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Technical Description 
1.Summary 
 It has been noted that two main data sources for anisotropy, i.e., the SKS splitting 
data and the surface wave data, often show inconsistent patterns. This seems to be 
supported by data in Southern California based on individual SKS and surface wave 
studies. The primary goal of this project is to understand the source of this discrepancy 
and to obtain a seismic structure that satisfies both sets of data. The key must be in the 
depth variations in anisotropy, as the two types of data have different depth sensitivities. 
In 2007, we formulated a scheme to invert surface waves and obtained S-wave velocity 
anisotropy maps. We also reexamined SKS splitting data in Southern California.  In 2008 
we analyzed all SKS waveforms suitable for splitting analysis and found that robust 
results were obtained if seismograms form different azimuths were stacked.  Individual 
estimates were very noisy, and apparent variation of splitting parameters with azimuth 
was deemed to be unreliable because of noise.  We corrected SKS directions for splitting 
due to the upper 100 km as determined from surface wave analysis.  We compared 
corrected splitting directions with absolute plate motion and found excellent agreement 
east of the San Andreas Fault in an ENE-WSW direction.  However, west of the San 
Andreas Fault the fast directions rotate a little, but do not rotate into the direction of the 
absolute Pacific plate motion (WNW-ESE).  In Central California there is better 
correspondence, while also offshore regional surface waves show that fast directions are 
more oriented in the direction of absolute plate motion.  We speculate that the difference 
between Southern and Central California is that past tectonics over the 30 Ma, associated 
with rotation of the Transverse Ranges, and extension of the Borderland, has imposed a 
fabric that can account for the differences. 
  
2. Progress in 2007-2009 
(2.1) Surface wave inversion 
 Rayleigh wave phase velocity maps indicate that fast velocity axes tend to rotate 
as a function of frequency in Southern California (Prindle, 2006). In 2007, we inverted 
these results for S-wave anisotropy with the  type variations (Figure 1). We inverted 
for four layers, the upper crust (0-15 km), the lower crust (15-33 km), the lithospheric 
upper mantle (33-100 km) and the asthenospheric upper mantle (100-150km). Results 
indicate that the data require strong anisotropy in the upper mantle 33-100 km and a 
somewhat weaker anisotropy in the lower crust, whereas contributions from other layers 
and P-waves are relatively small. 
 One of the features that stands out in Figure 2 is that the anisotropy is strong in 
the Transverse Ranges. It also hints that anisotropy is stronger on the Pacific plate side of 
the San Andreas Fault i.e. in the big bend region.  Anisotropy in the uppermost mantle, 
just below Moho, is stronger than anisotropy in the lower crust, indicating the need for 
mantle anisotropy for surface wave results. However, its depth range may be shallow, 
confined within the range from Moho to 100 km in depth. 
 
(2.2) Splitting from SKS Waves 
During the last year a major effort has been made to bring the analysis of SKS splitting 
up to date. The previous analysis by Polet and Kanamori  (2002) spanned the years 1988-
2000 (27 events) when the seismic array was less extensive.  We have analyzed all the 



data (190 earthquakes; 25,000 seismograms) 1990-2008 at 152 stations finding 53 events 
at 96 stations suitable for splitting analysis.  The traditional way of measuring splitting 
parameters is to find values that minimize tangential energy, one event at a time, and to 
average the results.  However individual estimates are very scattered often because 
incident azimuths are close to null directions.  Averages of small numbers of events can 
be biased by outliers.  Stacking events at a given station, by concatenating waveforms, 
gives much more robust results. For each estimate several tens of hand-picked high signal 
to noise seismograms were stacked.   
 
(2.3) Lithospheric Splitting Inferred from Surface Wave Anisotropy 
 Because the surface waves have limited depth resolution rather than do a joint 
inversion we used them to strip off from the SKS values splitting generated in the upper 
100 km.  For the model derived in Figure 1, we computed predicted splitting times. 
Figure 2 shows the results. The top panel shows the variations along the line in the 
bottom panel, stressing the fact that predicted splitting time reaches a peak near the fault 
on the Pacific plate side. The bottom panel shows predicted SKS splitting times and fast 
axes directions for the whole field.  

There are obviously a few features that are different from previously reported 
SKS results (Polet and Kanamori, 1997; Silver and Holt, 2002; Davis, 2003; Becker et 
al., 2006). Figure 3 shows a compilation of SKS splitting results for Southern California 
from our analysis (Kosarian et al., 2009).  First of all we see that the maximum time 
predicted by the surface wave model is 0.4 seconds at most, and is smaller than (about) 
>1 second reported for SKS splitting in this region. The fast axes directions are also 
different in that the surface wave lithospheric results are mostly parallel to the relative 
plate motion direction. Larger variations closer to the major faults also seem to be a new 
observation. 

