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We present a new tomographic model of azimuthal anisotropy in the upper mantle, DR2012, and discuss
in details the geodynamical causes of this anisotropy. Our model improves upon DKP2005 seismic model
(Debayle et al., 2005) through a larger dataset (expanded by a factor ~ 3.7) and a new approach
which allows us to better extract fundamental and higher-mode information. Our results confirm that
on average, azimuthal anisotropy is only significant in the uppermost 200-250 km of the upper mantle
where it decreases regularly with depth. We do not see a significant difference in the amplitude of
anisotropy beneath fast oceanic plates, slow oceanic plates or continents. The anisotropy projected onto
the direction of present plate motion shows a very specific relation with the plate velocity; it peaks in the
asthenosphere around 150 km depth, it is very weak for plate velocities smaller than 3 cmyr~!, increases
significantly between 3 and 5 cmyr~', and saturates for plate velocities larger than 5 cmyr~!. Plate-scale
present-day deformation is remarkably well and uniformly recorded beneath the fastest-moving plates
(India, Coco, Nazca, Australia, Philippine Sea and Pacific plates). Beneath slower plates, plate-motion
parallel anisotropy is only observed locally, which suggests that the mantle flow below these plates is
not controlled by the lithospheric motion (a minimum plate velocity of around 4 cmyr~! is necessary for
a plate to organize the flow in its underlying asthenosphere). The correlation of oceanic anisotropy with
the actual plate motion in the shallow lithosphere is very weak. A better correlation is obtained with the
fossil accretion velocity recorded by the gradient of local seafloor age. The transition between frozen-in
and active anisotropy occurs across the typical ,/age isotherm that defines the bottom of the thermal
lithosphere around 1100°C. Under fast continents (mostly under Australia and India), the present-day
velocity orients also the anisotropy in a depth range around 150-200 km depth which is not deeper than
what is observed under oceans.
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1. Introduction Beucler et al.,, 2003; Lebedev et al., 2005) sharpened the de-

tails of the anisotropic structure of the upper mantle (Park and

The first observations of seismic anisotropy date from the early
sixties (Aki and Kanimura, 1963; McEvilly, 1964; Hess, 1964).
Tomographic studies, at the end of the seventies and during the
eighties, confirmed its presence at global scale in the oceanic and
continental upper mantle (Forsyth, 1975; Lévéque and Cara, 1983;
Tanimoto and Anderson, 1984; Regan and Anderson, 1984; Nataf
et al., 1984; Montagner and Tanimoto, 1991). This anisotropy was
attributed to the lattice preferred orientation of anisotropic crystals
in minerals such as olivine or pyroxene (Nicolas and Christensen,
1987; Babuska and Cara, 1991).

Since the early nineties, the dramatic increase in the num-
ber of seismic stations and the development of automated ap-
proaches for analysis of very large datasets (Trampert and Wood-
house, 1995; van Heijst and Woodhouse, 1997; Debayle, 1999;
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Levin, 2002; Trampert and Woodhouse, 2003; Debayle et al., 2005;
Beucler and Montagner, 2006; Panning and Romanowicz, 2006;
Lebedev and van der Hilst, 2008; Ekstrom, 2011). Current global
tomographic models now resolve anisotropic lateral variations with
wavelengths greater than 1000 km, compared to 5000 km in the
early eighties.

Despite this tremendous progress, the origin of seismic aniso-
tropy is still debated. Shear-wave splitting (SKS) observations are
commonly used to study upper mantle anisotropy, especially be-
neath continents. SKS-type phases provide lateral resolution of a
few tens of kilometers beneath a seismic station. However, they
integrate the anisotropy over the whole mantle and have no depth
resolution. This lack of vertical resolution has fueled a long de-
bate on the origin of anisotropy beneath continents. Where fossil
geological trends are parallel to present-day plate motions, like un-
der South Africa, the same SKS anisotropic directions can either be
interpreted as related to present-day plate motions (Vinnik et al.,
1995), or as frozen-in within the lithosphere (Silver et al., 2001).
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At global scale, shear-wave splitting (SKS) observations have also
either been interpreted as frozen-in lithospheric anisotropy from
past deformation processes (Silver and Chan, 1988, 1991), or as as-
thenospheric anisotropy resulting from present-day shear induced
by plate motions (Vinnik et al., 1992).

Surface waves provide global coverage of the upper mantle, and
allow to study anisotropy in oceanic areas where few seismic sta-
tions are available. They are sensitive to both radial and azimuthal
anisotropy. In the range of periods commonly used for upper man-
tle studies (40-300 s) they constrain the anisotropy with a limited
lateral resolution of several hundreds of kilometers, but with a
much better vertical resolution of few tens of kilometers. Surface
wave and SKS observations are therefore complementary.

