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Applicability of the Multiple-Event Stacking Technique
for Shear-Wave Splitting Analysis

by Fansheng Kong, Stephen S. Gao, and Kelly H. Liu

Abstract For several decades, shear-wave splitting (SWS) parameters (fast polari-
zation orientations and splitting times) have been widely measured to reveal the
orientation and strength of mantle anisotropy. One of the most popularly used tech-
niques for obtaining station-averaged SWS parameters is the multiple-event stacking
technique (MES). Results from previous studies suggest the splitting times obtained
using MES are frequently smaller than those derived from simple averaging of split-
ting times obtained using the event-specific technique of Silver and Chan (1991). To
confirm such apparent discrepancies between the two popularly used methods and to
explore the causes, we conduct numerical experiments using both synthetic and ob-
served data. The results show that when the anisotropic structure can be represented
by a horizontal single layer of anisotropy with constant or spatially varying splitting
times, MES can accurately retrieve the splitting parameters. However, when the fast
orientations or both splitting parameters vary azimuthally due to lateral hetero-
geneities or double-layer anisotropy, the station-averaged fast orientations from MES
and Silver and Chan (1991) are mostly comparable, but the splitting times obtained
using MES are underestimated. For laterally varying fast orientations in the vicinity of
a station, the magnitude of the underestimation is dependent on the arriving azimuth of
the events participated in the stacking; for two-layer models of anisotropy, the result-
ing splitting parameters using MES are biased toward those of the top layer, due to the
dominance of events with a back azimuth parallel or orthogonal to the fast orientation

of the lower layer.

Introduction

Shear-wave splitting (SWS) analyses have been increas-
ingly used by geoscientists as an important tool in studying
seismic anisotropy, which is directly related to the deforma-
tion and dynamics of the Earth’s interior (Fuchs, 1977; Ando
et al., 1983; Silver and Chan, 1991; Silver, 1996; Silver and
Holt, 2002; Becker, 2008; Gao and Liu, 2009; Gao et al.
2010; Long and Becker, 2010; Yang et al., 2014). The split-
ting parameters, fast polarization orientation (¢), and split-
ting time (6f) convey information about the direction and
strength, respectively, of finite strain. A number of tech-
niques aimed at accurately retrieving the splitting parameters
using P-to-S converted phases at the core—mantle boundary
(XKS, including SKS, SKKS, and PKS) have been developed
to quantify seismic anisotropy beneath the recording stations
(Ando et al., 1983; Vinnik et al., 1989; Silver and Chan,
1991; Wolfe and Silver, 1998; Levin et al., 1999; Restivo
and Helffrich, 1999; Chevrot, 2000).

Among these techniques, arguably the most popularly
used one is the transverse energy minimization method
(Silver and Chan, 1991; hereafter referred to as SC). For each
event recorded by a station, SC grid searches for the optimal

pair of splitting parameters corresponding to the minimum
value on the contour map for the energy of the corrected
transverse component. In most previous studies, the splitting
parameters from individual events are then averaged to
obtain a mean pair of splitting parameters for the station. An-
other widely used approach to obtain station-averaged split-
ting parameters is the multiple-event stacking technique
(MES) proposed by Vinnik et al. (1989) and modified by
Wolfe and Silver (1998). It was initially designed to obtain
splitting parameters using noisy teleseismic data such as
those recorded by ocean island stations, at which SC could
not lead to reliable measurements due to the high noise level.
MES is also effective for situations when the splitting time
is significantly smaller than the global average of 1.0 s
or when the fast or slow orientation is close to the back azi-
muth of the event. Restivo and Helffrich (1999) proposed a
revised version of the approach of Wolfe and Silver (1998)
by introducing two weighting factors to place emphasis on
high-quality signals and to partially correct for uneven dis-
tributions in the back azimuth of the XKS events recorded
by the station.
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A model of homogeneous simple anisotropy and results of synthetic tests. (a) The model. (b) Fast orientations obtained using

Silver and Chan (1991, hereafter referred to as SC). (c) Splitting times using SC. (d) Contour map of the stacked misfit function and resulting
splitting parameters calculated by multiple-event stacking technique (MES). The star indicates the optimal pair of splitting parameters cor-

responding to minimum transverse energy.

