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Key Points:
● Paleocene to early Eocene rifting and middle Eocene spreading generated the
asymmetrical Grenada Basin, initially wider in the south
●

The southern Lesser Antilles Arc rose in the late Oligocene-Miocene as a result of
tectonic shortening in the southeastern Grenada Basin

● The initially subaerial Aves Ridge has subsided since at least the middle Eocene, with
a slowdown or even an uplift in the late Oligocene
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The Grenada Basin separates the active Lesser Antilles Arc from the Aves Ridge, described as
a Cretaceous-Paleocene remnant of the ‘Great Arc of the Caribbean’. Although various
tectonic models have been proposed for the opening of the Grenada Basin, the data on which
they rely are insufficient to reach definitive conclusions. This paper presents a large set of
deep-penetrating multichannel seismic reflection data and dredge samples acquired during the
GARANTI cruise in 2017. By combining them with published data including seismic
reflection data, wide-angle seismic data, well data and dredges, we refine the understanding of
the basement structure, depositional history, tectonic deformation and vertical motions of the
Grenada Basin and its margins as follows: 1) rifting occurred during the late Paleocene-early
Eocene in a NW-SE direction and led to seafloor spreading during the middle Eocene; 2) this
newly formed oceanic crust now extends across the eastern Grenada Basin between the
latitude of Grenada and Martinique; 3) asymmetrical pre-Miocene depocenters support the
hypothesis that the southern Grenada Basin originally extended beneath the present-day
southern Lesser Antilles Arc and probably partly into the present-day forearc before the late
Oligocene-Miocene rise of the Lesser Antilles Arc; 4) the Aves Ridge has subsided along
with the Grenada Basin since at least the middle Eocene, with a general subsidence slowdown
or even an uplift during the late Oligocene, and a sharp acceleration on its southeastern flank
during the late Miocene. Until this acceleration of subsidence, several bathymetric highs
remained shallow enough to develop carbonate platforms.

1. Introduction
The Grenada Basin is bounded to the east by the active Lesser Antilles Arc, to the west by the
north-south trending Aves Ridge, commonly described as a Cretaceous-Paleocene remnant of
the ‘Great Arc of the Caribbean’ (Burke, 1988), and to the south by the transpressional plate
boundary with South America (Figure 1). This setting led previous authors to propose various
models for the origin of the Grenada Basin, most of them assuming the basin to be at least
partly floored by oceanic crust that was formed during the Paleogene (e.g. Bouysse, 1984;
Kearey, 1974; Pinet et al., 1985). These models involve very different mechanisms, such as
trapping of Atlantic crust (Donnelly, 1975; Malfait & Dinkelman, 1972), back-arc extension
(Allen et al., 2019; Bird et al., 1999; Bouysse, 1988; Tomblin, 1975), forearc extension
(Aitken et al., 2011) or intra-arc detachment faulting (Arnaiz-Rodríguez & Audemard, 2018;
Pindell & Kennan, 2009). As previous seismic surveys focused on specific parts of the
Grenada Basin and did not explore the complete back-arc region, the data available so far
have not yet led to any definitive conclusions.
Besides the origin of the Grenada Basin, several related issues therefore remain not
completely resolved, including 1) its age of formation and the direction of extension (and
possibly seafloor spreading) when the basin opened; 2) the lateral extent of the suspected
oceanic crust and its relations with the basin margins; 3) the overall sediment distribution over
the back-arc area; 4) the vertical motions and their paleogeographic implications, especially
for the Aves Ridge (Iturralde-Vinent & MacPhee, 1999).
To answer such questions, this study aims to provide a comprehensive view of the basement
structure and sedimentary architecture of the Grenada Basin and its margins. In this paper we
present seismic reflection data acquired in the Lesser Antilles back-arc during the GARANTI
cruise (Lebrun & Lallemand, 2017) (Figure 2). We integrate these data with wide-angle
seismic data acquired along three profiles in the study region (Padron et al., in press).
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2.1. Plate tectonic setting
The Grenada Basin is located along the eastern Caribbean plate margin, under which the
Atlantic lithosphere of the North and South American plates is subducting. North and south,
this arcuate subduction zone turns into east-west strike-slip plate boundaries accommodating
the eastward motion of the Caribbean plate relative to the American plates (Figure 1), which
is currently about 20 mm/yr according to GPS studies (DeMets et al., 2000; Jouanne et al.,
2011; Pérez et al., 2001, 2018; Reinoza et al., 2015; Weber et al., 2001). In the south, the El
Pilar right-lateral and transpressional strike-slip fault zone (Figure 1) may be the surface
expression of a Subduction-Transform Edge Propagator (STEP) formed due to lithospheric
tearing in the South American plate (S. A. Clark et al., 2008; Govers & Wortel, 2005).
Most studies assume that the oceanic interior of the Caribbean Plate developed as an oceanic
plateau (Caribbean Plateau) upon the Pacific plate during the Late Cretaceous as it migrated
to its current position between the North and South American plates (Pindell, 1994). In plate
kinematic reconstructions (Boschman et al., 2014; Pindell & Kennan, 2009), this eastward
migration relative to the American plates has been accompanied by continuous west-dipping
subduction of Atlantic (proto-Caribbean) lithosphere beneath the eastern Caribbean plate
margin, thereby forming the ‘Great Arc of the Caribbean’ (Burke, 1988). Cretaceous to

Paleocene remnants of this arc are found in the Greater Antilles (Iturralde‐Vinent et al., 2016;
Jolly et al., 2008), Aves Ridge (Bouysse et al., 1985; Fox et al., 1971; Nagle, 1972; Neill et
al., 2011), and Leeward Antilles (Neill et al., 2011; Santamaría & Schubert, 1974; J. E.
Wright & Wyld, 2011). During the Cenozoic, the Caribbean and South American plates
converged obliquely (Pindell & Barrett, 1990). This resulted in transpressional deformation
that propagated in a diachronous way over 1500 km from western Venezuela to the current
point of convergence offshore Trinidad (Babb & Mann, 1999; Escalona & Mann, 2011;
Pindell et al., 1991). South of the Grenada Basin, the consequent deformation front extends
from the southern end of the Aves Ridge (Los Hermanos spur) to the island of Carriacou in
the Grenadines (Figure 1) (Aitken et al., 2011; Pindell & Kennan, 2007; Pinet et al., 1985;
Ysaccis, 1997). This front has not been active since ~10 Ma (Pindell & Kennan, 2007), as
post-middle Miocene sediments seal transpressional deformation (Aitken et al., 2011).

2.2. The Grenada Basin and neighboring arcs

The up to 150 km-wide crescent-shaped Grenada Basin is bounded to the west by the Aves
Ridge, to the east by the Lesser Antilles Arc (Figure 1), and to the south by the shallow
Venezuelan continental shelf (~100 m deep), on which lies the inverted Carúpano Basin
(Ysaccis, 1997) (Figure 2). Between 12°N and 15°N, the basin has a flat seafloor and water
depths ranging from 2900 to 3000 m. North of 15°N, the bathymetry becomes shallower and
rougher. In the southern Grenada Basin, wide-angle seismic surveys have revealed a sediment
thickness of up to 13 km deposited upon an igneous crust with oceanic-type geophysical
properties (Allen et al., 2019; Boynton et al., 1979; Christeson et al., 2008). The thick
sedimentary fill and the low heat-flow values in the Grenada Basin (T. F. Clark et al., 1978;
Manga et al., 2012) suggest that the crust is older than 40 Ma (Bouysse, 1988; Holcombe et
al., 1990).
The Aves Ridge is a NS-trending submarine edifice that extends over 600 km from La
Blanquilla Island in the south to the Saba Bank in the north (Figure 1). The ridge rises about
2000 m above the adjacent Venezuela and Grenada basins, with local highs reaching up to a
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few hundred meters below the sea surface. One of them partly emerges and forms the Aves
Island (Figure 2). Prominent straight north-south trending ridge crests characterize the
western flank, whereas the eastern flank has a convex shape and lower reliefs. From 13 to
17°N, the Aves Ridge has an average width of 140 km. South of 13°N, the ridge progressively
narrows down to 30 km. The slope of the eastern flank dips about 5° in the north and becomes
steeper to the south (> 25°), trending N30°, as the ridge narrows (Figure 1). The Aves Ridge
is described as a segment of the Great Arc of the Caribbean that formed at ~80-75 Ma (Neill
et al., 2011), based on calc-alkaline rocks dredged on Los Hermanos Spur (Fox et al., 1971;
Nagle, 1972) (dredge locations in Figure 2). Granodiorites exposed on La Blanquilla Island
(Figure 1) represent the youngest arc rocks related to the Aves Ridge with an age of ~59 Ma
(J. E. Wright & Wyld, 2011).
The Lesser Antilles Arc results from the subduction of the Atlantic oceanic lithosphere of the
American plates beneath the Caribbean plate. It extends over 850 km from the Venezuelan
continental margin to the Anegada Passage (Figure 1). North of Martinique, the arc splits into
two segments: the extinct ‘outer arc’, also known as the ‘Limestone Caribbees’, in the east
and the active ‘inner arc’ in the west (Figure 1). Both segments are built on an extinct
Cretaceous arc, which is exposed on La Désirade Island, east of Guadeloupe (Bouysse &
Guennoc, 1983; Corsini et al., 2011; Neill et al., 2010). The outer arc was active from the
middle Eocene to the early Miocene(Andreieff et al., 1988; Briden et al., 1979; Legendre et
al., 2018; Nagle et al., 1976), while the inner arc has been active since the Late MiocenePliocene (Germa et al., 2011; Labanieh et al., 2010). South of Martinique, the inner and outer
arcs merge into a single Late Eocene to Recent island arc that separates the Grenada Basin to
the west from the Tobago Basin to the east. Alternatively, the southern part of the Eocene
outer arc might be buried east of the Tobago Basin, on the basis of magnetic anomalies (Allen
et al., 2019).

