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ABSTRACT

New data collected along the slopes of Little and Great Bahama Bank and
the abyssal plain of the Bahama Escarpment provides new insights about
contour current-related erosive structures and associated deposits. The Baha-
mian slope shows abundant evidence of bottom current activity such as fur-
rows, comet-like structures, sediment waves and drifts. At a seismic scale,
large erosion surfaces and main periods of drift growth resulted from current
acceleration related to plate tectonic processes and progressive opening and
closure of gateways and long-term palaeoclimate evolution. At present-day,
erosion features and contourite drifts are either related to relatively shallow
currents (<1000 m water depth) or to deep currents (>2500 m water depth).
It appears that the carbonate nature of the drifts does not impact the drift
morphology at the resolution addressed in the present study. Classical drift
morphologies defined in siliciclastic environments are found, such as
mounded, plastered and separated drifts. In core, contourite sequences show
a bi-gradational trend that resembles classical contourite sequences in silici-
clastic deposits showing a direct relationship with a change in current veloc-
ity at the sea floor. However, in a carbonate system the peak in grain size is
associated with increased winnowing rather than increased sediment supply
as in siliciclastic environments. In addition, the carbonate contourite
sequence is usually thinner than in siliciclastics because of lower sediment
supply rates. Little Bahama Bank and Great Bahama Bank contourites con-
tain open-ocean input and slope-derived debris from glacial episodes. Inner
platform, platform edge and open ocean pelagic input characterize the classi-
cal periplatform ooze during interglacials. In all studied examples, the drift
composition depends on the sea floor topography surrounding the drift loca-
tion and the type of sediment supply. Carbonate particles are derived from
either the slope or the platform in slope and toe of slope drifts, very deep
contourites have distant siliciclastic sources of sediment supply. The recent
discovery of the importance of a large downslope gravitary system along
Bahamian slopes suggests frequent interactions between downslope and
along-slope (contour currents) processes. The interlayering of mass flow
deposits and contourites at a seismic scale or the presence of surface struc-
tures associated with both contour currents and mass flow processes shows
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that both processes act at the same location. Finally, contour currents have
an important impact on the repartition of deep-water coral mounds. Currents
can actively interact with mounds as a nutrient and oxygen supplier or have
a passive interaction, with mounds solely being obstacles orienting erosion

and deposition.

Keywords Bahamas, contour currents, contourites, drifts.

INTRODUCTION

Contour currents flow along continental margins
at various water depths depending on their tem-
perature and salinity, and determine erosion,
transport and depositional processes involving
clay, silt and fine sand. They can form erosional
and depositional features from a centimetric to
metric scale called ‘contourites’ (Gonthier et al.,
1984) and to a plurikilometric scale, so-called
‘contourite drifts’ (Stow et al., 2009). Con-
tourites were initially defined as deep-sea
sediment deposited by contour currents initiated
by thermohaline circulation (Heezen & Hollister,
1971). This initial and restrictive definition was
extended by Stow et al. (2002a,b) and Rebesco
(2005) to any sediment substantially reworked
by bottom currents. This allowed the inclusion
of deposits affected by surface currents mostly
generated by wind-ocean interactions or to
ancient deposits for which the hydrodynamic
context is poorly known. From a general view-
point, contour currents flow parallel to isobaths
and can be considered as semi-permanent to
permanent quasi-steady geostrophic flows that
sunk at their equilibrium level (Rebesco et al.,
2008). The velocity of contour currents usually
varies between 5 cm and 20 cm sec” ' but can be
affected by surface hydrodynamic processes or
by sea-floor topography and may reach velocities
of up to 2-5 m sec” ' in particular cases when
the flow section is restricted (Wynn & Masson,
2008). Topographic restrictions are mainly con-
trolled by sea-floor morphology such as the pres-
ence of a fault wall, a ridge, a channel or a strait
that can change through time (Faugeres & Mul-
der, 2010).

The sedimentary contourite depositional
sequence was initially defined in the Faro Drift
(Gulf of Cadiz; Faugeres et al., 1984; Gonthier
et al., 1984). It shows a bi-gradational trend with
the superposition of inverse and normal grading
corresponding, respectively, to a waxing and
waning current. Laminated facies are frequently
interpreted as contourites, most often in fine-

grained deposits (Stow, 1994) but also in sandy
facies (Viana et al., 1998). Shanmugam (2006,
2008) underlines the importance of sharp upper
contacts and tractive structures in contour-cur-
rent related deposits such as cross-bedding, len-
ticular, horizontal and flaser bedding. The
sedimentation rate is low, and bioturbation is
usually intense leading to the erasing of primary
sedimentary structures (Faugeres & Stow, 2008).
The sediments are mainly mud, silty mud and
muddy silt, and more rarely fine sand (Stow
et al., 2002a,b). Most of the aforementioned refer-
ences deal with siliciclastic systems and litera-
ture about carbonate contour current-related
systems is rare (Bein & Weiler, 1976; Cook &
Mullins, 1983), with the few examples known
consisting of periplatform ooze with minor clayey
intervals. Most studies deal with Bahamian
slopes in particular; including, the Little Bahama
Bank (Mullins & Neumann, 1979; Mullins et al.,
1980, 1984; Austin et al., 1988; Harwood & Tow-
ers, 1988; Rendle et al., 2000; Rendle-Biihring &
Reijmer, 2005; Lantzsch et al., 2007; Mulder
et al., 2012b; Rankey & Doolittle, 2012;
Tournadour et al., 2015; Chabaud, 2016; Chabaud
et al., 2016), the Great Bahama Bank (Brunner,
1986; Eberli et al., 1997a; Bergman, 2005; Mulder
et al., 2012a), the Santaren Channel (Anselmetti
et al., 2000; Ludmann et al., 2016; Wunsch et al.,
2018), the Tongue of the Ocean (Schlager &
Chermak, 1979; Grammer & Ginsburg, 1992;
Grammer et al.,, 1993) and Exuma Sound
(Crevello & Schlager, 1980; Austin et al., 1988;
Grammer et al., 1999). Other examples are
reported from the Maldives (Liidmann et al.,
2013, 2018) and in ancient environments
(Hiineke & Stow, 2008).

Current velocity controls sea floor erosion and
drift construction. In addition, drift geometry is
controlled by the permanency of the current
activity along the sea floor, the nature of the
particles carried by the current, particularly
grain size, and amount of available particles
(Stow et al., 2008). Larger drifts can show con-
tinuous deposition over several millions of years
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(Stow et al., 2008). Main geometries are defined
in McCave & Tucholke (1986), Stow et al. (1996,
2008) and Faugeres ef al. (1999), and include
contourite sheeted drifts, elongate-mounded
drifts, channel-related drifts and confined drifts.
Rebesco et al. (2014) added a further three less-
common drift types.

1 Contourite sheeted drifts are sedimentary
accumulations with a moderate topography and
are located on abyssal plains and in the deepest
part of the basins. Sedimentation rates do not
exceed 2 to 4 cm ka '. These drifts are covered
with sediment wave fields and made of clayey
and silty contourites consisting essentially of
pelagic particles.

2 Giant elongate-mounded drifts are long and
convex sedimentary bodies with lengths reach-
ing tens to more than 100 km with a sedimenta-
tion rate varying from 2 to 10 cm ka ' and
sometimes reaching 60 cm ka™'. Elongated drifts
can be subdivided in plastered, detached and
separated drifts. Plastered drifts are deposited
by a large, low-velocity unconfined flow but
flow velocity is too weak to generate erosion.
They migrate parallel to isobaths but also
upslope and downslope. Separated drifts form
in a similar way to plastered drifts but under
the action of a more energetic current. Separated
and plastered drifts are usually associated
depending on the flow strength. Separated drifts
are bordered by depressions called moats that
were defined as an erosional depression related
to the presence and the intensity of a contour
current on the seabed (Faugeres et al., 1999;
Stow et al., 2008). They both prograde upslope
and parallel to isobaths. Detached drifts usually
form at a bend of the margin and prograde
downslope and perpendicular to the margin.

3 Channel-related drifts form in large deep-
channels in which current velocity is locally
increased. Contourites are thus deposited as
conveX, low-topography, patch drifts in the
channel axis or along their sides and as con-
tourite lobes at the channel mouth (Howe et al.,
1994; McCave & Carter, 1997; Reeder et al.,
2002).

4 Confined drifts form in narrow channels,
gateways or gaps, and show vertical stacking of
contourites with very restricted lateral migra-
tion.

