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ABSTRACT
When locating microseismic events using a downhole acquisition
geometry, it is necessary to determine the azimuth from the
receiver array to the event. This is usually achieved by estimating
the polarization vector of the P-wave arrival. This paper presents a
method of wavefield separation that can be applied for this
purpose, based on the Akaike Information Criterion (AIC), singular
value decomposition (SVD) and vector projection. To test this
approach, synthetic microseismic events are created and varying
levels of noise are added to determine the signal to noise ratio
(SNR) at which wavefield separation can no longer be reliably
completed based on an assumed azimuthal tolerance. A case study
is presented using a microseismic dataset from the Horn River
Basin. We show that spider diagrams are a useful quality control
tool, combined with the observation of polarity reversals across
nodal planes. Our results also show that this method is robust and
performs well for both real and synthetic microseismic data, if the
SNR is 2 or greater.

Hydraulic fracturing induces microseismic events that are typically
associated with displacement along small fractures in the subsurface
near the injection zone. These microseismic events can provide
valuable information about fracturing treatment efficiency (Cipolla et
al., 2011). By estimating microseismic event hypocentres, for example,
the extent of fracture propagation can be delineated. Accurate knowledge of the P- and/or S-wave polarization direction is critical for
determining hypocentres of microseismic events using downhole
observations (Maxwell, 2014). Since high noise levels can be problematic, it is important to establish a lower-limit for signal to noise ratio
(SNR) to maintain the accuracy
and reliability of the results.

1

C JEG

JUNE 2 017

In order to locate microseismic events using a downhole array, three
main approaches are used: hodogram analysis, P- and S-wave triangulation, and semblance (Maxwell et. al, 2010). This paper focuses on the
hodogram technique, which relies on accurate estimates of the polarization of the P- and/or S-waves, as well as the arrival times of the
P- and S-waves, to determine event locations. The objective of this
paper is to develop a robust method to estimate the linear polarization
direction for a P wave (or S wave) in the presence of noise, from which
the azimuth from the receiver to the source can be reliably inferred. By
being able to accurately determine the polarization directions, the
location error of the microseismic events is reduced. As part of our
workflow, we develop an approach to determine the SNR below which
the polarization is not reliable.

THEORY

INTRODUCTION

In practice, three distinct
acquisition approaches are
used to record microseismicity
– downhole, buried, and
surface arrays (Maxwell, 2014).
Downhole arrays, which have
geophones deployed within a
wellbore, have the advantage
of being less prone to high
noise levels and thus typically
record events with a higher

SNR (Peyret et. al, 2012). Therefore, even a sparse array is usually
sufficient to determine the locations of weak microseismic events.
However, an issue is that a borehole geometry introduces a rangedependent detection bias, such that only microseismic events above a
magnitude viewing limit can be detected within an area around the
borehole (Cipolla et al., 2011). Additionally, the farther the events are
from the array, the larger the location error.

A typical wavefield from a microseismic event contains both P- and
S-wave arrivals. A P-wave is a compressional wave, and a S-wave is a
shear wave. Assuming an isotropic velocity model, the P-wave polarization unit vector, 𝐺𝐺𝐺𝐺 , is parallel to the ray, and the S-wave polarization
unit vector, 𝐺𝐺𝐺𝐺 , is in a plane perpendicular to the ray joining the source
and receiver (Figure 1). Since 𝐺𝐺𝐺𝐺 is parallel to the direction of wave
propagation for isotropic media, the P-wave arrival is often used as a
proxy for the azimuth of the incoming wave. In order to determine the
hypocentre location, it is necessary to estimate the azimuth of the
incoming wave; hence, determining 𝐺𝐺𝐺𝐺 accurately is paramount.

Figure 1: Polarization vectors (a) Plane waves arriving at the surface, where the red is the P-wave, the blue is the S1-wave and
the green is the S2-wave. The S1-wave is the fast shear wave, while the S2-wave is the slow shear wave. The big arrows show the
direction of wave propagation, while the small arrows show the direction of particle displacement, which corresponds to the
polarization vectors. (b) Polarization vectors for a downhole receiver and a point source.
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The motion of the S-wave is perpendicular to the wave propagation
direction and therefore provides a less direct measure of the
source-receiver azimuth. In the case of anisotropic media, shear-wave
splitting adds a further complication to the analysis of propagation
direction. For plane-wave propagation in an anisotropic medium with
any symmetry (including isotropic), the particle motion vectors are
always mutually perpendicular (Hess, 1964). Here, we construct a
reference coordinate system using measured particle motion,

