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[1] The shear velocity structure in the lowermost 500 km of the mantle beneath the
Caribbean and surrounding areas is determined by seismic tomography applied to a suite
of Sd-SKS, ScS-S, (Scd + Sbc)-S, and ScS-(Scd + Sbc) differential times, where (Scd + Sbc)
is a pair of overlapping triplication arrivals produced by shear wave interaction with
an abrupt velocity increase at the top of the D00 region. The inclusion of the triplication
arrivals in the inversion, a first for a deep mantle tomographic model, is possible
because of the widespread presence of a D00 velocity discontinuity in the region. The
improved ray path sampling provided by the triplication arrivals yields improved vertical
resolution of velocity heterogeneity within and above the D00 region. The reference
velocity model, taken from a prior study of waveforms in the region, has a 2.9% shear
velocity discontinuity 250 km above the core-mantle boundary (CMB). Effects of
aspherical structure in the mantle at shallower depths than the inversion volume are
suppressed by applying corrections for several different long-wavelength shear velocity
tomography models. Born-Fréchet kernels are used to characterize how the finite
frequency data sample the structure for all of the differential arrival time combinations;
inversions are performed with and without the kernels. The use of three-dimensional
kernels stabilizes the tomographic inversion relative to a ray theory parameterization, and
a final model with 60- and 50-km correlation lengths in the lateral and radial dimensions,
respectively, is retrieved. The resolution of the model is higher than that of prior
inversions, with 3–4% velocity fluctuations being resolved within what is commonly
described as a circum-Pacific ring of high velocities. A broad zone of relatively high shear
velocity material extends throughout the lower mantle volume beneath the Gulf of
Mexico, with several percent lower shear velocities being found beneath northern South
America. Concentrated low-velocity regions extend through the D00 layer under the
Caribbean, Colombia, and Ecuador, suggestive of small-scale plumes in the boundary
layer and possible lateral variations of the D00 discontinuity. One scenario consistent
with the imaged features involves subducted Farallon plate ponding at the base of the
mantle and laterally displacing hot boundary layer material that piles up and destabilizes
on its margins.
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heterogeneity beneath the Caribbean, J. Geophys. Res., 110, B07305, doi:10.1029/2004JB003373.

1. Introduction

[2] The deep mantle below circum-Pacific margins has
long been characterized as having higher than average

shear velocities [e.g., Dziewonski and Woodhouse, 1987;
Tanimoto, 1990], an attribute that has commonly been
linked to the 200 Myr long history of oceanic plate
subduction beneath most of these margins [e.g., Lithgow-
Bertelloni and Richards, 1998]. As mantle tomographic
images have improved, the inference that subducted slab
material penetrates into the deep mantle and is the source of
the high shear velocity patterns has been advanced increas-
ingly forcefully [e.g., Grand et al., 1997; Grand, 2002],
although in some regions there does not appear to be
continuity of high-velocity features to deep in the mantle
[e.g., Fukao et al., 2001]. Improved spatial resolution near
the base of the mantle has led to recognition that the circum-
Pacific ‘‘ring’’ of high-velocity material is not necessarily a
laterally coherent structure but rather one with significant
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patchiness and intermittent high and low velocities on scale
lengths of 500 to 1000 km [e.g., Castle et al., 2000; Kuo et
al., 2000; Megnin and Romanowicz, 2000; Ritsema and van
Heijst, 2000; Gu et al., 2001; Wysession et al., 2001; Grand,
2002; Fisher et al., 2003;Montelli et al., 2004]. Establishing
the detailed shear velocity structure beneath a region that
may have descending midmantle flow is essential for
advancing our understanding of mantle dynamics, the fate
of slabs, a lower mantle postperovskite phase transition, and
chemical mixing of mantle thermochemical heterogeneities.
[3] This study seeks to improve the spatial resolution of

shear velocity structure in the deep mantle beneath the
Caribbean, Gulf of Mexico, Central America, and northern
South America. This area is well sampled by shear waves
from South America subduction zone earthquakes recorded
by broadband seismic stations in North America. As is the
case for most of the deep mantle, the ray path coverage has
very limited azimuthal sampling; however, extensive cov-
erage of this region can be obtained using several different
shear wave phases. The shear velocity structure in this
region is generally higher than average in global mantle
and D00 tomographic images, in fact, some of the highest
velocities in all of the lower mantle are in this region. In
addition, prior work has established that an abrupt increase
in shear velocity occurs about 250 km above the core-
mantle boundary (CMB) across much, if not all, of the
region [e.g., Lay and Helmberger, 1983; Kendall and
Nangini, 1996; Ding and Helmberger, 1997; Garnero and
Lay, 2003; Lay et al., 2004a]. The existence of this velocity
increase near the top of the D00 region is inferred from S
wave arrivals that precede ScS, the reflection from the
CMB. While there is likely some lateral variation in the
depth and velocity contrast of the discontinuity [e.g., Lay et
al., 2004a; Thomas et al., 2004], it appears that the average
structure in the region is quite well characterized with a 2%
to 3% velocity increase from 200 to 300 km above the
CMB.
[4] We use a large data set of carefully measured shear

wave differential times, including measurements of phases
generated by the D00 discontinuity, in a high-resolution
regional-scale tomographic inversion for shear velocity
structure in the lowermost 500 km of the mantle beneath
the Caribbean. Three-dimensional kernels [e.g., Dahlen et
al., 2000; Hung et al., 2000; Zhao et al., 2000] are used in
the inversion to account for finite frequency effects, and the
resulting regional model has the highest resolution yet
obtained for the deep mantle by tomography. In the follow-
ing, we introduce our data, finite frequency and inversion
methodology, and results. Our models are compared to
those from infinite frequency (ray theory) tomography.
Finally, we interpret our results and discuss resolution and
uncertainties.

