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ABSTRACT 

The morphologic complexity of the southern part of the Barbados prism is the reflection of the numerous structural 
patterns that coexist within this zone located at the crossroad of three domains: the Atlantic Plate, the Caribbean do
main, and the Venezuelan margin. 

The analyses of Sea-Beam maps, 3.5-kHz profiles, submarine photographs, and Kullenberg cores allowed us to de
fine different types of morpho-sedimentary domains as well as their surface patterns, echofacies, lithology, and origin 
of the surficial deposits, and the settling processes. Five types of domains can be distinguished: NE-SW anticlinal 
ridges; mud volcanoes that can be isolated, dispersed, or aligned in a N-S direction; basins; deformed depressions; and 
canyons. The morphology of these domains records their recent tectonic evolution. 1. NW-SE syncline depressions are 
intersected by NE-SW anticline ridges or faults. 2. Anticline ridges are sometimes sigmoid in shape as a consequence of 
the E-W movement of transcurrent faults. 3. Deformed crescent-shaped depressions are also due to the E-W accidents. 
4. The course and the depth of the canyons can be modified according to the evolution of the domains that they tra
verse. 5. The sub-bottom reflectors and the echofacies are disturbed along the tectonic contact between the different do
mains. 

Analysis of surficial deposits highlights the dominance of turbidity currents in the basin. These currents flow 
through very young and strongly incised canyons, connected to those of the Venezuelan margin and the Orinoco River. 
Evidence of bottom-current activity is recorded in deposits of structural relief that show ripple-mark fields and ero
sional furrows at their base. On the mud volcanoes and on the anticlinal ridges, argilokinetic processes manifest them
selves by the uplifted ancient material (Miocene to Quaternary) present in the surficial deposits. This material could be 
introduced into the basin deposits by gravity flows, triggered on the steep slopes of structural reliefs. 

Surface pattern details on top of these reliefs usually show indurated surfaces upon which deep-sea fauna are locally 
observed. The presence of these litho-biological features is linked to diagenetic and biochemical processes that depend 
on "cold seeps." They are distributed along NE-SW and E-W tectonic structures that are the most active in the South 
Barbados prism. 

INTRODUCTION 

The accretionary prism of Barbados formed by the subduc
tion of the Atlantic Plate beneath the Caribbean Plate has been 
the subject of much research (Biju-Duval et al., 1982; Westbrook 
et al., 1982, 1984; Fontas et al., 1984; Ngokwey et al., 1984; 
Mauffret et al., 1984). After the Carven cruises of the Comite 
d' Etudes Petrolieres Marines, France, morphological and high-
resolution seismic studies were carried out (Valery et al., 1985; 
Fontas et al., 1985). They showed the complexity of the struc
tures of the accretionary prism as well as its style of deforma
tion and the sedimentary processes. They emphasized the rela
tionship between a very contrasting morphology and the inter
nal mechanisms that have, at least partially, created it. 

Recently, the Caracolante II (1985) and Diapicar I (1987) 
cruises allowed a detailed analysis of the southern part of the 
prism (Fig. 1). Compared with the more northern part, this 
zone shows different characters. In fact, structurally speaking, 
it is situated on top of a complex contact zone between different 
geodynamical domains: the oceanic crust of the Atlantic Plate 
plunges westward under the Caribbean Plate and generates an 
island arc (Bouysse, 1984); the southern fringe of the Caribbean 
Plate overthrusts upon the South American craton, in a NW-SE 
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Figure 1. Location map of the bathymetric survey. 
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movement. As a consequence, the Venezuelan margin is de
formed by E-W transcurrent faults (Butterlin, 1977; Aubouin et 
al., 1980; Stephan et al., 1985). The intergrowth of these struc
tures produces an important dislocation of the sedimentary de
posits that are transformed into a morpho-structural mosaic 
composed of units of limited extent: disrupted folds with a vari
able direction and dip, more or less deformed basins of varying 
size and geometry, mud volcanoes, and other frequent mud 
diapiric manifestations (Higgins and Saunders, 1974; Westbrook 
et al., 1984; Fontas et al., 1985; Valery et al., 1985; Mascle et 
al., 1985). Additionally, the southern part of the prism is sub
jected to an important continental supply, at least during certain 
geological periods, that arrives from the Orinoco River or even 
from the Amazon River (Embley et al., 1970; Damuth and 
Hayes, 1977; Embley and Langseth, 1977; Poutiers et al., 1983; 
Leonard, 1983; Belderson et al., 1984; Wright, 1984). To each 
of these individualized morpho-structural domains is attached 
particular sedimentary characters. 

This study was conducted in two different and limited sectors 
for which we utilized bathymetric Sea-Beam maps (Valery et 
al., 1985): Orinoco map (between 10°00' and 10°35'N latitude, 
and 57°50' and 59°00'W longitude, Fig. 2) and El Pilar map 
(between 11°00' and 11°16'N in latitude, and 59°00' and 
59°35'W in longitude, Fig. 3). It includes, in addition to the 
Sea-Beam data, numerous 3.5-kHz profiles and submarine pho
tographs as well as surficial sediment samples. These data allow 
a more detailed analysis of the general morphology and surface 
patterns of the deposits in regard to the nature of the sediments. 
They show the great variety of morpho-sedimentary domains in 
this part of the prism as well as the distribution of sediments in 
a broken-up underwater landscape. These data also show the 
respective role of the gravity flows and bottom currents in sedi
mentary dynamics. Finally, they shed new light on the general 
and local manifestations of recent tectonic structures. 

