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Seismic heterogeneity in the mantle—strong shear wave
signature of slabs from joint tomography
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Abstract

The primary source of information on heterogeneity within the Earth comes from seismic tomography. A powerful tool for
examining the character of heterogeneity comes from the comparison of images of bulk-sound and shear wavespeed extracted
in a single inversion, since this isolates the dependencies on the elastic moduli. However, particularly in such multi-parameter
inversions there are many hidden facets which can have a strong influence on the results, such as the weightings between
parameters and in the misfit functions. Joint inversion with restricted data sets giving comparable cover for P and S waves
provides useful checks on more inclusive studies, and can provide relatively high resolution in some areas. The relative
behaviour of bulk-sound and shear wavespeed can provide a useful guide to the definition of heterogeneity regimes. For
subduction zones a large part of the tomographic signal comes from S wavespeed variations. In the upper mantle and
transition there can be significant bulk-sound speed contributions for younger slabs, and in stagnant slabs associated with slab
roll-back. For subducted oceanic lithosphere older than about 90 Ma shear wavespeed variations nearly always are dominant
and so the P wave images are controlled by shear modulus variations. The narrow segments of fast wavespeeds in the depth
range 900–1500 km in the lower mantle are dominated by S variations, with very little bulk-sound contribution. Deep in the
mantle there are many fast features without obvious association with subduction in the last 100 Ma, which suggests long-lived
preservation of components of the geodynamic cycle.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction: Joint P and S tomography

Much of our information on the 3-D structure
within the Earth comes from the analysis of S waves.
The pioneering work ofWoodhouse and Dziewonski
(1984), Dziewonski and Woodhouse (1987)led the
way in combining analysis of seismic surface waves
and waveform inversion for S waves to generate im-
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ages of the large scale 3-D structure in the entire man-
tle. Subsequent studies have attained significantly in-
creased resolution especially where efforts have been
made to improve the representation of SH body wave
contributions(Li and Romanowicz, 1996; Megnin and
Romanowicz, 2000). An alternative approach based
on time picks of a number of different S phases from
digital seismograms has been exploited to provide
relatively high resolution images of mantle structure
(Grand, 1994, 2002; Grand et al., 1997). A significant
feature of this work is the definition of compara-
tively narrow regions of faster seismic wavespeeds
in the mid-mantle that have been interpreted
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as associated with remnant slabs from past sub-
duction.

For P waves the main source of information has
come from bulletin readings of arrival times derived
from short-period records. The earlier analyses were
made in terms of spherical harmonic analysis as for
S waves, e.g.,Dziewonski (1984)but latterly the em-
phasis has shifted to cellular representations, e.g.,van
der Hilst et al. (1997), Bijwaard et al. (1998). The
distribution of sources and receivers means that good
resolution can be achieved for slightly more than half
the mantle, but within the sampled zone relatively de-
tailed structure can be recovered. The P wave images
provide a very good definition of subducted slabs in
the upper mantle and in certain regions, e.g., under
the Americas and along the northern edge of the for-
mer Tethys, clear narrow anomalies with high veloci-
ties can be tracked into the mid-mantle and to greater
depth. The correlation with high resolution S images
from an independent data set is good(Grand et al.,
1997), and helps to provide additional confidence in
both inversions.

Such tomographic inversions for a single wavetype
can help to provide control on the spectrum of hetero-
geneity, but do not give any direct information on the
underlying causes. A number of studies have there-
fore endeavoured to exploit both P and S information
in some form of joint inversion. A number of authors
have used both P and S bulletin data, with some
class of reprocessing, (e.g.,Engdahl et al. (1998), in
either spherical harmonic inversion,Robertson and
Woodhouse, 1996, 1995), or a cellular approach,
Vasco et al. (1995), Kennett et al. (1998), Vasco and
Johnson (1998). The alternative has been to employ
waveforms and long-period S wave times as well as
short-period bulletin data for P waves as in the work
of Su and Dziewonski (1997), Masters et al. (2000),
Antolik et al. (2003).

The differences in both the quantity and the fre-
quency ranges for P and S body waves poses signif-
icant problems when a wide range of data are used
at one time. High frequency ray theory is not ade-
quate for travel time data derived from long-period
data using correlation studies (see, e.g.,Dahlen et al.,
1997), and so more sophisticated analysis is needed.
A number of recent of studies, such as that ofMasters
et al. (2000), use a wide variety of different data sets
with the aim of providing sampling of the mantle in

many ways, so that the final images should be more
reliable. However, when data with different frequency
content is combined, corrections for the velocity dis-
persion due to attenuation assume considerable impor-
tance. This attenuation correction needs to be viewed
as having an effective direction from low to high fre-
quency, at least with regard to the use of aQ model.
At 1 Hz, Q measurements will include both intrinsic
and scatteringQ, but the dispersion applies only to
the intrinsic component. Only the intrinsic component
has the associated dispersion corrections to maintain
direct causality (see, e.g.,Kennett, 2001).