Global models of surface wave azimuthal anisotropy display
strong correlations of fast axes with plate motions at astheno-
spheric depths (Debayle et al., 2005; Ekstrom, 2011). This is cer-
tainly true under fast oceans (Smith et al., 2004; Maggi et al., 2006)
or continents like Australia (Lévéque et al., 1998; Debayle, 1999;
Debayle and Kennett, 2000b; Simons et al., 2002) or India (Debayle
et al, 2005). This supports the idea that at least part of the
anisotropy originates in the asthenosphere and reflects present-day
shear induced by plate motions. This interpretation is substantiated
by the general agreement between anisotropy and the global man-
tle flow that can be computed from geodynamic model (Becker
et al.,, 2007; Long and Becker, 2010).

Resolving surface wave anisotropic directions at small scale and
with a vertical resolution sufficient to identify frozen-in deforma-
tion within the continental lithosphere remains a challenge. In the
shallowest 150 km of the Australian lithosphere, the anisotropy
seems frozen-in and preserved since the Alice Spring orogeny
(Debayle and Kennett, 2000b; Simons et al., 2002). Under South
Africa (Adam and Lebedev, 2012) and North America (Marone and
Romanowicz, 2007; Yuan and Romanowicz, 2010), a likely frozen-
in anisotropy aligned with the surface geological trends is under-
laid by the asthenosphere where fast anisotropic directions are
coherent with the present-day plate motions. Beneath the Baltic
Shield, the deep asthenospheric anisotropy does not appear to be
related to the present motion of the craton (Pedersen et al., 2006).

Although a two-layer model for the anisotropy, fossil in the
lithosphere and oriented by the flow in the asthenosphere, seems
valid under various plates, this may not apply everywhere. First,
large-scale plate-motion deformation within the asthenosphere
may not be present everywhere (Debayle et al., 2005) and/or may
be complicated by small-scale convection in a number of regions
(Maggi et al., 2006; Pedersen et al., 2006; Yuan et al., 2011). Sec-
ond, although lithospheric anisotropy has been compared locally
with geological trends in a number of continental areas, there
is a lack of quantitative comparison, especially at global scale in
oceanic regions.

In this paper, we discuss the anisotropic part of DR2012,
our new global SV-wave tomographic model of the upper man-
tle (Debayle and Ricard, 2012). DR2012 improves upon DKP2005,
our previous azimuthal anisotropy model (Debayle et al., 2005),
through a larger dataset (expanded by a factor ~ 3.7) and a new
scheme that better extracts fundamental and higher-mode infor-
mation. The dataset, new scheme and inversion procedure are
presented in Debayle and Ricard (2012). Here, we study the agree-
ment between fast anisotropic directions and Absolute Plate Mo-
tion (APM) or Fossil Accretion Velocity (FAV), which is recorded by
the local age gradient in oceanic areas.

2. Data and tomographic inversion
Our dataset consists of i = 374897 path-average SV-wave depth

dependent models (hereafter referred as /3", (z)” models) obtained
by waveform inversion of multimodes Rayleigh wave seismograms

(Cara and Lévéque, 1987). The waveform inversion accounts for the
fundamental and up to five higher Rayleigh modes in the period
range 50-250 s. It has recently been automated by Debayle and
Ricard (2012).

A 3D elastic model is obtained by combining the path-average
ﬁf, (z) models in a tomographic inversion. Following Lévéque et al.
(1998), we invert directly for the local distribution of shear veloc-
ity and azimuthal anisotropy. For each path i with length L;, the
path average slowness 1/ ,Bf, (2) can be seen as the integral at each
depth z of the local slowness at geographical point (0, ¢) and for
azimuth v, 1/8y(z,0, ¢, ¥):

1 1 /' 1
=1 ds
Bv@ LiJ Bv(z.0.¢,¥)

(1)

The azimuthal variation of a long-period SV-wave propagating
horizontally with velocity By(z, 0, ¢, ) can be approximated by:

Bv(z,0,¢,¢) = Bvo(z,0,$) + A1(z,0, ¢) cos(2y)
+ A2(z,0, ¢) sin(2yr) (2)

The inversion is performed at each depth for the isotropic shear
velocity Byo(z, 0, ¢) and the anisotropic parameters A1(z, 6, ¢) and
Az(z,0,¢). We use a tomographic scheme based on the continu-
ous regionalization formalism of Montagner (1986), extended for
the analysis of massive surface wave datasets by Debayle and
Sambridge (2004). Data weighting is discussed in Debayle and
Ricard (2012). At each depth, we obtain a smooth model by im-
posing correlations between neighboring points using a Gaussian
a priori covariance function. This covariance function is defined
by a standard deviation o controlling the amplitude of a compo-
nent of the model perturbation, and by a horizontal correlation
length L, controlling the horizontal smoothness. We use stan-
dard deviations of o = 0.05 kms~! and o = 0.005 kms~! for
the isotropic and anisotropic components respectively. Increasing
the anisotropic standard deviation by a factor of two produces
anisotropy amplitudes that can locally exceed 15%, but does not
affect the pattern of anisotropic directions (Fig. A.1). Such large
amplitudes predict SKS delay times of up to 8 s that exceed the
largest values expected from laboratory experiments or SKS mea-
surements (Mainprice and Silver, 1993). The same horizontal cor-
relation length is used for both isotropic and anisotropic compo-
nents.

