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Abstract Measurements of the splitting or birefringence of seismic shear waves that have
passed through the Earth’s mantle yield constraints on the strength and geometry of elastic
anisotropy in various regions, including the upper mantle, the transition zone, and the D”
layer. In turn, information about the occurrence and character of seismic anisotropy allows us
to make inferences about the style and geometry of mantle flow because anisotropy is a direct
consequence of deformational processes. While shear wave splitting is an unambiguous
indicator of anisotropy, the fact that it is typically a near-vertical path-integrated measure-
ment means that splitting measurements generally lack depth resolution. Because shear wave
splitting yields some of the most direct constraints we have on mantle flow, however,
understanding how to make and interpret splitting measurements correctly and how to relate
them properly to mantle flow is of paramount importance to the study of mantle dynamics. In
this paper, we review the state of the art and recent developments in the measurement and
interpretation of shear wave splitting—including new measurement methodologies and
forward and inverse modeling techniques,—provide an overview of data sets from different
tectonic settings, show how they help us relate mantle flow to surface tectonics, and discuss
new directions that should help to advance the shear wave splitting field.

Keywords Shear wave splitting - Seismic anisotropy - Mantle flow -
Mantle dynamics
1 Introduction

Knowledge of present-day dynamical processes taking place within the Earth’s mantle is
crucial to our understanding of the workings of our planet’s interior and how it has evolved
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through time. Important aspects of mantle dynamics that remain poorly understood include
what controls patterns of mantle flow, how this flow interacts with the surface plates, and
how the lithospheric mantle deforms as a result of plate boundary interactions. Ample
observations of deformational processes in the upper crust are available to us from geol-
ogy, but our knowledge of mantle deformation is limited to more indirect observations and
comes chiefly from seismic waves that pass through the mantle and are recorded at the
surface. In particular, elastic anisotropy in the mantle results from deformation, so mea-
surement of seismic anisotropy represents perhaps the best tool available to geophysicists
to directly probe patterns of deformation at depth. It was recognized early on by seis-
mologists that regions of the Earth’s mantle are anisotropic (e.g., Hess 1964; Forsyth
1975), and it is now clearly established that seismic anisotropy is present at several depth
ranges in the mantle. Because of the relationships between seismic anisotropy and past and
present deformation, the delineation and interpretation of anisotropy has become an
integral part of studying dynamic processes in the Earth’s mantle.

Elastic anisotropy manifests itself in the seismic wavefield in many ways, and anisot-
ropy affects the propagation of body and surface waves as well as the free oscillations of
the Earth (for a recent review of wave propagation in anisotropic media, see Maupin and
Park 2007). One of the most clear-cut manifestations of anisotropy in seismic data is shear
wave splitting, which is analogous to the optical birefringence of minerals under polarized
light. Upon propagation through an anisotropic region of the Earth, a shear wave is split
into two orthogonally polarized components and accumulates a delay time between the fast
and slow (quasi-) shear pulses. The splitting parameters, ¢, dt, are measured from seismic
records; these correspond to the orientation of the fast quasi-S phase and the time delay
between the fast and slow components, respectively. Since early studies by, e.g., Keith and
Crampin (1977), Kosarev et al. (1979), Ando et al. (1983), Vinnik et al. (1984), Fukao
(1984), and Silver and Chan (1988) shear wave splitting has emerged as a popular tool for
characterizing anisotropy in the Earth, most notably in the crust, upper mantle, and in the
D" region directly above the core-mantle boundary (CMB). With the increasing avail-
ability of broadband seismic data, there are now hundreds of published studies that
examine shear wave splitting and interpret it in terms of mantle anisotropy. A major
advantage of the shear wave splitting technique is that splitting is unambiguously due to
anisotropic structure somewhere along the raypath; however, because it is, like travel time,
a path-integrated measurement, with a single measurement it is impossible to tell where
along the path the anisotropy lies without additional information. Because anisotropic
regions are typically sampled with near-vertical ray paths, splitting measurements have
poor depth resolution (e.g., Babuska and Cara 1991).

Along with the rapid progress in shear wave splitting techniques and methodologies and
the increasing availability of broadband seismic data, progress in experimental mineral
physics over the past two decades has allowed seismologists to relate shear wave splitting
measurements to mantle deformation more accurately. In the upper mantle, seismic
anisotropy is a result of the crystallographic or lattice preferred orientation (LPO) of
intrinsically anisotropic mantle minerals, primarily olivine. In the transition zone and lower
mantle, other minerals likely play a role in generating anisotropy, including wadsleyite
and/or ringwoodite in the transition zone and perovskite, post-perovskite, and/or ferro-
periclase in D”. Additionally, a contribution to anisotropy from shape preferred orientation
(SPO) might be present if materials with elastically distinct properties, such as melt, align
preferentially. In the upper mantle it is generally thought that anisotropy is generated when
an aggregate of crystals of mantle minerals, mainly olivine, undergoes deformation to high
strains and develops an LPO (e.g., Christensen 1984; Zhang and Karato 1995). Recent
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mineral physics results indicate that anisotropic fabric can be affected by the stress,
temperature, and pressure conditions and by volatile content (e.g., Jung and Karato 2001;
Mainprice 2007; Karato et al. 2008; Jung et al. 2009). These new experimental results open
the possibility that seismological characterization of mantle anisotropy may help us to
understand the physical conditions present in the Earth’s mantle; however, they also
introduce potential ambiguities in the interpretation of shear wave splitting measurements.

With the extensive number of published shear wave splitting studies from a wide variety
of tectonic settings now available in the literature, with new innovations in shear wave
splitting methodologies such as the introduction of shear wave splitting tomography, with
increasing attention being paid to observations of anisotropy in D” and other remote
regions of the mantle, and with other exciting developments, an assessment of the shear
wave splitting field is important and timely, and we hope that this paper will contribute to
that assessment. The ever-increasing availability of data from different regions is allowing
for comparisons among shear wave splitting studies and for their amalgamation into global
datasets which, on interpretation, are yielding exciting and often surprising results. The aim
of this paper is to review the state of the art and discuss new advances relating to shear
wave splitting measurements and their interpretation in terms of mantle processes. Our aim
is not to provide a detailed history of the development of the shear wave splitting field, nor
is it to provide an exhaustive compilation of the entire shear wave splitting literature.
Rather, our goal is to concentrate on the present state of the field, with an emphasis on the
recent literature and exciting new research directions.

2 Shear Wave Splitting Methodologies
2.1 Making the Measurement
2.1.1 Broadband Teleseismic and Local Data

Shear wave splitting manifests itself over a range of frequencies and exhibits a range of
sensitivities to structures on different length scales in different parts of the Earth,
depending on the type of data used. For the purpose of characterizing anisotropy and
deformation in the Earth’s mantle, the type of data that is most often used is that from
broadband seismic stations. For the common case in which the delay time, ¢, accumulated
between the fast and slow shear waves (for upper mantle anisotropy, this is generally on the
order of about 1 s) is much smaller than the dominant period, 7, of the wave under study,
the fast and slow components will not achieve a full separation in time on the seismogram,
and their measurement is not straightforward, particularly in the case of noisy data or
complex anisotropic structure.

A variety of measurement methods (and subsequent variations) have been developed to
measure shear wave splitting parameters from broadband seismic data and the most
common of these are reviewed briefly here. These methods generally entail processing
steps such as filtering, rotating the seismogram components, identifying records with high
signal-to-noise ratio, choosing a time window for the analysis, and the visual and/or
statistical examination of the resulting diagnostic plots and error estimates. While there
have been several efforts to partially or fully automate the process of making shear wave
splitting measurements (e.g., Teanby et al. 2004; Evans et al. 2006), most shear wave
splitting analysts continue to rely on visual inspection of individual waveforms as a final
check of the data.
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As discussed in Sect. 2.2, a variety of seismic phases are suitable for characterizing
mantle anisotropy with shear wave splitting, depending on which region of the mantle is
under study. In particular, core phases such as SKS, SKKS, and PKS as well as direct S
waves from either local (just below the receiver) or teleseismic (A = 40-80°) distances are
useful. From a measurement perspective, core phases such as SKS provide several
advantages over direct S phases; in particular, the initial polarization of the shear wave
(before it has passed through an anisotropic medium) is controlled by the P-to-S conversion
at the CMB and is therefore known. In addition, this conversion constrains the observed
splitting to be on the receiver side of the path. Several common measurement methods,
such as transverse component minimization and the multichannel method, require
knowledge of the incoming polarization azimuth. This can either be assumed (for SKS, for
example, this corresponds to the backazimuth), predicted from the source mechanism, if it
is known, measured directly from the seismogram (as long as ér < 7, the initial polari-
zation direction is preserved in the uncorrected particle motion; e.g., Vidale 1986), or
estimated along with the splitting parameters.

2.1.1.1 The Transverse Component Minimization Method The transverse component
minimization method, introduced by Silver and Chan (1991), is perhaps the most com-
monly used splitting measurement method for broadband data. This method utilizes a grid
search approach to identify the pair of splitting parameters (¢, 6f) which best minimizes
the amount of energy on the transverse component (equivalently, which best linearizes the
corrected particle motion) when the effect of splitting is accounted for. The method can be
applied either to the horizontal components, rotated into a radial (R) and transverse (T)
coordinate system (where the so-called radial component corresponds to the backazimuthal
direction for core phases or to the initial polarization direction for direct S waves), or to
the Q-T components in a ray-coordinate based L-Q-T coordinate system (Sileny and
Plomerova 1996; Vecsey et al. 2008). For perfectly vertical incidence, the two coordinate
systems are equivalent.

The transverse component minimization method is based upon the principle that a shear
wave is linearly polarized in the absence of anisotropy, and that passage through an
anisotropic medium will result in significant energy on the transverse component and an
elliptical particle motion, which is diagnostic of shear wave splitting. The method performs
a grid search over all possible values of ¢ and ¢ (up to a reasonable maximum delay time
value, usually ~4 s), rotates and time-shifts the horizontal components appropriately, and
measures the amount of energy on the corrected transverse component, producing a
contour plot of transverse component energy for all possible pairs of splitting parameters.
The best-fitting parameters correspond to the minimum on this contour plot; formal errors
on the measurements are estimated using an F test formulation (Silver and Chan 1991). A
slight variation on the transverse component minimization method involves a minimization
not of the transverse component energy but of the smaller eigenvalue of the corrected
covariance matrix (or using a similar eigenvalue-based measure of linearity); identifying
the most nearly-singular time-domain covariance matrix is equivalent to identifying the
most linear particle motion (Vidale 1986; Silver and Chan 1991). The eigenvalue method
may be used even when the initial polarization of the shear wave is unknown (Silver and
Chan 1991; Savage 1999). An example of a shear wave splitting measurement using the
transverse component minimization method, using the SplitLab software of Wiistefeld
et al. (2007), is shown in Fig. 1. The case in which the shear wave is not significantly
split—that is, there is little or no energy on the uncorrected transverse component, and the

@ Springer



Surv Geophys (2009) 30:407-461 411

N
Event 20-Aug-2007 (232) 13:46
6.16N 127.42E 21km Mw = 6.4
B
Rotation Correlation: 58 < 85°< -82 1.4<2.28<2.9
Minimum Energy: 76 < 83°< -92 1.8<2.18<2.5
corrected Q(-) & T(-) %0 Map of Correlation Coefficient
c
o
=
<
(]
=
/]
i
c
i)
=
<
ol
o
o
corrected Fast (--) & Slow(-) corrected Q(--) & T(-) Energy Map of T

90 p
= 60 ( (
2 NS
. S
=] ’/ — —
£ [
5 | |
= \\ \.

B i ——

-90g 1 2 3 4sec

Fig. 1 Example shear wave splitting measurements on an SKS phase using the transverse component
minimization (shown on plot as “minimum energy”) and the cross-correlation (shown on plot as “rotation-
correlation”) methods carried out using the SplitLab software (Wiistefeld et al. 2007). Data are from station
ORO093 of the High Lava Plains seismic experiment in eastern Oregon (Long et al. in review) for an event
(Mw = 6.4) on August 20, 2007 located in the western Pacific Ocean at an epicentral distance of 103° and a
backazimuth of 291°. Data have been filtered to retain periods between 8 and 25 s. Top left panel the radial
(dashed blue line) and transverse (solid red line) components of the seismogram are shown; the window
used in the splitting analysis is shown in gray. Thin dotted lines indicate the expected arrival times for SKS
(left) and SKKS (right) from the iasp91 Earth model. Middle row of panels Diagnostics for the cross-
correlation method are shown, including the corrected fast (dashed blue line) and slow (solid red line)
components (far left panel), the corrected radial (dashed blue line) and transverse (solid red line)
components (center left panel), the initial particle motion (dashed blue line) and the corrected particle
motion (solid red line) once the effect of splitting is removed (center right panel), and the contour plot of the
correlation coefficient (far right panel) with the best-fitting splitting parameters (¢, ) shown with the
crossed lines and the 95% confidence region indicated in gray. Bottom row corresponding diagnostic plots
for the transverse component minimization method. The methods yield the following best-fitting splitting
parameters: ¢ = 85°, ot = 2.2 s (cross-correlation); ¢p = 83°, ot = 2.1 s (transverse component minimi-
zation). The two measurement methods agree very well; however, as indicated by the contour plots and by
the formal errors on the measurements (center, top), the transverse component minimization measurement is
much better constrained than the cross-correlation measurement

initial particle motion is linear or nearly so—is referred to as a “null” measurement. This
may be diagnostic of no anisotropy along the path traversed by the shear wave, or it may
indicate that the initial polarization of the phase is (nearly) parallel to either a fast or slow
direction of symmetry of the anisotropic medium. These two possibilities can be distin-
guished by making an additional measurement using another (non-orthogonal) initial
polarization.

The transverse component minimization method is most often applied to individual
seismograms, and individual measurements of (¢, or) are then averaged, sometimes
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weighted by the individual errors on each measurement, to obtain best-fitting splitting
parameters for a given station. However, other methods of obtaining average splitting
parameters for a given station that rely on stacking procedures have also been developed.
For example, Wolfe and Silver (1998) proposed a method of stacking error surfaces
obtained from splitting measurements for phases measured at a variety of backazimuths;
a similar stacking technique has been proposed by Restivo and Helffrich (1999). Such
stacking methods have the advantage of compensating for noisy data or poor waveform
clarity, and making explicit use of null observations. This can yield increased confidence
in average splitting-parameter estimates. Stacking procedures, however, implicitly
assume that the anisotropy consists of a single homogeneous layer beneath the station,
since it assumes that all seismograms share the same set of splitting parameters. If this
assumption is violated, then the resulting measurement will be difficult to interpret and
potentially valuable information about vertically heterogeneous anisotropy (see Sect. 2.3)
is lost.

2.1.1.2 The Cross-Correlation Method The cross-correlation method was used in early
studies by Fukao (1984), Bowman and Ando (1987), and others and is similar in principle
to the transverse component minimization method. It also utilizes a grid-search approach to
identifying the best-fitting splitting parameters by rotating and time-shifting the horizontal
components (or the Q, T components in a ray-centered coordinate system). Like the
transverse-component-minimization method, the cross-correlation method operates upon
the principle that, after propagation through an anisotropic medium, a shear wave is split
into orthogonally polarized fast and slow components with identical pulse shapes. The
method therefore seeks to maximize the cross-correlation between the corrected horizontal
components, which is mathematically equivalent to maximizing the determinant of the
time-domain covariance matrix (e.g. Silver and Chan 1991; Levin et al. 1999). As with the
transverse component minimization method, the measurement is classified as a “null” if
the shear phase has not undergone splitting and displays a linear initial particle motion. An
example of a measurement using the cross-correlation method is shown in Fig. 1 along
with the transverse component minimization measurement for the same SKS phase; the
two methods yield nearly identical results for this particular arrival. Although typically
used at long period, both the transverse-component-minimization and cross-correlation
methods can be utilized at high frequency as well.

