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Abstract

The existence of uncoupled shear (S) and compression (P) wave velocity variations in Earth's mantle is a characteristic that
might only be explained by the presence of significant chemical and/or phase heterogeneity, with important implications for the
dynamics and evolution of Earth's interior. While making a one-to-one comparison between tomographic models for P and
S velocity (VP and VS) variations for a particular geographic region is ill-posed, their global statistical distributions reveal several
robust characteristics indicative of the nature of uncoupled VP and VS in the deep mantle. We find that all of the VP and VS model
distributions at a given depth are Gaussian-like throughout the lowermost mantle. However, a distinct low velocity feature is
present in VS distributions below ≈2200 km depth that is not present or is relatively weak in VP models. The presence of
anomalously low VS material cannot be explained as an artifact, nor can the absence of a similarly strong feature in P models be
ascribed to under-resolution. We propose that this feature can be partly explained by laterally variable occurrences of post-
perovskite (pPv) lenses in the D″ layer, however, the persistence of significantly slow VS regions at heights up to ≈700 km or more
above the core–mantle boundary is likely to be incompatible with a pPv origin and might only be explained by the presence of a
laterally discontinuous layer of chemically distinct material and/or some other kind of phase heterogeneity. There also exist
significant discrepancies between tomographic models with respect to the width of the distributions as well as differences between
the modeled peak values. We propose a scheme for comparison between different seismic models in which the widths of the
dominant features in their statistical distributions is exploited.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

To a good approximation Earth's mantle is spheri-
cally-symmetric, where the largest changes in physical
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properties such as seismic velocity occur with increasing
pressure/depth toward the center (Bullen, 1949; Birch,
1952; Dziewonski and Anderson, 1981). Models for
lateral variations in the velocity of propagated shear (VS)
and compressional (VP) waves in Earth's mantle are
typically obtained by tomographic inversion of observed
travel times for various seismic phases recorded at global
seismic stations relative to those predicted by one-
dimensional radial Earth models. The resulting VS and
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VP tomography models contain important information
regarding three-dimensional temperature, phase, and
composition variations in the Earth's mantle. Of par-
ticular interest are differences in variations of VS relative
to VP, which are a primary indication of Earth structure
that might not be explicable by temperature variations
arising from mantle convection alone. Such regions of
anomalous VS and VP variations are vital to interpreting
the dynamical evolution, composition, and current state
of Earth's deep interior.

Many techniques have been called upon to distill
relative VS and VP variations in the Earth's deep mantle.
The most basic approach involves comparison of the
total relative amplitude of lateral variations in VS and VP

with depth in the mantle based on the estimation of a
correlation parameter R=δlnVS/δlnVP (Vasco et al.,
1994; Robertson and Woodhouse, 1995, 1996; Su and
Dziewonski, 1997; Kennett et al., 1998; Masters et al.,
2000; Saltzer et al., 2001; Ritsema and van Heijst, 2002),
and most studies find an increase in the value of R with
increasing depth in the lowermost mantle. A significant
jump in R is correlated with increased seismic hetero-
geneity in the D″ region, and this has been proposed to
arise from the existence of dense thermo-chemical struc-
tures at the base of the mantle (Tackley, 1998; Davaille
et al., 2003; McNamara and Zhong, 2004). Another
approach arises from evaluating the probability of ther-
mal vs. chemical heterogeneity from a suite of models
that is consistent with available mineral physics and
seismic data; this procedure consistently yields indica-
tions of large-scale chemical and/or phase heterogeneity
in Earth's deep mantle (Beghein et al., 2002; Trampert
et al., 2004).

Others have considered the relative geographic
patterns of inferred density, bulk sound speed, and shear
velocity in the lowermostmantle to identify regionswhere
an anti-correlation of bulk sound speed and shear velocity
may be associated with structures having an intrinsically
higher density (Masters et al., 2000; Ishii and Tromp,
2004). Avariety of individual ray paths may also be used
to delineate regions of anomalous seismic velocities (e.g.,
Wang andWen, 2004)where rapid lateral variations likely
cannot be explained as thermal in origin (Wen, 2001; Ni
et al., 2002).Anothermethodology assumes a relationship
between seismic shear velocity and density variations in
the mantle, which is supplemented by the calculated
pattern and strength of flow based upon a viscous de-
formation model for comparison to the geoid, plate
velocities, dynamic topography, or other derived informa-
tion that are used as additional constraints (e.g., Hager and
Clayton, 1989; Forte and Mitrovica, 2001). The latest
approach (Simmons et al., 2006) jointly inverts for shear
velocity and density in order to determine whether low VS

features in the deep mantle are buoyant or whether
compositional contributions are required (Simmons et al.,
2007). This more general problem is subject to additional
complexity because it introduces sensitivity to other
uncertainmantle properties such as rheology, although the
results are usually consistent with those obtained by other
approaches.

