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Abstract: Knowledge of the locations of seismic sources is critical for microseismic 
monitoring. Time-window-based elastic wave interferometric imaging and weighted-
elastic-wave (WEW) interferometric imaging are proposed and used to locate modeled 
microseismic sources. The proposed method improves the precision and eliminates artifacts 
in location profi les. Numerical experiments based on a horizontally layered isotropic medium 
have shown that the method offers the following advantages: It can deal with low-SNR 
microseismic data with velocity perturbations as well as relatively sparse receivers and still 
maintain relatively high precision despite the errors in the velocity model. Furthermore, it 
is more efficient than conventional traveltime inversion methods because interferometric 
imaging does not require traveltime picking. Numerical results using a 2D fault model have 
also suggested that the weighted-elastic-wave interferometric imaging can locate multiple 
sources with higher location precision than the time-reverse imaging method. 
Keywords: Microseismic monitoring, seismic source location, elastic wave, interferometric 
imaging, time-reverse imaging

Introduction

The seismic source location problem is an active 
research topic in seismology and geophysics. In recent 
years, as increasingly more low-permeability oil and gas 
fields are exploited, hydraulic fracturing has become 
the production method of choice for such oil and gas 
fields. Monitoring the fracture morphology is critical 
for the efficiency of fracturing and the subsequent 
exploration and production. Microseismic monitoring 
is a geophysical technique that images the location 

and distribution of fractures with weak seismic waves 
induced by hydraulic fracturing or other methods, such 
as the extraction of oil and gas (Jupe et al., 1998; Liang 
et al., 2004; Maxwell et al., 2010b; Duncan and Eisner, 
2010). Source location is critical for microseismic 
monitoring.

The basic idea in source location studies is to apply 
source location inversion using the traveltime of the 
seismic waves and a velocity model. Most used methods 
are linear and are based on the Geiger algorithm (Geiger, 
1912), e.g., the P and S or P/S traveltime difference 
(Zhang et al., 2002; Song et al., 2008), polarization 
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analysis, and hodogram method using traveltime and 
amplitude data (Maxwell et al., 2010b). Many nonlinear 
location methods, such as the gradient, Newton, global 
search, and Monte Carlo methods, have been developed 
(e.g., Tian and Chen; 2002; Yang et al., 2005). In short, 
both the theoretical and practical aspects of traveltime 
inversion methods have been extensively studied. 
Mathematically, it is expressed as solving a function of 
a hypothetical position, which is constructed using the 
difference between observed and theoretical traveltimes. 
Methodology improvements lie in the construction of the 
objective function and solution approaches.

Microseismicity records always involve low signal-
to-noise ratio (SNR) data and large datasets. Thus, 
picking the arrival time in traditional location methods 
is labor intensive and unreliable, which could affect 
the location accuracy. Because of the development of 
microseismicity monitoring technologies, particularly 
for shale-gas reservoirs, pick-free and automatic location 
methods have been developed using concepts from 
reflection seismic exploration. These methods require 
velocity models to perform wavefield extrapolation or 
to calculate traveltimes. However, they do not require 
phase picking, and the full waveform is used to stack 
and suppress noise in image processing. Therefore, these 
methods are referred to as imaging  or migration-based 
microseismicity location methods, and they are more 
adaptative to low-SNR microseismicity than traditional 
methods. 

Imaging methods can be categorized into two types. 
The first comprises imaging methods based on the 
time reversal invariance of the wavefield. For example, 
McMechan (1982) and McMechan et al. (1985) used 
reverse-time migration to locate three earthquakes in 
Long Valley, California. Gajewski et al. (2005) verified 
the energy-focusing method based on the wavefield 
backward propagation. Artman et al. (2010) proposed a 
migration-type microseismic event location method based 
on time-reversed acoustics and imaging conditions. Wang 
et al. (2013) combined the principle of reverse-time 
migration with the Winger distribution function (WDF) 
and interferometric location algorithm and applied them 
to three-dimensional (3D) multicomponent seismic 
records from surface and downhole receiver arrays. 
Li et al. (2014) also combined reverse-time migration 
with interferometric imaging and proposed the reverse-
time interferometric location algorithm using surface 
and downhole arrays. The second group of imaging 
methods is based on the time delay and stacking using 
the diffraction stacking migration or Kirchhoff migration. 
For example, Kao et al. (2004, 2007) proposed the 

