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Earth’s lower mantle is dominated by a pair of antipodal large low shear velocity provinces (LLSVPs)
that reach 4 1000 km up from the core–mantle boundary (CMB). These are separated by a ring of
faster-than-average velocities thought to be related to subduction of oceanic lithosphere. How robustly
does global tomography constrain velocity structure in the lower mantle, and are there other robust
large scale features that have not been identiﬁed? We use cluster analysis to identify structures and
seismic characteristics common to a set of recent global tomographic models which have been derived
using different data sets, parameterizations, and theory behind approximations used in inversion. We
detect a pronounced asymmetry in the velocity gradient with depth between seismically fast and slow
regions in the lowermost 500 km of the mantle, suggesting the presence of compositional heterogeneity. We ﬁnd that, in all models, there is a clear separation of lower mantle structure into one fast
and two slow regions, and that the boundary of the regions is remarkably similar across models even on
length scales as small as o1000 km. This inter-model similarity indicates that long wavelength
features are not a consequence of lack of ﬁne-scale resolution, but that they truly dominate the
structure in the lowermost mantle. There is a single exception to this separation: an isolated slow
anomaly  900 km across (at the CMB) and extending  500 km upward from the core–mantle
boundary, which we call the ‘‘Perm Anomaly’’. Though it is far smaller than an LLSVP, waveform
analysis conﬁrms that this anomaly is robustly constrained and bounded by rapid lateral velocity
gradients like those found around LLSVPs, suggesting that the nature and process of formation of both
types of structures may be related.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
The fact that the bottom 1000 km of the mantle is dominated
by very large scale velocity anomalies is well established; spherical harmonic degrees two and three contain 70% of the power in
a set of recent shear wavespeed (Vs) tomographic models
(Dziewonski et al., 2010). The two prevailing features are called
African and Paciﬁc Superplumes (also, Large Low Shear Velocity
Provinces, Garnero and McNamara, 2008, LLSVPs) and their shape
is well represented by spherical harmonic degrees two and three
(Dziewonski et al., 2010). In Fig. 1a–e, maps of lateral variations of
Vs at a depth of 2800 km for ﬁve recent tomographic models
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(SAW24B16: Mégnin and Romanowicz, 2000; HMSL-S: Houser
et al., 2008; S362ANI: Kustowski et al., 2008; GyPSuM: Simmons
et al., 2010; S40RTS: Ritsema et al., 2011) show that the African
and Paciﬁc LLSVPs are surrounded by a ring of faster-thanaverage shear velocities. This pattern is even apparent in the
measurements of travel times of shear waves that are sensitive to
lower mantle structure (Fig. 1f; Manners, 2008). Are there other
robust, large-scale features that have not been identiﬁed? We
describe here an experiment designed to answer this question, in
which cluster analysis is used to identify common features of and
differences among these ﬁve lower mantle Vs models.
The tomographic models we analyze were derived using different
datasets, parameterization, regularization, and theory behind approximations used in inversion (see Table 1). Multiple studies have
demonstrated that differences in parameterization (Trampert and
Snieder, 1996; Boschi and Dziewonski, 1999; Spetzler and Trampert,
2003), regularization (Trampert and Spetzler, 2006), and theoretical
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Fig. 1. (a–e) Maps of lateral Vs variations at 2800 km depth in the 5 tomographic models analyzed in this study (a: Kustowski et al., 2008; b: Ritsema et al., 2011; c: Mégnin and
Romanowicz, 2000; d: Houser et al., 2008; e: Simmons et al., 2010). All the models are ﬁltered to include power up to spherical harmonic degree 18. The maps are split at 301W. Note
the dominance of the degree-2 structure – antipodal large low shear velocity provinces ringed by faster-than average regions – as well as the slow anomaly beneath western Siberia.
(f) Both of these features are apparent in the measurements of travel-times of shear waves that are sensitive to lower mantle structure (Manners, 2008), here binned in 51 caps and
plotted at the turning (S) or bounce points (ScS) or midpoints of the path along core-mantle boundary (Sdiff). Note that norm damping used in the construction of S40RTS partially
accounts for the smaller amplitude of lateral variations of Vs in that model (b). (a) S362ANI, (b) S40RTS, (c) Saw24B16, (d) HMSL-S, (e) GyPSuM and (f) S, Sdiff,ScS-S residuals.

