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Schematic diagrams showing interpreted depositional patterns in the Tiburon Rise area during 

middle Eocene-late Oligocene time from Dolan et al. (1990). ODP Site 672 is located on the uppermost northern 

slope of the western portion of the rise. A) Deposition of hemipelagic green clay at Site 672. B) Deposition of 

South American-derived terrigenous turbidites. Some of the turbidity currents maintained sufficient momentum 

to crest the lower, western portions of the Tiburon Rise. C) One possible model for deposition of the marl 

turbidites and slumps. The uppermost portions of the Tiburon Rise received both pelagic calcareous sediment 

and hemipelagic green clay. 
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The Barracuda Ridge and the Tiburon Rise, two major oceanic basement ridges, lie at the western end of the

diffuse North America–South America plate-boundary zone, where they enter the subduction zone beneath

the Lesser Antilles island arc. There is a large degree of uncertainty in the motion between the North American

and South American plates predicted by kinematic models of plate motion for the region of these two ridges

during the Cenozoic and Quaternary. From the analysis of new multibeam and seismic reflection profiles

acquired in 2007, together with older geophysical and geological data, we provide new information on the geo-

logical history of this area, including the timing of the formation of the Barracuda Ridge and Tiburon Rise in their

present-day configurations. The timing of the deformation in this region is nowmuch better constrained through

the correlation of several key seismic horizonswith existingDSDP andODPholes. The seafloor topography inher-

ited from the process of formation of the crust at the mid-oceanic ridge, was buried by distal turbidites by the

end of the Paleogene. Beginning in the Middle–Late Miocene and then the Pleistocene, the Tiburon Rise and

Barracuda Ridge, respectively, were uplifted and acquired their present-day forms and elevation, which is

much more recent than previously believed. In the Quaternary, the uplift was accompanied by the deposition

of very large mass transport deposits. The causes of uplift and deformation of the ridges have been convergence

between the North American and South American plates and the flexure of these plates as they enter the Lesser

Antilles subduction zone, The zone of uplift and deformation migrated northward during the Neogene and

Quaternary.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Barracuda Ridge and the Tiburon Rise, two oceanic-basement

ridges, lie in the western Atlantic Ocean, where oceanic lithosphere of

the North American and South American plates is subducted beneath

the Caribbean plate, creating the Lesser Antilles volcanic arc and the

Barbados Ridge accretionary complex (Fig. 1). The ridges are at the

western end of the diffuse North America–South America plate-

boundary zone (PBZ) (Roest and Collette, 1986; Müller and Smith,

1993; Kreemer et al., 2003). Kinematic models of plate motion derived

from GPS measurements (Argus et al., 2010) and from reconstructions

of the positions of oceanic magnetic anomalies and fracture zones for

3 Ma (DeMets et al., 2010) predict different relative directions and con-

vergence rates between the two plates in the Barracuda Ridge area. The

proximity of the poles of rotation between the plates to the Barracuda

Ridge area, means that a small change in their positions will have a

major impact on the predicted motion in the area (Patriat et al., 2011)

and a similar degree of uncertainty applies to kinematic models for

earlier periods (Müller and Smith, 1993; Müller et al., 1999).

The seismic data coverage in the large area that lies to the east and

northeast of the Barbados Ridge accretionary wedge, has been sparse

(Paitson et al., 1964; Birch, 1970; Embley et al., 1970; Peter and

Westbrook, 1976; Embley and Langseth, 1977; Moore and Biju-Duval,

1984; Wright, 1984a,b; Mascle et al., 1988a; Parra et al., 1997; Sumner

and Westbrook, 2001), with little drilling and coring deeper than a

few meters. Consequently, the tectonic evolution of the Tiburon Rise

and Barracuda Ridge, and the sediment distribution and depositional

processes in the region in which they lie have been poorly understood.

We have investigated the structure and stratigraphy of the sediment

sequences covering the ridges and filling the basins surrounding

them, using recently acquired seismic reflection data, correlated with

existing borehole data, and supported by new and existing multibeam
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bathymetric data, to improve our understanding of the tectonic devel-

opment of the Barracuda Ridge and Tiburon Rise and inter-platemotion

in the western part of the North America–South America PBZ.

2. Geological setting

2.1. Demerara abyssal plain

The Demerara Abyssal Plain (Fig. 1B) corresponds to the deep ocean

east of the Lesser Antilles subduction zone. The seafloor deepens north-

ward, ranging in depth from 3000 m at 10°N, to nearly 5500 m north of

16°N (Fig. 2). The sediment thickness decreases northward from 7 km

at 11°N (Peter and Westbrook, 1976; Westbrook et al., 1984a) to less

than 500 m at the vicinity of Barracuda ridge near 16°N. Sediments

from three main sources are present in the Demerara Abyssal Plain

(Fig. 2). Pelagic sediments constitute the principal material cored in

the Demerara Abyssal Plain domain (refer to Fig. 3 in Wright, 1984b).

Volcanic material found in the Atlantic domain comprises mainly air-

borne ashes from the nearby Lesser Antilles island arc that were trans-

ported eastward through the upper atmosphere by westerly winds and

by surface and bottom currents (Fig. 2) (Newell et al., 1972)with minor

volcaniclastic turbidites influences (Parra et al., 1997). The Orinoco

River and, to a lesser extent, the Amazon River remain the principal

sources for terrigenous sediments in this area, because of the high out-

put from their very large drainage systems (e.g. Wright, 1984a). Their

transport is the combination of the strong northward Antarctic Bottom

Water current (AABW) (Embley and Langseth, 1977) for the fine

material and turbidity currents to reach as far north as the southeastern

Puerto Rico Trench (Embley et al., 1970), through what is called the

Vidal Deep-Sea Channel to the East and channels related to the Orinoco

turbiditic system to the South (Fig. 2). The most significant amounts of

quaternary sediments arrive during sea-level low stands (Parra et al.,

1997).

2.2. Tiburon Rise and Barracuda Ridge

The 150 km long and ~30 km wide, ESE–WNW oriented Tiburon

Rise lies east of Dominica and Martinique and produces a positive

free-air gravity anomaly of up to 70 mGal (Fig. 3). A strong East–West

negative gravity anomaly is observed south of the Tiburon Rise

(Fig. 3B), above a basin filled by at least 1800 m of sediments,

(Westbrook et al., 1984a, 1984b; Sumner and Westbrook, 2001).

North of the Tiburon Rise, the Tiburon Basin has a mean depth of

about 5500 m. Forming the northern flank of this basin, the Barracuda

Ridge is 450 km long and 30 to 50 km wide, with a positive gravity

anomaly of up to 80 mGal West of 56.5°W. The Ridge trends WNW–

ESE and presents a relative narrow morphology. East of 56.5°W, it

trends W–E with a broader and lower morphological expression. The

northern flank of the ridge is very steep, with slopes up to 30° locally.

Basalt outcrops have been documented there (Birch, 1970).

The 50 to 100 km wide Barracuda Trough trends roughly parallel

to the Barracuda Ridge, but diverges progressively going east

(Fig. 3). The seabed of the Barracuda Trough deepens gently WNW

towards the Puerto Rico Trench, with a gradient of 0.3%, (Embley et

Fig. 1. TheAtlantic Ocean between 2°N and 22°N. A) 1×1 min-Satellite free air gravitymap (V18.1 from Sandwell and Smith, 2009), with, NAm, North America Plate; Car, Caribbean Plate;

SAm, South America Plate; Afr, Africa Plate; MAR, Mid-Atlantic-Ridge; AR, Aves Ridge; LA, Lesser Antilles; TB, Tiburon Rise; BR, Barracuda Ridge; RT, Royal Trough; RR, Researcher Ridge;

Caribbean structural geology after Pindell and Kennan (2009).B) Bathymetric map (Smith and Sandwell, 1997) with, BAP, Barbados Ridge accretionary prism; ORS, Orinoco river system;

ADSF, AmazonDeep Sea Fan, DAP,Demerara abyssal plain.C) Regionalmap showingAtlanticOcean and the study area in red box. (For interpretation of the references to color in thisfigure

legend, the reader is referred to the web version of this article.)
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al., 1970) and is around 300 m deeper than that of the Tiburon Basin

(Fig. 4). It has a sediment fill of up to 3.15 s TWTT (discussed in

Section 4.5). It has an associated negative gravity anomaly with a

minimum of −100 mGal.