source-scanning algorithm (SSA) to describe the spatial 
and temporal distribution of the source. Drew et al. (2005, 
2013) proposed the coalescence microseismic mapping 
(CMM) method to obtain a four-dimensional (spatial and 
temporal dimensions) profile by waveform stacking to 
increase the SNR of P- and S-waves picked with the STA/
LTA algorithm. The CMM method has been successfully 
integrated to the microseismic monitoring software 
StimMAP (Burch et al., 2009). Gajewski et al. (2007) 
and Zhebel et al. (2010) applied diffraction stacking to 
two-dimensional (2D) and 3D source location. Grigoli et 
al. (2013, 2014) used SSA to develop an imaging method 
by stacking STA/LTA-transformed waveforms based 
on traveltime. Haldorsen et al. (2012, 2013) proposed a 
migration-based deconvolution method for microseismic 
event location and suggested that semblance-weighted 
(energy-weighted relevance) imaging is superior to 
the energy correlation imaging proposed by Artman 
et al. (2010). Miao et al. (2012a, 2012b) proposed a 
tomographic imaging method to locate microseismic 
events automatically and invert source parameters in 
mining industry. Yang et al. (2013) applied seismic 
emission tomography to microseismic energy inversion 
in the surface monitoring of the development of tight gas 
reservoir.

Traditional traveltime inversion methods involve 
searching for the location that is most consistent with 
the traveltime of recorded waveforms within the target 
zone, whereas migration-type methods image the source 
by focusing on the potential energy (amplitude) of grid 
points. Schuster et al. (2004) pointed out that seismic 
interferometric imaging can also be used to locate seismic 
sources, and Grandi et al. (2009) successfully applied it 
to surface microseismic monitoring of reservoirs.

Seismic interferometry imaging represents an 
application of seismic interferometry. The latter is a 
recent seismic exploration method and belongs to a class 
of processing and imaging methods that are based on 
correlation or convolution (Schuster, 2009; Wapenaar 
et al., 2010a, 2010b). The basic principle of the method 
is based on the reciprocity theorem and the replacement 
of interferometry data by correlation data. Claerbout 
(1968) originally studied seismic interferometry and 
transformed by using auto-correlation the transmission 
seismogram recorded on the surface of a horizontally 
layered model to a zero-offset reflection seismogram. 
Schuster (2001) developed a seismic interferometry 
method applicable to any type of source–receiver 
geometries using arbitrary velocity models. Schuster et 
al. (2004) proposed four cases of seismic interferometry 
for refl ector or source imaging and pointed out that the 
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main advantage of the method was the ability to image 
passive seismic data with unknown source location and 
source wavelet. This is referred to as cross-correlation or 
interferometric migration because it uses migration and 
correlation.

In this study, the principle of seismic interferometric 
migration in the source location is analyzed, and 
it is pointed out that multiple imaging solutions 
could be constructed by using cross-correlograms of 
different wavefields and components. In addition, 
seismic interferometric imaging method is used for 
imaging numerically simulated multiwavefield and 
multicomponent microseismic records of surface and 
downhole receiver arrays. And a time-window-based 
weighted-elastic-wave (WEW) interferometric imaging  
method is proposed, which ensures high precision and 
eliminates artifacts in the location profi le. The effect of 
noise, receiver spacing, velocity model error, and number 
of sources on the proposed method is investigated. We 
compare the WEW interferometric imaging method and 
time-reverse imaging for multiple sources in a complex 
fault model, and verify that the proposed method can be 
used to locate multiple sources. 

Basic principles

For microseismic source location, weak seismic 
signals are recorded by surface or downhole receiver 
arrays. Then the low-SNR seismograms are used in 
source parameters inversion. Figure 1 shows a schematic 
diagram of the microseismic source location problem.

Third, we conduct interferometric migration to every 
cross-correlogram and stack all the migration profi les to 
obtain the final source imaging profile. The migration 
results for the different wavefields can be stacked if 
we have the multicomponent data. The equation for 
the interferometric imaging of the source location is 
(Schuster et al., 2004; Schuster, 2009)

, ,
( ) ( , ) ( ) ( , , ),Bx Ax

A B A B
M x A B m x A B t t  (1)

where x is the position of imaging grid point, A and B are 
two arbitrary receivers, ( , )A B  and ( , )A B  are cross-
correlation functions of traces A and B in the frequency 
and time domain, respectively. The interferometric 
migration kernel function is ( )( ) Bx Axi t tm x e , tAx and tBx 
are the traveltimes of direct waves from imaging point 
to receivers A and B, respectively, and tBx–tAx is the 
traveltime difference of the direct waves from imaging 
point to the two receivers. Theoretically, the migration 
imaging value M (x) is maximum when x is the true 
source location.