MAJOR MORPHO-SEDIMENTARY DOMAINS 

Consequence of the Prism Structures and Their Activity 
Most of the morpho-sedimentary domains that could be dis

tinguished are distributed according to the four main structural 
directions recognized in this region (Valery et al., 1985; Fontas 
et al., 1985; Chennouf, 1987). 

A NE-SW direction, parallel to the direction of the deforma
tion front in this end of the prism, corresponds to numerous an
ticlinal axes that are characterized by elongate and asymmetrical 
ridges (Fig. 2, no. 1). 

A submeridian direction is characterized by aligned mud vol
canoes (Fig. 2, no. 2). 

A NW-SE direction is marked by a depression that is inter
cepted by the NE-SW ridges (Fig. 2, no. 4). 

An E-W direction is observed, related to major transcurrent 
faults (Fig. 2, no. 9), that are shown on the surface by the sig
moid shape of a few of the NE-SW ridges (Fig. 2, no. lb) as 
well as by the direction of certain canyons (Fig. 2, no. 7 and 7a) 
and by the semicircular shape of certain elongate depressions 
(Fig. 3, no. 3). 

Among these different directions, there is a mosaic of basins 
that have evolved on different levels of the slope of the prism as 
well as very dispersed or isolated mud volcanoes (Fig. 2, no. 3). 

According to these structures, five major morpho-sedimen
tary domains can be distinguished. 

NE-SW Anticlinal Ridges 
On the Orinoco map (Fig. 2, no.l ; Plate 1.1), these numerous 

features constitute very accentuated reliefs with a difference in 
elevation, varying from 250 to 550 m. Spreading over distances 
of up to 26 km, they are asymmetrical with an eastern slope that 
is generally the steepest (10° to 40°). Their crests can be either 
straight, arched, or sigmoid in shape. Very few examples of 
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Figure 2. Orinoco Sea-Beam map: morpho-sedimentary domains. 1: Well-individualized NE-SW ridges, la: Poorly individualized NE-SW ridges, 
lb: Sigmoid NE-SW ridges. 2: N-S mud volcanoes alignment. 3: Isolated mud volcano. 4: SE-NW depression, cut by a NE-SW ridge. 5: Basins 
with different bottom elevations intruded by a N-S mud volcano alignment and incised by a deep canyon. 6: Suspended basins. 7: Deep canyons 
with steep flanks. 7a: E-W canyon sections. 8: Deformation front. 9: Major deep E-W faults. 
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Figure 3. El Pilar Sea-Beam map: morpho-sedimentary domains. 1: Isolated mud volcanoes. 2: Cluster of mud volcanoes. 3: Crescent-shaped depres
sion. 

poorly developed ridges were observed (Plate 2.1 and 2.2) and 
they could correspond to ridges actually being formed or to 
aborted structures (Fig. 2, no. la). 

Mud Volcanoes 
The relief of the mud-volcanoes is one of the manifestations 

of the argilokinetic processes that are very active on the prism 
(Chennouf, 1987). They are well defined and generally conical 
in shape and rise up to 100-250 m above the neighboring do
mains (Plate 1.2 and 1.4; Plate 3). Their bases are more or less 
circular and their diameters range between I and 4 km; their 
slopes are relatively steep (upward to 20°). Their tops are often 
stretched according to an E-W or NE-SW direction. Locally, 
tops can generate an important upwarp relief, much larger than 
the mud volcano alone. Mud volcanoes are either isolated or 
grouped (Fig. 2., no. 3 and Fig. 3, no. 2). In this case, they can 
create N-S alignments (Fig. 2, no. 2; Plate 1.4) or be irregularly 
distributed (Fig. 3, no. 2). Between proximal volcanoes, sus
pended sedimentary basins can appear (Plate 3.1 and 3.2). 
These mud diapirs breach the anticlinal ridges as well as the 
bottom of the basins. 

Basins 
Between the morphologically elevated domains there are in

tercalated depressions ranging from I to 10 km in length, with 
variable shapes. Most of them were interpreted as half-syncline 
structures, stretched and parallel to the NE-SW ridges. Their 
western slope disappears as the fold evolves (Chennouf, 1987). 
Indeed, their origin and their morphology appear more com
plex. In fact, these synclinal depressions are most often dis
turbed and intersected by faults or tectonic reliefs of various di
rection (N-S alignments of mud volcanoes in particular). Con
sequently, they are broken up into smaller basins (Plate 3.1 and 
3.2). They are also cut by deeply indented canyons (Plate 1.2). 
The basins are on different topographic levels of the prism slope 
(Plate 1.4) and their floors show a relative dip toward the oce
anic plate (Fig. 2, no. 5). They often appear to be suspended in 
respect to the others and with a difference in elevation of about 
100 m between two contiguous basins (Fig. 2, no. 6; Plate 3.1). 

The recent deposits of these basins are either slightly deformed 
or undeformed with the exception of a sector in which undulat
ing structures are observed (Plate 1.2). 