2.1.1.3 The Multichannel (Splitting Intensity) Method The multichannel method was
introduced by Chevrot (2000) (based on earlier work by Vinnik et al. 1989b) as an
alternative to single-record methods such as transverse component minimization and cross-
correlation. This method takes advantage of the predicted variation in the amount of energy
on the uncorrected transverse component with incoming polarization angle (equivalent to
the backazimuth for SKS-type phases) for a single, horizontal layer of anisotropy. The
actual quantity measured on individual seismograms in the splitting intensity, S, which is
defined as the amplitude of the transverse component relative to the time derivative of the
radial component; this quantity can be measured either by simple projection of the com-
ponents or by a singular value decomposition (SVD) procedure (Chevrot 2000). In par-
ticular, the predicted radial and transverse components for a vertically propagating shear
wave that has undergone passage through a single layer of anisotropy with a horizontal axis
of transversely isotropic (TI) symmetry can be written at long period (6t < T) as (Silver
and Chan 1988; Vinnik et al. 1989b; Chevrot 2000):
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L P dw(r)
T(r) = 2(51‘ sin2f3) 5

where [ is the angle between the fast axis ¢ and the incoming polarization direction. Thus,
S = 0t sin 2f. If the azimuthal dependence of the splitting intensity (referred to as the
splitting vector) is measured, the best-fitting splitting parameters (¢, d¢) can be retrieved by
fitting a sin(2f) curve to the splitting vector. The delay time ot corresponds to the
amplitude of the sinusoid and the fast axis ¢ can be inferred from the phase of the sinusoid
at the origin. The splitting intensity measurements can either be stacked in azimuthal bins
to improve signal-to-noise ratio (Chevrot 2000) or used individually (Long and van der
Hilst 2005b). An example of a multichannel measurement from a broadband station in
Japan (Long and van der Hilst 2005a) is shown in Fig. 2.

Because the multichannel method requires good coverage in incoming polarization
angle, its utility is limited by the backazimuthal coverage in seismicity if only core phases
are used, and published azimuthal coverage maps (Chevrot 2000) indicate that many
regions have very poor backazimuthal coverage in the distance range at which SKS phases
are usually measured. However, the coverage can be dramatically improved if direct
teleseismic S phases from deep events are included, as long as any potential contribution
from source-side anisotropy is accounted for and minimized (Long and van der Hilst
2005a). Perhaps because of the limitations imposed by the requirement of good incoming
polarization angle coverage, the multichannel method has only been applied to a limited
number of data sets, including single stations in Brazil and the Central African Republic
(Chevrot 2000) and array data in Japan (Long and van der Hilst 2005a), Tibet (Lev et al.
2006), and the eastern Alps (Kummerow and Kind 2006).

2.1.1.4 The Cross-Convolution Method The transverse component minimization, cross-
correlation, and multichannel measurement methods all rely upon the assumption that the
shear wave under consideration has undergone splitting due to a single layer of anisotropy
with a horizontal axis of symmetry. However, in the real Earth, shear waves may pass
through multiple regions of anisotropy and have dipping axes of anisotropic symmetry (and
may also have lower symmetry systems than the transversely isotropic geometry that is
often assumed). In order to surmount some of the problems posed by the possible presence
of complex anisotropy at depth, Menke and Levin (2003) proposed a cross-convolution
method. (See also use of ‘apparent’ splitting parameters in the presence of complex
structure, Sect. 2.3.1.) The actual computation consists of convolving the observed radial
and tangential component seismograms with the impulse responses predicted by a hypo-
thetical Earth model, and then varying the model to minimize the misfit between observed
and predicted seismograms. Tests on synthetic and real data (Menke and Levin 2003)
indicate that the cross-convolution method yields similar results to traditional methods in
the presence of a single horizontal layer of anisotropy, and may do a better job of dis-
tinguishing whether complex anisotropic models are required by a given data set. An
example of a cross-convolution measurement on synthetic waveforms is shown in Fig. 3.

2.1.1.5 Comparisons Among Measurement Methods As described above, a variety of
splitting measurement methods, each with their own assumptions, biases, preprocessing
steps, and error estimation procedures, are in wide use in the seismological community.
Comparisons among different measurement methods are, therefore, instructive. For the
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Fig. 2 Example measurements using the multichannel method. a An illustration of an individual splitting
intensity measurement from the splitting data set of Long and van der Hilst (2005a) using data from station
TKA the F-net array in Japan. An SKS arrival is shown; the data have been filtered to retain periods between
8 and 50 s and rotated to show the radial (bottom trace) and transverse (middle trace) components. The
waveforms have been standardized by deconvolution with the radial component (Chevrot 2000). The top
trace shows the time derivative of the radial component overlain with the transverse component; the splitting
intensity is measured from their relative amplitudes by simple projection. The vertical bars indicate the time
window used in the analysis. b The splitting vector measured at F-net station AMM using SKS, SKKS, and
direct teleseismic S phases is shown. Individual splitting intensity measurements (circles) are plotted with
their 2¢ error bars. The best-fitting sinusoid is shown with a black line. The best-fitting splitting parameters
obtained from this fit are ¢ = 46°, 6r = 0.65 s
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Fig. 3 An example of a cross-convolution measurement, modified from Menke and Levin (2003). Top
traces: synthetic radial and transverse component seismograms are generated for a two-layer anisotropic
model. The cross-convolution diagnostic is then performed using a one-layer model (middle) and the correct
two-layer model (bottom). The cross-convolution traces contain information about both the model and the
synthetic data and are obtained by cross-convolving the (synthetic) radial and transverse traces with the
predicted horizontal impulse response functions for the earth model being tested (for further details, see
Menke and Levin 2003). Visual inspection of the cross-convolution traces confirms that the two-layer fit is
substantially better than the fit obtained for a one-layer model, as expected

case of a single layer of TI with a horizontal axis of symmetry and no lateral heterogeneity,
sampled by a vertically propagating shear wave measured on a noise-free seismogram, all
of the measurement methods described above should yield identical estimates of the shear
wave splitting parameters. However, for the more realistic case of noisy data and complex
anisotropic structure, different measurement methods often do yield different splitting
parameter estimates, as has been documented for several data sets (e.g., Levin et al. 2004;
Long and van der Hilst 2005a, b; Wiistefeld and Bokelmann 2007). Additionally, sub-
stantial differences in preprocessing steps such as filtering and windowing exist among
disparate studies, and measurement methods may respond differently to discrepancies in
preprocessing procedures.

Several studies that seek to compare measurement methods for both synthetic and real
data have been published. Long and van der Hilst (2005b) carried out a comparison of the
transverse component minimization, cross-correlation, and multichannel methods for SKS
and direct teleseismic S phases at two stations in Japan, one of which has a relatively
simple splitting pattern, and one of which overlies more complex anisotropy. They found
that the transverse component minimization method and cross-correlation methods were
much more likely to disagree at the station with the more complex splitting pattern. They
also found that the multichannel method yielded more usable measurements when more
restrictive filtering schemes were used. Wiistefeld and Bokelmann (2007) carried out a
comparison of the transverse component minimization method and the cross-correlation
method with a focus on identifying null measurements and correctly characterizing
splitting for phases whose incoming polarization directions are close (within 10-15°) to the

@ Springer



416 Surv Geophys (2009) 30:407-461

null directions. They highlight the observation that the cross-correlation method yields ¢
estimates that are nearly 45° off when the incoming polarization is very close to a null
direction; this problem is exacerbated for noisy data (Wiistefeld and Bokelmann 2007).
The transverse component minimization method is also known to yield inaccurate esti-
mates (often with unreasonably large ¢ values) in this situation (e.g., Savage 1999; Long
and van der Hilst 2005b; Vecsey et al. 2008). Finally, Vecsey et al. (2008) recently carried
out a study of synthetic and real SKS data comparing the transverse component minimi-
zation method, the closely related eigenvalue method, and the cross-correlation method.
They argue that the transverse component minimization method is most robust for noisy
data and recommend a set of best practices related to each measurement method.

Each of the measurement methods described above has pros and cons, and in practice a
combination of methods increases the confidence that individual measurements are robust
and may help to distinguish complex anisotropy beneath a station (e.g., Levin et al. 2004;
Long and van der Hilst 2005a, b; Lev et al. 2006). Some workers have concluded that the
transverse component minimization method is the most robust method for noisy data, but
any advantage may only persist for SKS-type phases, where the initial polarization cor-
responds to the backazimuth (assuming that the polarization has been unaffected by other
factors, such as extreme lateral heterogeneity); for direct S phases, the initial polarization
must either be modeled from the (imperfectly known) source mechanism or estimated from
the seismogram along with the splitting parameters. Additionally, the transverse compo-
nent minimization method seems to be more affected by complex anisotropy beneath a
station (Long and van der Hilst 2005b). Using a combination of the transverse component
minimization and the cross-correlation methods for SKS and direct teleseismic S phases
may increase confidence in individual measurements and avoid the problems posed by
phases whose incoming polarization directions are near the null directions (e.g., Levin
et al. 2004; Long 2009). Relative to the single-record methods, multiple-record methods
(namely stacking with transverse-component-minimization and multichannel methods)
have several distinct advantages. First, they easily deal with null or near-null splitting and
therefore avoid subjectivity in characterizing null measurements. Second, they are gen-
erally much more robust than measurements of (¢, of) from individual seismograms
(Wolfe and Silver 1998; Chevrot 2000; Long and van der Hilst 2005b). One disadvantage
of the multichannel method is that it discards much of the information available in the
seismogram (at least two records are required to obtain splitting parameters) and thus
requires a more complete range of initial polarization angle in order to find the best-fitting
splitting parameters (¢, Jf), which can be difficult to achieve. This disadvantage ends up
being a significant advantage in performing splitting tomography, since the splitting
intensity, unlike the actual splitting parameters, can be treated like a travel time (see Sect.
24.2).

2.1.2 High-Frequency Data

In this paper, we focus on the use of shear wave splitting to characterize mantle anisotropy
and deformation and therefore focus on measurement methods for broadband data where
the intent is to measure splitting associated with delay times that are much smaller than the
dominant period of the signal. However, higher-frequency data can also be useful for
splitting analysis, and in particular, often contains information about near-surface anisot-
ropy. The measurement and interpretation of crustal anisotropy is, of course, an important
topic in its own right (see, e.g., Crampin 1984; Kaneshima 1990; Crampin and Chastin
2003; Cochran et al. 2003; Gerst and Savage 2004) and can yield valuable information
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about the state of stress in the upper crust and temporal changes in that stress state. From
the point of view of characterizing anisotropy in the Earth’s mantle, the presence of
anisotropy in the crust is a potential contaminant in the shear wave splitting signal. It is
usually argued (e.g., Silver 1996; Savage 1999) that the typical delay time value for crustal
anisotropy is perhaps ~0.1-0.2 s, and that this represents a small contribution to typical
delay times measured from broadband data and attributed to mantle anisotropy, which are
typically on the order of ~1 s for most raypath geometries (e.g., Silver 1996; Fouch and
Rondenay 2006). Therefore, any crustal contribution to long-period data is usually ignored;
however, the use of higher-frequency data to characterize crustal anisotropy beneath a
station could potentially allow for explicit “crustal corrections” of broadband splitting
measurements. Additionally, several studies have demonstrated that, at higher frequencies,
splitting measurements tend to be biased towards near-surface structure in the presence of
vertically varying anisotropy (e.g., Riimpker and Silver 1998; Saltzer et al. 2000). This
sounds a note of caution for studies that use very high-frequency data to characterize upper
mantle anisotropy; for example, Nakajima and Hasegawa (2004) measured shear wave
splitting beneath northern Tohoku from earthquakes originating in the subducting Pacific
slab at frequencies between 2 and 8 Hz and found average delay times of ~0.1 s, which
they attributed to anisotropic structure in the mantle wedge.

2.1.3 Array Data

Unlike many seismological analysis techniques, shear wave splitting is a single-station
measurement. Because the technique does not require array data it has been widely applied
to isolated stations to obtain local estimates of upper mantle anisotropy (e.g., Vinnik et al.
1989a; Ansel and Nataf 1989; Silver and Chan 1991; Barruol and Hoffmann 1999).
However, the increasing availability of data from permanent and temporary broadband
arrays has led to a corresponding increase in shear wave splitting studies that have the
ability to examine variations in anisotropic structure over large regions (and at short length
scales) using array data. These types of studies contribute not only to our understanding of
anisotropy and mantle flow on regional scales in different types of tectonic environments,
but also to our ability to understand the length scales over which anisotropic structures may
change and to make individual measurements more accurately.

For example, array studies of shear wave splitting in subduction zones have led to the
detailed characterization of splitting patterns in the mantle wedge above subducting slabs,
which typically show dramatic lateral variations (e.g., Fischer et al. 1998; Smith et al.
2001; Levin et al. 2004; Pozgay et al. 2007). Analysis of the length scales over which
splitting changes can also provide insight about the processes that produce short-scale
changes in anisotropic structure, and about the lateral and vertical sensitivity of shear wave
splitting measurements. Small-scale variations in splitting parameters for densely spaced
arrays have been characterized for several regions (e.g., Wolfe and Vernon 1998; Fouch
et al. 2004; Harmon et al. 2004; Ryberg et al. 2005) and the length scales over which
splitting parameters can change due to lateral changes in anisotropic structure at depth have
been explored using numerical modeling (Riimpker and Ryberg 2000; Chevrot et al. 2004;
Fischer et al. 2005, Levin et al. 2007). The availability of array data can also improve the
reliability of individual splitting measurements, because it enables the visual inspection of
radial and transverse waveforms for a given SKS arrival across the entire array (e.g., Fouch
2007). This allows the analyst to evaluate possible measurement errors at individual sta-
tions due to noise contamination or cycle skipping. Finally, shear wave splitting mea-
surements for densely spaced arrays are beginning to allow for the implementation of
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tomographic inversion methods for splitting data, as discussed in Sect. 2.4.2. For a host of
reasons, therefore, the availability of array data is crucial to our ability to resolve aniso-
tropic structure at depth, even though shear wave splitting is usually thought of as a single-
station technique.

2.2 Which Seismic Phases are Useful?
2.2.1 Characterizing Upper Mantle Anisotropy

The phases that are commonly used to probe anisotropic structure in the upper mantle are
shown in Fig. 4. SKS and other core phases (e.g., SKKS, PKS) are, by far, the most
popular phase used in shear wave splitting studies. They provide several advantages over
other shear phases; in addition to the fact that its unperturbed polarization is controlled by
the P-to-S conversion at the CMB, which is important from a measurement point of view,
this conversion also means that any observed splitting must be due to anisotropic structure
on the receiver side between the CMB and the surface. The nearly vertical propagation of
SKS through the upper mantle also means that the incidence angle will be well within the
so-called shear wave window (shear phases that have incidence angles larger than ~ 35° at

Fig. 4 Some of the most
commonly used phases to probe
upper mantle anisotropy (a) and
D" anisotropy (b). In the upper
mantle, these include SK(K)S
phases at epicentral distances
greater than ~ 88° and direct
teleseismic S phases from deep
events at distances between
~40° and 80° (a). For D", useful
phases include SKS-SKKS pairs
at distances between ~ 110° and
120°, which can be examined for
splitting discrepancies, S and/or
ScS phases at distances between
~85° and 95°, and Sg;¢r phases
beyond ~ 100° (b)
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the surface may be affected by nonlinear shear particle motion in the absence of anisot-
ropy; e.g., Savage 1999).

From a ray theoretical point of view, SKS may be affected by anisotropic structure
anywhere along the receiver side of its mantle ray path. However, SKS splitting is nearly
always interpreted in terms of upper mantle anisotropy, and a potential contribution from
the lower mantle is ignored. There are a few lines of evidence to support this interpretation;
one argument makes use of splitting measurements for pairs of phases that sample the
upper mantle in a similar way but the rest of the mantle differently, such as SKS and SKKS
(Niu and Perez 2004; Restivo and Helffrich 2006) or SKS and deep local S (Meade et al.
1995). In the overwhelming majority of cases, splitting measurements for such pairs agree,
implying that the source of the splitting is in the upper mantle There are, however, notable
exceptions. For example, Long (2009) documented significant SKS-SKKS splitting dis-
crepancies in western North America that require a contribution from the lower mantle.

A second line of argument comes from array studies of SKS splitting. If the earthquake
distribution used at each station is similar, then any variations in splitting across the array
are likely due to upper mantle anisotropy beneath the receiver, since the lower mantle is
being sampled in a similar way at all stations. Similarly, it is often assumed that the
contribution to SKS splitting from the crust (thought to be on the order of ~0.1 s; e.g.,
Savage 1999) is much smaller than the upper mantle contribution, usually on the order of
~1 s (Silver 1996; Fouch and Rondenay 2006). The approximation usually made in SKS
splitting studies that the primary source of the anisotropy is in the upper mantle is probably
valid in most cases, but important exceptions have been documented. For example,
Mattatall and Fouch (2007) argue for a significant effect of crustal anisotropy on SKS
measurements near Parkfield, CA.