2.3. Previous models for the Grenada Basin

Early models considered the Grenada Basin as a portion of Atlantic oceanic crust that would
have been trapped by an eastward jump in the arc magmatism (Donnelly, 1975; Malfait &
Dinkelman, 1972). In that case, the paleo-subduction front should be located between the
Aves Ridge and the Grenada Basin. Further studies pointed out the lack of typical forearc
features in the Grenada Basin and instead proposed that the basin was formed by back-arc
opening, i.e. by rifting of the proto-Lesser Antilles away from the Aves Ridge (Tomblin,
1975).
Back-arc opening is classically described as the result of intra-arc extension due to slab
rollback with respect to the upper plate, leading to the formation of a basin that divides the arc
into an active segment close to the trench and a remnant one moving away from the trench as
the basin opens (Dewey, 1980; Karig, 1972). Continued extension can lead to back-arc
spreading, which can occur in various modes depending on the driving forces (Honza, 1995;
Taylor, 2013). Although most of the back-arc models proposed for the Grenada Basin share
common features, the authors disagree on the style and direction of opening. Various
interpretations of magnetic anomalies provide possible spreading orientations ranging from
east-west (Bird et al., 1999), northeast-southwest (Bouysse, 1988) to north-south (Pindell &
Barrett, 1990).
One major issue related to these back-arc models is the location of the active arc during
oceanic spreading. Alternative models thus suggest the formation of a large forearc (Aitken et
al., 2011; Pindell & Kennan, 2009) or back-arc (Allen et al., 2019) oceanic basin
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encompassing the present-day Grenada and Tobago basins, later intruded by the Lesser
Antilles Arc. Pindell & Kennan (2009) suggest a low-angle detachment mechanism of
opening that evolved into seafloor spreading. In this model, the Margarita and Tobago
metamorphic terranes are the exhumed footwall of the detachment fault, with the Aves Ridge
as the hanging wall. Based on gravity data, Arnaiz-Rodríguez & Audemard (2018) suggest the
same mechanism of opening, but with the Lesser Antilles as the footwall instead of Margarita
and Tobago. This makes this model more related to the previously mentioned back-arc
models, although the authors do not consider any seafloor spreading. The model of Aitken et
al. (2011), mostly based on seismic data, suggests a different mechanism of forearc opening
controlled by flexural subsidence. Recently, Allen et al. (2019) have suggested a back-arc
opening behind an arc that would be partly buried east of the Tobago, on the basis of
magnetic anomalies. These alternative models need further constraints as 1) oceanic forearc
spreading is extremely rare and generally very localized within a rift perpendicular to the
trench as in the southern Mariana forearc (Ribeiro et al., 2013, 2015), and 2) no island-arc
volcanic rocks contemporaneous with the Grenada Basin opening have been found yet.

3. Data acquisition and processing

In this paper, we present deep-penetration multichannel seismic reflection (MCS) data
acquired during the GARANTI cruise onboard R/V L’Atalante (Lebrun & Lallemand, 2017)
(Figure 2). Wide-angle seismic (WAS) data were also recorded along three lines, two of
which are shown in Figure 2: one trending E-W across the basin and its margins (GA02) and
the other along-strike in the axis of the basin (GA01). The processing and interpretation of the
GARANTI WAS data are the subject of a companion paper (Padron et al., in press).
MCS data were collected using a 6473 in3 airgun array of 16 seismic sources with a 9-40 Hz
frequency range, and a 4.5 km-long, 720-channel streamer. The data were quality-controlled
and binned in common midpoint (CMP) gathers every 12.5 meters using SolidQC (Ifremer)
before being processed using the Geovation software (CGG).

The processing sequence of MCS data on Geovation included trace resampling from 2 to 4
ms, application of a bandpass filter (3, 5, 120, 125 Hz), noise attenuation, spherical
divergence correction, velocity analysis on CMP gathers, multiple removal by using surfacerelated multiple elimination and parabolic radon-transform techniques, predictive
deconvolution, normal moveout (NMO) and dip moveout (DMO) corrections before 60-fold
stack, and post-stack time migration at constant seawater velocity (1500 m/s).
In addition to the GARANTI dataset, we used published seismic data including line BOL30
acquired during the BOLIVAR cruise (Sawyer & Mann, 2004) and Gulfrex seismic lines
(Aitken et al., 2011) (Figure 2). This allows us to extend our seismic grid to the south to make
the link between the Grenada and Carúpano Basins (Figure 2).
Seismic horizons were gridded after picking to produce isochron maps. Using velocity models
derived from the GARANTI WAS data (Padron et al., in press), we took the average interval
velocity of each seismic unit to produce isopach maps. We calibrated the seismic units using
offshore well data and onshore geological observations (Figure 3). We also used dredge
results from previous studies (Bouysse et al., 1985; Fox et al., 1971; Marlowe, 1971) and six
new dredge hauls carried out during the GARANTI cruise on bathymetric highs on the eastern
flank of the Aves Ridge (Figure 2). Thin sections were made from twelve collected carbonate
rock samples to identify their microfacies and fossil content (Table A1). The identified
microfacies were attributed to a depositional environment following the classification of (V.
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P. Wright & Burchette, 1996), and based on larger benthic foraminifera (BouDagher-Fadel,
2018a). In addition, biostratigraphic analyses were performed after a complete inventory of
the planktonic foraminiferal taxa in the thin sections, using the zonal scheme and bio-event
calibrations from (BouDagher-Fadel, 2018b). The microfacies, fossil content and
biostratigraphic characterization of the newly dredged samples are detailed in Table A1.
Seismic lines cover most of the GARANTI dredge sites (Figure 2). Once projected on a
seismic line, a dredge sample can constrain the age and lithology of the dredged horizon.

4. Stratigraphic constraints
Direct stratigraphic constraints on the Grenada Basin are missing because of the lack of deep
drilling. IODP drillings (1397 to 1401) west of Martinique (Figure 2) penetrated PlioQuaternary sediments only (Le Friant et al., 2013). However, offshore drill hole data (Bader
et al., 1970b; Edgar et al., 1973; Ysaccis, 1997) and onshore geological observations (Speed
et al., 1993) in surrounding areas provide distant stratigraphic constraints on deeper units
(Figure 3). We tied seismic horizons to known chronostratigraphic surfaces in drill holes, and
then extended them line-to-line throughout the basin. Land-sea correlations using outcrops in
the Grenadines are more speculative, but they provide valuable information about the age and
lithology of seismic units. Section 5.2 gives a detailed description of the seismic units and
discontinuities shown in Figure 3.
To constrain the stratigraphy of the Grenada Basin, we have revised the seismic stratigraphy
of Aitken et al. (2011) on BOL30 and Gulfrex lines (location in Figure 2) and then extended it
to the GARANTI dataset. Based on correlations with wells drilled in the Carúpano Basin
(Ysaccis, 1997), these authors divide the southern Grenada Basin into three megasequences
(from bottom to top MS1, MS2, and MS3). Megasequence 1 (MS1) includes Paleogene
sedimentary rocks, which are predominantly deep-water, pelagic and volcanogenic shale and
siltstone, with some banks of pelagic limestone. Megasequence 2 (MS2) is dominated by
deep-water turbidites deposited during the Early to Middle Miocene following the onset of
transpressional shortening in the southeastern Grenada Basin (Ysaccis, 1997). Megasequence
3 (MS3) contains interbedded pelagic and terrigenous sediments deposited from late Miocene
to Recent. In the Carúpano Basin, the boundary between the middle and late Miocene is
characterized by an abrupt change from bathyal to neritic environment (Ysaccis, 1997).
The change of depositional setting between the deep Grenada Basin and the elevated Aves
Ridge results in significant lateral changes in seismic facies (e.g. GA28A and GA29 in Figure
3). To overcome this difficulty in constraining the stratigraphy of Aves Ridge, we used two
DSDP sites (30 and 148) that were drilled in its southern part (Figure 2 and Figure 3). As
none of our seismic lines covers these sites, we projected the drill holes to the nearest
GARANTI lines (GA26A and GA28A in Figure 2). Located in a small basin between two
ridges, DSDP 30 penetrated 430 m of Miocene to Recent calcareous oozes (Bader et al.,
1970b). Located atop a ridge, DSDP 148 penetrated 250 m of Plio-Quaternary calcareous
oozes lying unconformably upon volcanic sands and clays, which bear reworked fossils of
Miocene, Paleocene, and Late Cretaceous ages (Edgar et al., 1973). It is unclear whether this
unconformity results from submarine erosion or subaerial weathering.
As mentioned in section 2.2, previous geophysical studies have suggested that the basement
underlying the Grenada Basin is of oceanic origin (Allen et al., 2019; Boynton et al., 1979;
Christeson et al., 2008). Speed & Walker (1991) support this hypothesis by proposing that
early-middle Eocene pillow basalts exposed in the Grenadines may be an uplifted portion of
the oceanic crust of the Grenada Basin. Based on this assumption, and since the known
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volcanic activity at the Aves Ridge is not older than Late Cretaceous, Aitken et al. (2011)
infer a Late Cretaceous to middle Eocene age for the basement of the Grenada Basin, which is
consistent with our seismic stratigraphy (Figure 3).

