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Abstract. Observations of shear wave splitting in the northeastern U.S. Ap-
palachians and in the foredeep of the Urals vary significantly with the back azimuth
and incidence angle of the incoming phase. These variations suggest two or more
layers within the upper mantle with different anisotropic properties. Synthetic
seismograms for simple multilayered anisotropic structures show that shear wave
splitting parameters tend to vary substantially with the direction of approach.
Relying on a subset of back-azimuth and incidence angle may strongly bias the
model inferred, especially if the observations are averaged. On the other hand, the
azimuthal splitting pattern provides additional constraints on vertical or lateral
variation of anisotropic properties in the Earth. Using a new error estimation
technique for splitting, we find that individual measurements from broadband data
have errors of the order of §¢ = 3°-7°for the fast direction and 0.1 — 0.2 s for
the delay of split shear waves. The azimuthal variation of splitting parameters is
broadly consistent throughout the Appalachian terranes in the northeast United
States, especially for two long-running stations in the northeast United States,
HRV (Harvard, Massachusetts) and PAL (Palisades, New York). Observations
can be separated into two distinct populations, with mean fast-axis azimuths of
N60°E=x4°and N119°E=£2°. Delay values within each population range from near
zero to ~1 s. Azimuthal splitting variation for ARU (Arti, Russia) in the foredeep
of Uralian mountains is characterized by sharp transitions between different groups
of observations. Using synthetic seismograms in simple structures, we develop one-
dimensional anisotropic models under stations HRV and ARU. The model for HRV
includes two layers of anisotropic material under an isotropic crust, with fast-axis
azimuths N53°E and N115°E for the bottom and the top layers, respectively. The
model for the upper mantle under ARU includes a layer with a fast-axis at N50°E
atop a layer with fast axis azimuth N90°E. Our modeling confirms the need for a
layer of strong anisotropy with a slow axis of symmetry in the lower crust under
ARU, reported by Levin and Park [1997a]. Our results suggest that both Urals and
Appalachians possess a relict anisotropy in the tectosphere, associated with past
continental collision and accretion, underlain by anisotropy with orientation similar
to the local absolute plate motion, suggesting an asthenospheric component to the
signal.

1. Introduction of modern global seismic velocity models [Dziewonski
and Anderson, 1981] and a well-documented property
of olivine, the mineral that composes the bulk of the up-
per mantle [Crampin et al., 1984]. A prominent effect
of seismic anisotropy is the so-called splitting of shear
waves. Unlike the two shear modes in isotropic mate-
Paper number 1999JB900168. rials, which have equal phase velocities, the two corre-
0148-0227/99/1999JB900168$09.00 sponding modes in anisotropic materials have different

Seismic anisotropy, the dependence of seismic veloc-
ity on the direction of propagation, is & common feature
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velocities. As it enters an anisotropic region, a single
linearly polarized shear wave pulse will split into two
pulses of different velocity. The polarizations of these
pulses are related to the projection of their propagation
direction onto the axes of the anisotropic elastic tensor
[Aki and Richards, 1981].

Shear wave splitting studies measure and describe the
anisotropy of the Earth. One selects shear wave phases
that are known to be linearly polarized prior to enter-
ing the anisotropic study region, and measures their
particle motion after traversing the region. One seeks a
coordinate rotation that separates the particle motion
into distinct “fast” and “slow” pulses, each of identical
shape and linearly polarized in mutually-perpendicular
fast and slow directions. The delay between the two
pulses is proportional to the strength of the anisotropic
effect, which depends both on the intensity of seis-
mic anisotropy and the length of the path within the
anisotropic material. The axes of the rotated coordi-
nate system provide information on the symmetry and
orientation of the anisotropic elastic tensor.

In some simple cases, such as when the tensor has
hexagonal symmetry with a horizontal symmetry axis,
the orientation of the fast splitting axis is approximately
parallel to the symmetry axis, regardless of propagation
direction. This simplification is often assumed in stud-
ies of the upper mantle. Estimates of splitting time
and fast-axis direction from many shear waves at a
given station have been averaged to estimate anisotropic
strength (i.e., delay time) and symmetry-axis azimuth
for the mantle beneath that station [e.g., Vinnik et al.,
1995; Barruol et al., 1997; Wolfe and Silver, 1998; M.
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J. Fouch et al., Shear wave splitting, continental keels,
and patterns of mantle flow, submitted to Journal of
Geophysical Research, 1999, hereinafter referred to as
Fouch et al., submitted manuscript, 1999]. Such “sta-
tion means” are useful in tectonic settings where unifor-
mity of the fabric in the lithosphere is likely, e.g. on the
ocean floor [Wolfe and Solomon, 1998] or in the wake
of a hot spot [Schutt et al., 1998].

Station means may be quite misleading, however, in
cases where both the delay time and the fast direction
vary significantly with the propagation direction. Such
variation can occur when an anisotropy tensor is in-
clined from the vertical or has a more complicated sym-
metry or both (Figure 1). Babuska et al. [1993] dis-
cuss possible scenarios that involve an inclined orienta-
tion of hexagonal and orthorhombic anisotropic tensors.
This possibility has also been considered by Plomerova
et al., [1996], Levin et al. [1996], Hirn et al. [1998],
and others. Also, a combination of two or more layers
of anisotropy with hexagonal symmetry and horizon-
tal symmetry axes leads to a systematic variation of
the splitting parameters with the polarization of the in-
coming shear wave [Silver and Savage, 1994; Vinnik et
al., 1994]. For vertically incident shear waves a simple
analytic expression describes the variation of splitting
parameters in a simple two-layer model, predicting a
7 /2 periodicity. Two-layer models with horizontal axis
anisotropy are often invoked to explain back azimuth
variations in splitting parameters [e.g., Ozalaybey end
Savage, 1994; Russo and Silver, 1994; Granet et al.,
1998.

