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Abstract 
The seismic waves produced by the earthquakes are used to study the structure and 

composition of the earth’s interior, and the properties of earthquake source. However, to 

understand how the wave field is radiated from the earthquake source it is important to 

deduce the properties of the earthquake source as the resolution of the earth’s structure 

requires precise knowledge of the parameters of earthquake source and path travel by seismic 

waves (Shearer, 1999). The parameters characterizing the source of an earthquake are called 

the earthquake source parameters. These parameters are computed in the time domain from 

the measurements of arrival times of seismic phases and in the frequency domain from the 

spectra of the seismic waves. In the early 1930’s Richter introduced the magnitude parameter 

to measure the size of an earthquake using the amplitude of seismic waves. The similar work 

of Aki (1967) and Brune (1970) laid a strong foundation to develop the scaling laws and to 

compute the earthquake source parameters using the spectra of seismic waves. The 

earthquake source parameters can be broadly classified into two types: the kinematic 

parameters and the dynamic parameters (Duda, 1978). These parameters provide a great deal 

of information about the properties of the earthquake source, and find a large number of 

applications in Seismology and Earthquake Engineering.  Study of seismic wave attenuation 

provides the information regarding the medium through which they travel and this 

information can be interpreted in terms of both physical properties of the geological 

formation as well as level of inhomogeneities present in the medium. This is important for 

understanding the seismotectonics and also play significance role in estimation of seismic 

hazard for a given region (Aki 1969, Aki and Chouet, 1975). 

Himalaya mountain range is formed by the collision of Indian plate with Eurasian plate about 

40 to 50 million years ago.  It leads to the building of regional and local scale tectonic 

features. The main boundary thrust (MBT) and the main central thrust (MCT) are few of 

them.. The most of earthquake occurred in the Himalaya are along these tectonic features. It 

is important to understand the earthquake source process and predict the strong ground 

motion. Two main factors that plays important role in understanding the tectonics and 

medium properties of a region are earthquake source properties and seismic wave 
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attenuation. So the understating of these attributes of earthquakes is important for various 

purposes such as river valley projects and other construction works in the Himalayan region.  

The Himalayas can be divided structurally (tectonically) from north to south as: Tibetan 

Himalaya (Northwest part of Arunachal Himalaya bordering Bhutan and Tibet, trending NE– 

SW), Higher Himalaya (limits between Tibetan Himalaya and MCT, ENE–WSW trend 

adjacent to Bhutan and changes to NE– SW eastward), Lesser Himalaya (limits between 

Higher Himalaya and sub-Himalaya, trending E–W in western part, swinging NNE–SSE till 

the syntaxial then NW–SE), sub- Himalaya (trending E–W near Bhutan, swings ENE–WSW 

towards east) and the division from east to west: The Eastern Himalaya, Central Himalaya 

and western Himalaya. (e.g. Gansser 1964; Le Fort 1975). In the northeastern part of India, is 

Arunachal Pradesh which mostly occupied by the high mountain range of eastern Himalayas. 

The Himalayan range enters in Arunachal Pradesh from Bhutan at the west of Kameng 

district, and the altitude in this region varies from 800–7,000 m above mean sea level. It runs 

through the northwards region over the Kangto region before ending at the easternmost part 

of Arunachal Himalaya, i.e. The Namcha Barwa Massif. This part of the Himalayas includes 

extensive faulting and over-folding as the major structural element. The regional structural 

trend of the eastern Himalayas is mostly E–W to ENE–WSW from Bhutan to the 

northeastern Arunachal Pradesh, which changes gradually to NE–SW near Siang valley and 

terminates against Siang fracture (e.g. Nandy 1976). Geotechnically, the Arunachal Pradesh 

can be divided into four geotechnical blocks: the Himalaya, the Mishimi hills, Nagapatkoi 

ranges of the Arkon Yomo Mountain and Brahmaputra Basin; each of these have 

experienced intense stages of tectonic development in response to collision of plates and 

uplift of the Himalayas (Kumar 1997). 

From the broad description above, the study region, lower Siang of Siang valley is in 

Arunachal Himalaya surrounded by Main Frontal Thrust, Main Boundary Thrust in the south, 

Mishmi Thrust, Tidding Suture and Lohit Thrust in the east and Bame-Tuting Fault in the 

west. This region is in seismic zone V as per IS Code (IS 1893 (Part 1): 2002) of India. This 

region shows polyphase deformation, and three stages could be recognized in the region. Six 

major lithotectonic belts with different litho-stratigraphic settings and deformation patterns 
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separated from one another by regional thrust planes are present in the valley (e.g. Singh and 

Chowdhary 1990). Like the other parts of Himalaya, the eastern most Himalaya of Arunachal 

Pradesh exhibits quiet high seismicity and lies within the seismic zone V as per IS Code (IS 

1893 (Part 1): 2002). Several earthquakes of smaller to moderate magnitudes have occurred 

in this region (Kayal, 1987). The two great earthquakes namely Shillong (1897) and Assam 

(1950) earthquakes having magnitudes 8.1 and 8.6, respectively, fell in close proximity to the 

study region. Shillong earthquake on June 12, 1897 (Mw, −8.1) located near the northern 

edge of Shillong Plateau while Assam earthquake on August 15, 1950, located in Mishmi 

hills. On September 18, 2011, the Sikkim  

The present study is based on observational data and is devoted to the estimation and 

interpretation of source parameters and wave attenuation characteristics in the Lower Siang 

region of Arunachal Pradesh using the data of microearthquakes of small and moderate 

earthquakes. This study has been carried out with the following objectives:  

• To estimate the source parameters of local earthquakes for Lower Siang region of 

Arunachal Himalaya and to develop the scaling relations between various source 

parameters. 

• To estimate the focal mechanism of local earthquakes using the waveform 

inversion method. 

• To determine the seismic wave attenuation characteristics of Lower Siang region 

of Arunachal Himalaya by estimating the quality factor of P-wave (Qα), S-wave 

(Qβ) and coda waves (Qc)

• To investigate the lapse time dependence of Q

 of the local earthquakes data and to develop frequency 

dependence attenuation relationships for the region. 

c

• To separate out the effect of the intrinsic and scattering attenuation from the total 

attenuation. 

. 

The P-wave and S-wave arrival time data of 104 local earthquakes has been measured 

from the digital seismograms obtained during the period from July 2011 to May 2012 from 
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five seismological stations.The hypocentre parameters of local earthquakes have been 

estimated using HYPOINVERSE computer program (Klein, 1978) integrated in SEISAN 

software used for the estimation of hypocentre parameters. The velocity model given by 

Khattri et al. (1983) used for the estimation of hypocentre parameters. The standard errors in 

the estimation of hypocentre parameters for these events are ≤ 0.50 s ec in origin time (RMS), 

≤ 5.0 km in epicentre (ERH), and ≤ 5.0 km in focal depth (ERZ).  

The results on the source parameters and fmax have been obtained for the Lower Siang 

region of Arunachal Himalaya from the analysis of 104 local earthquakes The results showed 

that the values of seismic moment, Moment magnitude, the source radii and stress drops 

varies from 1.6x1018 to 3.1x1023 dyn-cm, 1.4 to 5.0, 157.8 to 417.1 m and 0.1 to 74 bars 

respectively. Except a few events, the stress drop remains constant and does not vary with 

focal depth. Hence no dependency of stress drops with depth is obtained for the study region 

that indicates that the stress drop is only the function seismic moment and fracture radius. 

Based on results on seismic moment and corner frequency, the scaling relation M0 α fc
-3.27 has 

been obtained for the study region. Δσ relationships with M0, log (Δσ) = 0.1804 log(M0) -

2.945 is also obtained for the study region. Satoh et al. (2000) obtained a relationship log 

(Δσ) = -2.91 log(M0) +5.8 using deep borehole data of Japan. The results obtained in present 

study are seems to be more realistic than Satoh et al. (2000). Satoh et al. (2000) relationship 

suggests stress drop increases as the seismic moment decreases. But in real scenario it is not 

possible because lower magnitude event can never have stress drop greater than high 

magnitude event. 

The results have been obtained based on the comparative study of fc and fmax showed 

that both fc and fmax behaves in a similar manner with respect to source, focal depth and 

epicenteral distance. From the various plots of both fc and fmax with seismic moment, focal 

depth, epicentral distance at different recording site showed the same amount of scatters and 

trends in the distribution of data. From this, it is observed that fmax is having almost similar 

behavior to seismic moment as obtained for fc to the seismic moment. For this it is brought 

out that fmax is due to source process because it is affected by source as well as site in similar 

way as fc and it is well known that fc is the source property so fmax is also a source effect. 

Both fc and fmax are found to be independent of epicentral distance and depth of occurrence. 

Relationship of fmax with seismic moment and stress drop has also been obtained. 
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In the present study efforts have been made to manifest the source of non-DC 

(CLVD) component of MTs. from the moment tensor analysis of 104 local earthquakes. The 

moment tensor analysis of 41 earthquakes out of 104 earthquakes having magnitude greater 

than 2.5 and signal to noise ratio (SNR) greater than 6 with small epicentral distances 

brought out more clarity in the identification of cause of CLVD. It has also been observed 

that variation in CLVD caused by various source such as noise in the data, focal depth and 

magnitude of the event. Source depth acts a controlling factor of CLVD. For selected 41 

events the high CLVD component confined to shallow depth. For high SNR the CLVD% is 

quite low.CLVD is also dependent on the magnitude of event. In the higher magnitude range 

greater than 3.5, DC% is greater than 60%. Hence most of high magnitude earthquakes are 

having double couple (DC) source mechanism. The appearance of CLVD in low magnitude 

may also be attributed to the directivity effect (Adamova and Síleny, 2010). 

The seismic wave attenuation has been studied for Lower Siang region by estimating 

the quality factor of P-wave (Qα) and S-waves (Qβ) in the frequency range 1.5 to 24 Hz 

adopting the extended coda normalization method. The estimated value of Qα and Qβ are 

found to be strongly frequency dependence in the study region. Their mean values vary from 

49±4 at 1.5 Hz to 1421±6 at 24 Hz for Qα and from from118±6 at 1.5 Hz to 2335±5 at 24Hz 

for Qβ. The frequency dependence Qα and Qβ relationships are obtained as, Qα = 

(25±1)f(1.24±0.04) for P-wave and Qβ = (58±1)f(1.16±0.04)  for S-wave. The comparison of Qα and 

Qβ has brought out that P wave attenuates more rapidly as compared to S-wave at all 

frequencies.   

The results obtained in the present study are found to be comparable with the other 

seismically active regions of the India as well as world. The comparison of Qα and Qβ with 

the other seismically active regions of India showed that the region around the Lower Siang 

is more attenuating among almost all Indian regions except the Chamoli region which 

showed higher attenuation, whereas the comparison among some regions of World showed 

similarly increasing pattern with increasing frequency. The higher frequency dependence of 

attenuation describes the region is high seismically active. Also low value of Qα and Qβ in the 

Lower Siang region as compared to other Indian regions indicate the high tectonic activity.  

Higher Qβ than Qα for the entire frequency range indicate the crust of the Lower Siang region 

of Arunachal Himalaya is highly heterogeneous.  
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The coda waves of 104 local earthquakes have been analyzed for three lapse time 

windows (30, 40 and 50sec) employing the single backscattering model at seven frequency 

bands with a central frequency in the range of 1.5 Hz to 24.0 Hz. Obtained Results show the 

average variation in Qc is from 109±33, 138±42 and 162±46 at 1.5 Hz to 3149±923, 

3439±944, and 3889±1165 at 24 Hz for lapse time windows of 30, 40 and 50 sec, 

respectively. The frequency dependence relationships; Qc=(52±1)f1.22±0.03, Qc=(83±1)f1.18±0.02 

and Qc =(105±1)f1.16±0.02  are obtained for lapse time windows of 30 , 40  and 50 sec  

respectively. So in the study region Qc is found to be function of frequency and lapse time 

window and Qc increase with increase of frequency as well as lapse time window. The 

increase in Qc value with the time window is attributed to the increase in Qc with depth 

because heterogeneities of the medium decreases with depth. in the frequency dependent 

relation given above Q0 (Qc at 1 Hz) value increases with the lapse time window while there 

is a nominal decrease in the degree of frequency dependence (η) with increasing window 

length. This may be due to decrease in scattering effect and hence the decrease 

heterogeneities of the medium with depth. The comparison of Qc value obtained in the 

Lower Siang region with that obtained in other part of India and World showed that Siang 

region is tectonically active. 

The separation of scattering (Qs) and intrinsic (Qi) attenuation from the S-wave attenuation 

(Qβ) and coda wave attenuation (Qc) has been carried out employing the Wennerberg (1993) 

method and developed the frequency dependent Qs and Qi relations. 

The Qi and Qs show the frequency dependent character in the frequency range 1.5 to 24 Hz. 

The average scattering and intrinsic relationships are obtained for the region as 

Qs=(31±1)f1.04±0.02, Qs=(48±1)f1.05±0.02and Qs =(61±1)f1.05±0.02 and Qi=(68±1)f0.95.±0.06, 

Qi=(134±1)f1.01±0.05 and Qi =(167±1)f0.96±0.03  for lapse time windows of 30 , 40  and 50 sec, 

respectively. Both Qc and Qi at a given frequency increases with lapse time duration. This 

can be attributed to the decreases in the heterogeneities and the inter-grain fraction with 

increase in depth as larger the lapse time represents the characteristics of deeper depths. Qi 

and Qs comparison and values of seismic albedo shows that scattering attenuation is more 

prominent over intrinsic attenuation in the region over entire frequency range 1.5 to 24 Hz.  

Various studies of Q in various regions of the world show high Q-value in seismically 

stable regions and relatively low Q value in the seismically active regions. The Q-values and 
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their frequency dependent relationships estimated in the present study are well correlate with 

highly seismically active and heterogeneous regions. The frequency dependent attenuation 

relations developed in present study would be useful in various scientific and engineering 

applications including earthquake hazard assessment, earthquake source parameter 

estimation and understanding the physical phenomenon related earthquake elastic energy 

propagation of Lower Siang region as well as other regions of Arunachal Himalaya and NE 

region as a whole. 
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Chapter 1 

INTRODUCTION 

 

1.1 PREAMBLE 

Himalaya mountain range is formed by the collision of Indian plate with Eurasian plate 

about 40 to 50 million years ago.  It leads to the building of regional and local scale tectonic 

features. The main boundary thrust (MBT) and the main central thrust (MCT) are few of them.. 

The most of earthquake occurred in the Himalaya are along these tectonic features. It is 

important to understand the earthquake source process and predict the strong ground motion. 

Two main factors that plays important role in understanding the tectonics and medium properties 

of a region are earthquake source properties and seismic wave attenuation. So the understating of 

these attributes of earthquakes is important for various purposes such as river valley projects and 

other construction works in the Himalayan region.  

 The sudden release of elastic energy from an earthquake source is the main cause disaster 

in any region.. The main disasters of geological origin are earthquakes, landslides, tsunamis and 

volcanic eruptions. Earthquake is the most dangerous among the disasters of geological origin. 

The earthquake produced by sudden release of stored elastic energy in the form of seismic 

waves.  The destruction caused by an earthquake is directly related to its magnitude and 

indirectly related to the path travelled by the seismic waves. In order to minimize the destruction, 

the knowledge of its source and path travelled by seismic waves is very important.  

The seismic waves originated from an earthquake source and propagate through the 

earth’s interior contains the information of wave traveling media. The ground motion recorded at 

a station is the convolution of source, path and site. The nature and size of earthquake is defined 

by its source. As the seismic wave propagate from earthquake source to the recording station the 

amplitude and frequency contents modify due to the local geological structure and composition 

below recording station. These changes are described by the path effects. The response of 

uppermost layer including topography is measured by site response. Therefore, to understand the 

contribution of each factor affecting the seismogram it is necessary to decompose the observed 

seismogram into its constituents i.e. source, path and site response.    
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Earthquake source parameters plays an important role towards understanding the 

kinematic and dynamic properties of earthquake source as well as for understanding the 

seismotectonics of an area and hence for seismic hazard assessment. Earthquake source 

parameters are generally estimated from the radiated seismic wave-fields. Aki (1967) first 

examined the dependence of the amplitude spectrum of seismic waves on source size on the 

basis of two dislocation models. One model is known as ω3 proposed by Haskell (1964) and 

another ω2 model which is constructed by fitting of dislocation velocity autocorrelation function 

to a function decaying exponentially. Aki (1967) argued that ω3 model does not follow the self 

similarity concept while ω2 model gives a satisfactory agreement with such. Brune (1970, 1971) 

gives a circular source model. It consists of finite radius circular fault plane on which 

instantaneous shear stress pulse is applied. This model employs three independent parameters 

(moment, source dimension and fractional stress drop) those determine the shape of the far-field 

displacement spectrum of body waves. He constrained the relationship of the corner frequency to 

the fault radius by assuming that the effective stress was equal to the average static stress drop. 

In the earthquake source models the acceleration spectrum increases with increasing 

frequency and become constant beyond corner frequency. This high cut off frequency was 

interpreted as the source effect by Ida (1973). Hanks (1982) called this cut off frequency as 

maximum cut-off frequency fmax, above which acceleration spectral amplitudes diminish 

abruptly. Papageorgiou and Aki (1983a, b) attribute it to source effect and relates with size of 

cohesive zone or break down zone. Anderson and Hough (1984) called the high cut off decay 

parameter as kappa (κ) later the researchers such as Li et al. (1994), Castro et al. (2000) uses the 

κ and fmax in same context. Anderson and Hough said that the kappa in high frequency spectra is 

due to the shallow depth attenuation effect below receiver. They recognized the kappa as a site 

effect because they observed that the κ is higher for hard rocks and lower for soft sediments.  On 

the other hand, Su et al. (1992) analyze the data set of 132 seismometers and found that the site 

amplification factor increases monotonically with geologic age of the site rocks up to 12 Hz and 

concluded that there is no site contribution of κ upto 12 Hz. 

The focal mechanism solutions of earthquakes are useful to study the nature of faulting 

processes operating in a seismically active area. These solutions can be obtained by various 

methods such as inversion of P-wave first motion polarity, amplitude inversion and moment 

tensor solutions (MTs). If well azimuthal coverage data is not available the polarity inversion 
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and amplitude inversion can’t be used. In such cases we left only which on possible solution of 

such situation known as MTs. The MTs technique is popular for estimating source mechanism 

using multi-station data (Zahradnik et al. 2008). The focal mechanism solution can also be 

obtained even with a single-station waveform data (Langston 1981; Dreger and Helmberger 

1991; Kim and Kraeva 1999; Kim et al. 2000). The single-station waveform inversion has been 

theoretically well explained by Dreger and Helmberger (1993) and Pinar et al. (2003). The 

various sensitivity tests carried by Dreger and Helmberger (1993) suggest that single station is 

adequate for waveform inversion. The inversion results were not degraded by the horizontal 

misallocation of up to 15 km for the Baja event (Dreger 1992). He also explained that the good 

azimuthal coverage is not required when the data used are recorded on three-component 

seismogram 

Earthquake releases the seismic energy which is again redistributed within the earth by 

seismic wave refraction, reflection, diffraction, scattering and geometric spreading. The total 

amount of seismic energy in all these elastic processes remains conserved.  The seismic energy is 

mainly attenuated by losing energy in the form of heat and scattering. The heat is generated due 

to the internal fraction of medium particle and heterogeneity of the medium though causes the 

scattering of seismic waves. The efficiency of seismic energy propagation through a medium is 

commonly expressed by the dimensionless quantity called quality factor Q (Knopoff, 1964). It 

represents the decay of wave amplitude during its propagation in the medium. Wave attenuation 

is one of the most important parameter which reflects the medium characteristics travelled by 

seismic waves. Different quality factors are assigned to different seismic waves. Attenuation 

coefficient in any region can be quantified by P-wave quality factor (Qα); shear wave quality 

factor (Qβ) and coda wave quality factor (Qc). Midorikawa (1980) has suggested that S-wave is 

directly related to seismic hazard. The attenuation computed using coda wave (Aki & Chouet 

1975; Singh & Herrmann 1983) is the combined effect of scattering and intrinsic attenuation. 

The simultaneous knowledge of direct S-wave attenuation (Qt) and coda wave attenuation (Qc) is 

important to estimate the intrinsic attenuation (Qi) and scattering (Qs). The relative contribution 

of scattering and intrinsic attenuation is required for appropriate ground motion simulation and 

tectonic interpretation (Hoshiba 1993; Akinci et al. 1995; DelPezzo et al. 1995). Some 

researchers (Tsujiura, 1978; Aki, 1980) gives more importance to scattering than intrinsic 
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attenuation in quantification of physical properties of earth’s crust while other argued that  

intrinsic attenuation  plays more important role (Frankel and Wennerberg, 1987).  

In this present study the estimation of source parameters, focal mechanisms and seismic 

wave attenuation characteristic will be carried out using the local earthquake data recorded by 

the operation of a five station local seismological network around Lower Siang region of 

Arunachal Lesser Himalaya. 

 

1.2 IMPORTANCE OF STUDY 
The present study is concentrated mainly on two aspects of seismology, i.e., the source and path. 

It includes the estimation of seismic source parameters, moment tensor analysis and the seismic 

wave attenuation characteristics of Lower Siang region of Arunachal Himalaya. The importance 

of this study is as follows: 

i) Estimation of seismic source parameters is important to understand the earthquake 

source processes, to simulate strong motion, to investigate attributes of seismicity and  

ii) Source parameters are also used to study spatial and temporal variation of tectonic 

stress from the stress drops of earthquakes, developing scaling laws, understanding 

earthquake rupture processes, quantifying the excitation of high frequency strong 

ground motion produced by large earthquakes. 

iii)  The slip directions estimated from focal mechanism solutions based on moment 

tensor solution are very useful to infer the direction of relative plate motions. Rate 

and cumulative displacement of earthquakes estimated from seismic moments have 

been used to estimate relative velocity between plates. MTs are also useful for the 

discrimination of nuclear explosions from earthquakes. 

iv) Study of seismic wave attenuation is considered as one of the fundamental 

requirements for understanding the seismotectonics setup of a seismic region, for the 

estimation of earthquake source parameters, for the simulation of strong ground 

motion at a site due to probable earthquake source zones.  
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1.3 RESEARCH OBJECTIVES 

The study has been carried out with the following objectives: 

i. To estimate the source parameters of local earthquakes for Lower Siang region of 

Arunachal Himalaya and to develop the scaling relations between various source 

parameters. 

ii. To estimate the focal mechanism of local earthquakes using the moment tensor solution 

and to identify the factors responsible for the generation of non double couple component 

of moment tensor.  

iii. To determine the seismic wave attenuation characteristics of Lower Siang region of 

Arunachal Himalaya by estimating the quality factor of P-wave (Qα), S-wave (Qβ) and 

coda waves (Qc)

iv. To investigate the lapse time dependence of Q

 of the local earthquakes data and to develop frequency dependence 

attenuation relationships for the region. 

c

v. To separate out the effect of the intrinsic and scattering attenuation from the total 

attenuation. 

. 

 

1.4 STUDY AREA 

The Lower Siang region of Arunachal Himalaya has been selected for the present research work. 

This region of Arunachal Himalaya is unique and different from the other parts of Himalaya as 

three plates; Indian plate, Indo-Burmese plate and Eurasian plate meet at this junction. This 

region consists of many tectonic features, such as Main Frontal thrust (MFT) and Main 

Boundary Thrust (MBT), which run along almost entire Himalaya, terminates in this area of 

Arunachal Pradesh and makes a tri-junction with other tectonic features such as Mishmi Thrust 

(MT) ). Lohit Thrust which is considered responsible of the Great Assam earthquake also runs 

only about 30 km northwest-southeast of this tri-junction. The region has experienced two 8+ 

magnitude earthquakes namely, the great Shillong earthquake of 1887 (Mw = 8.0) and the great 

Assam earthquake of 1950 (Mw = 8.6) have occurred about ~550 km southwest and ~137 km 
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northeast respectively of the study area. The study area lies in the seismic zone V as per Indian 

seismic zoning map.  

 

1.5 DATA SET 
A data set of 104 local earthquakes recorded during the period from July 2011 o May 2012 

through the deploying of a five station seismological network in the Lower Siang region of 

Arunachal Himalaya. Two type of sensors triaxial short period seismometer and triaxial broad 

band seismometer have been used for collecting the local earthquake data. Out of five stations; 

four were operated with short period seismometer CMG-40T1 (frequency 1 to100 Hz) and one 

station was operated with broad band seismometer CMG-40T. These earthquakes are having 

magnitude range from 1.4 to 5.0, and focal depth range 6.0 to 45.0 km. 

 

1.6 PLAN OF THE THESIS 

The present work is divided into 8 chapters. Chapter 2 present the brief description of the 

geology, tectonics and seismicity of the region. This chapter also includes the data set used for 

the study. Chapter 3, 4 contain the description of methodology and analysis procedures adopted 

to compute earthquake source parameters and moment tensor solutions. Chapter 5 and 6 describe 

the detailed account of estimation of quality factor of P-waves (Qα), S-waves (Qβ) and Coda 

waves (Qc) for the study region using microearthquake data and a brief discussion on the 

interpretation of the results. The methodology for separation intrinsic attenuation and scattering 

attenuation is discussed in Chapter 7.  The summary of results and conclusions drawn from the 

study are presented in Chapter 8.  
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Chapter 2 

Geology & Tectonics of the region and Data set used 

 

2.1  INTRODUCTION 

Arunachal Pradesh is located at northeastern tip of India. It is also called the land of rising 

sun.  It is bounded by the neighboring countries of India; Myanmar, Bhutan and China 

(Tibet) towards East, West and North respectively. It is located between 26°28' and 

29°30' N and 91°30' and 97°25' E and occupy about 83,578 sq. km area. Most of the area 

of Arunachal Pradesh is inaccessible because of rugged terrains, unpredictable climatic 

conditions, dense impenetrable forests and poor road communications.  Thus, 

geologically and seismically less explored area. The study region, Lower Siang is a part 

of Arunachal Lesser Himalaya and located between 27°30' and 29°00' N and 94°30' and 

96°00' E. Fig 2.1 shows the location of study region respectively. 
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Fig. 2.1 The geologic tectonic map of the Himalaya along- with location of study region 

(red box). 
 

2.2 GEOLOGY OF THE REGION 

The Lower Siang is located in east Arunachal Pradesh and lies between north part of 

MBT to west of Mishmi thrust of Mishmi hills. High mountain ranges of Eastern 

Himalayas occupied most of Arunachal Pradesh. This part of the Himalayas includes 

extensive thrusting, faulting and over-folding as major structural elements. The regional 

structural trend of the Eastern Himalayas is mostly E-W to ENE-WSW from Bhutan to 

the north-eastern Arunachal Pradesh, which changes gradually to NE-SW near the Siang 

valley and terminates against the Siang fracture (Nandy, 1976; Singh, 1996). Fig2.2 

represents the regional geology of Arunachal Pradesh. The framework of regional 

geology is established by various researches (Singh, 1993; Kumar, 1997; GSI, 2006). The 

arrangement of litho-tectonic belts of Eastern Syntaxis consists of Proterozoic to 
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Cenozoic rocks is distinct. Three major thrust sheets ascending tectonic order Rikor, 

Siyom and Siang are present in the Eastern Syntaxis. According to Gansser (1964), the 

exposed rocks belong to Himalayan three major unit; the Higher Himalaya, the Lesser 

Himalaya (including the Gondwana Group) and Sub-Himalaya (Siwaliks).  

In the central part a complex autochthonous zone exists. It contains Dalbuing Formation, 

the Abor Volcanic and the the Yingkiong Formation. The syntaxial structure in the central 

part is occupied by Eocene age sedimentary rocks which are associated with basic 

volcanic rocks (Singh, 1993). 

. 
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Fig. 2.2 Regional geology of Arunachal Pradesh (after Geological Survey of India, 2010) 
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The major geological groups and formations in the regions are Siang Group, Siyom 

Group, Lower Gondawana Group, Yingkiong Formationand Siwaliks. The major rock 

type in Siang group are medium to high grade metamorphic rocks such asbiotite gneisses, 

staurolite-garnet-biotite-schists, staurolite-garnet-grahitic, calc-silicate rocks, graphite 

schist, garnetiferous etc. the graphitic schists at Angguing are categorised by the 

idiomorphs of staurolite prisms. An association of graphite schists with the white marble 

bands is present near Yamelling (Singa). The Siyom group is presented in the Siyom 

valley. It comprises of limestone, black slates schistoss quartzites, with phyllite, 

migmatites, amphibolite, gneisses, schistoss quartzite and biotite schists. In the Subansiri 

region same litho assemblage has been acknowledging. Here the main rocks are 

migmatites and gneisses. These gneisses are also known as Ziro gneisses, Daporijo 

gneisses. At Tuting an extrusive contact has been observed. Here exposed meta volcanic 

rocks succeed the Siang Group. A garnet ferous zone having thickness 10-15 cm marked 

the contact. Tuting granites and gneisses are carried by the thrust plane against the Siang 

group rocks. This thrust cut off the metavolacanics beyond the Sirup Chu.  The Lower 

Gondawana Group rocks are observed at Rylu, Ganu, Daring, Gensi and Tatamori areas. 

The rocks of this group are black slates, carbonaceous, grey sandstone and phyllite with 

coaly lenses. A transitional nature contact between Miri and Gondwana can be observed 

along the section of Pasighat-Rotung road where local sharing can also observed. 

Yingkiong Formation occupied a large land between Yamne and Siang valleys. Here the 

thick succession of volcanic sediments, black shale, purple and pale green shale, siltsone 

and light grey sandstone are present. The Yingkiong Formation is associated with 

nummulitic limestone bands of lower Eocene age. Although, earlier considered age of this 

group was Pre-Cambrian. Siwalik belt is observed in the Sub-Himalayan zone. It is 

divided into three parts; Lower, Middle and Upper. Brownish grey sandstone with clay is 

found in Lower Siwalik. The  coarse grained sandstone are found in The Middle Siwalik. 

The Upper Siwalik consists of boulder beds, pebble, sands and silty clays. The Siwalik is 

separated by Main Boundary thrust (MBT) s from the Gondwanas and Miri quartzite.  

 

2.3 TECTONICS OF THE REGION 

A regional tectonic set up of eastern Himalaya is shown in Fig. 2.3. The study area 

occupies 4 X 4 degree areas and details are discussed below for overall understanding of 

tectonic status (Fig. 2.4). As per geotectonic set-up of Arunachal Pradesh, four different 

identifiable geotectonic blocks exists, viz, the Himalayas, the Mishmi Hills, Naga-Patkoi 
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ranges of the ArakanYoma Mountain and the Brahmaputra Basin, each characterised by 

distinct stratigraphy and structure. These blocks have experienced intense stages of 

tectonic development and associated orogenic movements in response to collision of 

plates and uplift of Himalayas (Kumar, 1997).  

 
Figure 2.3 Regional tectonic set up of eastern Himalaya. (after Yadav et al., 2009). The 

box in the figure shows the study area. 

 

In Arunachal Pradesh the Himalayan mobile belt forms the main and prominent 

geotectonic block. This block is bordered by the Central Burmese Plate towards east. The 

prominent tectonic feature Indus-Tsangpo Suture Zone (ITSZ) separating the mobile belt 

from the Indus-Shyok Belt of the Tibetan Plateau defines its northern limit. The river 

Tsangpo (Brahmaputra) flows along ITSZ remarkably in an E-W rectilinear valley. The 
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ITSZ marks the collision boundary of the Indian and Tibetan Plates. The Main Central 

Thrust (MCT) separates the rock units south of ITSZ. In this zone the highest-grade 

gneisses and metamorphites of the axial belt is separated from Precambrian sedimentary 

sequence and its equivalents by MCT. The Main Boundary Thrust (MBT) separates the 

Siwalik rocks from the pre-Tertiary rocks. Beyond MBT, different stratigraphic units are 

disposed in intricate thrust slices. Since the rocks of this segment range in age from 

Proterozoic to Cenozoic, it has undergone different stages of crustal evolution and has 

been subjected to orogenic movements of varying intensity from time to time. In different 

deformational structures, major discontinuities or unconformities the imprints of orogenic 

movements are identifiable (Kumar, 1997). 

