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Abstract

This research investigates some fundamental aspects of microseismic monitor-

ing: location and source mechanism. We developed a ray-tracing and diffraction-stack

procedure to determine source locations. The location algorithm uses a grid-search

technique to find source coordinates. For every possible point source, three attributes

(traveltime residual, stacked energy and energy/residual ratio) in a grid area are cal-

culated. Then the location can be found by either choosing the point that yields

a minimum traveltime residual or maximum stacked energy or maximum energy/-

traveltime ratio. Further, focal mechanisms and radiation patterns of simulated mi-

croseismic events are examined using Focmec (Focal Mechanism Determination), an

open-source program. The location algorithm is developed in a MATLAB environ-

ment and tested on physical modeling data from the Allied Geophysical Laboratories

(AGL) at the University of Houston.

Three different physical modeling experiments have been conducted using ul-

trasonic source and 3-component receivers. For the first experiment, a single layer

Plexiglas model was used; the second experimental model was built by assembling

Plexiglas and aluminum blocks. In the third experiment, a real sandstone rock (57.5

x 43.8 x 17.5 cm) was employed. To determine which method (P versus S waves and

travel time versus amplitude) and acquisition design (surface or borehole receivers)

is most accurate, we have undertaken variety of tests. Locating events using S-waves

is as accurate as with P-waves; however, combining both P and S-waves are the most

accurate approach among all experiments. Furthermore, location certainty increases

when downhole receivers are included for both P and S-waves.

To increase the speed of the algorithm, CPU and GPU computing was imple-

mented. Locating a single microseismic event with 7 different methods takes 11.4

seconds on single core CPU, whereas, this number is decreased to 4.2 seconds using

vii



multi-core CPU computing. Further, implementing GPU computing further decreases

the total elapsed time to only 1.9 seconds. There is more than an 80 percent increase

in terms of computation time compared to single core CPU.
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Chapter 1. Introduction, objectives and outline

1.1 GENERAL UNDERSTANDING OF HYDRAULIC FRACTURING

The conventional way to recover natural gas and oil is achieved by drilling and

extraction out of the traps generally in permeable sandstone and carbonate forma-

tions. It is known that hydrocarbons also exist in low-permeability shale formations,

which are one of the unconventional reservoirs. Figure 1.1 illustrates the schematic

geology of unconventional reservoirs.

Figure 1.1: United States shale gas plays (U.S. Energy Information Administration;
http://www.eia.gov/oil_gas/rpd/shale_gas.pdf)

In North America, there has been a significant interest in unconventional gas

reservoirs. Technological advancements of hydraulic fracturing and horizontal drilling

have led to development of new sources of shale gas. Figure 1.2 shows the shale gas

plays in United States. Increase in new shale play areas is followed by a huge increase

in the number of wells drilled in shale reservoirs. Figure 1.3 shows the growth of shale

wells in Marcellus shale reservoir, Pennsylvania from January 2007 to September 2010.
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The number of drilled wells has increased to 2109 as of September 2010 since January

2007.

"Unconventional gas reservoirs" are generally referred to a low permeability

formation that produces mainly natural gas. One way to increase permeability of

the reservoir to recover gas at economic rates is hydraulic fracture stimulation. In

hydraulic-fracture treatment, once the pressure of the injected fluid exceeds the reser-

voir pressure, fracturing initiates and propagates throughout the rock (Economides

and Nolte, 2000). As a result of that, rock failure due to hydraulic fracturing may

generate small earthquakes whose magnitude are between -4 and +2 on Richter scale.

These tiny earthquakes are called microseisms, which are too weak to be felt by hu-

mans. It is one of the biggest challenges in the industry to distinguish microseismic

events from noise due to low signal-to-noise ratio.

Figure 1.2: United States shale gas plays (U.S. Energy Information Administration;
http://www.eia.gov/oil_gas/rpd/shale_gas.pdf)
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Figure 1.3: Shale wells in Pennsylvania from January 2007 to September 2010
(http://news.nationalgeographic.com/news/2010/10/101022-mapping-a-gas-boom/).

