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Introduction 
 
Shales typically have very low matrix permeabilities due to their fine grain size, and thus form natural 
barriers to fluid flow unless fractures are present to provide fluid conduits. They are also often 
strongly anisotropic due to the high degree of preferred alignment of phyllosilicate minerals (Crystal 
Preferred Orientation, CPO) as well as bedding parallel laminations of organic material within the 
shale (Sayers, 2005). The presence of aligned fractures, either natural or induced by hydraulic 
stimulation, is another effective mechanism for generating seismic anisotropy. Here we show how 
observations of shear-wave splitting from microseismic data acquired from hydraulic fracture 
stimulation can be used to characterise the anisotropy of shales and infer properties of both fractures 
and rock fabric. 
 
Methodology 
 
One of the clearest indicators of seismic anisotropy is shear-wave splitting. When a shear wave 
generated by a microseismic event travels through an anisotropic medium it will split into two 
orthogonally polarised shear waves which propagate with different seismic velocities. The delay time 
between the arrival of the two shear waves is proportional to both the magnitude of the anisotropy and 
the ray path length. The polarisations of the fast and slow shear waves are controlled by the 
anisotropic symmetry of the medium. Therefore, by combining splitting measurements over a range of 
propagation azimuths and inclinations we can characterise the anisotropy of the medium. 
Microseismic datasets acquired from hydraulic fracture stimulations are often very large with tens of 
thousands of recorded events. To analyse these efficiently we use the semi-automated workflow of 
Wuestefeld et al. (2010) to estimate the shear-wave splitting and assess the robustness of the 
solutions. 

 
Figure 1 Synthetic upper hemisphere plots showing shear wave splitting magnitude (contours and tick 
lengths), and fast wave polarization (black tick orientations), for: (a) HTI anisotropy due to aligned 
vertical fractures; (b) VTI anisotropy due to horizontal layering/fabric; and (c) orthorhombic 
anisotropy due to vertical fractures in a horizontally layered medium. Position on the hemisphere 
indicates ray propagation direction (vertical in the centre, horizontal on the edges). Figure modified 
from Baird et al (2013). 
 
Figure 1 illustrates the patterns of shear wave splitting expected due to (a) aligned vertical fractures, 
(b) horizontal bedding or fabric, and (c) combined vertical fractures in a horizontal fabric. Vertical 
fracture sets (Fig 1a) produce hexagonal anisotropy with a horizontal axis of symmetry (Horizontal 
Transverse Isotropy, HTI). Maximum splitting is observed for rays parallel to the fracture with 
magnitude proportional to fracture density and polarisation parallel to the fracture strike. A second 
order effect can sometimes be observed for rays propagating oblique to the fracture where splitting 
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parameters are sensitive to the ratio of the normal to tangential compliance of the fractures (ZN/ZT). 
Horizontal bedding or fabric (Fig 1b) produces anisotropy with a vertical rotational symmetry 
(Vertical Transverse Isotropy, VTI). VTI anisotropy is often described by the Thomsen (1986) 
parameters, 𝛆, 𝛄 and 𝛅. The most important parameter for shear wave splitting is 𝛄 which describes 
the fractional difference between the horizontal and vertical velocities for the horizontally polarised S 
wave (SH), and determines the amount of shear wave splitting for horizontally propagating rays. For 
rays with intermediate inclinations the 𝛆 and 𝛅 parameters also play a role since their relative 
magnitudes determine how the quasi-vertically polarised S wave (qSV) propagates. Finally, in most 
situations we would expect a contribution of both aligned vertical fractures embedded in a 
background with VTI fabric, which will produce an orthorhombic anisotropic symmetry (Fig. 1c). We 
use the approach of Verdon et al. (2009) to model and invert for both background VTI and vertical 
fracture properties. 
 
Case studies 
 
The first dataset comes from the stimulation of a tight gas sandstone with very little intrinsic 
anisotropy such that the observed anisotropy is dominated by HTI symmetry imposed by vertical 
fractures. Figure 2 shows a clear change in splitting parameters between the initial stage of the 
stimulation and subsequent stages, which implies a change in fracture parameters. The best fitting 
fracture model for Stage 1 suggests a strike of 30˚ (closely matching fracture orientations identified by 
downhole image logs) and a ZN/ZT ratio of 0.3. The best fitting model for later stages suggest a 
clockwise rotation of dominant fracture strike to 70˚ and an increase of ZN/ZT to 0.65. Based on this 
Baird et al. (2013) argue that pre-existing fractures are initially dominant, but in later stages new 
fractures are stimulated parallel to the direction of maximum horizontal compressive stress. The initial 
fractures have low ZN/ZT, which is indicative of fractures which are poorly connected or partially 
cemented, whereas later fractures are better connected to each other and to the porous matrix which 
would act to increase ZN/ZT. 