The left-lateral offset of oceanic magnetic anomalies across the

Barracuda Trough confirms its origin as a fracture zone (Birch, 1970;

Peter and Westbrook, 1976; Westbrook et al., 1984a, 1984b;

Klitgord and Schouten, 1986; Roest and Collette, 1986; Müller and

Smith, 1993). Roest and Collette (1986) proposed that the Barracuda

Ridge and Trough may correspond to the western continuation of the

Fifteen-Twenty FZ. More generally, Barracuda Ridge and Tiburon Rise

are thought to find their origin in troughs and asymmetrical flanking

ridges generated at the MAR along transform faults (Westbrook et al.,

1984a). However, the process and the timing of the uplift leading to

the present-day morphologies of the Tiburon Rise and Barracuda

Ridge have remained a matter of debate for decades, with different

models proposed:

1) Barracuda Ridge as the uplifted footwall of a normal fault, the up-

lift being dated about 50–10 Ma ago according to the thickness of

calcareous ooze recovered on the top of the ridge (Birch1970);

2) A change in the direction of North–South American relative plate

motion at about 7 Ma, with a pole of rotation located at 16°N,

53.5°W, produced a compressional regime west of this pole in

the area of Tiburon Rise and Barracuda Ridge, with simultaneous

extension east of the pole, which would explain the presence

of the Researcher Ridge and Royal Trough, as, respectively, an

elongate volcanic ridge and the graben-like valley (Fig. 1A) (Roest

and Collette, 1986);

3) The Tiburon and Barracuda Ridges are slices of ocean crust in

the process of accretion to the Lesser Antilles island arc as a

consequence of oblique subduction of the Atlantic lithosphere

(Zinkevich and Magakyan, 1990);

4) From kinematic reconstructions of magnetic anomalies and

fracture zones, Müller and Smith (1993) and Müller et al. (1999)

proposed that, following a late Cretaceous phase of transtension,

Tertiary transpression in the area of the Tiburon and Barracuda

Ridges compressed and flexed oceanic crust thinned by the trans-

tensional phase to create the present topography of both the

Tiburon Rise and Barracuda Ridge soon after the Oligocene. The

presence of a very shallow Moho beneath these ridges would be

a consequence of continuing compressional deformation.

3. Methods

3.1. New geophysical data

In January 2007, a marine survey (Antiplac) was conducted in the

area (Fig. 3). The R/V L'Atalante acquired 4160 km of multi-channel

seismic reflection, 3.5 kHz sediment profiler and multibeam bathym-

etry data. Most of the seismic track lines run perpendicular to the

WNW-ESE-trending ridges, which permits a good definition of these

structures. The seismic profiles were designed to link to DSDP-ODP

drilling Sites 27, 543 and 672, allowing age correlations. Despite

the fact that the Antiplac seismic data were acquired with a short

streamer (600 m long, 24 traces), the profiles provide good images

of the sedimentary cover with a vertical resolution ranging between

5 m and 10 m (Fig. 5). The sea-floor bathymetry (Fig. 3) is derived

from multibeam data from the Antiplac cruise as well as from other

available cruises (Carven in 1981 and Brefor in 1987, on the R/V Jean

Charcot, Farasigma in 1991; Fara-Seadma1 in 1991, Manon in 1992,

Faranaut/15 N in 1992, Dormasis in 1992, Aguadomar in 1999 and

Sismantilles2 in 2007, on the R/V L'Atalante; EW9803 in 1998 on R/V

Maurice Ewing and kn162-leg19 in 2001 on R/V Knorr), and comple-

mented by satellite altimetry data (Smith and Sandwell, 1997).

Fig. 2. Schematicmap of present-day hydrodynamics and themajor sediment transport paths in the study area. Main sediment transport directions are shown by colored arrows. Known

turbiditic channels from the Amazon and Orinoco deltas are shown in pink. The Amazon system and part of the Orinoco system converge toward one unique channel system: The Vidal

Deep-Sea Channel (in black). BR, Barracuda Ridge; TR, Tiburon Rise; BT, Barracuda Trough; TB, Tiburon Basin; PRT, Puerto Pico Trench; VDSC, Vidal Deep-Sea Channel; NADW, North

Atlantic DeepWater and AABW, Antarctic BottomWater; modified after, Embley et al. (1970), Embley and Langseth (1977), Faugeres et al. (1997), Parra et al. (1997). (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. Boreholes and seismic data correlations

The area located between the Barracuda Ridge and the Tiburon Rise

was the subject of several drilling legs: DSDP Legs 4 (1969) and 78A

(1981), ODP Legs 110 (1986), 156 (1994) and 171A (1996) (Figs. 3

and 5).

Two sites are the northern flank of the Tiburon Rise: DSDP-Leg 78A

site 543 (15.71°N; −58.65°W) and ODP-Leg 110 site 672 (15.54°N;

−58.64°W) 3.5 km east of the Barbados Ridge accretionary front.

These sites allow us to date the lowest section of the sedimentary fill

(Campanian to early Miocene). The correlation of seismic data with

DSDP/ODP results (Fig. 5)was performed in two differentways: (i) a di-

rect correlation of boreholes results with major seismic reflectors after

their travel times had been converted to depth, using published velocity

laws (Bangs et al., 1990; Dolman, 2000) and (ii) a comparison of the

seismic facies between ODP seismic data acquired during Leg 110 and

Leg 171A (Mascle et al., 1988a,b; Moore et al., 1998b) and the Antiplac

seismic data at the same location to validate our correlations. The

Fig. 3. A) Compiled bathymetric map from multibeam echosounder and satellite altimetry data (Smith and Sandwell, 1997). The DSDP-ODP drilling Sites 27, 543 and 672 are repre-

sented by dots. Seismic reflection track lines of the Antiplac and Conrad 75 cruise (south of Tiburon Rise) are shown. Thick white lines correspond to the location of the portions of

seismic profiles shown in Figs. 6, 7, 8, 10, 13, and 15. B) Free air gravity map (Sandwell and Smith, 2009). Heavy lines A, B, C, D, E and F represent the seismic profiles shown in Fig. 9

and Supplementary data on line. Dashed line represents the Barbados Ridge accretionary front. The flexural bulge has been mapped as shown by positive gravity anomaly (heavy

dashed lines in black). The trench of the subduction zone is shown by heavy dashed lines in white.

157T. Pichot et al. / Marine Geology 303-306 (2012) 154–171
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Southern flank of the Barracuda Ridge was cored, at Sites 27 and 27A

(15.85°N;−56.88°W; DSDP-Leg 4), about 200 km east of the Barbados

Ridge accretionary front in a water-depth of 5251 m. Despite the fact

that Sites 27 and 27A were not continuously cored (respectively 53%

and 68% core recovery), relevant biostratigraphic stageswere identified

allowing the dating of some recent key reflectors (see Patriat et al.,

2011) (Fig. 5),whichwere subsequently traced throughout theAntiplac

seismic lines (discussed in Section 4.4).

4. Stratigraphic correlations

Major distinctions in both seismic facies and lithology lead us to

divide the sedimentary cover since late Cretaceous into three princi-

pal units.

4.1. Lower unit

The base of the Unit 1 lies on oceanic igneous crust of late Creta-

ceous age. Forty four meters of Campanian MORB-type basalt were

recovered at DSDP Site 543 (Bergen, 1984; Moore and Biju-Duval,

1984), (Fig. 5A). The oldest sediments overlying the oceanic

crust at Site 543 were consistently Campanian-Maastrichtian in age

(Hemleben and Troester, 1984). Considering the low accumulation

rates during this period (~3 m/Ma; Wright, 1984b) and difficulties

in recognizing the basement-sediment interface on seismic sections

due to thin cover of sediments with high seismic amplitude

(Fig. 5A), the Campanian-basalts and Campanian-Maastrichtian

sediments are considered together to define the acoustic basement

designated as reflector B (Fig. 5). This reflector separates very chaotic

low-frequency reflectors with high amplitudes at the bottom from

weak to very weak stratified reflectors above, representing the basal

section of the sedimentary cover (Fig. 5).

A chaotic-transparent seismic facies with few slightly parallel re-

flectors is generally present above the acoustic basement. Considering

that no Paleocene has been recovered at any site (Wright, 1984a), the

lower Eocene siliceous pelagic sediments recovered at Sites 543

(Moore and Biju-Duval, 1984) and 672 (Mascle et al., 1988a; Beck

et al., 1990) correlate well with this seismic facies (Fig. 5A and B).

The next interval consists of a package of alternating weak to

strong reflectors well imaged on seismic data. These reflectors are

discontinuous and, in some place, onlap the acoustic basement

(Figs. 5, 6 and 7). This interval is bound by reflectors e1 and e2,

at the bottom and top of this package, respectively (Fig. 5B). Its thick-

ness is variable up to 0.6 s TWTT (Fig. 8). This interval correlates well

with the middle-late Eocene coarse-grained terrigenous sediments

discussed by Dolan et al. (1990) and Beck et al. (1990) and inter-

preted as turbidites by these authors. Similar lithologies have been

cored, 150 km ENE of Site 672, on the southern flank of the Barracuda

Ridge at Site 27 (Dolan et al., 1990).