 
Figure 2.4 Map showing the study area. (Tectonics after GSI, 2010) 
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 Mishmi hills, the second geotectonic block does not belong to the Indian plate and 

considered to be part of the Central Burmese Plate. The metasediments of this block had 

undergone four phases of deformation and had been intruded by granites/granidiorites and 

abuts against the Indian Plate along the Tidding Suture.  The diorite-granodiorite 

crystalline complex are observed in Mishmi hill massif  (Nandy, 1976) and the south-

western boundary of this is marked by high angle NW-SE trending Mishmi Thrust (MT) 

along which this block is thrust on the adjoining rocks. The NW-SE trending 

metamorphic belt is in direct contact with the Brahmaputra alluvium in this region. 

Mishmi hills massif acts as a linkage between the Himalayan and Indo-Burman structural 

and stratigraphical trends in north and east respectively. 

 Third geotectonic block is the Naga-Patkoi Ranges, which lies in parts of 

Arunachal Pradesh and Nagaland. This block is made up of Paleogene-Neogene 

sediments unconformably overlying the concealed basement of Precambrian rocks. The 

basement is considered to be eastern extension of the Shillong Plateau that remained a 

stable landmass since Precambrian and did not receive any sedimentation during Lower 

Palaeozoic. Since Upper Palaeozoic its geological history is parallel to that of the 

Himalayan region as reflected by different orogenic events (Kumar, 1997). Sedimentation 

in this segment including the parts of Shillong Plateau and Mikir Hills was initiated in 

Lower Permian in response to two phases of the Hercynian orogeny and plaleogeographic 

frame-work.  

 In front of the rising mountains during the development of the Sub-Himalayas and 

the ArakanYouma mountains in Early Middle Pleistocene due to orogenic movements 

both in the Himalayan and Indo-Burman Mountain belt a huge depression was formed. 

This valley is known as the Brahmaputra Valley, was filled up by fluvial sediments 

during the latter part of the Quaternary period and evolved as the Brahmaputra Plain. 

Mathur and Evans (1964) referred the Brahmaputra Basin as the Foreland Spur. 

The geological history of these four geo-physiographic divisions has evolved differently 

in response to various tectonic episodes. The rock assemblages of these divisions are of 

different ages and also differ in structural/deformational features and geological history. 

Further, the imprints of different orogenic episodes differ markedly in their intensity. So 

during specific orogenic movements the rocks are extensively deformed and re deformed. 

The major tectonic features are described below. 

Main Central Thrust (MCT), a regional tectonic feature that traverses along the whole 

length of Himalayas. It has developed in response to intensive and extensive operative 
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compressional tectonics. This is a north dipping thrust with initial steepness and marks 

the tectonic boundary between the high-grade metamorphites of the Se La Group and low 

to medium-grade metasediments of the Dirang Formation in the Diggin Valley, in upper 

height of the Kamlariver and near Taliha in the Subansiri river section. Further in east, the 

Dirang Formation apears to get eliminated and it marks the tectonic boundary with the 

Bomdila Group. The MCT has been traced to Arunachal Pradesh through Nepal, 

Darjeeling-Sikkim and Bhutan, which abuts against the Tidding Suture in the Siang 

Valley (Ravi Shanker et al., 1989). 

 Main Boundary Thrust (MBT) is another regional tectonic feature of the 

Himalayas, which demarcates the tectonic boundary between the Main Himalayan Belt 

and the Frontal Folded Belt forming the Sub-Himalayas. It is also a north dipping thrust 

fault with ENE-WSW trend from the border with Bhutan in the west to Roing in the 

Dibang valley and does not continue southeast to join the Mishmi Thrust as visualized by 

Ranga Rao (1983). According to Sinha Roy (1976), the MBT flattens at depth, as 

indicated by the absence of Gondwana rocks in southern Bhutan and in the west-central 

Arunachal Pradesh. This is possibly due to the fact that the MBT merges at depth with 

some dislocation zones in the inner belt.  

 In the region of foothills of the Arunachal Himalayas, south of MBT, a thick pile 

of molassic sub-greywacke representing the Siwaliks are exposed. This belt is continuous 

all along the Himalayan foothills from Kashmir to Arunachal Pradesh. The Siwalik 

sequence was deposited during the Mio-Pliocene in an unstable sinking basin, developed 

on the downward bending plate north of the Shillong Plateau and south of rising 

Himalayas. The Siwaliks, are folded and thrust over by the older rocks from the north 

along the MBT. The lithological assemblages of the Siwaliks were also controlled by the 

vigour of tectonism in the source area of the rising Himalaya. The Main Frontal Thrust 

(MFT) marks the southern fringe of the Siwalik belt, bordering the Brahmaputra basin.  

The Lohit Complex, as referred by Anon (1974), exposes a thick sequence of 

metasediments and associated granitic and mafic rocks occur in the extreme northeastern 

part of the region. These rocks assemblages has a regional NW-SE trend, abutting against 

the Himalaya along the Tidding Suture in southeast, and in south, against the NE-SW 

trending Naga-Patkoi ranges along Mishmi Thrust. Tidding Suture is a NW-SE trending 

tectonic feature considered to mark the plate boundary between the Indian and Central 

Burmese Plates. It could be traced from Dhapa Bum in the southern part of the Lohit 

valley to beyond south of Tuting in the Siang valley in the northwest (Kumar, 1997). It 



16 
 

appears to abut against the Mishmi Thrust (Ranga Rao, 1983). Whereas, the Lohit Thrust 

runs parallel to the Tidding Suture demarcating the tectonic contact between the Tidding 

and the Mishmi Formations, was first identified by Nandy (1976). Mishmi Thrust plane is 

redefined as the tectonic contact between the Tertiary succession of Naga-Patkoi Ranges 

and the Bomdilla Group and the Lohit Complex of the Mishmi Hills exposed along 

Dapha Bum. It trends east west in the western exposed part and gradually swings 

southeastwards to assume NW-SE trend.  

The Naga-Patkoi Ranges are subdivided into two zones/belts, viz., the Schuppen 

Belt and Kohima-Patkoi Synclinorium on the basis of structural elements (Mathur and 

Evans, 1964). The Disang Thrust is considered as the dividing line between the two 

structural zones, the area lying to its southeast forms Patkoi Synclinoriyum. Patkoi 

Synclinorium tectonic zone lies between the Disang Thrust and Ophiolite and Melange 

Zone in the east, the latter exposed in Myanmar. The rocks of the Disang Barail and the 

Nahorkatia groups have been folded into a number of north-easterly plunging folds, 

which swerve to east west and then to NW-SE trend, apparently due to younger 

deformational phase.  

The Schuppen Belt in Naga Hills is represented by imbricate faulted belt of Cenozoic 

sediments forming the southeastern limit of the Brahmaputra Basin and separated from 

the Patkoi Synclinorium by the Disang Thrust. It is made up of eight over thrusts, one 

overriding the other, along which the Naga Hills have relatively moved towards 

northwest. The north-western most thrust is referred as the Naga Thrust. The Disang 

Thrust, which is quite persistent, is taken as the uppermost thrust. All these thrust plane 

trend in NE-SW direction, which is parallel to regional trend of the hill ranges. The Naga-

Patkoi Ranges and the Brahmaputra Valley subjected to varying degrees of compression 

due to orogenic movements. All the deformational structures developed in the Naga-

Patkoi Ranges trend NE-SW in south-western part of the ranges, but swerve to east in 

north and then to southeast in the upper reaches of the Nao Dihing valley before entering 

Myanmar, running almost parallel to the tectonic contact with the Mishmi Thrust with 

convexity towards north. The Brahmaputra basin is underlain by the basement rocks 

which in turn are covered by near horizontal to gently dipping Cenozoic sediments 

excepting in the eastern, most part in the Upper Brahmaputra Plain where the sediments 

are folded into a northwesterly plunging anticline possibly due to a southwesterly thrust 

from the Mishmi Hills.  
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2.4 SEISMICITY OF THE REGION  

Arunachal Pradesh is one of the most seismically area of Himalayan terrains. The 

earthquake activity of this region is attributed to collision of Indian plate with Eurasian 

plate in north and subduction of Indian plate below the Burmese plate in the east. Most of 

the earthquakes observed in this region are shallow focus (≤ 40 Km). However, some 

intermediate focus events also occurred in the Naga Hills. 

 The whole NE region of India lies in the seismic zone-V, as per the Indian 

standard criteria for  Earthquake  Resistant  Design  of  Structure  IS  1893  (part-I):  

2002:  General  provision  and Buildings. Zone-v is highest earthquake intensity zone of 

India. On Modified Mercelli M.M. intensity scales, it is equivalent to the seismic intensity 

XI or more.  

 In the close proximity of the study region two great earthquakes namely the 

Shillong (1897) and the Assam earthquakes (1950) have occurred. The epicentral 

locations of Shillong (Mw=8.0) and Assam earthquakes (Mw=8.48) (magnitudes after 

Rajendran and Rajendran, 2005) are near the northern edge of the Shillong Plateau and 

near the Mishmi Hills respectively (Fig. 2.5). The seismicity in the Arunachal Himalaya 

is mainly attributed to the MBT (Verma, 1991; Verma and Kumar, 1987). However, 

many earthquakes also occurred near the MCT. In addition to this the seismic activity 

also observed along some NE trending lineaments. Few earthquakes are also occurred 

along several thrusts including the Lohit and Mishmi Thrusts having trend NW-SE. The 

epicentral location of Great Assam earthquake of 1950 lies about 100 km east of Mishmi 

thrust (Verma, 1991; Verma and Kumar, 1987). Large number of aftershocks of 1950 

Assam earthquake were located between Tsangpo and MBT region. This is an indication 

of rejuvenation of tectonic activity far from main region. Here some thrusts and faults 

rupturing release the energy. Hence from the occurrence of such big earthquakes it can be 

interpreted that thrust front of The Himalaya may extend eastward into the Mishmi 

region. The focal mechanism of earthquakes occurred in eastern Himalaya suggest the 

association of earthquakes with prevailing compressional tectonics in the region. Verma 

and Kumar (1987) and Verma (1991) showed that most of earthquake processes are of 

thrust type and only few are of shearing motion type. Molnar (1987) based on the 

information of Oldam (1899) suggested that 1897 Shillong earthquake has been occurred 

due to the under-thrusting of Indian continent. Southward overthrusting which produces 

horst type of structure is the cause of Shillong earthquake (Mukhopadhyay, 1990).  

Bilham and England (2001) suggested that a structure bounded by two reverse faults as a 
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cause of earthquake is suggested by. Severe and Armbruster (1981) suggest that the 

Assam earthquake (1950) can be considered as the locus of all the great earthquakes 

occurred in Himalaya and it is resulted from the detachment along the Himalayas. 

Another cause of this earthquake was suggested by Chen and Molnar (1990). They 

explain that it is due to shallow- dipping thrust plane. Fig 2.5 shows locations of the 

historical significant earthquakes occurred in India and its adjoining area. 

 
Fig 2.5 Epicenters of historical significant earthquakes occurred in NE India and its 

adjoining area (after Rajendran and Rajendran, 2011). The area around study region is 
marked by box. 
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Recently, the Sikkim earthquake (Mw=6.9) of 18 September 2011 is also occurred in the 

close proximity of the area. Focal mechanism solution estimated by CMT Harvard and 

Kumar et al. (2014) suggests that transverse motion is the cause of this earthquake. More 

than 100 people in India and Nepal are dead due to this earthquake. Martha et al. (2014) 

mapped around 1196 new landslides after this earthquake using very high resolution 

satellite data.  

 A number of small moderate and large earthquakes occurred in and around study 

area during last sixty years from 1950 to 2010. The epicenters of these earthquakes are 

marked on the tectonic map of the area are shown in Fig. 2.6. The distribution of 

epicenters shows that events lie to the north, north-east and north-west directions about 50 

km distance from the center of area. Only two events of magnitude range of 5.0 to 6.0 

have occurred in 1956 and 1982 in the vicinity of MBT as well as study area. The study 

area lies between the isoseismal of VI and VII on MM intensity scale due to 1897 

Shillong earthquake whereas, it lies between isoseismal of IX to X on MM intensity scale 

due to 1950 Assam earthquake. However no microearthquake study has been carried in 

the study are that could show the current level of seismic actively of this region 
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Fig. 2.6 Epicenters of earthquakes occurred within 100 km from the center of study area 

during 1950 to 2010. Seismotectonic setup around study area is also shown on map 
(Tectonics after GSI, 2000). MBT-Main Boundary Thrust, MFT- Main Frontal Thrust, 
BFT- Bame Tuting Fault, LT- Lohit Thrust, TS- Tidding Suture, MT- Mishmi Thrust. 

The study area is shown in box. (After EQ:2010-22, EQ: 2011-30) 
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2.5 DATA SET USED IN STUDY 

 Initially a seismological network consist of six stations was deployed in the region 

in July 2011.  The detail of six stations, e.g., geographical coordinates, rock types and 

elevation from mean sea level are given in Table 2.1. The locations of seismological 

stations of the network are selected in such a way that they encompass the active seismic 

source zones in the region. Five stations of the network remained operative during this 

period, as due to some unavoidable reasons, the Yeksi station remained nonfunctional. So 

finally, five stations data is available for analysis. Two types of sensors have been used 

for carrying out the study: short-period seismometer and broad band seismometer. Out of 

five stations, four are short-period seismometers CMG-40 T1 (Guralp Systems 

Limited,UK) with sampling rate 100 sps; one is a broad band seismometer CMG-40 T 

(Guralp Systems Limited, UK) with sampling rate 100 sps. Each digital seismograph 

comprised of a 24-bit portable data acquisition system (DL-24) coupled to sensors. A 

Global Positioning System was used to synchronise data samples to UTC or IST.  

The P-wave and S-wave arrival time data of 104 local earthquakes has been 

measured from the digital seismograms obtained during the period from July 2011 to May 

2012 from five seismological stations.The hypocentre parameters of local earthquakes 

have been estimated using HYPOINVERSE computer program (Klein, 1978) integrated 

in SEISAN software used for the estimation of hypocentre parameters. The velocity 

model used for the estimation of hypocentre parameters is shown in table 2.2. The 

standard errors in the estimation of hypocentre parameters for these events are ≤ 0.50 sec 

in origin time (RMS), ≤ 5.0 km in epicentre (ERH), and ≤ 5.0 km in focal depth (ERZ). 

List of hypocentre parameter of local earthquakes are given in Table I.1 of appendix-I and 

their epicentres are plotted on the tectonic map of the area is shown in fig 2.7. 

 

 

 

 

 

 

 

 

 

 



22 
 

Table 2.1 stations locations along with the type of rock/soil. 

Sl. 
No. 

Name of 
Station 

Station 
Code 

Location 
Lat (oN)        Long. (oE) 

Elevation 
(m.) 

Type of 
Rock/Soil 

1. Ayeng AYE 28.15° 95.36° 272 Boulder Bed 

2. Rotung ROT 28.14° 95.16° 410 Quartzite 

3. Adi-Pasi ADI 28.36° 95.26° 997 Reddish 

Sandstone 

with Shale 

4. Yeksi YEK 28.24° 94.98° 401 Conglomerate 

5. Ahali-Suru AHO 28.24° 95.54° 571 Quartzite 

6. Ledum LED 27.96° 95.13° 385 Boulder bed 

 

 

Table 2.2. Velocity model used for estimation of hypocentre parameters (after Khattri et. 
al., 1983). 

P-wave velocity depth Type of Soil/Rock 
4.00 0.0 Sedimentary 

6.00 1.0 Granitic 

6.70 25.0 Basaltic 

8.10 45.0 Moho 
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Fig. 2.7 Map showing epicenters of events recorded during July 2011 to May 2012 (solid 

circles). Tectonics after GSI (2000). 
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Chapter 3 

 
Estimation of Source Characteristics 

 

3.1 INTRODUCTION 

The knowledge of high frequency ground motion radiation from a moderate to large 

earthquake is required for engineering design of critical structure. However, this 

information is hindered in such cases where the strong motion events are not recorded at 

the site of measure damage. Also, the return period of strong motion event is very large 

sometime in decades. Hence, the design criteria are based on the extrapolation, 

simulations and scaling laws. Stress drop (Δσ) is a fundamental scaling parameter. It is 

defined as the difference between the stress state before and after the rupture (Kanamori 

and Anderson, 1975). Various efforts have been done to compute the scaling parameter 

Δσ as effective stress drop, apparent stress drop, root mean square stress drop and 

dynamic stress drop (Hanks and Johnson, 1976; Boatwright, 1980; Snoke et al., 1983; 

Anderson, 1997; Day et al., 1998; McGarr, 1999). Some workers also argued that this 

parameter should not be called stress drop (Beresnev, 1997). 

The scaling parameters can be estimated using near and far field data. Two 

independent parameters; corner frequency (fc) and the low frequency spectral level are 

used to characterize earthquake’s shear wave spectrum.  Other source parameters such as 

seismic moment (M0), stress drop (Δσ) source radius, are estimated using these two 

fundamental parameters.  

In the present study source parameters of 104 local earthquakes recorded by a five station 

seismological network have been estimated. The MATLAB code developed Kumar et 

al.(2013) has been used for the analysis. This code is based on the Brune’s Model (1971). 

Except a single study in the Kameng region of Arunachal Himalaya (Kumar et al., 2013), 

no study is available till date in the region as no data or very less digital data on weak 

motion is available. Therefore, the present study will serve as important input for the 

region in various aspects such as strong ground motion simulation, stress analysis, 

seismicity analysis etc.  A number of earthquake source models have been developed 

from time to time to describe basic earthquake source theory. The upcoming section 
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describes the development of various source models. Most of the sections are reproduced 

from seismic source theory (Madariaga et al., 2007) and earthquake source mechanics 

(Das et al., 1986) for better understanding. 

 

3.2 EARTHQUAKE SOURCE MODELS 

Reid in 1910 gives the elastic rebound theory describing the faulting processes. This 

concept says that during fracturing process, there is sudden release of accumulated strain 

energy when the material strength is overcome. In seismology, the term source 

mechanism consists of relating the observed seismic waveform to the parameters that 

defines sources. There are two ways of estimating these source parameters the direct 

problem and inverse problem. In the direct problems, the source models are defined in 

terms of mechanical models representing the physical fracture. The number of parameters 

which defines these source models or source representation is depending on their 

complexity i.e. simple the model fewer the parameter and complex the source larger the 

number of parameters (Madariaga, 1983; Udias and Buforn, 1991; Koyama, 1997). The 

derivation of source parameters from observed waveforms is called inverse problem. 

 There are two different ways to approach the fracturing process; kinematic and 

dynamic. In the kinematic source models the fracturing is described in terms of slip 

vector of the fault without relating the slip with the stress causing the faulting. This is the 

representation of slip as function of time and position on the fault plane. In these models 

the determination of elastic displacement field is relatively simple. The dynamic models 

of source relate the slip of the fault to the stress acting on fault plane. The complete 

dynamic model describes the fracturing from the material property of the fault plane or 

focal region and associated stress conditions. Dynamic models are very difficult to solve 

and in many cases only numerical methods able to solve them. The development of 

source model is the contribution of various researchers listed in the Table 3.1.   
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Table 3.1. Historical contribution in development of source models (After Lenhardt, 
2002) 

Name Year Contribution 
Harry Fielding Reid 1910 Based on the displacement measurement of San 

Francisco (1906) earthquake, the Elastic rebound 

theory i.e Earthquake= strain accumulation near faults 

- release of the strain. Estimated the energy release. 

A.A. Griffith 1920/24 On the basis of minimum energy theorem describe the 

propagating crack energy balance 

Leon Knopoff & Freeman 

Gilbert 

1959 Step source time function 

Vladimir I. Keilis-Borok 1959 Stress from source radius and moment 

Norman A. Haskell 1964 Haskell model, ramp source time function, at low 

frequency amplitude spectrum is flat 

Keiiti Aki 1967 Renamed the characteristic frequency as corner 

frequency 

James N. Brune 1970 Brune’s model, introduce instantaneous radial slip, 

ramp source time function smoothed 

Freeman Gilbert 1970 Forward modeling, moment tensor 

Freeman Gilbert 1973 Moment tensor inversion 

Shamita Das & Keiiti Aki 1977 Barrier-model 

James D. Byerlee 1978 Friction law for normal stress less than 200 MPa, 

Shear stress = 0.85*normal stress 

S. Hartzell, F. Wu 1978 Empirical Green functions 

Keiiti Aki 1979 Barriers and asperities 

Adam Dziewonski 1981 Centroid moment tensor 

Thomas H. Heaton 1990 Self-healing phase, Madariaga already introduced the 

term healing in 1976. 
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3.2.1 SEISMIC WAVE RADIATION FROM A POINT FORCE 

The dynamics of earthquake source is the key parameter to understand the physics of 

earthquake. It is required for the prediction of the ground motion and understanding the 

wave propagation. A point source in an elastic half space is the simplest model of an 

earthquake. The development of source model took more than 50 years. The first effort 

was made by Nakano et al. (1923) in Japan. Initially, the source models are treated as 

simple explosion which as a result of strains inside a sphere the displacement is conical 

surface.  In early 1950s, the source was modeled as the single couple but latter the 

problem of explaining the radiation pattern of S-waves was aroused (Honda, 1962). So 

the next level of complexity was introduced as double couple i.e. a source with net 

resultant moment. The physical origin of double couple is the contribution of numerous 

seismologists. Maruyama (1963) and Burridge and Knopoff (1964) showed that double 

couple is equivalent to an elastic model of the fault.   

 As already described, the simplest source model is a point source it is a 

homogeneous isotropic half space having density ρ and elastic constants λ and μ. Let P 

and S wave velocity are 𝛼 =  �(𝜆 + 2𝜇)/𝜌 and 𝛽 =  �𝜇/𝜌. So we need to find the 

solution of elastodynamic wave equation: 

  𝜌 𝜕
2

𝜕𝑡2
 𝑢(𝑥, 𝑡) = (𝜆 + 𝜇)∇�∇.𝑢(𝑥, 𝑡)� +  𝜇∇2 𝑢(𝑥, 𝑡) +  𝑓 (𝑥. 𝑡)    3.1 

The initial condition is u (x, 0) = ú (x, t). ‘f’  and ú (x, t) are the force density distribution 

and displacement due to which f is a function of time and position. The body force for an 

arbitrary position X0 is: 

𝑓(𝑥 , 𝑡) = 𝑓  𝑠(𝑡) 𝛿 (𝑥 − 𝑥0)     3.2 

where s(t) is the source time function. Equation (3.1) can be written in frequency domain 

using Fourier transform as; 

ū (𝑥, 𝜔) =  ∫ 𝑢(𝑥, 𝑡)𝑒−𝑖𝜔𝑡 𝑑𝑡∞
−∞    3.3 

𝑢 (𝑥, 𝑡) =  1
2𝜋

 ∫ ū (𝑥,𝜔) 𝑒𝑖𝜔𝑡  ∞
−∞ 𝑑𝜔    3.4 

Achenbach (1975) in the frequency domain gives the solution using above equations as: 

ū (𝑅,𝜔) =  1
4𝜋𝜌

 � 𝑓.∇∇  �1
𝑅
�� 𝑠 (𝜔)

𝜔2  × � −�1 + 𝑖𝜔𝑅
𝛼
� 𝑒−

𝑖𝜔𝑅
𝛼 + �1 +  𝑖𝜔𝑅

𝛼
� 𝑒

𝑖𝜔𝑅
𝛽 � +

1
4𝜋𝜌𝛼2𝑅

(𝑓.∇𝑅)∇𝑅(𝜔)𝑒−
𝑖𝜔𝑅
𝛼 +  1

4𝜋𝜌𝛼2𝑅
(𝑓.∇𝑅)∇𝑅(𝜔)𝑒−

𝑖𝜔𝑅
𝛽      3.5 
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where R is the distance between source and point of observation. Using Fourier transform 

we get  

− 1
𝜔2 �1 + 𝑖𝜔𝑅

𝛼
� 𝑒−

𝑖𝜔𝑅
𝛼 ⟷ 𝑡𝐻(𝑡 − 𝑅

𝛼
)     3.6 

Equation 3.5 can be transform in the time domain as: 

𝑢(𝑅, 𝑡) =  1
4𝜋𝜌

�𝑓.∇∇�1
𝑅
�� ∫ 𝜏 𝑠(𝑡 − 𝜏)𝑑𝜏 + 1

4𝜋𝜌𝛼2
 (𝑓.∇𝑅)∇𝑅𝑠(𝑡 −

min(𝑡,𝑅𝛽)

𝑅/𝛼

𝑅/𝛼) + 1
4𝜋𝜌𝛼𝛽2

 (𝑓.∇𝑅)∇𝑅𝑠(𝑡 − 𝑅/𝛽)      3.7 

This expression contains two terms. First term decay with distance faster than R-1 known 

as near field and last two terms decay at rate R-1 called far field. 

  

3.2.2 FAR FIELD BODY WAVES DUE TO A POINT SOURCE  

In the seismology most of the work of practical use is done assuming the distances 

greater than several wavelengths from the source known as the far field.  Last two terms 

in eqn (3.7) are important when R is very large.  The term far field is very confusing. 

There is no exact distance at which one can define the near field and far field, and the 

terminology became more complicated for point source.  In equation 3.5 the condition at 

which we can neglect the first two terms with respect to last two term defines the far field. 

The condition is ωR/α >>1 or R/λ >>1, where λ and ω are the wavelength and frequency 

of P waves. Hence the term far field is totally dependent on the wavelength of signal. 

Hence depending on the frequency content, one can be in the near field for a low 

frequency and in far field for high frequency. For a zero frequency signal every point on 

the earth is in near field while for higher frequency greater than 1 Hz every point beyond 

10 km is in far field. So from a point source the far field can be written as: 

𝑢𝑃𝐹𝐹(𝑅, 𝑡) =  1
4𝜋𝜌𝛼2𝑅

Ɍ𝑃 𝑠(𝑡 − 𝑅
𝛼

)    3.8 

𝑢𝑆𝐹𝐹(𝑅, 𝑡) =  1
4𝜋𝜌𝛼𝛽2𝑅

Ɍ𝑆 𝑠(𝑡 − 𝑅
𝛽

)    3.9 

where RP and RS are P and S waves radiation patterns. In the far field P and S waves 

propagates the radial and transverse component of point source respectively. The 

radiation patterns can be written in simpler form by using amplitudes as a function of 

azimuth θ of ray with respect to applied force as: 

    RP = cosθ eR, Rs = sinθ eT 
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Where eR and eT is unit vactor in radial and transverse direction respectively.The radiation 

pattern about the point source force are symmetrical. The P and S waves genrated from a 

point source shows dipolar and toroidal distribution of amplitudes respectively.  

 

3.2.3 NEAR FIELD OF A POINT SOURCE FIELD  

Near field of a point source can also defined in terms of frequency or wavelength of 

waves generated from the source. When ωR/α is not large then all terms in the eqn (3.5) 

are of equal importance. In such case near field and far field have same order of 

amplitude. The first brackets term in eqn (3.5) tends to zero as R approaches to zero. The 

behavior of near field can be understood by expending the exponential of order of R2 

 i.e. 𝑒−𝑗𝜔𝑅/𝛼) = 1 − 𝑖𝜔𝑅
𝛼
−  𝜔

2𝑅2

𝛼2
+ 𝑂(𝜔3𝑅3)  

The expression can be derived for S wave as: 

ū (𝑅,𝜔) = 1
8𝜋𝜌𝑅

[ 𝑓.∇𝑅)∇𝑅 � 1
𝛽2
− 1

𝛼2
� + 𝑓 � 1

𝛽2
+ 1

𝛼2
�] 𝑠(𝜔)   3.10 

The above equation is the product of static displacement and source time function S(ω) . 

The displacement is produced in the direction of ‘f’. Transforming the above equation in 

time domain, the displacement produced by point source is given by.  

  𝑢(𝑅) = 1
8𝜋𝜌𝑅

[ 𝑓.∇𝑅)∇𝑅 � 1
𝛽2
− 1

𝛼2
� + 𝑓 � 1

𝛽2
+ 1

𝛼2
�]     3.11 

 

 
Fig. 3.1 Far field and near field displacement relation on left two panels and far field 

displacement and velocity spectrum on right panel. 
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3.2.4. KINEMATIC MODEL OF FAULT RUPTURE 

In previous section, we discussed about the displacement due to a point source. The 

complete representation without source dimension is not possible. So a source must have 

dimensions and it must consider the wave radiation. The first such assumption is the 

cavity at focus and consists of uniformly distributed stress on its surface (Jeffrey, 1929; 

Nishimura, 1937; Scholte, 1962). 

The kinematic model is the first extended source model of shear fracturing. It 

assumes that slip with propagates over a finite surface area with constant velocity. The 

extended source in terms of single and double couples distributed over a rectangular 

surface is described by Ben Menaham (1961, 62). He determined the body and surface 

wave displacement corresponding to single and double couple. The finite radius circular 

fracture that propagates from the center is studied by Berckhemer (1962). Fracture 

rectangular model is proposed by Haskell (1964, 1966). Elliptical fault was proposed by 

Savage (1966). He studied the body and surface waves. A circular fault in which the 

stress is suddenly applied is proposed by Brune (1970). The elastic displacement 

produced by circular model is studied by him in both near field and far field. The recent 

development in kinematic models includes the propagation of shear fracture on a finite 

fault with variable rise time, slip and rupture velocity (Hartzell, 1989) 

 

3.2.5 RECTANGULAR FAULT: HASKELL’S MODEL 

The simple finite dimension kinematic model is the Haskell model. This dislocation 

model introduced by Haskell (1964, 1966) is most widely used source model. In this 

model a uniform displacement discontinuity spreads inside a rectangular shaped fault at 

constant rupture velocity (Fig. 3.2). This model is a suitable approximation for simple 

rupture propagation along a strike slip fault at low frequencies or wavelength longer than 

the size of fault.  At time t=0 a line of length W appear on rectangular fault plane and start 

moving till the length L of the fault plane approached living behind the slip dislocation D. 

The slip function can be obtained by assuming that fault plane is in the coordinate system 

(x1, x2) as: 

Δú1 (x1, x2, t) = D ś(t- x1/vr) H(x1) H(L- x1) for –w/2< x2 <W/2  3.12 

Where vr is the speed at which the rupture front propagates in x1 direction i.e. ruptures 

velocity. ś (t) is the time function of slip rate and remains inherent with the position of the 

fault in the Haskell’s model.  
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Fig 3.2. The Haskell’s model is a rectangular fault with length L and width W. It ruptured 

with uniform velocity v living behind the slip dislocation D. 
 

The rupture propagation is hidden in the rupture time decay x1/vr which is the most 

important feature of this model. The rupture suddenly appears in the x2 direction which is 

physically not possible. The another unacceptable feature of this model is at the edges the 

average slip suddenly drops to zero which is a sudden break in the continuity. Hence the 

wave equation is not applicable at the edges. In spite of this shortcoming the Haskell’s 

model covers important features of earthquakes and extensively used for the estimation of 

earthquake source parameters estimation both in near and far field.  

