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SUMMARY

The causes of seismic anisotropy are still under debate. In particular it is important
to understand the extent to which seismic anisotropy is due to more recent geody-
namic activities in the asthenosphere, or to frozen-in deformation in the lithosphere.
We show that these two endmember cases can in principle be distinguished using
shear-wave splitting observations from SKS waves. This is illustrated by the simple
example of pure olivine with horizontal a-axis, and differing orientations of the other
two axes, namely vertical b and vertical c. The azimuthal dependence of shear-wave
splitting measurements is described by two parameters, which can provide additional
information about subsurface deformation. In particular the oscillation parameter
dy constrains the orientation of foliation. We demonstrate that shear-wave splitting
in the Western and Central United States indeed shows the predicted azimuthal
dependence, related to a mainly subhorizontally-oriented flow plane of deformation

in the upper mantle. This has important implications for asthenospheric flow.

Key words: Seismic anisotropy, Numerical approximations and analysis, Mantle

processes, Rheology: mantle, Dynamics of lithosphere and mantle, North America
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1 INTRODUCTION

Seismic anisotropy, as manifest in the directional dependence of phase velocities and polar-
ization (e.g., Mainprice 2015), arises from preferred orientation of structural features in the
Earth, at a spatial scale smaller than the wavelength. In the mantle, it is thought to be mainly
caused by lattice-prefered orientation of minerals, i.e. olivine and orthopyroxene (Nicolas &

Christensen 1987; Babuska & Cara 1991; Karato 2008; Mainprice 2015, and references therein).

A common way to quantify azimuthal anisotropy in the upper mantle is to use shear-wave
splitting (SWS) measurements. That approach goes back to the discovery of unexpected en-
ergy on the transverse component of SKS arrivals, which is not supposed to occur in an
isotropic medium (Vinnik et al. 1984; Silver & Chan 1988). A planar S-wave passing through
an anisotropic medium will split into two quasi-S-waves (qS) with mutually-perpendicular
polarization, similar to the well-known birefringence in optics. Their seismic velocities are
generally different, which leads to a separation of the two gS-waves along the ray path, in
space and in time. Analysing seismic recordings, the delay time (At) between the two can be
derived, as well as the orientation of the faster wave (¢)(Vinnik et al. 1989; Silver & Chan
1991). The most convenient seismological phase for such studies is SKS, since source-side
anisotropy effects along the ray path are eliminated. However, the resolution in depth is rel-
atively weak, leaving open questions as to the depth region of the anisotropy and the related

mechanism.

Nevertheless, the use of seismic anisotropy in general, and SWS in particular, has had much
impact on understanding subsurface deformation. Spatially coherent patterns of SWS param-
eters have been found in many regions, e.g. a mountain-chain-parallel alignment of ¢ along
the Alpine Belt (Barruol et al. 2011; Bokelmann et al. 2013; Qorbani et al. 2015) or the
trench-perpendicular orientation of ¢ in the Cascadia Subduction Zone (e.g. Long & Silver
2008; Eakin et al. 2010). As interesting as SWS is, its interpretation would be much stronger
if the orientation of rock foliation in the subsurface could be determined (Fig. 1), since rock
foliation gives an indication of the orientation of the flow plane. The two can often be assumed
to be parallel to each other (e.g. Bokelmann 2002a,b, and references therein). It has so far
seemed impossible to determine the orientation of the foliation (and flow) plane from SKS
splitting. That ambiguity has led to major debates in the community, e.g. about the proper
interpretation of seismic anisotropy in cratonic regions. For those regions, Vinnik et al. (1989)

and Savage & Silver (1993) have argued that the observed anisotropy is caused by Simple As-
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thenospheric Flow (SAF), while Silver & Chan (1988, 1991) have concluded that the foliation
plane is rather due to Vertically-Coherent Deformation (VCD) (fossil deformation left over

from the creation of continental lithosphere).

In this paper we show that assuming a vertical arrival of SKS phases, as in the standard
SWS approach, leads to loss of useful information. The fact that upper mantle incidence an-
gles of SKS phases are around 10° from the vertical has already proven useful, e.g in the
study of Song & Kawakatsu (2012). Taking the non-vertical incidence into account induces
an azimuthal variation of SWS parameters. Interestingly, the angular variation is different
for the two cases SAF and VCD. This will be demonstrated in the next section, following a
solution of the Christoffel equation by Davis (2003). Later we will apply the new technique
to a SWS dataset from Western and Central US, and show how the new constraint can be
used to extract more information about seismic anisotropy and subsurface deformation, in
particular to infer the orientation of the flow plane in the subsurface. This allows to better

understand the origin of upper mantle anisotropy.