Above the e2 reflector an acoustically more transparent seismic

facies overlies conformably the middle-late Eocene turbiditic deposits

(Figs. 5 and 6). According to previous correlations (Mascle et al.,

1988a), we assign this interval to Oligocene in age. The top of this

interval is bounded by a strong reflector (m1) dated as early Miocene

Fig. 4. Bathymetric profiles running through the Tiburon Basin (red) and Barracuda Trough (green) are plotted on Compiled bathymetric map (A) from multibeam echosounder and

satellite altimetry data (Smith and Sandwell, 1997). The Deep-Sea-Vidal-Channel is visible in the eastern part of the map. B) Bathymetry cross section constructed after the map in

A). Note the Deep-Sea-Vidal-Channel is well expressed on the red profile. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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(Figs. 5 and 6). Dolan et al. (1990) consider that the Oligocene

sequence is a part of the anomalously coarse-grained terrigenous in-

terval. Coarse-terrigenous-sand is more abundant in the middle-late

Eocene interval than in the Oligocene (Beck et al., 1990; Dolan et al.,

1990) resulting in a high contrast in terms of acoustic impedance be-

tween the middle-late Eocene turbiditic deposits and the Oligocene

interval, shown in Figs. 5B and 6.

To summarize, we define Unit 1 as lying between the Campanian

acoustic basement (reflector B) and the early Miocene (reflector

m1). This unit is characterized by the presence of early Eocene

siliceous pelagic sediments followed by the middle Eocene–late

Oligocene distal turbidites (Figs. 5 and 9).

Unit 1 is often affected by faulting with small throw that does not

extend into the younger units (Fig. 6). Normal faulting has been

Fig. 5. Correlations of the Antiplac seismic sections with DSDP-ODP boreholes. The Stratigraphic Units are discussed in the text. The lithology of the cores is illustrated: (1) inter-

bedded distal turbidites and hemipelagic sediments; (2) mud and radiolarians clays; (3) coarse-grained terrigenous interval; (4) siliceous pelagic clay; (5) calcareous benthic for-

aminifers; (6) basalts MORB type. The small inset map on the bottom right shows the location of boreholes and of the 3 seismic sections (heavy lines).

159T. Pichot et al. / Marine Geology 303-306 (2012) 154–171
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identified by Mascle et al. (1988a) and Moore et al., 1995 in the area

of the front of the accretionary wedge where the crust is flexed over

the flexural bulge of the subducting plate. The new seismic reflection

data corroborate this observation, which clearly show conjugate nor-

mal faults (Fig. 6) in the Tiburon Basin. The faults occur generally

when Unit 1 has significant thickness, and are linked to basement

roughness. The wavelength of this deformation is short, seldom ex-

ceeding 3 km.

4.2. Intermediate unit

The intermediate unit, (Unit 2), is situated above reflector m1

(early Miocene, Fig. 5C). Unit 2 conformably overlies Unit 1, with

the exception of one particular location: south of the southern flank

of the Barracuda Ridge between two small basement uplifts where

the top of Unit 1 shows truncations below reflector m1 (indicated

in Fig. 7). The top of Unit 2 is marked by a strong reflector (pp)

dated as early Pleistocene (Fig. 5C). The seismic facies of Unit 2 con-

sists of an alternation of parallel weak-to-strong reflectors (Figs. 5, 6

and 7) with a generally constant thickness averaging 0.2 s TWTT.

Overall, Unit 2 is composed of mud to clay radiolarian sediments

with minor volcanic ash beds from early Miocene to early Middle

Miocene age (Biju-Duval et al., 1984). The early Miocene is character-

ized by the presence of a smectite-rich interval of low density that

acts as a decollement within the Barbados Ridge accretionary wedge

domain (Pudsey, 1984).

Fig. 6. Unit 1 lies between the acoustic basement (red reflector) and the m1 reflector (yellow). A complex deformation defined by conjugate normal faults affects most of the Unit 1.

Note the relative constant thickness of Unit 2 in between the m1 (yellow) and pls1 (pink) reflectors. Basal erosion of the youngest mass transport deposit (MTD, in green) is also

shown within the Unit 3. Refer to Fig. 5 for legend. The sea-floor is uplifted just below active fold, see Fig. 3 for location. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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4.3. Upper unit

Seismic facies of Unit 3 consist of an alternation of weak and

strong parallel and continuous well-stratified reflectors from the sea-

floor to its base, which contrast with the acoustic signature of the

older sediments (Figs. 5, 6 and 7). Reflectors at the base of this Unit

onlap the top of Unit 2 (reflector pp dated as early Pleistocene), defin-

ing a major progressive unconformity (Figs. 7 and 9). Alternations of

isopach to non-isopach packages are noteworthy in this Unit 3

(Fig. 8). An intermediate reflector (pls 3) has been dated within

the early Late Pleistocene (Fig. 5C). The Quaternary comprises clay,

calcareous clay and mud and frequent ash layers at Sites 27, 543

and 672 (Bader et al., 1970; Moore and Biju-Duval, 1984; Mascle

et al., 1988b), and is interpreted as a well-stratified sequence of

interbedded distal turbidites and hemipelagic sediments (Wu, 1990;

Dolman, 2000). Active deformation affects the sea-floor (Figs. 6, 7,

8 and 9).

Within Unit 3 we observe two lens-like bodies of very large areal

extent, with internal seismic facies that are consistently very chaotic

compared with the continuous well-stratified seismic facies above

and below them and which show erosional features at their bases

Figs. 6, 7 and 10). We describe these bodies as mass transports

deposits (MTDs). The MTDs occur during the time interval between

the deposition of reflectors pp and pls 3 (Figs. 6, 7 and 9, line F),

which date these events within the early Pleistocene period.

4.4. Geometry and spatial distribution of stratigraphic units

The general distribution of the three units is shown in Fig. 9. Unit 1

varies greatly in thickness, mainly filling basement lows. In some places

the middle-late Eocene turbiditic deposits overly conformably the

oceanic basement of the Barracuda Ridge and onlap what is now its

northern flank. This onlap shows that this surface must have dipped

southward at the time of deposition, rather than northward as is the

case today (Fig. 9 and Supplementary data on line, Lines B, C and D).

This seismic facies is partially absent in the center of the Tiburon

Basin, where paleo-basement highs occur (Fig. 9, Lines C and D). Simi-

larly, this interval onlaps the upper part of the Tiburon Rise in some lo-

cations (Fig. 9, line B). Furthermore, in the western part of the Tiburon

Basin, Unit 1 is thicker (up to 1.3 s TWTT) (Fig. 8). This contrasts with

the eastern part of the Tiburon Basin (Fig. 9 and Supplementary data

on line, Line E), where it is thinner (0.5 s TWTT). In some places, the

Oligocene lies directly above the oceanic basement in what is now

the center of the basin (Fig. 9 lines C and D). The Oligocene sequence

Fig. 7. Seismic section shows Unit 1 sediments onlapping the basement. This section is the only one where the base of the Unit 2 (yellow reflector) lies nonconformably above the

Unit 1 (see erosional truncations on the right). Onlapping strata of the Unit 3 are also shown. MTD: mass transport deposit. See Fig. 3 for location.
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has a roughly constant thickness that averages 0.2 s TWTT. The primary

depositional processes for most of Unit 1 were related to the filling of

basement lows by distal turbidites.

Unit 2 is continuously present and roughly of uniform thickness

(~0.2 s TWTT) from the southern flank of the Barracuda Ridge to

the northern flank of the Tiburon Rise (Fig. 9). The early Miocene

can be easily recognized to the northeast of the Tiburon Basin by

the continuous strong reflector (reflector m1 in Fig. 5C and Figs. 6

and 7) while southwestwards, it is more discontinuous and repre-

sents the continuation of the decollement level below the prism

(Fig. 9; Moore et al., 1988). The top of Unit 2 is marked by a strong

reflector (pp) continuously present in a major part of the Tiburon

Basin up to the Barracuda Ridge and less obvious or absent on the

Tiburon Rise. The thickness of Unit 2 decreases in the vicinity of the

northern flank of the Tiburon Rise, where locally the uppermost

part of Unit 2 and the base of Unit 3 pinch out against the m2 reflector

(Fig. 10). There, sediments lie unconformably above the reflector

m2, considered to be between early Miocene and early Pliocene in

age (see Figs. 5C and 9 lines B, C and D and Fig. 10). In the vicinity

of the Tiburon Rise and on the southern flank of the western part of

Barracuda Ridge Unit 2 is hardly distinguishable (Fig. 9). In these

areas, the sedimentary cover has been severely disturbed by slope

instability.

