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Plate 2. Same as Plate 1 for the radial S wave mtisotropy • = (N-L)/L at the same depths. The aniso- 
tropy is plotted with respect to an average value at each depth. 

Montagner	and	Tanimoto	,	JGR	1991;	Montagner,	Rev.	Geophys.,	1994	
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Plate 1. Vsv wave velocity distributions at different depths. (a) 100 km, (b) 200 km, (c) 370 km, (d) 440 
km. The color scale is reported at the bottom of the figure. Two horizontal cross sections are also presented at 
(e) 30øN and (f) 20 ø S. 
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G and its azimuth •PG). The same observations as for 
Vsv and • are still valid (Figure 6) . Azimuthal aniso- 
tropy is significant down to 250-300 km and becomes 
small below. We note a good correlation between plate 
tectonics velocities and directions of maximum G. It is 
even better at 300 km than at 100 km. 

As no global model of azimuthal anisotropy is 
available so far, our results for azimuthal anisotropy can 
only be compared to a few regional models, in the Indian 
Ocean [Montagner and Jobeft, 1988], in Africa 
[Hadiouche et al., 1989] and in the Pacific Ocean 
[Nishimura and Forsyth, 1989]. In the Indian Ocean, our 
map at a depth of 100 km presents the same features as 
the one at 58 km of Montagner and Jobert [1988] and 
the best agreement is found at 200 km where maps of 
azimuthal anisotropy look like plate motion direction 
map [Minster and Jordan, 1978]. In Africa, we find, as 
did Hadiouche et al. [1989], in southern Africa a 
surprising NW-SE direction (not related to absolute plate 
motion), in northern Africa a N-S direction and in 
Eastern Africa a direction perpendicular to the opening 
direction of Red Sea. Therefore, the agreement between 
that regional model and our global model is very good. 
In the Pacific Ocean, we find, as did Nishimura and 
Forsyth, [1989] that the directions of maximum velocity 
are related to fossil seafloor spreading at 100 km of 
depth for old ocean but to the present plate motion at a 
depth of 200 km. At depths larger than 350-400 km, the 
anisotropic parameter G becomes very small and is not 
well resolved. Therefore, the comparison between our 
model and regional models is qualitatively good, but we 
note that there can be some disagreement on the location 
at depth of this kind of anisotropy. 

Spherical Harmonic Expansion 
The tomographic models were derived from a tech- 

nique which does not need any basis of functions (see 
Montagner [1986a] for the philosophy of the method). 
This approach is preferable because only the first and 
second trains of surface waves have been used. However, 
it is possible to calculate spherical harmonic expansion of 
the different distributions presented in the previous sec- 
tions (which must be seen as a by-product of our tomo- 
graphic technique). 

A spherical harmonic expansion for Vsv is 
presented in Figure 7. The spherical harmonic expansion 
of noncorrected phase velocities distributions displayed a 
difference between intermediate long period surface 
waves (70-180 s) and long period (>180 s) surface waves 
(MT). The first ones display a rather regular decreasing 
with order, whereas long-period expansion presents two 
secondary maxima, one for degree 2 and the second one 
for degree 6. Shallow layer corrections by increasing 
odd order terms tend to hide even orders (Figure 2). The 

Fig. 6. S wave azimuthal anisotropy (G parameter 
expressed in gigapascals see text) at the same depths as previ- 
ously. 

Vsv	azimuthal	anisotropy	 Vsv		heterogenei3es	 Radial	anisotropy	
ξ	=	(Vsh/Vsv)2	
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Figure 2. General scheme explaining what we can expect in 
a simple convection cell for seismic anisotropy. 

about the mineralogy and the deep structure of the 
mantle. From an observational point of view, the an-
isotropy induces two kinds of observable effects: the 
azimuthal anisotropy, which is directly observed for 
surface waves [Forsyth, 1975], and the radial anisot-
ropy , which is not observed directly but inferred from 
the simultaneous inversion of Rayleigh and Love wave 
data [Anderson, 1961] in order to remove the Rayleigh-
Love wave dispersion discrepancy . 

From a theoretical point of view, Smith and Dahlen 
[1973] have demonstrated that a general slight elastic 
anisotropy gives rise to an azimuthal dependence of 
Rayleigh and Love waves of the form 

Yew, '1') - Vo(w, '1') = Ao(w) + At(w) 

AVIl f! AG E= 2.2'7. 
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. cos 2'1' + A 2(w) sin 2'1' + A3(W) 

. cos 4'1' + A4(W) sin 4'1' (4) 

where 'I' is the azimuth along the path. Montagner and 
NataJ [1986] showed that the 0'1' term corresponds to 
the average over all azimuths and involves five inde-
pendent parameters, A = P C = P F , L = 
p viv, and N = P viH' which express the equivalent 
transverse isotropic medium with vertical symmetry 
axis . The other azimuthal terms (2'1' and 4'1') depend 
on four groups of two parameters with an azimuthal 
variation, B, 'l'B; G, 'l'G; H, 'l'H; and E, 'l'E' de-
scribing the azimuthal variation of A, L, F, and N , 
respectively. B , G, H, and E are the amplitudes , and 
'I' B' 'I' G ' 'I' H, and 'I' E are the azimuths of these 
parameters, respectively. It can be shown that they 
are linear combinations of elastic moduli Cij [Montag-
ner and NataJ, 1986, 1988] . 

