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Chapter 15

Tectonic Evolution of the Grenada Basin

DALE E. BIRD, STUART A. HALL, JOHN F. CASEY and PATRICK S. MILLEGAN

Detailed analyses of gravity, seismic reflection and refraction data are integrated with an earlier interpretation of magnetic data
to produce a coherent model for the tectonic evolution of the Grenada basin that suggests that the basin formed by near east—west
extension.

Although the seafloor of the Grenada basin changes from smooth and undisturbed in the south to rugged with relatively high
relief in the north, Bouguer anomalies and two-dimensional and three-dimensional gravity models, based upon seismic refraction
and reflection data, reveal that the crust gradually thins in an east—west sense towards the center of the basin. Typical back-arc
crust is observed in the southern part of the basin, but refraction data are not sufficiently reliable in the northern part to adequately
determine the nature of the crust.

Several curvilinear discontinuities in magnetic, gravity and bathymetric trends are observed. These discontinuities, when
integrated with two-dimensional and three-dimensional modeling and analyses of Bouguer gravity anomalies, are interpreted to
be due to late Tertiary compressional forces in the northern part of the region. These compressional forces have resulted in the
bifurcation of the Lesser Antilles island arc north of 15°N, the westward displacement of part of the Aves Ridge (a remnant
island arc), and the crustal deformation observed in the northern Grenada basin. The compressional forces also appear to have
sufficiently disrupted the crust in the northern Grenada basin such that earlier magnetic anomaly patterns have been modified to

yield the observed magnetic signature.

INTRODUCTION

Various orientations ranging from north—south to
east—west have been proposed for the direction of
extension and subsequent formation of the Grenada
basin (Tomblin, 1975; Bouysse, 1988; Pindell and
Barrett, 1990). Large-amplitude, long-wavelength
magnetic anomalies, oriented generally east—west
over the basin, have been used by authors to ar-
rive at these conflicting interpretations of the basin’s
evolution.

The Grenada back-arc basin (Fig. 1) formed in
early Tertiary time at approximately 12°N (Duncan
and Hargraves, 1984; Ghosh et al., 1984; Pindell et
al., 1988; Ross and Scotese, 1988). Anomalies pro-
duced by east—west-trending features at low mag-
netic latitudes have significantly larger amplitudes
than anomalies produced by north—south-trending
features. The orientation of the Earth’s magnetic
field at low latitudes is nearly horizontal and
its direction is essentially to the north, therefore
east—west-oriented features produce large perturba-
tions in the Earth’s magnetic field while north—
south-oriented features result in minor anomalies.

If the Grenada basin formed by east—west exten-
sion, then magnetic anomalies produced by east—
west seafloor spreading in the back-arc region
would be characterized by small amplitudes. Fur-
thermore, if these north—south spreading centers
were offset by east—west-trending features, then
anomalies produced by these features would ex-
hibit large amplitudes that would overwhelm the
north—south-trending anomalies.

We have previously analyzed shiptrack and grid-
ded magnetic data over the Grenada basin, includ-
ing anomaly trend analyses and three-dimensional
forward modeling (Bird et al., 1993). Subtle, sub-
parallel to the Lesser Antilles island arc anomalies
have been identified over the southern part of the
basin and are interpreted to be due to near east—
west extension. Amplitudes of these anomalies are
approximately 40 nT while amplitudes of east—
west-oriented anomalies are about 300 nT. This
seven-fold increase, the difference between north—
south- and east—west-oriented profiles, was further
supported by three-dimensional forward modeling.

Although results from our analyses of magnetic
data support near east—west extension, and probable
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Fig. 1. Physiography of the eastern Caribbean with 2, 4 and 5 km isobaths contoured (after Bouysse, 1984). The outline of the study area,
trace of the subduction zone, and strike-slip fault zones which define the North American/Caribbean and South American/Caribbean
plate boundaries are displayed. Heavy dashed lines indicate probable locations for plate boundaries. The inner and outer arcs are

represented by dashed and dotted lines, respectively.

back-arc spreading for the formation of the Grenada
basin, the results should be integrated with analyses
of gravity and seismic data to provide more evidence
with which to examine the evolution of the region.
In this study, interpretations of seismic and gravity
data are combined with our earlier interpretation
of magnetic data. Then two-dimensional and three-
dimensional forward models, incorporating gravity
and seismic data (both reflection and refraction),
are constructed for the region. Comparison of these
results for the Grenada basin with the morphol-
ogy of the younger Andaman Sea back-arc basin
(11 Ma) provide a compelling interpretation for
the evolution of the Grenada basin (Mukhopadhyay,
1984).

MODELS FOR THE FORMATION OF THE GRENADA
BASIN

Various kinematic models for the formation of
the Grenada basin are described by Tomblin (1975),
Bouysse (1988), Pindell and Barrett (1990) and Bird
et al. (1993). These models outline the formation
of the basin by near east—west, northeast—southwest
extension, north—south extension and east—west ex-
tension, respectively.

East—west extension

Tomblin (1975) describes two possible scenarios
for east—west extension. The first involves an early
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Fig. 2. (A) Possible east—west extension due to a westward shift
of the Aves Ridge for the opening of the Grenada basin (Tomblin,
1975). (B) Possible north—south extension for the opening of
the basin (Pindell and Barrett, 1990). (C) Possible northeast—
southwest extension for the opening of the basin (Bouysse,
1988). Large arrows indicate the relative motions of the North
American, Caribbean, and South American plates and small
arrows indicate the directions of extension for the formation of
the basin.

Tertiary eastward shift of the subduction zone, and
the second involves a westward shift of the Aves
Swell (Fig. 2A). In the first model the older rocks
of la Désirade would either have been part of an
older orogeny and moved eastward with the sub-
duction zone, or they may represent obduction of
part of the Atlantic floor onto the eastward mov-
ing Caribbean plate. Tomblin’s alternative scenario
for the formation of the basin (a shift of the Aves
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Ridge to the west) requires the formation and subse-
quent spreading from a north—south-oriented median
ridge. He reports that no such ridge is observed.
However, since extension is no longer evident in the
Grenada basin, the loss of heat at spreading centers
would cause the ridge system to cool and subside.
Therefore a ridge system may not be obvious in
the data, but the center of the basin would still
produce a Bouguer gravity high when compared to
thicker crust on either side. Intuitively, east—west
extension as proposed by Tomblin seems most rea-
sonable, and magnetic anomaly lineations over many
back-arc basins support this conclusion (i.e., the
South Sandwich, Lau, Havre, North Fiji, Banda Sea,
Parece-Vela, Shikoku, and Sea of Japan basins).