In addition to the popular S(K)KS phases, other shear phases are useful for charac-
terizing upper mantle anisotropy, including direct S waves at local and teleseismic dis-
tances, converted phases such as P660s, and reflected phases such as SS or sS. The splitting
of local, direct S waves in subduction zone settings, where deep earthquakes are usually
plentiful, has been used extensively to characterize anisotropy in the mantle wedge, and a
large body of literature on local splitting above subducting slabs exists (see Sect. 4.1.5).
Direct S phases at teleseismic distances can also be used to probe upper mantle anisotropy,
but their use is not as straightforward as that of SKS (both from a measurement and an
interpretation point of view). Because the incidence angle at the surface cannot exceed
~35°, epicentral distances (A) greater than ~40° must be used, and beyond ~ 80° there
may be contamination from other shear phases in the seismogram. Because the initial
polarization of direct S is not fixed by the backazimuth, it must be predicted from the focal
mechanism, measured directly from the seismogram, or treated as an unknown in the
measurement process. If the analyst wishes to probe upper mantle anisotropy beneath the
receiver, then care must be taken to minimize any contamination from source-side
anisotropy in the upper mantle beneath the earthquake. The use of deep events (>200—
300 km) can help to minimize any contribution for anisotropy near the source. However,
when direct teleseismic S phases are used to characterize receiver-side anisotropy, it is
imperative to test for a significant source-side contribution by examining splitting from
individual events at a range of stations (e.g., Long and van der Hilst 2005a). Conversely,
direct teleseismic S (or phases such as ScS) can be used to probe source-side anisotropy
(e.g., Kaneshima and Silver 1992; Russo and Silver 1994; Miiller et al. 2008), as long as
anisotropy beneath the receiver is properly accounted for.

Converted phases (e.g., Kosarev et al. 1984; Girardin and Farra 1998; lidaka and Niu
1998) or phases that have undergone an underside surface reflection (e.g., SS; Wolfe and
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Silver 1998, or sS; Anglin and Fouch 2005) can be useful for upper mantle anisotropy
studies, although, again, some caution must be exercised. Converted phases may have low
signal-to-noise ratio that makes accurate splitting measurements difficult; this can be
improved by stacking, but then information about complex anisotropy may be lost. For
phases that contain an underside reflection, the phase shift associated with the reflection
must be properly accounted for as well as complex structure near the bounce point, such as
the oceanic Moho. Finally, P-to-S conversions from the Moho can be used to isolate the
crustal contribution to splitting that is always combined with the splitting in teleseismic
shear waves. As with SKS, the conversion fixes the polarity to be radial. The primary
disadvantage of this approach is that the converted phase (usually measured on receiver
functions rather than raw seismograms) is weak, leading to large uncertainty. In addition,
there are other contributions from converted/reflected phases in the crust that can mask this
particular arrival. Nevertheless, this is an often-utilized procedure (e.g., McNamara and
Owens 1993; lidaka 2003; Rai et al. 2008) that continues to yield consistent characteristics
for crustal splitting, namely delay times averaging about 0.2 s.

2.2.2 Characterizing Anisotropy in the Transition Zone, Lower Mantle, and D"

The majority of published shear wave splitting studies focus on anisotropy in the upper
mantle; however, a variety of shear phases can be used to probe the transition zone, the
lower mantle, and the D" region directly above the CMB. SK(K)S phases propagate
through the entire mantle, sampling all of these regions in addition to the upper mantle and
crust beneath the receiver, but there have only been a few studies that have identified a
contribution to SK(K)S from the transition zone or lower mantle. For example, lidaka and
Niu (1998) compared the splitting of SKS and P600s waveforms and found evidence for a
contribution from anisotropy beneath the upper mantle. In addition to waveform com-
parisons between SK(K)S and other phases, direct S waves from deep earthquakes can be
used to probe the uppermost lower mantle and transition zone; Wookey et al. (2002) found
evidence for mid-mantle anisotropy in the vicinity of the Tonga-Kermadec subduction
zone using regional S phases. At these short epicentral distances, however, care must be
taken to account correctly for the effects of S-to-P conversions near the surface (Saul and
Vinnik 2003; Wookey et al. 2003; Wookey and Kendall 2004).

Discrepancies in shear wave splitting for SKS and SKKS phases from the same event-
station pair can also provide evidence for a contribution from anisotropy beneath the upper
mantle, since SKS and SKKS have very similar raypaths in the upper mantle and their
paths only diverge significantly in the lower mantle. SKS-SKKS splitting discrepancies
were first documented by James and Assumpcao (1996) for stations located in Brazil, and
have since been found at a limited number of stations. While global studies of SKS-SKKS
differential splitting have demonstrated that measured splitting parameters for SKS and
SKKS agree in 95% of cases (Niu and Perez 2004), a few studies have identified isolated
examples of SKS-SKKS splitting discrepancies (Niu and Perez 2004; Restivo and Helff-
rich 2006; Long 2009) and attributed them to anisotropy in the lower mantle.

Seismic anisotropy in the D” layer can be probed using a variety of phases; in addition
to SKS-SKKS splitting discrepancies, which can be produced by certain styles of anisot-
ropy in D” (Hall et al. 2004), phases that propagate nearly horizontally through D" are
often used to interrogate D” anisotropy (e.g., Maupin 1994; Kendall and Silver 1996; Lay
et al. 1998; Moore et al. 2004; Wookey and Kendall 2007; Fig. 4). These include direct S
phases that turn in the lowermost mantle, ScS phases at relatively large epicentral distances
(greater than ~65°), and shear waves that have been diffracted along the core-mantle
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boundary (Sgi). The “combined” S + ScS phase at epicentral distances greater than
~85° where S and ScS arrive simultaneously, has also been subjected to shear wave
splitting measurements to infer D” anisotropy. Phases that propagate horizontally through
D” are often examined for a time separation between the SV and SH components, which
correspond to vertically and horizontally polarized waves, or more sophisticated mea-
surement techniques can be brought to bear (e.g., Garnero et al. 2004a; Wookey et al.
2005; Wookey and Kendall 2008) that can allow for a more complete description of the
geometry of anisotropy, including the dip of the symmetry axis.

2.3 Diagnosing Complex Anisotropic Structure

It is important to understand the impact of complex anisotropic structure on both the
measurement and interpretation of measurements. In some cases, the measurements are
meaningful, even in the presence of complex structure, while in others the results are
simply wrong. For example, single-record measurements (e.g. transverse-component-
minimization or cross-correlation) are meaningful for a homogeneous layer with arbitrary
symmetry. In the presence of vertical heterogeneity, the resulting ‘apparent’ splitting
parameters (namely, measurements made under the assumption of a single homogeneous
layer when multiple layers are present) can still be related to anisotropic properties in a
straightforward manner. In contrast, multi-record stacks, the averaging of individual
measurements, or use of a sin(2f) fit to the splitting intensity implicitly assume all rays
have passed through a single homogeneous region with horizontal symmetry axis. In this
case rays with arbitrary polarization and for a limited range of incidence angles and
backazimuths should all yield the same splitting parameters. The violation of these
assumptions can lead to measurements that are not meaningful. Thus, a critical, although
sometimes neglected, aspect of shear wave splitting studies is to examine splitting data
from individual records for diagnostics of complex anisotropic structure at depth. In the
presence of such complex structure, extreme care must be taken to relate measurements to
anisotropy at depth properly, and perform appropriate averaging. Here we will focus on the
case of complex anisotropy (multiple layers, dipping axis of symmetry, small-scale lateral
heterogeneity) in the upper mantle beneath a seismic station, but complex structure may be
present in other parts of the mantle (e.g., D”) as well.

2.3.1 Backazimuthal Variations in Apparent Splitting Parameters

It has long been recognized that the presence of complex anisotropy will result in varia-
tions in apparent splitting parameters with backazimuth and/or (in the case of direct
teleseismic S phases) with incoming polarization azimuth. For the case of multiple layers
of anisotropy, this backazimuthal variation takes the form of a periodic variation in both ¢
and Jr measurements with a 7/2 periodicity (Silver and Savage 1994). A dipping axis of
symmetry, in contrast, will manifest itself as a © periodicity for the case of TI symmetry
(e.g., Chevrot 2000). Forward modeling studies (e.g. Brechner et al. 1998) have shown that
in the case of multiple layers of anisotropy with dipping symmetry axes, the backazimuthal
variations in apparent splitting parameters can be quite complicated. Whatever form the
complex anisotropy takes, variations in apparent splitting parameters with incoming
polarization azimuth are a valuable diagnostic for complex anisotropic structure at depth,
and a sign that average splitting parameters at the station cannot be simply related to the
mantle flow direction at depth. Backazimuthal variations in splitting have been identified
by numerous studies in a variety of tectonic settings including, for example, transform
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faults such as the San Andreas (Savage and Silver 1993; Ozalaybey and Savage 1994,
1995; Liu et al. 1995; Polet and Kanamori 2002), triple junctions such as the Mendocino
(Hartog and Schwartz 2000), collision zones such as Tibet (e.g., Lev et al. 2006), mantle
upwellings such as Hawaii (Walker et al. 2001), and subduction zones (e.g., Long and van
der Hilst 2005a, b). An example of backazimuthal variations in splitting parameters
observed at a station in the western US is shown in Fig. 5.

2.3.2 Complex Behavior of the Splitting Vector

If the multichannel measurement method (Chevrot 2000) is used and individual splitting
intensity measurements are plotted with respect to the incoming polarization azimuth, then
complex anisotropic structure can be diagnosed by looking for complex behavior of the
splitting vector. As discussed in Sect. 2.1, in the case of a single anisotropic layer, the
splitting vector will take the form of a sin(2f) curve and the delay time ¢ and the fast
direction ¢ can be obtained from the amplitude and phase, respectively, of the sinusoid.
Because the splitting intensity is a commutative measurement and the cumulative effect of
anisotropy on the measured splitting intensity along a raypath can be represented as a sum
of each layer, in the case of two distinct layers of anisotropy, the splitting vector will still
take the form of a sin(2f) curve; this is analogous to an “apparent” splitting parameter
obtained using a single-record method. By itself, therefore, the splitting vector cannot be
used to diagnose multiple (horizontal) layers of anisotropy, and this method should be used
in conjunction with apparent splitting parameter measurements or the cross-convolution
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Fig. 6 An example of a complex splitting pattern obtained using the multichannel method, diagnostic of
complex anisotropy beneath the station. Individual splitting intensity measurements made at F-net station
TMR in Japan are plotted with respect to incoming polarization azimuth. In contrast to the splitting vector
plotted in Fig. 2, the pattern is more complicated than a simple sin(2) dependence. Measurements are from
the data set of Long and van der Hilst (2005a)

method to characterize (or rule out) this type of complex structure. However, other forms
of complex anisotropy will cause the splitting vector to deviate from a perfect sin(2f)
curve; in particular, if the axis of symmetry deviates from the horizontal, the splitting
vector will have a sin(f}) term and the discrete Fourier transform of the splitting vector will
have energy in the n = 1 azimuthal harmonic (Chevrot 2000). Lateral variations in
anisotropy, including contributions from the crust, can also result in the deviation of the
splitting vector from a perfect sin(2f5) curve. The multichannel method has been used in
conjunction with apparent splitting measurements to diagnose complex anisotropy in Japan
(Long and van der Hilst 2005a, b) and Tibet (Lev et al. 2006); an example of a complex
splitting vector measured at a station in Japan is shown in Fig. 6.

2.3.3 Frequency Dependence of Splitting Measurements

It has been demonstrated using forward modeling techniques that apparent splitting
parameters will depend on frequency in the presence of multiple layers of anisotropy and
that higher frequency measurements are generally biased towards near-surface layers
(Silver and Savage 1994; Rumpker and Silver 1998; Saltzer et al. 2000). From a finite-
frequency point of view (discussed further in Sect. 2.4.2), the sensitivity kernels for shear
wave splitting measurements depend on the frequency content of the waves under study
and, in general, the size of the first Fresnel zone (where most of the sensitivity is con-
centrated) will increase with decreasing frequency. Because the sensitivity kernels are
frequency dependent, in the presence of laterally or vertically varying anisotropic structure,
splitting measurements will be frequency dependent as well. Any dependence on frequency
can therefore be interpreted as evidence for complex anisotropic structure at depth (see also
Saltzer et al. 2000; Fouch and Rondenay 2006). Frequency dependent splitting has been
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Fig. 7 An example of strongly (a)
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of Wirth and Long (2008). a
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identified in several regions, including New Zealand (Marson-Pidgeon and Savage 1997),
Australia (Clitheroe and van der Hilst 1998), the Marianas (Fouch and Fischer 1998), the
Kaapvaal craton (Fouch et al. 2004), and Japan (Long and van der Hilst 2005b, 2006;
Wirth and Long 2008); an example is illustrated in Fig. 7.

2.3.4 Small-Scale Lateral Variations

Yet another manifestation of complex anisotropic structure in shear wave splitting data sets
can be found by exploiting the dense station spacing that is a feature of many broadband
seismic arrays. In particular, variations in splitting parameters over short length scales are
an indicator of lateral heterogeneity in anisotropic structure. (Conversely, similarity in
splitting parameters measured at adjacent stations can be used to place depth constraints on
the source of the anisotropy, via a Fresnel zone argument, as in Alsina and Snieder 1995.)

@ Springer



Surv Geophys (2009) 30:407-461 425

The effect of lateral anisotropic variations at depth on splitting measurements can be
subtle; several studies have demonstrated that in the vicinity of sharp lateral transitions in
anisotropic structure the effect of the boundaries on the shear waveforms can be complex
(e.g., Ryberg and Riimpker 2000), Chevrot et al. 2004; Fischer et al. 2005). Lateral
variations in splitting parameters can also be used to place depth constraints on complex
anisotropy; for example, variations over short length scales are often interpreted as being
due to lateral heterogeneity in shallow anisotropy. Observations of short-scale lateral
variations in splitting parameters have been exploited to infer information about aniso-
tropic heterogeneity at depth in several regions and particularly striking examples have
been documented in studies by Fouch et al. (2004) for the Kaapvaal Craton and by
Mattatall and Fouch (2007) for the San Andreas Fault near Parkfield. Using the extremely
dense broadband PASO-DOS array, Mattatall and Fouch (2007) found splitting variations
over distances of just a few km and interpreted them as being due to anisotropy in the
shallow crust. They further argued that such extreme small-scale variations indicate a
larger contribution to broadband splitting measurements from the crust than is usually
accounted for.

2.3.5 Discrepancies Among Different Measurement Methods

Another important diagnostic for the presence of complex anisotropy at depth is the
existence of discrepancies in measured apparent splitting parameters when different
measurement methods are used, as discussed in Sect. 2.1.1. As pointed out by, e.g., Menke
and Levin (2003), complex anisotropy will result in correspondingly complex waveforms
that do not conform to the predictions of the single, horizontal layer of anisotropy that is
implicitly assumed by the transverse component minimization method or the cross-cor-
relation method. Because these different measurement methods may respond differently to
such complexity, discrepancies between splitting parameters measured with different
methods (within the measurement errors) on the same waveform may be diagnostic of
complex anisotropic structure at depth. For example, Levin et al. (2004) measured splitting
of local S waves in Kamchatka with both the transverse component minimization and
cross-correlation methods and identified a substantial population of S arrivals for which the
two methods yielded individually well constrained but discrepant splitting parameters.

