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Where is the Seismic Anisotropy?

Deep Upper Mantle? MTZ? Upper Lower Mantle?
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Plate Tectonic and Mantle Convection

Fig: http://www.see.leeds.ac.uk/structure/dynamicearth/convection/models.htm



Anisotropy in Reference 
Seismic Models

1-2% radial anisotropy in the mantle 

transition zone 

VSH>VSV or VSV>VSH?

Chang et al. (2015)



Anisotropy in Reference 
Seismic Models

Model space search using Love and 

Rayleigh wave fundamental and higher 

modes separately, with prior assumptions 

on VP, Φ, η, and ρ

Visser et al. (2008)

VSV>VSH



Anisotropy in 
Reference 

Seismic Models

Model space search  
- using Love and Rayleigh wave 
fundamental and higher modes 
together  
- looking for 5 radial anisotropy 
parameters + density 
- assuming no anisotropy in mid-
mantle 

⇒ yields large model error bars but 
most likely VSH>VSV in MTZ



Chang et al. (2015) 
blue is VSH>VSV

3-D Radial 
Anisotropy Models



Chang et al. (2015); blue is VSH>VSV



Fig: Jean-Paul 
Montagner
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Fundamental and 
Higher Mode 

Surface Waves

Beucler et al. (2003)



Fundamental and 
Higher Mode Surface 

Waves

Synthetic seismogram calculation by adding higher 
modes 

Visser (PhD thesis (2008)
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Figure 2.3: flowchart of the method. Red block correspond to main programs, green to input blocks and
blue blocks correspond to measurements.
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Visser et al. (2008)



Sensitivity Kernels

Yuan & Beghein (2013)

Higher modes provide sensitivity to 
structure at greater depth than 

fundamental modes 
They also improve sensitivity to upper 

mantle



Phase Velocity Maps

Visser et al. (2008)

Depth inversions of isotropic phase velocity data ⇒ 3-D model for Vs 

Depth inversion of anisotropic component of map ⇒ 3-D model of VSV anisotropy



2% peak to peak  max=3.7% 150km
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dlnG

3-D SV Anisotropy Model

fast seismic direction   plate motion (NNR-NUVEL 1A)Yuan & Beghein (2013)



3-D SV Anisotropy Model

fast seismic direction 

2% peak to peak  max=3% 300km

dlnG
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

Yuan & Beghein (2013)



3-D SV Anisotropy Model

fast seismic direction 

2% peak to peak  max=2.5% 600km

0.000 0.005 0.010 0.015 0.020 0.025

dlnG
Yuan & Beghein (2013)
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Anisotropic Transition zone Structure: 650 km

Yuan	&	Beghein,	
2013	
Lebedev	&	van	der	
Hilst,	2008;	Becker	
et	al,	2010	
Schaeffer	&	
Lebedev,	2013;	
Becker	et	al,	2014	
Debayle	&	Ricard,	
2013	

Slide	modified	from	
Schaeffer	&	
Lebedev	(AGU2014)
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SKS Splitting Data & Predictions

Yuan & Beghein 
(2013)



SKS Splitting Amplitudes

• Long-standing issue:  

SKS predictions based on surface 
wave models of azimuthal 
anisotropy underestimate delay 
times (Becker et al., 2012) 

• Our model greatly improves delay 
time predictions

Yuan & Beghein (2013)



SV Anisotropy on Average

• ~2% anisotropy at 100km 
depth - compatible with olivine 
LPO 

• 1% anisotropy between 200 km 
and 900 km depth 

• Changes in fast axes and 
amplitude minima coincide with 
transition zone boundaries! 

• Also change in fast axes at 
~520 km

Yuan & Beghein (2013)



Origin of MTZ Anisotropy?
Wadsleyite Anisotropy?

 KIEFER ET AL.: WADSLEYITE AT HIGH PRESSURES 1393

ing the four symmetrically non-equivalent O atom sites. How-
ever, the radii are arbitrary and therefore we examined a range
of different radii (Fig. 12 and Table 4). As expected the O atom
charges increase with increasing sphere radius. However, the
relative magnitude of the charges on the four O atoms does not
depend on the radius.

