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CHAPTER 1

INTRODUCTION

1.1. General Introduction

The Burmese- Indonesian arc system extends from the Eastern Himalayan

syntaxis southward through Burma, Andaman-Nicobar, Sumatra and eastward through

Java to at least Sumba (Figure l.l). The eastem edge of the Indo-Australian plate is

being subducted beneath the Burmese plate along the Sunda subduction zone. This

region is a classical example of a subduction system, composed of the down going

Indo-Australian slab along the Andaman-Sumatra-Java trench, an accretionary wedge,

the outer arc ridge, the Bengkulu - Mentawai fore arc basin off Sumatra and Java fore

are basin in front of the volcanic arc (Pubellier ct al, 1992; Samuel and Harbury,

1996). The geometry of the subducting plate varies from Andaman in the north to Java

in the south and the age and thickness of the subducted oceanic cnlst varies in terms

Of increase in dip and depth of penetration (Newcomb and McCann, 1987). This zone

Of interference is associated with strong volcanism and earthquakes causing
occasional Tsunamis.

The Andaman-Burmese arc system serves as an important transitional link

b°“"°¢11 the Himalayan collision zone to the north and the Sumatra — Java trench

Wm? in the south (Hamilton, 1979). The Andaman Sea is an extensional basin

ntrkmg .1-he fidge between the China and Burma plates (Curray ct al, 1977). Fitch
( 972) viewed the Sunda strait as a tectonic as well as physiographic break in theare th t ~ - .

3 marks the limit between Java trench frontal subduction and Andaman-Sumatra
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Introduction

brque subduction The geologic and tectonic history of the region is very complex0 1 '
due to the presence of several active faults/ tectonic features, which have strong

genetic linkage to the regional tectonics of the NE Indian Ocean and the Indian
subcontinent. Hence, it is important to know more about the ongoing geodynarnic

process in the region­

l.2. Definition of the Problem

Earthquakes are powerful manifestations of sudden releases of strain energy

accumulated due to tectonic movements and radiate seismic waves of various types

that propagate in all directions through the earth’s interior. The theory of plate

tectonics gives a satisfactory explanation for the observed pattem of earthquakes

emanating from plate boundaries. According to the theory, the relative movement

between the lithospheric plates is considered to be the basic cause of earthquakes. At

the boundary of these moving plates, they collide with each other and form large

mountain belts or move away from each other forming spreading ridges. Large areas

of moving plates that cannot move further are consumed at deep ocean trenches or

subduction zones which mark sites of convective down welling of the earth’s
lithosphere (Figure 1.2).

The deepest earthquakes are always associated with subduction zones, where

they occur at depths as great as 700 km. These earthquakes define inclined zones of

Seismicity known as Wadati-Benioff Zones, which outline the descending lithosphere.S ' ­
tudies of many volcanic arcs around the world have revealed that they tend to formb - .

a ove subduction zones at a location where the subducted slab has reached a depth ofab t - . . .
I ou of l00km. The introduction of cold oceanic crust into the mantle depresses the0 1 - . . .

C6 geothermal gradient and causes a large portion of the earth to deform in a brittlefashio t ~ . _ _
I1 han it would in a normal geothermal gradient setting. Because earthquakes
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can only occur when a rock is deforming in a brittle fashion, subduction zones have

the potential to create very large earthquakes. Subduction zones vary dramatically

in their ability to store elastic strain energy. Such variation has been explained by

1 Trench Fore arc Magmatic arc Back arc basinOulflr M g" Spreading axis
‘ trench Acorstionsry F°"' "" |:::::. '6

J T"    l:‘:.;:(>,‘;‘~”:*"—.l\L'-'._..-.-'..__L_‘.——~"t"i_~‘::_
\ V‘,.~:"", ,_"\‘_ r "H . _' Q’ I “*t——-1*--. __i___,- Q

i

l

D­

J‘ I ' i f iQ 1 O0 200 300 400
Distance from trench (Km)

Figure 1.2. Schematic representation of a Subduction zone

differences in convergence rates and subducting plate ages (Kanamori, 1983),

presence of subducting sediments and seamounts (Ruff, 1989; Cloos, 1992), upper

plate deformation (McCafirey, 1993), motion of the subducting slab through the:

mantle (Scholz and Campos, 1995), and temperature of the plate interface (Hyndmall

and Wang, 1993).

1.3. Study area

The Sunda arc extends about 5600 km between Andaman islands to the

northwest and Banda arc to the east resulting from the convergence between the Ind0'i
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A tralian plate and South west Asia (Newcomb and McCann, I987). While normalus '

bduction prevails in the Java arc region, the subduction becomes progressively moreSLl

oblique towards Sumatra and Andaman arc. Due to this oblique subduction, the

tectonic deformation significantly varies in the different segments of the Indonesian

arc-trench system. Also, the depth, dip and age of the Subducting slab vary

5ignifiCantly from north towards south that further complicates the geodynamic setting

in the region. As the region is characterized by the large magnitude earthquakes

similar to the other subduction zones of the world oceans, and in view of the 26th

December 2004 giant mega thrust earthquake of Sumatra, the region has drawn the

attention of international geo scientific community for more detailed understanding of

the ongoing deformation and geodynamics. It is, therefore, important to know about

the tectonic processes, deformation and geologic evolution of the area in order to

assess future hazard. Because of this importance, the region pertaining to the

Andaman-Sumatra-Java trench-arc system falling between l5°S-l5°N and 90°E­

l l8°E has been considered for detailed gravity and seismotectonic study (Figure 1.3).

1.4. Objectives

The Andaman-Sumatra-Java trench-arc and the adjoining region are

seismically very active, characterized by earthquakes with depth of up to around 700

km. Many previous workers have studied the overall tectonics of the region and their

studies gave valuable information on seismotectonics, subduction process and plate

kinematic setting of the region (Rodolfo et al., 1969; Fitch, 1970, I972; Curray et al.,

I977’ I979» 1932; Hamilton, 1979; Moore and Curray, I980; Huchon and Le Pichon,

I934; Mukhopadhyay and Krishna, I991; Curray, 1987, 2005;
MC Caffery »l9E:’v.C0mb and McCann, 1982; Mukhopadhyay and Dasgupta, 1988;~ » Dasgupta, I992; Diament et al., 1992; Dasgupta
and M k

“ h°Padhyay, 1993, Dasgupta et al., 2003; Mukhopadhyay and Krishna, 1995;

5
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Figure 1.3. Tectonic sketch map showing various physiographic and tectonic
features in the eastem Indian Ocean.

Malod et al.,l995; Krishna et al., I995; Ravikumar et al., I996; Slancova et aI., 2000;

Sieh, 2000; Prawirodirjo, 2000; Schluter et al., 2002; Kamesh Raju, 2005; Khan and

Chakraborty, 2005 among others). A first order segmentation of the Burmese­
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Introduction

| d sian arc has been presented by Chandra (I984), who suggested two transversen one
the north Andaman Boundary zone and the Sunda Boundary zone.boundary ZOHBS,

N vcomb and McCann (1987) observed that the entire length of Sumatra has thee\

tential to produce great thrust earthquakes whereas the plate interface near Java andpo

Lesser Sunda islands can be considered to have low seismic potential. Slancova et al.

(7000) identified seismically active domains within the overriding plates in the
Sumatra fault zone (SFZ) and Java fault zone (J FZ).

Though many of these previous geophysical investigations have brought out

significant variations on the tectonics operative in different segments of the arc, a

unified picture through detailed Seismotectonic regionalization to understand the

upper plate deformation, geometry of the subducting lithosphere is required. The

recent mega thrust earthquake of 26 December 2004 has devastated the region and

strongly ruptured plate boundary over a length of I300 km along the Andaman­

Sumatra arc. This resulted in a need for reassessment of the long-term deformation

pattern as well as understanding the crustal mass anomalies in this segment of the arc.

Therefore in the present study, the following aspects have been focused through

detailed evaluation of the seismotectonics and interpretation of the gravity data.

' To understand the present day kinematics along the eastem plate boundaries

of the Indian Ocean that is associated with strong volcanism and earthquake

activity.

° To study the Benioff zone configuration and the stress distribution all along
the arc.0 T - . . . . . . .

0 attempt detailed seismotectonic regionalisation through a compilation of

geologmal, tectonic and faulting pattem, which helps in identifying variousactiv ' ' .
e seismogenic zones of homogeneous deformation.

7
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0 Estimation of deformation velocities for the identified seismogenic zones to

understand the present day tectonics in the overall realm of geodynamics of

the region.

¢ To study the variation in the crustal deformation rates prior and after the

tsunami event along the Andaman-Sumatra region.

0 To delineate the crustal structure and density heterogeneities along and across

the Andaman arc and its correlation with the seismogenic behaviour through

analysis of seismotectonics, slab residual gravity and mantle Bouguer
anomalies.

1.5. Data

A study of this nature requires compilation of vast amount of tectonic as well

as geologic information, compilation of seismicity catalog, focal mechanism

solutions, gravity, bathymetry and other geophysical information.

We have adopted the valuable information on geology, tectonics and overall

geodynamics of the region given by many previous workers. For the study of the

upper plate deformation and stress distribution pattern, we have compiled the

hypocentral data of earthquakes from ISC and PDE listings. All available focal

mechanisms pertaining to the area have been taken from Harvard CMT solutions and

also from other important works related to the area. Although the region is covered by

vast amount of ship-bome geophysical measurements, the available data is very sparse

and does not cover the region unifonnly. Therefore, the 2-minute gridded GEOSAT

gravity data of Sandwell and Smith (l997) and the l-minute gridded GEBCO

bathymetry data have been considered for the present study.

Q
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1.6. Scope of the Present study

Altogether 7 chapters constitute this thesis. Chapter l gives the introduction

n the objectives of the study, data used and the study area. Chapter 2 deals with theo

regional geologic setting and evolutionary history of the area. Here, the geotectonic

framework of the Andaman-Sumatra-Java trench-arc system in the eastem Indian

Ocean is described.

Chapter 3 describes the Benioff zone configuration and stress distribution in

the Benioff zone all over the arc. This work aims to study the variation in subduction

zone geometry along and across the arc and the fault pattem within the subducting

plate. Depth of penetration as well as the dip of the Benioff zone varies considerably

along the arc which corresponds to the curvature of the fold- thrust belt which varies

from concave to convex in different sectors of the arc. The entire arc is divided into 27

segments and depth sections thus prepared are utilized to investigate the average dip

of the Benioff zone in the different parts of the entire arc, penetration depth of the

subducting lithosphere, the subduction zone geometry underlying the trench, the arc­

trench gap, et¢_

Chapter 4 describes how different seismogenic sources are identified in the

region, estimation of moment release rate and deformation pattem. The region is

divided into broad seismogenic belts. Based on these previous studies and seismicity

Pattern, we identified several broad distinct seismogenic belts/sources. These are l)

the Outer arc region consisting of Andaman-Nicobar islands 2) the back-arc Andaman3 3 .
ea ) The Sumatran fault zone (SFZ) 4) Java onshore region termed as Java Fault

Zone (JFZ) 5) S

The Offshore

variable it is d­9 I . . . . _
fficult to demarcate individual seismogenic sources. Hence, we

umatran fore arc sliver plate consisting of Mentawai fault (MFZ) 6)

Java fore arc region 7) The Sunda Strait region. As the seismicity is

9



Chapter I

employed a moving window method having a window length of 3—4° and with 50%

overlapping starting from one end to the other. We succeeded in defining 4 sources

each in the Andaman fore arc and Back arc region, 9 such sources (moving windows)

in the Sumatran Fault zone (SFZ), 9 sources in the offshore SFZ region and 7 sources

in the offshore Java region. Because of the low seismicity along JFZ, it is separated

into three seismogenic sources namely West Java, Central Java and East Java. The

Sunda strait is considered as a single seismogenic source.The deformation rates for

each of the seismogenic zones have been computed. A detailed error analysis of

velocity tensors using Monte—Carlo simulation method has been carried out in order

to obtain uncertainties. The eigen values and the respective eigen vectors of the

velocity tensor are computed to analyze the actual deformation pattem for different

zones. The results obtained have been discussed in the light of regional tectonics, and

their implications in terms of geodynamics have been enumerated.

ln the light of recent major earthquakes (26"‘ December 2004 and 28"‘ March

2005 events) and the ongoing seismic activity, we have recalculated the variation in

the crustal deformation rates prior and after these earthquakes in Andaman—Sumatra

region including the data up to 2005 and the significant results has been presented in

Chapter 5.

Modeling of the lithospheric structure in the Andaman arc and the Andaman

sea region using gravity and earthquake data constitutes the Chapter 6. ln this

chapter, the down going lithosphere along the subduction zone is modeled using the

free air gravity data by taking into consideration the thickness of the crustal layer, the

thickness of the subducting slab, sediment thickness, presence of volcanism, the

proximity of the continental crust etc. Here a systematic and detailed gravity

interpretation constrained by seismicity and seismic data in the Andaman arc and the

Andaman Sea region in order to delineate the crustal structure and density

l0
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het I and across the arc and i ­ts CO|T€|3IlOfl with th 'e S€lSm0ge 'erogeneities a ong
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behaviour is presented.

Chapter 7 is the summary and conclusion of the study
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CHAPTER 2

REGIONAL GEOLOGY AND TECTONIC HISTORY

2.l. Introduction

The seafloor created by spreading processes and aseismic ridges originating

by mantle plumes from the Early Cretaceous to the Present document the tectonic

history of break up of eastem Gondwanaland, major plate reorganizations, directions

and rates of plate motions; interactions of hotspots with spreading centers, intra plate

deformation and collision history of lndian plate with Eurasia and Himalayan orogeny

(Krishna et al., I995). The active tectonics of central eastern Asia exhibits a varied

and complicated combination of styles of deformation. Much of this region appears to

experience shortening in N-S direction, but both normal faulting associated with E-W

or NW-SE crustal extension, and strike-slip faulting on major faults appear to play a

key role in the overall deformation of Asia (Deng et al., I979; Molnar and

Tapponnier. I975. I978; Tapponnier and Molnar, 1977, I979). These observations led

to the suggestion that Asia deforms in response to the collision and subsequent

Penetration of lndia into Eurasia and that much of China is pushed eastward out ofthe

way of the impinging continents (Molnar and Tapponnier, I975, 1978; Tapponnier

3"“ M°'"=1r» I977, 1979).T ' . . . .
he island arcs, trenches and marginal basins associated with Sunda arc form

“"9 9" lhe most tect
Detrick. l9 .

_ 73). Stretching from Burmese arc nearly to Timor, the Sunda lsland Arc
d€lll1€8i€5 3 Subdu

onically active and complex regions of the world (Purdy and

ction zone separating the lndian-Australian plate from the

l3



Chapter 2

southward projection of the Eurasian plate. The Sunda Island arc, displays the

characteristic relationship of a deep trench, a sedimentary arc, and a gravity minimum

inside the trench, earthquake hypocenters along a dipping Benioff zone, and a

volcanic arc above the Benioff zone. lt continues to be an area of high interest for

studies of the complexities created in a zone of plate convergence (Curray et al.,

I977)

2.1. Regional geotectonic setting

The island arc extends over some 5600 km and separates the lndo-Australian

plate and the Eurasian plate. This sector of the subduction systemghas been active

since middle Tertiary time, as inferred from dating of the Sunda system volcanism by

Hamilton (1988). Hamilton suggests that along the arc, the collision system changes

from oceanic-continental in Sumatra through transitional in Java to intra-Oceanic in

Bali. A morphological map of the study area is shown in Figure 2.]

On the northeastem side of the study area, the slow slipping Red River Fault

of Vietnam and Southem China separates the Southeast Asian plate and the Eurasian

plate. The Bumrese-Andaman arc system fonns an important transitional tectonic link

between the Himalayas in the north and the Sunda arc in the south (Hamilton, 1979).

Towards north, the Burmese arc meets the Himalayan arc at the syntaxis zone along

the Mishmi hills block fonning a major thrust zone. The Burmese arc is bounded on

its west by the tectonically active belts of northeast lndia wherein, currently uplifting

Shillong plateau is the most important tectonic feature. The Burma plate covering th6

Burmese plains, the Andaman and north Sumatra basins separate the lndian plate and

the Eurasian plates. The eastem periphery of this Burma plate lies, the relatively high

standing areas that include the Shan plateau, the Malay Peninsula and its western

shelf, the Malacca strait and Sumatra. The Shan-Sagaing fault is a major right lateral
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fault along the eastern edge of the Burmese arc where the western Burma seems to

slide past the rest of lndo-China (LeDain et al., 1984).
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Sea. This back arc-Spreading center in the Andaman Sea is transformed southward



Chapter 2 7
into the Sumatra fault system that cuts the entire length of Sumatra (Curray et a]_,

1977). The westem side of the Burmese and Andaman trench-arc region is bordered

by Bay of Bengal and Ninety East Ridge. The Andaman basin comprising of

Andaman Sea in the back-arc extends nearly 1200 km from Burma to Sumatra in the

N—S and around 650 km from the Malay Peninsula to the Andaman and Nicobar

Islands in the E—W. The central Andaman Sea is marked by steep and elongate sea

valleys and seamounts such as the Nicobar Deep, Barren—Narcondam volcanic

islands, hwisible bank, Alcock and Sewell seamounts (Rodolfo, 1969). Curray et al,

(1982) suggested that the Andaman Sea and the central lowlands of Burma are parts

of a single structural province.

Towards south, the Sumatra fault system extends for 1900 km along the volcanic

chain of westem Sumatra from 10°N to 7°S (Sieh and Natawidjaja, 2000). In the

southwestem part, there is a 300 km wide strip of lithosphere between the Sumatran

fault and the Sumatran deformation front called the Sumatran fore arc sliver plate. The

SFZ is also considered as the limit between the Eurasian plate and the fore arc sliver

plate. The fore arc ridge (outer arc high) is characterized by islands such as Enggano,

Pagai, Siberut, and Nias that provide considerable geological information.

Java (8° S ,ll0° E) is part of the Sunda Island Arc, which includes Sumatra to thfi

North West and Bali to the East. It is the world's 13 ‘I’ largest island formed mostly 85

the result of volcanic events. Java Sea and Borneo lies to the north and Indian Ocean

to the south of Java. Its southem edge is marked by the presence of the Wharton Basil‘

and the north Australian Basin. (Figure 2.2).

Since this area is associated with strong earthquake activity and volcanism, it is

important to understand the tectonics, geological history as well as the ong0in3

geodynamic processes in order to assess the future hazards.
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of wide variation in subduction geometry, morphology and stress field in both along

and across the arc and the presence of active back-arc spreading in the Andaman Sea

Major tectonic features in the eastern Indian Ocean were inherited from the

break-up of the eastern Gondwanaland and subsequent spreading of the Indian Ocean

floor. Some of these features which are important in the evolutionary history of the

region (see Fig. I.3- generalized tectonic map) are: (I) the large sediment filled basin

called the Bengal fan in the Bay of Bengal, 2) the Ninety East ridge, a 4500 km long

aseismic ridge trending N—S along the 90° E meridian (3) The fold mountain belt of

Andaman and lndo-Burman ranges formed by eastward subduction and motion along

the Shan-Sagaing transform and the Neogene back-arc spreading in the Andaman Sea

(4) the Sumatran Fault Zone (SFZ), a northwest trending active strike-slip fault that

cuts the entire length of Sumatra and Indonesia (5) Java onshore region termed as Java

Fault Zone (J FZ) (6) Sumatran fore arc sliver plate consisting of Mentawai fault zone

(MFZ) (7) The offshore Java fore arc region, which is characterized by typical fore arc

basins and (8) The Sunda strait, which is considered as a transition zone between the

normal subduction in front of Java to the east and oblique subduction to the west.

Most of these features came into existence during the northward flight of India since

the late Cretaceous. McKenzie and Sclater (I971) studied the evolution of the Indian

Ocean since the Late Cretaceous based on magnetic anomaly identifications and

concluded that during 75-35 m.y., the movement of the Indian plate was very rapid

(I8 cm/yr) mostly in northward direction. They infer that this movement was taken up

by the Chagos-Laccadive transform fault on the West and by the Ninety East Ridge 0"

the East. Johnson et al. (I976) have studied the spreading history of the eastem Indian

Ocean, where the oldest magnetic anomalies are aligned sub-parallel to the East Coafil

of India corresponding to about 2 km isobath. A schematic illustration of age and

history of oceanic crust in the eastem Indian Ocean (Figure 2.3) is given by Hamilton

(I979).
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The details on various prominent stages of geological evolution and resultant

formation of majo

understanding of present day geodynamics of the region.
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Chapter 2

2.3.1. Geologic Evolution of the Eastern Indian Ocean

Break up of eastem Gondwanaland during the Early Cretaceous resulted in

the evolution of the lndian Ocean. The plate tectonic theory has been used for the

eastem Gondwana reconstruction to unravel the evolutionary history of the Indian

Ocean (McKenzie and Sclater, I97]; Sclater and Fisher, I974; Johnson et al., I976;

Duncan, 1978; Norton and Sclater, I979; Powell et al., I988; Royer and Sandwell,

I989; among many others). Magnetic data constrained by DSDP and ODP drilling

results revealed that the seafloor spreading between lndia, Australia and Antarctica

occurred in three main phases with two major plate reorganizations from late Jurassic

to present (Royer and Sandwell, 1989). The reorganizations are evidenced by ridge

jumps, changes in direction and varied rates of spreading. Geological evidences reveal

that an overall compressive tectonic regime along the convergent margin in the

eastem Indian Ocean prevailed since Late Cretaceous.

Figure 2.4 describes the evolutionary history of the Indian Ocean in general.

The first phase of spreading started in northwest-southeast direction and resulted in

lndia’s movement away from Antarctica-Australia during early Cretaceous. This

resulted in the formation of the Mesozoic basins along the westem Australian margin

(Markl l974a,b, 1978; Larson et al., I979; Veevers et al., I985), and the eastem

lndian margin (Ramana et al., l974a,b, l997a) as evidenced by the Mesozoic anomaly

sequences Ml l through MO. During Middle Cretaceous, the lndian plate rotated from

its early NW-SE to N-S direction and moved at a slow spreading rate. During thiS

period, the Cretaceous quiet/smooth zone (I18-84 m.y) crust evolved in the distal

Bengal Fan. Northward movement of lndian plate away from Antarctica took plaC6

during Middle Cretaceous to Middle Eocene. The first major reorganization of thfi

plates took place during Middle Cretaceous time, evidenced by the change in lndia’S

motion from NW-SE to N-S (McKenzie and Sclater, I97]; Norton and Sclater, I979;
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Powell et al., I988; Cande and Mutter, I982; Veevers et al., I986; Scotese et al.,

I988). The second phase of spreading started in the N-S direction and continued up to

formation of anomaly I9 (about 24 m.y) in the central Indian Ocean. During this

period, India drifted in the N-S direction from Antarctica with a rapid speed of I I to 7

cm/yr. The magnetic Iineations 34 through I9 have evolved in the east-west direction

with large lateral offsets, giving rise to the major fracture zones. During this phase of

drifting, major parts of the central Indian and Crozet basins have evolved (McKenzie

and Sclater, l97I; Schlich, I975, I982). The initiation of seafloor spreading between

Australia and Antarctica (Cande and Mutter, I982) and the opening of Wharton basin

(Sclater and Fisher, I974; Liu et al., I983) also took place during this period. The

second major plate reorganization occurred in the middle Eocene time when Indian

and Australian plates merged and formed as a Single lndo-Australian plate (magnetic

anomaly 20 to I8) (Liu et al., I983; Royer et al., I989a; Krishna et aI., I995). The

third phase of spreading initiated in northeast-southwest direction in the middle

Eocene and appears to continue since then. The Australian and Antarctica basins

(Weissel and Hayes, I972) were formed along the SE Indian ridge (SEIR) in the third

phase.

2.3.2. Tectonics

The 2004 and 2005 witnessed two mega earthquakes that have ruptured the

boundary between the lndo-Australian plate, which moves generally northward at 40­

50 mm/yr, and the southeastem portion of Eurasian plate, which is segmented into thfi

Burma and Sunda sub plates. East of Himalayas, the plate boundary trends southward

through Myanmar, continuing offshore as a subduction zone along the Andaman‘

Nicobar islands and further south to Sumatra, where it tums eastward along the Java

trench. This zone of convergence is characterized by the occurrence of numerou5

earthquakes, both shallow and deep (Figure 2.5). The area is a classical example ofa
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basin off Sumatra and Java fore arc basin in front of the Volcanic arc (Schluter et 3]“

2002). The Andaman-Sumatra-Java arc system has evolved through mainly
subduction related processes responding kinematically to the plate reorganizations and

other tectonic adjustments taking place during the evolution of the Indian Ocean as

well as the Philippine Sea region.

The geometry of the subduction plate varies as it comes from Andaman to Java as the

sediment thickness of the subducted plate decreases. Off Java, it is covered by only

few hundred meters of sediments, whereas, off Sumatra it exceeds 1 km and at the

head of the Bay of Bengal the sediments are thicker by an average of 10 km (Curray er

al., 1977). West of the Andaman arc, the Ninety East ridge continues subsurface

below the Bay of Bengal sediments up to l7°N (Curray et al., 1982). Geophysical

studies indicate that the ridge could be a hot spot trace (Curray et al., 1982;

Mukhopadhyay and Krishna, 1995) Refraction data suggests that off Southern

Sumatra, in the arc region, the basement is continental whereas, off westem Java it

changes to oceanic (Kopp et al., 2001,2002). The outer high, which represents the

fossil part of the accretionary wedge, is of Eocene-Oligocene age (Pubellier et al.,

1992; Samuel and Harbury, 1996). The Andaman—Nicobar ridge is believed to have

formed in Oligocene—Miocene times due to E-W compression of sediments derived

from the Malayan shelf (Rodolfo, 1969). Lay et al. (2005) observed that age and

thickness of the subducted oceanic crust and the convergence rate increase fr0I11

Andaman towards Java along the arc. The increasing dip and depth of penetration 0f

the Benioff zone reflects this change as well as changes in slab geometry. Oblique, bu‘

predominantly thrust motion occurs in the Andaman trench with a convergence rate of

about 1.4 cm/yr (Lay et al., 2005). The Andaman back-arc spreading ridge-transform

system accormnodates the remaining plate motion, joining with the Sumatra fault to

the south. The subducting oceanic crust off Sumatra is 46-60 m.y old and hfl53

present convergence rate of 6.8lcm/ yr, while the crust off Java with an age ranging
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f m 7Q {Q I00 m.y. (Hamilton, 1979, Ghose et al., I990) converges at a rate of 7.23ro

m/yr ([)@Mets et al., I994). According to Newcomb and McCann (I987), the slabc

Onfiguration is ambiguous in the noithem Sumatra, where as, in the south thec

observed dip is 40-50°. West of Sunda strait, seismic activity does not extend below

300 km But by Java, seismic activity extends from the surface to a depth of 650 km

with a gap in seismicity between 300 and 500 km (Fitch and Molnar, 1970; Newcomb

and McCann, 1987). As a result of highly oblique motion between the lndo-Australian

P

sheared off parallel to the subduction zone from Myanmar to Sumatra (Lay et al.,

late and the Eurasian plate, a plate sliver, referred to as the Burma micro plate, has

2005).

The following sections deal elaborately about the various tectonic features

associated with Andaman-Sumatra-Java trench-arc region. As the arc all along contain

morpho-tectonic features with widely varying tectonic history and also for clarity,

different segments of the arc have been presented separately.

2.3.2.1. Andaman arc region

The Andaman-Burmese arc system serves as a transitional tectonic link

between Himalayan Collision zone to the north and Sunda arc—trench system in the

S°“lh (Hamilton, 1979). The Andaman-Nicobar lslands, which are sub-aerial

¢Xpressions of the fore-arc ridge separate the Andaman Sea from the Bay of Bengal.

The region is dominated by youthful structures which are either tensional in origin or

have resulted from combined tensional and strike-slip movements. The Andaman

basin °°mPYiSirig of Andaman Sea in the back-arc extends nearly 1200 km from

Burma t° Sumatra in the N—S and around 650 km from the Malay Peninsula to the

:1$_aS"}‘3a".afid.Nicobar Islands in the E—W. lt is an extensional basin spreading in
direction marking the edge between the Eurasia and Burma plates in the northand l . . ,

"d°fl€sia in the south, situated between 6° N and I4°N and 91° E to 94°E.
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The lndo-Burman ranges and the Andaman—Nicobar ridges are a northward

continuation of the Mentawai ridge of the Sumatran subduction zone. Rodolfo (I969)

suggested that the east-west compression of sediments derived from the Malayan shelf

resulted in the formation of the Andaman—Nicobar ridge in Oligocene—Miocene age,

The central Andaman Sea is marked by steep and elongate sea valleys and seamounts

such as the Nicobar Deep, Barren—Narcondam volcanic islands, lnvisible bank,

Alcock and Sewell seamounts (Rodolfo, I969). Curray et al. (I982) inferred that the

formation of the Andaman Sea has a definite genetic linkage with the evolution of the

Bay of Bengal. During this evolution, modifications to the subduction zone geometry

have produced considerable mass anomalies at depth. The rock types in the Andaman

—Nicobar islands mainly constitute: Cretaceous serpentinites, ophiolites with

radiolarian cherts, Cretaceous to Eocene cherty pelagic limestone and a thick section

of Eo-Oligocene flysch overlain by Neogene shallow water sediments (Chatterjee,

1967; Eremenko and Sastri, 1977; Roy, 1983). The western base of the Andaman­

Nicobar ridge is marked by the trench that is filled with the sediments of the Bay of

Bengal (Curray et al., l979). The structure along the arc in the Andaman—Nicobar

ridge region is dominated by east dipping nappes having gentle folding, while tighter

folding and intense deformation is observed off Sumatra (Weeks et al., I967; Moore

and Curray, I980). Eremenko and Sastri (I977) observed that the deformation is more

intense in Cretaceous—Oligocene sequences than the younger sequences. Several north

—south faults and thrusts have been observed in the Andaman—Nicobar ridge and the

adjacent offshore areas, among them, the most significant are the Janva thrust

developed on the main islands (Roy, 1983) and the West Andaman fault, east of the

Andaman—Nicobar ridge (Curray et al., I979). Mukhopadhyay (l984) observed that

some of these faults/thrusts are seismically active. Curray et al. (I982) suggested 8

relation between thickness of sediments on the subducting plate and height and

volume of the outer sedimentary arc or non—volcanic ridge of the arc. Curray et al­
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U932) inferred that the Andaman Sea and the central lowlands of Burma are parts of a

Single structural province.

The Andaman Sea is a complex back arc extensional basin that differs from

most other such basins in that it is west facing and that it was formed by transtension

(Curray, 2005). It lies along a highly oblique convergent margin between the
northeastem moving lndo-Australian plate and nearly stationary Eurasian plate.