 

3.2.6 CIRCULAR FAULT: BRUNE’S MODEL 

Another fundamental extended seismic source model is the circular fault (Brune, 1970). It 

consists of finite radius circular fault plane on which instantaneous shear stress pulse is 

applied (Fig 3.3). This is not exactly a kinematic model because it is specific to the 

applied stress. There is no propagation of fracture because the shear stress pulse is applied 

instantaneously to the fault plane and the shear wave is generated due to shear stress pulse 

normal to the fault plane. The stress pulse at time t and distance x is given by: 

 

   ∆𝜎 (𝑥, 𝑡) = ∇𝜎 (𝑡 − 𝑥
𝛽

)      3.13 

where β is the shear wave  velocity. Since σ=μ∂u/∂x , so the shear displacement for x=0 is 

given by: 
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    ∆𝑢 = 𝐻(𝑡) ∆𝜎
𝜇
𝛽𝑡      3.14 

 

 
Fig 3.3 Brune’s model of circular fault. 

 

The Fourier transform of equation (3.14) is  

   ∆𝑈 = − ∆𝜎𝛽
𝜇𝜔2        3.15 

The difference between the tectonic stress σ0 and friction stress σf (Δσ = σ0- σf = ε σ0) is 

known as static stress drop. For a complete stress drop (ε=1) the displacement of S waves 

in the far field at distance r, 
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Its spectrum is 
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where, a is the radius of the fault.  



33 
 

 

 

  

Fig 3.4 Far field average spectral density curve (after Brune, 1970) 

The spectrum in Fig 3.4 has a flat part at low frequencies so approaches to M0. When ω/α 

near to unity then it decays at the as ω-1 which is represents that stress drop is not 

complete, then, for small ε (ε ~ 0.01) and if ω/α greater than unity the curve falls as ω-2

c

a
ω

β34.2
=

 

starting at the corner frequency. Using corner frequency of S waves, the fault radius can 

be estimated as:  

         (3.19) 

 

Earthquakes are occurred in brittle crust of the earth. For the fault plane inside a 

seismogenic layer having dimensions less than 20 km (M<6), the fractures starts from a 

point and grow in all directions (L≈W) so in such cases Brune’s model is applicable. 

However, in case of larger earthquakes fault plane length is greater than its width. 

Therefore, in such cases Haskell model is more suitable. In the present study local 

earthquakes of low magnitude are used for analysis. So, Brune’s model has been adopted 

to compute the source parameters of local earthquakes.  

3.2.7 DYNAMIC MODEL OF FAULT RUPTURE 
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The models discussed in above sections are called kinematic models which are the natural 

simplification of the real faults. Other types of models are known dynamic models of 

seismic source. These consider the dynamic problem in which the slip is considered as 

result of strength of the material and stress condition in focal region. These are based on 

the theory of fracture generation and propagation in stressed media. The earthquake 

mechanism is considered as shear faulting a result of stress drop. Fracture initiates at a 

point and expend radial in all directions with certain velocity. Hence dynamic model must 

include all the phases of faulting from initiation to propagation and finally arrested. The 

fracture dynamic studies include Keylis-Borok (1959), Kostrov (1964, 1966), Burridge 

(1969), Freund (1972, 1979) and Madariaga (1977). The basis of these studies is the 

studies carried out between 1920 to 1950 on fracture of crystal and metals by Griffith, 

Starr and Irwin. The dynamic models are more complicated than the kinematic models.  

 

3.3 SOURCE PARAMETERS 

The parameters which describe the property of the source are known as source 

parameters. These include seismic moment (M0), Stress Drop (Δσ), source radius (r) and 

source dislocation.  Seismic moment is introduced by Aki (1966) and is a measure of 

earthquake size. The basic assumption is that the shear faulting produced the earthquake 

inside the Earth’s crust and is defined as: 

M0 = μ D A      3.20 

where μ is the shear modulus or modulus of rigidity, D  is the dislocation on the fault 

surface of area A. The moment expressed in Nm in SI system and in dyn cm in CGS. As 

the seismic moment includes material strength, fault area and slip so it is a good physical 

measure of earthquake size. The dislocation can be estimated from the fault surface of 

earthquake. The slip dislocation is the relative on either side of fault plane. The 

aftershocks relocation gives the total rupture area with the assumption that these small 

events collectively represent the total fault area. Quantitatively the total area and source 

dislocation are impossible to measure. For the displacement amplitude spectrum of 

seismogram corrected for geometrical spreading, the seismic moment is proportional to 

the zero frequency spectral level (Ω0). Hence, the seismic moment can be computed using 

the Fourier transform of observed seismogram using the Ω0. The seismogram recorded by 

three mutually perpendicular components in far field was used to estimate zero frequency 

spectral level using L2-norm. 
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𝑀0 =  4𝜋𝜌𝑅𝜗
3�𝛺0(𝑍)2+𝛺0(𝐻1)2+𝛺0(𝐻1)2

𝑅𝜃∅
    3.21 

For S-wave horizontal component the above relation can be written as: 

   𝑀0 =  4𝜋𝜌𝑅𝛽
3𝛺0

𝑅𝜃𝜑𝑆𝑎
       3.22 

where, R– hypocentral distance from the earthquake source to the seismic station; ρ-

average density of the medium around the source; β is the S-wave velocity of the medium 

around the source; Rθφ- a correction to be applied for radiation pattern; Ω0- S wave 

spectral amplitude at the low frequencies; Sa – a correction for amplification due to free 

surface effect.  

The dislocation or relative displacement on a fault plane is due to acting shear stress 

which exceeds the material strength. Let σ0 and σf are the stress before and after faulting. 

Then the two parameters σm and Δσ called mean value of stress acting before and after 

earthquake and stress respectively are given by: 

   𝜎𝑚 =  1
2

(𝜎0 + 𝜎𝑓)        3.23 

Δσ =𝜎0 − 𝜎𝑓       3.24 

The stress drop represents the loss of stress due to faulting. If σf =0, then total stress drop 

is Δσ = 2 σm. It represents the case when there is no friction of the fault surface. But there 

is always a friction so some residual stress σf is present. The tectonic stress which is 

responsible for the strain in the focal region is the initial stress. So the total energy release 

during the earthquake process in simplified form is given by: 

E= σm D A       3.25 

Using equation 3.20 amd 3.25, the energy released in terms of seismic moment is given 

by: 

    𝐸 = 𝜎𝑚
𝜇

 𝑀0       3.26 

If the stress drop is the total stress drop then equation 3.26 can be written as:\ 

    𝐸 = ∆𝜎
2𝜇

 𝑀0       3.27 

This expression relates the total energy released during fracturing with the total stress 

drop and seismic moment. In case of shear faulting the stress drop is proportional to the 

dislocation, i.e., Δσ= D /L, where L is the length dimension of fault. For circular fault 

L’=𝑎 and for rectangular L’=W, where 𝑎 is radius and w is the width. So the stress drop 

can be estimated using Hook’s law: 



36 
 

    ∆𝜎 = 𝐶𝜇 D
𝐿′

       3.28 

where C is dimensionless factor and depends on the shape of the fracture i.e. for circular 

fracture C= 7π/16. Using equation 3.20 and 2.28, we obtained a relation for a circular 

fault, 

    𝑀0 =  16
7
𝑟3∆𝜎      3.29 

So the stress drop can be determined if seismic moment and dimension of fracture are 

known. Rearranging equation 3.29 we have: 

    ∆𝜎 = 7
16𝑟3

𝑀0       3.30 

As in above equation r is having power three, so small error in r will introduce a large 

error in the determination of stress drop. The area of circular fracture is A=πr2. Using this 

expression in equation 3.30 we have: 

    𝑀0 =  16∆𝜎
7𝜋3/2  𝐴3/2      3.31 

Taking logarithms, 

   log𝑀0 = 3
2

log𝐴 + log (16∆𝜎
7𝜋3/2)     3.32 

In above equation it is clear that if the stress drop is constant then log A is proportional to 

the 2/3 log M0. Kanamori and Anderson (1975) shows that for a large earthquakes (m>5), 

the stress drop is almost constant and within 1-10 Mpa with mean value 6 Mpa or 60 bars. 

They suggested that interplate earthquakes have lower stress drop (about 3 Mpa or 30 

bars) than the intraplate events (about 10 Mpa or 100 bars). Tsuboi (1956) also observed 

the same amount of stress drop (6 Mpa) for same order of magnitude as suggested by 

Kanamori and Anderson (1975). Hanks and Kanamori (1979) proposed a magnitude scale 

which is estimated using the seismic moment known as moment magnitude (Mw). This is 

free from the problems associated with the other magnitude scales such as magnitude 

saturation. The expression used for magnitude determination is: 

    𝑀𝑤 =  2
3

log(𝑀0) − 10.73     3.33 

where M0 is in dyn-cm. In equation 3.30, r is the fracture radius. It is determined by using 

the expression given by Brune (1970, 1971): 

    𝑟 = 2.34 𝛽
2𝜋𝑓𝑐

       3.34 

Where β is the shear wave velocity and fc is the corner frequency which can be directly 

determined from the earthquake spectrum.   
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 Along with the above parameters, Brune (1970) induced a cut off frequency in the 

acceleration spectrum. This high cut off frequency was interpreted as the source effect by 

Ida (1973). Hanks (1982) called this cut off frequency as maximum cut-off frequency 

fmax, above which acceleration spectral amplitudes diminish abruptly. Papageorgiou and 

Aki (1983a, b) attribute fmax as source effect and relates with size of cohesive zone or 

break down zone. Anderson and Hough (1984) called the high cut off decay parameter as 

kappa (κ) later the researchers such as Li et al. (1994), Castro et al. (2000) uses the κ and 

fmax in same context. Anderson and Hough (1984) said that the kappa in high frequency 

spectra is due to the shallow depth attenuation effect below receiver. They recognized the 

kappa as a site effect because they observed that the κ is higher for hard rocks and lower 

for soft sediments.  On the other hand, Su et al. (1992) analyze the data set of 132 

seismometers and found that the site amplification factor increases monotonically with 

geologic age of the site rocks up to 12 Hz and concluded that there is no site contribution 

of κ upto 12 Hz. Both fmax and κ are estimated using high cut filter given by Boore (1983) 

and Anderson and Hough (1984) respectively. 

    𝑃(𝑓) = 1

1+( 𝑓
𝑓𝑚𝑎𝑥

)𝑝
      3.35 

    𝑃(𝑓) = 𝑒−𝜋𝑓𝜅      3.36 

 
Fig 3.5 Idealized shape of Fourier amplitude spectrum of acceleration time history 

showing the corner frequency, fc, and cutoff frequency, fmax. 
3.4 ESTIMATION OF EARTHQUAKE SOURCE PARAMETERS: 

PROCEDURES  
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A data set 104 local earthquakes recorded around the Lower Siang region of Arunachal 

Himalaya employing five station seismological network has been used to estimate the 

source parameters of the region. These events recorded by short period and broad band 

seismometers at 100 samples per second sampling rate during July 2011 to May 2012in 

the form of digital time series. The procedure for the estimation of source parameters 

includes the correction of baseline, rotation of data and instrument response before the 

Fourier transform (FFT) of S-wave of Seismogram. The following are the details of these 

corrections and also other part of procedure.  

 

3.4.1 Baseline Correction 

The process of correcting the recorded signal for a bias in zero velocity or acceleration 

value and any drift from zero level which may be due to environmental and instrumental 

effect is called baseline correction.  It is the procedure to correct the certain types of long 

period disturbance both in analog and digital data. The simplest procedure of instrument 

correction is the subtraction of average recorded acceleration or velocity value. 

Alternately, the baseline correction is done by subtracting a straight line from recorded 

time series. The line is either obtained by linear least square fitting of time series or time 

series mean value. The determination of mean value involves the calculation of mean 

value from a suitable portion of seismogram. Generally the mean value is calculated using 

the part of seismogram prior to the first P-wave. In case pre event record is absent, the 

entire time history is used (Fig 3.6).  
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Fig. 3.6 The effect of baseline error (a) original acceleration record (b) velocity record 

obtained after integration of acceleration record (c) displacement record obtained 
by integrating the velocity record (after wang et al., 2011) 

 

 3.4.2 Seismogram rotation 

Different types of seismic waves have different directions of particle motion (Fig. 3.7). 

Analysis of the particle motion can thus be used to identify the different wave types. 

Particle motion or polarization of the waves is best looked at in a coordinate system that 

points from the earthquake source to the seismic station (Fig. 3.7). Through a simple 

rotation we can change the two horizontal components into the radial (R) and transverse 

(T) components. The radial direction is along the line from the station to the event and the 

transverse direction is in the horizontal plane at a right angle to the radial direction. For 

example, the P wave is polarized in the direction from source to receiver, and particle 

motion is in the vertical-radial plane. The wave motions of the different kinds of waves 

are P-waves Linear in radial and vertical plane, SH waves: Linear in the transverse 

direction, SV waves: Linear in the radial and vertical plane, Rayleigh waves: Elliptical in 

the radial and vertical plane and Love waves: Linear in the transverse direction. Thus the 

radial component of seismogram comprises of P, SV and Rayleigh waves whereas the 

transverse component of seismogram comprises of SH and Love waves. 
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Fig 3.7 Representation of the radial and transverse directions of seismic waves. 

 

For the purpose of computing the observed spectrum from the recorded three components 

of the ground motion, NS and EW components of the recorded ground motion have been 

rotated in the directions of azimuth to allow computing the SH component of the ground 

motion (Fig. 3.8). Rotation of seismogram can be performed mathematically by matrix 

multiplication of a vector consisting of the North-South (NS) and East-West (EW) 

components with a rotation matrix given below: 

𝐴 =  � 𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑
−𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜑� 

�𝑅𝑇� = 𝐴. � 𝑁𝑆𝐸𝑊� 

Hence  

  SV = NScosφ + EW sinφ 

  SH = -NSsinφ + EW cosφ 
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Figure 3.8 Rotation of North-South and East-West components of Seismogram towards 

the direction of epicentre of an earthquake by angle (φ). 

 

A typical example of the observed three components of ground motion and rotated 

components representing SH, SV and longitudinal ground motion is shown in Fig. 3.9. 

 

  
Figure 3.9 An example of 3-component vertical, NS, ES and rotated SH, SV, 

longitudinal components of ground motion obtained after rotation. 
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3.4.3 Instrument corrections  

The signals recorded by the seismograms are not the true ground motion. They record 

some signal proportional to some characteristics of the ground motion i.e. the output of a 

velocity sensor is proportional to the ground velocity. But such relation follows after the 

natural frequency of the instrument. Below the natural frequency no such relationship 

followed by the sensor. Furthermore, a seismologist interested in recovering of the ground 

displacement. In order to get the actual ground displacement below the natural frequency 

of sensor the effect of the instrument filter is required to remove. This is known as the 

instrument correction. The detail contains how the instrument correction is applied on the 

data is given in Appendix-II.  

 

3.4.4 Correction for Path Effect 

Decrease of seismic wave amplitudes due to the increase in area of the wavefront with 

increasing distance R from the source is called geometrical spreading; this phenomenon is 

similar to amplitudes of water ripples decreases as they expand from the source. For local 

earthquakes, the decrease of amplitudes for body wave in a homogeneous space can be 

considered as 

G(R) = 1
R
       (3.35) 

where R is distance from earthquake source to receiver. The seismic waves when travel 

through the inelastic Earth dissipates some energy in form of heat due to internal friction. 

This inelastic or viscoelastic attenuation leads to a decrease of wave amplitudes with 

distance and time. The mechanisms of internal friction are complex and depend on 

different factors, such as on the atomic and molecular structure of crystals in minerals, as 

well as on the existence of cracks, fractures and inclusions in rocks (Vallina, 1999).In 

addition to this, attenuation also occurs due to scattering of seismic waves and 

redistribution of energy at boundaries due to refraction, reflection and diffraction of 

seismic waves. 

It is a common observation that longer the seismic wave travels in the medium the greater 

the heterogeneity they encounter. A great variety of paths traveled by the coda waves that 

appear in the later part of the seismogram have been used to provide information 
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concerning the average properties of the medium instead of just the characteristics of a 

particular path. Attenuation estimated from the decay of coda waves by several 

investigators is a combination of scattering and intrinsic attenuation (e.g., Aki and 

Chouet, 1975; Singh and Herrmann, 1983; Sato and Fehler, 1998; Gupta et al. 1995; 

Gupta and Kumar, 2002). 

Correcting waveforms or their spectra for propagation effects is an essential 

requirement for precise determination of the earthquake source spectrum. Correction of 

the propagation effects can introduce during the computation of displacement spectra 

multiplying the spectra by quality factor ‘Q’ at various frequencies. For this purpose 

generally frequency dependent relationship in the form of Q=Q0fn estimated for the region 

is used. However, no such relation is available for the Lower Siang region. Therefore, as 

part of this thesis work in the chapter 5 & 6 the seismic wave attenuation for  

characteristics have been estimated for the P, S and Coda p[art of seismogram. Frequency 

dependent attenuation relation Qβ = (58±1)f(1.16±0.04) obtained from S-waves of local 

earthquakes has been used for path correction for precise determination of source 

parameters of the region using direct S-wave data. 

 

3.5 Data Analysis 

After applying the above mentioned corrections in the data set of 104 local 

earthquakes, the source parameters; seismic moment (M0), source radius (r) and stress 

drop (Δσ) have been estimated by developing software DEQ_EQK_SRC_PARA. This 

software is the modified version of the software EQK_SRC_PARA developed by Kumar 

et al. (2012) which automatically compute both the source and spectral parameters i.e. 

low frequency spectral level (Ω0) and corner frequency. The flowchart of 

DEQ_EQK_SRC_PARA is given in Fig. 3.10. Examples of some of the seismograms 

displaying the analysis procedures for computation of source parameters are shown in 

Fig. 3.11 a&b. 
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Fig . 3.10 Flow chart for estimation of source parameters using DEQ_EQK_SRC_PARA. 
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Fig. 3.11 a. An example of SH component of a seismogram of local earthquake  

 (Mw 3.1) recorded at ADIPASI station on 29/09/2011.Showing the above displacement 
(left) and acceleration (right). The source model fitted for both spectra is shown in each 

spectrum. 
 
 

 

  
Fig. 3.11 b. An example of SH component of a seismogram of local earthquake  

 (Mw 3.1) recorded at ADIPASI station on 29/09/2011.Showing the above displacement 
(left) and acceleration (right). The source model fitted for both spectra is shown in each 

spectrum. 
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3.6 Results and Discussion  

The analysis of 104 local earthquakes using the above analysis procedures and software 

has resulted the estimation of source parameters viz, seismic moment (M0), source radius 

(r) and stress drop (Δσ) for Lower Siang region of Arunachal Himalaya. Results of these 

parameters are shown in Table III.1 in appendix-III. Seismic moment (M0), source radius 

(r) stress drop (Δσ) and Moment magnitude,vary from 1.6x1018 to 3.1x1023 dyne-cm, 

157.8 to 417.1 m, 0.1 to 74 bars and 1.4 to 5.0, respectively. 

To study the characteristics of computed source parameters and their relationships various 

plots have been prepared. The relations of some source parameters are discussed below: 

The variation of source radius versus seismic moment for the 104 events is shown 

in Fig. 3.12. The linear curves corresponding to static stress drops of 0.1 bar, 1 bar, 10 

bars and 100 bars are also plotted. Fig 3.12 shows that the seismic moment varies from 

1.6x1018 to 3.1x1023 dyne-cm and the source dimensions in terms of radius of the circular 

fault vary from about 175 m to 357 m. The source radius of all considered events is 

estimated using the equation 3.34. For the estimation of source radius the corner 

frequency obtained from the displacement spectra is used and this source radius along 

with seismic moment is then used to estimate the stress drop. The stress drops computed 

for all such a way for all the events vary from 0.1 bars to 74 bars and shows large scatter. 

However there only few events which showed the high stress drop. If we exclude these 

events then the stress drop for most of the events the stress drop varies from 0.1 to 22.4 

bars. In many studies such as, Archuleta et al., 1982; Dysart et al. 1988; 

Abercrombie,1995; Garcia et al. 1996; Wu et al., 1999; Jin et al., 2000; Tusa and Gresta, 

2008; Kumar et al., 2006; Sule, 2010; Kumar et al., 2012, the range from 0.1 to 26 bars is 

found to be constant. The low value of stress drop suggests that some earthquakes in this 

region may be associated with a brittle shear failure mechanism on the fault segment 

and/or a presence of weakened zones where the earthquake may be triggered by low 

stress regimes. Some exceptionally high stress drop may be due to the presence of some 

intruded high straight rocks or may be some other errors during computation. However, a 

best fit line shown in Fig. 3.12 (red colour line) shows a constant stress drop nearly 2 or 3 

bars. Hence stress drop does not change with seismic moment.  These results confirm the 

results of some researchers such as, Hanks (1982); Anderson and Hough (1984); 

Anderson (1986), Abercrombie (1995), who concluded that the breakdown in the stress 

drop scaling and minimum source dimension reported by some researchers is due to some 
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artifacts induced by the loss of high frequencies due to wave propagation. Fig 3.13 shows 

the distribution of stress drop with focal depth. Baring a few shallow focus events, the 

stress drop remains constant and not varies with focal depth. Hence there no dependency 

of stress drops with depth. It indicates that the stress drop is only the function seismic 

moment and fracture radius. 

 The scaling relations between M0 and fc have been established by various 

researchers. For the small magnitude earthquakes the measurement of stress drop is very 

difficult because it is hindered by high frequency loss due to attenuation. Abercrombie 

(1995) observed the corner frequency using the borehole data. These results are 

considered as most reliable (Fig.14). Abercrombie (1995) along with some other 

researchers such as Hanks and Wyss, 1972; Abercrombie and Leary, 1993; Boatwright, 

1994; Kinoshita and Ohike, 2002, agreed with the Brune’s model as: 

M0 α fc
-3     3.36 

 

Kanamori and Rivera (2004) modified the scaling relation. They argued that although the 

scaling relation is M0 α fc
-3 but in real data is scattered so this is modified as: 

M0 α fc
-3+ε     3.37 

where ε ≤1. The scaling low estimated in present study as shown in Fig 3.15 is: 

M0 α fc
-3.27     3.38 

Hence our study agreed with Kanamori and Rivera (2004). 
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Fig. 3.12. Plot between source radius and seismic moment 

 

 
Fig. 3.13. Plot between stress drop and focal depth. 
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Fig 3.14 The relationship between seismic moment and corner frequency. The middle line 

corresponding to ε = 0.5 shows M0 α fc
-3. (After Kanamori and Rivera, 2004) 

 

 

 
Fig. 3.15. Plot between seismic moment and corner frequency  
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The variations of fc and fmax with seismic moment have been drawn to study the 

relationship to seismic source and shown in Fig 3.16. Although the dataset shows large 

scatter but it seems from the plot that there is a similar decreasing trend for both fc and 

fmax with increasing seismic moment or source size. Hence, it is brought out that fmax has 

similar dependence seismic source as that of fc on. Fig. 3.17 and Fig. 3.18 depict plots of 

fc and fmax to focal depth and epicentral distance. In both plots a large scatter in data that 

follows a parallel trend to focal depth and epicentral distance has been observed. The 

behaviour of fmax with respect to focal depth and epicentral distance of earthquakes is 

found to be same as that of fc. Both fc and fmax are constant with epicentral distance which 

indicates that these are independent of it. 

 

 
Fig. 3.16. Plot showing variation of average values of fc and fmax with seismic moment.  
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Fig. 3.17. Plot between focal depth and fc and fmax. 

 

 
Fig. 3.18 Plot between epicentral distance (DEPI) and fc and fmax. 

 

In order to study the dependence of fmax, with the site characteristics, values of fc and fmax 

are plotted between seismic moments for each site. The plots shown in Fig. 3.19a, b, c, d 

indicate similar scatter and almost parallel trends between fc and fmax with increasing 

seismic moment. This indicates that fmax has similar behavior as for fc to seismic moment 
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on each site and if fmax is affected by site affects it is in similar manners as fc. Since fc is 

independent of site and is considered the source property so, fmax is interoperated as 

caused by source process. Similar results have been presented by Kumar et al. (2013a, b) 

for local events occurred in Kameng region of Arunachal Lesser Himalaya and Bilaspur 

region of Himachal Lesser Himalaya. A similar study by Tsai and Chen (2000), they 

fitted a regression model in terms of distance, earthquake magnitude, and site and showed 

that the high-cut process is controlled by both the site and source effects. They also 

inferred that distance is the least significant parameter controlling the high-cut process. 

Relationships of fmax with seismic moment and stress drop from the local earthquakes 

occurred in this region has been obtained and compared with other studies. fmax 

relationships with M0 and Δσ are obtained for the study region are: 

 log(fmax) = -0.0534 log(M0)+2.18     3.39 

log(fmax) = -0.0699log(Δσ) + 1.14     3.40 

 Faccioli (1986) obtained relationship using the data of Italy and Yugoslavia as: 

 log(fmax) = -0.12 log(M0)+3.864    3.41 

Satoh et al. (1997) gives a relationship for Eastern Tohoku District, Japan as: 

log(fmax) = -0.018 log(M0)+1.58       3.42 

The values of fmax and seismic moment are plotted in Fig. 3.20 to allow comparison with 

the worldwide values of fmax complied by Aki (1988). The observed values of fmax agree 

with worldwide observations. Δσ relationships with M0, is also obtained for the study 

region as: 

log (Δσ) = 0.1804 log(M0) -2.945      3.43 

Satoh et al. (2000) obtained a relationship using deep borehole data of Japan as: 

log (Δσ) = -2.91 log(M0) +5.8      3.44 

The results obtained in present study are seems to be more realistic than Satoh et al. 

(2000). Satoh et al. (2000) relationship suggests stress drop increases as the seismic 

moment decreases. But in real scenario it is not possible because lower magnitude event 

can never have stress drop greater than high magnitude event.  
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Fig. 3.19a. Plot of fc and fmax with seismic moment at ADIPASI station 

 

 

 
Fig. 3.19b. Plot of fc and fmax with seismic moment at AHOLI station 
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Fig. 3.19c. Plot of fc and fmax with seismic moment at AYENG station 

 

 

 

 
Fig. 3.19 d. Plot of fc and fmax with seismic moment at LEDUM station 
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Fig. 3.20. Plot between fmax and seismic moment, M0. The values of fmax obtained from 
Lower Siang region of Arunachal Pradesh (NE India) (open diamonds) are overlain on 
results of fmax from worldwide values complied by Aki (1988). 
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Fig 3.21 Relationship between stress drop and fmax 

 
In this chapter, the results on the source parameters and fmax have been obtained 

for the Lower Siang region of Arunachal Himalaya from the analysis of 104 local 

earthquakes The results showed that the values of seismic moment, Moment magnitude, 

the source radii and stress drops varies from 1.6x1018 to 3.1x1023 dyn-cm, 1.4 to 5.0, 

157.8 to 417.1 m and 0.1 to 74 bars respectively. Except a few events, the stress drop 

remains constant and does not vary with focal depth. Based on results on seismic moment 

and corner frequency, the scaling relation M0 α fc
-3.27 has been obtained for the study 

region. The summary of results on source parameters and fmax are given in chapter 8. 

 



57 
 

Chapter 4 

 

Moment Tensor Solutions  

 

4.1 INTRODUCTION 

A great progress in understanding the earthquake source processes has achieved due to 

developments of various techniques in last decade. One among these techniques is the 

determination of focal mechanism and identification of fault planes. Both of these 

parameters are very important in understating the tectonic processes and for the 

assessment of expected deformation and damage pattern in an area (Delouis and Legrand, 

1999).  The inversion of first motion polarity is well known for focal mechanism 

determination. This method provides very good solution for earthquakes occurred inside 

the network having well coverage of seismic stations. However this method is very much 

constrained as it requires a good azimuthal coverage of earthquake records.  Hence, does 

not work properly when the stations recording data are unevenly distributed or the source 

lies outside the network. For most of Himalayan earthquakes those occurs northern side 

of main central thrust (MCT), seismological networks in that areas are either very sparse 

or not instrumented at all. And it is almost impossible to estimate the focal mechanism 

solution for these earthquakes. In such cases the researchers are left only with the 

alternatives which make possible to obtain the solutions with available recorded 

waveform data. One among these alternatives is the moment tensor solution.  

Initially, only teleseismic data of large magnitudes was used for the estimation of 

moment tensor solutions. However, in the routine waveform inversion of teleseismic 

events, the earthquake was considered to be originated from a point source. Hence fault 

plane was not specified. It gives the seismic moment tensor but decomposition of moment 

tensor (MT) is not possible (Dziewonski et al., 1981; Sipkin, 1982; Kawakatsu, 1995; 

Delouis & Legrand, 1999). The only source of determination of focal mechanisms of low 

magnitude earthquakes is the data recorded at small epicentral distances. So workers with 

time require a method which can be applied on regional as well as local seismic 

waveform data.  
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Kanamori et al (1990) and Singh et al (1997) argued that the source parameters 

can be estimated using near field local earthquake data and the results remain constrained 

even by using single station data. During nineties many researchers computed the 

moment tensor solutions using single station data (Dreger and Helmberger, 1991; Fan and 

Wallace, 1991; Kim and Kraeva, 1998). Dreger and Helmberger (1991) observed that 

long period body waves changes slowly with distance. Hence these waves can be 

modeled by assuming simple layered crustal model. However the modeling of surface 

waves is complicated as they are very sensitive to crustal velocity gradient. Hence a 

precise knowledge of crustal velocity model and quality factor (Q) is needed, especially 

in case of single station data (Walter, 1993; Kim and Kraeva, 1999). 

Kikuchi and Kanamori (1991) and Singh et al. (1997) performed waveform 

inversion with local event data and found that the source parameters can be well 

constrained by using near-field waves, even with a single station waveform data. The 

inversion scheme proposed by Singh et al. (2000) based on point source approximation 

for near field data can be used for small to moderate earthquakes. Legrand and Delouis 

(1999) explained the locations of point sources and gave a sharp constraint on the 

orientation of the fault plane when a finite-dimension-source model has been used. Later, 

it has been found that the single station three component displacement data is enough for 

waveform inversion to obtain moment tensor solutions provided a good knowledge of 1D 

crustal velocity structure of study region is available (Fan and Wallace, 1991; Walter, 

1993; Dreger and Helmberger, 1993; Kim and Kraeva, 1999). 

In the upcoming section we discussed the basic formulation of moment tensor and there 

decomposition including an inversion scheme of Kikuchi and Kanamori (1991). The most 

of the part basic theory described below of these sections is reproduced from IASPEI 

NMSOP volume-1 (Bormann, 2002) 

 

4.2 METHODOLOGY  

4.2.1. MOMENT TENSOR SOURCE  

For a point source, a fundamental solution of the elastodynamics wave equation is the 

Green function. Most of seismic sources are caused by fast internal deformation. These 

internal sources are having Zero net force (f) and moment. These sources should satisfy 

two conditions: 

 ∑𝑓 = 0       4.1 
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 ∑𝑓 × 𝑟 = 0      4.2 

where ‘r’ is the distance between two forces of straight ‘f’. Dipole and quadrupoles are 

the simplest source which satisfies the above equations. The linear dipole is consisting of 

two point source separated by small distance ‘b’ which act in opposite direction. The 

seismic moment of linear dipole is M=fb. It has been observed by experiments that such 

sources are not the good source model. The three orthogonal linear dipoles can be 

combined to generalize the source. Also the strength any of these three dipoles can be 

adjusted. It can be shown that the principle directions of these dipoles represent a 

symmetric tensor of rank 2 known as seismic moment tensor: 

 𝑀 =
𝑀𝑥𝑥 𝑀𝑥𝑦 𝑀𝑥𝑧
𝑀𝑥𝑦 𝑀𝑦𝑦 𝑀𝑦𝑧
𝑀𝑥𝑧 𝑀𝑦𝑧 𝑀𝑧𝑧

     4.3 

The structure of moment tensor is identical to stress tensor but the moment tensor is not 

of elastic origin. If except Mxy all the off diagonal elements are zero. Hence a double 

couple is represented by this tensor whose forces acting in opposite direction. For 

example, Mxy represents the tensor in which two forces acting in x-direction separated by 

small distance b in y-direction. The second couple of Mxy consists of two forces acting 

oppositely in y-direction separated in x-direction (Fig 4.1). Hence the moment in first 

case is positive and is negative in second as per sign convention. So the condition of 

conservation of moment and force are satisfied.  Burridge and Knopoff (1964) showed 

that the natural representation of an earthquake source is the double couple such that the 

direction of the force is in slip direction and the arm is along the fault thickness.  
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∗ Fig 4.1 A mathematical representation of the movement on a fault during an 

earthquake, comprising of nine generalized couples, or nine sets of two vectors. 
The tensor depends of the source strength and fault orientation (After Aki and 

Richards, 1980). 

