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A t the bottom of the ocean, lying at an av-
erage depth of 3 to 4 kilometres, abyssal 

plains cover 60% of the planet’s surface. Despite sig-
nificant efforts involving research expeditions, our 
knowledge of megafaunal diversity in this huge and 
important domain is still severely limited. It is esti-
mated that less than 1% of the abyssal plains have 
been sampled. Because of the low densities of the su-
prabenthic megafauna on the abyssal sea floor, only 
a small number of species have been described taxo-
nomically. In a polymetallic nodule environment, the 
task is even more difficult due to grinding effects dur-
ing trawling or to the high cost of submarine expedi-
tions enabling to collect specimens in situ. Thus the 
few specimens collected within the large equatorial 
nodule belt can hardly describe the biodiversity and 
distribution of suprabenthic populations.

I have the pleasure to present this Technical Report 
which displays a unique comprehensive reference 
baseline of a polymetallic nodule ecosystem located 
in the abyssal tropical east Pacific Ocean between 
the Clarion and Clipperton fracture zone. On the ba-
sis of more than 200 000 photographs and 55 hours 
of video taken during several French and American 
oceanographic cruises, the structure of suprabenthic 
megafaunal populations has been described on both 
qualitative (taxonomic identification, taxonomic rich-

ness, ethology) and quantitative levels (taxonomic 
abundance, correlations to specific habitats..). This 
study contains comparisons of data collected by dif-
ferent means and strategies of photographic and vid-
eo exploration in an international effort to investigate 
different sites within the nodule belt of the Clarion-
Clipperton fracture zone. The roles of limiting factors 
and biotic factors in the dynamics of suprabenthic as-
semblages are also addressed.

Sampling the different size fractions of the benthos 
on the abyssal plains has always proved to be a ma-
jor challenge. No single methodology is free of bias 
and can secure high quantitative precision. Given the 
available technological tools, photographic explora-
tion of megabenthic communities represents a cost-
effective way of evaluating the diversity and distribu-
tion of megabenthic communities in large expanses 
of the ocean. Knowledge of the taxonomy of deep-sea 
animals is still patchy, especially for the megabenthos 
which is too sparse and too mobile to be sampled ad-
equately at a regional level in any other way than by 
imagery. A system that combines video and photog-
raphy has proved to be efficient for rapid assessment 
and impact monitoring of large survey areas in a rea-
sonable time. 

The careful description of the megafauna within the 
polymetallic nodule ecosystem will serve as basis for 
drawing recommendations for the strategy of deep 
seabed mining and conservation of the diversity. This 
study is a valuable contribution to the work carried 
out by the International Seabed Authority in this area. 
I am extremely pleased that the Intergovernmental 
Oceanographic Commission through the generous 
support of the Government of Flanders (Kingdom 
of Belgium) has been able to support the work of  
Dr Virginie Tilot.

Patricio A. Bernal  
Executive Secretary IOC 

Assistant Director General of UNESCO

Preface
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The biodiversity and distribution of abys-
sal megafaunal assemblages in a region of 

polymetallic nodules of the Eastern Equatorial Pacific 
Ocean, within the Clarion-Clipperton fracture zone, is 
analysed at several levels in this study.

On a qualitative level, the identification, ethology, taxo-
nomic richness and faunal composition classified by 
functional groups, are described over the whole area, to 
provide a baseline reference.  An annotated photographic 
atlas is produced with the participation of worldwide spe-
cialists for each phylum. Inventories based on a collec-
tion of about 200 000 photographs of the ocean floor and 
some 55 hours of film show a taxonomic diversity of 240 
taxa, of which 46 are echinoderms. Cnidaria is the most 
diverse phylum in the Clarion-Clipperton fracture zone 
encompassing 59 different taxa. Suspension feeders are 
the best represented trophic group in the zone. 

On a quantitative level, the particularly well described 
site, NIXO 45 (130°00’W/130°10’W, 13°56’N/14°08’N) 

at a mean depth of 4 950 m, was chosen to evaluate 
faunal relative abundance and composition, classi-
fied by phyla and by trophic and functional groups, 
for different edaphic conditions. Results show that 
whatever the edaphic facies, suspension feeders are 
more abundant than detritus feeders, carnivores and 
scavengers. The highest total faunal abundance is on 
nodule-facies C+10 % and nodule-facies C+ with slope 
> 15°. The greatest density of suspension feeders is 
observed on nodule-facies O (no nodules) on ancient 
sediments, dating from the Oligocene to the middle 
Miocene, and on nodule-facies C+ with slope > 15°, 
while detritus feeders are more abundant on nodule-
facies C+10 %. 

Similarities among taxa and among some types of 
environment and substratum were emphasized by a 
factor analysis of Reciprocal Averaging, allowing dis-
crimination of preferential habitats and ‘faunal facies’, 
ranked according to an edaphic gradient. Quantitative 
analysis was also undertaken at species level to study 
spatial heterogeneity in the distribution of popula-
tions. Comparisons are made with data from other 
means of in situ observation. The ‘Nautile’ explored 
one of the facies at the NIXO 45 site, the ‘R.A.I.E’ was 
used for three nodule-facies at the NIXO 41 site and 
the ‘Deep Tow Instrumentation System’ for the three 
nodule-facies ECHO 1 site. An estimate of megafau-
nal biomass by trophic group is discussed for the 
three sites studied. These are then compared with es-
timates of biomass for the megafauna, macrofauna 
and meiofauna sampled at the DOMES C site. The role 
of limiting factors (edaphic heterogeneity, currents) 
and biotic factors in the structure of suprabenthic as-
semblages is discussed.

    SUMMARYIOC TECHNICAL SERIES NO. 69, VOL.1
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1. Introduction

   1

This study was undertaken within the framework of 
a project inaugurated in 2004 under the auspices 

of the Government of Flanders and the Intergovernmen-
tal Oceanographic Commission of UNESCO entitled ‘The 
study of the biodiversity and distribution of megafaunal 
assemblages in a region of polymetallic nodules of the 
Eastern Equatorial Pacific: management of the impact of 
mineral exploitation’.

The objectives of this study are to evaluate the biodiver-
sity and distribution of benthic megafaunal assemblages 
within an ecosystem of polymetallic nodules in the Eastern 
Equatorial Pacific Ocean. This forms an environmental and 
faunistic reference base, built on a synthesis and update of 
work undertaken by the author (Tilot, 1992c). 

The study of environmental and edaphic conditions aids a 
better understanding of the biodiversity and heterogeneity 
of suprabenthic populations. Likewise, the associations that 
may exist between some functional assemblages and par-
ticular biotopes, especially within the different ‘nodule-fa-
cies’ (facies with different morphological types of nodules) 
are factors operating in these population dynamics.

The role of limiting factors in the structure of suprabenthic 
assemblages, such as environmental heterogeneity, cur-
rents and biotic factors, can then be discussed in the light 
of this knowledge. This information is essential for environ-
mental impact studies, since it enables predictions to be 
made on the functional dynamics of suprabenthic assem-
blages within their biotopes in response to the disturbance 
caused by the collection of polymetallic nodules.  This 
knowledge would enable compensatory measures to be 
taken, to mitigate the impact on the benthos of any future 
exploitation. Understanding the functional dynamics of the 

abyssal ecosystem could also aid in understanding the role 
of the fauna in the presence, formation and maintenance of 
nodule deposits on the seafloor.

The megafauna is defined as organisms (> 1-4 cm) that are 
visible in photographs of the ocean floor (Grassle et al, 1975; 
Gage & Tyler, 1991; Smith et al, 1997). It is only relatively 
recently that the importance of the megafauna in the func-
tioning of deep ocean environments has become evident 
(Rex, 1981; Smith & Hamilton, 1983; Sibuet, 1987; Pawson, 
1988a). This faunal category comprises a significant fraction 
(17-50 %) of benthic abyssal biomass (Haedrich & Rowe, 
1977; Sibuet & Lawrence, 1981; Sibuet et al, 1984) and the 
study of its abundance, composition and distribution is es-
sential to an understanding of the functioning of the ecol-
ogy of the abyssal suprabenthos. In the case of a nodule 
substratum, the megafauna can be used as an indicator 
of recolonisation after impact of the substratum (Bluhm, 
1997) or of the variation in flux of particulate organic carbon 
(Smith et al, 1997). The megafauna is also one of the princi-
pal agents of bioturbation of the deep sea benthos (Mauviel 
& Sibuet, 1985; Levin et al, 1986) and so can influence many 
other biological and geochemical components of the ocean 
depths (Sharma & Rao, 1992). 

Because of its scattered distribution, the study of the mega-
fauna requires the sampling of large areas, as already com-
mented on by Rice et al (1982). Studies of the megafauna are 
often limited to particular zoological groups such as echino-
derms (Haedrich et al, 1980; Sibuet & Lawrence, 1981; Rice 
et al, 1982; Pawson, 1983; Briggs et al, 1996; Copley et al, 
1996; Piepenburg et al, 1996; Bluhm & Gebruk, 1999) or 
even holothurians (Matsui et al, 1997). 

Some quantitative studies of the megafauna are based 
on specimens collected by trawling (Okutani, 1969; 
Dahl et al, 1977; Carney & Carey, 1976, 1982; Laubier 

   INTRODUCTION IOC TECHNICAL SERIES NO. 69, VOL.1 1
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& Sibuet, 1979; Pearcy et al, 1982; Sibuet et al, 1984;  
Richardson et al, 1987). 

Quantitative analysis of the epibenthos and records of 
animal behaviour are based on photographic and video 
data taken by towed or fixed devices and manned sub-
mersibles (Owen et al, 1967; Rowe, 1971; Grassle et al, 
1975; Lemche et al, 1976; Cohen & Pawson, 1977; Patil et 
al, 1980; Wigley & Theroux, 1981; Mauviel, 1982; Ohta, 
1985; Laubier et al, 1985; Foell, 1988; Pawson, 1988a, b; 
Tilot et al, 1988; Foell & Pawson, 1989; Kaufmann et al, 
1989; Wheatcroft et al, 1989; Bluhm, 1991; Thiel et al, 
1991; Sharma & Rao, 1991; Christiansen & Thiel, 1992; 
Smith et al, 1992; Christiansen, 1993; Bluhm, 1994; 
Bluhm & Thiel, 1996; Lauerman et al, 1996; Radziejew-
ska, 1997; Piepenburg & Schmid, 1997; Hughes & At-
kinson, 1997; Fukushima & Imajima, 1997; Kaufmann & 
Smith, 1997; Kotlinski & Tkatchenko, 1997; Matsui et al, 
1997; Tkatchenko & Radziejewska, 1998; Radziejewska 
& Kotlinski, 2002).

Some studies have compared two systems of sam-
pling, such as trawls and photographic probes (Haed-
rich & Rowe, 1977; Aldred et al, 1979; Rice et al, 1979; 
Dyer et al, 1982; Wakefield & Smithey, 1989; Nybakken 
et al, 1999), sometimes in combination with a manned 
submersible (Uzmann et al, 1977). According to Hae-
drich et al (1975), abundances calculated from trawl 
data are underestimated by an order of magnitude or 
more, whereas Young et al (1985) considered that pho-
tographic data result in underestimates. Ohta (1983) 
concluded that photographic studies give more precise 
estimates than those based on specimens collected by 
trawls, even if they are supplemented by an odometer. 
However, since these analyses have been made over a 
great range of depths, at different sites, under variable 
environmental conditions, and using different means 
and strategies of sampling, it is difficult to compare 
their results.

The two systems of sampling involving either the col-
lection of specimens or images are in fact complemen-
tary (Chave & Jones, 1991; Christiansen & Thiel, 1992; 
Pipenburg & Schmid, 1997). Studies of suprabenthic 
communities need descriptions and exact taxonomic 
identifications of organisms (Rice et al 1982; Briggs et 
al, 1996; Copley et al, 1996; Piepenburg et al, 1996). They 
also require accurate and rapid estimates of faunal 
abundance at least possible cost, which involves pho-
tographing large areas as well as providing information 
on habitats and faunal behaviour, especially at the sub-
stratum interface (Ohta, 1985;  Kaufmann et al, 1989; 
Hughes & Atkinson 1997;  Nybakken et al, 1999; Foell et 
al 1992, Bluhm 1994, Bluhm et al 1995; Schriever 1995, 
Schriever et al 1997). Radziejewska & Stoyanova (2000) 
opted for photographs supplemented by video footage 
as providing the most accurate data at least cost for 

rapid environmental assessment, before and after the 
impact of a benthic plume causing resedimentation. 
This would simulate the effects of the exploitation of 
polymetallic nodules and the recolonisation by benthic 
communities of the resedimented nodule zones of the 
eastern Pacific Ocean.

Most of the megafauna in the abyssal area of the Clar-
ion-Clipperton fracture zone within the tropical north-
east Pacific is still unknown to science (Belyaev, 1989), 
since it has been little sampled and rarely observed be-
fore the recent intensification of effort. For just over 100 
years, this zone of the Pacific has only been sporadi-
cally sampled, as during the voyages of the Challenger 
in 1873-75 and the l’Albatrosss in 1904-1905 (Menzies 
et al, 1973). But since the 1950s, the discovery of sig-
nificant deposits of polymetallic nodules and the eco-
nomic interest that they have aroused have lead to an 
international exploratory effort. Prospection of the de-
posits in this zone has collected a large quantity of data 
on the distribution, abundance and composition of the 
polymetallic nodules and their geological, physico-
chemical and biological environment. Lastly, the cruise 
by the French submarine ‘the Nautile’, which collected 
numerous images and specimens (NODINAUT, 2004), 
has permitted, amongst other things, the identification 
of large numbers of specimens.  

Hecker & Paul (1977), Paul et al (1978), du Castel 
(1982), Thorndike et al (1982), Foell (1988), Pawson 
(1985, 1988 a, 1988 b), Foell & Pawson (1985), Pawson 
& Foell (1983, 1984, 1986), Foell et al (1986), Tilot et al 
(1988) and Morgan (1991) have all identified new taxa 
at generic and specific level, and analysed the mega-
fauna of the nodule region in the Clarion-Clipperton 
fracture zone qualitatively and semi-quantitatively. 
These authors have also estimated abundance and 
faunal diversity in relation to the percentage cover-
age of nodules.

The collection of video and photographic data on the 
suprabenthos of this nodule zone can shed light on 
the identity, behaviour and preferential habitats of 
the megabenthos, as well as on the composition and 
spatial variability of populations on different substra-
ta. In addition, photographic documents help enable 
in situ identification of the sampled animals, which 
are sometimes difficult to identify after preservation. 
The analysis of the suprabenthic megafauna present-
ed here is based on about 200 000 photographs and 
55 hours of film taken since 1975 by various subma-
rine devices, including towed apparatuses such as the 
‘Remorquage Abyssal d’Instruments par l’Exploration’ 
or ‘R.A.I.E.’, ‘Deep Tow Instrument System’, and a ‘troi-
ka’ (Tilot, 1992b) and by autonomous devices such as 
cameras coupled to free samplers ‘E.D.1’, the ‘Épau-
lard’ and lastly the manned submarine ‘the Nautile’. 

2
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2. General Context

   3

The most economically important deposits of polyme-
tallic nodules are found within the Clarion-Clipper-
ton fracture zone in the central northern Pacific Ocean  
(figure 1).

2.1  THE CLARION-CLIPPERTON FRACTURE ZONE

The oceanic meteorological environment
In the Clarion-Clipperton fracture zone, the surface 
water is swept by trade winds of mean force 4 in a 
north/north-easterly direction, creating stable condi-
tions. Waves have a significant height, of 1 to 2 m. 
The surface currents have a maximum depth of 500 m 
and form part of the North Equatorial current directed 
towards the West, the North Equatorial countercur-

 GENERAL CONTEXTIOC TECHNICAL SERIES NO. 69, VOL.1 2

Fig. 1. Location of polymetallic nodule deposits in the Clarion-Clipperton fracture zone on a map of the topography of the seabed of 
the northern central Pacific Ocean (© Ifremer/GEMONOD). (See colour appendix 1, p. 127).
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rent towards the East, and the Southern Equatorial 
current towards the West. They have a mean speed of 
20 cm/s (0.4 knots) at a depth of 20 m, decreasing to 
12 cm/s (0.2 knots) at 300 m (NOAA, 1981), and are 
very variable in direction. In winter, from November 
to May, stronger winds (30 to 40 knots) are occasion-
ally observed during storms, and from June to Octo-
ber, tropical cyclones can be encountered (winds > 
100 knots). At intermediate depths (300-4800 m), the 
currents are weak (mean 0.08 knots) and variable in 
direction. 

The general scheme of deep oceanic circulation (from 
1 to 10 cm/s) in the Pacific Ocean is related to the 
movement of Antarctic waters, originating near the 
Ross Sea, and which descend along the Australian 
coast and emerge at the edge of the Samoan Islands. 
The water masses then move northwards, giving rise 
to two currents, one along the coast of the Philippines 
and Japan in the western Pacific, and the other di-
rected towards the north-east Pacific Ocean. Crossing 
the region of the Line Islands, the latter ends up in the 
Clarion-Clipperton fracture zone (figure 2). Here, deep 
ocean currents are probably influenced by the topog-
raphy of the ocean floor and vary between 0.1 and 
0.15 knots in a predominantly south-easterly direction. 
Near the ocean floor, they are directed southwards by 
the orientation of the topography. Measurements by 
NOAA (1981) show deep ocean current speeds of 2.1 
cm/s to 24 cm/s at 6 m above the ocean floor.

Physico-chemical characteristics of the water 
column and biological productivity 
The circulation of water masses in the Pacific Ocean has 
undergone important changes over the course of time. 
These variations have led to fluctuations in biogenic pro-
ductivity (figure 3) that have especially affected the ex-
tent of the zone of high equatorial productivity, as well as 
alterations in physico-chemical parameters (van Andel & 
Heath, 1973; Cook, 1975; Berger et al., 1987; Pujos, 1987). 
According to analyses of percentages of CaCO3 in sedi-
ments, the circulation has been fairly stable since the end 
of the Miocene (10 Ma). 

Calm tropical zones extend on either side of the equator 
and over about 3/4 of the tropical Pacific, contrasting with 
the equatorial zone which is subject to the upwelling of 
deep cold water, rich in nutritive salts and giving rise to 
very high planktonic productivity.

Comparative data from the surface and the water col-
umn were obtained by NOAA (1981) in the DOMES study 
area (5°-20°N and 128°-155°W) within the Clarion-Clip-
perton fracture zone. The thermocline is at 150 m depth 
in summer and at 130 m in winter. A thermal frontier is 
thus established, oriented east-west, and underlying the 
divergence zone between the North Equatorial current 
and countercurrent. The salinity of the surface water is 34 
in 1000 throughout the year. The distribution of dissolved 

oxygen and nutrients is strongly linked to the thermal 
characteristics at the surface down to 200 m depth (An-
derson, 1979). The thermocline inhibits the vertical trans-
port of nutrients. Zones of minimal oxygen content occur 
at 300 m and 500 m. The level of particles in suspension is 
maximal at the surface, to a depth of 300 m, then generally 
lower (7-12 mg/l) throughout the water column, increas-
ing again near the ocean floor (10-14 mg/l). This causes the 
presence of a weak cloudy layer and deep ocean currents 
that are strong enough to put particles back into suspen-
sion (Ozturgut et al., 1978). Concentrations of nickel and 
copper in solution increase on the ocean floor at 4800 m, 
whereas manganese in solution reaches its maximum at 
the surface and in the zone of minimal dissolved oxygen 
(Baker & Feely, 1979). 

Values for annual primary production are variable in the 
Clarion-Clipperton fracture zone and can be described as 
oligotrophic (with production of 15-35 gC/m2/an) to meso-
trophic (150 gC/m2/an) in the most westerly regions (Ko-
blentz-Mishke et al., 1970; Longhurst et al., 1995; Berger 
et al., 1987). Analyses of chlorophyll A in the oligotrophic 
zones show mean concentrations of 0.063 mg/m3 in sum-
mer and 0.12 mg/m3 in winter. That represents a low 
mean value for daily primary productivity of 1.5 mgC/m3/j 
in summer and 2.7mgC/m3/j in winter when compared 
with a level of primary production in the euphotic zone 
of 43.8 gC/m2/an in summer and 52.5 gC/m2/an in winter 
(El-Sayed & Taguchi, 1979). The micronekton, zooplankton 
and neuston vary between 3 and 8 g/m3, with a maximum 
in winter due to greater insolation (16 % more than in 
summer according to Franceschini, 1979). The greatest 
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Fig. 2. Map on the present-day pattern of deep ocean circulation in 
the Pacific Ocean (Demidova, 1999).
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Fig. 3. Map on the geographical distribution on a world scale of mean annual primary productivity (mg C/m2/an) calculated from 
data on C14. (Longhurst et al., 1995). (See colour appendix 1, p. 127).

concentrations of macroplankton are found in the first 
150 m of the water column while the lowest concentra-
tions are found at around 200 m depth and below 900 m. 
Maximum bacterial activity is found at the surface and in 
the zone of minimal dissolved oxygen (200 m).

The salinity in the lowest layer of the water column, to 
300 m from the ocean floor, is uniform with a mean value 
of 34.7 per 1000. Dissolved oxygen content is from 359 
mg atm/l in the west and 332 mg atm/l in the east in the 
Clarion-Clipperton fracture zone. Concentrations of nutri-
ents increase close to the ocean floor. At 400 m above the 
floor, levels of particles in suspension increase, indicating 
the presence of a weak cloudy layer. The temperature on 
the ocean floor is close to 1°C. 

The abyssal suprabenthic fauna 
The abyssal fauna, living on or close to the ocean 
floor, and especially the macrofauna which has been 
much studied in the literature, is characterised by 
great diversity and low population density (36 to 268 
individuals per m2). It is dominated (62 % of the to-
tal fauna) by the meiofauna (animals retained by a 
mesh of 40 mm) whose biomass is composed mostly 
of detritus feeders, and which represents 81 % of the 
total for the macrofauna (animals retained by a mesh 
of 250 mm) (Hecker & Paul, 1979). This fauna is char-
acterised in general by its small size, a low metabolic 

rate, great longevity, slow maturation, low reproduc-
tive potential, and low rates of colonisation (Thorson, 
1957; Mills, 1983; Rex, 1983). These characteristics are 
adaptations to extreme environmental conditions of 
great temporal stability, with temperatures of 1 to 3°C, 
pressures around 500 atm and a priori very low input 
of nutrients from the surface arriving on the ocean 
floor (oligotrophic environment). Consequently the 
abyssal environment is considered as having great 
ecological stability (Rex, 1983). 

However, current data from research in the abyssal 
environment, and especially in the Clarion-Clipperton 
fracture zone, demonstrate variability in biotic and 
abiotic conditions in space and time, thus revolu-
tionising  our previous ideas of great environmental 
stability that were based on a model of unchanging 
environmental conditions (Tyler, 1995; Radziejew-
ska & Stoyanova, 2000). Natural biotic and abiotic 
disturbances may also maintain these suprabenthic 
communities in equilibrium. A seasonal cycle ex-
ists with considerable variation in the vertical flow 
of detritus particles (Smith et al., 1997; Lauerman et 
al., 1997; Drazen et al., 1998; Thurston et al., 1998) 
related to variation in the flux of particulate organic 
carbon (Smith & al., 1997; Scharek et al., 1999). This 
is controlled principally by the periodic deposition of 
planktonic debris that originates in the eutrophic zone 
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(Thiel et al., 1988/1999; Gehlen et al., 1997; Smith et 
al., 1997; Khripounoff et al., 1998; Scharek et al., 1999). 
These results were confirmed by Smith et al. (1994) 
in experiments with a remote camera positioned on 
the ocean floor for 386 days. Similarly, Ruhl & Smith 
(2004) observed a significant change in the structure 
of the dominant suprabenthic megafaunal commu-
nity in the north-eastern Pacific Ocean following an el 
Nino/la Nina climatic change between 1997 and 1999. 

Other disturbances may be produced in the zone, such 
as changes in deep ocean currents, as well as ‘benthic 
storms’ phenomena that have been observed during 
long term in situ measurements (Kontar & Sokov, 
1994; Aller, 1997). 

Geological environment  
Three principal structural elements delimit the Clari-
on-Clipperton fracture zone (figure 4):

•  To the north and south, the Clarion-Clipperton frac-
tures form part of major oceanic structures which 
carve the Pacific abyssal plain into large parallel 
strips, oriented E-W for more than 5 000 km and 
reaching 5 500 m depth.

•  To the west, the chain of the Line Islands runs in a 
NW-SE direction and separates the Clarion-Clipper-
ton fracture zone from the region of seamounts and 
subduction of the West Pacific basin. 

•  To the east are the contours of the fossil ridge of 
Mathematicians, which rises to depths of 3 000-3 
500 m. Further east, the East Pacific accretion ridge 
forms the boundary between the Pacific, Cocos and 
Nazca plates in the north equatorial Pacific Ocean.

The nature and distribution of sediments on the ocean 
floor are a function of numerous processes closely 
connected with the geographic locality of deposition 
sites. The Pacific ocean extends over a very consid-
erable area between latitudes 70°N (Bering Sea) and 
70°S (Amundsen Sea), and a great variety of sedi-
ments are found over its floor. 

The main features of the depositional history of the 
Clarion-Clipperton fracture zone were initially re-
traced by the bores of the “Deep Sea Drilling Project” 
along a transect close to the East Pacific ridge near 
Hawaii (Tracey et al., 1971; van Andel & Heath, 1973; 
Cook, 1975).

The general appearance of the Clarion-Clipperton 
fracture zone is one of abyssal hills, elongated in a 

Fig. 4. Map on the regional geological setting of the Clarion and Clipperton fracture zone (van Andel & Heath, 1973). 
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north-south direction, parallel with one another and 
accompanied by escarpments (cliffs). These abyssal 
hills are somewhat elongated with irregular, ellipti-
cally domed summits and steep sides, and are the 
result of tectonic extension occurring on the dorsal 
flanks (Menard, 1964). In the Eastern Equatorial Pacif-
ic Ocean, the sediment coverage is about 20 % thicker 
in morphological depressions than on the ridges and, 
under the influence of sedimentary processes, the 
contours tend to soften (Shor, 1959). This embank-
ment of sediments must have been caused by the 
lateral transport of particles in suspension by weak 
currents. 

The basaltic substratum dates from 78 Ma at the site 
furthest east (161°W) and from 23 Ma at the furthest 
west (159°W). It originates from the functioning of 
the Farallon ridge. It was then subject to the follow-
ing events: fracturing by faults parallel to the ridge, 
a shift towards the west and north, an increase in 
depth due to the recooling of the oceanic crust, and 
finally, 10 million years ago, intensive refracturing ac-
companying a fall in the East Pacific ridge. This last 
process created a final episode of faulting producing 
escarpments that are now partially exposed, or when 
weaker, a local increase in the slope corresponding to 
the edge of a fissure. The basaltic platform presents a 
very rough microtopography of the seabed where it 
outcrops (Menard, 1964).

The whole sedimentary covering in the Clarion-Clip-
perton region is 100 to 300 m thick. A transition is 
seen in the sedimentary facies depending on latitude 
and longitude. The relatively narrow depth of the sed-
iments is witness to the slow rate of sedimentation 
together with the dissolving of carbonates from about 
15 Ma and possibly to hiatuses in deposition, during 
which the polymetallic nodules developed. The pres-
ence of ancient fossils in the present-day sediments 
is proof of the ever-present phenomenon of erosion. 
Stratigraphic reconstruction of the different sedimen-
tary formations is as follows:

The Line Islands formation is at the base of the 
lithostratigraphic column, deposited on the basaltic 
platform and consisting of semi-hardened brown silts 
rich in radiolarians. These silts are rich in iron oxides 
and  manganese but also contain calcareous nanno-
fossils, as well as siliceous inclusions of chemical or 
biochemical origin (cherts). This formation dates from 
the Eocene (40 Ma) and does not occur in the study 
zone. It is developed further west, towards 130°-
140°W, and increases westwards, to a thickness of 
about 150 m at 140°/150°W.

The Marquesas Islands formation is stratigraphically 
discordant over the preceding one, and corresponds 
to a period of sedimentation from 35 to about 20 Ma. 
It is composed of white calcareous silts with nanno-

fossils that are very soluble in sea water. Foraminifera 
are very abundant as well as a siliceous fraction com-
posed of radiolarians. The CaCO3 content is generally 
above 80-95 %. The lowest part of the formation has a 
chalky nature and contains siliceous concretions. The 
range of colours runs from white to orange  differenti-
ating layers 25 to 250 cm thick. This formation reaches 
a thickness of 300 m near the Clipperton fracture. In 
the region studied, its thickness is limited to 90 m.

The Clipperton formation is the most recent, dating 
from the middle Miocene to the present. It is formed 
of pelagic sediments, varying in thickness from 30 to 
50 m. These sediments are composed principally of 
brown radiolarian silts with a very high level of silica. 
At the base is a transition, with alternating levels of 
carbonates and siliceous clay, limited to a few metres 
thick in the study area (Du Castel, 1985). The calcium 
carbonate content and the homogeneous chemical 
composition of these silts are comparable with those 
that characterise the Marquesas Islands formation. 
The transition between these two latter formations 
is marked by cyclical variations (from which comes 
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Fig. 5. Block diagram showing the geological formations of the 
environment of the polymetallic nodules in the Clarion-Clipperton 
Zone. (© Ifremer)
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the definition of ‘cyclical series’) of sedimentary pro-
cesses, rather than by the chemical composition of 
the sediments. This cyclical series is the result of tem-
poral variation in the biological productivity of the 
surface waters, and stratification and circulation of 
water, which causes changes in the depth of the CCD 
(carbonate compensation depth). Figure 5 shows the 
different geological formations in the Clarion-Clipper-
ton fracture zone.

2.2  POLYMETALLIC NODULES 

In a geological sense, a nodule refers to a relatively 
small mineral assemblage, 5 to 10 cm diameter, con-
sisting predominantly of Mn-Fe and often irregular 
and rounded in shape. Polymetallic nodules were first 
discovered in the Kara sea in the Russian Arctic in 
1868, and subsequently sampled from the depths of 
the Atlantic by scientists on the British expedition on 
the H.M.S. Challenger in 1873. Since then they have 
been found in numerous marine and fresh water en-
vironments, and they appear to be ubiquitous on the 
ocean floor wherever the rate of sedimentation is ex-
tremely low (Halbach, 1980). It was only in the 1950s 
that these nodules assumed importance because of 
their richness in economically important minerals. 
Not only do they contain oxides and hydroxides of 
iron and manganese, but also of copper, nickel and 
cobalt (Goldberg, 1954).

Since the beginning of the 1970s, these nodules have 
been the subject of numerous studies involving sam-
pling, dredging, selective photography, photographic 
transects, continuous videos and manipulation in situ 
by manned submersibles. This work has been financed 
by industrial and governmental organisations in or-
der to estimate the richness of submarine deposits, 
since their exploitation could reduce, if not remove, 
the dependence of some industrialized countries on 
other countries. The discovery of nodule deposits has 
given rise to numerous investigations of their origin, 
growth and distribution, as well as studies of possible 
correlations with their physico-chemical environment 
and substratum.

Polymetallic nodules generally lie on the sediment, 
forming a more or less well developed superficial 
covering. However, nodules are also buried to sev-
eral metres depth within the sediments (Friedrich & 
Plüger, 1974; Friedrich, 1979). The superficial covering 
of nodules depends principally on their size and abun-
dance on the ocean floor and is sometimes accompa-
nied by a change in chemical composition (Friedrich & 
Plüger, 1974). Changes in nodule abundance per unit 
area can be rapid although difficult to quantify. Some 
studies have attempted to demonstrate a relationship 
between geochemical and mineralogical characteris-

tics and the geological environment of the nodules 
(Crerar & Barnes, 1974; Usui, 1979; Pautot & Melguen, 
1979), but the diversity of these parameters does not 
allow the extrapolation of this type of analysis to a 
global oceanic scale. In regions of abyssal hills, the 
shape of the nodules is principally hummocky. In 
more active zones with fractures and ancient volca-
nic structures, one finds polynodules made of several 
concretions adjacent to one another, with a smooth 
surface (Friedrich & Plueger, 1974; Halbach & Özkara, 
1979b). The distribution of nodules seems to be more 
influenced by the degree of slope than by variation 
in factors such as longitude, latitude and depth. Dis-
tribution varies exponentially with degree of slope, 
and when the slope is less than 5°, the correlation 
between terrain and nodule abundance is positive, 
whereas on greater slopes, nodules are much less 
abundant (Wang et al., 2001).

Nodule composition 
Mineral components contained in the oceans origi-
nate from the leaching of the continental crusts, 
the weathering of submarine volcanic rocks, from 
submarine, aerial eruptions and continental winds. 
These components are all transported in the form 
of solutions, colloids or suspensions. After marine 
transport by various currents, they are incorporated 
directly into sediments by gravitational deposition, 
chemical precipitation or by the action of living or-
ganisms which ingest them (figure 6). Substances 
fixed throughout skeletons and tissues can be up to 
100 000 times more concentrated in organic matter 
than in sea water. After the decomposition of dead or-
ganisms on the ocean floor, a chemical and biological 
chain may form a closed system that recycles some 
elements (Schneider, 1981).

Polymetallic nodules are composed of irregular con-
centric envelopes of oxides and hydroxides of iron 
and manganese, giving them a stromatolite-like 
structure. The successive layers of growth are a func-
tion of the variation in intensity and mode of physico-
chemical exchange with the environment. Layers rich 
in iron are the least crystallised and contain cobalt 
as a minor element, while the layers of manganese 
are better crystallised and richer in copper and nickel. 
Associated with these metallic deposits are epibi-
onts, organic particles (various tests) and minerals 
of detritic origin. The incrustations of manganese 
also contain silica, whose quantity is variable but 
can reach 10 % (Halbach & Puteanus, 1984). The mean 
composition of metals in a nodule can vary consider-
ably. The order of magnitude of concentrations is as 
follows: manganese = 20-30 % ; iron = 5-7 % ; copper 
= 1 % ; nickel = 1 % ; cobalt = 0.2 %. The wet density of 
a nodule is 2g/m3, its water composition is 30 % and 
its porosity 50 %.
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Formation and growth of nodules
The formation and growth of nodules has not yet been 
clearly explained. However, numerous hypotheses have 
been put forward based on observations of the ocean 
floor. According to von Stackelberg & Beiersdorf (1990), 
two conditions determine the growth of nodules: the de-
gree of proximity of the CCD and exposure to currents. 
These conditions also determine the local depositional 
history, and consequently an interaction between the 
historical sedimentary context and the local growth 
of nodules occurs. Liang (1993) put forward a theory 
of a formational relationship, involving a model of ki-
netic-static-progressive development in relation to the 
characteristics of the nodule’s internal structure and the 
space-time relationship between its formation and the 
associated sediments. In the central Pacific Ocean, nod-
ule formation can be classified in relation to the history 
of sedimentation by the structure of the layers into three 
phases of growth with two hiatuses. Qian & Wang (1999) 
concluded from their work on geochronological meth-
ods that their formation was closely linked to the layer of 
deep oceanic water from the Antarctic or Antarctic Bot-
tom Water (ABW). Thus the polymetallic nodules of the 
eastern Pacific Ocean have been formed gradually since 
the Oligocene with the main stages of formation at the 
beginning of the Miocene, the middle of the Miocene 
and the end of the Pliocene.