Unit 3 is well expressed in the area between the Ridges and shows

strong variations in thickness from 1.4 s TWTT (Fig. 11) in the

Southeast to 0.8 s TWTT in the middle of the basin. Unit 3 is thinner

westward (Fig. 11) except in a small area located in the Northwest

of the Tiburon Basin, where an anomalous, relatively thick accumula-

tion of sediments are trapped between the Barracuda Ridge to the

North and small basement uplift to the South (Figs. 8 and 11). The

basal reflectors of Unit 3 onlap the reflector pp principally along

the southern flank of the Barracuda Ridge. The entire unit is affected

by active deformation. Folds and faults systematically root in base-

ment uplifts (Figs. 6, 7, 8 and 9).

Fig. 8. Seismic section shows the large thickness of Unit 1. Some onlaps are indicated in Unit 3 emphasizing the alternations of isopach to non-isopach packages. See Fig. 3 for

location.
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The MTDs are located to the southeast of the Tiburon Basin

(Fig. 12). Their thickness decreases and finally pinches-out to the

north. Unfortunately, the new seismic data set does not cover these

bodies entirely at their southern edge. The oldest MTD is much

more restricted (minimum surface about 11,000 km2) than the

younger one (about 19. 103 km2 estimated just in the Tiburon Basin

area). The oldest MTD lies east of the Tiburon Rise where the maxi-

mum thickness reaches 0.6 s TWTT (about 560 m; Fig. 12) and has

an estimated volume of approximately 1800 km3. Sediments onlap

this MTD north of the Tiburon Rise area (Fig. 10). The younger MTD

is more widespread and runs more to the northeast of the Tiburon

Basin. It extends further south and has a thickness of about 0.4 s

TWTT at 14°N, south of Tiburon Rise (Fig. 12). Despite the fact that

it continues further south, the volume of 2600 km3 for this MTD has

been estimated only for the Tiburon Basin area where it is constrained

by seismic data. The sizes of these MTDs are certainly underestimated

due to the sparse coverage of our seismic data.

4.5. The Barracuda Trough

The Barracuda Trough is filled by up to 3.15 s TWTT of sediments

(Figs. 9, 13 and Supplementary data on line). Its sea floor is much

deeper than that to the south of Barracuda Ridge (Fig. 4). Faults and

folds are present in the center of the Barracuda Trough and affect

the entire sedimentary cover, up to the sea floor (Figs. 3, 9, 13 and

Supplementary data on line). No borehole is available in this domain.

No continuous reflector is present that connects the Tiburon Basin

with the Barracuda Trough, hence making correlation difficult.

However, some strong similarities in terms of seismic facies and de-

positional geometry allow comparison between the units described

in the Tiburon Basin and those in the Barracuda Trough (Fig. 9, lines

B, C and D and Fig. 13).

On both sides of the Barracuda Ridge, we recognize the upper

sediment packages characterized by well-stratified weak and strong

reflectors with an alternation of isopach and non-isopach intervals,

interpreted as Quaternary pelagic muds and very distal turbidites

(Paitson et al., 1964; Birch, 1970; Embley et al., 1970; Fig. 13A). A pro-

gressive unconformity is present on both sides of the Ridge (Fig. 13A).

On the southern side it is reflector pp (early Pleistocene). Themaximum

thickness of sediment lying above the progressive unconformity in the

Barracuda Trough (about 2 s TWTT) is greater than in the Tiburon

Basin (about 0.8 s TWTT). At the base of the Barracuda Trough, there

is a sequence of alternating discontinuous weak to strong reflectors

that onlap the acoustic basement, with a character resembling that

of the seismic facies of the middle-late Eocene turbiditic deposits

(Fig. 13B).

Fig. 9. Main Antiplac seismic sections, with their interpretation (see Supplementary data on line for uninterpreted sections). Note that the stratigraphic interpretation in the

Barracuda Trough is less certain than in the Tiburon Basin area, because of the absence of a direct tie to a borehole in this area.
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5. Discussion

5.1. Paleogene: pulses of terrigenous turbidites

The Paleocene was a period of deposition of many terrigenous tur-

bidites (Fig. 14) derived from South America (Beck et al., 1990; Dolan

et al., 1990; Pindell and Kennan, 2001; Xie et al., 2010) as recorded,

300 km south of the study area, on Barbados Island by the Scotland

Group turbidites (Senn, 1940; Speed and Larue, 1982; Kasper and

Larue, 1986). We infer that most of the large thickness (up to 0.7 s

TWTT) of sediments below the reflector e1 (middle Eocene) in

the basement lows, in the vicinity of the Tiburon Rise are possibly

Paleocene in age (Fig. 9, Lines B, C and F), but cannot prove this,

because of the lack of information about the pre-middle Eocene sedi-

ments in the basin from drilling. The complete sedimentary cover has

been cored only at Site 543. The fact that neither Paleocene turbidites

nor middle to late Eocene turbidites were identified at this site is not

surprising, because of its location on the northern flank of the Tiburon

Rise. The relatively shallow depth of the basement prevented turbiditic

gravity sediment deposition in this particular area.

The middle late Eocene and late-early Oligocene were periods of

major pulses of terrigenous sedimentation (Dolan et al., 1990; see

Fig. 14) with sediments coming across the Demerara Abyssal Plain

(about 800 km) from South American sources, including the Guyana

Shield, the Caribbean Mountain System of Northern Venezuela and

products of the northern South America shelf (Beck et al., 1990).

These middle to late Eocene turbiditic deposits cover a very wide

area and are well expressed south and north of the Tiburon Rise

(Sumner and Westbrook, 2001; compare Figs. 9 and 15). They

onlap the upper part of the proto-Tiburon Rise and some basement

highs elsewhere in the area. On other parts of the proto-rise, as

well as on some places in the middle of the basin, the turbidites

are absent, because of the presence of small highs at the time of de-

position (Fig. 9, line B). However, the presence of middle late Eo-

cene turbidites on the northern part of the Tiburon Rise implies

that the Tiburon Rise was not significantly higher at that period

than the other fracture zone related ridges, particularly numerous

in this portion of the Atlantic oceanic crust (Fig. 16B). Moreover,

the fact that middle to late Eocene turbidites have been cored at

Site 672, but not further north at Site 543 suggests that the Site

Fig. 10. Seismic section shows intra Unit 2 onlap above the brown reflector on the northeastern flank of Tiburon Rise. It is dated between early Miocene and early Pliocene. The older

MTD (mass transport deposit) is also shown (in green) within Unit 3. (see Fig. 3 for location).
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672 was in a deeper position than the Site 543 in the past. On the

Barracuda Ridge, the greatest thickness of middle-late Eocene tur-

bidites is on its basal southern flank. Their conformable deposition

on top of the Ridge and the northward pinch-out geometry on the

upper northern flank of the Ridge, now northward dipping, but

southward dipping at the time of deposition, demonstrate that the

ridge crestwas not locally uplifted and the Barracuda Ridge had a differ-

ent configuration at the time of deposition than at present (Fig. 9, lines

A–E and Fig. 16B).

5.2. Neogene: first important tectonic phase in the Tiburon Basin area

In the northern part of the Tiburon Basin, Unit 2 lies broadly con-

formably (Fig. 9) on the Late Paleogene and has a relatively constant

thickness around 0.2 s TWTT. The draping deposition suggests a

tectonically calm regime during the early stage of the Neogene in this

area. In the vicinity of Tiburon Rise, seismic reflectors are generally

chaotic and strongly disturbed by collapse features making the inter-

pretation difficult. However, on the northern flank of the rise (Fig. 10)

the uppermost part of Unit 2 onlaps the reflector m2 (dated between

after early Miocene and before early Pliocene). South of Tiburon Rise

up to 1 km (~1.2 s TWTT) of Late Neogene sediments lap onto the

Late Miocene in a trough (Fig. 15), the full extent of which is not

known, because of the lack of seismic profiles. These observations

suggest that the Tiburon Rise was uplifted in the middle-late Miocene,

which produced onlap of contemporaneous sediments on the north

flank of the rise and trapped a greater thickness of sediment south of

the rise than to the north of it (Fig. 16C).

Fig. 11. Distribution of thickness of Unit 3. The black lines in the background of the figure represent bathymetric contour (500 m interval). The accretionary front is shown by light

dashed line. The thickest portion of Unit 3 occurs in the south-east of the Tiburon Basin. The depocenter is located in the middle of the basin and is restricted by the uplift of the

Barracuda Ridge and Tiburon Rise to north and south, respectively and by the flexural bulge of the subducting lithosphere to the west (heavy dashed lines). The crest of the flexural

bulge has been mapped as shown by positive gravity anomaly. Note that the Barracuda Trough area has not been interpreted.

