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Abstract

Azimuthal anisotropy is the dependence of local seismic properties on the azimuth of propagation. We present the azimuthally
anisotropic component of a 3D SV velocity model for the Pacific Ocean, derived from the waveform modeling of over 56,000
multi-mode Rayleigh waves followed by a simultaneous inversion for isotropic and azimuthally anisotropic vy, structure. The
isotropic vy, model is discussed in a previous paper (A. Maggi, E. Debayle, K. Priestley, G. Barruol, Multi-mode surface waveform
tomography of the Pacific Ocean: a close look at the lithospheric cooling signature, Geophys. J. Int. 166 (3) (2006). doi:10.1111/
j-1365-246x.2006.03037.x). The azimuthal anisotropy we find is consistent with the lattice preferred orientation model (LPO): the
hypothesis of anisotropy generation in the Earth’s mantle by preferential alignment of anisotropic crystals in response to the shear
strains induced by mantle flow. At lithospheric depths we find good agreement between fast azimuthal anisotropy orientations and
ridge spreading directions recorded by sea-floor magnetic anomalies. At asthenospheric depths we find a strong correlation
between fast azimuthal anisotropy orientations and the directions of current plate motions. We observe perturbations in the pattern
of seismic anisotropy close to Pacific hot-spots that are consistent with the predictions of numerical models of LPO generation in
plume-disturbed plate motion-driven mantle flow. These observations suggest that perturbations in the patterns of azimuthal
anisotropy may provide indirect evidence for plume-like upwelling in the mantle.
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1. Introduction

Seismic anisotropy — the dependence of local seismic
propagation characteristics on the direction and polar-
ization of the seismic wavefield — is pervasive through-
out the uppermost mantle, and causes effects as diverse
as the azimuthal variation of P, velocities in the oceans
[2,3], S-wave splitting in teleseismic SKS waves [4], the

incompatibility of Love and Rayleigh wave dispersion
curves with a unique isotropic Earth model [5,6], and the
azimuthal variations of surface wave velocities [7,8].
The most likely cause of upper mantle anisotropy is
the alignment (lattice preferred orientation, LPO) of
intrinsically anisotropic crystals in mantle flow [9,10].
Among these crystals, olivine is expected to play an
important role due to its abundance in the upper mantle
and its strong intrinsic anisotropy. Laboratory experi-
ments and numerical modeling of LPO suggest that
simple shear at the base of a moving plate will produce
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anisotropy in olivine with a fast a axis that follows the
principal extension direction for modestly deformed
olivine aggregates, and aligns with the direction of flow
for large deformation [11,12]. Although complications
are likely to occur under water rich conditions [13,14] or
due to the presence of other anisotropic upper mantle
minerals such as pyroxene [15], observations of seismic
anisotropy are often considered to be useful indicators of
mantle flow, and have been much studied in this light
[16,17,12,18-21].

In this paper we concentrate on the azimuthal an-
isotropy of the Pacific Ocean region. Azimuthal aniso-
tropy is the dependence of local seismic propagation
characteristics (in our case Rayleigh wave velocities) on
the azimuth of propagation. There have been a number
of previous studies of azimuthal anisotropy covering
this region [22,23,8,24-26,20,21,27]. Nishimura and
Forsyth [23,8] were the first to observe and coarsely
map Rayleigh wave azimuthal anisotropy in the Pacific,
using measurements of fundamental mode phase veloc-
ity dispersion. Montagner and Tanimoto [24] obtained
global maps of shear wave azimuthal anisotropy by
producing maps of fundamental mode Love and
Rayleigh wave phase velocity anisotropy, and subse-
quently inverting them for shear wave elastic parameters
with depth. More recently, Montagner [25] has updated
the Montagner and Tanimoto [24] study using a much
larger data-set (55,000 vs 4800 fundamental mode phase
velocity dispersion measurements), Trampert and
Woodhouse [26] have constructed global maps of
phase velocity azimuthal anisotropy from over
~100,000 phase velocity dispersion measurements,
and Beucler and Montagner [28] have constructed
similar maps from fewer seismograms (~ 19,000) but
including up to the second surface wave overtone. At the
regional scale, Smith et al.[27] have recently investi-
gated in detail the azimuthal variations of Rayleigh
wave group velocities in the period range 25-150 s.
These studies are mostly based on the analysis of phase
or group dispersion curves of fundamental mode surface
waves. They conclude that at large spatial scales the
directions of fast azimuthal anisotropy are consistent
with fossil seafloor spreading in the shallow mantle
(down to ~100 km depth), and that deeper azimuthal
anisotropy (down to ~250 km depth) is strongly related
to the current absolute plate motion (APM). Mantle flow
models that include the effects of density driven mantle
dynamics [21,20] slightly improve the fit to the az-
imuthal anisotropy observations compared to simple
plate-motion models, but they depend strongly on den-
sity and viscosity models of the mantle, neither of which
are as yet very well determined.

In a previous paper [1], we presented the isotropic
component of a 3D SV velocity model for the Pacific
Ocean, derived from the waveform modeling of over
56,000 multi-mode Rayleigh waves followed by a simul-
taneous inversion for isotropic and azimuthally aniso-
tropic vy, structure. In this paper, we discuss the
azimuthally anisotropic results of that tomographic
study. Our waveform modeling approach [29,30] extracts
more of the information contained in the Rayleigh wave
seismograms than the phase or group velocity methods
previously used in the Pacific oceans. Indeed, our wave-
form approach is not restricted to the analysis of the
fundamental mode of surface waves, but allows us to
include up to the fourth higher surface wave mode in the
period range 50—160 s. Surface wave higher modes
provide us with additional resolution over the whole depth
range of inversion, especially at the bottom of the litho-
sphere and in the asthenosphere where the fundamental
mode starts to lose sensitivity. Furthermore, our tomo-
graphic method inverts directly for shear wave isotropic
SV velocity and azimuthal anisotropy at each depth and
geographic location [31,32]. This approach provides bet-
ter vertical resolution compared to group or phase dis-
persion anisotropic maps [27,26,20], which represent a
weighted average of the structure and anisotropy over a
frequency-dependant depth interval. Finally, our data-set
provides enhanced coverage of the southern and eastern
Pacific Ocean compared to previous studies, thanks to
data from ten temporary stations deployed in French
Polynesia as part of the Pacific Lithosphere and Upper
Mantle Experiment [33].