In this paper we demonstrate that the fast direction

dipping fast axis
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Figure 1. Shear-wave fast direction and delay for SK'S waves received at a hypothetical station
from a variety of directions and apparent velocities (in km/s). Data are shown as a bar centered
on the nominal back azimuth and apparent velocity, with the bar’s orientation parallel to the
azimuth of the the fast direction and its length proportional to the delay. Near-zero delays are
plotted with open circles. (left) For an Earth model with a single hexagonally anisotropic layer
with horizontal symmetry axis overlying an isotropic half-space; (right) for a model in which the
symmetry axis plunges 45°. Note that the splitting parameters vary most slowly in the horizontal

case.
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Figure 2. Synthetic SKS phases for two earth models. (right) Two 30 km hexagonaliy-
anisotropic layers overlying an isotropic halfspace. The symmetry axis is horizontal in both
layers, and has an azimuth of N30°E in the top layer and N60°E in the bottom layer. (left) One
100 km anisotropic layer overlying an isotropic halfspace. The anisotropic tensor is the arithmetic
mean of the tensors in the two-layer case. Radial and transverse horizontal component synthetic
seismograms (bold) are computed by convolving the impulse response functions (solid) with a
pulse that has a bandwidth similar to typical SK'S phases. This SKS pulse (N270°E, 20 km/s)
is reconstructed using apparent splitting parameters computed by the cross correlation method.
Note that the two layer case has the larger error.

and delay associated with shear waves that sample the
Earth’s upper mantle beneath two long-lived mountain
belts vary strongly with shear wave propagation direc-
tion. We interpret these variations in terms of multilay-
ered anisotropy, implying either complex deformation
in a past collisional event or, more plausibly, a mix of
active and fossil deformations.

The parameters of a split shear wave can be esti-
mated by a grid search over possible time delays and
fast-axis directions, and using some kind of goodness-
of-fit criteria to select the “best” set of values. Two
criteria have been used: (1) maximal similarity in the
pulse shapes of the two rotated seismogram compo-
nents, as quantified by cross correlation [e.g., Bowman
and Ando, 1987; Iidaka and Niu, 1998]; and (2) that
the reassembled “original” pulse has maximal rectilin-
earity, as quantified by the ratio of the rectilinear and
elliptical motion [Kosarev et al., 1984; Silver and Chan,
1991]. These two methods give the same results when
tested on nearly noise-free data. Owing to their differ-
ent treatment of noise and to complications induced by
multilayered anisotropy, “cross correlation” and “recti-
linearity” measures can give substantially different re-
sults when applied to noisy data.

If the anisotropic material is homogeneous, an ob-
served split shear wave is exactly the sum of two pulses
of different polarization, one delayed with respect to the
other. If, in contrast, the anisotropic material consists
of several layers (or, more generally, three-dimensional

(3-D) domains) of different anisotropy, then the ob-
served seismogram has a more complicated form, with
a sequence of pulses corresponding to mode conversions
from the various layer interfaces. In general, no ro-
tation exists in which one component of the seismo-
gram is exactly a delayed version of the other (Figure
2). Given a high-quality broadband waveform with no
interfering seismic signals, these conversions could per-
haps be individually identified and modeled. Unfortu-
nately, most SK S data in studies of the upper mantle
are Jow-passed, and resolving closely spaced sequence of
pulses is problematic.

Our approach is to retain the two-parameter (fast
direction and delay) description for shear wave propa-
gation in anisotropic media but to recognize that this is
an “apparent” measurement, without exact correspon-
dence to an underlying physical process. This approach
was introduced by Silver and Savage [1994] for the case
of two anisotropic layers with horizontal symmetry axes
and more recently expanded to the case of a smoothly
varying medium by Rumpker and Silver [1998]. The
apparent splitting parameters (Figure 3) contain signif-
icant information about the anisotropic medium. Most
importantly, the apparent splitting parameters are dif-
ferent from what one would expect for a homogeneous
medium with the same “mean” anisotropy, so that some
information on the depth dependence of the anisotropy
is preserved. Unfortunately, owing to interference be-
tween the mode conversions, the measured values of the
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Figure 3. Apparent splitting parameters for SK'S waves received at a hypothetical station.
{right} For an Earth model with two 50 km hexagonally-anisotropic layers overlying an isotropic
half-space. The symmetry axis is horizontal in both layers and has an azimuth of N30°E in the
top layer and N6O°E in the bottom layer. (left) For an Earth model with one 100 km anisotropic
layer overlying an isotropic half-space. The anisotropic tensor is the arithmetic mean of the
tensors in the two-layer case. Splitting parameters are computed by the cross correlation method
from synthetic SK'S phases. Note that the two-layer case has the more complex pattern.

apparent parameters are somewhat sensitive to the fre-
quency band of the seismic data (Figure 4). Rump-
ker and Silver [1998] show that even for a case of ver-
tical incidence in a flat-layered model with horizontal
axes of hexagonal symmetry, apparent splitting param-
eters exhibit strong dependence on the ratio between
the cumulative splitting effect of the medium and the
frequency content of the shear wave. This sensitivity
does not present any fundamental problem when mod-
eling the apparent splitting. One simply compares ob-
served apparent values with predicted ones that have
been computed from synthetic seismograms with the
same frequency content. However, it makes difficult the
comparison of data collected by different authors using
different processing schemes.

In this paper we measure apparent splitting param-
eters at a few locations within two Paleozoic mountain
belts: the Appalachians and the Urals. We focus on
the anisotropic structure of the upper mantle and so
use mostly SK'S and SKKS phases. We mainly use
stations with long duration of operation, and thus we
are able to obtain measurements from a wide variety
of azimuths and angles of incidence. We show that the
strong directional behavior of these data indicate that
the upper mantle beneath these two mountain belts pos-
sesses multiple layers of different anisotropy.

2. Seismic Anisotropy in the
Continental Lithosphere

Silver [1996] summarizes arguments, developed over
the previous decade, that anisotropy is primarily 3 fea-

