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2) the frequency content of the constituent components 
scales roughly with velocity, and 

3) the S-wave attenuation would have to be unrealistically 
different than the P-wave attenuation to make the S-arrival 
undetectable when a P-arrival is recorded. Lastly, given a 
sufficiently accurate velocity model, the S-waves can be used 
to accurately locate microseismic events, including events 
that are undetectable using P-waves alone.

Introduction

The ability to record shear waves from microseismic events 
at the surface has been dismissed in the literature (Eisner 
et al., 2010a; Duncan and Eisner, 2010). However, the data 
on which this conclusion has been based is largely single 
component, vertical geophones with a 15 Hz corner frequency. 
When three component (3C) broadband receivers with a flat 
frequency response between 0.1 and 1000 Hz are used 
to acquire the data, shear arrivals are seen. Kolinsky et al. 

Summary

There is a common misconception in microseismic 
monitoring that shear arrivals are more difficult to 
detect at the surface than compressional arrivals. 
This is despite the fact that, for common fracture 
types, the energy released in the form of shear 
waves is greater than compressional energy. 
To reconcile such claims, it has been assumed 
that the near surface has higher attenuation 
for S-waves than P-waves. In this paper we 
demonstrate through modeling and field data 
acquired in 2011 and 2012, that S-waves are 
not only detectable at the surface, but in our 
experience have larger amplitudes than P-waves. 
To unequivocally observe this phenomenon the 
full wavefield must be sampled with 3-component 
instruments for microseismic data acquisition. 

We conclude that: 

1) field results support our theoretical and 
numerical predictions of the larger S-wave 
content in wavefields generated by common 
fracture mechanisms,
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where Ωs and Ωp are the S- and P-wave energy over the unit 
sphere, and vp/vs is the ratio of the P-wave to the S-wave 
velocity at the source location. For realistic vp/vs values 
between 1.6 and 2.2 at event depth, the S/P energy ratio 
varies from 8.2 to 21. Therefore, a DC event generates around 
an order of magnitude more S-wave energy than P-wave 
energy.

The CLVD mechanism has a smaller S/P energy ratio than a 
DC mechanism. For this failure type, the energy ratio over the 
unit sphere (Lokmer and Bean, 2010) is

Considering the same range of velocity ratios as above, we 
expect the S/P energy ratio for a CLVD fracture in realistic 
rocks to vary from 6.1 to 16.

We now numerically model both DC and CLVD events to 
investigate the relative energy of the P and S arrivals on a 
surface acquisition plane. The non-zero components of the 
stress tensor for the DC source are Sxy = Syx = 1, and for the 
CLVD source Sxx = Szz = 1 and Syy = −2. In both scenarios, 
the source is located at 2200 m depth and located in the 
center of a 7600 m x 7600 m surface array. The velocity is 

(2009) show shear arrivals in the 3C data set they 
analyzed; they state that S-waves are weak due 
to attenuation and occur at lower frequencies. 
Since frequency scales proportional to velocity, 
the latter observation is to be expected. Figure 
1 is a field example where the S-wave has higher 
amplitudes than the P-wave. (This figure will be 
discussed further in the field data section below.) 

This observation is more often the rule than the 
exception, as should be expected for common 
fracture mechanisms. We will demonstrate, with 
elastic modeling and 3C field data, that large 
quantities of S-wave energy from microseismic 
fractures can be recorded at the surface, and 
can be used to locate and characterize fracture 
events.

Modeling

For common fracture mechanisms, the energy 
released in the form of S-waves is much greater 
than that in the form of P-waves. Various studies 
have inverted for source type from microseismic 
data. Eisner et al. (2010b) show a strong fit to 
a double-couple (DC) mechanism for their 
data. However, Baig and Urbancic (2010) 
determine that the events they studied have a 
larger compensated linear vector dipole (CLVD) 
component.

Theoretically, fractures must be some combination 
of DC, CLVD, and isotropic components. Since 
dominantly isotropic sources are unlikely to be 
induced, we analyze only the DC and CLVD 
mechanisms.