2. Data, Methodology and Model
Parameterization

2.1. Differential Travel Time Residuals

[5] Differential travel times for broadband shear waves
from digital Global Seismic Network, Berkeley Digital
Seismic Network, TERRAscope/Trinet, Canadian National
Seismic Network, and long-period analog World Wide
Seismographic Station Network (WWSSN) recordings com-

piled by Garnero and Lay [2003] are utilized for imaging
shear velocity variations in the lowermost mantle beneath
the Caribbean and Central America. Data from 61 earth-
quakes in the depth range 100 to 650 km with seismic
magnitudes from 5.5 to 6.9 are used. The data were selected
based on good signal-to-noise ratio and waveforms indica-
tive of simple source processes. All measurements from
digital data were made on signals that have been decon-
volved by the instrument response to obtain ground dis-
placements with mild bandpass filtering between 1 and
100 s. The data were corrected for splitting effects of
upper mantle anisotropy prior to rotation to the great circle
reference frame (see Garnero and Lay [2003] for details).
Transverse components were used for all measurements
other than those involving SKS phases. Differential times
are used rather than absolute times in order to minimize
the contributions from upper mantle heterogeneities beneath
the receivers and in the source regions, as well as source
mislocation errors.
[6] The measurements were made for (1) differential times

between S (or the diffracted phase, Sd) on the transverse
and SKS on the longitudinal components; (2) differential
times between ScS and S; (3) differential times between
any significant lower mantle triplication arrival and S; and
(4) differential times between ScS and any significant lower
mantle triplication arrival. The triplications arrivals, identi-
fied on the basis of their timing and move out between S and
ScS, are interpreted as the interference between triplication
energy that dives below a D00 velocity discontinuity (Scd, in
the terminology of Lay and Helmberger [1983]) and energy
that reflects off of the discontinuity (Sbc). Scd and Sbc arrive
within a second or two of one another. Measuring the peak
arrival time of the interfering Scd + Sbc arrivals is the best
option given the 5–10 s predominant periods of our data,
and we will treat this pair of arrivals as a single interference
arrival in our tomographic modeling. This overlapping
Scd + Sbc energy is typically weak at distances less than
about 77 degrees, but increases with distance to be as
strong as ScS by 81 degrees, although it arrives only a
few seconds after direct S (Sab). Beyond about 85 degrees
Scd is the first arrival, and one can measure Sab-Scd
differential times at distances greater than 90 degrees, but
we exclude these measurements from the tomographic
imaging due to strong dependence of the ray paths on
the reference model. Because the waveforms have simple
pulses but little time separation in many cases, measure-
ments are made based on peak-to-peak values (rather than
by cross correlation) for all times except those of Sd-SKS,
where onset times were picked. The final data set includes
327 S(Sd)-SKS, 297 ScS-S, 98 (Scd + Sbc)-S and 98 ScS-
(Scd + Sbc) differential travel times. The S-SKS and ScS-S
data used in this study directly correspond to those used
by Garnero and Lay [2003], and general characteristics of
the overall data set are illustrated and described in further
detail in that paper.
[7] The ray paths for our data set dive into the lower

mantle beneath the Caribbean and Central America. The
upper portion of the lower mantle in this region has tabular
high-velocity structures in both P and S wave tomographic
models [Grand et al., 1997], which shallow portions of our
paths may encounter, but are insufficient to directly image.
The lowermost mantle is well sampled by the combined
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coverage of our SKS, Sd, ScS, and Scd + Sbc phases, and we
design the study to image the deep mantle structure. The
tomographic domain is a 500 km thick spherical shell sitting
atop the CMB that laterally spans the area of five icosahe-
drons centered beneath the Caribbean. To remove the
contributions to the differential travel times associated with
mantle heterogeneity outside the study region we separately
apply travel time corrections to the raw data computed for
global shear velocity models from Ritsema and van Heijst
[2000], Grand [2002] and Megnin and Romanowicz
[2000], hereafter referred to CIT, UT and UCB, respec-
tively. Comparison of the results for different aspherical
models allows us to assess the robustness of the deep
mantle model we seek.
[8] As mentioned above, most global tomographic

inversions find high S velocity in the lower mantle
beneath the Caribbean, but the velocity variations in these
models tend to be too gradual to cause triplication of the
S wave front. Thus, without arbitrarily augmenting the
velocity heterogeneity in the models, we cannot produce
arrivals corresponding to the Scd + Sbc energy [see Ni et
al., 2000]. Inclusion of these phases in the tomographic
inversion requires associated ray paths, and simply as-
suming artificial reflection horizons in a smooth model
leads to problems with matching the behavior of actual
triplication arrivals. Travel time analysis and waveform
modeling suggest that the one-dimensional (1-D) model
from Kendall and Nangini [1996], SKNA1, which has a
2.9% D00 shear velocity discontinuity 250 km above the
CMB and a mild negative velocity gradient within D00