5. Results
5.1. Seismic stratigraphy

A seismic unit can be defined as a series of conformable reflectors bounded at its top and base
by discontinuities and their correlative conformities (Mitchum et al., 1977). Following the
principles of seismic sequence stratigraphy defined by Vail et al. (1977) and Catuneanu et al.
(2011), we identify one basement unit (U0) and three sedimentary units (U1, U2, U3), each
of the first two composed of two subunits (U1a, U1b, U2a, U2b). The units and subunits are
separated by discontinuities (D0 to D2b), which can be unconformities or significant vertical
changes in seismic facies. Seismic facies may also vary laterally within the same unit. Table
A2 summarizes the 16 most representative seismic facies (Fs1 to Fs16).
5.1.1. U0 - Acoustic basement

Seismic unit U0 is the deepest unit observed on seismic lines. It is bounded at the top by
discontinuity D0, which forms an onlap unconformity for the overlying units. Most lines
display a chaotic unit (Fs1 and Fs2 in Table A2) with locally discontinuous internal reflectors
of variable amplitude (Fs3 and Fs4 in Table A2). In this paper, U0 is also referred to as the
‘acoustic basement’ due to its low reflectivity compared with the well-layered overlying units
and its high interval velocity (> 5 km/s) as defined from wide-angle seismic data (Padron et
al., in press).
On the Aves Ridge, seismic lines oriented NE-SW or NW-SE display layered reflectors
within U0 (Fs5 in Table A2). These reflectors are locally truncated or form toplaps under D0,
further interpreted as an erosional unconformity named D0e (e.g. GA28A in Figure 3). At the
bottom of the slope in the western Grenada Basin, D0 tops thick divergent series of
discontinuous east-dipping reflectors (Figure 4a,d).
Every GARANTI line crossing the Grenada Basin displays a transition from rough to smooth
basement topography in the center of the basin (Figure 4). East of this transition, the smooth
basement morphology is highlighted by high-amplitude, low-frequency reflectors at the top
and few internal reflectors below. The rough basement is slightly more reflective with some
discontinuous internal reflectors of medium frequency and variable amplitude (F3 and F4 in
Table A2). The rough-smooth transition is located around CMP 4000 for line GA21 (Figure
4a) , CMP 10500 for GA02 (Figure 4c), CMP 8000 for GA29 (Figure 4d), and appears to be
located around CMP 21000 for GA34, although it is partially masked by a blank in seismic
acquisition (Figure 4b). Along with the rough-smooth transition, west-dipping reflectors
appear 2 to 3 s twt below D0 (Figure 4). These dipping reflectors coincide with the Moho
modeled from wide-angle seismic data along GA02 (Padron et al., in press).
5.1.2. U1a

Seismic unit U1a is bounded at the top by discontinuity D1a, which can be either a
conformable surface or an onlap unconformity for the overlying units. U1a is characterized by
heterogeneous facies, with locally continuous, fan-shaped reflectors (Fs6 in Table A2), which
drapes or laps onto the underlying basement. On the Aves Ridge, the uppermost reflectors of
U1a are locally truncated or form toplap under the D1a, further interpreted as an erosional
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unconformity named D1ae (Figure 5b). U1a lies in isolated basins on the Aves Ridge or in the
western Grenada Basin, but is not encountered in the eastern part of the basin where the
basement is smoother (Figure 5 and Figure 6). Because of its fan-shaped geometry, we
interpret U1a as syn-tectonic deposits. Interval velocity in U1a ranges from 3 to 4 km/s, which
is compatible with compacted sedimentary rocks (Christensen & Stanley, 2003) . Based on
correlations with offshore well data (Figure 3), we may infer that U1a is early Eocene in age.
5.1.3. U1b

Seismic unit U1b is bounded at the top by discontinuity D1b, which is an onlap unconformity
for the overlying units. In the Grenada Basin, U1b is characterized by one or two pairs of
strong, low-frequency reflectors with a positive polarity (Fs7 in Table A2). Reflectors in U1b
conformably drape or locally onlap D1a or D0.
In previous studies (Aitken et al., 2011; Pinet et al., 1985), U1b was interpreted as the top of
the acoustic basement due to its strong reflectivity and high interval velocity (4.25 to 5 km/s).
Eocene cherts and cherty carbonates drilled in the Central Venezuelan Basin were attributed
to the seismic horizon A’’ (Bader et al., 1970a), the highly reflective facies of which is similar
to U1b. Based on its seismic facies, U1b may be indirectly correlated with the middle Eocene
cherts and pelagic limestones identified both in the Grenadines and the Carúpano Basin
(Figure 3). Its high interval velocity (4.25 to 5 km/s) is compatible with thick-bedded cherts
(Fu et al., 2006), but could also represent altered igneous rocks or volcaniclastic deposits.
5.1.4. U2a

Seismic unit U2a is bounded at the top by discontinuity D2a, which is a conformable surface
or an onlap surface for the overlying units. U2a is mainly characterized by weak, parallel and
continuous reflectors (Fs8 in Table A2) that onlap sub-horizontally onto D1b (Figure 5).
These onlap patterns contrast sharply with the draping geometry of the underlying U1b
deposits.
U2a is equivalent to an upper section of MS1 from Aitken et al. (2011) in terms of age and
depositional patterns (comparison in Figure S5). Correlations with offshore well data and
onshore geological observations indicate basin floor turbidites with ages ranging from late
Eocene to Oligocene (Figure 3). Interval velocity in U2a ranges from 4 to 4.75 km/s, which is
compatible with highly compacted sedimentary rocks (Christensen & Stanley, 2003).
5.1.5. U2b

Seismic unit U2b is bounded at the top by discontinuity D2b, which is a conformable surface
or an onlap surface for the overlying unit U3. U2b is deposited conformably within the basin,
except on the margins where it locally onlaps onto D2a (Figure 5). Seismic facies in U2b are
the same as U2a (Fs8 in Table A2) with slightly higher amplitudes in the uppermost part of
the unit. In the eastern Grenada Basin, the reflectors are tilted upwards along the Lesser
Antilles arc and the seismic facies becomes increasingly chaotic eastwards (Figure 4; Fs9 in
Table A2).

U2b is equivalent to MS2 from Aitken et al. (2011) in terms of age and depositional patterns
(comparison in Figure S5). Correlations with offshore well data and onshore geological
observations indicate basin floor turbidites with ages ranging from early to middle Miocene
(Figure 3). The top of U2b (D2b) is correlated in wells with the boundary between middle and
late Miocene (Figure 3). This age coincides with the culmination of oblique collision between
the Caribbean Plate and Eastern Venezuela-Trinidad (Pindell & Kennan, 2007) and also with
a major uplift in the Carúpano area (Ysaccis, 1997) and in the southern Lesser Antilles (Speed
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et al., 1993). Interval velocity in U2b ranges from 3 to 4 km/s, which is compatible with
compacted sedimentary rocks (Christensen & Stanley, 2003).
5.1.6. U3

The topmost unit U3 rests conformably or onlaps onto D2b. U3 is mainly characterized by a
hummocky pattern with strong, high-frequency reflectors (Fs11 in Table A2) topped by more
continuous reflectors (Fs12 in Table A2). As for U2a and U2b, the seismic facies becomes
increasingly chaotic in the eastern Grenada Basin (Figure 4; Fs13 in Table A2). Along the
Lesser Antilles Arc, reflectors in U3 onlap onto the underlying U2 (Figure 5). From the basin
to the Aves Ridge, reflectors in U3 become progressively less continuous and of weaker
amplitude (Fs14 in Table A2).
U3 is equivalent to MS3 from Aitken et al. (2011) in terms of age and depositional patterns
(comparison in Figure S2). Correlations with wells give ages ranging from late Miocene to
recent for U3 (Figure 3). On the Aves Ridge, DSDP drilling results indicate a predominantly
hemipelagic calcareous sedimentation with a slight volcaniclastic contribution (Bader et al.,
1970b; Edgar et al., 1973). In the Grenada Basin, IODP drillings west of Martinique
penetrated landslide deposits, composed of hemipelagic sediments interbedded with
volcaniclastics from the Lesser Antilles Arc (Le Friant et al., 2013). Hummocky and chaotic
facies often result from mass transport, slump, creep, or high-energy turbidity current
processes (Sangree & Widmier, 1979). Similar facies are also described in recent debris
avalanches from the Lesser Antilles Arc deposited in the Grenada Basin (Deplus et al., 2001).
Interval velocity in U3 ranges from 1.5 to 3.5 km/s, which is compatible with water-saturated
to compacted clayey and silty sediments (Schumann et al., 2014).