Therefore in the most general case of a slight aniso-
tropic medium, 13 combinations of elastic moduli are 
necessary to describe the total effect of anisotropy on 
surface wave velocity. That means that from a theo-
retical point of view, seismic surface waves have the 
ability to provide 13 tomographic models. However, 
from a practical point of view, data do not have the 
resolving power for inverting so many parameters. 

We only present results for parameters related to S 
wave anisotropy, that is, the radial anisotropy = (N 
- L)/L = 2(VSH - Vsv)/Vsv and G(G, 'l'G), which 
expresses the azimuthal dependence of V sv and which 
provides the most important contribution to the Ray-
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Plate 2. S wave anisotropy for (a) radial anisotropy = N - L/L at 100 km and (b) the same at 370 km. 
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Building		seismic	models	:	
1)	Automated	waveform	inversion	applied	to	millions	of	waveforms	(Cara	and	Lévêque,	1987;	Debayle	
and	Ricard	2012,	2016).	Period	range	:		50	-250	s	

2)	Tomographic	inversion	
(Debayle	and	Sambridge	
2004).		
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•  3D2016_03SV	:	SV-wave	model	

updated	up	to	March	2016	

•  1,391,400		Rayleigh	waveforms		

•  Includes	azimuthal	anisotropy	

•  Updated	every	three	months	following	

publica3on	of	the	CMT	catalog	

•  Updated	model	available	at	:	

h1p://perso.ens-lyon.fr/eric.debayle/	

Or	as	a	IRIS	data	product	at	

h1p://ds.iris.edu/ds/products/

emc-3d2016_03sv/	

	
	

3D2016_03Sv	:	an	
automa3cally	updated	
Sv-wave	model	of	the	
upper	mantle	
(Debayle	et	al.,	GRL,	2016)	
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3D2016_03Sv	:	cross-sec3ons	with	respect	to	age	

SV-wave	heterogenei>es	in	3D2016_03Sv	(Debayle		et	al.,	2016)	:	

Strength	of	azimuthal	anisotropy	(Debayle	et	al.,	2016)	:	
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Azimuthal	Anisotropy	versus	plate	velocity	
Dashed	lines	:	strength	of	anisotropy;	Solid	lines	:	anisotropy	projected	on	APM		

Debayle	and	Ricard,		EPSL,	2013	

“only	plates	moving	faster	than	about	4	cm/year	can	produce	sufficient	shearing	at	
their	base	to	organize	the	asthenospheric	anisotropy	at	the	scale	of	the	en<re	
tectonic	plates”		
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Agreement	between	anisotropy	and	APM	(50-200	km)	
Plates	faster	than	4	cm/yr	 Plates	slower	than	4	cm/yr	

•  G	:	anisotropy	strength	

•  θ :	angular	difference	between	
APM	and	fast	anisotropic	
direc3on	

•  Blue	:	strong	agreement,	θ	<45	°,	
G	large.	

•  red:	poor	agreement,	θ	>45	°,	G	
large.	

	
	
	

	

G.cos(2θ ) 050 km 050 km

100 km 100 km

150 km 150 km

200 km 200 km



Agreement	between	anisotropy	and	APM	(250-550	km)	

Fast-moving	plates	 Slow-moving	plates	

•  G	:	anisotropy	strength	

•  θ	:	angular	difference	between	
APM	and	fast	anisotropic	
direc3on	

•  Blue	:	strong	agreement,	θ	<45	°,	
G	large.	

•  red:	poor	agreement,	θ	>45	°,	G	
large.	
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Angular	difference	between	anisotropy	direc3ons	and		APM	

Fast-moving	plates	

Slow-moving	plates	

E. Debayle, Y. Ricard / Earth and Planetary Science Letters 376 (2013) 165–177 173

Fig. 7. Cross-sections with respect to age of the angular difference between fast anisotropic directions and APM (panel (a) global average, panel (b), fast plates, panel (c), slow
plates). Continental plates are divided into Phanerozoic (labelled Pha.), Proterozoic (labelled Prot.) and Archean (labelled Arch.). Under the lithosphere defined by solid lines,
the anisotropy is closely aligned with APM for fast-moving plates only.

In Fig. 7, we plot age-dependent cross-sections of the angular
difference between fast anisotropic and APM directions. The an-
gular difference α is defined between 0 and 90◦ . This quantity is
averaged globally (Fig. 7(a)), for the six fastest plates (Fig. 7(b)),
and for the remaining plates (Fig. 7(c)). A remarkable feature of
Figs. 7(a), (b) is the progressive deepening of the layer where plate
motion controls the anisotropy. This deepening follows approxi-
mately the trend predicted by the square root of age cooling model
(Turcotte and Schubert, 2002), as observed for the SV-velocity in
our recent seismic models (Maggi et al., 2006; Debayle and Ri-
card, 2012). This layer extends to a depth of 250–300 km and
is clearly due to fast-moving plates (Fig. 7(b)) which imprint the

global average. In contrast, the asthenosphere is not dominated
by plate motion parallel anisotropy beneath slow-moving plate
(Fig. 7(c)). This suggests that slow-moving plates do not control the
large scale pattern of asthenospheric anisotropy. Finally, it is worth
noting that within most of the oceanic lithosphere, between the
surface and the isotherm depicted by the solid line (T < 1100 ◦C),
anisotropy and APM do not agree. For seafloor ages greater than
80 Ma, the average angle between fast anisotropy and APM is
larger than 45◦ in the lithosphere (Fig. 7(a)).