In this paper, we discuss the distribution of azimuthal
anisotropy in the Pacific Ocean lithosphere and astheno-
sphere. We confirm in particular that the azimuthal an-
isotropy observed in the Pacific upper mantle agrees to
first order with a model of LPO caused by the shearing of
mantle materials during the formation and translation of
the tectonic plates. We also show that this plate motion
induced azimuthal anisotropy is perturbed by upwelling
mantle plumes in the vicinity of known Pacific hot-spots.
Finally, we compare our results with observations of
radial anisotropy of the Pacific upper mantle.

2. Data, method and sensitivity
2.1. Data

We have analysed vertical component Rayleigh wave
seismograms for all earthquakes of magnitude greater
than My, 5.5 that occurred between 1977 and 2003, and
for which the R1 portion of the surface waves pro-
pagated exclusively in the Pacific Ocean hemisphere.



The vast majority of our recordings were obtained from
the IRIS (Incorporated Research Institutions for Seis-
mology) and GEOSCOPE databases, with the addition
of recordings from a two year deployment of 10 seismo-
graph stations in French Polynesia [33]. These Polyne-
sian records increased the coverage in the South Pacific
by 25%, allowing us to improve our resolution of this
region compared to previous studies. Our full data-set
contains several hundred thousand seismograms.

The automated multi-mode surface waveform inver-
sion which we used for the waveform inversion step of our
tomography [30] imposes stringent data quality require-
ments and rejects paths for which the waveform inversion
does not converge. A total of 56,217 waveforms met all of
the requirements and were included in our tomographic
inversion. We grouped the path-averaged models result-
ing from these waveforms using a cluster radius 0f200 km
around both epicenter and station, and treated the shear
wave models within each cluster as independent measure-
ments of the average shear wave profile along their com-
mon great-circle path [1]. Our clustering procedure led to
a significantly smoother path coverage, to more accurate
measurements of the path-averaged shear wave velocity
structure, and to improved estimates of the uncertainties
associated with these measurements. Fig. la shows the
density of the resulting 15,165 clustered paths.

2.2. Method

We use a two-stage surface wave tomography pro-
cedure that has proved to be successful in a number of
regional-scale tomographic studies [31,34—37], to invert
simultaneously for isotropic SV velocity and azimuthal
anisotropy in the Pacific region.

In the first stage, we model vertical component long
period multi-mode Rayleigh wave seismograms in the

Paths per unit area

period range 50—160 s to obtain 1D average shear wave
velocity models, using the method of secondary observ-
ables originally proposed by Cara and Lévéque [29],
and automated by Debayle [30]. We invert for the upper
mantle structure only, and use as our starting model a
smoothed version of the 1D vy, profile from PREM
[38], with the crustal portion adapted to each path by
averaging the 3SMAC [39] model along the great circle
path. The shear slowness of the 1D models obtained
from the waveform inversion can be regarded as the
average of the local shear slowness structure along the
great-circle path between source and receiver [34] :
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where L® is the epicenter-station length, and viy(z) and
VI¢(z) are respectively the shear velocity obtained from
the waveform inversion and the local shear velocity at
depth z.

In the second stage, we invert the shear slowness of
the average 1D models tomographically using Mon-
tagner’s algorithm [40], recently optimized for massive
data-sets by Debayle and Sambridge [32]; before
inversion we cluster the 1D models geographically to
improve the smoothness of the data coverage and to
account for the uncertainties introduced by errors in
earthquake focal parameters. Our tomographic proce-
dure exploits the azimuthal dependence of the local
phase and group velocity at period 7 for Love and
Rayleigh waves in a slightly anisotropic medium [41]:

C(T) = Co(T) + Cy(T)cos20 + C,(T)sin20
+ C3(T)cos4l + C4(T)sin40, (2)

where Cy(7) is the isotropic term representing the local
value of the phase or group velocity, 6 is the azimuth and

Fig. 1. (a) Density of clustered paths. Color scale indicates number of paths per unit area (the area of a 1°x 1° cell at the equator). Plate boundaries are
indicated by thick black lines; mantle plumes as cataloged by [67] are indicated by circles. (b) Optimized Voronoi diagram for the resolution of

Rayleigh wave azimuthal anisotropy.



C(T), Cy(T), C5(T), Cy(T) are the azimuthal coefficients.
From a set of path-average phase or group velocity
curves, it is possible to invert for the local C,(7T) coef-
ficients and to build tomographic maps for the lateral
variations and azimuthal anisotropy in group or phase
velocity. Montagner and Nataf [42] have shown that the
azimuthal coefficients C(7), C»(T), C3(T), C4(T) depend
on several combinations of the elastic parameters via a
set of partial derivatives proportional to the partial de-
rivatives of a transversely isotropic medium with a
vertical axis of symmetry; they have also shown that
azimuthal anisotropy as a function of depth in the mantle
can be retrieved from the observed azimuthal variations
of Love and Rayleigh wave velocities. Lévéque et al.
[31] described in detail the procedure required to retrieve
the distribution of heterogeneities and anisotropy as a
function of depth, from the vy, path-averaged models we
obtain in our waveform inversion stage. They also show
that, in the long period approximation, the velocity of
horizontally propagating SV waves has a 20 dependence
on the propagation azimuth, controlled by the anisotrop-
ic parameters G. and G, [42].We therefore follow [31]
and express the local vy, perturbation at each depth and at

each geographical point, v, as:

5\)?‘)/0 _ 5V2v + A1c0s20 + A>sin20, (3)

where v2, is the isotropic perturbation of the SV veloc-
ity, 0 is the azimuth, 4,=(G./2pv3,), 4>=(G,/2pv2),
and p is the density. This equation only contains iso-
tropic and 26 terms, in contrast with the phase velocity
azimuthal dependency Eq. (2), which also contains 40
terms. We discuss the effect on the inversion of neglect-
ing the 46 contribution to Rayleigh wave anisotropy in
Section 2.3.