Deformed Depressions 
Two types of depressions have been found. The first type is 

represented by a single example that is visible in the Orinoco 
sector (Fig. 2, no.4 and Plate 1.1). It is a large depression (about 
6 km width) that can be followed for about 20 km. It corre
sponds to an older morphological feature. In fact, it is broken 
up by a NE-SW ridge into two north and south compartments 
whose floors are situated at 2280 and 2500 m, respectively. 
Moreover, the southern compartment is actually limited toward 
the southwest by a 100-m escarpment due to a recurrent thrust 
fault oriented in a NE-SW direction. The second type is well il
lustrated on the El Pilar sector (Fig. 3, no. 3 and Plate 3.3). 
Here, the deep depressions (1700 m) show a general crescent 
shape whose long axis is E-W; the concavity is oriented either to 
the north or to the south and is linked to a bottom uplift that is 
characterized by numerous mud volcanoes (rim-syncline, Jack
son and Gallaway, 1984). 

Canyons 
Several canyons cut the surface of the South Barbados 

prism. These canyons are the extensions of shallower canyons 
that cut the continental slope of the Venezuelan margin. The 
morphological freshness of their incisions is proof of important 
and recent activity. Coarse-grained terrigenous sediments are 
transported through them, from the Orinoco River (Plate 1.1 
and 1.2; Plate 3.2 and 3.4). They show sinuous courses affected 
by sudden changes of direction and their depth ranges from 100 
m to more than 200 m for the main canyon of the Orinoco sec
tor (Fig. 2, no. 7). These variations, as well as the directional 
changes, are caused by the tectonic activity that affects the 
prism. Thus, the incision is small through the basins that are 
not deformed and becomes deeper in the neighborhood of the 
NE-SW anticline ridges that are actually being uplifted. More
over, the course of these canyons shows an alternation between 
E-W, N-S, and NE-SW directions superimposed on the previ-
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ously mentioned major structural directions. This indicates a 
continuous readjustment of the canyons because of the evolving 
tectonic structures. This appears in the morphology through the 
very steep and erosive slopes that cut through even the most re
cent deposits. 

The major morphological characters of the South Barbados 
prism are determined by the structural characters of this region. 
They permit us to define several types of domains whose geome
try is permanently modified by the recurrence of tectonic activ
ity. These morphological domains of structural origin show dif
ferences in their sediment characters. Therefore we discuss the 
morpho-sedimentary domains whose patterns and surficial de
posits can be examined in terms of their echofacies and sedi
mentary process. 

BOTTOM MICROPHYSIOGRAPHY: EVIDENCE OF 
SEDIMENTARY PROCESSES 

Within a given morphological framework, the deep bottom 
microphysiography reflects the importance of sediment supplies 
and settling processes (Damuth and Hayes, 1977; Jacobi, 1982). 
In the studied area, sediments have varying origins. A major 
part comes from the Orinoco River and is carried to the prism 
by a network of canyons (Embley and Langseth, 1977; Belder-
son et al., 1984). The material varies from medium-sized sand 
to clayey silty muds with a particular mineralogical assemblage 
(Van Andel, 1967; Baretto et al., 1975; Eisma et al., 1978; 
Bowles and Fleisher, 1985). Fine-grained siliclastics supplied 
from the Amazon River are transported either by surface or bot
tom currents (Gibbs 1970; Embley et al., 1970; Damuth 1975; 
Froelich et al., 1978; Milliman et al., 1982). They can be incor
porated into the Orinoco supply and it is difficult to estimate 
their respective importance. Compared to terrigenous sediment, 
biogenic sediments are much less important. They are essen
tially composed of the tests of pelagic organisms; they represent 
from 5<7b to 45%, but with an average around 10%. Volcanic 
particles, a minor part of the sediment, are scattered through 
the muds. Finally, the mud diapiric processes constitute a final 
source of material whose importance is once again difficult to 
evaluate. Howewer, it is documented, in the vicinity of the mud 
volcanoes and the ridges, by particular clay mineral assemblages 
and by the presence of older material (Miocene to early Quater
nary, Faugeres et al., in press). Consequently, the South Barba
dos prism is subject to very important supplies because of the 
various sources and because of the proximity of a major conti
nental source. The sedimentary structures of the deposits and 
microphysiography analyses show evidence that gravity pro
cesses (mainly turbidity currents) are the predominant dynami
cal factors. Typical pelagic deposits account for a minor part of 
sediments and are very limited in extent. Finally, very few signs 
of bottom-current activity have been found. 

The different sedimentary patterns observed can be described 
by three principal groups (Plates 1, 2, and 3; Fig. 4): 

1. Domains with regular, hemipelagic, or turbiditic surficial 
deposits and variable sedimentation rates such as depressions, 
basins, and the top of a few mud volcanoes or ridges (echofacies 
El, E2, E3); 

2. Domains where transport and/or erosional processes are 
predominant, such as canyons or restricted areas situated on the 
edge of basins and domes or ridges (echofacies E3, E4); 

3. Steep slopes or active tectonic zones where surficial de
posits are strongly disturbed (echofacies E5). 

Echofacies E l 
El is characterized by a distinct echo and very regular con

tinuous and parallel sub-bottom reflectors that sometimes con
verge upslope. These patterns are not very frequent. They are 

very well represented in the eastern part of the Orinoco map. 
They are localized on rather flat relief (poorly characterized 
ridges or suspended micro-basins, Fig. 2, no. 6 and Plate 2.2). 
They are also present in a few depressions far enough from ma
jor canyons such as the NW-SE depression (Fig. 2, no. 4 and 
Plate 1.2 and 1.3). This echofacies is typical of pelagic or hemi
pelagic deposits or of low-density and low-velocity turbiditic de
posits. Samples collected here (68 and 66, Figs. 5 and 6) show 
that the surficial sediments are composed of medium-grained 
thin-bedded turbiditic layers interbedded with thick hemipelagic 
or muddy turbiditic layers. 

