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Front cover: Physiographic Diagram of the North Atlantic by B. C. Heezen and M. Tharp,
Copyrighted © 1984 by Marie Tharp, published by permission of Marie Tharp. The posi
tion of the dumpsite is indicated. The deep water in the eastern basin is ventilated from
the south.
Back cover: Rat-tail fish Coryphaenoides armatus caught at the dumpsite.
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1. INTRODUCTION

1.1. RESEARCH AT THE DUMPSITE

Since 1967, the dumping of 10w level radioactive waste in the deep sea has normally
taken place under the auspices of NEA, the Nuclear Energy Agency of the Organization
for Economic Co-operation and Development (OECD). To further the objectives of the
Convention-on the Prevention of Marine Pollution by Dumping of Wastes and other Matter
(the London Dumping Convention), the OECD Coun.cil established in 1977 a Multilateral
Consultation and Surveillance Mechanism for Sea Dumping of Radioactive Waste. Ac
cording to the terms of this Mechanism, NEA (1980) prepared a review of the suitability
of the dumpsite that had been in use since 1974 The Steering Committee for Nuclear
Energy of the NEA considered in 1980 that on the basis of the review the existing site
was suitable for continued dumping for the next five years At the same time the Steering
Committee agreed on the need for developing a coordinated site specific program to in
crease current knowledge of the processes controlling the transfer of radionuclides in the
marine environment so that future assessments could be based on more accurate and
comprehensive scientific data.

An international Coordinated Research Project (CRESP) was then set up to yield the re
quired information and build more site specific models Within CRESP scientific experts
from NEA member countries have discussed research priorities and divided research
tasks. The Netherlands agreed to perform a biological and geochemical investigation of
the dumping area. On behalf of the Dutch. government, the Netherlands Energy Research
Foundation (ECN) asked the Netherlands Institute for Sea Research (NIOZ) to carry out
this research.

The aim of the Dutch contribution, which has been called the DORA project, is to supply
additional information on those geochemical and biological characteristics of the dump
site that can affect the transport of radionuclides once they have been released from the
waste packages Moreover t is envisioned to give a description of the local fauna which
is needed for the evaluation of the possible radiation risk for marine organisms This is
the final report of the project which started in May 1982 and lasted four years It is based
on the analyses of samples that have been collected during two expeditions in 1982 and
in 1984 Part of the results of the 1982 expedition has been presented earlier in an interim
report (RuTGERs VAN DER LOEFF & LAVALEYE, 1984) and as various contributions to the in
terim oceanographic description of the dumpsite (DIcKsoN et al 1985) which formed the
scientific basis for the 1985 review of the suitability of the dumpsitè (NEA, 1985).

1.2. ACKNOWLEDGMENTS

We thank captain L.J. Blok and the crew of M.S. Tyro and commander J. van Aalst and
the crew of H.Ms. Tydeman for their support during the expeditions. The assistance from
NIOZ technicians during preparations and during the actual expeditions has been of
great value. Echosounder profiles during the 1982 cruise were recorded by J. van
Weereld. Much of the laboratory work was performed by D.A. Waijers, C.M. Oomens
Meeuwsen (Geochemistry) and G.J. Zigterman (Biology). Additional assistance was ob
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tained during the cruises from J. Hegeman (organic carbon), RT.P. de Vries (nutrients),
G. Berger(222Rn and 210Pb), B. van Megen, M. Leopold, E. Okkels and J. van Elk. W.
Frankema, F1. Stil and R van Kempen contributed to the work in the laboratory. X-ray dif
fraction analyses were performed by Sj. v.d. Gaast and J. Reijmer; J. Kalf did the X-ray
fluorescencê analyses. The micro-paleontological data of the gravity cores are derived
from a study by Y. Coenegracht. The data on diversity and feeding types of Nematoda
were taken from a study by P.R. Speijer (Laboratory of Nematology, University of Wage
ningen). The fishes caught with the trawl were identified with help of JIJ. Witte. We thank
J.H.F.Jansen, W. Salomons, H. Elderfield, E.K. Duursma, P.J. Kershaw and J.J. Zijlstra
for helpful discussions. H. Hobbelink, B. Verschuur, R. Nichols and B. Aggenbach, and
B. Bak, J. Mulder and 1. Pool took care of illustrations and printing. Neutron activation
analyses were performed by H. v.d. Sloot, J. Woittiez and J. Zonderhuis (ECN) and 14C
analyses by W.G. Mook (isotope physics laboratory, Groningen) and by G. Possnert
(Tandemacceleratorlaboratoriet University of Uppsala) ETS measurements during the
1982 cruise would not have been possible without the help of Miriam Sibuet CNEXO M
Wedborg gave us her computer code for the evaluation of alkalinity The cooperation of
B. Verkerk and A.W. van Weers (ECN) was very much appreciated. We further
acknowledge the support obtained from Kristinebergs Marine Biological Station,
Sweden, the Netherlands National Geologic Survey, the State Museum of Natural History
(Leiden) and the Netherlands Council for Sea Research.

The project was financed by the Netherlands Energy Research Foundation, the Dutch
government (ministry of environment and ministry of economic affairs), contributions from
the Swiss and Belgian governments and through contracts with the Commission of the
European Communiti.es (No. BlO-B-509-NL (N) and Bl6-54-NL)

1.3. SOURCE TERM: the radionuclides of interest.

The dumping of radioactive waste in the N.E. Atlantic started in 1949, but remained small
until the early sixties. The amounts increased gradually until 1982 when the last dumping
operation was carried out. In total, 666 TBq of a activity and 41600 TBq of (3 and y activity
(including 24300 TBq of 3H) were dumped. Varioussites have been in use, but the major
part has been dumped at about the same location: from 1971-1976 a circular area was
used, and from 1977-1982 an overlapping rectangular area, which is what we now call the
“NEA dumpsite” (Fig. 2.1). The amounts dumped under NEA auspices in the period
1967-1.982 are shown in Fig. 1.1 (adapted from NEA, 1985).

The waste contains a mixture of fission and activation products from many sources.
The approximate composition of all cumulative dumpings in the N.E. Atlantic at the time
of discharge is given in Fig. 1 .2.a for the a activity and in Fig. 1 .2.b for the (3 and y emitting
radionuclides. The figures also show how the activities change with time as a result of
radioactive decay. The a emitting isotopes are generally much more long-lived than the
(3 and y emitters: at the timé of dumping (3 + y activity exceeds a activity by nearly two
orders of magnitude. After 85 years, (3 + y activity falls below a activity and the only re
maining significant member of the former group is then ‘4C.

Among the a emitters, Pu isotopes and 241Am are clearly the most important (Fig.
1 .2.a). During the first 100 years, 241Am activity increases by ingrowth from 241Pu, and
210Po increases by ingrowth from 226Ra. Ingrowth of other nuclides like 237Np is insignifi
cant on the activity scales presented.



7

o< activity/ld’5Bq

0 0.2 04 0 .2 c.4 0 q.2 .4 0 0.2 0.4

239Pu

240Pu — —

238Pu

226Ra a
235 u
237N

210Po

242Pu

244Cm 0 10 100 1000
year year year year

234 u

/3+-’ octivity/1015 Bq

0 10 20 0 10 02402

3H

241Pu

6Oo

1370s • 1

90Sr i 1

140 b
5800

1340s
125

0 10 30 100
55Fe yeor year year year

54Mn

Fig.1 2. above: Composition of a activity at the time of dumping and after 10, 100, and 1000 years.
Ingrowth of 241Am from 241Pu, and of 210Po from dumped 226Ra is indicated by hatching. below:
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The most important radionuclides:
For a preliminary evaluation which nuclides are most important for the present study, it
is useful to compare the activity of each nuclide in the waste with the activity of that
nuclide that is present from other sources in the surface sediment at the dumpsite. Such
a comparison is presented in Table 1.1 for the most abundant radioisotopes.

Table 1.1. Radionuclide activities (TBq/4000 km2) from natural and man-made sources in the mixed
Iayera (6 cm) of the dumpsite.

half-life mixed-layer inventory dumpingb

isotope (years) natural fall-out t=0 t=100 y

a emitters:

239+240
24065(Pu)

—.— O.o23
452 450

241
6537( Pu)

22
Am 432.2 —.— 0.011 118 408
Ra 1600

81e
17 16

210 f g
235Po .379 14.6 3.8 16

7.04 10° 0.20 7.7 7.7
U 4.47 4.4 0.7 0.7

and ‘ emitters:

5730 2.7’ 0.01 340 340
Cs 30.2 —.— 0.6 1040 105

9H 12.3
in

24000 87
28. 1 —. — 760 64

Pu 13.2 —.— 11800 62
60Co 5.26 —.— 2010 0.0

a 6 art upper layer mixed by bioturbation (Kershaw 1985)
b All past dumpings. t=0: Cumulative values not corrected for decay
c. This 178%2÷ total inventory. Based on Noshkin (1985)
d from Am/ Pu = 0.2Noshkin, 1983)
e based on Kershaw (1985). Pa activity is approximately constant

first lm depth.
f 210P activity is similar. Includes nearly 100% of unsupported

Pb inventory (6.5 TBq). Based on Kersh6(1985)
g close to secular equilibrium with dumped Pa
h Activity is constant with depth.

14
i 85% CaCO3 (this study) with apparent C age of 3150 y

(Kershaw, 1985). Mixed layer contains 26% of total inventory.
k negligible canpared to natural abundance.
1 ased on one core (Noshkin, 1983).
in H produced by comic rays is negligible
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The estimated inventories of the waste radionuclides should not be taken as a measure

of their radiological significance. The radiological hazard of a radionuclide does not only

depend on its activity, but also on the nature of its radiation and on its behaviour in the

environment, including its uptake by organisms. The radiotoxicity of radionuclides in

haled or ingested by man or marine organisms depends on the type and energy of the

radiation emitted by the nuclide as well as on the metabolic characteristics of the element

involved. a emitting radionuclides are for example generally more radiotoxic than fi or y

emitting nuclides. A radiological assessment of the dumpsite covering these aspects has

been .made by NEA (1985).

In conclusion, we will have to focus our attention on the a emitters 239240Pu and 241Am,
which are the radionuclides of most concern, especially on longer timescales. The
discharged activity of other a emitters is much lower and comparable to the levels present
at the dumpsite from the natural U decay series. (3 and y emitters are of interest on a
shorter timescale: their decay is essentially complete after about 100 years, except for
l4 (Fig. 1.2). Since the waste canisters are expected to withstand corrosion for some 20
years (NEA, 1985), the short-lived isotopes (to.5< 1 yr) are relatively unimportant, and the
(3 and y emitters of main concern are therefore 3H, 241Pu, 60Co, 37Cs, 90Sr, and 14C.

2. MATERIAL AND METHODS

2.1. CRUISES TO TJ-IE DUMPSITE

The first expedition was a joint Swiss-Belgian-Dutch cruise, organized from 19 August to
13 September 1982 with MS TYRO. A second expedition was organized from 26 March
to 20 April 1984 with H. Ms. Tydeman. The position of the dumpsite is shown in Fig. 2.1
and on the front cover Figure 2 1 also shows the sampling locations Stations 1 15 were
visited in 1982; stations 21-29 in 1984. Because the local bathymetry is not known in great
detail, a 3.5 kHz echosounder was operated continuously during the cruises (Fig. 2.).
The data were required for decisions on trawling and coring.

2.2. SAMPLING SCHEME

Tables 2.1 and 2.11 show the geographical position, the water depth and the sampling pro
gram at each of the sampling stations during the first and second cruise, respectively.
The same sampling techniques were used during both cruises:

CTD-Rosette sampler:1 1 Niskin bottles of 30 liter water content were mountëd on a
Rosette sampler. The CTD was equipped with a nephelometer and with an altitude sonar
to measure height above the sea floor. Samples were used for nutrient and oxygen
analyses, 222Rn, suspended matter and organic carbon analyses (second cruise), and
for 239240Pu analysis by V. Noshkin (Livermore, US) (filtered samples from the first
cruise; unfiltered samples from the second). During the first cuise, the Swiss team took
samples for their study of the particulate material in the Benthic Nepheloid Layer (BNL)
by Coulter counter methods and by EDAX analysis after filtration.
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1982 expedition (station 1 — 15):
O = Boxcore
+ = Gravity core

= CTD
= Trawi

1984 expedition (station 21 — 29):
• = Boxcore
R florizontally sliced boxcore
• = Gravity
• = CTD

Â+-Â= Trawi
*d Bottom sledcje

Fig.2.1. Map of the old (circle) and most recent (rectangle) dumpsite and its surroundings, with
sampling stations. For the 1982 expedition only the position of the beginning of the fishing track of
the trawls is indicated.
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Table 2.1. List of samples taken during the 1982 expedition. Station numbers with sample type,
date, ship position during sampling, water depth and length of trawls. Sledge and trawl

positions refer to the position of the ship at the beginning of the fishing track.

boxcore for study of geochemistry and meiofauna
additional boxcore for biological study
boxcore sliced horizontally

2boxcore of 600 (instead of 2500) an
CTD cast
bottom sledge
sledge with coarse net
trawi

Station + Date Position Depth Fishing
sampling time
device N W in n in min.

1C 25—8—82 47 04.43 15 02.96 4880
1B 25—8—82 47 01.8 14 56.6 4800
2B 26—8—82 46 03.3 16 03.2 4200
2C 27—8—82 46 03.75 16 05.39 4413
3T 31—8—82 45 58.5 15 13.0 4600 80
4C 1—9—82 45 53.7 16 13.66 436.0
4B 1—9—82 45 51.8 16 13.4 4300
4G 1—9—82 45 52.1 16 13.4 4000
5T 2—9—82 45 07.0 16 48.0 4300 217
5B 3—9—82 45 03.3 16 45.3 4325
6C 3—9—82 45 53.14 16 50.54 4611
6B 4—9—82 45 53.6 16 52.0 4570
8C 4—9—82 45 53.09 17 14.78 4770
8B 4—9—82 45 50.5 17 16.1 4725
8G 4—9—82 45 48.8 17 17.3 4725
81’ 5—9—82 45 56.7 17 18.0 4725 195

1 1C 6—9—82 46 03. 67 1 7 1 0. 27 4765
11B 6—9—82 46 01.1 17 08.9 4725
liG 6—9—82 46 00.9 17 07.9 4725
11T 6—9—82 46 04.1 17 08.9 4725 205
12C 7—9—82 46 22.91 16 44.89 4315
12B 7—9—82 46 22.1 16 42.8 4200
12 7—9—82 46 17.0 16 44.2 4200—4700 255
13C 8—9—82 46 03.88 16 42.54 4766
13B 8—9—82 46 04.7 16 42.3 4700
13G 8—9—82 46 05.3 16 43.0 4725
13T 8—9—82 46 07.0 16 43.4 4700—4200 200
15B 9—9—82 45 56. 1 16 30. 1 4000
15C 9—9—82 45 54.61 16 33.38 200
15G 9—9—82 45 54.9 16 31.5 4000
15T 9—9—82 45 55. 1 16 26.8 4500 240

B, BA:
BB:
BC:

*.

C:
S:

S+:
T, TB:
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Table 2.11. List of samples taken during the 1984 expedition. For explanations see Table 2.1.

Station + Date Position Depth Fishing Fishing
sampling track time
device N W in m in m in min.

21S 30—3—84 46 59.5 14 58.3 4776 8748 180
21B 30—3—84 47 03.2 14 57.8 4787
21c 30—3—84 47 03.7 14 49.8 4788
21T 30—3—84 47 01.1 14 56.4 4757 15792 317
21G 31—3—84 47 01.7 14 56.0 4786
22BA 1—4—84 46 03.5 16 04.7 4310
2288 1—4—84 46 03.9 16 02.2 4236
228C 2—4—84 46 02.6 16 02.7 4266
22G 2—4—84 45 57.4 15 59.3 4076
23G 3—4—84 45 02.8 16 43.3 4257
235+ 4—4—84 45 02.0 17 01.8 4086 3148 60
23BA 4—4—84 45 04.8 16 46.4 4333
23T 5—4—84 44 59.6 1 43.3 4001 8890 174
23C 5—4—84 44 57.7 16 34.8 4246
23BC 5—4—84 45 00.1 16 31.4 4580
24C1 5—4—84 45 48.1 16 36.4 4318
24T 6—4—84 45 55..6 16 34.2 3999 5180 140
24BC 6—4—84 45 56.6 16 31.0 4085
24C2 6—4—84 45 58.4 16 32.0 4348
24BA 6—4—84 45 56.9 16 30.1 3958
24G 7—4—84 45 54.6 16 33.6 3890
25BA 10—4—84 46 05.6 16 42.0 4723
25BC 10—4—84 46 07.1 16 42.4 4721
25G 10—4—84 46 05.1 16 44.3 4675
25T 11—4—84 46 04. 1 16 43.1 4720 8004 170
25C 11—4—84 46 05.7 16 47.3 4697
26BA 11—4—84 46 24.5 16 41.3 4540
26C 12—4—84 46 23.0 16 46.3 4291
26S+ 12—4—84 46 24.8 16 46.4 4085 6401 106
27C 13—4—84 46 02.6 17 09.5 4727
27T 14—4—84 45 59.4 17 12.6 4723 5060 185
275+ 14—4—84 45 58.9 17 16.9 4717
27G 15—4—84 45 57.3 17 11.8 4720
288* 15—4—84 45 53.9 17 11.4 4609
28r 15—4—84 45 51.1 17 10.6 4602 5390 180
28C1 15—4—84 45 49.4 17 12.9 4730
28TB 16—4—84 45 51.3 17 13.3 4765 5885 185
28C2 16—4—84 45 56.4 17 08.5 4655
23 16—4—84 46 03.2 17 00.0 4666
23a 17—4—84 46 05.7 16 58.9 4620
29gb 17—4—84 46 04.8 16 56.2 4430
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3. GEOCHEMISTRY

3.1. INTRODUCTION

Radionuclides can be released from the waste canisters in dissolved or particulate form.
Particulate corrosion products or debris will rapidly fail on the bottom, except for very
small particles. The first transport pathways of these small particles and of dissolved corn
ponents occur in the Benthic Nepheloid Layer (BNL): dispersion in the BNL and, depend
ing on the adsorption equilibria with particles in the BNL, either transport with the residual
current (about 2 cm.s—1 northward, GuRBuTT & DIcKsoN, 1983) or incorporation in the
sediment toplayer. Once in the sediment, they will be mixed down by bioturbation and af
fected by early diagenetic processes. The ultimate fate of waste radionuclides is thus the
net result of complicated pathways in the bottom water and in the sediment.

Resoarch tasks have been divided among the various teams participating in CRESP:
The structure of the BNL and the chemistry of particles within the BNL were studied by
the Swiss group PROSPER (NYFFELER et al. 1984, 1985), and physical oceanographical
research was done by investigators from UK (GuRBuH & DIcKsoN, 1983; DIcK50N &
G0uLD, 1983). In the Dutch DORA project some work was also done on processes in the
BNL (see section 3.8): the distribution of 222Rn, dissolved and particulate organic car
bon, and the usual hydrographic parameters temperature, salinity, nutrients and oxygen
were measured and water samples were collected for Pu analyses by Noshkin (in part
reported in NOSHKIN, 1985).

The emphasis o the Dutch geochemical work was put on transport processes within
the sediment. In view of the discussion in the paragraph describing the source term, this
means that the task of the geochemical project was to establish how early diagenetic
processes in the sediment at the dumpsite would influence the transport of primarily
239240Pu, 241Am, 241Pu, 3H, 60Co, 137Cs, 90Sr, and 14C. Three approaches are
possible:

a. Study of adsorption equilibria in laboratory experiments.
The transport of radionuclides in the environment is very much dependent on the parti

tioning between the dissolved and the particulate phase. This partitioning is influenced
by solution and (co-) precipitation, by adsorption and by biological uptake. Goldberg
(1954) postulated that trace element concentrations in the open ocean are controlled by
adsorption-desorption equilibria. 1f that is true, the behaviour of a trace element can be
described by the distribution coefficient Kd, preferably defined as the dimensionless ratio
of adsorbed or total sediment-bound element to dissolved element. The sorption
characteristics of marine sediments and diffusion within sedirnents of a variety of ra
dionuclides has been studied extensively in laboratory experiments by Duursma
(DuuRSMA & BOSCH, 1970; DuuR5MA & GRoss, 1971; DuunsMA, 1973; DuuRsMA & EISMA,

1973). It turned out that the values obtained for the distribution coefficient of an element
between sediment and water (Kd) were, apart from a dear grain-size effect, remarkably
constant over a variety of natural sediments. This constant distribution may be related to
adsorption equilibria with oxyhydroxides, an abundant phase in all oxidized sediments
(EDGINGTON, 1981; Li, 1981). BACON & ANDERsON (1982) demonstrated that the distribu
tion of Th isotopes in dissolved and particulate phase in the oceanic water column was

in agreement with the model of equilibrium adsorption. It therefore appears that the con-
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cept of distribution coefficients (Kd) is very useful in predicting the scavenging of ra
dionuclides from the water column by sediment particles (DUuRSMA & GRoss, 1971). It

has to be borne in mmd, however, that Kd values are not physical constants, but are

related to sorption equilibria which can be highly dependent on chemical speciation of the
radionuclides, the availablity of organic complexing agents, the surtace condition of the

sediment particle, and the pH and redox chemical state of the medium. When the

strongest adsorption sites are not present in large excess, Kd decreases with increasing
bad of the adsorbed element, in accordance with the Langmuir equation (BALIsTIERI &
MuRRAY, 1983). It is also possible that the distribution is not determined by adsorption
equilibria, but rather by kinetic factors (SANTscHI et al., 1984) or by the solubility of a
mineral phase. Within the sediment, all these conditions are subject to changes as a
result of diagenetic reactions. The complex of reactions involved in CaCO3 dissolution
and early diagenesis of organic material, accompanied with many remobilization and
precipitation reactions (B0NATTI et ah, 1971; MANHEIM & SAYLEs, 1974; BERNER, 1980),
thus reduces in marine sediments the applicability of the concept of constant distribution
coefficients (DuURsMA & GRoss, 1971; NEL50N & LovEn, 1980; SH0LK0vITz et al., 1982,
RuTGERs VAN DER L0EFF & WAUERs, 1986b).

We conclude that laboratory-derived Kd values are not of general applicability. 1f it
were possible to determine the exact in situ speciation of an element, and the concentra
tions of and binding constants with all relevant ligands, it ought to be possible to calculate
in situ distribution coefficients and corresponding mobilities. NELs0N et al. (1985), for ex
ample, showed that a constant Kd could be used to describe the distribution of Pu in a
lake, after correction had been made for the amount of Pu associated with dissolved
organic matter. Since our understanding of the sediment-pore water system has general
ly not reached that point, we are forced to determine Kd values in situ. This means a
selection of one of the following two approaches:

b. Use of natural, fail-out- or waste-derived activity as a tracer
The present concentrations in the sediment of the isotopes of interest are very 10w. Fall

out 239240Pu, 241Am and 137Cs has reached the sea floor (Table 1.1), and their distribu
tion does tell us something about their transport behaviour. Detailed analyses of oxidation
states, adsorption equilibria and corresponding mobilities of these isotopes have been
performed in lrish Sea sediments (KERsHAw et al., 1986). Activities in this area are far
above faIl-out levels as a result of discharges from the Sellafield repropessing plant.
Similar studies are not possible at the activity levels that are now present at the dumpsite.

No radioactive contamination of the site from waste has yet been demonstrated, and
since the lifetime of the waste canisters is estimated at about 20 years it would be unwise
to base this research project on the use of waste-derived activity as a tracer.

c. Study of early diagenesis of stable analogs
Our understanding of diagenesis has improved substantially from studies of marine

sedimentary pore waters (HARTMANN et al., 1976 MANHEIM, 1976; SuEss, 1976; FR0ELIcH
et al., 1979; BERNER, 1980 SAVLES, 1979, 1981). Likewise, a detailed analysis of sedi
ment and pore water samples from the dumpsite will enable us to describe the diagenetic
behaviour of selected elements. Descriptions of the behaviour of the radioisotopes of H,
C, Go, Sr, and Cs can then be based on a study of their stable couterparts.
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In the study of thé behaviour of Pu and Am we are faced with the problem that stable
isotopes of these elements do not exist. In this case much can be learned from a
geochemical study of the behaviour of other elements (trace metals and rare earth
elements) in the dumpsite sediment. Conciusions on the behaviour of Am and Pu can
then be based on literature data, comparison with other areas, observations regarding
the adsorption sites in the sediment, and analogies with other elements.

The present study deals with those characteristics of the sediment at the NEA dumpsite
that affect sorption of radionuclides and their subsequent redistribution within the sedi
ment. These characteristics inciude elemental and mineralogical composition of the sedi
ment, composition of the pore water, distribution equilibria of elements between sediment
and pore water, physical-chemical state of the sediment (pH, Eh) and all parameters that
can elucidate the role of bioturbation.

In particular, four major diagenetic processes have been distinguished because they
can be expected to affect the mobility of the above mentioned elements:

- mineralization of organic matter, influencing C, H, trace metals and probably rare earth
elements and Pu

- redox changes, influencing Co and other trace metals, rare earth elements, Pu, and
Am

— ion exchange, affecting Cs mobility
— dissolution of CaCO3, influencing C and S

3.2. METHODS

Coring
Boxcores: 50 x 50 cm boxcores were subsampled on deck with PVC tubes. A rectangular
subcore, 4 x 7 cm in çross-section, was cut in two 2-cm thick slices for immediate X-ray
and colour photography.

A 6 cm diameter subcore was sectioned and used for measurement of Electron
Transport System (ETS) activity according to OLANczuK-NEYMAN & VOSJAN (1977).

Two 7 cm diameter subcores were immediately frozen for later sectioning and analysis
for 210Pb and 239240Pu profiles. (1982 cruise).

One subcore (3 cm diameter) was stored frozen, sectioned upon thawing in the
laboratory and analyzed for organic carbon by wet oxidation (MENzEL AND VACcAR0,
1964). (1982 cruise)

Three subcores were transported to a refrigerated laboratory-container for temperature
equilibration at seafloor temperature (2°C).

One 6 cm diameter subcore with polyethylene liner was opened in a nitrogen-filled glove
bag for measuremefits of pH and Eh by directly introducing electrodes into the sediment,
and of dissolved oxygen by flushing the electrode of a Radiometer blood gas analyser
with wet sediment frôm a plastic syringe.

A second subcore was used for the determination of the formation factor according to
ANDREws & BENNETr (1981), and of porosity from the weight loss after drying a measured
volume of sediment.
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The third subcore, 12 cm in diameter, was extruded, sectioned and squeezed through
0.2 m cellulose nitrate filters in squeezers with alI-teflon inner parts. Nitrogen pressure
up to S atm was applied on a rubber diaphragm covered with parafilm. No precautions
were taken to exclude contact with atmospheric oxygen since oxygen had been shown
to be present throughout all boxcores. The teflon inner parts, teflon filter supports, filters
and polyethylene or teflon sample bottles used for trace metal analyses had all been
thoroughly rinsed in 6M hydrochloric acid and double distilled water before use.

