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Abstract  

The oceanic plate bends and descends into earth's interior at the subduction 

zone causing volcanism and earthquakes. Andaman subduction region experienced 

the rupture and tsunami of one mega earthquake (Mw 9.1). This subduction evolved 

by the oblique subduction of Indo-Australian plate beneath the Eurasian overriding 

plate. Due to oblique subduction, the slip of the overriding plate partitioned into a 

trench-normal thrust component along the plate interface and a trench sub-parallel 

strike component is accommodated by the sliver fault. The convergence rate of Indo-

Australian plate is decreasing from the south (Java) to north (Andaman) with value of 

7.23 to 4.3 cm/yr. The nature of such convergence at Java is orthogonal and further 

going north it becomes sub-parallel along the trench. These types of plate motions and 

its associated phenomena make this subduction zone complex. Many researchers 

worked on the Andaman subduction zone for delineation of structure and its evolution 

with the help of geophysical studies like seismological, seismic, gravity, Global 

Positioning System (GPS) etc. However, this subduction process occurs over a long 

time scale (Ma) at great depths (more than 100 km) which cannot be observed by 

using direct observations, which means what we can infer from the sight using sample 

in field or obtained after drilling. Also, the in-situ measurements (e.g. stress, 

deformation /strain-rate), composition, temperature, pressure, etc. made on such 

samples are limited to a few rock samples. Indirect observations refer to the 

observations made using the geophysical methods. However, both these observations 

are limited in time and depth. These methods have several limitations such as these 

are constrained in number, noise in observational data, the non-uniqueness in 

modelling. Numerical modelling can provide a distribution of the field (viz. 

stress/strain etc.) of complete domain under consideration for providing a set of model 

parameters. The numerical model is an indispensable tool to understand the evolution 

of complex geological system together with the laboratory experiments and 

geophysical observations. 

In this study, numerical simulation (dynamic model) was constructed on a 

realistic geometry, which was made from the 3D density model of north and south 

Andaman subduction zones. The three-dimensional (3D) density structure of the 

North Andaman subduction was delineated by joint modelling of free-air gravity 

anomaly and geoid undulation. It was done through utilising modelling software 
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IGMAS and the model was constrained by available geological and other geophysics 

results. The result of 3D density structure shows that slab of the Indian plate at the 

depth of 180 km in the southern part of the model extending up to the shallower 

depths (~ 90 km) in the northern part. The width of the accretionary prism is widening 

in the southern part, reaching to ~ 160 km and narrowing (~ 100 km) in the northern 

part respectively. Moreover, it has also highlighted the structure of large 3D bodies 

like Ninetyeast aseismic ridge emplaced within the Subducting Indian plate and 

Sewell & Alcock seamounts in overriding Sunda plate. The dip of the Andaman 

Benioff zone also decreases from south to the north. The lithospheric structure under 

the overriding plate varies from oceanic to semi-continental towards north east 

direction. 

After the initial construction of the geometry of North Andaman, it is 

combined with the geometry of the South Andaman from another study (Personal 

Communication DAB Rao). The combined lithospheric geometry is selected from a 

numerical simulation referred as dynamic modelling in this study. The material 

properties like Young’s modulus are derived from the seismic P-wave and S-wave, 

and viscosity of the asthenosphere is adopted from the global model. The boundary 

conditions are implemented from the plate velocity. The computation of the model is 

performed by the Finite element method with ABAQUS/CAE. 

The results of the numerical simulation model show that the vertical 

displacement and vertical displacement rate on the overriding plate are high due to the 

shape of the trench of the Andaman subduction zone. The computed east-west and 

north-south velocities component are consistent with observed Global Positioning 

System (GPS) derived velocity components. The computed strain and strain rate show 

that the trench area is dominated by the compressional and eastern part of the study 

with the extensional. 

The slab pull force is one of the fundamental plate driving forces that 

significantly influence the deformation pattern of the overriding plate. The 

gravitational and slab pull force are primarily influenced subsidence in the model. 

Higher the slab pull force higher subsidence occurs. It is also noted that the viscosities 

of the asthenosphere and lithosphere are the crucial parameter to control the 

deformation of the overriding plate. This study has illustrated that two different 
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asthenosphere viscosities, could lead to surface deformation characteristic of the 

overriding plate in opposite trend. 

Numerical model also suggests that deformation rate is inversely proportional 

to the viscosity of lithosphere. In another case, this study explained that the density is 

an important parameter of the dynamic modelling and it shows that the density of the 

geological unit is controlled by the mass of the unit and it decides the uplift or 

subsidence of the overriding plate. 

The modelled stress pattern on the descending Indian plate correlates with the 

hypocenter of the earthquake distribution in the investigation area. The results of this 

modelling fit to geological and geophysical observations. Therefore, these 

observations can be explained by the presented dynamic models with the used 

rheological parameters and boundary conditions. It is shown how important are the 

geometry and density for geodynamic modelling. 

Densities and geometries were taken from an existent density model, which 

was delineated from satellite gravity anomaly, EGM-2008 geoid undulation data and 

constrained by data from geophysics, petrology, and geology. For the first time, 

numerical simulation is implemented on the density-derived geometry of the 

Andaman subduction. The work explained that this is a successful approach and that 

density models can help in a significant way to develop and improve geodynamic 

models. 
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        Chapter-1 

Introduction 

1.1 Introduction  

The plate tectonics, a scientific theory that describes the motion of Earth’s 

outermost rigid shell is a remarkable discovery in the field of geodynamics proposed 

during the 20th century. It is the new version of continental drift, which was initially 

proposed by Alfred Wegener in 1912 and later pursued by Barrel (1914). This theory 

is further justified by the sea floor spreading concept suggested by Dietz (1961) and 

Hess (1962). According to this theory, the earth is made up of an outer rigid shell, 

which is divided into smaller plates, floating over the fluid asthenosphere. These 

plates are in continuous motion due to the forces imparted by inner convective 

currents, ridge push and slab pull, etc. By relative motion of the plates, the plate 

boundaries are classified into three broad categories. First is constructive or diverging 

boundary where the plates move away from each other; second is destructive or 

convergent boundary where the plates move towards each other; and the last, third 

one is conservative boundary, where two plates slide past each other. These 

boundaries are responsible for seismogenic activities, volcanism, orogenic processes 

(mountain building, the formation of trenches and ridges, etc.,) and for modification 

of the structural architecture of the subsurface. Such boundaries can be identified by 

topography, volcanism, seismicity and relative plate velocities (derived from 

magnetic anomalies, moment tensor solutions and geodesy; Bird, 2003). Till now, a 

total of 52 plates have been identifies out of which 14 are major plates and 38 are 

minor plates. 

According to plate tectonic theory, a new oceanic plate is originated/formed at 

Mid-Oceanic Ridge (MOR) where the hot and low dense material gets upwelled from 

the asthenosphere by pushing apart the plates (Dietz 1961; Hess, 1962). The newly 

formed part of plate loses its heat slowly with time as it moves away from the axis. 

When it becomes dense enough, it sinks into the asthenosphere (Christensen and 

Hofmann, 1994: Hofmann, 1997) at the subduction zone. This continuous process of 

oceanic plate formation and its destruction is confirmed by the ages determined using 

magnetic anomalies as revealed by the youngest and oldest seafloor ages of 0 and 270 

Ma respectively (Müller et al., 2008) whereas the age of the earth is 4.453 Ga. The 
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destruction of the plate is a very complex phenomenon unlike the origin of the plate 

and requires very thorough understanding. 

The subduction process is a geological phenomenon in which a lithospheric 

plate slides/subducts underneath the other plate. These plates are termed as subducting 

and overriding plates respectively. Subduction process gives rise to different key 

surface/ features like trenches, accretionary wedges (prisms) and volcanic/ island 

arcs. 

Trenches are the very narrow and the deepest features of the Earth's surface, 

and most of them occur close to the edges of continents.  It is formed when the 

subducting plate pushes the overriding plate, causing it to bend and form a steep, V-

shaped depression. The trench of subduction zone marks the line where subduction 

begins and it can move backwards/forward relative to the motion of the subducting 

plate. 