Uveda and Kanamori (I979) related the back-arc spreading activity in the Andaman

Sea to leaky transform tectonics. Eguchi et al. (1979) inferred collision of the Ninety

East ridge with the Sunda trench in the middle or late Miocene which transmitted

compressional stresses into the back-arc area and at the same time the drag exerted by

the collision of India with Eurasia caused opening of the Andaman Sea, whereas,

C urray (2005) is of the opinion that as the greater Indian continental mass converged

on the SE Asian margin, it caused clockwise rotation of the subduction zone and

increase in obliquity to the point that transtension along a sliver plate has resulted in

oblique rhombo chasm like opening of the Andaman Sea during the Neogene. General

structure in the Mergui north Sumatra basin consists of a series of horsts and grabens.

Seismic refraction studies by Kieckhefer (1978) indicate that a thin continental crust

underlies the basin. Structures in the basin are suggestive of rotated fault blocks

mdicatlng rifting of an older sedimentary section during the opening of this part of the

Andaman Sea. The identified magnetic anomalies in the central Andaman Sea indicate

8 Spreading rate of 3.72 cm/yr with opening started about l3 m.y. or in Middle

Miocene (Curray et al., 1979). Total opening since that time has been 460 km (Curray

e‘ 3"’ I932) Raju et al. (2004) has arrived at a conclusion that the present full rate

iliiidgfgg in the central Andaman Basin is about 38 mm/yr and that it has opened 1 l8

win SW5?‘ ghjzlflet 4 m.y, which agrees with the recent observation of Curray (2005).) inferred that this spreading axis IS in turn transformed northward

Onto um Sagaiflg fault. Curray et al. (I977) proposed that opening of the Andaman
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Sea is transformed southward into the Sumatra fault system. ln the geologic past,

some of the motion of this opening may possibly have been taken up by a southern

continuation ofthe West Andaman Fault.

Curray(2005) excellently synthesized all available geological and geophysical

data and proposed different stages of opening of the Andaman Sea region. His

reconstruction involves separation of lndia from Australia and Antarctica in the

eastem Gondwanaland and its northward flight since the Cretaceous. Some salient

aspects of the reconstruction history (Figure 2.6) have been presented below; as

outlined in Curray (2005).

1 Before the departure of lndia from Australia and Antarctica, the South Tibet,

Burma and SIBUMASU Blocks had already spun off northward and had docked

against Asia. Prior to initiation of the subduction system, this could have been a

passive continental margin, the source of some of the older sediments found in

Myanmar and the Andaman-Nicobar Ridge.

0 The northeastem comer of ‘Greater lndia‘ hit this subduction zone at about 59 Ma

(Klootwijk et al., I992), the so-called ‘soft collision‘, and lndia underwent some

counter clockwise rotation from about 59 to 55 Ma, at which time the suture was

completely closed. During this time and until about 44 Ma, lndia was indenting

the Asian margin and rotating the subduction zone in a clockwise direction. With

this rotation the direction of convergence became increasingly more oblique­

Finally, probably in the middle to late Eocene, about 44 Ma, a sliver fault formed,

the forerunner of the Old West Andaman and Sagaing Fault systems. Right-lateral

motion started on the Khlong Marui and Ranong Faults at about this same timfi

(Lee and Lawver, I995) prior to the opening of the Mergui Basin during the

Oligocene. The northern strand of the Mergui fault may have crossed the Mergui
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Ridge 35 a splay of the Sagaing Fault (Figure 2.6a). The Mergui Ridge was

probably part of the original volcanic arc.
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0 By early Miocene, about 23 Ma (Figure 2.6b) , the plate convergence was oblique

enough that extension and back arc sea floor spreading moved westward to the

sliver fault running approximately along the magmatic arc, which had by that time

migrated westward. The sea floor spreading and creation of oceanic crust formed

the rock masses comprising of Alcock and Sewell Rises. The rocks from Alcock

are early Miocene. With abandonment of extension in the Mergui Basin area,

rapid subsidence occurred and the shallow water deposits of the late Oligocene

were buried by deeper water facies.

0 At the end of early Miocene, about 15-I6 Ma (Figure 2.6c), a major change

occurred in the Mergui Basin with an unconfom1ity and deposition of dark gray to

black shales of the Baong, Trang and Surin Formations over the carbonate

sediments of the Peutu, Tai, Katang and Payang formations. At this time the

conjoined Alcock and Sewell Rises started rifting away from the edge of

continental crust forming East Basin. And finally at about 4 Ma (Figure 2.6d), the

plate edge migrated again to cut Alcock and Sewell apart, and the present plate

edge between the Southeast Asian and the Burma Sliver Blocks was formed.

2.3.2.2. Sumatra arc region

Structure of the Sunda arc off central Sumatra was studied by Kieckhefer et

al. (I980), using seismic refraction data and interpreted that Sumatra is underlain by

older, Paleozoic continental crust (Figure 2.7). Northem Sumatra is also characterized

by Paleozoic sedimentary rocks and Mesozoic granites (Katili, I962). The Sumatran

fault Zone (SF Z), a northwest trending fault that cuts the entire length of Sumatra and

Indonesia is a major dextral active strike-slip fault zone. ln the southwestem pan»

there is a 300 km wide strip of lithosphere between the Sumatran fault and the
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Figure 2.7. Structure of Sunda arc off the central Sumatra based on seismic refraction
data (after Kieckhefer et al, 1980).
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deformation front called the Sumatran fore arc sliver plate. The SFZ is also considered

as the limit between the Eurasian plate and the fore arc sliver plate.

Along the Sumatran arc, slip vectors for earthquakes of the under thrusting

lndo-Australian plate rotate into north east direction suggesting that convergence is

oblique and a large part of the plate motion is taken up by right-lateral shear within

the overriding plate in the order of 3.6-4.9 cm/yr (McCaffrey et al., 2000). The trench

parallel shear is absorbed by transpressive deformation of the Eurasian plate leading

Qdge and with an assumed northward displacement of continental slivers (Baroux et

3|-» |993; Simandjuntak and Barber, 1996), indicate the partitioning of oblique plate

convergence into thrust and strike-slip motions (Genrich et al., 2000).

The most pronounced shear zone of the overriding Eurasian plate is the

Soumatra fault zone (SFZ) within the volcanic arc. The SFZ accommodates most of the

"ght lateral stress of the relative plate motion between the lndo-Australian and

Eurasia" Plates and is seismically active (Schluter et al., 2002). The Sumatran fault

System Consisting of 20 en echelon segments (Tjia, 1978) is the world’s clearest

T:;';)pl‘;':f major shear fault system adjacent to a convergent margin (Fitch, l970a;- 6 fault extends for 1900 km along the volcanic chain of westem Sumatraf|'() 0 _ _
m IO N I0 7° S (Sleh and Natawidjaja, 2000). lt turns into a complex pattem of
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extensional faults in the fore arc south of Sumatra. North of Sumatra, the SFZ seen to

be continuing into the Andaman Sea and joins with the fracture zones of back arc

spreading center (Curray et al., 1978). The oblique subduction beneath Sumatra

results in partitioning of the convergent motion. The variation of slip rates along the

various segments of SFZ ranging from l.lcm/yr to 2.8cm/ yr (Baroux et al., l998)

was accommodated by fore arc sliver deformation (Diament et al., I992; McCaffrey,

1992). Slip rates as determined by SPOT images along stream offsets along the fault

infer movements of 0.6 cm/yr in the south to 2.3 cm/yr in the north (Bellier and

Sebrier, 1995). According to Malod and Kermel (I996), the right lateral slip is not

only taken up by SFZ with a rate of 2 cm/yr, but also, by the Mentawai fault zone

(MFZ) identified by Diament et al. (1992) in the fore arc basin. The MFZ give rise to

a slip rate of up to l.l cm/yr off Nias lsland. The northem part of the MFZ seems to

be connected to SFZ by the Batee fault and terminates within the accretionary wedge,

indicating two slivers (Mentawai and Aceh slivers) on top of which the fore arc basin

has developed. lf this is correct, the accretionary wedge and the outer arc high with

the islands of Enggano and Nias must be a separate northward moving feature along

the Mentawai fault (Malod et al., 1995; Van der weff, I996). The shape and location

of the Sumatran fault and the active volcanic arc are highly correlated with the shape

and character of the underlying subducting lithosphere (Sieh and Natawidjaj a, 2000).

Arc-normal extension is known to be an important mechanism in bringing

high pressure, low temperature metamorphic rocks to shallow levels in accretionary

wedges (Platt, I986). Arc-parallel extension is also important because the estimated

strain parallel to the Sumatran fore arc implies thinning of the fore arc at l-2 mm/yf,

which could result in rapid rise of rocks from deep in the accretionary wedge

(McCaffrey, l99l).
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/'7 A grid of multi channel seismic profiles and well data from the Sumatra fore

arc basin revealed stratigraphic framework for the northern and central basins

(Beaudry and Moore, l98l, l985; lzart et al., 1994; Malod et al., l995). According to
ta a wide spread uplift and erosion occurred during the Paleogene followed byihese da

fore arc subsidence since the latest Oligocene-earliest Miocene as evidenced by two

transgressive- regressive sequences of limestone and shale due to eustatic changes and

tectonism. During Pliocene-Paleocene, two more sequences of deltaic, clastic and clay

mineral were shed from the Sumatra margin into the subsiding basin segmented by

traverse ridges into several sub basins (Natawidjaja and Sieh, I994; Genrich et al.,

2000). According to Dickinson (1995), these basins were formed in the Oligocene.

However, older basin sediment (Early Eocene) is found on some islands (Pubellier et

al., I992; Schluter et al., 2002)

The fore arc ridge (outer arc high) is characterized by islands such as

Enggano, Pagai, Siberut, and Nias provide considerable geological information.

During Eocene and Oligocene an increase in the subduction rate led to the formation

of mélange (Karig et al., I980), containing ultrabasic oceanic components. Early

Miocene sediments were initially deposited in deep water and since the Middle

Miocene shallow water clastic and carbonate sequences dominate. On Enggano
Island,

2002)
late Paleogene to Pliocene successions are folded and thrusted (Schluter et al.,

2.3.2.3. Sunda Strait

The Sunda strait is historically famous due to the explosion of the Krakatau
VOICQQQ

the We

Sllmat ­
C '3 relative to Java with the rotation axis close to the strait during the latee"0z ' . . .

oic (Zen, I983; Ninkovich, l99l) or as an extensional feature (Huchon and Le

33

Ii I883 and is an important area to understand the geodynamic evolution of

Slem Indonesia. The Sunda strait is interpreted either as related to rotation of
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Pichon, l984; Harjono et al., I992) resulting from the northwestward displacement of

the southem block along the SFZ as a consequence of oblique subduction in Sumatra.

Schluter et al (2002) suggest that the initial transtension and the formation of pull­

apart basins of the Sunda strait are due to a clockwise rotation of Sumatra with l‘€Spe¢1

to Java since the lower Miocene. The southeastem part of the SFZ, the Semangko

fault, ends in the Sunda strait in a complex pattem of dominantly normal faults

associated with subsidence, seismicity and volcanism (Huchon and Le Pichon, I984),

The Sunda strait is mostly covered by quatemary volcanic products (Harjono et al.,

1991; Nishimura et al., 1986). The amount of extension of the Sunda strait is

estimated to 50-70 km (Malod and Kemel, 1996) and presumably occurred during

Pliocene (Diament et al, 1992). The region south of the Sunda strait is a transition

zone between two steady state tectonic regimes: to the east, normal subduction in

front of Java with well developed fore arc basins, and to the west, oblique subduction

with sliver plates and strike slip faults accommodating the lateral component of the

oblique subduction (Malod, I995). Fitch (1972) proposed the Sunda strait as a

tectonic as well as physiographic break in the arc. Within the Sunda strait, a typical

pull-apart basin, that widens to the south, was initiated during the early Miocene

along the southem part of the Sumatran fault (Diament et al., 1990; Huchon and Le

Pichon, l984; Lassal et al., I989). Huchon and Le Pichon (I984) estimated that the

subduction in the Sunda strait started at 13 Ma, whereas, according to Harjonc

and Suparka (I992) initiation of subduction is around 7-10 Ma.

2.3.2.4. Java arc region

Formed mostly as the result of volcanic events, Java is the l3"‘ largest island

in the world and the fifth largest island of Indonesia. Curray et al. (1977) examincd

the structure of central Java from seismic refraction data and interpreted that the

apparently normal oceanic crust of the Wharton basin is being subducted beneath

central Java. The fore arc basin is underlain by either thickened oceanic crust (Figure

14
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., 83 and b) or thinned continental crust with slightly anomalous velocities. Java is

undeflain by a thin young continental crust formed during the Tertiary as the roots of

the tic arc. The current subduction system, located offshore south of presentmagma

day Java began in Late Oligocene (Hamilton, I979). Along the central Java, the

Qce

pproximately orthogonal to the trench. At present, 135 m.y old oceanic crust subduct8

O

anic crust converges at a rate of 6-7cm/yr in a direction Nll°E and is

ff eastem Java and crustal ages decreases to 96 m.y off westem Java.
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Tectonic stress and extension, resulting from northward movement of the

Australian and lndian plates and rotation of Borneo, formed rifts or half graben

complexes along much of the southem margin of the Sunda shelf plate (now Sumatra

and Java) in Eocene to Oligocene time (Hall, l977a,b; Longley, I997; Sudarmono and

others, I977). These complexes are aligned north-south and are separated by faulted

plateaus. The normal subduction below Java is characterized by the development of

typical fore arc basins. lt has been proposed that the transition between the two

regimes of subduction zones occurs south west of Java, raising the question of

continuation of the Sumatra and Mentawai faults into the accretionary prism and their

connection with the structures of westem Java, whereas, a survey of the active plate

margin south of west Java by Arifin et al. (1987) shows that the fore arc basin is

poorly developed. This was interpreted as the effect of continuation of the Sumatra

fault within the active margin. A continuous accretionary wedge, outer arc high and

fore arc basin are recognized along off Sumatra and westem Java, but are not

developed further east in off central Java. A large scale uplifts and segmentation of the

fore arc due to subduction of oceanic basement relief leads to isolated bathymetric

highs reaching water depths of only l000 m compared to 2000 m in the westem pan

of Java (Wittwer et al., 2006).

On land, a large fault zone known as the Cimandiri fault is interpreted as 8

large sinistral strike slip fault initiated during the Miocene (Dardji et al., I994). N0

shear faulting of regional extent similar to that of SFZ exists in Java (Newcomb and

McCann, I987). The spatial variations in the slip vector azimuths at the Java trentlh

suggest that arc parallel stretching of the fore arc occurs (McCaffrey, l99l ).



CHAPTER 3

SEISMOTECTONICS OF THE LITHOSPHERIC
SUBDUCTION IN THE EASTERN INDIAN OCEAN

3.1. Introduction

The occurrence of deep and intermediate depth earthquakes along a trench —

arc system marking slab like geometry of the descending oceanic lithosphere

essentially result from compressional / extensional stresses aligned parallel to the slab

(Oliver and lsacks. I967; lsacks et al., I969; lsacks and Molnar, l97l). This inclined

seismic zone associated with all trench-arc systems world over is called as the Wadati­

Benioff Zone (WBZ) and knowledge on state of stress in these zones is important in

understanding the geodynamic processes along convergent margins in general, and

ongoing tectonic deformation within the upper plate, in particular. The latter aspect is

more significant due to the fact that the negative buoyancy of the dense rocks of the

descending lithosphere results in a downward body force which gets transmitted to the

surface plate.

Earthquake focal mechanism solutions give valuable information on the state

Of stress and their spatial variations, in tum, help to identify contortions and

cllsruptions in the descending lithosphere. According to lsacks and Molnar (l97l),
me?“ mechanisms in the WBZ show the following pattern: i) either P- or T- axes are

:1: at/eE|3;0 ‘I-he dip of the WBZ ii) slab-dip-parallel compression in the deepest parts of
lh "ll slab-dip-parallel compression or extension in the intermediate parts ofQ WBZ . . . _

- H0wever, deviations from this general pattern have been observed in the
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WBZ of various arc systems (lsacks and Molnar, I97]; Giardini and WOOdhOu3e,

I986; Apperson and Frolich, I987; Slancova et aI., 2000).

Recently, the Andaman-Sumatra-Java arc (together referred as Sunda arc)

region came to the attention of intemational geo-scientific community for more

detailed studies on geodynamics of the region afier the occurrence of giant mega

thrust earthquake of Mw ~ 9.3 on 26 December 2004 and the subsequent sequence of

earthquakes with another mega event on 28 March 2005. In view of the extent of

rupture and the significantly large deformation the events had caused in the upper

plate, a close study of spatial variations in the geometry of WBZ is very useful.

Several earlier workers had analyzed the nature of WBZ in tenns of seismicity trends

and Seismotectonic pattems along various segments of the arc (Fitch, I970, I972;

lsacks and Molnar, I971; Chandra, 1984; Mukhopadhyay I984; Jarrard, I986;

McCaffrey, I991; Dasgupta and Mukhopadhyay, I993; McCaffrey, I994, I996;

Guzman-Speziale and Ni, I996; Schoffel and Das, I999; Slancova et al., 2000;

Dasgupta et al., 2002; Radhakrishna and Sanu, 2002; among many others), systematic

analysis of entire arc was never looked into. In this chapter, a detailed Seismotectonic

evaluation of the WBZ has been made to delineate the three-dimensional geometry of

the WBZ as well as spatial variations in the stress distribution pattem which will

throw light on the on-going geodynamic processes along the arc.

3.2. Lithosphere dynamics and associated processes at subduction
zones

As the Oceanic lithosphere moves away from the ocean ridge, it cool5,

thickens and becomes denser because of thennal contraction. Even though the basaltic

rocks of the oceanic crust are lighter than the underlying mantle rocks, the colder Sub

crustal rocks in the lithosphere become sufficiently dense to make old oceani¢

lithosphere heavy enough to be gravitationally unstable with respect to the hot mantle
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k immediately underlying the lithosphere. As a result of this gravitationalroc 5

bility the oceanic lithosphere begins to sink into the interior of the earth at oceaninsta

5 As the lithosphere descends into the mantle, it encounters increasingly1renCh€

d nger rocks However, the rock of the lithosphere also becomes increasingly dense asC .
mu]; of the increase of pressure with depth. The descending lithosphere continuesa

w subduct as long as it remains denser than the immediately adjacent mantle rocks at

any dfiplh.

The negative buoyancy of the dense rocks of the descending lithosphere

results in a downward body force. Because the lithosphere behaves elastically, it can

transmit stresses and act as stress guide. The body force acting on the descending plate

is transmitted to the surface plate, which is pulled toward the ocean trench. This slab

pull force is one of the important driving forces in plate tectonics and continental drift

(Liu ct al., I995)

Prior to subduction, the lithosphere begins to bend downward. The convex

curvature of the seafloor defines the seaward side of the ocean trench. The oceanic

lithosphere bends continuously and maintains its structural integrity as it passes

through the subduction zone. As a result of the bending lithosphere, the near surface

rocks are placed in tension, and block faulting ofien results. This block faulting

allows some of the overlying sediments to be entrained in the upper part of the

basaltic crust. Some of these sediments are then subducted along with the basaltic

rocks of the oceanic crust, but the remainder of the sediments is scraped off at the base

Oflhe lfcnch. These sediments form an accretionary prism that defines the landward

We Of many ocean trenches. Mass balances show that only a fraction of the sediment
that make

S_ “P layer l of the oceanic crust are incorporated into the accretionary prisms.Ince
"T686 sediments are derived by the erosion of the continents, the subduction of

39



Chapter 3

sediments is a mechanism for subducting continental crust and retuming it into the
mantle.

Ocean trenches are the sites of many of the largest earthquakes. These

earthquakes occur on the fault zone separating the descending lithosphere from the

overlying lithosphere. Great earthquakes such as the I960 Chilean earthquake, I964

Alaskan earthquake, 2004 Sumatra earthquake etc accommodate about 20m of down

dip motion of the oceanic lithosphere (Lay et al., 2005). A large fraction of the

relative displacement between the descending lithosphere and the overlying mantle

wedge appears to be accommodated by great earthquakes of this type. A typical

velocity of subduction is 0.lmm/yr so that a great earthquake with displacement of 20

m would be expected to occur at intervals of about 200 years (Turcotte and Schubert,

2002)

The lithosphere appears to bend continuously as it enters an ocean trench and

then appears to straighten out and descend at a near constant dip angle. A feature of

some subduction zones is paired belts of deep seismicity. The earthquakes in the

upper seismic zone, near the upper boundary of the descending lithosphere are

associated with compression. The earthquakes within the descending lithosphere are

associated with tension. These double seismic zones are attributed to the ‘unbending’

i.e., straightening out of the descending lithosphere (Kawakatsu, 1986). The double

seismic zones are further evidence of the rigidity of the subducted lithosphere. They

are also indicative of the forces on the subducted lithosphere that are straightening ll

out so that it descends at a typical angle of 45°.

One of the key questions in plate tectonics is the fate of the descending plat65­

Earthquakes terminate at depth of about 660 km (Bina and Okal, I998), but the

termination of seismicity does not imply cessation of subduction. This is the depth of

a major seismic discontinuity associated with the solid-solid phase change from spiflel
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mvskite and magnesiowustite; this phase change could act to prevent penetrationto P6

at-the descending lithosphere. ln some case seismic activity spreads out at this depth,

d in some cases it does not. Shallow subduction earthquakes generally indicatean

extensional

This is also an indication of resistance to subduction. Seismic velocities in the cold

stresses whereas the deeper earthquakes indicate compressional stresses.

descending lithosphere are significantly higher than in the surrounding hot mantle.

Volcanism is also associated with subduction. A line of regularly spaced

volcanoes closely parallels the trend of the ocean trench in almost all the cases. These

volcanoes may result in an island arc or they may occur on the continental crust and

liel25 -I75 km above the descending plate. The bulk of the volcanic rocks at island

arcs has near basaltic compositions and erupts at temperatures very similar to eruption

temperatures at accretionary margins. These volcanoes are primarily the result of the

partial melting of rocks in the mantle wedge above the descending lithosphere.

Geochemical evidences indicate that the partial melting of subducted sediments and

oceanic crust does important role in island arc volcanism. lsotopic studies have

shown that subducted sediments participate in the melting process. Also, the locations

of the surface volcanic lines have a direct geometrical relationship to the geometry of

subduction. In some cases, two adjacent slab segments subduct at different angles,

and an offset occurs in the volcanic line; for the shallower dipping slab, the volcanic

line is farther from the trench keeping the depth to the slab beneath the volcanic line

nearly constant. Processes associated with the subducted oceanic cmst trigger

subduction zone volcanism. The bulk of the volcanism is directly associated with the

32:3‘: Ofthe mantle wedge in a way similar to the melting beneath an accretionary
_ argl"- A possible explanation is that ‘fluids’ from the descending oceanic crust"ldu - . . .

Ce mehmg and create suffictent buoyancy in the partially melted mantle wedgemck to . .
generate an ascending slab and enhance melting through pressure release. This
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process may be three dimensional with ascending diapers associated with individu3|

volcanic centers (Turcotte and Schubert, I982).

3.3. Regional geotectonic setting of the Sunda Arc

The Sunda arc extending over a distance of 5600 km from Andaman islands

in the north to the Banda arc in the east, constitutes a major subduction zone and

separates the Indo-Australian plate and the Eurasian plate. This subduction system in

the eastem Indian Ocean has been active since middle Tertiary (Hamilton, I988).

Significant along strike variations in style and geometry of subduction as well as

geophysical characteristics occur from west to east along the Sunda arc (Newcomb

and McCann, 1987). Hamilton (1988) suggested that the subduction system changes

from oceanic - continental in Sumatra through transitional in Java. Hamilton (1979)

pointed out that the Andaman arc system together with Burmese arc forms an

important transitional tectonic link between the Himalayas in the north and the

Indonesian part of the arc in the south. A small lenticular plate, called the Burma

plate, covering the Burmese plains, the Andaman and north Sumatra basins, separate

the Indian and Eurasian plates (Curray et al., I979). The Andaman basin comprising

of Andaman Sea in the back-arc extends nearly 1200 km N-S from Burma to Sumatra

and around 650 km E-W between Andaman Nicobar Islands and the Malay Peninsula­

Win Swe (1972) inferred that the Sagaing fault, a major right lateral fault along the

eastem edge of the Burmese arc, continues southward and joins the spreading axis i"

the Andaman Sea. Curray et al. (I977) proposed that the back-arc spreading system in

the Andaman Sea transforms southward into the Sumatran fault system.

The Sumatran fault system, a I900 km long trench parallel fault passing the

entire length of Sumatra, is one of the World’s major shear fault adjacent I0 3

convergent zone (Fitch, I972), and accommodates motion parallel to the arc by
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3| Strike-slip displacement (Newcomb and McCann, I987). These observations

jjlgegts that the highly oblique convergence in the Burma-Andaman-Sumatra arc is

accompanied by large-scale right lateral shear along the Sagaing fault and the

Sumatran fault through ridge-transform systems in the Andaman Sea (Curray et al.,

I979, 1982; Karig et al., l979, I980; Curray , 2005). Between the Sumatran fault and

the Sumatran deformation front in the offshore, a 300 km wide strip of the lithosphere

exists as a fore arc sliver plate, in which, the 600 km long Mentawai fault is located

(Diament et al., 1992). Further southeast, the Sunda strait separates the arc into the

Sumatra and Java segments, where, the trend o the trench-arc system changes from

NW-SE in Sumatra region to E-W in Java region an seems to be a transition zone in

the morphology of the fore arc domain (Malod et al., l995).The Sunda Strait is a

consequence of northwestward motion of the southwestern part of the Sumatran block

along the Sumatra fault. The area is subjected to NW-SE extension because of the

motion along Sumatran fault and to NE-SW compression because of subduction

(Huchon and Le Pichon, I984). The age and thickness of the subducting oceanic crust

increases from Sumatra to Java and normal subduction prevails below the Java arc.

The Java arc represents a typical subduction zone, displaying the outer bulge and a

deep trench. A trench slope break separates the accretionary prism into a frontal

“@986 and the outer high (Kopp et al., 2002). The outer high off Java is completely

wbmerged and generally 2000-3000 m deep, with isolated highs reaching depths

amufld I000 m (Moore et al., 1980). The fore arc basin is located adjacent to the

‘/0|Canic arc. The seismic refraction line off central Java suggests the presence of

°¢€anic cmst beneath the fore arc basin (Curray et al., I977). Hamilton (I988)Obs - . _ . .
.9“/ed that this segment of the subduction system has been active smce the

OI
'g°¢e"@ and evolved after the late Eocene collision of lndia with Asia.
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3.3.1. Various characteristics of the Arc

Many geological and tectonic characteristics of the Andaman—Sumatra—Java

arc change significantly along strike. Fore arc geometry systematically varies from

west to east (the depth of the fore arc basins, trench slope break and trench increase

towards Java) as the sediment thickness on the subducting plate increases (Newcomb

and McCann, 1987). A complex tectonic system exists in the Andaman Islands, where

convergence is essentially sub parallel to the arc of the Lesser Sunda lslands and the

Australian continent occurs (Sliver et al., 1983). But a relatively simple style of

subduction occurs where oceanic crust is subducted beneath the continental platform

of Sumatra and westem Java as well as the island arc of eastem Java.

3.3.1.1. Rheology

Fore arc rheology appears to correlate with arc type (whether the upper plate

is oceanic or continental) and arc age. Elastic fore arcs appear to correlate with the

occurrence of great earthquakes, suggesting that rheology rather than stress controls

fore arc deformation and where great subduction zone thrust earthquakes occur. The

Java —Sumatra fore arc displays elastic-perfectly plastic behavior. lt is elastic up to

obliquity of about 20° and at higher obliquities it deforms at a rapid enough rates and

keeps the slip vectors at a nearly constant angle relative to the trench-normal. ln Java —

Sumatra, the arc parallel strike slip fault takes up the motion of the fore arc relative t0

the upper plate. lt is apparently the only one of the world’s fore arcs that displays this

behavior (McCaffrey, 1994).

3.3.1.2. Compression / Extension

Perhaps, the most difficult variable to quantify is the strain regime of the

overriding plate. The stress or strain at any point in a subduction zone is optimflll)’

described as a stress or strain tensor. Subduction zones can be ranked to some extent
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' terms of their positions along a continuum from strongly extensional to stronglyin

compressional (Uyeda and Kanamort, I979).

Subduction zones with highly extensional environment in the overriding plate

exhibit back arc spreading, the formations of oceanic crust in a marginal basin behind

‘he arc (Karig. I971; Packam and Falvey, l97l) such as in Andaman subduction zone.

Back arc spreading in the Andaman Sea has averaged 3.7 cm/yr for the last 13 my,

prior spreading is poorly known because of very subdued magnetic anomalies (Curray

ei al, I982; Lawver and Curray, 198]). A few focal mechanisms from behind the

Andaman Nicobar ridge are interpreted by Mukhopadhyay (1984) as indicating fore

arc thrusting. For every back arc basin except Andaman, the spreading direction is

approximately perpendicular to the trench. Indeed, the oblique spreading and major

transform faults of the Andaman Sea are ofien interpreted (Curray et al, I982;

Weissel, l98l; Taylor and Karner, 1983) as evidence that it may not be appropriate to

consider the origin of this marginal basin as typical back arc spreading.

Sumatra and Java subduction zones are considered to be mildly

compressional. The back arc region of eastem Sumatra exhibits moderate but

P¢rvasive Pliocene- Pleistocene folding and some quatemary thrusting, both with

°°'"Pression approximately parallel to the plate convergence direction (Katili, 1974).

The eastem end of Java indicates intra plate thrusting (Fitch, 1972). Deformation is

active in the foreland basin of North Java and the nearby offshore area, with mild

Open folds in north Central Java and Miocene to Quatemary northward-directed folds

and thrusts in the west Java basin (Hamilton, 1979). He suggests that, much of this

deformation may be attributable to magmatism rather than subduction related

j:;P;Session, as the folds arc around large volcanic edifices. Back arc thrusting east of
Probably caused by continental collision of Australia with Banda subduction

Zone and is not relevant to the strain regime of Java.
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3.3.1.3. Convergence rates

The convergence directions at subduction zones used to be indicated by slip

vectors of shallow interplate thrust earthquakes (Jarrard, I986). However,
developments in the studies related to world wide plate motion models gave rise to

accurate convergence rates between the major plates (Minster and Jordan, 1978), more

recently the NUVEL — 1A plate motion model (DeMets et al., 1990; Argus and

Gordon, 1991). These plate motion models are based on inversion of Pliocene­

Pleistocene spreading rates, transform fault azimuths and earthquake slip vectors and

from GPS measurements.