Table 1
Parameterizations, datasets, theoretical frameworks, and regularization schemes used in the construction of the global Vs models analyzed in this study.
Tomographic
model

Parameterization

Lower mantle data

Theoretical Framework

Regularization

Full waveform inversion via non-linear A priori model covariance
matrix incorporating norm
asymptotic coupling theory NACT
damping, horizontal and
(Li and Romanowicz, 1995)
vertical ﬁrst-derivative and
vertical second derivative
smoothing

Horizontal

Vertical

SAW24B16

Spherical
harmonics up to
degree 24

16 cubic
b-splines

Transverse component waveforms
(T430 s) subdivided into wave
packets to isolate body waves from
fundamental mode surface waves

HMSL-S

41 blocks

18 layers of
equal
thickness

Ray theory with 1D ray tracing
S, SS travel-times from transverse
component cross-correlation (T415 s),
hand-picked SS-S and ScS-S differential
measurements

GYPSUM

275 km  275 km
blocks

22 layers (75– S, sS, ScS, sScS, SKS, SKKS travel times Ray theory with 1D ray tracing, viscous Second derivative horizontal
ﬂow in a radially symmetric viscosity and vertical smoothing
240 km thick) (T414 s), P summary travel times,
proﬁle
horizontal plate divergence model,
free-air gravity model, dynamic
topography model, excess ellipticity of
core–mantle boundary

S40RTS

Spherical
harmonics up to
degree 40

21 vertical
splines,
spacing
increasing
with depth

Normal mode splitting (T4 333 s)
functions, cross-correlation traveltimes of S, Sdiff, SS, SSS and major-arc
SSM, SSSM, SSSSM, and SKS, SKKS on
radial component

Ray theory with 1D ray tracing, normal Norm damping
mode splitting related to Vs through
depth-dependent kernel functions
computed in PREM (Dziewonski and
Anderson, 1981)

S362ANI

362 spherical
splines

16 cubic
splines,
discontinuous
across 650 km

Long period waveforms of body
(T450 s) and mantle (T4125 s)
waves. Travel times of S, SS, ScS,
ScSScS, SS-S, ScS-S, S-SKS, SKKS-SKS,
SS-S, ScS-S obtained using crosscorrelation, with dominant period of 20 s

Horizontal and vertical
Full waveform inversion of body
(T 450 s) and mantle waves (T4125 s) smoothing
via path-average approximation PAVA
(Woodhouse and Dziewonski, 1984);
ray theory with 1D ray tracing for
travel time data

approximations (Megnin and Romanowicz, 1999; Clevede et al.,
2000; Montelli et al., 2004) can lead to substantial differences in
the resulting tomographic models, especially in locations where data

Horizontal and vertical
smoothing

constraints are few or ambiguous. Velocity structures common across
tomographic models are, therefore, likely to be robustly constrained
by multiple sets of available seismic data. In other words, while
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particular features of a single tomographic model may reside in the
null space and be the result of a particular choice of model
parameterization, regularization or theoretical approximation, this is
unlikely for features common across tomographic models.

2. Method
Cluster analysis is an objective way of assigning organisms,
objects, or observations into groups whose members are relatively homogeneous or similar to one another compared to the
population at large. Cluster analysis can be described as objective
in the sense that similarity or difference between members is
quantiﬁed through a distance metric; on the other hand, the
choice of the distance metric and the deﬁnition of distance
between groups of individuals can be chosen to suit the particular
application or highlight a particular feature. Because it is easily
replicable and capable of tackling high-dimensional data gathered
by a variety of methods, cluster analysis has found widespread
use: marketing (e.g. Punj and Stewart, 1983), sociology (e.g.
Filsinger et al., 1979), psychology (e.g. Evritt et al., 1971), ecology
(e.g. Beibin and McDonald, 1993), hydrology (e.g. Harris et al.,
2000), volcanology (e.g. Luhr et al., 2010), seismology (e.g. Houser
et al., 2008).
When applied to proﬁles of shear wavespeed (Vs) variations
beneath different locations on Earth, cluster analysis can group Vs
proﬁles according to their similarity to one another. Because the
quantitative measure of similarity is speciﬁed through a distance
metric and is applied to all proﬁles, the classiﬁcation of Vs proﬁles
through cluster analysis is automatic and reproducible. Furthermore,
as each Vs proﬁle corresponds to a location on the Earth’s surface,
each group/cluster of similar Vs proﬁles corresponds to a set of points
on the surface of the Earth, tracing out geographic regions in which
the depth variation of Vs is similar. Lekic and Romanowicz, 2011
found that for the upper mantle, the geographic regions of clusters of
similar Vs proﬁles correspond to the signature of surface tectonics;
this was the case for both Euclidean and correlation distance metrics.
Furthermore, they showed that the comparison of geographic extents
of individual clusters enabled straightforward assessment of similarities and differences between tomographic models.
Here, we apply cluster analysis to the lower mantle in order to
identify characteristics that are present in all of the global Vs
tomographic models. We extract proﬁles of absolute shear wave
speed from each of the ﬁve tomographic models – SAW24B16,
HMSL-S, S362ANI, GyPSuM, S40RTS – beneath a set of 2562
equally-spaced (average spacing is  41) points on the Earth
(Wang and Dahlen, 1995) in the 1000–2800 km depth range
(sampled every 50 km resulting in sampling at 37 individual
depths). Because of differences in horizontal parameterizations
and because very little power is contained in higher spherical
harmonic degrees, we ﬁlter the models to exclude power at
spherical harmonic degrees 412. The very bottom of the tomographic models (at depths exceeding 2800 km) is not included in
our analysis since the structure in this depth range may be
affected by artifacts associated with the edge of the model space
at the CMB.
For each model, the Vs proﬁles are treated separately, resulting in
2562 vectors residing in 37-dimensional space; each vector corresponds to a location on the surface of the Earth, and its coordinates
specify the Vs at depth. We deﬁne distance between individual Vs
proﬁles as the squared Euclidean distance between these vectors. It is
worth noting that this choice of distance measure will make the
cluster analysis more dependent on regions where the amplitude of
Vs variations is large; in our case, this is the bottom 500 km of the
mantle. The Vs proﬁles are then grouped into k families using
k-means clustering (MacQueen, 1967), where k is a pre-assigned

