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Upper mantle anisotropy from long-period P
polarization

Vera Schulte-Pelkum, Guy Masters, and Peter M. Shearer

Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography
University of California, San Diego, La Jolla, California, USA

Abstract. We introduce a method to infer upper mantle azimuthal anisotropy
from the polarization, i.e., the direction of particle motion, of teleseismic long-
period P onsets. The horizontal polarization of the initial P particle motion can
deviate by >10° from the great circle azimuth from station to source despite a
high degree of linearity of motion. Recent global isotropic three-dimensional mantle
models predict effects that are an order of magnitude smaller than our observations.
Stations within regional distances of each other show consistent azimuthal deviation
patterns, while the deviations seem to be independent of source depth and near-
source structure. We demonstrate that despite this receiver-side spatial coherence,
our polarization data cannot be fit by a large-scale joint inversion for whole mantle
structure. However, they can be reproduced by azimuthal anisotropy in the upper
mantle and crust. Modeling with an anisotropic reflectivity code provides bounds
on the magnitude and depth range of the anisotropy manifested in our data. Our
method senses anisotropy within one wavelength (250 km) under the receiver.
‘We compare our inferred fast directions of anisotropy to those obtained from P,
travel times and SK S splitting. The results of the comparison are consistent with
azimuthal anisotropy situated in the uppermost mantle, with SK S results deviating
from P, and P, in some regions with probable additional deeper anisotropy.
Generally, our fast directions are consistent with anisotropic alignment due to
lithospheric deformation in tectonically active regions and to absolute plate motion
in shield areas. Our data provide valuable additional constraints in regions where
discrepancies between results from different methods exist since the effect we observe
is local rather than cumulative as in the case of travel time anisotropy and shear
wave splitting. Additionally, our measurements allow us to identify stations with
incorrectly oriented horizontal components.

1. Introduction angle of incidence at a free surface even for the isotropic

. ] . ) case [Aki and Richards, 1980; Bokelmann, 1995).
Classical body wave seismology relies heavily on the Previous particle motion studies [Park et al., 1987b;

travel times of seismic phases. With the advent of global Lilly and Park, 1995; Jurkevics, 1988; Wagner, 1997;
networks of three-component broadband stations, other

techniques such as receiver function analysis and S wave
splitting measurements have become possible. One rel-
atively unexploited observable is the polarization of P
waves.

The term polarization is used for various physical
quantities in the literature and requires some clarifica-

tion. In this paper, we are interested in the direction of 1992] and relative array analysis [Powell and Mitchell,
particle motion. In the case of P waves, this direction 1994] also measure the wave vector direction.

is not identical to that of the wave vector (the normal Liu and Tromp [1996] and Hu et al. [1994] have de-
to the wave front) nor to the ray direction if anisotropy
is present [Crampin et al., 1982], and it differs from the

Vidale, 1986] concentrated on phase characterization or
identification and seismic coda description. Hu et al.
[1994] used teleseismic P wave polarization in a regional
inversion for velocity structure in southern California.
(Note that what their study refers to as polarization is
the wave vector rather than the particle motion direc-
tion.) Mislocation vector studies [Kriger and Weber,

rived first-order perturbation expressions for polariza-
tion (in this instance, ray direction) that can be used
in an inversion scheme. These expressions can be com-
pared to the kernels commonly used in travel time to-
mography inversions based on Fermat’s principle. Tra-
Paper number 2001JB000346. vel time perturbations are sensitive to velocity varia-
0148-0227/01/2001JB000346$09.00 tions, while ray directions respond to variations in the

Copyright 2001 by the American Geophysical Union.

21,917



21,918

gradient of velocity. Therefore, in principle, the two ob-
servables could be employed in a complementary fash-
ion in a joint inversion, one defining slow and fast areas
and the other delineating their boundaries. The lin-
earized ray direction kernels also show a stronger de-
pendence on the structure on the receiver end of the
ray path, whereas the travel time kernels are symmet-
ric with respect to source and receiver. In practice, this
means that global travel times mostly reflect the struc-
ture of the deep mantle which contains the largest part
of the ray path, whereas ray directions are weighted
toward near-receiver structure. As a caveat, it should
be noted that the wave vector direction in an aniso-
tropic medium will differ from the particle motion and
the ray direction, both of which respond to the local
anisotropy structure. While particle motion can easily
be determined from three-component records and wave
vectors can be measured using array data, a ray direc-
tion measurement is more difficult to perform.

One advantage of polarization data versus travel times
is the independence of polarization with respect to
source timing and its insensitivity to source misloca-
tion. These effects lead to significant scatter in absolute
travel times, whereas they are negligible in polarization
measurements (as pointed out by Hu et al. [1994], a
typical source location error of 50 km leads to a ray di-
rection error of the order of 0.1%, while the correspond-
ing travel time error is ~5%). Similarly, a typical source
time error of 2 s is small enough relative to the length of
the time window used for a long-period particle motion
measurement that it has no discernible effect.

In the following, we will demonstrate that P wave
polarization (in this study, specifically, the azimuth of
the initial P particle motion) can be measured reliably
from long-period three-component records. The obser-
vations show consistency on a regional scale. We will
then discuss the possible causative mechanisms and re-
gions for horizontal particle motion anomalies and pro-
ceed to eliminate as dominant candidates near-source
structure and whole-mantle isotropic heterogeneity, the
latter by demonstrating insufficient variance reduction
in joint inversions for global mantle structure. The most
likely cause for off-azimuth P particle motion is upper
mantle anisotropy. In section 5, we fit a simple aniso-
tropic model to our observations and compare the re-
sulting anisotropic parameters to those obtained with
other methods. The comparison and additional model-
ing using a reflectivity code allow us to draw conclusions
about anisotropic structure.

2. Method

We used a multitaper frequency domain technique
[Park et al., 1987a] to measure the direction of parti-
cle motion within one cycle of the P onset (Figure 1).

The method employs orthogonal tapers in the time
domain before forming the matrix of eigenspectra of
the three components in the frequency domain. A sin-
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gular value decomposition of the eigenspectra matrix
produces, in the presence of a well-polarized signal, one
large singular value which is associated with a complex
vector defining the direction and phase of particle mo-
tion. Multitaper spectral analysis has been applied to
complex surface wave and regional body wave signals
[Laske et al., 1994; Park et al., 1987a]. In our study,
the measurements were performed on P onsets with a
high signal-to-noise ratio, which are very simple and
linearly polarized, so that some of the characteristics
of multitaper analysis (stability with respect to inco-
herent noise and minimization of spectral leakage) are
unneccessary; still, it provides an advantage over sim-
pler techniques [ Vidale, 1986; Jurkevics, 1988] in that it
gives a measure of the uncertainty associated with each
measurement [Park et al., 1987a).