ture of the uppermost few hundred kilometers of the
Earth. This view has been recently challenged by ob-
servations of seismic anisotropy near the core-mantle
boundary [Kendall and Silver, 1996; Garnero and Lay,
1997] and within the transition zone [ Vinnik and Mon-
tagner; 1996]. Nevertheless, the presence of seismic
anisotropy within the lithosphere is well-documented.
The variety of mechanisms that produce anisotropy of
seismic properties in the lithosphere centers on a hand-
ful of scenarios. In the upper crust the strongest influ-
ence is believed to be that of aligned cracks and/or pore
spaces [Babuska and Prog, 1984], for which slower veloc-
ities are found for waves that propagate normal to the
average crack plane. The aspect ratio of pore/cracks
and type of fluid determine the extent and proportion
of anisotropy [Hudson, 1981; Crampin, 1991]. Alter-
nating thin isotropic layers of higher and lower velocity
can also produce an overall anisotropic effect [Backus,
1962; Helbig, 1994], with the velocities slower normal to
the bedding than along it. In the lower crust and the
uppermost mantle, cracks are assumed to close in re-
sponse to increasing overburden pressure [Babuska and
Pros, 1984; Kern et al., 1993], though field exposures of
(formerly) deep-crustal fluid-filled cracks can be found
[Ague, 1995]. In the absence of cracks and inclusions the
lattice-preferred orientation (LPO) of mineral crystals
is taken as the main cause of seismic anisotropy. Most
minerals composing the bulk of the crust are anisotropic
to some degree [Babuska and Cara, 1991], as are the
olivine and orthopyroxene that predominate in the up-
per mantle anisotropy. Different deformation mecha-
nisms can lead to the alignment of either the slow or the
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Figure 4. Influence of the filtering applied to the syn-
thetic waveforms on the apparent splitting parameters.
Waveforms are simulated in a two-layer model devel-
oped for station HRV (see Table 2). Apparent splitting
parameters measured from waveforms with an upper
spectral limits of 0.45 Hz (bold), 0.35 Hz (solid) and
0.15 Hz (dotted) are shown, with a lower limit of 0.05
Hz common for all. For all cases tested, the estimate of
the apparent fast direction tends to vary greatly when
the delay is the smallest. The lowest band pass (0.15Hz)
gives most unstable results throughout.

fast crystallographic direction in olivine grains [Nicolas
et al., 1973; Ribe, 1992], but LPO caused by disloca-
tion creep in the shallow mantle is commonly believed
to lead to preferred alignment of the fast axis [Zhang
and Karato, 1995].

It is natural to expect that strain-induced seismic
anisotropy would be particularly prominent in plate
boundary regions, where deformations are concentrated.
World wide observations of shear wave splitting sup-
port this notion [Silver, 1996]. Present-day regions of
active compression commonly have fast axis of seismic
anisotropy aligned sub parallel to the strike of the oro-
gen. One explanation for such orientation is the pre-
ferred alignment of slow axes of olivine along the di-
rection of compression [Nicolas et al., 1973]. Vauchez
and Nicolas [1991] propose an alternative mechanism:
preferred alignment of the olivine fast axes along the
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orogen as a result of concurrent strike-slip deformation
commonly observed during mountain building.

Some stable continental interiors have anisotropic in-
tensity equal, if not superior, to actively deforming
regions, perhaps because many now-stable continental
regions have experienced plate-boundary deformation
in the past, and have retained a fossil deformation.
Patterns of seismic anisotropy within stable continen-
tal masses may therefore record the tectonic history of
these regions. Seismic stations examined in this work e
within two Paleozoic mountain belts, the Appalachians
and the Urals. Both have been loci of continent-building
accretionary episodes in early Paleozoic time. Both re-
gions are presently embedded within stable continental
region, the North American and Hurasian plates, re-
spectively.

A number of shear wave splitting studies have exam-
ined the northeastern United States, using both per-
manent and temporary stations [e.g., Silver and Chan,
1991; Fouch and Fischer, 1995; Levin et al., 1996; Bar-
ruol et al., 1997; Fouch et al., submitted manuscript,
1999]. In most cases a single “average” set of param-
eters was reported for selected sites (Figure 5). The
average of all values shown in the map may be treated
as a “regional average” and comes out as delay 7 ~ 0.9s

-76°
Figure 5. Map of NE Appalachian region, with “aver-
age” parameters of seismic anisotropy plotted at points
where they were constrained by various workers. Ar-
row azimuths correspond to the fast directions deter-
mined for the particular site, and are scaled with esti-
mated delay. (The compilation is from the “Anisotropy
Resource Page” maintained by Derek Schutt (http://
darkwing.uoregon.edu/~schuttd/aniso.source.html).
Individual values are from Silver and Chan [1991], Bo-
stock and Cassidy [1995], Barruol et al. [1997] and
Fouch et al., submitted manuscript, (1999).
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and a fast direction ¢ ~ 85° clockwise CW from north.
Helffrich et ol. [1994] reported average splitting pa-
rameters of ¢ = N68 °E and 7 ~ 1 s for station ARU
(Arti, Russia), the station we examine in the foredeep
of the Urals. It is interesting to note that in both the
northeastern Appalachians and the central Urals, the
fast axes of seismic anisotropy are often not parallel to
the strike of the orogenic belt and thus do not follow
the pattern reported in active-tectonic regions like the
Pyrenees [ Vauchez and Nicolas, 1991].

3. Splitting Parameters and
Their Variance

Single seismogram estimates are needed to investigate
the variation of splitting parameters with S wave prop-
agation direction. We use the cross correlation method
to find the parameters that best fit the model that the
S wave is composed of two pulses of identical shape but
orthogonal polarization, one delayed with respect to the
other.

Let us suppose that the S wave polarization lies with
the UV plane of a Cartesian UVW coordinate system.
For weakly anisotropic material, such as the Earth’s
mantle, the propagation direction will then be nearly
parallel to W. In general, one might need to estab-
lish the relationship between this coordinate system and
the usual north-east-vertical coordinate system used to
collect seismic data. However, the SKS and SKKS
core phases typically used in studies of upper mantle
anisotropy have steep incidence angles, so that the UV
plane is nearly horizontal (typically within 5° at the
surface). The vertical component of the seismogram is
often contaminated with compressional wave reverber-
ations, so we believe it is best to use only the horizontal
component data. The resulting measurement of split-
ting direction will be slightly biased by this approach.
However, the effect of this bias on Earth models can be
avoided simply by comparing these data to synthetic
data oriented in the same fashion.

We seek to find a rotation ¢ in the UV plane and a
delay 7 that maximizes the cross correlation:

C(¢,7) = uFv/(Nsysy)
u; = u(9, t;) = cos()U(¢;) — sin(d)V ()
v; = v(¢, ;) = sin(@)U (E; — 1) + cos(@)V (t; — 7)

1

where s, and s, are the root-mean-square amplitudes

of horizontal component seismograms u and v, respec-

tively, and ¢; = iAt, where At is the sampling interval

of the seismogram. After grouping the splitting param-

eters into a vector m = [¢,7]7, we denote the cross

correlation as C{m).

