at this site (Wilson et al,
1984), and Figure 4.iv.2 shows the fit of the model to the data for the longer
core, 10552 #2K. The total metabolic rate of COrg in the sediment <column is

1.08 x 10713

2 -1
moles. cm .sec (Wilson et al, 1984). Also as a consequence of
oxic conditions, no remobilisation of the redox-sensitive metal manganese is obser-
ved, and dissolved manganese remains below detection limits at all depths.
230

data and sediment accumulation rates
excess

Radiochemical measurements for the 230Thexcess method were carried out on three
cores from CV2: the box and Kastenlot cores from RRS Discovery station 10552,
and a CNEXO Kullenberg core KS06 collected during the French SEABED cruise to
this area. Fourteen analyses spaced over 180cm depth were made for the IOS cores
and 6 on samples from near the top of core KS06. Micropalaeontological studies
of the coccolith component of these cores were also carried out by Dr P.P.E. Weaver
(I0S). The radiochemical data for thé alpha emitting isotopes of uranium and
thorium are tabulated as Tables 4.iv.4, 4.iv.5 and 4.iv.6, and the 230Thexcess plot
for the I0S cores is presented in Figure 4.iv.3 and for the KSO6 core in Figure

4.,iv. 4.

230

Figure 4.iv.3 shows that the IOS box and Kastenlot ThEXcessdata together suggest
230

a layer of approximately similar 3 mecess activity some 35cm thick, underlain
2

by a zone of regular decrease in 3OTh from which a mean accumulation rate

excess
-1
of 0.42cm.kyr may be estimated. Because 35cm is much greater than the surface

mixed layer thickness commonly observed (7-13cm: Cochran & Krishnaswami, 1980),
it is not believed that the 35cm depth has a biological origin or is a true mixed

2 2
30pn,23

layer. Figure 4.iv.5 shows a plot of the / Th activity ratio versus depth

for the station 10552 cores. This plot has better linearity than Figure 4.iv.3
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-1 230 232
and indicates a mean accumulation rate of 0.48cm.kyr ~. The 3 Th/ 3 Th activity
2
ratio plot is, in effect, similar to a 30'I‘l’lexcessplot expressed on a carbonate-free
basis, and in general is not favoured (Ku, 1976). In the present case, the Th

(232Th

content, with a clay end-member content (i.e. zero carbonate) of 14.7 ppm Th.
2 232
3 3 Th (or

0
It therefore appears that authigenic Th is more closely associated with
clay) than is customarily the case (Ku, 1976). As the clay/carbonate variations

) content of the sediment is inversely correlated with calcium carbonate

in these cores are a function in different climatic regimes of first, the clay
and carbonate input fluxes, and second of carbonate dissolution by undersaturated

bottom water at these depths, this aspect is difficult to resolve fully.

Similar low but variable mean accumulation rates are derived from the biological
marker horizons shown on Figure 4.iv.3 for the station 10552 cores, 0.32 and 0.41

-1 -1
cm.kyr , and with the average rate of 0.36cm.kyr obtained from 230Th

measurements and micropaleontological investigations on core KS06. All ezﬁzzz
rates are somewhat lower than the values of 0.5 and O.7cm.kyr_l for a single box
core (KG4O) from the area measured by Mauviel et al (1982). As their data were
based on proxy radiometric methods, a clay/carbonate effect similar to that obser-
ved at station 10552 may be present.

A calculation may be made to compare the sediment inventory of 230Thexcess with
the unique value expected from supply by the overlying water column. The sediment
inventory amounts to between 60 and 70% of the water column supply for cores 10552
#2K and KSO06, depending on the assumptions made. A recent review (Kadko, 1980)
found a mean value of 72% of potential water column supply in 28 cores from between
4600 and 5800m water depth. It therefore does not appear that substantial sections
of the studied cores are missing, despite the low and variable accumulation rates

found.

Geochemical characterisation

Sediment analyses were performed by XRF on fused discs for major elements (Si02,

C Ti P
A1203 , Fe203, MnO, MgO, CaoO, K20, 102 and 205) and on pressed powder pellets
for minor elements (Rb, Sr, Y, Zr, Nb, Co, V, Cr, Cu and Zn). Nineteen analyses
were made on core 10552#2K, 4 analyses on core 10552#9BX, and 22 analyses on core

KSO06, as listed in Tables 4.iv.7, 4.iv.8 and 4.iv.9 respectively.
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The most striking feature of the concentration/depth profiles of core 10552 #2K
(which also applies to the other two cores) is that two main profile shapes are
found. One shape is that typical of the aluminosilicate elements; the other is
its mirror image and is exhibited only by Ca0 and Sr. The first shape is exhibited
Sio of the major elements, V, Zr, Zn, Y and

by A120 Fe O MgO, K20 and TiO

’ 2’ 273’ 2
Cr of tge trace elemznts, and U and Th (Table 4.iv.4). The two shapes are exempli-
fied by Figures 4.iv.6 and 4.iv.7 for a major (A1203) and trace (Cr) element on
the one hand and by figure 4.iv.8 for Ca0 on the other. The profiles are therefore
consistent with a simple two-component mixing of biogenic calcium carbonate with
a clay or aluminosilicate fraction of uniform composition. The variations in
calcium carbonate content are expected to be climatically controlled, with a vari-
able carbonate input flux and differing degrees of carbonate dissolution in the
sediments by undersaturated bottom water at low accumulation rate. Of the elements
measured here, only the chemically-related Sr shows an association with CaCO3.
As a consequence of the two component-system, good direct correlations are found
between the concentrations of the detrital elements associated with clays, and
good inverse correlations with Ca0. The detrital elements also exhibit constant
level concentration/depth profiles when expressed on a CaCO3 -free basis, e.g.

Figure 4.iv.9 for A1203(carbonate free).

In studies of other sediments on this project a fraction of the elements Fe, Mn,
Co, Ni and Cu have been shown to be enriched over clay or shale levels due to
the hydrogenous or authigenic component of sedimentation which is markedly enriched
in these elements. In the CV2 case it has not been possible to make good estimates
of the magnitude or flux of this component, which must be present at such low
accumulation rates, because of the variable sediment composition. The concentration
depth profiles of these elements in core 10552 #2K are broadly similar to those
of the alumino-silicate elements, and therefore correlate directly with A1203,
although not with such good linearity as the elements mentioned above. Ag the
porewater data indicated that the sediments are well oxygenated, no migration
of the redox sensitive elements is anticipated. Specifically, no Mn2+ was found
in solution, and no solid phase peaks characteristic of MnOx immobilisation are
observed. It has been found in previous work in oxic sediments (Carpenter et
230Th specific

excess
activity, as might be expected since both are derived from some water column scav-

al, 1984) that the hydrogenous component correlates well with

enging process. The observations here that there is a direct correlation of

. 2 2
the hydrogenous component with Al O and that the 30Th/ 32Th. activity ratio

2 "3°
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230
plot with depth has a better linearity than the 3 Th plot, suggest that
230 excess

both the hydrogenous component and the Thexcess are associated with clay in this

case.

As a consequence of the oxic nature of these sediments, the COrg values are gener-
ally low, 0.05 - 0.36wt.%, with the highest values observed near the sediment /water
interface. This is the expected observation in such slowly-accumulated oxic sedi-

ments as discussed in the consideration of the porewater data.

The rare-earth elements (REE) were analysed on 8 samples from core 10552#2K (Table
4.iv.10), to investigate possible changes in provenance or diagenetic variation
within the sediment. Analyses were performed by Inductively Coupled Plasma (ICP)
at Kings College London. Absolute concentrations of the REE vary between 0.3
and 0.8x those of average shale (Haskin & Haskin, 1966) and the REE co-vary with

Y (Table 4.iv.5), having a closely comparable distribution to Al.

When normalised to shale (Piper, 1974), the REE distributions are flat (Figure
4.iv.,10) with no evidence of anomalous behaviour by the redox sensitive REE (Ce
and Eu), or fractionation between the light and heavy end-members. The absence
of fractionation supports evidence from the other geochemical data above that
the sediments remained oxic throughout their history, and indicates that a detrital
aluminiosilicate phase is the major control on the REE with little or no contrib-

ution from authigenic phases.
Conclusions

All the porewater data from the 10552 cores are consistent with a well-oxygenated
sediment at steady-state. This is a consequence of the low overall sediment accum-
ulation rate, below the threshold value for the onset of énoxia in pelagic sediment
columns. It is concluded from the radiometric and palaeontological data that

-1
pelagic accumulation at a low rate between 0.35 and 0.5cm.kyr is dominant in

2
the studied cores. No evidence of turbidites was found, and the BOThexcess inven-
tory suggests that no substantial loss of material has occurred in the past 450kyr.
Despite this, however, both the 23OThexcess and palaeontological data indicate

that accumulation has not been regular in time.
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The compositional data of these sediments are consistent with a simple two-component
system of biogenic carbonate and detrital clay. An unquantified hydrogenous com-
ponent is also present as shown by elevated levels of Mn, Co, Ni and Zn, and like
230Thexcess this component appears loosely correlated with the clay content rather
than the carbonate content. It is suggested that this is caused by climatically
controlled variations in carbonate and clay fluxes, and carbonate dissolution
by undersaturated bottom water at these low accumulation rates. No post-depositional
migration of redox-sensitive metals, and low Corg values, are observed as expected

from a fully oxic sediment section.

Flat REE profiles are observed, suggesting that the aluminosilicate phase is the

major control on REE with little authigenic contribution.
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Figure 4.,iv.2 Fit of model of oxygen, nitrate and labile organic-carbon data for

station 10552. Labile organic-carbon is derived by averaging all

values below depth Z and subtracting from the values above this
depth.
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Figure 4.iv.3 Th data for station 10552 cores.
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CHAPTER 5

PROCESSES

5.1 THE BENTHIC BOUNDARY LAYER

5.i.a Contract Objectives

The benthic boundary 1layer (BBL), adjacent to the seabed and varying from 10-
100m in thickness, is caused by friction between the moving ocean water and the
stationary ocean bottom. Within this layer turbulent mixing is sufficiently strong
that properties such as density (and by analogy a radionuclide source term or
tracer) are rendered uniform in the vertical. Above it the ocean water density

decreases with increasing height and vertical mixing is strongly inhibited.

The contractual obligation has been to examine processes within the benthic bound-
ary 1layer by direct measurement and to construct models and theories for them.
The emphasis of the investigations has been placed on studying those processes
relevant to radionuclide dispersal in order that realistic predictive models can

be developed.

5.i.b Numerical Modelling Techniques

The complexity of flow and turbulence within the BBL demands the use of modelling
techniques in which finite difference forms of the Navier-Stokes equations are
integrated numerically. Simplified versions have been employed to study steady
uniform flow of a stratified fluid over a smooth boundary which gives rise to
a steady BBL (Richards, 1982). This proved a stepping-stone to a (much) more
complex model (Richards, 1984a) in which the flow varies both in space and time.
Such variation, which is characteristic of the deep ocean, required the use of

the very fast and powerful CRAY computer.

5.i.c Observational Programme

Measurements within and above the benthic boundary layer have been made at three

sites in the deep Eastern Atlantic all within water depths of between 4500 and
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5300m; their locations are shown on Figure 5.i.l. The first site was on the
Madeira abyssal plain in a flat area with isolated small abyssal hills about 400m
high. The third site was 150 miles west of Madeira on a gently sloping part of
the lower continental rise. The second site was in Discovery Gap, a narrow and
rugged channel in the East Azores Fracture Zone which communicates between the
deepest levels of the Madeira and Iberian Abyssal Plains. The varying topographic
nature of these sites ensures that benthic boundary layer and dispersion character-

istics are quite different.

Flow was measured using moored self-recording current meters in groups of about
20 at heights between 1m and 1000m above the sea bed. The duration of these
measurements was between 3 months and 1 year. Currents were also measured by
acoustic tracking of a cluster of between 5 and 10 neutrally buoyant floats:

these floats follow the water at a fixed depth and were deployed 100-300 metres
above the bottom. Such observations require the presence of the ship nearby and
hence were limited to 10 to 20 days at each site. In addition to the flow measure-
ments temperatures are routinely recorded by current meters. Additional observ-
ations were made by lowering a platinum resistance thermometer on a conducting
wire from the ship. The latter measurements yielded profiles of temperature with

depth often revealing the benthic boundary layer in a direct manner.
The extent and scope of the experimental program is summarised in the accompanying
table. The resources brought to bear on each experiment are considerable and

their cost has been shared by NERC and DOE.

5.i.d Experimental Results from the Madeira Abyssal Plain

Twenty 1lowered temperature profiles were made within a circle of 50km radius:
the bottom mixed layer had a thickness between 20 and 120m (Saunders, 1983a,b).
The numerical modelling suggests that this variation is brought about by weak
convergences and divergences in the flow which respectively thicken or thin the
BBL (Richards, 1984a). Where the flow is strongly divergent the BBL may become
very thin and sharp boundaries or benthic fronts are produced. Such fronts, the
oceanic counterparts of atmospheric fronts, are found in the temperature records
and tilt at a mean angle of 10° to the horizontal (Thorpe, 1983). Fronts may
sweep up water in contact with the sea floor on one side and eject the water at
a height of 50-200m on the other. The frequency and efficiency of this process

which is potentially important for radionuclide dispersal is not yet determined.
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Near bottom currents contain three major components: tides, inertial oscillations
and low frequency currents. The low frequency component has periods of between
20 and 100 days and a root mean square magnitude of 2.5 cm/s, see Figure 5.i.2.
Mapping the flow at a level 10m above the sea floor, see Figure 5.i.3, reveals
eddy like motions with a scale of about SO0km in the horizontal. These periods

and scales are correctly reproduced in the numerical model.

Mixing of a tracer in the horizontal direction has been estimated within the BBL
from the current meter data, from the dispersion of the cluster of floats and
from the numerical model calculations. For separations between 1 and 20km, the
square of the separation of a pair of particles is found to double in 10-15 days.
On average, particles initially 0.5km apart spread to 20km in about one half a
year; the average concentration falls by a factor of (20/0.5)2 or 1600 in this
time. Tracer mixing at scales greater than the eddies shown in Figure 5.i.3 has
also been estimated from the current measurements yielding diffusivities of
106cm2s-1. A cloud of tracer of diameter 100km thus halves its concentration
in about 40 days. It is encouraging that the numerical models gives generally

quite similar results (Richards, 1984b).

5.i.e Experimental Results from Discovery Gap

Detailed bathymetric surveys have revealed Discovery Gap as a valley about 150km
in length with axis lying in the direction 060°, see Figure 5.i.4. The sill which
lies on the section AA' near a depth of 4700m is approximately 500m above the
abyssal plains north and south of the Gap and 500m below the level of East Azores

Fracture Zone (Saunders, 1984),

Year-long current measurements made at a section of the channel which is only
about 10km wide reveals quite steady and persistent flow from the Madeira to the
Iberian basins. Water with (potential) temperature lower than 2.05°C occupies
the deepest levels, see Figure 5.i.5, and has a flux estimate of O.2i0.05x106m3s_1.
This discharge spreads out east and north of the Gap exit where it is warmed by
geothermal heating from the seabed and also by mixing with the overlying warm
water. By assuming the abyssal water temperature there does not change with time,
a value of 2cmzs—l is derived for the downward diffusivity of heat within the
water column. This value is similar to that found from larger channels in the

Western Atlantic (Hogg et al, 1982; Whitehead et al, 1982).
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If a tracer was rapidly mixed up within the BBL to a height of 50m, and if the
layer then separated from the bottom and diffused vertically at the rate suggested,
namely 2cm2a-’1 , within one half a year the layer thickness would have grown to
only 150m, producing a dilution of a factor of only 3. These calculations illust-

rate the anisotropy of vertical (x 3) and horizontal (x 1600) dispersion.
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Table 5.i.1 Details of BBL experimental programme

Site 1

Madeira Abyssal Plain

Site 2

Location 33°N 22°W: with depth 5300m approximately.
No. of moorings deployed 7. No. of current meters 21.
No. of neutrally buoyant floats launched 12.

No. of lowered profiles within radius of S0km 20.

RRS Discovery Cruises 114, 117, 122.

Discovery Gap

Site 3

Location 37°N 16°W: water depth 4700m approximately.
No. of moorings deployed 8. No. of current meters 12.
No. of neutrally buoyant flocats launched 10.

No. of lowered profiles within region 25.

RRS Discovery Cruises 130, 138.

Madeira Continental Rise

Location 33°N 20°W: water depth 4500m approximately.
No. of moorings deployed 7. No. of current meters 20.
No. of neutrally buoyant floats launched 10.

No. of lowered profiles within 50km radius 20.

RRS Discovery Cruises 1356, 139, 141.

Duration 7 months.

Duration 11 months.

Duration 3 months.
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Figure 5.1i.1 The location of experiments carried out to investigate processes
within the benthic boundary layer.
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Figure 5.1i.4 Bathymetric map of Discovery Gap, depths in 100m. The location

moorings and temperature sections is also shown.
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5.ii MEASUREMENTS OF DISPERSION IN THE DEEP OCEAN

5.ii.a Contract Objectives

The contract has the ultimate aim of directly measuring the dispersion of a cluster
of neutrally buoyant floats at subthermocline depths over a long (up to 2 year)

period. The main components of the present contract were:

(a) Determination of acoustic propagation characteristics of the north east

Atlantic ocean.

(b) Design and construction of prototype neutrally buoyant floats.
(c) Construction of autonomous listening stations.
(a) Deployment of floats and listening stations for trial period.

-

All of these objectives have been achieved and the study is now proceeding towards

the first operational deployment of floats and listening stations.

5.ii.b Background to the Experimental Technique

Neutrally buoyant floats were developed at the IOS (then National Institute of
Oceanography) in the early fifties (Swallow, 1955). These units which followed
a predetermined pressure surface were tracked from an attendant ship by means
of high frequency (7“10kHz) sound signals and thus the float operations were regt-
ricted to relatively short duration experiments limited by the ship cruise endur-
ance and the relatively short (Vv20km) acoustic propagation range. Such floats
have been used in the experimental investigation of the benthic boundary 1layer
reported in Section 5.1i. The concept of a neutrally buoyant float capable of
being tracked over much greater distances originated with Stommel (1955), but

was not achieved until the early seventies {(Rossby & Webb, 1971).

Float tracking over large (>1000km) distances is achieved by the use of low fre-
quency sound signals and relies for its long range acoustic propagation on the

"wave-guide like" nature of the sound speed profile over much of the world's ocean.
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A typical vertical profile of sound speed is as shown in Figure 5.ii.1 with a
near surface maximum due to the relatively high surface temperature and a deep
increase in the homogenous deep water due to the effect of pressure. The minimum
at depths of typically 1000m causes sound rays to be focussed and refracted about

the depth of the minimum (the Sound Fixing and Ranging, SOFAR channel).

Experiments conducted in the northwest Atlantic by US scientists (Freeland, Rhines
& Rossby, 1975) were confined to the tracking of floats ballasted to be near the
SOFAR axis depth. Their sound signals were received by military, land based hydro-
phones. The development of moored internally recorded Autonomous Listening Stations
(ALS) allowed experiments to be conducted in areas away from the western Atlantic

hydrophone network.

The requirements of the radioactive waste disposal project were for measurements
of dispersion at greater depths than were accessible to the depth-limited (2000m)
US floats. Thus an investigation was embarked upon to assess the feasibility

of using SOFAR float technology to make such dispersion measurements.

5.ii.c. Sound Ranging Trials

The presence of the warm, salt layer of Mediterranean water at approximately 1000m
in the north east Atlantic has a marked effect on the local sound speed profile
(Figure 5.ii.2). It causes an intermediate maximum which effectively provides
a double SOFAR channel with the deep channel axis at levels as deep as 1900m in
some instances. Sound signals will be propagated over large distances without
surface or bottom reflections (and hence with low energy loss) over the range
of depths where the sound speed is less than the near surface value. For a profile
such as is shown in Figure 5.ii.2, this would be true for depths as great as 4000m.
In the summer of 1982, trials were carried out to assess the ability of low fre-

quency (250Hz) acoustic signals to be detected over distances of up to 1000km.

