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ABSTRACT 
Micro-seismic Imaging Using a Source Independent Waveform 

Inversion Method 

Hanchen Wang 

Micro-seismology is attracting more and more attention in the exploration seismology 

community. The main goal in micro-seismic imaging is to find the source location and 

the ignition time in order to track the fracture expansion, which will help engineers 

monitor the reservoirs. Conventional imaging methods work fine in this field but there 

are many limitations such as manual picking, incorrect migration velocity and low signal 

to noise ratio (S/N). In traditional surface survey imaging, full waveform inversion (FWI) 

is widely used. The FWI method updates the velocity model by minimizing the misfit 

between the observed data and the predicted data. Using FWI to locate and image micro-

seismic events allows for an automatic process (free of picking) that utilizes the full 

wavefield. Use the FWI technique, and overcomes the difficulties of manual pickings and 

incorrect velocity model for migration. However, the technique of waveform inversion of 

micro-seismic events faces its own problems. There is significant nonlinearity due to the 

unknown source location (space) and function (time). We have developed a source 

independent FWI of micro-seismic events to simultaneously invert for the source image, 

source function and velocity model. It is based on convolving reference traces with the 

observed and modeled data to mitigate the effect of an unknown source ignition time. 

The adjoint-state method is used to derive the gradient for the source image, source 
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function and velocity updates. To examine the accuracy of the inverted source image and 

velocity model the extended image for source wavelet in z-axis is extracted. Also the 

angle gather is calculated to check the applicability of the migration velocity. By 

inverting for the source image, source wavelet and the velocity model simultaneously, the 

proposed method produces good estimates of the source location, ignition time and the 

background velocity in the synthetic experiments with both parts of the Marmousi and 

the SEG Overthrust model. On the other hand, a new imaging condition of natural 

Green’s function has been implemented to mitigate the effect of the unknown velocity 

model. It is based on putting receivers in a horizontal well close to the micro-seismic 

events so that only a small part of the velocity model is required for the imaging. In order 

to focus the multi scattering energy to the source location, as well as to suppress the 

influence of the noise in the data, we introduced a new method to compensate the energy 

in the receiver wavefield. It is based on reflection waveform inversion (RWI) theory. We 

simply migrate for the scatters (reflectors) in the medium, and set the image as a 

secondary source to compensate for the multi scattering energy in the receiver wavefield. 

By applying the same imaging condition, the energy of those scattering events can be 

traced to the source location. Thus the source point has higher energy in the source image. 

A simple two-layer medium test demonstrates the features. 
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Chapter 1: Introduction 

Hydraulic fracturing is one of the most commonly used methods in oil and gas extraction. 

This is especially prevalent in those reservoirs having dense rock such as shale. A typical 

application is to inject water or other liquid into the reservoir area to create high-pressure 

conditions that eventually crack the dense rock in order to make the oil and gas flow 

more freely. The fracking process causes micro-seismic events that can be monitored 

through sensors in a well or on the earth surface. 

 

Figure 1.1 Micro-seismic monitoring system  

Figure 1.1 shows a sketch of a conventional micro-seismic monitoring system. The 

yellow colored layer is the reservoir. A treatment well is drilled into the reservoir so that 

engineers can inject fluid into the layer. Fractures are formed and expanded. Micro-

seismic events occur along these fractures. Receivers are set on the earth surface as well 
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as in another monitoring well to record the signals of the micro-seismic waves. The 

receivers are shown as light yellow blocks in Figure 1.1. By processing the recorded data 

the locations of the micro-seismic events can be estimated. This allows us to monitor the 

fracturing process. Information about the development of fractures helps engineers 

optimize the injection strategy. Accurately locating the micro-seismic event is critical to 

engineer the hydraulic fracturing process. 