The accretionary wedges (prism) are folded and faulted piles of the material 

that have been scraped off from the tops of the subducting lithospheric plates. The 

sediment of the prism is ever marine since the down going plate is an oceanic plate 

and overriding plate may be ocean or continent. The material of prism is melange 

(mixture), a mass of chaotically mixed brecciated blocks in a highly sheared matrix. 

Volcanics are formed when oceanic lithospheric subducts into the warmer 

asthenosphere and its temperature rises (Fig 1.1) resulting in loss of water and other 

volatile material from the descending slab. The volatile material rises to the above 

lying mantle wedge and forms a volcanic belt at the surface. A series of volcanoes 

over the subducting plate, parallel to the trench and perpendicular to the direction of 

plate motion is produced by the subduction process, known as composite volcanoes or 

stratovolcanoes, elevated as parts of the main mountain ranges. The volcanic 

mountain ranges produced by subduction occurring near the edges of continents are 

called volcanic arcs, and the edges of oceanic crust are known as island arcs. The 

example of the volcanic arc is Andes and Cascades while those for the island arcs are 

Japan and the Philippines. The volcanic activity continues over the duration of 

subduction for very long periods of geologic time and is associated with such process 

that produces many kinds of igneous rocks, with a special association of andesite and 

diorite. 
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Subduction is a complex dynamic process exhibiting different geodynamical, 

geophysical and geochemical, etc. effects. This process affects the earth over long 

geological time scales and responsible for new continental crust formation, mountain 

building (Davidson and Arculus, 2006) and plate driving forces (Forsyth and Uyeda, 

1975). It modifies the structures of lithosphere and asthenosphere causing vertical and 

horizontal deformations in the subsurface and releases most of the seismic energy. 

The geometry and coupling of subduction are controlled by several factors such as 

length of Benioff zone, the relative convergence rate, age of the slab, slab dip angle, 

direction of mantle flow, absolute motion of the overriding plate and slab retreat 

among others (Jarrand, 1986; Doglioni et al., 2007).  

 

Fig 1.1. Schematic diagram of the subduction zone, which shown that trench, 

accretionary prism, etc. 

Study of subduction zone can also help us to understand the ore deposit process in it 

(Stern, 2002; Cooke et al., 2005). For example, the porphyry copper deposits have 

been found in andesitic arc in Chilean subduction zone. Similarly, Mariana 

subduction zone has produced Kuroko deposits in its back-arc basin and also 

porphyry copper and epithermal gold deposits in its island arc (Glasby, 1996). In 

India, Andaman subduction zone has not been explored enough for mineral deposits. 

However, a potential of hydrocarbons system exists e.g. in for-arc part a deep buried 

thermogenic system has been marked; also a thermally induced petroleum system and 

biogenic/shallow gas system has been reported around volcanic arc (DGH, report).  
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Fig1.2. The study area of Andaman subduction zone, enclosed in a rectangular black 

box. Plate margins are shown by red line. The black contour in ocean indicates the 

age of the tectonic plate. The location of the earthquake of magnitude (Mw) >8 are 

shown by beach balls.   

 Another important aspect of studying the subduction zone is to develop a 

knowledge base allowing forecasting of the natural calamities, for example, volcanic 

eruption in the magmatic arcs, large earthquakes, tsunami, etc. Some of the disastrous 

earthquakes known to occur at the subduction zone are Tohoku earthquake (2011, M 

9.0), Christchurch Earthquake (2011, M 6.1), Costa Rice earthquake (2012, M 7.6), 

Alaska earthquake (1964, M 9.2), Valdivia earthquake (1960 M 9.5) and Maule 

earthquake (2010, M 8.8) and Sumatra-Andaman earthquake (2004, M 9.3). Thus, the 
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study of subduction zone and the associated phenomenon and processes require a 

special attention for developing its better understanding. 

 

1.2 Study area: Andaman Subduction Zone 

The study area lies between 5°- 15° N latitude and 88° - 98° E longitude in the 

north-eastern (NE) part of the Indian Ocean (Fig 1.2). The area is surrounded by Bay 

of Bengal, Myanmar and Thailand. The area comprises of several tectonic features 

such as aseismic ridge (90
0
 E Ridge), a trench (Andaman trench), Invisible Bank (IB), 

a group of islands (the Andaman and Nicobar Island (ANI) separated by a channel 

length of 150 Km at 10
0
 N latitude) and volcanic seamount (Alcock and Sewell). 

These islands demarcate the separation between the Bay of Bengal in the west and the 

Andaman Sea in the east. Towards further east of the ANI, there lies a pull-apart 

basin, known as the Andaman Basin (Curray, 1989). 

The Andaman subduction zone is formed by oblique subduction of the Indian 

plate under the Sunda/Burmese microplate (Curray et al., 1979). This zone has 

experienced large megathrust earthquakes of large magnitude viz. Mw =9.3 (26 

December 2004) and Mw=8.7 (8 March 2005), which has caused tremendous damage 

to life and property drawing the attention of researchers to understand and explore the 

cause of these geological processes responsible for such large earthquakes. A number 

of studies are carried out in this region and they are based on gravity (Grvemeyer and 

Tiwari, 2006; Subrahmanyam et al., 2007; Radhakrishna et al., 2008), seismology 

(Kennet and Cummins, 2005; Pesicek et al., 2008, 2010; Rao et al., 2011), global 

positioning system (GPS) (Gahalaut et al., 2006; Chlieh et al., 2008; Wiseman et al., 

2015) and seismic studies (Moeremans et al., 2014; Moeremans and Singh, 2014). 

  

1.3 Research Background and Motivation 

Most of the geological process (e.g. subduction process) occurs over a long 

time scales (Ma) at great depths (more than 100 km), which can not be observed using 

direct or indirect observations. Direct observation implies what we can infer by seeing 

and recording as a sample in the field or obtained after drilling. Also, the 

measurements (e.g. stress, deformation /strain-rate), composition, temperature, 
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pressure, etc.) made on such samples are limited to few rock samples. Indirect 

observations refer to the observations made using the geophysical methods. However, 

both of the observation are limited in time and depth. These methods have several 

limitations such as - these are constrained in number, data may have noise, the model 

may be non-unique etc,. Numerical modelling offers a distribution of the field (viz. 

stress/strain etc.) of the complete domain under consideration for provided a set of 

model parameters. The numerical model is an indispensable tool to understand the 

evolution of complex geological system together with laboratory experiments and 

geophysical observations. 

The early numerical simulation model of subduction was developed by Minear 

and Toksoz (1970), which was a simple purely thermal 2D-model. However, realistic 

modelling of subduction zone is more challenging in terms of physics as well as 

computation. A realistic model should be able to account for strongly localized 

deformation at plate interfaces (van Keken et al., 2008), large viscosity contrasts 

(OzBench et al., 2008), a free surface boundary condition (Schmeling et al., 2008), 

complex pressure-temperature-stress dependent visco-elasto-plastic rheologies of 

rocks (Hall et al., 2003; Morra et al., 2006; Capitanio et al., 2007; Gerya, 2010), 

metamorphic phase transformations (Gerya et al., 2006; Hebert et al., 2009; Rüpke et 

al., 2004) and water transport in the mantle wedge (Arcay et al., 2005; Cagnioncle et 

al., 2007; Gerya et al., 2002). Including all the complexities in a model becomes 

complicated, as it requires numerous parameters and controlling them also is very 

tricky along with this, such a simulation requires huge computational resources.   

Considering the above points, present work is focussed only upon exploring 

the mechanical aspects of the subduction process for which only a few previous 

studies have been carried out earlier. Among such studies, Liu et al. (2002) 

implemented the 3D viscoelastic model to study the Andean subduction zone to 

investigate the spatial distribution of crustal shortening. In this model, South 

American plate was modelled with a six-layer lithosphere with variable viscosities 

extending up to 70 km depth. The boundary conditions were applied to the Nazca 

plate, and movement of the continental plate was neglected in this model. 