𝐺𝐺𝐺𝐺×𝐺𝐺𝐺𝐺% = 𝐺𝐺𝐺𝐺' ,		

[1]

where 𝐺𝐺𝐺𝐺 is positive in a direction pointing away from the source and
𝐺𝐺𝐺𝐺# denotes either the first arriving S wave, or the SH wave component
in the absence of shear-wave splitting. This formulation ensures that
even if only one component of the S-wave is discernible, the coordinate axes are mutually perpendicular.
Once the reference (ray-centered) coordinate system is established,
wavefield separation can be achieved by projecting the measured
three-component (3C) wave motion onto the unit vectors for each
wave component. For example, for a P wave, the projection of
observed x, y and z components may be written as

𝑃𝑃"#$ = 𝑥𝑥𝐺𝐺𝐺𝐺( + 𝑦𝑦𝐺𝐺𝐺𝐺+ + 𝑧𝑧𝐺𝐺𝐺𝐺- ,

4𝜋𝜋𝜋𝜋𝜋𝜋𝛼𝛼

[2]

A typical workflow for determining polarization vectors involves finding
the first breaks and then the polarization vectors. The wavefield
separation methodology in this paper is applied in several steps, and
can be summarized as follows:

2. Determine the first breaks for the P- and S-waves using the Akaike
Information Criterion (AIC).
3. Determine raw P- and S-wave polarization vectors using singular
value decomposition (SVD).
4. Determine the reference coordinate system based on equation (1).
5. Select a reference phase.
6. Perform wavefield separation by projection of raw component data
onto ray-centered coordinates.
7. Perform quality control on the separated wavefields.

[3]

where ui is the displacement of the ith component, the γ terms are
direction cosines from the source to the receiver, Mjk is the moment
tensor, r is the distance from the source to the receiver, ρ is the density,
α is the P-wave velocity, w(t) is the displacement time function at the
source, and τP is the traveltime to the receiver (Aki and Richards, 2002).
Similarly, the S-wave displacement can be written as
			
𝛿𝛿") − 𝛾𝛾" 𝛾𝛾) 𝛾𝛾, 𝑀𝑀),
𝑢𝑢"# 𝑥𝑥, 𝑡𝑡 =
⋅ 𝑤𝑤 𝑡𝑡 − 𝜏𝜏# ,
[4]
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METHODS

1. Calculate the 3C amplitude envelope and apply a time windowing
function to the traces.

where the subscripts of 𝐺𝐺𝐺𝐺 refer to the components of this unit vector.
In this new trace, 𝑃𝑃"#$ , only the P-wave should be visible. Similar
expressions apply to both of the S-waves. This transformation can be
used as a quality control measure for the workflow, by ensuring that
only the desired arrivals are visible after wavefield separation.
More rigorously, the P-wave displacement for a homogeneous,
attenuation-free, isotropic medium can be expressed as
			
𝛾𝛾" 𝛾𝛾) 𝛾𝛾* 𝑀𝑀)*
𝑢𝑢"# 𝑥𝑥, 𝑡𝑡 =
⋅ 𝑤𝑤 𝑡𝑡 − 𝜏𝜏# ,
1

In the case of anisotropy, the P- and S-wave polarization vectors are no
longer strictly parallel or perpendicular to their respective wavefronts
(Winterstein, 1990). Rather, there is generally a small angular deviation
between the pure P- and S-wave polarization vectors. As such, P- and
S-waves are referred to as quasi-compressional, qP, and quasi-shear,
qS. There is a limit to which these terms can apply, as a large degree of
anisotropy may make the assumptions of qP and qS waves no longer
valid. The concept of anisotropic polarization is especially important
when looking at applications of hydraulic fracturing, where shale
formations may exhibit very large anisotropy (e.g. Ong et al., 2016).

where β denotes the S-wave velocity and δij is the Kronecker delta.
The radiation pattern (i.e. the variation of wave amplitude with direction from the source) varies with the moment tensor, and thus the
displacement will be different at each geophone (Forouhideh and
Eaton, 2011). If a geophone falls on a nodal plane or nodal axis, there
will be no displacement recorded. This is a problem because the SNR
of the P wave is significantly reduced for directions that are close to a
nodal plane, while the SNR of the S wave is reduced for directions that
are close to a nodal axis. These factors can make determining the
polarization vectors less reliable for different geophones. In addition,
noise levels may vary for different geophones, due to variable coupling
to the casing and other factors (St-Onge & Eaton, 2011).

