
Seismological imaging 
of the mantle: state of 

the art and  open 
problems
G. Helffrich/U. Bristol



The Mantle

• ~2900 km deep

• Rocky, silicate part of differentiated 
Earth

• Cooled on top in oceanic regions, 
heated within and at the base

• Portions both rigid (lithosphere) and 
weak (asthenosphere)



Radial seismic structure

• By inversion of 
travel times of 
global data

• Discontinuities 
at Moho, 410, 
660, core

• Upper, lower 
and transition 
zone divisions
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Discontinuities
• Transition zone (410 & 660): mineralogical

410 - olivine → wadsleyite (Mg₂SiO₄ 
polymorphs)

660 - ringwoodite → periclase + perovskite 
(Mg₂SiO₄ → MgO + MgSiO₃)

• Core compositional: solid silicate / liquid 
iron

• Moho: likely to be multiple causes



Moho

• After Andrea Mohorovičić, Croatian seismologist

• Defined by increase in P speeds to above 7.6 
km/s in the crust, marks crust-mantle boundary, 
but within the lithosphere (except for zero-age 
crust)

• Proposed origins: compositional boundary, 
phase transition.
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Anisotropy
• Wave speeds depend on 

direction

• Depends on medium’s 
properties:

• Mineralogy - minerals 
intrinsically anisotropic

• Fabric - layering or 
preferred orientation in 
even isotropic medium 
leads to anisotropy

fast
slow



P-speeds vary 
with direction
• Hess (1964) showed Pn speeds 

maximum in E-W direction

• Parallel to fracture zones (or 
seafloor age gradient)

(Actually, wrong 
conclusion!  Thought 
that glide plane // 
fracture zone, so a+c 
directions fast)



Continental Pn 
anisotropy

• Pn anisotropy 
varies 
substantially in 
strength and 
orientation

• Fabric at base 
of Moho

HEARN: ANISOTROPIC Pn TOMOGRAPHY 8407 

damping constants. In this paper, a "best" solution is defined as a 

solution with small estimated parameter errors that equally re- 

solves both the velocity and anisotropy variations. Finding the 

proper magnitude range for the damping constants was done by 

picking both damping constants high enough so that the estimated 

parameter errors were small (<0.05 km/s) but low enough so that 

resolution widths are still small (<3ø). Picking the ratio of the two 

damping constants was more difficult and involved the intensive 
use of test models. Two test models were used: one had sinusoidal 

variations in velocity at a 3 ø half-wavelength with no anisotropy 

variations; the other model had sinusoidal variations in the anisot- 

ropy parameters at 3 ø half-wavelength with no velocity variations. 

Both models were inverted many times with the velocity damping 

constant fixed at 500 but with different levels of anisotropy 

damping. To measure the relative trade-off between the velocity 

variations and the anisotropy variations, the rms value of the 

anisotropy magnitude perturbations and the rms value of the ve- 

locity perturbations were used. Here the rms variations are defined 

as the root-mean-square value of the velocity or anisotropy mag- 

nitude perturbations for all cells for which these parameters were 

determined. For the sinusoidal velocity models, the trade-off from 

velocity variations to anisotropy variations was defined as the ratio 

of the output rms anisotropy perturbations to the output rms ve- 

locity perturbations' 

velocity-to-anisotropy trade-off 

- rms (anisotropy) / rms (velocity). 

For the sinusoidal anisotropy models the trade-off from anisotropy 

variations to velocity variations was defined as the ratio of the 

output rms velocity perturbations to the output rms anisotropy 

perturbations: 

anisotropy-to-velocity trade-off 

- rms (velocity) / rms (anisotropy). 
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Figure 6a. Imaged Pn velocity variations for the western United 
States. Maximum Pn velocity perturbation is 0.35 km/s (0.11 km/s 

rms). Darker shades correspond to higher velocity; contour inter- 
val is 0.1 km/s relative to an average Pn velocity of 7.9 km/s, and 
only cells with more than 10 arrivals are plotted. The estimated 
data standard error for this inversion is 0.72 s. 
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Figure 6b. Imaged Pn anisotropy variations for the western Unit- 
ed States. The line segments are drawn parallel to the direction of 
highest velocity, and the line segment length is proportional to the 
amount of anisotropy. The maximum anisotropy is +0.34 km/s 
(+0.11 km/s rms). Only cells with more than 10 arrivals are 

plotted. Anisotropy is half the total anisotropic velocity variation 
in kilometers per second; to convert to percent anisotropy, multiply 
by 30. 

The final anisotropy damping constant was chosen so that these 

ratios would be equal. The final damping constants are 500 for the 

velocity and 700 for the anisotropy. This yields about 30% trade- 

off between the rms anisotropy variations and rms velocity varia- 
tions and gives an estimated data standard error of 0.71 s. The 

results for these final damping constants are shown in Figures 6a, 
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Figure 6c. Station delays for Pn travel times Circles indicate ear- 
ly arrival times; squares indicate late arrival times. 
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Azimuthal surface wave 
anisotropy

• Surface wave (Rayleigh) motion elliptical in vertical 
plane; anisotropy in vertical/horizontal speeds 
distorts ellipse

• Invertible for anisotropy



Surface wave 
anisotropy

• Maggi et al. find fast 
directions // seafloor 
age gradients

• 3-4% maximum 
anisotropy

amplitude with that of Smith et al. [27] at 50 s period,
once we take into account the variations of amplitude
recovery across the region. However, it correlates less
well with the 60 s phase velocity anisotropy of Beucler
and Montagner, as at this period they are sensitive to
structure ranging from 50 to 100 km depth (indeed their
60 s map contains elements from both our 50 and
100 km depth maps). The comparison with the azi-
muthal anisotropy of Trampert and Woodhouse [26] is
less instructive, as their lateral smoothing is greater than
that of the other studies (they resolve only degree 8
anisotropic structure), however it shows that in the long
wavelength limit, the anisotropic patterns are consistent
(see Fig. 6 for a comparison of the two models in phase
velocity space).

