
Constraining 
the Active Tectonic Deformation 

of Andaman-Nicobar Arc 
in the Background of December 26, 2004 

Great Sumatra-Andaman Earthquake 

Anil Earnest 

Thesis submitted to the Faculty of Marine Sciences, 
Cochin University of Science and Technology 

in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. 

May 2007 



Declaration 

I, Anil Earnest, do hereby declare that the thesis entitled "Constraining the 

active tectonic deformation of Andaman-Nicobar Arc in the background of De-

cember 26,2004 Great Sumatra-Andaman Earthquake", is an authentic record of 

the doctoral research work carried out by me at Centre for Earth Science Studies 

(CESS), Kerala, Trivandrum, India, under the guidance of Dr. c.P. Rajendran, Sci-

entist, CESS, in partial fulfillment of the requirements for the award of degree in 

Doctor of Philosophy from Cochin University of Science and Technology, Kerala, 

India, and no part of this work has previously formed the award of any other de-

gree, diploma or associateship in any university or other institute of learning. 

Trivandrum 

May 29, 2007 

if 
AniIEamest 

1 



Certificate 

I hereby certify that the thesis entitled, "Constraining the active tectonic 

deformation of Andaman-Nicobar Arc in the background of December 26, 2004 

Great Sumatra-Andaman Earthquake", is a genuine research work done by Mr. Anil 

Earnest under my guidance and supervision. I further certify that this thesis or part 

thereof has not been the basis for the award of any degree or diploma. 

Trivandrum 
May 29, 2007 Dr. c.P. Rajendran 

Scientist 
Centre for Earth Science Studies 

Trivandrum, Kerala 
India - 695 031 



Acknowledgements 

I take this opportunity to express my sincere gratitude and thanks to my thesis 

supervisor Dr. c.P. Raj end ran, Scientist, Centre for Earth Science Studies (CESS), 

under whose able guidance this research work was made possible and without 

which this thesis would not have come into existence. This work was inspired by 

a chance meeting with him during my graduation days at Cochin University of 

Science and Technology. Hope I emulated you well. 

I am deeply indebted to Dr. Kusala Rajendran, Scientist, CESS, who guided me 

throughout the entire course work. You have inspired me a lot. 

I am very grateful to Dr. M. Baba, Director, CESS, for the opportunity he gave 

me to carry out this work at CESS. 

I am thankful to Dr. M. Radhakrishna, Reader, CUSAT for his timely advices as 

part of my doctoral commitee. 

I express my sincere thanks to Dr. C.M. Harish, Scientist, CESS who introduced 

and taught me some of the analysis techniques and the processing methodologies 

involved in this work. I am. most grateful to him for his patience and the time he 

offered. 

I wish to place on record my gratitude to the whole team of scientists and staff 

of CESS for their support and helping hand in completion of this work at various 

stages. 

I would like to express my heartfelt gratitude to Ms. Priya Rani, for her kind 

words and encouragement. 

4 



5 

Words are not enough to express my gratitude and love to all my friends es

pecially Mr. S.K. Arun, Dr. Girish Gopinath, Dr. Reji Srinivas, Dr. Ajith G. Nair, 

Dr. p.s. Suni1, Mr. Abin Philip, Mr. M.J. Jobin, Dr. K.R. Baiju, Mr. K.J. Thomson 

and Mr. V.T. Muralikrishana for being constant source of encouragement and for 

your kind prayers. Moments were there, without you people, I would have left 

this chapter closed very long back. I owe you people a lot!. 

I would like to acknowledge Ms. Anu Rahul, for the constant support and help 

she offered. I hope this work will inspire you to greater efforts. 

The entire work involved extensive field studies in the Andaman-Nicobar Is

lands. I am indebted to all who helped me in carrying out these field works, es

pecially in the tsunami hit Nicobars. Due regards to Prof. P.M. Mohan, Mr. R. 

Devdas, Mr. G.M. Arun, Mr. Chandu Das and Mr. Sowik Banerjee for helping me 

out in some of the pre-earthquake surveys. Special thanks to Mr. M.K Vellan, As

sistant Engineer, Andaman Public Works Department. You have been very kind to 

me and helped me a lot in carrying out the work in Nicobars just after the tsunami. 

Due thanks for Department of Science and Technology, Government of India, 

and CESS for funding this work. Special thanks to Prof. KS. Valdiya, J awaharlal 

Nehru Centre for Advanced Studies and Research, Bangalore for his special inter

est and support he offered for this work. 

I like to place on record, my due thanks to the directors of Indian Institute 

of Geo-magnetism; Mumbai, Centre for Mathematical Modelling and Computer 

Simulation (C-MMACS); Bangalore, National Geophysical Research Institute; Hy

derabad and National Transportation Planning and Research Centre (NATPAC); 



Trivandrum for lending out their instruments at various stages of this study. 

Also, I would like to place on record my gratitude to Dr. Gangan Pratap, Scien

tist in Charge, C-MMACS, Bangalore for allowing me to continue to work on this 

thesis after joining there. 

Thanks to all GAMIT /GLOBK developers for providing it free of cost for re

search purpose. Special thanks to Prof. Tom Herring, MIT for sparing his valuable 

time, to answer some of my questions (Now I understand that most of them were 

very silly ones!). Due regards to Prof. Jeffrey Freymueller, University of Alsaka in 

helping me out in sorting out the problems related with the data processing, and 

for the fault dislocation models. Due regards to Prof. McCaffrey, Rensselaer Poly

technic Institute, New York for making his "DEFNODE" deformation modelling 

program and its tutorials freely available over internet. 

Most of the figures in this thesis are created using GMT, an open source map

ping and visualization software. Text processing and layout for this thesis are done 

using J§JtX. 

And, last, but not the least, I thank my parents for their love, keen interest, 

encouragement and moral support they offered throughout this work. 



Executive Summary 

The Andaman-Nicobar Islands in the Bay of Bengal lies in a zone where the 

Indian plate subducts beneath the Burmese microplate, and therefore forms a belt 

of frequent earthquakes. Few efforts, not withstanding the available historical and 

instrumental data were not effectively used before the Mw 9.3 Sumatra-Andaman 

earthquake to draw any inference on the spatial and temporal distribution of large 

subduction zone earthquakes in this region. An attempt to constrain the active 

crustal deformation of the Andaman-Nicobar arc in the background of the De

cember 26, 2004 Great Sumatra-Andaman megathrust earthquake is made here, 

thereby presenting a unique data set representing the pre-seismic convergence and 

co-seismic displacement. 

Understanding the mechanisms of the subduction zone earthquakes is both 

challenging sCientifically and important for assessing the related earthquake haz

ards. In many subduction zones, thrust earthquakes may have characteristic pat

terns in space and time. However, the mechanism of mega events still remains 

largely unresolved. 

Large subduction zone earthquakes are usually associated with high amplitude 

co-seismic deformation above the plate boundary megathrust and the elastic relax

ation of the fore-arc. These are expressed as vertical changes in land level with the 

up-dip part of the rupture surface uplifted and the areas above the down-dip edge 

subsided. One of the most characteristic pattern associated with the inter-seismic 

era is that the deformation is in an opposite sense that of co-seismic period. 
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This work was started in 2002 to understand the tectonic deformation along the 

Andaman-Nicobar arc using seismological, geological and geodetic data. The oc

currence of the 2004 megathrust earthquake gave a new dimension to this study, by 

providing an opportunity to examine the co-seismic deformation associated with 

the greatest earthquake to have occurred since the advent of Global Positioning 

System (GPS) and broadband seismometry. 

The major objectives of this study are to assess the pre-seismic stress regimes, to 

determine the pre-seismic convergence rate, to analyze and interpret the pattern of 

co-seismic displacement and slip on various segments and to look out for any pos

sible recurrence interval for megathrust event occurrence for Andaman-Nicobar 

subduction zone. This thesis is arranged in six chapters with further subdivisions 

dealing all the above aspects. 
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Chapter 1 

General introduction 

1.1 Introduction 

The Andaman-Nicobar archipelago, arcuate melange of the Indo - Burmese 

collision, has been a source of many major earthquakes. However, the 2004 Mw 

9.3 earthquake is unprecedented by breaking of the entire 1300 km long Sumatra

Andaman plate boundary (Stein and Okal, 2005; Ishii et al., 2005; Ni et al., 2005; 

Lay et al., 2005; Banerjee et al., 2005; Vigny et al., 2005; Meltzner et al., 2006). In 

this study, an attempt is made to investigate the active tectonic deformation of the 

Andaman-Nicobar subduction zone (5-150N and 92-980E) in the background of the 

Great Sumatra-Andaman earthquake. 

1.2 Rationale 

Subduction zones, regions on the earth where one tectonic plate slides under 

another (Fig. 1.1), are marked by a variety of earthquakes viz., inter-plate, megath

rust, intra-plate and deep earthquakes (Fig. 1.2). These earthquakes differ in 

their occurrence in terms of time, space, size and mechanism (Venkataraman and 

Kanamori, 2004; Conrad et al., 2004). Shallow thrust subduction zone earthquakes 

release almost 90% of global seismic moment energy released annually (Kanamori, 

1977). These earthquakes mainly occur on the plate interface at depths that vary 

from 5 to 50 km (Pacheco et al., 1993), are basically generated by the horizontal 

density contrasts within the plate due to the cooling and thickening of the oceanic 
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Figure 1.1: Schematic cross section of a subduction zone showing its first order 
geometry and features, modified from Burgmann, 2005. 

lithosphere and negative buoyancy of the subducted oceanic lithosphere (Ruff and 

Kanamori, 1980; Stem, R.J., 2002). Major driving forces behind the subduction are 

the slab pull and the ridge push forces (Spence, 1987; Lallemand et aI., 2(05) (Fig. 

1.3). 

To a first order approximation, subduction zone features a locked zone ( 5-10 

to 30-50 km in depth), that is bounded up-dip and down-dip by portions of the 

fault that deform aseisrnically (Savage, 1983). The inter-seismic phase is marked 

by the gradual sinking of the subducting slab, increasing the extensional stresses 

at depths and leading to shortening of the upper colliding plate that manifest as 

a coastal uplift (Fig. 1.4.a). Finally, the stress originating due to the ridge push 

and slab pull forces, exceeds the strength of the locked interface, resulting in an 

earthquake. Co-seismically the region near the plate boundary is uplifted and the 
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arc-ward edge of the subducting slab drags down resulting in coastal subsidence 

(Plafker, 1972) (Fig. l.4.b). 

Observations from some of the subduction zones decades before and after earth

quakes, have indicated the robustness of this earthquake deformation cycle (Thatcher 

and Rundle, 1979). However, exponential decay of the aftershocks and the long

term transient post-seismic motion during months-to-years immediately after the 

earthquake indicate that subduction zones actually behave in a more complex 

manner. It has also been noted that the rupture in the subduction zones are not 

always segment specific. There are earthquakes that break shorter segments and 

those that break through major portions of the plate boundary (Fig. 1.5). Thus 

longer segment of a subduction zone may rupture in a single megathrust earth

quake, instead of smaller rupture segments spaced out in time (Kanamori and Mc

nally, 1982). 

The extent and termination of rupture are restricted and controlled by invari

ant physical properties of the fault zone such as geometric and/or material het

erogeneity along the arc (Schwartz, 1999) which form the basis of the theory of 

seismic asperites (Kanamori and Brodsky., 2004). Asperites are the unbroken por

tions of high strength within a fault that breaks during an earthquake (Lay et al., 

1982). An alternative way to explain these earthquakes was given by Aki (1979) 

who introduced the concept of barriers as regions within a fault plane that arrests 

rupture. The asperites and barriers vary spatially and temporally along the strike, 

and dip reflecting variations in strength along the seismogenic zone (Kelleher and 

McCann,1976). 
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Figure 1.2: Cartoon showing different types of subduction zone earthquakes rela
tive to the subducting slab (Venkataraman and Kanamori, 2004). 
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Figure 1.3: Major forces acting in a subduction zone, modified from Spence, 1987 
and Lallemand et aL, 2005. 
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Figure 1.4: Subduction zone earthquake deformation cycle - A) The cycle begin 
with the inter-seismic strain accumulation in the upper plate above a locked part 
of the plate boundary. B) Accumulated strain is released through slip on the locked 
zone during the co-seismic part of the cycle. During large earthquakes region near
est to the plate boundary is uplifted; and the arc-ward of the zone suddenly sub
sides (Plafker, 1972, Ando, 1975, Nelson et al., 1996). 
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1.3 The problem 

How do thrust earthquakes release the accumulated plate motion is a ques

tion that is scientifically challenging and important for assessing earthquake haz

ards. In many subduction zones, thrust earthquakes display characteristic patterns 

in space and time. For example, large earthquakes have occurred in the Nankai 

trough area of southern Japan approximately every 125 years since 1498 with sim

ilar fault areas (Anto, 1975). In some cases the entire region had slipped at once; 

in others, slip was divided into several events over a few years. Given such re

peatability, it seems likely that a segment of a subduction zone that has not slipped 

for some time constitutes a seismic gap and is due for an earthquake (Fig. 1.5). 

Partial and complete rupture of plate boundary zones, over a time window, puts 

forth a question on recurrence of such mega event generation, and still remains an 

enigma. 

If the stress rate is constant and known, and both the failure stress and the 

final stress remain unchanged for successive earthquakes, the displacement and 

recurrence time of future events will be identical and predictable. This first ap

proximation called the uniform earthquake model is bound by the elastic rebound 

theory (Reid, 1910). It assumes a perfect periodicity, where the strain accumulates 

during a long inter-seismic phase until a yield point is reached, where upon en

ergy is released (earthquake) as the locked surface suddenly slips (Fig. 1.6.a). The 

time predictable model (Shimazaki and Nakata, 1980; Murray and SegalC 2002) 

assumes that if the failure stress remains constant then the time to next earthquake 
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Figure 1.5: History of earthquakes along the Nankai trough. The region is divided 
into four rupture zones (A-D). In some earthquakes the entire region has slipped 
at once; in others, slip was divided into several events over a few years. Given 
such repeatability, it seems likely that a segment of a subduction zone that has 
not slipped for some time constitutes a seismic gap and is due for an earthquake 
(Shimazaki and Nakata, 1980). 
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can be calculated based on the stress drop of the preceding event (Fig. 1.6.b). The 

slip predictable model (Shimazaki and Nakata, 1980) makes the opposite assertion 

that the earthquakes start at variable stress state, but falls to a constant base level. 

In this model, slip of the next earthquake can be predicted, but not the time (Fig. 

1.6.c). 

Although the model by Shimazaki and Nakata (1980), makes a good approx

imation of the earthquake process in a region undergoing constant and uniform 

deformation, real life scenario varies. It is an interesting question whether these 

recurrences are controlled by any of the variants of these characteristic earthquake 

model, and whether an ideal form of earthquake cycle can be formed when its 

stress and slip histories are known. At some places where data are available for 

a long period of time, a combination of these models seem to work as in Nankai 

trough (Scholz, 1990) (Fig. 1.5). 