3. Data

Our data set consists of long-period P arrivals of
roughly 6000 teleseismic events recorded at 267 sta-
tions of the Global Seismic Network (GSN), includ-
ing the networks IRIS/IDA, IRIS/USGS, Mednet, Geo-
scope, Geofon, Terrascope/Trinet, and the U.S. Na-
tional Network, for the years 1976-1999. Initially, we
hand-selected high signal-to-noise ratio events and lim-
ited our analysis to source depths of over 100 km in
order to avoid contamination by noise and by depth
phases. In a second pass through the database we per-
formed an automated calculation of the P arrival signal-
to-noise ratio in the long-period (15-100 s) band and
analyzed all arrivals with a ratio >5; we also added
shallow events to the analysis. Since the results from
the second pass were not biased with respect to those
from the initial hand-selected small set of deep events,

P\
vertical / M
radial m\/ j\/\/\/\/\/\/\A
E_ansverse /\M-/\/\/\-\,—'—\/-\/\/\/\_\/—/K,
40s

Figure 1. Measurement window for P particle motion.
We filter teleseismic P arrivals to around 20 s, rotate
onto the station to source azimuth, and analyze the
particle motion in a 40 s window around the onset. Note
the anomalous energy on the transverse component in
this example (PFO record of my = 6.5 Bolivia event on
Julian day 37, 1988).
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Figure 2. Cartoon of the measured angles of particle
motion. (top) Vertical angle and (bottom) horizontal
particle motion deviation from the station to event az-
imuth. '

we proceeded with the automated analysis of all source
depths, which vastly improved azimuthal coverage at
most stations. The data were band-passed in a period
range of 15-33 s before measuring the particle motion
direction. This period range was chosen to stay within
the long-period noise notch.

We determined two angles of the particle motion:
the inclination from the vertical in the source-receiver
plane, and the rotation of the azimuth of particle mo-
tion with respect to the source-receiver great circle (Fig-
ure 2). The angle of P wave particle motion in the
vertical-radial plane at a free surface is not equal to the
incidence angle (defined as the inclination of the inci-
dent ray relative to the vertical) owing to conversion of
the incoming P wave to SV at the surface. The vertical
angle of particle motion € at the free surface is related to
the incidence angle as follows [Aki and Richards, 1980;
Bokelmann, 1995]:

2siniy/ (v, /vs)? — sin® i
€ = arctan —5— (1)
(vp/vs)? — 2sin?i

where v, and v, are the P and S velocities of the
medium beneath the free surface and i is the subsurface
incidence angle. For a realistic range of Poisson ratios
the vertical particle motion angle can vary by ~10° for
the same incidence angle.

The fact that the local surface velocity strongly de-
termines the vertical particle motion angle is visible in
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Figure 3. The angle of the vertical-radial particle mo-
tion is significantly shallower at island stations than at
continental stations, which may indicate a higher appar-
ent P velocity. This is consistent with the long-period P
wave sensing faster mantle velocities through the thin-
ner oceanic crust. In addition, the picture is compli-
cated by near-surface P — SV conversions. These are
used in receiver function analysis at frequencies ~1 Hz.
In the long-period band of interest in this study, the
converted phases interfere within the first cycle of the
waveform and distort particle motion. An attempt to
invert vertical angles for mantle structure resulted in
much lower variance reduction than an inversion of the
horizontal particle motion. We will therefore concen-
trate on the more consistent horizontal angles for the
remainder of the paper.

Although the particle motion of the P onset is usually
highly linear, its azimuth is in most cases not aligned
with the great circle between source and station, as
would be expected for a P wave in a spherically symmet-
ric, isotropic Earth model. This means that there is a
slight transverse motion of the P onset, a phenomenon
which could be attributed to P bending by heteroge-
neous structure, P to SH conversion by inclined bound-
aries, or anisotropy within a depth range of the order of
one wavelength (in our case, 60-270 km) beneath the re-
ceiver. Apparent transverse P particle motion can also
be an artifact caused by misorientation or miscalibra-
tion of a sensor’s horizontal components.

The transverse motion corresponds to a clockwise or
counterclockwise rotation of the azimuth of P motion
relative to the great circle azimuth (Figure 2). We plot
the rotation of each P arrival as a function of back az-
imuth and vertical angle of incidence at the station as
shown in Figure 4. :

70
60 ;

50¢ island stations

40
30
20+
10

vertical polarization angle (degrees)

20 40 60 80 100

epicentral distance (degrees)

Figure 3. Vertical particle motion angle as a function
of epicentral distance. Measurements from island sta-
tions are solid symbols, all others are shaded. The er-
rors are determined individually by the multitaper anal-
ysis. There are a total of 1328 measurements of deep
events, 97 of which are from island stations.
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Figure 4. Explanation of the plots of azimuthal devi-
ation patterns in Figure 7 and Figure 9. For a specific
station we project the measurements onto the hemi-
sphere underneath. A clockwise deviation of the hor-
izontal particle motion from the station to source az-
imuth is plotted as a cross, scaled by the size of the
deviation. On the hemisphere, the cross is plotted at
the back azimuth of the source location and at the in-
cidence angle of the PREM ray. Counterclockwise de-
viations are plotted as circles.

4. Observations

We selected measurements with a highest singular
value of over 0.82 of the eigenspectra matrix, which in-
dicates that a single well-polarized signal is present. In
these cases, the motion is usually highly linear (Figure
5). Despite the uncomplicated character of motion, we
frequently observe horizontal deviations from the great
circle azimuth in excess of 10°. The average measure-
ment error given by the multitaper analysis is 3.8°.

vertical

particle motion

tr:
azimuth a'"SVeme

#

source azimuth

Figure 5. Hodogram (solid, with shaded projections)
for the rotated P onset shown in Figure 1. The particle

motion is very close to linear, yet there is a significant
transverse component.
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Figure 6. Histogram of the global data set of az-
imuthal particle motion deviation. The median is -0.9°,
the scaled median absolute deviation (SMAD) is 7.2°.
The nonzero mean and skewness reflect the fact that a
significant number of stations are misoriented (see Ap-
pendix A) and that azimuthal coverage is limited at
many stations.