According to these models, the lndo-Australian plate is subducting under the

Eurasian plate with a convergence rate of 75 mm/yr (Minster and Jordan, I978;

DeMets et al., 1990). Analysis of slip vectors obtained fiom focal mechanisms

suggests a approximately N-trending convergence between these two plates (Jarrard,

1986; McCaffrey, l99l). But because of the variation in local trench azimuth, this

convergence is normal to the Java and becomes progressively more oblique at

Sumatra and further north. DeMets et al. (I994) estimated convergence rates of 72

mm/yr near Java and 68 mm/yr off Sumatra. Lay et al. (2005) noticed predominantly

thrust motion with a convergence rate of l4 mm/yr along the Andaman trench.

3.3.1.4. Slab age and configuration

The age and thickness of the subducted oceanic crust increases from Sumatra

to Java and it is reflected by the increasing dip and depth of penetration of the Beni0fi

zone. In the Sumatra and Andaman segments, ages increase northward, but because Of

the oblique convergence and closely spaced fracture zones, age probably decreaS@5

discontinuously down dip. West of Sunda Strait, seismic activity does not extefld

below 200 km. Slab configuration is ambiguous in northern Sumatra while in the

A6
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th a plane dipping 40° - 50° is apparent. By Java, seismic activity extends from thesou

face to 3 depth of 650 km with a gap in seismicity between 300 and 500 km.curp

TreflCh dfip

on the oceanic crust before entering the trench, and presence of aseismic

rh can be affected by thickness of the sedimentary trench fill, thickness of

sedimiims

ridges (Jarrard. I986)­

3.3.l.5. Arc age

Initiation of subduction is usually followed in less than 5 my by initiation of

arc volcanism (Gill, I981). Therefore, the oldest arc related rocks in a subduction

zone provide an estimate of duration of subduction. Initiation of the subduction

pattern in Andaman—Sumatra-Java is controversial. In Sumatra, scattered Cretaceous

and Paleogene K-Ar ages are found for granitic rocks, but the orientation of these

belts is not reliably known. Hamilton (I979) suggested that the belt may be strongly

oblique to the modem trench and tmncated at the trench. He interpreted Late

Cretaceous and Paleogene mélanges and igneous rocks in Java as forming an arc

trending from western Java through Bomeo. ln both Java and Sumatra, late Oligocene

calc- alkaline rocks are the oldest arc related rocks that are clearly part of the present

subduction geometry (Hamilton, 1979). The poorly dated Andaman region is at least

35 Old as the Late Oligocene start of continental thinning, and probably cretaceous

(C""fly et al, I982). The age of the lithosphere along different portions of the arc

varies greatly, aging progressively eastward. It varies from 49-96 Ma under Sumatra

‘O ‘he West to 96- I34 Ma under Java.3. ­
4- Data and Analysis

b AS already stated the Sunda arc region is seismically active and characterizedY [he _ _
Occurrence of shallow as well as deeper earthquakes. A compilation of both

hislo '
“Cal and recent events has been made from the NOAA epicentral listing. A
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preliminary analysis of the catalogue indicated that the events prior to I900 lacked

proper depth infomiation. As depth is a very important parameter in a study of this

kind, the time period of data has been confined to the period during I900-2005.

3.4.1. Seismicity

From the list of earthquakes considered during I900-2005, for the events

before I964, their magnitudes have been compiled from Rothe (I969) and Gutenberg

and Richter (I954). For the period during I953-I965, magnitudes from Rothe listing

have been recalculated by Newcomb and McCann (I987). Similarly Engdahl et al

(1998) precisely determined hypo central parameters from ISC listing for the period

1964-1995. We considered these revised magnitudes with events Ms _>_4.5 for the

present analysis. For events where Ms value is not available, it is obtained from Mb

using Mb-Ms relation derived for the region. The magnitudes estimated by Gutenberg

and Richter (1954) and Rothe(l969) are equivalent to 20-s Ms(Geller and Kanamori,

I977). As the events related to the upper plate mostly confine to depths < 70 km, they

have been divided into shallow (5 70 km) or deeper WBZ events (> 70 km) for the

purpose of showing on a seismicity map (Figure 3. I ).

3.4.2 Focal Mechanism solutions

Source mechanisms of earthquakes have been known to provide valuable

information on the distribution of stresses and deformation pattem in seismicalll’

active regions. For the purpose of understanding the stress distribution pattem in the

WBZ, a large number of focal mechanism solutions, nearly I I73 have been compiled

from the Harvard CMT catalogue. From the total compiled events, it is seen that

around 926 events belong to the shallow upper plate while 247 events are from the
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Out of the 247 deeper events, 105 events are thrust, 57 events are normal and 85 are

strike - slip mechanisms. The shallow mechanisms include 423 thrust, 163 nOrm3] and

340 strike- slip events. Greater than 6.0 magnitude deeper events are around 95, of

which 8 are in the Andaman region, 43 are in the Sumatra region and 44 in the Java

region. There are around 188 shallow events which have magnitude greater than 6_0_

Among them, 41 belong to Andaman, 97 belong to Sumatra and 50 belongs to Java

The focal mechanisms of some major earthquakes have been shown in Figure 3,2_

Frolich and Apperson (1992) observed that the Harvard CMT solutions are better

representative, complete and less influenced by subjective interpretations and

therefore can be used in regional deformation studies.

3.4.3. Seismological sections

To study the spatial variations in deformation process in the overriding and

subducting plates as a function of depth, the hypocenters and focal mechanisms have

to be projected normal to the trench to have a side perspective. All the events of

magnitude > 4.5 and located by at least 10 stations have been considered and the

events have been projected using the method of Guzman-Speziale (1990), in which

hypocenters are projected on cross sections curving along the arc. The f0¢3l

mechanism solutions have been shown on the sections by orienting parallel to ll"

azimuth of the cross section. The region was divided into a number of rectanglllal

shaped blocks based on the density and spread of seismic events. As far as possiblfi

the blocks have been considered of uniform width. For the Andaman arc r¢gi°n’

Dasgupta et al. (2003) considered ll blocks each having a width of 1°. For the pffiscnl
derfld

incorporating more recent seismic events and mechanisms. In Sumatra and Java arc
of ll

purpose, the same blocks (numbered here A1-All) have been consi

region, the blocks have been considered with a width of 2° giving rise to a total

blocks (S1-S8 in the Sumatra region, SS1 in the Sunda strait, J 1-J 7 in the Java ffigloni
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The 27 seismologic depth sections have been prepared by projecting all events as wg||

as mechanisms pertaining to the block on to a line in the center of each block. Figure

3.3 shows the location of all 27 seismologic depth sections considered in the present

study.

A computer program is utilized to project all earthquakes on to the central

plane of each block where the hypocenters are plotted according to their depths. The

enveloping surface defining the subducting and overriding plates are manually

adjusted using the surface disposition of the various tectonic elements and the pattem

of hypocentral distribution in general. The depth sections thus prepared are utilized to

investigate, the average dip of the Benioff zone in the different parts of the arc; the

penetration depth of the subducting lithosphere; and, the subduction zone geometry.

The earthquakes pertaining to the WBZ were studied previously for different

segments of the arc; such as, for Andaman arc (Mukhopadhyay, I984; Dasgupta and

Mukhopadhyay, 1993; Guzman-Speziale and Ni, 1996; Dasgupta et al., 2003), for

Sumatran arc (Newcomb and McCann, I987; Hanus et al., I996; Slancova et al.,

2000) and for Java arc (Cattaneo and Merlanti, I988; Puspito and Shimazaki, l995;

Schoffel and Das, 1999; Slancova et al., 2000). An attempt has been made here to

synthesize all these information and add new data and results in order to obtain a

holistic picture of the entire arc.

3.5. Benioff zone configuration

Earthquake hypocenter distributions reveal geometry of the WBZ in m05t

subduction zones. Figure 3.4 shows geometry of the WBZ in all 27 depth sections in

Andaman-Sumatra-Java arc region. The horizontal lower boundary of the lithosphefe

is placed at about 80 km in all sections based on the hypocentral distribution in the
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,. I flexure region of the slab. lt is clear from the sections that the WBZ isinllla

h acterizgd by variable seismic incidence and depth of penetration in different¢ 8|‘

ents of the arc. Depth of penetration in general increases from Andaman arc insegm

the north to Java arc towards southeast. ln the Andaman arc and part of Sumatran arc

. tit“ Mlill
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Figure 3.3. Location 27 blocks / rectangles in the Andaman (Al-Al l), Sumatra (Sl­

$8) and Java (SS-l, J l-J7) arc region. The dashed lines in the center of
each block is the location of seismic depth section on to which
earthquakes and mechanisms have been projected.
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in the north (between Al — S3), the depth of WBZ varies from I50 km in the north to

250 km in the south. ln southem Sumatra (S4 — S8), the depth extent of WBZ varies

between 250 — 350 km. Deep seismicity has not been observed anywhere below

Andaman as well as Sumatran arcs. Deep earthquakes start to appear beyond 105°

between Sunda Strait and Java arc region where earthquakes in the WBZ occur at 3

depth of 600 to 650 km. Kirby et al. (I996) explain this increase in maximum

hypocentral depth as being due to increasing age and subduction velocity from north

towards southeast. However, a gap in seismic activity at intermediate depths is noticed

in the Java arc region. The depth range over which this gap extends is seen to vary for

different sections of the arc, but, generally in the range of 300-550 km. Estimates of

slab length, depth and horizontal extent may be biased by the presence of such gaps in

seismicity at intermediate depths.

An analysis of all 27 depth sections suggests that the seismic activity appears

continuous up to a depth of 300 km within the upper part of the subduction zone.

However, a closer look of seismic activity within the top 300 km revealed the

presence of an aseismic gap in the WBZ along the Sumatran subduction zone at

variable depths of 90 — 220 km having variable thicknesses (Hanus et al., I996) and

such aseismic gap has been observed for a section along the Andaman subduction

zone at a depth range of 90 — l I0 km (Dasgupta and Mukhopadhyay, I997). Probing

of such aseismic gaps in the WBZ of major subduction zones world over confirmed

their spatial correlation with volcanic activity and occur below or in the near vicinity

of active volcanoes (Hanus and Vanek, 1976, 1978, 1985; Hanus et al., I996;

Dasgupta and Mukhopadhyay, 1997; Spicak et al., 2004). The presence of such

aseismic gaps has been interpreted by them as due to the presence of partial mfilt

domain in the WBZ where the conditions for generating strong earthquakes are n0t
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Chapter 3

fulfilled or in a way indicate loss of brittle character of the slab at the respective dept}-,_

Spicak et al. (2002) observed seismically active column below active cal-alkaline

Krakatau volcano located above the WBZ. The presence of both aseismic gap in the

WBZ as well as an active seismic column below an active volcano located in the

continental wedge above the gap has been observed at many subduction zones by

Spicak et al.(2004). They further observed that the fault plane solutions of earthquakes

occurring in the down going slab and the overlying continental wedge are different

suggesting different stress conditions in these two regions.

The dip of the WBZ varies considerably, but not systematically, all along the

Sunda arc. In general smaller dip of the Benioff zone is usually accompanied with

shallow penetration depth, but there are some exceptions also. ln the northem

Andaman (Al — A3), the Benioff zone dip varies between 430 to 53°, while, in south

Andaman- north Sumatra (blocks A4- Al I), the dip is in the range 38°-50°. Along the

Sumatran arc, the dip of the Benioff zone ranges between 40° to 50°. In the Java arc

region, the dip of the Benioff zone is around 50° in the upper part.

It is useful to inspect the subduction zone geometry through three­

dimensional perspective imaging so that the Benioff zone upper surface could be

presented on a plan view. Bevis and lsacks (I984) adopted the hypocentral trend

surface analysis through least-square fitting to infer Benioff zone geometry. This

method gives mid-stu'face of the subducting lithospheric slab and will be very useful

when precise knowledge on slab thickness as well as hypocentral locations Of

earthquakes are available from local network stations in the region. In the absence Of

such data, a simpler method is to trace the upper surface of the Benioff zone, by

utilizing shallowest depth events. Using all 27 depth sections and top surface of the
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Chapter 3

3.6. Deformation in the WBZ and the overriding plate

A large number of focal mechanism solutions of events covered by all 27

blocks occurring in the WBZ as well as in the overriding plate have been considered,

The mechanisms are taken from Harvard CMT catalogue available during I977 ~

2005. From the mechanisms plotted as a function of depth (Figure 3.4), the ongoing

deformation processes have been studied along the Andaman-Sumatra-Java arc

region. Those events having similar faulting pattern of the nearby event, are not

shown for clarity while plotting.

An analysis of these mechanisms reveals the spatial variations in faulting

pattem in the subduction zone setting. All most all the events correlate well with the

tectonics operative both across and along the arc. For this purpose, major tectonic

elements have been shown along each section for correlation. Some salient

observations made from each of the 27 depth sections pertaining to the Andaman,

Sumatra and Java segments of the arc are summarized separately.

3.6.1. Andaman Arc: Sections Al - All

Detailed information on the Benioff zone configuration along the Andaman

arc was available from Dasgupta et al. (2003) who considered ll seismologic depth

sections in the region. However, their data was limited to the period up to I993. ln the

present study, events occurred during l993- 2005 were added to the whole catalogU¢

and with this additional database of hypocentral as well as the focal mechaniSm

solutions, detailed geometry and deformation pattern in the WBZ has been studied.

An analysis of all I I seismic sections reveals distinct seismic character of the

arc. The results have been arranged from west to east across the arc. It is known that
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mg trench is an important tectonic element in the subduction zone environment. The

eanhquake activity appears to be continuous starting from the trench location

panicularly in the southem Andaman arc (A5, A7-A1 1). The events near to the trench

shgws strike-slip mechanisms with right lateral shear motion on E-W trending nodal

p|an¢5 (A9:l14, Al0:l35, A1 1:154) and normal mechanisms with nearly E-W
oriented tensional axis (A5:63, A7:8l, A8:100, 101). lt is also observed from the plots

that, between the trench and the region where down-bending of the subducted slab

starts, the earthquakes mostly confine to top part of the lithosphere. Further east, the

fore arc region characterized by the obducted sedimentary prism of Andaman-Nicobar

islands, the earthquakes mostly show pure thrust or low-angle thrust faulting

mechanism with minor strike-slip component (A1:4; A2113-15,22; A3:39,4l,42;

A4:57,58; A5:64; A6:73-77; A7:83,84; A8:l03; A9:115,1 16,1 18-120; A1O:l36;

A1l:I55,l57-160). This zone also experiences few normal events (Al:l; A2:11; A3:

38,40; A6:74; Al0:l38) and pure strike-slip events (Al:2,3; A2:l2; A5:65,66;

A8:l02; A9:117; Al0:l37,l39; A11:156). In the interplate zone as well as in shallow

part of the WBZ, where plate flexes downward, the earthquakes show down-dip

¢0mpression or high angle reverse mechanisms (Al:5; A2:2; A3:43-45; A5:67,68;

A9:12l,l22; AlO:l40,l42,l49; A11:163,164) and occasional down-dip tensional

(DDT) events (A2:29; A9:l29; Al 1:161). The deeper part of the subducted slab is

Characterized by the occurrence of down-dip compression(DDC) events (A2:25;

/\3:47; A9:l24,l26; A11:165), reverse faulting events (A2:23; A4:60; A5169; A6:78;

A7337; A9:l25,127; A11:l64,166) and strike-slip mechanisms many of which show

M1-lateral motion on roughly E-W trending plane (A2124; A3146; A7:88,89; A9: 128;
/\l0:l45­

°V@lTidin

'43; Al 1:167). Further east, considerable seismic activity is noticed in the

g Burma platelet sandwiched between the lndian and Eurasian plates. AnObs - . . . . .
ervation of sections show that the back arc spreading ridge is characterized bySe . . .

Veral "0rmal faulting events with NE-SW trending nodal planes (A116; A2:31,32;
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A3:48,49,5l,52,55; A4:6l,62; A5:7l,72) and strike-slip events with left-latera|

faulting on E-W trending nodal plane (Al:7-I0; A2:27,30,33-36; A3:53,54,56). The

normal faulting event with NW-SE trending nodal planes (A2:37) over the Andaman

Spreading Ridge could be due to the geometrical complexity near the ridge transform

intersections. ln the southern Andaman arc, the Andaman Spreading Ridge meets the

West Andaman Fault (WAF). Along section A7, two normal faulting events 96 and 99

relate to minor spreading segment in this region. Further south of this section, the

mechanisms indicate mostly right-lateral shear motion along N-S trending nodal plane

along the WAF.

3.6.2 Sumatra Arc: Sections S1-S8

The Sumatran Fault Zone (SFZ) is a major right-lateral fault zone that

separates the Eurasian plate from the fore arc sliver plate which is a 300 km wide strip

of the lithosphere covering most of the offshore Sumatra (Hamilton, I979). The sliver

plate is bounded on the west by the Sumatran deformation front that marks the

location of the Sumatran trench where present day subduction of the lndo-Australian

plate is taking place. The configuration of the WBZ has been delineated and analyzed

in detail by Hanus et al. (I996) mainly to identify the aseismic gap within I00 — 200

km depth level all along the Sumatran arc and its relation to the volcanism in the

overriding continental wedge. Here, considering all available events from the

catalogue of earthquakes up to 2005 and good number of focal mechanisms, the WBZ

is delineated along 8 sections to study the spatial variations in deformation proC6$5

both along and across the Sumatran arc. These sections were drawn from southwest Of

the trench axis to northeast of the back-arc region sufficiently long enough to image

entire seismic part of the lithosphere in the region.
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lt can be seen from the sections that the post mega thrust seismic activity has

been spread over a wider area from the trench region towards the fore arc in the

northem Sumatra. The events near or ocean ward of trench show either strike-slip

m3Ch3fllSmS with consistent right-lateral motion (S1:174,l75; S2:2l4-2l6; S4:267;

55339; S7:333) and few thrust (S1:l77-179; S2:2l7) or normal (S4:267-269; S7:332­

334) mechanism events. The fore arc lithospheric sliver plate between the trench and

the Sumatran fault in the offshore Sumatra is seismically the most active part of the

entire arc as revealed by the historical and recent catalogue of earthquakes. This entire

stretch forms part of the shallow WBZ and the interplate region characterized by the

occurrence of predominantly thrust events mostly of low-angle thrust mechanisms

(S1:183,185,l86,l88; S2:2l9,220,223,225,226,227,229; S3:243, 246,248,249,250;

S4:270-275,277,278; S5:290-297; S6:307-312; S7:335,336,338,339,342-345; S8:360­

363,366-369,372-375,377). Several strike-slip events with right-lateral shear motion

onN-S or NN W-SSE trending nodal planes and reverse faulting mechanisms occurred

in the Sumatran offshore (Sl:l87,l89; S2:22l,222; S3:242,247,253,260; S4:279;

S7:346,347; S8:364,365,370,37l,376,379). The mechanisms in the dipping subducted

slab shows complex and varied pattem of events. These can be classified as: the thrust

mechanisms within which, down-dip compression (DDC) (S2:232; S3:262,263;

$73350; S8:382,383,387), thrust events with nodal planes parallel to the orientation of

slab (S2:228,233; S3:259,26I; S4: 281,282,285,287; S5:299; S6: 315-318, 321,323;

S73 351,354; S8: 380, 384,386,389), normal faulting events; down-dip tension (DDT)

events ($1:194,195; S2:230; S5:298; S6:320,327; with nodal planes parallel to the

orientation of the slab (S1: 201,205; S2:231,236; S4:276), and strike-slip events

(Sl:l96,203; S3: 253,255,260; S4:279,283,284; S5:301,302,303; S6:325,326,330;

S7:352»353,355,357,358; S8:378, 379,381,388). ln the continental Sumatra back-arcre ' . . . . .
gm", ‘hf! SFZ is a regionally continuous but segmented locally active fault zoneSh - . .
0W ¢0nsistently right-lateral fault mechanisms all along the Sumatran arc (S1 :2l0­
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213; S2:237; S3:265,266; S4:286,288; S5:305; S6:328,329; S7:359; S8:390). Hanus et

al. (I996) observed a major transverse structure across the northern segment of the

Sumatra with a left lateral sense of shear. The strike-slip solutions with left-lateral

motion on NE-SW trending nodal plane (Sl:l99,200) are related to this transverse

structure.

3.6.3. Java Arc: SS-1, J1 — J7

Further southeast of Sumatran arc, beyond l05°, from Sunda Strait onwards,

the subducted slab penetrates to much deeper depths up to 600 — 650 km. The Sunda

Strait is a consequence of the northwestward motion of the southwestem part of the

Sumatran block along the central Sumatran fault. The extension zone widens

southwestward and changes in to a composite zone of strike-slip as well as normal

faulting (Huchon and Le Pichon, l984).The section SS-l across the Sunda strait

shows that seismicity is diffuse and widespread in the upper part of the plate and

earthquakes continuously occur all along the WBZ up to a depth of 250 km. Beyond

his depth, the WBZ is defined by very few events and maximum depth of occurrence

is at 650 km. The focal mechanism solutions along the section indicate dominantly

strike-slip mechanisms (39l,392,394,397,398,40l,402,403,405,409,4l0) and few

thrust faulting events in the shallow fore arc and interplate region (393,395,

396,399,404,406,407). A normal faulting mechanism (408) is observed below the

Sunda Strait at the top part of the WBZ. The deepest earthquake in the WBZ at 650

km depth is another normal faulting event (4l l) with both nodal planes parallel to thfi

WBZ orientation.

The sections (J l —J7) across the Java arc reveal seismic activity all along U13

upper part of subduction zone right from trench onwards, sometimes even furthfil

southwest of trench (J4, J5). On the Java mainland, which is characterized by chain of
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vO|¢anOeS in the back-arc, the seismic incidence in the upper plate can be seen only

along _|l and J2. However, further east, the seismic activity continues well into the

ba¢k-arc in the Lombok and Sumbawa island region (J6, J7). The earthquake focal

mechanisms indicate that near to the trench, the events show dominantly normal

faulting on more or less E-W trending nodal planes (J3:46l,462; J4:482; J5:509-5l6;

J6:533-536; J7:548-551), few thrust (Jl:4l2,4l4-4l6; J2:443; J4:483) and strike-slip

(Jl:4l3; J6:533; J7:547) mechanisms. ln the fore arc as well as the shallow interplate

region, most of the events show thrust faulting; some of them are of pure / low-angle

thrust events some of them showing down-dip compression(J l :4l4-417,420,428-431;

J2:44S-448,450,452,454; J3:464,465,467,470-472; J42483,484,487,489,490,496-50l;

J5:5l8-52l,523,525,526; J6:539,540; J7:553,554,557,558,560). ln this region, few

down-dip tension mechanisms have also been noticed (J2:453; J3:466;

l4:488,49l,492). In the down-going slab, many of the WBZ events show either down­

dip compression (Jl:423,427,439; J2:455; J3:473; J4:493; J6:545; J7:

56l,562,566,568, 573,575) or down-dip tension (J2:456; J3:468,469). Further deep,

below 500 km depth, cluster of events observed almost in all sections through out

Java, show consistently normal faulting mechanisms. The nodal planes of many of the

events align parallel / slightly oblique to the trend of the slab (Jl:44l,442; J3:475­

471479; J4:502,503,506; 16546) or along the dip of the WBZ (131480;

J41505,507,508; J5:528-532; J7:576-579). Another observation is that the strike-slip

m@Chanisms are fewer in Java arc when compared to rest of the arc segment

(J|I424,432,438; J2:45l; J3:474; J4:504; J5:522,524,527; J6:538; J7:556,559, 572,

573) This could be due to increasingly oblique nature of the arc towards Sumatra and

Andaman region. Further east, the shallow seismic events in the overriding plate occur

In two regions of the arc, one is below westem Java (J l ,J2) and the other near Bali andSu - . . .
mbawa islands (J6, J7). From the sections, it can be seen that the events in the

w

ester" Java show mostly low-angle thrust / reverse faulting mechanisms (Jl:437;
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J2:458-460) and one strike-slip mechanism (J l :436). In the Bali and Sumbawa region’

the earthquake mechanisms show both low-angle thrust faulting (J6:542,544; .I7:57())

and right-lateral shaer faulting on E-W to NNW-SSE nodal planes (J6:54l,543;

J7:569, 57]).

3.7. Discussion and conclusions

The geometry of the WBZ and the variations in deformation pattem both

along and across the Andaman-Sumatra-Java arc reveal the characteristics of active

subduction in the region. The deformation field suggests that a pure normal

subduction dominated by thrust faulting in the Java region, becomes progressively

oblique towards Sumatra and the Andaman arc, characterized by thrust faulting and

right-lateral shear motions in Sumatra region, and dominantly strike-slip and normal

faulting in the Andaman region.

In the Andaman arc, the deformation pattem has been significantly changed

due to the presence of back arc spreading in the Andaman Sea. The dominant

compressional deformation in the Sumatran fore arc becomes progressively more

oblique with respect to trench in the Andaman fore arc region. Many thrust faulting

events along the Andaman-Nicobar islands in the upper plate occur on NNW-SSE

nodal planes suggesting orientation of their P-axes in NW-SE i.e., in the direction Of

convergence between the lndo-Australian and SE Asian plates. Several N-S oriented

faults have been identified over the Andaman-Nicobar islands and the adjacent

offshore areas. Most significant among them are the Jarwa thrust on the main islands

and the West Andaman Fault (WAF) in the east of islands. Some of these faults afld

thrusts are seismically active (Mukhopadhyay, 1984). Based on stress model, Biswfl$

et al.(l992) inferred N-S oriented shear stresses along the Andaman arc and NW-SE

trending tension in the Andaman Sea. On the basis of deformation velocities in the
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Andaman arc-sea region, Radhakiishna and Sanu (2002) concluded that the oblique

,Onvergence, partial subduction Qfthe ninetyeast ridge below the Andaman trench andL .

‘he back arc spreading in the Andaman Sea all together contribute to the present day

stress field in the region. For better understanding er Seterheteeteflies Ofthe region, it

is essential to carry out 3 detai|ed Study of lithospheric structure of Andaman arc and

the adjoining areas and some of these aspecIS are Pr esehted in 3 Subsequent ehePter­

ln the Sumatra arc, the nbiiqne convergence characterizes the subduction

which brings substantial are para||e| Shear motion in the form of strike-slip

earthquakes. Strike-slip faults oriented parallel to the are Pie)’ 3" imP0l‘tflfiI rO|e in the

tectonics of the overriding plate by acting as a boundary for detachment of a sliver

between it and the subduction boundary. This 35Peet is Very releveht ehd impertant in

the case of Sumatra arc because of the preseflee et regierlell)’ extensive Sumatra Fault

Zflne (SFZ) and the 300 km wide |ithQ5pheI'iC sliver plate between the Sumatra

deformation front at the trench and the SFZ ih the heel‘ er e regierr The questiefl is

whether strike-slip motion or Oblique slip motion along the arc is partially

accommodated by any other fanirs within the sliver plate or entire slip is being taken

up along the SFZ alone. Based on variations in the slip vector azimuth along the

trench, McCaffrey et al.(l99l) inferred arc parallel stretching of the fore arc. Bellier

and Sebrier ( 1995) suggested Significant right-lateral transpressional deformation

across the arc that include the fore arc edge, Mentawai fault zone (MF Z) and the back

am MCCaffrey et al.(2000) observed that the additional slip required me)’ rlet be

i;::}h:10iated along the MFZ tine to absent of significant motion from GPS network.

(samueil ant?! Iii/IIFZ at the location of Nias island region. shows as ‘a reverse fault

(Mukhopadh arbury, I996) which representS E1 eempressive deviatoric stress regime

Sumatra § /jay, I984). ldowever, fccai mechanisms of post-tsunami earthquakes infldaman region Show Several right-lateral strike-slip events along the

7l



Chapter 3

MFZ. Subsequent chapters on deformation will throw light on the nature of faulting

and oblique motion in the Sumatra region. Hanus et al. (I996) identified active

transverse structure with lefi-lateral shear motion in the northem part of the Sumatra

which extends far interior of the Indian plate. Stein and Okal (I978) interpreted Such

Iefl-lateral shearing on N-S trending nodal planes within the Indian plate due to

resistance to the collision of India with Asia.Guzman-Speziale and Ni (I996) also

interpreted the shallow strike-slip events in the subducted slab along the arc as a result

of collision of India with Asia.

Subduction of large bathymetric ridges causes compression in the upper plate

along the convergent plate boundaries. Presently, the Wharton Ridge and Investigator

Fracture Zone in the northem—centraI Sumatra (Whittakar et al, 2007) and the Roo

Rise in the Java (Kopp et al., 2005) are subducting below the Sunda arc, thereby

causing broadly distributed deformation in the fore arc region in he respective

segments.

In the Java arc region, the deeper part of the slab geometry has been

differently suggested as a southward bending slab ~ l5° from the vertical (Schoffel

and Das, I999), and as a northward bending slab (Widiyantoro and van der Hilst

I996). While, the observation made by Schoffel and Das (I999) was based on precisfi

hypocentral locations of deep earthquakes and bending stresses, Widiyantoro and van

der Hilst (I996) observed it based on longer wavelength tomographic images which

may provide only regional picture. The sections in the present study also show that the

slab penetrates at an angle of 40° - 50° up to a depth of 300 — 350 km, beyond Whl¢h

the slab penetrates almost vertically and the deepest part of the slab appear slightly

bending southward. This displacement of the seismic zone in the lowest part has b¢e"

inferred due to shear flow in the mantle by Schoffel and Das (I999). Based Ofl the
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analysis of state of stress at different depth levels of WBZ, Slancova et al.(2000)

Observed that in Java, maximum compression is perpendicular to the trench at shallow

depths (0-I65 km) and is parallel to the trench at the depth range of 25-225 km with

no distinct boundary separating these two stress pattems. However, they observed

dear stress variation in the deeper levels showing slab-dip-parallel extension at 225­

315 km depth and slab-dip-parallel compression in the region deeper than 400 km.