Especially over the past decade, hydraulic rock fracturing has become a much-

used technique to increase the permeability and producibility of unconventional petroleum

reservoirs. It basically forces the natural gas out of the formation by fractures within

the reservoir. Large volumes of fluids are injected into the reservoir, often through

deviated or horizontal wells. Fluid pressure changes cause the rock to fail, which then

behaves as a seismic source or microseism (Kendall et al., 2011). With the help of

proppant and fluids, cracks and new channels are created in the formation so that the

hydrocarbons can be recovered from the trapped zones. Injecting high-pressure fluid

to the formation may also reactivate pre-existing faults and fractures. Enhancing

the subsurface fracture network allows underground resources propagate up to the

surface. Figure 1.4 demonstrates the fundamental steps during fracturing process.
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Figure 1.4: Schematic of hydraulic fracturing process (Granberg, 2010).

Microseismic imaging of hydraulic fracturing involves detecting micro-earthquakes

associated with the induced fractures (Urbancic et al., 1999). The very small energy

from the microseisms is recorded continuously by receivers placed on the surface

and/or in the boreholes.

Reservoir dynamics can be mapped by passively listening to the earth and record-

ing the small magnitude earthquakes caused by stress and strain changes in the reser-

voir. Mapping the event locations and mechanisms both in time and space at different

stages can be used to understand how the reservoir rocks response to the stimula-

tions (Eisner et al., 2009). Analyzing microseismicity is also useful for interpret-

ing fracture location, orientation, height, growth, length of the fractured formation

(Maxwell, 2012). Additional source parameters such as event magnitude, stress and
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energy release, displacement of slip, orientation of fault etc., can be extracted from

the microseismic events. Furthermore, moment tensor (beach ball solutions) can be

determined by analyzing radiation patterns (Maxwell and Urbancic, 2001).

Figure 1.5: Fracture parameters can be extracted by analyzing microseismic events.

Microseismic monitoring is also a commonly used technique in CO2 geologic

sequestration projects. It helps to assess any possible seismic hazards can be caused

by injection of CO2, to map out the CO2 radiation paths and to monitor fracture

network activity (Riding and Rochelle, 2009).

Passive seismic monitoring differs from the active seismic method from various of

aspects. Table 1.1 shows a comparison between active and passive seismic techniques

(Eisner, 2013).
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Table 1.1: Comparison of the passive and active seismic methods.

Passive Seismic Active Seismic
Origin time (to) Unknown Known and controlled
Seismic source location Unknown Known and controlled
Type of seismic source Unknown Known (dynamite or vibroseis)
Source Mechanism Unknown Uniform seismic source
Fracture type Unknown Generally point source assumption

1.2 OBJECTIVES AND CONTRIBUTIONS OF THIS THESIS

This thesis addresses several important aspects of microseismic monitoring:

1. Experimental physical models; The microseismic data used in this research

are acquired on both physical models and real rocks. This research provides

an overview of the physical modeling procedure using ultrasonic sources and

receivers, describes and assesses the hypocenter algorithm.

2. Locating microseismic events in time and space; we have developed a

migration-type location algorithm based on grid searching technique. The al-

gorithm searches for the best location based on the traveltime residual, stacked

energy and amplitude/traveltime residual ratio. Our method also uses an algo-

rithm similar to the collapsing grid technique to speed up the location process.

3. Repeatability of the tests; In our experiments, we have chosen to test our

algorithm and ideas with physical models to find answer for variety of questions:

Which location method is more accurate? Should we use P-wave or S-wave or

should we combine the two? Should we use traveltime or stacked energy at-

tributes to locate events? Which location techniques are more accurate? How

does excluding well-side receivers affect location uncertainty? Which acquisi-

tion design is more optimal for microseismic location and source mechanism

characterization?

4. Determination of source mechanism of the microseismic events; focal
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mechanism solutions provide us additional parameters other than just coordi-

nates of microseismic events that helps us to understand the fundamentals of

fracturing.

5. Determining radiation patterns of microseismic events; we aim to have a

further understanding of the microseismic events by determining and analyzing

the radiation patterns of the seismic waves.

6. Studying the fundamentals of microseismic monitoring; This research

also focuses on some fundamental issues related to hydraulic fracturing and

microseismic monitoring such as first arrival picking methods, noise attenuation

techniques.

