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CHAPTER-I
INTRODUCTION
11 PROLOGUE

Northeastern region of India lies at the junctainthe Himalayan arc to the
north and the Burmese arc to the east. It is sea@lpione of the six most active
regions of the world, the other five being Mexidgiwan, California, Japan and
Turkey. It is placed in zone V, the highest zorfehe seismic zonation map of India.
The region has experienced 18 large earthquake3)Mlaring the last hundred years
including the great earthquakes of Shillong (198%8.7) and Assam Tibet border
(1950, M=8.7) (Fig. 1.1). Besides, several hundneall and micro earthquakes have
also been recorded in the region. The high seigynitithe region is attributed to the
collision tectonics between the Indian plate anel Burasian plate in the north and
subduction tectonics along the Indo-Burma regi@R{lin the east (Dewey and Bird,
1970; Kayal, 1996, 1998; Molnar and Tapponnier,519977 and Sarmah, 1999).
Verma et al., (1976, 1977) stated that the lithesighsubduction at the Himalayan
belt ceased during Pliocene time and shallow seisaativity is the effect of
continental-continental collision. Subduction, e bther hand, is still continuing in
the IBR, which is evidenced by the intermediatedé®p focus earthquakes in this
range. Incidentally, maximum seismic activity hdsoaeen recorded in this range.

Earthquakes of historic importance experienced bstlidast India are listed below:

Place Year Magnitude Remarks
Cachar March 21, 1869 7.8 |[Numerous earth fissures and sand
craters
Shillong June 12, 1897 8.7 |About 1542 people died
plateau
Sibsagar August 31, 1906 7.0 |Property damage

Myanmar December 12,190 7.5 |Property damage

Srimangal |July 8, 1918 7.6 4500 knf area suffered damage

SW Assam |September 9, 1923 7.1  |Property damage

Dhubri July 2, 1930 7.1 |Railway lines, culverts and
bridges cracked
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Assam January 27, 1931 7.6  |Destruction of property

Nagaland 1932 7.0 |Destruction of property
N-E Assam |October 23, 1943 7.2  |Destruction of property
Arunachal [July 7, 1947 7.5 |Destruction of property
Upper AssamJuly 29, 1949 7.6 |Severe damage

Upper AssanAugust 15, 1950 8.7 |About 1520 people died.

One of the largest known quake
in the history

Patkai Rangg1950 7.0 |Property damage
Arunachal

Manipur- 1954 7.4  |Property damage
Burma borde

Darjeeling {1959 7.5 |Property damage
Indo- August 6, 1988 7.5 |No casualty reported
Myanmar

border

It is evident from the above table that the regmas experienced two great
earthquakes of magnitude >8 during the last hundmats. The June 12, 1897
earthquake of the Shillong Plateau is one of tleatgst event of the world. Casualty
was only 1,542 in spite of the magnitude of theng¢\aeing 8.7. This is so because the
event occurred at 5.15 p.m when most of the peaple outdoor. Damage to the
property was, however, severe. All concrete stmastwithin an area of 30,000 square
miles were practically destroyed. There was evidesictwo surface faults, namely,
Chedrang and Dudhnoi. It is the first instrumenta#icorded event in the country.
Another event of matching magnitude occurred onustid5, 1950 in the Syntaxis
Zone. It caused 1520 death but was more damagamgttie 1897 event. Railway line
and roads were considerably damaged, landslidgetrggl in many places and fissures
and sand vents occurred. The last major event (§)=h. the region occurred on
August 6, 1988 with its epicenter in the Myanmatesof the IBR. This rocked the
whole northeastern region. The tremor lasted fayuakdwo minutes killing four
human and damaged buildings, railway tracts aadg@Tiwari, 2000).
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Earthquakes cannot be prevented from occurringtlagy cannot be diverted
to other places. Much-talked about earthquake ptiedi has so far not been realized
in seismology even after spending billions of dalduring the last three decades. Of
course, there are isolated instances of succegsfdiction, namely, Haicheng
earthquake of 1975 in China (Magnitude 7.3). It weedicted on the basis of micro-
seismic activity, ground tilting and unusual animathaviour. This technique,
however, cannot be applied everywhere. Moreovediption will not be helpful in
avoiding or reducing damages caused by earthquakaube building and other
structure cannot be evacuated (Tiwari, 2002). Latkreliable quake prediction
technology forces us to learn to live with the lequiake by reducing their disastrous
impact on human life and property. Earthquake hiszaf Northeast India cannot be
changed; however, earthquake disaster can be teiig&ligh seismic risk in the
region calls for an urgent and sustained mitigaefiorts. Yokohama Declaration,
1994 (at the mid-term review conference of IDNDRads: “ Disaster prevention,
mitigation and preparedness are better than diseedponse in achieving the goals
and objectives of the decade. Disaster response a&mot sufficient as it yields only
temporary results at a very high cost. Preventimmirdoutes to lasting improvement

in safety and is essential to integrate disasterag@ment”.

The importance of seismological studies lies ie fact that information
generated can be used to mitigate the earthquakmrds Preparation of
seismotectonic/seismic zonation maps is the ftegi & this direction. The basic data
required for the preparation of these maps aré\ (Garefully compiled earthquake
catalogue incorporating details about magnitudeation of epicenter, depth of focus
etc., (ii) Delineation of seismic source zones fralirpossible sources like recurrence
relation, tectono-geological consideration, palaesicity etc., (iii) Estimation of
upper bound magnitude through statistical proceduatenulative seismic energy
release, active fault length etc. and (iv) Attemaratof ground shaking for better
results (Das Gupta, 1999). Seismic microzonatiorec®@mmended for better result.
These maps give an idea about the possibility climence of earthquakes in the
region and are very useful for evaluating the riskolved before designing and
constructing heavy engineering structures like démcges, flyovers and large

towers, etc. These are also useful for planningdrmusettiements that would remain
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safe during the occurrence of an earthquake. Seissk evaluation is also possible

from these maps.

In the present study earthquake epicenters haga becomputed from the
data collected from different networks existinghe region. Travel time for P- and S-
waves have been calculated. The use of microeakieguo determine the orientation
of active faults, focal mechanism solution and detaf local crustal structure
strongly depends on the velocity model used in eaethquake location process
(Nicholson and Simpson, 1985). Moreover, it is vikeibwn that the accuracy of local
earthquake location depends not only on the crusacity structure between the
source and the station, but also on the distributd recording stations. While
employing the principal techniques that involve #@nstruction and analysis of
Wadati and Riznichenko diagrams, the travel time Rf and S-waves and
subsequently the velocities and their rational uppastal depths and origin times,
that is independent of crustal velocity model anddal on which the  P-wave travel
times as a function of epicentral distance arevedriso as to obtain the P-wave
velocities in the upper crust. From the Wadati chag origin times (To) have been
obtained and used to determine P-wave travels time®rder to obtain the
Riznichenko diagram that depicts (Tp-To) as a fiomcbf epicentral distanceH).
The Riznichenko diagrams clearly show the changshape of the travel time versus
distance curve with increasing focal depth indief both a geometrical effect and
an increasing P-wave velocity. The velocity ratip/Vs is computed directly from a
diagram P-S interval against travel time (T) ofaPjnear relation between the two
being presumed by many authors. Apart from vamatd Vp/Vs ratio with depth,
source characterization of the earthquake hypocerte made through waveform
modeling by generating synthetic seismogram witlimegion of Green’s function

constrained by the matching of observed and syioteetsmogram.

Practically, the estimate is greatly affected bg assumed values of Vp/Vs,
the velocity ratio of P- and S-waves, in the catioh. So far, structures of the earth’s
crust were studied and classified in relation ® ¥elocity of seismic waves, chiefly

of P-waves.

1.2 DESCRIPTION OF THE STUDY AREA
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The area under investigation is the northeasteotopgation of the Indian
Shield comprising Surma valley and Indo-Burmese geabhounded by Post-Baralil
unconformity. It lies between 88 and 95E longitudes and 2Rl and 26N latitudes.
Two prominent faults- the NE-SW trending Sylhatlfan the northern part of Surma
valley (Nandy et el., 1983) and NW-SE trending Madlt in the eastern part of
Surma valley are conspicuously present in the stadya (Fig. 1.2). The
seismotectonics of the region is the matter ofredefor several researchers. Four
major earthquakes have occurred in the study ameiagdthe past hundred years.
These are: Cachar Earthquake of 1869 (M=7), Srimlafgarthquake of 1918
(M=7.6), Cachar Earthquake of 1984 (M=5.8) and iBdoma Earthquake of 1988
(M=7.5). Other main tectonic domains in the stutBasare E-W trending Dauki fault
(which demarcates the boundary between the Meghalateau and Bengal basin),
NE-SW Hail-Hakula lineament, N-S Jamuna fault, NPAdma lineament, N-W Tista
fault, and Tuipui fault. The area is mostly covefey thick marginal marine to
shallow marine sedimentary succession of Oligod¢ereliocene age and belongs to
Barail Group, Surma Group and Tipam Group. Surmau@rof Lower —Middle
Miocene is the main lithostratigraphic unit in teidy area. Bhuban and Bokabil
Formations constitute Surma Group. This group e f alternating succession of
arenaceous and argillaceous sedimentary rocksmiie rock types are sandstone,
siltstone, shale and mudstone and their admixturearious proportions. Mizoram
has been considered as the depocentre of Surmassiamt having exposed thickness
of ~6500m. Another 5000m of the succession is calede

1.3 REVIEW OF LITERATURE

Although significant progress has been made initoong of the earthquakes
in northeastern India by establishing a numbereidrsic network stations over the
past few years, many of the questions concerniegldoation and nature of the
potential seismic source zone/ seismogenic fatiltsemain unsolved. However, in
this study attempt has been made to identify thepestt potential faults through
tectonic and seismotectonic analysis. The prdcaesthquake hazard assessment
involves 1) identification of seismogenic structiréorming the source and,
2) evaluation of maximum possible earthquake rdlatethe seismogenic structure
and frequency — magnitude relation for individu@uke zone/tectonic blocks

traversed by different tectonic elements.
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So far, only statistical analysis of historicatftbguake data has been resorted
for predicting future earthquakes without due cdesation to the distinct source
zones in northeastern India (Gupta, et al.,19886,1&upta, 1985; Guha, et al., 1984,
Das Gupta, et al., 1998; Khattri, 1987). Precursignals like clustering of fore-
shocks, change in resistivity and gravity valuesreweonsidered for predicting
earthquakes in the region (Gupta, et al., 1989aKay091).

Gupta (1985) considered the 1984 Cachar earthqubldh lies in the region
of Tripura-Mizo fold belt as a precursory event farge earthquakes. Kayal (1991)
attempted to correlate the observed change in tikesis Vp/Vs ratio and
microgravity values in the western part of the Malglga Plateau as precursors for the
1984 Cachar earthquake (Mb=5.5) and also for ti&8 I@orth Myanmar earthquake
(Mb=7.5) which occurred at a distance of more ttZ@9 km from the site of
measurement of precursor signals. This observatwhcorrelation seems to be too
much of inferences for such far field events. Guég.al. (1984) have reported
significant precursory decrease in b-value in tobetheastern region of India, and
indicated probability of occurrence of great eautces (M>8) in the near future.
Gupta and Singh (1989) studied the earthquake sequ&hich occurred before the
1984 Cachar earthquake and 1988 North Myanmar cqraakies. Studying the
seismicity pattern in different time-intervals witha 5-6° space window, they
suggested that precursory swarm hypothesis of Bvi®77) could be made
predictive in the northeastern region of India.

Temporal occurrence of earthquakes having magestweb.5 and 6.0 was
statistically analyzed for the seismically activertheastern region of India. Non-
stationary Poisson distribution provide a goodditinalyze the earthquake sequence
for the entire area for which there has been 908batility for the occurrence of at
least one earthquake of magnitude Mb>6 in any tivimelow of 5 years, while the
probability has been 98% for an event of Mb>5.5amy two years time slot.
Similarly, for the eastern Himalayan tectonic damarobability was found to be
70% and for the Myanmar arc it was 90% for at least earthquake of Mb>6.0
within the recurrence period of 10 years. Seismazands maps with percent
probabilities for the occurrence of at least onghggake of Mb>6.0 with return
periods of 20 and 50 years have been prepared bassach analyses (Das Gupta, et
al., 1998)
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Many previous workers have studied seismicityeilation to overall tectonics
of the region and their studies gave valuable mfifon on seismotectonics,
subduction process and plate kinematic settindp@fBurmese arc, Bengal Basin and
adjacent regions (Santo, 1969; Fitch, 1970, 19T#ndra, 1975, 1978; Verma et al.,
1976; LeDain et al., 1984; Kayal, 1987, 1996; Mukadhyay and Dasgupta, 1988;
Chen and Molnar, 1990; Nandy and Dasgupta, 1991t;dflal., 1991; Ravikumar and
Rao, 1995; Satyabala, 1998). Detailed investigatiomn regional geology,
morphotectonics and their relation to gravity ant@san this region have been made
by Verma et al. (1976), Nandy (1986) and Mukhopaghgnd Dasgupta (1988).
Based on the morphotectonic trends and the seignpaitern, Mukhopadhyay and
Dasgupta (1988) divided the Burmese arc region iftor sectors. Sector |
corresponding to the Naga hills area in the nartBector IV covering Arakan-Yoma
region of Coastal Burma in the south. Based onilddtaeismotectonic evaluation of
Northeast India, Kayal (1996) identified five bra@dtonic zones viz., the Himalayan
collision zone, Indo-Burman subduction zone, thent&is zone (Mishmi hills),
Shillong Plateau and Assam valley area, and theg@&dbasin-Tripura fold belt area.
Studies by Nandy and Dasgupta (1991) and Kaydl €1293) reveal that the Kopili-
Bomdila fault zone is seismically the most actiggion in the eastern Himalayas with
many of the events displaying strike-slip motioorg the NW nodal plane oblique to
the Himalayan trend. East of the Indo-Burman rantes Sagaing fault in the back
arc region is seismically very active. LeDain et @984) and Ni et al. (1989)
suggested that most of the right-lateral slip afianis accommodated along the
Sagaing fault. Further east, the Shan Plateau ¢elgrio the Asian plate is also
seismically active and intraplate deformation irs tlegion is distributed over several
left-lateral faults (Haines and Holt, 1993).

Fault-plane solutions of about 50 events were iphbd by different authors
(e.g. Fitch, 1970; Rastogi, 1973; Tandon and Stavas 1975; Verma et al., 1976 a
and b; Mukhopadhyay, 1984, Dube et al., 1986; Mplkdihayay and Dasgupta,
1988) using the polarities of P-waves reportepuhlished bulletins. These solutions
were compiled by Kayal (1996). These solutionse annotated in the depth sections
as N (Normal faulting), T (Thrust faulting) and &¢Strike slip faulting), which fairly
explain the Benioff zone earthquakes and the adiegiplate earthquakes. Although

some of these solutions are fairly consistenthwie CMT solutions, it is difficult to
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assess the quality of these solutions because aongistent readings and often
unreliable bulletin data (Chen and Molnar, 1990ef and Molnar (1990) presented
17 reliable fault-plane solutions for the regionteaf re-analyzing the source
parameters using the original seismograms anddalare of necessary corrections.

The Indo-Burma earthquake of August 6, 1988 (i&5he largest earthquake
that occurred beneath the Indo-Burman ranges ientegears. The fault-plane
solutions obtained by Chen and Molnar (1990) isosinsimilar to the CMT solutions.
The solution is a mixture of reverse and strike-$aulting showing a NNE-SSW
compressional stress. The earthquake events of Mayl973 and May 6, 1984
occurred close together, both having similar magigat~ 5.7 and depth 57 5 km,
and show almost similar solutions with large stigke components. Similar fault-
plane solutions are also obtained for the eventdayf 29, 1970, December 29, 1991
and May 21, 1975 having magnitudes ~ 5.1 — 5.@lfdepths 40-60 km in the Indo-
Burman ranges. The solution for the earthquakeebiuary 18, 1965 (M 5.4), which
shows a large component of normal faulting, isdhky solution that differs from the

oblique thrust faulting observed for the other e¢gdieneath the Indo-Burman ranges.

Two events of December 27, 1968 (M 5.1) and Felgr0@, 1971 (M 5.4),
that occurred beneath the Bengal Basin show lasggonent of thrust faulting with
NNE-SSW compressional stresses (Chen and Moln@0)19 These two events
occurred at a depth of 30-40 km, below the foldediraentary rocks, possibly in the
lower crust. None of the nodal planes of the sohst are parallel to the trend of the
local NNE thrust/folds in the area. The Cachathemake of December 30, 1984
(M 5.8) occurred at shallower depth, is a damagiaghquake that occurred in the
Tripura-Mizo fold belt in recent years, which shoavsear thrust faulting on either of
the two moderately dipping nodal planes that strikeghwesterly. Again the strikes
of the nodal planes are oblique to the local NN&hdr of the Indo-Burman ranges.
Ni et al. (1989) reported 15 reliable fault-plamdusions in the Indo-Burman ranges.
Their solutions of five earthquakes that occurrdthiw the Indian slab below the
central and northern Burma ranges, show strikefalifting with P-axes that plunge

towards north-northeast, parallel to the obliquevesgence.

Rao and Kalpna (2005) studied CMT solutions oeéfthquakes (M 4.5- 6.5)
within the subducted Indian plate in the Indo-Burragion for stress inversion. It
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may be noted that the solutions show three typedaolting. There is a clear
segregation of normal, strike-slip and thrust tgptutions along the dipping slab; the
thrust/reverse solutions are observed in the lopgation of the down going slab
below 90 km and above that depth, normal and s#iikesolutions are observed. The
stress inversion indicates distinct stress fieldeva and below 90 km along the
subducted Indian lithosphere. In the upper parthefslab, the P and T axes trend
NNE and ESE respectively, in conjunction with tmebéent stress field of the Indian
plate. These observations suggest that the uppeopéhe slab is governed by the
NNE oriented horizontal plate tectonic forces, veaer the lower part is governed

entirely by tensile forces due to gravitationaldway on the subducted slab.

Whatever be the assessment of future earthquakes $uch statistical
analysis or analysis of past earthquake evenssuhiikely to yield any tangible and
useful result until in-depth knowledge of tectorswolution, characteristics of
individual and distinct tectonic domain is obtainédough rigorous field geological
and geophysical investigations. Therefore, an gitdmas been made in this study to
synthesize all available updated information on ol@gy, tectonics, seismicity
including those derived from the remote sensinfpriepies, source characterization
of the faults in Surma valley and adjoining regitm$ring out the tectonic activity of
the region and to identify the seismogenic striegurr earthquake source zones so
that future research in these fields can be rightignted with identified thrust areas
having the objective of mitigation of earthquakeadrals in this highly vulnerable part

of our country.

In spite of the facts already stated, Bengal Basid Indo-Burma region in
northeastern India remains to be highly vulnerablearthquake hazards as revealed
by the damages and destructions inflicted by th&t parthquakes. It is also noted
with alarm that people living in this region havémast forgotten their past
experiences; thus they have built and are alsdibgilmulti-storied brick masonry
and RCC houses in many towns, especially in Shglland Guwahati which were
almost razed to the ground during the 1897 gredih@aake, in place of conventional

Assam type houses which are ‘earthquake proof'geeat extent.
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1.4 OBJECTIVES

The eastern extension of the Himalaya, a part efgteat orogeny, covers
sizable part of the northeastern region of Indi&R) The complexity in geotectonic
setup puts NER India to one of the most seismicatiyve zone in the World. The
seismic activity of NER India is well reflected biye occurrences of the two Great
earthquakes of June 12, 1897 and August 15, 19602@ large earthquakes occurred
during the last 100 years. The NER India is beimgrdhrust on two sides; in the
North-Northeast along the eastern Himalayas anthénEast-Southeast along the

Naga Hills and the Arakan Yoma ranges.

The Surma Valley is subducting benehaéhihdo-Myanmar collision. Because
of plate subduction, earthquakes occur actively@lthe plate boundary, within the
subducted plate and the shallow portion of the rdieig continental plate. Besides,
in Surma valley we find an area of folded sedimentsch is characterized by
westerly convex, sinuous structural ridges andeyall This basin is wider to the north
and narrower to the south. Extraction of tectomformation from this particular
region needs accurate hypocentral locations. Se#diyiactive features such as faults
and lineaments can be delineated from hypocent&rilmition maps and better
determination of seismogenic faults are dictatedplscise earthquake locations of
events. Prime and preliminary approach in earthgusdismology is the accurate
phase picking of P- and S-wave arrivals for preadséermination of earthquake
locations. Application of various earthquake logatitechniques in the seismically
active region of Surma valley of northeastern Ingravides useful constraints to
select suitable algorithm of earthquake relocatonthe basis of relative errors in
travel time residuals, epicenter location and deplagnitude of the hypocentral
region of an earthquake is greatly affected by dssumed values of Vp/Vs, the
velocity ratio of the P- and S-waves in the caltala Therefore, and also from the
point of view that the existence of local complgxdf the structure that makes a
measure of distinct classification, the velocitticaof P- and S-waves impart

significant knowledge to best tackle the regioeatanics, since the region consist of
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heterogeneous structures on a vast range of satiés including complications
such as varying geology and tectonics. Sylhet (aSMEtrending oblique lineament
bordering Surma basin towards NW) and MAT (a NWi&Hading lineament within

the Surma basin) are the two important faults thaybe responsible for seismicity in
this basin. Therefore, true footprints of these plications may be arising from the
study of these two faults that are recorded ondivaad seismograms, facilitating the
precise estimation of these heterogeneities swdgjdot lateral and vertical variations.

The prime objectives of the present investigatiams

1. Precise location of hypocentral parameters to stded the seismicity
pattern.

2. Precise estimation of travel time of P- and S-wawktocal earthquakes in
order to obtain preliminary estimates of crustalcure in the region. The
region is devoid of a precise velocity model intspdf being seismically,
geologically and geotectonically complex.

3. Source characterization study of some of the les@nts originated in the
region to understand the characteristics of thecgou
The first objective of this study is the precisetequake locations. For this,

initially the earthquakes have been located byHIY&OCENTER (Lienert et. al.,
1986) using 1D velocity model. These events areceged after number of trials and
revisits to accurate phase picking from seismicef@wm so that least error estimates
are achieved, for e.g. least RMS value.

In order to achieve the second objective, an gtehas been made to
determine P- and S-wave travel times to obtairRiza@ichenko diagrams that depicts
travel time of P as a function of epicentral dis&#). Simultaneously, in particular,
variations of Vp/Vs versus depth are observed.

The third objective of the study is the determoratof focal mechanism
solutions to characterize the source of the easakejlevents utilized in the study.
These solutions also characterize the associatéts faom which these earthquakes
are originated. Besides determination of first motP-wave solutions, a state-of- the-

art waveform inversion technique is utilized.

1.5 OVERVIEW OF THE THESIS
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The outcome of the entire study is organized wadous chapters that deal
with individual method applied for the data anadysi the study area. A brief account
of the chapters is as follows.

Chapter-Il contains the details on the tectoniod seismotectonics of Surma
Valley and Indo-Burma Region. GIS based tectoniap wf Mizoram and its vicinity
has been delineated and discussed in this chdptegvath the geology and structures
of Mizoram.

Chapter-Ill briefly describes about the instrunag¢ioh part pertaining to
seismic stations in the study area. A brief desiompof recorders, seismometers,
digitization procedure is outlined here.

In general, the digital seismic stations are eoegp with GPS time
synchronized data acquisition system. The RETEK-Z@wes data acquisition system
(M/S REFTEK, USA) and the GURALP Data CommunicatMadule (M/S Guralp,
UK) are coupled with 3-component broadband seisnersée.g. CMG-40T).

Chapter-IV deals with the methodology for deterion of precise
hypocentral parameters and relocations in somescasttal number of 2758 events
recorded during 1982 to 2009 by the local seisretevorks (RRL-Jorhat and NGRI-
Hyderabad) are used in this study. Uncertaintigslired in estimates in origin time
are of the order of 0.03-0.1 for about 75% of ttaltevents.

In Chapter-V, an attempt has been made to deterthmtravel time of P- and
S-waves of the earthquakes originated in the stedjon. The principal technique
involves the use of Wadati (1933) and Riznichenk@bg) diagrams. Both methods
have had a long history of use as primary toolsdarthquake location process. Both
the techniques may be used for determining origne$, focal depths and velocities
in the subduction zones, provides terms to accémmthe sphericity of the earth
which is based on a linear relationship betweenatiizal times of P (Tp) and the
time difference between P and S (Ts-Tp).

Chapter-VI deals with the crustal properties talgaestimation of upper
crustal velocity that is the variation of Vp/Vs atpthe crustal depth. This technique
incorporates travel times of P- and S-waves asmaepimput constrained by Snell’'s
law subjected to crustal inhomogeneity. Data remglifor this velocity analysis using
Wadati Riznichenko diagram are restricted to respemdividual station.

Chapter-VII deals with the source characteraratof the events

associated with Sylhet and Mat faults and its viginThis characterizes the
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respective faults which are seismically active Ire tregion. Besides these, the
direction of compressional and extensional axeseamdved both in horizontal and
vertical domain. The map view of the focal mechansolution could be obtained in
several sections along Sylhet and Mat fault. Frbaotetical considerations it could
be established that various parameters like seisnmoment, moment magnitude,

Green’s functions and source time function candtienated accordingly.
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CHAPTER-II
GEOTECTONIC SETTINGS OF SURMA VALLEY
2.1. INTRODUCTION

Northeastern Region (NER) of India and its adjugnarea is one of the most
complex tectonic provinces in the world. The gepbreal boundary with latitude
22°-30°N and longitude 8998°E covers a considerable portion of NER, India. é°lat
boundary zone and the intraplate area are the mamponents of NER, India
(Nandy, 2001). Among plate boundary zones, thedteatonic domains are; (a) the
Eastern Himalayan collision belt to the north, whiocludes the Trans-Himalayan
Tethyan zone, the Andean type grano-diorite macgmprising the Main Boundary
Thrust (MBT) and Main Central Thrust (MCT), (b) tAssam syntaxis zone where
the Himalayan and Burmese arc meet the Mishmi Blddks zone is folded and
trusted by the Lohit and Mishmi Thrust and, (c) thdo-Burma subduction zone to
the east where Indian lithosphere is believed tesuteducting below Indo-Burman
Ranges. The intraplate part of the region comprieesShillong Plateau, the Mikir
Hills and the Assam valley jawed between the Hilyataand Burmese arc, Tripura
folded belt, Brahmaputra Valley and the intermamtdepression of upper Assam
(Curray et al., 1982 Besides these, Surma valley is also a completoriec feature
comprising two active faults namely Mat and Syltaetits. All these features with its
complicated geotectonic setup as showrrigure 2.1 (a and hipfluence the NER,
India to be seismically very active which can beeaded from smaller magnitude
earthquakes that release sizable energy daily.nBuhe last 100+ years the region
experienced 20 large (M?.0) and two great earthquakes of June 12, 1892 @\b;
Oldham, 1899and August 15, 1950 (M=8.7Poddar, 1950 ; Tillottson, 19p3These

two great earthquakes have caused extensive daéstrutthe region.