 
Figure 2 Top: Shear-wave splitting measurements presented in a cylindrical projection for stage 1 
and subsequent stages 2-5 of a hydraulic fracture treatment. Tick orientations indicate the fast shear 
wave polarisation with vertical ticks indicating a quasi-vertical shear wave. Tick lengths are 
proportional to the percentage difference between the fast and slow shear velocities. Bottom plots 
show the best fitting models. Note that there is a rotation in the inferred fracture direction. Figure 
adapted from Baird et al. (2013). 
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at higher frequencies the inclusions will behave as discrete scatterers. Poroelastic effects 
are more subtle. For example, aligned fluid filled fractures in a porous medium will exhibit 
frequency-dependent anisotropy. At high frequencies, the inclusions will be isolated and the 
effective anisotropy will be smaller, whereas at low frequencies, the inclusions are  
effectively interconnected and the anisotropy will be larger. 

Borehole microseismic data are typically rich in frequency content, making them ideal for 
studies of frequency-dependent wave phenomena. The frequency content in datasets is 
somewhat variable with depth and lithology, but is generally between 10-400Hz. The analysis 
of frequency-dependent shear-wave splitting in microseismic data has been described in 
Al-Anboori and Kendall (2010) and Al-Harrasi et al. (2011). The data are filtered with overlap-
ping passbands and the splitting parameters are then estimated for each frequency-band. 
The results presented in Figure 6 (from Al-Harrasi et al., 2011) reveal a lithology dependent 
variability in the nature of frequency-dependent shear-wave splitting. These results show 
large meter-scale fractures in the gas-producing carbonate reservoir and micrometer scale 
cracks in the sealing shale. These results agree with independent measures of crack/fracture 
size in this reservoir. Such analysis is ideally suited to detecting ‘sweet spots’ in tight gas 
reservoirs and monitoring fracture stimulation. 

Conclusions and  
future directions
This paper has summarised recent research 
on deriving fracture properties from shear-
wave splitting measurements made on 
microseismic data acquired in a borehole. 
Shear-wave splitting analysis is easily 
automated, where the rate-limiting step is the 
speed of event location. Given sufficient ray 
coverage in azimuth and inclination, clusters 
of splitting measurements can be inverted for 
fracture properties such as density and orien-
tation, including those for multiple fracture 
sets. Furthermore, these inversions can be 
used to track temporal variations in splitting, 
which are intimately related to variations in 
fracture density and fracture compliances. 
Early results suggest that these measure-
ments may serve as a proxy for changes in 
permeability and fluid migration. Finally, the 
frequency dependent nature of shear-wave 
splitting is sensitive poroelastic effects and 
can be used to estimate fracture size. 

Splitting analysis is normally done as an 
afterthought in microseismic monitoring 
operation, and yet it holds potentially 
valuable information about fracture and 
crack properties. Figure 7 shows how this 
analysis can be routinely included in the 
workflow for analysing microseismic data. 
There are a number of potential applications 
of such anisotropy analysis both in passive 
seismic monitoring and monitoring hydraulic 
stimulations. Examples include: insights into 
the magnitude and orientation of the stress 
field, including hazardous stress build-up; 
helping determine anisotropy parameters 
for conventional seismic data processing; 
monitoring fracturing associated with injec-
tion fronts such as those due to water, CO2, 
and steam; a better understanding cap-rock 
leakage mechanisms and fault sealing; 
finally, post-mortem analyses of cases  
where hydraulic fracture stimulation has 
been unsuccessful. 
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Figure 5. Top: Shear-wave splitting measurements displayed in a cylindrical projection for Stage 1 and the 
then the subsequent Stages 2-5 of a hydraulic fracture treatment. Tick orientations indicate the fast shear 
wave polarisations (vertical is a quasi-vertical shear-wave). The length of the tick is proportional to the delay 
time between the fast and slow shear waves. Note that there is a distinct rotation in the dominant orientation 
of the fast shear wave. The lower two plots show the best fitting models for Stage 1 and then Stages 2-5. The 
dominant fracture strike changes from 30 degrees to 70 degrees, accompanied by a change in ZN/ZT ratio from 
0.3 to 0.65. For more information see Baird et al. (2013).
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Figure 3 Left: Shear-wave splitting from the Horn River dataset as a function of ray inclination. 
Colour represents the polarization of the fast shear wave (qSV blue, SH red). Right: Predicted shear-
wave splitting for VTI models with different values of 𝛅. As 𝛅	is	decreased	qSV	becomes	faster	than	
SH	for	steep	inclinations	and	eventually	produces	a	triplication. Figure adapted from Baird et al. 
(2017). 
 