Sound sources (in effect moored neutrally buoyant floats) were constructed, and
were deployed on a peak in the East Azores Fracture Zone. The sources were located
at the local deep minimum in the sound speed profile. The audibility of the 80
sec-long swept-frequency pulse was measured by lowering a hydrophone at increasing
ranges from the source and recording the correlation heights achieved at a series
of depths throughout the water column. Simultaneous CTD stations enabled the

local sound speed profile to be determined.
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The results were reported by Gould, 1982 and demonstrated that under the summer
stratification conditions (optimum propagation) the sources could be detected

at depths of up to 3500m for ranges as great as 1000km from the source site.

5.ii.d Float Construction

As has been mentioned previously the floats used in experiments in the western
N. ‘Atlantic were limited to a maximum depth of around 2000m by the collapse depth
of the large diameter aluminium tube used to provide the main instrument housing.
Similar tube of greater wall thickness would have been prohibitively expensive
to produce in the quantity needed for the deep SOFAR float project, therefore
glass spheres were used to provide instrument housings. These, although relatively
inexpensive and unlimited in their operational depth range, required four spheres
to provide the necessary housing (one for electronics, two for batteries and a
fourth for additional buoyancy) and hence required external electrical connections
between batteries and electronics and between electronics and sound transducer.
An additional problem lies in the less well defined compressibility characteristics
of the glass spheres and their protective housings compared with that of a simple

aluminium tube.
Four floats were constructed for the trials experiment carried out in the summer
of 1983. Two were modifications of the sound sources used in the previous year

and two were new floats.

5.ii.e Autonomous Listening Stations (ALS)

The autonomous listening stations used in the USA are of a relatively old design
and thus a new type employing microprocessor circuitry which allowed easier modif-
ication to the recording characteristics of the listening station was chosen.
The design was one originating from France (Centre Océanologique de Bretagne,
COB) produced by Tillier for intermediate range (1500Hz) floats. The deployment
in the summer of 1983 was the first sea trial of the 250Hz version of the Tillier

listening station (TLS). Three of these units were built at I0S.

The listening stations record, every 10 minutes, the times and correlation heights
of the three best correlated signals on each of two channels. (Channel 7 will
be used for all experiments carried out in the Eastern Basin of the N. Atlantic,

Channel 5 is used by workers west of the mid-Atlantic ridge).
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5.ii.f The Summer 1983 Trials

In Summer 1983 on Discovery Cruise 138 a deployment was made of the three TLSs
and four floats (two ballasted to a depth of 3500m and two incorporated in fixed
moorings). The experiment was carried out in the Madeira basin approx. 200km

NE of the GME site.

The uncertainties of predicting the compressibility of all the float components
meant that although the floats had been ballasted at atmospheric pressure in the
laboratory an in situ check on the depth of neutral buoyancy was required prior
to their deployment. In order to achieve this the two free floats were initially
launched with a short range (5kHz) float attached (Swallow, McCartney & Millard,
1974) so that the SOFAR float depth could be measured independently and the float
pair recovered for payload adjustment prior to the final float launch of the SOFAR

floats alone. (Photo, Figure 5.1ii.3.)

The first float pair launch showed that neutral buoyancy was achieved at 3950m
(450m deeper than intended) but an empirically derived ballasting adjustment to

the second float pair enabled the correct depth to be reached at the first attempt.

The floats transmit their signals at 8 hour intervals at predetermined times by
which each float is identified. The signal is an 80 sec long swept frequency
pulse. The arrival time of the signal is determined in the TLS or ALS by correl-
ating the pulse with a reference signal to a resolution of 0.1 sec (equivalent

to a float range of 150m).

Additional information is transmitted from the float by a delayed pulse transmitted
after the first transmission of each day. The delays on alternate days are propor-
tional to pressure and temperature. During deployment the float runs in a fast-
cycle mode and telemeters the pressure so that the level at which neutral buoyancy
is reached can be determined. The floats used in the trial employed a pressure/
temperature telemetry circuit which had not previously been used at these depths
and low temperatures and the P/T telemetry did not work correctly. (The production
geries of floats will employ a French designed P/T board capable of accommodating

any range of pressures and temperatures.)
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The floats and listening stations were deployed at the positions shown in Figure
5.ii.4 (Gould, 1983). As stated previously the free floats were ballasted for
3500m, the moored floats were at 4000m (near the centre of the TLS array) and
at 3500m (the southern float). The array was deployed in early July and recovery
of the moored floats and listening stations carried out on Discovery Cruise 141

in November (McCartney, 1984).

One listening station was missing from its deployment site. Its loss is attributed
to a, now recognised, failure of the acoustic release. The loss of one listening
station degrades the float tracking since three stations are needed to eliminate

clock drift errors and sound speed variations from the data analysis.

The two remaining TLS had functioned perfectly as had the two moored floats.
Subsequent analysis of the TLS data carried out at the University of Rhode Island

showed that all the floats had worked for the full experiment duration.

5.ii.g Results

Figure 5.ii.5 shows an analogue plot of the float signal arrivals at the northern-
most listening station. The main signal arrivals as well as the data telemetry
pulses can be seen. The free and fixed floats can be readily identified by their
variable and constant arrival times. A very striking feature is the decrease
in correlation height with time (dot size is proportional to correlation height).
This deterioration is attributed not to float or listening station malfunction,
since these were checked on recovery, but to the seasonal erosion of the near
surface thermal structure which resulted in a progressive shoaling of lower limit

of the sound channel.

The fixed float at the centre of the TLS array was detectable at both listening
stations throughout the experiment (ranges of " 300km) as was the southern fixed

float at the southern TLS (450km).

Float trajectories were calculated assuming a zero clock drift on the floats and
constant sound speed. The tracks are shown in Figure 5.ii.6. Clock drifts on
the two moored floats were in one case zero and in the other 8 seconds, the latter

equivalent to a position error of 12km.
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The floats launched with an initial north-south separation of 10km moved steadily
northwards at mean speeds of over 2cm/sec throughout the four month experimental
trial. Towards the end of their trajectories they were turning eastwards perhaps

due to blocking by the east Azores Fracture Zone.

The floats will, under prolonged exposure to the high ambient pressures, compress
steadily and hence lose buoyancy and sink. In normal operation the pressure tele-
metry circuitry is used to detect departures from the intended operational depth
and, by electrolytic erosion of a sacrificial anode, to compensate. In the two
free floats the pressure telemetry did not work correctly, each in such a way
that the floats would sink below their intended operational depth of 3500m. An
approxiamte measure of this depth increase can be gained from one float which
did telemeter pressure but with a shifted calibration. The indicated depth change
was 250m over a period of 60 days. This might well account partly for the deterior-

ation of acoustic propagation.

5.ii.h International Aspects of the Float Project

Four other laboratories are involved in SOFAR float work in the NE Atlantic.

Close 1liaison is maintained with all of them. The objectives of the experiments
differ but will all contribute to an improved knowledge of dispersion and mean
circulation in the NE Atlantic. The other projects and their relation to the

I0S work is summarised below and in Figure 5.ii.7.

(a) Centre Océanologique de Bretagne, France (COB)

Investigation of the cross mid Atlantic Ridge circulation south of the
Azores. An array of 4 TLS is used to track a float cluster deployed
at 700m depth near 35N 40°W in July 1983. These floats will move east-
ward into the north Madeira basin. Piere Tillier from COB has visited
I0S and there has been close cooperation at a technical and scientific

level between IOS and COB.

(b) Woods Hole Oceanographic Institution, USA (WHOI)

Floats at a depth of 1100m will be launched in October 1984 to study
dispersion in the Mediterranean Water core southeast of the Azores. They
will be tracked by an array of 4 ALS in the Madeira-Canary basin over a 2
year period. These ALS will be used to provide tracking coverage for the

I0S floats.
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(c) University of Rhode Island USA (URI)

In addition to the WHOI work, small numbers of floats will be deployed
into intense "blobs" of Mediterranean water in an attempt to observe
their migration and dynamical characteristics (Armi & Stommel, 1983).
These floats will be tracked by the WHOI ALS network. URI have also
taken the lead in float data processing and their facilities were used

to process data from the IOS Summer 1983 trial.

(d) MAFF Fisheries Laboratory, UK

In pursuit of studies of circulation in the Iberian basin, MAFF will
launch a cluster of floats in September 1984 near 42°N 14°W. These
will be tracked by IOS TLSs the southernmost of which will also supple-
ment the WHOI ALS net. MAFF have relied entirely on I0S for technical

support.

A new float data processing suite of programmes is under development at WHOI which
will be dimplemented on the IO0S GEC minicomputer to be delivered in 1late Summer

1984,

5.ii.1 Present Status of Project and Future Plans

An initial batch of six floats for I0S plus a MAFF order have been shipped from
the US manufacturer, Webb Research Corp (built to a design based on IOS experience).
They will be assembled at IOS by Webb and ballasted in the IOS tank. A ballasting
test, similar to that carried out in summer 1983, will be performed on a cruise
of the MAFF RV Cirolana in the Summer of 1984, I0S floats and TLS moorings will
be deployed on RRS Charles Darwin cruise 5/84 October 4th - November 1st with
the 13 I0S floats deployed at 3000m depth at locations to the east of GME. The
first I0S TLS recovery will be in April 1985 and will produce data on the MAFF
float cluster dispersion. The WHOI ALS net will be recovered in October '85 and
will provide the first direct results of the I0S floats. Opportunities will be
taken during both IOS cruises to use shipboard lowered hydrophones to monitor

float performance.
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Figure 5.ii.4 Float and TLS deployment positions for the summer 1983.
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Figure 5.ii.6 Tracks of SOFAR floats.

Western track is shifted west by 1° longitude
for clarity. Day 5520 - 5 July 1983.
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5.1413 BIOLOGICAL PROCESSES

5.iii.a Objectives

Two major biological questions need to be answered before the risks associated
with the disposal of any materials beneath the oceans can be adequately assessed.
First are there any biological transport mechanisms which could return sufficient
quantities of the material back up to the surface, where they could result in
unacceptably high doses either reaching individuals or the total human population?
Secondly would such disposal result in widespread and/or long term deleterious
effects on any parts of the oceanic ecosystem. This report concentrates on the
first of these questions, although much of the information ﬁrovided herein is

of direct relevance to the second.

In considering the possibility of biological transport from the bed of the deep
ocean back to Man, two distinct scenarios must be considerd. First is the possib-
ility that the mass transport of the contaminant material will occur in sufficient
quantities to pose a threat to extensive sections of the population. The second
is whether there are any critical pathways along which sufficient quantities of
the contaminant material can reach and threaten specific small sections of the
community, although the total amounts of contaminant involved will present no
danger to the population as a whole. A hypothetical examnple described in GESAMP
(1983) report was that of a 'bathys restaurant' specialising in deep-sea bottom-
living fish which if caught close to the near-field of a disposal site, could
result in the cooks receiving unacceptably high doses if they constantly tasted

their dishes.

The distinction between questions of mass transport and critical path transport
is 1important béecause the research requirements needed to answer them are quite

distinct.

If biological processes are to result in a mass transport which is significant
relative to the transport by physical processes, then large quantities of biomass
containing high concentrations of contaminant material relative to the water must
be involved. A critical pathway, on the other hand, will involve much smaller
quantities of both biomass and contaminant, and so much more detailed information
is required to identify a pathway or more importantly to demonstrate that none

exists.



- 196 -

Following disposal into the sea bed, the first community to be subjected to distur-
bance or to exposure to the contaminant material will be the benthos which 1live
within or on the sea floor. Benthic organisms may play an important role in the
dispersion of contaminants via their bioturbation of the sediments, by transferring
the materials to other parts of the oceanic ecosystem, or more directly by becoming

a resource directly exploited by Man for food or pharmaceuticals.

Once a contaminant substance has dispersed into the water column it will be subject
to physical mixing and transport, chemical modification while in solution or bound
on to particulates, and possible influence by midwater biological activity. The
question then arises as to whether the biological activity will have an effect
which is detectable from the overwhelmingly massive physical influences. The
danger of contaminants reaching the human population intensifies if and when any
reach the oceanic euphotic zone, and increases still further if they are carried
into upper slope and shelf waters where most of the marine fisheries are concent-

rated.

Biological research at IOS is concentrated in two main areas, benthic studies
and pelagic research. In both areas the main thrust has been to improve the gen-
eral understanding of the structure and function of oceanic ecosystems. The con-
tract funding has been used to support an integration of the results of the main

I0S biology programme to answer questions connected with disposal.

5.iii.b The Benthic Ecosystem

Benthic communities consist of organisms which live intimately associated with
the sea bed, either in it (infauna), or on it (epifauna), or just above it (bentho-
pelagic). The deep-sea benthos is usually considered under four main categories
although the divisions are arbitrarily based on sampling techniques so there is

considerable overlap between them:

The microflora consists of bacteria, yeasts and fungi. Little is known about

the biology of these organisms in the dep-sea but, because their turnover rates
are likely to be rapid compared with other elements of the benthos, it is 1likely
they are responsible for a major portion of benthic production. It also seems
likely that the microflora plays a major role in the guts of larger organisms

through their conversion of non-labile organic compounds into labile forms more
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readily assimilated by the host organism. Studies of hydrothermal vents have
suggested that the abundant and rich fauna inhabiting the immediate surroundings
of the vents are very largely supported by chemosynthetic production by bacteria.
It has been suggested that certain benthic organisms such as the Pogonophora depend
at least in part on chemosynthesis by bacteria beyond the environs of the vents.
Otherwise most benthic organisms including the microflora ultimately depend on
energy converted into organic material by the photosynthesis of autotrophs in

sunlit surface layers of the ocean.

The meiobenthos is usually considered to be composed of those organisms which

pass through screens of 300-500ym mesh size, but which are retained on 42ym mesh.
The systematics of these communities are inadequately known. The dominant forms
are nematodes, foraminiferans and copepods which live within the superficial layers
of the sediments. There is a small but growing body of evidence for some of these
organisms playing a significant role in metal chemistry at the sediment/water

interface.

The macrobenthos consists of the animals which are retained on screens of around

500ym mesh. Beneath productive waters these animals are sufficiently abundant

to be sampled reasonably effectively by large corers and grabs.

The megabenthos is rather loosely defined as those organisms which are sufficiently

large to be recognised in good quality in situ photographs and are only sampled
adequately, if at all, by dredges and trawls. The megabenthos therefore contains

representatives of all the main animal taxa from protozoans to fish.

Within the megabenthos there are three main feeding styles which tend to be reflec-

ted in the 1life styles adopted. Suspension feeders capture particulates from

the water which are either sedimenting down from the surface or have been resuspen-
ded from the sea bed. Because animals which rely on this feeding strategy have

their food brought to them by water currents or gravity, they have little need

to move and so most are sessile. Deposit feeders consume sediment either from
within the substrate or from off its surface. They tend to have rather limited
foraging ranges and are sluggish. Their main importance in this context is that
they are responsible for much of the bioturbation that occurs. Scavenging/

predatory feeders tend to be the most actively mobile component of the benthic

community because their food supply is patchily distributed in both time and space.



- 198 -

The benthic studies at IOS have concentrated on the megafauna, but inevitably
we have been led to investigate some specific aspects of other sections of the
communities. The following review of benthic biology relevant to the problem
of radioactive waste disposal is largely restricted to those areas in which IOS
has direct involvement. More general assessments will be found in IOS (1978)
and Angel, Fasham & Rice (1981), and more specifically from a modelling viewpoint

GESAMP (1983).

5.1ii.c Mass Transport and the Deep-Sea Benthos

Several attempts have been made to assess the possible extent of mass transport
mechanisms from the deep sea to Man. Most of the early studies either ignored
biological mechanisms or treated them cursorily. Two recent attempts, both of
which received input from IOS biologists, considered biological mechanisms exten-
sively (Robinson & Mullin, 1981; GESAMP, 1983). Both studies concluded that
mass transport by biological processes would be insignificant compared with that

resulting from physical processes.

In the two studies a 'worst case' situation was considered in which the theoretical
biological transport was maximised by assuming that all the exportable benthic
biomass is transferred up to the surface, but no mechanism was specified. Robinson
& Mullin (1981) based their estimate of exportable biomass on the best available
data on deep-sea benthic biomass and assumptions on turn-over rates. GESAMP (1983)
constructed a carbon budget based on the organic input to the deep sea ecosystem
estimated from sediment trap data. Rowe (1981) also provided estimates of export-
able benthic biomass. Assuming the philosophy on which these models are based
igs correct, the conclusions of these studies will only be misleading if those

estimates of exportable biomass are grossly wrong by orders of magnitude.

5.1iii.d Biomass

The data for the meiofaunal and macrofaunal biomasses used in the models of Robin-
gon & Mullin (1981) and GESAMP (1983) are based on a reasonably large number of
measurements, and are unlikely to be grossly wrong. The data available for mega-
benthos are less reliable. They have been derived, for the most part, from catches
of trawls and dredges with unknown fishing efficiencies. The best quantitative

data are those of Haedrich & Rowe (1977) who estimated abundances from photographic
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surveys and used trawl catches to estimate mean weights. All available megafaunal
biomass estimates are based on wet welghts which do not take into account the
very wide differences in water and in organic contents between taxa. IOS have
sought to obtain better estimates by combining photographic surveying with the
sampling by the development of the IOS epibenthic sledge (Figure 5.iii.1) (Rice,
Aldred, Darlington & Wild, 1976) and by measuring wet, dry and ash-free dry weights

of organisms sampled.

Data from a series of 35 hauls collected from a broad range of bathymetric depths
show a clear trend for biomass to decrease with increasing depth which overrides
the wide range of small-scale variability seen along individual transects and
between hauls from similar depths. Biomass, in terms of ash-free dry weights
decline from around O.lig m_2 at 500m to about 0.01g m“2 at 4000m (Figure 5.iii.2).
The data also suggest that wet weight estimates are a better index of overall
biomass than was expected considering the inter-taxa variations in chemical com-
position. These biomass figures do not vary substantially from those used in
the models, and, since there is no reason to consider the Porcupine Abyssal Plain
as being in any way atypical, they give no cause to doubt the general conclusions

of the models.

However, the epibenthic sledges does not catch the mobile fish fauna effectively.
The distribution of biomass of the benthic fish in the Porcupine Seabight has
been studied using a relatively conventional trawl (Figure 5.iii.3). There was
an increase in fish biomass down from the shelf-break at about 200m to a broad
maximum extending from 600 to 1600m. Below this maximum fish biomass declines
steadily to 3000m, but from 3000m down to the 1limit of sampling at 4500m the bio-
mass apparently remained constant. Overall fish biomass decreased by an order
of magnitude from the maximum level to the deep minimum. While it is recognised
that there are quite serious problems associated with sampling inefficiencies
and patchiness when studying all benthic communities, none of the I0S data provide
any evidence which questions the figures used in the models of Robinson & Mullin

(1981).

5.iii.e Potential Vertical Exchange based on Carbon Budgets

The input terms of the GESAMP models were based on data derived from sediment

trap data. These traps have been deployed over periods ranging from days to months,
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mostly at tropical or subtropical latitudes. The data have then been extrapolated
to give an annual flux by assuming that there is no significant seasonal variation.
Recent sediment trap studies (e.g. Deuser & Ross, 1979; Honjo, 1982) have indic-
ated that this assumption is invalid in tropical seas, while our work in the Porcu-
pine Seabight at a much higher latitude has revealed a substantial seasonal vari-
ation in the flux of organic material to the sea floor. Billett et al (1983)
showed that large quantities of phytodetritus arrive on the sea bed at depths
of at least 4000m within a few weeks of the onset of the spring bloom. This is
by far the most far-reaching result of the IOS benthic programme because not
only does it demonstrate that seasonal variation in sedimentary input cannot be
ignored, but it also explains the sesasonality in the reproduction cycles of a
variety of benthic invertebrates (Tyler et al, 1982). It may also explain why
there are marked seascnal variations in community respiration observed beneath
oligotrophic waters in the eastern North Pacific (Smith & Baldwin, 1984). In
addition the phytodetritus appears to scavenge naturally occurring radioactive

234Tn

isotopes out of the water column. An isotope of particular interest is
which has a half life of only 24 days and an atmospheric input. This isotope
ig detectable in the detritus on the sea bed and is incorporated into the super-
ficial layers of the sediment possibly through biological processes. Hence this
highly pulsed seasonal flux of organic detritus may not only be of considerable

biological and chemical significance, but also be a major consideration in evaluat-

ing the hazards of pollutants in the ocean.