Each of these items is discussed in greater detail below.

Multicomponent amplitude envelope
The P- or S-wave is not always clear on raw components, so one way to
use the data to its fullest is to combine the information from each
component into a single trace. Simply adding the components is not
sufficient as the signals will interfere constructively and destructively.
Therefore, it is convenient to combine the three components into a
scalar amplitude envelope trace. This approach is based on the
analytic signal of a wave, senv, which derives from the Hilbert Transform
(Figure 2). The signal is first transformed into frequency domain and
then the operator H(ω) is applied by multiplying it with the transformed spectrum, where
		
𝐻𝐻 𝜔𝜔 = −𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝜔𝜔 .		
[5]

After this, the signal is converted back to the time domain and the
three components are combined into a multi-component amplitude
envelope using

𝐴𝐴"#$ =

)
)
)
𝑠𝑠',"#$
+ 𝑠𝑠+,"#$
+ 𝑠𝑠,,"#$
,
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is important, as a false minimum can occur if the window is either too
long or too short, or starts too close to the arrival of interest. Therefore, it is recommended that each of the AIC picks is checked manually
to determine if any picks should be changed.

Figure 2: Results of applying the amplitude envelope to a three-component trace.
The red line on the bottom is the amplitude envelope, while the upper three blue
lines are the three components of the trace. The two horizontal components are
referred to as H1 and H2, while the vertical component is Z; from bottom to top:
H1, H2 and Z.

In our implementation, a varying start time is defined by interactively
picking three traces in order to select arrival times that precede the
arrival of interest. The window start time for remaining traces (those
that are not selected) is obtained by fitting a parabolic function of time
versus depth that passes through the three selected points (Figure 4).
The goal of this procedure is to define a window that approximately
tracks the moveout of the arrival of interest. The analysis window has a
fixed length (e.g. 0.05s) that is sufficient to include the entire signal
waveform on every trace, including pre-event and post-event
segments. In our experience, a parabolic approximation is sufficient to
capture common situations such as a linear moveout, corresponding to
events at depths that are either above or below the geophone array, or
a curved moveout with a local minimum arrival time, corresponding to
events at depths within the depth range of the array.

where A env yields the processed waveform data used for the next step
in the workflow, and the terms under the square root are the x, y and z
components of senv.

Akaike information criterion (AIC)
The AIC is a high-level function that can be used to pick the first break
of an arrival (Oye & Roth, 2003), among many other applications.
Applied to microseismic, the AIC is expressed as

𝐴𝐴𝐴𝐴𝐴𝐴 𝑘𝑘 = 𝑘𝑘 ⋅ 𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎 𝑠𝑠 1: 𝑘𝑘

+ 𝑛𝑛0123 − 𝑘𝑘 − 1 ⋅ 𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎 𝑠𝑠 𝑘𝑘 + 1: 𝑛𝑛0123

, [7]

where k is the sample number of the trace, nsamp is the total number of
samples within the AIC window, s is the trace and σ is the variance
(St-Onge, 2011). A signal onset is marked by a local minimum of the AIC
time series (Figure 3). In making this calculation, the size of the window
Figure 4: Quadratic fit for AIC time picks. The blue dots are the three chosen
picks, the yellow region represents the P-wave window, and the green region is
the S-wave window.

Singular value decomposition
Singular value decomposition (SVD) is a generalization of eigenvalue
decomposition that is used to factor a real (or complex) matrix. Given
a real M by N matrix, A, it is possible to rewrite it as

𝐴𝐴 = 𝑈𝑈𝑈𝑈𝑉𝑉 & ,		

Figure 3: Results of applying the AIC to the amplitude envelope of a sample trace,
showing that the minimum of the AIC corresponds to the first break of the arrival.
(a) AIC function (b) Trace with time pick from AIC.
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where U is a matrix with dimensions M by M, V is another matrix that is
N by N, and σ is a M by N diagonal matrix of singular values that correspond to the eigenvalues of AAT and AT A (Golub & Van Loan, 1983). In
this study, SVD is used to determine polarization vectors for noisy
input signals that consist of windowed three component wavefield
data. There are two windows, one for each of the arrivals (P and S). In
equation (8), A is the windowed microseismic data, U represents the
best-fitting polarization vector for the 3D motion of that arrival that