Nodules are found preferentially on ocean floors that 
have gentle topography and are rich in fine sediments 
(silts, clay). They grow from coarser elements such as 
otoliths or the vertebrae of marine mammals, sharks’ 
teeth, mineral debris, or from fragments of shells, old-
er nodules or volcanic rocks. The growth of nodules 
is linked to the migration of manganese across the 
sediments, then its precipitation and accumulation 
in the form of concentric layers by oxidation close to 
the water-sediment interface. A hypothesis of animal 
participation in their growth has been put forward 
in which foraminifers, xenophyophores, polychaetes 
and microorganisms all contribute to this chemical 
process (Wendt, 1974; Greenslate et al., 1974; Ehrlich, 
1978; Thiel, 1978). 

Certain microorganisms that live on the surface of 
concretions and crusts of manganese are capable of 
using the chemical oxidizing potential of ions (Mn2+, 
Fe3+, Mn4+) in sea water to extract the energy neces-
sary for their metabolism, and thus causing the pre-
cipitation of metallic oxides and hydroxides. Such hy-
potheses are supported by observations made by the 
scanning microscope (Larock & Ehrlich, 1978; Ghiorse, 
1980), which have shown microorganisms sheltering 
in the numerous cavities in the cortex of the nodules 
(Wendt, 1974; Thiel, 1978); their food would be sup-
plied by sea water. Biological activity could thus play 

Fig. 6. Schematic representation of the various processes found in a system of inflow, deposition and biological recycling of minerals 
in an oceanic system (Saguez, 1985).  
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a significant role in the growth of nodules. This hy-
pothesis has also been proposed by von Stackelberg 
(1979, 1982) based on a study of the internal growth-
structure of nodules.

The water-sediment interface is an important habitat 
for nodule growth. In the first few centimetres to sev-
eral decimetres of sediment, organic substances are 
decomposed and mineralised by various members of 
the food chain. Detritus feeders ingest sediments and 
assimilate and decompose organic substances. So 
there exists a zone of weak oxidation-reduction po-
tential in the sediment, in which the metals liberated 
from mineralised organic substances, tests, skeletons 
and micronodules can dissolve. It has been observed 
that increased levels of heavy metals are correlated 
with levels of organic carbon (Hartmann et al., 1975; 
Hartmann, 1979; Gundlach et al., 1979). Once mobil-
ised, metals (Mn, Cu, Ni, Co) can migrate to the sedi-
ment surface from the beginning of depositional dia-
genesis and contribute to the growth of nodules. 

Several processes of nodule formation have thus 
been proposed (Halbach & Özkara, 1979b), by hydro-
genesis (precipitation from sea water), by precocious 
diagenesis or by a combination of the two. As far as 
hydrogenesis is concerned, the nodule grows at its 
summital pole from metal precipitates originating 
from the water around the suprabenthos, while pre-
cocious diagenesis enables the nodule to grow at its 
lower pole, from metals originating in water percolat-
ing in the sediment from zones of reduction. A hy-
pothesis of growth of an oxic type has also been pro-
posed (Callender & Bowser, 1980; Klinkhammer, 1980) 
to explain the partial remobilisation of metals in the 
superficial part of the oxidising sediments that makes 
the lower surface of the nodules grow. Dymond et al. 
(1984) defined oxic growth as a process comprising 
the oxidation of organic matter and the dissolving of 
organisms.

The rate of growth of nodules in the abyssal environ-
ment must be extremely slow. It has been estimated 
by radiochronological methods at several millime-
tres (4-9 mm) per million years (Heye, 1988; Harada 
& Nishida, 1976, 1979; Krihnaswami et al., 1982). This 
phenomenon is thus much slower that the average 
rate of sedimentation on the ocean floor (1 millimetre 
per thousand years). Wu et al. (1999) compared the 
rate of growth of four nodules, one from the central 
part of the north Pacific Ocean and three from the 
Clarion-Clipperton fracture zone (CCFZ) with the aid 
of a super-accelerated mass spectrometer (10)Be. The 
rates of growth were respectively 7.5, 2.7, 9.6 and 1.5 
mm per million years and are in line with values giv-
en in the literature. 

The growth of nodules is not regular, and its discon-
tinuity has been demonstrated by Heye (1988). This 
theory was challenged by von Stackelberg & Bei-
ersdorf (1991) who advanced a hypothesis by which 
buried nodules would still be immature. Once buried, 
nodules cease growth. It is only under the pressure 
of upward growth that they take on the appearance 
of the nodules at the sediment surface. Consequently 
it is clear that a very low rate of sedimentation would 
be favourable to their growth. 

According to von Stackelberg (1982), a hiatus (or ab-
sence of sedimentation) occurred in the Clarion-Clip-
perton region between the beginning of the Miocene 
and the end of the Pliocene (13 to 16 Ma) and con-
sequently this period would have been the most fa-
vourable for the start of nodule development. In the 
middle Miocene (19 Ma) the circulation of the oceans 
was revolutionised by the closure of the Tethys and the 
upthrust of Central America,  after which Antarctic wa-
ters were able to pour into the Pacific basin. This drove 
the phenomena of erosion and reduction in the rate of 
sedimentation, linked to the dissolving of carbonates 
and silica, which are favourable conditions for nodule 
formation. Von Stackelberg (1990) also assumed that 
some nodules were able to start growing while calcar-
eous sedimentation at the beginning of the Miocene 
still prevailed. He attributed the presence of a hiatus 
in the lower Miocene to the action of strong currents 
caused by the outpouring of Antarctic waters into the 
basin of the Central Pacific Ocean.

The nodules of the Clarion-Clipperton region started 
their growth from potential nuclei such as particles 
torn off by erosion, fragments removed from beds 
of hardened sediments (pelagic sediments), volcanic 
ash or fragments of chert. Fragments of rocks such as 
basalt (von Stackelberg & Marchig, 1987) were able to 
act as nuclei in the regions of abyssal hills where tur-
bidity currents were significant. Finally fragments of 
nodules produced by autofragmentation also served 
as kernels. This autofragmentation occurred during 
the ageing of primary precipitates by dehydration 
due to the appearance of radial and concentric fis-
sures (Halbach & Özkara, 1979b). The nodular debris 
that served as kernels is evidence of a more ancient 
generation of nodules (19 to 20 Ma according to Bei-
ersdorf, 1987). 

Sustention of nodule deposits on the seafloor 
The phenomena that allow nodules to remain on the 
seafloor have not yet been fully elucidated by obser-
vations from towed cameras and still photographs. 
The role of bioturbation or biological activity has been 
proposed, as has that of currents. However, mea-
surements of present-day deep ocean currents show 
speeds between 2 and 25 cm/sec (Amos et al., 1977). 
This speed is sufficient to transport fine particles and 
thus, in places, reduce the real rate of sedimentation, 
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and it is too low to cause the erosion of even lightly 
consolidated sediments.

According to Schneider (1981), another trophic cate-
gory belonging to the megafauna, could be implicated 
in the maintenance of nodules at the sediment sur-
face: detritus feeders such as echiurians, sipunculids, 
sessile polychaetes, isopods, peracarids, molluscs, 
asteroids, echinoids, holothurians and hemichordates. 
These animals ingest the film of sediment at the water-
sediment interface and sometimes push nodules out 
of the way when they pass. Some echiurians construct 
remarkable mounds reaching more than 2 m in length 
by 80 cm wide and about 50 cm high (Tilot, 1991, 
1992a). In photographs and videos, one can see the 
evidence of biological activity (mounds, tracks, dark 
trails and alignment of nodules) which appears intense 
in some cases (Hartmann et al., 1975; Hartmann, 1979; 
Schneider, 1981; von Stackelberg, 1984). These tracks 
could have been created some tens if not hundreds 
of years ago by animals which disappeared long ago. 
The probability that a nodule would be turned over 
has been estimated at once in every 103-104 years for 
small nodules (Huh, 1982). Moreover, these traces of 
burrowing activity represent a particular biotope ca-
pable of altering the environment by modifying the 
chemical conditions of the sediment, as well as the 
current at the water-sediment interface, by increasing 
turbulence and inducing an exchange with the inter-
stitial water in the galleries (Ray & Aller, 1985). 

Improving our knowledge of the nodule ecosystem 
and suprabenthic assemblages allows a better un-
derstanding of relationships between certain animal 
groups and environmental conditions and habitats, 
and in this way will help us to elucidate the role of 
biological activity at the depositional interface.

2.3. THE COMMON HERITAGE  
OF MANKIND AND PIONEER  
INVESTORS

The United Nations Convention on the Law of the Sea 
is at the origin of a redefinition of marine areas to a 
extent that is not equalled elsewhere in international 
law. The allocation of sovereign rights to each coastal 
state has a collective equivalent or ‘commonwealth’, 
with the advent of the common heritage of humanity. 
The Zone is defined as the space situated outside the 
limits of national jurisdiction, which comprises the 
marine depths and their substratum (article 1.1 of the 
Convention). The Zone and its resources are placed 
outside all national claims; they are the common 
heritage of mankind (article 136). These resources 
are precisely defined: they comprise all in situ solid, 
liquid or gaseous mineral resources that are found 
in the marine depths or in their substrata, including 

polymetallic nodules (article 133). The final text of the 
Convention on the Law of the Sea was adopted on the 
30 April 1982 by 130 votes in favour, 4 against (Federal 
Republic of Germany, Australia, United States, and 
the United Kingdom) and 17 abstentions. The United 
Nations Convention on the Law of the Sea came into 
effect in November 1994.

From the beginning, France was one of the small 
group of states claiming the status of  ‘pioneer in-
vestor’ for the exploration of polymetallic nodules, 
along with India, Japan and Russia. Private industrial 
groups (consortia) with American and British status 
or under various sponsorships have also shown an in-
terest in the mineral resources of the deep ocean. On 
the 1st July 1981, following the example of American, 
German and English companies, the ‘Centre National 
pour l’Exploitation des Océans’ (CNEXO) deposited 
before the French government, on behalf of the ‘As-
sociation Française pour l’Exploration et la Recherche 
des NOdules’ (AFERNOD), a request for a permit of 
exploration covering a sector of 455 000 km2. This per-
mit request was modified on the 12th July 1982 by 
reducing the area to 300 000 km2, to conform to the 
regulations of the United Nations Convention on the 
Law of the Sea. 

On 10th December 1982, when the Convention on the 
Law of the Sea was signed in Jamaica by 119 dele-
gates, France had reservations about the applicability 
of the part relating to the deep sea and Federal Re-
public of Germany, the United States and the United 
Kingdom refused to sign. An interim legal system to 
protect preliminary investments in the deep ocean 
was put in place internationally by the Conference 
which had drawn up the Convention on the Law of the 
Sea. This system was managed by a Preparatory Com-
mission of the International Seabed Authority and the 
International Tribunal for the Law of the Sea, and was 
responsible for setting up a permanent system.  

A series of modifications to the French permit request 
were made in order to take account of various agree-
ments that had the purpose of resolving conflicts of 
overlap with American consortia in 1983, and then with 
American and Japanese consortia in 1984. The French 
request was thus reduced to 219 000 km2 of which 94 
500 km2 were retained from the request in July 1982. 
On the 3rd August 1984, France deposited before the 
UN Secretary General its request for permits of ex-
ploration and its registration as a pioneer investor on 
behalf of AFERNOD and signed a provisional arrange-
ment with seven other countries (Federal Germany, 
Belgium, United States, United Kingdom, Italy, Japan, 
and the Netherlands), ratifying the results of negotia-
tions conducted between the consortia.
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On 5th September 1986 in New York, the Prepara-
tory Commission ratified an agreement under whose 
terms conflicts between claimants could be settled 
and registration would operate. The central condition 
of this agreement was the commitment of each claim-
ant to contribute to the setting-up of a site of 52 300 
km2 in the Pacific Ocean which would revert to the 
international Authority. Each claimant was allocated a 
site of its choosing of the same area, and could add to 
this site up to 75 000 km2.

On the 17 December 1987, and at the same time as 
Japan and Russia, France deposited before the Secre-
tary General of the United Nations a claim as a ‘pio-
neer investor’ for an area of 75 000 km2 in three parts, 
of which 43 960  km2 resulted from the claim made by 
AFERNOD in July 1981. Since that date, these three 
countries have been in possession of mining permits, 
that of France being in three zones, represented in 
blue in figure 7.

COMRA (China Ocean Mineral Resources Research 
Development Association) of the Peoples Republic of 
China was registered on the 5 March 1992 as a pio-
neer investor and was allocated a sector of 150 000 
km2 in the western part of the Clarion-Clipperton frac-
ture zone. On the 21 August 1992, Interocean Metal, 
a consortium of companies from Bulgaria, Cuba, Po-
land, Czech Republic, Slovakia and the Soviet Union 
received investor status, with a sector of 150 000 km2 
in the eastern part of the Clarion-Clipperton fracture 
zone. In total 2 316 418 km2 was thus covered by min-
ing titles, of which 887 768 km2 was reserved to the 
International Authority, 675 000 km2  allocated by the 
Preparatory Commission and 615 350 km2 claimed by 
governments which had not signed the Convention 
on the Law of the Sea. 

As for France, AFERNOD was registered with Ifremer as 
its moral representative. The hazards or difficulties of 
progressing to a more active phase in the management 
of this dossier, and the lasting absence of economic and 
commercial prospects, have recently brought about the 
demise of AFERNOD. The legal title thus reverts directly 
to Ifremer on behalf of the state, without any modifica-

tion or other consequences. The legal part of this agree-
ment envisages two stages: the registration of pioneer 
investors and contractualisation.

Registration occurs under an interim regime required 
by the states themselves and concerned with preserv-
ing their investments and their precedence for access 
to resources. This question is regulated by Resolution 
II of the Final Act of the 3rd United Nations Confer-
ence on the Law of the Sea. This stage was reached on 
17 December 1987 and France, following the example 
of other claimants, registered for the sectors claimed 
in the Pacific as soon as she had satisfied the various 
conditions in Resolution II and the negotiations which 
followed its adoption, to make it compatible with the 
activities of the pioneers.

Contracts were drawn up well before becoming a le-
gal reality and were linked with the coming onto force 
of the Convention, at the end of the negotiations to 
modify Part XI. This established, in Kingston (Jamai-
ca), international regulations for the deep sea, as well 
as the International Seabed Authority, a new interna-
tional body responsible for overseeing the common 
heritage of mankind. 

On the 28 July 1994, negotiations undertaken on the 
initiative of the Secretary General of the United Na-
tions between signatories and non-signatories of the 
Convention resulted in the adoption of resolution 
48/263 of the United Nations, known as the ‘Agree-
ment relating to the Implementation of Part XI of the 
UN Convention on the Law of the Sea’. This text, which 
was nevertheless part of the Convention, made cer-
tain modifications to the measures previously taken. 
Thus an obligation to transfer technology was added, 
along with arrangements relating to the limitation of 
production and financial clauses connected to the 
creation of an international body and to contracts of 
exploration and exploitation of resources. 

The International Seabed Authority was officially cre-
ated and inaugurated in November 1994, and consists 
of the following bodies:

•  The General Assembly, at which not only the coun-
tries that have ratified or adhere to the Convention 
and to the Accord participate, but also those pro-
visional member countries which have agreed to 
comply with the Accord while waiting for their fi-
nal adhesion to the Convention. France ratified the 
Convention on 11 April 1996,

•   A Council of 36 members elected by the Assembly,

•   Two expert commissions: the Legal and Technical 
Commission and the Finance Committee.  

Fig. 7. Location of the zones of mining permits for the ex-
ploitation of polymetallic nodules in the eastern tropical Pacific 
Ocean. (See colour appendix 1, p. 129).  
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From 1995 to 2000, the Authority set in place various 
bodies and approved plans of work deposited by the 
pioneer investors. In July 2000, it adopted the rules 
relating to prospection and exploration for polymetal-
lic nodules in the zone, a type of mining code restrict-
ed to exploration. The General Secretariat progres-
sively arranged the human and material foundation, 
and was able to envisage transition to a new phase, 
which transformed the status of pioneer investors 
into contractors with the Authority. This phase was all 
the more important and necessary as the initial num-
ber of pioneer investors increased and the newcom-
ers had an active presence, trying to align themselves 
with the countries that had been part of the system 
from the beginning.

The operators whose plan of work was approved in 
August 1997, had, in 2001, to lodge with the Authority 
a contract of exploration based on the arrangements 
adopted in the Mining Code. These plans of work 
foresaw only general exploration during the first five 
years, and intended to move to detailed exploration, 
feasibility studies and mineral testing only when eco-
nomic conditions allowed them to envisage commer-
cial exploitation.

In June 2001, Ifremer signed a contract with the Inter-
national Seabed Authority on behalf of France. This 
was a standard contract for 15 years, divided into 
three periods of five years each, to allow evaluation 
of its implementation. It is part of France’s obligations, 
as defined by the International Seabed Authority, to 
undertake some work which seeks to improve our 
knowledge of suprabenthic ecosystems in the pres-
ence of nodules and to evaluate the risks of future 
mineral exploitation. Within the scope of the first five 
year phase, up to 2006, Ifremer is engaged in a major 
programme of cruises at the French site, including the 
NODINAUT cruise which took place from the 17 May 
to 28 June 2004 with an international team onboard 
and in association with the Kaplan programme coor-
dinated by the University of Hawaii. The objectives of 
this programme are to evaluate biodiversity and spe-
cies distributions in order to predict and manage the 
impact of the exploitation of polymetallic nodules. 

The International Authority, which manages the com-
mon heritage was delighted with the implementation 
of the Kalpan programme when its administrative 
and scientific worth was strengthened by diffusion 
of its scientific results. Recommendations proposed 
in this programme on the impact of future exploita-
tion of mineral resources and the conservation of 
biodiversity will assist the International Authority in 
drawing up and implementing rules and regulations 
and a strategy to protect the marine environment, in 
particular biodiversity and genetic resources.

Thus the stakes go beyond the great stages of deep 
sea statutes; the challenges are great for the scientific 
and industrial communities as well as for lawyers and 
diplomats. 

Actions taken by France concerning deposits 
of polymetallic nodules in the East Equatorial 
Pacific Ocean
The first French exploratory cruises for polymetallic 
nodules in the Clarion-Clipperton fracture zone com-
menced in 1975. They were carried out by the ‘Centre 
National pour l’Exploitation des Océans’ (CNEXO), 
which in 1984 became the ‘Institut Français de Recher-
che pour l’Exploitation de la MER’ (Ifremer), and on 
behalf of the ‘Association Française pour la Recher-
che et l’Exploitation des NODules polymétalliques’ 
(AFERNOD). The objective of the first intensive mis-
sions was to identify areas of nodule deposits and 
evaluate their economic potential. A systematic sur-
vey over about 2 500 000 km2 was based on sampling 
every 93 km. The Noria (NOdule RIches et Abondants) 
zone of about 450 000 km2 was then delimited and 
surveyed using a more concentrated grid with a sta-
tion every 2.4 km, in order to determine the struc-
tural, bathymetric and sedimentary environment of 
the nodules, using seismic and bathymetric readings, 
photographs and samples.  

The objectives of the exploratory phase, from 1979 to 
1981, were to characterize potential deposits, gain de-
tailed knowledge of the topography of the ocean floor 
and the spatial limits of the mineral resources, and 
to identify any major obstacles. CNEXO decided to 
employ two simultaneous methods to achieve these 
aims: 

•  to map the deep ocean floor using a multibeam 
sounder (Seabeam) which is sufficiently precise 
to reconstruct the distribution of abyssal hills and 
planes with minimum error, 

•  to observe the nodule covering and obstacles, 
which range from a few metres to tens of metres, by 
means of a trawled device or ‘R.A.I.E.’, or a remote 
device, the ‘Épaulard’, which were equipped with 
cameras, pressure gauges, and sediment samplers. 
Their photographs enabled estimates to be made 
of the importance and nature of any obstacles, and 
the abundance and quality of nodules.

During the following exploratory phase, AFERNOD 
characterized the potential deposits at the sites de-
limited during the previous phases. The aim of this 
phase was to acquire the knowledge necessary to 
define a strategy of exploitation. The programme of 
technological study for the development of the nod-
ule deposits was started in 1980, and required data 
and samples that would enable engineers to carry out 
their work. Since 1982, two cruises have led to:
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•  the building up of a collection of 25 tonnes of wet 
nodules resulting from 49 dredges divided between 
12 different localities, all situated in the zone that 
was the object of the exclusive research permit re-
quested in July 1981.

•  the detailed study of a test site designated NIXO 45 
by PLA 2-6000. This site was chosen on the basis of 
available information for its relatively uniform re-
lief and the presence of areas both with and with-
out nodules. It has been explored by a tight grid 
layout performed by the ‘Épaulard’ and ‘R.A.I.E.’ 
and numerous samples have been taken using the 
Kullenberg and TAAF corers.

After the construction of the ‘Système Acoustique 
Remorqué’ (SAR, towed acoustic system), this apparatus 
and the N/O Jean Charcot were available again for the 
exploration of the nodule zones only in 1986. During two 
cruises, three regions were explored using the SAR and 
the ‘Épaulard’. Sediment samples were also taken using 
Kullenberg and TAAF corers. Physico-chemical analysis of 
the mineral potential and numerous tests on methods of 
metallurgical treatment and collection (such as crushing 
and pumping) were carried out on 25 tonnes of nodule 
samples. The geotechnical data from the sediment cores 
enabled a better choice of equipment for deep ocean lo-
comotion (caterpillars). Observations from the lateral so-
nar (SAR) confirmed ideas on the frequency and distribu-
tion of obstacles and contributed to the establishment of 
a dredging strategy.

Although the tests by the PLA 2-6000 collector had not 
taken place at the NIXO 45 site with this intention, de-
tailed exploration brought about fundamental changes 
in thought, which lead to the redirection of international 
discussions towards a specific objective, that of obtaining 
a clearly delimited minimum zone of about 45 000 km2 
in the eastern sector. This was finally attained despite a 
multitude of overlapping demands by other pioneers. The 
study of NIXO 45 also allowed the analysis of supraben-
thic faunal assemblages in relation to different environ-
mental parameters and nodule substrata.

Finally, in December 1988, a cruise by the manned sub-
mersible ‘Nautile’, was able to make 16 dives which al-
lowed geologists and engineers to explore the ocean 
floor at 5 000 m depth and to carry out a series of experi-
ments. The sites chosen for the dives by the ‘Nautile’ were 
based on maps of obstacles made in 1986 by the SAR. 
These dives confirmed the preceding syntheses based 
on a number of former data and served to establish the 
reconstruction of the submarine landscape of nodule de-
posits. Measurements of soil mechanics were made in 
situ from the ‘Nautile’ by means of a field vane tester. Ob-
servations and measurements were also made on nodule 
resistance and conditions of collection.

The activities relating to polymetallic nodules and per-

formed by Ifremer, formed part of France’s contractual 
obligations to the International Seabed Authority fol-
lowing its signature in June 2001. The obligations were 
to ‘pursue a certain number of projects with the aim of 
improving our knowledge of suprabenthic ecosystems 
based around the subject “Nodule”, and to evaluate the 
risks of future exploitation by mining’. It was in this con-
text that the NODINAUT cruise with the submarine ‘Nau-
tile’ took place from 17 May to 28 June 2004. 

The work presented in this document and submitted to 
the International Authority, has similar objectives to the 
Kaplan programme but focuses on the megafauna. A ref-
erential state of megafaunal  assemblages is discussed in 
relation to various environmental parameters and nodule 
coverage. The analysis was based on the examination of 
photographic and video data collected by France from 
the beginning of its exploration of nodule deposits in the 
Clarion-Clipperton Fracture Zone (Tilot, 1992c). On basis 
of this referential state, recommendations regarding con-
servation of the biodiversity and strategy of monitoring 
with a view to minimizing the impact of the proposed  
exploitation of polymetallic nodules are proposed.  The 
megafauna is a faunal group still relatively poorly stud-
ied, especially at population level within the Clarion-Clip-
perton fracture zone. The Kaplan programme lead by the 
University of Hawaii looked essentially at the macro- and 
meiofaunas. However, the recent cruise by Ifremer permit-
ted notably the photography and sampling of the mega-
fauna, the study of fauna attached to nodules and the 
making of a few video transects over three nodule-facies. 
These data are currently being analyzed and would aug-
ment our reference base on benthic assemblages, verify-
ing the estimates and hypotheses of functional structure 
presented here. In spite of the small amount of sampling, 
preliminary results on the two nodule-facies analyzed on 
NIXO 45 site appear to confirm our identifications and 
faunal assessments.

2.4. ECONOMIC PERSPECTIVES OF 
MINERAL EXPLOITATION

There are no exploited terrestrial deposits that contain 
the four metals present in polymetallic nodules. How-
ever, one can compare the manganese in nodules with 
deposits of Mn exploited in Africa and South America, 
and nickel and cobalt with low grade deposits of lat-
eritic nickel. When there are new requirements for Ni, 
a choice will have to be made between the exploita-
tion of nickel-bearing laterites or nodules. Econom-
ics would envisage profitability of nodule exploita-
tion when the progressive exhaustion of the richest 
nickel deposits leads to tension in the market for this 
metal and a sustained increase in its price. Some 
economists estimate that the exploitation of nodules 
will not be profitable until the price of metals returns 
to that of the 1970s. Others recognise the necessity 
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of in-depth study of the market for the compounds 
present in polymetallic nodules. The choice between 
nickel-bearing laterites and nodules could be made 
sooner than anticipated, by taking into consideration 
the manganese component. Some governments, for 
example in Japan, China, Korea and India, continue 
to support research and development of a technology 
for operating in the deep ocean that will be applicable 
to the exploitation of nodule deposits, in order to give 
to their industry the possibility of such a choice. 

An investigation by the study group for the develop-
ment of means necessary for the exploitation of nod-
ules (‘Groupement d’Etude pour la mise au point des 
MOyens nécessaires à l’exploitation des NODules’ or 
GEMONOD, which comprises the CEA and Ifremer) 
shows that nodule exploitation is economically com-
parable with that of terrestrial mineral deposits that 
contain the same metals. Nevertheless, the “nodule” 
project is undoubtedly innovative and involves a tech-
nological risk, which should attenuate at a level eco-
nomically comparable to that of other risks, and in 
particular political ones, which would remain in the 
countries where the lateritic deposits are found.

In conclusion, commencement of exploitation will 
start when the economic conditions allow. In the 
meantime, new technologies of exploration and ex-
ploitation will have been conceived, and it is by 
means of these and the development of our knowl-
edge of the ecosystems of the nodule deposits that 
strategies of conservation and exploitation will have 
to be formulated.

2.5. DEFINITION OF THE ‘NODULE-
FACIES’ 

Most of the studies concerning concretions refer to 
classifications based principally on their morphologi-
cal and geochemical characteristics (Meyer, 1973; Hal-
bach & Özkara, 1979b; Saguez, 1985). The great vari-
ability of conditions in the geological environment 
(topography, erosion by deep ocean currents and the 
model of regional deposition) has lead to differentia-
tion of nodule beds and the recognition of ‘nodule-
facies’. The classification by AFERNOD (Hein & Vois-
set, 1978) was based on a photographic study of the 
ocean depths associated with samples and morpho-
logical and geochemical measurements of the types 
of facies. However, as seen in photographs, these fa-
cies were established by geologists to facilitate min-
ing prospection and are not based on origin or nod-
ule composition, but on population, size, morphology 
and environmental conditions. These latter param-
eters are suitable for ecologists in their studies of the 
substrata on which the fauna subsists. A subjective 
classification of eight nodule-facies made during the 
study of photographic transects covered by towed 
and autonomous devices and the ‘Nautile’ appears to 
be well adapted to the regional scale. These eight dif-
ferent nodule-facies are described as follows:

•  Nodule-facies C is composed of large nodules (6-
15 cm diameter or sometimes more), sunk well 
into the surface sediments if not completely (60-
100 %), hummocky on the surface and heteroge-
neous (sometimes granular) and elliptical (figures 
11, 13). An equatorial thickening can easily be seen 
because of the distribution of sediment which par-
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tially covers the nodule. It is generally set deep in 
the surface sediments and fracture fissures are of-
ten readily seen. Attached organisms are frequent. 
The superficial texture is smooth to rough and the 
dominant structure is botryoidal. The nodules are 
never coherent. The concentration diminishes (2 to 
10 kg/m2) with increasing nodule size. They cover 
only 15 to 20 % of the ocean floor and their abun-
dance is limited to 8 kg/m2. The higher values found 
in some samples can be explained by the complete 
burial of some of the nodules. The factor of slope  
> 15 % has been studied on nodule-facies C 30 %.
These nodules are always present in the southern 
part of the AFERNOD zone but further north coexist 
with nodule-facies B. The underlying silts are less 
clayey and richer in radiolarians. They have a high 
water content and very weak cohesion for the first 
few centimetres, forming a semi-liquid layer. These 
nodules are rich in manganese (30 %, with a ratio 
to iron of 6), nickel (1.4 %) and copper (1.2 %). The 
concentric layers of hydroxides of manganese are 
well crystallised. 

•  Nodule-facies Cp is a variant of C with a granular 
surface.

•  Nodule-facies C+ has slightly smaller nodules (7.5 
cm diameter), less sunken into the silt (30-60 %), 
homogeneous in size, with a hummocky surface, a 
predominantly mottled-dendritic internal structure 
and found at concentrations of 8 to 20 kg/m2. The 
superficial texture is smooth to rough and nodules 
are not coherent.

•  Nodule-facies C+m (m = mixed) is a variant of nod-
ule-facies C, composed of nodules with the same 
degree of burial and the same mean diameter but 
they are more heterogeneous in size and present at 
greater density on the ocean floor.

•  Nodule-facies B is composed of isolated nodules 
(never coherent) that are ovoid and flattened with 
a scarcely developed equatorial thickening (figure 
10). Their diameter varies from 4 to 7 cm and their 
concentration from 5 to 20 kg/m2. Their surface is 
hummocky and rough except at the summit where 
it is smooth or sometimes granular. Some of these 
nodules are apparently fragments of older nod-
ules, a clear sign of displacement after fragmen-
tation, while others show lines of fragmentation. 
The degree of burial is 30 to 60 %. These nodules 
are the most important economically as they have 
high levels of manganese (29 %, with a ratio to iron 
of 5), nickel (1-4 %) and copper (1-4 %), and low 
levels of iron and cobalt. The hydroxides are well 
crystallised and the structure is speckled-dendritic. 
The concentric layers are thicker and more regular, 
and formed of well crystallised hydroxides with 
micro-tunnels (10A°-manganate, buserite, todor-

okite). These nodules form vast beds lying on the 
sediment, with a coverage of 30 to 50 % and con-
centration greater than 10 kg/m2. They are found in 
the northern part of the AFERNOD zone and are as-
sociated with clayey radiolarian silts.

•  Nodule-facies B’ is a variant of facies B. It differs by 
having nodules with a smoother surface, a mean 
diameter less than 3 to 4 cm and a scarcely differ-
entiated equatorial rim. This nodule-facies is char-
acterised by the presence of a significant quantity 
of cohering nodules of identical fragility to those of 
nodule-facies A.

•  Nodule-facies BP consists of flattened ovoid nod-
ules, very frequently cohering and 2.5 to 4 cm in 
diameter. Their concentration varies from 4 to 10 
kg/m2. Polynodules and ancient fragments are very 
frequent. The surface appears smooth, their de-
gree of burial is from 0 to 30 %, and their structure 
is porous, microgranular on the upper and lower 
surfaces, and finely concentrically laminar in the 
interior. The kernel is sometimes a fragment of an 
older nodule. These nodules are generally close to 
rock outcrops.

•  Nodule-facies A groups together very numerous 
small nodules (3 to 6 kg/m2) with smooth surfaces 
that are 20 to 30 mm in diameter and irregular, 
often multilobed, in shape (figure 9). Polynodules 
and older fragments are frequent, and they rest 
on the sediment, scarcely buried. They border 
encrustations, plates (EP) and rock outcrops, cov-
ering about 50 % of the substratum in large ho-
mogeneous deposits, sometimes in facies mixed 
with larger nodules or plates (figure 14). In origin, 
the kernel is volcanic or sedimentary with a high 
level of silica. Geologists have suggested that they 
have been disturbed during their growth by envi-
ronmental changes such volcanic events, more or 
less associated with weak tectonic movements, 
changes in the pattern of currents, depositional 
disturbances at the base of cliffs, and falls of par-
ticles or even blocks. These nodules are relatively 
rich in iron (9-10 %) and cobalt, with a ratio of man-
ganese-iron of 2.5, and relatively poor in nickel 
and copper. The layers of hydroxides are irregular 
and poorly crystallised and their structure is finely 
and concentrically laminar. These are the nodules 
principally associated with red clay formations in 
the northern part of the Clarion-Clipperton frac-
ture zone. They are sometimes orientated in bands 
marking outcrops of harder sediments.

In the Clarion-Clipperton fracture zone, nodules are 
generally flattened because their growth is greatest 
in a horizontal plane (cruise NIXONAUT-GEMONOD, 
1988), and they are not all of the same age. The ag-
ing of unstable hydroxides is accompanied by an in-
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crease in their crystallization. Fissures running across 
the nodules are filled with clayey sediments. Some 
fissures cause autofragmentation and the fragments 
then grow themselves. The oldest nodules contain 
kernels of ancient fragments (nodule-facies BP and 
A), dating from the lower Miocene (Saguez, 1985). 

Two other nodule-facies are seen, EP, with plates and 
encrustations, and O, without visible nodules : 

•  Nodule-facies EP is formed of encrustations and 
plates of irregular shape, associated or not with an-
gular plates 5 to 15+ cm across (figure 16). Nodules 
are sometimes present, generally of type A, some-
times B, but never C. Sediment can partially cover the 
plates. Sometimes large blocks of stratified sediment 
or blocks of pillow rock, which are outcrops of basaltic 
lava, occur close to outcrops of hard sediments. In 
the AFERNOD zone, this facies is only found close to 
uneven topography. Encrustations appear frequently 
towards the upper edge of cliffs, forming a more or 
less continuous level, following abundant nodules of 
facies B or A. Geologists sometimes interpret this as 
a distinct stratigraphic level underlying the nodule-
bearing sediment. They are seen also on small terrac-
es which mark the upper levels of cliffs composed of 
scarcely hardened beige silts that contain carbonates 
from coccoliths and discoasters, stratified into banks 
0.2 to 1 m. The plates, blocks and debris of irregular 
shape are found at the base of escarpments in conti-
nuity with zones called facies “zero”. Some of these 
blocks preserve the stratification visible in the cliffs 
and have evidently fallen from them. Fissures can 
be seen, 0.5 to 1 m wide and several tens of metres 
long at the summit of the cliffs and several metres 
back from the edge, corresponding to sections in the 
course of becoming detached. It is also at the base 
of escarpments that outcrops of cushion basalt are 
found.

•  Nodule-facies O has no nodules at the surface nor 
any plates or encrustations (figure 12). It is pos-
sible that these are completely buried and that 
this facies is an ultimate form of nodule-facies C 
completely covered over. That is not the case for 
facies O at the foot of cliffs, steps and escarpments 
(figure 15). The substratum is composed either of 
ancient sediments (Oligocene to Miocene) or more 
recent sediments (Plio-Quaternary). During the 
NIXONAUT cruise, this facies was found in three 
places: 

•  in a band several tens of metres wide between de-
posits of nodule-facies B or C and at the base of 
escarpments,

•  close to hard outcrops of carbonated silts which 
form small steps, 

•  in vast deposits situated in low regions (valleys) 
where they appear as grey features in images ob-
tained by the lateral towed sonar (SAR) close to the 
ocean floor.

In this study, video and photographic transects were 
analysed over the following nodule-facies: A30 %, 
C5 %, C10 %, C15 %, C20 %, C30 %, C40 %, B40 %, 
B50 %, BP35 %, BP50 %, O old sediments, O recent 
sediments.

The current classification established by Hoffert & 
Saget (2004) reorganised the eight nodule-facies into 
five principal nodule-facies (table 1). This classifica-
tion simplifies the description of the nodules and puts 
it in line with those proposed by other consortia. It 
is based on the simple observation of polymetallic 
nodules.