Large subduction thrust earthquakes produce perceptible deformation of the 

Earth's crust. Pre- and post-earthquake geodetic observations can be used to infer 

the fault geometry and slip distribution on the fault plane. Deformation mod

elling is normally based on two dimensional models (Savage, 1983) or 3D analyti

cal models (Okada, 1985; Gomberg et al., 1998) and numerical finite element mod

els (Wang, et al., 2003). In the simplest 2D model, a subduction zone is modelled 

as a thrust fault or edge dislocation embedded in an elastic half-space. 
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Figure 1.6: Various scenarios for buildup and release of stress on a fault - earth
quake recurrence models: (a) Reid's perfectly periodic model showing regular 
stick-slip faulting where the slip will be the same for each event and recurrence 
interval constant. (b) time-predictable model, where the failure stress remains con
stant and the time to next earthquake can be calculated from the stress drop of the 
preceding event. (c) slip-predictable model, where the earthquakes start at variable 
stress state, but falls to a constant base level. Here the slip of the next earthquake 
can be predicted, but not the time (Shimazaki and Nakata, 1980). 



1.4 Obj ectives 

The study is taken up with the following objectives; 

i) Assess the pre-seismic stress regimes along the arc. 

ii) Determine the pre-seismic convergence rate along the arc. 

10 

iii) Analyze and interpret the pattern of co-seismic displacement and slip on vari

ous segments along the arc. 

iv) Look out for any characteristics that would address the problem of megathrust 

event recurrence along the Andaman-Nicobar subduction zone. 

1.5 Organization of the dissertation 

The thesis has been arranged in six chapters with further subdivisions. The first 

chapter is introductory, stating the problem, necessity and scope of the study. This 

chapter also describes the objectives of this study and an overall structure of the 

thesis. 

Chapter 2 reviews the related literature relevant to the present study, together 

with general background on the tectonic setting of the Andaman-Nicobar arc. This 

chapter also includes a review of the December 26,2004 Great Sumatra-Andaman 

earthquake and the available literature on this event. 

Chapter 3 highlights the methodology adopted for the work. It involves de

scription of data acquisition surveys, data analysis techniques and processing method

ology. 
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Chapter 4 deals with pre-seismic constraints from this study before the Decem

ber 26, 2004 Sumatra-Andaman earthquake. This includes, spatio-temporal anal

ysis of the available seismicity and associated focal mechanism data. Major stress 

regimes associated with Andaman-Nicobar subduction zone are also discussed. 

Results from the geodetic global positioning system (GPS) campaigns carried out 

for this work in the Andaman-Nicobar Islands from May, 2002 to September 2004 

are presented. The most significant result discussed in this chapter is the along-arc 

pre-seismic convergence rate for Andaman-Nicobar Islands with respect to India. 

Chapter 5 discusses near source observations from the Andaman-Nicobar re

gion, using instrumental as well as observational data. Post-earthquake measure

ments were begun on January 13, about 3 weeks after the main-shock. Over the 

next three weeks, five of the eight GPS sites were re-surveyed and observations 

of relative sea level changes, ground shaking effects (such as liquefaction), and in

vestigation of tsunami deposits were made. Features discussed, serve as proxies 

of co-seismic elevation changes, which are used along with the GPS data. 

A summary and the major conclusion drawn are given in chapter 6 followed 

by references cited. A list of publications and meeting abstracts that came out of 

this study is given as Annexure. These sections are followed by appendices 

on the global positioning system (GPS), GPS data observables, GPS error budget, 

the GAMIT /GLOBK data processing software and how the various GPS antennas 

used in this study are calibrated. 



Chapter 2 

Background 

2.1 Introduction 

The Burmese-Andaman-Sunda arc defines the 5500 km long boundary between 

the Indo-Australian and Eurasian plates, from Myanmar to Sumatra and Java to 

Australia. The plate boundary separates the north east moving Indian plate from 

the southeast Asian plates that includes Burma and Sunda microplates (Fig. 2.1). 

Global plate tectonic reconstructions suggest that the Indian plate converges obliquely 

toward the Asian plate at a rate of 54 mm/yr (DeMets et al., 1994a) at N22°E. The 

effect of oblique convergence has resulted in the formation of a sliver plate be

tween the subduction zone and a right lateral fault system, which has evolved 

as the Sumatra Fault system in the southern part of the subduction zone and the 

Sagaing Fault in the Myanmar, as well as the opening of the Andaman Sea (Curray, 

2005). 

Varying degrees of tectonism, seismic and volcanic activity occur along this 

subducting margin. The Andaman-Sunda section of the subduction zone had pro

duced many large earthquakes in the past, some of which have also generated 

destructive tsunamis. Significant historical earthquakes occurred in this region are 

the 1679 (M rv7.5) in the west coast of North Andamans; 1797 (M "-/8.4), 1833 (M 

9.0), 1861 (M 8.5), 1907 (M rv7.8), 1935 (Mw 7.7) from Sumatra region; 1881 (Mw 

7.9) off Car Nicobar and 1941 (Mw 7.7) off Middle Andaman (Fig. 2.3). While 

12 
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92-98°E. Rupture area for 2004 earthquake is marked in yellow, historic rupture 
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these large earthquakes have ruptured only a few hundreds of kilometers (200-300 

km) of the plate boundary, the 2004 earthquake has ruptured more than 1300 km 

length of the arc, which included regions that have ruptured in the past as well as 

the intervening unbroken patches. Sumatra region has also witnessed three recent 

earthquakes; two of these occurred on 4th and 18th of June 2000 (Mw 7.8), located 

south of the 1833 rupture (Abercrombie et al., 2003) and the third one on 2002 (Mw 

7.3), north of March 2005 rupture. 

While Indonesian part of the trench has been extensively studied in the recent 

years using variety of techniques including GPS based ground deformation stud

ies, as well as coral micro atolls studies (Natawidjaja et al., 2004), similar work is 

only in early phase in the Andaman part of the arc (Rajendran et al., 2007). This 

chapter review the seismicity and tectonics of the region and evaluates the on

going seismogenic processes followed by a discussion on the December 26, 2004 

megathrust earthquake. 

2.2 Previous studies 

The first organized oceanographic study of the Andaman Sea was conducted by 

Alcock (1902), and later on by Sewell (1925). But there are reports on onshore and 

offshore surveys way back to 1595 by Van Linschoten and then by Mallet (1895) 

on the Barren Island volcano. Study of the geology and origin of the Andaman

Nicobar ridge started with Rink (1847), who suggested that this ridge had been 

formed of sediments uplifted from deep ocean floor. Hochstetter (1869) pointed 

out that the same ridge extended southward as the outer arc ridge off Sumatra and 
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Java. Wegner (1966) was the first to postulate a rift origin of the Andaman Sea. First 

systematic geophysical survey of the Andaman Basin was conducted by Weeks et 

al., (1967) as part of the International Indian Ocean Expedition, onboard D.S Coast 

Guard ship Pioneer. They carried out marine magnetic, gravity and limited sub

bottom seismic profiles, and using these data they suggested that the Barisan range 

of northern Sumatra extends into the Andaman Sea to lOoN. 

The earlier available reference to the geology of the islands is made by Heifer 

(1840), who described the rocks of Ritche's archipelago. Later, Rink (1847) divided 

the rocks of the Nicobar into three groups namely, 1) brown coal formation, 2) 

igneous rock and 3) older alluvium. Ball (1870) recorded the geology of the vicin

ity of Port Blair and correlated these rocks with that of the Nicobars. According 

to him the sedimentary rocks of the South Andaman are cross-cut by serpentine 

intrusions. Tipper (1911) mapped parts of North Andaman Island and Nicobar. 

During 1959 and 1960 a team led by C. Karunakaran of Geological Survey of In

dia, conducted investigations for sulphur on the Barren and Narcondam Islands 

and mapped parts of South Andaman Island. The central Andaman Sea is 100-200 

km wide trough and marked by steep and elongated sea valleys and sea mounts 

such as the Nicobar Deep, Barren-Narcondam volcanic islands, Invincible bank, 

Alock and Sewell sea-mounts (Rodolfo, 1969). Geological expeditions of scientific 

interest were initiated by Survey of India way back to 1957 (Bandyopadhaya et 

al., 1971). Fitch (1972) brought out that the NE movement of India was resolved 

or partitioned into two large components: dextral strike-slip on the Sagaing Fault 

(5 cm/yr) and high rate normal subduction along the Sunda-Andaman trench (4 
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cm/yr). 

The western base of the Andaman-Nicobar trench is filled with sediments of 

Bay of Bengal (Curray et al., 1979). The structure along the arc in the Andaman

Nicobar region is dominated by east dipping nappes having folding, while intense 

folding is observed off Sumatra (Weeks et al., 1967; Curray et al., 1979). Cur ray 

et al., (1979) proposed the existence of an independent sliver plate absorbing the 

oblique motion of India with respect to southeast Asia. Eguchi et al., (1979) in

ferred collision of the Ninety-east ridge with the Sunda trench in the middle or 

late Miocene. They also reported that the ridge-trench collision transmitted com

pressional stresses into the back-arc area and collision of India with Eurasia exerted 

a drag on the back-arc region causing opening of the Andaman Sea. 

Post-world war II work in the Andaman Sea, Burma and Sumatra which con

tributes to the understanding the Andaman Sea includes papers by Brunnschweiler 

(1966, 1974), Peter et al., (1966), Weeks et al., (1967), Aung Khin and Kyaw win 

(1968, 1969), Rodolfo (1969a, b), Frerichs (1971), Mitchell and Mckerrow (1975), 

Paul and Lian (1975), Curray et al., (1979, 1982), Bender (1983), Chatterjee (1984), 

Roy and Chopra (1987), Mukhopadyay (1984, 1992), Polachan and Racey (1994), 

Sieh and Natawidjaja (2000), Genrich et al., (2000) and many others. Recently, Pal 

et al., (2003) came out with the geodynamic evolution of the outer-arc fore-arc belt 

of the Andaman Islands. 
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2.2.1 Seismicity and tectonics 

The seismicity and tectonics of Andaman-Nicobar region was analyzed by many 

and led to many conclusions on the processes that control the subduction. The re

gional seismicity pattern itself reflects different tectonic regimes within this Island 

arc system, namely the thrust dominated subduction front, the strike-slip faulting 

along the west Andaman transform and the extensional processes within the An

daman spreading center. Sinvhal et al., (1978) analyzed the time-space seismicity 

evolution and the associated neotectonics and reported a seismic gap north of the 

Andamans. This paper also deals greatly with the mechanism associated with the 

1941 Middle Andaman earthquake. Uyeda and Kanamori, (1979) related the back

arc spreading activity in the Andaman Sea to leaky transform tectonics. The geom

etry of the Wadati-Benioff zone has been studied in detail for the Andaman region 

by many workers (Verma et al., 1976; Uyeda and Kanamori, 1979; Mukhopadhyay, 

1984; Mukhopadhyay and Dasgupta l 1988; Mukhopadhyay, 1988; Ni et al., 1989; 

Gupta et al., 1990; Mukhopadhyay and Krishna, 1991). Gravity and seismicity 

data along the Burmese-Andaman arc suggests the presence of a subducted slab 

(Verma et al., 1978; Gupta et al., 1990). Srivastava and Chaudary (1979) analyzed 

epicentral data from USGS for a period of 1917-1974, and constrained the dip of the 

subducting interface (Fig. 2.2). A geodynamic perspective of the region was put 

forth by Surendra Kumar (1981) using the epicentral data as well as the available 

focal mechanism data. From marine magnetic anomaly studies Liu et al., (1983) 

identified a fossil spreading ridge beneath the Nicobar fan. 
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Figure 2.2: Dipping subducting interface (Benioff zone) at various segments of 
Andaman-Nicobar arc using epicentral data from USGS for a period of 1917-1974 
(Srivastava and Chaudary, 1979). 

Curray et al. (1982) inferred that the Andaman Sea and the central lowlands of 

Burma are parts of a single structural province. Chandra (1984) inferred segments 

that divide the major tectonic regimes in the Burmese-Indonesian arc based on sev-

erallines of evidence, which include change in trend and offset in arcs, bathymetry 

and sedimentation, faulting in the region, change in composition and trend of the 

line of vokanoes, spatial distribution of earthquakes and change in dip of Berooff 

zone. Mukhopadhayay (1984) studied extensively on the shallow earthquakes at 

the Andaman spreading ridge and reported evidence for extensional stress within 

the subducting lithosphere, and reported the under-thrusting of Indian lithosphere 

below the Burma plate down to a depth of 200-220 km. Further, he observed that 

some of the north-south faults developed on the main islands are seismically ac-

tive. Hamilton (1979) reported that the subduction is more penetrative (0.-600 knl) 

under the Sunda arc further south. 

The decoupled transcurrent movement of the Burmese sliver plate is presented 
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in detail by Maung (1987) wherein the opening up of Andaman basin in the mid 

Miocene is discussed. Banghar (1987) using epicenters of 345 earthquakes between 

1967 and 1982 brings out the under-thrusting along the arc. McCaffrey (1988) ex

tensively studied the active tectonics of the Eastern Sunda and Banda arcs and the 

back-arc thrusting using centroid depths and fault plane solutions. Rajendran and 

Gupta (1989) studied the stress orientations in the Andaman-Nicobar region and 

found the maximum compression in the region is NE-SW to N-S, compatible with 

the motion of the Indian plate. They reported the along-arc variations in the stress 

orientations. Surendra Kumar (1981) used gravity data in addition to seismicity 

information to better constrain the geometry of the subduction zone. 

Using micro-earthquake survey data Harjono et al. (1991) studied the transten

sional Sunda strait and stress tensors for the area were computed and confirmed 

that the Sunda strait is an extensional tectonic regime as a result of the north

westward movement of the Sumatra sliver plate along the Semango Fault Zone. 

Guzman-Spezilae and Ni (1993) studied the opening up of the Andaman Sea, and 

suggested that the strain due to the opening of the Andaman Sea spreading sys

tem is seismic. The subduction azimuth varies from frontal/normal subduction in 

the Java to oblique subduction in the Sumatra - Andaman region (McCaffrey, 1988; 

Malod et al., 1995). 

Crustal evolution and sedimentation history of the Bay of Bengal studied by 

Rao and Kumar (1997) pointed out that Sumatra-Andaman arc is an intermedi

ate stress subduction zone with relatively few large magnitude events. A de

tailed study on the neotectonics of the Sumatran Fault was conducted by Sieh 
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and Natawidjaja (2000) which brought out many new insights into this 1900 km 

long fault. Radhakrishna and Sanu (2002) using focal mechanism data of shal

low earthquakes from this region identified major tectonic segments along the arc 

and inverted these mechanisms for the stress tensors there. Shallow seismicity 

and available source mechanisms in the Andaman-west Sunda arc and Andaman 

sea region suggest distinct variation in stress distribution pattern both along and 

across the arc in the overriding plate. They inferred that the oblique plate conver

gence, partial subduction of 900E ridge in north below the Andaman trench and 

the active back-arc spreading are the main contributing factors for the observed 

stress field within the overriding plate in this region. In the background of spurt 

of seismicity in North Andamans, Rajendran et al. (2003) and Kayal et al. (2004) 

analyzed the spatio-temporal evolution of seismicity and the volcanism associated 

(Fig. 2.4) with the archipelago. Rajendran et al. (2003) reported that this area has 

entered into a phase of renewed activity and suggested an association with the 

down-dip extension of the subduction earthquakes. 