North—south extension

Pindell and Barrett (1990) feel that the Lee-
ward Antilles were coupled to the northern edge
of the South American plate and that north—south
spreading in the Grenada basin is a result of con-
tinued eastward progression of the Caribbean plate.
The basin therefore formed by right lateral shear
(Fig. 2B). In this model the Leeward Antilles may
have been part of the Aves Ridge prior to the for-
mation of the basin and represents fragmentation
of the arc as the Caribbean plate progressed east-
ward. If the long-wavelength, high-amplitude, east—
west-trending magnetic anomalies over the basin
are produced by seafloor spreading, then this model
appears to fit the magnetic data.

For this model differences in the nature of the
crust between the northern and southern parts of
the basin are important. Pindell and Barrett (1990)
suggest that the northern part of the basin is block
faulted with no development of oceanic crust; how-
ever, the southern part of the basin may be under-
lain by oceanic crust. Although Pindell and Bar-
rett’s model may appear overly complex, magnetic
anomaly patterns over the Andaman Sea basin ap-
pear to be oriented at a high angle to the trench line
of its subduction zone.

Northeast—southwest extension

Similar to Pindell and Barrett’s model, Bouysse
(1988) describes a possible mechanism for extension
in which coupling of the southern part of the Lesser
Antilles with the South American plate precedes the
opening of the basin (Fig. 2C). He suggests that the
Netherlands-Antilles, Lesser Antilles and Greater
Antilles formed a continuous Mesozoic arc prior
to the injection of the Caribbean plate between the
American plates. Bouysse further theorizes that sub-
sequent seafloor spreading was oriented northeast—
southwest at the onset of the Cenozoic in a seg-
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mented manner such as described by Tamaki (1985)
for the Sea of Japan basin. Initial spreading was in
the southernmost portion of the basin and gradually
progressed northward over time.

Bouysse’s model provides for contemporaneous
formation of the Yucatan and Grenada basins. This
development occurred when the northeast-travelling
Caribbean plate, with respect to the North American
plate, was wedged between the North American and
South American plates in Late Cretaceous/early
Tertiary time. Subsequent to this collision, the
Caribbean plate rotated clockwise and began travel-
ling in an east—west direction.

Near east—west extension

Bird et al. (1993) interpret the basin to have
formed by near east—west extension similar to that
described by Tomblin (1975) with late Tertiary tec-
tonic movements disrupting the crust, and magnetic
signature, over the northern part of the basin (Fig. 3).
These conclusions are supported by forward three-
dimensional magnetics modeling and identification
of subtle anomaly trends over the southern part of the
basin. These low-amplitude (about 40 nT) anoma-
lies are interpreted as those produced by a roughly
north—south-oriented spreading center(s) near the
geomagnetic equator. The chaotic, patchy anomalies
over the northern part of the basin are thought to
have formed by seafloor spreading also, but later
were disrupted by the late Tertiary event responsible
for the bifurcation of the Lesser Antilles.

DATA BASE

The data base for this study includes gridded
gravity and bathymetry data (Figs. 4 and 5, and Web-
Figs. 15.1-4'), shipboard gravity and bathymetry
profile data (Fig. 6), multiple channel seismic reflec-
tion sections (Fig. 7A), and reversed and unreversed
seismic refraction profiles (Fig. 7B). Grids of total
intensity magnetic anomalies (2 km) and free-air
gravity (6 km) were compiled in 1987 by the Geo-
logical Society of America Decade of North Ameri-
can Geology (DNAG) Committees on the Magnetics
and Gravity Maps of North America, respectively.
These grids are available from the NOAA /National
Geophysical Data Center (NGDC). The bathymetry
grid is a portion of the ETOPOS data. The ETOPOS
data set is a S5-minute grid of topography and
bathymetry for the entire world and is available from
the NGDC as well. Since the grid spacing is not con-
stant as latitude varies, the data were regridded to 9
km utilizing a moving average least squares method.

I Available at http://www.elsevier.nl/locate/caribas
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Fig. 3. Two-step model for the formation of the Grenada basin by
east—west extension. Large arrows indicate directions of relative
plate motion and small arrows indicate directions of extension
and basin formation. (A) The basin is formed fairly uniformly by
early Tertiary seafloor spreading. (B) Late Tertiary compressional
tectonism disrupts the northern part of the basin (indicated by
long northeast-oriented arrows).

Multi-channel seismic reflection lines were ob-
tained from the Institute Francais du Petrole (IFP),
Lamont-Doherty Geological Observatory (LDGO) of
Columbia University, and the University of Texas at
Austin (UT) Institute for Geophysics (Fig. 8). The
reflection lines obtained from UT were originally
acquired by Gulf Oil Company (GULFREX lines).
Identification, fold, orientation, length, and year of
acquisition of seismic reflection sections used are dis-
played in Table 1. Seismic reflection line RC1904
(LDGO) was available in digital form as well as its
corresponding velocity analyses. Nine horizons of
this line were analyzed by LDGO and those within
the basin were used to interpret a velocity function
for modeling.

Refraction information used for the study comes
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Fig. 4. Free-air gravity anomalies over the study area. Heavy solid and dashed lines indicate interpreted curvilinear zones of disruption
(dashed lines indicate reduced confidence). Contour interval is 10 mGal.

