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Integrated application of 3D seismic and microseismic
data in the development of tight gas reservoirs*
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Abstract: The development of unconventional resources, such as shale gas and tight sand
gas, requires the integration of multi-disciplinary knowledge to resolve many engineering
problems in order to achieve economic production levels. The reservoir heterogeneity
revealed by different data sets, such as 3D seismic and microseismic data, can more fully
reflect the reservoir properties and is helpful to optimize the drilling and completion
programs. First, we predict the local stress direction and open or close status of the natural
fractures in tight sand reservoirs based on seismic curvature, an attribute that reveals reservoir
heterogeneity and geomechanical properties. Meanwhile, the reservoir fracture network
is predicted using an ant-tracking cube and the potential fracture barriers which can affect
hydraulic fracture propagation are predicted by integrating the seismic curvature attribute and
ant-tracking cube. Second, we use this information, derived from 3D seismic data, to assist
in designing the fracture program and adjusting stimulation parameters. Finally, we interpret
the reason why sand plugs will occur during the stimulation process by the integration of 3D
seismic interpretation and microseismic imaging results, which further explain the hydraulic
fracture propagation controlling factors and open or closed state of natural fractures in tight
sand reservoirs.
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Introduction

Unconventional tight gas engineering factors play a
predominant role in the early stages of unconventional
tight gas development. The low (sub-millidarcy)
permeability reservoirs require multiple engineering
disciplines to develop solutions for extended laterals with
multi-stage hydraulic fracture stimulation completion
strategies to achieve economic production levels
(Rutledge and Phillips, 2003). The completion objective
is to maximize reservoir contact through the generation

of fracture networks to increase the permeability and
allow for the movement of gas through the reservoir and
into the production well (Frohne and Mercer, 1984).
Microseismic monitoring provides the means to
characterize the induced fracture networks generated
by hydraulic fracture stimulation and determine the
stimulated reservoir extent to optimize drainage (Grechka
et al., 2010). The fluids injected during hydraulic fracture
stimulation will change the reservoir stress field, which
results in the failure of the rock and the release of energy
due to fracturing. The released energy propagates in the
form of seismic waves called “microseismic waves”
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due to their ultralow magnitude (below 0 magnitude)
(Maxwell, 2010; Shemeta and Anderson, 2010) and
can be recorded by surface geophones. The recorded
microseismic data can be processed to determine the
magnitude and location associated with the fracture.

Microseismic monitoring of hydraulic fractures has
become the conventional procedure in the completion
of unconventional tight gas wells. Evaluating fracturing
results by use of microseismic imaging is common in all
tight gas fields in the world. Through the processing and
interpretation of microseismic data, accurate fracture
orientation, geometry, and dimensions, as well as an
image of fluid flow passage in the induced fracture
network can be determined. In addition, microseismic
monitoring can provide images of the hydraulic fractures
that change with time, thus providing non-substitutable
information for theoretical research and technological
development of the hydraulic fracture method (Song et
al., 2008).

3D seismic data can be used in reservoir characterization
to better understand reservoir heterogeneity. Seismically
derived properties, such as the curvature attribute, ant-
tracking cube, and relative acoustic impedance, can
be used to study reservoir fracture distribution and
the horizontal stress direction in order to get reservoir
geomechanical property-related information to guide
hydraulic fracture stimulation (Hart, 2006). In addition,
the characterization of small faults and fractures by 3D
seismic data can determine the local horizontal stress
direction and identify potential barriers that could
affect hydraulic fracture propagation as well as assist
in interpreting microseismic data (Refunjol et al., 2011,
2012). In this study, we integrate various geophysical
methods in mapping reservoir heterogeneity and validate
the results by microseismic monitoring data.

Geological setting

Regional overview

Daniudi Gas Field is located in the border region of
Yulin City, Shaanxi, and Ordos City, Inner Mongolia,
which is structurally located in the east section of the
northern part of the Yishan Ramp of the Ordos Basin and
has an area of more than 2 000 km2. Sulige Gas Field is
located to the SW-SWW direction of Daniudi Gas Field
and the Wushenqi and Jingbian Gas Fields to the SW
direction. Yulin and Zizhou Gas Fields are to the south
and Mizhi Gas Field is to the SSE (Duan et al., 2009).

