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Testing five of the simplest upper mantle anisotropic velocity
parameterizations using teleseismic S and SKS data from the Billings,
Montana PASSCAL array
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[11 Five of the simplest parameterizations of upper mantle anisotropy are tested and ranked
for a data set collected on a dense temporary PASSCAL seismic array located 100-km NE of
Yellowstone. These hexagonal symmetry anisotropy models possess either one or two layers
with either flat or dipping fast velocity axis (FVA). Recordings from fifteen high quality
direct-S and SKS arrivals are stacked to provide accurate waveform and error estimates.
Source normalization is accomplished using the cross-convolution technique. A direct
Monte Carlo Neighborhood Algorithm is used to map the posteriori model probability
density (PPD) volume. Using the F test, we find that models with purely flat FVA can be
rejected at >97% probability. Our best model (P5) is a two layer dipping FVA
parameterization, albeit the two layer model with one flat and one dipping FVA can only
be rejected at 80% probability. The best model has a lower layer with a N65°E FVA strike
and a —12° dip (down to the southwest), and an upper layer with a N20°W FVA strike and a
—47° FVA dip (down to the southeast). The bottom asthenospheric layer FVA strikes
parallel to North America’s absolute plate motion direction and dips opposite to what
passive plate shear of the asthenosphere would predict. The upper lithospheric layer is
consistent with LPO accretion associated with north directed drift of the North American
plate during the Mesozoic. Comparison between the SKS-and direct S-wave data sets shows
that the direct S waves improve resolution of the double layer anisotropic model parameters.
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1. Introduction

[2] Resolving anisotropic velocity variations between the
crust, mantle lithosphere, and asthenosphere is important to
constrain a variety of processes that shape our Planet’s
evolution: e.g., lower crustal flow [Bank and Bostock,
2003; Sherrington et al., 2004], lithospheric accretion
[Babuska and Plomerova, 1993; Fox and Sheehan, 2005],
slab-induced flow [Fischer et al., 2000; Anglin and Fouch,
2005], and plume-lithosphere interaction [Rumpker and
Silver, 2000; Behn et al., 2004]. Yet, issues remain that
strongly limit the constraints provided by shear wave
anisotropy imaging that utilizes shear wave birefringence
[Fischer et al., 2005; Fouch and Rondenay, 2000]: e.g., the
non-linearity of the data kernels makes model appraisal
difficult, the lack of available high-fold data sets from
seismic arrays makes accurate isolation of anisotropic
signals from signal generated noise difficult, and olivine
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LPO symmetry development in the crust, mantle lithosphere
and upper mantle can be complex [e.g., Jung and Karato,
2001; Kaminski and Ribe, 2002; Holtzman et al., 2003;
Katayame et al., 2004].

[3] Many shear wave splitting methods use an asymptotic
low frequency ray theoretical normal-incidence approxima-
tion [Vinnik et al., 1989; Silver and Chan, 1991; Gledhill
and Gubbins, 1996; Savage, 1999; Davis, 2003] that
extracts apparent splitting parameters (ASP)—either the fast
or slow velocity axis strike and splitting time—via a grid
search. In choosing whether to use a fast or slow velocity
axis parameterization, the fast axis parameterization has
been chosen because pyrolitic composition upper mantle
typically displays fast axis LPO. The ASP uncertainties are
approximated by fitting a 2-D Gaussian function, centered
on the model misfit minimum. If the ASP is invariant with
respect to shear wave polarization, then a single layer of
anisotropy with a flat FVA is the simplest and presumably
best model. However, if multiple anisotropic layers with flat
FVA [Silver and Savage, 1994; Ozalaybey and Savage,
1994; Levin et al., 1999] or a single layer of dipping FVA
exist [Hartog and Schwartz, 2000; Levin et al., 2002], then
the ASP are modulated by lower order sinusoidal terms.
With this methodology, the analysis devolves into assessing
the statistical fits through the ASP error estimates.
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Figure 1. Billings array topography, seismic broadband station locations, and shear wave raypath
piercing points at 150 km depth. The SKS and direct-S wave piercing points are shaded as shown in the
legend. The gray dashed line denotes the strike of the Archeanaged Madison Mylonite shear zone
exposed in the Mountains just north of the Yellowstone Caldera.