Gravjty cores were cut in lm lengths. These were cut in half and transferred to the
refrigerated container. One half was photographed, sealed in plastic and stored at 4°C
for reference. The other half was analysed for pH and 02 as described above. Within a
nitrogen-filled glove bag, sediment from selected depth horizons was transferred to
squeezers. Care was taken to discard the surface layer and to avoid sampling the outer
most 1-cm of the core to prevent contamination and artefacts from smearing. Squeezing
was done as described above, but in some occasions the pressure was increased to 35
atm. Further treatment and analyses were identical to the ones described for boxcore
samples.

Pore water analyses
The first 2 ml was discarded. A subsequent 10 ml aliquot was used for nutrient and
dissolved organic carbon analyses. The methqd of HELDER & DE VRIEs (1979) was follow
ed for ammonia and standard autoanalyzer techniques for the other nutrients. Silicate
was determined within 24 hours on board ship. During the 1982 cruise, the samples for
nitrate, nitrite, phosphate, and ammonia analyses were stored frozen and analysed within
one month; during the 1984 cruise they were processed on board ship within 24 hours.
Blank measurements showed that the filters were contaminated with ammonia, probably
as a result of uptake from the atmosphere during drying of the acid-cleaned filters in a
clean-air bench. Ammonia values will therefore not be reported. Dissolved organic carbon
(DOC) was determined in two duplicate 2-mI aliquots following the method of MENZEL &
VACCAR0 (1964) after removal of all inorganic carbonates with 250 of 1 .8 n H3PO4and
purging with C02-free oxygen gas. Results were corrected for blanks (1 .9 1gC per am
poule, corresponding to 0.9 mgC.V1).

Samples for trace metal analyses (minimum: 20 ml) were acidified with 1 ml.l1 of 6M
HCI suprapur and stored at 4°C. Trace metal contents were determined by flameless
AAS using direct injection for Mn and a preconcentration technique for Fe, Cu, Cd, Ni and
Co(DANIELss0NetaL, 1979). Analytical blanks for these metals were less than 0.1, 1.0,
0.05, 0.005, 0.02, and 0.003 jg.l 1, respectively. Blanks run through all procedures, in
cluding filtration in the teflon squeezers on board, were 0.1, 1.3, 0.3, 0.016, 0.02, and
0.003 1g.l -1, respectively.

Alkalinity was determined on board ship by potentiometric titration of a 10 ml aliquot fill
ing a narrow mouth polytethylene bottle covered with parafilm. 0.1 M hydrochloric acid
was added from a microburette and alkalinity was evaluated according to J0HANss0N &
WEDB0RG (1982). Since a minimum of 32 ml of pore water had been drawn through the
filters previous to the alkalinity sample, the risk of contamination from the acid cleaning
procedure (FR0ELIcH et al., 1979) was small.
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Sediment analyses
Squeezed sediment cakes were divided in two parts and sealed in polyethylene bags.

One half was stored at 4°C and used for analysis of

Mineralogy. Carbonate was dissolved in an acetate buffer at pH > 4.8. The bulk of the

remaining fraction as well as an oriented sample of the size fraction < 2 m of it, were

analysed with X-ray diffraction after saturation with Ca from calcium acetate.

14C-age of carbonate-carbon by mass spectrometry for bulk-carbonate (isotope

physics laboratory, Groningen), and by accelerator mass spectrometry for hand-picked

Foraminifera shelis (tandemacceleratorlaboratoriet, University of Uppsala).

The other half of the sediment cake was stored frozen, lyophillized, homogenized and

analysed for:
The elements Na, K, Sc, Cr, Fe, Co, As, Br, Rb, Cs, La, Ce, Nd, Sm, Eu, Yb, Lu, Hf,

and Th by neutron activation analysis at the Energy Research Foundation, Petten (VAN

DER SLOOT & Z0NDERHuIs, 1979).

The major elements Ga, Mg, Si, Al, Ee, Mn, Ti, K, and Na by X-ray fluorescence.
Cation Exchange Capacity (CEC) by saturating 500 mg on a membrane filter with 1 M

sodium acetate, rinsing with ethanol (96%), eluating with 1 M ammonium acetate and
measuring Na in the eluate with Atomic Absoption Spectrometry.

Organic carbon (VAN IPEREN & HELDER, 1985).
Ga by dissolution of carbonates in 1 M HCl and titration with EGTA.
Ga, Mg, Sr, Al, Si, Fe, Mn, Gu, Zn, Ni, Go, Cd, Gr with Atomic Absorption Spec

trometry after a selective extraction procedure.

Table 3.1. Sequential extraction procedure

name extractant repeat extracted ref.

fraction

1 HAC NaOAc (18) + HAc, pH 5.0 *3 carbonate, Lyle et al.,

sorbed,salt (1984)

2 NAM NH2OH.HC1(1M) + Na citrate *3 Mn-oxyhydroxide Lyle et al.,

(0.1758), p8 5.0 (1984)

3 CH NH2OH.HCl(1M) ÷ HAc (25% v/v) 1 Fe—oxyhydroxide Iiester & Hughes

(1967)

4 HC1 HC1 (18) 1 residual leachable

5 REN HC1/MNO3/HF 1 residual Nantala & LoTing
(1975)
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The selective extraction procedure
0.5 g aliquots of freeze-dried and homogenized sediment were sequentially extracted us
ing the procedure outlined in Table 3.1, modified from LYLE et al. (1984) and R0BBINs et
al. (1984), and the extracts were analysed with atomic absorption spectrometry (AAS).
Matrix interferences occurring in the analysis of Cd, Go and Ni in HAC extracts with

flameless AAS were eliminated by the freon-dithiocarbamate extraction method
(DANIELss0N et al., 1979). A bach of organically bound material with sodium dodecyl
sulfate-NaHCO3,used by LYLE et al. between steps 1 and 2, yielded only negligible
amounts of all investigated trace metals, and was therefore omitted in our procedure in

order to prevent interference from the required heating to 80°C with the following extrac

tion stops. An independent check on the extraction procedure from a destruction of the

bulk sediment was unsuccessful. Due to the high carbonate content of the samples,

calciumfluoride precipitates formed after destruction with HF (RANTALA & L0RING, 1975).
These precipitates could not be removed by reheating (suggested by ROBBINS et al.,

1984), and removed appreciable amounts of trace metals.

Fe (mg.g-1) Cd (JLg.g-1) Mn (mg.g-1)

0 .3 .6 .9 1.2 1.5 0 .05 .10 .15 0 .2 .4 .6 .8

_

1 II

Fig.3. 1. Cumulative amounts of Fe (mg/g), Cd (g/g), and Mn (mglg) extracted by HAC (o), HAM (.i),

CH (+), and HCI (x) trom core 6B.

Evaluation of the selective extraction method
The ability of the selective attack to distinguish between various operationally defined

phases in the sediment is demonstrated in Fig. 3.1 for an oxidized boxcore. The HAC at
tack dissolves completely the calcite which makes up 85% (top) to 79% (bottom) of the
sediment in this core. Beside Ca and Sr, this extract contains the major part of HCI
extractable Cd (Fig.3.1.b).
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The HAM leach releases all Mn and the Co and Ni associated with it (Fig. 3.1 .c). This
leach is thus specific for the Mn-oxyhydroxides.

The CH leach (extractant from CHESTER & HuGHEs, 1967) releases additional amounts
of Ee (Fig. 3.1.a), without attacking day minerals too heavily, and is therefore meant to
distinguish which metals are associated with Ee-oxyhydroxides (eg. Zn and Cu) rather
than with Mn. As the discrimination between this leach and the next one (HCI-leach) is
not welI-defined, and as the vertical distribution of the metals was very similar in both
leaches, the CH leach was omitted in the later analyses.

The HCI leach is included for reference, since it has often been used in the literature.
At this pH all metals bound to exchangeable sites should be released, and the cumulative
amount of metals released including this leach can be considered as the maximum
amount available for adsorption equilibria.

One might argue that the treatment of the sediment before the extraction procedure
would favour oxidation of reduced species, and thus lead to an increase in the reducible
fraction. In the present study of deep-sea sediments, the reducible fraction of samples
derived from depths where oxygen was depleted was negligible (Fig. 3.26), indicating that
no serious oxidation had occurred.

The same sequential extraction scheme was applied to the study of the behaviour of
REE in the sediment. In the study of trace metals, each sequential extract was analysed,
but this procedure was not suitable for the study of REE, since the expected REE concen
trations in the extracts were too low for an accurate determination with INAA. (Recently,
however, PETERs0N et al., 1986, presented nalytical methods to concentrate the ex
tracts and measure REE in the conceri,trates). We therefore decided to analyse the
material left after each extraction step rather than the extract itself. From each sample we
prepared a 1 .5-g aliquot of washed but otherwise untreated sediment, and three
1 .5-aliquots of the residues remaining after one, two or all three of the sequential extrac
tions denoted by HAC, HAM, and HCI (Table 3.1). The resulting samples were oven dried
(70°C), homogenized, and analysed by INAA at the Netherlands Energy Research Eoun
dation.

Bottom water analyses
Nutrients were measured as described above. Oxygen was determined by Winkler

titration. For particulate organic carbon (POC), 1-liter samples were filtered over glass
fiber filters, and the filters were analysed for organic carbon by the method of MENzEL &
VAccAR0 (1964). Results were corrected for blanks (4.5 JÂgC per sample, corresponding
to 4.5 pgPOC.l _1). Total organic carbon (TOC) was determined with the same method in
three replicate 5-ml aliquots. Suspended sediment bad was determined by weighing, us
ing 10 to 20-liter samples and nuclepore filters. Blanks were between 0 and 3 g.V1.

was measured in 20-liter samples by a counting using equipment deveboped by
Guy Matthieu (Lamont-Doherty Geobogical Observatory). Supported 222Rn was
measured by adsorption of Radium on Mn02 fibers, and counting 222Rn as above after
ingrowth from its parent 226Ra.
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3.3 RECENT SEDIMENTOLOGICAL HISTORY

The surface sediment in the whole area consists of carbonate ooze, and accumulates at
present at a rate of approximately 2 cm.kyr—1 (KERsHAw, 1985). Biogenic inputs

predominate, and calcite from Foraminifera and coccoliths makes up about 85% of the
recent sediment.

The sedimentary record shows that terrigenous inputs have been much larger in the
past. Most important is the input of terrigenous material by the ice. During glaciations, this
caused an increase in the sediment accumulation rate, although biogenic inputs were
lower than at present (RuDDIMAN & McINTYRE, 1976). Sand and pebble-sized debris are
common in glacial deposits, although they consitute only one quarter of the ice-rafted
material (M0LNIA, 1983). The occurrence of large debris in sediments of much younger
than glacial ages (surface sediment in boxcores; trawi catches) indicates that icebergs
have continued to reach these latitudes far into Holocene times.

The site is located at a transition zone between two sources of turbidity currents. The
central valley is connected to the Maury Channel (see map on front cover) through which
turbidity currents flow from Iceland southward to these latitudes (RuDDIMAN & McINTYRE,

1976). We have not found an indication of such deposits in our cores. Just east of the site
is the Porcupine Abyssal Plain, where many turbidites are present from continental
sources. Echosounding profiles (Fig. 3.2) reveal many layers that represent most
probably turbidites. Core 21 G, our only long core from the abyssal plain, contained a 180
cm turbiditic interval at 50 cm below the surface, with an estimated age between 30 and
50 kyr (Fig. 3.3).

Fig3.2. West (Ieft) to east (right) echosounder reflection profile from the Porcupine Abyssal plain,
showing numerous turbidites. At right the beginning of the Armorican seamount. Vertical range
4575-4875 m. Vertical scale exaggerated 50x.
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C5CO3 (Z)

0 50100

° 21G
4787m

400

Fig.3.3. CaCO3 profile of core 21G. The top of this core was lost.

CCO3 (Z)

o 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

300 64000

24G 22G 23G 29Gb 29Ga 25G 27G’\ liG

400
3890rn 4076m 4257n, 4430 4620m 4675rn 4720rn 4725m

Fig.3.4. CaCO3 concentration profiles in order of increasing water depth of all cores with undis
turbed sedimentary record. Carbonate stages and the ages (in yr BP) of the climatic transitions are
indicated. Bars represent dark layer with volcanogenic particles. Numbers beside profile liG are
14C ages (yr BP) of Foraminifera shells.
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The sedimentological history of the site is well revealed by the carbonate stratigraphy
(Fig. 3.4). Since carbonate dissolution after burial below the bioturbated layer is negligible
(section 3.5.3), the carbonate profiles are a good representation of the composition of the
surface sediment at the time of deposition. Carbonate profiles of 8 gravity cores are
presented in Fig. 3.4 in order of increasing water depth. Except for core 21 G with an ap
parent turbiditic interval, visual and X-ray inspection of these cores gave no indication of
disturbed sedimentary records. Carbonate stages 1 (Holocene: 11000 BP to present) and
2 (last glaciation: 25000 BP-1 1000 BP with glacial maximum around 18000 BP) are easily
distinguished. The higher CaCO3contents below belong to stage 3 (interstadial: 64000
BP-25000 BP). Stage 4 (glacial period from 75000 BP-64000 BP) could be identified by
extremely low carbonate values and by a conspicuous dark band, about 1 cm wide, con
taining glass and pumice. Although the content of these volcanogenic particles was not
high, this band corresponds most probably to the volcanic ash layer that was dated by
RuDDIMAN (RuDDIMAN & GL0vER, 1972; RuDDIMAN, 1977) at 65000 BP. The layer was
reached in 4 cores (21G, 25G, 27G and 29Gb).

It is apparent from Fig.3.4 that the sediment accumulation rate increases with water
depth. Estimates of recent accumulation rates from the thickness of the Holocene deposit
are biased by the possible loss of surface meterial during coring with a gravity corer.
Below, rates of sediment accumulation calculated from the carbonate profiles are subject
to errors as a result of core shortening. It is well documented (LEBEL et al., 1982; BLOM

QvIST, 1985) that spacing between layers in gravity cores is reduced through a sideward
loss of material during the penetration of the torer. The effect increases with increasing
core length and decreasing core diameter. Although this may cause the calculated values
of sediment accumulation rates to be too low by a factor of up to 2, the differences ob
served between stations are real. In the deep stations in the central valley, the calculated
sediment accumulation rate during the last glaciation (25000 BP-1 1000 BP) was 7-10
cm.kyr 1, whereas the corresponding value for the top of Finn Seamount(core 24G) and
core 22 is only 2 cm.kyr-1.

Fig.35. left. Echosounder reflection profile during coring at station 12, showing hard bottom, giving
a second reflection. Vertical range 41 25-4875 m. right. Echosounder reflection profile during coring
at station 13, showing soft, layered sediment. Vertical range 4125-4875 m.

—
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The reason for this difference is winnowing by bottom currents (Kidd, 1983). This win
nowing resuits in a relatively coarse sediment on the huis with large Foraminifera tests
and abundant ice-rafted debris (data of Jaquet in RuTGERs VAN DER LOEFF et al., 1985).
The seafloor is here much harder than in the valleys, which is apparent from the corer
penetration (Fig. 3.4) and from echo refiection profiles (Fig. 3.5). Another consequence
is that sediments at topographic highs have lower organic matter content and a higher
permeability, two factors that together have a significant effect on the penetration of ox
ygen into the sediment (section 3.5.1.2; RuTGERs VAN DER L0EFF & WAIJERs, 1 986a). A dit
ference in the sedimentation regime is also evidenced by the observation that the Benthic
Nepheloid Layer is much more developed in the valieys than over the huis (NYFFELER et
al., 1985).

Fig.3.6 shows CaCO3 content and the abundance of planktonic Foraminifera in core
liG, taken in the valley in the western part of the site. Beds that appeared as dense
layers on X-radiographs are also indicated. 14C ages of bulk carbonate are higher above
these beds than below (Table 3.11), suggesting that the beds are associated with a slump
or other kind of reworking. However, since these coarse-grained beds contain much ice
rafted material, and since it is known that this material contains appreciable amounts of
limestone (BRAMLETTE & BRADLEY, 1941), we feared that the 14C ages might be influ
enced by fossil carbonate. We checked this in two ways:

N. Pachyderma
sIn

Planktonic
14CaCO3

______

Foraminifera C age
104/g yr BP

8700

16900

9550

21470 1

oI

34800 1

_________

Carbonale
stage

2

3

Fig.3.6. Sedimentological data of core liG: Carbonate content, percentage of left-turned specimens
among Neogloboquadrina pachyderma and the occurrence of Globorotalia hirsuta (x) and G. trun
catulinoides (0), number of pianktonic Foraminifera per gram of sediment, carbonate 14C ages (ii
underlined: of planktonic Foraminifera; 1f not: of bulk carbonate), and inferred stratigraphy with car
bonate stages.

38000 1
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Fig.3.7. Cumulative amounts (in mg.g’ of total sediment) of Mg extracted by HAM, CH, and HCI
after previous dissolution of calcite with HAC in cores 1 1G (left) and 25G (right). Peaks indicate the
presence of ice-rafted dolomite.

Table 3.11. Radiocarbon ages (yr BP) of bulk CaCO3and of hand-picked pelagic Foraminifera at fbur
depths in core liG, and estimates of fossil admixture.

dolomite admixture

14 14
inferred (from Mg data)

C age C age fossil

depth of bulk planktonic admixture content error in

(om) carbonate Foraminifera (% of carbonate) (as % of age estimate

carbonate) ( years)

85— 89 28100 (+700) 19550 (+260) 65 12.6 —1113

104—110 24460 (+450) 21470 (+330) 30 3.6 —303

170—182 32800 (+800) 29080 (+530) 36 3.4 —286

203—204.5 29800 (+600) 34800 (+1100) —.— 3.4 —286

First, the dolomite content in the sediment was estimated from the Mg content in a 1 M
HCI extract after all c&cite had previously been dissolved with 1 M acetate/acetic acid
buffer (pH 5). (Fig. 3.7). The coarse-grained layers contain indeed relatively large
amounts of dolomite, but if the 14C ages are corrected for the dilütion by this amount of
fossil carbonate, the age reversals remain (Table 3.11).
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Second, 14C determinations were made on hand-picked samples of planktonic
Foraminifera, using accelerator mass spectrometry. The resulting ages are in conformity
with a continuous, undisturbed sedimentary record (Table 3.11 and Fig. 3.6). Age deter
minations based on bulk carbonate were indeed up to 8500 yr in error, corresponding to
a fossil component of up to 65% of the carbonate. From the data in Table 3.11, we find an
average sediment accumulation rate of 7.6 cm.kyr—1 during the late Pleistocene (35-20
kyr BP), in accordance with estimates based on carbonate stratigraphy (Fig. 3.4).

The two most recent periods of intensive input from ice-rafting at station 11 can now
be dated: The layer at 95 cm was deposited 20000 years ago, the Iayer at 25 cm at the
wane of the Pleistocene, not long before 11000 BP. (The top of this core must have been
lost). Similar beds at 105 and 55 cm, respectively, in core 25G (Fig. 3.7) represent most
probably the same deposits. The carbonate stratigraphy of core 25G (Fig. 3.4) agrees
with this explanation.

Local erosion
From the limited literature data available from sections in the hill areas, KiDo (1983)

concluded tht erosion or redeposition of sediment at these locations must be assumed
to be minor, at least, not in the form of submarine slides or slumps. Any data about the
occurrence of such processes in the trough area was however lacking. Two out of the ten
cores we collected showed evidence of reworking and horizontal sediment transport: one
from the trough (8G), and one from the Porcupine Abyssal Plain (21 G, see above; Figs
3.2 and 3.3). For one core from the hill area(15G) reworking is likely.

Core 8215G (Fig. 3.8) contained one bed resembling the two beds discussed of core
821 1G: a coarse layer with old bulk-carbonate on top of younger carbonate. 14C-data on
hand-picked Foraminifera are not available. As in core 1 1G, the age reversal might be ex
plained by dilution by fossil carbonate. In this case, however, this explanation is con
tradicted by the abundance of planktonic Foraminifera in the samples, and by the high

Pianktonic
14

CaCO3 N. Pachyderma Foraminifera C age Carbonote
0/,, 0/,, sin 104/g yr BP stage

4950f [
1

19600
2

29100

>41000 slump?
19150

43000

38000

Fig3.8. Sedimentological data of core 15G. For explanations see Fig.3.6.
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Fig.3.9. Map of the area around Finn seamount (from DIcKsoN, 1983, adjusted according to our own

soundings) with locations of cores.

inferred sediment accumulation rate in comparison with other cores from similar depths
(Fig. 3.4). Moreover, it could not explain the occurrence of Globorotalia hirsuta at 96 cm

depth. We therefore consider the data as indications of a slide or slump. The core was

taken at 4000 m in the valley between two seamounts. The position of cores821 5G and

8215B is indicated in Fig. .9 on a map of the Finn seamount area (after DIcKsoN, 1983,

and adjusted using our own soundings). A 25% slope was preserved in boxcore 8215B.

The supposed slide in core 8215G mayiiave been derived from the steep hillsides of the

neighbouring seamounts.
Core 8208G (of which the top was lost) contained several turbiditic deposits or slumped

beds, as evidenced by data in Fig. 3.10. X-radiographs (Fig. 3.11) revealed the layered

structure of these beds. The core was taken in the deep valley in the W part of the site,

and the slides may have been derived from the hillsides nearby. The most evident slump

or turbidite was found here at a depth of 173cm in the core. At this depth, a recent sedi

ment surface (14C age 11-14 cm below the interface is 7500 yr) was covered by older

sediment containing material with a 14C age of 31 kyr and a bed of coarse grained sedi

ment with anomalous elemental and mineralogical composition (see section 3.4). Benthic

Foraminifera found in this turbiditic deposit were not different from the ones found in core

tops in the area, suggesting a local origin of the material.
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Fig.3.10. Sedimentological data of core 8G. For explanations see Fig.3.6.

WEAvER & ScHuLTHEIss (1983b) showed that gravity cores may repenetrate the sedi
ment and thus resample the sediment surface. This explanation for the occurrence of re
cent material below the slumped bed is unhikely because no sudden decrease in wire (en
sion was observed after the extraction of the corer from the seabottom. Moreover, the
black colour of the interface indicates reducing conditions, a usual phenomenon when
fresh organic material is covered by a slump or turbidite. The coincidence that a
repenetration would have occurred just below such an interface appears quite unhikely.

The high nitrate concentration in the pore water of the buried layer, relative to the layers
above and below (Fig. 3.12) indicates that the turbidite occurred even more recently.
Even though the actual NO3 gradient in and around the layer is poorly known, the mere
existence of the nitrate maximum allows some interesting conclusions to be made.
Nitrate reduction has apparently caused a decrease in NO3 above and below the buried
top layer of about 25 cm. A minimum estimate of the upward and downward diffusive
fluxes from this layer, obtained by assuming a linear gradient between samphing intervals,
is 3.6 and 2.81015mol.cm2s-1,respectively (porosity = 0.75; D5(N03) = 3.5 10-6

cm2s1).The amount of nitrate initiahly present in the buried top 25cm can be estimated
as 1.0 10-6 mol.cm2from the nitrate profile in the top sediment of a boxcore taken near
by (Fig. 3.12.b, curve A), augmented by the nitrate resulting from oxidation of organic
matter with buried oxygen (1 6/138 times the °2 inventory in the ame boxcore)(curve B).
Diffusion along the gradients in Fig. 3.1 2.a transports away this nitrate at a rate that would
cause the concentration to fall below the observed value withiri a few years.
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Fig.3.1 1. X-radiograph of the 100 to 200cm section of core 8G, showing Iayered structure indicative
of a turbiditic deposit.
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Fig.3.12. a. Interstitial nitrate (vertical bars) and 210Pb activity (open squares) around the buried in
terface in core 8G, b interstitial nitrate (curve A) and potential nitrate (curve 8, inciuding nitrate pro
duced by oxic mineralization) and 210Pb activity (open squares) in nearby boxcore 88.

Additional evidence for the recent date of this slump comes from 210Pb data , showing

that some 210Pb (haiflife 22.3 yr) is left at the buried sediment surface. A calculation of

excess 210Pb is not possible for lack of data on the 226Ra background of the samples.
The nitrate and 210Pb data indicate that the slump must have occurred during the past

few years and may have been triggered by a dumping operation.
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3.4 ELEMENTAL AND MINERALOGICAL COMPOSITION OF THE SEDIMENT

3.4.1. MINERALOGICAL COMPOSITION

Remains of Foraminifera and coccoliths (mainly calcite) make up the bulk of the sedi
ment. X-ray diffraction patterns of the fine fraction ( < 2 .tm) of the noncarbonate phase
of 32 samples taken from boxcores (1,4,8, and 15) as well as from several meters depth
in gravity cores (8 and 11), show a remarkably constant composition of the day minerals
smectite, illite, chlorite and kaolinite. This constant composition of the day fraction was
confirmed by RuCH et aL(1984). These authors found the following average composition
of the day fraction of the carbonate-free material in the 22-cm boxcore from station 8: 4%
K-feldspar, 5% plagiodlase, 14% kaolinite, 12% chlorite, 45% mica-phengite, 4% quartz,
2% amphibole and 14% smectite (note: all data expressed as relative peak intensities in
the X-ray diffractograms). In the 2-16 j.im fraction, RucH et al. observed a distinct trend of
downcore increasing amounts of K-feldspar, plagioclase, quartz and amphibole, and
decreasing amounts of chlorite, kaolinite and especially mica-phengite in the boxcore
below the bioturbated layer. They interpreted thése trends as the result of the slowly
changing regime in sedimentation since the last glaciation: a decreasing input of ice
rafted material and an increasing input of trQpical/temperate origin.

We observed a similar signal of ice-rafting in the mineralogical composition of the bulk
non-carbonate phase of samples of bc5x- and gravity cores from the same station: A
coarse-grained bed in the turbiditicdeposit in core 8G (143-155 cm, Figs. 3.10 and 3.11),
had a relatively 10w smectite content but high contents of quartz, feldspar, dolomite, ver
miculite and amphibole. This material also had an anomalous trace element composition
and cation exchange capacity (see below). Similar beds showed up on X-radiographs of
other gravity cores (Figs. 3.6 and 3.8), and contain apparently ice-rafted material.

3.4.2. MAJOR ELEMENTS

The elemental composition of the sediment has been determined by EGTA titration
(Ga) and Atomic Absorption Spectroscopy (Sr) of the HCI extract and by neutron activa
tion (NA) and X-ray fluorescence (XRF) of bulk samples. CaCO3content of the sediment
varies between 82% and 88% at the sediment surface down to 3.5% in a deposit trom
the glacial maximum at 70000 BP (Fig. 3.4). HCI-extractable Sr covaries with Ga (Sr/Ca
= 2.10e, atomic ratio). Most elements, however, are associated with the non-carbonate
fraction. It is therefore appropriate to express the elemental composition on a carbonate
ree basis. From the correlation of Ga content with the results of XRF analyses for other

major elements in 28 samples (from various depths in boxcores 1 B ,4B, 88, and 15B, and
in gravity cores 8G and 11 G), the major element composition of the carbonate-free
material has been calculated by extrapolation to 0% GaGO3 (Table 3.111). The concentra
tions of the major element oxides add to 90%; loss on ignition accounts for the remaining
10%. The results compare well with the data obtained with other methods by our Swiss
colleagues for surface samples from the same stations (Table 3.111).
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Table 3.111. Major element composition of NEA dumpsite sediments expressed on dry CaCO3-free
basis

source:
reference 1) 2) 3)
stations 1, 2, 4, 8 1, 2, 4, 6 6

11,13,15 11,13,15
sediiuent depth(an) 0—220 0—1 0—8
method * XRF NA EDAX NA

canposition (%):
SiO 56.5 59.2 53.5
Al23 17.0 17. 1 20.0
Fe 03 7.4 7.8 4.9 7.5

3.9 3.3 2.4 4.0
T02 0.8 <5 0.9
MgO 3.5
Na20 0.8

1) This work
2) data of Jaquet in Rutgers van der I.oeff et al. (1985)
3) Wyttenbach and Tobler (1984)

*: XRF=X—ray fluorescence; NA=neutron activation analysis;
EDAX=Energy dispersive X-ray analysis.