5.2. Basin-scale variations in stratigraphy

Figure 5 illustrates the asymmetric architecture of the Grenada Basin. The basement dips
southeastwards and reaches a maximal depth of 17.3 km (11 s. twt) in the southeast on line
BOL30 (Figure 5 and Figure 6). The sedimentary units form a wedge-shaped infill that
thickens as the basement deepens, reaching a maximal thickness of 14.8 km (8.5 s. twt) in the
southeast on line BOL30 (Figure 5).
Along most of the GARANTI lines, seismic reflectors of units U2-U3 lap onto the edges of
the basin (Figure 5), although basinward prograding clinoforms are locally observed, for
instance at the foot of Cuervo Peak (Fs10 in Table A2). This indicates that sediment supply
was mainly parallel to the basin axis with locally minor prograding systems on the edges.
These observations are consistent with those of Aitken et al. (2011) based on BOL30 and
other BOLIVAR and Gulfrex lines.
At basin scale, seismic reflectors in U2a, U2b, and U3 are sub-horizontal, except along the
Lesser Antilles Arc where they are tilted upwards (Figure 5). This upward tilt gradually
increases southwards and is more pronounced in U2a and U2b than in U3, which results in a
sharp angular unconformity between U2b and U3 (D2b unconformity in Figure 5). Line
GA29 displays another angular unconformity between U2a and U2b (D2a unconformity in
Figure 5). Internal angular unconformities are observed within U3 on lines GA29 and GA34
(Figure 5).
Isopach maps (Figure 6) show that U1a is mostly present on the Aves Ridge and along the
western margin of the Grenada Basin. Its thickness ranges from 1 to 3.5 km in basement lows.
U1b covers evenly the western part of the Grenada Basin with thicknesses ranging from 0.5 to
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1 km. South of line GA34, U1b thins progressively eastwards and disappears in the center of
the basin (Figure 5 and Figure 6). The depocenter of U1b extends along a northeast-trending
axis, parallel to the Aves Ridge flank (Figure 6).
U2a, U2b and U3 are thicker in the southeastern Grenada Basin, where the basement is deeper
(Figure 6d,e,f). The depocenter of U2a has a northeast trend and is located around 62.5°W12.5°N (Figure 6d). Its maximum thickness is about 10.85 km along line BOL30 (Figure 5e).
On the Aves Ridge, U2a exists only in small isolated basins and does not exceed 1 km thick
(Figure 6d). Similarly north of 14°N, its thickness drastically decreases to less than 1km
(Figure 6d). These strong gradients delineate the edges of a NE-trending late EoceneOligocene basin from 61.5 to 63°W and from 12 to 14°N.
A 100 km northward migration of depocenter occurred between U2a and U2b (Figure 6e).
U2b thickness varies from 0.5 to 4 km in the basin and from 0 to 1.5 km on the Aves Ridge.
To the north, U2b drastically thins between 14.5°N and 15°N. Similarly, U2b pinches out
against the northeast-trending eastern flank of the Aves Ridge. These strong gradients
delineate the edges of a NNE-trending early-middle Miocene basin from 61.5 to 63°W and
from 12 to 15°N.
The depocenter of U3 also trends northeast and reaches a maximum thickness of 2.3 km in the
southwest, about 100 km southwest of the depocenter of U2b (Figure 6f). A secondary NNWtrending depocenter, with a maximum thickness of 1.5 km, is located around 15°N where U2a
and U2b are very thin. This implies either an additional sediment source that did not exist
before U3 or significant subsidence in the northern Grenada Basin between U2b and U3, or a
combination of both.

5.3.

Interpreted structural styles and lateral variations

From the Aves Ridge to the Grenada Basin, tectonic deformation significantly varies. In the
following paragraphs, we describe the different types of structure that we have identified on
the GARANTI seismic lines
5.3.1. Rift structures

Northwest of the Grenada Basin, line GA35 shows a south-dipping normal fault that tilts
northwards fan-shaped reflectors within U0 (Figure 7a). The fault barely affects D0, on which
the units U1a, U1b, and U2b onlap without deformation. Such geometry suggests tilted block
faulting in the acoustic basement. Similar structures are observed in the basin between 15 and
16°N and also in the eastern part of Aves Ridge, as on line GA32 (Figure 7b). On this line,
reflectors in U1a form a slight fan at its base, although the fault appears to be sealed by D0.
In the eastern part of Aves Ridge, line GA02 displays a series of basement highs and lows
bounded by steep planes that shift vertically D0 and the reflectors of U1a (Figure 7c). Within
the grabens, east-dipping basement top and fan-shaped reflectors for unit U1a indicate that
west-dipping, high-angle normal faults mostly control this horst and graben structure. The
easternmost horst defines a basement ridge that culminates along the escarpment between the
Aves Ridge and the Grenada Basin, for instance along lines GA29 and GA34 (Figure 5). This
discontinuous ridge, which extends at least from line GA28A in the south to GA34 in the
north, is observed on every line and is particularly pronounced on GA26B where it forms the
Cuervo Peak (Figure 2).
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Lines GA25AB and GA34 show a large positive structure between CMP 4200 and 5000 and
between CMP 24800 and 25600 respectively (Figure 7d,e). This positive structure forms a
bathymetric relief named Petrel Ridge (Figure 2). The structure consists of a series of westdipping normal faults that affect sub-unit U1a, in which gently folded, fan-shaped reflectors
are truncated at the top forming the erosional unconformity D1ae (Figure 7d,e). U1b and U2a
are lacking above this surface, so that U2b laps directly onto D1ae (Figure 7d,e). Since this
structure is positive and U1a is folded, the faults were probably reactivated in moderate
compression after the deposition of U1a.
To the northeast, line GA21 shows a different type of positive structure between CMP
4000 and 5500 (Figure 5a). It consists of a series of high-angle faults, which are organized
into a flower structure at CMP 4000. This flower structure separates a region with a smooth
basement and seafloor to the east from one with rougher basement and seafloor to the west. In
the latter, the seafloor roughness is mainly related to closely spaced polygonal faults, which
affect the upper sedimentary units (predominantly U3, more rarely U2b) and locally outcrop
at the surface (Figure 4a and Figure 5a).
5.3.3. Oceanic crust

Along line GA02, U1a disappears and the basement topography becomes smoother and less
reflective east of CMP 10500 (Figure 7f). High-amplitude, low-frequency reflectors of U1b
directly overlay U0 (Figure 7f). This smoother basement topography coincides with the
oceanic crust identified in wide-angle data along line GA02 (Padron et al., in press). The
westward dipping reflectors imaged between CMP 1.5 to 2.5 stwt below D0 match the
oceanic Moho from WAS data (Figure 4f). These Moho reflectors are also observed on
GA21, GA34, and GA29 (Figure 4a,b,d respectively).
5.3.4. Buried volcanoes

In the western and northern parts of the Grenada Basin, several mound-shaped basement
structures between 2 and 6 km wide are observed 0.5 to 1 s twt below the seafloor (Figure 8).
They are asymmetric with more or less continuous, divergent intra-basement reflectors tilted
away from their summit on both sides (Figure 8). We interpret these structures as buried
volcanoes, because of their geometric similarity to the buried Kora volcano described by
Bischoff et al. (2017) in the Taranaki Basin, offshore New Zealand. The tilted reflectors may
be lava or pyroclastic flows on the flanks (Figure 8). On GA31, the sedimentary units lap subhorizontally onto the flanks of the volcano, except U1a which is slightly tilted upwards and is
hardly distinguishable from the basement reflectors (Figure 8). This suggests that U1a was
deposited during the late stage of volcanic activity or during the early stage of post-magmatic
erosion of the volcanic system.
Line GA04 shows a volcanic edifice that has a sharper shape than that observed on GA31
(Figure 8). The volcanic core is recognizable by its transparent facies in the central part
(Figure 8). U1b is tilted upwards along both sides of the volcano, conformably draping the
underlying tilted reflectors interpreted as lava flows (GA04 in Figure 8). This suggests that
U1b could be lava flows as well, which would imply that the volcano would have been active
in the middle Eocene. U2b is also tilted upwards and pinches out onto D1b (GA04 in Figure
8). Such upturned pinchouts against angular unconformities are typically part of the postmagmatic degradational sequence (Bischoff et al., 2017).
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5.4.1. Seismic facies and dredge samples
Seismic lines covering the Aves Ridge display parallel, low-frequency, strong reflectors atop
bathymetric highs (Fs15 in Table A2). This seismic facies characterizes middle Eocene to
middle Miocene (U1b-U2b) carbonate platforms that were dredged during GARANTI (Table
A1) and previous cruises (Bouysse et al., 1985; Fox et al., 1971; Marlowe, 1971). The
GARANTI samples described in Table A1 were dredged from 670 to 2385 m deep. They are
predominantly Aquitanian (23.04-20.44 Ma, i.e. included in U2b) and attributed to reef or
inner ramp environments (paleodepth = 0-20 m). Some of these samples show evidences of
short phases of emersion (DR-GA-05-01-04A and DR-GA-06-02-02 on Fregata Ridge; DRGA-07-02-01, DR-GA-08-01C and DR-GA-08-01D on Cuervo Peak; locations in Figure 2),
which are yet to be confirmed by further analyses. One older sample (DR-GA-08-02-01A)
yields a Bartonian-Priabonian age (39.2-33.9 Ma) and is attributed to a middle ramp
environment (paleodepth = 20-100 m). All the samples younger than early Miocene are
attributed to deeper environments ranging from outer ramp to basin (paleodepth > 100 m).
5.4.2. Subsidence