integer. Since each point on the Earth can then be associated with one
of the families, k geographic regions are traced out.
k-means is an efﬁcient way of partitioning a large set of objects
(such as the 37-dimensional vectors that represent the proﬁle of
Vs beneath each point) into k clusters (groups) so that the withincluster variance is small. Each cluster is associated with an
average vector (Vs proﬁle) for that cluster, and each Vs proﬁle is
associated with one and only one cluster. The k-means procedure
is initialized by k randomly selected Vs proﬁles, which serve as
the starting point for clustering of a decimated set of Vs proﬁles.
The mean Vs proﬁles of the clusters that result from this initial
clustering then seed the k-means procedure that is performed on
the complete set of Vs proﬁles. We repeat this entire procedure
5 times in order to help ensure that the k-means procedure
converges to the set of clusters that minimize the intra-cluster
variance. We use the MATLAB implementation of the k-means
algorithm.
In contrast to the upper mantle, where increasing k from 2 to
6 progressively brings out signiﬁcant new tectonic features (Lekic
and Romanowicz, 2011), we ﬁnd that, for the lower mantle, k¼2
is sufﬁcient to capture the ﬁrst order structural units (i.e. the
LLSVPs), characterized respectively by uniformly slower or faster
Vs compared to the reference 1D model (PREM: Dziewonski and
Anderson, 1981). For each cluster, we construct a single representative velocity proﬁle by averaging the constituent Vs proﬁles
within that cluster. We also construct a map that associates with
each location on the Earth an integer ranging from 0 to 5; this
integer represents a count of how many tomographic models
assigned that particular point to the slow cluster, a sort of
‘‘voting’’ scheme to assess the robustness of the clustering with
respect to individual models.

3. Results
3.1. Consistency of tomographic models
This ‘‘vote’’ map (Fig. 2) shows that the geographic extents of
the two clusters of Vs proﬁles trace out a fairly simple pattern in
all ﬁve tomographic models, dividing the globe into two slow and
one fast region. This geographic contiguity is not a peculiarity of

5 4 3 2 1 0
Fig. 2. Cluster analysis of shear velocity (Vs) proﬁles (1000–2800 km depth range)
from ﬁve recent global tomographic models (Mégnin and Romanowicz, 2000;
Houser et al., 2008; Kustowski et al., 2008; Simmons et al., 2010; Ritsema et al.,
2011) in the lower mantle deﬁnes two regions whose geographic extents are
consistent across models, tracing out the African and Paciﬁc LLSVPs, as well as a
single, globally-contiguous faster-than-average region. Pixels that make up this
map are color-coded according to how many models assign the Vs proﬁle beneath
that point to the slow cluster, and the map is split at 501W. The models are
spatially ﬁltered to exclude power at spherical harmonic degrees 412. Reconstructed location (Torsvik et al., 2008) of the center of Siberian Trap eruptions is
indicated by the white cross. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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reﬂect either structural complexity, or less robust data constraints. With one exception, the boundaries of the Paciﬁc LLSVP
are also collocated across all ﬁve tomographic models. However,
its eastern part may be ‘‘detached’’ from the main body, although
three of the ﬁve models suggest continuity. Nevertheless, the
cluster’s geographic extent narrows substantially, reﬂecting a
perturbation in the shape of this otherwise fairly-uniformly slow
region. All tomographic models agree that the geographic extent
of the faster cluster is globally contiguous.
Detailed studies of waveforms of shear waves (Sdiff, ScS, and/or
SKS) sampling along the margins of the LLSVPs have demonstrated
that strong lateral gradients in velocity bound the African plume to
the west/southwest (Wen et al., 2001; Ritsema et al., 1998) and
southeast (Ni, Helmberger and Tromp, 2005; Ni et al., 2002a, b;
Wen, 2001a, b; To et al., 2005). Similarly sharp boundaries have
been observed across the northwestern/western (He et al., 2006;
Takeuchi et al., 2008), southwestern (He and Wen, 2009), southeastern (To et al., 2005), and northern (Cottaar and Romanowicz, in
press) boundaries of the Paciﬁc LLSVP. We ﬁnd that the locations of
LLSVP boundaries detected in these studies are remarkably consistent with the boundaries traced out by our cluster analysis of global
tomographic models. This agreement appears to extend to small
scales: the o1000 km-wide divot in the Paciﬁc LLSVP present in the
vote map (Fig. 2) in the vicinity of Tonga may well give rise to the
LLSVP ‘‘gap’’ detected using SKS travel times by He and Wen (2009).
How do the geographic extents of the slow and fast clusters
vary with depth, from mid-mantle to the lowermost mantle? We
perform cluster analysis on Vs proﬁles extracted in the 800–
1800 km and 1800–2800 km depth ranges and compare the
results to those obtained for the entire lower mantle (left column
of Fig. 3). We ﬁnd that the geographic extents of slow and fast
clusters for the whole mantle (see Fig. 2) reﬂect structure in the
1800–2800 km range (bottom Fig. 3), where lateral variations of
Vs are greatest. In the mid-mantle (top, Fig. 3), inter-model