Fig. 12. Distribution and thickness of the mass transport deposits. The thickness of each MTD ranges from 0 to 0.6 s TWTT (see the color scale on the top left). The younger MTD (A)

covers a larger area than the older one (B). Black dashed lines along MTD's thickness indicate erosional features at their bases. Contour lines in light and dark green have been drawn

showing possible extension of the younger and older MTD respectively. Note that south of Tiburon Rise, similar facies have been observed on Line 19, RRS Charles Darwin survey

(CD75) in 1993 and described by Sumner andWestbrook (2001). Both the age and thickness are coherent with those found in the study area. No direct correlation has been possible

because of lack of seismic data in between.
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5.3. Quaternary: second and major tectonic phase in the Tiburon Basin

area

The large thickness of Unit 3 in the Tiburon Basin is concordant

with a major pulse of sedimentation during the Quaternary when

the modern Orinoco and Amazon Rivers acquired their present con-

figuration (Figueiredo et al., 2009; Escalona and Mann, 2011;

Figs. 14 and 16D). The northern domain of the Tiburon Basin is well

imaged by the seismic data and shows syn-tectonic sedimentation

(seismic reflectors pinching out upward toward the Barracuda Ridge

with onlaps; Figs. 7, 8 and 9). The major progressive unconformity

of the Early Pleistocene marks the uplift of Barracuda Ridge. As can

be seen on the bathymetric map (Fig. 3A) and on seismic profiles

(Figs. 6, 7, 8, 9 and Supplementary data on line), the deformation is

still active, as shown by faults and folds which affect the seafloor

over a very wide area (between 14.7°N and 16.6°N). The Quaternary

sequence, shown seismically by the alternation of pelagic and distal

turbidite units has a depocenter in the middle of the basin (Figs. 9

and 11), restricted by the uplift of the Barracuda Ridge and Tiburon

Rise to north and south respectively, and by the flexural bulge of

the subducting lithosphere to the west.

The large MTDs described in Section 4.4 are comparable in dimen-

sion to other MTDs such as the ones in the Barents Sea (Hjelstuen

et al., 2007) and off Norway, e.g. the Storegga Slide (Haflidason et

al., 2005). The seismic resolution is too low to determine whether

or not each of the observed MTDs is related to a single event or to

multiple phases of destabilization. The Early Pleistocene is a period

of large discharge of sediments from the Orinoco River (Fig. 14),

feeding the Barbados Ridge accretionary wedge area. While the

recent tectonic activity in this region fits well with the age of the

thick early Pleistocene MTDs (Fig. 12), their sources remain uncertain.

The absence of major scars on the southern flank of the Barracuda

Ridge, the absence of erosion features which would correspond to

their transport, as well as the fact that these bodies pinch out to the

north, suggest that the Barracuda Ridge is not a good candidate for

their source.

The older MTD is deposited in a much more restricted area than the

younger one (Fig. 12). It is absent west of 57.7°W, and no erosional

surface is present west of it, hence suggesting that the Barbados Ridge

accretionary wedge north of the Tiburon Rise is also not a good candi-

date for the source area. Line D (see Fig. 9 for location) shows that

the older MTD was deposited over a pre-existing basement high, with

its thickest portion restricted to the southern side of this high. This

observation favors a south-to-north transport direction. The older

MTD reaches about 560 m thickness where strong basal erosion is

observed just east of the Tiburon Rise (Figs. 10 and 12), while it lies

roughly conformably above older sediments northward. Scars on top

of the Tiburon Rise are shown on bathymetry and seismic data (Fig.3,

9 and 12), which suggests that the Rise could be a good source

candidate for at least the older of the two MTDs. Onlap on to the top

of the older MTD (Fig. 10) and the onlap in the sequence beneath it

strengthen this hypothesis, by indicating that it was deposited during

a period of uplift of the Tiburon Rise.

The youngerMTDhas beenmapped over awider area than the older

MTD. It thins and pinches out in the northern part. Its thickest portion is

located south of the Tiburon Rise, which suggests that thisMTD extends

farther south. A similar seismic facies to theMTDs, described by Sumner

and Westbrook (2001) as slump deposits, lies east of the present accre-

tionary front at 14.5°N (Fig. 12), and increases in thickness northward,

up to 240 m (Line 19, RRS Charles Darwin survey (CD75) in 1993).

Fig. 13. Seismic reflection profiles (see Fig. 3 for location) emphasizing similar stratigraphic relationships between the Tiburon Basin (left) and the Barracuda Trough (right). Refer

to Section 4.5.
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The feature is dated between 1.8 Ma and 1.1 Ma, which correlates

well with the ages of the MTDs found to the North. Even though direct

correlation between the younger MTD and theMTD at 14.5°N could not

be established, because of the lack of linking seismic data, the Barbados

Ridge accretionary wedge is a possible and likely candidate for the

source of the younger MTD. Submarine landslides at active margins

are very common and observed, for example, along the New Zealand

margin (Collot et al., 2001; Pedley et al., 2010), offshore Peru

(Duperret et al., 1995) and along the middle America Trench (von

Huene et al., 2004).

5.4. Disconnection between Tiburon Basin and Barracuda Trough

The stratigraphic correlation between the Tiburon Basin and Bar-

racuda Trough (before the Pleistocene) is enigmatic. However, we

propose that, before the Barracuda ridge was uplifted in the Early

Pleistocene, these two domains were still connected (Figs. 9, 13 and

16) and that widespread middle–late Eocene turbidites reached the

Barracuda Trough, followed by Neogene fill. In the Early Pleistocene,

the rapid flexural uplift of Barracuda Ridge was accompanied by

downward flexure of the Barracuda Trough, increasing accommoda-

tion space for sedimentation in the Barracuda Trough area (Fig. 16).

The subsidence of the trough (Fig. 16D and E) is demonstrated by

shape and depth of Units 2 and 3 within the trough, by comparison

with the Tiburon Basin (Fig. 9, Lines B and C, and 13).

During the Quaternary sea-level low-stand periods, large amounts

of terrigenous sediments derived from Orinoco and Amazon Rivers

were transported to the Barracuda Trough (Fig. 14). The damming

effect of the Barracuda Ridge enforced a modification of the northward

terrigenous sediment influx, which was restricted to the Vidal Channel.

5.5. Chronology of deformation and consequences

The evolution of the Tiburon Basin area that we propose on the

basis of this stratigraphic study is summarized in Fig. 16.

During the Campanian, the Tiburon Rise and Barracuda Ridge

originated as ridges flanking transforms that offset the mid-Atlantic

Ridge (MAR) and subsequently became fracture zones (Westbrook

et al., 1984a; Figs. 14 and 16A).

During the middle Eocene to late Oligocene (48.6–23 Ma; Fig. 16B),

the Tiburon Basin received terrigenous input from the South America

following the uplift of the northern Serranía del Interrior Oriental,

NE Venezuela, which started in the late Paleocene, possibly caused

by North America–South America plate convergence (Pindell and

Kennan, 2001; Fig. 16B).

During the middle–late Miocene (13–5.3 Ma; Fig. 16C), the

Tiburon Rise was uplifted, the Orinoco and Amazon drainage systems

were created (Figueiredo et al., 2009; Escalona and Mann, 2011) and

provided terrigeneous input to the Tiburon Rise and Barracuda Ridge

area (Fig. 14). Also, a large amount of Neogene sediment accumulated

in the basin, subsiding at that time, that lies on the southern side of

the Tiburon Rise. Evidence for similar Neogene tectonic activity has

not been observed north of Tiburon Rise.

In the Early Pleistocene, at about 2.3 Ma (Fig. 16D), the main uplift

of the Barracuda Ridge started. Reverse faults and folds, associated

with the uplift of the Barracuda Ridge affect the sedimentary cover

Fig. 14. Summary of the main tectonic and sedimentary events in the study area since the late Cretaceous. Data from Natland (1984a), Bouysse and Westercamp (1990) and Bouysse

et al. (1990).
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up to the sea floor over a wide area (between 14.7°N and 16.6°N).

Over most of the ridge, the ridge crest migrated southward, as what

was formerly the ridge's southern flank was flexed upward.

Two areas were affected by widespread Neogene and Quaternary

deformation. The deformation of these areas was diachronous; the

Tiburon Rise area was affected first in the middle-to-late Miocene,

and later, the Barracuda Ridge region, about 2.3 Ma ago.