The focal mechanism solutions show normal faulting along the trench and thrust

eanhquakes in the back arc region. The seismic activity in the WBZ shows an

aseismic gap in the depth range of 300-550 km. ln spite of such large gap, many

previous workers agreed that the slab is continuous and penetrate in to the lower

mantle (e.g., lsacks and Molnar, I971; Newcomb and McCann, 1987; Puspito and

Shimazaki, 1995; among others). lsacks and Molnar (1971) suggested that the gap

could have been caused by change in the down dip stress rather than a break in the

slab. The global pattem of mantle seismicity shows such a gap with fewer and smaller

earthquakes at these depths (Kirby et al., I996). Hanus et al. (1996) interpreted that

the earthquakes occurring in the depth range 500 — 650 km within the WBZ under

southem Sumatra and Java as a manifestation of still seismically active lowest part of

lhe Tertiary subduction zone buried in the upper mantle. They arrived at this

Conclusion based on the southwestward disposition of Oligocene volcanism in relation

10 the Quatemary volcanic chain in Sumatra (Katili, I975).
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CHAPTER 4

ACTIVE CRUSTAL DEF ORMATION IN THE AN DAMAN­
SUMATRA-JAVA TRENCH-ARC REGION‘

4_1 Introduction

The highly devastating and Tsunamigenic Sumatran earthquake of 26

December 2004 of M... 9.3 and the continuing events since then have brought to fore,

the seismicity of the Indonesian arc system and its extension into the Andaman

Nicobar region. The Island arc system constitutes a major subduction zone in the

eastem Indian Ocean extending over a distance of 5600 km and separates the Indian

and Australian plates from the Eurasian plate. The occurrence of a mega thrust

earthquake of such enormous dimension requires a detailed analysis of shallow

earthquakes and quantification of deformation pattem in shallow regions of the entire

arc system.

It can be seen that the fore arc geometry systematically varies from west to

@351 as the sediment thickness on the subducted plate decreases (Newcomb and

M¢C&nn, I987). The ridge-transform motion in the Andaman Sea is believed to be

¢0nnected further north into the Bumta and meets the Shan-Sagaing fault. Therefore,

‘he "igion of Andaman arc together with the Burmese arc forms an important

"aflsitional tectonic link between the Eastem Himalayas in the north and Indonesian3 ' . .
'9 In the south. The back-arc spreading center near the Andaman Islands continue

southward to join the long trench parallel Sumatran fault Zone (SFZ) that runs alongth - _
9 @nt|re length of Sumatra (Curray et al., I979). The trend of the arc remains
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southeast offshore Sumatra and becomes nearly east west at about 105° between the

islands of Sumatra and Java (Chandra,l984). The Sunda strait located in this region is

viewed as a tectonic as well as physiographic break in the arc and it is a transition

zone between two steady state tectonic regimes; a normal subduction in front of Java

with a well developed fore arc basin in the east and an oblique subduction in front nf

Sumatra with sliver plates and strike slip faults accommodating the lateral COmp0nem

of oblique subduction (Fitch l972; Malod et al., 1995) in the west (See Figure 2_2)_

The normal subduction below the Java is characterized by the development of typical

fore arc basins. The oblique subduction beneath Sumatra and Andaman region results

in partitioning of the convergent motion into thrust and strike-slip faulting. Along the

arc, the age and thickness of the lithosphere increases considerably from west to east;

from 49-96 Ma below Sumatra to the west to 96-I34 Ma below Java (Veevers et al.,

1991).

The 1900 km long trench parallel Sumatran fault Zone (SFZ) accommodates a

significant amount of the right lateral component of oblique convergence from l0°N

to 7° S (Sieh and Natawidjaja, 2000). lt is suggested that it is probably the world’s

clearest example of this type of major shear fault system adjacent to a convergent

margin and the right lateral component of the oblique convergence is the cause for the

right lateral Sumatran fault zone or the Semangko fault (Fitch, I972). About 20

separate en echelon segments constitute this fault system (Tjia, 1978). No such sheaf

faulting of regional extent has been observed in Java, though Westem Java J5

characterized by the presence of a fault called Cimanderi fault. The onshore Java is

identified as a single tectonic belt called the Java fault zone (JFZ) (Slancova cl 31-’

2000). The shape and location of the Sumatran fault, the presence of active volcanili

arc and the fore arc structures are well correlated with the shape and character Oflhe

underlying subducting oceanic lithosphere (Sieh and Natawidjaja, 2000). According to
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h m Batee fault is a major right lateral strike—slip fault that diverges from theI5 '
S magran fault at about 4.5° N (Figure 2.2) and except verv locally, the Batee faultU .
does not appear to be active on the mainland of Sumatra.

A 300 km wide strip of the lithosphere exists as a fore arc sliver plate between

the gumatran fault and the Sumatran deformation front. Seismic reflection data in this

region reveals a 600 km long strike- slip fault parallel to the Sumatran fault Zone

called the Mentawai Fault zone (MFZ) just east of Mentawai islands (Diament et al.,

I992). They inferred that the MFZ is a zone of weakness that separates the oceanic

and continental crust. According to them, the Sumatran sliver plate appears to be

composed of several strips that move towards the northwest to accommodate the

oblique subduction.

Subsequent part of this chapter deals with the estimation of active crustal

defomiation undergoing along this arc-trench system in the eastem Indian Ocean. For

this purpose, available hypocentral data of all shallow earthquakes spanning over a

century and large number of focal mechanism solutions have been used. For

calculating crustal deformation rates, the entire region is divided into a number of

Seismogenic sources through the approach of seismotectonic regionalisation. The

details on methodology adopted in the computation of crustal deformation rates, data

8%! utilized, the basis for regionalisation and the results obtained are presented below.

41- Methodology adopted for estimation of crustal deformation

The relative movement of plates gives rise to earthquakes. The slip on thefa I . . . . .
"I that generates the earthquake IS determined by the direction of relative plate"\0t . . . .

'°"> and the average displacement rate is controlled by relative plate velocity. The
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magnitude of the slip can, in principle, be determined from the scalar seismic moment

Mo, of the earthquake (Brune, I968). which can be obtained as

Mo=uAS ———> (1)

Where u is the shear modulus, A the area of the surface that slips and S is average

amount of slip. This procedure has been known and used for several years. However,

in tectonically active areas, when the deformation is distributed, the equation (l) has

to be further modified.

4.2.1. Seismic Moment Tensor

The scalar seismic moment Mo can be combined with information derived

fi'om the fault-plane solution to form the moment tensor M as

M = M0"(Z.Z + 2.5) = Mo”F" ——> (2)

Where n , is a unit vector normal to the fault plane and u is a unit vector in the

direction of slip (Aki and Richards, 1980). Mo can be computed either directly from

the seismograms or using an empirical moment-magnitude relation. The only

ambiguity involved here is that the determination of fault plane from the two nodal

planes of source mechanism.

4.2.2. Moment tensors and distributed strain

lf all the deformation that occurs within a volume V is seismic, Kostr0\'

(I974) showed that there is a relationship between the average strain 2,, of the volumfi

and the sum of the moment tensors of all earthquakes within it:

N— : l VI 3
81'; —zpvn§lMq ’ (l
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The strain rate 5,,during time ‘II is- N5;; it

U z,Mn§lM,-,- ———><4>

For a seismic zone of Volume v with known dimensions (length l,, width I2

and depth extent I3), and by choosing a co-ordinate system with axes x, and x2 parallel

and nomial to the trend of the zone respectively and the vertical axis x3 +ve

downwards, the elements of velocity tensor or the active crustal deformation rate can

be calculated as given by Jackson and McKenzie (1988):

___| ~ - .. .
U,,_2p,c|kljZ/V/,, |=l,2,3 k¢_|,l¢k,J¢i \

U :#zM"I2 PTl|l3 I2 > -iy (5)
Uflzgi M” °:_ HTIIIZZ ,3] l,2 J

This th - ­
Sol ti me od of calculation requires knowledge of both the fault planeuions and th ' 'e seismic moment for each earthquake complete over a certain"lagnitud th - . _B reshold. This actually restricts the method to be applicable for the mostrecent data, a . , _' s such information would not be available for older (historic) events. The
hlSl()|‘icev .ems can also be used, by assuming fault parameters for individual events.M K ' . . . . _C enzie (I988) observed that the historic data being available tor large
devastating earthquakes only, they influence the calculations. To eliminate some ot
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these drawbacks, Papazachos and Kiratzi (I992) proposed a method, which allows the

use of all available data including historic earthquakes as explained below:

The equation (2) above consists of two parts: MO", which represents the size of

the earthquake and F", which is a shape tensor that represents the geometrical features

of the earthquake. The equation can be rewritten using the annual moment rate tensor

M and the scalar annual moment rate M0 for calculating F .

M =MoF ——> <6>

Where

N M1 NM"- Z T Z n n- M n=l n=l ZMO F
M0 N Mon N ZM0n

>5?“ §M"n-l n-l
where T is the time period

Thus F represents an average shape tensor or in other words a representative

focal mechanism tensor. The above method of calculation of Fij gives a moment­

normalized tensor i.e., a moment weighted average of Fij tensors. ln practical, f0?

areas, where the numbers of focal mechanisms are limited, a single large event will

influence the calculation of F because of its large moment. Altematively, Kiratzi and

Papazachos (I995) proposed a simple averaging of F",,- as   where N is numb“n=l

of focal mechanisms in the deforming zone. This approach gives equal importanC6 to
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all focal mechanisms. So, the calculation of deformation velocities involve two major

H) Estimation of scalar moment release rate that give rise to magnitude of
deformation

(2) Calculation of representative focal mechanism tensor, which controls the shape of
deformation.

4.2.3. Calculation of Moment Rate

The size factorM , which is the moment release rate, can be calculated by

simple averaging of the scalar seismic moments of earthquakes over a magnitude

threshold for a long enough period of time T. However, for such simple averaging of

moments, it is necessary to have a complete record of seismicity of all earthquakes

over Ms 6.0 for a time period considerably longer than the repeat times of large

earthquakes. Altematively, Molnar (I979) proposed a method, which utilizes the

complete record of seismicity including historical events. The method is as discussed

below:

The relative number of events with seismic moment greater or equal to M0 is

given by the relation:

N(Mo) = A - Mo_B i> (8)

where,

<a+’i> 3:2A=l0 C and CWh . .
ere» 8 and b are constants of Gutenberg-Richter relation,

8]



Chapter 4 7
logN=a—bM LP (9)

and c. d are constants of the empirical moment-magnitude relation,

logM0 = cMs+d ———> (10)

The rate of recurrence of seismic moment  is then given by the relation,

"_ A (I-B)
M—|_BM..,..... _-_> (11)

Where M,,_ma,., is the seismic moment released by the maximum earthquake in the

region.

The Q and Q values estimation is very critical because of its sensitivity to

errors due to data gaps and incompleteness of data which is primarily attributed to

detection capabilities of networks existed during the past. Milne and Davenport

(I969) proposed a method called ‘mean value method’ for calculating g and Q values

in order to evaluate seismic risk and this method was suitably adopted by Papazachos

(I990) which takes into consideration of both recent as well as historical data and at

the same time normalizing the variations in network detection capability. The method

of calculation is as given below.

4.2.3.1. Estimation of a and b values: Milne-Davenport Method

According to the statistical relation of Gutenberg-Richter (I944), the numb"

N of earthquakes with magnitude M or larger which occurs in a certain region and ifl 3

certain time period is given by equation 9 as, logN = a — bM , where Q i5 the

intercept and Q is the slope of the least square fit, when log N is plotted against 63¢"

increment (say O.l) of magnitudes. The values of g and Q depend on seismicity 3"d

other seismotectonic properties, while Q value depends mainly on the time intet'\/3|
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Onsidered and also on the area under consideration. For accurate determination ofc

mese parameters, data should be available for a long time period and also the entire

range of magnitudes occurring in the area. However, the availability of complete data

Concerning large and small earthquakes is restricted to only recent years. For the

period prior to this, infonnation is only available for large destructive earthquakes.

From an analysis of seismicity worldwide, we can find relatively good number of

lower magnitude events after I964, which marks the inception of World Wide

Standardized Seismograph Network (WWSSN). Since then the detection capability of

networks considerably enhanced to sense even smaller magnitudes of 4.5. Prior to this

we can find different periods of distinct levels of detection threshold for which

reliable data are available. Because of this it is not possible to use the entire available

data straight away for the calculation of _a_ and Q values as they can give erroneous

values. For eliminating this problem Milne and Davenport (I969) suggested the ‘mean

value method’.

For applying the mean value method, we have to separate the whole interval

of data into subintervals for which the data is complete and reliable down to a

minimum magnitude. Thus say if 1900 (say t|) to I995 (say to) is the whole period for

which data is complete for magnitude 2 6.5 (say M|), we can have subintervals for

“/hi¢h the data is complete for magnitude 2 5.5 (say M2) ranging from I950 to 1995

(ll “ to) and for magnitudes 2 4.5 (say M3) from I964 to 1995 (t3 ~ to). The number of

events for each magnitude increment of M 2 Ml for whole period (t, ~ to) is given by

N(M) = N.(M.) __> (12)

and lb? Subinterval t2 ~ to with magnitudes between M, and M2 (M, > M 2 M2) it is
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_ N2(M2)>< no.of yearsin total period (t —t )

A/(M) — no.of yearsin subinterval(t0 -12; I l (13)

For the second subinterval t; ~ t0 with magnitudes M2 > M 2 M3 it is

N(M): N3(A.43)Xqt0—t|) _____> (14)
no. of years 1n SUbll1I€I'V8.lIO ~ t3

Here number of events each subinterval are normalized and brought to the

level of the whole time period (to ~ t|). Having got the number of events of each

magnitude for whole time period, the cumulative frequency for each magnitude is

calculated as follows.

Magnitude Number of events.
Subinterval l M 2 M, N = N,
Subinterval 2 M, > M 2 M2 N = N2 + N,
Subinterval 3 M2 > M 2 M3 N = N3 + N2 + N,

Finally the number of events against each event is divided by number of years

in the whole period (to ~ t|) leading to annual rates of occurrences. Using this, log N

values are plotted against each magnitude increment and g and Q values are calculated

by least square fit method. The standard deviation is also calculated to estimalfi

uncertainties in a and b values.

4.2.3.2. Moment — Magnitude Relation

The moment-magnitude relation given in equation l0 above is evaluated

based on the seismic moments and surface wave magnitudes available for the Whole
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ragion Qf analysis. The seismic moments for many large to moderate earthquakes have

been Obtained from the Harvard CMT solutions, reported in Physics of the Earth and

p|3n€I£1l'y Interior by Dziewonski and his co-workers are available for post 1977

events Only. The slope and intercept of the least square fitting line to the data of log

M0 against Ms gives g and Q values. The slope c is very sensitive to the insufficient

data and local trends or bias in moment values. Kanamori and Anderson (I975)

estimated moment — magnitude relation for global data set and obtained a value of 1.5

for the slope _c_. We used this slope value (1.5) for g and determined the intercept Q

value by fitting least square line to the Ms — Mo scattered data.

Having estimated the _2_l_, Q, g and Q values, another parameter in evaluating

equation ll for calculating moment release rate is M0_m,,,, the largest ever moment

occurred in that seismic zone. As this value may not be always available, it can be

calculated by converting M,._,,,,,,., the magnitude of largest event occurred in the zone

into its equivalent seismic moment using the moment-magnitude relation discussed

above.

4.2.4. Calculation of Focal Mechanism Tensor (T)

The focal mechanism tensor influences the direction of deformation. ln order

I0 calculate  all the focal mechanisms of events occurring in a given seismogenic

S°"T¢B have to be considered for summation. Therefore, the seismogenic zone

identified should have homogeneous faulting pattem. The strike (p, dip 8 and rake K

values Of the individual focal mechanisms are utilized to calculate the components off .
Ocal mechanism tensor based on the fonnulations of Aki and Richards (I980). TheF . . . . .

can b6 calculated either as a moment weighted averaging method given ine u ' ~ . . . . . .
q anon 7 Or from simple averaging of individual focal mechanism tensors suggested
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by Kiratzi and Papazachos (I995). We used the later method of simple averaging of

focal mechanism tensors. ln case, more than one seismogenic zone falls in a $ing|e

seismic belt, the mechanisms falling in the whole belt are utilized to obtain a $ing|e

focal mechanism tensor F for the belt.

4.2.5. Strain rates and Deformation Velocities

After determining the quantities a, b, c, d, Mo,max and representative focal

mechanism tensor F as outlined above, the strain rates and deformation velocities for

each seismogenic zone can be calculated. The equations 4 and 5 can be transformed

accordingly to calculate the strain rates and deformation velocities using the following

relations.

é=7L-VMFU. i,j=l,2,3 ——> (15)-— \U.=i__L__  .= .. . .
,, ZHMIZ ,, 1 l,2,3 k¢J,1¢k,J¢|

— I ._
U|z"“___p]I XME2 > ’ (16)

_ I '" -=
UL. - T lllz ZME3 1 l,2

J

Reference co-ordinate system x|, x2, x3 for these equations is along the lengih

(ll), width (I2) and thickness (I3) respectively of the seismic source. The rigiditY

modulus u is considered as u = 3><l0" dyne/sq.cm. As? , the local mechanism tenS°'}
is defined in the North (x,), East (x2) and down (x3) reference system, a rotation in F
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nsor is done for bringing it to the co-ordinate system of the source. The angle ofIE‘

Otation (9) being the azimuth ofthe source i.e., angle made by the length (l,) segmentr

Ofthe source with the North. Using this rotated ? tensor, the deformation velocities

are calculated. For the purpose of correlation and analysis of deformation in different

es, a single reference system should be used. Therefore, the velocity tensor issourc

rotated back by the same angle (9) for each source into the North (xl), East (x2) and

down (>43) reference system. Having calculated the velocity tensor, the eigen values

and the respective eigen vectors define the deformation pattem along the three

principal components. The eigen values give rise to magnitude. From the eigen
vectors, the azimuth and plunge of respective component of deformation is obtained.

For the horizontal components (UH and U22), -ve eigen values signify compressional

component and +ve values signify extension. A +ve vertical component in U33

represents crustal thickening and -ve value refer to crustal thinning.

4.2.6. Error Analysis - Monte Carlo Method

ln order to derive confidence limits for the estimated deformation velocities, a

detailed error analysis is done. The analysis has to take into account all possible

random errors of the parameters used in the calculation. Papazachos and Kiratzi

H992) Proposed a Monte-Carlo method for the analysis. The errors are considered to

have Gaussian probability density and analysis is based on the transmission of small

fluctuations of the input parameters through the model to the output results.

Equation I6 suggests that the errors in estimated deformation velocities aredu . - — . . .
e to errors in M0 and F . While errors on M0 influence the magnitude ofV@lo¢' ' . - . . .

\ mes» the errors in F affect the direction of velocity tensor. As standard errorslflr f . . .
ocal mechanism data set are generally difficult to estimate, also, we are primarily
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interested in estimating magnitude of deformation field, we attempted to evaluate 0n|y

the errors in M0, in the present study. From equations 8 and l l, it is seen that errors in

M0 propagate mainly due to errors in _a_, Q, g, Q and M,_,,,,,,. If we assume that we have

random errors in these parameters with known medians and standard deviations, we

can introduce Gaussian deviation in them and estimate new value for M0 . Since the

input parameters are correlated, the covariance matrix V of the parameter vector P =

(a, b, c, d, M,_,,,,,,) is not diagonal. P is calculated from

P = CZ + m _____> (17)

Where m is the mean values of the parameters, C is the lower triangular matrix of the

covariance matrix of parameter vector V such that V = C X Cl and z is the standard

Gaussian random vector. The Gaussian random vector is generated using the polar

Box-Muller transform for each of the standard errors in the mean values of

parameters. Standard deviations and covariances are derived during the least square

analysis while finding g, Q, g, Q values, variance being the square of the standard

error. The r.m.s error in the least square fit of M_,—M,, relation is assigned as the

standard error in Q value. The covariance of _c and Q values 0'3‘, = ru,.0'".0',,, Whfife

rcd = -0.95 is the correlation coefiicient of g and Q. The lower triangular matrix C

for the above covariance matrix V is obtained by subjecting matrix V to CholskY

decomposition. The diagonal values in the covariance matrix V is replaced by the

diagonal values of Cholsky decomposition and all upper diagonal values are made
zero.

The equation l7 is repeatedly computed by introducing the generated

Gaussian deviates and the velocity rates are computed in each step. The mean
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Standard deviation for computed deformation velocities give rise to uncertainty in

estimated velocities.

4 2.7. Classification of mechanisms -- Mean Slip Angle method

The focal mechanism solutions compiled for the Burmese — Andaman — west

Sunda arc region indicate varied faulting pattem in terms of thrust, normal and strike­

slip solutions. Such variation in faulting could be observed in general from the fore

am regions towards the back-arc areas in shallow subduction zones. A proper

classification of the focal mechanism solutions in these regions would allow

identification of various seismotectonic domains. However, the mechanisms

pertaining to a seismogenic source may slightly vary due to geometrical complexities,

local stress variations etc. Ravikumar et al. (1996) proposed a method called ‘mean

slip angle’ for classification of focal mechanism solutions into thrust, normal and

strike-slip faulting. Slip angle is the most basic and distinct quantity used to classify a

fault as thrust, normal or strike-slip. When the slip vector coincides with the strike, it

is a pure left-lateral strike-slip fault and if 180° opposite to the strike, it is a right

lateral strike-slip fault. A slip angle of 90° or -90° corresponds to pure thrust and pure

Iwrmal respectively. The method defines a quantity, ‘modified slip angle’ which is

Obtained by mapping lower half (>90°) into upper half (Figure. 4.l(l) and Figure.

4'|("))- Using this modified slip angle, it is possible to classify the fault following the

definitions given below (Figure. 4.l(lll)).

+90° - +45° Thrust
+45° — -45° Strike-slip
-45° — -90° Normal

How - . . . .
ever this classification IS possible only when the actual fault plane is known. ln
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pun LL88

A0

+90

l>
pure thrust

-90

<1

pure normal

711130

pun RLSS

i) Range of slip angle on a fault plane

pure 88
0

-99 +904 l>pun normal pure thrust
ii) Range of the modified slip angle (mSA)

on a fault plane

O
‘Juh Y5‘

4’ Strike Slip 3‘
-90 %W I a 6‘ +90<1 * ’ l>

iii) Classification using rnSA (in case the trueplane
is known)or MSA (in case of fault plane ambiguity)

Figure 4.1. Classification of focal mechanisms based on ‘mean slip anglfl
method, given by Ravikumar et al (I996).
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case of ambiguity in fault planes the method proposes a parameter called ‘mean slip

angk’ (M3/\), which is the average of the modified slip angles of twoauxiliary planes.

This is only reliable if the slip discrepancy, i.e., the difference of modified slip angles

is low Slip discrepancy implies that the type of faulting on the two auxiliary planes is

Consistent and also the average (MSA) is close to each other. In the present study, the

method of mean slip angle has been used to classify the focal mechanism solutions

wmpilcd for the region.

4,3. Data

The method described above requires two sets of data. i) Seisrnicity data for

the estimation of the seismic moment rate. ii) Focal mechanism data for determining

the shape of deformation.

For compilation of both historical and recent events in the region, we have

noticed the hypocentral data from NOAA epicentral listing. The listing shows few

significant earthquakes that occurred in the region prior to 1900. However, the

magnitude and depth information for most of these events was not available, whereas,

events later to 1900 such information is known. The most significant events from the

historical earthquake records are 1833 and 1861 events. Though, Newcomb and

McCann (1987) estimated the probable magnitude range for these two events, due to

la‘8¢ uncertainities in the magnitude estimates and lack of depth information for

"nifbnn long term moment release calculations, we included events only after 1900.

Also» 88 precise hypocentral parameters of recent sequence of events are not yet

publicly available, we prepared an earthquake data set of all shallow earthquakes

(him km) during 1900 — 2005 for the present analysis. Events before 1964 have been

compiled from Rothe (1969) and Gutenberg-Richter (1954). For the period between

L?c5€‘1965, magnitudes from Rothe listing have been recalculated by Newcomb and
an“ (1987). Similarly Engdahl et al. (1998) precisely determined hypo central
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parameters from ISC listing for the period 1964-1995. We considered these r

magnitudes with events Ms 14.5 for the present analysis. For events where M

is not available, it is obtained from Mb using Mb-Ms relation derived for the I

— I I I ' ' ' - " ' _—
€Vi3ed

S Value

egion.

The magnitudes estimated by Gutenberg and Richter (1954) and Rothe (1969) are

equivalent to 20-s Ms (Geller and Kanamori, 1977). The seismicity map of the region

is shown in Figure 4.2. The seismicity map shown is for a period little more th

Figure 4.2.
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Seismicity map of the Andaman-Sumatra-Java arc and adjacent regi0"5
prepared from all shallow vents (h 5 70.0 km) during 1900-2004. The
moving window configuration selected for regionalization is also sh0“'n
on the map.
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enwry during I900-2005, which include all revised estimates of magnitudes andc

moments by previous workers. The post-Tsunami seismic events (afier 26 December

1004) were compiled from the PDE listings and mechanisms from the Harvard CMT

catalogue­

For the preparation of the second data set, about 678 focal mechanism

Solutions have been compiled from the region (See Appendix ll). The mechanisms

have been considered from Harvard CMT listings. For clarity we have shown about

|()0 events (from about 200 events of Ms>5.5) and plotted in Figure 4.3.

15- ® V g
,®p.' ‘00

o' 1
Q @e@,5’r'~."'°: HQ, Q Q

‘  ..; .1

@ 65(1)
cm @®®

10

5

or 1 \80» $  Q
,&§\8G5 Q9

5 \,° \‘@§§
@@®.B\..@. @ -OSW8 ~@~ t%=¢%e@%99 H»-1-oe 0095 95 160 165 11'o 115* i_*‘=

W. @
(IQ0

F.

'g"T@ 4.3. Map showing focal mechanism solutions (from Harvard CMT
solutions) of shallow earthquakes (h S 70 km). Note that only
earthquakes of Ms > 5.5 are shown for clarity of the map.
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To classify the focal mechanism solutions into thrust. normal and strike-slip

faulting, the method of mean slip angle proposed by Ravikumar et al ( l996) has been

used. An analysis of faulting pattem from the focal mechanisms map suggests that

thrust faulting events along low angle nodal planes are mostly observed all along the

fore arc sedimentary complex. For most of the events, one of the nodal planes strike

N—S around l0° N in the middle part of the arc. which changes to NE orientation

towards northem part and to NW orientation towards southem pan of the arc in

conformity to the arcuate trend of the fore arc subduction complex. ln the northem

Sumatra region, the strike-slip events with right lateral slip correlate well with the

Semangko fault zone. Between 6° and 7° N the events along the transverse seismic

zone in the Andaman trench have been correlated with a wide ridge/ upper trench

slope and show left lateral shear along E—W fault. ln south Andaman Sea, events

located west and south of Sewell seamount and to the east of Nicobar deep indicate

dextral slip along NNW-NW steeply dipping nodal planes and correlate with the west

Andaman fault. The active back-arc spreading region in the Andaman Sea is highly

conspicuous from the occurrence of large number of shallow focus earthquakes with

focal mechanisms indicating normal faulting along NNE striking nodal planes. Also,

few strike-slip events with right lateral slip correlate with the short transform

segments that offset the spreading ridge. lt can be seen from the seismicity map that

several large earthquakes display distinct correlation with the SFZ as well 85

Sumatran offshore region. While focal mechanisms of earthquakes along the SFZ

show mainly the right lateral faulting, in the Sumatran fore arc they show m0S1|)’

thrust faulting. Sunda strait is the extension zone that widens southwestward and

changes into a composite zone of strike slip as well as normal faulting (Huchon afld

LePichon, l984). The Java onshore region is low in seismic activity whereas, the

offshore Java shows considerable seismicity and the earthquake focal mechanisms

show mainly thrust faulting with few normal faulting events.
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4 4_ Seismotectonic regionalisation

Previous studies on seismicity in relation to overall tectonics of the region

gave valuable information on the geodynamies of the region. A first order
Segmentation of the Burmese-Indonesian arc has been presented by Chandra (1984).

Based on change in the trend and offset in arc, bathymetry, faulting, trend of the line

of volcanoes, spatial distribution of earthquakes and change in dip of the Benioff

zone, he suggested two transverse boundary zones, the north Andaman Boundary zone

and the Sunda Boundary zone. Based on seismicity and focal mechanism solutions,

Rajendran and Gupta (I989) identified three tectonic units in the Andaman arc region

such as the Sumatra trench region characterized by strike-slip and thrust faulting, the

Andaman spreading ridge characterized by normal and strike-slip faulting and the

Andaman—Nicobar ridge where faulting is mostly thrust type. Dasgupta (l992)

suggested variable stress regime along and across the Andaman arc and the relatively

ascismic nature in the fore arc and back-arc domain in north and south Andaman sea

respectively. Dasgupta and Mukhopadhyay (I993) observed significant variation in

seismicity pattem related to the subducting slab from north to south in the Andaman

BIC region. Based on the morpho-tectonic setting, gravity anomaly trends and

seismicity pattem, they divided the region into four broad sectors from north to south.

The seismic activity in these sectors is discemible into fore arc and back-arc seismic

Z0nes. Dasgupta (I992) and Dasgupta and Mukhopadhyay (I993) observed that

$¢\/eral structural/ tectonic features such as the Andaman—Nicobar—Nias fore arc

ridge» the back-arc spreading ridge and the west Andaman fault in the Andaman sea

and the Semangko fault zone in northern Sumatra show active and well developed

seismicit)’ pattem. According to Newcomb and McCann (I987), the occurrence of

lérge a"d great earthquakes will be affected by plate tectonic parameters that vary
S'g“ifi¢antly from arc to arc. Various segments of the Sunda arc are characterized in

‘erms °ft)’pical size of gap-filling earthquakes, average repeat times for large shocks,
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mode of subduction (seismic versus aseismic) and seismic potential. They observed

that the entire length of Sumatra has the potential to produce great thrust earthquakes

whereas the plate interface near Java and Lesser Sunda islands can be considered to

have low seismic potential. Slancova et al. (2000) identified seismically aqive

boundaries within the overriding plates in the Sumatran Fault Zone (SFZ) and Java

Fault Zone (J FZ) based on the criteria that (l) azimuths and dips of P and T axes

should be similar for the majority of events in the particular domain (2) azimuths and

dips of P and T axes in each domain should be clearly distinguishable from those in

the neighboring domains (3) the hypocenters of events should be closer to each other

in a particular domain. Assuming uniform stress in such domains, they inferred that

the state of stress in the continental lithosphere overriding the subducting plate is

represented by the state of stress in domains SFZ and J FZ.

Based on these previous studies and seismicity pattem, we identified several

broad distinct seismogenic belts/ sources. These are l) the outer arc region

consisting of Andaman-Nicobar islands 2) the back-arc Andaman Sea.3) The

Sumatran fault zone (SFZ) 4) Java onshore region termed as Java Fault Zone (J FZ) 5)

Sumatran fore arc sliver plate consisting of Mentawai fault (MFZ) 6) The offshore

Java fore arc region 7) The Sunda Strait region. For belts 3 and 4, the boundaries

have been defined by Slancova et al. (2000). The offshore belts 5 and 6 have been

extended up to the deformation front below the Sumatra-Java trench. For each of these

four belts, we need to identify seismogenic sources. As the seismicity is variable, it l5

difficult to demarcate individual seismogenic sources. Hence, we employed a moving

window method having a window length of 3—4° and with 50% overlapping starting

from one end to the other. The advantage in this method is that we obtain a continu0"5

variation in deformation pattern along the length of active seismic belts and BIS‘)

selecting a different window length does not alter the deformation patter"

significantly. We succeeded in defining 4 sources each in the Andaman fore arc alld
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Back an; region, 9 such sources (moving windows) in the Sumatran Fault zone (SFZ).

