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ABSTRACT

Geological and geodynamic models of the mantle often rely

on joint interpretations of published seismic tomography

images and petrological/geochemical data. This approach

tends to neglect the fundamental limitations of, and uncer-

tainties in, seismic tomography results. These limitations and

uncertainties involve theory, correcting for the crust, the lack

of rays throughout much of the mantle, the difficulty in

obtaining the true strength of anomalies, choice of what

background model to subtract to reveal anomalies, and what

cross-sections to select for publication. The aim of this review

is to provide a relatively non-technical summary of the most

important of these problems, collected together in a single

paper, and presented in a form accessible to non-seismolo-

gists. Appreciation of these issues is essential if final geody-

namic models are to be robust, and required by the scientific

observations.
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Introduction

Seismic tomography is the only tool
available to map the deep structure of
the Earth, and it comprises a pivotal
element of geochemical and dynamic
models of the mantle. However, seis-
mic tomography is limited by issues
that are not widely appreciated,
in particular by non-seismologists.
Counterintuitively, teleseismic tomo-
graphy cannot image the three-dimen-
sional structure of the mantle. In all
tomography methods, the strengths
of calculated anomalies depend on
subjective choices of inversion para-
meters, but are still commonly trans-
lated directly into critical geological
parameters such as temperature and
density. Tomography does not return
thermal or geological information,
but seismological parameters and
assumptions have to be used to trans-
late seismic results into other physical

parameters, e.g. temperature or con-
vective motion. Resolution- and
error-assessment methods cannot
encapsulate the true errors, and are
insensitive to critical experimental
limitations that invalidate parts of
most derived structures.
Petrology and geochemistry are

indirect tools for probing the mantle.
They can provide information on its
composition, but with virtually no
spatial resolution. Isotope geochemis-
try can add a fourth dimension (time).
The results from seismic tomography
and petrology/geochemistry are fre-
quently combined to develop geologi-
cal models of the structure and
dynamics of the mantle. This endeav-
our is, however, fraught with difficul-
ties. Few practitioners are equally
expert in both disciplines, and often,
the data from the more familiar disci-
pline are interpreted jointly with pub-
lished interpretations from the less
familiar one. Tomography models are
all too often assumed to provide
essentially proof positive of things
that the data physically cannot prove.
Here, we provide an accessible

overview, aimed primarily at non-seis-
mologists, of the main problems that

limit seismic tomography. This article
is not intended to be an in-depth,
technical review for theoretical seis-
mologists. That material can be found
elsewhere (e.g. Dahlen and Tromp,
1998; Aki and Richards, 2002; Nolet,
2008). It is essential to appreciate the
main problems inherent in many
tomographic results published over
the last four decades, but not obvious
prima facie, if cross-disciplinary inter-
pretations are to be made that are
both robust and required the data.

Methodological problems

Tomographic methods

Tomographic methods used to image
large-scale structures in the mantle
may be grouped into teleseismic-, sur-
face-wave- and whole-mantle tomo-
graphy. The first two are most sensitive
to shallow mantle structure. The latter
is the only method that can provide
spatial information about the lower
mantle.
Teleseismic tomography uses the

relative arrival times of seismic waves
from distant earthquakes. It has
resolution on the scale typically of
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tens of kilometres. The earliest tech-
nique of this kind is known as
“ACH” (Aki-Christoffersson-Huse-
bye, Aki et al., 1977; Christoffersson
and Husebye, 2011). An array of
seismic stations records typically a
few hundred distant earthquakes
(teleseisms) from various directions
and distances. Differences, relative to
reference models, in the arrival times
of the seismic waves across the array,
are then used to determine the three-
dimensional distribution of relative
wave speeds beneath the array. The
imaged volume typically extends
down to a depth roughly equal to
the breadth of the surface array,
which is commonly a few hundred
kilometres.
The method has been applied to a

variety of geological/tectonic settings,
e.g. volcanic regions, including Yel-
lowstone, Iceland and Hawaii (Evans
and Achauer, 1993; Foulger et al.,
2001; Wolfe et al., 2009), continental
rift zones (Green et al., 1991; Achau-
er et al., 1992; Bastow et al., 2005,
2008), mountain ranges (Lippitsch
et al., 2003; Alinaghi et al., 2007;
Paul et al., 2010; Medhus et al.,
2012) and cratons (Gregersen et al.,
2002; James et al., 2003; Obrebski
et al., 2011; Rawlinson and Fish-
wick, 2012). The original experimen-
tal design, developed when computer
resources were limited, was subse-
quently improved (e.g. Paige and
Saunders, 1982; Menke, 1984; Nolet,
1985; Dahlen et al., 2000). The basic
method has remained fundamentally
the same, however, and as a result,
its shortcomings persist.
Surface-wave tomography (Cara,

1979; Woodhouse and Dziewonski,
1984) utilizes waves whose energy is
concentrated near the surface. Disper-
sion, caused by the dependence of sur-
face wave speed on the depth range
sampled by different wavelengths,
provides information over a relatively
broad depth range. Many regional
(e.g. Van Der Lee and Nolet, 1997; Si-
mons et al., 1999; Bruneton et al.,
2004; Darbyshire, 2005; Lebedev
et al., 2009) and global (e.g.
Dziewonski, 1971a,b; Trampert and
Woodhouse, 1995; Ekstr€om et al.,
1997; Billien et al., 2000; Shapiro and
Ritzwoller, 2002; Panza et al., 2007)
surface-wave tomography models are
now available. An important target is
upper-mantle radial anisotropy,

which results from the different speeds
of horizontally (SH) and vertically
polarized (SV) shear waves and hori-
zontally and vertically propagating P
waves (Anderson, 1965; Tanimoto
and Anderson, 1984; L�evêque et al.,
1998; Gung et al., 2003; Marone
et al., 2007; Kustowski et al., 2008).
Whole-mantle tomography deals

with the entire mantle, and as a
result, the earthquakes used are
inside the study volume instead of
outside it. Because of this, it is free
of some, but not all, of the difficul-
ties inherent in teleseismic- and sur-
face-wave tomography.

Structure outside the study volume
cannot be ignored

In teleseismic and surface-wave
tomography, attributing arrival-time
anomalies entirely to local structure
is equivalent to assuming that the
structure outside the study volume is
strictly one-dimensional (laterally
homogeneous) and corresponds
exactly to a “standard” Earth model.
In reality, mantle heterogeneity is
pervasive so that structure outside
the study volume significantly affects
the data (the observed arrival times).
The contaminating effect of outside
structure is mathematically of the
same order as the effect of structure
within the study volume (Masson
and Trampert, 1997; B. R. Julian, G.
R. Foulger, unpublished data).
In teleseismic tomography, the bias-

ing effects of external structure can be
reduced by treating the shapes and
orientations of incident wave fronts as
unknowns and solving for them dur-
ing tomographic inversion (B. R.
Julian, G. R. Foulger, unpublished
data). If a plane-wave approximation
is used, the forward problem turns
out to be particularly simple: the
change in arrival time at a seismome-
ter is the same as the change at the
original entry point of a ray into the
study volume. It is not necessary to
determine the change in the ray path.
Whole-mantle and local-earthquake
tomography methods use an equiva-
lent approach, solving simultaneously
for the locations and origin times of
earthquakes and for structure (Thur-
ber, 1993). Each earthquake adds four
unknowns to the problem (three spa-
tial co-ordinates, plus the event origin
time), but the resulting matrices are

sparse and special numerical methods
can reduce the computational burden
(Spencer and Gubbins, 1980). Using
plane wavefronts in the distant-source
problem is even simpler, because each
event adds only three unknowns to
the problem. Application of this
potential improvement to existing
data sets has not yet been done. In
surface-wave tomography, analogous
corrections are possible (Yanovskaya,
2009).