The simulation of this model using finite element method (FEM) resulted in a 

consistent result with measured GPS data even though the slab and intraplate coupling 
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were not included. Second example comes from (Hampel and Pfeiffer, 2006) who 

implemented 2D visco-elsto-plastic model to study Andes subduction of South 

American plate with a depth of 100 km. It was found that the trench ward movement 

of continental plate plays a major role in the development of mountain belts at 

convergent plate margins of Andes subduction in South America. It should be noted 

that the thermal effect is neglected in both the above model simulations and 

asthenosphere was not included as well. A thermo-mechanical 2D-model (Sobolev 

and Babeyko, 2005) was also developed for subduction. It could consider the effect of 

asthenosphere (with a depth of 400 km) to investigate mainly the stress distribution in 

the descending slab. From this model, the double zone of compression in the upper 

part of the slab and zone of extension below were found. It was concluded that the 

stress in the slab is controlled by the velocity of the overriding plate and direction of 

slab pull force. In all the above mentioned models, effect of oblique convergence was 

not considered.  

Kellner (2007) realized the importance of oblique convergence and modelled 

Chilean convergent margin incorporating this factor. He inferred that the intensity of 

deformation increases significantly with an increasing obliquity angle but decreases 

with increase in Young's modulus or slab dip angle. Bonnardot et al. (2008) studied a 

subduction zone model with trench geometry that controls the stress and strain pattern 

over the overriding plate. If the trench is convex/concave with respect to the 

subducting plate, it will cause an upliftment/subsidence of the overriding plate. The 

friction coefficient of seismogenic coupling between subducting and overriding plate 

also plays an important role in the deformation and stress pattern of the overriding 

plate. Van Dibther et al. (2010) and Sharma (2013) have found an inverse relationship 

between uplift and friction coefficient. In 2013, Zeumann, carried out a numerical 

simulation for Andean subduction which was based on realistic geometry, boundary 

conditions and material properties. The result obtained from this simulation showed a 

good correlation with surface observations viz. GPS measurements and earthquake 

data. 
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1.4 Objective of the thesis 

Primary aim of the thesis is to comprehend the dynamics of Andaman 

subduction zone through numerical simulation utilizing 3D realistic subduction 

geometry. To achieve the above objective, we have worked on the following 

problems: 

1.4.1 3D density structure of Andaman Subduction zone  

The first step in modelling will be the preparation of the geometry from the 3D 

density model using the joint modelling of satellite free air gravity anomaly and geoid 

undulation data set constraint using available seismic and other geophysical and 

geological results. 

1.4.2 Dynamic analysis of Andaman Subduction zone using 3D density structure 

For the dynamic modelling, we performed the 3D numerical simulation with 

the realistic geometry with subducting slab extending up to 200 km depth. The 

material properties like density is taken from the 3D density model, Young's modulus, 

seismic and seismological studies and viscosity from the published result. This model 

included the oblique convergence of Indian plate as well as trench shape geometry. 

The model was run for 1000,00 years which is very short compared to the geological 

time scale. Therefore, our model result can be considered as a recent and compared 

with surface observation. 

 

1.5 Thesis structure 

This PhD thesis focuses first on the modelling of 3D density structure of North 

Andaman subduction zone with the help of joint modelling of satellite free air gravity 

anomaly and geoid undulation data with available geophysical and geological 

constraints. Further, we have implemented the numerical simulation using finite 

element method on the 3D density structure of north and south Andaman for dynamic 

analysis. 

The first chapter of the thesis deals with a brief introduction of geodynamics, 

description of elements of the subduction zone and further, study area of Andaman 

subduction zone. This was followed by the explanation of the motivation for the joint 
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modelling of free air gravity anomaly and geoid undulation data and dynamics for 

stresses and deformation with finite element method. 

The second chapter of the thesis explain the geology, tectonic elements and 

evolution of Andaman subduction zone and the previous studies over Andaman 

subduction zone is discussed. 

The third chapter of the thesis discusses the basic concept of gravity 

prospecting, satellite gravity followed by fundamental of numerical simulation like 

the definition of stress, theory behind the rheological properties, equilibrium 

equations that are used for numerical simulation. 

The fourth chapter of the thesis elaborates the utilised data, methodology, 

results and discussions of 3D density model of North Andaman subduction zone. 

The fifth chapter of the thesis emphasises methodology and the results of 

stress and strain accumulation obtained from the implementation of the numerical 

simulation in commercial finite element software Abaqus/CAE and further highlights 

the comparison of the modelled results with observed and available data sets. 

The last, sixth chapter of the thesis summarises thoroughly the complete 

thesis work regarding results and conclusion and draws a special attention towards the 

scope for future work. 
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Chapter-2 

Andaman Subduction zone 

The convergent plate boundaries are the host of the almost 80% of worldwide 

earthquakes (particularly Mw>8.0). All the mega earthquakes in the Andaman area, 

occurring at the shallow to intermediate depths are associated with subduction 

process. The geodynamic evolution of Andaman subduction is complex because of 

wide variations in geometry and morphology along and across the trench. This region 

has attracted the global attention after megathrust earthquake of 26
th

 December 2004, 

which has also caused the tsunami. 

The study area (88
0
 to 98

0
 E and 5

0
 to 15

0
 N) comprises the Indo-Australian 

ocean lithosphere, an aseismic Ninetyeast Ridge (NER) and other tectonic and 

morphological features on the overriding plate, which are formed by the subduction 

process, such as island-arc, fore-arc and back-arc. To understand the complex 

structure and seismicity of Andaman subduction zone, it is crucial to first discuss 

tectonic, geology setting and previous studies. 

 

2.1 Tectonic setting   

Sumatra-Andaman (SA) subduction is formed due to the subduction of the 

oceanic Indo-Australian plate (IAP) beneath the Eurasian plate. The Burma and Sunda 

microplates are the south-eastern parts of the Eurasian plate (Fig 1.2). SA subduction 

zone extends from Burma in the north-west to Sumda Island in the south-east having 

5000 km length. The plate velocity (magnitude and direction) of Indo-Australian 

varies from north to south from 3.5 to 5.5 cm/yr. The convergence rate is orthogonal 

to the south of Java region, and it becomes progressively oblique to the west of the 

northern Andaman and Myanmar region (Curray et al., 1979; McCaffrey, 1992; 

Socquet et al., 2006) (Fig 2.1). The obliquity leads the slip partitioning into a trench 

normal thrust component along the plate interface and predominantly strike-slip 

motion in the Andaman Sea ridge-transform system in the back-arc region and the 

Sumatra fault system in the south (Fitch, 1972; Curray, 2005; McCaffrey, 1992; Sieh 

and Natwidjaja, 2000). Such type of motion causes shearing in the overriding plate.  
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Fig 2.1. Bathymetry map of the Sumatra-Andaman subducting zone, the black 

rectangle area, shows the study area. Red arrows show the relative plate motion and 

dark black arrows indicate the plate motion computed from a regional kinematic 

model (Kanamori, 2006). Red triangle illustrates the position of the volcano and 

colour of solid circle earthquake with depth. The area bounded by different colours 

shows the rupture of the various earthquakes. 