3.4.3. TRACE ELEMENTS

Fig. 3.13 shows the relation with CaCO3of selected elements in 44 sediment samples,
analysed with neutron activation analysis. These samples are taken from 9 cores
distributed over the dumping area (Boxcores 1,2,4,8, 13, and 15; gravity cores 8, 11,
and 15) and vary in sediment depth from 0-1.5 cm (surface) to 215 cm. The samples were
not washed in order to prevent any loss of trace elements by the rinsing procedure, but
the results were corrected for salt errors from chloride measurements in acetic
acid/acetate extracts (pH 5). A list of correlations of various elements with CaCO3 con
tent is given in Table 3.1V. The sample from the coarsê-grained layer in the turbidite from
core 8208G deviates from all linear correlations: the coarse admixture, consisting
predominantly of quartz and feldspar, reduces not only the smectite content and cation
exchange capacity, but also the trace element contents. The linear relations shown in Fig.
3.13 suggest a conservative mixing of carbonate and non-carbonate fractions. The
estimates of the concentrations in the detrital phase, calculated from extrapolation to 0%
CaCO3,are compared in Table 3.1V with data of WYTTENBACH & T0BLER (1984) for surface
sediments of the dumpsite. The concentration of the carbonate endmember could also be
estimated from these correlations, but these estimates are very sensitive to the presence
of a third phase, like hydroxides and adsorbed water, and to small errors in the Ca deter
mination. Indeed, the sum of CaCO3content and the residual weight after dissolution of
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Table 3.1V. Linear correlation coefficients of concentrations of various elements and CaCO3 in 44
sediment samples and estimates (± standard errors) of the contents in the residual phase, corn

pared with literature data.

correlation resuits literature data

COnc. extrapolated

unit
2

concentration at 1) 2)

r 0%CaCO3

Th mg/kg 0.962 12.0 +0.3 17.4 +0.8

Sc mg/kg 0.969 16.0 +0.3 19.9 +0.5

8f mg/kg 0.931 5.4 + 0.2 4.9 + 0.3
X % 0.922 2.76 +0.09 2.79+0.07

Cr mg/kg 0.966 98.3 1.9 101 +4

Fe % 0.966 5.46 + 0.10 3.94 + 0.16
Co mg/kg 0.825 23.4 -t- 1.0 10.8 0.2
La mg/kg 0.970 36.8 +0.7 26.5 +0.5 46.4

Ce mg/kg 0.964 110.8 +2.2 48.8 +1.2 92.3

n mg/kg 0.961 7.0 +0.1 3.4 +0.1 7.5

En mg/kg 0.842 1.95 + 0.08 0.71 + 0.02 1.67

Yb mg/kg 0.874 2.39 + 0.09 1.76 + Q.09 3.20
Lu mg/kg 0.866 0.42 0.02 0.28 + 0.01 .50

1) Analysis of residual material after leaching surface sediments with

1 n In, Wyttenbach and Tobler (1984)
2) REE contents in lithogenic phase of surface sediments according to

partitioning model of Peterson et al., 1986 (see section 3.6.4).

Table 3V. Linear correlation coeffjcients of concentrations of various elements with residual weight
in 44 sediment samples and estimates (± standard errors) of the contents in the carbonate phase,

compared with literature data.

correlation resuits literature data

extrapolated

2
concentration at

unit r 0% residual weight 1) 2) 3) 4) 5)

Th mg/kg 0.959 0.5 +0.2 —0.11 +0.04

Sc mg/kg 0.971 0.4 +0.2 —0.029+0.052
Of mg/kg 0. 947 —0.2 + 0. 1 —0. 030 + 0. 023
16 % 0.929 0.01 +0.06
Cr mg/kg 0.966 —0.3 1.4 —0.67 + 0.75
Fe % 0.966 0.02 + 0.08 0.09 + 0.05 0.22 0.0006

La mg/kg 0.966 4.7 + 0.5 4.74 + 0.87 3.21 2.02 5.85 0.64

Ce mg/kg 0.96-0 5.3 + 1.6 1.80 + 0.77 3.15 0.66 7.19 0.47

Sm mg/kg 0.956 1.2 0.1 0.63 0.14 0.85 0.67 1.28 0.11

Eu mg/kg 0.848 0.24 + 0.06 0.12 + 0.02 0.19 0.15 0.30 0.027

Oh mg/kg 0. 869 0.22 -t- 0.07 0.38 + 0.06 0.41 0.34 0.61 0. 10

Lu mg/kg 0.880 0.06 -t- 0.01 0.07 + 0.01 0.053 0.040

1) Correlation against CaCO3 in limestone deposits (Parekh et al., 1977)

2) Correlation against Al in surface sediments dumpsite (Peterson et al., 1986)

3) REE contents in CaCO phase of surface sediments according to
partitioning model o Peterson et al., 1986 (see section 3.6.4)

4) Cleaned Foraminifera (Palmer, 1985)
5) Calcite lattice in Foraminifera (Palmer, 1985)
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CaCO3 with acid is only 96% (PETERS0N et al., 1986, found 94% for surface sediments
of the dumpsite). The concentration in the carbonate endmember can therefore more ac
curately be determined from a plot of the elemental concentration versus the residual
weight, and extrapolation to 0% residual weight (Table 3.V). Since CaCO3 content and
residual weight are highly correlated (r2 = 0.993), the resulting values are close to ex
trapolated values of the correlations against CaCO3 to 96% CaCO3.

This procedure shows that the Fe, K, Hf, Cr, and Sc contents of the carbonate phase
are not significantly different from zero. The rare earth elements, however, have signifi
cant concentrations in the carbonate endmember. In Table 3.V these data are compared
with similar analyses of surface sediments from the dumpsite (PETERs0N et al., 1986),
with analyses of limestone deposits by PAREKH et al. (1977) and with REE analyses of
Foraminifera tests by PALMER (1985). It has been pointed out by PALMER (1985) that only
about 10% of REE in Foraminifera tests is present in the calcite lattice, the remaining

90% being associated with coatings (presumably oxyhydroxides) on the calcite
skeletons. The diagenetic behaviour of hydroxyde-associated REE will be discussed in
section 3.6.4.

24

4000 .15

4

- 23

4500 26

5000
70 80 90 00

CACO3 (Z)

Fig.3.15. Boxcore-top calcium carbonate content as a function of water depth. station numbers are
indicated.

A plot of boxcore-top carbonate contents as a function of water depth (Fig. 3.15) shows
that the lysocline is situated at a depth of about 4700m at present. The factors affecting
CaCO3 dissolution are discussed in section 3.5.3.

From a bathymetric map of the dumping area (Fig. 2.1) and Fig. 3.15, a map could thus
be constructed showing the distribution of CaCO3 in surface sediments (Fig. 3.16). This
same map can be used to show the distribution of other elements in surface sediments,
using the correlations with CaCO3 in Fig. 3.13 and in Table 3.1V.



37

Fig.3.16. Distribution in surface sediments of the dumping area of CaCO3 and of some of the
elements that are well correlated with carbonate content.

3.5. EARLY DIAGENETIC REACTIONS IN THE SEDIMENT

Particles that have settied on the ocean floor are buried by bioturbation and new deposi
tion, and become part of the sedimentary record. However, a suite of organic and in
organic reactions changes the composition of the material dramatically with fime. The
physical, chemical and biological processes taking place in the upper few hundred meter
of the sediment (i.e. young enough to be unaffected by elevated temperatures or uplift
above the sealevel) are collectively denoted by the term early diagenesis (BERNER,

1980). In the present study, only processes occurring in the upper few meters are of in
terest, and these are clearly all part of early diagenesis. In this section, we will discuss
those diagenetic reactions that are known or can be expected to influence the behaviour
and transport of trace elements and radionuclides. In the next section (3.6) this informa
tion will be used as a framework for the discussion of the diagenesis of trace elements.

3.5.1. MINERALIZATION OF ORGANIC MATTER

Organic matter settles continuously on the sediment surface. In section 3.7 it will be
showri that the organic carbon content of freshly settled material is in the order of 40
mg.g1.Surface-deposit feeding organisms mix this material quickly down and start its
decomposition, and consequently the organic carbon content of the surface sediment is
already much lower: 2.8 mg.g. Continued mineralization reduces this value further to
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about 1.5 mg.g-1 at 20 cm depth (Fig. 3.17). The decrease in organic carbon content
with depth is associated with an increase with depth in the concentrations of nutrient
elements and alkalinity in the pore water (Fig. 3.18).

During the second expedition, dissolved organic carbon (DOC) was measured in the
pore water. Although the resuits are rather scattered, a trend of decreasing DOC concen
tration with depth in the boxcores was observed (Fig. 3.19). The concentrations are well
above the bottom water concentration of 0.4 mg.l1 (section 3.8).

The depth distribution of potential Electron Transport System (ETS) activity (Fig. 3.17)
shows that mineralization activity is highest in the upper few cm, in accordance with the
carbon and oxygen data. The subsurface maximum in organic carbon content and ETS
activity observed in some boxcores at a depth of 2 to 6 cm is discussed in section 5
(bioturbation).

The mobilization of elements that are constituent of or bound to organic material, is in
herent to the process of mineralization. Br and 1 are predominantly associated with
organic matter (ULLMAN & ALLER, 1980), and their concentration in the sediment
decreases with depth very much as organic carbon (Fig. 3.20) although WYTrENBAcH (in
RuTGRs VAN DER L0EFF et al., 1985) pointed out that the half removal depths are dif
ferent: 10 cm for Br and 25 cm for 1 compared to 8 cm for metabolizable organic C. The
release of nutrients was shown above. Other elements released in this process are Ni, Cd
(KuNKHAMMER et al., 1982), Cu (KUNKHAMMER, 1980; CALLENDER & B0wsER, 1980), while

the distributions of many more elements in sea water are correlated with those of the
nutrients (reviewed by Quinby-Hunt and Turekian, 1983). In section 3.7 it will be shown
how diagenetic modeling can be used toderive rates of mineralization and of trace ele
ment mobilization from measured concentration-depth profiles.
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Fig.3.20. Depth profile of Br and organic C in the sediment of core 25B.
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3.5.1,1. SEQUENCE OF ELECTRON ACCEPTORS AND CHANGES IN REDOX
CONDITIONS

The consumption of electron acceptors for the mineralization of organic matter leads to
a reduction of redox potential (Eh) with sediment depth. Redox conditions have a pro
found influence 0fl distribution coefficients and transport of trace elements within the
sedimefit. Because of problems in the quantitative interpretation of Eh readings with
platinum electrodes (BREcK, 1974; WHITFIELD, 1974 VERsHININ & RozANov, 1982), the
redox state of the sediment should preferably be studied by analysis of the concentrations
of redox species involved. In deep-sea sediments poor in organic matter, like the
sediments at the dumpsite, the zones of 02, Mn, N0-, Fe and sulfate reduction are
distributed over a relatively wide depth range, and the successive depletion of these elec
tron acceptors can be studied in detail (FR0ELIcH et al., 1979, EMERs0N et al., 1980).

Table 3.Vl. (a) Stoichiometry of the organic matter oxidation reactions listed in the order in which
they should occur (based on free energy released) in the environment, and of the calcium carbonate
dissolution/precipitation reaction. (b) The relative changes in oxidants and alkaIiniti during organic
matter degradation in the presence and absence of calcium carbonate. (after Emerson et al., 1980,

1982).

(a) (CN,P = 106,16,1)

(1) Oxygen reduction, —.

- 2—
130 02 * 000 OP -,- 18 600 = 124 002 * 16 NO * 080 * 140 820

(2) Nitrate reduction,
— 2—

94.4 003 *C10602630110016P= 13.6 02 92.4 8C03 + 55.2 02 + 84.8 820 * 0804

(3) reauction,
— 2* 2—

236 Mr,0 * 0800? + 362 C02 + 104 820 = 470 0C03 + 8 02 * 236 Mx * 0074

(4) reduction,
— 2 2—•

212 Fe203 +C10682630110N16?+ 740 002 + 316 020 846 HCO3 + 424 Fe + 16 NH * 8074

(5) Sulfatreduction,
— + — 2—

53 S04 tC10682630110N16P = 39 002 + 67 0003 + 16 NH4 * 53 80 * 39 020 + 8074

(6) CaCO3 dixsolution/precipitation,2
C02 + 020 * CaCO3 = 2 HCO3 + Ca

(b( relative changee in oxidants. phosphate and alkalinity

502 iNO3 iMn4 iFe3 5002 5?

02 reduction (1) —1 — — — — 0.087 —0. 12 1.68 1.50

003 reduction (2) — —1 — — — 0.011 1.0 1.29 1.15

reduction (3) — — —1 — — 0.004 2.0 —1.08 —0.96

FeJ* reduction (4) — — — —1 — 0.002 2.0 —1.49

004 dti (5) — — — — —1 0.019 2.3 3.77

* wethout reaction (6)
** asnuming reaction (6) goes all the way to right or left to consume C02

considering reequilibration of reaction (6) (Emerson et al., 1982)
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Electron acceptors are used in the order of the free energy change associated with the
transter of one electron from the organic matter to the electron acceptor. The sequence
of reactions involved is given in Table 3.VI. The free energy change of reactions (2) and
(3) is very similar: their order in the sequence depends onthe phase in which Mn02 oc
curs (FR0ELIcH et al., 1979). The table also gives the associated chemical shifts, and the
shifts in alkalinity if all C02 produced is neutralized by the dissolution of an equivalent
amount of CaCO3according to reaction (6) (EMERs0N et al., 1980, 1982). Equilibrium with
CaCO3 is a reasonable assumption since CaCO3 is present at all depths, and pH had a
constant value of 7.75 ± 0.05 in the boxcores, and did not decrease below 7.6 at greater
depth. (note: pH values measured on-board ship are affected by CaCO3 precipitation
during decompression; in situ pH measurements are not available).

3.5.1.2. OXYGEN REDUCTION

As a result of the consumption of oxygen for the mineralization of organic matter, the
dissolved oxygen concentration in the pore water decreases with increasing depth in the
sediment. At the start of this study, no literature data were available on dissolved oxygen
concentrations in deep Atlantic sediments. From Ca and alkalinity data of in situ sampled
pore waters SAYLEs (1981) concluded that oxygen respiration prevails down to about 30
cm in N.W. Atlantic carbonate oozes (deptl range sampled: 3200-4300 m). In 1984,
S©RENsEN & WILs0N published oxygen profiles in a carbonate ooze in the equatorial
Atlantic, indicating that half of the bottom water oxygen remains at im depth, and little
consumption occurs between 1 and 2m (WiLsoNetal., 1985). Similar profiles in the cen

tral equatorial Pacific (MuRRAY & GRuNDMANNI5, 1980) and in the Angola Basin (RuTGERS

VAN DER L0EFF, unpublished results) indicate that oxygen concentrations may level off at

non-zero values in open-ocean carbonate oozes.
Dissolved oxygen measurements in sediments from the dumpsite show that oxygen

declines most rapidly in the upper 5cm, followed by a more gradual decrease (Fig. 3.17),
in agreement with the ETS activity measurements. Oxygen is depleted at a depth of
60-1 00 cm. At slopes and topographic highs no anaerobic layers were reached in cores
up to 2.5 m in length (Fig. 3.21, 3.22.b). The decreased oxygen penetration at increased
water depth is also apparent from a plot of 02 concentration at 20 cm sediment depth vs
water depth (Fig. 3.22a). This relation contrasts with the usual trend of increasing oxygen
penetration depth with increasing water depth that results from a decreasing supply of
organic matter. The anomalous behaviour can be explained by winnowing of the sedi
ment at local highs (KIDD, 1983), resulting in a net downslope transport of fine particles
(see section 3.3). The accumulation of fine particles in the valleys could cause the
shallower oxygen penetration through a higher organic matter content (Fig. 3.22.c) and
a lower permeability of the sediment. In the valleys (core 11, 25, 27) the oxygen depletion
is reached in a layer deposited during the last glaciation. This can be a coincidence and
needs not to be related to a glacial to postglacial decrease in organic carbon burial as a
result of the decrease in sediment accumulation rate (cf. THOMSON et al., 1984). On
slopes and topographic highs glacial sediments are oxidized throughout.
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The shallowest depth of oxygen depletion, about 25 cm, was observed in the Porcupine
Abyssal Plain (core 1 B and 21 B, 4800 m, outside the dumping area). The colour of the
sediment in the layer just above this depth suggests that pockets of oxygenated and
oxygen-free sediment coexist here, which may cause a redistribution of trace elements
between these phases (HARTMANN, 1979). The shallow oxygen penetration at this site is
probably due to the oxygen demand of the buried turbiditic deposit (cf. WILsON et al.,
1985). It will be shown below that this turbidite is the only layer in the first few m of the
local sediment where sulfate reduction plays a significant role. It can be expected that the
same turbidite causes an equally shallow oxygen penetration in large areas of the Por
cupine Abyssal Plain.
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3.5.1.3. NITRATE, MANGANESE AND IRON REDUCTION

The succession of oxygen reduction by nitrate and manganese reduction is clearly seen
in core liG at 1 m depth (Fig. 3.23): Below 1 m, nitrate is depleted, and manganese is
reduced and dissolves. Similar data were obtained at station 25, but the vertical resolu
tion of the upper 22 cm was much improved by the use of boxcore samples. The resuits
of the boxcore (0 to 22 cm) and the gravity core (25 to 250 cm) are presented together in
Fig. 3.25. Although these cores (25B and 25G) were collected about 3 km apart, the sedi
ment and pore water data fit very well into a single set of profiles. The mineralization of
organic matter consumes first all oxygen (which is depleted at about 70-80 cm depth), and
then reduces nitrate, Mn(IV) and Fe(lll), and resuits in the dissolution of CaCO3,the pro
duction of alkalinity and the release of Mn(ll) and Fe(lI) to the pore water.

The upward diffusion of manganese and its subsequent oxidation causes the well
known accumulation of Mn in the sediment in the aerobic zone (Figs. 3.24, 3.26, cf.
FROELIcH et al. 1979). Thermodynamics predict (Table 3.Vl) that iron reduction starts at
a lower Eh, and consequently at a greater depth, than manganese. Sample density is just
enough to observe this offset in core 25G (Fig. 3.25). The Mn (and Co) increase starts be
tween 40 and 55 cm; the Fe increase between 55 and 72 cm. A color transition at 61 cm
marked the Fe(IlI)/Fe(Il) transition (LYLE, 1983).

The reduction of manganese and iron oxides is also apparent from the analyses of
reducible metals in the sediment (Figs. 3.24, 3.26). Below the depth of oxygen depletion,
the HAM-extracted phase (the black area in thle figures, representing all Mn oxides and
part of the iron oxides) is practically absent, which means that the reduction of
manganese is completed in a depth irrterval of less than 30cm. Nitrate reduction is
probably limited to the same depth interval (cf. SeRENsEN et al., 1984). Since a large
amount of iron is left in the residual phase, and we have no data about its oxidation state,
we can not determine whether iron reduction continues to greater depths.

3.5.1.4. SULFATE REDUCTION

Sulfate reduction is very limited in pelagic sediments. From the present sediment ac
cumulation rate of 2 cm.kyr-1 (KERsHAw, 1985) a rate constant for sulfate reduction of
3.3 1 o- yr-1(BERNER, 1974; T0TH & LERMAN, 1977) or an initial sulfate gradient of only 0.2
mM.m-1 (BERNER, 1978) can be estimated. No accurate results on the importance of
sulfate reduction were therefore expected from dissolved sulfate, sulfide or particulate
reduced sulfides measurements. Alkalinity. measurements can be used to estimate the
significance of sulfate reduction (HARTMANN et al. 1976). EMERs0N et al.(1 980) introduced
the parameter potential alkalinity increase (PAl), which they calculated from the relations
in Table 3.Vl, taking due account of differences in diffusion coefficients. In core 25, the
PAl after mineralization of organic matter with successively 245 M °2’ 22 11M NOK, 91
M Mn(lV) and 27 tM Fe(lll) as electron acceptors amounts to 0.68 mM. Added to the bot-
tom water value of 2.46 mM, this gives an expected alkalinity of 3.15 mM below the Mn
and Ee reduction zone. Measured values of alkalinity in pore water samples that have
been obtained by squeezing on board ship are too low as a result of CaCO3precipitation
during decompression (MuRRAY et al., 1980). The magnitude of this effect cannot be
predicted from readjustment of the CaCO3 equilibrium to 1 atm (EMERs0N et al., 1982),
but can be estimated at about -0.20 rnM from a systematic difference between alkalinity
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Fig.3.27. Depth profiles of alkalinity in the pore water of cores 25(B + G) and 21 G.

values measured in the aerobic layer and predicted by a diagenetic model (section 3.7).
Correcting observed alkalinity (Fig. 3.27) for this effect, we find an in-situ alkalinity at the
bottom of core 25G of approximately 3.50 mM. We conciude that the contribution of
sulfate reduction in core 25 is minor.

In core 21 alkalinity increases to 8mM (Fig. 3.27), which points at extensive sulfate
reduction. This core does not fit the relationships found by T0TH & LERMAN and by
BERNER. This suggests that organic matter is not only derived from pelagic sedimenta
tion, but that additional material has been supplied by turbidites. Indeed, the core
description, examination of the core with X rays and the CaCO3profiie (Fig. 3.3) indicate
that a 180 cm section of the core was a single turbiditic interval, presumably of continental
origin (section 3.3). Oxidation of the top of such reduced turbiditic intervals is associated
with significant diagenetic mobilization of trace elements (C0LLEY et al., 1984). It is
presumably due to the high burial rate of organic carbon in the turbidite, that the concen
tration of dissolved organic carbon (DOC) is high in this core (Fig. 3.19).

From the above mentioned observations it can be conciuded that sulfate reduction oc
curs in the Porcupine Abyssal Plain below a depth of 50 cm, but is of minor importance
in the sediment at the dumpsite, and does not occur there above a depth of 1 meter.

3.5.2. CATION EXCHANGE

The cation exchange capacity (CEC) of the sediment is correlated with the non-carbonate
fraction as could be expected:

E

25B*G

21 G

CEC(mmolllOOg) = 29.3 x (1-(CaCO3)) + 1.0
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(r2=0.86; n=32). When ammonia concentrations are built up in the pore water as a
result of mineralization, ammonia will replace other cations from exchange sites leading
to a remobilization of cations like K (HARTMANN et al., 1976) and the same can be ex
pected for Cs. In the aerobic sediment, ammonia is oxidized to nitrate, as evidenced by
the increase of NO3 above bottom water values (Fig. 3.17). In the anaerobic Iayer, am
monia levels increase, but since only littie organic matter is left for anaerobic decomposi
tion, no high levels are reached. Only in core 21, where appreciable sulfate reduction oc
curs in the upper few meters, ammonia increases to about 500 j.tM at 3m depth and may
influence Cs mobility (SANTscHI ef al., 1983 SH0LK0vITz et al., 1983).

3.5.3. DISSOLUTION OF CARBONATE

As a result of the pressure and temperature terms in the carbonate equilibrium (equation
6 in table 3.VI) and of the metabolic production of C02, deep waters are undersaturated
with respect to calcite. Benthic mineralization produces an additional amount of CO2,
and as a consequence the very surface of the sediment is corrosive towards calcite at
depths up to 1 km above the calcite saturation horizon in the bottom water (EMERs0N &
BENDER, 1981). The resulting CaCO3 dissolution lowers the CaCO3 content of the sur
face sediment below a depth called the lysocline, situated in the dumpsite at 4700 m (Fig.
3.15). In the NE Atlantic, the position of the lysocline is determined by the pressure term
in the carbonate equilibrium, unlike in the W Atlantic, where the lysocline coincides with
the transition between North Atlantic Deep Vater (NADW) and Antarctic Bottom Water
(AABW) (THUNELL, 1982). The CCD (carbonate compensation depth) is estimated at 5200
m in the NE Atlantic (BIsCAYE et al., 1976), which is beyond the actual depths in this
ocean basin.

Within the sediment, dissolution due to the corrosiveness of bottom water is limited to
the upper few mm of the sediment (ScHINK & GuINAss0, 1977). However, dissolution con
tinues as a result of aerobic mineralization, and is therefore related to the consumption
of organic carbon and molecular oxygen by equations (1) and (6). The decrease in Corg
content with depth of 0.1 mg.g—1 (Fig. 3.17) corresponds to a dissolution of only 0.08%
in CaCO3. However, in the upper 8 cm fresh organic material is continuously mixed
down by bioturbation, the calcite dissolution continues, and the above estimate is
therefore incorrect. Instead, the extent of dissolution can be estimated from the oxygen
data. The initial oxygen gradient is approximately -50 jM O2.cm1 (Fig. 317). The
downward diffusive flux of 02 is 5.10-6 mol.cm-2yr—1,corresponding to a CaCO3
dissolution rate of 0.44 g.cm2.kyr-1.In section 3.7 we will use a diagenetic model to
make a second estimate of the 02 flux, which does not depend on the risky determina
tion of a concentration gradient across the sediment-water interface . There, we find a flux
of metabolizable organic carbon or 8 pmol.cm2.yr1,corresponding to an 02 flux of
10.4 mol.cm-2.yr-1,and a CaCO3 dissolution rate of 9.4 mol.cm—2yr—1or 0.94

g.cm—2.kyr- . Above the lysocline, the CaCO3 accumulation rate (sediment accumula
tion rate 2 cm.kyr-1 porosity 0.70, mean density solids 2.65 g.cm-3,CaCO3 content
85%) is 1.34 g.cm—2.kyr—1.This implies that the CaCO3 sedimentation rate is 1.8-2.3
g.cm2.kyr’, and that 25-40% of this amount dissolves in the bioturbated zone of the

sediment, even above the lysocline. This value corresponds well with an earlier estimate
of 20-50%, based by SAVLEs (1981) on dissolved calcium measurements in the pore
water.
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Fig.3.28. Scanning eleetron micrographs of tests of Orbulina universa, collected from boxcores 1 5B
(left, water depth 4000 m), and 1 B (right, water depth 4800 m). General view (a,d) and close-up (b,e)
of shells collected in upper 2 cm; close up of shells collected at depth (c: 15 cm; d: 20 cm).