There are many ways to find the micro-seismic source locations. Some methods are based 

on traveltime picks of both P-wave and S-wave arrivals (Eisner et al., 2009; Waldhauser 

and Ellsworth, 2000). In the use of this technique the arrival times of the events in the 

recorded traces are manually determined. Through the relationship between distance, 

travel time and velocity, each arrival may be spread as a circle (in 2-D homogeneous case, 

for instance) with a radius that is related to velocity and traveltime. By applying such 

process to several traces the circles of all traces will be intersected at one point. This is 

defined as the source location. However, traveltime based methods suffer from noisy data 

resulting in errors in determining the arrival time that will eventually lead to incorrect 

micro-seismic source locations. Other methods are based on migration techniques. An 

example is time reverse migration (Artman et al., 2010). These methods use not only the 

traveltimes but also the waveform information. Using a velocity model one can use the 

wave equation to back propagate the observed data and find the sources in the time 

reversed wavefield. Migration based methods require a good velocity model to correctly 

focus the energy as well as a dense and uniform acquisition system. Sava (2011) used an 

interferometry method to push the limits of these assumptions. However, he assumed the 

onsets of the sources are known which is not satisfied in micro-seismic imaging. Another 
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sort of micro-seismic imaging method is based on full waveform inversion. Kamei et al. 

(2014) updated the velocity model via an FWI algorithm but they assumed the velocity 

change only happened in the fluid injection area. The rest of the velocity model remained 

the same and was given as the initial velocity model. Kaderli et al. (2015) used an FWI 

based technique to update the spatial and temporal components of the source. In their 

paper a homogeneous model is given and demonstrated. This is not a realistic assumption 

for real world applications. 

In this thesis, a gradient based FWI method is used to update both the spatial and 

temporal components of the source and a source-independent FWI approach is used to 

update the velocity model. The source-independent FWI approach works well with any 

given source wavelet as it is based on convolved wavefields (Choi and Alkhalifah, 2011). 

The observed data is convolved with a reference trace in the predicted data, and similarly, 

the predicted data is convolved with a reference trace in the observed data. By such 

processing, the data contain not only the inherent wavelet information, but also the 

wavelets information of the reference trace. The effect of the unknown source wavelet is 

thus mitigated. By inverting for the source spatial and time components and the velocity 

model, the method is able to find the source correctly even with an initial velocity model 

that is very different from the true one. 

An extended image method is used to examine whether the inverted velocity and the 

source image are good or not. Also the angle domain common image gather (ADCIG) is 

computed to show the effectiveness of the approach. 
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The natural Green’s function method is used which can reduce the difficulty of the 

knowledge of the whole velocity model. This method requires information from a 

horizontal well placed close to the fractures. Thus only a small piece of the velocity 

model near the fracture zone is needed instead of the whole set. 

Multi scattering energy is rarely considered in micro-seismic imaging. We proposed a 

method that can compensate the multi scattering energy back to the source location in the 

source image. It is based on the reflection waveform inversion idea. We use the 

demigrated wavefield to overcome the multi scattering problem. 

Applying these methods on a selected portion of the Marmousi model elucidates the 

features of inverting for the source image and velocity while keeping the source function 

unchanged. Application on the SEG Overthrust model shows the effectiveness of the 

approach by inverting for source image, source wavelet and velocity model all together. 

We also test the full Marmousi model to show the application of the natural Green’s 

function. The multi scattering experiment is applied to a two-layer medium just for 

demonstration. 

In chapter 2, a brief background for micro-seismic imaging and full waveform inversion 

will be presented. In chapter 3, the theory of source independent waveform inversion will 

be derived in detail. In chapter 4, the ideas of the natural Green’s function and multi 

scatter issue will be introduced. In chapter 5, some synthetic experiments will be 

demonstrated, and the features of the proposed methods will be shown. In chapter 6, the 

conclusions will be drawn and discussions of future work will be made. 
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Chapter 2: Background for Micro-seismic Imaging and FWI 

2.1 Micro-seismic imaging 

Micro-seismic imaging is one of the most important parts of the fracking process in dense 

rock reservoir exploration such as shale gas exploration. These micro-seismic events 

indicate the development of fractures. By imaging the location and ignition time of the 

fracture source engineers may optimize the injection of fluids in the fracking process.  

Conventional micro-seismic imaging methods can be divided into two kinds; travel time 

and migration based methods. 

 

2.1.1 Traveltime based methods: 

Traveltime based methods require manual pickings for the arrival times of both S-waves 

and P-waves. As shown in Figure 2.1 the arrivals in the seismogram are noted using blue 

for P arrivals and green for S arrivals. 
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Figure 2.2 Sample traces and pickings of P-waves (blue) and S-waves (green) 

Let 01, 21, 31 , 4 = 1,2,3… be the receivers’ locations; 0:, 2:, 3:  be the source location. 