5 Localized patch drifts with limited extension.

6 Infill drift usually filling a failure scar or any
other topographic low.

7 Fault-controlled drift related to a fault scar
and mixed drift related to current interaction.

Recently Lidmann et al. (2018) introduced a
point-sourced fed, channel related, drift type
named delta drift that occurred attached to the
slope of a Miocene carbonate platform in the
Inner Sea of the Maldives.

This paper presents a review of sedimentary
evidence of contourite activity within the Baha-
mas region, in particular using the data obtained
during recent research cruises that analyzed the
Great Bahama Bank and Little Bahama Bank
slopes, the southern part of Blake Plateau and the
toe of the Bahama Escarpment (called Blake
Escarpment when bordering the Blake Plateau or
sometimes the Blake-Bahama Escarpment). The
paper will only focus on the drifts for which the
Carambar project added new data, i.e. the Santa-
ren Drift, the Great Bahama Bank Drift, the Blake
Plateau drifts and the imprints of deep contour
currents in the western San Salvador Abyssal
Plain. The review will not be extended to the
Pourtales Drift, extensively studied by Bergman
(2005) and the Cay Sal Bank Drift (Wunsch et al.,
2016) because they are the subjects of other
papers in this issue (Eberli & Betzler, 2019; Paulat
et al., 2019). This paper will: (i) describe the sedi-
mentary features related to bottom current activ-
ity; (ii) synthesize depositional and erosional
processes by bottom currents in the Bahamian
carbonate environment; and (iii) discuss contour-
current-gravity flow interactions.

GEOLOGICAL SETTING AND HISTORY

At present, the Bahamian archipelago is com-
prised of several carbonate platforms (Fig. 1;
Meyerhoff & Hatten, 1974). It extends over
1000 km and is limited westward by the Straits
of Florida reaching 850 m water depth, north-
ward by the Blake Plateau and eastward by the
Blake-Bahama Escarpment, a 2000 m high sub-
marine escarpment facing the 4000 to 5000 m
Blake-Bahama Abyssal Plain. The largest plat-
forms are Great Bahama Bank and Little Bahama
Bank, which are separated by the Northwest
Providence Channel. The archipelago is pre-
sently dissected by deep basins, for example
Tongue of the Ocean and Exhuma Sound (TOTO
and ES in Fig. 1).

The Caribbean platform probably initiated
during the upper Jurassic. It formed a large plat-
form called the ‘megabank’ which extended
from Florida to the Blake-Bahama Escarpment in
the east and the Blake Plateau in the north

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1192—1221
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Fig. 1. Map of the distribution of the present-day active carbonate platforms, the main channels separating the
platforms and the major contourite drifts along the western part of Bahamas (from Bergman, 2005; Principaud,
2015; Tournadour, 2015). BBAP, Blake-Bahamas Abyssal Plain; BE, Bahama Escarpment (white dashed line); BP,
Blake Plateau; CSB, Cay Sal Bank; ES, Exuma Sound; GBB, Great Bahama Bank; LBB, Little Bahama Bank; NPC,
Northwest Providence Channel; OBC, Old Bahama Channel; SC, Santaren Channel; SF, Strait of Florida; SSAP,
San Salvador Abyssal Plain; TOTO, Tongue of the Ocean. The area surveyed by the Carambar cruises is shown by

the striped pattern.

(Meyerhoff & Hatten, 1974; Austin et al., 1988;
Sheridan et al., 1988). This is controversial
since some studies have shown evidence of the
presence of deep basins segmenting the Great
Bahama Bank during the early Cretaceous
(Schlager et al., 1984; Sheridan et al., 1988;
Eberli & Ginsburg, 1989).

Since the Upper Albian, the Caribbean plate
has been under a converging regime in response
to subduction under the Cuba arc, and passed to
a collision phase during the Palaeocene (Pindell,
1994). During the Upper Cretaceous, the ‘mega-
bank’ carbonate platform was flooded, and the
Bahamas formed an isolated carbonate platform
(Austin et al., 1988; Sheridan et al., 1988). At
the same time, the southern part of the Bahamas

was segmented by deep north-south to WNW-
ESE basins; Tongue of the Ocean, Exhuma
Sound, Santaren Channel and Old Bahama
Channel (OBC in Fig. 1). Convergence extended
during the Middle Miocene as the Cocos plate
collided with the Central American arc and the
South American plate (Coates et al., 2004). The
Isthmus of Panama and the Central American
Seaway (CAS) formed during this period, but
the latter closed at ca 3-6 Ma (Coates et al.,
1992). This closure and simultaneous eustatic
changes definitely led to the development of
present-day thermohaline circulation (Great
Conveyor Belt of Broecker, 1987) and oceanic
circulation in the Atlantic Ocean was intensified
(Steph et al., 2006). Caribbean water salinity

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1192—1221
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and temperature increased and transport
towards high latitudes gradually strengthened
the North Atlantic thermohaline circulation pat-
tern. In particular, the Loop Current (LoC in
Fig. 2) was initiated in the Gulf of Mexico flow-
ing through the Straits of Florida to form the
Florida Current and the northward flowing Gulf
Stream (Mullins et al., 1987).

PRESENT-DAY OCEANIC CIRCULATION

Oceanic circulation in the Bahamas is domi-
nated by surface currents including the Antilles
Current bathing the north of Little Bahama Bank
and the Florida Current flowing between Florida
and Great Bahama Bank (Figs 2 and 3A). Maxi-
mum velocity of the Antilles Current is recorded
at 400 m water depth, but it is active down to
700 m water depth (Fig. 3B; Richardson et al,,
1969). It can reach a maximum depth of 1000 m
further north along the Blake Plateau (Johns
et al., 1995). On the Blake Plateau and adjacent
continental slopes, interaction of the deepest
part of the Gulf Stream with the Deep Western
Boundary Current (DWBC) can lead to substan-
tial erosion (Pinet & Popenoe, 1985). The DWBC

(formerly called Western Boundary Under Cur-
rent or WBUC) represents the upper part of
North Atlantic Deep Water (NADW). The Antil-
les and Florida currents merge north of the
Straits of Florida, forming 90% of the Gulf
Stream (Neumann & Pierson, 1966; Schmitz &
Richardson, 1991; Evans et al., 2007; Chérubin,
2014). The Florida Current is a warm salty cur-
rent supplied by waters derived from the Carib-
bean Sea and the Gulf of Mexico (Fig. 2). A
minor part is supplied by Atlantic surface
waters flowing through the Old Bahama, Santa-
ren and Providence channels (Figs 1 and 2; Lea-
man et al., 1995). It flows northward with a
surface speed ranging from 1-6 to 1-8 m sec '
(South and North Florida Straight, respectively)
and a velocity <20 cm sec” ' below 800 m water
depth (Fig. 3A; Richardson et al., 1969; Leaman
et al., 1995; Wang & Mooers, 1997). It does not
appear below 1000 m water depth. The Florida
Current does not fill the entire strait, and deep
undercurrents and coastal countercurrents flow
in opposite directions off Florida and the Baha-
mas with velocities of up to 0-5 m sec™' on the
lower slope (Grasmueck et al., 2006).

The Santaren Current (‘SCu’ in Fig. 2) flows
along the eastern part of the Santaren Channel

North Atlantic Ocean

Fig. 2. Location of the Bahamian
archipelago and pathway of major
currents (arrows). AC, Antilles
Current; CC, Caribbean Current;
DWBC, Deep Western Boundary
Current; FC, Florida Current; GoM,
Gulf of Mexico; GS, Gulf Stream;
LaC, Labrador Current; LoC, Loop
Current; NADW, North Atlantic
Deep Water; SCu, Santaren Current.

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1192—1221
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Fig. 3. Transects showing the superposed water masses (see Fig. 1 for location). (A) Florida Current (Johns et al.,
1995). (B) Deep Western Boundary Current (DWBC; Lee et al., 1990).

with maximum velocities of 20 cm sec™" at 200 to
300 m water depth (Leaman et al., 1995). It enters
through the Old Bahama Channel and connects
subtropical north-Atlantic waters to the Florida
Current (Atkinson et al., 1995; Figs 1 and 2).

The Pourtales and Santaren drifts are located
along Great Bahama Bank and Florida slopes,
respectively, and are related to reworking of car-
bonate particles in the basin and at the toe of the
slope by the Florida and Santaren currents
(Figs 1 and 2; Table 1). These drifts have an
elongate shape with lengths ranging between
200 km and 400 km, mean widths of 60 km and
thicknesses varying from 600 to 1000 m (Table 1;
Bergman, 2005). The Pourtales Drift (Figs 1 and
4A) was studied extensively by Bergman (2005).
It is strongly asymmetrical with a well-defined
moat and corresponds to an elongated detached
drift according to Faugeres et al. (1999).