We estimate the best-fitting vector m®* using a coarse
grid search followed by refinement with an interpolation
algorithm. We use a grid spacing of At in 7 and 5° in
¢. We fit (using least squares) the cross correlation at
the maximal node and its nearest neighbors with a bi-
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quadratic function:

C(¢,7)=A+Bp+C¢* +Dr+Er*+Fro (2

where A,B,C,...,F are constants. The maximum of
C(¢,7) occurs at 8C 8¢ =8C 87 =0, or

w. _ [2BE—DF,20D - BF|T
me = (F? —4CE) )

Numerical tests (not shown) indicate that this tech-
nique locates the maximum cross correlation within
~1% of the grid spacing, at least for seismograms with
the spectral characteristics of typical SK'S phases.
The uncertainty of the splitting parameters can be
calculated by comparing this problem to the linearized
inverse problem G - m = d. Here the goal is to estimate
model parameters m and their covariance C,, from a
data vector d. A simple least squares estimate of the
model parameters m®s* minimizes the misfit function:

Ld-G- mzi’; @-Gm
a

E(m) =

Here 542 = (d¥-d)/N is the mean-squared amplitude of
the data. If the data have uncorrelated error with vari-
ance 04%, the variance of the estimated model param-
eters is related to the curvature of the misfit function
lsee Menke, 1989, equation 3.52}:

o2 [1 -

m=pmtst

. Equation (3) quantifies the notion that narrow minima
are associated with precise estimates. The ratio sq/0g
can be interpreted as the signal-to-noise ratio rg.

We apply (5) to maximize the coherence between two
seismograms u and v, each of length N. The misfit
function is

1 u v\T /u v

E et Bt —_———
(m) 2N (su sv) (su SJ
where s, and s, are the root-mean-square amplitudes
of u and v, respectively. This definition of misfit is
algebraically equivalent to £ = 1 — C, where C =

u?v/(Nsys,) is the cross correlation between the two
data series. The variance of m is given by

1 J1 -3
‘z’v’ﬁ{év’”v’“o}

(6)

Cm = @

im=mest

where r is the signal-to-noise ratio (assumed the same
on the two seismograms). We estimate the second
derivative matrix by differentiating the quadratic in-
terpolant (2) of the cross correlation C(é, 7).

The signal-to-noise ratio can be estimated from the
value of C itself by assuming that deviations from per-
fect correlation are caused entirely by stochastic noise
in the seismograms. Denoting this noise as n,, and n,
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and u, and v, as noise-free seismic signals, we have

(uo -+ nu) (Vo + nv)
o + 1| v, + 1,

C= (®)

We assume that the noise-free u, and v, are scaled
versions of each other. The expected value of the cross
correlation is

< C >= < ugvo > _ 1
- V< ulu, >/< vIvy >[1+1r-2] 1+r-2
9
The estimated signal-to-noise ratio is thus r = (C~* -
1)-%.

Most time series are oversampled and thus have cor-
related noise. For this case, N in (3) must be replaced
with the degrees of freedom v < N:

1 1-%
= o | — §
cum (3 ]

The degrees of freedom can be estimated by computing
the autocorrelation of the normalized misfit

(10)

Im=mest

e(m) =

L
V2

(

u(mest) -

v (mest )
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)

(11

25

20+

15+

10~

counts

e —
0 S B e B B B s s

e 0.5 1
delay error, s

counts

G i H H i i
0 2 .4 . <] 8 10
fast direction error, deg

Figure 6. Histograms of single seismogram splitting
parameter errors for HRV data. (top) One ¢ error in
delay time. (bottom) One ¢ error in fast direction az-
imuth.
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Figure 7. Map of NE Appalachian region showing
shear wave splitting data for two earthquakes with dif-
ferent propagation directions (large one-sided arrows)
observed in 1995. Splitting azimuth and delay are
shown at each station as two-sided arrows aligned with
the fast direction and scaled with delay. Symbois are
coded by event, solid for one and open for the other.
Note that splitting directions for the two events are
quite different, yet are fairly consistent across the re-
gion for each event.

The ratio N/v is approximately the width of the main
peak in the autocorrelation of e(m®st).

We have tested this method of computing covariance
against Monte Carlo simulations using synthetic SK'S
phases that have prescribed signal-to-noise ratios in the
1:1 to 100:1 range. The results (not shown) indicate
that the above methodology yields accurate estimates
of variance. Standard deviations generally agree with
Monte Carlo results to within 20-30%. Standard devia-
tions are typically 3° — 7° for the fast axis azimuth and
0r ~0.1-0.2 s for data used in this study (Figure 6).

4. Shear Wave Splitting
in NE Appalachians

Figure 7 shows the pattern of SK'S shear wave split-
ting for two earthquakes with different back azimuths
(westerly and northwesterly), observed at all available
seismic stations in the NE Appalachian region. The ob-
served shear wave fast directions differ for the two back
azimuths. The event with westerly back azimuth has
a northeasterly fast direction, while the event with the
northwesterly back azimuth has an easterly fast direc-
tion. The fast direction appears to be a rapidly varying
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Figure 8. Shear wave splitting data for PAL and HRV.
Note that the pattern is similar for the two stations but
varies rapidly with back azimuth. Splitting directions
for Ssg phases (two data points from back azimuth
335° for HRV, three data points from back azimuths
257° — 263° for PAL) closely match those obtained for
SK S phases from the same events. Thus contamination
of the Sqg signal by the D" anisotropy [Garnero and
Lay, 1997] does not seem to occur along these particular
paths. S phases from South American earthquakes with
hypocenters deeper than 500 km are included to provide
coverage from the south.

function of back azimuth. Variability is also seen across
the region for each event, indicating that some lateral
heterogeneity is present. This heterogeneity was char-
acterized by Levin et al. [1996] in terms of differences
between “Appalachian” and “Grenvillian” provinces.
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We compiled SK'S splitting data for the two longest
running of these stations, HRV (Harvard, Massachusetts)
and PAL (Palisades, New York) (Figure 8). We used
observations of SK' S, SKKS and PK S phases, as well
as a few Szg and S phases from deep-focus events.
Core phases (SK'S and the like) are SV-polarized by
the P — S conversion at the core-mantle boundary and
are useful for the study of the seismic anisotropy in the
upper mantle and lithosphere. In the interest of broad-
ening the azimuthal coverage of our dataset we also
used S and Sgg phases from medium-sized events with
hypocenters deeper than 500 km. We assume that these
phases encounter anisotropy only in the “receiver-side”
upper mantle and the lithosphere. We also note that
splitting parameters obtained for Saiw phases (two ob-
servations for HRV, three observations for PAL) closely
match splitting parameters obtained for SKS phases
from same events. Thus potential contamination of the
Sas signal by the D" anisotropy [Garnero and Lay,
1997} does not seem strong along these particular paths.