Aki and Richards (2002) derive the ratio of S/P 
energy released for a DC event is equal to

Figure 1: In-line gather for a microseismic event from 3C sensors spanning 3575 m. 
The three panels are the vertical, easting, and northing components. The S-wave 
arrivals have much higher amplitudes on the horizontal components than the P-wave 
arrival on the vertical.

For common fracture mechanisms, the energy  
released in the form of S-waves is much greater than  

that in the form of P-waves.
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a 1-D function that changes nonlinearly with depth. We use 
a constant vp/vs of 1.7, Qp = Qs = 100, and account for 
geometric spreading.

Figure 2 shows RMS amplitude on the vertical component 
recorded at the surface for the S (left) and P (right) arrivals for a 
DC source mechanism (top row) and a CLVD source (bottom 
row). Each row has been scaled together to the maximum 
energy. In the DC results, there is more S-wave than P-wave 
energy at the near offsets (ignoring the nodes) and slightly 
less at far offsets. For the CLVD source, there is more P-wave 
energy at near offsets, but more S-wave energy at far offsets.

To attenuate the S arrivals ≤ the P in the DC model, as 
suggested in Duncan and Eisner (2010), the average Qs over 
the entire travel path must be ≤ 75 when Qp =100.

In contrast, Figure 3 shows the RMS amplitude at the surface, 
similar to Figure 2, using all three components for both source 
mechanisms and wave types. The S/P RMS amplitude ratio 
increases considerably at all surface locations compared to 
the single component modeling above. The maximum of the 
S-wave in Figure 3 is 6.3 times greater than the maximum of 
the P-wave for the DC source, and 3.7 times larger for the 
CLVD source. To reduce the maximum of the S-wave such 

that it is equal to the maximum of the P-wave 
for the CLVD source with Qp = 100, Qs would 
have to be 20. For a DC source this discrepancy 
is even greater, requiring a Qs of 9 along the entire 
travel path.

Field Data

Of the half dozen 3C data sets that we are familiar 
with at the time of writing, all of them contain 
significant S-wave energy. These data sets, which 
include multiple plays in North America, usually 
have S-wave arrivals with higher amplitudes 
than the P-wave arrivals. We present two recent 
examples here.

Texas, USA

The first field data example comes from an October 
2011 survey in Texas where the treatment well is 
approximately 2000 m deep. The array was a 14 
x 10 grid of 3C broadband sensors spaced 275 m 
apart. As previously noted, Figure 1 shows both P 
and S arrivals clearly. This is taken from an in-line 

3C Recording

1C Recording

Figure 2: S (left) and P (right) relative RMS amplitudes at the surface in the vertical 
direction for a DC (top) and CLVD (bottom) source mechanism. Each source type is 
scaled to the maximum in the row.

Figure 3: S (left) and P (right) relative RMS amplitude at the surface 
using three components for a DC (top) and CLVD (bottom) source 
mechanism.   Each source type is scaled to the maximum in the 
row.

Field results support our theoretical and numerical 
predictions of the larger S-wave content in wavefields 

generated by common fracture mechanisms.
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(perpendicular to the horizontal well) gather for all 
three components bandpass filtered between 1 
and 100Hz, and plotted on the same amplitude 
scale. The P-wave is most clearly visible on the 
vertical component, although the S-wave is also 
identifiable and of comparable amplitude on this 
component. On the two horizontal components, 
the S-wave has larger amplitudes than the 
P-wave does on the vertical component.

Figure 4 is the cross-line gather for the same 
event at the same amplitude scale as in Figure 1. 
Figures 1 and 4 intersect at trace 26. By inspecting 
these figures together we can see an observable 
radiation pattern for the event. On the northing 
component of Figure 4 there is a polarity reversal 
across the array, while for the easting component 
there is no polarity reversal. The opposite is true 
in Figure 1. These observations indicate a DC 
source type.

Figure 5 is a spectrogram for trace 20 in Figure 
1. All three panels use the same color scale. 
The frequency axis goes from 1 to 100 Hz. The 
P-wave arrival, strongest in the left panel, has 
energy between 10 and 70 Hz with a maximum 
around 60 Hz. The S-wave arrival, delayed 0.6 
s, contains energy between 2 and 40 Hz, with a 
maximum at 18 Hz.
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20          40           60           80
Frequency [Hz]

Vertical Easting Northing

Figure 4: Cross-line gather for a microseismic event from 3C 
sensors spanning 2475 m. The three panels are the vertical, easting, 
and northing components.