The three-dimensional structure of
the target volume is not retrieved

Contrary to popular assumption,
and surprisingly, teleseismic tomo-
graphy does not retrieve the three-
dimensional structure of the study
volume. The estimates of wave-speed
variations are, for each layer, relative
to that layer’s average. The absolute
values of those averages remain
unknown (Aki et al., 1977). Two
problems result from this (L�eveque
and Masson, 1999):

1 Wave-speed variations are known
only in the horizontal directions.
Variations in the vertical direction
are not calculable (Section “Reso-
lution and checkerboard tests: Per-
ils and pitfalls” and Supporting
Information).

2 Negative anomalies are often inter-
preted as absolute low wave
speeds, whereas they may, in truth,
be absolute high wave speeds if the
average value of the layer is anom-
alously high. Similarly, positive
anomalies cannot be assumed to
represent absolute high wave
speeds.

Difficulties in resolving the depth
extent of anomalies are exacerbated
by the smearing problem, that causes
anomalies to be elongated along ray
bundles (see Supporting Information).
In the case of teleseismic tomography,
ray bundles are primarily steeply dip-
ping, and the result is artificially verti-
cally elongated anomalies (Fig. 1).
The addition of waves from local
sources may improve the vertical reso-
lution, and teleseisms and local earth-
quakes should be integrated, wherever
feasible (Evans and Zucca, 1993; B.
R. Julian, G. R. Foulger, unpublished
data).
Surface-wave tomography suffers

from a different set of problems.
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Depth resolution depends critically
on the data used. In the uppermost
mantle, wave-speed variations within
a depth range of 30–50 km are unre-
solvable, when only long-period
waves are used and nominal depths
given for both horizontal and vertical
cross-sections refer to broad,

often > 50-km-thick depth intervals
over which wave-speed structure is
integrated (Fig. 2) (Ritsema et al.,
2004). For teleseismic- and whole-
mantle tomography, depth averaging
often involves even thicker intervals.
The resolution of surface-wave
tomography is worst for the depth
range ~300–400 km which is, incon-
veniently, the depth to which the
deepest roots of cratonic lithosphere
extend (Polet and Anderson, 1995).
One consequence of this is that long-
wavelength global models for the
transition zone vary greatly (Cam-
marano et al., 2011) (Fig. 3).

Correcting for the crust

All seismic stations are deployed at
the surface. Thus, to extract the
structure of the mantle, correction
must be applied for the crust and for
any part of the shallow mantle that
is unresolvable because of a lack of
crossing rays. In the case of teleseis-
mic tomography, one approach is to
solve for a correction for each seis-
mic station (“station corrections” or

“station terms”). Alternatively, a
crustal model can be used. An exam-
ple is CRUST 2.0 (Bassin et al.,
2000), which specifies crustal struc-
ture on a 2° 9 2° grid (~225 9
225 km). The resolution of crustal
models is variable, but is usually
worse than 500 km except for small,
local areas.
These corrections may thus be only

approximately correct, but never-
theless amount to as much as half of
the entire travel-time delay. They
may also exceed the delays associated
with structures imaged at depth and
interpreted as bodies of primary sig-
nificance. For example, in the telese-
ismic tomography study of Hawaii
by Wolfe et al. (2009), the range of
station corrections across the net-
work was ~�3 s, whereas the resid-
ual S-wave arrival-time anomalies,
after correction had been made, and
which were used to image deeper
structure, only amounted to ~2–3 s.
Clearly, it is important that the
appropriate corrections are accu-
rately known, but this may be chal-
lenging.

Fig. 1 Depth leakage (downward
smearing) in a seismic tomography
inversion (after Eken et al., 2008).

(A)

(B) (C)

Fig. 2 (A) Sensitivity kernels (normalized to a maximum amplitude of 1) that relate Rayleigh-wave phase wave speed of the
fundamental mode and the overtones to shear wave speed for the PREM model (after Ritsema et al., 2004). (B) Love wave
sensitivity at different periods with respect to horizontal shear wave-speed variations (after Curtis et al., 1998). (C) Backus–Gil-
bert resolution kernels for global surface-wave tomography model S20RTS for a point beneath Australia at 150 km depth (left,
lateral resolution) and the radial dependence of the resolution kernel (right, vertical averaging in the final model. After Ritsema
et al., 2004).
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The problem of correcting for the
crust also affects surface-wave- and
whole-mantle tomography. If inade-
quately done, corrections based on
estimated crustal structure can erro-
neously propagate into images of
mantle structure. For example, the
PREM whole-mantle model (Dzie-
wonski and Anderson, 1981), often
used as a starting model, includes a
21.4-km-thick globally averaged
crust. This differs significantly from
both the true oceanic and continental
crust. As a result, structural artefacts
can appear at tectonic boundaries
(Boschi and Ekstrom, 2002; Ritsema
et al., 2004; Panning et al., 2010).
For the longest-wavelength

(>200 s) Rayleigh waves, the crustal

effect is relatively small (Fig. 4)
(Mooney et al., 1998; Ritsema et al.,
2004). For waves with shorter peri-
ods, the problem is greater. For peri-
ods of 150 s, the crustal contribution
may reach 50% of the total wave-
speed variations, and for 40 s Ray-
leigh waves, the contribution may be
100% (Ritsema et al., 2004; Artemi-
eva, 2011). Heterogeneities such as
large sedimentary basins or calderas
may have a significant effect. For
Rayleigh waves with periods of 35 s,
an error in estimated basin thickness
of only 1 km may produce a 1%
error in mantle phase wave speeds
(Bassin et al., 2000). Low-density ice
sheets can also have strong effects
(Fig. 4) (Ritzwoller et al., 2001).

Anomaly amplitudes cannot be
reliably determined

Anomaly amplitudes calculated using
all tomographic methods are heavily
dependent on relatively arbitrary
aspects of the inversion process (Song
and Helmberger, 2007). Figure 5
shows, for example, different teleseis-
mic tomography models for mantle
structure at 165 km beneath Ireland
(O’Donnell et al., 2011). The right-
most upper two models achieve
essentially the same goodness of fit to
the data (i.e. RMS data misfit reduc-
tion, shown on the vertical axis of the
graph lowermost). Nevertheless, the
amplitudes of the anomalies obtained
are radically different.
The amplitudes calculated can be

varied at will or unknowingly, by
changing inversion program input
parameters in ways that do not mate-
rially affect the data fit. Factors may
include weightings of the different
datasets included in the inversion,
choice of damping factors and
model smoothness, and the mathe-
matical way in which the study
volume is described, e.g. whether uni-
form blocks or wave-speed gradients
between grid points are used. In addi-
tion, the depth to the base of the study
volume must be chosen, whether or
not to use station corrections and how
to correct for the crust. Synthetic tests
can rarely reproduce the amplitudes
of velocity perturbations in input
models (Fig. 1) (Eken et al., 2008;
Christoffersson and Husebye, 2011).
The tomographic inversion prob-

lem is inherently and always under-
determined, i.e. there are fewer data
than model unknowns. Thus, it is
impossible to find a unique solution.
This problem is typically addressed
using “regularization” (Trampert and
Spetzler, 2006). A final model is cho-
sen that most closely matches the ini-
tial model estimate (e.g. Aki et al.,
1977; Tarantola, 1987), for example,
by damping the amplitudes of anom-
alies with respect to the starting one-
dimensional velocity model (e.g.
Evans and Achauer, 1993).
A trade-off curve provides a selec-

tion of models to choose from, but
deciding precisely which model is
best is somewhat ad hoc. Sometimes
the knee of the trade-off curve is pre-
ferred, and sometimes a priori esti-
mates of data error govern the final
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Fig. 3 Correlation coefficients between several vS models (Cammarano et al., 2011).