7. Developing algorithms and GUI’s; Another main objective of this thesis is

to develop algorithms and scripts related to microseismic monitoring. To this

end, more than 30 scripts have been coded; 5 user-friendly GUI’s are created,

so that, location and focal mechanism algorithms can be used without prior

knowledge of coding.

8. Optimizing the algorithms; Computation time and cost are vital especially

in real-time microseismic monitoring. To increase performance of location algo-

rithm, parallel CPU and GPU computing technologies have been taken advan-

tage of.
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1.3 OUTLINE OF THIS THESIS

This thesis composed of six chapters:

• Chapter 1 introduces hydraulic fracturing and microseismic monitoring tech-

niques. Then objectives and outlines of this research are presented.

• Chapter 2 reviews the fundamental techniques used in microseismic monitor-

ing.

• Chapter 3 introduces the location software that is developed throughout this

research. Furthermore, location and focal mechanism algorithms are explained

in Chapter 3.

• Chapter 4 explains all the experiments conducted in this research. For each

physical modeling experiment, event location, focal mechanism determination,

and radiation pattern determination are performed.

• Chapter 5 summarize major contributions of this thesis.

• Chapter 6 provides several important recommendations for future work.
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Chapter 2. Review of Techniques Used in Micro-
seismic Monitoring

2.1 NOISE-ATTENUATION TECHNIQUES

One of the key problems in geophysics and particularly in microseismic monitor-

ing is to acquire a high quality seismic response of the earth. Geophysicists are trying

to obtain seismic signals that have high signal-to-noise ratio (SNR), however, this

task is difficult because the seismic signals radiated from the source are weaken by

various factors such as attenuation, reflection, diffraction, transmission loss and noise.

Sometimes, seismic signals, especially microseismic signals, are completely masked by

the noise and it is impossible to detect them. Hence, one of the fundamental goal

of the applied seismology is to increase the signal quality by achieving high SNR.

Signal-to-noise ratio can be improved at the stage of acquisition and the processing

(Bormann and Wielandt, 2013).

In the noise-attenuation process, the first step is to determine the noise char-

acteristics and its cause. Noise characteristics can be divided into two categories

regardless of the noise type (Dingus, 2010).

1. Coherent Noise: Ground roll, interbed multiples, powerline noise are some of

the examples of the coherent noise. This type of noise can be suppressed or

attenuated by applying various techniques such as Predictive Deconvolution,

F-K filtering, Radon selection, wavefield extrapolation, etc.

2. Random Noise: Any kind of noise which is not coherent. This type of noise can

be removed from the data by averaging, stacking.

In the case of microseismic surveys, having high a signal-to-noise (SNR) ratio is
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much more important than in the case of conventional seismic surveys because micro-

seismic events have very weak signals. Seismic waves propagating through the earth

continuously lose their energy until they arrive at the receivers. Spherical spreading,

attenuation, existence of weathering layer, surface noise decrease seismic energy. Mi-

croseismic signals have relatively low magnitude -4 to +2 on Richter scale (Eaton,

2008); therefore, detecting events and first arrivals is a major challenge. Particularly,

surface microseismic surveys suffer from this issue more than downhole surveys due

to the fact that near surface generally attenuates seismic energy significantly. Since

it is very difficult to pick events in seismograms that have low SNR, attenuating noise

and increasing SNR is quite desirable especially in the microearthquake case.

2.1.1 Frequency Filtering

In general terms, frequency filtering is the process of separating "the good

(wanted)" components from the input signal by eliminating "the bad (unwanted)"

frequencies. Filters can be designed and applied in the time domain by taking ad-

vantage of convolution; nevertheless, applying filters in frequency domain is more

common way. If the filtering is carried out in the time domain, it is called as "Time

Domain Filtering" and if it is done in the frequency domain, it is known as "Frequency

Domain Filtering".

Digital filters can be characterized by how they handle input raw signals. A

high-pass filter passes frequencies higher than the cut-off frequency while attenuating

the lower ones. A low-pass filter is the just opposite; attenuates higher frequencies

and passes low frequencies. A band-pass filter passes the signals that lie inside of

a certain frequency band; whereas it attenuates the signals that lie outside of that

frequency band (Press et al., 2007).