5.iii.f. Bioturbation

GESAMP (1983) concluded that bioturbation was one bioclogical process that may
have a major influence on the mass transport of contaminants. Bioturbation is
the disturbance of the superficial layers of sediment by biological processes.

It can affect the sediment in three ways:

The reworking of the superficial sediments by the burrowing of infaunal organisms

or deposit feeding epifauna. This reworking may expose contaminants whose source
ig within the sediments, or bury those coming from the water column. It may also
infiluence the porosity of the sediments. Extensive reworking is generally con-
sidered to be limited to the top 10cm of the bottom deposits, in which the chemical
characteristics are wusually uniform. However, a number of burrowing organisms

are known to penetrate deeper and their burrows are likely to alter the chemical
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environment within their immediate vicinity as well as greatly increase sediment
porosity. Photographic surveys in the Porcupine Seabight have shown that the
apparent degree of reworking can vary quite substantially between quite small

adjacent areas (Figure 5.iii.4).

Direct resuspension can result from the effects of exhalent respiratory currents

and burrowing of the infauna and the more vigorous movements of the scavenger/

carnivore community.

Roughening of the sediment water interface caused by the tracks, burrows and mounds

alters the frictional drag between sediment and water. 1In quiet current conditions
this may inhibit resuspension, but if the water movements exceed a critical limit

the roughness may increase the rate of erosion.

No direct studies of bioturbation have been carried out at IO0S, but photographic
time sequences of small areas of sea bed resulting from the use of Bathysnap
(Figure 5.iii.5) (Lampitt & Burnham, 1983) can provide data on the persistence
of 'lebenspurren' (any visible feature on the sediment caused by biological acti-
vity). The abundance of the lebenspurren along photographic transects in the
same vicinity can then be translated into an estimate of bioturbation activity
(see Lampitt, Rice & Thurston, 1984 for an example on the persistence of faecal

casts of a holothurian).

5.iii.g Conclusions on the importance of benthic biological processes to mass

transport

The two modelling studies which thoroughly examined the relative importance of
biological vis-a-vis physical mechanisms in the possible mass transport of contam-
inant substances released at the sea bed up to surface layers, both concluded
that biological mechanisms would probably be 1less effective by several orders
of magnitude. None of the IOS results have called into question either the valid-
ity of the models' underlying assumptions or the approximate correctness of the
input data. Although a continuing assessment will need to be maintained, as know-~
ledge of deep-sea ecosystems improves, the main thrust needs to be towards the

investigation of critical pathways to Man.
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5.iii.h Critical Pathways and Benthic Ecology

The existence of critical pathways is dependent on either the direct exploitation
of contaminated organisms or direct trophic links with highly efficient transfer

of contaminants between exploited populations and those which are contaminated.

The economic feasibility of direct exploitation is limited because of the decrease
in biomass which occurs with depth and the rarity of large concentrations of bio-
mass at great depths. Unless a highly valued specialised resource is discovered,
the exploitation of 1living communities from below the present extreme 1limit of
commercial fishing of A2000m seems unlikely. The prospects of any such development

need to be assessed continually in the future in this context.

The main question then is centred around whether there are individual organisms
that can migrate from the source of contamination and whether they can directly
or indirectly contribute to an exploited resource. For benthic organisms this
raises two main questions including (a) what is the maximum range over which ben-
thic organisms move horizontally, and {b) how far up into the water column do

benthic organisms migrate.

5.iii.i Maximum Ranges of Benthic Organisms

Deep-living benthic organisms tend to have very widespread geographical distrib-
utions, but tend to occur within quite limited bathymetric ranges. Data on the
bathymetric ranges of benthopelagic fishes and two echinoderm groups in the Porcu-
pine Seabight are illustrated in Figures 5.iii.6, 7 and 8. All these data show
that no species inhabiting deep abyssal depths >4500m normally penetrate shallower
than 2000m. The life-time ambit of an individual will be much more restricted
than the total range of the species to which it belongs. This is exemplified
by the morphological changes associated with depth observed in the gastropod mol-

lusc Troschelia berniciensis. In this buccinid there is a marked decrease in

the size of the shell aperture relative to the spire height, across its observed
depth range in the Porcupine Seabight of 400-2100m. There were also differences
in morphology between animals sampled at the same bathymetric depths on opposite
flanks of the Seabight. wWhether this variation is genotypic or phenotypic in
origin (i.e. reflects either a difference in the genetic make-up, or is the res-

ponse of a community of animals with a common genetical make-up to differences
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in the environment) is unresolved, but it does indicate how much more 1limited

is an individual's ambit compared with the total distribution range of the species.

Average speeds for the rather sluggish deposit-feeding megabenthos, estimated
from Bathysnap photo-sequences, are shown in Table 5.iii.1. The maximum speeds
of half a metre per hour by an unidentified worm is equivalent to 4ikm per year.
Such speeds make it most unlikely that the movements of deposit-feeders will be
of the slightest importance as a contribution to a critical path, but the migra-
tions of the more active benthopelagic scavengers/carnivores need to be considered.
Photographic time-series are providing data about the patterns of arrival of this
more mobile fauna at baits. The data from one sequence are illustrated in Figure

5.1iii.9. In this sequence two fishes Coryphaenoides armatus and Echinomacrurus

mollis were attracted within four hours of the bait being dropped onto the sea
bed. A few amphipods also arrived soon after the drop, and continued to build
up in numbers. The rate of build up appeared to be related to the tidal cycle,
being faster during the periods of slow tidal current. The numbers of amphipods

on the bait declined following the arrival of the fish Paraliparis bathybius,

a facultative amphipod predator, which seem to coincide with the end of the periods
of high tidal current. The build up in numbers of the large amphipod Eurythenes
gryllus appeared to be independent of the tidal cycle. It should be possible
using available technology to devise experiments which will shed some light on

the daily ambit of these scavengers, and so set limits on their dispersion.

The most mobile elements in the benthic community are the fish. It is 1likely
that at least some fish species will have 1life cycles which involve extensive

migrations. Like its freshwater counterparts the eel, Synaphobranchus kaupi which

is numerically dominant at mid-slope depth in the Porcupine Seabight is believed
to undertake breeding migrations to the Sargasso Sea. Similar migrations either
horizontally or up and down slope while unlikely to result in significant mass

transport (e.g. GESAMP, 1983) could provide a route for critical path transport.

5.iidi.j Vertical Migrations by Benthic Species up into the Water Column

The most commonly quoted example is the specimen of the amphipod Eurythenes gryllus

taken at a depth of 800m over a sounding in excess of 5000m in the Pacific (McGowan
1974); this species has been taken at the surface in cold water at high latitudes.

During Discovery Cruise 114 two specimens of the tripod fish, Bathypterois sp.,
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were taken at 1000m depth over a sounding of 3200m to the south west of the Azores.

At 42°N 17°W single specimens of juvenile Halogyreus johnsoni and Paraliparis

sp., were taken at 1000m over a sounding of about 5000m (Angel et al, 1982b).
There are a number of reports in the literature of benthopelagic fishes with meso-
pelagic prey in their stomach contents which have been interpreted as evidence
for the occurrence of migrations by bottom-living fishes up into midwater to feed

(see IOS 1978 for summary).

A number of reports have described holothurians in midwater well above the sea
floor. However, many of the species involved are now known to be truly pelagic

(e.g. Peniagone diaphana and Scotothuria spp), the only species normally considered

to be benthic which have been taken with any regularity in midwater are Benthodytes

typica and juveniles of Psychropotes spp.

The function of these migrations is not clear. Most of the specimens taken have
been juveniles, so breeding is not the underlying reason in most cases. The deep
midwater zones are more sparsely inhabited than the near-seafloor region, so feed-
ing seems also to be an unlikely function except possibly in slope regions (e.g.
Hargreaves et al, 1984a). One possibility is that the juveniles are undertaking
some sort of ontogenetic migration that is related to a dispersal phase of the
life-cycle. One of a number of other alternatives is that the overlying water
column may be used as a refuge from the higher predation pressures on the sea

floor.

Other activities may result in upward transport of material. A number of benthic
gpecies produce buoyant eggs which float up into the water column and undergo
pelagic development (e.g. some macrourid fishes). Feeding by predators and scaven-
gers which involves the breaking up of food before consumption can result in the
release of buoyant substances such as lipids into the water. However, such proces-
ges involve small-sized particles and are most unlikely to provide a critical

pathway.

5.iii.k The Pelagic Ecosystem

In the vast majority of oceanic areas the dominant sources of energy are the pri-
mary production in the sunlit {(euphotic) zone and terrestrial material via river-

ine or aeolian inputs. Consequently the major inputs occur in the surface few
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tens of metres of the water column, and there is an exponential decrease in stand-
ing crop of biomass with depth. The flux of energy, in the form of organic
material, results from a number of processes such as the sedimentation of a vast
spectrum of particulates and the migrations of organisms. Despite extensive re-

cycling within the surface few hundred metres the net flux is downwards.

At three widely-spaced stations in the Northeast Atlantic Angel and Baker (1982a)
demonstrated that the slopes of the 1linear regressions of log biomass against
depth were surprisingly consistent for both plankton and micronekton (Figure
5.1ii.10). The slopes of all the regressions implied that the standing crop de-
creased by around two orders of magnitude between the surface and a depth of 4000m.
Then, assuming production is proportional to standing crop, production too, will
decrease by two orders of magnitude over the same depth range. However, the ratio
between production (or biological rates in general) and standing crop is likely

to vary with depth, but by less than an order of magnitude.

5.1iii.1 Vertical Structure of Midwater Communities

Five major ecological zones can be recognised in deep oceanic communities. The
surface 200-250m of the water column extending through the euphotic zone to the
base of the seasonal thermocline is termed the epipelagic =zone. From the base
of the epipelagic to around 1000m, which coincides roughly both with the greatest
depth to which detectable daylight penetrates in the clearest ocean and with the
base of the permanent thermocline in tropical and subtropical waters, is the meso-

pelagic zone. Below the mesopelagic zone extends the bathypelagic zone whose

lower 1imit coincides with the disappearance of fishes as a major constituent
of the communities at around 2500-2700m. The significant environmental factors
which result in the change in community structure from bathypelagic to abysso-

pelagic have not yet been determined. The abyssopelagic zone extends either to

the depths at which the proximity of the sea bed begins to have an influence on

the community structure i.e. the top of the benthopelagic zone, or to hadal depths

(>6000-6500m) over trench systems. The determination of the upper limit of the
benthopelagic zone 1is of interest, because the standing crop increases quite
sharply relative to the overlying abyssopelagic =zone. The extent of this zone
probably encompasses the nepheloid layer which is recognised (a) by inflections
in chemical profiles produced by the resuspension of sediments, (b) by increases

in the turbidity of the water close to the sea bed and (c) by the layer of water
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which is homogeneous as a result of the frictional drag of the sea bed causing
turbulent mixing. The sea bed acts as a sediment trap for sedimenting particulates
and so it is relatively enriched with organic material. It is the vertical extent
of the resuspension of superficial sediments with their organic material which
determines the height to which the nepheloid layer extends above the sea bed.
At abyssal depths perturbations in chemical profiles have been observed up to
1000m above the sea floor (Brewer et al, 1976), whereas increases in biomass have
only been detected within 100m of the sea bed (e.g. Wishner, 1980; Hargreaves
et al, 1984a).

Vertical excursions by organisms may contribute towards the upward transport of
material and contaminants by biological processes. They may be undertaken in
order to feed, to avoid predation, or as a life-cycle adaptation. Migrations
can be of high frequency (e.g. spernm whales diving to feed, or plankton moving
up and down according to the cycle of the light regime) or low frequency associated
with cycles of productivity (seasonal migrations) or with 1life history stages

{(ontogenetic migrations).

5.iii.m Vertical Ranges

Perhaps the most complete data set describing the vertical structure of a midwater
community available for the North Atlantic was derived from samples collected
at Discovery station 9801 in April 1978 in the vicinity of 42°N 17°W. The plank-
tonic ostracods (Angel, 1983) and the micronektonic euphausiids, mysids and deca-
pods (Hargreaves, 1984b) have been analysed in some detail. These data can be
interpreted in the context of a series of repeated tows taken at a depth of 1000m
at the same station (Angel et al, 1982b) and the IOS biological data base which
includes most of the information on the vertical distributions of pelagic organisms
in the NE Atlantic accumulated over the last 15 years. The vertical distribution
data for the ostracods, decapods, mysids and euphausiids are summarised in Figures
5.1iii.11 and 5.iii.l2. Hargreaves (1984b) analysed her data by factor analysis
and demonstrated a clear pattern of zonation (Figure 5.i1ii.13). These data show
that there were no direct faunistic 1links between the abyssopelagic community
and the mesopelagic or epipelagic communities. Hence any upward bioclogical trans-
port will only occur through a series of trophic interactions, and if it is to
provide a critical pathway not only will there need to be concentration of the

contaminant as it moves along the trophic pathway, but also there must be a
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mechanism that stops the dispersal of the organisms. Hargreaves (1984b) has shown
that similar community changes occur in at least some taxa in the deep water column
of the Porcupine Seabight and the Rockall Trough regions to the west of Britain.
Trophic interactions may occur between species inhabiting different vertical zones

during their vertical migrations.

5.iii.n Vertical Migrations

Many pelagic organisms are known to make vertical migrations in midwater. The
function of these migrations can vary from escape from predation, finding food
and life-cycle adaptations, to apparently motiveless random movements. Sampling
techniques can detect migrations within populations or identifiable sections of
a species' population if all the movements are synchronised. Roe (1974) and later
Pearre (1979), have pointed out that at present we have no methods that will allow
us to detect the occurrence or range of asynchronous movements. However, the
extent of such migrations must be confined within the known total vertical range
of a species, and so long as this range is small relative to the total water column
depth, asynchronous migrations are unlikely to provide a faster transport mechanism
than synchronised movements. These sorts of migrations could be important in

slope regions where species' vertical ranges may span the total water depth.

To provide a ‘'measurable' transport mechanism a migration must either involve
the movement of very large quantities of biomass or have a very high frequency
of migration. If contaminants are absorbed out of solution at one phase of the
migration, they must either be released back again very rapidly or mortality must
be substantial during the other phase. Alternatively, if the contaminants are
taken up in food, the fraction that is not ingested must be retained in the gut
for long enough for the organism to complete its migration, and the fraction that
is ingested will only be released during the alternate phase fhrough mortality
or excretion. Because the standing crop of pelagic organisms is small relative
to the mass of the water, high frequency migrations are more likely to result
in measurable transport of contaminants than 1low frequency migrations. So here

the types of migration are considered in descending order of frequency.

Feeding Migrations: The vertical migrations of highest frequency are probably

the feeding migrations of marine mammals; they are linked to the surface by their

need to breathe air and yet they need to dive to feed. Most large and small whales
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dive no deeper than a few hundred metres, but sperm whales have been recorded
as diving to considerable depths. However, Lockyer (1977) found that only 5%
of sperm whale dives were to as deep as 800m though there is circumstantial evid-
ence that they may be capable of diving to as much as 3000m (e.g. Clarke in Wood,
1972). Sperm whales feed either on squid or, in a few areas, on fish, prey which
tends to be predatory and have high energy demands. The general exponential dec-
line with depth of standing crop observed both in the pelagic and benthic realms,
make it unlikely that below 2000m there will be enough food for the sperm whale's
prey to be sufficiently abundant for it to be metabolically worthwhile for the

whale to regularly dive to such depths.

Diel Vertical Migrations (DVM): A striking phenomenon in many oceanic regions

is the regular movement of midwater organisms from deep daytime depths up into
the superficial layers at night. A number of theories have been put forward to
explain these migrations (see Longhurst, 1976 for summary), none of which is
adequate to explain them all. The theory that is held to be most acceptable at
present is that the downward migration is to avoid the danger of visual predation
at shallow well-1it depths by day. The movement back to shallower depths at around
sunset is to return to where the food supply is more abundant. This would predict
that at very high latitudes in midsummer or midwinter during conditions of constant
light or dark the migrations should be suppressed, and indeed what evidence is
available does support this, although this could result from the migration becoming
asynchronous. At temperate 1latitudes where production is seasonally variable,
the expression of DVM would be expected to be similarly variable, and preliminary
seasonal data collected from Discovery implies this is so. The maximum range
of the migration occurs in the subtropical regions but is reduced in the tropics

(e.g. in planktonic ostracods, Angel & Fasham, 1975).

In Figure 5.iii.l4 are plotted the day and night profiles of cumulative percen-
tages of the total biomass in the top 1200m at five stations all within 300 naut-
ical miles of each other to the southwest of the Azores. The stations were occupied
to study the influence of a major oceanic front on the vertical distribution of
plankton and micronekton in the vicinity. The profiles illustrate that there
can be quite large variations in the migration patterns over quite limited dis-
tances. There was no detectable daily re-distribution of planktonic biomass below
800m, but in the micronekton there was probably some re-distribution down to at

least 1200m at most stations. Deeper samples were taken at some of the stations
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which suggested that 1200m was the lower 1limit for DVM in the majority of micro-

nekton, but one fish Ceratoscopelus warmingi was migrating up from daytime depths

of at least 1600m into the surface 100m at night. At another position further
north (42°N 17°w), Angel et al (1982) showed that at a depth of 1000m only a single

fish species, the myctophid Notoscopelus elongatus kroyeri, out of 192 micro-

nektonic and planktonic species examined, showed the cyclic variability in abund-
ance consistent with it performing DVM. Thus the lower 1limit for most DVM in
plankton is at about 800m, and in micronekton it is at about 1000-1200m or occas-

ionally 1600m.

The quantities of biomass moving during these migration cycles have rarely been
estimated. The data from the five Discovery stations off the Azores have been
analysed to provide such flux estimates (Table 5.1ii.2). No attempt was made
to try to estimate the errors of these estimates but, on the basis of repeat

samples taken elsewhere, they are not thought to exceed 25-50%.

Data are available from four of the five stations, from which comparisons can
be made between the biomass fluxes of four taxonomic groups which are major con-
tributors to the standing crop (Table 5.iii.3). The fluxes varied substantially
between the two water masses. Fish provided the largest flux up into the top 500m
at all four stations and at three stations up into the top 200m. Fish also migrated

over the greatest vertical distances.

The significance of these fluxes to the transportation of contaminants will depend
on how the contaminants are taken up and released. There are no available esti-
mates of daily mortality rates during these migration cycles but they are unlikely
to be substantial. Transport in gut contents may prove to be the most important
quantitatively, but this will be determined by feeding chronology, gut retention

times and sinking rates of faeces.

Data on the feeding chronology of fish and decapods in relation to their diel
vertical migrations during spring at 44°N 13°W are available from Roe (1984a),
and Roe & Badcock (1984b). These data were collected in a major sampling programme
which examined the variability of the majority of the planktonic and micronektonic
species at four depths (100m, 250m, 450m and 600m), each of which was sampled
repeatedly over a 48 hour period. The decapods fed continuously throughout the

daily cycle and as far as could be judged from their stomach contents some but
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not all showed selectivity in their feeding. The fish showed signs of periodicity
in their feeding, and the migrants tended to feed more at night than by day.

There are few data available on gut retention times.

The region studied near the Azores is a typical poorly productive mid-oceanic
region. The estimates of vertical flux resulting from DVM are likely to be exceeded
in more productive areas, but evidence available in the literature and collected
by IOS implies the vertical range of the flux is most unlikely to be greater.
If this is confirmed then fluxes resulting from DVM by plankton will be restricted

to the top 800m of the water column and from DVM by nekton to the top 1000-1500m.