C lOpm f lOfiJm
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The corrosion of calcite is clearly visible on SEM photographs of Orbulina universa
tests. Fig. 3.28 compares the state of corrosion of forams collected at the sediment sur
face and at 15 cm depth from two boxcores: one below (core 1B) and one above the
lysocline (core 158). The corrosion of the samples from the deeper station is evident. Ad
ditional corrosion during burial to 15 cm depth is not observed. In view of the calculated
loss of CaCO3, it is astonishing that the shells from the shallow station appear so Iittle
corroded, both at the surface and at 15 cm depth. Compared to other species of
Foraminifera, Orbulina universa makes shells that are highly susceptible to dissolution
(BERGER, 1968), and generally torams are less resistant than Coccoliths. Consequently,
the 25-40% CaCO3that has disappeared can hardly have consisted of foram sheils and
Coccoliths. It is more likely that aragonite and small calcite particles like spines have
dissolved. lndeed, EMERs0N et al. (1982) showed that the pore water in the surface sedi
ment of a deep-sea carbonate ooze (well below the aragonite compensation depth) was
supersaturated with respect to calcite, and that the ion activity products feil within the
range predicted for aragonite. It large enough, aragonite partiçles (mainly pteropods) will
escape dissolution during sedimentation and reach the sediment surface. We found no
aragonite (i.e. <O.2%) in the surface sediment with X-ray diffraction, not even at station
15 (4000m depth). This observation does however not contradict the supposed role of
aragonite dissolution in the carbonate budget of the surface sediment, since the dissolu
tion after burial by bioturbatiori may be rapid enough to leave no measurable traces in the
sediment. This argument is similar to the argument used to explain the discrepancy be
tween the organic carbon content of the urface sediment and of the sedimenting
material (sections 3.5.1 and 3.7).

CaCO3dissolution results in the release of Ca, HCO3-and the associated elements Sr
and Mg to pore water and bottom water. Sr is also released as a result of the recrystalliza
tion of carbonates to low-Sr calcite (MANHEIM et al., 1971; SAVLEs et al., 1973; BAKER et
al., 1981; ELDERFIELD et al., 1982). This process proceeds on a timescale of millions of
years, and is therefore not important for the behaviour of 90Sr(t05=28.5 yr). Other
elements that are present in trace amounts in the carbonate phase or in coatings 0fl çar
bonate particles, like U and the rare earth elements (PAREKH et al., 1977, PALMER, 1985
see section 3.6.4) will be released as well. It will be discussed below to what extent these
trace elements released during carbonate dissolution are subsequently adsorbed on
other phases like oxyhydroxides and day minerals, or released to the bottom water and
dispersed.

3.6. TRACE ELEMENT DIAGENESIS

The chemical composition of particles settling through the water column is changed by
interaction with seawater. Both metal oxide coatings (G0LDBERG, 1954) and colloidal
organic matter (NELS0N et al., 1985) and organic coatings (BALIsTIERI et al., 1981) on
these particles offer good adsorption sites, and therefore the particles carry a bad of
elements which they have scavenged from seawater. Measurements of Th isotopes in
seawater and on particles (BAc0N & ANDERs0N, 1982) indicate that adsorption
equilibrium exists for these isotopes in the entire water column, and it may be expected
that the same holds for other particle reactive elements as well, inciuding many of the
waste radionuclides.
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The diagenetic reactions described in the previous section cause a release of trace
elements by the decomposition of their carrier phase (organic matter, hydroxides or
CaCO3)and change the chemical environment of the particles (pH, Eh, and concentra
tion of ligands in the pore water) which in turn shifts the adsorption equilibria. The
resulting behaviour of trace elements has been studied by measurements of their con
centrations in pore water and in sequentiai extracts of the sediment. It should be borne
in mmd that any selective extraction technique only distinguishes operationally defined
phases, and does not aliow quantitative conclusions to be drawn about the actual
distribution among the phases in the sediment. Vertical changes in the observed distribu
tions, however, can without doubt be considered as indications that diagenetic changes
have occurred.

3.6.1. TRACE METALS

Diagenesis of trace metals in pelagic sediments has received much interest in relation to
the formation of manganese nodules, and the best information currently available is from
the MANOP (Manganese Nodule Program) sites in the eastern equatorial pacific
(KLINKHAMMER et al, 1980, 1982). It turns out to be practical to distinguish at least two
groups of metals: Ee, Mn, and Co on one hand are strongly hydrolized and very littie solu
bie in oxidized seawater (KNAUER, et al., 1982). Cu, Ni, Cd, and Zn on the other hand are
more soluble, and their concentrations change in correlation with those of the nutrients
both in the water column (BRuLAND, 1980) an in the aerobic pore water (KLINKHAMMER et

al., 1982). The opposing behaviour of the two groups was ciearly demonstrated in in-situ
measurements of metal fluxes through the sediment-water interface of a coastal sedi
ment (SuNDBY et al.,1986 WEsTERLuND et al., 1986).

3.6.2. Mn, Ee, Co

Ee and Mn data for pore water and sediment of two gravity cores from the dumpsite (cQres
liG and 25G) fit well with established models (section 3.5.1.3). Pore water data are
presented in Eigs. 3.23 and 3.25, and resuits of the sequential extraction of the sediment
are given in Figs. 3.24 and 3.26 for core 11 and 25, respectively. The diagenetic
behaviour of Co is very similar to that of Mn. This agrees with literature data on Co con
centrations in pore water, which have only recently become available for coastal (MARTIN,

1985; SuNDBY et aL, 198e) and deep-sea (HEGGIE & LEwis, 1984) sediments. As in the
water column, the dissolved concentrations of Ee, Mn, and Co are very low in the oxic
sediments.

When oxygen is depleted, at approximately 80 cm in core 1 1G and at 70 cm in core
25G, first Mn, and then Ee are reduced from resp. the (IV) and the (III) to the (Ii) oxidation
state. Since the reduced forms are much more soluble, the metals are released tö the
pore water, and dissolved concentrations increase with depth. Diffusion along the
resulting concentration gradients transports the metais upward, and at the bottom of the
aerobic layer they are oxidized again and precipitate. This cycle results in the accumula
tion of the metals, especially Mn, in the oxic layer, and thus prevents or retards the burial
of Mn. We observed a similar enrichment of Co in the oxic Iayer, in agreement with HEG

GIE & LEwis (1984). Mn, Co and also Ni occur here predominantly in the HAM extract, cor
responding to the Mn oxyhydroxide phase, whereas the much smaller amounts in the
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reduced layer occur in the HAC extract (Mn probably as mixed carbonate overgrowths on
Foraminifera tests, B0YLE, 1983) and in the HCI extract (Go and Ni). The low concentra
tions at 26 and 93cm in core 11, and at 55 and 105 cm in core 25, result from dilution
by much ice-rafted material (section 3.3; Fig. 3.7). Since only a small fraction of total Fe
is mobile, the diagenetic Ee flux is small relative to the accumulation rate (approx. 1.6 vs
9.4 g.cm—2yr—1,based on data of core 25), and a surface enrichment is difficult to
detect. However, the diagenetic flux compares better with the rate at which HAM
reducible Ee is buried below the aerobic layer: 1.0 g.cm-2yr1

In environments where Mn reduction occurs closer to the sediment surface than in the
present study as a result of a higher jnput of organic matter, Mn and associated
elements escape the oxidation trap and diffuse into the bottom water (SuNDBY et al.,
1981). This is not likelyto occur at the dumpsite where the aerobic Iayer is at least 70cm
thick. (A fresh turbidite would reduce this thickness, as it happened in the Porcupine
Abyssal Plain, bijt even then the sediment surface would remain oxidized). Oxidation is
rapid enough to prevent any release of Fe, Mn and Go through the oxidized layer towards
the bottom water. This was already expected by ELDERFIELD (1976) for pelagic sediments
with thick oxidized layers, but is even true in coastal sediments with an oxygen penetra
tion depth of only about 1 mm, provided that the sediment surface is well oxidized (SUND
BV et al., 1986). In fact, a flux into the sediment of these metals (and of Ce, see section
3.6.4), similar to the fluxes contributing to the hydrogenous growth of ferromanganese
nodules and encrustations, is more likely. Elements remobilized by reduction in the
anaerobic Iayer could however be released tojhe bottom water during slides or slumps,
or by deep burrowing organisms (see section 5: Biology and WEAvER & ScHULrHEIss,
1 983a). This pathway applies in principlelo Go, but can not be of any significance for the
radioisotope 60Go (half-life 5.3 yr).

3.6.3. Gu, Ni, Gd, Zn

Unlike the former group, these metals are released by oxic mineralization of organic mat-
ter in the surface sediment. As in the water column, their behaviour in the pore water is
closely linked to that of the nutrients: Ni to silicate, Cd to nitrate (KLINKHAMMER et al.,
1982). Just as in case of the nutrients , appreciable fluxes towards the bottom water exist.
Regeneration of Gu at the seafloor was concluded by BOYLE et al., (1977) from Cu data
in the water column. Fluxes of Gu, Ni and Cd from sediments were predicted from pore
water data of deep-sea sediments (GALLENDER & B0wsER, 1980; KLINKHAMMER et al.,
1982) and shown experimentally by flux chamber studies in a coastal sediment with ox
idized surface (WEsTERLUND et al., 1986).

Within the aerobic layer, dissolved Cu decreases with depth (Fig. 3.29) as a result of the
decomposition of organic matter in the surface sediment and subsequent adsorption
below (CALLENDER & BowsER, 1980; KLINKHAMMER et al., 1982; SAwLAN & MuRRAY, 1983).
Nickel concentrations in the pore water (Fig. 3.30) are also above bottom water values
(around 10 nmol.kg1). A near-surface maximum; as observed for Gu, is less pro
nounced for Ni, and is even doubtfull if we consider that the upper one or two segments
may well be contaminated by the boxôorer. Release of oiganic-bound metals explains the
Ni and Cd concentrations in pore water of the surface sediment, but is not sufficient to
explain the Cu resuits. An additional effective scavenging and release cycle exists near
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the sediment-water interface (KLINKHAMMER et al, 1982). Cu is recycled from a highly en
riched veneer at the sediment-water interface at a much higher rate than the decomposi
tion rate of the bulk organic matter. Apparently, Cu adsorbs on organic coatings that are
preferentially broken down after deposition. The oxic trace metal diagenesis is further
discussed in the section on diagenetic modeling.

The results of selective extraction experiments (Fig. 3.24, 3.26) show the dominance of
the HAM-reducible phase in the aerobic layer for Ni, similar to Mn and Co, and to a lesser
extent for Cu and Zn, similar to Ee. We conclude that Ni, in agreement with SAwLN &
MuRRAY (1983), and Go are primarily associated with the manganese hydroxide phase,
whereas Cu and Zn are also associated with Ee.

All metals associated with the Mn and Ee hydroxide phase must be released upon
reductive dissolution of this phase. This causes an increase in the pore water concentra
tions of Cu and Ni (Eig. 3.23, 3.25), similar to the increase observed for Ee, Mn, and Go.
The resulting concentration gradients in the pore water transport these metals upwards.
Upward diffusive transport associated with the Mn redox pump has been demonstrated
previously for Nl (KLINKHAMMER, 1980). As Mn, both Ni and Cu are enriched in the sedi
ment in the aerobic layer.

The high contents of Cu, Ni, Mo and Zn at the lower surfaces of manganese nodules
have been explained by diagenetic enrichment from the underlying sediment of metals
associated with the manganese phase (CALvERT & PRIcE, 1977; ELDERFIELD et al., 1981).
The nodules are supposed to grow by metal fiuxes originating both from the decomposi
tion of organic matter and from the reduction of hydroxides. The two maxima in the pore
water profiles of Ni, Cu, (and Cd) show tht the same two processes occur in the dumpsite
sediment, although separated in space. Hydrogenous growth, the third source for the
nodules, accumulates preterentially the first group of metals: Ee, Go, and also REE,
especially Ge (ELDERFIELD et al., 1981). It is due to the relatively rapid accumulation of
GaCQ3 at the dumpsite that the fluxes do not form nodules here, but that the metals ac
cumulate in a dispersed way in the oxic layer.

It should be noted that all metals studied here are far more mobile in the suboxic
sediments at the dumpsite than they are in reduced sediments. In nearshore marine
sediments, sulfate reduction occurs at shallow sediment depth, and the sulfide produced
keeps the concentrations of dissolved metals at very 10w levels (MARTIN, 1985). Especial
ly Ee and Gu sulfides are very little soluble. The absence of sulfate reduction in the dump
site allows these metals to accumulate in the pore water, and consequently to be mobi
lized and transported by diffusion, to a greater extent than in coastal sediments.

3.6.4. RARE EARTH ELEMENTS

Our understanding of the behaviour of REE in seawater has increased considerably in the
last few years (ELDERFIELD & GREAvEs, 1982; DE BAAR et al., 1985). REE are well cor
related with the nutrients: their concentrations increase with depth in the water column,
and in deep ocean waters they. increase trom the Atlantic to the Pacific. An exception is
formed by Ge, which is the only of the series forming a 4 + instead of a 3 + valence state
under earth surface conditions. Ge(IV) is more strongly hydrolysed than the other REE,
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is Iess soluble and adsorbs more readily on particle surfaces. In this respect Ce behaves

very much like Mn, Ee and Go. Similar to Co(ll), Ce(III) is oxidized to valence (IV) on parti..

cle surfaces (especially Mn02), and subsequently adsorbed.

The first data of dissolved REE in an anoxic basin (DE BAAR, pers. comm.) show that

REE are mobilized in a reducing environment: Ce as a result of reduction to Ce(lll), the

other REE through dissolution of the hydroxides to which they were adsorbed.

Preliminary results of pore water analyses (ELDERFIELD, pers. comm.) indicate that the

same mobilization occurs in anoxic sediments. Such a diagenetic mobilization could be

expected to deplete suboxic layers in REE, relative to the oxic surface layers. Although

the distribution of REE among the carbonate and non-carbonate phase does change with

depth, measurements of REE in bulk sediment above and below a redox boundary did

not reveal any diagenetic enrichment of REE (MARcHIG et al., 1985), suggesting that

diagenetic fluxes are negligible compared to the sediment accumulation rate.

(mg/kg) (mg/kg) (mg/l<g)
0 20 40 60 80 100 0 50 100 150 200 ) 5 10 15 20

250

(mg/I<g) (mg/kg) (ng/I<g)
0

_

250
Fig.3.31. Depth profiles of concentrations of rare earth elements in the sediment of core 25(B + G)
expressed on a CaCO3-free basis. Total amounts (x), and the amounts remaining after HAC (+)
and HAM () extracts. Area representing HAM (reducible) extract is coloured.
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In analogy with the trace metal study, we expected that a selective extraction pro
cedure could telI us whether the rare earths were affected by a redox transition. We ap
plied the same extraction technique that we used for the trace metals to 16 samples from
core 25B+G, in which oxygen was depleted at 70 cm (Fig. 3.25.).

The amounts of REE in the original samples, and the amounts left after the sequential
extraction with first HAC and then HAM (Table 3.1) are shown in Fig. 3.31 on a
CaCO3-free basis. Theoretically, the lines should not intersect. They sometimes do,
however, as a result of the cumulative error introduced by REE analysis, determination
of weight loss, and inhomogeneity of the samples. In this presentation, the rightmost pro-
files (total contents) reflect the influence of the large variation in CaCO3 content: from
88% at the top down to 9.2% at 200cm depth. This influence is much more pronounced
than in the case of the trace metals (Fig. 3.26) because the dissolution of CaCO3
removes relatively more trivalent REE than trace metals (with the exception of Cd). Ac
cording to PALMER (1985), only about 10% of REE in Foraminifera is a constituent of the
calcite lattice, the remaining part being associated with coatings (presumably hydroxides)
on the calcite surfaces. Lattice-bound REE concentrations are three orders of magnitude
lower than average concentrations in shale, and must therefore be negligible in Fig. 3.31.
The appreciable amounts of REE released by the HAC attack (acetic acid/acetate, pH 5)
were evidently no part of the calcite lattice, but were rather part of the coatings. This is
why, just as in Fig. 3.26, we expressed in Fig. 3.31 all REE contents, including the REE
mobilized by the acetic acid attack, on a CaCO3-free basis by normalizing the REE con
tents in the fractions remaining after the vari9us sequential extractions to the weight re
maining after the HAC attack.

The REE content in the residual fraction is constant throughout the core, and is not af
fected by the redox transition, the change in CaCO3content, nor even by the admixture
of ice-rafted material rich in Si (quartz) and Mg (dolomite), but depleted in Al and most
other elements (Fig. 3.7, 3.26, 3.32). The other fractions, however, change markedly with
depth. The transition between the oxic and anoxic sediment layers is illustrated in Fig.
3.33c and d respectively. These figures show the partitioning of REE (expressed qn a
CaCO3-free basis and shale-normalized) over the phases that are distinguished by the
selective extraction method. The normalization to concentrations in average shale
(HAsKIN & HAsKIN, 1966; PIPER, 1974) yields the so-called REE patterns. Because REE
form a very coherent group of elements, such patterns give more information than the
concentrations of individual REE alone. The behaviour in the oxidized CaCO3-rich,
holocene surface sediment (Fig. 3.33.c) is clearly different from the behaviour in the sedi
ment below 50 cm depth (Fig. 3.33.d), which is reduced and contains less calcite.

WYTTENBAcH & T0BLER (1984) investigated the partitioning of REE among the car
bonate, the hydroxide and the residual phase in oxidized samples from the dumpsite.
Surface samples from 7 stations and a profile (0 to 22 cm, 10 sections) at station 6 were
analysed for 31 elements by neutron activation analysis. Some samples were also ana
lysed after removal of carbonates with in HCI. From these data and from correlation
analysis against Th they calculated the partitioning of elements between the phases
CaCO3,silicates (the undissolved fraction, assumed to contain all Th) and a third phase
that dissolved during acid treatment along with CaCO3 and that was assumed to consist
mainly of Fe-Mn-oxyhydroxides. 79% of Co, 50% of Ce, and 25-40% of other REE, V, U,
and As in these oxidized sediments was present in this oxyhydroxide phase. These
results compare rather well with our results for the aerobic layer (Figs. 3.26, 3.31, 3.32).
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Fig.3.32. Depth profiles of concentrations of other trace elements in the sediment of core

25(B + G) expressed on a CaCO3-free basis. Total amounts (x), and the amounts remain-
ing after HAC (+) and HAM (i.ijextracts. Area representing HAM (reducible) extract is col
oured for Th, As and Ba. Below, depth profiles of Ca concentration in total sediment and

of Al and Si concentration in the material left after HAC + HAM + HCI extraction.
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Recently, the same team published additional results obtained on the same samples
(PETERs0N et ah, 1986). In stead of Th, they used Al as the element specific for the
lithogenic phase. This appears to be a more suitable choice, since Th adsorbs on ox
yhydroxides and is clearly affected by the various extractants (Fig. 3.32). Moreover, they
included leaching experiments using extraction techniques very similar to ours. Results
from their leaching experiments (Fig. 3.33.b) were similar to those predicted by their parti
tioning model based on interelement correlations (Fig. 3.33.a), although the extraction
procedure overestimated the CaCO3 fraction on the expense of the oxyhydroxide- and
residual fractions. Comparison with our results for the oxidized boxcore (Fig. 3.33.c) sug
gests that this overestimation was Iess in our extraction procedure.

REE patterns in the residual phase are rather flat, and the REE contents in this phase
are similar in the oxic and in the suboxic layer. In the extractable phase however, the
CaCO3-rich surface sediment contains more than twice as much REE as the deep layer
(Fig. 3.33c,d), as a result of the REE associated with the abundant CaCO3 phase. Ex
traction with HAC removes from 25% in the deep layer to over 50% in the surtace layer
of all REE present, except for Ce Which is strongly depleted in the HAC extract. Since only
10% of REE in Foraminifera is part of the calcite lattice, this means that HAC removes
not only the REE in the calcite lattice, but also most of the REE that are present as
coatings on these particles. And since Fe and Mn are not released by the HAC attack (Fig.
3.24, 3.26), this means that either the binding of REE to the FeOOH and MnOOH phase
is too weak to keep the trivalent REE adsorbed during this treatment, or REE are ad
sorbed to the calcite surfaces in a different ay. This holds both for the heavy REE,
known to form stable complexes with carbonate ion - which is of course abundant in the
HAC extract - and for the light REE La. The strong binding of Ce (IV) to the hydroxide
phases in the oxidized sediments prevents its release during the HAC treatment.

The succeeding reductive extract (HAM) is strongly enriched in Ce. As we know from
the trace metal results, the HAM reducible fraction is negligible in the suboxic sediment.
This hoids also for the REE (Fig. 3.33.d). In the oxic sediment, however, an appreciable
part of REE is released by reduction of the hydroxides (Fig. 3.33.c). The additioçial
amounts of REE extracted by 1 M HCI are quite low.

In conclusion, more than half of the trivalent REE in the surface sediment is bound to
CaCO3surfaces. In a gentle dissolution with HAC (pH 5), these REE are set free and do
not readsorb on oxyhydroxides. REE released during dissolution of CaCO3 at the sedi
ment surface and in the bioturbated zone may therefore be released to the bottom water.
Such a release was predicted by ELDERFIELD & GREAvES (1982) from REE gradients in
deep ocean waters. An additional but smaller amount of trivalent REE is released to the
pore water after reduction of the oxyhydroxide phase. Ce is depleted in the CaCO3
phase and enriched in the hydroxide phase. Dissolution of CaCO3will not release Ce. In
stead, a flux of Ce into the sediment, similar to Fe, Mn, and Co is more likely. Ce is re
leased by reduction to Ce(lII) at the depth of oxygen depletion.

3.6.5. FACTORS AFFECTING TRACE ELEMENT MOBILITY

a. adsorption control: the concept of distribution coefficients (Kd)
In radiôlogical assessment studies, the behaviour of radionuclides has often been

described in terms of distribution coefficients. From a modelers’ point of view, it is very
practicle when the distribution of a nuclide between the dissolved and particulate phase
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can be predicted by constant coefficients. This approach was stimulated by the great
similarity of Kd values found in laboratory experiments of the same nuclide with a variety
of natural sediments (DuuRsMA & EIsMA, 1973). However, as explained in the introduction
(section 3.1), distribution coefficients are by no means physical constants, and it is not
generally justified to apply Kd values measured in the laboratory or in a particular en
vironment to a different environment. Especially in the sediment-pore water system, with
large variations in pH, Eh and ligand concentrations, the applicability of the Kd approach
should be checked by in-situ measurements of sediment- and pore water concentrations.
In this section, the measurements of trace elements in sediment and pore water, de
scribed in the previous section, will be used to calculate in situ Kd coefficients, and to
discuss the suitability of the Kd approach to predict radionuclide mobilities.

The change from oxidized to suboxic conditions has a large impact on the distribution
of most of the elements investigated: The distribution coefficients of trace metals, ex
pressed as cumulative extractable concentrations (all steps up to the HCI extract) divided
by concentrations in the pore water, and the ratios between Kd in the oxic and Kd in the
suboxic layers, are given in Table 3.Vll. The Kd of Ee, Mn, and Co decreases
dramatically with depth. A less pronounced difference exists for Ni, Cu, and Cd. A single
Kd value for each element is clearly not appropriate but could the behaviour of these
elements be described by a two-layer model with two sets of Kd values?

In the aerobic Iayer, the pore water concentrations of Ee, Mn and Co are similar to bot-
tom water values (where they are higher t is difficult to exclude contamination as a
source), and may well be controlled by adsorRtion equilibria (BALIsTIERI & MuRRAY, 1984).
The concentrations of Nl, Cu and Cd are constant below about 20cm, and can there also
be assumed to be governed by adsorption. In the surface layer, however, the latter metals
are released as a result of decay of organic matter, and higher concentrations are built
up. Their concentrations are apparently determined here by a dynamic equilibrium be
tween release and adsorption (removal rate constant in the order of 0.5-15 yr-1 accord
ing to SAwLAN & MuRRAY, 1983; see also section 3.7), and cannot be predicted from
distribution coetficients.

Table 3.Vll. Concentration of trace metals in sediment (HAC + HAM ÷ HCI extracts, g.g 1) and in
pore water (g.kg _1); and distribution coefficients in the aerobic and the suboxic layer of core 25.

Fe Mn Co Ni Cu Cd

aerobic sedi.inent (g.g)_1 1500 600 5.5 8 30 0.4
pore water (pg.kg ) 5 0. 7 0. 0 0.6 4 0.4

3 10 9 10 2 10 1.3 10 8 10 1000

suboxic: sediment (ig.g)1 2000 500 3.5 5.5 18 0.2

para water (.kg ) 1500 4500 3.5 3.5 15 0.6
1300 110 1000 1570 1200 330

ICd aerobic 225 7700 180 8.5 6.2 3
Kd suboxic
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After the depletion of molecular oxygen, oxyhydroxides are reduced and dissolve, and
all associated elements are set free. Since oxyhydroxides have strong binding properties
their disappearance after the depletion of oxygen means a decrease in available binding
sites and a competition for the remaining sites, mostly on day minerals, by the released
elements, including Fe2 and Mn2.As long as the concentrations in the pore water are
controlled by adsorption equilibria, these concentrations increase as a result of the reduc
tion in number and in strength of available binding sites. Below the depth of this mobiliza
tion, sulfide may be produced ii sufficient organic material is left for sulfate reduction to
occur (at the dumpsite only to be expected in turbidites). Due to these concentration
changes the solubility of some mineral phases is reached.

b. solubility control
Dissolved Mn has been shown to be controlled in reduced pore water by the formation

of authigenic carbonate minerals like rhodochrosite (MnCO3)(Li et al., 1969; HOLDREN et
al., 1975; BALZER, 1982) or a mixed Ca/Mg/Mn carbonate (SuEss, 1979). In calcareous
sediments a mixed Ca/Mn carbonate forms on the surface of Foraminifera tests (B0YLE,
1983). With a CO32-ion concentration from pH and alkalinity data, we obtain an ion con
centration product in excess of the stoichiometric solubility constant of rhodochrosite
(JoHNsoN, 1982), but an accurate calculation to determine whether Mn is in equilibrium
with a (Ca,Mn)C03phase cannot be made (SAwLAN & MURRAY, 1983). Such a solubility
control would fit with our observation that a large part of particulate Mn in this layer is
associated with the HAC-leachable or “carbonte” phase. Since appreciable amounts of
other elements are also present in this phase (Fig. 3.26, 3.31), and since sulfate reduction
is usually unimportant in these sediments, the solubility of carbonates may control the
dissolved concentrations of other elements as well. Where concentrations are controlled
by solubility rather than by adsorption equilibria, t is not justified to use the Kd approach
to describe the behaviour of the elements involved, since the dissolved concentration is
regulated irrespective of the concentration in the particulate phase.

c. complexation
Pore water concentrations, and consequently mobilities, of trace elements may be in

creased by complexing ligands in the pore water. Concentrations of such ligands change
with depth: Dissolved organic carbon concentrations first decrease and then appear to in
crease again in the suboxic sediment (Fig. 3.19). Polysulfides can be quite soluble, but
only at sulfide concentrations that are not reached in the sediments under investigation.
Carbonate ions form complexes with U and REE.

d. conclusions
It was shown above that diagenetic processes reduce the abundance of three impor

tant carrier phases of trace elements: hydroxides, organic matter, and carbonates. The
dissolved concentrations of many trace elements in equilibrium with the remaining
phases have been shown to increase. In situ Kd values for REE in the sediments of the
dumpsite are not available, but the recent data on dissolved REE in anoxic basins and
pore waters suggest that the mobility of REE may likewise increase after reduction of the
sediment.