2 METHOD

2.1 Near-vertical SWS approach

The propagation of elastic waves (with planar wavefronts) in an anisotropic medium is gov-

erned by the Christoffel equation

Pvz = UijkiVjVESiSi- (1)

We assume a homogeneous anisotropic (orthorhombic) medium, characterized by the density
p and stiffness tensor C. The reference case is that of a vertically arriving SKS phase, which
has a propagation direction v and polarization direction s, described by [v1, v, v3] = [0, 0, 1]
and [s1, s2, s3] = [cos(¢), sin(¢), 0]. In this situation the SWS fast orientation azimuths ¢g
can be calculated as

1 209313 )
=_t —_— 2
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and from Cs313 = 0 follows ¢¢9 = 0. Consequently the delay time Atg is defined by

AtO—D(1—1>, (3)
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Here the parameters v,y and vss represent the fast and slow phase velocity, while the path

with

length is indicated by D. As the actual incidence angle 6 is around 10 © at upper mantle depths,
the propagation direction is then [vq, vo, v3] = [sin(f) cos(z),sin(f) sin(z), cos(#)], where z
denotes the azimuth. Simplified analytical expressions for fast orientation and delay time can
be obtained using a Taylor-series expansion if § < 30°. Considering the projection of the fast
axis onto the horizontal plane, and the angle 5, which this projection makes with respect to the
x1 coordinate-axis, the polarization orientation can be assumed to have so = s1 tan(8) ~ 103,
from which follow

1
and s3 = ~ (ns1+12818) .

\/ [1 + 52+ (“B)Q] "’ v

The fast orientation is then

S1 =

¢ = o+ 09, (6)
with
§¢ = dy sin(22)6?. (7)

This describes an oscillation around ¢y with 180° periodicity for varying azimuth z (and

incidence angle ). d; is the “oscillation parameter”, where dy = —f1/f4, is given by

f1 = Ci212 — C2233 — C1133 — 2C1313 + Cr122 — Ca323 4+ C3333 , and
fa = —2C1313 + 2Ca323.

Similarly, also the delay time is found to show oscillations around Atg as

At = Aty + e10% + 5At, (9)
with

SAt = e cos(22)6°. (10)

D / D |
61:5 E%(FI_SI) and 6225 é%(FQ_SQ) (11)

Here
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are related to

5 1 1 1
Fy = —-C1313 — C1133 + 5C1111 + 503333 + 5 C1212
2 2 2 2
Pe_2c Ciuzs + ~Cuny + =C Le
2= 50 1133 + 5011 + 503333 — 5 G112
5 1 1 1 12
S1 = —502323 — Ca233 + 502222 + 503333 + 501212 (12)
3 1 1 1
Sy = 502323 + C2233 — 502222 — 503333 + 501212

and ¢ = /C1313C2323.

2.2 Predicted shear-wave splitting parameters

Figure 1 (left) shows the expected ray geometry for SKS, propagating through the upper
mantle along a cone with around 10° incidence angle. It also presents the two endmember
models of geodynamic interest (center), SAF (top) and VCD (bottom), which are associated
with different orientations of the foliation plane (see Silver 1996, and references therein). As
olivine is the main source of seismic anisotropy in the upper mantle, we illustrate the new ob-
servational constraint by considering an idealised case of pure olivine. If deformation occurs by
dislocation creep (Nicolas & Christensen 1987), the a-axes would be aligned subhorizontally.
We thus take a single olivine crystal, with a horizontal a-axis, and consider the orientation of
a vertical b-axis (b-up), and a vertical c-axis (c-up). These two orientations represent, for the

moment, the SAF model (b-up), and the VCD model (c-up).

In the calculations of the expected azimuthal variations of SWS parameters for Fig. 1 (see
Appendix A), we use the elastic constants from the San Carlos olivine of Abramson et al.
(1997) (see also the MATLAB toolbox for quantitative texture analysis (MTEX) of Hielscher
& Schaeben 2008) and apply functions of the MATLAB seismic anisotropy toolbox (MSAT)
(Walker & Wookey 2012). Since the occurrence of e.g. orthopyroxene, clinopyroxene and py-
rope in the upper mantle would further influence the observed SWS parameters, we determine
the Voigt-Reuss-Hill average (e.g. Mainprice et al. 2000), to reduce the amount of olivine.
Following McDonough & Rudnick (1998), upper mantle lherzolite can consist of up to ap-
proximately 70 % olivine. For simplicity we assume this amount to be aligned in a b-up or
c-up orientation, while 30 % remain randomly oriented (isotropic equivalent). The oscillation
parameter di, as well as the e; and es parameters are calculated for an incidence angle 6 of
~ 11.23° and a path length of D ~ 101.59km (as given in a reference MSAT routine from
Wookey & Walker 2015a). Complementary the influence of the amount of olivine on d; and

e9 is shown in Appendix B in relation to the changing strength of anisotropy.
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Comparing the two orientations (right) we note that the At variation is somewhat similar,
but the amplitudes, related to the ey values (eg, ~ 3.61, ea. ~ 5.32), differ. A much stronger
difference is apparent for ¢. Their oscillations have similar size, but the polarity is flipped.
That is also apparent from the opposing values of the oscillation parameter dy (dyp ~ —0.7,
di. ~ 0.51), which are calculated directly from the stiffness tensors. This indicates that it may
be possible to use backazimuthal variations of ¢ at a station to determine the orientation of

the foliation plane in the subsurface.

