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We analyzed receiver-function data recorded by a temporary broadband array deployed as part of the
BOLIVAR project and the permanent seismic network of Venezuela to study the mantle transition zone
structure beneath the Caribbean-South American plate boundary and Venezuela. Significant topography on
both the 410-km and the 660-km discontinuities was clearly imaged in the CCP (common-conversion-point)
stacked images. Beneath the southeastern Caribbean, the 410-km is featured by a narrow (∼200 km EW)
∼25-km uplift extending in the NS direction around 63° west, while the 660-km is depressed by ∼20 km in a
narrow region slightly west to the uplift, a scenario that is more consistent with westward descent of the
oceanic South American plate rather than a break-off of NNW dipping proto-Caribbean oceanic lithosphere
along the El Pilar Fault. We also found a thick transition zone beneath the Falcon region in northwestern
Venezuela, possibly associated with the subducted Nazca plate. A flat 410-km was observed beneath the
Guayana shield, suggesting that the shield has a stable and moderately deep keel, which has little effect on
the underlying transition zone structure.
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1. Introduction

The southeastern Caribbean plate is bounded to the east by the
Antilles subduction zone, where the Atlantic part of the South American
(SA) plate subducts beneath the Caribbean, and to the south by the El-
Pilar-San Sebastian transform fault system. The Caribbean plate (CAR) is
moving eastward relative to the stable SA plate since late Paleocene
(Burke, 1988) with a current velocity of ∼20 mm/yr (e.g., Pérez et al.,
2001). This relative motion of the two plates resulted in a progressive
west-to-east detachment of the Atlantic lithosphere from the continen-
tal SA plate at the southern edge of the subduction zone. However, it is
still unclearwhether the detachment has a hinge geometry (e.g., Govers
and Wortel, 2005; Clark et al., 2008) or a tensile geometry (e.g.,
VanDecar et al., 2003) (Fig. 1). The hinge or shear tear model predicts a
simple subduction geometry of the Atlantic lithosphere along the
Antilles arc, while the latter involves tearing the proto-Caribbean
oceanic lithosphere that results in a curtain of oceanic lithosphere
dangling beneath the northern edge of the South American continent.
The tensile tearmodel thuspredicts amore complicated geometry of the
subducted oceanic lithosphere in themantle than the shear tear model.
Mapping the subducted oceanic lithosphere beneath the southeastern
CAR plate provides an important line of evidence for understanding the
regional tectonics.
In principle, the subducted cold oceanic lithosphere can be imaged
by seismic tomography as distinct high-velocity anomalies (HVAs). As
schematically shown in Fig. 1, the shape and location of the HVAs
associated with the subducting plate in the upper mantle are expected
to be very different between the two models. At each depth, the
subducting slab in the shear tear model would produce an elongated
thermal and velocity anomaly extending roughly in the north-south
direction. On the other hand, the slab geometry in the tensile model is
more complicated. It consists of a component that extends in the east-
west direction and is located right beneath the northern edge of South
America. While global tomography models (e.g., van der Hilst et al.,
1997, Fukao et al., 2001; Grand, 2002) did showhigh velocity anomalies
extending at least to the transition zone depths, the lateral resolution
(∼500 km) of these models is not enough to distinguish between the
two tear models. On the other hand, the existing regional models (e.g.,
van der Hilst and Mann, 1994; VanDecar et al., 2003) are somehow too
local to cover the broad area of the CAR-SA plate boundary, largely due
to the poor coverage of seismic stations in the region.

