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WKDWDVXUIDFHDUUD\GHWHFWVVLJQLILFDQWO\PRUHHYHQWVDWGLVWDQFHVEH\RQGPHWHUVIURPDPRQLWRULQJ
ERUHKROH
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Introduction
Passive seismic monitoring of microseismic events induced by oilfield operations has grown nearly
exponentially over the last several years as it provides unique insight into the geomechanical behavior
of oil and gas reservoirs. The main objective of such monitoring is to detect and analyze microseismic
events (generally with moment release less than 109.1 Nm, corresponding to a moment magnitude of
zero). This is typically achieved either by deploying seismic sensors into dedicated monitoring wells
(e.g., Maxwell et al., 2010), herein called downhole monitoring, or deploying a large number of
seismic sensors on the surface or in shallow monitoring boreholes (e.g. Duncan and Eisner, 2010),
herein called surface monitoring. For downhole monitoring, typically 8 and 40 geophones are
deployed in a single monitoring well (although recently downhole monitoring from multiple
monitoring wells is becoming more common), while surface monitoring deploys 900 to 1500 vertical
geophones on the earth’s surface or 80 to 200 sensors in shallow monitoring holes. While downhole
monitoring uses inversion techniques to locate and further analyze microseismic events with signals
greater than noise observed on seismic sensors, surface monitoring relies on imaging techniques since
the majority of recorded microseismic events have a signal lower than noise on surface geophones.
Recently, Warpinski (2009) pointed out that even by stacking of a large number of seismic sensors the
signal-to-noise ratio is 107 times lower on surface than on individual downhole sensors 330 m away
from a microseismic event at an approximate depth of 3300 m, i.e. at least 3300 m away from the
surface sensors. Such calculations seem to be at odds with direct surface observations where signals
from microseismic events can be observed simultaneously on downhole and surface geophones
(Eisner et al., 2010; Reshetnikov et al., 2010). We show that while surface noise levels are indeed
approximately 10 times higher than in dedicated monitor wells (surface noise levels range from 50 to
200 nm/s while downhole noise levels range between 10 to 30 nm/s), the signal on surface or near
surface geophones is enhanced by impedance contrasts at shallow layers. This fundamental fact is
routinely observed on multiple monitoring sites and probably results from decreased velocity and
density in the near surface layers in sedimentary basins.
Case Study

Figure 1, Vertical cross-section of
geophones in shallow borehole array.
Vertical geophones are represented by
inverted triangles. Geophone
identification numbers are on the right
hand side of the corresponding triangles.

In this study we investigate true amplitudes of seismic
signals recorded with geophones in a shallow borehole
array during a hydraulic fracture stimulation in the Horn
River basin, British Columbia, Canada. The borehole
array is part of a larger monitoring array of seven
shallow boreholes instrumented with geophones placed
at varying depths and on the surface. At least one
microseismic event had sufficient signal to produce
detectable P-wave arrivals on all vertical geophones
without stacking. The move-out of the P-wave arrivals of
both surface and shallow borehole geophones is
consistent with an event located close to the stimulated
interval at a depth exceeding 2000 m. In addition,
horizontal components on the shallow borehole
geophones show S-wave arrivals consistent with the
depth of the stimulated interval and the P-wave
amplitude polarity consistent with a strike-slip event. We
therefore conclude that the observed seismic signal is
caused by induced microseismicity. Figure 1 illustrates
the layout of the geophones in a shallow borehole. Figure
2 shows the recorded particle velocity on the 7
geophones in the shallow borehole array shown in Figure
1. Note the P-wave arrives first on geophones 15, 16, and
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17 at around 1.4 seconds because the seismic signal originates below the array and propagates up
along the array towards the earth’s surface. The time delays on the bottom three geophones imply
very high apparent velocities – the arrivals are only 4 ms apart which corresponds to a velocity of
6250 m/s. The arrivals on
shallower geophones are
delayed 12 milliseconds
(geophone 17 to 18), 14
milliseconds (geophone
18 to 19 and 19 to 20)
and
8
milliseconds
(geophone 20 to 21)
corresponding
to
apparent velocities 2000,
1786 and 3125 m/s,
respectively.
This
observation
can
be
explained by a strong Pwave velocity contrast
between geophones 17
and 18, i.e. 100 and 75
meters depth, where the
velocity decreases by a
factor of three. Such a
decrease in the nearsurface velocities will
likely result in strong
impedance
contrasts
thereby
increasing
amplitudes of the arriving
waves
at
shallower
receivers as observed in
this study (notice the
amplitudes of P-wave on
receivers 18, 19, 20 and
21 increase as the wave
approaches
the
free
surface). Geophone 21 on
the surface has a P-wave
amplitude 2.3 times
larger than geophone 20.
Figure 2 Particle velocity seismograms recorded with the vertical array
the
of geophones illustrated in Figure 1. The lowest receiver is geophone No Furthermore,
amplitude
on
geophone
15 represented by light blue color, the surface receiver is geophone No 21
20 is approximately 1.5
represented by black color.
times larger than on
geophone 15. The larger amplitude on the surface geophone can be explained by free surface
correction (pp. 190 of Aki and Richards, 1980) as the surface geophone records both the direct and
reflected waves simultaneously, resulting in an amplitude correction for vertical component of Pwave:
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(1)