3 DATA, ANGULAR DISTRIBUTION, AND RESULTS

Since the amplitude of oscillations are generally smaller than expected mean measurement
uncertainties per station, a larger number of measurements is required to extract this effect
from observations. An investigation of a dense array is thus of advantage, as well as searching

for spatial average properties only, rather than detailed spatial variations.

A suitable test dataset is SWS-DB-MST, which was provided by Liu et al. (2014) (see Fig.
2). It contains SWS measurements from PKS and SKS and SKKS arrivals, recorded between
the years 1989 - 2012 on 1774 broadband stations of various networks in the US, including
IRIS/USGS Global Seismographic Network (IU) and US National Seismic Network (US), as
well as USArray Transportable Array (TA), PASSCAL (P) and GEOSCOPE (G). Overall,
there are 16105 measurements (12247 SKS, 2451 SKKS, 1407 PKS) in the dataset. Fast orien-
tations vary spatially, while their average agrees with North America’s absolute plate motion

direction (e.g. Liu et al. 2014; Hongsresawat et al. 2015).

To analyze the dataset, we first select the SKS and SKKS phases (in the following we will
refer to these simply as SKS) and transfer the ¢ interval from [—90°,90°] to [0°, 180 °]. Figure
3 shows the statistical distribution of ¢ (top left), At (bottom left), and the related mean
standard deviation @ per station (right). To ensure a higher stability of averaged values (cir-
cular operations are computed using the Circular Statistics Toolbox (CircStat) from Berens
2009), 7 is determined for stations with at least five measurements. All four quantities unveil
a unimodal distribution, whereby ¢ is mainly oriented ENE - WSW and the number of mea-
surements for At peaks at the 1.2s interval. Considering individual stations, ¢ and At show
an average uncertainty of ~ 8° and 0.2s - 0.3 s respectively (for further reading see Liu et al.

2014).
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Continuing with the data analysis Fig. 4 (left) shows a wide spread in the related backaz-
imuthal distribution of ¢ (top) and At (bottom), reflecting the diversity of anisotropy at
large scale, which was also apparent in Fig. 2, as the spatial change of ¢. Beside the spread
an uneven distribution of earthquakes is unveiled. Individual measurements accumulate es-
pecially within backazimuth ranges of 0 to 45° and 225 to 360 °. The latter range holds the
highest concentration of data points. SWS measurements between ~ 45° - 225° are much
less present. Our study is thus azimuthally biased by the unequal occurrence of earthquakes.
The distribution of ¢ as a function of backazimuth further provides a simple test of any SWS
dataset. Since the amplitude of the transverse-component signal is zero for backazimuths from
either fast or slow direction, no SWS is indeed observed (top left, magenta lines) for back-
azimuths parallel or perpendicular to the fast orientation (Null events) (e.g. Wiistefeld &

Bokelmann 2007; Wiistefeld et al. 2008).

To be able to investigate different stations jointly, searching for possible trends in the backaz-
imuthal distribution, we calculate the variation d¢ and dAt of each individual SWS measure-
ment with respect to ¢ and At, the corresponding means per station. Thereby only stations
with at least five SWS measurements are selected to ensure a more stable calculation of the
mean. In the transferred range of ¢, we define 6¢ as the smallest angle with ¢, leading to a
codomain [—90°, 90°]. Different ¢ shift the expected oscillations also along the backazimuth
(right). Assuming ideal single-layer cases of anisotropy for each station across Western and
Central United States, this correction would align the data points like as if they came from
the same station. This may unveil small variations from the related means that we seek.
However, the possible presence of two-layer cases, which could introduce a variation of 90 °
backazimuth periodicity and larger amplitudes, have the potential to overlay the 180° effect
we are searching for. Also the occurrence of outliers affect the ¢ calculation. The correction in

d¢ (top) hence does not lead to a vertical alignment, instead the diagonal gaps are still present.

As the density of data points is sometimes very high, one might overlook a possible vari-
ation in d¢ and dAt (bottom). We therefore determine 2D histograms by subdividing the
distributions along both cartesian axes, computing the frequency per bin (~ 8.95° x 2.19°
and ~ 8.95° x 0.04s) normalized to the maximum per abscissa unit. The relative frequencies
reveal that ¢ and JAt are highly concentrated around 0° and 0s, and give indications for

variations of both parameters. As the distribution itself is biased, a comparison with expected
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oscillations of SWS parameters for b-up and c-up olivine orientation of Fig. 1 (right) might
be elusive at this point. To avoid the problem, we first constrain the selection of data points
introducing thresholds. Based on the spread of the relative frequencies, the codomain of d¢
and JA¢ is limited by the related 5% and 95 % quantile (right, magenta lines) subsequently,
reducing the influence of outliers and more complex anisotropy. To ensure to not artificially
change the general behavior of our findings, we further tested different combinations of thresh-

olds, and found that they produce essentially similar results (see Appendix C).