The 410-km and 660-km seismic discontinuities that bound the
mantle transition zone are believed to be caused by temperature-
sensitive phase transitions from olivine α-(Mg,Fe)2SiO4 to wadsleyite
β-(Mg,Fe)2SiO4 (Katsura and Ito, 1989) and from ringwoodite γ-(Mg,
Fe)2SiO4 to perovskite (Mg,Fe)SiO3 plus magnesiowüstite (Mg,Fe)O
(Ito and Takahashi, 1989), respectively. The latter is also known as the
post-spinel transformation. Because the two phase-transitions have
positive and negative Clapeyron slopes, respectively, a decrease in
temperature results in a decrease in the depth to the 410-km
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Fig. 1. Schematicdiagramshowing the tensile (a)and shear (b) tearmodels proposed for slabdetachment occurringat thesoutheasternCAR-SAplateboundary.Modified fromClark (2008).
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discontinuity and an increase in the depth to the 660-km disconti-
nuity. Lateral variations in the transition-zone thickness, as well as
variations in the depths of the two discontinuities can be used to
indirectly map out a descending slab. Global mapping of the two
discontinuities using SS precursor data (e.g., Flanagan and Shearer,
1998) found an up to 20-km depression of the 660-km discontinuity
around the Pacific subduction zones. Large depth variations, in the
order of 20–70 km, were also observed by numerous high-resolution
regional studies with different imaging techniques from various sub-
duction zones around the Pacific (e.g., Vidale and Benz, 1992; Wicks
and Richards, 1993; Niu and Kawakatsu, 1995; Collier and Helffrich,
1997; Niu et al., 2005; Li et al., 2008). The global topography map
(Flanagan and Shearer, 1998) of the two discontinuities, on the other
hand, does not show any anomalies beneath the Antilles subduction.
So far, there is no regional study of the two discontinuities beneath
the CAR-SA plate boundary.

Until recently, it was generally believed that the origin of the
observed topography on the two seismic discontinuities was due to
temperature as the calculated Clapeyron slopes from the seismic data
are consistent with the experimentally determined Clapeyron slopes,
approximately ∼2.5 MPa/K for the olivine-wadsleyite (Katsura and
Ito, 1989) and ∼-3 MPa/K for the post-spinel phase transition (Ito and
Takahashi, 1989). Most recent mineral physics studies (Katsura et al.,
2003; Fei et al., 2004; Litasov et al., 2005), however, found that the
Clapeyron slope of the post-spinel phase transition of anhydrous
ringwoodite is rather small, between -2 to -0.4 MPa/K. Litasov et al.
(2005) suggested that significant portion of the seismically observed
topography might be caused by water content rather than temper-
ature. Since the transition zone minerals, wadsleyite and ringwoodite,
have an enhanced water storage capacity over the upper and lower
mantlemineral assemblages (e.g., Kohlstedt et al., 1996), the presence
of water can expand the stable region of the transition zone minerals,
resulting in an uplifted 410-km and depressed 660-km, which has a
similar effect to reduced temperature on the two discontinuities (e.g.,
Wood, 1995; Higo et al., 2001). The competing effects of water and
temperature on discontinuity structure make the depth changes in
transition zone discontinuities difficult to interpret. Characterizing
the depths of the two discontinuities in different subduction zones
becomes crucial in resolving whether temperature or water is the
cause of the observed topography. As mentioned above, the majority
of seismic observations were made around the Pacific subduction
zones, making measurements at any other subduction zones valuable.

In this study, we applied receiver function analysis techniques to a
large broadband seismic dataset to image the mantle transition-zone
structure beneath the CAR-SA plate boundary. Our primary goal is to
provide some constraints to the long-standing debate on the style of slab
detachment occurring at this boundary. The new dataset and seismic
images, on the other hand, also offer insights to our general understand-
ing of the chemistry and thermal state at the base of the upper mantle.

2. Data and Analysis

2.1. BOLIVAR array

Weusedwaveformdata collectedby theBOLIVAR (BroadbandOcean-
Land Investigations of Venezuela and the Antilles arc Region) project
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(Levander et al., 2006). At the peak deployment, the BOLIVAR
array consists of 84 temporary and permanent broadband stations
including 15 ocean bottom seismographs (OBS, Fig. 2), forming a large 2D
areal array with an aperture ∼1200 km from east to west and ∼600 km
fromnorth to south (Niu et al., 2007). Station spacing varies from∼10 km
inadense linenear 64°west to∼100 km in thewesternVenezuela,which
is covered mainly by the national seismic network of the Venezuelan
Foundation for Seismological Research (FUNVISIS).