(Figure 1), produces correct triplication behavior of the
wave field. Standard reference structures, such as the
PREM model [Dziewonski and Anderson, 1981] cannot
produce such triplication behavior. The SKNA1 model is
reasonably representative of structure across the broad

region of the deep mantle beneath the Caribbean [e.g.,
Garnero and Lay, 2003]. We therefore adopt SKNA1 as a
reference structure and invert differential residual data for
shear velocity variations in our model volume relative to
SKNA1. The dependency of our results on reference
structure will be discussed later.
[9] Histogram distributions of all measured differential

travel time residuals for each of the three sets of aspherical
model corrections are shown in Figure 2. These anomalies
are obtained from the observed differential travel times by
subtracting the predicted differential times for the SKNA1
model (applying aspherical structure corrections along ray
paths between the surface and 500 km above the CMB).
The corrected travel time residuals based on the CIT, UT
and UCB models all yield nearly Gaussian distributions
with means close to zero. There are some large positive
residuals in all three data sets, which may suggest not all
structure in the study region is high velocity, as portrayed in
the long-wavelength tomographic models.
[10] Figure 3 shows the ray path coverage of four subsets

of differential travel time residuals, (Scd + Sbc)-S, ScS-
(Scd + Sbc), ScS-S, and S(Sd)-SKS using the SKNA1 model
for path geometry prediction. Only the ray segments within
the lowermost 500 km of the mantle are highlighted in
Figure 3. In addition to the relatively widespread ray
coverage provided by S(Sd)-SKS and ScS-S data sets,
the triplication arrivals have bottoming depths which
directly sample the D00 region beneath the Gulf of Mexico
and the Caribbean. Given that it has the highest sampling
density, this region is best resolved in our tomographic
study and associated solution structure is emphasized in
later discussion.
[11] Individual differential residuals relative to model

SKNA1 are plotted in Figure 4 at the midpoints of the ray
paths projected on the surface. The variations in the resid-

Figure 1. (a) Radially symmetric Earth models SKNA1 and PREM. There is an abrupt velocity increase
at the top of a 250-km-thick D00 layer for SKNA1. (b) Travel time curves of ScS, SKS, and triplication
arrivals Sab, Scd, and Sbc phases for model SKNA1. (c) Travel time curves of S, SKS, and ScS phases for
PREM model.
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uals show some spatially coherent patterns that indicate the
presence of small-scale velocity heterogeneity in the D00

region. Correction of the data for the three different tomo-
graphic models results in very similar spatial patterns, and
we can anticipate that only minor differences will be found
in our tomographic solution models based on the different
sets of corrections.

2.2. Ray Theory Versus Finite Frequency Theory

[12] In conventional seismic tomography based on line-
arized ray theory, a differential travel time shift of two
phases A and B, d(tA � tB), relative to that predicted by a
radially symmetric Earth model such as PREM or SKNA1
is obtained by the difference of the integration of the first-
order perturbation of slowness along each individual geo-
metrical ray path,

d tA � tBð Þ ¼ �
A

Z r

s

1

b xð Þ
db
b

� �
dxþ

B

Z r

s

1

b xð Þ
db
b

� �
dx; ð1Þ

where dx is the incremental arc length along the ray path for
phase A or phase B from the source s to the receiver r, b(x)
is the unperturbed shear wave speed in the 1-D reference
Earth model at a point x on the ray path, and db/b is the
fractional shear wave speed perturbation at x to be imaged.
[13] The finite frequency approach relies on 3-D Born-

Fréchet kernels (often called banana-doughnut kernels [see
Hung et al., 2001]) and expresses a travel time shift
measured by cross correlation of an observed seismogram
with the corresponding spherical Earth synthetic as the
integral of volumetric sensitivity with fractional wave speed
perturbations over the entire Earth’s mantle. A differential
travel time residual determined by cross correlation of two

phase arrivals which have similar pulse shapes and ray paths
near the source and the receiver has a Fréchet kernel that is
simply the difference of the individual Fréchet kernels
[Dahlen et al., 2000],

d tA � tBð Þ ¼
ZZZ

�
KA xð Þ � KB xð Þð Þ db

b

� �
d3x: ð2Þ

The quantities KA(x) and KB(x) are the values of 3-D
Fréchet kernels at a point x for the individual travel time
shifts dtA or dtB, respectively. Similarly, db/b is the fractional
shear wave speed perturbation at x in the Earth’s mantle to
be imaged.
[14] Ray theoretical representation of Fréchet kernels

involves the double sum of all the propagating composite
source-to-scatterer and scatterer-to-receiver body waves that
deviate from the geometrical ray path. Taking advantage of
the fact that the contribution to the ‘exact’ travel time kernel
mainly comes from like-type forward scattering paths (often
referred to as paraxial rays) in the vicinity of the unper-
turbed ray path, a practical formulation for computing K
efficiently is the paraxial kernel given by [Dahlen et al.,
2000; Hung et al., 2000]:

K ¼ � 1

2pc
R

crR0R00

� �
Z 1

0

w3jssyn wð Þj2 sin wDTð Þ dw
Z 1

0

w2jssyn wð Þj2dw
; ð3Þ

where DT is the additional travel time required to take the
detour path to a point scatterer; that is, the integration
point x = (r, q, f) in equation (2) within a spherically

Figure 2. Histograms showing the distribution of differential travel time anomalies relative to model
SKNA1. The data include ScS-S, S(Sd)-SKS, (Scd + Sbc)-S, and ScS-(Scd + Sbc) differential time
residuals after the removal of travel time advances or delays related to mantle heterogeneity outside the
lowermost 500 km of the mantle. Three global models are used for separate path corrections, as described
in the text.
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symmetric Earth. The scaling constants c and cr are the
wave speeds of the 1-D background model at the scatterer
and receiver; the quantities R, R0 and R00 are associated
with the spreading factors for the unperturbed ray, the
forward source-to-scatterer ray, and the backward receiver-
to-scatterer ray. The power spectrum, jssyn(w)j2, specifies
the frequency content of the synthetic for an observed
broadband pulse used in cross-correlation travel time
measurement, which has a dominant period of 8 s for our
data sets. In many circumstances, there may be more than
one phase arriving within the cross-correlation time
window. In the case of the triplication arrivals, Sab and
Scd, used in this study, the waveform of the Scd phase
(which turns within the D00 layer) is influenced by
interference with the Sbc arrival (which reflects from the
top of the D00 layer). The Fréchet kernels governing such a
pair of interfering or overlapping phases is written as