As discussed before, the station-corrected display in Fig. 4 (right) also contains a biased
distribution, hence the thresholds in §¢ and d At are not restrictive enough to remove outliers.
Also the bias needs to be removed. The measurements are most difficult to make at backaz-
imuths parallel or perpendicular to the fast direction. We thus introduce boundaries in the
domain and take data points in intervals of £15° around 45°, 135°, etc. These are also the
angles, where the difference between b-up and c-up olivine is clearest in d¢, and thus most
significant to distinguish the SAF and VCD model as shown in Fig. 1 (right, gray shaded
intervals). This is less the case for At, since the measurements are difficult to make around

backazimuths around 0°, 90 °, etc.

Figure 5 shows the distribution of relative frequencies (left) inside the intervals of interest (per
bin of 0.5° % 30° and 0.02sx30°) of d¢ (top) and 0At (bottom), and the averages of measure-
ments further within the thresholds in comparison (right) with the expected backazimuthal
variations of the upper configuration from Fig. 1 (right), the b-up case. The distributions
indicate that the majority of d¢ and dAt mainly occur around 0° and 0s, however general
shifts in polarity between different intervals are already recognizable in d¢. The very good
agreement with the expectations become more obvious in the comparison. This corresponds to
the case where the main source of observed anisotropy is related to a horizontal orientation of
the rock foliation (and flow) plane, which would be in line with subsurface deformation being
primarily in the asthenosphere and coherent with the SAF model. To verify the robustness of
our findings and the procedure under consideration of the assumptions made, we generate an

additional synthetic dataset in Appendix D and apply the method again.
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4 DISCUSSION

We have shown that the upper mantle anisotropy from SKS under Western and Central United
States shows an azimuthal variation that is consistent with a horizontal orientation of the fo-
liation plane. The corresponding parameters are approx. —0.7 for the oscillation parameter

di, and 3.61 for es.

In this analysis, we have assumed that the seismic anisotropy obeys an orthorhombic sym-
metry. This seems reasonable, since the major minerals in the depth range of interest, olivine
and orthopyroxene, have orthorhombic symmetry (Nicolas & Christensen 1987). In principle,
this assumption is not particularly restrictive, since the technique should be applicable (gen-
eralizable) also to other crystal symmetries. Only hexagonal (transverse) symmetry would be
of particular relevance here. We have assumed that the orientation of the olivine a-axis is hor-
izontal, and have focused on the orientation of the other two axes. The Taylor series approach
used in this study appears well-applicable to SKS phases due to their steep incidence near in

the upper mantle, both at lithospheric and asthenospheric depth (see Appendix E).

The limited number of measurements has precluded such a study in the early years of seismic
anisotropy research. There is a sufficient number of observations nowadays though, to render
this new constraint feasible. This can easily be confirmed: with the number of measurements
on the order of 10000, the uncertainty should decrease by a factor of 100. This decreases the
assumed errors of fast orientations from (the order of) 10° to 0.1°, which is much below the
predicted effect. For the splitting delays the error should be 0.01s rather than 1s. However,
since the backazimuthal range where the effect of non-vertical SWS would be the largest for At
coincides with possible Null measurements, we cannot inspect the full backazimuthal pattern
of splitting delays. In any case, it is clear that the fit between observations and prediction in
Fig. 5 (right) is excellent. This fit is all the more remarkable, as we have not adapted the model
to the observations. We simplified the reference example of Wookey & Walker (2015a) to a
single-layer case, and had no need for any further adapting, since it fits the observations well.
We also did not see consistent signs of 2-layer anisotropy, e.g. the typical 90 ° periodicity, or
a 360 ° dependence in the case of a dipping layer, dominating our analysis on this large scale.
Higher complexities have been observed on regional scale (e.g. Menke & Levin 2003; Yuan &
Romanowicz 2010; Yang et al. 2014) and hold the potential to bias the small scale variation of
SWS parameters. However, selecting only a subset of stations of high-quality and more likely

single-layer anisotropy, the agreement between the observed behavior and expected variations
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of SWS parameters for a b-up olivine case is still good (see Appendix F). We thus consider
the findings of Fig. 5 under the assumptions made to be related to the effect of non-vertical
SWS arrivals rather than to be controlled by multiple-layer anisotropy. The value of the d;
parameter for the b-up model (—0.7) can be considered as an average value for Western and
Central United States. The splitting delay for that same crystallographic model would be
around 1.6, as shown for vertical incidence in Fig. 1 (right, black lines). This value is indeed

close to the average of the observations that have entered this study.

It is interesting to relate this result to observed orientations of crystals in xenoliths (as re-
ported e.g. in Nicolas & Christensen 1987). Figure 6 shows the expected relations between
crystal orientation and flow geometry, for a set of temperature domains in the upper mantle.
These different olivine slip systems all give rise to certain values of the oscillation parameter
di. Interestingly, the only slip system that predicts the observed negative value, is the second
mechanism from the top (the “high-temperature mechanism”). All other mechanisms would
give rise to a value close to zero; in those cases, different oscillation parameters average out

to near-zero.