The Santaren Drift is located in the axis of the
Santaren Channel (Fig. 1). Other drifts surround-
ing the Bahamas are the Cay Sal Bank, Great
Bahama and Little Bahama drifts that are located
on the north-western sides of the Cal Say Bank,
Great Bahama Bank and Little Bahama Bank plat-
forms, respectively (Fig. 1). They have conical
shapes extending towards north/north-west over
150 km, with widths varying between 20 km and
60 km and thicknesses ranging between 300 m
and 500 m (Table 1; Mullins et al., 1980; Berg-
man, 2005). These drifts are located on the lee
side of the platforms where currents converge
(Mullins et al., 1980). Their internal geometry
shows downlap towards the north/north-west
and they are mainly supplied by off-bank trans-
ported sediments. Internal seismic facies vary

from blind to laminated, medium-amplitude con-
tinuous reflectors forming a convex-up geometry
thinning on the slope (Fig. 4B; Bergman, 2005).
Sediment lithology is dominated by fine-grained
carbonate mud (Table 1; Eberli et al., 1997a,b;
Rendle et al., 2000). The onlap terminations of
the drifts, in particular the Santaren Drift along
the slopes, show interbedding of coarser sedi-
ments derived from the upper slope and laterally
pinching contourite deposits (Fig. 4C). The sedi-
ment derived from the slope clearly shows a pro-
grading trend with clear downlap geometry
whilst the contourites show a retrograding trend
and migrate upslope. The depression bordering
the drift is partially to fully filled with the down-
lapping deposits.

Deep contour currents related to the thermoha-
line circulation also impact the Bahamas. The
DWBC flows southward along the North
American margin from the Irminger Basin
(Greenland) and merges with the NADW at 35°N
(Fig. 2; Amos et al., 1971). The DWBC is con-
strained by the Blake Outer Ridge between
4600 m and 5000 m water depth Sheridan et al.
(1983) and finally flows along the Blake-Bahama
Escarpment between 1000 m and 4500 m water
depth with its main core flowing at 2000 to
2500 m water depth (Fig. 3B; Lee et al., 1990).
The DWBC circulation influences sedimentation
on the Blake and Bahama Outer Ridge as shown
by the results of DSDP 76 (Ewing & Hollister,
1972; Sheridan et al., 1983; Mountain &
Tucholke, 1985; Tucholke & Mountain, 1986;
McMaster et al., 1989; Locker & Laine, 1992;
Tucholke, 2002). This ridge is a giant, 600 km
long, up to 100 km wide, elongated mounded

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1192—1221
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Fig. 4. (A) High-resolution seismic line through the Straits of Florida showing the geometry of the Pourtales Drift
(see Fig. 1 for location; modified from Bergman, 2005). (B) High-resolution seismic line through the Santaren
Channel showing the symmetrical mounded accumulation interpreted as the mounded or confined Santaren Drift
(Liiddmann et al., 2013; Fig. 1 for location; modified from Bergman, 2005). (C) High-resolution seismic line (Caram-
bar cruise) along the toe of Great Bahama Bank slope showing the geometry of the Santaren Drift (from Principaud
et al., 2018; Fig. 1 for location). CWCM, cold water carbonate mounds; GBB, Great Bahama Bank; MTC, mass
transport complex.

drift with major unconformities related to inten- circulation patterns (Faugeres & Stow, 2008). The
sifications of deep-current circulation in 1000 to 2500 km thick ridge is partly buried but
response to global changes in deep-oceanic still forms a 1000 m topographic high overlying a
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major unconformity (noted A") recognized along
the entire US North Atlantic margin (Tucholke &
Mountain, 1979; Sheridan et al., 1983; Mountain
& Tucholke, 1985). The unconformity correlates
with a major hiatus at Deep Sea Drilling Project
Site 391 encompassing the upper Cretaceous to
lower Miocene (Benson et al., 1978). It corre-
sponds to a silicified horizon which has been
interpreted to have formed by an energetic sea
floor current initiated at the boundary from the
Eocene to Oligocene (Faugeres & Stow, 2008). A
second reflector (Merlin reflector), dated as late
Miocene in age (12 to 10 Ma), could be correlated
to a current acceleration linked with a sea-level
highstand (Haq et al., 1987). The unit bounded
by the A" and Merlin reflectors is marked by
intense growth of the contourite. The increased
sedimentation rate (19 cm ka™%; Faugeres &
Stow, 2008) is related to an increased siliceous
sediment supply provided by erosion of the
Appalachian Mountains. A third unconformity is
dated as late Pliocene and related to current
strengthening in response to the intensified
glaciation in the Arctic region and acceleration of
North Atlantic Deep Water formation and con-
temporaneous with the closure of the Central
American Seaway (Haug & Tiedemann, 1998;
Reijmer et al., 2002; Coates et al., 2004). The late
Miocene to late Pliocene period is characterized
by active contourite drift growth with a sedimen-
tation rate reaching 14 cm ka~'. Above the late
Pliocene unconformity, perched drifts with ages
extending from Pliocene to Holocene drifts
formed and consist of silty clay contourites that
accumulated at a rate of 14 cm ka ' (Faugeres &
Stow, 2008).

DATA COLLECTION AND
METHODOLOGY

The Carambar cruises were operated by a scien-
tific team lead by the University of Bordeaux
and the main objective of the cruises was to bet-
ter understand the sediment transfer of carbon-
ate particles from the shallow-water platform to
the adjacent basins. To date, two cruises have
been completed, Carambar and Carambar 2
(Fig. 1).

The Carambar cruise was conducted between
31 October and 29 November 2010 using the
R/V Le Suroit and analyzed the western leeward
margin of Great Bahama Bank (Mulder et al.,
2012b), west and south of the islands of Bimini
and the northern windward margin of Little

Bahama Bank (Mulder et al.,, 2012a). Onboard
equipment included a Kongsberg EM302 multi-
beam echo sounder (bathymetry and acoustic
imagery; Kongsberg Maritime, Kongsberg, Nor-
way), a high-resolution multichannel seismic
instrumentation penetrating approximately 1 sec
TWT.

The Carambar 2 cruise was conducted
between 30 November 2016 and 2 January 2017
with the R/V I’Atalante (Mulder et al., 2018a,b).
It investigated the eastern part of Little Bahama
Bank including the Great Abaco and Little
Abaco canyons (LAC; Mulder et al.,, 2018a,b),
and the Exuma Valley and Canyon as well as
the San Salvador slope, down to the San Sal-
vador Abyssal Plain. On-board equipment
included a Kongsberg EM122/EM710 multibeam
echo-sounder and high-resolution multichannel
seismic instrumentation (four 35/35 cu in air
guns and a 192-channel streamer; Kongsberg
Maritime). During the two cruises, a ‘Chirp’ sub-
bottom profiler (1800 to 5300 Hz frequency mod-
ulation) and a Kiillenberg coring system were
deployed (Kullenberg, 1947). The new data sets
complement existing data of the 1981 and 1982
BACAR cruises that covered the southern part of
Exuma Sound and adjacent abyssal plain
(Droxler, 1984; Cartwright, 1985).

Grain-size analysis and the production of
impregnated thin sections of core CARKS-21
were done at the Centre National de la
Recherche Scientifique - Unité Mixte de
Recherches Environnements et Paléoenviron-
nements Océaniques et Continentaux research
laboratory of the University of Bordeaux. Grain
sizes were determined using a Malvern Master-
sizer S laser diffractometer (Malvern Panalytical
Limited, Malvern, UK; Chabaud et al., 2016).

Variations of strontium, calcium, aluminum,
potassium and titanium contents were measured
every centimetre in cores CARKS-21 and
CI8108-13 with an Avaatech X-ray fluorescence
(XRF) core scanner (Avaatech XRF Technology,
Alkmaar, The Netherlands; 10 kV, 400 pA,
10 sec and 30 kV, 2000 pA, 15 sec) at the
CNRS-EPOC research laboratory of the Univer-
sity of Bordeaux and at the Rosenstiel School of
Marine and Atmospheric Sciences research lab-
oratory of the University of Miami, respectively.
Strontium counts were normalized by calcium
counts in order to correct variations in water
content and grain size. This ratio is used as a
stratigraphical tool as an improvement on arago-
nite quantification described by Droxler (1984)
and Croudace etal. (2006). The ratio
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[aluminum + potassium + titanium]/[calcium +
strontium] is used to show the detrital influx.