KScdþSbc ¼ � 1

2pccrD

Z 1

0

w3jssyn wð Þj2

� R0
ScdR00

ScdRScd

� ��1
sinwDTScd

h

þ R0
ScdR00

ScdRSbc

� ��1
sinw DTScd þ TScd � TSbcð Þ

þ R0
SbcR00

SbcRScd

� ��1
sinw DTSbc þ TSbc � TScdð Þ

þ R0
SbcR00

SbcRSbc

� ��1
sinwDTSbc

i
dw; ð4Þ

where

D ¼
Z 1

0

w2jssyn wð Þj2

� R�2
Scd þR�2

Sbc

�
þ2R�1

ScdR�1
Sbc cosw TScd � TSbcð Þ

	
dw: ð5Þ

Figure 3. Projection of great circle paths for (Scd + Sbc)-S, ScS-(Scd + Sbc), ScS-S, and S(Sd)-SKS
differential travel time residuals using the SKNA1 model for ray geometry prediction. Only the ray
segments in the lowermost 500-km mantle are highlighted. Solid circles and triangles represent
earthquake epicenters and station locations, respectively.
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The quantities TScd and TSbc are the predicted travel times for
Scd and Sbc phases from the source s to the receiver r in the
SKNA1 model; DTScd and DTSbc are the additional travel
times required by the detour paths of the scattered Scd and
Sbc arrivals through a single point scatterer of heterogeneity;
that is, the integration point x in equation (2). The scaling
constants c and cr are shear wave speeds of the 1-D

background model at the scatterer x and receiver r; the
quantities of R, R0, and R00 with subscripts Scd and Sbc
are geometrical spreading factors for the unperturbed ray,
the forward source-to-scatterer ray, and the backward
receiver-to-scatterer ray, for Scd and Sbc phases, respec-
tively. Figure 5 illustrates the paraxial Fréchet kernels on
various 2-D cross sections for travel time shifts measured by

Figure 4. Differential travel time residuals for (Scd + Sbc)-S, ScS-(Scd + Sbc), ScS-S, and S(Sd)-SKS
measurements plotted at the midpoints of the ray paths. (a) CIT, (b) UT, and (c) UCB models are used for
travel time corrections for mantle heterogeneity. Size of symbols is proportional to the magnitude of the
differential travel time residuals.
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the individual waveform of the (1) Scd or (2) Sbc phase
only. Figure 6a shows the sensitivity kernel for a finite
frequency travel time shift determined by the interfering
waveform of overlapping Scd and Sbc phases. Figure 6b
displays the differential kernel for ScS-(Scd + Sbc)
residuals, simply the difference of individual ScS and
interfering Scd + Sbc sensitivity kernels.

2.3. Model Parameterization

[15] Similar to Chiao and Kuo [2001], our model of shear
velocity perturbation is parameterized in vertexes of 3-D
spherical triangular-shaped voxels (cells) that totally span
five geodesic icosahedrons centered at (290�E, 23�N) with a

total thickness of 500 km in the lowermost mantle. Five
spherical triangles with almost equal spherical areas are
successively refined by taking midpoints on the edges to
form four subtriangles. Refining through six levels yields a
tessellation of 5120 spherical triangles with approximate
dimension of 0.71� � 0.71� connected by 2805 vertexes.
The 500-km-thick spherical shell is then divided into
sixteen layers of constant thickness of 31 km, resulting
in a total of 81920 voxels and 47685 vertexes (Figure 7).
[16] In travel time tomography, only a finite amount of

observed data is available to invert for the values of seismic
velocity perturbations at the discrete vertexes of spherical
voxels. Numerical integration of equation (3) within a single

Figure 5. (a) Sensitivity of a finite frequency travel time shift determined by the waveform of an
isolated Scd phase from an earthquake 561 km deep recorded at an epicentral distance D = 78�.
(b) Sensitivity of a finite frequency travel time shift determined by the waveform of an isolated
Sbc phase from the same event and station.
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voxel is achieved by the weighted sum of the values at
limited sampling points using the Gaussian quadrature
formula [e.g., Zienkiewicz and Taylor, 1989] and the result-
ing value is distributed to all the vertexes bounding the
voxel. Contributions from all the voxels are summed to
yield the data equation of the form,

di ¼ Gijmj ¼ gi;mð Þ; ð6Þ

where di is the ith data in a total of N differential travel
time shifts, cast as the result of the discrete inner product
of the model vector m = [m1, m2, .., mM]

T of dimension M
(47685 vertexes) and the coefficient vector gi of the same

dimension with components, Gij obtained from the result of
the numerical integration described previously. The values
can be either the difference of the total path lengths for a
geometric ray theory inversion or the integrated volumetric
kernel values throughout a specific volume or voxel that
contributes to the jth vertex between the two arrivals in the
ith-paired differential travel time measurement.
[17] In Figure 8 we use the square root of the diagonal

values of the product of the Gram matrix G and its
transpose GT, that is,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
diag GTGð Þ

p
, to indicate the overall

sensitivity inherent to the kernel and ray tomography
provided by the observed differential travel time data. Each
element of diag(GTG) is equivalent to the total sum of the