The distance between the source and each receiver can be written as: 

;1 = (01 − 0:)
2
+ (21 − 2:)

2
+ (31 − 3:)

2, 

which is the value we want. 

The traveltime difference between S and P waves can be written as: 

∆?1 =
;1

@A
−
;1

@B
 

By simple algebra,  

;1 =
∆CDEFEG

EGHEF
. 

Using the relationship above in a 3D homogeneous medium a sphere with the radius ;1  

can be obtained for each receiver (a circle in 2D medium). Stacking all the spheres 
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(circles) together will result in an intersection point. This is referred to as the source 

location.  

 

2.1.2 Migration base methods: 

In migration-based methods it is assumed that a good velocity model is given. The 

observed data is back propagated into the given model to generate the receiver wavefield 

by solving the system: 

"IJ

	

= 	LMNBO(0 − 0J)	.	

Here IJ is the receiver wavefield, LMNB is the observed data, 0J is the receiver location 

and " is the forward operator. Then one can search for the maximum energy point in the 

whole wavefield IJ. The corresponding time step P: is referred as the onset of the event 

and the location of the maximum point is referred as the source location. At this point the 

imaging condition is applied: 

Q 0, 3 = IJ(0, 3, P = P:) 

This gives us the source image Q 0, 3  and is shown in Figure 2.2. This method is also 

called the time reversed migration (TRM). 
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Figure 2.2 Time reversed imaging; red dot: source, at the maximum energy point; red square, source image 
at time step P:. 

 

2.2 FWI 

Full waveform inversion is a powerful tool to update the migration velocity with high 

resolution (Virieux and Operto, 2009; Tarantola, 1984). The objective is to minimize the 

difference between the observed data LMNB and the predicted data LAJRS: 

T =
U

V
LAJRS − LMNB =

U

V
LJRB1 . 

The gradient of this objective function with respect to model parameter W is nothing but 

the zero-lag cross-correlation between the source wavefield IB and the residual wavefield 

IJRB1. 

"IJRB1 = LJRB1O(0 − 0J) 

This calculation gives us the residual wavefield, and 
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"IB = XO(0 − 0B) 

gives us the source wavefield IB. Here X is the force term and 0B is the source location. 

Thus the gradient for model update can be written as: 

YT

YW
= I

JRB1

1,Z
∙ IB

1,Z

[J

Z

[B

1

 

To solve the modeling system, a finite difference algorithm can be used. In this thesis, all 

the modeling parts are based on a finite difference algorithm with 4th order in space and 

2nd order in time. 
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Chapter 3: Source Independent Waveform Inversion 

The acoustic wave propagation in a constant density 2D medium obeys the following 

wave equation:  

1

\V 0, 3

YVI 0, 3, P

YPV
− ∇VI 0, 3, P = ] 0, 3 ^ P  

where I(0, 3, P) is the acoustic wavefield in 2D media described in location by 0 laterally 

and 3  as depth. The velocity is noted as \(0, 3)  while ] 0, 3  and ^(P)  are source 

components in space and time, P, respectively. This decomposition of the source assumes 

that the time and space dependency are decoupled, which may be a reasonable 

approximation considering our source independent implementation. We usually start our 

investigation with a crude guess or evaluation of the initial velocity model, \:(0, 3). We 

can estimate an initial ^(P) with the available initial model using time reversal migration. 

Thus, through an iterative inversion we update these initial guesses of the micro-seismic 

event and medium. Considering the observed data of the micro-seismic events on the 

Earth surface (or a well), LMNB , we can devise an iterative inversion by defining the 

optimization problem based on the classic least-square minimization of�  

T ],^, \ =
U

V
LAJRS − LMNB , 

with respect to the source image, the source wavelet and the velocity, where LAJRS is the 

predicted data generated from the current velocity model. The general update direction, 
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given first by the gradient with respect to ], courtesy of the adjoint-state method, is as 

follows:  

YT

Y]
= ^(P) ∙ IJ(0, 3, P)LP

C

:

 

where IJ is the adjoint (residual) wavefield.  