Using multi-beam swath bathymetry, magnetic and seismological data Kamesh 

Raju et al. (2004) and Kamesh Raju (2005) brought out a three phase tectonic evo

lution of the Andaman basin. They presented that the current full rate spreading 

at Andaman Sea (Raju et al., 2004) is about 38 mm/yr, 327° relative to the present 

north (Curray, 2005). Using data sets from decades long oceanographical surveys 

and other geophysical studies, Curray (2005) gives a detailed information on the 

Andaman spreading, its evolution, and in addition an overall review of the tecton

ics. 
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An estimation of the relative motion between the plates is of significant im

portance in studies quantifying the deformation within the Indian Ocean and un

derstanding the relative high level of seismicity there (Gordon et al., 1990). New 

constraints have been obtained decades later from seismology and GPS measure

ments, after the pioneering efforts of Fitch (1972) and Curray (1979) using early 

global plate kinematic models. Modem day geodetic techniques have become in

creasingly prominent in studies of plate boundary deformation. Using GPS data 

collected in Bangalore (IISC) and at several global GPS sites, Freymueller et al. 

(1996) found agreement between the present day Indian plate motion with that 

predicted by NUVEL-1A (DeMets et al., 1994a). Later on analysis by Chen et al. 

(2000) and Shen et al. (2000) suggest that the motion of Bangalore is 5-7 mrn/yr 

slower than NUVEL-IA. A significant motion of a large Sundaland block (Sumatra, 

Java, Vietnam, China, Borneo) with respect to Eurasia was discovered by Chamot

Rooke and Le Pichon (1999); Simones et al. (1999); Michel et al. (2001). Paul et al. 

(2001) estimated the convergence of 14 mm/yr between India and Port Blair from 

a single campaign mode control point at CARl, Port Blair and forms the first GPS 

geodetic observations from this Island archipelago. According to this study, CARI 

samples only 50% of the India/ Andaman convergence due to the unknown degree 

of coupling there, and this makes it difficult for an independent estimate of the full 

Andaman velocity. A velocity of 20 mm/yr was established across Sagaing Fault 

(Vigny et al., 2003) using GPS. 

Strain rate field from Andaman Sea region was studied by Kreemer et al., 2003 

and obtained new constraints on the partitioning of the compression along the 
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Sumatra-Andaman trench and the extension along the spreading segments. They 

predicted the direction of extension, as it occurs along the spreading segments, and 

showed that it is consistent with earthquake slip vectors ",-,N300W. They also re

ported that there is a significant component of right-lateral shear in agreement with 

the seismotectonics indicated by the focal mechanisms. Bird (2003) compiled from 

the available deformational rates and fault locations, proposed a pole of rotation 

for the Burmese plate with respect to the Sunda plate as 103°E, 13.90N, 2.1 ° /Ma. 

2.2.2 Significant pre-seismic earthquakes 

The Andaman-Nicobar section of the Sunda-Andaman plate boundary has pro

duced many large and destructive earthquakes in the past (Table 2.1 and Fig. 2.3). 

Among the earlier earthquakes, those in 1847 (7.5<M<7.9), 1881 (Mw 7.9) and 1941 

(Mw 7.7) are significant (Bilham et al., 2005). An earthquake also occurred in the 

Arakan coast of Burma on April 2, 1762 (Chhibber, 1934) from the description of 

felt effects in northern part of the Bay of Bengal and Arakan, it appears that the 

event was close to the Irrawady delta. Another large earthquake is reported to 

have occurred in the North Andaman on January 28, 1679 (Iyengar et al., 1999). 

Felt reports from the Burmese coast as well as parts of the east coast of India (Tem

ple R. c., 1911) suggest this to be comparable to the 1941 earthquake in magnitude 

and rupture extent (Rajendran et al., 2007). According to Hochstetter (1866) the 

1847 earthquake happened near to Kondul Island, an island in between the Little 

Nicobar and Great Nicobar, with an aftershock duration of 5 weeks, which makes 

it comparable to 1941 and 1881 earthquakes. Location of the earthquake is still 
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speculative, as there is no other source of information. Bilham et al. (2005) rejects 

the idea of a strike-slip earthquake to the west of Nicobars, as no earthquakes ex

ceeding Mw 7.2 is reported on the adjacent transform fault, and it is much more 

probable that an event of such a magnitude can occur on a reverse fault on the 

west of or beneath the islands. 

Oldham (1884) compiled a detailed account on the 1881 Car Nicobar earth

quake. It caused a tsunami surge not exceeding 0.75 cm at Car Nicobar (Rogers, 

1883) and a wave height of 0.25 m was measured from the tide gauge stations at 

Madras (Chennai) on the east coast of India (Ortiz and Bilham, 2003). Using the 

tsunami travel times, Oritz and Bilham (2003) analyzed the source mechanism of 

this earthquake. The earthquake is calculated to have occurred near and west of 

car Nicobar with two reverse slip ruptures. The larger measured 150x60 km, and 

dipped 250E with a slip of 2.7 m equivalent to a Mw7.9 earthquake (Oritz and 

Bilham, 2003). The smaller was equivalent to Mw7.O and occurred some 50 km 

north of the larger patch. According to them the location of the rupture was so 

close to Car Nicobar, its western edge raised t"V 50 cm relative to the eastern shore. 

June 26, 1941 earthquake happened a year before the occupation of Japanese in 

the Andaman Islands and is reported to have caused an uplift of ",1.5 m along the 

western margin of the middle Andaman and subsidence of the same magnitude 

along the eastern margin, an observation not validated by any direct measure

ments Ohingran, 1953). There are no reports of any tsunami impact either from the 

Andaman-Nicobar Islands or from the east coast of India (Rajendran et al., 2007). 

The event affected the middle and south Andaman regions, including the town of 
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Port Blair. The central watch tower of the cellular jail in Port Blair collapsed along 

with a hospital and other masonry structures. There are also eyewitness accounts 

on the subsidence of Ross Island, subsequent to this earthquake. Using the avail

able aftershock extent information Bilham et al. (2005) infer the rupture extend 

between lIoN and 130N and computes a slip of 3 m on a 50 km wide 150 km long 

down-dip rupture. 

The M 8.7 earthquake of 1833, is reported to have ruptured about 550 km seg

ment of this arc; it also generated a tsunami (Natawidijaja et al., 2004). Natawidi

jaja et al., (2006) re-estimated the 1833 magnitude to 8.9-9.0 based on the rupture 

extent they measured based on the emergence and subsidence of the coral mi

croatolls there. Briggs et al., (2006) fixed the magnitude to M 9.0 (see, Fig. 2.3). 

Another great earthquake of 1861 (M 8.5) broke a segment north of the equa

tor, also triggering a tsunami. The 1833 and 1861 earthquakes and the attendant 

tsunamis occurred before the introduction of harbour tide gauges in most parts of 

the world and no tidal gauge data exist for these events. However, better docu

mentation exists for the 31 st December 1881 earthquake which caused run-up in 

eastern coast of India. This earthquake is also the oldest for which slip geome

try has been inferred. See, Table 2.1 for major siginificant pre-seismic earthquakes 

from Andaman-Sumatra subduction zone. 

2.2.3 Volcanism 

Subduction along the Andaman-Sumatra trench system has given rise to a dis

continuous belt of submarine volcanic seamounts. The andesitic volcanoes of Bar-
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Table 2.1: Significant Pre-seismic earthquakes that occurred in recent and historic 
times in and around the Andaman-Nicobar region. Rupture areas and earth
quake locations, where-ever available are plotted in Fig. 2.3. lIyengar et al., 1999, 
2Imperial Gazetteer of India, 1909, :~Oritz and Bilham, 2003, 4Bapat et al., 1983, 
5NEIC, USGS, 6Rajendran et al., 2003. 

Date Latitude Longitude Magnitude Region 
28/Jan./1679 12.50 92.50 7.51 M/N.Andamans 
31/0ct./1847 07.30 94.75 7.5 < A1 < 7.9 KonduP,3 
31 /Dec. /1881 09.25 92.70 7.93 Off Car Nicobar 
16/Nov./1914 12.00 94.00 7.24 S-W of Barren Island 
28/Jun./1925 11.00 93.00 6.5 Little Andamans5 

01/ Aug./1929 10.00 93.00 6.5 Car Nicobar!:l 
09/Dec./1929 04.90 94.80 7.24 Sumatra 
19/Mar./1936 10.50 92.50 6.5 Little Andaman5 

14/Sep./1939 11.50 95.00 6.0 East of Car Nicobar5 

26/Jun./1941 12.00 92.50 7.74 West of M. Andaman 
08/ Aug./1945 11.00 92.50 6.8 North of Little Andaman5 

23/Jan./1949 09.50 94.50 7.24 East of Car Nicobar 
17 /May./ 1955 06.70 93.70 7.34 East of Great Nicobar 
14/Peb./1967 13.70 96.50 6.8 Andaman Sea5 

20/Jan./1982 06.95 94.00 6.2 Great Nicobar5 

20/Jan./1982 07.12 93.94 6.1 Great Nicobar5 

13/Sep./2002 13.08 93.11 6.4 South East of Digilipur6 



Figure 2.4: Cone of Barren Island volcano as on May, 2002 (view from west). See 
Fig. 2.1 for location. Inset shows the composite eruption rate, smoothened using 
a moving average filter, shows an accelerated eruption ..... 50 years after the 1941 
earthquake. (Rajendran et aI., 2003). 

ren and Narcondam Islands are prominent among them; the Narcondam being 

now extinct, but barren is still marked by an active volcano and lie on the neogene 

inner volcanic arc. It erupted in March, 1991 after lying dormant for about MO cen-

turies (see Fig. 2.4-inset for eruption history). The first known historical eruption 

was on 1787 when a cinder cone grew in the center of pre-historical caldera. In-

termittent eruptions were there on 1832, 1991 and 1995. Presently the island is just 

3 km across, with a reported maximum elevation of ...... 400 m (Haldar et al., 1992). 

Further south, this volcanic chain is represented by the Barisan range in Sumatra, 

and in North, the trend is correlated with the chain of vlocanoes in Burma (Cur-

ray et al., 1982). Global observations on earthquake-volcano interactions, suggest 

large-scale eruptions following large earthquakes over periods of 7-50 years at dis-
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tances of 30-150 km, and 30-50 years at distances upto 1000 km (Hill et al., 2002). 

Rajendran et al., (2003) analysed the eruption history of Barren (Haldar et al., 1992) 

in wake of the spurt of earthquake activity in the North Andamans and suggested 

a 50 -year correlation may be appicable to the Barren Island volcano, located within 

the 250 km of the 1941 epicentre (Fig. 2.4, inset). Recently Kumar et al., (2006) re-

ported a minor eruption of Barren volcano on May, 2005 using remotely sensed 

satellite imageries. 

2.3 26 December, 2004 Mw 9.3 Great Sumatra-Andaman earth
quake 

The 26 December main-shock rupture began at 3.36°N, 96.00E at a depth of 

30 km at 00:58:53 GMT (National earthquake information centre (NEIC), United 

States geological survey (USGS)). Harvard moment tensor solution suggests thrust-

ing on a shallowly dipping plane (8 0), striking 328°. It ruptured a 1300 km long 

plate boundary north-westward along the Sunda trench and the Andaman trench 

and caused static offsets as far as 4000 km away from the epic enter (Banerjee et al., 

2005). The aftershock zone extends to nearly 15°N. Distribution until the begin-

ning of March 2005 suggests little change in the extent of the aftershock zone (Fig. 

2.5). One notable feature is the absence of aftershock activity north of about 150N 

latitude, a zone that has not generated much earthquakes in the past. 

Significant vertical displacements of the sea floor were responsible for a tsunami 

that propagated throughout the world's oceans (Bilham, 2005). Tsunami runup 

heights were measured at rv25 m near Banda Aceh region of Sumatra (Borrero, 
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Figure 2.5: Location of December 26, 2004 earthquake shown by centroid moment 
tensor (CMT) solution beach ball. and aftershocks (black dots) till! "t March, 2005. 
Epicentral data source: NEIC, uses, CMT: Harvard University CMT database. 
Extent of rupture zone can be clearly marked by the extent of aftershocks. 
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2005), 6 m in Thailand (Titov et al., 2005), and 3-12 m along the coast of Sri Lanka 

(Uu et al., 2005). Models of body-wave amplitudes in the first few minutes of the 

rupture indicated that the slip on the rupture surface was hetrogenous, varying 

from several meters in many places to more than 20 m near the epicenter (Ammon 

et al., 2005; Lay et al., 2005; Park et al., 2005). The characteristics of this earthquake 

were studied by many workers using various methods, to constrain the moment 

magnitude of the event, its rupture duration, direction, extent and the associated 

mechanism. 

Focal mechanisms of the aftershocks suggest arc-nonnal compression (thrust 

faults) along the subduction front and extension (normal and strike-slip faulting) 

in the back-arc region (Mishra et al., 2007). Other than the arc normal compression 

expressed by the thrust faulting all along the subduction front, one notable feature 

is the cluster of aftershocks in the back-arc region, characterized by normal and oc

casional strike-slip faulting. Lay et al. (2005) note that although such swarms have 

occurred in this region in the past, the one associated with the 2004 earthquake is 

the most energetic swarm ever observed, globally. During the two months that fol

lowed, nearly 1000 shallow earthquakes have occurred here among which about 

600 events occurred during a short duration from January 27-30, 2005 and nearly 

100 of them were of magnitude >5.0 (NEIC), and this activity continued there till 

September 2005. This region is a transition area between the Sumatra Fault and de

veloping Andaman back-arc spreading center. This high aftershock activity along 

the back-arc ridge-transform faults indicates accompanying slip partitioning along 

that boundary (Engdahl et al., 2007). According to them, most of these swarm 
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earthquakes were characterized by shallow depth right-lateral strike-slip, but also 

including a number of normal faulting mechanisms oriented perpendicular to the 

predominant strike-slip faults in the region along a linear trend. There is a marked 

transition in the distribution of aftershocks at ",5.5°N and it broadly corresponds 

to changes in the physical properties of the plate interface (Kennet and Cummins, 

2005). Also, this transition corresponds to the second region of significant slip in 

many main-shock rupture models (Ammon et aI., 2005; Ishii et aI., 2005). 

Various modes of rupture mechanisms were put forth by many including single 

and multi segmented rupture, involvement of slow slip in the northern segment 

and the varying rupture dimensions along the arc. Some common features of al

most all rupture models are, a rupture of ~ 1300 km along the Sumatra-Andaman 

megathrust, with rapid slip concentrated in the southernmost 500 km (Arnmon et 

al., 2005; Lay et aI., 2005; Banerjee et aI., 2005; Chlieh et al., 2007; Rhie et aI., 2007). 

Ammon et al., (2005) suggests the possibility of slow slip in the first 50-60 sec of 

rupture in the southern region near the epicenter. Several studies have required 

a slower rupture velocities for the northern segment of the rupture, with periods 

greater than 600 sec (Banerjee et al., 2005; Lay et al., 2005; Stein and Okal, 2005; 

Tsai et aI., 2005; Singh et al., 2006). Some studies, agian using various seismic and 

geodetic datasets, have found that the slow slip and low rupture velocities in the 

norhtem region are not necessary to explain the data (Ishii et al., 2005; Tsai et al., 

2005; Vigny et al., 2005; Banerjee et al., 2007; Chlieh et al., 2007). 