We can thus confirm that b-axes are preferentially oriented vertically for our study region.
This suggests that the high-temperature mechanism of olivine deformation is responsible for
the observed anisotropy. The most likely environment in which it has been created is the
asthenosphere, so following the SAF model, foliation planes are horizontally aligned, as is the
slip plane. Whether the lithosphere further contributes to that is a matter of interpretation

and remains a target of future studies.

It is important to keep in mind though that the region of study contained only a small
portion of the craton area, and the b-up case found here may thus not be characteristic for
cratonic areas, as studies have indicated before (e.g. Bokelmann & Silver 2000, and referenes
therein). Xenolith samples from the upper mantle sometimes show a girdle configuration, e.g.
a random distribution of b- and c-axes (e.g. Soustelle et al. 2010) around the a-axis (see e.g.
the medium- or low-temperature mechanism in Fig. 6). If a girdle fabric were prevalent also
in the Western and Central United States we would obtain an average of the two configura-
tions in Fig. 1, and thus a rather weak azimuthal variation of fast orientation (an order of

magnitude smaller) but this is in contrast with the observations in Fig. 5.
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Our study is in agreement with radial anisotropy obtained from surface waves, e.g. the study
of Yuan et al. (2011), who find a depth region with predominantly positive radial anisotropy
(Vs > Vi) down to 200km depth. The SKS splitting data are thus consistent with the
anisotropy caused by asthenospheric flow. Similar conclusions have been made by a number
of studies before. The agreement (on average) with absolute plate motion direction (Liu et al.
2014; Hongsresawat et al. 2015) is indicative, but not enough for a firm conclusion. In any
case, there are strong deviations from that direction with the most striking one being the
circumferential pattern in the Great Basin (e.g. Ozalaybey & Savage 1995; Savage & Sheehan
2000; Eakin et al. 2010; Yuan & Romanowicz 2010, and refererences therein). The orienta-
tion of flow in the mantle is strongly influenced by regional features, lithospheric topography,

mantle upwelling etc. (Savage & Sheehan 2000; Hongsresawat et al. 2015).

It is an interesting question to ask what the percentage of olivine below the Western and Cen-
tral United States is. We have followed McDonough & Rudnick (1998) who stated a variety of
different mantle compositions. Depending whether a primitive mantle, massif, or a situation
off-craton is considered, the overall amount of olivine can be assumed between 56 — 62% in
a spinel peridotite facies and around 57 — 68% in a garnet peridotite facies. A more recent
study of Faccenda & Capitanio (2013) considered 70% of olivine in their modeling. As an
initial guess, we used that later value, and further simplified that these 70% are aligned in the
same orientation, while the remaining 30% are distributed randomly (isotropic). This already
explained the actual variation of the mean and median of d¢ well. However, Davis (2003) for
example used another olivine stiffness tensor and only assumed 30% of olivine to be aligned,
but still the d; value was determined to be —0.57 and 0.53 in a b-up and c-up situation,
what is comparable to the —0.7 and 0.51 we calculated. Appendix B further confirms that
the effect of changing the aligned olivine percentage is small in d;. Our investigation does not
include orthopyroxene and other crystal types constituting the upper mantle, as the data are
already fit by the simple model. Adding orthorhombic orthopyroxene, and to a much smaller
degree monoclinic clinopyroxene and cubic garnet (Nicolas & Christensen 1987; Babuska &
Cara 1991; Karato 2008; Mainprice 2015, and references therein) would effectively modify
the required layer thickness somewhat. A more important conclusion is though that the high

absolute value of d; leaves little room for a girdle distribution in the upper mantle.

With the new methodology established, future studies may focus on smaller regions. The

different geological provinces of the United States could be investigated separately, directly
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inverting for the oscillation parameter di, and the orientation of the flow plane. Neverthe-
less, the required large number and broad backazimuthal distribution per station will be a
limiting factor, but considering the increased number of stations and the dense coverage due
to USArray that seems feasible, at least for some areas. So far we have considered two ide-
alized horizontal single-layer case models, but future studies may include a generalization to
multiple- or dipping-layer anisotropy, involving geodynamic modeling to capture the develop-
ment of lithosphere and asthenosphere. Davis (2003) already derived a more complex version
of the Taylor-series expansion, suitable to determine the variation of the fast orientation in a
non-vertical incidence scenario for a dipping layer, introducing a 360° periodicity. A gener-
alization of the approach, able to describe the non-vertical SWS behavior in a multiple-layer
case, e.g. in addition to the 90° variation expected in a two-layer situation, would probably
resort to numerical modeling, based on an extension of the numerical solution of Mainprice
(1990), which is comparable to the result of the Taylor-series expansion in a single-layer case

(see Appendix A).