   17
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Tableau. 1.  Summary of the 5 types of nodule-facies based on visual observations and photographs of the seabed (Hoffert & 
Saget, 2004). © Ifremer

Fig. 9.  Photograph of nodule-facies A, with small irregular 
nodules (Hoffert & Saget, 2004). © Ifremer

Fig. 10.  Photograph of nodule -facies B, regularly shaped 
nodules with numerous pieces of debris from old nodules 
(Hoffert & Saget, 2004).  © Ifremer
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Fig. 12.  Photograph of nodule -facies O seen from the 
‘Nautile’ during the NIXONAUT cruise. © Ifremer

Fig. 11.  Photograph of nodule -facies C, hummocky nodules 
with an equatorial thickening (Hoffert & Saget, 2004).   
© Ifremer

Fig. 13.  Photograph of nodule -facies C seen from the 
‘Nautile’ during the NIXONAUT cruise.  
© Ifremer (See colour appendix 1, p. 130).

Fig. 14.  Photograph of nodule -facies B and C mixed, seen 
from the ‘Nautile’ during the NIXONAUT cruise.  © Ifremer

Fig. 15.  Photograph of steps in an outcrop of hardened car-
bonaceous silt, seen from the ‘Nautile’ during the NIXONAUT 
cruise, (PL 15).  © Ifremer (See colour appendix 1, p. 130).

Fig. 16.  Photograph of nodule -facies A, associated with 
small plates (facies-EP), NIXONAUT cruise, zone 48, (PL 15).   
© Ifremer

   19
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2.6  THE NIXO 45 SITE

From 1979 onwards, the deployment of the multibeam 
sounder (Seabeam) and systems of continuous pho-
tography of the ocean floor (‘Épaulard’, ‘R.A.I.E.’) en-
abled a more precise study of relationships between 
relief and the distribution of nodules and sediments. 
From the perspective of testing dredging systems, the 
NIXO 45 site was selected for its relatively flat topog-
raphy and its richness of polymetallic nodules. This 
site extends for 360 km2 between the Clarion fracture 
to the north and the Clipperton fracture to the south 
(130°00’W/130°10’W, 13°56’N/14°08’N) in a region of 
abyssal hills, whose substratum can be dated from 
about 40 Ma (Herron, 1972).

Structural and morphological features
Du Castel (1985) presented the geological setting 
of the NIXO 45 area in the first geological map at  
1/20 000, describing morphological features such as 
basins, valleys, hills and plateaux, and within which 
the various nodule-facies are distributed (figure 17). 
Large morphological features of the region are a cen-
tral depression of maximum depth 5 150 m, bordered 
by two hills to the west and east, which rise to a depth 
of about 4750 m. Numerous tectonic events define the 
minor structures such as plateaux, hills and second-
ary valleys. The whole morphological structure has a 
principal north-south orientation, parallel to the an-
cient axis of accretion. Although the major part of the 
relief is undulating, there are flatter areas known as 
“plateaux” (du Castel, 1985), whose origin is uncer-
tain but could be structural (due to variation in the 
rate of accretion or large out-flowings on the flanks 
of the ridges). Their origin could also be dynamic, due 
to the abrasion of contours and accumulation of sedi-
ments. This latter explanation supposes the existence 
of significant deep ocean currents during the geologi-
cal history of this region.

Escarpments are relatively numerous and play an ac-
tive part in the geomorphological landscape of the 
NIXO 45 site. They are generally cut into more or less 
regular successive steps with subvertical walls. The 
analysis of photographic data shows that these undu-
lations are very largely still active. This suggests the 
existence of tectonic readjustments, closely linked 
to plate movements, which involve the formation of 
slopes and cones of scree. The most marked slopes 
are observed on the sides of hills. They rarely exceed 
7° though can reach 15° locally.

In 1986, use of the bathymetric multibeam sounder 
‘Seabeam’ and high resolution lateral sonar ‘SAR’ 
(Système Acoustique Remorqué or towed acoustic 
system), coupled with sonar profiles at 3.5 kHz and 
cores from superficial sediments, enabled precise 
understanding of the geological environment in the 
nodule area. In addition, ‘SAR’ was able to detect the 

effects of tectonic activity and recent erosion by the 
existence of outcrops of the basaltic platform, eroded 
by the deep ocean currents, and the thickening of 
the sedimentary series which, with the presence of 
drag folds, suggested the refaulting of the platform 
(Le Suavé et al., 1987). In 1988, during the NIXONAUT 
cruise, the ‘Nautile’ enabled the exploration of this 
area in particular and the in situ verification of the 
distribution of nodules, sediments and submarine re-
lief. Similarly, the geotechnical characteristics of the 
sediments were evaluated in advance of having to 
support the collection devices, as well as carrying out 
tests of crushing and nodule collection. The analysis 
of samples and films enabled the geological history 
of the region to be clarified.

Although the present-day morphology has been fash-
ioned by tectonic and major paleo-oceanographic 
events, detailed topography owes more to quaternary 
climatic events. New hypotheses (Hoffert et al., 1992) 
redefine the sedimentary environment which has em-
bedded the nodules and show the determining role 
of the Plio-Quaternary period in their distribution 
and in their morphological, chemical and mineralogi-
cal modification. The present distribution of nodules 
would thus be the consequence of the dynamics of 
deep ocean currents due to climatic variations in the 
Quaternary. According to this hypothesis, the sight of  
nodule deposits on the seabed is due entirely to the 
existence of present-day erosion (less than 210 000 
years) which once interrupted, causes rapid nodule 
burial. Lonsdale & Southard (1974) also showed that 
in identical conditions nodule-bearing sediments are 
more sensitive to erosion created by lower current 
speeds than are sediments without nodules.

The superficial layer of sediments 
The sedimentary coverage outcropping in the NIXO 
45 region consists of deposits from the middle Oli-
gocene (30 Ma) to the present (figure 18). The oldest 
sediments (pre-Miocene) were deposited above the 
CCD in the form of calcareous silts formed of cocco-
liths. One study referring more precisely to the NIXO 
45 area (Ricou, 1990) defines the “Bedded Series 
based on acoustic characters which express consider-
able stratification. These deeper sediments outcrop at 
cliffs dissected by fracturing and landslides.

The upper formation is discordant with the underlying 
“Bedded Series”. Laying below the CCD, it is formed 
of clay and siliceous sediments. This sedimentation 
dates from the end of the Miocene to the present. Its 
acoustic characteristics designates it as “Transparent 
Series” (Piper et al., 1979). Two facies, “red clays” and 
“contemporary siliceous silts” can be distinguished. 
The second constitutes almost all of it and contains 
deposits of iron oxyhydroxide and zeolites. The “sili-
ceous silt” facies outcrops over almost the whole of 
the NIXO 45 site and forms the substratum on which 
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Fig. 17.  Map of the major morphological structures found on the NIXO 45 site (du Castel, 1985).
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the nodules grow. It only forms a superficial covering, 
a few metres thick and consists of animals from the 
recent Quaternary, almost always in association with 
older fauna. The model for deposition of contempo-
rary sediments in the region of NIXO 45 involves dis-
turbance by deep ocean currents, whose speed does 
not exceed 17 cm/s and which are associated with wa-
ter of Antarctic origin. They carry sediment particles 
for a thickness of about 400 m, in cold water rich in 
oxygen. This site forms part of the northern border 
of the zone of high planktonic productivity of the 
equatorial Pacific Ocean. The phenomenon of particle 
settling or pelagic sedimentation is predominantly at 
these great depths.

The mechanical resistance of the ocean floor at the 
NIXO 45 site has been estimated from cores of recent 
clayey silt and analysis by a field vane tester (NIX-
ONAUT-GEMONOD cruise, 1988). The cohesion is 
weak for recent silt; it rises from 1-2 kPa in the inter-
face layer to 3-5 kPa at several tens of centimetres 
depth. In contrast, it is clearly stronger in older floor, 
reaching 20-80 kPa.

Distribution of the nodule-facies 
The work of du Castel (1985) demonstrated transitions 
in facies within the NIXO 45 site and well marked re-
lationships with the regional environment (figure 19). 
The probability of lateral movement from one nodule-
facies to another was calculated by a Markov analy-
sis, which gave high values for transition between 
nodule-facies EP, BP and A, indicating the possible 
development of nodule-facies BP into A. High values 
of transition between nodule-facies C and O might in-
dicate growth of these nodules in the sediment (du 
Castel, 1985). Frequently at NIXO 45, progressive pas-
sage between the following pairs of nodule-facies has 
been noted: B and BP, B and C+, C+ and O. In contrast, 
sharp transitions have been observed between C+ and 
Cp, B and BP, and BP and areas of outcropping EP.

Taken together, the geological observations made at 
NIXO 45 have allowed the precise description of the 
distribution of nodule-facies, as well as establishing 
the principal correlations between the geological data 
(from cores and photographs) and the geophysics of 
the beds of superficial sediments in the region (Hein 
& Voisset, 1978; du Castel, 1985; Saguez, 1985). 

The principal correlations that have been established are:

•  Polymetallic nodules are preferentially associated 
with radiolarian silt belonging in part to the recent 
Quaternary.

•  The influence of topography is seen by the lack 
of surface nodules in the central part of the NIXO 
45 region, where there is an increase in depth  
(> 5 000 m) and ancient deposits dating from the 

lower Quaternary to the Oligocene. A thickening 
of the sedimentary coverage on top of the series 
could be the cause of the concealment of the nod-
ules.

•  The development of channels without nodules (fis-
sures), several hundreds of metres long and some 
tens of metres wide, in valley bottoms, which ac-
cording to Hoffert et al. (1992), correspond to the 
thickening of recent sedimentary deposits. These 
date from the Pliocene, according to cores taken 
during the NIXONAUT cruise in 1988. The pres-
ence of these channels correlates with beds of 
large, rich and abundant nodules. The channels are 
known as “grey features” because of their weak 
reflectivity (transparent facies) in sonar images. 
The well-defined edges of these “grey features” 
consist of very recent Quaternary sediments (less 
than 210 000 years, fide  Hoffert et al., 1992) associ-
ated with nodules. According to these authors, the 
grey marks are the consequence of acceleration by 
masses of deep ocean water during the Plio-Qua-
ternary and may now be covered by a current that 
is sufficiently strong to prevent the deposition of 
sediment particles.
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Fig. 18.  Map of the superficial sediments in the NIXO 45 site 
(du Castel, 1985).
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•  On steep slopes nodules are generally smaller or 
absent (nodule-facies BP).

•  Areas of unstable terrain (15-20 %) due to gravita-
tional landslides do not allow the retention of nod-
ules at the water-sediment interface.

•  The development of nodules could take place with-
in sedimentary layers, by dendritic growth.

The geographic distribution of nodules, whether at 
the scale of the NIXO 45 site (Hein & Voisset, 1978) or 
the Pacific Ocean (Halbach, 1980), suggests that the 
physico-chemical and biological mechanisms that are 
responsible for the genesis and growth of polymetal-
lic nodules are not stable, either in space or time. The 
geochemical characteristics of nodules reflect varia-
tion in content and supply of oceanic minerals dur-
ing the course of their growth. These relationships 
change very rapidly and can be linked to geological 
events that are considered instantaneous (such as 
volcanic eruptions) or ultra-rapid (climatic fluctua-
tions). Organisms have played an essential role in 
the development of nodules. Some, such as thuram-
minids and other Foraminifera, are systematically as-
sociated with nodules (Saguez, 1985), while possible 
relationships exist between chemical and biological 
activity around some concretions are not yet well es-
tablished.

    IOC TECHNICAL SERIES NO. 69, VOL.12 2

Fig. 19.  Map of the distribution of the principal nodule-facies 
with the location of transects of the ‘Épaulard’ and ‘R.A.I.E.’ in 
the NIXO 45 site (Saget pers. comm., 2004).
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3.1. METHODS OF OBSERVATION  

Towed devices
The ‘R.A.I.E.’ (Remorquage Abyssal d’Instruments 
pour l’Exploration) was developed for Ifremer to in-
vestigate polymetallic deposits on the seabed (fig-
ures 20 and 21). This device, weighing 2300 kg, can 
dispense with  ballast. Its metal frame 4.6 x 1.2 x 1.2 
m carries photographic equipment consisting of two 
Benthos 377 cameras (28 mm and 16 mm) which are 
able to take 3 800 shots and a Benthos 387 flash (4 
lights of 1500 J). It is also equipped with 40 Ah bat-
teries, an acoustic Benthos altimeter (frequency 100 
kHz, resolution 0.1 m), a depthmeter (teledyne Taber 
T 2000 with precision of 20 m and resolution of 0.1 
m), a magnetic recorder (Sea Data 610 with capacity 
11 Mbits), a high resolution temperature probe and a 
real-time vertical positioner (Pinger Suber). The angle 
of view is subvertical, inclined at 10°, to avoid record-
ing the ballast in the photographic field. It has a maxi-
mum tow speed of 1.5 knots, maximum immersion of 
6 000 m and a range of 32 to 60 hours.

The swimming altitude of the ‘R.A.I.E.’’ in relation 
to the ocean floor is controlled in real time from the 
surface, by means of the reception of emissions from 
the pinger. For an altitude of 3 m, for example, the 
surface that is photographed is 7 m2. The interval 
between shots in the version of ‘R.A.I.E.’ used in the 
nodule zones is of 16 seconds.  

Close to 76 200 photographs, relating to a total dis-
tance of 1 447 km, were taken by the ‘R.A..I.E.’ in the 
NIXO 45 zone. These photographs form the major part 
of the visual data from the ocean floor which were 
used in the present study.

The ‘Deep Tow Instrumentation System’, developed 
for the Scripps Institute of oceanography in the USA, 
is a metal chassis towed near the seabed, equipped 
with a 35 mm video camera and two Benthos cam-
eras with 50 mm (wide angle) and 70 mm (telephoto) 
objective lenses (figures 22 and 23). It also has equip-
ment for collecting biological samples (nets) and wa-
ter samples, flashes, a lateral sonar, a depthmeter, a 
magnetic recorder and acoustic altimeter, a tempera-
ture probe and a vertical positioning system (Spiess 
& Lonsdale, 1982). During the ECHO I cruise in June 
1983, the height of the camera above the floor was 10 
m. As this was often too high for the recognition of 
the fauna, the 70 mm telephoto objective was used to 
reveal greater detail. Figure 23 represents the route 
of ‘Deep Tow’ during this cruise and the localities 
of the photographic transects and cores. During the 
ECHO I expedition ‘Deep Tow’ made 11 photographic 
transects and collected about 5 500 photographs of 
the ocean floor which were analysed in this present 
study.

A ‘troika’  is a towed submarine suprabenthic camera 
sleigh, 2.5 x 1 x 1.6 m, developed by commander J.Y. 
Cousteau (figure 24). This device is equipped with two 
Benthos 372 cameras, a Hydroproducts SDA video 
camera, an Edgerton 382 flash, and a 200 W spotlight. 
The towing speed is 3 knots in calm water and 1 knot 
in turbid water. The area covered by photographs is 
from 1 to 2.5 m2 and the definition allows identifica-
tion of objects greater than 5 cm. This system was 
used at sites A and B of the COPANO cruise in 1979 
(Pautot & Hoffert, 1984) in the Clarion-Clipperton frac-
ture zone (site A: 132°44’W-16°34’N; site B: 133°20’W-
14°30’N). The interval between shots was 6 seconds. 
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A total of 2 400 photographs taken by a ‘troika’ at 
these two sites were analysed in this study. Figure 
25 depicts an exceptional photograph of a swimming 
holothurian Peniagone leander.

Fig. 21.  Diagram of the of the towed device ‘R.A.I.E’.   
© Ifremer

Fig. 20.  Photograph of the towed device ‘R.A.I.E’ (Remor-
quage Abyssal d’Instruments pour l’Exploration). © Ifremer

Fig. 22.  Diagram of the ‘Deep Tow Instrumentation System’ used during the ECHO I cruise.  © Ifremer
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Fig. 24.  
Diagram of the 

towed supra-
benthic camera 

sleigh or ‘troika’.

Fig. 25.  Photograph of a holothurian swimming over a bed 
of nodules taken by a ‘troika’. © Ifremer

Fig. 23.  Map of the ‘Deep Tow’ in the American 
ECHO I site.

   27
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Remote controlled devices
The free sampler ‘ED1’ (a camera coupled to a sam-
pling device) was conceived by the EGMO company 
(figure 26). It is equipped with a camera that allows a 
slightly oblique angle of shot in relation to the vertical, 
photographing an area of about a square metre. Dur-
ing the first years of prospecting in the nodule zones, 
this apparatus was used intensively in a very accurate 
manner (rate of loss close to 1 %). A total of 3 213 sta-
tions (or photographs) were taken in the Clarion-Clip-
perton fracture zone from 1975 onwards and these 
photographs were examined for this study. 

The ‘Épaulard’ is an autonomous unmanned sub-
mersible developed by Ifremer. This submersible is  
4 x 2 x 1.1 m and is piloted from the surface by acous-
tic controls to a depth of 6 000 m (figures 27, 28). It 
moves at a speed of 1 m per second between 5 and 
10 m above the seabed, with a maximum range of 7 
hours. Its altitude stays constant due to a guide-rope, 
and in the case of prospecting in the Pacific Ocean, 
the ‘Épaulard’ was maintained at about 5 m from the 
ocean floor, allowing contiguous fields of view with 
shots taken at 5 second intervals. This submersible 
is equipped with a 200 joule flash and a Benthos 377 
camera capable of taking 5 000 photographs at a rate 
of one every 5 to 10 seconds. Figure 31 illustrates the 
type of photograph that this apparatus can take. In 
addition, ‘Épaulard’ possesses a magnetic recorder 
which gives the time, distance, altitude, depth and 
temperature, and two echo-sounders, a magnetic 
compass and an acoustic transducer for sending and 
receiving. The ‘Épaulard’ is a valuable tool for de-
tailed work and for providing photographic faunistic 
data for quantitative analyses. 

Figure 29 illustrates the topographic ‘Seabeam’ chart 
and the trajectories of the ‘Épaulard’ and the ‘R.A.I.E.’, 
showing details of the different nodule-facies and 
their populations on the ocean floor. Each photograph 
covers an area of about 25 m2 at an elevation of 5 m. 
Figure 31 shows a photograph taken at an exceptional 
angle caused by the presence of a cliff, which broke 
an even course at a fixed elevation. The present study 
has examined in detail a total of 84 937 photographs 
taken since 1975 along 227 km of profiles in the Clari-
on-Clipperton fracture zone.

The ‘Nautile’  is an autonomous manned submers-
ible, 8 x 2.7 x 3.45 m, developed by Ifremer and the 
D.T.C.N.. It is capable of descending to 6 000 m and 
moving at a maximum speed of 2.5 knots with range 
of 13 hours (figure 30). The ‘Nautile’ is equipped 
with two arms, one capable of manipulation and the 
other of grasping, as well as a panoramic sonar, a TV 
camera, two photographic cameras, six searchlights 
(3 000 W) and a sediment sounder. The cameras of the 
‘Nautile’ can be oriented so that they have an oblique 
view down to the ocean floor, which is useful for fau-
nal identification compared with the vertical shots 
from the ‘Épaulard’ and the subvertical ones from the 
‘R.A.I.E.’.  The width of the field of view is estimated to 
be about 2 m by adapting the Canadian grid perspec-
tives of Wakefield & Genin (1987). 

During the NIXONAUT cruise in 1988, the ‘Nautile’  
was able to make 16 dives over the nodule zones, 
resulting in a total of 55 hours of video footage and 
2 090 photographs of the seabed in the Clarion-Clip-
perton fracture zone that were examined in this study. 
It is from the ‘Nautile’, that the first images in colour 
appeared. Figure 32 shows the localization of the 
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Fig. 26.  Diagram and pho-
tograph of the remote device 
‘ED1’ (camera coupled to a  
sampling device). © Ifremer  
(See colour appendix 1, p. 128).
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Fig. 27.  Diagram of 
the autonomous sub-
mersible the ‘Épaulard’. 
© Ifremer

Fig. 28.  Photograph of the 
autonomous submersible the 
‘Épaulard’. © Ifremer (See colour 
appendix 1, p. 128).

Fig. 29.  Seabeam bathymetric map, showing the transects of the ‘Épaulard’ and ‘R.A.I.E.’, indicating the various nodule-facies and 
density of nodules. © Ifremer
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Fig. 30.  Photograph of the autonomous manned submersi-
ble the ‘Nautile’. © Ifremer  (See colour appendix 1, p. 128).

Fig. 32.  Locations of dives made by the ‘Nautile’ during the NIXONAUT cruise. © Ifremer

Fig. 31.  Photograph of a crinoid Ptilocrinus sp. on a cliff, 
taken by the ‘Épaulard’. © Ifremer

Fig. 33.  Photograph of ophidioid fish and a 
sponge taken by “the Nautile” during the NIXO-
NAUT cruise. © Ifremer
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dives made during this cruise, and figure 33 is a pho-
tograph of megafauna on nodule-facies C taken dur-
ing NIXONAUT cruise.

3.2. STRATEGIES OF DATA ANALYSIS

Strategy applied to the qualitative analysis 
The faunal organisms observed in the films and pho-
tographs were designated as taxa since none of the 
specimens photographed in this study were collect-
ed. Moreover, a taxon is defined as an assemblage of 
organisms of any taxonomic rank that are sufficiently 
distinct to merit being assigned to a definite catego-
ry. Among the different types of arrangement, a syn-
thetic Linnean classification has been adopted for the 
most recognisable forms. Nevertheless, the problem 
of equivalence of taxa is judged to be insoluble for 
the present, in view of the current absence of com-
mon criteria between different groups.

For each taxon, a maximum of information was gleaned 
from a collection of about 200 000 photographs and 55 
hours of film for the qualitative analysis. The size, tracks, 
behaviour and habitats (different substrata) permit-
ted the compilation of an exhaustive database. Com-
parisons were made with the fauna from the Peruvian 
Basin in the southern Pacific Ocean, analysed from the 
German DISCOL cruise (Tilot, 1989), to find possible 
organisms in common between the two regions (tropi-

cal north-eastern and south-eastern Pacific), and thus 
obtain information on the distribution of taxa which 
have been collected elsewhere. Films from the oceano-
graphic cruises lead by Ifremer in the Atlantic Ocean, 
such as Biogas, Cymor, Cyaporc, and Abyplaine, were 
viewed with a similar objective. Literature describing 
species collected in the region or close to it, and bearing 
similarities to the organisms observed, has also been 
used. Finally this analysis benefited from the help of an 
international network of taxonomists listed in Appendix 
3. They proposed hypotheses of identification based on 
information from images and the literature. Appendix 2 
lists the codes used.

Strategy applied to the quantitative analysis 
The three sites which were selected within the Clari-
on-Clipperton fracture zone for quantitative analysis 
of suprabenthic assemblages were the French sites 
NIXO 45 and NIXO 41 (to the south of NIXO 45) and 
the American site ECHO 1 (to the east of NIXO 45), 
which is partially within the “Preservational Refer-
ence Area” (PRA) (figure 34).

The NIXO 45 site
The NIXO 45 site (130°00’W/130°10’W-13°56’N/14°08’N) 
was selected for the quantitative analysis of  supra-
benthic faunal assemblages because it has been par-
ticularly well explored and sampled within Ifremer’s  
marine geosciences programmes.
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Fig. 34.  Bathymetric map showing the location of the 3 sites where fauna was studied quantitatively (Mammerick & Smith, 
1981). © Ifremer
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Analysis of photographic data from the ‘Épaulard’ 
A total of 48 100 photographs along 75 km of transects 
performed by the ‘Epaulard’ and 17 km by the ‘R.A.I.E.’ 
has been analyzed in this study of the referential state 
of a nodule ecosystem in the CCFZ. The photographic 
areas representative of each nodule-facies were se-
lected along the route of the ‘Épaulard’ by reference 
to the morphological structure of the NIXO 45 site (fig-
ure 17) and the distribution of different facies of nod-
ules and sediments (figures 18 and 19). Selection was 
made in such a way as to equalize the respective ar-
eas of the various nodule-facies, to avoid bias towards 
certain microfacies. Segments that were as dispersed 
as possible within the same facies were chosen in or-
der to demonstrate the true heterogeneity of the area. 
To account for the influence of environmental factors 
on the fauna, the effects of slope (> 15 %) and nod-
ule coverage (2 % to 50 %) were tested. The effect of 
sedimentary substratum type was also analysed for 
facies O (without nodules), by comparing four beds 
of ancient sediments (Oligocene to Miocene), selected 
because of their importance in the region, and a bed 
of young sediments (Plio-Quaternary).

A random selection of 48 100 photographs, covering 
an area of about 76 000 m2, collected by the ‘Epau-
lard’ and the R.A.I.E. have been analyzed by units of 
200 photographs of about 3 800 m2 in the following 
way: 

Nodule-facies O 1 set of 200 photographs / sedi-
ments Plio-Quaternary; 

  4 sets of 200 photographs / sedi-
ments Oligocene to Miocene; 

Nodule-facies C+ 1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 2-5 %; 

  1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 10 %; 

  1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 15 %; 

  1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 20 %; 

  1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 30 %; 

  2 setsof 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 40 %; 

 1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 20-40 % and 15 % slope; 

Nodule-facies B 3 sets of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 40 %; 

  1 set de 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 50 %; 

Nodule-facies BP 1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 35 %; 

  1 set of 200 photographs / sedi-
ments Plio-Quaternary / nodule 
coverage 50 %. 

Rocky outcrops (AR)  1 set of 28 photographs.

Analysis of photographic data from the ‘Nautile’ 
In order to compare the different means of photo-
graphic exploration from the ‘Nautile’ and the ‘Épau-
lard’, a 1250 m route, covered by the ‘Nautile’ at an 
even speed and altitude of about 5 m, was selected. 
This transect was of significant length and passed 
over nodule-facies B’ medium with 40 % nodule cov-
erage, in which the nodules have a roundness of 0.7 
and are of smaller diameter (2 to 4 cm) than those of 
nodule-facies B. 

The NIXO 41 site
This site was explored during the SEANOD 2 cruise in 
December and January 1980-1981. It was situated at 
127°W/130°W, 12°10’N/13°35’N, at an overall depth of 
5000 m and a depth of 4 700 m in its central basin and 
in the western and eastern parts. Its general topogra-
phy consists of lines of abyssal hills, oriented N 350° 
to N 005°, low in height (100 to 150 m) and of variable 
wavelength. This hilly landscape is dissected in its east-
ern part by two wide valleys with flattish bottoms: that 
to the east is 6 km wide with a slightly rounded bottom 
and a difference in height of 350 to 450 m, while the 
other to the west is 4 km wide with a height difference 
of 200 to 300 m. This site was chosen in order to explore 
a nodule-facies previously unknown faunistically, facies 
A, as the latter is scarcely represented at the NIXO 45 
site. The purpose was to compare faunistic data from 
here with photographs recorded by the ‘R.A.I.E.’ from a 
nodule-bearing environment at comparable depth, and 
so data from nodule-facies B 35 % and C+ 30 % at the 
NIXO 41 site were analysed. For this, the camera was at 
a mean elevation of 5 m with an interval between shots 
of 32 seconds. A total area of 18 000 photographs along 
274 km of transects performed by the R.A.I.E enabled to 
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analyze 34.2 ha of the deep seabed. The total area anal-
ysed quantitatively was estimated at about 8 400 m2.

The ECHO I Site
This site was chosen to compare photographic in-
formation collected by another type of exploratory 
device, ‘Deep Tow’, over beds of polymetallic nod-
ules similar to those analysed at the NIXO 45 site. 
The site ‘ECHO I’ is at 14°40’N-125°25’W near DOMES 
C, at a depth of 4 500 m in a landscape of abyssal 
hills interrupted by groups of seamounts and small 
escarpments, and has been well studied (Spiess et 
al., 1987). These abyssal hills are 10 to 15 m high and 
aligned parallel to the axis of accretion which found 
more than 200 km to the east. The transect travelled 
by ‘Deep Tow’ and the positions of the sedimentary 
samples are east and north of latitude 14°34’N and 
longitude 125°30’W (figure 23). The oldest sediments 
date from the Oligocene (25 Ma) while the upper lay-
ers date from the Miocene (Heath, 1981).

At this site, faunistic data was analysed from three 
types of nodule-facies, similar to some already stud-
ied at NIXO 45: facies O, facies B 45 % and facies 
C 40 %, over a total surface area of about 12 400 m2. 
These nodule-facies differ, however, by the fact that 
at NIXO 45, facies C and B are situated on recent 
sediments dating from the Plio-Quaternary, while at 
ECHO I, they are associated with more ancient sedi-
ments, from the Miocene.

Two types of camera objectives were used: a 70 mm 
telephoto a 50 mm wide angle, thus giving comple-
mentary data for each photograph. The elevation of 
the shots varied between 7.3 and 9.8 m and was gen-
erally too high for distinguishing small animals, al-
though it did allow censusing of larger shapes and 
evidence of bioturbation on the ocean floor, such as 
mounds. The telephoto enabled the megafauna to be 
distinguished on the smallest surfaces. Photographs 
were taken at regular intervals varying between 7 and 
26 seconds.

3.3 QUANTITATIVE ANALYSIS OF 
PHOTOGRAPHS FROM THE ‘ÉPAU-
LARD’, ‘R.A.I.E.’ AND ‘DEEP TOW’

The surface areas photographed by the ‘Épaulard’ 
and ‘R.A.I.E’ were similar. Data was analysed using 
a programme developed by Ifremer for studying the 
spatial distribution of megafauna photographed in 
situ (Sibuet, 1987). This computer program adds by 
successive increments the surface area of each pho-
tograph calculated from the elevation of the camera. 
A multivariate analysis of relationships was then per-
formed with a CYBER 992-31 calculator using SPAD.
N software.
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4.1 COMPILATION OF AN  
ANNOTATED TAXONOMIC  
REFERENCE BASE

The description of suprabenthic assemblages begins 
with the compilation of a reference base, in this case 
an annotated taxonomic atlas containing observations 
and ideas on the morphology, ethology and feeding 
behaviour of each taxon identified in the photographs. 
Information on the geographic and bathymetric dis-
tribution of these taxa was compiled from data from 
abyssal regions outside the Clarion-Clipperton fracture 
zone, especially other regions of the Pacific and the At-
lantic Oceans. The literature was consulted in order to 
gather all available information on specimens collected 
and identified in the Clarion-Clipperton fracture zone 
and neighbouring regions. Hypotheses of identification 
for the taxa in this study were collated on the advice 
of international specialists (see Appendix 3), and those 
accepted are presented and commented in an anno-
tated photographic atlas, which forms Volume 2 of this 
publication. The list of codes used for identifying the 
taxa is presented in appendix 2, and follows the clas-
sification of Parker (1982). 

Part of this annotated reference base is presented in a 
separate document ‘Annotated photographic atlas of the 
echinoderms of the Clarion-Clipperton fracture zone’.  A 
photographic panorama of the rest of the megafauna is 
displayed as appendix 1 of this document. 

Echinoderms were chosen because they are particu-
larly well suited to photographic analysis. They are 
generally of a size that is easily visible and the shapes 
are clearly recognisable. In addition, echinoderms are 
known to be one of the best represented groups in the 
abyssal domain (Zenkevitch & Birstein, 1956; Hansen, 
1967, 1975; Belyaev, 1972; Sibuet, 1977, 1984, 1987; 
Laubier & Sibuet, 1979) and the best studied (Paw-
son, 1976, 1977, 1983; Gage et al., 1984; Lampitt & Bil-
lett, 1984; Pawson & Foell, 1984; Harvey & Gage; 1988, 
Morgan, 1991). The importance of this phylum is well 
illustrated by its abundance and diversity (Alton, 1966; 
Sibuet, 1974, 1984; Bluhm & Gebruk, 1999) and biomass 
(Zenkevitch, 1963; Filatova, 1969). Echinoderms appear 
to be well adapted to the abyssal domain (Haedrich et 
al., 1980; Sibuet & Lawrence, 1981; Ohta, 1983; Sibuet, 
1984, 1987; Billet et al., 1988).

The echinoderm phylum is generally represented by the 
dominant class of holothurians (Carney & Carey, 1982; 
Sibuet, 1987; Matsui et al., 1997). A fraction of these 
is adapted to a mesopelagic life (Barnes et al., 1976;  
Pawson, 1976, 1985; Sibuet, 1987; Billett et al., 1985; 
Ohta, 1985; Pawson & Foell, 1986; Miller, 1988; Miller & 
Pawson, 1990) as confirmed by the observations of this 
study, both on the species described in the literature as 
mesopelagic and on others that have previously been 
considered as entirely benthic.
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4.2 TAXONOMIC RICHNESS OF 
THE FAUNA OF THE CLARION-
CLIPPERTON FRACTURE ZONE

The term taxonomic richness is used here rather than 
species richness because unfortunately no specimens 
could be collected and consequently no precise fau-
nal identifications could be made at a specific level. 
Although most of the suprabenthic megafauna in the 
Clarion-Clipperton fracture zone has not been sampled 
(Belyaev, 1989), the taxa observed have been arranged 
according to the families (and genera when possible) to 
which they are most likely to belong, in agreement with 
specialists, in order to evaluate the taxonomic richness 
of the study area. 

A total of 240 distinct taxa in 13 phyla have been enu-
merated, some of which are at the limit of the defini-
tion for megafauna (that is visible in photographs, ac-
cording to the definitions of Haedrich et al., 1975, 1980 
and Grassle et al., 1975). If one excludes those that are 
difficult to distinguish and retains only those generally 
found in  photographic analyses of the megafauna, the 
total is of 159 taxa. This figure is relatively high com-
pared with the results from other photographic explo-
rations made between the Clarion and Clipperton fac-
tures zones (Foell et al., 1986; Pawson, 1988; Foell et 
al., 1990).

Some studies of the taxonomic diversity of supraben-
thic megafauna have proposed that maximum species 
richness occurs at depths between 2 000 m and 4 000 m. 
These values are equivalent to those that characterize 
tropical coastal habitats (Vinagradova, 1962; Sanders, 
1968; Sanders & Hessler, 1969; Rex, 1976; Sibuet, 1977; 
Haedrich et al., 1980; Paterson et al., 1985). The macro-
fauna similarly reaches its maximum species richness 
between 2 000 m and 4 000 m (Hecker & Paul, 1979; 
Rex, 1981, 1983), although studies in the central north-
ern Pacific Ocean indicate a peak of macrofaunal diver-
sity between 5 000 m and 6 000 m (Hessler & Jumars, 
1974).

The results of our analysis show that some phyla have 
quite significant taxonomic richness, such as (in order 
of importance) cnidarians (59 taxa), echinoderms (46 
taxa), sponges (38 taxa) and chordates (27 taxa). Figure 
35 shows a histogram of the variability of taxonomic 
richness within the different phyla. 

In order to remove all imprecision on the degree of 
taxonomic identification, taxinomic richness has been 
assessed according to the number of families within 
each phylum as displayed in Figure 36. Cnidarians are 
again dominant, with 32 families, while echinoderms 
and chordates are only represented by 18 families 
each, arthropods by 12, and molluscs and sponges by 
10 families.
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Fig. 35.  Histogram of the number of taxa in each phylum for the megafauna of the Clarion-Clipperton fracture zone.
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Comparison of figures 35 and 36 shows that in contrast 
to the apparently more cosmopolitan cnidarians, echi-
noderms are only represented by a small number of 
families containing relatively more taxa observed in the 
study area. Some members of these families are entire-
ly abyssal (Madsen, 1961; Pawson, 1967, 1983; Hansen, 
1975; Sibuet, 1976, 1977, 1980; Bisol et al., 1984).