The gradient with respect to ^ is, 

YT

Y^
= ](0, 3) ∙ IJ(0, 3, P)L0L3

_`

 

The gradient with respect to \ is, thus,  

YT

Y\
= IB(0, 3, P) ∙ IJ(0, 3, P)LP

C

:

 

where IB  is the source wavefield generated from the current velocity model (Plessix, 

2006). In this algorithm, we assume ^:(P)  is given by the time-reversed method 

(specifically time). The observed data is back propagated into the initial velocity model 

and then the maximum energy imaging condition is applied. Then the wavefield is 

extracted at the maximum energy point that will be our initial wavelet ^:(P). But the 

initial guess of ^(P) is certainly far from the true one. This is especially true for ignition 

time because of velocity model misfit. Directly using this as input in the inversion is not 

acceptable because a small shift in the ignition time will lead to a critical cycle skipping 

in the data, which is one of the severe problems in full waveform inversion. To avoid this 
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problem, we utilize a convolution objective function (Choi and Alkhalifah, 2011), which 

is reasonably source independent. In this case, the objective function is given by:  

T = ;1
V

[J

1

= L
1

AJRS
∗ LJRa

MNB
− L1

MNB
∗ L

JRa

AJRS V

[J

1

 

where L1 means the 4bc trace both in the predicted data and in� the observed data and the 

LJRa	means a reference trace. The symbol * is the convolution operator. In this new 

objective function, a new source wavelet is convolved in both terms equally, which 

means the effect of the delay in the source wavelet ^(P) is muted. The gradient of the 

convolution objective function is calculated by taking the derivative of the equation 

above, with respect to the model parameter W(0, 3). The gradient can then be written as:  

YT

YW
=

YL
1

AJRS

YW
∗ LJRa

MNB
∙ ;1 − L1

MNB
∗
YL

JRa

AJRS

YW
∙ ;1

[J

1

 

Thus, the gradient involves calculating the adjoint wavefields with the adjoint sources: 

d
1

(U)
= LJRa

MNB
⨂ L

1

AJRS
∗ LJRa

MNB
− L1

MNB
∗ L

JRa

AJRS  

at the 4bc receiver position, and  

d
1

(V)
= L1

MNB
⨂ L

1

AJRS
∗ LJRa

MNB
− L1

MNB
∗ L

JRa

AJRS  

at the reference trace position, where ⨂	is the cross-correlation operator. The two cross-

correlated seismograms are back propagated at the same time in order to reduce the 

computational cost (equivalent to FWI). Although the velocity update is independent of 
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the source wavelet, we can still update the source wavelet in order to have benefits in 

imaging source spatial component.  

The whole inversion method uses a nested approach of iteration. The steps are iterated 

until all of the three unknowns converge: 

1. Inverting for the source image ]	(0, 3) for several iterations 

2. Inverting for the background velocity \(0, 3) for several iterations 

3. Updating the source function ^(P) 

When utilizing the migration method the extended image is a powerful tool to check if 

the migration velocity is correct (Sava and Fomel, 2006). In this research, a similar 

extended imaging condition is applied. Instead of extending the time axis in the imaging 

condition, the depth axis e is extended when calculating for source wavelet ^(P). Then 

the gradient with respect to wavelet can be modified as,  

∇fT P, ℎ = ](0, 3 − ℎ) ∙ IJ(0, 3 + ℎ, P)L0L3

_`

 

where ℎ is the offset in 3 direction. The reason for extending the depth axis is that the 

earth medium description is mainly varying in the 3 direction. This will lead to larger 

imaging errors in 3 direction than that in 0 direction. So extending the 3 axis will have 

larger difference between the images of correct and incorrect velocity models. For 

demonstration, a homogeneous medium example is tested to show the extended image for 

^(P) with correct and incorrect velocity model, shown in Figure 3.1. We can see that the 
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maximum amplitude point, which is also the crossing point, is located at ℎ = 0 (zero 

offset trace) when the velocity is correct. But the maximum amplitude point is shifted to 

ℎ = ±0.25 when velocity is incorrect. With this modified extended imaging condition, 

we may check both the velocity model and the source image are correct or not.  