Table 1

Parameters of multiple channel reflection seismic data

Organization Line No. Fold Direction Year Length (km)
LDGO C1904 24 E 1975 870.50
IFP A4 48 SE 1973 116.66
IFP 118A 48 E 1974 169.77
IFP 131A 48 SE 1974 222.73
IFP 217A 48 N 1976 111.36
UT (GULFREX) LS-11 48 NE 1975 169.85
UT (GULFREX) LS-12 48 NE 1975 143.96
UT (GULFREX) LS-14 24 E 1975 304.84
UT (GULFREX) LS-15A 24 NE 1975 165.40
UT (GULFREX) VB-11 24 NE 1975 138.73
UT (GULFREX) VB-12 24 SE 1975 132.89

Total

2546.69
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Fig. 5. Bathymetry of the study area. Heavy solid and dashed lines indicate interpreted curvilinear zones of disruption (dashed lines also

indicate reduced confidence). Contour interval is 100 m.

from published studies (Ewing et al., 1957; Officer
et al., 1959; Edgar, 1968; Boynton et al., 1979;
Speed and Westbrook, 1984). In general, coverage of
refraction data is sparse, particularly in the northern
part of the basin where the velocity structure is
represented by a single, unreversed profile (Fig. 7B).

TECTONICS OF BACK-ARC BASINS

Models for the formation of back-arc basins are
discussed by, among others, Karig (1971), Sleep and
Toskoz (1971), Poehls (1978), Uyeda and Kanamori
(1979), Dewey (1980), Cross and Pilger (1982),

Taylor and Karner (1983), and Tamaki (1985). A
back-arc basin is defined here as an extensional
basin located at the edge of an overriding plate of
a subduction zone such that the basin formed after
initiation of subduction.

At least nineteen basins have formed around the
world by extension, or seafloor spreading, behind is-
land arcs (Table 2). Back-arc basins formed by or-
ganized seafloor spreading should produce magnetic
anomalies parallel to spreading centers and those with
well defined magnetic anomaly lineations include
the South Sandwich, Shikoku, Bismark, South Fiji,
Lau, Havre, Banda, and Andaman basins (Taylor,
1979; Weissel, 1980, 1981; Barker and Hill, 1981;
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Table 2
Back-arc basins of the world

Basin Subduction zone
Aegean Hellenic
Andaman Andaman
Banda Java

Bismark New Britian

Fiji Plateau New Hebrides
Grenada Lesser Antilles
Havre Kermadec
Kurile Kurile

Lau Tonga

Mariana Mariana
Okinawa Ryuku
Parece-Vela Mariana

Sea of Japan Japan

Shikoku Bonin

South Aleutian Aleutian

South Fiji Kermadec, Tonga
South Sandwich South Sandwich
Tyrrhenian Hellenic
Yucatan Cuban

Bandy and Hilde, 1983; Brooks et al., 1984; Mc-
Cabe et al., 1985, 1986). Some back-arc basins have
anomaly patterns characterized by weak or subtle
trends including the Grenada, Sea of Japan, Parece-
Vela, and West Fiji basins (Weissel, 1981; Brooks
et al., 1984; Speed and Westbrook, 1984; Tamaki,
1985; Bird et al., 1993). Finally, some back-arc
basins have no predominant magnetic pattern over
them such as the Kurile, Okinawa, and Mariana
basins (Lee et al., 1980; Weissel, 1981; Brooks et al.,
1984; Okuma et al., 1990). Magnetic anomaly pat-
terns produced by back-arc spreading may be related
to the orientations of back-arc extension, which in
turn may be related to the interactions between over-
riding plates and their respective subducting slabs.

Four scenarios that lead to a lack of coherent
magnetic lineations over back-arc basins are: (1)
complex rifting and segmentation of spreading cen-
ters producing incoherent anomaly trends (Tamaki,
1985); (2) young basins, such as the Mariana and
Okinawa, not sufficiently developed to produce well
defined trends; (3) basins formed by east—west ex-
tension near the magnetic equator (the Grenada basin
is a probable candidate for this scenario); and (4)
a basin formed during a time when there were no
geomagnetic reversals, such as in Mid-Cretaceous
time (about 118—-84 Ma).

Refraction data from the Andaman, Banda,
Celebes, Grenada, Havre, Mariana, Okinawa,
Parece-Vela, Sea of Japan, Shikoku, and Sulu basins
reveal that the crustal structure of back-arc basins
is similar to ‘typical’ oceanic crust described by
Ludwig et al. (1971). The nature of back-arc basin
crust, however, is more variable. Six back-arc basins,
Grenada, Mariana, Okinawa, Parece-Vela, Sea of
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Table 3

Means and standard deviations for the velocity structure of se-
lected back-arc basins (regarding transition layers, means and
standard deviations are only calculated for the total of all transi-
tion layers)

Back-arc basin Layer 2 Layer 3 Transition Mantle
M STD M STD M STD
Sea of Japan 55 02 64 04 74,75 8.0 0.2
Okinawa 51 03 60 02 71,74 - -
Shikoku 49 06 67 03 - 82 03
Parece-Vela 53 05 69 01 77 84 0.2
Andaman 54 03 62 03 - - -
Sulu 54 03 64 03 72 83 -
Celebes 52 02 67 03 - 8.1 03
Banda 51 - 6.6 — - 8.0 -
Grenada 49 05 62 02 74,74 82 -
Mariana 51 06 62 04 72,74 82 04
Havre 44 - 6.6 - - 85 -
Means 5.1 03::64 03. 73,02 82 0.2

Japan, and Sulu basins (Ewing et al., 1957; Karig,
1971; Hayes et al., 1978; Bibee et al., 1980; Hus-
song and Uyeda, 1981; Curray et al., 1979), appear
to contain an additional layer exhibiting intermedi-
ate velocities between layer 3 and mantle velocities
(defined as the transitional layer for this study).

Table 3 displays results from the eleven back-arc
basins studied by analyses of refraction velocities.
Means and standard deviations of the data are dis-
played for each basin as well as for the entire data
set. The standard deviations illustrate the variability
of the data, while the means support the concept of
layered crusts, similar to normal oceanic.

REGIONAL SETTING
Geology

The Grenada basin is bounded to the north by
the Saba Bank at the junction of the Greater and
Lesser Antilles, and to the south by the continental
rise of northern Venezuela (Fig. 1). The Aves Swell
(or Ridge) and the Lesser Antilles arc form the
western and eastern limits of the basin, respectively.
The shape of the basin is arcuate with approximate
dimensions of 640 km (north—south) by 140 km
(east—west), its water depth ranges from about 2
to 3 km. Sediment thickness ranges from 2 km in
the north to 9 km in the south (Bouysse, 1988).
Morphologically, the ocean floor of the Grenada
basin can be divided into northern and southern parts
at about 15.5°N. The bathymetry of the northern part
is rugged while the southern part of the basin is
characterized by a near-horizontal, smooth seafloor.
The nature of the sediments in the Grenada basin
is not known; however, refraction data indicate that
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sediments of the Aves Ridge extend and thicken into
the basin (Westbrook, 1975).