 

4.2.2 BASIC FORMULATIONS 

Jost and Herrmann (1989) showed that for point source, the displacement at a point on the 

earth is the time dependent linear combination of moment tensor elements. The 

convolution of moment tensor (Mkj) with the derivative of the Green’s function gives the 

displacement at time‘t’ and position x as: 

 𝑢(𝑥, 𝑡) =  𝑀𝑘𝑗 ∗  𝐺𝑠𝑘,𝑗    4.4 

In frequency domain equation 4.4 can be written as: 

 u(x,f)=Mkj Gsk,j      4.5 

Or simple in matrix form as : 

 u = G M      4.6 
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 The M is having nine components but only six independent elements which follow the 

equation 4.1 and 4.2. The set five components of M for which the trace elements vanish 

i.e no volume change is known as the deviatoric moment tensor. If the determinant of 

deviatoric moment tensor is zero than it is known as the double couple source. Generally, 

M consist of two part called as isotropic and daviatoric: 

 M = Misotropic + Mdeviatoric      4.7 

Further, the deviatoric part can also be decomposed into two parts known as double 

couple (DC) and compensated linear vector dipole (CLVD): 

 M deviatoric = MDC + MCLVD     4.8  

Using equation 4.8 in equation 4.7 we have 

 M = Misotropic + MDC + MCLVD    4.9 

Hence moment tensor consists of three components. These three components in form of 

real source model along-with their equivalent force and beach ball are shown in Fig 4.2 

Aki and Richards (1980) showed that in cartesian co-ordinate system for shear fault 

dislocation, the double couple can be expressed in terms of strike (φ), dip (δ), rake (λ) and 

scalar seismic moment (M0). 

𝑀𝑥𝑥 =  −𝑀0(𝑠𝑖𝑛𝛿 𝑐𝑜𝑠λ sin2φ + 𝑠𝑖𝑛2𝛿 𝑠𝑖𝑛λ sin2φ 

𝑀𝑥𝑦 =  𝑀0(𝑠𝑖𝑛𝛿 𝑐𝑜𝑠λ cos2φ + 0.5 𝑠𝑖𝑛2𝛿 𝑠𝑖𝑛λ sin2φ 

𝑀𝑥𝑧 =  −𝑀0(𝑐𝑜𝑠𝛿 𝑐𝑜𝑠λ cosφ + 𝑐𝑜𝑠2𝛿 𝑠𝑖𝑛λ sinφ 

𝑀𝑦𝑦 =  𝑀0(𝑠𝑖𝑛𝛿 𝑐𝑜𝑠λ sin2φ−  𝑠𝑖𝑛2𝛿 𝑠𝑖𝑛λ cos2φ 

𝑀𝑦𝑧 =  −𝑀0(𝑐𝑜𝑠𝛿 𝑐𝑜𝑠λ sinφ−  𝑐𝑜𝑠2𝛿 𝑠𝑖𝑛λ cosφ 

 𝑀𝑥𝑦 =  𝑀0 𝑠𝑖𝑛2𝛿 𝑠𝑖𝑛λ        4.10 

The diagonal elements of M are the eigenvalues and the principle directions associated 

with them are the eigenvectors. For example, in case of double couple source M is having 

two eigenvalues M0 and –M0 whose principle directions or eigenvectors are tensional (T) 

and compressional (P) axis respectively.  To estimate these parameters we need to solve 

equation 4.6 

The Greens function estimation is the most important part of Moment Tensor Inversion.  

There are various methods of calculation of synthetic seismogram. But the basic behind 
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every method is inversion of moment tensor and then the decomposition of it in DC and 

non-DC parts.  

 
Fig 4.2 Representation of isotropic, DC and CLVD components in form of real source 

model along-with their equivalent force and beach ball (modified after Aki and Richards, 
1980). 

 

4.2.3 INVERSION OF MOMENT TENSOR 

Kikuchi and Kanamori (1991) give a moment tensor inversion algorithm. In this 

algorithm, the moment tensor (MT) is decomposed into an explosive and double couple 

sources. Kikuchi and Kanamori expressed the MT as the combination of six elementary 

matrices as: 

 

𝑀1 =  
0 1 0
1 0 0
0 0 0

;   𝑀2 =  
0 0 0
1 −1 0
0 0 0

;   𝑀3 =  
0 0 0
0 0 1
0 1 0

;   

𝑀4 =  
0 0 1
0 0 0
1 0 0

;   𝑀5 =  
−1 1 0
0 0 0
0 0 1

;   𝑀6 =  
1 0 0
0 1 0
0 0 6

;   
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These matrices basically represent the different fault types. For example pure strike slip 

fault are represented by M1 and M2, pure dip slip striking N-S and E-W are represented 

by M3 and M4 respectively, a dip slip fault striking 45 degree is represented by M5 and an 

explosive source is  represented by M6 (Fig.4.3).  

 
Fig.4.3 Beach balls corresponding to basic elementary matrices given by Kikuchi and 

Kanamori (1991). 

 

The first five matrices represent the deviatoric source. Kikuchi and Kanamori (1991) 

performed inversion in time domain which can easily transferred into frequency domain 

by replacing the time series by its spectra.  Let x (t) be the observed ground displacement 

at station ‘s’. Let wsn(t) be the derivative of Green’s function and Mn be the moment 

tensor. The moment tensor in terms of elementary matrices can be written as: 

 𝑀𝑘𝑗 = ∑ 𝑎𝑛6
𝑛=1 𝑀𝑛      4.11 

where n is the number of seismogram used in inversion. 𝑎𝑛 is coefficient and its value is 

obtained by minimizing the difference between observed and synthetic seismogram as: 

 ∆𝑑 =  ∑ ∫[𝑥𝑠(𝑡) − ∑ 𝑎𝑛6
𝑛=1 𝑤𝑠𝑛(𝑡)]2𝑛𝑠

𝑠=1 𝑑𝑡  

 ∆𝑑 =  𝑅𝑥 −  ∑ 𝑎𝑛6
𝑛=1 𝐺𝑛 + ∑ ∑ 𝑅𝑚𝑛𝑎𝑛𝑎𝑚6

𝑛=1
6
𝑛=1 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚  4.12 

.The terms Rx and Rmn can be represented as: 

 𝑅𝑥 =  ∑ ∫𝑥𝑠(𝑡)2 𝑑𝑡𝑛𝑠
𝑠=1      4.13 

 𝑅𝑚𝑛 =  ∑ ∫[𝑤𝑠𝑚(𝑡)𝑤𝑠𝑛(𝑡)]𝑑𝑡𝑛𝑠
𝑠=1     4.14 

       𝐺𝑛 =  ∑ ∫[𝑤𝑠𝑚(𝑡)𝑤𝑠𝑛(𝑡)]𝑑𝑡𝑛𝑠
𝑠=1     4.15 

Hence, 

 ∑ 𝑅𝑚𝑛𝑎𝑚6
𝑚 = 𝐺𝑛      4.16 

So the solution for coefficient 𝑎𝑛 is given by using above equations as: 
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 𝑎𝑛 =  ∑ 𝑅−1𝑚𝑛𝐺𝑚6
𝑚=1      4.17 

Assuming that the data is statistically independent, the variance in the coefficient 𝑎𝑛 can 

be calculated as: 

 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝑎𝑛) =  ∑ (𝑅−1𝑚𝑛)26
𝑚=1  𝜎𝑚2    4.18 

where 𝜎𝑚2 represents the variance in the data. There are the cases when variance in the 

data not known then ∑ (𝑅−1𝑚𝑛)26
𝑚=1  is used to calculate the variance.  

 

4.2.4. DECOMPOSITION OF MOMENT TENSOR 

The decomposition of MT is unique only for the deviatoric and volumetric parts. The 

decomposition involves a step by step process. In first step MT is decomposed into 

eigenvalues and associated principle direction called eigenvectors. It is basically the 

rotation of MT in the principle axis system. The directions of P (compressional) and T 

(tensional) axis are given smallest eigenvalue and largest eigenvector respectively. The 

direction of null axis is given by other remaining intermediate eigenvectors. The MT 

rotated in such way is the diagonal matrix as: 

 𝑀 =
𝑚1 0 0
0 𝑚2 0
0 0 𝑚3

     4.19 

The sum of the diagonal elements is known as the trace of the matrix and is expressed as  

Trace (M) = m1 + m2 + m3. Now the matrix M is further decomposed into the deviatoric 

and volumetric components as: 

 𝑀 =
𝑡𝑟𝑎𝑐𝑒(𝑀) 0 0

0 𝑡𝑟𝑎𝑐𝑒(𝑀) 0
0 0 𝑡𝑟𝑎𝑐𝑒(𝑀)

+   
𝑚1

1 0 0
0 𝑚2

1 0
0 0 𝑚3

1
 4.20 

The change in the volume at the source is shown by the isotropic part of M but it very 

difficult to resolve it. Hence the significance of isotropic part is not considered if it is less 

than 10%. The most useful part is the deviatoric part which can be further decomposed in 

various ways such as three double couples, one best double couple and CLVD (used by 

USGS and Harvard), Three CLVD, a minor and major double couple etc. When the MT is 

resolved in a best double couple and CLVD, the relative contribution of double couple 

and CLVD is described by parameter ε which is given by: 
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 𝜀 =  𝑚𝑚𝑖𝑛
𝑚𝑚𝑎𝑥

       4.21 

The mmin is the smallest and  mmax is the maximum absolute values of deviatoric part. ε=0 

for the pure double couple (DC) and ε=0.5 for pure CLVD. Generally the contribution of 

DC and CLVD is expressed in percentage. The double couple percentage contribution is 

(1-2ε)*100.  

 

4.3  GENERAL STEPS OF MOMENT TENSOR INVERSION 

In general, there is a number of factors effecting the quality of moment tensor inversion 

such as data quality, number of data available and their azimuthal recording. The effect of 

azimuthal coverage is shown by Dufumier (1996). He also showed the effects of 

considering only P waves, P and SH waves, together P, SH and SV waves. Sileny (1992, 

1996) and Kravanja et al. (1999) showed the effects of wrong velocity model and wrong 

hypocenter location on the MT estimation. Following are the general steps of moment 

tensor inversion. Basic steps remains almost same for the inversion performed either in 

time or frequency domain.  

1. Pre-processing of the data 

a. Input data of good signal to noise ratio 

b. Instrument response correction 

c. Converting the records into displacement time series 

d. For the point source approximation and to remove the high frequency noise, 

low pass filtering the data. 

2. Synthetic Green’s function calculation 

a. Define the each model in terms of velocity structure 

b. Define the position of source and receiver  

3. Inversion 

a. Selection of P, SH waves or Full seismogram for inversion 

b. Matching the synthetic and observed seismograms. 

c. Equation 3.33 and 3.35 evaluation 
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d. Decomposition of MT into a best double couple and CLVD parts. 

The Various researchers developed the different computer coda to perform the 

above described steps. ISOLated Asperity batter known as ISOLA is one among them 

which provide better platform for estimation of MT and most widely used. The computed 

code ISOLA is used for the estimation of moment tensor in the present study. The brief 

description of ISOLA code is given below. 

 

4.4  ISOLA 

The Kikuchi and Kanamori (1991) algorithm described in above section is the basis of 

iterative deconvolution for teleseismic data. Zahradnik et al. (2005) modified this method 

for regional events. The modification basically is the involvement of the full Green’s 

functions which is calculated by discrete wavenumber method of Bouchon (1981). This 

modified version of iterative deconvolution and multiple point‐source representation is the 

basis of the code ISOLA which is developed by Sokos and Zahradník (2008). These 

multiple point‐source may represent the isolated asperity hence the name of the code is 

ISOLA. It is written in MATLAB with an inversion engine written in FORTRAN. This 

tool is closer to the robust methods which represents the source effect with minimum 

number of parameters such as in the patch method of Vallee and Bouchon (2004) whose 

advantage is good stability.  

The MTs are computed by minimizing the difference between the observed and 

synthetic displacement in the least square sense. ISOLA computes the MT at a set of 

predefined trial source positions and trial origin times.  The grid search (Adamova et al., 

2009) provides the best time and centroid position in terms of the absolute value of the 

correlation coefficient between the data and synthetics. The match between the observed 

and best-fitting synthetic data is characterized by the overall variance reduction (VR): var 

red =1 –E/O, where E = Σ (Oi -Si) 2, O = Σ (Oi) 2, with O and S are the abbreviation used 

for the observed and synthetic data respectively, along with summation over all samples, 

components and stations. These characterises the match between the observed and best-

fitting synthetic data (Zahradnikand Sokos, 2008). The VR is the parameters which 

qualify the overall match between observed and synthetic seismogram. The ISOLA code 

also allows complex rupture histories described by multiple point-source sub events, each 

one represented by a delta function (Zahradnik et al., 2005). 
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The recorded seismograms are the velocity records. The ISOLA code uses the 

displacement data for MT so the seismograms recorded as velocity data or acceleration 

data are first converted into the displacement. The events recorded at a small distances are 

also separately analyzed. The events which are recorded at small distances are less 

affected by the medium complexities. A low cut filter with corner frequency 0.2 Hz is 

applied to remove offset and microseisms. Then the instrument correction is done by 

correlating the record with transfer function of the seismometer. The corrected data is 

resembled with sampling frequency 25 Hz. In order to extract the low frequency content 

S-wave and surface waves, the record is further band passed with corner frequencies 0.5 

Hz and 1.5 Hz. The deviatoric MT can be decomposed into DC and CLVD (non-DC) 

components. The relative size of each of them is (1-2f) and (2f) respectively. Here 1, -f 

and f-1 are the normalized eigenvalues. The DC% is calculated by 100 *(1-2f). For 

subevents the MT is repeated and first subevent is searched. The synthetic seismograms 

of first subevent are subtracted from observed events. The residual seismograms are 

processed as the original one (Adamova et al., 2008).  In this way DC and CLVD are 

computed for the using the local earthquake data. Some of the analysis procedure is 

describe in the following section. 

 

4.5 ANALYSIS PROCEDURE 

Before proceeding for the use ISOLA software, we need to make different files. 

First is the station location file which needs to be placed installation folder. Another file 

contains the velocity structure of the region. This crustal is to be used for the estimation 

of green’s function. The velocity model given by Khattri et al. (1983) (Table 2.3) has 

been used. Some softwares are also required to run the ISOLA. There softwares are 

Matlab, Generic Mapping Tools (Wessel and Smith, 1991), GsView, Ghosscript and 

imagemagick. The information of hypocenters parameters i.e latitude, longitude, depth 

and origin time of the event must be available. The hypocenter parameters of 104 events 

considered for analysis are given in appendix-I Table I.1. The depth representing the true 

source depth is known as optimal depth. This depth is determined by keeping horizontal 

source position i.e. epicenter location fixed and performing the repeated waveform 

inversion for a set of trial depth. The Green’s function is estimated at each depth. The 

correlation between the observed and synthetic seismogram is the function of depth. This 

process is known as the grid search. Because the grid search is performed in a vertical 

plane it is called vertical grid search. Vertical grid search gives single depth at which 
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correlation as well as DC% is high (Fig 4.4). In this way each optimal depth for each 

event is determined. 

Now keeping this optimal depth fixed, the optimal epicenter location is 

determined for each event. For this purpose 49 point stencils are defined in a horizontal 

plane. The total horizontal plane dimension is 14 km NS and 14 Km EW with each grid 

size 2 km x 2 km. The waveform inversion performed for the horizontally defined source.  

The best epicentral position is corresponding to the maximum correlation value in the 

horizontal plane (Fig 4.5). Now we have best centroid position at which the final 

inversion in performed to have source parameters. So the final the comparison between 

observed and synthetic waveforms is shown in fig.4.6. 

 

 
Fig. 4.4 The correlation between observed and synthetic waveforms as a function of the 

trial source depth. Colors represent the DC%. (a) 18/08/2011.  
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Fig. 4.5 The correlation between observed and synthetic waveforms of 18/08/2011   at 

various trials on 2 km x 2 km grid along NS and EW directions.  The colours of beach 

balls represent the DC%. (a) Represent the planer view of the grid. (b) Represent the side 

view standing EW and looking towards NS. 
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Fig. 4.6 Plot showing comparisons between observed (black) and synthetic waveforms 

(red) for four stations which are used in inversion. Variance reduction is shown in blue 

letters. 

 

4.6 DISCUSSION OF RESULTS 

The source parameters viz strike; dip and slip of the fault planes of 104 

earthquakes along with the azimuth and plunge of both P and T axis are estimated using 

ISOLA software and shown in Table IV.1 of appendix-IV. These earthquakes are 

observed at local distances in the Lower Siang region. To avoid the spurious content a 

criteria is applied. According to these criteria only those events having magnitude greater 

than 2.5, signal to noise ratio (SNR) is greater than 6 and epicentral distance confined 

within 50 km of the network, are analyzed separately. There is only 41 such events which 

fulfil this criteria. The signal to noise ratio (SNR) for all 104 earthquakes is computed 

using a Matlab program. The parts of seismogram before the arrival of P-wave (noise) 

and after the P-wave arrival (signal) have been transformed to frequency domain. The 

ratio of their root mean square (rms) amplitude (SNR) has been estimated for considered 

frequency band. As the daviatoric moment tensor inversion is performed so moment 

tensor composed into two components knows as double couple (DC) and compensated 

linear vector dipole (CLVD). The CLVD is also knows as non double couple component 

of moment tensor and its origin is attributed to different factors. According to Vavrycuk 

et al. (2008) this component is due to errors in the data such as moment tent inversion is 

not accurate, wrong hypocenter location. Sipkin (1986) and Frohlich (1994) attributed the 

origin of CLVD to the different orientation of subfaults on the fault plane. Shimizu et 

al.(1988), Julian et al. (1998) Miller et al.(1998) and Vavrycuk (2001, 2007, 2011, 2012, 
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2014) said that the CLVD component is originate due to tensile stress regime. Vavrycuk 

(2003) showed that deep focus earthquakes have low non-DC as compared with the 

shallow depth events. Síleny and Vavrycuk (2000, 2002) showed that CLVD component 

is due to seismic anisotropy. They also said that that CLVD may be due to the lack of 

good azimuthal data Kravanja et al (1999) and Síleny (2009) attributed this component to 

the noise present in the data. Kuge and Lay argued that high magnitude events have low 

non-DC component as compared with low magnitude events. Since there is such a wide 

explanation of origination of CLVD, so in present study we try inspect the effect of some 

factors such as noise in the data, depth the event and magnitude of the event. The plots 

between CLVD and source depth are shown in Fig. 4.7a and 4.7b. Fig. 4.7a contains full 

data set of 104 earthquakes whereas Fig. 4.7b contains the 41 events which follow the 

above described criteria. It is very difficult to interpret fig. 4.7a which is highly affected 

by noise present in low magnitude data and structural complexity. Fig 4.7b shows large 

CLVD% for shallow event as compared to competitively deep events. Hence CLVD% is 

highly affected by the depth of the source. Here we can interpret that the depth effect in 

fig 4.7a may be masked by the noise and structural complexity. The plots between SNR 

and CLVD% are shown in Figs. 4.8a,b. From Fig. 4.8a containing all 104 events, it can 

be noted that randomness in the CLVD% is high when the SNR is less than 25. However, 

the randomness reduces when 41 good events are used (Fig. 4.8b). Also, the CLVD 

component is quite low for SNR greater than 25 in both cases. It means that noise plays 

an important role in the origination of non-DC component.   

 

  
Fig. 4.7.The plot between CLVD and source depth. (a) All 104 events, (b) selected 41 

good events  
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Fig. 4.8.Plot between SNR and CLVD%.(a) All 104 events, (b) selected 41 good events  

 
 

Fig. 4.9.The variation of DC% with magnitude.(a) All 104 events, (b) selected 41 good 

events  

  
Fig. 4.10.The variation CLVD% with magnitude.(a) All 104 events, (b) selected 41 good 

events  

 

The magnitude range of the earthquakes used is between 1.5 (Mw) to 5.1 (Mw) and 2.5 

(Mw) to 5.1 (Mw) for 104 and 41 earthquakes respectively. The variation of DC% and 

CLVD% with magnitude has been studied (Fig. 4.9a,b and Fig 4.10a,b).  Fig. 4.9a and 

4.10a contains the all 104 events whereas Fig. 4.9b and 4.10b contains only those events 

sorted by applying the SNR, epicenter distance and magnitude criteria. From 4.9a and 

4.10a it can be observed that in the magnitude range below 3.5 both CLVD and DC 
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components can be observed and their distribution is highly random. In magnitude range 

greater than 3.5, the DC component is prominent shown in Fig 4.9a and CLVD 

component is very low shown in Fig 4.9a. Fig. 4.9b and 4.10b shows the effect of 

magnitude on DC and CLVD with more clarity. Below magnitude 3.5 a cluster of events 

showing a high DC as shown in Fig. 4.9b and relatively low CLVD as shown in Fig. 

4.10b. the events having magnitude greater than 3.5 shows high DC (Fig. 4.9b) and low 

CLVD (Fig. 4.10b). Thus magnitude of events also affects the CLVD.  

For the events recorded at larger epicentral distances total network act as single 

station. Hence the more CLVD at higher may also be attributed to azimuthal coverage. 

The CLVD component may also be of physical origin but there should be positive 

correlation between the isotropic (ISO) and non-DC (CLVD) components (Vavrycuk, 

2001; Fojtíkova et al., 2010). In the present work, the deviatoric MT has been done as 

ISO component is not available. Further good data available for such correlation is very 

less. Hence, the present study attributes the CLVD to the numerical errors of the inversion 

and depth of the event. These numerical errors are due to structural complexity, noise of 

the data and azimuthal coverage of the data. However, the possibility of this error for 41 

events in Fig. 4.9 and Fig. 4.10 is quite low. So this study also agrees with the double 

couple theory of source mechanism for high magnitude events. So large magnitude events 

are of  

In this chapter efforts have been made to manifest the source of non-DC (CLVD) 

component of MTs. from the moment tensor analysis of 104 local earthquakes. The 

moment tensor analysis of 41 earthquakes out of 104 earthquakes having magnitude 

greater than 2.5 and signal to noise ratio (SNR) greater than 6 with small epicentral 

distances brought out more clarity in the identification of cause of CLVD. The summery 

results on moment tensor obtained in the present study are given in chapter 8. 
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Chapter 5 

 

Seismic Wave Attenuation Characteristics using Body waves 

 
5.1 INTRODUCTION 

The basic physical mechanisms which are responsible for the loss of energy of 

propagating seismic waves are intrinsic absorption from inelasticity of rocks and 

scattering under distributed heterogeneities. The seismic energy is converted into heat by 

intrinsic absorption and redistributed due to the internal fraction of medium’s particle and 

heterogeneity of the medium though which the seismic wave passes. The higher 

frequency component of seismic waves attenuates more rapidly than the low frequency 

components resulting in resolution loss in seismograms. Therefore, the attenuation of 

seismic waves in the lithosphere is an important property for studying the regional earth 

structure in relation to seismicity (Mandal et al, 2004). On the earthquake ground motion 

the effect of travel path is mainly due to the wave attenuation of propagation wave.   

 The seismic wave attenuation characteristics of a region can be studied using 

different parts of the seismogram e.g. P-wave, S-wave, Surface waves and Coda waves 

(Aki, 1969; Aki and Chouet, 1975; Hermann, 1980; Mitchell, 1995). The P-wave and S-

wave part of Seismogram provides the seismic wave attenuation of direct path from 

source to receiver of local earthquakes whereas the seismic wave attenuation using the 

information of the surface waves provide the regional structure of the medium, whereas 

the attenuation of Coda waves provides the average attenuation picture of the local 

region. The efficiency of seismic energy propagation through a medium is commonly 

expressed by the inverse of dimensionless quantity called quality factor Q (Knopoff, 

1964).  

Q-1=-∆E/2πE       (5.1) 

Where ∆E is the energy loss per cycle and E is the total energy available in a harmonic 

wave.  

Aki (1980) proposed the coda normalization method to estimate the frequency-

dependent relation for Qβ. Yoshimoto et al. (1993) extended this method for simultaneous 

measurement of Qα and Qβ which is successfully applied in the various regions of India as 
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well as world. For example, for Indian regions, Koyna (Sharma et al.2007); Bhuj (Padhy, 

2009); Chamoli region of Garhwal Himalaya (Sharma et al., 2009). Similarly, for World 

region some studies are Kanto, Japan (Yoshimoto et al. 1993); Western Nagano, Japan  

(Yoshimoto et al. 1998); South-Eastern Korea (Chung and Sato, 2001); central South 

Korea  (Kim et al., 2004); East-Central Iran (Mahood et al., 2009) and Cairo metropolitan 

area (Abdel-Fattah, 2009) and many more.  

 In the present study seismic wave attenuation characteristics have been 

determined using P-wave (Qα)  S-wave (Qβ) and Coda waves (Qc), part of seismogram. 

This chapter discusses the estimation of frequency dependent quality factor of P-wave 

(Qα) and S-wave (Qβ). Both Qα and Qβ are estimated using the extended coda 

normalization method given by Yoshimoto et al. (1993). Also frequency dependent Qα 

and Qβ relations have been developed for the study region. P and S waveforms of 104 

local earthquakes recorded by the seismological network as discussed in chapter 2.0 have 

been used for the analysis. The investigation of Qα/Qβ ratio and its probable significance 

has also been discussed. The results obtained Qα and Qβ are compared with that obtained 

for other regions of the India and World.   

 

5.2  BASIC MATHEMATICAL FORMULATION FOR WAVE ATTENUATION 

The mathematical form of the energy recorded in the form of amplitudes at a distance, x, 

is represented as follow:  

𝐴(𝑥) =  𝐴(0) ∗ 1
𝑥
∗ 𝑒𝑥𝑝−𝑎𝑥       (5.2) 

 Where, A(0) denotes amplitude of seismic wave at x=0, E(x) amplitude of seismic wave 

at x, and 1
𝑥
 represents geometrical spreading factor. ‘𝑎’ is absorption coefficient or 

attenuation coefficient and given by: 

𝑎 =  𝜋𝑓𝑥
𝑣𝑄

        (5.3) 

Here ‘f’ represents frequency and ‘v’ is the velocity of propagation. Q is the quality 

factor. So amplitude of seismic wave can be expressed as: 

𝐴(𝑥) =  𝐴(0) ∗ 1
𝑥
∗ 𝑒𝑥𝑝(−𝜋𝑓𝑥𝑣𝑄 )      (5.4) 
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The above equation represents the elastic energy recorded in the form of amplitude of 

seismic waves at a distance x in real media. The term  𝑒𝑥𝑝(−𝜋𝑓𝑥𝑣𝑄 ) is a measure of seismic 

wave attenuation. The non dimensional parameter Q, known as quality factor represents 

the physical properties of the medium such as internal friction due to anelasiticity and 

heterogeneities of the medium. The reciprocal of quality factor (1
𝑄

) is a measure of 

attenuation in the medium. Attenuation of seismic waves is measured by the non 

dimensional parameter, Q, called the quality factor which is directly related to the decay 

of seismic energy when it spread through medium. Q is the representation of physical 

properties of the material present in the medium and its state. Therefore, the seismic wave 

attenuation can be determined by estimating the quality factor (Q). 

 

5.3 METHOD FOR ESTIMATION OF Qα AND  Qβ  

Aki (1980) proposed the coda normalization method based on the empirical observation 

for the frequency dependent relationship of Qβ. This method was extended Yoshimoto et 

al. (1993) for simultaneous measurement of Qα and Qβ. For the local earthquakes 

recorded at distances less than 100 km, the spectral amplitude of the coda at lapse times 

greater than twice the S wave travel time is proportional to the source spectral amplitude 

of the S waves (Yoshimoto et al., 1993; Kim et al., 2004).  Therefore, the normalization 

of S wave spectra to coda is able to remove the effects of source, site and instrument 

observation.  The Q is estimated under the assumption that P- to S-wave radiation have 

same spectral ratio within some magnitude range within narrow frequency range 

(Yoshimoto et al., 1993). Here we briefly describe the method which is reproduced here 

after Aki (1980) and Yoshimoto et al. (1993). The basic assumption of the coda 

normalisation method is that the coda waves are consists of scattered S-waves (Aki, 1969, 

Aki and Chouet, 1975, Sato 1977). In this method the amplitude of the earthquake source 

is normalised by the coda amplitude at a fixed lapse time. It enables the estimation of Qα 

and Qβ or QT using single station data. For lapse time (tc) greater than the travel time of 

direct S-waves (ts), spectral amplitude of coda Ac (f, tc) is independent of hypocentral 

distance ‘r’. hence the spectral amplitude of direct S-wave can be written as (Aki, 1980) :  

 𝐴𝑐(𝑓, 𝑡𝑐) =  𝑆(𝑓)𝑃(𝑓, 𝑡𝑐)𝐺(𝑓)𝐼(𝑓)    (5.5) 
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where S(f), f, P(f, tc), G(f) and I(f) represents the frequency, source spectral 

amplitude, the coda excitation factor, site amplification factor and instrument 

response respectively. The coda excitation factor shows the decay of coda amplitude 

with lapse time. The spectral amplitude of direct S-wave As(f, r), can be expressed as: 

 𝐴𝑠(𝑓, 𝑟) =  𝑅𝜃𝜑𝑆(𝑓)𝑟−𝛾𝑒𝑥𝑝
�− 𝜋𝑓𝑟

𝑄𝛽(𝑓)𝑉𝑠
�
𝐺(𝑓,𝜓)𝐼(𝑓)   (5.6) 

where Rθψ is the ratio pattern, γ is the geometrical spreading exponent and is taken as 

unity for body waves, Vs is the average S-wave velocity, Qβ(f) is the S wave quality 

factor and Ψ is the S-wave incidence angle. Dividing equation (5.6) by equation (5.5) we 

get: 

 (𝑅𝜃𝛹
−1 𝐴𝑠(𝑓,𝑟)

𝐴𝑐(𝑓,𝑡𝑐)
) 𝑟 =  �𝐺(𝑓,𝜓)

𝐺(𝑓) � 𝑃
−1(𝑓, 𝑡𝑐)𝑒𝑥𝑝

�− 𝜋𝑓𝑟
𝑄𝛽(𝑓)𝑉𝑠

�
  (5.7) 

Taking logarithm we get: 

 𝑙𝑛[(𝑅𝜃𝛹
−1 𝐴𝑠(𝑓,𝑟)

𝐴𝑐(𝑓,𝑡𝑐)) 𝑟] =  𝑙𝑛 �𝐺(𝑓,𝜓)
𝐺(𝑓) � + �− 𝜋𝑓𝑟

𝑄𝛽(𝑓)𝑉𝑠
� + 𝑐𝑜𝑛𝑠𝑡(𝑓) (5.8) 

The term P-1 (f, tc) as desribed earlier is indipendet of hypocentral so for a fixed lapse 

time window it became constant (const (f). 

For favourable condition when the azimuthal distubution of the earthquakes is very wide 

then: 

• Averaging the Rθψ over many focal planes, its effect will be zero. 

• Averaging G (f, ψ)/G(f) over many events, it becomes indipendent of ψ. 