 

(a)                                                            (b) 

 

(c) 

 

 

Figure	3.3	Extended	image	for	w(t)	with	(a)	10%	higher	(b)	10%	lower	(c)	true	(2km/s)	velocity	
model 
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Angle domain common image gathers (ADCIG) is another tool that can show whether 

the migration velocity is correct (Sava and Fomel, 2003; Biondi and Tisserant, 2004). If 

the migration velocity is correct, the reflectors in the ADCIG will be flat and located at 

the right depth. If the migration velocity is incorrect, the reflectors will be curved upward 

(lower velocity) or downward (higher velocity). In micro-seismic cases the unknown 

sources can be considered as a scatter, which shares the similar concept with the 

reflectors in migration. So picking the common image point at the source location is a 

reasonable assumption. The angle in the angle gather refers to the open angle between the 

transmition ray and the vertical direction. If the velocity is good enough, the ADCIG 

should be flat as well. In the following example, the initial ^(P)	is obtained by back 

propagating the recorded surface data and extracting the ^(P)  corresponding to the 

maximum energy time and location as described above. The initial ]	(0, 3)	is set to be 

zero at all points in order to be consistent with the source gradient lm
la

. There are more 

innovative ways to estimate an initial ] and ^.  
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Chapter 4: Natural Green’s Function and Multi Sources 

Focusing Energy Compensation 

4.1 Natural Green’s Function 

In order to break the limitation of the knowledge of the true velocity model, the natural 

Green’s function n(0, −P|;, 0) can be used to modify the imaging condition. The new 

imaging condition can be written as: 

W 0, P = L(;, P|p, PBMqJrR)⨂n(0,−P|;, 0)J . 

This assumes a horizontal well is near the micro-seismic source location. The receivers 

are on the earth surface. So the observation is obtained as surface data.  

To obtain this natural Green’s function a source at each receiver location on the earth 

surface is manually ignited. In addition, some receivers are set in the horizontal well. The 

manual sources are recorded by the well receivers. This well data is called VSP data. 

Because the wave travels from the surface sources to the well in the true earth medium 

the VSP data is the true Green’s function from the surface point sources to the well 

receivers. It can be written as n(0J, 0EBA).  
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Figure 4.1 Natural Green’s function imaging. 

Then we assume that the local velocity model around the well is also known. The natural 

Green’s function n 0J, 0EBA 	is extrapolated to the imaging point using the local true 

velocity to get the Green’s function n(0EBA, 01st) from the well to the imaging point 

01st . n(0EBA, 01st)  is also the true Green’s function because this part of wavefield 

extrapolation also uses true velocity model. This is similar to n(0J, 0EBA). Note that if the 

imaging point is above the well then a backward extrapolation should be done. If the 

imaging point is under the well, a forward extrapolation should be done. Eventually, the 

Green’s function needed by the imaging condition is obtained. It is called the natural 

Green’s function because from the surface receivers to the well and from the well to the 

imaging position, the true velocity model is always used for the extrapolation. The 

algorithm needs only the local velocity model instead of the whole set. 

 

 

 

 

x 

z 

Geophones 

Horizontal well 

Wavepaths 

Image point 
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4.2 Multi Sources Focusing Energy Compensation 

In order to overcome the multi scattering problem in the micro-seismic imaging, a new 

method is proposed which is based on RWI theory. Suppose the true velocity model @ is 

divided into two parts, the background velocity @: and the perturbation part O@: 

@ = @: + O@. 

In the @: part, it contains a smooth velocity model for the direct/transmitted wave and it 

is assumed that the true @: is already given. In O@	it contains the reflectivity model or the 

scattering model.  

To find the source location, we simply use the TRM method that is mentioned in the 

previous chapter. 

Let " represent the forward operator. The system  

"IB = XO 0 − 0B 	

gives us the source wavefield generated from the background velocity @:. And the system  

"IJ = LMNBO 0 − 0J 	

gives us the receiver wavefield using the observed data LMNB . Then the image can be 

obtained by the imaging condition  

Q 0 = IB ∙ IJ

`G,`u
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Here IB is the source wavefield, IJ is the receiver wavefield, and 0B and 0J are the source 

and receiver locations, respectively.  

The next step is to calculate the demigrated source wavefield OIB. The system  

"OIB = Q 0 IB	

gives us the wavefield. Also the OIB at the receiver locations can be considered as the 

predicted data LAJRS 	= 	OIB(0	 = 	 0J). Then the data misfit is ∆L = LAJRS − LMNB. Using 

the data misfit to calculate the demigrated receiver wavefield: 

"IJ = ∆L ∙ O 0 − 0J 	

"OIJ = Q 0 IJ	

At this point the original receiver wavefield IJ and the update receiver wavefield OIJ, 

which contains the multi scattering information, are obtained. The modified receiver 

wavefield IJ.  is the summation of the two:  

IJ
. = IJ + OIJ	

In this wavefield IJ. , the maximum amplitude imaging condition is applied to get the 

more focused image of sources.  