The isotropic part of the model (By0(z, 6, ¢)) is discussed in
details in Debayle and Ricard (2012). In the present paper, we fo-
cus on the anisotropic components A; and A,. Using a correlation
length L =400 km, we obtain the SV-wave azimuthal anisotropy
maps of the upper mantle depicted in Fig. 1. Increasing L leads
to smoother tomographic images with higher amplitude anoma-
lies, but the overall pattern of anisotropic anomalies remains un-
changed (Fig. A.2).

The largest azimuthal anisotropy is observed in the upper
250 km of the mantle (Fig. 1). In this depth range, azimuthal
anisotropy is in general perpendicular to the ridge axis, in agree-
ment with previous global surface wave observations (Tanimoto
and Anderson, 1984; Montagner and Tanimoto, 1991; Trampert
and Woodhouse, 2003; Debayle et al., 2005; Beucler and Mon-
tagner, 2006; Becker et al., 2012). Azimuthal anisotropy maps are
more complex at shallow depths (the first 100 km in oceanic
regions, the first 150 km in continental regions). At 200 km be-
neath oceanic areas, azimuthal anisotropy organizes in a smooth,
large-scale pattern within the asthenosphere. At depths greater
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Fig. 1. SV-wave azimuthal anisotropy (red bars oriented along the axis of fast propagation) at different depths in the upper mantle. The length of the bars is proportional
to the maximum amplitude of azimuthal anisotropy (bar length for 4% peak-to-peak anisotropy on top). The background grey scale indicates the amplitude of peak-to-peak

azimuthal anisotropy in per cent.

than 250 km, azimuthal anisotropy is generally weak excepted in
the vicinity of subductions. Within the transition zone, the largest
azimuthal anisotropy correlates with the observed high seismic
velocities around Indonesia and the Pacific, and in the Mediter-
ranean region (Ritsema et al., 2011; Debayle and Ricard, 2012).
This suggests some ponding of the slabs within the transition zone,
producing a broad scale high velocity and deformation signature
picked-up by long period surface waves.

The analysis of the anisotropy and its relation to geodynamics
is presented in more details in Section 5. In Sections 3 and 4 we
first assess the quality of these tomographic images.

3. Azimuthal coverage

Following Debayle and Sambridge (2004) we use “optimized
Voronoi” diagrams to estimate how azimuthal anisotropy is re-
solved with a given ray coverage. We start from an “initial” dia-
gram defined by a uniform 2° x 2° grid. This is justified because
the shortest distance scale resolvable with long period surface
wave (40-300 s) is a few hundred kilometers. From this initial di-
agram we built an optimized Voronoi diagram in which a specific
quality criterion is satisfied for each cell. We use a quality criterion
defined in Debayle and Sambridge (2004) which ensures that there
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is at least a seismic path in each 36° bin of azimuthal coverage.
This requirement of at least 5 well distributed azimuths allows the
determination of the anisotropy without aliasing effects. The opti-
mized Voronoi diagram is built using an iterative scheme where,
at each step, a small fraction of the nodes which do not match the
quality criterion are deleted and the Voronoi cells are recalculated
from the remaining nodes. Debayle and Sambridge (2004) show
that the optimized Voronoi diagram obtained with this scheme is
very close to the ideal one that would contain the largest possi-
ble number of cells for which the corresponding quality criterion
is satisfied.

Fig. A.3 presents a set of optimized Voronoi diagrams at differ-
ent depths in the upper mantle. At each depth, they are based on
the ray distribution provided by our well resolved path averaged
,3,’; (z) models, for which the a posteriori error is smaller than 80% of
the a priori error (Debayle and Ricard, 2012). These diagrams pro-
vide a useful proxy for resolution. In our case, the horizontal de-
gree of smoothing is controlled by a correlation length L =400 km.
A conservative choice is to consider that azimuthal anisotropy is
resolved when the size of the Voronoi cells is smaller than, or
comparable to the correlation surface 7 L%, Fig. A.3 shows that the
quality criterion is satisfied with almost no modification of the ini-
tial Voronoi diagram down to 350 km depth. In the transition zone,
the size of Voronoi cells increases principally at high latitudes in
the southern hemisphere, in the eastern Atlantic and Pacific oceans
and in western Africa. However, the size of the Voronoi cells re-
main everywhere smaller or comparable to the correlation surface,
which ensures that there is enough azimuthal coverage to retrieve
the SV-wave azimuthal variation everywhere in the upper mantle.