This predominance of cnidarians, both in taxonomic 
richness and the number of families represented, con-
tradicts the results of Foell et al. (1986) in the study 
zone and of Alton (1966), Sibuet (1984) and Rex (1981) 
in some parts of the abyssal Atlantic Ocean. In the case 
of Foell et al. (1986), it may be that the sampling strat-
egy forced these authors to dismiss detailed analysis 
of the very numerous so-called “white spots”, which 
are reflections of light from the flashes. According to 
these authors, they are sponges and cnidarians, such 
as small actinids. In addition, their study was based 
on a collection of only 2 149 photographs of the ocean 
floor with taxonomic identification carried as far as 
possible only for the echinoderms, while our study was 
based on a total of about 200 000 photographs and in-
volved the same degree of effort for taxonomic identi-
fication for each phylum. However, the high values of 
taxonomic richness observed here for echinoderms (45 
taxa of which 31 holothurians) are comparable to those 
of Foell et al., (1986) who recorded 30  echinoderms  in-
cluding 20 holothurians.

The values presented here for echinoderm diversity are 
similar to the maximum diversity in the northern Atlan-
tic Ocean between 1380 m and 1874 m, based on col-
lected specimens (Haedrich et al., 1980). But at equiva-
lent depths to those in the study area (4 000-5 000 m), 
these authors only found nine echinoderms and six fish 
(compared with 17 taxonomically distinct types of fish in 
this study). In contrast, the diversity of the holothurians 
in the Clarion-Clipperton study area appears to be of the 
same order of magnitude as in the Bay of Biscay at 3 000 
m depth (Sibuet, 1977).

In order to standardize the values of taxonomic rich-
ness observed in this study, a census of the total num-
ber of families listed for the abyssal domain at depth 
intervals between 3 000 m and 6 000 m was made from 
literature sources. Since no complete inventory of this 
subject had ever been made, it was necessary to find 
data concerning each phylum and especially to analyse 
data on the species richness of the hadal and abyssal 
faunas from numerous Russian cruises (Zenkevitch, 
1966; Belyaev, 1985).

In the study zone, we found about the same percent-
age (70 %) of families compared with the total number 
known from the abyssal domain, for cnidarians (32/44), 
sponges (10/14) and chordates (18/26), while echino-
derms (18/45) only represented 40 % of the families 
that inhabit the abyssal regions of the oceans. 
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Fig. 36.  Histogram of the number of families in each phylum for the megafauna of the Clarion-Clipperton fracture zone.
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However, it must be noted that phyla are not sampled 
in an equal manner in the deep ocean, and some could 
be studied more, and consequently sampled more, 
than appeared to be the case for echinoderms (Pawson 
1976; Gage et al. 1984; Lampitt & Billett, 1984; Pawson 
& Foell, 1984; Harvey & Gage, 1988; Matsui et al., 1997). 
In addition, the means and strategies of sampling are 
very variable and this without doubt also contributes 
to the variation in values for taxonomic richness. It is 
interesting also that among the echiurians and hemi-
chordates, all the families so far recorded in the abyssal 
domain are represented in the study area.

4.3. TAXONOMIC RICHNESS 
BY TROPHIC AND FUNCTIONAL 
GROUPS

To understand the structure of faunal assemblages and 
how suprabenthic ecosystems in the study zone func 
tion, one must apprehend the feeding and functional 
behaviour of their taxonomic components. The mega-
fauna of the Clarion-Clipperton fracture zone can be 
classified into six trophic and functional groups that are 
corroborated by an exhaustive review of the literature: 
sessile suspension feeders, mobile suspension feed-
ers, sessile detritus feeders, mobile detritus feeders 
and mobile carnivores/scavengers. 

Moreover, cases of ambivalent feeding behaviour, 
such as suspension/detritus/carnivorous feeding and 
scavenging occur in the abyssal domain, as seen in 
some actinids in families Actinostolidae and Actinoscy-
phiidae. These ambivalent behaviours suggest oppor-
tunistic feeding which could be an adaptation to the 
meagre nutritional supplies characterizing the abyssal 
domain. These opportunist behaviours can be adopted 
by numerous members of the suprabenthos according 
to analyses of intestinal contents (Sokolova, 1957; Allen 
& Sanders, 1966; Carey, 1972; Hansen, 1975; Monniot & 
Monniot, 1975; Fauchald & Jumars, 1979; Sibuet, 1980; 
Taghon et al., 1980; Dauer et al., 1984). Such opportun-
ism could be a means of exploiting ecotones between 
two regions dominated by a particular trophic group 
and related to variation in the flow of particulate car-
bon (Taghon et al., 1980; Tyler, 1988; Smith et al., 1994; 
Rowe, 1996; Smith et al., 1997; Radziejewska & Stoya-
nova, 2000; Ruhl & Smith, 2004).

In terms of taxonomic richness, sessile suspension 
feeders (84 sessile taxa and 10 mobile taxa) dominate 
over carnivores/scavengers (72 taxa) and detritus feed-
ers, which consist essentially of mobile taxa (61 taxa). 
The taxonomic richness of suspension feeders is prin-
cipally represented by the cnidarians (35 taxa) and by 
all the sponges observed in the study zone (38 taxa). As 
for detritus feeders, their taxonomic richness is princi-
pally due to holothurians (31 taxa).

The results of this study underline the predominant 
taxonomic diversity of suspension feeders. This  contra-
dicts the findings of Sanders & Hessler (1969), Menzies 
et al. (1973), Hessler & Jumars (1974) and Sibuet (1984), 
who demonstrate that the diversity and abundance of 
detritus feeders made them the dominant fraction of the 
abyssal epibenthos. However, one result in the study 
area verifies previous results, i.e. that holothurians are 
the most abundant members of the detritus feeders, as 
shown by Hansen (1967, 1975), Belyaev (1972), Sibuet 
(1984, 1987) and Laubier & Sibuet (1979).

Figure 37 displays values for taxonomic richness within 
trophic and functional groups in the form of histograms.
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Fig. 37.  Histogram of the taxonomic richness within trophic and functional groups for the megafauna of the Clarion-Clipperton fracture 
zone. 
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In-depth quantitative analysis of the suprabenthic 
faunal assemblages of the Clarion-Clipperton fracture 
zone was conducted for the NIXO 45 site and in com-
plementary and comparative fashions at the NIXO 41 
and ECHO 1 sites. Analysis was carried out at three 
levels of observation: at a general level over the whole 
study area, at the level of nodule-facies, and at a spe-
cific level with taxa as the units. As in the qualitative 
analysis, quantitative data on faunal categories which 
are at the limit of megafauna, and which belong to the 
macrofauna according to the definitions of Sanders et 
al. (1965), are given here for information only.

5.1 THE NIXO 45 SITE

Abundance and faunal composition by phylum
The results show that among the dominant phyla over 
the whole of the NIXO 45 site, a majority of cnidarians 
(258 taxa/ha) is found, outnumbering echinoderms 
(180 taxa/ha) and sponges (56 taxa/ha) (figure 38). 
Figure 39 gives details of the composition of different 
phyla over the whole of the NIXO 45 area. Within the 
cnidarians, actinids dominate (135 ind/ha) over octo-
coralliarids (105 ind/ha), medusas belonging to class-
es Scyphozoa and Hydrozoa (12 ind/ha), antipatharids  
(5 ind/ha), siphonophores and ceriantharids (1 ind/

ha). Among the echinoderms observed, the majority 
are holothurians (64 ind/ha) and crinoids (61 ind/ha), 
plus echinoids (36 ind/ha), ophiuroids (13 ind/ha) 
and asteroids (6 ind/ha). For arthropods, isopods 
are found principally on nodule-facies C+ 2-5 % with 
11 ind/ha and swimming and creeping decapods on 
facies with a large covering of nodules BP 50 % and 
B 50 % (5 ind/ha). Among molluscs, cephalopods are 
only seen on nodule-facies C+ 20 % and nudibranchs 
only on nodule-facies BP 50 %, at low density (3 ind/ha). 
For chordates, fish are the most abundant (29 ind/ha) 
on facies O with recent sediments and tunicates are 
only observed on nodule-facies BP 50 % at a density 
of 3 ind/ha.
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Abundance and faunal composition for the two 
dominant phyla 
Variation in the composition of the two dominant 
phyla, cnidarians and echinoderms, for each type of 
nodule-facies is shown in figures 40 a, b, c. 

Among the cnidarians, actinids are the principal rep-
resentatives on all facies with nodules, and are most 
abundant (215 ind/ha) on nodule-facies C+ 15 %. Oc-
tocoralliarids are predominant members of the cni-
darians on the site and preferentially abundant on 
nodule-facies O on recent sediments (313 ind/ha), and 
more abundant (194 ind/ha) than actinids on sloping 
facies (C+ 20 to 40 %) and rock outcrops, with densi-
ties of 175 ind/ha and 23 ind/400m2 respectively.

Medusas belonging to the classes Scyphozoa and Hy-
drozoa are most abundant (61 ind/ha) on nodule-facies 
C+ with a low covering of nodule (10 %). Antipatharids 
are observed on all facies except facies O on ancient 
sediments, nodule-facies C+ 30 %, nodule-facies BP 
50 % and rock outcrops, and reach their most signifi-
cant density (11 ind/ha) on nodule-facies C+ 10 %. 

Among the echinoderms, echinoids predominate 
on facies O on recent sediments and nodule-facies  
C+ 2-20%; they show a peak of abundance (190 ind/
ha) on nodule-facies C+ 10 %. Crinoids are predomi-
nant on sloping nodule-facies (C+ 20–40 %) and are 
at their highest density (122 ind/ha) on nodule-facies 
C+ 10 %. Holothurians are most abundant on facies O 
on ancient sediments and on all nodule-covered fa-

Fig. 38.  Histogram of abundance within each phylum at the NIXO 45 site.

Fig. 39.  Histogram of the partitioned abundance within each phylum at the NIXO 45.

42

QUANTITATIVE ANALYSIS      IOC TECHNICAL SERIES NO. 69, VOL.15

ENGLISH VOL1 INSIDE.indd   42 29/09/06   11:46:57



   43

cies B and BP, as well as on other facies with dense 
nodules (facies C+ 30-40 %). Holothurians are most 
abundant (101 ind/ha) on facies BP 50 %, ophiuroids 
on facies BP 35 % (68 ind/ha) and asteroids on the two 

most extreme facies from the point of view of nodule 
covering, facies O on recent sediments and B 50 % 
(16 ind/ha).

    IOC TECHNICAL SERIES NO. 69, VOL.1 5

Fig. 40a.  Histograms of the partitioned abundance on each nodule-facies for the two dominant phyla at the NIXO 45 site.
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Fig. 40b.  Histograms of the partitioned abundance on each nodule-facies for the two dominant phyla at the NIXO 45 site.
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Fig. 40c.  Histograms of the partitioned abundance on each nodule-facies for the two dominant phyla at the NIXO 45 site.
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Fig. 41.  Histogram of the partitioned faunal abundance on each nodule-facies at the NIXO 45 site.

Abundance and faunal composition by nodule-facies
Because of substratum heterogeneity, demonstrated 
by the existence of different facies at the site (figure 
19), variation in abundance and faunal composition in 
relation to nodule-facies was investigated.  Results dis-
play a greater abundance of fauna on facies C+ with 
large nodules (6-10 cm diameter) at low density (10 %) 
or higher density (20 % to 40 % on a slope of 15°) on 
recent sediments composed of siliceous clays, dating 
from the Plio-Quaternary (figure 41). It shows that cni-

darians, echinoderms, sponges and sipunculids are 
the most abundant (478 ind/ha, 467 ind/ha, 116 ind/ha 
and 14 ind/ha respectively) on the facies with large 
scattered nodules C+ (10 % coverage), while annelids 
and chordates predominate on facies O composed 
of recent sediments (92 ind/ha and 29 ind/ha respec-
tively), arthropods (21 ind/ha) on facies C+ with slope  
> 15° and nodule-covering of 20 to 40 %, molluscs (14 
ind/ha) on facies C+ 15 % and echiurians (10 ind/ha) on 
facies BP 35 %.
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Faunal composition by trophic and functional 
groups
Distribution of the megafauna by functional group 
over the whole of the NIXO 45 site is represented in 
figure 42. The faunal composition of each functional 
category is represented by the cumulative partition-
ing of each histogram. One can thus see a majority of 
sessile suspension feeders (361 ind/ha) in compari-
son with motile detritus feeders (109 ind/ha) and mo-
tile carnivores/scavengers (53 ind/ha), motile suspen-
sion feeders (29 ind/ha) and sessile detritus feeders 
(5 ind/ha).

Among sessile suspension feeders, actinids are more 
numerous (123 ind/ha) than octocoralliarids (105 ind/
ha), crinoids (61 ind/ha), sponges (56 ind/ha), seden-
tary polychaetes (12 ind/ha), antipatharids (5 ind/ha) 
and tunicates (1 ind/ha).

In terms of density among the motile detritus feed-
ers, holothurians (64 ind/ha) outnumber echinoids 
(36 ind/ha), and asteroids and peracarids (3 ind/ha). 
Motile carnivores and scavengers are dominated by 
swimming polychaetes (23 ind/ha), hydromedusas 
and scyphomedusas (12 ind/ha), fish (9 ind/ha), deca-
pods (5 ind/ha), molluscs (2 ind/ha), siphonophores 
and ceriantharids (1 ind/ha).

Motile suspension feeders are dominated essentially 
by ophiuroids (13 ind/ha), corallimorpharids (12 ind/
ha), brisingids (3 ind/ha), molluscs and free crinoids 
(1 ind/ha). Sessile detritus feeders are weakly repre-
sented, by sipunculids (2 ind/ha) and echiurians, as 
well as some sedentary polychaetes (2 ind/ha).
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Fig. 42.  Histogram of the partitioned faunal abundance within trophic and functional groups over the whole of the NIXO 45 site.
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Faunal composition in relation to edaphic  
gradient 
Densities and major trophic trends within these fau-
nal assemblages are shown in figures 43 A and B in 
relation to edaphic gradient. When trophic composi-
tion on each facies is shown in terms of percentages, 
the order of dominance of trophic groups is homoge-
neous, irrespective of the edaphic conditions. 

Thus the order of dominance, of suspension feeders 
over detritus feeders and lastly over carnivores, is 

verified on all facies. In descending order of faunal 
abundance, the nodule-facies are: facies C+ 10 %, fa-
cies on slopes > 15°, facies O on recent sediments, 
facies C+ 15 %, facies C+ 20 %, facies BP 35 %, facies 
C+ 2-5 %, facies B 50 %, facies BP 50 %, facies O old 
sediment, facies C+ 40 %, facies C+ 30 % and facies 
B 40 %. Figure 43 B demonstrates that in general, the 
same proportions of different phyla are present on all 
nodule-facies.
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Fig. 43. 
A) Histogram of the partitioned trophic and functional groups in relation to edaphic gradient at the NIXO 45 site.
B) Histogram of the partitioned trophic and functional composition of the fauna at the NIXO 45 site in percentage terms.
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Faunal composition within each nodule-facies
The densities of the different components of these 
trophic and functional groups on each nodule-fa-
cies is represented in figures 44 a, b and c, by the 
cumulative partitioning of each functional category. 
Overall for the NIXO 45 site, the order of trophic and 
functional dominance on each nodule-facies is the 
same, with the exception of the special case of rock 
outcrops, where only sessile suspension feeders are 
widely abundant. 

Within the dominant trophic group of sessile suspen-
sion feeders are octocoralliarids, actinids, antipatha-
rids and crinoids. Among the other members of this 
trophic group, sponges are predominant with a densi-
ty of 126 ind/ha on nodule-facies C+ 10 %, and seden-
tary polychaetes exploit all facies and are particularly 
abundant (28 ind/ha) on nodule-facies C+ 20 %.

Two classes predominate among the motile detritus 
feeders, echinoids and holothurians, which appear 
to share habitats. Peracarids are only observed on 
facies O on both recent and ancient sediments, and 
on nodule-facies C+ independent of the percentage 
of nodule coverage. Isopods in particular are more 
abundant (11 ind/ha) on nodule-facies C+ (2-5 %). 
Carnivores and scavengers are only dominated 
by swimming polychaetes on facies O with recent 
sediments, nodule-facies C+ 20 %, C+ 40 %, B 40 %,  
B 50 %, BP 50 % and rock outcrops are particu-
larly abundant (42 ind/ha) on nodule-facies B 40 %. 
Fish, which are cosmopolitan, are at high density  
(29 ind/ha) on facies O with recent sediments. Scypho-
medusas, hydromedusas and siphonophores, which 
are usually part of the zooplankton, are mentioned 
here for information only. Medusas are observed on 
almost all facies but they are at their highest density 
(16 ind/ha) on facies O with ancient sediments, while 
siphonophores are relatively abundant (11 ind/ha) on 
nodule-facies C+10 %. The largest quantity of deca-
pods (14 ind/ha) is found on nodule-facies C+10 %.  
Gastropods are most abundant (14 ind/ha) on nodule-
facies C+ 15 % and cephalopods are only observed on 
facies nodule-C+ 20 % at a density of 3 ind/ha. Ceri-
antharids are present at equal densities (3 ind/ha) on 
nodule-facies C+ 2-5 %, C+ 40 %, B 40 % and B 50 %.

Among the mobile suspension feeders, a predomi-
nance of corallimorpharids are observed on facies O 
with ancient sediments (where they are the only rep-
resentatives of this functional group), facies O with 
recent sediments, and nodule-facies C+ 2-5 % to 30 %, 
with a maximum density of 39 ind/ha on nodule-facies 
C+ 2-5 %. Brisingids are present on nearly all facies 
with recent sediments and most abundant (10 ind/ha) 
on nodule-facies C+ 20-40 % on slopes. Ophiuroids 
are observed on all nodule-facies and especially on 
nodule-BP 35 % at a density of 68 ind/ha, and they are 
the only mobile suspension feeders on rock outcrops. 

Free crinoids are only seen on nodule-facies C+ 20 % 
at low density (3 ind/ha).

The sessile detritus feeders consist entirely of echiu-
rians which prevail on nodule-facies B 40%, B 50%  
(16 ind/ha), BP 35%, BP 50%. Sipunculids are the main 
detritus feeders on facies O and on facies with a low 
density of large nodules (C+ 2-5 % to 20 %), reaching 
a maximum density of 15 ind/ha on facies C+ 10 %.
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Fig. 44a.  Histograms of faunal abundance partitioned and classed by trophic and functional group for each facies.
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Fig. 44b. Histograms of faunal abundance partitioned and classed by trophic and functional group for each facies.
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Quantitative analysis at the level of taxa 
Densities of the most abundant 20 taxa at the NIXO 45 
site are shown in figure 45. Among these taxa we find 
the same order of dominance of suspension feeders 
over detritus feeders and over carnivores and scav-
engers. Based on the hypotheses of identification 
proposed from the qualitative analysis of faunal as-
semblages, the most frequently observed suspension 
feeders belong to the phyla Cnidaria, Echinodermata, 
sponges and Annelida. Cnidarians comprise actinids, 
belonging to the families Actinostolidae and Actin-
ernidae, corallimorpharids, plus gorgonians of the 
families Callozostrinae, Primnoidae or Isididae. The 
most abundant suspension-feeding echinoderms are 
fixed crinoids of the families Bathycrinidae and Hyo-
crinidae and ophiuroids of the family Ophiuridae. The 
most frequent sponges are from the families Hyalo-
nematidae and Pachastrellidae. Suspension-feeding 
annelids here are Incertae sedis living in contorted 
tubes about 40 cm long which, according to Zibrowi-
us (pers. comm.), resemble very large Protula sp. that 
live at lesser depth.

The most frequent detritus feeders are echinoids and 
holothurians. The echinoids are Plesiodiadema globu-
losum in family Aspidodiadematidae. In order of im-
portance, the holothurians are the Aspidochirotids: 
Pseudotichopus mollis, Synallactes aenigma and 
Synallactes profundi and the Elasipodids: Bentho-
dytes incerta and Peniagone leander. Carnivores are 
also represented in low proportion by polychaetes, 
belong to the families Polynoidae, Aphroditidae, To-
mopteridae and Hesionidae, and medusas, belonging 
to the scyphomedusas and hydromedusas.

Distribution of taxa in three dominant faunal 
groups 
Variation in the distribution of taxa within the three 
dominant faunal groups at the NIXO 45 site, viz. 
sponges, actinids/corallimorpharids and holothuri-
ans, gives an indication of possible preferential habi-
tats on different facies.
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Fig. 44c. Histograms of faunal abundance partitioned and classed by trophic and functional group for each facies.

Fig. 45. Histogram of the density of the most abundant taxa at 
the NIXO 45 site.
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Distribution of actinids and corallimorpharids 
on different facies
Sincyonis tuberculata have a relatively high abun-
dance on all the facies studied, though its maximum 
density of 166 ind/ha is on facies B 50 %, which has 
a dense covering of small nodules. This does not ap-
pear to be the case for other actinids and corallimor-
pharids, and the majority of these organisms prefer a 
low covering of nodules (2–15 %) or a facies without 
nodules, as is the case for Amphianthus bathybium 
which reach a density peak on facies O with ancient 
sediments. The corallimorpharids Nectatis singularis 
display a higher density (37 ind/ha) on nodule-facies 
C+ 2 to 5 % and the actinids Actinernus verrill, Boloc-
era sp. and Liponema  sp. have their maximum abun-
dance on nodule-facies C+ 10 to 15 %.

Distribution of holothurians on different facies
The following results were found for the most abun-
dant holothurians: Mesothuria murrayi are preferen-
tially present on nodule-facies C+ 10 % with a den-
sity of 40 ind/ha, Benthodytes incerta and Synallactes 
profundi  are most abundant on nodule-facies BP 35-
50 % with a density of 25 ind/ha, Enypniastes eximia 
on nodule-facies C+ 10 % with a density of 25 ind/ha, 
Synallactes aenigma on facies O with ancient sedi-
ments at a density of 21 ind/ha, and Benthodytes  sp. 
on nodule-facies C+ 20-40 % with a slope > 15° at a 
density of 13 ind/ha. Specific habitat partitioning at 
the level of taxonomic units is thus observed. 

Distribution of sponges on different facies 
Maximum densities for sponges highlight certain 
habitat preferences, as for the hexactinellids Hyalo-
nema  sp. on nodule-facies C+ 10 % with a density of 
57 ind/ha, Caulophacus  sp. on nodule-facies C+ 15 % 
with a density of 51 ind/ha and Pheronema sp. on fa-
cies O on ancient sediments with 18 ind/ha, while the 
demosponge Poecillasta sp. appears to prefer nod-
ule-facies C+ 2-5 % (density 16 ind/ha). Hexactinel-
lids in the form of rings are most abundant on facies 
O with ancient sediments, but if the rings are two-
horned, this taxon is most abundant on nodule-facies 
BP 35 %. The hexactinellids Cornucopia sp. are often 
present on nodule-facies C+ 20-40 % and on slopes 
and rock outcrops. Among the demosponges, Clado-
rhiza sp. are most abundant on facies O with ancient 
sediments and Poecillastra sp. on nodule-facies BP 35 
% and C+ 40 %, while Phakellia sp. and Esperiopsis 
sp. are most abundant on nodule-facies C+ 10 %.

These quantitative data on the preferences of substratum 
displayed by different populations of actinids, holothu-
rians and sponges raise the possibility that correlations 
exist between certain taxa and certain environmental 
factors such as slope and nodule coverage. A multivari-
ate analysis could better demonstrate which factors gov-
ern the spatial heterogeneity of animal populations and 
thus help to identify possible ecological niches.

Multivariate analysis of benthic assemblages 
Quantitative data on the fauna observed (144 taxa) 
and the nodule-facies and sediments (38 variables) of 
the NIXO 45 zone were subjected to a multi-dimen-
sional scaling in order to demonstrate the internal 
structure of the data; from this, a series of hypothe-
ses on the spatial heterogeneity of populations can be 
posed. The analysis expresses the organisation of the 
dispersion of a group of points according to a certain 
number of principal axes of inertia or “factors”, by ar-
ranging them into a hierarchy. The degree of similarity 
of the different variables is shown graphically in two 
dimensions by the distance between taxa (figure 46) 
and between the different nodule-facies (figure 47). 
The first factor, the axis of maximum elongation or 
maximum variance between each pair of points, was 
selected. The degrees of similarity between the differ-
ent variables are represented in figures 46 and 47.

In figures 46 and 47, the parabolic shape of the distri-
bution of the points indicates a Guttman effect. This ef-
fect is frequently produced when one of the variables 
is naturally ordered. However, in figure 46, the taxa 
are arranged in a parabola with a break in continuity 
due to the isolation of some octocoralliarids (OCT 1, 
OCT 7), fish in families Ophidiidae and Ipnopnidae, 
asteroids in families Pterasteridae and Porcellenaste 
ridae, holothurians Benthodytes sp., polychaetes in 
families Terebellidae and Cirratulidae, and sipuncu-
lids. The Guttman effect is most pronounced in figure 
46 where the parabola relates to three groups of fa-
cies, the first containing all of facies O (with a clearly 
distinct subgroup on facies with ancient sediments), 
the second comprising facies with low nodule cover-
ing (C+ 2 to 20 % but with the exception of one of 
the facies C+ 40 %) and the third consisting of facies 
with a dense covering of nodules (C+ 30 %, 40 %;  
B 40 %, 50 % ; BP 35 %, BP 50 %). The group for facies 
O is clearly distinct from the two groups of facies with 
nodules and forms an oblique continuum following a 
gradient.

The significance of axis 1 appears to be the factor of 
nodule coverage, and this naturally ordered factor is 
the cause of the Guttman effect. But it is not the only 
reason for it because the continuum of nodule-bear-
ing facies is not parallel to axis 1, and its obliqueness 
indicates a contribution by axis 2. It is also apparent 
that intra-facies heterogeneity is very low compared 
with inter-facies heterogeneity. Thus the identity of 
the selected facies has been preserved during sam-
pling and the analysis of relationships enables dis-
crimination between these facies. Examination of the 
absolute contributions reveals that the facies contrib-
uting most to the structure are the two facies O and 
particularly facies O with recent sediments, which 
contributes the most to axis 2.
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One finds among the taxa that make the greatest con-
tribution to plane 1-2 the list of the most frequently 
observed taxa (figure 42). The actinid Syncionis tu-
berculata is only significant for plane 1 by providing 
the greatest contributions, both absolute (16.5 %) and 
relative (0.79 %), to axis 1 and no contribution (0 %) 
to axis 2. In contrast, the echinoid Pleisiodiadema 
globulosum is responsible for the greatest contribu-
tion (8.6 %) to axis 2 as well as a considerable contri-
bution (11.4 %) to axis 1.

It is by the multidimensional positioning of taxa and 
facies given by the indexes of similarity that one can 
obtain the ordination of taxa along “niche-dimensions” 
from the indexes of effective overlap provided by the 
multidimensional scaling. By superposing figures 46 
and 47, one can discover certain faunistic and edaphic 
affinities that can be called “preferential habitats”. 

Faunal affinities in relation to edaphic gradient  
The “niche-dimensions”, by which faunal assemblages 
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Fig. 46. Degree of similarity of the different taxa seen in the NIXO 45 site; Representation based on a multi-dimensional scaling.

ENGLISH VOL1 INSIDE.indd   54 29/09/06   11:47:18



   55

    IOC TECHNICAL SERIES NO. 69, VOL.1 5

Fig. 47. Degree of similarity of the different nodule-facies of the NIXO 45 site; Representation based on a multi-dimensional 
scaling.

Fig. 48.  Degree of similarity of the most abundant taxa at the NIXO 45 site; Representation based on a multi-dimensional scaling.

ENGLISH VOL1 INSIDE.indd   55 29/09/06   11:47:20



are organised, are extrapolated from the multivariate 
analysis of data. The multidimensional scaling shows 
that the principal factor that differentiates the “faunis-
tic facies” is the effect of nodule coverage. 

The most abundant taxa within the spread of points 
(figure 46) are shown in figure 45. Their abundance 
profiles in relation to different edaphic characteristics 
reveal habitat preferences and the existence of exclu-
sive species. The order of abundance of the 16 taxa 
that are most frequently observed over the whole area 
(about 71 100 m2 at the NIXO 45 site) is not followed 
here (figure 42). A heterogeneity of densities is ap-
parent within the different nodule-facies, and certain 
peaks or plateaux exceed, at the scale of facies (about 
3 750 m2), the total densities for the whole study site. 
The results show that:

• Fixed crinoids of the family Hyocrinidae are abun-
dant especially on facies O on ancient sediments, 
nodule-facies C+ 2 to 15 % and on nodule-facies 
with slope > 15° C+ 20-40 %. Their maximum den-
sity is 400 ind/ha on a facies O on ancient sedi-
ments.

• Octocoralliarids (OCT 7) of family Primnoidae are 
clearly most dense (221 ind/ha) on facies O with an-
cient sediments while other octocoralliarids (OCT 
1), from family Isididae, have a higher density (342 
ind/ha) on facies O with ancient sediments and on 
nodule-facies C+ 15 %. A peak of abundance of 109 
ind/ha occurs on sloping facies.

• Echinoids (OUR 1) Plesiodiadema globulosum dis-
play a higher density on nodule-facies C+ 2 to 30 % 
with a peak of 187 ind/ha on nodule-facies C+ 10 %. 
Their density rises again on nodule-facies C+ with 
slope > 15°.

• Ophiuroids (OPH 1) Ophiomusium armatum are 
principally abundant on nodule-facies BP 35 % 
with a maximum density of 68 ind/ha. 

The results also show more complex and varying 
peaks of density, with well marked peaks of abun-
dance on nodule-facies C+ 2-20 % and peaks of lesser 
importance on sloping facies. From the details of the 
analyses, the following variations are observed: 

• Scyphomedusas and hydromedusas are charac-
terized by a small nodule coverage clearly more 
abundant on facies ( C+ 2 -30 %), with a density of 
61 ind/ha.

• Actinids of the family Actinerniidae display a peak 
of abundance of 51 ind/ha on nodule-facies C+ 
15 %. 

• Corallimorpharids have two peaks of abundance, 
the principal one of 37 ind/ha on nodule-facies C+ 
2-5 % and the second of 23 ind/ha on nodule-facies 
BP 35 %.

• Sponges (SPO 15), belonging to the Hyalonema-
tidae display two peaks of abundance, the first of 
57 ind/ha on nodule-facies C+ 10 % and the second 
of 46 ind/ha on sloping facies. Sponges (SPO 8), 
in family Pachastrellidae, are abundant on facies O 
and facies with low nodule coverage (C+ 2-30 %), 
with an increase in density on nodule-facies BP 
50 %, and a maximum density of 25 ind/ha on nod-
ule-facies C+ 20 %.

• Holothurians (HOL 1) Synallactes aenigma are 
abundant on facies O (with a maximum density 
of 29 ind/ha), nodule-facies C+ 30 % and nodule-
facies BP 50 %. Holothurians, (HOL 9) Mesothuria 
murrayi, display two peaks of abundance, the more 
pronounced one (39 ind/ha) on nodule-facies C+ 
10 % and the second (24 ind/ha) on facies BP 35 %.

• Polynoids (POL 1 and POL 2) are abundant on fa-
cies O with ancient and recent sediments (with a 
peak of 34 ind/ha for POL 1) and on facies with high 
nodule coverage, B 40 % to 50 % and C+ 40 %. The 
polychaete worms (POL 9), Incertae sedis, living in 
contorted tubes about 40 cm long, are abundant 
especially on nodule-facies C+ and most particu-
larly on sloping facies (26 ind/ha).

In general, suspension feeders show a great number 
of peaks of faunal abundance on facies O with an-
cient sediments and on sloping nodule-facies C+ 20 
to 40 % and an essentially detritus feeding fauna is 
seen on nodule-facies C+ 10 %. Facies O with ancient 
sediments and nodule-facies C+ 15 % accommodate 
the most exclusive taxa. 

The different faunal assemblages that characterize 
each facies are the following:

• Nodule-facies O on recent sediments is distin-
guished by the abundance of a mobile fauna, main-
ly detritus feeders and carnivores, and composed 
of isopods of the family Munnopsidae, asteroids 
of the family Porcellenasteridae, and Ophidioid 
and Ipnopid fish. Suspension feeders on this facies 
are sedentary polychaete worms responsible for a 
particular form of disturbance known in the litera-
ture as “witches rings” which sometimes encircle a 
central mound (Heezen & Hollister, 1971). Taxa ex-
clusive to this facies are sedentary polychaetes of 
the family Cirratulidae, the holothurians Psychro-
potes longicauda from family Psychropotidae and 
the siphonophores Physonectes.
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• Nodule-facies O on ancient sediments is character-
ised by a majority of suspension feeders, notably 
octocoralliarids belonging to the families Primnoi-
dae and Isididae, Hyocrinidae, and actinids of the 
families Hormathiidae and Actinoscyphiidae. Detri-
tus feeders are represented by Pterasteridae, ho-
lothurians such as Synallactes aenigma and Ben-
thodytes lingua, and by peracarids, probably of 
the order Cumacea. Taxa unique to this facies are 
suspension feeders such as Demospongia of the 
family Cladorhizidae and sedentary polychaetes 
which form characteristic rounded mounds. Detri-
tus feeders exclusive to this facies are the aster-
oids Hymenaster violaceus and the holothurians 
Benthodytes lingua, and exclusive carnivores such 
as gastropods of the family Pterotracheidae and Li-
parid fish.

• Nodule-facies C+ 2-5 % has especially a fixed fauna 
with a predominance of suspension feeders such 
as alveolate hexactinellid sponges, which are 
unique to this facies, octocoralliarids belonging to 
the families Isididae and Umbellulidae and coral-
limorpharids of the family Sideractiidae. The most 
abundant detritus feeders are Munnopsid isopods 
and the holothurians Peniagone gracilis. Ophidioid 
fish are the most abundant carnivores. Taxa exclu-
sive to this facies are bivalves belonging to the 
Vesicomyidae.

• Nodule-facies C+ 10 % accommodates in great 
abundance a fauna that is largely mobile and detri-
tus feeding such as the sipunculids Nephasoma eli-
sae, the echinoids Plesiodiadema globulosum and 
the holothurians Mesothuria murrayi, Paelopatides 
sp. and Pannychia moseleyi. The most abundant 
suspension feeders of this facies are Hexactinellid 
sponges of the Hyalonematidae and the octocoral-
liarids Primnoidae. Carnivores are medusas of the 
family Trachynemidae and decapods of the genus 
Plesiopenaeus, which are exclusive to this facies, as 
are demospongian sponges of the genus Phakellia.

• Nodule-facies C+ 15 % is distinguished by an essen-
tially mobile and largely suspension-feeding fauna 
such as the actinids Liponema and Actinoscyphia sp. 
and polychaete members of the Sabellidae. The most 
abundant detritus feeders are echinoids of the family 
Aeropsidae, which leave a characteristic sinuous trail, 
and the holothurians Peniagone vitrea. Abundant 
carnivores on this facies are archaeogastropods and 
siphonophores of the family Rhodaliidae. Taxa exclu-
sive to this facies are, for the most part, carnivores 
such as a Physonectes siphonophores, neogastro-
pod members of the Turridae, polychaetes in families 
Polynoidae or Aphroditidae and fish Coryphaenoides 
yaquinae. Suspension feeders unique to the facies 
are sponges of the family Caulophacidae.

• Nodule-facies C+ 20 % is characterised by mobile 
organisms, mostly suspension feeders such as 
sponges of the genus Poecillastra and free crinoids 
belonging to the family Antedonidae. Detritus 
feeders are peracarids of the order Cumacea and 
the holothurian Meseres macdonaldi. Taxa unique 
to this facies are sponges of the genus Hyalonema, 
Chiroteuthid cephalopods and Galatheids with a 
rounded rostrum.