The Aves Swell, an extinct island arc (Bouysse,
1984, 1988), is oriented north—south and dips steeply
into the Venezuela basin to the west. Its eastern edge
is arcuate, similar to the Grenada basin, and de-
scends in steps into the Grenada basin. Fox and
Heezen (1975) report volcanic rocks consisting of
andesites, basalts, dacites and volcanic breccias re-
covered from pedestals and scarps of the Aves Ridge.
They also report Middle Eocene fossiliferous lime-
stones, marls and chert recovered from dredge hauls.
Late Cretaceous to Paleocene granodiorites, diabases
and basalts, dredged from the southern part of the
Aves Ridge, may be part of the Aves Ridge or the
northern edge of the South American platform (Fox
and Heezen, 1975).

Like the eastern edge of the Aves Swell and the
Grenada basin, the general shape of the Lesser An-
tilles island chain is arcuate. It bifurcates at about
15°N with a maximum separation of about 50 km at
its northern limit. The outer arc is older (generally
middle and late Paleogene to early Neogene) and
inactive, while the inner arc is younger (generally
Neogene to Quaternary) and presently active (Fox
and Heezen, 1975). The western limit of the arc
is marked by steep bathymetric gradients into the
Grenada basin. Bouysse (1988) reports two episodes
of volcanism: the first in Late Cretaceous time prior
to back-arc spreading (84-66.4 Ma), and the sec-
ond from Eocene to present. Warner (1991) reports
that Early Paleocene to Early Oligocene volcanic
rocks have been recovered from the Saba Bank. The
episodic nature of volcanism is clear because vol-
canic rocks younger than Early Paleocene to Early
Oligocene (Warner, 1991) have not been collected
from the Aves Swell and volcanic rocks older than
Middle Eocene (with one exception) have not been
collected from the Lesser Antilles (Bouysse, 1988).
This age difference indicates that the Grenada basin
probably formed in early Tertiary time. The duration
of back-arc spreading was restricted, as found in
other back-arc basins. Jurassic age basalts on the is-
land of la Désirade are thought to represent obducted
oceanic crust (Fink, 1968, 1970).

Seismic refraction

The thickness of the crust increases beneath the
Aves Ridge and Lesser Antilles and decreases be-
neath the Grenada basin (Kearey, 1974; Kearey et
al., 1975; Westbrook, 1975). Modeling also suggests
that the base of the crust generally mirrors the topog-
raphy and bathymetry (Boynton et al., 1979; Bird,
1991). Oceanic crustal layers 2 (4.9-5.3 km/s) and
3 (6.2-6.4 km/s) are present in the Grenada basin
south of about 15°N (Speed and Westbrook, 1984).

D.E. BIRD et al.

Boynton et al. (1979) reports that the Grenada basin
crust is approximately 14 km thick near 14°N with
an average velocity of 4.8 km/s. Descriptions of
the velocity structure vary; however, general struc-
ture and probable rock types follow: (1) 2.2 and
3.7 km/s — unconsolidated sediments and partially
lithified sediments (Boynton et al., 1979); (2) 5.3
km/s — (upper oceanic crust), basaltic flows and
dikes (observed only in the southern part of the
basin (Speed and Westbrook, 1984); (3) 6.2 km/s
— (lower oceanic crust), gabbros; and (4) 7.4 to 7.5
km/s — lower crust to mantle velocity transition
zone.

Upper and lower crusts of the Lesser Antilles
arc are defined as 6.3 km/s and 6.9 km/s layers
totaling about 35 km in thickness (Westbrook, 1975;
Boynton et al., 1979). Rocks of the lower crust may
be basic in composition while the rocks overlying the
upper crust (3.4-4.5 km/s layer) may be composed
of limestones, pyroclasts and sediments (Boynton et
al., 1979). Officer et al. (1957) describe the seismic
structure of the Aves Ridge as similar to that of the
Lesser Antilles.

Seismic reflection

Neither of the prominent Caribbean reflectors,
A" or B/, can be traced across the Aves Ridge
into the Grenada basin; however “... a lower or
middle Miocene horizon can be followed throughout
the Grenada basin and west to the crest of the
Aves Ridge. ..” (Speed and Westbrook, 1984). Two
outer ridges of the Aves Swell enclose horizontal
layers of sediment which are thickest near 13.4°N
(Kearey, 1974). Reflection data also suggest that the
Aves Ridge continues northward with its topographic
expression buried by layers of sediment (Kearey,
1974).

For the purpose of this work, the most important
aspect of the seismic reflection data is the character
of sediments overlying deep structures in the basin.
The rugged bathymetry of the northern part of the
basin is produced by deep structures in several loca-
tions. Conversely, reflection horizons of the southern
part of the basin are smooth and relatively undis-
turbed (Fig. 7). Sediment thickness increases to the
south from approximately 2 to 9 km.

Magnetics

Magnetic anomalies over the Grenada basin
(Fig. 9 and Web-Figs. 15.5,6) have been carefully
examined by Bird et al. (1993). Anomaly amplitudes
of hundreds of nanoteslas and wavelengths ranging
from 10 to over 50 km are observed. Anomalies
over the southern part of the basin display longer
wavelengths and smaller amplitudes than those over
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Fig. 8. Part of multiple-channel seismic reflection line
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the northern part. Similarly, shapes and trends of
anomalies change from north to south. The shape
of the anomalies over the northern part are typically
oblong with an east-west trend degrading to patchy
and more disorganized farther south. The magnetic
anomalies over the Aves Swell are similar to those
over the northern part of the basin except that they
are oriented north—south with larger amplitudes. The
magnetic anomalies over the Lesser Antilles range
in amplitude from 150 to 600 nT with wavelengths
from 5 to 40 km. Short-wavelength anomalies (20 to
50 km) clearly delineate the island chain.