Subsidence of Aves Ridge can be estimated from dredge samples (Figure 2 and Table A1) and
seismic interpretation of carbonate platforms. We assume that these carbonate platforms
developed on the flanks and tops of subsiding islands, which remained shallow enough to
allow the growth of coral reefs. As long as reef building was compensating subsidence, the
top of the carbonate platforms was sustained at a relatively constant shallow depth. Following
this logic, the thickness of each carbonate sequence, which is estimated from MCS data, can
be converted to an amount of subsidence over a period of time. The current depth equates the
amount of subsidence that the platform has undergone since reef building ceased. Due to the
absence of stylolites and other pressure-dissolution features in the dredge samples, we assume
that the carbonates did not undergo any compaction following their formation. The observed
carbonate thicknesses can therefore be used as they stand. Based on seismic resolution, we
assess a ±100 m uncertainty in thickness estimation. It must be noted that this approach does
not allow us to calculate amounts of uplift, since we cannot estimate the amount of material
that would have emerged and been eroded.
Figure 9 illustrates the subsidence at different seamounts, ridges, and escarpments on the
Aves Ridge. Most of these sites were dredged during the GARANTI cruise, except the
Pelicano seamount. For this one, we used dredge results from previous studies (Bouysse et al.,
1985; Marlowe, 1971) to constrain the age of the carbonate sequences. Alcatraz seamount is
the only site without MCS data. We infer the thickness of its carbonate sequences from the
neighbouring Pelicano seamount.
From early Eocene to the end of middle Eocene (~56-38 Ma), all the sites subside uniformly
and the differences between them are within the error range (Figure 9). From late Eocene to
Oligocene (~38-23 Ma), the subsidence rate decreases at all sites from 0.02-0.03 to 0.01
mm/yr (Figure 9b).
From early to middle Miocene (~23-12 Ma), subsidence is slightly greater than in the
previous periods and the differences between sites remain within the error range (Figure 9).
Since subsidence tends to increase over this period, the phases of emersion suspected from the
GARANTI samples of Aquitanian ages (23.03-20.44 Ma) are more likely to be explained by
sea-level variations.
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From late Miocene to present (~12-0 Ma), subsidence differs significantly between the sites
(Figure 9), which are now found at various depths. Over this period, subsidence has remained
nearly constant at Pelicano and Alcatraz, while it has slightly accelerated at both Fregata sites
(increase from 0.02 up to 0.04 mm/yr) and even greater and faster at both Cuervo sites
(increase from 0.02 up to 0.1 mm/yr). Such differences may be explained by a southeastward
regional tilting, possibly in response to sediment loading in the basin. The vertical offset of
~600 m between the two Cuervo sites is probably the result of differential subsidence along
the normal faults fringing the peak (Figure 5d).

6. Discussion
6.1. Structural domains

The analysis of the GARANTI seismic data allows us to divide the Grenada Basin and its
margins into four distinct structural domains (Figure 10), hereinafter referred to as the
‘oceanic domain’, the ‘transitional domain’, the ‘Aves Ridge’ and the ‘Lesser Antilles Arc’.
Figure 10 also includes a mapping of the interpreted faults. Fault orientations are deduced
from line-to-line correlations or, where it is not possible, from bathymetry.
6.1.1. Oceanic domain

Previous geophysical surveys have shown that the Grenada Basin is likely to be partly floored
by oceanic crust (Allen et al., 2019; Boynton et al., 1979; Christeson et al., 2008). The
GARANTI seismic data confirm the presence of oceanic crust and allow the constraint of its
lateral extent.
Wide-angle seismic (WAS) data along line GA02 reveal a 6.5 to 7 km-thick crust with a
typical oceanic velocity structure underlying the Grenada Basin, over a width of 80 km
(Padron et al., in press). Christeson et al. (2008) and Allen et al. (2019) also propose a
basement of oceanic origin in the southeastern Grenada Basin, based on WAS data along lines
BOL30 and VOILA-4 respectively.
In MCS data, the oceanic basement is a chaotic unit with few internal reflectors locally topped
by smooth, low-frequency reflectors of U1b (Figure 4 and Figure 7f). Here, we use this
seismic facies and shallow Moho reflectors (Figure 4 and Figure 7f) as criteria to define the
extent of the oceanic domain.
Combining all evidence, we can outline an oceanic domain extending across the eastern
Grenada Basin from ~12°N to 15.2°N and from 61.5 to 62.5°W (Figure 10). This area, which
extends as far north as Dominica, appears consistent with previous interpretation of magnetic
anomalies (Allen et al., 2019; Bird et al., 1993). The absence of transitional domain between
the oceanic domain and the Lesser Antilles suggests that the oceanic crust extends beneath the
southern Lesser Antilles Arc, as suggested by previous geophysical studies (Allen et al., 2019;
Christeson et al., 2008).
6.1.2. Transitional domain

Along line GA02, based on WAS data crustal thinning takes place in a ~100 km wide
transition zone between the 25 km-thick Aves Ridge crust and the 6.5-7 km-thick oceanic
crust (Padron et al., in press). The change in velocity structure at the boundary from oceanic
to transitional basement coincides with a significant change in seismic facies (Figure 4 and
Figure 7f).
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From MCS data, the transitional basement can be characterized by 1) the presence of faults,
which produce a rough morphology (Figure 5); 2) discontinuous internal reflectors of variable
amplitude (F3 and F4 in Table A2); 3) last occurence of syn-tectonic deposits from unit U1a
(Figure 5 and Figure 7). It forms a ~100 km wide transitional domain between the oceanic
crust and the eastern flank of the Aves Ridge from 12 to 14.5°N, then widens northwards to
fully encompass the northern part of the Grenada Basin (blue-gray area in Figure 10).
Line GA04 (the latitude of Dominica) roughly marks the boundary between the deep Grenada
Basin to the south and a region of shallower, rougher bathymetry to the north (Figure 2). At
crustal scale, the boundary is more diffuse, as the crust gradually thickens northwards (Padron
et al., in press). For this reason, we include this area in the transitional domain (Figure 10).
Line-to-line correlations reveal three major fault orientations in the transitional domain:
~N50-60 (black faults ‘F1’ in Figure 10), ~N0 (blue faults ‘F2’ in Figure 10), ~N20-30
(orange faults ‘F3’ in Figure 10). Faults F1 are normal faults that mostly affect U0 and, to a
lesser extent, U1a (Figure 7a,b), thus reflecting a NW-SE extension from the Paleocene to the
early Eocene. They define a rifted margin in the northern Grenada Basin and along the eastern
flank of the Aves Ridge. The orientations of faults F1 are consistent with those involved in the
N-S opening models for the Grenada Basin by Pindell & Barrett (1990) and Pindell & Kennan
(2009). They are also consistent with the faults previously mapped west of Dominica and
Guadeloupe (Speed & Westbrook, 1984).
Faults F2 are also normal faults, but with a different orientation (~N0, Figure 10) and steeper
dips (Figure 7c). Fan-shaped reflectors of U1a in the Pelicano graben (Figure 7c) indicate that
these faults were active during the early Eocene. Faults F2 are parallel to the ridge crests
supposed to have hosted the volcanic arc of the Aves Ridge (Figure 2 and Figure 10). Thus,
they could have been inherited from the period of arc volcanism on Aves Ridge (CretaceousPaleocene) and would have been reactivated in the early Eocene. The same trend can be found
in bathymetry along the southeastern flank of the Aves Ridge, between 12°N and 13°N
(dotted lines in Figure 10; original data in Figure 2), thus suggesting a pre-rift structuring of
the margin.
Faults F3 include various types of compressional and transpressional structures (thrust faults,
folds, inverted normal faults, positive flower structures), which reflect a phase of tectonic
inversion. Some of these faults were extensional during the Paleocene-early Eocene and were
reactivated into compression (Figure 7d,e). Aitken et al. (2011) have already described this
inversion, as it is well expressed on line BOL30 (Figure 5e). These authors have dated the
onset of the inversion around the Oligocene-Miocene boundary, which is consistent with our
data. Further north, the inversion is observed only in specific places (Figure 5a, Figure 7d,e).
Buried volcanic systems are observed throughout the transitional domain, especially north of
15°N (Figure 8 and Figure 10). Their stratigraphic relationship with the sedimentary units
suggests a diachronous volcanism from southwest to northeast (Figure 8). In the western part
of the Grenada Basin, volcanism could have been active during the deposition of U1a (Early
Eocene) or earlier (GA31 in Figure 8). North of 15°N, volcanism occurred later, probably in
the middle Eocene (GA04 in Figure 8). Arnaiz-Rodríguez & Audemard (2018) propose that
the rough basement of the northern Grenada Basin (north of 15°N) results from Paleogene
magmatic intrusions above a slowly retreating slab. The northeast decreasing age of the
volcanic intrusions could therefore reflect a gradual migration in arc magmatism before the
slab reached a stable position enabling the initiation of the Lesser Antilles Arc. A second
hypothesis would be breakup-related volcanism during the onset of seafloor spreading. As arc
magmatism already started on St Barthelemy Island (outer Lesser Antilles) during the middle
Eocene (Legendre et al., 2018), we favor this latter hypothesis.
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It is widely accepted that the Aves Ridge is a remnant arc, yet little evidence supports this
hypothesis (Bouysse et al., 1985; Fox et al., 1971; Nagle, 1972). WAS data along lines GA02
(Padron et al., in press) and BOL30 (Christeson et al., 2008) reveal a ~25 km-thick crust
underlying the Aves Ridge, the velocity structure of which is compatible with an arc origin.
At the foot of the eastern flank of the Aves Ridge, the rough basement morphology tops thick
divergent series of discontinuous reflectors dipping towards the oceanic basin along GA21
(Figure 4a and Figure 5a). These dipping reflectors could be lava flows or volcaniclastics
related to the Aves Ridge or younger syn-rift volcanic edifices, such as that observed on line
GA31 (Figure 8). Alternatively, the dipping reflectors observed along the eastern flank of the
Aves Ridge could represent an eastern extent of the Caribbean Plateau underlying the
volcanic arc crust of the Aves Ridge (Mauffret & Leroy, 1997).
Intra-basement basinward-dipping reflectors are also observed beneath some bathymetric
highs, such as Cuervo Peak (Figure 4d and Figure 5d). We cannot exclude a volcanic origin
for these highs, although only carbonates were dredged from their cliffs (Table A1).
6.1.4. Southern Lesser Antilles Arc