In Daniudi Gas Field, faults are not developed but
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there are some nose-like uplifts in the local area. The
overall structure is one gentle monocline with an
average slope of 6 to 9 m/km, where the NE part is
higher and the SW part is lower. From the bottom up,
the Daniudi Gas Field strata are divided into Ordovician,
Carboniferous, Permian, Triassic, Jurassic, Cretaceous,
and Quaternary systems. Permian strata are divided
into the Shanxi, Lower Shihezi, Upper Shihezi, and
Shigianfeng formations. The Lower Shihezi Formation,
which mainly consists of a tight, low permeability,
sandstone gas reservoir, is the major exploration and
development target (Lin et al., 2011).

Reservoir overview

The stimulation target is the Hel Member tight
sandstone layer of the Lower Permian Series Lower
Shihezi Formation, which has a vertical depth of 2534
m and is mainly composed of quartz debris sandstone.
Quartz content of the clastic particles is 56 to 84% with
an average value of 73.3%, feldspar content is 0 to
7% with average value 2.4%, and debris content is 16
to 37% with average value 24.3%. The rock is grain-
supported and pore-cemented and the grains contact
with each other in point-line form. The argillaceous
matrix content of the Hel Member reservoir is 0 to 15
% with average value 4.1%. The authigenetic cements
include quartz, kaolinite, chlorite, illite, calcite, and
dolomite. The Hel Member reservoir has low porosity
and permeability. The average reservoir porosity is
10.31% and the average permeability is 0.76 mD. The
Hel Member reservoir porosity is distributed between
8% and 14% and has a distribution frequency of 82.14%.
The reservoir permeability distribution is between 0.25
and 2.0 mD with the proportion of permeability larger
than 0.25 mD is 85.71%.

The prediction from 3D seismic data shows that the
horizontal laterals of the DP43 horizontal well group
is located in the favorable areas for quartz sandstone,
where the quartz sandstone thickness is greater than 24
m and its effective thickness is greater than 6 m. Taking
Well B as an example, the mud log shows that the total
horizontal length of this well is 946.04 m and the total
drilled sandstone length is 921.21 m, which is 97.38%
of the total horizontal length. The total sandstone length
with hydrocarbon shows is 350 m, which is 37% of the
total horizontal length. The total drilled mudstone and
siltstone length is 24.83 m, which is 2.62% of the total
horizontal length. The seismic inverted porosity shows
that the horizontal section of Well B is located in the
zone of relative higher porosity which is indicated by the
red and yellow colors in Figure 1.
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Fig.1 Seismic derived porosity profile showing the horizontal section of Well HH2.
The three solid lines represent the interpreted seismic horizon of the reservoir top, the horizontal section of Well HH2,
and the interpreted seismic horizon of the reservoir bottom, respectively

Well group overview

As shown in Figure 2, the cluster horizontal well
group, consisting of wells HH1, HH2, HH3, HH4, HHS,
and HH6, is located in Erlintu Town, Shenmu County,
Yulin City of Shaanxi Province. The well group is
structurally located in the northeast part of the Yishan
Slope in the Ordos Basin. The target strata of the six
wells are the Lower Permian Hel Member of the Lower
Shihezi Formation. All of the horizontal sections of the
six wells are about 1000 m in length. The end point of
each horizontal well is target spot B, indicated by B
in Figure 2 and the completion method is open-hole
completion. The area of the well site is 204 x 120 m, the
distances between two well heads in the same row are 67
and 69 m and the distances in the same array are 4.2, 4.4,
and 4.3 m.

Fig.2 Layout of the cluster six-horizontal well group.

A and B are the target spots A and B of each well. The
red dots are the projections of the six well heads. The
distances noted on the figure are the distances between
the two target spots A or two target spots B of adjacent
horizontal wells.

3D Seismic method

Determining the local stress direction using the
curvature attribute

To determine the fault or fracture orientation and
horizontal stress direction, the rose diagram derived
from image logs is a direct and effective way. However,
when there are no image logs, the curvature attribute
extracted from 3D post-stack seismic data is one indirect
approach (Blumentritt et al., 2006; Chopra and Marfurt,
2007a, 2008).