9 SOu|'¢C5 in the offshore SFZ region and 7 sources in the offshore Java region.

Becausg of the low seisinicity along JFZ, it is separated into three seismogenic

Sources namely West Java, Central Java and East Java. The Sunda strait is considered

as 3 single seismogenic source. Each window representing the seismogenic source

3|0ng the arc has been numbered as shown in the Figure 4.4.

4.5. Moment release rate

Seismic moment release rate for each seismogenic source can be estimated by

using equation 2. The advantage of this formula is that the full record of seismicity

can be used in any given region. An important parameter in the calculation of moment

release is Momax. The seismic moment is related to the maximum magnitude event in

a given source. Momax can be directly estimated from Ms_max using the appropriate

Ms-Mo relation. The seismic moments of all shallow earthquakes of depth 150 km

and Ms 3 5.5 have been considered for deriving the moment-magnitude relation. The

Slope ‘c’ of the Ms-Mo relation is very sensitive to errors in Ms values. So by

Considering c=l.5, as defined by Kanamori and Anderson (1975), we calculated d

value intercept from the obsen/ed data. The magnitude—moment relation shown in

Figure 4.5 gives a value of d = l6.l64 with an rms error of 0.26 with the observed

data. Since the relation satisfactorily explains the observed data, we used it for

°°"\/erting M_.,,max to M0_max.

Other important parameters in the calculation of M are the ‘a’ and ‘b’ valuesOf t . . . . .
he Gutenberg —Richter relation and estimated using Milne and Davenport method.

Th

bee m°"1Bnt release rates and ‘b’ values for each seismogenic source (window) have
en Shown in the Table 4. I -Table 4.3.
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Figure 4.4. Map showing the moving window configuration of the seism0g¢"‘c

sources in the Andaman-Sumatra-Java trench- arc region. The rectangles
I-3 are: 1-Andaman arc; 2-Sumatra arc; 3-Java arc. The deformfltlo"
results for each of these blocks are shown separately.
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Figure 4.5. Plot of the logarithm of seismic moment (Mo) versus surface wave
magnitude for large shallow earthquakes in the Andaman-Sumatra —Java
trench- arc region.

Th€ ‘b’ values in general, range between 0.50 - 1.0. ln the Andaman back arc

region, the M values are lower due to lack of large magnitude earthquakes. But in thefor .
e am 0f Andaman, higher values ot moment rate have been observed in the
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northern part when compared to the southem part. Along the SFZ, the mgmem

release is high in the southem part compared to the north.ln the offshore Sumatra,

along the MFZ the moment release rate is high towards south. ln the J FZ region, the

moment release rate is very low. Along the offshore Java, the moment release in

general increases towards west with westemmost two sources showing several orders

higher.

4.6. Crustal deformation Rates (1900 — 2004)

The velocity tensor for each seismogenic source can be calculated from

equations (l) and (2). While magnitudes of velocities are controlled by errors in M,

their directions are mainly influenced by errors in F . The uncertainties in the

magnitude of observed velocities for each source are estimated through errors in M

using Monte-Carlo simulation method. The errors in M are contributed from errors in

Q, Q, g, Q and Ms,,,m.. For this purpose, the standard errors in Q and Q values are

utilized. A value of 0.35 is assigned to the standard error in Ms,,,,,_.. The error in c value

is 0.05 and the rms error of 0.33 in the fit of Ms-Mo relation is assigned to thfi

standard error in ‘d’ (Papazachos and Kiratzi, I992).

Table 4.4-Table 4.6 shows the components of velocity tensor and the eige"

system of velocity tensor with errors in eigen values for each of the seismog€l1i°

sources (window) in each region. The value of I3, i.e., the depth extent of the

seismogenic layer was taken to be 30 km for all zones of shallow seismicity. POSiti"e

or negative plunge means that the eigen vector is directed into or out of the solid 6811"­
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The deformation pattem obtained for each seismogenic source (windgw) is

presented diagrammatically in Figure 4.6-Figure 4.8. For a better understanding Qfthe

horizontal plate velocities, only those eigen vectors with a plunge less than 25° are

shown in this figure. The defom1ation velocities pertaining to each seismogenic belt
are discussed below.

4.6.]. Andaman Fore arc (ASF 1- ASF 4)

The focal mechanisms of earthquakes occurring in the Andaman fore am

sedimentary complex region suggest dominantly thrust faulting events along low

angle nodal planes.

For sources ASFI and ASF2, the compressional deformation takes place

along a mean direction of N 70° and the extensional deformation along N 340". The

eigen system of velocity tensor suggests an average compression of l65.43i2l.09

mm/yr and an extension of 67.53 18.61 mm/yr for ASF l. For Source ASF2, there is

predominantly compression of 55.8i6.74 mm/yr and extension is l3.23il.59. The

values show that there is a higher compression rate in the Andaman fore arc region in

the north. For source ASF3, the velocity deformation shows a compression of0.32lj_

0.03 mm/ yr in the N 31 7°direction. For source ASF4, the compressional deformation

is 2.l5iO.26 mm/yr along N l6°.

4.6.2. Andaman back arc (ASBI-ASB4)

The active back-arc spreading region in the Andaman Sea is l1ighlY

conspicuous from the occurrence of large number of shallow focus earthquakes with

focal mechanisms indicating normal faulting along NNE striking nodal planes. N50»

few strike-slip events with right lateral slip correlate with the short transform

segments that offset the spreading ridge.
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Active Crustal Deformation.../-7
For sources ASBI, the compressional deformation takes place along a

diregtion ofN 53° and the extensional deformation along N 323°. The eigen system of

velocity tensor suggests an average compression of O.53j;0.04 mm/yr and an

extensign of 0.677 10.05 mm/yr for source ASBI. For Source ASB2, there is

¢0mpl'€SSlOfl of 0.1741-0.019 mm/yr in the N 60° direction and an extension of

0,435_J_r0.05 mm/yr in the N 330° direction. For source ASB3, the velocity

deformation shows a compression of 039410.033 mm/yr in the N 47° direction and an

extension of 0.636fl.053 mm/yr in the N 317° direction. For source ASB4, the

compressional deformation is 1.274101 l8 mm/yr along N 23° and an extension of

1.352 _-+;0. 125 along N 113°.

The deformation rate of the Andaman fore arc and back arc is shown in

Figure 4.6.

4.6.3. Sumatran Fault Zone (SF Z1-SF Z 9)

Most of the focal mechanism solutions along the SFZ show pure right lateral

strike-slip faulting, which agrees well with the geological observations. All along its

|e"81h, the deformation velocities suggest N-S compression and E-W extension. ln the

florthwestern part of the Sumatran fault, north of Sumatran main land (source SF Zl in

‘hf figure) shows a compression of l.03i0.09 mm/yr. along Nl6.9° and an extension

°f l~04i0.09s mm/yr along NlO7°.

In the onshore Sumatra region, the deformation rate increases to 4.1 I i0.45

mm/Yr (Compression) and l.9i0.2lmm/ yr (extension) in SFZ2. For source SFZ3,th . _ _
e def0fmat1on further increases to a compress1on rate of 7.7j0.88 mm/yr and

Q‘ .
“°"5l0n rate of 32810.37 mm/yr. Batee fault start from this Batee fault start from

ll l



Chapter 4 g
this region and continue into the offshore. For both the sources SFZ2 a

SFZ3, the compressional deformation and extensional deformation takes place alo

14- _615 l 0.5
ASF1 l _ “ 56-°A'  W

-5.7%  1% 11 ASB1~  or
/ iii’? RS 0*‘

12­

55.810- t 0.4

Q5

l 013 t '\ gASB3
I6 e"‘“ I91ASF3 i i 04

1.3 ia- \ Q  N5Q is\ 1'“ 413
B4

6­

I1

"2

Figure 4.6. Distribution of deformation velocities (centered on each source) calculated f0T
the overlapping seismogenic sources in the Andaman fore arc (ASFI-4) fl"d
back arc (ASBI-4) region.
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Active Crustal Deformation.../7
mean direction N349° and N80° respectively. The deformation velocities for sourcea

0

SFZ4 Suggest compression of 4.2210.49 mm/ yr along a direction of N14 and

ex{enSlO11 of 5.47fl.64 mm/yr in the N104° direction. The eigen system of velocity

wnsor guggfi-BSI that for sources SFZ5 and SFZ6, the compressional deformation takes

pme along a mean direction of N90 and the extensional deformation along N99°. The

velocities show a compression of 1.351016 mm/yr and the extension of l.2310.15

mm/yr for source SFZ5. The deformation rate drastically increases further in sources

SFZ6 and SFZ7 which show the compression of 25.0513.59 mm/yr and the

extension of 17.1412.45 mm/yr in source SFZ6. For sources SFZ7 and SFZ8, the

compressional deformation takes place along a mean direction of N40 and the

extensional deformation along N94°. The compression is 28.8414.06 mm/yr and

extension of l4.3812.03 mm/ yr in source SFZ7. Further south, the deformation rate

decreases to compression of 14.0511.86 mm/ yr and extension of 6.0510.8 mm/yr for

source SFZ8 and compression of 9.7511 .05 mm/ yr (along N17°) and an extension of

7.6710.83 mm/ yr (along N 107°) for source SFZ9.

4.6.4. Sumatran Fore arc (OSFI-OSF9)

The Sumatran fore arc region constitutes Mentawai islands and Mentawai

fault zone (MFZ). The majority of strong earthquakes in both historic and

"lsifumental catalogs of Sunda arc locate in this region. A close examination of the

deformation pattem shows that compressive stresses dominate here. The focal

mmhanism solutions show mainly thrust faulting events.

The eigen system of velocity tensor suggests a compression of 2.881 0.33

mm/yr a|0ng N 15° and an extension of 1.8321021 mm/yr along N 104° for source

F0r.source OSF2, the focal mechanism solutions show both strike-slip and
faulting. Deformation velocities suggest a compression of 5.2410.53 mm/yr

113



Chapter 4 - \
along N l.2° and an extension of 1.96 10.2mm/yr along N 90°. Both strike-slip and

thrust faulting events are seen in the source OSF3 with deformation suggesting
dominantly compression of 7.2510.75 mm/yr along N 9° and extension of 2.351024

mm/ yr along N 97°. The area ofthe sources OSF4, OSF 5 and OSF6 seems to be very

active. For source OSF4, dominantly thrust faulting events give rise to compressiona|

deformation of 22.3212.55 mm/yr along N 39°. Source OSF5 shows dominantly

compression with compression velocity of 18.251 2.08 mm/yr along N 45° and an

extension of 0.312 10.036 mm/ yr along N 317°. ln source OSF6, the deformation

velocities suggest compression of 18.481 2.01 m m/ yr along N 28°. Further south, the

deformation velocities are low with compression velocities of 2.541 0.24 mm/yr

along N 22° and extensional velocities of 0.8961 0.086 mm/yr along N 111° in

source OSF7. In source OSF 8, the compression velocities are of 24.8971 2.48 mm/yr

along N 14° and extensional velocities 6.291 0.63 mm/ yr along N 100°. The source

OSF 9 suggests a compression of 22.841 2.22 along N 15°.

The deformation rate in the SFZ and Sumatra fore arc is shown in Figure 4.7.

4.6.5. Sunda Strait

The Sunda strait is a consequence of the northwestward motion of the

southwestem part of the Sumatran block along the Central Sumatran fault. The

extension zone widens southwestward and changes into a composite zone of strike

slip as well as normal faulting (Huchon and Le Pichon, 1984). They further observed

that the area is subjected to NW-SE extension because of the motion along Sumaifan

Fault and to NE-SW compression because of the subduction. lt is comparatively 3

quiet zone with a cluster of moderate and large earthquakes immediately adjacent

to the west coast of Java. Some studies indicate southward extension of SFZ ifithe
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Chapter 4 L
4.6.6. Java Fault Zone (JFZI-JFZ3)

Seismicity in this region is extremely low when compared to the seismicity

along SFZ. The lack of major events in the Java region has been ascribed I0 the

differential motion at the plate margin, which is principally being taken up either

aseismically or by small magnitude earthquakes. As seismicity is sparse, the J FZ has

been divided into three individual segments as mentioned previously. The West Java

region (JFZI) shows a compressional deformation of l.39i0.l5 mm/yr along N 25°

and extensional deformation of 1.0161-0.11 mm/yr along N ll6°. The Central Java

region (JFZ2) shows a compressional deformation of 0.l02i 0.013 mm/ yr along N

68° and extensional deformation of 0.017 mm/yr along N 341°. The Eastem Java

region (JFZ3) shows a compressional deformation of 0.433i 0.039 mm/ yr along N

357° and extensional deformation of 0.012 mm/ yr along N 86°.

4.6.7. Java Fore arc (OF J 1-OFJ7)

The offshore Java shows considerable seismicity and the earthquake focal

mechanisms showing mainly thrust faulting with few normal faulting events.

For the source OFJI and OFJ2, the focal mechanism solutions are showing

mainly thrust faulting and some strike-slip events. The strike slip events may b¢

accounting for the presence of Cimanderi fault in the Westem Java. For sources QFJI

and OFJ2, the compressional deformation takes place along a mean direction 0fN

351° and the extensional deformation along N 84°. The eigen system of velocity tenS0f

10.55 mm/ yr for source OFJ l. For Source OFJ2, there is predominantly compressi0"
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Figure 4.8. Distribution of deformation velocities (centered on each source) calculated
for the overlapping seismogenic sources in the Sunda Strait, Java onshore
(J FZI-3) and Java offshore (OFJl-7) region.

of l7.24jl.88 mm/ yr. The values show that there is a higher compression rate in the

westem Offshore Java region. For source OFJ3, the velocity deformation shows a

¢0mpression of 2.1 li0.2l mm/yr and an extension of 0.091 mm/yr in the N 92°

direction. For source OFJ4, the compressional deformation is 3.l2i0.32 mm/yr along

N |5°. The sources OFJ5 and OFJ6 are dominant in normal faulting. The velocity

deformation shows an extension of 2.827_-l;0.28 in the N 332° direction for source

OFJ5 and for source OFJ6, the velocity deformation shows a compression of

0-3310.034 mm/yr in the N 7l°direction and an extension of l.804 i0.l6 along N
3 0
42 - FOF source OFJ7, the compressional deformation is 0. l64i0.0l mm/yr along N38° . _ _

and extensional deformation 1S 0.638 10.058 mm/yr. along N 129°.

ll7



Chapter 4 g
The deformation rates in the Sunda strait, onshore and offshore Java region is

as shown in Figure 4.8.

4.7. Discussion and conclusions

Estimation of the moment release pattem and crustal deformation rates based

on I04 years of shallow seismicity in comparison with the previous studies bring out

some significant results for the Andaman-Sumatra-Java arc region.

The results of the deformation studies in the Andaman — Sumatra — Java am

region are consistent with the overall tectonics of the region. The deformation pattem

indicates the dominance of compressive stresses in the fore arc region with the

direction of maximum compression in almost NNE — SSW. While, it is almost normal

to the trench in the Sumatran fore arc near Nias island region, the compression takes

more oblique trend with respect to the trench towards north near Andaman Islands.

Biswas et al. (1992) infer N-S shear stresses due to oblique subduction in the

Andaman arc region. The compressional velocities decrease northward in the fore arc

region characterized by deficiency of moment release and absence of large magnitude

earthquakes north of 8°N. Geophysical data indicate that the Ninetyeast ridge partially

subducts below the Andaman trench (Curray et al., 1982; Mukhopadhyay, 1933;

Mukhopadhayay and Krishna, I995; Gopala Rao et al., 1997). Further, Dasgupta and

Mukhopadhyay (1993) observed a contorted Benioff zone east of the Nicobar lsland5

and inferred as due to the effect of ridge subduction. Such characteristic changfifi in

the seismicity pattem have been interpreted as due to subduction of aseismic ridges

(Vogt, 1973; Kelleher and McCann, I976; Chung and Kanamori, 1978). The

deformation studies shows a compression of 0.2-0.5 mm/ yr along a mean direction

of N 55° and extension of 0.4-0.7 mm/yr along a mean direction of N 320° along a"d

across the Andaman spreading ridge. The events along the back arc spreading ffiglon

also include an earthquake swarm of July 8, I984 with most of the mechafli5mS
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porwd by Dziewonski et al. (I983) showing dominantly normal faulting. Such aF3 T

(ulting pattem for swarms along the slow-spreading ridges indicates extensionala

wnig activity (Bergman and Solomon, I990; Radha Krishna and Arora, l998). TheICC

vermal component of velocities indicates crustal thinning in the Andaman Sea and

¢|-ustal thickening all along the fore arc.

Subduction of large bathymetric ridge causes compression in the upper plate

(Whittaker et al, 2007). At 70 Ma, the Wharton Ridge first subducts beneath eastern

java (Heine et al., 2004), which caused the Sunda land margin to rotate clockwise

about a rotation pole close to the area at this time. At present, the Wharton Ridge and

Investigator Fracture Zone IF Z subduct beneath northem—central Sumatra. lt is a well

known fact that the subduction of bathymetric features cause broadly distributed

deformation in the fore arc (Gardner et al, 1992; Chung and Kanamori, I978).

Geodetic strain and rotation rates show that the northem Sumatran region currently

endures a highly compressive regime (Michel at al, 2001).

Due to oblique subduction and extension in the north, Sumatra, and the

Sumatran fore arc, is divided into a series of NW—SE striking slices that move towards

the northwest, separated by right-lateral faults (Diament et al., 1992). Most

displacement on these faults occurs in northwest Sumatra and dissipates towards the

Soulheflst (McCaffery, I996). Geodetic observations from GPS data (Prawirodirdjo et

3|-» 1997) reveal an interesting change in Sumatran fore arc motion centered around

Batu Island. Southeast of Batu lsland, the Sumatra fore arc moves northeast, roughly

Parallel with the motion of the lndian plate, while northwest of Batu lsland the

Sumatran fore arc moves to the northwest (Prawirodirdjo et al., 1997). This change in

fore arc motion has been attributed to decoupling between the northern fore arc and

mantle Wedge due to increased pore pressures in the fore arc thrust fault due to

Subduction of thick Nicobar fan sediments (Prawirodirdjo et al., I997). The Wharton

ll9
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Ridge subducts beneath Nras lsland where seismic deformation IS highest and the IFZ

subducts directly beneath Batu lsland where the Sumatran fore arc begins to mqve in a

northwest direction. Thus, subduction of the Wharton Ridge and IFZ is anmher

mechanism causing the high seismic deformation rates, change in fore arc motion, and

concentration of strike-slip motion that occurs in northern Sumatra. It is possible that

present-day compression from subduction of the Wharton Ridge and Investigator

Fracture Zone dominates over extension resulting from the retreating upper plate. lt is

likely that this domination of compressive strain related to bathymetric ridge
subduction has dominated over upper plate motion related extension since l5 Ma. The

Roo Rise is presently being subducting adjacent to Java. Subduction of this major

bathymetric feature is currently causing deformation in the Javanese fore arc (Kopp er

al., 2006). Roo Rise subduction is likely to be contributing to Javanese compression in

addition to compression caused by upper plate advance since I5 Ma (Whittaker et al.,

2007;

The slip rate along the SFZ should range between 30 and 50 mm/yr assuming

that the fault is accommodating all the trench parallel component of convergence

between lndo- Australian and Eurasian plates (Jarrard, I986). Based on SPOT images

and topographic maps, Bellier and Sebrier (1994) estimated slip rates along SFZ.

which show a slip rate of about 23 mm/yr in the north that decreases to 6 mm/yr in the

south. Combined analysis of historical triangulation and recent GPS measurements

along SFZ indicate slip rates of 23 to 24 mm/yr (Prawirodirjo et al., 2000). There i8 3

general northward increase in slip rate along the SFZ (Mc Caffrey, I991; Bellier and
to U16

dated

Sebrier, 1995). lt is suggested that no significant fore arc stretching occurs due

slip rate variation along the SFZ and the oblique convergence may be accomm0
ain5

belt

by deformation of 500 km wide zone between the fore arc to the back- arc d0m

(Bellier and Sebrier, I995). The estimated velocity values along the SFZ seismifi

indicate variation in seismically active deformation with maximum dextral Shear

I20
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ion (seismic slip) of 29 mm/yr in the central p3l'I to l and 8 mm/yr both southward

:3 northward respectively along the SFZ. Except between 0°-2°S, the estimated

Velocities are significantly less than the geologically estimated slip rates as well as

geodetically measured slip rates which suggest that considerable amount of slip along

‘he fault may be taking up aseismically. The Sumatran fore arc perhaps is the most

active deformation belt in the region characterized by the occurrence of large

hi5tOl'lCal, recent and most recent seismic events. The arc parallel shear in the

gumatran fore arc may be taken up on more than one strike—slip fault or shear zone

(Diament et al., 1992). However, McCaffrey et al (2000) observed that this additional

strike-slip required may not be accommodated along the MFZ as GPS network along

the northem part of MFZ do not indicate such large transverse motions. Samuel and

Harbury (1996) interpreted the trace of the MFZ on the Nias Island to be a reverse

fault. Also there is a significant component of dip slip in Pliocene along MFZ (Sieh

and Natawidjaja, 2000). The focal mechanism solutions obtained from Harvard CMT

Catalogue since I977 in this region and the large I935 and I984 events show thrust

faulting mechanisms in the offshore Sumatra (Rivera et al, 2002). The deformation

velocities estimated for the offshore Sumatra fore arc region indicate dominantly

Cflmpression with higher compressional velocities of 22 mm/yr along N 40° near the

tlquator. The deformation pattem further indicates that a portion of the motion is taken

"P by strike-slip or oblique slip, which means that the MFZ partly accommodates

motion due to oblique subduction. The higher deformation velocities near equator

may imply the effect of local interaction of the Investigator Fracture Zone. However,

"Orth of 3°N, the low deformation values in the offshore indicate lack of significant

evems during the period of study. The deformation velocities for the Sunda Strait

Show ¢0mpression of l4.8il.6 mm/yr along N-S and extension of 7.9i0.82 mm/yr

aong E-W direction. The eigen system of velocity tensor tor the JFZ indicates
d()m'] . . . _

fiance of compressional deformation. While western Java shows compression of

I2]
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l.4i0.l5 mm/yr along N 25° and extension of li0.l I mm/yr along Nl 16° direction

the deformation in the central and eastem Java is negligible due to absence of |arge

earthquakes within the upper plate. In the offshore Java fore arc region, the

deformation velocities indicate dominance of compression (average l6 mm/yr) in the

westem part, which gradually changes to extension (average 2.5 mm/yr) tqwards

eastem part. The deformation pattem further indicates that the Java segment of the am

is seismically less active than the Sumatran segment during the period of
investigation.
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CHAPTER 5

CHANGES [N THE LONG-ERM DEFORMATION
PATTERN IN THE ANDAMAN-SUMATRA TRENCH-ARC

REGION AFTER THE 26*" DECEMBER 2004
MEGATHRUST EARTHQUAKE’

5.1. Introduction

On 26"‘ December 2004, a subduction zone earthquake of magnitude Mw ~

9.3 struck off the coast of northern Sumatra. The rupture propagated unilaterally to the

nonh for over 1200 km to the Andaman lslands (lshii et al., 2005). A second thrust

event of Mw ~ 8.7 occurred on 28"‘ March 2005, about 300 km to the east south east

of the previous earthquake. These earthquakes occurred as a result of the subduction

of lndo-Australian plate beneath Sumatra in an approximately NE direction at a rate of

60 mm/yr at an oblique angle to the Java trench. Oblique, but predominantly thrust

motion occurs in the Andaman trench with a convergence rate of about I4 mm/yr

(Figure 5.1). The width of the rupture zone of the 26 December 2004 event is

approximately 100 km and maximum slip is approximately 20 m. The movement of

‘he seafloor all along the rupture zone and the vertical uplift displaced a huge volume

Of Water, which caused the tsunami. But the rupture of this event didn’t progress

lllrlher to the S-SE despite high rapid slip at the beginning of the rupture, which
mdlcates that the rupture front hit a barrier in this direction that broke three months

later 0" 23"‘ March 2005 (Kruger et al., 2005).
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Historic great earthquakes along this plate boundary occurred in I797 (~ 8.4),

I833 (.. 9), 186! (~ 8.5) andl907 (~ 7.8). The 28"‘ march 2005 event ruptured the

Same region as the I86] and I907 events. lt is reported that the 1861 earthquake also

did not cause a major tsunami, while the I833 event caused a major tsunami (Gahalaut

and Catherine, 2006). Nicobar Island in I881 (~ 7.9) and near Andaman Islands in

|94] (~ 7.9) also presumed to involve thrusting motions (Lay et al., 2005). Bilham et

a|_ (2005) observed that large thrust earthquakes in I847 (~7.5), I881 and I941

Oeeurred on intermediate regions of the down-dip boundary areas that have been

surrounded and probably incorporated into the 2004 rupture. Numerous earthquakes

occurred near the 2004 epicenter in recent years most notable among them is the Mw

7.2 event in 2002. Bilham et al. (2005) conclude that cross sections through the

Andaman normal to the trend of the trench are consistent with the notion that the I00

km region on the upper surface of the descending lndian plate east of the trench axis

was largely aseismic prior to the 2004 earthquake, and that the 1847, 1881, and 1941

eaithquakes probably ruptured less than one third of the width of the plate boundary

that slipped in December 2004. The recurrence time of 1881 type events is estimated

I0 be ll4-200 years on the basis of GPS convergence rates (Ortiz and Bilham, 2003).

All these observations are consistent with long term strain accumulation in the

fiventual rupture zone and stress concentration in the vicinity of the main shock
hYPO¢enter.

Based on probabilistic hazard analysis using peak ground accelerations,

Petersen et al. (2004) concluded that the largest contribution to hazard is from the
S
"matran fault. Gahalaut and Catherine (2006) based on the GPS measurements

undertaken between I989 and 1994 in the region west of Sumatra suggested that theentire ' - . . . .
SubdUCIlOfl interface under the islands experienced strain accumulationC0 .

Responding to a rate of 50 mm/yr. McCaffrey (2002) suggested that locking is“Po . .
ng everywhere in the subduction zone except in the equatorial region where the
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coupling is low. The region of low coupling coincided with the region where

lnvestigator fracture zone subducts. The study of Mignan et al. (2006) based on

accelerating moment release effect (AMR) also suggest that the 2004 December and

2005 March events showed clear evidence that they were approaching failure prigr to
the two events.

The velocity field obtained from GPS surveys shows abrupt rotation of the

fore arc vector azimuths at about 0.5° S, near the Batu islands. South of 0.5° S, the

fore arc vectors are roughly parallel to the convergence direction of the lndian Ocean

and Eurasia. ln the north, the vectors are more parallel to the Sumatra fault. This

pattem suggests strong coupling of the fore arc to the subducted plate in the south and

weaker coupling in the north. The change occurs where the lnvesti gator fracture zone

is subducting, but the coupling difference persists far from it, suggesting that the

difference is due to properties of the interface rather than a mechanical barrier, as one

might expect from a subducted ridge or seamount (Kelleher and McCann, I976).

Because, sites on the fore arc near 98° E, directly above IFZ show uncoupled

behaviour, and the coupling difference persists far from the lFZ. Here, Prawirodirdjo

et al. (I997) suggest that high fluid pore pressures due to sediment subduction cause

weaker coupling in the north, although this observation alone is insufficient to explain

this contrast in coupling. The great earthquakes (I833, l86l) as well as the smaller

events (1907, 1908, I914, and I921) appeared not to cross the 0.5° S boundary. This

suggest that asperities on the Sumatra subduction zone may remain stationary through

more than one earthquake cycle instead of behaving dynamically as rate-depefldem

features of the fault zone.

These observations point towards the significance of understanding the l0"g'

term strain release pattern as well as the kinematics of interplate coupling in the

shallow subduction zone for understanding future seismic hazard and potential in the
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region In this chapter, a detailed analysis of changes in long-term seismic
deformation (pre and post-tsunami) has been carried out along the Andaman-Sumatra

arc mainly for two reasons, i) to study the changes that were brought out in the

deformation due to intense post-tsunami seismic activity along various segments of

the am, ii) to update the long-term deformation pattern which will be useful to identify

areas of increased future seismic hazard along and across the arc.

5.2. Data and Analysis

The region encountered a large number of earthquakes along the whole length

of rupture zone following the mega thrust earthquake of 26"‘ December 2004. The

intense seismic activity continued more than a year. Here, all these events belonging

to the period 2004-2005, (referred as post-tsunami) along with good number of focal

mechanisms for some of these events during 2004-2005 were compiled and an

augmented data set has been prepared for the period 1900-2005. Nearly 180 focal

mechanisms have been compiled for the Andaman-Sumatra region from the post­

tsunami sequence of earthquakes. The earthquakes compiled from NOAA epicentral

listing for bath pre- and post-tsunami periods mentioned above are shown in Figure

5-2 and the focal mechanisms of events Ms>5.5 are shown in Figure 5.3. The long­

lerm deformation has been calculated using the method described in chapter 4 for the

allgmented period (1900-2005), so as to compare with the pre-tsunami seismic

defflrmation (1900-2004).