Weighted-elastic-wave interferometric imaging
Either separated single P/S wavefields or elastic 

wavefi elds can be used to image the seismic source by 
interferometric migration. Xiao et al. (2009) separated 
the elastic wavefi eld into single P and S wavefi elds, then, 
they used interferometric migration in the PP, SS, and PS 
cross-correlograms and demonstrated that the PS cross-
correlation migration profile exhibited better location 
resolution. The source mechanism of microseisms may 
include both shear and tension fractures. Thus, most 
microseismic records include P- and S-waves. Owing 
to the low SNR of microseismic data, we applied 
interferometric imaging to the original microseismic 
elastic wavefi elds (elastic wave interferometric imaging) 
to improve the location precision. Since the microseismic 
data contain both direct P- and S-waves, four types of 
traveltime differences will be generated in the cross-
correlation waveforms of arbitrary receivers A and B
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where tA
P, tB

P are traveltimes of direct P-waves of 
receivers A and B, tA

S, tB
S are traveltimes of direct S-waves 

of receivers A and B, ∆tPS is the traveltime difference 
between the P- and S-waves of the two traces, and ∆
tPP, ∆tSS, and ∆tSP have similar meaning. From equations 
(1) and (2), we know that the elastic wave interferometric 

AB C

S ?

Fig.1 Microseismic source location: ∆ denotes the receiver  
and  denotes the seismic source.

The basic steps for seismic source location and 
imaging by interferometric migration are the following. 
First, we calculate the traveltime by ray tracing or 
solving the eikonal equation with the given velocity 
model. Second, seismograms from different receivers 
are cross-correlated within the selected time window to 
generate cross-correlograms with traveltime differences. 
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imaging does not separate wavefi elds and makes full use 
of the microseismic waveforms. The cross-correlation 
values corresponding to the four types of traveltime 
differences are migrated and stacked to image the source. 
The traveltime algorithm and velocity model contain 
errors, the four types of traveltime differences in equation 
(2) are replaced by time windows to improve the algorithm 
stability and reliability, and the equation of time-window-
based elastic wave interferometric imaging is

       E
, ,

,

( ) ( , , ),
w

I J
Bx Ax

A B I P S n w
J P S

M x A B t t n t  (3)

where w is the half-length of the time window, ∆t is 
the time step, , ( , , )I J

Bx Axt t I J P S  are traveltimes of 
different phases (P-wave or S-wave) from imaging point 
the receivers A and B, respectively, M(x) is the elastic 
interferometric imaging value. Other symbols have the 
same meaning as that of equation (1).

In most cases, the S-wave energy of real microseismic 
data is stronger than that of P-wave energy, we propose 
to eliminate the small correlation values corresponding 
to ∆tPP, whereas ∆tPS, ∆tPP, ∆tSS values are retained for 
stacking in the imaging process . It means a weighting 
coefficient W = [1, 0, 1, 1] is multiplied into the 
traveltimes differences in equation (2). We define this 
imaging method as WEW interferometric imaging and 
the equation is:

                                                                             ,

 

WEW
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,
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Numerical experiments

A s imple  2D numer ica l  exper iment  us ing  a 
horizontally layered isotropic model is conducted to test 
the performance of the above mentioned interferometric 
imaging methods. Figure 2 shows the velocity model and 
source–receiver geometry. The size of the model is 500 
m × 500 m and the interfaces are at depths of 100 and 
200 m. The P-wave velocities of the different layers from 
top to bottom are 2000, 2500, and 3000 m/s, respectively, 
and Vp/Vs is 1.67. The staggered-grid finite-difference 
method is used to simulate microseismic records (Dong 
et al., 2000). The simulation parameters are space of 2.5 
m, time interval of 0.5 ms, and a 60 Hz ricker wavelet 
function, which is a horizontally excited force source. 
Owing to the source size that is much smaller than the 
fracture length, we use point sources to simulate the 
microseismic sources (Zhebel and Eisner, 2012). In the 
two numerical experiments, the source is located at point 
(250 m, 250 m) and monitored by surface and downhole 
arrays with 51 geophones. Surface monitoring may be 
considered for horizontal monitoring wells. 

