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A B ST R A C T

We have developed new velocity and Moho interface models for the Dutch 

Antilles region o f the Leeward Antilles arc from independent and simultaneous 3-D 

inversion o f first arrival and PmP traveltimes. The first arrival and PmP traveltimes were 

picked from wide-angle offshore-onshore seismic data acquired in the Leeward Antilles 

arc region using 70 offshore and onshore instruments as part o f the Broadband Onshore- 

Offshore Lithosphere Investigation o f Venezuela and the Antilles arc region (BOLIVAR) 

experiment. The resulting velocity models show evidence for fault bounded basins and 

features associated with the under-thrusting o f the Caribbean plate beneath South 

America. Velocities beneath the arc are higher than velocities elsewhere in the study 

region at all depths and they suggest that the arc may be made of intermediate granulites. 

Moho interface models vary in depth from 19 km to 37 km in the study area. Beneath the 

arc, shallow basement topography lies above deep Moho topography and vice versa. In 

other words, the Moho structure mirrors the basement topography. This observation 

indicates the possibility o f displacement partitioning during the formation o f the arc. We 

compare an average 1-D velocity model from the Leeward Antilles arc to models from 

other island and continental arcs and find that the Leeward Antilles profile has velocities 

lower than mafic oceanic island arcs such as the Aleutians, Tonga and the Bonin arc, but 

has higher velocities than continental arcs such as the Sierra Nevada. Its velocities are 

however, similar to those o f the Honshu island arc. The range o f velocities in the 

Leeward Antilles arc profile is similar to that in the average continental crustal profile.
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A B ST R A C T

3-D Seismic Structure of the Leeward Antilles Arc from seismic refraction 

and reflection tomography 

by 

Adeyemi Arogunmati

New velocity and Moho interface models for the Dutch Antilles region have been 

developed from independent and simultaneous 3-D inversion o f first arrival and PmP 

traveltimes. Traveltimes were picked from wide-angle offshore-onshore seismic data 

acquired in the Leeward Antilles region using 70 offshore and onshore instruments. The 

velocity models show evidence for fault bounded basins and features associated with the 

under-thrusting o f the Caribbean plate beneath South America. Velocities beneath the arc 

are higher than velocities elsewhere in the study region and suggest that the arc may be 

made o f intermediate granulites. The range o f velocities in the Leeward Antilles arc is 

similar to that in the average continental crustal profile. Moho interface models vary in 

depth from 19 to 37 km in the study area. Beneath the arc, the Moho structure mirrors the 

basement topography. This observation indicates the possibility o f displacement 

partitioning during the formation o f the arc.
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INTRODUCTION

The Broadband Onshore-Offshore Lithosphere Investigation o f Venezuela and the 

Antilles arc region (BOLIVAR) experiment acquired active and passive source data in 

the Caribbean-South American plate boundary zone, which includes the Leeward Antilles 

arc. The active source component of the survey was carried out in April-June 2004 

producing both multi-channel seismic reflection data and wide-angle refraction data 

(Levander et al., 2006). This paper analyzes relatively sparse 3-D active source data 

acquired in the Leeward Antilles region (Figs 1 and 2) as part o f the BOLIVAR project, 

producing a 3-D velocity model of the arc. The velocity model obtained is compared with 

models obtained in other accreted arcs to better understand continental growth from 

island arc accretion.

Several growth curves have been proposed for the growth o f continental crust 

(Reymer and Schubert, 1984) but the most plausible curves infer a rapid growth rate in 

the Archean followed by a slower growth rate in the Phanerozoic. It is widely thought 

that early continental crustal growth occurred by the accretion o f island arcs to form 

continental masses in the Archean and Paleo-Proterozoic (Taylor and McLennan, 1985). 

This process was accompanied by the stabilization o f the continents with a thick, buoyant 

mantle beneath the Archean cores (Jordan, 1975). Evidence in support o f the formation of 

continental crust from island arc crust includes the observation that the continental crustal 

bulk composition shows a trace element pattern found in magmatic rocks erupted in 

subduction zone settings (Rudnick, 1995). However, the bulk composition o f modem
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island arcs is different from that o f continental crust (Miyashiro, 1974; Conrad and Kay, 

1984; Kay and Kay, 1985; Taylor and McLennan, 1985). While the magnesium numbers 

of island arcs are higher than that o f the bulk continental crust, the bulk continental crust 

has a higher SiCh content than island arc crusts. With increase in Mg content, density, 

hence velocity increases. Zandt and Ammon (1995) used a study o f global crustal 

Poison's ratio to show a clear difference between continental crust and island arc crust.

Other theories have been proposed to explain continental crustal growth; these 

include the intrusion and underplating o f magmas derived from the upper mantle 

(Rudnick, 1990) and volcanic eruption (Taylor and White, 1965). One suggested way by 

which continental crust may form is through mantle plume activities, although this 

hypothesis is not well constrained (White et al., 1999). Mantle plumes have been 

suggested as being responsible for the formation o f oceanic plateaus/igneous provinces 

(e.g. Saunders et al., 1996). Another process is the accretion of oceanic plateaus. Oceanic 

plateaus have only been discovered in the past two decades, largely from the expeditions 

o f the Ocean Drilling Program. They are regions with thick oceanic crusts formed by a 

kind of magmatism different in characteristics from that at ocean spreading centers (Frey 

et al., 2000). Oceanic plateaus can eventually become part of the continents through 

processes such as accretion (Stein and Hofmann, 1994) since they will resist subduction 

due to their high buoyancy.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Island arcs are observed to accrete onto continents today in places such as the 

Aleutians-Kamchatka Peninsula (Geist et al., 1994), Taiwan (Kao et al., 1998), northern 

Australia (Genrich et al., 1996), Tonga (Tibi and Wiens, 2005), Izu-Bonin (Seno et al., 

1984; Seno et al., 1993) and along the South American-Caribbean plate boundary (Ave 

Lallemant, 1997). With an area o f approximately 1 million km2, the South Caribbean 

plate boundary zone, where the Leeward Antilles Arc collides with the South American 

plate, is a time transgressive collision zone. Models o f tectonic evolution o f the 

Caribbean plate suggest that this collision has been occurring since 55 Ma (Pindell and 