5 CONCLUSIONS

In this study we have introduced and tested a new approach to better understand seismic
anisotropy in the upper mantle from shear-wave splitting. The approach is based on the non-
vertical incidence of SKS waves and yields additional information on subsurface deformation.
We have considered two scenarios of upper mantle anisotropy related to a lithospheric or
asthenospheric origin, and shown that these two endmember models can be distinguished in
real data, by using the backazimuthal variation of SKS splitting measurements. Investigating
shear-wave splitting results in the Western and Central United States, the derived variations
of individual measurements per station (d¢, JAt) unveiled the predicted variations, expected
from simple asthenospheric flow, and d¢ constrained the oscillation parameter. We have also
seen that a girdle fabric is unlikely to be a prevalent feature of the upper mantle in the region.
This shows that the new approach is promising and encourages future studies at regional

scales, to better understand fabric orientation in specific tectonic domains.
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Figure 1. (left) Ray geometry of SKS waves, along a cone through the upper mantle under the seismo-
logical station. (center) The two endmember models of geodynamic interest, the Simple Asthenospheric
Flow Model (above), associated with a horizontal orientation of foliation planes, and the Vertical Co-
herent Deformation (below), associated with a steep orientation of foliation planes. (right) Expected
azimuthal variations of shear-wave splitting parameters (fast orientations ¢ and delay times At) for the
two models in comparison to a vertical incidence case (black lines), assuming, for the sake of simplicity,
a mantle consisting of pure olivine [70 % b-up (top, cyan lines) or c-up (bottom, magenta lines) and
30 % isotropic|. Note that the azimuthal variation is rather different i.p. around extrema of ¢ (gray

shaded intervals), depending on the orientation of the crystals.
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Figure 2. Individual fast orientations ¢ of the shear-wave splitting dataset SWS-DB-MST from Liu
et al. (2014). Lengths of the lines show the delay times At. Network abbreviations are given in the

text.
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Figure 3. Histograms of shear-wave splitting parameters and their uncertainties. (left) Number of

measurements per fast orientation ¢ (top) and delay time At (bottom) interval. (right) Number of

stations per bin of 7, the mean standard deviation of ¢ and At per station. In terms of stability, only

stations with at least five measurements are considered.
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Figure 4. Backazimuthal (Baz) distribution of individual shear-wave splitting parameters. (left) Fast
orientations ¢ and delay times At from all SKS and SKKS arrivals (magenta lines: Null directions).
(right) Overlay of variations d¢ and 0At (from station averages) corrected for the different fast ori-
entation per station ¢ (selected stations have at least five observations), and their relative frequency
(per bin of ~8.95° x 2.19° and ~ 8.95° x 0.04's; magenta lines: thresholds of 5% and 95 % quantile,

see text).
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Figure 5. Backazimuthal (Baz) changes of shear-wave splitting parameters. (left) Relative frequencies
of selected fast orientation and delay time variation, d¢ and JA¢ (inside interval of +15°; per bin of
0.5°x30° and 0.02s x 30 °; magenta lines: thresholds of 5% and 95 % quantile). (right) Derived mean
(diamond), median (plus) and 2c-error of the mean d¢ and At in comparison with expected variations

(cyan line) from the Taylor-series expansion of Fig. 1 (top right) for a b-up olivine orientation.
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Figure 6. Olivine slip systems and flow orientations for the upper mantle (after Nicolas & Christensen

E. Léberich and G. Bokelmann
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1987). The column of the right gives the predicted value of the oscillation parameter d;.
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APPENDIX A: CALCULATION OF AZIMUTHAL VARIATION

To verify the findings from the non-vertical SWS approach, we compare the Taylor-series ex-
pansion to the full (numerical) solution (Mainprice 1990) implemented in MSAT (Wookey &
Walker 2015a). For simplicity we asssume a horizontal single-layer case of anisotropy (70 %
San Carlos olivine b-up or c-up) between 0km — 100 km, oriented towards north, and set
0~11.23°. The related stiffness tensor (Eq. A.1) is shown in Eq. A.2 (b-up) and Eq. A.3 (c-
up) in GPa.

Cun Cnze Cuss 0 0 0
Crizz Cao Caa33 0 0 0
Ciim — Crizs Ca233 Cszzz 0 0 0 (A1)
0 0 0 Ca303 0 0
0 0 0 0 C1313 0
0 0 0 0 0 Chaa
Chini = 292.01, Chio0 = 73.87, Chii1 = 292.01, Chigo = 71.02,
Ch133 = 71.02, Cog0 = 234.69, Chi33 = 73.87, Ca99 = 207.95,
Cagg3 = 77.29, Cs333 = 207.95,  (A.2) Cao33 = 77.29, Cs333 = 234.69, (A.3)
Caz23 = 68.32, C1313 = 78.95, Cazo3 = 68.32, Cy313 = 77.75,
Ci212 = 77.75 C1o12 = 78.95