Geological, tectonic, geophysical, seismotectamd G.1.S. studies of the
region are briefly reviewed in order to provideaniext for the subsequent analysis
and bring out the complexities of the nature ofdsudbion which are also reflected by

the seismicity and kinematics of plate motion & 8urma valley and its surrounding.
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2.2 TECTONIC SETTINGS
2.2.1 Surma Basin

The Surma Basin on the western boundary of thenBiplate has undergone a
complex history of tectonics. The Sylhet troughsub-basin of the Surma Basin,
records transition from a passive rifted continemargin to a foreland basin on the
margins of two mobile belts, the Indo-Burman rangad the Himalayasl¢hnson
and Alam, 199). Subsidence rate of the Sylhet trough accelermidtie Miocene
epoch and increased 3-8 times from Miocene to BfiedPleistocene time, mainly in
response to continued encroachment of the Indo-BarRanges and south-directed
overthrusting of the Shillong Plateau on the Dalb&ult. The time of uplift of the
Shillong Plateau has been inferred from a coargewnirsediment lithology that starts
in the Pliocene Johnson and Alam, 199%&nd the rate of vertical uplift has been
estimated to be 2.5 £ 1 mm/yr Bjlham and England (2001To the south of the
Indo- Burma region is the Andaman spreading ridgere spreading is understood to
have been initiated about 13 Ma during Mid-Mioc€@erray et al., 1979

The Basin is bounded on the north by the ShillBleggeau, east and southeast
by the Chittagong-Tripura folded belt of the IndarBian ranges and to the west by
the Indian Shield platform. To the South and Soetwt is open to the main part of
the Bengal Basin. The topography is predominanidy Wwith some north-south
trending ridges of twenty to several hundred metelsvation present in the
northeastern border. The published bouguer anomaftyshow gradual higher values
(negative) towards the center of the basin. Mizoliasiin the Neogene Surma basin
which is bounded by the post-Barail unconformitypsequently faulted to the east;
the E-W Dauki fault and NE-SW Disang thrust to tleeth and northeast; the NE-SW
Sylhet fault and Barisal-Chandrapur high concealselow the alluvium of
Bangladesh to the west and north-w@sandy, 2001) To the south, the basin is
extended up to the Arakan coastal area of MyanW@hin this vast terrain of Surma
valley lies Mizoram along with the states of Tripu€achar and Karimganj districts
of Assam and western part of Manipur, Sylhet andt&jong districts of Bangladesh
and Arakan coastal zone of Myanmar. There are méjineaments/faults in Surma

basin which show strike-slip displacement of thkel faxes along them. Mizoram is
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flanked by many oblique faults like Mat, Tuipui,itBal and Sateek faults which run
across the breadth of the state in NW directiorgs ahich are in turn traversed by
smaller lineaments/faults at many places. Extensimk have been carried out on the
seismicity of the Northeast but studies on themsigistatus of Mizoram in particular

is lacking.

2.2.2 Indo-Burman (Arakan-Yoma) Ranges

Indo-Burman orogen is an important geotectonic el@mn Assam-Arakan
region. The presence of the subducted slab ofriti@n plate, dipping east along the
Burmese arc is well establishedas and Filson, 1975; Ravikumar, 1996, Satyabala,
1998). According toMitchell and Mckerrow (197§ the evolution of the arc to a
process of eastward subduction of Indian plate thethe west of Myanmar folded
belt.

Indo-Burmese ranges are believed to have been tbdueng Oligocene as a
result of eastward subductigBrunnschweiler, 1966)The bulk of these ranges are
composed of thick turbiditic sequences of CretasetmuUpper Eocene shales and
sandstones, deposited on the oceanic crust to ésé Whe structural trends in these
ranges change from NE-SW direction in the Naga dlNW-SE direction along the
Arakan Yoma and Chin hills. To the east of Eastonndary Thrust (EBT), there is
a 200 km wide and 1400 km long Palaeogene and Meo@entral Myanmar
sedimentary basin. This basin is bounded by nartithsSan-Sagaing fault to the east
and the Sino-Myanmar highland. The study by varimoskers based on seismicity
data suggests that the Indian plate is activelylgating below the Burmese plate as
indicated by well defined Benioff zon®as and Filson, 1975; Mukhopadhyay and
Das Gupta, 1988; Rai et al., 1996 and Satyaba@8 &f.)

2.3 SEISMOTECTONICS IN AND AROUND SURMA VALLEY

Based on the distribution of epicentéaslt plane solutions and geotectonic
features, northeastern region can be divided i@ deismotectonic zones. There are
Eastern Himalayan collision zone, Indo-Myanmar sudbidn zone, Syntaxis zone of
Himalayan arc and Burmese arc (Mishmi Hills), Pladeindary zone of the Shillong

Plateau and Assam Valley and Bengal Basin and MBatendary Zone of Tripura
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Mizoram fold belt(Kayal, 1996; Nandy, 2001)lectonic setting of Surma valley is

shown inFigure 2.2 Following is the brief description of these zanes
2.3.1 Bengal Basin and Tripura-Mizoram Fold Belt

Situated in the western foreland part of the IndwrBan orogenic belt is the
Tertiary Surma Basin. The Shillong Plateau andSi#et Trough bound the Surma
Basin in the north and, at its eastern limits, e nearly north-south fold belts of
Tripura and Chittagong Hills. The Shillong Platdes a maximum elevation of about
2 km and is bounded to the south by the Dauki Faule Dauki Fault forms the
contact between the Shillong Plateau and the Syibegh. The eastern and northern
parts of the Bengal Basin have been subjected te stouctural modification than the
western and southern parts and a similar distobuéipplies to recorded seismicity
(Morgan and Mclintire, 1999 A number of high angle thrust faults have been
recognized across the Chittagong-Tripura hitlegn, 199). Folds and thrusts in the
Bengal Basin are also seen on the Landsat imageryD@in et al., 1984; Nandy,
1980 and field investigations reveal that not only rlalertiary rock but Pliocene
and Pleistocene sediments have also been invatvdteifolding and underthrusting.
North-South trending folds that are uplifted in Bleittagong-Tripura fold belt plunge
northward into the Sylhet trough subsurfaceh(@on et al., 1991and the folds
decrease in amplitude westward and are not presesit of about 91 where the
Sylhet fault trough merges with the main part & Bengal Basin. Within about 40
km south of the Dauki fault, the north-trendingd®lin the subsurface of the Sylhet
trough are deflected to a northeast trend. Maresnsc surveys show that the beds
close to the seafloor are deformed over anticlgtalctures without any thinning or
wedging of beds over the structuréghén, 199). The maximum thickness of the
sedimentary section in the basin is more than 1@#dhit thickens further to the east
to 20 km or moreGanguly, 199Y.

The main tectonic domains in this zone are E-Widieg Dauki fault (which
demarcates the boundary between the Meghalayaaplated Bengal basin), NE-SW
trending Sylhet fault, Gumti fault, NE-SW Hail-Hdkuineament, N-S Jamuna fault,
NW-SE Padma lineament, NNW Tista fault and NW-SE &tad Tuipui faults.

2.3.2 Indo-Myanmar Subduction Zone
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The Indo-Burma subduction boundary is highly obdiqio the direction of
relative velocity of the Indian tectonic plate wittspect to the Eurasian plate. Burma
(Myanmar) is situated in a complex tectonic zonthwai hyper-oblique subduction at
its western boundary, a dextral transform faulttlom eastern boundary, the Mishmi
thrust in the north acting as a buttress and theasiing Andaman ridge in the south.
The area has features of active subduction zonels as a Wadati-Benioff zone
(WB2Z) of earthquakes, a magmatic arc, thrust amd belts. Although this region is
seismically active, fault plane solutions of théegjiion do not show underthrusting at
the subduction interface and the P axes are odentarly parallel and not
perpendicular to the trend of the thrust and fadtsoof the regionl(e Dain et al.,
1984; Chen and Molnar, 19900n this basis, even though there is no other
independent evidence of a recent change in thesstegime of the Indo-Burma
region, there is almost a consensus that the stibduin this region is no longer
active €.9., Guzman-Speziale and Ni, 1996lowever, the region has seismicity
features comparable to other active subductionzdf@ example, an examination of
the relationship between the Wadati-Benioff zonengetry and the principal axes of
the CMT solutions showed that the degree of cluggesf the T axes in the down-dip
direction is comparable to that in active subductipones around the world
(Satyabala, 1998

Seismotectonics of the region has been the foéuseweral studies. Early
work (e.g., Fitch, 1970; Rastogi et al., 1973; Molnarakt 1973; Chandra, 1975;
Saikia, 198 recognized an eastward dipping zone of seismicdgsistent with
subduction along the Burma Arte Dain et al., (1984%tudied active faulting and
tectonics of the region by integrating informatiderived from Landsat imagery,
historical seismicity and fault plane solutionseairthquakes from 1964 to 1977, and
information available on Cenozoic and Quaternacgyotgcs of the region. Landsat
images reveal roughly parallel, north-south tregdioilds often vergent to the west
and with a wavelength of a few kilometers betwe@22N near 94E implying east-
west shorteningLe Dain et al., 1984). Chen and Molnar (1p36und that the
earthquakes beneath the northern Indo-Burman rathgjgse a gently dipping ESE
zone with a depth of 30-45 km beneath the Bengsihtend of 40-90 km beneath the
ranges. They inferred that these earthquakes may dwurred within the subducting
Indian lithosphere and not at the interface betwtw®n subducting and overriding

plates because the P axes of these earthquakparatiel to the north-south trending
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seismic zone and the north-south trending foldghefindo-Burman ranges. On this
basisChen and Molnar (1990¢oncluded that either recently or in geologic time
(since 1 Ma) the orientation of maximum compressioay have changed
dramatically, or, more likely, the deformation hetindo-Burman ranges is decoupled
from that in the underlying Indian plate while therthward movement of the ranges
must be accommodated along the Sagaing and othlits farther east. The great
Assam earthquake of 1950, which occurred in theéesasSyntaxis bounding the
Burma plate in the north, is understood to haveuwed on a gently NNE dipping
thrust fault Molnar and Pandey, 1989

This is a highly seismic zone in which about li@éaearthquakes (M 7.0)
have occurred during the last 100 years. The depfbcus of this zone goes upto
200 km south of 2®\ latitude, and north of this, the depth becomesde This may
be due to the subduction process, south of thisidiet and collision process north of it
(Mitchell and Mc Kerrow, 1975; Kayal, 1987, 1998he structural trend in this zone
swings from NE-SW in the Naga Hills to N-S alohg tArakan-Yoma and Chin Hills
and the main discontinuities in this zone are Niagast and Disang thrust.

2.4 GIS BASED TECTONIC MAP OF MIZORAM AND ITS VICIN ITY,
SURMA VALLEY

In order to have a comprehensive idea of geolagit tectonic settings, it is
essential to prepare a tectonic map based on gealdigld observations. Some parts
of Surma valley, NER, India are inaccessible and difficult to conduct geological
field surveys in these places. Geological Surveyndfa (GSI) made an attempt for
the first time to produce the regional geology lué entire Northeast India and the
adjoining regions with the help of remotely sendath available as satellite imagery
studied in conjunction with available geologic mayishe areaNandy, 2001) The
satellite imageries were generated by NASA, USA aredobtainable through EROS
data center, USGS. All morphotectonic lineamenteeveeawn and their significance

was evaluated later by comparing the availablermé&tion on ground truth.

With the advancement of technology and informatgailable in the internet,
high quality imageries are available under certanms and conditions for personal
use and research purposes. Many of the data alaitabline are developed by
reputed private and government organizations liR&N, Google Inc., etc. The high

resolution satellite imageries are generated usopghisticated instruments and
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advanced technigues which make them very reliabl @écise and can endure
extreme close-up. The GIS maps used in this chapéeconstructed using imageries
taken from NASA World Wind and Google maps ava#aftee of cost for research

purposes.

The GIS maps and satellite imageries depictechism ¢hapter are obtained
from Google mapFigs. 2.1b, 2.3, 2.4) and World Wind(Fig. 2.5. Google Maps
(formerly Google Local) is a web mappirggrvice application and technology
provided by _Googlefree (for non-commercial use), that powers margp4ibased

services, including the Google Maps website, Go®jlke Finder Google Transit,

and maps embedded on third-party websites via twglé Maps APIIt offers street
maps, a route planndor traveling by foot, car, or public transportdaan urban
business locator for numerous countries aroundwbdd. Google Maps satellite

images are not in real time due to security reasons

Google Maps uses a close variant of the Mercatojegtion so it cannot

show areas around the poles. Google Maps providgsrasolution satellite images
for most urban areas in the United States (incpdtHawaii, Alaska, Puerto Rico, and
the U.S. Virgin Islands Canada, and the United Kingdom, as well as pafts

Australia and many other countries. The high-rasmiuimagery has been used by
Google Maps to cover all of EgyptNile Valley, Sahara desert and Sinai. Google
Maps also covers many cities in the English spepkieas. Not all areas on satellite
images are covered in the same resolution; lesslgtgo areas usually get less detail.

Some areas may be obscured by patches of clouds.

With the introduction of an easily pannable andrsleable mapping and
satellite imagery tool, Google's mapping enginenpted a surge of interest in
satellite imagery. Sites were established whichufeasatellite images of interesting
natural and man-made landmarks, including such Iheseas "large type" writing

visible in the imagery, as well as famous stadid anique_geological formations

With the addition of contour lines to the terraiew on April 2, 2008, the application
of Google map has increased manifold, especiallhéocommunity of researchers.
The coordinates are reliable enough and the qualditihie map is of high resolution.
The GIS maps used in this chapféigs. 2.1b, 2.3 and 2.4re developed using
Google terrain map after careful merging.
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World Wind is an open source (released under_tRSA license) _virtual
globe developed by NASAand the_open sourceommunity for use on_personal
purposes. Old versions need Microsoft Windows bet rhore recent Jawsersion,
World Wind Java, is a cross platform and providesiige of demo applications. The
World Wind Java version was awarded NASA Softwairéhe Year in November
2009 for 2010. The program overlays NASA and USs&#fellite imagery aerial

photographytopographic maps and publicly available GIS date8D models of the
Earthand other planets.

World Wind was released for the first time in 2004 NASA. The latest
version (1.4), developed mainly by open source camty members from World
Wind CentralFree Earth Foundatiohad its premiere on February 14, 2007.

Apart from the Earth there are several worlds iorM/ Wind: Moon Mars
Venus Jupiter(with the four_Galilean moonsf 1o, GanymedgEuropaand_Callist)

and_SDSSimagery of stars and galactics). All these wodds available in the File

menu.

Users can interact with the selected planet batiray it, tilting the view, and
zooming in and out. Five million place names, jxdit boundaries, latitude/longitude
lines, and other data can be displayed. World Wirnlides the ability to browse
maps and geospatidhata on the internet using the O&WVMS servers (version 1.4
also uses WFE%or downloading place names), import ESRI shapgefdnd kml/kmz
files. This is an example of how World Wind alloarsyone to deliver their data. The
resolution inside the US is high enough to cleatigcern individual buildings,
houses, cars (USGS Digital Ortho layer) and evea #hadows of people
(metropolitan areas in USGS Urban Ortho layer). fid@s®lution outside the US is at

least 15 meters per pixel.

Microsoft has allowed World Wind to incorporate Virtual Harhigh
resolution data for non-commerciake. World Wind uses_digital elevation model
(DEM) data collected by NASA's Shuttle Radar Topgdry Mission. This means one

can view topographic features such as the Grangddaar Mount Everest in three

dimensions. In addition, World Wind has bathymetata which allows users to see
ocean features, such as trenched ridgesin 3D. Many people using the applications
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are adding their own data and making them availdtstaugh various sources, such as
the World Wind Central or blogs mentioned in thekIsection below. All images and
movies created with World Wind using Blue Marbleandsat, or USGS public
domaindata can be freely modified, re-distributed, asdduon web sites, even for

commercial purposes.

Figure 2.5is prepared using NASA World Wind version 1.3, fhregram
overlays NASA and USGSatellite imageryaerial photographytopographic maps
and GIS data on 3ihodels of the Earthin this_digital elevation modéDEM) map,

both Sylhet fault in Bengal Basin and Mat faulttive Tripura Mizo fold belt are
visible which are demarcated by red lines.

The faults and lineaments presenFigure 2.3are digitized separately using a
software package, MAPINFO version 5.5. For digti@a it is essential to define the
position of geographical objects relative to a dtad reference grid, which is called
Geo-coding. Since the tectonic map is well demattéty geographical coordinates
(Latitudes and Longitudes), it is easier to Geoecddde map. After Geo-coding
minimum 4 reference points, accurate informatiayarding geographical coordinates
of all the ungeocoded parts of the maps can bansutaAfter the process of Geo-
coding any desired fault and lineaments can beaetdd into a file having ASCII
format. All the digitized faults and lineaments a@mbined into a single layer in
MAPINFO and superimposed onto the base map as showigure 2.3athereby
obtaining the modified tectonic maff-ig. 2.3b) of the region. The faults and
lineaments irFigure 2.3bpresent in the Tripura-Mizo fold belt, which areserved
from the high resolution GIS map are marked as ACBD, E, F, G, H, | and J. It

appears that these labeled faults and lineameatsodidentified nor describe earlier.

The folded structure of the Arakan Yoma and thipura ranges are found at
the junction of two moving continental plates (iredian and Burmese Plates). It is an
actively deforming transgressional plate margin asdgociated with fold-thrust belt
and is generally referred to as the Indo-Burmeg®tfoust belt or the Arakan-Yoma
Orogen. This structure comprises of early Miocemel date Paleocene clastic
sediment of Surma Group. The northern and eastams pf the basin are far more
complicated than the southern and western portidime relief and complexity
increases towards the east. The anticlines are oomyrfaulted. The folds decrease in
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amplitude westward, and are not present west ofita®®’, where the Sylhet trough
merges with the main part of the Bengal Basin. fihéed belt of Mizoram is a part
of Tripura-Mizo folded belt which can be dividedara frontal sub-belt consisting of
narrow box like anticlines separated by wide flghdines of Tripura and South
Assam and inner mobile belt consisting of tigheén folds of Mizoram and West
Manipur. It comprises a series of sub parallel arcuate etmuydoubly plunging folds
arranged en-echelon with asymmetric and tight lméicand broad syncline and
trending in an average North—South direction witlslight convexity towards the
west. An accretionary prism best characterizegdgb®nic setting of the region. The
major outcrop of stratigraphic succession in Miner@omprises of Upper and Middle

Bhuban Formations.

The area is dominated by north-south trendingcsairal systems, the
prominent features is the NW- SE trending Mat fawtiich cut across the entire area
and divides into two distinct sectiofiSigs. 2.3 and 2.5)lt can be easily identified
when observed in satellite imageries from GIS malptined from NASA World
Wind and Google Terrain maps. A conspicuous vadgists where the fault cuts
through(Figs. 2.6 and 2.7)it is rather easy to identify this feature in fiedd as the
fault strike in NW-SE direction, which is againksetregular trend of the ridges i.e., in
N-S direction. A river called ‘Mat’ flows along tHault scarp in the valley between
the towns of Serchhip and Thenzawid. 2.8) from which the name, Mat fault is
adopted. Almost all of the anticline in the northg@art of the section has slightly
west-vergent structural geometries with steepertameslimbs than eastern limbs
indicating an overall top-to-the-west directiongbfear and tectonic transport during
development of the structures. From Mat fault t® slouthern side, the west-vergent
asymmetry of folds is less pronounced. Most offtilds within the southern part of
the section appear to be symmetric, upright, subeat folds. A number of the
anticlines are doubly-plunging structural uplifidizoram, as being a part of Bhuban
formation of Surma Group and Tipam Group belondmdliocene - Pliocene age of
Tertiary Period, comprises of about 99% of sedimmgntocks. The structures are very

complex and are traversed by repetitions of antsliand synclines.
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CHAPTER-III
SEISMIC INSTRUMENTATION

3.1 INTRODUCTION

Quantitative analysis of seismic waves generatedabgource during an
earthquake requires the time domain instrumentairdeof the earth’s vibration. The
instrumentation is designed in such a way thatusinbe able to detect the transient
vibrations within a moving reference frame (singe instrument moves with the earth
as it shakes) and operate continuously with a gensitive detection capability with
absolute timing so as to get the ground motion asetion of time. In order to get
actual ground motion, it must have known lineampogse to ground motion (i.e.
instrument calibration). This type of instrumertatused in earthquake seismology is
known as seismograph while the time history ofgr@und vibration recorded by it is
known as seismogram. The fundamental componergseismograph are the sensor,
recorder, timing system and power supply. In digi#gismograph, a digitizer is an
essential component for converting the analogueasitp digital format. Seismic
sensors are the mechanical or electromechanicaidsies that convert earth motion
into electrical signals which can be digitized wiitte help of a digitizer and stored in
a separate storage device. An assembly of digiarer storage device together is

known as seismic recorder.

Many successful seismic recorders and sensors lbeee developed over the
last century. Almost all the sensors are desigreeskd on the concept of an inertial
pendulum (Richter, 1958). The early seismic insgntrsuch as seismoscope existed
in China as early as 132 AD, which can only indecte occurrence and direction of
an earth vibration. Out of different types of saismstruments, the Wood-Anderson
seismometer is used to define local Richter scabgnmtude of an earthquake
(Richter, 1958). Developments of instruments toordcearthquake have been
remarkable in view of timing accuracy, frequencygobund motion, and detection
thresholds of seismic station networks. During ldme ten years, recording devices
based on digital technology have completely replabe old analogue systems. This
chapter deals with the brief description of thelagae and digital instrumentation of

the seismic stations used for the present study.
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Considering the high seismic activity in NER of iemé@nd the past history of
destructive earthquakes, North East Institute aér@e & Technology, Jorhat (RRL-
J) collaboration with National Geophysical Resealtstitute, Hyderabad (NGRI)
established progressively 14 vertical component anthree component seismic
stations equipped with short period instrumentaitiotine year 1982. In the beginning,
the seismic stations were equipped with analogoerdeng system. In the year 1991
two Digital Telemetered seismic station network @vestablished in the region with
central recording units located at Jorhat and TeapltAssam. Finally most of the
seismic stations are upgraded to GPS time synctedndigital broadband seismic
station since 2001. In the recent past, Gauhatvésgsity (GAU), Manipur University
(MAN) and Mizoram University (AZL) have establishelbital broadband seismic
stations for continuous monitoring of the seismidiaties in the region. The
locations of the seismic stations (Table 3.1) &@a in Figure 3.1. The data from

these stations has been used for the present study.

This chapter deals with a brief description oftiasientations involved in
earthquake monitoring in NER, India. Developmentregponse curve to existing
digital recording system is a part of this study.

3.2 SEISMOGRAPH

A seismograph consists of a sensor or seismomeitalled vertically over an

RCC pier constructed on a solid hard rock in otderespond to the ground motion.
The pier is usually separated by about 6-inch dhpraund it and filled with heat
insulating material like dry sand, saw dust etcjciwhenables the propagation of
minimum level of noise. The sensor consists of agnaith the attachment of coil
suspended in a magnetic field. Due to an earthgtrede will be a relative movement
between the mass and frame of the seismometerstiraduced as an electro motive
force (e.m.f.) in the coil. The e.m.f. generatedthis way is fed to the recording
system after undergoing attenuation or amplificatiwith the help of attenuation
/amplifier circuitry system. In vertical componesgismograph, mass of the sensor
moves up or down relative to the recorder. The ntassinues to move up and down
for some time, like a free pendulum, even aftergremnd ceases to move. To avoid
this, a damping arrangement is made, so that porets only to the ground
movement. Using the same principle, the horizocwahponent of the ground motion
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can also be recorded with a suitable arrangememhdiing the pendulum to move
like a two-way swing door. In order to get a thokeensional representation of the
ground motion, it is necessary to record it in ¢hrerthogonal (perpendicular)
directions, generally, in vertical (Z), north-soutN) and east-west (E) directions.
Depending on the type of recorder, there are mamwly types of seismographs:

analogue and digital seismograph.
3.2.1 Analogue Seismograph

In case of analogue seismograph the seismometeeséme ground vibrations
and the analogue signals are recorded continuauslya paper. All analog paper
recorders are based on the principle of recordm@ ootating drum and a pen which
moves along an axis parallel to the rotating axiprbvide a continuous trace for the
whole recording period, usually 24 hour. The timarks are typically generated at
each minute, hour and 24 hour and have differemgjtke The time mark generator can
usually be synchronized with an external time miee (e.g. time signal relayed by
National Physical Laboratory (NPL), New Delhi). Aogue seismic station

comprises various components e.g. recorder anohegister etc.

3.2.1.1 Recorders

There are various types of analogue recording systiepending on recording
media e.g. the ink recording, recording on a smudkgeer, heat sensitive paper and
photographic paper etc. Previously in some seisstations the conventional
photographic recording was used which now a daygeting obsolete because of
high recurring costs involved in photographic charPortacorders and Helicorders

are most commonly used in the analogue seismiossin NER India.