2.3.6 The Importance of Diagnosing Complex Anisotropy

As described above, there are several strategies for recognizing the effect of complex
anisotropy in shear wave splitting patterns, and it is imperative for shear wave splitting
practitioners to do the best job possible of diagnosing complex anisotropy through a
combination of the methods described above. Not only does a more complete description
of complex anisotropy allow the analyst to do a better job of relating shear wave splitting
observations to mantle processes at depth, but properly accounting for the possibility of
complicated anisotropic structure can help to avoid serious errors in interpretation. Of
course, many of the diagnostics described above require dense arrays and/or years of data
in order, for example, to obtain sufficient coverage in incoming polarization azimuth
(equivalent to backazimuth for core phases), and in some cases data limitations preclude
this type of analysis. In these cases, it is important for shear wave splitting practitioners to
be candid about the limitations of a particular data set and to be cautious about its
interpretation.
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2.4 Extracting Information About Complex Structure
2.4.1 Forward Modeling

One method for characterizing complex anisotropic structure at depth once it has been
diagnosed from the patterns of shear wave splitting measured at the surface is to carry out
forward modeling studies to try to match observed splitting patterns with predicted ones.
A well-known example of this is the techniques that have been developed to model
multiple layers of (horizontal) anisotropy at depth. Analytical expressions that describe the
variation in measured apparent (¢, of) values in the presence of two (or more) anisotropic
layers were developed by Savage and Silver (1993) and Silver and Savage (1994) and
many studies have attempted to match backazimuthal variations in splitting parameters
using two-layer modeling (e.g., Ozalaybey and Savage 1994, 1995; Levin et al. 1999; Polet
and Kanamori 2002; Walker et al. 2005a, b). Other techniques for predicting apparent
shear wave splitting parameters for complex anisotropic structures include those based on
particle motion perturbation methods (e.g., Riimpker and Silver 1998; Fischer et al. 2000;
Abt and Fischer 2008), the cross-convolution method (Menke and Levin 2003; Yuan et al.
2008) or those based on pseudospectral waveform simulations (e.g., Chevrot et al. 2004;
Abt and Fischer 2008).

Another class of forward modeling studies includes work towards evaluating predicted
shear wave splitting patterns for geodynamical models of mantle processes, which can both
narrow the class of plausible anisotropic models that are consistent with splitting data and
shed light on the geodynamical processes responsible for generating anisotropy in different
tectonic settings. Many of these studies have focused on mantle flow in subduction zones,
particularly in the mantle wedge (e.g., Fischer et al. 2000; Hall et al. 2000; Long et al.
2007b; Kneller and van Keken 2007; Kneller et al. 2008), but other tectonic settings such
as mid-ocean ridges (e.g., Blackman and Kendall 2002; Nippress et al. 2007), and conti-
nental collisional zones (e.g. Davis et al. 1997) have also been examined. Geodynamical
modeling studies have used a variety of approaches for approximating the relationship
between strain and anisotropy, including those that assume that the fast axis of olivine
aligns locally with the finite strain ellipse (e.g., Fischer et al. 2000; Hall et al. 2000). This
approach, however, ignores possible complexities such as olivine fabric transitions and
does not realistically model the development of LPO or take into account the timescale
over which LPO develops (Kaminski and Ribe 2002). Various other approaches to model
directly fabric development using schemes such as D-Rex (Kaminski et al. 2004) or
viscoplastic self-consistent modeling (e.g., Tommasi et al. 2000) have also been imple-
mented (see, e.g., Lev and Hager 2008a). Because these geodynamical models contain
(hopefully) realistic anisotropic geometries, including lateral heterogeneity, they represent
a useful tool for characterizing shear wave splitting patterns that result from complex
anisotropy. A recent overview of efforts to integrate mineral physics constraints into
geodynamical models in order to predict seismological observables such as shear wave
splitting is provided by Blackman (2007).

2.4.2 Inverse Modeling: Shear Wave Splitting Tomography
One of the more exciting developments in recent years in the realm of interpreting shear
wave splitting measurements for mantle anisotropy has been the development and appli-

cation of techniques for the tomographic inversion of shear wave splitting measurements
for anisotropic structure at depth. Shear wave splitting tomography has lagged
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considerably behind isotropic wavespeed tomography, for several reasons. First, dense
seismic networks are needed in order to achieve the good coverage in backazimuth and
incidence angle required for tomography. This challenge is always present for tomographic
inversions of geophysical data, but is more acute for shear wave splitting tomography
because individual splitting measurements are far more difficult to make than simple
traveltime measurements. A second challenge comes from the fact that 21 elastic
parameters are needed fully to describe the most general elastic tensor, in contrast to the
single parameter needed to describe isotropic wavespeed; this means that inverting for
laterally varying general anisotropy is much more ill-posed than traditional seismic
tomography inversions. Of course, the parameter space can (and must) be substantially
reduced in order to make shear wave splitting tomography feasible, but it is important to be
sure that the assumptions made in reducing the number of parameters that describe
anisotropy are reasonable.

Early work on the inversion of shear wave splitting parameters, in combination with P
wave travel time residuals, was done by Sileney and Plomerova (1996) and Plomerova
et al. (1996), who inverted data from the western US and Fennoscandia for a set of
parameters that describe a homogeneous anisotropic media with a dipping axis of either
hexagonal or orthorhombic symmetry. These early studies solved for a homogenous
anisotropic structure at depth, but the availability of dense array data is beginning to allow
for the development of techniques to solve for laterally and vertically heterogeneous
anisotropy at depth using tomographic methods. For example, Riimpker et al. (2003) and
Ryberg et al. (2005) developed a method to invert SKS splitting observations across a very
dense network of short-period sensors across the Dead Sea transform fault for a 6-block
anisotropic model at depth.

In the past few years, theoretical and practical developments towards carrying out full
tomographic inversions of splitting measurements have proceeded along two parallel
tracks. One of these (Abt and Fischer 2008; Abt et al. 2009) has focused on carrying out
local splitting tomography using a ray theoretical approach, with application to data sets
acquired in subduction zone settings using earthquakes located in the subducting slab to
obtain a set of crossing rays that sample the mantle wedge. The inversion approach
described by Abt and Fischer (2008) utilizes measurements made by the transverse
component minimization method (Silver and Chan 1991) and the model space is described
using a 3-D block parameterization which allows for axes of symmetry that are described
by an azimuth and a dip. The partial derivatives of the measured apparent splitting
parameters with respect to the model space parameters are calculated by carrying out ray
tracing for individual rays and progressively applying a rotation and time-shift to an
idealized input wavelet for each model block that approximates the effect of splitting. The
inversion itself uses an iterative, linearized, damped least-squares approach to solve for
changes to the starting model to converge upon a solution. The technique has been applied
to a set of local S measurements from the TUCAN experiment in Central America.

Another approach to the tomographic inversion of shear wave splitting uses a different
type of data, namely measurements of the teleseismic shear wave splitting intensity
(Chevrot 2000), and incorporates finite-frequency effects into the inversion framework.
Analytical expressions for finite-frequency sensitivity kernels for shear wave splitting
intensity were developed by Favier and Chevrot (2003) and Favier et al. (2004), and these
studies provided the first theoretical framework for considering full finite-frequency effects
on shear wave splitting measurements. Subsequent studies have explored various aspects of
incorporating finite-frequency sensitivity kernels into a tomographic framework (Chevrot
2006; Long et al. 2008) and on numerically calculating sensitivity kernels using an adjoint
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approach (Sieminski et al. 2008) or in realistic, heterogeneous starting models (Long et al.
2008).

The shear wave splitting intensity measurement introduced by Chevrot (2000) is, in
many ways, better suited to imaging anisotropic structure through tomographic inversion
than single-record measurement methods which measure “apparent” splitting parameters
(¢, ot) in complex media. From a measurement point of view, the splitting intensity is a
more robust measurement (Chevrot 2000) that is less affected by subjective choices on the
part of the analyst such as filtering or windowing (Long and van der Hilst 2005b) and also
deals better with waveforms that exhibit null or near-null splitting. Finally, the splitting
intensity is commutative, unlike the so-called splitting operator (Silver and Chan 1991;
Silver and Savage 1994), which means that it can be summed along a ray (or throughout a
sensitivity kernel volume) and can be treated similarly to a traveltime delay in traditional
wavespeed tomography, as it can be linearly related to anisotropic perturbations at depth
(Chevrot 2006; Long et al. 2008; Sieminski et al. 2008).

Computations of full wave-equation sensitivity kernels for the splitting intensity are
similar in philosophy to finite-frequency kernels for isotropic travel times measured by
cross-correlation (e.g., Dahlen et al. 2000; de Hoop and van der Hilst 2005), and the
kernels are then used to set up a linearized tomographic inversion for a carefully chosen set
of anisotropic parameters. Splitting intensity sensitivity kernels are obtained by solving the
partial differential equations (PDEs) that govern wave-equation splitting tomography; the
kernel expressions can then be evaluated approximately (using single-scattering Born
theory) either analytically (Chevrot 2006) or numerically (Long et al. 2008), in some cases
by utilizing adjoint computations (Sieminski et al. 2008). An example of 2-D splitting
intensity sensitivity kernels for an SKS arrival for the parameterization used by Long et al.
(2008) is shown in Fig. 8.
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Fig. 8 Example of 2-D finite-frequency sensitivity kernels for SKS waves, after Long et al. (2008). The
kernels are calculated with respect to two parameters: the anellipticity parameter, which represents the
strength of anisotropy, and the dip of the symmetry axis from the horizontal. Green colors indicate zero
sensitivity, while red and blue indicate strong sensitivity (positive or negative). The kernels are calculated
with respect to a homogeneous background model with a horizontal axis of symmetry; for further details, see
Long et al. (2008)
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3 Linking Shear Wave Splitting to Mantle Processes

Seismic anisotropy in the Earth’s mantle is a consequence of deformation, whether through
LPO or SPO, and it is this link between mantle flow and the geometry and strength of
anisotropy that drives much of the scientific interest in shear wave splitting as a geo-
physical technique. Recent overviews of experimental mineral physics results relating to
mantle anisotropy have been published by Mainprice (2007), Karato et al. (2008) (for
upper mantle anisotropy), and Yamazaki and Karato (2007) (for D" anisotropy), and for a
more detailed review of the mineral physics literature we refer the reader to these publi-
cations. Here, we provide a brief overview of the experimental constraints on the rela-
tionship between deformation and the resulting anisotropy and a general summary of
recent advances relevant to the interpretation of shear wave splitting measurements.

3.1 The Upper Mantle

It is generally agreed that LPO in olivine makes the primary contribution to upper mantle
anisotropy; it is volumetrically most important and has a single-crystal shear wave
anisotropy of ~18% (see, e.g., Mainprice 2007). Most of the constraints we have on the
relationships between deformation and the resulting LPO come from experiments done on
olivine aggregates or from the petrographic analysis of mantle-derived rocks. It is generally
thought that deformation in the dislocation creep regime is required to produce LPO; in
contrast, diffusion creep does not produce LPO and in fact efficiently wipes out any
preexisting fabric (e.g., Karato and Wu 1993). The discussion of upper mantle LPO that
follows therefore focuses on experiments that have been carried out in the dislocation creep
regime. Recent experimental results, however, have provided some evidence that defor-
mation in the diffusion creep regime can produce LPO in anhydrous two-phase aggregates
deformed at low stresses (Sundberg and Cooper 2008), and such a mechanism may
potentially be applicable to some regions of the mantle.

Until recently, a very simple relationship was used to infer upper mantle flow beneath a
seismic station from shear wave splitting measurements, based on measurements of LPO in
naturally deformed peridotite rocks (e.g., Christensen 1984; Nicolas and Christensen 1987)
and in samples deformed in the laboratory in simple shear (e.g., Zhang and Karato 1995).
These studies suggested that the fast axis of olivine tends to align with the maximum shear
direction for large strains (~100% or greater), which implies that the fast splitting
direction measured at a seismic station for nearly vertically propagating S phases roughly
corresponds to the direction of (horizontal) maximum shear beneath that station. (For the
case of vertical shear, the fast direction would align vertically and for a TI medium, there
would be no splitting of vertically propagating S waves.) However, a series of experiments
by Jung and Karato (2001) produced a dramatically different result: when olivine samples
that contained a significant amount of water incorporated into the crystal structure (~200—
1,200 ppm) were deformed at high stresses and relatively low temperatures, the fast
direction tended to align 90° away from the flow direction. They termed this geometry
“B-type” olivine fabric and suggested that it might explain, for example, observations of
trench-parallel fast directions in the mantle wedge above subducting slabs (discussed
further in Sect. 4.1.5).

Since the work of Jung and Karato (2001), subsequent experiments have shown that
LPO geometry in deformed olivine aggregates depends strongly on the experimental
conditions, namely on stress, temperature, and water content. Studies by Katayama et al.
(2004), Jung et al. (2006), and Katayama and Karato (2006) mapped out the occurrence of
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five different olivine fabric types (the original A-type plus B-, C-, D-, and E-types). Karato
et al. (2008) suggested that that the asthenospheric upper mantle may generally be dom-
inated by E- or C-type olivine rather than the traditionally assumed A-type. Natural
occurrences of each of the olivine fabric types recognized in the laboratory have been
identified, notably B-type fabric from convergent boundaries (e.g., Mizukami et al. 2004;
Skemer et al. 2006) and C-type fabric from deep mantle samples (see, e.g., Katayama and
Karato 2006). However, global databases of fabric types for natural peridotite samples
(Ben Ismail and Mainprice 1998) show that B-, C-, and E-type fabrics make up very small
percentages of the global population (approximately 7, 7, and 2%, respectively; Mainprice
2007), and most samples are A- or D- type. Of course, there is potentially a sampling bias
in the geological record (since samples come from unusual locales such as kimberlite pipes
and ophiolites), so this may not accurately reflect the statistical distribution of fabric types
in the mantle. From the point of view of interpreting shear wave splitting measurements,
the only fabric type that dramatically changes the geometrical relationship between flow
and fast splitting direction is B-type. Based on experimental results and natural samples
(Jung and Karato 2001; Mizukami et al. 2004; Katayama and Karato 2006; Karato et al.
2008) and geodynamical modeling (Kneller et al. 2005, 2008), B-type fabric has been
thought to be restricted to limited regions of the upper mantle, namely the forearc corner of
some subduction zone mantle wedges.

While the dependence of olivine fabric on stress, temperature, and water content has
been fairly well established, its possible dependence on pressure has been a topic of
some debate. A few studies have claimed experimental support for a pressure-induced
fabric transition in olivine, including Couvy et al. (2004), Mainprice et al. (2005), and
Raterron et al. (2007). However, it has been debated whether the observed transitions
were in fact due to pressure or if they were influenced by other factors, such as stress or
water content (Karato et al. 2008). A recent study by Jung et al. (2009) on dry olivine
reported a transition from A-type to B-type fabric at ~3GPa, which corresponds to a
depth of ~90 km in the mantle. Taken at face value, these experimental results would
suggest that B-type fabric might dominate the upper mantle below 90 km. However, as
Jung et al. (2009) point out, their work covers a limited set of experimental conditions
and, as discussed below, the applicability of this set of experiments to the upper mantle
remains uncertain.

The presence of small amounts of partial melt can also affect the anisotropic properties
of a volume of mantle rock. Melt can affect anisotropy through an SPO effect; because its
elastic properties are dramatically different from the surrounding matrix, deformation may
produce alignment of melt into sheets, tubules, disks, or other configurations, leading
to SPO-related anisotropy (e.g., Zimmerman et al. 1999). It has also been suggested
(Holtzman et al. 2003) that the presence of partial melt can alter olivine LPO development
in the polycrystalline matrix, changing by 90° the relationship between the shear direction
and the fast splitting direction. There has, however, been some debate about the applica-
bility of the experimental geometry used by Holtzman et al. (2003) to the Earth’s mantle
(Karato et al. 2008). Partial melt is only present in the Earth’s mantle in very specific and
localized tectonic settings (i.e., directly beneath island arcs, mid-ocean ridges, and actively
extending rift zones), and while melt has been invoked to explain shear wave splitting
patterns in a few localized regions (e.g., the East African Rift; Kendall et al. 2004), models
invoking only olivine LPO development due to solid-state mantle flow have successfully
explained splitting observations even in a mid-ocean ridge setting where partial melt is
present (Blackman and Kendall 2002; see also Mainprice 2007). It is thus likely that LPO
in olivine is the dominant source of anisotropy in the upper mantle, with SPO playing at
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most a minor role. This is in marked contrast to the crust, where fluid-filled cracks appear
to be the dominant source of anisotropy.