Curvature attributes measure the structural shape
of the seismic data, among which the most positive
curvature can highlight anticlinal features, especially
hinge zones. Nelson (2001) describes how zones of
greatest curvature relate to the zones of greatest strain
in the rock. The relation between curvature and strain
allows us to use curvature measured from 3D seismic to
infer fractures.

One alternative method to determine fault or fracture
orientation is interpreting the lineament features of faults
or fractures on a horizon-based curvature map derived
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from 3D seismic data and then transform them into a
rose diagram which is similar to that obtained from
image logs (Chopra and Marfurt, 2007b, 2010).

Figure 3 shows the most positive curvature distribution
in the range which is composed by target spot B of each
horizontal well of the six-well group. The azimuthal
rose diagram embedded in the upper right of Figure
3 is generated by interpreting the curvature attribute
(curvature distribution map). It shows that the direction
of the present-day maximum horizontal principal stress
is about 85°, perpendicular to which is the direction of
present-day minimum horizontal principal stress.

ok |

Fig.3 Curvature attribute predicts the direction of maximum
horizontal principal stress.

The embedded diagram in the upper right is the azimuthal rose diagram
which shows the direction of the present-day maximum horizontal
principal stress is about 85°.

Determining whether the natural fractures are
open or closed using curvature attributes

Although curvature can measure relative bending and
structural deformation and possible fractures at the time
of deformation, we need to estimate the present day
stress field from borehole breakouts, image logs, and
azimuthal anisotropy measurements. From the borehole
breakouts of the six wells, the present day local stress
of the well group (smallest rectangular area containing
the target B points of each well) is estimated along the
NE85° (see the inset diagram in Figure 4) so that the
fractures aligned in this direction will be open and the
perpendicular fractures will be closed (Yenugu and
Marfurt, 2011).

Figure 4 shows the most positive principal curvature
horizon slice of the six-well group target reservoir with
the fractures hypothesized on the hinge zones indicated
by red color. The fractures aligning with the present
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day stress should be open (indicated by blue arrows)
and the fractures aligned perpendicular to the present
day stress should be closed (shown by black arrows).
The horizontal sections which are drilled through open
fractures are expected to be prone to fractures. However,
the horizontal sections which are surrounded by closed
fractures will be difficult to fracture, or worse, sand
plugs will occur since the closed fractures obstruct
hydraulic fracture propagation.

Fig.4 The curvature attribute integrated with borehole
breakouts determining whether the natural fractures are open
or closed.

The blue and black arrows represent the identification of open and closed
fracture zones inferred from present day stress information. The direction
of the present day stress measured from borehole breakouts is shown in
red in the upper-right inset diagram.

Fault mapping using the ant-tracking volume

Understanding the fault geometry is essential in
the characterization of the reservoir. The presence of
faults can pose drilling hazards as well as influence the
completion of the well. Locally varying stress fields
deviating from the regional stress directions can result
due to the presence of faults and influence fracture
propagation. In this study, we have tracked and detected
those small faults around the target reservoir of the six-
well group within the 3D seismic volume using the ant-
tracking technique. Then we extracted the distribution
map of small faults which is ready to be integrated with
the curvature distribution map for further study.

The ant-tracking algorithm was utilized to generate a
fault volume. Several steps are involved in the workflow
including data pre-condition, edge detection, and ant-
tracking. The data pre-conditioning step applies an edge
preserving smoother to the input seismic data in order
to enhance reflection event continuity while preserving
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discontinuous events corresponding to the presence of
faults. Next, an edge detection method is implemented
to extract features that represent discontinuities in the
seismic image. This process, however, will detect all
discontinuities including faults, channel boundaries,
acquisition footprint, reflection amplitude variations, and
various other features that disrupt reflector continuity.
The ant-tracking algorithm then extracts features
within the edge detection volume that exhibit fault-like
behavior. It uses principles from ant colony systems to
extract like trends in a noisy data environment. This
algorithm emulates the behavior of ant colonies in nature
and how they use pheromones to mark their paths in
order to optimize the search for food. It reaches the
optimum result mainly by the information delivery in the
so called “artificial ant” intelligent swarm, which makes
ants prone to choose the path that has higher pheromones
concentration and finally reach the optimum path by
updating information continuously (Shi, 2009; Zhang,
2010).