 This shearing gets accommodated on a variety of structures which varies along 

the convergence zone. This type of terrain is referred to as a sliver plate (Fig 2.2 and 

2.3). It does not follow the definition of conventional plates, yet it is a plate in the 

sense of a single rigid block of the lithosphere (Jarrard, 1986). This sliver plate was 

formed due to increasing obliquity of IAP during the middle to late Eocene (around 

44 Ma). Several faults such as Sagaing fault in Myanmar, West Andaman Fault 

(WAF), Sumatran Fault System and Andaman Spreading Centre have been identified 

in it (Curray, 2005).  Several other faults in this area/plate are hidden because the 

plate is covered by a thick pile of Bengal Fan sediments of the Himalayan-Source 

(Curray et al., 2003). These sediments have been accreted and uplifted into the form 

of Indo-Burma ranges, Andaman-Nicobar Ridge and the outer-arc ridge of Sumatra  
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 Fig 2.2. Regional tectonic map of Andaman subduction where AR is Alcock Rise, CB 

is Coco basin, EAB is East Andaman Basin, IB is Invisible Bank, NSR is North 

Sumatra Ridge, MR is Mergui Ridge, SR is Sewell Rise and WSR is West Sewell 

Ridge. Red arrows illustrate the variation in accretionary prism,(1).Narrow, steep 

prism and Seaward vergence; (2) Widening, steep toe-plateau prism and  mixed 

vergence; (3) Wide, steep toe-plateau to normal prism and Landward vergence; (4) 

Wide, steep toe-plateau prism  and Landward vergence (McNeill and Henstock, 

2014). 
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and Java. However, on the NER, which is usually interpreted as a hot spot trace, a thin 

cover of sediment lies (Curray et al., 1982). The characteristic of the bathymetry of 

trench extends from the Java to northward where it is overwhelmed by sediments of 

the Bengal Fan. The surface trace of the subduction zone rises from the depths onto 

land as the thrust faults of the eastern Bangladesh, eastern India, western Myanmar 

and the south-eastern edge of the Assam Valley. With the help of Global Positioning 

System (GPS) data, Gahalaut and Gahalaut (2007) reported that the frontal arc 

accommodates a movement of about 32 mm/yr through oblique motion while the 

back-arc region accommodates about 21 mm/yr mostly through the opening of the 

Andaman Sea and strike-slip motion on the Sumatra Fault System. Such movements 

affect the shallow to deeper structures on a large scale. The shallow fore-arc and deep 

back-arc are separated by the West Andaman Fault (WAF) and the Sumatran Fault 

System (SFS) in the Andaman Sea. WAF intersects the south-west end of the 

Andaman spreading centre near at 10
0
 15`N, 93

0
40`E (Curray et al.,1979). 

 

 

 

Fig 2.3. Block diagram (after Liu et al., 1995 and McCaffrey, 2009) illustrating sliver 

plate. The V is total relative motion, Vss (strike-slip) is from fault orientation and Vt 

(thrust vector), ψ is the slip vector obliquity, γ is the convergence obliquity, and Vn is 

the velocity normal to the trench. 
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2.2 Tectonic evolution of Andaman Subduction zone 

Indian continent was originated from Gondwanaland, situated in the southern 

hemisphere, which then moved into the northern hemisphere. The subduction took 

place along the Sunda and Himalayan margin dipping toward the NE direction during 

the Permian time (Katili, 1973) and later moved towards the Indian Ocean in the 

Triassic-Jurassic period. In the Cretaceous time, Indian continent got separated from 

Australia and took a spectacular flight northward, enhancing the convergence rate and 

broadening the subduction along the Eurasian margin. Furthermore, subduction 

margin reached a length of 6000 km in Tertiary time (Katili, 1975). 

 

Fig 2.4. The tectonic history of the Sumatra subduction and the Andaman Sea (Hall et 

al., 2012 and Singh et al., 2014). 

The Greater India collided with Eurasia during the Late Paleocene (around 59 

Ma) and its plate got rotated anti-clockwise during the initial collision (up to 55 Ma) 

(Klootwijk et al., 1992). Later during 55 and 45 Ma, Indian plate rotated in a 

clockwise direction, which caused the bending of the north-western Sunda subduction 

zone. This rotation also caused increases in the obliquity of convergence (Klootwijk 

et al., 1992; Curray, 2005) resulting in the generation of Sagaing Fault (a strike-slip 
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Sliver type fault) and West Andaman Fault (WAF) on the east (Peltzer and 

Tapponnier, 1988) during Eocene (around 44 Ma). The increased obliquity with time 

resulted in the opening of several extensional basins in which the combination of 

back-arc extension and the strike-slip motion has taken place. Many features have 

been developed in such extensional basins viz. Mergui Basin (~ 32 Ma), Alcock and 

Sewell Rises (~ 23 Ma) and East Basin separating the rises from the foot of the 

continental slope ~ 15 Ma. Also, the Alcock and Sewell Rises were separated by the 

formation of the Central Andaman Basin ~ 4 Ma (Curray, 2005; Kamesh Raju et al., 

2004). 

 

2.3 Ninetyeast Ridge (NER) 

It is one among the longest (~ 5000 km) linear volcanic features on earth’s 

surface extending from north to south along the 90
0
E meridian (hence its name NER) 

and between 30
0
S to 17

0
N longitudes which is the western part of SA trench in the 

Indian Ocean. This ridge has an elevation ranging between 2-3 km above the seafloor 

and an average width of 200 km (Sclater and Fisher, 1974; Krishna et al., 1995; Sagar 

et al., 2013). NER separates the central Indian Basin on the west from the Wharton 

Basin on the east (Sclater and Fisher, 1974) and intersects the Broken Ridge in the 

south while it is completely buried under Bengal sediments north of 10
0
N (Curray, 

1982; Gopala Rao et al., 1997; Michael and Krishana, 2011). 

NER was emplaced when IA plate moved northward passing over the 

Kerguelen hot spot during 82-38 Ma (Peirce, 1978; Duncan, 1991; Coffin et al., 

2002). The analysis of the core samples collected from deep sea drilling show that the 

ridge is nearly 30 million-year-old in the south and 80 million-year-old in the north. 

The chronology data and the magnetic pattern study suggested that the NER was 

emplaced at the rate of 118 km/Myr (Pringle et al., 2008; Krishna et al., 2012). This 

rate is double as compared to the accretion rate (48-58 km/Myr) of the adjacent ocean 

floor contributing to the lengthening of the NER. 

NER is a complex zone of deformation within the central Indian plate, which 

has experienced high seismic activity in the past (Petroy and Wiens; 1989). The 

northern portion (up to 10
0
S) of the NER is more seismically active because it has 
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undergone NW-SE compression while the southern part of NER is seismically less 

active. 

 

2.4 Fore-arc 

Tectonic elements of Andaman fore-arc are an accretionary prism, outer-arc 

ridge, a series of fore-arc basins and major N–S faults (Fig 2.2). Accretionary prism 

comprises of scrapped-off oceanic sediments with highly deformed Cretaceous 

ophiolites along with older metamorphic rocks, which were uplifted during the 

Oligocene Epoch. The western outer slope of the accretionary prism is steeper and 

filled with progressively younger Neogene sediments as compared to the eastern side. 

This structure is controlled by dip of subducting plate, physical properties of plate and 

sediments (pore pressure, thickness, accretion rate, etc.), basal boundary and 

convergence rate (Davis et al., 1983; Saffer and Bekins, 2002; VonHuene and Scholl, 

1991; Lallemand et al., 1994; Clift and Vannucchi, 2004). Second important part of 

fore-arc is the outer-arc ridge in which Andaman, Nicobar and Coco Islands are 

situated. The rock types found in these islands are the Cretaceous serpentinites, 

ophiolites with radiolarian chert, Cretaceous to Eocene cherty pelagic limestone and a 

thick section of Eo-Oligocene flysch overlain by Neogene shallow water sediments 

(Chatterjee, 1967; Roy, 1983). The last important parts of fore-arc are basins and 

faults, which contain west basin, Invisible Bank (IB) and West Sewell ridge. West 

Basin, a part of Andaman fore-arc basin is south-sloping plain of sediment from the 

continental slope. The IB extends along the Andaman–Nicobar island segments and it 

is approximately 300 km long and 5 km wide. The western boundary of the fore-arc 

basin is marked by the Eastern Margin Fault (EMF), which is associated with 

subsidence containing the Pliocene to Pleistocene sediments (Moeremans and Singh, 

2014). The boundary line between the outer-arc ridge and fore-arc basin is Diligent 

Fault (DF). The EMF and DF show apparently normal faults at times in past and 

today, and there may be possibility of a dextral strike-slip motion (Roy, 1983; Curray 

et.al.,1979).  

The north of Andaman Island Diligent Fault is connected to Kabaw Fault of 

Myanmar (Hla Maung, 1987, Goli and Pandey, 2011). The interpretation of dredging 

samples (Rodolfo, 1969) and drilling results (Roy and Chopra, 1987) suggested that 
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IB is a cuesta that formed by sliver fault (here it is WAF) with last 6 Ma (Curray, 

2005, Moeremans and Singh, 2014).  

 

2.5 Volcanic-arc 

The volcanic-arc in the Andaman Sea lies between fore-arc and back-arc. 