Figure 6. (a) Sensitivity of a finite frequency travel time shift determined by the waveforms of the
overlapping Scd and Sbc phases for the same event and station as in Figure 5. (b) Sensitivity of the
differential ScS-(Scd + Sbc) travel time shift measured by the waveforms of ScS phase and of
the interfering Scd and Sbc phases for the same event and station as in Figure 5.
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squared values of the volumetric kernels contributing to
each node or the squares of the path lengths of 1-D rays
weighted by the background velocity. The variation of these
values reflects the robustness of the constraint on shear
velocity perturbation at each vertex. The plots are presented
in a logarithm scale on eight constant depth cross sections
where the resolved shear velocity anomaly is shown subse-
quently. As expected, sampling in the ray-based tomogra-
phy is primarily defined by the path geometry while
sampling by off-path sensitivity of finite frequency travel
times yields a much smoother and homogenized pattern,
particularly in the sub-Caribbean region which has dense
data sampling.
[18] Solving the N(=820) data equations of equation (6)

constrained by the N observed travel time data simulta-
neously would yield an estimate of the M(=47685) pursued
model parameters. Because a large portion of the model
parameters is unresolvable as a result of sparse or no data
sampling, regularization either with minimum norm or
minimum smoothing criteria is often imposed on such
underdetermined problems to provide the additional con-
straints needed to suppress noisy small-scale variations and
to acquire more robust, long-wavelength features in the
models. One possible solution for the model vector m is the
standard damped least squares (DLS) solution in which an a
priori nonnegative damping factor is specified to control the
degree of the minimization of model norms. Alternatively,
we perform the smoothness regularization scheme rather
than the simple norm damping in the DLS solution by
imposing a convolutional quelling operator on equation (6).
The solution is then obtained by

m̂ ¼ W WTATAWþ q2I
� ��1

WTATd; ð7Þ

where W is the convolution operator characterized by a
prescribed correlation length on the resolved model
[Meyerholtz et al., 1989], I is an M � M identity matrix,
and q2 is a nonnegative damping factor specified prior to the
inversion to provide the intended harshness of the minimum
norm criterion. If W is an identity matrix, then no a priori
correlation length is imposed and the model solution
becomes identical to that of the standard DLS case. We
choose a Gaussian correlation function with two length
scales involving the standard deviations in the lateral and
radial directions.

3. Inversion Results

3.1. Models

[19] We conduct a trade-off analysis between variance
reduction and model variance to determine the appropriate
values of the nonnegative damping factor for the resolved
models. Figure 9 shows the trade-off curves derived from
the kernel- and ray-based models, respectively. In addition,
model smoothing is invoked by means of prescribing
stationary model correlations of one degree (60 km at
the CMB) laterally and 50 km radially. Figure 10 compares
the (1) kernel-derived tomographic images with those
obtained from (2) conventional ray tomography. Lateral
variations in shear velocity perturbations relative to the
SKNA1 model are illustrated at the eight different depths
indicated to the right of each map. The UCB model is used
for the travel time corrections for heterogeneity outside the
model, a choice which is not critical. Models with similar
data fits or variance reductions are chosen for comparison.
The variance reduction corresponding to each tomographic
solution model m̂ is estimated by

1�

XN

i¼1
di � Gijm̂j

� �2
XN

i¼1
di

2

2
4

3
5100%: ð8Þ

The selected models obtained with two different theories
yield variance reductions of 74%. Since SKNA1 has high
shear velocity structure in the 250-km-thick D00 layer
relative to PREM, the baseline of the tomographic model
is shifted in the lower 250 km. The resolved shear velocity
heterogeneity relative to PREM is thus only partially offset
by some small-scale low-velocity fluctuations superimposed
in the long-wavelength, relatively fast velocity D00 region
(see Figure A1 in the auxiliary materials1). While the
absolute velocities are not uniquely resolved, the very
existence of the Scd + Sbc arrivals does require high
velocities if the wave field is to triplicate. If the energy
between S and ScS is caused by scattering from localized
heterogeneities rather than specular reflections, this need
not be the case. After removal of the average velocity
perturbation of each layer, lateral variations in shear velocity
heterogeneity relative to the PREM model are quite similar
to those relative to the SKNA1 model (Figure A2), although
the radial gradients in volumetric heterogeneity in this case
are unlikely to be sufficient to account for the amplitudes of
the phases between S and ScS. Using the same damping and
smoothing regularization, the differential travel time data

Figure 7. Configuration of the model parameterization
that spans an area of 5 icosahedrons centered at (230�E,
29�N). Each spherical triangle is successively subdivided
into four subtriangles.

1Auxiliary material is available at ftp://ftp.agu.org/apend/jb/
2004JB003373.

B07305 HUNG ET AL.: FINITE FREQUENCY D00 TOMOGRAPHY

9 of 20

B07305



sets corrected with different global models yield very similar
shear velocity structures. This is not unexpected for several
reasons: (1) the ray paths of the phases used in our
differential times are extremely close in the uppermost
mantle, where the tomography models have the highest-

amplitude heterogeneity, and (2) in the lower mantle, we
correct for structure above 500 km above the CMB, well
above the strong heterogeneity in the deepest mantle in those
models. In fact, mid-lower mantle structure (above our
inversion volume) is typically described by very low

Figure 8. (a) Sampling density of all the observed differential travel time shifts based on finite
frequency kernel theory. (b) Sampling density of all the observed differential travel time shifts based on
geometrical ray theory.
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amplitude heterogeneity in all the models we tested [see,
e.g., Masters et al., 2000]. The UCB-corrected travel time
data seems to give a slightly better fit but the difference in
variance reductions between the three models is insignif-
icant. The velocity models obtained using corrections for the
CIT and UT models are provided as auxiliary material
(Figures A3–A8).