4. Possible trade-offs

We performed a variety of tests to estimate the quality of our
anisotropic model.

First, we verified the independence of the isotropic and aniso-
tropic parts of our model by inverting our dataset with and with-
out azimuthal anisotropy. As already discussed in Debayle and
Ricard (2012), the isotropic velocities obtained with an isotropic
inversion or with a fully anisotropic inversion are visually indis-
tinguishable. The main difference is a slightly larger amplitude of
SV-wave perturbation in the isotropic inversion by up to 2% at
150 km depth, reducing to less than 0.6% at depths greater than
200 km.

Second, we checked that the anisotropic inversion of synthetic
data computed with an isotropic only model (3SMAC from Nataf
and Ricard, 1995) and with the path coverage of DR2012, does not
lead to a spurious anisotropy after inversion. In agreement with
previous tests (Lévéque et al., 1998; Debayle and Kennett, 2000b;
Maggi et al., 2006), less than 1% maximum azimuthal anisotropy is
found after this inversion test.

Third, we checked that our model is not affected by the fact
that Eq. (2) is approximative. This equation only considers the
dominant terms of a more complex expression (see Montagner
and Nataf, 1986 for a detailed discussion) and neglects the 4y
azimuthal variation of the Rayleigh waves phase velocity. This ap-
proximation has been shown to be accurate (e.g., in Lévéque et al.,
1998) and trade-off between 2y and 4y terms that was already
negligible in Debayle et al. (2005) is even smaller with our present
day larger dataset.

Our various test have therefore shown that the isotropic
and anisotropic terms are robustly and independently recovered.
The isotropic part of the velocity explains by itself 85% of the
data. Taking into account the anisotropy further reduces the vari-
ance to 88% which shows that anisotropy is a second order effect.
We even computed an extreme case where we inverted our data
for the anisotropic component only, assuming that there was no

lateral variation in shear-wave velocity (Fig. A.4) by imposing a
zero variance to the isotropic component. The data variance re-
duction obtained by this “purely anisotropic” inversion does not
exceed 25%. This confirms the fact that the velocity perturbations
are mostly isotropic. However even this extreme inversion, where
the amplitude of the anisotropy exceeds 20% in some places, pre-
dicts anisotropic fabrics that remain correlated to what is obtained
by the full inversion (compare Figs. 1 and A.4). This confirms that
although anisotropy amplitudes are affected by the choice of the
a priori standard deviation, the anisotropy pattern is a robust ob-
servation.

5. Results and discussion

Simple shear at the base of a moving plate produces anisotropy
in olivine with a fast a-axis that follows the principal extension di-
rection for modestly deformed olivine aggregates, and aligns with
the direction of flow for large deformation (Zhang and Karato,
1995; Tommasi, 1998). Although the amplitude of Rayleigh wave
azimuthal variation reduces when the a-axis depart from the hor-
izontal, the direction of the fastest Rayleigh wave remains in the
vertical plane containing the a-axis. The direction of fast SV-wave
is parallel to the direction of fast Rayleigh wave (Babuska and Cara,
1991), and therefore parallel to the a-axis of olivine crystals. Al-
though complications can occur under water rich conditions (Jung
and Karato, 2001; Kaminski, 2002) or due to the presence of other
anisotropic upper mantle minerals such as pyroxene (Beghein and
Trampert, 2004), we interpret our fast SV-wave anisotropic direc-
tions in terms of olivine a-axis orientation, and then in terms of
fossil (fabrics) or present shear strain responsible for crystal orien-
tation.

Fig. 2(a) displays the percentage of peak-to-peak azimuthal
anisotropy across an age-dependent average cross-section in
DR2012. Significant azimuthal anisotropy (> 1%) is found down
to ~ 250 km depth. The strongest azimuthal anisotropy is found in
the lithosphere (< 200 km) of continental regions and within the
asthenosphere of oceanic regions. The largest oceanic anisotropy is
observed within the asthenosphere, at ages younger than 50 Ma.
The asthenospheric anisotropic layer deepens progressively with
age and follows the trend predicted by the square root of age cool-
ing model (Turcotte and Schubert, 2002). The isotherm that corre-
sponds to the base of the thermal boundary layer (T = 1100°C
solid line) roughly delineates the top of the strongly anisotropic
region. Finally, a striking feature of Fig. 2(a) is the fact that on
average, the depth range where significant azimuthal anisotropy
(> 1%) is observed, does not differ between continents and oceans.
We argue that this cannot be attributed to the choice of standard
deviations for the isotropic and anisotropic components. Using
a larger standard deviation value for anisotropy leads to unre-
alistic anisotropy amplitudes at depths shallower than 200 km
(Fig. A1), but does not introduce a difference in the depth ex-
tent of anisotropy between oceans and continents. Note also that
our damping is uniform with depth (the a priori standard devia-
tions are independent of depth) and cannot be responsible for the
observed decrease of anisotropy with depth. As Fig. A.3 ensures
that there is no significant change of our azimuthal coverage down
to 350 km depth, we are confident in our observation that there is
no ocean/continent difference in the depth extent of azimuthal
anisotropy. This contrasts with previous results by Gung et al.
(2003), who suggested an anisotropic layer overlain by a Lehman
discontinuity under continents (near 200-250 km depth) and over-
lain by a Gutenberg discontinuity under oceans (near 60-80 km
depth).