(A) (B)

Fig. 4 (A) Root-mean-square phase wave-speed perturbation of the Rayleigh wave
with respect to PREM (in %) in the data (dashed lines) and produced by crustal
correction (solid lines) for the CRUST 5.1 model (Mooney et al., 1998; Ritsema
et al., 2004), (B) the effect of the ice sheet on surface wave velocities (after Ritzwol-
ler et al., 2001).
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choice (Fig. 4 from the study of
O’Donnell et al., 2011). In most pub-
lished tomographic studies, model
dependence on regularization is
not displayed, so the information
required to judge the reliability of
the chosen image is not available.
It is popular to apply the principle

of Occam’s razor to select smoothly
varying models (e.g. Boyadzhiev
et al., 2008). This, however, only
guarantees that the wave-speed ampli-
tudes will be underestimated. Smooth-
ing is achieved using the average of
adjacent blocks, and this suppresses
the amplitudes of small, high-gradient
features (Fig. 6). A further disadvan-
tage of this is that blocks containing
no rays are interpolated or extrapo-
lated to the grid edges, producing
wave-speed perturbations in regions
that may contain no data. Smoothing

can also be done at the plotting stage
by interpolating the wave speeds
between homogenous blocks and
using a continuous colour spectrum.
True amplitudes can be distorted

in surface-wave tomography by lim-
ited lateral resolution (Fig. 2C) (Rit-
sema et al., 2004). At 150 km depth
beneath Australia, for example, lat-
eral resolution of the S20RTS sur-
face-wave model (Ritsema et al.,
1999) is almost half the continent in
width, and includes oceanic, Archean
and Proterozoic provinces. The prob-
lems are revealed when independent
groups perform inversions using sim-
ilar datasets, and obtain very differ-
ent anomaly amplitudes. An example
is inversions for the structure of the
Western USA mantle, using USAr-
ray data (Sun and Helmberger, 2011;
Becker, 2012).

Efforts have been made in recent
years to improve anomaly amplitude
recovery using various approaches.
However, the inherently underdeter-
mined nature of tomographic inver-
sions means that some form of
damping or smoothing is invariably
required. Thus, amplitude recovery is
likely to always remain problematic.

Inhomogeneous ray coverage

The Earth’s mantle is not uniformly
sampled by seismic waves. Earth-
quakes are concentrated in narrow
belts, and most are shallow, i.e., in
the upper few hundred kilometres.
Only in a few regions do they occur
as deep as the transition zone, and
very few occur beneath the 670-km
discontinuity (Anderson, 1967, 2007;
Hamilton, 2007). All seismic stations
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are deployed at the Earth’s surface,
mostly on land, with few on the sea
floor. As a result, the distribution of
measurable seismic rays (i.e., seismic
waves travelling from earthquakes to
stations) in the mantle is non-uni-
form, and so also is the ability of
tomography to reveal structure
(Fig. 7).
This problem leads to two major

difficulties:
1 The structure of much of the man-
tle is essentially unobtainable. In
inversions, wave speeds in these

regions are not significantly per-
turbed from the hypothetical start-
ing model. Unfortunately, most
colour illustrations of tomographic
images do not distinguish between
regions where the wave speed is
confidently determined to be the
same as the starting value, and
regions where the starting value is
retained because of lack of data
(Section “Displaying the results”).
Apparent anomalies in the result-
ing images may thus correspond to
those volumes where seismic rays

exist, because only there can inver-
sions change the initial starting
value. Some apparently narrow,
restricted anomalies may thus sim-
ply be those portions of wide
anomalous regions that happen to
contain rays.

2 Some regions may be sampled only
by quasi-parallel bundles of mostly
parallel rays. An example of this
problem from teleseismic tomogra-
phy is a study done at Hawaii,
where a deep, low-wave-speed
anomaly interpreted as a plume is

“Rough” model
–4% –2%

shear wave velocity perturbations, %
0 2% 4%

“Smooth” model

Fig. 6 The effect of smoothing on mantle velocity structure. The example refers to 110 km depth. The model is constrained by
non-linear waveform inversion (Legendre et al., 2012).

Fig. 7 S and SS raypaths sampling the mid-mantle. Much of Earth’s interior is effectively unsampled and much else is sampled
primarily by sub-parallel rays rather than by the diversely crossing rays required for good tomographic imaging. The so-called
deeply subducted “Farallon slab” (Grand et al., 1997) beneath the Caribbean and eastern United States is particularly non-uni-
formly sampled. Published tomographic images of this region vary greatly (Fig. 11). (Figure provided by Jeroen Ritsema and
published in Hamilton, 2011).
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dependent only on steeply upcom-
ing SKS waves (waves that pass
through the core; right panel,
Fig. 8). This ray bundle is approxi-
mately colinear to the body illus-
trated, and the data could equally
well be explained by structure out-
side the study volume or at shal-
lower depth, somewhere along the
ray-bundle path.

The Hawaii region is difficult to
study using teleseismic tomography
because it is essentially equidistant
from most parts of the distant, cir-
cum-Pacific, seismogenic plate
boundaries. Recorded earthquakes
thus tend to have similar epicentral
distances and angles of approach
and arrive beneath Hawaii with a
skirt-like distribution. The travel-
time corrections necessary for the
exceptionally thick igneous crust and

lithosphere are greater than some
associated with underlying mantle
anomalies for which significance is
claimed. Thus, a relatively small per-
centage error in these corrections
could profoundly change the result
(Section “Correcting for the crust”).
The mantle throughout the Pacific
has exceptionally low wave speeds
compared with the global average,
complicating the choice of an appro-
priate a priori model (Gu et al.,
2001a,b).
Inhomogeneous sampling is a

major problem in whole-mantle
tomography. Figure 9 shows images
interpreted as deep-mantle plumes
beneath various ocean islands (Mon-
telli et al., 2004a,b, 2006). These
“anomalies” are likely artefacts of
quasi-parallel, upward-travelling ray
bundles recorded on island seismic
stations that are surrounded by large

oceanic regions devoid of stations,
and thus also devoid of recorded seis-
mic waves. As a result, a one-to-one
correspondence between observed
“plume-like” anomalies and ocean-
island seismic stations was produced
(van der Hilst and de Hoop, 2005). In
the case of surface-wave tomography,
linear “artefact anomalies” appear in
models along the dominant, horizon-
tal ray directions (Fig. 10) (van der
Lee et al., 2001; Feng et al., 2007).

Resolution and checkerboard tests:
Perils and pitfalls

Teleseismic tomography is valid at
most to a depth about equal to the
aperture of the observational array,
and then only when the ray set used
is uniformly distributed in location
and orientation. Both measures of
ray homogeneity apply individually

Fig. 8 An example of the absence of repeatability. Two tomography images, each showing a downward-elongated low wave-
speed region beneath Hawaii. Each profile is approximately 3000 km long and each runs from NW (left end) to SE (right end)
along the Hawaiian volcanic chain. One plunges to the north-west and the other to the south-east. Both were interpreted as a
mantle plume (left; Li et al., 2008; right, Wolfe et al., 2009).