2.2. Receiver functions

We generated receiver functions from earthquakes at epicentral
distances between 30° and 90°. We first rotated the two horizontal
components of the seismograms to the radial and transverse
components. For the OBS stations, we used the component azimuth
determined by Niu et al. (2007). Receiver functionswere calculated by
a deconvolution of the radial component by the vertical component.
We adopted the frequency-domain deconvolution method with a
water level of 0.003-0.03 that was determined by the background
noise level calculated from a time window before the first arrival
(Clayton andWiggins, 1976; Ammon, 1991).Wemanually checked all
the seismograms from 313 teleseismic events and chose the receiver
functions whose vertical components after deconvolution have a
well-defined simple pulse. A total of 2376 receiver functions from 112
earthquakes were selected for further analysis (Fig. 2 inset).

2.3. CCP stacking

We first low-pass filtered the receiver functions with a corner
frequency of 0.2 Hz. We then applied the common-conversion-point
Fig. 2.Map of the southeastern Caribbean and Venezuela. Triangles and hexagons indicate th
Inset in the left bottom corner shows the 112 teleseismic events (circles b50 km, diamonds
and surrounding area. Arrow indicates its present motion direction with respect to the stab
(CCP) stacking technique to the receiver-function data to image the P
to S conversion events and their lateral variations beneath the array
(e.g., Dueker and Sheehan, 1997; Shen et al., 1998; Niu et al., 2004,
2005). For an assumed conversion depth, d, for each source-receiver
pair, we first computed the conversion point and the time moveout of
the converted phase Pds by ray tracing the iasp91 velocity model
(Kennett and Engdahl, 1991). We further used 3D crustal (Niu et al.,
2007) and the whole mantle P-wave velocity model of Fukao et al.
(2001) to calculate 3D travel-time anomalies. The S-wave velocity
model is made from the P-wave velocity by assuming iasp91 Vp/Vs
ratios. Both the crustal and mantle corrections are on the order of
±0.5 secs., equivalent to a ±5 km depth correction to the two
discontinuities. We divided the study area (5°N to 12°N, 70°W to
62°W) into a 0.1º by 0.1º grid and used a circular cap with a radius of 1
degree for gathering the receiver functions. There are significant
overlaps among the caps. This serves to lowpass filter the topographic
relief on the two discontinuities with a corner wavelength roughly
equivalent to the size of the caps, approximately 200 km. We stacked
receiver functions within each cap using an nth-root stacking method
(Muirhead, 1968). We chose n=4 to reduce the uncorrelated noise
relative to the usual linear stack (n=1), recognizing that this
suppresses conversions with significant dip away from the horizontal.
We varied d from 300 to 800 km in increments of 1 km.

3. Results and Discussion

In Fig. 3, we showed five depth sections of the CCP stacked images
along three longitudinal (a-c) and two latitudinal lines (d-e). Both
the 410-km and 660-km discontinuities can be identified easily
from these sections. In Fig. 4, we showed the depth to the two
e land and OBS stations, respectively. Major fault systems are also shown in black lines.
N50 km) used in this study. Inset in the right bottom corner shows the Caribbean plate
le South America.
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Fig. 4. Map view of (a) the depth to the 410-km discontinuity, (b) the depth to the 660-km discontinuity (b), and (c) mantle transition-zone thickness. P-to-S conversion points are
indicated by black dots. P-wave velocity perturbations of Fukao et al. (2001) near the 410 km (d) and 660 km depths (e) are also shown for comparison. Notice the good agreement
between the higher velocity anomalies and the uplift of the 410-km and the deepening of the 660-km. (f) Depth of the two discontinuities averaged between 10.5°N-12.0°N is shown as a
function of longitude. The depth to the 410-km is indicated in the left and the depth to the 660-km is shown in the right. Dashed line indicates approximately the upper boundary of the
subductingAtlantic slab. In general, the observed topography to the twodiscontinuities and the velocity structure around themagreewellwith eachother except for the southwest corner,
where the two discontinuities are about 10 km deeper than the global average while the P-wave velocity appears to be normal. As the transition zone thickness in normal, we speculated
that the observed large depths of the two discontinuities beneath the Barinas-Apure Basin are likely caused by the reference model and may not reflect their true depths.
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discontinuities and the corresponding transition-zone thickness. In
general, we picked the peak of the P-to-S conversion energy as the
depth of the two discontinuities. In some regions, the conversion
Fig. 3. Five depth sections of the CCP gathered receiver functions along three longitudinal
respectively. Notice the clear P-to-S conversion from the 410-km and 660-km discontinuities
a broad 410-km and 660-km discontinuity.
energy spread asymmetrically in a broad depth range and sometime
even has multiple peaks. In these cases, we picked the centroid as the
event depth. We included 3D structure in calculating the time
and two latitudinal lines. The locations of these sections are shown in Figs. 4a and 4b,
, and large depth variations along the sections. Dashed ellipses indicate the regions with
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moveout before the CCP stacking in order to obtain better depth
estimates of the two discontinuities. However, since there is no high-
resolution velocity model available and our 3D corrections were
calculated from global models, it is possible that the depths are biased
by unmodeled aspects of the velocity structure of the upper mantle in
places. For example, both the 410-km and 660-km are ∼10 km deeper
beneath the Barinas-Apure Basin (in the left bottom corner of Figs. 4a
and b). They are likely to be caused by an unmodeled low S-wave
velocity in the upper mantle, as the transition-zone thickness appears
to be normal. Because P660s-P410s differential times are not sensitive
to heterogeneities shallower than the 410-km discontinuity, the
estimated transition-zone thickness is expected to be more accurate
than the depths to the individual discontinuities. Our discussion
below is therefore based primarily on the observed variations in
mantle transition-zone thickness.