A further complication comes from the uneven ge-
ographic distribution of data. Whereas S wave in-
formation is available from globe circling paths; P
wave information, dominantly from travel times, is
dictated by the location of seismic sources and re-
ceivers. There is some component of P wave infor-
mation in long period waveform data but this does
not provide strong constraints on mantle structure.
It therefore remains difficult to compare full global
coverage from S in a spherical harmonic or spheri-
cal spline expansion with information derived from
P waves with a much more limited geographic cov-
erage, since there is considerable potential for arte-
facts, especially for higher order harmonic or spline
representations.Antolik et al. (2003)endeavour to im-
prove P coverage by incorporating PP–P differential
times from long-period records, as well as waveforms
for different frequency bands. However, their model
J362D28 for the 3-D variations in P and S wavespeed
obtained from joint inversion does not achieve the
same level of resolution for the two wavetypes, be-
cause of the strong path influence from the P travel
times.

In principle, we can derive a significant increase
in understanding of heterogeneity if we can use both
P and S information. For isotropic media we can
then isolate the dependence on the shear modulusµ

and the bulk modulusκ. We work with the S wave
speed

β =
(

µ

ρ

)1/2

, (1)

that depends on the shear modulus and density, and the
bulk-sound speedφ derived from both P wavespeedα
and S wave speedβ
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φ = (α2 − 4
3β2)1/2 =

(
κ

ρ

)1/2

, (2)

which isolates the bulk modulusκ. This style of param-
eterisation has been employed bySu and Dziewonski
(1997), Kennett et al. (1998), Masters et al. (2000). A
variety of alternative notations are to be encountered
in different studies, e.g.,vP, vS for α, β andvφ for the
bulk-sound speedφ; in mineral physics literatureKs
is often used for the adiabatic bulk modulusκ andG

for the shear modulusµ.
The merits of the bulk-sound speed and shear

wavespeed parameterisation can be readily seen when
we look at first order perturbations. The relative
variations in these two wavespeeds are given by
δφ

φ
= 1

2

(
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κ
− δρ

ρ

)
,

δβ
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− δρ

ρ

)
;

(3)

whereas the dependence of the compressional
wavespeed (α) on the moduli and density variations
is rather more complicated:

δα
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We can recast(4) in a slightly simpler form as

δα

α
= 1

2

(
δκ

κ
(1 − γ) − δµ

µ
γ

)
− 1

2

δρ

ρ
,

with γ = 4β2

3α2
; (5)

γ varies between 0.42 and 0.375 for plausible P and
S velocities in the mantle.

Ideally in the future it may also be possible to ob-
tain independent estimates of the 3-D variation of den-
sity, which is currently a topic of active investigation
(Ishii and Tromp, 1999; Masters et al., 2000; Kuo and
Romanowicz, 2002). At present the common assump-
tion is that the variations in density may be obtained
by scaling the shear wavespeed variations (see, e.g.,
Forte et al., 2002):

δρ

ρ
(r) = ϑ(r)

δβ

β
. (6)

However, as pointed out byMasters et al. (2000)a scal-
ing to bulk-sound speed variations works equally well;
even though, in their 3-D model, there is some degree
of anti-correlation between the bulk-sound speed and

shear wavespeed variations through much of the lower
mantle.

Since any construction of the bulk-sound and shear
wavespeed distributions will involve an implicit com-
bination of P and S wave data it is very desirable that
the data sets used have comparable geographic cover-
age for P and S, even if this means that only a subset
of the information is employed. This was the approach
adopted byKennett et al. (1998)who only used ar-
rival times for paths with common source and receiver
for P and S. The size of the data set is reduced sub-
stantially, but there is comparable resolution in the P
and S data used (and by implication in the bulk-sound
speed information).

When standard methods of linearised inversion are
used to extract multi-parameter models, care needs to
be taken with the relative weighting of the different
aspects of the model. For example, it is possible to
reduce the weighting applied to one set of parameters
such as the bulk-sound speed variation, so that most
of the data fit is taken up by shear wavespeed. In
such a case, the reliability of the bulk-sound image
would be significantly reduced. Iterative approaches
are available to put different parameter classes on a
similar footing (Kennett and Sambridge, 1998). The
two parameter class version of this algorithm was used
by Kennett et al. (1998)in their joint inversion study
using P and S travel times.

A similar issue arises with the relative weight
placed on different data-sources when assessing mis-
fit. The resulting model can depend quite noticeably
on the choices for the misfit function and parameter
weights, and also on the nature of the regularisation
term applied. Because the final products of seismic
tomography are in the form of images, the choices of
smoothing and parameter weighting tend to be some-
what subjective and are not often available for scrutiny.