Echofacies E2 
E2 is a distinct echo but with more or less regular and con

tinuous parallel sub-bottom reflectors that show good sediment 
penetration (generally more than 30 m, Plates 1.4 and 2.3), of
ten better than that observed in E l . This echo is largely found 
on depression and basin floors. It characterizes domains with 
high sedimentation rates and with sediments deposited by high-
density and high-velocity turbidity currents. This is confirmed 
by Cores (51, 52, 60 and 62, Figs. 5 and 6), which show the de
position of turbidites with centimetric to decimetric and excep
tionally metric thickness, that are coarser than in El . They are 
overlain by strongly bioturbated, soft surficial mud. 

Echofacies E3 
E3 is an indistinct strong, prolonged echo with commonly no 

sub-bottom reflectors, except near the edge of echo E2 and E3 
where discontinuous wispy sub-bottom reflectors occur. This 
echo is typical of high-energy environments such as channels, 
with either erosion or non-deposition processes, or coarse-grained 
lag deposits. This echo is found mainly on the canyon floors 
(Plates 1.2, 2.1, and 3.4). It is also present in some very local
ized sectors of basins as well as in erosional furrows, several 
hundred meters wide, at the base of mud volcanoes and anticli
nal ridges (Plate 1.2). In canyons, cores show that this echo is 
associated with debris-flows (64, Fig. 6) and with different 
kinds of turbidites, mainly coarse- to medium-grained (80 and 
79, Fig. 6), sometimes fine-grained (64, Fig. 6), and with deci
metric to metric thickness. On bottom photographs, the floor 
appears to be covered by coarse sandy particles and shows cur
rent marks. They remain relatively soft as proved by bioturba-
tions (Plate 5.4). In the basins, this echo is also linked to coarse
grained turbidites (57, Fig. 6) and to soft bioturbated floors, lo
cally more or less indurated (Plate 5.5). It could also be caused 
by bottom-current activity, especially in the furrows as well as in 
areas covered by probable sediment waves (Plates 1.1, 2.5, and 
3.5). 

Echofacies E4 
E4 shows regular overlapping hyperbola with similar or 

slightly varying elevations and no sub-bottom reflectors. It is 
relatively rare and very limited in extent, localized in restricted 
sectors of canyon floors or slopes of depressions and particu
larly on the edge (levees?) of canyons where a E4-E3 gradual 
transition is observed (Plates 1.1, 2.4, and 3.3). E4 could be due 
to erosional processes or to very low sedimentation rates in tur
biditic or bottom current high energy environments. These con
ditions would produce an irregular floor morphology. 

In addition to the erosional sectors underlain by E3 and E4, 
others are marked by an erosional surface cutting through sub-
bottom reflectors. They are situated on the flank of canyons or 
on high reliefs. In the first case, they are a result of turbidity 
currents and document the very recent canyon course (Plate 
3.4). In the second case, the erosion could be the result of bot
tom-current activity or of slumping (discussed in the following 
section (Plate 3.6). 
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Figure 4. Orinoco map: location of 3.5-kHz profiles. Depths in meters. 

Figure 5. Orinoco map: location of cores, time-lapse camera, video camera, and deep-sea communities. Depths in meters. 

Echofacies E5 

E5 shows a deep and strong disturbance of surficial sedi
ments. It is found in the contact zone between mud volcanoes, 
or anticlinal ridges and basins, or depressions. It is a conse

quence of both sedimentary and tectonic processes. In the first 
case, the steep slopes generate slides and this sliding material ac
cumulates at the base of the relief, either forming well-charac
terized lenses among the basin regular deposits (Plate 2.3), or 
constituting surficial slump levees (Plate 1.4). In the second case 
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(Plates 1.3 and 2.5), the contact zone is the site of an active 
structure, and a sharp contact exists between basin surface pat
terns (El or E2) and slope surface patterns. The latter case is 
probably the result of deposit disturbance by either fault activ
ity or by the uplifting of diapiric clay material. Such tectono-
sedimentary processes are liable to generate olistolitic deposits 
that occur along the boundaries between active structures and 
adjacent basins. However, these deposits were in fact not found 
in our cores. 

Topographic Relief Surface Patterns 
Because of the relatively steep slopes of mud volcanoes and 

anticlinal ridges, 3.5-kHz profiles yield very little information 
about the surface patterns of these features. Therefore, we have 
no information concerning the importance of mass-slides and 
the conditions in which they are generated. Cores taken on the 
flank (55 and 71, Figs. 4 and 6) usually show clayey-silty muds, 
Holocene to Quaternary in age, with rare interbedded fine
grained turbidites. These deposits (58 and 71, Fig. 6) overlie 
finer blue-green homogeneous muds that are also found in cores 
taken on the top of the mud volcanoes or anticline ridges. This 
barren material is probably older. Evidence of slumps was ob
served in a single core collected at the top of a fault escarpement 

(67, Fig. 6). Bottom photographs show that the floors consist of 
soft mud, usually strongly bioturbated, with abundant worm 
tracks (Plate 5.3). Frequent evidence of bottom-current activity 
was observed: scour-marks, ripples, and coarse-grained ribbons 
(Plate 4.3 and 4.4). On the top of these reliefs, the floor shows 
specific sediment and faunal features. Simple sedimentary pro
cesses are not sufficient to explain them. Special geochemical 
conditions are necessary to produce these features and are dis
cussed below. 