Fig.2 Velocity model, and source–receiver geometry of surface (a) and downhole (b) monitoring.

S-wave, elastic wave and weighted-elastic-wave 
interferometric imaging methods are used for simulated 
surface and downhole monitoring. Elastic wavefields 
are used in the three imaging methods. For S-wave 
interferometric imaging, only S-wave auto-correlation 
values are imaged. And the latter two methods image 
the source with equations (3) and (4), respectively. The 

imaging results of Vx and Vz component are stacked 
to generate the final imaging result. Figure 3 shows 
3D views of the normalized interferometric imaging 
results. The three axes represent the horizontal direction 
X, depth direction Z, and the normalized square of the 
image amplitude, respectively.
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Figure 3a and 3e suggest that S-wave and elastic 
wave interferometric imaging yield good location 
results, whereas, there is an obvious artificial source 
in the elastic wave interferometric images of surface 
monitoring (e.g. Figure 3b) owing to disturbances in 
close P- and S-wave auto-correlation values. The source 

cannot be accurately located in S-wave interferometric 
imaging of downhole arrays (e.g. Figure 3d) because 
of disturbances in internal multiples. Figures 3c and 3f 
suggest that the weighted-elastic-wave interferometric 
imaging can eliminates spurious sources and maintains 
the precision in surface and downhole monitoring.

Fig.3 Interferometric imaging results of surface and downhole monitoring.
 (a) S-wave interferometric imaging of surface monitoring; (b) Elastic wave interferometric imaging of surface monitoring; (c) 
WEW interferometric imaging of surface monitoring; (d) S-wave interferometric imaging of downhole monitoring; (e) Elastic 

wave interferometric imaging of downhole monitoring; (f) WEW interferometric imaging of downhole monitoring

Table 1 lists the interferometric imaging location 
results for the four of the six cases examined. The 
feasibility and reliability of the weighted-elastic-wave 
interferometric imaging was verifi ed for the horizontally 

layered isotropic model, and surface and downhole 
monitoring. The maximum error in the horizontal and 
vertical direction is ±5 m, about two grid spacings.
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Table 1 Interferometric imaging location results 

Numerical experiment S-surface WEW-surface E-downhole WEW-downhole

Source location (m) (250, 250) (250, 250) (250, 250) (250,250)
Location results (m) (250, 255) (250, 255) (247.5, 247.5) (245,247.5)
Absolute error (m) (0, 5) (0, 5) (−2.5, −2.5) (−5, −2.5)

Notes: S-surface: S-wave interferometric imaging of surface monitoring; E-downhole: elastic wave 
interferometric imaging of downhole monitoring; WEW-surface: weighted-elastic-wave interferometric 
imaging of surface monitoring; WEW-downhole: weighted-elastic-wave interferometric imaging of downhole 
monitoring

Figure 4 shows the resolution of the results for 
the four examined cases. The horizontal and vertical 
resolution represents normalized imaging amplitudes 
of all horizontal and vertical positions from the source 
location. The peak horizontal and vertical resolution 
values correspond to the horizontal and depth location of 
the source.

Fig.4 Comparison of the location resolution. 
The symbols in the legend is same with symbols meaning in the table 1. 

According to Figure 4, the Rayleigh resolution of 
the location is approximately 10 to 30 m, which is 
relatively high. The resolution of the locations improves 
in the horizontal and vertical directions of surface 
and downhole monitoring, respectively, because the 
geophone arrays are arranged horizontally and vertically. 
This means that the horizontal resolution lines of surface 
monitoring (blue solid line and black dashed line in 
Figure 4a) and the vertical resolution lines of downhole 
monitoring (red dot-dashed line and green dotted line 
in Figure 4b) are sharper near the source position. The 
weighted-elastic-wave (black dashed and green dot 
lines) interferometric imaging exhibits better resolution 
than S-wave and elastic wave interferometric imaging.

Note that the characteristics of the microseismic 
records vary owing to the unknown source mechanism 

and complex subsurface media (Maxwell, 2010a). 
Although in most cases the S-wave energy is stronger 
than that of P-wave energy (Das and Zoback, 2013), 
there are specifi c situations in which the P-wave energy 
is equivalent to or stronger than the S-wave energy. To 
ensure the high precision and resolution of the source 
location, different imaging resolutions or weighting 
coefficients are chosen according to the characteristics 
of the microseismic data. This refl ects the fl exibility of 
the seismic interferometry imaging method in locating 
microseismic sources.