Kennan, 2001). The major faults that constitute the boundary zone are overlaid on the 

regional topography (ET0P02 data set) in Fig. 1. The large area covered by this zone 

makes it ideal for studying crustal growth and development.
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TECTONIC SETTING
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The interactions between the Cocos and the Caribbean plates with the North 

American and South American plates (Fig. 1) largely control the present day tectonics of 

the Caribbean region where the Caribbean plate either moves very slowly eastward or is 

fixed in a hotspot reference frame (Sykes et al., 1982). Within the study area, two plates 

interact, the Caribbean and the South America plates (Fig. 1). Understanding fully the 

geometry as well as the entire relationship between the plates in this region requires more 

work than has already been done. The Leeward Antilles arc is Cretaceous-Cenozoic in 

age and parts o f it were elements o f the continuous arc connecting North and South 

America that has been termed the Great Arc o f the Caribbean (Burke, 1988). Presently, 

the South American plate is moving approximately 20 mm/year westward relative to the 

Caribbean plate (Dixon and DeMets, 1997, Dixon and Mao, 1997).

Several authors have mentioned the Galapagos hotspot as the source o f the 

magmatic material forming the Caribbean plate (e.g Kerr and Tamey, 2005) but plate 

reconstructions suggest this is unlikely (Meschede, 1998; Pindell and Kennan, 2001). 

Previous studies have shown that the South American-Caribbean boundary zone is a 

right-lateral transpressional zone and is bounded in the east by the Lesser Antilles Arc 

subduction zone resulting from the subduction o f the Atlantic, i.e. the South American 

plate, beneath the Caribbean plate and in the west by the Pacific margin trench (Case and 

Holcombe, 1980; Wadge and Shepherd, 1984; Pindell and Kennan, 2001). Exactly where 

and how the ABC islands, (Aruba, Bonaire and Curacao, the westernmost islands o f the 

Leeward Antilles system) formed is a topic o f discussion today.
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Due to arc-parallel extension resulting from displacement partitioning across its 

length, the Leeward Antilles is dissected by faults as it is being accreted onto the South 

American continent (Ave Lallemant, 1996; Ave Lallemant, 1997). These faults bound 

intra-arc rift basins observed on seismic reflection profiles crossing the axis o f the 

Leeward Antilles arc. The Leeward Antilles arc is north o f the strike slip fault system that 

control plate movements in the region namely, the San Sebastian-El Pilar fault system. 

North of the Leeward Antilles is the South Caribbean Deformed belt, which, from 

seismic reflection sections, is interpreted as an accretionary complex resulting from the 

post 55 Ma subduction o f the Caribbean plate beneath the South American plate 

(Holcombe, 1990). South of the San Sebastian-El Pilar fault system is the Serrania del 

Interior fold and thrust belt. This belt marks the southern extent o f active tectonism as 

shown by its seismicity (Bosch and Rodriguez, 1992). Among the rocks o f the Serrania 

del Interior are thrust packages of the high-pressure/low-temperature metamorphic rocks 

thought to have once been part of the trench associated with the Great Arc o f the 

Caribbean which were subsequently transported onto the northern edge o f the South 

American during the arc-continent collision.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

DATA

The BOLIVAR experiment acquired 2-D wide angle seismic data along five main 

transects and other minor transects that intersect them. Four of these transects trend 

approximately north-south and lie close to the longitudes 70W, 67W, 65W and 64W. 

These transects are hereafter referred to as profiles 70W, 67W, 65W and 64W 

respectively. The fifth transect trends in a northwest-southeast direction and is located 

east o f the 64W profile. This paper presents results from 3-D inversion of wide angle data 

over an area measuring 350 km by 250 km and covering the ABC islands o f the Leeward 

Antilles between the 70W and 67W profile (Figs 1 and 2).

Data recorded by 35 OBS instruments along profile 70W, 26 OBS instruments 

stations along profile 67W and 3 RefTek 130 instruments each on the islands o f Aruba, 

Curacao and Bonaire were analyzed in this study. The RefTeks recorded signals from 3 

component 2 Hz geophones while the OBS instruments recorded 4 component data. 

Arrivals from approximately 40,000 airgun shots along 14 seismic reflection profiles 

were recorded (Fig. 2). The OBS station spacing is 8-10 km along profiles 67W and 

70W. Spacing between the RefTek instruments was limited by the geography o f the 

islands and thus, was irregular but not less than 10km apart. Shots were made at 50 m and 

150 m intervals along profiles 67 W and 70 W and at 50 m intervals on other lines. The 

data were acquired with a sampling interval of 10 ms.

GPS instruments were used for timing and determining the locations of shots and 

receivers. Shot times were accurate to 1ms and source/receiver locations are accurate to 2
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m. The OBS units used in this survey were deployed at a maximum depth o f 5105 m and 

a minimum depth of 22 m while the maximum and minimum elevations o f the RefTek 

130 units were 55 m and 7 m respectively. Bathymetry data were obtained from sonar 

data (swath bathymetry) and the E T 0P02  data set (National Geophysical Data Center, 

2001). Topography onshore was obtained from the GTOPO30 data set (U.S. Geological 

Survey, 1993). Within the study area, maximum elevation was 279m and maximum 

water depth was 5297m.

Vertical component data from the all receivers were analyzed. Both inline and 

broadside data were recorded by all OBS units deployed on profile 70W, a situation quite 

different from the 67W profile where none o f the northern two-thirds o f the deployed 

OBS units recorded broadside data because they had been recovered when the broadside 

shots were fired. The offshore data had a much higher signal to noise ratio than the 

onshore data, a result o f surf noise on the islands or high seismic attenuation or energy 

scattering near the surface or both. Despite the lower signal to noise ratio in the onshore 

data, first arrivals were identified at offsets as large as 250 km whereas they were only 

identified to offsets as large as 200 km on the OBS data. An example o f the data recorded 

by an onshore recorder deployed on Aruba is shown in Fig. 3a. Fig. 3b shows data 

recorded by an OBS deployed along profile 67W; the difference in data quality between 

the onshore and offshore data is evident.