In conclusion, the high continental sediment supply and the 
morpho-tectonic setting of the prism generate different sedi
mentary processes in all the previously defined domains. Within 
each of these domains, the joining of different echofacies shows 
very complex sediment distribution. In this way, for a basin that 
is a preferential sediment accumulation zone, deposits can be a 
result of (1) turbidity currents by overflowing of canyons with 
material coming directly from the Venezuelan margin, (2) mass-
flows from the adjacent relief slopes, with material supplied by 
mud volcanoes or by turbidity currents of Venezuelian origin, 
and (3) contour currents that can rework and transport any sedi
ments. The existence of a young morphological context, in per
petual reajustement, induces very active erosional sectors. At 
last, locally, recent structure activity disturbs the surface pat
terns of sedimentary origin. 
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DIAGENETIC PHENOMENA A N D DEEP-SEA 
COMMUNITIES: EVIDENCE FOR 

PHYSICO-CHEMICAL CONDITIONS LINKED TO 
TECTONIC ACTIVITY 

Numerous bottom photographs were collected on top of sev
eral anticlinal ridges and mud volcanoes. They show that certain 
of these areas are affected by very spectacular biosedimentary 
features: indurated floors with irregular concretions on which 
deep-sea communities linked to cold seeps are usually found 
(Faugeres et al., 1987). 

Surface Sediment Pattern and Associated Fauna 
A good example can be cited on the top of a NE-SW ridge in 

the Orinoco sector (Fig. 5). In its southern part, a camera track 
was made from the top toward the western slope, with depths 
varying from 1700 to 1750 m. 

Camera Track 
The track shows a more or less indurated mud bottom and 

an E-W trend in the alignment of the various living organisms. 
Even though the community boundaries were not clearly ob
served, this track allows some reconstructions of its spatial and 
temporal variations through different sites (Plate 4.1 and 4.2; 
Plate 5.1 and 5.2; Fig. 7). 

The summit's bottom is irregular with outcrops of hard sedi
ment showing microcliffs (a few centimeters to a few decimeters 
high) and erosional marks, surrounded by soft bioclastic mud; 
the outcrops are covered by sponge and gorgonian colonies. 

Further down, the main living community is concentrated 
within a 40- to 50-m band where the bottom surface is still more 
irregular. Cracked decimetric escarpments of compacted mud 
with dark, metal-like surficial crusts that probably hide cold 
seep fractures can be seen. On the flat top of these hard mounds, 
a bed of mussels is settled. On its base or in the fractures, vesti-
mentiferan clusters, mytilid-like shells and a few serpulid poly-
chaetes are nestled inside gaps. Some patches of soft conchitic 
sediment that are covered by probable mineral deposits sur
round those escarpments. Throughout this area, abundant dead 
vestimentiferan tubes and serpulid worms are embedded in rock 
outcrops, and empty shells are buried under collapsing soft sed
iment in a scarp depression (cemetery). Then, the fauna be
comes scarce but diversified and the soft muddy sediments are 
more largely extended with an elongated cliff opening within a 
large graveled mud zone. At the foot of a slope break, a few 
large outcrops are still present and seem to be attractive centers 
for echinoderms. They are mixed with soft sediment, on the sur
face of which large empty shells are scattered irregularly. 

Further down, the bottom slope decreases gradually toward a 
suspended basin; indurated bottom areas become less and less 
important but remain inhabited by an association of sponge or 
octocoralarian agregations and ophiuroids. A soft muddy sub
stratum with rare empty shells shows progressive basin bottom 
characteristics, with deep endofaunal burrows and numerous 
holothurian tracks and local bottom-current ripple-marks. 

Cold Seep Communities 
Sponges and gorgonians are the most common organisms 

and extend from the top to the base of the ridge. These suspen
sion feeders live on the indurated mud bottom. Sponges belong 
to, at least, three species of demosponges. The main species is 
distinguished by some isolated dark spherical shapes slightly 
bristled (spicules?). One other presents, in addition, abrased 
nodular excrescences. Numerous white arborescent gorgonians 
are established on the periphery of probably active cold seeps; 

large isidilid gorgonians are found in the vicinity of cemetery 
sites and probably less active or extinct cold seeps. 

Large mytilid beds occur at the base of microescarpments. 
Small groups of clams, which are surrounded by Vestimenti
ferans, are scattered into cracks. Mussels, up to 20 cm long and 
characterized by an oblong dissymetric shell, are similar to Gulf 
of Mexico's mytilid clams (Hecker, 1985) and could be close to 
the Bathymodiolus genus of the hydrothermal vents. These beds 
seem composed of living and dead animals of various size. 
Dark erected shells with visible mantle tissue are mixed with 
large, light shells that are also found in the cemetery and seem 
to have undergone dissolution. In deposits, numerous buried 
open valves seem to be related to vesicomyid clams. A few scat
tered shells are ovoidal, fenestrate, and unusually tiny for the 
family. 