According to the commonly held perception of the
evolution of the oceanic mantle, the ridge-normal man-
tle flow signature close to the mid-ocean ridges is ex-
pected to ‘freeze’ into the fabric of the lithosphere, as the
latter cools, becomes more viscous, thickens, and moves
away from the ridge axis [16]. The fast directions of
anisotropy at lithospheric depths are therefore expected
to remain perpendicular to the magnetic lineations of the
same age (e.g. [8], [27]). Fig. 8 shows a comparison of
our azimuthal anisotropy results at 50 km depth (in the
lithosphere of all but the youngest oceanic regions), with
catalogued magnetic anomalies [53]. The overall
agreement is good in the younger oceans, where fast
azimuthal anisotropy directions are consistently perpen-
dicular to magnetic lineations, and most notably so in
the northeastern Pacific Ocean region where magnetic
lineations are particularly well observed. In the older
oceans (120–180 Ma), the magnetic data is more sparse,
there is a greater lateral variability in the orientation of
magnetic anomalies and a greater discrepancy between
magnetic lineations and azimuthal anisotropy directions.
Rapid lateral changes in Rayleigh wave azimuthal an-
isotropy are unresolvable by our inversion because of
the width of the sensitivity zone (500–1000 km) of the
50–160 s period surface waves used in this study.
Shorter period Rayleigh waves would be needed to
resolve these rapid changes in direction, indeed Smith
et al. [27] find a good correlation with magnetic anom-
alies in the older oceans using 25 s Rayleigh waves.

At 100 km depth (Fig. 7b), the directions of aniso-
tropy in the eastern Pacific plate rotate gradually from
trending EW in the northern portion of the plate to
trending SE–NW in the southern portion, and continue
to rotate until they trend NS in the south-western Pacific
plate. The anisotropy of the western Pacific plate at this
depth is similar to that found at 50 km depth. The overall
pattern is similar to that found for 100 s group velocities

by Smith et al. [27] As oceanic lithosphere gradually
thickens and deepens with age [1], the transition be-
tween lithospheric and asthenospheric mantle occurs at
progressively deeper depths. We observe in Fig. 7 that
the directions of anisotropy, which are heterogeneous in
the older oceans at shallow depth, tend to align them-
selves in longer-wavelength patterns consistent with the
directions of plate motion as the depth increases and we
pass from the lithosphere into the asthenosphere. It is
important to note that trade-off between azimuthal an-
isotropy and poorly recovered isotropic vsv anomalies is
weaker at these depths than it was at 50 km, as the shear
wave anomalies themselves are weaker in amplitude.
Weak trade-off is also indicated by lack of correlation
between the pattern of isotropic vsv structure and either
the amplitude or direction of azimuthal anisotropy
anomalies. Our tomographic maps at 150 and 200 km
depth show similar azimuthal anisotropy patterns, with
directions trending NW–SE in the Pacific Plate, E–W in
the Nazca Plate and N–S in the Australian plate, the
approximate directions of absolute plate motion for
these plates. These directions are consistent with the
150 s group velocity results of Smith et al. [27], and the
100 s phase velocity results of Beucler et al., but not
with those of Trampert and Woodhouse [26] who find
EW trending fast directions over most of the Pacific
plate in their 100 s phase velocity anisotropy.

Our observations are consistent with the hypothesis
of upper mantle anisotropy being caused principally by
the preferential orientation of olivine crystals in mantle
flow, the lattice preferred orientation (LPO) [9,10].
According to numerical modeling of LPO in shear flows
[12] and to the LPO measured on mantle rocks [54]
(particularly on rocks sampled in ophiolite environ-
ments where both lithospheric and asthenospheric fab-
rics have been brought to the Earth's surface [55,56]),

Fig. 8. Shallow anisotropy and oceanic magnetic anomalies. The
azimuthal anisotropy results for 50 km depth plotted above the
magnetic anomaly traces. Magnetic anomalies are from [53].

64 A. Maggi et al. / Earth and Planetary Science Letters 250 (2006) 53–71
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Imaging methods

• Tomography - 2- or 3-D maps of wave speed 
variations from a reference; travel time based 
(body waves) or waveform based (surface waves); 
qualitative

• Record sections - 1- and 2-D maps of discontinuity 
variations in space or slowness; quantitative

• Anisotropy - directional dependence of wave 
speeds, polarization; spatial and depth variation of 
shear wave birefringence (splitting); quantitative



Tomography
(body wave)

• Travel time difference from reference 1-D model 
proportionally smeared into each box based on path 
length

• Each box’s anomaly obtained from least squares fit to 
all arrival time data

• Yields image of velocity perturbations
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Tomographic image

• Shows fast (blue) cratonic roots down to >300 km

• Blotchy and streaked

depth between cratons and tectonic regions based on heat
flow calculations generally are consistent with results based
on inversion of seismic velocities to obtain thermal structure
[Goes and van der Lee, 2002]. Essentially all studies,
whether based on seismic velocity, heat flow, gravity, or
mantle xenoliths, indicate that cratonic mantle is much
colder than oceanic mantle. Using estimates of heat pro-
duction in Archean crust and mantle and a nominal cratonic
surface heat flow of 40 mW/m2 [Pollack and Chapman,
1977], the calculated temperature at 100 km depth beneath a
craton is !750!C [Nyblade, 1999]. Adding 500!C to this
would put the Basin and Range mantle close to the dry
melting temperature of peridotite. While there is active
volcanism in the Basin and Range, there is no evidence
that the bulk of the shallow mantle is substantially molten.
Consequently, the large seismic velocity difference between
various regions of the continental mantle or between cratons
and oceans [Forte and Perry, 2000] is unlikely to be the
result only of varying temperature. This observation was the
basis for Jordan’s [1975] tectosphere hypothesis in which
he introduced the principle of a compositionally induced
buoyancy compensating for the colder temperature of the
cratonic mantle to produce a cratonic root neutrally buoyant
with respect to the much hotter oceanic mantle. Godey et al.
[2004] calculated both temperature and compositional dif-
ferences from a joint inversion of S wave velocities and
density perturbations beneath North America and concluded
that the maximum temperature range at 100 km depth