The use of some classes of data brings with it im-
plicit assumptions about the nature of the underlying
model. For example, the use of SKS arrival times or
S–SKS times assumes laterally homogeneous proper-
ties at the top of the outer core and a knowledge of
P velocity structure in that region, which cannot be
obtained from P data alone because of the caustic in
PKP. Implicit constraints on the model can also be
imposed by data selection, e.g.,Kennett et al. (1998)
used a rather narrow window of±7.5 s around the S
times predicted for theak135 model (Kennett et al.,
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1995). Such a range in S times is definitely smaller
than is needed to provide a full representation of the
fast residuals in shield regions and the slow regions
at the base of the model. The exclusion of S data
carried with it the exclusion of the P information for
the same path so the effect was to restrict coverage
and, potentially to reduce the inferred amplitude of
heterogeneity (cf.Masters et al., 2000).

Another source of influence in linearised inversion
comes from the nature of the reference model used for
partial derivative calculation. The 220 km discontinu-
ity in the PREM model (Dziewonski and Anderson,
1981)is a major feature; yet continuity of wavespeed
is normally assumed across the boundary so that no
change in the parameter jump at 220 km is allowed.
The resultant models carry with them the original pa-
rameter jump in every depth section. Further, when
inversion is carried out for bulk-sound speed we need
also to recognise that the reference values are them-
selves a derived quantity, susceptible to minor differ-
ences in the representation of P and S models. For
example, just below the 660 km discontinuity in the
ak135 model, the P and S wavespeed appear to have
similar properties, yet there is sufficient difference in
their gradients that the bulk-sound speedφ is almost
constant with depth rather than having a comparable
gradient to the P or S wavespeed.

We also need to beware of the influence of refer-
ence models in display. Subduction zones are certainly
recognisable in images because they are fast com-
pared with their surroundings, but this does not mean
that they are automatically fast compared to the refer-
ence model. Both the Caribbean and New Caledonia
slabs show little difference from the P wavespeeds of
the ak135 model, but are still fast compared to local
structure.

2. Tomography as a forensic tool

Tomographic inversions for a single wavetype con-
trol the spectrum of heterogeneity, but do not give
any direct information on underlying causes. It is only
when multiple sources of information are brought to
bear on 3-D structure that we can pass from images
to assessment of processes.

There has been recent progress in a number of ar-
eas towards the development of multiple images of the

mantle at comparable resolution.Kennett et al. (1998)
have used the arrival times of P and S waves in a
joint inversion to extract information on the distribu-
tion of bulk-sound and shear wavespeed in the mantle,
with resolution at a 2×2◦ level where ray coverage is
available.Masters et al. (2000)use a wide range of
different P and S body wave and surface wave infor-
mation spanning a large range of frequencies to pro-
duce whole mantle images of bulk-sound, shear and P
wavespeed with moderate resolution.

When information is available for two classes of
wavespeed we are in a position to ask very different
questions than when interpreting images for a single
wavespeed. We can for example ask how much of the
variation in P wavespeed can be explained solely by
variations in shear properties?

The use of bulk-sound and shear wavespeeds as
proxies for the bulk modulus and shear modulus pro-
vides a link to laboratory experiments and ab initio
calculations, but highlights the limitations imposed
by our relatively weak knowledge of the variations
in density within the Earth. When we work with the
bulk-sound speed we are closer to experimental in-
formation than when P wavespeed is employed, since
diamond-anvil work provides direct constraints on the
properties of the bulk modulus (see, e.g.,Jackson and
Ridgen, 1998; Liebermann, 2000). By contrast, our
knowledge of the properties of shear modulus at high
pressures is very limited, although measurements have
recently begun to be be attempted(Sikelnikov et al.,
1998). For conditions at the base of the mantle, vari-
ous styles of ab initio calculations can be attempted for
mineral assemblages, but the thermal properties repre-
sent a challenge to computational techniques (see, e.g.,
Stixrude, 2000; Oganov et al., 2000;Brodholt et al.,
2002). Karato and Karki (2001)have highlighted the
need to include anelastic effects when making com-
parison between mineral physics results and seismo-
logical models.

The nature of the relative variations in the
wavespeed depends, as we have seen in(3)–(5),
on the balance of the variations in the moduli and
density. For variations in density alone the local vari-
ations in bulk-sound speed and shear wavespeed are
identical:

[
δφ

φ
(r)

]
ρ

=
[
δβ

β
(r)

]
ρ

= −1

2

δρ

ρ
(r) (7)
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In the case of variations in temperature we would
expect a similar response for both bulk and shear
moduli, with δκ/κ and δµ/µ having the same sign.
However, the way in which this dependence translates
into wavespeed depends on the relative variation in
density. From(3), if

δκ

κ
<

δρ

ρ
<

δµ

µ
, (8)

thenδφ/φ would be negative andδβ/β would be pos-
itive. The recent model ofMasters et al. (2000)shows
such anti-correlation inδφ/φ andδβ/β through much
of the lower mantle.