The general nature of mobilization resulting from a reduction in binding sites, the
absence of sulfide, and the analogies between the chemistry of transuranic elements and
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of trivalent REE (e.g. Bousr, 1986) suggest that Am and Pu nuclides become likewise
more mobile in the suboxic Iayer at the dumpsite. This contrasts with the reduced mobility
of Pu in reduced, and sulfide containing, sediments, that was demonstrated in the lrish
Sea (NELs0N & LovErr, 1980). Although Eh does not decrease in the suboxic layer of
core 25G below 0.12 V (Fig. 3.34), we would expect the stable form of Pu to be the Iess
soluble Pu(IV) at that Eh (EDGINGTON, 1981; SKYTrEJENsEN, 1982, see however warning
in 3.5.1 .1). There is not sufficient information to determine which effect is more important:
reduction of mobility through reduction to Pu(lV), or increase of mobility through de
creased availability of binding sites.
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Fig.3.34. Redox potential in cores 25G (o) and 29G (t).

3.7. DIAGENETIC MODELING

In the discussion of the early diagenetic reactions in the sediment, it has already been
emphasized that all these processes are closely linked to each other. The driving force
is the supply of organic carbon to the sediment. The decomposition of this carbon, mainly
by oxygen diffusing downwards from the bottom water, controls the redox state of the
sediment, the dissolution of CaCO3, and also ion exchange. Since sediment trap data
are not available for this ocean area, we must find another way to estimate the incoming
flux of organic matter. Diagenetic modeling provides an excellent tool to estimate the car
bon flux to the sediment and to understand the interrelationships between the various
diagenetic processes.

An appreciable part of the mineralization of organic matter takes place close to the
sediment surface. Estimates of the resulting fluxes from pore water gradients are
therefore dependent on the accuracy with which we can determine the in situ gradients
across the sediment-water intérface. In practice, this means that they rely heavily on
measurements in the upper few mm of the sediment, a section that is most easily affected
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Table 3.VIIl. Diagenetic equations describing the behaviour of alkalinity and copper in the pore
water, and parameter values used in the diagenetic model. Other equations and parameters as in

JAHNKE et al. (1982).

(A1K)
= Ç) +

K1C(1—) +y5 K2C NO (1—)(1)

z F z

(q Cu) (De Cu\

t z ) + Y6 K1C(1—)5+ y6K2C NO

Boundary conditions:

at z=0 Alk = AlK (bottom water): 2.46 mmol.11

Cu = Cu (bottom water): 5 nmo1.1

at z20 cm A1k/az=0

Cu /z’0

A1K Alkalinity (moles/cm3

Cu Copper concentration (moies/cm3)

CUe Copper concentration at adsorption equilibrium (50 nmo1.1)

DA Molecular diffusion coefficient of HC03 (5.4 106cm2.s)

D Molecular diffusion coefficient of Cu(3.6 106cm2.s)

F Formation factor (fig. 3.35)

‘y A1K/C ratio during oxic respiration (1.50 x 138/106)

A1K/C ratio during denitrification (1.15 x 94.4/106)

Cu/C atomic ratio (1.9 10)

Oxic respiration rate constant (s)

K Denitrifjcation rate constant (1 104cm3.mo11.s)
2 —8—1

Cu adsorption rate (5 10 S

Oxygen respiration zone:5 =1
Denitrification ZOne: =0

K Sediment mixing coefficient: z=0 to 6 cm: 1 108cm2.s1
Z z=6 to 15 cm: decreasing linearly to 0

u Sediment accumulation rate: 2 cm. kyr

• porosity
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by mixing and diffusion during recovery of the core (REIMERs et al., 1984). With the aid of
diagenetic modeling we can also use data that have been obtained for larger sediment
depths, and check our various estimates for interconsistency. Moreover, it enables the
calculation of rates that could not otherwise be calculated.

The diagenetic equations describing the organic matter decomposition in a marine
sediment have been given by BERNER (1980). JAHNKE et al. (1982) formulated the equa
tions describing carbon, oxygen and nitrogen diagenesis in a deep-sea sediment with
nitrification and denitrification, taking into account both sediment accumulation and
bioturbation. They obtained the steady-state solution numerically. Using their approach,
we have modeled the diagenesis of organic matter in the upper 20 cm of the sediment
at the dumpsite. We used the same equations for C, N, and 0 diagenesis, but added
equations describing production and consumption of alkalinity and dissolved copper.
These equations, boundary conditions and parameter values selected based on data
from core 25B are given in Table 3.VIll. Bioturbation was assumed to be constant in the
upper 6 cm, and to decrease linearly to zero at 15 cm depth. Bioirrigation was assumed
to be negligible compared to molecular diffusion (cf. EMERs0N et al., 1982).

The formation factor F increased from 1.4 at the sediment surface to 2.7 at 20 cm depth
(lig. 3.35). Formation factor and porosity (p) are related by the equation

Fq (7)

1 /F
.4 .5 .6 .7 .8

0- .

5

2
0
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Fig.3.35. 11F (F = Formation factor) versus depth in boxcore 25B.
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Fig.3.36. Relation between formation factor (F) and porosity (p). Straight line corresponds to
n = -2.76 in eq.(7).

(BERNER, 1980), with n = -2.76 for dumpsite sediments (Fig. 3.36). Since we know the pro-
file of F near the sediment-water interface more accurately than the profile of porosity, we
used in the model the measured profile of F and calculated the porosity at each depth
from the above relationship. Porosity thus dreased from 88% at the interface to 70%
at 20 cm depth.

As observe by JAHNKE et aI.(1 982), the oxygen profile is rather insensitive to the rate of
oxidation of organic matter, since the organic matter concentrations adjust to the decom
position rate. The oxygen profile is however very sensitive to the supply of organic matter
to the sediment surface. It is therefore in principle possible to derive through curve fitting
the supply of organic matter from the observed oxygen profile, and the decomposition
rate constant from the observed organic carbon profile.

It turns Out to be impossible to fit the model to the experimental carbon data of the
dumpsite: if reasonable organic carbon values at the surface are to be obtained, all
organic matter is depleted at about 12 cm depth, whereas the data indicate that aerobic
carbon mineralization continues down to 80 cm. In order to obtain a better fit of the model
to the organic carbon data, we had to distinguish, apart from a refractory pool constituting
about 1 mgC.g1 (Fig. 3.17), two pools of organic carbon with different decomposition
rates. A so-called ‘multi-G model has been used earlier by BERNER (1974) to describe
the differences in decomposition rates of organic matter between various electron accep
tors and organic matter components. Experimental support for a multi-G model comes
from the data on ETS activity, which decreases more rapidly with depth than does organic
carbon (Fig. 3.17).

We obtain the best fit to the observed oxygen profile with an organic carbon sedimenta
tion rate of 8 mol.cm2yr1(Fig. 3.37.a). The introduction of two organic matter frac
tions that differ a factor 12 in decomposition rate improves the fit to the experimental
organic carbon data (Fig. 3.38.b), but a discrepancy remains in the upper few cm. This
implies that either a fraction of yet higher decay rate is present in the surface sediment
(as confirmed by the copper data, see below), and/or that the bioturbation is not ade
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quately dêscribed by a homogeneous sediment mixing in the upper 10 cm (B0UDREAu,
1 986b). The value adopted for the decomposition rate of the main part of the organic car
bon corresponds to a residence time of 13 years, which is within the range of values given
by EMERs0N et al. (1985).

SuEss (1980) presented an empirical relationship between organic carbon flux as
measured with sediment traps, and surface productivity. From this equation, we expect
that 0.9% of the organic matter produced at the ocean surface reaches the seafloor at
4500m depth. With our data for the primary productivity in this part of the Atlantic (section
4.5) this corresponds to an organic carbon supply to the sediment of 8 (4-10)
moI.cm—2.yr-1,in good agreement with the resuits of the diagenetic model.

It is now possîble to calculate the composition of the material that settles on the
seafloor. The rate of accumulation of sediment below the zone of bioturbation is 1.58
mg.cm-2.yr-1,of which 85% or 1.34 mg.cm-2.yr-1is CaCO3and approx. 13% or 0.20
mg.cm —2.yr1 is detrital siliceous matter. In section 3.5.3 it was shown that an additional
.4- 9 mg.cm-2.yr-1 CaCO3 dissolves within the bioturbated zone. The diagenetic

model shows that the supply of organic matter (with 40% C) amounts to 0.24
mg.cm-2.yr-1.The fluxes and composition of the freshly settled material are summa

Table 3JX. Composition (in Wo) and fluxes (in g.cm 2.yr1)of the material settling on the seafloor.

CaCO3 Qrqanic matter detrital material

flux % flux % flux $

supply to 2.27 84 0.24 9 0.20 7
ocean floor

burial rate
above lysocijne: 1.34 87 0.004 .2 0.20 13
at 4800 m : 0.43 68 0.002 .2 0.20 32

rized in Table 3.IX. These values must be regarded as average values. It is likely that
these fluxes vary seasonally, but any supporting data from this ocean area are lacking.

Some more conclusions can be drawn from comparison of the model results with other
data: From the accumulation rate and organic carbon content of the sediment we know
that the burial rate of organic carbon below the bioturbated zone is 0.13 moI
C.cm—2.yr-1.From the nitrate gradient in the pore water a downward diffusive flux of
nitrate of 1.63 10-15 mol.cm—2.s1is calculated, corresponding (with equation (2),
disregarding advection) to a carbon mineralization rate with denitrification of 0057 1mol
C.cm-2.yr-1.As usual in open ocean sediments (BENDEn & HEGGIE, 1984) oxygen is by
far the most important electron acceptor: 98.4% of the carbon supply is mineralized with
oxygen, 0.7% with nitrate, leaving only 0.07 jimol C.cm-2.yr-1(0.9%) at about 80 cm
depth for further decay (by Mn(IV), Fe(lIl), and sulfate), and burial. At that depth, however,
steady state assumptions are no longer valid since the accumulation rate and organic car
bon content of the sediment were different during the last glaciation.
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The measured potential activity of the electron transport system (ETS), integrated over
the top 20cm of the sediment, amounts on the average to 2.2 mmol02.cm-2.yr-1,cor
responding to 1.7 mmol C.cm —2.yr— . This implies that the poteritial activity exceeds the
actual activity by a factor of 200.

Model and experimental results for Cu and alkalinity are compared in Fig. 3.37. For
copper, we used the parameters of SAwLAN AND MuRRAY (1983) to describe the adsorp
tion of Cu in the sediment. The model resuits do not predict any near-surface maximum
in dissolved copper, in dear contrast to the observations. The explanation must be that,
as pointed out by KLINKHAMMER et al. (1982), Cu is released in a very thin surface layer

as a result of preferential decomposition of its highly reactive organic carrier phase.
The offset between measured and predicted alkalinities is largely due to CaCO3

precipitation during decompression. MuRRAY et al. (1980) have tried to calculate the
maginitude of this effect from reequilibration with CaCO3 at 1 atm pressure, but unfor
tunately the effect is variable, and in carbonate oozes it is larger than predicted from ther
modynamical considerations. From Fig. 3.37 it can be estimated at —0.20 mM.

450-3
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Fig.3.38. Excess-2Rn in bottom water (dpm/100 1) vs. height above seafloor. Composite plot of
resuits from stations 25, 27, 28 and 29.
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3.8. MEASUREMENTS IN THE NEPHELOID LAYER

Mixing in the bottom water was studied using 222Rn as a tracer. A composite plot of
results from 4 stations from approximately 4700 m shows the enrichment of 222Rn near
the ocean floor (Fig. 3.38). Although the data show appreciable scatter, a half removal
height in the order of 50 m can be estimated. In a one-dimensional mixing model this
would correspond to a vertical eddy diffusion coefficient in the order of 100 cm2.s-1.
This value is larger than the value of 22 cm2.s-1 reported by GuRBurr & DIcKs0N, 1985,
but is still within the range given by SARMIENT0 et al., 1976. The scatter in the data sug
gests however that the 222Rn distribution is influenced by horizontal advection of water
masses that have been in contact with the sediment surface on hill sides, and cannot be
simply modeled by one-dimensional eddy diffusion. Similar observations have been
made earlier by ARMI & DAsAR0 (1980) and by GuRBuTT & DIcKsoN, and are in accord
ance with the data on BNL structure (NYFFELER et al., 1985).

We faced a similar problem when interpreting data produced by V. Noshkin on
239240Pu in bottom water samples that had been collected during our cruises to the
dumpsite. The Pu level in samples collected within 10 m from the seafloor was on the
average significantly higher than above that depth. In view of the problems in interpreting
the 222Rn data, it is not certain whether it is justified to calculate Pu fluxes from these
data. Moreover, we cannot yet distinguish whether the increased levels are the result of
leaching from waste canisters, or from a remobilization of fali-out Pu, similar to the
behaviour of Cu.

The suspended matter concentration, as measured by weighing, increases from 9
g.l-1 at mid-depth to values up to 28 j.g.V’ in the nepheloid layer, in agreement with
the data of NYFFELER et al., (1985). Particulate organic carbon (POC) forms 20 ± 10% of
the suspended particles within 200 m from the bottom, which means that 50 ± 25% of
this suspended matter is organic. The filtration procedure gives the concentration of the
abundant fine particles, not of the rare large particles. The fine suspended particles con-
tam apparently more organic matter than the large particles that contribute most to the
sedimentation flux (of. section 3.7). Dissolved organic carbon is much more abundant in
the bottom water than POC: its concentration is aproximately 0.4 mg.l .

3.9. CONCLUSIONS ON THE BEHAVIOUR OF EACH OF THE RADIONUCLIDES OF
MAJOR CONCERN:

239240Pu, 241Pu and 241Am
These nuclides are bound to both the organic phase and to the oxyhydroxides (inciuding

the coatings on the CaCO3phase). According to NELsoNetal., (1985) the binding strength
of colloidal organic matter and sediment is in lakes approximately equal. To our knowledge
no data exist to estimate the ratio of organic to oxyhydroxide sites in the fluff at the ocean
floor, but BALIsTIERI & MURRAY (1984) stress the importance of trace metal organic interac
tions in interfacial sediment from the deep sea. Predictions of diagenetic behaviour of these
nuclides have to be based primarily on their supposed similarity to trivalent REE. The
organically bound nuclides should thus be released during decomposition of organic mat
ter. Since most of the Pu and Am in the waste is not incorporated in the organic matter,
but rather adsorbs on it in the deep water, we can expect that the organically bound Pu
and Am behave similar to copper, a metal that is known to form stable organic complexes.
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The organic coatings that adsorb copper are decomposed at the interface much faster than
the average decomposition rate of organic matter (half-life approximately 10 years in the
bioturbated zone). A part of the released nuclides is trapped by oxyhydroxide surfaces,
the remainder is released to the bottom water, in the same way as Cu and REE. Since
Am is more strongly bound to oxyhydroxides than Pu, the percentage released to the bot-
tom water would be higher for Pu than for Am, but it is difficult to estimate the actual percen
tages. The nuclides are transported downwards in the sediment by bioturbation and new
deposition. Upon depletion of oxygen at 80cm depth, mobility may increase, which would
retard burial to depths beyond the reach of deep-burrowing organisms.

226Ra
Radium (Kd in the order of 10) is more soluble than Pu and Am and therefore less effi

ciently scavenged from the bottom water. Release may increase the 226Ra flux from the
sediment locally some 200% above the flux from the natural U decay series (cf. Table 1.1).

3H
Most 3H is discharged as HTO, and it is assumed to be released quickly from the waste

packages. It will be dispersed and transported in the water phase and reactions in the sedi
ment are of no importance.

Occurs mainly as bicarbonate or incorporatd in organic matter. The deepest part of
the site is situated below the lysocline, but even just above the lysocline precipitation of
fresh calcite can not be expected. Bicarbonate-14Cis transported in the water phase.
Organic ma r will be subject to degradation at the sediment surface. The percentage
degraded at or neFr te surface without leaving measurable traces in the sediment or pore
water is not known: rEIMERS & SuEss (1983) mention 35-85%, but according to EMERs0N

et al. (1985) the percentage is negligible. The correspondence, noticed in section 3.7, bet
ween carbon fluxes predicted by our diagenetic model and by primary productivity, sug
gests that only a minor part of the sedimenting organic matter is decomposed at the very
surface. Although Cu data indicate that the most reactive organic coatings are rapidly
decomposed at the sediment surface without leaving any trace in the sediment (KLINKHAM

MERetal., 1982), this needs not be a significant fraction of the organic matter. Sediment
trap data to check the situation at the dumpsite are lacking. From diagenetic modeling we
know, however, that the major part of the organic matter is mineralized at an average rate
of about 2.5 109s1(decomposition haiflife 10 years), about 20% decays some 10 times
slower, and only 0.9% is buried. Since the organic matter in the waste has not been through
the same mineralization process during descent through the water column, the percen
tage of decomposable material is probably even higher. Thus, the major part of 14C in
discharged organic matter, is released to the pore water and subsequently to the bottom
water on a time scale of decades. Hence, part of 14C will temporarily reside on the seafloor
and be incorporated in the food chain, but the major part will ultimately be transported by
water currents in the form of bicarbonate ion. Since the isotopic composition in sedimen
tary calcite, even in thin calcite layers, is very well preserved over the lifetime of 14C, it
appears unlikely that an appreciable part of waste-derived 1.4C wôuld be incorporated in
the sedimentary calcite by isotope exchange.
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90Sr
is relatively soluble (Kd in the order of 102), and the major part will be transported with

the bottom water. No new calcite precipitation will incorporate 90Sr at the seafloor, but
through cation exchange 90Sr may become associated with day and caldite partidles
(DuuRsMA, 1973). Some release of Sr occurs as a result of CaCO3 dissolution. Release
due to the recrystallization of CaCO3occurs at a much longer time scale than the radioac
tive decay of 90Sr, and is therefore insignificant.

137Cs
is relatively soluble (Kd in the order of 10e), anda large part is transported with the bot-

tom water. Also within the sediment, Cs is more mobile than e.g. Pu (Santschi et al., 1983).
Adsorbed Cs is bound to or protected by organic and hydroxide coatings, and some release
occurs in the suboxic sediment after the breakdown of these coatings (McKAY & BAxTER,
1985). Remobilization continues in the sulfate reduction zone (only present in turbidites)
as a result of ion exchange with NH4.The release processes in the suboxic and sulfate
reduction zones are of no radiological significance in view of the relatively short half-life
(30.1 yr).

60Go
Cobalt adsorbs strongly on hydroxides at th sediment surface. It is ingested by fauna

together with these partidles. Mobilization in the digestive system as a result of low pH
and Eh can be expected, but Go is nôt accumulated by the organisms. The release of Go
to the pore water occurs only in the suboxic zone, i.e. below 80 cm depth, and is therefore
of no significance for 60Co (haiflife 5.3y).
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4. BIOLOGY

4.1. INTRODUCTION

Our knowledge of the deep-sea bottom fauna of the NEA-dump site has been very small
so far. FELDT et al. (1981) mentioned the occurrence of the sea-anemone Actinauge
abyssorum, and with traps fish Coryphaenoides armatus and Amphipoda Eurythenes gryllus
were caught near the bottom (PENTREATH, 1983 & WickiNs, 1983). Recently GEIDAR0v et
al. (1983) gave far more information about the benthos. They found 70 different species
of invertebrates and also presented a figure for the biomass. For the meiofauna no data
at all were available, but in the neiglibourhood of the dumpsite, in the Iberian deep sea,
THIEL (1972), RAcH0R (1975) and DINET& VIvIER (1977) collected some data on this group.
It was only during the project reported here that more information became available about
the megafauna from FELDTetaI. (1985). Their annual trawling surveys since 1980 in the
dumping area showed the presence of the following megafaunal groups: Porifera, Actiniaria,
“Vermes”, Crustacea, Gastropoda, Asteroidea, Holothuroidea and fishes. Besides, they
provided estimates for density and biomass of these groups.

Because of this lack of data and the need, formulated by CRESP, to get site-specific
information about the NEA-dumpsite, the biological program of the DORA-project was
focussed on the benthos of the site. Determination of the composition, density, biomass,
horizontal and vertical distribution in the sediment of the meio- and macrobenthos not on
ly gives us a better general knowledge of therea, but It also provides information about
processes that can influence the transport of radionuclides. These data can give us an
explanation for the (bio)turbation that is known to exist there from measurements of 239
+ 240 Pu and 210 Pb (see chapter 5).The vertical distribution will indicate the maximum
penetration of bioturbation. Data on composition, density, biomass and trophic structure
will give a better understanding of the deep-sea foodweb, which is a first requirement to
get an idea of the importance of these animals as accumulators of radionuclides and as
a food source for mobile predators connecting the benthic region with levels higher inthe
watercolumn. Finally measuring diversity provides not only the relative ecological value
of the fauna, but is also a potential tool to determine a disturbance of the fauna in the future,
e.g. by radioactivity.

4.2. METHODS

4.2.1. MEIOFAUNA

From the boxcore samples of the 1982 expedition several subcores were taken with perspex
tubes of 24,6 cm2 to study the meiofauna. These subcores were cut horizontally into slices
(Above 5 cm depth: 1 cm slices; below 5 cm depth: 2.5 cm slices; below 10 cm depth: 5
cm slices), which were then preserved in buffered formalin 4%. During the 1984 expedi
tionlO subcores of 10cm2were taken from 6 boxcore samples to determine the horizon-
tal distribution of the meiofauna within a boxcore. Now only the upper 6 cm, cut into two
horizontal slices of 3 cm, were studied. In the lab the samples were coloured with rosebengal
added with phenol (THIEL, 1966). Because of the phenol, rosebengal will give an optimum
colouring in a wider range of the Ph, but to our experience it also has a remarkable effect
on the sticky day. It makes the sediment “softer”, with the consequence that the colour
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will penetrate better and, moreover, it makes the sieving or elutration much easier and
quicker. The samples of 25 to 125 cm3 were fractioned by elutration (UHLIG, THIEL & GRAy,

1973) in a 5 liter glass jar by a tapwater current of 1 1/min. until the water in the jar was
clean. A second fraction was obtained by a current of 2 1/min. All fractions were sieved
over 50 1im and the residu of the sample also over 200 tm gauze (Fig. 4.2). To calibrate
the effect of a smaller screen-size on the number of “meiofaunal” animals retained, in some
samples a 31 m gauze was used in addition. This screen-size is smaller than those used
in most other meiofaunal studies. Contamination with e.g. fresh water Nematoda in the
tapwater used was avoided by a 10 J1m sieve, which was cleaned regularly. The 4 different
fractions were sorted under a stereomicroscope (20x) and always checked by a second
person. Checking increased the number of animals found by 10-25%. Most animals were
concentrated in the very small 1 I.min—1 fraction. The animals were picked out and
mounted in lactophenol, but later on in glycerin because of its better long-term conserva
tion properties. The measuring and counting was done with a microscope (1 00-400x). The
individual Nematoda biomass was calculated by the method of ANDRAssV (1956), with the
formula G = 0.665 * a2b. For the Nematoda with a short and thick body, e.g. the family
Desmoscolecidae, we used the following formula: G = 0.436 * a2b. In both formulae G
= wet weight, a = the largest diameter and b = the body length of a nematode. For the
conversion of wet weights to dry weights we used a ratio of 0.25 (see e.g. WrrrE & ZULsTRA,
1984). This method of Andrassy has the advantage above real weighing with a balance,
that the material is not ruined by drying and that instead of a total biomass for Nematoda,
also the weight of individuals is measured. Sq studies on diversity, trophical levels and
taxonomy are still possible. Besides, these data can be coupled with biomass data. So,
for example, the biomass of all deposit feeding Nematoda can be calculated. We do not
think that real weighing would have given a more accurate value for the Nematoda biomass,
as used balances have an accuracy of 1 jg (PFANNKUcHE, 1985), which means, apart from
errors made by handling the samples (cleaning, drying), an error of 25 to 50 Nematoda
for the dumping area. The volume of Copepoda and nauplii was calculated in a similar
way by breaking up the animal in cones, cilinders etc. For the calculation of the dry weight
we used a factor derived from 100 copepods of the North Sea. No attempt has been made
to estimate the biomass of the other less important meiofauna taxa. The results of 1 (sta
tion 1 - 15) or 5 subcores (station 21 - 26) of each boxcore are reported here.

4.2.2. MACROFAUNA AND LARGE MEIOFAUNA

Of the same boxcore sample used for subcoring during the 1982 expedition, we skimmed
0ff approximately the upper 3 centimetre of the remaining surface area (1864-2046 cm2),
while the perspex subcores were stili in the sediment. This upper 3 cm layer and the re
maining part were sieved on board seperately over 1 mm to collect the macrofauna, which
was stored in formalin. For the study of the larger meiofauna a sieve of 200 m screen
size was used in addition. To prevent contamination with plankton we sieved the used
seawater over 50 .tm. The macrofauna was identified to the level of higher groups. Since
too few animals were available to get reliable dry weights by normal weighing, we measured
the volume of each animal in a similar way as with the meiofauna. With a value of 1 for
the specific gravity (which is, of course, an underestimate) and with the conversion table
of RowE (1983) for wet weights to dry weights for the different deep-sea animals, the shell-
free dry weight was calculated. For Tunicata and the indeterminanda we had to estimate
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a factor (0.25 and 0.10, respectively) and for Bivalvia we used the factor derived from Rowe’s
carbon data. During the 1984 expedition we used an additional sieve of 0.5 mm screen
size for the study of the large meiofauna. Also during this second expedition some box
core samples were cut horizontally into slices for a more detailed study of the vertical
distribution of the macrofauna in the sediment. Slice thickness depended on the surface
relief of the bottom sample.

During the 1984 sampling we also tried to collect larger meiofauna (> 0.5 mm) and macro-
fauna in larger numbers than recovered by a boxcore, with help of a bottom sledge with
a closing device and a net of a sreen-size of 0.5 mm. However, after one successful catch,
the sledge was lost, and no results are given in this report.

4.2.3. MEGAFAUNA

There is no internationally accepted definition for megafauna. We defined as megafauna
those animals that have a diameter of more than 1 centimetre and/or a wet weight of more
than 50 mg, because those animals can be caught, more or Iess quantitatively with our
fishing gear, which had a net of a meshsize of 1 cm.

The megafauna was sampled with a 3.5 m Agassiz trawl with a net of 1 cm screen-size.
When the net was lowered and heaved, the catch was inevitably contaminated with pelagic
organisms, since the trawl was not equiped with a closing mechanism. We obtained very
poor catches, and suspected that this was due to the use of the light-weight synthetic wire
(Kevlar), which apparently resulted ina poor bottom contact of the trawi. In 1984 we used
a steel wire instead, and indeed obtained far richer catches. Moreover, the contamination
by pelagic organisms was effectively prevented by the use of a mechanical closing device
on the trawl.