While increasingly complex models carry great
promise for resolving some of the issues in uniquely
determining the origin of mantle heterogeneity, the
models for seismic velocity variations themselves are
not yet thoroughly understood. It is therefore worthwhile
to attempt a further distillation of these models to better
quantify how VS and VP vary in distinct ways from one
another, and to understand to what extent these signals are
affected by any potential artifacts arising from tomo-
graphic inversions. Previous studies of the gross statistics
of travel-time residuals for direct phases at different
turning depths revealed that VS and VP vary in distinct
ways in the lowermost mantle, with particularly strong
delays in S arrivals for waves turning in the mid-Pacific
deep mantle (Bolton and Masters, 2001; Saltzer et al.,
2001). This kind of analysis was performed using the
most raw form of available seismic data, and is able to
provide robust indications of the existence of uncoupled
VS and VP variations without reference to tomographic
inversions. Yanagisawa and Hamano (1999) studied the
statistical distribution of VS anomalies from a single
tomographic model at various depths in the mantle, and
noted a “skewness” that appears due to the large low shear
velocity provinces (LLSVP) beneath the Pacific and
Africa in the deepest mantle. By comparison with mantle
convection models, they argued that this VS skewness can
be explained by a stronger degree of core cooling relative
to the degree of internal heating by radioactive decay in
the mantle. However, the degree of internal heating in
Earth's mantle is thought to be relatively large based upon
estimates of the total budget of incompatible heat
producing elements (Hofmann, 1997). This previous
study also did not simultaneously considerVPmodels, for
which similar statistical features should be observed if
attributed to a purely thermal origin.

Here we extend the work of Yanagisawa and Hamano
(1999) to the distribution of seismic velocity anomalies
from both VS and VP tomographic inversions of short
and long-period travel-time residuals. We find that the
previously reported “skewness” in VS assumes the form
of a nearly bi-modal distribution, where a low VS tail is
super-imposed upon an otherwise dominantly Gaussian
variation. This is a robust and ubiquitous feature present
in a variety of S tomography models at depths greater



Table 1
Summary of primary data used for S inversions

Model S SS SSSetc ScS Sdiff SKS SKKS SS–S ScS–S S.W. N.M.S Waveforms

J362D28 X X X X X
HMSL-S06 X X X X X
S20RTS X X X X X X X X
TX2006 X X X X X X
PRI-S05 X X X
SAW24B16 X

S.W. is surface waves and N.M.S. is normal mode splitting.
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than about 2200 km. However, this kind of feature is
absent in VP models, and we find that this cannot be
simply explained by a lack of resolution. By decom-
posing the distributions, we estimate the volume of
material responsible for producing the low VS features,
yielding a value of about 2.0±0.4% of the total mantle
volume. In model distribution comparisons there exist
significant discrepancies in the amplitude of velocity
variations among the suite of models examined in this
study. In particular, we find that relative VS and VP

model amplitudes vary by at least a factor of 4 among
the suite of possible model pairs. We propose a model
comparison strategy that uses a linear transformation
that aligns and scales dominant features of the
distributions to one another, although actual amplitudes
cannot be confidently recovered by any procedure.
Baseline shifted and scaled VS and VP models based on
a similar mapping between their statistical distributions
reveals that post-perovskite lenses may exist both in
high velocity regions of the mantle underlying previous
subduction zones as well as inside the large low shear
velocity regions, although this latter feature is not
sufficiently resolved by P tomography models at the
present time.

2. Statistical distributions of tomographic models

The models analyzed here represent the latest
developments in seismic tomography of the Earth's
mantle. The goal of each of these models is to maximize
the resolution of mantle structures from the surface
Table 2
Summary of inversion and picking methods for S tomography models

Model Ray theory Finite frequency Manual

J362D28 X X
HMSL-S06 X
S20RTS X
TX2006 X X
PRI-S05 X X
SAW24B16 X X
to the CMB, which is accomplished by increasing the
size and variety of the S phase datasets or by applying
more sophisticated theory than previous models. The
S velocity models include SAW24B16 fromMegnin and
Romanowicz (2000), S20RTS from Ritsema and H.J.
(2000), J362D28 from Antolik et al. (2003), PRI-S05
from Montelli et al. (2006), TX2006 from Simmons
et al. (2006), HMSL-S06 from Houser et al. (submitted
for publication), and the average model SMEAN from
Becker and Boschi (2002). All the models are based on
long-period S phases. The datasets used in each of the
models are indicated in Table 1 and the individual
methodologies are shown in Table 2. S20RTS uses a fully
automated picking method to determine the arrival times
ofS phases. HMSL-S06 applies a semi-automated picking
method to determine S and SS arrival times as well as
including the SS–S and ScS–S (updated through 2004)
travel times of Masters et al. (2000). TX2006 uses fully
manual picks for many direct and depth S phases. The
PRI-S05model is based on the manual S, SS–S, and ScS–S
picks from Masters et al. (2000) while J362D28 uses the
direct and differential picks of Liu andDziewonski (1998),
the surface wave dispersion measurements of Ekstrom
et al. (1997), and the waveform fitting of Gu et al. (2001).
SAW24B16 uses waveforms and non-linear asymptotic
coupling theory while J362D28 uses the path averaged
approximation (Woodhouse and Dziewonski, 1984) for
their waveform modeling. S20RTS, TX2006, and HMSL-
S06 use ray theory to map the sensitivity of the S phases
within the Earth while the PRI-S05 model uses finite
frequency kernels. In order to account for upper mantle
Auto Semi-auto Reference

