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ABSTRACT

Microseismic is commonly used to monitor the hydraulic fracturing process. Seismic
signals are recorded using either surface or downhole geophones to invert for hypocenters of
rock movements (moment magnitude usually between -3 and 0) happened during hydraulic
fracturing. The location of these microseismic events are used to estimate the stimulated
reservoir volume. This thesis focuses on further understanding of microseismic events beyond
the cloud of locations.
To test whether the lineament of microseismic event cloud represent fluid filled open
fractures, we looked at the change of S wave from perforations when it passes microseismic
event cloud (Chapter 2). Strong attenuation of S wave suggests that the microseismic event cloud
indicates fluid-filled open fractures.
We also studied the evolution of medium velocity structure during hydraulic fracturing.
By inverting the arrival time of perforation shots recorded by downhole geophones, we found
that the velocity of stimulated region is higher than the unstimulated region (Chapter 3).
A new model (Rutledge-Eisner model) is introduced to describe the mechanism of
microseismic event generation. This model states that the microseismic events are a results of
shearing on bedding planes caused by opening of hydraulic fractures. Moment tensor inversion
results from surface microseismic monitoring of the Marcellus shale is presented to validate this
model (Chapter 4).
Based on this model, we explained some phenomena in the temporal and spatial
distribution of microseismic events under different geological and geomechanical conditions
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(Chapter 5). We found that microseismic events concentrate behind the fracture tip in a single
planar fracture propagation. Low in-situ stress environment leads to early microseismic events
while high in-situ stress lead to late microseismic events during fracturing. Natural fracture
networks show unique microseismic temporal patterns with the increased sand concentration.
Higher in-situ stress variation between layers lead to more microseismic events and larger
magnitude.
In summary, microseismic monitoring is an effective method to reveal details about
hydraulic fracturing.
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Chapter 1 Introduction- An overview of microseismic monitoring technique
and this thesis

Microseismic history
The terminology “microseismic” was born along with the discovery of seismology in late
nineteenth century. The earliest scientific literature published on the subject is (Darwin, 1890).
That was shortly after the pioneering work on earthquakes (Mallet, 1862). It refers to the smaller
scale earthquakes which are below the detection limit of seismographs. Microseismic monitoring
as a technique didn’t mature until 1970s. In the early days it was mainly used to monitor the
stability of dams (Hardy Jr et al., 1977), reservoirs (Hardy Jr, 1976), aftershocks of small
earthquakes (Pomeroy et al., 1976) and coal mines (Koerner et al., 1977). At the same time, the
microseismic monitoring technique was tested on hydraulic fracturing operations. It was first
applied on geothermal reservoirs (Maxwell, 2014). The first known published microseismic
monitoring experiment on gas field was the Pinedale experiment (Power et al., 1976). As today,
geophones were deployed to record the seismic energy to locate the hypocenter of these events
associated with hydraulic fracturing. The goal of microseismic monitoring was clear since the
Pinedale experiment: find out the orientation and dimension of the hydraulic fracture.
Microseismic monitoring experienced tremendous growth with the development of
unconventional resources in North America (mainly gas). Hydraulic fracturing became the most
effective method to mobilize hydrocarbon from lower permeability rocks. The cost of hydraulic
fracturing operation is so high (about 50% of the total cost of development) that optimization
soon became an urgent need from the gas companies. Microseismic monitoring, with its unique
advantages of real-time, high resolution and 3D spatial coverage, soon became one of the most
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important tools in the hands of completion engineers and geophysicists. The literature on
microseismic monitoring of hydraulic fracturing increases dramatically after the breakout of the
Marcellus play in 2008. The technical sessions of passive seismic monitoring in the SEG
(Society of Exploration Geophysicists) annual meeting quickly grow from two in 2008 to five in
2014. Almost all major and independent oil and gas companies used microseismic data to help
determine their well spacing, stage spacing and other stimulation parameters.

Microseismic location techniques
The major goal of microseismic processing is to find the location of microseismic events.
Inheriting techniques from earthquake seismology, the most popular method to locate
microseismic events using downhole monitoring systems is to minimize the residual between the
picked arrival time and theoretical arrival time (Zimmer et al., 2009). Back-azimuth and
anisotropy are sometimes included to help constrain the location of microseismic event (Grechka
et al., 2011; Grechka and Yaskevich, 2013; Li et al., 2012). If the data were collected using
surface array, a more efficient method is required to process large amount of geophones (usually
on the order of 1000 geophones). In this case, stacking of seismograms based on travel time is
performed to locate the maximum energy concentration at the hypocenter (Chambers et al.,
2010). Stacking also helps improve the signal noise ratio, just like the stacking used in
exploration seismology.
There are many studies comparing the location uncertainty derived from surface
microseismic data and the downhole microseismic data. The general consensus is that surface
microseismic has better horizontal resolution and downhole microseismic has better vertical
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resolution if the geophone array is in the vertical section of the wellbore (Eisner et al., 2010a).
Different downhole array configurations have been compared as well (Warpinski et al., 2005).
More advanced methods have been tried on the microseismic location problem. The
relative location method has been tested on both synthetic and field data from both surface and
downhole microseismic monitoring arrays (Grechka et al., 2015; Poliannikov et al., 2012). If
cross-correlation is used during picking, the location accuracy can be improved significantly
(Rutledge and Phillips, 2003). With surface monitoring arrays, stacking method can reach the
same location uncertainty as correlation based picking method (Pesicek et al., 2014). Other
methods like RTM (reverse time migration) have been tested as well (Artman et al., 2010).

Microseismic source mechanism
Source mechanisms are another key topic in modern microseismic monitoring projects
because they contain the information about hydraulic fracturing (Baig and Urbancic, 2010; Eaton
and Forouhideh, 2010). Much theoretical work has been done on the stability of the inversion
process (Eaton and Forouhideh, 2011; Staněk et al., 2013; Vavryčuk, 2001, 2005, 2007). Early
researches focused on finding the non-double couple component of the microseismic moment
tensor to relate it with the tensile opening process (Feignier and Young, 1992). Nowadays an
interpretation that the microseismic events are caused by shearing on the horizontal bedding
planes associated with the widening of hydraulic fractures is getting more popular (Rutledge et
al., 2013; Rutledge et al., 2014; Stanek and Eisner, 2013). This model, which we call the
“Rutledge-Eisner model” forms the basis of my research in Chapter 4 and 5.
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Advanced waveform modeling methods has been tested on synthetic data and some field
data (Li et al., 2011a; Li et al., 2011b; Song and Toksöz, 2011). However, these methods has
little practical value due to its technical complexity and lack of constrain on the input parameters
(velocity model etc.). Generally, source mechanisms are much easier to be determined from the
surface than downhole because of spatial coverage. S/P amplitude ratio might be a direction
worth trying (Hardebeck and Shearer, 2003; Kisslinger, 1980; Kisslinger et al., 1981, 1982; Rau
et al., 1996). But we haven’t seen any published successful results on microseismic field data.

Beyond “dots in the box”
The phrase “dots in the box” refers to the fact that currently only microseismic event
locations are commonly used by geophysicists and fracture engineers. Researchers have tried to
include other information such as the source mechanism to help discover deeper connections
between microseismicity and the hydraulic fracturing process (Eisner et al., 2010b; Kendall et
al., 2011; Kendall et al., 2012; S.Williams-Stroud et al., 2010). In this section I will list some of
the interesting results found in the literature. These results haven’t been used in usual processing
workflow but they are worthy of attention for future research.
Long period long duration events (LPLD)
The LPLD phenomenon has been reported in several papers (Das and Zoback, 2013a;
Das and Zoback, 2013b; Tary et al., 2014). Some researcher believe it is caused by the flow of
fluid in the fractures (Das and Zoback, 2013a; Korneev, 2010). The LPLD phenomena related
with fluid intrusion are also observed in volcanic magma movement (Chouet, 1988). Whether the
resonance is a common phenomenon in hydraulic fracturing awaits further investigation.
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Scattering and attenuation
Just like many other phenomena in seismology, the scattering effect of was pioneered by
Keiiti Aki and his students during their study of volcanic and geothermal microseismic
monitoring. The idea was to use scattering effects to locate the fracture tips and attenuation to
locate the fluid-filled fracture (Aki et al., 1982; Fehler, 1982; Fehler and Aki, 1978; Hong and
Kennett, 2004). In our study we also applied the same idea to constrain the location of a fluidfilled hydraulic fracture (Tan et al., 2014a).
B-value
Many observations confirm that the b value of microseismic events is double that of
natural earthquakes (Maxwell et al., 2009). B value of microseismic datasets is usually around 2,
which is beyond the upper limit of 1.5 predicted by the fractal geometry theory (Hirata, 1989;
Olsson, 1999; Turcotte, 1997). People also observed high b-value in volcanic earthquake swarms
(Wiemer and McNutt, 1997; Wyss et al., 1997). To the best knowledge of the author, this
problem is not resolved yet.

About this thesis
The following chapters cover the research projects I conducted on microseismic data
during my Ph.D. study at Penn State. Most of the data were collected during experiments within
the Marcellus Shale in Southwest Pennsylvania, USA. Chapter 2 introduces an interesting
phenomenon I observed in the downhole microseismic data: shear wave energy is severely
attenuated by the fluid-filled open hydraulic fracture. From here I constrain the location of
hydraulic fractures revealed by the microseismic event cloud. Chapter 3 presents the result of a
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tomography using perforation shots recorded by downhole geophones during the stimulation of
the reservoir. I observed an increase in P wave velocity associated with the stimulated region.
Chapter 4 demonstrate the moment tensor inversion results from surface microseismic
monitoring. The conclusions are that all of these events have a horizontal nodal plane which
represent the hydraulic fracturing opening process. The “H-frac” pattern is also observed and
discussed in this chapter. Chapter 5 further tests the horizontal slip mechanism introduced in the
last chapter. I use the spatial and temporal distribution of the microseismic from various datasets
to validate this hypothesis. The microseismic response to in-situ stress and natural fracture
systems are discussed.
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Chapter 2 Use of S-wave attenuation from perforation shots to map the
growth of the stimulated reservoir volume within the Marcellus gas shale

Abstract
Water filled fractures stimulated by hydraulic fracturing will severely attenuate S-waves.
By comparing the P- and S-wave amplitudes generated from perforation shots in the Marcellus
gas shale, we are able to infer the existence and constrain the location of stimulated hydraulic
fractures. The waveforms of the perforation shots in unstimulated gas shale were first analyzed
to define the pre-stimulation radiation pattern. Then the change of perforation shot S-wave
waveform was examined for information about the development of hydraulic fractures. S-wave
attenuation validated the existence of off stage hydraulic fractures and the invasion of treatment
fluid from another neighbor stage. This method might have potential use in designing an active
seismic survey to better monitor the hydraulic fracturing results in addition to current
microseismic mapping techniques.