PRI-GJI-RT 150 km PRI-GJI-RT 450 km Stations
Epicenters
PP-bounce points

(C)(B)(A)

Fig. 9 Map of vP at 150 km (left) and 450 km depth (middle) beneath the Indian Ocean according to model PRI-GJI-FFT
(Montelli et al., 2004a,b, 2006). They are almost identical, suggesting that they arise from quasi-parallel bundles of up-coming
rays. The geographical distribution of sources (red dots), receivers (blue triangles) and PP bounce points (green dots) depicted
in the right panel shows that ray sampling is sparse in much of the Indian Ocean except immediately beneath seismic stations
deployed on islands (from van der Hilst and de Hoop, 2005; see also http://www.mantleplumes.org/BananaDoughnuts.html).
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at every location in the modelled vol-
ume and affect neighbouring vol-
umes. Deeper and peripheral features
in the inversion result are in all cases
unreliable and should not be inter-
preted. Checkerboard tests of R are
optimistic and misleading because
they are optimal for damped inverses
(van der Hilst et al., 1993; L�eveque
et al., 1993) (see Supporting Infor-
mation).
Cryptic problems derive from the

approximations, parameterization,
damping, linearization and finiteness
of the ray set used. In short, they
derive from the numerous differences
between the true Earth structure and
its approximation by all types of
tomography. In addition, current
methods of measuring seismic travel
times (VanDecar and Crosson, 1990)
subsume systematic errors that then
map into calculated models and are
effectively impossible to quantify or
to recognize in the results.
The common failure to understand

and deal with these problems has led
to a number of unsupportable claims
of deep, narrow wave-speed anoma-
lies interpreted as plumes extending
well into the lower mantle, and even
as far as the core-mantle boundary
(Bijwaard and Spakman, 1999; Mon-
telli et al., 2004a,b, 2006; Yuan and
Dueker, 2005; Wolfe et al., 2011).
While teleseismic tomography cannot
eliminate the possibility that such
anomalies exist, neither can it con-
firm them, nor provide relevant con-
straints. The only test we are aware
of that can demonstrate the presence
of deep, low wave-speed conduits is
by using steep rays to search for

guided waves – so-called “fibre
optic” modes (Julian and Evans,
2010). While this test could be
attempted with several existing data
sets, it has not, to our knowledge, so
far been done.
Lack of consideration of resolu-

tion leads to anomalies that are too
small or too weak to have been
resolved (i.e. are simply noise or
artefacts) being presented in pub-
lished images and interpreted. This
can lead to the use of unreliable
tomographic images as support for
assumptions, rather than to the use
of reliable features to test hypothe-
ses. An example is the widespread
use of unresolved images to bolster
the concept that volcanic areas are
fed by hot, rising diapirs. Alterna-
tive, shallow-based models to
explain migrating- and large-volume
volcanic systems have been sug-
gested. These include water in the
mantle near ridges or transform
faults (Bonatti, 1990), shear heating
at the base of the lithosphere (Shaw,
1973; Doglioni et al., 2005; Ander-
son, 2011), the effect of adjacent
glaciers (Carminati and Doglioni,
2010) and instabilities produced by
cold, down-welling material (Davies
and Bunge, 2006).
A second example is the thickness

of the cratonic LID. A number of
studies argue it is no thicker than
200–250 km (e.g. Gung et al., 2003).
However, such conclusions are
unsafe because models based on fun-
damental surface-wave modes lose
resolution at 200–300 km depth
(Fig. 2) and vertical structure cannot
be resolved better than 30–50 km.

Repeatability

If a feature imaged by tomography is
reliable, it should be resolvable in
multiple independent studies. Geo-
logical significance should only be
attributed to features detected in all
reputable studies (Foulger et al.,
1995; Shapiro and Ritzwoller, 2002).
Figure 8 illustrates this problem at
Hawaii. There, two independent
studies both resolved a strong, low
wave-speed anomaly in the upper
mantle (Li et al., 2008; Wolfe et al.,
2009). This part of the two images
may be considered reliable, at least
in location and sign. On the other
hand, the trajectory of downward-
continuing low wave speeds into the
lower mantle are almost exact mirror
images in the two studies. These
bodies and even the very existence of
a downward continuation of the
upper-mantle, low-wave-speed anom-
aly are unreliable.
Tomographic models of the pur-

ported whole-mantle-crossing “Faral-
lon slab” are shown in Fig. 11. This
structure is frequently cited as the
strongest evidence available for the
sinking of slabs to the core-mantle
boundary (e.g. Kellogg and Wasser-
burg, 1990). Nevertheless, the shape
of the lower mantle, high-wave-speed
anomaly is very different between
different results. It is a feature of
global extent, too large to be
explained as a single subducted slab,
in particular when slab thermal- and
compositional re-equilibrium with
the mantle are considered. The true
extent and geological nature of much
of this anomaly remain uncertain.

(A) (B) (C) (D)

Fig. 10 Wave-speed perturbations with respect to IASP91 (Kennett and Engdahl, 1991) at 100 km depth beneath South Amer-
ica (B, D) and the corresponding raypaths for Rayleigh waveform data (A, C) (C-D from Feng et al., 2007; A-B from van der
Lee et al., 2001).
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Only in a few cases have formal
uncertainties in tomographic results
been published (e.g. Panza et al.,
2007; Brandmayr et al., 2010; Cor-

chete and Chourak, 2010, 2011;
Raykova and Panza, 2010; Gonzales
et al., 2011). If uncertainties were
published routinely, many seismic

anomalies interpreted geologically,
widely used in undergraduate teach-
ing, and relied upon to support geo-
chemical and geodynamic models,

–1.5 1.5

(A) S362D1 (B) S20A

(C) SB4L18 (D) SAW24B16

(E) S20RTS (F) Grand (1997)

dv/v (%)

Fig. 11 Cross-sections from six whole-mantle tomography models. The complex wave-speed pattern under North America and
the eastern Pacific is very variable from model to model. Support for different models of mantle structure and dynamics can
be claimed, simply by choosing a preferred result (from Gu et al., 2001a,b).
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would be recognized as noise or arte-
facts (Shapiro and Ritzwoller, 2002).

Absolute and relative wave
speeds

Teleseismic tomography retrieves
only relative wave speeds. The
method cannot recover absolute
wave speeds, and the mean anomaly
of the final result is constrained to be
zero relative to the reference model.
These facts profoundly influence how
the results are typically illustrated
and, as a result, interpreted.
Illustrations commonly comprise

colour maps and cross-sections show-
ing either the relative anomalies as
percent deviation from the original
starting model, or absolute wave
speeds determined by adding the rel-
ative anomalies back into the starting
model. It is critical to understand a
number of issues with these illustra-
tive approaches if the results are to
be understood correctly, even where
they are well constrained.

Interpreting relative anomalies

Colour plots typically show positive
(fast) and negative (slow) anomalies
relative to a “zero” contour that cor-
responds approximately to the mean
wave speed in each individual layer
(Bastow, 2012). Such a plot is con-
strained to contain approximately
equal volumes of positive and nega-

tive anomalies. This illustration style
encourages the perception that the
positive and negative anomalies are
relative to some global average. Such
a perception is almost always wrong.
Figure 12 shows the global tomo-
graphic model of Ritsema et al.
(2011) compared with two regional
tomographic studies, one from Can-
ada (Frederiksen et al., 2007) and
the other from Ethiopia (Bastow
et al., 2008). The “zero contours” in
the two regions clearly correspond to
radically different absolute wave
speeds. In the case of the Canada
study (left), the average wave speed
relative to a global mean (middle) is
high. The opposite applies to the
Ethiopia study. There, relative to the
global mean, wave speeds in the
region are extremely low – as much
as 6% low, and amongst the lowest
for any continental area (Bastow
et al., 2005, 2008). Despite appear-
ances, white regions are not “nor-
mal” compared with the global
mean, and blue/red regions are not
anomalously fast/slow. This problem
can propagate into physical interpre-
tations, by encouraging interpreta-
tion in terms of physical properties
that are low or high relative to a
global average, e.g. temperature.
Different interpretations of relative

arrival-time tomographic images
have, for example, resulted in mark-
edly different tectonic interpretations
of tomographic studies in Ireland

and the British Isles. Arrowsmith
et al. (2005) suggested that absolute
delay times in the UK are late with
respect to the global mean, and inter-
preted low-velocity anomalies as evi-
dence for elevated mantle
temperatures beneath the region.
Wawerzinek et al. (2008) drew simi-
lar conclusions for the Irish mantle.
In contrast, O’Donnell et al. (2011)
cited evidence from global (Ritsema
et al., 2011) and regional surface-
wave models (measures of absolute
wavespeed; e.g. Pilidou et al., 2004,
2005), and more recent catalogues of
absolute travel-time delays (Amaru
et al., 2008) to suggest that the back-
ground mean wave-speed in the UK/
Ireland is, in fact, fast compared
with the global mean, precluding the
need for a high-temperature, partial-
melt hypothesis to explain wave-
speed variations beneath the region.
Relative wave-speed plots impart