Antolik et al. (2003)
X Houser et al. (submitted for publication)

X Ritsema and van Heijst, 2000
Simmons et al. (2006)
Montelli et al. (2006)
Megnin and Romanowicz (2000)
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structure, models J362D28 and HMSL-S06 use surface
waves while the TX2006 and S20RTS models use the
multiples of S (i.e. SS and SSS) phases to constrain the
upper mantle. However, TX2006 uses a larger set of
multiple phases such that they are essentially measuring
Love waves. The models that include waveforms also
account for the upper mantle. The PRI-S05 model only
uses body waves and therefore the lower mantle structure
of their model may be influenced by artifacts of the upper
mantle. The mantle models are parameterized by rec-
tangular blocks (S20RTS, TX2006, and HMSL-S06),
splines (J362D28 and SAW24B16), or an irregular
Delaunaymesh (PRI-S05). In addition, each of the models
is very dependent on the regularization (i.e., smoothing) of
the initially stiff (i.e., nearly singular) inverse problem.
SMEAN is not an actual tomographic model, but rather a
harmonically averaged suite of older VS models analyzed
by Becker and Boschi (2002).

Several of the Smodels have corresponding Pmodels;
J362D28 from Antolik et al. (2003), PRI-P05 from
Montelli et al. (2004), HMSL-P06 from Houser et al.
(submitted for publication), and PMEAN from Becker
and Boschi (2002). The parameterizations and inversion
methods for the Pmodels are the same as their respective
S models. We also include a short-period P model (MIT-
P07) fromLi and van der Hilst (in press)which is based on
themillions ofP travel times recorded by the International
Seismic Centre (ISC). This latest MIT model uses ray
theory, but has a much finer block-style parameterization
than the other P models. The datasets used in each of the
models are indicated in Table 3. HMSL-P06 uses a semi-
automated picking method to determine P and PP travel
times, but also the manual PP–P picks of Masters et al.
(2000). The PRI-P05 model is based on the P and PP–P
times fromMasters et al. (2000), but uses finite frequency
kernels. J362D28 is a joint S and P model that uses
summary rays based on the short-period ISC P picks,
waveforms from Gu et al. (2001), and the PP–P times
from Masters et al. (2000). PMEAN is not actually a
model, but a composite of the older Pmodels analyzed by
Becker and Boschi (2002) and obtained by averaging,
after spherical-harmonic filtering, of a suite of models. All
the long-period P models share the problem that there is
essentially zero sensitivity of surface waves to compres-
Table 3
Summary of primary data used for P inversions

Model P PP pP PP–P Waveforms

J362D28 X X X
HMSL-P06 X X X
PRI-P05 X X
MIT-P07 X X X
sional velocity, so there exists little constraint on upper
mantle structure and artifacts from the upper mantle may
be mapped into the lower mantle.

Distributions of seismic velocity were obtained by
calculating the % area at natural discretization depths for
each tomography model by summing over the cosines of
the latitude of the model value after transferring the
models to a uniform spherical polar grid. The complete
suite of results for both VP and VS models can be found
in Fig. 1. The statistical distributions reveal indications
of a substantial slowing in VS relative to VP as a distinct
feature of the tomographic models. In particular,
distributions of VS and VP anomalies are well-described
by a single Gaussian at all depths, with the exception
that a low velocity tail appears in VS below about
2200 km depth, increasing in both velocity amplitude
and areal abundance toward the CMB where the
distribution is essentially bi-modal. All recent VSmodels
we have examined share this same feature, which is not
best-described as a “skewness” because it manifests
itself as a distinct feature apart from the primary modal
variation rather than an enhanced asymmetry of a single
mode. We also note that even though the velocity
amplitudes, or widths of the distributions, vary sig-
nificantly between the various models they are essen-
tially self-similar in the sense that they can be aligned
and scaled to fit one another. This is a characteristic that
we later exploit in our discussion of model comparisons.

The Gaussian shape of the primary peak in these
models provides for a unique characterization that other
global measures such as the higher moments of the
distributions cannot capture given the bi-modal nature
of VS at greater depths, and we are therefore motivated
to better quantify this feature. For comparison, Fig. 1
also shows standard Gaussian functions (with mean μ
and standard deviation σ) obtained by least squares
fitting to those portions of the distributions that are
“Gaussian-like.” While any attempt to delineate such
Gaussian-like portions of the distributions is admittedly
subjective, the quality of this description is compelling.
Given the overlap between the Gaussian features and the
low VS tails, we have attempted to isolate the Gaussian
feature by fitting only those portions of the distributions
to a standard Gaussian function for velocities greater
than μ−3σ/2 (this is necessarily iterative, since σ and μ
are not initially known) because the higher velocity
portions of the distributions are “Gaussian-like” and the
low velocity tails lie below values typically less than
about μ−3σ/2. Information derived from these Gaus-
sian fits is shown for each histogram in Fig. 1.