At 264 out of 267 stations we were able to obtain
measurements that fulfilled our singular value quality
criterion, with a median number of 60 observations
per station. Figure 6 shows a histogram of the en-
tire data set. We show later that the measured de-
viations are an order of magnitude larger than those
predicted by both spherical harmonic three-dimensional
(3-D) mantle models such as S16b30 [Masters et al.,
1996] and SKS12.WM13 [Dziewonski et al., 1996] and
high-resolution mantle models from block tomographic
inversions [Grand et al., 1997; Grand, 1994; Masters
et al., 2000].

When plotted on station hemispheres as described in
Figure 4, the azimuthal deviations exhibit clear large-
scale patterns. A few examples are shown in Figure
7. This is unlikely to be an effect of the immediate
subsurface. The same analysis performed in the short-
period band (near 1 Hz) yields patterns that are as clear
yet show no resemblance to the long-period case. We
show later that there is a high consistency of the pat-
terns over distances of several 100 km, which also breaks
down at short periods. We can also exclude the close
vicinity of the source as the generating area since the
patterns remain consistent between shallow and deep
events. Therefore our signal is most likely to stem from
the mantle. We will attempt to interpret this result by
forward modeling and inversion in section 5.

5. Interpretation
5.1. Global Isotropic Mantle Heterogeneity

Our first approach was to explain the azimuthal ano-
malies in the framework of a global inversion for iso-
tropic 3-D mantle structure, similar to body wave travel
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Figure 7. Examples for azimuthal deviation patterns of horizontal P particle motion as de-
scribed in Figure 4 at stations AFI (Samoa), COL (Alaska), KIV (Russia), OBN (Russia), PET
(Kamchatka), and WLF (Luxembourg). The concentric circles show 10° increments of incidence
to small-scale structure than travel times. Also, the

time residuals. Dziewonski [1984] and many subsequent
travel time tomography studies have used the follow-
ing linearized inversion approach. If one assumes that
the unknown velocity structure (such as lateral velocity
variations) is a small perturbation to a known back-
ground structure (e.g., a spherically symmetric Earth
model), the travel time integral over the true ray path
can be replaced by a first-order approximation, where
the velocity perturbations are integrated over the un-
perturbed ray path in the background model [Liu and
Tromp, 1996]:

& bv

oT = /0 sin¢ ;Ed¢ ’ )
where v is the spherical background velocity model, v
is the velocity perturbation, and the integration is per-
formed along the radial and azimuthal coordinates (r, ¢)
along the ray path in the unperturbed medium to dis-
tance A. The first-order assumption is that the ray
path is not perturbed significantly.

An equivalent first-order expression can be derived
for the ray directions. The off-azimuth horizontal per-
turbation in ray direction takes the following form [Liu
and Tromp, 1996]:

on=

A .
[ ZEw, ®
0

sin A sin?iv 00

where 6 is the cross-ray angular coordinate. Note that
travel times see the velocity perturbation v, whereas
the horizontal arrival angle is sensitive to the cross-ray
velocity perturbation gradient 0dv/36. This indicates
that arrival angle anomalies can be used to delineate the
boundaries of velocity anomalies and are more sensitive

travel time kernel is symmetric about the turning point
of the ray, whereas the sin ¢ term in the horizontal angle
kernel weights the sensitivity toward the receiver.

We found that this linearized expression provides ex-
cellent agreement with results from nonlinear ray trac-
ing for current global 3-D mantle models, as did Liu
and Tromp [1996] for SKS12_.WM13 [Dziewonski et al.,
1996]. However, both ray tracing and first-order pertur-
bation theory predict angles that are an order of mag-
nitude smaller than those we observe in our data. This
holds not only for low-degree spherical harmonic mod-
els like SKS12_-WM13 and S16b30 [Masters et al., 1996)
but also for models derived from block inversion which
contain higher wave number structure. We performed
forward modeling using a degree 40 expansion (corre-
sponding to 5° resolution) of high-resolution 3-D man-
tle models [Grand, 1994; Grand et al., 1997; Masters
et al., 2000]. Both mantle models produce maximum
anomalies of 2° and a scaled median absolute devia-
tion (SMAD) of the anomalies of 0.5°. Compare this to
our observed values in Figure 6 of anomalies exceeding
15° and an SMAD of 7.2°. The character of the pre-
dicted polarization residuals at the stations is also very
different from our observations (Figure 7), exhibiting
much faster variation with back azimuth than we see in
the data, in addition to the magnitude discrepancy.

Even high-resolution global tomographic mantle mod-
els show a falloff in their amplitude spectra toward
higher wave numbers. It may therefore come as no sur-
prise that they do not contain lateral gradients high
enough to reproduce our observations since the lat-
eral gradient amplitude spectrum is merely the veloc-
ity amplitude spectrum scaled by wave number. To



21,922

test whether inclusion of polarization data would re-
sult in larger amplitude small-scale structures, we per-
formed a global inversion of our data jointly with long-
period teleseismic P and PP-P travel times, surface
wave phase velocities, and free oscillation mode coeffi-
cients [Masters et al., 1996, 2000] with lateral resolution
up to degree 24. Increasing the lateral resolution did not
improve the fit, and the variance reduction of the po-
larization data in the joint inversion was no more than
16%. In conclusion, our modeling and inversion ex-
periments suggest that the lower mantle is not a likely
candidate as a cause of long-period P polarization ano-
malies.

5.2. Regional Heterogeneity and Anisotropy

Having excluded the near-source area (based on the
lack of dependence on source depth and mechanism)
and the lower mantle as the regions which give rise to
azimuth anomalies, we now focus on the upper man-
tle and crust near the receivers. A comparison between
residual patterns for different stations shows strong con-
sistency of the patterns over distances of several hun-
dred kilometers. We demonstrate this fact later in this
section with examples from California, where our sta-
tion density is highest. This and the independence of
the residuals with respect to source depth indicate that
the cause of the azimuthal deviations lies on the re-
ceiver side rather than the source side of the ray path.
The consistency on a regional scale suggests a location
either in the upper mantle or a uniform pattern at shal-
lower depths, e.g., anisotropy. A very shallow source is
unlikely since the regional consistency breaks down for
the same analysis performed in the short-period band.

Our off-azimuth particle motion signal is essentially
a P arrival that has a transverse component. There
are several ways to create such motion. One is bending
or refraction out of the radial-vertical plane by lateral

isotropic, dipping’
interface

anisotropic, horizontal
symmetry axis
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heterogeneities, e.g., nonhorizontal velocity gradients or
inclined interfaces. Dipping interfaces also cause P to
SH conversions which will additionally affect the long-
period particle motion of the P onset if they occur close
to the surface. Simple modeling using Snell’s law shows
that a Moho dip of 10° beneath a station causes az-
imuthal deviations of the amplitude we observe in the
data. A dipping interface results in a sinn pattern (7
is azimuth of incidence) as in Figure 8 (left). Interface
curvature leads to sin(2n) components in the azimuthal
pattern. .