The continental profiles of Fig. 7 suggest that anisotropy be-
neath Australia and India, which are the only continents on the
6 fastest plates, better align with APM than anisotropy beneath
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Radial	anisotropy	model		
ξ	=	(Vsh/Vsv)2		
(Ho	et	al.,		in	prep.)	
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Figure 2. General scheme explaining what we can expect in 
a simple convection cell for seismic anisotropy. 

about the mineralogy and the deep structure of the 
mantle. From an observational point of view, the an-
isotropy induces two kinds of observable effects: the 
azimuthal anisotropy, which is directly observed for 
surface waves [Forsyth, 1975], and the radial anisot-
ropy , which is not observed directly but inferred from 
the simultaneous inversion of Rayleigh and Love wave 
data [Anderson, 1961] in order to remove the Rayleigh-
Love wave dispersion discrepancy . 

From a theoretical point of view, Smith and Dahlen 
[1973] have demonstrated that a general slight elastic 
anisotropy gives rise to an azimuthal dependence of 
Rayleigh and Love waves of the form 

Yew, '1') - Vo(w, '1') = Ao(w) + At(w) 

AVIl f! AG E= 2.2'7. 
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. cos 2'1' + A 2(w) sin 2'1' + A3(W) 

. cos 4'1' + A4(W) sin 4'1' (4) 

where 'I' is the azimuth along the path. Montagner and 
NataJ [1986] showed that the 0'1' term corresponds to 
the average over all azimuths and involves five inde-
pendent parameters, A = P C = P F , L = 
p viv, and N = P viH' which express the equivalent 
transverse isotropic medium with vertical symmetry 
axis . The other azimuthal terms (2'1' and 4'1') depend 
on four groups of two parameters with an azimuthal 
variation, B, 'l'B; G, 'l'G; H, 'l'H; and E, 'l'E' de-
scribing the azimuthal variation of A, L, F, and N , 
respectively. B , G, H, and E are the amplitudes , and 
'I' B' 'I' G ' 'I' H, and 'I' E are the azimuths of these 
parameters, respectively. It can be shown that they 
are linear combinations of elastic moduli Cij [Montag-
ner and NataJ, 1986, 1988] . 

Therefore in the most general case of a slight aniso-
tropic medium, 13 combinations of elastic moduli are 
necessary to describe the total effect of anisotropy on 
surface wave velocity. That means that from a theo-
retical point of view, seismic surface waves have the 
ability to provide 13 tomographic models. However, 
from a practical point of view, data do not have the 
resolving power for inverting so many parameters. 

We only present results for parameters related to S 
wave anisotropy, that is, the radial anisotropy = (N 
- L)/L = 2(VSH - Vsv)/Vsv and G(G, 'l'G), which 
expresses the azimuthal dependence of V sv and which 
provides the most important contribution to the Ray-
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Plate 2. S wave anisotropy for (a) radial anisotropy = N - L/L at 100 km and (b) the same at 370 km. 
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•  400,000	Love	and	Rayleigh	waves	

inverted	to	produce	Sh	and	Sv	models	
with	same	coverage		

•  Crustal	correc3ons	with	Crust	1	

•  Fundamental	and	overtones	up	to	the	
firh,	period	range	50-250	s	
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Azimuthal	and	radial	anisotropy	versus	age	

Fast-moving	plates	

Slow-moving	plates	

E. Debayle, Y. Ricard / Earth and Planetary Science Letters 376 (2013) 165–177 173

Fig. 7. Cross-sections with respect to age of the angular difference between fast anisotropic directions and APM (panel (a) global average, panel (b), fast plates, panel (c), slow
plates). Continental plates are divided into Phanerozoic (labelled Pha.), Proterozoic (labelled Prot.) and Archean (labelled Arch.). Under the lithosphere defined by solid lines,
the anisotropy is closely aligned with APM for fast-moving plates only.

In Fig. 7, we plot age-dependent cross-sections of the angular
difference between fast anisotropic and APM directions. The an-
gular difference α is defined between 0 and 90◦ . This quantity is
averaged globally (Fig. 7(a)), for the six fastest plates (Fig. 7(b)),
and for the remaining plates (Fig. 7(c)). A remarkable feature of
Figs. 7(a), (b) is the progressive deepening of the layer where plate
motion controls the anisotropy. This deepening follows approxi-
mately the trend predicted by the square root of age cooling model
(Turcotte and Schubert, 2002), as observed for the SV-velocity in
our recent seismic models (Maggi et al., 2006; Debayle and Ri-
card, 2012). This layer extends to a depth of 250–300 km and
is clearly due to fast-moving plates (Fig. 7(b)) which imprint the

global average. In contrast, the asthenosphere is not dominated
by plate motion parallel anisotropy beneath slow-moving plate
(Fig. 7(c)). This suggests that slow-moving plates do not control the
large scale pattern of asthenospheric anisotropy. Finally, it is worth
noting that within most of the oceanic lithosphere, between the
surface and the isotherm depicted by the solid line (T < 1100 ◦C),
anisotropy and APM do not agree. For seafloor ages greater than
80 Ma, the average angle between fast anisotropy and APM is
larger than 45◦ in the lithosphere (Fig. 7(a)).