DISCUSSION

It is widely assumed that the LDA leads to an overbinding
of structures and hence theoretically calculated volumes that
are smaller than those experimentally observed. However, the
comparison is often indirect; whereas most theoretical calcula-
tions are athermal, most experimental measurements are per-
formed at ambient temperature. We find that after correcting

for thermal effects, LDA yields essentially perfect agreement
with experiment results. The agreement may be fortuitously
good as other approximations may also affect the theoretical
results including the pseudopotential approximation (Stixrude
et al. 1998). Nevertheless, the results show that, at least in the
case of wadsleyite, the incorporation of thermal effects is es-
sential for gauging the accuracy of LDA. For materials with
large Debye temperatures, such as wadsleyite, the zero-point
motion is the largest vibrational contribution. The importance
of properly accounting for zero-point motion when comparing
theory with experiments has also been emphasized by Li and
Jeanloz (1987) in the context of pressure-induced phase trans-
formations. Thermal corrections may also be important for
evaluating the performance of other approximations to the ex-
change correlation potential. For example, the Generalized
Gradient Approximation (GGA) (Perdew et al. 1996) includes
additional terms beyond the LDA that are essential for an ac-
curate description of Fe (Bagno et al. 1989; Stixrude et al. 1994).
In the case of oxides, there is some evidence that GGA predic-
tions of energetics are superior to those of LDA (Hamann 1996).
However, GGA tends to underbind oxides, that is to overesti-
mate their volume, a tendency that would be made worse by
the incorporation of thermal corrections.

Our results show in agreement with experimental results

FIGURE 10. Elastic wave velocities as a function of propagation
direction. This work = solid lines; Experimental data: solid circles =
Sawamoto et al. (1984).

TABLE 4. Oxygen charges

Pressure  O1 O2 O3 O4 Reference
(GPa)
— 1.67 2.33 2.00 2.00 Smyth (1987)
0 1.42 1.71 1.55 1.57 This study
35 1.58 1.85 1.71 1.72 This study
0 0.57 0.94 0.79 0.78 Haiber et al. (1997)
Note: Radii for the O atoms have been fixed at rO = 1.54 Å. The values
from the ab-initio study by Haiber et al. (1997) were obtained from a
Mullikan population analysis.

FIGURE 12. Dependence of the calculated O atom charges on sphere
radii. This work (35 GPa): solid line = O1, dotted line = O2, short
dashed line = O3 and dot dashed line = O4. This work (0 GPa): circle,
square, diamond, and triangle represent O1, O2, O3, and O4
respectively. The values as obtained from Pauling bond strengths are
indicated by the arrows (Smyth 1987).

FIGURE 11. Single-crystal anisotropy. ∆P,azimuthal: Solid line = this
work; open circles = Zha et al. (1997); solid circles = Sawamoto et al.
(1984). ∆S,azimuthal: Short dashed line = this work; open squares = Zha et
al. (1997); solid squares = Sawamoto et al. (1984). ∆S,polarization: Long
dashed line = this work; open diamonds = Zha et al. (1997); solid
diamonds = Sawamoto et al. (1984).

Kiefer et al. 
(2001)

produced by dominant horizontal shear in the transition
zone, steeply dipping flow across the transition zone being
limited to the vicinity of tectonically active regions. Dom-
inant horizontal shearing in the transition zone suggests that
this layer acts as a boundary layer in the mantle convection
system. The flow pattern inferred from seismic anisotropy
data using our model predictions is therefore in good
agreement with seismic tomography data [Gorbatov and
Kennett, 2003] and convection models [Machetel and
Weber, 1991; Brunet and Machetel, 1998; Brunet and Yuen,
2000] that show that phase changes in the transition zone
hamper material across the transition zone.
[26] To further constrain the effect of phase changes on

the transition zone flow pattern, we compare tangential and
radial flow in spherical mantle circulation models that
compute the present-day mantle convective flow driven
both by plate motions and the internal density anomaly
distribution observed in global tomographic models

[Thoraval et al., 1995]. Two models are considered: (1) a
model with only a viscosity increase at 670 km depth and
(2) a model with the same viscosity and phase changes at
the top and bottom of the transition zone. Phase change
locations depend on the local temperature and pressure
through the Clapeyron slopes. The kinetics of the reactions,
which may lead to persistence of metastable phases, is
introduced as a delay time to phase change to occur
[Thoraval and Machetel, 2000]. Analysis of the tangential
to radial velocity ratios at various depths in these models
shows that allowing for phase changes at 410 and 670 km
strongly enhances tangential flow in the transition zone
(Figure 9). Average tangential (horizontal) velocities are
two to three times higher than radial (vertical) ones in the
upper transition zone. An independent constraint on these
results is that the model with self-consistent phase changes
retrieves both the observed geoid and low-amplitude
dynamic topography, while the model with solely a viscosity
jump predicts anomalously high dynamic topography.