The GARANTI seismic data highlight an asymmetrical basin architecture (Figure 5, Figure 6,
and Figure 10), which supports the hypothesis that the Grenada Basin originally extended
further east and was subsequently divided by the rise of the Lesser Antilles Arc (Aitken et al.,
2011; Allen et al., 2019; Speed & Walker, 1991). The depocenter of U2a (Figure 6d) is
compatible with a basin that extended into the current forearc until the Miocene. An extended
data set is required to image the eastern margin of this wider proto-basin.
The upward tilt of the sedimentary units along the active arc reflects the uplift of the Lesser
Antilles relative to the Grenada Basin (Figure 5). Speed et al. (1993) report that the tectonic
uplift of the southern Lesser Antilles platform (Grenada and Grenadines Islands) began
around the Oligocene-Miocene boundary, and was completed before the onset of subaerial arc
volcanism at 12 Ma. This uplift is related to NNW-SSW compression recorded as fold and
thrusts in the Grenadines (Speed et al., 1993). The angular unconformity D2a (Figure 5d) is
compatible with a tectonic uplift that would have occurred over the same period. This also
coincides with the onset of transpressional deformation in the southern Grenada Basin (Aitken
et al., 2011). All these elements attest for an episode of tectonic shortening localized in the
southeastern Grenada Basin during the late Oligocene-early Miocene. The angular
unconformity D2b (Figure 5b,c,d) indicates that the uplift has continued during the
Miocene along the entire length of the Lesser Antilles Arc. Since we found no evidence of
normal faulting along the western flank of the Lesser Antilles, we assume that this second
phase of uplift was mainly driven by the magmatic growth of the arc.

6.2. Vertical motions along the Aves Ridge

The broad extent of the erosional unconformity D0e (Figure 5) suggests that a large part
of Aves Ridge remained above sea level until the Eocene. D0e is observed down to 6 km deep
in the transitional domain (Figure 5), which implies that the eastern flank of the Aves Ridge
has undergone considerable subsidence since the Paleocene. The subsidence of the Aves
Ridge may have started shortly after the end of arc volcanism at ~59 Ma (J. E. Wright &
Wyld, 2011) during the rifting. Our results show that subsidence remains relatively moderate
from the Eocene to the middle Miocene (Figure 9). This allowed the development of
carbonate platforms on bathymetric highs throughout the Aves Ridge (Bouysse et al., 1985;
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The onset of subsidence slowdown (Figure 9b) is synchronous with the late EoceneOligocene compressional uplift that caused the emergence of the so-called ‘GrANoLA’
landmass (Greater Antilles-Northern Lesser Antilles) (Philippon et al., 2020). This subsidence
slowdown also corresponds in time with the late Oligocene-early Miocene tectonic inversion
in the Grenada Basin, which preceded the emplacement of the Miocene to Recent southern
southern Lesser Antilles Arc (see previous section). This inversion and possible uplift
occurred in a time of oblique convergence between the Caribbean and South American Plates
(Avé Lallemant, 1997) (see vectors in Figure 11). In our study area, the Petrel Ridge is the
only evidence of compression that could have led to an uplift and potential emersion of a
small part of the Aves Ridge in the late Oligocene (Figure 7d,e). Although our data suggest
that subsidence has been continuous since the middle Eocene (Figure 9), we do not exclude a
possible uplift and partial emersion of the Aves Ridge around the late Oligocene-early
Miocene boundary.
The late Miocene-Present acceleration in subsidence (Figure 9) has led to the cessation of reef
building and thus the drowning of the Aves Ridge. The fact that the acceleration is greater
along the southeastern flank (Cuervo) than in the central part (Pelicano) reflects a regional
southeastward tilting. This is consistent with the stress relaxation following the change from
oblique convergence to strike-slip regime between the Caribbean and South American plates
at ~10 Ma (Pindell & Kennan, 2007) (see vectors in Figure 11). The tilting might be
amplified by sediment loading in the basin.

6.3. Tectonic evolution

In the following paragraphs, we integrate our results with previous works in order to provide
an update of the tectonic evolution of the Grenada Basin. Figure 11 summarizes major
tectonic, magmatic, and sedimentary events identified in the GARANTI data and previous
studies. Figure 12 illustrates the regional tectonic evolution that we propose from this
synthesis.
6.3.1. Late Cretaceous to Paleocene: pre-rift evolution

The Caribbean Plateau formed during the Late Cretaceous as a result of two main magmatic
events at ~89 Ma and ~75 Ma (Dürkefälden, Hoernle, Hauff, Wartho, et al., 2019;
Dürkefälden, Hoernle, Hauff, Werner, et al., 2019). Following the plateau formation, a
volcanic arc developed at the Aves Ridge and remained active until ~59 Ma (J. E. Wright &
Wyld, 2011). Dipping reflectors in the acoustic basement (Figure 4a and Figure 5a) may
represent lava flows and volcaniclastics produced during these successive magmatic phases,
but also during the eruption of younger volcanoes (Figure 8) as rifting ensued just prior to the
onset of seafloor spreading. The erosional unconformity D0e (Figure 5 and Figure 7) and the
lack of pre-Eocene sedimentary units suggest that a large part of the Aves Ridge emerged
while it was an active arc. The fact that D0e can be traced at great depths along the eastern
flank of the present-day ridge (Figure 5) indicates that the ridge extended further east before
the opening of the Grenada Basin.
The normal faults F2 might be inherited from the period of arc volcanism on Aves Ridge, as
they follow the trend of the supposed remnant arc (Figure 10). We assume that these faults
reflect extensional deformation in the past arc and/or forearc, in relation to the past
subduction. They were later reactivated during the rifting of the Aves Ridge.
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Collision of an arc (here the Great Arc of the Caribbean) with a buoyant crustal body (e.g.
Bahamas Bank) can generate rapid forearc rotation leading to back-arc rifting away from the
point of collision (van den Broek et al., 2020; Wallace et al., 2009). In this sense, Aitken et al.
(2011) mention the collision at the south and north ends of the Great Arc of the Caribbean as
a possible mechanism for the acceleration of slab rollback and arc rotation during the
Paleocene and Eocene. Slab rollback would have led to the abandonment of the Aves Ridge
accompanied by intra-arc extension. Fan-shaped reflectors in U0 (Figure 7a,b) and U1a in
grabens (Figure 7c) indicate that extension occurred during the late Paleocene-early Eocene
(Figure 11 and Figure 12a).
The normal faults mapped in the Grenada Basin (Figure 10) suggest that the extension was
directed NW-SE, i.e. obliquely with respect to the relative motion of the ongoing plate
convergence (Figure 11 and Figure 12a). This is consistent with the direction of extension
proposed by Pindell & Barrett (1990) and Pindell & Kennan (2009). Accounting for the gain
of area during rifting and spreading, one may consider that the trench was oriented NE-SW
rather than N-S before the opening of the Grenada basin, so that the slab pull might be
directed southeastwards.
It has been proposed that slab rollback was faster in the south (Arnaiz-Rodríguez &
Audemard, 2018) due to the formation of a STEP fault at the Caribbean-South American plate
boundary (van Benthem et al., 2013). Another possible explanation for the faster southeastern
rollback of the South American plate is the fact that the southeastern edge of the Caribbean
plate passed over the Guajira-Maracaibo promontory at the end of the Paleocene (Montes et
al., 2019; Pindell & Kennan, 2009).
6.3.3. Middle Eocene: seafloor spreading