RESULTS AND INTERPRETATIONS

Slope of Little Bahama Bank

At the northern slope of Little Bahama Bank,
discontinuous furrows extend downslope to the
basin floor from the canyon mouths near the
platform margin. They are filled with low reflec-
tivity sheet-like deposits (Fig. 5). In the eastern
part of the Little Bahama Bank slope, the dis-
tributary furrows are dissected by high-reflectiv-
ity linear structures oriented N°300 to N°270
that are only visible on the EM302 reflectivity
map (Fig. 5). They are located between 600 m
and 1200 m on the western Little Bahama Bank
slope (Fig. 5A) and between 1000 m and 1300 m
water depth on the eastern Little Bahama Bank
slope (Fig. 5B).

In the western part of Little Bahama Bank
slope, mound-shaped structures are localized
along the middle slope between 600 m and
800 m water depth. Although the largest
mounds form coalescing structures aligned
downslope, small sized mounds occurring at the

Contourite drifts, Bahamas 1201

toe of the slope are aligned perpendicular to the
slope angle (Fig. 6A). They are partially covered
with periplatform ooze forming a dissymmetri-
cal, parabolic scour and associated deposits
(Fig. 6B). The south-eastern flanks show either
onlapping carbonate mud or a shallow depres-
sion (red arrows in Fig. 6A) whilst north-wes-
tern flanks show large scours with the concave
shape oriented in the upstream direction (blue
arrows in Fig. 6A).

At the western end of Little Bahama Bank, the
margin morphology shows a large sedimentary
body forming an arcuate, oblong extension. Very
High Resolution (VHR) seismic profiles (Figs 1
and 7A) show an alternation of blind and lay-
ered facies overlying an erosional surface, with
low amplitude reflectors and numerous mound-
shaped structures associated with fluid escape
structures (Fig. 7B). Contorted reflections inter-
preted as relocated deposits are positioned
below the erosional surface. High-resolution
seismic profiles show that the layered facies
pinches out downslope filling a large negative
topographic depression corresponding to a bur-
ied erosional surface (scar in Figs 7 and 8). The
upslope termination of this surface is marked by
small mound-shaped structures within rounded
topographic  depressions  (Fig. 7B).  Core

Fig. 5. Backscatter image (Carambar cruise) showing along-slope lineaments intersecting downslope furrows along
Little Bahama Bank slope at: (A) western part; between 600 m and 1200 m water depth (from Tournadour, 2015);
(B) eastern part between 1000 m and 1300 m water depth (see Fig. 1 for location). Clear tone indicates low

backscatter.
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Fig. 6. (A) Bathymetric map (Carambar cruise) of mound-shaped structures in the north-western part of Little
Bahama Bank showing dissymmetrical sediment accumulation; onlapping mud and topographic depression on
the north-western flank (blue arrow) and scours on the south-eastern flank (red arrows). (B) Along-slope cross-sec-
tion showing bathymetric changes around a mound-shaped structure. See Fig. 1 for location.

CARKS21 located at 799 m water depth just
downslope from this large sedimentary body
shows an alternation of fine-grained to very fine-
grained, intensely bioturbated carbonate mud
and thin layers of carbonate sand (Fig. 9A;
Table 1). These are arranged in decimetre to sev-
eral decimetre-thick bi-gradational sequences,
mostly bioturbated (Fig. 9B) consisting of two
superposed aragonite-enriched wackestone units
separated by a grain-size peak corresponding to
a partially-cemented packstone; a coarsening-up
basal unit and a fining-up top unit (Fig. 9C).
The packstone is enriched in pteropods and
planktonic foraminifera but also in detrital parti-
cles (Fig. 9). In addition, the grain-size peak
shows a positive excursion in Al + K + Si indi-
cating an enhanced terrigenous supply.

The Sr/Ca ratio variations are perfectly corre-
lated to marine isotopic stages (MIS) with high
Sr content (aragonite) during interglacials and a

decrease in Sr during glacials generating higher
proportions of calcite (Fig. 9A; Droxler, 1984).
In core CARKS21, the bi-gradational sequences
are preferentially recorded during glacial stages
(for example, MIS 2 to MIS 4, MIS 6 and MIS 8).

Slope of Great Bahama Bank

The Great Bahama Bank slope to basin area is
located between N25°30/N25°50 and W79°35/
W79°20, showing a large and slightly sinuous
channel that extends about 20 km to the north
(Figs 1, 10A and 10B). It is U-shaped and up to
6 km wide and 25 to 30 m deep (Fig. 10C). Mul-
tibeam imagery and backscatter clearly shows
that the depression is covered by north-south
lineaments with forming depressions a few
metres deep and a few tens of metres wide
(Fig. 10D). High-resolution seismic lines show
that a 100 m thick, stratified sedimentary
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Fig. 7. Very-high resolution seismic profiles (Carambar cruise) through the recent sedimentary body forming the
western corner of the Little Bahama Bank and interpreted as a periplatform drift. (A) Downdip profile. (B) Strike
profile. Dashed lines indicate the location where profiles cross one another. See Fig. 1 for location.
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Fig. 8. Longitudinal high-resolution downdip seismic profile through the Little Bahama Bank drift filling a large
mass transport complex scar (Tournadour et al., 2015). See Fig. 1 for location.

structure  with  sub-parallel, low-amplitude
reflections borders the channel (Fig. 10C). The
shape and geometry of this large sedimentary
structure are different from south to north. In
the south (Fig. 1), the sediment body has a con-
vex symmetrical shape centred in the channel
axis. It thins towards its flanks with a dominant
aggrading trend (Fig. 4B). A topographic depres-
sion separates the mounded geometry from the
Great Bahama Bank slope on the eastern side
(Figs 4C and 10C). The sediment body thickens
in the basin and onlaps onto the Great Bahama

Bank slope (Fig. 4C). However, in the north, the
mounded geometry is partly obscured by slope
failure deposits and, because of this feature, the
sediment accumulation becomes dissymmetri-
cal.

The slope of Great Bahama Bank shows
numerous circular to elliptical structures inter-
preted as a cold water carbonate mound
(CWCM; Fig. 11). The mounds are usually elon-
gated in the current direction and terminate
with up to 1200 m long elongated scours with a
north/north-west orientation. These are located
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See Figs 1 and 7B for location.

between 450 m and 850 m water depth. For
most of them, the diameter varies between a few
tens to a few hundreds of metres and the height
from 10 to 80 m. The largest mound has a diam-
eter of 500 m for a height of 110 m. In the north-
ern part of Great Bahama Bank, mounds are
aligned in a downslope direction (east-west)
and grow on top of topographic highs (ridges)
separating downslope gullies and small
channels.

The backscatter also shows along-slope sur-
face sedimentary structures across the slope of
Great Bahama Bank with a large mass transport
complex (MTC; Fig. 11; Principaud et al,
2015). Structures are located at the top of
blocks that form topographic highs along the

hummocky sea floor tracing the top of mass
flow deposits (Fig. 11A and B). This hummocky
sea floor appears to favour bottom current-con-
trolled depositional and erosional processes.
Three types of sedimentary structures were
observed; (i) south-nmorth lineaments (50 m
wide and 4 km long; Fig. 11B); (ii) scours
(80 m wide, 300m long and 5 m high;
Fig. 11A); and (iii) giant crescent-marks or
comet-marks (Fig. 11B) that appear on the north
side of both large MTC blocks as well as
CWCM that cover the sea floor in this
area (Fig. 11A and C; Mullins et al.,, 1984;
Grasmueck et al., 2007; Correa et al., 2012a,b);
they show a concave termination in the
upcurrent direction.
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Fig. 10. (A) and (B) Bathymetric map and backscatter image (Carambar cruise) showing north-south trending,
slightly sinuous channel bordering the Great Bahama Bank slope just south of Bimini Islands and interpreted as a
contourite moat. (C) High-resolution multichannel seismic line showing the moat geometry. (D) Bathymetric cross-
section through the moat and through furrows along the moat floor. See Fig. 1 for location.
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Fig. 11. (A) and (B) Bathymetric map and backscatter image (Carambar cruise) showing alignment of cold
water coral mounds (CWCM) (red arrows) in the Santaren Channel in the distal part of the mass transport
complex described by Principaud et al. (2015). (C) Cross-section through giant comet marks. See Fig. 1 for

location.