The ratios of the variations in wavespeeds have been
frequently used as a summary of the properties of to-
mographic models (e.g., Karato and Karki, 2001). Be-
cause bulk-sound variations can be quite small, it is
convenient to work with the ratio:

Rφβ = δ logφ

δ logβ
= δφ/φ

δβ/β
(9)

The ratioRφβ was designatedζ byKennett et al. (1998)
who show a number of plots of the geographic dis-
tribution of the relative variation of bulk-sound and
shear wavespeed (note thatζ is used in reciprocal
sense byMasters et al., 2000). The ratio between shear
wavespeed and P wavespeed variations

Rβα = δ logβ

δ logα
= 1

(1 − γ)Rφβ + γ
, (10)

has frequently been used as a proxy for estimation of
the relative influence of bulk and shear modulus ef-
fects. The relation(9) applies only to the local values
of the ratios, and does not extend to summary proper-
ties, e.g., layer averages or root-mean-square values at
a given depth as claimed byKarato and Karki (2001),
since the average of a reciprocal is not the same as
the reciprocal of an average. Nevertheless, we would
expect a good general correspondence between sum-
mary values of different ratios. A upper limit onRβα

from thermal effects of 1/γ ∼ 2.7 is suggested by
Karato and Karki (2001), which would correspond to
Rφβ = 0. However, this value could be exceeded if
Rφβ were negative, e.g., if(8) holds.

The relative behaviour of the wavespeeds sum-
marised byRφβ andRβα can provide clues to the nature
of the process occurring within the earth. Where the
variation of the bulk-sound speed and shear wavespeed

have the same sign (Rφβ > 0) then a thermal origin is
most likely(Karato and Karki, 2001). Anti-correlation
of δφ/φ andδβ/β but with a weak bulk-sound signa-
ture (Rφβ weakly negative) is also likely to be thermal
(cf. Masters et al., 2000). However, when the two
wavespeeds show strong but anti-correlated behaviour
some alternative hypothesis needs to be sought. At
shallow depths some infusion of volatiles or melt could
have a profound influence on shear wavespeed with
less effect on bulk-sound speed, alternatively chem-
ical heterogeneity may play a role. In the lowermost
mantle as the core-mantle boundary is approached, the
variations in shear wavespeed and bulk-sound speed
in a number of different studies are anti-correlated(Su
and Dziewonski, 1997; Kennett et al., 1998; Masters
et al., 2000)and it is likely that this arises from
chemical heterogeneity(Karato and Karki, 2001).

The study ofMasters et al. (2000)has a global fo-
cus and attempts to integrate many different classes of
information with different styles of global sampling
to constrain the bulk-sound and shear wavespeed dis-
tribution with an 18 layer model and 10◦ equal area
blocks (approximately equivalent to a spherical har-
monic expansion of 20◦). This model provides good
constraints on much of the large-scale structures in the
mantle, but provides limited definition of the narrower
features revealed in higher resolution studies.Kennett
et al. (1998)have shown that it is possible to use
the reprocessed P and S arrival time data ofEngdahl
et al. (1998)to extract comparatively small-scale fea-
tures. This approach is extended here with an im-
proved global inversion taking into account ray tracing
through 3-D structure.Gorbatov and Kennett (2002)
have used a similar approach to examine regional scale
tomography with emphasis on subduction processes.

The combination of regional and global inversions
for bulk-sound speed and shear wavespeed allow us
to look in detail at the nature of subducted slabs
and the way in which they interact with the man-
tle. In the upper mantle, the images of slabs show a
relatively complex pattern of variation between the
two wavespeeds, but it would appear that there is a
stronger shear component for older subducted litho-
sphere. The stagnant slab material in the transition
zone, most likely emplaced by slab rollback, has a
stronger bulk-sound speed signal possibly because
the differences in shear are annealed more quickly by
the influence of the external temperatures. Although
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there are distinct bulk-sound signatures in subduction
penetrating into the top of the lower mantle, below
about 1000 km the dominant signal in deep slabs is
in shear wavespeed variation and this dominates the
P wavespeed images.

3. Joint tomography and heterogeneity regimes

Joint inversions have been carried out using a wide
assortment of seismic phases(Su and Dziewonski,
1997; Masters et al., 2000), and as we have noted
above it is difficult to judge how the selection of data
may influence the inversion. Whereas, if inversions
are carried out with restricted arrival time data sets
with common P and S coverage, we can be confi-
dent of comparable resolution (cf.Kennett et al., 1998;
Widiyantoro et al., 1999; Saltzer et al., 2001; Gorbatov
and Kennett, 2002). Such restricted inversions have
an important dual role, both in providing checks on
the more inclusive inversions and in yielding locally
higher resolution. The variance reduction achieved in
the restricted inversions is comparable to that in an
S arrival time inversion alone. There is undoubtedly
significant noise in the reported arrival times for S be-
cause picking is made in the coda of P wave arrivals.
However, good agreement in the patterns of hetero-
geneity between S models derived from inversion of
bulletin times and selected sets of S times picked from
digital records(Grand et al., 1997)indicates that there
is also significant signal.