the cluster analysis technique, which is unaware of the
geographic locations of the model vectors of velocities. Instead,
it is a deﬁning and surprising characteristic of the lower mantle
which is partly the result of the dominance of longest-wavelength
structure within the lower mantle in general, and within its
lowermost 500 km in particular, where the larger amplitudes of
Vs anomalies have a greater inﬂuence on the results of the cluster
analysis. Shorter-wavelength structure exhibits itself primarily
through undulations of the LLSVP boundaries.
The great preponderance of 0 and 5 counts, as compared to
intermediate values, indicates a high level of consistency among
tomographic models in assigning a given Vs proﬁle (and its
associated geographic location) to a particular cluster. Should
this high level of inter-model consistency be interpreted to imply
that all the models are successfully resolving true lower mantle
structure, or that all the models simply share common inadequacies? We prefer the former interpretation for two reasons:
(1) shear waves sample the lower mantle well and offer complete
global coverage (see Fig. 1f); (2) model parameters that are lesswell constrained by available data would tend to exhibit greater
inter-model variability, since the differences in parameterization,
regularization, and theoretical approximations (see Table 1)
would be more consequential in these regions. Therefore, while
areas characterized by intermediate vote counts may well represent poorly-resolved regions, the preponderance of 0 and 5 counts
indicates that the large-scale features of lowermost mantle
structure are presently well known.
The two main regions associated with the slower cluster are
the LLSVPs. The African one is elongated in the North–South
direction with a very sharp transition from 0 to 5 counts on the
western and eastern sides, signifying that this boundary is found
in the same location in all 5 tomographic models. The only region
within the African LLSVP that exhibits substantial inter-model
diversity is found beneath central Africa; this diversity may
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Fig. 3. The effect of distance metric and choice of depth range of Vs proﬁles on geographic extents of the slow and fast clusters. As in Fig. 2, pixels that make up this map
are color-coded according to how many models assign the Vs proﬁle beneath that point to the slow cluster, and all 5 tomographic models are ﬁltered to exclude power at
spherical harmonic degrees 412. The choice of squared Euclidean distance (L2 norm) vs. ‘‘city-block’’ distance (L1 norm) has only minor effect on the retrieved geographic
extents of clusters. However, the geographic extent of clusters of Vs proﬁles for the upper lower mantle (800–1800 km) differs from that for the lowermost mantle (1800–
2800 km) in that the slow cluster becomes more geographically distributed and inter-model variability increases. Locations of surface hotspots are denoted by black
circles, whose size is proportional to their inferred anomalous mass ﬂux (Steinberger, 2000). The geographic extents of slow and fast clusters for the whole mantle (Fig. 2)
reﬂect structure in the 1800–2800 km range, where lateral variations of Vs are greatest, regardless of whether the L1 or L2 distance metrics are used. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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S362ANI

3.2. Asymmetry in lower mantle Vs proﬁles
Average Vs proﬁles of the two clusters are shown with respect
to PREM (Dziewonski and Anderson, 1981) in Fig. 5 and demonstrate that there is good inter-model agreement and substantial
asymmetry in behavior between the slow and fast clusters,
reﬂecting the bimodal character of lower mantle velocity distributions (e.g. Hernlund and Houser, 2008). Velocities within the
fast cluster have a similar gradient with depth as PREM, so that at
nearly-all depths Vs deviates by less than 0.5% from the reference
1D model PREM. The velocity gradients with depth of the slow
cluster, on the other hand, decrease markedly starting at 2200–
2400 km depth, resulting in Vs anomalies 41% w.r.t PREM for
nearly all models at the base of the mantle. The bottom 500 km of
the lower mantle, then, emerges as an anomalous region characterized by: (1) increased amplitude of lateral Vs variations;
(2) asymmetry of both the amplitude and vertical gradients of Vs
between slow and fast regions.
We call this the ‘‘abyssal region’’ (not to be confused with the ‘‘hot
abyssal layer’’ (Kellogg et al,. 1999), which term describes a compositionally distinct layer within the lower mantle) to distinguish it
from the D00 region, which is deﬁned by a change in the gradient of
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the spectrum from the deep to the mid-mantle reﬂects the
broadening and breaking up of the low velocity region into
somewhat smaller scale features; therefore, the waning of the
degree 2 and 3 signal in the mid-mantle is not inconsistent with
vertical continuity of slower-than-average structures throughout
the lower mantle.