The data for these two stations are quite similar (Fig-
ure 9). Fast direction azimuths tend to fall into the
northeasterly and easterly populations discussed above,
resulting in a bimodal distribution of the azimuthal an-
gle between pairs of measurements (Figure 10). The
assumption of two populations (with mean azimuths of
N60°E £4° and N119°E =£2°) is statistically superior
to the assumption of only one population (with mean
azimuth of N95°E +5°) at the 99.9% significance level
(computed via the F test). The means of these two pop-
ulations are also different at the 99.9% significance level
(computed via the ¢ test). We have examined the SKS

3 deg match

050s

Figure 9. Shear wave splitting data for the subset of
PAL and HRV data that fall within 3° of each other, su-
perimposed on one another (solid, HRV; shaded, PAL).
Note overall similarity of pattern.
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Figure 10. Histogram of the angle between pairs of
fast azimuth measurements for the station HRV. The
distribution is bimodal, suggesting that two distinct fast
azimuths are present.

seismograms that were used as input to the splitting pa-
rameter estimation procedure (Figure 11). No anoma-
lies that might cause spurious parameter estimates are
apparent, giving us confidence that observed variation
of splitting parameters is real.

Barruol et al. [1997] measured shear wave splitting
at HRV using several of the earthquakes in our data set.
They report ¢ = N86°E (or N89°E), = 0.99 s (or 0.65
s) (values given for two different processing techniques).
This result is quite similar to our “single population”
mean of N95°E. It is interesting to note that the plot
of all HRV data of Barruol et al. [1997, Figure 5] and
their table listing individual values (electronic supple-
ment Table 2) contain members of both populations
of fast directions. Another analysis of HRV data was
done by Fouch and Fischer [1995] to compare with data
from the MOMA (Missoury-Masachusetts) portable ar-
ray, but they included only those events that occurred
while the array was active (1995 through early 1996).
They reported an average ¢ = N 118°E, 7 = 1.13 5, sim-
ilar to our mean over easterly back-azimuths (N119°E).
In both cases the measured average value is biased by
the event distribution, which is dominated by north-
westerly events from NW Pacific earthquakes. The dis-
crepancy in reported sets of splitting parameters most
likely reflects differences in the distribution of data with
back azimuth. Although of dubious value given the sys-
teratic fluctuations of the data, the mean value of the
splitting direction (calculated as a model result, and
discussed below) is N89°E, which matches the ¢ value
reported by Barruol et al. [1997].

We modeled the seismic data using shear wave split-
ting parameters derived from synthetic seismograms of
SK S phases. We compared two different algorithms for
computing synthetic seismograms in vertically strati-
fied, anisotropic media: a propagator matrix method
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[Levin and Park, 1997b] and a ray method. Both
give near-identical results. We use a grid search over
anisotropic parameters to find a best-fitting Earth model,
where the goodness-of-fit criterion minimizes the misfit

E=Z(Ti

Here 7;°° and 7;P" are observed and predicted delay
times, ¢;°° and ;™" are observed and predicted fast di-
rections, and o and o4 are the standard deviations of
the delay time 7 and fast direction @, respectively. We
have examined two classes of Earth models: one or two
anisotropic mantle layers placed between an isotropic
crustal layer and an isotropic mantle half-space. We
search only for the thickness of the layers and the ori-
entation of the anisotropic tensors. The anisotropic
medium is constrained to consist of 30% orthorhom-
bic olivine and 70% isotropic olivine, a mixture that is
about 6% anisotropic for shear waves. The best fitting
one-layer model has an anisotropic layer that is 58 km
thick, and the two-layer model has top and bottom lay-
ers that are 60 and 90 km thick, respectively. Parame-
ters for our preferred hexagonally symmetric model are
indicated in Table 1. Tensor orientations for our pre-
ferred orthorhombic model are indicated in Table 2 and
Figure 12. Both hexagonal and orthorhombic two-layer
models correctly capture the variation of splitting pa-
rameters with back azimuth, while the one-layer models
do not. Figure 13 compares results for the one- and two-
layer orthorhombic models. The variance reduction of
the two-layer model is roughly 3 times greater than the
one-layer model, an amount that is statistically signifi-
cant to the 99% level (computed via the F test). The
two-layer orthorhombic model gives fast-axis azimuths
of N53° E and N115°E for the bottom and top layers,
respectively, which are close to the means of the two
observed azimuthal populations. The fast-axis strikes
for hexagonal symmetry are only slightly different, at
N30°E and N100°E for the bottom and top layers, re-
spectively. However, the symmetry axes are tilted: only
15° above the horizontal in the top mantle layer but 40°
below the horizontal in the lower layer.

To test whether the symmetry axis tilts are signifi-
cant, we compare the observed back-azimuth pattern of
the apparent fast direction with those predicted by our
hexagonal and orthorhombic models, and also by the
two-layer splitting operator of Silver and Savage [1994]
(Figure 14). To construct the operators, we computed
the delays 73 a vertically incident shear phase would ex-
perience in each layer of the orthorhombic and hexag-
onal models, and used respective fast directions. Pre-
dicted patterns are quite similar although, as one would
expect, the approximation and synthetics show greatest
difference at discontinuities in the pattern, where wave-
form complexity is the greatest. Also, patterns from
forward modeling are only approximately periodic be-
cause of the tilts of the anisotropy axes. These viola-

ob __ ,rz_pr>2 (¢£ob - éépr)z

0‘2¢

+
o2,



17,984
A
N
| 7
g (1) - 9503260240.sks
Transvers}g X2

(.) 5 1'0 ‘{52.025303!54'0
time (sec) 112.58° 0.57 sec

C

N ——

Radial ~

p— y D

kv

(3)-9210300312.sks

V\/\/\,—..A

Transverse X 2 AT
A VAV ) D e
¢ 5 1.0?52'02.5303‘5
time (sec) 120° 0.85 sec

LEVIN ET AL.: MULTILAYERED ANISOTROPY

B

o S~
I .