3.2.1.1.1 Portacorder

The Portacorder is a visible recording systems & icomplete self contained,
battery-powered unit containing an amplifier, a ket drum recorder, an accurate
chronometer and internal batteries. Four high-adtthree low-cut filter positions are
selectable by switch. Portacorder of model RV-3p@rates on two batteries each
having 12 volt and 3 amp hours, whereas only orntefyais required for the model
RV-320B to ensure less power consumption. The gaee recorded on smoked

paper that is changed 24 hourly basis. The druradsjgegenerally 60 or 120 mm/min
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and second marks are superimposed on the tracevae precise timing. Standard
radio time code is directly recorded on the seis@wog twice a day, i.e., at the
beginning and the end of each record, to provideolale time. The length of a
second on the traces is 2 mm. P- and S-wave aroralthe traces are timed to one
hundredth of a second by use of a microscope. Tdrerehe P- and S-wave readings

have an accuracy of 0.01 sec.
3.2.1.1.2 Helicorder (RV-301B)

In some seismic stations the rectilinear writingdeloRV-301B of Helicorder
(M/S Teledyne Geotech make) is used which providesersatile system that
produces a distortion free seismogram. It is a drecorder for producing traces of
analogue data on a set of heat sensitive papertrdbe is a helix that translates with
each turn of the drum. A variety of chart speedslmachosen, permitting as much as
72 hours of continuous data to be recorded onglessheet of paper. The Helicorder,
Model RV-301B may be supplied with 1, 2 and 3 reaay channels. Helicorder is
powered from precision 115 V (AC), 50 Hz power coghirom the TG-120 timing
system so that drum speed is very stable. The itvaidks are placed on records via
TG-120 timing system and the Helicorder amplifiefee recording speed and the

translation rate are generally 60 mm/min and 1nwoltgion respectively.
3.2.1.1.3 MEQ-800

One of the most commonly used analog field recarderthe Sprengnether
MEQ-800 which can record on either ink or smokedgpalt is a self-contained unit
with amplifier, helicorder and internal clock. Thiscorder gives instant display of
recording in the field without the use of computard it has a very low power
consumption of 0.4 Watt.

3.2.1.2 Seismometer

Most of the analogue seismic stations are equippitld three component
seismometers. The seismometers used in analogemisestations are as discussed

below.
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3.2.1.2.1 S-13 Seismometer

The Teledyne Geotech model S-13 seismometer isri@alpe short period
seismometer which provides high sensitivity, stalaled reliable output. The
seismometer may be operated in either the horikamiz vertical positions and the
period is adjustable from 1.33 to 0.91 second (G@’5..1 Hz). The cover and
electrical connections are watertight so that tisrument may be submerged in up to
100 feet of water without leakage. All operatioadjustments for the period, mass
position and instrument leveling are external te thstrument. The seismometer is
equipped with an electromagnetic calibrator, whiohsists of a calibration coil fixed
to the instrument frame and a permanent magnethatth to the mass. The

seismometer can give stable output within the teatpee range —5to 60°C.
3.2.1.2.2 Benioff Seismometer

Benioff seismometers are of reluctance type. THactance seismometer
constructed by Benioff uses a transducer, whictsiste of permanent magnet, pole
pieces of soft iron, armature of soft iron and €£oifhe magnet is attached to the
seismometer pendulum, while the armature and tlle ace fixed to the frame or
vice-versa. Upon motion of the magnet in relationthe armature, the air gaps
between the armature and the pole pieces of swftare varied and thus the magnetic
reluctance. The reluctance changes with a correspgrvariation of the magnetic
flux through the magnetic circuit. Consequentlyedectromotive force is induced in
the coils and this is then recorded via a galvaiemaVhen an earth vibration
reaches the instrument site, the frame or the lmédizte seismometer resting on the
ground vibrates with it, but the mass of the seismter, hanging loosely from the
support due to the property of inertia, tries tonaen stationary. Thus, relative
movements are created between the frame of thenseister and its mass.

Electromotive force is induced in the transducer ttuthe relative motion.

3.2.1.3 Timing System

Timing system TG-120 is used to provide accurate/time stamps for the
analogue data received from the field stations.ciBi@n timing marks for the
Helicorders are generated by the TG-120 timingesystThis instrument features a
temperature compensated crystal controlled cloa anbuilt-in comparator that

provides a LED read out of the exact differenceinme between a radio time signal
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and the clock time. If the drift does not occurisi quickly adjusted by pressing a
panel-mounted button until the read out differeisceancelled. The TG-120 also has
a button in power amplifier that generates preaisid5-VAC, 50Hz power for the
Helicorder drum motors. The power amplifier hasoamput of 50VA and therefore
auxiliary power amplifiers are sometimes suppliecdupply the power for additional

recorders.

The time maintained in most of the analogue statis Coordinate Universal
Time (UTC); the time signals relayed by Nationaly$lbal Laboratory (NPL), New
Delhi are taken as the reference of time standaddlze accuracy is 0.1 sec.

3.3 DIGITAL SEISMOGRAPH

In analogue seismograph station there are somguliiés concerning the
recording and storage of analogue records. Thd8eutties have been removed by
replacing the analogue systems with recent digitplipments. The technological
progress in digital signal processing, data storgglniques and highly integrated
digital circuits leads nowadays to several instrt®eavailable, that all fulfill the
basic requirements of a seismic recording instruraad offer several more advanced

features as well.

In general, the digital seismic stations in NERJidgnare equipped with GPS
time synchronized data acquisition system. REFTRRK-%&eries data acquisition
system (M/S REFTEK make, USA) is used in theseiostat coupled with 3-
component seismometers (e.g. CMG-40T, CMG-3ESFCM@-3T etc.). The digital
stations are operated both in continuous and everigger mode and recorded at a
rate of 100 samples per second. In order to avmdcbntamination of frequencies
higher than Nyquist frequency of a spectra (algsffect) a sharp (higher order) low
pass filter with corner frequency 50 Hz is appliétie data acquisition systems and

different types of seismometers used in theseosimtare discussed below:
3.3.1 Data Acquisition System (DAS)

Almost all the digital seismic stations of NER, imaperated by RRL-J and
NGRI-H are equipped with REFTEK 72A series Data disijion System (usually
72A-07 and 08 type). REFTEK 72A series data adijissystem is a versatile,

portable, microprocessor based high-resolutionruns¢nt for unattended field use.
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The power is generally supplied by 12-volt bat®riehich are charged either by
electricity or by solar panel. The 72A series DA&h operate unattended for more
than a month when power is supplied continuouslya dY-volt battery. REFTEK 24-
bit analogue-to-digital (A/D) converters are usedbth the 72A-07 and —08 types.
The REFTEK data acquisition system configured feah&nnels with A/D conversion
resolution 24 bits can record through as many ahtedifferent data streams
simultaneously within the frequency band 0-250Hzhat rate 1-1000 samples per
second (SPS). A 24-bit digitizer can count from 88308 (-2°) to 8388608 () and
gives a dynamic range of 138 db (Bhattacharya.e2@00). Higher dynamic range of
the digitizer gives the advantage to record theuiggomotion from very small

magnitude earthquake as well as large magnitudegeekes without saturation.
3.3.1.1 REFTEK 72A-07 DAS

Refraction Technology (Dallas, USA) produces threain variants of the
baseline 72A-07 DAS. The first model of 72A-07 teaslisk but no GPS board is
available. The other modified systems are 72A-07(ND disk), 72A-07/G/ND (with
a GPS board and no disk) and 72A-07/G/1000 (or p@fi0those units with both a
GPS board and a disk drive. The minimal functidDAS consists of an input signal
analogue to digital (A/D) converter board (RT378)central processor unit (usually
RT319), communication board (RT371) and a DC poeaverter board (RT344).
The data input accommodates upto three channelshen@nalogue input data is
digitized at 24-bit resolution. There are ten opsidor selecting different sampling
rates. The gain setting is programmable at eithretywr 30 dB on each active
channel. The central processing unit (CPU) boasd1IMB RAM,; half is used by the
system and half is available to store data. A 120& power supply is required for
proper functioning of the DAS and the peripheralide like the disk. A crystal
oscillator in the CPU provide time to an accuratpetter than 0.51/Sec / Sec. This

clock is synchronized with an external GPS clock.
3.3.1.2 REFTEK 72A-08 DAS

This is a high resolution data acquisition systemfigured for three channels
of 24-bit recording. The 72A-08 (model-3) has otiiyee channels of 24-bit whereas
72A-08 (model-6) has six 24-bit channels and uses A/D converter board (RT-
373). Maximum internal data storage of 12 MB isikmde. External data recorder
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can be used in 72A-08 DAS. Data is collected basedser defined parameters using
DOS based control interface like Field Setup CdlardFSC) software. In this data
acquisition system user can set up maximum of algtdé streams for simultaneous
recording with different sampling rates. This isspible because it has digital signal
processor (DSP). The A/D converter operates at 1888 and the digital signal
processing continuously samples at 1000 SPS tltersfand decimate its output at
sampling rate below 1000 SPS. Input parameterssarghrough data acquisition
software so that an automatic data transfer toeternal storage device take place
when RAM is approximately 70% filled. Data is tréersed over the SCSI bus to an
external disk recorder. An internal crystal osetilfaprovides real time to 5 x 10
seconds accurately, which is synchronized with RB&KL11A Global Positioning
System clock.

In most of the seismic stations, two data streamesused; one records in
continuous mode and the other stream records ggerimode at the rate of 100
samples per second. In the trigger mode recordihg$ed on the ratio of short — term
average (STA) to long-term average (LTA) of theoréed signal. Timing at which
this ratio exceeds a predefined threshold valwalied trigger time. Recording starts
a few second (set by pre-event time) before tlygén time which continues till the
signal amplitude restores to the background vaaer the STA/LTA ratio falls
below the threshold value (Refraction Technolo®g96).

3.3.2 Storage Device

A 3-component digital seismograph, recording cardirsly at a sampling rate
of 100 SPS per channel with ADC resolution of 2& B bytes) would require a

storage capacity of -
3tomp x 100 SP3J x 3 (byte x 24 hour) x 3600 geq = 77.76 MB per day.

The REFTEK series data acquisition system recdrdsdata in REFTEK recording
format (Refraction Technology, 1996). DAS unitsniat data blocks into 1,024-byte
packets and store them in random access memory [RAWthout altering the

format, DAS units move the packets to external disly REFTEK 72A-05 Disk

recording subsystem (SCSI hard disk) over a SC8I pais type of SCSI hard disc
used for storing data has storage capacity of 40#8a in Reftek format is converted
into the required format of data analysis softimaaekages like PC-SUDS (Seismic
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Unified Data System ported to 16-bit DOS platforreated at the U.S. Geological
Survey), SEISAN (Seismic Analysis Software; Havslaond Ottermoller, 2001) and

SAC (Lawrence Livermore National Laboratory’s Sdrs#nalysis Code).
3.3.3 Seismometers

Different seismometers used in the digital seisstations are briefly described.
3.3.3.1 CMG-40T

The CMG-40T (M/S Guralp Systems) is a lightweighdtadband seismometer
consisting of three sensors in a sealed case tsureaorth-south, east-west and
vertical ground motion simultaneously. Sensor el@seare designed so that no
mechanical clamping is required. The sensor doésiane to be leveled or centered
as long as the base is withif & horizontal. The response of the seismometéais
to velocity for the frequency band 0.033-50Hz (&@)s The seismometer draws a
nominal current of 48 mA from a 12-volt power suppwhen in use. The
seismometer can operate over a wide temperatuge rat@C to +75C). However
the sensor mass is sensitive to fluctuation inllteraperature.

3.3.3.2 CMG-3ESP

The CMG-3ESP is a 3-component seismometer of dasadband having
three sensors in a sealed case to measure notth-seast-west and vertical
component of ground motion. This seismometer isable for local, regional and
teleseismic recording. Each sensor is sensitivgréand vibrations in the frequency
range 0.003-50 Hz. These instruments do not requeeise leveling of the sensor
package to obtain long period mechanical respondecan be used without leveling
the sensor case up tol12.5 degrees of tilt. A microprocessor controllethote
centering is provided. There is a sensor feedbkegtrenics housed within the sensor
package for creating the damping mechanism nege$sarthe seismometer. The
seismometer unit is self-contained apart from &3/lpower supply. It consumes low
power (0.75 Watts) and can operate over 10 to 3@ power input range. The
damping of the seismometer is, h = 0.707. The vgigensitivity of the seismometer
is 1400 v/m/s.
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3.3.3.3 CMG-3T

CMG-3T is a tri-axial seismometer consisting oetsensors in a sealed case
which can measure the north-south, east-west artcalecomponents of ground
motion simultaneously. It has been designed toigeoseismic information over the
complete seismic spectrum from very low frequend@®01 Hz) up to 50 Hz.
Various frequency response options are providedhieruser and optionally the high
frequency corner of the sensor response can beased beyond 50 Hz. The
broadband frequency response is made possibleaneed force balance feedback
electronics. Because of this wide response ran®#G-GT replaces many of the
instruments conventionally used in a seismic okeery. The response of CMG-3T
is the same as that of a pendulum seismometer avifree period of 120 sec,
electrodynamic constant 1400 mv/(mm/sec) and dagnpin h=0.707.

3.3.4 Global Positioning System (GPS) as Timing Sigm

The GPS is an essential element of digital seisapbgwhich is capable of
providing both time and position information acdehg. It comprises 24 satellites,
each of which has an atomic clock synchronized R&@ime (offset by a constant
from International Atomic Time) and transmittingng codes. A GPS receiver
receiving transmissions from several satellites datermine its position (latitude,
longitude and height) and the current time. Inteomal clock comparisons are now
routinely performed for seismic stations via GP$hwaccuracy of the order of 50
nanoseconds. Generally microprocessor based REANAK-GPS system is used in
the digital seismic stations. It is self-containad self-sealing aluminum case. The
TRIMBLE GPS antenna is mounted on the top of theecdt can provide the
information regarding location and time serially fbe host system i.e. the DAS for

synchronization of the internal clock present iea DAS.

3.4 DIGITAL TELEMETRY SYSTEM

The digital telemetry is one of the most essersyatems for near real time
earthquake monitoring. It is useful for the stasicituated at the remote places. The
signal in the form of ground motion, from out stats is transmitted via very high
frequency (VHF) radio links to a central receivsigtion. The output signal from the
seismometers is coupled to the auto ranged singléhi@e component digital
modulators for appropriate signal conditioning whignvolves amplification,

55



multiplexing, digitization and conversion of thegisal into Pulse Code Modulation
(PCM) bit stream. This bit stream is transmittexbtigh VHF radio transmitter. The
equipments at remote stations operate on 12-vdteres which are continuously
charged using solar panel to maintain continuous ttansmission. The signal is
sampled at a rate of 100 SPS for single and thoegonent stations. At the central
receiving station, the remote station signals aceived through VHF radio receivers
which are coupled to multi-channel line interfaget LIU). The LIU allows PCM

data from all the remote stations to be multipleaed the data is fed to digital to
analogue (D/A) converters and then into a Helicodtem recorder for the purpose

of recording.

3.5 DETERMINATION OF AMPLITUDE FREQUENCY RESPONSE
CURVE FOR AIZAWL SEISMIC STATION

In order to have the knowledge of source functtbe,prime requirement is to
obtain true ground motion due to occurrence of arthgquake. The seismic signal
recorded by a station on the surface of the eathot the true ground motion
produced by an earthquake source. Recorded signdéhe combined effect of
properties of source, propagating media and eféecised by recording process.
Correction of effect of recording media to obtainet ground motion is one of the
major tasks dealt with in this study. In order tiserve the effect of recording media
two parameters i.e. transfer function (Poles anb&eand the frequency response
function are utilized (Mitra and Kaiser, 1993). Tinequency response describes the
characteristics of seismic recording system thalsdevith true ground motion.
Basically the concept of the frequency responsetion is the Fourier transform of
the output signal divided by the Fourier transfarithe input signal. The modulus of

frequency response function is exactly the amotintagnification.

In this study the magnification curves i.e. fregeye response functions are
guantitatively determined which are used to assegeound motion amplitudes from
digital seismogram with necessary conversion. Gdoumotion amplitudes are
commonly calculated from digital seismogram by ding the signal amplitudes in
counts by the value of the amplitude of the disphaent /velocity frequency response
function (magnification curve) at single frequendihile working out this, an
important assumption has been made that the imgrglds harmonic.
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Table 3.2 shows the list of poles and zeros (tean&fnction) for different
seismometers and recording system whose data ack fos signal processing in
subsequent chapters. These transfer functionstigusidefined for a plane, are
provided in a simple ASCII file (“pole-zero file”)which is created by using “text
editor”. In addition, an input signal free from aaificial noise, earthquake, etc. (i.e.
zero vibration condition) is provided. From the b$ poles and zeros correspondingly
frequency response function is calculated. A comphltiplication of the frequency
response function with the discrete Fourier spettod the input signal is performed.
Finally inverse Fourier transform is calculated.eTiwhole process is equivalent to
convolving the input signal with the impulse resperof the system. Evaluation of
impulse response function is made based on potehtiage in onset following (Seidl
and Stammler, 1984). Ultimately amplitude respdusetion is obtained. Figure 3.2
show the amplitude frequency response for AZL (AVZB) station equipped with
REFTEK 72A-07 digitizer cum CMG-40T.

Figure 3.2 shows approximately three regions witfeint slope in log-log
plot. Outside of the central frequency band, royghélow 0.002 and 5Hz, the
amplitude frequency response function decays napiince signals with frequencies
outside this range are strongly attenuated whieadiwith frequencies between 0.002
to 5Hz could be well recorded. This frequency banithe passband for the recording
system i.e. REFTEK 72A-07 and CMG-40T seismometeAizawl seismic station,
Mizoram. Within this passband, the amplitude fregueresponse is proportional to
the angular frequency ). For a velocity response function, the unit fonpditude
would be counts/velocity i.e counts/nm/sec. It bannoted that the plateau value is
1.0 counts/nm/sec, which corresponds to the gasrezahstant expressed in counts.

Determination of frequency response to the growgidcity first ascertains the
true ground motion at a particular frequency. Sedborit ascertains the true
knowledge of passband frequency that is required waveform processing in
subsequent chapters of the present study.
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CHAPTER-IV

RECOMPUTATION OF EARTHQUAKE EPICENTERS AND PRESENT
SEISMICITY TREND

4.1 INTRODUCTION

The region under investigation is the northeaspgotongation of the Indian
Shield comprising Surma valley bounded by Post-Bammconformity. Two
prominent faults- the NE-SW trending Sylhet famltthe northern part of Surma
valley (Nandy et el., 1983) and NW-SE trending Madlt in the eastern part of
Surma valley are conspicuously present in the stwdg. The seismotectonics of the
region is the matter of interest for several redeans (Chandra, 1984; Mukhopadhyay
and Dasgupta, 1988; Kayal et al., 2004, Kayal, 200Beveral studies on
seismotectonics and tectonics of the region argiechrout by Chaudhary and
Srivastava (1976), Molnar (1984), Nandy and Dasgyf®91) and Verma (1991).
Present study comprises the re-look into the seiswiivity of the region apart from
the inferences made through seismicity paramet€mntinuous monitoring of
earthquakes during the last couple of years in &uBasin with seismic stations of
Agartala, Manipur, Shillong including a Broadbaneissnograph in Aizawl, the
Capital city of Mizoram- has improved the knowledg®mut the present day seismic
activity and seismotectonics of the region. Thesre@ activities are studied on the
basis of data collected during 1969 to 2009. Howewest of the events are relocated
during the period 1982 to 2009. These data arehyip@center data file compiled
jointly by RRL-Jorhat and NGRI-Hyderabad compleneenby phase data from IMD-
Shillong, 1IG-Shillong, Manipur University, GauhatUniversity and Mizoram
University. A close comparison with EHB locationww.isc.ac.uk/EHB) has been
made for some moderate to large earthquakes. Ese tkarthquakes the difference of
hypocentral parameters is about 2-3 kms betweesetthwo datasets. Depths are
poorly determined parameter if there is no neatayam surrounding the event. Since
the studied region is monitored by station at Aizavizoram, and Shillong depths
are constrained with the data made available freightboring nearby stations. The

magnitudes of the events are on the basis of saguration calibration only.

4.2 RECENT LARGE AND DAMAGING EARTHQUAKES IN AND
AROUND SURMA VALLEY
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In the study of the past damaging earthquakedirthigation that is mainly
observed is the inaccurate location of the eveatlidf catalogues does have many
shortcomings, like inaccurate timing, location, miigde, etc. Gupta et al. (1986)
prepared a corrected list of earthquakes, whicrattasal of 504 entries for the period
1897 to 1964. It may be noted that 22 large eaekesi (magnitude #0), including
two great earthquakes (M >8.0), occurred duringldéisé 100+ years, since 1897 in
Northeast India and its surroundings (Fig. 2.1&mapter-Il).

The June 12, 1897 great earthquake (M 8.7) apfeab® the first Indian
earthquake for which instrumental records, recordeatkide India, are available
(Oldham, 1899). Gupta et al. (1986) have treatedearthquakes prior to 1897 as
historical earthquakes. Based on a detailed tiltezasurvey, a descriptive list of the
historical earthquakes was given by Oldham (1888)brief description of a few
significant historical earthquakes in Surma valéd adjoining region concerning

Sylhet and Mat fault is given below.
4.2.1 Cachar Earthquake of 1869

The January 10, 1869 Cachar earthquekene of the largest historical
earthquakes in Northeast India region (Fig. 2.1@mapter-1I). Some descriptions of
this earthquake were given by Oldham et al. (1832)e felt area was about 6,65,600
sq. km. Several damages were reported in Guwdbathar, Nagaland, Manipur and
Sylhet (Bangladesh). Oldham et al. (1882) dedulkecdepicentral tract being 5-6 km
wide and 32-48 km long, trending EN6W15°S, located around the intersection of
latitude 2600N and longitude 920E, at the northern border of the Jaintia Hills,
Meghalaya. The suggested epicentral tract is éaocat the Kopili gap area (Nandy,
2001), the area between the Shillong Plateau atdt Kiils; and the focal depth was
estimated at 50 km. From the description of dampagern incorporated in the
Memoir, G.S.1., Vol. 19, pt.1 (1882), the magnitudlas estimated to be greater than

7.0, although the accurate magnitude was not given.

4.2.2 Srimangal Earthquake of 1918
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It occurred on t;July, 1918 at 10hr 22min 12 sec GMT in the BengatiB
and is known as the Srimangal earthquake. It isajnthe largest earthquakes that
was recorded by a few local seismographs, viz. BoymiColaba and Calcutta. Its
magnitude was 7.6. The epicenter was given al®4afd 91.8€, and depth of focus
as 15 km. The meizoseismal zone covered an ar832ftqg km and was felt over
122,000 sqg. km with few deaths. The maximum iritg$ (Rossi-Forel scale) was
reported around Srimangal (%, 91°42) in Sylhet district, Bangladesh. Post
earthquake investigation was carried out by St(a8@6) and he reported that major
axes of the isoseismal were aligned in the NW-Stection. Nandy (2001) had,
however, redrawn the major axes in the ENE-WSWctwma, and suggested that the
earthquake was originated by the high angle rev&gihet fault where it is
intersected by NW trending Mat fault, the maximuamége and destruction being in
the hanging wall side of the upthrow block. Studré26) estimated the focal depth at
about 14 km from the isoseismals, lying below tla¢idera valley.

4.2.3 Cachar Earthquake of 1984

The Cachar earthquake, M.8, occurred on 30December 1984 at 23h 33m
39.1s. The epicentre is at 24.89datitude and 92.93% longitude having a depth of
33 km restricted (USGS report). Although not a éaegent magnitude-wise, it rocked
the entire area and was responsible for a loss bouta20 human lives and

considerable damage to property (GSI, 2000).

The maximum intensity of the earthquake reachetl dih the Modified
Mercalli (MM) scale (GSI, 2000). The VIII intengitvas assigned in view of the
formation of fissures in flat ground through whisand and water were ejected. In
the meizoseismal area of about 250 sg. km, a ceraite damage was caused to a
well designed concrete bridge and total collapsth@fweak structures where they are
intersected by NW trending Mat fault. Banks of Somad Barak Rivers were

damaged very badly.

The earthquake was followed by seven felt afteskfion the subsequent 11
days (Dube et al., 1986). It has a predominaritigesslip focal mechanism solution

with thrust component and tectonic setting of theaaFrom the location of epicenter,
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it appears to have been related to a fault in ¢laeohic domains of the NE Sylhet

fault.
4.2.4 Indo-Burma Earthquake of 1988

The Indo-Burma earthquake of August 6, 1988,/\6, originated at 00h 36m
29.6s (GMT) with latitude 25.128, longitude 95.17%, and having 115 km depth
(USGS report). It rocked the whole northeasternore@f the country in the early
morning of August 6 at 6.10 AM (local time). Thertror was felt all over Northeast
India, Bangladesh, Nepal and parts of Burma. ltethgor about two minutes, and
caused a loss of four human lives, considerableadanto buildings, railway tracts,
roads, etc. Field survey showed that the maximmtensity reached VIII on the MM
scale (GSI, 1988, unpublished report). Landslidessnation of fissures, ejection of

sand, mud and water were observed at several places

The focal mechanism study based on P-wave firstemstindicated thrust-
faulting solution with a compressional stress parab the trend of tectonic feature of
the Indo-Burman ranges (Banghar, 1990). The reduliversion, however, shows a
mixture of strike-slip and reverse-fault mechani@men and Molnar, 1990). They
have well estimated the focal depth at 9@0rkm from the unambiguoud &nd S
phases on both the long and short period seismagr&uonsidering the depth and the
fault plane solution, there is little doubt thaistlarge earthquake occurred within the
subducted Indian plate. The deeper focal depthigedva plausible explanation for
small number of casualties and less damage (Pei€&9). The centroid moment

tensor solution is similar to that obtained by Ched Molnar (1990).