Digital intelligent agents (ants) are distributed
throughout the edge detection volume and extract
features that exhibit characteristics consistent in dip,
azimuth, planarity, and spatial continuity. The output
is then an attribute volume that corresponds to only
fault-like features. The ant-tracking results were used
to identify existing faults and provide an indication
of areas with stress variations. The stress variations
manifest in the form of velocity changes that can be
detected by seismic amplitude measurements. Therefore,
discontinuities in the seismic image that do not exhibit
an observable reflector displacement can indicate areas
of increased stress (subseismic resolution faults that
are likely to be still tectonically located) where these
areas would be prone to strain release upon an increase
in effective stress as a result of the hydraulic fracture
treatment (Nortan et al., 2011; Maxwell et al., 2011).

Integration of curvature and ant-tracking volumes

to predict potential fracture barriers

When the orientation of local faults or fractures is
identical to the direction of regional horizontal principal
stress, the faults or fractures are generally open or filled
by shale. In this case, the reservoir formation would be
easy to fracture under hydraulic pressure or fracturing
fluids leakage would even occur, for these conductive
faults or fractures provide the fracturing fluids with flow
paths. However, when the direction of local small faults
or fractures is perpendicular to or oblique crossing at
high angle with the direction of the regional horizontal

principal stress, in which case the faults or fractures
would be closed, then during the hydraulic fracture
stimulation, these faults could form fracture barriers
where the energy can be dissipated along existing faults
and the hydraulic fractures would stop propagating.
In some extreme circumstances, sand plugs will occur
(Ringrose et al., 2009). As a consequence, predicting
potential fracture barriers before executing well
stimulation is necessary for optimizing well stimulation
design and avoiding sand plugs.

In this study, we have first determined the orientation
and open or close state of the faults or fractures and
then identified the potential fracture barriers in the ant-
tracking result map. As shown in Figure 5, the F1, F2,
F3, F4, F5, F6, F7, and F8 faults are predicted to be
closed and will probably act as fracture barriers.

E | Fracture
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Fig.5 Horizon slice of ant-tracking volume predicting potential
fracture barriers.

The small faults in the shadowed ellipses are predicted to be potential
fracture barriers. The fracture strikes are identical to the fracture barrier
orientation while perpendicular to the conductive fracture orientation
shown in the upper-right inset diagram.

Microseismic monitoring

Stimulation program

In the case of simultaneously fracturing two adjacent
wells, the hydraulic fracture propagation space of one
well will constrain the hydraulic fracture propagation
space of the other well. The net pressure within the
fractures will increase, which makes the hydraulic
fractures more complex and the stimulated reservoir
volume much larger. However, because the horizontal
sections of the two adjacent wells, especially the two
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fracturing stages near the target spot A will be less than
250 m apart (as shown in Figure 1) and the reservoir will
be easily penetrated and consequently the simultaneous
fracturing will fail if inappropriate stimulation
parameters are chosen. To avoid this situation, only
two adjacent wells with potential fracture barriers in
between should be chosen for simultaneous fracturing
based on the fault and fracture interpretation from the
3D seismic curvature and ant-tracking volumes. For
wells HH1, HH3, and HHS5, a relatively higher density
of open fractures exist between the horizontal sections
of wells HH1 and HH3 and the two hydraulic fracture
sets are expected to easily communicate with each other.

Potential fracture barriers exist between wells HH3 and
HHS, indicating that simultaneously fracturing wells
HH3 and HHS is a better choice with lower failure risk.
Using the same analysis, simultaneously fracturing wells
HH4 and HH6 is determined because potential fracture
barriers and closed fractures exist between them. Based
on this analysis, the stimulation program of the six-
well group is finally determined that well HH2 (seven
stages) will be fractured first, well HH1 (seven stages)
will be fractured second, wells HH4 (eight stages) and
HH6 (eight stages) will be simultaneously fractured, and
finally, wells HH3 (nine stages) and HHS (nine stages)
will be simultaneously fractured.