With all of the new experimental mineral physics results on the olivine LPO “fabric
diagram,” where does this leave shear wave splitting practitioners? From a splitting point
of view, the only olivine fabric type that changes the expected relationship between mantle
flow and the resulting fast splitting direction is B-type, although other seismological
observables such as surface waves may be used to distinguish between, for example, A-,
C-, or E-type fabric in the asthenospheric mantle (Karato et al. 2008). Because experi-
mental work has suggested that B-type fabric is associated with significant water content,
low temperatures, and high stresses, its possible occurrence has been thought to be limited
to the mantle wedge above subduction zones (Karato et al. 2008). Outside of the mantle
wedge, the traditional relationship that the measured fast polarization direction corresponds
to the mantle maximum shear direction has generally held up (e.g., Mainprice 2007; Karato
et al. 2008; Becker et al. 2003; Behn et al. 2004; Conrad et al. 2007).

A pressure-induced transition to B-type fabric at upper mantle depths, as suggested by
Jung et al. (2009), would call that assumption into question. However, the suggestion that
the mantle may be dominated by B-type fabric below ~80-90 km, as implied by the Jung
et al. (2009) experiments, is difficult to reconcile with both seismological observations and
with the rock record. For example, models of upper mantle flow that take into account plate
motion and mantle density heterogeneity have been extremely successful at explaining
observations of anisotropy beneath ocean basins with an A-type fabric assumption; this is
true for both shear wave splitting measurements (e.g., Behn et al. 2004; Conrad et al. 2007)
and models of anisotropy from surface waves (e.g. Becker et al. 2003; Becker 2008).
Global surface wave models of the depth distribution of azimuthal anisotropy (e.g.,
Debayle et al. 2005) do not show evidence for a drastic change in olivine fabric type at
upper mantle depths. Additionally, the observation that only ~7% of natural mantle
peridotites have B-type fabric (Mainprice 2007) is difficult to reconcile with an upper
mantle that is dominated by B-type olivine, and there are observations of sheared mantle
lherzolites from depths of 150-200 km that exhibit A-type fabric (Karato et al. 2008).
However, the experiments of Jung et al. (2009) are important in establishing laboratory
evidence for a pressure-induced olivine fabric transition, and the extension of such high-
pressure deformation experiments to a larger range of temperature and stress conditions, as
well as to samples with significant water content, will shed further light on the applicability
of these results to the Earth’s mantle. (We note that the deviatoric stresses in the Jung et al.
experiments were significantly higher than those than would be expected for the
asthenospheric upper mantle.) The shear wave splitting community awaits further exper-
imental results on a pressure-induced fabric transition with great interest, but until the
applicability of such experiments to the Earth’s mantle is more firmly established, the
A-type fabric assumption is likely to remain the dominant relationship for interpreting
shear wave splitting measurements in most tectonic settings.

3.2 The Transition Zone and Lower Mantle

In contrast to the large amount of published literature available on olivine LPO, there is a
dearth of experimental constraints on deformation and LPO of transition zone and lower
mantle minerals, mainly due to the challenges involved with performing deformation
experiments at the pressures associated with the transition zone and lower mantle. There is
some observational evidence for anisotropy in the transition zone, mainly from surface
wave and normal mode observations (e.g., Trampert and van Heijst 2002; Beghein and
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Trampert 2004; Beghein et al. 2008). By contrast, comparisons of shear wave splitting
from core phases and deep local S phases or converted phases do not generally turn up
evidence for splitting associated with transition zone anisotropy, with only a few excep-
tions (e.g., Fouch and Fischer 1996; Iidaka and Niu 1998). The development of LPO in
wadsleyite, which has an intrinsic shear wave anisotropy of ~ 13% (Mainprice 2007) has
been simulated using polycrystalline plasticity modeling by Tommasi et al. (2004).
Overall, however, there is very little experimental data on LPO development in transition
zone materials (Karato 2008). Beneath the transition zone, it is generally inferred that there
is little or no contribution to shear wave splitting from lower mantle anisotropy. Based on
the observation of apparent lower mantle isotropy (with the exception of D”, discussed in
the next section), it has been suggested that the lower mantle may be deforming via
diffusion creep rather than a dislocation creep mechanism and therefore no LPO is pro-
duced (e.g., Karato and Li 1992; Karato et al. 1995). Some experimental results, however,
provide support for dislocation creep in the uppermost lower mantle (Cordier et al. 2004)
and there are a few observational studies that claim evidence for a contribution to shear
wave splitting from anisotropy in this depth range (e.g., Wookey et al. 2002).

3.3 The D” Region

In contrast to the overlying lower mantle, observations of seismic anisotropy in the D"
layer at the base of the mantle are abundant, and both SPO- and LPO-type models have
been proposed (e.g., Kendall and Silver 1998; Lay et al. 1998; Karato 1998). Models that
invoke SPO as a mechanism for generating anisotropy in D” rely on the presence of a
material in the lowermost mantle with elastic properties that sharply contrast with the
surrounding matrix. This could take the form of partial melt, which is often invoked as the
cause of that ultra-low velocity zones (ULVZs) that are intermittently observed at the base
of the mantle, of compositionally distinct subducted materials that have made their way to
the CMB, or of infiltrated Fe from the core (e.g. Kendall and Silver 1998). Most of the
work that has been done to address the feasibility of SPO-type models has used equivalent
medium theory or other forward modeling techniques to predict the bulk elastic constants
of SPO media and to evaluate the effect of the resulting anisotropy on shear waveforms
(e.g., Kendall and Silver 1998; Moore et al. 2004; Hall et al. 2004). The consensus from
these studies is that SPO-type models generally do a good job of matching the seismo-
logical constraints.

Models that invoke the LPO of lowermost mantle minerals can also plausibly explain
splitting observations in D” if deformation is being accommodated via dislocation creep
(e.g., Karato 1998). A recent review of experimental constraints on LPO in lowermost
mantle minerals can be found in Yamazaki and Karato (2007) and we provide only a brief
summary here. The mineral phases that could contribute to LPO-induced anisotropy in D”
include perovskite, ferropericlase, and the recently discovered post-perovskite phase.
(Mg,Fe)O ferropericlase, although it makes up perhaps 20-25% of the lower mantle by
volume, has a very large intrinsic shear wave anisotropy (~50% or more) at depth;
perovskite is considerably less anisotropic (e.g., Karki et al. 1999; Wentzcovitch et al.
2006; Mainprice 2007; Marquardt et al. 2009). The single-crystal elasticity of post-
perovskite is not yet well understood; several different sets of elastic constants obtained
from first-principles calculations have been published (litaka et al. 2004; Stackhouse et al.
2005; Wentzcovitch et al. 2006) but discrepancies among studies exist.

While there are some data available on LPO development in lowermost mantle min-
erals, the experiments are nearly always done at pressure and/or temperature conditions

@ Springer



Surv Geophys (2009) 30:407-461 433

that are far removed from those found at the CMB, or, in the case of post-perovskite, done
on analog materials. Fabric development in (Mg,Fe)O aggregates at large shear strains has
been explored by several different studies (Yamazaki and Karato 2002; Merkel et al. 2002;
Heidelbach et al. 2003; Long et al. 2006) and the experimentally determined LPO patterns,
in combination with single-crystal elastic constants at D” pressures, generally result in
shear wave splitting predictions that are consistent with seismological observations. Spe-
cifically, the LPO of (Mg,Fe)O appears to correctly predict dominantly Vsy > Vgy
anisotropy for horizontally propagating phases and little or no splitting of more vertically
propagating phases such as SK(K)S (e.g., Long et al. 2006). Deformation experiments on
post-perovskite analogs have been performed by Yamazaki et al. (2006) on CaTiO; and by
Merkel et al. (2006) on MgGeOs5. Merkel et al. (2007) carried out deformation experiments
on MgSiO; post-perovskite and found that the predicted shear wave splitting patterns do a
generally poor job of matching the seismological constraints, although there is a great deal
of uncertainty about the application of experiments done at ambient temperature to the
Earth’s mantle. Experiments on analog materials at high temperatures (e.g., Yamazaki
et al. 2006) may in fact be more relevant (Karato 2008), and shear wave splitting predicted
from the experimentally determined LPO patterns of Yamazaki et al. (2006) for CaTiO;
post-perovskite are more consistent with the observations (Wookey and Kendall 2007).
The LPO data for lowermost mantle phases remain incomplete, but it is likely that both
ferropericlase and post-perovskite contribute to any LPO-induced anisotropy, and if
regions dominated by perovskite exist in the D” layer, there may be a contribution from
perovskite as well (Mainprice et al. 2008).

4 Measurements and Interpretation in Different Tectonic Settings

With the measurement methods examined in Sect. 2 and the experimental mineral physics
constraints discussed in Sect. 3 in mind, we now turn our attention to shear wave splitting
measurements obtained in a variety of regions and their interpretation in terms of mantle
flow/deformation. We focus our discussion on the upper mantle and the D” region, because
constraints on transition zone and lower mantle anisotropy from shear wave splitting are
sparse and several studies have found that these regions generally make little or no con-
tribution to splitting observations (with a few notable exceptions). An exhaustive compi-
lation of every shear wave splitting study in the published literature is far beyond the scope
of this paper, and for additional references and discussion we refer the reader to recent
overviews of splitting observations in different settings, such as those of Fouch and
Rondenay (2006) for continental interiors, Long and Silver (2008) for subduction zones,
and Wookey and Kendall (2007) for D”.

4.1 Upper Mantle Anisotropy
4.1.1 Ocean Basins

Because of the paucity of broadband seismic stations located in ocean basins, the avail-
ability of shear wave splitting constraints in the oceans is limited (e.g., Conrad et al. 2007).
Individual splitting measurements can be difficult to carry out for noisy stations located in
an oceanic environment and stacking techniques are often useful (e.g., Wolfe and Silver
1998). It is instructive to examine shear wave splitting patterns in the ocean basins away
from spreading centers, upwellings, and subduction zones, as mantle flow in the ocean
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basins is likely controlled by simple shear within the asthenospheric mantle. The ocean
basins therefore provide an excellent test case for whether simple geodynamical models of
mantle flow can match splitting observations, and what assumptions about olivine LPO are
required to do so. Sparse shear wave splitting datasets can be augmented with constraints
on azimuthal anisotropy from surface wave inversions (e.g. Debayle et al. 2005), which
have better spatial coverage (though poorer lateral resolution) than splitting measurements
and which provide the additional advantage of placing depth constraints on anisotropic
structure.

Constraints on azimuthal anisotropy beneath the ocean basins are best evaluated in the
context of the predictions made by geodynamical models. Recent modeling studies by
Behn et al. (2004) and Conrad et al. (2007) have attempted to match observed shear wave
splitting patterns in the ocean basins with instantaneous flow calculations that take into
account both plate motions and active mantle flow due to density heterogeneities at depth
(inferred from tomographic models). Behn et al. (2004) carried out splitting measurements
for a group of stations in the Atlantic and Indian Oceans surrounding Africa, and found that
models incorporating plate motions and large-scale upwelling due to the African Su-
perplume matched the observations well. A similar study by Conrad et al. (2007) found an
excellent match between shear wave observations in ocean basins and the predictions from
global numerical models of mantle flow (Fig. 9). Complementary studies by, e.g., Becker
et al. (2003) and Maggi et al. (2006) have had similar success in predicting the distribution
of upper mantle azimuthal anisotropy (as constrained by surface waves) using global
models of mantle flow and/or plate motions. Because these studies assumed an A-type (or
similar) olivine fabric geometry, the success of these modeling studies in matching
observations of azimuthal anisotropy suggests that the traditional relationship between
strain and anisotropy (that the fast splitting direction roughly corresponds to the upper
mantle direction of maximum shear) is the correct one for interpreting splitting beneath

(a) Atlantic Ocean Basin (Misfit = 21°) (b) Pacific Ocean Basin (Misfit = 11°)

‘ — Plate+Density Driven Flow =—o— SWS Fast Polarization Direction

Fig. 9 Comparison between splitting observations in the Atlantic Ocean basin a Pacific Ocean basin b and
model predictions from the work of Conrad et al. (2007). Splitting observations are shown in blue and the
splitting predictions from a flow model that takes into account both plate-driven flow and flow driven by
density heterogeneities in the mantle are shown with black bars. The root-mean-square misfit is ~21° for
the Atlantic and ~ 11° for the Pacific, roughly on the order of (or smaller than) the measurement errors. The
assumption of A-type (or similar) olivine fabric was used in this study, demonstrating that the splitting
observations are not compatible with the upper mantle being dominated by B-type fabric at asthenospheric
depths
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ocean basins. Although shear wave splitting constraints in ocean basins are sparse, the
measurement and interpretation of splitting in this simple tectonic regime is very important
to our understanding of how to relate splitting observations to mantle flow, because the
observations are well-matched by large-scale geodynamical models that predict flow and
the resulting anisotropy.

4.1.2 Continental Regions

Another region where shear wave splitting can provide important constraints on mantle
structure and dynamics is in the study of continents. There are two basic problems that can
be addressed by these data. The first is assessing the existence and character of a
mechanical asthenosphere that concentrates shear. As noted above, anisotropy in the ocean
basins is dominated by asthenospheric flow, demonstrating the existence of a well-
developed asthenosphere there. It has been debated for decades whether such an
asthenosphere is present beneath continents as well and, if so, whether its nature is dif-
ferent from the sub-oceanic asthenosphere (e.g., Froidevaux and Schubert 1975; Schmeling
and Bussod 1996; Schutt and Humphreys 2001; Rychert et al. 2007). The other problem
relates to the role of the lithospheric mantle in orogenic deformation. Geological obser-
vations have provided an excellent characterization of the crustal response to this defor-
mation, but it remains controversial what the mantle’s role is and this issue can be
addressed by studying mantle seismic anisotropy. In general, anisotropy beneath the
continents is more challenging to study than anisotropy beneath the oceans, primarily
because there can be anisotropic contributions from both the lithosphere and astheno-
sphere, and the lithospheric component shows strong spatial variability (e.g., Silver 1996;
Savage 1999; Fouch and Rondenay 2006). On the other hand, there are extensive splitting
data for the continents. Indeed, the vast majority of splitting observations sample anisot-
ropy in the subcontinental mantle. Most encouraging, the recent deployment of large arrays
of stations in areas of geologic interest, along with Global Positioning System (GPS)
measurements to provide a characterization of the surface deformation, have permitted at
least a partial resolution of these issues, and consequently progress in our understanding of
the mantle’s role in continental dynamics.

Rather than present an exhaustive review of continental anisotropy from splitting (see
Fouch and Rondenay 2006 for a review of splitting in stable continental regions), we
discuss two actively deforming plate boundary zones that exhibit end-member behaviors
regarding the relative contributions of the lithosphere and asthenosphere: westernmost
North America and Central Asia. These regions also illustrate methods of using quanti-
tative hypothesis tests to assess the primary cause of the anisotropy. They are also char-
acterized by having the extensive coverage in terms of splitting observations, helped by
recent large-array deployments in both areas as well as extensive GPS data sets. This
allows for a joint analysis (e.g. Holt 2000) of the splitting and GPS data sets which permits
the quantitative evaluation of both asthenospheric and lithospheric contributions to mantle
anisotropy.

In the case of asthenospheric flow, it is assumed that the GPS surface velocity field
constitutes a velocity boundary condition at the top of the asthenosphere (i.e., the
velocity at the top of the asthenosphere is equal to the velocity at the surface) and that
the bottom of the asthenosphere is assumed to translate at a constant velocity. The
asthenospheric shear is then assumed to be parallel to the local vectorial difference
between the top and bottom of the asthenosphere, and it is usually further assumed that
the a-axis of olivine and, for vertically propagating shear waves, the splitting fast
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polarization direction is oriented parallel to this direction. As long as the surface field is
laterally varying, a unique minimum misfit solution for subasthenospheric velocity can be
obtained (Silver and Holt 2002).