Part of the catches was frozen for chemical and radionuclide analyses and a part was
preserved for identification. Dissection of the frozen animals for chemical and radionuclide
analyses was done as cleanly as possible with scalpels of tantalum or teflon coated steel.
Plastic equipment and storage jars were thoroughly cleaned with a HCL solution and bidistili
ed water. Contamination with the sediment on the skin and in the gut of the animals was
avoided as much as possible. The thawing period was kept short and after dissection the
samples were freeze-dried.

4.2.4. DIVERSITY OF NEMATODA

The diversity of the Nematoda fauna in the meiofaunal subcores of stations 11, 13 and
15 has been measured in 3 different ways:
1. Species richness (SR) with the formula according to MARGALEFF (1958); SR = (S - 1)/In
N, in which S = the number of species in the sample and N = the number of individuals
in the sample.
2. Shannon species diversity index (H) following PIELOu (1966):

S
H = - P(ln P)

i=1
In which P is the percentage of the species i of the total number of nematodes in the

sample and S is the total number of species in the sample. The parameter J, called even
ness or equitability, gives the ratio between the measured diversity (H) and the maximum
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possible diversity in a sample with S species: J H / Hmax and Hmax = lnS.
3. Simpsori’s index of diversity (D) following PLArretal. (1984): 1 - D = (Runs - 1)/N, in
which N is the number of Nematoda individuals in a sample. With “Runs” we mean the
number of recordings that a specimen picked out from the randomized Nematoda sample
is taxonbmical different from the specimen picked Out just before. See for an explaining
figure PLAn et al. (ï984). The higher the number of runs (high diversity), the lower the
value for D.

Most of the Nematoda species in the abyssal sea are still undescribed. Therefore we
recognized a nematode specimen as a different species when it was morfologically dear
ly different from the other specimens. Drawings of head, tail and habitus were used to make
comparisons easier. This method will most likely give an underestimate of the real diversi
ty, as differences between nematode species are sometimes only recognized after a careful
morfological study of the specimens. On the other hand, males and females of the same
species have sometimes greatly different habiti, and they may thus have been counted
as different species.

4.2.5. TROPHIC STRUCTURE OF NEMATODA

Using the microscopical slides, made for calculating the biomass and diversity, we studied
the trophic structure of the Nematoda fauna of stations 11, 13 and 15. According to mouth
structures Nematoda can be divided into four trophic levels (WIESER, 1953), viz.: selec
tive (1A) and non-selective-depositfeeders (1 B, grazers or epistrate feeders (2A) and car
nivores (2B) (Fig. 4.10). That mouth structure and feeding types are actually correlated
has been confirmed by analyses of the gut contents (PERKINs, 1958; TIETJEN, 1969;
B0UcHER, 1973 and LEvY & C0uLL, 1977), and by nutritional studies (TIETJEN & LEE, 1977;

TIETJEN, 1980 and AL0NGI & TIETJEN, 1980).

4.3. RESULTS AND DISCUSSION

4.3.1. MEIOFAUNA

The meiofauna (> 50 m and < 1 mm) consisted mainly of Nematoda, Foraminifera, nauplii
and Copepoda and several less important groups (Table 4.1, Figs. 4.1 and 4.2).

All these groups are known to occur on those water depths, except for the Loricifera, a
new phylum described recently by KRIsTENsEN (1983) and until 1984 only known from
rather shallow water. The indeterminanda consisted mainly of wormlike bodies, probably
chiefly Foraminifera.

4.3.1.1. DENSITY

As expected from most other deep-sea meiofaunal studies the Nematoda have the highest
density (87% of the total meiofauna) with a mean of 457 800 per m2. The density varies
between 100 700 and 989 000 per m2 (Table 4.1).

These figures are rather high compared with other studies in the Atlantic from the same
depth (Table 4.2), but not exceptional. A density of almost 1 million per m2 in station 15
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Fig. 4.1. Meiofauna from the boxcore samples. Above: Specimen of the phylum Tardigrada, Iength

240 m (core 4B). Below: Nauplius, length 86 14m (core 6B).
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Fig. 4.2. Above: Meiofauna from the boxcore samples. Nematode beIonging to the family
Desmoscolecidae, Iength 330 pm (cote 5B). Below: coarse fraction (> 200 pm) of sediment from the
boxcore 8B, containing for the larger part tests of pelagic Foraminifera. The sphere shaped tests are
from Orbulina universa d’Orbigny, 1839. Length of photo 14 mm.

4/

‘4.’

a 4’
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Table 4.2. Density and biomass of Nematoda, Copepoda and nauplii from different quantitative
studies on the benthos of the Atlantic ocean below 4000 m.

Nematoda Copepoda and Screen—
nauplii Size

depth area
1 —

in
Density mean Biomass Density BiOmass »m

Thiel,1972 5272—5340e Iberian deep sea 156 —278 219 150 mg 4.7 1.9 ing 42

Rachor,1975 4878—5510e Iberian deep sea 15.5— 76 46 5.9mg 11.6 1.5 mg 50

Dient & Vivier,1977 4096—4725e -Bay of BiScay 86 243 20.5 50

Dora espeditioe, 1982 4Ô00—4800m Iberian deep sea 101 —989 413 16.4mg 18.4 10.0 ing 50

Dure espedition, 1984 4000—4800e Iberian deep sea 315 —720 473 11.lnig 11.4 8.6 rng 50

pfannkuche,1985 41674850m Porcupine Seabight 272 —462 345 45 42

Dinet,1973 4100—5170e South Atiantic 2-94 —504 364 14.7 40

1 Density in thousand per ei0.

2 8iOmass in dry weights per ci.

3 Leaving Out two probably biased samples with densities of 5 to 12 thousand per m.

must, however, be considered as a new record for those depths. It cannot be immediately
concluded that the dumping area is richer than the other areas studied, because part of
the differences can be explained by differenes in methods. The elutration method will
concentrate the meiofauna better and to our opinion will work, because of the slow water
stream, more gently than the normal sieving method used by THIEL (1972) and RACHOR
(1975). The use of a smaller screen-size (31 tm) in addition to a 50 zm raised the total
nematode density on average by only 8% (Table 4.3). The effect of this smaller screen
size on densities of other meiofaunal groups and on the nematode biomass was negligi

Table 4.3. Number of Nematoda (of 10 subcore samples of 10 cm2) passing through a sieve of 50
1m screen-size and retained by a sieve of 31 1m screen-size.

re
Station 25 26

1 34 41
2 107 45
3 141 18
4 29 19
5 25 11

Mean 67.2- 26.8
Stand. deviation 53.3 15.2

N31
x 100% 12.0 4.1

N50

N31
= number of Nematoda passing through a 50 pui

screen and retained by a 31 pui screen.

N50 = number of Nematoda retained by a 50 pui screen.
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bie. We agree with THIEL (1983) that decantation before fixation of the sediment samples
can be the explanation of the low figures of RAcH0R (1975) because fixation makes the
animals stiffer and less fragile, with the consequence that fewer animais will be broken
up and/or pressed through the sieve. Extraction of meiofauna from sediments by using
a solution of high specific gravity (e.g. Ludox) too, must give higher losses of nematodes,
if the same screen-size is used, because the sampie is thoroughly sieved before and after
the procedure (see e.g. HElP et al., 1985). We, therefore, recommend a smaller screen
size than 50 .sm, when the normal sieving method or Ludox technique are used. However,
we have to realize that we do not want to calculate the density of all Nematoda or all meta
zoans, but only of the meiofaunal representatives. 1f we wanted to study all Nematoda or
metazoans, we do not need the arbitrary terms meio- and macrofauna. Another point of
difference is that most studies only investigated the upper centimetres of the sediment.
1f only the upper 6 cm are studied, which is common praçtice, densities of Nematoda,
Copepoda and nauplii are underestimated by 10, 10 and 15 %, respectively, according
to our data from the dumpsite.

Two other important groups are the Copepoda and the nauplii with densities varying from
3900 to 48 700 with a mean of 16 200 per m2 (Table 4.1). They constitute together 3.1%
of the total number of meiofauna animals (Table 4.1). Figures of comparable studies in
the Atlantic (Table 4.2) are of the same order.

Foraminifera constitute 2.7% (Table 4.1), but for this group it is difficult toget reliable
data. in spite of the colouring with rose bengal it is often difficult to decide whether a
foraminifer was alive at the time of collection. Tests with one to all chambers coloured were
found. 1f only one or two chambers were coloured, these were not aiways the last chambers
as would have been expected. On the othér hand, pelagic Foraminifera known to be living
oniy in the upper 100 m of the sea and expected to be dead, sometimes coloured, which
can partiy be due to naked Foraminifera inhabiting the empty test (A.J.Gooday, lOS,
Wormley, UK., personal communication).

4.3.1.2. BIOMASS

Nematoda biomass varied from 8.2 to 28.2 mg dry weight per m2, with a mean of 14.4 mg
per m2 (Table 4.24). Few data from the area are available for a comparison with these
figures (see Tabie 4.2). The low figures of RAcH0R (1975) are explained by his low values
for the densities, but still they overiap our data. THIEL (1972) gives much higher figures,
notwithstanding his lower values for densities. Rachor already noted and later on THIEL

(1983) agreed that these numbers were probably too high, because the mean individuai
weight used for Nematoda was derived from a study of a much shaiiower area (290-2500
m). Our much smaller estimates of the individuai weights for Nematoda (Table 4.4) agree
relatively well with the value of 0.072 jig given by DINET et al. (1985) for nematodes from
the abyssal Atiantic, as it fails just within our range. Our individual weights for deep-sea
nematodes differ from values for intertidal Nematoda (see e.g. WITrE & ZIJLsTRA, 1984) by
almost an order of magnitude (Table 4.4).

The correlation between biomass and density of Nematoda in our sampies is not very
great (0.657 with n = 15). Within a boxcore this correiation coefficient varies between -0.158
and 0.881 (n = 5) for station 21 to 26. Caicuiated for all 30 subsamples of stations 21 to
26, it is only 0.505. Furthermore, we found a iarge difference (almost a factor 2) between
the values for mean individual nematode weight of the 1982 and 1984 expedition (Table
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Table 4.4. Mean individual biomass of Nematoda in g dry weight.

depth mean dry weight in .ig

DORA expedition,1982 4000—4800 m 0.040 (0.029—0.081)

DORA expedition,1984 3958—4787 in 0.023 (0.017—0.031)

Thiel,1972 290—2800 in 0.27—1.9

Witte & Zijlstra,1984 littoral 0.28 (0.23—0.42)

Dinet et ai.,1985 abyssal 0.072

Ati antic

4.4). For a part this difference may be explained by a different way of mounting the
nematodes in slides that could have caused a slight flattening of the nematodes of station
2 to 8. Those stations have indeed a higher mean individual nematode weight than the
other stations of the first expedition (0.058 and 0.033 g, respectively). Yet, the average
individual nematode weight of stations 1, 11, 13 and 15, is stili markedly higher than that
of the 1984 expedition (0.033 and 0.023, respectively). From these data itcan be conclud
ed that the use of a mean individual weight for nematodes leads to inaccurate calculations
of the biomass in our area. It a mean individual weight derived from one deep-sea area
is used for an other deep-sea area, the errors can be much larger. So for instance, the
mean individual weight measured by Dinet etal. (1 985) for the lberian deep sea below 4000
m is a factor 2 higher than for the NEA-dumpsite, while the individual weight derived from
data given by TIETJEN (1984) for the Venezuela basin (> 3600 m) is even larger.

From samples of the boxcore stations of both DORA-expeditions 23 336 Nematoda were
measured. The mode of the individual Nematoda biomass is 0.007-0.0100 g and the mode
of the Nematoda length is 300-350 jim (Figs. 4.3 and 4.4). Probably because of the high
diversity there is no good correlation (0.55 with n =23 336) between body length and
biomass. This correlation does not improve if large Nematoda and/or Desmoscolecidae
are discarded.

The biomass of Copepoda and nauplii varied from 1.1 to 32.9 mg/m2 dry weight, with
a mean of 9.8 mg/m2 (Table 4.24). Compared to the Nematoda the biomass is much more
variable, which is caused by the lower densities and the high diversity in body sizes. On
average the biomass is lower than that of the Nematoda. Because of the high average in
dividual weight of Copepoda, the copepode biomass is, inspite of their 10w densities, not
negligible. Only RACH0R (1975) calculated the biomass of Copepoda in a similar way. For
stations deeper than 4000 m in the Iberian deep sea he found wet weights from 0 to 16.4
mg/m2,with a mean of 5,9 mg/m2. This means an average biomass of only about 1.5
mg/m2 dry weight (if calculated with the conversion factor 0.25). An explanation may be
that large Copepoda have a higher specific weight, so that these animals are not collected
quantitatively by the decantation method used by Rachor. This argument seems reasonable,
as in our elutration method the larger Copepoda were always found in the residue. The
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percentage of
total number

Fig. 4.3. Frequency distribution of the individual biomass (dry weight) of 23 336 Nematoda from sta
tions 1 to 26.

rough estimate for wet weights of Copepoda given by THIEL (1972) for wet weights of
Copepoda by assuming that the mean individual weight was 2 g (Table 4.2) seems to be
reasonable.

The total biomass of the meiofauna given in Table 4.24 does not inciude other meio
fauna groups than Nematoia, Copepoda and nauplii. The contribution of these other groups
is estimated to be very small, and no attempt has been made to calculate It.

4.3.1.3. HORIZONTAL DISTRIBUTION

Density and biomass for Nematoda, Copepoda and nauplil from 5 subcores of 10cm2of
boxcores of stations 21 to 26 are given in Tables 4.5 - 4.8. These data point to an even
distribution for Nematoda densities within a boxcore. Density and biomass estimates for
Nematoda from our first expedition, derived from one subcore with a diameter of 24.6 cm2,
are statistically less accurate than those derived from 5 subcores of 10 cm2 (more samples
and larger total surface), and probably because of that they have a larger range. Data for
subcores 23-3, 24-2 and 25-1 show that densities can be actually much higher or lower
than the average density in a boxcore (Table 4.5).

9

8

mode
0.0075-0.0100 pg

0.05 0.10 0.15 0.20 0.25
dry weight in pg
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Fig. 4.4. Frequency distribution of the body length of 23 336 Nematoda from stations 1 to 26.

Table 4.5. Number of Nematoda in 5 subcores of 10 cm2 from one boxcore sample of each of the
stations 21 to 26.

21B 22B 23B 24B 25B 26B

1 289 382 436 458 318 700

2 318 380 456 654 659 592

3 257 343 597 429 550 649

4 269 390 469 452 604 669

5 284 319 445 529 666 631

MEAN 283 363 481 504 559 648
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Table 4.6. Biomass of Nematoda from 5 subcores of 10 cm2 from one boxcore sample of each of the
stations 21 to 26, in gIl0 cm2dry weight(= mglm2).

BOX 21B 22B 23B 24B 25B 26B
CORE

1 12.5 9.1 12.3 12.3 9.6 14.7
2 7.2 10.3 16.6 20.4 13.4 10.2
3 10.0 5.3 12.1 11.5 17.9 8.5
4 6.6 8.5 9.8 13.1 12.8 10.5
5 8.4 8.4 8.0 11.6 10.9 10.7

MEAN 8.9 8.3 11.8 13.8 12.9 10.9

Table 4.7. Number of Copepoda and nauplii in 5 subcores of 10 cm2 from one boxcore sample of
each of the stations 21 to 26.

%OX 21B 22B 23B 24B 26B

MEAN 9.2 3.4 14.4 16.8 14.2 10.6

Table 4.8. Biomass of Copepoda and nauplii from 5 subcores of 10 cm2 from one boxcore sample
of each of the stations 21 to 26, in ig dry weight/10 cm2 (= mglm2).

BOX 21B 22B 23E 24B 25B 26B
CORE

1 7.3 1.6 1.6 9.5 6.0 7.8
2 15.3 1.0 7.0 9.3 6.1 30.4
3 1.8 0.6 3.0 10.6 6.2 1.5
4 2.3 0.7 28.7 8.3 6.7 1.3
5 5.1 3.2 4.8 12.6 4.9 50.9

MEAN 6.4 1.4 9.0 10.1 6.0 18.4
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Nematoda biomass, however, varies much more within a boxcore (Table 4.6), and even
within a boxcore there is no good correlation between densities and biomass.

Due to the lower densities and the larger size range of the Copepoda and nauplii, their
densities and especially their biomass show large fluctuations within a boxcore (Tables
4.7 and 4.8). When densities become higher, however, fluctuations are lower (see stations
23 and 24). From these data it is dear that a good estimate of densities and biomass for
Copepoda and nauplii can only be derived from larger samples than needed for Nematoda.

1f we compare meiofauna data of different boxcores, some relationships are found bet
ween stations that are situated near each other and have the same depths. It is obvious
that densities for Nematoda for station pairs 1 and 21, 13 and 25, 8 and 11, and less dear
ly in 5 and 23, differ only slightly from each other (2, 4, 7 and 28%, respectively) (Fig. 4.5).
However in areas in which, during our first expedition the lowest (station 2) and the highest
(station 15) densities were found, highly different resuits were obtained during the second
expedition (stations 22 and 24, respectively). 1f we assume that the numbers of Nematoda
found in the subcores of station 2 and 15 are not representative for those stations, than
the data of the other station pairs, mentioned above, suggest a fairly even distribution for
Nematoda on a much larger scale than a boxcore. Data for Nematoda biomass and for
Copepoda and nauplil are much more scattered and do not allow such a generalisation.
As the input of terrigenous material at the dumpsite is relatively small, because of the
distance to the continent, the main input being caused by remains of pelagic organisms
(chapter 3), such large differences in animal densities and biomass as on the continental
slope are not likely to be found. Yet sediment characteristics are variable within the area
studied here. The deeper areas in the western part of the dumpsite and around stations
1 and 21 are different from the top and thè slopes of the sea-mounts in the area. So dif

density DENSITY NEMATODA
N/m2
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Fig. 4.5. Distribution of Nematoda density with depth. The numbers refer to station numbers.
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Fig. 4.6. Distribution of Nematoda biomass with depth. The numbers refer to station numbers.

ferences could have been expected, but no significant correlation of Nematoda densities
and biomass with water depth was found (Figs. 4.5 and 4.6). The correlation coefficient
is -0.23 and -0.24, respectively, with n = 15. 1-lowever, It we plot nematode densities in the
area, It is striking that stations with high nematode densities, viz. station 13, 15, 24, 25
and 26 (Fig. 2.1), are all situated near to each other in the eastern part of the actual dump
site, with relatively steep huis. This does not hold for biomass data.
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4.3.1.4. VERTICAL DISTRIBUTION

At all 1982 stations except for station 15, the highest density as well as the highest biomass

for Nematoda is found in the upper centimetre (Figs. 4.7 and 4.8). As a mean, 76% of the

Nematoda biomass occurs in the upper 3 cm (Table 4.9). In general, the other taxa are

also concentrated in the upper layer of the sediment. The density of Nematoda declines

very rapidly with depth in the sediment. It is estimated from data of both expeditions that

below 6cm only 10% of the total number of Nematoda isfound. Below 10cm the density

is very low, but nematodes were found down to 20 cm depth. The vertical distribution of

biomass is similar, but at some stations we can detect a weak subsurface maximum at

4-5 or 5-7.5 cm (see station 2, 4, 8 and 13 in Fig. 4.8). This corresponds approximately

with the border between the soft upper layer and the more solid day underlayer. The

nematode biomass below 6 cm is estimated to be only 3% of the total nematode biomass.
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Fig. 4.7. Vertical distribution of the density of Nematoda (number per 25 cm3) in each of the boxcore
samples.

Table 4.9. Biomass of Nematöda in the upper 3 cm, the rest and the total of one subcore (24.6 cm2)
of each boxcore sample of the first DORA-expedition, in g dry weight/1 0 cm2 (= mg/m2).

o — 3n 8.5 5.0 12.8 16.0 10.8 16.1 9.7 15.5 19.3

3 —±2Q,n 3.6 3.2 4.4 2.4 1.4 2.8 1.8 5.6 8.9

Total 12.1 8.2 17.3 18.4 12.2 18.9 11.5 21.1 28.2
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Fig. 4.8. Vertical distribution of biomass of Nematoda (g dry weight per 25 cm3) in each of the box
cores.

Because of the low densities of Copepoda and nauplii we cannot say much about their
vertical distribution, but on the average, 70% of their biomass is present in the upper 3
cm (Table 4.10). They penetrate as deep as the Nematoda in the sediment. It is estimated
from data of both expeditions that yet 10% of the Copepoda and at least 15% of the nauplii
are present below 6 cm. For Copepoda + nauplii biomass this is estimated to be 16%.

75% of the biomass of the meiofauna (Nematoda, Copepoda and nauplii) is situated in
the upper 3 cm of the sediment (Table 4.11).

Table 4.10. Biomass of Copepoda and nauplii in the upper 3cm, the rest and the total of one subcore
(24.6 cm2) of each boxcore sample taken during the first DORA-expedition, in g dry weight/10 cm2

(= mg/m).
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Table 4.11. Biomass of meiofauna (Nematoda, Copepoda and nauplil) in the upper 3 cm, the rest
and the total of one subcore (24.6 om2) of each boxcore sample taken during the first DORA

expedition, in g dry weight/10 om2 (= mg/m2).

Station 1 2 4 5 6 8 1 1 13 15 maan %

0 — 3cm 8.9 6.2 14.2 17.6 15.2 34. 1 13.5 30.0 38.0 19.7 74.5

3 — ±20cm 4.3 4.9 6.5 2.6 2.9 3. 1 2.6 10.7 23.2 6.8 25.5

Total 13.2 11.1 20.7 20.3 18. 1 37.2 16. 1 40.7 61.2 26.4

4.3.1.5. COMPOSITION AND TROPHIC STRUCTURE OF THE NEMATODA FAUNA

Based on drawings of head, tail and general habitus, 69 taxa could be distinguished among
376 Nematoda of stations 11, 13 and 15. Twenty-six taxa were common to all 3 stations.
The percentage abundance of the different taxa is given in Fig. 4.9. The two most abun
dant taxa belong to the family Desmoscolecidae and constitute more than 13% of the total.
Other important families are e.g. the Halalaimidae and Monhysteridae.

A high percentage (62%), with a range of 59-67% for station 11, 13 and 15 is in the juvenile
stage. The ratio male-female is varying between 1.2 and 0.8, and is not significantly dif
ferent from 1.

The four different nematode feeding types, according to WIEsER (1953), are
distinguished by the mouth structures (Fig. 4.10). The deposit feeders (types 1A and 18)
have no buccal armature and ingest whole particles by the sucking power of the
oesophagus. The animals belonging to the group with mouth structure type 1A have
relatively small mouth diameters (Fig. 4.10) and can devour only small particles, and so
they are called selective. Those with the type 1 B mouth structure can also swallow larger

%abindonce
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6

5
.

4 [58!

1

__

5 10 15 20 25 30 35 40 45 50 ‘ 55 60 65
nematode t000

Fig. 4.9. Cumulative percentage abundance of the different Nematoda taxa for subcore samples of
station 11, 13 and 15.
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Fig. 4.10. Mouthstructures of the four differerit feeding types of Nematoda, according to Wieser. The
examples were drawn after specimens from the NEA-dumpsite, by J.P.Speijer.

particles. The epistrate feeders or grazers (type 2A), which have small teeth, rasp food
particles and suck Out their contents (JENsEN,1982). Representatives of type 2B use
large teeth to feed on a variety of foods, but are thought to be mainlycarnivorous. The
fauna of the dumpsite consists mainly of non-selective deposit feeders (type 18). Second
in importance are the selective deposit feeders (type 1A). This is true for density (Table
4.12) as well as for biomass (Table 4.13). Together the deposit feeders account for 76%
of the density and 70% of the biomass of Nematoda. It is hardly astonishing that a fauna
largely dependent on food particles falling down from the upper layers of the ocean, most
ly in the form of faecal pellets, is predominantly deposit feeding. The epistrate feeders are
less important, with a density of 15% and a biomass of 13% of the total. The same hoids
for densities of the camivorous Nematoda (type 2B) (1 0%), but in biomass it can be more
important (on average 17% of the total).
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Table 4.12.Number of Nematoda of each feeding type (according to Wieser) in percentages of the

total Nematoda density.

Station 1A 1B 2A 2E

11 19.5 55.5 12.5 12.5
13 32.8 39.6 15.5 12.1
15 24.4 55.0 16.0 4.6

mean 25.6 50.0 14.7 9.7

Table 4.13. Biomass of Nematoda of each feeding types (according to Wieser) in percentages of the
total Nematoda biomass.

Station 1A 1B 2A 2E

11 16.4 42.1 15.3 26.2
13 28.0 40.5 7.5 24.0
15 35.5 46.8 16.5 1.2

mean 26.6 43.1 13.1 17.2

Table 4.14. Nematoda diversity of the NEA-dumpsite compared with that of the Bay of Biscay (DINET

et al., 1979) and the Venezuela Basin (TIETJEN, 1984) from about the same depth. SR = Species
richness, H = Shannon species diversity index, J = Evenness, D = Simpson’s index of diversity.

Station depth SR H J 0
in m

DORA—expedition,1982 11 4700 10.13 3.97 0.82 0.02
Iberian deep sea 13 4700 9.47 3.51 0.92 0.04

15 4200 9.82 3.55 0.72 0.04

Dinet & Vivier,1979 3 4200 20.73 6.47 0.95
Bay of Biscay 4 4700 15.77 5.94 0.93

5 4300 10.57 5.24 0.93

Tietjen,1984 1 3838 7.93 3.31 0.93
Venezuela basin 9. 11 3. 54 0.93

2 5054 10.37 3.79 0.88
9.62 3.48 0.82

3 3517 14.38 4.00 0.94
10.79 3.93 0.97
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4.3.1.6. DIVERSITY OF NEMATODA

In general, the animal diversity in the deep sea is high (HEssLER & SANDERS, 1967;

C0uLL, 1972 and WOLFF, 1977). The Nematoda diversity of stations 11, 13 and 15 (all
situated within the NEA-dumpsite), shown in Table 4.14, confirms this. Our values for the
Sharinon diversity index fali within the range given by TIETJEN (1984) for depths greater
than 3500 m in the Venezuela Basin. DINET & VIvIER (1979) give even higher figures for
the Bay of Biscay (4200-4700 m) (Table 4.14). This may be explained by their more ac
curate way of identifying the different Nematoda species. They tried to identify the
Nematoda as precisely as possible by means of the recent taxonomical literature.

The high diversity, together with the high abundance and the probably relatively short
life span, make Nematoda potentially useful as tools in monitoring the biologcal effects
of pollution and other changes in the environment (HElP et al., 1982; PLATr, 1984).

Although at present data about nematode diversity in connection with pollution are
scarce, due to the difficulty in identifying these small worms, it is expected that diversity

will decrease by disturbance or pollution (PLAn, 1984). A change in the environment of
the dumping area could result from waste derived radiation dose rates. Such a change

is not yet expëcted, for the following reasons: First, the casing of steel and concrete of
the waste will not fall apart within a few years, so that heavy leakage of radionuclides will

not yet have taken place on a large scale. Second; measured radionuclide concentrations
in dumpsite sediments do not exceed fallout levels. As no data are available about

nematode diversity at adjacent areas, or at t[e dumpsite itself before the dumping was
started, we cannot check if changes have indeed not occurred. But the area shows the
high Nematoda diversity characteristic of the deep sea, and we feel that the

measurements presented here can be regarded as a baseline study for research in the

future in this area.