The analysis was made only along the Andaman-Sumatra arc as the post­

tsllnami seismic activity did not take place in the Java arc region and hence no

challges in post-tsunami seismic deformation pattem anticipated. The post-tsunami

Selsmifi catalogue includes nearly 1000 small/moderate to large earthquakes (see
F'gl1T6 5.2). The parameters required to calculate the deformation velocities have been
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re.¢stimated after including the post-tsunami events ie.. for the augmented data of

|9O0-2()05. As explained in chapter 4. the deformation velocities based on moment

tensor 5ummatiOn require both moment rate and focal mechanism tensor. lt can be

seen that the moment estimation depends on ‘a', ‘b’, ‘c‘. ‘d’ and Mo, max values. lt is

Observed that the c and d values which are constants of the magnitude-moment

relation and depend on seismic moments of larger earthquakes as the moment

contribution for smaller events is very low. Obviously, the Mo, max, which is the

¢()nV€l'I€d value or maximum magnitude using the above relation also depends on

largest magnitude event during the whole time period. However, the ‘a’ and ‘b’

values which are constants of Gutenberg-Richter relation change significantly

depending on the number of smaller events in each source. As the post-tsunami

events contain large number of smaller events, the b-values were heavily skewed

towards higher values in the estimation of a and b values with the augmented data set

U900-2005). lt must be noted that smaller events will have greater errors in their

magnitude estimation and therefore affect the b-values significantly in case of many

such events. ln view of this fact and also the insignificant contribution of low

magnitude events for total moment release, from the post-tsunami events, only

earthquakes of magnitude Ms > 5.5 were considered in the estimation of moment rate

and defomiation velocities. It can be seen from Figure 5.3 that the post-tsunami

events are mostly characterized by dominantly thrust faulting events in offshore

Sumatra, between Andaman trench and the fore arc ridge, and along the west

Andaman fault and few normal faulting events in the Andaman back arc spreading
region.
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5.3. Results

The long-term seismic deformation after including the post-tsunflfl"

earthquakes in the Andaman- Sumatra region for the period (I900-2005) has bfig"
5.1

of
estimated as discussed previously. The results of deformation are shown in TablcS

and Table 5.2 which show the components of velocity tensor and the eigen system

velocity tensor with errors in eigen values for each of the seismogenic sourC@5
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' t rate afier the mega thrustach region The changes in momen

tra arc
(wind0W) in e .
earthquake are shown in Figure 5.4 and Figure 5.5 for Andaman and Suma

' ' 'l l , the deformation pattern obtained for each seismogenic sourcere5peCIlV€ly. Simi ar y_

w) is presented diagrammatically in Figure 5.6 and Figure 5.7.(wifid9
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Figure 5.5. Map showing the difference in moment rate before and after tsunami in
the Sumatra region. Values given in bracket are for pre-tsunami eventS­
The light grey shaded region shows significantly large differences in
moment rate.
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A close examination of the moment release rates of both periods gives an idea

on |evo| of seismic activity in each of the source (window) regions. Those sources

where significantly large earthquakes occurred in the post-tsunami period show large

moment rate values, whereas the sources in which post-tsunami activity is negligible,

the moment rate is reduced because of averaging over a long period. ln the Andaman

region, the fore arc region shows considerable moment release variation, whereas in

the back arc region, the moment release rate is not very significant. Though several

normal faulting events occurred along the Andaman spreading ridge after the mega

thrust earthquake, their moment contribution is low. ln the Sumatran region, where

both 26"‘ December 2004 and 28°‘ March 2005 events were located, very high moment

release rate has been observed in the offshore Sumatra between 2° S—5°N. Along the

Sumatran Fault Zone, the moment release rate is significant in the southem part, while

southem most and northem parts of the SFZ remained less affected by large scale

defomtation in the fore arc region.

5.3.1. Crustal deformation Rates (1900 — 2005)

The results on crustal deformation rates estimated in the Andaman-Sumatra

legion after the mega thrust earthquake show drastic change in the long-term

deformation rate in the northem part of the Sumatra offshore. The deformation rates

are discussed for different segments of the arc below:

5'3-1-L Andaman arc

All along the fore arc region the deformation is predominantly compressional.
F

°' $0Urces ASFI and ASF2, the compressional defomiation takes place along a mean
d‘ ­
'r°°t'°" Of N 69° and the extensional deformation along N 339°. The ei gen systeml‘ ­

O Ve|0ClIy tensor suggests an average compression of l56.93jl9.48l mm/yr and an
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extensional deformation remain constant as 1.9 mm/yr after the tsunami. Shear

velocity increased from 2.3 mm/yr to 4.2 mm/yr. ln sources OSF2, OSF3 and O$|:4

where the mega thrust earthquakes of 26"‘ December 2004 and 28°‘ March 2095,

earthquake are located, the deformation rate as well as the shear velocity increased

very significantly. Deformation velocities suggest a compression of 150.491l6_33

mm/yr along N 16°and an extension of 30.0413.36 mm/yr along N 102°. In soume

OSF2, the compressional deformation rate increased from 5.2 mm/yr to 150 mm/y;_

The shear velocity increased from 3 mm/yr to 86 mm/yr.

Both strike-slip and thrust faulting events are seen in the source OSF3 with

deformation suggesting dominantly compression of 252.641 29.74 mm/yr along N 19°

and extension of 59.04716.95mm/yr along N105°. Here, the compressional

deformation rate increased from 7.3 mm/yr to 252 mm/yr after the tsunami. The shear

velocity also increased from 4.6 mm/yr to 144 mm/yr. For source OSF4, dominantly

thrust-faulting events give rise to compressional deformation of 93.14111.09 mm/yr

along N 31° and an extension of 23.9512.85 mm/yr along N1 17°. Here, the variation

is from 22mm/yr to 93 mm/yr. The shear velocity increases from 6.7 mm/yr to 44

mm/yr.

Source OSF5 shows dominantly compression with compression velocity Of

22.4912.53 mm/yr along N 33°. In this source, the variation in compressional

deformation is from 18.3 to 22.5mm/yr. The shear velocity increased from 3.3 mm/YT

to 9 mm/yr. ln the Southem part of offshore Sumatra region (sources OSF6, OSF7»

OSF8, OSF9), no significant changes took place in the magnitude of deformali°"

afier the tsunami. ln source OSF6, the deformation velocities suggest compression Of

19.0312.08 mm/yr along N 26° shear velocity is 8.5 mm/yr. Further south, the

deformation velocities are low with compression velocities of 2.911 0.29 mm/yr 2110115

N 22° and extensional velocities of 0.96410.096 mm/yr along N 1 1 l°in source O5F7'
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Here Shgaf velocity is l.6 mm/yr. In source OSF8, the compression velocities are of

-,2'9812.304 mm/yr along N14“ and extensional velocities 5.8671 0.59 mm/yr along

N101" and the shear velocity shows a value of l4 mm/yr. The source OSF9 suggests a

cOmpl'CSSlOfl of 2l.0312.06 along N I6" and the shear velocity 9 mm/yr. The

extensional deformation is negligible in almost all the cases.

Along the SFZ region, the right lateral strike slip motion prevails and

defomtation rate also remained almost constant due to lack of any major events after

the tsunami in the region except in source SFZ7, where the compressional

deformation increased from 29 mm/yr to 35mm/yr and extensional deformation

increased from l4 mm/yr to 22 mm/yr.

ln the northwestem part of the Sumatran fault, north of Sumatran main land

(source SFZI in the figure) shows a compression of l.23310.l2l mm/yr. along

Nl6.3°and an extension of l.23810.l22 mm/yr along N l06°. When entering into the

onshore Sumatra region, the deformation rate increases to 4.011-0.44 mm/yr

(compression) and l.9910.2lmm/yr (extension) in source SFZ 2. For source SFZ3,

the deformation further increases to a compression rate of 7.l910.82 mm/yr and

extension rate of 3.266 1 0.37 mm/yr. Batee fault starts from this region and continue

into the offshore. For both the sources SFZ2 and SFZ3, the compressional

deformation and extensional deformation takes place along a mean direction N35l°

alld N8l° respectively. The deformation velocities for source SFZ4 suggest

compression of 4.0310.47 mm/ yr along a direction of N140 and extension of

52219.61 mm/yr in the Nl04° direction. The eigen system of velocity tensor suggest

‘hat for sources SFZ5 and SFZ6, the compressional deformation takes place along a

mean direction of N9° and the extensional deformation along N99°. The velocities

Show 3 Compression of l.32410.l6 mm/yr and the extension of l.20810.l5 mm/yr for
S°‘"¢@ SFZ5
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The deformation rate increases further in sources SFZ6 and SFZ7. The source

SFZ6 show the compression of 25.9l13.72 mm/yr and the extension of 22.7713.27

mm/yr. For sources SFZ7 and SFZ8, the compressional deformation takes place along

3 direction of N l .5° and 4.2° respectively and the extensional deformation along N93°.

The ¢()mpl'€SSlOfl is 35.l714.98 mm/yr and extension of 22.0713.l3 mm/yr in source

SFZ7, Further south, the deformation rate decreases to compression of l5.9l12.05

mm/yr and extension of 8.591l.l mm/yr for source SFZ8 and compression of

ll.4l1l.25 mm/yr (along Nl5°) and an extension of 7.841-0.85 mm/yr (along Nl04°)

for source SFZ9.

5.4. Discussion and Conclusions

Comparison of long-tenn defom1ation pattem before and after the tsunami

suggest that there is a drastic increase in the deformation in an around the region

where the doublet events have occurred. ln SF Z and Andaman back arc region, except

at few locations, the defonnation remains almost constant before and afier the events.

The change in deformation before and after the earthquake is very significant

in the region between 0° to 4° in the Sumatran offshore. For the sources OSF2 and

OSF3, the extensional defonnation rate becomes negligible after the major events. ln

‘he source OSF2, where the 26* December 2004 event was located, the compressional

defflrmation rate increases from 5.2 mm/yr to l50.5 mm/yr. In the next overlapping

“'i"d0W OSF3, where both the 2004 December and 2005 March events occurred, the

°°mPressional deformation rate changes from 7.3 mm/yr to 252.6 mm/yr. In the next

some QSF4, where only the 28"‘ March 2005 was located, the compression rate

Changes from 22.3 mm/yr to 93.1 mm/yr. From this it can be suggested that the partial

Compression with a component of strike-slip faulting had transformed into a

l4l



Ch apze, 53
completely compressional environment due to the post-tsunami seismic Cl€fOl‘m31jon
in the Sumatran offshore.

Song and Simons (2003) predicted using the Trench Parallel Gravity
Anomalies (TPGA) that the seismic potential is larger for the Andaman—Suma1,~a

trench and lower for the Java trench with a negative and positive TPGA, respectively,

as the shear stress will be higher where a negative TPGA occurs and lower where a

positive TPGA is observed. Mignan et al. (2006) observed through estimation of

Accelarated Moment Release (AMR) estimation that the region of Sumatra

subduction system where 26 December 2004 and 28 March 2005 events occurred had

been stressed and approaching failure prior to these earthquakes. Based on long-term

catalogue of earthquakes before the mega thrust event, the deformation velocities

estimated in the present study also gave rise to low-deformation rates in the region

between l° to 5°N in the offshore Sumatra. These independent estimates considering

basically the moment release pattem confirm that the concept of seismic gaps could be

applied in the active seismic belts for understanding/assessing the seismic hazard in

seismically active belts.

Further north, in the Andaman arc region, pre- and post-tsunami GPS

measurements indicated W-SW or SW oriented residual co-seismic displacement!»

(Sridevi et al., 2005). According to Bilham et al. (2005), the reverse slip in the

Nicobar islands (7° N) was more than twice as much as the slip in the Andamflfl

islands (l2°N) after the mega thrust earthquake. The unusual compression

deformation near the Nicobar lslands region (ASF3) observed in the post-tsunami

period in the present study could be an indication of such reverse slip.

The historic record of large mega thmst earthquakes suggests that the

potential for great destructive events is much larger for Sumatra than J3‘/3'

Grevemeyer and Tiwari (2006) made the observation that Bouguer gravity anomalies
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rrdate well with the occurrence of large mega thrust earthquakes in the Sundaco

eaflhqu

Java Oblique subduction of young oceanic crust shifts the seismogenic coupling zone

tion zone; negative anomalies mark segments characterized by larger

akes while positive anomalies indicate lower seismic potential. With respect to

roughly 40 km trenchward. A prominent positive gravity anomaly offshore of Java is

Causgd by a shallow mantle wedge underlying the fore arc basin. Based on their study,

they guggested that the next great earthquake is likely to hit Sumatra in the area of the

|g33 event, while a shallow and hydrated mantle wedge might be limiting the

violence of earthquakes in Java.

Lay et al (2005) also suggested that the logical regions for concern about the

future large earthquakes are the Sumatran fault zone and southeast of the 2005

rupture, the adjacent region failed in I833 which likely to have accumulated

substantial strain. But in contrast, Mignan et al (2006), based on the study of

accelerated Moment release (AMR), are under the opinion that the section of the

subduction zone where the I833 earthquake occurred shows no reliable evidence of

accelerating activity at present. However, they identified a region of accelerating

seismic activity along a 750 km stretch of the mapped plate boundary along

southeastern Sumatra and western Java and suggested that this region may be

approaching failure.

The low deformation rate observed in the present study due to the absence of

large/mega earthquakes during the period of observation, it can be inferred that the

Weslfim Java region could be a probable future hazard. These various results need a

detailed analysis and a study involving rigorous modeling using multiple geological

and geOPhysical parameters would be very useful.
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CHAPTER 6

GRAVITY ANOMALIES, SEISMICITY AND
LITHOSPI-IERIC STRUCTURE BELOW THE AN DAMAN
ARC REGION AND THE TECTONIC IMPLICATIONSZ­

6_|, Introduction

The mega thrust earthquake of 26 December 2004 (~ Mw 9.3) and the large

series of after shock events since then have ruptured nearly I300 km long portion of

the plate boundary along the Andaman and Sumatra trench-arc region (lshii et al.,

2005). This abnormally high recent seismic activity has brought to fore, the seismicity

olthe Indonesia arc system and its extension into the Andaman-Nicobar region. The

segment of Andaman-Sumatra arc is characterized by oblique motion between the

lndo-Australia and Burma — Sunda plates with predominantly thrust motion in the

trench/fore arc region and strike slip motion in the back arc region. The strike-slip

motion in the back arc region is mainly taken up through ridge-transform system in

the Andaman Sea and along the Great Sumatran fault in the mainland Sumatra. The

lldge-transfonn motion in the Andaman Sea is believed to be connected further north

l"l° lhtf Burma and meets the Shan-Sagaing fault. Therefore, the region of Andaman

3'“ l0gether with the Burmese arc forms an important transitional tectonic link

hel“/Een the Eastem Himalayas in the north and Indonesian arc in the south.

Most of the large magnitude earthquakes (both historical and recent) in the

Andaman arc region are related to the subduction zone at intermediate depths (Bilham

el al'= 2005) and no earthquake M3 8.0 have been reported from this region.Ch . . .
araCI€l'lSI|CS of the rupture zone due to the 2004 mega thrust event have been
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studied in detail from far field GPS observations (Banerjee et al., 2005; Catherine Q

al., 2005) and co-seismic displacements of GPS sites on the islands before and after

the event (Sridevi et al., 2005; Gahalaut et al., 2006) which suggest considerabk

variation in the rupture pattern along the arc from north to south. lt is very we"

documented through multi- wave speed tomography by Kennet and Cummins (2095)

that the changes in the geometrical configuration of the slab, physical properties and

barriers related to variations in the nature of the slab controlled the rupture

propagation of 2004 mega thrust earthquake. Previous investigations on seismicity in

the subducting plate as well as the overriding plate suggest variations in the lfltérplate

coupling from north to south along the Andaman arc (Dasgupta and Mukhopadhyay,

1993). Song and Simons (2003) demonstrated that the topographic and gravity

variations in the subduction zones have a strong correlation with the seismogenic

behaviour. ln the present chapter, we carry out a systematic and detailed gravity

interpretation constrained by seismicity and seismic data in the Andaman arc and the

Andaman Sea region in order to delineate the crustal structure and density|
heterogeneities along and across the arc and its correlation with the seismogenic

behaviour.

6.2. Regional Tectonic Setting and evolution of the Andaman Arc­
Sea Region

The Andaman arc in the northeastem Indian Ocean defines nearly ll00 kl“

long active plate with the Burma plate (Curray et al., I979; 1982). The arc 35

characterized by the presence of east dipping Benioff zone down to 200 km d¢Pth

(Mukhopadhyay, I984). The Andaman -Nicobar sedimentary islands evolved dud"?

Oligo-Miocene times (Rodolfo, 1969) form part of the fore arc sedimentary complex

and west of these islands in the Andaman trench, the sediments of Bengal fan are

filled and deformed (Curray et al., 1979). Detailed analysis of seismicity by Dasgupw
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d Mukhopadhyay (I993) suggest that the dip of the Benioff zone below thean

And

D858

WHO km and inferred due to partial melt zone related to the Barren island

aman arc vary between 45°-55°. Along a section across the Andaman islands,

upta and Mukhopadhyay ( l 997) observed a gap in the Benioff zone at a depth of

volcanism.

The Andaman basin that fomis the back arc Andaman Sea lies between

Burma and Sumatra with an average width of 650 km from the Malay Peninsula to the

Andaman Nicobar islands. The sub aerial expression of the islands separates the basin

from the Bay of Bengal. The Andaman and Nicobar islands together with the back arc

basin is a part of the arc- trench system of the Andaman arc. A detailed tectonic map

showing various tectonic elements related to the subduction of the lndian plate and

opening of the Andaman Sea is shown in Figure 6. l.

The oblique subduction of the lndian plate in this region resulted in strike-slip

faulting parallel to the trench; back arc extension and basin formation in the Andaman

Sea (Curray et al., 1979). Uyeda and Kanamori (1979) related back arc spreading in

lhe Andaman Sea to leaky transform tectonics. Based on multi channel seismic

reflection data, Curray et al (1982) noticed partial subduction of ninety East Ridge

b¢|0w the Andaman trench. Eguchi et al (1979) inferred collision of this ridge with the

Andaman trench in the middle or late Miocene. According to them, the ridge-trench

Collision transmitted compressional stresses in the back arc area and collision of India

wllh Eurasia exerted a drag in the back arc region that caused opening of the

Alldflman Sea and age of this opening as inferred from magnetic anomaly

memifications by Curray et al (1982) is about l3m.y or in the middle Miocene.
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Figure 6.1.
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Based on high resolution swath bathymetry, seismic and magnetic data, Raju

ct a|_ (2004) suggested that seafloor spreading started in the Andaman back arc basin 4

my ago as a consequence of extrusion tectonics which prompted extension and rifting
the plane joining the Sagaing and Semangko fault systems. The reconstruction

jfoginioff zone depth-dip angle trajectory in the Andaman arc region by Khan and

Chakrabgrty (2005) revealed a two phase opening history of the Andaman Sea, while

‘hr; first phase is related to the stretching and rifting in the southem part in 1 1 m.y, the

Second phase is related to the initiation of spreading in the Andaman sea during 4-5

m_y_ Kamesh Raju et al. (2006) on the other hand proposed three phase evolution of

[he Andaman Sea, which include a late Oligocene spreading center jump, rifting and

extension during middle Miocene to early Pliocene followed by seafloor spreading for

the last 4 m.y. By exhaustive compilation of the published information, geological and

seismic data, and re-interpretation of magnetic anomalies, Curray (2005) presented an

excellent account of the tectonic history of the Andaman sea region in the overall

realm of the geodynamics of the SE Asia. According to him, the late Paleocene

collision of greater India and Asia with approximately normal convergence started

Clockwise rotation and bending of the northem and western Sunda arc. The initial

Sliver fault, which probably started in the Eocene, extended through outer arc ridge

Offshore from Sumatra, through the present region of the Andaman Sea into the

Sagaing fault. With more oblique convergence due to rotation, the rate of strike-slip

m°ll0n increased and a series of extensional basins opened obliquely by the

°°"1bination of back arc extension and strike-slip motion . These basins in sequence

are ihfi Mergui baisn at ~ 32 m.y , conjoined Alcock and Sewell rises at 23 m.y, East

basin at ~l5m.y and separation of Alcock and Sewell seamounts and formation of the

Central Andaman basin at 4m.y and shifting of the fault onshore from the Mentawai
fa

"II I0 the Sumatra fault system.
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6.3. Data and analysis

For the purpose of present work, we compiled the hypocentral Iggation

parameters of all earthquakes (M345) in the Andaman arc region between O°-|6oN

and 90°-l0O°E longitudes from the ISC catalogue and PDE listings during the period

I900-2005. From the catalogue, we selectively eliminated those events whose

hypocentral parameters are poorly determined i.e., reported by few stations, and

events whose focal depths are not available. Events before I964 have been compi|¢d

from Rothe (I969) and Gutenberg and Richter (1954). For the period between I953

and 1965, magnitudes from Rothe (l969) listings have been recalculated by Newcomb

and McCann (1987). Similarly, precisely determined hypocentral parameters from the

ISC listing for the period I964-I995 by Engdahl et al (I998) have also been
considered here. We also considered all available CMT solutions in the Andaman arc

region for studying the stress distribution and faulting pattem in the Benioff zone as

well as the overriding plate. The derived Benioff zone structure has also been used to

calculate the gravity effect of three-dimensional geometry of the slab. The GEOSAT

gravity anomaly values (2’ x 2’ resolution grid) and the GEBCO bathymetry (l’x I‘

resolution grid) have been used to delineate the deep structure. A large amount of

seismic reflection, refraction and other published information on sediment thickness,

nature of basement and tectonics have been utilized to aid the interpretation of gravity

anomalies.

6.3.1. Seismicity and Benioff zone

The compiled events for the Andaman arc-Sea region have been plotted a5 3D

wire frame diagram as shown in Figure 6.2. Based on all available earthquake data “P

to I993, Dasgupta et al (2003) considered nearly 29 depth sections in several bl0¢k5’

each section, projected on to center plane of the block of l° width set perpendicular to
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Figure 6.2. 3D wire frame plot of earthquakes in the Andaman Arc-Sea region

ese- Andaman and northern Sumatra arc region.

d arc re ion. Using our updated dataQf these, ll depth sections belong to the An aman g

tructed all 10 sections in the region.

‘he local tectonic trend of the Burm

Se‘ “Om ISC catalogue up to 2001, we recons

the Benioff zone configuration drawn by themSlight adjustments have been done to

ioff zone defined along'" different sections to satisfy the additional data. The Ben

these 11 depth sections is shown in Figure 6.3. Those events for which focal
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mechanisms are available have been shown in the depth sections. The dip of the

Benioff zone varies between 40<>_55°_ Dasgupta et al. (2003) observed that the dipping

slab is not uniform and flexed by several transverse faults indicating contortiong in the

Benioff zone. For all sections, the upper surface of the Benioff zone is marked so as to

prepare a contour map representing top surface of the subducting Indian lithosphere.

Similar map showing the Benioff zone trend along the Andaman arc had been

prepared previously by Guzman-Speziale and Ni (1996) using Hypocentral Trend

Surface (HTS) analysis and Dasgupta et al.(2003) based -on close grid of sha||(,“.

Benioff zone hypocenters. The Benioff zone prepared in the present study compares
well with these above studies.

6.3.2. Focal mechanisms and stress distribution below Andaman arc-Sea
region

Based on earthquake focal mechanisms, many workers studied the

seismotectonic trends, faulting and stress distribution in the Benioff zone as well a.<

overriding plate below the Andaman arc (Mukhopadhyay, 1984; Rajendran and

Gupta, I989; Dasgupta, 1992; Biswas et al, 1992; Dasgupta and Mukhopadhyay.

I993; Ravikumar et al, I996; Radhakrishna and Sanu, 2002; Dasgupta et al, 2003;

among others). In the present study, we utilize nearly 173 focal mechanism solutions

by compiling all available events reported in previous studies (25) as well as ll"

Harvard CMT solutions (148) up to 2004. We used the mean slip angle method

(Ravikumar et al, I996) to categorize all I73 mechanisms. Based Ofl this

classification, 32 mechanisms show normal faulting, 104 mechanisms strike- Slip

faulting and 37 events thrust faulting. In order to understand their spatial disp0$lll°n

in the subduction environment, we plotted the mechanisms in the depth S6¢ll°"5

shown in Figure 6.3. For clarity, we avoided plotting events that show similar faulting

pattern and close by particularly in the back arc region. A preliminary analysis Oflheir. . . . . '6
locations indicates that most of the normal faulting events occur m the back arC, Whll
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Chapter 6 T
thrust faulting events mainly confine to the fore arc area. The strike-slip evems are

observed in both fore arc as well as back arc regions. The normal and strike-5|ip

events in the Andaman back arc basin define the complex ridge transform structure of

the Andaman spreading ridge. The shallow strike- slip events appear off the slab

correspond to the transform fault in the fore arc basin, the regionally extensive N_3

trending west Andaman fault with right lateral shear motion is one among such faults.

Out of 48 mechanisms considered in the Benioff zone, nodal planes of 26 evems

match with the geometry of the Benioff zone while others do not.

The NW-SE trending stress field obtained from average T-axis azimuths

(Biswas et al, 1992) indicates the direction of back arc extension which matches well

with the spreading direction obtained from magnetic anomalies by Curray et al (1979).

Based on cumulative seismic energy, Ravikumar et al (I996) observed that strike-slip

events contribute significant amount of energy in the whole of Burmese and Andaman

arcs indicating large scale right-lateral strike slip faulting in the region. Radhakrishna

and Sanu (2002) also noticed the absence of thrust events with large apparent stress

values in the Andaman arc region indicating that their contribution is not significant.

Many strike-slip events in the deeper part of the Benioff zone suggest the presence of

transverse faults due to changes in the dip of the Benioff zone (Dasgupta et al., 2003).

6.3.3. Gravity effect of three-dimensional subducting slab in the Andaman
arc region.

A general practice in the forward modeling of gravity is to rem0\/6
contributions from known sources/structures. lt is a well-established fact that the

gravity modeling and crustal structure investigations in the island arc-trench M635

must consider the geometry of the subducting lithosphere slab as it induces large-“ale

mass transfer in the region. They produce substantial long wavelength gT3"lty

anomalies at the surface as the descending slab is thermally colder (Minear alld
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Toksoz, I970), seismically denser (Utsu, I97I) and penetrates into the lighter

aSthenQ5ph€l'C. Grow (I973) made the first attempt to quantitatively model the gravity

anemalies incorporating the denser lithospheric slab along the Aleutian arc, and with

more ¢Qmplex density distribution for the descending lithosphere under Chilean

trench later by Grow and Bowin (I975). Along few reliable crustal seismic sections in

Japan region, Yoshi (I973) obtained residual gravity anomalies after removing the

gravity effect of crustal layers and explained these anomalies due to subducting
lithosphere. In the Andaman arc region, the effect of descending lithosphere has been

estimated previously, considering configuration of the Benioff zone by

Mukhopadhyay (I988) and Mukhopadhyay and Krishna (1991). However, these

above investigations consider the two-dimensional slab contribution, and more

realistic gravity modeling require three-dimensional configuration of the slab and its

gravity effect. A first attempt on these lines has been recently made by Furuse and

Ilono (2003), who computed the three-dimensional slab contribution and explained

the Slab Residual Gravity Anomaly (SRGA) in the Japanese islands region. Needless

to say, the SRGA map indicates gravity contributions due only to crustal structure

below the arc-trench regions.

In order to have a better understanding on crustal structure in the Andaman

"<1 and surrounding areas, we considered detailed three-dimensional configuration of

‘he Subducting slab from the Benioff zone geometry drawn along the II sections

5h0Wn in Figure 6.3. Generally, high-resolution slab configuration in the trench-arc

regions is possible through micro earthquake investigations or other seismological

Sludies. Such data are absent for Andaman arc region due to linear disposition of

Andaman and Nicobar islands along the arc and non-availability of azimuthally

mveled seismic stations data from the surrounding continents. Therefore, the

hyp9¢€ntraI distribution of earthquakes provide, as a first approximation, the threed‘ ­
'me"$l0nal configuration of the subducting lithosphere in the region. The isodepth
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contour map of top surface of the subducting slab (Figure 6.4) indicates that the depth

of the slab varies from 80-220 km with maximum penetration depth in the south

Andaman Sea. We used the method of Talwani and Ewing (I960) to calculate the

gravity anomaly of the three- dimensional Subducting slab. For this purpose, we

divided the slab into several horizontal cross-sections defined by the depth contou,-s_

The gravity effects of these horizontal laminae or cross-sections are calculated and

numerically integrated over depths from top to the deepest point. We considered the

5km x 5km gridded points covering the study area for calculating the total gravity

effect of the slab. The density contrast between the lithospheric slab and the

asthenosphere is considered as 0.065gm/cm3. A similar density contrast has been

adopted by Furuse and Kono (2003) based on seismic velocity distribution studied by

Yoshi (1973). The lithospheric plate thickness in the Andaman arc region is

considered as 80 Km fi'om the surface wave dispersion studies in the northeastern

Indian Ocean (Singh, 1990). Furuse and Kono (2003) demonstrated that computed

slab anomaly depends on the choice of various parameters such as the density

contrast, subducting plate thickness, slab thinning and phase transitions within the

slab, out of which, the density contrast and plate thickness have dominant effect. A

density contrast of 0.05 gm/cm3 was assumed by Grow (I973). ln order to evaluate

the effect of this parameter, we also calculated the slab contribution for a density

contrast of 0.05 gm/cm3. A comparison of the slab contribution from the two-densitY

contrasts show similar anomaly pattem but the amplitude of the gravity high diffefi

nearly by 20 mGal. Here, we finally chose a density contrast of 0.065gm/cm3 35 it

was constrained by seismic velocity distribution. However, it should be kept in milld

that adopting a higher value would give rise to an upper bound to the crustal thickness

that will be discussed in the next section. The effect of phase transitions in the Slab

may not be significant in the study region as the maximum penetration depth is 0"”

220 km below the arc. ln the absence of any knowledge on the detailed Sfiismic

structure of the descending slab, some trade off between the choices of these
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parameters definitely required and can be concluded that slab gravity anomaly is
important in delineating realistic crustal models in arc-trench regions. The slab gravity

\Oma|y map computed for the Andaman arc region (Figure 6.4) reveal a smooth,an

“mg wavelength and symmetric gravity high of maximum 85 mGal centered just east

ut'Nicobar islands region. The trends of the gravity high contours align along the

Nicobar deep in the east of Andaman- Nicobar islands. The slab contribution is ~ 20

mgal in the trench region and 5-l0mGal in the Malayan margin far east of the

Andaman arc.
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Figure 6-4- Depth contour map (thick dashed line in km) representing top
surface of the three-dimensional geometry of subducting lndian
lithosphere along the Andaman arc. Thin dashed contours (in mGal)
represent the gravity effect of the three-dimensional geometry of the
Benioff zone.
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6.3.4. Gravity anomaly maps

6.3.4.1. Free air anomaly map

The gravity field of the Andaman arc-sea region was earlier described by

Peter et al (I966), Mukhopadhyay (I988) and Mukhopadhyay and Krishna (]99|)_

based on the available ship track gravity data in the region. Though they were able to

highlight major structural features, large gaps in our understanding gravity picture 51;"

exist due to sparse and limited ship-track gravity data in the region. lt is now l(n_()wn

that satellite derived GEOSAT gravity anomalies (Sandwell and Smith, I997) are very

useful to study gravity field in such areas because of their fairly uniform coverage of

(2-minutes gridded data). These anomalies have a resolution down to 23 km

wavelength and accurate up to 5-l0 mGal even in rough bathymetric areas and

therefore very useful in regional tectonic studies (Marks, 1996; Radhakrishna and

Searle, 2006). Based on this data, the free air anomaly map of the Andaman arc sea is

presented in Figure 6.5a. The superpositions of broad tectonic elements onto this map

reveal a broad and distinct gravity low with values as low as —200mGal coincide with

the Andaman arc. Near 8.5°N, the low anomaly shifts towards east into the Nicobar

deep. Hugging this low, two strong N-S trending highs can be seen over the invisible

bank and the West Sewell ridge. Another gravity low with values around -40 to ~60

mGal occur along the Andaman trench. Sandwiched between these two gravity loW5»

the outer arc sediment accretionaiy prism comprising of Andaman, Nicobar and NW5

islands is characterized by a gravity high belt.