[4] In this study, a new method is developed to discrim-
inate between multiple layer models of upper mantle an-
isotropy. We use the waveform data set from the high
density Billings array (Figure 1) to test and statistically
rank five of the simplest upper mantle anisotropy models.
As a sub-project of the Continental Dynamics Yellowstone
array project, the Billings array was designed to record
teleseismic data in a region 100 km NE of the current
location of the Yellowstone hot spot located within Yellow-
stone Park. The relatively small 150 km by 110 km aperture
of the array permits coherent stacking of teleseismic shear
wave signals from all 30 broadband stations to accurately
isolate anisotropic S-wave signals with robust error esti-
mates. The stacking process also attenuates the signal
generated noise and small variations in the upper mantle
anisotropy within the Billings array. To source normalize
the different events, the cross-convolution technique is used
[Menke and Levin, 2003]. A direct Monte-Carlo search
method, the Neighborhood Algorithm (NA) [Sambridge,
1999a, 1999b], is used to map the posterior model proba-
bility density volumes (PPD) from which maximum likeli-
hood models may be found. This permits the 1- and 2-D
marginal distribution functions to be assessed quantitatively.
Model robustness is tested using synthetic data sets, geo-

graphic sub-setting of our data set, and comparison of
models using the direct-S and SKS data subsets.

[s] Shear wave splitting measurements using Silver and
Chan [1988] eigenvector analysis show a nearly uniform
FVA strike (51°) and split time (0.8 s) across the array
(Figure 2). Some systematic variations in the FVA orienta-
tion at the northern end of the array are found, but the
maximum deviation from the mean FVA is only 12°. On the
basis of the relative uniformity of the shear wave splitting
analysis, our further analysis of these ten SKS/SKKS waves
and an additional five direct S-waves is performed by
stacking the entire array to one stack waveform pair for
each of our 15 events.

2. Data and Methods
2.1. Shear Wave Data Windowing and Polarization

[6] Our teleseismic data set consists of ten SKS/SKKS
and five direct-S arrivals (Table 1) that are reasonably well
distributed with respect to the events back-azimuth, inci-
dence angle, and wave polarization direction (Figure 3). The
addition of the direct-S events significantly increases the
diversity of incidence angle and polarization sampling
(Figure 3). The increased incidence angle of the direct-S
waves is particularly useful to improve the resolution of
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Figure 2. Billings array shear wave splitting measure-
ments using eigenvector analysis [Silver and Chan, 1988]
for the SKS/SKKS events in Table 1. The line segment
lengths are proportional to the split time and the line
segments are parallel to the fast velocity axis. The peak-to-
peak split time is 0.8 s. The thick black arrow shows the
absolute plate motion direction of the North America Plate
[Gripp and Gordon, 2002].

dipping FVA axis [Chevrot and van der Hilst, 2003]. The
waveforms are zero-phase band-pass filtered with a two-
pole Butterworth filter with corner frequencies of 0.015 and
0.15 Hz.

[7] To estimate the dominant polarization of the direct-S
and SKS waves, a principle component analysis of the 30

Table 1. Event Table
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Figure 3. SKS and direct-S wave event distribution with
respect to incidence angle (at 150 km depth) and back-
azimuth. The orientation of the line segments for each event
denotes the polarization of the principle component (S1) of
the wave. For the SKS events this observed polarization is
within 3° of the theoretical back-azimuth (radially polar-
ized). Most of the direct S-events are dominately SH
polarized.

stations recording each event is used. The wavefield param-
eters constrained via the principle component analysis are:
the back-azimuth, incidence angle, and the dominant polar-
ization direction. The dominant polarization direction is
denoted as S1 with the secondary polarization direction
S2 defined as orthogonal to S1. Principle component
parameter uncertainties are estimated by bootstrap resam-
pling [Efron and Tibshitani, 1986] of the 28-30 three-
component stations that recorded each event (see an exam-
ple in Figure 4). The measured polarization of the S1
component of the SKS waves is found to have a mean
value within 3° of the theoretically radially polarized SKS-

Event BAZ, (°) Event Year-Day Phase Latitude, (°) Longitude, (°) Depth, km Polarization, (°) Slowness, s/km
0.3 2000-133 SKS 35.98 70.66 108 357 0.046
141.4 1999-325 S —21.75 —68.78 101 72 0.097
235.3 2000-228 SKS —31.51 179.73 358 231 0.064
2353 2000-228 SKKS —31.51 179.73 358 232 0.043
235.3 2000-228 S —31.5 179.73 358 162 0.075
240.5 2000-166 SKS —25.52 178.05 605 238 0.045
240.5 2000-166 SKKS —25.52 178.05 605 238 0.065
240.5 2000-166 S —25.52 178.05 605 355 0.075
264.1 2000-008 SKS —9.81 159.81 33 265 0.046
273.3 2000-037 SKS —5.84 150.88 33 270 0.043
291.2 2000-057 SKS 13.8 144.78 132 296 0.052
307.1 2000-161 S 30.49 137.73 307 280 0.089
359.9 2000-199 SKS 36.28 70.82 141 350 0.046
359.9 1999-312 SKS 36.52 71.24 228 358 0.046
359.9 1999-312 S 36.52 71.24 228 248 0.076
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