between craton and tectonic mantle was "440!C and the
range in Fe content was !4%. Curiously, the S wave
velocity perturbations calculated by Godey et al. [2004]
do not decrease significantly at depths greater than 100 km,
whereas those of van der Lee and Nolet [1997] and others
do.

3. CONTINENTAL GEOTHERMS

[12] At the high temperatures present in the mantle,
diffusion of elements between minerals is relatively rapid,
so the constituent minerals of mantle rocks maintain com-
positions that are consistent with chemical equilibrium
between the phases under the extant pressure and temper-
ature conditions. Some of the elemental exchange reactions
between minerals are temperature sensitive, and others are
pressure sensitive [Finnerty and Boyd, 1987; Brey et al.,
1990; Smith, 1999]. Because the transport mechanism of
xenoliths to the surface is so rapid, cooling occurs so
quickly that the chemical composition of the minerals as
they existed under mantle conditions is preserved. When a
number of xenoliths are available from a single volcanic
center, the technique of mineral thermobarometry can allow
reconstruction of the temperature profile for the whole depth
column from which the xenoliths were derived. Typical
estimates of the accuracy of pressures derived from ther-
mobarometry are 0.3–0.5 GPa for commonly applied
barometers and 30!–180!C for a range of thermometers

 

 

Figure 3. Cross section showing the P wave velocity variation in the upper mantle of southern Africa
[James et al., 2001]. The cross section runs from SW to NE beginning in Cape Town (B) and extending
into central Zimbabwe (B0). The light blue band at the top shows vertically exaggerated surface
topography. Along the top of the cross section are listed the major crustal terrains encountered from the
circa 600–700 Ma Cape Fold Belt, through the mid-Proterozoic Namaqua-Natal Belt, into the Archean
Kaapvaal and Zimbabwe cratons. Also shown are the surface location of the 2.0 Ga Bushveld igneous
intrusion into the Archean crust of the Kaapvaal craton and the Limpopo Belt, a zone of late Archean
collision between the Kaapvaal and Zimbabwe cratons. Zones of seismically fast mantle are largely
restricted to beneath the Archean crust and extend to depths of at least 250–300 km.
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Tomographic 
skepticism

• Smearing of 
anomalies 
reduces apparent 
strength

• Illumination in 
restricted angular 
range leads to 
streaking along 
path

(Shearer 2009)



Tomography
(surface wave)

• Surface waves yield uniform coverage in the upper 
mantle (body waves restricted to near stations)

• Show cratonic roots under continents extend 
<350 km -- and only under continents!tinental mantle, and then we explore the significance of

these observations for understanding the origin and evo-
lution of continental lithosphere.

2. SEISMIC CHARACTERISTICS OF THE
CONTINENTAL MANTLE

[5] Figure 1 shows that the clear first-order distinction in
seismic velocity between oceans and continents extends
well into the shallow upper mantle. Like most of the mantle
[Bina, 2003], the range of seismic velocities in the conti-
nental lithospheric mantle indicates that the most abundant
rock type is peridotite, a rock type composed predominantly
of the magnesium-rich silicates olivine and orthopyroxene
with lesser amounts of calcium-bearing clinopyroxene and
an aluminum-rich mineral that changes from plagioclase to
spinel to garnet with increasing pressure. Peridotite is also
by far the dominant mantle rock recovered as a xenolith
[Nixon, 1987; Pearson et al., 2003], with eclogite, the high-
pressure equivalent of basalt, of secondary abundance. For
southern Africa, which has the most comprehensive xeno-
lith data set in the world, Schulze [1989] showed that
although eclogite abundances in the cratonic mantle may
reach 3–15% locally, the overall abundance of eclogite in
the cratonic root appears to be 1% or less.
[6] Eclogite that formed as the high-pressure equivalent

of oceanic basalt has much higher seismic velocities and
density in the upper mantle than does peridotite (Figure 2),
so significant quantities of eclogite in the continental mantle
should be observed in seismic imaging but only if concen-
trated into bodies large enough (kilometer scale) to be
resolved by the wavelengths of the seismic waves used to
image the mantle. In general, high-velocity bodies consis-
tent with large masses of eclogite are not observed in the
continental mantle. The exception may be in the Slave
craton of northern Canada where seismic reflectors in the
shallow mantle may be eclogitic layers too small to be

resolved by mantle tomography [Bostock, 1997]. Extensive
studies in southern Africa, however, have failed to reveal
similar reflectors or high-velocity bodies in the cratonic
mantle [James et al., 2001; Gao et al., 2002b]. Other old
continental areas that have been well studied seismically,
such as southeast Brazil, also have turned up no evidence
for sizable volumes of eclogitic mantle [VanDecar et al.,
1995; Schimmel et al., 2003]. Small regions of eclogitic
reflectors in the uppermost mantle, as inferred for the Slave
craton, may eventually be revealed through improved high-
resolution imaging studies, but at present, eclogite appears
to be a relatively minor component of the continental
lithospheric mantle.
[7] Seismic velocities in the continental lithospheric