Plate reconstruction models (Roest and Collette, 1986; Müller and

Smith, 1993; Müller et al., 1999) suggest that the Tiburon Rise and

Barracuda Ridge uplifts were the result of North America–South

America convergence. From this tectono-stratigraphic analysis, we

suggest that while convergence between North America and South

America is likely to be the main factor involved, caution is necessary

when applying plate-motion models to predict, in detail, the spatial

distribution and timing of deformation arising from the plate mo-

tions. For example, evidence for the poorly resolved small Eocene

transpression predicted by the plate reconstructions of Müller and

Smith (1993) and Müller et al. (1999) has not been observed in the

Barracuda-Tiburon Ridges area. Our study shows that the conver-

gence in the area of the Barracuda Ridge and Tiburon Rise did not

start in the early Miocene, as suggested by Müller et al. (1999) but

approximately 5 Myr later. Moreover, the Early Pleistocene uplift of

the Barracuda Ridge is not predicted by these models.

There are, at least, two reasons for this. Firstly, the time intervals

of the models, defined by the ages of the magnetic anomalies used

for the plate reconstructions do not necessarily correspond to the

timing of the phases of tectonism. The most recent interval for the kine-

matic reconstructions of Müller and Smith (1993) and Müller et al.

(1999) is from chron 5 (9.7 Ma) to Present, whereas the uplift of the

Barracuda Ridge commenced at about 2.3 Ma. Secondly, the assumption

in the models of immutable rigid plates is probably not valid in this

complicated PBZ, where it is likely that there are small plate fragments

accommodating the changing magnitude and direction of motion along

the PBZ, although these fragments remain, as yet, unidentified. The

variation in motion along the PBZ from transtension in the east to trans-

pression in the west when compared to the trace of the Fifteen Twenty

FZ and its western extension, suggests that this FZ alone cannot accom-

modate the entire North America–South America motion. The PBZ,

therefore, must most certainly be heterogeneous in nature, exploiting

weaknesses in the lithosphere provided by FZs where mechanically

advantageous, but forming new boundary segments elsewhere, to

transfer motion between reactivated segments sections of the FZs.

At the beginning of uplift of the Tiburon Rise in the middle-late

Miocene, when deformation of Barracuda Ridge was not yet occur-

ring, it appears probable that the active part of the PBZ was along

the southern flank of the Tiburon Rise. If so, was the Marathon FZ

(Fig. 1) then the locus of the PBZ or was the eastern end of the PBZ

located at the Fifteen Twenty FZ close to the MAR, with the PBZ

following a more southerly path farther west? The change in motion

along the PBZ from transtension in the east to transpression in the

west relative to the course of the Fifteen Twenty FZ and its western

extensions, means that the Fifteen Twenty FZ cannot provide a single

simple plate boundary for North America–South America motion.

Neither can any other FZ that inherited its trend from a transform

boundary between Africa and North America or between Africa

and South America at the MAR, which were governed by different

Fig. 15. Interpreted seismic sections 29, 30 and 31 of RRS Charles Darwin survey (CD75) in 1993 (Sumner and Westbrook, 2001; see Fig. 3 for location), with the three stratigraphic

units discussed in this work. The Unit 2 is much thicker there, south of the Tiburon Rise, compared to what is observed on the seismic lines to north of it (see Fig. 7).
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Fig. 16. Sketch map with plate reconstructions showing North America, South America and Caribbean plates location relative to the fixed Africa Plate (compiled after Campan, 1995;

Fidalgo Gonzáles, 2001; Pindell and Kennan, 2009). Conceptual SW-NE cross-sections through the Tiburon Rise and Trough and Barracuda Ridge and Trough.
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poles of rotation than that governing North America–South America

motion. Parts of more than one FZ could be active within the PBZ.

The area of the Tiburon Rise and Barracuda Ridge probably contains

at least one plate fragment, in the PBZ. At present, however, we do

not have the evidence to define this fragment completely.

Finally, the influence of the subduction zone on the bathymetry in

the region was not considered in most of the previous models. In fact,

the highest and steepest portions of the two ridges coincide with

the position of flexural bulge caused by bending of the oceanic plate

as it enters the subduction zone, as revealed by the large positive free-

air gravity anomaly parallel to the subduction zone. The three-

dimensional flexure and fracturing of the lithosphere induced by the

stresses created by the convergence of the Caribbean plate with the

N. American, S. American plates at the triple junction in the area

of the two ridges, are aspects that are potentially important for its

deformation and tectono-stratigraphy, but for which we have little

clear evidence, at present.

6. Conclusion

Terrigenous turbidites, derived from the South American margin,

were present north of the Barracuda Ridge since late Paleogene. The

Neogene sequence is locally much thicker just south of the Tiburon

Rise, where sediments filled a subsiding trough, than to the north of

the Tiburon Rise. In the Quaternary, major pulses of distal turbidites

derived mainly from the Orinoco and Amazon River Systems, were

deposited in the Tiburon Basin and Barracuda Trough. Very thick

MTDs, comparable in size to the Storegga Slide, occur in this area.

While uncertainties remain about their source areas, the Tiburon

Rise and the Barbados Ridge accretionary wedge seem the best

candidates.

The stratigraphy of the Tiburon Basin area provides constraints on

the timing of the structural evolution of the Barracuda Ridge and the

Tiburon Rise. During the middle–late Miocene, tectonic movements

affected the Tiburon Rise, causing its uplift and subsidence of the area

immediately south of it, where a deep trough formed. The northern

part of the Tiburon Basin was, at most, only very slightly affected by

this tectonic phase. Uplift and flexure of the Barracuda Ridge, especially

its former southern flank, accompanied by the deepening of the

Barracuda Trough started during the Early Pleistocene and is still active

today. The northward migration of the deformation zone that affected

the oceanic lithosphere of the Atlantic Ocean during the Neogene

prior to its subduction, is most probably related to the combination of

North America–South America relative plate motion and interaction

with the Lesser Antilles subduction zone.

Supplementary materials related to this article can be found online

at doi:10.1016/j.margeo.2012.02.001.
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ABSTRACT

New seismic and bathymetric data reveal that the plate bound-

ary zone between the North American and South American plates, 

east of the Caribbean, has occupied a >200-km-wide zone of local-

ized basement uplift and folding, and of faulting of the sedimentary 

cover, during the early Pleistocene to Holocene.  This zone, which 

includes the Barracuda Ridge and Tiburon Rise, exhibits north-south 

compressional structures and continues eastward up to 500 km from 

the boundary of the Caribbean plate. A sequence of young turbidite-

dominated sediments fi lls the basin between these two ridges and 

shows synsedimentary deformation; the base of the sequence is of 

early Pleistocene age, dated by biostratigraphic correlation with Deep 

Sea Drilling Project Site 27. Recent deformation in the turbidite-fi lled 

trough north of the Barracuda Ridge is shown by uplift of the seafl oor 

at the crests of anticlines, across which the shallowest sediment layers 

thin or pinch out.

INTRODUCTION

We present new information on the nature and timing of deforma-

tion at the plate boundary zone (PBZ) between the North America (NAM) 

and South America (SAM) plates, east of the Caribbean plate (Fig. 1). 

This has continued to be one of the most enigmatic of PBZs, with only 

few, weak, and apparently randomly distributed earthquakes and no clear 

boundary marked by features that unambiguously owe their origin to 

motion between the NAM and SAM plates. Consequently, the location of 

the NAM–SAM boundary in the Atlantic has only been inferred, although 

the boundary is commonly drawn on maps of the Earth’s tectonic plates.

The relative motion between the NAM and SAM plates has been 

estimated by comparison of reconstructions of the opening histories of 

the North and South Atlantic (Minster and Jordan, 1978; DeMets et al., 

1990, 2010; Müller and Smith, 1993) and by models of present-day plate 

motion derived from global positioning system (GPS) data (Dixon and 

Mao, 1997; Sella et al., 2002; Argus et al., 2010). The poles of rota-

tion lie in the region between the Mid-Atlantic Ridge and the Caribbean 

(Sella et al., 2002; Argus et al., 2010) for the past 3.16 m.y. (DeMets et 

al., 2010) (Fig. 1) and for most of the Tertiary (Müller and Smith, 1993). 

The proximity of the poles to any zone of relative motion between the 

two plates in this region implies weak rates and large variation in the 

direction of movement.

The past locations of the NAM–SAM–Africa triple junction have 

been identifi ed, and it has been shown to have migrated northward from 

the margin of the Demerara Plateau (equivalent to the present-day Sierra 

Leone Fracture Zone) at the inception of motion between South America 

and Africa ca. 110 Ma to the region between the Marathon and Fifteen-

Twenty Fracture Zones, at ca. 36 Ma (Roest, 1987; Müller and Smith, 

1993). Identifi cation of the approximate position of the NAM–SAM–

Africa triple junction does not, however, defi ne the position and shape 

or the tectonic nature of the NAM–SAM PBZ farther west. Although the 

discontinuities constituted by the fracture zones make them likely loca-

tions for the concentration of strain and displacement to accommodate the 

motion between the North and South American plates, any individual frac-

ture zone acting as the PBZ would need to accommodate left-lateral trans-

tension near the Mid-Atlantic Ridge and transpression near the Caribbean.