In order to search for a possible relation between the anisotropy
strength and the surface plate velocity, we separate in Figs. 2(b),
(c), the 6 fastest-moving plates (panel b) and the other plates
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Fig. 2. Peak-to-peak azimuthal anisotropy as a function of age and depth, over oceanic regions and continents (Phanerozoic, Pha., Proterozoic, Prot., and Archean, Arch.).
The anisotropy is averaged (a) globally; (b) for the 6 fastest-moving plates; (c) for the other plates. For oceanic regions, a continuous image was created by averaging each
parameter along the Miiller et al. (2008) isochrons, using a sliding window of +5 Ma. The continuous black lines indicate the position of the thermal boundary layer for the
half-space cooling model (Turcotte and Schubert, 2002). Continental provinces are defined according to 3SMAC (Nataf and Ricard, 1995). Continental profiles are only shown
at depths greater or equal to 100 km, where the effect of crustal correction is negligible (Debayle and Ricard, 2012).

(panel c). Although faster plates display a stronger anisotropy
within the Archean lithosphere (namely, beneath Australia and In-
dia), the main features of Fig. 2(a) are preserved. The depth ex-
tent of azimuthal anisotropy is roughly similar for fast and slow-
moving plates, and there are no major differences in the strength
of anisotropy beneath oceanic regions.

In the following, we compare our fast anisotropy maps with
current plate motions and fossil accretion velocities corresponding

to the end-member models commonly accepted for the origin of
upper mantle anisotropy.

The current velocities are taken from the absolute plate mo-
tion (APM) model NUVEL-1A of DeMets et al. (1994) expressed in
a no-net reference frame (Fig. 3(a)). We are aware that some global
rotation must be present between the average lithospheric velocity
and the underlying model (Ricard et al., 1991). The amplitude of
this motion is uncertain but its rotation axis is better constrained.
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Fig. 3. (a) Tectonic plates and actual plate motion (APM), according to the NUVEL-1A model (DeMets et al, 1994). Black bars indicate APM directions. Their length is
proportional to the actual plate velocities. A red via white to blue color scale is used to differentiate tectonic plates from the slowest to the fastest. We consider India, Coco,
Nazca, Australia, Philippine Sea, Pacific shown in purple to blue as “fast-moving”. (b) Seafloor age and fossil accretion velocity (FAV). Color scale indicate seafloor age after
Miiller et al. (2008). FAV is obtained in oceanic regions by computing the gradient of seafloor age. Black bars indicate FAV directions. Their lengths are proportional to the

fossil accretion velocities.

We therefore added to the no-net rotation model NUVEL-1A a pro-
portion 0 < € < 1 of the global rotation included in HS2-NUVEL1
(Gripp and Gordon, 1990). We found that NUVEL-1A (i.e., € =0)
slightly better correlates with our anisotropic maps than mod-
els with a non-zero global lithospheric velocity (i.e., models with
€ # 0). At any rate, the conclusions of this paper are qualita-
tively identical for all plate motion models between NUVEL-1A and
HS2-NUVELL1.

The fossil accretion velocity is the direction of seafloor spread-
ing v(x,age(x)), recorded at age(x) when the lithosphere was
formed, in the lithosphere presently at position x. This velocity
can be retrieved from the present-day seafloor ages by consider-
ing two points on the seafloor separated by their formation ages,
t and t + &t and their positions x and x + éx. We can define
the age gradient Vage by 6t = Vage - §x. The vector §x projected
onto the fossil seafloor spreading velocity dv, i.e., v-8x/|v|| is just
the width |lv||§t that has been accreted to the plate between t
and t + 8t. One has thus §t = Vage - §x = v - 8x/||v||2. This proves
that the gradient of seafloor age is related to the fossil spreading
velocity by Vage = v/||v||2. From this equation, we deduce that
[I[Vage|| = 1/|lv|]| and that the fossil accretion velocity (FAV) is:

Vage

= (3)
Vage|?