N A D I N E I G O N I N A N D DAV I D W. E AT O N

effectively represents the least squares fit of a line passing through an
ellipsoid of displacement values, and V is an approximation for the
identity matrix. The final output of SVD analysis is a pair of polarization
vectors: 𝐺𝐺𝐺𝐺 and 𝐺𝐺𝐺𝐺# . In the ray-centered coordinate system used
here, 𝐺𝐺𝐺𝐺 points away from the source. As a QC tool, it is helpful to plot
a spider diagram showing the vectors pointing toward the source to
evaluate how well they converge toward the source location (Figure 5).

ray-centered coordinate system. For example, if the reference phase is
the S wave, an adjusted P wave polarization direction is given by

𝐺𝐺𝐺𝐺#$% = 𝐺𝐺𝐺𝐺 −

𝐺𝐺𝐺𝐺 ⋅ 𝐺𝐺𝐺𝐺* ∗ 𝐺𝐺𝐺𝐺
||𝐺𝐺𝐺𝐺||

,

[9]

where ⋅ denotes the dot product. This adjustment assures that the P
wave and S wave axes are mutually perpendicular. In the case where an
S-wave is the reference phase, 𝐺𝐺𝐺𝐺 and 𝐺𝐺𝐺𝐺# can simply be swapped.

SYNTHETIC TEST

Figure 5: Spider diagrams for polarization vectors in a homogeneous, noise-free
case; plotted in reverse, with vectors pointing in the opposite direction as defined
in Figure 1. In this case, 𝐺𝐺𝐺𝐺 points directly toward the event, and this can be used
as a general guideline for the other events. A nodal plane is crossed at the 8th
receiver, which is why the 𝐺𝐺𝐺𝐺# and 𝐺𝐺𝐺𝐺# directions change for the last 4 receivers.
In spite of the projection, all vectors are mutually orthogonal. (a) Map view (b)
Cross-sectional view.

A set of 20 synthetic microseismic events were created for the synthetic
test using a ray-tracing code that is based on a ray-bending algorithm
(Eaton et al., 2011). This algorithm initializes the ray using a straight
path from the source to the receiver, and then iteratively updates the
raypath based on segments within layers, in order to approach a final
ray that satisfies Snell’s Law. The final ray provides an estimate of the
propagation direction, slowness parameter, ray-theoretical traveltime
and geometrical-spreading amplitude value. Synthetic seismograms
were computed using a double couple source with a Ricker source
time function. For this test, half of the events were computed using a
homogeneous velocity model, and the other half computed using a 1D
layered velocity model derived from a well in the Horn River Basin
(Figure 6). Two examples of noise-free synthetic events are shown in
Figure 7.

Check polarity
In our experience, the estimated polarization direction from SVD
analysis can be 180 degrees off from the correct vector direction.
Therefore, a polarity check is important to verify that the P-wave polarization vector points away from the source and the S-wave polarization
vectors produce a right-handed coordinate system. This check is
based on the relative locations of the receivers and the injection
location, which should be sufficiently close to the source to enable the
polarization to be verified.

Picking a reference phase

Figure 6: Smoothed velocity model for Horn River, with formation tops outlined.
This was the velocity model used to create the ten heterogeneous synthetic events.
The homogeneous model was taken to be the average of this model.

Since two windows are used for SVD, the results in the P- and S-wave
case are generally not exactly mutually orthogonal. In our implementation of this approach, either the P or the S phase is chosen for an event
as a reference phase for the right-handed, mutually orthogonal,
ray-centered coordinate system. The method used here involves calculating the SNR in P- and S-wave windows and selecting the maximum of
the two as the reference phase. The noise for the P-wave is calculated
before its first break, and the noise for the S-wave is calculated from the
region between the P and S windows. In practice, the reference phase
is commonly the S-wave, however, this is not always the case.

Vector Projection
Once a reference phase is chosen, the corresponding polarization direction that was determined from SVD analysis is used as the basis for the

Figure 7: Synthetic events for 12 receivers and a double couple source 100 m north,
400 m east and 2400 m deep (8th receiver) of the receivers. This configuration was
chosen to match the geometry of the Horn River dataset (a) Noise-free, homogeneous
model (b) Noise-free, Horn River model.