Both the Taylor-series expansion and the full solution show oscillations in the azimuthal
distribution of the SWS parameters for non-vertical ray path incidence (Fig. A1), and the
opposite polarity of ¢ (top) for the b-up and the c-up case. The amplitude of the variation
are not identical, but they agree to first order, sufficiently well for our study. Considering the
expected At (bottom) amplitude, both foliation orientation vary only slightly, analogous to
the Taylor-series expansion. As this At differences are not significant enough to distinguish
between the two cases, we favor the relation of the phase information of ¢ and the d; polarity

as criteria.
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Figure A1l. Synthetic test comparing non-vertical shear-wave splitting solutions for a single-layer
anisotropy case of b-up (cyan) and c-up (magenta) olivine (elastic constants/model parameters see
text). The numerical solution (dashed lines) and the Taylor-series expansion (solid lines) of the Christof-
fel equation predict similar backazimuthal variations of ¢ (top) and At (bottom) respectively, to first

order.
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APPENDIX B: INFLUENCE OF THE AMOUNT OF OLIVINE

For the sake of the argument, our investigation assumes a simplified upper mantle model
composed of 70% aligned olivine. The true percentage of similar orientation is not known.
We thus determine the effect of the percentage of aligned olivine on d; and e in Fig. A2.
Additionally the change in anisotropy strength is determined by comparing the matrix norm,
related to the anisotropic stiffness tensor, with its isotropic equivalent (see MSAT implemen-

tation of Wookey & Walker 2015¢ based on Browaeys & Chevrot 2004).

Varying the amount of olivine from 30 % (see e.g. Davis 2003) to 70 % only slightly changes d;
(top) for both orientations (30 %: dip ~ —0.69, d1. ~ 0.49; 70 %: dyp ~ —0.7, d1. ~ 0.51), how-
ever e (bottom) is more influenced (30 %: egp ~ 1.32, €. ~ 2; 70 %: egp ~ 3.61, e, ~ 5.32). A
higher percentage of olivine particularly leads to larger amplitudes in §At, but does not sig-
nificantly change d¢. Increasing the amount of olivine further raises the strengh of anisotropy
from ~ 5.29% to 12.61 %, indicating a tendency to overestimate the strength of upper mantle
anisotropy. However, our calculation of the percentage of anisotropy directly from the stiff-
ness tensor is rather suitable to characterize single-crystal anisotropy, the actual strength of
anisotropy in terms of At is not only effected by the compositon itself. The tradeoff with the
layer thickness and the related path length is obvious. Similarly as the composition, the layer
thickness is not known accurately, but as Fig. A1l indicates that our model generates resonable
At values, we assume the combination of 70 % olivine and 100 km thickness to be sufficiently
appropriate for our investigation. Future studies might consider the effect of more complex
models, taking e.g. orthopyroxene in different orientations into account, what will have an

additional influence on d; and es.
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Figure A2. Variation of the d; (top) and es (bottom) parameter with changing amounts of aligned
olivine in a b-up (left) and c-up (right) orientation of the model in Appendix A. The colorbar indicates

the anisotropy percentage (see text for explanation).
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APPENDIX C: THRESHOLD COMBINATIONS
The following Fig. A3 illustrates that slight changes in the choice of our thresholds do not

significantly change the outcome. The overall good fit between expected and observation-

derived variations remains stable.
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Figure A3. Backazimuthal (Baz) changes of shear-wave splitting parameters. (left) Relative frequen-
cies of selected fast orientation and delay time variation, d¢ and 6 At (inside interval of £15 °; per bin of
0.5°x30° and 0.02s x 30 °; magenta lines: thresholds of 10 % and 90 % quantile). (right) Derived mean
(diamond), median (plus) and 20-error of the mean d¢ and dAt in comparison with expected variations

(cyan line) from the Taylor-series expansion of Fig. 1 (top right) for a b-up olivine orientation.
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APPENDIX D: ROBUSTNESS OF THE NON-VERTICAL SHEAR-WAVE
SPLITTING PROCEDURE

Since actual SWS measurements can be affected by various factors, e.g. noisy conditions and
specific side characteristics, the robustness of our procedure can be evaluated best during
a synthetic test. Here we generate 100 stations above a single-layer of b-up olivine with a
constant layer thickness of 100 km. As in Appendix A, we determine the predicted SWS back-
azimuth distribution for a constant incidence angle of ~ 11.23°, but this time the lateral

orientation of the olivine a-axis is randomly defined between [—90°, 90 °].

After the forward modeling the number and backazimuths of synthetic measurements is deter-
mined randomly per station. Taking advantage of the splitting functions already implemented
in MSAT (Wookey & Walker 2015b), we generate a pair of signals for each chosen backaz-
imuth source polarisation, add Gaussian noise to each component, and normalize them to the
maximum of both traces. Subsequently we simulate the splitting of both time series at a sta-
tion based on the SWS parameters we predicted for this situation at the beginning. Running
a grid search (spacing: 0.25°; 0.125s) the restored SWS parameters vary from the prediction.
Following our procedure, we transfer ¢ to [0°, 180°], calculate ¢ and At, the means per sta-
tion, and determine 6¢, §At for ¢ corrected backazimuths. After 10 stations we estimate the
mean, median and error of the mean of ¢ and JA¢ per interval and defined thresholds (see

main text), and repeat the procedure.