Geochemical data analysis of mainland of Sumatra suggested that volcanism was 

initiated during the pre-Tertiary period (Rock et al., 1982) and intensity went up 

rapidly during the Tertiary. In Palaeocene period, this volcanic-arc was situated along 

the southern margin of Sunda microplate (Crow, 1982) and the inner arc was located 

on North Sumatra back-arc basin.  

In the late mid-Eocene period, volcanic rocks got distributed along the west 

coast of Sumatra (Crow, 1982) and volcanic rocks in the Aceh area might have 

resulted from back-arc volcanism at the same time (Cameron et al., 1980). Barren and 

Narcondam Islands are the two andesite volcanic islands in the northern Andaman Sea 

(Bhattacharya et al., 1993). The Barren Island is still active and showed activity in 

March 1991 followed by more recent eruptions in 1994-1995, 2005-2006 and 2008-

2009 (Rajendran et al., 2003; Sheth et al., 2010). However, no historically known 

activity was reported in Narcondam Island (Pal et al., 2007). 

 

2.6 Back-arc 

Andaman back-arc is Cenozoic pull-apart basin formed by dextral shear 

between the right-stepping Sumatra, West Andaman and Sagaing fault systems 

(Curray, 1989). This back-arc extension in west-east direction is from the Malay 

Peninsula to the Andaman Nicobar Islands, which is ~650 km while its average length 

between north-south direction between Burma and Sumatra is ~1200 km. The back-

arc Andaman extensional basin comprises of Alcock Rise, Sewell Rise, Central 

Andaman basin, East basin and some other smaller topographic features of unknown 

character that are placed east of the Andaman and Nicobar Islands (Curray, 2005). 

Alcock rise and Sewell rise have an average depth of 1200 m and 2000 m 

respectively. Central Andaman basin (CAB) is the deepest part of the Andaman Sea 

with a water depth of ~ 4400 m (Kamesh Raju et al., 2004) which separates Alcock 
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rise and Sewell rise. There is a spreading centre in CAB whose origin is related to 

leaky transform tectonics (Uyeda and Kanamori, 1979), which has come into play due 

to the collision of NER and Andaman trench in middle or late Miocene (Eguchi et al., 

1979). This collision exerted a drag in the back-arc leading to the opening of 

Andaman Sea starting with a rate 3.72 cm/yr in about 13 m.y. (Curray et al., 1982). 

Kamesh Raju et al. (2004) postulated that the present full rate spreading in the central 

Andaman Basin is about 38 mm/yr and it has opened up to 118 km in about the last 4 

m.y and as a consequence, the extrusion tectonics, prompted extension and rifting 

along the plane joining the Sagaing and Sumatran fault systems (Curray et al.,1977; 

Swe,1972). 

Kamesh Raju et al.(2004) attributed magnetic anomalies in the western and 

eastern parts of the central basin to the blanket of sediment. The Morley and Alvey 

(2015) have interpreted that central basin opened in an episodic manner and the 

alternative model proposed that the central trough is equivalent to magnetically active 

narrow troughs in the attenuated continent crust for transitional continental-oceanic 

such as those found in the northern Ethiopian Rift or the Suguta Valley in Kenya. 

The Mergui Basin in the north of the offshore is an extension of the North 

Sumatra Basin, which is formed by the rifting, transtension and thinning of 

continental crust, which began during early Oligocene and consists of a series of 

horsts and grabens structures. The seismic refraction studies indicate that a thin 

continental crust underlies the basin. Curray (2005) interpreted that the crust of East 

Andaman, Alcock and Sewell's rises are of the early Miocene age that formed an 

oceanic crust.  

However, with the addition of seismic data by oil industries, Morley and 

Alvey (2015) proposed it to be a continental crust. The Shan Plateau in Burma, Malay 

Peninsula and continental margin in the eastern Andaman Sea in the eastern zone 

(Suess, 1904) consist mainly of the Palaeozoic and the Mesozoic rocks overlying 

continental crust (Acharya, 1994).The Shan Plateau is assumed to be a fault known as 

the Shan Scarp Fault, and its western margin is interpreted to be an old suture 

(Acharya, 1998; Mitchel, 1989). 
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2.7 Stratigraphy 

 A large part of Andaman is inaccessible and thus its geology and stratigraphy 

are not completely understood. With the available information, the stratigraphic 

sequence of Andaman Islands is divided into four units- Ophiolites Group, Mithakhari 

Group, Andaman Flysch Group and Archipelago Group in ascending order. 

The Ophiolites Group, which formed the basement of these islands, is made up 

of a plutonic complex, a volcanic sequence and pelagic sedimentary rocks belonging 

to the Cretaceous. Ophiolite is reported in all parts of Andaman Islands with 

maximum occurrences in South Andaman followed by Middle and North Andaman 

(Pal et al., 2003). The ophiolite slices of Andaman-Nicobar accretionary prism were 

uplifted and emplaced by a series of seaward verging thrusts, interbedded with 

Eocene trench slope sediments, with progressively younger rocks to the west (Pal et 

al., 2003; Curray, 2005). 

The Eocene Mithakhari Group consists of pelagic trench sediments and 

coarser ophiolite fragments. The group is found in the accretionary prism divided into 

the Lipa Black Shale, the Hope Town conglomerate and the Namunagarh Grit 

formations (Ray, 1982). 

The Andaman Flysch Group (AFG) and the Archipelago Group (AG) are 

found in Andaman fore-arc, represent the siliciclastic, and carbonate turbidites 

respectively (Awasthi, 2012). The siliciclastic turbidites of Eocene-Oligocene age in 

AFG contains sediments derived from local sources as well as contribution from distal 

continental sources (Awasthi, 2012). The AFG is composed of three lithofacies, 

namely, Bouma sequences, sandstone-shale and mudstones. It overlies the Mithakhari 

and underlies the AG. The AG forms the uppermost part of Andaman accretionary 

prism, and the deposition took place mostly in a slope environment (Roy, 1983). This 

group is composed of sandstones (Cross-stratified and graded), silty mudstone, 

limestone marls, and chalky limestones. These sedimentary rocks cover the most of 

Andaman Island, but recent uplift and erosion left only small patches that can be 

found on the main islands. 

 



20 

 

 

Fig 2.5. Stratigraphic Map of Andaman (after Pal et al., 2003) showing the 

distribution of various lithological rock units 

 

2.8 Seismicity 

The Andaman subduction is one of the most seismically active regions on the 

earth (Engdahl et al., 2007) and it has produced a destructive earthquake in the past. 
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Bilham et al. (2005) reported that Kondul 1847 (7.5<M<7.9), Off Car Nicobar 1881 

(Mw 7.9) and West of Middle Andaman 1941 (Mw 7.7) earthquakes are among the 

greatest earthquakes occurred in Andaman subduction zone. A large earthquake also 

occurred in the North Andaman on January 28, 1679, with a magnitude 7.5 (Iyengar 

et al., 1999). The Car Nicobar (1881) earthquake caused a tsunami surge not 

exceeding 0.75 cm at Car Nicobar (Rogers, 1883) and a wave height of 0.25 m in 

Chennai on the east coast of India (Oritz and Bilham, 2003). The source mechanism 

of this earthquake was analysed using the tsunami travel times (Oritz and Bilham, 

2003). Jhingran (1953) reported that Middle Andaman earthquake (1941) has uplifted 

(by ~1.5 m) along the western margin and subsided along the eastern margin of 

middle Andaman regions. 

South of Andaman arc (i.e. Sumatra subduction zone) experienced five 

earthquakes with more than 8.3 magnitudes (Mw) (Briggs et al., 2006) in last ten 

years. The megathrust December 2004 (Mw 9.3) earthquake is one the largest ever 

recorded by seismic instruments that released as much energy as that used by the 

United States in 6 months (4.3x10
18

J) (Bilham, 2005) and produced a devastating 

tsunami across the Indian Ocean. This earthquake started at a depth of 30-40 km with 

a ruptured over a length of 1300 km and width of 150 km from the Simeulue Island to 

the northern Andaman Island (Ammon et al., 2005; Lay et al., 2005; Subarya et al., 

2006). After three months, on March 28, 2005, the second earthquake of Mw 8.7 

occurred near Nias Island 150 km south, and it ruptured 350 km of the plate interface. 