The distinct low VS tail below about 2200 km depth
is a robust feature that cannot be explained by artifacts in
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the tomography models. In fact, the primary effect of
factors such as model damping and misaligned reference
velocity is to diminish, rather than enhance, this feature.
However, it is important to consider if the feature
actually exists in VP within the real Earth, but is not
present in the models due to differences in coverage.
This would be the case, for example, if the VP variations
were not well-resolved in the regions showing the
Fig. 1. Distribution of seismic velocities from the mid-mantle to the core–ma
also plotted (see the text for details), along with best-fitting parameters μ an
lowest VS anomalies. To test whether geographical
regions of low VS are adequately covered by P seismic
wave paths to reveal a similarly low VP tail, we have
performed a resolution test for VP using the VS model as
input. While ScS provides better resolution for S models
in the CMB region, we also find that the coverage
of direct P waves is sufficient to reveal large-scale low
VP anomalies because a similarly strong low velocity
ntle boundary. Gaussian fits to the main peaks of the distributions are
d σ at each depth (see Table 2 for the list of models and references).



Fig. 1 (continued ).
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feature is always present in synthetic distributions of
VP obtained by this procedure. Therefore the absence of
a similarly strong low VP tail in the distributions is a
robust indication of decoupling in VS and VP variations
at the lowest seismic velocities.

3. Discussion

In the following we explore the implications of the
seismic velocity distributions from the suite of tomo-
graphic models. We begin with an analysis of the
variations in quantitative measures for the dominant
features of the distributions and their implications for
comparison of model amplitudes and baseline values. A
simple linear transformation is proposed that scales each
model in such a way that its distribution conforms with
other models, and this scheme is also applied to the
comparison of shear and compressional wave speed
variations. We then turn to potential mechanisms for
explaining the observed features of the distributions,
including the Gaussian-like nature of much of themodels
and a variety of causative mechanisms for the low VS tail.

3.1. Comparative analysis of the distributions

The most basic feature of the distributions is that
much of the data are well-described as Gaussian in form,
including the deep VS velocity variations apart from the
low velocity tails. Because this basic feature is also seen
in the distribution of travel-time anomalies turning at



Fig. 2. Plots of the modeled peak amplitude of the Gaussian fit for each distribution as a function of depth for every tomographic model analyzed in
this study (see Table 2 for the list of models and references).
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this range of depths (Bolton and Masters, 2001), we
posit that raw travel-time statistics map linearly into the
tomographic inversions derived from these datasets and
the model-dependent inversion kernels. This would then
revert to a question regarding why travel-time delay
statistics are mostly Gaussian to begin. This is a less
straightforward question to address, since biases are sure
to enter the data given the heterogeneous sampling of
Earth by seismic waves. For example, by ray-tracing
through mantle circulation models it has been shown
that for many event-station pairs the seismic wave paths
sample more cold/fast material than is typically present
in the models (Davies and Bunge, 2001). This would
predict that the statistics could be skewed toward faster
velocities, however, the above distributions reveal
surprisingly symmetric features apart from the low VS

tails below 2200 km depth.
The Gaussian fit provides a robust estimate of the peak

position of the distributions using the value ofμ because it
is based upon fitting a smooth function to a large portion
of data. This is therefore a characterization which avoids
the problem of bin size-dependence and noise in the
vicinity of the peak value in the distributions themselves.
Furthermore, because all models share the dominant
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Gaussian-like feature (and also because the low VS tail
differs in subtle details among differentmodels), the value
of σ obtained in the Gaussian fitting procedure should in
principle be a robust measure of velocity amplitude
variations between different models since it is based upon
smooth fitting to the largest feature in the data.

Fig. 2 shows the modeled peak values of the Gaussian
portions of the distributions, μ. The peaks of the velocity
distributions, indicating the most abundant (and therefore
representative) velocities at a given depth, are not typically
found at a value of δlnV=0%, or the “baseline value.”This
is not surprising given that the distributions are never
exactly symmetric and the usualmean value (calculated as
harmonic degree l=0) at a given depth would not
necessarily be expected to correspond to the peak value
of the distributions. A shift in peak values above the
Fig. 3. Plots of the modeled standard deviation of the Gaussian fit to the main
model analyzed in this study (see Table 2 for the list of models and referenc
nominal baseline is pronounced for VS models, which
generally exhibit an increased positive departure with
increasing depth which is only partly coincident with the
onset of the low VS tail. The largest departures in μ for VS
occur in theD″ layer, where there exist large discrepancies
amongst the available one-dimensional seismic reference
models typically used for tomographic inversions.