3.2. Models Based on Onset Versus Peak-to-Peak
Travel Times

[20] The 3-D Fréchet kernels are founded on the pre-
requisite that a finite frequency travel time residual is
obtained by cross correlation of an observed broadband
waveform with the corresponding synthetic seismogram in
a radially symmetric Earth model. We apply the 3-D
kernel theory to parametric measurements based on onset
and peak-to-peak measurements, not explicit waveform
correlations with reference model synthetics. Such mea-
sured travel times presumably represent the highest-
frequency portions of observed phase arrivals so that
infinite frequency ray theory could be considered as a good

approximation to interpret actually finite frequency travel
times.
[21] To understand the potential difference between the

travel times from cross correlation and those from the first-
swing alignment, Hung et al. [2001] generated a suite of
numerical ground truth synthetic waveforms for a homoge-
neous medium embedded with sphere-shaped anomalies of
various sizes and heterogeneity strengths. An automatic
cross-correlation procedure and the interactive fitting of
the first swings of heterogeneous and homogeneous seismo-
grams are employed to determine the travel time shifts due
to the spherical velocity anomalies. The experiments show
that the measured travel times based on the first-swing
alignment appear to be very similar to those from the
peak-to-peak picks, with correlation measurements tending
to be slightly smaller values. Namely, the interactive travel
time picks can be empirically modeled by the cross-corre-
lation travel times if the latter are computed for sensitivity
kernels at an effective period reduced by a factor of 60%.
The cross-path width of the effective kernel for a finite
frequency travel time determined by the onset time or peak-

Figure 9. Trade-off relation between data variance reduction and model covariance for the kernel-based
models (denoted by solid lines and solid circles) and the ray-based models (denoted by dashed lines and
open circles). The three plots on each row are for the three different global models, CIT, UT, and UCB,
utilized for correction of mantle heterogeneity. (top) Inversions with no a priori model correlations
imposed. (bottom) Model smoothing according to prescribed correlation lengths of 60 km in the lateral
direction and 50 km in the radial direction.
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Figure 10. (a) Shear velocity variation relative to the SKNA1 model resolved from finite frequency
tomography of the differential travel time residuals corrected using the UCB model. (b) Shear velocity
variation relative to the SKNA1 model resolved from ray-based tomography. Each panel illustrates lateral
variation in shear velocity perturbation at the depth indicated to the right of the plot. The model is
obtained from the damped least squares inversion with additional smoothing regularization in which a
priori model correlation lengths of 60 km and 50 km are enforced in the lateral and radial dimensions,
respectively.
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to-peak value could be less than that of the actual Fréchet
kernel by a factor of

ffiffiffiffiffi
60

p
= 77%.

[22] As the differential travel time residuals used in our
study are based on the peak-to-peak values for (Scd +
Sbc)-S and ScS-(Scd + Sbc) data and the onset times for
S(Sd)-SKS data, they may preferentially emphasize the
higher-frequency arrivals in the observed waveforms
whose power spectra have a dominant period of 8 s.
Moreover, they suffer the wave front healing effect to
some extent different from that undergone by the cross-
correlation travel times. To explore the potential influence
on the resolved velocity models because of different
volumetric sensitivity, we utilize the 3-D kernels with a
reduced period of 5 s to conduct the finite frequency
tomography as well. In Figure 11 we compare the resulting
models with those previously obtained by the 8-s kernels,
showing the root-mean-square (RMS) of magnitudes of
shear velocity heterogeneity as a function of depth for the
three models based on infinite frequency ray theory and
the 5- and 8-s kernels. The finite frequency models yield
very similar RMS velocity perturbations, approximately
1–2 times larger than those from the ray-based inversion.
Figure 11 also shows the correlation function on each
constant depth nodal grid between any two of these three
models. The higher-frequency, 5-s model shows more
resemblance to the ray-based model because ray theory
is the infinite frequency limit of Born-Fréchet kernel
theory. The two kernel-based models are well correlated
at all the depths and reveal very coherent velocity struc-

tures except for a localized region near the base of the
mantle beneath the middle America (see Figure A9 in the
auxiliary material).

3.3. Resolution Tests

[23] We conduct resolution tests to demonstrate the ro-
bustness of the solution shear velocity models and to
compare the relative merits and differences in recovery of
velocity heterogeneity between the kernel- and ray-based
tomography. A synthetic model is constructed with four
cylindrically shaped, relatively fast or slow velocity anoma-
lies in the D00 region beneath the Caribbean region. Each
cylinder has a diameter of 1000 km and height of 250 km
placed right above the CMB. The first experiment involves
synthetic travel time residuals obtained from the predictions
of Born-Fréchet kernel theory inverted for the underlying
velocity structure based on the kernel-based tomography
(Figure 12a). An alternative experiment uses conventional
ray tomography to generate synthetic data that are inverted
to resolve the input velocity structure (Figure 12b). Both
experiments adopt the DLS solution with the same smooth-
ing regularization as imposed on the real data inversion. The
magnitude and geometry of the input velocity anomalies are
clearly recovered better in the kernel-based experiment.
Vertical smearing is present in both models; however, the
ray-based result has more severe horizontal smearing. To
assess the resolution of small-scale heterogeneity in the
lowermost mantle and possible image artifacts, we conduct
a similar test with two groups of narrower and shorter

Figure 11. (left) Root-mean-square (RMS) of fractional shear velocity perturbations dlnb as a function
of radius for the infinite frequency ray model (squares), the 5-s kernel model (circles), and the 8-s kernel
model (triangles). (right) Correlation functions on each constant depth nodal grid between two of these
three models.
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Figure 12. Resolution test using the available path coverage of differential travel time residuals. The
input model outlined by the contoured lines has four cylindrically shaped velocity anomalies of either
�3% or +3% shear wave velocity perturbations placed in the D00 layer. The cylinders have diameters of
1000 km and heights of 250 km. Both the synthetic data and the data kernels for the inversion are
computed using (a) finite frequency kernel theory or (b) infinite frequency ray theory.