The centroid moment tensor of the 26 December, 2004 Sumatran event was of 

point source mechanism and of moment magnitude of (Mw) 9.0 (Dziewonski et al., 
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1981). The magnitude of the earthquake has been a matter of energetic debate, with 

most estimates falling in the range of Mw 9.0-9.3. Stein and Okal (2005) estimated 

a moment of 1023 Nm (Mw 9.3) based on normal mode excitation, although Baner

jee (2005) argue that this is overestimated because they assumed a point source 

with too large a dip angle. Ammon et al., (2005) have produced three different 

model slip distributions, each of which has Mw 9.0-9.2. Park et al., (2005) using 

normal mode spectral data find that a model with Mw 9.1. Braitenberg and Zadro 

(2007) compare the free oscillation amplitudes of 1960 Chile and 2004 Sumatra

Andaman earthquake and give a direct comparison that Sumatra-Andaman event 

was smaller than the Chilean event by a factor between 1.5-3.0. Using an exten

sion of the empirical Green's function, Choy and Boatwright (2007) demonstrated 

that the second half of the rupture radiated less high-frequency energy than the 

first half of the rupture. The rupture process of the Sumatra-Andaman earthquake 

lasted for approximately 500 sec. The moment energy release by the rupture pro

cesses took place in the first 250 sec, with some minor patches of high frequency 

release up to 8 min after the onset of P (Lomax, 2005; Kruger and Ohrnberger, 2005 

and Ishii et al., 2005). Several finite fault inversions (Ammon et al., 2005) using 

low frequency surface wave data derived moment rate functions that had similar 

durations of 500-600 sec. Seismic rupture models which based entirely on analysis 

of body waves were unable to resolve the rupture in the northern segment because 

of the mixing of the arrivals from that segment with the secondary phases arriving 

from the intial phases of the rupture (Stein and Okal, 2005). All the authors argued 

that the major source of additional moment release from a slow slip in the northern 
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segment of the aftershock zone (Stein and Okal, 2005; Ammon et al., 2005; Bilham, 

2005; Lay et al., 2005a). Tsai at al. (2005) estimated a similar magnitude using a 

CMT modelling aproach, with 5 distributed point sources along the length of the 

rupture. Later, doubts have been cast on the slow slip hypothesis, as many later 

analyses showed that almost entire seismic energy release is from normal speed 

seismic rupture (Ishii et al., 2005; Neetu et al., 2005). The published models show 

a wide variation in features such as the depth and overall length of significant 

rupture. 

The largest earthquake to follow the great event (Mw 8.6) occurred on 28 March. 

This earthquake had a similar mechanism as the 26 December earthquake, show

ing predominantly thrusting on a shallow-dipping (7°) fault plane. The rupture 

was about 300 km long, as defined by the extent of aftershocks. However, this 

one did not generate a huge tsunami like the December earthquake. It has been 

suggested that the March earthquake did not breach the sea floor, resulting in the 

transfer of lesser energy to the water column. Further, the earthquake occurred 

under relatively shallow water, displacing lesser volume of water. 



Chapter 3 

Methodology 

3.1 Introduction 

The adopted techniques and methodology for this study to constrain the active 

tectonic deformation happening at the Andaman-Nicobar arc are briefly detailed 

in this chapter. These include spatial and temporal analysis of the epicentral data, 

analysis of the earthquake focal mechanism data, satellite gravity data, bathymetry 

data and the global positioning system (GPS) data. This chapter also briefly deals 

with the data acquisition techniques and processing schema adopted for analysis 

of GPS data sets. 

3.2 Spatio-temporal analysis 

The epicentral data made used for this study is from NEIC of USGS. Data span 

is from pt January, 1973 to 25th December, 2004, for the pre-earthquake analysis. 

For aftershock studies data sets from 26th December, 2004 to 1st March, 2005 are 

made use of (for Fig. 2.5). Spatial span of the epicentral data sets are from 0-200N 

and 90-1000E, of magnitude M~4.0 and without any depth limitation. Spatial 

analysis of the epicentral data helps in delineating the major zones of deformation 

and their spread. To map along-arc variations in the dip of the Benioff zone, depth 

wise distribution of epicentral data is made use of. For temporal analysis the same 

da ta set is made use of. 

34 
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3.3 Stress orientation computation 

CMT solutions for the same spatial spread and period of M~4.9 was made use 

for the pre-earthquake analysis. Specific CMT solutions were downloaded for De

cember, 2004 and March, 2005 events for plotting. To deduce the stress directions 

using focal mechanisms, the orientation of three principal stresses SI, 52, S3 (the 

maximum, intermediate and minimum compressive stresses) in different modes 

of faulting was considered. It was assumed that one of the three principal stresses 

corresponds with the vertical stress Sv, induced by overburden. Thus in areas of 

normal faulting, Sv corresponds to SI (in the vertical plane), implying that SH and 

Sh (maximum and minimum principal stresses) are less than the overburden effect. 

In areas of strike-slip faulting, it is assumed that Sv is the intermediate principal 

stress, S2, and in regions of thrust faulting, Sv corresponds to the least principal 

stress, S3. It was further assumed that P- and T-axes loosely correspond to SI and 

S3· 

There are limitations in inferring the directions of SI and S3 from P- and T-axes 

(McKenzie, 1969). McKenzie (1969) noticed that in general P- and T-axes may lie 

anywhere in the dilatational and compressional quadrants of the focal planes and 

may not be the actual and assumed directions of S1 and S2. However, these er

rors can be minimized by averaging groups of P- and T-axes (Zoback and Zoback, 

1987). 

From the cluster of P- and T-axis orientations, the mean direction was calcu

lated by simple arithmetic average. The average P-axis orientation from the focal 
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mechanisms was assumed to be the direction of maximum horizontal stress (SH 

in regions of strike-slip and thrust faulting). In regions of normal faulting, the 

direction perpendicular to the T-axis was assumed to the direction of SH. 

3.4 Geodetic constraints using GPS 

Geodetic measurements provide very accurate determinations of positions of 

points on the surface of the Earth. When measured over a few years, the change 

in positions of points are representative of strain accumulation in a region. The 

rapid growth of usage of GPS devices over the last decade has occurred primarily 

because of comparatively low cost and high accuracy of GPS receivers. 

3.4.1 GPS Data acquisition 

GPS measurements presented in this study started as an initiative to model the 

crustal deformation associated with the Andaman-Nicobar arc. First set of mea

surement was made during May, 2002 by establishing and collecting campaign 

mode GPS control points and data at Port Blair (PBLR), Havelock Island (HVLK) 

and Barren Island (BRRN). These points are made up of threaded steel bolts, em

bedded in cement concrete basement except BRRN, where it's on a base rock expo

sure. During 2003 field work, three more points were added at Diglipur (DGLP) in 

the North Andamans, Car Nicobar (CA RN) and Chatham (CHAT), Port Blair. The 

first two locations are on cement concrete basement with nail marks serving as the 

point and the third one on a Naval hydrographic survey benchmark with a copper 

plate description. During the September, 2004 field campaign, two more points 
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were added, one at Campbell Bay (CBAY), Great Nicobar and another one at Hut 

Bay (HBAY), Little Andamans, where both the points are nail marks embedded in 

cement concrete basement (See Fig. 3.1). The spatial spread of all these points are 

between 6.8SoN and 13.0SoN latitude, covering ~ 800 km of the 2004 rupture zone. 

Occupation history of these points is listed on Table 3.1., and receiver and antenna 

details are listed in, Table 3.2. Some of the points were not occupied in subsequent 

surveys due to entry restrictions and/or logistical problems. The four character 

site codes used for data analysis are listed in, Table 3.2 as station codes. 

3.4.2 GPS Data analysis 

There are many variety of data analysis strategy for GPS regional campaigns, 

and there has been an evolution of strategies with the deployment of continuously 

running stations. The basic aim of the analysis is to determine the motions of sites 

in a network relative to each other and within a global reference frame. The most 

straight forward approach to the analysis of regional data is to take all of the avail

able GPS data, both in the region and globally, and to perform an analysis of all 

the data simultaneously, estimating all the parameters. The parameters include the 

orbital elements for each satellite arc, changes in Earth orientation parameters, tro

pospheric delays, clock offsets and initial phase biases. From this analysis, a global 

coordinate system can be determined using the global stations, and the motions of 

the regional sites will then be given in this global frame. However such a direct 

approach is not feasible because of large number of parameters that would need to 

be estimated. To avoid the problem of excessive number of parameters, the above 
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scheme is modified with no change to the final results, by processing the GPS data 

in subsets and then combining the geodetic parameter estimates in a second anal

ysis. The results will be identical provided there are no correlations between the 

non geodetic parameters in subsets. 

One way to form subsets is to process each day of GPS data separately and 

to carry-forward the parameters for station positions in the further analysis viz., 

Earth orientation parameters and possibly the orbital information from satellites. 

Even this level of analysis can become large with number of continuously tracking 

GPS receivers. One mode of simplification is to use the orbital parameters and 

Earth orientation parameters determined by other analysis centers. The generation 

of such products is one of the main purposes of IGS (IGS ~ International GNSS 

(Global navigational satellite system) service for geodesy.). When these products 

are used, only the regional data and data from some global sites need to be used. 

In the analysis of regional networks, it is important to maintain a well-defined 

coordinate system to which the regional site positions are referred. The important 

aspects of coordinate system are its translation and rotation. The precise method 

for maintaining this system depends on the tectonic problem being addressed. In 

nearly all cases, the rotational origin of the network is best defined by the global ro

tation of the Earth. The collected observation files are converted to RINEX (RINEX 

- Receiver independent exchange format.) for quality check and analysis. For 

this study, GPS data processing was done using GAMIT IGLOBK (King and Bock, 

2005, Herring, 2005). 

Analysis was done using an elevation cutoff angle of 15 degrees. Latest realiza-
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tion of the international terrestrial reference frame ITRFOO (ITRFOO - International 

terrestrial reference frame, year of realization 2000.) (Altamimi et al., 2002) was 

used for reference frame definition. An elevation dependant antenna model was 

used, with direct hight to the antenna reference point (ARP) serving as the refer

ence. IGS station data (station character code in parenthesis) of Bangalore (IISC), 

Kumuing (KUNM), Lhasa (LHAS), Singapore (NTUS), Coco Island (COCa), Dego 

Gracia (DGAR) were used (Fig. 3.1). First, the daily positions of the stations were 

computed and the baseline estimates between the stations were computed for each 

day as a loosely constrained solution. 

The non-fiducial orbit was estimated in a global solution that included only 

loosely constrained site positions, so it is internally precise but in no particular ref

erence frame. Each daily solutions are transformed into the IGS-2003 realization of 

the ITRFOO reference frame using all common sites in the daily solution weighted 

by the joint uncertainty in the model position at the epoch of the solution and the 

daily solution uncertainty. After transformation, the typical 3D-RMS misfit with 

the sites used to realize the ITRFOO frame is 6-7 mm. Here no attempt is made to 

remove common mode errors by defining a regional reference frame. 
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Figure 3.1 : GPS control points used in this study to constrain the tectonic defonna
tion of the Andaman-Nicobar arc. Red inverted triangles are international geode
tic stations. Remaining blue and green ones are established in the islands as part 
of this study. Station data sets from green inverted triangles were used for pre
seismic velocity computation. Among the blue inverted triangles, except HBAY 
and CBAY remaning were not reoccupied after December 261h earthquake due to 
entry restrictions or logistical problems. See table 3.1 for occupation history 
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Table 3.1: Occupation history of the stations with number of days occupied at each 
point, established at Andaman-Nicobar Islands till 2005 as part of this work. Some 
of the control points are not re-occupied in susequent surveys due to entry restric
tions or logistical problems. (See Figure 3.1) 

Station Code 2002 2003 2004 2005 
PBLR 4 5 26 22 
HVLK 1 - - -
BRRN 1 - - -
CHAT - 3 - -
DGLP - 2 3 2 
CARN - 2 2 2 
HBAY - - 3 2 
CBAY - - 3 2 

Table 3.2: Details of the receiver/antenna pair used for this study at each location. 
For the years 2002, 2004 and 2005 Leica receiver/antenna and for 2004 Trimble 
antenna/receiver pairs were used. Continued in Table 3.3. 

Year PBLR DGLP CARN BRRN 
2002 SR299 / AT302 - - SR299 / AT302 
2003 5700/Zephyr 5700/Zephyr 5700/Zephyr -
2004 SR520/ AT503 SR520 / AT503 SR520 / AT503 -
2005 SR530/ AT502 SR530/ AT502 SR530/ AT502 -

Table 3.3: Details of the receiver / antenna pair used, continuation of Table 3.2. 
Year HVLK CHAT HBAY CBAY 
2002 SR299 / AT3021 - - -
2003 5700/Zephyr2 5700/Zephyr2 - -
2004 - - SR520/ AT5033 SR520/ AT5033 

2005 - - SR530/ AT5024 SR530 / AT5024 



Chapter 4 

Pre-seismic deformational constraints 

4.1 Spatio·temporal analysis of pre·seismic earthquakes 

The Spatial distribution of instrumentally recorded earthquakes Qanuary I, 

1973 to December 25, 2004) coincides with the major tectonic segments of the 

Andaman-Nicobar arc (Figures 4.1.A, 2.1 and 2.3). Inner side of the arc shows con

siderable and distinct seismicity along the West Andaman Fault (WAF), Andaman 

Spreading Ridge (ASR) and the volcanic arc (See, Figure 2.1 for locations.). 

Loci of earthquakes mostly follow a NNE trend, the western arm representing 

the fore-arc setting as well as the volcanic arc consisting of Barren and Narcondam 

Islands. The eastern arm that branches off at about 11 oN is characterized by shal

low seismicity associated with the back-arc extension in the ASR as discussed later. 

The reduced level of seismicity and formation of a gap north of the archipelago is 

evident and has been reported (Sinvhal et al., 1978; Rajendran and Gupta, 1989). 

Similarly there is a lack of any significant cluster of near trench earthquakes in the 

Sumatra-Andaman boundary during this period. If ASR earthquakes are not taken 

into account, this can be assumed due to a pre-seismically locked trench-ward plate 

interface and a seismogenic plate interface away from the trench. Such pre-seismic 

quiescence is not uncommon for subduction zones. For example, inter-plate earth

quakes are not usually observed along the shallowest «10 km) portions of the 

subduction megathrust pre-seismically (Byrne et al., 1988; Scholz, 1998; Pacheco et 
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Figure 4.1: A) Spatial distribution of Andaman-Nicobar seismicity, M2:4.0, for a pe
riod of January 1, 1973 to December 25, 2004, Data Source: USGS, NEIC database. 
B-D) zones marked for depth analysis. 
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Figure 4.2: Depth wise distribution of earthquakes at 12 degree north (zone 
marked B in Fig. 4.1). Note the trend of dipping slab. Shallow earthquakes east of 
94°E are due to the Andaman spreading ridge (ASR) events. 
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Figure 4.3: Depth wise distribution of earthquakes at zone marked C in Fig.4.1 
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Figure 4.4: Depth wise distribution of earthquakes at zone marked D in Fig.4.1 

aI., 1993; Hyndman et aI., 1997). 

A better way to validate this assumption is to analyze the spatial distribution of 

earthquakes depth wise. For this, specific segments of Andaman-Nicobar arc are 

selected (see Fig. 4.1, zones are marked B, C and D), and depth-wise distribution 

of the events are plotted. The hypocentral distribution of earthquakes are located 

at the plate interface as well as within the plate, showing the trend of the dipping 

subduciing slab. This dipping interface (Wadatti-Benioff zone), has a character-

istic dip angle which varies along the strike. Depth section along 120N (by pro-

jecting the events between 11.5 - 12.5' N on a plane), clearly shows an eastward 

dipping subducting slab, with no significant events on the trench-ward side, dip-

ping at about 30-35' (Fig. 4.2). Towards the back-arc regions intermediate/ deeper 

events associated with the volcanic arc are found, followed by shallow spreading 
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ridge earthquakes from the Andaman Spreading Ridge (ASR). Transverse section 

of hypocenters within the selected block shows that the Benioff zone is about 85-

130 km deep along this part of the trench. 