The continental profiles of Fig. 7 suggest that anisotropy be-
neath Australia and India, which are the only continents on the
6 fastest plates, better align with APM than anisotropy beneath

Azimuthal	anisotropy	(angular	difference	
between	anisotropy	direc>ons	and		APM)	

Radial	anisotropy	
ξ	=	(Vsh/Vsv)2	
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Figure 4. Conceptual model of anisotropy and upper mantle seismic discontinuities in the lithosphere-asthenosphere system.

anisotropy at nearly constant depth of 70 km underneath the oceans. On the other hand, while melting itself
is expected to focus at mid-ocean ridges and other temperature anomalies, melt-rich structures may interact
and freeze into the cooling lithosphere, when pushed away from the ridge.

Recently, the study of Po/So guided seismic wave arrivals has proven useful to illuminate the amount and
characteristics of structures such as possible frozen-in melt-related layering or other forms of petrological
fabric alignment at lithospheric depth [Kennett and Furumura, 2013]. Kennett and Furumura [2015] show that
pervasive stochastic heterogeneities with horizontal and vertical correlation lengths of ∼10 km and ∼0.5 km,
respectively, provide a good explanation for their Po/So observations. Since such quasi-laminated petrological
fabrics would manifest themselves in the form of radial anisotropy, when seen by longer-period surface waves,
Kennett and Furumura [2015] suggest the level of heterogeneity as a potential ! proxy.

While our hypothesis tests (Figure 3) confirm that the weak age dependence in tomographically imaged ! is
not a regularization artifact, the numerous other sources of uncertainties, such as measurement uncertainties
or poorly modeled crust, and the small difference in VR between the considered models, underline that future
studies need to confirm the observed tendencies.

3.3. Unified Conceptual Interpretation
We propose the following model of the oceanic lithosphere (Figure 4): Convective upwelling of mantle
material leads to shallow decompression melting and basaltic crust formation underneath the spreading
centers [Hirschmann, 2010]. Deeper in the mantle, partial melt accumulates in flow-aligned, melt-rich
channels, whose depth range is controlled by melt mobility [Sakamaki et al., 2013] and bracketed by the two
SS precursor depth interfaces, mainly observed underneath hot spots and ridges. Melt lamellae are gradu-
ally spread out laterally and eventually frozen into the lithosphere at roughly constant depth that is set by
the asthenospheric temperature and spreading rate, with some degree of remelting, present at hot spots and
other thermal anomalies [Schmerr, 2012]. An SPO type of radial anisotropy results, as suggested by Kawakatsu
et al. [2009], which may alternatively be due to petrological fabrics. Flow-induced LPO contributes strongly
to these frozen-in structures at asthenospheric depths, again similar to what has been suggested for the
continents [Becker et al., 2008]. Frozen-in SPO will have a minor effect on azimuthal anisotropy if there is no
preferred anisotropy of lamellae in the horizontal plane; hence, azimuthal anisotropy is mainly sensitive to
LPO due to shearing in the uppermost asthenosphere. The region of alignment between flow model predic-
tions and observed azimuthal anisotropy marks the base of the mechanical lithosphere [Debayle and Ricard,
2013; Becker et al., 2014].
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Fig. 7. Cross-sections with respect to age of the angular difference between fast anisotropic directions and APM (panel (a) global average, panel (b), fast plates, panel (c), slow
plates). Continental plates are divided into Phanerozoic (labelled Pha.), Proterozoic (labelled Prot.) and Archean (labelled Arch.). Under the lithosphere defined by solid lines,
the anisotropy is closely aligned with APM for fast-moving plates only.

In Fig. 7, we plot age-dependent cross-sections of the angular
difference between fast anisotropic and APM directions. The an-
gular difference α is defined between 0 and 90◦ . This quantity is
averaged globally (Fig. 7(a)), for the six fastest plates (Fig. 7(b)),
and for the remaining plates (Fig. 7(c)). A remarkable feature of
Figs. 7(a), (b) is the progressive deepening of the layer where plate
motion controls the anisotropy. This deepening follows approxi-
mately the trend predicted by the square root of age cooling model
(Turcotte and Schubert, 2002), as observed for the SV-velocity in
our recent seismic models (Maggi et al., 2006; Debayle and Ri-
card, 2012). This layer extends to a depth of 250–300 km and
is clearly due to fast-moving plates (Fig. 7(b)) which imprint the

global average. In contrast, the asthenosphere is not dominated
by plate motion parallel anisotropy beneath slow-moving plate
(Fig. 7(c)). This suggests that slow-moving plates do not control the
large scale pattern of asthenospheric anisotropy. Finally, it is worth
noting that within most of the oceanic lithosphere, between the
surface and the isotherm depicted by the solid line (T < 1100 ◦C),
anisotropy and APM do not agree. For seafloor ages greater than
80 Ma, the average angle between fast anisotropy and APM is
larger than 45◦ in the lithosphere (Fig. 7(a)).