Blake Plateau

The Blake Plateau is a very large plateau
extending over 280 km (east-west) and 480 km
(north-south) from north to south (W76°40/
W79°45 and N27°45/N31°20) and a mean water
depth of about 600 m (‘BP’ in Fig. 1). High-
resolution seismic profiles show five major
seismic unconformities separating six seismic
units. The lowermost unconformity (green
unconformity in Fig. 12) marks the top of a
very flat homogeneous stratified facies with
moderate amplitude parallel, mainly continu-
ous horizontal reflections (Unit 1 in Fig. 12).
Unit 2 consists of poorly stratified, low

amplitude reflections. This unit appears to be
largely eroded because the unconformity at the
top of Unit 2 (blue unconformity in Fig. 12)
locally merges with the basal unconformity.
Above this unit, the seismic record enables
identification of two major discontinuities sep-
arating sedimentary units (Unit 3 and Unit 4)
consisting of poorly laminated, low-amplitude
folded seismic facies downlapping onto the
erosional surfaces. The thickest unit (Unit 3)
shows parallel, discontinuous reflections that
are more continuous and have stronger ampli-
tudes upward. This unit progrades towards the
NNW and is affected by undulations with
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Fig. 12. High-resolution seismic line (Carambar 2 cruise) on the Blake Plateau showing the major unconformities
since the late Cretaceous and related seismic units. See Fig. 1 for locations.

large wavelengths (Fig. 12). The two overlying
units (Unit 5 and Unit 6) show high-amplitude
parallel reflections. In Unit 6, the continuous
reflector facies is laterally interrupted by trans-
parent seismic facies. In the SSW, the deposits
abruptly end at a steep submarine cliff and a
chaotic seismic facies developed at the toe of
this cliff.

Bahamas abyssal plain

Sedimentary structures indicative of bottom
current action are also encountered in the
deep part of the Bahamian sedimentary sys-
tem. Multibeam bathymetry map and associ-
ated backscatter data (Fig. 13A) imaged two
types of structures in waters deeper than
4500 m; (i) structures indicating a south-west/
north-east flow. This includes sediment waves
(sw1 and sw2 in Fig. 13B) that show an angle
of 45° with regard to the axis of the Samana
Channel and large-scale furrows (f1 in
Fig. 13B) that radially extend from the Exuma
Canyon mouth; and (ii) north-south running
lineaments parallel to the Bahama Escarpment
(f2 in Fig. 13B) which are interpreted as par-
allel, regularly spaced furrows (Fig. 13C).
These furrows can reach 30 km in length and
they appear quite continuous at map scale.
They are 100 m wide and from 3 to 10 m
deep (Fig. 13). Lineaments are associated with
dissymmetrical crude sediment wave-like bed-
forms (sw3 in Fig. 13B) with a steep flank
facing south, showing high backscatter, and a
smooth flank facing north with low backscat-
ter (Fig. 13D) indicative of a fill with low

reflectivity sediment. The mean wavelength is
about 500 m and the wave half-amplitude is
5m (Fig. 13D). The furrows disappear
towards the south and are replaced by sedi-
ment waves. In addition, there is a thin
wedge-shape structure with a layered seismic
facies lining the Blake Bahama Escarpment. It
is separated from the escarpment by a small
topographic depression (Fig. 14). A core from
the BACAR cruise was collected in this struc-
ture but more to the south (CI8108-30;
Fig. 13E; Droxler, 1984; Cartwright, 1985).
Cores collected on the San Salvador Abyssal
Plain (Droxler, 1984) and the related turbidite
system (Cartwright, 1985) show an alternation
of coarse-grained carbonated mass flow depos-
its and brownish silty-clays. The core shown
in Fig. 15 (CI8108-13) is located on a topo-
graphic high at 4820 m water depth in the
San Salvador Abyssal Plain (Droxler, 1984).
The core location is interpreted as a sedimen-
tary levée but has a more pelagic sedimento-
logical record than other deep BACAR cores
(Droxler, 1984). The XRF Sr/Ca curve shows
clear alternations of sediments with low Sr/
Ca values and brown clay sediments versus
high Sr/Ca values with no grain-size varia-
tions (Fig. 15). This curve does not show a
good correlation with 6'®0 stratigraphy as for
core CARKS21 (Fig. 9) but the isotopic curve
shows that white carbonate-rich sediments
are clearly correlated with interglacial stages
and brown clay-rich sediments are correlated
with glacial stages suggesting intensification
of the terrigenous signal (Al +K + Ti;
Fig. 15).
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(W) interpreted as contourite peaks (redrawn from Droxler, 1984, and Cartwright, 1985). M, mudstone.
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Fig. 14. High-resolution seismic line showing a small detached drift interpreted as resulting from the activity of
the Deep Western Boundary Current (DWBC). See Fig. 1 for location.

DISCUSSION

Contourite sequences and contourite drifts

Little Bahama Bank

The western end of Little Bahama Bank shows a
large, arcuate sedimentary body forming a sedi-
mentary wedge downslope, filling a topographic
depression (Figs 1, 7 and 8). The layered seismic
facies with low amplitude reflectors is the most
frequently observed seismic facies and relates to
the periplatform ooze and coarse-grained sedi-
ment bed alternations collected in cores
(Lantzsch et al., 2007; Chabaud et al., 2016).
The deposits display a vertical grain-size trend
with decimetre to multiple decimetre-thick
sequences formed by the superposition of coars-
ening-up and fining-up units interpreted as con-
tourites (Fig. 9; Gonthier et al., 1984). The peak
in grain-size corresponds to a packstone with
wackestone at base and top. The intense biotur-
bation and the grain-size trend are consistent
with the classical contourite sequence defined
by Gonthier et al. (1984) and suggests overall
low sedimentation rates (Chabaud, 2016; Cha-
baud et al.,, 2016). The composition of the
deposits varies concomitantly with variations in
sea-level with coarser high magnesium calcite
dominated deposits mainly occurring at the
transitions from glacial to interglacial and inter-
glacial to glacial stages, while finer intervals
show higher aragonite contents and higher
organic contents than the typical periplatform
ooze deposits (Lantzsch et al., 2007; Chabaud,
2016; Chabaud et al., 2016). Chabaud et al.

(2016) demonstrated that the overall bi-grada-
tional grain-size trend in the carbonate con-
tourite can be interpreted similarly to those
observed in siliciclastic sequences, i.e. an accel-
eration followed by a deceleration of a contour
current through time. The genesis of the con-
tourite peak, however, is quite different. In sili-
ciclastic sequences, the contourite peak
corresponds to a combination of both acceler-
ated currents along the sea floor and increased
sediment supply potentially associated with
increased winnowing of fine-grained particles.
In the carbonate contourite sequences of Little
Bahama Bank, the contourite peaks are associ-
ated with a sea-level lowstand. However, in a
carbonate system, the lowstand (glacial periods)
is associated with an almost complete starvation
of the bank-derived particle supply because the
carbonate factory on the adjacent carbonate bank
is shut down. Consequently, the carbonate con-
tourite peak corresponds to currents with
enhanced velocity increasing fine particle win-
nowing, very low sedimentation rates
(<3 cm ka ') and reorganization of the slope
sediments. The overall carbonate contourite
sequence is thus generally thinner (centimetres
to a few decimetres thick) than the equivalent
siliciclastic contourite sequence (a few decime-
tres to metres thick). In addition, in siliciclastic
systems there are usually several contourite
sequences in each glacial, each being associated
with a cold episode whilst in carbonate, poor
vertical resolution does not allow the distin-
guishing of more than one sequence during each
glacial. Because of their higher porosity,
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carbonate contourite peaks are usually partially
cemented. In addition, the composition of the
contourite sequence over time will depend both
on the sediment source (switching on/off of the
shallow carbonate factory) and on the increase
or decrease of the current strength. During rela-
tive sea-level highstands [interglacial with sea-
level more than —6 m present-day relative sea-
level (PDRSL)], the currents interact with the
off-bank sediment export from the platform and
contourites are formed consisting of periplat-
form ooze. During these time intervals the sedi-
mentation rate is relatively high (10 to
30 cm ka ). The Antilles Current has a low
energy and flows at shallow water depth
(400 m). When sea-level drops (interglacial with
sea-level ranging between —6 m and —40 m
PDRSL), the contourite is fed by carbonate
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Fig. 15. Core CI8108-13 (Bacar
cruise) showing the lithology, grain-
size (D50) and X-ray fluorescence
curves for selected elements

(Al + K + Ti/Ca + Sr and Sr/Ca;
from Schmitt, 2013). Note the
alternation of brownish clays and

é white carbonated pelagic mud and

the good correlation between the
Sr/Ca curve and d'?0 isotopic curve
defining glacial and interglacial
stages. Red numbers correspond to
Marine Isotopic Stages (MIS). See
Figs 1 and 13 for location.

sediment production on the marginal terraces
surrounding the platform. It shows wackestone
facies including aragonite mud with few plank-
tonic organisms (Chabaud, 2016; Fauquember-
gue et al., 2018). Grains are coarser than during
highstands but sedimentation rate is low (2 to
10 cm ka™'). During lowstands, sediment supply
and sedimentation rates are very low. The sedi-
ments show a packstone facies enriched in
planktonic foraminifera and pteropods (Cha-
baud, 2016), and contourites essentially form at
greater water depth (600 m) following the deep-
ening of the strong intensity Antilles Current.
This is also consistent with strengthening and
deepening of the Florida Current in the North
Providence Channel, similar to what was
observed by Brunner (1975) in the Strait of Flor-
ida. The typical intensely-bioturbated mottled
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facies of Gonthier et al. (1984) in the siliciclastic
contourite facies model is very difficult to iden-
tify in a carbonate contourite because the car-
bonate sequence is condensed and because of
very small variations in grain-size. Additionally,
it was not possible to identify ichnofacies.