Although splitting parameters estimated by MES usually
have a smaller 95% confidence interval than those obtained
using SC (Wolfe and Silver, 1998; Restivo and Helffrich,
1999), numerous measurements using both techniques at the
same stations suggest the splitting times estimated by MES
are systematically lower than those from averaging the event-
specific measurements using SC. For instance, at station QIZ
(Hainan Island, China), Bai et al. (2009) reported a station-
averaged ot of 0.88 s using MES but 1.28 s using SC. Sim-
ilarly, the same study revealed a 6¢ of 1.08 s at station SPVO
(Vietnam) using MES and 1.66 s using SC. This discrepancy
was highlighted in two recent SWS studies using hundreds of
broadband seismic stations in the western United States. The
study of Liu et al. (2014) used SC and reported a mean ¢ of
1.33 s for the western United States orogenic zone, whereas
that of Walpole er al. (2014), which used MES and the covari-
ance matrix eigenvalue minimization method of Silver and
Chan (1991), reported a value of 1.08 s. Several dramatic
examples include USArray Transportable Array (TA) station
433A (Art, Texas) at which Walpole et al. (2014) obtained a

ot of 0.3 s and Liu et al. (2014) reported a value of 1.3 s; at
435B (Jarrell, Texas), the corresponding values are 0.47 and
1.1 s, whereas at ANMO (Albuquerque, New Mexico), the
values are 0.72 and 1.6 s. Globally, the Walpole et al. (2014)
study reported a mean ot of 0.8 s, which is smaller than the
global average of 1.0 s obtained by Silver (1996) and the
1.1 s from a global compilation of SWS measurements by
Becker et al. (2012). Such differences may lead to conflicting
implications of mantle deformation and dynamics, especially
when the splitting parameters are used in geodynamic mod-
eling (e.g., Becker, 2008) and as constraints for seismic
tomography (Yuan and Romanowicz, 2010).

In this study, we use both synthetic and observed seis-
mograms to test if the discrepancies were the results of nor-
mal fluctuations among different studies or were caused by a
systematic underestimation of ot by MES (or, alternatively, a
systematic overestimation by SC). We use several anisotropy
models, including a single homogeneous anisotropy layer,
spatially varying single-layer anisotropy in the vicinity of
a station, and a model with two anisotropic layers for the
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Figure 2.

synthetic tests. We also measured splitting parameters using
both techniques for two broadband stations, one with spa-
tially varying ¢ values in the vicinity of the station and the
other being characterized by systematic azimuthal variations
of individual splitting parameters.

Measuring Technique

For each of the events recorded by a station, MES first
computes the XKS energy on the corrected transverse com-
ponent as a function of the candidate ¢ and ¢, using SC.
Following Restivo and Helffrich (1999), in this study we re-
fer to the resulting function as a misfit function. Each misfit
function is then normalized by its minimum value, and a
stacked misfit function for the station is obtained using

N
S(¢i. 1)) = Y Fpuleh;. 81;)/ min(F,,) (1)

m=1

(Wolfe and Silver, 1998), in which S(¢;, 6t;) is the stacked
misfit function at the candidate pair of splitting parameters
(¢, 0t;), N is the number of events recorded by the station,
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Same as Figure 1 but for a model of anisotropy with &t values randomly distributed in the 0.5-1.5 s range.

and F,,(¢;,6t;)/ min(F,,) is the normalized misfit function
of the mth event at the candidate pair of splitting parameters.