The use of multi sources is a close approximation to the real world scenario. Also multi 

sources give higher S/N ratio of the image due to the stacking of the migrated reflectors. 
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Chapter 5: Synthetic Tests and Results 

5.1 Marmousi Model (partial): 

A small piece of the Marmousi model is used to represent what we refer to as the true 

velocity model. This is shown in Figure 5.1(b) for our tests. The model has 400 * 200 

grid points with a 16m spatial interval in both x and z directions. The initial velocity 

model is a vertically increasing, i.e. a \ 3  model, shown in Figure 5.1(a). The time 

interval is 2.5ms. Every grid point on the top surface is assumed to be a receiver. First, a 

single source case is assumed. A Ricker’s wavelet of 1.5Hz peak frequency is set to be 

the unknown source time. The source is located at {3.2km, 1.6km} in the model. The 

starting ]: 0, 3  is zero everywhere. In another words, no priori information of the source 

spatial component is given. Using the time reversal method mentioned above, the initial 

source wavelet ^ P  is obtained by reversing the wavefield at the maximum energy point 

along the time axis, shown in Figure 5.1(c). The misfit reached a minimum after 27 

iterations where every iteration contained 5 times the velocity update and 3 times the 

source image update. The inverted velocity model \ 0, 3  and the inverted source image 

] 0, 3  are shown in Figure 5.2(a) and Figure 5.2(b). The inverted velocity model shows 

very low resolution because of the lack of reflection energy in the wavefield. The micro-

seismic events are buried in the earth while the receivers are on the earth surface. Most of 

the energy in the observed data is transmission waves. In FWI, reflection waves update 

the high wavenumber parts of the model, while transmissions update the low wave 

number parts. So the gradient for the velocity updates is mostly focused on the smooth 
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background. Another possible reason is that there is only one source in the experiment, 

and the peak frequency is only 1.5Hz, which is pretty low. The lack of data and limited 

aperture restrict the model update. We may obtain higher resolution for higher frequency 

events, beyond our 1.5 Hz peak frequency Ricker wavelet. The inverted source image in 

Figure 5.2(b) shows the accurate source location 3.2km, 1.6km . From the residual 

curve in Figure 5.3, we see that data residuals are decreasing fast especially in the first 

several iterations, a sign of convergence. At its minimum point, it is only about 10 

percent of the data residual at the beginning, which is good considering we did not invert 

for ^ P . We now can obtain even a better ^ P  with a more accurate source image and 

velocity. We show that ^(P) for the last iteration is shown in Figure 5.2(c). We also 

tested the algorithm for a multi-source case. Two sources are located at {3.2{W, 1.6{W} 

and {5{W, 2.5{W} in the same model as the one in the previous experiment. We also 

maintain the same experiment setup and start with the same initial velocity. The results 

are shown in Figure 5.4(a), 5.4(b) and 5.4(c). Both the velocity model and the source 

image are updated. The convergence is faster than the single event updating (twenty-one 

iterations instead of twenty-seven iterations). The two source images are reasonably good, 

and as accurate as the single shot case. However, due to the better illumination with two 

sources the inverted velocity model looks better.  
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(a) 

 

 (b) 

 

(c) 

Figure	5.4	(a)	Initial	velocity	model	(b)	True	velocity	model	(c)	Initial	source	wavelet	



33 
 

 

(a) 

 

(b) 

 

(c) 

 

 

Figure	5.2	(a)	Inverted	velocity	model	(b)	Inverted	source	image	(c)	Source	wavelet	for	the	last	iteration 
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(a) 

 

(b) 

 

Figure	5.3	Data	residual	(percentage)	with	respect	to	iteration	number	 



35 
 

 

(c) 

 

 

5.2 SEG Overthrust Model: 

A piece of the SEG Overthrust model (fault zone) is used to represent what we refer to as 

the true velocity model, shown in Figure 5.5(b), for our tests. The model has 400 ∗

180	grid points with a 20m spatial interval in both 0 and 3 directions. The initial velocity 

model is linearly increasing with depth, shown in Figure 5.1(a). The time interval is 1ms. 