mantle vary considerably but generally are higher than in
oceanic mantle and, unlike in oceanic mantle, commonly
correlate best not with the age of the overlying crust but
with the age of last tectonomagmatic activity in the area. In
North America, for example, a sharp boundary between a
stable eastern region and a tectonically active western
region (with demarcation roughly along the Rocky Moun-
tain Front) is marked by a range in shear wave velocity of
nearly 10% at 100 km depth [van der Lee and Nolet, 1997;
Goes and van der Lee, 2002; van der Lee, 2002; Godey et
al., 2004]. Velocity contrasts of that magnitude (10%)
correspond to a thermal contrast of !500!C [Goes and
van der Lee, 2002], although compositional variations,
notably the volumetric fraction of Fe, are commonly cited
as a significant contributing factor [Goes and van der Lee,
2002; Godey et al., 2004].
[8] Table 1 lists representative seismic velocities and

inferred densities for the shallow mantle in a number of
different tectonic settings. At the low-velocity end of the
spectrum the mantle beneath actively deforming continental
areas such as the Basin and Range Province in western
North America has both compressional (Vp) and shear (Vs)
wave velocities approaching those found in young ocean
basins even though much of the crustal section in the Basin

Figure 1. Map of shear wave velocity variation in the mantle at depths of (left) 125 and (right) 350 km.
The total range in velocities at 125 km is ±6% and ±3% at 350 km depth. White lines are plate
boundaries; continents are outlined in black. At 125 km depth the continent-ocean distinction is clearly
visible in the high (blue) seismic velocities characteristic of continental lithospheric mantle. By 350 km
depth the correlation between continents and high Vs is no longer clear. Figure produced by J. Ritsema
with data from the s20rts model of Ritsema et al. [2004].
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Record sections
(seismograms)

• 3% P speed jump at 410 
and 14 km 3.5% gradient

MELBOURNE AND HELMBERGER: FINE STRUCTURE OF THE 410-KM DISCONTINUITY 10,095 
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Figure 2. Short-period vertical data plotted with reduction velocity of 10.5 km/s. The 394 
traces shown in this array are 1-Hz lowpass filtered and normalized to the maximum amplitude 
in the window shown. The 410 reflection is clearly visible out to near 13 ø , where it rapidly 
disappears. This amplitude decrease is a primary constraint in modeling this data set. To the 
right of the array are the stacks of the data enclosed in the brackets (see text). To the left is the 
source time function used in generating synthetics; this consists of the stack of the 82 recordings 
between 13 ø and 15 ø . 

seismic arrays operated by Caltech, University of Cal- 
ifornia, Lawrence Livermore National Laboratory and 
IRIS which recorded the April 14, 1995 Texas event. 

The source-receiver geometry comprises ray paths with 
azimuths varying 24 ø from stations in southern and 
northern California. This geometry produces a vari- 

able bounce point ranging northwest through Arizona 
(Figure 1). The earthquake occurred along a normal 
fault with one conjugate plane having strike and dip of 
308 ø and 37 ø NE [U.S. Geological Survey, 1995], plac- 
ing the west coast short-period array well away from the 
radiation nodes, with the southernmost stations (those 
nearest the source and most diagnostic of 410 structure) 

approaching the radiative maximum. As the critical 

distance of the upper mantle model T7 [Burdick and 

Helmberger, 1978] is near 14 ø, most of the focus of this 
study is on the precritical phase arriving closer than 
14 ø . 

To investigate the frequency dependence of 410 re- 
flectivity, we present the short-period data after 1-Hz 

low-pass filtering (Figure 2) and the broadband data 
after convolution with a Wood-Anderson long-period 

(WALP) response (Figure 3). The convolution provides 
a convenient spectral separation with which to identify 

the frequency dependence of 410 triplication range. Un- 

less otherwise indicated, each trace in all record sections 

is normalized to the maximum amplitude in the time 
window shown. This serves to illustrate the relative 
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Record sections
(receiver functions)

P-to-S conversion at layer boundary
produces later arrival following P
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Reverberations (colored) a nuisance 
because they hide Ps from deeper layers



Receiver functions

Deconvolution of direct P wave from radial
component of motion gives receiver function
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Receiver functions

N-S transect across Himalayan front of RFs recorded 
at different stations yields composite image of Moho
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Shear-wave splitting

• Incoming shear wave 
components resolved 
onto symmetry axes of 
medium

• Directional dependent 
wave speeds lead to fast 
and slow arrivals

• Measure lag δt and angle 
of fast polarization from 
North

• dt gives strength, angle 
gives orientation (http://garnero.asu.edu)



SKS/SKKS - splitting 
workhorse

• P wave in core, S 
wave in mantle

• S polarized in 
diametral plane 
by conversion at 
core/mantle 
boundary; known

• Fabric/
orientation 
probe on 
upwards path

SKS

SKKS★ ▼
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Fig. 2 (continued). 

What splitting looks 
like

• Bar shows fast 
polarization 
direction

• Circle diameter 
represents delay 
(bar length can, 
too; nonstandard)

268 S. Kaneshima, P.G. Siluer / Physics of  the Earth and Planetary Interiors 88 (1995) 257-272 

the existence of large anisotropy in the upper- 

most 100 km of the mantle in other subduction 

regions of the world (Table 1). With regard to 

deeper  mantle anisotropy, nearly the same delay 

times as well as the same fast polarization be- 

tween S wave from deep events (600 km) and 

SKS clearly shows that the anisotropy is in the 

upper mantle. 