Three years later, a Mw 8.5 earthquake struck on 12 September 2007 at 800 km 

further south near Bengkulu (Konca et al., 2007). On the 11 April 2012, two strike-

slip earthquakes with magnitude Mw 8.6 and Mw 8.2 occurred just to the south of the 

2004 earthquake on the subducting plate (Duputel et al., 2012). The Mw 8.6 

earthquake is the largest of the strike-slip events. The result of these great mega 

earthquakes are the stress perturbations in this area. The 2004 and 2005 earthquakes 

inhibited failure north of the Andaman spreading centre, WAF and Sumatra Fault 

System and caused static Coulomb stress distribution change along the Sumatra–

Andaman-Sagaing Fault system (Cattin et al., 2009). The maximum Coulomb stress 

varies in the northern part of the Great Sumatra Fault (Cattin et al., 2009; McCloskey 

et al., 2005). 
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The aftershocks of 2004 earthquake dominated in the region from Sumatra to 

the Andaman Islands and a cluster of an aftershock occurred at the intersections of 

WAF and the seaward extension of GSF (Lay et al., 2005; Kundu et al., 2012). The 

aftershock activity is absent in the region north of about 15
0
N latitudes, a zone that 

has not generated many earthquakes in the past. Mishra et al. (2007) studied the focal 

mechanism of the aftershocks and suggested the presence of arc-normal compression 

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

in the back-arc region. Around thousands of shallow aftershock, events occurred in 

two months and approximately 100 of them were of magnitude greater than 5 as 

reported by National Earthquake Information Center (NEIC). Engdahl et al.(2007) 

suggested that this high aftershock seismicity associated with the back-arc transform 

fault indicates accompanying slip partitioning along the boundary and most of them 

were characterised by shallow depth right-lateral strike-slip, but also include a number 

of normal faulting mechanisms oriented perpendicular to the predominant strike-slip 

in the region along a linear trend. There is a transition zone of aftershock activity at ~ 

5.5
0
N marked by Kennet and Cummins (2005), and it broadly corresponds to changes 

in the physical properties of the plate interface. 

 

2.9 Previous Studies 

The first recorded observation on Barren Volcano Island by western explorer 

Van Linschoten (1595) followed by Mallet (1895) reviewed the history of observation 

of eruption of this volcano. Thereafter, the organised study (Oceanographic and 

Marine Biological) of Andaman Sea was conducted by Alcock (1902), and later on by 

Sewell (1925). Heifer (1840) described the geology of Andaman Island related to 

Ritchie's Archipelago rock. Later, the study of geology and origin of the Andaman-

Nicobar Ridge was started by Rink (1847), who divided the rock of Nicobar into three 

groups; (1) brown coal formation, (2) igneous rock, and (3) older alluvium. They 

interpreted that this ridge formed as a result of the uplifted sediments from the deep 

oceanic floor. This ridge extended southward as the outer-arc ridge off Sumatra and 

Java (Hochstetter, 1869). Ball (1870) recorded the geology of the vicinity of Port 

Blair and correlated these rocks with that of the Nicobar and suggested that 

sedimentary rocks of the South Andaman are crosscut by the serpentine intrusion. The 
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Andaman Island and Nicobar were mapped in more detail by Tipper (1911), Gee 

(1927), and Jacob (1954). Wegener (1966) was the first author who postulated a rift 

origin of Andaman Sea. The first systematic geophysical survey (gravity, magnetic 

and seismic) of the Andaman Basin was conducted by Weeks et al. (1967) as part of 

the International Indian Ocean Expedition, on board D.S. Coast Guard ship Pioneer. 

Using these data, they interpreted that the Barisan range of northern Sumatra extended 

into the Andaman Sea to 10
0
N. Thereafter, Karunakaran and his team of Geological 

Survey of India (GSI) conducted an investigation on the Barren and Narcondam 

Island and mapped South Andaman Island part for sulphur during 1959 and 1960. 

Rodolfo (1969) suggested that the central Andaman Sea is 100-200 km wide trough 

marked by steep and elongated sea valleys and seamounts such as the Nicobar Deep, 

Barren-Narcondam volcanic islands, Invisible Bank, Alcock and Sewell seamounts. 

Fitch (1972) reported that the NE movement of Indian plate was resolved or portioned 

into two large components: strike-slip on the Sagaing Fault (5 cm/yr) and high rate 

normal subduction along the Sunda-Andaman trench (4 cm/yr). The structure of 

Andaman arc is dominated by the east dipping nappies having a folding, however 

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

NER collided with the Sunda trench in the middle or late Miocene (Eguchi et al., 

1979) and transmitted its compressional stress into the back-arc area causing the 

opening of the Andaman Sea. 

Grevemeyer and Tiwari (2006) proposed that Sumatra-Andaman region is 

more seismically active compared to Java region based on Song and Simons (2003) 

hypothesis, which has suggested that the trench parallel gravity anomalies (TPGA) 

may provide constraints on the seismogenic behaviour of subduction zones. Negative 

TPGA indicates vigorous earthquakes because of maximum shear stress while 

positive TPGA is correlated with lower seismicity causing lower shear stress. The 

GPS Studies (Stein and Okel, 2005; Gahalaut et al., 2006) suggested that probability 

of occurrence of the mega earthquake between 14
0
N and 21

0
N is minimum. Lay et al. 

(2005) suggested that the mechanical coupling on the thrust plane might be influenced 

by increasing age northward of subducting plate. The young subducting lithosphere 

tends to result in interplate faults with shallow dips and broad contact areas and 

generates great mega earthquakes while the older lithosphere is not expected to 

experience any such events (Ruff and Kanamori, 1980; Scholz and Campos, 1995). 
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The NNE-SSW trending linear features like NER situated adjacent to the Andaman 

trench are reflected by the positive free-air gravity anomaly (Chakraborty and 

Mukhopadhyay, 2006). After the analysis of seismicity in the frontal arc of the 

Andaman-Sumatra subduction zone, Gahalaut et al.(2010) suggested that the number 

of earthquake in the north Andaman fore-arc (10-15
0
N) is about 28% less than that in 

South or Nicobar-Sumatra fore-arc because of the proximity of NER to the Andaman 

trench (Subrahmanyam et al.,2008; Gahalaut et al., 2010). Ratheesh et al.(2013) 

revealed that low effective elastic thickness (Te) zone is predominant where the NER 

meets Andaman trench and proposed that the northern part of NER adjacent to the 

trench has been participating in the subduction process and its buoyant crustal loads 

are partly locked at the interface between subducting and overriding crusts. The 

buoyant NER has an irregular topography that induces complexities in the subduction 

process because the pressure of the buoyant force increases the normal stress across 

the interface. The varying age of material including NER entering the subduction 

zone may influence the physical properties along the slab which is illustrated by the 

ratio of shear wave speed and bulk sound speed (Kennett and Cummins, 2005) at a 

depth of 75 km, which significantly reduces at the upper side of the plate at 7
0
N, 

8.5
0
N and 10.5

0
N associated with the localised features (Kennett and Cummins, 

2005). 

Several researchers have concluded that nature of the regional seismicity is 

controlled by tectonic process. The structure of subduction is reflected in the 

seismicity pattern like thrust dominated subduction front, the strike–slip faulting 

along the west Andaman fault and the extensional processes with the Andaman 

spreading centre. Several researchers (Guzman-Spezial and Ni, 1996; Dasgupta et al., 

2003; Khan and Chakraborty, 2005) have attempted to map the contour of top surface 

of identified Benioff zone of Andaman representing the dipping lithosphere using 

either Hypocentral Trend Surface (HTS) analysis or closer grid basis of the shallow-

depth Benioff zone hypocenters or smooth curves. Radhakrishana et al. (2008) have 

adopted the procedure for plotting the vertical sections and grid areas of Dasgupta et 

al. (2003) for configuration of Andaman Benioff Zone (ABZ). With the help of 

available earthquake location data sets, Dasgupta et al. (2003) constructed the 29 

depth sections of the in the Burmese-Andaman arc and 11 of them are in the 

Andaman arc. They proposed that the dip of ABZ is not uniform throughout; rather it 
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varies between 43
0
 to 53

0
 in the North Andaman while it is 38

0
 to 50

0
 in the south 

Andaman. Each of the vertical section reveals the distinct seismic character of the arc. 