These earthquakes indicate the chenatits of the fault. Sylhet fault is
designated as high angle reverse fault. Moreovem fthe location of epicenter,
Cachar earthquake of 1984 shows that it has a predotly strike-slip focal

mechanism solution with thrust component.
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4.3 RECENT SEISMICITY IN SURMA VALLEY AND ADJOININ G
REGION

Regional seismicity maps are prepared by seweoakers considering the
data from various sources (e.g. Santo, 1969; Fitéi0; Chandra, 1975; Le Dian et
al., 1984; Mukhopadhyay and Dasgupta, 1988). Hnthguake listings published by
the International Seismological Centre (ISC) arellimited States Geological Survey
(USGS) since 1964 were used by Kayal (1996 b, 1898jepare a seismicity map of
the northeast region. It is observed that during period, almost all the earthquakes
of body-wave magnitude (gh >4.5 have been uniformly recorded and located. In

addition to this, the great earthquakes (M>8.0) Emde earthquakes (M>7.0), that
occurred during the last 100+ years, since 1897ae shown in this map. The
seismic activities in two different tectonic zonasSurma valley and its vicinity are

discussed below.
4.3.1 Indo-Burman Ranges

In the Indo-Burman ranges, the earthquake epiceate highly concentrated.
As many as 10 large earthquakes M>7.0 occurrechgluhie last 100+ years since
1897. A depth section of the earthquakes in the MI$&V strike direction of the
ranges, shows that the activity is intense and rmpfess uniform down to a depth of

about 200 km, but beyond the Iatitudeor%here Is a marked shallowing of the lower
limit of activity where collision process has takewer the subduction process
(Mitchell and McKerrow, 1975; Kayal, 1989 and 1996bwo vertical cross sections
of the earthquakes in perpendicular direction efdtrike of the Indo-Burman ranges,
which fall to the south of 26°N latitude, evidensiliow a (40-45°) dipping seismic
zone or theBenioff zoneAn envelope of the seismic zone beneath the Buloran
ranges is clearly indicated. The upper boundarthefenvelope demarcates normal
faulting in the subducting plate and thrust-faigtas well as strike-slip faulting in the
overriding plate (Kayal, 1996b and 1998). The lowmundary completes the
envelope of the seismic zone or the Benioff zoibe depth of the top boundary is
about 25 km below the Shillong Plateau/Tripura foédt, and the Benioff zone flexes
beneath the Indo-Burman ranges. The thicknesseoB#nioff zone varies from 40 to

45 km. The Benioff zone structure is conformabléhvthe observed Bouguer gravity
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anomaly (Kayal, 1989 and 1996b). A similar obstBora was made by
Mukhopadhyay and Dasgupta (1988).

The foci distribution in the inclined seismic zorseiggests that depth
penetration of the subducting lithosphere is al#f@i km in the central part of the
Indo-Burman ranges, and about 150 km to the soufhe volcanic arc position
corresponds to the deepest part of the Benioff zoFfee shallower seismicity in the
Burmese platelet to the east of the Benioff zoneelated to the overriding plate
seismicity and the shallower seismicity to the wafsthe Benioff zone is related to
the plate-boundary/intraplate seismicity in theidmdplate (Kayal, 1996b). Bevis and
Isacks (1984) studied in the ISC data, 1964-19686,mesented the hypocentral trend
on a surface contour map. The eastern edge ofrtie-Burman ranges roughly
coincides with the map projection of the 60 km depbntour of the Benioff zone.
The map projection of 60 km depth contour approxatyaseparates the accretionary
complex from the southeast Asian continental crugtey further estimated that dip
of the inclined Benioff zone varies from about’Z®utheast in the north near the

syntaxis to about 3orth northeast in the Bay of Bengal area.

The absence of intermediate depth earthquakesHesloout 28N marks the
northern end of the Burmese arc. In the southemmBse arc (south of 29 and

north of 14(1)N), it is reported that there are no well constdin hypocenters with
depths greater than 50 km, and it is not possitidecharacterize the shape of the
Benioff zone in this part of the arc (Ni et al.,889 Kumar and Rao, 1995). This is
possibly a transition zone between the Burmeseaart the Andaman-Sunda arc
(Kayal et al., 2004).

4.3.2 Bengal Basin and Tripura Fold Belt

Bangladesh is surrounded by the regions of higdnseity which include the
Himalayan Arc and Shillong plateau in the northe Burmese Arc, Arakan-Yoma
anticlinorium in the east and complex Naga-Disdmgsdt zones in the northeast. It is
also the site of the Dauki Fault system along watimerous subsurface active faults
and a flexure zone called Hinge Zone. These wegikme are believed to provide the
necessary zones for movements within the basin Ard¢he seismic zonation map of

Bangladesh, Surma valley is categorized into Zoméhich is the highest earthquake
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zone comprising the northern and eastern regioBaonfladesh with the presence of
the Dauki Fault system of eastern Sylhet and thep deeated Sylhet Fault, and
proximity to the highly disturbed southeastern Assagion with the Halflong thrust,
Naga thrust and Disang thrust, is a zone of higénse risk. The Chittagong-Tripura
Folded Belt experiences frequent earthquakes, sitquits east is the Burmese Arc

where a large number of shallow depth earthquakgmate.

Historical seismic catalogues (ISET, 1993) reuwbat Bengal Basin has been
affected by earthquake disasters since ancienstilBarthquakes occurring in 1664,
1828, 1852 and 1885 are shown to have Dhaka asremt area. Similarly other
cities including cities in the Surma valley haveetbheshown to be epicentral area of
some of the major earthquakes in the past. Althotigh ancient records do not
specify the earthquake epicenters by giving coatés in terms of latitudes and
longitudes, it is difficult to figure out whethehdse cities were directly hit by the
earthquakes. However, occurrences of earthquakbsrbthe Basin and surroundings
indicate that earthquake hazards exist in the Hasia long time.

Information on earthquakes in and around BengalirBes available for the
last 250 years. The earthquake record suggestssthe¢ 1900 more than 100
moderate to large earthquakes occurred in Bandtadrg of which more than 65
events occurred after 1960. This brings to lightremeased frequency of earthquakes
in the last 40 years. This increase in earthqualteity is an indication of fresh

tectonic activity or propagation of fractures fréime adjacent seismic zones.

Recent seismic studies suggest that the Bengah Basharacterized by low
seismic activity, whereas a moderate activity isesbed in the Tripura fold belt. The
activity in the Bengal basin may be related to aplate seismicity. One large
earthquake m7.6 occurred beneath the Bengal Basin on Jul@88.1 The epicentre
of this event falls in the Srimangal area, Bangs&dend is known as the Srimangal
earthquake of 1918. The felt area was about 8)00sQuare miles. The activity in
the Tripura fold belt, on the other hand, may Hateel to the plate-boundary activity.
Recently a damaging earthquake, B8, known as the Cachar earthquake of 1984,

occurred in the Tripura fold belt.
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In the present study, an attempt &lento observe the present seismicity
pattern in the region with relocated events assgraimy change in seismicity pattern

what is described above.

4.4 DATABASE

The study utilizes the earthquake data file coetpjbintly by RRL-Jorhat
and NGRI-Hyderabad (1982-2009) complemented byegUdasa from IMD-Shillong,
[IG-Shillong, Manipur University, Gauhati Univergiand Mizoram University. Prior
to the year 1982, ISC bulletins data during 198981 are incorporated in this study.
The number of events obtained from ISC catalogeeoaty 231 while 4328 events
are obtained from the bulletins as mentioned. Qut5%9 events, 2758 numbers of
events could be relocated for better estimation hypocentral parameters.
Earthquakes since 1982, which are recorded in I®#Glso incorporated in the data
for re-estimation of Hypocentral parameters. A daag representing the frequency
distribution of network duration magnitudes, MD (fy about 2758 earthquakes in
Surma Valley is prepared (Fig. 4.1). Altogethe¥®a@f events are ranged within the
magnitude range of 2.0-5.9, highest numbers of tevane observed within the
magnitude range 4.0 - 4.9 which is around 55%. Tyvéwe per cent of events are
ranged between 3.0 - 3.9 while 11% of events arged between 2.0-2.9.

Frequency distribution in terms of depth (in kooncentration for about
2758 earthquakes in and around Surma Valley istamted which highlights the
number of earthquakes falling in each depth se¢tan 4.2).

Simultaneously, data from different seismic stadiin Surma valley such as
Agartala, Manipur, Shillong including a Broadbarelssnograph station in Aizawl,
are utilized which has improved the knowledge albeatpresent seismic activity and

seismotectonics of the region.

4.5 METHODOLOGY

This study deals with the present trend of seaigyniactivity in the region.
The study covers an area betweeffE9@nd 98E longitudes and 2R and 26N

latitudes in the Surma valley and its vicinity. Betgutation of hypocentral
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parameters of all the earthquakes in the studyreg done using HYPOCENTER
(Lienert et al.,1986).

451 HYPOCENTER Program
In the present study HYPOCENTER progrdnhienert et al. (1986) is used
for the computer determination of hypocentral pastars of the earthquakes in

Surma valley based on the crustal velocity moddBlmittacharyya et al. (2005) for a

P-wave to S-wave velocity. This program combines fekatures of two well known

algorithms HYPO71 and HYPOINVERSE with adaptive garg. Each column of

the linearized condition matrix, which relates oj@ in arrival time to changes in
hypocentral position, is centered and scaled t@ lzavo mean and a norm of one. As
per the program origin time is defined as the maraival time minus the mean travel
time. The three least squares normal equationshypocentral coordinates, with
diagonal terms equal to one, are then solved vetgitby adding a variable damping
factor, 8%, to their diagonal terms before inversion. If theideal sum of squares
increases, the program returns to the previouatiter, increased? then try again.

This procedure of adaptive damping, always resultesiduals which are less than or

equal to the HYPO71 and HYPOINVERSE residuals.

In addition to adaptive damping, theYPOCENTER algorithm also
incorporates the following four novel features:

1. Start with a8® value of 0.005, which was found empirically to hdite effect
relative to the least squares solution. WHemn,? increasesd® is increased by a
factor of four. WhenY. 1% is decreasing, the@? is decreased by a factor of 0.06,
thereby increasing the speed of convergence. fddters used to increase and
decreas®® were determined empirically and were not critiwathe performance
of the algorithm.

2. The following convergence criteria were used: @)rdinate corrections become
< 0.05 km and (bY 1,2 does not decrease afférhave been increased five times
in succession.

3. Convergence is first achieved with the depth hek@d Buland (1976) has
pointed out that fixing depth significantly exteniti® domain of convergence for
location problem. Depth is then freed, and conuwergds searched for a second

time.

66



4. Negative depths are treated similarly to increas@st/?, i.e., the damping factor
is increased. It was found that including statidevations in the calculation
considerably improved the ability of arrays to ligcahallow focus events. This is
because the derivatives of arrival times with respe depth at stations which are
coplanar with an event are often all zero, resglima singularity in the condition

equation matrix.

4.5.2 Magnitude

The most commonly used measurement for ¢jasgithe earthquakes by
their relative size is magnitude. Further, magretusch first approximation, is
proportional to the quantity of energy releasedrdpan earthquake. A number of
different magnitude scales (Local Richter Magnitudd,, Body - wave
magnitude, m Surface wave magnitude,sMetc.,) have been developed, each
based on the measurement of a specific type omgeiwave or phase that has
propagated away from the earthquake source. Assaltrseveral different
magnitude values are often assigned to the santbgeake. In practice, the
various magnitude scales yield systematically ceffé values of magnitude.
Excellent reviews of magnitude scales and the gfication of earthquakes have
been given by Richter, 1958, Bath, 1981, Kanani®&3 etc.

4.5.2.1 Local Richter Magnitude (M)

Richter (1935) developed the first magmtustale (also known as Local
Richter Magnitude Scale, () using maximum amplitude from Wood-Anderson
seismograph (free period = 0.8s, magnification 8@). The procedure involves
measuring the maximum amplitude of Wood - Anderseismogram, measuring
the distance from the epicenter based on the iatéime between S and P phases
and comparing the event to a standard or refereatbquake (Richter, 1935 and
1958). Richter defined magnitude 0 as an earthquelkese waves create a
thousandth of millimeter amplitude on a seismograina distance of 100 km.
Magnitude increases logarithmically with the sizenaximum amplitude; hence a
measured amplitude of Imm at 100 km correspondsdgnitude 3 earthquake.
M_ magnitudes are determined according to the relatih =Log A - Log Ay,

where A is the maximum trace amplitude on the seggam of Wood - Anderson
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seismograph at a seismic station apact@dmpensates for the amplitude attenuation
with epicentral distance. Digital data processingorporates also running the
digital spectrum following the frequency response ao Wood - Anderson
instrument with the help of software for picking thee equivalent amplitude in
connection with the estimation of Mmagnitude (Kanamori and Jennings, 1978).
Further, M "saturates" at about magnitude 7. Saturating m#siseven though
the energy release of the earthquake continuesaw,ghe maximum of the
magnitude scale becomes a constant or increasgsshosvly (Kanamori, 1983).
The significance of M magnitude is that it uses the maximum amplitude
corresponding to the free period of Wood - Andersostirument which is,
however, within the period range of common engimgestructures.
45.2.2 Duration magnitude (Mp)

Magnitude (M) at a station is obtained on the basis of signahtibns
(S.D) and the signal duration calibration functi@gnal duration at a station is
defined as the duration between the first motiod tre end of the signal where
the signal becomes equal to the background noisd. ISignal durations at a
station are calibrated with known Local Richter Megdes (M), epicentral
distance(A) and focal depth (h) by linear regression as per relation of the
form: Mp=Cy+Cilogip (S.D.)+GA+Csh., whereas & C; C, C;z are the co-
efficients. The (M) estimates are provided by the Central Seismadbgic
Observatory (C.S.0.), Shillong, operated by the idnd Meteorological
Department (IMD), New Delhi. Arithmetic mean of dtion magnitudes reported
by different stations for an earthquake is term&dNatwork Duration Magnitude
(Mp)A. And this Network Duration Magnitudes @YA are used in the present
study.

45.3 RELOCATING EARTHQUAKES

The accuracy of hypocenter determinatigpethds not only on the
distribution of the recording stations (e.g., Sata Skoko, 1965) but also on what
is known of the velocity structure between sourod atation, particularly in an
area where lateral inhomogeneities are severe (@kada et al., 1970). Since the
uncertainties involved in the earlier estimatetygocentral parameters are of the
order of 0—20 km, we have relocated these eartleguakilizing the arrival time
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data reported by relatively large number of seisstétions covering reasonable
azimuth interval (GAP) distribution for each eariage. GAP (Degrees) is the
azimuth interval at the epicenter in which the nemdif seismic stations reporting
the data are available. This is achieved by thegnaition of such data reported by
the seismic stations operated by RRL-J/NGRI, Indeteorological Department,
New Delhi, Wadia Institute of Himalayan Geology, Hb& Dun, Gauhati
University, Guwahati, Assam and the stations opeérdty Manipur University,
Manipur and Mizoram University, Mizoram in the Swarmaalley, Northeastern
India especially during the period of Feb.15-May 1993 and also similar data
reported by Earthquake Data Reports published bitetnStates Geological
Survey for the earthquakes of magnituelet.0 in the distance range of 0-5
During the remaining period similar data reportegd RRL-J/ NGRI, IMD
networks of stations are considered for relocatimg earthquakes. The crustal
velocity model for a P-wave to S-wave velocity saf 1.75 reported by
Bhattacharyya et al., 2005 is an average referemogel used for locating the
earthquakes in the study region. Hence, employegarrival times of P- and
S-waves reported by the above seismic stationsoirthast India region, about
2758 earthquakes of magnitude 2.0-5.5 from theopefi982 to 2009 were
relocated following the HYPOCENTER location softegrackage of Linert et al.
(1986). The uncertainties involved in the estimatkespicenters and origin times
are of the order 0-5 km and 0-0.5 sec. respectiffély. 4.3a, b and c). Since the
uncertainties involved in the estimates of focglttle for 42, 28 and 26 per cents
of total number of earthquakes located lie in thterivals 0-1km, 1-2km and 2-4
km respectively (Fig. 4.4), the depth control cam donsidered as reasonably

good.
4.5.4 SEISMICITY MAP

After relocation of earthquakes, an analysighef work is carried out by

categorizing it into different sections as desatibelow to obtain suitable results:

1. Seismicity map for the study area and the adjoimegjon has been prepared
by plotting the earthquake data for the period frd@%9 to 2009 over the
generalized tectonic map of the Surma valley asdittinity. The adjoining

region of Surma valley i. e. Shillong Plateau ando-Myanmar region are
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more active than the Surma valley. Sparse seismiwity is observed
exactly in Surma valley as indicated by rectangle éven though the region
is populated by two very active faults i.e. Mat [faand Sylhet fault
(Fig. 4.5).

2. Using the same tectonic map as base, distributioeadhquake in terms of
depth is prepared which indicate the distributidndepth of earthquakes
within the study area. The earthquake events aegyoazed into different
depth ranges depicted in different colors in ortepbtain optimum result
(Fig. 4.6).

3. Over the same epicentral region (Fig. 4.5), magieit distribution of
earthquake for events falling in the study areariepared as illustrated in
Figure 4.7. The legend in the figure shows the eaofymagnitudes for a
particular event falling in each category.

4. To highlight the earthquake event which occurrkech@ the Mat and Sylhet
faults, a map is prepared where all earthquakesr dttan those along Mat
and Sylhet faults are removed so as to showcaseutider of shocks along
both the faults (Fig. 4.8).

By applying the techniques mentioned above, etanvestigation of the
study area by re-computation of earthquakes is @dneh throws light on the nature
of seismicity of the region.

46 RESULTS

The area between % and 95E longitudes and 2Rl and 26N latitudes
covering the region of this study experienced gdanumbers of earthquake events
during the period from 1969 to 2009.

Examination of the data shows that most of thenesvéall in the tectonic
domains of the Assam shelf, Meghalaya Plateau aikdt Mills, and Indo-Burmese
Range. Surma and Bengal Basin have relatively kgnsicity compared to the other
regions. However the neighboring India-Burma sulidacs very active. Figure 4.6
shows that the earthquake deepens to the SE dimeatithe Mat fault. It may be due
to higher in-situ stress build up along SE direttad the fault. Tripura folded belt
shows moderate activity. The seismic activity ia tarmer may be related to an intra
plate activity whereas in the later to plate-bougdsectivity. Seismic activities along
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Mat and Sylhet faults are reasonably less tharother faults existed in the region.
Most of the events associated to these two fau#sshallower in depth in Surma
valley. The magnitudes of the events are also foumdbe relatively low.

Interestingly, intense seismic activity are obsdrweithin the area covered by
Latitude 24 to 28 and Longitude 92to 93 which is locked by Sylhet fault, Mat
fault, Dauki fault and Main Boundary Thrust. It maég mentioned here that the
Srimangal earthquake of 1918 (M=7.6) occurred béntee Bengal basin along the
Sylhet fault. Cachar earthquake of 1984 (M=5.6)uoed in the Tripura fold belt

possibly due to movement along the Sylhet fault.

The region is dominated mostly by shallow focahttieearthquake i.e. < 70km
events except for the Indo-Burmese Range whereeddepus earthquakes scattered

along the range.

Most of the earthquake events falling in the IMdganmar (Burmese)
tectogenes have focal depths varying from 70-200 vkinere seismicity is more
intense and defines the westerly convex broadly $i#sduction zone of the Indian

plate.

The depth distribution plot (Fig. 4.6)dicates that the foci of maximum
number of earthquake lie within 0 to 40 km deptley@d 40 km depth the foci
distribution abruptly decreases. Among these sestioighest number of foci lies
within the depth range of 20-40 km which is arour@l9 in numbers. Hence the
seismogenic zone in Surma valley and adjoiningoregs constrained between
20-40 km.

Most of the events have magnitudesedafiom 4.0-4.9, magnitudes of 3.0-
3.9 constitute the next range followed by a ranigg-2.9 magnitudedMajority of the
events falls in the category of small earthquakesjerate earthquakes of more than 5
magnitude made up the rest. So far the distribuabmagnitudes are concerned
maximum numbers of events are found to be withenrdnge of 2.0-4.0. However ,
the region has also experienced events of magnituoie than 5.0. On the whole
Surma valley and its vicinity experienced maximunmier of events which occurred
within the range of magnitude 3.0-5.0.
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The main tectonic domains in this zone are E-Widieg Dauki fault (which
demarcates the boundary between the Meghalayaaplaied Bengal basin), NE
trending Sylhet fault, NE-SW Hail-Hakula lineameNtS Jamuna fault, NW Padma
lineament, NNW Tista fault, Mat and Tuipui faul&ss such no remarkable seismic
activity has been seen in Surma basin. A studypiod term seismicity also does not

show intense activity. Most active part of the hasitransgressed by Mat fault.
4.7 DISCUSSION

The seismological data of the ISC and USGS si®é8 1the microearthquake
analog data of the period 1982-98 and that of @igiata from permanent network for
the period 1999 to 2009, have been useful to atgegtent to understand the
earthquake source processes and the active faulBurima valley and its vicinity.
Simultaneously the study carried out by the relooatof the events not only
improved the locations but also helped in bettesoligion to explain the

seismotectonics of the study area.

Northeast India and adjoining region fall in theghmtense seismic zone of
the world. Out of the 5 great earthquakes (M>8)egigmced by India, 2 occurred in
this region. These are 1897 Great Assam and 195@msarthquakes which had
inflicted catastrophic damage to life and propeBgsides, there were 15 incidences
of large earthquakes (M>7) during the period fro8®2 till date. Of these 7 events
occurred in the Indo-Myanmar (Burmese ) tectogeéh@ the Meghalaya Plateau-
Mikir Hills domain, two in the Eastern Himalaya,em the syntaxis and two in the
Bengal Basin. Concerning the database dealt irsthdy, it is clear that Surma valley

and the adjacent areas are vulnerable to earthduestezds.

Seismicity map for the study area and the adjgimeégions, covering the area
between 92E-95°E longitudes and ZRI-26°N latitudes has been prepared by plotting
the earthquake data for the period from 1969 td9260er the generalized tectonic
maps of the region (Fig.4.5). Examination of théadghows that most of the events
falling in the tectonic domains of the Indo-Burmd3ange, Meghalaya Plateau and
Mikir Hills, Eastern Himalaya and Assam shelf. Sarrand Bengal basins have
relatively low seismicity compared to the otherioeg (Fig.4.5). The region is
dominated by shallow focal depth i.e., <70km evesxsept for the Indo-Burmese

Range where deeper focus earthquakes scattered #ienrange (Fig.4.6). The
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earthquake events in these tectonic domains occuiffused pattern having post-

collisional intracratonic characteristics. On ttwther hand, most of the earthquake
events falling in the Indo-Myanmar (Burmese) teetogs have focal depths varying
from 70-200 km where seismicity is more intense defines the westerly convex

broadly N-S subduction zone of the Indian platéefing of other events to project

the earthquakes that occur along Mat and Sylhdtsfaears witness to the activeness
of both the faults, although almost all the eveats shallow focused and having
magnitudes of less than 5.0 (Fig.4.8).

The Surma and the Bengal basin recorded quite nabeu of earthquake
events, majority of which occurred within a depthless than 60 km, followed by
occurrence of certain events having depth upto 8(igs. 4.6 and 4.2). Most of the
events have magnitudes ranges from 4-4.9 while matgs of 3-3.9 constitute the
next range followed by a range of 2-2.9 magnituddb.these events falls in the
category of small earthquakes, moderate earthquatk@ere than 5 magnitude made
up the rest (Figs. 4.5 and 4.1), though a largéhgaake (Srimangal earthquake of
1918) of 7.6Mb originate due to rupture along Syliaeilt where it is intersected by
NW trending Mat fault, and the other occurring NW Dhaka. Seismicity seems to
be related with the conjugate fault system cuttngpss the basins and the N-S fold
belt.

Relocation of events no doubt incrdaske precision of hypocentral
parameters and understanding of the seismotectofittse studied region which is
well reflected in the frequency distribution pattef RMS value, the error estimates
of latitude, longitude and depth as well. The neypdtentral parameters deduced

from relocations formed the basis of further analys
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CHAPTER-V

ESTIMATION OF TRAVEL TIME OF P- AND S- WAVES
5.1 INTRODUCTION

5.1.1 Travel Time of P- and S-Waves

The fundamental data for seismological studiethefearth’s interior are the
travel times of seismic waves. The measurementdabla are the arrival times of
seismic waves at receivers. To convert these teeltrames, the origin time and
location of the source must be known. These pamnsietvhich are known for
artificial sources, must be estimated from the olm®ns of earthquake sources.
Hence travel time data include information abouhlibe source and the properties of
the medium, and separating the two is a challengeany seismological studies. The
travel times are used to learn about the veloditycture within the source and the
receiver. In general waves follow paths that depemdhe velocity structure. Hence
the structure through which waves travelled muskiewn. To illustrate these the
travel time between two points are considered &edvelocity could be found by

dividing the distance by the travel time.

Travel Times of P- and S-waves has significarg mlearthquake seismology.
The precise estimates of P- and S-waves travel dinh@cal earthquakes throws light
on the regional crustal structure (Tandon 1954;aSathal.,1981; Gupta et al., 1982;
Joyner 1981). The travel time (T) versus epicentiiatance 4) curve for P- and
S-waves for different depth ranges always remagniicant towards the estimation

of velocity structure.

In 1930, Jeffreys, starting from the Zoppritz-Terntables, inaugurated a
series of successive approximations towards imprakeevel time table. In 1935 the
first Jeffreys-Bullen tables were produced. Sulisahrefinements were incorporated
in a new set of ‘JB’ tables first published in 194Dompatible tables for near
earthquake phases are also included. The tablem arform which enables focal
depth to be readily taken into account. The airtheftables is to serve as a standard

for the ‘average’ global earthquake.

Developments of modern seismology since the 18890 have resulted in a

large increase in seismological data and their racgu Recording of broadband
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seismic signals has allowed several reassessmiethits lmng-used classic travel time
tables of Jeffreys and Bullen (1940). Discrepantieghese tables, although minor,
were already pointed out by the author himselff{@g§, 1968). Moreover, the

accuracy of source location today is incomparabager than those that had been

basis for the Jeffreys-Bullen tables.