2

variability increases somewhat, though the general distribution of
slow and fast regions is similar to that in the lowermost mantle,
consistent with the strong vertical continuity of seismically slow
regions identiﬁed in radial correlation functions throughout the
lower mantle (Dziewonski,et al., 2010; Jordan et al., 1993). The
region assigned to the slow cluster becomes more geographically
fragmented in the mid-mantle. Beneath the Paciﬁc, it comprises
three main pieces that three out of ﬁve tomographic models ﬁnd
to be interconnected: one arching from Hawai’i toward the
Caroline hotspot, another extending from Louisville to Society/
Marquesas/MacDonald/Pitcairn hotspots, and another stretching
from Galapagos down to Juan Fernandez. Beneath Africa/Atlantic,
the slow region remains more continuous, stretching from Kerguelen, past Reunion and Afar all the way to Iceland. We verify
that the particular choice of squared Euclidean distance (L2 norm)
vs. ‘‘city-block’’ distance (L1 norm) has a very minor effect on the
retrieved geographic extents of clusters in both the mid and
lowermost mantle (Fig. 3).
We can also look at both inter-model consistency and vertical
continuity of structure in the wavenumber domain. In Fig. 4, we
compare the spherical harmonic coefﬁcients of the 5 tomographic
models as a function of spherical harmonic degree and depth. We
ﬁnd that the inter-model agreement and vertical consistency of
low degree spherical harmonics coefﬁcients is remarkably strong
throughout the lowermost 1000 km, but weakens somewhat in
the mid-mantle where the dominance of low degree (long
wavelength) structure wanes and the spectrum of heterogeneity
whitens. These wavenumber characteristics of tomographic models reﬂect the changes in geographic extents of the slow and fast
clusters at mid-mantle depths (Fig. 3). Speciﬁcally, the change in

1
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HMSL-S

Fig. 4. Spherical harmonic coefﬁcients for degrees 1–8 of the ﬁve tomographic models are shown between 1200 and 2700 km depth. Though there is a clear ‘‘whitening’’ of
the spectrum going from deep to mid-mantle depths, degrees 1, 2, 3 remain robust throughout. The characteristic pattern of coefﬁcients for these three degrees – which
persists clearly in the lowermost 1200 km – is diagnostic of the familiar pattern of antipodal LLSVPs surrounded by a ring of faster-than-average velocities. The
enhancement of degree 3 and higher signal in the mid-mantle reﬂects the broadening of the slow region visible in Fig. 3 in this depth range.
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Vs/Vs (%) from PREM

Fig. 5. Proﬁles of deviations of Vs with respect to PREM (Dziewonski and
Anderson, 1981) in the fast and slow regions of ﬁve tomographic models
(HMSL-S was constructed with respect to ak135 (Kennett et al., 1995) but refer
PREM in this ﬁgure). In the bottom 500 km of the mantle (‘‘abyssal region’’), slow
clusters are characterized by stronger Vs anomalies than the fast clusters.
Equivalently, the velocity gradient with depth is substantially smaller in the slow
cluster than in the fast cluster, where the gradient of velocity with depth is similar
to that in PREM throughout the lower mantle.

the global average seismic velocity proﬁle. It is likely that the
abyssal and D00 regions are related in some fashion, though the
abyssal region as seen by tomography appears to have a greater
vertical extent; whether it is thinner in reality than it appears in the
tomographic images is an open question, beyond the resolution
afforded by current tomography. The fact that Vs of the slower
cluster remains slower than average well above the abyssal region is
consistent with cluster analysis of mid-mantle structure (see Fig. 3)
and the coherence of degree 2 and 3 structure throughout the lower
mantle (Fig. 4). This vertical continuity of slow Vs regions supports
the argument that LLSVP regions are anomalously slow – and
presumably have higher-than-average temperatures – even in the
transition zone (Romanowicz and Gung, 2002).
The different gradients and amplitudes of Vs anomaly within
the slow and fast cluster are consistent with a compositional
component to the difference between the two regions. Compositional differences have been invoked to explain the sharp horizontal Vs gradients bounding the LLSVPs (Wen, 2001a, b; Ni
et al., 2002a, b; To et al., 2005), the anticorrelation between bulk
sound and shear wavespeeds (Su and Dziewonski, 1997;
Robertson and Woodhouse, 1996; Masters et al., 2000), as well
as the results of probabilistic tomography from normal mode
splitting measurements used alone (Trampert et al., 2004) and
along with body wave travel times and Rayleigh wave phase
velocities (Mosca et al., 2012). Large temperature anomalies
associated with the thermal boundary layer above the core–
mantle boundary can produce large differences in the seismic
attenuation between the slow and fast regions. However, attenuation cannot produce the anticorrelation between bulk sound and
shear wavespeeds (Matas and Bukowinski, 2007) nor is it a
straightforward explanation for the sharp lateral Vs gradients
bounding the LLSVPs.
The presence of post-perovskite phase of MgSiO3 (Murakami
et al., 2004) in the seismically fast regions near the core–mantle
boundary region has been invoked as an alternate explanation for
these characteristics of Vs structure (Wookey et al., 2005), since
ab initio calculations ﬁnd that the perovskite (Pv) to postperovskite (pPv) phase transition is accompanied by an increase in Vs
and a decrease in bulk sound speed (Oganov and Ono, 2004;
Tsuchiya et al., 2004; Iitaka et al., 2004). In this view, the
anticorrelation of Vs and bulk sound speeds and sharp lateral
gradients in velocity can both be explained if Pv is preferentially
present within slow regions (LLSVPs) and pPv in the fast regions.
This model predicts that it is the Vs proﬁle of the fast regions that