radically different visual impressions
from absolute wave-speed plots,
which depict true Earth seismic
structure (Section “Interpreting abso-
lute wave speeds”). Figure 13 com-
pares an absolute global wave-speed
model (bottom) with wave-speed per-
turbations relative to the background
model used (middle). The most sig-
nificant and reliable features are not
visible in the relative model, includ-
ing the global, upper-mantle low-
velocity zone (LVZ) (Thybo, 2006).
Similar plots for southern Africa are
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Fig. 12 Comparison of global and regional tomographic models. (A) Slice at 150-km-depth through the vP relative arrival-time
tomography model of Frederiksen et al. (2007) in Canada, computed from the inversion of relative arrival-time residuals.
(B) Slice at 150-km-depth through the global tomographic model of Ritsema et al. (2011). White lines are plate boundaries.
(C) Slice at 150-km-depth through the vP relative arrival-time tomography model of Bastow et al. (2008) in Ethiopia, computed
from the inversion of relative arrival-time residuals. Dark lines are mid-Miocene border faults that define the Ethiopian Rift.
Areas of poor ray coverage are grey (from Bastow, 2012).
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shown in Fig. 14, and for Siberia in
Fig. 15.

Interpreting absolute wave speeds

Absolute wave speeds are derived by
adding the relative anomaly results

to some “average” seismic model.
Thus, the choice of model is influen-
tial. Figure 14 shows cross-sections
of southern Africa in the form of (a)
absolute wave speeds and (b–c)
anomalies relative to two different
global seismic models. Although

careful inspection reveals common
features between the three cross-
sections, at first glance, they look
radically different and there is clearly
risk of misinterpretation. This risk
would be higher if only one cross-
section were published, and even
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Fig. 13 Global travel-time inversion results from Zhang and Tanimoto [1993]. A) Map of the cross-section profile, B) wave-speed
perturbations relative to the background model (PREM). This figure does not show any indication of an upper-mantle LVZ.
Instead, it shows abrupt wave-speed discontinuities between continents and oceans. C) Absolute wave speeds calculated by adding
the perturbations to the background model. This figure clearly shows a pronounced, global LVZ which is strongest beneath the
oceans and extends beneath the continents. This feature is not seen in B). The amplitude of the anomaly in terms of absolute wave
speed may be over-estimated due to smearing and smoothing in the inversion procedure (modified from Thybo, 2006).
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higher if the reference wave-speed
model were not provided in a form
that facilitates comparison with the
cross-section.
But which “average” wave-speed

model should be used? Reference
models such as PREM (Dziewonski
and Anderson, 1981) or AK135 (Ken-
nett et al., 1995) are not unique and
depend on the data used to derive
them. As oceans comprise 70% of the
Earth, PREM is dominated by oce-
anic structure. Upper-mantle seismic

wave-speed structure differs substan-
tially between the oceans and conti-
nents, so a single, averaged global
model is inappropriate for almost
every region.
PREM has an abrupt increase in

vP and vS at 220 km depth (the Leh-
mann discontinuity). Gu et al.
(2001a,b) conclude that it is found
preferentially under continents, it is
intermittent and variable and it is
not global. Recent, three-dimensional
models of vS show that what is

expressed as a step in PREM may be
a rapid decrease in lateral hetero-
geneity between 200 and 300 km
(Thybo and Perchuc, 1997; Thybo,
2006; Cammarano and Romanowicz,
2007; Kustowski et al., 2008; Deuss,
2009). This feature is not necessarily
global, however.
The Lehmann discontinuity is

inherited by all tomographic models
that are calculated using PREM as a
starting model. Thus, the wave-speed
reductions and strong gradients

(A)

(B)

(C)

Fig. 14 Absolute wave speed and wave-speed perturbation profiles across southern Africa. (A) Wave-speed profile along A-A’
(map at left). (B) Wave-speed perturbation profile of A-A’ relative to the average shear wave speed in southern Africa (left).
(C) Wave-speed perturbation profile of A-A’ relative to the standard global model AK135 (Kennett et al., 1995; left). Topogra-
phy is plotted above the wave-speed- and wave-speed-perturbation profiles. Vertical lines indicate tectonic boundaries (from Li
and Burke, 2006).
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commonly observed in derived models
at ~220 km depth may be artefacts
(Thybo, 2006). Nevertheless, many
authors have concluded from inver-
sion results that in stable continental
regions, the lithosphere-asthenosphere
boundary is at ~220 km depth,
whereas such an inversion feature at
this depth was made inevitable by the
original starting model used.
The question of what is an appro-

priate reference model is particularly
important in the case of subduction
zones. If the starting model LVZ
wave speeds are too high, the imaged
slab will appear to be broken. Artifi-
cial slab detachments appear in
images of the Apennine, Zagros,
Hellenides, Andine and Farallon
slabs. Tomographic cross-sections of
the Aegean typically reveal a false dis-
continuity in the slab at 100–150 km
depth (Agostini et al., 2010). Dis-
playing tomographic results for the
Mediterranean region is problematic
because of strong lateral heterogene-
ity there. A study volume may con-
tain both continental and oceanic
subducted lithosphere because a
complex of passive continental mar-
gins inherited from the Tethys Ocean
was subducted (e.g. Handy et al.,

2010; Carminati et al., 2012). Some
subducted material may even have
wave speeds lower than those of the
hosting mantle. Under these condi-
tions, a realistic geological structure
cannot be illustrated using a single
one-dimensional reference model,
and three-dimensional starting mod-
els need to be used. Misleading
images parse into interpretations, e.g.
in the apparent misalignment
between shallow, subduction-related
earthquakes and the high-wave-speed
zone inferred to be the subducted
slab (Agostini et al., 2010).
Methods do nevertheless exist for

retrieving absolute wave speeds, and
not just perturbations to a starting
model (e.g. Cammarano et al., 2003;
Katzman et al., 1998; Levshin et al.,
2007; Panza et al., 2010; Ritzwoller
et al., 2002; Shapiro and Ritzwoller,
2002; Thybo, 2006; Yang et al., 2007;
Yanovskaya and Kozhevnikov, 2003;
http://ciei.colorado.edu/~nshapiro/
MODEL/). The best absolute models
use all available data, including, for
example, local and regional earth-
quakes and artificial sources, which
introduce turning waves (e.g. Du and
Panza, 1999; Panza et al., 2007;
Anderson, 2011; Brandmayr et al.,

2011). These are superior to models
based on adding calculated anomalies
to starting models.

Displaying the results

Published tomographic maps and
cross-sections may give very different
impressions, depending on the design
choices made:
1 Regions where there are no sam-
pling rays are commonly filled
with the “zero anomaly” colour
corresponding to no perturbation
to the initial starting model. They
are thus indistinguishable from
well-sampled regions where a wave
speed similar to that of the initial
model was robustly determined
(Section “Inhomogeneous ray cov-
erage”). Such use of colour can
give the visual impression that an
anomalous region, well-resolved
because it lies beneath the centre
of the network, is embedded in
extensive volumes of “normal”
background structure.