When only a small fraction ( ~  15%) of the 

observed delay time is due to the anisotropy of 

the uppermost 100 km of the mantle and the 

lower mantle does not exhibit anisotropy, most of 

the total delay times (0.8 ~ 1.0 s for S and 0.6 ~ 

0.8 s for SKS) must be attributed to the deeper 

part of the upper mantle, which may be separated 

into three parts; the slab, the subslab astheno- 

sphere (depths 180 ~ 350 km), and the transition 

zone (350 ~ 650 km) (Fig. 5(a)). The subducted 

Nazca plate is inferred to be rather thin ( <  70 

80W 75~W 70'W 65W 

10S 

15S 

20 S 

Fig. 4. Summary of the measurements  on the broad-band and 

portable data plotted on a map of Peru. The sizes of  the 

circles shown at the locations of CUS, NNA, and other 

temporary stations indicate the delay time (6t)  obtained from 

SKS data. The fast shear-wave polarization orientations (&f) 

for CUS and NN A are shown by a solid bar. The arrow 

indicates the absolute and plate motion (APM) from Gripp 

and Gordon (1990). 

Table 4 

Shear-wave splitting measurements  for temporary 

stations 

short-period 

Station ~St (s) A6t (s) N 

POZ 0.15 0.08 11 

TGM 0.{}5 {}.05 S 

UCH 0.11 ILl0 4 

SEP 0.17 (}.07 1 

JUJ 0.31 0.10 3 

BVA (}.28 0.07 3 

CGO 0.14 0.14 2 

SJS (}.14/0.36 " 0.04 5 

CON 0.33 0.15 2 

a Multiple splitting is clearly seen on the seismograms from 

the events on the resubducted part of the slab, which suggests 

the presence of two layers with different anisotropies. The left 

and right values of ~f and ~t are for the top and bottom 

anisotropic layers, respectively. 

km) because of its young age ( ~  40 Ma). Al- 

though it is not well known where in the slab the 

intermediate earthquakes occurred, we could rea- 

sonably expect that the events occurred 10-20 km 

below the upper surface of the slab (e.g. Fukao et 

al., 1983). The slab, therefore, would not extend 

deeper  than 50 km below the events. Provided 

that the typical S-wave delay time from deep 

events of about 0.8 s is ascribed entirely to the 

slab, shear-wave anisotropy in the slab amounts 

to nearly 8%, which is much larger than would be 

expected from LPO from a deformed oceanic 

peridotite. In addition, we should observe an 

azimuthal velocity anisotropy of P waves propa- 

gated through the horizontal slab of a magnitude 

of more than 10%, which is not the case (I.S. 

Sacks, personal communication, 1992). Also, the 

direction of ~b t for the anisotropic slab is ex- 

pected to be nearly northeast-southwest,  parallel 

to the orientation of fracture zones and perpen- 

dicular to the lineations of magnetic anomalies 

(Nicolas and Christensen, 1987). This is signifi- 

cantly different from the observed direction. Fi- 

nally, there is no clear sign of two different 

anisotropic layers, slab and underlying astheno- 

sphere, based on the absence of multiple splitting 

on the analyzed shear wave forms nor significant 

dependence of the splitting parameters on initial 

polarization (Savage and Silver, 1993). Therefore,  

our preferred model is that anisotropy in the slab 
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Localizing anisotropy

• SKS splitting 
compared with local 
S events

• Same delay times 
measured within 
uncertainty

• anisotropy must be 
in common part of 
path:  upper mantle

S. Kaneshima, P.G. Silver/Physics of the Earth and Planetary Interiors 88 (1995) 257-272 269 

is small, and most of the observed delay time is 

due to subslab asthenospheric anisotropy. 

The fast shear-wave polarization directions of 

S waves are the same as those of SKS within the 

uncertainties, but the delay times are nearly 20% 

larger (Fig. 3). The S-wave rays traverse the tran- 

sition zone (670 km > h > 400 km) much more 

obliquely than those of SKS (see Fig. 5(b)). Since 

S and SKS are not likely to show a similar split- 

ting with such different propagation directions, 

this observation together with the absence of 

clear signs of multiple splitting mentioned above 
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Fig. 5. Vertical cross-sections along the two lines on the map of Figure 1: (a) A-B; (b) C-D. Same scale for the vertical and 

horizontal directions. Solid stars schematically indicate the events used in the local study, while open stars represent the event used 
in the teleseismic study by Kaneshima and Silver (1992). Solid lines with arrowheads represent shear-wave ray paths coming up to 
the broad-band stations. Dashed lines show those of the teleseismic S waves used in Kaneshima and Silver (1992) going downward. 
Ray paths are calculated for the velocity model of Jefferys-Bullen. 

(Kaneshima & Silver, 1995)



Deep mantle 
anisotropy

• Different splitting 
of S and ScS 
attributed to path 
difference in base 
of mantle

• Anisotropy 
significant

• Flow texture or 
melt orientation
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Lithosphere - 
asthenosphere boundary
• Mechanical definition:  part of the solid 

Earth with long-term strength

• Strength a rheological property, but in situ 
samples unavailable

• Proxies used:

– shear wave speed

– flexural parameters (thickness)



Strength formulation

• Power law dependence 
on stress, grain size

• Exponential dependence 
on temperature
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Consequences

• LAB likely to be approximated by an 
isotherm if all other factors same

• LAB likely to vary with composition (A 
dependence), history (d dependence), 
deformation intensity (σ dependence)



LAB 
observations: 

Pn

• Widely observed arrival

• Fabric in oceanic 
lithosphere below Moho 
(top of mantle)



Shallow mantle 
anisotropy

• Strongest near 
ridges, wanes 
with age

• Destruction of 
fabric or 
interference with 
secondary fabric?