An alternative cause for P particle motion outside
the radial/vertical plane is the presence of anisotropy
within a few wavelengths of the receiver [Levin and
Park, 1998; Bostock, 1998]. For our period range of 15-
33 s, one wavelength translates to ~60-270 km depth.
In an anisotropic medium the first arrival would be the
quasi-P (gP) phase. The particle motion of qP is not
aligned with the direction of propagation (ray direction)
nor with the normal on the wave fronts, in contrast to
isotropic P [Crampin et al., 1982].

The simplest model, transverse isotropy (i.e., hexag-
onal anisotropy with a vertical symmetry axis), fails to
explain our observations since it causes no azimuthal
deviations or P — SH coupling. The same hexagonal
anisotropy with a horizontal axis of symmetry, however,
leads to a characteristic, predominantly sin(2n) periodic
pattern of azimuthal deviation (Figure 8, middle). This
geometry could result from both olivine crystal align-
ment in the mantle [Christensen, 1984] and microcracks
in the crust [Shearer and Chapman, 1989]. These are
likely candidates for the cause of crustal and mantle
anisotropy.

Azimuthal sinn signatures have in the past been
attributed to a dipping Moho [Lin and Roecker, 1996],
and sin(2n) patterns to anisotropy [Vinnik and Mon-
tagner, 1996; Girardin and Farra, 1998]. However, a

anisotropic, dipping
symmetry axis

15°

O000 o x +++++

Figure 8. Azimuthal particle motion anomaly patterns as described in Figure 4. (left) Pattern
for a Moho dip of 10° to the west, no anisotropy. (middle) Pattern for a horizontally stratified
model with 8% anisotropy in a 30 km thick layer at the top. The anisotropy is hexagonal with
a horizontal symmetry axis oriented E-W. (right) Same as middle, except the symmetry axis is
tilted 45° down towards east. Concentric circles show 10° increments of incidence angle. North

is up.
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distinction between dipping interfaces and anisotropy
based on this periodicity difference alone can be mis-
leading. In the isotropic case, interface curvature can
still lead to a sin(27n) pattern. In the case of anisotropy,
a tilt away from the horizontal of the symmetry axis for
the hexagonal case breaks down the sin(27n) symmetry
and can produce a pattern identical to that caused by
a dipping interface (Figure 8, right). It is therefore im-
possible to distinguish between heterogeneity and aniso-
tropy for a single station from particle motion alone.
The same observation has been made for transverse
component receiver functions [Savage, 1998).

In our case, we can still make inferences about hetero-
geneity versus anisotropy by comparing azimuthal pat-
terns at several stations in the same region. The best
suited region with our current data set is California,
where the station density is highest and we also see
very pronounced patterns of azimuthal particle motion
deviations.

Travel time tomography studies have found strong
velocity anomalies, e.g., the Isabella high-velocity body
and the Transverse Range anomaly [Humphreys and
Clayton, 1990]. The Moho also shows significant topog-
raphy through the region [Richards-Dinger and Shearer,
1997; Zhu and Kanamori, 2000; Baker et al., 1996].
Anisotropy has also been found by Polet [1998], Hearn
[1996], Smith and Ekstrom [1999], and Savage and Shee-
han [2000].

The azimuthal particle motion deviation patterns are
consistent through a large part of southern California,
as Figure 9 shows. The scale of consistency makes it un-
likely that conversions or out-of-plane refraction at the
Moho cause the observed patterns in P since postulated
Moho topography [Zhu and Kanamori, 2000; Richards-
Dinger and Shearer, 1997] varies widely between sta-
tions with very similar patterns. The same argument
also holds for relatively small-scale velocity anomalies
such as the Isabella and the Transverse Range high-
velocity bodies. Their presence and orientation relative

to the stations does not seem to affect the pattern since

it is also seen at other stations without similar strong
velocity variations in their vicinity.

In order to investigate whether deep upper mantle
heterogeneity could cause the common pattern, we plot-
ted the TASPEI ray paths for the observed events at
each station (Figure 10). The lack of overlap between
ray paths to 410 km depth shows that the station spac-
ing is large enough and the ray incidence angles are suf-
ficiently steep to prohibit a single mantle feature above
the transition zone from causing identical patterns at
all stations which exhibit consistency. This holds even
when taking into account the Fresnel zones around the
rays (for instance, the \/4 Fresnel zone at 150 km depth
for the longest period of 33 s is 2° wide).

Although this still leaves open the possibility that
the correlation in pattern between stations could re-
sult from more distant (i.e., deep-mantle) heterogeneity,
such heterogeneity would need to be much larger than
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current spherical harmonic models of the whole mantle
suggest, as we concluded in section 5.1. In addition,
we show in section 5.3 that rapid changes in patterns
occur going from one region of consistency to another,
which again speaks against a source-side or deep-mantle
origin. We also demonstrate in the following that the
assumption of upper mantle anisotropy leads to rea-
sonable agreement with results from anisotropy studies
using different seismic phases.

We conclude that uniform anisotropy in the upper
mantle is the most likely cause for the consistent parti-
cle motion patterns in this region. The depth range for
anisotropy can be inferred from comparison with aniso-
tropy measurements using other phases and through a
comparison with modeling results in section 5.4.

5.3. Anisotropy Fit

Under the assumption that any sin(2n) component of
azimuthal deviation can be ascribed to anisotropy, we
performed a fit of fast direction and anomaly amplitude
on the global set of stations. The fit of sin(2n) patterns
allows us to perform a comparison with anisotropy fast
directions and strength derived from other phases and
make inferences about the existence and depth extent
of anisotropy.

Since we lack constraints on the anisotropy-hetero-
geneity tradeoff based on dense station coverage except
for California, the detection of a sin(2n) component
is a necessary condition for the existence of horizon-
tally symmetric anisotropy but will not allow us to ex-
clude heterogeneity such as curvature on interfaces as
an alternative source for most stations. Also, failure
to detect a sin(2n) pattern still leaves open the pos-
sibility of the existence of dipping hexagonal or non-
hexagonal anisotropy. Our present data set does not
allow us to invert for more complicated models of aniso-
tropy. However, a favorable comparison with results
from other methods in section 5.5 suggests that hor-
izontal azimuthal anisotropy is a valid first-order as-
sumption. An additional source of misinterpretation
is possible nonorthogonal orientation of horizontal sen-
sor components or incorrect gains in the instrument re-
sponses, which may both mimic a sin(27) anomaly and
are also difficult to exclude for stand-alone stations.