C JEG

JUNE 2 017

4

WAV E F I E L D S E PA R AT I O N O F M I C R O S E I S M I C E V E N T DATA B A S E D O N L I N E A R P O L A R I Z AT I O N

Although the synthetic events with both velocity models have the same polarities and show the
same pattern of decreased energy at the 8th receiver, one of the differences among them is
that the synthetics for the Horn River velocity model events are characterized by lower amplitudes than the synthetics for the homogeneous velocity model. Additionally, the synthetic
events from the real velocity model have an earlier arrival time than the homogeneous case.
This effect is explained by the higher velocities towards the depths of the lower receivers, and
these results were confirmed with 2D finite difference modelling (Igonin, 2015).

reliable depends on the SNR, but the shape
of it is purely due to the focal mechanism.
Since the exact focal mechanism is not
typically known in practice, only through
observing the separated P- and S-wave traces
can any conclusions be made about the
accuracy of the vectors (Figure 9).

Noise was added to the events, such that the ten events for each velocity model had a SNR of ∞ ,
10, 7, 5, 4, 3, 2, 1.5, 1, and 0.5. There are more events with lower signal to noise ratios because the
goal is to determine the SNR at which wavefield separation can no longer be reliably completed.
Our wavefield separation method was then applied to the twenty synthetic events. The true
polarization vectors were taken from the noise-free events so an azimuth error could be quantified for the subsequent events using

𝐺𝐺"#$%& ⋅ 𝐺𝐺&()*+ = 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 ,

[10]

where θ is the angle between the two vectors. In practice, an azimuth error of 10 degrees is
often considered to be acceptable (Duncan, 2015). Since there are twelve angles for each event
(one for each receiver), the mean value of their errors was used. The results for all the synthetic
Horn River events are summarized in Figure 8.

Figure 9: Wavefield separation results for a synthetic
event for a homogeneous medium with additive
noise yielding a SNR of 2. (a) Spider diagram of the
polarization vectors. Despite the low SNR, they
still point in the general direction of the source.
(b) Separated P and S wave traces. The S-wave
separated successfully in the green region and the
P-wave separated successfully in the yellow region.

Figure 8: Results of waveform separation expressed as azimuth error for the synthetic Horn River events. (a)
𝐺𝐺𝐺𝐺 azimuth error. Due to the nodal plane, the azimuth error for the P-wave was significantly larger at the 8th
receiver. (b) 𝐺𝐺𝐺𝐺# azimuth error. Since the S-wave arrival was stronger around the 8th receiver, the opposite effect
from (a) was observed. (c) 𝐺𝐺𝐺𝐺# azimuth error. (d) Mean azimuth error, showing an exponential increase in error
with decreasing SNR.

One observation from the synthetic data that has implications for future applications of this
method is the character of the azimuth error for each receiver. That is, due to the focal mechanism, there are ranges within which, regardless of the SNR, polarization estimates for 𝐺𝐺𝐺𝐺 , 𝐺𝐺𝐺𝐺# ,
and 𝐺𝐺𝐺𝐺# were generally unreliable. The size of the window within which these vectors are
5
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For the inhomogeneous case, the mean
azimuth error was smaller, but showed the
same general trend. Therefore, based on
these results and an azimuthal tolerance
of 10 degrees, we conclude that a SNR of 2
or larger is recommended to achieve an
acceptable result.

APPLICATION TO REAL DATA
To test the method further, a set of twelve
events from a hydraulic fracture treatment in
the Horn River Basin were used as a case
example. These events were chosen based on
their relatively high SNR (on average, 6-10) and

N A D I N E I G O N I N A N D DAV I D W. E AT O N

Figure 10: Results for one of the real events from the Horn River dataset. (a) Raw H1, H2 and Z traces, (b) results of wavefield separation, with a notable reversal at the
nodal plane, which is at receiver 7, (c) map view of spider diagram (d) cross-sectional view of spider diagram. There is one polarization in an anomalous direction (receiver
1), and this is explained by finite difference modelling in Igonin, 2016. The reason the P-wave polarization vectors do not point directly at the source is likely due to
anisotropy, or a difference between the H1-H2-Z coordinate system and the actual Easting and Northing coordinates.

their clear P- and S-wave arrivals. A subset of these events showed
strong S2 arrivals (Figure 10). We found that S2 arrivals (slow S waves),
if included within the AIC or SVD window, produced noisy polarization
vectors that yielded poor wavefield separation results, highlighting
the importance of checking the time picks and window lengths. Since
the real data is more complex than the synthetic data, not all of the
𝐺𝐺𝐺𝐺 vectors point toward the source. However, since a good separation was obtained, the results show that this method of wavefield
separation works.