Figure 5: Spectrogram for trace 20 in Figure 1.

Figure 6: Trace 20 from Figure 1 for the vertical, easting, and northing components 
and the particle motion hodogram colored by time.



5

Again we note that since frequency scales with velocity, we 
expect the lower frequency content of the S mode, which 
needs fewer wavelengths to travel from source depth to 
the array. This low frequency energy would not have been 
recorded without the broadband sensors deployed for this 
survey.

Figure 6 shows two representations of trace 20 from Figure 
1 color coded by time for the vertical, easting, and northing 
components. As the hodogram highlights, the P-wave is 
vertically polarized while the S-wave is horizontally polarized.

In this data set, every event detected had larger amplitude 
S- wave arrivals than P-wave arrivals at the surface. In fact, 
most events have no detectable P-wave arrival. The S-wave 

arrivals provided the most valuable information for locating 
the microseismic events. An S-wave velocity model was 
generated from well-log data in the area and a wave-equation 
imaging technique was applied to locate events using the 
S-wave data. Figure 7 shows a depth slice at the well depth 
through a signal-to-noise (S/N) volume generated by time-
reverse imaging (Witten and Artman, 2011) for the data shown 
in Figures 1 and 4. There is a clear focus of energy with a high 
S/N ratio of 6 near the treatment location for this stage.

British Columbia, Canada

Our second example of S-wave data recorded 
at the surface comes from British Columbia, 
Canada. The data were acquired in February 
2012 with 3C broadband sensors in an 11 x 18 
grid with 250 m spacing. There were two nearly 
parallel wells at approximately 2100 m depth that 
were stimulated. Figures 8 and 9 show an in-
line and cross-line gather for the vertical, easting 
and northing components for an event. The 
traces intersect at trace number 94. This event is 
representative of the many thousands in this data 
set containing strong P and S arrivals. 

There is a clear polarity reversal seen in the cross-
line data. At the time of writing, work is ongoing Figure 7: Signal-to-noise  time-reverse image using the data shown in Figures 1  

and 4.  

Figure 8: In-line data for the vertical, easting, and northing 
components for the BC data spanning 3825 m. and 4.  

Figure 9: Cross-line data for the vertical, easting, and northing 
components for the BC data set spanning 2250 m. and 4.  

The S-wave arrivals provided the most valuable 
information for locating microseismic events.
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with this data to locate and characterize the 
source mechanisms of the microseismic events. 
The S-wave arrivals are proving beneficial to 
focus the events more strongly than when using 
the P-wave arrivals alone.

Figure 10 shows a spectrogram for trace 95 in the 
previous figures. The majority of the energy for 
both the P- and S-wave arrivals exists between 
2 and 20 Hz with energy extending up to 70 Hz 
for the P-wave arrival. The energy captured on 
each of the horizontal components is more than 
2 times greater than the energy captured on the 
vertical component.

Conclusions

In contrast to earlier studies, we have shown that S-wave 
emissions from microseismic fracture events are detected at 
the surface with appropriate equipment and survey design. 
Furthermore, not only can S-waves be detected, they are often 
the largest arrivals in the microseismic records. Full wavefield 
sampling using three-component sensors demonstrates this 
unequivocally. 

Data from recent microseismic surveys show that our 
modeling assumptions are validated in the field, where we see 
significant amounts of S-wave energy at lower frequencies 
in surface recording arrays. Broadband sensors are very 
useful because they record, with fidelity, the low frequency 
bandwidth of these arrivals. 

Given a suitable S-wave velocity model, the S-wave energy 
can then be used to confidently locate and characterize 
fracture events in (x,y,z)-space, even when higher frequency 
P-wave energy is weak or undetectable.
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Figure 10: Spectrogram for trace 95 in Figure 8.
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S-wave energy can be used to confidently locate and 
characterize fracture events, even when higher frequency 

P-wave energy is weak or undetectable.
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