This fossil accretion velocity FAV is displayed in Fig. 3(b). The FAV
provides a basis to quantify the agreement between anisotropy and
fossil directions in oceanic regions. We did not estimate a fossil
formation velocity for continents, because their complex tectonic
history makes this task impossible. Over young oceanic plates,
APM and FAV are rather similar but FAV directions are more per-
pendicular to the ridges than the APM. At old ages (mostly older
than 50 Ma which corresponds to the drastic change in the Pacific
plate motion as recorded in the Hawaiian-Emperor bend; Sharp
and Clague, 2006; Whittaker et al., 2007), the APM and FAV di-
rections can be very different. This is particularly true in the old
Pacific plate, between South Africa and Antarctica or between Aus-
tralia and Sumatra.

In Figs. 4 and 5, we map the agreement between fast aniso-
tropic directions and APM at different depths in the upper mantle.
We use the parameter Acos(2c), where A is the amplitude of
anisotropy and « the angle between APM and fast anisotropic di-
rections (0° < o < 90°). The left columns of Figs. 4 and 5 display
maps of Acos(Ra) for the 6 fastest plates (plate velocity larger
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Fig. 4. Agreement between fast direction of SV waves and APM according to the NUVEL-1A model (DeMets et al., 1994). The agreement is shown separately for fast-moving
(left column) and slow-moving plates (right column). The parameter A cos(2«), where A is the amplitude of the fast SV-wave vector and « the angle between APM and fast
SV-wave azimuth, is shown. Good agreement (parallelism of the two vectors) is represented in blue, weak agreement in white and bad agreement (orthogonality) in red.
The color scales are symmetric, adapted to cover the full range of values at each depth, the zero value corresponds in some case to a zero anisotropy or more often to an

angle of 45° between fast anisotropy and APM.

than 4 cmyr~!, India, Coco, Nazca, Australia, Philippine Sea and
Pacific) shown in purple to blue in Fig. 3(a). The right columns of
Figs. 4 and 5 display the same parameter for the slower plates.
For the 6 fastest plates (left columns of Figs. 4 and 5), fast
anisotropic directions and APM agree at large scale in the up-
permost 250 km (very similar maps are obtained using a plate
model that includes a global rotation). At 50 km depth, this agree-
ment is restricted to young oceanic regions, where the litho-
sphere is thin. In the Pacific ocean, the transition occurs near
the 50 Ma isochron which marks the approximate age at which
major plate re-organization occurred (Sharp and Clague, 2006;
Whittaker et al, 2007). At 100 and 150 km depth, the agree-
ment extends to old oceanic basins, suggesting that the depth of
plate-motion-induced deformation increases with the age of the
seafloor and the thickness of the oceanic lithosphere. Continental
anisotropy is consistent with APM between 100 and 200 km for

India and at depths larger than 150 km for Australia. At 150 and
200 km depths, the region where anisotropy agrees with APM cov-
ers almost entirely the 6 fastest tectonic plates. This large-scale
pattern is still present at 250 km depth, although the agreement
vanishes in some regions (e.g., western Australia or Philippine sea).
At depths greater than 250 km, the pattern disorganizes (Fig. 5).

The right columns of Figs. 4 and 5 display the APM/anisotropy
correlation for the slower plates. Fast anisotropic directions and
APM sometimes agree over broad regions, but these regions never
cover entirely a tectonic plate. This poor overall correlation re-
mains when a plate motion model including a global rotation is
used, although the details of the maps may change.

These results clearly suggest two different regimes of astheno-
spheric flow. Beneath the 6 fastest plates, plate motion orga-
nizes the large-scale pattern of asthenospheric anisotropy. Beneath
slower plates, plate motion only partly controls the asthenospheric
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Fig. 6. The anisotropy along the APM, (A cos(2w)) is plotted as a function of plate
velocity (solid lines) for different depths in the upper mantle (A is peak-to-peak
anisotropy in percent, « is the angle between APM and fast SV azimuth, A cos(2o)
is averaged for all geographical points with similar plate velocities, using a slid-
ing window of 2 cmyr~! width). Dotted lines show the peak-to-peak anisotropy
strength (A) as a function of plate velocities. Comparison of the dashed and contin-
uous lines at a given depth indicates the maximum proportion of anisotropy which
is parallel to APM.