The frequency band of a hydraulically fractured microseismic source mainly lies

between 80-200 Hz (Han, 2010). In order to attenuate the frequencies outside the
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desired frequency band, a band-pass or a low-pass filter may be used to remove the

unwanted noise. However, in this thesis, we have acquired data on hand-made physical

models and natural rocks, using ultrasonic source and transducers. Ultrasonic trans-

ducers transmit signal whose frequency bandwidth is way higher ( 5 MHz dominant

frequency) than the induced microseismic source case. To find out which frequency

band is to be suppressed, it is necessary to transform signal to the frequency domain

via Fourier transform.

I have developed "Design Filter" tool that allows user to design and apply filter to

any kind of signal type. This tool is coded and designed in a MATLAB environment

(Figure 2.1). "Design Filter" application has GUI (Graphical User Interface) so that

user can interactively design any type of filter.

Figure 2.1: An auxiliary tool for designing and applying frequency filters.
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From the section "1" on the Figure 2.1, user may choose one of the three types

of the filters: Butterworth, Chebyshev filter I and Elliptic.

From the section "2", user may choose the response type of the filter whether it

is low-pass, high-pass, band-pass or band-stop.

From the section "3", some parameters (Sampling frequency and sample rate)

are shown for the information of user. In this section, user can interactively pick

cut-off or corner frequencies after clicking "Pick" button.

From the section "4", it is possible to change the order degree of the filter. Default

is 10th order.

At the section "5", user can display Magnitude and Phase response of designed

filter. Once "Design Filter" button is clicked, it applies the designed filter to the input

signal and shows original and filtered signals along with their Fourier transforms at

the right hand side of the figure.

Figure 2.3 shows an individual seismic signal that is acquired on a Plexiglas

model. 1-component transducer is used as receiver, and the signal is transmitted

with a vertical P-wave source transducer. Due to the fact that the Plexiglas model

is isotropic and homogeneous, only P-wave waveform is observed on our signal. Also

the signal consists of a primary P-wave reflection from bottom of the Plexiglas model

at about 90 microsecond. Sampling frequency and the sampling rate of the signal are

50 MHz and 20 ns (nanosecond), respectively. Nyquist frequency is calculated below

in Equation 2.1

fNyquist = 1
2 ∗∆t = 1

2 ∗ 20ns = 25MHz (2.1)

It is important to find out the frequency components of our signal before designing a

filter. Figure 2.4 shows the Fourier transform of the original signal. It is thought that

the noise is caused by the higher frequencies than 1 MHz. To pass lower frequencies

and reject higher ones, a Butterworth low-pass filter is designed. Figure 2.2 illustrates

the magnitude and the phase response of the designed filter. Cut-off frequency of the
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low-pass filter is chosen as 1 MHz.

Figure 2.2: Magnitude and Phase Responses of the designed low-pass filter.

After applying the filter to the signal in the frequency domain, data is trans-

formed to the time domain via inverse Fourier transform. Figure 2.5 shows the filtered

signal and Figure 2.6 demonstrates the Fourier transform of the filtered signal. It is

clear to see that low-pass filter reduces the amount of random noise. Signal-to-Noise

ratio (SNR) increased to 36 dB from 17 dB.

Figure 2.3: Raw seismic data contains only P-wave acquired on Plexiglas model using
ultrasonic transducers (SNR=17 dB).
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Figure 4.48: P-wave surface plot of normalized probability density function (PDF) slice
at z=170 mm. PDF corresponds to the source location.

Figure 4.49: Normalized probability density function for P-wave slices at x = 3050 m, y
= 1950 m, and z = 1730 m. Higher values are more likely to be the source location.
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Figure 4.50: Surface plot of the Energy/traveltime residual ratio for P-wave. Maximum
value of this ratio is assumed to be the source location.

Figure 4.51: P-wave Energy/traveltime residual ratio contour slices at x = 5400 m, y =
1950 m, and z = 1730 m.
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Figure 4.52: Stacked energy surface plot generated for the S-wave slice at z = 1730 meters.
Apex of stacked energy is declared as the source location.