2 Vertical exaggeration can make
short, broad bodies appear to be
tall and chimney-like (Fig. 16).

3 Where bodies are complex and
three-dimensional, cross-sections

(A)

(B)

Fig. 15 Using PREM (Dziewonski and Anderson, 1981) as a reference model in tomographic inversions for continental regions
may lead to erroneous interpretations of the thickness of the seismic lithosphere (after Artemieva, 2011). (A) Sketch illustrating
how the inversion result (dashed line) tends to ‘smooth’ the step at 220 km depth (a step not required for the continental man-
tle) by increasing wave speeds above, and decreasing wave speeds below, 220 km depth. This artificially enhances the velocity
gradient across 220 km depth. Nonetheless, wave speeds still remain lower than true mantle wave speeds above 220 km and
higher below. (B, C) Wave-speed structure of the upper mantle beneath Siberia. Top: Relative vS perturbations with respect to
PREM based on Rayleigh-wave tomography and interpreted as evidence of a 200-km-thick lithosphere beneath the Siberian
craton (Priestley and Debayle, 2003). Bottom: the same wave-speed model recalculated to absolute velocities provides no evi-
dence for the base of the lithosphere above 300 km, and it inherits from PREM the reduced wave-speed layer above 220 km
(Artemieva, 2011).
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varying in orientation by only a
few degrees, or by short distances
laterally, can give very different
visual impressions. Truncation of
cross-sections can conceal adjacent
anomalies at odds with the pre-
ferred interpretation (Fig. 17).

4 Very different impressions may be
given, depending on the choice of
colour scales, and by using differ-

ent scales for different parts of the
imaged volume. Anomalies imaged
in the lower mantle are generally
much weaker than those imaged in
the upper mantle. Despite this, fig-
ures can be made to give the
impression that uniform structures
traverse the entire mantle by using
a colour scale that saturates at a
fraction of the maximum upper-

mantle anomaly (Fig. 17), or by
using different colour scales for
upper- and lower-mantle regions.
An example of the latter is a
recent study by Wolfe et al.
(2009), in which the colour scale
used saturates at � 4% for anom-
alies at 100 km depth, � 2% for
anomalies at 300 and 400 km, and
at � 1% for anomalies at 600, 900
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Fig. 16 Cross-section of mantle vS structure from surface-wave tomography, along longitude 24°W, passing close to the Azores,
Cape Verde, Sierra Leone and Tristan da Cunha. The vertical exaggeration of 14 makes quasi-horizontal regions of low seismic
wave-speed appear to be quasi-vertical (from Silveira and Stutzmann, 2002).
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Fig. 17 Left: whole-mantle tomography model. The cross-section shown in (a) purports to show a mantle plume extending
from the surface down to the core-mantle boundary under the North Atlantic (from Bijwaard and Spakman, 1999). Right: The
same model, re-plotted with the colour scale saturated at an anomaly strength of � 3%, and the line of section extended to
underlie Canada and Scandinavia. HB: Hudson Bay. In the figure at left, saturation of the colour scale at � 0.5% gives the
impression that a low wave-speed structure of roughly constant strength traverses the entire mantle, and truncation of the sec-
tion at Greenland conceals the very similar structure imaged beneath Hudson Bay.
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and 1200 km. A cross-section using
a colour scale throughout that satu-
rates near to the upper-mantle max-
imum anomalies reveals the true
picture, which is that an entirely
different, weak, downward-contin-
uing anomaly underlies a much
stronger, shallow anomaly that
does not extend deeper than 400–
500 km (Fig. 8, right). Saturating
the colour scale at very low anom-
aly amplitudes can impart the
visual impression of significance to
weak anomalies that are simply
noise, i.e. unresolved.

Translating the results to other
physical variables

It is common interpretive practice to
assume that red and blue colours (low
and high wave speeds) correspond
directly to “hot” and “cold” volumes
(e.g. VanDecar et al., 1995; Faccenna
and Beker, 2010). For example, low
relative wave speeds beneath the Brit-
ish Isles have been used to argue for
hot, partially molten plume material
with a temperature anomaly of
~200 °C (Arrowsmith et al., 2005;
Wawerzinek et al., 2008). Low rela-
tive wave speeds below ~200 km
under the Siberian Craton (Fig. 15)
and other stable continents have been
ascribed to hot asthenosphere
(McKenzie and Priestley, 2008).
Many such interpretations are inap-
propriate because the apparent low
wave speeds are not low relative to
the global mean (Section “Absolute
and relative wave speeds”) (Poupinet,
1979; Poupinet et al., 2003; Pilidou
et al., 2004, 2005; Amaru et al.,
2008).
In particular for local- and regio-

nal-scale structures, ambiguity in the

physical interpretation of anomalies
is commonly ignored, even in geolog-
ically complex areas. The amplitudes
of seismic anomalies in published
teleseismic tomography maps and
cross-sections cannot be used mean-
ingfully to constrain geological mod-
els or to estimate temperature,
composition or degree of partial melt
because calculated amplitudes are
subjective (Section “Anomaly ampli-
tudes cannot be reliably deter-
mined”). Even when no correlation is
observed between heat flow and tem-
perature calculated using teleseismic
tomography anomalies, the latter are
still commonly interpreted solely in
terms of temperature (Goes et al.,
2000; Faccenna and Beker, 2010).
Teleseismic tomography studies

typically measure only vP and vS, but
given the difficulty in determining
anomaly amplitude reliably (Section
“Anomaly amplitudes cannot be reli-
ably determined”), it is generally not
possible to deduce unambiguously
the physical explanations for
observed wave-speed variations.
Long-wavelength variations in glo-

bal upper-mantle seismic models are
mostly due to temperature (Cammar-
ano et al., 2011). However, on local
and regional scales, mineralogical
and chemical heterogeneities, as well
as partial melt, crystal size and the
presence of hydrogen and carbon
may have greater effects than temper-
ature on seismic wave speed and can-
not be ignored (Table 1). The
presence of melt strongly lowers
wave speed (Murase and Kushiro,
1979; Murase and Fukuyama, 1980;
Schmeling, 1985; Hier-Majumder
and Courtier, 2011). The wave-speed
reduction in vP and vS corresponding
to a temperature increase of ~100 °C

can equally well be caused by the
presence of < 0.5% of partial-melt,
or very small, unconnected grain-
boundary melt fractions (Faul and
Jackson, 2007). A reduction of ~2%
in the forsterite content [Mg/
(Mg + Fe)]# in mantle olivine can
bring about similar wave-speed
reductions (Jordan, 1979; Chen,
1996; Chen et al., 1996; Artemieva,
2009; Cammarano et al., 2011).
In a very few, exceptional cases,

the physical explanation for seismic
anomalies can be deduced. The most
notable is the case of the Large Low-
Shear-Velocity Provinces (LLSVPs–
also known as “superplumes”). These
are two vast regions of low vS in
the lower mantle beneath much of
the southern Pacific Ocean and the
southern Atlantic Ocean-South
Africa-southwest Indian Ocean. It is
widely assumed that they owe their
low wave speeds to high temperature,
and popular geodynamic interpreta-
tions assume this (e.g. Courtillot
et al., 2003). It has, however, been
shown using normal modes that they
owe their low wave speeds to compo-
sitional variations and that they have
relatively high densities and approxi-
mately normal temperatures (Ishii
and Tromp, 2004; Trampert et al.,
2004; Trampert and van der Hilst,
2005). They are thus not buoyant or
rising.
A further example of a low wave-

speed body that is not hot underlies
the Ontong Java Plateau, extending
from the near-surface down to
~300 km depth with vS up to 5%
lower than the global average. A
study of seismic ScS phases (shear
waves reflected off the core) reveals
that attenuation within the body is
low compared with the rest of the

Table 1 Typical reductions in vP and vS for plausible variations in composition, degree of partial melt and temperature in the

mantle. Tm: solidus temperature.

Phase

Partial melt (per 1%

increase in melt content)*

Composition (per 4% reduction

in Mg# = Mg/(Mg + Fe) in olivine)**

Temperature (per

100 K increase)*** T < 0.8 Tm

Temperature (per 100 K

increase)* 0.8 Tm < T < 1.1 Tm

vP 1–3% 7% 1% up to 10%

vS 3–10% 12% 1.5% up to 10%

*Depends critically on melt geometry. Numbers in the table refer to laboratory experiments. A significant shear wave velocity decrease, such as observed in the

LVZ, can be produced by very small, unconnected grain boundary melt fractions (Murase et al., 1977; Murase and Kushiro, 1979; Mavko, 1980; Murase and

Fukuyama, 1980; Schmeling, 1985; Faul and Jackson, 2007).