should exhibit a change in velocity gradient with depth accompanying the Pv to pPv transition. This prediction should be tested
against the asymmetric behavior of Vs proﬁles of slow and fast
clusters in the abyssal region, speciﬁcally the marked deviation of
the slow cluster’s Vs proﬁle from the global average.
Explaining the asymmetry between Vs proﬁles of fast and slow
regions solely by the presence of pPv requires this phase to be
stable 4500 km up from the core–mantle boundary. Several
laboratory studies have sought to constrain the stability ﬁeld of
pPv in a pyrolite composition: while some ﬁnd that pPv might be
stable in the required depth range at a temperature of 1500 K
(Ohta et al., 2008), others ﬁnd that the two phases are likely to
co-exist throughout the bottom 300 km of the mantle depths
(Andrault et al., 2010), or even that pPv may not actually be stable
anywhere in the mantle even at these low temperatures due to
the effects of Aluminum on the phase stability ﬁeld (Grocholski
et al., 2012). If the composition of the fast regions is closer to that
of MORB, then the stability ﬁeld extends to shallower depths,
though it remains unclear whether the presence of pPv 500 km up
from the core–mantle boundary is likely at realistic mantle
temperatures.

3.3. A new type of lower mantle structure
By taking a closer look at the geographic extents of the two
lower mantle clusters (Fig. 2) we see that there is a single
exception to the simple division into one fast and two slow
regions: there is a spatially small anomaly centered approximately beneath the city of Perm, Russia. Hence we call it the
‘‘Perm Anomaly’’, with no implied links to geological ages. This
anomaly is resolved by all ﬁve models. Though somewhat modeldependent, its diameter is o1000 km (at the CMB) or o1/25th of
the area of either LLSVP, and it appears to be well separated from
the northern part of the African LLSVP. This separation is apparent
in the raw seismic travel time data; a band of faster-than-average
velocities separates the Perm Anomaly from the northern part of
the African LLSVP in the S, ScS-S, and Sdiff residuals shown in
Fig. 1f. Shear wavespeeds found within the Perm Anomaly (Fig. 6)
are slower than the global average in the bottom 500 km in all
ﬁve tomographic models; this makes the Perm Anomaly substantially shorter in height than an LLSVP, at least within the
resolution of the present study. Nevertheless, it is an order of
magnitude taller than ultra-low velocity zones (ULVZs) that are

“Perm
Anomaly”
Depth (km)

Depth (km)

S362ANI
S40RTS
SAW24B16
HSML-S
GyPSuM
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0

0

dlnVs (%) from PREM
Fig. 6. Color density plots of Vs anomalies as a function of depth in the ﬁve
tomographic models show that the ‘‘Perm Anomaly’’ (white proﬁle) is signiﬁcantly
slow with respect to PREM in the bottom  500 km of the lower mantle. Green
shading is proportional to the fraction of Perm Anomaly Vs proﬁles within each
DVs/Vs and depth bin. Average proﬁles of the fast (blue) and slow (red) clusters
across all models are shown for reference. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 7. Maps of the geographic extents of the fast and slow clusters for the ﬁve tomographic models analyzed (see Fig. 2). The pixels that make up this map are color-coded
according to how many models assign the Vs proﬁle beneath that point to the slow cluster. The models are spatially ﬁltered to exclude power at spherical harmonic
degrees 4Lmax, so that progressively smaller-scale features are included as Lmax increases. Note that the emergence of the Perm Anomaly for all 5 models starting at
Lmax ¼12, and the remarkable agreement in the shape of the LLSVPs across tomographic models and across the range of Lmax. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