We invert for the parameters 6v(s)v, A, and A4, using
the continuous regionalization algorithm of Debayle and
Sambridge [32] . The lateral smoothness of the tomo-
graphic model is ensured by correlating neighbouring
points using a Gaussian a priori covariance function
with the form:

A2
Co(r,#") = a(r)a(r)exp {ZLAZW} , (4)

corr

where A, is the distance between 2 geographic points
and 7. The degree of smoothing is controlled by the
horizontal correlation length, L., which determines the
Gaussian’s width; the amplitude of the perturbations in the
inverted model is controlled by the a priori standard
deviation, o(r), which determines the Gaussian’s ampli-

tude. This regularization scheme has the advantage of using
only parameters that are directly related to the physical
characteristics of the output model. We choose a standard
deviation of 0.05 kms™~ ' and 0.005 km s~ ! for the isotropic
and anisotropic parameters respectively, indicating that we
expect 10 times more isotropic structure than anisotropic
structure, a ratio that is commonly used in azimuthal
anisotropy studies [26,36]. The choice of an appropriate
correlation length depends on the path coverage (Fig. 1)
and on the period range of inversion. We chose a value of
Lo such that the effective cross-section of the paths with
width 2L, ensured a good coverage of the area under
study. This criterion was satisfied by a value of L., of
400 km, which corresponds to the average wavelength of
our data-set. Increasing L., by a factor of two leads to
smoother images in both the isotropic and anisotropic
signals, and larger amplitudes of azimuthal anisotropy but
leaves the overall pattern of anomalies unchanged (Fig. 2).

2.3. Approximations involved in the inversion of
azimuthal anisotropy, and the effect of neglecting the
40 contribution

Montagner and Nataf [42] show that, omitting
variations in density, the phase velocity of Rayleigh
waves propagating in a flat structure at a given
azimuth 6 depends only on four combinations of the
elastic parameters and four partial derivatives. Using
their notation:

aC
OCr = IR (04 + B.cos260 + B,sin20 + C.cos46

JA
. JCr JdCr
+ Csin4f) + %5C + OF

aC
+ H.cos20 + H,sin20) + TLR (oL

+ G.c0820 + Gysin20), (5)

(OF

where Cy is the phase velocity of Rayleigh wave2ls,
A, C, F and L are the transverse isotropy elastic
parameters, and C., C,, B., B,, H., H;, G. and G, are
the elastic parameters describing azimuthal anisotropy.
All combinations of elastic parameters in Eq. (5)
contain a transverse isotropy term (4,C, F or L), and
all but one contain an azimuthal anisotropy term.
Among the four partial derivatives in this equation,
OCRr/OL largely dominates the others [42]. Therefore,
the combination of elastic parameters that is best
resolved by Rayleigh waves is the last term

SL = SL + G.c0s20 + G,sin20. (6)



(a) L = 400 km

(b) L= 800 km
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Fig. 2. Inversion results at 100 km depth using (a) Lco=400 km, and (b) 800 km. Throughout this paper, isotropic vy, values and Rayleigh wave
phase velocity values are plotted as percentage variations with respect to a 1D Oceanic Reference Model (ORM), derived by averaging the
tomographic model over oceanic regions with age between 30 and 70 Ma and oceanic depth between 4500 and 5000 m [68,1]; azimuthal anisotropy is
denoted by black bars oriented in the local fast propagation direction whose length is proportional to the amplitude in percent of peak to peak
anisotropy given by 21/43 + A3 /v°, where W, A1, A> are local values of the isotropic and anisotropic shear wave parameters from Eq. (3).

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

oL

— 7
Tvop’ (7)

Vsy =
where v, is shear wave velocity in the reference iso-
tropic medium, and p is its density. In the waveform
inversion stage of our tomographic procedure, we use
secondary observables of multi-mode Rayleigh waves
to constrain path-averaged values of 6L, and then
interpret them as variations in the path-averaged
velocity of horizontally propagating SV waves [29].
As oL itself only has a 26 dependence, we can invert the
path-averaged vy, models using Eq. (3) which has only
isotropic and 26 terms.

In the waveform inversion stage we have neglected
the influence of the partial derivatives with respect to the
elastic parameters 4, C and F. This approximation is
common in inversions of Rayleigh waves alone, as they
are restricted to the inversion of SV wave velocity only.
Inverting for all other terms, with or without a priori
coupling between the elastic parameters, does not
change the conclusions obtained by inverting only for
the best resolved term [8]. In the tomographic inversion
stage, neglecting these terms implies ignoring the 46
terms in Eq. (2) which are related to the C; and C,. terms
in Eq. (5) it also implies ignoring the contribution to the
20 terms in Eq. (2) of the B, B,, H. and H; terms from
Eq. (5) For the rest of this section we demonstrate that

neglecting these terms does not affect our retrieval of G,
and G,, the parameters that describe the azimuthal
anisotropy variations of SV wave velocity in a weakly
but fully anisotropic medium.

We first estimate the effect of neglecting the 460 terms
in Eq. (2) We follow Kennett and Yoshizawa [43] and
regard our path-averaged vy, models as a summary of
multi-mode dispersion curves. We predict phase slow-
ness as a function of period from the 1D v, models,
then produce two sets of azimuthally anisotropic phase
velocity maps using in the first case only the isotropic
and 26 terms from Eq. (2) and in the second case the
isotropic, 26 and 46 terms. The phase maps are pro-
duced using the continuous regionalization algorithm of
Debayle and Sambridge [32], the same algorithm we use
in our vy, inversion but this time applied to Eq. (2) We
use an a priori correlation length L..,=400 km, and a
priori model variances 7,,=0.05 km s~ ' for the iso-
tropic term C,, and ,,=0.005 km s ! for the an-
isotropic terms C;, C,, C; and Cy. These values are the
same as those we have adopted in the v, inversion for
the equivalent isotropic and 26 terms of Eq. (3) Note
that in the phase velocity inversions we are giving equal
weight to the 26 and 46 terms. The phase velocity maps
we produced using all terms in Eq. (2), like those of
Trampert and Woodhouse [26], contain a significant 46
component, with an amplitude that equals that of the 26
component in some regions. However, the 260 compo-
nent remains largely unchanged when compared with
the maps produced using only the isotropic and 26 terms
of Eq. (2) Fig. 3 shows a comparison between the 26



components of the two phase velocity inversions at 50
and 140 s. The similarity between the two inversions is
also observed at other periods, indicating that neglecting
the 460 terms does not influence the retrieval of the 26
azimuthal anisotropy signal. This is equivalent to saying
that neglecting the C,. and C; terms in Eq. (5) has only a
weak influence on the retrieval of the G, and G, terms.

We now estimate the effect of neglecting the 26
contributions of H,., Hy, B. and By in Eq. (5). In our
phase velocity maps (Fig. 3), these elastic parameters
contribute, along with G. and G,, to the 26 azimuthal
anisotropy signal. We can compare these phase velocity
maps with the Rayleigh wave phase velocities predicted
by integrating our vy, model along the G sensitivity
kernels (0Cr/0OL). Fig. 4 shows a comparison between
the 260 components of the phase velocity maps (inverted
without the 46 terms) and the azimuthal anisotropy
predicted from G, and G, both at 50 and 140 s period.
Once again, we find a good agreement between the

50s Phase velocity

2 theta inversion

4 theta inversion

azimuthal anisotropy signals, suggesting that neglecting
the B and H contributions does not interfere with the
retrieval of the G, and G, terms for the depth and period
range of our inversion.