Similar depth-wise distribution of the events were studied at 60N (Fig. 4.3) and 

30N (Fig. 4.4). At 60N the subduction is more steeper and deeper than at 12°N. 

At 30N the setting is even more complicated with dipping interface earthquakes 

and events associated with the Sumatran Fault system. Thus it can be inferred that 

the dipping interface, dip angle and thus the geometry of the subduction setting 

of the Andaman-Nicobar changes along strike. From north to south its dip angle 

becomes more steep and penetration of the downgoing slab becomes more deep. 

The maximum hypocentral depth is at 260 km, near the southern segment of the 

study area. The youthfulness of the subduction zone along this part is evident also 

from the presence of large and great earthquakes in this area (See, Figure 4.8). 

A comparison made on the bathymetry and hypocentral depths along the same 

profile defines the above discussed trend of downgoing slab beneath the archipelago. 

To map the trend of the dipping plate interface and better 3-D visualization of 

the trench geometry along the arc (Fig. 4.5) cross-section of the gridded data sets 

of bathymetry and hypocentral distribution are made use. Gridded topography 

data is from ETOPO-5 (National Ocean and Atmospheric Administration (NOAA), 

1988) and the epicentral data is from USGS, NEIC database of events M;:::4.0. A 

wire-frame surface map of the gridded hypocentral data created shows the spatial 

variation of the hypocentral depths on a surface. 

A wire-frame plot of the gridded bathymetry data set along the 120N (Fig. 4.5), 
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Figure 4.5: Upper panel shows the wire-frame surface topographic section along 
12oN, showing the trench, accretionary prism (Andaman Islands), volcano (Bar
ren island), and the Andaman spreading center. Lower panel corresponds to the 
gridded wire-frame surface map of the hypocentral data along the same profile, 
showing the trend of the dipping Benioff zone, volcanic earthquakes, and shallow 
speading ridge earthquakes. Gridded topography data is from ETOPO-5 from Na
tional Ocean and Atmospheric Administration (NOAA) and the epicentral data is 
from USGS, NEIC database of events M~4 .0 . 
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Figure 4.6: Gridded wire-frame surface map of the hypocentral data distribution of 
Andaman-Nicobar earthquakes along the island arc. It shows the trend of the dip
ping plate interface along the arc which is representative of the subduction geom
etry. Black line shows trench location from Bird(2003). Black patches are location 
of Andaman-Nicobar Islands. Colour scale gives hypocentral depth information. 

shows the bathymetric highs and lows viz., Sunda-Andaman trench, the accre-

tionary prism (whose sub-aerial expression are the islands) and a very deep back-

arc basin where the Andaman Spreading Ridge (ASR) exists. Comparing with a 

gridded wire-frame plot of the hypocentral distribution along the same section 

shows the spatial extent of the earthquakes and the trend of the dipping slab be-

neath the accretionary wedge. Also seen are the presence of very shallow volcanic 

arc earthquakes beneath the Barren Island and the spreading ridge earthquakes 

beneath ASR. 

Similar wire-frame surface map along the arc was made with the gridded hypocen-
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tral data. All earthquakes below 40 km depth were removed from the ASR and the 

volcanic arc. This was to avoid any shallow spreading ridge and volcanic earth

quakes being included in the analysis and to exclusively obtain the trend of the 

dipping interface (Fig 4.6). It shows a complicated and very deep subduction in 

the southeastern end of the study area. It may be possibly due to the deep pene

tration of the downgoing slab in this segment. The western part of the subdution 

front is shallower as expected. South to north subducting slab occurs at a shal

lower depth, as inferred from scanty earthquake data (Srivastava and Chaudary, 

1979) as well as seismic reflection data (Curray, 2005 and references therein). 

Temporal evolution of seismicity is analyzed using the earthquakes M~4.9 from 

the NEIC database mentioned above, for the region within 0-14°N and 92-1000E, 

which defines the area of interest of this study. Annual frequency of earthquakes 

during this period consist of ",700 events of M~4.9 among which 43 events are of 

M~6.0 (Fig. 4.7). Among these events twelve are of M~6.5 and three are of M~7.0 

(Fig. 4.8). Maximum event magnitude reported during this period was M 7.6, an 

event occurred near the trench-ward side of the north western Sumatra. 

The temporal pattern of seismicity does not suggest any particular pattern. 1t 

has been suggested based on some of the worlds better studied subduction zones 

that a period of quiescence,follows major earthquakes (Ohtake et. al.,1981). The 

spatial distribution of M~6.0 events along arc generally suggests that most parts 

of the subduction front have been generating earthquakes (Fig. 4.8). Some earth

quakes in the southern (1861) as well as the northern part of the subduction zone 

(1881, 1941 and 1679) have caused larger ruptures. Admittedly, the sampled data 
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Figure 4.7: Temporal pattern of Andaman-Nicobar seismicity from 1973-2004 for 
the events M2 4.9. Maximum magnitude of earthquake reported is marked above 
for the particular year. Data Source: USGS, NEIC database. 
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time span window is very small, compared with the time scales of continental de-

formation. However, based on the available data one may note that no part of 

this subduction zone (except in the northern portions) has remained free of earth-

quakes. 

4.2 Tectonic segmentation based on focal mechanism data and the 
major stress regimes. 

A subduction zone is expected to feature near trench shallow thrust faulting 

earthquakes, shallow strike-slip earthquakes at the back-arc transforms, shallow 

normal earthquakes around the spreading ridge and deep normal fault earthquakes 

in the down-dip side of the downgoing plate (Spence, 1987). Analysis of the avail-

able focal mechanisms around the Andaman-Nicobar arc shows the variations in 

tectonic activity along the arc. Here, data sets from Harvard centroid moment 

tensors were analyzed for a period from 1973-2004 of magnitude 4.9 and above. 

Mechanisms within the study area are only discussed herewith, although for the 

sake of completeness, data from surroundings are also used for plotting. Mech-

an isms are scaled for magnitude and depth by size and colour respectively (Fig. 

4.9). 

Focal mechanisms of the major earthquakes along the Sumatra-Andaman trench 

are consistent with the under-thrusting along the megathrust fault. As already dis-

cussed, there is a lack of significant trench-ward earthquakes during this period of 

analysis (1973-2004). During this period only one event is located on the trench 

line east of Nicobar with a thrust faulting mechanism. Trench-ward earthquakes 
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Figure 4,8: Significant pre-seismic earthquakes of M26,Q along the Andaman
Nicobar arc. 
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east of Andamans and Nias Island (See Figure 4.8 for locations) shows consistent 

thrust mechanism, striking parallel to the trench. Many events at or immediately 

adjacent to the trench are characterized by both normal and strike slip faulting. 

These near-trench shallow normal fault earthquakes may be due to the intra-slab 

bending stress (Spence, 1987). The near-trench strike-slip mechanisms may be as

sociated with many features on the incoming Indian plate. 

Further south, the orientation of the fore-arc gradually changes from NNE to 

NW-SE in South Nicobar - Sumatra Islands. This part of the subduction zone be

longs to two tectonic regimes. The northern segment corresponds to the Great 

Nicobar and Sumatra Islands, where Indian and the southeast Asian plates are 

interacting. Present day tectonic processes are controlled by three major fault 

systems, the most prominent being the subduction thrust, which outcrops in the 

Sunda trench. Inland, the trench-parallel Sumatra Fault that runs through the en

tire length of the island from Banda Aceh to Sunda Strait accommodates oblique 

convergence through strike-slip faulting. The Mentawai Fault at the outer margin 

of the fore-arc basin is another important fault system in the Sumatra region (Sieh 

and Natawidajaja, 2000). The Benioff zone is about 170-190 km deep in this section 

and not much of back-arc activity is observed here. Some minor along-arc varia

tions have been noted, the general pattern is that of active subduction dominated 

by shallow thrust events in the southern part. Further south, the subduction ge

ometry is more complicated, where the plate convergence is partitioned as dip-slip 

and right lateral strike-slip components, respectively along the Sunda trench and 

the Sumatran Fault. 
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Away from the trench to the east, thrust earthquakes of <40 km, with its strik

ing parallel to the arc can be seen. It is followed to east towards back-arc by 40-80 

km deep thrusting events (coloured green in Fig. 4.9) primarily associated with 

the series of the thrust faults in the Andaman subduction zone. Among these, the 

West Andaman Fault (WAF) is the most prominent. This fault appears to be contin

uous from the west of Sumatra to east of Nicobars and Andamans. Along the WAF 

earthquakes with normal mechanisms appear forming another plane of seismicity. 

Deeper events of varying mechanisms (coloured blue in Fig. 4.9) are seen 

among which most may be associated with the Sunda-Andaman volcanic arc. Along 

the Sumatran Fault (SF), strike -slip events of <40 km can be seen which extends to

wards north to the Andaman Spreading Ridge (ASR). The ASR earthquakes show 

typical shallow strike-slip and normal mechanisms. Earthquakes in the 7 to I50N 

show distinct characteristics of the back-arc spreading. The orientation of the nor

mal faulting earthquakes are consistent with the small ocean spreading features 

in Andaman marginal sea. The Andaman Sea basin is considered to be complex 

back-arc spreading center, categorized as a pull apart or rip off basin rather than a 

typical back-arc extensional setting (Curray, 2005). 

The transition region between north of SF and south of ASR shows a cluster 

of shallow and intermediate predominant strike-slip and normal mechanisms and 

deeper normal mechanisms. This part of the arc exhibits more complex pattern and 

segregation into clusters of thrust, normal and strike-slip earthquakes (Dasgupta 

et al., 2003). These mechanisms represent the tectonic features accommo dating the 

right lateral oblique convergence along the WAF and SF and the slip partitioning 
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happening there due to the obliqueness in subduction. Along the Sumatra Subduc

tion zone, plate convergence is partitioned into dip-slip and right lateral strike-slip 

components, the former being accommodated by the slip on the subduction inter

face and the latter by the Sumatran Fault (Fitch, 1972; Curray, 2005). 

The P- and T-axes inferred from earthquake focal mechanisms provide a first 

order approximation of the stress. The maximum horizontal stresses inferred from 

the focal mechanisms in the segments discussed above were analyzed as a function 

of depth. The average P-axis orientation from the focal mechanisms was assumed 

to be the direction of maximum horizontal stress (SH in regions of strike-slip and 

thrust faulting). In regions of normal faulting, the direction perpendicular to the 

T-axis was assumed to the direction of SH. The figures 4.10 and 4.11 show the P

and T-axes inferred from the focal mechanism solutions available for the area. The 

rose diagram showing the orientations of mean SH and Sh within 40 km depth are 

shown in Fig. 4.10. The same parameters for the earthquakes deeper than 40 km 

are shown in Fig. 4.11. 

Around the Andaman Islands (Fig. 4.10.a), the direction of SH is N-S to NE-SW. 

Two shallow normal faulting earthquakes are reported from this area, which may 

be representative of deformation within the upper plate structures or volcano de

formation. In the zone of shallow seismicity at the northern segment of ASR (Fig. 

4.10.b), the mean stress direction is in the NNE-SSW direction, whereas below this 

segment (Fig. 4.10.c) the trend is in NNW-SSE direction, which is also reported by 

Rajendran and Gupta (1989). These are associated with the ocean floor spreading 

and the right lateral motion, and is consistent with the reported opening up of the 
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Figure 4.9: Centroid moment tensor solution mechansims of M>4.9 earthquakes 
(1973-2004) from Harvard CMT catalogue. Events are size wise scaled for magni
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Figure 4.10: The directions of P- and T-axes and type of faulting derived form fo
cal mechanisms of the earthquakes with hypocentral depth less than 40 km. The 
direction of the lines indicates the orientation of P-axis for strike slip and thrust 
faulting and T-axis for normal faulting. Rose diagrams show SH and Sh (maxi
mum and minimum horizontal stresses) for different tectonic regimes (marked by 
dashed areas). 
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Figure 4.11: The directions of p- and T-axes and type of faulting derived form focal 
mechanisms of the earthquakes with hypocentral depth greater than 40 km. The 
direction of the lines indicates the orientation of P-axis for strike slip and thrust 
fa ulting and T-axis for normal faulting. Rose diagrams show SH and Sh (maxi
mum and minimum horizontal stresses) for different tectonic regimes (marked by 
dashed areas). 
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Figure 4.12: Generalized stress map of the Sumatra-Andaman region within 40 km 
depth. Converging arrows indicate compressions and diverging arrows indicate 
extension. 
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Figure 4.13: Generalized stress map of the Sumatra-Andaman region of >40 km 
depth. Converging arrows indicate compressions and diverging arrows indicate 
extension. 
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Andaman sea region by Curray, (2005) and Raju, (2004). Figures 4.10.d and 4.10.e 

show similar stress orientations but they are oriented towards N-E to NWW-SEE 

direction. 

A segment very near to the trench shows SH oriented towards NNE-SSW (FigA.10.f), 

consistent with the plate velocity vector azimuth there (DeMets et al., 1994a). North 

western segment of Sumatra (Fig. 4.10.g) shows typical trench-ward under-thrusting 

with a stress orientation of NNW-SSW. It is a typical signature (Lu et al., 1997) of 

the near trench extensional stress in the bent plate due to the earthquakes that oc-

cur below the plane of the bending subducting lithosphere. East of this zone the 

stress orientations are mainly controlled by the right lateral SF and its northern 

extension. The major SH orientation is towards NNE-SSW. 

At a greater depth (>40 km) (Fig. 4.11.a), the major stress orientation changes 

to E-W compression. Fewer number of earthquake mechanisms in ASR shows con

sistent stress orientations like the shallower portions there. Segment - b, shows a 

NW-SE trend of stress, consistent with the deeper WAF right lateral motion. Seg

ment - c, shows the trend of near trench compression in the deeper portions of 

North Western Sumatra. 

Spatial distribution of the stress field and their variations with depth are sum

marized in Fig. 4.12 and Fig. 4.13. Trench-ward, the Sumatra-Andaman region 

shows a general sense of compression in NE-SW toN-S direction at the shallower 

portions. In the ASR region, the general trend of stress (Sh) is in NNW-SSE. In a 

transition zone between the ASR and SF, the stress orientations (Sh) change to E-W 

direction. In intermediate depths, the trend of (SH), east of Sunda-Andaman trench 
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is NE-SW to N-S (Fig. 4.13). 

4.3 Geodetic constraints on the pre-seismic convergence along the 
arc 

4.3.1 Pre-earthquake velocities 

Pre-earthquake GPS surveys were carried out in the Andaman-Nicobar Islands 

as part of this study and were part of a broader study of geomorphic features in 

the islands, and a total of 8 sites were surveyed prior to the earthquake in mea-

surement campaigns in 2002, 2003, and 2004 (Earnest et al., 2005). The final pre-

earthquake campaign was carried out in August 2004 over a period of about 4 

weeks, and was 4-5 months before the December 26 th mainshock. A site in Port 

Blair was surveyed in each campaign, and sites in Diglipur (North Andaman) and 

Car Nicobar were surveyed in both 2003 and 2004. The other 5 sites were surveyed 

only once prior to the earthquake. Each GPS survey at a site involved the collection 

of 2 or more days of data, with each days data generally covering a full 24-hour 

span. The Port Blair site, PBLR was surveyed continuously for the duration of each 

survey. 