Fig.6 Layout of the microseismic monitoring surface geophone array.
The yellow pins are surface geophone locations. The solid lines of different colors represent the horizontal section
projections of different wells. The wells with the same color will be fractured simultaneously.

Data acquisition

During hydraulic fracture stimulation treatment,
the surface-based real-time microseismic monitoring
is able to process the microseismic signals recorded
by the surface digital geophones in real time. The live
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processing and interpretation of microseismic event
locations allow the field engineers to assess and modify
well stimulation designs and make appropriate changes
to achieve better stimulation results while the stimulation
treatment is in progress.
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For the surface-based microseismic monitoring of
the hydraulic fracturing of the six wells, the surface
geophone array, which is a regular sparse grid centered
on the six well heads, consists of 50 three-component
(3-C) digital geophones buried 4 m below the ground
surface which can reduce or even remove the noise from
wind, vegetation cover, traffic, rig, rain drops, and etc.
As shown in Figure 6, the 50 geophones are deployed in
five lines which have an identical orientation of NW 20
°. The line interval is 500 m and the geophone interval
on the same line is 400 m, which forms a grid having an
area of 3600 m (Inline) x 2000 m (X-line). The Inline
length of 3.6 km is 1.5 times the depth to the target
stimulation reservoir, which satisfies the requirements
for full-azimuth observation of each fracturing stage.

The buried geophones are 3-C digital geophones
with a bandwidth of 0 to 800 Hz. The sensitivities of
the vertical and horizontal components are 400 MV/
CM/S + 7.5 % and 400 MV/CM/S + 10 %, respectively.
The X horizontal components of all the geophones
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are oriented to the east. The microseismic signals are
recorded at a 1 ms sampling rate and transferred to
the central processing unit through wirelines for real-
time processing. The geophones are initiated about 30
minutes before the stimulation begins in order to provide
the background noise level for data processing method
optimization.

One microseismic event will incur an amplitude
increasing or spike on all the traces of all the geophones
while random noises can only impact one or some of the
geophones. Figure 7 shows the typical recorded seismic
traces during the simultaneous stimulation, from which
we can see that the S/N ratio is rather low and filtering
is needed and to remove some obvious noise for event
location. However, the spikes, which are just 2 seconds
above the red line and appear in all of the traces of all
the geophones, demonstrate that one microseismic event
of a relatively large magnitude not commonly seen
during fracturing has occurred at 3457 s since the station
has begun to record data.

G01.Z GO1.N GO1.EG10.Z G10.N G10.E G12.Z G12.Z G12NG13.Z G13.N G13.E G19.Z G19N G19.E G23.Z G23.N G23.E
Receiver
Fig.7 Typical recording showing one microseismic event of relatively large magnitude.
At two seconds above the red line, one microseismic event of relatively large magnitude not commonly seen during fracturing
has occurred at 3457s since the station began recording data.

Data processing

First, the recorded seismic traces of three components
of each geophone should be checked. If there are empty
or damaged traces or the noise level is too high, the traces
should be removed directly. The remaining effective data
will be further processed to remove obvious noise and then
be 1 to 45 Hz bandpass filtered. The high-cut frequency set
to 45 Hz is mainly to remove the 50 Hz fixed frequency
noise yielded by the generator in the well site.

The primary challenge of data processing is the
separation of wavefield components that contain

information about the microseismic signals from surface-
generated noises, especially anthropogenic noises
(Hanssen and Bussat, 2008). The surface-generated noise
sources includes car and truck traffic, drilling operations,
well fracture stimulations, pipelines, gas compressors,
well production equipment, and wind in the survey area
(Birkelo, et al, 2011). These noises can generally be
categorized as the following two types based on their
frequency bandwidth:

(1) Broadband transient noises, created by traffic,
fauna, explosions, or falling objects; and (2) Narrow
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bandwidth stationary sources created by machinery,
running water, or the structural resonances of buildings
or bridges (Vaidya, 2009).