Introduction
Hydraulic fracturing and horizontal drilling are the two key techniques for
unconventional gas shale development. So far, microseismic monitoring remains the most
popular technique to visualize the growth of the stimulated reservoir volume in the spatial and
time domain (Maxwell, 2010; Maxwell and Cipolla, 2011). The locations of microseismic events
as well as other information, (e.g. focal mechanism, b value) have been used to help understand
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the stimulation process (Eisner et al., 2010b; Kendall et al., 2011). However, microseismic
monitoring of the stimulation is often hampered by the problem of distinguishing between
induced events and triggered events. Induced microseismic (or wet microseismic events) events
are those associated with opening and slip of fractures caused by the stimulation fluid; while
triggered events (or dry microseismic events) are driven by the change in stress field associated
with the induced strain within and surrounding the zone of stimulated fractures. The triggered
events can give a false sense of the size of the stimulated reservoir volume (SRV). On the
contrary, the presence of the treatment fluid is direct evidence for open fractures hence the actual
SRV. Another challenge of microseismic monitoring is the uncertainty in hypocentral location
for both induced and triggered events and this further complicates the identification of the SRV
(Eisner et al., 2009). Perforation shots during the completion process of a lateral have well
defined locations and initiation times; hence there is no doubt about the hypocentral location.
It is well known that S waves are not transmitted by fluid. The effect in laboratory
experiments is the large attenuation of S-waves in cracked, saturated rock (Toksöz et al., 1979) .
Taking advantage of this property, water filled open fractures were identified in the Hot Dry
Rock (HDR) Geothermal Reservoir (Fehler, 1982; Fehler and Pearson, 1984). Here we apply the
same method on our microseismic dataset of a hydraulic fracture stimulation of the Marcellus
gas shale in Washington County, PA.
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Figure 1. Map view of the wells and the microseismic events (green dots) from 11H stage 1. Ray
paths of 10H stage 2 (cyan lines) and 11H stage 2 (black lines) were also plotted. Black triangles
are the receivers. The size of the dots is proportional to the magnitude of the events as
determined from a surface array.
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The configuration of the experiment includes four laterals (3H, 4H, 10H, and 11H) that
were stimulated using a Zipper-frac sequence (Fig. 1). Two microseismic arrays were installed to
monitor the completion. One three-component array with 8 accelerometers was deployed in the
2H lateral and moved to three locations to get closer to the stages being fractured. An array was
also deployed on the surface. These two arrays were operated by two service companies hence
the receiver times were not synchronized.
We selected the perforation-shot waveforms gathered from the downhole array for this
study. The downhole microseismic ray paths traveled completely within the reservoir, which
provided the simplest possible configuration for observing of the developing SRV during this
experiment. Hypocenters mapped from surface array were used to define the location of
stimulated fractures as the experiment proceeded. Relative to downhole data, surface
microseismic data reduces the uncertainty in the horizontal location of hypocenters in the
Marcellus layer (Eisner et al., 2010a).

Waveforms of perforation shots in the unstimulated Marcellus Shale
Case 1 (10H stage2 perf1-3)
Three perforations were shot during stage 2 of the 10H lateral after stimulation of the first
two stages (3H stage 1 and 10H stage1) on this pad. The ray paths from these 3 perforations to
the receivers in the 2H lateral are mapped by the cyan color lines in Fig. 1. The volume through
which the rays passed was unstimulated at the time of the perforation shots. Therefore, we
assume that the waveforms from these perforation shot represent wave propagation in
undisturbed Marcellus gas shale. There are clear P wave, SH and SV wave phases in the
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waveform (Fig. 2). The large P/S amplitude ratio is consistent with perforation shots rather than
rock-on-rock slip events.
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Figure 2. Waveforms of the 10H stage 2 perforation shots. A-Perf 1, B-Perf 2, C-Perf 3. The 3
components of each receiver were grouped together. The 3 components were rotated to the East,
North and Up direction (E,N,U). Vertical axis is time (unit in ms) from an arbitrary origin time.
The scale of the waveforms are adjusted for best visualization purpose.
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A perforation shot can be treated as an increase of the borehole surface area. The P wave
amplitude then can be calculated using Equation (8) of (Fehler and Pearson, 1984) as:
𝐴𝐴𝑝𝑝 (∅, 𝑅𝑅) =

𝐾𝐾𝑝𝑝

𝐴𝐴𝑠𝑠 (∅, 𝑅𝑅) =

𝐾𝐾𝑠𝑠

𝑅𝑅

𝑅𝑅

[(𝜆𝜆 + 𝜇𝜇) − 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 2 (∅)]exp(−

𝜋𝜋𝜋𝜋𝜋𝜋

𝑄𝑄𝑝𝑝 𝑉𝑉𝑝𝑝

)

𝜋𝜋𝜋𝜋𝜋𝜋

(sin∅cos∅)exp(− 𝑄𝑄 𝑉𝑉 )
𝑠𝑠 𝑠𝑠

(1)

(2)

In this equation, AP and AS are the P and S wave amplitude, ∅ is the angle between

borehole axis and the ray propagation direction, R is the distance between the source and

receiver, f is the dominant frequency of the wave, 𝜆𝜆 and 𝜇𝜇 are the two Lame’s parameters . See

the original source for an in depth discussion of these two equations (Fehler and Pearson, 1984).
According to the Fehler-Pearson equations the radiation pattern exhibits the largest Swave amplitude at ∅ = 45 degrees. However, even when ∅ = 5 or 85 degrees, S-wave

amplitude is still about 20% of the amplitude at ∅ = 45 degrees. Hence they should still be
visible from most orientations unless attenuated by other factors.

We picked the maximum amplitudes of the P and SH waves from each trace, corrected by
the radiation pattern and then plotted them against 1/R to correct for the effects geometric
spreading (Fig. 3). During the calculation, we assumed 𝜆𝜆 = 𝜇𝜇. Because the perforations and

receivers are close (i.e. on the order of a few wavelengths), the attenuation effect of the medium
can be ignored. The corrected equation is shown below:
1

𝐴𝐴𝑝𝑝 (∅, 𝑅𝑅)/(2−𝑐𝑐𝑐𝑐𝑐𝑐 2 (∅)) = 𝐾𝐾𝑝𝑝 𝜇𝜇 𝑅𝑅

(3)

𝐴𝐴𝑠𝑠 (∅, 𝑅𝑅)/(sin∅cos∅) = 𝐾𝐾𝑠𝑠 𝑅𝑅

(4)

1
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Figure 3. Plot of the P- (Figure 3(A)) and S- (Figure 3(B)) wave amplitude for the 10H stage 2
perforation shots with correction of radiation pattern. The horizontal axis is 1/R (inverse of the
distance from the source to receiver), unit in (ft-1). Vertical axis is the amplitude divided by the
radiation pattern (Equation 3 and 4). The best fit linear function to Figure 3(A) is y=13.71x0.0087; corresponding coefficient of determination (R2) is 0.647. The best fit linear function to
Figure 3(B) is y=23.743x-0.0109; corresponding coefficient of determination (R2) is 0.524.
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The corrected amplitude is a linear function of the inverse of the distance between source
and receiver. The slopes are 𝐾𝐾𝑝𝑝 𝜇𝜇 and 𝐾𝐾𝑠𝑠 for the P and S wave each, which are only related to the

perforation yield itself and the rock property immediately around the perforation. These data fall
around a straight line (Fig. 3). However, the intercept of the best fit line of the P-wave data is not
zero (Fig. 3A). This is probably because the elastic properties of the shale were not perfectly
known. The intercept of the best fit line for the S-wave data is closer to zero (Fig. 3B). This is
because unlike P-wave, the radiation pattern of S-wave does not depend on the elastic properties
of the rock (Equation 2). This on the other hand confirms that the radiation pattern prediction
(Equation 1 and 2) is correct.

Evidence of water-filled hydraulic fracture
Case2 (3H stage 3)
The 3H Stage 2 was stimulated as the third stage in this experiment. The microseismic
events detected by the surface array show two linear clusters: one near the stage and another off
stage (Fig. 4). Is the off stage lineament induced and, thus, a hydraulically opened fracture or a
series of triggered events responding to nearby rock strain?
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Figure 4 .Map view of the wells and microseismic events (red dots) of 3H stage 3. The sizes of
the circles are proportional to the microseismic event magnitude. Black triangles are the
receivers. The size of the dots is proportional to the magnitude of the events.
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Here we use two perforation shots from 3H stage 3 which are near the offstage
microseismic lineament. The time between the end of fracking stage 2 and perforation of stage 3
is about two hours. The P waveforms of two perforations are identical while the S waves are
dramatically different (Fig. 5). Despite the fact the P-wave amplitudes are about the same for the
two perforations, the S-wave amplitudes of perf shot 3 are only about a quarter of those of perf
shot 1. The range of the ray angle ∅ is about the same for these two perforation shots. Because
the radiation pattern cannot be the main factor that caused these differences, we conclude that

water-filled fractures are responsible for the off-stage microseismic lineament. The closure time
for hydraulic fractures in gas shale ranges from 700 hours to 3000 hours depending on the frack
fluid, permeability and pressure of the shale etc. Therefore, at the time of perforation these
fractures will remain open and we will not be able to distinguish propped/un-propped fractures.
We can only decide if these fractures are filled with water or not.
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Figure 5. Waveform of 3H stage 3 perforation shots, A-Perf shot 1, B-Perf shot 3. Notice that
the SH waveform is much smaller (i.e., attenuated) from Perf shot 3 relative to the waveform
from Perf 1. The 3 components were rotated to the East, North and Up direction (E,N,U).
Vertical axis is time (unit in ms) from an arbitrary origin time. The scale of the waveforms are
adjusted for best visualization purpose.
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The fact that Trace No.7 and No.8 from perf shot 1 also have smaller S-wave magnitudes
implies that there might be a water-filled fracture near geophones 7 and 8. This is further
confirmed by the same pattern from the perf shot 2 Trace 7 and 8.
In the map view, the ray paths to Geophone 1-4 from perf shot 1 pass the linear cluster of
off stage events as well (Fig. 4). But the S waves are still present in Fig. 5(A). This might be
because the hydraulic fracture is above or below the ray paths. The S-wave attenuation method
has a better constraint to the hydraulic fractures near the wellbore. During the analysis of S wave
attenuation, we need to take the 3D geometry of the hydraulic fracture into consideration.
Case3 (11H stage 2)
11H stage 2 was perforated two hours after the stimulation of 11H stage 1, which was the
fourth stage of the stimulation sequence in this experiment. The microseismic event locations of
11H stage 1 have “invaded” stage 2 (Fig. 2). We can validate this by comparing the three
perforation shots of 11H stage 3 (Fig. 6). Perf shots 1 and 2 showed strong S-wave attenuation
while Perf shot 3 did not. This might be due to the communication between stage 1 and stage 2.
Some high pressure water migrated sideways instead of propagating into the reservoir formation.
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Figure 6. Waveform of 11H stage 2 perforation shots, A-Perf shot 1, B-Perf shot 2, C-Perf shot
3. Notice that the SH wave in Perf shot 3 is much larger than those in Perf shot 1 and Perf shot 2.
The 3 components were rotated to the East, North and Up direction (E,N,U). Vertical axis is time
(unit in ms) from an arbitrary origin time. The scale of the waveforms are adjusted for best
visualization purpose.
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One interesting observation from Perf shot 2 is that Geophone No. 6 shows a strong Swave signal. This demonstrates that stimulated fractures are absent along its ray path. The
hydraulic fracture is not continuous at this point. Another possibility is that there is proppant
packing or bridging at this point, which might result in the transmission of S waves. But if this is
true, it means that the section of fracture closer to the wellbore containing proppants will still
attenuate S wave strongly. Because the frequency of the perforations is relatively high, the
Fresnel zone of these rays should be quite narrow. Thus the perforation S wave attenuation is
very sensitive to the existence of water-filled hydraulic fractures.