The most prominent anomaly in the transition-zone thickness lies
beneath the southeastern CAR plate, where we saw a NS-trending
anomaly in the transition zone thickness (dashed rectangle) centered
at ∼64.1º W (Fig. 4c). It is approximately 30 km thicker than the
surrounding area and the global average. This thickness anomaly
appears to be caused by a ∼10 km uplift of the 410-km and a ∼20 km
depression of the 660-km (Fig. 4e). The maximum topographic relief
on the 410-km occurs ∼130 km east of the peak depression of the
660-km discontinuity, consistent with a westward subduction
geometry of the Atlantic slab. We also found that the topographic
anomalies on the two discontinuities agree with the high velocity
regions in the global tomographic images (Figs. 4a and d, Figs. 4b
and e). The observed topographic anomalies on the two disconti-
nuities extend in the north-south direction, thus it is more
consistent with the scenario of a simple westward subduction
(Fig. 1b). If a proto-Caribbean lithosphere is detaching from the
continental South America (Fig. 1a), then we would also see a
topographic anomaly extending in the east-west direction, which is
not shown in the CCP stacked images. Along with other lines of
seismic evidence, seismicity, crustal structure (Clark et al., 2008),
lithosphere structure (Miller et al., 2009), seismic anisotropy
(Growdon et al., 2009), we concluded that a shear tear (Fig. 1b)
has been occurring in a localized zone between the continental and
oceanic segments of the SA plate, and this tear controls the regional
tectonics, and results in normal subduction.

Asmentioned in the introduction, the origin of a shallower 410-km
and a deeper 660-km could be a reduction of temperature, or the
presence of water, or both. The sharpness of the two discontinuities
has been used to discern the effects of water and temperature (van
der Meijde et al., 2003), as the phase transitions occurs in a broader
pressure range for an unsaturated hydrous transition zone (e.g.,
Wood, 1995). We did find that the two discontinuities tend to be
broader in the region with a thicker transition zone (dash ellipses in
Fig. 3). Although out-of-phase stacking can result in a broad depth
distribution of P-to-S conversion energy, we believe that the observe
feature of broad discontinuities is likely to be true as they are seen in
all the stacked records regardless of the cap size used for stacking.
Bina and Helffrich (1994) found that the 410-km becomes broader
with decreasing temperature, making it difficult to use the disconti-
nuity sharpness to constrain the origin of the observed 410-km
topography. Vacher et al. (1998) found that in a cold environment the
breakdown of olivine and garnet appears to occur at different depths,
resulting in a broader and complicated boundary between the upper
and the lower mantle. The broad 660-km observed here thus does not
necessary require a water origin of the depression.