• Nodule-facies C+ 30 % has an abundant mobile 
fauna which is largely carnivorous, such as cepha-
lopods of the genus Benthesicymus (unique to this 
facies), and medusas of the family Nausithoidae. 
The common detritus feeders on this facies are the 
swimming holothurians Enypniastes eximia.

• Nodule-facies C+ 20 to 40 % on slopes > 15° is dif-
ferentiated by a fixed fauna mostly of suspension 
feeders represented by Hexactinellid sponges in 
the form of a ring, others in the shape of a dish, 
or members of the Rossellidae, Euretidae and De-
mospongia of the family Cladorhizidae, as well as 
sedentary polychaetes in contorted tubes about 40 
cm long. The most abundant detritus feeders on 
this sloping facies are echinoderms such as Bris-
ingidae with 10 arms and holothurians of the ge-
nus Benthodytes. Carnivores are decapods of the 
genus Nematocarcinus and Bythitidae fish of the 
genus Typhlonus. A taxon exclusive to this facies 
is a peracarid of the order Tanaidacea.

• Nodule-facies C+ 40 % has a fauna in the main con-
sisting of carnivorous polychaetes from the fami-
lies Hesionidae and Aphroditidae and swimming 
polychaetes Incertae sedis about 10 cm and dark in 
colour. Abundant detritus feeders on this facies are 
holothurians Peniagone intermedia while suspen-
sion feeders are sponges of the genus Euplectella 
and dark ophiuroids belonging to the genus Ophi-
omusium. Taxa unique to this facies are the holo-
thurians Orphnurgus and Amperima naresi and 
ascidians about 30 cm diameter and apparently 
free-living.

• Nodule-facies B 40 % is distinguished by a predom-
inance of mobile detritus feeders such as the ho-
lothurians Psychronaetes hanseni and Benthodytes 
typica and asteroids of the genus Hymenaster. Sus-
pension feeders are the antipatharids Bathypates 
patula and Bathypates lyra as well as Brisingidae 
of the genus Freyella. Taxa unique to this facies are 
mostly detritus feeders such as peracarid amphi-
pods and holothurians belonging to the family Elpi-
diidae and the Deimatidae such as Deima validum. 
A suspension feeder unique to this facies is an oc-
tocoralliarid of the family Umbellulidae.
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• Nodule-facies B 50 % has only one abundant sus-
pension feeder, the actinid Sincyonis tuberculata 
and one carnivore, a swimming aphroditid poly-
chaete. A unique taxon is the antipatharid Schizo-
pathes crassa.

• Nodule-facies BP 35 % is characterised by a fauna 
of fixed suspension feeders including vase-shaped 
sponges of the genus Poecillastra, actinids of the 
genera Bolocera and Actinoscyphia as well as 
ophiuroids identified as Ophiomusium armatum. 
A two-horned ring-shaped Hexactinellid sponge is 
exclusive to this facies.

• Nodule-facies BP 50 % has a fauna comprised 
mostly of quite abundant detritivorous holothuri-
ans such as Synallactes aenigma, Synallactes pro-
fundi and Peniagone leanderas well as a member 
of the genus Benthodytes. A carnivorous polynoid 
polychaete also proliferates on this facies, and a 
nudibranch (NUD1) is exclusive to it. 

Spatial heterogeneity at a nodule-facies level
The intra-facies spatial distribution of some of the 
most frequently observed taxa in the study area is 
analysed here. A more or less aggregated spatial dis-
tribution can also be indicative of the functional re-
lationships that some organisms maintain with their 
substratum. The heterogeneity in space and time of 
some populations can create, by bioturbation (Tilot, 
1991), a microheterogeneity of habitats. According to 
the equilibrium theory of Sanders (1968), this would 
lead to mechanisms of partitioning trophic resources, 
and is one of the hypotheses explaining the great tax-
onomic richness found in the abyssal environment.

An analysis was made of the distribution of two of 
the most abundant taxa at the study site which be-
long to the best represented phyla and functional 
groups: the actinids, Sincyonis tuberculata and the 
holothurians, Mesothuria murrayi. The aim was to 
identify the level of spatial heterogeneity of their 
populations within nodule-facies O, C+, B and BP, 
in order to compare the observed distributions with 
certain types of theoretical distribution that are com-
monly seen in nature, such as: random distribution 
corresponding to a Poisson curve, regular distribu-
tion corresponding to a normal curve and aggregated 
distribution corresponding principally to a negative 
binomial curve.

Four total sampling areas were considered: facies 
O and nodule-facies B covering surface areas of 15 
300 m2 and 15 400 m2 respectively, 28 700 m2 for nod-
ule-facies C+ and nodule-facies BP with a surface area 
of 7 900 m2 .

The spatial distribution of taxa was estimated by 
means of relationships which combined the mean X 

and the variance σ2  for the following different unit 
areas (or quadrats): 50 m2, 100 m2, 200 m2, 400 m2, 
800 m2, 1 600 m2, 3 200 m2, 6 400 m2 (12 800 m2 and 
25 600 m2 for nodule-facies C+). Following the recom-
mendations of Elliot (1971), the following distribution 
indexes were calculated:

Fisher coefficient:             , 

Lexis index =              , ,

David & Moore index =               ,  

and Morisita index: Iδ =  

The size of the sampling areas or quadrats is essential 
to the analysis of distribution of a taxon. An aggre-
gated distribution can only be detected when the area 
of the quadrat is greater than that occupied by one or 
rather several aggregations of taxa. 

The results show that:

•  on nodule-facies C+  the distribution of  Sincyonis 
tuberculata  is aggregated above 1600 m2 accord-
ing to the Levis,  David & Moore indexes and Fish-
er’s coefficient, and random at 400 m2 and 800 m2. 

•  on nodule-facies O the distribution is random at 
1 600 m2 while at 800 m2, it is aggregated. However, 
it may be that in an area of 1600 m2 the population 
of Sincyonis tuberculata is distributed in small ag-
gregations that are arranged in a random fashion 
according to Poisson’s law. 

Table 2 presents changes in the ratios of Morisita indexes 
for quadrat areas within the four facies studied. A distinct 
peak occurs at 32 q suggesting that the size of aggrega-
tions of Sincyonis tuberculata on facies O is 1600 m2. Dis-
tributions on the three other facies follow similar trends, 
i.e. slightly aggregated at quadrat sizes of 100 m2 up to 
400 m2 on nodule-facies C+ then random. Above 6 400 m2 
they all decline, indicating that sampling areas are large 
enough to encompass possible aggregations of actinids.

The analysis of types of distribution pattern for the 
most abundant holothurians at the study site, Meso-
thuria murrayi, has been made by changes in the ratio 
of Morisita indices (table 3). The distribution and sizes 
of aggregations of populations of Mesothuria murrayi 
vary according to nodule-facies :
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•  on nodule-facies B, the distribution becomes ran-
dom between 200 m2 and 800 m2,

• on nodule-facies C+, the distribution is aggregated 
at 100 m2 and 400 m2, and random between 800 m2 
and 1 600 m2,

•  on nodule-facies BP, the distribution is aggregated 
with a peak at 800 m2 and another lesser peak at 
200 m2,

•  on nodule-facies O, no holothurians belonging to 
Mesothuria murrayi are observed.

The peak of aggregation at 400 m2 agrees with the 
results of an analysis of spatial heterogeneity of the 
holothurians Mesothuria sp. and Benthogone rosea 
sp. in the Atlantic Ocean (Sibuet, 1987). As for popula-
tions of Sincyonis tuberculata, the curves of change in 
ratio for the Morisita indexes on nodule-facies B and 
C+ tend towards a maximum spread above 2 800 m2.
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Iδ

Iδ

50

100

100

200 

200

400 

400

800 

 800

1600

1600

3200 

3200

6400 

 6400

12800

Faciès C+ 1,1 1,1 1,1 1 0,9 0,9 0,9 0,86 0,75

Faciès O 1,2 1 1,2 0,9 1,7 1,2 0,9 0,75

Faciès B 1,1 0,9 1 1 0,9 0,9 0,8 0,75

12800

25600

Table 2. Summary of the variation of the ratios of Morisita indexes, defining the distributions adopted by populations of actinids 
Sincyonis tuberculata with increasing quadrat size on three different nodule-facies in the NIXO 45 site.

Iδ

Iδ

50

100

100

200 

200

400 

400

800 

 800

1600

1600

3200 

3200

6400 

 6400

12800

Faciès C+ 2,3 1,7 1,9 1,4 1,2 0,8 1,2 0,8 0,7

Faciès B 1 1,5 1,1 1,3 0,8 0,8 0,9 0,7

Faciès BP 0,6 1,4 1,1 2,2 0,5 0,9 0,9

12800

25600

Table 3. Summary of the variation of the ratios of Morisita indexes, defining the distributions adopted by populations of  holothurians 
Mesothuria murrayi with increasing quadrat size on three different nodule-facies in the NIXO 45 site.

Comparison of faunal data from the ‘Nautile’ 
and the ‘Épaulard’
To compare two different methods of photographic 
exploration, the ‘Épaulard’, equipped with a photo-
graphic camera, and the manned submersible ‘Nau-
tile’, with its video camera, data were analysed from 
a transect 1 250 m long filmed by the ‘Nautile’. This 
was the only transect of the NIXONAUT cruise (1988) 
which travelled at a steady speed in a straight line, at 
an altitude of about 5 m and was thus comparable to 
a photographic transect made by the ‘Épaulard’. This 
transect passed over a nodule-facies B mean 40 % in 
the NIXO 45 zone. 

Figure 49 shows the abundance of various taxa clas-
sified by phylum. It is immediately evident that densi-
ties in all faunal categories are generally higher (1.4 
to 1.7 times for the dominant  phyla) in the video data 
from the ‘Nautile’ than in the data from the ‘Épaulard’.  
The total density of the megafauna was estimated 
from the ‘Nautile’ as 508 ind/ha whereas it was only 
312 ind/ha in the photographic transects from the 
‘Épaulard’. This may be due to the fact that the area 
explored along the trajectory of the ‘Nautile’ was less 
(2 500 m2) than that for the ‘Épaulard’ (3 850 m2). 

These results contradict the suggestion that one 
would find a smaller number of taxa in the tran-
sects viewed by the ‘Nautile’ because of its oblique 
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descending view and its scrolling, rather than fixed, 
images. However, a greater number of fish was ob-
served along the transect of the ‘Nautile’ (20 ind/ha, 
i.e. 12 times more than in the images from the ‘Épau-
lard’). Fish appear to be attracted by the activities of 
the submersible and the cloud of benthic sediments 
that is caused by the movement of water close to the 
ocean floor. 

The fauna recorded on the images taken by the ‘Nau-
tile’ displays in general the same taxonomic pro-
portions as those observed by the ‘Épaulard’, with 
cnidarians (228 ind/ha of which 93 % actinids) and 
echinoderms (132 ind/ha of which 67 % holothuri-
ans). However, the density of echiurians is greater 
(48 ind/ha, against 11 ind/ha in the ‘Épaulard’ data). 
Their mounds, about 210 cm long by 65 cm wide, are 
more easily detected in the videos from the ‘Nautile’. 
In contrast, wandering polychaetes are more easily 
detected in the ‘Épaulard’ images, where they are 
abundant, having a density of 44 ind/ha (1.6 times 
greater than in video images from the ‘Nautile’), but 
their presence could also be interpreted as a seasonal 

phenomenon linked to changes in environmental con-
ditions and flux in particulate matter. Sipunculids and 
gastropod molluscs, at the limit of the megafauna, 
were detected in the transect filmed by the ‘Nautile’, 
while no members of these groups were observed 
along the transect sampled by the ‘Épaulard’. How-
ever, for the ‘Nautile’, taxa could not be identified as 
precisely as they could in the photographs taken by 
the ‘Épaulard’ and the level of identification could not 
be extended beyond taxonomic order. 

Figure 50 shows the trophic and functional composi-
tion of the fauna observed on nodule-facies B 40 % 
from the ‘Épaulard’ and ‘Nautile’. The proportions of 
different faunal groups and the order of their relative 
abundance are similar, although suspension feeders 
and detritus feeders are about 0.5 times as many in 
the transect from the ‘Nautile’, and carnivores and 
scavengers have more or less the same total densi-
ty. The abundance of polynoids in images from the 
‘Épaulard’ balances out the greater number of fish in 
films taken by the ‘Nautile’. 
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Fig. 49.  Histograms of 
the partitioned abundance 
of taxa, arranged by  
phylum, filmed by the 
‘Nautile’ on a transect 
over nodule-facies B 40 
%, during the NIXONAUT 
cruise.
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5.2.  THE NIXO 41 SITE

Faunal abundance composition by phylum 
In order to make comparisons, faunal data from three 
nodule-facies at the NIXO 41 site were analysed, nod-
ule-facies A 30 %, C+ 30 % and B 35 %. Since nod-
ule-facies A (covered with small smooth nodules 20 
to 30 mm diameter) was too under-represented at 
the NIXO 45 site to be used in quantitative analyses, 
it was investigated at the NIXO 41 site even though 
fewer photographs were collected than for the NIXO 
45 site. This facies had a nodule covering of 30 % at 
the NIXO 41 site. 

Nodule-facies C+ 30 % and B 35 % were compared 
with homologous facies at the NIXO 45 site. At NIXO 
45 the area analysed for each facies was estimated at 
about 3 850 m2, but usable data was more limited at 

NIXO 41 and the areas analysed were smaller, with 
nodule-facies A 30 % covering only 2 950 m2, nod-
ule-facies C+ 30 % 3 100 m2 and nodule-facies B 35 %, 
2 300 m2. 

The means of exploration at the NIXO 41 site also dif-
fered from those used at NIXO 45, by using the towed 
‘R.A.I.E’, which took photographs every 32 seconds 
at an elevation of approximately 5 m. The strategy 
of sampling also differed: at NIXO 45 the transects 
covered by the ‘Épaulard’ were more meandering and 
sampled facies in more detail (figure 19) while at the 
NIXO 41 site, the ‘R.A.I.E.’ had a long rectilinear route. 
The extent of the areas photographed were similar to 
those recorded by the ‘Épaulard’ with the same objec-
tive lenses and shot vertically; however, fewer photo-
graphs were taken at sufficient height (5 m) for both 
qualitative and quantitative analysis.  
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Fig. 50.  Histograms of the partitioned abundance of taxa, arranged by trophic and functional group, filmed by the ‘Nautile’ on a 
transect over nodule-facies B 40 %, during the NIXONAUT cruise.
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Figure 51 summarizes the faunistic composition clas-
sified by phylum of the three nodule-facies studied at 
the NIXO 41 site: 

• Overall, echinoderms (622 ind/ha) are the most abun-
dant group and outnumber cnidarians (459 ind/ha). 

• On nodule-facies C+ 30 %, the densities of the two 
phyla are much higher than on the same facies at 
the NIXO 45 site (where their densities are 86 ind/
ha and 204 ind/ha respectively). At the NIXO 41 site, 
the most abundant echinoderms are ophiuroids (156 
ind/ha) while at NIXO 45, the dominant members of 
this phylum are holothurians and crinoids on sloping 
nodule-facies C. In addition, the density of actinids 
(456 ind/ha) on nodule-facies C+ 30 % is 2.5 times 

greater. Sponges number 65 ind/ha, while their den-
sity at the NIXO 45 site is only 18 ind/ha. Densities 
for polychaetes and echinoids are respectively 3.2 
and 2.6 times greater at the NIXO 41 site, and only 
holothurians have similar mean densities (9 ind/ha) 
at both sites. 

• On nodule-facies A 30 %, echinoderms (247 ind/ha) 
are again more numerous than cnidarians (135 ind/
ha) but to a lesser degree. The density of cnidarians 
is similar to that (141 ind/ha) on nodule-facies B 40 
% at NIXO 45, while the greater density of echino-
derms approaches that seen on sloping nodule-fa-
cies C+ 20 to 40 % at the NIXO 45 site. Nodule-fa-
cies A 30 % is characterised by a relatively high 
density (30 ind/ha) of echiurians, which is twice 

Fig. 51.  Histograms of the 
partitioned abundance of taxa, 
arranged by phylum, observed 
by the ‘R.A.I.E.’ on three no-
dule-facies in the NIXO 41 site.
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their greatest abundance (16 ind/ha) recorded at 
the NIXO 45 site on nodule-facies B 50 %.

• The faunal composition of nodule-facies B 35 % 
resembles that found at NIXO 45. Cnidarians (190 
ind/ha) predominate slightly over echinoderms 
(168 ind/ha), as on nodule-facies B 40 % at NIXO 
45, although densities there are lower (141 ind/ha 
and 91 ind/ha respectively).

Faunal composition by trophic and functional 
groups
For the NIXO 41 site, taxa were classified by trophic 
and functional group to determine whether the great-
er abundance of echinoderms in relation to cnidarians 

on nodule-facies C+ 30 % and A 30 % was reflected 
in the composition of the faunal assemblages by a 
greater proportion of detritus feeders than suspen-
sion feeders. On nodule-facies B 35 % at NIXO 41 and 
on all nodule-facies at NIXO 45, suspension feeders 
are more numerous.

However, figure 52 shows clearly that suspension 
feeders predominate over detritus feeders because 
ophiuroids, which are the dominant group of echino-
derms at NIXO 41, are principally suspension feeders. 
Thus the trophic groups have the same order of abun-
dance as at the NIXO 45 site. 

Fig. 52.  Histograms of 
the partitioned abundance of 
taxa, arranged by trophic and 

functional group, observed by 
the ‘R.A.I.E.’ on three nodule-

facies in the NIXO 41 site.

   63
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Sessile suspension feeders on nodule-facies C+ 30 % 
reach densities comparable to those observed on 
sloping nodule-facies C+ 20 to 40 % at NIXO 45. The 
relatively high density of mobile detritus feeders is 
close to that on nodule-facies C+ 10 % at NIXO 45. 

Nodule-facies A, because of its large population of 
ophiuroids, is remarkable for having almost equal 
densities of mobile and sessile suspension feeders, 
while the relatively large proportion of sessile detri-
tus feeders is due to echiurians. 

Mobile suspension feeders, which are mostly ophiu-
roids, are in relatively low abundance (73 ind/ha) on 
nodule-facies B 35 % but nevertheless, their density is 
close to that of the holothurians, which are the princi-
pal mobile detritus feeders.

Quantitative analysis at the level of taxa
The most abundant 20 taxa over the whole of the 
NIXO 41 site are shown in figure 53. It is noticeable 
that most of the taxa are the same as those identified 
at the NIXO 45 site (figure 45). Densities for the most 
abundant taxa, in decreasing order, are 232 ind/ha for 
the actinids Sincyonis tuberculata (ACT 6), 174 ind/ha 
for the brittle stars Ophiomusium armatum (OPH 1) 
(their density at this site is unique), 83 ind/ha for sea 
urchins Plesiodiadema globulosum (OUR 1), 25 ind/
ha for holothurians Psychronaetes hanseni  (HOL 21), 
23 ind/ha for actinids Actinernus verrill  (ACT 7) and 
23 ind/ha for polychaete worms Incertae sedis living 
in contorted tubes 40 cm  long (POL 9). Abundanc-
es distinctive to this zone are those of free crinoids 
Fariometra parvula (CRI 1), brittle stars Ophiomusium 

armatum (OPH 1) including a dark form of Ophiomu-
sium armatum (OPH 2), holothurians Psychronaetes 
hanseni (HOL 21) and Paelopatides sp. (HOL 22), echi-
urians Jacobia birsteini (ECH 1), sponges of the genus 
Pheronema (SPO 14) and hexactinellids Incertae sedis 
with an alveoliform disc (SPO 3).  

Distribution of various holothurians on different 
facies 
Analyses demonstrate that certain holothurians have 
affinities with particular edaphic conditions at the 
NIXO 41 site: 

• Holothurians Synallactes aenigma (HOL 1) prefer 
nodule-facies C+ 30 % and B 35 % where their den-
sity is 16 ind/ha. This value is close to that observed 
on nodule-facies C+ 30 % at the NIXO 45 site (18 
ind/ha) but much higher than the low densities (3 
ind/ha) recorded on nodule-facies B 40 % at NIXO 
45. Because of insufficient data, it was not possible 
to determine whether these holothurians are more  
abundant on facies O on ancient sediments, as it 
is at the NIXO 45 site where the density reaches 21 
ind/ha.

• Holothurians Synallactes profundi  (HOL 2) are re-
corded on all three nodule-facies at NIXO 41, but 
especially on nodule-facies C+ 30 % where their 
abundance is 29 ind/ha. On the homologous facies 
at NIXO 45, they are only observed at a density of 
5 ind/ha. In contrast, this taxon is present at a com-
parable density (25 ind/ha) on nodule-facies BP 
50 %.

Fig. 53.  Histogram of the density of the 20 most abundant taxons in the NIXO 41 site.
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• Holothurians Deima validum (HOL 5) are only  
identified on nodule-facies A 30 % at low density 
(3 ind/ha). This result is similar to that observed on 
nodule-facies B 40 % at the NIXO 45 site.

• Holothurians Benthodytes sp. (HOL 6) are observed 
on nodule-facies A 30 % and especially on nodule-
facies C+ 30 %, with a density of 10 ind/ha. At the 
NIXO 45 site these taxa prefer (16 ind/ha) sloping 
nodule-facies C+ 20 to 40 %.

• Holothurians Mesothuria murrayi (HOL 9) are espe-
cially abundant on nodule-facies A 30 % with a den-
sity of 14 ind/ha. At the NIXO 45 site, these holothu-
rians  prefer nodule-facies C+ 10 % (40 ind/ha).

• Holothurians Peniagone vitrea (HOL 11) and Am-
perima rosea (HOL13) are only observed on nod-
ule-facies A 30 % at low density (3 ind/ha). Penia-
gone vitrea occur on nodule-facies C+ 15 % at NIXO 
45 at this same low density while Amperima rosea 
prefer nodule-facies C+ 2 to 5 % with a density of  
5 ind/ha.

• Holothurians Peniagone intermedia (HOL 14) are 
only found on nodule-facies B 35 % at a density 
of 4 ind/ha. The taxon is not recorded on nodule-
facies B 40 % at NIXO 45 but is present on nodule-
facies C+ 40 %, where it is at a similar density of  
6 ind/ha.

• Holothurians Peniagone leander (HOL 19) prefer 
nodule-facies C+ 30 % and A 30 % where their 
abundance is 7 ind/ha. These results confirm those 
observed at NIXO 45 (C+  30 %).

• Holothurians Enypniastes eximia (HOL 18) prefer 
nodule-facies C+ 30 % with a density of 7 ind/ha. 
Their density on the same facies is similar (6 ind/
ha) at the NIXO 45 site, where they are especially 
abundant on nodule-facies C+ 10 % with a density 
of 25 ind/ha.

• Holothurians Psychronaetes hanseni (HOL 21) are 
abundant on all nodule-facies and especially B 
35 % where their density is relatively high (47 ind/
ha). On the homologous facies at the NIXO 45 site 
it has a much lower density (10 ind/ha).

• Holothurians of the genus Paelopatides (HOL 22) 
are most frequent on nodule-facies B 35 % at a 
density of 4 ind/ha, the same density at which they 
are found on nodule-facies C+ 10 % at the NIXO 45 
site.

In conclusion, the data from similar depths in regions 
of polymetallic nodules are comparable despite dif-
ferent methods of exploration and sampling strate-
gies. No taxon is found to be exclusive to the NIXO 41 

site, and all the taxa observed here have already been 
identified from NIXO 45. Faunal composition and lev-
els of abundance on nodule-facies B 35 % are similar 
to those of the same facies at the NIXO 45 site. 

In contrast, nodule-facies C+ 30 % is distinguished 
from that at NIXO 45 by its greater faunal abundance 
and by a reversal in the usual order of dominance 
observed at sites in the present study. Echinoderms 
are the most abundant group, with a high density 
of ophiuroids whose suspension-feeding behaviour 
maintains the predominance of suspension feeders 
over detritus feeders. Nodule-facies A 30 % resembles 
nodule-facies B 40 % in its population of cnidarians, 
and resembles sloping nodule-facies C+ 20 to 40 % in 
having a majority of echinoderms. This facies is also 
characterised by a relatively high density of sessile 
detritus feeding echiurians.

In taking the example of holothurians, it is noticeable 
that some have the same preferential habitats and 
abundances as their homologues at NIXO 45, such as 
Synallactes aenigma, Benthodytes sp., Psychronaetes 
hanseni and the swimming holothurians Peniagone 
leander and Enypniastes eximia. 

5.3. THE ECHO 1 SITE 

Abundance and faunal composition by phylum 
The “Deep Tow Instrumentation System” was used 
for photographic exploration at the “ECHO 1” site, 
which is situated at a lesser depth (mean 4 500 m) 
to the east of the NIXO 45 and 41 sites (figure 34). 
The three nodule-facies O, B 45 % and C+ 40 % have 
homologues at the NIXO 45 site with the exception of 
the sedimentary context for nodule-facies B 45 % and 
C+ 40 %, which dates from the Oligocene for the older 
layers, instead of the Plio-Quaternary. The sampling 
strategy was different, with the interval between shots 
varying between 7 and 26 seconds. The two scales of 
observation determined by the two objective lenses, 
50 mm and 70 mm (telephoto), gave complementary 
data for each photograph. The telephoto lens had the 
drawback that its elevation (mean of 8.5 m) was gen-
erally too high for faunal identification. The total area 
analysed was 12 400 m2 with the 50 mm objective and 
8 300 m2 for the photographs taken through the tele-
photo lens.

Figure 54 shows the overall faunal composition and 
abundance for the two zones analysed. The results 
from using the telephoto lens show a greater abun-
dance of sponges (71 ind/ha) compared with echino-
derms (59 ind/ha) and cnidarians (52 ind/ha), while 
the areas seen through the 50 mm objective are 
abundant in echinoderms (123 ind/ha) due to large 
numbers of echinoids (65 ind/ha). The elevation of 
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the camera did not allow organisms of small size and 
complex shapes to be identified, and this explains the 
lower abundance of sponges and octocoralliarids in 
photographs taken with the 50 mm objective. In ad-
dition, the surface areas studied were different and 
estimates of abundance of some animals may be a 
function of the spatial heterogeneity of their popu-
lations as indicated by the population densities of 
sponges (1.5 times more abundant with the telepho-
to), octocoralliarids (5 times more abundant with the 
telephoto), echinoids (3 times more abundant with 
the 50 mm lens), holothurians (2 times greater with 
the 50 mm), sipunculids (2.3 times greater with the 
50 mm) and echiurians (4.3 time greater with the 50 
mm). In contrast, medusas, actinids (almost 9 ind/ha), 
crinoids (almost 7 ind/ha), asteroids (almost 2 ind/ha), 
ophiuroids, polychaetes, molluscs, arthropods, ascid-
ians and fish maintain the same densities irrespective 
of which of the two methods of photographic explora-
tion is used. 

As the two series of surface areas analysed differ by a 
factor of 1.5, only the densities seen with a 50 mm ob-
jective lens were used for comparison with data from 
NIXO 45 for similar nodule-facies. 

The predominance overall of echinoderms in photo-
graphs taken with a 50 mm lens distinguishes these 
results from those at the NIXO 45 site but recalls 
those observed on nodule-facies A 30 % and C+ 30 % 
at the NIXO 41 site. This preponderance of echino-
derms is not due to an overabundance of ophiuroids 
as at NIXO 41 but by large numbers of holothurians 
and echinoids, whose respective densities vary ac-
cording to the nodule-facies. Considerable popula-
tions of sipunculids (50 ind/ha) and echiurians were 
also detected because of the particular form of their 
bioturbation.

Figure 55 illustrates variation in faunal composition, 
observed with a 50 mm objective, for nodule-facies 
O, B 45 % and C 40 %. On all three nodule-facies the 
same predominance of echinoderms is seen, with a 
majority of echinoids on facies O and of holothurians 
on the two other facies. 

Nodule-facies O with ancient sediments is char-
acterised by a high density of echinoderms (204 
ind/ha), the majority of which are echinoids, whose 
preferred habitat it is (151 ind/ha), as well as a rela-
tively large population of sipunculids (122 ind/ha) 
and fish (16 ind/ha). The homologous facies O at the 

Fig. 54.  Histograms of 
the partitioned abundance 
of taxa, arranged by phylum, 
observed by the ‘Deep Tow’ 
over the whole of the ECHO 
1 site using two types of 
lens (70 and 50 mm).
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NIXO 45 site has a lower density of echinoderms (114 
ind/ha) composed in almost equal parts of echinoids 
(34 ind/ha), holothurians (45 ind/ha) and crinoids (26 
ind/ha). In contrast, the population of echiurians (0 
ind/ha) at the two sites is similar, as are those of holo-
thurians,  molluscs and fish (about 2 ind/ha).

Nodule-facies B 45 % on ancient sediments consists 
principally of echinoderms (72 ind/ha) with a majority 
of holothurians (61 ind/ha), cnidarians (56 ind/ha of 
which 48 ind/ha are actinids), echiurians (42 ind/ha) 
and sponges (40 ind/ha). This facies has similar popu-
lations of asteroids, holothurians, sipunculids, ascid-
ians, cephalopods and echinoids (about 3 ind/ha) to 
the homologous facies with recent sediments at the 

NIXO 45 site. Nodule-facies B 45 % with ancient sedi-
ments has approximately the same density of spong-
es as nodule-facies B 50 % with recent sediments at 
the NIXO 45 site and nodule-facies B 35 % at the NIXO 
41 site. 

Nodule-facies C 40 % on ancient sediments supports 
principally echinoderms (96 ind/ha) of which the ma-
jority are holothurians (56 ind/ha). This facies is the 
preferential habitat of echiurians (77 ind/ha), sponges 
(72 ind/ha), actinids (64 ind/ha), ascidians (8 ind/ha) 
and polychaetes (11 ind/ha). The population densities 
of crinoids, asteroids, sipunculids and molluscs are 
similar at about 3 ind/ha and close to those on the 
homologous facies C+ 40 % at NIXO 45.

Fig. 55.  Histograms of 
the partitioned abundance 
of taxa, arranged by phylum, 
observed by the ‘Deep Tow’ 
for three nodule-facies in 
the ECHO 1 site, using a 50 
mm lens.
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The faunal composition classified by trophic and 
functional groups for the three nodule-facies studied 
at the ECHO I site is represented in figure 56. Detritus 
feeders, as indicated by the abundance of sipuncu-
lids, echinoids and echiurians, are predominant on 
all facies. This trophic group is particularly abundant 
on facies O with ancient sediments (326 ind/ha). Sus-
pension feeders are most numerous on nodule-facies 
C+ 40 %. These results differ from those observed on 
the two homologous nodule-facies at NIXO 45 and 41 
(figures 42, 44 and 52).

The results from the photographs taken with the 
70 mm telephoto lens were examined (figure 57) in 
order to determine the effects of scale of observation 
on the estimates of faunal composition for the same 
transect.

The order of abundance changes in favour of sponges 
with preferential habitats on nodule-facies C+ 40 % 
with ancient sediments and facies O where densities 
reach 96 ind/ha and 92 ind/ha respectively. Octocoral-
liarids are also abundant (44 ind/ha) on facies O and 
echinoderms have similar densities (96 ind/ha) to 
sponges on their preferred habitat, facies C+ 40 %. 
Actinids were only observed on two nodule-facies 
and especially on facies B 45 %. 

Comparison of figures 55 and 57, which relate to the 
two different objective lenses, shows that the faunal 
composition on each facies appears different depend-
ing on which lens is used. The faunal characteristics 
on each facies are as follows: 

• Nodule-facies O with ancient sediments observed 
through a telephoto lens supports a clear majority 
of sponges (96 ind/ha) and sipunculids (64 ind/ha) 
while the population of Cnidaria is equal to that of 
octocoralliarids (44 ind/ha). The same facies sam-
pled through a 50 mm objective has a reversed 
order of abundance, with echinoderms being dom-
inant, of which 73 % are echinoids. These organ-
isms are almost 10 times more numerous that their 
homologues when sampled with the telephoto 
lens. Nevertheless, sedentary polychaetes and si-
punculids maintain the same population densities 
independent of the scale of observation, and the 
latter are preferentially abundant on this facies.

• Nodule-facies B 45 % with ancient sediments sam-
pled through a telephoto lens shows a dominance 
of cnidarians (64 ind/ha) over echinoderms (44 ind/
ha) and sponges (36 ind/ha). The homologous nod-
ule-facies examined with a 50 mm lens shows the 
same density of actinids but densities for sponges 
and all echinoderms including holothurians are ap-
proximately double. Echiurians are 3.5 times more 
abundant.

• Nodule-facies C+ 40 % with ancient sediments 
seen through the telephoto lens is characterised by 
almost equal abundances of echinoderms (about 4 
ind/ha) and sponges (96 ind/ha). This facies exam-
ined by a 50 mm lens supports the same popula-
tion density of echinoderms at about 4 ind/ha while 
densities of actinids are 1.2 times higher, chordates 
2.3 times higher, and echiurians up to 4.8 times 
higher and for which this is the preferred habitat. 

Thus preferential habitats independent of the scale of 
observation are as follows:

• Nodule-facies C+ 40 % for sponges, echiurians and 
crinoids.

• Nodule-facies  O for sipunculids and fish. 

These results agree with the major faunistic trends on 
homologous facies at the NIXO 45 study site.

Faunal composition by trophic and functional 
groups
We investigated if the dominance order of trophic and 
functional behaviours displays also a reversed order 
when assessing the abundance of the main phyla on 
photographs taken with the telephoto lens.

Figure 58 illustrates well this inversion when com-
paring with analysis from photographs taken with a 
50mm lens. Suspension feeders prevail on detritus 
feeders whatever the nodule-facies. The preferential 
habitat of suspension feeders is the nodule-facies 
C+40% with a density of 168 ind/ha while motile de-
tritus feeders and sessile detritus feeders display re-
spectively densities of 80 ind/ha and 68 ind/ha.

These results are consistent with those from similar 
nodule-facies of Nixo45 apart from a greater abun-
dance of motile detritus-feeders on facies-nodule 
O. Also the analysis of photographs taken with a 50 
mm lens display the same preferential habitats for 
the suspension feeders, sessile detritus feeders and 
the carnivores and scavengers while mobile detritus 
feeders prefer facies 0 as habitat.

Quantitative analysis at the level of taxa
Faunal composition was examined at the scale of taxa 
by seeking to find the most abundant taxa at each of 
the two levels of observation (50 mm and 70 mm). 
Figure 59 shows that apart from the actinid Sincyonis 
tuberculata (ACT 6), the taxa which predominate in 
each case are not the same or do not follow the same 
order of abundance.

Areas analysed with the aid of the 50 mm lens have 
abundant forms of bioturbation left by burrowing de-
tritus feeders such as irregular echinoids belonging 
to the family Aeropsidae (OUR 2), sipunculids of the 
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Fig. 56.  Histograms of 
the partitioned abundance 
of taxa, arranged by phylum, 
observed by the ‘Deep Tow’ 
for three nodule-facies in 
the ECHO 1 site, using a 
50 mm lens.
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Fig. 57.  Histograms of 
the partitioned abundance 
and faunal composition of 
taxa, arranged by trophic and 
functional group, observed 
by the ‘Deep Tow’ for three 
nodule-facies in the ECHO 1 
site, using a 70 mm telephoto 
lens.
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Fig. 58.  Histograms of 
the partitioned abundance 
and faunal composition of 
taxa, arranged by trophic 
and functional group, 
observed by the ‘Deep 
Tow’ for the three nodule-
facies in the ECHO 1 site, 
using a 70 mm telephoto 
lens.
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family Sipunculidae or Golfingiidae (SIP 1) and by 
echiurians of the family Bonellidae (ECH 1). 