Figure 4.53: Energy/traveltime residual ratio surface plot for the S-wave slice at z = 1730
meters.
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4.4.3 Focal Mechanism and Radiation Pattern Determination

The next step after locating events is to characterize source mechanism and

determine radiation patterns of P and S-waves. To this end, we have determined

first motion polarities of both P an S-waves. As it was mentioned earlier, we have

conducted two different test on the same receiver-source configuration. In the Test

A, source is placed parallel to x-Axis; whereas, in the Test B, source turned 90 degree

to make it parallel to y-Axis.

Figure 4.54 and 4.55 demonstrates the first motion polarities of P-waves for

the Test A and Test B, respectively. Red stars denote that the first arrivals are

upwards; blue-stars mark stations that first arrivals are downwards. White starts

shows that station whose first motion is unclear. In case of Test A, at the epicenter

of the source location, there is a clear distinction between P wave first motions along

y-Axis. However, when the source orientation is turned, first motion polarities are

separated along x-Axis.

After determining polarities of body waves, Focmec (Focal Mechanism Determi-

nation) software then is used to characterize source mechanism by calculating strike,

dip, and rake. Azimuth, take-off angles, polarities of body waves are inputted to the

Focmec. The calculated beachball diagrams through Focmec are shown on Figure

4.54 and 4.55.
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Figure 4.54: Test A: First particle motion of P-waves. Source is parallel to x-Axis. Red
and blue stars denotes first motion is up and down, respectively. White stars indicates that
the first motion is unclear.
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Figure 4.55: Test B: First particle motion of P-waves. Source polarization is turned 90
degree to make it parallel to y-Axis. Upwards first motion is shown with red star; whereas
downward first motion is represented with blue stars. White starts denotes station with
unclear first breaks.
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Figure 4.56 and 4.57 illustrate the P-wave radiation pattern for Test A, source

is parallel to x-Axis. For both cases, maximum positive and negative amplitudes

are separated at the epicenter of the source. Minimum amplitude (close to zero)

is observed along the fault plane which is just above the source location. When the

source orientation is turned, radiation pattern of P-wave exhibits similar characteristic

but only radiation direction is changed. Surface contour map can be divided into two

lobes, where one lobe consists of downward first particle motion, another lobe consists

of upward first motion.

Similarly, radiation pattern contour maps are generated using S-wave for both

Test A and Test B, shown in Figure 4.58 and 4.59. Red colors denotes high positive;

whereas, blue colors corresponds high negative amplitude values. S-wave exhibits dif-

ferent radiation pattern than the P-wave radiation. While P-wave radiates maximum

of its energy towards to the epicenter, S-wave radiates to dilatation axis, and almost

zero amplitude is observed at the null axis.

Theoretically computed radiation patterns of body waves for a double-couple

source are shown in Figure 4.60. Red color denotes P-wave and Blue color represents

S-wave radiation pattern.

139



Figure 4.56: Test A: P-wave radiation pattern contour plot. Source parallel to x-Axis.
Red denotes positive high and blue shows negative high amplitudes.

Figure 4.57: Test B: P-wave radiation pattern contour plot. Source parallel to y-Axis.
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Figure 4.58: Test A: S-wave radiation pattern contour plot. Source parallel to x-Axis.

Figure 4.59: Test B: S-wave radiation pattern contour plot. Source parallel to y-Axis.
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Figure 4.60: Radiation pattern of P and S-waves. Red and blue represents P and S-wave
radiation, respectively.
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Chapter 5. Conclusions

This study focused on the analyzing and implementing some of the fundamental

keys of microseismic monitoring: locating and source characterizing of microseismic

events. This was done by implementing a location algorithm and adapting a source

mechanism code. The data is used in this research is acquired on both physical models

and real rocks.

The major conclusions from this body of work can be summarized as follows:

• Physical modeling: To test different ideas and algorithms, we have under-

taken novel microseismic experiments and we propose to use more sophisticated

models and methods to simulate hydraulic fracturing and create microseismic

events. Microseismic events are simulated on both physical models and real

rocks using ultrasonic source and 3 component receivers. Microseismic experi-

ments have conducted at the Allied Geophysical Laboratories (AGL) at the Uni-

versity of Houston. Three different models have been experimented throughout

in this research. These straightforward models are intended to have both elastic

and attenuative isotropic materials, well known velocities, and bent ray paths.