Butterworth bandpass filters o f 4-12Hz and 2-15Hz were applied to both OBS 

(offshore) and RefTek 130 (onshore) data. A 5 trace, triangularly weighted trace
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summing algorithm was applied to the onshore data prior to bandpass filtering because o f 

its low signal to noise ratio. Two sets of arrivals were identified on the sections; the first 

arrivals, consisting o f refractions from sedimentary units, upper crust (Pg), lower crust 

(Pic) and upper mantle (Pn) arrivals; and Moho reflections (PmP) arrivals. PmP arrivals 

were identified on data from 7 land receivers and 34 OBSs.

Arrivals were picked in two stages. In the first stage, picks were made manually at 

intervals o f approximately 20 traces. In the second stage, the manually selected picks 

were used as guides for an automatic picking process based on a cross-correlation 

algorithm. Picks were later re-assessed based on traveltimes predicted by the derived 

velocity models and significant outliers were removed. Uncertainties based on the signal 

to noise ratio over time windows o f 250 ms were assigned to the traveltime picks (e.g. 

Zelt and Forsyth, 1994). Assigned values ranged from 100 ms to 250 ms for the first 

arrivals with an average o f 215 ms and 200 to 400ms for the PmP arrivals with an average 

o f 310 ms.

A total o f ~ 311,000 first arrival and -29,000 PmP picks were made from the 

dataset. Prior to the inversion, the picks were binned by averaging over a 1 km by 1 km 

grid reducing the numbers to -22,000 first arrival picks and -2000 PmP picks. A 

combination o f water depth variation o f about 5 km, and complex crustal structure plays 

a part in the arrival time distribution, first arrival and PmP traveltimes plotted as a 

function o f shot-receiver offset regardless o f its azimuth show large variations in 

traveltimes observed at offsets greater than 20 km (Fig. 4).
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METHODS

Tomographic inversions were carried out on refraction (first arrivals) and Moho 

reflection data. Methods used will be briefly discussed in this section. Zelt and Barton 

(1998) fully describe the 3-D regularized tomographic approach used to independently 

invert first arrivals for velocity while Zelt et al. (2006a) describe the methods used to 

invert PmP arrivals independently for Moho structure as well as simultaneously with the 

first arrivals.

INDEPENDENT METHODS 

First Arrival Modeling

Traveltime calculation at model nodes constituting the forward step o f our 

tomographic problem was done using the Hole and Zelt (1995) modification o f Vidale's 

(1990) 3-D finite-difference eikonal solver. This method solves the eikonal equation at 

the nodes of an evenly gridded model using finite difference approximations. Traveltimes 

at station locations are obtained by interpolating from grid to station and the steepest time 

gradient from source to receiver gives the raypath (Vidale, 1988). We used the 

regularized inversion approach o f Zelt and Barton (1998) in which constraints were 

chosen so that a model with the minimum structure required to fit the data is computed. 

The method uses a jumping strategy whereby the model perturbation is solved for.

The regularized tomographic inversion approach used is defined by the objective 

function,

® (s )=aTc~la + 4&Tc;'& + 52& rc;'& ] (1)
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where & = s -  s0; s and s0 are the solution and starting slowness vectors respectively; St

is the data residual vector; C<j is the data covariance matrix; Ch and Cv are the horizontal 

and vertical covariance matrices respectively; X is the trade off parameter; and sz 

determines the relative importance of maintaining vertical versus horizontal model 

smoothness. The normalized data misfit can be calculated using

For the forward calculations, the velocity model was parameterized by a node 

spacing o f 1.5 km and for the inverse step, by cell dimensions o f 3 km by 3 km by 1.5 km 

in the x, y and z directions respectively. The dimensions o f the model are 354 km by 252 

km by 54 km in the x, y and z directions giving a total o f 356,832 cells in the inverse 

calculation. All depth values are relative to sea level.

A 1-D velocity profile, obtained using prior knowledge o f the subsurface structure 

o f the study region from ongoing seismic refraction studies (Zelt et al., 2004; Christeson 

et al., 2005; Guedez et al., 2005), was used to generate a starting 3-D velocity model for 

the inversion by extrapolating the 1-D model laterally in 3-dimensions while keeping the 

velocity above the bathymetry fixed at the velocity of water, 1.5 km/s, and the velocity 

just below the bathymetry fixed at 2.5 km/s. Between the bathymetry surface and 8 km

(2)
( =  1

V J

where t pick is the observed traveltime and t calc is the predicted traveltime.
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depth, the velocity in the starting model was made to increase linearly from 2.5 km to 6.0 

km/s resulting in a laterally variable velocity structure within that depth interval. Below 8 

km depth, the velocity o f the starting model did not vary laterally. Fig. 5 shows 1-D 

velocity profiles through the starting velocity model at the highest and lowest elevation of 

the topography/bathymetry surface, indicating the range o f velocities above 8 km depth.

A normalized x2 value of 25.17, corresponding to an RMS data misfit o f 1,070 ms 

was calculated for the starting model. After seven iterations, a stable minimum RMS data 

misfit o f 201 ms and x2 value o f 1.23 was obtained (table 1). Our results showed that our 

final model had little to no dependency on the starting model. Fig. 6 (a) is a plot of 

traveltime residuals for the starting and final velocity models as a function o f offset. 

Raypaths in the preferred model (Fig. 7) show that the crust beneath the arc as well as the 

South Caribbean deformed belt (accretionary wedge) are well sampled. Ray coverage is 

generally isotropic although a full range o f azimuthal coverage is not observed anywhere 

in the model. The density of raypaths shows that between 15 and 20 km depth there is a 

transition from good ray coverage to poor ray coverage, although some rays reach as 

deep as 45 km.

PmP Arrival Modeling

In inverting PmP independently, the parameter that is solved for is the Moho depth 

(an interface in the model) as opposed to the first arrival method where velocities are the 

solution. The same velocity model parameterization used in the first arrival tomography 

was used for the reflection tomography for consistency but in this case, the final model
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obtained from the first arrival inversion was used as the starting velocity model. Lower 

crustal/upper mantle velocities in the tomographic model higher than 7.1 km/s were reset 

to 7.1 km/s to represent the lower crustal velocity. 7.1 km/s was chosen based on results 

from ongoing seismic studies in the study area (Zelt et al., 2004). For this inversion o f 

PmP reflections, the crustal velocities were held fixed.

In carrying out the PmP reflection inversion, a flat Moho at 28 km depth was used 

as the starting interface model and after the sixteenth iteration, a stable minimum RMS 

misfit o f 300 ms and x2 value of 1.01 was obtained (table 1). Fig. 6 (b) shows traveltime 

residuals for the starting and final Moho interface models as a function o f offset. Fig. 8 

shows the PmP raypaths from which the final Moho interface is derived.