At the sediment surface, faunal assemblages are seen 
where the predominant organisms are the sessile sus-
pension-feeding actinids Sincyonis tuberculata (ACT 
6), Hexactinellid sponges Incertae sedis in the form of 
a ring (SPO 1), Hexactinellids of the family Hyalone-
matidae (SPO 14), Polymastiidae (SPO 27), Euretidae 
Eurete erectum (SPO 11), Hyalonematidae of the ge-
nus Hyalonema (SPO 15), octocoralliarids of the fam-
ily Plumularidae (OCT 1) and the polychaete worms  
Incertae sedis with long contorted tubes (POL 9). 

Detritus feeding echinoderms are the echinoids Ple-
siodiadema globulosum (OUR 1) and the holothurians 
Synallactidae, Synallactes profundi (HOL 2), Meseres 
macdonaldi (HOL 8), Mesothuria murrayi (HOL 9), 
Synallactes aenigma (HOL 1), and members of the 
Elpidiidae, Peniagone gracilis (HOL 12), Amperima 
rosea (HOL 13) and the Deimatidae of the genus Or-
phnurgus (HOL 3). The only mobile carnivores are 
Ophidioid fish (POI 2).

The following taxa are among the 20 most abundant 
taxa at the NIXO 45 site (figure 42): actinids Sincyo-
nis tuberculata (ACT 6), octocoralliarids of the family 

Plumularidae (OCT 1), sponges of the genus Hyalone-
ma  (SPO 15), sea urchins Plesiodiadema globulosum  
(OUR 1), holothurians Mesothuria murrayi  (HOL 9) 
and polychaete worms Incertae sedis with long con-
torted tubes (POL 9). 

Some other taxa are also among the most abundant 
at NIXO 41 such as: actinids Sincyonis tuberculata 
(ACT 6), echiurians Jacobia birsteini (ECH 1), sponges 
Pheronema sp. (SPO 14) and Hyalonema sp. (SPO 
15), echinoids Plesiodiadema globulosum (OUR 1), 
polychaete worms Incertae sedis with long contorted 
tubes (POL 9) and holothurians Synallactes aenigma 
(HOL 1), Synallactes profundi (HOL 2) and Mesothuria 
murrayi (HOL 9).  

In areas sampled by the telephoto lens most of the 
taxa observed with a 50 mm lens are found but in a 
different order of abundance. Predominant ones are: 
sponges of the family Polymastiidae (SPO 27), acti-
nids Sincyonis tuberculata (ACT 6), sipunculids of the 
family Sipunculidae or Golfingiidae (SIP 1), octocoral-
liarids of the family Plumularidae (OCT 1), burrowing 
detritus feeders such as irregular echinoids belonging 
to the family Aeropsidae (OUR 2) and holothurians 
Deimatidae Orphnurgus sp. (HOL 3).

Fig. 59.  Histograms of the most abundant taxa observed at the ECHO 1 site, as recorded through a 50 mm lens and a 70 mm 
telephoto lens.
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Taxa that are present exclusively at the scale of the 
telephoto lens are sessile suspension-feeders, such 
as fixed crinoids of the genus Ptilocrinus (CRI 3), 
which also belong to the 20 most abundant taxa at 
the NIXO 45 site, fish of the genus Ipnops (POI 10), 
Demosponges of the genus Chondrocladia (SPO 10), 
Hexactinellids of the family Rossellidae (SPO 5) and 
the composite ascidians Incertae sedis (ASC 7). These 
taxa are generally difficult to make out on a nodule 
substratum with a 50 mm.

Distribution of holothurians on different facies
In order to detect variation in distributions at a taxo-
nomic scale and the possibility of preferential habitats 
on nodule-facies O, B 45 % and C+ 40 % with ancient 
sediments, the distribution of various holothurians 
observed at the ECHO 1 site was investigated at the 
two scales of observation (50 mm and telephoto).

Nodule-facies O with ancient sediments, independent 
of the scale of observation, preferentially supports 
holothurians Synallactidae Meseres murrayi (HOL 8) 
at a density of 19 ind/ha seen through the 50 mm lens 
and 4 ind/ha with the telephoto. Two taxa appear to be 
exclusive to this facies: the holothurians Deimatidae 
Deima validum (HOL 5) seen with the 50 mm lens and 
Psychropotes verrucosa (HOL 23) seen with the tele-
photo. Preferences for this nodule-facies do not agree 
with those from photographic data from the NIXO 45 
site where they are as follows: Psychropotes verru-
cosa are more abundant on nodule-facies C+ 10 % (a 
facies which is not represented in photographic data 
from ECHO 1), Meseres murrayi on nodule-facies C+ 
20 % and Deima validum on nodule-facies B 40 %. 
Neither do these results confirm those from the NIXO 
41 site where these taxa have not been recorded, ex-
cept for Deima validum, which was one of the taxa 
exclusive to nodule-facies A 30 %.   

Nodule-facies B 45 % on ancient sediments, indepen-
dent of the scale of observation, preferentially sup-
ports holothurians in the families Laetmogonidae 
Psychronaetes hanseni (HOL 21), Psychropotidae Psy-
chropotes longicauda (HOL 17) and Synallactidae Me-
sothuria murrayi (HOL 9). Holothurians Synallactes 
profundi (HOL 2) are especially abundant on this nod-
ule-facies as examined with a 50 mm objective, with 
a density of 13 ind/ha, similar to Orphnurgus (HOL 3) 
with 11ind/ha, Benthodytes sp. (HOL 6). Some holo-
thurians seem exclusive to this type of nodule-facies 
such as Paelopatides sp. (HOL 22). These observations 
are not in agreement with those from the NIXO 45 
site, but they do confirm those from NIXO 41 for Psy-
chronaetes hanseni and Paelopatides sp.

Nodule-facies C+ 40 % on ancient sediments, indepen-
dent of the scale of observation, preferentially sup-
ports the holothurians Peniagone gracilis (HOL 12), 
which are exclusive to this nodule-facies. Other ho-

lothurians, mostly members of the family Elpidiidae, 
are unique to this nodule-facies as examined by a 50 
mm lens, such as Peniagone papillata (HOL 10) and 
with a telephoto lens, such as Amperima rosea (HOL 
13), Peniagone gracilis (HOL 12) and Benthodytes sp. 
(HOL 6). The highest abundances are seen with Synal-
lactes aenigma (HOL 1), showing a density of 11 ind/ha 
in photographs taken by 50 mm lens, and Synallactes 
profundi (HOL 2) with 11 ind/ha and Orphnurgus (HOL 
3) with 20 ind/ha in photographs taken by telephoto. 
These observations are confirmed at the NIXO 45 site 
for the exclusive taxon Orphnurgus sp. and for holo-
thurians of the genus Benthodytes. In contrast, none 
of these results were observed at the NIXO 41 site.

5.4. ESTIMATES OF BIOMASS  
AT THE STUDY SITES

Biomasses of the megafauna at the three study sites 
(NIXO 45, NIXO 41 and ECHO 1) were estimated from 
values of mean fresh weight per unit. By referring to 
the data of Vinogradov (1953) and Salonen et al. (1976), 
these fresh weights were transformed into weight of 
organic matter using data on the water content of 
each organism, the weight of organic carbon being 
considered as equivalent to 51.8 % of the weight of 
dry organic matter. Evaluation of biomass (mgC/m2) 
is a function of the density of the different taxa and 
their individual mean weight in mgC. Since only fau-
nal assemblages in the same dimensional categories 
are compared here, the fish are omitted. Estimates of 
biomass have been calculated from values of density 
and individual mean weight.

The results show that total biomass for invertebrate 
megabenthic assemblages varies according to the dif-
ferent sites studied. The total biomass for the mega-
fauna at NIXO 45 is 1.8 times less than that at NIXO 41 
which is itself 6.2 times greater than at ECHO 1 (using a 
telephoto). Analysis of the contributions of the various 
faunistic components to the total also provides infor-
mation on differences in biomass between the study 
sites. These biomass data, organised by trophic group, 
are shown as percentages in figures 60 and 61.

Estimates of megafaunal biomass at the NIXO 
45 and NIXO 41 sites
Figure 60 shows that the order of dominance for bio-
mass of the three trophic groups follows that for esti-
mates of density. The biomass of suspension feeders 
is greater than that for detritus feeders, which is itself 
greater than that of carnivores. The biomass of sus-
pension feeders at the NIXO 45 site (351 mgC/m2) is 
about 11 times that for detritus feeders (32 mgC/m2) 
which is 16 times greater than that for carnivores and 
scavengers (2 mgC/m2). Fish have an estimated bio-
mass of 119 mgC/m2. 
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Fig. 60.  Diagramatic representation of partitioned estimates of megafaunal biomass, arranged by trophic groups, for the NIXO 45 
and 41 study sites.

Fig. 61.  Diagramatic representation of partitioned estimates of megafaunal biomass, arranged by trophic groups, at the ECHO 1 
study site, recorded through 50 and 70 mm lenses.
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Comparison of these data with those from the NIXO 
41 site shows that the total biomass is almost twice 
as great as at NIXO 45. The biomasses of suspension 
feeders, detritus feeders and carnivores are respec-
tively about 2, 1.5 and 3.5 times greater at the NIXO 
41 site. 

However, even if estimates of biomass are given per 
hectare, it must be recognised that abundances were 
estimated from different surface areas (the total area 
surveyed at NIXO 45 is 8.5 times greater than that at 
NIXO 41) and consequently not all the nodule-facies 
studied at NIXO 45 are represented at NIXO 41. Com-
parisons can only be made for homologous facies at 
each of the sites. Thus at NIXO 45, biomasses on the 
three homologous nodule-facies at NIXO 41 are esti-
mated at 1 225 mgC/m2 with 90.3 % hexacoralliarids 
(in taking nodule-facies B 40 % as homologous with 
nodule-facies A 30 %, whose representation was too 
low at NIXO 45). This biomass is 1.7 times greater 
than that observed at NIXO 41. 

Nevertheless the proportions of the different trophic 
groups at NIXO 41 reveal a certain homogeneity of 
trophic assemblages on similar nodule-facies. At the 
NIXO 41 site, these proportions are slightly different 
from those over the whole of the NIXO 45 site. The 
biomass of suspension feeders (636 mgC/m2) is 13 
times greater than that of detritus feeders (48 mgC/
m2), which is 7 times greater than that for carnivores 
and scavengers (7 mgC/m2). The biomass of fish is al-
most half that estimated over the whole of the NIXO 
45 site where they appear to be associated with en-
tirely sedimentary substratum or nodule-facies with 
low nodule coverage. If only homologous facies are 
considered at the NIXO 45 and NIXO 41 sites, the pro-
portions are very different, with the biomass of sus-
pension feeders (1 133 mgC/m2) being about seven 
times greater than for detritus feeders (173 mgC/m2), 
whose biomass is four times greater than that of car-
nivores (43 mgC/m2).

By examining the proportions of different faunal com-
ponents in the estimate of biomass for each trophic 
group for the whole of the NIXO 45 and NIXO 41 sites, 
one finds that:

• The biomass of suspension feeders is composed 
in both cases of about the same mean percentage 
of hexacoralliarids (95 %), sponges (4 %) and cri-
noids, brisingids, octocoralliarids and ophiuroids 
(1 %). This dominant contribution of hexacorallia-
rids is confirmed at the same depth in the Cape 
Verde Basin in the Atlantic Ocean (Sibuet, 1980).

• The biomass of holothurians consists of 83.5 % of 
that for detritus feeders over the two sites. Never-
theless, holothurians represent only a small per-
centage (7 %) of the total biomass for the mega-

fauna at the two NIXO sites, whereas this group 
represents nearly 20 % of the total biomass at the 
station in the Bay of Biscay at comparable depths 
(Sibuet, 1987). Asteroids maintain the same mean 
percentage of 4.5 % while echiurians and echinoids 
vary in biomass according to the site studied. The 
biomass of echinoids is only 2.5 % of that for detri-
tus feeders at NIXO 41 while at NIXO 45, this group 
represents 8 % of detritus feeding biomass. Con-
versely the biomass of echiurians is only 1 % of that 
for detritus feeders at the NIXO 45 site, contrasting 
with 12.5 % at NIXO 41. This is because echiurians 
preferentially inhabit facies with high nodule cov-
erage, such as those selected at the NIXO 41 site, 
while echinoids are abundant on facies without 
nodules or with a low nodule coverage, which are 
well represented at the NIXO 45 site. 

• The biomass of invertebrate carnivores and scav-
engers also varies according to the site studied. At 
NIXO 45, decapods represent 50 % of these trophic 
groups while they contribute only 5 % at NIXO 41. 
In contrast, the biomass of cephalopods is much 
greater (94 %) at the NIXO 41 site than at NIXO 45 
(34 %).

When considering only the three nodule-facies at the 
NIXO 45 site that are homologous with those at NIXO 
41, hexacoralliarids represent 98 % and sponges 2 % 
of suspension feeders, and similar percentages are 
observed at the NIXO 41 site. For detritus feeders, 
echinoids only represent 1 % of the biomass, which 
is composed largely of holothurians (46 %), though 
these contribute only 6 % to the total biomass. Car-
nivore biomass is dominated by medusas (86 %), in 
contrast to the results seen at NIXO 41.

Estimates of megafaunal biomass at the ECHO 
1 site 
For the fauna at the ECHO 1 site, trophic groups show 
the same order of dominance as at the NIXO 41 and 
NIXO 45 sites (figure 61). Considering the homolo-
gous facies at the NIXO 45 site as those studied at 
ECHO 1, the total biomass is 1 024 mgC/m2 divided 
into 963.3 mgC/m2 for suspension feeders (9 times 
greater than at ECHO 1), 97.42 mgC/m2 for detritus 
feeders (3 times greater than at ECHO 1) and 40.28 
mgC/m2 for invertebrate carnivores (8 times greater 
than at ECHO 1).

The 50 mm and 70 mm (telephoto) lenses provide two 
complementary scales of observation that compensate 
for the disadvantage of the 50 mm lens, which takes 
pictures from an elevation that is generally too high to 
enable identification with the same degree of precision 
as that carried out at the NIXO 45 and 41 sites.

According to the data from the 50 mm lens, the bio-
mass of suspension feeders is much lower (107 mgC/
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m2) at the ECHO 1 site and is only three times greater 
than of detritus feeders (32 mgC/m2), which is itself 
seven times greater than that for carnivores and scav-
engers (4.5 mgC/m2). In contrast, the biomass of fish 
is relatively high (113 mgC/m2) and close to that esti-
mated overall for the NIXO 45 site. The same is true 
for estimates of biomass of detritus feeders and carni-
vores, which are approximately equivalent to those at 
NIXO 45 for these trophic groups. 

Percentages of biomass for faunal components within 
each trophic group are slightly different from those 
observed at the NIXO 41 and 45 sites. The biomass 
of suspension feeders at ECHO 1 comprises a greater 
proportion of sponges (17 % instead of 6 % on the 
homologous facies at NIXO 45) to the detriment of 
hexacoralliarids, which are reduced to about 12 % in 
this trophic group at NIXO 45.  The biomass of detri-
tus feeders at NIXO 41 site is composed of a larger 
proportion of holothurians (73 %) than at the NIXO 
45 site.  Echiurians form a similar percentage (12 %) 
to that observed at the NIXO 41site. The biomass of 
carnivores is entirely represented by cephalopods at 
NIXO 45, as at NIXO 41.

Estimates of biomass resulting from the analysis of 
data from ECHO 1 with the telephoto lens (70 mm) 
over an area approximately equivalent to that at the 
NIXO 41 site are lower (111 mgC/m2) than those esti-
mated with the 50 mm lens (144 mgC/m2). The biomass 
of detritus feeders appears to be about half, while that 
of invertebrate carnivores is zero. Only the biomasses 
of suspension feeders and the category of fish are 
close to the values observed using the 50 mm objec-
tive lens. Values for biomass from the analysis of data 
seen through the telephoto lens are clearly lower than 
those from the NIXO 45 and 41 sites, except for fish. 
When considering the different percentages of faunal 
components contributing to the trophic groups, the 
same trends are seen as those from the data with a 50 
mm lens, although sponges form a greater proportion 
(12 %) to the detriment of hexacoralliarids, and for de-
tritus feeders, holothurians form a greater proportion 
at the expense of echiurians. This proportion of holo-
thurians (83 %) resembles that observed at the NIXO 
45 and 41 sites.  

Estimates of macrofaunal and meiofaunal  
biomass  
To compare the trophic structure of different faunal 
categories, estimates given in the literature (Paul 
& Hecker, 1977; Hecker & Paul, 1979; Radziejewska, 
1997; Trueblood & Ozturgut, 1997; Radziejewska & 
Modlitba, 1999; Stoyanova, 2001; Radziejewska, 2002; 
Radziejewska et al., 2003) for the macrofauna and 
meiofauna of the Clarion-Clipperton fracture zone 
were examined. Paul & Hecker (1977) and Hecker & 
Paul (1979) sampled the macrofauna (metazoans re-
tained by a 250 mm sieve) and the meiofauna (meta-

zoans retained by a 40 mm mesh) at three study sites, 
DOMES A, B and C. Cited here for comparison are 
results from the analysis of 38 USNEL corers of 0.25 
m2 from the site closest to our study, the DOMES C 
site, situated at 16 ° N and 126 ° W, beneath the North 
Equatorial Current (figure 31).

Data on the macrofauna and meiofauna analysed 
by Hecker & Paul (1979) and their classification into 
trophic categories demonstrate a predominance (3.5 
times greater) of limivores or detritus feeders over 
suspension feeders. In order of importance, the limi-
vores consist largely of annelids, arthropods and 
molluscs. At the DOMES C site, Hecker & Paul (1979) 
found a density of 268 ind/m2 which is greater than 
that observed at DOMES A and B. 

This density is comparable with that of 238 ind/m2 
given by Paul & Jumars (1976) but clearly lower than 
the estimate of 356 ind/m2 given by Wilson & Hessler 
(in Mullineaux, 1989) for the DOMES C site. This den-
sity lies in between estimates for two regions of the  
Pacific Ocean at equal depths since it is about twice 
as high as the macrofauna (115/m2) of the central oli-
gotrophic Pacific Ocean (Hessler & Jumars, 1974) and 
almost three times less than that of about 750/m2 from 
near the Equator at 3°N. The mean density observed 
at the mining site in the Indian Basin is 365.5 ind/m2 
(Ingole et al., 1999). The density of the macrofauna at 
DOMES C is also 2.5 times greater than that observed, 
at similar depth and with the same method of sam-
pling, in the Cape Verde Basin in the Atlantic Ocean 
(Sibuet, 1980) and 1.2 times greater than that mea-
sured on the Vema fault (Khripounoff et al., 1980).

The macrofauna at the DOMES C site comprises 53 % 
suspension feeders. It includes small-sized individu-
als and juveniles of the megafauna (sponges, actinids, 
brachiopods, ophiuroids, crinoids and cirripedes) that 
Hecker & Paul (1979) discovered in their cores and 
which are too small to be detected in photographs of 
the megafauna. If one excludes these juveniles, the 
biomass of suspension feeders is 4.6 mgC/m2, com-
posed largely of 17 % polychaetes, 16 % bivalves and 
1 % tunicates. Detritus feeding polychaetes, accord-
ing to the definitions of trophic behaviour in Jumars 
& Fauchald (1977), comprise 38 % of the limivore bio-
mass at DOMES C. The estimates of Paul & Jumars 
(1976) are slightly different as regards the contribu-
tion of cnidarians at the DOMES C site, where this 
faunal group is dominant, and forms 55 % of the total 
macrofaunal biomass. This considerable biomass of 
cnidarians appears to be unique to DOMES C site, 
given their lesser importance in the central Pacific 
Ocean (Hessler & Jumars, 1974).

The biomass of the limivore macrofauna of the Pa-
cific Ocean is dominated by annelids (38 %), mostly 
polychaetes, with 7 % arthropods, such as tanaid-
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aceans, isopods, pycnogonids, cumaceans and am-
phipods. The importance of polychaetes as dominant 
components of the macrofauna at DOMES C recalls 
the results of Paul & Jumars (1976) who found 30.6 
% polychaetes at the DOMES C site, while Hessler & 
Jumars (1974) found 55.1 % at a site in the central 
Pacific Ocean. These results also concur with those 
of Ingole et al. (1999, 2001) for the site in the Indian 
Ocean sampled during the INDEX programme. The 
proportions they found are respectively 55 % poly-
chaetes, 12 % tanaidaceans, 8 % isopods for the most 
abundant categories which were concentrated in the 
upper 2 cm of superficial sediments. These figures are 
also comparable to those of Sibuet (1980) who found 
that polychaetes contribute to 52% of the total of the 
macrofauna in the Cape Verde Basin. 

The meiobenthos of the DOMES C site is character-
ised by high biodiversity of two large groups, ostra-
cods and nematodes. Estimates for biomass of the 
polychaetes at this site demonstrate more ostracods 
(87,61 %) than nematodes (12.38 %). However, these 
proportions were not confirmed by Renaud-Mornant 
& Gourbault (1990) at 17 locations situated to the west 
of NIXO 45, between 130°54W-130°41W and 14°06N-
14°33N at depths between 4 960 m and 5 154 m. These 
authors found biomasses of 0.2 to 3.2 mgC/m2, com-
posed largely of nematodes (84-100 %) and harpacti-
coid copepods (0-10 %), and they interpreted these low 
biomass values as the result of numerous juveniles 
and nanism of adult forms (60-80 %) whose presence 
might be an adaptation to low nutritional resources. 
Abundant and diverse nematodes were also observed 
by Paul & Jumars (1976) at comparable depths at the 
DOMES C site, and similar proportions were confirmed 
more recently by various authors, such as Trueblood & 
Ozturgut (1997) at the BIE site of NOAA, Radziejewska 
& Modlitba (1999), Radziejewska & Stoyanova (2001), 
Radziejewska (2002) and Radziejewska et al. (2003) 
over a band within the nearby IOM site (10°10’N-
13°10’N and 119°25’W,-120°40’W). 

Similarly, at the INDEX EIA site in the Indian Basin, 
proportions are similar with a majority of nematodes 
(60 %) and harpacticoid copepods (21 %) concen-
trated in the first 5 cm thickness (Ingole et al., 1999). 
These findings were also confirmed by Rachor (1975) 
off Portugal, by Dinet & Vivier (1977) in the Bay of Bis-
cay, by Dinet (1973) in the south-east Atlantic Ocean 
and by Pfannkuche (1985) in the north-east Atlantic. 
Likewise, Hessler & Jumars (1974) obtained high per-
centages for nematodes (56-85 %) in samples from 
the central Pacific in similar bathymetric and hydro-
graphic conditions.

Measurements by Hecker & Paul (1979) at the three 
sites, DOMES A, B and C, showed that the greatest 
abundances and biomasses were found at the DOMES 
C site. These authors also found a more marked pres-

ence of suspension feeders than in our study. Similar-
ly, Radziejewska & Modlitba (1999) and Radziejewska 
et al. (2001) demonstrated significant differences in 
abundance and faunal composition in relation to sub-
stratum heterogeneity, notably in relation to sediment 
properties, also confirming results for the megafauna 
of our study.

Estimates of flux in particulate organic carbon 
In seeking to explain the origin of this faunistic abun-
dance, the energetic contribution arriving on the ben-
thos should be considered. Since no measurements 
of particulate organic flux have been obtained from 
particle traps at the study sites, values of primary pro-
duction at the surface were taken from the literature 
in order to calculate the flux in particulate organic 
carbon originating at the surface, using the equation 
proposed by Berger et al. (1987):

J   = (9 x PP) / Z + (0.7 x PP) / Z 0.5

• J is the flux in particulate organic carbon expressed 
as gC/m2/y

• PP is the primary production estimated at the sur-
face of the study zone in gC/m3/y

• Z is the mean depth of the site in m

The primary production at the surface of the DOMES 
C site is relatively high, reaching about 125 gC/m2/y 
(compared with 90 gC/m2/y at the DOMES A and B 
sites) according to the calculations of Berger et al. 
(1987), based on information for latitude, distribution 
of phosphates and distances from the coast. 

These estimates confirm those of Koblentz-Mishke et 
al. (1970) based on measurements of C14 but contrast 
with those given by El-Sayed & Satoru (1979) based 
on measurements of the vertical distribution of chlo-
rophyll A at the DOMES A, B and C sites. Indeed site 
C, the closest of the study sites, has the greatest pri-
mary production of the three sites, with 148.6 ± 57 
mgC/m3/day or 54.23 ± 20.8 gC/m3/y, a value clearly 
lower than those cited previously. These authors were 
able to show a seasonal variation in primary produc-
tion with minima between August and October and 
maxima in February to March. When examined more 
closely, the positions of their stations are further north 
than the DOMES C site (where primary production is 
about 125 gC/m3/y according to Berger et al., 1987) 
and in a zone of lower productivity, which, according 
to the estimates of Berger et al. (1987), has a primary 
productivity of about 90 gC/m2/y. Similarly, based on 
Berger et al. (1987), the meiofaunal study sites of Re-
naud-Mornant & Gourbault (1990) fall within a zone of 
primary productivity of 125 gC/m2/y. 

   77
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Consequently, for the more southerly study sites of 
NIXO 45 and 41, an estimated mean value for primary 
production of 150 gC/m2/y has been adopted. This val-
ue, with that of 5 000 m mean depth for the NIXO 45 
site, has been integrated into the equation of Berger 
et al. (1987):

 J  = (9 x 150) / 5 000+ ( 0,7 x 150) / 5 000 0.5

The particulate flux (J) was thus calculated as 1.75 gC/
m2/y or 4.79 mgC/m2/day. This value of particulate flux 
is greater than of 0.2 mgCm2/day measured at 5 800 m 
depth in the central circulation (gyre) of the oligotro-
phic zone to the north of the Hawaiian Islands (Smith 
et al., 1989). A comparable value of 3.29 mgC/m2/day 
was found for the site at 4 900 m depth near Cape 
Verde (Sibuet, 1987).

Thus the present data from research in the abyssal 
environment and especially in the Clarion-Clipperton 
fracture zone underlines the variation in biotic and 
abiotic conditions in space and time which have revo-
lutionized previous notions of great stability based 
on unchanging environmental conditions (Tyler, 1995; 
Radziejewska & Stoyanova, 2000). Natural distur-
bances of biotic and abiotic origin can also maintain 
suprabenthic communities in equilibrium. A seasonal 
cycle exists with considerable variation in the vertical 
flux of detritic particles (Smith et al., 1997; Lauerman 
et al.,1997; Drazen et al., 1998; Thurston et al., 1998) 
related to variation in particulate organic carbon 
(Smith al., 1997; Scharek et al., 1999) and controlled 
principally by the periodic deposition of planktonic 
debris originating in the euphotic zone (Thiel et al., 
1988/1999; Gehlen et al., 1997; Smith et al., 1997; Khri-
pounoff et al., 1998; Scharek et al., 1999). These results 
were confirmed by Smith et al. (1994) in their experi-
ments with a remotely operated camera positioned 
on the ocean floor for a period of 386 days.

The results of Hecker & Paul (1979) highlighted an 
east-west gradient in the density, biomass, and per-
centage of suspension feeders, with greater values at 
DOMES C, the site further east. This gradient appears 
to be a reflection of primary production at the surface, 
according to the estimates of Berger et al. (1987). The 
results confirm the fact that the control of faunal abun-
dance in the abyssal epibenthos is related to the en-
ergy contributed by the sedimentation of particulate 
organic matter generated in the photic layer (Rowe, 
1971; Sokolova, 1972; Menzies et al., 1973; Steele, 1974; 
Thiel, 1975; 1979; Rowe & Staresnic, 1979; Khripounoff, 
1979; Hinga et al., 1979; Wangersky & Wangersky, 1981; 
Stockton & Delaca, 1982; Rowe, 1983; Vinogradova & 
Tseitlin, 1983). 

This gradient could also be interpreted as resulting from 
the degree of proximity of the system to the lateral flow 
of organic particulate material. The DOMES C site is di-
rectly downstream of the highly productive Californian 
Current and in the eastern part of the system of equa-
torial Pacific currents. The abundance of suspension 
feeders is correlated with the abundance of particles in 
suspension, and measurements of currents at an eleva-
tion of 6 m reach mean values of 2 to 5 cm/sec, with 
maximum values of 24 cm/sec, creating local erosion 
and redeposition of the sediments (NOAA, 1981).

If the biomass for each faunal category is divided by 
the value of flux in particulate organic carbon, one finds 
that the ratios are not similar. At the NIXO 45 site, the 
ratio for the megafauna is 80.4. That for NIXO 41 is 329, 
taking into account its higher primary production of 
180 gC/m2/y, while at the ECHO 1 site, the ratio is 35, 
taking into account its lower primary production of 125 
gC/m2/y. The ratio for total macrofaunal biomass over 
flux in particulate organic carbon is 11 for the DOMES 
C site. Finally, for the meiofauna, the ratio is 0.3 for the 
DOMES C site.
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6. Discussion

   79

6.1. COMPARAISON OF DIFFERENT 
IN SITU OBSERVATION DEVICES

The manned submersible “the Nautile” enables the 
morphologies of organisms at the study sites to be 
seen from an oblique view point, which is different 
from the vertical view of the ‘Epaulard’. The impres-
sion in colour and the scrolling of images in photo-
graphs and films of the ‘Nautile’ adds information on 
taxa behaviour and to the images taken by the other 
devices.  In this way it has been possible to film the 
complex swimming movements of some holothuri-
ans (Tilot, 1990). Nevertheless, the images taken at 
the study site by the ‘Nautile’ are not sufficient in 
quantity and quality to form a photographic reference 
base for a taxonomic atlas of a geographical region 
such as the Clarion-Clipperton fracture zone. It is due 
to the impressive quantity of photographs taken by 
the ‘Épaulard’, the ‘R.A.I.E.’, the ‘troika’ and the ‘ED1’ 
that we are able to build up such a data reference 
base. The quantity, detail, angle of view and generally 
lower elevation of the still images from these appa-
ratuses enable taxonomic identification to be taken 
further. Video images are a good complement for a 
reference base that is already well documented. Thus 
by knowing the taxa well, one can recognise at first 
glance shapes that would otherwise be difficult to 
identify. 

Data from video sampling by the ‘Nautile’ indicates 
that the abundances of suspension feeders and de-
tritus feeders at the NIXO 45 site are over estimated 
by 1.4 and 1.7 times respectively in comparison with 

the values recorded by the ‘Épaulard’. The density of 
carnivores is more or less the same due to the fact 
that the abundance of wandering polychaetes in pho-
tographs from the ‘Épaulard’ balances out the greater 
density of fish in images from the ‘Nautile’. These re-
sults are surprising given the low level of precision in 
the oblique shots on heterogeneous nodule deposits 
on the seabed, the scrolling of images and the fact 
that the approach of the ‘Nautile’ might cause animals 
to flee. As suggested by the quantitative analysis, this 
“overstimation” of densities could be because the 
surface area explored by the ‘Nautile’ was 2 500 m2, 
and consequently less than the 3 850 m2 sampled by 
the ‘Épaulard’, and because fish seem attracted by the 
presence of the ‘Nautile’ and its activities, as well as 
by the plume of sediment produced by its passage. 
However, comparison of the results shows that fau-
nal composition is proportional except for four times 
as many echiurian burrows in images from the ‘Nau-
tile’. These particular forms of bioturbation created by 
echiurians are mounds 210 cm long by 65 cm wide 
and are without doubt more readily detected in the 
plunging and wider field of view of the ‘Nautile’.

The ‘R.A.I.E.’ is equipped with the same camera as 
the ‘Épaulard’ and consequently takes similar photo-
graphs. Differences between the data from the two 
devices are due to differences in the sampling strate-
gies and the fact that the ‘R.A.I.E.’ was more difficult to 
manoeuvre and keep at a constant elevation, as it was 
subject to oscillations from the cable which tows it. 
Nevertheless, it has an advantage over the ‘Épaulard’ 
by being able to explore more broken terrain. Thus 
sets of photographs at an “acceptable” elevation for 
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quantitative analysis (5 m maximum) were selected 
along a transect. The sampling strategies at the NIXO 
41 and NIXO 45 sites differed notably in the interval be-
tween shots, which was 32 seconds for NIXO 41 and 5 
seconds for those taken by the ‘Épaulard’ at NIXO 45. In 
consequence, the areas photographed are not contigu-
ous at the NIXO 41 site whereas they are at NIXO 45. The 
towed ‘R.A.I.E.’ apparatus is well adapted for exploration 
over long distances with heterogeneous surface condi-
tions, and is able to make organisms cleary visible from 
higher elevation or to detect particular forms of biotur-
bation, such as mounds built by echiurians.

We cannot draw conclusions on the relative perfor-
mance of the different observational devices from the 
fact that estimates of abundance are different for ho-
mologous facies since several factors are involved, no-
tably the geographical difference between the sites and 
the different surface areas sampled (1.3 times less at 
the NIXO 41 site). Greater abundances at the NIXO 41 
site might be explained by the fact that this site is more 
southerly than NIXO 45 and in a zone of higher primary 
productivity, of between 150 and 250 gC/m2/y (Berger et 
al., 1987). Only the faunal composition of facies B 35 % 
is the same as that of the homologous nodule facies 
B 40 % at the NIXO 45 site, where cnidarians are slight-
ly more dominant than echinoderms. The sharpness of 
the photographs allows us to state that the taxa seen 
at NIXO 41 had already been observed in photographs 
from NIXO 45. Nevertheless, we can conclude nothing 
from the absence of unique taxa at the NIXO 41 site be-
cause the surface area explored was 8.5 times smaller 
than that at NIXO 45.

The ‘Deep Tow’ has the same drawbacks as the towed 
apparatus ‘R.A.I.E.’, but they are more pronounced since 
its oscillations are greater and most of the photographs 
taken through a 50 mm lens were taken from too high 
an elevation to develop the taxonomic identifications 
to the same level as with the photographs taken by the 
‘Épaulard’ or ‘R.A.I.E.’, at an elevation of 5 m. In addi-
tion, the interval between shots varied between 7 and 
26 seconds and the areas photographed were illumi-
nated in a non-uniform manner by the flashes. Thus es-
timates of surface areas have been adapted so that only 
the uniformly illuminated areas have been counted, i.e. 
those within a circle whose size varied according to the 
elevation. The telephoto lens enabled greater precision 
in identifying organisms on smaller surface areas (and 
thus more dependent on the spatial distributions of the 
species). The images taken at higher elevation allowed 
only large animals to be detected, along with significant 
evidence of biological activity, such as the mounds cre-
ated by echiurians.

As with the ‘R.A.I.E’, differences in quantitative data do 
not allow us to compare the different in situ observa-
tional devices. The clear dominance of echinoderms, 
represented especially by echinoids on facies O on 

ancient sediments and holothurians on nodule facies 
B 45 % and C 40 %, seems distinctive of the ECHO 1 
site, close to DOMES C, and confirms the data of Paul 
& Jumars (1976), Morgan (1991a) and Radziejewska & 
Stoyanova (2000).

The data presented here and in the literature lead 
to the conclusion that the quality of the images de-
pends on the optical characteristics of the cameras 
and the construction of the observation system. Foell 
et al. (1986), Pawson (1988), Foell (1992), Morgan et al. 
(1993), Bluhm (1994) and the scientists of the German 
geological expeditions used vertical cameras. Hecker 
(1990) and Radziejewska & Stoyanova (2000) preferred 
a horizontal system involving a towed device with an 
obliquely inclined camera. This last system may be bet-
ter for taxonomic identification while the vertical sys-
tem is a good choice for estimating size and density. 