Figure 8 shows the amplitude-frequency analysis
result of the typical traces from an individual 3-C
geophone which indicates that the microseismic traces
recorded by the surface geophones have a frequency
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Fig.8 Amplitude-frequency spectrum of the 3-C traces
of a single geophone.

The wave amplitude of the vertical component, which
is labeled Z in the figure, is much higher than that of
the two horizontal components. This is because the
vertical tremor generated by the truck is larger than the
horizontal tremor. In addition, as the truck comes from
far away to nearby, the tremors will endure a process
of weak to strong and back to weak amplitude, which
makes the seismic wave amplitude have the feature of
low to high and then lower again. This amplitude feature
is similar to the Doppler effect and the waveforms
are like a spindle which can be easily identified in the
original recordings.

Compared to the noise from a vehicle, the noise from
human walking or object dropping is typical stationary
noise sources with narrow bandwidth. The seismic traces in
the red rectangle in Figure 10 show the tremors generated
by a human walking. The individual spike pulse indicates
that the human walking signal has a fixed frequency.
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Fig.10 Waveforms of noise from human walking.
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bandwidth of 1 to 75 Hz.

The noise from vehicles is typical broadband transient
noise. Figure 9 shows the 3-C traces recorded by the
geophone when a truck went near it. The surface tremors
generated by the truck mainly propagate in the form of
surface waves, so the two horizontal components, i.e. X
component and Y component, have similar waveforms.

Time (s)

Receiver (3 components)
Fig.9 Waveforms of noise caused by a vehicle.

Since the traffic, pumping, generator, and engineers
walking on the well site provide strong noise sources,
the signals recorded by the geophones close to the well
heads will be severely contaminated and the recorded
microseismic data is not appropriate for event location.
When recording the string shot signals by a star-shaped
geophone array to correlate the velocity model, we also
record the well site noises. Figure 11 shows the recorded
seismic traces on one line. The line is 5 km long and
consists of 200 vertical component geophones. The
geophone that records the central trace is located in the
center of the well site. From the figure, we see that the
noises from the well site propagate in typical surface
waveforms and attenuate quickly to the two sides and
even dissipate at the distance of 1 km to the well site.
From this analysis, we conclude that to avoid the well
site noise, the geophones should be deployed beyond
about 1 km to the well site, which ensures not only
receiving effective signals but also avoiding much noise.

The noises from the well site are identified within
the dashed ellipse and they propagate as typical surface
waveforms and attenuate quickly to dissipate at the
distance of 1 km to the well site.

Microseismic event location

Based on the time and wave field inversion process,
microseismic inversion methods can be classified into
travel-time and energy inversion.

Time difference of P-P or S-S wave methods and time
difference of P and S wave methods are the two basic
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Fig.11 Seismic profile from one individual line of a star-shaped array.

methods for travel-time inversion. The methods can be
further classified into vector diagram techniques based
upon the particle motion of direct arrivals and triangulation
schemes based upon arrival times of direct waves
concerning the data processing approaches (Maxwell et al.,
2010; Duncan and Eisner, 2010). These two classes require
picking the P- and/or S-waves arrivals accurately. Since
the microseismic data recorded by surface geophones
usually have low signal-to-noise ratio and the arrivals
cannot be identified in the original records, we have chosen
the energy inversion method which does not need picking
the arrival-times of P- or S-waves. The energy inversion
algorithm is also called Seismic Emission Tomography
which distinguishes the distribution of signal energy from
both rock fracturing and background noises. The key
procedure of the energy inversion algorithm is semblance
stacking. The most widely used semblance stacking
equation (Sheriff, 1991) is:

DO L)
S(k):j:li—,

M=

B!

where S(k) is the coefficient of semblance which
measures the correlation of point £ in a time window
having N samples in the vertical component traces in the
array which has M geophones of artificial exploration
survey, f ij is the record of the jth sample in ith trace
ibi=1,2,...withMandj=1,2, ..., N, and F is the
appropriate normalization factor.

By stacking effective signals, the background noise
will weaken, the fracturing energy will be enhanced, and
the output will be the energy distribution map where the

high amplitude fracturing energy is distributed on the
low amplitude background noise energy (Kiselevitch et
al., 1991; Lakings et al., 2006; Shen et al., 2009).