Figure A4 shows the backazimuthal distribution of ¢ (top) and At (bottom) for all 100 stations
of single-layer anisotropy with a b-up olivine and variable a-axis orientation for non-vertical
SWS arrivals. While ¢ varies across the whole range from ~ 0° to 180°, At is mainly concen-
trated between ~ 1.5s to 1.75s. The overall backazimuthal coverage is consistent and very
wide. Following our procedure to calculate d¢ (top right) and dAt¢ (bottom right) by shift-
ing the individual synthetic measurements according to ¢ and At, we are able to restore the
typical 180° periodicity for a b-up olivine situation even though the initial time series were
disturbed. As a consequence the determined ¢ and §At are also in very good agreement with

the predicted trend.
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Figure A4. Backazimuthal (Baz) distribution of individual synthetic shear-wave splitting parameters.
(left) Fast orientations ¢ (top) and delay times At (bottom) are determined for simulated non-vertical
arrivals of SKS phases, passing through a single-layer of b-up olivine with a randomly determined
a-axes orientation. (right) Zoom into the variations d¢ and JA¢ (from station averages) corrected for
the different fast orientation per station ¢. The derived mean (diamond) and median (plus) of §¢ and
JAt of selected values (inside interval of £15°; magenta lines: thresholds of 5% and 95% quantile) are
shown in comparison with the expected variations (dashed, cyan line) from the numerical solution in

Fig. A1 for a b-up olivine orientation.

Figure A5 indicates the decreasing behavior of the minimum, mean and maximum of the
error of the mean with an increasing number of synthetic measurements inside the intervals
and thresholds. This concerns 306 pairs of SWS parameters from an overall number of 1168
measurements at 100 stations. The fact that the error finally reaches a range between ~ 0.15 °©
t0 0.19 ° and ~ 0.01 s confirms that our method is able to robustly resolve the expected small

d0¢ and JAt variations.
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Figure A5. Development of the error of §¢ (top) and §At¢ (bottom) with an increasing number of

selected individual synthetic splitting measurements (inside interval of 15 °; thresholds of 5% and 95%

quantile). The mean (diamond), maximum (top edge) and minimum (bottom edge) error is determined

after every 10 stations.
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APPENDIX E: INCIDENCE DEPENDENCE OF §¢

One might wonder whether the new measure is really sensitive to both mantle lithosphere and
asthenosphere due to potentially differing incidence angles. We tested this using the PREM
model and TauP (Crotwell et al. 1999), and we determined the depth dependence of # for a
median epicentral distance of ~ 96.4° and focal-depth of 57 km considering only SKS phases
of the dataset in Fig. A6 (top). Assuming (for the sake of the argument) a constant dy for
each foliation orientation (dy, ~ —0.7;dj. ~ 0.51) in crust and upper mantle, we calculated
the related maximum of §¢ for different depths. As shown in Fig. A6 (bottom), due to steeper
ray path incidence in the crust (smaller #), the amplitude of d¢ decreases in this depth range,
while it is nearly constant in the upper mantle. We can thus conclude that the effect is sensitive
to the entire upper mantle, including mantle lithosphere and asthenosphere. This conclusion
holds similarly for the azimuthal variations of the SWS delay which is not shown specifically
in Fig. A6.
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Figure A6. (top) Incidence angle dependence on depth (black, dashed line) for the PREM velocity
model (red line). (bottom) Amplitude of azimuthal variation as a function of depth, for the two cases

b-up (cyan) and c-up (magenta).
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APPENDIX F: j¢p AND 0AT OF HIGH-QUALITY STATIONS

The non-vertical SWS approach only considers horizontal single-layer anisotropy, but e.g.
dipping layer or multiple-layer anisotropy cases could bias our results. To test whether our
findings are mainly related to non-vertical incidence, we take advantage of the suggestion of Liu
et al. (2014) that the distribution of areas of increased complexity of anisotropy correlates with
regions of higher standard deviations. We therefore introduce a threshold for o, based on the
related distribution, to further preselect stations and apply our procedure again. The results
for high-quality stations inside the 75 % quantile of 75 unveil (Fig. A7) similar distributions
of relative frequencies and the general backazimuthal variation for d¢ and JAt as in Fig. 5 of

the main text.
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Figure A7. Backazimuthal (Baz) changes of shear-wave splitting parameters (high-quality stations
within 75% quantile of 7). (left) Relative frequencies of selected fast orientation and delay time
variation, d¢ and dAt (inside interval of £15°; per bin of 0.5° x 30° and 0.02s x 30 °; magenta lines:
thresholds of 5% and 95% quantile). (right) Derived mean (diamond), median (plus) and 2o-error
of the mean d¢ and dA¢ in comparison with expected variations (cyan line) from the Taylor-series

expansion of Fig. 1 (top right) for a b-up olivine orientation.
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