Tandon (1954) was the first to develop a crustatieh from travel times for
Northeastern India regions. Subsequently, Sah& €1381) and Gupta et al. (1982)
also proposed models. But it is a common experigheg¢ travel time for near
earthquake phases vary from region to region becaisregional variation in
velocities. Moreover, crustal structure varies froggion to region. Furthermore, the

observed data will enable better and more accloastion of epicenters.

In this study an attempt is made toneste both P-wave travel times and
S-wave travel times, for earthquake events in #&een part and northern part of
Surma valley and its vicinity. A comparison of tehtimes with the findings of other
studies are also made to revalidate the estimation.

5.2 DATABASE

Seismicity map for the study area and adjoiningia®s as given in
Chapter-1V by plotting the earthquake epicentensnduthe period 1969 to 2009 over
the generalized tectonic map of the region fornesdaitabase for this study. The area
between 9€E and 95E longitudes and 2Rl and 26N latitudes covering the region of
this study experienced about 2758 earthquake ewmmis a span of 40 years. Re-
computation of hypocenters of all the earthquake=uing in the eastern part and
northern part of Surma valley is done using HYPOCER program of Lienert et al.
(1986).

Using the arrival times of P- and S-waves of eartkgs and following the
location algorithm package of Lienert et el.,, (1p86/pocentral parameters are
computed based on the crustal velocity model oft@@bharyya et. al., 2005 for
determining P-wave to S-wave velocity ratios. Thelg also utilizes the hypocenter
data file compiled jointly by RRL-Jorhat and NGRidterabad complemented by
phase data from IMD-Shillong, 11G-Shillong, Manipuniversity, Gauhati University
and Mizoram University. The accurate location atisins and epicenters are the most

75



important parameters towards this estimation ofafd S-wave travel times. The

accrued and relocated database contains all thEsenation.
53 METHODOLOGY

A combination of the methods of Wadati (1933), ritthenko (1958) and
Bune et al. (1960) is used for estimation of upperstal velocity structure. Data
required for velocity analysis using these methadsP- and S-wave travel times to

various recording stations for a number of eartkqaand their epicentral locations.

In the first step Wadati method (Wadati, 1933) haen used for getting
model-independent estimates of travel times of iRl §-waves to various stations.
From these estimates of the origin times of eadkgs as well as P- and S-wave
travel time ratios has been made. For this purpdsgierences in arrival times of
P- and S-phases were plotted against the P atiivalfor each earthquake. Figure 5.2
to 5.8 gives examples of Wadati and Riznichenkaqyrdians obtained during the
analyses. Such diagrams are classified dependioig whether the outliers among the
plotted points were within 0.5 standard deviati®D), between 0.5 and 1.0 SD, or
more than 1.0 SD, respectively.

In the second step of the analysis, epicentrahtions of more than 2750
earthquakes were estimated using the HYPOCENTERe(Li et al., 1986)
hypocentral location program and an assumed vgloacddel (Khattri et al., 1983).
This is because epicentral distances to recordatgpss are required for subsequent
calculations. Also, estimates of epicentral coamths are relatively insensitive to
velocity models if an earthquake occurs within aording array. This has been

remarked by Nicholson and Simpson (1985) likewise.

In the next step of the analysis, the Riznichemiathod (Riznichenko, 1958)
was used to estimate the focal depths of earthguake the vertical travel times of P
and S phases between the respective hypocenteeparhters. Squares of the travel
times () of either all the P or all the S phases from arhguake are plotted against
the squares of epicentral distanced ¢f respective stations. Such graphs are called
Riznichenko diagrams. The square root of inter¢gpor t;) on the t axis of such a
plot is the required time of vertical travel of tReor S-waves between the hypocenter
and the epicenter. The square root of inverse@ttbpe of a least squares line fitted
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through the data points of a Riznichenko diagranerwhmultiplied by a travel time,

gives a focal depth estimate for that earthquakeehSocal depth estimates are

denoted here as;hThosepoint or points on such plots which were two stadda

deviation away from a least squares line, wereusladd and then fitted in a line in a

least squares sense through the remaining datgsp®ime slope of this line was used

to calculate f, in such cases.

A detailed description of the methodglagygiven below

5.3.1 The Wadati's Method

The Method assumes that :

i) The Poisson’s ratio along the ray paths for hyptererto the recording station

is constant, and

i) The P- and S-waves start at the same time froradbece.

5.3.2

The two assumptions are reasonably appropriate.ni¢inod computes
origin time of the earthquake and the ratio of ttevel time of P- and

S-wave independent of the physical model for thehed he arrival time

difference between S- and P-waves (Ts-Tp) is pdodigainst the P arrival
times. The plot contains data from all the netwstekions. For direct rays,
a straight line fit occurs for the data. Due todieg inaccuracies and
timing errors these are generally scattered amdst square fit is applied.

The x-axis intercept is the origin time and is deterrdinedependent of

the assumed velocity model. Slope of the line edts the ts/tp (Fig.

5.1a). The method is well suited for shallow fotaeal earthquakes.

Riznichenko’s Method

To draw the Riznichenko’s diagram, the travel timle waves to
stations and the corresponding epicentral distancesequired. With an
initial location of earthquake and origin time camgd from Wadati's
method, travel time P- and S-waves are computeg §-1b)

Variation of £ with x ? is plotted for a number of stations. A least
square fit gives

£2 = (x2+h%)/v?
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Wherew, is the effective velocity

his the depth of focus, and
x is the epicentral distance

Thew? so computed is neither the interval velocity riorge average velocity.

In the final step of the analysis (the method oh8et al., 1960), a cumulative
plot of the vertical travel times of P- and S-waweith respect to estimated focal
depths for all the earthquakes were obtained.

5.4 RESULTS

The Wadati and Riznichenko diagrams plots are nfedée events around
Sylhet fault region in the northern part and Matltffaegion in the eastern part of
Surma valley. Figures (Fig. 5.2 to 5.8) give suelations for the P-travel times at
each of the depths under consideration. The Rieniohh diagrams clearly show the
change in shape of the travel time versus distancee with increasing focal depth,
indicative of both a geometrical effect and an @éasing P-wave velocity. The Wadati
diagrams show systematic decreases in ts/tp, stiggedbat the velocity for shear
waves increases faster than that for the compreasicaves in the upper levels of the
crust. An interesting feature however, is the Imgaf the Wadati diagrams. If ts/tp
(and therefore Vp/Vs) indeed changes with deptl,litear relation assumed in the
Wadati diagram is no longer valid (Kisslinger amigBahl, 1973). Yet it is apparent
that, at close distances and shallow focal depiiesexpected curvature of the Wadati
diagram is not sufficiently resolvable with the dBatle data. Summary of average
half-space velocities for P- and S-waves calculatgidg the Riznichenko technique
and values for ts/tp from the Wadati diagram akeash Values shown are those data

that are plotted as a function of focal depth fackeindividual earthquake.

Figure 5.2 shows that Wadati diagramsefistern part of Surma valley and its
vicinity are well constrained so far as the valo€3's-Tp vs. T@ndTs-Tp vs. Tare
concerned. The Ts-Tp values remains within 25-35isterval exclusively for two
numbers of events (A B and C D) with less deviafrem the linearity while Ts-Tp
values lie within 10-40 sec interval for the samve humbers of events (E and F) with
higher deviation from the linearity. Less variatienobserved when compared with

the travel time of P-wave while higher variation Td#-Tp is reflected when plotted
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with respect to travel time of S i.e. Ts. In thése, the Wadati plots have been carried

out up to the depth range 7 to 20 km. Magnitudeslfdhese events are above 4.5.

Similarly, same trend is observeaase of the Wadati plot for eastern part
of Surma valley and its vicinity as illustratedtive Figure 5.3 and Figure 5.4 where a
different depth range up to 40 km and 56 km is ict@1ed respectively.

Simultaneously, the Riznichenkogdsans of earthquakes associated with
events in the eastern part of Surma valley (Fidp)@are plotted against various depth
intervals. All the plots indicate clear dependenéeS-P travel time (Ts-Tp) with
respect to epicentral distance)( Interestingly, the S-P travel time does not vary
much up to the depth range of 20 km with the in@eea epicentral distances.
However S-P travel time (Ts-Tp) is found to be &rwith the increase of epicentral

distance (1) exclusively for the depth range interval of 240-km.

For northern part of Surma vallegmilar Wadati and Riznichenko
diagrams are plotted in order to ascertain theetrémes used to learn about the
velocity of P-wave and S-wave of the structure imitthe source and the receiver.
Since Wadati diagram depends only on the obsemregktimes of P- and S-waves,
Figure 5.6 allows to observe the dependence oWwartime on the epicentral
distances. The plots indicate no other dependencany other parameters out of
hypocentral parameters. No significant change ipeddence of depth is observed
except some more linearity dependence in the depipe of 41- 60 km. The station
wise plots however indicate the dependency of dit@racteristics of the particular
station which is well reflected in the plots. Thare some inconsistencies in the plots
which might be due to the heterogeneous site pentato each station. Otherwise the

trend, as observed and explained in Figure 5.5airesthe same.

The internal consistency of théadsuggests that these values are useful as
estimates of the first order variation in velodtyucture and can be used to improve
the velocity model used for location. For focal thsprange from 7 to 40 km, the
Riznichenko diagrams clearly show the change irpshaf the travel time versus
distance plot with increasing focal depth, indicatof both a geometrical effect and
an increasing P-wave velocity. The Wadati diagramsw a systematic decrease in
ts/tp, suggesting that the velocity for shear wawneseases faster than that for the

compressional waves in the upper part of the cfistultaneously, the nonlinearity
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of the Wadati diagram indicate that ts/tp indeedngfes with depth and it could be

established that the diagram more or less reshiglbt.
55 DISCUSSION

The study deals with the estimationraivél times of P- and S-waves. It is
interesting to note that lower crustal activity wasry less in the study region
prompting relocation of earthquake events. Thecadlon of events as made in
Chapter-IV has considerably lowered the error jartg to latitude, longitude and
depth. The relocated events become an input tettltly made in this chapter. In this
study, it is observed that Ts-Tp is varying wiépth and considerably possess some
dependence of Tp and Ts on depth. Additionallyjsitobserved that ts/tp also
decreases with depth, this implies that similarateom in velocity of P, velocity of S
requires separate velocity structure for P and Sedlly accurate hypocentral
parameters are required to be worked out. Sevehar studies (Archuleta, 1982;
Cramer and Shakal, 1983) also find similar resiitgh the advent of digital data and
the increasing use of three component stationge laumber of good quality S-waves
arrival are being recorded by micro earthquake aetsv These S-wave arrivals
require proper modeling if full advantage is tothken of the increase resolution such
as secondary arrivals can provide. In this studgueate phase picking on P- and S-
wave arrivals and subsequent locations no doubtribated in a large way towards
the travel time estimations. The simple geometire®lved in the Riznichenko
diagram were first discussed by Green (1938) althothe semi-log form of
presentation for using velocities determinations earthquake focal depth was
developed by Riznichenko. In this study, normalnfsrof presentations are made

towards Ts-Tp versus epicentral distance.
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CHAPTER-VI
VARIATION OF Vp/Vs VERSUS DEPTH

6.1 INTRODUCTION

It is well known that compressional and estenal seismic waves in the crust
exhibit significant regional variations. P-wave aBdwvave travel time propagating
from focus with equal time independent of azimutiow different characteristics in
various regions. The seismic signal which is recgphas the first arrival depends on
the crust — upper mantle structure between sourmd r@ceiver, instrumental
magnification and the noise levels at the recorditgy Simple technique involving the
earthquake data, including Wadati-Riznichenko diagg allows one to resolve the
tradeoff in origin time and focal depth. Estimatéshe average half space velocities
for P- and S-waves, and of the travel time ratie/Tp) helps to understand the
material property of the upper crust. A comprehensiariation of velocity of P- and
S-wave arrivals with depth can be regarded as th&éh pand site specific
inhomogeneities between the source and receiveredwer, the technique i.e. the
Wadati diagram depends only on the observe artiweds of P- and S-waves and is
completely independent of any parameters usedeimyipocentral location procedure.
The ratio of a P-wave velocity over an S-wave vig&yooffers important information
on the physical properties of the continental criee Vp/Vs ratio of crustal rocks are
mainly controlled by the mineral contents of pladgse with high Poisson ratio and
silica with low Poisson ratio. The presence of tabfluids of partial melting form a
high Vp/Vs ratio because shear wave velocities wishi more at the presence of fluids
within the upper crust than compressional wavecreés hence observation regarding
Vp/Vs ratio could help to gain a better understagdibout the characteristics of crust
and researchers have used Vp/Vs ratio to infeptbperty of the crust.

In this chapter, an emphasis has been made tovebte variation of Vp/Vs
ratio for shallow earthquakes recorded at clostadees within the seismogenic zone
in Surma valley along selected depths ranges totifleand to obtain reasonable
physical properties of the crust underneath. Smmalously how the valley is related to
its adjoining region, so far as the physical prtiperamong the regions are concerned,
becomes useful in identifying gross lateral changésin the region.
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6.1.1 Velocity Ratio (Vp/Vs)

The P-wave velocity is determined using the ddtairect P arrivals. The

Tp(obs)i-€., Observed P arrival for an earthquake cawriitéen as:

where T = P wave travel time, ORG = origin timetloé earthquake, angtT = the
time correction which incorporates the error duectanges in elevation and/or

geology of the seismograph stations.

P-wave velocity is then determined from the slopea plot of Fns)versus
hypocentral distance (distance between station earthquake focus). Similarly

S-wave velocity is also determined from S-wavevatrimes.

Basically, as the first step, Wadati method isduger getting model
independent estimates of travel times of P- andaew to various stations. From
these estimates, the origin time of earthquakewedsas S-P travel time ratios are
obtained. For this purpose, differences in arrtirakes of S and P phases are plotted

against P arrival times for each earthquake.

The most direct method to estimate the Vp/Vs ratith seismic data is to
utilize travel times of P- and S-waves from crugtants. Both travel time of P- and
S-waves are of great importance as these contrifoutee knowledge of regional
crustal structure immediately. The principal tecjugs involve the use of Wadati
(1933) and Riznichenko (1958) diagrams as showkigare 5.1 (in Chapter-V). Both
the methods have had a long history of use as pyitoals in the earthquake location
process. Wadati diagrams are used for determininginotimes of regional
earthquakes (Bune et al.,, 1960). The Wadati diagranbased on the linear
relationship between the arrival time of P (Tp) émeltime differences between P and

S (Ts-Tp) for different recording stations for artbquake as follows:

Ts—Tp=(Tp-To)(ts/tp—1)

which brings forth an intercept that is an estinatéhe origin time (To) and a slope
that is a function of the average travel time résép).
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The linear relation produces a slo ih a function of the average half-space
velocity (v). Following the Soviet practice (Bunea, 1960), a plot is made on the
log of the travel time against distance to lay eagwh on travel times to the nearer,

more important stations.

These methods have the advantage because ositingiicity and robustness.
The Wadati diagram depends only on the observedahtimes of P- and S-waves
and is completely independent of any parameterd usé¢he hypocentral location
procedure. Normally, the Riznichenko diagram rezpiiestimates of the origin time

(To) and the epicentral distance). The origin time as determined from the Wadati

diagram and distances as calculated from the toahputer location are used in
practice. When stations are well distributed inrazh around the epicenter, distances
are generally well controlled. Velocities of P- afdwaves can then be easily
determined. Estimates of focal depths can be useddeéntify cases where
compensating errors in depth and origin time hawestained the focal depth to

remain near the starting depth used in the compatation program.

The velocity information these methods providassful in a number of other
ways. The techniques of Wadati and Riznichenko eservnumber of uses in the
routine processing of micro earthquakes locatidrygocenters can be checked for
proper convergence; simple earth model can be deed| spatial variations in ts/tp
can be mapped; focal mechanism solutions can beoiragd; and regional variations
in velocity can be identified (Nicholson and Simpsd985). Of course their most
common application has been to resolve the tradeadtigin time and focal depth.
Nicholson and Simpson (1985) find these methods haeved useful in a more
fundamental sense of identifying significant eastitucture and improving the general
understanding of material properties of the uppestc

The knowledge of physical propertiedhs crust, both upper and lower, can
be made through proper estimation of Vp and Vartter to estimate the velocity of
P- and S-wave, the travel time of P- and S-wavestdbons and the corresponding
epicentral distances are required. With an initealation of earthquake and origin
time computed from Wadati’'s method, travel time dd S-waves (t-tp; t-ts) are

computed. Variation ofwith x ? is plotted for a number of stations. A least squfir
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is obtained which helps to determine the respeotelecity of the wave with the

following equation

t?= (x*+h)/v® Q)
Where his the depth of focux is the epicentral distance ando computed
is average velocity that is estimated.
The Vp/Vs ratio ranges between 1.69 to 1.75 in uppdower crust. These
differences in Vp/Vs ratio may be caused by litlgadal variations with depth. The
variation of Vp/Vs ratio could be correlated witietgeotectonics of the study area. A

contour mapping of Vp/Vs could be made possiblegldifferent depth sections.
6.1.2 Previous Work on Estimation of P-Wave and 8Yave Velocities in NER

Several researchers worked towards the estimafidhwave travel times in
the studied region. One of such studies is thatasfdon (1954). From a study on the
body waves of the great Assam earthquake BfAigust 1950 and its 54 aftershocks,
he derived the crustal structure in the Assam regite has obtained the following
velocities for Pg, P* and Pn Waves: 5.58, 6.55 &n@ll km/sec respectively.
Assuming a mean depth of 13 km and using the ieptrimes, he obtained total

crustal thickness of 46.3 km with 24.8 and 21.5thkiok upper and lower crust.

Sitaram et al., (1986) investigated the upper reardlocity by teleseismic Pn
arrival by using time-term method described by Stdmgger and Willmore (1957)
and Willmore and Bancroft (1960) and found that sub-Moho P-wave velocity
exhibit a variation from 7.85 to 8.08 km/sec. Sitankously, Kayal and De (1987)
studied the seismic velocity of the uppermost neabdneath the Shillong Plateau by
applying the similar time-term method for the Pmivals of local earthquakes
recorded by establishing temporary micro-earthqua&ivorks and reported high
mantle velocities (8.1-8.5 km/sec) beneath thel@tgl plateau. In another study, De
and Kayal (1990) estimated the upper crustal P-waalecity by the time-distance
plot method by using the P arrival data of the Iskal(<20 km) earthquakes in
Shillong and Nowgong areas. They determined thesiuppd lower crustal P-wave
velocity as 5.55 km/sec and 6.52 km/sec respegtiusing P arrival data of the
shallow € 35 km) earthquakes. Also, Baruah (1995) attemiatenstruct the crustal

velocity model for NER India from the travel timaadysis of body waves. Under a
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Department of Science and Technology sponsored t-mstitutional project,
Rai et al., (1999) used the time-term method (Kit@i72; Hearn, 1984) to compute
the Pn velocities and found that it varies from 8.8.5 km/sec beneath the Shillong-
Mikir Hills and Assam valley area. In 1998, KayahdaZhao first attempted to
determine P- and S-wave tomography images of thst @nd upper mantle beneath
the Shillong plateau using temporary micro-eartlkguaetwork data obtained from
seven to eight temporary seismograph stations amely treported lateral
heterogeneities in the crustal velocity structuadath the Plateau. Similarly, Sitaram
et al.,, (2001) estimated the crustal velocity moblelow the Brahmaputra Valley
region by travel time analysis of Pg, 8d Pn waves. They also reported that the
average Pn velocity is of the order of 8.0 to 8Wdec and the depth of the Moho in
the fore deep region is found to vary between 425t&m. Bhattacharya et al., (2008)
attempted to estimate 3D P-wave velocity structfr@lortheast India region using
the first arrival data of local earthquakes that reverecorded by 77
temporary/permanent local seismic stations and tleeprted significant lateral as
well as depth variation of velocity structures kegthethe studied region. Presently,
seismic activity in Northeast India is being morgi by state of the art digital
seismograph network by various organizations. Tdta @ccrued from these stations
allowed few researchers to adopt receiver funcéinalysis technique (Kumar et al.,
2004; Mitra et al., 2005 and Ramesh et al., 200®stimate the depth of Moho.

In regard to velocities of P-wave along propagatipath involving major
portion in Arakan-Yoma subduction region, Guptale{1990) have analyzed travel
times and estimated Pg and Pn velocities (km/s€k) 5.64, 7.99; (2) 5.11, 7.83;
and (3) 5.99 for the path to KOI, YYI and KHM stais. By analyzing the travel
times for the earthquakes in various zones arodmitb8g Seismic Station, Khattri et
al. (1988) have obtained apparent Pn-velocitiesgkn): 8.696.8 and 7.8 to 8.25 in
a NW direction towards Myanmar respectively. Usitlge time term method
(Scheidegger and Willmore, 1957 and Willmore andiddaft, 1960) Sitaram et al.
(1988) have determined the inter-station velocitieBn waves as 7.89-8.0 km/sec for
Northeast India. Using the same method Sitaraml.ef1990)have analyzed the
travel times for NER and derived Pg, P* and Pn walecities (km/sec): 5.60t34,
6.5340.031 and 7.823.07 respectively. In general, differences in g#joestimates
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may be attributed to the method of treatment armpggation paths moving the

different tectonic elements.
6.2 DATABASE

P- and S-wave arrival time data from shallow amtermediate depth
earthquakes recorded by selected seismic statietvgork in the Northeast during
1982 to 2009 are used for this study. Origin tiey@central coordinates (latitude and
longitude) and depth of the earthquakes were datednusing the HYPOCENTER
computer program of Linert et al. (1986). For @iiiocation of the microearthquakes
the velocity of upper crust (0-20 km) was assuneelet 5.5 km/s and the lower crust
(21-40 km) to be 6.5 km/s and the mantle (belovk#{ to be 8.1 km/s.

The reconstructed travel time of P- and S-wawersus epicentral distances
obtained from the best linear fit of Wadati and rithenko diagrams derived in
Chapter-V are used to determine the ratio of tHecity of Vp/Vs versus depth in
Surma valley and its vicinity comprising the uppeust beneath Mat fault area in the

eastern part and Sylhet fault area in the nortparh

The P- and S-wave velocities determined from #@w®mstructed arrival times
are used for the estimation of crustal velocity elad Surma valley and its vicinity
from the earthquake events as relocated in ChdgtdDepth ranges are selected at

20 km intervals and the parameters are distribatedrdingly.

In addition, a set of 20 earthquakes are usediétermination of Vp and Vs
associated to Mat fault region at different deghges and 19 earthquakes are used
for determination of Vp and Vs in Sylhet fault reqgiat different depth ranges
respectively. Certain standards were used to steaarthquakes for this set ; firstly,
the P and the S phases should be well recorded Ibgst five stations; secondly, the
earthquake should occur within the study area éndlly, the reading of P and S

phases should be accurate one which has beenreegbiai detail in Chapter-IV.
6.3 Vp/Vs WITH DEPTH

The use of micro earthquakes to determine thentaiion of active faults,
focal mechanism solutions, and details of locaktalustructure strongly depends on
the velocity model used in the earthquake locapimtess, and, as a consequence is
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subjected to systematic errors introduced by ingmpate model parameters. With the
advent of digital data and the increasing use afeedttomponent stations,
accompanied by additions of new stations in thetid@st, a large numbers of good
guality P- and S-wave arrivals are being recordgeparate velocity structure for
P-wave is necessary if accurate and realistic gadtiel is to be determined. While
employing the principal technique that involve tbenstruction and analyses of
Wadati and Riznichenko diagrams, we intend to obteavel time ratio (ts/tp) at
upper crustal depths and origin times that arepaddent of crustal velocity model
and based on which the P-wave travel times as @ifumof epicentral distance are
derived so as to obtain the velocity ratio (Vp/Wsjhe upper crust beneath study area

inclusive of Mat fault and Sylhet fault region.

The data for the Wadati plot methoel sglected on the basis of the following
criteria: (i) earthquakes are located within thesrséc network (ii) the spatial
distribution of earthquakes is as uniform as pdesib the study area (iii) the events
must have at least four S-P time intervals, (i iims (root mean square) residual for
events must be 0.5 sec or less, (v) P arrivals imagt a residual of 0.5 sec or less
and S arrivals 1.0 sec or less and (vi) the rafidgearrival times must be greater than

4 sec.

The epicentral map of the earthquakes recordedglthe above surveys is
shown in Figure 4.1. The study area is divided imio regions: the northern part of
Surma valley in the Bengal Basin and the eastemh @ Surma valley in the
Indo-Burmese arc. About 20 arrival times from eauilkes in region belonging to
Mat fault area and 19 arrival times from earthqgaBelonging to Sylhet fault region
are used for the P-wave velocity study. The tinsaglice plots are as shown in
Figures (5.2 — 5.8) in Chapter-V. Table 6.1 indictite earthquake events to find out
the velocity of P- and S-waves at selected deptlges of 0-20 km, 21-40 km and
41-60 km respectively. Certainly variation in Vp/Vatio is observed at different
depth sections. Although the variation is consistemong depth sections, it is

inconsistent among two active faults in the region.

Apart from the estimations pertaininghe two faults, the lateral variation of
Vp/Vs ratio at three distinct depth ranges are alsserved for the Surma valley and
the adjoining region.
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6.4 RESULTS AND DISCUSSION

The Vp/Vs ratio down to a depth of 60 km from tii#ained P- and S-wave
travel times is computed. Vp/Vs ratio has beenrestiéd by dividing Vp by Vs using
the results obtained from Wadati and Riznichenkag@dims. It uses direct P- and
S-waves with predominant frequencies of ~10 Hzhwhe spatial scale of the
heterogeneity in velocity structure. The Vp/Vsigaso estimated are distributed
among the depth ranges of 0-20 km, 21-40 km andMlkm respectively.
Comparison of P-wave velocity estimates as repobed/arious investigators for

Himalaya and Northeast India with the present staghown in Table 6.2.