Every grid point on the top surface is assumed to be a receiver. An absorbing boundary 

condition is assumed on all of the four boundaries. In the experiment, a single source case 

is assumed. A Ricker’s wavelet of 6Hz peak frequency is set to be the unknown source 

function. The source is located at {4.0km, 2.2km} in the model. The starting ]: 0, 3  is 

zero everywhere. No priori information of the source spatial component is given. Using 

the time reversal method mentioned above, the initial source wavelet ^ P  is obtained by 

reversing the wavefield at the maximum energy point along time axis, shown as the red 

Figure	5.4	(a)	The	inverted	source	image	for	source	NO.1.	(b)	The	inverted	source	image	for	

source	NO.2.	(c)	The	inverted	velocity	model	after	21	iterations.	
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line in Figure 5.10. We can see the onset is later than the true one (blue). With the nested 

approach, the misfit reached its minimum after repeating the steps for 25 times. The 

inverted \ 0, 3  and ] 0, 3  are shown in Figure 5.6 and Figure 5.7. The inverted velocity 

model still shows low resolution because of the reason that has been explained in the 

previous experiment. Although the inverted velocity model is very smooth, it still shows 

reasonably good structures of the model, such as the fault zone, which is about 2.5km 

deep. Also the sea bottom is accurate in depth. The artifacts around the source are mainly 

caused by the single event case. Using multi-sources may mitigate this issue. The 

inverted source image in Figure 5.7 shows an accurate source location at {4.0km, 2.2km}. 

There is some weak energy in the source image that is not focused to the source point. 

One can either choose to ignore them or set some kind of constraint, such as a Laplacian 

filter, to reduce the influence. If higher frequency wavelets are used then the image 

should be sharpened in space because the width of the source image depends on the 

wavelength of the source wavelet. The inverted source wavelet is shown as the pink line 

in Figure 5.10. The true one (blue) and the initial one (red) are also shown in the figure as 

comparison. We can easily find that the ignition time of the initial source wavelet is not 

accurate. It has shifted backward to 0.35s while the true ignition time is 0.2s. After the 

inversion the inverted source wavelet (pink) is ignited at the exact correct time as the true 

one. Although there are some small difference in shapes between the inverted and true 

condition it is still good enough for the calculation of ](0, 3) and \(0, 3). The difference 

may be caused by the remaining misfit of the model parameter m. Figure 5.8 shows the 

vertical extended image for ^(P) after the inversion. The maximum amplitude point is at 

the right place (ℎ = 0 and P = 0.2p), which also shows the effectiveness of the approach.  
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To assess how well the inverted velocity model properly makes predictions the ADCIG at 

the source position is extracted as described in the previous chapter. Figure 5.9(a) and 

Figure 5.9(b) show the ADCIG of the initial velocity mode and the inverted velocity 

model, respectively. In Figure 5.9(a) the scatters are highly curved upward. It means the 

initial velocity is much slower than the true one. On the other hand, we may easily say 

that the image in Figure 5.9(b) is generally flat and the depth is correctly located at 2.2km, 

which means the inverted model is much more accurate.  

 

(a) 

 

(b) 

 

 

Figure	5.5	(a)	The	initial	velocity	model.	(b)	The	true	velocity	model.		
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Figure 5.6 The inverted velocity model.  

 

Figure 5.7 The inverted source image (spatial component) 

 

Figure 5.8 The extended image of ^(P, ℎ) 
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        (a)                                             (b)  

 

 

 

 

Figure 5.10 The source wavelets: initial (red), true (blue), and inverted (pink). 

To show the accuracy of the inverted model, the predicted data of the inverted model is 

compared with the observed data, which is generated from the true model. 

Figure	5.9	ADCIG	at	the	source	position	of	the	(a)	initial	and	(b)	inverted	velocity	model 
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(a)                                                                 (b)  

 

(c) 

Figure 5.11 (a) Observed data, (b) predicted data of the inverted model and (c) predicted data of the initial 
model. 
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As shown in Figure 5.11, the predicted data of the inverted model is much more similar 

to the true one comparing with the initial predicted data. The first arrival in the inverted 

model data has the same shape and arrival time (1.6s) as the true one while the initial data 

has an obvious different shape and arrival (2s). The artifacts before the first arrival come 

from the misfit of the effective source. Due to the lack of high wavenumber components 

of the model, the predicted data does not contain the high frequency events, such as 

reflections. This comparison also suggests that the inverted model is more accurate than 

the initial model. 