To give higher-quality events a higher weighting factor
in the stacking, Restivo and Helffrich (1999) modified this
technique to multiply the individual misfit functions by the
signal-to-noise ratio (SNR) on the radial component before
stacking. In addition, to avoid dominance of too many events
from narrow back-azimuth ranges, the misfit function is also
divided by the number of events in the back-azimuth range to
which the event belongs, before being used for stacking. In
the following, we apply the modified version of MES pro-
posed by Restivo and Helffrich (1999). We define the SNR
as max |A, s/ max |A,_19,4 |, in which max |A, 5| is the
maximum absolute value between a and f (the beginning
and end of the XKS window in seconds) on the radial com-
ponent and max [A,_j0 4| is that between a — 10 and a sec-
onds. Because the back azimuths of the hypothetical events
used for the synthetic tests are evenly distributed and the SNR
on the radial component is the same for all the events, the two
weighting factors have no effects on the synthetic tests in the
study. They are applied in the tests using observed data. Also,
to obtain reliable event-specific splitting measurements,
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indicate the situation of ¢p = back azimuth & n x 90° (or # = 0°), in which 7 is an integer. The misfit functions of the four events highlighted

by black circles are shown in Figure 5.

manual checking and necessary adjustments of the measur-
ing parameters (such as the a and f values and results of
autoranking) are required. Details of the procedure for meas-
uring event-specific splitting parameters using SC can be
found in Liu and Gao (2013).

Synthetic Tests

Synthetic Data Generation

To construct a simple anisotropy model composed of a
single layer of anisotropy with a horizontal axis of symmetry,
we first define a presplitting radial component as

R(t) = Aysin(2zft)e ™, (2)

in which Ay = 1.0 is the amplitude, f = 0.15 Hz is the fre-
quency, and @ = 0.2 is the decaying factor. The fast (S;) and
slow () components with an incidence angle of 0° traveling
through an anisotropic layer with splitting parameters of ¢
and 6f can be expressed as

Sy(1) = R(1) cos(6) (3)
and
Ss(1) = —R(1 — 1) sin(6), (4)

in which @ is the angular difference between the radial and
the fast orientations. Synthetic seismograms are then pro-
duced by rotating S;(#) and S,() to the north—south and
east—west directions, based on the back azimuth of the event.
For a two-layer anisotropy model, the fast and slow shear
waves after passing the lower layer act as independent inci-
dent shear waves and travel through the upper layer. The fast
and slow waves after traveling through both layers are
summed in the time domain and then rotated to create the
north—south and east-west components.

Simple Homogeneous Anisotropy

We first consider a model with a single homogeneous
layer of anisotropy with a horizontal axis of symmetry (Fig. 1a).
A total of 71 synthetic records with an SNR of 100 were gen-
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Figure 4. MES measurements using events with different 8 values. (a) Number of events in each group for groups 1-9. (b) Observed 8¢ of
each group obtained by applying MES. (c) Contour map of stacked misfit function and resulting splitting parameters from MES using events in
group 1. (d) Same as (c) but for group 3. (e) Same as (c) but for group 5. (f) Same as (c) but for group 9.

erated using the same ¢ of 0° and 67 of 1.0 s. The back azi- added to the north—south and east-west components after
muths of the events range from 5° to 355°, with an interval being low-pass filtered (0.3 Hz), and the individual splitting
of 5°. Uncorrelated noise with a prefiltering maximum am- measurements and corresponding misfit functions were ob-

plitude of 10% of the incident wave amplitude was created  tained by following the SC-based procedure of Liu and
by a random number generator (Press et al., 1992) and was Gao (2013).
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Example misfit functions for the four highlighted events in Figure 3b. The star indicates optimal splitting parameters for each of

the events, and the diamond represents the point of minimum transverse energy when ¢ = 1°, which is the global ¢ from MES. The back
azimuth of the event and resulting event-specific parameters are shown at the top of each plot.

The resulting station averages obtained using SC for
both ¢ and 6t (Fig. 1b,c) are identical to the splitting param-
eters used for generating the synthetic seismograms. Sim-
ilarly, when MES is used, the optimal pair of splitting
parameters corresponding to the minimum value on the
stacked misfit function (Fig. 1d) is also consistent with
the true parameters. The high accuracy of the results from
MES is easily understandable, because all the individual
misfit functions have the same minimum point (0°, 1.0 s).
The above tests suggest that both SC and MES can accu-
rately retrieve the splitting parameters when homogeneous
simple anisotropy is present.