Continued extension led to accretion of oceanic crust (Figure 12b), at least in the southeastern
Grenada Basin. Since U1b seals the deformation in the transitional domain and pinches out in
the oceanic domain (Figure 5c,d,e and Figure 6c), its deposition must have been
contemporaneous with seafloor spreading. This gives a middle Eocene age (~48-38 Ma) for
the oceanic crust of the Grenada Basin. This age is consistent with that of the middle Eocene
pillow basalts of Mayreau, Grenadines Islands (Speed & Walker, 1991), thus supporting the
hypothesis that they are a window of the underlying oceanic basement further uplifted.
Consequently, if arc volcanism occurred during seafloor spreading, the arc was possibly
located east of the present-day Lesser Antilles, as suggested by Allen et al. (2019). However,
it is difficult to validate this hypothesis without direct geological evidence. Arc volcanism
also might have been mingled with the rift prior to the spreading phase as in the southern
Okinawa Trough (Sibuet et al., 1998), but then it was likely located along the eastern margin
of the oceanic basin, i.e., either beneath the active Lesser Antilles Arc or further east.
Alternatively, the lacking part of the rifted margin might have moved southwards and been
accreted to the Venezuelan margin (Tobago and Margarita terranes) (Pindell & Kennan,
2009).
The NE-trending termination of U1b deposits in the center of the present-day oceanic basin
(Figures 5 and 6c) suggests that the oceanic crust formed by NW-SE seafloor spreading
(Figure 12b). Although transform faults are required to fit the geometry of the oceanic domain
(Figure 12b), the GARANTI seismic lines show neither spreading center nor transform fault
that would provide better constraints on the direction of spreading. However, a reasonable
scenario would place the paleo-spreading center east of and parallel to the NE-SW U1b
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deposit. If this was the case, then the total width of the oceanic domain could have reached
150 km or more instead of the presently observed 80 km south of 14°N.
6.3.4. Late Eocene to Oligocene: post-rift inversion

From late Eocene to Oligocene, the proto-Orinoco river flowed northwards from western
Venezuela into the Caribbean Sea (Díaz de Gamero, 1996). This resulted in the deposition of
massive turbidites of U2a in the Grenada Basin (Figure 5). U2a is the first unit to cross the
entire basin (Figure 5 and Figure 6), which means that this unit postdates the oceanic
spreading. The opening of the Grenada Basin was therefore completed at the beginning of the
late Eocene. Thermal subsidence of the newly formed oceanic lithosphere would have created
a large available space, which could explain the remarkably great thickness (up to 10.85 km)
of U2a in the south (Figure 6d). No significant differential motion, out of elastic flexure,
occurred between the Aves Ridge and the Grenada Basin since the late Eocene, as U2a and
overlying units lap sub-horizontally against the eastern flank of Aves Ridge (Figure 5).
During the late Oligocene (Figure 12c), the oblique convergence between the Caribbean and
South American plates (Escalona & Mann, 2011; Pindell & Barrett, 1990; Pindell & Kennan,
2009) caused the onset of transpressional deformation in the southern Grenada Basin (Figure
5e) and the tectonic uplift of the southern Lesser Antilles Arc (namely Grenada and
Grenadines Islands), as recorded by the angular unconformity D2a (Figure 5d). This,
combined with the fact that subduction-related magmatism has been occurring since at least
38 Ma on Grenada (White et al., 2017), means that the separation of the Grenada and Tobago
basins began during either the late Eocene or the Oligocene. This transpressional phase also
led to the localized tectonic inversion of Petrel Ridge (Figure 7d,e) and other positive
structures (Figure 5a). All these events including the cessation of basin opening, the volcanic
arc migration, uplift and thrusting, as well as the transpression recorded in the southern
Grenada Basin and Petrel Ridge suggest a shallowing of the slab dip (Lallemand et al., 2005)
between the middle Eocene and Oligocene up to its current configuration since the position of
the arc has not significantly changed since that time.
6.3.5. Early to middle Miocene: back-arc subsidence

From early to middle Miocene, the Aves Ridge subsided (Figure 9) along with the Grenada
Basin, while the Lesser Antilles Arc continued to grow, as shown by the D2b unconformity
(Figure 5). Turbidites of U2b continued to fill the available space, thus extending further
north than U2a (Figure 6d,e). U2b was deposited along with ongoing transpressional
deformation in the south, which shifted the depocenter 100 km northwards with respect to
U2a (Figure 6d,e). The eastward change in seismic facies along the Lesser Antilles (Figure 4)
could reflect the increasing amount of volcaniclastic and/or landslide deposits coming from
the arc.
6.3.6. Late Miocene to Recent: subsidence acceleration and change in sediment
source

From late Miocene to present, subsidence has sharply accelerated, in particular at the
southeastern flank of the Aves Ridge (Figure 9), thus leading to the cessation of reef building
and the drowning of the Aves Ridge. Over the same period, the Grenada Basin has been
isolated from the Orinoco river system following the Miocene uplift of the Venezuelan coastal
ranges (Escalona & Mann, 2011). As a result, seismic unit U3 predominantly consists of
pelagic sediments and volcaniclastic deposits coming from the Lesser Antilles Arc.
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7. Conclusions
The analysis of the GARANTI MCS data sheds light on basement structure, depositional
history, tectonic deformation and vertical motions of the Grenada Basin, thus providing new
constraints on its tectonic evolution.
The rifting of the Grenada Basin began during of the Paleocene and oceanic spreading
terminated at the end of the middle Eocene. Since then, no significant differential motion
occurred between the Aves Ridge and the Grenada Basin. The oceanic domain now
encompasses the eastern half of the basin from 12 to at least 14.5°N. A thicker basement of
possibly oceanic nature extends up to 15.5°N.
The Grenada Basin is highly asymmetrical, both in terms of basement morphology and
sedimentary architecture. Our data support the hypothesis that the Grenada Basin originally
extended beneath the present-day southern Lesser Antilles Arc and probably partly into the
present-day Tobago Basin (Speed & Walker, 1991). This wider proto-basin was subsequently
divided by the rise of the Lesser Antilles Arc. The separation between the Grenada and
Tobago basins began during the late Eocene or the Oligocene, probably in response to a
decrease in slab dip and compression originating either from the subducting oceanic plate or
from the interaction with South America.
The Aves Ridge has subsided almost continuously along with the Grenada Basin since at least
the middle Eocene. The late Oligocene subsidence slowdown is coincident with tectonic
inversion in the Grenada Basin. The late Miocene-Present subsidence acceleration coincides
with the change from oblique collision to strike-slip along the plate boundary (Pindell &
Kennan, 2007) and may have been amplified by sediment loading in the basin.
We have refined and expanded Grenada Basin opening models from previous studies by 1)
better outlining the oceanic and transitional domains in the Grenada Basin and confirming that
the oceanic domain extends beneath the southern Lesser Antilles Arc, 2) refining the
understanding of the tectono-magmatic evolution, 3) finding evidence for syn-rifting and synspreading volcanic activity in the western and northern Grenada Basin. Further investigations
are needed to characterize these volcanic products, find relics of the middle Eocene Arc south
of Martinique Island and better constrain the location and azimuth of paleo-spreading centers
and hypothetical transform faults.

Data availability
The data acquired during the GARANTI cruise are available at SISMER in the GARANTI
cruise repository: https://doi.org/10.17600/17001200
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Figure 1: Regional map of the eastern Caribbean showing the main tectonic boundaries and
past and present volcanic arcs. NAP, North American Plate; SAP, South American Plate;
BAP, Barbados Accretionary Prism; EPF, El Pilar Fault; DF, transpressional Deformation
Front in the southern Grenada Basin (Aitken et al., 2011; Pindell & Kennan, 2007; Pinet et al.,
1985; Ysaccis, 1997). Bathymetric grid: GEBCO 2014 (WGS84 Datum, UTM20N
projection). The red frame delineates the study area and the location of the selected
GARANTI seismic lines.
Figure 2: Bathymetric map (same data as in Figure 1) of the study area showing the locations
of seismic lines (lines), wells (colored circles) and dredge sites (dots and stars).Lines with
bold labels are shown in this paper. Contour interval = 250 m.
Figure 3: Correlation of GARANTI seismic data with offshore well data (Bader et al., 1970b;
Edgar et al., 1973; Ysaccis, 1997) and onshore geological observations (Speed et al., 1993).
Well-seismic ties are illustrated in more detail in supporting information (Figures S1 to S4).
They were made using time-depth charts from well log data. Seismic units (U0 to U3) and
their discontinuities (D0 to D2b) are described in section 5.2. Thin dotted lines denote minor
discontinuities. Undulating lines and "e" subscripts denote erosional unconformities.
Figure 4: Multichannel seismic data along lines a) GA21, b) GA34, c) GA02, d) GA29, and e)
BOL30. Colored dotted lines denote seismic unit boundaries (detailed line-drawing in Figure
5). VE=7. f) Close-up view of line GA02 with a superimposition of the velocity model
derived from WAS data (Padron et al., in press).
Figure 5: Line-drawings of lines a) GA21, b) GA34, c) GA02, d) GA29, and e) BOL30
showing variations in basin architecture from north to south. Thick undulating lines denote
erosional unconformities. Red stars indicate dredge locations. BOL30 has been reinterpreted
from Aitken et al. (2011). VE=7
Figure 6: a) Depth map (below sea level) of the acoustic basement (U0) (contour interval =
0.5 km); b-f) isopach maps (contour interval = 0.25 km) of U1a (Early Eocene, ~56-48 Ma),
U1b (Middle Eocene, ~48-38 Ma), U2a (Late Eocene-Oligocene, ~38-23 Ma), U2b (Early to
Middle Miocene, ~23-12 Ma), and U3 (Late Miocene to Recent, ~12-0 Ma). Dashed lines
delineate the areas over which the calculations were made.
Figure 7: Close-up views from lines a) GA35, b) GA32, c,f) GA02, d) GA25AB and e) GA34.
Colored lines denote seismic unit boundaries. VE = 3.5
Figure 8: Uninterpreted and interpreted sections of lines GA31 (left) and GA04 (right)
imaging buried volcanic edifices. VE = 3.5
Figure 9: a) Amount of subsidence and b) subsidence rates at different sites of the Aves Ridge
determined from dredge samples and MCS lines.
Figure 10: Tectono-structural map of the Grenada Basin. 1) Oceanic crust (smooth basement,
6-7 km thick crust); 2) transitional domain (rough basement, 7-20 km thick crust); 3) Aves
Ridge crust (20-25 km thick); 4) Lesser Antilles Arc. Constraints on crustal thickness are
from Padron et al. (in press), Allen et al. (2019), and Christeson et al. (2008). F1: Paleoceneearly Eocene normal faults; F2: inherited Cretaceous-Paleocene normal faults reactivated
during rifting; F3: Late Oligocene-early Miocene inversion. The faults labelled ‘ABC’ (south
of Petrel Ridge) are those interpreted in Figure 7d,e.
Figure 11: Summary of the main tectonic, magmatic, and sedimentary events in the Grenada
Basin area from Late Cretaceous to present. GAC: Great Arc of the Caribbean. Timing of
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GAC-Bahamas collision as determined by Stanek et al. (2009). The vectors and velocities are
the motion of the South American plate (SAM) relative to the central Caribbean plate (CAR),
which includes the Colombian and Venezuelan basins and the Aves Ridge. These are from
Matthews et al. (2016), except (1) from Pérez et al. (2018). Gray arrows represent values that
appear to be outliers.
Figure 12: Cartoon showing the regional tectonic evolution from the Paleocene to the end of
the Oligocene. Same fault colors as in Figure 10. Tectonic blocks modified from Pindell &
Kennan (2009).
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Table A1: Description, depositional environments and ages of carbonate rock samples dredged during the GARANTI cruise
Dredge