Discussion
Radiation pattern of perforations
The Fehler-Pearson equations describing the radiation pattern do not predict change of
amplitude in the surface perpendicular to the perforated borehole axis. In our experiment, the ray
paths travel along a nearly horizontal plane. Therefore the radiation pattern of perf shots should
all be consistent. However, there are some concerns about the symmetry of the perforation shots
because the perf gun is not oriented consistently from one shot to the next (Shawn Maxwell, Leo
Eisner, personal communication). The symmetry depends on what type of perforation gun and
the phase between the shaped charges. More research needs to be conducted by operators
collaborating with service companies to understand the symmetry in the perforation radiation
patterns.
Another argument about the radiation pattern is that, if the radiation pattern really emits a
dipole body force, the P-wave amplitude should be at its maximum when S-wave amplitude is at
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its minimum. The fact that P-wave arrival is smaller when S-wave amplitude disappears suggests
that they are both attenuated but that the S wave was attenuated more. Thus we eliminate the
possibility that these attenuations are all due to the effects of radiation pattern instead of the
existence of water-filled fractures.
Implication on hydraulic fracture design and microseismic monitoring
This study shows that even with only a few observations, it is possible to constrain the
location of hydraulic fractures and the extent of the stimulated reservoir volume (SRV).
Microseismic service companies might take advantage of this phenomenon to provide further
constrains on the SRV in addition to the microseismic event clouds. One proposal is to install
more receivers to expand the ray coverage. Cross-well tomography is another possibility for
accurately monitoring the hydraulic fracturing process. When stimulation adds more open
fractures in the reservoir, the array configuration needs to be carefully and cleverly moved in
order to avoid the effects of pre-existing hydraulic fractures.
P-wave attenuation might provide additional constraint on the location of hydraulic
fractures. According to Fehler (1982), a 1 mm wide water-filled un-propped open fracture can
attenuate the energy of incident P wave by 60 percent. However, the transmission and reflection
of P wave through a viscous fluid layer changes with incident angle, which might complicate the
interpretation of P-wave attenuation.
The strong attenuation of S waves in the stimulated reservoir also raises concern about
the effectiveness of the downhole microseismic monitoring method. Ordinarily we expect to see
at least one order of magnitude more events recorded on the downhole array compared relative to
the surface array due to geometric spreading. However in this experiment, the number of events
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picked by the downhole array is about the same order of magnitude as the surface array. One
explanation is that the strong S-wave attenuation causes an underestimation of the number of
events and hence the SRV. This is possible considering that most of the microseismic events are
shear instead of tensile opening, and most of the energy is carried by S-waves instead of Pwaves. Even if the event detection algorithm focuses on the P wave, the strong attenuation might
cause underestimation of the magnitude of the events. Therefore, the downhole microseismic
survey design should avoid letting the microseismic rays pass the stimulated regions.
Another observation from this experiment is that: off stage hydraulic fracture propagation
can be quite common. This raises the concern about the quality of the cementation of the
wellbore, which operators should really focus on in order to lower the cost and have more
efficient completions.

Conclusions
Fluid-filled fractures (propped or not) in any rock volume strongly attenuate S waves.
Taking advantage of this property we are able to constrain the locations of stimulated fractures
from comparing the waveforms of neighbor perforation shots and correlating them with the
microseismic event clusters. This phenomenon should be used to design active seismic
experiments to detect hydraulic fractures as an independent control in addition to microseismic
monitoring.
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Chapter 3 Imaging the unconventional reservoir with perforation shots
recorded by microseismic

The development of unconventional resources calls for new technology to monitor the
stimulation process. The ability to accurately depict the stimulated reservoir volume (SRV) is the
key for operators to decide the optimal stage spacing and well spacing for each play. So far, a
suite of monitoring techniques consists of the arsenal for the industry, including: chemical
tracers, tilt meters, 4D seismic and microseismic. Among these techniques, microseismic
monitoring really stands out. Due to the unique advantage of real time monitoring and 3D
information, microseismic is well accepted by the industry.
So far the information that is utilized from the microseismic record is very limited:
mainly location information or “dots in the box”. A few good tries have been made by the
microseismic service companies have tried to go beyond “dots in the box”, including moment
tensor inversion and time stacking of ambient noise. However, there is still very rich information
left in the raw microseismic records. The waveform information is rarely used, the spectrum
information is sometimes used. This article focuses on another information that is routinely
collected by not fully taken advantage of: perforation shot arrival time. We will use the
tomography technique to image the reservoir using perforations recorded on microseismic
geophones. Some service company have included this method in their processing workflow to
update their velocity model from stage to stage. However the results are rarely shown to client.
We encourage service companies provide this information in addition to the conventional
deliverables. Here we will use a Marcellus well as an example to exhibit this technique.
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Tomography
Tomography nowadays is routinely used in seismology studies. “Tomo” means slices;
“graphy” means imaging. It is the same technology used for CT scans in hospitals. Instead of X
rays, we use elastic waves here. Since 1970 with the development of modern computers, large
scale inversion problem become feasible. Seismologists use teleseismic waveforms recorded by
global seismographic network stations to invert for the velocity structure of the earth or regional
stations for regional structure.
Similar techniques have been applied to the oil and gas industry. People have put active
sources in one well, receivers in another well to do a time-lapse monitoring of reservoir
depletion. This is called “cross-well tomography”. The study we showed in this paper is
essentially a cross-well tomography, with the source being perforations and receiver being
downhole geophones.
The principle of tomography is simple: we shot rays sampling the travel time that is used
to pass the object imaged. If the rays passing a certain part of the object is consistently slower
than other parts, this part probably has a slower velocity compared with other parts.
Similar to reflection seismic data, the tomography results provide an image of the target
region. Compared with reflection seismic, tomography has a few advantages, the most important
of which is the better resolution. Theoretically we can zoom in the target region (in our case the
reservoir) to boost the resolution to the wavelength of the microseismic wave. Because the
frequency of the microseismic event signals can be as high as 600 to1000 Hz, the resolution can
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reach as high as 5-10 meters (or 15 to 50 ft). We will discuss the resolution issue and the
limitation of tomography method in detail in the following sections.
Moreover, the microseismic data recorded downhole is usually three components.
Therefore, it provides information about the full wavefield: P wave, S wave and head wave.
Although this article only introduced the P wave tomography result, potentially the method can
be applied to all phases. If shear wave splitting phenomenon is visible on the waveform, a shear
wave splitting tomography can be performed to provide an image of the anisotropy of the
reservoir.

Experiment set up
There are five laterals in this experiment: 2H, 3H, 4H, 10H, and 11H (Figure 7). Eight
downhole geophones were placed in 2H while 3H, 4H, 10H and 11H were fracked. The
completion was a zipper frack. The position of geophones were moved three times to get closer
to the stimulated stages. The completion was in a standard “plug and perf” process.
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Figure 7 Black solid lines are the ray paths connecting the perforations and receivers. Blue solid
lines are well trajectories.
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The ray paths of the perforation shots are shown in Figure 7. Considering the size of the
reservoir and the source/receiver are in the same plane, we think straight lines are good
approximation to the ray path. We were able to recover 74 perforations in the microseismic
record. More events can be seen on the wells closer to the observation well (2H).
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Figure 8. The three components of each receiver are grouped, and are rotated to the east(E),
north (N) and up (U) directions. Vertical axis is time in milliseconds from an arbitrary origin
time. The scale of the waveforms is adjusted for best visualization purposes.
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The waveforms of perforation shots are shown in Figure 8. In this figure we can see the P
wave and S wave. Only SH wave is visible due to the radiation pattern of the perforation. The P
wave arrival is impulsive, which is beneficial to the accurate picking of the arrival time.

Inversion using perforation shots
Since there is no exact origin time of the perforations, we assume an average velocity to
first calculate the origin time based on the length of ray path. This is really a drawback of the
data quality. The observer’s log has the time of perforation to the accuracy of 1 second.
However, to perform an tomography inversion we really need the accuracy of timing to 1 milisecond. We strongly recommend all microseismic service companies record the perforation time
using electro-magnetic signals recorded from fire lines of the perf gun.
After calculating the origin time, we use the derived travel time to do the velocity
inversion. We discretize the velocity using a 40 by 40 grid. The length of ray path in each grid is
calculated using a straight line corrected by the depth difference between the source and receiver.
Two different inversion methods are used to get the velocity structure of the Marcellus Shale
reservoir: Damped Least Square Inversion (DLSI) and Non-Linear Iterative Inversion (NLII).
The two methods are both used routinely in seismology studies. DLSI is commonly used
in solving linear problems while NLII is used to solve non-linear problems. DLSI calculates the
inverse of velocity (called slowness) by adding a damping coefficient to suppress the noise in the
data. NLII starts from an average velocity model and iteratively update the model until it fits the
observations.
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Figure 9. The upper figure is (A), lower is (B). Figure A is the input velocity model with the
same grid size as the velocity model using real data. Figure B is inverted model using the same
ray paths seen in Figure 7. Pink color represents a lower velocity (6.5 ft/msec). Light blue
represents a higher velocity (7.5 ft/msec). Gray represents the intermediate velocity (7.0 ft/msec).
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Both methods should produce similar results. Figure 10 (A) and (B) show the results
from DLSI and NLII in this experiment. As we can see, they have similar patterns, which
confirms that our inversion is valid.

Resolution of the tomography method
To have an intuitive feeling of the resolution of the tomography method, we run a
checkerboard test. Checkerboard test is to use a known velocity model with sharp contrasts
(Figure 9(A)) as an input and following the same ray paths to test the resolution of the ray
geometry.
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Figure 10. The upper figure is (A), lower is (B). Figure A is inverted using linear damped least
square inversion. Figure B is inverted using nonlinear iterative inversion. Well trajectories are
overlain on the velocity structure.
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The results shown in Figure 9(B) are inverted using the same grid and ray path geometry
as in the real data (Figure 10). We can see that the checkerboard model is fully recovered at the
locations of ray cross-over. On the other hand, in the regions with little or no ray coverage the
model is not resolved. Therefore, during the interpretation we should focus on the region with
better resolution to make convincing conclusions.