%
&

2
% 7 ?15’
NS
0 10 20 30 40 50
time (sec) 83.18° 0.75 sec
D
Radial
zfg ~ T— -
s g% F AR
LU 4
7

(4)-9110192123.sks

W

Transverse X 2

057101520 25 30 35
time {sec) 68.24° 0.42 sec

Figure 11. SK.S waves observed at HRV for four different backaziumths, (a) SSE, (b) WNW,
(¢) NNW and (d) NNE. (left) Observed radial (top row) and transverse (third row) horizontal
component seismograms. The significant energy observed on the transverse component is an effect
of the seismic anisotropy. Corrected radial (second row) and transverse (bottom row) component
seismograms, where the effect of propagation through the anisotropic medium has been removed.
(right) Particle motion diagrams (top) before and (bottom) after correction. Note that the energy
on the transverse component has been greatly reduced, and the particle motion made significantly
more linear, indicating that the splitting parameters have been correctly calculated.

tions of /2 periodicity may possibly serve as diagnostic
traits in choosing the preferred model. Our present col-
lection of data is too limited to uniquely resolve the tilt
of the syrametry axes, though they seem to prefer some
deviation from the horizontal.

The broad spatial coherence of shear wave directions
throughout the NE Appalachians (as evidenced in Fig-
ure 7) suggest that there is a strong vertical stratifi-

cation of the anisotropy in the upper mantle beneath
that region. Earth models with two anisotropic upper-
mantle layers can fit the observed SK'S splitting data
well. More complicated vertically-stratified models can-
not be ruled out, but are not required by the data. Some
lateral heterogeneity is also present in the splitting data.
We note, however, that even large heterogeneity in the
splitting data does not necessarily translate into large
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Table 1. Anisotropic Structure (Hexagonal Symmetry) Consistent With Shear Wave
Splitting Observations at HRV
depth (km) V,, km/s Vg, km/s p,g/em® B%ofV, E, %ofV, 6 deg o, deg
35 6.00 3.60 2.5 0 0 - -
135 8.00 4.60 3.1 3 3 75 100
235 8.00 4.60 3.1 4 4 130 50
o0 8.20 4.7 3.3 0 0 - -

Depth indicates the bottom of each layer. The parameters B and E scale peak-to-peak variations
of compressional and shear velocity, respectively, each with cos 2 azimuthal dependence [Park,
1996]. The angles 8 and ¢ define the tilt (from vertical) and strike (CW from north) of the axis

of symmetry within each anisotropic layer.

heterogeneity in structure. Given the quick variation of
the parameters with back azimuth, just a few degrees
rotation of either the earth model or the incoming shear
wave can lead to widely different values of the splitting
parameters. A complete characterization of any 3-D
“anisotropic domains” responsible for the observed lat-
eral heterogeneity will require extensive back-azimuth
coverage at many stations.

We interpret the top anisotropic layer to represent the
continental lithosphere associated with the Appalachian
orogen, and the bottom layer to represent the astheno-
sphere. A conceptual model of layered anisotropy un-
der HRYV is presented on Figure 15. Alignment of the
fast axes of olivine in the upper layer is near-normal
to the strike of geomorphological features in New Eng-
land, where the trend of the Appalachians rotates from
northeast to north. The alignment in the lower layer of
the model is more in line with the overall strike of the
Appalachian Orogen, as well as the hypothetical “edge”
of the North American cratonic keel.

5. Shear Wave Splitting at Station
ARU in the Foredeep of Urals

The Global Seismic Network station ARU (Arti, Rus-
sia) is located on the easternmost edge of the East Eu-
ropean platform (Figure 16), in the Uralian foredeep
{Tvanov et al. 1975; Zonenshain et al. 1984] that ac-
cumulated sediments in a passive continental margin
setting through most of the Paleozoic. The continental
collision at the final stage of Uralian orogeny formed
an extensive thrust sheet complex to the east of ARU
and may also have deformed the sediments underlying

Table 2.
Observations at HRV

ARU. Levin and Park [1997a) studied crustal anisotropy
beneath ARU using the anisotropic receiver function
method. This method, which utilizes P — S conversions
in layered media, is sensitive to anisotropy adjacent to
interfaces where the conversions occur. Levin and Park
[1997a] show that receiver function data are consistent
with a vertically stratified Earth structure in which
both the uppermost and the lower crust are anisotropic,
with hexagonal symmetry and strong tilt in the symme-
try axes. Unlike typical models of seismic anisotropy in
the mantle, the crustal model for ARU contains a layer
of anisotropy with a slow symmetry axis. A conceptual
model that would exhibit this type of anisotropy is a
layer of imbricated peridotite and metapelite lenses in
the region of the crust-mantle transition, as described
by Quick et al. [1995] in the Ivrea deep crustal exposure
in the Alps. Upper mantle anisotropy under ARU has
previously been studied by Helffrich et al., [1994], who
report a mean fast axis strike of N68°E and a splitting
time 7~ 1s.

We have compiled splitting data from SK'S and other
core-refracted phases for this station (Figure 17). Sev-
eral populations of fast-axis strikes are evident. For ex-
ample, events from the northwest have westerly strike,
while those from the east have more northwesterly strike.
The best fitting one-layer anisotropic Earth model (Fig-
ure 18, top), with fast axis at N73°E azimuth, does not
reproduce this pattern well. A combination of the Levin
and Park [1997a] crustal model with the mantle model
of Helffrich et al. [1994] does better (not shown), but
does poorly at the ENE back azimuths. A model with a
second mantle layer improves the fit significantly (Fig-
ure 18, bottom). This best fitting model (Table 3) has

Anisotropic Structure (Orthorhombic Symmetry) Consistent With Shear Wave Splitting

Depth, km V,, km/s Vi, km/s p g/em® 6, deg ¢y, deg 6;,deg &, deg s, deg &, deg
40 6.8 3.9 2.85 - - - -
160 8.3 4.8 3.3 115 80 25 10 210
190 8.3 4.8 3.3 53 67 323 23 143
o0 8.3 4.8 3.3 - - - -

Velocity values in anisotropic layers are the isotropic averages of respective elastic tensors. The anisotropic
medium is modeled as 30% orthorhombic olivine and 70% isotropic olivine, a mixture that is ~6% anisotropic.
The angles 6 and ¢ define the tilt (from vertical) and azimuth (CW from north) of the symmetry axes (fast,

intermediate, slow) within each anisotropic layer.
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1-layer model n

Figure 12. Anisotropic tensor orientations for (top)
one-layer and (bottom) two-layer models for HRV. The
fast, intermediate, and slow axes are denoted F, I, and
S, respectively. Top and bottom layers are denoted T
and B, respectively.

a 58 km upper mantle layer with a fast axis striking
N30°E atop a 140 km layer with a fast axis plunging
40° to the east (Figure 19).