B07305 HUNG ET AL.: FINITE FREQUENCY D00 TOMOGRAPHY

14 of 20

B07305



Figure 13. Resolution test using the available path coverage of differential travel time residuals. The
input model involves two groups of 16 cylindrical velocity anomalies placed above the CMB and the D00

velocity discontinuity, with the diameter and the height of each cylindrical being half of those in
Figure 12. Both the synthetic data and the data kernel for the inversion are computed using (a) finite
frequency kernel theory or (b) infinite frequency ray theory.
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Figure 14. Resolution test using the available path coverage of differential travel time residuals. The
input model is a single disk-shaped anomaly of +3% shear velocity perturbations surrounded by a ring of
relatively fast anomaly of �3% shear velocity perturbations. The disk has the diameter of 400 km and the
height of 60 km placed between 2735 and 2798 km below the D00 velocity discontinuity. Both the
synthetic data and the data kernel for the inversion are computed using (a) finite frequency kernel theory
or (b) infinite frequency ray theory. Note that the scale range, �1.5–1.5%, for the recovered velocity
images is only a half of the input heterogeneity strength.
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cylindrical anomalies placed right above the CMB and the
D00 velocity discontinuity in the input model (500 km and
125 km wide and high, respectively). Similar behavior is
seen for the two inversions with superior images for the
kernel-based inversion versus the ray-based inversion
(Figure 13).
[24] To assess vertical resolution of small-scale low-

velocity heterogeneity embedded in the long-wavelength
fast velocity structure, we test the synthetic models which
have a single disk-shaped slow anomaly of �3% db/b in the
diameter of 400 km and the thickness of 60 km. The disk is
centered at (12�N, 75�W) beneath the Caribbean and
surrounded by a ring of fast velocity anomaly of +3%
db/b. We place this anomalous structure in three different
depth ranges which span about two discretized layers: 2735–
2798 km below the D00 discontinuity, 2610–2672 km across
the D00 discontinuity, and 2484–2547 above the D00 discon-
tinuity. Figure 14 compares the recovered velocity structures
based on the sensitivity of 3-D kernels and 1-D rays for the
disk located below the D00 discontinuity (see Figures A10
and A11 in the auxiliary material for the other two models).
The recovered anomaly in each of the three test models is
smeared both laterally and vertically to some extent. The
vertical smearing is more severe as the velocity anomaly is
placed shallower above the D00 discontinuity. While the
resolved magnitude of input velocity heterogeneity is sig-
nificantly reduced (over 50%) by the smoothing regulari-
zation applied in the inversion, the location and the shape of
the fine-scale disk structure are fairly well recovered. A
classic modeling trade-off is present between constraining
discontinuity topography and neighboring volumetric het-
erogeneity. In this study region, two end-member solutions
have been previously pursued: pure D00 topography with
no velocity heterogeneity [Thomas et al., 2004], and
lateral variations in velocity below a fixed depth discon-
tinuity [Lay et al., 2004a]. In this study, we adopt the
approach of fixing discontinuity depth. Since our inversion
volume extends to above the D00 reflector, this still allows
for high velocities to be mapped above our fixed reflector
depth. Though the primary goal in our tomography experi-
ments is to pursue regional heterogeneity in the shear
velocity structure.
[25] Dahlen [2005] recently derived the Fréchet kernels

of finite frequency travel times with respect to 2-D lateral
variation in topography of a seismic velocity discontinuity
within the Earth. For the travel time of a least time phase
like ScS and Sbc phases, the sensitivity to the discontinuity
topography exhibits a doughnut shape around the reflection
point and is exactly zero at the ray interaction point. The
similarity between the kernel for fractional velocity pertur-
bations and that for discontinuity topography perturbations
indicates that there are trade-offs between velocity hetero-
geneity and topography variations constrained only by
differential travel times. Namely, shear velocity heteroge-
neity imaged under the assumption of a flat D00 discontinuity
can be alternatively mapped into lateral variations in topog-
raphy of the D00 discontinuity if the Earth were radially
symmetric. The travel time delay of a shear wave resulting
from passage through the slow region can be equivalently
associated with the effect from a deeper discontinuity,
whereas the faster anomaly and shallower discontinuity
lead to the advance of a phase arrival. In a future study

we will employ the finite frequency sensitivity kernels for
both velocity and discontinuity topography perturbations
to simultaneously invert for lateral variations in seismic
velocity heterogeneity as well as the topography of the D00

discontinuity.

4. Discussion

[26] We have presented evidence that the tomographic
images obtained by the 3-D kernels are superior to those
based on ray theory. The resolution tests in Figures 12, 13,
and 14 define the region of the model space which is most
robust, thus we can now evaluate the model obtained in
Figure 10. At depths above the D00 discontinuity there is a
strong lateral gradient of 3% to 4% in shear velocity from
low-velocity structure beneath South America to high
velocity beneath the Gulf of Mexico and Middle America.
The latter feature is rather broad, spanning the well-resolved
portion of the model, and is not tabular in shape as seen for
the upper and midmantle high-velocity structure in models
such as those of Grand [2002]. Nonetheless, the high-
velocity feature is likely to extend vertically upward to
the midmantle, suggesting that if this in indeed a relic of the
Farallon slab, as advocated by tomographic studies [e.g.,
Grand et al., 1997], it does reach to at least the top of D00

north of the Caribbean. It is more difficult to assess whether
this high-velocity feature is directly related to the origin of
the high-velocity layer in D00 (i.e., in reference models like
SKNA1). Coupling between the two might be expected if
relatively cold slab material accumulated at the base of the
mantle gives rise to the high velocity D00 structure. Positive
velocity perturbations below the Gulf of Mexico do persist
throughout the D00 layer, although these are not as strong as
at shallower depths.
[27] The more prominent effect in D00 is associated with