Pre-earthquake velocities were estimated using daily GPS solutions spanning 

between 4th May, 2001 and 11th September, 2004. Coordinate repeatability were 

tested (See figs. 4.14 to 4.16), and station velocity is measured in the ITRFOO frame 

(Fig. 4.17 and Table 4.1 for details). Convergence between India is computed by 

fixing the IISC point (Fig. 4.18 and Table 4.2 for details). 
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Figure 4.14: Time series plot of PBLR, Port Blair GPS point from 2002-2004 in 
ITRFOO reference frame. 
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Figure 4.15: Time series plot of DGLp, Diglipur, North Andamans GPS point from 
2003-2004 in ITRFOO reference frame. 
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Figure 4.16: Time series plot of CARN, Car Nicobar GPS point from 2003-2004 in 
ITRFOO reference frame. 
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Table 4.1: Computed absolute velocity(mm/yr) of the control points in ITRFOO 
reference tram ne. 

30-
N 
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-10' 

Station Code 
PBLR 
DGLP 
CARN 

km 
!"""** ... "**"l 

East E-sigma± North N-sigma± 
40.43 0.08 33.36 0.05 
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29.72 0.41 36.34 0.53 

_20,~ __ -=~0~5~0~0~10~0~0 __ ~==~ __ -===9-__ -===~ __ -=~ 
60' 70' 80' 90' lOO' 110' 120'E 

VelodtlM r.Idve to NONE CoofkIe!v;e w.rvaI : is ChISqIA;,./ dtII : 0.29 Formal E~ Scaled by 0.50 

Figure 4.17: Absolute velocity vectors of the campaign and IGS stations used in 
this study. The frame of reference is ITRFOO. 
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Table 4.2: Computed relative velocity(mm/ yr) of the control points with respect to 
IISC, Bangalore 

Station Code East E-sigma North N-sigma 
PBLR -4.99 1.38 -1.91 0.03 
DGLP -12.97 2.21 -7.18 0.12 
CARN -15.70 2.87 1.07 0.19 
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Figure 4.18: Relative velocity vectors of the campaign and ICS stations used in 
this study. The frame of reference is ITRFOO. Velocity vectors are computed with 
respect to IISC, Bangalore. 
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4.4 Discussion 

Temporal analysis of pre-seismic earthquakes shows that there is an ambient 

and consistent seismicity level with occassional M>6.0 earthquakes. But it does 

not show any precursory signal towards the 2004 megathrust occurrence. But spa

tial spread of earthquakes shows that the trenchward side is devoid of seismic 

activity and is representative of a locked pre-seismic plate interface. Also the back

arc side do have plenty of earthquakes, including some significant ones, pointing 

towards an active down-dip extension of the pre-seismic plate boundary. Three 

dimenssional Benioff zone distribution shows the along the strike variation in the 

dip angle of the subduction zone. From north it becomes steeper towards the south 

and is more deeper towards the southern part of the study area. It shows that 

south of Great Nicobar the depth of penetration of the subducting plate is more 

than 200kms. 

Along the arc the mechanism of the earthquakes are generally thrusting in na

ture. It basically shows the reverse slippage of the overiding plate over the sub

ducting Indian plate. Off the arc there are shallow strike-slip events, and is repre

sentative of the spreading ridge extensional earthquakes. Also some characteristic 

normal faulting events are seen along the volcanic arc, representative of the stress 

direction there. These are the present day major tectonic regimes of the Andaman

Nicobar subducting environment. The Sumatra-Andaman trench region shows 

general sense of compression in NE-SW to N-S direction at the shallower portions. 

In the ASR region, the general trend of stress is in NNW-SSE. In a transition zone 
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Figure 4.19: Vector closure diagram for the Port Blair segment. 54 mm/yr (N22°E) 
and 37.2 mm/yr (320°) are the Indian plate velocity with respect to eurasia (DeMets 
et al., 1994a) and Andaman spreading velocity (Curray, 2005) respectively. Present 
day Port Blair convergence velocity computed in this study samples only 15% of 
expected full rate convergence of ",,40 mm/yr. 

between the ASR and SF, the stress orientations change to E-W direction. In inter-

mediate depths, the orientation of stress, east of Sunda-Andaman trench is NE-SW 

to N-S. The trend of P-axis is generally N-S, suggesting that the entire area is sub-

jected to compression in relation to the nearby Himalayan syntaxis consistent with 

the observations of Le Dain et al., (1984) and Guzman Speziale and Ni, (1993). 

GPS observations prior to the earthquake show nearly pure convergence across 

the Andaman Trench, consistent with the previous and independent GPS results of 

Paul et al., (2001). The sites in the Andaman Islands move westward relative to In-

dia. Only one site, Port Blair(PBLR), has a velocity significantly different from zero, 

because the other sites have only two pre-earthquake surveys one year apart and 

have large uncertainties. However, the estimated velocities of Diglipur (DGLP) 

and Car Nicobar (CARN) are consistent with that of PBLR. Port Blair converges 

with India at a rate of 5.34 ± 1.38 mm/yr oriented almost due west. This esti-

mate is slower than the 14 mm/yr estimate of Paul et al., (2001). Diglipur (DGLP) 

shows a velocity of 14.82 ± 2.21 mm/yr and Car Nicobar (CARN) shows 15.73 ± 
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2.87 mm/yr. This suggests that the Andaman Trench is part of a purely slip parti

tioned plate boundary, with the strike-slip component of India-Sunda relative plate 

motion being taken up on the transform fault in the Andaman Sea or on the West 

Andaman Fault, and the convergent component on the Andaman Trench. In this 

respect the Andaman Trench is similar to Sumatra, which also exhibits almost full 

strain partitioning between the subduction zone and Sumatra Fault (McCaffrey et 

al., 2000). Thus there is no reason to expect a significant strike-slip component to 

the co-seismic displacements along the Andaman segment, except in the northern

most Andaman Islands where here is a significant bend in the trench. 

Some of the differences may be due to reference frame, as Paul et aL, (2001) 

defined an India-fixed frame by subtracting the motion of India from the NNR

NUVEL1A plate motion model (DeMets et al., 1994b) from their ITRF96 veloc

ities. This assumes that the ITRF96 velocities are in the same frame as NNR

NUVEL1A (DeMets et al., 1994b), which is not true, although the ITRF is approxi

mately aligned with the NNR frame. In addition, the motion of India in NUVEL1A 

is now known to be biased, due to the diffuse plate boundaries in the Indian Ocean 

(Gordon et al., 1998). Thus their reference frame is different from this study and di

rect comparison of velocities may be misleading. Unfortunately, the analysis strat

egy of Paul et al., (2001) (fixing several sites to their ITRF96 coordinates) makes it 

difficult to place their velocities into the latest ITRF without a re-analysis. 

The azimuths of convergence of Port Blair (PBLR), Diglipur (DGLP) and Car 

Nicobar (CARN), with respect to India (IISC) are probably representative of the 

motion of the Burmese sliver along the arc. These velocities are not representative 
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of the full Andaman-Nicobar velocity, due to the unknown degree of seismic cou

pling there. The predicted NUVEL-1A convergence rate of Indian plate along this 

margin is 54 mm/yr along N22°E (DeMets et al., 1994a). Locally, due to the back

arc rifting process opening up of the Andaman sea in the ASR occurs in a direction 

of 3270 (Fig. 4.1O.c) from present day north with a magnitude of 37.2 mm/yr (Raju 

et al., 2004 and Curray, 2005). Assuming, uniform subduction without any locking 

along the various segments of the arc, yields an Indo / Andaman convergence vec

tor of ",40 mm/yr almost due west. A vector closure model (Fig. 5.12) based on 

these assumptions and arc-normal convergence predicts that in the pre-earthquake 

period PBLR should move toward India at 85% of the Burma-India convergence 

rate. Elastic deformation from the locked shallow megathrust causes eastward mo

tion of only 15% of the total convergence rate. Similarly, DGLP and eARN samples 

only 37% and 37.5% respectively of the India/ Andaman convergence. 



Chapter 5 

Co-seismic deformational constraints 

5.1 Introduction 

The Sumatra-Andaman earthquake caused significant ground-level changes, 

which includes uplift as well as subsidence. Documenting these features is impor

tant, because they may act as a process in the search for similar occurrences from 

past earthquakes. Here, the effects of co-seismic deformation in some selected re

gions along the arc are presented. The most devastating effect of the earthquake 

was the large tsunami that inundated most parts of the islands (among other re

gions); thick deposits of sand have been left by these waves in many parts of the 

islands. Considerable vertical changes were observed all along the arc, some sites 

showing evidence of subsidence, whereas others registering uplift. This earth

quake generated co-seismic deformation features such as elevated coastal terraces, 

uplifted coral beds, ground fissures, sandblows, and other liquefaction features 

resulting from severe ground shaking. The earthquake caused significant ground

level changes, uplift as well as subsidence, some of which were mapped from aerial 

surveys (Mallick and Murthy, 2005) as well as by ground investigations (Earnest et 

al., 2005; Kayane et al., 2007; Rajendran et al., 2007). 

5.2 Ground level changes 

Notable uplift was observed in regions in the northern part of the rupture zone, 

such as Diglipur and also along the western margins of the the islands. This is 
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manifested mostly in the form of elevated shore lines and coastal terraces, uplifted 

coral beds and emerged mangrove swamps, and receded water marks showing the 

pre-earthquake survival levels of mussels and barnacles attached to rock exposures 

and man made pillars. About 50 km north of Diglipur, in the Landfall Island rise in 

ground level was evidenced by the emergence of the the coral bed surrounding the 

island and the uplift of the mangrove swamps, with their roots appearing about 

0.65 m above the post-earthquake water level (Fig. 5.l.a). In Ariel Bay, east coast of 

Diglipur, the uplift of the coast had caused recession of sea by about 60-80 m from 

the previous shoreline (Fig. 5.l.b). Extent of this recession of the sea was observed 

till Kalipur coast, about 8 km south of Ariel Bay as part of this study. Another 

evidence for the rise in land comes in form of lines of barnacles occurring 60-70 cm 

above the present day sea level, on the pillars of the pier near Ariel Bay (Fig. 5.l.c). 

Change in elevation of land >50 cm was also evident at Mayabandar, about 

80 km south of Diglipur, where line of mussels occur >50 cm above the post

earthquake high tide (Rajendran et al., 2007). The beaches of Avis Island, located 

on the north-eastern margin of middle Andaman were uplifted by .....,80 cm, as 

evident from the raised beaches. An overall rise in the land level around North 

Andaman Island is evidenced by dried up mangrove creeks and raised beaches. 

Co-seismic ground uplift appears to have progressed to the northern limits of the 

islands, the farthest observed at Landfall Island. Based on remote sensing data, 

Meltzner et al., (2006) have reported minor uplift of 20-30 cm at Preparis Island, 

.....,80 km north of Landfall Island, marking the northern boundary of the 2004 event 

rupture termination (See Figure 4.8 for location). 
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Figure 5.1: Co-seismic deformational features observed, as part of this study, in 
and around North Andamans. Respective locations are marked by arrows on the 
map. a) emerged coral bed and mangrove swamp at Landfall Island. b) Receded 
post-earthquake shoreline at Ariel Bay c) Pre-earthquake line of barnacles on a pil
lar at Ariel Bay jetty. d) Co-seismic lateral shift on the span of the bridge connecting 
North Andaman and Middle Andaman. e) Co-seismic sandblow feature seen near 
Magar Nalla, DigHpur. f) uplifted coral bed in the western margin of Interview 
Island. 
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The Indian Coast Guard reported new beaches and elevated coral beds along 

the western part of the North Sentinel Island, and reported a 1 m uplift along its 

western coast (Fig. 5.2.e). Being a Sentineli tribal reserve, entry to this island is 

prohibited, and thus the features from there were not documented as part of this 

study. However, evidence of uplift along the western margin of Interview Island 

was observed. Co-seismically, the entire western coastline and its adjacent patches 

of corals got exposed about 1.5 m above the present sea level (Fig. 5.l.f). The 

western coastline of the island extended about 500-600 m from the previous one. 

An independent survey by Kayanne et al., (2007) conducted on the western coast 

of Interview Island suggested a change in elevation of 1.53 m based on emergence 

of microatoll. It can be assumed that the uplift reported from Sentinel Island may 

be comparable. Later, using remotely sensed images, Meltzner et al., 2006 reported 

comparable uplift values for North Sentinel Island. Aerial surveys done soon after 

the earthquake have reported uplift of rv 1 m, along the western Andaman coast, 

based on raised watermarks (Mallik and Murthy, 2005). 

While most parts of Middle and North Andaman showed evidence of uplift, 

Port Blair, located on the eastern margin of South Andaman generally subsided. 

A demonstrative evidence of subsidence here is displayed by the pre- and post

earthquake tide gauge record from Port Blair (Fig. 5.2.c). At this station operated 

by the National Institute of Ocean Technology (NIOT), Chennai; diurnal sea-level 

changes after the earthquake were observed rv 1 m above the pre-earthquake da

tum, indicating subsidence along its eastern fringes (Fig. 5.3). Sipighat area in Port 

Blair shows tell-tale evidence of submergence like flooding even during low tides. 
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Tide gauge data from Port Blair 

Data courtesy: NIOT, Madras 

Figure 5.2: Co-seismic deformational features observed, as part of this study, in 
and around South Andamans. Respective locations are marked by arrows on the 
map. a) Submerged mangrove forest at Mundapahar beach, Port Blair. b) Flooded 
Sipighat, Port Blair even during low tides. c) tide guage record at Chatham obser
vatory run by NIOT. d) tsunami soil deposits land inward at Chidiyatapu beach, 
Port 81air. e) Aerial view of the uplifted western coast of North Sentinel Island 
(photo courtesy: Indian Coast Guard) 



Little Andamans 

Figure 5.3: Co-seismically Hut Bay emerged ...... 0.35 m as evident from the emerged 
beaches there. Location of Hut Bay marked by arrow. No other field observations 
available due to entry restrictions being an Onge tribal reserve. 
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Figure 5.4: Co-seismic deformational features observed, as part of this study, in 
Car Nicobar. Respective locations are marked by arrows on the map. a) subsided 
coastline at Teetop, north western coast of Car Nicobar. b) subsided coastline at 
Malacca, east coast of Car Nicobar. 
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Figure 5.5: Co-seismic deformational features observed, as part of this study, in 
and around Great Nicobar. Respective locations are marked by arrows on the map. 
a) Post--earthquake photograph of Indira Point, basement of the light house com~ 
pletely submerged in sea. b) Pre~earthquake photograph of the base of lndira point 
light house. c) subsided jetty at Kamorta, Nancowry. 
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by more than a meter was evident in kamorta (Fig. 5.5.a), part of the Nancowry 

group of islands, from the pre-earthquake and post-earthquake high tide water 

marks on buildings and jetty pillar. In Campbell Bay evidences of submergence 

can be seen from subsided coast and partially sinked buildings (Fig. 5.5.b). Fur

ther south, at Indira Point, the southern most tip of Indian territory, the entire area 

subsided heavily. The lighthouse at Indira Point submerged by more than three 

meters, with its base below the post-earthquake sea level (Fig. 5.5.c and d). This 

was also observed by Mallik and Murthy (2005). Submergence of land leading to 

permanent water logging was also observed at Campbell Bay and Gandhi Nagar 

from measurements done on the pre- and post-earthquake high tide water marks 

on buildings in the Great Nicobar. 