Ontogenetic migrations: Many midwater species undergo changes in their vertical

ranges during their 1life cycles, and these migrations are termed ontogenetic (e.g.
Miller et al, 1984). In species with annual life cycles, these ontogenetic migra-
tions will be indistinguishable from seasonal migrations (see below). The usual
pattern is for the young smaller stages to occupy shallower depths where there
ig greater availability of food but where the predation pressures tend to be
greater. Merely the fact they are smaller in size gives young stages an element
of protection against detection by visually-hunting predators. As they grow and
mature, so they become more visible, so if they are still to avoid detection they
must continue to descend deeper into the water column to stay below the depth
to which enough daylight penetrates for them to be perceived visually. This descent
may be either a slow gradual sinking of the distributional range or a guite rapid
descent accompanied by a dramatic metamorphosis as is seen in a number of bentho-

pelagic fishes such as the ceratioid anglers.

Any upward flux associated with ontogenetic migrations will probably be via repro-
ductive products or early stage larvae. It will depend on the duration of the
life cycle, the life history strategy of the organism, and the amount of metabolic
investment in reproduction. The duration of 1life cycles tends to increase with
decreasing water temperatures and increasing depths; associated with this is a
low investment in reproduction until the final stage of maturation is reached.
Childress & Price (1978) examined the life history characteristics of the bathy-

pelagic mysid Gnathophausia ingens and found that it has a low rate of oxygen

consumption, a long development time (7 years), a large size at maturity, and,
rather unexpectedly, a single brood of 150-350 larvae, whereas many other deep-

gsea organisms tend to produce very small broods (1-2) iteroparously (i.e. repeated



- 211 -

successive broods). Most of these characteristics are eénergy conserving and help
to optimise the efficiency with which the energy invested in reproduction is util-
ised. Even so, the proportion of ingested food invested in reproduction is likely
to be far less than 50% of that invested in the growth and metabolism needed to
maintain the standing crop of adult organisms in those species which undertake
ontogenetic migrations. These ontogenetic migrations may provide gquite a large
upward flux at shallow depths, but from depths greater than 2000m the flux is
likely to be relatively trivial because of (a) the low standing crop at such depths
(b) the relatively few species that are known to perform extensive migrations
and (c) the small proportion of the population that is mature and breeding within

the water column.

Seasonal Migrations: In regions in which the production cycle is markedly pulsed

many organisms undertake quite extensive vertical migrations, spending the seasons
of low productivity at relatively great depths, often in a state of diapause (e.g.
Miller et al, 1984). Diapause is comparable to the state of hibernation or aestiv-
ation in terrestrial organisms, and is characterisged by the organisms reducing
their metabolic activity. It is often accompanied by the laying down of substan-
tial quantities of 1lipid, both as an energy reserve and possibly as a mechanism
helping the organism to maintain neutral buoyancy. The organisms cease to feed
and the gut regresses. Diapause usually occurs at a specific stage in the 1life
cycle; egg or late-stage larval stages are most common. For example, the species
of copepod which dominates plankton communities in northern waters around Britain,

Calanus finmarchicus, overwinters as the fifth copepodite at depths down to 2000m.

The descent into deep water occurs in the autumn and the ascent occurs soon after
the onset of the spring bloom. The copepodites immediately mature after the ascent

and start to breed.

In the Pacific the life-history characteristics of the main grazers are much more
finely tuned to the cycle of productivity. Also the Pacific species appear able
to enter and break diapause with much greater facility and two or even three times
during an individual's 1life time (Miller et al, 1984). One consequence of this
finer tuning is that the grazing pressure of the herbivores prevents the spring
surge of production appearing as a bloom and results in a substantial increase
in phytoplankton biomass, a phenomenon which is characteristic of the spring in
the temperate waters of the northeast Atlantic. Hence it is possible that the

whole pelagic structure and function in the North Atlantic is quite different
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from that in the North Pacific, notably in the sedimentation regime (see section

on flux of organic matter, 5.iii.o).

The function of seasonal vertical migrations seems to be for the organisms to
find cooler conditions, where their metabolic expenditure is less, and safer
conditions, where predation pressures are not so intense. The migrations probably
optimise the efficiency with which energy is used and stored in conditions of

variable production.

The biomass flux associated with these seasonal migrations has rarely been esti-
mated. Hargreaves et al (1984a) used data from Williams & Conway (1981) to esti-
mate the total upward flux resulting from the seasonal migration of the very abun-

-2
dant hydromedusan Aglantha digitale as being only 4C mg m ; the downward flux

in the autumn is probably higher, possibly by a factor of 2. The total integrated
community movement will be much larger, but cannot exceed the total standing crop
of plankton and micronekton observed during the early spring. Angel & Baker (1982a)
observed that in the Porcupine Seabight in April the total community standing
crop in the whole water column (to 3500m) gave a displacement volume of 126 mis m
of which 75% occurred in the top 900m. Assuming all this standing crop had under-
gone a seasonal migration, and that dry weight is equivalent to about 5% of the
displacement volume, the maximum possible total flux up through the water column
will be of the order of 5g m-2, but the true values will be much less than this
figure. Scattered evidence in the literature suggests that all of this flux occurs
within the top 2000m of the water column. Also, because a large proportion of
the migrants do not feed at depth (i.e. they are in a state of diapause) much
of the uptake of any contaminants at depth will not be via food, but by direct

absorption from the ambient seawater.

5.iii.o Flux of Organic Material to the Sea Floor

Probably the most significant observation made by the IOS Biology Department is
the rapidity with which large quantities of detrital organic material, much of
it of phytoplanktonic origin, sediments out of the water column. In 1982 when
the spring bloom probably occurred in early April, Bathysnap (Lampitt & Burnham,
1983) photo-sequences showed that at a depth of 2000m in the Porcupine Seabight
the first signs of the detritus appeared on 30th April (Billett et al, 1983);

by the end of May there were substantial quantities of the detritus 1lying on the
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sea bed. In 1983 a cruise was planned to study the development of the spring
bloom and the subsequent formation and sedimentation of the detritus. Bathysnaps
were deployed at 2000m and 4000m. Unfortunately a succeséion of storms moved
through the area keeping the surface layers well mixed and inhibiting the develop-
ment of the bloom until the end of the cruise in the first week of May. In addit-
ion, the Bathysnap deployed at 2000m failed to release and so data on the arrival
time of the detritus on the sea bed are available only at 4000m, where it began
to appear in late June. Much of the material was arriving in the form of large
aggregates up to 10mm in diameter. Tidal currents, which can reach speeds of
up to 13 cm s-l » resuspend some of the detrital layer but the large aggregates

tend to remain in place.

Samples of the detritus have been collected using the SMBA multicorer. In May
1981, at 2000m, it consisted principally of diatoms together with amorphous organic
matter in some instances bound into aggregations. In July 1982 samples from a
range of soundings of 1340-4475m again showed an abundant diatomaceous content
but included faecal pellets and gelatinous aggregations up to 10mm in diameter.
The aggregations included coccoliths, dinoflagellates, crustacean eggs, small
faecal pellets and amorphous organic material. In all these samples the specific
composition of the phytoplankton reflected the seasonal composition of the phyto-
plankton communities present at the time in the surface layers. The chlorophyll
and other chloropigments indicated that the source of the pigments -ras marine
and there was evidence of some bacterial degradation. The C : N ratio of 24 was
unexpectedly high suggesting that preferential microbial degradation of nitro-

geneous material had occurred.

Sinking experiments on the aggregates gave rates mostly within the range 400-
800 m d_l, quite fast enough to account for the minimum rate of 100-150 m d_1
needed to explain the rapid arrival of the detritus on the sea bed so soon after
the start of the spring bloom in April 1982. These rates are also fast enough
to account for the rapid transportation of the naturally occurring isotope Qth

234
which is derived from an atmospheric input, and has a half life of 24d. The 3 Th

21 .. . . -
and OPb have been used to calculate preliminary estimates of sediment-mixing

coefficients in the surface few centimetres.

The intensity of the seasonal pulsing of the supply of organic material to the

deep living communities in the Seabight appears to be far more extreme than has
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been observed in sediment trap experiments for which results have been published
to date. However, all these sediment trap observations have been conducted at
subtropical and tropical latitudes where the production cycle is more uniform.
It is probable that this rapid sedimentation of phytoplankton detritus will prove
to be a more widespread phenomenon in temperate and sub-polar latitudes where
the climatic cycle of winter cooling and summer warming results in a highly sea-
sonal production cycle. If this can be demonstrated then it implies that annually
there will be a large rapid flux of organic material sedimenting out of the water
which is capable of chemically scavenging trace elements from the water column,
as has been shown for the short-lived 234Th isotope. This phenomenon, besides
being of considerable intrinsic interest in the study of deep sea ecology, geo-

chemistry and sedimentary geology, may prove to be extremely important in the

evaluation of pollution problems in the deep ocean.

5.iii.p Continental Slope Environments

The region extending from the margin of the continental shelf at the shelf break
out over the continental slope is of key interest to this problem. It forms the
interface between the shelf (or neritic) ecosystem which is heavily exploited
by Man, and the more remote deep water oceanic ecosystems. It is a region where
future developments in the exploitation of both 1living and non-living resources
will probably be extensive. Oceanographic processes tend to be much more dynamic

over the slopes and so the potential for high fluxes is greater.

Productivity is often enhanced along the shelf break, at the shelf break front,
and there is often a striking increase in the numbers of sea birds at this boundary.
Although the shelf break is not a physical barrier to organisms and indeed a number
of fishes perform regular on and off the shelf migrations (e.g. salmon and eels),
it does act an important boundary both to the zoogeographic distributions of many

species and to the way in which the ecosystems function.

On the shelf, the surface pelagic communities are intimately linked with the ben-
thic communities and the two strongly interact, whereas in the deep ocean the
shallow pelagic ecosystems are hardly influenced at all by the benthic biological
processes. Over the slope this linkage between the shallow pelagic and benthic
systems progressively weakens as the depth increases. So slope regions are trans-

ition zones between the shelf and the deep ocean. In some areas the slope transition
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is blurred by the hydrographic processes. For example, along the northeast coast
of the United States warm-core eddies which are spawned from the meandering of
the Gulf Stream system, carry oceanic species in over the shelf. However, incur-
sions of oceanic species over the shelf break off Europe seem not to be so frequent
although in some years warm water oceanic species (sometimes termed the Lusitanian

fauna) get advected round Scotland and enter the North Sea from the north.

Hargreaves, Ellis & Angel (1984a) carried out an assessment of the biological
processes occurring close to the sea bed in the slope region of the Goban Spur
which lies to the south of the entrance to the Porcupine Seabight. Their observ-
ations were supplemented by some observations made on the northern flank of the
Seabight. They demonstrated a clear increase in the standing crop of biomass
in the 50-100m of water immediately overlying the sea floor. They attributed
this increase to the greater availability of food created by the sea floor acting
as a sediment trap. However, in contrast to the great depth to which the influence
of primary production in the euphotic zone extends the biological effects of the

sea floor were seen only a short distance up into the water column.

Specific analysis of the catches showed that certain taxonomic groups displayed
a greater response than others; polychaetes for example exhibited a very striking
increase in biomass, whereas planktonic ostracods showed little. The total com-
munity increase was domirated by decapods and copepods which were the main con-
stituents of these deep communities. Comparisons with midwater catches taken

nearby in deeper water showed that two decapods, Sergestes arcticus and Gennadas

elegans, not only increased substantially in abundance close to the sea bed but
also extended their distributions into greater depths over the slopes (Hargreaves,
1984b). In both these species the shallower portion of the population performed
diel vertical migrations, but it was not possible to establish if animals inhabit-
ing the near sea floor undertook such migrations. Some of the data suggested
that some of the bathypelagic species were being displaced by this submergence
of normally mesopelagic species. However, many species appeared to be unaffected
by the presence of the sea bed and their abundances and vertical ranges over the
slope were similar to those observed over deep water. One bathypelagic species,

the ostracod Conchoecia pusilla spread up from shallow bathypelagic depths to

mesopelagic depths over the slope.
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These changes in vertical distributions over slope regions offer an alternative
explanation for the observations of benthopelagic fishes having midwater species
in their stomachs. This had been used to argue that these fishes, which are seldom
taken more than a few metres above the sea floor, were making regular, extensive
migrations up into the midwater to feed, but from the observations of Hargreaves
et _al (1984a) the migrations may be by the pelagic species moving down. However,
this does highlight the probability of much greater vertical exchange of biomass

occurring via feeding migrations in slope regions.

In the Porcupine Seabight region, the sampling extended down to depths of 1650m.
There was little evidence of a highly novel fauna as had been found in near sea
bed samples collected at 4000m off NW Africa. Studies on benthic zonation suggest
that there is a considerable change in benthic community structure at around 2000-
2500m, corresponding approximately to the midwater change from bathypelagic and
abyssopelagic. If there is a comparable deep-slope faunal boundary in the near
bottom pelagic fauna, this could imply that biological exchange across this boun-
dary is inhibited relative to other depths. It is important to establish whether
or not there is any faunal continuity between upper and mid-slope regions and

abyssal depths particularly amongst the more highly mobile pelagic forms.

Hargreaves et al (1984a) concluded that slope regions are likely to be a dynamic
interface between the deep-living benthic and benthopelagic communities and the
shallower-living shelf communities. If substantial quantities of contaminants
do get transported up to mid-slope depths (i.e. < 2000m) then biological processes
could play a significant role in moving them onto the shelf. There are some
potential critical pathways (i.e. fish migrations and whale feeding) that need

more careful study and evaluation.

5.iii.q Revised Research Requirements

In IOS (1978) a range of specific research requirements were drawn up and they

are reassessed in the light of the advances made in the intervening six years.

Identification and Taxonomy: There is a continuing need for a thorough systematic

foundation on which to base assessment studies. This need is more important to
the problems of environmental impact than to the dose to Man. It will be important

to demonstrate convincingly that no fragile deep sea community and no rare deep
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sea organism is threatened with irreversible damage or extinction. Without a
thorough knowledge of what species occur and how the community is structured and
functions, it will be impossible to convince anyone that no important element

in the deep sea ecosystem is threatened.

Spatial Patchiness: A thorough understanding of the patterns of heterogeneity

in time and space of benthic and pelagic organisms is needed so that, (a) accurate
quantititative estimates of abundances can be made; (b) the noise generated by
sampling artefacts, as well as by the patchiness of organisms in time and space,
can be distinguished from effects of man-made contaminants on community structure
i.e. no monitoring programme will be effective without a proper baseline; (c)
effective models of community interactions can be constructed. Despite the rapid
advances made in the last few years, there is still uncertainty as to the relevant

time/space scales at which the most meaningful data can be accrued.

Community Analysis and Zoogeography: The acquisition of such data is slow and

expensive, and to be fully effective needs a major international biological data
exchange. The need for such analysis is related both to questions of environment
impact and to setting 1limits to transport mechanisms (e.g. some of the 'worst

case' analyses described above).

Biomass Estimations: These data are being gradually accumulated for deep living

pelagic communities, usually based on displacement volumes. Displacement volumes
are only very approximate because of the extreme variations in water content and
structure of various taxa, for example, salps are not only extremely watery com-
pared to fishes but also trap more water within their bodies because of their
'bag-like' anatomy. This has partially been taken into account by efforts made
to partition the biomass between taxa. However, efforts should be made to extend
these estimates to the measurement of dry weight, carbon content and broad bio-
chemical analyses (e.g. into protein, carbohydrate and fat) which would provide
data on calorific value and C : N ratios. The latter data in particular are likely
to prove extremely useful in providing holistic support for ecosystem models des-
cribing the flow of material through the communities. However, seasonal changes

will need to be assessed at any site selected.

For benthic communities, biomass estimates for macro- and mega-fauna have been

accumulated for the Porcupine Seabight region and there has been some seasonal
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coverage. The problems of high spatial variability (patchiness) have been partly
tackled by the use of photography in conjunction with the standard sampling
(Billett & Hansen, 1982; Lampitt et al, 1984). There is a need for more quanti-
tative estimates of the meiofaunal and microbial fractions of the benthic com-

munities.

Direct quantification will probably continue to be a major unknown in the assess-
ment of risk of contaminants being released in the deep sea. Biomass estimates
will never provide more than a very rough estimate unless they are supplemented
by some measure of ‘'activity'. The best measure of activity is probably total

community respiration, but more extensive observations will be needed.

Feeding Strategies: Data have been painstakingly accumulated on the diets and

periodicity of feeding in pelagic and benthic organisms. Quantification of feeding
rates in the natural environment are available for only a few oceanic species.
Some indirect methods offer hope of gaining at least some insight, for example

210 210
for midwater organisms the Po :

Pb ratios show unexpected anomalies which
if investigated could well prove to be useful natural tracers for following the

flow of organic carbon through midwater communities.

Reproductive Strategies: These have received more attention from the benthic

biologists than those studying midwater communities. 'Worst case' models suggest
that ontogenetic migrations are unlikely to provide a significant mechanism for
the mass transport of contaminants, but this needs to be confirmed by estimating
the fraction of available resources invested in reproduction. Perhaps the most
important aspect is that reproductive processes are extremely sensitive to pollu-
tants. If an adequate background knowledge of the reproduction of deep living
organisms can be assembled, then signs of change in gametogenesis may prove to
be the most sensitive indicator of chronic pollution, which can be used for moni-

toring.

Migrations: Diel vertical, seasonal and ontogenetic migrations appear, at present
not to be significant in terms of total mass transport. They are still of con-
siderable intrinsic interest and research will continue to address problems associ-

ated with these migrations.
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Deposition: The single most important observation which has emerged out of the
work of the Biology Department during the last six years, 1is the rapidity with
which phytoplankton detritus is sedimenting out of the water column after the
onset of the spring bloom. This phenomenon may be of critical importance to prob-
lems of the dispersion of chemical contaminants because of the scavenging of some
trace elements and other compounds from the water column by the rapidly sinking
particulates and aggregates. It is possible that this rapid sedimentation only
occurs at relatively high latitudes, i.e. to the poleward side of the subtropical

convergences.

Continental Slope Regions: The continental slopes have been shown to be more

dynamic, both biologically and physically, than the open ocean. They are key
areas of interaction between the heavily exploited shelf environments and the
sparsely exploited deep ocean. Horizontal spread of contaminants into such areas
could result in their rapid transportation onto the shelf. Technology is available
to study many slope processes where the bottom topography is smooth, but not for
where it is rough and precipitous. The problem of investigating the existence
of on-off shelf migrations may remain insoluble until a methodology for mark and
recapture or for in situ tracking can be developed for deep living organisms.
Investigations of these areas may be hampered in future because they lie within
the Exclusive Economic Zones of coastal states which could prevent adequate data

being collected by withholding permission for research to be carried out.

Modelling: Modelling has two aims and objectives, to provide a predictive capa-
bility and to explore the scientific connotations of what is known. Although

the final objective will be prediction, at present the main value of modelling
biological oceanographic processes is to explore areas of ignorance and focus
attention on key areas where more research is needed. The development of large
ecosystem models has led neither to the corresponding development of our under-
standing nor to a reliable predictive capability. Modelling studies of limited
aspects of ecosystem function have provided valuable insights which are being
fed back into the design of programmes of investigation and sampling regimes.
In the short term, models with limited objectives, e.g. to determine the fate
of contaminants entering surface communities using more holistic approaches, .are

more likely to be useful than larger more complicated conceptual constructs.
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Table 5.iii.l1 Speeds of mobile epibenthic megafauna measured from
bathysnap sequences taken in the Porcupine Seabight

Asteroidea

Hymenaster membranaceus

Body Length

Maximum Speed

Bathybiagter vexillifer

Holothurioidea

Benthogone rosea

Echinoidea

Echinus affinis

Gastropoda
Misc.
Decapoda

Glyphocrangon sculpta

Vermes

cm cm h—1 Body Lengths h_1
4-9 310 50
16 100 6
17 89 5
4 47 12
4 154 38
7 270 39
3. 525 165
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Table 5.iii.2 Estimated upward flux of biomass measured in ccs

volume (

ring during a migration cycle at five

occupied to the southwest of the Azores
two water masses Western Atlantic Water
Atlantic Water (EAW),

the two water masses,

in and close

(WAW)

to (WAWF) the front between
and in a cold-core eddy of EAW formed
two months prior to sampling at the front, but by then surrounded
by WAW.