Table 4.15. Number of the different macrotaunal groups in the boxcore samples. The sieved area
of the samples varied between 1785 cm2 and 2500 cm2.

1982 1984

MESO MEEN MESO

198:

Station 1 2 4 S 6 8 11 13 15 8/To’ 218 2200 2288 22BC 2300 230C 248 24BC 250 260 n/m2 n/m2

Foraminifero 3 1 3 4.0 20 122 61 53 1 119.7 67.9

Komokiacea 2 1.1 9 7 7.5 4.5

Xenopbyopherea * 0. 3

Porifero - 1 2 1 1 2 4.0 + 1 1 1.4 2.6

Iydrozoa 3 1.7 + 1 6 3.7 2.8

;nt1zoa 1 0.5 0.3

Pennatolanea 1 0.5 0.3

Oematoda T 1 2 2 2 2 5.7 4 T 2.3 3.9

Polynhaeta- 10 21 9 9 IS 3 21 28 66.7 10 1 21 10 3 10 3 1 27.5 45.0

Diigochaeta 1 0.6 0.3

Sipunculida 2 3 7 3 1 3 3 12.6 1 1 2 1 3 1 3 4.2 8. 7

Echiurida 1 0.5 0.3

Opiacophora 1 0.5 0.3

Scaphopeda 1 1 0.9 0. 5

Bivainla 3 S 1 2 2 1 1 2 S 12.6 2 1 1 7 3 8 1 4 12.6 12.6

Dal .C050pod2 1 0.6 1 0. S 0. 5

Onphipeda 2 1 1 2. 3 + 0.9 1. S

Dunacea 1 1 1.1 0.5 0.8

Fonuidacea 1 2 2 2 1 1 5.2 - 1 2 1 1.9 3.3

000poda 1 3 2 1 4 6.3 1 1 1.4 3.6

1 3 2.3 0.5 1.3

Ectoprecta 1 2 1.7 1 1 1.4 1.5

Oranhinpoda 1 0.6 1 0.5 0.5

Dn100idea 1 1 1.1 1 0.5 0.8

3phiuroideo 2 2 2.9 1 0.9 1.8

-l010tharoidea 1 1.1 2 1.4 1.3

000inata 1 2 - 2 2 6 7.5 T 8 2 1 1 6.1 6.7

todeterminaNda 11 15 2 3 2 9 9 29. 3 1 20 9 1 1 * 2 6 19.6 23. 9

TOtal of eetaaoa 8 26 49 39 24 33 11 42 57 22 2 3 60 11 25 17 21 13 20

Metaena/e0 39 133 253 202 127 167 59 223 295 166 112 8 14 240 57 100 87 84 73 110 90 124
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4.3.2. MACROFAUNA

The density of the different macrofauna groups is given in Table 4.15. The average dénsi
ty forthe metazoan animal groups is 124 per m2. In this figure the large Protozoa, as
Foraminifera, Komokiacea and Xenophyophorea, have not been inciuded, because it is
difficult to determine whether their tests are empty or not. Besides, Komokiacea easily
break up and so it is difficult to count the number of individuals. Nevertheless we tried to
give an estimate of their densities (Table 4.15). Of the metazoan groups, Polychaeta have
the highest average density (45 per m2), followed by Bivalvia (Fig. 4.11) (12 per m2) and
the Sipunculida (Fig. 4.12) (9 per m2). The indeterminanda, mostly wormlike animals
without dear taxonomic characteristics, had a density of 24 per m2. Tunicata, Isopoda
and Tanaidacea (Fig. 4.12) and the large Nematoda all reach a mean density of more than
3 per m2. The Bivalvia was the only macrofauna group that was represented in all but 2
of the 19 boxcores. Polychaeta were found in 16 boxcores, Sipunculida in 14, Tunicata
in 10 and Tanaidacea in only 9.
It the average density of macrofaunal animals is calculated for both expeditions separate
ly, a discrepancy is noticed. There is about a factor 2 difference between the densities in
favour of the first expedition (Table 4.15). This can be explained partly by a different
method of sieving the samples on board. During the 1984 expedition different (larger)
sieves (80 x 80 cm) were used and of most samples the upper 3 cm was not handled
separately, as was the practice in the 1982 expedition. The longer sieving time probably
caused a rougher treatment, with the result that the more fragile organisms were
destroyed and/or pressed through the sieves This explanation is confirmed by the den
sities observed for animals with a firm body like Tunicata and Bivalvia which were more
or less the same in both expeditions (Table 4 15) However this does not explain the low
densities for large animals that do not break up easily, like Sipunculida, which can reach
a length of about 15 cm, and Tanaidacea. The scattered distribution and low densities of
these animals may be an explanation for this. But there is even another explanation
possible, although still very hypothetical. There is evidence for seasonal changes on.the
deep-sea floor, shown among others by the rapid accumulations of decaying
phytoplankton in the months June to August in an area south-west of Ireland (Lampitt,
1985). So it is possible that densities and biomass of the deep-sea benthos also change
seasonally. As the second expedition was held in March-April (a little before the “rich”
months and possibly after a long period of scarcety of food), one can imagine that the
biomass and density of the benthos has declined, compared to the months August and
September (in and just after the “rich” months), in which the first expedition was carried
out.
For the various important higher taxa the biomass is given in percentages of the total

macrofaunal biomass of each boxcore (Table 4.16). The macrofauna biomass in boxcore
samples IS 0fl average dominated by the Sipunculida with 28% (Table 4.16). Other impor

tant groups are the Polychaeta (24%), Tunicata (11%), Bivalvia (6%), Holothuroidea (5%)

and Porifera (3%). In station 8 we found 2 large Ophiuroidea in the boxcore sample with

a dry weight of almost 80 mg. We considered them a lucky strike and did not inciude them

in our Tables (see e.g. Table 4.17). 1f we had included them, the total biomass of station

8 would have been 570 mg per m2. This is more than 3 times the second highest station

in biomass (station 15), and would have a great effect on mean macrofauna biomass. The

total macrofauna biomass varied between 3.1 and 182.4 mg.m2with a mean of 79.7

mg per m2 (Table 4.24). Between the mean biomass for both expeditions seperately a
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Fig. 4.11. Macrofauna from the boxcores. Above: Pelagodiscus atlanficus King, 1868 (Brachiopoda)
(length 5.1 mm, core 88) on a little stone. Below: Several Bivalvia. Upper row from left to right:
Voldiella abyssorum Knudsen, 1970 (ength 2.3 mm, core 2B), Cyclopecten spec. (Iength 1.8 mm,
core 2B), Siieula fragilis Jeffreys, 1879 (Iength 5.5 mm, core 2B). Lower row: Propeamussium spec.
(Iength 4.6 mm, core 2B), Ledella crassa Knudsen, 1970 (Iength 3mm, core 2B), Dacrydium vitreum
MölIer, 1842 (Iength 2.1 mm, core 1B).
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Fig. 4.12. Macrofauna from the boxcores. Above: Golfingia spec. (Sipunculida), Iength 52.6 mm
(core 2B). Below: Lelopus gracilis (Norman & Stebbing, 1886) (Tanaidacea), Iength 13.3 mm (core
2B).
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similar difference, as already noticed for mean densities, can be detected. For stations
1 to 15 the average biomass is nearly twice that of stations 21 to 26. In 7 out of 9 boxcores
of the first expeditiori, Sipunculida dominated with 53% to 88% of the biomass. In the re
maining two, in which they were completely absent, Polychaeta were dominant, together
with Bivalvia (13B) or Tunicata (15B). During the second expedition the Sipunculida
dominated only in one boxcore sample (22BA), poor in biomass. It we do not count the
biomass of the indeterminanda, Polychaeta were dominant in the other boxcores. Box
cores taken during the two expeditions do not have the same distribution in the area (Fig.
2.1), and even if we compare boxcore samples taken near each other and at about the
same depth, we can detect large differences. So, for example, the data for boxcores 2B,
22BA, 22BB and 22BC have a mean biomass of 45.3 mg/m2with a standard deviation of
43.2, and’those of 5B, 23BA and 23BC a mean of 76.0 mglm2 with a standard deviation
of 54.3. It we look at the variance, we may conciude that the differences between the
macrofauna data of both expeditions are not only caused by different sieving methods
and the different distribution of the boxcores over the area, but also by the scattered
distribution of the macrofauna seen at the small scale of hundreds of meters. Further, as
explained before, a seasonal effect can not be excluded.

Table 4.17. Biomass of the macrofauna in the upper 3cm, the rest and the total of a boxcore sample,
in mg dry weightlm2.

Station 1 2 4 5 6 8 11 13 15 mean %

0 — ± 3ai, 12. 1 22.4 23.4 28.6 40.6 2.7 38.9 96.9 33.2 29.3%

3 —*2Oan — 76.9 124.2 79.8 58.4 141.8* 76.3 17.7 66.4 80.2 70.7%

Total j 8.0 89.0 146.6 103.2 87.0 182.4* 79.0 56.6 163.3 101.7

*not included are two relatively large Ophiuroidea with a shelifree dry weight of
78.86 ing stiich would have add 387.1 mg/m*.

During the 1982 expedition the macrofauna showed a vertical distribution so that on
average 71% of the biomass was found deeper than 3cm in the sediment (Table 4.17).
The deeper biomass consisted almost exclusively of Sipunculida. Also the 2 large
Ophiuroidea, belonging to the burrowing family Amphiuridae were found below 3 cm. On
ly some parts of their arms were found in the upper 3 cm. However, in terms of numerical
abundance the upper 3cm showed the highest numbers except for stations 11 and 15.
This could be explained by the tact that station 11 is very poor in individuals and that in
station 15 the separation of the upper 3 cm layer from the rest of the sediment is probably
biased, which is shown by the findings of Ectoprocta and Tunicata in the deeper layer.
To our knowledge those animals could have lived only on the surface of the sediment.
During the 1984 expedition we tried to determine the vertical distribution of the macro-
fauna more precisely by cutting a whole boxcore sample in horizontal slices. Data from
3 boxcores confirm our conclusion about the vertical distribution of macrofaunal densities
as stated above. Probably because of the lack of large animals, like Sipunculida, which
live deeper down in the sediment, in only one of those 3 boxcore samples was the highest
biomass found below 3 cm (Table 4.18).
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Table 418. Vertical distribution of the macrofauna in 3 boxcore samples of the second DORA
expedition.

Number of Nematoda Dry weight in percentage of
per boxcore total bicmass per boxcore

( Depth in cm 22BC 23BC 248C 228C 23BC

0—1 25 1 }.14 1 1—76.5
1—2 11 j—15 j 20.0 —37.0 J
2—3 10 1— 6 10.5 1—23.2
3—5 3 ] J 32.0 J J
5—10 11 8 1 3. 1 53. 8 0. 3

10—15 2 9.2

Total/0.25n 60 25 21 18.88mg 27.79mg 13.l8mg

Table 4.19. Density and biomass of the “macro”-benthos at great depth in the Atlantic ocean.

depth density wet weight screen siza
in in N/m in mg/m1 in mm

Sprck, 1951 3782 3100 1.75

Kusnetzov, 1960 3300—5400 0—50 0.5

Sanders, Hessier & 4436—5001 85 0.42
Hampson, 1965 4525 55

Zenkevitch et al., 3000—5000 100—1000 0.5 ?
1971

Menzies, George & 4000 1500 0.55
Ro, 1973 5000 160

Smith, 1978 4670—5200 354 155 0.297

Laubier, Sibuet,1979 4100 919 0.250

Geidarov et al., 4050—4700 2010 0.5
1 983

Dinet, Desbruyres, 4100 3612 1260 0.250
Khripounoff, 1985

DORA expedition,1982 4000—4800 171 700 1.0

DORA expedition, 1984 3958—4787 90 402 1.0

DORA expedition,1984 398—4787 463 519 0.5

flORA expedition,1982 4200—4725 3243 0.2



107

The data for macrofauna density and biomass are difficult to compare with other quan
titative deep-sea macrofauna studies in the Atlantic, because other authors had a dit
ferent definition for macrofauna in the deep sea, and mostly used a much smaller screen
size than the standard sieve with a screen-size of 1 mm (Table 4.19). Of course this has
a large effect on the number of animals collected with the sieve. We are of the opinion
that the term “macrofauna” has to be applied only to the fauna retained by a sieve of a
1 mm screen-size, so that data from different areas and/or depths can be compared. Of
course it is better to study the fauna as fully as possible, and a finer sieve will give a better
estimate of e.g. the biomass of the total metazoa fauna, than a coarse one. However, finer
sieves are rarely used and chiefly in areas poor in fauna and/or in areas with fine sedi
ment, because of the time-consuming sieving and sorting. So additional sievings with a
1 mm screensize are recommended and the resuits should be given separately. Beside
the difference in screen-size, the comparison is made even more difficult by the tact that
the sampling gear, as has been proven by DINET et al. (1985), can influence the data
heavily. Their samples taken by the 0.25 m2 boxcorer had a animal density 4 times
higher than those taken by a Reineck boxcorer of 600 cm2. Thus, because of the coarser
screensize used it is not surprising that our data for densities are different and much
lower than those of SMITH (1978); LAuBIER & SIBuET, 1979 and DINET et al. (1985) (Table
4.19). Vet, our densities are higher than those of SANDERs et al. (1965). The data for
biornass of abyssal macrofauna are variable (Table 4.19), and our value for the mean wet
weight falls within the range given by ZENKEvITcH et al. (1971) in his map of the benthic
biomass for the world oceans.

4.3.3. LARGE MEIOFAUNA

To study the effect of the use of a sieve with a screen-size smaller than 1 mm, as normally
used by other researchers in the deep sea (Table 4.19), during our second expedition we
added a sieve with a screen-size of 0.5 mm when sieving the boxcore samples. The large
meiofauna retained (> 0.5 mm and < 1 mm) is shown with densities in Table 4.20. 1f, for
reasons as explained before, we do not take into account the difficult group of
Foraminifera, which certainly have the highest mean density in this animal category, then
Polychaeta (99 m _2) and Nematoda (67 m _2) are the most important ones. Komokiacea,
Bivalvia, Isopoda, Tanaidacea and Copepoda have an average density of more than 10
m-2. With the group of Copepoda we have to be careful as two thirds consist of
Calanoidea, which may be surface-dwelling species that could have entered the boxcore
when it was hauled up (0. Pfannkuche, Universitât Hamburg, ERG., personal
communication).

The average of all metazoan groups is 366 per m2 (Table 4.20), which is nearly 5 times
more than the mean density observed for the macrofauna at the same stations. In 8 of the
10 boxcore samples the biomass of the large meiofauna was less important than the
macrofauna. In the other 2 boxcores the macrofauna happened to be very poor. On
average the large meiofauna, with a mean of 14.6 mg dry weight.m2(Table 4.21), is 4
times Iess important than the macrofauna of the same boxcores (Table 4.24). So it is ob
vious that the use of a smaller screen-size will in particular allect data on densities. For
data on biomass the effect is much Iess important.
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Table 4.20. Number of the different groups of large melofauna ( > 0.5 mm and < 1 mm). The sieved
area of the samples varied between 1785 and 2500 cm2.

Station 218 22BA 22BB 22BC 23BA 23BC 24B 24BC 25B 26B mean
N /nLt

Forarninifera 148 130 65 16 49 34 205.9
Komokiacea 70 13 24 1 3 51.7
Porifera 1 0. 5
Hydrozoa 2 0.9
Anthozoa 1 0.5
Netnatoda 5 34 13 12 22 32 15 11 67. 1
Polychaeta 10 8 37 43 28 15 14 10 36 11 98.8
Oligochaeta 1 1 0.9
Sipunculida 3 2 2 2 2 5. 1
Aplacophora 3 1 1 3 3.3
Scaphopoda 2 2 1.9
Bivalvia 6 2 5 7 11 4 13 11 5 29.8
Cal.Copepoda 2 3 5 17 12 5 20.5
Har.Copepoda 7 2 4 3 3 3 9.8
Ostracoda 3 3 1 1 1 1 2 7 7. 5
mphipoda 1 1 2 1 + 2.3
Cumacea 1 0.5
Tanaidacea 1 6 4 8 2 2 6 5 7 19. 1
Isopoda 4 2 3 4 5 4 8 9 5 4 22.4
Crustacea + 1 0. 5
Ectoprocta 1 + 0.9
Ophiuroidea + 1 1 1 1.9
Holothuroidea 1 0.5
Tunicata 2 1 2 2 3.3
Indetenuinanda 14 5 4 24 23 26 14 6 16 9 65.7

Total of Metazoa 45 21 65 133 93 77 91 84 108 68

Metazoa/m 235 84 312 532 484 308 466 336 614 375 366
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Table 4.21. Biomass of the different animal groups of large meiofauna ( > 0.5 mm and < 1 mm)
in percentages of the their total biomass in a boxcore sample.

Station 218 22BA 22BB 22BC 23B. 23BC 24B 24BC 25B 26B MEAN

Polychaeta 53.9 52.8 79.9 41.7 40.9 41.3 16.2 55.7 50.4 7.5 44.03
Isopoda 5.5 7.5 1.5 2.6 2.9 3.9 39.1 7.3 3.0 12.1 8.54
Forarninifera 25.4 9.5 10.7 1.4 2.6 13.8 6.34
Cal.Copepoda 7.0 1.1 0.9 4.0 10.9 7.9 13.5 4.53
Bivalvia 7.7 1.3 1.0 6.0 5.2 1.2 3.9 4.3 9.8 4.04
Sipunculida 21.8 3.4 1.8 1.3 4.1 3.7 3.61
Nematoda 0.6 1.3 5.0 2. 1 5.6 6. 1 3.2 3.0 2.69
Tanaidacea 1.5 2.5 0.2 1.9 0.5 0.1 1.8 0.4 8.6 1.75
Tunicata 4.5 2.9 1.6 0.90
Ostracoda 1.6 0.5 0.5 0.1 0.7 0.1 0.2 5.2 0.89
Har.Copepocîa 0.5 0.8 1.1 0.7 1.1 1.1 0.7 2.2 0.82
Holothuroidea 8. 1 0. 81
Axnphipoda 0.7 2.4 1.6 3.3 0.80
Scaphopoda 1.4 0.4 3.1 0.49
Ophiuroidea 0.1 0.8 0.5 3.2 0.46
Aplacophora 1.0 2.4 0.34
I-lydrozoa 1. 1 0. 11
Oligochaeta 0.2 0.9 0.11
Crinoidea 1.0 0. 10
Crustacea 0.4 . 0.3 0.07
Cumacea 0.6 0.06
Ectoprocta 0.4 0.1 0.05
Porifera 0.4 0.04
Anthozoa 0.1 0.01
Indetermjrianda 23.2 9.3 6.2 21.1 23.6 34.6 8.5 15.2 25.1 18.1 11.87

Metazoa mg/Ir 16.6 4.4 20.2 16.8 21.2 14.6 15.4 8.9 22.0 5.6 14.6

Table 4.22. Numbers and biomass of Copepoda and numbers of Nematoda in boxcore samples of
stations 2 to 11 passing through a sieve of 1 mm screen-size and retained by a sieve of 200 m

screen-size.

NE4ATODA COPEPDDA

Station n/m n/m2 mg dry/m2

2B 1221 230 0.32
43 988 228 0.56
5B 648 124 0.11
6B 3026 249 0.40
8B 5501 497 0.46

11B 5252 531 0.39

Mean 2773 310 0.37
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A sieve with a screen-size of 200 tm, used in stations 2 to 11 had a remarkable effect
on the values for density of the retained meiofauna. Densities for Copepoda and
Nematoda have means of 310 and 2773 per m2 respectively (Table 4.22). Even 1f we
neglect the other animal groups collected on this sieve, the density is still 19 times that
of the mean density of the macrofauna of the same boxcore samples. Only the biomass
of the Copepoda retained on this sieve was studied (Table 4.22), and is negligible corn
pared to the biomass of the macrofauna, the large (> 0.5 mm) meiofauna or that of the
meiofauna from the subcores. We suspect that the same is true for the Nematoda
biomass retained on this sieve.

With the data for the large meiofauna at hand, a comparison with the “macrofauna”
densities, shown in Table 4.19, now makes more sense. Our densities for the large (>
0.2 mm) meiofauna and macrofauna together, are higher than those of SMITH (1978) and
fali within the range given for the Bay of Biscay (LAuBIER & SIBuET, 1979, DINET et al.,
1985).

In 3 boxcore samples the vertical distribution of the large (> 0.5 mm) meiofauna was
studied. As expected, the highest densities were found in the upper centimetres. In 1 box
core sample the highest biomass was detected between 2 and 5 cm, which is a result in
termediate between the optimum depth for mêiofauna biomass of the subcores (the up-
per centimetre) and the macrofauna biomass (below 3 cm) (Table 4.23).

Table 4.23. Vertical distribution of the large meiofauna ( > 0.5 mm and < 1 mm) in 3 boxcore
samples of the second DORA-expedition.

Number of Nematoda Dry weight in percentage of
per boxcore total biomase per boxcore

Depth in cm 22BC 23BC 24BC 22BC 23BC 24BC

0—1 57 1 1-53 15.0 1 1-37.9
1—2 38 F58 J 11.0 [-59.7 J
2—3 14 }.18 1 }44.7
3—5 17 J j 49.3 J j
5—10 6 10 9 18.9 27.0 13.2

10—15 1 9 4 1.4 12.3 4.2
15—20 + 1.0

Total/0.25m2 133 77 84 4.2lmg 3.65mg 2.2lmg
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Table 4.24. Biomass of the meiofauna (Nematoda, Copepoda and nauplii), the macrofauna and the
large meiofauna (> 0.5 mm and < 1 mm) of the boxcore samples, in mg dry weightlm2.The meio
faunal biomass derived from the subcore samples of only 6 cm depth of the 1984 expedition has

been corrected (see section 4.3.1.4).

Station 1 2 4 5 6 8 11 13 15 mean %

Meiofa,ma 13.2 11. 1 20.7 20.3 18.1 37.2 15.5 40.7 61.2 26.4 20.6%

Nematoda 12. 1 8.2 17.3 18.4 12.2 18.9 11.5 21. 1 20.2 16.4 12.8
Copexda 1.1 2.9 3.4 1.8 6.0 18.4 4.0 19.4 32.9 10.0 7.8

Macrofa,ma 8.0 89.0 146.6 103.2 87.0 182.4 79.0 56.6 163.3 101.7 79.4%

Total 21.2 100.1 167.3 123.5 105.1 219.5 94.8 97.3 224.4 128.1

Station 21 22 23 24 25 26 MEAN % OF % OF MEAN %
SOBTOTAL TOTAL 1982 +84

Mejofa,ma 16.8 10.3 19.3 26.2 20.4 33. 1 21.0 26.0 22. 0 24.3 20.5

Ne,natoda 9.2 8.6 12.2 14.2 13.3 11.2 11.4 14.1 12.0 14.4 12.1
Copepda 7.6 1.7 7.1 12.0 7.1 21.9 9.6 11.9 10.0 9.8 8.3

Macrofa,ma 113.9 10.7 62.9 53.1 141.5 18.9 59.8 74.0 62.7 79.7 67.2

Subtota]. 129.7 41.0 82.2 79.3 161.9 52.0 80.8 100.0 84.7 104.0 87.7

Large Meiofaona 16.6 13.8 17.9 12.1 22.0 5.6 14.6 18.1 15.3 14.6 12.3
>d.5nn and <lee,

___________

lbtal 146.3 54.8 100.1 91.4 183.9 57.6 95.4 118.6 100.0

4.3.4. COMPARISON OF MEIO. AND MACROFAUNA

Both macrofauna and meiofauna reach their highest densities in the upper centimetres,
but for the meiofauna this is much clearer and it hoids for every station. In biomass (Table
4.24) the macrofauna is always more important than the meiotauna, except for the poor
macrofauna stations 1 and 26. As a mean it is 3.3 (0.6 to 8) times more important. This
low figure, compared to data from shallow sediments, agrees with the resuits of other
researchers (compiled by THIEL, 1983) that meiofauna becomes relatively more impor
tant with increasing water depth. However, the effect of water depth on the macrofauna
to meiofauna ratio is not as striking as expected. The ratio 1:1 suggested by THIEL (1972)
for a somewhat deeper (> 5000 m) area appears too low. Yet, because of a suspected
higher metabolism rate (GERLACH, 1971) the meiofauna can be more important in pro
ductivity than the macrofauna.

The mean biomass of the large meiofauna (> 0.5 mm and < 1 mm) constitutes 15%
of the total meio- and macrofaunal biomass. For the calculation of the total biomass of the
boxcore samples of the 1984 expedition, we counted up the biomass data for meiofauna,
large meiofauna and macrofauna. This seems to be incorrect, since our meiofaunal data,
derived from the subcores, ought in principle to include the large meiofauna. However,
the chance of sampling one large (> 0.5 mm) Copepoda or Nematoda with a subcore of
10 cm2 is less than 10% (Table 4.20). Besides, the biomass of Nematoda, Copepoda
and nauplii, which in our case forms 100% of the meiofaunal biomass of the subcores
(see section 4.3.1.2), is only 8% of the total biomass of the large meiofauna (Table 4.21).



Myctophum punctatuxn

Lampanyctus crocodilus

Benthosema glaciale

Symbolophorus veranyt

Opisthoproctus soleatus 1

Gonostoma bathyphilum 2

Cyclothone braueri 1 1

Cyclothone microdon 54 8

Cyclothone spec. 3

Argyropelecus hemigymnus 1

Agryropelecus olfersi 1

Stomias boa cf ferox 1

Mentodus cf crassus

Scopeloberyx robustus
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Table 425. List of the pelagic fish caught with an Agassiz trawi during the first DORA-expedition,
with number of soecimens oer station.

Station likely depth

Name — — — — — — — of occurence

3 5 8 11 12 13 15

2

16

2

5

night 0— 125 m

day 225— 750 m

night 0— 650 m
day 275—1000 m

night 0- 225 m
day 275— 800 m

0— P00 in

> 400 in

usually > 2000 m

night < 300 m

day 300—1500 m

500—1500 m

0— 300 in

ca. 1800 m

0— 300 in

> 1000 m

0— 600 in

1

2

We, therefore, think it justified to add both the meiofaunal biomass derived from the sub

cores and the biomass of the larger meiofauna (> 0.5 mm) to the macrofaunal biomass,

if the total biomass has to be calculated. This implies that the ratio of macrofauna and

meiofauna biomass is changed in favour of the meiofauna. The macrofauna biomass is

now onty twice that of meiofauna.
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There are indications that depth (hydrostatic pressure) is not an important parameter
in regulating 02 consumption rates for megafauna, viz: Ophiuroidea and rat-tail fish
(SMITH, 1978b and 1983). It we assume that this is also true for meio- and macrotauna,
we can give a rough estimate of the 02 demand of the benthic fauna at the dumpsite by
using the general relationship (BANSE, 1982) between respiration and biomass. In corn
puting the respiration of the bentic fauna with data from the 1982 expedition we used the
equation q = 19.5 M°75 for macrotauna and q = 5.4 M°75 for meiofauna, in which q =

respiration in ni02.h—1 at 20°C and M = body mass as dry weight (.sg). Taking Q10 =

2.5, we find that at 2°C the meio- and macrotauna respiration is 17 and 25 mmol
02.m-2.yr—1,respectively. These tigures indicate that macrofauna consumes a little
more °2 than melotauna. This general conclusion is not altered, if the large meiofauna
(>0.5 mm) is included. Of the total mineraLization activity of the sediment (see section
3.7.) 40% can be accounted for by respiration of meio- and macrofauna. With °10 = 2.0
this figure will be about 60%. It is obvious that these estimates have to be considered with
reservation, due to the use of very general equations, which are not based on deep-sea
measurements.