Laterally Varying Anisotropy

The XKS ray paths arriving at a station sample an ap-
proximately cone-shaped volume centered at the station.
The diameter of the cone increases with depth and can reach

a few hundred kilometers in the upper mantle, depending on
the angle of incidence as well as the frequency (which de-
termines the size of the Fresnel zone) (Alsina and Snieder,
1995). In such a large area, significant heterogeneities in the
orientation and strength of seismic anisotropy are likely to
exist. The heterogeneities can lead to inconsistent splitting
parameters obtained from different events recorded by the
same station, even when the anisotropy can locally be rep-
resented by a single layer with a horizontal axis of symmetry
(e.g., station ENH in Hubei, China, described in Liu and
Gao, 2013). In such a situation, the splitting parameters are
dependent on the location of the ray-piercing points and the
back azimuth.

The model shown in Figure 2a has a uniform ¢ of 0° but
randomly distributed 67 in the 0.5—-1.5 s range, with a simple
mean of 0.98 % 0.03 s. The application of the SC-based pro-
cedure of Liu and Gao (2013) resulted in an average ¢ of
—0.06 £ 0.1° and &t of 0.99 4+ 0.03 s (Fig. 2b,c), both of
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which are consistent with the parameters used to generate the
synthetic seismograms. Similarly, the resulting optimal ¢
and 6t from MES are 1.0 £ 0.0° and 1.0 £ 0.0 s (Fig. 2d),
which are also consistent with the expected values. There-
fore, both SC and MES can lead to accurate results for the
situation of constant ¢ and spatially varying ot.

We next explore the performance of MES for a model
with a constant 6¢ of 1.0 s but randomly distributed ¢ in
the —30° to 30° range (Fig. 3a). The mean of the individual
¢ values used to generate the synthetic seismograms is
1.24° 4+ 2.05°. The SC approach resulted in a station average
of 1.82° 4= 2.15° for ¢ and 1.0 = 0.00 for 67 (Fig. 3b,c), both
of which are consistent with the splitting parameters used to
generate the seismograms. Note that 5 of the 71 events pro-
duced null results because the fast orientation is nearly par-
allel or orthogonal to the back azimuth. The resulting ¢ from
MES is 1.00° & 0.00°, which is also close to the expected
value. However, the resulting 6t is 0.80 & 0.00 s (Fig. 3d),
in spite of the fact that the model has a uniform 6¢ of 1.0 s for
all the events.

This discrepancy seems counterintuitive and conse-
quently needs additional exploration. To facilitate this task,
we first define 5, which is the modulo-90° absolute angular

F. Kong, S. S. Gao, and K. H. Liu

Simple Mean= 15.39 + 3.34°
90 s b L

(b)

60 - B

30 -x - r . B

Z o _
-e— p
.30 [

-60 i B

IR
0 90 180 270 360
Back Azimuth (°)

0=23.00 = 0.00° 5t=1.15+0.00 s
oo L TR R

@ .

o)

T

-3o~fﬁ’m 240057,1—”\\3
60- =as00—2

-90 e L I LI I
00 05 10 15 20 25 3.0
ot (s)

Same as Figure 3 but for a two-layer anisotropy model shown in (a).

difference between the fast orientation and the back azimuth
of an event. When f is greater than 45°, it is taken as 90° — f3,
so that f is limited to the 0°—45° range. For instance, for the
first event shown in Figure 3b, # = 2° because the event has
a back azimuth of 5° and a local ¢ of 7°; for the fifth event,
p = 41° because the back azimuth is 25° and ¢ = —24°.
Note that § = 0° for events along the tilted lines in Figure 3b.

To identify possible relationships between the global ot
(i.e., the 6t from MES) and the f values of the participating
events, we divide the 71 events into nine groups based on the
p values. The g value for events in the ith group ranges from
5% (i—1) to 5 x i°. The number of events for each of the
groups is shown in Figure 4a. We then perform MES sepa-
rately using events from each of the groups. The resulting
global 6r values increase significantly with increasing f,
from as small as 0.05 s for group 1, to 1.0-1.1 s for groups
7-9 (Fig. 4b). Misfit functions for four of the groups are
shown in Figure 4c—f.