Another important endmember case is more appropriate to describe lithospheric
deformation. Consider lithospheric deformation where the crust and mantle components of
the lithosphere deform coherently. This style of deformation is termed vertically-coherent
deformation (e.g. Silver 1996) and is assumed to occur when making the so-called thin-
viscous-sheet approximation. In this case the finite strain field of the crust and mantle will
be identical. Thus a simple test for this style of lithospheric deformation is that the surface
field, inferred from GPS, can be used to predict the mantle field and ultimately the splitting
fast polarization direction. As in the asthenospheric case, the corresponding misfit between
modeled and measured fast polarization directions is a measure of the success of this
model. Compared to the asthenospheric case, the lithospheric deformation case is more
complex, because there is a broader range of finite strain geometries. For asthenospheric
flow, the mantle deforms by progressive simple shear with a horizontal shear plane. The
GPS velocity is used to define the azimuth of the horizontal shear. In the case of litho-
spheric deformation, the mantle can deform by simple shear, either right- or left-lateral pure
shear, or intermediate cases. As discussed by Wang et al. (2008), it is nevertheless possible
to address this problem if it can be assumed that the mantle deforms by either simple shear
or pure shear (excluding intermediate cases), in which case the instantaneous maximum
shear directions are invariant for simple shear, and the instantaneous maximum extension
direction is invariant for pure shear. It is possible to distinguish between simple shear (right
or left lateral) and pure shear by utilizing the rotational component of the velocity gradient
tensor, after a correction has been made for rigid-body rotation (Wang et al. 2008) using the
line-rotation method (e.g., Holt and Haines 1993). If the surface field is a good predictor of
the mantle field, this is termed vertically coherent deformation. In addition to lithospheric
anisotropy produced by vertically coherent deformation, a possible contribution to the
splitting signal from anisotropy “frozen” into the lithosphere as a result of past tectonic
processes must also be accounted for (e.g. Silver 1996; Savage 1999).

4.1.2.1 Westernmost North America Shear wave splitting beneath the westernmost part
of the United States has been extensively studied (e.g., Savage and Silver 1993; Ozalaybey
and Savage 1995; Savage and Sheehan 2000; Schutt and Humphreys 2001; Polet and
Kanamori 2002; Fouch 2007; Long et al. in review) and there have been several recent
attempts to link these observations to active flow processes in the mantle in the context of
various models (e.g., Silver and Holt 2002; Becker et al. 2006; Fouch 2007; Zandt and
Humphreys 2008). With the ongoing Transportable Array (TA) component of USArray,
the picture of shear wave splitting and anisotropy beneath the continental United States
should improve dramatically in the near future, and determinations of the splitting patterns
at TA stations in the westernmost US are beginning to appear (e.g. Fouch 2007). There is
little obvious correspondence between shear wave splitting measurements and surface
geology, which tends to argue that active mantle flow in the asthenosphere is the likely
source of the anisotropy. Several workers have invoked asthenospheric flow models to
explain the western US splitting pattern. For example, Silver and Holt (2002) found that
simple asthenospheric flow provides an excellent fit to the observations in westernmost
North America, with an eastward subasthenospheric velocity of a few cm/year. This
eastward flow is well explained by density heterogeneity produced by the sinking of the
Farallon slab (Silver and Holt 2002; Becker et al. 2006).

@ Springer



Surv Geophys (2009) 30:407-461 437

Fig. 10 SKS splitting
parameters (red lines indicate
orientation of the fast axis and
the length of the bar is
proportional to delay time)
observed in the western US from
the compilation of Zandt and
Humphreys (2008). These
authors interpret the observed
pattern as evidence for toroidal
flow around the southern edge of
the Juan de Fuca slab; however,
other interpretations are possible
(e.g., Silver and Holt 2002;
Becker et al. 2006; Fouch 2007)

The pattern of anisotropy in the western US (Fig. 10) suggests that the simple flow
model proposed by Silver and Holt (2002) fails further to the East, where splitting ori-
entations rotate around to be nearly orthogonal to observations in the West. This charac-
teristic change has been has been explained in a variety of ways that argue for a
perturbation in the mantle flow field. For example, Savage and Sheehan (2000) attributed
this pattern to a mantle upwelling beneath central Nevada. More recently, Zandt and
Humphreys (2008) have argued that this flow field is more likely related to toroidal flow
around the southern edge of the descending Gorda-Juan de Fuca slab, because there is no
evidence for a plume. This is an intriguing hypothesis, and in many ways is similar to the
3-D flow field observed in other subduction zones (Long and Silver 2008). However, this
circular pattern is really defined by a few stations in the eastern Basin and Range, and a
more quantitative test of this hypothesis is desirable, where the instantaneous flow model is
actually used to predict splitting, as in Becker et al. (2006). [Zandt and Humphreys (2008)
compare splitting to the predicted velocity field for this model, but the anisotropic
geometry is in fact controlled by the finite strain, as noted above.] An alternate hypothesis
to explain the circular pattern of fast directions in the western US and, in particular, the
small delay times observed beneath central Nevada in the Great Basin has been recently
proposed by West et al. (2009), who invoke a localized downwelling due to lithospheric
delamination. As with the Zandt and Humphreys (2008) model, further evidence for or
against this scenario will likely come from detailed forward modeling studies. Another
important task is to evaluate the model of Silver and Holt (2002) for newly augmented data
sets to assess in detail the misfit of the simple asthenospheric flow model; such an exercise
would pinpoint more precisely the regions where additional mechanisms are needed.

4.1.2.2 Tibetan Plateau and Surrounding Regions The Tibetan Plateau is the quintes-
sential continent—continent collision. It has been an object of scientific study for at least the
past century and, since the advent of plate tectonic theory, has been used as a textbook
illustration of the success of the Wilson Cycle in explaining the mountain-building process
(e.g. Silver 2007). While both the exceptional topography of Tibet and its thickened crust
have been well-explained by the collision of two plates, there remains a long-standing
controversy as to the behavior of the lithospheric mantle during this collision. This is most
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clearly illustrated by the wide range of properties attributed to the mantle in current models.
While some models predict homogeneous thickening and shortening of the Tibetan Lith-
osphere (e.g. England and Houseman 1986), others predict mantle behavior that is distinctly
different from the crustal deformation, by, for example, advocating delamination of
thickened mantle lithosphere by a convective instability (e.g., Molnar et al. 1993) or by the
complete decoupling of crust and mantle by channelized flow in a low viscosity crust (e.g.,
Royden et al. 1997; Clark and Royden 2000). The question of whether or not the crust and
mantle components of the lithosphere exhibit vertically coherent deformation during
orogeny thus constitutes an important diagnostic in determining the actual style of conti-
nental deformation. Equally important, it is also unclear whether the dominant contribution
to the splitting signal is from the asthenosphere or lithospheric mantle. As discussed above,
this test can be performed by using a joint analysis of splitting and GPS.

Shear wave splitting at stations located on the Tibetan Plateau and its margins has been
studied extensively (e.g. McNamara et al. 1994; Huang et al. 2000; Flesch et al. 2005; Lev
et al. 2006; Sol et al. 2007; Wang et al. 2008) and a wealth of data is now available to carry
out the type of hypothesis testing described above. The two end-member models of
asthenospheric flow and vertically coherent deformation were evaluated by Wang et al.
(2008), making use of nearly 200 splitting observations and 2000 GPS observations in a
joint analysis. It was found that the vertically coherent deformation model provided an
excellent fit to the data (Fig. 11) and that this fit was much better than a model invoking
asthenospheric flow. This result suggests that (1) the mantle lithosphere dominates the
anisotropic signal in Tibet, and (2) that the crust and mantle deform coherently during the
building of the Tibetan Plateau. Given the importance of gravitational relaxation in driving
deformation it can be further inferred that the crust and mantle are mechanically coupled
(Wang et al. 2008). This places a first-order constraint on deformation style for Tibet and
points to the importance of this joint splitting and crustal deformation analysis in studying
continental dynamics.

4.1.3 Mid-Ocean Ridges

As with the case of the ocean basins, the available shear wave splitting data in the vicinity
of mid-ocean ridges is fairly limited due to the difficulty and expense of deploying OBS
instrumentation. Splitting observations gleaned from the MELT experiment at the East
Pacific Rise (Wolfe and Solomon 1998) represent the most detailed picture available of
splitting due to mantle flow beneath an oceanic spreading center. A study of shear wave
splitting for the GLIMPSE experiment (Harmon et al. 2004), deployed directly to the West
of the MELT study area, provides a complementary picture of asthenospheric flow beneath
young seafloor adjacent to a mid-ocean ridge. Wolfe and Solomon (1998) found that
measured fast directions at all MELT stations are oriented approximately parallel to the
spreading direction (that is, perpendicular to the strike of the ridge). Although the observed
fast directions were very uniform, they found more spatial variation in ¢, with delay times
being generally higher (by ~0.5-1s) to the West of the ridge than to the East. The
observed pattern of fast directions is generally consistent with anisotropy controlled by
olivine alignment in a 2-D corner flow field, but contrary to the predictions made by a
model in which anisotropy is controlled by vertically aligned melt-filled cracks, which
would predict ridge-parallel fast directions close to the ridge (Wolfe and Solomon 1998).
Because a melt-rich olivine texture such as that observed in laboratory experiments of
Holtzman et al. (2003) would also predict ridge-parallel fast splitting directions for a 2-D
corner flow model, it is apparently unnecessary to invoke a contribution from melt to the
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Fig. 11 A map of shear wave splitting observations and model predictions from the surface deformation
field from Wang et al. (2008) for the Tibetan Plateau. The splitting observations are shown as blue bars and
model predictions for left-lateral simple shear (red), right-lateral simple shear (yellow), or pure shear
(green). The model used at a given station depends on the value of the kinematic vorticity number, as shown
in the legend. Note the strong correlation between the model predictions and the splitting observations

anisotropy inferred from the MELT splitting data set. In order to explain the MELT
observations, Wolfe and Solomon (1998) invoke two layers of anisotropy, both with a
ridge-perpendicular fast axis: one due to spreading-induced corner flow, and a second,
deeper layer due to return flow. Further to the West in the GLIMPSE study area, obser-
vations of ¢ continue to be dominated by spreading-parallel fast directions, but there is a
large variability in of (~ 1.2-2.2 s) that is interpreted as evidence for lateral heterogeneity
in upper mantle LPO, perhaps due to the onset of small-scale convection beneath young
seafloor (Harmon et al. 2004).

Although the availability of splitting constraints from mid-ocean ridges is limited, the
available data suggest that mantle flow beneath ridges (and the associated upper mantle
anisotropy) generally conforms to the expectations of a simple, 2-D corner flow-type model.
This has been borne out by subsequent modeling studies that invoke 2-D corner flow-type
models to explain the MELT observations (e.g., Nippress et al. 2007), sometimes in
combination with dynamically driven flow (from the Pacific superswell) or a passive
thermal anomaly (e.g., Blackman and Kendall 2002; Conder et al. 2002; Conder 2007). In
contrast, splitting observations from an extensional rift setting in Ethiopia have been
interpreted as having a significant contribution from melt-induced anisotropy (Kendall et al.
2004). Generally speaking, continental rift zones do not exhibit the extension-parallel fast
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directions observed in the vicinity of mid-ocean ridges (e.g., Gao et al. 1997), as borne out
by observations from the Rio Grande (Gok et al. 2002) and Baikal (Gao et al. 1994) rift
zones as well as eastern Africa (Kendall et al. 2004).

4.1.4 Mantle Upwellings

Several studies of shear wave splitting in the vicinity of putative zones of mantle
upwelling, including Hawaii (Walker et al. 2001), Yellowstone (Walker et al. 2004; Waite
et al. 2005), Iceland (Bjarnson et al. 2002), the Eifel hotspot (Walker et al. 2005a), and the
Society hotspot near French Polynesia (Russo and Okal 1998; Fontaine et al. 2007), have
been carried out. The pattern of splitting in and surrounding the Great Basin in central
Nevada (and, in particular, the dominance of null splitting or very low delay times in the
central Great Basin) has been interpreted as evidence for the interaction between North
American plate motion and a large-scale mantle upwelling (e.g., Savage and Sheehan
2000; Walker et al. 2005b), but has more recently been interpreted as evidence for a
localized downwelling due to lithospheric delamination (West et al. 2009). Shear wave
splitting in the vicinity of supposed mantle upwellings have typically been understood in
the context of interactions between vertical upwelling flow and simple shear between the
lithospheric mantle and the asthenosphere, a consequence of absolute plate motion (APM).
For example, Walker et al. (2001) examined shear wave splitting around the Hawaii
hotspot and noted a spatial pattern in fast directions that they explained in terms of a
parabolic asthenospheric flow model, in which a plume impinges on a moving lithospheric
plate [see also Vinnik et al. (2003) and Walker et al. (2003)]. Similar models have been
invoked to explain a semicircular pattern of fast directions in the vicinity of the Eifel
hotspot (Walker et al. 2005a, b) and to explain the spatial distribution of fast directions in
the eastern Snake River Plain adjacent to the putative Yellowstone hotspot (Walker et al.
2004). Waite et al. (2005) interpreted measured fast directions in the Yellowstone region as
being generally consistent with APM, although the effect of aligned melt was invoked to
explain the observed splitting at a few stations. A model that combines the effect of mantle
upwelling with APM, resulting in parabolic flow in the asthenosphere, has been successful
at explaining splitting patterns in some regions associated with mantle upwelling, but has
proved less successful in regions such as Iceland (Bjarnason et al. 2002; Walker et al.
2005b) or Afar (Gashawbeza et al. 2004; Walker et al. 2005b). In particular, the splitting
patterns observed in Iceland appear to be best explained by mid-ocean ridge spreading
along with northward motion of the subasthenospheric mantle in a hot spot reference frame
(Bjarnason et al. 2002).

4.1.5 Subduction Zones

Subduction zones have been among the most popular targets for shear wave splitting
studies, and since early work by, e.g., Ando et al. (1983), Fukao (1984), and Bowman and
Ando (1987), a plethora of splitting studies using data from subduction regions has become
available (for an overview, see Long and Silver 2008). A typical example of splitting
patterns observed in a subduction zone setting from Japan is shown in Fig. 12. Subduction
zones are among the most complicated tectonic settings on Earth and the interaction of the
mantle flow field with downgoing slabs remains poorly understood, which makes sub-
duction zone regions an exciting scientific target for shear wave splitting practitioners.
However, because the structure of subduction zones is complicated, the contributions from
anisotropy from various parts of the subduction system (the overriding plate, the mantle
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Fig. 12 An example of spatial variations in splitting patterns in a subduction zone region, after Long and
van der Hilst (2005a). Average splitting parameters for teleseismic shear phases are plotted at the station
locations; stations which exhibit significant splitting but very complex splitting patterns are shown with a
triangle. Dashed lines show the contours of the subducting Pacific and Philippine Sea plates at 100 km
intervals

wedge, the subducting slab, and the sub-slab mantle) to splitting measurements must be
properly accounted for. An astonishing diversity in splitting patterns has been identified in
different regions from both local S phases (from earthquakes originating in the slab) and
teleseismic phases such as SKS and direct S, including both trench-parallel and trench-
perpendicular fast directions (with some oblique directions as well) and widely variable ¢
values. A variety of models has been proposed to explain shear wave splitting observations
in specific regions, including those that invoke 2-D corner flow (e.g., Fischer et al. 2000;
Hall et al. 2000), B-type olivine fabric (e.g., Nakajima and Hasegawa 2004; Long et al.
2007b; Kneller et al. 2008; Jung et al. 2009), trench-parallel flow above (e.g., Smith et al.
2001; Conder and Wiens 2007; Hoernle et al. 2008) or below (Russo and Silver 1994,
Long and Silver 2008) the slab, foundering of lower crust beneath the island arc (Behn
et al. 2007), transpression due to oblique subduction (Mehl et al. 2003), anisotropy due to
aligned hydrated faults in the slab (Faccenda et al. 2008), or some combination of these
mechanisms. It has proven difficult, however, to identify a unique, synoptic model for
subduction zone anisotropy that can explain the global variability in splitting observations.

Elucidating the processes that lead to the complex splitting patterns observed in Japan
(Fig. 12) and elsewhere can be difficult, but one promising approach to the study of flow
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patterns in subduction zones is to look at average splitting parameters found globally in
subduction regions and to try to identify correlations with other parameters that describe
subduction. Because several dozen splitting studies have been carried out in subduction
zone settings, there is a wealth of data available and such a global approach is feasible.
Long and Silver (2008) constructed a global data set of average splitting parameters (¢, or)
for both the wedge region (from local S splitting) and for the sub-wedge region, which
comprises the subducting slab and the sub-slab mantle (from a comparison of teleseismic
and local splitting in addition to source-side splitting). Identifying average splitting
parameters for different subduction zones (or subduction zone segments) involves con-
siderable simplifying assumptions and does not take into account the full spatial hetero-
geneity observed in many regions, but the aim of such an exercise is to determine the first-
order properties of the global splitting signal and the associated mantle flow field.