Masters et al. (2000)point out that the absolute level
of heterogeneity derived from body wave inversions
using catalogue data is lower than that from wave-
form analysis and the use of times of longer period
phases. Such an effect is an inevitable consequence
of the significant noise in the data set (especially for
S). However, by choosing a restricted data set with
comparable paths for P and S we should have good
control on the relative amplitude of the variations of
bulk-sound and shear wavespeed even if the absolute
level is not well constrained.

Kennett et al. (1998)have demonstrated how a joint
inversion for P and S travel times can be undertaken
using a single-step linearised inversion about the 1-D
reference modelak135. This approach has now been
extended to include a broader span of S residuals with
the incorporation of 3-D ray tracing. The set of P and

S times have been taken from theEngdahl et al. (1998)
reprocessing of the catalogue of the International
Seismological Centre, with some supplementation.
The iterative process of event relocation and phase
association based on theak135 reference ((Kennett
et al., 1995)produces a marked improvement of the
quality of the S information relative to the original
sources. Attention is restricted to phases times where
both P and S times are available for the same source
and receiver pair. This restriction imposes a quality
control measure on the data and a single wavetype in-
version of just the selected P times gives a very clean
definition of heterogeneity compared to the full data
set, even though the geographic coverage is somewhat
less. S waves will generally have somewhat lower
frequency than for P, but the sampling wavelength
will be comparable and so we are able to extract a
consistent set of tomographic images.

Arrivals have been selected whose residuals lie
within 7 s of the predictions of theak135 model for
P and, where appropriate, residuals up to 25 s for S.
The large span of allowed residuals for S is designed
to cope with the well recognized fast S wavespeeds in
shields near the surface and the presence of zones of
depressed S wavespeed towards the base of the man-
tle. The crossover region withSKS occurs near 83◦
and so S information cannot be isolated in the range
from 82 to 84◦. Further because we work with just the
S readings we run out of resolution below 2600 km.
The broad range of residuals we have allowed lies
well outside the interval that can be addressed by
local linearisation about theak135 model. We there-
fore employ 3-D ray tracing in the inversion process,
building on the work ofWidiyantoro et al. (2000),
Gorbatov et al. (2001).

The algorithm for the joint inversion of the P and
S times to extract the global variations of bulk-sound
speed and shear wavespeed is based on the work of
Kennett et al. (1998), but includes a number of im-
provements. As before the model uses a 2×2◦ cellular
representation with 18 layers through the mantle. The
first step in the inversion is to undertake separate P
and S wavespeed inversion using a linearised algo-
rithm, and then we employ these 3-D models as the
basis for 3-D ray tracing in the joint inversion itself,
which uses a nested iterative scheme as developed
by Kennett et al. (1998)—Appendices A and B). The
outer iterated loop links the solutions for bulk-sound
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speed and shear wavespeed with iterative updates that
allow cross-interaction between the two wavespeed
distributions and make an efficient use of memory.
The inner iterations at each stage are focussed toward
a single wavetypes and use the LINBCG algorithm
(Press et al., 1996), as an efficient solver of square
but sparse matrix systems. The use of 3-D ray tracing
tends to produce more tightly defined wavespeed fea-
tures with larger contrast than a single step linearised
inversion (cf.Gorbatov et al., 2001). This tendency
is enhanced in our present model because we have
employed significantly less damping than in the study
by Kennett et al. (1998).

Although body wave sampling of the mantle is re-
stricted because of the available source and receiver
locations, relatively high resolution can be achieved
for about half of the mantle using tomographic in-
version of P and S arrival times. We will concentrate

Fig. 1. Results of joint inversion of P and S arrival times for the layer between 100 and 200 km, displayed relative to theak135 reference
model: (a) bulk-sound speed heterogeneity, (b) shear wavespeed heterogeneity.

attention on features with elevated wavespeed com-
pared to theak135 reference model, because even at
finer scales these will not be significantly affected by
wavefront healing.

The new inversion confirms the differences in the
relative characteristics of the variations in bulk-sound
speed and shear wavespeed at different levels of the
mantle noted byKennett et al. (1998). We can recog-
nise a number of different heterogeneity regimes in the
mantle based on these patterns of relative variation:

Uppermost mantle: Shield areas show strong fast
shear wave signature with a slight positive bulk-
sound anomaly, the mid-ocean ridges are char-
acterised by slow shear wavespeeds but slightly
fast bulk-sound speed, and orogenic zones have
strong slow shear wavespeed features with little
expression in bulk-sound speed (seeFig. 1).
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Fig. 2. Results of joint inversion of P and S arrival times for the layer between 2000 and 2200 km, displayed relative to theak135 reference
model: (a) bulk-sound speed heterogeneity, (b) shear wavespeed heterogeneity.