The ninety East Ridge is characterized by a positive gravity field Will‘

maximum gravity values of around +6OmGal. The strong gravity field can be seen UP

to lO°N, where the ridge is exposed on the surface and further north, the gravity field

becomes subdued as the ridge extends in the subsurface (Curray et al., I982). Neal

8°N, the trend of the gravity low associated with the trench is seen disrupted bl’ the
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positive gravity field of the ridge suggesting partial subduction of the ridge below
Andaman trench. East of the arc, in the Andaman basin, the gravity values ranging —

20 to 2()mGal coincide with the Andaman spreading ridge, whereas. both Alcock and

wgll seamounts complex display strong gravity highs of around 60 mGal. ln theSe

cast basin, the Mergui ridge give rise to a strong gravity high of 50mGal. The shelf

edge positive gravity field can be seen all along the Malayan shelf.

(,,3.4.2. Slab Residual Gravity Anomaly (SRGA) map

The computed slab anomaly shown in Figure 4 has been subtracted from the

free air anomaly map presented in Figure 5a in order to obtain the SRGA map. For

this purpose both the data sets were converted into a 5km x 5km grid. The resultant

SRGA map is shown in Figure 6.5b. As the slab contribution is mainly from below 80

km depth in the asthenosphere, the SRGA map should be attributed mainly to mass

anomalies within the lithosphere i.e., the crust and the lithospheric mantle.

The SRGA map essentially shows similar anomaly pattem as the free air

anomaly map but the range of the anomalies change. In some cases, amplitude of the

anomalies diminished such as Mergui ridge and the Sewell seamount whereas, the

amplitudes of the arc anomaly enhances. As the slab anomaly computed here effects

°"l)’ the immediate surroundings of the arc, the regions seaward of the trench along

‘hi? Ninety East Ridge and the gravity field of the Malayan shelf are not significantly

allflited. This map has been considered for modeling crustal and sub crustal mass

a"0malies along a number of profiles, which will be discussed in the next section.

6.
3'4-3% Mantle Bouguer Anomaly MBA) map

The free air anomaly map is dominated in general by the gravity attraction ofthe . _
dffnsity contrast at the seafloor. The subsurface density structure can be
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investigated by applying mantle Bouguer correction following the method of Prince

and Forsyth (I988). The predicted gravity signal of the seafloor-water interface and

crust-mantle interface assuming a constant thickness crustal layer of 6 km is obtained

using the Fourier transform method of Parker (I972). This gravity effect when

subtracted from the free-air gravity will give rise to Mantle Bouguer anomalies

(MBA), a useful tool to decipher crustal thickness variations. The bathymetry data

required for this purpose is considered from ~l-2 km interval digitized GEBQQ

database which is a compilation of accumulated ship track data from many SOUI‘Ces_

Recently, Subrahmanyam et al. (2005) made a comparison of GEBCO bathymetry

with the ship track bathymetry and found good correspondence between them,

Similarly, Marks (I996) observed that satellite derived GEOSAT gravity database

compare well with shipboard measurements and resolve all wavelengths down to 23

km. The excellent correlation of fi'ee air anomaly map with various morpho tectonic

features in the Andaman arc region further supports our intention to compute mantle

Bouguer anomalies. However, we refrain ourselves from subjecting this map for any

quantitative interpretation.

The gravity and bathymetry data sets were interpolated onto 4 km grid

interval and very shallow shelf as well as land positions has been eliminated in the

computation. The density values for water layer (l.03gm/cc), crust (2.73gm/cc) and

mantle (3.33grn/cc) have been considered. Though seismic reflection records in the

region compiled by Curray (2005) gives sufficient knowledge of the basement 5"

many areas, it is not possible derive the sediment —basement information down I0 4

km-interpolated grid, hence this layer was not considered in the computation. The

MBA was then computed by removing the net mantle Bouguer correction from the

free-air anomaly at the respective grid points. The deeper slab effect waS also

subtracted at these grid points, so that, the slab residual mantle Bouguer anomalies
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essentially reflect the crustal thickness variations or density heterogeneities. The MBA
map ofthe region is shown in Figure 6.5c.

The MBA map shows a high anomaly coinciding with the ninetyeast Ridge, a

broad and continuous gravity low zone between the trench and the arc, a gravity high

over the Andaman spreading ridge flanked by minor negative anomalies over the

Alcock and Sewell rises, and large negative anomalies in the eastem part of study

region over the Malayan shelf. While, low MBA areas reflect the crustal thickening or

presence of low-density crustal material, the positive MBA values indicate crustal

thinning or densification of the crust. lt should also be noted that more rigorous

interpretation of the MBA is possible after removing the gravity effect of thermal flow

models in any region (Kuo and Forsyth, 1988). However, in the present study, we

utilize the observed MBA map to help further the seismically derived gravity

modeling in the region.

6.4. Gravity Models

ln order to delineate the crustal and lithospheric mantle configuration along

and across the arc, eight regional gravity traverses, AA‘ through HH’ (See Figures 6.l

and 6.3 for location) starting from Ninety East ridge in the west and ending at the

Malayan shelf towards east have been considered. Figures 6.6 - 6.13 illustrates thfi

changes in slab residual free-air and mantle Bouguer anomalies along these profiles­

The SRGA values along with the bathymetry constrained by tectonic and sedimfifll

thickness details along these profiles were in terms of 2D-lithosphere structure in the

region. A comparison of the SRGA and MBA along these profiles indicate that the

double peaked SRGA associated with the Andaman trench-arc system shows up 35 3

broad (250-300 km wide) MBA low.
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6_4.1 Sediment thickness and nature of basement

For the delineation of deeper structure, it is important to consider the sediment

lh;¢|<ness data in the region. While deriving this information, we focused mainly to

obtain maximum number of control points on sediment thickness as well as nature of

basement (oceanic / volcanics) along the profiles AA‘ to HH’. In the region west of

Andaman islands consisting of the Andaman trench and the adjoining Bengal Fan, the

gediment thickness and velocity structure was mainly from Curray et al.(l982) and in

the deepest part of the trench, the values have been projected from the NGDC

sediment thickness grid. ln the Andaman Sea, excellent review as well as data on

sediment thickness and basement information is available from Curray (2005). A

compilation of all these information gave reasonable picture on basement structure

along these profiles.

6.4.2. Interpreted Gravity Models

The 2D-forward gravity modeling has been carried out to delineate the

lithospheric structure below the Andaman arc-sea region. Wherever seismic control is

Vfiry high along these profiles, model parameters in that region are held fixed to infer

Slructure in the surrounding areas. The modeling is carried out using the USGS SAKI

pmgram. Mukhopadhyay and Krishna (I991) obtained densities from seismic

Velocities for the whole NE Indian Ocean. Their values suggest densities of 2.4 gm/cc

and 2.6 gm/cc for upper and lower parts of the sediments where sediment thickness

exceed by 5.0 km. We adopted here the similar density structure for modeling. The

densities for other rock types in the region are: volcanics (2.6 gm/cc), oceanic crust

Q9 gm/cc), and continental / transitional crust below Malayan shelf (2.85 gm/cc).

Mukhopadhyay and Krishna (I991) also inferred a 60 km wide low density column

bel°W the volcanic arc / spreading ridge. We adopted a density of 3.29 gm/cc for this

I63



Chapter 6 B
column below spreading ridge. with lithosphere and asthenosphere having densities of
3.3 gm/cc and 3.235 gm/cc.

Some salient observations on structure and gravity anomalies for each Ofthe

eight profiles is described below:

6.4.2.1. Profile AA ’

This profile starts from Bay of Bengal in the west up to the Mergui terrace in

the east passing over the buried Ninety East Ridge (NER), Andaman trench,

Andaman-Nicobar Ridge (ANR), Barren - Narcondam basin, part of Alcock Rise,

Andaman spreading center (ASC). The SRGA values show a low of around -200

mGal over the Andaman arc and the Benioff zone. It can be seen from the profiles that

the MBA closely follows the shape of the oceanic crust with broad low of around -290

mGal over the Benioff zone. Futher east, over the Mergui terrace, which is the

continental crust, the MBA values are largely negative of the order of -I 55 mGa|. The

NER is buried under the sediments north of l0° N. The sediment thickness on the

westem part of the profile is around 3-3.5 km, but on the top of the buried 90°E ridge

it is around l.5 km and below the trench, the sediment thickness again increases. ln

the Barren Narcondam Basin, in ASC and over the Mergui terrace, the sediment
thickness is around 3-4 km.

The Mergui terrace is considered to be of transitional / rifted continental crusl

(Curray et al., 1982; Mukhopadhyay and Krishna, 1991) having a thickness of l3 km­

Below ANR, the crust is maximum thickness of around 30-40 km. The NER, which 55

believed to be the Kerguelen hotspot trace, has a volcanic emplacement (underplatcdl

below it. The crust below NER is thicker (9-l0 km) than the adjacent regions (5 km)‘

The thickness of the crust goes 9- I 0 km in that region, where the adjacent crust hfl5 3
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Figure 6.6- Gravity derived crustal models along the profiles AA’ in the
Andaman arc region. The post-tsunami earthquakes are projected on
to the crustal section to understand the relation of crustal structure
and seismogenic behaviour. Open circles are events without any
mechanisms, filled circles have focal mechanisms and stars are >5.5
magnitude events with type of faulting shown Thrust (T), Normal
(N ),Strike-slip (S)

Ihkkness of around 5 km. To its east, below the Andaman trench, nearly 9 — l0 km of

thmk Sediments have been observed. ln the ASC, which is a back arc spreading ridge.
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the crust is thinning to about I2 km and in its west, the Alcock rise is volcanic in

nature which lies in the volcanic arc. The subduction zone is extending up to around
I40 km along this profile (Figure 6.6).

6.4.2.2. Profile BB’

This profile passes over the buried 90 E ridge, trench, ANR, West Andaman

Fault, Barren - Narcondam basin, Alcock Rise , ASC and Mergui terrace to the east

The SRGA along the profile shows a low of around -200mga| over the Andaman arc

and the Benioff zone. The MBA anomaly follows the shape of the oceanic crust and

shows a low a value of around -295 mgal over the Benioff zone. To the east, over the

Mergui terrace, the MBA values are largely negative of the order of -I 55 mgal. The

Sediment thickness to the west of the 90E ridge is around l.5-2 km, but on the top of

the buried 90 E ridge they are around I km, and further east, the sediment thickness

again increases below the Andaman trench. Over the Alcock seamount sediment

thickness is very less. In ASC and the Mergui terrace region, the sediment thickness

of around 2-3 km. The thickness of the crust is around 7 km in NER. Below ANR, the

crust has maximum thickness around 30-40 km. The Benioff zone structure under the

ANR extends up to 175 km. The post-tsunami seismic activity is seen to be m0r¢

confined to the subducting lndian plate with strike slip and thrust faulting events in

the deep Benioff zone. Seismic activity is seen along the WAF region which sugg6$1

that the afier shock events propagated through the WAF. To the east of WAF, the

Alcock rise is volcanic in nature and lies within the volcanic arc of the subduction

zone. ln the ASC, the crust is thinning to about 6-7 km while the crust surrounding

has thickness of 13-l6 km. ln ASC, seismic events are more of normal and strike S|iP

mechanisms. Under the Mergui terrace, the continental crust is having a thickn¢55 of

around l8-I9 km (Figure 6.7).
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mGal over the ANR. The MBA anomaly follows the shape of the oceanic crust and

show a low a value of around -315 mGal over the Benioff zone. To the east, over the

Mergui terrace the MBA values are largely negative of the order of -l 55 mGal. Thf?

Sediment thickness to the west of the trench region shows 2-3 km. Over the Al¢°¢k

seamount sediment thickness is very less to the order of l-l.5km. ln ASC, the
sediment thickness is around 3.5- 4 km. The thickness of the crust is around 7 km i"
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NER_ Below ANR, the crust is maximum and around 40-47 km. The subducting plate

penetrates to a depth of around 190 km. The post-tsunami seismic activity is confining

amng the Indian plate with most of the events showing predominantly thrust faulting.

Few events occurring at a depth of around 40 km are seen to be related to afier shock

a¢tivity along the WAF. To the east of WAF, the Alcock rise is volcanic in nature. A

thinned crust characterizes the ASC and shows many post-tsunami normal and strike­

slip events. Under the Mergui terrace, the continental crust is having a thickness of

around 20 km (Figure 6.8).

6.4.2.4. Profile DD’

This is an E-W Profile passing the 90 E ridge, trench, ANR, West Andaman

Fault, ASC and Mergui terrace to the east. The SRGA values show a low of around ­

240 mGal over the ANR. The MBA anomaly show a broad low of around -315 mGal

over the Benioff zone. To the east, over the Mergui terrace the MBA values are

largely negative having the value of -155 mGal. The sediment thickness to the west of

the trench is around l.5 km. Nearly 2-2.5 km thick sediments are observed below

ASC. The thickness of the crust is around 6-7 km in NER. Below ANR, the crust has

a thickness of around 45 km. The WBZ is seen extending to a depth of 220 km. The

post-tsunami earthquakes occur mainly in to the upper part of the Benioff zone as well

38 plate interior up to the location of trench. Most of the events are either thrust or

$lI'ike-slip faulting. Good number of events occurs at a depth of around 30 km in the

downward projection of WAF. In ASC, seismic activity is seen with most of the

events showing normal mechanisms. Under the Mergui terrace, the continental crust is

having a thickness of around 19- 20 km (Figure 6.9).
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6.4.2.5. Profile EE’

This profile passes over the 90 E ridge, trench, ANR, West Andaman Fault»

Sewell Seamount, East Basin and Mergui terrace to the east. The gravity anomalies

show a SRGA low of around -218 mGal over the ANR and a wider MBA low Of ‘Z87

mGal over the Benioff zone. To the east, over the Mergui terrace the MBA values are
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largely negative of the order of -I55 to -l60mGal. Very thin sediments are observed

Over the NER. The thickness of the crust is around 7 km below NER. Below ANR, the

mm iS of 33-37 km thick. The post-tsunami events are characterized by

predominantly strike slip events. The seismicity in the overriding plate shows that

apart from WAF, the fault located below ANR also might be responsible for the

l7l



Chapter 6

seismic activity. To the east of WAF, the Sewell rise is volcanic in nature and the

crustal thickness below it exceeds l5 km. Under the Mergui terrace, the COntinema|
crust is having a thickness of around I6 km (Figure 6.10).

6.4.2.6. Profile FF’

This profile passes over the 90 E ridge, trench, ANR, West Andaman Fault,

Sewell Seamount, East Basin, Mergui ridge and Mergui Basin to the east. The SRGA
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Figure 6.ll. Gravity derived crustal models along the profiles FF’ in I116
Andaman arc region. Open circles are events without any
mechanisms, filled circles have focal mechanisms and stars affi
>5.5 magnitude events with type of faulting shown Thrust (T).
Normal (N),Strike-slip (S)

I72



Gravity anomalies, S eismicity, . . ..Z-7
Shows a low of around -l65mGal over the ANR. The MBA anomaly show a low of

around -250 mGal over the Benioff zone. To the east, over the Mergui terrace the

MBA values are largely negative of the order of -155 to -I65 mGal. Over the NER,

the sediments are practically absent. ln the Mergui basin around 3 km thick sediments

are present. The thickness of the crust is 7 km in NER. Below AN R, the crust is of 40

km thick. The WBZ extends to a depth of 210 km. Most of the afier shocks of mega

thrust earthquake are confined to the upper part of the subducting plate and the WAF.

To the east of WAF, the Sewell rise is volcanic in nature and the crustal thickness

exceeds ll km below it. Under the Mergui terrace and Mergui Basin, the extended

continental crust has a thickness of around 13 km (Figure 6.l l).

6.4.2.7. Profile GG’

This profile passes over the 90 E ridge, trench, ANR, West Andaman Fault,

East Basin, Mergui ridge and Mergui Basin to the east. The SRGA shows a low of

around -I75 mGal over the ANR. The MBA anomaly shows a low of around -305

mGal over the Benioff Zone. To the east, over the Mergui terrace the MBA values are

largely negative of the order of -155 to -165 mGal. The thickness of the crust is

around l0 km in NER. Below ANR, the crust has maximum thickness of around 40

km. The Benioff zone extends up to a depth of 240 km. The post-tsunami events in the

'e8i0n are characterized by thrust and strike-slip in the WBZ as well as in the plate

lfllcrior. Strong seismicity is seen along the WAF region and suggest that the after

shofik events propagated through the WAF. The crustal thickness under the East basin
IS

h

3F0und l0 km. Under the Mergui terrace and Mergui Basin, the continental crust

as 8 thickness of around l6 km (Figure 6.12).
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6.4.2.8. Profile HH ’

This profile passes over the 90 E ridge, trench, ANR, West Andaman Fault»

North Sumatra Ridge, SFS, East Basin, Mergui ridge and Mergui Basin to the €fl5t­

The SRGA shows a low of around -175 mGal over the ANR. The MBA anomfl|Y

show a low of around -270 mGal over the Benioff zone. To the east, over the Mfifgui
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terrace, the MBA values are largely negative of the order of -155 to -l65 mGal. The

thi¢kness of the crust is around l6 km in NER. Below ANR, the crust has maximum

‘hl¢kness of around 43 km. The WBZ below ANR extends up to 310 km. Many strike

slip and thrust faulting events are seen within the WBZ and plate interior. The
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Sumatran fault alos shows considerable seismic activity with right —lateral strike-S|ip
motion (Figure 6. I 3).

6.5. Discussion

From the gravity models it is very clear that a wider MBA low of -270 to -315

mGal below the Benioff zone. The SRGA are also low in the range of -150 to -240

mGal. Over the Mergui terrace the MBA values are largely negative of the order of­

I55 to -I65 mGal suggesting that the crust is thicker than 6 km. Grevemeyer and

Tiwari (2006) made the observation that Bouguer gravity anomalies correlate well

with the occurrence of large mega thrust earthquakes in the Sunda subduction zone;

negative anomalies mark segments characterized by larger earthquakes, while positive

anomalies indicate lower seismic potential.

The NER is believed to be the Kerguelen hotspot trace and has a volcanic

emplacement below it. The depth to the Moho of the NER crust is more than the

adjacent oceanic crust. The study reveal that the east of the Ninety East Ridge

sediment thickness increases towards the Andaman — Sunda trench slope, where the

sediments are accreted and are much deformed, with thickness of the order of 9- I0

km as also observed by Curray et al. (1982) from seismic reflection and mulli

channel seismic data. The seismic refraction studies by Moore and Curray (1980) and

Kieckefer et al. (1980) in the Sunda fore arc region indicate a thick crust of 40 km in

the fore arc region which thins towards Sumatra main land to 25 km. From the models

(AA’ to HH’), it can be seen that the crust exceeds thickness of 40 km at few placcS

under the ANR. Crustal thinning is observed below the back arc spreading ridg6- This

back arc spreading ridge bisects the Andaman volcanic arc in the Central Andaman

Sea between Barren and Sewell seamounts and is characterized by normal and strike’

slip events. The Sewell and Alcock seamounts are volcanic in origin as it is lying ‘n
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the volcanic arc of the subduction zone. The Indian plate is subducting under the

Burma micro plate and the ASC separates the Burma plate from the SE Asian plate.

Thg lithospheric models presented here bring out the geometry and structure of the

Burma microplate. An extended and thinned continental crust of l5 — 20 km is seen to

be present below the Mergui terrace.

From north to south, the depth extent of the WBZ increases from 140 km

(AA‘) to 310 km ( HH’). Large incidence of post-tsunami seismic activity along the

are can be seen rupturing the whole plate in plan view, but, in reality, most of the

events confine to either the shallow and deeper WBZ or ridge-transform structures in

the Andaman Sea and along the West Andaman Fault. Strong seismicity observed

along the WAF region suggest that the after shock events propagated through the

weak plane along the WAF.

It is known that the tectonic and structural elements play a crucial role in

goveming the nucleation, growth and arrest of rupture propagation (Singh et al.,

2005). Kamesh Raj u et al. (2007) suggested that the structure of the WAF controlled

the geometry of rupture and distribution of aftershocks after the recent mega thrust

earthquake of 26 December 2004. Sieh and Natawadjaja (2000) pointed out that

lithospheric boundaries in the upper plate play a key role in the size and nature of

mega thrust earthquakes. The aftershock pattern in the Andaman region indicates the

influence of lithospheric plate boundaries which was confirmed through the gravity

"10dels presented here and also by Kamesh Raju et al. (2007). However, more detailed

marine geophysical studies and GPS measurements are necessary to understand the

Stfllcture and tectonics of this highly complex segment of the convergent plate

bmlfldary.
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CHAPTER 7

SUMMARY AND CONCLUSIONS,
The Burmese- Indonesian arc system extends from the Eastern Himalayan

5yfll3XlS southward through Burma, Andaman-Nicobar, Sumatra and eastward through

java to at least Sumba. The eastem edge of the lndo-Australian plate is being

subducted beneath the Burmese plate along the Sunda subduction zone. This region is

a classical example of a subduction system, composed of the down going Indo­

Australian slab along the Andaman-Sumatra-Java trench, an accretionary wedge, the

outer arc ridge, the Bengkulu - Mentawai fore arc basin off Sumatra and Java fore arc

basin in front of the volcanic arc. The Andaman — Burmese arc system serves as an

important transitional link between the Himalayan collision zone to the north and the

Sumatra — Java trench system in the south. The Andaman Sea is an extensional basin

marking the edge between the China and Burma plates. The zone of active

convergent margin along the Andaman — Sumatra-Java arc in the eastem lndian

Ocean is geodynamically quite complex and interesting in view of wide variation in

Subduction geometry, morphology and stress field in both along and across the arc and

the presence of active back arc spreading in the Andaman Sea.

Major tectonic features in the eastem lndian Ocean were inherited from the

break-up of the eastern Gondwanaland and subsequent spreading of the lndian Ocean

ll0or. Some of these features which are important in the evolutionary history of the

region are: (l) the large sediment filled basin called the Bengal fan in the Bay of
B

I

engal, 2) the ninety east ridge, a 4500 km long aseismic ridge trending N — S along

he 90° E meridian (3) The fold mountain belt of Andaman and lndo-Burman ranges
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formed by eastward subduction and motion along the Shan-Sagaing transform and the

Neogene back arc spreading in the Andaman Sea (4) the Sumatran fault Zone ($112), a

northwest trending active strike-slip fault that cuts the entire length of Sumatra and

Indonesia (5) Java onshore region termed as Java Fault Zone (J FZ) (6) Sumatran fore

arc sliver plate consisting of Mentawai fault zone (MFZ) (7) The offshore Java fore

arc region, which is characterized by typical fore arc basins and (8) The Sunda strait,

which is considered as a transition zone between the nomtal subduction in front of

Java to the east and oblique subduction to the west. Most of these features came into

existence during the northward flight of India since the late Cretaceous.

The evolutionary history of the Indian Ocean can be described in different

phases. The first phase of spreading started in northwest-southeast direction and

resulted in lndia’s movement away from Antarctica-Australia during early

Cretaceous. This resulted in the formation of the Mesozoic basins along the westem

Australian margin, and the eastem lndian margin as evidenced by the Mesozoic

anomaly sequences Mll through M0. During middle Cretaceous, the Indian plate

rotated from its early NW-SE to N-S direction and moved at a slow spreading rate.

During this period, the Cretaceous quiet/smooth zone (118-84 m.y) crust evolved in

the distal Bengal Fan. Northward movement of Indian plate away from Antarctica

took place during middle Cretaceous to middle Eocene. The first major reorganizativfl

of the plates took place during middle Cretaceous time, evidenced by the change in

lndia’s motion from northwest —southeast to north—south. The second phase Of

spreading started in the N-S direction and continued up to formation of anomaly 19

(about 24 m.y) in the Central Indian Ocean. During this period, lndia drifted in the N­

S direction from Antarctica with a rapid speed of ll to 7 cm/yr. The magnetic

lineations 34 through l9 have evolved in the east-west direction with large lateral

offsets, giving rise to the major fracture zones. During this phase of drifting, major

parts of the Central lndian and Crozet basins have evolved. The initiation of seafl0°l
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Spreading between Australia and Antarctica and the opening of Wharton basin also

wok place during this period. The second major plate reorganization occurred in the

middle Eocene time when lndian and Australian plates merged and formed as a Single

mdo-Australian plate (magnetic anomaly 20 to I8). The third phase of spreading

initiated in northeast-southwest direction in the middle Eocene and appears to

continue since then. The Australian and Antarctica basins were formed along the SE

Indian ridge (SEIR) in the third phase.

The 2004 and 2005 witnessed two mega earthquakes that have ruptured the

boundary between the lndo-Australian plate, which moves generally northward at

40-50mm/yr, and the southeastem portion of Eurasian plate, which is segmented into

the Burma and Sunda sub plates. East of Himalayas, the plate boundary trends

southward through Myanmar, continuing offshore as a subduction zone along the

Andaman-Nicobar islands and further south to Sumatra, where it tums eastward

along the Java trench. This zone of convergence is characterized by the occurrence of

numerous earthquakes, both shallow and deep. The area is a classical example of a

subduction system, composed of the down going indo-Australian slab along the

Sumatra-Java trench, an accretionary wedge, the outer arc ridge forming the

backstop, the Bengkulu- Mentawai fore arc basin off Sumatra and Java fore arc basin

in front of the Volcanic arc. The Andaman — Sumatra- Java arc system has evolved

through mainly subduction related processes responding kinematically to the plate

reorganizations and other tectonic adjustments taking place during the evolution of

the Indian Ocean as well as the Philippine Sea region.

The geometry of the subduction plate varies as it comes from Andaman to

Java as the sediment thickness of the subducted plate decreases. Off Java, it is

°0vered by only few hundred meters of sediments, whereas, off Sumatra it exceeds

‘km and at the head of the Bay of Bengal the sediments are thicker by an average of
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l0 km. West of the Andaman arc, the Ninety East ridge continues subsurface below

the Bay of Bengal sediments up to l7O N. Geophysical studies indicate that the ridge

could be a hot spot trace. Refraction data suggests that off southern Sumatra, in the

arc region, the basement is continental whereas, off westem Java it Changes to

oceanic. The outer high, which represents the fossil part of the accretionary wedge, is

of Eocene-Oligocene age. The Andaman — Nicobar ridge is believed to have formed

in Oligocene — Miocene times due to east — west compression of sediments derived

from the Malayan shelf. The age and thickness of the subducted oceanic crust and the

convergence rate increase from Andaman towards Java along the arc. The increasing

dip and depth of penetration of the Benioff zone reflects this change as well as

changes in slab geometry. Oblique, but predominantly thrust motion occurs in the

Andaman trench with a convergence rate of about l.4cm/yr. The Andaman back arc

spreading ridge-transform system accommodates the remaining plate motion, joining

with the Sumatra fault to the south. The subducting oceanic crust off Sumatra is 46­

60 my old and has a present convergence rate of 6.8lcm/yr, while the crust off Java

with an age ranging from 70 to l00 m.y converges at a rate of 7.23 cm/yr. The slab

configuration is ambiguous in the northem Sumatra, where as, in the south the

observed dip is 40-500. West of Sunda strait, seismic activity does not extend below

300 km. But by Java, seismic activity extends from the surface to a depth of 650 km

with a gap in seismicity between 300 and 500 km. As a result of highly oblique

motion between the lndo-Australian plate and the Eurasian plate, a plate sliv6T­

referred to as the Burma micro plate, has sheared off parallel to the subduction Zone

from Myanmar to Sumatra.

Though many of these previous geophysical investigations have brought 0"‘

significant variations on the tectonics operative in different segments of the flf¢» 3

unified picture through detailed Seismotectonic regionalization to understand the

upper plate deformation, geometry of the subducting lithosphere is required. The
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recent mega thrust earthquake of 26 December 2004 has devastated the region and

Strongly ruptured plate boundary over a length of 1300 km along the Andaman­

Sumatra arc. This resulted in a need for reassessment of the long-term deformation

pattern as well as understanding the crustal mass anomalies in this segment of the arc.

ln the present study, detailed analysis of earthquake hypocentral parameters

and source mechanisms of large number of seismic events have been carried out in

order to understand the configuration of the Benioff zone and the deformation pattern

varying with depth in various segments of the arc; Seismotectonic regionalization of

the upper plate seismicity and the variations in deformation pattem both along and

across the arc; crustal structure and density heterogeneities and its relation with

seismogenic behaviour along the arc.

The occurrence of deep and intennediate depth earthquakes along a trench ­

arc system marking slab like geometry of the descending oceanic lithosphere

essentially result from compressional / extensional stresses aligned parallel to the slab.

This inclined seismic zone associated with all trench-arc systems world over is called

as the Wadati-Benioff Zone (WBZ) and knowledge on state of stress in these zones is

important in understanding the geodynamic processes along convergent margins in

general, and ongoing tectonic deformation within the upper plate, in particular. The

latter aspect is more significant due to the fact that the negative buoyancy of the dense

rocks of the descending lithosphere results n a downward body force which gets

"flflsmitted to the surface plate. Earthquake focal mechanism solutions give valuable

l"f0rmation on the state of stress and their spatial variations, in tum, help to identify

°°"l0rtions and disruptions in the descending lithosphere. The focal mechanisms in

the WBZ in general show the following pattem: i) either P- or T- axes are parallel to

the dip of the WBZ ii) slab-dip-parallel compression in the deepest parts of the WBZ

Hi) $|Hb—dip-parallel compression or extension in the intermediate parts of the WBZ.
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However, deviations from this general pattern have been observed in the WBZ of
various arc systems.