A sin(2n) fit is justified by the proof given by Backus
[1965] that weak anisotropy can be described by a sum
of sin(2n) and sin(47) variations in travel time. The
azimuthal periodicity of travel times is that of the slow-
ness surface, while the group velocity direction is the
normal on the slowness surface. For general anisotropic
symmetries, the ¢ P wave particle motion directions fol-
low group velocity directions closely [Crampin et al.,
1982]. Since travel time studies commonly find mostly
27 variations and insignificant 47 terms, we make the
same assumptions about weak anisotropy and the pre-
dominance of the 27 over 47 terms for particle motion.

For each of the azimuthal deviation patterns, such as
shown in Figure 9, we divided the observed values into
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Figure 9. Azimuthal deviation patterns at stations in California, as described in Figure 4. The
concentric circles show increments in incidence angle of 10°, north is up.

azimuthal bins of 20° and formed the median in every three azimuthal quadrants, we fit the following pattern
bin containing more than five individual measurements. to the medians:

The SMAD within the azimuthal bin gives us a measure
of the error associated with the median value. If a sta-
tion has at least six bins with a median calculated in
this fashion and the bins are distributed over at least using least squares. The constant term takes into ac-

dn = 1o + asinn + beosn + csin(2n) + dcos(2n), (4)
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count station misorientation (see Appendix A), and the
sin 7 and cos 77 terms may reduce the influence of hetero-
geneity. The fast direction is then approximated as

1 c
Mtast = 5 arctan P +7/2, (5)

and the anomaly amplitude ascribed to anisotropy is

Mmax = V2 + d2. (6)

The results, with errors propagated through the least
squares fit, are shown in Figure 11!. There was suffi-
cient azimuthal coverage to obtain an estimate of hori-
zontal anisotropy at 75 of 264 stations. At 50 of these
stations, the detected anomaly amplitude exceeded its
uncertainty. The anomaly amplitudes, i.e., the maxi-
mum amplitude of the sin(27n) pattern, have a range of
up to 6.4° of off-azimuth particle motion attributable
. to horizontal azimuthal anisotropy. The median error
is 1.8° at the set of stations with significant signal (i.e.,
where the 2n amplitude is larger than the associated
error).

Fast directions and amplitudes in southern California
" are consistent within the errors of the fit. Elsewhere,
the station spacing is rather large for station-to-station
comparisons. There appears to be possible long-range
consistency between stations in Southeast Asia, east-
ern Siberia, the northern part of North America, and
Australia.

The measurements are somewhat spotty in a global
sense, but nevertheless, some patterns are discernible.
Broadly speaking, the observed directions can be di-
vided into two classes. In orogenic belts and at active
margins we see fast orientations parallel to arcs and
transform faults and perpendicular to convergence. Un-
der continental cratons we find alignment with absolute
plate motion directions.

Anisotropy in the upper mantle is currently attribu-
ted to alignment of olivine and perhaps other mantle
minerals, although influence from oriented inclusions
cannot be excluded [Kendall, 2000]. The question is
then whether the preferred orientation is related to de-
formation in the lithosphere [Silver, 1996] or whether
the upper mantle is decoupled from the overlying plate
so that the anisotropy reflects asthenospheric flow [ Vin-
nik et al., 1992].

A majority of the fast directions we observe suggests
orientation parallel to subduction and collision zones
and strike-slip plate boundaries. We see subduction-
parallel fast directions in Japan, New Zealand, Guam,
and Samoa. Splitting studies have found both trench-

1Supporting table is available via Web browser or via Anony-
mous FTP from ftp://kosmos.agu.org, directory “apend” (User-
name = “anonymous”, Password = “guest”); subdirectories in
the ftp site are arranged by paper number. Information on
searching and submitting electronic supplements is found at
http://www.agu.org/pubs/esupp-about.html.
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parallel and trench-perpendicular fast directions, de-
pending on the subduction zone [Kendall, 2000]. P,
studies have also indicated both cases [Hearn, 1999].
Smith and Ekstrém [1999] obtain mostly boundary-
parallel fast orientations in subduction zones and oro-
genic belts in a global P, study. Russo and Silver [1994]
and Hearn [1999] propose mechanisms for orientations
both perpendicular and parallel to trenches. Our data
set mostly suggests the latter. Regardless of which
of the two cases is observed, there is clear evidence
for a correlation with surface tectonics in subduction
zones. Our results also show other areas with conver-
gent plate motion where the fast direction is perpendic-
ular to the direction of convergence (Alaska, southern
Europe, and China), which again supports lithospheric
coupling. This has also been observed using SK'S (e.g.,
Vinnik et al. [1992]) and P, [Smith and Ekstrom, 1999].
R. Meissner et al. (Seismic anisotropy and mantle creep
in young orogens, submitted to Geophysical Journal
International, 2001) explain anisotropy parallel to the
structural axis of orogens by extension of crustal es-
cape tectonics [Molnar and Tapponnier, 1975] into the
uppermost mantle.

We also see fast directions parallel to shear zones.
Examples are the San Andreas fault in California, the
North Anatolian fault in Turkey, transform faults re-
lated to the India-Asia collision in Southeast Asia [Mol-
nar and Tapponnier, 1975], and eastern Siberia [Vin-
nik et al., 1992). This orientation parallel to strike-
slip faults again supports a strong influence of lithos-
peric strain on mantle anisotropy. Similar results are
observed for SK'S [Savage, 1999] and P, [Smith and
Ekstrém, 1999).

38" { L
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Figure 10. IASPEI ray paths for California stations
with consistent azimuthal .deviations, shown as black
lines (and as white lines for two stations to aid distinc-
tion). The path for each measurement at stations BAR,
PFO, DGR, RPV, USC, PAS, SVD, ISA, SCZ, and JAS
in Figure 9 is shown to a depth of 410 km.
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Figure 11. Fast directions and 2n anomaly amplitudes from a least squares fit of sin(27) patterns
to the observed azimuthal P polarization anomalies. The length of the arrows is proportional to
the anomaly amplitude. The azimuthal uncertainty of the fast directions is indicated by black
lines. White circles indicate an upper bound of the 27 amplitude where the uncertainty of the 2n
signal was greater than its amplitude. Amplitude uncertainties larger than 4°are shown as dashed
lines. At stations where the inconclusive fit is partly due to a strong 1n azimuthal component
(dipping anisotropy or dipping interface), the upper bound on 27 is shown in black. A number of
the stations with resolvable signal also have an additional 17 component, but this is not shown

for the sake of simplicity.