Where α and β represent P- and S-wave particle velocity at the free surface, p is horizontal slowness (

p=

sin i

α

) and i and j are P-wave incident angle and S-wave reflected angle at the free surface. It is

easy to see that equation (1) can be reduced to a correction of A = −2 for vertical incidence where
p = sin i = 0 . The additional amplitude increase (i.e. increase of amplitude ratio from 2 to 2.3
between geophones 20 and 21 or increase by a factor of 1.5 between geophones 15 and 20) can be
explained by a decrease in impedance between deeper and shallow near-surface layers, which for a
normal incidence P-wave can be written in the form of:

A=

2 z1
,
z0 + z1

(2)

where z0 and z1 are impedances (velocity times density) of the deep and shallow layers, respectively.
The observed increase of signal strength at the near-surface layers contradicts previously assumed
signal loss due to near-surface attenuation (e.g. Warpinski 2010, or Shemeta and Anderson, 2010).
However, the signal gain at the free surface and near-surface receivers is less than the increase in
noise as shown in Figure 2. This is not surprising, as the noise is composed of seismic waves similar
to the signal that also reflect at the free surface. In our example, the signal-to-noise ratio on the free
surface geophone 21 is approximately 2.5 while the geophone 15 has a signal-to-noise ratio of
approximately 3.5. Thus by lowering receivers into a shallow borehole we gained approximately a
factor of 1.4 in signal-to-noise ratio (an average over all receivers in this array). The observations
made here are not specific to the Horn River basin. Similar observations of signal-to-noise gain at
near surface layers have been made in other basins throughout the USA and Europe.
Signal-to-noise ratio between downhole and surface monitoring
This observation may now be used to determine relative detectability of microseismic events from
downhole and surface monitoring arrays. To do so, we compare signal-to-noise ratios of surface and
downhole arrays. The resulting signal-to-noise ratio of hypothetical microseismic events detected with
downhole and surface monitoring is dependent on many additional factors that we shall try to account
for in this section. We assume that we have a surface array of 1000 geophones deployed to monitor
microseismic events at a depth of 2000 m. We compare the average signal-to-noise ratio of the
stacked amplitude from the surface array to the signal-to-noise ratio on a virtual downhole geophone
at 200 m distance from the microseismic event (no stacking is applied as we assume P- and S-waves
need to be picked individually on each geophone). The geometrical spreading between downhole and
individual surface geophones will decrease the signal by a factor of approximately 10 as amplitude
decays at a rate of 1/distance in a homogeneous medium. This factor is an upper bound as the lower
velocities near the surface usually cause the signal to focus towards the surface. Attenuation will
further decrease the signal on both downhole and surface geophones, however, surface monitoring
uses lower frequency signals (around 20-40 Hz, see Duncan and Eisner, 2010 for more details) and
will experience less attenuation per unit distance than a higher frequency signal observed on
downhole geophones (typically >100 Hz). Then, assuming an effective attenuation factor of Q=100
and peak frequencies of 30 Hz and 100 Hz for surface and downhole, respectively, results in a surface
to downhole signal amplitude ratio of 0.7.
The source mechanism also affects both downhole and surface signals. We have computed an average
P-wave amplitude from strike-slip and dip-slip earthquakes at multiple azimuths for a vertical
downhole array and surface FracStar® array resulting in a very similar average amplitudes on both
arrays. Thus we can neglect the effect of source mechanisms on the differing signal-to-noise ratio
between surface and downhole monitoring. Also, we neglect transmission losses (these seem to be
less significant than transmission gains as shown above) and attenuation caused by near-surface
layers. We assume that the free surface increases signal by approximately a factor of 3 as observed on
the shallow borehole array of Figure 1 (recall the free surface (near vertical) correction and impedance
contrast). Finally, we assume that the stacked signal on the surface is increased by a factor equal to
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the square root of the number of receivers ( 1000 ) and calculate the average signal-to-noise ratio
between the stacked surface signal and
downhole geophones shown in Figure 3.
The ratio is approximately 1 for
microseismic events at a distance of 200 m
from the monitoring borehole, implying
that surface and downhole monitoring
arrays detect approximately the same
number of microseismic events located
within 200 m of the monitoring borehole.
However, the surface array detects at least
twice as many events if they are located
500 meters or more from the monitoring
borehole.
Conclusions
We show that near-surface layers increase
signal strength of incident P-waves due to
favorable impedance contrasts and free
Figure 3 Predicted ratio of average stacked surface to
surface
boundary conditions. This effect
downhole arrays signal-to-noise ratios of microseismic
compensates for increased noise at the
events.
surface
and
allows
detection
of
microseismic events with a relatively small number of surface geophones. The computed ratio of the
number of detected events by downhole and surface arrays for a given geometry shows that a surface
array detects approximately the same number of microseismic events as a downhole array located at a
distance of 200 m from the treatment interval and more events if the treatment interval is greater than
500 m from the downhole array.
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