1. Single layer physical modeling experiment using single layered Plexiglas

model.

2. Two layered model created by joining two different physical models: Alu-

minum and Plexiglas.

3. Single layer microseismic experiment using sandstone real rock.

Working with physical models and real waveforms - and knowing the answer

in advance - gives us a chance to test the algorithm’s accuracy and reliability.

Physical models and natural rocks produce a more realistic data than the syn-

thetic waveforms because of using actual materials. Further, acquiring data on
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physical models is faster, easier, and more affordable than acquiring data on

field.

• Implementing algorithms: We have implemented a location algorithm and

adapted a source mechanism algorithm (FOCMEC).

To locate events, we developed a ray tracing and diffraction stack procedure to

undertake locations and their evaluation. The location algorithm is developed

in a MATLAB environment and tested on physical modeling data. The location

algorithm is based on a grid search technique to find source coordinates. For

every possible point source, three attributes (traveltime residual, stacked energy

and energy/traveltime ratio) of every potential point source in a grid area area

calculated. Then the location can be declared by either choosing the point

source that yields a minimum traveltime residual or maximum stacked energy

or maximum energy/traveltime ratio.

Even though using individually all of the three attributes allows us to pinpoint

source coordinates with confidence, energy/traveltime ratio has less artifacts

and produces clearer image. Traveltime residual attribute is highly dependent

on precise picking first arrivals; whereas, migration-type (stacked energy) ap-

proach does not require phase arrival picking, which is useful in case of signal-

to-noise ratio is low.

To characterize source mechanism of the simulated microseismic events, Unix-

based a source mechanism software, Focmec (Focal Mechanism Determinations)

is adapted. First, source codes, originally written in Fortran, are compiled to

make it run on 64-bit systems. Then, it is integrated with our location algo-

rithm. Hence, it becomes possible to make simultaneous location and source

mechanism inversion. All necessary parameters (azimuths, take-off angles, po-

larities) are directly piped to the complied version of Focmec. Found solutions
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are retrieved and beach-ball diagrams can be generated.

• Determining radiation patterns: Another important objective of this re-

search is to have a better understanding of the radiation patterns of simulated

microseismic events. We have successfully determined the radiation patterns of

body waves in this research.

• Testing different location techniques: The location algorithm is developed

in such a way that it simultaneously locates a single event with seven different

ways, which gives us insight into the accuracy of different location techniques:

1. Using P waves and traveltime residual method

2. Using P waves and stacked energy method

3. Using P waves and energy/traveltime residual ratio

4. Using S waves and traveltime residual method

5. Using S waves and stacked energy method

6. Using S waves and energy/traveltime residual ratio

7. Using P and S waves and traveltime residual method

In the light of our experiments, using S-wave alone can also be an effective way

to locate events rather than P-wave. Further, combining P and S-waves yields

more accurate location results.

• Testing different acquisition designs: This research also investigates the

effects of survey designs into location accuracy. Should we use surface receivers

or borehole or both of them? Should we use grid survey design or star-like

shape?

To be able to find answers for these questions, we have performed location under

different scenarios. First, we have located events using only surface receivers,
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and then we have included borehole (well-side) receivers to determine location

uncertainty. One common result that we have obtained in this research, ex-

cluding downhole receivers increase location uncertainty; absolute and relative

errors raise.

• Building variety of GUI’s: Throughout this research, more than 30 scripts

are coded; 4 different user-friendly GUI’s are built to ease user operations.

• Accelerating computation speed: Since grid searching location algorithm

requires huge amount of computation, it is desirable to minimize computation

cost. For that purpose, we have implemented CPU and GPU computing to

increase performance of the location algorithm. According to our benchmark

results, while using simultaneously all cores of CPU accelerate computation

speed, using GPU together with CPU speeds up computation time significantly.