6.2. COMPARAISON OF SUPRA-
BENTHIC ASSEMBLAGES AT THE 
STUDY SITES 

Taxonomic richness
The figure for taxonomic richness at the NIXO 45 site 
is 122 different taxa of which 37 are echinoderms 
(represented principally by 26 holothurians) and 27 
cnidarians. The figure for the whole of the Clarion-
Clipperton fracture zone is 240 taxa (or 159 if the taxa 
which traditionally come under the macrofauna and 
zooplankton are excluded) of which 46 are echino-
derms (including 31 holothurians). However, not all of 
these were observed principally because the surface 
areas sampled vary by a factor of about 50. The phy-
lum Echinodermata was noted in a preliminary study 
(Tilot et al., 1988) as the most diverse at the NIXO 45 
site, but it is not in fact the most taxonomically di-
verse group when considering the fauna of the entire 
Clarion-Clipperton fracture zone. This is the Cnidaria, 
with 59 different taxa, and which thus outnumbers the 
echinoderms, which nevertheless have quite a high 
number (46) of different taxa (figure 35). The sampled 
surface areas, the edaphic situation, currents, biotic 
variables and values for primary production all influ-
ence greatly the expression of diversity of this phy-
lum, as will be discussed below.

The total of 122 taxa observed at the NIXO 45 site 
is greater than that proposed by Du Castel (1982) for 
the same site. This author distinguished only 14 taxa, 
including 6 holothurians. This significant difference 
in taxonomic diversity could be due in part to the 
difference in size of the areas studied, as du Castel 
(1982) sampled a total area of 17 280 m2 while the 
present study is based on an area of 71 070 m2. Val-
ues of taxonomic diversity found by the present study 
agree instead with those of Foell & Pawson (1986) for 
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a region near the DOMES C site, north-west of NIXO 
45. They listed more than 80 taxa of which 38 were 
echinoderms, including 24 holothurians, 10 were fish 
and only 12 were sessile taxa. Pawson (1988b) found 
that the phylum Echinodermata presented the great-
est taxonomic diversity at a site to the south-west of 
NIXO 45 that was sampled photographically. Echino-
derms were also the most diverse group according to 
Morgan (1991), who explored sites of different longi-
tude in the Clarion-Clipperton fracture zone and listed 
a total of 50 invertebrates and seven fish. 

These levels of taxonomic richness can be compared 
with 90 species, including 35 echinoderms, observed 
in the north-east Atlantic Ocean by Haedrich et al. 
(1980) at 2 504-3 113 m depth. However, these authors 
only listed 25 species at equivalent depths (3 879-4986 
m) to the sites analyzed here. A decrease in diversity 
with increasing depth (Rex, 1983) was thus verified by 
the results of Haedrich et al. (1980) but not in the pres-
ent study, where high diversity was prevalent in the 
abyssal depths. Our results agree instead with those 
of Sibuet (1977) and Gage et al. (1984), who observed 
a considerable diversity of echinoderms at bathyal 
and abyssal depths (2 740-3 540 m). 

In his comparison of the megafauna of the North Pa-
cific Ocean (the IOM site in the CCFZ, Kotlinski et al., 
1996) and the South Pacific Ocean (DEA sites in the 
Peruvian Basin) based on photographic and video 
data, Bluhm (1994) recorded taxonomic richness of 80 
and 110 taxa respectively, of which 53 were common 
to both regions. On the whole, the most abundant cat-
egories were sponges, cnidarians, crustacea, bryozo-
ans and holothurians.

Faunal abundance 
The total density of the megafauna at the NIXO 45 site 
is estimated at 498 ind/ha. This value is lower than 
the 538/ha proposed by Du Castel (1982) for the same 
site, but as mentioned previously, the area sampled 
by Du Castel was four times smaller and may explain 
in part the overestimates of density per hectare. In ad-
dition, the facies sampled in her study do not reflect 
the true heterogeneity of the NIXO 45 site and some 
of the microfacies were overrepresented in relation 
to others. 

The total density of 498 ind/ha for the NIXO 45 site es-
timated here is, in contrast, greater than the 360 ind/
ha proposed by Morgan et al. (1993) and the 310 ind/
ha estimated by Ozturgut et al. (1978) for the DOMES 
C site, which is considered to be the most faunisti-
cally abundant of the three DOMES sites. However, 
not only was the area photographed by these au-
thors 2.6 times smaller, but this site is found under a 
zone where primary production is 2.5 times less than 
above the NIXO 45 site (as described previously in 
the estimations of biomass for the study sites). Simi-

lar values of abundance for sites close to DOMES C 
have been proposed by other authors. Hecker & Paul 
(1977) gave a density of 305 ind/ha for a surface area 
of 27 183 m2 near DOMES C. Foell (1988) estimated a 
total density of 363 ind/ha based on a surface area of 
9 260 km2 situated 15°N-126°W near DOMES C and 
361 ind/ha for an area of 1 087 542 m2 filmed at a site 
south-west of NIXO 45. Foell et al. (1986) and Paw-
son (1988) obtained a similar result of 356 ind/ha, and 
Paul & Jumars (1976) found a comparable density of 
341 ind/ha for a region of 81 355 m2 at the DOMES C 
site. The total density of 356 ind/ha estimated by Paw-
son (1988b) at the same site most closely approaches 
the estimate proposed here, despite the fact that the 
surface area studied was only 31 196 m2. 

In contrast, the estimates of Morgan (1991) at a site 
neighbouring NIXO 45 and covering 11 068 m2 are 
greater (938 ind/ha) than those proposed here. Simi-
larly the estimates of Bluhm (1993) for two sites to the 
west and east, at the pioneering IOM site, were 3 081 
ind/ha and 4 165 ind/ha respectively. Densities report-
ed for the DISCOL site in the Peruvian region of the 
south Pacific were of the order of 1 404 ind/ha and 1 
631 ind/ha, and 5 190 ind/ha for the SOPAC site (Bluhm, 
1994). But according to this author, these values could 
be over estimates since the size and number of photo-
graphic and video samples were not representative of 
the site, the surface area of each image was too small 
(0.25 m2) and the counts included many non-identified 
taxa, often belonging to the macrofauna. 

Estimates of densities for stations at the same depths 
in the Atlantic Ocean are generally lower than those 
presented here. Low densities of 300 ind/ha have been 
observed in the Cape Verde Basin at 4 950 m depth 
by Sibuet et al. (1982), based on a relatively small 
area of 2 217 m2. This value is nevertheless greater 
than the 123 ind/ha measured by trawling an area of 
28 750 m2 at the same station. Another site, at 4 440 
m in the Demerara abyssal plain in the equatorial At-
lantic Ocean had a megafaunal density of 106 ind/ha, 
which is low compared with that of 246 ind/ha for site 
at 4 840 m and subject to an unusual flow 1.6 times 
greater (Sibuet et al., 1984). Finally, a similar density 
to that measured at the NIXO 45 site was observed at 
a station in the Bay of Biscay at 4 440 m depth (Sibuet 
et al., 1980). These latter estimates of density do not 
agree with the general trend underlined by Smith & 
Hamilton (1983) of a decrease in density correlating 
with increasing depth.
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Faunal composition 
The megafauna over the whole of the NIXO 45 site 
is characterised by a dominance of cnidarians (258 
ind/ha) over echinoderms (180 ind/ha) and sponges 
(56 taxa/ha) (figure 38). Cnidaria consist principally of 
actinids (135 ind/ha) and octocoralliarids (105 ind/ha) 
while echinoderms are represented mostly by holo-
thurians (64 ind/ha) and crinoids (61 ind/ha). The rela-
tive abundance of actinids (52 %) and echinoderms 
(36 %) agree with the estimates of Morgan et al. 
(1993), which were 54 % and 32 % respectively for a 
study site further west, as well as with the results of 
Radziejewska & Stoyanova (2000) at the IOM site in 
the Clarion-Clipperton fracture zone. These results are 
not similar to those proposed by Du Castel (1982) for 
the NIXO 45 site, in which echinoderms (351 ind/ha) 
predominated over cnidarians (113 ind/ha). According 
to this author, the principal representatives of these 
two predominant phyla are holothurians (178 ind/
ha) and actinids, whose density of 106 ind/ha is rela-
tively large. Octocoralliarids were not recorded in the 
counts, thus distorting comparisons with the results 
presented in this document.

Morgan et al. (1993), in contrast, recorded a greater 
abundance of echinoderms (42 %) in relation to acti-
nids (34-38 %) at two other sites further east. At the 
DOMES C site, Hecker & Paul (1977) found echino-
derms had a relative abundance of 69 % compared 
with 16 % for actinids, while Foell et al. (1986) and 
Foell (1988) reported values of 51.5 % for echinoderms 
and 23 % for actinids.

At the DEA and SOPAC sites in the South Pacific 
Ocean (Bluhm, 1994), echinoderms have a relative 
abundance of 34 % and 27 % and sponges have simi-
lar abundances of 25 % and 31 %, but data for actinids 
were not presented in the analysis.

Echinoderms also have the highest relative abun-
dance at most of the abyssal sites sampled in the 
North Atlantic Ocean, such as those at 3 244 m to 
3 740 m, where they were recorded as composing 
88 % of the megafaunal density, due to the super 
abundance of two species of ophiuroids. This percent-
age of ophiuroids decreased by 17 % from 3 879 m to 
4 986 m depth (Haedrich et al., 1980). Grassle et al. 
(1975) showed that at 1 778-1 830 m the megafauna is 
dominated by ophiuroids and echinoids, and thus the 
importance of this phylum varies according to depth. 
Rice et al. (1982) observed a super abundance of pen-
natulids at 980 m, replaced by one of echinoderms at 
1 400 m. 

The density of holothurians at NIXO 45 is 64 ind/ha. 
This value is close to the maximum abundance of 53 
ind/ha observed at a series of depths between 3 992 
m and 4 252 m in the Bay of Biscay and sampled by 
trawling (Sibuet et al., 1980). A similar estimate of 

50 ind/ha was observed in the Porcupine basin (Rice 
et al., 1982) but this is much less than the values of 
160 to 4 230 ind/ha measured in the Norwegian Sea 
between 2 000 m and 3 000 m (Dahl et al., 1977). In 
comparison, the densities of holothurians reported in 
the Atlantic Ocean for depths similar to those of the 
present study are very low at 30 ind/ha for a site at 4 
950 m in the Cape Verde Basin (Sibuet et al., 1982).

The phylum Cnidaria is predominant in the faunal 
composition of sites at longitudes from 135.8° W to 
126°20 W between the Clarion and Clipperton fracture 
zone at the same depths as in the present study. The 
site closest to NIXO 45, described by Morgan (1991), 
has a majority of actinids, which reach a density of 
360 ind/ha. Similarly, at a site south-west of NIXO 
45, Pawson (1988) found a majority of actinids (186 
ind/ha), which were present at twice the density of 
ophiuroids and sponges, and associated with signifi-
cant nodule-coverage. At a site in the Bay of Biscay in 
the Atlantic Ocean that was subject to currents of 10 
cm/sec, the population of actinids was of comparable 
density to that at NIXO 45 (Sibuet et al., 1980), while 
in the Cape Verde Basin, octocoralliarids predominat-
ed (139 ind/ha) (Sibuet et al., 1982). 

Estimates of relative abundance for sponges (11 %) 
in the present study are similar to those of Morgan et 
al. (1993) for his site further west (7 %) and to values 
proposed by Foell et al. (1986), Foell (1992) and Paw-
son (1988) of 11 %. These abundances are also compa-
rable to those proposed for the DEA and SOPAC sites 
in the South Pacific Ocean (Bluhm, 1994). In contrast, 
Radziejewska & Stoyanova (2000) found that among 
suspension feeders, sponges and not actinids are 
dominant (40 %) on nodule substrata, as in the pres-
ent study at NIXO 45.

However, since the estimates given in the literature 
are based on different methods and sampling strate-
gies  that represent substrata and faunal populations to 
different degrees, comparisons can only be made for 
interest, after analysis of the different methodologies.

Trophic structure of suprabenthic assemblages 
At the NIXO 45 site, suspension feeders (374 ind/ha) 
outnumber detritus feeders (114 ind/ha) over the 
whole site as well as on each facies (figures 42, 43 
and 44), and these results have been confirmed by 
recent studies (Morgan, 1991; Radziejewska & Stoya-
nova, 2000). According to Du Castel (1982), the domi-
nance of suspension feeders is small (258 ind/ha) 
compared with 252 ind/ha for detritus feeders, while 
Pawson (1988a) showed that it is greater (75 %), at a 
site south-west of NIXO 45. However, Ozturgut et al. 
(1978) found that at the DOMES C site, detritus feed-
ers were slightly more numerous (50 %) than suspen-
sion feeders (43 %). The density of detritus feeders at 
the NIXO 45 site is comparable with a figure of 90 ind/
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ha at 4950 m in the Cape Verde Basin (Sibuet, 1980), 
and the density of carnivores (53 ind/ha) at the NIXO 
45 site is comparable with 40 ind/ha observed at 3 000 
m in the Bay of Biscay (Sibuet, 1977).

A majority of suspension feeders has also been ob-
served at some abyssal sites in the Atlantic Ocean, 
such as  at 4840 m on the Demerara abyssal plane, 
in the equatorial Atlantic, where this trophic group is 
represented by 106 ind/ha (Sibuet et al., 1984). These 
authors were able to demonstrate correlations be-
tween flow and the dominant trophic group, and thus 
at the base of the Amazon cone, at 4 440 m depth, 
detritus feeders dominate where the flow is 1.6 times 
greater than at the station at 4 840 m. 

The assertion that suspension feeders predominate 
in the oligotrophic zone (Sokolova, 1968) is sup-
ported by results from the Demerara site (Sibuet et 
al., 1984), but not from the present study. Within the 
Clarion-Clipperton fracture zone, one might expect to 
see more suspension feeders at sites which have the 
lowest primary production at the surface, and thus 
there would be a gradient from west to east, with 
more suspension feeders at the more western oligo-
trophic sites of DOMES A and B compared with site 
C. In the same way, site C would have lower primary 
production than NIXO 45 and NIXO 41 located in the 
mesotrophic zone (with values of primary production 
between 150 and 250 gC/m2/yr according to Berger et 
al., 1987), and ought therefore to have more suspen-
sion feeders. But differences in values for primary 
production are not the only factors which influence 
the structure suprabenthic assemblages. There is also 
a horizontal contribution of nutritive sediment par-
ticles when currents originate in the west, in zones 
of high primary production, with the abundance of 
particles in suspension decreasing progressively 
eastwards. So the DOMES C site is characterised by 
a majority of echinoderms (Paul & Jumars, 1976), and 
especially echinoids (Morgan, 1991). These authors 
demonstrated a gradient of dominance of actinids to 
the west (close to NIXO 45) and echinoids to the east, 
at 126°20W-13°07N (close to ECHO 1), accompanied 
by a general increase in abundance. The same gradi-
ent of dominance was observed in the present study 
at the NIXO 45 and 41 sites. Actinids are adapted to 
lower energetic resources. 

Combining these observations and those at sites 
further west, an increase in suspension feeders (7 % 
to 49 %) has been observed, with lower levels at the 
DOMES A site and higher ones at DOMES C (Hecker & 
Paul, 1977). Similarly, to the south of DOMES C, sus-
pension feeders are more abundant at the sites NIXO 
45 and NIXO 41, as shown in the present study by 
the importance of ophiuroids. This abundance can not 
be explained here as an adaptation to lower resource 
levels nor to oligotrophic conditions (Sokolova, 1968) 

since the sites are in the mesotrophic zone, but in-
stead by their particular edaphic and hydrological 
conditions, as previously shown.

Preferential habitats and their faunal  
assemblages
At the NIXO 45 and NIXO 41 sites, the same order of 
dominance and proportionality of suspension feed-
ers over detritus feeders and carnivores is observed 
what ever the facies (figure 43), with only the faunal 
components of the tropic groups differing. But abun-
dance varies according to nodule coverage and abi-
otic factors such as the effect of slope. A greater total 
abundance is seen on nodule-facies C+ 10 % and nod-
ule-facies C+ with slope > 15° at NIXO 45 (figure 41). 
Cnidaria (mostly octocoralliarids) are the main com-
ponents of the faunal assemblages belonging to each 
facies (figures 40 a, b, c). 

To avoid repeating the descriptions of the faunal as-
semblages on each facies that have already been de-
scribed in detail in the chapter on quantitative analy-
sis, only elements of comparison with the literature 
are discussed here.

The greatest abundance of suspension feeders was 
observed on facies O with ancient sediments and on 
sloping facies C+ 20 to 40 %, whereas detritus feeders 
were abundant especially nodule-facies C+10%, facies 
O on ancient sediments and nodule-facies C+15%. 
These data confirm in detail those of Tilot et al. (1988). 
Similarly, Du Castel (1982) also discovered an abun-
dance of fixed suspension feeders and surface dis-
turbances on nodule-facies C+ and B. She considered 
this abundance was due to the geomorphology and 
hydrodynamic conditions of the site. Similarly, she 
found the same order of faunistic abundance by facies 
as that observed in the present study, i.e. in order of 
importance: nodule-facies C+, O, B and A. A majority 
of octocoralliarids was observed on nodule-facies O 
as in this study on the homologous facies composed 
of recent sediments, while actinids predominated on 
nodule-facies C+ and B. The preferential habitats noted 
by Du Castel (1982) were only confirmed in the pres-
ent study as regards a greater abundance of motile 
animals on nodule-facies C+ and BP. 

Recent studies (Morgan, 1991; Radziejewska, 1997; 
Radziejewska & Stoyanova, 2000) demonstrate a 
clearly marked faunal abundance on nodular sub-
strata, with a dominance of suspension feeders, 
compared with substrata without nodules, thus con-
firming our results. However, among the suspension 
feeders, these authors found that sponges were dom-
inant while our results underlined the dominance of 
cnidarians. Similarly, among detritus feeders, these 
authors found that ophiuroids were dominant, while 
here, it is the holothurians and crinoids. But details 
of percentage coverage and size of nodules were not 
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taken into account by these authors, nor was the influ-
ence of other environmental variables, let alone the 
large contribution of particulate flow over the sub-
stratum, which may be a major contributing factor 
in faunal abundance according to Smith et al. (1997), 
Drazen et al. (1998) and Thurston et al. (1998). The re-
sults of Radziejewska & Stoyanova (2000) showed a 
predominance of mobile megafauna over suspension 
feeders on substrata without nodules, confirming the 
results of the present study at NIXO 45 for facies O on 
ancient sediments. In contrast, the faunal character-
istics of the facies investigated by Pawson (1988a) to 
the south-west of NIXO 45 were not confirmed here. 
Ophiuroids and regular echinoids are not found pref-
erentially on facies O at the NIXO 45 site, but prefer in-
stead nodule-facies BP 35 % and C+ 2-5 %. In addition, 
this author found no sponges and actinids on facies O 
whereas Pachastrellidae were abundant at 69 ind/ha 
and Hormathiidae numbered 13 ind/ha on facies O at 
the NIXO 45 site. Nevertheless, in agreement with our 
results, the highest total densities were observed on 
medium nodule-coverage, the lowest densities were 
associated with rather dense coverage (and not with 
facies O) and the density of actinids varied as a func-
tion of nodule-coverage. 

The present study demonstrates results in common 
with studies undertaken by Foell et al. (1986) at a site 
further east of NIXO 45, where echiniods Plesiodiade-
ma globulosum were more abundant on facies with 
low nodule-coverage and where fixed crinoids were 
especially associated with facies with 20 to 40 % nod-
ule-coverage. 

Moving to the level of taxa, one might suggest that 
the Clarion-Clipperton study area is a zoogeographic 
sub-region according to definitions used by Hansen 
(1975), in view of the new species which are unique to 
it, such as Peniagone leander (Pawson & Foell, 1986) 
and Psychronaetes hanseni (Pawson, 1983), and from 
the characteristics of its faunal assemblages. At the 
NIXO 45 site, the most frequently observed suspen-
sion feeders belong to the Cnidaria and represent the 
families Actinostolidae, Actinernidae, Primnoidae and 
Isididae, while the most frequent detritus feeders are 
the Bathycrinidae and Ophiuridae. The most frequent-
ly observed sponges are Hyalonematidae and Pachas-
trellidae. The highest number of exclusive taxa is seen 
on facies O on ancient sediments and nodule-facies 
C +15 %. The most abundant taxa at the three sites 
of NIXO 45, 41 and ECHO 1 were actinids Sincyonis 
tuberculata, sponges of the genus Hyalonema, holo-
thurians Mesothuria murrayi, polychaetes Incertae se-
dis living in contorted tubes 40 cm long and echinoids 
Plesiodiadema globulosum.

6.3. LIMITING FACTORS:  
CURRENTS, GEOMORPHOLOGY, 
EDAPHIC HETEROGENEITY AND 
ADAPTATIONS OF THE FAUNAL 
ASSEMBLAGES

The currents over the seabed at the DOMES C site 
were measured over six months by a chain of current-
metres (Hayes, 1979). The current speed measured at 
6 m above the ocean floor was 0 to 12 cm/sec and 
varied according to an almost symmetrical rhythm of 
tidal currents, with a slight resultant mean towards 
the north-west, as indicated in some photographs by 
the presence of a uniform deposit of fluffy sediments 
around the edges of the nodules. The current speed 
was greatest at 30 m above the ocean floor. These 
data on currents agree with previous work at neigh-
bouring sites (Harvey & Patzert, 1976). Temperature 
profiles indicate weak stratification in the first 200 m 
above the seabed, and the absence of mixing in the 
layers adjacent to the sea floor. So the gradient in ve-
locity over a nodule-field is influenced by the speed of 
currents above the bottom layer and the topography 
of the ocean floor. Abiotic disturbance in the study 
area can be produced by variation in the currents at 
depth and the phenomenon of benthic storms, which 
have been observed during long term in situ mea-
surements (Kontar & Sokov, 1994; Aller, 1997).

The morphology of the NIXO 45 site comprises horsts 
and grabens, which favour the acceleration of cur-
rents and the creation of slopes (figure 17). Nodule-
facies B and C+, localised on the hill to the west and 
between the plateaux to the south and centre, appear 
to be where currents circulate according to the abun-
dance of sessile suspension feeders and their orienta-
tion (Du Castel, 1982). The fixed fauna can thus serve 
as markers for seabed currents (Heezen & Hollister, 
1971; Kennett, 1982). Facies O on recent sediments 
are, in the deepest parts, in the axis of a graben, while 
nodule-facies BP are on the slopes and summits of 
horsts. To the north-east of the plateaux (Du Castel, 
1985), ridges and furrows 10 to 20 cm wide and about 
1m long are observed on the ledges of the steps. 
These structures recall the ‘furrows’ described by 
Hollister et al. (1984) and Kennett (1982) and are as-
sociated with a strong local current (10 to 15 cm/sec). 
The “furrows” are oriented N40 to N50 and would 
have been caused by a current in a parallel direction 
and which was thus at an identical orientation to the 
present current. The orientation of the present current 
can be seen at about 100 m from the steps from the 
orientation of fixed organisms (Du Castel, 1982). 

Currents, observed in situ at the DOMES C site by 
a system of cameras joined to currentmeters and  
nephelometers submerged for 1000 days, were not 
strong enough to cause erosion but sufficient to pre-
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vent the deposition of particles (Gardner et al., 1984). 
These authors also concluded that biological activity 
is not sufficient to keep the nodules at the surface but 
it is the only cause of change in the nodules’ environ-
ment. According to their observations, decomposi-
tion of holothurian excrement occurs in one month 
and the mucous film of a hemichordate in 12 days. In 
addition, animals were observed creeping and “nib-
bling” the film covering the surface of the nodules. 
But these observations on one very small area of the 
ocean floor, though lasting a long time biologically, 
are of too short a duration to measure a geological 
phenomenon, even a recent one. According to Hoffert 
et al. (1992), the present distribution of nodules is the 
consequence of dynamic deep-ocean currents due to 
Quaternary changes in climate; the maintenance of 
nodule deposits on the sediment surface is due only 
to present-day erosion (less than 210 000 years), and 
if interrupted, rapid burial of the nodules results. In 
addition, the microtopography of the nodules’ en-
vironment is sufficiently heterogeneous to create 
turbulence because the sediments with nodules are 
more sensitive to erosion created by weaker currents 
than are the sediments without nodules. 

Using the pattern of hydrodynamic flow over the nod-
ules to predict a priori the distribution of supraben-
thic organisms is a means of determining the relative 
importance of physical processes on biological ones 
in the structure of abyssal communities. Two factors 
which give structure to suprabenthic communities are 
the pattern of bottom water flow and the availability 
of particular food. Mullineaux (1989) found a vertical 
stratification of epifauna on nodules at the DOMES 
C site. Thus the suspension feeders live preferen-
tially at the summit of nodules with smooth texture 
and higher levels of contact, while detritus feeders 
colonised the base of nodules with rougher surfaces, 
weak cohesion, weak particle contact and a higher 
rate of deposition.

Suspension feeders are often situated in places with 
significant particle flow (Ebling et al., 1948; Pequeg-
nat, 1964; Riedl, 1971; Hughes, 1975; Genin et al., 
1986). The impact of currents on the suprabenthic 
fauna was evaluated by Jumars & Nowell (1984) and 
Butman (1987). Its effect on populations of suspen-
sion feeders was studied by La Barbera (1984), Merz 
(1984), Sebens & Koehl (1984), Holland et al. (1986) 
and Muschenheim (1987) and on detritus feeders 
by Taghon et al. (1980) and Miller & Jumars (1986). 
The efficiency of suspension feeders depends on the 
speed of flow of particles in suspension, which in turn 
is determined by the speed of the current, on the con-
centration of material in suspension and on the effi-
ciency of the collection system (Leonard et al., 1988). 
When currents exceed about 7 cm/sec at 1 m above 
the benthos, detritus from the ocean floor can be put 
back into suspension (Lampitt & Paterson, 1987) and 

thus mixed actively and rapidly, in a logarithmic fash-
ion, throughout the layer of water adjacent to the sed-
iment interface (Cacchione et al., 1988; Jumars & Gal-
lagher, 1982; Hollister et al., 1984; Jumars & Nowell, 
1984). As elevation above the ocean floor increases, 
the efficiency of the feeding by suspension feeders 
decreases, because concentrations of particles put 
back into suspension are lower. 

Thus many passive suspension feeders are large in 
size and elevate their filters sufficiently high to col-
lect more food where the current is stronger (Rice 
et al., 1979; Jumars & Gallagher, 1982; Fujita et al., 
1987). Consequently the currents affect populations 
of suspension feeders by influencing their nutritional 
resources (Sebens, 1984; Leonard et al., 1988), the 
dispersion of larvae and the transport of sediments 
(Cacchione et al., 1988). Local increases in suspension 
feeders have been correlated with variations in cur-
rents (Peguegnat, 1964; Sebens, 1984; Sibuet & Se-
gonzac, 1985). 

At the NIXO 45 site, the considerable abundance 
and diversity of suspension feeders has been con-
firmed by recent studies (Morgan, 1991; Radziejew-
ska & Stoyanova, 2000). As shown in the qualitative 
analysis, observations of specialists, together with 
information from the literature, classify the following 
organisms as suspension feeders: sponges, alcyo-
narids, ceriantharids, actiniarids, corallimorpharids, 
antipatharids, archaeogastropods, sedentary poly-
chaetes, cirripedes, brachiopods, crinoids, ophiu-
roids, brisingids and ascidians. Octocoralliarids and 
crinoids predominate on sloping facies that favour the 
acceleration of currents (Du Castel, 1982). Evidence 
of currents commonly seen at the study sites are the 
crinoids leaning in the direction of the current, co-
matulids with their “feeding-net” turned towards the 
current, and hydroids Branchiocerianthus imperator 
and ceriantharids pointing in the direction of current. 
Ophiuroids are frequently observed on the long stalks 
of sponges of the genus Hyalonema  where they can 
capture particles in suspension better, and this behav-
iour has also been observed by Fujita & Ohta (1988) in 
the case of the ophiuroid Asteronyx loveni. A marked 
dominance by actinids, comparable to that observed 
at the NIXO 45 site, associated with currents of 10 cm/
sec has been observed at a site at 4 440 m depth in 
the Bay of Biscay (Sibuet et al., 1980).

Besides suspension feeders, some detritus feeders 
are adapted to a pelagic life. Numerous “swimming 
holothurians” have been identified from the Clarion-
Clipperton fracture zone and their behaviour was 
described in the qualitative analysis of suprabenthic 
assemblages. Some such as Enypniastes eximia, Pe-
niagone leander and Peniagone diaphana are “true 
swimmers” according to the definitions of Miller & 
Pawson (1990), spending most of their time in the wa-
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ter column. However, according to these authors, ex-
amination of their gastric contents indicates that they 
are not suspension feeders but they live in a meso-
pelagic fashion, feeding from detritus particles put in 
suspension by their beating/swimming movements if 
not by currents. This unusual behaviour could be an 
intermediate stage in the adaptive evolution of an es-
sentially meso-pelagic life style, similar to that lead 
by Pelagothuria natatrix which has only ever been 
observed in the water column (Ludwig, 1894; Chun, 
1900). But the position most frequently adopted by 
Enypniastes eximia at the study sites is that adopt-
ed in the case of currents, according to Ohta (1985), 
where by it sets its velum like a sail, opposed to the 
direction of the current, and uses its ventro-lateral po-
dia as brakes. 

In the present study, these holothurians have been 
observed at more than 5 m elevation but this gives 
no indication of the maximum or “cruising” elevation 
that these organisms can reach. In fact, a Peniagone 
leander was seen at about 250 m elevation and some 
Enypniastes eximia at 50 m from the ocean floor (Paw-
son, 1976, 1982) and some juvenile forms have been 
reported from up to 3000 m (Billett et al., 1985). This 
positioning at different elevations indicates the pres-
ence and intensity of currents and flow of particles. 
Various causes might give rise to such behaviour, such 
as fleeing from a predator (or an observation device) 
or from any danger, such as turbidity currents (Ohta, 
1983). It could also be to escape from the turbulence 
of the Ekman layer adjacent to the ocean floor or sim-
ply a means of displacement by letting itself float at 
least energetic cost while searching for the most rapid 
currents. Another reason might be dispersion related 
to a viviparous mode of reproduction, as is the case 
of Enypniastes eximia (Ohta, 1983), or for physiologi-
cal reasons, in order to increase gaseous exchange 
by beating it sails and podia, and so compensating 
for the lack of specialised respiratory organs, or to 
enhance the efficiency of parenteral assimilation by 
movements by increasing the surface area of the 
body (Miller & Pawson, 1990). Holothurians that are 
“facultative swimmers” according to the definition of 
Miller & Pawson (1990), found in the study zone are: 
Psychropotes verrucosa, Psychropotes semperiana, 
Psychropotes longicauda and Benthodytes valdiviae. 
Those whose morphology is adapted to swimming 
are: Pannychia moseleyi and Benthodytes typica. 

6.4. BIOTIC AND ABIOTIC  
STRUCTURING FACTORS 

The relatively great taxonomic richness that charac-
terizes faunal assemblages in the Clarion-Clipperton 
fracture zone can be considered as the consequence 
of processes on two temporal scales. The first, in the 
long term, relates to an evolutive diversity at the ori-
gin of speciation and the geographical distribution of 
taxa assembled into suprabenthic communities that 
are in a state of equilibrium. The second, in the short 
term, occurs in an ecological context involving mech-
anisms of disequilibrium such as competitive exclu-
sion, predation, and stochastic variation, which could 
lead to local species extinction. Two theories seek to 
explain the maintenance of taxonomic richness in a 
state of equilibrium in the abyssal domain, which is 
generally poor in nutritional resources. 

On the one hand, according to the theory of tempo-
ral stability or “equilibrium” proposed by Sanders 
(1968), diversity can be explained by stable physical 
conditions that enable the development of adaptive 
evolutionary strategies which would minimize com-
petition. According to Valentine (1973), the taxonomic 
richness of animal communities in a state of equilib-
rium is due to the partitioning of meagre nutritional 
resources by the increasing specialisation of feeding 
regimes. On an evolutionary scale, taxonomic diver-
sity can be explained by the low chances of extinction 
of rare species over the vast expanses of the abys-
sal domain (Abele & Walters, 1979) and very diverse 
faunal assemblages would form part of a mature eco-
system with a highly predictable structure (Margalef, 
1963). By considering the marked trend towards tro-
phic opportunism in faunal assemblages in the study 
zone, habitat heterogeneity may be proposed instead 
as being the factor at the origin of resource partition-
ing and taxonomic diversity. This second interpre-
tation of Sanders’ theory of stability has also been 
advocated by Jumars (1976), Thistle (1981), Jumars & 
Gallagher (1982) and Jumars & Eckman (1983) at the 
scale of the individual ambit (sphere of influence) of 
suprabenthic organisms. In this way, the heterogene-
ity of edaphic conditions at the study sites, with nod-
ules and sediments, would explain the relatively high 
taxonomic richness of the suprabenthic assemblages 
through partitioning into preferential habitats along 
an edaphic gradient (as demonstrated in the present 
study by the multivariate analysis of benthic assem-
blages of Nixo 45 site).

The second explanation for the taxonomic diversity 
observed in the study zone follows from theories of 
“disequilibrium”, that is control of terrestrial and in-
tertidal communities by predation (Paine, 1966; Paine 
& Vadas, 1969; Harper, 1969; Connell, 1970; Dayton & 
Hessler, 1972). But a mechanism which maintains fau-
nal diversity in the short term by “disequilibrium” can 
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not explain taxonomic richness on a biogeographic 
scale, which implies instead long term evolutionary 
mechanisms. Instead one could propose a hypoth-
esis of intermediary biological disturbances which 
would maintain the spatio-temporal heterogeneity of 
populations. These disturbances would minimize by 
predation competitive interactions and thus permit 
the coexistence of species and the partitioning of the 
same nutritional resources (Connell, 1978). This pro-
cess would favour generalist feeding behaviour and 
the overlapping of feeding regimes on a large scale, 
as appears to be the case in the present study. 

However, this “generalist” feeding may well only be 
a reflection of the shortage of nutritional resources in 
the abyssal world (Hessler & Jumars, 1974; Jumars & 
Gallagher, 1982). Intermediary biological disturbances 
create microenvironments that are susceptible to col-
onisation by the lateral immigration of mobile supra-
benthic species or the establishment of larval propa-
gules. Biologically disturbed microenvironments can 
trap the flow of organic particles and consequently 
cause a local increase in nutritional resources. This 
enrichment initiates greater biological activity as 
well as a higher rate of decomposition (Aller & Aller, 
1986) attracting opportunistic colonisers (Grassle & 
Sanders, 1973). As these microenvironments are not 
created simultaneously, a mosaic of disturbed micro-
environments at different stages of colonisation can 
be observed, and this mosaic maintains a permanent 
state of “disequilibrium” (Bernstein et al., 1978; This-
tle, 1981; Rex, 1981). 

Biotic activity can maintain in equilibrium communi-
ties with different trophic behaviours (Probert, 1984) 
such as the suprabenthic assemblages of the Clari-
on-Clipperton fracture zone. This bioturbation, if too 
extensive, could also create a disequilibrium of tro-

phic communities. One can cite in support of this the 
study by Thayer (1979), which explained a net decline 
in the population of sessile suspension feeders living 
on Phanerozoic substrata by increasing disturbance 
caused by detritus feeders. This same phenomenon 
is produced in present day marine environments 
(Rhoads, 1974; Peterson, 1977). 

