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Direct measures of lateral velocity variation in the deep Earth
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[1] Current tomographic models of the Earth display perturbations to a radial stratified
reference model. However, structures in the deep mantle that are chemically dense with
low Rayleigh numbers can develop enormous relief, perhaps with boundaries closer to
vertical than to radial. Such features are hard to detect with present tomographic modeling
techniques because the timing anomalies are based on long-period filtered waveforms
with complexity removed. Here we develop a new tool for processing array data on the
basis of a decomposition referred to as a multipath detector, which can be used to
distinguish between horizontal structure (in-plane multipathing) and vertical (out-of-plane
multipathing) directly from processing array waveforms. A lateral gradient coefficient
based on this detector provides a direct constraint on the sharpness of the boundaries
and material properties. We demonstrate the usefulness of this approach by processing
samples of both P and S data from the Kaapvaal array in southern Africa, which are
compared with synthetic predictions from a metastable dynamic model containing

sharp edges. Both data and simulations produce timing gradients larger than 2 s/deg in
azimuthal changes for S waves, where only minor effects are obtained for P waves. These
results further validate the case for distinct chemistry inside the African Low Shear

Velocity Province.
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1. Introduction

[2] The upper mantle and crust display strong stratifica-
tion apparently caused by mineral density differentiation.
Record sections of upper mantle triplications indicate dis-
continuities in seismic velocity jumps at depths near 410
and 660 km depth in both P and S velocity [e.g., Grand and
Helmberger, 1984]. These features have been studied glob-
ally [Shearer, 1993] and are well accepted supporting a
radial stratified mantle. However, Masters et al. [2000]
argue for less uniformity in P and S velocity compatibility
in the lower mantle, leading Anderson [2002] to speculate
on chemically based structure. He concludes that such a
layer would have high conductivity and viscosity but very
low thermal expansivity (small thermal buoyancy). Thus, in
contrast to conditions in the upper mantle, dynamically
generated features in the lower mantle are predicted to be
sluggish, long-lived, and perhaps develop enormous relief
[Davaille, 1999; Gonnermann et al., 2002; Gurnis et al.,
1998; Hansen and Yuen, 1989; Kellogg et al., 1999;
Tackley, 2000; Tan and Gurnis, 2005, 2007].

[3] We can test for these types of predictions by searching
for sharp velocity gradients, which may be oriented more
vertically than horizontally. One method to achieve this is to
examine how wavefronts arrive at broadband two-dimensional
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arrays such as the Kaapvaal array in southern Africa as
displayed in Figure 1. The various traces contain the dif-
fracted SH phases sampling produced by two deep earth-
quakes: one in the western Pacific (A) and one beneath South
America (B). The record sections in Figure 1 are plotted with
respect to the travel time predictions from the preliminary
reference Earth model (PREM) [Dziewonski and Anderson,
1981]. That is, each record is shifted in time for a distance
correction such that it should be perfectly aligned along the
reference line at position zero if the Earth is adequately
modeled by PREM. An example of a record section for event
A plotted as a function of distance is given in Figure 1b, and
that in azimuth is given in Figure lc, a so-called “fan shot.”
The latter presentation is a common oil exploration tool to
detect salt domes. The plot of event A in azimuth (Figure 1c)
shows more order, with uniform behavior from trace-to-trace
in timing and shape. Thus we suggest that the structure is
varying more in azimuth than in distance and that the
structure is oriented more vertically than radially. We have
included a set of heavy lines in the azimuthal plots for event A
(Figure 1c) to indicate pulses associated with distinct paths.
The first heavy line in Figure 1c¢ corresponds to relatively fast
paths that avoid the slow structure by taking a northerly route.
The second heavy line denotes delayed signals following
slow paths sampling inside the structure. Such complexity or
multipathing is expected for rapidly varying structures and
can be modeled accordingly [NVi et al., 2005].

[4] While the S waves display strong azimuthal patterns,
the P waves remain PREM-like as displayed in Figure 1d.
The events examined in this study and other recent reports
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