Lévêque et al. [31] show that, in the long period
approximation, δL̂ controls the velocity of horizontally
propagating SV waves via

dvsv ¼
dL̂
2v0q

; ð7Þ

where v0 is shear wave velocity in the reference iso-
tropic medium, and ρ is its density. In the waveform
inversion stage of our tomographic procedure, we use
secondary observables of multi-mode Rayleigh waves
to constrain path-averaged values of δL̂, and then
interpret them as variations in the path-averaged
velocity of horizontally propagating SV waves [29].
AsδL̂ itself only hasa2θ dependence, wecan invert the
path-averaged vsv models using Eq. (3) which has only
isotropic and 2θ terms.
In the waveform inversion stage we have neglected

theinfluenceof thepartial derivativeswith respect to the
elastic parameters A, C and F. This approximation is
common in inversionsof Rayleigh wavesalone, as they
are restricted to the inversion of SV wavevelocity only.
Inverting for all other terms, with or without a priori
coupling between the elastic parameters, does not
change the conclusions obtained by inverting only for
thebest resolved term [8]. In the tomographic inversion
stage, neglecting these terms implies ignoring the 4θ
terms in Eq. (2) which are related to theCs andCc terms
in Eq. (5) it also implies ignoring thecontribution to the
2θ terms in Eq. (2) of theBc, Bs, Hc and Hs terms from
Eq. (5) For the rest of this section we demonstrate that

neglecting thesetermsdoesnot affect our retrieval of Gc

and Gs, the parameters that describe the azimuthal
anisotropy variations of SV wave velocity in a weakly
but fully anisotropic medium.
Wefirst estimate theeffect of neglecting the4θ terms

in Eq. (2) We follow Kennett and Yoshizawa [43] and
regard our path-averaged vsv models as a summary of
multi-mode dispersion curves. We predict phase slow-
ness as a function of period from the 1D vsv models,
then produce two sets of azimuthally anisotropic phase
velocity maps using in the first case only the isotropic
and 2θ terms from Eq. (2) and in the second case the
isotropic, 2θ and 4θ terms. The phase maps are pro-
duced using thecontinuousregionalization algorithm of
DebayleandSambridge[32], thesamealgorithmweuse
in our vsv inversion but this time applied to Eq. (2) We
use an a priori correlation length Lcorr=400 km, and a
priori model variances σM=0.05 km s−1 for the iso-
tropic term C0, and σM=0.005 km s−1 for the an-
isotropic termsC1, C2, C3 and C4. These values are the
same as those we have adopted in the vsv inversion for
the equivalent isotropic and 2θ terms of Eq. (3) Note
that in thephasevelocity inversionswearegiving equal
weight to the2θ and 4θ terms. Thephasevelocity maps
we produced using all terms in Eq. (2), like those of
Trampert and Woodhouse [26], contain a significant 4θ
component, with an amplitude that equals that of the2θ
component in some regions. However, the 2θ compo-
nent remains largely unchanged when compared with
themapsproducedusing only theisotropic and2θ terms
of Eq. (2) Fig. 3 shows a comparison between the 2θ

Fig. 2. Inversion results at 100 km depth using (a) Lcorr=400 km, and (b) 800 km. Throughout this paper, isotropic vsv values and Rayleigh wave
phase velocity values are plotted as percentage variations with respect to a 1D Oceanic Reference Model (ORM), derived by averaging the
tomographicmodel over oceanic regionswithagebetween30and70Maandoceanicdepthbetween4500and5000m[68,1]; azimuthal anisotropy is
denoted by black bars oriented in the local fast propagation direction whose length is proportional to the amplitude in percent of peak to peak
anisotropy given by 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A21 þ A22

p
=v0sv, where vsv0 , A1, A2 are local values of the isotropic and anisotropic shear wave parameters from Eq. (3).

57A. Maggi et al. / Earth and Planetary Science Letters 250 (2006) 53–71

(Maggi et al.  2006)



LAB observations

• Hard to see seismologically with receiver 
function analysis of P arrivals (PRFs): 
interference with Moho +/- reverberations

Psm

PsLAB

Ps
Pp
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PsPsm

PsPsLAB

Ps
Pp
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B



S receiver functions

• Incoming S wave converts to P

• Sp arrives before S -- no complications from 
reverberations (but later arrivals like SpPp, 
SpSp ... yes)



Ocean bottom 
borehole SRFs

• SRFs on Philippine Plate 
and Pacific Plate

• LAB at 82 +/- 4 km

• 7-8% S wave drop

reverberations. Systematic modeling using syn-
thetic waveforms show that S-RF is also an ef-
fective tool for such a case, whereas P-RF can
be significantly disturbed by the presence of
the ocean (10).

The results of RFs of two observatories
show consistent findings (Figs. 1 to 3). The
analyses reveal at least two prominent discon-
tinuities present in the first 10 s of RFs (roughly
corresponding to depths of 0 to 100 km be-
neath the station), one with positive polarity
corresponding to the oceanic Moho, followed
by a negative discontinuity, which we interpret
as the LAB. Crustal phases in both regions
are observed at a delay time of ~1 s, correspond-

ing to 7- to 8-km-thick oceanic crusts that are
close to the regionally determined estimates
based on active seismic data (9) and to the
global average.

The station WP1 in the central Philippine Sea
is located near the Palau Kyushu Ridge (PKR),
and observed S-RFs are grouped into two
depending on the location relative to PKR of
the piercing points of the LAB signals (Fig. 1B).
The prominent phases corresponding to LAB
occur at ~7.5 s (76 T 1.8 km, 1 SE) for both P-RF
and S-RF for piercing points located directly
beneath the station, which is situated in the west
of PKR with a plate age of ~49 million years
(My). The same LAB phase was observed ~2 s

earlier (~55 km LAB) for S-RF of eastern pierc-
ing points where the plate age is ~25 My. For
WP2 in the northwestern Pacific ocean where
the plate age is ~129 My, the data quality is
slightly lower (10), but we still observe similar
LAB phases at ~7−8 s for both P-RF and S-RF.
The waveform modeling gives the best esti-
mate for LAB depth of 82 T 4.4 km (Fig. 3C).
A deep LAB is also observed for the old Pa-
cific plate beneath northeast Japan, where the
highest quality seismic data are available from
Japanese high-sensitivity seismograph network
(Hi-net) to allow detailed imaging of subduct-
ing plate (14). The imaged thickness of the lith-
osphere is ~80 km (Fig. 2A) (15). Because the