Gravity

Several high-amplitude (approximately 80 to 150
mGal) free-air gravity anomalies, parallel to and just
east of the island arc, are shown in Fig. 4 and Web-
Figs. 15.1,2. The wavelengths of these anomalies
increase from about 20 km in the south to 50 km
in the north. Similarly, several north—south-trending
free-air gravity anomalies are observed over the
Aves Ridge reflecting bathymetric variations. These
anomalies display wavelengths and amplitudes of
about 20 km and 50 mGal, respectively. North of
the Aves Ridge, the free-air gravity field is subdued,
displaying a broad positive northeast gradient (0.6
mGal/km) over the area. The average free-air grav-
ity value ranges from about 0 to —20 mGal over the
northern half of the basin, then gradually decreases
to about —80 mGal over the southern half.

Airy isostatic reduction was performed by Kearey
(1974). Isostatic anomalies over the Aves Ridges are
generally negative (—15 mGal) with some positive
values to the south. Isostatic anomalies over the
Grenada basin decrease from +10 to —30 mGal,
north to south. Kearey (1974) calculated 50 mGal
positive anomalies over the Lesser Antilles.

INTERPRETATION

The northern part of the Aves Ridge (north of
15°N) appears to be displaced to the west and may
be related to the late Tertiary tectonic event which
resulted in the westward shift of the Lesser Antilles
(Figs. 4 and 5 and Web-Figs. 15.1-4). Therefore,
the data are inspected for features which support
this hypothesis. Subtle, curvilinear ‘discontinuities’
are interpreted for total intensity magnetic anomaly,
free-air gravity anomaly, and bathymetry data sets.
Since these data sets are physically different and
related to physically different rock properties, trends
are not coincident between the data sets. Discontinu-
ities consist of connected gradients, highs and lows,
and/or connected truncations of gradients, highs and
lows. Subduction of the aseismic Barracuda Ridge
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(McCann and Sykes, 1984), or differential motion
between the North American and South American
plates (Bougault et al., 1988), in the late Tertiary
has caused the subducting slab(s) to shoal under
the northern part of the overriding Caribbean plate.
McCann and Sykes (1984) have further suggested
that the Barracuda and Main Ridges are continuous
and have been recently overridden by the relative
eastward motion of the Caribbean plate. In either
case this shoaling has resulted in a westward shift
of the center of volcanism beneath the northern part
of the Lesser Antilles island arc. In addition to tec-
tonic compression, this shoaling of the subducting
slab(s) may have caused sections of the overrid-
ing plate (i.e., northern Aves Ridge, Grenada basin,
and Lesser Antilles Arc) to be displaced and/or
disrupted. Therefore curvilinear discontinuities are
interpreted to be related to disruptions within the
crust of the basin, which are in turn interpreted to
be related to the tectonic event responsible for the
bifurcation of the arc.

Gravity

High-amplitude free-air gravity anomalies near
the Lesser Antilles arc are interpreted to be produced
by a combination of shallow bathymetry as well as
dense volcanic rocks. Hence the contrast between
the magmatic arc with the surrounding water and
sediments results in positive gravity anomalies as
seen in the results of 2-D modeling. The long-wave-
length low over the southernmost part of the basin
is also interpreted to be produced by a combination
of effects. Sediment thickness increases to about 10
km, causing the crust to warp down into the mantle.
Kearey (1974) reports that negative isostatic anoma-
lies (less than —30 mGal) over the southern part
of the Grenada basin may be related to downward
flexing of the crust into the mantle.

Bouguer gravity anomalies were calculated in or-
der to compensate for the water bottom interface
and allow for the interpretation of crustal variations.
Bouguer gravity anomalies were calculated for two
cases: (1) substituting rock with a density of 2.0
g/cm? for the water layer, and (2) substituting rock
with a density of 2.67 g/cm® for the water layer
(Fig. 10 and Web-Figs. 15.7.8). In both cases a
broad high (i.e., positive anomaly) is located over
the center of the basin, with a north—south elonga-
tion, from about 13°N to 15°N. This high is slightly
displaced to the south as the density used to cal-
culate the Bouguer anomalies is increased. A large,
triangular-shaped residual low is produced by the
Bouguer calculations over the southernmost part of
the Grenada basin and adds confidence to the notion
that the crust is downwarped into the mantle. In gen-
eral, the only differences between utilizing a rock
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Fig. 9. Total intensity magnetic anomalies over the study area. Heavy solid and dashed lines indicate interpreted curvilinear zones of
disruption (dashed lines indicate reduced confidence). Contour interval is 50 nT.

density of 2.0 or 2.67 g/cm’ in the Bouguer calcu-
lation are the amplitudes of the resultant anomalies.
Anomaly shapes and wavelengths are essentially
unaffected by the calculations.

The large Bouguer gravity high over the center
of the basin is interpreted to be caused by crustal
thinning and the formation of the Grenada basin.
This gravity high migrates southward as the rock
density which replaces the water layer is increased,
because as the water column increases, the increased
density assigned to it produces increased anomaly
amplitudes. Small wavelength anomalies over the
Lesser Antilles and Aves Ridge are relatively un-
changed by the calculation. If the Bouguer gravity

is compensating for the effect of the water bottom,
then cross-cutting northeast-trending discontinuities
also seen in these maps are interpreted to be related
to deep-seated, crustal features

Two-dimensional models

Two-dimensional models were constructed us-
ing profile gravity, bathymetry and seismic (both
reflection and refraction) data. Basement horizons,
interpreted from multiple channel seismic reflection
lines, were converted to depth prior to being incor-
porated in models. Oceanic crustal layers 2 and 3,
and a probable transition from lower crust to man-
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Table 4

Densities used in 2-D and 3-D forward models

Layer Density (g/cm?)
2-D and 3-D

Water 1.03
Sediments 2.30
Layer 2 2.57
(basement or upper crust)

2-D only

Layer 3 2.74
(lower crust)

Transition 3.05
Mantle 3.30

tle velocity, were incorporated utilizing refraction
information. Densities were interpolated from the
Nafe—Drake curve (Ludwig et al., 1971). In order to
maintain consistency throughout the study area, den-
sity variations were not introduced within individual
rock layers of the models. Table 4 displays horizons
and densities used in modeling.