The continental profiles of Fig. 7 suggest that anisotropy be-
neath Australia and India, which are the only continents on the
6 fastest plates, better align with APM than anisotropy beneath
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Depth	extent	of	Anisotropy	

and appears as a negative impedance reflector in studies of
precursors to multiple ScS reverberations22. The difference in
depth of the observed d lny. 0 anisotropy between continents
and oceans is consistent with an interpretation of both the Lehmann
and Gutenberg discontinuities as marking the bottom of the
mechanically coherent lithosphere, in areas where it is quasi-
horizontal (Fig. 5).
In this study, we consider only radial anisotropy, which in

particular does not account for intermediate orientation of the
fast axis of anisotropy10. We can only infer that regions with
significant d lny. 0 are regions where anisotropy has a significant
horizontal component, and expresses the alignment of olivine
crystals in predominantly horizontal flow26. In regions of transition
between cratons and younger continental provinces, or between
ocean and continent, the asthenospheric flow would follow the
inclined shape of the bottom of the lithosphere and be less clearly
detected with our approach.
Thus, the inspection of radial anisotropy in the depth range 200–

400 km allows us to infer that continental roots do not extendmuch
beyond a depth of 250 km, in agreement with other geophysical
observations. The part of the mantle under old continents that
translates coherently with plate motions need not be thicker than
200–250 km. Tomographic models reveal the varying depth of the
top of the anisotropic asthenospheric channel, marked by the
Lehmann discontinuity under continents (about 200–250 km
depth), and the Gutenberg discontinuity under oceans (about 60–
80 km depth). Seemingly incompatible tomographic models
obtained by different researchers can thus also be reconciled:
the relatively poor correlation between different models in the
depth range 250–400 km is not due to a lack of resolution of the
tomographic approach, but rather to the different sensitivity to
anisotropy of different types of data. A

Methods
Broadband sensitivity kernels
In this study, we invert three-component long-period seismograms in the time domain
(down to periods of 60 s for surface waves, and 32 s for body waves) in the framework of
nonlinear asymptotic coupling theory (NACT11), a normal-mode perturbation-based
approach which takes into account the concentrated sensitivity of body waves to structure
along the ray path, in contrast to standard approaches which assume one-dimensional
kernels, an approximation which is valid only for fundamental mode surface waves. Our
technique involves dividing the seismogram into wavepackets that may contain one or
more seismic phases, and applying weighting factors to equalize the contribution of large
and small amplitude wavepackets in the least-squares inversion.

Transverse isotropy
A transversely isotropic medium with vertical axis of symmetry is described by density r
and five elastic parameters, usually A¼ rV2

PH;C ¼ rV2
PV; L¼ rV2

SV;N ¼ rV2
SH and F. We

start by considering, equivalently, the six parameters VSH, VSV, h¼ F=ðA2 2LÞ;VPiso

(isotropic VP), f ¼ C/A and r, with appropriate kernels for weak transverse anisotropy.
To reduce the number of parameters in the inversion and keep only those that are best-

resolved ðVSH ¼ ðN=rÞ1=2; VSV ¼ ðL=rÞ1=2Þ; we assume the following scaling relations, as
inferred from laboratory experiments for depths relevant to our study (that is, less than
500 km)27: d lnVPiso ¼ 0:5d lnVSiso ;d lnh¼22:5d lny and d lnf¼21:5d lny; with
d lnVSiso ¼ 2=3d lnVSV þ 1=3d lnVSH (under the assumption of weak anisotropy; VSiso is
isotropicVS and d lnr¼ 0:3d lnVSiso :We have verified that the main features in our results
are not affected by the particular values chosen in these relations. Starting from our most
recent tomographic models, SAW24B168 for VSH and SAW16BV19 for VSV, we invert for
perturbations in VSH and VSV in a spherical harmonics expansion up to degree 16 laterally.
Vertical parametrization is in terms of cubic splines. Since our sampling of the lowermost
mantle with SV-sensitive body waves is limited, in order to avoid bias from anisotropy in
D 00 , we have restricted our inversion to the top 1,500 km of the mantle, and chosen the
body waveforms to include in the data set accordingly.

We have checked that our results, and in particular the observation of radial anisotropy
under continents at depths greater than 200 km is not the result of artefacts due to poor
resolution in the inversion for either VSH or VSV, by performing synthetic tests. For
example, Supplementary Fig. 4 shows the results of an experiment in which synthetic
transverse component seismograms have been computed for a starting SVmodel (no roots
below 250 km), mimicking the actual distribution of our data set, and then reinverted for
an SH model. No deep continental roots are apparent in the resulting final model.