Transition zone: Subduction zones normally show
a definite fast shear wavespeed which is some-
times accompanied by fast bulk-sound speeds; in
regions of stagnant subduction there is a strong
fast bulk-sound speed anomaly with little shear
wavespeed expression (seeFig. 3).

Fig. 3. Vertical cross-section through regional joint tomographic model for the northwest Pacific passing through the Ryukyu and Izu-Bonin
arcs along the line of section ofWidiyantoro et al. (1999). The perturbations are plotted relative to theak135 model.

Lower mantle (upper): In some parts subduction
zones appear to penetrate into the lower mantle
associated with significant fast shear wavespeed
anomalies but little variation in bulk-sound speed
(seeFig. 4); this means that the ‘remnant slabs’
seen in high resolution P wave imagery, e.g.,van
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Fig. 4. Results of joint inversion of P and S arrival times for the layer between 1200 and 1400 km, displayed relative to theak135 reference
model: (a) bulk-sound speed heterogeneity, (b) shear wavespeed heterogeneity.

der Hilst and Kárason (1999)have their origin in
shear wavespeed variations.

Lower mantle (mid): Significant narrow zones
of shear wavespeed anomaly persist to around
1700 km depth and other features emerge around
1900 km, e.g., under Australia (seeFig. 2); away
from these narrow zones both bulk-sound and
shear wavespeed variation is muted and tends to
be mildly anti-correlated suggesting dominant
thermal effects obeying the condition(8).

Lowermost mantle: The bulk-sound speed and
shear wavespeed variations are quite large but
anti-correlated, which suggests the presence of
chemical heterogeneity(Masters et al., 2000;
Karato and Karki, 2001).

As can be seen inFig. 1, the orogenic belts of south-
eastern Asia and the western USA show substantial
differences between bulk-sound speed variation and

shear wavespeed properties. The strong low velocity
anomalies in the shear wavespeed images may indi-
cate the presence of volatiles in addition to elevated
temperatures. However the apparent wavespeeds could
be influenced by the lowQ in these tectonic regions,
which would both make the the S arrivals more dif-
ficult to pick and increase the frequency differential
between P and S waves. If the frequency differences
are too large, the assumption in the joint inversion that
the P and S wave arrival time data can be treated on
an equal footing is suspect.

We may also note inFig. 1 the rather weak bulk-
sound anomalies for Archaean shields, e.g., Western
Australia, Canada, compared with the strong shear sig-
nature. The bulk-sound anomalies appear to be more
prominent for Proterozoic shields.

The global study ofKennett et al. (1998)has shown
that the variations in bulk-sound speed near 2000 km
depth are rather weak, which confirms the results of
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earlier work byRobertson and Woodhouse (1995)ob-
tained by independent inversion of P and S data. This
behaviour is also clear in the new inversion (Fig. 2).
The variations in bulk-sound speed in the interval
from 2000 to 2200 km are quite weak and show little
organisation; whereas there is a more distinct shear
wave variation, which is the dominant contributor to
P wavespeed variations. Between 2100 km and the
core-mantle boundary the amplitude of variation of
both bulk-sound speed and shear wavespeed increases
with little correlation between the two. This change
in the nature of the relative behaviour of the two
wavespeeds was one of the lines of evidence invoked
by Kellogg et al. (1999)in their model of a dynamic,
hot zone at the base of the mantle with an intrinsic
density increase almost balanced by thermal effects.

4. Slab heterogeneity

Joint inversions of P and S wave travel times can
also provide useful information in a more local en-
vironment. The first such application appears to have
been the work ofWidiyantoro et al. (1999)on the sub-
duction zones of the northwest Pacific. Independent
inversions were undertaken for P and S wave images
for data selected to have common source and receiver
for both P and S arrivals. There were substantial differ-
ences between P and S wave tomographic images for
the portions of subducted slabs lying horizontally on
top of the 600 km discontinuity. Theses results suggest
that the bulk modulus may have have an important role
in the control of the deformation of subduction zones.

Because of the presence of the subduction zone
sources, resolution in the neighbourhood of such struc-
tures tends to be good and well suited for investigation
using joint inversion of P and S times. We have there-
fore supplemented the global inversions with more fo-
cussed regional inversions for bulk-sound speed and
shear wavespeed variations(Gorbatov and Kennett,
2002). For these regional inversions we use a 19 layer
model down to 1500 km with 1×1◦ cells in the region
of interest embedded in a coarser global model with
5×5◦ cells. One again we undertake a full nonlinear
inversion with the incorporation of 3-D ray tracing.