Locating a single microseismic event with 7 different methods takes 11.4 seconds

on single core CPU, whereas, this number is decreased to 4.2 seconds using

multi-core CPU computing. Further, implementing GPU computing further

decreases the total elapsed time to only 1.9 seconds. It is more than %80

increase in terms of computation time compared to single core CPU.

• First arrival picking: For location algorithms based on traveltime, it is re-

quired to have precise picking of phase arrivals. To this end, we have im-

plemented two different event detection and first arrival picking algorithms:

STA/LTA and Modified Energy Ratio.
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Chapter 6. Future Work

Microseismic monitoring is a very rich subject with significant room for future

investigation. The results shown in this thesis are just preliminary results and more

work is needed. To further improve the location and source mechanism algorithm,

the following recommendations are made:

1. The proposed location algorithm might also be tested on a fractured physical

model, a fluid injection model, and real field data to verify its overall applica-

bility.

2. In contrast to real-world microseismic monitoring, we have known the exact

time when the microseismic event is triggered. For location algortihm, the next

step is to search for the origin time t0 in a grid searching fashion.

3. Microseismic moment tensor inversion is a useful tool as it directly links the

observed seismograms recorded by monitoring sensors to the seismic source

mechanism. Developing or integrating full moment tensor inversion is the next

step.

4. Location software should be also be tested using real microseismic datasets to

fix possible bugs in the program.

5. Minimizing computation cost is essential. Even though, using GPU computa-

tion decreases significantly the elapsed time for locating events, further investi-

gation and research can be done so as to minimize computation time.
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Appendix A. Ray Tracing Methods

In this research, two different ray tracing algorithms are coded. First one consists

of directed grid searching scheme and the second one is based on two-point ray tracing.

Considering the medium is isotropic and homogeneous, the ray paths will be

straight lines from source S(xs, zs) to the receiver R(xr, zr). The coordinates of the

intersection point at each layer boundaries is I(xi, zi), where i is the ith layer.

Figure A.1: Schematic of ray tracing in 2D medium with two-point ray tracing.

Figure A.1 shows a 2D layered model and ray paths for given velocity model.

R1, R2, R3 are the line segments between source, intersection points, and receiver.

Equations A.1, A.2, and A.3 can be used to calculate distance of each line segments.

R1 =
√

(xs − x1)2 + (zs − z1)2 (A.1)
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R2 =
√

(x1 − x2)2 + (z1 − z2)2 (A.2)

R3 =
√

(x2 − xr)2 + (z2 − zr)2 (A.3)

Total traveltime for given ray path in Figure A.1 can be calculated as follows:

t = R1 ∗ u1 +R1 ∗ u1 +R1 ∗ u1 (A.4)

where u1, u2, andu3 are the slownesses of each layer.

There are two ways to compute the intersection points I(xi, zi).

1. Direct search method

2. Two point ray tracing

The first approach requires computation of all possible ray paths given a grid

interval. Then the ray path couples or triplets that yields minimum traveltime can

be chosen as the true ray paths.

The second method demands generating 2 equations with 2 unknowns, and then

solving for the intersection points. This can be done by taking the derivative of t

with respect to x1 and x2 and equate to zero because the ray path has minimum

traveltime. Equations A.5 and A.6 shows the derivative of t with respect to xi and

x2.

u1(xs − x1)
R1

− u2(x1 − x2)
R2

= 0 (A.5)

u2(x1 − x2)
R1

− u3(x2 − xr)
R2

= 0 (A.6)

Since we have 2 equations with 2 unknowns, the intersection points can be
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calculated. Figure A.2 displays the rays traced from a source to 35 receivers.

Figure A.2: Rays traced from a source to receivers placed on surface in 2D medium.

We can easily extend this approach into 3D medium by adding y-component to

Equations A.1, A.2, and A.3.

Figure A.3 shows ray tracing in two layered medium in 3D. Red stars are re-

ceivers, black star is the source location. Velocity of the upper layer and lower layer

is 1500 m/s and 3250 m/s, respectively.
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Figure A.3: Ray tracing in 3D media. Black star is the source location, whereas, red stars
are the receivers. Velocity of the upper layer is 1500 m/s, and velocity of the lower layer is
3250 m/s.
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