SIMULTANEOUS METHOD

Simultaneous first arrival and PmP inversion allows the use o f first arrivals to 

constrain velocity structure and PmP reflections to constrain both Moho depth and crustal 

velocities. In this case, there are two starting models; the initial velocity model and the 

initial Moho interface model, which was taken to be flat. The starting velocity model was 

generated in a similar way as the starting model for the first arrival inversion except that a 

relatively sharp velocity transition, representing the lower crust/upper mantle transition, 

is included. This sharp transition accounts for the simultaneous PmP and Pn modeling 

(Zelt et al. 2006a). 1 -D velocity profiles through the starting velocity model at the highest 

and lowest elevation o f the topography/bathymetry surface are shown in Fig. 5.
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The objective function that defines the 3-D simultaneous inversion is defined as 

0 (m ) = 3tTC -la  + X\J3[&T C , >  + ̂ z& r CJ> ] +  (1 -  P)[dzT C :\8 z}

where Ss = s - s Q and & = z - z0; s and s0 are the slowness vector being solved for and

the starting slowness vector respectively, z and z0 are the interface depth vector being 

solved for and the starting interface depth model respectively, Cj is the data covariance 

matrix, 5sTC~\Ss measures the horizontal roughness o f the slowness perturbation,

SsTC~\Ss measures the vertical roughness o f the slowness perturbation, & TC~\& 

measures the interface roughness, X controls the amount o f regularization applied, /? 

controls the relative weights of the slowness and interface regularization and sz 

determines the relative importance o f maintaining the vertical versus horizontal slowness 

smoothness (Zelt et al. 2006a). Several values o f /? and sz were tested and the values that 

gave the most geologically reasonable model with minimum velocity structure were used 

in the final run. A stable minimum RMS misfit was obtained after the eighteenth 

iteration. Final velocity and Moho interface models gave RMS traveltime misfits o f 222 

ms for the first arrivals and 303 ms for the PmP arrivals (table 1). The combined RMS 

misfit o f all traveltime data was 230 ms. Fig. 6 (c) and (d) show traveltime residuals as a 

function o f offset for the starting and final velocity and Moho interface models.
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MODEL ASSESSMENT

It is appropriate to calculate lateral resolution of velocity models with highly 

heterogeneous and anisotropic ray coverage to prevent over- or under-interpretation of 

the models (Zelt, 1998). Checkerboard tests were carried out to determine spatial lateral 

resolution in the final velocity model and the Moho interface model for the independent 

methods. Checkerboard anomaly sizes mentioned in this section refer to half the 

wavelength, X, o f a sine function o f the form sin(x/X)sin(y/X,) used to generate the 

anomaly.

Independent velocity inversion model

Using the method o f Zelt (1998), where 8 different anomaly patterns are 

considered in order to reduce any bias occurring as a result o f anomaly polarity, 

orientation, registration, 6 different anomaly sizes o f 10, 20, 30, 50, 80 and 100 km were 

used for the checkerboard test to determine lateral resolution scales throughout the final 

velocity model. These patterns are laterally alternating positive and negative 10 percent 

velocity anomalies superimposed on the starting model.

The perturbed velocity model was used to generate synthetic data with the same 

source-receiver geometry as that o f the experiment. Gaussian noise with a standard 

deviation equal to the assigned pick uncertainty o f each source-receiver pair in the real 

data was added to the synthetic data. The same regularized non-linear seismic traveltime 

inversion algorithm used to invert the real data was used to recover the anomaly patterns 

from the synthetic seismic data. Fig. 9a shows depth slices of recovered checkerboard
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anomalies for all tested anomaly sizes using one o f  the tested patterns at 13 km depth. As 

expected, the alternating anomaly patterns were reasonably well recovered in regions o f 

dense ray coverage but poorly recovered where ray coverage was sparse.

For each o f  the final velocity models obtained from the inversion o f the synthetic 

data for the different anomaly size models, semblance values were calculated using the 

method described in Zelt (1998). In this case, a semblance value o f 1.0 implies perfect 

recovery while a value o f 0.5 implies no recovery. Semblance values above 0.7 indicate a 

well recovered checkerboard structure. The average semblance o f all recovered 

checkerboard models was calculated for each anomaly size. This leaves 6 semblance 

values, corresponding to the 6 anomaly sizes tested, at each node o f the gridded volume. 

To determine the minimum anomaly size that can be resolved at each node, an 

interpolation is made to determine what size would yield a semblance value o f  0.7. Plots 

o f  lateral resolution for the preferred final velocity model obtained from the calculated 

semblance values are shown in Fig. 9b. From the plots, model features with a size o f 30 

km can be resolved beneath the arc down to a depth o f 20 km. Larger scale features are 

well resolved beneath the arc to depths as great as 30 km.

Independent Moho inversion model

Following the method o f  Zelt et al. (1999), checkerboard anomaly sizes o f  10, 20, 

30, 50, 80 and 100 km in 8 different patterns (Zelt, 1998) were also used to test the Moho 

interface model. In this case, the pattern is a laterally alternating, sinusoidal, positive and 

negative 2.8 km depth anomaly (10% o f the average Moho depth beneath the arc). The
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perturbed Moho interface model was used to generate synthetic data with the same 

source-receiver geometry as the experiment. As was done in the velocity case, Gaussian 

noise with a standard deviation equal to the assigned pick uncertainty o f each source- 

receiver pair in the real data was added to the synthetic data. The method used to invert 

the real data was also used to recover the checkerboard models.

After inversion, the 30 km, 50 km, 80 km and 100 km anomalies were well 

recovered throughout the region covered by rays. On the other hand, the 10 km and 20 

km anomalies were not well recovered. Plots of recovered anomalies are shown in Fig. 

10a. The best recovered anomalies are located beneath profiles 70W and 67W as well as 

beneath the arc. Using the method of Zelt (1998), semblance values were calculated for 

the final Moho interface models from all checkerboard patterns. Results were used to 

determine lateral resolution scales in the Moho model (Fig. 10b). From the plot, Moho 

features with a lateral size less than 30 km can be resolved between Aruba and Curacao 

as well as along parts of line 70 W and line 67 W. Elsewhere, only features over 30 km 

can be well resolved.