 The Barracuda Ridge and the Tiburon Rise, east of the northern part 

of the Lesser Antilles island arc at the eastern subduction boundary of 

the Caribbean plate, are made up of oceanic crust of chron 34–31 age 

(Westbrook, 1984; Westbrook et al., 1984; Müller and Smith, 1993), and 

probably originated as fl anking transforms at the Mid-Atlantic Ridge. The 

abnormal height and width of the ridges, in comparison with those fl ank-

ing the fracture zones farther east (Roest and Collette, 1986), and the large 

positive free-air gravity anomalies associated with them indicate that they 

have been uplifted and are out of isostatic equilibrium. Müller and Smith 

(1993) demonstrated that this could be a consequence of compression 

between the North and South America plates. The nature of the deforma-

tion, its timing and distribution, were not known when Müller and Smith’s 

(1993) modeling was undertaken; information on these came from seismic 

and multibeam data from a cruise of R/V L’Atalante in January 2007.

DESCRIPTION OF NEW SURVEY DATA

New multichannel seismic refl ection, multibeam bathymetry, 3.5 kHz 

profi ler, and magnetic data were acquired by the R/V L’Atalante between 

11 and 22 January 2007 (Fig. 1). The seismic acquisition system comprised 

a 24-channel streamer with a group spacing of 12.5 m, and two generator 

injector (GI) air guns with a total volume of 300 in3. The data were stacked 

and were migrated using velocity functions similar to those used in this area 

for other seismic surveys (Bangs et al., 1990), modifi ed locally to optimize 

imaging of the sediments and the top of the oceanic basement. This pro-

vided good seismic images when subseafl oor traveltimes were <2.5–3 s.

STRUCTURE AND STRATIGRAPHY

The Tiburon Basin is located between the elevated topography of the 

Barracuda Ridge and the Tiburon Rise, and contains two major sedimen-

tary sequences separated by an unconformity (Fig. 2). This unconformity 

(red in Fig. 3A) marks the onset of a period of large differential uplift. 

The upper sequence is totally absent from the crests of the two ridges, 

but has a substantial thickness between them. The lower sequence almost 

conformably overlies the basement (Fig. 2). The upper sequence displays 

very well stratifi ed and continuous refl ectors, and shows large variations 

in thickness. It onlaps the unconformity where uplift of the oceanic base-

ment of the southern fl ank of the Barracuda Ridge has deformed the sedi-

mentary cover and similarly onlaps the Tiburon Rise to the south. The 

depositional geometry of the upper sequence is characteristic of turbidites 

that ~300 km farther south have been identifi ed as being of Late Miocene−

Quaternary age, originating mainly from the Orinoco Delta (Mascle et al., 

1988; Sumner and Westbrook, 2001; Deville et al., 2003).

The lower sequence is only moderately well stratifi ed; its lower 

part has a group of closely spaced refl ectors. Correlation with the section 

drilled at Ocean Drilling Program (ODP) Site 672 indicates that they are 

likely Eocene turbidites. The age of the ocean crust here is close to that of 

oceanic magnetic chron 32 (Campanian, ca. 73 Ma) (Westbrook, 1984; 

Klitgord and Schouten, 1986). The Eocene turbidites in the lower part of 

the lower sequence onlap against small basement ridges that are between 
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Figure 1. Morphology of seafl oor from multibeam echosounder and satellite altimetry data. Thin white line marks front of accretionary 
wedge. Yellow circles correspond to Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) wells. Inset map on right: free-air 
gravity with rotation poles and predicted movement of North America relative to South America for present, after (Sel) Sella et al. (2002); 
(Arg) Argus et al. (2010); and for past 3 m.y. (DeM1) DeMets et al. (1994); (Gor) Gordon (1998); (DeM2) DeMets et al. (2010). Red star cor-
responds to Müller and Smith’s (1993) pole for period 10.4 Ma to present. Small blue dots are earthquakes of magnitude >2.5 for period 
1973–2010 according to U.S. Geological Survey Earthquake database (http://earthquake.usgs.gov/earthquakes/eqarchives/epic/database
.php). Plate boundaries are in orange. NAM—North America, SAM—South America, AFR—Africa, CAR—Caribbean, DP—Demerara Plateau, 
DFZ— Demerara Fracture Zone, SLFZ—Sierra Leone Fracture Zone, VFZ—Vema Fracture Zone, 15°20FZ—Fifteen-Twenty Fracture Zone; 
OD—Orinoco Delta. Inset map on left: track plot of ANTIPLAC survey with summary of our structural interpretation. Two gray areas corre-
spond to Barracuda Ridge and Tiburon Rise, depicted by seafl oor shallower than 5000 m outside accretionary wedge (dotted area on left). 
Black lines are lines of seismic refl ection sections acquired by R/V L’Atalante during ANTIPLAC cruise 2007. Green area is zone occupied 
by folded turbidites in Barracuda Trough. Blue lines are axes of uplift above basement ridges. Purple line is hinge of change of direction of 
dip of turbidites in lower sedimentary sequence.

Figure 2. Interpreted line drawing of seismic section across Tiburon Rise, Tiburon Basin, Barracuda Ridge, and Barracuda Trough (location 
in Fig. 1). Acoustic basement is in dark gray, and lower of two sedimentary sequences, separated by unconformity (red line) of early Quater-
nary age, is in light gray. Large and widespread debris fl ow that overlies main unconformity between two sedimentary sequences is in green.
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the Barracuda Ridge and the Tiburon Rise, but they rise up the fl anks of the 

Tiburon Rise and Barracuda Ridge, changing their direction of dip from 

southward to northward as they cross the crest of the Barracuda Ridge to 

its northern side, where they locally onlap the southern sides of basement 

features (Fig. 2). These stratigraphic relationships indicate that the lower 

sequence was elevated after deposition by uplift of the Tiburon Rise and 

Barracuda Ridge. The local uplift of the unconformity over the small base-

ment ridges, the onlap of the upper sequence onto the unconformity, and 

local uplift of the lower units of the upper sequence, including a wide-

spread debris fl ow, over the basement ridges indicate that uplift of these 

ridges commenced about the time of the formation of the unconformity.

To establish the ages of the sedimentary sequences and, particularly, 

the unconformity that separates them, the seismic interpretation was tied 

to a drill site. Few drill sites exist in the area, and most of them are located 

in the frontal part of the accretionary wedge (Fig. 1). Only three wells, 

Deep Sea Drilling Project (DSDP) Leg 4, Site 27 (Bader et al., 1970), 

DSDP Leg 78A, Site 543 (Biju Duval et al., 1984), and ODP Leg 110, 

Site 672 (Mascle et al., 1988), were of value for stratigraphic correlation. 

We used DSDP Site 27 as our reference site, because it penetrates most of 

both major sediment sequences. Site 27 is located on the southern fl ank 

of the Barracuda Ridge, at a location where the upper sequence is thin 

(Fig. 3). The correlation of the refl ection times of the horizons with the 

depths of the core samples at DSDP Site 27 was performed using a seis-

mic velocity versus depth function derived from seismic velocity mea-

surements made at ODP Sites 672 and 1044 (Hayward et al., 2003) in 

stratigraphic units and lithologies similar to those penetrated at DSDP Site 

27, and from seismic experiments on the distal turbidites, at ~14°N (Sum-

ner and Westbrook, 2001) (see Fig. DR1 in the GSA Data Repository1).

The biostratigraphy derived from the planktonic foraminifera described 

in the cores of DSDP Site 27 (Bader et al., 1970; Bolli, 1970) has been 

reevaluated, taking into account developments in foraminiferal stratigraphy 

since 1970. The outcome of reexamining the ranges of occurrences of the 

different foraminifera species on the dating of the unconformity is summa-

rized in Figure DR2 in the Data Repository. The most useful age constraint 

is the maximum age of late Pliocene (3.6 Ma), slightly earlier than Zones 

Pl 4–Pl 5, for the interval cored between 141 and 150 m of the seafl oor. 