The Seismological studies (Pesicek et al., 2008; Kennett and Cummins, 2005; Shapiro 

et al., 2008) have also explained the variation of dip of the slab from the south to 

north. They have described that the dip of slab varies from moderately (~25-50
0
) 

below Burma and northern Sumatra to steeply dipping (60-90
0
) below the Andaman 

and south. The P and S wave velocity perturbation model (Pesicek et al., 2010; 

Kennett and Cummins, 2005) suggested variation of slab depth from the south to 

north of Sumatra-Andaman region and after 15
0
 northward, no slab appears and is 

characterized by a recent cessation of subduction process and transformation into a 

strike-slip zone (Le Dain et al., 1984; Rao and Kalpana, 2005; Gahalaut and Gahalaut, 

2007). The S wave tomography study of Kennet and Cummins (2005) has reported 

the east-west cross-sections of the area (2 to 16
0
N) with 20 cross-section interval. 

These cross-sections at 2
0
N and 4

0
N illustrate the presence of a shallow dipping 

segment down to around 150 km with a steeper dip at greater depth. Between 6
0
N and 

8
0
N slab dip appeared steeping in deeper part and further north from 10

0
N, the slab 

becomes nearly vertical at the intermediate depth. Further, they interpreted that 

structure of subducted slab is the result of roll-back associated with the formation of 

the Andaman back-arc basin and spreading. Pesicek et al. (2008) found P-wave 

seismic velocity structure below North Sumatra, which infers that slab is folded at 

depth exhibiting a geometry similar to that of the volcanic-arc and trench at the 

surface. Shapiro et al. (2008) reported mantle temperature at 50 km depth from the 

study of surface-wave tomography of the upper mantle. The conversion from isotropic 

seismic velocities to anisotropic is explained with temperature variation estimated 

from the thermo-elastic properties of mantle materials obtained in the laboratory. 

They interpreted that during the 2004 Sumatra-Andaman earthquake, rupture 

propagation was slow in the Andaman segment due to weak seismic coupling 

resulting from a combination of less buoyant subducting plate and weak back-arc 

lithosphere. Kumar et al. (1996) suggested that P and T axis orientations in the 

southern part indicate an active subduction whereas the orientations in northern part 

are in disagreement with the local trend exhibiting two distinct tectonic patterns. They 

also found that events with greater depth (depth > 90 km) in the Burmese arc are 

associated with thrust faulting and shallower depth (<90 km) are dominated by 
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normal and strike-slip faulting. Kayal et al. (2004) derived a velocity model 

combining the results of DSS (Kaila and Tewari, 1986) and gravity studies (Ghosh, 

1997) that indicated a Moho at 50 km depth. 

Later, Curray (2005) utilised all the available data from DSS profiles in the 

sea, satellite gravity magnetic, and bathymetry data to broadly estimate the subsurface 

structure under this highly complex subduction margin. Recent results of Rao et al. 

(2011) talks about the horizontal gravity gradient (N-S) component computed from 

sediment corrected Bouguer gravity anomaly. This gradient clearly depicts about the 

demarcation of Andaman Islands and reveals that such a demarcation corroborates 

with the epicentral region of Coco earthquake (Mw ~ 7.5) of 2009. Further analysis of 

2D density structure models along the epicentral region of Coco earthquake by Rao et 

al (2011) reveals maximum crustal thickness below the Andaman Island to be about 

30 km which includes a thin (~ 9 km) Indian crust overlain by a thick (~ 21 km) 

Burmese crust and possess 5 km thick sedimentary strata. The seismic reflection 

studies covering the 3000 km long subduction arc starting from Andaman to southern 

Sumatra (Moeremans et al., 2014) concluded that the oceanic crust is extremely 

disturbed due to numerous faults associated with varying topographic relief features 

all along the margin and the frontal zone is highly folded having a series of thrusts 

bounding the blocks of layer preserved sediments whose vergence varies from 

seaward in the south to Landward in the north. Interestingly, the weak reflection was 

observed over the Accretionary prism indicating a high dissipation of seismic energy 

due to a high degree of faulting and compacting of sediments. Recently, Kumar et al. 

(2016) examined Andaman subduction zone based on Receiver Function (RF) 

analysis and they identified the evidence for tearing in the slab. Furthermore, they 

found that the depth of crust and lithosphere are 20 and 50 km below the Andaman-

Nicobar region, except between 7 to 8
0
N latitude, where it deepens down to ~40 km 

and ~70 km. This tear slab area coincides exactly with the largest horizontal 

coseismic offset of the 2004 Sumatra earthquake inferred from GPS studies (Gahalaut 

et al., 2006; Yadav et al., 2013). 
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Chapter-3 

Fundamental of gravity method & numerical 

solutions 

3.1 Density model  

3.1.1 Basic Theory of Gravity method 

The Gravity or gravitational force is the fundamental natural attractive force 

between two point masses, and its basis is drawn from Newton’s Law of Gravitation, 

which states that the force of attraction (F) between two point masses m1 and m2 

separated by a distance (r) is given by 

                                                                 F= G
    

                                                 (3.1) 

where, G is universal gravitational constant that has a value of 6.67259 x 10
-11

 N * m
2
 

/ kg
2 

 

Fig 3.1. Gravitational force between two masses m1 and m2. 

Consider the gravitational attraction of a spherical, non-rotating, homogeneous 

Earth of mass M and radius R on a small mass m on its surface. It is relatively simple 

to show that the mass of a sphere acts as though it were concentrated at the centre of 

the sphere and by substitution in equation (3.1) 

                                                              F=
  

    = mg                                              (3.2) 

                                                                g = Gm/R
2
                                                 (3.3) 
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where, g is known as the Gravitational acceleration due to gravity or simply gravity 

and its value is 9.8 m/s
2
. Here, both gravitational forces (F) and gravity (g) are vector 

quantities and its direction is towards the centre of the earth. 
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Fig 3.2. (a) A particle of mass m moving in a gravitational field of a body of mass M. 

It is attracted by M and moves toward it by a small quantity dr; (b) Gravitational 

potential over the spherical homogeneous earth; (c) Potential of a three-dimensional 

mass. 
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In the case mentioned above the Earth, gravity would be constant. However, 

we know that the Earth has an ellipsoidal shape, rotation, irregular surface relief and 

internal mass distribution, which causes the gravity field to vary over its surface. 

When any object moves in a gravitational field from one position (starting 

point 1) to another position (end point 2), the work done by it is called gravitation 

potential (Fig 3.2 (a)). Suppose a body with Mass M and let us assume that another 

mass m is moving in its gravitational field, where mass m is attracted by M and 

moves toward it by a small quantity dr as shown in figure (3.2). This displacement is 

the result of work W exerted by the gravitational field generated by M, can be given 

by 

                                                                                                              (3.4) 

                                                                 
 

                                                 (3.5) 

The gravitational potential (U) of mass (M) is the amount of work necessary to 

bring the particle from infinity to a given distance (r), given by: 

                                                                  
 

  

 

 
                                              (3.6) 

                                                                      
 

  

 

 
                                                  

                                                                      
 

 
  

 

 
                                                

                                                                      
 

 
                                                 (3.7) 

In the case of the Earth, gravitational acceleration g exerts a work to move a 

unit mass particle m from U to U + dU (spherical homogeneous non-rotating earth) as 

shown in figure 3.2 (b) and expression is given by: 

                                                                   
  

 

  

  
  

  

                                     (3.8) 

                                                                   
  

  
                 

The value of gravity can be measured by a falling pebble or pendulum. There 

is acceleration at each point in space due to the mass M, whether there is a test mass 

there or not. One can define U as either the positive or negative potential of the work 

done. The potential is a scalar quantity which is typically easier to handle than a 
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vector field. The potential U at point P (x, y, z) caused by a three-dimensional (3D) 

mass can be calculated by taking a mass element dm (Fig 3.2 (c)) at a distance r from 

point P according to Eq. (3.8), 

                                                                  
  