Such a strong dependence of the global ¢ on § can be
explained using the example misfit functions shown in Fig-
ure 5. Although the resulting 67 for the individual events (i.e.,
local 6¢) is 1.0 s (which was used to generate the synthetics),
the &t associated with the minimum energy when ¢ = 1°
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Figure 7. (a) Cross-section plots of example individual misfit

functions under the two-layer model shown in Figure 6 along the ¢
axis. (b) Cross-section plots along the ¢ axis. For both (a) and (b),
the cross sections traverse the point with the minimum value in the
individual misfit function. Labels near the curves indicate the back
azimuth of the XKS event. The thickest curves are for the events
with a back azimuth parallel to the fast orientation of the lower
layer. Note that in the lower plot, the misfits for some of the events
are relatively too small to be visually observed.

(which is the global ¢ from MES) is mostly smaller than the
local 6t. Thus, when the individual misfit functions are
stacked, the point with the minimum energy shifts toward a
ot value that is smaller than the local 6¢. The magnitude of the
shift increases with decreasing f (Fig. 5).

We also performed similar tests using a model in which
both ¢ and 6¢ vary with the back azimuth, and significant
underestimation of §¢ was also observed. The main conclu-
sion from these tests is that when the fast orientations in the
vicinity of a station vary spatially, the resulting 67 from MES
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could be significantly underestimated, and the magnitude of
the underestimation is dependent on the f values of the
events included in the stacking.

Two Anisotropic Layers

The most commonly discussed complex anisotropy
model in previous studies consists of two layers of simple
anisotropy with nonparallel and nonorthogonal fast orienta-
tions. For a two-layer model, the apparent splitting parame-
ters obtained using SC under the assumption of simple
anisotropy vary systematically with the back azimuth with a
90° periodicity (Silver and Savage, 1994). As discussed in
Liu and Gao (2013) using synthetic data, under such a
model, the XKS energy on the transverse component cannot
be completely removed using SC, except for the special cases
when the back azimuth is parallel or orthogonal to the fast
orientation of the lower layer. This is because the XKS phase
from an event with such a back azimuth does not split when
traveling through the lower layer; that is, it only splits once
instead of twice. Such anisotropy cannot be satisfactorily
represented by station-averaged splitting parameters. Unfortu-
nately, due to reasons such as limited back-azimuth coverage
and the associated incapability to recognize the existence of
complex anisotropy, many previous studies reported station
averages (obtained by MES or SC) for areas with complex
anisotropy. In the following, we discuss the consequences
of such a practice using a two-layer model with ¢; = 55°,
6t; = 1.0 s for the lower layer and ¢, = 10°, 61, = 1.0 s
for the upper layer (Fig. 6a).

As expected, the application of the SC-based procedure
of Liu and Gao (2013) resulted in a set of apparent splitting
parameters that vary periodically with the back azimuth
(Fig. 6b,c). The optimal splitting parameters from MES
(Fig. 6d), 23° and 1.15 s, are apparently well defined and, in-
terestingly, are similar to the splitting parameters of the
upper layer (10° and 1.0 s). We conducted similar tests using
different combinations of the splitting parameters for the two
layers, and the resulting optimal splitting parameters using
MES are almost always close to those of the upper layer. This
similarity can be explained by the fact that the individual
misfit functions with the quickest convergence toward the
minimum energy point are those with a back-azimuth
parallel or orthogonal to the fast orientation of the lower
layer, as shown in Figure 7. The stacked misfit function is
thus dominated by such events, which have splitting param-
eters similar to those of the top layer (because the XKS
waves from these events only split when traveling through
the top layer). The incomplete removal of energy on the
corrected transverse component for events with nonparallel
and nonorthogonal back-azimuth values is responsible for
the relatively slow convergence toward the
mum (Fig. 7).

mini-
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Results of shear-wave splitting (SWS) analysis using data recorded by station ENH in Hubei, China. (a) Fast orientations

plotted against back azimuth. (b) Splitting times plotted against back azimuth. (c) Splitting parameters plotted above the ray-piercing points
at 200 km depth. (d) Stacked misfit function and resulting optimal parameters using MES.