Simultaneous velocity and Moho inversion model

Simultaneous inversion of first arrivals and PmP arrivals serves as a third model 

assessment method. Results from this method are shown together with the results from 

the independent methods in the results section and it shows a Moho with less topography 

and a velocity model similar to that obtained from the independent first arrival inversion 

but with more structure in the lower crust. The resulting Moho interface with less
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structure is a consequence of the relatively small number of PmP arrivals allowing the 

method to preferentially fit the data by putting velocity structures in the lower crust rather 

than generating Moho topography. Results from this method therefore serves as the 

minimum Moho structure required to fit the data. Consistent features in the velocity 

models obtained from both simultaneous and independent methods are robust features.
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RESULTS

Velocity models obtained from the independent first arrival inversion and the 

simultaneous first arrival/PmP inversion are interpreted using horizontal and vertical 

slices. Figs 11-13 show results obtained from both inversion methods. Crustal structures 

shown by the two velocity models are quite similar. The largest differences exist in the 

lower crust, a result o f the difference in modeling approaches since PmP reflections also 

constrain velocities in the simultaneous method. Moho interface models from the two 

inversion methods differ by up to 12 km. While the Moho interface model from the 

independent method has significant topography, the Moho interface model from the 

simultaneous model has little topography, illustrating the range o f models that can fit the 

data at an appropriate level.

Velocity models

To emphasize key features, Figs 11 and 12 show vertical slices averaged over 10 

km (plus to minus 5 km) swaths centered at positions indicated and horizontal slices 

through the final velocity models averaged over 10 km swaths (plus to minus 5 km) 

centered at depths 7 km, 12 km, 19 km and 25 km. The portions of the model shown are 

regions that are either well sampled by rays or fall within the first Fresnel zone of rays. 2- 

D plots o f Fresnel zones calculated for shot-receiver offsets of 250 km, 100 km and 50 

km are shown in Fig. 14. The Fresnel zones are considered because velocity 

heterogeneities within the Fresnel zones o f rays are averaged in the resulting velocity 

model (Zelt et al., 2006b). Because rays overlap, traveltimes can resolve details 

somewhat smaller than the size o f the Fresnel zones (Pratt et al., 2002).
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Large, lateral velocity variations as a result o f the complex plate interactions in 

the study area are evident in the velocity models, especially in the upper and middle 

crust. Lower crustal velocities beneath the arc are generally higher than in the 

surrounding areas at equal depths by up to 0.3 km/s. Slices through the velocity models 

reveal trends that correspond with the regional structure and they show the Venezuelan 

Basin, the South Caribbean deformed belt, the Leeward Antilles arc, the intra-arc basins 

and the Bonaire basin. Both models show that in the Venezuela basin and the South 

Caribbean Deformed Belt, above 16 km, velocities are less than 6 km/s.

Line A-A', showing the structure beneath the South Caribbean deformed belt, 

reveals a uniformly thick layer of velocities less than 6.0 km/s. Beneath the Leeward 

Antilles arc, on line B-B', velocities are higher than 6.5 km/s at depths greater than 20 km 

(lower crust). A zone o f lower velocities between Aruba and Curacao forming a V shaped 

depression is seen on both models along line B-B'. This zone is also observed on the 

depth slices and it extends down to a depth o f about 17 km. More gently dipping 

depressions are visible between Curacao and Bonaire and between Bonaire and Las Aves. 

Where sampled by rays, the Bonaire basin exhibits velocities as high as 6 km/s at 10 km 

depth as shown by line C-C'. Vertical slice D-D' shows a thick, underthrust Caribbean 

plate beneath the Antilles arc, creating a wedge deeper than 20 km just north o f Bonaire. 

The depth slices show that at all depths beneath the arc, velocities are generally higher 

than velocities elsewhere.
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Moho interface models

The Moho interface is interpreted using the result of the independent PmP and 

simultaneous first arrival and PmP inversions and the 7.5 km/s contour in the independent 

first arrival velocity model. The 7.5 km/s contour in the independently obtained velocity 

model is chosen because in a smooth model derived for a region where lower crustal 

velocities are about 7.0 km/s and upper mantle velocities are about 8.0 km/s, the Moho 

will lie approximately half way between the 7.0 km/s and 8.0 km/s contours. Fig. 13 (a) -  

(c) show all three Moho interface models. PmP reflection points are indicated on Fig. 13 

(a) and (b) to prevent over-interpretation. Figure 13 (d) shows the difference between the 

Moho interfaces obtained from the independent and simultaneous methods. The largest 

variation occurs east o f Aruba where the Moho obtained from the independent PmP 

inversion is deeper than the Moho obtained from the simultaneous inversion by about 12 

km. North o f Curacao and south o f Aruba, the Moho obtained from the independent PmP 

inversion is deeper than the Moho obtained from the simultaneous inversion by up to 6 

km.

The Moho interface obtained from the independent inversion o f the PmP arrivals 

and the 7.5 km/s from the independently obtained velocity model show the most 

structure. On the other hand, the Moho interface obtained from the simultaneous method 

show less structure and appears more geologically reasonable based on the tectonic 

evolution o f the region. The consistent features in all three models are the shallowing of 

the Moho as one moves northwards from the arc and the deep Moho around Aruba and 

Las Aves. The Moho interface obtained from independent PmP inversion has highly
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variable depth ranging from 19 km to 37 km with an average depth o f 28 km beneath the 

arc. A depth range o f 22 km to 32 km was obtained for the arc from the simultaneous 

model which also has an average depth o f 28 km beneath the arc. Between Curacao and 

Bonaire, the Moho is shallower than 25 km, whereas it is deeper than 30 km around 

Aruba.
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DISCUSSION

Discussions on the velocity and Moho models will be based on the robust features 

o f the results from both methods used. The velocity models show an increase in the 

sedimentary cover thickness from the Venezuela basin in the north to the South 

Caribbean deformed belt. This observation is expected because the Caribbean plate is 

being thrust under the South American plate in this zone due to North and South 

American convergence (Muller et al., 1999), and the South Caribbean deformed belt is 

the accretionary wedge related to this convergence. Velocities in the South Caribbean 

deformed belt and Venezuela basin are typical o f sedimentary to slightly metamorphosed 

sedimentary rocks. Basins with low velocities (2.5 km/s to 5.7 km/s) extend to over 8 km 

depth between the islands that make up the Leeward Antilles arc. These depressions are 

characterized by velocities typical of sedimentary basins, i.e. 2.16 -  5.39 km/s (Mavko et 

al. 2003).