the low-velocity perturbations, some of which even reduce
the high SKNA velocities by enough to be lower velocity
than PREM, more than offsetting the velocity increase of
the D00 discontinuity. A localized region of low velocity in
D00 beneath Colombia and the Caribbean was previously
proposed by Wysession et al. [2001] and Fisher et al.
[2003]. Our tomographic image suggests that this is part
of a cluster of low-velocity patches in the vicinity. The D00

high-velocity discontinuity may simply be absent beneath
Colombia and the northern Nazca plate, with the inversion
offsetting the high-velocity structure of the 1-D reference
model. The triplication arrivals only exist at relatively large
distances, with any precritical reflections expected to be
weak under northern South America, so we cannot directly
assess whether the discontinuity is present south of the
equator. However, the very localized nature of the low-
velocity columns in the D00 images indicates that small-scale
structure is embedded in the D00 region on the margin of the
relatively uniform, high-velocity region to the north.
[28] If relatively cool, high-viscosity slab material

descends to the CMB beneath the Gulf of Mexico, it is
likely to displace any hot boundary layer material laterally,
and this could trigger boundary layer instabilities along the
margins of the slab material [Tan et al., 2002]. The
cumulative amount of slab material subducted beneath
South America appears to be less than beneath North
America, consistent with the lateral gradient in D00 in our
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Figure 15. Comparison of shear velocity variation relative to the PREM model from (a) the finite
frequency model with that from (b) the UCB model, (c) the UT model, and (d) the D00 model of Kuo et al.
[2000]. Except for Figure 15d showing a single-layer map of D00 velocity variation, the left two panels of
each row illustrate the shear velocity structure at two depths indicated on the maps and on three great
circle cross sections, A–A0, B–B0, and C–C0. The middle map of the bottom row indicates the three cross
sections denoted by blue lines and the hot spots, Galapagos (GA), Raton (RA), and Bermuda (BE)
denoted by open circles [Muller et al., 1993]. Note that the velocity structure in the southwest region
lacks resolution and is not shown on the constant depth cross sections.
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images [e.g., Lithgow-Bertelloni and Richards, 1998]. Ulti-
mately, high-resolution tomography of the entire mantle
beneath a downwelling is essential for testing the slab
hypothesis fully, and there are other possible explanations
for intermittent high-velocity layers in D00 besides accumu-
lated slab material (see Lay and Garnero [2004] and Lay et
al. [2005] for a review of possible scenarios), but two robust
deductions can be drawn from our models: (1) There are
strong lateral gradients in shear velocity structure both
within D00 and within the overlying several hundred kilo-
meters of the lower mantle on scale lengths of 200–500 km,
and (2) The circum-Pacific ring of high-velocity structure is
not laterally contiguous, as suggested by early low-resolu-
tion inversions, but has significant high- and low velocity
fluctuations. These observations do tend to support scenar-
ios of dynamical interaction between the mid-mantle and
D00, possibly involving slab descent, but further work is
needed before a compelling case for this will emerge.
[29] Our solution model is compared to that from global

tomographic studies in Figure 15. In map and cross-section
view, the predominance of intermediate to short-wavelength
structure is apparent in our model compared to the emphasis
of longer wavelengths in the global structures. The striking
low velocities in our solution images do not exactly corre-
late with any overlying surface hot spot expression. Recent
P wave tomography has demonstrated connectivity of low
velocities from surface to CMB for many hot spots
[Montelli et al., 2004]; the nearest hot spot to our study
area is Galapagos, to the west, which connects to low-
velocity structure far to the west (1000 km) of the low
velocities imaged here. Thus future work will better assess
the possible relationship between the imaged low-velocity
anomalies and dynamical scenarios.
[30] D00 beneath the Caribbean has also been mapped to

contain seismic anisotropy [e.g., Kendall and Silver, 1996;
Garnero and Lay, 2003]. Our differential times are predom-
inantly dependent on SH structure. Thus in the presence of
D00 anisotropy, we are imaging the faster velocity, if the
anisotropy geometry is predominantly transverse isotropy
with a vertical axis of symmetry. A long-wavelength pattern
in azimuthal anisotropy has been put forth for this D00 region
[Garnero et al., 2004]. The heterogeneity imaged in our
tomography maps is much shorter scale, and thus is likely
not strongly affected by such longer-scale trends. We do not
anticipate significant contamination of our results by D00

anisotropy, but emphasize we are predominantly modeling
the isotropic SH structure.
[31] An important challenge for future work will be to

reconcile the strong lateral variations for this region with
possible explanations for the origin of the D00 discontinuity.
These include a chemically distinct layer [e.g., Lay et al.,
2004b], and a mineralogical phase change [e.g., Murakami
et al., 2004]. High-resolution seismic analyses hold promise
in helping to address this challenge, with the promise of
ultralarge data sets from the USArray program.

5. Conclusions

[32] Over 800 high-quality differential travel times have
been inverted using ray theory and finite frequency tomog-
raphy for studying the lowermost mantle beneath the
Central America, the Caribbean, and the northernmost

South America. Resolution tests indicate our results are
robustly constrained in the center of our study area, and that
the finite frequency tomography provides improved spatial
resolution. In a region characterized by pervasive high
velocities in global tomographic imaging, and a first-order
D00 discontinuity in regional waveform studies, we map
significant high velocities in the bulk of our study region,
with significant exceptions beneath portions of the north-
western part of the South American continent. These
exceptions consist of localized low velocities that persist
vertically through our 500 km thick inversion volume. The
high and low velocities may be related to whole mantle
dynamics involving ancient subducted material, though
such scenarios are not uniquely constrained by our data.
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