Flux into surface 200m

Nekton

Plankton

Flux into surface 500m

Nekton
Plankton

WAW WAWF
1.09 1.72
1.98 3.40
1.45 2.46
0.96 4.82

Front EAW
4,23 1.75
6.58 8.99
5.40 2.35
7.55 8.44

Eddy

1.18
5.42

1.56
3.92

displacement
~ g wet weight) per square metre of sea surface occur-
Discovery
in summer 1981,
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Table 5.iii.3 Estimated upward fluxes occurring during each migration cycle
of biomass (cc displacement volume per m2) of the four taxonomic
groups of nekton which contributed the majority of the standing
crop, at four of the 'Discovery' stations occupied to the south-
west of the Azores in summer 1981.

WAW WAWF EAW Eddy
Into surface 200m
Chaetognatha -0.023 -0.025 -0.031 -0.012
Decapoda 0.032 0.219 0.199 0.163
Euphausiaceae 0.155 0.110 0.245 0.238
Fish 0.097 0.343 0.669 0.399
Into surface 500m
Chaetognatha -0.084 -0.044 -0.013 -0.141
Decapoda 0.212 0.515 0.428 0.488
Euphausiaceae 0.185 0.143 0.297 0.278

Fish 0.394 0.596 0.918 1.100



I°FIT'G  2andt4

adpars Oofryjuaqrde §OI au3 Jo wealSerq

ysey4

_223-

viawe)




- 224 -

Biomass, g. ash free dry weight per m?
0-001 0-01 01 | 10 10-0
L 1 1 1

.......................................................................................................................................

1000

1500+

OO0 s reeevmeressoetsassrnsisessrnessnsenssnrenssssssssssssssassnsasnnsanaans {

th m

2500

De

............................................................................................
...........................................................

3500

BENTHIC MEGAFAUNA

Figure 5.iii.2 Vertical profile of megabenthic biomass expressed as grammes
ash-free dry weight per m2 observed in the Porcupine Seabight

region during the IOS benthic programme.
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Figure 5.iii.3 Vertical distribution of benthopelagic fish biomass expressed
as kilogrammes wet weight per 1000m? observed in the Porcupine
Seabight region during the IOS deep trawling survey using a
semi-balloon otter trawl.
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Sequences of Bathysnap photographs taken in the Porcupine Seabight
showing bioturbation can vary within short distances along the
sea bed.

Upper sequence (frame interval 16 mins): at 2000m shows the
starfish Bathybiaster vexillifer ploughing up the sediment surface
covered with phytodetritus.

Middle sequence (frame interval 16 mins): at 2700m shows the
starfish Hymenaster membranaceus leaving almost no visible trail
over a relatively smooth, but pock-marked sediment surface.

Lower sequence (frame interval 64 mins): at 2008m with a holo-
thurian Benthogone rosea slowly crawling over a bottom marked
with starfish and brittle star (Ophiomusium lymani as in the
last frame) activity.
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Acoustic command release
Buoyancy spheres

Current meter
recording unit

Diagram of Bathysnap prior to deployment. It stands 2.4m high
and weighs 2611kg. The modified Aanderaa current meter is an
integral part of the single vertical central spar to which is
attached the camera. A 10m polypropylene lazyline with a 25cm
float which is not illustrated, is attached to the top of the
device and is used to launch and retrieve it.
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vertical ranges of the 95

Seabight region.

23.
25.
27.
29.
31.

33 -

35.
37.

39.
41,
43.
4s.

47.
49.
51.
53.
55.
57 .
59.
61.
63.
65.
67.
69.
T1.
73.
75.
77.
79.
81.
83.
85.
87.
89.
91.
93.
95.

Argentina sphyraena
Microchirus variegatus
Merluccius merluccius
Gadiculus argenteus thori
Helicolenus dactylopterus
Argentina silus

Phycis blennoides
Echiodon drummondi
Etmopterus spinax

Molva dypterygia macrophthalma

Notacanthus bonapartei
Nezumia aequalis
Epigonus telescopus
Galeus melastomus

Mora moro

Lepidion eques
Halargyreus johnsoni
Scymnodon ringens
Alepocephalus rostratus

Hydrolagus mirabilis
Polyacanthonotus rissoanus
C. (Chalinura) mediterranews

Trachyscarpaea cristulata
echinata
Alepocephalus bairdii
Hoplostethus atlanticus
Myxine ios
Cottunculus thompsoni
Raja fylae
Centroscymnus coelolepis
Raja nidarosiensis
Ilyophis blachei
Rhinochimaera atlantica
Conocara murrayi
Harriotta raleighana
Alepocephalus productus
Alepocephalus australis
Hydrolagus affinis
Spectrunculus grandis
Alepocephalus agassizi
Bathytroctes microlepis
C. (Chalinura) brevibarbis
Bathyraja richardsoni
C. (Chalinura)leptolepis
C. (Nematonurus) armatus
Sciadonus sp.
Bellocia koefoedi
Conocara salmonea
Bathypterois longipes

species
10S deep-trawling survey of the

32.
34,
36.
38.

4o.
42,
Ly,
b6,

48.
50.
52.
54,
56.

60.
62.
64,
66.
68.
70.
72.
Th.
76.
78.
80.
82.
84,
86.
88.
90.
92.
94,

fishes
Porcupine.

of benthopelagic

Trisopterus sp.
Lepidorhombus whiffiagonis

Lepidorhombus boscii
Micromesistius poutassou
Malacocephalus laevis
Paraliparis hystrix
Glyptocephalus cynoglossus
Coelorinchus coelorinchus
Synaphobranchus kaupi
Chimaera monstrosa
Polymetme corythaeola
Coelorinchus occa

Molva dypterygia dypterygia
Trachyrincus trachyrincus
Trachyrincus murrayi
Scymnorhinus licha
Hoplostethus mediterraneus
Notacanthus chemnitzi

Coryphaenoides (Coryphaenoides)

rupestris
Centrolophus niger

Etmopterus princeps
Scopelosaurus lepidus
Melanostigma altanticum

Coelorinchus abditilux
Antimora rostrata

Laemonema latifrons
Bathypterois dubius
Aphanopus carbo

Cataetyx laticeps
C.(Coryphaenoides) guentheri
Rouleina attrita

Halosaurus johnsonianus
Halosauropsis macrochir
Conocara macroptera
Ilyophis brunneus
Bathysaurus ferox
Polyacanthonotus challengeri
Ilyophis arx

Histiobranchus bathybius
Raja bigelowi

Narcetes stomias
C.(Lionurus) carapinus
Bathyraja pallida
Echinomacrurus mollis
Batysaurus mollis

Rinoctes nasutus

C. (Chalinura) profundicola
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The vertical ranges of Asteroidea (Starfish) taken during the
benthic programme in the Porcupine Seabight.

17.
19.
21.
23.
25.
27.
29.
31.

33.
35.
37.
39.
b1,
43.

Asterias rubens
Stichastrella rosea
Psilaster spp
Pontaster tenuispinus
Henricia sp.
Poraniomorpha borealis

Odontaster mediterraneus

Poranicmorpha hispida
Plutonaster bifrons
Hymenaster giganteus
Pteraster personatus
Hymenaster sp.

Solaster sp.
Benthopecten simplex
Diplopteraster multipes

Hoplaster spinosus

Paragonaster subtilis
Zoroaster longicauda
Porcellanaster ceruleus

Styracaster chuni
Thoracaster cylindratus

Pteraster alveolatus

oo N =N

38.
bo.
b2,

Luidia sarsi
Astropecten irregularis

Nymphaster arenatus
Pseudarchaster spp
Brisingella coronata
Stichastrella ambigua
Plinthaster dentatus
Zoroaster fulgens
Ceramaster grenadensis
Radiaster tizardi
Chondraster grandis
Brisinga endecacnemos
Pectinaster filholi
Bathybiaster vexillifer

Hymenaster membranaceus

Poraniomorpha hispida
rosea

Dytaster grandis

Hyphalaster inermis

Freyella spinosa

Styracaster armatus

Freyella sexradiata

I0S
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Figure 5.iii.7



Figure

_232_

5.1i1i.8 The vertical ranges of Holothurioidea (sea cucumbers) taken during
the IOS benthic programme in the Porcupine Seabight.

29.
31.
33.
35.
37.
39.
41,
43.

Stichopus tremulus
Laetmogone violacea
Echinocucumis hispida
Mesothuria intestinalis

Mesothuria verrilli
Mesothuria lactea
Paroriza pallens
Kolga hyalina
Paelopatides grisea
Mesothuria nov. sp. 1
Peniagone azorica
Benthothuria funebris

Nov. gen. Apoda
Molpadia blakei

Cherbonniera utriculus
Deima validum validum
Protankyra brychia
Mesothuria nov. sp. 2
Pseudostichopus villosus
Amperima rosea

Paroriza prouhoi
Pseudostichopus nov. sSp

woNEN

10.
12.
14,
16.
18.
20.
22.
24,
26.
28.

30.
32,
34.
36.
38.
4o,

42,
uy,

Thyone fusus
Bathyplotes natans
Psolus squamatus
Ypsilothuria talismani
talismani
Benthogone rosea
Mesothuria macroccana
Elpidia echinata
Mesothuria cathedralis
Mesothuria bifurcata
Peniagone diaphana
Psychropotes depressa
Labidoplax sp.
Myriotrochus sp.
Oneirophanta mutabilis
mutabilis
Benthodytes sordida
Siniotrochus nov.sp.
Myriotrochus bathybius
Psychropotes longicauda
Mesothuria candelabri
Pseudostichopus atlanticus
Pseudostichopus marenzelleri
Psychropotes semperiana
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Figure 5.iii.9 Results of a bait experiment conducted at a depth of 4009m in

the Porcupine Seabight using Bathysnap showing:

A.

The total numbers of amphipods visible on the bait throughout
the photographic sequence, together with the numbers of a
single amphipod species Eurythenes gryllus, and the occur-
rences of the fish predator of amphipods Paraliparis bathybius.
The letters indicate the occurrences of other fish species:-

a) Coryphaenoides armatus,
b) Echinomacrurus mollis,

c) unidentified fish,

d) Pleisiopenaeus armatus.

Current velocities (note the periods of constant velocity
of 1.8 cm s~1 are artefacts of current meter sensitivity).
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5.1ii.10 Regression lines of the vertical profiles of log (biomass) against

log (depth in metres) for plankton and micronekton at three
stations in the Northeast Atlantic:

1) For micronekton at 20°N 21°W;

2) For plankton at 42°N 17°W;

3) For micronekton at 42°N 17°W;

4) For plankton at 49°40'N 17°w;

5) For micronekton at 49°L4LO'N 17°W;

6) For plankton in the Northeast Atlantic
according to Wishner (1980).

Superimposed is the raw data profile for micronekton at 42°N
17°W with the day and night values <900m averaged.
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Figure 5.iii.11 Vertical ranges of the planktonic ostracods caught at depths of
1000m and from 1500-3900m at 42°N 17°W, the ranges of species

only found shallower than 1000m are not
1. Conchoecia curta 2.
3. C. hyalophyllum L,
5. C. acuticosta 6.
7. C. rhynchena 8.
9. C. stigmatica 10.
11. C. lophura 12,
13. C. discoveryi 14,
15. C. kampta 16.
17. C. dorsotuberculata 18.
19. C. brachyaskos 20.
21. €. acutimarginata 22.
23. C. arcuata 24,
25. C. borealis 26.
27. C. dasyophthalma 28.
29. Archiconchoecia n. sp. 2 30.
31. C. glandulosa 32.
33. C. mamillata 34,
35. A. longiseta 36.
37. C. n. sp. 1 38.
39. C. lunata 40.

41. C. brachyaskos (large) 42,

shown: -

C. elegans
C. ctenophora

C. loricata

C. haddoni

C. magna

C. nanomamillata
Halocypria globosa

C. ametra

C. gaussi

C. dichotoma

A. cucullata
Archiconchoecia gastrodes
C. tyloda
Archiconchoecia n. sp. 1
Gigantocypris dracontovalis
C. plinthina

C. eltaninae

C. vitjazi

€C. n. sp. 2

A. versicula

A. n. sp. 3
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TOTAL DECAPODS EUPHAUSIIDS MYSIDS
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Day or Night 4 5
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Figure 5.iii.13 Results of factor analyses of the data for the micronektonic
crustaceans from 42°N 17°W. Data from depths <900m include both
day and night samples; data collected from depths >900m have
been assumed not to show any significant day/night variation.
(Note that the deep zonation of euphausiids is seriously affected
by contamination).
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MICRONEKTON » Night

WAWF 0 EAW

Figure 5.iii.14 Biomass profiles for plankton and micronekton at five stations

in the North Atlantic to the southwest of the Azores. Each

profile is expressed as the accumulative percentage of displace-
ment volume to a depth of 1200m. The vertical lines show the
vertical shift in the quartiles (25%, 50% and 75%) between day
and night. Note that in most of the day profiles day and night
values were very similar at depths >800m, whereas the limit of
1200m does not encompass the total range over which diel vertical

migration causes a shift in the distribution of micronektonic
biomass.
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5.1iv CHEMICAL PROCESSES

Process-related Studies

A detailed study of post-depositional migration of several redox-sensitive elements
has been carried out on two cores collected in an area of brown clay sedimentation
situated to the west of the Cape Verde Abyssal Plain. A report of this work has
been published (Colley et al, 1984).

While many examples of post-depositional mobility of redox-sensitive elements
(particularly Mn, but also Co, Ni, Cu and U) within the sediment column, as a
result of changing Eh conditions with depth, are steady state (Lynn & Bonatti,
1965; Li et al, 1969; Bonatti et al, 1971; Hartmann et al, 1976), this study
was concerned with cores from an area dominated by pelagic gedimentation, but
also subject to occasional turbidite incursions. Organic carbon concentrations
are low in the pelagic brown clay sediment (<0.2%) but the interposition of tur-
bidite units has introduced relatively organic-rich material. Subsequent organic
carbon oxidation has affected the local redox conditions in the previously oxic
pelagic sediment column. This is a similar but much simpler situation than at
GME, where organic-rich turbidites are more frequent within the succession. An
investigation of the metal distributions within the sediment from this brown clay area
was undertaken prior to a more detailed appraisal of the GME sediment column when

porewater data were also available.

Core Locations, Descriptions, Sampling and Analysis

One of the few brown clay areas of the North East Atlantic is situated to the
west of the Cape Verde Abyssal Plain. The area has a rugged relief with basins
below 6000m and hills rising to 5000m water depth. It is bounded in the east
by the abyssal plain, to the south by an extension of the Cape Verde plateau and
to the north by the Great Meteor Seamount. To the west the rugged terrain extends,

rising steadily, to the Mid-Atlantic Ridge.

Two gravity cores from the deep basin, taken on RRS Discovery cruises, are inves-
tigated here. Core 10311 was collected using a stainless steel gravity corer
with a 10cm diameter, 2m long barrel at 25°39.2'N, 30°57.6'W in a water depth

of 6129m. This core consists of an upper 60cm layer of brown clay (Munsell Code
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SYR 4/4), underlain by 157cm of sediment with a grey hue. There is a sharp colour
change within this unit from yellow-grey (5Y7/2) to olive-grey (5Y5/2) material

at 127cm.

Core 10400 was collected using a Kastenlot gravity corer with a 2m x 15cm square
barrel at 25°L2.4'N, 30°57.7'W in a water depth of 6044m. This core consists
of brown clay (2.5YR 4/4) interrupted by a green (10Y 5/4) layer at 47-55cm and
an underlying red band (5YR 5/4) from 55-7lcm.

Shipboard sampling of the cores was carried out on retrieval and the subsamples
were returned to the laboratory where they were dried at 110°C and ground in agate.
When larger samples from 10311 were required for XRF analysis the core was re-
gsampled at the laboratory, where it had been stored at 4°C. No porewater analyses
were made on either of these cores.

XRF, carbonate and organic carbon, ferrous iron, and U and Th -emitting isotopic
analyses were carried out using standard I0S methods. The data are tabulated

as Tables 5.iv.1 to 5.iv.5.

Accumulation Rates and Timing of Turbidite Emplacement

230
Figure 5.iv.1l shows the 3 Thexcess data plotted versus depth for the two cores.
The mean accumulation rates shown are estimated by the conventional method (Ku,

230
1976) from the decay of 3 Thexcess with increasing depth in the sediment column.

0
The 23 Thexcess profile for core 10400 demonstrates that the pelagic sedimentation

of brown clay is interrupted only in the green band (47-55cm). The lower contact
of this band is sharp, showing little disturbance by bioturbation. Disturbance
by organisms is evident at the upper contact, however, and brown mottling, due

to this process, is seen throughout the band. The green band is believed to be

230
a turbidite. From the 3 Thexcess profile in the brown sediment, the date of

emplacement is estimated at 170,000 years before present. An important feature

of the interpretation is that the red band below the turbidite, at 55-71lcm, is

2
shown to be part of the brown clay section. The consgistent 30Th data in the
230 excess

Th values found in the turbidite
excess

red band contrast with the low off-trend

itself.
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We believe that the organic material originally present in the upper part of the
turbidite has been destroyed by oxidation by a similar process to that acting
on the green turbidites at GME. The rate of this process would be controlled
by the rate of diffusion of oxygen downward from the séa bed, and thus would become
slower as the oxidation front became more deeply buried. Such oxidation of organic
matter is believed to be bacterially-mediated and results from reduction of the
available oxidant producing the greatest free energy change (Froelich et al, 1979;
Emerson et al, 1980). After oxygen itself has been consumed, the predicted sequence
for reduction is NO3 and Mn02, F‘e203 and then SOu. Since no porewater data for
core 10311 are available, the point reached in this sequence is unknown, but MnO2

does appear to have been utilised. Subsequently the overall process is referred

to simply as oxidation, although an Eh gradient must exist in the column.

A semi-quantitative numerical treatment using the assumed 1linear slope of the
oxygen diffusion profile has been used to calculate the flux of oxygen, and hence
the carbon oxidised, during each timestep for 10311. (This treatment has since
been developedto model the situation at GME where the processes acting are thought
to be similar, and where direct dissolved O2 and other porewater data are avail-
able.) The new, deeper position of the organic-rich surface is calculated from
this information. This in turn determines the new slope of the oxygen profile
for the succeeding timestep. The accumulation of new sediment is also included.
Table 5.iv.7 summarises the input data appropriate to station 10311. Curves of
the depth of, the organic-rich layer against time are shown in Figure 5.iv.3 for

various values of surficial sediment oxygen consumption.
The stoichiometry of the reaction assumed is:

- - 2-
1 + H 0 N_. P + 18HC 124C +
38 O2 ClO6 263%110%16 8 O3 +> 12 02 16NO3 + HPOM + 140H2O
This composition of the organic material corresponds to the Redfield ratios norm-

ally assumed for deep-ocean organic material (Jahnke et al, 1982).

It is assumed that consumption of oxygen occurs only at the sediment-water inter-
face and at the upper surface of the organic-rich layer (the 'oxidation front'),
a similar situation to that prevailing at GME. Hence, the oxygen diffusion profile
between these sites is 1linear. The respiration at the sediment-water interface

causes an offset to the diffusion profile, so that the latter, when extrapolated
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upward, intersects the sediment-water interface at an oxygen value less than the
bottom-water value. At the depth of the oxidation front, oxygen 1is assumed to
fall to zero concentration. Hence, the linear oxygen gradient is defined by the
known bottom water value for dissolved oxygen, the instantaneous depth of the

oxidation front, and the assumed offset.

The magnitude of this oxygen profile offset has been estimated by inspection of
oxygen profile data from oxic sediments in the literature (Wilson, 1978; Murray
& Grundmanis, 1980; Grundmanis & Murray, 1982): the effect of various estimates
is shown in Figure 5.iv.3. Lack of such data at site 10311 constitutes a major
uncertainty in the application of this model. Further development of the model
has been possible at GME, where an oxygen profile is available. A further uncert-
ainty at site 10311 is the possible upward diffusion of reduced chemical species

from deeper within the sediment.