Figure 20 illustrates a conceptual model of anisotropic
layering under ARU. Lower crust and uppermost man-
tle under the Uralian foredeep are characterized by the
common direction of anisotropy ~ 50°, which is sig-
nificantly oblique to the trend of Urals. It may be
related to the deformation within the East European
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platform that predates the formation of the orogen. The
anisotropy-inducing fabric in the lower part of the litho-
sphere is aligned nearly normal to the strike of the Ural
Orogen.

6. Discussion of Geodynamic
Implications

In both the Appalachians and the Uralides we find ev-
idence for at least two distinct layers of seismic anisotropy
in the mantle. The exact depth and thickness of layers
are subject to assumptions about the percent of aligned
minerals within the volume. Anisotropic intensities in
our models follow measurements done on hand sam-
ples of peridotite from ophiolites [Christensen, 1984]
and are likely to represent the upper bound in percent
of alignment. If the alignment of minerals is weaker,
the required thicknesses of the anisotropic layers will
increase. The tilt of inferred anisotropy-inducing fabric
with respect to the horizontal is a function of the sym-
metry system chosen for the anisotropy. For the Ap-
palachian stations, both orthorhombic anisotropy, with
nearly horizontal fast axes, and hexagonal anisotropy,
with tilted fast symmetry axes, satisfy the data. We
suspect that this trade-off will be common in studies
of this type and will be difficult to resolve without a
clear indication of the best symmetry choice from min-
eral texture studies. Significantly, in both modeling
exercises the horizontal azimuth of the fast axis does
not depend on the symmetry system and the method of
computing synthetic seismograms. We thus believe that
robust elements of our models are the minimum number
of anisotropic layers, their vertical sequence, the orien-
tation of fast direction and the cumulative anisotropy
within each of them.

The overall regional consistency of observations in
the northeastern Appalachian region (Figure 7) argues
against a “local” character for shallow mantle structures
revealed by shear wave splitting. Rather, the structure
modeled using the HRV data set appears to be com-
mon to the area of Appalachian terranes. On the other
hand, some regional variation is present [e.g., Levin et
al., 1996]. Whether it is caused by the “true” lateral
variation in anisotropic features of the subsurface, or
simply reflects changes in geometry of observation, is
an open question.

In case of the Uralian foredeep we have a “spot”
measurement, and arguing for its regional extent is
harder. Major geologic structures of the Ural Orogen
are very consistent along strike, making it almost two-
dimensional. An average splitting direction of 0° (sub-
parallel to the strike of the Urals) reported by Vinnik et
al., (1992} at the station SVE near Yekaterinburg (Fig-
ure 16) falls on the opposite side of the main Uralian
fault zone. This major suture divides accreted terranes
from the East European platform [Zonenshain et al.,
1984]. The splitting at SVE most likely reflects a differ-
ent structure in the crust and the uppermost mantle.
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Figure 13. (left) Shear wave splitting patterns for best fitting (top) one-layer and (bottom)
two-layer HRV models. (right) Observed (shaded) and predicted (solid) shear wave splitting

parameters.

Given the uncertainties discussed above, the inter-
pretation is necessarily tentative. If we consider the
anisotropy to be “frozen in” or “fossil”, confined within
the continental keel, in both Appalachian and Urals we
may infer at least two distinct past tectonic episodes.
Abbott [1991] describes a conceptual model for accumu-
lating material with different deformation fabrics within
the body of a continent, via underplating the continent
with oceanic plate material during successive episodes
of subduction. A similar model, only with oceanic
“slabs” stacked in the lateral direction, has been ad-
vocated for Western Europe [e.g. Babuska et al., 1993,
Plomerova et al., 1996]. The “frozen fabric” explana-
tion appears plausible for the upper layers in both mod-
eled regions. In the Urals the lowermost crust has the
same orientation (N30°E, [from Levin and Park, 19972))

as the upper layer of our mantle model. Interestingly,
the sense of anisotropy reverses from the crust (slow
axis) to the mantle (fast axis). We believe that crustal
anisotropy in the crust is imposed by fine layering of ma-
terials with contrasting properties, while in the mantle
it is imposed by preferred alignment of peridotite min-
erals. The strike of fabric in lower crust and uppermost
mantle under ARU is oblique to the strike of the orogen
and may reflect a tectonic episode predating its forma-
tion. Analysis of crustal P—SH conversions [Levin and
Park, 1997b] under HRV did not reveal strong crustal
anisotropy of the kind seen under ARU. The upper layer
of the mantle anisotropy has fabric orientation that is
roughly normal to the geomorphological features and
main tectonic boundaries in the region. Numerous sub-
duction episodes, both east verging and west verging,
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Figure 14. Observed and predicted variation of the apparent fast direction at HRV. Observations
are shown by triangles with error bars. A subset of “robust” data points (circled) was chosen so
that o, < 7/3. Clearly, robust and “poor” data points follow the same pattern. Crosses show
values of fast direction reported for HRV by Barruol et al. [1997] (as given in their electronic
supplement Table 2). Thick lines show patterns predicted by our orthorhombic (solid) and
hexagonal (dotted) models, and thin lines show predictions for equivalent two-layer splitting
operators [Silver and Savage, 1994]. While all models capture the periodicity of the pattern, the
spread of values and the deviations from the 27 pattern are not matched by the splitting operator

predictions.

took place during the formation of the Appalachians,
and the fabric we reconstruct is likely to be a remnant
of one of them.

An alternative mechanism for anisotropy in the man-
tle, active flow in the asthenosphere [e.g., Vinnik et al.,

X
\

Figure 15. A schematic representation of the model
for seismic anisotropy distribution under HRV.