Inversion process
The data has an original RMS (root mean square) residual of 3.3ms with a uniform
velocity model (Figure 11). We used a damping factor of 60 to do the DLSI. The final RMS
misfit of the inverted velocity structure is 1.9 ms, which is 42% less than the uniform model.
NLII shows similar improvement in terms of reducing misfit. In Figure 11, we can see than the
misfit dropped from 3.3ms to 1.8ms within ten iterations. Given the fact that the uncertainty of
the picked arrival time is about 1-2ms, both inversions show reasonable results.
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Figure 11. RMS residual time for non-linear inversion of each iteration
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Interpretation of velocity structure
From Figure 10(A) and Figure 10(B) we can see that the average velocity of the reservoir
is about 6.8 ft/msec (or 2.1 km/sec). This is consistent with the typical P wave velocity measured
from sonic logs in organic rich shale. The velocity ranges from 5.5 ft/msec to 8 ft/msec. This is
quite a large range of variation. Some of the extreme values might be caused by the noise. The
NLII result shows less variation because it started from an average model.
From the two images, we can have an idea of the heterogeneity of the reservoir. Since
this is mainly post stimulation results, the image reflects the combination of the natural
heterogeneity of the shale and that caused by the stimulation.
The most interesting result from this inversion is that, the region near the 2H well is
slower than other parts of the reservoir. In both Figure 10(A) and (B), the low velocity region
starts from the middle line between well 2H and 10H and goes along the path of well 2H. This
phenomenon is clearer in Figure 10(A) but also visible on Figure 10(B).
Considering the fact that well 2H is the only one that is not stimulated in this experiment,
this result presented a very interesting fact of the effects of stimulation: the hydraulic fracturing
increases velocity in the reservoir near the stimulated region.
The mechanisms behind the increase of velocity near stimulated region could be: elastic
compression by high pressure fracking fluid, cooling of the reservoir by fracking fluid, and
replacement of the pore fluid from low velocity gas to high velocity water. Among these
mechanisms, the elastic compression probably played the most important role. With millions of
gallons of water pumped in the reservoir, the rock will only become higher strained.
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Therefore, by mapping the low velocity region using the tomography method we are able
to identify the stimulated reservoir volume (SRV) independent of the “dots in box” information.
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Chapter 4 Further testing of the Rutledge-Eisner model for bedding plane
slip during hydraulic fracture opening using moment tensor inversion

Abstract
59 microseismic events with high signal to noise ratio (SNR) were inverted for full
moment tensor using surface microseismic data gathered during hydraulic fracturing of the
Marcellus gas shale in Washington County, PA. All of these events have horizontal nodal planes.
The auxiliary vertical nodal planes are aligned with the local maximum horizontal stress
orientation as indicated by drilling induced fractures. We test the newly proposed RutledgeEisner model for horizontal slip using this dataset and interpret these microseismic events as
caused by the opening of vertical hydraulic fractures. The slip surfaces are likely to be horizontal
mechanical discontinuities such as bedding planes. As signal to noise ratio increases, the
inversion processing produces moment tensors with a smaller isotropic component which means
that as the vertical fracture opens, slip on bedding shows no volume change. During several
stages, we also observed the pattern of opposite slip direction on “double lineaments” of
microseismic clouds. This suggests that fracking fluid is not only able to move in the direction of
fracture propagation, but also spread sideways into previously unstimulated rock. In this
experiment, a secondary microseismic cloud consistently initiates at about 400 ft. from the
position opposite the central perforation towards the unstimulated region. Therefore, a
microseismic focal mechanism with a horizontal nodal plane is direct evidence of presence of
treatment fluid throughout a larger stimulated reservoir volume than previously mapped.
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Introduction
The fast growth of unconventional reservoir development was enabled by massive
hydraulic fracturing operations. As hydraulic fracturing jobs grew, from thousands gallons of
water to millions gallons of water, the need for monitoring fracture propagation became urgent.
Not only is the location of hydraulic fracture growth important to optimize completion designs;
the general public is keen to know whether hydraulic fracture growth can penetrate upward to
groundwater contamination. Moreover, recent induced earthquakes related with hydraulic
fracturing and waste water injection became a further concern to the public and policy makers
(Keranen et al., 2014; Kim, 2013). Microseismic monitoring, with its unique advantage of real
time data collection, high-resolution and well-developed earthquake seismology methods,
became the most effective method for mapping hydraulic fracture growth.
However, in the microseismic community, there has been a long-lasting debate about
what causes microseismic events. Are they a consequence of fluid driven opening? Or do they
arise from slip on natural fractures driven by the change of stress/strain field around the
hydraulic fractures? The former event may represent an event triggered by the penetration of
stimulation fluid whereas the latter event may occur well in front of fluid penetration. In 2013,
two research groups came up with the idea that the microseismic events come from slippage on
horizontal bedding planes associated with the widening of vertical hydraulic fractures (Rutledge
et al., 2013; Stanek and Eisner, 2013). This Rutledge-Eisner model provides a means to directly
map fluid penetration using microseismic events. We will discuss the Rutledge-Eisner model in
detail in the following sections and test it with our data. But before that, we’d like to discuss the
method we use to study the source mechanism of the microseismic events.
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The moment tensor captures the physics of seismic sources in earthquake seismology. It
is based on the approximation of point source and equivalent body forces (Jost and Herrmann,
1989). The advantage of the moment tensor is that it is able to characterize the attitudes of the
fault plane associated with the earthquake and represent both the double-couple and non-double
couple components of the fracturing process. Therefore, it is particularly useful for people
studying seismic events related to opening-mode fracturing processes during geothermal
extraction (Panza and Saraò, 2000), volcanic eruption (Chouet et al., 2003) and hydraulic
fracturing (Nolen-Hoeksema and Ruff, 2001). Using the stereonet plot, it is easy to represent the
double couple component and non-double couple component. Double couple sources has a beach
ball shape stereonet plots while non-double couple sources have the baseball or fried-egg
appearances (Stein and Wysession, 2003).
The microseismic community has expended tremendous efforts on moment tensor
inversion. Theoretical work employs the use of synthetic data to define the necessary array
configuration, waveform phases and velocity model for the moment tensor inversion (Eaton and
Forouhideh, 2010; Šílený, 2009; Vavryčuk, 2001, 2007). Some researchers find that advanced
methods such as full wave form modeling allow a moment tensor inversion with few receivers
(Li et al., 2011a; Song and Toksöz, 2011; Song et al., 2010). Others have used acoustic emission
signals from small scale hydraulic fracturing in labs (Dahm et al., 1999; Hampton and Matzar,
2014). However, the literature contains relatively few moment tensor inversion results from
microseismic events in gas shale.
Moment tensor inversion of microseismic events during hydraulic fracturing include
events showing non-double couple mechanisms (Foulger et al., 2004; Jechumtálová and Eisner,
2008; Šílený et al., 2009) and events showing primarily double-couple mechanisms (Dahm et al.,
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1999; Pearson, 1981; Phillips et al., 1998). Most studies show both kinds of events (NolenHoeksema and Ruff, 2001; Song and Toksöz, 2011; Stanek and Eisner, 2013). The majority of
these inversions were done on data collected with downhole array configurations. Despite the
fact that the researchers were cautious when dealing with the moment tensor inversion process,
there is still room to question whether the non-double couple components as artifacts arising
from small errors (noise, velocity model error, anisotropy, phase change, attenuation etc.).
Because of broader coverage, the inversion artifacts from noise and other distractors are
less evident in surface monitored microseismic results (Neuhaus et al., 2012a; Neuhaus et al.,
2012b; Staněk et al., 2013; Williams-Stroud et al., 2012). In this paper, we will present moment
tensor inversion results using industry quality data collected from the surface monitoring of a
Marcellus Shale hydraulic fracturing stimulation.

Data
The experiment presented in this paper was a microseismic monitoring job of the
hydraulic fracturing of the Marcellus Shale in Washington County Pennsylvania, USA.
Southwest PA is a sweet spot for the Marcellus Shale. Typical depth of the target formation is
around 7000 ft. with about 100 ft. of thickness. The formation is relatively flat with no faults that
could be detected in seismic cross sections within the array. The basal portion of the Union
Springs has as much as 20% volume total organic carbon.
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Figure 12 The mapview of the wells and the surface geophone arrays (in blue). The location of
the experiment is indicated on the map in the upper right small box
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Five wells on this pad were used in this experiment (Figure 12). Four of the wells were
stimulated while well 2H acted as a downhole monitoring well. At the same time, a surface
microseismic array was installed to monitor the same stimulation job. The surface array consists
of 1081 single-component vertical geophones. To achieve a good coverage, the surface array has
10 “arms”. Due to permission issues, the array was not deployed in an ideal symmetric “star”
shape. The four wells were stimulated in a zipper-frack sequence with a standard “plug and perf”
completion program. The whole stimulation program for this pad lasted for over a month. The
microseismic data were recorded using 2ms sampling interval.
The data were processed commercially for hypocenters by stacking (Chambers et al.,
2010). Over 70 perforation shots were recovered from the downhole monitoring array while only
6 of them were imaged by stacking the signal recorded on the surface array. This is an indication
that most stimulation events we picked here are larger than typical perf shots. The commercial
processing delivered about 16000 events all together. We selected the largest 100 events as
candidates of moment tensor inversion and eventually identified 59 for final analysis. Each of the
events have clear arrivals of both P and S phases that are visible on the raw traces without any
additional filtering (Figure 13).
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Figure 13. An example of the waveforms of the microseismic event. This geophone is using
SEG standard, which means positive for downward movement of the ground. The color red
represents positive reading (i.e. downward motion), and blue is vice versa. The small picture in
the upper-middle is the plot of the amplitude of P wave first motion. The size of the circles
represent the amplitude. The beach ball representation of the moment tensor inverted is in the
upper right with lower hemisphere projection.
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Method
Because we only have one vertical component on the surface, only P wave first motions
was used to invert for the moment tensor in time domain. The moment tensors were inverted
using a linear inversion. The Green’s function derivatives were constructed using a constant
velocity model plus the radiation pattern and attenuation effects (S.Williams-Stroud et al., 2010).
𝑀𝑀

0
𝐺𝐺3𝑗𝑗,𝑘𝑘 = 4𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐
3 𝛾𝛾3 𝛾𝛾𝑗𝑗 𝛾𝛾𝑘𝑘 2𝑒𝑒

−

𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐𝑐𝑐

(1)
𝜕𝜕

𝐺𝐺3𝑗𝑗,𝑘𝑘 is the vertical component of the Green’s function derivative ( , = 𝜕𝜕𝑥𝑥 ). Mo is the scalar
𝑖𝑖

moment, 𝛾𝛾 is the direction cosine, c is the average wave velocity, 𝑓𝑓 is the peak frequency of the
signal, 𝜌𝜌 is the density of the medium and r is the distance from source to receiver, 1-E, 2-N, 3Z.

We used the full moment tensor (6 independent parameters) to represent the source to
reflect both non-double couple components. The imperfect observational array, simplified
velocity model and the noise all might contributed to an increase of the non-double couple
component of the moment tensor (Vavryčuk, 2001, 2005). Since there are more observations
than unknowns, a least-square inversion is used to invert the full moment tensor using least
squares solution:
𝑚𝑚 = [𝐺𝐺 𝑇𝑇 𝐺𝐺]−1 𝐺𝐺 𝑇𝑇 ∗ 𝑑𝑑

(2)

d is the P wave amplitude of picked first motion, G is Green’s function calculated from equation
(1) and m is the moment tensor. During the inversion, we did not use any smoothing, damping or
truncation. Thus, the 6 moment tensor components are free to reflect the data.
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Figure 14. The beach ball presentation of moment tensor inversion results. We use lowerhemisphere projection of the stereonet. Blue lines represent the well trajectories in a map view.
Red dots are the microseismic events inverted for moment tensor.
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Results and interpretation
The inverted moment tensors are displayed using the beach ball plot (Figure 14). We can
see that a lot of the events are very close to the double couple mechanism while others are
overprinted non-double couple mechanism which would reflect a change in volume. This is
reflected by the baseball shape plots of the focal mechanism instead of sharp boundary of
dilatation and compression movement at the focal planes. To investigate the cause of the nondouble couple mechanism, we examine the signal noise ratio of the raw microseismic event
record.
We represent the percentage of isotropic component using the definition given by (Lay
and Wallace, 1995).
1 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑀𝑀)

𝑖𝑖𝑖𝑖𝑖𝑖 = 3

𝑀𝑀|𝑚𝑚𝑚𝑚𝑚𝑚|

∗ 100%

M is the moment tensor with only three principal components along the diagonal of the matrix
which should add to zero if there is no change in volume.