Assuming lattice preferred orientation of anisotropic minerals such as olivine, and as
illustrated, for example, in ref. 26, a large-scale predominantly horizontal flow is
characterized by a positive d ln y and also by significant SKS wave splitting. The direction
of the fast axis inferred from the latter is related to the direction of the flow in the
horizontal plane. Coupling between Love and Rayleigh waves that may arise in the case of
anisotropy with a non-vertical axis of symmetry affects mainly the wave amplitudes.
Because we are primarily fitting the phase part of the seismograms, such coupling should
have little effect on our results.
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Figure 5 Sketch illustrating our interpretation of the observed anisotropy in relation to
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Gung	and	Romanowicz,	2003		
(from	radial	anisotropy)	

Radial	anisotropy	(ξ=(Vsh/Vsv)2	)	
(Ho	et	al.,	in	prep)	
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Summary	anisotropy	:	
	
•  Radial	anisotropy	extends	deeper	(down	to	350	km	depth)	beneath	con3nents	than	beneath	oceans.		

Ø  Between	200	and	350	km,	anisotropic	crystals	may	be	predominantly	oriented	in	the	
horizontal	plane	(producing	SH-waves	faster	than	SV-waves).		

•  There	is	no	ocean/con3nent	difference	in	the	depth	extent	of	azimuthal	anisotropy	which	extends	
down	to	about	200	km.		
Ø  	Between	200	and	350	km,	anisotropic	crystals	may	be	be	predominantly	oriented	in	the	

horizontal	plane	but	azimuthally	random	at	very	large	scale	(producing	no	significant	azimuthal	
anisotropy).		

Ø  This	is	consistent	with	the	idea	that	“only	plates	faster	than	4	cm/year	organize	the	anisotropy	
at	very	large	scale”	,	as	most	con3nents	excepted	India	and	Australia	are	located	on	plates	
slower	than	4	cm/year.	

	
•  Shape	preferred	orienta3on	may	explain	the	“flat”	radial	anisotropy	beneath	oceans.		

•  Radial	anisotropy	suggests	broad	regions	of	ver3cal	flow	beneath	mid	ocean	ridges	between	200	
and	250	km	depths.		
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•  Based	on	Debayle	and	Ricard,	(2012)	

fundamental	and	higher	modes	
global	dataset.	

•  Inversion	of	ln	(Qs)	at	different	depths		

•  Focussing/defocussing	effects	
accounted	for	using	Woodhouse	and	
Wong	(1986)		

•  Specific	model	for	source	excita3on		

•  Careful	data	selec3on	:	
•  Data	close	to	a	node	in	the	

radia3on	pa1ern	rejected.	
•  Data	likely	to	have	instrument	

or	M0	problems	rejected	
•  Outliers	rejected	

•  About	40,000	paths	kept	for	inversion	
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Adenis	et	al.,	in	prep	

Q	versus	age		 Vs	versus	age	(3D2016_03Sv)		
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Thermal	upwelling	deflected	horizontally	beneath		the	lithosphere?	

nant around the 670-km discontinuity, whereas
others penetrate into the lower mantle to depths
in excess of 1500 km (4). These results agree
with geodynamic models in which the cold and
dense down-going slabs play a driving role in
global mantle circulation heated primarily from
within (5). The detailed morphology and role of
upwellings, as manifested by two prominent
zones of lower than average velocity in the
lowermost mantle and commonly referred to as
superplumes, is less clear. Their location, under
the south-central Pacific and under Africa, cor-
relates with the global distribution of hot spots,
as well as two major geoid highs (6). Recent
tomographic S wave velocity models suggest
that the superplumes rise high above the core-
mantle boundary (CMB) (3, 7), and joint seis-
mic-geodynamic studies imply that they may be
active upwellings (8). However, finer scale res-
olution is still lacking. In particular, velocity
tomography in the transition zone correlates
well with slabs but not so well with hot spot
distribution or the residual geoid, except at de-
gree 6 (9). This could be due to a combination
of factors as follows: (i) elastic velocities are
sensitive to composition as well as temperature,
(ii) the effect of temperature on velocities de-
creases with increasing pressure (10), (iii)
wavefront healing effects make it difficult to
accurately image low velocity bodies (11), and
(iv) hot spots may have a shallow origin, inde-
pendent of the lower mantle superplumes (12).

To obtain additional constraints on hotter-
than-average features, we turn to the ampli-
tudes of seismic waves, which are sensitive to
3D anelastic structure. Owing to the expo-
nential dependence on temperature of atten-
uation (13), which we shall express in terms
of Q!1, where Q is the quality factor, we
expect anelastic tomography to highlight hot-
ter than average regions better than standard
elastic tomographic approaches.

There have been few attempts at mapping
mantle 3D attenuation structure. Travel time
and phase observations, in general, can be in-
terpreted in the framework of linear ray theory.
Unlike these observations, amplitudes are af-
fected not only by anelastic structure but also
by the nonlinear effects of wave propagation
through the 3D elastic medium, which causes
focusing and scattering of energy (14). Because
the lateral gradients of elastic structure are not
sufficiently well constrained to allow the accu-
rate removal of elastic effects, the resulting
contamination of amplitude data can be severe.
Particular care must therefore be taken in data
selection and methodology in order to extract
the intrinsic attenuation signal. Previous studies
of lateral variations of Q!1 in the upper mantle
have noted high-attenuation regions associated
with ridges (15, 16) and back arcs (15, 17) and
have suggested the existence of a degree 2 in
attenuation (15, 18). However, on the global
scale, 3D mantle Q!1 models have remained
largely qualitative.