The large oblong sedimentary body is inter-
preted as a large contourite drift. Morphologi-
cally, it resembles a detached drift (Faugeres
et al., 1999) but because it is supplied by car-
bonate platform-derived material it can be also
classified as a periplatform drift (Betzler et al.,
2014). Its particular shape is related to merging
of a westward flowing Antilles Current and a
northward flowing Florida Current (Figs 1 and
2). The resulting current flows northward
explaining why the drift is mainly aggrading
with a small northward prograding trend (Figs 7
and 8). The drift fills a large depression inter-
preted as a failure scar that was formed by a
large mass transport complex (MTC) that
occurred during the late Miocene (Fig. 7;
Tournadour, 2015; Tournadour et al, 2015).
Tournadour et al. (2015) suggested that the
acceleration of the Antilles Current along the
Little Bahama Bank slope observed during this
period as marked by a large unconformity could
result in increased sedimentation rates and over-
loading of the slope, which would represent a
major preconditioning factor of the release of
the MTC.

Great Bahama Bank

Along the Great Bahama Bank slope, the
mounded stratified morphology prograding
upslope, as shown by toe of slope onlapping
reflectors, can also be interpreted as a large con-
tourite drift (Fig. 4C). This drift (the Santaren
Drift) occurs in the basin at water depth greater
than 850 m and extends longitudinally from the
Santaren Channel in the south to 25°N. It is about
200 km long, 50 to 60 km wide and 400 to 600 m
thick from north to south (Fig. 1 and Table 1).
This is consistent with the interpretation of Aus-
tin et al. (1986) and Schlager et al. (1988) who
recognized Langhian contourite deposits at ODP
Site 626. In the southern part, the symmetry of
the deposits suggests that they form a mounded
drift according to Bergman (2005) and a confined
drift according to Liidmann et al. (2013) and the
classification of Faugeres et al. (1999) (Fig. 4B).
In the northern part, the asymmetrical geometry
indicates a separated drift (Fig. 4C; Faugeres
et al., 1999). At this location, the drift is bordered
by a moat (Fig. 10A to C). The seismic line in
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Fig. 4C shows that a palaeomoat exists and that
this separated drift is not a recent feature at this
location. Cores from ODP Site 1006 document
that this seismic unit consists of very fine-grained
stratified aragonite-rich (up to 85%) periplatform
ooze with minor high magnesium calcite, low
magnesium calcite, dolomite and quartz (Table 1;
Eberli et al., 1997a,b; Rendle et al., 2000; Rendle-
Bithring & Reijmer, 2005; Principaud et al.,
2018).

In addition to the north to south morphologi-
cal variation of the drift (Fig. 4), there is a
change in the nature and texture of the sediment
forming the contourites. In the southern part,
contourites are dominated by carbonate muds
(nannofossil ooze/chalk in ODP Site 1006;
Fig. 1; Table 1; Austin et al., 1986; Eberli et al.,
1997a,b; Rendle et al., 2000; Rendle-Biihring &
Reijmer, 2005). Coarser deposits including pack-
stones and grainstones characterize the northern
part (ODP Site 626; Fig. 1; Table 1; Austin et al.,
1986). This coarsening is interpreted as the
result of the current acceleration from the Santa-
ren Channel to the Straits of Florida. At present-
day, the Florida Current seems particularly ero-
sive along the Bimini slope (Fig. 10). This is
shown by the occurrence of medium to coarse
foraminiferal sand with a reduced percentage of
mud-size particles beyond 800 m water depth.
The north-south evolution of grain-size (coars-
ening northward) is consistent with drift evolu-
tion from symmetrical mounded drift to a
separated drift with a clear erosional moat. Both
suggest intensification of the current from south
to north along Great Bahama Bank.

The drift morphology also changed over time
(see also Paulat et al., 2019). The morphology
was flat during the Langhian and became more
and more convex during the Miocene, and at the
same time showed increased interbedding with
slope deposits. During the lower Pliocene, drift
aggradation increased and the drift migrated
rapidly upslope forming an increasingly more
pronounced moat (Fig. 4C). Influence of a down-
cutting current resulting in an increasing moat
morphology has also been suggested by Reijmer
et al. (2002). Since the upper Pliocene, the moat
begins to act as a trap for mass flow deposits
moving downslope (debrites and MTC) and pre-
vents them from spreading into the basin
(Fig. 4C). For very large mass transport com-
plexes, the convex-up morphology of the drift
acts as a decollement surface and allows
the extension of deposits down to the basin
(Principaud et al., 2015).
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Blake Plateau

The seismic units and unconformities observed
on the Blake Plateau are partially consistent with
those defined for the giant drift forming the Blake
and Bahama Outer Ridge (Fig. 12; Benson et al.,
1978; Shipley et al., 1978). The seismic units cov-
ering the Blake Plateau show well-stratified, lay-
ered, slightly undulated deposits with moderate
seismic amplitude corresponding to a plastered
drift geometry that covers a large surface of the
plateau, sometimes forming a small detached
drift when filling ancient slide scars (Fig. 12).
The major drift bodies show downlap or onlap
geometries defining major unconformities. The
first unconformity is marked by a high-amplitude
reflector located at the top of Unit 1 and is charac-
terized by laminated continuous seismic facies
(Fig. 12; Sheridan et al., 1978). This unit is inter-
preted as the Jurassic—Cretaceous carbonate plat-
form that was flooded during the Cenomanian
sea-level rise. Consequently, this first unconfor-
mity corresponds to the A" reflector (top Cenoma-
nian; Benson etal, 1978). The second
unconformity (Merlin reflector) follows the top
Cenomanian unconformity, in parts running par-
allel to it but also merging with it (Fig. 12) and is
interpreted as the Eocene-Oligocene boundary
(Sheridan et al., 1979). The current that formed
the latter is a deep current flowing at a water
depth >2000 m. During the Eocene, the strength
of the current along the sea floor at the Blake Pla-
teau was not strong enough to erode the entire
Eocene series as shown at the Blake and Bahama
Outer Ridge (Fig. 12; Sheridan et al., 1979). How-
ever, at places where the Eocene has been eroded,
the sedimentary hiatus covers a period extending
from the Cenomanian to the Eocene-Oligocene
boundary, i.e. almost 60 Ma. A key point is the
presence of folds affecting Unit 3. The folds are
assumed to be related to a major folding period
related to the growth of the Santaren Anticline
during the Oligocene (Masaferro et al., 2002).
During this period, the feature illustrated in
Fig. 12 would relate to large mass sliding over a
detachment surface corresponding to the Eocene—
Oligocene unconformity. The folds would thus
correspond to compressional folds and the pres-
ence of extensional faults upslope is consistent
with this interpretation. The unconformity form-
ing the top of Unit 3 is proposed to be the top Oli-
gocene unconformity as recognized on the Blake
Bahama Outer Ridge (Sheridan et al., 1979). The
two upper discontinuities occurring in the upper
part of the series can be correlated with those