The ∼20 km depression of the 660 beneath the southeastern CAR
plate is much smaller than those observed in the western and
southwestern Pacific subduction zones. Niu and Kawakatsu (1995)
found the discontinuity deepens as much as 70 km beneath the Tonga
subduction zone. Wicks and Richards (1993) observed a 60 km
depression in the discontinuity beneath the Izu-Bonin subduction
zone. Both regions are characterized by fast subduction (v) of an old
oceanic lithosphere (t)with a steep descending angle (δ), and thus have
a very high thermal parameter (ϕ=tv sin δ) (Kirby et al., 1996). Since
the Atlantic lithosphere subducting at the Lesser Antilles arc has a low
descending rate, and subsequently has a low thermal parameter, we
thus expect the subducted Atlantic slab to be less cold than the
subducted Pacific slab beneath Tonga and Izu-Bonin arcs. This might
explain the low amplitude of the depression observed here. We thus
speculate that the primary cause of the depth variations of the two
discontinuities beneath the southeastern CAR plate is a temperature
reduction. Assuming a wet Clapeyron slope of -3.0 to -2.0 MPa/K (Bina
and Helffrich, 1994), we obtained a 222-333 K decrease of temperature
within the subducted Atlantic lithosphere.

We also found that the 410-km is shallowing toward the west at
the CAR-SA plate boundary (Fig. 4a), resulting in a thicker-than-
normal transition zone beneath the northwestern Venezuela (Fig. 4c).
On the other hand, the 660-km seems to be normal in the region
(Fig. 4b). This feature also matches the tomographic images, which
has an elevated velocity around the 410-km but a normal velocity
structure at the upper-lower mantle boundary. van der Hilst and
Mann (1994) found the upper mantle in this region is rather
complicated in their large-scale tomographic model. They interpreted
a southeast dipping high-velocity structure as the subduction of the
CAR plate underneath the SA plate. The subducting CAR plate extends
roughly to theMerida Andes beneath the Bocono Fault, which exhibits
a similar geometry to the topographic anomaly on the 410-km
(Fig. 4c). But according to van der Hilst and Mann (1994), the CAR
plate descends only to 275 km deep, thus it should have little effect on
the underlying transition zone structure. van der Hilst and Mann
(1994) also found that the Nazca plate is subducting underneath the
CAR plate to a depth of ∼500 km in the region. The subducting Nazca
plate in the region thus could be the cause of the elevated 410-km
observed here.

The 410-km and the 660-km discontinuities, on the other hand,
are very flat beneath the Guayana craton. The depth extend of cratons
has been extensively debated for many decades (e.g., Lerner-Lam and
Jordan, 1987; Polet and Anderson, 1995), and the 410-km topography
has been used to constrain this depth as the thermal effect of a thick
cratonic keel should result in an elevated 410-km (e.g., Li et al., 1998,
Niu et al., 2004). Niu et al. (2004) further argued that a flat 410-km
could also place a low bound (∼160 km) on the depth of the
lithosphere beneath a craton.When the lithosphere is thin, a thick and
unstable thermal layer forms below the lithosphere, which could
eventually develop into a downwelling and deflect the 410-km. On
the other hand, a very thick keel (≥∼370 km) could post direct
thermal effects on the 410-km discontinuity. Our observation of a flat
410-km beneath the Guayana shield thus suggests that the shield has
a stable and moderately deep root (between ∼160 and ∼370 km).

4. Conclusions

We investigated the mantle transition zone structure beneath the
CAR-SA plate boundary with receiver function data recorded by the
BOLIVAR passive seismic array. The new seismic images allow us to
reach the following three conclusions. (1) Beneath the southeastern
CAR plate, the subducted Atlantic slab can be traced from the
topographic anomalies on the 410-km and 660-km discontinuities.
The slab is subducting toward the west at the Lesser Antilles arc and
uplifts the 410-km up to ∼25 km as it enters the transition zone at
around 63.5ºW (beneath the Aves Ridge). It also depresses the 660-km
by asmuch as∼20 kmwhen it runs into the upper and lowermantle at
around 65ºW (beneath the Venezuela Basin). Both the uplift and
depression are elongated in the NS direction, suggesting that there is
little evidence for a west-to-east progressive tensile tear of the pro-
Caribbean oceanic lithosphere originally attached to the northern edge
of the continental SA plate. (2)We found an elevated 410-km beneath
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the Maracaibo block at the western end of CAR-SA boundary in
Venezuela. Based on published tomographic images, we interpret it as
evidence for the subducting Nazca plate. (3) We saw a flat 410-km
beneath the Guayana shield. The lithosphere beneath the shield must
be moderately thick and stable so it does little to the underlying
transition zone.
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