 

 

 

 

 

 

5.3 Marmousi Model (Natural Green’s Function): 

To test the method of natural Green’s function technique, a numerical experiment on the 

Marmousi model has been tested. The true velocity model is shown in the following 

figure: 
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Figure 5.12 Marmousi model. 

The well locations (above/below the true source point) and the local velocity models are 

also shown in Figure 5.13, where the red lines refer to the horizontal well. 

 

(a) 

Well 
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(b) 

Figure 5.13 Local velocity model when the horizontal well is (a) below (b) above the source location 

A random noise component is added to the observed data to imitate the real world 

conditions. To suppress noise in the data the cross-correlated trace technique has been 

used (G. Schuster, 2009).  

The final images of the sources are shown in Figure 5.14: 

 

(a) 

Well 
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(b) 

Figure 5.14 Source image when the well is (a) below (b) above the source position. 

All the sources can be easily identified at the correct places from the source images.  

 

 

5.4 Two layered medium test for focusing energy compensation 

In the experiment, the true model is a two-layer velocity model of size 9 km in 0 

direction and 3 km in 3 direction. The upper layer has a velocity of 2km/s and the lower 

layer has a velocity of 3km/s. The reflector is at the depth of 2.5 km. In total, there are 

383 receivers on the top surface. The initial velocity model @: is a homogeneous model 

with the upper layer velocity. Only one source was ignited at (5{W, 1{W)  just to 

demonstrate how the wavefield was updated.  
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Figure 5.15 True velocity model, 2 layers 

 

Figure 5.16 Image of the reflector 

To compare the differences between IJ and IJ. , the snapshots of the two wavefields at the 

same time were taken out, as shown in the following figures. 
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Figure 5.17 Snapshot of IJ at 4.5s 

 

Figure 5.18 Maximum energy imaging of IJ 

 

 

Figure 5.19 Snapshot of IJ.  at 4.5s 
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Figure 5.20 Maximum energy imaging of IJ′ 

As shown above, in IJ, the reflection energy (lower event) just went down and did not go 

up to the source location. So this part of energy would be lost if using the conventional 

imaging method.  

But in IJ. , the reflection wave went upward to the source location because the wavefield 

was updated by the demigrated receiver wavefield. Finally, both the reflection energy and 

the direct wave energy will be focused at the right place.  
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Chapter 6: Conclusions and Discussions of Future 

Work 

We develop an approach to invert for the source location image, the source wavelet and 

the velocity model using a recorded micro-seismic events setup. To mitigate the role of 

the source wavelet, which is usually inaccurate in shape or time, we utilize a source 

independent objective function based on the convolution of our recorded traces with a 

reference trace. The inversion for all three unknowns yielded convergent results on a 

model inspired by the SEG Overthrust model. This is in spite of starting with an initial 

linearly increasing velocity model. The extended image method is used to check the 

accuracy of the velocity model and the source image. The ADCIG results also bolstered 

the effectiveness of our approach. The proposed method of source independent waveform 

inversion works fine in micro-seismic imaging field. It helps the engineers to locate the 

micro-seismic sources correctly even if neither the given velocity nor the source function 

is good enough. But still there are some limitations, for instance the updated source 

image will never shrink into a point source and the velocity model is very smooth 

comparing to the true one. Thus in those tests with a point source, the predicted data will 

never fit the observed data. To overcome these issues, we plan to combine the traditional 

FWI with the source independent waveform inversion. It means that once the source 

image being converged (find the true source location), simply pick out the maximum 

amplitude point as the true point source location. Then use a traditional FWI misfit 
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function to continue the velocity update. This may lead to higher resolution in the 

velocity model. 

In the conventional TRM, true velocity model and noisy data may be problems. To 

overcome these problems, one can use cross correlation trace techniques to increase the 

S/N ratio of the observed data. The natural Green’s function can be applied to the 

imaging condition. Thus only a local velocity model is needed, instead of the whole 

velocity model. The experiment on the Marmousi model shows these features.  

The multi scattering compensation technique by using the multi sources imaging is an 

efficient way to let more energy focus to the source position. It can be used in the source 

independent waveform inversion approach. 

The multi scattering compensation technique will also be combined with the source 

independent method. This may speed up the convergence of the objective function as 

well as the S/N ratio will be increased. Multi sources situation will also be considered in 

my future research so that it will be closer to the real life. 
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