Vestimentiferans are not bound in thickets like giant tube 
worms of the hydrothermal vents, but possess some of the exter
nal features of Escarpia (Jones, 1985) described from a Florida 
escarpment seep site. These long thin tube worms (2 m), are em
bedded in cracks on the indurated bottom and aligned with cur
rent direction. The apparent plume assigned to distal extremity 
fits the assumption of live animals, except in the cemetery where 
grayish decayed tubes are seen. There, most of the vestimenti
feran and serpulid tubes cover rock outcrops and show the re
cent destruction of a dense assemblage. On active steep mounds, 
several serpulid polychaetes and some clusters of small po-
gonophorans, which could be a juvenile form of those depicted, 
are present. Organisms associated with this cold seep commu
nity include scarce galatheid crabs, anemones, holothurians, 
and monoaxonic organisms. The last ones (hexactinellid 
sponges or Pennatularians) are numerous on the boundaries of 
the community; they colonize soft sediment in the vicinity of 
probably active seeps and seem to form a sort of forest on ex
tinct sites. No shrimps or gastropods were found there. 

Furthermore, a typical deep-sea fauna, composed of classi
cal bathyal fishes (Bathypterois and brotulidae or moridae fish), 
asteroid and ophiuroid organisms, is scattered all around the 
studied site. One surprising association of colonial "ear 
shaped" organisms in which live many ophiuroids (Plate 5.2), 
lead us to hypothesize a possible carbon source for this sessile 
species and a trophic relation between ophiuroids and these or
ganisms. 

Discussion 
The featured seep community, dominated by large mussels, 

clams, and vestimentiferans, is closely related to the communi
ties of cold sulfur seeps of other areas: Florida escarpment 
(Paull et al., 1984; Hecker, 1985), hydrocarbon seeps on the 
Louisiana continental slope (Kennicutt II et al., 1985) and Bar
bados abyssal mud volcanoes (Nautile dives, J. P. Foucher, pers, 
commun.). The main original faunal feature is the presence of a 
huge population of sponges and gorgonians that are mixed with 
classic bathyal fauna. Knowledge of the diet of such organisms 
(presence of symbionts or not) would permit us to state the 
chemical nature of seeps. 

In Louisiana and Florida cold seeps, fauna use organic mat
ter produced chemosynthetically in situ, by micro-organisms 
(mostly symbiotic) using sulfide and, as demonstrated in Loui
siana (Fisher et al., 1987), methane. The mussel is the only ani
mal with confirmed methanotrophic symbionts (Brooks et al., 
1987) and we must be careful with too quick a generalisation. 
As noted in Florida escarpments, a very high content of sulfide 
occurs concurrently with high concentration of methane in seep 
areas (Lutz, pers, commun.). The joint occurrence of living 
clumps of mussels and cemetery lead us to hypothesize, taking 
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Figure 7. Microcartographic reconstruction of a camera-track portion from the top of an elongated NE-SW ridge in the Barbados accretion prism, 
showing a cold-seep community. The dashed lines correspond to the boundaries of a zone depicted by photo mosaic, but not to boundaries of the 
community. A: Active cold seeps show aggregations of living mussels and settlement of sponges, vestimentiferans, and gorgonian organisms on indu
rated mud microescarpements. B: Assemblage of dead clams and decaying vestimentiferans tubes in a denivellement. The organisms settled on rock 
outcrops or are buried in mud. C l : Summit; uneven bottom setting of rough sediment; fauna is abundant and poorly diversified. 2: Cold seeps; dis
similar bottoms with indurated mud microescarpments; fauna is very abundant and diversified. 3: Cemetery; collapsing soft sediment; abundant bur
ied fauna with decrease of living organisms. 4: Zone of transition; irregular bottom with elongated cliff; fauna is scarce but diversified. 5: Extinct 
site; soft sediment covered by empty shells with rock outcrops; poor diversity of fauna. 6: Slope; gravel mud bottom with bottom current's marks and 
indurated chips; fauna is scarce and poorly diversified. 7: Bathyal Field; mudstone substratum with bioturbation-scattered bathial organisms. 
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into account the rapid dissolution of dead shells, a very patchy 
and brief seep phenomenon. The presence of thickets of dead 
vestimentiferan tubes, rapidly decaying, strengthens this idea. 

Lithological Features of Indurated Floors and Surficial 
Sediment at the Top of Mud Volcanoes and Ridges 
A few samples of indurated bottom sediments have been col

lected. They are rocky pebbles, very strongly indurated with an 
irregular brownish colored surface. In thin sections, pebbles 
show a micritic micro facies with scattered pelagic foraminifers. 
They are coated with a very thin black deposit composed of iron 
and manganese oxides. These oxides also fill numerous micro-
fractures of the calcitic micritic matrix, (Griboulard et al., 
1989). Unlike adjacent or underlying soft sediments, the indura
tion is due to calcareous cementation inside the soft mud and to 
iron and magnesium chemical precipitation at the surface of the 
deposits. These processes are responsible for irregular hard-
ground with centimetric to decimetric microrelief as noted pre
viously. For these authigenic deposits to remain on the surface, 
they must be swept by bottom currents or are the result of rapid 
lithification. In some sectors of the Orinoco and El Pilar maps, 
the irregularities of the indurated bottom are much more impor
tant, with microrelief of up to 1 m. These floors present very 
well-developed crusts and concretions with a tabular or chimney 
shape (Griboulard et al., 1988). The chimney shapes evoke simi
lar construction in the vicinity of hydrothermal vents (Rona et 
al., 1986). On the top of mud volcanoes or ridges, these con
structions would be the result of successive deposits of metallif
erous crusts, formed close to active cold seeps. 