2.4. Horizontal and vertical resolution

An elevated path density such as that shown in Fig. 1a
does not itself guarantee resolution of azimuthal
anisotropy. In order to correctly retrieve both isotropic
and azimuthally anisotropic components of vy, in a given
region, we need to resolve the 20 Rayleigh wave pe-
riodicity of the azimuthally anisotropic signal (see
Eq. (3). This requires at least three paths with sufficiently
different azimuths crossing each “elementary region”
over which the model is required to be smooth. Debayle
and Sambridge [32] have shown that it is possible to
generate an optimized Voronoi diagram illustrating the
shape and size of geographical regions for which this

140s Phase velocity

4-786543-2-101234567E8

8C /%

Fig. 3. Effect of neglecting 46 terms. All plots show Rayleigh wave phase velocity and the 260 component of azimuthal anisotropy, using the same
color scale and anisotropic plotting conventions as Fig. 2. (a) 50 s phase velocity from a 26 inversion; (b) 140 s phase velocity from a 26 inversion;
(c) 50 s phase velocity from 20+46 inversion; (c) 140 s phase velocity from 26+46 inversion.



geometric criterion is satisfied. Fig. 1b shows the
optimized Voronoi diagram for the 15,165 clustered
paths used in our tomographic inversion. The size of the
Voronoi cells increases from a starting size of 2° in the
western, northern and south-eastern Pacific towards cells
of width up to 10—15° in the central Pacific, indicating
that azimuthal coverage, and therefore recovery of azi-
muthal anisotropy, will be poorest in the central Pacific.
Furthermore the shape and elongation of the Voronoi
cells gives an indication of the bias in azimuthal aniso-
tropy resolution, as the tomographic procedure resolves
spatial variations in anisotropic orientations less well in
the direction of the elongation than in the perpendicular
direction. The small size and regular shape of Voronoi
cells in the normally poorly covered south Pacific region
is due to the additional data provided by the PLUME
deployment.

For large data-sets, such as that analysed here, the
finite width of the surface wave sensitivity zone phys-
ically degrades the horizontal resolution from the much
higher geometric upper limit determined by the path
coverage alone, and illustrated by the path coverage and

Phase velocity

Prediction from G

Voronoi diagram of Fig. 1. In fact, under the assump-
tions of ray theory, used throughout this study, surface
waves cannot resolve structures smaller than the width
of their sensitivity zone. Estimates of this width vary
[44,45] and depend on surface wave mode, but generally
increase with surface wave period and with increasing
path length. In order to optimize our horizontal reso-
lution, we have maximized the proportion of short pro-
pagation paths in our data-set, such that 75% of our
paths are shorter than 6000 km. Our chosen correlation
length L.,=400 km corresponds to a Gaussian sen-
sitivity zone around each path with a width of 800 km,
which is in the center of sensitivity zone width estimates
[44,45] for 100 s fundamental mode Rayleigh waves
(the dominant period in our dataset). From the Voronoi
diagram of Fig. 1 and the sensitivity zone widths, we
estimate that in our best covered regions (e.g. the west
Pacific) we obtain a horizontal resolution of ~600 km,
but that this worsens to ~1500 km in the less well
covered central Pacific.

Vertical resolution is influenced by the coverage in
surface wave modes most sensitive to a given depth. Our

140s

Fig. 4. Effect of neglecting B and H 26 terms. Plots show the 26 component of azimuthal anisotropy, using the same anisotropic plotting conventions
as Fig. 2. (a) 50 s phase velocity from a 26 inversion; (b) 140 s phase velocity from a 26 inversion; (c) 50 s phase velocity predicted from the G, and
G, of our vy, inversion; (c) 140 s phase velocity predicted from the G, and G, of our vy, inversion.



higher mode coverage is excellent thanks to the nu-
merous intermediate depth subduction zone earthquakes
in our dataset. A full vertical resolution test using our
inversion method and a smaller data-set [46] shows that
for a 100 km thick test anomaly, vertical smearing of the
isotropic component is small (~25 km). The method is
furthermore able to resolve a 90° change in azimuthal
anisotropy direction over a 50 km depth interval [36].

2.5. Synthetic tests

Imperfect azimuthal coverage leads to incomplete
recovery of strong velocity anomalies, and tends to
generate trade-off between these strong anomalies and
azimuthal anisotropy [31].We analyze the possible
trade-off between azimuthal anisotropy and isotropic vg,
by performing synthetic tomographic inversions using
our full path coverage. We create synthetic 1D path-
averaged models based on the isotropic 3SMAC model
[39] for each of the 15,165 paths of our clustered data-
set, and assign to each model the same measurement
error as for the real data. We then combine the path
average models in a tomographic inversion using the

Input

same model a priori information as for the real data. As
the input 3SMAC model is isotropic, any azimuthal
anisotropy in the output model is an artefact due to the
trade-off between anisotropy and shear wave velocity.

The results of this trade-off test are presented in
Fig. 5a for a slice at 50 km depth, and show weak
anisotropy (<0.25%) being generated by the tomograph-
ic inversion, indicative of small amounts of trade-off,
except close to strong velocity anomalies (e.g. narrow
ridges), where the trade-off anisotropy can reach 1%. In
particular, the synthetic test results show that trade-off
azimuthal anisotropy directions are consistently normal
to the slow vy, signatures of the mid-ocean ridges. At
deeper depths (not shown) where the lateral variations in
shear wave velocity are less pronounced, the same test
produces smaller amounts of trade-off, and this is con-
centrated near the fast vy, signatures of the subduction
zones which produce <1% trench parallel anisotropy.

It is difficult to compare our trade-off with other
tomographic studies of the region, as tests of this kind are
seldom published. As an illustration of the typical trade-
offs obtained with this inversion method, Lévéque et al.
[31] and Pilidou et al. [35] find ridge-normal trade-off

Qutput

Fig. 5. Trade-off tests between isotropic vy, and azimuthal anisotropy. Input models (top row) are based on the 50 km depth isotropic vs, of 3SMAC
[39], with (a) no azimuthal anisotropy, (b) uniform azimuthal anisotropy with NS fast direction and 2% amplitude, and (c) uniform azimuthal
anisotropy with EW fast direction and 2% amplitude. Tomographic results for each input model are shown in the bottom row.



azimuthal anisotropy with amplitudes up to 1% and 0.7%
in the Indian and Atlantic oceans respectively. Trampert
and Woodhouse [26] quantify their trade-off by filtering
an isotropic phase velocity model with the resolution
kernels calculated for their fully anisotropic inversion,
and conclude that the trade-off is negligible overall,
without giving a break-down by region or geographical
feature. Smith et al. [27] provide no estimate of their
trade-off with isotropic structure. Finally Beucler and
Montagner [28] perform a combined resolution and
trade-off test with non-tectonically realistic input
anomalies, and find trade-off anisotropies of up to
0.5% where their input isotropic anomalies are strongest.