Depth
(m)

DR-GA-05-01

730-1170

DR-GA-06-01

DR-GA-06-02

DR-GA-07-02

995-1075

670-790

2050-2385

Samples

Description1

Foraminiferal taxa and stratigraphic Paleo-env.2,3
ranges2

PF zones and
ages2

Unit

DR-GA-0501-03

Micritic crust

Brizalina sp., Bulimina sp., Globigerina sp., Trilobatus
sacculifer (N5b-N23)

Outer ramp (100-200 m)

MioceneHolocene

U2bU3

DR-GA-0501-04A

Coral boundstone

Carpenteria proteiformis, Biarritzina sp., Lepidocyclina
sp., L. (Lepidocyclina) canellei (N4-N5), Eulepidina sp.

Coral reef

N4-N5, Aquitanian, 23.0320.4 Ma

U2b

DR-GA-0601-03

Coral boundstone

Miliolids and amphisteginids

Coral reef

Probably Miocene

U2bU3?

DR-GA-0601-05

Planktonic foraminiferal
and pteropod-rich
wackestone

Pulleniatina primalis, Orbulina universa,
Sphaeroidinellopsis subdehiscens (N12b- N19),
Globorotalia inflata (N17-N23), G. miocenica (N17N20a), G. menardii, G. scitula, Orbulina suturalis,
Globigerinoides spp., Trilobatus quadrilobatus, T. trilobus,
Sphaeroidinella dehiscens (N19-N23), Pulleniatina
obliquiloculata (N20- N23), Dentoglobigerina altispira,
Globoquadrina dehiscens (P22-N20a)

Outer ramp (100-200 m)
or basin

N20a, Zanclean, 3.8-3.6 Ma

U3

DR-GA-0602-02

Red algal boundstone and
packstone with benthic
foraminifera, green algae,
gastropods, some
planktonic foraminifera

Operculinoides sp., Miolepidocyclina braziliana (P21P22), Miolepidocyclina sp. 1, Miogypsina triangulata
(P21b-N5a), M. intermedia (P21b-N8), Amphistegina
tuberculata (Miocene, N4-N18), Biarritzina sp.,
Carpenteria sp., Globigerina spp., Globigerinoides spp.

Inner ramp (0-20 m)

N4-N5a, Aquitanian, 23.0320.4 Ma, with reworked
Oligocene foraminifera

U2b

DR-GA-0602-05

Red algal and
foraminiferal-rich
packstone

Amphistegina sp., A. guraboensis (Miocene), A.
tuberculata (Miocene)

Inner ramp

Miocene

U2bU3

DR-GA-0702-01

Packstone of red algae and
foraminifera

Lepidocyclina (Lepidocyclina) yurnagunensis (Oligoceneearly Miocene), Amphistegina sp., Amphistegina
tuberculata, Miogypsina intermedia (P21b-N8),
Paragloborotalia kugleri (N4), Globoquadrina binaiensis
(P22-N5), Neogloboquadrina sp., N. continuosa (N4bN16)

Inner to mid ramp
carbonates

N4b, Aquitanian, 22-21 Ma

U2b
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DR-GA-08-02

DR-GA-0702-01-red

Wackestone of planktonic
foraminifera

Globigerinoides spp., Globoquadrina dehiscens (P22N20a), Neogloboquadrina humerosa (N17-N22),
Globorotalia menardii (N17-N23), G. scitula, G. inflata
(N17-N23), miliolids

Basin

N17-N20a,
TortonianZanclean, 8.6-3.6
Ma

U2bU3

DR-GA-0802-01A

Packstone of red algae and
benthic
foraminifera, barnacles,
corals, echinoids

Discocyclina californica (Eocene), Amphistegina sp.,
Carpenteria sp., Operculinella kugleri (P18-N23), O.
trinitatensis (P18-N23), small miliolids, Textularia sp.,
Turborotalia cerroazulensis (P14- P17)

Forereef, mid ramp (20100 m)

Reworked Eocene benthic
foraminifers in BartonianPriabonian deposits, P14P17, 39.2-33.9 Ma

U2a

DR-GA-0802-01C

Lepidocyclina sp., L. (Lepidocyclina) canellei (N4-N5a),
Miolepidocyclina panamensis (P22-N8), Carpenteria sp.,
Amphistegina sp.

Reef to forereef, inner
ramp

N4-N5a, Aquitanian, 23.0320.4 Ma

U2b

DR-GA-0802-01D

Amphistegina canaensis, A. floridensis, Eulepidina sp., E.
favosa (P21- N8a), Miogypsina tani (P21-N5a),
Lepidocyclina sp., L. (Lepidocyclina) canellei (N4-N5)

Inner ramp, lowenergy forereef

N4-N5a, Aquitanian, 23.0320.4 Ma

U2b

Lepidocyclina sp., Lepidocyclina (Lepidocyclina) canellei
(N4-N5), Amphistegina sp., Rotalia spp., Globigerina sp.

Low energy forereef, inner
to mid ramp (0-100 m)

N4-N5, Aquitanian, 23.0321 Ma

U2b

DR-GA-1001-01

Wackestone of
foraminifera

Microfacies description carried out by Jean-Jacques Cornée
Planktonic foraminifera (PF) zonal scheme and datum by (BouDagher-Fadel, 2015, 2018b), calibrated using the timescale of (Gradstein et al., 2012).
3
After Wright and Burchette (1996) and (BouDagher-Fadel, 2018a)
2
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Table A2: Description of seismic facies identified from GARANTI lines
Configuration

Continuity

Amplitude

Frequency

Unit

Line

Fs1

Poorlyorganized

Chaotic

Weak

Low

U0

GA02

Fs2

Poorlyorganized

Chaotic with
diffraction

Weak

Low

U0

GA02

Fs3

Irregular
stratification

Discontinuous

Strong

Low

U0

GA02

Fs4

Irregular, subparallel
stratification

Discontinuous

Weak

Medium

U0

GA34

Fs5

Sub-parallel
stratification

Discontinuous

Weak

Medium

U0

GA25
C

Fs6

Fan-shaped

Continuous

Moderate

Low to
medium

U1a

GA02

Fs7

Parallel

Very
continuous

Strong

Low

U1b

GA02

Fs8

Parallel

Very
continuous

Weak

Medium

U2aU2b

GA28
A

Fs9

Oblique-parallel Discontinuous

Weak

Medium

U2b

GA02

Fs10

Sigmoidal
clinoforms

Weak

Medium

U2a

GA26
B
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Seismic Facies

Continuous

This article is protected by copyright. All rights reserved.

Hummocky

Continuous

Variable

High

U3

GA02

Fs12

Parallel

Very
continuous

Strong

Medium

U3

GA02

Fs13

Oblique-parallel Continuous

Moderate to
strong

Medium

U3

GA02

Fs14

Hummocky

Discontinuous

Variable

High

U3

GA28
A

Fs15

Parallel

Very
continuous

Strong

Low

U1bU2b

GA02
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