4.3.5. MEGAFAUNA

Few benthonic animals were caught with the Agassiz trawl during the 1982 expedition.
The catches existed mainly of pelagic organisms. A list of pelagic fish (with depth distribu
tions from the literature) is given in Table 4.25. No near-bottom-dwelling fish were caught.
The following representatives of the benthps were collected: Cnidaria (Actiniaria),
Turbellaria (egg capsule), Polychaeta, Bivalvia (Pectinidae), Cephalopoda (Grimpoteuthis
umbellata, Cirrothauma murrayi, Fig. 4.13), Crustacea (Amphipoda, Isopoda, Cirripedia),
Brachiopoda (Pelagodiscus atlanticus), Ophiuroidea (Ophiomusium planum, Fig. 4.13),
Holothuroidea and Tunicata.

Interesting finds were the large mobile bottom dwelling predators (length 25 and 40
cm), belonging to the order of the Octopoda (Cephalopoda). The crustacean larva
Eryonaicus spinoculatus (Fig 4 13) of which we caught 2 specimens 30 and 35 mm long
is an example of the large vertical migrating capacities of sorne marine animals. Accor
ding to BERNARD (1953) this larva lives at a water depth of 400 m when it is about 2 mm
long. During growth it descends down to 4000 m, where It reaches a length of 35 mm. The
adult, probably Stereomastis andamanensis, is benthonic and lives between 500 and
1800 m.

The seven Agassiz trawls taken during the 1984 expedition (Fig. 2.1) contained rich cat
ches of bottom dwelling megafauna and because of the closing device virtually no pelagic
animals. The catch of the trawl at station 24 was lost for the largest part just betore being
put on deck. These catches give a far better understanding of the megafaunal composi
tion than those of the first DORA-expedition and there is more point in working up these
data to minimum densities and biomass figures for the area. In addition to the animal
groups caught during the 1982 expedition, Porifera, Nemertini, Sipunculida,
Scaphopoda, Asteroidea, Echinoidea and near-bottom dwelling fish were caught. Now no
large Cephalopoda (Fig. 4.13) were caught as during the former expedition, but the
presence of these animals was confirmed by the finding of several relatively large peanut
like eggs in 3 trawls (B0LETzKY, 1985). Most of the megafaunal animals belong to the epi
fauna, but the presence in the trawl catches of large intact Sipunculida, which are typical
ly infaunal, proves that our trawl (sometimes) ploughs at least 15 cm into the sediment.
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Sea-anemones (Cnidaria), Crustaceans, sea-stars (Asteroidea), Ophiuroidea and sea
cucumbers (Holothuroidea) were present in every trawl catch. Sponges (Porifera), Sipun
culida and fish in 5 out of 6 trawis. Only 3 species of fish were caught, viz. the rat-tail fish
Coryphaenoides armatus (20 specimens) (Fig. 4.14), Synaphobranchus bathybius (4x)
and one specimen belonging to the family Brotulidae. The largest rat-tail fish was only
30.5cm and the smallest less than 10cm. The biggestfish in biomass and length (67 cm)
was an eellike Synaphobranchus. With a maximum length of 50 cm, the Holothuroidea
belonged to the largest invertebrates. These large animals were identified as Ben
thodytes spec. (5x) and Psychropotes 10flgicauda (9x) (Fig. 4.14), and, with almost 8.5 kg
wet weight, together formed the major part of the total megafaunal biomass. Stalked
Ascidiacea and carnivorous squirts, recognizable because of the large lobes around the
oral opening to catch animals, constituted most of the Tunicata. The sea-urchins
(Echinoidea) were represented by only one pancake-like formed specimen (diameter of
30 cm) of the family Echinothuridae. Ophiomusium planum was the most abundant
species within the Ophiuroidea, and the Asteroidea specimens belonged mostly to the
family Porcellanasteridae. The hermit crab Parapagurus pilosimanus (Fig. 4.13), with its
abdomen covered by a symbiontic sea-anemone or by a Zoantharia colony, formed the
main representative of the Crustacea in the catch. A few large red prawns were important
in biomass. Other crustacean groups were Cirripedia (Scalpellum), Isopoda, Amphipoda
and crabs of the genus Munidopsis. Most of the Cnidaria belongeçi to the Actiniaria, and
chiefly to the genus Actinauge. Further the symbiontic Actiniaria and Zoantharia, as
already mentioned above, were of importance

In density the Cnidaria are the most important with 13.5 individuals per 10 000 m2,
followed by the Ophiuroidea (6.2), Crustacea (4.8), Porifera (4.0) and the Holothuroidea
with 3.1 specimens per 10000 m2 (Table 4.26). Asteroidea, Tunicata, Pisces and Sipun
culida have a density of 2.0 to 2.9 individuals per 10 000 2 The Holothuroidea constitute
more than half (55%) of the total megafauna biomass in wet weight. Cnidaria follow with
20.6%, fish (12.4%), crustaceans (5%) and starfish with 3.2% (Table 4.27). One should
realize that all data indicate minimum estimates, as part of the megafauna will escape,
either actively or because the trawl passes over them.

Comparison with the data given by FELDT et al. (1985) from exactly the same area
shows that the observed densities for fish and Cephalopoda are similar. The rat-tail fishes
(Macrouridae) were also, the most abundant fish in their trawl catches. Furthermore, the
Cnidaria had by far the highest density, compared to the other animal groups, which
agrees with our data. Densities for Holothuroidea and Vermes (probably Sipunculida and
Polychaeta) too are close to our findings. However, for the Mollusca, Crustacea, Porifera
and the other Echinodermata groups the densities are much lower. And so especially 0w-
ing to the low densities for the Echinodermata, the total megafauna density (17 per 10000
m2) given by FELDTetaI. (1985) is less than half that of our mean density (40.5 per 10000
m2, without fish). Our biomass data are on average somewhat higher than theirs (813
against 490 g wet weight per 10 000 m2). But considering quantitative data for the mega
fauna have been found with the help of a quantitatively inaccurate sampling device, their

4—
Fig. 4.13. Megafauna caught with the trawi. Above left: Eryoneicus spinoculatus Bouvier, 1905
(Crustacea, Decapoda), length 30 mm (trawl 8T). Above right: Cirrothauma murrayi Chun, 1914
(Cephalopoda, Octopoda), Iength 425 mm (trawi 12T). Below: Ophiomusium planum Lyman, 1878
(Ophiuroidea), diameter of disk 20 mm (trawi 13T).
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Table 4.26. Number of specimens per 0 000 m2 of the different benthic megafaunal groups,
caught with a 3.5 m Agassiz trawi during the second DORA-expedition.

STATION MEAN

21T 23T 25T 27T 28T 28TB N/10 000m

Porifera 2 8 10 8 41 4.02 9.46

Cnidaria 21 41 30 29 48 62 13.46 31.68

Nemertini 1 0. 06 0. 14

Polychaeta 2 5 1 3 0.64 1.51

Sipunculida 7 4 6. 11 6 1.98 4.66

Scaphopoda 4 0.23 0.54

Bivalvia 2 2 2 0.35 0.82

Cephalopoda 3 1+1 2+3 0.58 1.37

Crustacea 2 37 17 15 1 10 4.78 11.25
Asteroidea 5 4 18 8 6 8 2.86 6.73

Ophiuroidea 7 34 9 19 21 16 6.18 14.54
Echinoidea 1 0. 06 0. 14
Holothuroidea 11 6 7 9 5 15 3.09 7.27

Tunicata 3 5 2 . 9 11 7 2. 16 5. 08

Pisces 11 9 4 2 9 2.04 4.80

‘Ibtal 58 151 105 116 117 182

N/10 000m 10.5 48.5 37.5 65.5 62.0 88.4 42.5

figures for densities and biomass agree surprisingly well with our data. The megafaunal
densities for the Bay of Biscay at the same depth as the dumpsite, published by SIBuET
& SEG0Nz.Ac (1985) are incomparable, as in that study the megatauna was defined as the
animals retained by a sieve of 1 mm screen-size. However, if we assume that fishes all
fit into our definition of megafauna, their fish densities are roughly a factor 10 higher.
Although for a part their richer fish catches can be caused by their larger (6 m) Agassiz
trawl, these data suggest that the fish fauna living deeper than 4 km is richer in the Bay
of Biscay, than at the dumpsite.

Comparison of the megafauna biomass with the macro- and meiofauna biomass shows
that megafauna is an order of magnitude less important than macro- and meiofauna.

4—

Fig. 4.14. Megafauna caught with the trawi. Above: Hermit crabs (Parapagurus pilosimanus) with
symbiontic zoantharia (23T), length ± 4 cm. Middie: Sea-cucumbers (PsychropoTes longicauda)
(25T), length ± 38 cm. Below: Rat-tail fish (Coryphaenoides armatus) (23T), length 27 cm.
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Table 4.27. Biomass of the different benthic megafaunal groups, caught with a 3.5 m Agassiz trawi

during the second DORA-expedition, in gram Wet weight per 10 000 m2.

STATION MEAN

21T 23T 25T 27T 28r 28iB g/10 000n

rk,rifera 35.1 3.5 8.6 1.9 55.8 6.11 0.66

Criidaria 32.2 186.4 215.5 514.9 765.4 1565.6 191.17 20.59

Nemertini 0. 7 0. 04

Polychaeta 2.4 2. 1 1. 1 3.7 0.54 0. 06

Sipunculida 9.6 1.6 6.3 11.3 2.7 1.84 0.20

Scaphopoda 5.0 0.29 0.03

Bivalvia 5.3 0.7 0.5 0.38 0.04

Cephalopoda 1.6 4.2 19.7 1.49 0.16

Crustacea 36.9 337.8 120.5 143.2 4.2 162.5 46.92 5.05

Asteroidea 54.6 5. 7 202. 5 57.4 58.8 124.5 29.35 3. 16

Öphiuroïdea 3.0 9.6 16.3 42.5 20.6 43.3 7.89 0.85

Echinoidea 220.0 12.82 1.38

Holothuroidea 394.6 23.7 2278.6 1509.2 477.2 4125.5 513.41 55.29

Tunicata 1.0 0.7 1.0 5.4 3.2 2.8 0.82 0.09

Pisces 1051.4 436.4 67.8 13.4 412.4 115.48 12.44

Total 537.2 1877.7 3278.3 2361.6 1358.3 6518.5

g/10 000m 97.2 603.5 1170.2 1333.5 720.0 3164.7 928.6

Table 4.29. Elemental concentrations (in mg/kg) in four parts of rat-tail fish samples (mean values

± s.d., n = 4) and of a deep-sea eel (Synaphobranchus bathybius), and in the surface sediment (sec
tion 3.4).

elaent gut content gut 11 ijver iueat sediment

rat-tail fish (r4)
Br 1270 + 490 91.5 + 32.1 22.6 + 10.9 15.3 + 4.9 12

As 32.9 4- 12.9 34.3 5.9 14.9 4- 1.1 25.5 + 17.2 2.1

Zo 123 +32.8 148.2 +51.5 71.4 26.0 13.6 + 1.4 20

Cr 11.5 5.5 6.5 1.2 3.8 ± 1.5 4.2 1.4 11.3

Co 2. 12 + 0.54 5.37 + 0. 18 0.25 + 0.04 0. 14 + 0.04 6.0

Fe 1480 + 580 282 + 131 387 + 158 29 + 18 6500

Cs 0. 196+ 0. 112 0.084+ 0.078 0.029+ 0.010 0.076+ 0.063 1.3

Rb 3.50 + 1.91 1.70 + 0.85 0.41 ± 0.06 1.45 0.13 25

Th 0.24 ÷ 0. 15 <0. 1 — <0. 1 <0. 1 — 1.85

La <0.5 — <0.5 <0.5 <0.5 8.4

Ce <0.2 <0.2 <0.2 <0.2 17.6

Hg <0.2 0.9 ± 0.6 0.7 + 0.3 1.0 + 0.2 fl.5.

deep—sea eel (r’1)
Br 37.4 27.6 18.1 14.8

As 30.3 21.2 7.6 43.1

Zn 97 76 36 10

Cr 3.5 3.9 4.5 1.6

Co 0.34 0. 19 0. 13 0.07

Fe 340 158 480 23

Ce 0. 17 0.025 0.019 0.034

8h 3.60 1.50 0.70 0.56

Th <0. 1 <0. 1 <0. 1 <0. 1

La <0.5 <0.5 <0.5 <0.5

Ce <0.2 <0.2 <0.2 <0.2

Hg 5.6 7.4 6.0 3.0
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4.3.6. CHEMICAL ANALYSIS OF BOTTOM FISHES

Six rat-tail fishes Coryphaenoides armatus and 1 eellike fish Synaphobranchus bathybius
were-dissected for chemical analyses. Care was taken to avoid contamination. Gut con
tent, gut wall, liver and clean meat were freeze-dried seperately. The samples were then
analysed for trace elements with neutron activation analysis. The various parts of the
three smaller rat-tail fishes were pooled in order to get sufficient material for the analysis
(100 mg dry weight or more). Br data were corrected for the sea salt error using data on
Na, and assuming that all Na in the samples was derived from sea water.

The average trace element content in gut content, gut wall, liver, and clean meat of the
four samples of rat-tail fish is given in Table 4.29 with contents in the surface sediment
(from section 3.4). The ratio of the gut content to the content in the sediment is shown in
Fig. 4.1 5A, and the accumulation factor from gut contents to tissue material in Fig. 4.1 5B.
The gut content of the rat-tail fishes is enriched in Br, As and Zn relative to surface
sediments, but is depleted in the detrital elements Fe, (not Cr), Co, Cs, Rb, Th and very
strongly in rare earth elements. The rat-tail fishes accumulate none of these elements in

their tissue. They do accumulate Hg, and It may be expected that they accumulate rare
earth elements in their bones, but those parts have not been analysed.

4.4. FOODWEB

Most of the representatives of those meio-, nacro- and megafaunal groups that are im
portant in biomass, are deposit feeders. In section 4.3.1.5 we already saw that 70% of the
nematode biomass was formed by the selective and non-selective deposit feeders. The
most important macrofaunal animals in biomass, the Sipunculida and Polychaeta, are
predominantly deposit feeders. Their guts are filled with sediment. Tanaids seize large
masses of sediment with their chelipeds and maxilipeds, and selectively devour con
siderable quantities of sediment with the other mouth appendages (H0LDICH & JONES,
1983). The most massive animals of the megafauna, the sea cucumbers, had their ‘gut
always completely filled with bottom ooze. The same holds for animals, considered car
nivores at least in shallower seas, such as sea-anemones and starfish. Of all animals im
portant in biomass, only the bottom-dwelling fish seem to be an exception, and are com
pletely carnivorous. The stomach, at least in fishes with a swim bladder, is mostly found

Table 4.28. Stomach content of 7 rat-tail fishes Coryphaenoides armatus caught at station 28T8.

Length of fish 10.3 13.5 14.0 15.3 16.5 18.7 30.5 an

Stomach content

Lens of fisheye 1 1
Beak of squid 1 1
Crustacea + + + +

Copepoda 1 2 1
Amphipoda 1 1
Tanaidacea 1 1
Isopoda 1 2 3 1
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to be empty when the fish is hauled up from great depths. Probably because of the large
amount of mud in the our trawl catches, the fish still had full stomachs. The stomach con
tents were studied of 7 fishes of station 27 (Table 4.28) and this shows that these tish eat
free swimming animals, mostly crustaceans, as well as real bottom dwelling animals, like
Tanaidacea and Isopoda. So in general the deposit feeders constitute the largest part of
the total benthic fauna biomass at the dumpsite. Suspension feeders, such as Crinoidea
and Porifera, are relatively rare.

4.5. PRIMARY PRODUCTION

Primary production was measured on three occasions during the 1982 expedition and
varied between 150 and 360 mg C.m-2.d-1,with an average value of 293 mg
C.m—2.d-1.This is not significantly different from average values for oceanic waters
(1 30-270 mg C.m-2.d1)

4.6. CONCLUSIONS

The horizontal distribution of meiofauna within a boxcore sample is not patchy, and
results from 4 out of 6 station pairs suggest that it is even rather constant on a much larger
scale (several 100 m2 to some km2). 1f in the future faunal changes were caused (e.g. by
higher dose rates), a study of the meiofauna would be the most suitable way to detect
such changes. Especially the diversity of Nernatoda, a group that is very important in den
sity and biomass, would be a suitable indicator.

When estimating the total biomass of aimals larger than 50 m, in a deep-sea boxcore
sample, it is also important to study the large meiofauna (> 0.5 mm) seperately. This
adds about 16% to the value for biomass derived from a study of only the meiofauna from
subsamples and of the macrofauna.

As most of the benthic animals of the dumpsite, which also constitute the largest part
of the total biomass, are deposit feeders, and as the food content of the sediment is 10w,
relatively large masses of sediment will pass through their guts. A considerable part of the
radionuclides that will eventually leak out of the dumped canisters with radioactive waste,
is predicted to be bound to the sediment. Hence we conclude that the animals play a
significant role in the dispersal and transformation of these radionuclides.

5. BIOTURBATION

X-radiographs of 2cm thick slices taken from the boxcores (Fig. 5.1) gave evidence of ex
tensive burrowing activity of bottom fauna. From 14C profiles, KERsHAw (1985) concluded
that the sediment at the dumpsite is bioturbated down to 6 cm depth. Bioturbation in
deep-sea sediments can be quantified by measuring the 210Pb activity profile in the sedi
ment surface layer (NozAki et al., 1977), and similar information can be obtained from the
depth distribution of 239240Pu in the sediments. The distribution of excess-210Pbin sub
cores of boxcores 1 to 15 (measured by J.N. Smith, Bedford, Canada) has been reported
in DIcKsoN et al. (1985). The profiles can be described by a model of diffusive mixing with
a mixing coefficient in the range of 0.6 to 4 108cm2.s1.It is, however, questionable
whether bioturbation can be adequately described by a diffusive mixing of constant inten
sity (BouoREAu 1986a,b).
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Fig. 5.1. X-radiographs of 2cm thick subcores from boxcores 4B (A), BB (B) and 11B (C).
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The distribution of 210Pb (mentioned above) and of 239240Pu (by Noshkin, Livermore,
USA), measured in the same subcore from each of 8 boxcores showed coinciding subsur
face maxima at about 3 to 6cm depth. This distribution cannot be explained by a model
of homogeneous mixing in the upper sediment layer, but instead points to a net transport
of surface sediment downwards to the depth where the maximum was observed. At this
same depth interval a small but distinct maximum was sometimes found in ETS activity
and in the organic carbon content of the sediment (Fig. 3.17). Similar subsurface maxima
of 210Pb have been reported by S0MAVAJULu et aI.(1983).

In coastal sediments, transport of radionuclides by bioturbation to depths of up to 140
cm has been observed (KERSHAw et aL, 1984). From the vertical distribution of the meio
fauna and the smaller macrofauna it is dear that any significant contribution of these
groups to bioturbation must be limited to the upper few cm. The larger macrofauna like
Sipunculida and Polychaeta, burrow down to at least 15cm depth. Although their density
is low (9 per m2 for Sipunculida) they must be considered the major cause of the biotur
bation below the upper few cm. Sipunculida, representing 28% of macrofauna biomass,
are surface deposit feeders, as indicated by the large quantity of ingested sediment. They
could therefore also be responsible for the subsurface maxima described above, through
the direct transport of surface sediment down to deeper layers via their gut.

Sipunculida respire about 10% of the carbon flux to the sediment, or 90 mg
C.m—2.yr1.Since they take up this carbon from the ingested sediment, we can make
a minimum estimate of their sediment uptake rate: -

1f they feed on the surface sediment, which contains 2 mg.g1 of metabolizable
organic carbon (Fig. 3.17), they have to ingest a minimum of 5.6cm3.cm—2.kyr-1of wet
sediment. And if they defecate at the bottom of the mixed layer (6 cm depth), the sipun
culids alone would turn the sediment in this layer 3 times over before It is buried, and
would thus account for a substantial part of the biological mixing rate thatwas estimated
from tracer data.

It, however, they manage to capture the high-quality food as t reaches the sëa floor
(containing 40 mg.g—1 of organic carbon), the ingestion of only 03 cm3cm-2.kyr—1
would be sufficient. Such a transport would be minor relative to the sediment accumula
tion rate, but would yet transport over 10% of the 14C and 210Pb ram rate to a few cen
timetres depth. Conventional mixing models would than seriously over estimate the
biological mixing rate. from the vertical distribution of these tracers, and other models
(B0uDREAU, 1986b) would have to be prefered.

6. SUMMARY AND CONCLUSIONS

The seafloor at the NEA dumpsite for low-level radioactive waste has been investigated
by geochemical and biological techniques. Evidence of local turbidites and slumping is
recorded in the sediment, probably related to the steep local topography. Slumping
events could be triggered by dumping operations.

The CaCO3 content is the principle variable that accounts for most of the variation in
the elemental composition and cation exchange capacity of the sediment. The present
depth of the lysocline is shown to be at about 4700m, but even at shallower depth an ap
preciable part of the CaCO3 raining on the sea floor dissolves.
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Diagenetic modeling is used to explain the interrelationships between: (1)Mineraliza-
tion of organic material and (2) Redox transitions, (3) Cation exchange, and (4) Carbonate
dissolution and recrystallization. These diagenetic processes are discussed in terms of
their effects on the redistribution and transport of trace elements and radionuclides within
the sediment and between sediment and overlying water.

Composition, density, biomass, vertical and horizontal distribution has been studied of
benthic meio- as well as macrofauna of the NEA-dumpsite. Meiofauna has a mean densi
ty of 527 000 per m2 and a mean biomass of 24.3 mg dry weight per m2. Nematoda are
the most important meiofauna group in density and biomass. 75% of the meiofaunal
biomass is concentrated in the upper 3 cm of the sediment. The horizontal distribution of
Nematoda within a boxcore sample is not patchy. The nematode biomass has a much
more irregular distribution and no correlation was found between densities and biomass.
The diversity of the Nematoda fauna is high and the depositfeeders dominate the popula
tion with 70% (of the biomass).

The macrofaunal metazoans have a mean density of 124 per m2 and a mean biomass
of 79,7 mg dry weight per m2 of which only 29% is found in the upper 3 cm. Polychaeta
have the highest average density (45 per m2). Sipunculida, forming the main constituent
of macrofauna biomass, probably play a major role in bioturbation.

The metazoa, belonging to the large meiofauna (>0.5 mm and <1 mm), have a density
of 366 per mm2 and a biomass of 14.6 mg dry weight per m2. Of this group Polychaeta
have the highest density and biomass.

The megafauna (>1 cm and >50 mg) has a density of 42.5 per 10000 m2 and a
biomass of 929 g wet weight per 10 000 m2.
Sea-anemones have the highest abundance and sea-cucumbers are the most massive
animals. Most of the benthic animals of meio-, macro and megafauna are depositfeeders.

The processes that have been shown in this report to influence the fate of radionuclides
that are released from the waste packages are summarized as follows:

The first step: Transport from bottom water to sediment:
Sediment rains on the seafloor at an average rate of 2.7 mg.cm2.yr1.This flux con
sists of 2.3 mg.cm2.yr1CaCO3 (84%), 0.2 mg.cm2.yr organic matter (9%), and
0.2 mg.cm2.yr1 of detrital siliceous material (7%). The flux of organic matter
represents 0.9% of the primary production at the ocean surface.

Radionuclides are scavenged from the bottom water by oxyhydroxide and organic
coatings on suspended particles, which are derived either from the ocean surface or from
resuspension at the ocean floor or at hillsides. Although it is not certain whether
equilibrium adsorption is reached in this water mass, equilibrium appears to be a
reasonable assumption. The partitioning between the dissolved and the particulate phase
can then be predicted from Kd values and suspended matter concentrations. However,
the rate at which suspended particles and their bad of radionuclides are incorporated in
the sediment by the net result of settling, resuspension and bioturbation is a major
unknown. Since this is the key parameter determining whether or not particle reactive
elements will be transported by bottom currents, this issue réquirës further investigation.
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The second stop: transport within the sediment:
The important processes are:

1. bioturbation
2. sediment accumulation
3. occasionnally: slumping

The last two contributions tend to be more important in deep areas than on top of the huis

Estimates of the biological mixing rate in the surface sediment, based on the vertical
distribution of 14C and 210Pb, depend strongly upon assumptions regarding the feeding
habits of Sipunculida.

The third stop: transformation of radionuclides within the sediment:
These transformations can be classified according to the depth interval over which they
occur:

0-10 cm:
Most of the meio- and macrofauna lives in this iayer of the sediment. A majority of the
fauna feeds on sediment particles, and by their feeding and burrowing activities they turn
the upper 6 cm over on a time scale of a few hndred years. Aerobic mineralization within
the bioturbated layer dissolves between 5 and 40% of CaCO3 (above the lysocline) and
decomposes 98% of the organic matter that settied on the ocean floor. About half of this
mineralization activity can be accounted for by the respiration of macro- and meiofauna.

O-< lmm:
In this thin surface iayer decomposition takes piace of the most reactive organic matter,

inciuding the organic coatings with the highest binding strength. Cu and probably other

organically bound elements are released to the bottom water. Freshly settied sediment

is taken up by surface deposit feeders, and subsequently transtormed, incorporated in

the food chain and predated by bottom fish.

0-3 cm:
1. Particies are taken up and transformed by micro-organisms, rneiofauna, and macro

fauna. Radionuclides are incorporated in the food web.
2. Organic matter is decomposed with an average decay half-life in the order of 10 years,

but a part is decomposed much more rapidly. 3H and 14C in the decomposed organic

matter, and an unknown fraction of organically bound Pu and Am are released to the bot

tom water.
3. CaCO3 dissoives, and some Sr is consequentiy released.

3-10 cm:
Organic matter decays and CaCO3 dissolves at reduced rates, and bioturbation

continues.
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10-70 cm:
Very little changeoccurs in this layer. The mobility and pore water concentrations of trace
elements can adequately be described by distribution coefficients.

Large macrofaunal burrowing animals cari reach this depth zone, but, because of their
low densities, their influence will be small.

below about 70 cm:
Fe and Mn oxyhydroxides dissolvé and the elements associated with this phase (Co, and
probably Pu and Am) are mobilized.

Significant sulfate reduction occurs only in turbiditic deposits, where t causes the im
mobilization of Pu and Am through reduction and sulfide formation, and the mobilization
of Cs through cation exchange with NH4.
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