For stable continental areas, our results appear to
suggest some correlation with absolute plate motion di-
rections. The NE-SW fast directions in Canada and
N-S in Australia agree with the plate velocity direc-
tions in the HS2-NUVELT1 absolute plate motion model
by Gripp and Gordon [1990]. There may also be agree-
ment in Africa, although we only have a fit at a single
station and the HS2-NUVELI absolute plate velocity
is much smaller than for North America and Australia.
The N-S orientation of the single measurement we ob-
tained in Brazil does not agree with the modeled plate
motion direction, which is close to E-W.

The comparison with the strike of tectonic features
and absolute plate motion allows some inferences about
the depth of anisotropy and the mechanism for align-
ment. Our observations support the influence of litho-
spheric strain in areas of tectonic activity and orienta-
tion due to asthenospheric flow underneath cratons. To
address the question whether part of the tectonic signa-
ture could be due to crustal deformation and to develop
a more detailed framework in general for the degree of
anisotropy and the depth ranges involved, we performed
numerical modeling as well as a comparison with results
from other observational studies on anisotropy.

5.4. Anisotropic Reflectivity Modeling

We used a layer matrix method [Kennett, 1983; Chap-
man and Shearer, 1989; Booth and Crampin, 1985;
Fryer and Frazer, 1984] to model finite frequency ef-
fects of anisotropic layers in a horizontal layer stack.
Since our observations suggest that the effects of inter-
est take place in the top several 100 km beneath the
station, we chose plane P waves incident on a Carte-
sian model. Apart from a slowness integration, which
in our case of an incident plane wave is redundant, this
method is equivalent to a full reflectivity formulation.
We calculated responses of stacks of anisotropic and iso-
tropic layers at a range of frequencies. The responses
were transformed into the time domain which results in
seismograms consisting of a series of delta functions, to
which we then applied the same band filters we used for
our data.

In the high-frequency limit the deviation of ¢P par-
ticle motion from the slowness azimuth is a strictly lo-
cal phenomenon. As soon as the wave front leaves an
anisotropic layer, the P motion realigns with the slow-
ness (phase velocity) and propagation (group velocity)
azimuths, and the orthogonal ¢P component continues
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to propagate as an S phase. This is an important dis-
tinction to the cumulative effect of anisotropy in shear
wave splitting: P particle motion is sensitive to aniso-
tropy only within a wavelength of the receiver. In the
finite frequency case, an isotropic layer whose thickness
is small compared to the wavelength will be transparent
to effects of anisotropy underneath. In effect, the inci-
dent and converted pulses are broadened and interfere
with each other in the band-limited case.

We modeled the depth extent to which anisotropy can
still be detected through an overlying isotropic layer
using a simple crust and mantle model. For increas-
ing depths of the isotropic to anisotropic transition we
determined the magnitude of the particle motion de-
viation at the surface. The anisotropy model was the
same as assumed in the least squares fit to our data,
i.e., hexagonal anisotropy with a horizontal symmetry
axis, and we set the strength of the anomaly to 10%
P velocity anisotropy between the fast and slow axis.
This is the maximum value postulated by Smith and
Ekstrom [1999] for the uppermost mantle.

A surface signal larger than the median amplitude
standard error of 1.8° in our data fit can be observed
for depths of the top of the anisotropic layer of 250 km
and less. This makes 250 km an upper bound for the
thickness of the isotropic range through which our tech-
nique could have detected a deeper anisotropic layer.
We also tested for the minimum thickness at which an
anisotropic layer gives rise to a significant signal. A
layer thickness of at least 8 km is required to cause an
anomaly amplitude larger than our median uncertainty.
This is for the case of 10% anisotropy; weaker aniso-
tropy will increase the minimum detectable thickness.

An increase in the observed anomaly occurs to an
anisotropic layer thickness of 60 km. Further increases
in the thickness lead to a slight falloff in the anomaly
magnitude, which then settles to an asymptotic value
near 200 km. The slight decrease with increasing thick-
ness is due to interference with a phase that converts
from P to quasi-S at the bottom of the anisotropic layer
and continues as an SH arrival with opposite polarity
from the top of the layer. The minimum strength of
anisotropy to cause an anomaly larger than our median
uncertainty is 2% for a layer thickness of 60 km. Thin-
ner layers will require stronger anisotropy to be detected
within the constraints given by our method and average
azimuthal coverage.

Even the largest anomaly of 6.5° we obtained from
our sin(2n) fit can be fit with reasonable anisotropy
models. Examples of models that produce such an
anomaly with our reflectivity code are 8% anisotropy
in a 60 km thick layer in the lowermost crust (bottom
10 km of a 30 km crust) and uppermost mantle, or 6%
if a deeper anisotropic layer with a change in fast di-
rection is added. The median amplitude we observed
at stations with significant signal is 2.8°. If we restrict
the anisotropy to the upper mantle, we can model this
value with a 30 km isotropic crust overlying a 6% aniso-
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tropic layer of 60 km thickness in the upper mantle. The
same value can be obtained with 8% anisotropy in the
top 20 km of the mantle. A high anomaly value of 5°
that we observed at several stations can be modeled
with 10% anisotropy in a 60 km thick uppermost man-
tle layer. As we see, the forward modeling of the sin(2n)
anomaly amplitude with multiple anisotropic layers is
highly nonunique. Therefore we have limited our mod-
eling to finding the extreme values of resolvable param-
eters of anisotropy and suggestions for typical values
for a simple model. An exact fit will be left to a subse-
quent frequency-dependent analysis which will provide
additional constraints.

Many SK S splitting studies explain azimuthal vari-
ation of splitting parameters as averaging over multi-
ple layers of anisotropy, and the averaging behavior has
been studied theoretically [Saltzer et al., 2000; Rimpker
and Silver, 1998]. In the case of P particle motion, we
have the advantage that averaging only occurs over a
depth range of a wavelength from the receiver. The
averaging, however, is not linear with depth. Our mod-
eling indicates that the observed values are strongly
weighted toward shallower layers.

To summarize our modeling results, the stations with
significant signal in our least squares fit indicate, on
average, the following minimum criteria for anisotropy
structure: an anisotropic layer thickness of at least 8
km, anisotropy at depths shallower than 250 km, and
at least 2% P velocity contrast between the fast and
slow axes. Stations with errors smaller than the me-
dian standard deviation will be able to detect a weaker
signal. Even our largest polarization anomaly can be fit
with 8% anisotropy. Possible sources for misinterpreta-
tion are heterogeneity and also relative misorientation
or miscalibration of horizontal sensor components, un-
less we are in a region with a consistent signal at several
stations. In the light of these bounds on the observed P
particle motion anisotropy, we next perform a compar-
ison with results obtained via other techniques which
have different depth and strength sensitivities in the
hope to further constrain anisotropic parameters.