5. Conclusion

[27] Forward models based on recent high-pressure
experimental data on mantle minerals show that plastic
deformation of wadsleyite may result in weak seismic

Figure 8. Modeled azimuthal anisotropy for horizontally
propagating shear waves in the upper transition zone,
considering (a) horizontal shearing and (b) vertical shearing.
Azimuthal velocity variations for shallow (25!) (Figure 8a)
and steeply dipping (65!) (Figure 8b) shear planes are also
displayed (gray lines).

Figure 9. Ratio of RMS amplitudes of tangential and
radial velocities as a function of depth in mantle circulation
models [Thoraval and Machetel, 2000] with (black line)
and without (gray line) phase changes at the top and at the
base of the transition zone. Dashed line marks equal
amplitudes of tangential and radial velocities.

B12405 TOMMASI ET AL.: ANISOTROPY IN THE MANTLE TRANSITION ZONE

8 of 10
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Tommasi et 
al. (2004)



Origin of MTZ 
Anisotropy?

Similar mechanism as for slabs near CMB?

The water released from the subducting lithosphere is
trapped by the overlying mantle wedge in which hydrous
silicates are stable, if the geotherm is cold enough to stabilize
hydrous phases. However if the geotherm is hot, the released
H2O is not stable in the hydrous phases in the overlying mantle.
Instead, the H2O would move upwards as porous flow, and
cannot be transported into the deeper mantle through dragging
down by the lithospheric counter-flow.

As already discussed above, the P–T path of the slab surface
varies, and is strongly dependent on the age of the subducting
slab, and the convergence rate. Temperature conditions of the
overlying mantle wedge depend also on the T of the slab
surface.

6. Mechanism of water transportation into the mantle
transition zone

Combining the two phase diagrams in Fig. 9 in addition to
Fig. 3, the water transportation mechanism can be estimated as
follows. First, the following four different T path cases along

the slab plane (Fig. 9) are discussed: (A) steepest geotherm
generated by old slab; (D) most gentle geotherm produced by
very young slab; and intermediate types (B) and (C).

In the case of subduction of an old oceanic plate along a low
geothermal gradient, the subducting oceanic crust suffers
progressive high P–T metamorphism from blueschist to law-
sonite–eclogite facies (Fig. 9). Lawsonite–eclogite facies as-
semblages are stable over a wide P–T field extending from
2.5 GPa, T<500 °C, through 8 GPa, T<800 °C to 9.5 GPa,
<700 °C. That is, lawsonite is stable at depths ranging from
75 km to 300 km. As described above, lawsonite is continuously
dehydrated with increasing temperature in the coesite field, and
with increasing pressure and temperature in the stishovite field.
Subduction of old oceanic plate (Path A) releases 3 wt.% H2O
continuously from 75 km to 100 km depth by the blueschist–
lawsonite–eclogite transformation and retains 1 wt.%H2O in the
subducting slabs. Therefore, the small wedge corner triangle
(trenchward from aseismic front) must be hydrated extensively
with successive subduction of the oceanic plate with time (Fig.
10a). Intermediate-depth intraslab earthquake has been

Fig. 10. Schematic profile showing the transportation mechanism of H2O down to the mantle. Case A, B, C and D correspond to the P–T paths in Fig. 9. See detail in
the text.

159S. Maruyama, K. Okamoto / Gondwana Research 11 (2007) 148–165



Consequences for Geodynamics

• If changes in fast seismic axes  reflect flow direction at all 
depths ⇒Change in shear direction? 

• Recrystallization during phase transition could induce or erase 
anisotropy signal at transition boundaries? 

• Change in slip system due to effect of pressure, melt, or water?



Conclusions 

• Strong (2-3% on average) azimuthal anisotropy in upper 200 km and 1% 
seismic anisotropy in the MTZ 

• MTZ boundaries associated with changes in azimuthal anisotropy in addition 
to velocity discontinuities   

• What does it mean? This needs to be investigated further by mineral 
physicists and geodynamicists, and we need more MTZ studies including 
anisotropy by seismologists 