Our ability to recover azimuthal anisotropy is not
significantly affected by trade-off with isotropic struc-
ture for over 90% of the study region. However, this
trade-off clearly needs to be taken into account when
interpreting the azimuthal anisotropy signature of the
mid-ocean ridges at shallow depth. Shallow, ridge nor-
mal azimuthal anisotropy close to spreading centers is
found in most oceanic and global azimuthal anisotropy
studies [31,35,26], is consistent with observations of
olivine fabric in ophiolites [47], and is considered to be
an indicator of ridge-normal mantle flow. As an illus-
tration of the pervasiveness of this ridge-normal sig-
nature, Fig. 6 shows a comparison between the 20
components of Rayleigh wave phase velocity at 50 s
obtained respectively in this study, and by Trampert and
Woodhouse [26]. Both maps show approximately ridge-
normal fast directions of azimuthal anisotropy associated
with the two major mid-ocean ridges in the region, the
East Pacific Rise and the Pacific—Antarctic Ridge,

(a) This study

although the lateral smoothing in the Trampert and
Woodhouse study is much greater than ours (they expand
their anisotropic model in spherical harmonics up to
degree 20, with overall lateral resolution of anisotropy
up to degree 8). Furthermore, the vy, images of Fig. 2 and
the 50 s phase velocity images of Fig. 3 illustrate that
strong, ridge normal anisotropy is a robust feature of the
model, and is unaffected by changes in correlation length
or by inclusion of the 46 terms in the inversion. The
amplitude of ridge normal anisotropy in our phase
velocity and vy, inversions is > 2% along the East Pacific
Rise and the northern half of the Pacific—Antarctic
Ridge, or more than twice that generated in the trade-off
test.

Although the amplitude we recover from the in-
version is greater than that generated in the trade-off test,
the fact that the directions are similar leads us to ask to
what extent we should interpret this ridge-normal signal;
in particular we investigate the possibility that non
ridge-normal anisotropy could be rotated into a ridge-
normal direction by the tomographic inversion. We
therefore test the response of our tomographic inversion
to a uniform NS-oriented anisotropic signal (Fig. 5b),
and a uniform EW-oriented one (Fig. 5c¢). Over most of
the Pacific, where the tradeoff anomalies are small, the
directions of the input anisotropic patterns are well
recovered, albeit with a reduction in amplitude of a
factor of two in the central and eastern Pacific plate,
where the azimuthal coverage is poorest, (large Voronoi
cells in Fig. 1b). Along the northern portion of the East
Pacific Rise, where the trade-off test of Fig. 5a produces
the strongest EW-oriented anisotropy artefacts, the

(b) Trampert & Woodhouse (2003)
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Fig. 6. Comparison between (a) Rayleigh wave phase velocity at 50 s period from this study (26 inversion, and (b) Rayleigh wave phase velocity at

40 s period from [26].



tomography cannot recover the NS-oriented input
anomalies; however, the trade-off is not strong enough
to rotate the output anomalies to an EW direction (Fig.
5b). The portion of East Pacific Rise ridge system
between the Galapagos ridge (~0 S) and the Chile ridge
(~40 S) is not significantly affected by trade-off,
suggesting that the ridge-normal signature observed in
this region is real. We also observe that the trade-off is
weak on the Nazca plate side of the East Pacific Rise,
which also shows a strong ridge perpendicular azimuth-
al anisotropy in the actual model. Further South, along
most of the Pacific—Antarctic Ridge, azimuthal cover-
age is poor, as indicated by large Voronoi cells (Fig. 1b),
and the trade-off is strong enough to rotate EW-oriented
input anomalies to the NS direction (Fig. 5c).

In conclusion, the presence of ridge-normal azimuth-
al anisotropy in our tomography within a region demon-
strably unaffected by trade-off, the amplitude of this
anisotropic signal (twice that obtained in our trade-off
test), the observations of ridge normal anisotropy in
other surface wave studies [22,24,31,26,27], similar
observations made in small scale seismic studies of the
EPR [48,49], and discussions of strain and LPO fabric
generation at mid-ocean ridges [50,17,51,52,19] all lead
us to be confident about our large-scale ridge-normal
anisotropy observations, except perhaps in the southern
part of our model, along the Pacific—Antarctic Ridge,
where the azimuthal coverage is weakest. For regions
away from plate boundaries, our azimuthal coverage is
largely sufficient for us to discuss the long wavelength
variations of the azimuthal anisotropy. We prefer not to
interpret the small scale (<1000 km) details of the
azimuthally anisotropic signals, as imperfect azimuthal
coverage combined with strong lateral variations in
isotropic shear-wave velocity may cause artificial
variations in the amplitude, and in some cases direction,
of the azimuthal anisotropy over these scales.

3. Results and discussion

Fig. 7 shows the results of our tomographic modeling
for depths down to 400 km, plotted following the same
conventions as Fig. 5. The isotropic v, results have
been extensively discussed by Maggi et al.[1], so we
describe them only briefly here. Our tomographic model
shows a high degree of correlation with known tectonic
processes: mid-ocean ridges are outlined by slow shear
wave velocities down to 100 km depth; subduction
zones are traceable as fast velocities down to ~200 km
depth, with the Japan and Tonga—Kermadec subduction
zones visible down to ~250 and >400 km depth re-
spectively; continental cratons display fast velocities

down to 150 km, with some roots extending to 200 km.
The uppermost Pacific ocean mantle (50—150 km) pre-
sents a steady progression of v, with ocean-age that is
broadly consistent with a half-space mantle cooling
model.