Hence the equation (5.8) get simplified as: 

𝑙𝑛 �𝐴𝑠(𝑓,𝑟)𝑟
𝐴𝑐(𝑓,𝑡𝑐)

�
𝑟±∆𝑟

=  −𝜋𝑓𝑟
𝑄𝛽(𝑓)𝑉𝑠

+ 𝑐𝑜𝑛𝑠𝑡(𝑓)   (5.9) 

The above equation is linear eqution between ln{As(f, r) r/Ac(f, tc)}r±Δr and ‘r’. The slope 

of this linear equation i.e slope –πf/ Qβ (f) Vs provide the quality factor of S-wave (Qβ). 
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The above equation was proposed by Aki (1980) to measure Qβ (f). it represents a straight 

line with slope –πf/ Qβ (f) Vs. Hence using linear regression of ln{As(f, r) r/Ac(f, tc)}r±Δr 

versus r,  Qβ (f) can be estimated. 

Yoshimoto et al.(1993) extended this coda normalization method. They assumed that 

within a small magnitude range, the ratio of spectral amplitude of P and S wave remains 

constant for a narrow frequency range f±Δf  i.e 

�𝑆𝑃(𝑓)
𝑆𝑠 (𝑓)

�
𝑓±∆𝑓

= 𝑐𝑜𝑛𝑠𝑡(𝑓)     (5.10) 

Rautian et al.(1978) shows that above relation remains true even if the spectral shapes of 

P and S wave are diferent. So it can be written that: 

Ac(f, tc) α Ss(f) α SP (f)     (5.11) 

where Sp(f) is the source spectral amplitude of P waves, Ss(f) is the source spectral 

amplitude of S waves, f is the frequency in Hz and tc is the reference lapse time measured 

from the earthquake origin time. Therefore using the equation 5.9 and 5.11, we can give  

𝐼𝑛 𝐴𝑃(𝑓,𝑟)𝑟
𝐴𝑐(𝑓,𝑡𝑐)

= − 𝜋𝑓
𝑄𝛼𝑉𝑃

𝑟 + 𝑐𝑜𝑛𝑡(𝑓)    (5.12) 

Where AP(f, r) and AS(f, r) represents the amplitude spectra of the direct P and S waves at 

the hypocentral distance r (km)  respectively. VP is the P-wave velocity and VS is the S-

wave velocity. Qα and Qβ can be estimated by fitting linear regression line after applying 

the least square method to the left hand side plot of equation (5.9) and (5.12) with respect 

to the hypocentral distances. The vertical (Z) components of seismograms and horizontal 

components (N-S) are analyzed for the estimation of Qα and Qβ respectively. The fig.5.1 

represents the seismogram recorded at. The spectral amplitude of the direct P and S 

waves are measured using 2.56 sec time window. The spectral amplitude of the Coda 

waves Ac(f, tc) is calculated using a lapse time window of 2.56 sec and the lapse time for 

the analyzed portion of the coda wave is taken as twice the travel time of S-wave (Aki 

and Chouet, 1975; Rautian and Khalturin, 1978).  The geometrical spreading is r-1 and 
1

�𝑟 ℎ𝑚𝑜ℎ
 for the epicentral distance of r≤h moh and r ≥ hmoh, respectively where hmoh is twice 

the Moh depth ((Herrmann and Kijko, 1983; Mahood et al., 2009). In the study region the 

Moh depth is 46 km (Khattri 1983) so hmoh approximately can be taken as 90 km. The 

hypocenters of the earthquakes considered for the analysis are less than 90 km. Therefore, 

r-1 can be considered as geometrical spreading. 
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Fig 5.1 Example of a horizontal component (N–S) seismogram recorded at station LED 
with. The arrival time of P, S and Coda waves are marked. A time window of 2.56 sec is 

taken for all three waves. 
 

 

5.4. ANALYSIS PROCEDURE  

The basic analysis procedure of estimation of P and S-wave attenuation using extended 

coda normalization method is given below: 

1. Consider a raw data in the form of time series for the local earthquakes. 

2. Apply baseline correction before analysis. 

3. Select the P –wave, S wave and coda wave part on time series. 

4. Take the fast Fourier transform of the each selected portion and find the root 

mean square amplitude. 

5. Plot the coda normalized P and S-wave spectral amplitude as a function of 

hypocentral distance. The slop of this linear gives the value of quality factor 

for P-wave (Qα) and S wave (Qβ) using equation 5.9 and 5.12 at single 

frequency.  

6. Average all the Q values of different station at different frequency. And fit a 

power law in the form Q = Q0fn for both P and S-waves. 

The flowchart is used for developing a MATLAB code for the estimation of P and S-

wave attenuation in shown below: 
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Fig 5.2 Flow chart of MATLAB code used for the estimation of P and S wave 

analysis. 
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5.5 RESULT AND DISCUSSION  

Fig 5.3 and Fig 5.4 shows the Coda normalized peak amplitude decay of P and S 

waves with hypocentral distance for seven central frequencies at LED station and a 

straight line is fitted using least square technique respectively. In this way Qα and Qβ have 

been determined at seven central frequencies for the Lower Siang region of Arunachal 

Himalaya. The variation in the quality factor at all the five stations is listed in Table 5.1 

and plotted as function of frequency fig. 5.5 a and b. Both from Fig 5.5a, b it is observed 

that Qα and Qβ is increases with the frequency. The average variation in Qα value is from 

49±4 at 1.5 Hz to 1421±6 at 24 Hz while the average value of Qβ varies from118±6 at 1.5 

Hz to 2335±5 at 24Hz (Table 5.2). A power law, Q=Q0fn (where Q0 is the Q value at 1 Hz 

and η is the frequency exponent) is obtained for each station. There frequency 

dependence Qα and Qβ relations are given in Table 5.3. The average Qα and Qβ relation Qα 

= (25±1)f(1.24±0.04) for P-wave and  is Qβ = (58±1)f(1.16±0.04)  are obtained for the Lower 

Siang region of Arunachal Himalaya. The frequency dependence Qα and Qβ relations are 

found to be comparable with the other seismically active regions of India as well as 

world. There comparisons among the Indian and world regions are shown Fig. 5.6 and 

Fig. 5.7. The comparison showed that the relations of Lower Siang region are lower as 

compared with the other considered regions except the Chamoli region of the Garhwal 

Himalaya. 

Qβ relations, among all Indian regions considered for the comparison, match 

almost similar with the kachchh region of Gujarat where a moderate earthquake occurred 

in January 2001 and showed aftershock activity for a longer period. Whereas Qβ is also 

close to the other NE region that is considered seismically active. In the comparison of 

World it is observed that the Qβ value in the Siang region in between of all regions.  
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Fig 5.3 Coda normalized peak amplitude decay of P waves with hypocentral distance for 
five central frequencies at LED station and the regression lines from the least-squares 

best-fitted lines are also shown. 
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Fig 5.4 Coda normalized peak amplitude decay of S waves with hypocentral distance for 
five central frequencies at LED station and the regression lines from the least-squares 

best-fitted lines are also shown. 
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Table 5.1: Qα and Qβ values along with their standard deviations at different central 
frequencies at five stations. 

Freq. 
 (Hz) 

ADI 
(Qα) (Qβ) 

AHO 
(Qα) (Qβ) 

AYE 
(Qα) (Qβ) 

LED 
(Qα) (Qβ) 

ROT 
(Qα) (Qβ) 

1.5 46±4 101±5 56±4 130±6 33±4 109±5 71±6 123±7 42±4 128±7 

3.0 91±4 135±3 92±3 132±4 75±3 199±4 99±3 169±3 106±3 180±4 

6.0 253±6 346±5 200±4 404±5 206±4 416±4 212±3 436±4 222±3 490±5 

9.0 412±6 606±4 360±4 654±5 383±4 722±4 435±5 955±6 374±3 698±4 

12.0 580±6 808±3 488±4 955±4 590±5 1097±5 714±6 1939±8 585±4 1007±4 

18.0 1025±7 1240±3 743±4 1471±4 1070±6 1867±6 1335±7 2725±8 937±4 1713±4 

24.0 1528±9 1654±3 984±4 1996±5 1273±5 2194±5 1999±9 3574±8 1325±5 2261±4 

 

 

Table 5.2: Average values of Qα and Qβ along with their standard deviations at different 
central frequencies. 

Freq. (Hz) 1.5 3 6 9 12 18 24 

Qα 49±4 92±3 218±4 392±4 591±5 1022±6 1421±6 

Qβ 118±6 163±4 418±5 727±5 1161±5 1803±6 2335±5 

 

 

Table 5.3: Frequency dependent relationships for five stations 

Station code Relation for P-wave Relation for S-wave 

ADI Qα = (25±1)f(1.28±0.03) Qβ = (53±1)f(1.07±0.05) 

AHO Qα = (32±1)f(1.07±0.04) Qβ = (61±1)f(1.08±0.07) 

AYE Qα = (18±1)f(1.37±0.04) Qβ = (61±1)f(1.13±0.04) 

LED Qα = (30±1)f(1.27±0.01) Qβ = (52±1)f(1.34±0.01) 

ROT Qα = (25±1)f(1.24±0.02) Qβ = (68±1)f(1.09±0.05) 
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Fig. 5.5 (a). Comparison of estimated value of Qα at all five stations, (b) comparison of 

estimated value of Qβ at all five stations 
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Fig  5.6. Comparison of Qα (a,b) obtained in the present study with the other regions of 

the India and world. 
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Fig 5.7. Comparison of Qβ (a,b) obtained in the present study with the other 

regions of the India and world. 
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A comparison of average values of Qα and Qβ is plotted in Fig. 5.8. From the figure it has 

been observed that P-wave quality factor (Qα) is lower than the S-wave quality factor 

(Qβ). Therefore, P waves attenuate more rapidly than the S-waves. The ratio of Qβ and Qα 

is observed greater than unity (Qβ/Qα>1) for the region. This means the region exhibits 

high degree of lateral heterogeneities. The similar observations are obtained by the other 

researchers e.g. Bianco et al.(1999) and Sato and Fehler (1998). The geology of the 

Lower Siang Region of Arunachal Himalaya helps in understanding the attenuation 

mechanism in the region. It lies within seismically active region of Eastern Syntaxial 

Bend. The region is considered seismically as one of the most active zone of Himalayan 

terrains. It comprises of alluvium of quaternary period, sedimentary and Dark green to 

grey amygdaloidal mafic volcanic of Miocene period, sedimentary of Permian period and 

metamorphic rocks of Proterozoic eon. The Sediments of the active channels, Boulders, 

Cobbles, Pebbles with Sand (Holocene); Boulders, cobbles, gravel, silt, clay 

(Pleistocene); Soft grey sandstones, silt, clay and semi-consolidated gravel-boulder 

beds;Miri Formation Conglomerate (Lower Permian); Quartzite and  shale/slate with 

conglomerate lenses of Nikte Quartzite (Lower to Middle Palaeozoic) and other igneous 

intrusions make the regions highly heterogeneous. Hence this part of Himalaya is highly 

heterogeneous and similarly highly active region aas the other parts of the Himalaya. The 

average Qβ/Qα ration at 1 Hz is compare with the other regions of the world (Fig. 5.9). 

The results obtained in this study are falling in the region where Qβ>Qα. The dash line Qα= 

2.25Qβ (i.e. Qβ/Qα=4/9) is theoretically derived. By Sekiguchi (1991) based the 3-D wave 

attenuation in Kanto-Tokai area using the spectral ratio method. The theoretically derived 

Qβ/Qα ratio is approximately accounts the attenuation of low frequency seismic waves 

having frequency less than 0.1 Hz (Anderson et. al., 1965; Yoshimoto et al., 1993). The 

laboratory measurements of done by Toksoz et al. (1978) shows that in water saturated 

rocks the Qβ/Qα ratio is less than unity while in dry rocks  it is greater than unity. 

Richards and Menke (1983) found that Qβ/Qα is approximately equal to 1. Yoshimoto et 

al.(1993) found that this assumed ratio is not applicable for higher frequencies and 

observed that Qβ/Qα is greater than unity for Kanto area, Japan for frequencies greater 

than 1 Hz. Yoshimoto et al. (1998) explained that Qβ/Qα is greater than unity in frequency 

range about 1–30 Hz. The observed Qβ/Qα for Oaxaca subduction zone in Mexico is 2.54 

in the frequency range 1.5-24Hz (Castro and Munguia, 1993). Chung and Sato (2001), 

analyzing the earthquake data of Yangsan fault region of south-eastern South Korea 

found that in the frequency range 1.5–24 Hz, the Qβ/Qα ratio approximately equal to the 
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2.25. For Koyna region (India), Sharma et al. (2007) obtained the  Qβ/Qα greater than 

unity for frequencies 1.5–18 Hz. for the Kanto region (Japan) the observed Qβ/Qα≥1 in 

frequency range 1–10 Hz. Padhy (2009) for Bhuj region (India) found that the Qβ/Qα is 

greater than unity frequency range of 1–24 Hz. Also, for the Cairo metropolitan area the 

reported value of Qβ/Qα>1 for frequencies 3-24 Hz. Recently, Singh et al (2012) reports 

the Qβ/Qα for Kumaun Himalaya in the frequency range 1.5-12 Hz. Hence the present 

study obtained Qβ/Qα ratio at 1 Hz is 2.32 which quite close to Yoshimoto et al. (1998) 

and Chung and Sato (2001). Hence our study agreed with the other worldwide reported 

values.  

 

 
Fig. 5.8 Comparison between average Qα and Qβ.  
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Fig 5.9. Comparison of average value of Qβ/Qα (at 1 Hz) obtained in the present study 

with different regions of the world. The red line is corresponding to Qβ=Qα and green line 
is theoretically derived by Sekiguchi (1991) corresponding to Qα =2.25Qβ. 

 

In this chapter the seismic wave attenuation has been studied for Lower Siang 

region by estimating the quality factor of P-wave (Qα) and S-waves (Qβ) in the frequency 

range 1.5 to 24 Hz adopting the extended coda normalization method. The estimated 

value of Qα and Qβ are found to be strongly frequency dependence in the study region. 

Their mean values vary from 49±4 at 1.5 Hz to 1421±6 at 24 Hz for Qα and from 

from118±6 at 1.5 Hz to 2335±5 at 24Hz for Qβ. The frequency dependence Qα and Qβ 

relationships are obtained as, Qα = (25±1)f(1.24±0.04) for P-wave and Qβ = (58±1)f(1.16±0.04)  

for S-wave. The comparison of Qα and Qβ has brought out that P wave attenuates more 

rapidly as compared to S-wave at all frequencies. Chapter 8 contains the summery of 

results obtained in this chapter. 
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Chapter 6 

 

Seismic Wave Attenuation Characteristics Using Coda Wave  
 

6.1 INTRODUCTION 

The high frequency coda is assumed to be the superposition of backscattered S-

waves generated due to the heterogeneities distributed in the medium. These waves are 

observed on seismogram of local earthquake after the arrival of all direct waves. The 

seismic waves arrive at different time intervals forms coda. Therefore, in a seismogram 

instead of a single path connection source to station, the decay of coda waves with time 

represents the average attenuation characteristics of medium. These waves are generated 

due to various heterogeneities distributed in the medium. Hence simple deterministic 

method which requires a number of parameters to describe a small portion of a 

seismogram, are not suitable to explain these waves. However, statistical methods which 

require less number of parameters are capable of handling such problems. Aki (1969) and 

Aki and Chouet (1975) did the pioneering work in this field and proposed the single 

scattering model for the estimation of quality factor for coda waves (Qc). A number of 

source parameters and seismic wave attenuation studies have been carried out in India as 

well as in World. Regarding seismic wave attenuation in India observation study has been 

initiated by Gupta et al. (1995) using the digital data collected in the Garhwal Himalaya. 

After this many such studies have been carried out by various researchers in different 

tectonically active as well as stable regions  

In the Himalayan part some studies been carried out,  for the Garhwal Himalaya by Gupta 

et al.(1995), Mandal et al. (2000), Sharma et al. (2008), Mukhopadhayay (2010), for the 

Kumaon Himalaya by Paul et al. (2003), Joshi (2006), Singh et al. (2012), for NW 

Himalaya by Kumar et al. (2005) and Vandana et al. (2014), for the NE Himalaya 

Hazarika et al. (2005) and Baruah et al. (2010). For the Kutch region of Gujarat where a 

moderate (mb=6.9) occurred in the 2001. Several studies have been carried out of this 

earthquake by Mandal et al. (2004), Gupta et al. (2006), Chopra et al. (20008). In the 

nearby Saurashtra region of Gujarat attenuation have also been carried out e.g. Sharma et 

al. (2011). In the Indian shield region some studies have been done e.g. for Koyana region 

by Gupta et al. (1998), Mandal and Rastogi (1998) and Sharma et al. (2008). For the 
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tectonically stable region of Indian shield by Kumar et al. (2007), Singh et al.(2012). For 

the Andaman region by Padhy et al. (2011), singh et al. (2015) 

 All above studies shows that no study on coda wave attenuation has been carried 

out in the Arunachal Himalaya. It is seismically very active and falls in the seismic zone-

V as per seismic zoning map of India. In the present study seismic wave attenuation 

characteristics have been carried out for the Lower Siang region of Arunachal Himalaya, 

as no study carried out earlier in this region. For this purpose, coda waves recorded on the 

seismogram of 104 local earthquakes are analyzed employing the single scattering model 

given by Aki and Chouet (1975). In these chapter different models developed by 

researchers and the method which have been used for our study is discussed. The analysis 

procedure that includes the steps for the computation of coda-Q and results obtained are 

also discussed hare.  

 

6.2  MODELS AND METHODOLOGY  

There is various model for the analysis of coda waves such as Surface wave model 

proposed by Aki(1969) and modified by Kopnichev (1975), single backscattering model 

proposed by Aki and Chouet ( 1975), Single isotropic scattering model by Sato (1977a), 

diffusion model by Weley (1965), Dainty et al. (1974), Kopnichev (1977b) and multiple 

scattering model by Kopnichev (1977b), Geo et al. (1983a, b). The basic assumptions and 

observations of these models are described in Table 6.1 which is reproduced after Herraiz 

and Eapinosa (1987).  

Out of models discussed in Table 6.1, there is only two basic models; single 

backscattering, and multiple backscattering models, was extensively used for coda wave 

analysis. The single backscattering model is well established for the estimation of coda 

wave attenuation characteristics of local earthquakes (Aki and Chouet, 1975). It was 

developed to understand the behaviour of coda waves. These waves are the superposition 

of backscattered waves generated by various heterogeneities present in the earth’s crust. 

Single scattering model assumes that the scattering is a week process and waves are back 

scattered only once. On the other hand multiple scattering is allowed in the multiple 

scattering models and scattering is considered to be a strong process. In general, the 

single scattering model is applied for the events recorded at local epicentral distances 

while the multiple scattering is used for the analysis of intermediate and teliseismic 

events having lapse time greater than 100 sec (Geo et al., 1983).
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Table 6.1 Coda wave explanation models (After Herraiz and Eapinosa, 1987) 

 

 

 

Model Proposed by  Assumptions   observations 

  Primary wave  medium Heterogeneity  Scattering   
Surface waves Aki (1969) Surface waves Two dimensional 

Homogeneous, 
isotropic unbounded 

Uniform and random 
distribution       l>Δ 

Single and weak r  = R>Δ 

 Kopnichev (1975) ,, ,, ,, Single and isotropic Extended the Aki 
model for 

intermediate distances  
Single backscattering  Aki and Chouet 

(1975) 
Surface and body 

waves 
Two and Three 

dimensional 
Homogeneous and  

isotropic unbounded 

,, Single and weak Introduces the Born 
approximation 

Single isotropic 
scattering 

Sato (1977a) Body waves Three dimensional 
Homogeneous and  

isotropic unbounded 

Uniform, isotropic 
and random 

distribution      l<Δ 

Single and isotropic Deals with energy 

Diffusion  Wesley (1965), 
Dainty et al. (1974), 
Kopnichev (1977b) 

Surface and body 
waves 

Three dimensional 
Homogeneous and   

unbounded 

,, Multiple and strong Lunar and terrestrial 
assumption 

Multiple scattering Kopnichev (1977b)  ,, Random statistical  isotropic and normal, 
l>Δ 

Double, triple strong 
and isotropic 

Diffusion model 
included  

 Geo et al. (1986a, b) Body waves Two and Three 
dimensional 

Homogeneous and  
isotropic unbounded 

Uniform and random,  
l<Δ 

Multiple, isotropic 
and weak 

Use of Born 
approximation,  r  = 

R>Δ 
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In the present study the so single scattering model is used because all the even used 

analysis are recorded within 100 km epicentral distance 

Aki and Chouet (1975) gave the mathematical formulation of single backscattering model 

based on two assumptions: 

1. Scattering is a weak process and only single scattering is allowed. Whenever 

another scatter is encountered by a seismic wave, no scattering is produced. This 

approximation violates the energy conservation low. But it is acceptable for 

various physical problems and high frequency seismic waves are successfully 

studied using this method. 

2. The coda wave are arrives on seismogram long time after the direct S and P 

waves. Hence the source and receiver are considered to be placed at a same point. 

The mathematical formulation of the model is described below; 

 Let a wavelet scattered from a scatterer located at ‘r’ and produces displacement. 

Let ϕ (ω/r) be the Fourier transform of the displacement. Hence   ϕ (ω/r) depends on 

both earthquake source and scatterer. Let these scatterer producing coda wave are 

distributed randomly in the space. Let within radius ‘r’ of the station N(r) be the 

number of scatterer present. So the numbers of scatterer bounded by zone (r, r + Δr) 

will be (dn/dr) Δr. 

Assuming same type (S-waves) of the primary and scattered waves travelled at 

same velocity, the waves backscattered in (r, r + Δr). Let the distance Δr be such that 

the time Δt is greater than the individual backscattered wavelet duration. As the 

scatterer are randomly distributed so the energy of backscatterd wave arrives at (t, t + 

Δt) is equal to the Δt times the spectral density P(ω,t) of coda waves. Here t = 2r/v and 

Δt = 2 Δr/v, ‘v’ is the wave propagation velocity. Hence the spectral power density 

can be written as: 

𝑃(𝜔, 𝑡)𝛥𝑡 =  ∑ |𝜙𝑛(𝜔)|2𝑚=𝑟+𝛥𝑟
𝑚=𝑟 = �𝑑𝑁

𝑑𝑟
�𝛥𝑟 |𝜙𝑛(𝜔, 𝑟)|2   (6.1) 

The suffix ‘n’ represents the nth scatterer. Let body waves get scattered from 

scatterers having density per unit volume σ. So the number of scatterers present 
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within a spherical shell (r, r + Δr) is (dn/dr) = 4πσr2Δr. The spectral power density can 

be represented as: 

𝑃(𝜔, 𝑡)𝛥𝑡 =  |𝜙(𝜔, 𝑟)|24𝜋𝜎𝑟2𝛥𝑟     (6.2) 

Let r be scatterer to station and r0 is the source to scatterer distances. Due to 

geometrical spreading, the amplitude spectra of scattered wave can be written as: 

|𝜙 (𝜔, 𝑟)| =  |𝜙 (𝜔, 𝑟0)| �𝑟0
𝑟
�
2
     (6.3) 

One more factor affecting the wave energy is the anelasticity of the medium.  Due to 

anelasticity of the medium the wave energy get converted into heat energy by fraction 

of particles of wave travelling media. The energy loss per cycle due to fraction is 

2πQc
-1, Qc is the quality factor. The power attenuation during time‘t’ is e(-ωt/Qc), ω is 

the angular frequency. So the intensity of secondary wave can be written as: 

|𝜙 (𝜔, 𝑟)| =  |𝜙 (𝜔, 𝑟0)| �𝑟0
𝑟
�
2
𝑒(−2𝜔𝑡2𝑄𝑐 )    (6.4) 

Using equ (6.2) and (6.4), power spectral density function can be written as: 

𝑃(𝜔, 𝑡) =  |𝜙 (𝜔, 𝑟0)|28𝜋𝜎𝑟04𝑣−1𝑒
(−𝜔𝑡𝑄 )     (6.5) 

In general power spectral density function can be written can be written as: 

𝑃(𝜔, 𝑡) = 𝑆 𝑡−𝑚𝑒(−𝜔𝑡𝑄𝑐)      (6.6) 

 Where ‘m’ is the geometrical spreading factor and m = 2 for body waves. Earthquake 

source term ‘S’ represents the effects of both primary and secondary waves sources. 

The mean square amplitude is proportional to power spectral density and band width. 

Since peak to peak smoothed amplitude A(ω, t) is roughly twice the rms value of the 

signal. Hence we can write: 

𝐴(𝜔, 𝑡) = 2[2𝑃(𝜔, 𝑡)𝛥𝑡]
1
2     (6.7) 

 Where Δf = ((ω1- ω2)/2π) is the bandwidth of considered channel.  Combining 

equation (6.6) and (6.7) we can write coda amplitude as: 

𝐴(𝜔, 𝑡) = 𝐶𝑡−𝑎𝑒(−𝜔𝑡𝑄𝑐)     (6.8) 



97 
 

Whare α = m/2 = 1, for body waves.  

Simplifying equation (6.8) we have: 

𝐴(𝑓, 𝑡) = 𝐶(𝑓)𝑡−𝑎𝑒(−𝜋𝑓𝑡𝑄𝑐 )     (6.9) 

A(f, t) represents the coda amplitude at central frequency ‘f’ as a function of lapse 

time (t). Lapse time is measured from the origin time and taken as twice the travel 

time of direct S-waves. Qc is the quality factor of coda waves and represents the 

average attenuation properties of medium 

Rearranging the terms of equ (6.9) and taking natural logarithm we have.    

𝑙𝑛(𝐴 (𝑓, 𝑡). 𝑡) = 𝑐 − 𝑏𝑡     (6.10) 

Whare c = ln C(f) and b = πf/Qc. the equation(6.10) represents a straight line whose 

slop gives Qc.  

 

6.3 ANALYSIS PROCEDURE 

The selected waveform having signal to noise ratio (SNR) greater 3 are used for analysis. 

The effect of increase in SNR on Qc has also been studied and found no significant 

variation in Qc with the SNR and lies within the error range. The earthquake time history 

is band-pass filtered by Butterworth filter at different frequency bands given in table 6.2. 

The contamination caused by direct S-wave has been eliminated by selecting the start 

time of coda window from earthquake origin time as twice of travel time of S-wave 

(Rautian and Khalturin, 1978). Only those waveforms were considered, whose correlation 

coefficient during fitting a straight line between logarithmic of coda wave amplitudes and 

lapse time (eqn. 6.10) is greater than 0.7. In order to get stable Qc estimates the selection 

of length of coda window is important. Havskov and Ottemoller (2005) suggested the 

minimum window length should be 20s and there is no maximum limit. In the present 

study, three lapse time windows i.e., 30, 40 and 50 sec are used. Following basic steps 

have been used for computation of Qc: 

Steps involves in computation of coda-Q.  

1. Consider raw data in the form of time series (seismogram) of a local earthquake. 

2.  Apply baseline correction before analysis. 



98 
 

3. Select a long window of coda waves say 30, 40 and 50 sec. The coda window is 

selected from the twice the travel time of the S-wave. 

4. Filtering of the time series: Butterworth filter of 8-poles is adopted for filtering of 

seven frequency bands (table.6.2). 

5. Smoothening of filtered coda window: For applying smoothening on the filtered 

the time series of the coda window, root mean square (RMS) technique is adopted. 

In this first square then mean and then root is taken of the selected coda window 

of 1 sec (fig. ) 

6. Slop fitting for the Qc estimation: After smoothening the coda amplitude, the 

amplitude is multiplied by the lapse time for correcting the geometrical spreading 

effect and plotted as function of lapse time in the form of linear function as given 

in equation 6.10. Slop of provide Qc for particular station/event. After computing 

the Qc value at number of stations and at frequencies for all local earthquakes, a 

power law is to fit in the form of Qc = Q0fη, Q0 is the value of Qc at 1 Hz and ‘η’ is 

the frequency exponent. This power low gives the average coda-Q attenuation for 

the region.  

  

Table 6.2.Various central frequencies with low-cut and high-cut frequency bands used 
for filtering. 

Low cut-off 
(Hz) 

Central frequency (f) 
(Hz) 

High cut-off 
(Hz) 

1.00 1.50 2.00 

2.00 3.00 4.00 

4.00 6.00 8.00 

6.00 8.00 12.00 

8.00 12.00 16.00 

12.00 18.00 24.00 

16.00 24.00 32.00 

 

  A MATLAB program CODAQ is developed for coda-Q estimation based on the 

eqns. (1-3) and above analysis procedures. The program follows the guidelines of 

CODAQ subroutine of SEISAN (Havskov and Ottemoller; 2003).  The general procedure 

for estimation of Qc using CODAQ program is shown in the flowchart below: 

 



99 
 

 
Fig. 6.1. Flow of CODAQ program used for coda wave attenuation estimation.  
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For applying geometrical spreading correction on the part of coda waves, the coda wave 

amplitudes have been multiplied by a factor‘t-α’ where, α=1 for body waves of local 

earthquakes. The envelope of considered signal is estimated from root mean square 

(RMS) values of coda amplitudes from a moving window of 2 seconds with stepping of 1 

second. Then natural log of RMS amplitudes is taken and plotted as a function of lapse 

time t and a linear equation is fitted whose slope gives coda Q for considered central 

frequency (fc). An example of an event occurred on August 13, 2011, recorded at LED 

station of the network and considered for coda Q analysis is shown in fig. 6.2. In this  

figure shows,  a) origin time of event, arrival time of P & S-waves, b-h) band pass filtered 

seismogram at seven frequency bands along with the linear line fitted between ln [Ac(x, 

t)] and lapse time t . The correlation coefficient for each liner fitting and Qc value at each 

central frequency is also mentioned.  

The dependence of coda-Q on lapse time is described by various researchers (Roecker et 

al., 1982; Pulli, 1984; Canas et al., 1995). The lapse time is related the region of sampling 

(Gupta et al. 2012). According to Pulli (1984), the coda wave attenuation is average 

decay of amplitude of back-scattered waves on the surface of ellipsoid volume having 

earthquake source and station as foci. So accordingly the coda-Q represents the average 

attenuation of ellipsoidal volume having depth, h = hav+ D2. Where D2 =√𝐷12 − ∆2, is 

the small minor axis of ellipsoid for ∆ epicentral distance and h avis the average focal 

depth of events. The large semi axis D1 is the surface projection of ellipsoid having 

hypocenter and station as foci. It can be defined as ct/2, where ‘c’ is the s-wave velocity 

and t is the average lapse time. The average lapse time is given by the relationship: t = tst+ 

twin / 2, where tst is the start lapse and twin the window length. The depths calculated for the 

ellipsoidal volume for different stations of data are given in table 6.3. Therefore, the coda 

generating area of the surface projection of ellipsoid in circular shape having radius as 

depth coverage is determined for each station and given in Table 6.3. 
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Fig. 6.2.Qc estimate of an event recorded at LED station occurred on 13/08/2011. (a) 
Unfiltered data trace with coda window, (b) to (h) band pass filtered displacement 

amplitudes of coda window at 1-2 Hz,2-4Hz,4-8Hz,6-12Hz, 8-16Hz, 12-24Hz  and16-
32Hz respectively. Abbreviations are: P: P-wave arrival time; S: S-wave arrival time. 
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Table 6.3.Maximum depth of the ellipsoidal volume at various stations. Here ‘A’ is the 

average are generating coda. 