It is worth noting that the peak positions of the
distributions vary among the suite of models. These
values are taken directly from the models themselves,
and therefore no correction has been applied for the use
of different one-dimensional reference models. How-
ever, we find that differences in reference models cannot
account for the observed variations, and in almost all
cases worsen the disagreement in the inferred peak
position of the distributions among the suite of models.
peak of each distribution as a function of depth for every tomographic
es).
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For example, both MIT07 and HMSL-P06 use ak135
(Kennett et al., 1995) as a reference model, however,
their peak positions fall in the uppermost and lowermost
range and a simple correction accounting for the dif-
ferent reference model would retain this large difference
as well as increase the total variations in the entire suite
of models. Also, the PRI-P05 model is referenced to
iasp91 (Kennett and Engdahl, 1991), which is slower in
the deepest mantle than the PREM model (Dziewonski
and Anderson, 1981) used by J362D28, and hence a
reference model correction would further increase the
differences between their peak positions. In any case,
differences in VP between the employed reference
models range from about 0.2% to 0.4% at the base of
the mantle, which is much larger than the observed
spread in differences between the peak positions given
by the models alone; indeed, these variations are larger
than could be represented within the amplitude range
plotted in Fig. 2. Variations in μ among the VS models at
a given depth are much larger than in the VP models,
however, they are comparable to the variations of about
0.2–0.5% between the different reference models in the
deep mantle (HMSL-S06 and PRI-S05 use ak135 and
iasp91, respectively, while all others use PREM).
Nevertheless, like VP, accounting for differences in the
reference models does not reduce observed variations in
VS peak positions. While some pairs might be brought
into better agreement by such a correction, the overall
differences are not reduced.

Disagreements between the peak positions of the
distributions can arise from a number of sources, and
illustrates that the baseline values of tomographic
models are not necessarily well-defined with respect to
the employed one-dimensional reference model. One
issue is that in some models (e.g., HMSL) the travel-
time residuals themselves have been de-meaned prior to
inversion, which ensures a decoupling between inverted
values and the reference model that would be difficult to
re-construct a posteriori. However, the other models do
not de-mean prior to inversion but do not agree with one
Table 4
Values of σ determined for different values of radial and lateral
damping parameters, denoted λR and λL respectively

Depth λR, λL 3,4 4,3 4,4 4,5 5,4

1600 (km) 0.567 0.589 0.549 0.519 0.535
1800 (km) 0.588 0.597 0.569 0.547 0.551
2000 (km) 0.669 0.680 0.647 0.623 0.628
2200 (km) 0.661 0.673 0.629 0.600 0.614
2400 (km) 0.590 0.611 0.572 0.554 0.563
2600 (km) 0.671 0.697 0.647 0.617 0.641
2800 (km) 0.804 0.856 0.775 0.720 0.754
another in the peak position of the distributions, thus it is
not possible to explain this effect as a consequence of
de-meaning the travel-time residuals alone. One might
also expect the peak position, particularly when it is
offset from zero in reality, to be affected by amplitude
recovery issues inherent in every model (this is discussed
further below) as well as differences in the kinds of
damping used to condition the system of linear equations
prior to inversion. To test whether amplitude recovery can
explain differences in peak values we have attempted,
without success, to find a correlation between total model
amplitude variations and shifts in the peak positions of the
distributions. Therefore we cannot offer any simple
correction that brings model distributions into alignment,
and in the following we consider the appropriate baseline
value to be unconstrained. However, this issue by itself
should not greatly affect the robustness of relative
variations obtained in the inversions.

The modeled standard deviations of the Gaussian-like
portions of the distributions σ also vary significantly in
each model, as shown in Fig. 3. The standard deviation is
clearly related to the ability of tomographic models to
recover the amplitude of actual variations in seismic
velocities in the dominant Gaussian portions of the
models. We note that even in the absence of regulariza-
tion (or “damping”), discretized tomographic models can
only recover a lower bound on the total magnitude of
actual velocity variations because it implicitly averages
variations over a set of finite-sized volumes. The widths
of the Gaussian distributions are related to the effective
resolution of the inversions, with broader distributions
mostly correlated with larger datasets. We attribute this
to the fact that less well-resolved tomographic models
require a greater degree of damping in order to avoid
excessive stiffness and instability in the inversion
process, and this has the effect of limiting the amplitude
of model variations. We have explored this effect by
varying both the lateral and radial damping parameters to
obtain new distributions in the model HMSL, and the
results of Gaussian fitting are shown in Table 4. While
distributions obtained with different degrees of damping
share the same features, the value of σ determined by the
same Gaussian fitting procedure tends to decrease with
increased damping, as expected. Clearly, this effect will
also depend on the kind of conditioning employed in the
model inversions, with the above example illustrating
the effects of roughness damping.