Separate regional inversions have been undertaken
for the northwest and southwest Pacific subduction
zones, so we can examine the partition of the anoma-

lies associated with the slab between bulk-sound and
shear wavespeed(Gorbatov and Kennett, 2002). In
Fig. 3we show the cross section across the Ryukyu and
Izu-Bonin arcs, for whichWidiyantoro et al. (1999)
noted significant differences in the P and S wavespeed
images using data for common P, S source/receiver
pairs. In particular the recumbent slab in the transition
zone, which lies on top of the the 660 km discontinu-
ity, is much more prominent in P than S. This result
is supported by the joint inversion results displayed in
Fig. 3; the Izu-Bonin and Ryukyu subduction zones
show up very clearly in the shear wavespeed images
but have a rather weak expression in bulk-sound. The
Ryukyu slab to the left is very distinct to about 300 km
depth and then seems to stop rather abruptly. The
Izu-Bonin slab can be followed down to the 660 km
discontinuity and into a horizontal feature on top of
the discontinuity. This ‘stagnant slab’ that was mostly
likely laid down during slab rollback, is at least as
marked in bulk-sound speed as in shear wavespeed.
There is a suggestion that there may be some degree
of penetration of the slab into the lower mantle in the
S wavespeed image but interpretation is complicated
by the presence of the strong lower mantle anomaly
below 1000 km depth.

Comparable strong bulk-sound anomalies for hori-
zontal slab sections occur in northern Izu-Bonin and
the Tonga region where there is evidence of trench
retreat, which has perhaps modified the conditions of
slab emplacement. It is possible that the horizontal slab
configuration in the transition zone is more favourable
for thermal annealing of the shear wave variations. In
each case there appears to be a link of the slab signa-
ture between the upper and lower mantle in the S wave
images, that may be associated with current processes
following a period of roll-back.

The strong shear wavespeed contrasts seen inFig. 3
seem to be characteristic of the subduction of older
lithosphere, but where younger oceanic lithosphere is
being subducted as, e.g., in many of the southwest
Pacific subduction zones the bulk-sound variation
is more pronounced than for shear. The separation
between the relative dominance of shear wavespeed
and bulk-sound speed for the subducted slabs in
the upper mantle and transition zone lies in the age
range 80–110 Ma, i.e., once the oceanic lithosphere
has reached its maximum thickness(Gorbatov and
Kennett, 2002).
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Fig. 5. Great-circle through the global joint tomographic model cutting through the Farallon feature below central America (F), the
Tonga-Fiji region with a stagnant slab section (T) and a deep shear anomaly beneath Australia (A). The perturbations are plotted relative to
theak135 model. The scale for P wavespeed perturbations (δα/α) is ±1%. The 410 and 660 km discontinuities are indicated by long-dashed
lines, and reference circles are drawn with short-dashed lines at 1200 and 2100 km depth in the lower mantle.

In the lower mantle, there are very clear narrow
zones of high wavespeed in the depth range from 900
to 1500 km extending across south Asia to Indonesia
and beneath the Americas. The expression of these
anomalies is much more pronounced in shear than
in bulk-sound speed, so that most of the P signal
comes from the variation of the shear wavespeed
(Figs. 4 and 5). The feature beneath the Americas
dips to the east and can be tracked through a sub-
stantial portion of the mantle; the usual association
is with past subduction of the Farallon plate (e.g.,
van der Hilst et al., 1997). The more complicated
feature in Asia has been interpreted byVan der Voo
et al. (1999)as the expression of successive phases of
subduction at the northern edge of the Tethys ocean.
The general patterns of anomalies in the upper to
mid portions of the lower mantle correlate reason-
ably well with the expected positions of slabs from
subduction in the last 100 Ma(Lithgow-Bertelloni
and Richards, 1998). However, dynamic calcula-
tions taking into account the reorientation of plate
motions associated with the Americas (Gurnis, pri-
vate communication) suggest that the configuration
of the subducted slab should be significantly more
complicated than the near planar structures recov-

ered in P wave imagery (cf.van der Hilst et al.,
1997).

In Fig. 5 we display a cross section through the
globe passing through Central America, the Fiji re-
gion and Australia for the bulk-sound speed, shear
wavespeed and reconstituted P wavespeed variations.
This section passes through a clear expression of the
mantle component of the ‘Farallon’ anomaly beneath
central America. There is a strong shear wavespeed
feature which does not reach all the way to the surface,
probably because the subducted slab is quite young;
instead the shallow portion is better represented in
bulk-sound. Despite the strength of the shear anomaly
in the middle of the lower-mantle the P wavespeed
feature has a slightly different dip introduced by the
interaction of the shear and bulk-speed contributions.
It would appear that different components of the deep
slab may carry different physical signatures as they
interact with the surrounding lower mantle. The con-
figuration of the shear anomaly is quite close to that
expected from dynamic simulations.

