




Shear-wave splitting from virtual sources at Rulison field 

ensures that the virtual sources emit mainly shear waves 
and not P-waves.  
 
Using equations (1), we created virtual shear sources at 
every receiver station in the well. This provided 
redundancy of shot-receiver pairs for studying the reservoir 
interval. We aimed at assessing anisotropy in the reservoir 
as a whole and did not subdivide it into smaller intervals 
because the average thickness of individual sand bodies in 
it is only about 3 m – well below seismic resolution. It 

makes sense to characterize the interval as an effective 
medium.  
 
With this on mind, we subjected the entire virtual dataset to 
Alford rotation with trial angles in search for the principle 
directions in the reservoir; i.e., for the angle that provides 
best diagonalization of the virtual data. To automate the 
search process, we used the following measure of 
diagonalization:  
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where each of the terms on right hand side is the root mean 
square of the amplitudes in a time window on the direct 
shear wave (first arrival) from a virtual source to receivers 
below. The value of R(φ) reaches a maximum when the 
diagonal components of the virtual dataset are maximal and 
the cross-diagonal elements are minimal, and the angle at 
which this occurs indicates the principal directions in the 
reservoir. Figure 4 shows R as a function of the rotation 
angle φ. The maximum occurs at about 65° East of North 
which is very close to the fracture direction interpreted 
from Formation Micro Imager (FMI) data in the same well 
(Figure-4 insert). FMI sees fractures intersected by the 
borehole and hence its depth of investigation is much less 
than that of shear waves at seismic frequencies. The FMI 

shows that the predominant fracture orientation in the 
reservoir is 75°-85° East of North. The ~10° difference 
between the fracture directions estimated from virtual 
source and FMI interpretations is reasonable keeping in 
mind that our estimates are affected by uncertainty in the 
horizontal receiver orientations as well. 

 

 

Figure 3: VSP data from a near-offset shot after Alford rotation. 
Note the shear wave splitting in the overburden visible at the 
topmost geophone. 

Figure 4: RMS amplitude ratio, R, between diagonal and off-
diagonal components of the virtual source data after Alford 
rotation with trial angles φ. Insert: comparison between fracture 
orientation deduced from this graph and that interpreted from FMI 
log in the reservoir interval. 

 

 
Figure 5: Shear wave splitting accumulated over the reservoir 
interval as measured from direct arrivals from virtual sources at 
various depths  

 

Next we study the amount of shear wave splitting in the 
reservoir. One simple measure of it is the difference in total 
traveltime accumulated from the top to the bottom of the 
reservoir as measured from the XX and YY components of 
the virtual source data after Alford rotation. Figure 5 shows 
that difference estimated from data from different virtual 
source locations along the receiver tool. It averages ~2.5 
ms over a 3000 ft interval and corresponds to γ< 1%. This 
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is a tiny amount of splitting that would have been very 
difficult to pick directly from the VSP given the significant 
birefringence in the overburden.  
 

 
Figure 6: Corridor stacks of fast and slow shear waves from virtual 
sources 
 
To verify this estimate we also look at reflection images in 
terms of fast and slow shear waves. Since reflector dips at 
Rulison are small and the well is vertical, we can process 
each virtual source gather to a corridor stack much in the 
same way one would process a 1D VSP. The processing 
included picking the first arrival (fast or slow shear wave) 
on the XX and YY components, separating up-going from 
down-going waves by dip median filtering, aligning the up-
going field based on first arrival moveout, and forming a 
corridor stack. Since we had created a pair of virtual 
sources at every receiver station, we had a redundancy of 
images of the same reflectors for each wave mode (fast and 
slow). We averaged corridor stacks from different virtual 
source locations to increase the signal-to-noise ratio. The 
final images obtained from the XX and YY components are 
shown in Figure 6 labeled “fast” and “slow” respectively. 
The images are in two way time with respect to the top 
receiver (its time was set arbitrarily to 1500 ms). The 
strongest events visible correspond to the Cameo Coals 
below the reservoir. The deepest receiver is just below the 

top coal. Inspecting the zoom on the right in Figure 6, we 
notice that the top coal reflection on the slow shear wave 
section arrives about 5 ms later than that on the fast shear 
wave section. That represents shear wave splitting 
accumulated during two-way propagation through the 
reservoir and is in excellent agreement with the one-way 
traveltime difference of 2.5 ms between direct arrivals 
measured from XX and YY virtual source gathers.  
 
Conclusion 
 
Shear wave splitting in the Rulison reservoir is very small 
but measuring it is still important because it provides hints 
about the fracture system and thus can help optimize field 
development. Using multicomponent virtual shear sources 
created from a multicomponent 3D VSP we found splitting 
of less than 1% in the reservoir. Albeit weak, this 
anisotropy effect was enough to suggest that the 
predominant fracture orientation is ~N65°E at this location. 
Fracture orientations are expected to change across Rulison 
field, and therefore, similar measurements at other wells 
would be needed to map variations from VSP data.  
 
The tiny amount of shear wave splitting in this reservoir 
would have been extremely hard to measure with 
traditional methods such as VSP layer stripping given the 
strong and complex birefringence in the overburden. The 
new method utilized here bypasses the overburden entirely 
by turning VSP receivers into multicomponent shear virtual 
sources. It is rather easy to implement given a 3D 2C x 2C 
VSP.  
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