(3)
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Figure 15. Plot of the isotropic component of the moment tensor of the microseismic events vs
their bulk Signal Noise Ratio (SNR).
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In Figure 15 the isotropic component are plotted against the bulk Signal Noise Ratio
(SNR) of the events inverted. Bulk SNR is measured as the stacked P wave amplitude vs. noise
amplitude during the locating process of microseismic events using stacking-based method.
While this data might look scattered, it is in my opinion not a coincidence that a bulk SNR above
110 is restricted to those events with isotropic components less than 12%. The isotropic
components might be caused by the noise and less meaningful in terms of quantifying actual
volumetric change.
To further understand the degree of error amplification which occurs during the
inversion, we calculate the variance of the moment tensors. If we assume the data are
uncorrelated and have uniform variance 𝜎𝜎𝑑𝑑2 , the covariance matrix of the inversion model would
be:

[cov(m)]= 𝜎𝜎𝑑𝑑2 [G′ G]−1

(4)

G is the green’s function, m is the model (moment tensor in this case). In Appendix 1, we
list the uncertainty of the moment tensor components based on the covariance calculation. In this
calculation, we used a typical value for the variance of data 𝜎𝜎𝑑𝑑2 .

We can see that the diagonal components of the moment tensor (m11, m22, m33) have

relatively larger uncertainty compared with off-diagonal components (m12, m23, m13). This might
be another evidence that the isotropic components are not strong indication of actual volumetric
change.
From the moment tensor inversion results, a strong pattern can be observed: most of them
are Dip-Slip/Horizontal-Slip (DSHS) events, which means the beach-ball shows that half of the
lower-hemisphere is in compression (black) while the other side is in dilatation (white). One
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nodal plane is nearly vertical while the other is horizontal. These events can be grouped into two
kinds of patterns: the northwest quadrant is compressional (black) and southeast quadrant is
dilatational (white), or vice versa. There are 16 events with the northwest quadrant being
compressional while there are 43 events with southeast quadrant being compressional.
Due to the ambiguity of the interpretation of focal mechanism, the real slip plane cannot
be distinguished between the vertical and horizontal planes. Historically, people tended to
interpret the vertical plane as the slip plane because of the presence of vertical joints in gas shale
(e.g. Marcellus (Engelder et al., 2009)). However, using vertical plane as the slip plane has an
apparent problem: there is no room to accommodate the vertical displacement.
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Figure 16. A side view illustration of the horizontal slip mechanism model. Cartoon drawn not
to scale.
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(Rutledge et al., 2013) and (Stanek and Eisner, 2013) have both proposed an alternative
explanation for the DSHS microseismic events. Instead of the vertical plane, they pick the active
slip plane as horizontal. As the walls of the hydraulic fracture move horizontally, the slip on
bedding planes which can be either the ceiling or floor of the hydraulic fracture causes acoustic
signals detected as microseismic events (Figure 16). The strain energy stored around the walls of
the hydraulic fracture is released thus creating room for the pumped frack fluid and proppants.
The difference between the fluid pressure inside the hydraulic fracture and the rock matrix below
creates a shear stress large enough to overcome the cohesion and friction along the horizontal
bedding planes. Thus it allows bedding slip toward the regional minimum horizontal stress.
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Figure 17. Stereonet plot of the nodal planes of moment tensor results and the fractures/faults
observed from FMI logs in nearby wells.
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To further test this model and illustrate the relationship between the microseismic events
and regional stress, we compare the orientation of the vertical nodal plane with regional
geological structures and geomechanical data (Figure 17). The interpretation of faults and
fractures are from the image logs of nearby wells (within 5 km, or 3 miles on the map). The
orientation of nodal planes show a strong correlation with the orientation of induced fractures,
which is an indication of the regional maximum horizontal stress orientation. Both nodal planes
and induced fractures are oriented between 30 and 60 degrees to the east. Although there are
recorded natural fractures and healed small faults picked from the image log, the nodal planes do
not correlate well with these structures.
The prevalence of DSHS events in microseismic monitoring of hydraulic fractures is also
revealed in another moment tensor inversion project reported by (Stanek and Eisner, 2013). In
that project, about 70 microseismic events were inverted using surface microseismic monitoring
arrays in the Woodford Shale. All events are DSHS except where there are known faults (Stanek,
2014 personal communication). The prevalence of DSHS events and the correlation between the
microseismic nodal planes and regional maximum horizontal stress are consistent. The RutledgeEisner model for fracture widening best explains microseismic events in the Marcellus.
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Figure 18. Map view of the moment tensor inversion results (green dots) on top of the
microseismic events (red dots) of each corresponding stage. Grid size on the map is 500 ft. 3H
Stage 6.
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Figure 19. Map view of the moment tensor inversion results (green dots) on top of the
microseismic events (red dots) of each corresponding stage. Grid size on the map is 500 ft. 10H
Stage 3.
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Figure 20. Map view of the moment tensor inversion results (green dots) on top of the
microseismic events (red dots) of each corresponding stage. Grid size on the map is 500 ft. 10H
Stage 4.
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Figure 21. Map view of the moment tensor inversion results (green dots) on top of the
microseismic events (red dots) of each corresponding stage. Grid size on the map is 500 ft. 10H
Stage 6.
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Figure 22. Map view of the moment tensor inversion results (green dots) on top of the
microseismic events (red dots) of each corresponding stage. Grid size on the map is 500 ft. 10H
Stage 8.
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Figure 23. Map view of the moment tensor inversion results (green dots) on top of the
microseismic events (red dots) of each corresponding stage. Grid size on the map is 500 ft. 11H
Stage 5.
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Observing the moment tensor inversion results on a stage by stage basis, we find another
interesting phenomenon which is consistent with the horizontal model. Using six stages with
more than three inverted microseismic events microseismic events cluster in a “double
lineament” feature within the event cloud (Figure 18-23). These are interpreted as two separate
hydraulic fracture zones propagating with each of the six stages. We see this same double
lineament for 31 out of 52 stages in this microseismic experiment. Looking in the direction of
the induced fractures (i.e., Figure 17), the double lineament includes one cluster aligned with the
perforations for that stage and one cluster about 400 ft. in front of the advancing microseismic
cloud as the well is stimulated, stage by stage. This is called the offset cluster and it occurs only
on the unstimulated side of the perforations for that stage (Figure 24).
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Figure 24. Histogram plot of the microseismic events projected in the direction of minimum
horizontal stress. Horizontal axis is the distance between microseismic event and a theoretical
line passing the middle of the perforation point in the direction of maximum horizontal stress.
We are looking in the direction to the northeast.
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At first this “double lineament” feature was interpreted to as an artifact of the processing
workflow. However, this possibility has been eliminated after an investigation using perforation
shots. The shear waves from perforation shots were attenuated when passing through the offset
cluster defining a microseismic lineament. This could only happen when elastic waves pass a
fluid-charged layer (Tan et al., 2014a). Two (or more) parallel hydraulic fractures will interact
with each other through a stress shadow caused by high pressure injection fluid. Previous stage
has already strained the stimulated region, which makes it harder to inject fluid into the trailing
region as the stages advance toward the heel of the well. On the other hand, the unstimulated
region ahead of the advancing fracture stages is less strained, which makes the fluid intrusion
more likely. Similar stress shadow phenomenon is often observed in the spacing distribution of
natural fractures (Tan et al., 2014b).
Natural fracture networks might contribute to this migration of fracking fluid along
wellbore. This region of Appalachian Basin is known for two sets of vertical joints: one in NEE
called J1, the other in NWW, called J2 (Engelder et al., 2009; Nickelsen and Hough, 1967). J2
might serve as a conduit for the fluid to migrate along the wellbore direction and into an
unstimulated region. This phenomenon is called H-frac by the industry due to its shape. It is not
observed in every pad, but neither is it rare. The distance between the two lineaments can
sometimes larger than the stage length, as is the case in our study. H-frac phenomenon is not
only restricted to the Marcellus Shale (Xiaofan Hu, personal communication).
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Figure 25. Theoretical model for double lineament microseismic events. Cartoon drawn not to
scale.
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Looking at the moment tensors in Figure 7, we can see a clear pattern between the slip
direction of inverted events and the relative position of the lineament: The northwest lineament
always has dilatational quadrant (white) on the northwest side of the nodal plane (Type I) while
the southeast lineament always has dilatational quadrant (black) on the southeast side of the
nodal plane (Type II). Choosing the horizontal nodal plane as the fracture plane, we interpret
Type I as the upper section moving to the northwest and Type II as upper section moving to the
southeast. Considering the stress shadow effect from the neighbor hydraulic fracture, it is easier
to move the wall of the fracture away from a neighboring fracture (Figure 25). The moment
tensor inversion result is consistent with the stress shadow model.
Discussion
Can DSHS be an indicator of water-filled fractures?
Microseismic events indicative of the stimulated reservoir volume must be fluid-filled.
Many microseismic events are caused by transfer on strain from another part of the reservoir.
The DSHS cannot be induced by stress transfer from elsewhere in the stimulated reservoir
volume for the following reasons: If DSHS is driven by a maximum shear stress, the maximum
principal stress plunges at about 45 degrees to either the vertical or horizontal nodal plane (i.e.
shear plane). If the Marcellus is in a normal fault stress regime, the vertical stress is the
maximum principal stress. Slip on bedding plane requires the stress regimes close to reverse
stress state, the principal stress plunging 30 degrees to the horizontal plane during hydraulic
stimulation. This is impossible for stress fields inducing vertical fractures. The horizontal fissility
of shale provides horizontal bedding planes for slip. This might be the reason why DSHS events
are commonly seen in the moment tensor inversion. Thus, the DSHS microseismic events in

72

shale represent the true SRV because slip on bedding reflects injection rather than the transfer of
strain from some other portion of the reservoir.
How much widening?
The microseismic events used in this study have magnitude above -0.8 with two large
events above magnitude zero (Figure 26). Typical magnitude of microseismic events recorded in
a field hydraulic fracturing stimulation ranges between -2.5 and 0, with sometimes a lower limit
of -3.5 depending on the distance between source and receiver. The amount of fracture widening
may be determined starting with the relationship between seismic moment and moment
magnitude as (Shearer, 2009, p. 284):
2

𝑀𝑀 = 3 [𝑙𝑙𝑙𝑙𝑙𝑙10 𝑀𝑀0 − 9.1]

𝑀𝑀 is the seismic magnitude, 𝑀𝑀0 is the seismic moment in N-m. For a microseismic event, the
moment magnitude is about -0.5 to -1.5. The moment from these calculation is between 0.71.4*10^8 Nm.