Testing Using Real Data

We next compare results from SC and MES using data
recorded by two stations, one with laterally varying splitting
parameters and one with periodic azimuthal variations of
the splitting parameters that are indicative of multilayer
anisotropy.

Apparent fast orientations obtained using SC from sta-
tion ENH (Hubei, China) demonstrate strong azimuthal var-
iations, but such variations are not periodic with either 90° or
180° periodicity (Fig. 8). They were interpreted as evidence
for spatially varying simple anisotropy (Liu and Gao, 2013).
The resulting 6¢ from MES (0.5 s) is smaller than that from
SC (0.71 s), a result that is consistent with the conclusions
from synthetic tests using a model of spatially varying fast
orientations (Fig. 3).

Station RES (Cornwallis Island, Canada) shows 90°
periodic variations in the event-specific splitting parameters
with respect to the back azimuth (Fig. 9). Under the assump-
tion that the variations are associated with a two-layer model,
we apply the technique of Silver and Savage (1994) to grid
search for the optimal pairs of parameters for each of the two

layers. Given the uneven back-azimuth distribution of the
events, individual measurements are inversely weighted by
the number of events in the back-azimuth range to which
they belong before the grid searching. The results are 112°
and 0.7 s for the upper layer and 76° and 0.35 s for the lower
layer. Application of MES on data from the station led to a
pair of optimal parameters (104°, 0.7 s) that are comparable
with those of the upper layer, an observation that is consistent
with the conclusion from synthetic tests that the resulting
splitting parameters from MES are similar to those of the
upper layer (Fig. 6).

Summary Remarks

MES has been used by numerous SWS studies to obtain a
single pair of splitting parameters by stacking misfit func-
tions from individual events. It is especially useful for
stations with a limited amount of high-quality data. Synthetic
tests and tests using the observed data presented above
suggest that this technique should be applied with caution.
Specifically, it should only be used when seismic anisotropy
beneath a recording station can be represented by a single
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layer of anisotropy with a horizontal axis of symmetry and is
characterized by azimuthally invariant fast orientations. Oth-
erwise, conflicting implications might be obtained, espe-
cially when 0t is used to constrain the anisotropy strength
in studies involving geodynamic modeling or tomographic
inversion (Becker, 2008; Yuan and Romanowicz, 2010).

To explore the existence of azimuthal variations of the
individual fast orientations, high-quality XKS events in a
wide back-azimuth band are needed. When such events
are available at a station, SC can be used to obtain the split-
ting parameters from each of the events. If the individual fast
orientations from SC are found to be azimuthally invariant,
the individual measurements can safely be used to compute
station-averaged splitting parameters without the need for
MES. On the other hand, if systematic azimuthal variations
are observed, complex anisotropy can be identified and pos-
sibly be characterized by grid searching or other approaches
(e.g., Silver and Savage, 1994). Obviously, MES can still be
used in areas with complex or spatially varying anisotropy to
obtain reliable results by stacking events from narrow back-
azimuthal windows (Bastow er al., 2011), especially when
limited amounts of high-quality data are present.

In summary, the study indicates that, although MES is a
powerful tool for retrieving reliable splitting parameters of
simple anisotropy with constant fast orientations, applying
MES for areas with laterally varying fast orientations may
lead to significantly underestimated splitting times. In addi-
tion, applying it for areas with two-layer anisotropy could
result in a pair of splitting parameters resembling those of
the top layer and not the actual anisotropic structure.

Data and Resources

Data recorded by stations ENH and RES were obtained
from the Data Management Center of the Incorporated Re-
search Institutions for Seismology (http://www.iris.edu/data/;
last accessed September 2014). The data set is publicly
accessible.
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