We developed a waveform tomographic
inversion method, originally aimed at con-
structing global 3D elastic models of the
whole mantle (3, 19), that now has been
extended to iteratively solve for elastic and
anelastic structure in the upper mantle with
the use of three-component waveform data of
fundamental and higher mode surface waves
(20). Though the method does not directly
account for elastic effects in the amplitudes,
which limits the lateral resolution of our Q!1

models to lmax " 8 (21), where lmax is the
maximum degree in a horizontal spherical
harmonics parametrization, strict data selec-
tion criteria are designed to reject data most
strongly contaminated by focusing (22).

In the top 250 km of the mantle, correlation
of high Q regions with shields is seen system-
atically in North and South America, Eurasia,

Australia, and Antarctica, whereas mid-ocean
ridges in the Pacific, Atlantic, and Indian Ocean
exhibit generally low Q values, as do western
Pacific back-arc regions (Fig. 1). This is similar
to what is observed in elastic velocity models
(1–3), with regions of high velocity correlated
with regions of high Q. A notable exception is
an elongated zone of high attenuation in the
central Pacific, extending from south of the
equator to Hawaii, not seen in SH velocity
models (3, 19) at these depths. Below 250 km,
this tectonics-related Q distribution is gradually
replaced by a simpler pattern with two strong

Fig. 1. Maps of lateral variations in Q!1 at
representative depths in the upper mantle, ob-
tained by joint inversion of three-component
waveform data (model QRLW8). Black dots are
hot spots (9), and the global plate boundary
system is in green, emphasizing the changing
Q!1 pattern as depth increases. The two high-
attenuation peaks in the transition zone appear
to be connected through South America, fol-
lowing the trail of southern hot spots. Temper-
ature contrasts at the center of the high-atten-
uation regions in the transition zone could be
several hundred degrees; however, amplitudes
of lateral variations in Q!1 are not well
constrained.

Fig. 2. Comparison of the degree 2 distribution
in Q!1 in the upper mantle transition zone
(depth of 500 km) for model QRLW8, with the
corresponding distribution in SH and SV veloc-
ity as well as with SH velocity at 2800 km. The
SH model is SAW24B16 (3). The SV model,
SAW16BV, was derived in the course of the
present study [Y. Gung, B. Romanowicz, in
preparation]. There is no corresponding SV ve-
locity model in the deepest mantle, because
the sampling in SV at those depths is poorer
than for SH. The velocity models in the transi-
tion zone correlate better with slabs than with
superplumes.
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nant around the 670-km discontinuity, whereas
others penetrate into the lower mantle to depths
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superplumes, is less clear. Their location, under
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relates with the global distribution of hot spots,
as well as two major geoid highs (6). Recent
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that the superplumes rise high above the core-
mantle boundary (CMB) (3, 7), and joint seis-
mic-geodynamic studies imply that they may be
active upwellings (8). However, finer scale res-
olution is still lacking. In particular, velocity
tomography in the transition zone correlates
well with slabs but not so well with hot spot
distribution or the residual geoid, except at de-
gree 6 (9). This could be due to a combination
of factors as follows: (i) elastic velocities are
sensitive to composition as well as temperature,
(ii) the effect of temperature on velocities de-
creases with increasing pressure (10), (iii)
wavefront healing effects make it difficult to
accurately image low velocity bodies (11), and
(iv) hot spots may have a shallow origin, inde-
pendent of the lower mantle superplumes (12).

To obtain additional constraints on hotter-
than-average features, we turn to the ampli-
tudes of seismic waves, which are sensitive to
3D anelastic structure. Owing to the expo-
nential dependence on temperature of atten-
uation (13), which we shall express in terms
of Q!1, where Q is the quality factor, we
expect anelastic tomography to highlight hot-
ter than average regions better than standard
elastic tomographic approaches.

There have been few attempts at mapping
mantle 3D attenuation structure. Travel time
and phase observations, in general, can be in-
terpreted in the framework of linear ray theory.
Unlike these observations, amplitudes are af-
fected not only by anelastic structure but also
by the nonlinear effects of wave propagation
through the 3D elastic medium, which causes
focusing and scattering of energy (14). Because
the lateral gradients of elastic structure are not
sufficiently well constrained to allow the accu-
rate removal of elastic effects, the resulting
contamination of amplitude data can be severe.
Particular care must therefore be taken in data
selection and methodology in order to extract
the intrinsic attenuation signal. Previous studies
of lateral variations of Q!1 in the upper mantle
have noted high-attenuation regions associated
with ridges (15, 16) and back arcs (15, 17) and
have suggested the existence of a degree 2 in
attenuation (15, 18). However, on the global
scale, 3D mantle Q!1 models have remained
largely qualitative.