The Vp/Vs ratio for the Surma valleydats vicinity are distributed over the
range 1.67 to 1.79 (Fig. 6.1). A highly inconsisterariation of Vp/Vs ratio is
observed among three depths sections as well.ptih dange of 0-20 km, Vp/Vs ratio
is higher in the region bounded by latitude 226623.5 and longitude 91%to 92.5
while rest of the region is characterized by domasaof lower Vp/Vs ratio. The
scenario changes abruptly in case of the depther@agd0 km. In this range, Vp/Vs
ratio is least in the region bounded by latitudes2%0 24.5 and longitude 90%to
92.5 while the region near the latitude 24ahd 91.8 indicate the highest dominance
of values of Vp/Vs ratio. The distribution of Vp/Mfatio is typical so far the depth
range of 41-60 km is concerned. Lowest dominanc¥psVs ratio are observed in
the eastern part of the Surma valley however tlggonewith higher Vp/Vs ratio
remains the same as observed in the depth rangd-dD km. These variations

obviously characterize the heterogeneity of thetcatidifferent depth sections.

Simultaneously the distribution of Vp/Vs raticealso observed in Figure 6.2
a,b,c for Mat fault region (eastern Surma valley)different depth ranges. The
velocity ratio (Vp/Vs) are found to be varying been 1.75 to 1.83 in 0-20 km depth
range. However no remarkable variation is obsewiga the increase of depth up to
20 km (Fig. 6.2a). A notable variation in Vp/Vsicaggainst increase in depth is
observed in the depth range of 21-40 km. The Vpéti® is found to be consistently
increasing with increase in depth up to 40 km.He tepth range of 40-60 km, a
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sudden change in velocity Vp/Vs ratio is observea alepth between 53 km and

54 km where it changes from 1.7 to 1.75.

Figure 6.3a and b depict the distribution of/W4 in the northern part of
Surma valley which is traversed by Sylhet faultFigure 6.3a, in the depth range of
20-40 km, a highly inconsistent nature of the vi®yots observed at approximately
33 km depth where the velocity takes a sharp bemts. velocity ratio (Vp/Vs)
suddenly decreases from ~1.77 to ~1.7 at this défgils behavior of the sudden
decrease in velocity maybe due to the in-heteragen@ature of the crust. In the
depth range of 40-60 km (Fig. 6.3b), however, aanar less uniform velocity is

observed throughout the range where Vp/Vs ratai egpproximately 1.78.

In Mat fault region (eastern Surnaley) the variation is in the order of
1.74 (21-40 km) and 1.73 (41-60 km) whereas theaaee velocity-ratio (Vp/Vs)
values for Sylhet fault region (northern Surma epgllin different depth ranges are
1.72 (21-40 km) and 1.75 (41-60 km) (Table 6.3ini&ir spatial variation in velocity
ratio (Vp/Vs) has been reported by Agarwal et 2876) and Kayal (1982) in other
parts of the world. In this study no spatial vaaatof Vp/Vs is observed either for
shallow (upper crust) or for deeper (lower crustittquakes. The differences in the

Vp/Vs ratio are possibly caused mainly by lithotmdivariations with depth.

Velocity of seismic waves varies depending canynphysical conditions.
Composition, saturation condition, temperature adbient pressure play an
important role in velocity variations. Compositioray be more fundamental than the
other factors because it is an intrinsic propeftyhe local rocks. The differences in
velocity among layers as shown in Table 6.1 maydesed by the differences in
rocks composing each layer. It is well known thatssiic velocity decreases as
temperature increases (e.g. Fielitz, 1971; Saab.€1998). Fielitz (1971) measured as
P- and S-wave velocity variations in different reckt pressures of 400 MPa as a
function of temperature. His result implied a diffiet temperature dependence of
Poisson’s ratio for the rocks investigated. Ondtieer hand, Kern and Richter (1981)
measured Poisson’s ratio for several rocks at ataahpressure of 600 MPa but with
temperature varying from 20°C to 700°C and theyctaied that Poisson’s ratio did
not change much with temperature; the average aserén Poisson’s ratio for their

rock samples was ~1%, within experimental errois Wifficult to precisely evaluate
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the effect of temperature on the Vp/Vs ratio in tmast and the uppermost mantle
because there have not been systematic laboraagurements carried out under the

temperature and pressure conditions at those dég#hksjima et al., 2005).

On the basis of above findings aegalized model related to the
distribution of Vp/Vs ratio of the area is suggeési{&igures 6.2-6.6). In order to
achieve the model the P- and S-wave velocity an@/¥patio of upper crust and

lower crust for both the fault regions (Mat andt&y) are determined in this study.

It is proved unexpectedly difficult to obtain esty consistent P and S
models. It is apparent that some of the difficatgse from uncertainty with regard to
the depth of the focus. While trying to reduce timeertainty, it was noted that the
ratio of the travel time ts/tp for S- and P-wavdéldas a pattern and the pattern
remains unchanged to some extent subject to thenaditon made at different depth
sections. To be specific enough Vp/Vs ratios argeoled in such a way that it could
be established that some variations exist certawitgn the depth increases. No
remarkable variation in upper crustal region mayraenly due to the contribution of
homogenous lithology specific to the region. Howewariation in deeper depth
could be due to the heterogeneous lithology exigtethe region. Sometimes the
locations of earthquakes are virtually independ#rthe origin time if a well set of
earthquake events are distributed accordingly va#ipect to distance and azimuth. If
however the observational data are confined toooteo quadrants the time of origin
errors results in errors in the location as wellnathe depth of focus (Lomnitz, 1977).
The errors in times of origin, depth of foci anddtion contribute to the scatter in the
travel times and obscure the determination of tréges and regional variations in
travel times. Thus it is desirable that step shdéldaken to reduce the errors in times
of origin. Until revised upper crustal travel tinebles are prepared, times of origin
determined from ts/tp will be useful as these ddpamy on the observed times since
they are model dependent.

Vp/Vs ratio can, therefore, help to discriminatkdlogy. For instance the low
velocity for the P-wave found for depth sectionGlkm in Mat fault region, could
be produced by high velocity saturated materiahviigh crack density. Sometimes,
high velocity observed with low velocity ratio in$ that the material is likely to
have low crack densities, low intrinsic velocit@sd possibly higher effective stress
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at that range. Similarly, lower Vp/Vs ratio at aptle of 21-40 km in Sylhet fault
region maybe due to the reason that the regioruided by higher effective stress
level for the properties of the rocks at depthsoimed in the brittle deformation

associated with the earthquake faulting.

CHAPTER-VII
SOURCE CHARACTERISATION OF THE EVENTS ASSOCIATED WI TH
SYLHET AND MAT FAULTS AND ITS VICINITY

7.1 INTRODUCTION

Determination of focal mechanism solution permikaracterization of the
earthquake source most effectively with the esimnabof fault geometry. Fault
geometry is described in terms of the orientatibtihe fault plane and the direction of
slip along the plane. However, the body wave, sarfaave and the parameters such
as equivalent forces at the source and seismic lsapuesponse etc. are used to
determine the orientation of fault plane and thedion of the movement associated
with the earthquake. Since the majority of eartlkguaource processes are either
complicated or cannot be observed directly, it hasn necessary to find ways to

determine source characteristics from seismic wawgon.

A seismogram is the main input to study the soymoEess. A seismogram
basically contains the information about the souttoe path for wave propagation and
influence of the recording instrument. Hence thelgtof source process is actually

the isolation of source effect by correcting instant response and path.

Bengal Basin and Tripura-Mizo fold belt in Surmdlesa experienced three
recorded large earthquakes besides smaller magnigadthquakes which release
sizable energy daily. Understanding these earthteuadcurrences and predicting
ground motions during similar future great evernéeds detail seismic observations
and their modeling. Modeling of earthquake soumceolves estimation of true
characteristics of seismic source. The knowledggemic source process associated

with each tectonic feature is not fully underst@sdyet in the study region.

The close vicinity of the Burmese subduction zanéhe Himalayan collision
zone across Northeast India produces complex testgiving rise to a high level of
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seismicity. Using the hypocentral data of shall@asttequakes (k70 km) for a period
of 1969 to 2009, a large number of focal mechargsiations and other geophysical
data in correlation with major morphotectonic featuin the Surma valley and the
adjoining areas, a study is conducted to charaetéhe earthquakes in seismogenic
sources within the region. Two different techngjwee used for determination of
focal mechanism solution. In case of events 8\ first motion polarity method has
been used while waveform inversion technique isduf® comparatively lower
magnitude events (i.e. M&5). In first motion or polarity method, pattern of ratéd
seismic wave are observed with a concept of firstion. Waveform inversion
technique deals with the construction of synthegtsmogram for a realistic earth
model and arbitrary fault geometry for comparingitegtics with observed data
towards the determination of focal mechanism soiuti

The present study aims to determine the focal nmeshm of earthquakes
occurred in Surma valley, with special referenc&ythet fault in Bengal Basin and
Mat fault in IBR, using the analogue and digitaks®gram recorded by the regional

seismic network and utilize the same to charaatahe source zone as well.
7.2 DYNAMICS OF FAULTING

Rocks are very slowly but continuously moving ahartging shape. Under high
temperature and pressure condition within the eadbks can bend and flow. In
cooler part of earth, rocks are colder and britthel respond to large stresses by
fracturing. Earthquakes are the agents of brititks failure. A fault is a crack across
which the rocks have been offset and ruptured.siyle of faulting is an indicator of
rock deformation and reflects the type of forcehpog or pulling on the region. The
style of faulting is a reflection of relative sinéthe different forces, in particular, the

relative size of the vertical to the horizontaldes.

7.2.1 Types of Faults

Depending on the direction of crustal block movetaedue to vertical and
horizontal force, there are three cases to consiblee vertical force can be the
smallest, largest or the intermediate. If the eaitforce is the largest, normal faulting
is observed, if it is the smallest reverse/thrumilting exists. The vertical force

equivalent to intermediate force indicates strike-$aulting. Normal faulting is
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indicative of a region that is stretching. Revefadting reflects compressive forces
squeezing a region while strike—slip faulting irad&s neither extension nor

compression but identifies a region where rocksshdeng past each other.

7.2.2 Fault Geometry

Fault geometry is described with the assumptiat the fault is a planner
surface across which relative motion of mass ok mecurred during an earthquake.
This assumption is consistent with the seismic ddthough a real fault has a
complicated geometry. The fault geometry indicdkesfault plane and the direction
of the slip along the plane. Fig. 7.1 shows th&dt plane with normal vectof
separates footwall from the hanging wall (not shpwite slip vectord describe the
motion of the hanging wall block with respect totiwall block. The coordinate axes
are chosen witlXs vertical, X; oriented along the fault in the plane of the éarth

surface an;is the axis perpendicular to both andXs.

In order to describe the orientation of the faplane in geographic
coordinates, two angular parameters are requirkdsd are strike of the faulpi.e.
the azimuth of the fault’s projection onto the sgd measured from north and the dip
of the fault,di.e. the angle measured downward from the sutiatiee fault plane in
the vertical plane perpendicular to the strike. $tiéke direction is defined such that
the dip is <90 The actual motion of the two blocks on eitheesid the fault is
defined by slip vectord) as shown in Fig. 7.1. The direction of the slgctor is
given by angle of slip or rakel), measured in the plane of the fault from theketri

direction to the slip vector showing the motiorhahging wall relative to footwall.

The strike (0@ <360), dip (0<d < 90°), rake (0_<A < 360° and the slip
vector d define the most basic seismic model of faultingfaral mechanism. In
general,@ dandA can vary over the finite fault surface with averaglue being used
for simple models. The basic three types of fagltan be discussed in terms@fo
andA of a fault. When the two sides of a fault slipikontally relative to each other,

the motion is called pure strike-slip € 0°, 180F) and if dip @) is 9F, the geometry is
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called vertical strike-slip. Fod = (®, the hanging wall moves to the right, so that a
point on the other side of the fault moves to tif& lthis type of fault movement is
called left lateral strike-slip. IfA = 180°, the fault movement is called right lateral.
Dip slip type of faulting involves slip with a veral component of the relative
displacement of the two blocks. Fdr= 9C, the hanging wall moves upward causing
thrust faulting and ford = 270, it moves downward causing normal faulting. In
generalA have a value different than these special casgsh@nmotion is then called
oblique slip. If a fault is treated as rectangullae dimension along the strike is called

the fault length and the dimension in the dip digetis known as the fault width.

7.3 FOCAL MECHANISM SOLUTION USING P-WAVE FIRST MO TION
DATA

Focal mechanism solution using P-wave first motata is one of the simplest
methods to determine fault geometry. The basic adehis method is that, the
polarity (direction) of the first P-wave arrivaln@as between seismic stations at
different directions from an earthquake. The fingition is either compression, for
the stations located such that material near thi¢ fi@oves towards the station or
dilatation, where the motion is away from the statiThus, when a P-wave
arrives at a seismometer from Earth’s interioredigal component seismogram
records an upward or downward first motion corresjing to either compression
or dilatation. The P-wave first motion data anddaenuth of the recording
stations are collected from different stations WHfarms the prime input to the

determination of focal mechanism solution.
7.3.1 Data for P-Wave First Motion

Determination of focal mechanism solution using &vfirst motion data
requires maximum number of seismograms recordediffgrent stations. As

lower magnitude event is recorded by a very fewata, higher magnitude event
(M > 4.0) is generally preferred for this method. Thiergs having magnitude M

> 4.0 are recorded by more than 45 numbers of sestations including the
stations at teleseismic distances. The P and ®plaae re-read from the available
analogue seismograms obtained from the local seistations. These events are
relocated based on crustal velocity model of Blohtiaya et al., (2005), using

data for relatively larger number of seismic stagiavith reasonable degree of
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azimuthally coverage. In this study, a few focakimnism solutions are
determined4s listed in Table 7.1tilizing both P-wave I motion polarities and
waveform modeling. These are made on the basigbfgrecision location
determination, clear record of P-wave first motumtarity, high signal to noise

ratio and recorded by maximum number of seismitosts.

Primarily, P-wave polarity, azimuth from the soyrieeident angle with respect
to focal depth and epicentral distance in degréesaee the input for
determination of focal mechanism solution. The Reniirst motion data are
obtained from local stations as well as statiortelaseismic distances. ISC

Bulletin provides P-wave first motion data fromt&tias at teleseismic distances.
7.3.2 Methodology

The fault geometry is found from distribution afsti motion data on a conceptual
homogeneous sphere around the focus called fohalespin general Wolff's net
(Fig. 7.2a) is used to project the geographicaitjppsof an observation station to
a point where the tangent to the ray at the souteesects the focal sphere. The
P-wave ray path leaving the source can be idedtifietwo parameters: the
azimuth from the sourcey) and the ray parameter or take off ang|€.ay et al.
1995). The azimuth of the direction of the ray frira source and the takeoff
angle prescribes a unique path through the eadltptunt on the surface and the
corresponding portion of the outgoing wave frordésigned to reach that point,
conveying the initial motion in the associated oegof the outgoing wave.
Depending on the distribution of P-wave first magpthe zone of compression
and dilatations are identified. Focal mechanisresdatermined using the steps as

follows:

i. P-wave first motion data are obtained from the rsegrams of each
recording station.

ii. Azimuth (@gs) and the epicentral distanca) (are calculated for known
earthquake and recording stations.

iii. The take off angle,iis obtained from the table prepared by Hodgson,
(1953) and, Pho and Behe (1972).

iv. Using ¢s and 4 the ray position is projected to each station doveer

hemisphere stereographic projection using Wulffet.NDifferent symbols
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are used to indicate the P-wave first motion. Opeoles are used to
indicate dilatation and filled circles for compriess

v. The first motion data are rotated on the stereaméind a meridian line
that separates compression from dilations. Thiaela drawn along with
the pole to the plane, which projects at 8#0m the plane.

vi. The data plot is rotated to find a second meridnat separates dilatations
and compressions and passes through the pole bfghplane.

vii. Out of these two nodal planes the fault plane ceidained based on the
local geology inherited in the region.

viii. The strike and dip of the fault planes are deteeahias illustrated in

Figure 7.2b. Rake is calculated from the poles.

ix. Pressure (P) and tension (T) axis is determinede Thaximum
compressive strain P is a pole lying on the plasm@aining the pole of the
two fault planes. It lies in the dilatational quasis 45 from the two nodal
planes. The minimum compressive stress axis, Tilidle compressional
quadrant 45from the two planes.

X. The intermediate compressive stress axis, alsecc8laxis or null axis, is
determined along the line of intersection of the tvodal planes.

7.3.3 Fault Plane Solutions

The methodology described in section 7.3.2 ardegfor the earthquakes
occurred in the Surma valley. The focal mechanishat®ns so obtained are
listed inTable 7.1 A pictorial distribution of Fault plane solutiofsbtained using
first motion polarities and CMT solution) is shownFig. 7.3. As the first motion
on the actual fault plane is the same as that@mauliliary plane, which is
perpendicular to the fault plane, so the first imotlone cannot resolve which
plane is the actual fault plane. Additional geotadinformation such as trend of

known fault is used to infer the preferred fauls.

7.4 FOCAL MECHANISM SOLUTION THROUGH WAVEFORM
INVERSION
Waveform inversion is one of the most useful teghas to characterize an
earthquake source with the estimation of sourcameters like strike, dip, rake,
seismic moment and moment magnitude, etc. Theeea@irthquake processes may be

separated into three major elements: (a) the geoeraf seismic waves by the
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source, (b) the passage of the waves through titte &ad (c) detection and recording
by the receiver which are well reflected in a seigr|am. Now a days, the recent
advancement of high dynamic range seismic instrgatien as well as development
of new techniques (e.g. Kind 1979; Bouchon, 1981 Bhattacharya 1992, etc.) made
it possible to model each of the effects matheralyido develop a procedure to

predict the character of a seismogram in a realistodel of Earth. Such a

mathematical construction is known as a synthetisnsogram and the formalism of
comparing synthetic and observed seismogram is kraswvaveform modeling (Lay

et al., 1995). Waveform modeling is an iterativegass in which difference between
the observed and synthetic seismogram is minimigeddjusting the earth structure

or source representation (Lay et al., 1995).

The present study aims to determine the focal mesimasolutions of smaller
as well as moderate magnitude earthquakes throayeform inversion. Studies of
small earthquake recorded digitally at short distasrare extremely important because
they provide information about the physics of tlaetlequake source process without
too much contamination due to wave propagationk{&and Herrmann, 1985, 1986;
Koch 1991a; Sileny et al., 1992; Schurr et al.,2999he local earthquake records
possess high frequency characteristics as influkbgecrustal structure and source
process. The major aim in modeling local broadbsgidmogram is to understand the
complexity caused by wave propagation as well assturce mechanism with better

accuracy.

7.4.1 Synthetic Seismogram

A seismogram is the combined effect of source,p@gation path and
seismograph response. Incorporating these effeetydtically a seismogram can be
computed which is known as synthetic seismogranuawmeform inversion technique,
while comparing the observed and synthetic seisamogsome misfit error is
observed which is minimized by testing with differecrustal velocity model and
source representation. A seismogram is a recogiaeind amplitudes as a function of
time, [i.e. u(t)] which can be represented by arfaunverse transformation as given

below
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ut) = %T [ U@ expiet) dw (7.1)
where U(J) is the Fourier transformation of ground motion @an be written as,

U(w) = j u(t) exp(-i ) dt (7.2)
The Fourier transformation of ground motion is givey

U(@) = M(0) Ed.0) (7.3)

whereM(a) is the Fourier transformation of source time tismem(t); E(A, @) is the
response while traveling through the medium and dépends on the type of source
mechanism, source depth and epicentral distahcdf(equation 4.3 is multiplied by
responsel(a) of the seismograph, Fourier transformation of #ssmogram is
obtained. SubstitutingJ(«) from equation (4.3) into (4.1) a time domain grdu
motion or synthetic seismogram can be generatedreThre various methods for
computation of synthetic seismogram. In this studyve number or slowness
integration method (Kind, 1978; Kind, 1979; Bhaltarya, 1992) is used. The
essence of this algorithm is to propagate the stlesplacement vector through a
heterogeneous crustal medium consisting of hor&lynstratified isotropic layers;
and its numerical scheme has been discussed imratgvapers (Haskell, 1964;
Dunkin, 1965; Wang and Herrmann, 1980 and HerrnaarthWang, 1985)

For a shear dislocation in an earthquake #eisn that the vertical or radial
components of synthetic seismogram is a linear coatibn of 3 basic fundamental
focal mechanisms and the transverse component nsarli combination of 2
fundamental mechanisms (Harkrider, 1976). The @oeffts of the linear
combination are functions of dip'{, slip () and strike ¢) of the fault. Following
Kind (1979), Wang and Herrmann (1980), Herrmann &vidng (1985), Muller
(1985) and Bhattacharya (1992) the vertical compbseismogram at an epicentral

distanceA due to a point shear dislocation may be repredeatge
Uz(At)=M,[a ZDD +b.ZDS+c.ZSq (7.4)

WhereM, is the seismic moment; and the values of a, bcaadlefined by
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a= sind +sin20 (7.4.a)
b =- cosicosd cosg +sinA cos2d sing (7.4.b)

C =¥4sinAsin2dcos2; + cosAsind sin2¢ (7.4.c)

Also

7DD :VznTS(w)I (a))da)T F,(k, ) J, (k, &) dk

ZDS=Y ]:S(a))l (a))dw]i F;(k,w) J, (x,A) dk

ZDS=Y ]:S(a))l (a))dw]i F.(k,w) J, (k,A) dk

whereS(w) is Fourier transform of source time functig{t) andl(a) is
seismograph responde;, FzandFs are Green’s function required to describe the
wave field due to an arbitrary point shear dislmrasource in a plane layered elastic
medium and are given in Wang and Herrmann (1988)cBon (1981) and Coutant
(1989);Jo, 4, I, ... are Bessel functions (Bhattacharya, 1992)hénabove
equationsZDD is theZ-component displacement of a’4fip-slip type source (i.el
=9, 6= 45, ¢ = 45), ZDSis theZ-component displacement of a dip-slip type
source 4 =90, o= 90, ¢ = 9¢) andzSSis theZ-component displacement of a

strike-slip type sourcel= 0", 5=90, ¢ =45).
Similarly, seismogram in the radial direction, ({, t) can be obtained as

U.(A,t)=M [a RDD+b. RDS+c.RSY (7.5)

where,RDD = %4 | S(w)!l (w)dw| F, (k, w) J,(k, A) kdk
2 1
—00 0

RDS: Y4, TS(a)l (a)dmﬁﬁ(k,a)) Ik, ) kdk—ﬁﬁ(k, w)+F,k w) J, (kA kdk

RSS Y TS(a)I (@M,{Tﬁ(k,w) 3k, ) kdk—zTFG(k, W) +F, K ) J, (kA kdk
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Here RDD, RDS and RSSare radial components for the basic mechanisms as
mentioned. The value of a, b, and c are similagiasn by equations 4.4.a, 4.4.b and

4.4.c respectively.

The corresponding transverse component seismogrgien by,

Up(4, 1) = M [aTDS +bTSS] (7.6)
wherea= sind cos2) cosp+ cosl coosing (7.6.a)
b = cosl sind cos2p- Yzsim sin2dsin2p (7.6.b)

and

TDS= Y4, TS(w)l (a))da)T Fo(k, &) Jo (k, 4) k dk

TDS= Y4, TS(a))I (a))da)T Fio(k, @ J1 (k, 4) k dk

HereFy andFyg are given by Wang and Herrmann (1980). It is cargd that,TDS

is a seismogram with = -9¢, = 90, p= ®andTSSis a seismogram with = &, J
=9, p= . The expressions for vertical, radial and transseromponents can be
obtained by solving the equation of motion in assg#t medium and using boundary
conditions including those at the source. The Hetaluations of the above equations
are obtained from Kind (1979), Ingate et al. (1983pd and Odom (1983), Wang
and Herrmann (1980), Herrmann and Wang (1985) dradt&charya (1992).

7.4.2 Green’s Function

There are number of factors that influence thesstit seismogram. One of
the important factors is the Green’s function. T$murce displacement can be
characterized by a system of force couples (Aki Richards, 1980). If a unit force
vectorf (X, to) is applied at poink, at timet,, a complicated realistic source can be
described as a sum of these force vectors. A seiEmo represented by(x, t)
measured by a receiver at positignis a complicated function of velocity of the
seismic waves and density structure of the Earthimeludes multiple seismic phases.

Theu(t) function varies for different source and receigesitions. For everf/(Xo, to)
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andx, there is a unique(t) function that describes the Earth’s response camdbe
computed if the Earth’s structure is known to sudint accuracy. For the purpose of
evaluation olu(t), the source terms are separated from all the oeails of the wave
propagation by defining a function called Greeniadtion, G (x, t), that gives the
displacement at pointresulting from the unit force function applied @i x,. G (X,

t), is expressed as
Ui (X, 1) = Gjj(X, t; %o, to) fj(Xo, to)

where u is the displacementf is the force vector ands is known as the
electrodynamic Green’s function. The calculationGwéen’s function is complicated
taking in to account all the elastic propertiestioé material and the appropriate
boundary conditions. The Green’s functions are utated using only the far field
asymptotic terms, since the high frequency seisarogrof the local earthquakes is

used for inversion.
7.4.3 Source Time Function

Earthquake signal at the source is the source fimetion produced by
faulting. In simplest case of a short fault thapslinstantaneously, the seismic
moment function is a step function whose derivatéva simple source time function
(Stein and Wysession, 2003). The displacementdbairs in the opposite sides of a
fault during an earthquake is not instantaneousbetirs over some finite duration of
rupture, because finite fault does not break tptatl the same time, instead waves
arrive first from the initial point of rupture aater from points further along the fault
(Fig. 7.4). Figure 7.4 shows a fault of length arag which the rupture propagates at a
rupture velocity . It is considered that there is a receiver at stadce ¢ and
azimuth [ [Jfrom initial point of rupture (Fig. 7.4a). If V ithe velocity of a seismic
wave, the first seismic wave arrival is at tirgéV and the far end of the fault rupture
at time L / \k, giving a seismic arrival at time (L /R# r/ V), where r is the distance
from the far end to the receiver. Application osice law gives,

r? = 1+ L? =2 L cos’
If source-receiver distance is greater than thiéefilmult length (i.e. r >L), then

r=r,+ L cos]
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Therefore the time pulse due to the finite fautigi is a boxcar of duration
Tr=L(1/ Vg—cos]) =L/ (VIVg—cos])

known as rupture time. These expressions can befigtbdor different fault shapes
and rupture propagation directions. The slip hisfor a source is a function of time
which begins at time zero and ends at rise time (| Source time function depends
on derivative of slip history. The source time ftioe can be obtained convolving the
rupture time and the rise time. The duration of ¢harce time function varies as a
function of azimuth depending on the ratio of thpture velocity (\¢) and the wave
velocity (V).