In the following discussion, we will be comparing
our azimuthal anisotropy model to those obtained in
other recent global or regional studies covering the
Pacific ocean. Our model describes the azimuthal aniso-
tropy of v, as a function of depth, while those we will
be comparing it with describe the azimuthal anisotropy
of either the phase velocity [26,28] or group velocity
[27] of Rayleigh waves as a function of frequency. It is
important to bear in mind that phase and group velocity
sensitivity kernels are smooth functions of depth be-
tween 50 and 400 km depth, and that they broaden with
increasing surface wave period (more severely for phase
than for group velocities). The anisotropic phase and
group velocity maps published in these studies therefore
represent a weighted average of the structure and an-
isotropy over a frequency dependent depth interval. For
reference, 50 s, 100 s and 150 s phase and group velocity
kernels for fundamental mode Rayleigh waves peak at
~60 km, ~130 km and ~200 km, and ~50 km,
~100 km and ~ 150 km respectively.

3.1. Azimuthal anisotropy and plate motions

The anisotropic structure at shallow depths (50 km,
Fig. 7a) shows strong variations in the orientations of
fast v, directions across the Pacific plate, from E-W in
the north-eastern Pacific, to a combination of N-S and
NE-SW in the north-western Pacific, to SE-NW in the
southernmost Pacific. The East Pacific Rise (EPR) and
the Pacific—Antarctic Ridge (PAR) up to the Louisville
Hotspot display ~2-3% ridge-normal anisotropy.
Excluding the plate boundaries, the amplitude of
shallow azimuthal anisotropy varies between 1-2%
over most of the Pacific plate, except for two regions of
low anisotropy in the central Pacific and near the
MacDonald hot-spot in the southern Pacific. The Nazca
plate displays mostly E-W trending anisotropy with an
amplitude of ~2%. The apparent factor of two
difference in average amplitude of azimuthal anisotropy
between the Nazca plate and the central/eastern Pacific
plate is similar to the amplitude difference observed in
the E-W trending synthetic test of Fig. Sc, suggesting
that may be due to differences in path density and
azimuthal coverage in the two regions (see Fig. 1).

Our pattern of anisotropy can be compared to that
obtained by Smith et al. [27] from group velocity mea-
surements and that obtained by Beucler and Montagner
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Fig. 7. The tomographic inversion at (a) 50 km, (b) 100 km, (c) 150 km, (d) 200 km, (e) 300 km and (f) 400 km depth. For each depth, isotropic v,
and azimuthal anisotropy are plotted as in Fig. 5.

[28] from phase velocity measurements: their horizontal cannot in general be compared between models as they
correlation lengths range from 600 to 1000 km and, as depend too strongly on the regularization used in the
we have shown in Fig. 2, our overall pattern of azi- inversions; we will therefore limit ourselves to compar-
muthal anisotropy is robust within this range of cor- ing at most relative amplitudes. Our 50 km anisotropic

relation lengths. Amplitudes of azimuthal anisotropy structure correlates well in direction and in relative



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

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

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

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

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

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



the fast [100] or ‘a’ crystallographic axes of olivine are
maximally concentrated close to the flow direction and
the [010] or ‘b’ axes are generally concentrated normal
to the flow plane. In the case of simple shear flow
caused by the drag of a rigid plate over a viscous mantle,
the flow direction is the direction of plate motion. The
degree to which the fast axes align horizontally in this
plane is dependent on the velocity gradient of the flow.
Numerical modeling [12] suggests that plate motion
induced shear strain accumulates progressively with
time and also migrates downward due to the progressive
cooling of the mantle and the consequent thickening of
the lithosphere. The maximum strain in such a flow is
located near the base of the moving plate and falls off
with increasing depth. For a 100 Ma old plate, the
maximum shear is around 150 km depth, and shear
strain is expected to be attenuated below 200 km depth.
This attenuation is consistent with the observed decrease
in amplitude of azimuthal anisotropy in our 300 and
400 km depth maps (Fig. 7). Our vy, model, which is
constrained at these depths by higher modes, allows us
to observe this decrease directly.

In Fig. 9 we map the correlation between azimuthal
anisotropy and the directions of absolute plate motion
(APM), calculated using the following expression [31]:

| FastSV| ‘APM|COS[2(0FastSV_9APM)]7 (8)

where 6 indicates the local azimuth of the fast SV and
APM directions, and we take as APM directions the
NUVELI plate motion directions expressed in a no-net
rotation frame. At 50 km depth we see correlation be-
tween azimuthal anisotropy and APM at young ages and
anti-correlation at older ages. The transition between
predominantly correlated and predominantly anti-corre-
lated regions occurs near the 80 Ma isochron, which
marks the approximate age at which major plate re-
organisation occurred in the Pacific Ocean [57,58]. At
ages younger than 80 Ma the fossil ridge spreading
directions preserved in the fabric of the lithosphere are in
general close to current APM directions, while they dif-
fer strongly for lithosphere whose fabric was frozen in
before the plate re-organization. An exception is the
northeastern Pacific Ocean region, where current APM
and fossil ridge spreading directions differ by more than
45°; in this region, the azimuthal anisotropy at 50 km
depth follows as expected the fossil ridge spreading
directions (Fig. 8), and is therefore anti-correlated with
the APM. As the depth increases, and consequently the
proportion of asthenospheric to lithospheric mantle in-
creases outwards from the ridges, the region of good
correlation between azimuthal anisotropy and APM also

expands outwards from the ridges, until at 150 and
200 km depth it covers most of the Pacific Ocean. These
correlation plots and the correspondence at shallow
depths between azimuthal anisotropy directions and mag-
netic anomalies confirm the hypothesis — dating back to
the earliest anisotropic studies [8] and still in use today
[27] — of stratification of the anisotropic structure in the
Pacific ocean, with fossil anisotropy related to spreading
directions in the lithosphere, and anisotropy conforming
with current plate motion in the asthenosphere.

3.2. Azimuthal anisotropy, hot-spots and subduction zones

In this section we go a step further than previous
studies, and discuss those sub-lithospheric regions
(depth >150 km) in which the correlation between
azimuthal anisotropy and the direction of absolute plate
motion breaks down (see 150 and 200 km depth maps in
Fig. 9). Although these anomalous regions are relatively
large (1000—3000 km), because of their depth they are
not resolvable by traditional long phase or group
dispersion studies, as the long period fundamental
mode waves (100—150 s) that sample these depths
have sensitivity kernels that average over a large depth
range, from 75 to 250 km for group velocities, and to
below 300 km for phase velocities. These anomalous
regions are located in the vicinity of known hot-spots:
Bowie, Juan de Fuca, Hawaii, Solomon, Samoa, Gala-
pagos, Easter Island, Society, Marquesas, Mac-Donald
and Louisville. The isotropic signature of these hot-spots
(Fig. 7) is too weak to create azimuthal anisotropy ano-
malies by trade-off, nor do these anomalous regions
correspond to the regions of weak recovery of azimuthal
anisotropy shown in Fig. 5¢,d. The depth of these anti-
correlated regions, which puts them well below the
lithosphere, and their rounded and localized geometry
suggests they are not related to the transition between
fossil plate motion direction and APM discussed in the
previous section. Furthermore, the correspondence bet-
ween the anomalous regions and the hot-spot locations
suggests that the observed perturbation to the plate-
motion oriented anisotropy may be related to mantle
upwelling associated with these hot-spots.