The above-mentioned differences in peak amplitude
and distribution widths between the models confounds a
straightforward measure of Earth structure, however,
information derived from the statistical distributions can
be utilized in order to understand these differences and to



Fig. 4. Plot of δlnVS′−δlnVP′ in both hemispheres for model HMSL at 2600 km depth (see text for details), with the zero contour line drawn for
reference. Positive values indicate where baseline shifted and scaled VS exceeds the aligned and scaled VP values, while negative values represent the
converse. The distributions of δlnVS′ and δlnVP′ are also shown.
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use these measures in model comparisons. For example,
as a simple linear correction for amplitude and peak value
differences one could apply a transformation of the form,

d lnV Vi ¼ rref
d lnVi � Ai

ri
; ð1Þ

where i denotes the ith model and δlnVi′ is a shifted and
scaled version of each model with velocity amplitudes
normalized to a reference standard deviation σref. This
brings the Gaussian-like portions of each distribution into
both a similar alignment and scale, and takes advantage of
the basic self-similarity in the form of the distributions.
However, given the range of observed values of σ in the
models, it is difficult to select an appropriate value of σref
with confidence that it corresponds to actual velocity
variations in Earth's deep interior.

In order to recover relative S and P velocity amplitude
variations with depth, one may compute Rσ=σS/σP with
σS and σP the standard deviations of the Gaussian
portions of the S and P models respectively. Note that
this definition for Rσ is similar to the ratio R=δlnVS/
δlnVP, which has often been used to analyze relative
variations in VS and VP in Earth's mantle. However, Rσ

is more restricted because it only compares a portion of
the distributions. Yet Rσ is also more robust than is R
since it does not depend upon the baseline value and it is
obtained by comparing dominant modal features in the
global statistical distributions. For a given pair of VP and
VS models, a nearly constant value of Rσ can be found



Table 5
Estimated volume of distinctly non-Gaussian anomalously low S
velocity integrated from 2200–2891 km depth expressed as a fraction
of total mantle volume

S model Estimated volume

TX2006 2.4%
J362D28 1.9%
Houser 1.7%
S20RTS 2.1%
SAW24B16 1.9%
PRI-S05 1.5%
SMEAN 2.4%
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throughout the lowermost mantle. On the other hand, this
value is quite variable among the complete set of model
pairs and a representative value cannot be singled out.
Indeed, Rσ computed in this manner yields a range of
about 1–4. We believe this result raises serious doubts
regarding any notion that relative variations in VS and VP

are well-constrained by tomographic model pairs alone.
Given the variations amongmodels described above, it

is even more difficult to compare VS and VP models in
order to discern exactly how and where they differ in
Earth's deep mantle. One potential method is to use the
dominant Gaussian variations seen in each of the models,
which would imply that the mechanism responsible for
these variations is the same for both VS and VP models.
For example, lacking any proper baseline reference for
comparison, we could instead posit a correspondence
between themost abundant velocities (i.e., peak positions)
in P and Smodels. A particular comparison that would be
expected to emphasize the lowVS tail between any twoVP

and VS maps would be to compute δlnVS′−δlnVP′ using
σref=σS. This shifts the peak values of the S and Pmodels
to 0% and scales the P model so that the Gaussian-like
portion is the same width as that of the Smodel. A plot of
Fig. 5. Example of how Gaussian temperature anomalies at various depths (A
hottest material is in the Pv stability field while the remaining portions of the m
only manifests at the greatest depths because this phase change is thought to b
applied schematically in B, such that the mean is zero.
this kind is shown in Fig. 4 using HMSL-S06 and HMSL-
P06. Regions where δlnVS′−δlnVP′N0 indicate that VS is
increased relative toVP, while δlnVS′−δlnVP′b0 indicates
regions where VS slows relative to VP, with the latter
illustrating regions where the low VS material manifests
itself. Interestingly, there still exist regions where VS is
increased relative to VP. As discussed in the next section,
regions exhibiting low values of δlnVS′−δlnVP′ may be
due to dense and chemically distinct material while
regions exhibiting higher values may be indicative of
post-perovskite-bearing rock.

3.2. Implications for Earth's deep mantle

The Gaussian fits allow us to estimate the areal cov-
erage of the low VS material at each depth, which can
then be integrated over radius to yield the total volume of
anomalously slow VS material. Assuming the distribu-
tion to be the sum of two modes, we subtract the area of
the dominant Gaussian feature and take the residual as
our estimate of the areal coverage of low VS material.
The results of summing up to 2200 km depth from the
CMB are summarized in Table 5 yielding anomalously
slow VS material occupying about 2.0±0.4% of the total
mantle volume. This value is comparable to the volume
of continental lithosphere, and if these features are
chemically anomalous this implies a similar capacity for
storage of a geochemically distinct reservoir. These
values are also comparable to estimates for the size and
shape of low VS material based on identifying ray paths
for event-station pairs whose phase travel-time delays
are significantly greater inside these features than outside
(Wang and Wen, 2004).