 
(2.4) SKS Splitting Corrected for Lithosphere 

Anisotropic structure derived from surface waves clearly cannot explain SKS 
splitting data. South of the San Andreas fault SKS splitting is oriented east-west with 
over 1 sec delay.  The surface waves have split times of 0.4 secs and are oriented WNW.  
Since SKS waves are sensitive to deeper parts of upper mantle, probably down to 300-
400 km (Becker et al., 2006), there is a strong possibility that the fast-axes patterns in 
SKS data are dominated by deeper anisotropic patterns that are not included in the 
surface wave results.  

In order to test the effects of a mantle lithosphere layer on SKS splitting we 
removed splitting determined by the surface waves, and used the stacking method to 
solve for deeper splitting parameters, presumably located in the asthenosphere.  The net 
effect, as might be expected, was to rotate the deeper SKS fast direction anticlockwise 
but on only by a few degrees on average.  The deeper splitting rotates further away from 
the San Andreas Fault suggesting a deep mantle flow possibly in the asthenosphere.  But 
in the lithosphere, where the deformation is most extreme, the effects of plate margin 
strain on anisotropy can be recognized.   

 
(2.5) Comparison of SKS Splitting with Absolute Plate Motion 
Figure (4) compares SKS splitting (black lines) values corrected for effects in the upper 100 km 
as determined from surface waves with absolute motion of the North American plate (red lines). 



The absolute plate motion is with respect to the mantle hotspot reference frame.  The degree of 
alighnment is remarkable, notable east of the San Andreas fault, that we take as the plate margin.   
West of the San Andreas fault directions rotate a little but do not rotate to parallel with Pacific 
plate motion (see Figure 5).  Figure 5 shows that splitting compared with absolute plate motion of 
the Pacific plate (extended onto the North American plate).  While the westernmost stations rotate 
in the general direction of Pacific plate motion the alignment is poor, improving to the NW.  
Directions from Central California (Polet and Kanamori, 2002) are more aligned suggesting a 
Central-Couthern California dichotomy.  We expect this may be due to the fact the Southern 
California margin has experience greater extension. 
 
(3.0) Conclusions: 

• Splitting determined from surface waves in the lithosphere (upper 100 km) 
explains only 20% of SKS splitting. 

• Lithospheric splitting concentrates in the big bend region south of the San 
Andreas Fault and can be explained by transpressional tectonics 

• SKS splitting east of the San Andreas shows remarkable alignment with absolute 
plate motion. 

• SKS fast directions west of the San Andreas appear to align with absolute Pacific-
plate motion in Central California but in Southern California while rotating in the 
general direction the rotations are insufficient for parallelism. 

• We propose the difference is due to the extensional tectonics associated wit 
deformation of the southern California Borderland that imposed an extra ~E-W 
strain on the underlying asthenosphere that must be combined with absolute plate 
motion and which did not occur in Central California. 

• This explanation is different from that of Silver and Holt (2002) who suggest an 
W-E mantle current is needed to explain the anisotropy. Our model is consistent 
with absolute plate motion above an effectively stationary mantle locked to the 
hotspot reference frame. 



4. Figures 
               
 

                
 
 
Figure 1: S-wave anisotropy derived from Rayleigh wave  azimuthal anisotropy. The data 
require large anisotropy in the lithospheric upper mantle (33-100 km) and smaller 
anisotropy in the lower crust (15-33 km).  
 
 



 
 
Figure 2: Theoretical predictions for SKS splitting by the model in Figure 1. The top 
panel shows variations along a solid line in the bottom panel. Anisotropy is stronger on 
the Pacific plate side and close to the San Andreas Fault. The features do not match with 
previously observed patterns of SKS splitting data. 



 
 
 
 
 

 
Figure 3: Observed SKS splitting (Kosarian et al., 2009) compared with values predicted by 
surface wave analysis (red lines). SKS splitting fast axes tend to align in the east-west direction 
and no evidence of larger anisotropy near the fault is found. We suspect that these patterns reflect 
deeper, large-scale flow patterns in the upper mantle, below 100 km. 
 
 
 



 
 
 

Figure 4.  Stacked SKS splitting (black lines) values corrected for effects in the upper 100 
km as determined from surface waves.  The splitting directions compare favorably with 
absolute motion of the North American plate (red lines) with respect to the mantle hotspot 
reference frame.  However west of the San Andreas fault directions rotate a little but do 
not rotate to parallel with Pacific plate motion (see Figure 5). 

 



 

Figure 5.  Stacked SKS splitting (black lines) values corrected for effects in the 
upper 100 km as determined from surface waves.  The splitting directions 
compare favorably with absolute motion of the North American plate (red lines) 
with respect to the mantle hotspot reference frame.  However west of the San 
Andreas fault directions do not rotate to parallel to Pacific plate motion (see 
Figure 5). 
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