Stations 

 

 

 

Average 

distance 

(∆) 

 

Average 

focal 

depth 

(hav) 

 

Average 

lapse 

time 

(t) 

Average 

s-wave 

velocity 

 

D1=ct/2 

(km) 

 

 

D2=√𝑫𝟏𝟐 − ∆𝟐 

 

 

Depth of 

ellipsoidal  

= hav+D2 

(Km) 

 

Surface 

area 

(sq km) 

ADI 55.20 18.18 39.68 3.56 70.62 44.05 62.24 12163.79 

AHO 66.53 14.33 44.48 3.56 79.18 42.93 57.26 10265.14 

AYE 62.39 17.75 45.14 3.56 80.35 50.63 68.38 14682.09 

LED 71.189 17.87 46.32 3.56 82.45 41.60 59.47 11105.18 

ROT 61.06 17.10 44.29 3.56 78.85 49.87 66.97 14082.84 

 

6.4 Results and Discussions 

The single back-scattering model of Aki and Chouet (1975) has been used to estimate the 

frequency dependent attenuation characteristics of coda waves in Siang region of 

Arunachal Himalaya. The seismograms have been analyzed at seven frequency bands for 

30, 40 and 50 sec duration lapse time windows. The average of estimated Qc at various 

stations deployed in the region for three lapse time windows at seven frequency bands is 

shown in Table 6.4. The average Qc value along with standard error varies from 109±33, 

138±42 and 162±46 at 1.5 Hz to 3149±923, 3439±944, and 3889±1165 at 24 Hz for lapse 

time windows of 30, 40 and 50 sec, respectively (table 6.5). Therefore, the Qc value 

increases with increase of frequency as well as lapse time window. A power law of the 

form power law, Qc = Q0f η, for each station and lapse time window pair is obtained from 

the estimated Qc -values are plotted as a function of frequency as shown in Fig. 6.3. The 

table 6.6 shows the Q0 (quality factor at 1 Hz) and frequency dependent ‘η’ estimated 

using different lapse time window at different stations. The average relationships for the 

region are Qc=(52±1)f1.22±0.03, Qc=(83±1)f1.18±0.02 and Qc =(105±1)f1.16±0.02 for lapse time 

windows of 30 , 40  and 50 sec, respectively (fig. 6.4 and Table 6.7).  
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Table 6.4. Mean value of Qc at each station at three lapse time windows for different 
frequencies along with standard errors. 

Freq.  
(Hz) ADI AHO AYE LED ROT 

      

Lapse  time 30 s     

1.5 100±30 118±36 98±32 123±32 104±35 

3 204±57 210±55 199±60 202±64 231±76 

6 502±147 547±158 563±204 509±163 572±156 

9 970±293 899±261 1033±325 992±386 924±300 

12 1459±461 1338±341 1559±485 1449±435 1304±449 

18 2200±656 2017±401 2628±714 2426±688 2004±548 

24 3092±1207 2958±689 3642±859 3111±763 2940±1095 

      

Lapse  time 40 s     

1.5 130±42 147±37 130±40 145±46 138±44 

3 270±72 312±87 235±54 246±74 323±78 

6 693±190 711±188 678±192 615±189 787±222 

9 1149±257 1105±308 1354±391 1113±337 1182±311 

12 1609±416 1547±409 1807±506 1610±416 1482±299 

18 2523±787 2308±524 2742±538 2534±611 2184±495 

24 3326±988 3257±963 4077±1141 3494±928 3041±699 

      

Lapse  time 50 s     

1.5 156±51 174±43 168±57 153±36 161±44 

3 339±92 451±105 343±105 319±85 367±83 

6 874±191 1050±264 869±191 839±214 947±231 

9 1403±350 1463±333 1605±349 1378±325 1421±371 

12 1900±532 1961±478 2379±586 1997±589 1753±358 

18 2800±787 3022±842 3803±1171 2967±689 2613±675 

24 3755±1118 3610±844 4437±1651 4000±1067 3645±1146 
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Table 6.5. Fitted power low for each station and mean power law for the region for 
different lapse time 30, 40 and 50 sec. 

Station Power low 
Qc= Q0fη 

Q0 (Qc at 1 
Hz) 

η (frequency 
exponent) 

Lapse time 30 sec    

ADI Qc= (55±1)f1.27±0.03 55 1.27 

AHO Qc= (66±1)f1.19±0.03 66 1.19 

AYE Qc= (52±1)f1.34±0.03 52 1.34 

LED Qc= (63±1)f1.23±0.05 63 1.23 

ROT Qc= (64±1)f1.20±0.01 64 1.20 

Mean Qc=(52±1)f1.22±0.03, 52 1.22 

Lapse time 40 sec    

ADI Qc= (78±1)f1.19±0.02 78 1.19 

AHO Qc= (94±3)f1.11±0.01 94 1.11 

AYE Qc= (70±1)f1.28±0.05 70 1.28 

LED Qc= (78±1)f1.19±0.04 78 1.19 

ROT Qc= (96±1)f1.10±0.03 96 1.10 

Mean Qc=(83±1)f1.18±0.02 83 1.18 

Lapse time 50 sec    

ADI Qc= (100±1)f1.16±0.03 100 1.16 

AHO Qc= (128±1)f1.09±0.04 128 1.09 

AYE Qc= (97±3)f1.24±0.04 97 1.24 

LED Qc= (93±1)f1.20±0.03 123 1.09 

ROT Qc= (110±1)f1.11±0.03 110 1.11 

Mean Qc =(105±1)f1.16±0.02 105 1.16 

 

 

Table 6.6. Mean value of Qc at three lapse time windows for different frequencies along 
with standard errors. 

Lapse 
time 
(sec) 

1.5Hz 
Qc ±σ 
 

3Hz 
Qc ±σ 
 

6Hz 
Qc ±σ 
 

9Hz 
Qc ±σ 
 

12Hz 
Qc ±σ 
 

18Hz 
Qc ±σ 
 

24Hz 
Qc ±σ 
 

30 109±33 209±63 539±166 964±313 1422±434 2255±601 3149±923 

40 138±42 277±73 697±196 1181±321 1611±409 2458±591 3439±944 

50 162±46 364±94 916±218 1454±346 1998±509 3041±833 3889±1165 
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Fig.6.3. Plots of quality factors and central frequencies for all the five stations (a) to (e) 
and average with linear regression frequency dependent relationship (f), Qc= Q0fn at 

different lapse time 30, 40 and 50 sec. 
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Fig.6.4. Plots of average quality factors and central frequencies with linear regression 

frequency dependent relationship Qc= Q0fn at different lapse time window 30, 40 and 50 

sec. 

 

Table 6.7. Mean power law for the region for different lapse time 30, 40 and 50 sec. 

Lapse time (sec) Power low 

Qc= Q0fη 

Q0 (Qc at 1 Hz) η (frequency 

exponent) 

30 Qc=(52±1)f1.22±0.03, 52 1.22 

40 Qc=(83±1)f1.18±0.02 83 1.18 

50 Qc =(105±1)f1.16±0.02 105 1.16 
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Fig. 6.5. Qc variation with frequency at each station for lapse time window 30, 40 and 50 

sec 
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From table 6.5, it has been observed that Q0 values increases with lapse time for all 

stations. However estimated Qc is not same for all the stations. This can be attributed to 

the heterogeneities present in the regions and/or difference in the distances of the events 

from the recording stations. Also the degree of frequency dependence is found higher in 

the tectonically active regions as compared with the stable regions. In most of tectonically 

active regions the η value are greater than 0.7 (Sharma et al., 2009), including Garhwal 

Himalaya (Gupta et al., 1995), Parlfield (Hellweg et al., 1995), while in the stable regions 

it is 0.3 to 0.7 (Barros et. al. 2011). As per the seismic zoning map of India IS-2014, the 

study region is one among the highest seismic active region (zone-V). It is also indicated 

by high value of ‘η’. It has been found that n value decrease with the lapse time window. 

The increase in Qc and decrease in the value of η shows the depth dependent character as 

larger time window sampled the effect of deeper part of the Earth. Also, Woodgold 

(1994) explain the increase in Qc with lapse time. He attributed the variation in Qc to the 

factors like consideration of non-zero source receiver distance with anisotropic scattering 

and assumption of single scattering model instead of multiple scattering.  In present 

study, the coda start time is twice the S-wave travel time.  Hence, only back scattered 

waves are considered for analysis (Aki and Chouet, 1975). The multiple scattering effects 

are not important for local events where the lapse time less than 100 seconds (Gao et al., 

1983). In the present study all the earthquakes are analyzed with lapse time window 

length less than 100 seconds using the single backscattering model. Hence, increase in Q0 

as well as decrease in η with increasing lapse time window in the studied region is 

attributed to decrease in heterogeneities with depth (Mukhopadhayay and Tyagi, 2007).  

The Himalaya is tectonically active region and various seismological studies for 

wave attenuation were carried out for its different regions by researchers (e.g., Gupta et. 

al., 1995; Gupta and Kumar, 2002; Paul et al., 2003, Kumar et al., 2014) as discussed 

earlier in the chapter. A comparison of Qc estimated in the present study with that 

obtained by number of researchers the various study in various Indian regions has been 

shown in fig. 6.6. It is clear from the fig.6.6 that the Qc for Lower Siang Region of 

Arunachal Himalaya is comparable to Garhwal Himalaya (Gupta et. al., 1995), Kumaun 

Himalaya (Paul et al., 2003), Koyna Region (Gupta et. al., 1998) and NE Himalaya 

(Hazarika et al., 2009). The Garhwal and Kumaun Himalaya are seismological highly 

active regions of Himalaya. Also, the Koyna is the classical example of reservoir induced 

seismicity. The ‘η’ value in Lower Siang Region is found to be greater than the any other 

region and near to the NE region India (Table 6.8). It indicates that this region is the 
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highly seismically active in India. High ‘n’ value indicates that the study area is highly 

heterogeneous also. For lapse time window of 30 sec high values of ‘η’ found in the 

Kachchh region of Gujarat (Qc = 102f0.98 by Mandal et al., 2004; Qc = 106f1.11 by Gupta et 

al., 2006 and Qc=148f 1.01 by Sharma et al., 2008) because Kachchh region is also 

seismically active. In the study region, the value of Q0 (Qc at 1 Hz) is lower than any other 

region of India. It may also be due to the presence of many of criss-crossed fracture and 

dykes. In the most of Qc studies it has been found that the regions located around the fault 

and composed of sedimentary rocks shows low Q0 value. Hence the seismic wave energy 

rapidly attenuated when travel through such media. In the present study, it has been found 

that the relatively low Q0 and high η value are corresponding to the high seismicity and 

heterogeneity of earth’s crust.  

It has been observed that at AYE station the frequency dependence ‘η’ is higher 

than the other stations. This may be due to the AYE station is at the foothills. The Qc 

estimated in the Lower Siang region of Arunachal Himalaya is comparable to other 

regions of the world (Fig 6.7) (Rovelli ,1982; Sherbaum and Kisslinger, 1985; Ambeh 

and lynch, 1993; Wilkie and Gibson, 1995;  Mak et. al,  2004; Mahood  and Hamzehloo, 

2009; Barros et al, 2011). A comparative description of Q0 and η obtained in present 

study with that obtained in different regions of the World is given in Table 6.9. 

 

 
Fig.6.6 Comparison of Qc values for Lower Siang Region of Arunachal Himalaya, India 

with the existing Q studies in India. 
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Fig.6.7. Comparison of Qc values for Lower Siang Region of Arunachal Himalaya, India 

with the existing Q studies worldwide. 
 

Table 6.8.Comparative study of observed Q0 and n values for other regions of the India 
for 30 sec lapse time window. 

Places Q0 n source 
Koyna Region 96 1.09 Gupta et. al.(1998) 

 
Garhwal Himalaya 126 0.95 Gupta et. al.(1995) 

 
Kumaun Himalaya 92 1.07 Paul et al. (2003) 

 
Kachchh, Gujarat 

 
102 0.98 Mondal et al 

(2004) 
NW Himalayas 

 
158 1.05 Naresh et 

al.(2005) 
Mainland Gujarat 87 1.01 Gupta et. al. (2012) 

 
North East region 86 1.01 Gupta and Kumar 

(2002) 
Northeastern region 52 1.32 Hazarika et al. 

(2009) 
Lower Siang region 

of Arunachal 
Himalaya 

 
66 ± 8 

 
1.2 ± 0.03 

 
Present study 
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Table 6.9.Comparative study of observed Q0 and n values for other regions of the World 
for 30 sec lapse time window. 

Places Q0 n source 
Hong Kong 256 0.7 Mak et. al (2004) 

 
Friuli, Italy 80 1.1 Rovelli (1982) 

 
Bam region, Iran 79 1.01 Mahood  and 

Hamzehloo (2009) 
Victoria, Australia 100 0.85 (Wilkie and Gibson, 

1995) 
Dominica, West 

Indies 
 

97 1.09 Ambeh and lynch 
(1993) 

Amazon Craton, 
Brazil 

78 1.17 Barros et al (2011) 

 
Aleutian 

 

 
200 

 

 
1.05 

 

Sherbaum& 
Kisslinger 

(1985) 
 

In this chapter the coda waves of 104 local earthquakes have been analyzed for three 

lapse time windows (30, 40 and 50sec) employing the single backscattering model at 

seven frequency bands with a central frequency in the range of 1.5 Hz to 24.0 Hz. 

Obtained Results show the average variation in Qc is from 109±33, 138±42 and 162±46 at 

1.5 Hz to 3149±923, 3439±944, and 3889±1165 at 24 Hz for lapse time windows of 30, 

40 and 50 sec, respectively. The frequency dependence relationships; Qc=(52±1)f1.22±0.03, 

Qc=(83±1)f1.18±0.02 and Qc =(105±1)f1.16±0.02  are obtained for lapse time windows of 30 , 

40  and 50 sec  respectively. The summary of results on coda wave attenuation is given in 

chapter 8. 
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 Chapter 7 

 

Separation of Scattering and intrinsic Attenuations 

 
7.1 INTRODUCTION 

Seismic energy radiated from the source gets attenuated as it propagates through medium. 

This decay is partially due to distribution of energy on an expending wavefront and 

partially due to medium properties. The dimensionless quantity called factor Q (Knopoff, 

1964) is the efficiency of seismic energy propagation through a medium.  The attenuation 

is expressed as the inverse of quality factor (Q-1). It helps in understanding the physical 

mechanism of propagation of seismic wave through a medium.  There are mainly two 

factors responsible for the absorption of seismic energy in the medium known as 

scattering and inelastic attenuation. 

Intrinsic attenuations are the loss of energy due to anelasticity of the medium. This 

is basically the conversion of seismic energy in heat due to internal particles fraction. Due 

to this elastic energy get absorbed in the medium. In an inelastic medium the seismic 

wave mechanical energy is withdrawn from each passing waves and get converted into 

another forms such as heat which is an irreversible phenomena. There are various 

phenomenons responsible for such loss. The collection of all is called absorption or 

intrinsic attenuation.  

Aki (1980) describe the loss of amplitude of seismic energy due to heterogeneities 

distributed in the medium. Kikuchi (1981) studied scattering by distributed cracks and 

cavities. The best way to describe the scattering with referenced to laterally homogeneous 

media in which the travelling wavefronts can be tracked.  In such medium the geometrical 

methods describes the propagation of seismic ray path. Wherever discontinuities 

encountered in ray the path the seismic energy get reflected and/or refracted.   In case 

laterally close distributed obstacles or variation in elastic parameters the seismic energy 

get deflected known as scattering.  

The scattering of seismic waves is basically the production of new secondary 

wave due to the heterogeneity distribution the medium. This description is applied in 

various areas. However this description seems to be oversimplified. In order to property 
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understand the scattering mechanism; it is essential to consider all the element take part in 

the process. The seismogram observed at local distance is mainly consisting of P-wave, 

S-wave   and the converted waves. However, if high frequencies are considered the P to S 

and S to P conversions could be neglected (Knopoff and Hudson, 1964, 1967). The word 

heterogeneity means obstacles such as cracks, faults, variation if density and variation in 

velocity within a homogeneous media. In this case one needs to solve the inhomogeneous 

wave equations in a homogeneous medium where the scattering process is treated as a 

continuous medium. Such problem may become extremely complicated. Some 

researchers tried to explain the heterogeneity as discrete model with a random uniform 

distribution (Aki, 1969; Aki and Chouet, 1975; Dainty, 1981; Kikuchi, 1981). In such 

approach a space with average characteristics in which deviation velocity density or the 

Lame parameters from t means values produce random heterogeneities. The size of the 

heterogeneity (a), wavelength (λ), wave number (k) and product P = k*a are main 

parameters on which the scattering depends. The seismic wave remain unaffected if P>>1 

or P<<1. In all other cases the incident seismic wave get scattered in various directions. In 

crustal studies the scattering effects are most significant (Wu and Aki, 1988). Due to 

inhomogeneous nature, geological media act as the scatterer for the waves traveled in the 

Earth medium. However in the deep interior of the Earth it is very small and is often 

neglected. 

The attenuation is the reciprocal of quality factor (Q). The seismic wave 

attenuation can be estimated using P-wave (Qα), S-wave (Qβ), coda waves (Qc), and Lg 

waves (QLg) recorded at local or regional distances. The attenuation computed using coda 

wave (Aki &Chouet 1975; Singh & Herrmann 1983; Sato & Fehler 1998; gupta et al. 

1998; Kumar et al. 2014) is the combined effect of scattering and intrinsic attenuation. 

The simultaneous knowledge of direct S-wave attenuation (Qt) and coda wave attenuation 

(Qc) is important to estimate the intrinsic attenuation (Qi) and scattering (Qs). The relative 

contribution of scattering and intrinsic attenuation is required for appropriate ground 

motion simulation and tectonic interpretation (Hoshiba 1993; Akinci et al. 1995; Del 

Pezzo et al. 1995; Bianco et al. 1999; Mukhopadhyay and Tyagi, 2008). Some researchers 

(Tsujiura, 1978; Aki, 1980) gives more importance to scattering than intrinsic in 

quantification of physical properties of earth’s crust while other (Frankel and 

Wennerberg, 1987) argued that  intrinsic plays more important role. Although it is 

difficult to separate out the relative contribution of intrinsic attenuation and scattering 

attenuation from seismic wave attenuation but still efforts are being done to study the 
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contribution of intrinsic and scattering attenuation of the measured total attenuation. To 

separate these two one need to understand the total attenuation.    

 Aki (1969) and Aki and Chouet (1975) proposed the single back-scattering model 

to estimate the coda wave attenuation using local event data. Till date this method is 

successfully applied for coda wave attenuation estimation for local data. The basic 

assumption of this model is that the scattering is a weak process and that the scattering is 

much longer than the travel distance under consideration. The wave attenuation estimated 

using coda decay is the combination of both scattering and intrinsic attenuation.  While 

Frankel and Wennerberg (1987) stated that intrinsic attenuation is dominant in coda wave 

attenuation while Tsujiura (1978) and Aki (1980) stated that scattering attenuation plays a 

more significant role than intrinsic attenuation. Wu (1985) developed a method to 

separate the scattering and intrinsic attenuation from the dependence of the entire S-wave 

energy on hypocentral distance. The method is based on the radiative transfer theory. He 

described two terms called seismic albedo B0 = ηs/(ηs+ηa) and medium’s excitation 

coefficient  ηe = ηs + ηa. Here ηs and ηa are the seismic absorption and scattering 

coefficients of the medium.  In the solution of energy transfer equation the shape of 

seismic energy density spatial distribution depends on the seismic albedo and excitation 

coefficient of medium. For the perfectly scattering medium the B0 is unity. The ηs and ηa 

can be calculated from B0 and ηe for a medium having B0 ≥ 0.5 for isotropic or nearly 

isotropic scattering medium. On the other hand if there is large scale heterogeneities 

distributed in the medium then the separation of intrinsic and scattering becomes very 

difficult.  Wu and Aki (1988) point out that in only two cases can the apparent attenuation 

be expressed as an exponential decay form. One case is corresponding to B0≤0.5 to 

known as dark medium case and another is corresponding to B0≥0.5 called bright medium 

case. In first case the absorption is dominant and the apparent attenuation (b) is given by 

the coherent wave scattering attenuation b = (ηs+ηa). In second case when B0≥0.5 the 

scattering dominate over absorption. This is also known as diffuse scattering regime and 

the apparent attenuation is b = d0 (ηs+ηa). Here d0 is known as diffusion constant and its 

value depends on seismic albedo. Hshiba et al. (1991) proposed another method based on 

Monte-Carlo simulation method. According to this method a seismogram along with 

direct waves consists of three parts namely: earlier, middle and latter part of coda waves. 

The middle and latter mainly composed of scattering. They numerically simulated the 

time integral of each portion’s density functions based on the Monte-Carlo simulation and 

resultes are plotted against the hypocentral distance. The set of curve given by then are 
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very sensitive to seismic albedo and total attenuation strength. Hence enables the 

estimation of scattering and intrinsic attenuation by comparing the simulated curves with 

the time integrated energy density of observed seismogram.  

Wennerberg (1993) proposed a methodology to estimate intrinsic attenuation (Qi) 

and scattering (Qs) using approximation given by Abubakirov and Gusev (1990) and 

scattering model developed by Zeng (1991). For this purpose Qβ and Qc has been used. 

The numerical estimation of Qi and Qs. is based on the comparison of single 

backscattering model’s coda shape and Zang model assuming the source and station are 

co-located. The approximation given by Wennerberg is also applicable for large lapse 

time if source and receiver are separated.  

In this chapter the separation of intrinsic and scattering attenuation has been 

carried for the Lower Siang region of Arunachal Himalaya using Wennerberg’s 

methodology. The mathematical expressions given by Wennerberg (1993) are reproduced 

hare. 

 

7.2 METHOD FOR ESTIMATION OF Qs AND  Qi  

The scattering (Qs) and intrinsic (Qi) attenuation can be estimated using the Wennerberg 

(1993) method. This method uses Qc value estimated using the numerical correlation 

between the single scattering model (Aki and Chouet, 1975) and Zeng (1991). The 

relative contribution of Qs and Qi can be estimated by using the attenuation estimated 

using the direct S-wave (Qβ) and coda wave (Qc) as: 

1
Qβ 

= 1
Qi

+  1
Qs

        (7.1) 

Wennerberg (1993) predicted that the observed value of Qc can be expressed as the 

combination of Qc and Qi as: 

1
Qc 

= 1
Qi

+  1−2δt
Qs

      (7.2)          

Here 

δ(τ) =  0.72
4.44+0.738τ

− 0.5     (7.3) 

τ =  ωt
Qs

      (7.4) 
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 where ω and t represents angular frequency and lapse time respectively. The Qs 

and Qi can also be express using Del Pezzo et al. (1995) expression as: 

1
Qs

= 1
2δ(τ) ( 1

Qβ
− 1

Qc(τ)
)     (7.5) 

1
Qi

= 1
2δ(τ) ( 1

Qc
+ 2δ(τ)−1

Qβ
)     (7.6) 

Using the equations (7.2), (7.3) and (7.4), the following expression is obatained: 

4.44 � 1
Qβ
− 1

Qc
�Qs

2 + �0.738 � 1
Qβ
− 1

Qc
�ωt − 5.88�Qs − 0.738ωt = 0  (7.7) 

Qs is the positive root of the equation (7.7). So Qs and Qi can be obtained as function of 

lapse time for different frequencies because Qc is measured as a function as lapse time.  

 

7.3 RESULTS AND DISCUSSION 

In order to separate the scattering and intrinsic attenuation characteristics of the crust of 

Lower Siang region of Arunachal Himalaya, independently estimated Qβ and Qc have 

been used employing the Wennerberg method (1993). For this purpose, Qc value 

estimated using at three lapse time windows 30, 40 and 50 sec have used (given in 

chapter 6). The term ‘t’ in equation (7.7) is the confusing term because in most of 

literature it is simply described as lapse time  i.e. the time measured from  earthquake 

origin time. But corresponding to which wave type of the waveform is not given. Lorenzo 

et al. (2013) explained the time‘t’ as the lapse time window length used in the estimation 

of Qc. Since Qc is lapse time dependent so the Qi and Qs estimated using Qc are also time 

lapse time dependent. The estimated Qi and Qs values obtained from Qc and Qβ at 

different lapse time window are listed in Table 7.1. The average value of Qs varies from 

49, 75 and 92 at 1 Hz to 913, 1437 and 1679 at 24 Hz for lapse time window of 30, 40 

and 50 sec respectively. Similarly average value of Qi varies from 84, 205 and 244 at 1 

Hz to 1499, 3739 and 3520 at 24 Hz for lapse time window of 30, 40 and 50 sec 

respectively. From estimated Qs and Qi values are plotted as a function of frequency as 

shown in Fig. 7.1a and 7.1 b power laws; Qs = Q0f η and Qi = Q0f η for each lapse time 

window are obtained. the Q0 (quality factor at 1 Hz) and frequency dependent ‘η’ 

estimated using different lapse time window is shown in table 7.2. The average scattering 

relationships for the region are Qs=(31±1)f1.04±0.02, Qs=(48±1)f1.05±0.02and Qs 

=(61±1)f1.05±0.02 and the average intrinsic relationships for the region are 
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Qi=(68±1)f0.95.±0.06, Qi=(134±1)f1.01±0.05 and Qi =(167±1)f0.96±0.03  for lapse time windows 

of 30 , 40  and 50 sec, respectively (fig.7.1.a,b and Table 7.2). 

 

Table 7.1.Qc, Qβ, Qs and Qi values in frequency range 1.5-24 Hz for 30, 40 and 50 sec 

lapse time windows. 

Freq. 

(Hz) Qc Qβ Qs Qi Qs
-1 Qi

-1 

 

𝑩𝟎 =
𝑸𝒔

−𝟏

𝑸𝒔
−𝟏 + 𝑸𝒊

−𝟏 

30 sec        

1.5 109±33 118±6 49 84 0.020399 0.011924 0.63 

3 209±63 163±4 101 269 0.009853 0.003718 0.73 

6 539±166 418±5 189 347 0.005278 0.002886 0.65 

9 964±313 727±5 320 572 0.003125 0.00175 0.64 

12 1422±434 1161±5 423 666 0.002363 0.001501 0.61 

18 2255±601 1803±6 632 972 0.001584 0.001029 0.61 

24 3149±923 2335±5 913 1499 0.001095 0.000667 0.62 

40sec        

1.5 138±42 118±6 75 205 0.013352 0.004878 0.73 

3 277±73 163±4 - - - - - 

6 697±196 418±5 - - - - - 

9 1181±321 727±5 - - - - - 

12 1611±409 1161±5 677 1624 0.001477 0.000616 0.71 

18 2458±591 1803±6 986 2176 0.001014 0.00046 0.69 

24 3439±944 2335±5 1437 3739 0.000696 0.000267 0.72 

50 sec        

1.5 162±46 118±6 92 244 0.010859 0.004106 0.73 

3 364±94 163±4 - - - - - 

6 916±218 418±5 - - - - - 

9 1454±346 727±5 - - - - - 

12 1998±509 1161±5 891 1975 0.001122 0.000506 0.69 

18 3041±833 1803±6 1246 2487 0.000803 0.000402 0.67 

24 3889±1165 2335±5 1679 3520 0.000596 0.000284 0.68 
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Fig 7.1 (a) Plots of average quality factors and central frequencies with linear regression 

frequency dependent relationship Qs= Q0fη (b) Plots of average quality factors and central 
frequencies with linear regression frequency dependent relationship Qi= Q0fη at various 

lapse time window 
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Table 7.2 Mean power laws for the region for different lapse time 30, 40 and 50 sec. 

Lapse time (sec) Power low 
Qs= Q0fη 

Power low 
Qi= Q0fη 

30 Qs=(31±1)f1.04±0.02, Qi=(68±1)f0.95.±0.06, 

40 Qs=(48±1)f1.05±0.02 Qi=(134±1)f1.01±0.05 

50 Qs =(61±1)f1.05±0.02 Qi =(167±1)f0.96±0.03 

 

From Table 7.2, it can be noted that in the form of power low Qs= Q0fη the value of Q0 

(Qs at 1 Hz) increases with the lapse time. As in the case of coda wave attenuation larger 

lapse time sampled the effect of larger depth. Also, it is well known that the 

heterogeneities decrease with depth. So the increase in Q0 may be attributed to the 

decrease in heterogeneity in the crust of Lower Siang region of Arunachal Himalaya. 

From the laws of intrinsic attenuation Qi= Q0fη, it is observed that Q0 (Qi at 1 Hz) also 

increase with lapse time window. Various researchers e.g., Roecker et al. (1982), 

Woodgold (1994), Del Pezzo et al. (1995), Mukhopadhyay and Tyagi (2008), Mahood 

and Hamzehloo (2011) argued that the increase in Q0 could imply that energy loss due to 

dissipation is decreases with increasing depth. It may show that with increase in depth the 

rocks become more and more compacted which is initially due to increase in pressure.  As 

a result relative motion of grains decreases and the inter-grain fraction decreases with 

increasing depth. So the intrinsic attenuation decreases with increasing depth. In the 

chapter 6 we observed the same character of Qc with lapse time as Qs and Qi. But there is 

a decrease in the frequency exponent ‘η’ with lapse time while it almost remain constant 

for both Qs and Qi.   

The comparison of Qβ and Qc with Qi and Qs (Fig. 7.2) shows that both Qi  and Qs 

are lower than the Qβ as well as Qc at 30 sec lapse time. As the lapse time increases both 

Qi and Qs increases in such a manner that Qc will increase as it contains the effect of both 

(Wennerberg, 1993).This agrees with the theoretical as well as the laboratory 

measurements. Also, Qc is higher than Qβ, it supports the model given by Zeng at al. 

(1991) which predict the combination of Qi and Qs should be such that Qc is more than 

Qβ.  
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Fig. 7.2 Average values of Qc, Qβ, Qs and Qi at different frequencies for the Lower Siang 

region along with the least-squares best-fitted lines at different lapse time window. 
 



121 
 

 

Another important parameter is the Seismic albedo (B0) which is ratio of 

scattering attenuation to total attenuation. If seismic albedo greater than 0.5 than the 

scattering is dominant in the region else intrinsic attenuation dominates. In the present 

study, B0 is greater than 0.5 at three lapse time windows which indicates that scattering is 

dominates for in the frequency range 1.5 to 24 Hz.. It is also observed that with lapse time 

30 to 40 sec seismic albedo increases at all frequency which indicates that the relative 

attenuation contribution of scattering is greater that the intrinsic attenuation. As the lapse 

time increases from 40 to 50 sec then there is not a great variation in the seismic albedo 

indicating that the rock mass at depth sampled at two lapse times is behaving same. The 

region consists of conglomerates, quartzite, boulders bed, sandstone with reddish shale 

and various tectonic features.  At 30 sec lapse time the sampled depth is low as compared 

with the 40 and 50 sec. so these near surface heterogeneities and particle friction in these 

rocks lower both intrinsic and scattering attenuation. As the depth increases the 

homogeneity of the medium increases and the particle friction also decreases due to 

increase in pressure. Hence our results also agree with the geology of area.  

The comparison of obtained results has been made with Indian as well other 

worldwide studies. The Qs obtained in the present study are compared with the other 

seismically active region of India such as Garhwal Himalaya (Simanchal Padhy, 2009), 

Chamoli region (Sharma, 2014), NW Himalaya (Mukhopadhyay et al., 2006), Bhuj, 

Gujrat (Padhy, 2007) etc. The Qs value is close to the Chamoli region (Sharma, 2014) 

upto 18 Hz and close to Northwestern Himalaya 24 Hz (Fig. 7.3 a). The obtained 

scattering relations are found to be comparable with the other worldwide studies ((Fig. 

7.3 b). The Qi values also compared with Indian as well as other seismically active 

regions of the world. It is observed that the Qi is close to the Chamoli (Sharma, 2014) and 

NW Himalaya (Mukhopadhyay and Tyagi, 2008). Hence both Qi and Qs are close to the 

Chamoli and NW Himalaya which may be due to fact that being a part of Himalayan 

Mountain range there is not a great variation in the local geology of these three areas. 

Obtained Qi value is also comparable with the other worldwide studies as shown in Fig. 