As already stated the Sunda arc region is seismically active and characterized

by the occurrence of shallow as well as deeper earthquakes. A compilation of both

historical and recent events has been made from the NOAA epicentral listing during

1900-2005. As the events related to the upper plate mostly confine to depths < 7() km,

they have been divided into shallow ( 5 70 km) or deeper WBZ events (> 70 km) for

the purpose of distinguishing between upper plate and subducted plate events. To

study the spatial variations in deformation process in the overriding and subducting

plates as a function of depth, the hypocenters and focal mechanisms have to be

projected normal to the trench to have a side perspective. All the events of magnitude

> 4.5 and located by at least l0 stations have been considered and the events have

been projected on cross sections curving along the arc. The focal mechanism solutions

have been shown on the sections by orienting parallel to the azimuth of the cross

section. The region was divided into a number of rectangular shaped blocks based on

the density and spread of seismic events. As far as possible, the blocks have been

considered of uniform width. The 27 seismologic depth sections have been prepared

(Al — All in Andaman arc; Sl — S8 in Sumatra arc; SSl- in Sunda Strait; Jl — J7 in

Java arc) by projecting all events as well as mechanisms pertaining to the block on t0

a line in the center of each block. The depth sections thus prepared are utilized I0

investigate, the average dip of the Benioff zone in the different parts of the arc; the

penetration depth of the subducting lithosphere; and, the subduction zone geomeI0’­

It can be seen from the sections that the WBZ is characterized by variable

seismic incidence and depth of penetration in different segments of the arc. Depth of

penetration in general increases from Andaman arc in the north to Java arc towards

southeast. ln the Andaman arc and part of Sumatran arc in the north (between A1 '
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S3)_ the depth of WBZ varies from I50 km in the north to 250 km in the south. ln

Southem Sumatra (S4 — S8), the depth extent of WBZ varies between 250 — 350 km.

Degp seismicity has not been observed anywhere below Andaman as well as

Sumatran arcs. Deep earthquakes start to appear beyond 105° between Sunda Strait

and Java arc region where earthquakes in the WBZ occur at a depth of 600 to 650 km.

However, a gap in seismic activity at intermediate depths is noticed in the Java arc

region. The depth range over which this gap extends is seen to vary for different

sections of the arc, but, generally in the range of 300-550 km. An analysis of all 27

depth sections suggests that the seismic activity appears continuous up to a depth of

300 km within the upper part of the subduction zone. However, a closer look of

seismic activity within the top 300 km revealed the presence of an aseismic gap in the

WBZ along the Sumatran subduction zone at variable depths of 90 — 220 km having

variable thicknesses and such aseismic gap has been previously observed for a section

along the Andaman subduction zone at a depth range of 90 — ll0 km. Probing of such

aseismic gaps in the WBZ of major subduction zones world over confirmed their

spatial correlation with volcanic activity and occur below or in the near vicinity of

active volcanoes. The presence of such aseismic gaps has been interpreted due to the

presence of partial melt domain in the WBZ where the conditions for generating

strong earthquakes are not fulfilled or in a way indicate loss of brittle character of the

slab at the respective depth.

The dip of the WBZ varies considerably, but not systematically, all along the

Sunda arc. In general smaller dip of the Benioff zone is usually accompanied with

Sha"0W penetration depth, but there are some exceptions also. In the northem

Andaman (Al — A3), the Benioff zone dip varies between 430 to 530, while, in south

A"dflman- north Sumatra (blocks A4- Al I), the dip is in the range 38°-50°. Along the

Sumatran arc, the dip of the Benioff zone ranges between 40° to 50°. ln the Java arc

regl0fi, the dip ofthe Benioff zone is around 50° in the upper part.
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The geometry of the WBZ and the variations in defomiation pattem both

along and across the Andaman-Sumatra-Java arc reveal the characteristics of active

subduction in the region. The deformation field suggests that a pure no,-ma]

subduction dominated by thrust faulting in the Java region, becomes progressively

oblique towards Sumatra and the Andaman arc, characterized by thrust faulting and

right-lateral shear motions in Sumatra region, and dominantly strike-slip and n()|‘|'na|

faulting in the Andaman region.

Based on the previous studies and seismicity pattem, several broad distinct

seismogenic belts/sources have been identified to estimate the active Crustal

deformation for each of these sources based on method of summation of moment

tensors. These are l) the outer arc region consisting of Andaman-Nicobar islands 2)

the back arc Andaman Sea 3) The Sumatran fault zone (SFZ) 4) Java onshore region

termed as Java Fault Zone (JFZ) 5) Sumatran fore arc sliver plate consisting of

Mentawai fault (MFZ) 6) The offshore Java fore arc region 7) The Sunda Strait

region. For belts 3 and 4, the boundaries have been considered from previous studies.

The offshore belts 5 and 6 have been extended up to the deformation front below the

Sumatra-Java trench. For each of these four belts, we need to identify seismogenic

sources. As the seismicity is variable, it is difficult to demarcate individual

seismogenic sources. Hence, we employed a moving window method having 8

window length of 3 - 4° and with 50% overlapping starting from one end to the other­

The advantage in this method is that we obtain a continuous variation in defom1aIi0"

pattem along the length of active seismic belts and also selecting a different wind0W

length does not alter the deformation pattem significantly. We succeeded in defining 4

sources each in the Andaman fore arc and Back arc region, 9 such sources (moving

windows) in the Sumatran Fault zone (SFZ), 9 sources in the offshore SFZ region and

7 sources in the offshore Java region. Because of the low seismicity along JFZ, it is
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Separated into three seismogenic sources namely West Java, Central Java and East

Jam The Sunda strait is considered as a single seismogenic source.

The results of the deformation studies in the Andaman — Sumatra — Java arc

region are consistent with the overall tectonics of the region. The deformation pattem

indicates the dominance of compressive stresses in the fore arc region with the

direction of maximum compression in almost NNE — SSW. While, it is almost normal

to the trench in the Sumatran fore arc near Nias island region, the compression takes

more oblique trend with respect to the trench towards north near Andaman Islands.

The deformation studies shows a compression of 0.2 — 0.5 mm/ yr along a mean

direction of N55° and extension of 0.4 - 0.7 mm/yr along a mean direction of N320°

along and across the Andaman spreading ridge.

Due to oblique subduction and extension in the north, Sumatra, and the

Sumatran fore arc, is divided into a series of NW—SE striking slices that move towards

the northwest, separated by right-lateral faults. Most displacement on these faults

occurs in northwest Sumatra and dissipates towards the southeast. Geodetic

observations from GPS data reveal an interesting change in Sumatran fore arc motion

centered on Batu Island. Southeast of Batu lsland, the Sumatra fore arc moves

northeast, roughly parallel with the motion of the lndian plate, while northwest of

Batu lsland the Sumatran fore arc moves to the northwest. This change in fore arc

motion has been attributed to decoupling between the northem fore arc and mantle

Wedge due to increased pore pressures in the fore arc thrust fault due to subduction of

lhifik Nicobar fan sediments. The Wharton Ridge subducts beneath Nias lsland where

Seismic deformation is highest and the IFZ subducts directly beneath Batu lsland

Where the Sumatran fore arc begins to move in a northwest direction. Thus,

subduction of the Wharton Ridge and IFZ is another mechanism causing the high

Se'$mic deformation rates, change in fore arc motion, and concentration of strike-slip
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motion that occurs in northern Sumatra. lt is possible that present-day compression

from subduction of the Wharton Ridge and Investigator Fracture Zone dominates over

extension resulting from the retreating upper plate. It is likely that this domination Qf

compressive strain related to bathymetric ridge subduction has dominated over upper

plate motion related extension since I5 Ma. The Roo Rise is presently being

subducting adjacent to Java. Subduction of this major bathymetric feature is currently

causing defonning the Javanese fore arc (Kopp et al., 2006). Roo Rise subduction is

likely to be contributing to Javanese compression in addition to compression caused

by upper plate advance since l5 Ma (Whittaker et al, 2007).

On 26 December 2004, a subduction zone earthquake of magnitude Mw ~ 9.3

struck off the coast of northem Sumatra. The rupture propagated unilaterally to the

north for over 1200 km to the Andaman Islands. A second thrust event of Mw ~ 8.7

occurred on 28 March 2005, about 300 km to the east south east of the previous

earthquake. These earthquakes occurred as a result of the subduction of Indo­

Australian plate beneath Sumatra in an approximately NE direction at a rate of 60

mm/yr at an oblique angle to the Java trench. Oblique, but predominantly thrust

motion occurs in the Andaman trench with a convergence rate of about I4 mm/yr. The

width of the rupture zone of the 26 December 2004 event is approximately I00 km

and maximum slip is approximately 20m. The movement of the seafloor all along lhfi

rupture zone and the vertical uplifi displaced a huge volume of water, which caused

the tsunami. But the rupture of this event didn’t progress further to the S-SE despite

high rapid slip at the beginning of the rupture, which indicates that the rupture fr0"l

hit a barrier in this direction that broke three months later on 28 March 2005. 8

detailed analysis of changes in long-term seismic deformation (pre- and post-tsunami)

has been carried out along the Andaman-Sumatra arc mainly for two reasons, i) to

study the changes that were brought out in the deformation due to intensc Post’

tsunami seismic activity along various segments of the arc, ii) to update the long-fen“
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deformation pattem which will be useful to identify areas of increased future seismic

hazafd along and across the arc.

A close examination of the moment release rates of both periods gives an idea

on level of seismic activity in each of the source (window) regions. Those sources

where significantly large earthquakes occurred in the post-tsunami period show large

moment rate values, whereas the sources in which post-tsunami activity is negligible,

the moment rate is reduced because of averaging over a long period. ln the Andaman

region, the fore arc region shows considerable moment release variation, whereas in

the back arc region, the moment release rate is not very significant. Though several

normal faulting events occurred along the Andaman spreading ridge afier the mega

thrust earthquake, their moment contribution is low. In the Sumatran region, where

both 26 December 2004 and 28 March 2005 events were located, very high moment

release rate has been observed in the offshore Sumatra between 2°S — 5°N. Along the

Sumatran Fault Zone, the moment release rate is significant in the southem part, while

southem most and northem parts of the SFZ remained less affected by large scale

deformation in the fore arc region.

ln order to have a better understanding on crustal structure in the Andaman

arc and surrounding areas, we considered detailed three-dimensional configuration of

‘he subducting slab from the Benioff zone geometry drawn along the ll sections.

Generally, high-resolution slab configuration in the trench-arc regions is possible

‘hmugh micro earthquake investigations or other seismological studies. Such data are

absent for Andaman arc region due to linear disposition of Andaman and Nicobar

islands along the arc and non-availability of azimuthally covered seismic stations data

fmm the surrounding continents. Therefore, the hypocentral distribution of

earthquakes provide, as a first approximation, the three dimensional configuration of

the subducting lithosphere in the region. The isodepth contour map of top surface of
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the subducting slab indicates that the depth of the slab varies from 80-220 km with

maximum penetration depth in the south Andaman Sea. We calculated the gravity

anomaly of the three- dimensional Subducting slab. For this purpose, we divided the

slab into several horizontal cross-sections defined by the depth contours. The gravity

effects of these horizontal laminae or cross-sections are calculated and numerically

integrated over depths from top to the deepest point. We considered the 5km X 5km

gridded points covering the study area for calculating the total gravity effect of the

slab. The density contrast between the lithospheric slab and the asthenosphere is

considered as 0.065gm/cm3. The lithospheric plate thickness in the Andaman are

region is considered as 80 km from the surface wave dispersion studies in the

northeastem Indian Ocean. The computed slab anomaly depends on the choice of

various parameters such as the density contrast, subducting plate thickness, slab

thinning and phase transitions within the slab, out of which, the density contrast and

plate thickness have dominant effect. The slab gravity anomaly map computed for the

Andaman arc region reveal a smooth, long wavelength and symmetric gravity high of

maximum 85 mGal centered just east of Nicobar islands region. The trends of the

gravity high contours align along the Nicobar deep in the east of Andaman- Nicobar

islands. The slab contribution is ~ 20 mGal in the trench region and 5-l0mGal in the

Malayan margin far east of the Andaman arc.

The free air anomaly map is dominated in general by the gravity attraction Of

the density contrast at the seafloor. The subsurface density structure can b¢

investigated by applying mantle Bouguer correction. The predicted gravity signal Of

the seafloor-water interface and crust-mantle interface assuming a constant thickness

crustal layer of 6 km is obtained using the Fourier transform method of PARKER­

This gravity effect when subtracted from the free-air gravity will give rise to Mamle

Bouguer anomalies (MBA), a US€fiJ| tool to decipher crustal thickness variations. The

MBA map shows a high anomaly coinciding with the Ninety East Ridge, a broad and
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continuous gravity low zone between the trench and the arc, a gravity high over the

Andaman spreading ridge flanked by minor negative anomalies over the Alcock and

Se“/ell rises, and large negative anomalies in the eastern part of study region over the

Malayan shelf. While, low MBA areas reflect the crustal thickening or presence of

|0w-density crustal material, the positive MBA values indicate crustal thinning or

dgnsiflcation of the crust.

From the gravity models it is very clear that the MBA anomaly closely

follows the shape of the oceanic crust with a value which is too low as -270 to -315

mgal over the Benioff zone. Here, the free air anomaly values are also low in the

range of -150 to -240 mgal. Over the 90°E ridge, the MBA values are positive which

shows larger values than the free air gravity values. Over the Mergui terrace the MBA

values are largely negative of the order of -l 55 to -I65 mgal. lt is known that Bouguer

gravity anomalies correlate well with the occurrence of large mega thrust earthquakes

in the Sunda subduction zone; negative anomalies mark segments characterized by

larger earthquakes while positive anomalies indicate lower seismic potential. The

lndian plate is subducting under the Burma micro plate and the ASC separates the

Burma plate from the SE Asian plate. The lithospheric models presented here bring

out the geometry and structure of the Burma microplate. An extended and thinned

continental crust of l5 — 20 km is seen to be present below the Mergui terrace. lt is

known that the tectonic and structural elements play a crucial role in governing the

nucleation, growth and arrest of rupture propagation. The afiershock pattem in the

Andaman region indicates the influence of lithospheric plate boundaries which was

°°"firmed through the gravity models presented in the thesis.
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Seismically active deformation in the Sumatra­
Java trench-arc region: geodynamic
implications- I - I, 1,2S. Lasitha , M. Radhakrishna * and T. D. Sanu
'Depar1ment of Marine Geology and Geophysics, School of Marine Sciences, Fine Arts Avenue, Cochin 682 016, In dia
zPresent address: ONGC, Karaikal , India

Crustal deformation rates (1900-2000) estimated for
the Sumatra-lava arc region highlight (i) large variations
in dextral shear motion (seismic slip) from l mm/yr to
29 mm/yr along the Sumatran Fault Zone (SFZ), (ii)
dominantly compression with deformation velocities
as high as 19 mm/yr near the equator along offshore
Sumatra fore-arc and, (iii) dominance of compression
(average I9 mm/yr) in the western part of offshore
Java fore-arc that gradually changes to extension (average
3 mm/yr) towards east. While seismic slip rates match
well with the geological or GPS derived slip rates bet­
ween 0° and 2°S along SFZ, the values are much lower
for the fault segments north of equator. The deform a­
tion pattern in the offshore Sumatra indicates that the
Mentawai fault partly accommodates motion due to
oblique subduction and suggests local interaction of
the investigator Fracture Zone near the equator. How­
ever, north of 2°N, the low deformation velocities in
the offshore Sumatra can be attributed to the absence
of significant earthquakes during the period of inves­
tigation. This long-term seismic quiescence might have
caused lock up of stresses that resulted ln highly dev­
astating 26 December 2004 earthquake.

Keywords: Deformation, Indian Ocean, Java—Sumatra,
moment tensors, seismotectonics.

THE highly devastating and tsunarnigenic Sumatran earli­
quake of 26 December 2004 (~ M,,. 9.3) and the large series
of aftershock events since then, with another major earth­
quake of 28 March 2005 (M,, 8.6), have ruptured nearly
I300 km long portion of the plate boundary between the
lndo—Australian and the Southeastern Eurasian plates‘ 4.
The 26 December 2004 event has given rise to an esfimated
average slip of more than 5-10 m throughout the nipture
length and produced significant static offsets at several
far-away permanent GPS sites”. This abnormally high
recent seismic activity has brought to fore, the seismicity
of the Indonesian arc system and its extension into the
Andaman—Nicobar region. The normal subduction below
Java is characterized by the development of typical fore-arc
basins. The oblique subduction beneath Sumatra and fur­

‘For correspondence. (e-mail: mr_radhakrishna@hotmail.com)
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ther north results in partitioning of the convergent motion
into thrust and strike-slip faulting. Along the arc, the age
and thickness of the lithosphere increase considerably
from west to east; from 49-96 Ma below Sumatra to the
west to 96-134 Ma below Java7. The depth of the Wadati—
Benioff Zone (WBZ) also increases in the same manner,
from 200 km beneath Sumatra to 670 km beneath Java.
This change in the hypocentral depth has been explained as
due to the increase in age and subduction zone velo city”.

The I900 km long trench parallel Sumatran Fault Zone
(SFZ) continues northward into the Andaman Sea, where
it most likely joins the fracture zones of the back arc­
spreading centre near the Andaman lslands'°. The shape
and location of the Sumatran fault, the presence of active
volcanic arc and the fore-arc structures are well corre­
lated with the shape and characteristics of the imderlying
subducting oceanic lithosphere‘ '.

A 300-km wide strip of the lithosphere exists as a fore­
arc sliver plate between the Sumatran fault and the Sum a­
inn deformation front (Figme 1)""". Seismic reflection am
in this region reveal a 600 km long strike-slip fault paral­
lel to the SFZ called the Mentawai Fault Zone (MFZ), just
east of Mentawai islands“. The MFZ is a zone of weakness
that separates the oceanic and continental crust.

In the present study, we have carried out a detailed
seismotectonic evaluation of the region by separating the
events of the upper plate (h £ 70 km) from that of the
WBZ. Nearly I00 years of hypocentral data of such shallow
earthquakes within the umer plate and a large number of
focal mechanism solutions occurring in the Java—Sumatra
subduction zone have been considered in order to study
the spatial variation in deformation pattem using the method
of summation of the moment tensor.

Data and method of analysis

The method of analysis followed in the present study has
been proposed by Papazachos and Kiratzi '6, based on the
fonnulations of Kostrovn, and Jackson and McKenzie".
Many previous workers have subsequently applied this
method in seismically active regions" 23 and therefore
details on methodology are not reproduced here.
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This method requires two sets of data. (i) Seismicity data
for estimation of seismic moment rate. (ii) Focal mecha­
nism data for determining the shape of the deformation.
We have considered hypocentral data from the NOAA
epicentral listing and prepared an earthquake dataset of
all shallow earthquakes (h E 70 km) during l900—2000 for
the present analysis. Events before I964 have been compiled
from Rothez‘, and Gutenberg and Richter”. For the period
between I953 and I965, magnitudes from Rothe's listing
have been recalculated by Newcomb and McCann'3.
Similarly, Engdahl er al.“ precisely determined hypocentral
parameters from the ISC listing for the period l964—95.
We considered these revised magnitudes with events
Ms 1: 4.5 for the present analysis. For events where Ms
value is not available, it is obtained from Mb using the
Mb—Ms relation derived for the region. The magnitudes
estimated by Gutenberg and Richter” and Rothez‘ are equiva­
lent to 20-s Ms”. The seismicity map of the region shown
in Figure 2 is for I00 years (l900—2000), which includes
all revised estimates of magnitudes and moments by pre­
vious workers.

For preparation of the second dataset, about 240 focal
mechanism solutions pertaining to the region have been
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considered from Harvard CMT listings. For clarity, we havg
shown 86 events of Ms > 5.5 as plotted in Figure 3 (ref_
29). lt can be seen from the seismicity map that several
large earthquakes display distinct correlation with the SFZ
as well as the Sumatran Offshore region. While focal
mechanisms of earthquakes along the SFZ show mainly
right lateral faulting, in the Sumatran fore arc the mecha­
nisms show mostly thnist-faulting.

Identification of seismogenic belts/sources and
deformation velocities

Previous studies on seismicity in relation to overall tectonics
of the Sumatra—Java arc region gave valuable infonnation
on the first-order segmentation of the arc”, seismic potential
and seismicity in different pans of the arc" and seismically
active domains within the overriding plate”. This infor­
mation along with other geophysical data has been util­
ized to identify broad and distinct se'smogenic belts/sources.
These are (i) the SFZ (ii) the Sumatran fore-arc sliver plate
consisting of MFZ, (iii) The Sunda Strait region, (iv) Java
onshore region tenned as Java Fault Zone (JFZ) and (v)
the offshore Java fore-arc region. For belts l and 4, the
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Flgure 1. Tectonic sketch map of the Sumatra —.lava trench-arc region in eastem Indian Ocean Benioff Zone
configuration. Hatched line with numbers indicates depth to the top of the Benioff Zone (after Newcomb and
McCann") Magnetic anomaly identifications have been considered from Liu er al. “ and Krishna er al. ". Magni­
tude and direction of the plate motion is obtained from Sieh and Natawidjaja ". O indicates the location of the re­
cent major earthquakes of 26 December 2004. i.e. the devastating tsunamigenic earthquake (M... = 9.3) and the 28
March 2005 earthquake (M... = 8.6).
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boundaries have been defined by Slancova er al.z'. The
offshore belts 2 and 5 have been extended up to the deforrrn­
tion front below the Sumatra—Java trench. As seismicity
is variable and no segmentation is possible in the case of
belts l, 2 and 5, it is difficult to demarcate individual
seismogenic sources. Hence, we employed a moving­
window method having a window length of 3-4’ and with
50% overlapping, starting from one end to the other. The
advantage of this method is that we obtain a continuous
variation in deformation pattern along the length of the
active seismic belts and also selecting a different window
length does not alter the deformation pattern signifi­
cantly. We succeeded in defining such sources (moving
windows); nine sources each along the SFZ and Sumatran
fore arc region, and seven sources in the offshore Java re­
gion. Due to low seismicity along the JFZ, it is separated
into three seismogenic sources, namely West Java, Central
Java and East Java. The Sunda strait is considered as a
single seismogenic source. Each window representing the
seismogenic source along the arc has been numbered as
shown in the Figure 2. The deformation velocities (velocity
tensor) have been estimated for each of these seismogenic
sources. The eigcn values and the corresponding eigcn
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vectorsrepresenttherriagnittrriemddirectionoftheprincipal
components of deformation. For a better understanding of
the horizontal plate velocities, only those eigcn vectors
with a plunge less than 25' have been presented in Figtne 4.

Results and discussion

Estimation of the moment release pattem and crustal de­
formation rates based on I00 years of shallow seismicity in

comparison with previous stud"; brings out significant
information about the Stunatra-Java arc region. Some sali­
ent results on the deformation pattem are discussed with
a view to understanding the geodynamics of the region.

Sumatran Fault Zone

Most of the focal mechanism solutions along the SFZ show
pure right lateral strike-slip faulting, which agrees well
with the geological observations. All along its length, the
deformation velocities suggest nearly N—S compression
and E—W extension.

CURRENT SCIENCE. VOL. 90. NO. 5. I0 MARCH 2006
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[Strike- slip • 
Thrust • 
Nonnal • 

Flpn 3. Map mowinl eventl for which focal mecbani5DIsolulions are available from the Harvard CMT catalogue. For 
clarity. the mechmilmJ have been plotted for 001)' those events with Ms:l: S.S. Clusification of mechanisms into strike­
Ilip. tbruJt and normal events is from Kumar et al. 19. 

The slip rate along the SFZ should range between 30 
and 50 mmlyr, assuming that the fault accommodates all 
the trench-parallel components of convergence between 
the Indo-Australian and Eurasian plates". Based on SPOT 
images and topographic maps, Bellier and Sebrier" esti­
mated slip rates along SFZ, showing a value of about 
23 mmlyr in the north that decreases to 6 mmlyr in the 
south. Combined analysis of historical triangulation and re­
cent GPS measurements along the SFZ indicate slip rates 
of 23 to 24 mmlyr". There is a general northward increase 
in slip rate along the SFZ"·". It is suggested that no sig­
nificant fo~arc stretching occws due 10 slip rate variation 
along the SFZ and oblique convergence may be accom­
modated by deformation of 500 km wide zone between 
the fo~arc to the back-arc domains". The estimated velocity 
values along the SFZ seismic belt indicate vari ation in 
seismically active deformation with maximum dextral 
shear motion (seismic slip) of 29 mmlyr in the central 
part to I and 8 mmlyr both southward and northward res­
pectively. Except between 0 and 2 ·S, the estimated 
velocities are significantly less than the geologically esti­
mated slip rates as well as geodetically measured slip 
rates, which suggests that considerable amount of slip 
along the fault may be taken up aseism ically. 

CURRENT SCIENCE. VOl. 90. NO. S. 10 MARCH 2006 

Sumalran fore-arc region 

The Sumalran fore-arc region constitutes the Mentawai 
islands and the regionally extending MFZ. Majority of strong 
earthquakes in both the historic and instrumental cata­
logues of Sunda arc are located in this region. A close e x­
amination of the defonnation pattern shows that compressive 
stresses dominate here. The focal mechanism solutions 
obtained from Harvard CMT catalogue since 1977 in this 
region and the large 193 S and 1984 events show thrust­
faulting mechanisms in the oflShore Sumatra}6. The Sumatran 
fore-arc perhaps is the most active deformation belt in the 
region characterized by the occurrence of large historical 
(1833 and 1861), recent (1935 and 1984) and most recent 
(2004 and 2005) seismic events. The arc -parallel shear in 
the Sumalran fore-arc may be taken up on more than one 
strike-slip fault or sbear zone"- However, McCaffrey et al. J7 

observed that this additional strike-slip required might 
not be accommodated along the MFZ, as the GPS network 
along the northern part of MFZ does not indicate such 
large transverse motions. Samuel and Harbury" interpreted 
the trace of the MFZ on the Nias Island to be a reverse 
fault. Also, there is a significant component of dip-slip in 
Pliocene along the MFZ ". 
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The deformation velocities estimated for the offshore
Sumatra fore-arc region indicate dominantly compression,
with higher compressional velocities of l9 rrtrn/yr along
N45° near the equator. The deformation pattern further
indicates that a portion of the motion is taken up by strike­
slip or oblique slip, which means that the MFZ partly ac­
commodates motion due to oblique subduction. Higher
defonnation velocities (sources 4-6) near the equator
may imply the effect of local interaction of the Investigator
Fracture Zone, as evidenced by the occurrence of the
l935 and l984 events”. Such subducted ridges or searnounts
may act as a mechanical barrier and produce large earth­
quakes”. Newcomb and McCann'3 suggested that the in­
teraction of the Investigator Fracture Zone might have
increased interplate coupling in the region. Based on GPS
observations, Prawirodirdjo er al.‘° observed abrupt change
in coupling of the fore-arc to the subducting plate on either
side of the equator. This boundary coincides with the ru p­
ture zones of the I833 and l86l thrust earthquakes. Geo­
detic data of Bock er aI.“, and coral growth around Batu
islands region“ have been used by Simoes er al.“ to iden­
tify the locked fault zone down to a depth between 35 and
57 km. However, north of 2°N, the Sumatran fore-arc re­
gion (sources 2 and 3) is characterized by the absence of
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artysignificantearthquakesintliehistoricalaswellasnoent
earthquake catalogues, which give rise to low deformation
values in this region. The long quiescence in this region
indicates lock-up stresses over large time intervals, which
subsequently resulted in the occurrence of the highly
devastating earthquake of 26 December 2004. This mega
thrust earthquake caused increase in co-seismic stress on
thrust planes in the subduction zone further southeast“'“
and gave rise to the secofl major event on 28 March 2005.

Sunda Strait

The Sunda Strait is a consequence of the northwestward
motion of the southwestem part of the Sumatran block along
the Central Sumatran Fault. The extension zone widens
southwestward and changes into a composite zone of strike­
slip as well as normal faulting“. lt is observed that the
area is subjected to NW-SE extension because of the motion
along Sumatran Fault and to NE—SW compression because
of subduction. The region is a comparatively quiet zone
with a cluster of moderate and large earthquakes immediately
adjacent to the west coast of Java. Some studies indicate
southward extension of the SFZ in the Sunda Strait"'47.
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The region shows a compressional defonnation of 20.32 —
2.73 mm/yr along the north direction and extensional de­
formation of ll.2 — l.5 mm/yr along N 88°, giving rise to
a dextral slip of l3 mm/yr in the region.

Java Fault Zone

Seismicity in this region is extremely low compared to
that along the SFZ. Lack of major events in the Java region
has been ascribed to differential motion at the plate margin,
which is principally being taken up either aseismically or
by small-magnitude earthquakes". As seismicity is sparse,
the JFZ has been divided into three individual segments
as mentioned previously. The eigen system of the velocity
tensor for the JFZ indicates dominance of compressional
deformation. While westem Java shows a compression of
5.7-0.8 mm/yr along N20° direction and extension of
0.8-0.l mm/yr along NIl0° direction, deformation in
central and eastem Java is negligible due to the absence
of large earthquakes within the upper plate.

Java fore-arc region

Offshore Java region shows considerable seismicity and
earthquake focal mechanisms show thrust and strike-slip
events with few normal faulting events. The strike-slip
events may account for the presence of the Cimanderi
Fault in Westem Java (sources I and 2). Defomiation veloci­
ties indicate dominance of compression (average I9 mm/yr)
in the westem part, which gradually changes to extension
(average 3 mrn/yr) towards the eastem part. The defonmtion
pattem further indicates that the Java segment of the are
is seismically less active than the Sumatran segment during
the period of investigation, as also observed by Newcomb
and McCann'3 based on historical earthquake records.
They attribute this difference due to variation in interplate
coupling related to the age of the subducting lithosphere
in these two regions.

Conclusions

Based on I00 years of hypocentral data of shallow earth­
quakes in the Sumatra—Java trench-are region, a detailed
seismotectonie evaluation in terms of active crustal defor1m­

tion pertaining to five major seismogenic belts/sources is
made using the method of summation of moment tensors.
The results indicate large variation in dextral shear mo­
tion from I to 29 mrn/yr along the SFZ. The estimated slip
rates are in good agreement with the geological or OPS­
derived slip rate estimates along the fault between 0 and 2° S.
Very low slip rates in other segments of the fault suggest
that considerable amount of slip along the fault may be
taken up aseismically. The deformation velocities estimated
for the offshore Sumatra fore are region indicate domi­
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nantly compression with higher compressional velocities
of I9 mm/yr along N45° near the equator due to the local
interaction of the Investigator Fracture Zone. The defor­
mation pattem further indicates that the MFZ partly ac­
commodates motion due to oblique subduction. Deformation
velocities for the Sunda Strait show compression of
20 — 2.7 mrn/yr along N-S and extension of ll - l.5 mm!
yr along E—W direction and give rise to dextral slip of
I3 mm/yr. Westem Java shows considerable com pres­
sional deformation, whereas deformation in the central and
eastem Java is negligible. In the offshore Java fore are
region, deformation velocities indicate dominance of
compression (I9 mrn/yr) in the westem part, which gradually
changes to extension (3 mm/yr) towards the east. The
crustal deformation pattem further indicates that the Java
segment of the are is seismically less active than the Suma­
tran segment during the period of investigation.
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