The presence of an upwelling plume is expected to
locally perturb the thermal equilibrium of the mantle
leading, under certain conditions of mantle flux, plume
geometry and mantle viscosity, to erosion of the base of
the lithosphere [59] and to reactivation of frozen olivine
LPO. Fluid dynamical models of the interaction be-
tween an axisymmetric upwelling plume and the simple
shear flow induced by a moving plate produce a flow
with a roughly parabolic pattern centred over the plume,
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f absolute plate motion (APM) calculated from NUVELI in the no-net rotation
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(anisotropy and APM directions are perpendicular) are shown in red; areas of weak correlation (either the directions of anisotropy and APM are at 45°
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with a width several times the plume’s diameter [60].
Subsequent numerical modeling of LPO in this complex
flow pattern using plastic deformation and dynamic re-
crystallisation models predicts that the fast a axes will
not orient themselves along the parabolic flow pattern,
and may in certain cases orient themselves almost per-
pendicular to it. The anisotropic directions may further
be perturbed by the presence of water in the upwelling
region [13]. The absence of detectable shear wave split-
ting at seismic stations located on top of known hot-
spots [61] seems to confirm a perturbation of the per-
vasive mantle flow at these locations. Although the
upwelling plumes themselves are too narrow for us to
resolve their intrinsic anisotropic signature, we suggest
that the large-scale perturbations of mantle flow induced
by the plumes should be detectable using surface wave
azimuthal anisotropy.

ter shades of the two colours.

Fig. 10 shows a synthetic test designed to determine
the behaviour of our inversion in the presence of a
strong, plume-generated disturbance of the azimuthal
anisotropy pattern with the geometry predicted by
Kaminski and Ribe ([60], Fig. 7). The base of the
input model for the test is the isotropic 3SMAC model
[39], on which we have superimposed a uniform 2%
NW-trending azimuthal anisotropy. We have added five
plumes to the input model, corresponding to the Hawaii,
Society, MacDonald, Marquesas and Pitcairn hot-spots;
each plume has an isotropic vy, anomaly with a radius of
200 km and an amplitude of —5%. We have disturbed
the uniform anisotropy pattern by imposing a 90° ro-
tation to the directions of anisotropy in a parabolic
region originating at each of the plume locations; the
relative dimensions of the plume radius and the para-
bolic regions are based upon the results of the numerical



modeling of plume—plate motion interaction by [60]. A
slice through the input model at 100 km depth is shown
in Fig. 10a, a plot of the correlation of the input model
with ‘APM” (i.e. with plate motion in the same direction
as the uniform anisotropy and at a uniform rate of
100 mm/yr, consistent with Pacific plate motion) is
shown in Fig. 10b, while the results of the synthetic test
are shown in Fig. 10b,d.

After the inversion, the isotropic v, signatures of the
two visible continental cratons (Australia and North
America) have been well recovered, the signatures of the
synthetic plumes and of the subduction zones have spread
laterally and been attenuated in amplitude, and shear wave
velocity variations of up to +1% appear in the regions
where path coverage is poorest. The main NW-trending
azimuthal anisotropy is well-recovered over most of the
model, albeit with a reduction in amplitude of up to a
factor of two in some regions, similar to that observed in
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the tests of Fig. 5c,d. The 90° perturbation to the
anisotropic directions present in the input model is not
recovered in the synthetic inversion, however the
resulting anisotropic pattern is still perturbed compared
to the background NW trending pattern, as is confirmed
by the correlation plot (Fig. 10d). Furthermore, the size
and amplitude of the anti-correlation anomalies recovered
in this test are similar to those found in our tomographic
inversion. In a similar test, we were unable to resolve a
more subtle radial pattern of anisotropy in the parabolic
regions associated with the plumes. These tests indicate
that although we do not have sufficient resolution to
recover the pattern of a small or medium-scale disturbance
in the anisotropy, we are able to detect its presence if the
disturbance is severe enough.

Subduction zones are regions in which azimuthal
anisotropy is particularly complex. Many regions exhibit
fast shear wave splitting direction populations with
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Fig. 10. Synthetic tests for the recovery of plume-related disturbances in azimuthal anisotropy: (a) synthetic input model with uniform 2% NW-
trending anisotropy, 5 plumes of radius 200 km and 5% shear wave anomaly, and parabolic regions of rotated anisotropy; (b) output of the synthetic
test; (c) input model plotted as correlation with respect to a ‘plate motion’ (velocity 100 mm/yr) parallel to the background anisotropy; (d) correlation
of the output model with the same ‘plate motion’.



orientation both parallel and orthogonal to local trench
strike (e.g. Tonga—Fiji, [62]). Interpretation of azimuthal
anisotropy near subduction zones is a non-trivial prob-
lem, as the mantle flow depends strongly on the inter-
action between the motions of the subducting plates, and
on the rate of retrograde motion [18]. Interpretation is
further complicated by experimental studies [13]
suggesting that olivine slip systems change under the
higher stresses and hydration states likely to be present in
subduction zones. Models of LPO orientation in an-
hydrous and hydrous mantle wedges [63] suggest that
the same trench normal mantle flow will create re-
spectively trench normal and trench parallel anisotropy.
For the Tonga—Fiji subduction zone, our tomographic
model (Fig 7) shows large amplitude trench parallel
anisotropy (>4%) at depths of 50 and 100 km, smaller
amplitude (1-2%) trench parallel anisotropy at 150 km
depth, rotating to trench normal anisotropy with am-
plitudes ranging from 1% to 3% down to at least 400 km
depth. These observations are consistent with a simple
mantle wedge, hydrated down to ~150 km depth
(e.g. [63]). Furthermore, although we must recall that
trade-off with the fast isotropic shear wave anomalies of
the subducting slabs may account for ~ 1% of the trench-
parallel anisotropic observation, our subduction zone
anisotropy observations are broadly consistent with
shear wave splitting measurements, which show pre-
dominantly trench parallel fast directions near the
Tonga—Fiji trench and trench normal fast directions in
the back-arc basin [62]. Most studies of seismic
anisotropy generation in subduction zone regions are
constrained by shear wave splitting measurements
[18,63]. Our observations suggest that azimuthal
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anisotropy from multi-mode surface waveform tomog-
raphy may act as a further, depth-dependent constraint on
subduction zone flow models.