**Numbers in the table account for compositional variations in iron-content only. Other compositional and mineralogical effects may also be influential. For

example, in cratonic roots, iron depletion is often correlated with orthopyroxene-depletion, which may have the opposite effects on seismic velocities. This may

cancel out, or even reverse the effect of iron depletion (Jordan, 1979; Lee, 2003; Artemieva, 2011).

***(Kern, 1978; Sumino and Anderson, 1982).

© 2013 Blackwell Publishing Ltd 15

Terra Nova, Vol 0, No. 0, 1–23 G. R. Foulger et al. • Caveats on tomographic images

............................................................................................................................................................



Pacific mantle (Gomer and Okal,
2003). The combination of low-vS
and low attenuation rules out tem-
perature alone as the cause of the
anomaly and requires a high-viscos-
ity, chemical interpretation (Klosko
et al., 2001).
Corresponding examples of high

wave-speed materials that are not
dense or sinking are harzburgite and
clinopyroxene-poor lherzolite. These
are buoyant because the Fe-Mg solid
solution minerals olivine and pyrox-
ene are Fe-poorer than primitive (i.e.
not subject to previous basaltic melt
extraction) mantle compositions. A
suite of global and regional studies
have shown that, as a general rule,
the effects of temperature and com-
position on buoyancy are compara-
ble in the shallow continental mantle
(Jordan, 1975; Forte and Perry,
2000; Kaban et al., 2003; Kelly
et al., 2003; Artemieva, 2007;
Brandmayr et al., 2011; Tumanian
et al., 2012). In the deep mantle,
composition and not temperature
dominates buoyancy (Trampert and
van der Hilst, 2005).

Implications for the geochemical
and geodynamic models of the
mantle

Acceptance of non-unique interpreta-
tions of tomographic images has led
to geological and geodynamic models
that are not required by the data.
These include proposals that the
British Isles are underlain by hot
plume material (e.g. Arrowsmith
et al., 2005; Wawerzinek et al.,
2008), that plumes underlie several
islands in the Indian Ocean (Montelli
et al., 2004a,b), that a plume feeding
Hawaii is rooted variously to the
NW, or the SE of the Big Island (Li
et al., 2008; Wolfe et al., 2009), and
that sodic alkaline-to-tholeiitic conti-
nental and oceanic mid-plate magma-
tism requires thermal anomalies
(Ritter et al., 2001; Piromallo et al.,
2008). The assumption that low
seismic wave speeds indicate hot
material has led to proposals that
sub-lithospheric channels up to thou-
sands of kilometres long connect vol-
canic regions thought to have similar
geochemical signatures (e.g. Gibson
et al., 1995; Oyarzun, 1997; Niu
et al., 1999; Piromallo et al., 2008;
Duggen et al., 2009).

East African Rift volcanism has
been widely attributed to the “Afri-
can superplume”, while the absence
of volumetrically relevant igneous
activity in southern Africa over the
last 180 Ma has been de-emphasized.
The latter is consistent with the
LLSVPs not being hot (e.g. Bailey,
1992; Pik et al., 2006). The exotic
magmas of the East African Rift sys-
tem suggest a compositionally anom-
alous underlying shallow mantle (e.g.
Boven et al., 1998; Tappe et al.,
2003; Bailey and Woolley, 2005; Fur-
man, 2007; Eby et al., 2009; Murav-
eva and Senin, 2009; Rosenthal
et al., 2009). An explanation for the
volcanism rooted in shallow source
compositional heterogeneity is more
likely than lower-mantle temperature
excess.
In addition to local studies,

tomography images that are some-
times invalid are widely used by geo-
chemists to support geochemical
models of the entire mantle. Con-
versely, evidence from geochemistry
is often cited in support of interpre-
tations of seismic tomography
images. This is sometimes equally
invalid because interpretations of
geochemical data also suffer from
problems and ambiguities.
It cannot be assumed that high

wave-speed parts of the core-mantle
boundary region are “slab grave-
yards”, and that the LLSVPs are hot
and buoyant. Together, these two
assumptions underpin whole-mantle
convection models that attribute the
geochemical signature of ocean-
island basalts to the sweeping up of
subducted crust in deep-mantle
plumes. This, in turn, has bolstered
models that attribute geochemical
species such as high-3He/4He to the
deep lower mantle, and view the
core-mantle boundary as the only
mantle region where significant
radiogenic growth can occur (e.g.
206Pb from 238U; Hofmann, 1988,
1997, 2003; White, 2010). Interest-
ingly, the highest 3He/4He measured
in terrestrial basalts (~50 times the
atmospheric 3He/4He ratio; Stuart
et al., 2003) is associated with extre-
mely high 143Nd/144Nd (0.51284–
0.5135) and low 87Sr/86Sr (0.7030–
0.7039) isotopic ratios, as well as
low-to-very-low incompatible element
contents (e.g. La/Lu normalized to
CI chondrite estimate < 1; Jackson

et al., 2010). All these features indi-
cate a depleted, not an undegassed/
undepleted/primitive, mantle source.
It has been surmised that the

remaining 99% of the mantle is too
cold relative to its solidus tempera-
ture to melt, that it is homogenized
by convection, and that regions of
daughter-isotope accumulation can-
not exist within it (e.g. Cadoux et al.,
2007). As a result, it has been sug-
gested that the upper mantle can
only produce melts at mid-ocean
ridges by passive adiabatic upwelling,
and that igneous rocks with major-
and trace-element compositions dif-
ferent from normal mid-ocean ridge
basalt (NMORB) involve a separate,
deep-mantle source (White, 2010;
Farnetani et al., 2012; Webber et al.,
2013; Zhou and Dick, 2013).
From a geochemical point of view,

the isotopic compositions of all oce-
anic-island- and ridge basalts, as well
as nearly all mid-plate continental
basalts (away from active or fossil
subduction zones), can be wrapped in
a four-apex polyhedron the end-
members of which have been labelled
HIMU (High-l, where
l = 238U/204Pb ratio), EMI (Enriched
Mantle type I), EMII (Enriched Man-
tle type II) and DMM (Depleted
MORB Mantle; Zindler and Hart,
1986). A fifth, very common compo-
nent (FOZO = Focus Zone) shows
intermediate Sr-Nd-Pb-Hf isotope
characteristics (Hofmann, 2003;
Stracke et al., 2005; White, 2010;
Stracke, 2012). Isotopic similarities of
oceanic or continental mid-plate mag-
mas to one or more of HIMU, EMI
and EMII are commonly considered
to be proof of a deep-mantle source
origin (Hofmann, 2003; White, 2010).
However, there is no geochemical or
petrological requirement for this.
Although a unifying geochemical-
petrological theory for how the man-
tle works is still lacking, there are
three generally accepted conclusions:
1 The radiogenic and stable isotopic
ratios of mid-ocean ridge and mid-
plate magmas can be explained
only by invoking the presence of
recycled crust and/or shallow litho-
spheric-mantle and/or reactive
products between high-pressure
melts and ambient mantle matrix;

2 The upper mantle is heterogeneous
from crystal to continental scales
and
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3 No unambiguous evidence for
mass transfer from the Earth’s
core has been demonstrated (e.g.
Scherst�en et al., 2004; Stracke
et al., 2005; Anderson, 2011; Lus-
trino, 2011; Stracke, 2012).