Because temperature variations affect shear and
compressional velocity in the same manner, a purely
thermal origin for features in tomographic models
) can lead to a low velocity tail in the distribution of VS (B) if only the
antle are in the pPv stability field. The shift ofΔV between pPv and Pv
e confined to the lowermost≈300 km of the mantle. A baseline shift is
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would predict that VS and VP vary in a well-correlated
manner that would also be present in the statistical
distributions. The only similar feature in VP and VS

models is the dominant Gaussian-like portions of the
distributions, which are radially coherent throughout the
lower mantle. As mentioned previously, if Rσ is
estimated for most model pairs it is found that the
width of the Gaussian feature in S models scales very
similarly to the Gaussian variation in P models. On the
other hand, one may also consider the change in the
amplitude of individual seismic velocity variations with
depth toward the CMB. Because the largest lateral
temperature variations in Earth's outer core are estimated
to be of order 10−4 K or less (Braginsky and Roberts,
1995), the CMB is an essentially isothermal surface. As a
consequence, lateral temperature variations and their
associated seismic signatures are expected to diminish
with depth in the lower portion of the D′′ layer as all
regional geotherms converge to the same value at about
2891 km depth. If it is indeed possible to resolve this
predicted feature, then the lack of a narrowing distribu-
tion of δlnV with depth (which would otherwise cause σ
to decrease) suggests that chemical and/or phase
heterogeneity at the very base of the mantle might be
required to explain undiminished variations in the
dominant Gaussian mode. Dynamic models of thermo-
chemical convection (Tackley, 1998; Davaille et al.,
2003; McNamara and Zhong, 2004) have all shown how
a laterally discontinuous and compositionally dense
layer can increase heterogeneity at the base of the mantle
when the underlying CMB is isothermal. However,
given that such a narrowing feature is likely difficult to
resolve since the thermal boundary layer thickness is
probably similar to or smaller than typical model
discretizations, we suggest that this dominant mode of
seismic velocity variations is most simply explained by
the contribution of lateral temperature changes but
cannot rule out some other contribution at the greatest
depths.

Less straightforward is a simple explanation for the
low VS tail of the distributions, which is distinct from
the behavior seen in all P models. There exists a large
range of possible effects that might give rise to this
feature, and it is therefore not uniquely determined by
the form of the statistical distributions alone. Never-
theless, it is still possible to evaluate a number of options
and see which are most compatible with independent
constraints. We defer comparison to particular mantle
convection models for later study since there exists a
vast parameter space for such models within which a
large number of factors could be found to reproduce the
features noted in this study. However, some simple
considerations may help to constrain the nature of this
feature, which cannot be explained as thermal in origin.

It is worth considering whether a dimishinished VS

relative to VP as revealed by the distributions could be
explained by anharmonic and/or anelastic effects
(Karato, 1993). It has been proposed that these effects
may elevate the sensitivity of VS to temperature var-
iations in the lower mantle relative to VP, thus explaining
the apparent increase in the value of R (Karato and
Karki, 2001). However, Karato and Karki (2001) find
that below about 2000–2300 km depth another non-
thermal contribution to lateral variations in VS is likely
necessary and cannot be explained by the combined
anharmonic and anelastic effects, in good agreement
with the depth of onset for the low VS tail in the seismic
velocity distributions. In any case, the steadiness of Rσ

with depth implies that such effects might not be of great
importance in Earth's mantle.

An intriguing possibility is that uncoupled lateral
variations in VS and VP might be explained by lateral
variations in the presence of post-perovskite (pPv) via a
phase change from a perovskite (Pv) dominated phase
assemblage at lower pressure and higher temperatures.
Estimates of a velocity jump up to several percent in VS

and almost no change in VP for the Pv–pPv transition
appear to be compatible with the presence of seismically
observed discontinuities near the top of the D″ layer
(Iitaka et al., 2004; Tsuchiya et al., 2004; Wookey et al.,
2005; Hirose, 2006). It could therefore be suggested that
uncoupled changes in VS and VP can be explained by
lateral variations in the occurrence of pPv-bearing rock.
In other words, LLSVPs might simply be regions with
little or no pPv, hence explaining their relatively small
VS relative to surrounding mantle with less dramatic
variations in VP. This effect could be amplified if pPv-
bearing rock appears in extensive lens-like patches
above the CMB which are bounded above, below, and
along their edges by Pv-dominated rock with a
correspondingly smaller VS (Hernlund et al., 2005).
Fig. 5 illustrates how this scenario might operate given
Gaussian temperature anomalies, and with only the
hottest material outside the pPv stability field. VS would
be increased by an amount ΔV in most of the material
cool enough to be inside the pPv stability field provided
the pressure is great enough, while the hottest material
as well as mantle at shallower depths would be in the Pv
stability field and hence intrinsically slower. An
immediate problem with a pPv origin for the low
shear velocity features seen in the statistical distribu-
tions is their depth extent. In particular, the upper
discontinuity attributed to pPv is typically estimated to
shallow to around 250–300 km (for a review, see
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Wysession et al., 1998), and possibly as much 400 km
above the CMB (e.g., Kendall and Shearer, 1994). This
agrees with phase boundaries estimated from diamond
anvil cell and ab initio models which predict a trans-
formation from Pv to pPv at similar depths for
temperatures around 3000 K (Hirose, 2006). While the
shallowest reported values of observed discontinuities
are uncorroborated by other seismic studies, even such
extreme upward displacements are not as large as those
required to explain the upward extension of the low VS

tail observed in the statistical distributions, which
manifest themselves up to (and perhaps more than)
700 km above the CMB. This discrepancy of 400 km or
more is large enough that it mediates any concern that
the upward extension of the low VS tail is an artifact of
radial smearing. Thus while a pPv mechanism could
potentially produce a low velocity hump like those seen
in VS distributions (Fig. 1) and a lack of such behavior in
VP distributions, it is only applicable between about
2600–2800 km depth because the pPv phase boundary
is expected to be at much lower than attainable tem-
peratures at depths shallower than about 2500 km
(Hirose, 2006; Hernlund and Labrosse, 2007).