The rather crude model developed at site 10311 serves to illustrate the important
point that the downward diffusive flux of oxygen to the buried reaction front
is adequate to oxidise the organic carbon of the turbidite layer to the 65cm depths
observed at station 10311. It is, in fact, 1likely to underestimate this oxidation
depth, since diagenesis attributable to electron-acceptors other than oxygen is
not included. The most significant such acceptor is nitrate. Simple assumptions
suggest a maximum nitrate flux to the front equivalent to about 30% of the oxida-
tive diagenesis. It is thus possible that anaerobic diagenesis makes a significant

contribution to the total diagenetic process.

A notable feature of Figure 5.iv.2 is the peak in U concentration just beneath
the colour change boundary at 127cm. This is interpreted as a progressive post-
depositional relocation of U in the turbidite as a result of the downward advance
of the oxidation front. The initial U content of the turbidite is high, 3.3ppm
in the linear unaffected section at 175-200cm. Assuming an initial [U] of 3.3ppm,
around 65% (68 ug/cmz) of the U deficit (106 ug/cmz) of the upper oxidised section
of the turbidite is now present in the peak. The U mobilised from the oxidised
section appears to have been originally associated with the organic matter of
the turbidite, since the U levels now present in the oxidised section are 2.7ppm
on a carbonate-free basis, similar to the values in pelagic clay (Tables 5.iv.3
and 5.iv.4). An association of authigenic U with Corg in marine sediments is

well-known (Mangini & Dominik, 1979).
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The greater part of the uranium mobilised during oxidation has moved progressively
downwards. Bonatti et al (1971) similarly found that uranium was enriched at
depth in an organic-rich, hemipelagic environment in the Eastern Pacific. It
is probable that the remaining 35% of U lost from the upper section of the turbi-

dite has diffused upwards, and possibly has even been lost from the sediment to

seawater.
. . . . . . 238 234
To a first approximation the radiocactive decay sequence nuclides U, U and
234 230
230Th have gimilar activity profiles (Figure 5.iv.4 for 3 U and 3 Th). The
230

Th maximum, however, occurs at a slightly shallower depth than those for the

U isotopes, as would be expected if the U isotope peaks are still moving downwards

234
slowly and increasing in size. There is also clear evidence of 3 U movement

238 23%/238

relative to U, as some of the highest activity ratios yet reported

in marine sediments occur on the upper side of the U concentration peak (Figure

5.iv.5). This isotope differentiation is well documented, and is believed to

234
be due to a preferential migration of 3

2
in situ production from 38U in the (IV) oxidation state. Only 30% of the

U in the (V1) oxidation state following
234U so
produced is susceptible to this effect (Ku, 1965; Kolodny & Kaplan, 1970; Mangini
& Dominik, 1979). Upward migration of 234U has been dominant in this core as
the high 23“U/ 238U ratios are in the oxidised section immediately above the U

peak (Figure 5.iv.5).

The mechanism invoked above to explain the uranium peak has gsimilarities to that
suggested for the formation of the roll-front uranium deposits found at the inter-
face between oxidised and unoxidised sandstone (Maynard, 1983), although the level
of concentration reached here is much less and diffusive rather than advective
transport is involved. Of the elements measured in this core only V and Cu show
signs of similar behaviour (Figure 5.iv.6). These two metals are also found in
agsociation with U in the Colorado Plateau deposits which may be genetically gimi-
lar to roll-front deposits (see Maynard (1983), p.171). Bonatti et al, (1971)
gimilarly found enrichments of U, V and Cr at depth in Pacific hemipelagic sedi-
ments. No evidence for such behaviour by Cr is found in this core, and we conclude
that it was not present in association with the original turbidite organic matter,

unlike U, V and Cu.

Other trace metals appear to have been mobilised, but in these cases movement

has been predominantly upwards so that the progressive intensification seen on
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the downward migration of U is absent. Manganese has been concentrated in a peak
immediately above the turbidite/clay boundary at 57cm (Figure 5.iv.6). In terms
of the model, this would have occurred on resumption of pelagic sedimentation
after deposition of the turbidite. At that time the depth of the pelagic clay
cap would be at a minimum and diffusion of oxygenated seawater into the turbidite
less hindered, with the result that the rate of downwards oxidation would be at
a maximum. On utilisation of MnO2 as an oxidant, Mn(II) would diffuse in solution
and be oxidised to the soclid phase again at higher levels in the sediment column
(Froelich et al, 1979; Burdige & Gieskes, 1983). The Mn peak so produced would
then remain unaffected by subsequent oxidation as it would always be located in
a zone of oxidised porewater, although the locus of manganese immobilisation would
move downwards in time as oxidation proceeded. It can be seen from Figure S5.iv.6
that the oxidised turbidite section does indeed have higher Mn levels than the
lower section. A similar behaviour is observed for Ni (Figure 5.iv.6). Bonatti
et al, (1971) also found a predominant upward movement of Mn, Ni and Co in a hemi-

pelagic environment, where precipitation occurred in an upper oxidised zone.

Diagenetic Processes in Core 10400

The major compositional contrasts between the short green section (47-55cm) and
the over- and underlying pelagic clay in this core are its higher contents of
SiO2, Ca0, and Zr, and lower contents of Rb, A1203, V, Cr and Th (Table 5.iv.6).
This is interpreted as being due to higher heavy mineral (SiO2 and Zr) and calcium

carbonate (Ca and Sr) contents in the green section, with the remaining elements
2
lower because of dilution. These differences reinforce the 30Thexcess inter-

pretation that this unit is a turbidite with a different genesis from the remainder
of the pelagic clay section. In contrast, Table 5.iv.6 shows that the 1longer
red section (55-7lcm) in the core is similar in composition to the pelagic clay

in terms of Si02, A1203, Ca0, Zr, Cr, RbD, TiOz,
the 230Thexcess interpretation that this section is modified pelagic clay. The

only compositional differences observed between the red band and the underlying

V and Th contents, and confirms

brown clay are its higher Fe content (increased by 0.65% with all Fe expressed
at F8203) and 1its lower contents of Mn, Co, Ni and possibly Cu (Figure 5.iv.7
and Table 5.iv.6). The red band is therefore interpreted as a diagenetic 'halo'

caused by the overlying turbidite.
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The. compositional distinction of the red band indicates that the alteration invol-
ved ion transport of iron into the halo and removal from it of redox-sensitive

Mn and its congeners. A redox replacement reaction of the type:

+
s 2ret > mn2t 4 2Fel
] aq aq s
was thereforz considered. Inventory calculations for the red band show that there

ig- an excess of 51U mg/cm2 Fe whereas 46 mg/cm2 Mn has been removed. There is
therefore a shortfall of Fe for a reaction such as (1), but more importantly oxid-
ation state analyses (Table 5.iv.5) demonstrate that an amount of Fe(II) is present
in the red band sufficient to account for all the iron excess. Iron therefore
appears to have been concentrated as an Fe(II) mineral (such as siderite). The
action of another unidentified reductant must therefore be invoked to explain

the observed manganese mobilisation.

Because high Corg values are not observed anywhere in this core, organic oxida*tion
is' probably now inactive or proceeding at a slow rate on the refractory organic
fraction (Muller & Suess, 1979; Muller & Mangini, 1980). The most reducing site
in this sediment column would have been in the turbidite, because it initially
contained the Corg to fuel the diagenetic process. No sulphide was detected in
the solid phase of either the green or red bands by the methylene blue method
following acidification by 5MHCL (Gustafsson, 1960). We conclude that reduction
in this thin turbidite was sufficient to utilise iron oxides, but insufficient
2-

to. utilise SOu , and that this was the source for the Fe (II) enrichment now ob-

served in the red band.

Of° Mn and the trace elements associated with manganese oxides (Ni and Co) only
Co gives any indication of subsequent immobilisation. Refixation of Co appears
in a peak immediately below the lower boundary of the red band (Figure 5.iv.7),
which contains excess Co amounting to 40% of that removed. No corresponding Mn
and Ni relocalisations are observed, suggesting that these elements have been
lost by upward diffusion. This would require an anoxic overlying column. The
most likely period for such a condition would have been shortly after emplacement

of the turbidite before further pelagic sediment accumulated.

Despite the indications that oxidation of the turbidite organic matter was achieved

quickly (loss of Mn and Ni) and is complete (low Corg)’ there is another indication
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which suggests that fully oxic conditions have not yet been established. The
evidence for this is the existence of traces of Fe(II) at all depths to 75cm.
While the Fe(II) contents of the green and red bands are highest and gimilar,
the Fe(II)/Fe (total) values in the green band are higher (Figure 5.iv.7). As
discussed previously, Lyle (1983) interprets such green colours as indicative
of reducing conditions. The red band sediment can be turned green experimentally
by treatment with sodium dithionite as described by Lyle, so its natural Fe(II)
content is evidently insufficient to develop green colouration. The red colour
of this halo must be a reflection of its decreased Mn content rather than its

additional Fe(II).

It is noteworthy on this interpretation that only the authigenic component of
Mn, Co and Ni in the red band appears to have been remobilised, presumably by
reduction of grain coatings. The residual levels of these elements now observed
(Figure 5.iv.7 and Table 5.iv.6) are similar to those of shale, suggesting that
the sediment matrix remains unaffected. For these elements, the diagenetic alter-
ation causing the halo has therefore been analogous to the operation desired of

a good selective leaching agent.

In summary, the discovery of two turbidites of different character within pelagic
clay sections sampled from the Cape Verde Abyssal Plain, has allowed investigation
of metal mobility in response to organic diagenesis. These interpretaticns have
been based on the generalised scheme which has emerged for deep-sea organic oxid-
ation, and must be seen as conditional because no porewater information is avail-
able. Nevertheless, a simple model can be constructed for 10311 involving the
destruction of organic matter within the turbidite as a result of the downward
diffusion of oxygen from the seabed. This appears to be an important process
in some areas of the North East Atlantic, and the model, together with observations
of metal mobility and relocation has been further expanded with a more gquantitative

approach in the GME area, where porewater data have also been included.
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Table 5.iv.5 Values of F‘eT, Fe(II) and Fe(II) for core 10400. F‘eT is calculated
FeT
from XRF results and Fe(II) from a wet chemical analysis for
FeO.
Depth Fe Fe(II) Fe(II) x 100
T ————

Interval FeT

cm % % %
10-12 5.27 0.15 2.85
16-18 5.18 0.20 3.86
24-26 5.54 0.16 2.89
Bi-46 5.09 0.20 3.93
47-49 3.62 0.37 10.22
4o9-51 3.43 0.44 12.83
51-53 3.66 0.54 14.75
53-55 3.32 0.43 12.95
61-63 6.12 0.53 8.66
69-71 6.11 0.44 7.20
71-73 5.53 0.24 4,34
73-75 5.71 0.14 2.45
83-85 5.67 0 0
113-115 5.62 0.05 0.90
133-135 5.69 0 0
163-165 5.74 0 0
173-175 5.71 0 0
183-185 5.67 0 0
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Table 5.iv.7 A summary of the input data used to construct a
numerical model appropriate to station 10311

Parameters used in model (station 10311)

3

Pelagic accumulation rate = 0.18 cm/10%yr
Organic carbon originally in turbidite = 0.8% dry wt
Bottom sea-water oxygen content = 0.22 m moles
Free solution diffusion coefficient (D) = 0.85 x 10-5 cm2 sec-!
Porosity of sediment (assumed uniform) (@) = 0.70
Depth of uniform surficial reaction layer assumed = 2 cm
Equations:
Tortuosity 8 = VdF where F is formation factor

F o= g3 Ullman and Aller (1982)

. . X . -2 2
Effective diffusion coefficient (Ds) = D@ = Dg
Oxygen flux in forewater = QDS 3[02]

9z

Results:

Penetration of the oxidation front into the turbidite (d) for various assumed
values of activity at the sediment-water interface and times since emplacement

activity (moles cm_2 sec—l) d(cm)
2x104 yr 105 yr 2x105 yr
-13
2.70 x 10_, 3 15.3 33.5 43.2
2.55 x 10_13 17.6 39.4 50.8
2.44 x 1077 19.4 45.0 58.0
2.26 x 10 21.1 50.2 64.4



‘umoys OBTEB aJe s83jed UotjeTNUMO OB Juauwtpag *PATPNY8 88400
OM3 ay3 Jo0J yjzdop-snsasaa-ejep mmwoxm:_aomm PU® SUOTIATJIOI89P Bd0) T[*AT*G aan3dty

Yim jow
oW =
Ao pay

uajuod diubbio sayby nm

m H!W x_u_u uaaI) 9 m m e
- HmmmlooN Aoj> umosg mmmmm“
o mmw —— A3y
leol — H =
. |H 00vOL =
15 ‘E}os o051
0-1> Dvnm\ Hloee I e
: DU w1 / w>67.0-
3 - . mmm 9401 uUOHDIUIWIPAG ===
_ - = ==
~ :[}-00t =100l
- S E=E
= ] (wo)
: Hmm yidaqg
+ mHMHWH — G) n/uy”
. =09 -~ Y
si03k 01 / wag|.0- MMM WWW
8ipJ uoyDjUBWIPEg T mmmmm
] = =
S ! (W I B N B | Litg 1 —==10 [ I | ] J ==

(0] ol < 1 <0 (0] ol S l S0 t-0
AO\EQ?V mwuxo.._._.OmN Am \EQ—UV Swuxoxhonm



*TTIE0T ©a02 Jog :pawvlmzmnm?.moomo pue oOT3eJ £3TAT3Oo®E :wmm\::mm
2y3 ‘untuean ¢ wpoo J0J 89TTJoad pue 3ol 39J09 9AT3dTJIOSdQ g*AT°G oan3f4

—

FFE

i kL
[HHHHTHRHTIIUO

—
vk
o s
it
MR

[ ]
FhEFF
'l-lb kb Lk

T Ty T
l'lI‘lIAIA'II

tor— eyt

—0S1

L]
s
k
T

n

\ +
¢/\

FFFF

kbbb

vEr

[HHHK

+
3
u
1

N-+/
{
.
N

j
f
x
|
|
T.

F
E
T
1

i

Jr/

¥

o\..'~o—‘°—0——-0—o-——— *——e

- 258 -

—O00l

/+
"
i3
BTSN

—
—
o9

2

(wd)
‘yidag

[
l»l-]
T,

+
E
T
"

*—o

->\+/+\+/\\\ /"\+

E— T T T T *1 S S s ——0
vl Z1 Ol 80 Zi Ol 8 9 v 4 (o} 04 80 90 #0 0 00

1_ _ __ 7
05 or ot oz o O 91

(onpa ApAyon)

(wdd) wnuoun (%) voquod d1WEBIO
Nggz/ Nyes

(%00 1D



- 259 -
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Figure 5.1iv.3

The thickness of the oxidised layer plotted against time elapsed
since the turbidite event at station 10311 (calculated using
the model parameters given in Table 7). The upper diagonal
line represents the increasing thickness of pelagic sedimentation.
The lower (diagenetic) curves are drawn for various values of
surficial oxygen demand in units of 10-13 molesg cm—2 sec‘l(assumed
constant over the upper 2 cm). As surficial demand rises, less
oxygen is available for reaction at the surface of the deep

organic-rich layer (close hatching) so that the oxidised layer
deepens less rapidly.
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Figure 5.iv.5

Plot of the
turbidite section in core 10311.
represent sample depths (cm).

marl) indicating upward migration of 23“U.

16

234 u/ 238 ¢ activity ratio-versus-U content for the

The numbers by the points
High values of the activity ratio
are seen in samples above the uranium peak maximum (yellow—grey
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5.V TEMPERATURE, CONDUCTIVITY AND HEAT FLOW 1979-1984

In the period 1979-1984, a total of fourteen heat flow stations were occupied
during five cruises in the northeast Atlantic area (Figure 5.v.1). These have
yielded data from 76 individual sediment penetrations. The heat flow results
have been compared to theoretical values predicted by crustal cooling models but
the main interest has centred on examining sediment temperature profiles for evid-
ence of vertical porewater movement in the KTF and GME areas selected for assess-

ment for radioactive waste disposal..

The majority of the measurements have been made using a new model of heat flow
probe specifically designed for deep ocean operation. This instrument is of the
'bowstring' type with a 4m probe and now incorporating a solid state data logger
for direct, post-station, transfer of data to the ship's computer for processing.

The probe is handled and deployed using a special trolley system.

Two stations were occupied in the Kings Trough Flank area, viz. 10335 and 10662
(Figure 5.v.1). The first station gave three full penetrations, one of which
disclosed a marked non-linearity in the sediment temperature profile (Figure 5.v.2)
which could imply upward porewater movement. When the data are modelled using
conduction-convection theory the suggested velocity is 52 cm/y. The ten measure-
ments at station 10662 also showed consistent evidence for non linear sediment
temperature profiles along a ~ 5nm transect. However, in this case the implied
upward advection velocity was only ~10 cm/y. Both stations may have recorded
water movements which form part of a more regional scale porewater convection

pattern.

Three heat flow stations were occupied in the Great Meteor East study area (Figure
5.v.1). Station 10318 was on the west extremity of the Madeira Abyssal Plain
while stations S126.3 and S126.5 were in the central Madeira Abyssal Plain. These
three stations recorded remarkably 1linear temperature profiles at a total of 10
penetrations. This may be evidence for a low rate of porewater movement. It
is interesting to note that, on younger crust to the northwest, at station 10674
(Figure 5.v.l), the results suggested porewater velocities of up to 112 cm/y.
These data and the results from the remaining stations are discussed at length

in an IOS report (Noel, 1984b).
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During cruise 144 attention focussed on an area within GME where a network of
3.5 KHz surveys have revealed 'fault-like' structures in the sediments. Using
acoustic navigation, two heat flow surveys were run across a selected fault resul-
ting in a total of 23 dips, one of which was within a few hundred metres of the
fault plane. It is hoped, from an analysis of the sediment temperature data,
to determine whether the fault structures are preferred paths of porewater migra-
tion through the sediment. This work is being carried out at Sheffield University

under contract to the DoE.

A comprehensive study was completed of mechanisms, other than porewater migration,
which can give rise to non-linear sediment temperature profiles. These include
changes in bottom water temperature, the effects of rapid deposition or removal
of sediment and the release or adsorption of heat by mechanical and chemical
changes within the sediment column. The study suggests that caution must be

applied when interpreting the sediment temperature structure (Noel, 1984a).
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5.vi PARTICULATE MATTER IN THE OCEANS

S5.vi.a Introduction

The aim of this aspect of the radioactive waste disposal research programme was
to identify the processes, especially gediment resuspension, which control the

containment or dispersal of radionuclides should release occur at the sea-floor.

At the outset it was obvious that new instrumentation was required in order to
collect and quantify in situ suspended particulate material to depths of 6000m

and that new analytical methods needed to be developed and applied to the samples.

The design of both the instrument and the whole experiment was based on the measure-
ment of variables commonly used in geochemical models as discussed in a report
to DoE on this topic (Simpson, 1984). That discussion will not be repeated here
but we shall concentrate on the data collected at the Great Meteor East study
site and what has been learned from them. The trials cruise (Discovery Cruise
125) was made in January 1982 from which qualitative information was obtained
on the particle morphology, especially for large particles, and was followed by
Discovery Cruise 129 on which good profile data were obtained and samples analysed
for elemental composition. In 1983 unsuccessful alterations were made to the
instrument (Discovery Cruise 135) followed by the successful participation in

Phycemed 83 Cruise in the Mediterranean.

5.vi.Db Methods

Only a brief outline of the methods and instrumentation will be given since these

are covered in detail in separate reports.

The Deep Water Particle Sampler (DWPS)

The instrument was designed to fulfil the following functions:

i) Filter 1000 1 hr - through suitable filters.
ii) Collect water samples at the depths of filtration.
iii) Carry in-line scavengers for some dissolved radionuclides.

iv) Take four discrete samples on one cast.



v)
vi)

vii)
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Operate to depths of 6000m.
Be controlled and monitored from the ship.