Profile B-B' shows sharp velocity gradients bounding the western and eastern 

ends o f the sedimentary basin between Aruba and Curacao consistent with normal faults 

observed on reflection profiles east o f Aruba and Curacao (Beardsley et al., 2005). This 

basement depression appears to be deeper than 10 km. Displacement partitioning may 

have occurred during the formation o f the arc and may be responsible for the formation 

of these depressions. Maury et al. (1990) reported a similar occurrence in the Lesser 

Antilles arc. Displacement partitioning occurs when the direction of subduction is not 

normal to the subduction zone. The convergence vector in an obliquely convergent plate 

boundary zone is normally partitioned into an arc-normal component which leads to
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contraction deformation and an arc-parallel component which leads to shear deformation 

along the arc (e.g. McCaffery, 1991; Kelsey et al., 1995). Extension can occur with 

displacement partitioning when there is a difference in the arc-parallel component o f the 

convergence vector along different parts on the arc, due to a small radius o f curvature. To 

accommodate the differences in the arc parallel components along the arc, thinning o f the 

crust occurs, creating grabens in the upper crust at the Moho beneath them becomes 

shallow (Ave Lallemant, 1996), thus generating a boudinage-like crustal structure.

From the depth slices through the final velocity models, it is evident that 

velocities beneath the arc are higher than velocities elsewhere at all depths. This is 

interpreted to be a consequence o f the relative difference in composition with depth. At 

shallow depths, while crystalline rocks exist below the arc, sedimentary rocks exist in the 

accretionary wedge and the Venezuelan Basin. At greater depths, crustal materials are 

interpreted to be more mafic below the arc. Beneath the arc is a relatively thick crust with 

velocities ranging from 6.3 to 6.8 km/s. These values are consistent with values recorded 

for intermediate rocks (Cristensen and Mooney, 1995; Rudnick and Fountain, 1995) and 

in this case Andesitic rocks.

The highly variable depth of the Moho in the study area shown in Fig. 13 is a 

function of the complex plate interactions in the study area. The Moho is deeper beneath 

the arc than beneath the Venezuela basin because o f the under-thrusting o f the Caribbean 

plate beneath the South America plate. From both Moho models produced in this study, 

Moho depths vary from 19 to 37 km. The more geologically reasonable o f both models is
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the model from the simultaneous first arrival/PmP inversion which is simpler in structure 

than the model from the independent PmP inversion. Moho depth variations in the 

independent Moho model seem to be somewhat exaggerated. This is not unexpected 

since the velocity model used in the inversion is not allowed to change during 

independent inversion but allowed to change during the simultaneous inversion. Both 

Moho interface models however, give an average Moho depth of 28 km beneath the arc. 

Results from the on-going analysis o f passive seismic data will help in selecting the more 

correct model.

Beneath the arc, depth to the Moho is largely anti-correlated with the basement 

topography such that in areas where the Moho interface is deep, the basement is high and 

vice versa. This is evident in line B-B' (Fig. 11). Extension associated with displacement 

partitioning that occurred during the formation o f the Leeward Antilles arc (Ave 

Lallemant, 1996) may also be responsible for this observation. If  the arc basement and 

Moho structure are truly features o f displacement partitioning, then the Leeward Antilles 

may have been formed in the leading edge o f the Caribbean plate. It is also an indication 

that islands that currently exist in the Lesser Antilles arc may eventually become located 

in the southern edge of the Caribbean plate, and some type of deformational structures 

extend from the surface to the crust-mantle boundary.

1-D velocity-depth functions for the Aleutian islands (Holbrook et al., 1999), 

Tonga ridge (Crawford et al., 2003), Northern Honshu (Iwasaki et al., 2001) and Central 

Honshu (Ozel et al., 1999) and Bonin arc (Kamimura et al., 2002), which are oceanic
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island arcs; and the Sierra Nevada (Fliedner et al., 2000), which is a continental arc; the 

average continental crust (Christensen and Mooney, 1995); and the Lesser Antilles, Aves 

ridge and Leeward Antilles obtained from profiles TRIN, 67W and 70W of the 

BOLIVAR project (Zelt et al., 2004; Christeson et al., 2005; Guedez et al., 2005) are 

presented in Fig. 15. An average 1-D velocity-depth function through the Leeward 

Antilles ABC islands from this study was calculated and is also presented in Fig. 15. This 

average was calculated from 1-D profiles extracted from points sampled uniformly over 

the arc. Comparing the 1-D profile from the Leeward Antilles with profiles from 

continental and oceanic island arcs, it is clear that the Leeward Antilles profile is closer in 

characteristics to the Japanese arcs than the other oceanic island arcs or the Sierra 

Nevada. It also has a very similar velocity-depth profile to that o f the Aves ridge which 

may support the proposition by Mann (1999) that the Aves ridge and the Leeward 

Antilles arc are one continuous arc.

The large standard deviation of the velocities in the upper 7km of the Leeward 

Antilles arc is a result o f the large range in velocities between sedimentary and igneous 

rocks which both exist in this portion o f the arc. These velocities range from less than 3 

km/s to over 5 km/s. As the depth increases, the standard deviation becomes smaller, 

indicating a tendency towards homogeneity in the lower crust. Up to a depth o f 12 km to 

15 km of the crust, the Leeward Antilles arc profile fits that of the average continental 

crust and below 15 km, the profiles deviate from each other. The largely reduced overlap 

in error-bars between the arc and the average continental arc profile emphasizes this
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deviation. Plotting the error-bars also shows that the Leeward Antilles arc is not 

dissimilar to the Honshu arc.

The deviation o f the average continental crustal profile and the Leeward Antilles 

arc profile below 15 km can be viewed as a consequence o f the difference in composition 

between the lower crust of the arc and the middle crust of the average continental crust. 

The velocities in the lower crust of the average continental crust are however similar to 

those in the lower crust of the Leeward Antilles arc. In general, the range o f velocities in 

the Leeward Antilles arc is similar to the range of velocities in the average continental 

crust and they are both composed of Andesitic rocks.