flow which is presumably affected by secondary convection. This
result is confirmed in Fig. 6 which displays the average quantities
(Acos(2a)) and (A) as a function of plate velocity for different
depths in the upper mantle (we average the anisotropies for all
the points having the same velocity within +2 cmyr—!). The av-
erage anisotropy ((A), dotted lines) and the average anisotropy
aligned with plate motions ({Acos(2a)), solid lines) have very
different behaviors. The average anisotropy appears independent
of plate velocity and simply decreases with depth from 2.5%
around 100 km. On the contrary, the aligned anisotropy is max-
imum around 150-200 km depth. In the depth range between 100
and 250 km, corresponding to the oceanic asthenosphere, a clear
change in the (Acos(2a)) curves occurs at velocities of about
4 cmyr—!. Regions with plate velocities greater than 4 cmyr~!
have up to 80% of their anisotropy (compare the solid and dot-
ted lines) which is aligned with the plate motion. Regions with
plate velocities smaller than 3 cmyr—! have either a very small
anisotropy (A small) or this anisotropy is not correlated with APM
(a close to 45°). Fig. 6 also shows that the alignment of the
anisotropy saturates rapidly with the velocity; the anisotropy is
not much larger at 8 cmyr~! than at 5 cmyr~!. One may spec-
ulate that the maximum of crystal orientations is rapidly reached
and that a further increase in velocity and strain does not lead to
a larger anisotropy.
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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 « 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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Fig. 8. Same as Fig. 7 but for the angular difference between fast anisotropic directions and FAV. Note that in this case, the angular difference is a global average, as we did
not separate plates depending on the amplitude of their fossil accretion rate. In the lithosphere, the correlation with anisotropy is better with FAV than with APM.

other continents. This reflects the fact that plate-motion controls
only partly the asthenospheric flow of slow-moving plates, with a
large portion of continents showing no agreement with APM.

In Fig. 8, we now plot the age-dependent cross-section of the
angular difference between fast anisotropic directions and the fos-
sil accretion directions. For ages younger than 60 Ma, we observe
an angular difference smaller than 30°. This is even better than
what is found with the APM directions (compare with Fig. 7(a)).
For ages younger than 60 Ma, FAV and APM directions are rather
close, but FAV is, by construction, perpendicular to the ridges while
this is not everywhere the case for the APM. A striking feature of
Fig. 8, is that the region where anisotropy is consistent with FAV,
at least to some extent, covers almost entirely the oceanic litho-
sphere. Although the angular difference remains quite large (be-
tween 30° and 45°), such a positive correlation was only observed
at ages younger than 80 Ma in the case of the APM (compare Fig. 8
with Fig. 7(a)). This agreement is modest but seems meaningful.
Two effects make indeed the exercise of correlating anisotropy
to FAV difficult. First, the fossil accretion directions show rapid
changes, second, the fossil directions are likely imprinted in the
shallowest layers only. A shallow and rapidly variable anisotropy is
difficult to recover due to the necessary damping of the inversion.
The fact that for all ages, the shallow oceanic anisotropy better cor-
relates with FAV than with APM confirms the existence of frozen-in
anisotropy near the surface.

In order to investigate in more details where anisotropy agrees
with APM or FAV, we plot in Fig. 9 the angular differences at
different depths in the upper mantle. We use a very simple clas-
sification: in dark blue where fast anisotropy matches both APM
and FAV, in light blue, where fast anisotropy matches APM only,
in green where fast anisotropy matches FAV only, in orange where
fast anisotropy matches neither APM nor FAV (the classes are de-
fined by an angle lower or larger than 30°). At depths greater
than 250 km, the anisotropy pattern agrees neither with APM nor
with FAV for most oceanic areas (orange). At depths shallower than
250 km, anisotropy agrees with both APM and FAV beneath young
seafloor, where the APM and FAV directions are close (dark blue).
At 50 km depth, the green region, where anisotropy agree with
FAV but not APM covers most old oceanic basins (notice in par-
ticular the old Pacific, the South Africa-Antarctica region, west of
Australia... ). As depth increases from 50 to 200 km, the area cov-
ered by this region reduces beneath the 6 fastest plates, and is
progressively replaced by the light blue region, where anisotropy
correlates with APM but not FAV. Fig. 9 clearly confirms the exis-
tence of a two-layer anisotropic model in oceanic areas for the 6

fastest plates. In the upper layer, anisotropy is related to frozen-
in deformation within the lithosphere, while in the deeper layer,
anisotropy is related to plate-motion active deformation within the
asthenosphere. The transition between these two layers deepens
with the square root of seafloor age and the olivine crystal orien-
tation freezes below a temperature of about 1100°C.