7.4.4.1 Expression for Source Time Function
The source time function or the moment functioft) wan be written as
m(t) = Mo S(t)
where Mo = seismic moment [5A.D
ls = Modulus of rigidity at the source
A = Area of the fault
D = Average slip (displacement) of the rockabthe fault
and St)=0 fort@
=g(t) forO<tx
=1 for t >

In the range 0 <t <I, g (t) has a maximum value of 1 which is attaimed =

C100Crise time. Here, m(t) is the equivalent point-seuraoment function of the
actual extended source and Mo is moment estimatthéoearthquake and agrees
approximately with the rupture duration. The sesmibment functioom(t) describes
the faulting process in terms of the rigidity oétimaterial and history of the slip, ip(
and fault area A. The derivative of the moment fiomcm(t) i.e. m(t), reflects the
pulse radiated from the fault, which propagatebatP-wave speed and arrives at a

distance r at timée—r/(].

There are various choice of g(t): (a) Ramp functjgt) = t/LJ[1, which

begins at time zero and ends at the rise timéf-ig. 7.5a)/[1 The derivative of the
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ramp function is a boxcar(Fig. 7.5b)11The area enclosed k) is 1. It can be

shown theoretically that far field P waveform iven by m(t) or §(t), where *

shows differentiation with respect to time. Sometsg (t) as shown in Figure 7.5b is
not in conformity with observed far field P-wavehiah appears as pulse) and any
other choice from the following source time funasocan be considered. (b) Source
time function proposed by Brustle and Muller (1988)ggests g(t) = 9/16 [1- cos
/01 + 1/9(cosI It/ - 1)]. The graphical presentation of this functiand its
derivative are shown in Fig 7.5c¢,d. (c) Source tinection suggested by Wang and
Herrmann (1980) is given by

2Tgt) = O t<0
= 0.5 T}, 0<t<T
=-0.5 (UT§+2t/T) - 1, T<t3T

0.5 (/T§— 4(U/T) + 8, 3T <t4T
=0 4T<t

Where T =[1/4, [1[lis rise time. The derivative of source time funetmp(t) i.e.g(t) is
shown in Fig.7.5e. The time function has a unibaad has spectral zero at certain
frequencies. If T =m.[]t, (m is some power of 2), then the spectral zam &
frequencies, e, fna..... faem (fy is the Nyquist frequency) defined by=f 1/207t
and N is also a power of 2. By choosingand [t such that one of the spectral zeros
occur at the Nyquist frequency, the pulse can mehegized and propagate through
the model without the rippling introduced by an itdsy sharp high frequency
spectral cut off. (d) Triangular source time fuontig(t) is a less complicated far-
field source time function. The graphical repreagah of a triangular source time
function is as shown in Fig. 7.5f. (e) Trapezoigaiirce time function is trapezoidal
in shape and characterized by rise timel(Jand [ rupture duration (%) as shown

in Figure 7.5.9.

7.4.5 Digital Waveform Data

The data set consists of waveform from 63 numberselected local
earthquake events (M < 3.5) recorded by local seismtwork under operation in the
region (Table 7.2 and 7)3 This study utilizes 2 numbers of events each #ra
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selected from the Sylhet fault region in BengaliBasd Mat fault region in Tripura-
Mizo fold belt. These selected events are recorogdseismic station at Aizawl
(AZL), Mizoram. Selection is made on the basis ighlsignal to noise ratio, accurate
epicentral location, clear and impulsive recordPand S phases and better azimuthal
coverage. However, emphasis is given to the smadghquakes (M 8.5) recorded

at short distances for source mechanism study. éfmoal parameters are
determined following HYPOCENTER location programigiert et al., 1986).
Estimation of hypocentral parameters indicate ttheg RMS time residuals are

generally less than 0.25 sec resulting in epiceatrd depth error of less than 1 km.

7.4.6 Preprocessing of Data for Inversion

The velocity seismograms selected for waveform risie@ are prepared by
removal of mean, tapering and band pass filterifge lower and higher cut off
values for the band pass filter depends on thedraakd noise level that exists in the
signal. All the three component seismograms aterétl using 8-pole Butterworth
band pass filter (Scherbaum, 1994). The seismogeae§ltered within the range 1-
2, 2-4 Hz that give smooth noise free waveform & used for inversion. The
observed waveforms are corrected for instrumenpomrse so as to get the
corresponding ground velocity. Using instrumenpogse the amplitude counts are
converted to cm/sec unit. The angle of incidenaktar back azimuths for each event
are calculated from the hypocentral parameters. baek-azimuth is the angle
measured between the vector pointing from theastat the source and the vector
pointing from the station to the north and the diecice angle is defined as the angle
measured between the ray vector at the statiom(the@ source to the station) and the
vector pointing from the station straight up. Usthg two parameters the observed
waveforms are rotated to get vertical, radial anddverse components. After this, the
vertical, radial and transverse components are avied to a appropriate length to
include the P and S onsets for each componentdirguhe later part of the S-wave
i.e. coda wave, because coda waves are consideteel $cattered waves with little

relationship to the source process (Der et al.1199
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7.4.6.1 Background Noise Evaluation

The broadband data at different stations have réifite site noise
characteristics. In order to obtain an idea abbatdite characteristics, background
noise evaluations are carried out. The power spleeitimates have been corrected
for the system response and gain representingeti®os input. Stations instrumental
in the Low Noise Model (Peterson, 1993), howevarrel@sed cultural noise (0.1-1s,
1-10 Hz) the highest power level (Red, Green angeBare not significantly higher
(<26%) than the low noise model (LNM). After 1 séae power level marginally
(<10%) varies with LNM. The three lines approacke tbNM indicating that the

station minimum reflects actual ambient noise ctouls across the whole spectrum.

Variable pass bands are used for the stations basedackground noise
evaluation. The low cut off is then set at the frerocy where the signal to noise ratio
(S/N) is above amplitude level of 1.0E-03 cm/selse higher cut-off, on the other
hand, is set at 2.4-4.0 Hz to reduce the effestaftering and to avoid the calculation
of high frequency portion of the synthetic seisnamgr The data is discarded if the

bandwidth between two corners is too narrow.

7.4.6.2 Conversion of Amplitude from Counts to cmésc

In a digital recording seismograph, the output frira seismometer (in the
form of voltage) is fed to an amplifier and the difigd output is fed to digital
recorder, which records the ground motion in temhsdigital counts converting
voltage into counts. In order to obtain the acgralund motion, the amplitude counts

for the velocity seismograms are converted to osgters/second using the instrument

response.

An example for conversion of velocity seismogramorded by the broadband
station at Aizawl (AZL), Mizoram equipped with CM@T (Guralp make) sensor
and REFTEK 72-A/07 data acquisition system witlatedl parameters is as follows:

Data format = 24 bit
Sampling rate = 100 SPS
Velocity sensitivity = 150%/m/s

Analogue to digital (A/D) conversion factor = 1.#306Volts/counts
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Preamplifier gain = 1
The appropriate conversion is obtained as,

Amplitude(count3* A/ D Conversionfactor (V /countg

GroundVelocity= — . —
preamplifier gain* Sensitiviy (V /m/s)
- Amplitude(countd * (L.907E - 06 V /coutng
1*1500V /m/s
or,  GroundVelocity=| (Amplitudecountg* (ALOTE-08) | e

1*1500

or,  GroundVelocity= [(Amplitudecounts)* 127E —7] cm/sec

In case of REFTEK-72A/08 data acquisition systef@0Z.]V corresponds to 1

digital count.

7.4.7 Crustal Velocity Model

A local crustal velocity model, which can generidie recorded characteristics
of near earthquake phases, is very much esseatiattrieval of source parameter of
small events (M8.5). The high frequency characteristics of local aegional
seismograms are influenced by complex velocitycstme of the medium on small
scale and source process (Sileny et al, 1992; §aild94; Sileny, et al., 1996).
Generally the crustal structure is determined bychiag the travel times of P and S
waves without accounting for the amplitude. It ery difficult to use this type of
average crustal velocity model in waveform modelingcase of high frequency
seismograms. Besides defining gross crustal streicttiis very much necessary to
define the shallow structure near the receiverhst the velocity model can predict
the observed P-wave and S-wave amplitudes. Surrik@yvia a complex tectonic
domain and the detailed crustal velocity structigreot properly known. Hence the
logical approach is to start the focal mechaniskersion with the standard crustal
model i.e. the model used for earthquake locatiothe region under study and to
employ the focal depth from location procedureoider to avoid ambiguity, two best
strategies are made: (i) to perform location anidutation of take-off angle with

these two models without first arriving interfacawe and (ii) to calculate Green’s
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function and synthetic seismograms in realistic ehodhile repeating the focal

mechanism inversion with varying focal depths.
7.4.8 Methodology

It is assumed that the crustal velocity models um@drealistic one and the
hypocentral parameters of the studied events arerae. The waveform inversion

technique adopted in the present study is desceabddllows:

(i) The events recorded by the digital broadband statiwe selected on the basis
of high signal to noise ratio and clear record @ S arrivals.

(i) The 3-component digital records are converted mglsi column ASCII file
and inspected for completeness and undesired mstrial influences. The
multiple events in the same record are separatédhenP-wave first motions
are noted.

(i) The observed waveforms are corrected for unstent response and rotated to
get vertical, radial and transverse components #&fseline correction and
trend removal with the help of PITSA program (Stiaem, 1994).

(iv) The seismograms are then low pass filtered bel@ictiner frequency. The
high frequency components are excluded becausedifficult to model high
frequency components as it require a precise krag@®f detailed subsurface
crustal velocity model which is not properly kno¥an the study region.

(v) Green’s functions are computed in the complex spkedbmain for a given
station source path with the help of PSV and SHmdsT programs modified
after Bhattacharya (1992). These two programs eveldped following Wang
and Herrmann (1980) and Herrmann and Wang (198%@. @rogram PSV
calculates the Green’s functions for the vertical sadial components and SH
computes the Green’s function for tangential congmds. Before computation
the calculated time window is fixed to 20.48 semrab that frequency step is
df = 1/20.48 Hz = 0.05 Hz. Such a special choice, ttegewith the 2048
complex points, gives the time increment of syntheeismograms ofit =
0.01 s. In calculating Green’s function, the exaearth flattening
transformation is used following Intgate et al. §39 thus preserving exactly
the kinematics and dynamic properties of the waelel in the plane layered

medium.
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(vi)The source time function is generated for an asdunse time using a

computer program SW.

(vii) The Green’s function are multiplied with thestrument response function

and appropriate source time function generateddp évi), so as to get the
synthetic seismogram for the fundamental focal raedms as discussed
(section 7.4.1). A computer program named GRAMsesdufor this purpose.
Output of PSV, SH and SW along with the instrunr@sponse, | (t) are the
inputs to GRAM. Output of this program results flyathetic seismograms for
the fundamental mechanisms DD, ZDS, ZSS, RDD, RDS, RSS, &b8
TSS While generating these reference seismograms aseismic moment

Mo = 10°° dyne-cm is considered.

(viii) The synthetic seismograms for the fundamkrtacal mechanisms are

7.5

combined linearly for vertical, radial and transercomponents separately
with different choices ofd, dand 6 as coefficients so as to get required
synthetic seismograms for three componentg([Uit), Ug([1Jt) and
Ur(CJ0t)] which matches with the observed seismogram. &hsolute
amplitude of the synthetic seismogram is matchedth whe observed
seismogram with appropriate selection of. Mhis step uses a program
GRAPH. Final validation of the best fitting solutids accomplished by
comparing the observed and synthetic seismograiime domain. For better
reliability of the solution amplitude spectra ohdlyetic and observed are also
matched in frequency domain. At the point of optimwalomain fit, it is
assumed that the parameters ©, 6land Mo) used in computing the

synthetic seismograms are best obtainable estirfa@tédse event used.

RESULTS

7.5.1 Results of Fault Plane Solutions

The focal mechanism solutions of 67 numsladérevents form the database for

the present study (Fig. 7.3). Most of these sohsti@are obtained from GCMT

database. Few solutions are determined for theeptgsirpose by incorporating more
than 45 stations data from ISC Bulletin, RRL-Jorretd NGRI-Hyderabad

seismological bulletin as well. Distribution of daet for the events depicting the

percentage of faulting type is shownTable 7.4.1t is observed that the region is
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dominated by existence of higher percentage okessiip faulting. Table 7.1
indicates the events that comprises of focal mashasolutions determined through
first motion P-wave polarities, CMT solution anac& mechanism solutions obtained
through waveform modeling. Four solutions (blackl avhite) are obtained through
waveform inversion (Fig. 7.3). Fault plane soluidior the events associated with
Sylhet fault region in the northern péfiable 7.5)and Mat fault regioriTable 7.6)in
the eastern part are shown separately in FiguGss ahd 7.7a respectively. A depth
section of the beachball representing Fig. 7.6sha@wvn in Figure 7.6b. Figure 7.6 c,
d, e, f indicate the associated nodal plane, P-axéntation, T-axis orientation and
both P- and T-axis orientation along the northart pf the Surma valley. Most of the
nodal planes are oriented along North-South whixiB orienetation is found to be
along East-West. Similarly, a depth section ofkikachball representing Figure 7.7a
is shown in Figure 7.7b. Figure 7.7 c, d, e, f tadiating the associated nodal plane, P-
axis orientation,  T-axis orientation and bothahd T-axis orientation along the
eastern part of the Surma valley. Most of the hptimes are oriented along North-
South while P-axis orientation is found to be aldiagth of North-East.

The beachball presentation in Figures artd 7.7b for regions in the northern
part and the eastern part respectively appears gighificant when a depth level of
41-60 km is considered. The events occurring withis depth range are
characterized by the regime of dip-slip and thitype of focal mechanisms. Figure
7.6¢c and 7.7c shows nodal planes of the respefticaed mechanism solutions of the
events associated with regions belonging to Malt faad Sylhet fault. Most of the

solutions are characterized by thrust and striigefault.

P and T-axis orientations (azimuth) h&een plotted along the direction of
Sylhet (Figs. 7.6d, e and f) and Mat faults regpebt (Figs. 7.7d, e and f). It may be
noted that in later figures as mentioned, the dedimof the azimuth as would be seen
in a map view is retained while the center of elawh corresponds to the position in
depth, of the solutions. An important observatisrthat P-axis (compressional axis)
of all the events, including thrust, strike slipdanormal type of solutions, are
predominantly East-West directed along Sylhet faufile for Mat fault P-axis
orientations are predominantly north north-eastelihected. The direction of the

compressional axis long the respective fault indi¢he prevailing stress condition of
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the region. As thrust and strike-slip mechanismsnidate, these two state of

mechanisms reflect N-S compression rather than &ahsion.
7.5.2 Results of Waveform Modeling

The focal mechanism solutions from Mat and Sylratlté recorded by
Aizawl station (AZL) obtained using waveform inviers technique are as described
below:

(1) 26 February 2003 (Origin time: 17" 32™ 17.00° Lat: 24.347°N, Long:
91.543°E, Depth: 20 km, Mag: 2.7 MpA)

The event is associated with the Mat fault rdedr by Aizawl seismic
station (i.e. AZL) and other stations in the vigin The broadband seismogram
recorded at AZL seismic station is used to applg thversion technique for
evaluation of source mechanism (Fig. 7.8a, b and'leg observed data is rotated to
get vertical, radial and transverse component smisam using incident angle 220
and back azimuth 40 The inversion is carried out for a frequency b#he Hz)
which is below corner frequency (i.e. 10 Hz). Thee€h’s functions are computed
using velocity model Bhattacharya et al., 2005 dtation source-path of 42 km at
depth 33 km. The synthetic seismograms are caémjlahssuming source time
function suggested by Wang and Herrmann (1980) sotirce duration![1=0.3 sec.
Possible focal mechanisms are evaluated for wilielsynthetic seismogram matches
with the observed data. This is done by a grid ckedechnique and the best
mechanism thus obtained possesses the followirgneders: Strike = 178Dip =
76° and Rake = 165 The seismic moment and the moment magnitudeoaralfto be
5.978E+12 Nm and 2.6 Mw respectively. The agreermetween the observed and
the synthetic seismogram is shown in Figure 7.9a and d. A good matching is
observed for P-wave in the vertical component and S-wave in horizontal
component. The mechanism suggests that the everaused by pure strike-slip
faulting. The T- axis trends towards the southwagimuth = 134 and plunge = 69
and the P-axis towards the northeast (azimuth £ 284 plunge = 89 (Fig. 7.10a

and b). The estimated source mechanism for thistese

Strike Dip Rake
Npl 178 76 165
Np2 272 75 14

Seismic moment =5.98e+012
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Mw =2.6
Faulting type: Strike-slip

(2) 27 July 2003 (Origin time: 27" 89™ 12.07° Lat: 24.192°N, Long: 92.262°E,
Depth: 20 km, M = 3.7 MpA)

The event is associated with the Mat Fault ledan Tripura-Mizo fold belt.
It is well recorded by the local seismic station RGSHL, IMD and AZL. The
waveform data from AZL station possesses compaigtivigher signal to noise ratio
than the other stations and therefore selecteth¥@rsion purpose (Fig. 7.11a, b and
c). The inversion is carried out for a frequencyndg0.2-1.0 Hz) below corner
frequency (i.e. 4 Hz). The Green’s functions artamied for station source path of 9
km from the station AZL with source depth of 33 lssuming 1D velocity model of
Mukhopadhyay et al., 1997. The grid search teclmgroduces many solutions with
higher correction coefficients for P- and S-wavephimdes. The inferred solution is
unable to predict the observed amplitudes of P- Sndave at AZL station as
excepted. So the attention is paid to smoothly fydtle velocity model. The P-wave
velocities are decreased from 6.3 km/sec to 5.&mAt depth 5 km with Vp/Vs =
1.71 and the Green’s functions are recomputed. Bathanism obtained from grid
search technique is tested by predicting the olkgemvechanism at AZL for P-wave
group. Finally a solution with strike : 24Dip: 22, and rake: 2Lis found for best
double-couple solution from the waveform predictidhe T-axis of this mechanism
give azimuth: 69and plunge: 4% and P-axis gives azimuth: 208nd plunge: 55 A
seismic moment of 3.34E+23 Nm dyne-cm is used. Mbaent magnitude is found
to be Mw = 4.9 (Fig. 7.13a and b). The syntheticAdL correlate very well with the
observed seismogram (P-wave group) both in amgitnd phase for vertical and
radial component while the transverse synthetiwoispredicted well (Fig. 7.12a, b, ¢
and d). Although the predicted amplitude rangeoisntl to be equivalent with the
observed amplitude, the mismatch is due to cortiahwof noise exist in the observed
transverse seismogram. The mechanism suggestshth&vent is caused by thrust

with strike-slip component type of mechanism. Théneated source mechanism for

this event is
Strike Dip Rake
Npl 247 22 21
Np2 137 82 110

111



Seismic moment = 3.34E+23

Mw = 4.9

Faulting type: Thrust with strike-slip componaméchanism
(3) 15 July 2003 (Origin time: 20" 90™ 16.53° Lat: 24.361°N, Long: 91.321°E,
Depth: 20 km, M= 3.3 MpA)

The event is originated in the Bengal Basin. Bwent is recorded by a
number of seismic stations in the Northeast. V&oseismogram recorded by AZL
seismic station is utilized to invert the wavefoffg. 7.14a, b and c). A low pass
filter 1-3 Hz is applied to eliminate the high freapcy components and corrected for
instrument response. The waveform is rotated tovgeical, radial and transverse
components using incident angle (318nd back azimuth (180calculated for AZL
station. The Green’s functions are computed focexgial distance 50 km and at a
depth of 37 km using velocity model of Bhattachagyal., 2005 and convolved with
different source time functions to obtain a syntheeismogram which matches with
the observed one. It is observed that the soumee fiinction suggested by Wang and
Herrmann (1980) is a good choice for this evenhwaissumed slip duration or rise
time [J[J= 0.5 sec. Using fine grid search technique andlyapp amplitude
constraints, the synthetic seismograms are gewker&te different choice of
0 and I, so as to get a good matching between the syothatl observed
data. The best mechanism thus obtained has thmvfolj parameters: Strike= 159
Dip=87°, Rake=172 Figure 7.15a and b shows the comparision of ®fittrand
observed seismogram. The mechanism suggests thagvént is caused by pure
strike-slip faulting. The P-axis trends toward tiwetheast (azimuth: 264nd plunge:
87°) and the T-axis toward the southwest (azimuth® &bl plunge: 83. An average
seismic moment of 4.69E+12 Nm dyne-cm was used ragigt the synthetic
seismogram. The moment magnitude is found to bé/v5Fig. 7.16a and b). The

estimated source mechanism for this event is

Strike Dip Rake
Npl 159 87 174
Np2 250 84 3
Seismic moment =4.696e+012
Mw =2.5

Faulting type : Strike-slip
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(4) 30 June 2003 (Origin time: 13" 06™ 00.07° Lat: 24.839°N, Long: 91.838°E,
Depth: 20 km, Mag: 3.4 MpA)

The event occurred near the intersection of Malt fand Sylhet fault in the
Surma valley. The event is modeled using the waweforom AZL station (Fig.
7.17a, b and c). The inversion is carried out fdreguency band (1-2 Hz) below
corner frequency (i.e. 8 Hz). The seismogram fro#L Astation is rotated to get
vertical, radial and transverse components usirgdémt angle (349 and back
azimuth (169 calculated for AZL station. The Green’s functiom® computed for
epicentral distance 83 km from TZR station and ffalegth of 33 km using velocity
model of Bhattacharya et al., 2005. The synthegisrsogram with source duration
[1J10.3 sec, Mo = 5.889E+12 Nm and the mechanism niaintpStrike = 173
Dip= 8%, Rake = 168fits the observed waveform data. The source tiometfon
suggested by Wang and Herrmann (1980) is assuntesl.nlechanism suggests a
strike-slip component of motion. The P-axis tremo&ard the northeast (azimuth:
218 and plunge: 89 and the T-axis toward the southwest (azimuth? B2id plunge:
85°). The moment magnitude is found to be 2.6 Mw (Fid.9a and b). A good
agreement of synthetic and observed seismogramsia af P-wave is observed in the
vertical component compared to the radial and Wens® components whereas S-
wave amplitude of the synthetics agrees up to sextent in all the three components
as shown in Fig. 7.18a, b, c and d. The earthqisak&gered by Sylhet fault. The

estimated source mechanism for this event is

Strike Dip Rake
Npl 173 89 168
Np2 264 78 1
Seismic moment =5.889e+012
Mw =2.6

Faulting type : Strike-slip
7.6 DISCUSSION
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This chapter deals with the determination of fanachanism solution using  P-
wave first motion data and waveform inversion tegbes. The events used for

source mechanism study originate from Bengal BasdalIndo-Burman region.

The source mechanisms through P-wave first motiata cire determined by
acquiring data from local seismic network suppleteénby phases from the
stations at teleseismic distances. Focal mechasidations for the events M>4.0
are well constrained because of availability ofuieed number of P-wave first
motions. The uniform distribution of azimuth ofaade number of stations is one
of the important prerequisites for a reliable fooa¢chanism solution (Khattri,
1973). However this is not the case for the ev@vits4.0) originated in NER. In
case of these events estimated focal mechanisrtics@ware not well constrained
due to sparse distribution of recording statiorfsis Bituation worsen in the case
of events M<3.0. Determinations of focal mechanidorsthese events tend to
near impossible with first motion P-wave arrivalchase very less number of
stations record these events. However, basic lilmitain the study of focal
mechanism through P-wave first motion method faallsiv focus earthquake
arises by virtue of the very limited coverage ofdbsphere by the observation
data. The coverage improves with the increase pthdef focus. These constraints
are observed by various researchers (Khattri, 1&@handra, 1978 etc].he focal
mechanism solution using P-wave first motion dat® wnly a fraction of
information contained in body wavels the contrary the estimation of seismic

moment and moment magnitudes are not possible.

Overcoming the constraint faced in P-wave polarityethod, source
mechanisms of few events (magnitude range 2.7-@ré) carried out through
waveform inversion. The studies of small magniteaethquake at short epicentral
distances are important as they are not influedetbo much contamination from
source-path velocity structure. Estimation of seuparameter of these earthquake
events through waveform inversion gives better idégath effect and amplitude

information.

Simulations of synthetic seismograms are achiewe@stimate the source
parameters in order to define a source. The comiplestion of many variables i.e.

Green’s functions are deduced for each propagaath. The effect of propagation
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path is simulated by convolving the source timecfiom with Green’s functions in
the form of impulse trace for particular sourceatian. In the process, existing
information regarding crustal velocity structuretihe region is used for reliable focal
mechanism solutions. The synthetic seismogram edigied is compared with the
observed seismogram by determining a suitableisalamong number of admissible
solutions. From the comparison of observed andhgyitt seismogram it is seen that
these seismograms do not match perfectly and iffatahces are mostly in the low
amplitude high frequency details of the waveforrer et al., (1991) also made
similar observations. Therefore the seismogramdaavepass filtered. This filtering
process reduces the high frequency components widot included in synthetic
waveform. The error contained in the focal mechanid these earthquakes through
waveform inversion is difficult to quantify in anbsolute sense because of the
interdependence of the structure, source time imetand focal mechanisms on the

final waveforms

It is almost impossible to model local high freqognsignal, unless the
velocity structure is adequately known. It is obser that when a simple crustal
model is used, the synthetic are too simple, michtsr than the real records. Then
the inversion needs cutting and tapering of reabnds, which is avoided in this
study. The study uses a bit upgraded crustal mqgaelucing synthetics whose
duration is comparable to real records. The useelufcity model by Bhattacharya et
al., (2005) for the events produces reliable syittsismograms. This approach has

made the solution most reliable.