defined on the Blake and Bahama Outer Ridge,
i.e. the late Miocene and late Pliocene unconfor-
mities, respectively (Fig. 12; Sheridan et al.,
1979). The eustatic lowstand in the early Miocene
led to the combined intensification of the Gulf
Stream in the study area and its shift to a more
south-easterly location (Faugeres & Stow, 2008).
At present day the sea floor of the Blake Plateau
lies between 1400 m and 1500 m water depth
and during the Neogene the eustatic change did
not exceed 150 m (Waelbroeck et al.,, 2002).
Hence, it seems unrealistic that the thick con-
tourite deposits bounded by the unconformities
are related to the activity of the warm, Gulf
Stream surface current. As suggested by Faugeres
& Stow (2008), it is more likely that the most
recent contourites (Pliocene and possibly early
Pleistocene) that contributed to the formation of
perched drifts on the Blake Plateau (Fig. 12) are
related to the interaction of the Gulf Stream with
the upper part of the Deep Western Boundary
Current (DWBC) (Pinet & Popenoe, 1985). How-
ever, it seems that the most recent contourite
accumulation occurs in slide scars or in small
gateways allowing local current acceleration. The
top of unit 6 shows mostly horizontal reflectors
suggesting that the most recent deposition on the
Blake Plateau is dominated by hemipelagites and
that the Cenozoic contourite accumulation at this
location is not currently active in the widespread
flat areas forming the plateau. Results from Moal
(2018) show that hemipelagite deposition has
occurred at least since MIS 8. These hemipela-
gites are enriched in terrigenous clays during gla-
cial periods either because of wind reinforcement
or because of strengthening of the DWBC (Moal,
2018). Today the major unconformity acts as a
decollement surface and gliding plane releasing
large retrogressive planar slides towards the large
Great Abaco Canyon (Mulder et al., 2018a,b).

San Salvador Abyssal Plain

Deposition by contour currents is also evidenced
in the deepest part of the system (Fig. 15). Core
CI8108-13 shows clear alternations of white sed-
iments with little grain-size variation (normal or
reverse grading) and brown clay sediments with
no grain-size variation (Fig. 15) consistent with
observation of similar clay beds in other cores
from the San Salvador area (Fig. 15; Cartwright,
1985). The Sr/Ca signal exhibits little variation,
probably related to the important dissolution at
this water depth (>4000 m) or little aragonite
supply. The Al + K + Ti signal shows a clear
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correlation with the MIS chronology. This corre-
lation is consistent with both intensified trigger-
ing of mass flow processes because of
overloading related to higher production during
interglacial periods with a large area of flooded
platform (highstand shedding) and to intensified
and thicker DWBC during glacial periods (Sch-
mitt, 2013). The terrigenous input is clearly
intensified during glacial stages. The analysis of
several cores of the Bacar cruise (Schmitt, 2013)
suggests that the carbonate particles forming the
white layers are derived from the platform and
are deposited through downslope carbonate
gravity-flow processes. Conversely, brown layers
would correspond to a supply by along-slope
processes (fine-grained contourites). The clay
deposited at this location most likely originated
from the Irminger Basin (Greenland; Cartwright,
1985).

Accordingly, the mounded wedge-shaped
structure observed along the Bahama Escarp-
ment (Fig. 14) can be interpreted as a small
detached drift built by the DWBC. The depres-
sion could be a small moat and/or a detachment
surface related to the sliding of the contourite
deposits along the Bahama Escarpment. Using
this interpretation, the coarser wackestone layers
observed in core CI8108-30 between 120 cm and
130 cm and between 490 cm and 510 cm could
be reinterpreted as contourites rather than tur-
bidites (Droxler, 1984; Cartwright, 1985).

Erosion by contour currents
Structures forming a negative topography
observed on the Little Bahama Bank slope do
not show evidence of flow directions (Fig. 5).
The resolution of the backscatter image does not
allow determination of whether they are either
shallow erosional furrows or shallow depres-
sions in between depositional patches. In both
cases, they indicate either erosion of indurated
substratum, or erosion of previously deposited
soft sediment eroded by a stronger current.
These erosional structures could be related to
the Antilles Current down to 900 m water depth
(Fig. 5A) but at greater water depths they proba-
bly are related to deeper currents forming the
top of the North Atlantic Waters (DWBCG;
Fig. 5B; Meinen et al., 2004). This would be
consistent with the eastward bending of low-
backscatter patches at the mouth of the canyons
characterizing the slope of Little Bahama Bank
(Fig. 5).

Along Great Bahama Bank, the sea floor at the
moat shows scours and comet marks (Fig. 11).
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According to Werner et al. (1980) and Stow
et al. (2009), giant comet marks result from ero-
sion by energetic bottom currents, the scour
length being relative to both the obstacle height
and the current speed. This suggests the impact
of a high-energy, north-pointing bottom current
at this location (Grasmueck et al., 2007; Correa
et al., 2012a,b). In the MTC area of Great
Bahama Bank (Principaud et al., 2015), the cur-
rent direction is clearly indicated by the giant
comet marks that occur downflow of the CWCM
and blocks, a feature also observed by Liidmann
et al. (2016) (Fig. 11C). Tournadour (2015) inter-
preted the erosive furrows as the outcropping
Pleistocene erosion surface. The bottom current
cut the erosive furrows suggesting that current
activity was high during the Holocene.

Along slope (contour currents) and downslope
processes (gravity flows) interactions
The seismic section along the Great Bahama
Bank slope (Fig. 4C) shows that the major con-
tourite drift characterizing the basin floor con-
tains gravity flow deposits that interfinger with
the contourite deposits and are trapped and con-
fined by the contouritic moat (Anselmetti et al.,
2000; Principaud et al., 2015). At places, these
gravity flow deposits partially or totally fill the
moat (Rendle et al., 2000; Principaud et al.,
2015; Schnyder et al.,, 2016; Wunsch et al,
2018). The Santaren Drift displays two distinct
building phases (Langhian to Messinian and
post-Pliocene) that are interrupted by toe of
slope collapse events that occurred during the
Pliocene and formed MTCs interbedded with
the contourites (Fig. 4C; Anselmetti et al., 2000;
Principaud et al., 2015). This sedimentation pat-
tern suggests that gravity flows and contour cur-
rents are active at the same location, and that
contour current deposits and gravity slope
deposits interact continuously along the more
than 270 km long slope of the western Great
Bahama Bank. This interaction is active since
the Langhian (Principaud et al., 2018).
Low-backscatter patches at the mouth of the
small canyons dissecting the Little Bahama Bank
slope were interpreted as furrows formed in the
distal part of the depositional system (Fig. 5).
The eastward bending of these furrows indicates
that the gravity flows at the origin of both can-
yons and downslope-elongated furrows are
deflected by an eastward moving (along-slope)
flow. This is consistent with the presence of
along slope erosive lineaments cross-cutting the
downslope-elongated structures (Fig. 5). It is
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proposed that the current flowing along the sea
floor removed the finest carbonate particles
transported by low-density turbidity currents
flowing down the canyon axis. The removal of
fine-grained particles would explain the cemen-
tation front as described by Tournadour (2015)
for deposits occurring at ca 1100 m water depth.
The increase in permeability of coarser grained
sediments could favour increased cementation
and enhanced diagenesis, a process that was
also observed by Grammer et al. (1999). Finally,
the current could also supply sufficient oxygen
and nutrients to these surroundings enabling
CWCM growth. The occurrence of pteropod beds
in cores located in depressions of the lower Lit-
tle Bahama Bank slope also suggests selective
sediment concentration by currents (Chabaud,
2016; Chabaud et al., 2016).

The most probable area with evidence of the
interaction between contour-currents and down-
slope processes is the large submarine sedimen-
tary system of the San Salvador Abyssal Plain
(Fig. 13A). The carbonate turbidite system
(Mulder et al., 2018a,b) shows evidence for
both downslope sedimentary processes and
along-slope currents. The sediment waves with
their crest perpendicular to the Samana Chan-
nel axis (sw1 and sw2 in Fig. 13B) and the fur-
rows extending radially from the canyon mouth
(f1 in Fig. 13B) have been interpreted as result-
ing from the spill-over of high energy turbidity
currents along the left-hand side levée (Mulder
et al.,, 2018a,b). The features observed on the
sea floor morphology include erosive north—
south elongated furrows indicating the impact
of an energetic north-south flowing current (f2
in Fig. 13B). The sediment waves with their
crests oriented in an east-west direction can be
interpreted as resulting from the same north-
south current but with less energy (sw3 in
Fig. 13B). The dissymmetry of the sediment
waves suggests that the current is probably
flowing southward (Fig. 13) that most likely is
linked to the flow of DWBC water masses. The
water depth is consistent with the DWBC activ-
ity along the Blake and Bahamas Outer Ridge
but is deeper than the water depth measure-
ments of Lee et al. (Fig. 3B; 1990). Cartwright
(1985) also proposed that the sediment waves
observed in the San Salvador area relate to the
activity of DWBC and suggested that the pres-
ence of this energetic current resulted in an
incomplete turbidite fan system and the pres-
ence of an important hiatus in the outer por-
tion of the fan. The transition from furrows to

sediment waves suggest a DWBC deceleration
southward with the hypothesis that both fur-
rows and waves have been formed in the same
time period. The presence at this location of
sedimentary features indicating both activity of
downslope mass flow processes and along-slope
currents suggests strongly that both processes
could interact during some periods. In particu-
lar, the particles transported by the low veloc-
ity downslope processes can be pirated by the
high-energy gravity flow and, conversely, parti-
cles carried further out by very low-energy
downslope processes could be pirated by per-
manent contour currents at this location. Simi-
lar interactions between mass flow processes,
in particular turbidity currents and contour cur-
rents (NADW) should similarly occur at a lesser
scale at the mouth of Great Abaco Canyon and
Little Abaco Canyon (GAC and LAC in Fig. 16).