Depth conversion of two-way seismic reflection
time is achieved by utilizing a velocity function
derived from velocity analyses of seismic line C1904
(LDGO). This velocity function is developed in a
two-step process. First, the velocity analyses in the
basin are converted to depth using the Dix formula
(Dix, 1955). Time versus depth curves are then
overlain and a ‘best fit’ curve is determined. Second,
the interpreted velocity curve is modified to satisfy
seismic refraction data. Reversed seismic refraction
line 29 (Officer et al., 1957) indicates that the top of
oceanic seismic layer 2 is at about 8 km below sea
level near LDGO line 15, cruise RC1904. The lower
limit of the velocity function was set at this point.

The use of a single velocity function for bas-
inwide time-to-depth conversions is easily imple-
mented, but there are inherent pitfalls. The sediment
and water layer thicknesses vary from O to 9 km
and 0 to 3 km, respectively. The effect of an average
velocity function tends to make shallow horizons
too deep, and deep horizons too shallow. A high
degree of accuracy with respect to shallow depth
conversions is not critical for the purpose of this
study. Fortunately the velocity analyses from cruise
RC1904 are tied to seismic refraction velocities,
hence the accuracy of depth conversions for deep
horizons is good (& 0.5 km) when considering the
overall dimensions of the basin (640 by 140 km).

Connecting models (A-B, B-C, and C-D-E)
over the Grenada basin, oriented north—south and
concentric with the Lesser Antilles Arc, reveals that
the depth to the base of oceanic crustal layer 3
(Ludwig et al., 1971) decreases from about 20 to 18
km in C-D-E and remains nearly constant at about
15 km thereafter (Fig. 11). The combined thickness
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of oceanic crustal layers 2 and 3 decreases from
about 15 km in the south, to 8 km in the center of
B-C (near 14.5°N), and then increases to 15 km to
the north. In general, the thickness of the transitional
layer is modeled to thicken away from the central
portion of the basin. East—west-oriented models (F—
F' and G-G’) reveal that the minimum depth to the
base of oceanic crustal layer 3 ranges from 13 to
15 km (Fig. 12). These minima are located at about
62.5°W and 61.5°W for models F-F' and G-G/,
respectively. The combined thickness of layers 2 and
3 ranges from about 17 km (Aves Ridge) to 7 km
(Grenada basin) to 28 km (Lesser Antilles arc).

For the two-dimensional model F-F', the depth
to the base of layer 3 decreases to about 15 km
at 15.75°N, 62.5°W and increases to about 17 km
to the east (Fig. 12A). The minimum combined
thickness of combined layers 2 and 3 is 11 km.
Dramatic variations in the combined thickness of
layers 2 and 3 modeled in the eastern part of F—F'
are interpreted to be related to the discontinuities.
Other dramatic variations in the combined thickness
of layers 2 and 3 are observed in the western part
of F—F'. These variations are interpreted to represent
density variations within the Aves Ridge. In model
G-G/, the shape of the base of layer 3 is asymmetric
and shallowest (about 14 km) in the eastern part of
the model (14.25°N, 61.5°W). From here the depth
increases east and west to about 18 km (Fig. 12B).

Overall, the two-dimensional models display
good correlations between calculated gravity and
free-air gravity profiles. Long-wavelength gravity
anomalies over this area are considered to be
two-dimensional because of the overall north—south
trough-like shape of the gravity field over the study
area. The excellent correlation of gravity profiles
adds confidence to the overall concept of the basin’s
crustal structure. That is, the crust of the Grenada
basin thins toward the center and thickens under
the Aves Ridge and Lesser Antilles island arc. The
observed gravity data are consistent with such a
model.

Three-dimensional models

A three-dimensional forward model was con-
structed to help interpret gridded gravity data. Grid-
ded bathymetry data and an interpreted depth to
acoustic basement surface (Speed and Westbrook,
1984) were incorporated into a two-and-one-half
layer model representing the water column, sed-
iments, and basement respectively. The depth to
acoustic basement surface was interpreted from two-
way travel time using many of the multi-channel
seismic lines utilized in this study (Speed and West-
brook, 1984). Fig. 13, and Web-Figs. 15.9,10, show
the depth-to-acoustic basement surface used in 3-D
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Fig. 11. Locations for 2-D models of the basin. Posted values coincide with depth (km) to the base of layer 3 (Ludwig et al., 1971) and

combined thickness (in parentheses) of both layers 2 and 3 from results of 2-D forward modeling.

modeling. Speed and Westbrook (1984) interpreted
this basement surface in time (Web-Fig. 15.11) uti-
lizing extensive multiple- and single-channel seismic
reflection data sets. This surface was converted to
depth utilizing the velocity function described above.

The calculated gravity field is produced by the
water layer, sediment layer, and the upper surface
of layer 2. The observed free-air gravity field is
produced by these same layers as well as layer 3, the
transitional layer, and deeper sources. The observed
free-air gravity field also reflects density variations
within the sediments and basement which are un-
known, as well as variations in crustal thickness.
In general, density variations within the sediments
and shallow parts of the basement should produce

short-wavelength anomalies. With respect to long-
wavelength anomalies, the calculated gravity field
(Fig. 14A and Web-Fig. 15.12) correlates well with
the observed free-air gravity field; however, there are
several important differences between the calculated
and observed fields. The location of the gravity min-
ima over the Grenada basin is displaced to the north
for the calculated field. A north—south-trending, sub-
tle, broad high is superimposed along the center of
the basin for the observed free-air gravity. The area
of the continental shelf of Venezuela exhibits an
anomaly high in the calculated gravity. The observed
free-air gravity field has high frequency anomalies,
particularly over the Aves Ridge and Lesser Antilles,
which are not observed in the calculated field.
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Fig. 12. (A) 2-D model F-F’ oriented east—west in the northern part of the basin. (B) 2-D model G-G’ oriented east—west in the central

part of the basin. Horizontal and vertical scales of the models are 1: 1
gravity (free-air) profile; 2 = calculated gravity profile.