Forward models of mantle convection including a
layer of chemically distinct and relatively dense material
reveal striking similarities with the two LLSVP imaged
in the deep mantle (e.g., Tackley, 1998, 2002; McNa-
mara and Zhong, 2004; Tan and Gurnis, 2005). In these
models, a modestly (1–3%) higher density layer is swept
up into “chemical piles” away from downwelling slabs,
in good agreement with the observed location and shape
of the mid-Pacific and African LLSVP based on
convection calculations with imposed plate motion
history (McNamara and Zhong, 2005). Recently, high
density reflectivity surveys detected pairs of disconti-
nuities inside the Pacific LLSVP that are remarkably
consistent with the presence of a post-perovskite (pPv)
lens (Lay et al., 2006). The occurrence of pPv inside
LLSVP is also supported by Sun et al. (2007) who
observe an S triplication in the African structure.
However, the existence of pPv in these generally slower
regions at depths similar to the same kinds of structures
detected in seismically faster regions (Thomas et al.,
2004a,b; Hernlund et al., 2005; Sun et al., 2006; van der
Hilst et al., 2007) also suggests that LLSVP may have a
distinct chemistry that modulates the stability of pPv and
allows it to be stabilized at slightly higher temperatures
than conditions prevailing in the surrounding mantle.
While it would be of interest to estimate the seismic
velocity contributions required of variable chemistry to
produce the low VS tails, we note that such regions will
have higher temperatures since they are likely stable and
rest upon core while losing heat mostly via slow
conduction into the surroundingmantle (e.g., McNamara
and Zhong, 2005; Tan and Gurnis, 2005). Thus these
regions require both a thermal and chemical contribution
to seismic velocity variations, neither of which is well-
constrained. Furthermore, the differences in the ampli-
tudes of these features among the various models
confound any attempt to identify a single value rep-
resentative of actual variations in the mantle.

Our favored interpretation of the relative VS and VP

differences revealed in Fig. 4 using δlnVS′−δlnVP′ is
that regions of higher VS values may contain pPv-
bearing rock, while the slower VS regions are consistent
with chemically distinct dense material. We note that the
occurrence of high δlnVS′−δlnVP′ in the interiors of the
African and Pacific LLSVP (showing bulls-eye like
patterns) is not well-resolved by P models, although
these are intriguing features that might be compatible
with the occurrence of pPv lenses inside chemically
distinct LLSVP, as discussed previously. It is clear that
better coverage in all types of seismic tomography
models, further improvements in inversion techniques,
and careful examination of the resulting models using
simple techniques like those described here will increase
the quality of interpretations for mantle structure and its
implications for mantle dynamics and evolution.

We finally note that other explanations for LLSVPs
persist and give reason to question the uniqueness of any
interpretation involving differences in chemistry and/or
phase. For example, LLSVPs have been proposed to be
large thermal “super-plumes” whose broad structure is a
consequence of a smaller effective convective vigor due to
enhanced thermal conductivity, higher viscosity, or smaller
thermal expansivity in the deep mantle (e.g., Matyska
et al., 1994). Likewise, the opposite scenario has been
proposed where an enhanced convective instability in D″
leads to concentrated clusters of small thermal plumes that
are swept together by the plate-scale circulation to regions
away from subduction zones (Schubert et al., 2004).
Neither of these scenarios can explain the pronounced
decrease in VS relative to VP as evidenced in the statistical
distributions, nor do they explain the localization of
ultralow-velocity zones at the edges of the LLSVPs
(Thorne et al., 2004), or the appearance of discontinuities
compatible with the occurrence of pPv-bearing rock (Lay
et al., 2006; Sun et al., 2007).

4. Conclusion

Wehave established that the observations of a nearly bi-
modal distribution in shear velocities and the lack thereof in
compressional velocities are robust features of the deep
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mantle, extend radially to 700 km or more above the core–
mantle boundary, and occupy a volume that is≈2±0.4%of
Earth's mantle. The signature can only partly be explained
by lateral variations in pPv-bearing rock because the pPv
stability is thought to be confined towithin about 300 kmof
the CMB for reasonable temperatures in Earth's deep
interior (Hernlund and Labrosse, 2007). Model compar-
isons guided by the statistical distributions of seismic
velocity offers useful insights into differences in VS and VP
in Earth's deep interior that may be diagnostic of
chemically distinct material as well as occurrences of
pPv-bearing rock. Further improvements in the resolution
of P tomography models, soon to be realized by the
incorporation of the Pdiff and other phases, will offer ever
more powerful constraints on the structure of Earth's deep
mantle and on the planform and nature of mantle
convection.
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