In the upper mantle, the Fiji subduction zone ap-
pears as a prominent feature lying above the 660 km
discontinuity in the bulk-sound image (δφ/φ). Al-
though the narrow slab-like features in the S images
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are particularly prominent in the depth range from 900
to 1500 km, they are by no means the only anomalies
in the lower mantle. Under Australia there is a strong
shear feature (δβ/β) associated with the fast cratonic
lithosphere, but also a steep wavespeed anomaly ex-
tending from just below the 660 km discontinuity to
below 2000 km depth. This is present but less marked
in the resultant P wavespeed image (δα/α) reconsti-
tuted from the bulk-sound and shear contributions.
This anomaly lies beneath a region where there was
a concentration of subduction along the margin of
the Panthalassian Ocean in the interval from 400 to
150 Ma (see, e.g.,Collins, 2003).

5. Discussion

Studies with whole mantle sampling using lower
frequency waves do not have sufficient resolution to
define the rather narrow structures we have identified,
which sit as prominent features on a moderate level
of long wavelength variations. The coverage achiev-
able in our joint tomography using common source
and receiver pairs for P and S phases is of necessity
limited by the geometry of events and the distribu-
tion of seismic stations. Nevertheless, there is a good
match with the general patterns found in the work
of Masters et al. (2000)in those regions of common
coverage.

The correlation of the features in the upper and mid-
dle part of the lower mantle with the expected sites of
past subduction makes it highly likely that we are see-
ing in the fast anomalies remnants of past subduction
processes. In the deeper parts of the mantle we find a
variety of patches of faster shear wavespeeds. Indeed
the anomalies that we might associate with remnant
subduction in the past 100 Ma are not significantly
larger than many other features. The presence of this
range of ‘lumpy’ variations with faster wavespeeds
could potentially be evidence for incomplete mixing
in prior iterations of the geodynamic cycle. The shear
anomaly beneath Australia in the deep mantle below
1800 km which could well be related to>150 Ma sub-
duction is of comparable level of wavespeed variation
to features which are inferred to arise from the sub-
duction of the Farallon plate. Other enigmatic anoma-
lies are to be found beneath South America and under
Asia.

Why then should these features display such a
strong S wave signature for residence times in the
mantle of 100 Ma or more?

We need to find a way to maintain contrast in the
shear wavespeed structure as the material is thrust deep
in the mantle. A prime candidate is that the material is
colder than its environment and that the wavespeeds
are therefore higher. However the influence of cool-
ing on seismic wavespeeds is likely to be less than
comparable heating, because anelastic effects will be
reduced. Ultimately we would expect thermal equi-
libration of any slab material with its surroundings,
but there will be a thermal halo surrounding the slab
material until equilibrium is reached. This conductive
halo will extend the effective size of the slab anomaly.
Thermal equilibration could be substantially delayed
if the slab material remains chemically distinct from
its surroundings. The retention of anisotropic fabric in
the slab could also serve to reinforce the S signature.

The material currently entering subduction zones
shows substantial heterogeneity in crustal properties,
with features such as as sea-mount chains which can
affect the morphology of the slab. We can envisage a
similar state of affairs in past subduction, with the in-
corporation of oceanic plateau material into the sub-
duction process. Although such features might act
as a temporary blockage in the subduction system,
the presence of thickened oceanic crust converted to
eclogite would tend to enhance the chance of slab
material reaching great depth.Albarède and van der
Hilst (2002) have suggested that the entrainment of
oceanic plateus can contribute to the chemical budget
of the deep mantle by bringing enrichment in incom-
patible elements. The digestion of thick plateau ma-
terial would also be expected to be delayed, and the
dimensions of many such features are comparable to
the ‘lumps’ of enhanced wavespeed found in the lower
part of the mantle.

A heterogeneous slab would not be expected to re-
tain a simple configuration if it penetrates into the
lower mantle. Convective erosion of the leading edge
would be expected to produce finger like features in
3-D rather than a continuous plate and the configura-
tion of the disintegrating slab will depend on the dis-
tribution of heterogeneities.

The relative mild variations of the bulk-sound speed
in the middle of the lower mantle means that the domi-
nant contribution to the narrow features imaged in high



B.L.N. Kennett, A. Gorbatov / Physics of the Earth and Planetary Interiors 146 (2004) 87–100 99

resolution tomography using P arrival times will come
from the shear wavespeed anomalies. Below 2200 km
depth the amplitude of the bulk-sound speed variations
increases quite quickly so that the finer scale structures
imaged with P waves are no longer mainly controlled
by the variations in the shear modulus. However, the
results ofAntolik et al. (2003)suggest that there is
significant correlation in the longer wavelength struc-
tures between P and S images. We may well be seeing
the broad thermal imprint of the downwelling from
the descent of slab material, with distinct smaller scale
heterogeneities superimposed.

The results reported here have exploited bulletin
reports of S phases, after careful reprocessing, even
though there is substantial noise in this dataset. Further
progress in understanding the differences between the
behaviour of the elastic moduli and hence the charac-
ter of geodynamic processes will require a systematic
effort to extract S wave arrival times from digital data
across a wide range of frequencies, so that high reso-
lution can be achieved.
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