Fig. 2. RFs for WP2 and RF image of subducting Pacific plate
beneath northeast Japan. In the topographic map, the inverted
red triangle indicates the location of WP2, which is deployed at
a depth of 460 m below the seafloor with a water column of
5566 m thick. (A) P-RF image along the profile XY using dense
land seismic data of Hi-net from Japan (10). Red and blue
colors indicate velocity increase (from shallow to deep) and
decrease at the point, respectively. The top surface of the slab
and the oceanic Moho are clearly imaged, as well as the bottom
surface of the slab (i.e., subducting LAB). (B) P-RF and S-RF for
WP2. Negative phases associated with a shear wave velocity
drop marked as LAB appear to correspond to the strong
negative (blue) signature of the subducting slab below Japan.
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Time (s) Fig. 3. Modeling of RFs

for borehole seismological
observatories. Blue lines
indicate observed stacked
receiver functions; black,
the synthetic receiver func-
tions for themodel contain-
ing no low velocity layer
(LVL); and red, synthetic
receiver functions for the
model shown on the right-
hand graph with the same
color. The horizontal lines
just above the negative LAB
phases are bootstrap error

estimates in locating the LAB signal in time. (Right) S-wave velocitymodel used for synthetic RFs. (A)
Modeling result of WP1 for Western Philippine basin. Top is P-RF and bottom is S-RF. (B) Modeling
result of S-RF of WP1 for Parece-Vela basin. (C) Modeling results of WP2 for the Pacific plate. Top is
P-RF and bottom is S-RF. Both the independent receiver functions are well matched with use of a
unified model within the statistical error bounds.
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(Kawakatsu et al. 2009)



SRF results under 
oceans

age of subducting plate there is estimate to be
~130 My, the depth of 80 km for the LAB is
consistent with that from the WP2 data.

The relative thickness of oceanic plates es-
timated above is consistent with the thermally
controlled origin for the oceanic LAB (Fig. 4A),
but the observation in short-period waves (~3 s)
indicates that the LAB is a sharp boundary (the
transition thickness of less than ~10 to 15 km)
and thus has chemical or fabric origin. This
apparent age dependence and the large LAB
signal preclude the water-extraction model for
the origin of oceanic LAB (3). One possibility
to explain these features is partial melting in
the asthenosphere. The depth of the initiation
of the partial melting is estimated on the basis
of the solubility of water in aluminous ortho-
pyroxene component of mantle rocks (16–18).
Although the fit is not perfect, this kind of
model is capable of reproducing the basic trend
in data (Fig. 4A).

Waveform modeling given in Fig. 3 indicates
that the shear wave velocity is reduced at the
LAB by ~7 to 8%. For a texturally equilibrated
partially molten region, this translates into the
melt fraction of ~3.5 to 4.0% (19), which is one
order of magnitude larger than the commonly
accepted amount of melt at mid-oceanic ridges
(20) and may be unrealistically high. Therefore,
some additional mechanism other than the con-

ventional view of the partially molten astheno-
sphere is required.

Recent experimental and theoretical studies
demonstrate that deformation can segregate
melt into bands (21, 22). On the basis of these
results, we propose a model of partially molten
asthenosphere consisting of horizontal melt-rich
layers embedded in melt-less mantle (Fig. 4B).
Such layered melt efficiently reduces vertically
propagating shear wave velocities (23) and ex-
plains well the strong LAB signals reported
here and elsewhere (6), as well as other prop-
erties expected for the asthenosphere. Figure
4C shows the velocity and viscosity contrasts
at LAB predicted for a model of wet astheno-
sphere (blue), a conventional model of homo-
geneous partially molten asthenosphere (red
line with layer fraction f = 1), and the present
model of layered asthenosphere (red lines with
f < 1). The strong seismological signals and a
large viscosity contrast of >103 at LAB (24)
can be explained quantitatively by the layered
model, whereas the other two models cannot.
The combination of both seismological and geo-
dynamical constraints at the LAB (shaded) in-
dicates that the melt-rich layers make up less
than 5% by volume of the mantle here and that
the melt fraction is close to the disaggregation
melt fraction, fc, over which the partially molten
rock loses grain-to-grain contacts (contiguity)

and hence loses rigidity. Small but nonzero con-
tiguity of the grains causing small rigidity of
layers is important for the converted phases to
be detectable. For fc = 0.25 and f = 0.05 to
0.01, the average melt fraction in the astheno-
sphere is 1.25 to 0.25%, which is consistent
with the petrological expectation (20). We de-
scribe the internal structure of the layers by
grain-scale contiguity so that granular models
developed recently to predict both elasticity
and viscosity (19, 25) can be applied. However,
the obtained small rigidity of the layers might
imply kinks and/or jogs, which may develop at
much larger scales than grain size.