Be self-contained for power.

An essential specification was to monitor the physical structure of the water

column and particle distributions in real-time using sensors to measure:

viii)
ix)
X)

xi)

Particle size distribution.
Particle concentration.
Depth.

Pressure.

As a consequence of the above a suitable data transmission system was designed

along with shipboard signal demodulation and display units and full computing

facilities. The advantages of such a system are informed sampling and flexibility.

Details of the instrument are given in Table 5.vi.l and Figure 5.vi.l shows the

sampler as rigged for Discovery Cruise 129. A full description is given in Simpson

Gwilliam, Lawford & Lewis (1984). The main points in the development are:

i)

ii)

iii)

iv)

After several trials of various combinations of filters, both in series
and parallel, a 1 um Nuclepore membrane (293mm) following a 30 pm poly-
ester mesh prefilter (142mm) was thought to give the best compromise
of large volume flow, in situ size fractionation and ease of sample

handling.

Mechanical flow meters give a high precision (1%) of volume filtered

compared to the electronic sensors (+5%).

For future cruises, the particle counter will have an upper size limit
of 240 um instead of 450 pum. (see Particle data below). The software
is continually updated to optimise the real-time information on which

sampling is based.

The comparator settings for the particle counter as used on Discovery
Cruise 129 are given in Table 5.vi.2. The diameters quoted in column

4 refer to the cumulative number distributions; the geometric means
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(column 5) are applied to difference distribution data. The densities
quoted are used as constants in the estimation of the mass concentration
in mass difference distributions whereas the estimates of density con-

trast are used in mass flux calculations.

In real-time, from temperature and pressure is calculated potential temperature,

depth and viscosity (without salinity correction).

From light transmission and temperature igs calculated the attenuation coefficient
(equivalent to particle concentration). The flow measurement from the particle
counter is used to scale the raw particle counts to give the cumulative number

distribution in counts per litre. The gradient and intercepts of the log N> v logd

d
are given by regression of each data cycle of 12 channels. The difference, mass

and flux distributions are also estimated from the calibrated particle data.

Trials of a conductivity sensor will be made if finances allow; for the cruises
under discussion, salinity, in situ water density and viscosity (salinity correc-

ted) were taken on separate CTD casts.

Sampling

A continuous profile of the physical data is collected on the outward cast. On
the basis of the information so obtained, the four filtration depths are selected.
Data summaries (averages) for the hour of filtration at each depth are automatic-
ally produced at the end of the cast. On recovery, the filters are rinsed under
suction with doubly distilled water and, after a period of drying in a clean hood,
the filters are subsampled for the various analytical procedures. Samples are

stored cold or frozen depending on the requirements of the method.

Instrumental neutron activation analysis (INAA)

INAA allows for the simultaneous measurement of many elements. The activation
of the samples was carried out at the Laboratoire "Pierre Sue", CNRS-CEA, Saclay,
France and the counting of the samples at CFR, Guf-sur-Yvette by C.E. Lambert
and N. Rissler. As no wet chemistry is required, a very small quantity (>100ug) of
material is needed to determine 25 elements of interest (Buat-Menard et al, 1980).

A quarter of the filter is pelletised and irradiated.in a reactor at 1&2-1&3nﬂm3/s
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for periods varying from 2 min (to determine Al, Cu, V, Mn, Mg, Cu) to 2 hrs (to
determine Fe, Sc, REE, Ba, Cr, Zn, Sb, Th, La, Hg, etc.). The sample activity
is counted on Ge-Li or Ge(HP) detectors. The activity of the sample for each
element is corrected for the time elapsed since the irradiation and the detector
efficiency. The concentration of the element in the sample is determined by com-
paring its activity to the activity of an international standard of known weight
and composition. The blanks obtained on the Nuclepore membranes are given in
Table 5.vi.3 and comparisons are made with those found previously by Buat-Menard
(1979). Also indicated in Table 5.vi.3 are typical whole sample values for some

elements to illustrate sample to blank ratios.

Scanning electron microscopy (SEM)

The SEM experiments were designed to provide information on four areas:

i) The general particle size-composition relationships (in combination

with energy dispersive X-ray analysis; EDX-R).

ii) The microbial composition of the sample in terms of species distribution.
iii) The clay-type and non-biogenic mineral composition of the sample.
iv) To check the efficiency of the filtration system and compare SEM size

distributions with the particle counter distributions.

The methods are discussed fully in Simpson & Gibbs (in prep.), and only i) and
iv) will be discussed in the results section. Briefly, sub-samples of the filters
(8mm x 8mm) were analysed for particle dimensions, description and composition.
Several general categories are used: biogenic calcium carbonate (e.g. coccoliths,
forams), biogenic silica (e.g. diatoms, radiolarians, silicoflagellates), organic
matter (no EDX-R spectra), aggregates (e.g. faecal matter), minerals (e.g. iron
oxyhydroxides, authigenic inorganic minerals), clays (e.g. chlorite, vermiculite,
illite) and inorganic silica (e.g. glass shards and sand grains). Particles from

O.4%m to mm. sizes can be counted.

Originally, 100 counts were thought sufficient to give representative distributions

although a minimum count of 400 is now used. For detailed biological species
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analysis, e.g. coccoliths, three counts of 300 are necessary, the first establishes
the percentage composition of the dominant species, and the latter two subsamples

give the relative compositions of the minor species.

Particle micro-electrophoresis (PME)

Analysis of particles from subsamples (2 x 2cm) of the 1lum filters from Discovery
Cruise 125 were carried out by Loder & Liss (in press). The description of the
method is given in that paper. Samples were stored in filtered deep-sea water
at 4°C until required in the laboratory, at which time they were sonicated prior
to the electrophoretic mobility determinations (30 to 50 particles per sample).
The effect on surface charge of adsorbed organics was investigated by oxidation

with hydrogen peroxide before analysis on separated subsamples.

Inductively-coupled plasma emission spectroscopy (ICP)

Experiments are in progress to examine the feasibility of measuring major element
particulate concentration by ICP. The methods involved are new and show promise

for the determination of Al, Si, Ca and Ba.

5.vi.c Results and Discussion

CTD Data

The CTD profile for GME is shown in Figure 5.vi.2. The in situ density (Otsp) and
viscosity of the water is used in the estimation of settling velocity in the

Stokes' equation for particle settling.

The core and mixing of the Mediterranean water can clearly be seen at around and
below 1200m. The origin of the salinity and temperature inversions at 150-200m
is unknown; the salinity maxima ig further north than that usually associated
with the warm water sphere. The water masses ghow up clearly on the theta-salinity
plot (Figure 5.vi.3). The complex surface structure is followed by the core of
the Mediterranean water (M), Intermediate Atlantic water (I) and Deep Atlantic

water (D) indicated by the steepening of the gradient.
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Particle Data (Preliminary Observations)

The basic profile as obtained by the DWPS is shown in Figure 5.vi.l, Immediately
apparent is the sharp increase in the transmissometer output and a decrease in
total particle count to give a minima at the temperature inversion. There is
a logarithmic decrease in particle concentration with depth, with evidence of
slight resuspension in the bottom 1000m. The spikes in the particle counts are
due to fragmentation of large particles in the cell, confirmed by examination
of the 1 sec record of the channel 1 count (not shown). In Figure 5.vi.5, the
attenuation coefficient, calculated from the percent transmigsion figures, and
water viscosity, based on pressure and temperature alone, are plotted. The salinity
corrected viscosity (Figure 5.vi.2) shows only a small variation from the Figure

5.vi.5 curves, the most obvious difference being in the Mediterranean water.

The ship's records and plots were primarily used to choose sampling depths for
the filtration system. Also they aided the more detailed analysis in the labora-
tory, particularly in choosing depth intervals for averaging data. For estimating
the particle mass concentration and particle mass flux the following two algorithms

were used:

3 3

(m] = T.p. d°.n/6 (mg m °)

F = [m]* Us = [m].g.A 0.52 /18n (mg m_2 day-l)

for n particles of given geometric mean diameter 5, density, P and density contrast
with respect to water Ap where n is the water viscosity and g gravity.

Thus F is ultimately dependent on a 55 term and the bias to the rare large particles
is self-evident. The total water volume passing through the counter from 1000m
to the bottom was 30 1 and only 10 cycles produced counts of particles (15 in
all) > 245U m mean diameter. By taking only particles up to 200U m and averaging

over 60, 120 or 300m depth intervals the data was sufficiently smoothed to show

the main trends (Table 5.vi.#4). There appeared to be four distinct regions of
activity:
1. The estimated mass concentration decreased rapidly from™~100u g 1_l in

-1
near surface waters to 17.5 Ug 1 at 667m. The estimated fluxes
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-2 -1
decreased from 2229 to 38 mg m d over the same depth range, bounded

by both the greatest values and variability in BV stability frequency.

2. The next region, 780-1736m, included the Mediterranean water in which
the estimated mass concentration and flux showed greatest fluctuation.
The BV stability frequency decreased linearly from 2.00 to 0.56 cycles

per hour.

3. In the mid-water region, 1949-3713m, the estimated flux decreased from
-2 -1
162 to 77.7 mg m d with mid-water concentrations of particulate matter

of about 10 ug 17t

4, The viscosity maximum was at 4000m and, from 4000m to the bottom, as
the BV stability frequency tended to zero the particle mass concentration

increased, i.e. the eddy diffusion increased resulting in resuspension.

These data are still in the initial stages of interpretation. Work is yet to be
done on internal variation in size spectra and the individual channel variation
with depth. The loss of mass rate terms are to be evaluated, and the diffusion-
advection-reaction models completed. The main consideration for the moment is,
do these indirect measurements of masses and fluxes compare favourably with pre-
vious estimates? The mass estimates agree with those for the Atlantic determined
during the GEOSECS experiment (Brewer et al, 1976), whereas the flux estimates
are within the range quoted for the Sargasso Sea (Deuser, Ross & Anderson, 1981)
and northwest Atlantic Ocean (Rowe & Gardner, 1979). There are few measurements
on particle sgize spectra in the deep sea; the data of McCave (1975) suggested
that above 20 ym the gradients tended to be between -3 and -4 for the cumulative
number distributions. The analyses reported in McCave (1975) were carried out
on a Coulter counter using small volumes hence problems were evident similar to
those above described for 200 pym particles,i.e. the probability of detecting rela-
tively large particles in relatively small volumes was low. The gradients (m)
determined at GME for the intermediate size range particles (10-200 pm) range
between -2 and -2.8 which demonstrate the importance of larger particles in mass

and mass flux calculations.
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Particle Morphology

The particle samples obtained from NE Atlantic stations (shown in Figure 5.vi.6
and described in Table 5.vi.5) were examined by SEM - EDX-R. The combinations

of data to give descriptions for four depth intervals are also listed.

a) Size Distribution - Composition Relationships. Figure 5.vi.7 shows the percen-

tage composition of the 1 to 10U m size fractions. Two immediately obvious features
are (a) calcium carbonate in the form of calcite (coccolithophorids) dominates
all the samples, and (b) the clay material (aluminosilicates) contribution in-
creases with depth and accounts for 25% of the small size fraction in bottom
waters. The biogenic opal only appears to have any great significance in the
surface water for this region during the summer cruise. The higher concentration
of 'minerals' found on Discovery Cruise 125 is an artefact; these samples have
higher concentrations of iron, titanium and chromium which suggests contamination
from the ship. The organic material, like the calcite and opal, showsa relative
decrease with depth in the northern stations. The dissolution/degradation of
this material throughout the water column is the probable cause, but the effect

is accentuated by resuspension of clay material in bottom water.

The distribution of the larger particles (10 to 100M m) is shown in Figure 5.vi.8.
There are fewer discrete CaCO3 particles. Those between 10 and 20 U m are generally
coccospheres and the larger particles are forams. The aggregates, mostly faecal
material containing coccoliths, come into prominence at 25 Um as does the biogenic
silica (opal) - mostly diatoms and radiolaria. Organic matter is most prevalent
in the surface water and shows a gradual decrease in concentration with size where-
as the clay- and mineral-dominated aggregates show a rapid tail-off to 35 Lm.
Thus, for the large particles, the population is again dominated by CaCO3 either
as discrete coccospheres or coccoliths in faecal aggregates. The organic matter
is the next most common component with the silicon-containing material (biogenic

and non-biogenic)} forming the third group.

Since coccoliths made the main 'hard-part' contribution to the particulate matter,

detailed species studies were instigated. One species, Emiliana huxleyi, dominated

the species assemblage, but the holococcolith species, those made up of rhombohedric
crystal units, displayed poor preservation in deep water. The reports on coccolitho-

phorid species and distributions are in preparation (Jordan, Simpson & Chamberlain).
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b) Microscope - Counter Relationships. The summed difference distributions of
data in Figure 5.vi.8 are shown in Figure 5.vi.9. The curves became asymptotic
at about 50 um. When plotted as cumulative number distributions, the gradients

are approximately -2 compared to the counter gradients of -2 to -2.8; the agreement
ig good for what is basically a subjective semiquantitative technique. However,
the translation from number counts to concentration per 1litre was found to be

unreliable as the distribution of samples on the filters was too variable.

Surface Charge

The results of Loder & Liss (1982) show that the particulate matter surface charge
was remarkably constant from surface to the bottom with an electrophoretic mobility
of between -0.9 and -1.1 x lo—sxnzs_l\f_l. The charge was slightly more negative
in near-surface samples than deep samples. After oxidation the change in charge
gshowed that the particles were organic-coated with the indication of a greater

effect in the surface (organic rich) samples.

Elemental composition of the particulate matter

Buat-Menard & Chesselet (1979) classified the elements into three main groups
based upon the enrichment of elements in particulate samples with respect to crus-
tal abundance. These groups may be summarised as (a) those directly related to
crustal weathering with enrichment factors (EF) close to unity (Sc, Th, Al), (b)
those closely related to the first group but with a secondary phase not associated
directly with aluminosilicates; their EFs generally lay between 2 and 4 (v, Fe,
Mn), and (c) those elements which were greatly enriched relative to crustal abund-

ance (Co, Ba, Sb, Au, Ag, Hg, Se).

In the absence of data for Al, the element generally taken as the terrigenic marker
for enrichment factor calculations, the enrichments were calculated taking Sc
as unity. The particulate concentrations for GME in the 1 to 60 pm size range
are given in Table 5.vi.6 and the crustal enrichment factors in Table 5.vi.7 with
crustal concentrations from Buat-Menard (1979). The EF crust values for surface
mid- and deep-waters were close to those reported by Buat-Menard (1979) and Buat-

Menard & Chesselet (1979).
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The same authors showed that the flux of Se, Sb, Au, Hg and Ag was biologically
driven, probably in ‘'soft' (organic) components of the biological material. The
suggested cycle for these elements was a large atmospheric input, with subsequent
incorporation of the elements into organisms, and faecal material, in surface water,
followed by release back into solution at depth. Cobalt, enriched to a much lesser
extent, was implicated in 'soft part' biochemistry, €e.g. in methylcobalamine.
Barium on the other hand, was found as discrete barite crystals, possibly biogenic-
ally produced (Dehairs, Chesselet & Jedwab, 1980). Further information on barium
will be useful, first because the Ba-Ra cycles are closely linked, and second
because Ba SOu has been used as a scavenger in the laboratory for radionuclide
analysis and therefore may act as an in situ scavenger for some elements. Simi-
larly, iron also has been used in the laboratory as a scavenger to remove trace
elements by coprecipitation. 1Iron has often been discussed as an important carrier
in the removal of trace elements from solution in the oceans (e.g. Balistrieri
& Murray, 1983) but the success in relating iron concentrations in particles with
other element removal has been limited (Balistrieri, Brewer & Murray, 1981).

The thorium crustal enrichment factors were greater than those determined using
shale concentrations in the calculations. The latter gave values <2. A group
of elements, hitherto not reported in any detail in particulate material, also
had low enrichments. They are the most relevant group to RWD - the rare earth

elements (REE) La, Ce, Eu and Yb (Table 5.vi.8).

Little is known of the rare earth element (REE) biochemical and geochemical beha-
viour in the oceans. Solution data for one station in the NE Atlantic, with hypo-
theses for the ocean cycling, were given by Elderfield and Greaves (1982) as were
some theoretical considerations on the controls on REE distributions in seawater
by Turner & Whitfield (1979). More recently, sediment flux estimates were made
using box core samples (Thomson et al, 1984), yet no measurements were available
on suspended particulate material in the ocean interior from which to derive reli-
able flux and residence time (1) estimates. The variation in 1 calculated from
river input, aeolian and river input and sediment output was illustrative of this

gap in information (Elderfield & Greaves, 1982).

Solution data from a station close to GME (Elderfield & Greaves, 1982) and the
particle data were combined and from the data residence times, fluxes, apparent
distribution coefficients (AD) and enrichment factors against shale values were
calculated. These results are discussed below in comparison to both the theory

and previous work.
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The concentrations of Sc and the REE La, Ce, Eu and Yb are listed in Table 5.vi.8.
Also in Table 5.vi.8 are given the dissolved data for depth ranges comparable

to the particulate sampling depths.
To reiterate the statement made by Elderfield and Greaves (1982):

a) The REE are a coherent group which possess an ordered variation in stab-
ility constants, thus fractionation between light and heavy elements

may be expected.

b) Two of the elements show variation from the III oxidation state, CelV
and EulII, thus further fractionation may be expected from these two

elements.

The evidence to support this statement is best appreciated by comparing the enrich-
ment of the elements in particulate material against shale values; again, in
the absence of Al data, Sc was used as the terrigenous marker. The estimates
of REE concentrations in shales vary markedly, classically the Wedepohl (1971)
values are used, but also included are the latest determinations for Cody Shale

(Jarvis & Hockings, in press), and thus two EFS values are presented in Table

hale
5.vi.8.

The relatively greater enrichment of Ce is indicative of the lower solubility
of the U4+ oxidation state and low enrichment of Eu is due to the existence of
the 2+ oxidation state. These effects, and the fractionation between the lightest,
more reactive (La) and heaviest (Yb) elements is shown in the deep water residence
time calculations (Table 5.vi.9) based on the model of Bacon and Anderson (1982).
The order of Ce<La<Eu<Yb was consistent with the groups observed and predicted

behaviour with 1 in the ranges quoted previously in Elderfield & Greaves (1982).

It was suggested that the high bottom water dissolved concentrations were indic-
ative of diffusion from sediments and that sediments were an important source
of the elements to the ocean interior (Elderfield & Greaves, 1982). Evidence
for extensive remobilisation (dissolution-desorption) and also resuspension of
detrital material is provided by the low EF shale and the high Sc and REE particu-
late concentrations respectively. The primary (midwater) flux of the elements

was estimated using particle data obtained from the particle counter on the DWPS
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at the time of sampling. From 1200m to 4000m the mean particle concentration
for <60 ym particles was calculated to be 5 HE 1-1 and the mass flux of particles
50 mg m_2 day-l.- The resulting total primary fluxes (FT) are in good agreement
with those derived from the sediment record for clay sediments in the Nares Abyssal
Plain (Thomson et al, 1984). Some geographical variability is to be expected
in comparing these sites (W to E Atlantic). Furthermore seasonal variability
is an important factor in water column work; these samples were collected shortly
after the spring bloom as indicated by the low concentration of Sc (clay material)

in the surface water.

Since remobilisation appeared to be important (Elderfield & Greaves, 1982) much
of the authigenically complexed material must be recycled from the suspended part-
icles. The bottom sample was assumed to be typical of the surface sediment, a
valid assumption since there was evidence for resuspension from the DWPS sensors,
microscopy and chemical data. Subtracting the detrital component from the bottom
sample, the authigenic components are 6.7%, 51%,8.9%, 7.9% for La, Ce, Eu and
Yb respectively. Scaling up the detrital primary flux accordingly, total fluxes
of 77-89, 194-320, 2.82-3.25 and 3.98-6.01 nmol cm’2kyr’1 for La, Ce, Eu and Yb
respectively are obtained (Table 5.vi.9, bracketed values in column 5 + column 4).