Factors affecting the location 
precision 

To verify the stability and reliability of the weighted-
elastic-wave interferometric imaging in locating 
microseismic sources, factors, such as noise, receiver 
spacing, velocity model, and number of sources are 
investigated. Several numerical experiments based on 
the same horizontally layered isotropic model in Figure 
2 are conducted. The simulation parameters are the same 
as in the previous sections without other specifi cations. 

Noise and heterogeneity 
Noise, and errors are added into the simulated 

seismograms and velocity model. * log ( / )SNR S N1010  
decreases to 0.01 dB after noise inclusion, where S  and N 
is the average energy for the signal and noise, respectively. 
The velocity perturbations are ±5%. Figure 5a shows the 
P-wave velocity after adding random errors and Figure 
5b shows the surface records of the Vz component in the 
noise model. The velocity perturbations and noise are 
clearly seen. Since a horizontally excited force source 
is used, the Vz component reaches its minimum in the 
vertical direction of the source, so the amplitudes of the 
records right above the source are near zero.
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Fig.5 P-wave velocity model (a) and surface record of the Vz component (b).

3D view and profile of the location with the noise 
model are shown in Figure 6. The weighted-elastic-
wave interferometric imaging algorithm shows good 

performance even with the noise model. Clearly, the 
method is stable and reliable.

Fig.6 3D view (a) and profi le (b) of the weighted-elastic-wave interferometric imaging location with the noise model.

The resolution of the location results of the ideal 
and noise model in Figure 7 shows that both resolution 
lines nearly coincide. The weighted-elastic-wave 
interferometric imaging clearly ensures the high 
precision and resolution of low-SNR data with velocity 
perturbations because of the two stacking operations in 
the cross-correlation and subsequent migration.

Receiver spacing
The initial microseismic monitoring made use of 

downhole geophone arrays but this is not always possible 
in practice. Nevertheless, in recent years, surface and near-
surface microseismic monitoring techniques have greatly 
improved. In practical applications, the microseismic data 
are characterized by low frequency and low noise owing 
to the distance of the receivers from the source location 
(Muller, 2013). This is important because it facilitates the 
development of migration-type location methods.

The numerical experiments in the previous sections 

verified that the resolution of the locations is better in 
the horizontal and vertical directions for surface and 
downhole monitoring because the imaging process is 
better constrained in the direction of the receiver arrays. 
Moreover, the receiver spacing represents the spatial 
sampling rate, which affects the location indirectly. 
According to the relation of the sampling rate and spatial 
alias (Yilmaz, 2001) as well as the parameters in our 
model, we increase the receiver spacing from 10 to 30 m, 
50, 70 to 90 m within the same monitoring space. Figure 8
shows the resolution of the location with different 
receiver spacings for surface and downhole monitoring. 
The resolutions of the fi ve receiver spacings are almost 
identical. Clearly, interferometric imaging can adapt to 
the relatively sparse receivers because of the effect of 
stacking in the imaging process. The results suggest that 
large receiver spacing should be used to maintain the 
appropriate monitoring space in downhole monitoring. 
Because of the high cost, only few receivers are used. 
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Fig.7 Comparison of the resolution of the locations with the 
ideal (a) and noise model (b).
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Fig.8 Resolution of the location for different receiver 
spacings in surface (a) and downhole (b) monitoring.

Velocity model error
The true wave velocity is unknown. Velocity is 

measured using well logging and perforation data that 
contain errors; thus, the uncertainties in the velocity model 
need to be investigated. In the subsequent simulation, we 
used the surface monitoring model shown in Figure 2a 
and ±3%, ±5%, ±8%, and ±10% error is added into the 
model. These velocity models with above errors are used 

to calculate traveltimes of direct waves, and the WEW 
interferometric imaging method is used to image the 
source. The interferometric imaging uses cross-correlation 
values that correspond to the traveltime differences of the 
different receivers instead of single traveltimes. 

Table 2 and Figure 9 show location error vs 
corresponding velocity error.