The geographic extent of these indurated grounds seems 
much more important than was thought (Faugeres et al., 1987); 
i.e, these bottoms were observed in identical topographical posi
tion, on two sites belonging to the same ridge and at a distance 
of about 10 km (Fig. 5). Therefore, we have good reason to sup
pose that more or less discontinuous hard-grounds are present 
along most of the ridge, that is to say about 20 km. On each 
site, they extend from the top toward the western slope of the 
ridge, for about 500 m. We could assume that, at the scale of 
the ridge, these hard-grounds constitute an elongated band of 
about 10 km2. Furthermore they have also been found on top of 
other anticlinal ridges as well as on some isolated mud volca
noes. On the whole these indurated floors represent a very im
portant surface on the South Barbados prism. 

The soft sediments cored on top of these reliefs are com
posed of a surficial soft, recent mud, a few to 30 cm thick, over
lying much older sediments that show two different aspects. 

Clayey-Silty Gray Muds 
These have a low carbonate content (< 10%), containing nu

merous indurated granules and pebbles. These rocky fragments 
are micritric limestone that have the same color and composi
tion as the gray muds. As for the hard-grounds, they would be a 
result of a diagenetic carbonated cementation within the clayey-
silty material. These sediments include Miocene to Quaternary 
planktonic microfauna (54 and 61, Fig. 6). 

Blue-Green, Clayey-Silty Muds 
These have a slightly higher carbonate percentage (about 

15%) and contain sandy, silty lenses that could be due to biotur-
bations; they hold very few planktonic foraminifers and could 
not be dated with precision; at the opening of the core liners a 
strong smell emanates, evidence of expansion of H2S (73, Fig. 
6). These muds were also found in sectors with a very low sedi
mentation rate or erosion marks as in canyons or on the slopes 
of mud volcanoes (64, 58, 71, Fig. 6). 

Under the Holocene pelagic or hemipelagic blanket, the top 
of mud volcanoes as well as that of anticlinal ridges seem to be 

made of "ancient" sediments. Their presence would be the re
sult of diapiric processes. In this way the oldest sediment raised 
would be Miocene in age and show clayey mineral assemblages 
different from those in recent Quaternary sediments (Faugeres 
et al., 1989). 

Discussion 
The existence of deep fauna and the diagenetic process ob

served on the surface sediments as well as within ancient sedi
ments of mud volcanoes and anticlinal ridges, require very par
ticular physical and chemical conditions. Previous works have 
shown that these fauna are developed around cold seeps where 
the surging water is enriched in metallic ions as well as in min
eral components (Kulm et al., 1986; Laubier et al., 1986; Boule-
gue et al., 1987). On the Barbados prism, those fluids whose 
complex circulation patterns within the prism are guided by the 
major faults (Blanc et al., 1988), are enriched in CH4, Mn, and 
are characterized by waters with a low chlorinity with respect to 
that of ocean water (Blanc et al., this volume). On the El Pilar-
and Orinoco-studied sectors, such conditions are realized: de
gassing of H2S, degassing of CH4 whose oxidation could supply 
part of the necessary carbon for biosynthesis and carbonate ce
ment deposits, presence of Mn and Fe that forms the observed 
crusts, and finally low chlorinity in interstitial waters of the col
lected cores (Griboulard et al., 1989). These fluids would only 
be produced at the level of very active tectonic zones where they 
play a major role in the deformations (Valery et al., 1985; Lalle-
ment et al., 1986; Le Pichon et al., 1985; Moore et al., 1987). 
Hard-grounds and associated deep fauna are consequently con
sidered as markers of these actives zones. These markers are 
generally found on top of NE-SW ridges and rarely found on 
mud volcanoes. They are associated with ancient diapiric mate
rial. But the presence of this material is not necessarily itself 
sufficient to indicate the presence of fluids, as was shown by the 
absence of fauna and indurated floors on certain mud volca
noes. These structures are therefore supposed to be presently in
active and as we do not have a single indurated outcrop, we can 
suppose that they are long inactive. This is shown by mud volca
noes that are aligned in a N-S direction, which is probably the 
trend of ancient structures (Fig. 2). On the other hand, NE-SW 
structures are active. Moreover, E-W structures deforming NE-
SW ridges could be the main direction along which the defor
mation is actually occurring. Such an assumption is confirmed 
by the very active mud volcanoes that deform the crescent-
shaped basins of the El Pilar map and that are also due to E-W 
transcurrent faults (Valery et al., 1985). 

GENERAL CONCLUSIONS 
The very complex morphology of the South Barbados prism 

is a direct consequence of its tectonic setting. Major structural 
features are distributed according to four main lineations (NE-
SW, N-S, NW-SE and E-W). They are responsible for the sub
division of the prism into morpho-structural domains of limited 
extent: anticline ridges, mud volcanoes, basins and depressions, 
and canyons. These different domains are characterized by mor
phological irregularities that are a consequence of the recent ac
tivity of these structures: NE-SW ridges with a sigmoid crest or 
crescent-shaped depressions both induced by E-W transcurrent 
faults, NW-SE depressions that are intersected by NE-SW ridges, 
multileveled suspended basins limited by various tectonic struc
tures that can be marked by isolated or aligned mud volcanoes, 
and canyon courses superimposed on the structures, whose me-
anderings document permanent tectonic movements. Each of 
these domains constitute different morpho-sedimentary units. 