7.4. 
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Fig. 7.3 Comparison of quality factor for scattering attenuation (Qs) with other region of 

India and World. 
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Fig. 7.4.Comparison of quality factor for intrinsic attenuation (Qi) with other region of 

India and World. 
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In this chapter The separation of scattering (Qs) and intrinsic (Qi) attenuation from the S-

wave attenuation (Qβ) and coda wave attenuation (Qc) has been carried out employing the 

Wennerberg (1993) method and developed the frequency dependent Qs and Qi relations. 

The Qi and Qs show the frequency dependent character in the frequency range 1.5 to 24 

Hz. The average scattering and intrinsic relationships are obtained for the region as 

Qs=(31±1)f1.04±0.02, Qs=(48±1)f1.05±0.02and Qs =(61±1)f1.05±0.02 and Qi=(68±1)f0.95.±0.06, 

Qi=(134±1)f1.01±0.05 and Qi =(167±1)f0.96±0.03  for lapse time windows of 30 , 40  and 50 

sec, respectively. Both Qc and Qi at a given frequency increases with lapse time duration. 

This can be attributed to the decreases in the heterogeneities and the inter-grain fraction 

with increase in depth as larger the lapse time represents the characteristics of deeper 

depths. Qi and Qs comparison and values of seismic albedo shows that scattering 

attenuation is more prominent over intrinsic attenuation in the region over entire 

frequency range 1.5 to 24 Hz. The summary of results on separation of scattering (Qs) and 

intrinsic (Qi) attenuation is given in chapter 8. 
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Chapter 8 

 

Summary of Results and Conclusions 
 

8.1 INTRODUCTION 

The present work has started with objectives to estimate the source parameters and wave 

attenuation characteristics of the part of Arunachal Pradesh. The study has carried out 

using a data set of l04 local earthquakes recorded through a five station seismological 

station operated in Lower Siang region of Arunachal Himalaya. The source parameters 

source parameters; seismic moment (M0), source radius (r) and stress drop (Δσ) have been 

estimated employing Brune’s model (1970, 1971). Along-with the source parameters, 

moment tensor solutions of l04 earthquakes have also been estimated using the ISOLA, 

developed by Sokos and Zahradník (2008) and works on the basis of iterative 

deconvolution . 

 The seismic attenuation characteristics have also been estimated from the body waves 

and coda waves part of seismogram. The extended coda normalization method given by 

Yoshimoto et al. (1993) is used for simultaneous measurement of quality factor for P-

wave (Qα) and for S-wave (Qβ). The Q is estimated under the assumption that P- to S-

wave radiation have same spectral ratio within some magnitude range within narrow 

frequency range. The frequency of Qα and Qβ dependent relationships has developed for 

the study region. In addition to the estimation of Qα and Qβ, the Coda wave attenuation 

characteristics are also computed. The single scattering model proposed by Aki and 

Chouet (1975) is used to estimate the quality factor of coda waves (Qc) of local 

earthquakes in high frequency range. According to this model the coda waves are 

comprised of backscattered S-waves generated within an unbounded, homogeneous and 

isotropic medium. The scatters distributed randomly and two dimensionally in the earth’s 

crust and upper mantle. The model assumes that scattering is a weak process and 

outgoing waves are scattered only once before reaching the receiver and source and 

receiver are co-located. The frequency dependent Qc relation has also been also 

developed for the study region. 
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The Qβ and Qc are considered as the combination of scattering (Qs) and intrinsic (Qi) 

attenuations The relative contribution of scattering and intrinsic attenuations is separated 

using Wennerberg’s (1993) method. The methodology adopted for analysis of data and 

results obtained on source parameters, moment tensor analysis and attenuation 

characteristics are presented in chapter 3, 4, 5, 6, and 7. In this chapter the results 

obtained on each component are summarized.  

 

8.2 SUMMARY THE RESULTS OF SOURCE PARAMETERS 

The results on the source parameters and fmax have been obtained for the Lower 

Siang region of Arunachal Himalaya from the analysis of 104 local earthquakes The 

results showed that the values of seismic moment, Moment magnitude, the source radii 

and stress drops varies from 1.6x1018 to 3.1x1023 dyn-cm, 1.4 to 5.0, 157.8 to 417.1 m 

and 0.1 to 74 bars respectively. Except a few events, the stress drop remains constant and 

does not vary with focal depth. Hence no dependency of stress drops with depth is 

obtained for the study region that indicates that the stress drop is only the function 

seismic moment and fracture radius. Based on results on seismic moment and corner 

frequency, the scaling relation M0 α fc
-3.27 has been obtained for the study region. Δσ 

relationships with M0, log (Δσ) = 0.1804 log(M0) -2.945 is also obtained for the study 

region. Satoh et al. (2000) obtained a relationship log (Δσ) = -2.91 log(M0) +5.8 using 

deep borehole data of Japan. The results obtained in present study are seems to be more 

realistic than Satoh et al. (2000). Satoh et al. (2000) relationship suggests stress drop 

increases as the seismic moment decreases. But in real scenario it is not possible because 

lower magnitude event can never have stress drop greater than high magnitude event. 

The results have been obtained based on the comparative study of fc and fmax showed that 

both fc and fmax behaves in a similar manner with respect to source, focal depth and 

epicenteral distance. From the various plots of both fc and fmax with seismic moment, focal 

depth, epicentral distance at different recording site showed the same amount of scatters 

and trends in the distribution of data. From this, it is observed that fmax is having almost 

similar behavior to seismic moment as obtained for fc to the seismic moment. For this it is 

brought out that fmax is due to source process because it is affected by source as well as 

site in similar way as fc and it is well known that fc is the source property so fmax is also a 

source effect. Both fc and fmax are found to be independent of epicentral distance and 



127 
 

depth of occurrence. Relationship of fmax with seismic moment and stress drop has also 

been obtained. 

 

8.3 SUMMARY OF RESULTS ON MOMENT TENSOR SOLUTIONS 

In the present study efforts have been made to manifest the source of non-DC 

(CLVD) component of MTs. from the moment tensor analysis of 104 local earthquakes. 

The moment tensor analysis of 41 earthquakes out of 104 earthquakes having magnitude 

greater than 2.5 and signal to noise ratio (SNR) greater than 6 with small epicentral 

distances brought out more clarity in the identification of cause of CLVD. It has also been 

observed that variation in CLVD caused by various source such as noise in the data, focal 

depth and magnitude of the event. Source depth acts a controlling factor of CLVD. For 

selected 41 events the high CLVD component confined to shallow depth. For high SNR 

the CLVD% is quite low.CLVD is also dependent on the magnitude of event. In the 

higher magnitude range greater than 3.5, DC% is greater than 60%. Hence most of high 

magnitude earthquakes are having double couple (DC) source mechanism. The 

appearance of CLVD in low magnitude may also be attributed to the directivity effect 

(Adamova and Síleny, 2010). 

 

8.4 SUMMARY OF SEISMIC WAVE ATTENUATION USING BODY WAVES 

The seismic wave attenuation has been studied for Lower Siang region by 

estimating the quality factor of P-wave (Qα) and S-waves (Qβ) in the frequency range 1.5 

to 24 Hz adopting the extended coda normalization method. The estimated value of Qα 

and Qβ are found to be strongly frequency dependence in the study region. Their mean 

values vary from 49±4 at 1.5 Hz to 1421±6 at 24 Hz for Qα and from from118±6 at 1.5 

Hz to 2335±5 at 24Hz for Qβ. The frequency dependence Qα and Qβ relationships are 

obtained as, Qα = (25±1)f(1.24±0.04) for P-wave and Qβ = (58±1)f(1.16±0.04)  for S-wave. The 

comparison of Qα and Qβ has brought out that P wave attenuates more rapidly as 

compared to S-wave at all frequencies.   

The results obtained in the present study are found to be comparable with the 

other seismically active regions of the India as well as world. The comparison of Qα and 

Qβ with the other seismically active regions of India showed that the region around the 

Lower Siang is more attenuating among almost all Indian regions except the Chamoli 
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region which showed higher attenuation, whereas the comparison among some regions of 

World showed similarly increasing pattern with increasing frequency. The higher 

frequency dependence of attenuation describes the region is high seismically active. Also 

low value of Qα and Qβ in the Lower Siang region as compared to other Indian regions 

indicate the high tectonic activity.  Higher Qβ than Qα for the entire frequency range 

indicate the crust of the Lower Siang region of Arunachal Himalaya is highly 

heterogeneous.  

 

8.5 SUMMARY OF RESULTS ON SEISMIC WAVE ATTENUATION USING 

CODA WAVES 

The coda waves of 104 local earthquakes have been analyzed for three lapse time 

windows (30, 40 and 50sec) employing the single backscattering model at seven 

frequency bands with a central frequency in the range of 1.5 Hz to 24.0 Hz. Obtained 

Results show the average variation in Qc is from 109±33, 138±42 and 162±46 at 1.5 Hz to 

3149±923, 3439±944, and 3889±1165 at 24 Hz for lapse time windows of 30, 40 and 50 

sec, respectively. The frequency dependence relationships; Qc=(52±1)f1.22±0.03, 

Qc=(83±1)f1.18±0.02 and Qc =(105±1)f1.16±0.02  are obtained for lapse time windows of 30 , 

40  and 50 sec  respectively. So in the study region Qc is found to be function of 

frequency and lapse time window and Qc increase with increase of frequency as well as 

lapse time window. The increase in Qc value with the time window is attributed to the 

increase in Qc with depth because heterogeneities of the medium decreases with depth. in 

the frequency dependent relation given above Q0 (Qc at 1 Hz) value increases with the 

lapse time window while there is a nominal decrease in the degree of frequency 

dependence (η) with increasing window length. This may be due to decrease in scattering 

effect and hence the decrease heterogeneities of the medium with depth. The comparison 

of Qc value obtained in the Lower Siang region with that obtained in other part of India 

and World showed that Siang region is tectonically active. 

 

8.6 SUMMARY OF RESULTS ON SSEPARATION OF SCATTERING AND 

INTRINSIC ATTENUATIONS 

The separation of scattering (Qs) and intrinsic (Qi) attenuation from the S-wave 

attenuation (Qβ) and coda wave attenuation (Qc) has been carried out employing the 

Wennerberg (1993) method and developed the frequency dependent Qs and Qi relations. 
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The Qi and Qs show the frequency dependent character in the frequency range 1.5 to 24 

Hz. The average scattering and intrinsic relationships are obtained for the region as 

Qs=(31±1)f1.04±0.02, Qs=(48±1)f1.05±0.02and Qs =(61±1)f1.05±0.02 and Qi=(68±1)f0.95.±0.06, 

Qi=(134±1)f1.01±0.05 and Qi =(167±1)f0.96±0.03  for lapse time windows of 30 , 40  and 50 

sec, respectively. Both Qc and Qi at a given frequency increases with lapse time duration. 

This can be attributed to the decreases in the heterogeneities and the inter-grain fraction 

with increase in depth as larger the lapse time represents the characteristics of deeper 

depths. Qi and Qs comparison and values of seismic albedo shows that scattering 

attenuation is more prominent over intrinsic attenuation in the region over entire 

frequency range 1.5 to 24 Hz.  

Various studies of Q in various regions of the world show high Q-value in 

seismically stable regions and relatively low Q value in the seismically active regions. 

The Q-values and their frequency dependent relationships estimated in the present study 

are well correlate with highly seismically active and heterogeneous regions. The 

frequency dependent attenuation relations developed in present study would be useful in 

various scientific and engineering applications including earthquake hazard assessment, 

earthquake source parameter estimation and understanding the physical phenomenon 

related earthquake elastic energy propagation of Lower Siang region as well as other 

regions of Arunachal Himalaya and NE region as a whole. 

 

8.7 LIMITATIONS OF THE PRESENT STUDY 

As the present study on the estimation of source parameters, moment tensor solutions, 

seismic wave attenuation characteristics of the Lower Siang region of Arunachal 

Himalaya is based on the small data set of local 104 earthquakes falling in the magnitude 

range 1.4 to 5.0 recorded through a five station seismological network. Most of events lie 

outside the seismological networks and having poor azimuthal coverage. Therefore, to 

understand the source as well as path characteristics a larger data set with a larger stations 

network is needed.   
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8.8 SUGGESTIONS FOR THE FURTHER STUDY 

Following are the suggestions for future studies: 

1. In many observational studies it has been observed that corner frequency is 

affected by the local site characteristics. Hence examination of this fact is required 

using a good data set. 

2. To understand the fmax weather it is the property of earthquake source, path or site, 

a small to moderate sized earthquake data is needed.  

3. To study breakdown of self-similarity high resolution broadband data, preferably 

from boreholes, is needed to be analyzed. 

4. Dependence of non-DC component of MTs on source and site need to be 

quantified. So to resolve the mystery a high magnitude data set with a good 

azimuthal coverage is needed. 

5. In low magnitude range, we suggest the further inspection as done by Fojtikov et 

al., 2010, Stierle et al., 2014a,b and Vavrycuk, 2001. They showed that the 

positive correlation between the ISO and CLVD can be an indicator of the 

presence of tensile faulting. In present study, the positive correlation between the 

ISO and CLVD could not be achieved as deviatoric MT method has been used for 

the analysis of the data because data set with poor azimuthal coverage is available. 

6. To resolve the non-DC (CLVD) of moment tensor completely in a given region a 

small to moderate sized earthquake data set with good azimuthal coverage is 

needed.  

7. The work on comparison of attenuation studies carried out using strong motion 

data and weak motion of local earthquakes can be done for a region. 
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Appendix I 

 

Table I.1 Hypocenter parameters estimated by hypocenter location program- HYPOINVERSE. 

S.N. Date 

DD/MM/YYYY 

Time 

HR MN SS 

Lat. 

DEG MN 
North 

Long. 

DEG MN 

East 

Depth 
(Km) 

Mag. 

(ML) 

RMS 

sec 

ERH 

Km 

ERZ 

Km 

001 24/07/2011 23 11 37.14 28 49.07 95 40.49 09.42 1.9 0.07 1.21 0.62 

002 26/07/2011 12 59 38.40 27 28.65 95 46.29 42.52 3.1 0.08 1.16 0.33 

003 29/07/2011 10 41 41.26 28 08.26 94 54.74 24.40 1.9 0.10 1.16 1.24 

004 29/07/2011 11 28 49.28 28 55.52 95 33.65 08.02 2.2 0.06 1.45 0.63 

005 31/07/2011 13 45 20.47 28 56.37 95 42.60 06.00 1.9 0.09 2.50 1.90 

006 02/08/2011 21 55 23.48 28 12.45 95 12.07 31.35 1.7 0.14 0.58 3.73 

007 05/08/2011 20 29 42.18 28 28.80 95 17.62 11.26 2.3 0.25 2.14 2.78 

008 08/08/2011 19 25 02.30 28 40.61 95 45.46 43.88 2.2 0.18 2.63 0.51 

009 09/08/2011 19 14 42.54 27 54.23 94 49.99 17.60 1.7 0.11 1.57 3.22 

010 10/08/2011 21 52 35.07 28 25.18 94 59.34 23.30 2.1 0.26 3.12 3.66 

011 13/08/2011 14 46 27.22 28 39.62 94 38.01 07.23 3.1 0.11 1.12 0.64 

012 15/08/2011 11 05 41.36 28 25.07 95 18.30 10.12 2.4 0.41 2.77 2.85 

013 18/08/2011 14 45 51.23 28 39.35 94 40.82 06.91 3.5 0.12 1.11 0.94 

014 20/08/2011 12 26 18.20 28 32.51 95 15.00 14.61 2 0.34 2.88 1.92 

015 30/08/2011 20 57 54.13 28 24.87 95 26.96 30.98 2.1 0.22 3.37 2.28 

016 06/09/2011 20 19 50.65 28 26.98 94 55.26 13.19 2.8 0.13 1.44 1.50 

017 11/09/2011 21 16 37.04 28 22.23 94 52.35 17.21 1.9 0.03 0.41 2.58 

018 12/09/2011 22 04 00.99 28 25.80 94 58.62 33.04 3.1 0.13 2.00 2.27 

019 14/09/2011 06 25 26.17 28 32.39 94 57.76 06.39 2.7 0.16 1.54 0.65 
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020 14/09/2011 06 40 47.65 28 26.56 95 03.62 23.67 3.1 0.26 3.47 3.95 

021 22/09/2011 20 45 55.01 28 19.61 95 18.53 10.62 2.9 0.23 1.24 1.97 

022 26/09/2011 20 54 52.52 28 20.65 95 19.56 12.95 2.6 0.46 2.87 3.75 

023 29/09/2011 13 49 01.88 28 22.81 95 26.66 14.56 3 0.18 2.51 1.35 

024 01/10/2011 17 49 03.65 28 29.14 95 17.42 10.48 1.8 0.13 0.92 1.37 

025 05/10/2011 01 43 38.29 28 30.59 95 00.54 12.85 3 0.18 1.38 0.93 

026 08/10/2011 12 34 57.62 28 28.77 96 36.60 35.50 3.2 0.23 3.76 3.38 

027 08/10/2011 17 36 11.98 28 26.42 95 00.80 35.27 1.9 0.08 1.08 1.81 

028 08/10/2011 17 43 44.83 28 26.26 95 01.15 33.40 1.9 0.14 1.13 1.58 

029 14/10/2011 15 06 25.00 25 09.91 95 31.40 35.40 3.6 0.14 3.50 2.96 

030 15/10/2011 16 40 06.68 27 59.42 95 54.02 16.88 2.3 0.25 1.95 2.77 

031 16/10/2011 22 58 43.16 28 40.63 95 12.95 11.02 1.6 0.28 1.16 0.93 

032 18/10/2011 21 27 26.85 28 28.02 95 22.00 11.91 1.6 0.10 0.92 1.23 

033 21/10/2011 10 21 36.03 29 10.40 94 49.36 09.41 4.1 0.19 4.02 3.26 

034 21/10/2011 23 45 58.69 28 50.89 95 42.86 09.33 2.8 0.11 1.52 0.72 

035 28/10/2011 19 56 42.95 27 21.55 94 45.89 09.90 2.2 0.22 2.12 1.19 

036 29/10/2011 18 08 46.17 27 26.86 95 31.37 13.97 2.6 0.36 2.43 4.14 

037 02/11/2011 14 29 20.92 27 13.81 95 51.15 10.28 3.7 0.28 3.14 4.18 

038 04/11/2011 00 36 15.19 28 37.82 96 05.00 12.70 3 0.09 3.16 3.68 

039 07/11/2011 01 11 33.15 28 27.41 95 28.46 12.94 2.6 0.11 1.16 0.62 

040 09/11/2011 18 40 22.18 28 10.29 95 35.40 16.93 1.8 0.10 0.92 0.87 

041 10/11/2011 18 13 36.62 28 08.29 96 00.71 17.55 2.1 0.43 3.15 2.06 

042 14/11/2011 00 30 16.54 28 36.09 94 51.38 11.01 3.4 0.09 0.99 0.59 

043 15/11/2011 07 21 19.12 28 09.92 95 35.59 16.57 3 0.09 0.85 0.77 

044 15/11/2011 21 51 03.40 28 09.98 95 35.25 16.76 2 0.12 0.98 0.96 

045 18/11/2011 21 54 17.20 28 07.85 95 32.49 36.12 2.4 0.08 0.82 1.18 

046 21/11/2011 20 28 28.87 27 36.83 95 03.30 09.70 2.3 0.44 4.00 3.69 
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047 21/11/2011 20 19 09.00 27 36.77 95 06.93 11.90 2.3 0.10 1.60 0.58 

048 23/11/2011 20 35 05.72 28 31.90 95 27.00 14.99 1.9 0.17 1.06 0.48 

049 23/11/2011 20 47 03.23 28 06.60 95 30.89 33.08 2.5 0.64 2.85 3.27 

050 03/12/2011 18 30 23.10 27 51.66 94 51.70 17.59 1.7 0.03 1.47 3.54 

051 07/12/2011 22 35 33.36 28 48.90 94 46.61 12.19 2.5 0.17 3.83 3.11 

052 09/12/2011 18 49 43.50 28 56.23 94 51.92 08.00 2.2 0.21 2.46 1.71 

053 14/12/2011 19 14 32.01 28 09.60 95 29.04 19.57 2.6 0.09 1.21 0.93 

054 16/12/2011 23 41 10.89 28 37.95 94 55.30 17.11 2 0.18 1.39 1.53 

055 17/12/2011 20 25 25.70 27 25.70 95 11.60 45.00 2.2 0.28 2.97 3.90 

056 18/12/2011 03 25 43.77 28 35.01 94 59.18 09.56 2.6 0.07 0.87 3.63 

057 18/12/2011 16 29 13.19 28 03.81 95 03.49 11.49 2.4 0.18 1.00 1.26 

058 27/12/2011 02 52 04.38 27 45.87 95 08.61 42.47 2.5 0.10 1.61 0.99 

059 01/01/2012 00 27 57.11 28 28.60 94 48.44 13.14 2.3 0.08 0.84 0.48 

060 03/01/2012 15 27 52.94 27 54.81 95 27.84 24.66 2.7 0.14 0.93 1.82 

061 05/01/2012 18 47 53.44 28 28.09 95 03.91 30.74 1.4 0.12 0.94 1.34 

062 19/01/2012 19 34 39.49 2837.97 94 57.50 27.10 1.9 0.23 3.30 3.90 

063 01/02/2012 20 20 28.43 28 11.30 95 30.63 29.42 2.7 0.07 0.86 1.19 

064 01/02/2012 1651 01.49 28 29.02 95 09.84 24.21 3.1 0.16 1.25 1.34 

065 13/02/2012 1750 32.90 28 54.35 94 49.56 10.01 3.4 0.20 1.91 0.99 

066 21/02/2012 1710 47.08 28 23.08 95 07.38 35.35 3.2 0.15 1.47 1.23 

067 24/02/2012 1652 50.99 28 25.53 95 34.66 12.15 2.4 0.14 1.07 0.60 

068 01/03/2012 0824 40.97 28 40.91 95 14.79 10.21 2 0.16 1.18 0.90 

069 11/03/2012 19 52 21.66 28 16.78 95 10.99 35.32 2.2 0.07 0.78 0.85 

070 12/03/2012 04 44 47.57 28 29.40 95 04.38 24.11 3.6 0.14 1.14 2.89 

071 14/03/2012 14 49 11.09 28 30.73 94 56.12 12.04 2.9 0.19 1.57 1.42 

072 16/03/2012 14 44 50.41 28 06.97 95 34.21 31.46 2.1 0.08 1.45 0.94 

073 23/03/2012 13 54 28.83 28 25.56 95 19.95 10.25 2.7 0.12 0.74 1.00 
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074 27/03/2012 12 48 55.80 27 44.92 95 15.40 36.79 2.4 0.12 1.29 1.70 

075 27/03/2012 21 13 21.72 28 45.57 95 49.68 10.28 2 0.19 1.78 0.85 

076 28/03/2012 18 58 52.15 28 13.57 95 24.17 29.33 2.4 0.08 0.69 1.12 

077 03/04/2012 07 13 13.15 28 33.90 95 11.20 15.69 1.9 0.33 3.74 1.01 

078 03/04/2012 16 27 38.83 27 48.77 95 33.76 10.81 2.4 0.64 5.89 2.99 

079 03/04/2012 21 51 39.21 28 33.17 95 34.86 13.39 2 0.39 2.05 1.15 

080 04/04/2012 20 02 13.54 27 57.67 94 17.36 09.83 2.3 0.33 4.19 3.39 

081 07/04/2012 18 19 18.01 28 53.40 95 14.99 11.63 1.9 0.19 1.76 0.85 

082 07/04/2012 21 27 13.06 28 14.49 95 09.36 10.41 2 0.11 0.78 1.83 

083 07/04/2012 21 29 43.19 28 14.54 95 09.17 08.96 2.3 0.08 0.64 1.19 

084 10/04/2012 10 12 19.88 28 27.22 95 30.22 08.27 2.1 0.21 1.24 3.57 

085 10/04/2012 21 21 29.34 29 01.65 95 37.75 09.68 2.2 0.19 4.07 1.52 

086 11/04/2012 16 30 41.34 28 30.11 94 56.36 13.54 2.5 0.07 1.14 0.57 

087 18/04/2012 23 19 59.67 28 30.29 95 25.65 17.85 2.2 0.21 1.49 1.90 

088 21/04/2012 15 46 19.63 28 22.38 95 14.25 31.03 2.8 0.13 0.96 1.11 

089 22/04/2012 11 28 37.93 27 56.78 94 58.27 16.94 2 0.18 1.71 2.15 

090 23/04/2012 06 11 36.59 28 27.35 94 52.94 16.30 3.3 0.23 1.80 2.03 

091 26/04/2012 09 13 33.33 28 19.93 94 51.28 31.85 2.7 0.09 1.14 2.27 

092 02/05/2012 06 48 46.03 28 13.07 94 57.74 34.72 2.5 0.23 1.90 1.32 

093 02/05/2012 17 00 10.35 28 20.72 94 16.84 09.75 2.6 0.26 3.89 2.23 

094 02/05/2012 19 57 43.40 28 19.65 94 17.38 19.52 4 0.37 3.24 2.17 

095 04/05/2012 20 09 28.90 27 39.24 95 06.62 20.97 3.3 0.10 2.99 1.48 

096 08/05/2012 08 05 26.29 28 25.28 94 53.78 08.01 2.5 0.16 2.46 4.13 

097 11/05/2012 15 40 57.68 28 26.28 94 49.21 13.30 2.6 0.11 1.16 0.80 

098 12/05/2012 14 38 50.96 27 52.68 94 09.20 10.55 2.8 0.23 4.12 4.04 

099 13/05/2012 17 57 09.85 28 48.45 94 50.75 12.24 3.3 0.10 4.20 2.47 

100 14/05/2012 23 18 45.04 28 16.57 94 56.68 12.47 2.7 0.54 3.42 3.65 
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101 15/05/2012 18 48 42.37 28 16.81 94 58.62 10.72 1.7 0.32 1.65 3.47 

102 16/05/2012 03 30 08.21 28 55.50 95 43.87 10.20 3.5 0.50 2.15 3.34 

103 24/05/2012 21 59 55.87 28 15.27 96 00.12 17.44 2.5 0.25 2.31 2.30 

104 25/05/2012 10 47 20.41 29 00.07 95 10.96 14.50 2.8 0.19 4.28 3.18 
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Appendix II  

 

II.1 Instrument correction 

It is well known that the output of a sensor Y(ω) is the multiplication of system response A(ω) 

with input ground motion  X(ω) as: 

    Y(ω) = X(ω) A(ω)      II.1 

From a digital system the Y(ω) is in counts  or voltage from an amplifier. The A (ω) is the 

displacement amplitude response of ground displacement sensor and velocity response in case of 

ground velocity sensor. The ground motions can be recovered from above equation: 

X(ω) = Y(ω)/A(ω)       II.2 

This represents the single frequency instrument correction which is widely used for earthquake 

magnitude determination. For a various frequencies, the system is seems to be RC low pas filter 

as shown in Fig.II.1. To have amplitude response, both the input and output frequencies varied. 

There is not only the change in the amplitude of the output signal but also delays little with 

respect to input signal. In other words, we can say a phase sifts. Hence the equation II.1 can be 

written as: 

    Y(ω) = X(ω) A(ω) + Φ(ω)      II.3 

Where  Φ(ω) represents the phase shift relative to input X(ω). Hence the complete response 

function of a filter or system consists of both the amplitude response function and phase response 

function which are known as Bode Diagram. The bode diagram of the short period and 

broadband seismogram are shown in fig II.2.  
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Fig.II.1 Measurement of amplitude response of RC filter. In ch 1, the signal directly observed 
from generator and the output signal is analyzed in ch.2. 

 

 

Fig. II.2 Amplitude and phase response of Seismometer (a) short period seismometer (b) broad 
band seismometer 
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The response function defined in equation b.3 is simple single frequency response function. As 

we know that seismic input signal X(ω) is the complex signal, so the response function of such 

system a complex one function T(ω). So the output Y(ω) of such filter is given by: 

    Y(ω) = X(ω) T(ω)      II.4 

Where 𝐴(𝜔) =  �𝑟𝑒(𝑇(𝜔))2 + 𝑖𝑚(𝑇(𝜔))2  is the amplitude spectrum and 𝛷(𝜔) =

 𝑡𝑎𝑛−1 𝐼𝑚 (𝑇(𝜔))
𝑟𝑒(𝑇(𝜔))

, is the phase response spectrum.  

Thus practically, the ground displacement is calculated by dividing the output Fourier spectrum 

with complex displacement response function. The above described response function can be 

written for a RC filter as: 

    𝑇𝑅𝐶(𝜔) =  1
!+𝑗𝜔𝑅𝐶

      II.5 

The above equation after a complex mathematics can be written in terms of amplitude response 

function of seismometer as: 

    𝑇𝑑(𝜔) =  𝜔2

𝜔02−𝜔2+𝑖𝜔𝜔0ℎ
     II.6 

Equation b.6 can be rewritten in terms of response function of a mechanical seismometer: 

    𝑇𝑑(𝜔) =  −(𝑖𝜔)2

𝜔02+𝑖𝜔𝜔0ℎ+(𝑖𝜔)2
      II.5 

The response function Td could be any complex function. Generally, it contains all the 

mechanical or electrical components such as resistors, coils, capacitors, semiconductors, springs 

and masses etc. these electrical and mechanical components can be represented as a function of 

iω as: 

    𝑇(𝜔) =  𝑎0+𝑎1(𝑗𝜔)+𝑎2(𝑗𝜔)+ ……….
𝑏0+𝑏1(𝑗𝜔)+𝑏2(𝑗𝜔)+ ………

     II.8 
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Where 𝑎𝑖 and 𝑏𝑖 are the constants.teh complexity of the system decided the number of 

polynomials. The above equation can be simplified by factorizing the polynomials as: 

    𝑇(𝜔) = 𝑐 (𝑖𝜔−𝑧1)(𝑖𝜔−𝑧2)(𝑖𝜔−𝑧3)…….
(𝑖𝜔−𝑝1)(𝑖𝜔−𝑝2)(𝑖𝜔−𝑝3)…….

     II.9 

Where is the normalization factor, z and P represents the zero (or roots) of nominator and poles 

of denominator respectively. Equation II.9 is the standard presentation of response function, also 

known as the poles and zeros representation of T(ω). In the presents study two types of sensor 

namely; short period (CMG-40 T1), and broad band (CMG 40T) are used the pole zeros and 

normalizing factors of theses seismometers are given in table below.  

 

Table II.1. Poles, zeros and normalizing factors of short period (CMG-40 T1), and broad band 

(CMG 40T) seismometers 

CMG 40T   

Poles Zeros Normalization factor at 1 Hz 

-80.0 0 2 304 000 

-160.0 0  

-180.0   

-0.02356 + 0.02356j   

-0.02356 - 0.02356j   

 

CMG 40T-1   

Poles Zeros Normalization factor at 1 Hz 

-4.44 + 4.44j 0 625000 
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-4.44 - 4.44j 0  

 

 

A Matlab function zp2tf has been adopted to convert the values of zeros and poles in the 

polynomial form as:  

 H(s) = N(s)
D(s)

       II.10 

As mentioned in the Matlab manual, following function form the transfer function: 

 [N(s), D(s)] = zp2tf(Z,P,K)     II.11 

In the above expression, Z vector contains values of zeros, P vector contains values of poles and 

K is a scalar gain. Vectors N(s) and D(s) are returned with numerator and denominator 

coefficients in descending powers of s. A filter has been designed with coefficients N(s) and D(s) 

and applied on input data to obtain the corrected data as given below: 

CORRECTED_DATA = filter (N(s), D(s), INPUT_DATA)   (II.12) 

A typical example of the input data available in counts and corrected data in cm/sec after 

applying instrument response correction is shown in the Fig. II 3. SH part of data selected for 

analysis is shown in Fig. II.4 as shown below: 
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Fig. II.3 An example of input data in counts and its corrected output in cm/sec. 