Foraminifera in the shallower cores do not bring additional constraints as the 

species described have very wide range of occurrence, from late Pliocene 

(3.6 Ma) to Holocene. A late Pliocene minimum age constraint (base of 

Zone Pl 4–Pl 5) comes from a center bit sample collected between 93 and 

141 m below seafl oor (mbsf), but is likely to have come from the bottom of 

this range. A constant sedimentation rate of 40 m/m.y. since the late Plio-

cene, which is consistent with the biostratigraphic data, gives a 2.3 Ma age 

for the unconformity (orange refl ector in relevant fi gures). While an age as 

old as 3.6 Ma cannot be excluded purely on the basis of the sampled fauna, 

the very high rate of sedimentation that would be required for the interval 

93–141 mbsf and the absence of any indication of this in the seismic stratig-

raphy or lithology of core samples make it very unlikely.

The basement beneath the Barracuda Trough, to the north of the Bar-

racuda Ridge, forms a deep and narrow trough, fi lled by more than 3 s 

two-way traveltime of sediments interpreted as turbidites (Birch, 1970; 

Embley and Ewing, 1970), overlying a thin layer, with transparent seismic 

facies, that directly overlies the basement (Fig. 4). The turbidite fi ll is very 

thick, despite its remote oceanic setting, but is consistent with the presence 

of distal turbidites from the Orinoco and Amazon Rivers into the trough of 

the Fifteen-Twenty Fracture Zone through the Vidal Channel and fl owing 

westward into the Barracuda Trough (Birch, 1970; Embley and Ewing, 

1970; Deville and Mascle, 2011). It was not possible, however, to make a 

direct seismic-stratigraphic correlation between the turbidites in the trough 

and those south of the Barracuda Ridge. The sediments are deformed by 

folds with steep axial planes that root in the deepest part of the basement 

trough (Fig. 4). Their crests form sinuous ridges of a few meters height 

above the surrounding seafl oor (Fig. 1), and the thinning of the shallowest 

layers over these ridges and their onlap against them, as shown in the 3.5 

kHz profi les (Fig. 4, inset), indicate that deformation is still active.

DISCUSSION AND CONCLUSIONS

Deformation of Quaternary sediments is dominated by thrusting or 

thrust-related folding, all indicative of compression. GPS-derived global 

kinematic models for the present day (Dixon and Mao, 1997; Sella et al., 

2002; Argus et al., 2010) and for the past 3 m.y. (DeMets et al., 2010) pre-

dict left-lateral transpression relative to the trend of the Barracuda Ridge, 

although a model derived from only Atlantic data for the past 3 m.y. pre-

dicts right-lateral transpression (Gordon, 1998). The three most recently 

determined NAM–SAM poles provide a spread of ~50° in the direction 

of NAM–SAM convergence at the Barracuda Ridge (Fig. 1). Relatively 

small differences in the positions of these poles have a large effect on the 

direction of motion, because of their proximity to the Barracuda Ridge. 

The amount of predicted strike-slip displacement parallel to Barracuda 

Ridge given by these three directions and rates (Fig. 1, right inset) ranges 

between 1 and 4 km for the 3 m.y. period. We have not observed obvious 

evidence for strike-slip deformation, but we cannot rule it out, as it is dif-

fi cult to identify from widely spaced two-dimensional seismic profi les. 

It is possible that the deformation is partitioned into compressional and 

strike-slip components, with the strike-slip components being more cryp-

tic in character. The predicted strike-slip displacement would be diffi cult 
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1GSA Data Repository item 2011286, Figure DR1(depth of refl ectors es-
timated from time-versus-depth curves derived from ocean bottom seismograph 
experiments) and Figure DR2 (summary of information on age at DSDP site 27 
and the correlation with the orange unconformity), is available online at www
.geosociety.org/pubs/ft2011.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 3. A: Seismic section crossing Deep Sea Drilling Project 
(DSDP) Site 27. Red refl ector corresponds to major unconformity 
that marks short period of rapid basement uplift relative to rate of 
sedimentation and is overlain by Quaternary sediments (mostly tur-
bidites). Orange refl ector just beneath red unconformity is promi-
nent seismic refl ector that is conformable with underlying sequence. 
B: Correlation of refl ectors, especially red unconformity and orange 
regional marker, with intervals cored at DSDP Leg 4, Site 27, that 
are represented by pale blue rectangles with indications of their age 
(Bader et al., 1970; and this study). Quat.—Quaternary; Plioc.—Plio-
cene; Mioc.—Miocene; Up.—Upper.

Figure 4. Seismic section across Barracuda Trough. Inset in bottom 
left corner of section is image of 3.5 kHz sonar record from location in-
dicated on seismic section that shows recent deformation of seafl oor.
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enough to detect if concentrated in the Barracuda Trough and would be 

even more so if distributed throughout the region between the Barracuda 

Ridge and Tiburon Rise.

The position of the NAM–SAM pole from the widely used NUVEL1 

model of DeMets et al. (1990), essentially superseded by that of DeMets 

et al. (2010), is near the center of Barracuda Ridge, and is clearly incom-

patible with the observed deformation there.

The distribution of Eocene turbidites indicates that the relief of the 

ridges was less in the Eocene, and their width smaller than today, with a 

different cross-sectional profi le. Figure 2 shows an example of where the 

northward pinching out of Eocene to Miocene sediments against a former 

basement high now is in a northward-dipping sequence on the northern slope 

of the Barracuda Ridge. It indicates that what is now the crest of the Bar-

racuda Ridge was formerly the southern fl ank of a smaller ridge, onto which 

Eocene to Miocene sediments lapped, presumably the original transform-

fl anking ridge before Quaternary deformation uplifted its southern fl ank.

The domain where present-day deformation is shown by our data set 

extends ~200 km from the Barracuda Trough to the Tiburon Rise. North of 

this domain, the data are scarce, whereas to the south, to our knowledge, 

existing data do not show evidence of such a deformation, except for Sum-

ner and Westbrook’s (2001) observation of mud diapirism and associated 

deformation aligned along fracture zones. This domain, with deforma-

tion spread over a large area, represents a diffuse plate boundary zone. 

While this is common in continental lithosphere, it is unusual in oceanic 

lithosphere. Another example, which shares similar characteristics to this 

area, is the region of the Europe-Africa plate boundary zone, southwest 

of Iberia, where the convergence rate is ~4 mm/yr and a combination of 

strike-slip and compressional deformation is spread across a 300-km-wide 

zone (e.g., Hayward et al., 1999).

According to our data, the Quaternary deformation episode is the 

strongest recorded in the Barracuda area, although convergence between 

the NAM and SAM over this period represents only a small part of the 

cumulative convergence since the Late Cretaceous, most of which 

occurred in the Early Eocene, when the NAM–SAM–Africa triple junction 

was between the Doldrums and Vema Fracture Zones (Müller and Smith, 

1993). This earlier deformation, although recorded in the Eocene strata of 

the Barracuda area, probably fi nds its strongest expression south of 13°N.

To conclude, observations of heterogeneous crustal deformation in 

the region of the Barracuda Ridge and Tiburon Rise indicate that the west-

ern portion of the boundary zone between the NAM and South America 

plates is at least 200 km wide and has undergone north-south compression 

since ca. 2.3 Ma.
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Figure DR1.  Depth of reflectors estimated from time-versus-depth curves derived from OBS 

seismic experiments at ODP site 672 and at 14°30’N, 57°30’W. Vertical crosses show the 

cumulative travel times derived from velocity measurements made on core samples from ODP 

hole 672A. Diagonal crosses show the cumulative travel times derived from velocity 

measurements made on core samples from ODP hole 672A, after correction for the in-situ 

pressure and temperature of the pore water. The limits of picking errors on the two reflectors are 

plus or minus half the dominant period of the seismic wavelet. 

Figure DR2.  Age/Depth graph summarizing information on the increase of age with depth at 

DSDP site 27, as updated from Bader et al. (1970) in this study (see text for details), and the 

correlation with the red unconformity, marking the onset of a period of rapid basement uplift, 

and the deeper orange reflector, which is prominent regional marker horizon. The widths of the 

coloured bars marking each of these two reflectors is equal to the combined uncertainty 

introduced by error in picking the reflectors and depth conversion with the two time-depth 

functions illustrated in supplementary figure 1. The time-depth function derived from the area of 

ODP Site 672, which gives shallower depths, is likely to be more appropriate than that derived 

from the site at 14° 30’ N in a distal turbidite sequence. Green solid line corresponds to a 40 

m/Ma accumulation rate (without decompaction). Grey rectangles correspond to DSDP site 27 

cored intervals with their biostratigraphically determined age ranges. (The largest rectangle 

corresponds to species recovered in a center bit sample in between 93 and 141 m, but which is 

likely to have come from the bottom of this range). The 0.2 Ma error bar is an indication of the 

error due to the uncertainty in the time/depth conversion. It does not take into account other 

errors, such as the uncertainty in the sedimentation rate. 
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