Cold water carbonate mounds as indicators of
contour currents

Lidmann et al. (2016) demonstrated the link
between the presence of cold water carbonate
mounds (CWCM) and bottom currents (Antarctic
Intermediate Water and Subtropical Underwater)
in the Santaren Channel, between 285 m and
685 m water depth, off Cal Say Bank and Great
Bahama Bank. The CWCM are preferentially
developed in moats. Their location depends on
the nutrient and oxygen supply by bottom cur-
rents (Neumann et al.,, 1977; Mullins et al.,
1981). The CWCM localized on the middle slope
of Little Bahama Bank correspond to true CWCM
with living corals (type 1 of Liidmann et al.,
2016) and consequently they are preferentially
elongated in the downcurrent direction. They
can be considered as active current markers and
the main control parameters seem to be related
to hydrodynamics, although the sedimentation
rate, the nature of the substrate and the presence
of fluids can also be control parameters (Neu-
mann et al., 1977; Mullins et al., 1981; Messing
et al., 1990; Correa et al., 2012a,b; Lidmann
et al.,, 2016). Consequently, along-slope align-
ments of CWCM mark the trajectory of the Antil-
les Current along the middle slope of Little
Bahama Bank and parabolic scours are devel-
oped in the downcurrent direction. These
mounds also act as passive current markers.
Similar structures are described by Wunsch
et al. (2016) for the northern slopes of Cay Sal
Bank where they are up to 700 m long and point
south/south-west (Betzler et al., 2014; Wunsch
et al., 2018).
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Fig. 16. Map of the Bahamas showing coverage of present-day knowledge of sediment transport and reworking
including platform export (tidal flushing and density cascading), slope triggering (slides and mass transport com-
plexes), downslope gravity flows (mainly turbidity currents) and contour currents related either to deep or shal-
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At the western end of Little Bahama Bank, the
rounded depressions observed are interpreted as
pockmarks (Tournadour et al., 2015). The topo-
graphic highs within these pockmarks are inter-
preted as CWCM and would correspond to the
type 2 mounds of Lidmann et al. (2016). They
are not related to currents but rather to sub-bot-
tom fluid escape. The fluid escape structures are
associated with the large mass failure described
by Tournadour (2015) and Tournadour et al.
(2015) forming a large negative topography. This
topography corresponds to the plane failure that
followed the late Miocene unconformity and
now is filled by sediments generating a layered
echofacies interpreted as contourite deposits

(Tournadour, 2015; Tournadour et al., 2015).
The type 3 mounds of Lidmann et al. (2016)
consist of blocks colonized by macro-epibenthos
(for example, Gorgonia). These communities can
sometimes transform to type 1 mounds of
Lidmann et al. (2016) when the summit
becomes fully colonized by cold water corals.
They are also underlined by crescent scours in
the upstream direction and thus act also as pas-
sive current markers. The observed structures
along the Great Bahama Bank slope (Fig. 11)
resemble this type. The associated giant comet
marks correspond to the scours described by
Wunsch et al. (2016) and the parabolic scours of
Lidmann et al. (2016) from the upper slope of
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Great Bahama Bank, and on the side of the San-
taren Channel at ca 600 m water depth.

Sedimentary processes in the Bahamian
archipelago

The Bahamas shows various sedimentary pro-
cesses. Sediment is exported from the platform
through tidal flushing (Fig. 16; Mulder et al.,
2017) or density cascading (Wilson & Roberts,
1995). It can directly form turbidity currents on
steep slopes (Mulder et al., 2018a,b) that may
interact with contour currents. If deposited on
slopes, sediment can be reactivated by mass fail-
ure and supply mass flow deposits that may
interact with contour currents (Crevello & Sch-
lager, 1980). Finally, contour currents can
rework deposited deep sediment or winnow
deposits and activate cementation; they also
form erosional structures and deposits in partic-
ular when interacting with sea floor topography
including CWCM.

CONCLUSIONS

The data collected during the Carambar cruises
provided new insights into contourite deposi-
tional systems surrounding the Bahamian Archi-
pelago. Structures observed on the present-day
sea floor in seismic data indicate that the con-
tour currents act at various water depths. The
drifts surrounding the Bahamas are either
related to surface currents or to deep bottom
currents.

Sea-floor morphology has a strong impact on
drift development. Little Bahama Bank and Great
Bahama Bank drifts mainly develop following
current expansion after passing the Strait of Flor-
ida and releasing sediment on the sides as well as
sediments derived from the shallow parts of Little
Bahama Bank and Great Bahama Bank.

The Bahamian slopes show a large variety of
carbonate-dominated contourite drifts and con-
tourite sequences. Only the deep-seated contour-
current deposits located at the toe of the Bahama
Escarpment have dominant siliciclastic content.
The carbonate nature of the sediment, however,
does not result in a drift morphology that is
substantially different from those observed in
siliciclastic or volcaniclastic sedimentary envi-
ronments. Similar to what is observed in silici-
clastic environments, carbonate drifts are
essentially made up of fine-grained to very fine-
grained material.

Major erosion surfaces recognized in other
parts of the North Atlantic Ocean from the
Langhian are also visible in the shallowest part
of the Bahamian carbonate system (<1500 m
water depth). These unconformities are particu-
larly well-marked in the Straits of Florida and at
the southern end of the Blake Plateau; they are
related to changes in thermohaline circulation
as a result of geodynamic, eustatic and climato-
eustatic changes. These changes are related to
the closure of the Central American Seaway and
the formation of the Panama Isthmus that pro-
gressively occurred during middle and upper
Miocene, between 15 Ma and 3:6 Ma. This
major geodynamic change led to the establish-
ment of present-day thermohaline circulation.
Climato-eustatic changes were thus subordinate
to these geodynamic changes and had a lesser
but significant impact on contourite drift
growth.

The deep-water current impact differs for the
Santaren Drift where currents are situated at the
toe of slope of Great Bahama Bank and a current
is located at shallower locations; this determines
the shape and position of the contourite drifts
through time. The vertical evolution of the car-
bonate contourite sequence situated north-west
of Little Bahama Bank shows a bi-gradational
trend in grain-size related to a change in current
velocity, similar to what is known from silici-
clastic systems. However, carbonate contourite
sequences are very condensed because of low
sedimentation rates during glacial periods. The
vertical nature of the contourite changes in rela-
tion to the source of the carbonate that depends
strictly on variations in relative sea-level. During
high sea-level, when the platform top is flooded,
sediment supply is dominated by aragonite
mud. With low sea-level exposing the platform
top, the contourite is progressively enriched in
planktonic foraminifera and pteropods, indicat-
ing that the major part of the biogenic fraction is
produced in the open ocean water column. The
contourite peak in grain size corresponds to an
acceleration of the bottom currents, similar to
what is observed for siliciclastic sediments, but
is also associated with a decline in sediment
supply in a carbonate system, whilst in silici-
clastic systems it is frequently associated with
higher sediment supply. The grain-size increase
during the peak phase of the contour current is
also related to increased winnowing that leads
to cementation of the packstone facies.

Impact of hydrodynamics on cold water car-
bonate mound development seems to be
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important. The cold water carbonate mounds on
Bahamian slopes develop either in current direc-
tion or on topographic highs to improve their
nutrient and oxygen supply. That is an active
interaction. In addition, cold water carbonate
mounds also impact current hydrodynamics and
locally generate erosion or induce deposition.

Downslope (mass flow) and along-slope (bot-
tom current) processes are frequently active in
the same area in the Bahamian system and can
potentially interact. This leads to local enrich-
ment of coarse material in contourites. Retroac-
tively, drift growth can lead to confinement of
gravity processes in contour -current-related
topographic lows (moats).
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