Current data from research in the abyssal environment 
and especially in the Clarion-Clipperton fracture zone 
demonstrate a variability in biotic and abiotic condi-
tions in space and time that revolutionizes the  precon-
ceived notion of a very stable environment moulded 
by an unchanging environmental context (Tyler, 1995; 
Radziejewska & Stoyanova, 2000). Natural distur-
bances of biotic and abiotic origin could also maintain 
suprabenthic communities in equilibrium. A seasonal 
cycle exists, and great variation in the vertical flow of 
detritus particles (Smith et al., 1997; Drazen et al., 1998; 
Thurston et al., 1998) causing  variation in the flux of 
particulate organic carbon (Smith al., 1997; Scharek et 
al., 1999). This is controlled principally by the periodic 
deposition of planktonic debris that originates in the 
euphotic zone and its accompanying phenomena (Thiel 
et al., 1988/1989; Gehlen et al., 1997; Smith et al., 1997; 
Khripounoff et al., 1998; Scharek et al., 1999). Photosyn-
thetic pigments with natural 234Th radionuclides in the 
vertical flow of principally phyto-detritus particles affect 
the mobile suprabenthic megafauna, and especially the 
holothurians, stimulating their movement (Smith et al., 
1994/1997; Lauerman et al., 1997). But relationships be-
tween this flux and suprabenthic assemblages are not 
yet well understood (Sibuet et al., 1982). 

Other disturbances may occur in this zone, such as 
variation in deep ocean currents and the phenome-
non of ‘benthic storms’ that have been observed in 
situ (Kontar & Sokov, 1994; Aller, 1997). 
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INTRODUCTION

This appendix shows a brief panorama of the suprabenthic megafauna in an abyssal ecosys-
tem of polymetallic nodules. The echinoderm phylum is presented separately in greater de-

tail in an annotated photographic atlas (IOC Tech Series N° 69, Vol. 2). As explained in the qualitative 
analysis, this atlas results from the compilation of a reference base of megabenthic assemblages 
and their various environmental parameters, based on about 200 000 photographs of the ocean 
floor and 55 hours of films collected by various towed devices (a troika, “Deep Tow”, “R.A.I.E.”) and 
remote vehicles (“ED1”, the “Épaulard” and the manned submarine “the Nautile”).

All our hypotheses of identification for the taxa present on the photographs and films from the 
Clarion-Clipperton fracture zone were complied on the advice of international specialists who 
are listed in Appendix 3. The accepted hypotheses are presented and commented in the anno-
tated photographic atlas. The list of codes used for the taxa identified is presented in Appendix 
2, and follows the classification of Parker (1982). 

Most of the species in this zone have not yet been collected and are new to science. The images 
capture other valuable information, such as the appearance of the taxa in situ and their behav-
iour within faunal assemblages and on different substrata. The observation and spatio-temporal 
monitoring of the megafauna on a grand scale, by means of photography and video, proves to 
be a useful, low cost tool to evaluate the impact of exploiting nodule deposits. The megafauna, 
and especially certain faunal groups, are known to be good indicators in impact studies. Based 
on the hypotheses of identification proposed for each of the taxa observed in our study, a series 
of tables are presented in Appendix 4 synthesizing information provided by international spe-
cialists and by the literature.

The present data from research in the abyssal environment and especially in the Clarion-Clip-
perton fracture zone underlines the variation in biotic and abiotic conditions in space and time 
which have revolutionized previous notions of great stability based on unchanging environmen-
tal conditions.

Based on our results, the polymetallic nodule ecosystem appears to be a unique habitat for 
the suprabenthic megafauna. This megafauna is characterized by relatively great taxonomic 
richness, especially for suspension feeders, which are well represented in this panorama, 
and in particular for Cnidaria, which are the most diverse and abundant phylum. These im-
ages also illustrate the preferential habitats that we have demonstrated for the different 
faunal categories. As can be seen, faunal abundance is linked to edaphic heterogeneity and 
is especially marked for suspension feeders on facies O (without nodules) and with ancient 
sediments (Oligocene to Miocene) and on nodule-facies C+ (hummocky nodules of mean 
diameter 7.5 cm) on slopes and with nodule coverage C+20-40%. The edaphic preference for 
detritus feeders is nodule-facies C+10%.

These factors must be borne in mind in the proposition of recommendations for the conserva-
tion of the biodiversity and for building a strategy of monitoring in order to minimize the impact 
of the exploitation of polymetallic nodules.

Fig.1. Photograph taken by “the Nautile” during the NIXONAUT cruise: 
rocky facies, sponge Hexactinellida Euplectella sp. (SPO 13) © Ifremer

Fig.3. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky facies, sponge Demospongiae Cladorhizida sp. (SPO 19) 
© Ifremer

Fig.5. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: nodule-
facies C, sponge Hexactinellida Pheronema sp. (SPO 14) with an actinid 
attached to the peduncle © Ifremer
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Fig.1. Photograph taken by “the Nautile” during the NIXONAUT cruise: 
rocky facies, sponge Hexactinellida Euplectella sp. (SPO 13) © Ifremer

Fig.3. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky facies, sponge Demospongiae Cladorhizida sp. (SPO 19) 
© Ifremer

Fig.4. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies C, sponge Hexactinellida “Two-pronged” Rosselli-
dae (SPO 2) © Ifremer

Fig.5. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: nodule-
facies C, sponge Hexactinellida Pheronema sp. (SPO 14) with an actinid 
attached to the peduncle © Ifremer

Fig.6. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: nodule-
facies C, sponge type “vase-shaped alveolate” Tetractinellida Poecillas-
tra sp. (SPO 6) © Ifremer

Fig.2. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky facies, sponge Hexactinellida Bathydorus sp. (SPO 5)  
© Ifremer 
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Fig.7. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: 
nodule-facies C, colony of sponges Demospongiae Caulophacus sp. or 
Esperiopsis sp. (SPO 16)  © Ifremer

Fig.8. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:  
facies O, sponge Hexactinellida Euplectella sp. (SPO 12)  © Ifremer

Fig.9. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: mixed 
nodule-facies B with plates, sponge Demospongiae Phakellia sp.  
(SPO 4) © Ifremer

Fig.10. Photograph taken by ‘Deep Tow’ at the Echo I site (near DO-
MES C/CCFZ): nodule-facies C, sponge Hexactinellida Hyalonema sp. 
(SPO 15) © Ifremer

Fig.11. Photograph taken by ‘Deep Tow’ at the Echo I site: nodule-facies 
C, sponge type “alveolate cushion” Tetractinellida, Poecillastra sp. 
(SPO 8)

Fig.12. Photograph taken by the ‘R.A.I.E.’ at the NIXO 42 site: rocky 
facies, sponge Hexactinellida Aulochone sp. (A. cylindrica) (SPO 11)  
© Ifremer 
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S Fig.13. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
mixed nodule-facies with plates and B, hydrozoan Branchiocerianthus 
imperator (HYD 1) bending in the direction of the current © Ifremer

Fig.15. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, hydrozoan Branchiocerianthus imperator (HYD 1)  
© Ifremer

Fig.17. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies mixed with plates, scyphomedusa or hydrome-
dusa Chrysaora lysoscella (MED 10) © Ifremer
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Fig.8. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:  
facies O, sponge Hexactinellida Euplectella sp. (SPO 12)  © Ifremer

Fig.10. Photograph taken by ‘Deep Tow’ at the Echo I site (near DO-
MES C/CCFZ): nodule-facies C, sponge Hexactinellida Hyalonema sp. 
(SPO 15) © Ifremer

Fig.12. Photograph taken by the ‘R.A.I.E.’ at the NIXO 42 site: rocky 
facies, sponge Hexactinellida Aulochone sp. (A. cylindrica) (SPO 11)  
© Ifremer 

Fig.13. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
mixed nodule-facies with plates and B, hydrozoan Branchiocerianthus 
imperator (HYD 1) bending in the direction of the current © Ifremer

Fig.14. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O and some nodules of  facies C, hydrozoan Branchiocerianthus 
imperator (HYD 1) © Ifremer

Fig.15. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, hydrozoan Branchiocerianthus imperator (HYD 1)  
© Ifremer

Fig.16. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O, hydrozoan Branchiocerianthus imperator (HYD 1) © Ifremer

Fig.17. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies mixed with plates, scyphomedusa or hydrome-
dusa Chrysaora lysoscella (MED 10) © Ifremer

Fig.18. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
Nodule-facies C, scyphomedusa, Periphylla periphylla (MED 9)  
© Ifremer
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Fig.19. Photograph taken by a troika during the Copano 2 cruise: 
facies O, octocoralliarian Gorgonacea, Primnoidae (OCT 6) near mounds 
formed by echiurians © Ifremer 

Fig.20. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, octocoralliarian, complex form of Umbellula sp.  
(OCT 5) © Ifremer

Fig.22. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
cliffs and mixed nodule-facies B and plates, actinian Actinostolidae form 
with dark convex centre  Sicyonis biotrans (ACT 6’) © Ifremer

Fig.23. Photograph taken by a troika during the Copano 2 cruise: 
facies O, actinian Ophiodiscus sulcatus or Bolocera sp. (ACT 5) © 
Ifremer

Fig.24. Photograph taken by the “the Nautile”  during the NIXONAUT 
cruise: nodule-facies C, actinian type “white disc” Liponema sp. (ACT 
1) © Ifremer 
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Fig.25. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, actinian Actinostolidae not attached Sicyonis biotrans 
(ACT 4) © Ifremer

Fig.27. Photograph taken by ‘Deep Tow’ at the Echo I site:
nodule-facies mixed B and plates, actinian Hormathiidae (ACT 6)  
© Ifremer

Fig.29. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies B, ceriantharian Aliciidae, Cerianthus sp. (CER 1)  
© Ifremer

Fig.21. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O and some nodules of facies C, octocoralliarid Pennatulacea 
(OCT 1) with actinian Amphianthus sp. (ACT 8) © Ifremer
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Fig.22. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
cliffs and mixed nodule-facies B and plates, actinian Actinostolidae form 
with dark convex centre  Sicyonis biotrans (ACT 6’) © Ifremer

Fig.24. Photograph taken by the “the Nautile”  during the NIXONAUT 
cruise: nodule-facies C, actinian type “white disc” Liponema sp. (ACT 
1) © Ifremer 

Fig.25. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, actinian Actinostolidae not attached Sicyonis biotrans 
(ACT 4) © Ifremer

Fig.26. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, actinian Actinostolidae Actinernus sp. (ACT 7) © 
Ifremer

Fig.27. Photograph taken by ‘Deep Tow’ at the Echo I site:
nodule-facies mixed B and plates, actinian Hormathiidae (ACT 6)  
© Ifremer

Fig.28. Photograph taken by a troika during the Copano 1 cruise: 
facies O, actinian Sagartiidae, Thenaria sp. (ACT 7) © Ifremer

Fig.29. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies B, ceriantharian Aliciidae, Cerianthus sp. (CER 1)  
© Ifremer

Fig.30. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies B, dark ceriantharian, Aliciidae, Cerianthus sp. (CER 1’)  
© Ifremer
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Fig.31. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky facies, antipatharian Parantipathes larix (ANT 7) © Ifremer

Fig.32. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, antipatharian Schizopathes crassa (ANT 2) © Ifremer

Fig.33. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, antipatharian Bathypathes lyra (ANT 1) © Ifremer

Fig.34. Photograph taken by the “the Nautile”  during the NIXONAUT 
cruise: nodule-facies C, antipatharian Bathypathes sp. (ANT 10)  
© Ifremer

Fig.35. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies C, Field vane tester investigating the soil mecha-
nics on a mound formed by the echiurian worm Bonneliidae Jacobia 
birsteini (ECH 2) © Ifremer

Fig.36. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: nodu-
le-facies C, round burrow and mound of the echiurian worm Bonneliidae 
Jacobia birsteini (ECH 2) © Ifremer 
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Fig.37. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies B, mound about 2.5 m formed by the echiurian 
worm Bonneliidae Jacobia birsteini (ECH 2) © Ifremer

Fig.39.Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, round mound constructed by an echiurian worm  
Balanoglossus sp. (ENT 4) © Ifremer

Fig.41. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, cephalopod Cirrata Cirroteuthis sp. or Cirrothauma sp. 
(CEP 2) © Ifremer
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Fig.32. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, antipatharian Schizopathes crassa (ANT 2) © Ifremer

Fig.34. Photograph taken by the “the Nautile”  during the NIXONAUT 
cruise: nodule-facies C, antipatharian Bathypathes sp. (ANT 10)  
© Ifremer

Fig.36. Photograph taken by the ‘Épaulard’ at the NIXO 45 site: nodu-
le-facies C, round burrow and mound of the echiurian worm Bonneliidae 
Jacobia birsteini (ECH 2) © Ifremer 

Fig.37. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies B, mound about 2.5 m formed by the echiurian 
worm Bonneliidae Jacobia birsteini (ECH 2) © Ifremer

Fig.38. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies B, proboscis of an echiurian worm Bonneliidae (ECH 3) 
extending from the hole close to its mound © Ifremer

Fig.39.Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, round mound constructed by an echiurian worm  
Balanoglossus sp. (ENT 4) © Ifremer

Fig.40. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O, proboscis of an echiurian worm retracted at the entrance of its 
burrow and radiating tracks Bonneliidae Bruunellia bandae (ECH 6)  
© Ifremer

Fig.41. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, cephalopod Cirrata Cirroteuthis sp. or Cirrothauma sp. 
(CEP 2) © Ifremer

Fig.42. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, cephalopod Cirrata during propulsion Cirroteuthis sp. 
(CEP 2) © Ifremer
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Fig.44. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, Stationary cephalopod Cirrata Grimpoteuthis sp. or
Cirrothauma murrayi (CEP 1) © Ifremer

Fig.46. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies C, crustacea Decapoda Plesiopenaeus sp. or  
Aristaeomorpha sp. (DEC 5) © Ifremer

Fig.47. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, crustacea Decapoda Galathea sp. (GAL 1) © Ifremer

Fig.48. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O, crustacea Isopoda Munnopsidae sp. (ISO 1) © Ifremer
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Fig.43. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies mixed including B , cephalopod Cirrata during propulsion 
Cirrotheuthis sp. or Stauroteuthis sp. (CEP 1) © Ifremer

Fig.49. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky facies, crustacea Decapoda Munidopsis sp. (GAL 3)  
© Ifremer

Fig.51. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O, enteropneusta Spengelitae Glandiceps abyssicola (ENT 3)
© Ifremer

Fig.53. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, ascidian Sorberacea Phlebobranchiata sp. (ASC 1)  
© Ifremer

Fig.45. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: mixed nodule-facies , crustacea Decapoda Nematocarcinus sp. 
(DEC 1) © Ifremer
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Fig.49. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky facies, crustacea Decapoda Munidopsis sp. (GAL 3)  
© Ifremer

Fig.50. Exceptional photograph taken by the “the Nautile” during the 
NIXONAUT cruise, in front of a field vane tester: pycnogonid Colossen-
deis colossea (PYC) parasitising a lobed ctenophore © Ifremer

Fig.51. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O, enteropneusta Spengelitae Glandiceps abyssicola (ENT 3)
© Ifremer

Fig.52. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
facies O, spiral track of lophenteropneusta Ptychoderidae (ENT 1) and 
other traces of bioturbation © Ifremer

Fig.53. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, ascidian Sorberacea Phlebobranchiata sp. (ASC 1)  
© Ifremer

Fig.54. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: rocky outcrop, ascidian Culeolus sp. (ASC 4) © Ifremer
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Fig. 56. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: nodule-facies C, fish Bathysaurus mollis (POI 7) © Ifremer

Fig.58. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, fish Brotulidae Typhlonus nasus (POI 13) © Ifremer

Fig.59. Photograph taken by the ‘Épaulard’ at the NIXO 45 site:
nodule-facies C, fish Macrouridae Coryphaenoides armatus or C. yaquinae 
(POI 2) © Ifremer

Fig.60. Photograph taken by the ‘R.A.I.E.’ at the NIXO 45 site: nodule-
facies C, fish Synaphobranchidae (POI 8) 
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Fig.57. Photograph taken by the “the Nautile” during the NIXONAUT 
cruise: fish Macrouridae Nematonurus sp. (POI 1) attracted by activity 
© Ifremer

Fig.55. Photograph taken by the “the Nautile”  during the NIXONAUT 
cruise: nodule-facies C, fish Ophidiidae Barathrites sp. (POI 14)  
© Ifremer
 

Fig.61. Location of deposits of polymetallic nodules in the Clarion-Clipperton fracture zone on a topographic map of the seabed of the Central 
North Pacific Ocean © Ifremer/GEMONOD

Fig.62. Geographical distribution on a world scale of the mean annual primary productivity (mg de C/m2/y) calculated from C14 data  
(Longhurst et al. 1995) © Ifremer
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Fig.61. Location of deposits of polymetallic nodules in the Clarion-Clipperton fracture zone on a topographic map of the seabed of the Central 
North Pacific Ocean © Ifremer/GEMONOD

Fig.62. Geographical distribution on a world scale of the mean annual primary productivity (mg de C/m2/y) calculated from C14 data  
(Longhurst et al. 1995) © Ifremer
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Fig.xx. xxxxx Fig.xx. xxxxxx

Fig.63. 
Photograph 

of the remote 
submersible the 

‘Épaulard’.  
© Ifremer

Fig.64. 
Photograph of 
the manned 
submersible 
“the Nautile”.  
© Ifremer

Fig.65.  Photograph of the remote free-sampling device developed 
by Ifremer to collect polymetallic nodules © Ifremer

Fig.66.  Diagram and photograph of the ‘ED1’  
(camera coupled to a sampling device) © Ifremer
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Fig.67. Example of a mineral bed with 15 kg of nodules per m2. Megafauna indicated by white arrows © Ifremer

Fig.64. 
Photograph of 
the manned 
submersible 
“the Nautile”.  
© Ifremer

Fig.65.  Photograph of the remote free-sampling device developed 
by Ifremer to collect polymetallic nodules © Ifremer

Fig.68. Areas covered by mining permits for 
the exploitation of polymetallic nodules in the 
equatorial eastern Pacific Ocean © Ifremer
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Fig.70. Nodule-facies C seen from “the Nautile” during the NIXONAUT cruise © Ifremer

Fig.69. Steps formed by the outcropping of hardened carbonated muds seen from “the Nautile” during the NIXONAUT cruise (PL 15) © Ifremer
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XEN   Xenophyophora, Cl. Xenophyophorea, Supercl. Rhizopoda, Phyl. Protozoa

SPO    Sponges, Phyl. Porifera

HYD   Hydroids, O. Hydroidea, Cl. Hydrozoa, Phyl. Cnidaria

MED   Jellyfish, O. Coronatae and O. Semaeostoniae, Cl. Scyphozoa, Phyl. Cnidaria

SIF   Siphonophores, O. Siphonophora, Cl. Hydrozoa, Phyl. Cnidaria

OCT   Octocoralliarians, O. Gorgonacea and O. Pennatulacea, Cl. Anthozoa, Phyl. Cnidaria

CER   Ceriantharians, O. Ceriantharia, Cl. Anthozoa, Phyl. Cnidaria

CTEN   Ctenophorans, Phyl. Ctenophora

ANT   Antipatharians, O. Antipatharia, Cl. Anthozoa, Phyl. Cnidaria

ACT   Sea-anemones, O. Actinaria, Cl. Anthozoa, Phyl. Cnidaria

CEP   Cephalopods, Cl. Cephalopoda, Phyl. Mollusca

NUD   Nudibranchs, O. Nudibranchia, Cl. Gastropoda, Phyl. Mollusca

MOL   Molluscs, Phyl. Mollusca

POL   Polychaete worms, Cl. Polychaeta, Phyl. Annelida

SIP   Sipunculians, Phyl. Sipuncula

ECH   Echiurians, Phyl. Echiuria

PYC   Pycnogonids, Cl. Pycnogonida, Phyl. Arthropoda

PER   Peracarids, Super-O. Peracaridea, Cl. Crustacea, Phyl. Arthropoda

ISO   Isopods, O. Isopoda, Super-O. Peracaridea, Cl. Crustacea, Phyl. Arthropoda

DEC    Decapods, O. Decapoda, Super-O. Peracaridea, Cl. Crustacea, Phyl. Arthropoda

GAL   Galatheas, Fam. Galatheidea, Infra-O. Anomourea, O. Decapoda, Super-O.  
 Peracaridea, Cl. Crustacea, Phyl. Arthropoda

CRI   Crinoids, Cl. Crinoïdea, Phyl. Echinodermata

AST   Seastars, Subcl. Somasteroïdea, Cl. Asteridae, Phyl. Echinodermata

OPH   Brittle stars, Subcl. Ophiuroidea, Cl. Asteridae, Phyl. Echinodermata  

OUR   Sea urchins, Cl. Echinoidea, Phyl. Echinodermata

HOL   Sea cucumbers, Cl. Holothuridea, Phyl. Echinodermata

ENT   Epibenthic hemichordates, Cl. Enteropneusta, Phyl. Hemichordata

ASC   Ascidians, Cl. Ascidiacea, Subphyl. Tunicata, Phyl. Chordata

SAL    Salps, O. Salpidae, Cl. Thaliacea, Subphyl. Tuniciata, Phyl. Chordata

POI   Fish, Cl. Osteichthya, Subphyl. Vertebrata, Phyl. Chordata

1

Appendix II 
List of codes based on the classification of Parker (1982)
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Phylum PROTOZOA Cl. Xenophyophorea A. Gooday U.K.

O. Kamenskaya Federation of Russia

L. Levin U.K.

C. Maybury U.K.

O. Tendal Denmark

Phylum PORIFERA Cl. Demospongiae N. Boury-Esnault Fr., Endume

Cl. Hexactinellida W. Hartman E.U.

V. Koltun Federation of Russia

C. Levi Fr., Muséum

D. Pawson E.U.

O. Tendal Denmark

J. Vacelet Fr., Endume

Phylum CNIDARIA Cl. Hydrozoa J. Bouillon Belgium

J. Goy Fr., Muséum

M. Van Praët Fr., Muséum

W. Vervoort Netherlands

O. Siphonophora C. Carré Fr., Villefranche s/mer

F. Pagès Spain

P. Pugh U.K.

Cl. Scyphozoa J. Bouillon Belgium

Cl. Anthozoa F.M. Bayer E.U.

subcl. Alcyonaria M. Grasshoff Fed. Rep. of Germany

O. Gorgonacea M.J. d’Hondt Fr., Muséum

O. Pennatulacea M. Opresko E.U.

H. Zibrowius (Fr., Endume)

subcl. Zoantharia D. Doumenc (Fr., Muséum)

O. Actinaria D. Fautin E.U.

K. Riemann-Zürneck Fed. Rep. of Germany

M. Sokolova Federation of Russia

O. Zezina Federation of Russia

H. Zibrowius Fr., Endume

O. Scleractinia H. Zibrowius Fr., Endume

O. Antipatharia M. Grasshoff Fed. Rep. of Germany

M.J. d’Hondt Fr., Muséum

M. Opresko E.U.

H. Zibrowius Fr., Endume

O. Ceriantharia D. Doumenc Fr., Muséum

D. Fautin E.U.

K. Riemann-Zürneck Fed. Rep. of Germany

H. Zibrowius Fr., Endume

Phylum CTENOPHORA C. Carré Fr., Villefranche s/mer

Annexe III 
LIST OF INTERNATIONAL SPECIALISTS CONSULTED
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Phylum ANNELIDA Cl. Polychaeta C. Bussau Fed. Rep. of Germany

D. Desbruyères Fr., Ifremer

L. Laubier Fr., Ifremer

T. Miura Japan

F. Pleijel Sweden

E. Southward U.K.

Phylum ECHIURA S. Edmonds Australia

S. Ohta Japan

C. Smith E.U.

Phylum SIPUNCULA C. Bussau Fed. Rep. of Germany

E. Cutler and N. Cutler E.U.

P. Gibbs U.K.

M. Rice E.U.

Phylum MOLLUSCA Cl. Bivalvia P. Bouchet Fr., Muséum

M. Rex E.U.

A. Waren Sweden

Cl. Gastropoda P. Bouchet Fr., Muséum

M. Rex E.U.

A. Waren Sweden

O. Nudibranchia C. Poizat Fr., Marseille

R. Turner E.U.

Cl. Cephalopoda G. Aldred U.K.

S. von Boletzky Fr., Banyuls

M. Clarke U.K.

T. Kubodera Japan

M. NIXOn U.K.

T. Okutani Japan

C. Roper E.U.

N. Voss E.U.

R. Young E.U.

Phylum ARTHROPODA
Subph. CHELICERATA Cl. Pycnogonida C. Allan Child E.U.

M. de Saint Laurent Fr., Muséum

J. Stock Netherlands

M. Türkay Fed. Rep. of Germany

Subph. CRUSTACEA Super O. Peracarida J. Svavarsson Iceland

M. Türkay Fed. Rep. of Germany

O. Mysidacea J.P. Lagardère Fr., Endume

O. Cumacea M. Ledoyer Fr., Endume

O. Tanaidacea C. Allan Child E.U.

A.B. Williams E.U.

O. Isopoda C. Allan Child E.U.

R. Hessler E.U.

J. Stromberg Sweden

J. Svavarsson Iceland

D. Thistle E.U.
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A.B. Williams E.U.

G. Wilson Australia

O. Amphipoda Ph. Laval Fr., Villefranche s/mer

subo. Hyperiidea

O. Decapoda C. Allan Child E.U.

Natantia A. Crosnier Fr., Muséum

J.P. Lagardère Fr., Endume

M. Türkay Fed. Rep. of Germany

A.B. Williams E.U.

Reptantia C. Allan Child E.U.

A. Crosnier Fr., Muséum

I. Gordon U.K.

J.P. Lagardère Fr., Endume

Reptantia  (suite) M. de Saint Laurent Fr., Muséum

J. Stock Netherlands

M. Türkay Fed. Rep. of Germany

A.B. Williams E.U.

Phylum ECHINODERMATA
Subph. CRINOZOA Cl. Crinoidea A. Clark U.K.

J. Durham E.U.

D. Pawson E.U.

M. Roux Fr., Reims

Subph. ASTEROZOA Cl. Stelleroidea D. Blake E.U.

subcl. Asteroidea A. Clark U.K.

L. Maluf E.U.

D. Pawson E.U.

M. Sibuet Fr., Ifremer

subcl. Ophiuroidea A. Clark U.K.

O. Ophiurida G. Hendler E.U.

L. Maluf E.U.

D. Pawson E.U.

M. Sibuet Fr., Ifremer

Subph. ECHINOZOA Cl. Echinoidea A. Gebruk Federation of Russia

G. Hendler E.U.

D. Pawson E.U.

M. Roux Fr., Reims

M. Sibuet Fr., Ifremer

Cl. Holothuroidea D. Billett U.K.

R.S. Carney E.U.

A. Gebruk Federation of Russia

M. Jangoux Belgium

L. Maluf E.U.

C. Massin Belgium

D. Pawson E.U.

M. Sibuet Fr., Ifremer

Phylum HEMICHORDATA Cl. Enteropneusta M. Romero-Wetzel Federation of Russia

E. Southward U.K.
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Phylum CHORDATA
Subph. TUNICATA Cl. Ascidiacea L. Cole E.U.

C. Monniot Fr., Muséum

F. Monniot Fr., Muséum

Cl. Thaliacea J.C. Braconnot Fr., Villefranche s/mer

Subph. VERTEBRATA Cl. Osteichthyes E. Anderson South Africa

P. Castle New Zealand

D. Cohen E.U.

P. Geistdoerfer Fr., Muséum

T. Iwamoto E.U.

N. Merrett U.K.

J. Nielsen Denmark

B. Seret Fr., Muséum

Cl. Mammalia G. Demuizan Peru

E. Hussenot Fr., Brest

D. Robineau Fr., Muséum
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IOC TECHNICAL SERIES

No. Title Languages
 1 Manual on International Oceanographic Data Exchange. 1965 (out of stock)

 2 Intergovernmental Oceanographic Commission (Five years of work). 1966 (out of stock)

 3 Radio Communication Requirements of Oceanography. 1967 (out of stock)

 4 Manual on International Oceanographic Data Exchange - Second revised edition. 1967 (out of stock)

 5 Legal Problems Associated with Ocean Data Acquisition Systems (ODAS). 1969 (out of stock)

 6 Perspectives in Oceanography, 1968 (out of stock)

 7 Comprehensive Outline of the Scope of the Long-term and Expanded  
Programme of Oceanic Exploration and Research. 1970

(out of stock)

 8 IGOSS (Integrated Global Ocean Station System) - General Plan Implementation Programme for Phase I. 1971 (out of stock)

 9 Manual on International Oceanographic Data Exchange - Third Revised Edition. 1973 (out of stock)

10 Bruun Memorial Lectures, 1971 E, F, S, R

11 Bruun Memorial Lectures, 1973 (out of stock)

12 Oceanographic Products and Methods of Analysis and Prediction. 1977 E only

13 International Decade of Ocean Exploration (IDOE), 1971-1980. 1974 (out of stock)

14 A Comprehensive Plan for the Global Investigation of Pollution in the Marine Environment  
and Baseline Study Guidelines. 1976

E, F, S, R

15 Bruun Memorial Lectures, 1975 - Co-operative Study of the Kuroshio  and Adjacent Regions. 1976 (out of stock)

16 Integrated Ocean Global Station System (IGOSS) General Plan  
and Implementation Programme 1977-1982. 1977

E, F, S, R

17 Oceanographic Components of the Global Atmospheric Research Programme (GARP) . 1977 (out of stock)

18 Global Ocean Pollution: An Overview. 1977 (out of stock)

19 Bruun Memorial Lectures - The Importance and Application  
of Satellite and Remotely Sensed Data to Oceanography. 1977

(out of stock)

20 A Focus for Ocean Research: The Intergovernmental Oceanographic  
Commission - History, Functions, Achievements. 1979

(out of stock)

21 Bruun Memorial Lectures, 1979: Marine Environment and Ocean Resources. 1986 E, F, S, R

22 Scientific Report of the Interealibration Exercise of the IOC-WMO-UNEP Pilot Project  
on Monitoring Background Levels of Selected Pollutants in Open Ocean Waters. 1982

(out of stock)

23 Operational Sea-Level Stations. 1983 E, F, S, R

24 Time-Series of Ocean Measurements. Vol.1. 1983 e, f, s, r

25 A Framework for the Implementation of the Comprehensive Plan  
for the Global Investigation of Pollution in the Marine Environment. 1984

(out of stock)

26 The Determination of Polychlorinated Biphenyls in Open-ocean Waters. 1984 E only

27 Ocean Observing System Development Programme. 1984 E, F, S, R

28 Bruun Memorial Lectures, 1982: Ocean Science for the Year 2000. 1984 E, F, S, R

29 Catalogue of Tide Gauges in the Pacific. 1985 E only

30 Time-Series of Ocean Measurements. Vol. 2. 1984 E only

31 Time-Series of Ocean Measurements. Vol. 3. 1986 E only

32 Summary of Radiometric Ages from the Pacific. 1987 E only

33 Time-Series of Ocean Measurements. Vol. 4. 1988 E only

34 Bruun Memorial Lectures, 1987: Recent Advances in Selected Areas of Ocean Sciences  
in the Regions of the Caribbean, Indian Ocean and the Western Pacific. 1988

Composite E, F, S

35 Global Sea-Level Observing System (GLOSS) Implementation Plan. 1990 E only

36 Bruun Memorial Lectures 1989: Impact of New Technology on Marine Scientific Research. 1991 Composite E, F, S
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No. Title Languages
37 Tsunami Glossary - A Glossary of Terms and Acronyms Used in the Tsunami Literature. 1991 E only

38 The Oceans and Climate: A Guide to Present Needs. 1991 E only

39 Bruun Memorial Lectures, 1991: Modelling and Prediction in Marine Science. 1992 E only

40 Oceanic Interdecadal Climate Variability. 1992 E only

41 Marine Debris: Solid Waste Management Action for the Wider Caribbean. 1994 E only

42 Calculation of New Depth Equations for Expendable Bathymerographs Using a Temperature-Error-Free 
Method (Application to Sippican/TSK T-7, T-6 and T-4 XBTS. 1994

E only

43 IGOSS Plan and Implementation Programme 1996-2003. 1996 E, F, S, R

44 Design and Implementation of some Harmful Algal Monitoring Systems. 1996 E only

45 Use of Standards and Reference Materials in the Measurement of Chlorinated Hydrocarbon Residues. 1996 E only

46 Equatorial Segment of the Mid-Atlantic Ridge. 1996 E only

47 Peace in the Oceans: Ocean Governance and the Agenda for Peace; the Proceedings of Pacem in Maribus 
XXIII, Costa Rica, 1995. 1997

E only

48 Neotectonics and fluid flow through seafloor sediments in the Eastern Mediterranean  
and Black Seas - Parts I and II. 1997

E only

49 Global Temperature Salinity Profile Programme: Overview and Future. 1998 E only

50 Global Sea-Level Observing System (GLOSS) Implementation Plan-1997. 1997 E only

51 L’état actuel de 1’exploitation des pêcheries maritimes au Cameroun et leur gestion intégrée dans la sous-
région du Golfe de Guinée (under preparation)

F only

52 Cold water carbonate mounds and sediment transport on the Northeast Atlantic Margin. 1998 E only

53 The Baltic Floating University: Training Through Research in the Baltic, Barents and White Seas - 1997. 1998 E only

54 Geological Processes on the Northeast Atlantic Margin (8th training-through-research cruise, June-August 
1998). 1999

E only

55 Bruun Memorial Lectures, 1999: Ocean Predictability. 2000 E only

56 Multidisciplinary Study of Geological Processes on the North East Atlantic and Western Mediterranean 
Margins (9th training-through-research cruise, June-July 1999). 2000

E only

57 Ad hoc Benthic Indicator Group - Results of Initial Planning Meeting, Paris, France, 6-9 December 1999. 
2000

E only

58 Bruun Memorial Lectures, 2001: Operational Oceanography – a perspective from the private sector. 2001 E only

59 Monitoring and Management Strategies for Harmful Algal Blooms in Coastal Waters. 2001 E only

60 Interdisciplinary Approaches to Geoscience on the North East Atlantic Margin and Mid-Atlantic Ridge  
(10th training-through-research cruise, July-August 2000). 2001

E only

61 Forecasting Ocean Science? Pros and Cons, Potsdam Lecture, 1999. 2002 E only

62 Geological Processes in the Mediterranean and Black Seas and North East Atlantic (11th training-through-re-
search cruise, July- September 2001). 2002

E only

63 Improved Global Bathymetry – Final Report of SCOR Working Group 107. 2002 E only

64 In preparation

65 Bruun Memorial Lectures, 2003: Gas Hydrates – a potential source of energy from the oceans. 2003 E only

66 Bruun Memorial Lectures, 2003: Energy from the Sea: the potential and realities of Ocean Thermal Energy 
Conversion (OTEC). 2003

E only

67 Interdisciplinary Geoscience Research on the North East Atlantic Margin, Mediterranean Sea and Mid-Atlan-
tic Ridge (12th training-through-research cruise, June-August 2002). 2003

E only

68 Interdisciplinary Studies of North Atlantic and Labrador Sea Margin Architecture and Sedimentary Processes 
(13th training-through-research cruise, July-September 2003). 2004

E only

69 Biodiversity and Distribution of the Megafauna / Biodiversité et distribution de la mégafaune. 2006  
Vol.1 The polymetallic nodule ecosystem of the Eastern Equatorial Pacific Ocean / Ecosystème de nodules 
polymétalliques de l’océan Pacifique Est équatorial

Vol.2 Annotated photographic Atlas of the echinoderms of the Clarion-Clipperton fracture zone / Atlas pho-
tographique annoté des échinodermes de la zone de fractures de Clarion et de Clipperton

E F

70 Interdisciplinary geoscience studies of the Gulf of Cadiz and Western Mediterranean Basin (14th training-
through-research cruise, July-September 2004). 2006

E only
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