Again the comparisons with the sediment flux estimates are good. The inference
is that 95%, 63%, 70% and 85% of La, Ce, Eu and Yb respectively in the authigenic
component are returned to solution in transit from 1000m to the sedimert and at

the sediment-seawater interface.

To find a plausible explanation we must return to the theory. The enrichment
of the lanthanides was suggested to be by ion capture, i.e. where an ion of higher
coordination and/or greater polarising power replaces the major ion within a
mineral, rather than through solution chemistry (Turner & Whitfield, 1979). The
replacement of calcium in calcite or aragonite, barium in barite, and strontium
in celestine by REE fulfils these conditions; all these minerals have biogenic
origins, e.g. coccolithophorids, foraminifera, benthic protozoa and acantharia.
From 1000m to 5470m the Ca and Ba enrichments decreased greatly with depth. It
is possible that the REE also have some organic association, e.g. in membranes

(Williams, 1982).

Lastly, there are similarities in behaviour of the REEIII with AmIII and CeIV

with PulV. For example, compared to the data of Fowler et al (1983, points a and b)
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and Livingstone & Anderson (1983 , points c to f):

241

a) 239’2U'OPu was enriched relative to Am in biological material during
a spring bloom of dinoflagellates, c.f. Ce v La.

b) The AD values (Table 5.vi.8) agree well with the surface sample AD values
of Pu and Am of 1.4 x 105 and 0.8 x 105 respectively.

c) The Am/Pu ratios in particles were uniform with depth in deep { > 750m)
samples, c.f. 1320 and 1806m EF shale and particle concentrations.

d) with the exception of two samples Pu was enriched relative to Am, c.f.
Ce v other REE.

e) Most of the Pu flux to sediments was shown to dissolve.

£) The estimated residence time of Pu was similar to that of REE.

The term AD ig the apparent distribution coefficient in that mineral and biological
components contribute to the overall concentration, probably the distributions
are kinetically controlled by biological uptake followed by dissolution, rather
than by solution equilibria. Although this data set is limited, the indic-
ations are that the REE cycles are of importance as markers for authigenic (bio-
logical)-detrital removal processes, coupled to extensive remobilisation in deep

water as a result of the recycling of biological components.

The implication 4is that their ultimate removal is probably at the continental
boundary similar, perhaps, to that observed for naturally occurring radioisotopes
like Th, Pa and Pb (Kadko, 1983; Spencer, Bacon & Brewer, 1981). Perhaps the
radionuclides, Am and Pu, are also extensively remobilised at the sediment-seawater

interface and scavenged at the continental margins.
5.vi.d Summary
The particle sampler operated to its specification in that it provided real-time

information on which to carry out informed sampling and sufficient sample for

full chemical and morphological analysis. Most of the laboratory data handling
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procedures and analytical methods have been worked up. The analytical results
obtained and estimates of particle mass concentration and fluxes were in good
agreement to those determined by other workers. Also new and more detailed inform-
ation is becoming available on particle composition and distribution.

In general, the particulate material was dominated by CaCO_, in the form of cocco-

3
liths, and unidentified organic matter. The particles themselves were coated with
organics and were negatively charged. There was evidence of strong recycling
(and grazing?) in the top 700m. There was a loss of particle mass and decrease

in flux to 4000m in the size range measured, and the chemical data suggested
this primarily to be due to dissolution of calcite and possibly loss of organic

material.

Below 4000m the instrumentation and analysis were sensitive to 1low resuspension
phenomena. Early results on REE, a group that may prove to be analogous in beha-
viour to the heavy radionuclides, suggested an indirect method of predicting the
behaviour of Am and Pu. Of particular importance is the possibility of boundary
scavenging of these elements at the continental margins by incorporation in organ-

isms.
The experiments have reached a stage where the lines of approach require drawing
together for more extensive interpretation through modelling, along with more

detailed sampling at the site.
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Table 5.vi.l1 Summary of the deep water particle sampler

a)

b)

c)

MECHANICS

Pumps
Motors

Power

Filters
Volume meters
Selector valve

Water samplers

SENSORS

Temperature

Pressure
Transmissometer
Particle counter

Flow meters

Height off bottom

DATA PROCESSING
From sensors
Transmission
Demodulator

Displays (raw
data)

Computer

Display

-1
Max. flow available 2480 1 hr
with filters 1000 1 hr~! in situ

Austin centrifugal - polypropylene
Printed motors G9M4 (26V) - pressure balanced housing

Chloride Cyclon lead-acid paste (5 Ah) 48 per pack in
four units of 12 = 24v (15 Ah). Pressure balanced

Nuclepore polycarbonate (1 um), Estal Polyester (30 um)
Kent mechanical positive displacement (1 part in 1000)
Rotary (cone-shaped) built in-house

Ceneral Oceanics Go-Flo bottles (2.5 1)

RANGE ACCURACY RESOLUTION
Pt resistance
thermometer 0-20°C +0.005°C 0.002°C
Strain gauge 6000 m * 4m 0.05 m
Seatech 1 m folded 0-100% *0.5% 0.02%

Light blockage principle 10-450 uym in 16 channels

Appleby-Ireland
pressure transducer

-1 -
a) Venturi 300-3000 1 hr -1 5% 20 1 hr 1_
b) particle cell 300-3000 ml min +5% 20 ml min
35 kHz Acoustic sensor 9-256 m off - 1m

voltage or frequency to b.c.d. 8-bit words
FSK line signal 3%/6% kHz (="0" and "1")
I0S FSK or Neil Brown CTD deck unit

CTD unit, purpose built unit and BBC microcomputer

PDP 11/34 run under RSX 11M with sampling software in
RTL/2, processing software in C and FORTRAN IV

Tektronix, H.P. graphics terminals + printers and plotters
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Table 5.vi.2 Summary of comparator settings (mV), equivalent diameters (Um)
and density estimates (g cm~3) by channel number

Channel Comparator log d diam Geometric Density1 Density2
(number) (mvx10) (log Hm) (Mm) mean (d) (g em™3) Contrast
CHAN 1 96 1.0000 10.0 11.4 1.386 0.366
CHAN 2 102 1.1111 12.9 14.7 1.352 0.332
CHAN 3 148 1.2222 16.7 19.0 1.327 0.307
CHAN 4 223 1.3333 21.6 24,5 1.307 0.287
CHAN 5 338 1.4444 27.9 31.6 1.281 0.261
CHAN 6 512 1.5556 36.0 40.9 1.252 0.232
CHAN 7 775 1.6667 h6.4 52.8 1.236 0.216
CHAN 8 1173 1.7778 59.9 68.2 1.214 0.194
CHAN 9 1776 1.8889 7.4 88.0 1.144 0.124
CHAN 10 2689 2.0000 100.0 114 1.110 0.090
CHAN 11 4000 2.1111 129.2 147 1.083 0.063
CHAN 12 6163 2.2222 166.9 190 1.062 0.042
CHAN 13 9328 2.3333 215.9 245 1.048 0.028
CHAN 14 14125 2.4444 278.5 316 1.039 0.019
CHAN 15 21380 2.5556 359.5 409 1.033 0.013
CHAN 16 32367 2.6667 464.5

1. Based on the density contrast - diameter relationship postulated
by McCave (1984),.

3

2. Assumes a seawater density of 1.02 £ cm
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Table 5.vi.3 a) Blank values for 293 mm diameter Nuclepore polycarbonate
membranes (1.0 W m) and comparison with 47mm (0.4 um) NPM -
Unwashed filters.
Blank 1 Blank 2 Mean This work 47mm+
Mass(ng) 20(%) | Mass(ng) 20(%) (ng) (ng cm=2) (ng cm—2)
Ce 6.56 51.2 8.64 51.8 7.60 = 1 x 1072 0.16
Se | 16.97 23.1 18.62 22.4 | 17.8 = 3 x 1072 @ x 1072
Hg | 30.65 10.8 36.13 9.0333.39 = 5 x 1072 -
Cr 9263 0.21 8366 0.24 ] 8814 = 13.1 1.6
Sc |0.1072 10.8 | 0.0358 23.2 | 0.0715 = 1x 107" 1x 1073
Fe |1303.7 8.2 1265 8.48 | 1284 = 1.9 26
Co |2.942 7.2 | 3.085 6.5 | 3.013 = y x 1073 7 x 1072
Zn | 273.1 3.4 | 190.7 4.1 | 231.9 = 0.34 1.4
Sb |8.301 9.9 6.34 11.6 | 7.320 = 1 x 1072 2 x 1072
Ba 378 35.0 378 = 0.56 <0.4
Ag 1.396 36.0 | 1.396 = 2 x 1073 0.1
La 2 x 10-2
Sm 1x 1073
Au 1 x 1073
Th 2 x 1073
Ca 22
Mn 0.2
As 2 x 1072
Al 8
(+ Buat - Menard, 1979)

B) Mean values of all samples (sample + filter) for some elements.

Units of:-

I ng of element per filter + 1 s.d.

Sc
Fe
Zn
Sb
Mg
La
Ba

12.7
48,900
2440
58

108

89
11,620

+ 1+ 1+ i+ 1+ I+




*

Table 5,vi,4 Data Summary for G.M.E. 10 - 200 Um Particles
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pA

0-60
60-120
120-240
240-360
360-480
480-600
600-720
720-840
840-960
960-1080
1080-1200
1200-1320
1320-1440
1440-1560
1560-1680
1680-1800
1800-2100
2100-2400
2400-2700
2700-3000
3000-3300
3300-360
3600-3900
3900-4200
4200-4500
4500-4800
4800-5100
5100-5220
5220-5340
5340-5460

Correlations for the cumulative number distributions were >0.99 with the exception of

960-1080m and 3900-4200m(*),

Key:

IN

40
85
168
305
405
546
667
780
895
1024
1136
1263
1379
1505
1620
1736
1949
2245
2531
2829
3143
3447
3N3
4086
4344
4658
4944
5156
5280
5415

Zz
TEMP
BVSF
VISC
MASS
FLUX
INT
GRAD

TEMP

20.96
19.09
18.47
15,77
13.92
12,25
11,46
10.68
9.68
8.81
8.25
7.88
7.26
6.43
5.77
5.29
4,56
3.80
3.5
2,98
2,75
2.62
2.55
2.49
2,46
2.44
2,45
2.47
2.48
2.50

H

depth range of sample averaging;

1560-1680m the averaging was biased by one sample,

in situ temperature (°C),
Brunt-Vaisala stability frequency (cycles hr )

Water viscosity (g em~1s-1x 102)

Z
ATCO

Particle mass concentration (ug 1™

Particle mass flux (mg m-2 d-1)

mean depth of averaging(m)
attenuation coefficient

-1
10 um intercept of the cumulative number distribution (log counts 1 )
Gradient of cumulative number distributions, log N = a - m log d.

ATCO BVSF VISC MASS FLUX INT(a) GRAD(m)
0.452 5.04 1.08 81.3 1597 4.134 -2.62
0.445 3.94 1.12 97.2 2229 - 3,996 -2,29
0.413 1.80 1.18 67.4 1450 3,898 -2.41
0.400 2,38 1.22 39.8 772 3.645 -2,25
0.395 2,07 1.27 27.1 483 3.523 -2,33
0.390 1.65 1.32 20.1 323 3.592 -2.84
0.387 1.74 1.35 17.5 318 3,265 -2.26
0.386 2.00 1.38 15.3 217 3.404 -2.60
0.385 1.88 1.41 13.9 183 3.410 -2.70
0.384 1.7 1.43 16.7 286 3.083 -1.68
0.382 1.58 1.45 12.9 172 3,183 -2,09
0.383 1.35 1.47 16.5 297 3.208 -2,29
0.382 1.22 1.50 13.8 225 3.062 -1.98
0,382 0.94 1.53 12,0 148 3.212 -2,26
0,382 0.77 1,56 29,0 621 3.063 -1.85
0.381 0.56 1.57 15.8 269 3.13 -2.16
0.381 0.65 1.61 11,5 162 3.13 -2,31%
0.380 0.60 1.64 9.1 126 3.02 -2.34
0.380 0.47 1.66 10.4 153 3.10 -2.50
0.380 0.52 1.67 8.4 1M 3.15 -2, 7
0.380 0.42 1.675 G.6 132 3.057 -2.41
0.381 0.36 1.688 7.6 98.3 3,025 -2.31
0.381 0.24 1.690 7.0 77.7 3.081 -2,56
0.381 0.28 1.690 18.5 374 2.826 -1.62
0.381 0.23 1.689 9.7 152 3.007 -2,41
0.381 0.14 1.687 12,3 194 2,952 -2.07
0.382 0.10 1.685 12,7 204 3.020 -2,20
0.383 0.05 1.683 19.1 381 2.964 -2,01
0.384 0.00 1.681 11.2 142 3.154 -2.37
0.384 0.03 1.680 14.6 237 3.122 -2, 1
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Table 5.vi.5 Station numbers, positions and depths of sampling on cruises 125 and
129. Combinations of samples for Figures 5.vi,7 to 9 are also given.
Cruise Station Location Depth Combinations
125 0-200m: -
(Jan '82) 10399 N25°12" w25° 25" 133m, 500m, 1000m 15m + 20m + 75m + 133m
200-1000m: -
10400 N25° 40" W30°59" 20m, 250m 250m + 500M + 550m +860m
1000-4000m: -
10402 N31°27" w24° 34" 75m, 550m, 860, 1000m + 2000m + 2500m
2000m, 5370m
4L00Om-bottom: -
10404 N34°23' wiz2° 27"’ 15m, 1500m, 2500m, 440m + 5370m
4L400m
129 0-200m: -
(June'82) 10548 NOO° 03"’ w13°15" (25m), 80m, 300m, 25m + 80m + 60m
850m
200-1000m: -
10550 N10°00' W26°00° 60m, (500m,1500m) 250m + 300m + 850m
10552 N19°21' W29°51' | 25m, 250m, 4705m yro5p 1000m-bottom: -
10554 N31°26' W24°26" 28m, 134m, 1320m, Grouped accordinély
1806m, (3009m, 5152m,
5434m) and 5470m

( ) 4indicate sampling failures
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Table 5.vi.6 The variation of particulate elemental concentrations (ng 1—1)
with depth at G.M.E.
28m 134m 1320m 1806m 5470m
Sc 0.0038 0.0034 0.0105 0.0105 0.0295
Fe 50.85 13.45 36.38 54,22 87.3
Th 0.0029 0.0038 0.0116 0.0118 0.028
Co 0.1030 0.0307 0.0505 0.0799 0.0759
Zn 15.51 (?) 3.921 2.289 3.121 5.269
Hg 0.2749 0.1040 0.0513 0.1307 0.0721
Se 0.0860 0.0711 0.0516 0.0507 0.0279
Sb 0.0713 0.0279 0.0528 0.0834 0.0245
Ba 1.818 11.39 10.73 10.36 4,865
Ca nd (?) 1242 812 503 475
La nd (?) 0.0128 0.0788 0.0708 0.0849
Ce 0.0719 0.0606 0.2175 0.2248 0.3262
Eu 0.0012 0.0011 0.0016 0.0015 0.0034
Yb 0.0045 0.0028 0.0032 0.0033 0.0055
Hf nd nd 0.0044 0.0044 0.0099
Ag 0.0295 0.0103 0.2537 (?) 0.0350 0.0134
Au 0.0070 0.0042 0.0425 (?) 0.0060 0.0032
Rb 0.0534 0.0190 nd (?) nd (?) 0.0794
Cs nd nd 0.0040 0.0034 0.0104
CaC03a - 3105 2030 1256 1188
A1siP 30 27 84 84 126

a)

from Ca and b) from Sc values
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Table 65.vi.7 Crustal enrichment factors against Sc, using crustal values given
in Buat-Menard (1979), for particle samples from G.M.E,

Depth 28m 134m 1320m 1860m 5470m
Cs - - 2.8 2.4 2.6
Th 1.8 2.6 2.5 2.7 2.2
Fe 5.2 1.5 1.4 2.0 1.2
Co 24 7.9 4,2 6.7 2.3
Ba 25 174 53 51 8.5
Ca - 221 50 29 9.8
Sb 2064 903 553 873 91
Ag 2440 953 1048 143
Au 10100 6790 - 3140 59.6
Hg 19900 8400 1342 3419 671
Se 9970 9212 216) 2130 h4i7

Where E.F..o.cq =( [Element] / [Sc] )PART/ ( [Element] / [Scl )CRUST
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Figure 5.vi.l1 The deep water particle sampler as rigged for Cruise 129:
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Figure 6.vi.6 Station positions works on Discovery Cruises 125 and 129.
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Figure 5.vi.9 Difference and cumulative number distributions derived
from the large particle analysis.
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CHAPTER 7

FURTHER WORK

Assessment of Possible Disposal Areas

I0OS work on the first contracts (up to the end of 1983-84) has concentrated on
a general assessment of disposal options in the North Atlantic and on developing
the field and analytical techniques needed for assessing the potential of partic-

ular sites (IOS Report No. 153).

A number of areas have been identified as showing promise and the next stage will
be to study sites within one or two of these in more detail to try to establish
whether they contain sites that would, in principle, be suitable for one or other

of the disposal options.
A number of factors must be investigated before the feasibility of any option
can be fully evaluated. Details will differ depending on the emplacement method

but the options fall into two main groups.

Seabed Burial Options

In these options the sediment acts as a barrier to, or an adequate delay in the
migration of, material released from primary containment. For detailed site

assessment the principal questions to be answered may be summarised as follows:

1. What total area is needed for disposal, how much of this area would

form an economic disposal site and what form would a repository take?

2. Can a suitable site or sites be found in the study area?

Both require information to be obtained from an oceanographic research programme
though the answer to the first primarily requires assessments of the amount of
material to be disposed of and of the economics of transport and emplacement.
The second requires information about geological, chemical, physical and bioclogical

regimes to permit realistic safety assessments of the types of site available.
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On the Seabed Options

The questions to be answered are formally the same as for the in the seabed options
but the emphasis is different. Instead of acting as a barrier the sediments act
as a substrate or foundation on which the disposed material is to be placed and
may, if released, be reabsorbed. Their potential stability remains important
pecause of the possibility of erosion or burial but their chemical or physical
properties become less so since all they have to do is bear what is placed on
them. Because there is no sediment barrier the performance of the repository
itself is relatively more important as are the physical, chemical and biological

processes in the water column.

A Site Agssessment Research Strategy for Seabed Options

The research requirements for the two types of option have much in common and
work relevant to one will contribute to the other. The difference between the
two concepts lies in the additional sediment barrier if waste is buried. For
the purposes of research, therefore, it is convenient to consider one option as
forming part of the other and to assess both programmes in terms of multi-barrier

seabed disposal. A suitable strategy is outlined here.

Work will aim at assessing the potential of a site within the GME study area in
the Northeast Atlantic to provide a full geological appraisal of the site and
to provide raw material for laboratory studies the results of which will be com-
bined at the end of the research to give a comprehensive description of the site.
This combined with engineering data will help provide a basis for radiological

and environmental safety assessments.

The greatest emphasis will be on the study of the seabed itself, the initial stages
of which will be devoted to the selection of a study site of approximately 10-
20km on a side. Work will include photographic and geophysical surveys, with
surface and deep towed equipment, the systematic acquisition of high grade sediment
samples from the top 20m and in situ measurements of geotechnical properties,
heat flow and sampling for porewater chemistry. Long term seismic monitoring

of the areas with ocean bottom seismographs will commence at an early date.
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By the end of 1985 it will be possible to decide to concentrate work on one
study site. The remainder of the period will be directed to complete detailed
geophysical mapping and to the application of advanced in situ techniques for
studying sediment properties. Long term seismic monitoring will continue and
further high quality samples of superficial sediments will be required for labora-

tory study.

Work on processes in the water column and on possible biological effects will
need to continue during this period. The work will be specific to the chosen
study site in the sense that it will be directly applicable to it though because
it deals with possible transport of material to distant locations some observations
will be widely distributed. The work will include long term local observations
of oceanic variables in order to establish a base for statistical prediction of

extreme events.