3.3. Comparison with radial anisotropy

Up to now we have only discussed the SV wave
azimuthal anisotropy inferred from Rayleigh waves.
However, the lattice preferred orientation of anisotropic
crystals in the upper mantle is also expected to produce
radial or polarisation anisotropy, which results in the
Love—Rayleigh wave discrepancy (Love wave phase
dispersion curves are inconsistent with those predicted
by isotropic Earth models that account for Rayleigh
wave phase dispersion). Radial anisotropy with vey> vy,
has been observed globally up to 220 km depth, and is
included in the 1D PREM model [38]. Generation of
radial anisotropy of this sign by LPO requires that the
fast axes of intrinsically anisotropic crystals lie pre-
ferentially in the horizontal plane, but it does not require
any particular alignment within the plane.

The amplitude of both radial and azimuthal anisot-
ropy depends in general on the geometry and fabric
strength of the LPO [54]. Regions in which LPO is
caused by simple shear associated with plate motion are
expected to develop classical orthorhombic fabric, with
the ‘a’ axes close to the flow direction and the ‘b’ axes
concentrated normal to the flow plane, leading to strong
azimuthal and radial (vgy>vs,) seismic anisotropy. In
the case of olivine LPO with ‘a’ axes randomly oriented
in the horizontal plane (the case of a transversely iso-
tropic medium with vertical axis of symmetry), the
resulting vy, azimuthal anisotropy in the horizontal
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Fig. 11. Comparison between (a) our azimuthal anisotropy results and (b) the radial anisotropy results of [65], re-plotted to show &=(vsp/ve,)*-



plane is notably reduced, but the medium presents radial
anisotropy with vgy;>vg,, even if the ‘b’ axes are strong-
ly concentrated in the vertical direction [64]. In this case,
if the distances over which the fast axes vary in orienta-
tion are smaller than the lateral resolution of the surface
waves, azimuthal anisotropy is likely to be averaged out,
resulting in a weak or null anisotropic signal.

Although it is not possible to extract radial anisotropy
information from a data-set such as ours, composed
entirely of Rayleigh waves, we can check the consistency
of our azimuthal anisotropy results with published maps
of radial anisotropy in the Pacific region. Ekstrém and
Dziewonski [65] have published a high resolution radially
anisotropic model of the Pacific upper mantle, in which
they observe a broad anomaly in radial anisotropy in the
northern Pacific, with its centre near Hawaii. The ampli-
tude of this anomaly, which reaches a maximum of &=
(vdu/va) of 1.15 at 150 km depth (Fig. 11b), is
significantly larger than & of 1.06 obtained for Pacific
plate mantle of the same age by Nishimura and Forsyth
[8]. Such a strong anisotropy is somewhat difficult to
interpret: if we assume an average pyrolitic mantle
composition, and the anisotropic parameters tabulated
by Estey and Douglas [50], a & value of 1.14 implies that
100% of the anisotropic crystals are oriented in the
horizontal plane (if we assume an olivine only mantle
composition, the & value corresponding to 100% hor-
izontal alignment is 1.3). It is hard to imagine a physical
process that would induce such an extreme degree of
alignment. The Ekstrom and Dziewonski [65] observation
has recently been confirmed [66], indicating that the first-
order physical interpretation of the amplitude of radial
anisotropy in terms of the percentage of horizontally
aligned crystals may no longer be adequate, or that we
may require better estimates of mantle composition and/or
of anisotropic elastic parameters of mantle minerals.

In Fig. 11, we compare the relative amplitudes and
geographic distribution of our azimuthal anisotropy
results and the radial anisotropy observed by Ekstrom
and Dziewonski [65] at 150 km depth. The broad region
with strong radial anisotropy observed by [65] covers
areas with both strong (region between Hawaii and the
Samoa, Cook and Tahiti hot-spots) and weak azimuthal
anisotropy (west and northwest of Hawaii). Our azimuthal
coverage (Fig. 1) and synthetic tests (Fig. 5) indicate that
the juxtaposition of strong plate motion related azimuthal
anisotropy SE of Hawaii to weak azimuthal anisotropy
NW of Hawaii is likely to be a real feature. This dis-
tribution of azimuthal anisotropy results can be qualita-
tively reconciled with the vgy> vy, radial anisotropy of
[65] by invoking plate motion driven shear flow for the
region lying SE of Hawaii, and by invoking perturbations

due to a plume related mantle upwelling for the region
lying NW of Hawaii, downstream with respect to the
APM-induced flow direction. In a number of other re-
gions, our model displays strong, coherent azimuthal
anisotropy where [65] find only weak vgy>vs, radial
anisotropy. Examples include the eastern Nazca plate, the
Pacific plate boundaries near the coasts of California,
Alaska and Japan, and the region between the new
Hebrides and Fiji, all regions closely associated with
recent or present subduction. Subduction zone processes
may be responsible for generating strong and azimuthally
coherent LPO out of the horizontal plane, which may lead
to the observed combination of significant azimuthal and
weak radial anisotropy. This comparison suggests that the
geographic distributions of azimuthal and radial anisot-
ropy are qualitatively compatible, although their relative
amplitudes are not always straightforwardly reconciled.

4. Conclusion

We have presented in detail the azimuthally aniso-
tropic results of a high resolution Rayleigh wave tomog-
raphy study, the isotropic component of which is
described in [1]. Our results are fully consistent with
the hypothesis of anisotropy generation in the Earth’s
mantle by preferential alignment of anisotropic crystals
in response to the shear strains induced by mantle flow.

At lithospheric depths, we have found a good agree-
ment between fast azimuthal anisotropy orientations and
paleo ridge spreading directions as recorded by seafloor
magnetic anomalies. At asthenospheric depths we have
found a strong correlation between fast azimuthal an-
isotropy orientations and the directions of current plate
motions, consistent with lattice preferred orientation due
to the simple shear imposed on the asthenosphere by
tectonic plates. We have observed perturbations to the
asthenospheric pattern of seismic anisotropy in proxim-
ity to Pacific hot-spots; these perturbations agree qual-
itatively with the predictions of numerical models of
LPO generation in plume-disturbed plate motion-driven
flow [60], suggesting that perturbations in the pattern of
oceanic azimuthal anisotropy may provide indirect
evidence of the presence of thin mantle upwellings.
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