The layered model qualitatively explains
other characteristics expected for the astheno-
sphere, such as radial anisotropy (transverse
isotropy with a radial symmetry axis) inferred
from long-period surface waves (26), high elec-
trical conductivity (27), and high attenuation.
The depth extent of this low-velocity astheno-
sphere is estimated to be ~210 km beneath WP2
on the basis of the travel-time analysis of WP2
data (9). Considering that LABs (5), the radial
anisotropic layer (28), and the partially mol-
ten region (16) are all observed to be deeper
(~200 km) beneath stable continents, the pro-
posed model may be applicable to the conti-
nental asthenosphere to be an universal model
for the asthenosphere.
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Fig. 4. Age dependence of observed LAB depths and a model for LAB and as-
thenosphere. (A) Observed LAB depths are plotted as a function of the plate age (red
triangles; 1 indicates PVB; 2, WPB; 3, WP2; and 4, northeast Japan) over the
isotherms given in a 200° intervals (blue lines) (18). Red line indicates the top of
partial melting region calculated on the basis of the model of Mierdel et al. defined
by the water solubility of 1000 parts per million H2O (16). (B) A schematic il-
lustration for the LAB and the asthenosphere. A schematic model for a S-wave
seismic velocity structure of a radial anisotropy is superposed. (C) Viscosity (h) versus
S-wave velocity (VS) contrasts at LAB predicted from models of wet asthenosphere
(bule) and partially molten asthenosphere (red), with seismological and geo-
dynamical requirements (shaded) (30). Subscript 0 denotes lithospheric values. In
the partially molten asthenosphere model, horizontal melt-rich layers are embedded
in meltless mantle with various layer fractions from f = 1 (homogeneous) to f =

0.001. For f = 1 (homogeneous), melt has equilibrium geometry with variable melt fraction f. For f < 1 (layered), f in layers is close to the disaggregation melt
fraction fc, and contiguity ϕ of grain-to-grain contact is small and variable [ϕ = 1 means melt-free and ϕ = 0 means disaggregation (19, 25)]. Average f in
asthenosphere is given by ffc.
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Age-LAB depth consistent with constant-T plate base
Expect melt tubes with 0.5-5% melt; but not damp 
melting

(Kawakatsu et al. 2009)



Inclusion anisotropy
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• Shaped inclusions embedded in a material 
yield anisotropy:  e.g. melt veins, dyke sheets, 
tension gashes

• Depend on aspect ratio and concentration



Shape control of anisotropy

• Disks more 
effective than 
cigars at given 
volume 
fraction

• Melt sheets, 
joints→ 
anisotropy

• Melt 
tendrils→ no 
effect

cigardisk

Basalt melt 
inclusions 
in crust



Subcontinental 
LAB

• PRF study 6 +/- 0.3% S 
drop at LAB

• LAB 82 +/- 6 km Pz 
platforms

• LAB 95 +/- 4 km Pc 
shields

• No Moho-LAB 
corelation

(Rychert and Shearer 2009)

wavelengths (~1000 km). However, both the
absolute depth and the nature of the boundary
are debated. Lateral variations in depth likely
occur at finer scales, as seen in regional results
[e.g., (5, 6)]. Similarly, the depth resolution of
most surface- and body-wave tomography
studies is limited to >40 km, which is insuffi-
cient to determine the mechanism that defines
the boundary. Finally, imaging of the boundary
globally at higher resolution with regional and
global stacks of body waves has not been pos-
sible (7). This could be because the boundary
is not sharp enough to be detected at high fre-
quencies, or because of small-scale variations
in its depth and/or character. A growing num-
ber of regional observations of sharp velocity
decreases with depth (P-to-S and S-to-P conver-
sions; multibounce S waves) suggest the latter
explanation in a variety of tectonic environments,
such as beneath oceans (8), in hotspot regions
(9, 10), and in continental regions with thin lith-
osphere (<110 km) (11–13). Beneath continental
interiors, boundaries interpreted to be the base
of the lid have been imaged using converted,
reflected, or refracted phases; in many cases
these dip to greater depths (>200 km) toward
the continental interior [e.g., (14)], although the
sharpness of the associated velocity gradient in
these locations has not been determined and
results beneath cratonic interiors can be rela-
tively complex [e.g., (15, 16)]. Overall, sharp
discontinuities associated with the tomographi-
cally defined lithosphere-asthenosphere bounda-
ry are detected in noncratonic regions, but they
are not usually imaged beneath thick conti-
nental interiors. Therefore, although it is often
assumed that the character of the boundary may
vary, it has remained a puzzle as to why such a
fundamental boundary would be so variable in
its nature.

Here, we used Ps imaging to resolve the
shear-wave velocity structure beneath individual
seismic stations. We considered data in the IRIS
(Incorporated Research Institutions for Seismol-
ogy) FARM data set from 1990 to 2004 at sin-
gle stations. We rotated the recorded wave field
into its predicted P and S components before
simultaneously deconvolving and migrating to
depth (17) assuming a reference one-dimensional
velocity model (IASP91). Our results are affected
to some extent by crustal thicknesses and ratios
of P-wave to S-wave velocity (VP/VS) that do
not match IASP91, but reasonable variations
in crustal parameters would change our results
by <5 km in extreme cases and by <2.5 km
generally (18). The same is the case for mantle
VP/VS variations (11).

Of 745 stations, we focused on 334 with
large quantities (>50 events) of high-quality

(signal-to-noise ratio >5) data. This amount of
data is required to attain high-resolution imaging
(i.e., clear signals owing to data stacking rather
than low-pass filtering). We eliminated addi-
tional locations where deconvolved signals are
characterized by ringing caused by noise and/or
shallow discontinuities, and selected 169 stations
that have relatively simple crustal structure—

that is, places where the Moho and its two first-
order reverberations may be easily identified.
This selection process was important for deter-
mining whether an observed phase is represent-
ative of discontinuity structure. An apparent
phase in our deconvolved waveforms represents
(i) the reverberation from a discontinuity at
shallow depths, (ii) a side lobe of a crustal phase,
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Fig. 1. Data examples for each tectonic region, after (19). Triangles on the map indicate station
locations. Tectonic regions: NOUC, oceanic; CHK, Phanerozoic orogenic zones and magmatic belts; FFC,
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Questions

• LAB = top of low velocity zone (LVZ)?

• Does the fabric implied by Pn anisotropy 
extend down from the Moho to the 
LAB? 

... if so, is the LAB a fabric change?

• Is the nature of the LAB under 
continents same as under oceans?