(4)
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Figure 26. Histogram of the magnitude of the microseismic events used in this study.
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The amount of widening of the hydraulic fractures can be easily estimated from the
seismic moment given some reasonable properties of the shale. We use the classic equation of a
double couple earthquake (Shearer, 2009).
M=µAD

(5)

M is the scalar moment, µ is the shear modulus of the rock, A is the slip area and D is the slip
distance.
Typical shale shear modulus is about 1-2 Mpsi (700-1400 MPa). Each DSHS event
represents one episode of widening. For a hydraulic fracture with a length of 30 ft (10 meters)
and slip area of 10-100 m^2, the increase of width can be as much as 0.2 inch (5mm).
This model implies that the hydraulic fractures do not propagate smoothly in this
experiment. Instead, the propagation process is like the “elastic rebound” model in earthquake
seismology: Open fracture fills with fluid until it has accumulated enough strain around the walls
to trigger slip on the horizontal bedding planes. Therefore, the mechanical properties of the
horizontal beds are mechanical boundaries reflecting the frequency and magnitude of the DSHS
microseismic events.
Implication of double lineament
The existence of double lineament suggests that the fracking fluid is not only able to
move in the direction of fracture propagation (i.e. maximum horizontal stress orientation in this
experiment), but also able to spread sideways into previously unstimulated rock. The consistent
400ft. spacing between the offset hydraulic fracture and the central perforation location reveals
some unique interaction between the central stress shadow and natural fracture networks. This
phenomenon deserves more attention from geophysicists and fracture engineers.
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Conclusion
DSHS events dominate the moment tensor inversion results from a surface microseismic
monitoring in Marcellus Shale. DSHS events are caused by the widening of vertical hydraulic
fractures with the injection of frack fluid. To map the stimulated reservoir volume DSHS events
should be distinguished from events with other focal mechanisms. They are direct indication of
infiltration of fracking fluid. The double lineament pattern reveals the possibility of fracking
fluid spreading sideways as the stimulated reservoir volume expands away from the wellbore.
The double lineament exhibits a consistent spacing from the perforation location and have
opposite slip direction.
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Appendix 1
Uncertainty of moment tensor components and the misfit (%)
Event
ID

M11

M12

M13

M22

M23

M33

misfit

6864

8.67

4.32

0.92

8.72

0.72

22.88

30.16

6899

3.76

14.53

1.48

8.53

1.23

4.54

21.56

6935

5.19

46.06

3.32

20.13

8.96

79.36

32.09

7189

401.81

5.04

0.97

87.44

1.04

17.23

36.86

8305

6.80

12.36

2.79

25.01

4.10

16.24

28.87

8316

12.16

83.25

2.72

5.98

2.03

67.31

28.72

8366

9.57

17.76

1.39

3.00

1.13

20.50

27.26

8379

8.36

119.35

4.36

17.23

9.90

27.72

40.34

8479

31.52

62.08

1.29

3.15

0.96

83.61

22.08

8814

14.26

18.45

4.40

29.33

6.27

13.45

30.60

8826

29.59

36.92

1.30

4.83

1.09

2.84

30.70

8942

2352.89

2.95

0.40

2.46

0.30

1.97

28.95

10159

2.72

2.67

0.68

18.43

0.58

2.75

28.65

10200

22.76

12.98

4.94

112.23

3.13

55.51

27.71

10226

20.71

20.89

3.00

9.35

2.06

7.37

29.15

10305

25.19

12.94

1.65

16.90

1.17

7.80

30.40

10309

4.22

1.34

0.33

3.55

0.22

3.46

24.63

11078

13.00

10.19

2.41

19.56

2.08

8.78

32.81

11123

34.27

3.49

0.83

16.72

0.64

4.36

26.63

11223

2.42

4.19

0.62

8.53

0.41

1.53

33.09

11914

8.83

47.85

2.38

15.52

1.70

50.31

28.92

11979

7.41

13.29

1.49

22.03

1.26

268.02

31.31

12399

6.72

7.94

2.47

11.18

3.60

16.47

35.67

12428

1.37

3.72

0.76

9.78

0.74

12.39

24.69

12854

2.81

21.17

1.72

7.65

2.37

12.80

30.64

13227

7.94

3.93

1.68

7.25

1.31

35.53

35.42

13249

3.86

5.61

1.20

27.17

0.88

12.13

35.48

13254

4.88

6.22

0.99

12.03

0.91

18.75

33.89

13266

2.07

7.41

0.26

3.49

0.20

3.31

25.46

13358

4.12

28.72

1.26

30.32

1.55

5.47

33.79

13377

2.41

4.47

0.93

7.11

0.97

766.91

30.30

13395

8.94

10.95

1.61

6.17

1.39

9.08

31.07

13814

4.61

7.50

2.21

78.50

2.93

542.79

28.79

13815

17.37

18.81

8.30

12.16

34.10

201.07

36.31

13824

10.55

9.83

7.25

14.55

28.46

28.45

32.87

77

13879

80.68

14.26

5.41

223.17

9.38

8.87

38.91

14358

69.50

42.30

9.54

37.96

6.84

14.37

32.80

14951

2.05

11.66

1.10

1.50

0.99

6.31

24.15

15059

1.25

2.60

0.33

0.93

0.24

2.89

24.90

15595

31.77

14.39

13.34

11.11

61.97

57.35

38.90

15709

3.36

4.80

1.28

5.48

1.15

95.63

20.92

16086

9.69

12.40

2.26

12.08

1.86

13.96

25.18

16150

14.54

13.49

2.47

6.23

2.27

10.29

27.92

16165

18.24

3.52

1.50

4.17

1.16

2.17

25.70

17063

8.68

9.89

3.24

31.54

2.31

681.65

28.64

17083

12.73

13.00

1.95

12.19

1.69

3.06

34.06

17099

8.99

19.87

2.36

21.46

1.22

62.23

31.25

17109

43.84

16.56

3.00

11.68

1.50

198.11

31.77

17132

8.21

8.45

2.03

7.87

1.11

5.34

29.22

17891

2.24

2.87

0.76

3.44

0.59

19.62

22.42

17907

5.89

17.12

1.92

5.86

1.36

28.96

23.73

17922

4.52

12.94

1.99

5.98

1.87

14.86

25.21

18543

27.59

57.74

4.47

187.27

3.27

9.13

31.59

18546

18.93

68.22

3.84

130.06

1.38

3.06

28.88

21386

4.46

8.44

1.07

9.25

0.60

1.96

24.15

34985

4.26

11.98

1.38

2.17

0.67

4.38

20.75

36933

7.52

7.39

1.23

15.44

0.87

25.01

24.16

39776

2.03

1.27

0.41

2.71

0.30

2.81

25.77

42542

0.62

0.92

0.17

2.16

0.12

0.60

30.59
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Chapter 5 Evolution of spatial and temporal distribution of microseismic
events from hydraulic fracturing under different geological and
geomechanical conditions: the role of bedding-plane slip

Abstract
Focal mechanisms with horizontal nodal planes suggest that microseismic events
accompany slip on bedding planes associated with the opening of hydraulic factures. Slip on
bedding plane explains the spatial and temporal distribution of microseismic events observed
during hydraulic fracturing in the Marcellus, Utica and Eagle Ford shale gas plays. In the case of
simple fracture propagation driving slip on bedding, microseismic events do not occur until the
fracture width reaches a threshold value. The majority of the microseismic events happen behind
the fracture tip during propagation which is consistent with bedding slip. Depending on the
geomechanical environment, microseismic events may happen in the early or late period during a
hydraulic fracturing stage. In a naturally fractured reservoir, higher sand concentration causes
higher pressure gradient, thus microseismic event rate might increase due to opening of natural
fractures. The magnitude and number of microseismic events also appear to be related to the
vertical stress profile. Higher stress contrast between layers leads to more microseismic events
and larger magnitudes.

Introduction
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Microseismic data are commonly used to interpret hydraulic fracturing in unconventional
plays (Cipolla et al., 2012; Maxwell, 2010; Wuestefeld et al., 2012). By deploying geophone
sensors on the surface, in shallow wells or in nearby boreholes, seismic energy released during
hydraulic fracturing is recorded. Using either picking or stacking methods, the hypocenters
(location and origin time) of the microseismic events are calculated (Chambers et al., 2010;
Eisner et al., 2010a). By plotting these locations, the distribution of microseismic events
represents a stimulated reservoir volume. This microseismic technique is commonly called “dots
in the box” (Eisner et al., 2010b; Kendall et al., 2011; S.Williams-Stroud et al., 2010).
The microseismic community is expanding the interpretation of microseismic event from
just the location to beyond dots in the box. Among such efforts, important progress has been
made in identifying the source mechanism of microseismic events. By inverting for the moment
tensor, the fracturing mode (opening vs. slip) of the microseismic event is revealed (Baig and
Urbancic, 2010; Eaton and Forouhideh, 2010). Other information from microseismic events
include: frequency (Eisner et al., 2013; Tary and van der Baan, 2012), attenuation (Tan et al.,
2014a; Tselentis et al., 2010), b-value (Haney et al., 2011; Oprsal and Eisner, 2014), anisotropy
(Grechka and Yaskevich, 2013, 2014; Li et al., 2013) and stress conditions (Agarwal et al., 2012;
Chorney et al., 2012).
Despite the tremendous progress on the processing and interpretation of microseismic
data, it remains challenging to understand the connection between the distribution of
microseismic events and the hydraulic fracturing process. Understanding of the temporal
evolution of microseismic events during hydraulic fracturing can be improved. Existing literature
gives an overview of the diffusion processes but fails to couple back into the single fracture

82

propagation models used by fracture engineers (Shapiro and Dinske, 2009). Another challenge is
the use of microseismic events to improve hydraulic fracturing design.
Key questions remain: Are the microseismic events caused by direct fluid injection into
the fracture or triggered by strain in the vicinity of hydraulic fractures? Can microseismic events
help determine where the proppants are distributed? How do natural fracture networks manifest
themselves in terms of microseismic signals? Why do some locations have more microseismic
events than others?
This paper uses a refined interpretation of the fracture growth to address these questions.
We also attempt to provide an insight to help understand the spatial and temporal distribution
along with the magnitude and event rate of microseismic events. The structure of this paper is:
First, a newly proposed model is introduced to establish the basis for the subsequent analysis.
Then we model a single fracture propagation and validate the result with field data. To
understand the temporal information of microseismic events, other field data are presented to
illustrate the effect of in-situ stress. Next, we investigate the interaction between hydraulic
fracture stimulation and natural fracture networks and its effect on the temporal and spatial
distribution of microseismic events. Lastly we will discuss the possible mechanisms causing the
difference in microseismic number and magnitude with the examination of field data.

The data
The microseismic data used in this study came from three major shale plays in North
America: Marcellus shale in Southwestern Pennsylvania, Utica shale in Eastern Ohio and Eagle
Ford shale in Southwest Texas. The three microseismic datasets were recorded during the
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hydraulic fracturing operations and subsequently processed by different service companies. The
Marcellus data have both surface and downhole recordings. We will use both data for further
analysis. previous results from this dataset are found in the literature (Tan et al., 2014a; Tan and
Engelder, 2015). The Utica dataset consists of downhole microseismic data for two neighbor
wells which were zipper-fracked from the same pad. Another well on the same pad was used to
deploy the geophone receivers. The Eagle Ford dataset includes two wells that are about 25 km
(16 miles) apart. Both were recorded by a downhole array in a nearby vertical wellbore.
All three datasets were located at the region where there are no known faults cutting the
stimulated reservoir volume. The shale formations in these three datasets are all relatively flat.
The geology of these three shale plays share some similarities: the most organic rich part is the
target zone (Union Springs Member in the Marcellus shale, Lower Eagle Ford Member in the
Eagle Ford shale, and Point Pleasant Member in the Utica shale). Each of the organic rich shale
sections is underlain by a limestone formation (Onondaga Limestone in the Marcellus shale,
Buda Limestone in the Eagle Ford shale, and Trenton Limestone in the Utica shale) which serves
as a fracture propagation barrier; and overlain by a less organic rich shale (Mahantango
Formation in the Marcellus shale, Upper Eagle Ford Member in the Eagle Ford shale, and Utica
Formation in the Utica shale). The thickness of the target zone is about the same: between 10-30
m (or 50-100 ft.). Depth of the target ranges between 6000 and 8000 ft. (2000-2600 m).