often found in the vicinity of LLSVP margins (Thorne and Garnero,
2004; McNamara et al., 2010).
The vote map shown in Fig. 2 was obtained using versions of
the ﬁve tomographic models expanded in spherical harmonics up
to degree Lmax ¼ 12. In Fig. 7, we compare voting maps obtained
with the same ﬁve models, but successively expanded in spherical
harmonics from Lmax ¼2 to Lmax ¼18. Systematically increasing
Lmax has the effect of allowing progressively smaller-scale lateral
variations of Vs to affect the vote maps. The Perm Anomaly is
clearly deﬁned in all ﬁve tomographic models, but only for
expansions starting at Lmax ¼12, indicating its relatively limited
spatial extent ( o1000 km). Unlike other small-scale features that
start to appear at higher-degree expansions but are not present
consistently across models, the Perm Anomaly remains remarkably stable as Lmax increases, further emphasizing the unique
character of the Perm Anomaly as a slow feature separated from
the two LLSVPs.
We identify the signature of this anomaly directly in waveform
data, by looking at shear waves from the deep Spain event of April
11th 2010 (Buforn et al., 2011) that turn near or diffract along the
core–mantle boundary (S/Sdiff). A substantial increase in S/Sdiff
travel-time delay is observed for paths that traverse the anomaly,
compared to nearby paths that do not (Fig. 8c and f). Interestingly,
a strong amplitude enhancement is observed in these waveforms
(Fig. 8e), suggesting that the velocity gradients associated with
the Perm Anomaly effectively focus seismic energy. Observations
of delays and amplitude focusing can also be seen at longer
periods, which strongly indicates that the anomaly extends
hundreds of kilometers above the CMB, and is in contrast to the
behavior observed for ultra-low velocity zones (e.g. Cottaar and
Romanowicz, in press). The fact that shear waves north of the
anomaly do not exhibit travel-time delays implies that the
anomaly cannot be connected to the northernmost region of the
African LLSVP.
Forward modeling with the coupled spectral element method
(Capdeville et al., 2003) demonstrates that a simpliﬁed cylindrical
shear velocity perturbation of at least 6%,  900 km in diameter
at the CMB, and 370 km in height above the CMB is necessary to
produce the observed amplitude enhancements and travel-time
delays. This large Vs reduction inferred from waveform modeling

suggests that the relatively small size of the Perm Anomaly causes
tomographic models to underestimate its strength compared to
the LLSVPs. The travel time anomalies observed in the 351–401
azimuth range suggest a degree of complexity in the northern
boundary of the Perm Anomaly that cannot be due to thermal
effects alone; the fact that this boundary appears to be irregular in
the tomographic models indicates that these are able to capture
the ﬁne details of the boundary. Therefore, the Perm Anomaly,
like the LLSVPs, appears to have seismically sharp boundaries.
However, its Vs reduction is smaller and the height larger, than
the 10–30% drops and tens of kilometer height typically found
within ULVZs (Garnero and McNamara, 2008).
While wavefront healing effects may hide smaller anomalies
(Hwang et al., 2011), the fact that we detect only one anomaly of
this kind implies that the process that led to its formation is rare,
though not necessarily unique. We do not know what this process
is, but a successful dynamic model would have to account for its
formation. In particular, it would be informative to investigate
how the Perm anomaly ties into models in which the shapes of
long-lived thermochemical piles on the CMB are dictated by past
subduction history (McNamara and Zhong, 2005), or where
LLSVPs represent a non-random agglomeration of ‘‘normal size’’
plumes (Schubert et al., 2004). There does not seem to be a
reciprocal process: there is no blue anomaly enclosed in a big red
one. The detection of a slow anomaly within a fast region is all the
more remarkable because it is made more difﬁcult by wavefront
healing effects that render slow anomalies harder to detect; fast
anomalies are not masked by a reciprocal effect (Nolet and
Dahlen, 2000). Therefore, it is possible that other, smaller
‘‘Perm-type’’ anomalies will be identiﬁed by future studies.
Are there other substantial velocity anomalies common to all
the models within or outside the LLSVPs that are simply hidden
by the dominant long-wavelength structure of the lower mantle?
In order to address this possibility, we map the median magnitude of horizontal velocity gradients across the ﬁve tomographic
models (Fig. 9) and ﬁnd that large gradients highlight the margins
of both LLSVPs as well as the margins of the Perm Anomaly.
Because velocity gradients depend on short wavelength structure,
this conﬁrms that the Perm Anomaly is unusual both in its
absolute Vs – to which the cluster analysis is sensitive – and in
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Fig. 8. Seismic transverse-component velocity waveforms from the deep Spain event of April 11th 2010 (Buforn et al. 2011) observed at 66 stations in the 911–1021
distance range show travel time delays and amplitude focusing due to the ‘‘Perm Anomaly.’’ (a) Great circle paths and their relation to the Perm anomaly. Lighter shading
indicates the portion of the path within the D00 region. Triangles indicate stations. (b) Simple cylindrical 3D model that best reproduces ﬁrst order features in the data. The
model includes a 370 km high cylinder with a diameter of 900 km (at the CMB) and a velocity reduction of  6% centered at 541E, 501N. The background model is
SAW24B16 (Mégnin and Romanowicz, 2000). Real stations (green) are augmented with a set of hypothetical stations (red) to complement available azimuthal coverage. (c)
Observed and (d) synthetic S/Sdiff waveforms ﬁltered between 10–30 s and ordered as a function of azimuth. Strong travel time delays and amplitude focusing due to the
Perm anomaly appear around 501 in azimuth. No similar time delays are observed to the north, indicating that the Perm Anomaly is not connected to the Iceland region of
the African LLSVP. The same color convention is used for synthetic traces as in (b). Observed Sdiff amplitude ratios (e) and differential travel times (f) as a function of
azimuth, referred to 1D normal mode synthetics. Travel time measurements could not be made for the nodal traces at the largest azimuths. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 9. Margins of both LLSVPs and the Perm Anomaly are characterized by a steep
gradient of Vs, here represented by the median range of Vs (m/s) over a distance of
51 and 101 in the ﬁve models considered. Away from the margins of the LLSVPs
and the Perm Anomaly, lateral velocity gradients are very small, indicating relative
uniformity within the LLSVPs and in the ring of faster-than-average velocities.