To increase confidence in the 3-D model, the
free-air gravity field is filtered (high cut: 60 km) to
remove short-wavelength anomalies, then the calcu-
lated gravity is subtracted from the filtered free-air

.5 and 1:0.75 million (2:1 vertical exaggeration); / = observed

gravity (Web-Figs. 15.13,14). This operation isolates
anomalies which are produced by deep crustal and
upper mantle variations. Residual gravity anomalies
over the basin are similar to Bouguer gravity anoma-
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Fig. 13. Depth to acoustic basement with heavy lines indicating faults (after Speed and Westbrook, 1984). Contour interval is 500 m.

lies and are defined here as residual Bouguer anoma-
lies. A broad high exists over the basin and lows over
the Aves Ridge and Lesser Antilles arc. Also, the tri-
angular-shaped anomaly over the southernmost part
of the basin correlates well with Bouguer anomalies.

DISCUSSION

A key to understanding the Grenada basin is an
understanding of the differences and similarities be-
tween the northern and southern parts of the basin.
The differences are dramatic for bathymetry, seis-
mic reflection, and magnetic data. However, free-air
and Bouguer gravity data suggest that the crustal

structure of the basin is broadly similar from north
to south. Although seismic refraction coverage is
sparse in the north, when utilized as control for two-
dimensional and three-dimensional modeling, these
data also indicate similarities from north to south.
The only mantle velocity (8.2 km/s) recorded for
the basin is Lesser Antilles Seismic Project (LASP)
Profile B (Boynton et al., 1979) and is oriented ap-
proximately east—west near 13°N (Fig. 15). Two-D
model G-G’ is crossed by the north-northeast-ori-
ented reversed Profile 29 (Ewing et al., 1957). There
is no doubt that the crust in this part of the basin
is similar to typical oceanic layering. Average ve-
locities of back-arc basins are 5.1, 6.4, 7.3, and 8.2
km/s for layer 2, layer 3, transition, and mantle,
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7.40

respectively (Table 3). Similarly, lower velocities for with typical oceanic crustal layers 2 (5 km/s) and 3
profiles LASP B and 29 are 5.30, 6.20, 7.40, 8.2 (6.4 to 7.1 km/s) described by Ludwig et al. (1971).
km/s and 5.28, 6.22, 7.41 km/s, respectively. Veloc- In their models for the formation of the Grenada

ities 5.28 or 5.30 and 6.22 or 6.30 km/s correlate basin, Bouysse (1988) and Pindell and Barrett (1990)
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suggest that the crust of the northern part of the
basin is composed of stretched and thinned arc
material rather than accreted oceanic crust. Reversed
refraction Profile 21 (Officer et al., 1959) displays
lower velocities 5.44, 5.95, and 6.52 km/s. Velocities
5.44 and 6.52 km/s are similar to typical oceanic
layers 2 and 3. Although the intermediate 5.95 km/s
layer of this profile could be interpreted to represent
an intermediate velocity from 5.44 to 6.52 km/s, the
location of the profile (over the Aves Ridge) dictates
that the crust is composed of island arc material.
The only other velocity information for the north-
ern part of the basin is an unreversed profile near
16°N, 63°W and oriented approximately east—west
(Speed and Westbrook, 1984). The lower veloci-
ties from this profile (Fig. 15a), 4.42, 4.95, and
5.86 km/s do not correlate well with other profiles
for the region. The 5.95 km/s layer of Profile 21

VAN |_

(A)

/_\/\—\_\ B

20 km

D.E. BIRD et al.

(discussed above) could correlate, but the overlying
layers do not correlate. Similarly, the 4.98 km/s
layer of reversed Profile 22 (Officer et al., 1959) to
the south-southwest may be a match for the 4.95
km/s layer, but velocities above and below do not
correlate either. Furthermore, to the south-southeast,
an unreversed profile displays lower velocities 4.4,
5.42, 5.85, and 6.41 km/s. This area has been sug-
gested to be the northernmost extent of oceanic crust
(Bouysse, 1988; Pindell and Barrett, 1990). The 5.42
and 6.41 km/s layers are probably interpreted to
coincide with typical oceanic layers 2 and 3, respec-
tively, with the thin 5.85 km/s layer representing a
possible intermediate velocity.

Since the morphology of the northern part of the
basin is rugged, and the refraction data are sparse
with no clear correlations to surrounding refraction
data, the lone profile near 16°N, 63°W is interpreted

16°]

(D)

16°N

15°N

Fig. 16. Magnetic anomaly profiles: (A, C) correlated; (B, D) displayed in their acquisition position. Heavy lines in (A) and (B) indicate
correlated anomalies. Dots in (B) and (D) correspond to locations of correlated anomalies in (A) and (B). Dashed lines correspond to

interpreted curvilinear zones of disruption (Fig. 3).
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to be less reliable than the rest of the refraction in-
formation. Therefore, the nature of the crust for the
northern part of the basin remains relatively uncer-
tain. Two-dimensional and three-dimensional gravity
models suggest that crustal layers gradually thin to
the north in this region. The Bouguer gravity over
the Grenada basin has been calculated four times
using two methods in this work as well as twice by
Kearey (1974; Kearey et al., 1975). Anomaly pat-
terns produced by all these calculations are similar.
The resultant long-wavelength high over the central
part of the basin diminishes gradually north to the
Saba Bank, and south to the continental slope of
Venezuela. This indicates that the thickness of the
crust of the basin also changes gradually over the
length of the basin.

In his discussion regarding the magnetic anoma-
lies over the Grenada basin, Bouysse (1988) points
out that, “... the present great depth to the oceanic
basement due to sedimentary overloading combined
with a possible location of the Eastern Caribbean in
the vicinity of the geomagnetic equator during the Pa-
leocene may contribute to significantly lowering the
anomalies’ intensity and to blur the original pattern.”
Although the geophysical data in the Grenada basin
are complex, our interpretation suggests that the for-

(A) V4
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mation of the Grenada basin was by near east—west
extension. And though the nature of the crust of the
northern part of the basin cannot be determined con-
clusively, a mechanism for which oceanic crust was
later disrupted by tectonism related to the bifurcation
of the Lesser Antilles arc is suggested.