5.5. Comparison With P, and SKS Results

We compare our results with those from a global
P, travel time study by Smith and Ekstrom [1999]
and with SK S splitting parameters. The SKS results
are from the compilations by Silver [1996] and Savage
[1999], with additions from Savage et al. [1996], Pon-
drelli and Azzara [1998], Wolfe and Solomon [1998],
Barruol et al. [1998], Fabrititus [1995], and Wolfe et al.
[1999]. The SKS results not in the Silver [1996] and
Savage [1999] compilations were taken from the SK'S
splitting reference web page compiled by D. L. Schutt
(www.ciw.edu/schutt/anisotropy resource/aniso_source
html). The comparison is shown in Figure 12, with
closeups in Figures 13 and 14.

The first question to address is whether the agree-
ment between the methods is better than random. Fig-
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Figure 12. Comparison of anisotropic parameters from P polarization (white arrows), SKS
splitting (grey arrows) and P, travel times (black arrows). Fast directions are indicated with
arrow lengths proportional to anomaly amplitudes (percent variation of P, velocity, SK S splitting
time in seconds, and Py sin(27) maximum anomaly in degrees, respectively). In a hexagonally
anisotropic medium with a horizontal axis of symmetry, all three directions coincide.
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0 10°
Figure 13. Comparison of anisotropic parameters from Py, (white arrows), SK S (grey arrows)
and P, (black arrows): a closeup of Europe in Figure 12.

ure 12 suggests that it is, but since a map comparison of
axial data by eye may be misleading, we also evaluated
the distributions of the angular separation of P versus
P, and SKS statistically.

Figure 15 shows a histogram of the difference between
P polarization and P, travel time axial fast directions.

240°

250°

To avoid confusion with fast directions inferred from
P travel times, we will hereinafter refer to our results
from P polarization as Py, We compare pairs of Pyl
and P, samples that lie within 5° caps over the globe
(comparisons by station are not possible since the P,
values are obtained by a station pair method). If there

50°
40°
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Figure 14. Comparison of anisotropic parameters from Py, (white arrows), SK S (grey arrows)
and P, (black arrows): a closeup of western and central North America in Figure 12.
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Figure 15. Histogram of the angular separation of in-
dividual measurements of B, versus P, fast directions
within 5° caps over the globe. All P, fast directions
with an associated azimuthal error of >20° and signifi-
cant amplitude are used.

was no correlation between the two methods, the angu-
lar separation should be uniformly distributed between
0° and 90°. Using the Kolmogorov-Smirnov statistic,
we can say with 99.94% confidence that the observed
differences are not uniformly distributed. The cluster-
ing toward small angles of separation suggests that the
directions between the two data sets are regionally sim-
ilar. The difference in sampling density over the globe
does not bias this result, since the individual data sets
‘have overall uniform distribution.

The Smith and Ekstrom [1999] P, fast directions
show a high internal consistency within 5° caps. In
contrast, the SK.S compilations have much more inter-
nal scatter. The distributions of the angular separation
between SKS and P, and between SKS and P, are
also clearly nonuniform, but the influence of scatter in
the SK S data set and a high density of SKS measure-
ments in regions with systematic differences in fast di-
rections (e.g., western United States and Europe) make
the global correlation more complicated than in the Pyq
versus P, case. We will discuss the correlation region
by region.

The depth sensitivity of the three methods can pre-
sumably be ranked as P, as the shallowest, Py, as in-
termediate, and SKS as deepest. Theoretically, SKS
splitting can stem from any depth between the station
and the core-mantle boundary. P,, on the other hand,
travels in the uppermost mantle, although the transi-
tion from the head wave to the diving P wave is less
than clear cut. The depth sensitivity of our measure-
ments was discussed in section 5.4. The depth range
seen by our data set overlaps that of the other two meth-
ods except for deep-mantle SK S splitting.

There is a certain subjectivity associated with whether
to interpret anisotropy directions in terms of litho-
spheric deformation or asthenospheric mantle flow.
Smith and Ekstrém [1999] concentrate on lithospheric
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deformation, which appears reasonable for P,. Hearn
[1999] also invokes lithospheric compression and exten-
sion to explain P, anisotropy directions as well as sub-
duction and back arc-related flow. Although SKS re-
sults have been compared with World Stress Map hori-
zontal directions of crustal compression [Polet, 1998], at
least part of a splitting signal of the order of a second
has to come from depths >100 km, unless the aniso-
tropy is unusually strong. For SKS and P,,, and
for P, away from cratons, it seems appropriate to take
mantle flow related to relative and absolute plate mo-
tion into consideration.

Areas with general agreement between all three meth-
ods can be speculated to have relatively shallow aniso-
tropy, or at least little change in fast direction with
depth. Within the error bounds, there appears to be
agreement between Ppoi, Pn, and SKS fast directions
in Japan, New Zealand, Alaska, the western United
States and western and southern Europe. The active
subduction and strike-slip zones, notably Japan, New
Zealand, and California, are unlikely to have flow align-
ment that stays parallel going from the shallow to deep
upper mantle. In these cases, it seems safe to assume
that all three methods are picking up anisotropy in the
uppermost mantle. Where P, and P fast directions co-
incide and SK S shows a slight deviation, there may be
some influence on SKS from anisotropy deeper than
250 km (Japan and Alaska). In areas where the Py
fast direction is sandwiched between those from P, and
SKS, some of the deeper anisotropy influencing SKS
may be sensed by P,o (California and New Zealand).

Unfortunately, there are few areas on cratons that
have P, as well as SKS and Py, measurements ow-
ing to seismicity constraints. For the majority of con-
tinental areas (e.g., Canada, Siberia, Scandinavia and
Africa), SK S and Py appear to be in agreement, al-
though there is a large scatter in the SK.S compilation,
presumably due to different methods, data sets, and fre-
quency bands used. On the Canadian shield, the Py
results agree with SK.S and the direction of absolute
plate motion [Gripp and Gordon, 1990]. The additional
constraint provided by Py in these instances over hav-
ing SK S measurements alone is that the anisotropy has
to be situated at depths of no more than 250 km. Most
cases where a large discrepancy is seen between Ppo
and SK S involve a single SK S measurement.