Any tomographic image used to
argue for hot or deep-mantle sources
cannot, therefore, be verified by geo-
chemical observations – no geochem-
ical observations require a deep-
mantle origin.
There are, nevertheless, examples

where seismic and petrological data
comprise a useful mutual support
pair. A steep decrease in the carbon-
ated peridotite solidus of 400–500 °C
occurs at ~2 GPa (~60 km), approxi-
mately coinciding with the top of the
LVZ under oceans. This suggests
that this layer contains partial melt
(e.g. Wyllie, 1988; Presnall and Gu-
dmundsson, 2011). The top of the
LVZ also corresponds to the depth
at which the pargasitic amphibole,
the main water-storage mineral in
the shallow mantle at average geo-
therms, becomes unstable. At this
depth (~90–110 km), the water-stor-
age capacity of mantle peridotite
drops from ~0.3 to 0.4 wt% to a few
hundred ppm (Mierdel et al., 2007;
Green et al., 2010). As a result, par-
tial melting of lithospheric mantle
may onset at the wet solidus (Thybo
and Perchuc, 1997), several hundred
degrees C cooler than the water-
undersaturated solidus (Green et al.,
2010). The presence of small
amounts of hydrous basaltic melts at
these depths is also in agreement
with the enhanced electric conductiv-
ity of the LVZ (�Ad�am and Panza,
1989; Ni et al., 2011).

Summary

Problems with travel-time tomogra-
phy include inadequate correction for
structure outside the study volume,
inability to retrieve three-dimensional
structure, corruption of the mantle
image by inadequate correction of the
crust and boundary layer beneath,
inability to retrieve true anomaly
amplitudes and inhomogeneous ray
coverage. Some regions simply cannot
be imaged using current techniques,
particularly in remote oceanic regions.
Perhaps the most vexed problem is
assessing realistically the true errors in

results. Because of the fundamental
experimental set-up, errors in struc-
tures calculated using teleseismic
tomography are largest in the vertical
direction. This results in a propensity
to downward-smear structures, pro-
ducing artificially vertically elongated
anomalies. For surface-wave tomog-
raphy, lateral resolution of anomalies
is poorest and therefore lateral smear-
ing can be strong.
The information in three-dimen-

sional models is difficult to impart in
a few maps and cross-sections. The
wide array of choices, such as which
particular result to favour, and which
colour palette, line of section, and
zero-contour wave speed to select,
means that there is broad scope for
producing figures that support pre-
ferred models. The widespread use of
relative wave speeds commonly leads
to misinterpretations. Translation of
seismic anomalies to geology is not
straightforward. More physical
parameters vary in the mantle than
seismic parameters mapped. Simpli-
fying assumptions, such as seismic
wave speed being everywhere a direct
proxy for temperature, are not sup-
ported, and neither are geochemical
models that rely on such work.
We have not discussed in depth

the issue of anisotropy, and yet this
effect may also be profound. The
wave speeds of both compressional
and shear-waves are anisotropic in
the mantle, and if this is neglected,
which is usually the case, erroneous
results and interpretations may
result. Important targets for surface-
wave tomography are determining
upper-mantle radial anisotropy, and
azimuthal and vertical variations in
wave speed (Anderson, 1965; Nak-
anishi and Anderson, 1984; Nataf
et al., 1984; Tanimoto and Ander-
son, 1984; L�evêque et al., 1998;
Gung et al., 2003; Kustowski et al.,
2008). The upper 200 km of the
mantle is the most heterogeneous
and anisotropic region of the mantle
and beneath this, heterogeneity drops
dramatically (Gung et al., 2003).
Many weak anomalies imaged by
seismic tomography may result sim-
ply from uncorrected anisotropy.
Anisotropy at ~200 km beneath cra-
tons and at ~80–200 km beneath
ocean basins may be related to shear
in the boundary layer, the difference
in depth simply reflecting a variable

depth to the maximum shear (Ander-
son, 2011).
In recent years, much progress has

been made in improving computa-
tional techniques and incorporating
these advances into tomographic
practice. This includes using local
structure in global parameterizations,
and three-dimensional ray-tracing
instead of assuming straight or piece-
wise-straight rays (Hung et al., 2001,
2004). Similarly, Christoffersson and
Husebye (2011) have revisited the
basics of the inversion methods used,
showing that at least some of the
often-noted smearing and weakening
of velocity anomalies by traditional
damped inverses can be mitigated by
using better tuned methods. Progress
is also being made on describing bet-
ter the uncertainties in the results,
including calculating probability den-
sity functions (Mosegaard and Tar-
antola, 2002; Sambridge, 1999a,b).
However, these advances cannot
eliminate the fundamental difficulties
we have highlighted above, which are
inherent in the experimental setup.
There is, nevertheless, a good case
for re-processing many older data
sets that have only been analysed
using earlier, more primitive meth-
ods, the results of which continue to
influence dynamic models of the
mantle.
What is the way forward? Entire

digital models, with errors, can now
be published on the internet, along
with tools to enable authors to make
their own plots and cross-sections (Li
et al., 2008, http://www.earth.lsa.
umich.edu/~jritsema/Research.html).
Other seismic results that do not
depend on tomography should be
included in interpretations, and inter-
pretive work should emphasize only
the deductions that are required by
the data. Published, coloured tomo-
graphy images and simplistic, car-
toon-like interpretations should be
treated with scepticism. Blue colours
in tomographic cross-sections cannot
be assumed to indicate cold, sinking
material and red cannot be assumed
to indicate hot, rising material. Like-
wise, increased awareness is needed
that petrology/geochemistry cannot,
in general, determine the depth of
origin of magma sources. As a conse-
quence, joint interpretation is more
difficult than commonly realized. A
more cautious approach will enable
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the current, unprecedented experi-
mental tools available in both seis-
mology and petrology/geochemistry
to contribute reliably to answering
the fundamental questions about the
structure and dynamics of the Earth’s
interior that have been disputed ever
since plate tectonics was accepted
and still remain controversial.
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Supporting Information

Additional Supporting Information
may be found in the online version
of this article:
Figure S1: Schematic of a portion of
one typical kernel (column) of R for
a block or node at the centre of layer
n for a typical teleseismic tomogra-
phy study (grey lines and dots) show-
ing the relative magnitudes of
diagonal (black dot) and off-diagonal

(grey dots) elements of R. These dots
are (horizontally) at block centres
and vertically proportional to the
amplitude of R in that element (rela-
tive scale at left). Such representa-
tions can be thought of as the
“impulse response” to the presence
of a single-block anomaly at the cen-
tre of layer n, for the filter compris-
ing a particular dataset and (to a
lesser degree) the particular inversion
method used.
Figure S2: Typical but idealized two-
dimensional ray set for teleseismic
tomography. Arbitrary scaling; no
vertical exaggeration (after Evans
and Achauer, 1993).
Figure S3: Two-dimensional syn-
thetic-data tests of resolution for (a)
a best-case and (b) more typical ray
sets, with similar numbers of rays in
each. The models used to create syn-
thetic travel times are in (c), (f), (i),
and (l). Inversion results using the
best-case ray set are in (d), (g), (j),
and (m) and those for the more typi-
cal ray set are in (e), (h), (k), and (n).
Green ovals in (a) and (b) are esti-
mated minimum-resolvable objects in
various locations (from Yanovskaya,
1997).
Figure S4: Synthetic wave-speed model
for the Ethiopian rift (left) consisting
of high wave speed (ΔvP = 5%) rift
flanks. A relative arrival-time dataset
is computed for the same station-
earthquake pairs used in the study of
Bastow et al. (2008). The resulting
tomographic model is characterized
not only by high-wave-speed flanks
but also by a low-wave-speed zone
beneath the rift valley. In reality, in
Ethiopia, P- and S-wave arrival times
are ubiquitously late compared with
the global mean, with the implication
that the “high” wave-speed (blue)
regions are low wave-speed compared
with the global mean (Bastow et al.,
2008; Bastow, 2012). A model result
with high and low wave-speed struc-
ture is the inevitable consequence of
relative arrival-time inversions.
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