Large fluvial tributaries, such as the Amazon and, above all, 
the Orinoco River, subject the southern part of the prism to 
substantial continental sediment supply. In the basins that are 
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preferential accumulation zones, sandy sediments are deposited 
by turbidity currents, triggered on the Venezuelan continental 
slope. Bottom currents play a minor part; they can rework the 
fine-grained fraction of turbiditic materials as well as mass-flow 
material sliding from the slopes of neighboring structures and 
could also transport particles of distant origin. 

Mud volcanoes and anticlinal ridges show varied sedimen
tary covers: surficial pelagic or hemipelagic muds overlying fine 
turbiditic deposits similar to those found in the basins on the 
lower part of the slopes, or ancient diapiric material on the top. 

The floors of the basins as well as the slopes of the structural 
highs are often very bioturbated by striking worm tracks, which 
provide evidence for the development of abundant benthic fauna. 
On a few localized spots, particularly on the slopes of some 
highs, the presence of sedimentary ripple marks can be attrib
uted to deep bottom currents. The evolution of the structural re
gime, the existence of steep slopes, and the predominance of 
turbidity currents produce local erosional phenomena as well as 
important deposit disturbances. 

Areas with very low sedimentation rates or under erosional 
conditions are found in different domains. Canyon thalwegs, 
with eroded flanks, cut sub-bottom reflectors belonging to these 
domains; they are therefore recent patterns and are subjected to 
permanent modifications as the structures evolve. Consequently, 
their depths, generally speaking, are relatively low but increase 
with the uplift of the structures. Their floors are carpeted by 
coarse-grained turbidites, which is evidence for turbidity cur
rents of high velocity. These currents create the valley morphol
ogy and coarse-grained sediment transport toward the deeper 
part of the prism as well as the Atlantic abyssal plain that are 
important in this area. 

At the edge of structural highs and basins, erosional furrows 
are frequently observed; they could be the result of the action of 
bottom-current activity. On the slope of these highs, erosional 
features are due to mass slumping, and by these processes mud 
diapiric material could be introduced within the basin deposits. 
A consequence of this is the frequent disturbance of the de
posits along the edge of the basins. These characteristics can be 
enhanced by the movement of faults that bound these domains 
and the adjacent mud volcanoes or the anticlinal ridges. 

Finally, on top of the mud volcanoes and anticlinal struc
tures, the sea floor is frequently indurated and can even be cov
ered by concretions with irregular, or with columnar or tabular 
shape that range from a few centimeters to a meter high. This 
sediment hardening is caused by the settling of an authigenic 
carbonate cement as well as of a surficial iron-manganese coat
ing. Because of the great geographical extent of these indurated 
bottoms, they can be considered as a major sedimentological 
feature of the tectonic prism that was, until now, unknown. On 
these floors live deep fauna composed principally of an associa
tion of sponges, Gorgonians, mussels, vestimentiferan tubes, 
and serpulid worms. The presence of the fauna as well as of in
durated bottom can be explained by the advection of deep fluids 
(cold seep) that follow active major structures. The distribution 
of these particular hard-grounds on the South Barbados prism, 
documents the structures that are actually the most active and 
that are oriented in a NE-SW and E-W direction. 
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Plate 1. Profiles, 3.5-kHz, showing 1. Echofacies of basins and depressions intersected and offset by NE-SW ridges and faults or 4. Mud vol
cano incised by canyons (1 and 2) and with erosional furrows. Slumps (2 and 4) and disturbed contact zone (E5) are present between structural reliefs 
and basins (1 and 3). All these profiles are shown on Figure 4. 
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Plate 2. Profiles, 3.5-kHz: El echofacies on a weakly deformed ridge (2); E2 and E3 echofacies of basin and canyon floors (1); E2 and E4 echofacies 
gradual transition at the edge of a basin and a NW-SE depression (4); detail of lens-shaped slump (3); deformed deposits with E5, E2, and E3 echofa
cies in the contact zone between a ridge and a NW-SE depression (E). All these profiles are located on Figure 4. 
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Plate 3. Profiles, 3.5-kHz: suspended basins with E2 echofacies between mud volcanoes and anticline ridges (1 and 2); erosional canyons with E3 
echofacies (2 and 4); typical E4 echofacies on adjacent slopes (3); erosional furrows (5) and eroded slopes (6); E2 echofacies in a crescent shaped de
pression and typical E4 echofacies on adjacent slopes. All these profiles are shown on Figures 3 and 4. 
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Plate 4. 1. Active cold seep: mussel bed with living and dead characters on a low-relief terrace under microescarpments on which settle Vestimenti
ferans and sponges. 2. Cemetery: scarp depression in which clams are buried and where rock outcrops are covered by serpulid Polychaetes and de
cayed vestimentiferans tubes. 3. Scour marks and gravel accumulation due to bottom currents. 4. ripple-marks on the flank of an anticline ridge; 
(scale, 1 cm = 2.5 cm). 
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Plate 5. 1. Cliff in the vicinity of extinct site: escarpments where several paramucolid and isidilid Gorgonians settle. The presence of elpidilid Holo
thurians, galatheid crabs, sponges, and Pennatularians show a diversified fauna. 2. Downslope: surprising association of "ear-shaped" organisms 
(sponges or corals), Ophiuroids and Pennatularians in a bathyal environment that could show a possible carbon source for this assemblage. 3. 
Worm tracks and Holothurians on a depression floor. 4. Coarse-grained surficial sediments with an elongated fecal lump on a canyon floor. 5. 
Indurated floor at the edge of a depression and a canyon; (scale, 1 cm = 2.5 cm). 
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