At first, single-dimensional P-wave and S-wave
velocity models, which were created using available
dipole sonic logs, are interpolated into 3D grids to
establish velocity models. In most cases, there are no
sonic logs which measure the shallow formations from
surface to the low velocity zone and loess formation.
Accurate velocity models for the shallow zone should
be determined by analyzing the velocities of the drilled
loess formation and surfaces of different lithologies.
Typical velocities of different surface lithologies are
listed in Table 1.

Table 1 Velocities of surfaces of different lithologies

Surface types Velocity (km/s)
Desert 0.35~0.75
Loess tableland 0.5~1.2
Gobi Desert 0.5~1.0
Loess (Plain) 1.0~1.2
Wet sand (Phreatic Aquifer) >1.5
Aquifer 14~15

After creating 3D velocity models, the travel-time
difference (i.e., moveout across the array) table will be
calculated based on the established velocity models.
The times that the micro-fracturing signals emitted
from certain areas surrounding the stimulated reservoir
formation need to travel through the overlying formations
to the surface buried geophones are different from each
other, i.e., there is moveout when the signal travels across
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the array. These travel-time differences are stored in the
travel-time difference table. The 3D velocity model is
divided into many grid nodes with a dimension of 20
m *20 m *20 m and the travel-time differences of the
signals emitted from each grid space surrounding the
stimulated reservoir formation are calculated and stored
to create the theoretical travel-time difference table.

Then the squared difference sums of deviations from
the theoretical travel-time differences to actual travel-
time differences are calculated and recorded. The least
sums of squared differences will be sought and the
P- or S-waves first arrival amplitude responses which
have reached the requirement of least sums of squared
difference will be shifted based on the travel-time
differences and then stacked. The stacked waveforms
are finally expressed in seismic amplitude quadratics,
defined as “energy”. The position in 3D space of the
energy emitted from the subsurface which satisfies
the condition of least sum of squared difference is the
microseismic event location.
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Fig.12 Parameter curves of the second stage stimulation of
Well HH6.

Results and analyses

During the simultaneous stimulation of wells HH4
and HH6, sand plugging occurred at the second stage of
well HH6 and the pumping pressure curves fluctuated
wildly (See Figure 12). At that point, while the designed
total input sand volume is 44.1 m?, a sand volume of
37.8 m® has entered the reservoir formation during
the stimulation which indicates that the hydraulic
fractures have propagated to a certain distance and are
blocked and no extra sand volume can be allowed to
enter into the reservoir formation. Figure 13 shows the
microseismic monitoring result of the second-stage
simultaneous stimulation of wells HH4 and HH6. The
space-temporal interpretation (as shown by red and blue
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solid lines, where red lines represent major fractures
and blue lines indicate minor fractures) of the hydraulic
fractures indicates that: (1) the orientation of the major
hydraulic fractures of both wells is about NE85°. The
hydraulic fracture propagation direction is identical
and is controlled by the local maximum horizontal
principle stress. (2) The left wing of the fractured zone
of well HH6 has a length of 126.7 m and the right
wing is 108.9 m. The left wing of the fractured zone of
well HH4 has a length of 140.2 m and the right wing is
141.0 m. The fracture propagation length of well HH6 is
obviously shorter than that of well HH4. Comparing with
the fracture barriers predicted by 3D seismic data, this
microseismic monitoring result proves that faults F3 and
F4 are real fracture barriers. When the hydraulic fractures
propagated from the wellbore along the direction of
maximum horizontal principle stress (NE85°) to faults
F3 and F4, the propagation distance, which is about 120
m, is relatively long and the fracturing energy dissipated
along the faults and the hydraulic fractures stopped
propagating at these fault locations.