The focal mechanism solutions obtained through Veawe inversion and by
P-wave polarity method indicate that the Surmaeyailt dominated by strike-slip and
thrust faults. Strike-slip solutions that relatehwiMat fault characterize the fault type
and also solutions along the Sylhet fault indi¢htd the fault is dominated by strike-
slip type of mechanism. Thrust fault with eastertytheasterly dipping fault planes

are observed in Indo-Burman ranges.
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CHAPTER-VIII

SUMMARY AND CONCLUSIONS
8.1 SUMMARY AND CONCLUSIONS

Seismotectonic study is one of the nupgtial and typical studies as far as
seismically active regions are concerned. The nmogbrtant components pertaining
to the seismotectonic study are wide but these gfiynand mainly relates to the
better estimation of hypocentral parameters. BeStmated hypocentral parameters
are the prime input to the seismotectonic studsiof region. The study begins with
the prediction of seismicity map which ascertaimmparatively high and low
seismically active region. A regional seismicity pnéor Surma valley and the
adjoining region, covering the area bounded by itodgs 90 to 95E and latitude
22°N to 26N has been prepared by plotting the earthquake fdatdie period from
1969- 2010 (source: ISC) over the generalized tectonaps of the region. From this
study, it is concluded that most of the seismicnévdall in the tectonic domains of
the Surma basin, Meghalaya Plateau and Indo-Myamegaon. Surma and Bengal
basins have shallow focal depth i.e.<70km excepa fiew events in the NW trending
wedge shaped block lying between the Kopili and Bitenfaults. The earthquake
events in these tectonic domains occur in diffupattern having post-collisional
intracratonic characteristics. On the other handstrof the earthquake events falling
in the Indo-Myanmar (Burmese) tectogenes have fadbepths varying from
70-150 km where seismicity is more intense andnésfithe westerly convex broadly
N-S subduction zone of the Indian plate. The negimder investigation is the
Northeastern prolongation of the Indian Shield cosipg Surma valley bounded by
Post-Barial unconformity, the NE-SW Sylhet faultdeE-NW Mat fault.

In this thesis, an attempt is made toowklinto the seismic activity of the
region. In addition the study also tried to estinthte travel times of P and S waves
apart from estimation of Vp/Vs ratio and the infezes made through focal
mechanism solutions. The seismic activity are swidin the basis of data during the
period 1969 to 2009 over a span of 40 years tiroerporating more than 4500 events
in the database (Fig. 4. 5). In order to inferdistribution of Vp/Vs ratio, correlation
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with the crustal lithology and characterization bt and Sylhet fault are well

addressed in this thesis.

The travel time of P- & S-wave and subsequentilligion of Vp/Vs along
varying depths plays an important role to undestiie seismotectonic of the region.
On a local scale the main objective is to deterntiveeprecise variation of travel time
ratios along depth sections. No study is, howewerge to estimate this aspect using
travel times of P- and S-waves of the local eardkguevents recorded from local
broadband seismic stations in the studied regiacki®y up of precise reading of
seismic phases of the local earthquakes in theognacords of earlier seismic
networks was difficult. With the advent of digitstismic network permitting precise
detection of seismic phases, however, it is posdibl estimate the travel times of
P- and S-waves. Besides this, an attempt is maithedoporate the variation of Vp/Vs
ratio in depth sections. Additionally, source cleéeazations are made by studying
the source mechanism inferred from first motion & polarity and waveform

inversions.

Chapter-Il gives the general introduction to tleetdnic settings of Surma
valley and the adjoining regions. The seismicityotpbf the studied region
demonstrates well defined trends of seismicity ttatespond to local and regional
tectonic settings. A new modified tectonic map hasn developed for the study area
in GIS environment using satellite imageries. Timap incorporates all the major
faults and lineaments that are common and uncommo®SI map of 2001.
Geotectonic settings of Surma valley have beenribeston the basis of this map in
this chapter. This map for the Surma valley is giduo be accurate one because it is
digitally prepared, geo coded and GIS based.

Estimation of true ground motion is fhréme pre-requisite for digital signal
processing e.g. spectral analysis, waveform ingargpath modeling etc. This study
tries to formulate an amplitude frequency respduagsetion by correcting the effect of
recording media for the respective station equippéith digital seismograph. A
methodology for this is described briefly in Chaptd. The estimated central
frequency band is 0.002-5.0 Hz for the digitizenipged with CMG-40T sensor. The
pass band so estimated indicates the plateau vedady 1 count/nm/sec towards
amplitude. The plateau value ascertains the troainglt motion. In this chapter,
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amplitude frequency response to the ground veloeiith known pole zero
distribution for AZL station in Surma Valley hasdreestablished.

Determination of precise location of epicenterd dapth are the prime input
for better understanding of the true seismicitytgrat of a region. Chapter-IV
incorporates the methodology for determination efocated values of precise
hypocentral parameters. A total of 2578 numberswveints recorded during 1982 to
2009 by local seismic network (RRL-J, NGRI-Hydermze relocated) have been
used for determination of hypocentral parameterypadentral parameters so
determined form the basic database to the preteday svhere uncertainties involved
in the estimates of origin time are of the orde0d#-0.02 sec for about 80% of the
total number of events. Similarly, the uncertastievolved in the estimates of focal
depths are 0-2 km for a total of 85% numbers ofthgaakes relocated. The
seismogenic zone in Surma valley and its adjoimggjon is constrained between
20-40 km. On the whole Surma valley and its vigimkperienced maximum number

of events which occurred within the range of magphet3.0-5.0.

In Chapter-V an attempt is made to estimate thsetrtimes of P- and
S-waves from the relocated hypocentral parametadenn Chapter-1V. The detailed
methodology and data analysis following Wadati @idnichenko diagram are
described in this chapter. The Wadati and Riznikbgriots are made for the events
around Sylhet fault region in the northern part &uat fault region in the eastern part
of Surma valley. The Wadati diagrams show systengsdcrease in ts/tp, suggesting
that the velocity for shear waves increases fatan that for the compressional
waves in the upper levels of the crust. Wadati rdiaxg for eastern part of Surma
valley and its vicinity shows that the plots arellveenstrained so far the values of
Ts-Tp vs. TAndTs-Tp vs. Tare concerned. Riznichenko diagrams clearly shaw t
change in shape of the travel time versus distancee with increasing focal depth,
and is indicative of both a geometrical effect amd increasing P-wave velocity.
Riznichenko diagrams are plotted against variougthdentervals. All the plots
indicate clear dependence of S-P travel time (Ts-Wph respect to epicentral
distance #). The travel times so estimated forms the basistiie estimation of
Vp/Vs ratio in Chapter V.
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In Chapter VI, the distribution of crustalocity ratio (Vp/Vs,) has been made
in Surma valley comprising Mat fault region in ta@stern part and Sylhet fault region
in the northern part. The Vp/Vs ratio for the Surwelley and its vicinity are
distributed over the range 1.67 to 1.79. Low valolegp/Vs ratio are observed in the
eastern part of the Surma valley. These variatiobsiously characterize the
heterogeneity of the crust at different depth sesti The distribution of Vp/Vs
velocity ratio in Mat fault region (eastern Surnalley) in different depth ranges are
found to be varying between 1.75 to 1.83 in 0-20depth range. The distribution of
Vp/Vs velocity ratio in the northern part of Surweley which is traversed by Sylhet
fault establishes a different picture. In the depsimge of 20-40 km, a highly
inconsistent nature of the velocity is observe@miroximately 33 km depth where
the velocity takes a sharp bends. The velocityr@tp/Vs) suddenly decreases from
~1.77 to ~1.7 at this 33 km depth. This behaviothef sudden decreases in velocity
may be due to the in-heterogeneous nature of thet.cin the depth range of
40-60 km, however, a more or less uniform velodtgbserved throughout the range
where Vp/Vs ratio is at approximately 1.78. Vp/Vatio could be utilized to
discriminate lithology of the study area. For imsta the low velocity for the P-wave
found for depth section 41-60 km in Mat fault regioould be produced by high
velocity saturated material with high crack densi§ometimes, high velocity
observed with low velocity ratio implies that theterial is likely to have low crack
densities, low intrinsic velocities and possiblygtner effective stress at that range.
Similarly, lower Vp/Vs ratio at a depth of 21-40 kmSylhet fault region may be due
to the reason that the region is guided by highésctve stress level for the
properties of the rocks at depths involved in thi&leé deformation associated with

the earthquake faulting.

Chapter VIl interprets the focal mechanism solwidhat are obtained by
using P-wave polarity method and waveform inverdiechnique. To decipher the
style of current deformation in the valley, 67 foo@echanism solutions have been
examined. The earthquakes occurring in the SurrasinB giving mostly thrust
solutions with strike-slip component, are relatedtiie tectonics of Indo-Myanmar
tectonogens as this domain belongs to Neogene aunteregime for the eastward
subducting Indian plate. Variable amount of thmggtand strike slip faulting affect

the N-S trending structures in Surma basin whichaswell depicted revealing the
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present day displacement pattern (Jade et. al.7)200P and T-axis orientations
(azimuth) have been plotted along the directions Mét fault in eastern part and
Sylhet fault in northern part of the Surma vallegspectively. An important
observation is that P-axis (compressional axisplbfthe events, including thrust,
strike slip and normal type of solutions, are prag@ntly north-north westerly along
Sylhet fault while for Mat fault P-axis orientat®rare predominantly north north-
easterly directed. The direction of the compresdi@xis long the respective fault
indicate the prevailing stress condition of theioag As thrust and strike-slip
mechanisms dominate, these two state of mechamediast N-S compression rather
than E-W extension. Present observation on seigmace in agreement with studies
made by Molnar(1984), Nandy and Dasgupta (1991)vercha(1991).

Waveform inversions of four local eartbge events recorded by Aizawl
(AZL) station are able to produce the source patarsg seismic moment and
moment magnitude. Significant phases like P- awda®e and P- wave groups in a
seismogram are inverted with an aim to generateéhstios and compared with
observed seismogram. Focal mechanism solutionsndieesd through waveform
inversion for comparatively lower magnitude eartdkgishow that most of the source
are characterized by strike-slip type of faultidy.good agreement between the
observed and synthetic seismogram observed for mmesthanism indicate that
solutions are mostly reliable with reference to Wedocity structure used. Moreover
the study finds that a low pass filtered seismogimitmest suited for inversion rather
than high frequency component. This study showsgsbsmograms recorded from a
short epicentral distance can be modeled, providedelocity structure is reasonably
well known. Hence the study depicts that both théh& and Mat faults are
characterized by Stike-slip faulting.

The conclusion made in the present study couldseel as a primary input to
the earthquake hazard assessment in Surma vallieysancinity.

8.2 SCOPE OF FUTURE STUDY

Present study covers the seismicity of Surma yagirticularly with respect
to two prominent faults, Mat and Sylhet. Althouginsiderable work is accomplished

applying different techniques and approach in thgian, extensive research was
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needed to be conducted in order to have an in-deptiwledge of this tectonic

domain.

In order to understand earthquake prediction/psmursubstantially, in
addition to monitoring seismicity, both the faultsder consideration (Sylhet and Mat
faults) along with other faults/lineaments in therr8a valley, require a permanent
multi-parameter geophysical observatory for premustudies and close monitoring
of crustal deformation across the fault zone by GR&surements. Large and
damaging earthquakes that occurred in the studpnmegye a clear reminder of the
devastation that is due to happen anytime in th&du In this respect, investigations
relating to paleoseismology, precursor study andrambnation may be useful in

mitigating seismic hazards.

So far any assessment for predicting future eadkes from statistical
analysis or analysis of past earthquake eventsriserned, it is unlikely to yield any
tangible and useful result, until in-depth knowledgf tectonic evolution,
characteristics of individual and distinct tectodmmain is obtained through rigorous
field geological and geophysical investigationsteAtpt has to be made to synthesize
all available updated information on geology, ¢@at, gravity, seismicity including
those derived from the remote sensing techniquBuofa valley and the adjoining
region to bring out the active tectonics of theisagand to identify the seismogenic
structures or earthquake source zone so that fuasearch in these fields can be
rightly oriented with identified thrust areas hayithe objective for mitigation of

earthquake hazards in this highly vulnerable regioour country.
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Table 3.1List of 33 seismic stations with its parameters usefor the
present study operated by NEIST-J, NGRI-H, Gauhati
University, Manipur University, Mizoram University and

Indian Meteorological Department, Shillong.

SI. Station Name Station code Locatior Elevation Data Format
No. Latitude Longitude
(°N) (°E)  (m)

1 Aizawl AZL 23.724 92.732 820 Digital

2 Along ALN 28.154 94.786 261 Digital / Analogue
3 Bansiaphal BSL 25.858 90.734 250 Analogue

4 Bazengdaba BGD 25900 90.517 210 Analogue

5 Bhairabkunda BKD 26.800 92.120 210 Digital

6 Boko BOKO 26.005 91.227 50 Analogue

7 Bokoliaghat BOK 26.093 93.139 50 Digital / Analogue
8 Dauki DKI 25.191 92.030 100 Analogue

9 Dokmok DMK 26.216 93.062 200 Digital / Analogue
10 Goalpara GOP 26.117 90.417 75 Analogue

11 Guabhati Univ. GAU 26.152 91.667 69 Digitélnalogue
12 Guwahati GWH 26.150 91.710 69 Digital / Analogue
13 Imphal IMP 24.745 93.929 784 Digital

14 Jogighopa JPA 26.239 90.575 42 Digital

15 Kaziranga KZI 26.578 93.406 135 Digital / Analogue
16 Krishnai KSN 26.050 90.634 60 Analogue

17 Manikganj MND 25.924 90.676 40 Digital

18 Manipur Univ. MAN 25.036 93.702 800 Digital

19 Nangalbibra  NGL 25.472 90.702 330 Digital

20 Nanoi NNI 26.402 93.100 50 Digital

21 Nongstoin NGN 25.533 91.272 700 Analogue
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22
23
24
25
26
27
28
29
30
31
32
33

Numaligarh
Numba
Rupa
Seijusa
Shillong
Silghat
Songsak
Tezpur
Tura

Ukhrul

NLG
NBA
RUP
SJA
SHL
SIL

SNK
TZR
TUR
UKH

Willium Nagar WMN

Ziro

ZIR

26.583
24.678
27.203
26.938
25.566
26.601
25.717
26.617
25.550
25.075
25.500

93.731 80 Digital
93.446 900 Digital
92.401 1470 Digital / Analogue
92.999 150 Digital
91.859 1590 Digital / Analogue
92.997 66 Digital
90.534 1100 Analogue
92.783 140 Digital
90.333 305 Analogue

94.353 1798 Digital
90.633 260 Digital/ Analogue

27.460 93.767 1066 Digital / Analogue

Table 3.2Poles and Zeros for the seismometers.
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Digitizer | Sensor Vertical Horizontal Normal-
Type Type Poles Zeros Poles Zeros izing
(Hz) (Hz) (Hz) (Hz) factor
Reftek | CMG- -23.56x10°+ | O -23.56x10°+ | O 2304000
72A- | 3ESP j23.56x10° 0 j23.56x10° 0
07/08 (Natural
-50+ j32.2 -50+ j32.2
period = 60) 138+ 138+
j144 j144
Reftek | CMG-40T |-0.02356+j |0 -0.02356 £ |0 2304000
T2A- 0.02356 0.02356
(Natural 0 0
07108 | period = 30) -180.0 -180.0
159 159
-160 -160
-80 -80
Reftek | CMG- 3T |-5.8%%10°+ 0 -5.89x10° + 0 2304000
72A-08 i 3 i 3
(Natural j5.89x10 0 j5.89x10 0
period =120)| _180.0 -180.0
-160 -160
-80 -80
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Fig.1.2 Study area showing major tectonic domains.
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22°

(@)

Fig.2.1(a) Tectonic settings of NER India and surronding regions
including Surma Valley. MCT: Main Central Thrust, M BT: Main
Boundary Thrust, DF : Dauki Fault, : DhF: Dudhnoi Fault, KF: Kopili
Fault, NT : Naga Thrust, DsT : Disang Thrust, EBT: Eastern Boundary
Thrust, IBR : Indo Burma Ranges, MF: Mat Fault, SF: Sylhet Fault. Large
and damaging earthquakes that occurred in the regio are shown with red

stars (Kayal et. al. 2006).
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Fig.2.1(b) The GIS map obtained from Google mapAPI for delineation of faults and
lineaments.
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Fig.2.3(a) Tectonic Map of Mizoram showing Mat faul and other prominent lineaments.
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Fig.2.3(b) Delineation of Mat fault and other lineanents and faults (A-J) over the
tectonic map (Fig. 2.3(a)). These faults and lineaants excepting Mat fault have
not yet been described.
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Fig.2.4 Enlarge view of Mat fault showing its trenl direction marked by dotted
line.
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Fig.2.5 Satellite imagery of Bengal Basin includingripura-Mizo fold belt
showing Mat fault and Sylhet fault (Source: Wold Wind).
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Fig.2.6 View of the valley created by Mat fault beveen Serchhip and Thenzawl
Towns in Mizoram.

Fig.2.7 A part of Mat fault as seen from East Lungdr village in Mizoram.
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Fig.2.8 View of Mat fault from Google map. Mat river (from which the name
Mat fault is derived) flows along the curve of thefault against the normal N-S
trend of the hills between Serchhip and Thenzaw! tons of Mizoram.
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Fig.4.2 Frequency Distribution in terms of Depth (n km) for about 2758
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Fig.4.3 Frequency distribution of the estimates ofa) Longitudes (ERLN) of the
epicenters (b) Latitudes (ERLT) of the epicenters rad (c) Root Mean Square
(RMS) for the origin times and uncertainties involhed in the estimates of for the

earthquakes in Surma valley and its vicinity during the period 1969-2009
considered in the present study.
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Fig.4.5 Seismicity plot of Surma valley and its viaity. The rectangular box
indicates the events within Surma valley.
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Fig.4.6 Depth Distribution of earthquakes in Surmavalley and its vicinity.
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Fig.4.8 Seismicity along Sylhet fault and Mat Fault Other earthquakes are
removed to show activeness of both faults.
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Fig.5.1 Equations and figures for (A) Wadati diagrans and (B) Riznichenko
diagrams. To the left are input and output parametes, in the middle are the
graphical forms, and to the right are the equations
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Fig.5.2 Wadati diagrams (A, B, C, D, E and F) for lte earthquakes associated
with events in the eastern part of Surma valley atlepths (h) ranging between 0-
20 km. Ts-Tp versus Tp and Ts-Tp versus Ts denotaterval between the arrival
time of P- and S-waves and arrival time of P- an®-waves at a seismic station
respectively. Linear relations for the determination of P- and S-wave at a specific
depth, involving Ts-Tp/Tp, Ts-Tp/Ts and origin time (O.T) are also shown.
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Fig.5.3 Wadati diagrams (A, B, C, D, E and F) for lte earthquakes associated
with events in the eastern part of Surma valley atlepths (h) ranging between 21-

40 km. Ts-Tp versus Tp and Ts-Tp versus Ts denotaterval between the arrival

time of P- and S-waves and arrival time of P- and-#aves at a seismic station
respectively. Linear relations for the determination of P and S wave at a specific

depth, involving Ts-Tp/Tp, Ts-Tp/Ts and origin time (O.T) are also shown.
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Fig.5.4 Wadati diagrams (A, B, C, D, E and F) for lte earthquakes associated
with events in the eastern part of Surma valley atlepths (h) between ranging
between 41-60 km. Ts-Tp versus Tp and Ts-Tp versus denote interval times of
P- and S-waves and arrival time of P- and S-wavesat a seismic station
respectively. Linear relations for the determination of P- and S-wave at a specific
depth, involving Ts-Tp/Tp, Ts-Tp/Ts and origin time (O.T) are also shown.
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distance &) are also shown for the events at different depthanges.
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Fig.5.6 Wadati diagrams (A, B, C, D, E and F) for lte earthquakes associated
with events in the northern part of Surma valley atdepths (h) ranging between
21-40 km. Ts-Tp versus Tp and Ts-Tp versus Ts dermtinterval between the
arrival time of P- and S-waves and arrival time ofP- and S-waves at a seismic
station respectively. Linear relations for the detamination of P- and S-wave at a
specific depth, involving Ts-Tp/Tp, Ts-Tp/Ts and oigin time (O.T) are also
shown.
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Fig.5.7 Wadati diagrams (A, B, C, D, E and F) for lte earthquakes associated
with events in the northern part of Surma valley atdepths (h) ranging between
41-60 km. Ts-Tp versus Tp and Ts-Tp versus Ts dermtinterval between the
arrival time of P- and S-waves and arrival time ofP- and S-waves at a seismic
station respectively. Linear relations for the detamination of P- and S-wave at a
specific depth, involving Ts-Tp/Tp, Ts-Tp/Ts and oigin time (O.T) are also
shown.
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Fig.6.1 Vp/Vs variation at different depth ranges m Surma valley. The color
scale indicate the Vp/Vs ratio. The area covers 225°N and 9¢-94.5°E.
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Fig.6.2(a) Depth Variation at 0-20 km range in Matfault region (eastern Surma
valley). The velocity Vp/Vs ratios varies between.T5 to 1.83.
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Fig.6.2(b) Depth Variation at 21-40 km range in Matfault region (eastern Surma
valley). The velocity Vp/Vs ratios increases from.69 to a maximum of 1.79.
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Fig.6.2(c) Depth Variation at 41-60 km range in Ma fault region (eastern
Surma valley). Vp/Vs ratios vary from 1.7 to 1.75.
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Fig.6.3(a) Depth Variation at 21-40 km range in Sylet fault region (northern
Surma valley). Sudden changes in velocities Vp/\fatios are observed at depths

of 23 and 33 km.
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Fig.6.3(b) Depth Variation at 41-60 km range in Sylet fault region (northern
Surma valley). Velocity (Vp/Vs) ratio is more or less uniform through the range.
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Fig.7.1 Fault Geometry used in earthquake studieg\: area affected on the fault
plane (After Kanamori and Cipar, 1974).
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Fig.7.2 (a) Wulff's net (b) an example showing thaodal planes, strike and dip.
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first motion.
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Fig.7.4 (a) For a fault of length L, the duration & the source time function varies
as a function of azimuth, depending on the variatio of the rupture velocity Vg
and wave velocityV and (b) the time pulse due to the finite fault legth “L”
which is a “boxcar” of duration (Stein and Wysessia, 2003).
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Fig.7.6 Fault plane solutions associated with theadhquake events in the
northern part of Surma valley :- (2) Location of gicenters with their respective
fault orientations (b) Depth Section plot. (c) Orentatios of the Nodal Planes. (d)
Plot of P - axis orientations. (e) Plot of T- axigrientations. (f) Plot of P and T-
axis orientations.
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Fig.7.7 Fault plane solutions associated with theaghquake events in the eastern
part of Surma valley :- (a) Location of epicenterswith their respective fault
orientations (b) Depth Section plot. (c) Orientas of the Nodal Planes. (d) Plot
of P - axis orientations. (e) Plot of T- axis orieations. (f) Plot of P and T- axis
orientations.
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Fig.7.8 (a) One dimensional initial velocity modelBhattacharya et al., 2005)
used for waveform inversion, (b) Epicenter (markedas star) of the event used in
waveform inversion and (c) Raw waveform of AZL staibn of the event as shown
in (b) used for the waveform inversion of event asgiated with Mat fault.
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Fig.7.9 (a) An example of comparison (below) betweeobserved (top) and
synthetic seismogram (middle) of event as in FigI®(b) source-time function
plot (c) Correlation curve represented by percentag variation of double couple
with reference to depth and (d) correlation betweersource position and time for
DC% and for best solution.
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Fig.7.10 Best possible Moment tensor solution asferred for the earthquake
epicenter as shown in the Fig.7.8(b).
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Fig.7.11 (a) One dimensional initial velocity mode(Bhattacharya et al., 2005)
used for waveform inversion, (b) Epicenter (markedas star) of the event used in
waveform inversion and (c) Raw waveform of AZL staibn of the event as shown
in (b) used for the waveform inversion of event assiated with Mat fault.
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Fig.7.12 (a) An example of comparison (below) betwa observed (top) and
synthetic seismogram (middle) of event as in FigZ2(b) source-time function
plot (c) Correlation curve represented by percentag variation of double couple
with reference to depth and (d) correlation betweersource position and time for
DC% and for best solution.
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Fig.7.13 Best possible Moment tensor solution asfeired for the earthquake
epicenter as shown in the Fig.7.11(b).
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Fig.7.14 (a) One dimensional initial velocity mode(Bhattacharya et al., 2005)
used for waveform inversion, (b) Epicenter (markedas star) of the event used in
waveform inversion and (c) Raw waveform of AZL staibn of the event as shown
in (b) used for the waveform inversion of event asgiated with Sylhet fault.
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Fig.7.16 Best possible Moment tensor solution asferred for the earthquake
epicenter as shown in the Fig.7.14(b).
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Fig.7.17 (a) One dimensional initial velocity mode(Bhattacharya et al., 2005)
used for waveform inversion, (b) Epicenter (markedas star) of the event used in
waveform inversion and (c) Raw waveform of AZL staibn of the event as shown
in (b) used for the waveform inversion of event asgiated with Sylhet fault.
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Fig.7.18 (a) An example of comparison (below) betwa observed (top) and
synthetic seismogram (middle) of event as in FigZ8(b) source-time function
plot (c) Correlation curve represented by percentag variation of double couple
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with reference to depth and (d) correlation betweersource position and time for

DC% and for best solution.
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Fig.7.19 Best possible Moment tensor solution asferred for the earthquake
epicenter as shown in the Fig.7.17(b).
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