Earlier scholars attributed an intermediate andesitic composition to island arcs 

(e.g. Taylor and McLennan, 1985) and used this argument to support the hypothesis of 

continental growth through arc accretion. More recent studies have revealed a generally 

mafic composition for island arcs (Holbrook et al., 1999; Kamimura et al., 2002; 

Crawford et al., 2003). As opposed to a more andesitic bulk composition o f the 

continental crust with greater than 51% SiC>2 , oceanic island arcs are composed 

predominantly o f calc-alkaline basalts. Recall that the velocities in the Leeward Antilles 

arc suggest that its crust is made up of Andesites.
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CONCLUSIONS

We have used traveltime tomography to interpret wide-angle data acquired in the 

Dutch and Venezuelan Antilles using 70 OBS and onshore receivers which recorded 

signals from over 40,000 shots. Two sets o f arrivals were identified in the data, first 

arrivals, consisting of sedimentary, Pg, Pic and Pn phases, and PmP arrivals. These 

traveltimes were inverted independently and simultaneously to generate minimum 

structure velocity and Moho interface models for the study area. The velocity models 

generated for both forms o f inversion are similar and provide evidence for under- 

thrusting of the Caribbean plate beneath the South American plate and deep fault 

bounded basins between the ABCs. The average seismic structure o f the island arc was 

also obtained from the velocity model. Within the upper 15 km of the crust beneath the 

arc, the velocity models are able to resolve features as small as 25 km. Lateral resolution 

decreases with depth and in a general sense, with distance from the arc because the 

source-receiver geometry o f the experiment favors better ray coverage in the arc region.

The average crustal seismic velocity profile o f the Leeward Antilles arc deviates 

significantly from profiles o f other well studied oceanic island arcs such as the Aleutian 

arc, Tonga Fiji or the Bonin arc as well as that o f the Sierra Nevada, a continental arc, 

indicating that it is not as mafic as the oceanic arcs and not as felsic as the Sierra Nevada 

batholith, since velocity is a function o f composition among other things. The Leeward 

Antilles arc profile is however, similar in characteristic to that o f the Honshu arc which is 

also an island arc. It agrees with that o f the average continental crust profile up to a depth 

o f about 15 km after which there is a deviation towards higher velocities. The reason for
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this difference may be because the average continental crust is thicker than the Leeward 

Antilles arc and the middle and lower crust of the arc are shallower than average 

continental crust. If the curves are divided into upper, middle and lower crust portions, 

the range o f velocities in the middle and lower crusts are very similar.

The independent and simultaneous Moho models differ and represent end 

members o f Moho depths that can satisfy the data equally well. More structure is seen on 

the Moho interface from the independent inversion method. The independent Moho 

interface exhibits depths varying from 19 km to 37 km over the entire study area. The 

deepest portions of the interface occur slightly eastward of Aruba. The simultaneous 

Moho interface model exhibits depths varying from 22 km to 32 km with the deepest and 

shallowest portions o f the model occurring at the same positions as those in the 

independent model. In addition, the Moho structure mirrors basement topography, i.e. 

beneath the islands, where the basement is shallow, the Moho is deep and in-between the 

ABC islands, where the basement is deep, the Moho is shallow. This observation is 

suggested to be a result o f displacement partitioning related to the formation o f the arc 

(Ave Lallemant, 1996). It is also observed on 2-D profiles from BOLIVAR research, in 

particular the profile crossing the Aves Ridge, and modem Lesser Antilles Arc, and on 

north-south profile 67W, at the eastern side o f this study.
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FIGURE CAPTIONS

Figure 1. Survey layout of the BOLIVAR experiment. Both active and passive source 

seismic data were acquired. The active source experiment acquired onshore-offshore 

seismic data with RefTek 130 seismographs on the Leeward Antilles and Margarita 

island, and OBS units offshore on all 5 main transects. Shots were generated using 

airguns offshore. This paper presents results from data acquired within the yellow 

rectangle. Key structural features o f the Caribbean region are superimposed on the map. 

The Leeward Antilles arc seems to be a continuation o f the Aves Ridge and has been 

interpreted as such by Mann (Mann, 1999).

Figure 2. Survey map o f the study area. The x-y axis is inclined at an angle o f 17.5° NE- 

SW relative to the geographical N-S direction. A total o f 70 receivers consisting o f 61 

OBS units, 9 RefTek 130 units and -40,000 airgun shots fall within this area. Data from 

these receivers were used to generate a 3-dimentional crustal P-wave velocity model.

VB- Venezuela Basin, SCDB- South Caribbean Deformed Belt, LA- Leeward Antilles 

arc, V- Venezuela.

Figure 3. Data recorded by a RefTek 130 seismograph deployed on Curacao from airgun 

shots fired along one o f the minor transects (line BOL6) o f the BOLIVAR experiments

(a), and by an OBS seismograph deployed on profile 67W from airgun shots fired along a 

portion o f profile 67W (b). The data are plotted in reduced time using a reducing velocity 

o f 8 km/s. Source-receiver offsets are plotted on the x-axis. First and PmP arrivals are 

indicated on the sections by dots which are located about 200 ms below the actual arrival.
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Shot (white circle) and profile segments (red lines) plotted on the survey map are shown 

as insets on each panel.

Figure 4. First arrival and PmP travel time picks (decimated by a factor o f 50) plotted as a 

function o f source-receiver offset irrespective o f the source azimuth for (a) offshore 

receivers (OBS) and (b) onshore receivers (RefTeks). First arrivals are shown as black 

dots while PmP arrivals are shown as red dots. The complex velocity structure in the 

study area is apparent in the range o f traveltimes observed at each offset.

Figure 5. Starting 1-D velocity models used in the first arrival and simultaneous first 

arrival/PmP inversion. Profiles from deepest bathymetry (a) and the highest topography

(b) location are presented to show the range o f velocities in the upper 8 km of the starting 

velocity model. A velocity gradient representing the crust mantle transition was included 

in the simultaneous inversion starting velocity model. The starting Moho interface used 

in the simultaneous inversion was a flat Moho at 28 km depth.