Table 2 Location versus velocity model errors
Numerical experiment Source location (m) Location results (m) Absolute error (m)

−10% error

(250, 250)

(250, 282.5) (0, 32.5)
−8% error (250, 277.5) (0, 27.5)
−5% error (250, 277.5) (0, 27.5)
−3% error (250, 255) (0, 5)
No error (250, 255) (0, 5)

+3% error (250, 255) (0, 5)
+5% error (250, 252.5) (0, 2.5)
+8% error (250, 235) (0, −15)

+10% error (250, 232.5) (0, −17.5)

  

,

.       

p p p p

p p p p

p p

l l Vt l
V V V V V V

l l l lT
V V V V V V

Vl
V V V

1 1 2 2

 (5)

Figure 9 shows that the WEW interferometric method 
can accommodate relatively large velocity errors. No 
effect is seen for ±3% velocity error. When the velocity 
error increased to ±10%, the location error is 20–
30 m, which is acceptable in field production. From 
the relation between traveltime and velocity variation
|∆t| = l∆V/(V ± ∆V) (l is the distance between the source 
and receiver, V is the average velocity), negative velocity 
error leads to relatively large traveltime and location 
errors. Our results verify this relation.
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inversion (Eisner et al., 2010; Maxwell, 2010a; Li et 
al., 2013). We conducted two numerical experiments to 
verify the feasibility of the proposed method in locating 
multiple sources. The fi rst locates simultaneously excited 
multiple sources with identical amplitude (Experiment 
1). The second locates continuously excited multiple 
sources with different amplitudes (Experiment 2). Noise 
and random errors are added into the data and velocity 
model, respectively, as in the previous sections. Figure 
10 shows a schematic diagram of the model and source–
receiver geometry. The fi ve sources are (200, 50), (200, 
75), (250, 125), (250, 175), and (200, 225). 

-10 -8 -5 -3 0 3 5 8 10-20

-10

0

10

20

30

Velocity error (%)

Ab
so

lut
e e

rro
r (

m)

Equation (1) suggests that interferometric imaging 
uses cross-correlation values that correspond to the 
traveltime differences of the different receivers instead 
of single traveltimes. Assuming homogeneous velocity, 
we obtain the average P-wave velocity Vp and velocity 
error ∆V . Then, we calculate the traveltime error ∆t and 
traveltime difference error ∆T with the equation (5).

According to the geometric relation, the difference 
of the source–receiver distance ∆l is shorter than the 
spacing of the receivers, which is typically much 
shorter than the source–receiver distance l. Clearly, the 
weighted-elastic-wave interferometric imaging method 
can tolerate relatively high velocity errors. 

Number of sources
There are multiple sources excited simutaneously 

or continuously along fractures induced by hydraulic 
fracturing or other engineering operations; therefore, 
it is important for the proposed method to locate 
multiple sources. Currently, most location methods is 
well suited for to locate single microseismic event, but 
location errors from multiple events hinder the accurate 
description of the fractures, as well as focal mechanism 

Fig.9 Location error vs velocity error.
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Fig.10 Velocity model and source–receiver geometry 
of surface monitoring.

Fig.11 Profi le (a) and positive X-axis view (b) of weighted-elastic-wave interferometric imaging results.

Experiment 1 is conducted first. The profile and 
positive X-axis view of the WEW interferometric 
imaging results are shown in Figure 11. The results 
suggest that the resolution decreases as the source–
receiver distance increases. Figure 11b shows that the 
method can locate multiple sources. The normalized 
imaging amplitude is higher than 0.5 and is strongly 
related to the true-source amplitude. 
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Fig.12 Waveforms of the fi ve sources.

Figure 14 shows the profi le and positive X-axis view 
of the weighted-elastic-wave interferometric imaging 
results of experiment 2. The method locates continuously 
excited multiple sources. The normalized imaging 
amplitudes of the fi ve sources are shown in Figure 14b 
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and are consistent with the true amplitudes shown in 
Figure 12. The two experiments show that preliminary 
relative amplitudes of the microseismic sources can be 
obtained with the proposed method.

Figure 12 shows the amplitudes and excitation times 
of the five sources in experiment 2. The model is the 
same as in experiment 1, which is shown in Figure 10. 
The surface microseismic records of the Vz and Vx 
components are shown in Figure 13. The records of the 
five events are mixed and overlap, which makes phase 
picking in the traditional traveltime inversion methods 
diffi cult under such conditions.

Fig.13 Surface records of the Vz (a) and Vx (b) component.