Several regions show agreement between Ppo1 and P,
with a large discrepancy to SKS, notably Germany
and the northernmost part of the western United States
where SK S is nearly orthogonal to the other two solu-
tions. In these cases, SK S is presumably sensing signif-
icant anisotropy at depths of >250 km. In the Pacific
Northwest (Washington and British Columbia), P, and
P,.1 undergo a rapid switch to a direction nearly orthog-
onal to that seen consistently along the the coastal west-
ern United States towards the south (Oregon and Cal-
ifornia), while SK S directions remain almost the same
as farther south. However, a discrepancy between P
and S fast directions may also suggest that our assump-
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tion of horizontally symmetric hexagonal anisotropy is
invalid in these areas.

Compilations of SK'S fast directions show alignment
parallel to strike slip faults [Savage, 1999]. Two excep-
tions cited by Savage [1999] are the San Andreas and
North Anatolian faults. It is interesting that for both
cases, our Py results show the expected fault-parallel
fast directions, in contrast to SK'S. Our data from sta-
tion ANTO in Turkey yield an E-W fast axis, whereas
Vinnik et al. [1992] inferred a NNE-SSW orientation
from SKS, and Hearn [1999] and Smith and Ekstrom
[1999] found little to no anisotropy in the vicinity from
P, measurements. Along the San Andreas fault both
our Pyo and the P, fit by Smith and Ekstrom [1999]
yield fault-parallel orientations, while SK S studies have
proposed E-W or two-layer splitting [Savage, 1999], and
Hearn [1996] also obtained E-W orientation from a P,
inversion. Another strike-slip region with possible in-
consistency between adjacent SK .S observations is east-
ern Siberia [Vinnik et al., 1992; Savage, 1999]. Again,
our Py, fast directions are fault-parallel and match one
of two possibly contradicting SK S directions.

Anisotropic alignment from SKS and ScS splitting
observed at oceanic island stations is generally perpen-
dicular to the spreading direction [Kendall, 2000]. One
exception was observed by Wolfe and Silver [1998] at
Easter Island, where they found a N-S fast direction
perpendicular to the plate motion. They attribute this
to small-scale convection influenced by the presence of
the Easter microplate. Our study supports the exis-
tence of the unusual orientation since the P, fast direc-
tion at RPN shows excellent agreement with the split-
ting result. We have no results at intraplate oceanic
stations aside from Hawaii.

In Australia, where our results suggest alignment
with the N-S absolute plate motion, published SKS
and SKKS results are highly contradictory, ranging
from no splitting [Ozalaybey and Chen, 1999] to signifi-
cant splitting with trends of N-S [Clitheroe and van der
Hilst, 1998] or E-W [Vinnik et al., 1992]). In an anal-
ysis that is in some sense related to our own, Girardin
and Farra [1998] inverted long-period P to S conver-
sions at the single station CAN (Canberra) to obtain a
two-layer model of anisotropy with an E-W fast direc-
tion in an upper and N-S in a lower layer at the top
of the mantle. Models of azimuthal anisotropy derived
from surface waves [Debayle and Kennett, 2000; Mon-
tagner and Guillot, 2000] show roughly E-W to NE-SW
fast directions near 100 km depth and NE-SW to N-S
near 200 km, which has been interpreted as absolute
plate motion aligment in the asthenosphere and fossil
deformation in the lithosphere. Our results apparently
contradict this two-layer model, since our modeling sug-
gests that P particle motion should be more sensitive
to the upper layer. Clearly, more systematic forward
modeling experiments are needed to clarify the effect of
multiple anisotropic layers on P and S phases.

Surface waves can be inverted for depth-dependent
anisotropy. In the past, most studies assumed trans-
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verse isotropy, which our measurements are insensitive
to, but some global models of azimuthal anisotropy from
surface waves have also been published [Montagner and
Guillot, 2000]. When comparing such maps to Figure
12, it quickly becomes apparent that although there is
agreement in some areas, the lateral resolution length
of global surface wave studies of ~2000 km [Montagner
et al., 2000] is insufficient for comparison with body
wave results. Regional surface waves can resolve lateral
variations to ~350 km and as more azimuthal aniso-
tropy maps from such studies become available, more
accurate comparisons with body wave results will be
possible.

6. Conclusions

We interpret transverse motion of long-period tele-
seismic P arrivals in terms of upper mantle anisotropy.
The sensitivity of this new body wave anisotropy mea-
surement is restricted to azimuthal anisotropy within
one wavelength (maximum of 250 km) from the receiver.
We obtain fast directions of the horizontal component
of anisotropy by solving for sin(27n) azimuthal depen-
dence of the particle motion deviation at each station.
Modeling with a reflectivity code provides bounds for
the strength and depth extent of anisotropy. Our fast
axis directions can be compared to those from P, tra-
vel times and SK S splitting. We find alignment par-
allel to the strike of orogenic belts, subduction zones,
and transform faults, in agreement with P, results.
On cratons our results suggest alignment with abso-
lute plate motion comparable to SK .S splitting studies.
These results are consistent with anisotropy influenced
by lithospheric deformation at shallow depths and plate
motion-induced flow in the deeper upper mantle.

Appendix A: Station Misorientation

As a by-product of the analysis of horizontal particle
motion anomalies, we identified stations with horizon-
tal sensor orientation problems. Several stations show a
bias in horizontal particle motion that is constant over
all arrival azimuths. These stations are suspected to
have incorrectly oriented horizontal sensors. The mis-
orientation is the constant term in the azimuthal least
squares fit of (5). Other studies have made similar ob-
servations (Laske [1995] and Larson [2000] using surface
waves and Wang and McLaughlin [1999] using body and
surface waves), and we compare their misorientation
values with ours in Figure Al. In most cases, the values
agree within the error limits. A table of our misorien-
tation values for these and more stations is available as
an electronic supplement.

In addition to an overall misorientation of both hori-
zontal sensors, there is also the possibility of a relative
misalignment of the individual components, especially
in instruments such as the STS-1 with physically sepa-
rated sensors. However, the relative orientation should
not be as prone to compass and surveying errors as the
overall orientation appears to be.
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Figure A1l. Estimates of horizontal sensor misorienta-
tion in degrees from four different studies. Squares are
from this study, stars are from Laske [1995], triangles
from Larson [2000], and circles (only BGCA and DBIC)
are from Wang and McLaughlin [1999]. Different sign
conventions were adjusted so that a positive value im-
plies a counterclockwise rotation of the horizontal seis-
mometer components. Our double symbol for TATO
indicates an orientation shift in 1980.
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