We developed a waveform tomographic
inversion method, originally aimed at con-
structing global 3D elastic models of the
whole mantle (3, 19), that now has been
extended to iteratively solve for elastic and
anelastic structure in the upper mantle with
the use of three-component waveform data of
fundamental and higher mode surface waves
(20). Though the method does not directly
account for elastic effects in the amplitudes,
which limits the lateral resolution of our Q!1

models to lmax " 8 (21), where lmax is the
maximum degree in a horizontal spherical
harmonics parametrization, strict data selec-
tion criteria are designed to reject data most
strongly contaminated by focusing (22).

In the top 250 km of the mantle, correlation
of high Q regions with shields is seen system-
atically in North and South America, Eurasia,

Australia, and Antarctica, whereas mid-ocean
ridges in the Pacific, Atlantic, and Indian Ocean
exhibit generally low Q values, as do western
Pacific back-arc regions (Fig. 1). This is similar
to what is observed in elastic velocity models
(1–3), with regions of high velocity correlated
with regions of high Q. A notable exception is
an elongated zone of high attenuation in the
central Pacific, extending from south of the
equator to Hawaii, not seen in SH velocity
models (3, 19) at these depths. Below 250 km,
this tectonics-related Q distribution is gradually
replaced by a simpler pattern with two strong

Fig. 1. Maps of lateral variations in Q!1 at
representative depths in the upper mantle, ob-
tained by joint inversion of three-component
waveform data (model QRLW8). Black dots are
hot spots (9), and the global plate boundary
system is in green, emphasizing the changing
Q!1 pattern as depth increases. The two high-
attenuation peaks in the transition zone appear
to be connected through South America, fol-
lowing the trail of southern hot spots. Temper-
ature contrasts at the center of the high-atten-
uation regions in the transition zone could be
several hundred degrees; however, amplitudes
of lateral variations in Q!1 are not well
constrained.

Fig. 2. Comparison of the degree 2 distribution
in Q!1 in the upper mantle transition zone
(depth of 500 km) for model QRLW8, with the
corresponding distribution in SH and SV veloc-
ity as well as with SH velocity at 2800 km. The
SH model is SAW24B16 (3). The SV model,
SAW16BV, was derived in the course of the
present study [Y. Gung, B. Romanowicz, in
preparation]. There is no corresponding SV ve-
locity model in the deepest mantle, because
the sampling in SV at those depths is poorer
than for SH. The velocity models in the transi-
tion zone correlate better with slabs than with
superplumes.
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QsADR17	

A1enua3on	and	radial	anisotropy	in	the	Pacific	Ocean	
AXenua>on	:	
A	strong	a1enua3on	was	previously		observed	by	
Rommanowicz	&	Gung	(2002)	in	the	Pacific	asthenosphere:	
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Regions	of	reduced	veloci3es	and	moderate	or	weak	a1enua3on?	

	•  If	a	significant	amount	of	melt	is	present,	it	may		reduce	velocity	without	affec3ng	
a1enua3on	(	e.g.	Shito	et	al.,	2006)	:	
•  Proposed	by	Yang	et	al.,	2007	and		Forsyth	et	al.,	1998	to	explain	por3ons	of	

the	East	Pacific	Rise	covered	by	the	MELT	experiment.	
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Summary	a1enua3on	:	
	

•  The	broad	a1enua3on	anomaly	in	the	central	Pacific	could	result	from	several	thermal	upwelling	
deflected	horizontally	in	the	Pacific	asthenosphere.	
Ø  Compa3ble	with	the	strong	radial	anisotropy	with	Sh	waves	faster	than	Sv	waves	observed	

between	100	and	200	km	in	the	same	region.	

•  Par3al	melt	may	provide	an	explana3on	for	some	regions	where	low	veloci3es	are	associated	with	
moderate	or	high	Q,	if	it		has	a	stronger	effect	on	seismic	veloci3es	than	on	a1enua3on	(Shito,	
2006)	:	
Ø  May	work	for	indonesia	and	eastern	Asia.	
Ø  May	explain	observa3ons	beneath	the	EP,R	as	observed	at	a	more	local	scale	arer	the	MELT	

experiment		(Yang	et	al.,	2007;	Forsyth,		et	al.,	1998).	



Correla3on	between	recent	Q	models	

QsADR17	:	this	study	

QMU3B	:	Selby	and	Woodhouse,	JGR,	2002	

QRFSI12	:	Dalton	et	al.,	JGR,	2008	

QRLW8	:		Gung	and	Romanowicz,	GJI,	2004	
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Quality	factor		model	QsADR17		

Adenis	et	al.,	in	prep	

Vs	versus	age		Q	versus	age		
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Synthe3c	tests	for	a1enua3on	
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Synthe3c	tests	for	a1enua3on	
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Azimuthal	anisotropy	maps	
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•  Strongest	anisotropy	in	the	
uppermost	200	km	

•  Perpendicular	to	ridge	axis	beneath	
oceanic	regions	

•  Complex	beneath	con3nents	

•  Pa1ern	robust	with	respect	to	
changes	in	horizontal	smoothing	
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Ray density maps 
(typical	of	modern	global	tomography)	

Azimuthal distribution of rays 
(Voronoi	diagrams	arer		

Debayle	and	Sambridge,	JGR,	2004)	

Each Voronoi cell is the smallest for which we are 
sure that our azimuthal coverage allows us to  

resolve the cos(2), sin(2) azimuthal variation of 
SV waves 
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