The Rutledge-Eisner model
To connect the hydraulic fracturing with microseismic fault plane solutions, we use the
newly proposed horizontal slip model by Rutledge and Eisner (Rutledge et al., 2013; Stanek and
Eisner, 2013). This model suggests that the microseismic events are caused by the slip of
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bedding planes associated with the opening of hydraulic fractures (Figure 27). In the case of
vertically confined fractures, the slip surface is either the roof or the floor of the fracture.
The magnitude of a microseismic event is directly related with the amount of slip and slip
surface area using the classic seismic moment and moment magnitude equations in seismology
(Shearer, 2009).
M0=µAD

(1)

2

𝑀𝑀 = 3 [𝑙𝑙𝑙𝑙𝑙𝑙10 𝑀𝑀0 − 9.1]

(2)

M0 is the seismic moment in N-m, µ is the shear modulus of the rock, A is the slip surface area,
D is the slip, M is the moment magnitude. The relationship between the slip surface area and the
amount of slip will be discussed later.
The process of generating microseismic events is essentially Mode II fracture
propagation on the bedding plane driven by the shearing of the hydraulic fracture wall.
According to the theory of linear elastic fracture mechanics (LEFM), the relationship between
the amount of slip and crack length is (Whittaker et al., 1992):

𝐷𝐷 =

𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼
4𝜇𝜇

𝑐𝑐
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�𝜋𝜋 �(2𝑘𝑘 + 3)𝑠𝑠𝑠𝑠𝑠𝑠 2 + 𝑠𝑠𝑠𝑠𝑠𝑠

3𝜋𝜋
2

�

(3)

In this equation, D is the amount of slip, c is the crack half length, KIIc is the Mode II fracture
toughness, 𝜇𝜇 is the shear modulus of the surrounding rock, k is a constant related to the loading
condition. Therefore, slip is proportional to the square root of the crack length. Given some

empirical numbers about the elastic properties of the shale, we can calculate the relationship
between slip distance D and fracture length 2c. The shear modulus of a clay-rich bedding plane
is lower than the encapsulating rock matrix which maybe silty. We assume it might be as much
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as one order of magnitude lower (10%) (Islam and Skalle, 2013). Combining Equation 1 to 3, if
we use 0.7GPa for shear modulus 𝜇𝜇, 1MPam1/2 for KIIc, slip accompanying the opening of a

hydraulic fracture by 1mm creates a magnitude -3 microseismic event, which is near the lower
limit of microseismic detection.
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Figure 27. A conceptual model for the horizontal slip mechanism. Zoomed in box shows the
propagation of Mode II crack along the bedding plane with the widening of the hydraulic
fracture. The predicted radiation pattern is shown as beach ball plot in the upper right. The black
quadrant is compressional, which means outward first motion. Cartoon is not drawn to scale.
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In Figure 27, we also plot the radiation pattern of the microseismic event generated by
this model. Here we focus on the lower hemisphere. Black is the compressional quadrant which
means outward first motion for slip as indicated. The source mechanism of the microseismic
events generated by the Rutledge-Eisner model have a few predictable characters: 1. there are
two nodal planes: one vertical, and the other horizontal. Therefore a beach ball focal mechanism
plot is half black, half white. 2. The orientation of the vertical nodal plane is parallel with the
orientation of maximum horizontal stress. 3. There is slip only on one nodal plane (i.e. bedding
plane), thus it should have no non-double-couple components. These features will help identify
microseismic events in the field data generated by the Rutledge-Eisner process.

Single long hydraulic fracture propagation
We first study the simplest situation: a single hydraulic fracture propagation in a
vertically confined environment. In this situation, fracture propagation can be modeled using a 2D model. The hydraulic fracture model we use in this study is called Hydraulic Fracture Network
Propagation Model (HFPM) (Ahn et al., 2014a; Ahn et al., 2014b). Overall, it is a fully coupled
2-dimensional, single phase finite difference simulator. It is also able to simulate the fracture-tomatrix flow and the interaction between hydraulic fracture and natural fracture systems. The
details about the model’s criterion on fracture propagation/arrest and other assumptions are
found in the Ahn et. al. 2014 a, b.
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Figure 28. (A) Width profile of a hydraulic fracture (Fracture 1) and the width profile of it after
propagation (Fracture 2). (B) shows the difference of width between these two fractures. The
length and width of the fractures are normalized. For illustration of fracture width and length,
please refer to Figure 27.
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We simulated the propagation of a single planar hydraulic fracture in two steps under the
condition of constant flow rate. Figure 28 (A) shows the width profile of the hydraulic fracture
during two propagation steps. The hydraulic fracture is the widest at the horizontal wellbore,
where the horizontal axis is zero; and narrowest near the fracture tip. Step 2 represent the width
profile of a propagated fracture from its original shape step 1. Figure 28 (B) demonstrates the
newly created width between step 2 and step 1. We can observe that although the whole fracture
width increased, the most significant with increase happens in front of the old fracture tip.
According to the Rutledge-Eisner model aforementioned, the largest microseismic event should
happen where the width increase is greatest, which is behind the new fracture tip during step 2.
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(A)
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(B)
Figure 29. (A) map view of the microseismic events along with the well trajectories. Circle size
are proportional to their magnitude. The three red triangles represent the three perforation
clusters of that stage. Focal mechanism of three large events are shown with lower hemisphere
beach ball plot. (B) side view of the microseismic events and the well trajectory.
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We will use field data to test whether bedding slip delimits fracture growth. Figure 29 (A)
shows the map view of surface microseismic monitoring results of the hydraulic fracturing job
from the Marcellus Shale in Southwest Pennsylvania, USA. From figure 29 (A), we can see that
the microseismic event cloud shows a long lineament. Moment tensor inversion shows that the
larger events have the same pattern as predicted by the Rutledge-Eisner model. More moment
tensor inversion results from other stimulation stages can be found in (Tan and Engelder, 2015).
Many are consistent with the Rutledge-Eisner model. Therefore, we model this lineament as one
hydraulic fracture which extends laterally over 700m and has an ultimate aperture of 3.5mm
(Figure 30).
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Figure 30. Width profile of a single hydraulic fracture propagation simulated using the HFPM
model. We used the same design as the field stimulation. Each curve represent the width profile
of the hydraulic fracture at that specific time.
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In Figure 31, the location of microseismic depth (Figure 31 (A)) and lateral distance
(Figure 31 (B)) from the wellbore is plotted with time. The figure is also overlain with surface
pump pressure, injection rate and sand concentration. We can see that the depth remains
relatively constant while the horizontal distance increased with time, especially the lower half.
This is consistent with our modeled result: the microseismic event concentrate mostly near the
fracture tip. If we draw a line of microseismic horizontal location with time, the propagation
speed is around 8 m/min (25 ft. /min).
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Figure 31. Distance from the microseismic events to the center of perforation cluster. (A) shows
the depth; (B) shows the horizontal distance. Positive is to the northwest direction of the perf
cluster. We also plotted the surface pressure (red), injection rate (green) and the sand
concentration (blue) during the fracking. The depth of the frack barriers (Tully Limestone as top
barrier and Onondaga Limestone as bottom barrier) are plotted on (A) as comparison of
microseismic event depth. The lateral distance between wells is about 600 ft. (200m), which is
plotted on (B).
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One important observation can be made based on Figure 31: the microseismic events
don’t happen until the injection rate goes above 10 bbl. /min. Before that, the hydraulic
fracturing process appears to be silent. Therefore, we infer that microseismic events don’t
happen until the hydraulic fracture width reaches a threshold value. To test this observation and
to find the threshold value, we use the HFPM fracturing model.
We use the same engineering design as the example from which microseismic data is collected.
The design consists of a 20 min injection of acid followed by 120 min slurry injection. We
changed the proppants from 40/70 to 20/40 at later periods of the injection. The concentration of
proppant is increased from 0 to 3 pound/gallon (0 to 360 g/L) for each kind of proppant.
The simulated results are shown in Figure 30. The width profile along the length of the
hydraulic fracture is plotted at each time. The length of the fracture increased from 500 ft. (150
m) at the time of 30 min to 2000 ft. (600 m) at the time of 90 min. The horizontal propagation
speed is about 8m/min (25 ft. /min), which is the same as what we observed from the
microseismic data. Thus, our modeled result is reasonably close to the field experiment. From
this figure, we can see the width of hydraulic fracture is around 0.004 feet (1.25 mm) at the end
of the acid injection. According to our analysis of the horizontal slip mechanism, 1 mm is about
our lowest magnitude limit of microseismic detection. We will discuss more about this “silence
period” in the next section.

Early vs. late microseismic events
To understand when the hydraulic fracture shows little microseismic signal, we look at
another hydraulic fracturing experiment from the Utica Shale in Eastern Ohio. In this
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experiment, there are two neighbor wells which were zipper-fracking using the same design. The
fracturing was monitored using a downhole monitoring array which consists of 8 geophones in
the horizontal section and 16 geophones in the vertical section to achieve good vertical and
horizontal resolution. This is called a “whip-arrayTM” (Baig et al., 2014).
We divide one fracking stage into four periods: acid injection, early (fine sand injection),
middle (high volume fine sand injection) and late (coarse sand injection) fracking period. Then
we count the number of microseismic events in each period. In Table 1 we recorded the timing
information of the microseismic events in each stage of the two wells. Each column represents
the percent of microseismic events in that period. We color each column based on the percentage
of microseismic events. Darker green represent higher percentage of microseismic events. A
clear pattern emerges from in this table: in Well A, majority of the stages have an early
microseismic pattern during the acid injection while Well B majority of the microseismic happen
near the end of the stage during coarse sand injection. We also recorded the average treating
pressure of each stage and the amount of sand injected per stage. In Well A the treating pressure
of each stage is about 1000 psi (6.9 MPa) lower than Well B. At the same time, sand injection of
Well B is much lower than Well A.
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(A)