Strike-slip motion (Speed and Westbrook, 1984)
along prominent east-northeast faults in the northern
part of the basin may have caused the magnetic
signature over this part of the basin to be dis-
rupted. McCann and Sykes (1984) identified mag-
netic anomalies having amplitudes of over 400 nT
produced by fracture zones in oceanic crust, during
the Cretaceous quiet period, just north of Hispaniola
and Puerto Rico. In order to test this hypothesis,
magnetics profiles were re-interpreted with the spe-
cific purpose to identify, and correlate displaced
anomalies, or packages of anomalies. Fig. 16A,C
displays correlated anomaly profiles over the basin
and Fig. 16B,D shows the same profiles plotted in
their acquisition position. For Fig. 16A,B the north-
ern six profiles may be displaced about 45 km to the
southwest with respect to the southern five profiles
over this area. The central high (dots) is shown in
both figures. Fig. 16C,D is a somewhat less convinc-
ing correlation. For this set of profiles, dots follow

(B) V4

Fig. 17. East—west reconstruction of the Grenada basin using 2 km isobath: (A) present-day configuration; (B) east—west closure of the

basin.
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the correlated prominent low. These anomalies may
be displaced about 25 km.

Fig. 17 shows a simple east—west closing of the
Grenada basin along the 2 km isobath. Although
the fit is generally good, the basin does not close
completely in the south and the isobaths overlap in
the north. Knowledge of seafloor spreading geome-
tries and the amount of extension of the arc prior
to spreading would allow a better constrained recon-
struction. Furthermore, the poor fit in the north is
consistent with our interpretation that the island arc
has been tectonically modified since the formation
of the basin.

There are two important aspects of the north—
south (Pindell and Barrett, 1990) and northeast—
southwest (Bouysse, 1988) spreading models sug-
gested for the formation of the Grenada basin. There
is no real world analogy for these suggested mecha-

(A)
I

D.E. BIRD et al.

nisms. Although Brooks et al. (1984) have classified
the Sulu and Celebes Sea basins as possibly being
back-arc basins with the westward dipping Philip-
pine plate related to extension, these basins are
probably trapped, small ocean basins (McCabe et
al., 1985, 1986; Lee and McCabe, 1986; McCabe
and Cole, 1987). The only other back-arc basin in
the world which exhibits extension oblique to the
trench line of the subduction zone is the Andaman
Sea basin. However, there is no counterpart for the
Aves Ridge here. That is, a remnant island arc is
not bounded by basins on both sides. If oblique
subduction resulted in oblique back-arc extension
and formation of the Grenada basin, then it is rea-
sonable that the Aves Ridge would be composed of
oblique-oriented segmented arc sections.

Fig. 18A shows a trace of the subduction zone
and ridge/transform sections in the Andaman Sea

A

(B)

Fig. 18. Modified after Mukhopadhyay (1984). (A) Trace of subduction zone and transform/ridge segments in the Andaman Sea back-arc
basin. The large vector (/) represents the relative motion of the Indian plate with respect to the basin. Small arrows and line segments
represent projections of ridge segments toward the subduction zone. (B) Upside-down trace of subduction zone and transform/ridge
segments in the Andaman Sea back-arc basin. The large vector (A) represents the relative motion between the North/South American
plates and the Lesser Antilles subduction zone included for comparison of Andaman Sea and Grenada Basins.
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(after Mukhopadhyay, 1984). The large vector (I) in
Fig. 18A represents the direction of motion of the
Indian plate with respect to the island arc. Oblique
to the arc back spreading is apparent; however, if
one projects individual ridge segments back to the
subduction zone perpendicular to ridge segments
(small arrows and connecting segments), then these
segments are subparallel to the arc for the most
part. In Fig. 18B the previous trace of the Andaman
Sea is turned upside down. The second vector (A)
represents suggested oblique subduction for the At-
lantic plate and the Lesser Antilles (Pindell and
Barrett, 1990). The similarity between the Andaman
Sea and Grenada basins is obvious. Furthermore,
the ridge/transform pattern is similar to the tectonic
model for the evolution of the Grenada basin (Fig. 6)
and the pattern predicted by Dewey (1980) regarding
the mechanism for back-arc spreading.

There are at least nineteen basins which have
formed via back-arc extension in the world today.
All but possibly two of these basins exhibit exten-
sion perpendicular to the subduction zone. There-
fore, with the physiography of the study area in
mind, near east-west extension for the formation
of the Grenada basin is favored. Second, it is felt
that conditions which cause back-arc spreading are
primarily a result of the interaction between the sub-
ducting slab and the overriding plate. Both north—
south (Pindell and Barrett, 1990) and northeast—
southwest (Bouysse, 1988) spreading models for the
formation of the basin rely on coupling along the
Caribbean/South American plate transform bound-
ary for back-arc extension. In the Southwest Pacific,
the Fiji Plateau, South Fiji basin, and Lau basin are
back-arc regions which have formed juxtaposed to
transform faults. Magnetic lineations over the Fiji
Plateau are oriented subparallel to the subduction
zone (Brooks et al., 1984). Extension in the South
Fiji basin is from a ridge-ridge—ridge triple junc-
tion (Weissel, 1981). The spreading ridge of the
Lau basin is parallel to the Tonga Trench (Taylor
and Karner, 1983) and forms a small transform—
ridge—transform triple junction near the bounding
transform fault to the north. These back-arc regions
have not formed as predicted by the trench transform
model. Hence, the coupling along a transform fault
may only have a minor influence on the development
of back-arc basins.

CONCLUSION

Thorough analyses of magnetic, gravity and seis-
mic data support near east—west extension for the
formation of the Grenada basin. Interpretation of
magnetic data included trend analyses and forward
modeling (Bird et al., 1993). We have integrated
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these results with analyses of gravity and seismic
data to develop a more coherent model for the evo-
lution of the Grenada basin. This evolution involves
two major tectonic episodes. The basin is interpreted
to have formed by near east—west back arc seafloor
spreading in early Tertiary time. In late Tertiary
time, the northern part of the basin was affected
by compressional forces causing the Lesser Antilles
island arc to split, displacing a section of the Aves
Ridge, and disrupting the crust of Grenada basin,
including its magnetic signature.
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