CONCLUSION

REFERENCES
Aki, K., and Richards, P., 2002, Quantitative seismology: University Science Books.
Cipolla C., Maxwell S., Mack M., Downie R., 2011, A practical guide to
interpreting microseismic measurements, Society of Petroleum Engineers
Journal, SPE 144067, 1-28.
Duncan, P., 2015, Full wave imaging of downhole microseismic; using all the data.
Microseismic Inc. White paper, 1-6.
Eaton, D., Akram, J., St-Onge, A., and Forouhideh, F., 2011, mmp: A prototype
matlab-based borehole microseismic processing system. Microseismic Industry
Consortium Research Report, Volume 1, 8:1-8.
Forouhideh, F., and Eaton, D., 2011, Solid angles and the impact of receiver-array
geometry on microseismic moment-tensor inversion, Geophysics, 76, No. 6,
WC75-WC83.

A method for wavefield separation of microseismic events based on
the Akaike Information Criterion (AIC), singular value decomposition
(SVD) and vector projection is proposed. Synthetic microseismic events
were created and varying levels of noise were added to determine the
signal to noise ratio (SNR) at which wavefield separation can no longer
be reliably achieved. Two velocity models were used for the synthetic
events, with one being a homogeneous scenario and the other being a
1D layered (inhomogeneous) model derived from well-log data in the
Horn River Basin. The proposed method was also applied to recorded
microseismic events. Spider diagrams were demonstrated to be useful
quality control tools, especially when combined with observations of
nodal planes on separated traces. We also demonstrate the importance of defining a clear coordinate system. Our results indicate that
the azimuth error is a function of both the SNR and the focal mechanism of the source. The final results show that for a maximum azimuth
error of 10 degrees, a SNR of 2 is the lowest recommended threshold.

Golub, G., and Van Loan, C., 1983, Matrix Computations: John Hopkins
University Press

ACKNOWLEDGMENTS

St-Onge, A., 2011, Akaike Information Criterion applied to detecting first arrival
times on microseismic data. Microseismic Industry Consortium Research Report,
Volume 1, 9:1-10.

We would like to thank the sponsors of the Microseismic Industry
Consortium for their support of this work, with a special thank you
extended to ConocoPhillips for providing the Horn River dataset used
in this study.

Hess H., 1964, Seismic anisotropy of the uppermost mantle under oceans. Nature,
203:629-631.
Igonin, N., 2015, Wavefield separation of microseismic event data based on linear
polarization in the presence of noise: BSc thesis, University of Calgary.
Maxwell, S., Rutledge J., Jones, R., and Fehler, M., 2010, Petroleum reservoir
characterization using downhole microseismic monitoring, Geophysics, 75, No. 5,
75A129-75A137.
Maxwell, S., 2014, Microseismic Imaging of Hydraulic Fracturing: Improved
Engineering of Unconventional Shale Reservoirs, Society of Exploration
Geophysics.
Ong, O. N., Schmitt, D. R., Kofman, R. S. and Haug, K., 2016, Static and dynamic
pressure sensitivity anisotropy of a calcareous shale. Geophysical Prospecting, 64:
875–897.
Oye, V., and Roth, M., 2003, Automated seismic event location for hydrocarbon
reservoirs, Computers & Geoscience, 29, 851-863.
Peyret, O., Drew, J., Mack, M., Brook, K., Maxwell, S., and Cipolla, C. ,2012,
Subsurface to surface microseismic monitoring for hydraulic fracturing. SPE Annual
Technical Conference and Exhibition , Extended Abstract(159670):1-15.

St-Onge, A., and Eaton, D., 2011, Noise examples from two microseismic datasets,
CSEG RECORDER, 36, No. 8, 46-49.
Winterstein, D., 1990, Velocity anisotropy terminology for geophysicists,
Geophysics, 55, No. 8, p1070-1088.

C JEG

JUNE 2 017

6