99

(B)
Table 1. Microseismic event timing chart, total number of microseism events, average treating
pressure and injected sand volume of Well 1 (A) and Well 2 (B).
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Sand injection volume is usually effected by the width of the fracture. When the fracture
is narrow, sand volume is usually restricted and screen out is likely to occur if the sand volume is
more than the fracture can take. Meanwhile, we also understand that the width of the fracture is a
function of the net pressure, which is the difference between the fluid pressure and formation insitu stress. If the width of the fractures in Well A is larger than Well B and the treating pressure
is lower, the formation in-situ stress must be significantly lower. Although the cause of this insitu stress difference between neighbor wells is unclear, the data suggests this is the case.
Based on these observations, we conclude that in-situ stress will affect the width of
fractures, which is reflected by the microseismic event temporal distribution. Lower in-situ stress
results in wider fractures, hence more microseismic events occur at earlier period. On the other
hand, higher in-situ stress results in narrower fractures, hence fewer early microseismic events.
According to previous analysis, if the fracture width is lower than the threshold of microseismic
array detection limit, we will not record microseismicity, which is the case in Well B. At the end
of each fracking stage, when sand concentration increases to the level which the fractures no
longer take sand, screenout will happen. When screenout occurs, the width of the fracture is
increased rapidly, resulting in additional microseismic events. It is likely that these events are
also consistent with the Rutledge-Eisner model. This explains the early and late microseismic
temporal distribution shown in Well A and B.
Therefore, the temporal distribution of microseismic events is really a function of the
width of the fracture. If the fracture opens widely early (likely in a low in-situ stress
environment), microseismic events are likely to occur early during a stage, and vice versa.
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Interaction between hydraulic fracture and pre-existing fracture network
Now we try to extend the Rutledge-Eisner model from single fracture propagation to a
network of fractures. We are particularly interested in two questions: 1. Will the microseismic
events also concentrate behind the fracture tip? 2. Will the temporal distribution of microseismic
events be early or late during fracture stimulation like single planar fracture or will it have
another patterns?
We also have a field case that fits the assumption of naturally fractured shale from the
Marcellus shale project shown in previous analysis. Figure 32 (A) shows the microseismic event
locations of a hydraulic fracture stage on the same pad introduced in previous section. The
stimulation design is identical to the schedule presented before: acid injection followed by slurry
injection of fine sand first, coarse sand later. We know this area of the reservoir is naturally
fractured mainly from the dramatically increased microseismic event density and spatial
distribution. There are also other proprietary 3D seismic cube to support this assumption but
unfortunately cannot be published.
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(A)
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(B)
Figure 32 (A) downhole microseismic event rate overlain with the surface pump pressure, slurry rate and
sand concentration. The stage is color in three sections corresponding to the early, middle and late
microseismic events. (B) Map view of the microseismic events. The color of microseismic events
represent the same time interval as (A).
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In Figure 32 (A), we plot the temporal distribution of microseismic events overlain by
pumping schedule and surface pressure. Unlike single planar fracture discussed before, temporal
distribution of microseismic events shows that there are three peaks: early in the stage after the
break-down, at the end of fine sand and towards the end of coarse sand injection. Plotting the
location of the later microseismic events, we can see that the microseismic events of these three
peaks occurred in about the same region (Figure 32 (B)). If we zoom in on the temporal
distribution of last two peaks of microseismic events, we can see that the microseismic event rate
increases with the rise of sand concentration (Figure 32 (A)).
What is the cause of this temporal pattern? Are the two later peaks results of screen out
like late events in single planar fractures? If they are indeed caused by screenout, the majority of
the microseismic events should happen at the time when pressure is highest. However, this is not
the case in Figure 32 (A). Closer observation reveals that microseismic event rate lags sand
concentration by about 5 minutes. Therefore, it must be something related to the fracture network
itself.
The time lag between peak sand concentration and peak microseismic event rate gave us
some clue: it is about 3-5 minutes. What kind of physical process of slurry can take 3-5 minutes
to receive response from the reservoir rock? The transport of slurry itself is well within this
range. Considering a well with 6000 ft. (2000 m) depth, 5 inch wellbore diameter, at the injection
rate of 70 bbl/min, it will take about 2 minute for the slurry to be transported from surface to the
target zone. It will take another 1-2 minutes for the slurry to transport along the fracture from the
perforation point.
If it is indeed the slurry that caused the microseismic events, why would high sand
concentration slurry cause microseismic events rather than lower sand concentration slurry? Or,
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what is the difference between them? One apparent difference is the difference in their viscosity.
The viscosity of slurry increases as the proppant concentration increases. The relative viscosity
can be calculated as a polynomial function of the volumetric fraction of the slurry (Shook, 1993).
𝜂𝜂

𝜂𝜂𝑟𝑟 = 𝜇𝜇 = [1 + 2.5∅ + 10.05∅2 + 0.00273exp(∅)]

(4)

where 𝜂𝜂𝑟𝑟 is relative viscosity, 𝜇𝜇 is fluid viscosity, 𝜂𝜂 is slurry viscosity, and ∅ is slurry porosity
defined as the ratio of the volume of fluid to the total slurry volume

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

.

The change of viscosity will change the pressure distribution within the hydraulic
fracture. According to the equation above, slurry with sand concentration of 3 lb/gal has a
viscosity about 10 cp while that of slickwater is about 2 cp. Using our fracture modeling
software for single fracture propagation, the pressure distribution of these two slurries within the
fracture is shown in Figure 33. The minimum horizontal stress inputted in this model is 8000 psi.
In the modeled results the pressure of high sand concentration slurry is higher than low sand
concentration slurry by about 50 psi (350 KPa). The net pressure of low sand concentration
slurry is about 150 psi at perforation point. The net pressure of high sand concentration is about
200 psi at perforation point. The pressure gradient along fracture length is higher for the high
sand concentration slurry (0.04 psi/ft. near wellbore) than the low sand concentration slurry (0.02
psi/ft. near wellbore) (Figure 33). Higher pressure gradient within the fracture will produce wider
fractures near wellbore but little width change away from the wellbore.
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Figure 33. The pressure profile of the hydraulic fracture with different slurry viscosity. µ represents the
viscosity, unit in centipoise (cp). µ=2 is about the viscosity of the slurry with no sand; µ =10 is about the
slurry viscosity with 3 pound/gallon sand concentration. We only calculated the pressure within 500 ft. to
the wellbore.
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If this amount of pressure increase is larger than the difference between the two
horizontal stresses, fractures normal to the maximum horizontal stress could be opened. If the
fractures normal to the maximum horizontal stress were already opened, the increase of viscosity
and pressure will further increase the width of the fractures. Although 50 psi does not look like a
significant amount of pressure increase by the absolute value, the net pressure of a propagating
hydraulic fracture itself is not large either. Therefore, the relative increase can still cause sizable
change in the width of the fracture system. According to the Rutledge-Eisner model, the opening
of fractures will produce microseismic events on the bedding planes. Because the width increases
mainly near the wellbore, microseismic events should not take place away from the wellbore but
the region near the wellbore.
To test our reasoning, we again use our HFPM model with the same input as the field
data. A pre-existing fracture network spacing of 5 ft. (1.5 m.) in the minimum horizontal stress
direction and 10 ft. (3 m.) in the maximum horizontal stress direction is programed as a base
case. This natural fracture network orientation and spacing is based on field measurements
(Engelder et al., 2009; Tan et al., 2014b).

108

Figure 34. Incremental width change of the fracture within 500 ft. from the wellbore at every 10 minute
time step.
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Figure 34 shows the increase of width of the near wellbore fracture network (within 500
ft. from perforation) with time. We can see that the incremental width of the fracture has three
peaks in time: one at the acid injection period, the other two are at the end of high sand
concentration slurry injection, which is exactly the same as our field data temporal distribution.
Therefore, we conclude that the microseismic events of hydraulic fracturing in a naturally
fractured reservoir has three event rate peaks. The Rutledge-Eisner model explains the temporal
and spatial distribution patterns well.

Loud vs. quiet
After looking at the temporal and spatial distribution of microseismic events, we will
discuss the patterns of number and magnitude. Some wells have more microseismic events than
others. The difference of magnitude and number of microseismic events are real and not the
effect of the difference in array configuration or processing method. We try to provide an
explanation using the Rutledge-Eisner model.
We will also use a field case to study this topic. We present two microseismic monitoring
projects (Pad X and Pad Y) in the Eagle Ford Shale. These two pads are stimulated using similar
fracking design and same microseismic monitoring array. Both projects deployed geophone
arrays in a vertical borehole close to the stimulation well. The closest distance between Pad X
and observation array is about 400 ft., and that of Pad Y is about 600 ft. The farthest event
recorded by both arrays are about 3500 ft. (1000 m). Because these two projects used the same
geophones, the detection limit of the two arrays are about the same. The depth of these two wells
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are slightly different. Pad X is shallower than Pad Y by 600 ft. (200 m). The distance between
these two pads is about 16 miles (25 km).
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Figure 35. Comparison of the histogram of microseismic event magnitude of Pad X and Y.
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Despite the two pads are in the same shale play and all the other similarities in
engineering design, the number of microseismic events of Pad Y is ten times more than that of
Pad X. The average number of microseismic events per stage is around 10-100 in Pad X while it
is 200-1000 in Pad Y. Moreover, the average microseismic event magnitude of Pad Y is higher
than Pad X at about 0.3 (Figure 35). Considering that the moment magnitude is a logarithmic
function of the moment (Equation 2), the average energy of Pad Y is about twice as much as Pad
X. This dramatic difference in event number and magnitude raises a question: what caused this
difference? And further, can we use the Rutledge-Eisner model to explain it?
Before getting into the analysis of the cause of this difference, we’d like to present more
background geological information about these two pads. From core data, Pad X has more
natural fractures than Pad Y. On the core recovered from Pad X, we see abundant healed
fractures and a few partially open fractures while only a couple of healed fractures are seen in the
entire Pad Y core. Intuitively, more natural factures should lead to more microseismic events,
however, we see just the opposite result in the observation.
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Figure 36. Horizontal stress log of Pad X and Pad Y. The horizontal stress is calculated from
dynamic logs of wells from these two pads.
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Mineralogy of the target interval of these two pads are about the same. However, DFIT
tests show that Pad X is lower pressure than Pad Y. The pore pressure gradient of Pad X is about
0.5 psi/ft. (11.3 KPa/m) while that of Pad Y is about 0.67 psi/ft. (15.2 KPa/m). The most
significant difference is the geomechanical properties of these two pads. In Figure 36, we plot
the geomechanical logs of these two pads. The horizontal stress profiles are derived from sonic
logs in these two wells. The pay zone Lower Eagle Ford is a relatively lower stressed zone in
between the higher stressed Upper Eagle Ford and the Buda Limestone. During hydraulic
fracturing, the stimulated fracture will be confined between these two stress barriers. In Figure
36 we can observe that the variation of horizontal stress is much higher in Pad Y than in Pad X.
The variation in horizontal stress between layers within the Lower Eagle Ford can easily reach
beyond 500 psi (3.4 MPa) while that of Pad X is only 100-200 psi (0.7-1.5 MPa).
Larger geomechanical difference will more likely lead to termination or step-over of
tensile fractures when crossing the interface of two rock layers (Cooke and Underwood, 2001;
Renshaw and Pollard, 1995). Therefore, higher difference of horizontal stress will create more
chances of horizontal sliding between layers. According to the Rutledge-Eisner model, it will be
easier to generate microseismic events. In other word, homogenous shale doesn’t produce
microseismic signals.
The difference in injection rate in combination with pore pressure might also contributed
to the larger number and magnitude of microseismic events in Pad Y. Pad X has a pump rate of
45-50 bpm (barrel per minute) with 5 perf clusters per stage; Pump rate of Pad Y is around 60
bpm but it only has 4 perf clusters per stage. Therefore, the injection rate per cluster is 15 bpm
for Pad Y and 10 for Pad X. This is consistent with our horizontal slip model: higher pump rate

115

and higher pore pressure result in wider fractures. Thus releasing more microseismic energy per
event and more microseismic events.

Discussion: roof vs. floor
Based on the Rutledge-Eisner model, horizontal slip can happen either on the roof or
floor of the hydraulic fracture vertical barriers. In the Marcellus dataset studied in this paper, a
phenomenon called “H-frac” is observed, which means there are two parallel microseismic event
lineaments from stimulation of one stage. Moment tensor inversion results show that the wall of
the two fractures move in opposite directions (Tan and Engelder, 2015). If we choose the floor as
the slip plane, the walls move away from each other; if we choose the roof as the slip plane, the
walls move towards each other. Because of apparent room problem, the later scenario is less
likely to happen. Therefore, floor in this case is more likely to be the slip plane. In addition, the
geomechanical property difference between the target organic rich shale and the underlying
limestone is larger than that of overlying grey shale. According to our analysis in last section,
this also make floor events more likely to happen.
Currently we don’t have focal mechanisms of microseismic events from other datasets.
Reliable source mechanisms provide the most confident data to study the mechanism of
microseismic events. The model and distribution patterns proposed in this paper awaits further
tests from more field data.

Conclusions
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The Rutledge-Eisner model explains the temporal and spatial patterns of microseismic
events in the hydraulic fracturing process. Based on field data and modeling, we observe the
following patterns: In the absence of natural fracture network, a single long fracture will generate
microseismic events mostly behind its tip. Depending on the in-situ stress of the formation, the
hydraulic fracture could generate microseismic event during early or late period of a stage.
Natural fracture networks contribute to microseismicity as the sand concentration steps up during
late period of a fracking stage. Vertical stress heterogeneity controls both the magnitude and
numbers of microseismic events.
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