1992}, appears more suitable for the lower layers in our
models. For the Appalachians the strike of fabric in the
lower layer of our model aligns closely with the abso-
lute plate motion vector of ~N65°E [Gripp and Gor-
don, 1990]. It also aligns with the hypothetical edge
of the North American continental keel. The keel edge
would direct the orientation of asthenospheric flow if
one assumes that mantle moves “west” relative to the
North American craton, and around its keel ( Fouch et
al., submitted manuscript, 1999). The Urals are located
in the middle of the Eurasian continent, which is near-
stationary with respect to the hot spot reference frame.
The direction of possible motion for Eurasia is approx-
imately east-west, if one ignores the error bars on the
rate of motion of Gripp and Gordon, [1990]. This di-
rection, though poorly constrained, aligns with the fast
axis of the lower layer in the anisotropic structure we
infer under ARU.

Our results clearly contradict the notion that fast-
axis strike for shear wave splitting in a region of com-
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Figure 16. Regional setting of GSN station ARU
(open triangle) and the geometry of inferred anisotropy
in the lithosphere. Shaded lines, topography contours
at 330 and 560 m; wide shaded line, the main Uralian
fault zone; open arrow, the symmetry axis of lower-
crustal anisotrop; shaded bars, inferred fast axes of
anisotropy for the two layers in the mantle.

pressional deformation should align with the strike of
the orogen [Veuchez and Nicolas, 1991; Nicolas, 1993;
Vauchez and Barruol, 1996]. In two regions of Paleozoic
deformation we find patterns of seismic anisotropy con-
sistent with vertically heterogeneous anisotropic struc-
ture. It is possible that in such complex regions a subset
of measurements will indeed line up with the strike of an
orogen. Our experiments with multilayered anisotropic
structures show that direct mapping of splitting param-
eters (or their averages) onto tectonic features can be
misleading.

7. Conclusions

Observations of shear wave splitting in the northeast-
ern U. S. Appalachians and in the foredeep of the Urals
vary significantly with the back azimuth and incidence
angle of the phase. To analyze these data sets properly,
we developed a new technique for estimating uncertain-
ties of splitting parameters. Using this technique, we
find that typical errors of the shear wave splitting pa-
rameters determined from low-passed broadband data
from GSN station HRV are 3°-7° for the fast direction
and 0.1-0.2 s for the delay.
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Experiments with synthetic seismograms generated
in simple multilayered anisotropic structures show that
splitting parameters tend to vary significantly with the
back azimuth of the analyzed shear wave. A restricted
subset of back azimuths may strongly bias any model
derived from observations, especially if the observations
are averaged. On the other hand, the azimuthal vari-
ation pattern provides important constraints on verti-
cal or lateral variation of anisotropic properties in the
Farth.

On the basis of data from well-recorded events with
different back azimuths, splitting parameters appear to
be broadly consistent throughout the Appalachian ter-
ranes in the northeastern United States. (This consis-
tency weakens for stations west of the Appalachians.)
A close similarity in back azimuth dependence of split-
ting parameters is found in data from two long-running
stations in the northeastern United States: HRV and
PAL. Good back azimuth coverage at these two sta-
tions allows us to separate observations into two statisti-
cally significant populations. Within these populations,
mean azimuths are N60°E £4° and N119°E £2°, and
delay values vary within each population from near zero
to ~1s. The exact values of delays, as well as individual
estimates of fast direction, are affected by the filter pa-
rameters chosen when low passing. The back azimuth
dependence of splitting parameters for the station ARU
near the Urals is characterized by sharp transitions be-
tween different groups of observations.

Using synthetic seismograms computed in flat-layered
media we developed one-dimensional models of seismic
anisotropy distribution under stations HRV and ARU.

ARU

0.50s

Figure 17. Shear wave splitting data for ARU (Arti,
Russia). See Figure 1 for plotting conventions.
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Figure 18. (left) Shear wave splitting patterns for best fitting one-layer and three-layer ARU
models. (right) Observed (shaded) and predicted (solid) shear wave splitting parameters.

Table 3. Anisotropic Structure (Hexagonal Symmetry) Consistent With P coda Receiver
Functions and Shear Wave Splitting Observations at ARU

Depth (km) Vp km/s Vi km/s p,g/em® B, %ofV, E, %ofV, 8 deg o, deg
7 —

5.00 2.95 2.1 15 0 45 345
20 6.40 3.70 2.3 0 0 - -
23 5.8 3.30 2.3 0 0 - -
33 6.60 3.80 2.6 0 0 - -
42 7.60 4.40 3.0 -13 -15 65 230
100 8.00 4.60 3.2 6 6 80 50
240 8.00 4.60 3.2 4 4 130 90
o0 8.20 3.3 4.7 0 0 - -

P coda reciever functions are from Levin and Park [1997a]. Depth indicates the bottom of each
layer. The parameters B and F scale peak-to-peak variations of compressional and shear velocity,
respectively, each with cos 27 azimuthal dependence [Park, 1996]. The angles 6 and ¢ define the
tilt (from vertical) and strike (CW from north) of the axis of symmetry within each anisotropic
layer.
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Figure 19. Symmetry axes of best fitting hexagonal tensors for ARU. Crust and mantle are
labeled C and M, respectively. Top layer and bottom layers in the mantle are labeled T and B,
respectively. In the bottom layer of anisotropy the symmetry axis plunges 40° to the east, which
is equivalent to an upward tilt of 40° to the west.

Figure 20. A schematic representation of the model for seismic anisotropy distribution under
ARU (marked by flag), with the lowermost crust anisotropy (dark arrow marked slow) from the
model of Levin and Park [1997a].
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The model for HRV contains two layers of anisotropic
material under an isotropic crust, with fast-axis az-
imuths of N33°E and N115°E for the bottom and the
top layers, respectively. Depending on the choice of
symmetry for the elastic tensors, these axes are tilted
(hexagonal symmetry) or near horizontal (orthorhom-
bic symmetry). Assuming 30% orthorhombic olivine
and 70% isotropic olivine, a mixture that is about 6%
anisotropic, the vertical dimensions are 60 and 90 km
for the top and bottom layers, respectively. The model
for ARU includes crustal structure that was constrained
using P — S converted phases [Levin and Park, 1997a].
Assuming hexagonal symmetry of the upper mantle
anisotropy, the model for ARU predicts a ~60 km layer
with a fast axis at N30°E atop a 140 km layer with a
fast-axis plunging 40° toward N90O°E.

The analysis performed in this paper was made possi-
ble by good azimuthal coverage of observations. These
are generally obtainable through prolonged observation.
Data from short deployments, even in stable continental
regions, apparently run the risk of bias from an uneven
distribution of seismicity.
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