 

Fig. II.4An example of SH part of data selected for analysis. 

Similar procedure has been applied to other data sets wherever applicable. 

II.2 Computation of Fourier Transform 

For the purpose of computing the SH spectra, the prominent pulse/ground motion representing 

the shear waves was selected from the time series corrected for instrument response. The choice 

of time window used in the study is based on the fact that it includes scattered coda part of shear 

wave that minimizes the effect of radiation pattern and also the variance of the amplitude 

measure (Mayeda et al., 2003). 

In seismology, the recorded time histories are generally used to read various seismic 

phases to infer locations of earthquakes, structure of the earth etc. These time histories represent 
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arrivals of different phases and variations of amplitudes of various phases w.r.t. time. However, 

many properties like other sciences need the presentation of time history according to frequency 

or wave numbers.  The frequency domain refers to the presentation of earthquake time history 

with respect to frequency, rather than time i.e. a time-domain graph shows how a signal changes 

over time, whereas a frequency-domain graph shows how much of the signal lies within each 

given frequency band over a range of frequencies. A frequency-domain representation can also 

include information on the phase shift that must be applied to each sinusoid in order to be able to 

recombine the frequency components to recover the original earthquake time history. 

Earthquake time histories can be converted between the time and frequency domains with a pair 

of mathematical operators called a transform. Usually Fast Fourier transform, is used for the 

conversion, which decomposes a given time history into the sum of a number of sine wave 

frequency components. The 'spectrum' of frequency components is the frequency domain 

representation of the signal. The inverse Fast Fourier transform converts the frequency domain 

earthquake time history back to an earthquake time history 

Before computing the Fourier transformation, the selected signals were tapered using a 

Matlab Kaiser Window function. During signal processing, like Fast Fourier Transform of band 

limited time history of earthquakes, ringing artefacts appear as spurious signals near sharp 

transitions in the output signal in frequency domain. The term "ringing" is because the output 

signal in frequency domain oscillates at a fading rate around a sharp transition in the input, 

similar to a bell after being struck. Mathematically, this effect is known as Gibbs phenomenon. 

In order to minimise this artefact a window function has been applied to input band limited time 

series before transforming it to frequency domain. Various types of window functions have been 

designed to remove this effect (e.g., Hamming window, Kaiser window, Cosine Tapered window 
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etc.). The windowing processes introduces a loss in spectral resolution and remove the effect of 

spectral leakage. Thus, the choice of window function involves a trade-off between these two 

effects. That is, a window with better frequency resolution capabilities usually fails to stop the 

spectral leakage and vice-versa. In order to process the earthquake time histories various window 

functions have been tested with a sine wave and Kaiser window has been selected to perform the 

windowing of earthquake time histories. 

This window function was developed by James Kaiser at Bell Laboratories and is known as 

Kaiser window or Kaiser-Bessel window (fig. II.5). The mathematical form of this window 

function is given below: 

   𝑤(𝑛) = �
𝐼0(𝜋𝑎�1−� 2𝑛

𝑁−1−1�
2

𝐼0(𝜋𝑎) ,    ≤ 𝑛 ≤ 𝑁 − 1

0                            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

�      (II.13) 

Here, N is the number of samples, I0 zeroth order Modified Bessel function of the first kind, α is a 

non-negative arbitrary real number. The shape of the window is determined by it. The main 

decision in window designing is the trade-off between the side and mail loops. This trade-off 

also determined by α. the peak value of the window are w[(N-1)/2] = 1 and w[N/2-1] = w[N/2] < 

1 corresponding to N is odd and even respectively. 
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Figure II.5 (a). Parametric family of Kaiser Windows. (b). for a typical value of parameter, 
Fourier transforms of Kaiser Windows. (c) Window functions derived by Kaiser Bessel. 

The windowed time series is Fourier transformed adopting the standard methodology using the 

FFT function in Matlab. The brief description of the procedure adopted is described below:  

The earthquake time history s(t) can be transformed to frequency domain S(f) and vice-versa 

given below: 

        (II.14)  

      (II.15) 
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FFT Discrete Fourier transforms. FFT(X) is the discrete Fourier transform (DFT) of vector X.  

For matrices, the FFT operation is applied to each column. For N-D arrays, the FFT operation 

operates on the first non-singleton dimension. FFT(X,N) is the N-point FFT, padded with zeros 

if X has less than N points and truncated if it has more. FFT(X, N, DIM) applies the FFT 

operation across the dimension DIM. 

    For length N input vector x, the DFT is a length N vector X, with elements N 

       X(k) = sum  x(n)*exp(-j*2*pi*(k-1)*(n-1)/N), 1 <= k <= N, n=1   (II.16) 

The inverse DFT (computed by IFFT) is given by N 

       x(n) = (1/N) sum  X(k)*exp( j*2*pi*(k-1)*(n-1)/N), 1 <= n <= N, k=1   (II.17) 
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Appendix-III  

 

Table III.1. Source parameters of earthquakes occurred in Siang region of Arunachal Lesser 
Himalaya. 

S. 
N. Date 

(yymmdd) 

Lat. 
Deg Mn 
North 

Long. 
Deg Mn 
East 

Depth 
(km) 

fc 
(Hz) 

fmax 
(Hz) 

M0 
(dyn-
cm) 

Mag. 
Mw 

r 
(m) 

Δσ 
(bars) 

001 24/07/2011 28 49.07 95 40.49 09.42 5.1 12.4 5.72x1019 2.5 219.4 2.4 

002 26/07/2011 27 28.65  95 46.29   42.52 5.1 11.0 3.71x1021 3.4 231.1 17.3 

003 29/07/2011 28 08.26 94 54.74   24.40 5.3 11.6 1.75x1019 2.2 210.1 0.1 

004 29/07/2011 28 55.52 95 33.65    08.02 5.0 11.2 2.22x1020 2.5 223.1 8.7 

005 31/07/2011 28 56.37 95 42.60 06.00 5.0 12.2 1.62x1019 2.1 224.9 0.6 

006 02/08/2011 28 12.45 95 12.07   31.35 4.1 10.6 3.77x1018 1.8 275.1 0.1 

007 05/08/2011 28 28.80 95 17.62   11.26 5.3 13.4 1.07x1019 2.2 213.5 4.7 

008 08/08/2011 28 40.61 95 45.46   43.88 3.6 10.5 1.13x1020 2.3 310.6 1.6 

009 09/08/2011 27 54.23 94 49.99   17.60 5.6 15.3 6.46x1018 2 232.8 2.8 

010 10/08/2011 28 25.18 94 59.34   23.30 4.5 11.8 1.56x1020 2.8 251.6 4.3 

011 13/08/2011 28 39.62 94 38.01   07.23 4.0 10.4 6.07x1020 3.2 278.4 12.2 

012 15/08/2011 28 25.07 95 18.30   10.12 4.3 11.4 8.31x1018 2.1 258.7 2.1 

013 18/08/2011 28 39.35 94 40.82   06.91 3.8 8.8 2.92x1021 3.6 298.1 48.6 

014 20/08/2011 28 32.51 95 15.00   14.61 4.6 11.4 7.22x1018 2 244.5 2.2 

015 30/08/2011 28 24.87  95 26.96   30.98 6.4 12.5 1.38x1019 2.1 174.7 1.1 

016 06/09/2011 28 26.98  94 55.26   13.19 4.1 12.2 2.52x1020 2.9 271.6 5.5 

017 11/09/2011 28 22.23  94 52.35   17.21 3.7 10.4 3.23x1018 2.2 302.0 5.1 

018 12/09/2011 28 25.80  94 58.62   33.04 5.2 10.2 8.34x1020 3.2 214.9 3.7 

019 14/09/2011 28 32.39  94 57.76   06.39 4.4 10.8 2.49x1020 2.8 252.4 0.7 

020 14/09/2011 28 26.56  95 03.62   23.67 3.5 8.6 5.33x1020 3.1 317.7 7.2 
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021 22/09/2011 28 19.61  95 18.53   10.62 3.3 10.7 2.60x1020 2.9 342.8 2.8 

022 26/09/2011 28 20.65  95 19.56   12.95 3.3 9.3 4.98x1020 3.1 342.4 5.4 

023 29/09/2011 28 22.81  95 26.66   14.56 5.2 11.5 3.05x1021 3.1 215.9 13.3 

024  01/10/2011 28 29.14 95 17.42 10.48 5.6 11.9 1.24x1019 2.3 201.6 6.6 

025 05/10/2011 28 30.59 95 00.54 12.85 4.4 10.4 4.76x1020 3.1 256.0 12.4 

026 08/10/2011 28 28.77 96 36.60   35.50 1.3 5.1 3.10x1023 5 211.2 1.5 

027 08/10/2011 28 26.42 95 00.80 35.27 3.7 9.1 8.25x1019 2.3 299.3 13.4 

028 08/10/2011 28 26.26 95 01.15 33.40 5.4 17.3 1.28x1019 2.1 208.9 0.6 

029 14/10/2011 25 09.91 95 31.40 35.40 2.0 7.6 1.90x1021 3.5 279.8 2.0 

030 15/10/2011 27 59.42 95 54.02 16.88 5.2 13.2 4.24x1019 2.4 217.0 0.5 

031 16/10/2011 28 40.63 95 12.95 11.02 4.1 16.5 1.36x1019 2.1 273.0 0.3 

032 18/10/2011 28 28.02 95 22.00 11.91 5.0 15.4 1.15x1019 2 223.4 0.5 

033 21/10/2011 29 10.40 94 49.36 09.41 4.2 10.2 4.93x1022 4.2 266.6 11.3 

034 21/10/2011 28 50.89 95 42.86 09.33 6.1 10.4 8.29x1019 3.9 184.9 5.7 

035 28/10/2011 27 21.55    94 45.89   09.90 4.9 12.0 5.05x1019 2.5 229.8 1.8 

036 29/10/2011 27 26.86    95 31.37   13.97 5.0 12.2 4.80x1019 2.5 224.7 1.9 

037 02/11/2011 27 13.81    95 51.15   10.28 5.1 10.5 8.38x1020 3.9 320.2 52.1 

038 04/11/2011 28 37.82 96 05.00 12.70 5.3 13.6 1.19x1021 3.1 312.8 0.5 

039 07/11/2011 28 27.41 95 28.46 12.94 4.1 12.7 1.09x1020 2.7 283.0 22.4 

040 09/11/2011 28 10.29 95 35.40 16.93 5.1 10.6 5.18x1019 2.5 220.1 2.1 

041 10/11/2011 28 08.29 96 00.71 17.55 5.5 11.9 2.63x1019 2.3 202.3 1.4 

042 14/11/2011 28 36.09 94 51.38 11.01 3.9 10.9 3.15x1021 3.4 291.1 55.5 

043 15/11/2011 28 09.92 95 35.59 16.57 3.2 10.2 5.31x1020 3.2 295.5 8.6 

044 15/11/2011 28 09.98 95 35.25 16.76 5.3 13.6 1.03x1019 2 212.4 0.5 

045 18/11/2011 28 07.85 95 32.49 36.12 4.7 10.8 7.50x1019 2.6 236.3 2.5 
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046 21/11/2011 27 36.83  95 03.30   09.70 5.4 15.3 3.18x1019 2.3 206.5 1.6 

047 21/11/2011 27 36.77 95 06.93 11.90 5.0 10.5 2.48x1020 2.9 225.5 9.4 

048 23/11/2011 28 31.90 95 27.00 14.99 4.3 10.8 3.78x1019 2.4 263.4 0.9 

049 23/11/2011 28 06.60 95 30.89 33.08 4.7 12.0 1.70x1020 2.8 237.2 5.5 

050 03/12/2011 27 51.66 94 51.70 17.59 5.2 14.2 1.08x1019 2 356.8 0.2 

051 07/12/2011 28 48.90 94 46.61 12.19 4.1 12.5 1.31x1020 2.7 273.2 2.8 

052 09/12/2011 28 56.23 94 51.92 08.00 4.5 13.4 5.04x1019 2.5 251.2 1.4 

053 14/12/2011 28 09.60 95 29.04 19.57 5.4 14.1 6.13x1019 2.5 208.4 0.3 

054 16/12/2011 28 37.95 94 55.30 17.11 4.5 11.7 5.70x1019 2.1 247.6 1.6 

055 17/12/2011 27 25.70 95 11.60 45.00 4.6 14.2 1.64x1019 2.1 246.2 4.8 

056 18/12/2011 28 35.01 94 59.18 09.56 4.6 11.1 7.46x1020 3.2 243.8 22.4 

057 18/12/2011 28 03.81 95 03.49 11.49 3.3 9.7 4.90x1019 2.5 339.6 5.5 

058 27/12/2011 27 45.87 95 08.61 42.47 4.2 10.3 1.92x1020 2.9 269.3 43.0 

059 01/01/2012 28 28.60 94 48.44 13.14 5.4 13.7 2.20x1019 2.2 206.3 1.1 

060 03/01/2012 27 54.81 95 27.84 24.66 4.5 13.0 2.26x1019 2.2 248.5 0.7 

061 05/01/2012 28 28.09 95 03.91 30.74 6.1 16.6 1.60x1018 1.4 212.4 0.3 

062 19/01/2012 28 37.97  94 57.50  27.10 4.9 18.4 3.71x1018 1.7 267.0 0.1 

063 01/02/2012 28 11.30 95 30.63   29.42 4.6 18.1 1.15x1020 2.7 285.8 0.2 

064 01/02/2012 28 29.02 95 09.84 24.21 4.3 15.0 8.60x1020 3.3 304.6 0.1 

065 13/02/2012 28 54.35    94 49.56   10.01 6.2 13.8 1.82x1021 3.5 281.9 0.8 

066 21/02/2012 28 23.08    95 07.38   35.35 5.1 14.2 7.18x1020 3.3 269.1 0.3 

067 24/02/2012 28 25.53    95 34.66   12.15 8.1 22.9 5.20x1019 2.5 201.2 0.1 

068 01/03/2012 28 40.91    95 14.79   10.21 6.6 15.2 1.64x1019 2.1 261.2 0.2 

069 11/03/2012 28 16.78    95 10.99 35.32 4.9 15.8 3.16x1019 2.3 267.0 0.1 

070 12/03/2012 28 29.40    95 04.38   24.11 3.5 15.6 2.0x1021 3.5 368.7 0.2 
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071 14/03/2012 28 30.73 94 56.12   12.04 5.5 11.8 4.57x1020 3.1 238.4 1.5 

072 16/03/2012 28 06.97    95 34.21   31.46 3.4 10.4 2.31x1019 2.2 384.7 0.1 

073 23/03/2012 28 25.56    95 19.95   10.25 6.1 12.9 3.32x1019 2.3 212.4 0.2 

074 27/03/2012 27 44.92 95 15.40   36.79 3.8 15.3 1.00x1020 2.6 346.0 0.1 

075 27/03/2012 28 45.57 95 49.68   10.28 5.5 16.3 1.58x1019 2.1 238.4 0.1 

076 28/03/2012 28 13.57    95 24.17   29.33 5.2 16.2 6.52x1019 2.5 251.8 0.7 

077 03/04/2012 28 33.90    95 11.20   15.69 6.1 16.6 9.73x1018 2 212.4 0.7 

078 03/04/2012 27 48.77    95 33.76   10.81 3.5 16.3 8.44x1019 2.6 376.6 0.1 

079 03/04/2012 28 33.17    95 34.86   13.39 4.4 14.4 6.29x1019 2.5 296.6 0.3 

080 04/04/2012 27 57.67    94 17.36    09.83 3.4 17.2 7.03x1019 2.6 381.4 0.1 

081 07/04/2012 28 53.40    95 14.99   11.63 6.1 16.0 1.80x1019 2.2 212.4 0.3 

082 07/04/2012 28 14.49    95 09.36   10.41 4.1 19.3 9.08x1018 1.9 317.8 0.2 

083 07/04/2012 28 14.54    95 09.17    08.96 6.3 19.7 3.15x1019 2.3 205.3 0.2 

084 10/04/2012 28 27.22    95 30.22    08.27 5.3 20.6 7.84x1018 1.9 246.4 0.4 

085 10/04/2012 29 01.65    95 37.75    09.68 6.7 17.4 1.76x1019 2.1 195.1 0.1 

086 11/04/2012 28 30.11    94 56.36   13.54 4.8 17.0 8.90x1019 2.6 274.0 0.3 

087 18/04/2012 28 30.29    95 25.65    17.85 5.1 16.3 1.15x1019 2 257.1 0.5 

088 21/04/2012 28 22.38    95 14.25   31.03 5.1 10.8 4.17x1020 3.1 241.4 0.1 

089 22/04/2012 27 56.78    94 58.27   16.94 4.8 13.4 2.06x1019 2.2 221.5 0.1 

090 23/04/2012 28 27.35    94 52.94   16.30 3.8 9.4 7.64x1020 3.3 346.0 0.2 

091 26/04/2012 28 19.93    94 51.28   31.85 3.1 11.2 2.42x1020 2.9 253.8 0.3 

092 02/05/2012 28 13.07    94 57.74   34.72 5.9 15.7 8.01x1019 2.6 222.5 0.1 

093 02/05/2012 28 20.72    94 16.84    09.75 4.6 11.4 3.00x1019 2.3 285.8 0.1 

094 02/05/2012 28 19.65    94 17.38    19.52 3.3 9.8 4.65x1022 4.2 393.0 7.4 

095 04/05/2012 27 39.24    95 06.62   20.97 4.0 12.4 2.10x1020 3.3 324.7 0.3 
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096 08/05/2012 28 25.28    94 53.78    08.01 4.6 17.8 3.00x1019 2.3 284.0 0.1 

097 11/05/2012 28 26.28    94 49.21   13.30 5.5 20.2 3.50x1019 2.4 238.4 0.1 

098 12/05/2012 27 52.68    94 09.20   10.55 3.9 13.4 2.80x1020 3 333.7 0.3 

099 13/05/2012 28 48.45    94 50.75   12.24 3.1 20.9 2.69x1021 3.6 417.1 0.2 

100 14/05/2012 28 16.57    94 56.68    12.47 3.5 15.6 6.91x1019 2.5 368.7 0.1 

101 15/05/2012 28 16.81    94 58.62   10.72 8.3 16.0 5.03x1018 1.8 157.8 0.1 

102 16/05/2012 28 55.50    95 43.87   10.20 6.0 16.3 1.51x1021 3.5 216.9 0.7 

103 24/05/2012 28 15.27    96 00.12   17.44 3.4 11.6 2.81x1019 2.3 384.7 0.3 

104 25/05/2012 29 00.07    95 10.96   14.50 4.8 20.5 2.23x1020 2.9 272.4 0.1 
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Annexure IV 

 

TableIV.1 Waveform Inversion results of 104 earthquakes occurred in Lower Siang region of Arunachal Himalaya 

Num. DATE 
(YYMMDD) 

Depth 
(km) 

NP1 
strike 

NP1 
Dip 

NP1 
slip 

NP2 
strik

e 

NP2 
dip 

NP2 
slip 

mag 
(MW) 

DC% CLVD
% 

T-axis 
azimuth 

P-axis 
azimuth 

T-axis 
plunge 

P-axis 
plunge 

VR 

001 24/07/2011 11.00 212 32 -100 44 59 -84 1.9 8.2 91.8 309 152 13 76 0.71 
002 26/07/2011 37.00 321 35 -73 121 57 -102 3.1 63 37 39 177 11 75 0.81 
003 29/07/2011 21.00 192 20 152 309 81 72 2.2 73.7 26.3 18 234 51 33 0.62 
004 29/07/2011 07.00 161 73 -163 66 74 -18 2.2 1.7 98.3 294 203 1 24 0.69 
005 31/07/2011 09.00 60 69 -36 165 57 -155 1.9 20.3 79.7 115 198 8 40 0.57 
006 02/08/2011 34.00 71 51 -39 188 61 -134 1.7 34.7 65.3 127 225 6 52 0.63 
007 05/08/2011 15.00 164 74 -157 67 68 -17 2.2 5.7 94.3 295 207 4 27 0.49 
008 08/08/2011 37.00 218 61 92 34 29 86 2.4 21.8 78.2 313 307 74 16 0.58 
009 09/08/2011 14.00 71 51 -39 188 61 -134 1.9 65.3 34.7 127 225 6 52 0.53 
010 10/08/2011 17.00 303 29 -135 172 70 -69 2.5 52.2 47.8 66 292 22 59 0.71 
011 13/08/2011 07.00 181 23 123 326 71 77 3 53.4 46.6 36 246 62 25 0.65 
012 15/08/2011 23.00 137 12 -153 21 85 -79 2.2 27.5 72.5 281 122 39 49 0.59 
013 18/08/2011 09.00 11 87 25 280 65 177 3.6 92.6 7.4 58 143 20 15 0.71 
014 20/08/2011 21.00 14 85 132 110 42 7 2 89.2 10.8 140 72 36 28 0.74 
015 30/08/2011 35.00 197 80 34 100 57 168 2.2 32.1 67.9 244 324 31 15 0.42 
016 06/09/2011 14.00 146 89 -138 55 48 -1 2.8 47.1 52.9 273 27 29 42 0.71 
017 11/09/2011 19.00 28 11 149 149 84 81 2.2 79.9 20.1 48 247 50 39 0.72 
018 12/09/2011 29.00 69 3 -24 183 89 -93 3.2 87.6 12.4 276 90 44 46 0.77 
019 14/09/2011 09.00 84 46 -164 343 78 -45 2.8 90.6 9.4 221 113 21 40 0.71 
020 14/09/2011 25.00 116 62 18 17 74 151 2 23.1 76.9 154 248 32 8 0.64 
021 22/09/2011 15.00 268 3 -24 22 89 -93 2.7 96.3 3.7 295 109 44 46 0.79 
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022 26/09/2011 11.00 19 68 -88 194 22 -95 2.7 31.5 68.5 108 113 23 67 0.61 
023 29/09/2011 08.00 332 49 -66 118 46 -115 3.1 92.6 7.4 45 131 1 72 0.73 
024 01/10/2011 11.00 358 44 -126 224 56 -60 1.9 10.6 89.4 113 9 6 65 0.66 
025 05/10/2011 13.00 182 82 -12 78 31 -16 2.9 82 18 296 242 31 45 0.61 
026 08/10/2011 31.00 65 44 56 288 55 118 5.1 85.2 14.8 93 117 49 39 0.65 
027 08/10/2011 34.00 314 44 -138 191 62 -54 2 95 5 76 330 10 57 0.65 
028 08/10/2011 37.00 284 11 -151 165 85 -80 1.9 50.6 49.4 67 266 39 49 0.67 
029 14/10/2011 39.00 23 78 125 130 37 20 3.7 25.9 74.1 148 86 46 25 0.74 
030 15/10/2011 17.00 263 20 -113 107 72 -82 2.5 46.5 53.5 11 210 26 63 0.69 
031 16/10/2011 16.00 51 90 -121 321 31 -1 1.5 71.7 28.3 168 114 37 37 0.65 
032 18/10/2011 14.00 278 30 -10 17 85 -120 1.6 80.2 19.8 311 78 33 42 0.68 
033 21/10/2011 08.00 296 72 0 206 90 -162 4.2 86.3 13.7 340 72 13 13 0.73 
034 21/10/2011 09.00 164 86 -178 74 88 -4 3 9.1 90.9 299 209 1 4 0.72 
035 28/10/2011 37.00 344 20 -147 223 79 -73 2.8 69.4 30.6 118 333 32 53 0.63 
036 29/10/2011 16.00 9 38 -74 169 54 -102 2.7 5.5 94.5 88 216 8 77 0.62 
037 02/11/2011 11.00 279 10 -156 165 86 -81 4 80.2 19.8 67 265 40 48 0.53 
038 04/11/2011 15.00 290 88 -177 199 87 -2 3.5 86 14 65 335 1 4 0.51 
039 07/11/2011 13.00 261 68 -1 351 89 -158 2.6 79.3 20.7 304 38 15 16 0.51 
040 09/11/2011 13.00 342 45 -39 102 64 -128 2.3 50.5 49.5 38 103 11 55 0.62 
041 10/11/2011 19.00 249 66 -118 122 36 -44 2.2 44.4 55.6 359 299 16 59 0.72 
042 14/11/2011 13.00 21 27 -50 158 70 -108 3.3 31.7 68.3 82 221 23 61 0.63 
043 15/11/2011 21.00 238 10 -104 72 80 -88 3.2 53.8 46.2 340 165 -35 -55 0.74 
044 15/11/2011 13.00 188 17 34 65 81 104 2 71.4 28.6 172 323 52 34 0.52 
045 18/11/2011 35.00 346 88 112 81 22 5 2.7 59.1 40.9 97 56 43 39 0.55 
046 21/11/2011 07.00 30 42 -70 183 51 -107 2.3 55.7 44.3 106 215 5 76 0.85 
047 21/11/2011 13.00 314 6 -72 116 84 -92 2.7 85.3 14.7 28 204 39 51 0.58 
048 23/11/2011 18.00 174 88 22 83 68 178 1.9 5.3 94.7 221 306 17 14 0.51 
049 23/11/2011 35.00 63 84 77 309 14 155 2.6 97.6 2.4 139 165 49 38 0.77 
050 03/12/2011 18.00 149 18 165 253 85 73 1.7 87 13 325 179 47 38 0.73 
051 07/12/2011 15.00 206 56 146 316 62 39 2.6 9.7 90.3 354 2602 46 4 0.82 
052 09/12/2011 12.00 344 43 -77 146 48 -101 2.4 55.2 44.8 65 172 3 81 0.67 
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053 14/12/2011 18.00 240 84 123 339 33 11 2.7 60.7 39.3 1 303 42 31 0.52 
054 16/12/2011 12.00 339 43 -16 193 52 -68 2.1 17.9 82.1 87 342 5 72 0.71 
055 17/12/2011 37.00 235 78 179 325 89 12 2.3 47 53 11 279 9 8 0.61 
056 18/12/2011 11.00 278 64 38 169 56 148 2.7 98.7 1.3 317 42 45 5 0.73 
057 18/12/2011 13.00 259 16 -78 67 74 -93 2.2 61 39 339 152 29 61 0.59 
058 27/12/2011 39.00 295 44 -101 130 47 -80 2.8 29.4 70.6 33 292 2 82 0.53 
059 01/01/2012 14.00 70 4 -171 331 89 -86 2.3 97.2 2.8 237 65 44 45 0.79 
060 03/01/2012 24.00 30 37 150 145 72 57 2.7 23.8 76.2 197 79 51 21 0.62 
061 05/01/2012 31.00 180 66 114 312 33 48 1.5 73.9 26.1 307 252 61 18 0.42 
062 19/01/2012 27.00 98 19 43 327 77 104 2.3 68.4 31.6 74 225 56 31 0.54 
063 01/02/2012 29.00 178 55 122 311 46 53 2.6 35.4 64.6 326 178 53 122 0.68 
064 01/02/2012 24.00 313 68 -122 192 38 -37 3.3 18.7 81.3 66 2 17 55 0.63 
065 13/02/2012 12.00 175 69 107 315 27 53 3.6 75.4 24.6 291 252 62 22 0.81 
066 21/02/2012 34.00 16 90 164 106 74 0 3.3 22.6 77.4 150 62 11 11 0.71 
067 24/02/2012 14.00 320 47 -166 220 80 -44 2.6 11 89 97 350 21 37 0.68 
068 01/03/2012 10.00 289 72 179 19 89 18 2.1 15.1 84.9 66 333 13 12 0.65 
069 11/03/2012 31.00 188 47 133 314 58 54 2.5 49.2 50.8 349 249 59 6 0.75 
070 12/03/2012 26.00 353 76 -91 177 14 -86 3.7 88 12 84 82 31 59 0.56 
071 14/03/2012 15.00 301 52 -139 183 59 -46 3.5 78.2 21.8 63 328 4 53 0.63 
072 16/03/2012 29.00 41 54 58 268 47 126 2.5 86.5 13.5 71 153 64 4 0.69 
073 23/03/2012 08.00 112 10 2 20 90 100 2.7 98.5 1.5 120 280 44 44 0.73 
074 27/03/2012 35.00 32 64 -13 128 78 -153 2.7 75.4 24.6 78 173 10 27 0.73 
075 27/03/2012 11.00 354 26 -143 230 75 -69 2.2 40 60 123 347 27 55 0.62 
076 28/03/2012 30.00 16 58 40 262 57 141 2.6 67.7 32.3 50 139 50 1 0.71 
077 03/04/2012 18.00 271 25 -167 169 85 -66 1.9 94.7 5.3 58 284 35 45 0.62 
078 03/04/2012 12.00 321 47 -105 162 45 -74 2.7 17 83 62 337 1 79 0.69 
079 03/04/2012 08.00 191 12 64 38 79 95 2.5 89.5 10.5 134 303 56 34 0.49 
080 04/04/2012 09.00 251 43 -128 118 57 -60 2.6 6.1 93.9 7 261 8 64 0.71 
081 07/04/2012 15.00 14 62 -63 147 38 -130 2.2 22.1 77.9 85 148 13 63 0.66 
082 07/04/2012 16.00 189 72 124 304 38 30 2.3 36.8 63.2 318 254 51 20 0.53 
083 07/04/2012 07.00 197 61 116 332 38 52 2.3 77.6 22.4 332 269 64 12 0.64 
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084 10/04/2012 06.00 32 88 -74 129 16 -173 2.3 86.6 13.4 107 137 41 45 0.62 
085 10/04/2012 08.00 29 77 122 139 34 24 2.2 28.6 71.4 153 95 48 25 0.56 
086 11/04/2012 13.00 320 60 -118 187 40 -51 2.6 81.5 18.5 70 2 11 63 0.62 
087 18/04/2012 16.00 15 80 -121 269 32 -19 2.3 30.1 69.9 129 73 28 46 0.53 
088 21/04/2012 30.00 218 66 134 331 49 33 3.2 82.9 17.1 356 278 49 10 0.52 
089 22/04/2012 15.00 116 57 142 229 59 40 2.2 70.4 29.6 263 172 49 1 0.81 
090 23/04/2012 12.00 323 34 -122 213 34 -34 3.2 49.8 50.2 77 19 25 48 0.62 
091 26/04/2012 33.00 256 32 -162 151 81 -59 2.9 74 26 36 272 29 46 0.51 
092 02/05/2012 27.00 287 50 -140 169 61 -48 2.7 85 15 50 312 6 53 0.42 
093 02/05/2012 11.00 152 57 -37 264 60 -141 3.6 85.7 14.3 208 299 2 48 0.73 
094 02/05/2012 19.00 287 69 -113 157 31 -44 4.2 83.8 16.2 34 344 21 59 0.58 
095 04/05/2012 22.00 16 85 78 264 13 157 3.3 93.2 6.8 75 178 66 6 0.84 
096 08/05/2012 11.00 151 77 81 6 16 124 2.6 33.4 66.6 229 248 57 31 0.56 
097 11/05/2012 12.00 205 89 74 112 16 176 2.6 26.7 73.3 279 310 44 42 0.62 
098 12/05/2012 12.00 21 71 -166 286 77 -20 3 2 98 154 63 4 23 0.67 
099 13/05/2012 16.00 311 76 -169 218 79 -14 3.6 84.7 15.3 85 354 2 18 0.71 
100 14/05/2012 13.00 249 36 -170 151 84 -55 2.9 85.6 14.4 33 273 30 40 0.75 
101 15/05/2012 15.00 248 49 -10 245 82 -139 1.8 50.5 49.5 289 35 22 34 0.61 
102 16/05/2012 09.00 329 81 -168 237 78 -9 3.4 98.8 1.2 103 13 2 15 0.72 
103 24/05/2012 21.00 281 84 -126 183 36 -10 2.5 71.1 28.9 40 338 30 40 0.73 
104 25/05/2012 15.00 177 45 99 344 46 81 2.9 7 93 356 261 84 0 0.73 
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