Submergence of Katchall Island is evident from the beach level changes ob

served from pre- and post-earthquake satellite images as well as field observations 

. Satellite images reveal maximum subsidence along the west coast of the island, 

which is more or less flat land of low relief and covered by dense mangrove forests, 

compared with the east coast, where island hills in general start 300-700 m from 

the coast (Thakkar, 2005; Thakker and Goyal, 2006). The Nicobar Islands, consti

tuting the Car Nicobar, Nancowrie group, and the Great Nicobar showed effect of 

subsidence, maximum being at Indira Point (3 m), the southern most observation 

point of this study. 
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Table 5.1: Summary of the co-seismic changes recorded as part of this study from 
the field observations on ground level changes along the Andaman-Nicobar Is
lands 

Location Long. (OE) Lat. (ON) Up/Down(m) Feature 
Landfall Is1. 93.05 13.62 0.65 Mangroves 
Landfall Is1. 93.05 13.62 0.65 Microatolls 

Diglipur 93.06 13.35 0.63 Beach 
Interview Is1. 92.66 12.89 1.4 Coast 
Interview Is1. 92.66 12.89 1.5 Microatolls 

Avis Is1. 92.95 12.94 0.80 Beach 
M.bandar 92.93 12.85 0.69 Microatoll 
M.bandar 92.93 12.85 0.62 Mussels 
Wandoor 92.61 11.58 -0.80 Beach 

P.Blair 92.70 11.48 -0.95 Mangroves 
P.Blair 92.76 11.68 -1.00 Tide gauge 

N.5entinel 92.26 11.47 1.0 Coral bed 
H.Bay 92.54 10.58 0.30 Beach 

C.Nicobar 92.85 9.26 -1.25 Buildings 
Kamorta 93.54 8.15 -1.25 Jetty 

C.Bay 93.95 6.92 -1.5 Houses 
LPoint 93.85 6.80 -3.5 Lighthouse 
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5.3 Effects of ground shaking 

In most part of the Andaman-Nicobar Islands, the earthquake started as a mild 

shaking that turned violent, lasting 4-5 minutes. The shaking resulted in damage 

to man-made structures as well as ground failure and liquefaction. At Port Blair, 

ground shaking was so severe that people found it difficult to stand. Overhead wa

ter tanks toppled and some poorly constructed cement structures were damaged 

in this part of the island. In many parts of Diglipur, severe shaking resulted in 

prominent ground fissures oriented in N-S direction. Horizontal shift in structures 

were also observed here as seen in the span of the Panighat Bridge (Fig. 5.1.d), 50 

km south of Diglipur, which showed an E-W shift of 15-20 cm. North-south trend

ing ground fissures were observed along the Andaman Trunk Road (ATR) which 

connects Port Blair to Diglipur. Ground fissures were also observed at Port Blair 

and surroundings. 

Ground shaking generated sand blows along the Malacca coast and Kakkana 

(Car Nicobar), where water mixed with white sand gushed out of the vent co

seismically. Liquefaction and sand-blow features (vents measuring up to 30 cm 

across) were also observed in Magar Nalla (Fig. 5.l.e), Krishnapuri and Kalipur 

areas of Diglipur. Jain et al., (2005) have discussed the pattern of damage to the 

built environment around Andaman Islands. 
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5.4 Effects of Tsunami inundation 

Some of the most beautiful beaches along the archipelago were damaged by the 

tsunami. The impact of the tsunami was more severe in the southern Nicobar Is

lands and minimal in Diglipur, where only occasional seiches were reported. Wave 

height reached rv 3.5 m from the ground level at the Chidiya Tau and Munda Pa

har beaches of Port Blair. A 10-15 cm thick tsunami sand deposition was observed 

in this part of the island. Eyewitness reports suggest that the tsunami waves first 

hit the Port Blair coast by around 7.30 am and the run-up height at Jawaharlal 

Nehru Rastriya Mahavidyalaya 0NRM) college was about 3 m. The tsunami de

posited about 10 cm thick silty sand at Chidiyatapu, Port Blair (Fig. 5.1.d). Waves 

of height 6 m high hit the Hut Bay coast and deposited 15-20 cm thick sand lay

ers along its coast. In Great Nicobar the maximum effect was reported from the 

western coast, where the waves advanced as far as 3 km landward. Maximum 

thickness of tsunami deposits of ",70 cm was observed from Car Nicobar. Eastern 

coast of North Andamans, Middle Andamans and Havelock Islands were not hit 

by the tsunami waves, but reported occasional sei ches were there at Ariel Bay on 

26 th December, 2004 morning after the earthquake. 

5.5 Geodetic studies on near field deformation 

The control points established for this study along the islands have been sys

tematically re-occupied from time to time (see, Section 3.4.1, Table 3.1, Fig. 3.1 for 

details). With the December earthquake causing significant horizontal and vertical 
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shift, the pre-earthquake data could be used to model the co-seismic deformation. 

During the post-earthquake survey, started on January 13th, 2005, only five of these 

points could be re-ocuppied due to logistical reasons. 

5.5.1 Co-seismic displacements 

For the campaign sites in the Andaman Islands, the data is averaged over the 

time periods of the last pre-earthquake campaign (September 2004) and the first 

post-earthquake campaign Qanuary 13 to February 2, 2005). For the campaign 

sites, the steady pre-seismic motion is corrected by projecting all data to the date 

of the earthquake assuming the velocity of PBLR, Port Blair GPS site. This is a small 

correction and its uncertainty is insignificant relative to other uncertainties in the 

co-seismic displacements. Coordinate repeatability was computed and the time 

series of station coordinates were generated (Fig. 5.6 - 5.8) using GAMIT /GLOBK 

software over the available campaign period. 

For each set of displacements several daily GPS solutions were averaged to

gether to get estimates of the pre- and post-earthquake positions. The uncertainty 

in each set of positions was scaled based on the misfit to the adjustment, assum

ing that the reduced chi-square statistic should be equal to unity in each case. 

This resulted in scaling the uncertainties by a factor of "-'2.5. The displacement 

uncertainties were calculated directly from the uncertainties in the pre- and post

earthquake positions; typical values were 1-2 mm horizontal and 2-4 mm verti

caL This accounts for daily random errors, but not for systematic errors that may 

vary slowly over time, such as seasonal variations in position, or other variations 
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Table 5.2: Co-seismic horizontal and vertical offsets, in meters, of the Andaman
Nicobar GPS control points. 

Site North Offset error (±) East Offset error (±) Up Offset error (±) 
DGLP -2.697 0.002 -4.008 0.004 0.602 0.010 
PBLR -1.055 0.001 -2.983 0.001 -0.867 0.002 
HBAY -2.939 0.003 -3.584 0.004 0.364 0.010 
CARN -2.994 0.004 -5.746 0.006 -1.125 0.010 
CBAY -2.382 0.003 -4.137 0.003 -1.394 0.010 

that have longer timescales than a week. These campaign site occupations were 

months apart, and seasonal or other systematic variations from linear motion may 

be significant. With no reliable estimate of the magnitude of these effects available, 

somewhat arbitrarily the uncertainties were increased for the campaign sites by a 

factor of 4. 

Pre- and post-earthquake GPS campaigns in the Andaman region suggest that 

the co-seismic displacement for all the control points is towards south west direc-

tion (Fig. 5.9). Their magnitudes are nonuniform along the arc (Table 5.2), Car 

Nicobar having registered the maximum shift of 6.479±0.007 m. Diglipur showed 

a displacement of 4.83±0.004 m, Port Blair 3.164±0.001 m, Hut Bay 4.635±0.005 m 

and Campbell Bay 3.132±0.004 m. Diglipur and Hut Bay showed signals of up-

lift of 60.2±1 cm and 36.4±1 cm respectively. Port Blair subsided by 86.70±0.2 cm 

and Car Nicobar by 1.125±0.01 m. Maximum amount of subsidence occurred for 

the Cambell Bay control point registering a 1.394±0.01 m of submergence. Inde-

pendent GPS constraints on the co-seismic deformation from the region also show 

comparable results Gade et al., 2005 and Gahalaut et al., 2006). 
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Figure 5.6: TIme series plot of North, East and vertical offsets of PBLR, Port Blair; 
and DGLP, Diglipur GPS sites from September, 2004 (left panel) and January, 2005 
(right panel) campaigns. 
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Nicobar, GPS points from september, 2004 (left panel) and January, 2005 (right 
panel) campaigns. 
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5.6 A simple co-seismic slip model 

Several co-seismic slip models have been published for this earthquake, based 

primarily on seismic data and/or far-field GPS data (Banerjee et al., 2005; Vigny et 

al., 2005). Few models are based on near field data (Subarya et al., 2006; Gahalaut 

et a1., 2006). A simple dislocation model to constrain the slip at Andaman-Nicobar 

Islands using the near field data is discussed here. This model is based on the 

co-seismic offsets of five GPS control points (Fig. 5.9, Table 5.2) and other ground 

deformation observations (Table 5.1) discussed in the previous sections. 

Co-seismic displacement estimates for the campaign sites in the Andaman

Nicobar Islands contain an additional component of post-seismic deformation, due 

to the three week gap between the earthquake and the initial post-earthquake mea

surements, which cannot be removed and can be estimated only approximately. 

Based on the post-earthquake time series at PBLR, the deformation over the first 

3-4 weeks after the earthquake was estimated to be at least several centimeters and 

at most a few decimeters. An attempt to correct for post-seismic deformation is 

not done, so this co-seismic slip model includes the effects of approximately few 

week long post-seismic deformation. 

Initially the best fit subduction geometry was made based on the seismicity of 

the region (to estimate fault width and depth), and resulted in modelled slip not 

matching with the observed horizontal and vertical observations at field. Shallow 

dip angles of the multiple point source model of Tsai et al., (2005) shows dip angle 

of 6-8 degrees but was again inconsistant with the field observations. Finally the 
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ratio of vertical to horizontal displacements was taken to constrain the dip angle 

and slip zone width in this work. This is applicable even when there is only a 

single GPS site along a rupture segment, and is independent of slip magnitude. 

The fault model is divided into segments based on changes in strike. The strike 

of the model planes were made to match the strike of the trench. The model is di

vided into segments along the strike, based on changes in strike needed to match 

the trench position and orientation or clear variations in the displacements. Two 

segments were defined, viz., the Andaman segment, striking N100E and the Nico

bar segment, striking N200W (Fig. 5.10). Andaman segment is 440 km long and 

Nicobar segment is 385 km long, covering almost 65% of the December 26, 2004 

rupture. 

Using horizontal displacements alone, it is possible to fit the data well, using a 

range of dip angles. For example, in an early version of the model used the fit of the 

horizontal displacements from our near-field with a model that had dip angles of 

6-80 . Such shallow dip angles would be consistent with the multiple point source 

model of Tsai et al., (2005). However, this model did not fit the near-field vertical 

displacements well. Using the horizontal displacements alone, there is also a very 

strong tradeoff between the width of the rupture plane and the average slip (this 

is a tradeoff that preserves moment, which remains well constrained even with 

minimal geodetic data). 

The vertical displacements provided critical information to the model. The ra

tio of vertical to horizontal displacements constrains the dip angle and slip zone 

width, even where there is only a single GPS site along a rupture segment, and 
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is independent of the slip magnitude. In general, two families of models can be 

found that give the same vertical to horizontal displacement ratio, one family in 

which the maximum vertical displacement lies trenchward of the site, and another 

family in which it lies farther from the trench than the site. For many of the sites, 

the two families of models have separate dip angles, while intermediate dip an

gles cannot fit the both vertical and horizontal displacements. This ratio is used to 

narrow down the search of the model space. 

With the range of dip angles restricted, the displacements from other near-field 

sites or from far-field data could have used to resolve the large rupture width -

slip magnitude tradeoff . Gahalaut et aLl (2006) independently derived a similar 

conclusion from the difference between the horizontal and vertical displacements. 

Additional information comes from qualitative or semi-quantitative observations 

of uplift or subsidence along the coastlines of many of the islands, in some cases 

only the sign of this vertical coastal motion is certain, but even knowing only the 

sign of the vertical motions is a powerful constraint on the possible location of the 

zero line separating uplift and subsidence. The observed surface displacements 

are modelled (Fig. 5.10) using Okada's formulation of a dislocation buried in an 

infinite half-space (Okada, 1985). 

5.7 Discussion 

Co-seismically the upper plate overlying the locked subduction interface recov

ers the elastic strain and experiences sudden co-seismic uplift while the regions 

above the down-dip end of the rupture will subside (e.g., Plafker and Savage, 
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Table 5.3: Slip Model parameters. Long -Iogitude is °E, Lat - Latitude is oN, Length 
- Length of the fault (km), Width - Width of the slip plane (km) Depth - Depth of the 
up-dip edge (km), Dip - Dip angle of the slip plane in decimal degrees (0), Strike -
Strike of the fault in decimal degrees (0), Slip - Slip in meters (m), Rake - Rake of 
the fault in decimal degrees (0). The latitude and longitude specifies the location 
of the GPS sites along which the slip distribution was computed, and dip angles 
ind I h d d rd f h f icate planes t at lip ownwa rom t e sur ace. 

Long Lat Length Width Depth Dip Strike Slip Rake 
92.97"E 13.16 N 140 80 11 13 18 9.5 134 
92.74"E 11.65"N ISO 65 6 9 6 6 124 
92.54"E 10.59"N ISO 75 7 11 0 8 120 
92.80"E 09.25"N 195 115 5 9 357 13 104 
93.92"E 07.01 N 190 120 5 11 338 17 103 

Displacements: BLUE=model, RED=data 
1000 r------r------~----~--~--_.------r_----~------, 

800 

" ~ 600 

~ 
--' 400 

200 

O"-~" 
·800 -400 ·200 
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o 200 400 600 

Figure 5.10: Best fit modelled fault geometry and slip distribution (see, Table 5.3), 
for the co-seismic displacement vectors observed. Red vectors are from observed 
GPS data and blue ones are modelled. 
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1970; Plafker, 1972). Field observations and GPS results from this study shows, 

co-seismic ally Port Blair, Car Nicobar and Campbell Bay recorded subsidence and 

Diglipur and Hut Bay recorded uplift. These co-seismic vertical movements were 

expected by the their respective locations above the up-dip or down-dip extensions 

of the fault except at Diglipur. Altogether the North Andamans showed signs of 

uplift, possibly because of the proximity to the zone of transition between subduc

tion to collision north of it. The southern groups of islands show greater horizontal 

displacement compared to the Andaman segment. The fact that the Car Nicobar 

Island shows the largest displacement (co-seismic slip) remains to be explained, as 

this patch had generated a large earthquake in 1881 and a large aftershock (Mw 7.1, 

26th January, 2004). This possibly indicates that there existed a slip deficit in spite 

of the 1881 earthquake. Ground deformation at North Andamans was consider

able comparing with Port Blair. Around Diglipur ground fissures and secondary 

features like sand blows were seen more, a depiction on the intense co-seismic 

deformation within the wedge in this region. 

The fault model used in this study (Table 5.3) takes care of almost 65% of 

the December 26, 2004 earthquake rupture, extending upto north of the island 

archipelago. The estimated range of dip angles for the slip plane varies from 9-

13°. The rupture plane is wider in the Nicobars, 115-120 km wide, and 65-80 km 

wide through the Andaman segment. Whole along the Andaman-Nicobar arc, a 

rupture area extending beneath and east of the islands is required to explain the 

observed vertical displacements. But in Nicobar segment a deeper rupture misfits 

the near field data. Significant amount of slip extends to near the trench axis over 



96 

most of the southern part of the rupture in the Nicobar Islands, but in most of the 

Andaman Islands the rupture did not extend close to the trench. 