the magnitude of the horizontal Vs gradients bounding it. Fig. 9
also shows that Vs is relatively laterally uniform within the
LLSVPs and the surrounding fast region. The only exception to
this intra-LLSVP uniformity is an area of enhanced lateral Vs
gradients to the south of Hawai’i (e.g. Russell et al., 1999), which
may be associated with smaller-scale structures similar to those
detected within the LLSVP to the northwest (Russell et al., 1999;
To et al., 2011; Cottaar and Romanowicz, in press).
When might have the Perm Anomaly formed? If the LLSVPs are
very ancient, could such a small anomaly exist by itself for very
long? If it is a young feature, then the Perm Anomaly may offer a
clue as to how LLSVPs are formed. On the other hand, the Perm
Anomaly may be quite old: it is intriguing that the location of the
anomaly is very close to the restored location (Torsvik et al., 2008)
of the eruption of the Siberian Traps that punctuated the end of
the Permian period (see Fig. 2). Though far from conclusive, this
coincidence may indicate that the Perm Anomaly’s diminutive
size resulted from substantial ﬂux out of the anomaly.

4. Conclusions
We have performed cluster analysis on lower mantle Vs
proﬁles from 5 recent global tomographic models. For all models,
there is a simple separation of lower mantle structure into two
slow and one fast region, each of which is geographically
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contiguous. In fact, we ﬁnd that for the vast majority of points on
the Earth, all the tomographic models agree on the classiﬁcation
of the associated Vs proﬁles with either the slow or fast region.
The boundaries of these regions are generally collocated across
models; the agreement between the boundaries obtained through
cluster analysis and locations determined by detailed waveformmodeling studies strongly indicates that tomographic models are
reliable on o1000 km scale.
The single exception to this simple separation of lower mantle
structure is an isolated,  900 km wide slow anomaly that we call
the ‘‘Perm Anomaly’’; we cannot rule out the existence of smaller,
Perm-type anomalies, which may be more difﬁcult to detect due
to wavefront healing effects. The recovery of the Perm Anomaly
conﬁrms that the resolution of the data sets used in global
tomographic inversions is sufﬁcient to robustly resolve velocity
anomalies of this size, regardless of the theory, parameterization
and regularization used in inversion. Therefore, models of the
lowermost mantle are truly dominated by long wavelength
features which are not a consequence of limited resolution of
seismic tomography.
Though substantially smaller than LLSVP, the Perm Anomaly
has a similar Vs reduction and is bounded by similarly strong Vs
lateral gradients as detected along the margins of the LLSVPs. It
appears to be different from ULVZs, which have a much smaller
vertical extent and greater Vs anomalies. These characteristics are
consistent with the interpretation that the Perm Anomaly is made
of similar material as the LLSVPs, material which is likely to be
compositionally distinct from that in the ‘‘fast’’ cluster.
We ﬁnd that for all tomographic models, the velocity gradients
in the fast and slow regions are asymmetric in the lowermost
500 km of the mantle – a region we dub the ‘‘abyssal region.’’
Furthermore, the velocity differences between their proﬁles span
the range of Vs predicted for end-member lower mantle compositions (Matas et al., 2007). These characteristics of Vs structure
within the abyssal region highlight the need to take into account
the different velocity proﬁles of slow and fast regions when
pursuing mineralogical interpretations. The average velocity proﬁles characterizing our ‘‘slow’’ and ‘‘fast’’ clusters can serve as
reference models for mineralogical interpretations of lower mantle elastic properties in terms of temperature and composition
that are likely to be more meaningful than interpretations based
on global averages.
Finally, while agreement between models degrades somewhat
in the mid-mantle, there is still a clear indication that the slow
regions extend into the transition zone, although perhaps somewhat broader and less contiguous in geographical extent.
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