For more shaley reservoirs the preferred alignment if intrinsically anisotropic phyllosilicate minerals 
tends to produce a strong VTI fabric that dominates the anisotropy. This is the case for the second 
case study based on a large microseismic dataset acquired in the Horn River basin in Northeastern 
British Columbia. Approximately 92,000 events were detected on three downhole geophone arrays 
providing excellent ray coverage. Because of the array geometry the shear wave splitting primarily 
imaged the overlying Fort Simpson shale, which is very clay rich with strong intrinsic anisotropy. 
Figure 3 shows the variation in anisotropy with ray inclination from Baird et al (2017). For horizontal 
rays (90˚ inclination) the fast shear wave is horizontally polarised, however as inclination become 
more vertical qSV waves become faster. We can compare these splitting measurements to predictions 
made from Thomsen parameters. Based on sonic log information we have estimates of Thomsen’s 𝛆 
and 𝛄, but not for 𝛅,	which	 is	 crucial	 for	understanding	how	 the	qSV	velocity	 (and	 thus	 shear	
wave	splitting)	varies	with	inclination.	The	right	panel	of	figure	3	shows	predicted	splitting	for	
an	elliptical	model	(𝛅	=	𝛆),	which	predicts	SH	faster	than	qSV	for	all	inclinations;	and	for	models	
with	 progressively	 lower	 𝛅.	 As	 𝛅	 is	 decreased	 the	 qSV	 and	 SH	wavefronts	 cross	making	 qSV	
faster	 for	 steeper	 inclinations	and	better	matching	observations.	 If	𝛅	 is	 lowered	even	 further,	
the	 models	 predict	 that	 a	 triplication	 will	 occur	 in	 the	 SV	 phase.	 Based	 on	 this	 analysis,	
combined	with	 observations	 of	 clear	 SV	 triplications	 in	 the	 recorded	waveforms,	 Baird	 et	 al.	
(2017)	provided	a	revised	estimate	of	the	Fort	Simpson	shale	of	𝛆	=	0.33, 𝛄	=	0.46, 𝛅	=	0.01. 
 
Discussion and Conclusions 
 
Shear wave splitting from microseismic datasets provides an excellent method to characterise 
anisotropy of fractured shale reservoirs. We can then use these measurements to infer properties about 
the aligned fractures and sedimentary fabric. In the first dataset we see clear temporal variations in the 
magnitude and orientation of shear wave splitting, which must be the result of evolving properties in 
the fracture network. In the second dataset we show how shear wave splitting recorded over a large 
range of inclinations can be used to provide much better constraints on the VTI fabric of highly 
anisotropic shales. 
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One unresolved question is to what degree VTI anisotropy in shales can be explained by CPO and 
what effect horizontally aligned cracks and pores might contribute. Recent rock physics modelling 
and laboratory investigations suggests that the conversion of load bearing kerogen to oil and gas 
during thermal maturation of laminated organic rich shales effectively results in an increase in 
horizontally aligned pores, and thus an enhancement of the VTI anisotropy (Allan et al., 2016; 
Carcione & Avseth, 2015). In the Fort Simpson shale Baird et al. (2017), used modal proportions of 
minerals which a range of plausible textures to conclude that the anisotropy could be explained by 
CPO of clay minerals. However, the contribution of horizontal cracks could not be ruled out because 
the true orientation distribution functions of the minerals were unknown. Future work will involve 
using petrofabric analysis of samples from the shale to better estimate the intrinsic anisotropy due to 
CPO. 
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