However, in the case of Car Nicobar the rupture plane in this alternate case 

would need to have a much shallower dip, in the order of 4 degrees in order to 

match the GPS vertical displacement. Given the dip angles, it is inferred that the 

rupture did not extend deeper than 30 km at any point. A deeper rupture sig

nificantly misfits the near-field data. It is inferred, a rupture to 30 km depth for 

the segments off the southern Nicobar Islands, but only 19-22 km for the northern 

Nicobar segment. The maximum depth of rupture through the Andaman Islands 

was even shallower, 16-20 km except for slip to 30 km depth for the North An

daman. The data in the southern half of the rupture can be fit well by rupture 

planes that extend to the trench or close to it. North of about BON, the data again fit 

better by a model in which the up-dip limit of the rupture was somewhat down

dip of the trench. 

In the northernmost segment, corresponding to North Andaman Island, the 

GPS site and ground observations show very high uplift relative to their horizontal 

motions, which means that they must lie much closer to the up-dip limit of rupture 

than to the down-dip limit. This data could be satisfied either by a very wide 

rupture zone (150 km wide) with the up-dip limit of rupture near the trench, or by 

a narrower zone in which the up-dip limit is well back from the trench and close 

to the island. In both cases, the dip angle is relatively steep. It is prefered that 

the model with a lack of slip near the trench, although the fit to the GPS data is 

about the same in both cases, as the model with the wide rupture zone requires 
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slip extending to a much greater depth than any other part of the rupture. 

Estimation of an earthquake recurrence time from plate convergence rate is 

complicated by the large variation in slip along-strike. This comes with a caveat, it 

may be premature to define a recurrence interval based on the limited data avail

able, especially because many subduction zones exhibit variable patterns of rup

ture such as the Colombia-Ecuador trench (Kanamori and McNally, 1982) and the 

Kurile and Aleutian arcs (Nanayama et al., 2003). With the limited amount of 

the available data, a preliminary and segment specific recurrence intervals may be 

computed, assuming a uniform earthquake cycle. Assuming a uniform subduction 

and Indo/ Andaman converegence of ",40 mm/yr (see, section 4.5), the replenish

ment time for a 6 m of slip at Port Blair is ",150 years. Similarly for North Andaman 

such a renewal time for 9.5 m slip is around ",235 years. Assuming a similar con

vergence vector for Car Nicobar the renewal time for a 13 m slip is around ",325 

years. 

Taking the present day along-arc convergence rates as representative of long

term deformation, the replenishment time for a 2004 type slippage can be com

puted. It comes ",1100 years for the Port Blair segment for a convergence of ",5.5 

mm/yr. Also similar calculation for North Andaman and Car Nicobar segments 

show ",630 (for a 15 mm/yr convergence) and ",840 (for 15.5 mm/yr convergence) 

years respectively. The paleo-tsunami observations reported by Rajendran et al. 

(2007) suggest that 900-1000 years ago is a plausible date for the predecessor to the 

2004-type earthquakes, and is almost in agreement with the renewal time calcu

lated from this study. 



Chapter 6 

Summary and conclusions 

The Andaman Islands lie on the Burma Plate, a narrow fore-arc sliver lying 

between the Indian plate and the Sunda block, bounded by the Andaman trench to 

the west and the Andaman Sea transform on the east. Spatio temporal analysis of 

the pre-seismic era earthquakes showed that there is a higher amount of seismicity 

in the back-arc side and almost negligible amount of activity in the fore-arc side, 

indicating a locked up-dip edge of the plate interface. Focal mechanism solutions 

also support this inference. 

Along the arc the major orientation of stress is NNE-SSW, due to the under

thrusting of the Indian lithosphere. Opening up of the Andaman basin do have 

an azimuth of ",,320°. A general sense of compression is there on the Sumatra

Andaman trench in NE-SW to N-S direction at the shallower portions. In the ASR 

region, the general trend of stress is in NNW-SSE. In a transition zone between 

the ASR and SF, the stress orientations change to E-W direction. In intermediate 

depths, the trend of east of Sunda-Andaman trench is NE-SW to N-S. 

Pre-earthquake GPS measurements at Port Blair show slow convergence be

tween the Burma plate and the Indian plate,S mm/yr directed almost purely 

westward. Similar, but less precise, velocities are estimated for Car Nicobar and 

Diglipur. The uncertainty in this velocity is primarily due to the large uncertainty 

in the motion of India with respect to the ITRF2000 reference frame. This veloc-
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ity is a lower bound on the long-term motion of the Burma Plate relative to In

dia, as it includes a component of eastward motion due to elastic strain from the 

locked shallow plate interface that ruptured in the earthquake. This suggests that 

the Andaman Trench is part of a purely slip partitioned plate boundary, with the 

strike-slip component of India-Sunda relative plate motion being taken up on the 

transform fault in the Andaman Sea or on the West Andaman Fault, and the con

vergent component on the Andaman Trench. 

GPS observations prior to the earthquake show nearly pure convergence across 

the Andaman trench, consistent with the previous and independent GPS results of 

Paul et al., (2001), although the present study obtained almost less than half of the 

earlier rate. Given the uncertainties, the GPS velocities from a relatively short time 

series, and the various model assumptions, this difference is not significant. Paul 

et al., (2001) estimated a higher convergence velocity for Port Blair relative to India, 

but their India-fixed frame was based on the NNR-NUVEL-IA velocity of India, 

and the NUVEL-1A velocity of India is too fast in both the northward and eastward 

directions. The difference between Port Blair velocity of this study and that of Paul 

et al., (2001) (14 mm/yr) is probably attributable to a bias in their India-fixed frame, 

although their velocity is about equally consistent with the model and velocity 

from this study. A re-analysis of the Paul et al., (2001) data with careful attention 

to the definition of an Indian frame would help to resolve this discrepancy. 

A vector closure model (Fig. 5.12) based on these assumptions predicts an arc

normal convergence, that in the pre-earthquake period PBLR was converging rv 15 

% towards India, with the remaining ,,-,85% being accomadated by the unknown 
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amount of seismic coupling there. Along the arc, North Andamans and Car Nico

bar showed almost comparable results of 37% and 37.5% respectively. These re

sults show, pre-semically, Andaman-Nicobar arc was almost 65-85% locked for a 

uniform convergence to take place. 

Field observations and GPS results from this study shows, co-seismically Port 

Blair, Car Nicobar, Campbell Bay recorded subsidence and Diglipur and Hut Bay 

recorded uplift. These co-seismic vertical movements are expected by the there 

respective locations above the up-dip or down-dip extensions of the fault except 

at Diglipur. Altogether the North Andamans showed signs of uplift, possibly be

cause of the proximity to the zone of transition between subduction to collision 

north of it. The southern group of islands show greater displacement compared to 

the Andaman segment. Car Nicobar island showed the largest displacement and 

a larger co-seismic slip. This patch had generated a large earthquake in 1881 and 

a large aftershock following the 2004 rupture. This possibly indicates that there 

existed a slip deficit in spite of the 1881 earthquake and still it is active. 

The estimated co-seismic dip angles ranged from 9-130 • The width of the rup

ture plane is wider in the Nicobars, 115-120 km wide, and 65-80 km wide through 

the Andaman segment. Whole along the Andaman-Nicobar arc, a rupture area ex

tending beneath and east of the islands is required to explain the observed vertical 

displacements. 

For Indol Andaman convergence rates obtained from this study, renewal rates 

of ",630-1100 years are observed. These values are almost comparable with paleo

seismic results from Rajendran et al., (2007). The GPS convergence rates represent 
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the present day deformation, and they may vary over the entire seismic cycle. As 

an avarage, a value of '"'-' 1000 years may be appropriate for a 2004 type meagthrust 

recurrence along the Andaman-Nicobar margin. 
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Appendix A 

Introduction 

Geodetic measurements provide very accurate determinations of positions of 
points on the surface of Earth. When measured over a few years, the change in 
positions of points are representative of strain accumulation in a region. The rapid 
growth of usage of GPS devices over the last decade has occurred primarily be
cause of comparatively low cost and high accuracy of GPS receivers. 

A.I The Global Positioning system (GPS) - a brief overview 

GPS is a passive, all weather, 24-hour global navigation satellite system (GNSS) 
operated and maintained by the Department of Defense, United States. It consists 
of a nominal constellation of 24 satellites in high altitude orbits. The whole system 
consists of three distinct segments: the space segment (satellites), the control seg
ment (ground tracking and monitoring stations), and the user segment (air, land, 
and seabed receivers). The space segment consists of all GPS satellites in orbit, 
at an average altitude of 20,200 km and have ll-hour 58-minute orbital periods. 
Other-than GPS, Russia maintains a similar global orbiting satellite navigation sys
tem (GLONASS) and European GALILEO, a proposed 30 satellite system. Control 
segment consists of master control stations and six monitoring stations located 
over the world and the user segment represents the ground based GPS receiver 
units that process the satellite signals and compute the position and/or velocity 
of the user. Each satellite transmits signals ranging signals on two L-band fre
quencies, designated as L1 and L2. The L1 carrier frequency is 1575.42Mhz and 
has a wavelength of approximately 19 cm. The L2 carrier frequency is 1227.60 
Mhz and has a wavelength of approximately 24 cm. The L1 signal is modulated 
with a 1.023MHz Coarse/ Acquisition (C/ A) code and a 10.23 MHz precision code 
P-code. Both codes can be used to determine the range between the user and 
satellite. A 50 Hz navigation message is also transmitted on both the P(Y)-code 
and C/ A-code. This message contains satellite clock bias data, satellite ephemeris 
data, orbital information, ionospheric signal propagation correction data, health 
and status of satellites, satellite almanac data for entire constellation, and other 
general information. 

A.2 GPS observables 

A.2.I The pseudorange 

The GPS receiver measures the distance (pseudorange) between the satellite 
and the antenna by measuring the time the signal takes to propagate from the 
satellite to the receiver. The psuedorange is this time offset multiplied by the speed 
of light. The pseudorange is biased by the lack of tie synchronization between 
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the clock in the GPS satellite and the clock in the GPS receiver. Other bias effects 
include the ionosphere and troposphere delay, multipath and receiver noise.The 
receiver coordinates are hidden in the geometric range 'p'. 

A.2.2 Carrier phase 

A more precise observable than the pseudorange is the phase of the received 
carrier with respect to the phase generated by an oscillator in the GPS receiver. The 
difference between the received carrier and the receiver generated one is called 
the carrier beat phase. The problem is that the GPS receiver cannot distinguish 
one cycle of a carrier from another. The receiver measures the fractional phase, 
and keeps track of changes to the phase. The initial phase is undetermined, or 
ambiguous, by an integer number of cycles 'N'. 

A.2.3 Linear combinations 

We can form what are known as between receivers (or between satellites) dif
ferences to obtain new observable with significantly reduced errors. 

The between receivers single difference (two different receivers tracking the 
same satellite) - eliminates the satellite clock offset. The between satellites single 
difference (one receiver tracking two satellites) - eliminates the receiver clock off
set. 

A.3 G PS error budget 

Both systematic errors (biases) and random noise affect the code pseudoranges 
'p' and phase pseudoranges 'phi'. The error sources can be classified into three 
groups. 

A.3.1 Orbital errors/Clock Bias/Measurement Noise 

As mentioned earlier, GPS signals contain information about the ephemeris (or
bital position) errors, and about the rate of clock drift for the broadcasting satellite. 
The data concerning ephemeris errors may not exactly model the true satellite mo
tion or exact rate of clock drift. Distortion of the signal by measurement noise can 
further increase positional error. The disparity in ephemeris data can introduce 1-5 
meters of positional error, introduce 0-10 meters of positional error. 

A.3.2 Signal propagation 

The ionosphere and troposphere both refract the GPS signals. This causes the 
speed of the GPS signal in the ionosphere and the troposphere to be different from 
the speed of the GPS signal in space. Therefore, the distance calculated from signal 
speed x time will be different for the portion of the GPS signal path that passes 
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through the ionosphere and troposphere and for the portion that passes through 
space. 

A.3.3 Multipath 

A GPS signal bouncing off a reflective surface prior to reaching the GPS receiver 
antenna is referred to as multipath. Because it is difficult to completely correct 
multipath error, even in high precession GPS units, multipath error is a serious 
concern 

A.3.4 Selective Availability 

Ephemeris errors should not be confused with selective availability (SA), which 
is the intentional alteration of the time and ephemeris signal by the Department of 
Defense, United States. Recently Ganuary 2000), they turned off this alteration. 
fortunately, positional errors caused by SA can be removed by differential correc
tion. 

A.3.S Dilution of Precision (DOP) 

The UERE is mapped into the computed position by a geometrical factor scaled 
DOP. The DOP is a mathematical function involving the relative coordinates of 
the receiver and the satellite and can be easily computed for a particular satellite 
arrangement. the more spread out the satellites are in th sky, the smaller the OOP 
value. A typical value for horizontal dilution of precision (HOOP), assuming that 
a receiver is processing the signals of 4 satellites only is 2.0. 

A.4 GAMIT/GLOBK GPS data processing schema 

GAMIT is a comprehensive GPS analysis package developed by MIT and Scripps 
Institute for the estimation of three dimensional relative positions of ground sta
tion and satellite orbits. The primary output of GAMIT is a loosely constrained 
solution file (H-file) of parameter estimates and covariances that can be passed 
to GLOBK for combinations of data to estimate station positions, velocities, orbital 
and Earth orientation parameters. GAMIT is composed of distinct modules, which 
prepare the data for processing. 

A.4.1 Computing loosely constrained solutions using GAMIT mod
ules 

First an estimate of the GPS station coordinate for each day in a loosely con
strained frame is made (h-file). That means the coordinates of the tracking sites, 
not the satellites are tightly constraint and the orbits of GPS satellites and station 
coordinates are not in a well determined reference frame. Baseline lengths are 
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determined very precisely in the loosely constrained solution and the entire GPS 
network and constellation can be rotated and translated as a rigid body. 

A.4.2 Combining global and local quasi observations GLOBK 

To use the coordinates derived from the GAMIT solutions, all the loosely con
strained solution are transformed into a consistent reference frame so that defor
mation rates can be derived from the time series of the station coordinates. The 
reference frame defines the origin, scale and orientation of our geodetic coordi
nates. A reference frame is realized through the coordinate and the covariance of 
a number of reference stations. The information about the reference stations of 
the adopted geodetic reference (in this work the latest realization of ITRF2000) is 
included by combining the loosely constrained solutions with the local or global 
h-files. Finally the the reference frame constraints are applied and the deformation 
velocities of the sites are computed. 

A.S GPS Antenna Calibration 

The vertical positions of the phase centers of all GPS antennas show signifi
cant elevation dependent motions, which if not modelled make estimated station 
heights dependent on the elevation cutoff angle of the observation at each sta
tion. Accurate and consistent modelling of the Antenna phase centers continues 
to be one of the most vexing problems in GPS analysis. GAMIT computes the 
instantaneous position of an antennas phase center from the geodetic monument 
in three pieces. From stationoinfo configuration file it records the vertical or slant 
distance from an accessible point on the antenna structure to the monument, and 
also any horizontal offsets of the center of antenna from the monument deriving 
from a setup error. Subroutine hi-sub converts this to an IGS specification with re
spect to an antenna reference point. Information used in this thesis comes from the 
National Geodetic Survey - Antenna calibration project, where details of antenna 
reference and dimensions are properly documented. 
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