Fig.14 Profi le (a) and positive X-axis view (b) of the weighted-elastic-wave interferometric imaging results.

The results of experiments 1 and 2 are given in Table 
3. The maximum error of the single direction is 2.5 m 
(one grid spacing). Because the traveltime differences 
of the individual wavefields from different sources are 
independent, weighted-elastic-wave interferometric 

imaging can locate simultaneously or separately excited 
multiple sources without knowing the excitation time 
and obtain the relative magnitudes of the different 
sources as well. 
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Comparison with time-reverse imaging

We use a 2D fault model extracted from SEG/EAGE 
salt model (Schuster, 2009) to verify the effectiveness 
of the proposed method in complex media. Surface 
monitoring and simultaneously or separately excited 
multiple sources are used. The location results are 
compared with those of time-reverse imaging. Figure 15 
shows the fault model and the source–receiver geometry. 
The model consists of six main fault reflections. The 
P-wave velocity varies between 2500 and 5400 m/s, and 
there is an apparent low-velocity zone in the middle-
right part of the model.

Time-reversed acoustics (TRA) is a detection method 
(Fink, 1999) that has been used by seismologists since 
the early 20th century. The theoretical basis of TRA 
is the symmetry with respect to the time of the wave 
equation; namely, the forward wavefi eld is refocused to 
the source location along the reverse-time axis. Thus, 
TRA is also referred to as time-reversal focusing. The 
wavefield energy is refocused after back propagating 
the initial wavefield at the excitation time. When the 
excitation time is unknown in the source location 
problem, imaging should be used to focus the wavefi eld. 
Assume the P- and S-waves are excited simultaneously, 
they are focused at the source location during the back-
propagation process (Artman et al., 2010); therefore, the 
imaging function will attain maximum zero-lag cross-
correlation.

First, we simulate the five simultaneously excited 
sources using equal amplitudes. The profile of the 
WEW interferometric and time-reverse imaging results 
is shown in Figure 16a and 16b, respectively. Both 
methods can image the sources in the complex fault 
model. Because the reflection interfaces of the fault 
act as secondary sources, they can also be imaged by 
using time-reverse imaging, which affects the location 
resolution and generates false images. The WEW 
interferometric imaging method is not affected by the 
surrounding refl ection interfaces. The imaging amplitude 
and resolution of the location of both methods decreases 

Table 3 Location results
Numerical experiment Surface monitoring of multiple sources

Source location (m) (200,50) (200,75) (250,125) (250,175) (200,225)
Experiment 1 (m) (200,50) (200,77.5) (250,127.5) (250,177.5) (200.222.5)
Absolute error (m) (0,0) (0,2.5) (0,2.5) (0,2.5) (0,-2.5)
Experiment 2 (m) (200,50) (200,75) (250,125) (247.5,177.5) (200,225)
Absolute error (m) (0,0)  (0,0)  (0,0)  (-2.5,2.5)  (0,0)

Fig.15 Fault model and source–receiver geometry: ∆ 
denotes the receiver and  denotes the seismic source.

Fig.16 Profi le of the weighted-elastic-wave interferometric imaging (a) and time-reverse imaging (b).
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as the source–receiver distance increases, especially the 
location errors of the two sources in the low-velocity 
zone is relatively large.

Second, we simulate five continuously excited 

sources with equal amplitudes. The locations of the 
simultaneously and continuously excited sources of both 
methods are shown in Figure 17.
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Fig.17 Location of the fi ve simultaneously excited (a) and continuously excited sources (b).

Figure 17 shows that both methods can locate sources 
in the complex fault model accurately. The maximum 
location error is within 20 m. Time-reverse imaging 
produces several false images near the reflection 
interfaces and the weighted-elastic-wave interferometric 
imaging has higher location precision.

Conclusions

Elastic wave interferometric imaging is applied to 
multiwavefield and multicomponent microseismic 
data to locate the source. The weighted-elastic-wave 
interferometric imaging method is also introduced. 
We assume a horizontally layered isotropic medium 
and use numerical experiments to test the stability and 
reliability of the method. The method does not require 
prior knowledge of the excitation time, the fi rst arrival 
time, or separate wavefields. Therefore, the method 
shows high calculation efficiency. The traveltime 
differences of individual wavefields from different 
sources are independent; thus, the weighted-elastic-wave 
interferometric imaging method may be used to locate 
multiple sources with higher precision and efficiency 
compared with time-reverse imaging.
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