It is interesting to compare our observations with models of
anisotropy under oceanic plates (Ribe, 1989; Kaminski and Ribe,
2002; Kaminski et al., 2004) (keeping in mind, however, that our
model only captures the horizontal component of anisotropy). For
example Fig. 6 of Kaminski et al. (2004) computes the anisotropy
under a permanent ridge, for an aggregate (olivine + pyroxene)
that should represent a typical pyrolite composition. This model
does not predict a horizontal anisotropy just beneath the ridge (the
fast axis should there, be rather vertical than horizontal). However
within a few 10 km, the anisotropy is predicted to become close to
horizontal. With a tomographic inversion where the horizontal cor-
relation length is 400 km, it is not surprising that we cannot cap-
ture a probable minimum of horizontal anisotropy beneath ridges.
The anisotropy predicted by the geodynamic model of Kaminski
et al. (2004) seems also to be rapidly uniform in the asthenosphere
and the lithosphere. In the asthenosphere, this is in agreement
with our tomographic model under fast plates (Fig. 6) although
the observed amplitude (about 1.5% at 150 km depth) seems lower
than what is predicted by simulations. Under slow plates, we do
not observe a clear anisotropy related to the plate motion: the
flow at depth is probably more complex than a forced flow driven
by surface motion. The case of frozen-in anisotropy, which is only
visible when a plate changes direction has not been considered in
the geodynamic simulations of Kaminski et al. (2004). The slight
decrease of the anisotropy amplitude with distance (Fig. 2) may
indicate that the peridotite grains forget the anisotropy that they
acquired during the strong straining near the ridge, for example by
a process of normal grain growth (Ricard and Bercovici, 2009).

6. Conclusion

The observations support the hypothesis that upper mantle
anisotropy is caused principally by the preferential orientation of
olivine crystals along the flow. Globally, the anisotropy amplitude
decreases with depth and does not show a significant difference of
amplitude beneath oceans or continents (Fig. 2).

Under oceans, the anisotropy strength is on average moder-
ate (< 2%) in the lithosphere and slightly stronger (> 2%) in the
asthenosphere. We find that a two-layers model, with shallow
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Fig. 9. Angular difference between fast direction of SV waves, APM and FAV directions. Although in the asthenosphere the anisotropy is well correlated with APM (dark or

light blue), in the lithosphere, the correlation is better with the FAV (green or dark blue).

anisotropy frozen-in within the lithosphere and deeper anisotropy
related to present-day plate-motion deformation within the as-
thenosphere, is in agreement with the observations for the six
fastest-moving plates. For these plates, azimuthal anisotropy gen-
erally correlates with FAV within the oceanic lithosphere, and cor-
relates with APM in the asthenosphere. The transition between
frozen-in and flow-induced anisotropy follows the isotherm clas-
sically defining the lithosphere around 1100°C. The amplitude of
the anisotropy increases with the plate velocity but saturates for
velocities larger than around 5 cmyr~! (Fig. 6). In the astheno-
sphere, between 150 and 200 km depth, the correlation between
anisotropy and APM is striking (Fig. 9).

The situation is more complex beneath slow-moving plates. Fast
anisotropic directions and APM or FAV sometimes agree over broad
regions. Such large-scale agreement has previously been observed,
for example in central and eastern North America, where SKS fast
axes are generally parallel with APM expressed in a hot-spot refer-
ence frame (Fouch et al., 2000; Wang et al., 2008), although litho-
spheric anisotropy appears also to be required (Barruol et al., 1997;
Fouch et al., 2000). However, from our global model, these re-
gions never entirely cover a tectonic plate and the average aligned
anisotropy remains very small (Fig. 6). This suggests that un-
der slow-moving plates, the convective flow is more affected by
the secondary convection than organized by the surface motion.
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A typical mantle velocity of around 4 cmyr~!, independent of

plate motion, would explain that only plates moving faster than
that can imprint the anisotropic pattern. This ubiquitous flow,
independent of plate motion, would also explain why the to-
tal anisotropy is more or less uniform in the asthenosphere and
even slightly larger under the low viscosity young oceans (Fig. 2).
The details of the correlation between anisotropy and slow-moving
plates depend however of the chosen plate velocity model (no-net
rotation versus hot-spot reference frame). We found unfortunately
no global lithospheric rotation that improves significantly the over-
all correlation between anisotropy and slow-moving plates.

The two continents located on the six fastest-moving plates, In-
dia and Australia, have the strongest azimuthal anisotropy and dis-
play the best agreement with APM. The asthenospheric layer is lo-
cated below 100 km for India and below 150 km for Australia. This
is in good agreement with previous regional (Lévéque et al., 1998;
Debayle and Kennett, 2000b, 2000a) global studies (Debayle et al.,
2005) and not much deeper than the asthenosphere under oceans.
There is no indication of continental-scale alignment of anisotropy
with velocity under the other continents although some authors
have suggested that a two-layer model, with a deeper astheno-
spheric layer beneath continents, applies at global scale (Gung
et al,, 2003).

We conclude that the six fastest-moving plates are the only
ones that produce sufficient shearing at their base to organize the
asthenospheric anisotropy at the scale of the entire tectonic plates.
Beneath slower plates, the convection flow is only partly controlled
by plate motions, and small-scale convection disturbs an other-
wise simpler pattern of anisotropy. Finally, we do not observe a
clear ocean/continent difference in the depth extent of azimuthal
anisotropy, in contrast with previous observations based on radial
anisotropy (Gung et al., 2003).
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