Long and Silver (2008) found that the sub-wedge splitting signal is relatively simple,
and an updated version of the global database that includes constraints from source-side S
splitting measurements confirms this observation. The sub-wedge splitting signal is
overwhelmingly dominated by trench-parallel fast directions, with only a few exceptions
(most notably Cascadia; Currie et al. 2004). The global sub-wedge splitting signal appears
to be simple, but the preponderance of trench-parallel fast directions and the wide range of
observed delay times are contrary to the expectations of a simple 2-D entrained flow model
if A-type (or similar) olivine fabric is assumed. Long and Silver (2008) carried out
comparisons between the average sub-wedge split time and a host of other parameters that
describe subduction, such as convergence velocity, slab dip, and obliquity angle, and
identified a clear correlation between sub-wedge delay time and the absolute value of the
trench migration velocity in a hot spot reference frame [V,] (Fig. 13). We interpret the sub-
wedge signal as being mainly due to anisotropy beneath the slab, for several reasons: in
particular, we do not observe any correlation between delay time and slab age (thickness),
and the geometry of the anisotropy appears to be controlled by the geometry of the trench
and does not correlate with fossil spreading directions. There is no obvious mechanism to
explain the global variation in sub-wedge delay times with a model invoking anisotropy
within the slab; we instead interpret the correlation between 0 and |Vl as evidence that the
sub-wedge splitting signal is controlled by trench-parallel sub-slab mantle flow induced by
trench migration.

In contrast to the relatively simple sub-slab splitting signal, splitting patterns in the
mantle wedge from local S splitting are much more variable. As with the sub-slab case,
large variability in average o¢ values are observed, with some mantle wedges appearing
nearly isotropic (e.g., Indonesia; Hammond et al. 2006) and others exhibiting split times of
up to ~1 s or more (e.g., Tonga; Smith et al. 2001). There is also a great deal of heter-
ogeneity in measured fast directions. A transition from trench-parallel splitting close to the
trench to trench-perpendicular further in the backarc has been observed in several regions
(e.g., northern Honshu; Nakajima and Hasegawa 2004), but the opposite transition has
been observed in a few regions, including Kamchatka (Levin et al. 2004). In some wedges,
the spatial pattern of fast directions is extremely complicated, such as central Japan (Salah
et al. 2008; Wirth and Long 2008). As with the sub-slab case, the pattern that would be
predicted for a simple corner flow model with A-type olivine fabric—dominantly trench-
perpendicular fast directions—is virtually absent from the global database. Arc-parallel
flow in localized channels (e.g., Pozgay et al. 2007), the presence of B-type fabric in the
forearc wedge (e.g., Nakajima and Hasegawa 2004), complex slab morphology (Kneller
and van Keken 2007), and the foundering of lower crust (Behn et al. 2007) have all been
invoked to explain the complex splitting patterns associated with anisotropy in the wedge.
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Fig. 13 a Plots demonstrating the relationships between average sub-slab and wedge delay times and trench
migration rates, after Long and Silver (2008). Left panel: average sub-slab Jt vs. the absolute value of trench
migration velocity, [V, for different subduction zones or subduction zone segments. Middle panel: average
wedge Ot vs. the normalized trench migration velocity (that is, IV,| normalized by the convergence velocity
V.. The legend is shown in the right panel. b A schematic diagram summarizing some of the mantle flow
processes, inferred from shear wave splitting measurements, that may be operating in subduction zones,
according to a model proposed by Long and Silver (2008)

As with the sub-slab case, Long and Silver (2008) compared average wedge Jt values to
other subduction-related parameters, and again found a correlation with trench migration
velocity: when Jr is plotted against the absolute value of the trench migration velocity
normalized by the convergence velocity, a clear pattern emerges (Fig. 13). Subduction
systems that are dominated either by downdip motion of the slab or by trench migration
tend to have large split times, while systems which have comparable convergence and
trench migration rates tend to have smaller o¢.

Based on these observed correlations, Long and Silver (2008) proposed a model in
which mantle flow in subduction systems is strongly influenced by the migration of
trenches with respect to the underlying mantle. A sketch of this model is shown in Fig. 13.
While the Long and Silver (2008) model appears to explain the first-order features of the
global splitting dataset, alternative models have also been proposed. These include a recent
model by Faccenda et al. (2008) that invokes the hydration of generally trench-parallel
faults in subducting slabs as a mechanism for generating trench-parallel SKS splitting.
Jung et al. (2009) have also suggested the possibility that the sub-slab mantle is dominated
by B-type olivine fabric, which would imply that the observed trench-parallel fast direc-
tions beneath slabs are due not to trench-parallel flow but to entrained flow. As discussed in
Sect. 3.1, however, the upper mantle beneath ocean basins appears to be dominated by
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A-type or similar fabric, and it is likely that the same relationship between strain and
anisotropy holds beneath subducting slabs.

Many fundamental questions remain about the character of the mantle flow field asso-
ciated with subducting slabs and the proper interpretation of shear wave splitting mea-
surements in a subduction zone environment. Ambiguities remain, for example, about
which olivine fabric types are important in different parts of the subduction system and
under what conditions B-type olivine fabric might exist in the mantle wedge (e.g., Karato
et al. 2008) and perhaps beneath the slab (Jung et al. 2009). From a measurement point of
view, it is difficult to distinguish between anisotropy in the subducting slab versus
anisotropy in the sub-slab mantle and therefore arguments about whether the data are better
fit by models that invoke anisotropy in the slab or in the sub-slab region are indirect (e.g.,
Long and Silver 2008; Faccenda et al. 2008). Further progress in characterizing and
understanding the contribution to splitting measurements from active mantle flow will likely
come from comparing splitting measurements from raypaths that sample the slab, wedge,
and sub-slab mantle in different combinations (from the measurement side) and from fully
3-D geodynamical modeling studies (numerical and analog) that take into account effects
such as trench migration, complex slab morphology, and the extent of mechanical coupling
between the slab and the surrounding mantle (from the modeling side).

4.2 The D” Region

Since early suggestions that the lowermost mantle may be anisotropic (e.g., Doornbos et al.
1986; Cormier 1986), a plethora of studies has been carried out using shear phases that pass
through the D” region. Most of these studies have turned up evidence that there is sig-
nificant anisotropy in D”, although its strength and geometry vary dramatically from region
to region. As discussed in Sect. 2.2.2, anisotropy in D” is usually inferred from the splitting
of phases that propagate nearly horizontally at the base of the mantle, such as S, ScS, and
Sdif» or (less often) by comparing splitting from phases that sample the upper mantle in a
similar way but have very different raypaths in the lower(most) mantle, such as SKS-
SKKS. In any case, studies that seek to isolate the contribution to shear wave splitting from
D” must account for the contribution to splitting from upper mantle anisotropy beneath the
receiver and any contribution from source-side anisotropy. Particularly in the presence of
complex anisotropy in the upper mantle beneath a seismic station, this correction can be
tricky, and this serves as an additional source of error in the characterization of D”
splitting.

A recent survey of studies of D” anisotropy can be found in Wookey and Kendall
(2007); here we provide a brief overview of the first-order constraints provided by these
studies. Many studies of D”-associated shear wave splitting, after correcting the waveforms
for the effect of upper mantle anisotropy beneath the receiver (and possibly near the
source), rotate the horizontal seismogram components into the radial-transverse coordinate
system, pick the arrival times for the SV and SH components, and then measure the
traveltime difference between the two. Very often, the SH component is found to lead the
SV component and Vsy > Vgy anisotropy is inferred. Measurements of differential trav-
eltimes of SV and SH components provide only limited information about the geometry of
anisotropy, but the simplest possible medium that can explain such discrepancies, namely
transverse isotropy with a vertical axis of symmetry (VTI), is often assumed. More
sophisticated measurement methods have been proposed which place tighter constraints on
the geometry of anisotropy; Wookey et al. (2005) proposed a method for measuring
differential S-ScS splitting which allows the dip of the symmetry axis in D” to be
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constrained. The possibility of anisotropy with a non-VTI symmetry has also been
explored through waveform modeling approaches, e.g. beneath the Caribbean (Garnero
et al. 2004a).

The two most studied regions of D”, popular because of favorable source-receiver
distribution, are located beneath the central Pacific and beneath the Caribbean. Beneath the
central and southeastern Pacific, anisotropy has been shown to be highly spatially variable
(e.g., Russell et al. 1999; Ford et al. 2006), with some studies finding evidence that D” is
isotropic (Kendall and Silver 1996) and others finding evidence for Vgy > Vgy (e.g.,
Ritsema et al. 1998) or Vgy > Vsy (e.g., Fouch et al. 2001) anisotropy. Beneath the
Caribbean, several studies have found evidence for Vsy > Vsy anisotropy (e.g., Rokosky
et al. 2004) and recent work has shown that anisotropy in this region is variable on very
short length scales (e.g., Rokosky et al. 2006) and has a significant non-VTI component
(e.g., Garnero et al. 2004a; Maupin et al. 2005). Beneath Alaska, D” anisotropy has been
studied by, e.g., Matzel et al. (1996) and Garnero and Lay (1997) and these studies infer
Vsu > Vsv anisotropy. Beneath the Atlantic, the D” layer appears to be isotropic or nearly
so (Garnero et al. 2004b). Additional studies that find evidence for Vsy > Vgsy anisotropy
have been performed beneath the Indian Ocean (Ritsema 2000), the Antarctic Ocean (Usui
et al. 2005), and Siberia (Thomas and Kendall 2002). Finally, observational evidence for a
dipping axis of anisotropic symmetry in D” has been identified beneath the northwest
Pacific (Wookey et al. 2005) and beneath Siberia (Wookey and Kendall 2008). Delay times
attributed to anisotropy in D” range from ~ 1 s up to ~ 10 s, corresponding (depending on
the path length of the phases of interest) to up to 5% shear wave anisotropy. While studies
of D”-associated shear wave splitting in horizontally propagating shear waves have been
very successful at supplying observational evidence for D” anisotropy, in generally they
suffer from fundamental limitations on raypath coverage, dictated by the distribution of
sources and receivers at the Earth’s surface. In practice this means that only limited regions
of D” have been studied so far using shear wave splitting, and for those that have been
studied, the azimuthal coverage is poor.

Based on these observations, it is possible to provide a picture of the first-order aniso-
tropic characteristics of D” (e.g., Karato 1998; Kendall and Silver 1998; Long et al. 2006;
Wookey and Kendall 2007). In most regions, Vsg > Vsy anisotropy appears to predomi-
nate, particularly beneath the Caribbean, Alaska, Siberia, Indian Ocean, and southwest
Pacific regions (Wookey and Kendall 2007). These regions correlate with regions pos-
sessing higher-than-average S wavespeed velocities from tomographic models; this sug-
gests that this style of anisotropy may be related to the presence of paleoslab material
directly above the CMB. This may be due to the increased probability of the presence of
post-perovskite in such regions (e.g., Hernlund et al. 2005), to large-scale regions of high-
strain deformation in the dislocation creep regime associated with the impingement of a slab
upon the CMB (e.g., McNamara et al. 2002), or to oriented melt pockets in the low-melting-
point (e.g. basaltic) portion of the slab (Kendall and Silver 1998). In other regions of D",
there is evidence for isotropy or very weak anisotropy; e.g., beneath the Atlantic (Garnero
et al. 2004b) or parts of the central and southeastern Pacific (Kendall and Silver 1996, 1998).
In general, D” beneath the central and southeastern Pacific region shows highly spatially
variable anisotropy, with evidence for both Vg > Vgy and Vgy > Vsy (e.g., Russell et al.
1998, 1999; Ford et al. 2006) and variations in observed splitting over short length scales.
Phases such as SK(K)S, which have more vertical raypaths in D” than phases such as S, S,
and (at teleseismic distances) ScS, generally appear to be unaffected by anisotropy in D”;
there is a general lack of splitting (or splitting less than ~0.2 s) of SK(K)S phases due to
anisotropy beneath the upper mantle in the global dataset (e.g., Meade et al. 1995; Niu and
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Perez 2004). This observation is generally consistent with VIT symmetry. However, studies
of SKS-SKKS splitting discrepancies indicate that localized regions of D” may contribute to
SK(K)S splitting (e.g., Niu and Perez 2004; Wang and Wen 2007; Long 2009), sometimes
with delay times up to ~3 s (Long 2009).

What does this first-order picture of D” anisotropy tell us about the responsible
mechanism and about dynamical processes at the base of the mantle? As pointed out by
Karato (1998), Long et al. (2006), Wookey and Kendall (2007), and others, the first-order
picture of D" anisotropy is consistent with both SPO- and LPO-type mechanisms, and it
remains difficult to discriminate between these two different types of anisotropy from the
available data. The relative contributions to possible LPO-induced anisotropy from dif-
ferent mineral phases, including (post)-perovskite and (Mg,Fe)O, also remain poorly
understood. Because of these uncertainties, we have not yet reached the point where
observations of D"-associated shear wave splitting can be interpreted in terms of local
mantle flow processes and/or the physical and chemical conditions present locally in D", as
can observations of upper mantle anisotropy. However, there are several promising
strategies for increasing our understanding of D” anisotropy and the responsible mecha-
nism(s), including seismological observations, geodynamical models, and mineral physics
experiments, and we discuss some of these strategies in Sect. 5.2.2.

5 Outlook, Challenges, and New Directions

Recent progress in characterizing mantle anisotropy from shear wave splitting measure-
ments and in understanding the dynamical processes that operate to produce that anisot-
ropy has been exciting and rapid. However, many questions about the characterization of
complex anisotropic structures in the mantle and the relationships between mantle flow and
the resulting anisotropy persist, and even first-order questions about the mechanisms
responsible for anisotropy and about the details of mantle flow processes in different
tectonic settings remain unanswered. With the ongoing explosion in the availability of
broadband seismic data, particularly from dense arrays, and with the recent progress in
splitting methodologies and in understanding how anisotropic fabrics form under labora-
tory conditions, we expect that significant progress on many of these fundamental ques-
tions will be made in the near future. In this section, we outline some of the avenues for
progress we see as particularly promising for shear wave splitting studies and for the
integration of shear wave splitting results with other geophysical constraints.

5.1 Methodologies
5.1.1 Measurement Methods

The increasingly common application of a wide variety of shear wave splitting measure-
ment methods to broadband data provides avenues for integrating different measurement
methods to provide a fuller picture of anisotropic structure at depth. As discussed in Sect.
2.1, different measurement methods have different strengths and weaknesses, and a
combination of measurement methods can not only help to investigate the possibility of
complex anisotropy (which may cause discrepancies among measurement methods), but to
provide increased confidence in individual measurements for noisy data or in the presence
of complex structure. It is becoming increasingly common for shear wave splitting prac-
titioners to use more than one measurement method on individual data sets (e.g., Levin
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et al. 2004; Long and van der Hilst 2005a; Lev et al. 2006; Long 2009); similar results with
different methods provide increased confidence in the findings, while discrepancies are a
red flag that the measurements must be examined with great care, as they may be diag-
nostic of complex anisotropy (Long and van der Hilst 2005b) or of near-null splitting
(Wiistefeld and Bokelmann 2007). The availability of shear wave splitting modeling codes
such as SplitLab (Wiistefeld et al. 2007) that explicitly include multiple measurement
methods is a positive development. Increased use of measurement strategies such as the
cross-convolution method (Menke and Levin 2003; Yuan et al. 2008) that do not make (or
that vary) a priori assumptions about the geometry of anisotropy beneath the station is also
promising. We note, finally, that the multichannel measurement method introduced by
Chevrot (2000) provides a very useful complement to single-record measurement strate-
gies. The multichannel method provides several advantages over traditional single-record
measurements (Chevrot 2000; Long and van der Hilst 2005b) and its disadvantages can be
ameliorated by its combination with more traditional single-record measurements. Of
particular note is the utility of individual splitting intensity measurements for imaging
using wave-equation tomography methods (Chevrot 2006; Long et al. 2008). The further
application of the multichannel method to different data sets will therefore open doors for
new work on imaging mantle anisotropy at depth.