Integrating the sand plug which occurred during the
simultaneous stimulation of wells HH6 and HH4 with
the microseismic monitoring results, the key parameters,
i.e., slurry rate and proppant concentration for the
simultaneous stimulation of wells HH3 and HHS are
modified to avoid another sand plug resulting from
the existing fracture barriers. The curvature attribute
and ant-tracking volume derived from 3D seismic data
show that fracture barriers exist close to the first stage
to the fifth stage, which indicates that the slurry rate
and proppant concentration should be decreased to
prevent the hydraulic fractures from propagating to the
fracture barriers which would otherwise result in another
sand plug. Taking the stimulation of the fourth stages
of wells HH4 and HHS5 as an example, the slurry rate
and proppant concentration of well HH4 are 4.3 to 4.5
m’/min and 46.8 m?, respectively, while the slurry rate
and proppant concentration of well HHS is decreased
to 4.2-4.3 m*/min and 43.3 m?® and the simultaneous
stimulation has been normally implemented.

Owing to that the stimulation parameters have been
promptly adjusted based on the results both of 3D
seismic and microseismic data during the fracturing
process, potential sand plugs have been successfully
avoided. Among the 48 total stages of the six-well
group, no sand plugs occurred during the stimulation of
all the stages other than the second stage of well HH6.
The reason why the sand plug occurred is that F3 and F4
faults, which appear in pairs, exist on each side of the
second stage of well HH6, resulting in that the hydraulic
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Fig.13 Microseismic monitoring results of the second stage stimulation of wells HH6 and HH4.
The distribution of energy is plotted as colored pixels, with higher energy values corresponding to warmer colors. The
values of the color bar are in arbitrary units. The spatio-temporal interpretation is shown by red and blue solid lines,
where red lines represent major fractures and blue lines stand for minor fractures. The embedded rose diagram in the
lower right shows that the orientation of the major hydraulic fractures of both wells HH6 and HH4 is about NE85°.

fractures could not propagate farther, leading to the sand
plug. However, the small closed faults, including F1,
F2, F5, F6, F7, and F8, appear individually on one side
of the fracturing stages. When the hydraulic fractures
of one side of the stage could not propagate farther, the
hydraulic fractures of the other side could propagate
to a longer distance, resulting in no sand plugs. Taking

the stimulation of the first and second stages of well
HHI1 as an example (see Figure 14a), the closed small
faults of F8 near the fracturing stages has acted as a
fracture barrier and prevented the hydraulic fractures
from propagating in the NE direction, which led to the
hydraulic fractures in the right wing of the first and
second stages have a length of only 105.1 m and 117.9
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(a) Microseismic monitoring results of the first stage
stimulation of well HH1.

(b) Hydraulic fracture length histogram of the eight total stages of

well HH1.

Fig.14 The horizontal axis shows hydraulic fracture length and the vertical axis shows stimulation stages where Si represents
the ith stage. The red and blue colors represent the length of fractures oriented in the NE and SE directions, respectively.
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m. However, the hydraulic fractures have propagated to
a longer distance in the SW direction and the hydraulic
fracture lengths in the left wing of the fractured zone
extend to 145.3 m and 152.9 m. The other stages have
not been influenced by the F8 fracture barrier and
the fracture lengths of the left and right wings of the
wellbore are similar (see Figure 14b).

Conclusions

This case study of the surface-based microseismic
monitoring of a six-well group simultaneous stimulation
has shown that integration of 3D seismic and microseismic
for the characterization of the tight gas reservoir can
characterize the reservoir heterogeneity and predict
potential fracture barriers before the stimulation, provide
the information of the hydraulic fractures during and after
the stimulation, and is helpful for adjusting stimulation
parameters promptly to avoid any sand plugs. Meanwhile,
this study has achieved the following knowledge:

e When the tight gas sand reservoir has strong
heterogeneity, the direction of maximum horizontal
principle stress conjugates with the direction of minimum
horizontal principle stress and the propagation of the
hydraulic fractures is controlled by the maximum
horizontal principle stress. The propagation direction
is identical to the direction of the maximum horizontal
principle stress.

e When the orientation of local small faults or fractures
is perpendicular to or at wide angles with the direction
of local principle stress and the faults or fractures are
closed, these faults or fractures can form fracture barriers
to prevent the hydraulic fractures from propagating in
this direction during the stimulation process.

e When fracture barriers exist on both sides of the
wellbore and the hydraulic fractures cannot propagate
further on both sides, the hydraulic fracture network will
not accept more proppant (sand), in which case sand
plugs are prone to occur.
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