Figure 6. Travel time residuals for the starting (red dots) and final (black dots) models 

plotted as a function o f source-receiver offsets for the independent inversion methods (a 

and b) and the simultaneous inversion method (c and d). (a) and (c) are first arrival 

residuals while (b) and (d) are PmP residuals.

Figure 7. First arrival raypaths drawn through the final velocity model from the 

independent first arrival tomography method (a) in plan view, (b) projected on to the x-z
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plane and (c) projected onto the y-z plane; and from the simultaneous first arrival/PmP 

tomography method (e) in plan view, (f) projected on to the x-z plane and (g) projected 

onto the y-z plane. Every 50th ray is shown for clarity. Raypaths are concentrated under 

profiles 70W and 67W as well as beneath the arc. Depth wise, there is good ray coverage 

down to about 25 km. VB- Venezuela Basin, SCDB- South Caribbean Deformed Belt, 

LA- Leeward Antilles arc, V- Venezuela.

Figure 8. PmP raypaths obtained from independent PmP tomography (a) in plan view, (b) 

projected on to the x-z plane and (c) projected onto the y-z plane; and from the 

simultaneous first arrival/PmP tomography method (e) in plan view, (f) projected on to 

the x-z plane and (g) projected onto the y-z plane. Every 20th ray is shown for clarity.

VB- Venezuela Basin, SCDB- South Caribbean Deformed Belt, LA- Leeward Antilles 

arc, V- Venezuela.

Figure 9. (a) Depth slices o f recovered checkerboard anomaly velocity models obtained 

from the independent first arrival inversion method. Slices through the recovered model 

at 13 km depth are shown. Anomaly sizes are 10 km, 20 km, 30 km, 50 km, 80 km and 

100 km. Coastlines are indicated on all panels, (b) Horizontal slices showing the lateral 

resolution o f the final velocity model obtained from the independent first arrival 

inversion method. Slice depths are indicated on each panel. Top left panel shows the 

position o f shots and receivers used in this study. Black regions o f the panels are areas 

where the lateral resolution is better than 15 km. White regions indicate areas with lateral 

resolution worse than 100 km. Areas bounded by the black contour have lateral
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resolutions better than 80 km. The white contour bounds areas with lateral resolution 

better than 30 km. The green contour shows the coastline. A=Aruba, C=Curacao, 

B=Bonaire and LA=Las Aves.

Figure 11. (a) Recovered checkerboard Moho interface models obtained from the 

independent PmP inversion method. Anomaly sizes are 10 km, 20 km, 30 km, 50 km, 80 

km and 100 km. (b) Slice showing the lateral resolution o f the final Moho interface 

model obtained from the independent PmP inversion method. White regions indicate areas 

with lateral resolution worse than 100 km. Areas bounded by the black contour have 

lateral resolutions better than 80 km. The white contour bounds areas with lateral 

resolution better than 30 km. The green contour shows the coastline. A=Aruba, 

C=Curacao, B=Bonaire and LA=Las Aves.

Figure 11. Vertical slices through the final velocity models from independent first arrival 

inversion (a) and simultaneous first arrival/PmP inversion (b) at positions indicated in 

survey map. Sections show velocities averaged over 10 km swaths. A-A’ is a section 

through the Southern Caribbean Deformed Belt, B-B’ is a section through the arc, C-C’ is 

a section south o f the arc and D-D’ is a Northwest - southeast section crossing the 

different tectonic zones in the study area and passing through Bonaire. Only regions that 

are either well constrained by rays or fall within the Fresnel zones o f rays are shown. A- 

A', B-B' and C-C' are roughly west -  east trending. Island positions have been projected 

unto the profiles. Red lines represent sections through the independent Moho model in (a) 

and the simultaneous Moho model in (b).
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Figure 12. Depth slices through the final velocity models from independent first arrival 

inversion (a) and simultaneous first arrival/PmP inversion (b) at 7km, 12 km, 19 km and 

25 km depth. Sections show velocities averaged over 10 km depth swaths. Only regions 

that are either well constrained by rays or fall within the Fresnel zones o f rays are shown. 

Different color scales are applied to the panels so as to accentuate the velocity variations. 

A=Aruba, C=Curacao, B=Bonaire and LA=Las Aves

Figure 13. Moho depth obtained from (a) independent PmP reflection inversion (b) 

simultaneous first arrival/PmP inversion (c) 7.5 km/s contour in the independent velocity 

model and (d) difference between (a) and (b). In (c), only regions that are either well 

constrained by rays or fall within the Fresnel zones o f rays are shown, (a) and (b) give the 

end member scenarios for the Moho structures in the study area required to fit the data. 

Average Moho depth beneath the arc is 28 km. Black dots are the PmP reflection points. 

A-Aruba, C=Curacao, B=Bonaire and LA=Las Aves

Figure 14. Sections through the Fresnel zone o f rays to show variations in their 

dimensions with source -  receiver offset. Calculations were made at source -  receiver 

offsets o f 100 km, 150 km and 250 km. (a) is a section along the x axis of the model 

while (b) is a section along the y axis o f the model.

Figure 15. Average Leeward Antilles arc 1-D velocity-depth profile from the 

simultaneous velocity model compared with the average continental crust 1-D Velocity-
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depth profile (Christensen and Mooney, 1995) and profiles from the Aleutian islands 

(Holbrook et al., 1999), Tonga ridge (Crawford et al., 2003), Izu-Bonin arc (Kamimura et 

al., 2002), Sierra Nevada (Fliedner et al., 2000), Northern Honshu (Iwasaki et al., 2001), 

Central Honshu (Ozel et al., 1999) the Lesser Antilles and Aves ridge (Christeson et al., 

2005) and the Leeward Antilles arc along profiles 67W and 70W (Zelt et al., 2004; 

Guedez et al., 2005). The Leeward Antilles 1-D profile from this study differs 

significantly from that o f the Aleutian arc, Bonin arc, Tonga and the Sierra Nevada but is 

similar to that o f the Honshu arc.
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Independent method Simultaneous method

Velocity modeling Moho modeling Combined Velocity modeling Moho modeling Combined

RMS misfit 201 ms 300 ms 211 ms 222 ms 303 ms 230 ms

X2 1.23 1.01 1.21 1.15 1.06 1.15

number of 
iterations

7 16 18

Table 1. Traveltime misfits and number o f  iterations to reach stable minim um  RMS misfit for the different inversion methods
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