5.1.2 Shear Wave Splitting Tomography

The development and application of methodologies for tomographic inversion of shear
wave splitting measurements represents a very promising avenue for future progress in
understanding seismic anisotropy and the mantle flow processes from which anisotropy
results. Progress in this area has been (and will continue to be) enabled by both the
increasing availability of dense array data and by the theoretical development of frame-
works for splitting tomography. Both local ray theoretical tomography (Abt and Fischer
2008; Abt et al. 2009) and teleseismic splitting intensity tomography using finite-frequency
kernels (Chevrot 2006; Long et al. 2008) each have pros and cons and have different data
and computational requirements, but both are likely to find a variety of useful applications
in the future.

The incorporation of finite-frequency effects into the interpretation of shear wave
splitting measurements, both from a forward modeling and a tomographic inversion point
of view, holds promise for several reasons. Because many shear wave splitting studies are
carried out at relatively long periods (~8-10 s or more), finite-frequency effects become
important and the interpretation of splitting measurements with finite-frequency sensitivity
kernels allows for a more accurate mapping of splitting observed at the surface to aniso-
tropic structure at depth. The analysis of shear wave splitting from a wave-equation point
of view also allows for better depth resolution; as demonstrated by Chevrot (2006), even
perfectly vertical SKS waves can be used for tomographic imaging if finite-frequency
effects are taken into account, because SKS sensitivity kernels will overlap at depth if the
station spacing is small enough. The theoretical development of finite-frequency sensitivity
kernels for splitting intensity measurements has progressed a great deal, and includes work
on accounting for near-surface effects (Favier et al. 2004), benchmarking sensitivity kernel
computations against spectral element waveform simulations (Chevrot et al. 2004), com-
puting kernels using an adjoint formulation (Sieminski et al. 2008) and with respect to
background models that include realistic heterogeneity derived from geodynamical models
(Long et al. 2008), and incorporating sensitivity kernel computations into tomographic
inversions (Chevrot 2006; Long et al. 2007a; Fig. 8).
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Finally, the integration of constraints from numerical modeling studies into tomo-
graphic inversions represents a very promising avenue for progress in understanding how
complex anisotropy results from mantle flow. The choice of a starting model in tomo-
graphic inversions is important in general, but is particularly crucial in very underdeter-
mined problems such as shear wave splitting tomography (e.g., Abt and Fischer 2008;
Long et al. 2008). Long et al. (2007b, 2008) argued that several of the problems associated
with inverting for anisotropic structure at depth can be mitigated by using realistic starting
models obtained from geodynamical modeling studies and used 2-D models of mantle
wedge flow as starting models for sensitivity kernel computations (and thus for splitting
intensity inversions). This can be taken a step further by using geodynamical constraints
directly in the tomographic inversion problem: for example, Long et al. (2007a) use a suite
of geodynamical models directly to invert splitting intensity measurements for geody-
namical model parameters. Utilizing a priori constraints from geodynamical modeling
studies allows for both the computation of sensitivity kernels in realistic background media
and for the identification, through tomographic inversion, of anisotropic models that both
fit the splitting intensity data and are geodynamically plausible. The integration of geo-
dynamical models with shear wave splitting tomography, therefore, represents a promising
avenue of future research.

5.2 Data, Measurement, and Interpretation Strategies
5.2.1 The Use of Reflected and Converted Phases

In addition to the phases commonly used in shear wave splitting studies (such as SKS,
SKKS, and direct S), there are a variety of shear phases that traverse anisotropic regions of
the mantle with different raypath geometries. Of particular interest from the point of view
of characterizing upper mantle anisotropy are phases that sample the upper mantle far away
from either the source or receiver, such as SS. Using traditional analysis methods, shear
wave splitting analysts are limited to characterizing upper mantle anisotropy in the vicinity
of seismic stations or seismic sources; however, if splitting for the upper mantle legs of SS
near the bounce point can be properly analyzed, then it is theoretically possible to probe
anisotropy far away from both sources and receivers. This would vastly increase our ability
to image anisotropy beneath, for example, ocean basins where station coverage is sparse.
Early attempts at measuring splitting from SS phases, however, have encountered some
difficulties (e.g., Wolfe and Silver 1998) that are likely due to complex wave propagation
effects. In particular, the phase shift at the SS bounce point must be properly accounted for,
as well as converted phases from the Moho (especially for oceanic bounce points). While
further theoretical development is needed to properly measure splitting due to anisotropy in
the vicinity of the SS bounce point, this is a promising avenue for further research, as a
reliable methodology for SS splitting would allow for a better characterization of shear
wave splitting beneath the oceans. Along the same line, reflected phases such as sS can be
used to characterize upper mantle anisotropy far away from the receiver (e.g., Anglin and
Fouch 2005).

Another type of phase that holds promise for shear wave splitting practitioners is
converted phases (e.g., Girardin and Farra 1998; Vinnik et al. 2002), including those
converted at seismic discontinuities such as the Moho, or the 410 and 660 km transition
zone discontinuities. Converted phases are already used to detect sharp changes in
anisotropic structure by looking for backazimuthal variations in transverse component
receiver functions that are the manifestations of so-called P-to-SH conversions at shallow
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(crust or uppermost mantle) depths beneath a station (e.g., Levin and Park 1998; Park et al.
2004). However, if converted phases such as Ps, P410s, or P660s with good waveform
clarity and high signal-to-noise ratio (SNR) can be indentified on seismic records, they can
be subjected to splitting analysis and the results can be used to place some depth con-
straints on the responsible anisotropy. Of course, detection of such phases with sufficient
SNR can be difficult, but a few studies have looked at splitting above the Moho or above
the 660 km transition using converted phases (e.g., lidaka and Niu 1998; Tidaka 2003) have
been carried out. Measurements of shear wave splitting on phases converted at the Moho
provide constraints on crustal anisotropy at the frequencies of interest (e.g., McNamara
et al. 1994; Herquel et al. 1995; Ozacar and Zandt 2004), which is not only interesting in its
own right, but can also be used to “correct” shear wave splitting measurements for the
effect of crustal anisotropy and isolate the contribution from the mantle. A great deal of
care, however, must be taken to account for other sources of seismic energy that may
interfere with the direct conversed phases on the seismogram, such as crustal reverbera-
tions; this can be a significant source of error if not properly accounted for.

5.2.2 New Strategies for D" Anisotropy

While observations of D” anisotropy from shear wave splitting are abundant, the mecha-
nism(s) which generates anisotropy at the base of the mantle remains poorly understood, in
part because the raypath distribution used in studies of D”-associated splitting is very
limited (e.g., Kendall and Silver 1998). Of course, the raypath geometry of phases which
sample the D” layer is limited by the distribution of sources and receivers at the surface. We
suggest, however, that combining constraints from different types of phases that sample the
same region of D” in different geometries is a promising (although challenging) avenue of
inquiry. For example, a limited number of regions of D” that appear to contribute to SK(K)S
splitting have been identified (e.g., Wang and Wen 2007; Long 2009) and, if those regions
can also be probed with (nearly) horizontally propagating waves such as S or ScS, then the
constraints can be combined to produce a fuller picture of the anisotropic geometry. Con-
straints from different types of horizontally propagating phases can also be combined. For
example, Long et al. (2006) suggested that anisotropy due to the LPO of (Mg,Fe)O should
result in azimuthal variations in the amount of splitting, while most SPO-based models
should not, and that studies of azimuthal anisotropy could be used to discriminate between
LPO- and SPO-type models for D" anisotropy. If specific regions of D” can be probed using
different phases propagating along a variety of azimuthal paths, the resulting tighter con-
straints on the geometry of anisotropy should be very helpful in discriminating among
different classes of models. Finally, constraints on lowermost mantle anisotropy provided
by global models derived from normal mode data (e.g. Panning and Romanowicz 2004) can
be combined with constraints from body waves, although the length scales over which
anisotropy can be discriminated are different for different types of observations.

In addition to progress on the observational side, future progress in understanding D”
anisotropy will almost certainly come from studies in the mineral physics and geodynamics
realms as well. Ongoing efforts to characterize LPO in lowermost mantle minerals (or their
low-pressure analogs) are likely to result in a better understanding of the active slip
systems in (post-) perovskite and ferropericlase at lowermost mantle conditions. In par-
ticular, the extension of recent work on possible LPO geometries (and predicted splitting
patterns) in D” (e.g., Yamazaki and Karato 2002; Long et al. 2006; Yamazaki et al. 2006;
Merkel et al. 2006, 2007) to higher pressures, more realistic temperatures, and to exper-
iments on polyphase aggregates should yield a more complete picture of possible
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anisotropic geometries that might result from LPO processes. Another area of ongoing
research that is likely to yield fruit is the integration of realistic flow models with mineral
physics results and the comparison of the predictions from such studies with seismological
observations. Many of the geodynamical modeling efforts focused on D” anisotropy to date
have used models of downgoing slabs impinging upon the CMB (e.g., McNamara et al.
2002; Wenk et al. 2006), but many other flow geometries are possible and there is a great
deal of progress to be made in the integration of constraints from seismology, mineral
physics, and geodynamics to study anisotropy in D” and its causative mechanisms.

5.3 Global Integration of Splitting Data Sets

With the ever-increasing popularity of shear wave splitting as a seismological analysis
technique, there are now literally hundreds of published shear wave splitting studies in the
scientific literature using a range of phases and measurement methods that cover a variety
of tectonic settings and regions of the Earth’s mantle. It is timely, therefore, to take
advantage of this wealth of splitting data and to undertake comparative studies of shear
wave splitting in different types of tectonic regimes. For example, the global compilation
of Long and Silver (2008) was enabled by the availability of several dozen splitting studies
that have been undertaken to date in subduction zone settings; the abundance of shear wave
splitting measurements now available may enable similar studies for other regions. Of
course, caution must be exercised when splitting measurements from different studies are
combined into a global database. Differences among studies in measurement methods,
preprocessing steps, frequency content, phases used, and other choices on the part of the
analyst must be carefully accounted for in global compilations. Additionally, compilations
that rely on average splitting parameters, such as that of Long and Silver (2008) do not
fully capture the complexity of shear wave splitting data and only reflect the first-order
picture of anisotropy (and therefore the first-order controls on the mantle flow field).
Despite these limitations, however, global compilations of shear wave splitting measure-
ments can be very useful, and comparisons of splitting behavior among different regions
with similar tectonic regimes can help us to understand which of the many processes that
may contribute to anisotropy in a given tectonic setting are, in fact, operating.

5.4 Integration with Other Seismological Constraints

We also view the integration of shear wave splitting data sets with other seismological
observables that are sensitive to mantle anisotropy, such as surface waves (e.g., Debayle
et al. 2005), normal modes (e.g., Beghein et al. 2008), and body wave travel times (e.g.,
Grésillaud and Cara 2007), as a promising avenue for progress in the near future in
understanding mantle anisotropy. There has been some theoretical progress on how to
relate shear wave splitting to P wave traveltime residuals (e.g., Plomerova et al. 1996;
Schulte-Pelkum and Blackman 2003) and to surface wave observations (e.g. Montagner
et al. 2000). Extreme care must be taken, however, to properly account for the effect of
vertically varying anisotropy and in particular for the fact that the shear wave splitting
operator is non-commutative (Silver and Savage 1994; Wolfe and Silver 1998); some
schemes for predicting shear wave splitting in common use may fail for vertically varying
anisotropy. In particular, the method of Montagner et al. (2000) utilizes simplifying
assumptions that do not account for the non-commutivity of the splitting operator at long
periods. Integrating splitting observations with other seismological observables remains a
significant challenge, because different observables are sensitive to anisotropy at different
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depths and on different length scales and properly integrating them is usually non-trivial.
Inferences about mantle anisotropy using different observables has often led to conflicting
pictures of anisotropy and mantle processes (e.g., Maupin and Park 2007; Montagner
2007). For example, calculations of shear wave splitting from surface-wave-derived
models of azimuthal anisotropy in the upper mantle often poorly predict splitting mea-
surements (e.g., Simons et al. 2002).

One very promising line of research in this realm is the development of techniques for
joint inversions of shear wave splitting measurements and other seismological observables
such as surface waves. For example, Panning and Nolet (2008) recently proposed a method
for inverting surface wave observations for azimuthal anisotropy in the upper mantle with a
parameterization scheme that reduces the number of parameters needed to describe the
anisotropic medium reasonably, and suggest that this tomographic scheme can be modified
to incorporate observations of splitting intensity to perform joint inversions. A joint
inversion of surface waveforms and splitting data was carried out by Marone and Ro-
manowicz (2007) to produce a model for upper mantle anisotropy beneath North America.
We note, however, that there is a discrepancy in the shear wave splitting literature
regarding the commutivity of the splitting operator in the low-frequency limit. Several
theoretical studies have claimed that the splitting operators do not commute even at low
frequency (e.g., Savage and Silver 1993; Wolfe and Silver 1998), while other workers have
asserted that in the low-frequency limit the higher-order terms that lead to this non-
commutivity can be discarded (Montagner et al. 2000). Until this discrepancy is resolved,
results based on the assumption of commutivity should be treated with some caution. In
any case, there continue to be positive developments in the development of joint tomo-
graphic inversion frameworks for splitting observations and other seismological observ-
ables, and we expect rapid progress along this line in the near future.

5.5 Integration with Other Geophysical Constraints

We note, finally, that the interpretation of shear wave splitting measurements in the context
of other geophysical data sets and various forward modeling techniques also represents a
promising way forward in our quest to understand splitting and the mantle processes that
generate the anisotropy responsible for it. A great deal of attention is being paid to the
prediction of seismic anisotropy from geodynamical models of mantle flow (e.g., Becker
et al. 2003; Behn et al. 2004; Conrad et al. 2007; Long et al. 2007b; Kneller et al. 2008;
Lowman et al. 2007; Becker 2008) and, in particular, in utilizing techniques for properly
modeling the development of LPO in olivine (and other minerals) incorporating the latest
results from mineral physics experiments (e.g., Tommasi et al. 2000; Kaminski et al. 2004;
Lev and Hager 2008a). New work on rheological anisotropy in the Earth’s mantle, which
may provide constraints complementary to those on elastic anisotropy, is currently ongoing
(e.g., Lev and Hager 2008b) and integrating constraints on rheological and elastic anisot-
ropy may provide additional insight into mantle flow processes in the future. In addition to
constraints on mantle anisotropy available from geodynamical models and mineral physics,
other geophysical and geological observables can be combined with shear wave splitting
measurements to gain insight into active mantle flow processes. For example, the crustal
deformation field as determined from GPS measurements can be compared to the upper
mantle flow field inferred from shear wave splitting to evaluate the extent of crust-mantle
coupling (e.g., Holt 2000; Flesch et al. 2005; Wang et al. 2008). Other indicators of crustal
processes such as the geometry of faults or other major geological structures can also be
compared to shear wave splitting observations (e.g., Silver 1996; Fouch and Rondenay
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2006; Lev et al. 2006) to infer the depth distribution of seismic anisotropy and/or the extent
of mechanical coupling between the crust and mantle. We view the integration of shear
wave splitting data sets with other geological and geophysical observations as an important
future direction for research on the causes and consequences of upper mantle anisotropy.

6 Summary

Because of the causative link between mantle deformation and elastic anisotropy, mea-
surements of shear wave splitting yield some of the most direct constraints available to us
on the pattern of mantle flow and deformation and on the processes that generate and
control this pattern. Techniques for measuring and interpreting shear wave splitting have
been part of the toolkit of observational seismologists for several decades, but there have
been significant advances in splitting methodologies in recent years, and the ever-
increasing availability of broadband data, particularly from dense arrays, is yielding tighter
constraints on the character of anisotropy in different tectonic settings. Along with progress
on the observational side, new experimental mineral physics results on LPO formation in
upper and lowermost mantle materials are creating exciting new avenues for the inter-
pretation of splitting measurements, but also introducing potential ambiguities into the
analysis. Despite the advances made in understanding shear wave splitting, both from a
measurement and an interpretation point of view, many fundamental uncertainties remain
about how properly to relate inferences about the geometry and strength of anisotropy to
mantle flow processes at depth, and even first-order questions about the geometry of mantle
flow in different tectonic regions remain open. With the advances summarized in this paper
relating to measurement methodologies and strategies for shear wave splitting tomography,
the amalgamation of splitting measurements into global data sets, the integration of results
from geodynamical modeling and mineral physics experiments into the interpretation of
splitting measurements, and the assimilation of constraints from splitting with other
seismological and geophysical observables, we anticipate rapid progress on these funda-
mental questions in the near future.
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