 
   

      

 
                              (3.9) 

where  = density in kg/m
3
 and r

2
 = x

2
 + y

2
 + z

2
. The potential U of the total mass m 

will be 

                                                                   
 

 
                                       (3.10) 

The acceleration gz in the direction of z-axis is given by: 

                                                                   
  

  
       

 

                       (3.11) 

 

3.1.2 Space satellite observed gravity field 

It is well known that an ocean occupies two-thirds of the Earth. Therefore, a 

large part of the Earth is not covered by gravitational observations. Prior to the space-

born observations, marine gravity field surveys and geoid observations were carried 

out by surveying ships and tide gauge stations located along the irregular local 

coastline. The CHAMP (Challenging Minisatellite Payload), GRACE (Gravity 

Recovery and Climate Experiment), GOCE (Gravity field and steady state Ocean 

Circulation Explorer) and Satellite altimetry (SA) are the major satellites providing 

our full coverage of world data through measurement of gravitational fields from 

space. A brief description of gravity-measuring satellites is given below. 

 

Fig 3.3. Principle of gravity measurements from (a) CHAMP and (b) GRACE  
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(a) CHAMP 

This satellite was launched in July 2000 and measures the gravity and 

magnetic field simultaneously. CHAMP satellite provides us with the gravity field 

values with the help of the principle of conservation of energy. CHAMP is based on 

the principle of satellite-to-satellite tracking in high–low mode. (Fig 3.3(a)). The 

positions and velocities of the LEO are tracked and determined by GPS, and non-

gravitational forces acting on the LEO are measured by the onboard three-

dimensional (3D) accelerometer. 

(b) GRACE 

This satellite was launched on March 17, 2002. The GRACE satellite 

considers satellite-to-satellite tracking in low-low mode. Two LEOs flying at an 

altitude of about 500 km are separated by approximately 220 km along the track 

direction in the same orbit (Fig3.3(b)). When this satellite passes over the mass 

anomalies, the spacing between satellites gets disturbed. This disturbed separation is 

measured with high accuracy by an interstate K-band ranging system. The energy 

balance approach calculates the gravity field. 

(c) GOCE 

 GOCE mission is the first satellite mission to carry a gravity gradiometer into 

space. This satellite was launched on 17 March 2009. The GOCE system consists of 

three pairs of highly sensitive accelerometers located close to the satellite centre of 

mass. This satellite also works on the concept of satellite-to-satellite tracking in high–

low mode (Fig 3.4(a)). 

 

Fig 3.4. Principle of (a) GOCE and (b) Satellite Altimetry 
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(d) Satellite Altimetry 

The Satellite Altimetry (SA) evaluates the distance from a satellite to a target 

surface by measuring the satellite to surface round trip time of electromagnetic pulses 

emitted from altimeters (Fig 3.4(b)). The SA measures the two-way transit time (t) of 

the reflected pulse from the average global sea surface (geoid) back to the instruments 

(satellite) with an atomic clock. One-way distance from the satellite to surface 

travelled by the electromagnetic pulse is called Range (R), which is always 

proportional to the travel time of the electromagnetic pulse. The altimetry pulse 

travels with the speed of light (c). The relation between range and transit time is given 

below. 

                                                                 R=ct/2                                                   (3.12) 

 

Fig 3.5. Flowchart for gravity derived from the satellite altimetry 
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The above expression is based on the free propagation of pulses, but it faces 

obstacle by ions, dry gases, water vapours and other molecules present in the air. 

Hence, some corrections like ionospheric correction (Cion), dry tropospheric 

correction (Cdry), wet troposphere, shape adjusting correction (Cs) and rotation 

adjusting correction (Cp) are applied to determine the precise range of SA. The 

Satellite altitude (S) with respect to reference ellipsoid is calculated with an accuracy 

of 2-3 cm using the satellite‘s orbital parameter and precise positioning instruments. 

After applying the various corrections, the variations of sea surface with respect to 

ellipsoid are given by 

                                                   H= S – R+Cion+Cdry+Cwet+Cs+Cp                       (3.13) 

Among all satellites, SA plays a strong role in the measurement of the gravitational 

field in the ocean. The SA observations of local gravity offer a fundamentally 

different way to measure than that provided by space gravity missions such as 

GRACE, CHAMP and GOCE. These Satellites measure the gravitational attraction at 

an altitude of 250-700 km. But, the short wavelength scale features in the 

gravitational field are attenuated due to the upward continuation and therefore only 

long wavelength features are received. Among the satellite gravity missions, only SA 

can measure the high resolution (5-100 km) gravity field because it indirectly 

measures gravity via measuring the geoid height variations at the ocean surface. The 

data of SA can be used to derive a high resolution global marine gravity field with 

accuracy ranging between 2-4 mGal. The height of the ocean surface closely 

assembles an equipotential surface of gravity, and dense observations of the height of 

the ocean have become an increasingly important supplement to traditional terrestrial, 

shipborne and airborne observations. The SA missions are utilised for recovery of 

geoid and gravity data over the Ocean (Andersen and Kundsen, 2009). The process 

for retrieval of gravity data from the altimeter data is explained in the flowchart 

(Fig3.5). 
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3.2 Numerical Simulation  

In Geodynamics, rocks of crust and mantle are considered as continuum 

geological media. Continuum Media assumes no gaps or mass free voids. If any 

cavities or pores exist, it should be filled with some material. In continuum 

mechanics, the kinematic and mechanical behaviour of materials are modelled as 

continuum using several defined body and surface forces. 

3.2.1 Body and Surface Forces 

Body forces arise as a consequence of the continuum being placed in a force 

field. The body forces act throughout the volume of solid rock, and its magnitude is 

directly proportional to the mass of the body. The best example of body force is 

gravity. In contrast, surface forces arise from inter-atomic forces exerted by material 

on one side of the surface onto material on the opposite side and act on the arbitrary 

surface area bounded by an elemental volume. The magnitude of the surface force is 

proportional to the area of the elemental surface. 

3.2.2 Definition of Stress 

Stress ( ) is a dynamic quantity that is defined as the resistance offered 

against the surface in which the forces are acting within or at the surface of 

continuous media. Stress is a second order tensor quantity that requires magnitude, 

direction of force vector and direction of the normal vector to the plane on which the 

force acts. Stress is transmitted through a material by inter-atomic forces. The stress 

transmitted parallel to the surface is called shear stress, and if the stress is acting 

perpendicularly, it is called normal stress. The SI unit of stress is Pascal (1 Pa = 

N.m
2
). 

The states of stresses are expressed by the traction vector (T (n)), or stress 

vector is defined as the force per unit area and is given by 

                                      T (n) =         
        

  
                                                         (3.14) 

The unit vector ‘n’ is normal to the area    and is around the point. There are three 

traction vectors (T (1), T (2) and T (3)) for a 3D body. 

Cauchy gave the relationship between stresses and traction vector on any 

arbitrary surface as 
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                                                        =                                                                  (3.15) 

where    represents the unit normal vector of any arbitrary surface.  

In the subscript of     , j represents the direction of the plane upon which the stress 

acts and   is direction of the stress component.  

Equation (3.15) can be expressed in matrix form as 

                                             
  

  

  

  =  

         

         

         

  

  

  

  

                                    (3.16) 

Here, shear stresses across the diagonal are identical, i.e.,       ,         , 

and         due to static equilibrium (no net moment) and     ,      and      are 

called normal stresses. 

3.2.3 Principle Directions and Principle Stress 

The principal stresses are the eigenvalues of the stress tensor and are obtained 

by applying a transformation to principal axes of the stress tensor given in equation 

(3.16). The shear stresses in the coordinate planes vanishes and is given by  

                                                   
  

  

  

  =    

    
    
    

                                         (3.17) 

where    ,     and    are referred as the principle stress components and their 

directions are called principle directions. 

3.2.4 Isotropic and Deviatoric stress 

The isotropic stress (   
 ) is the first invariant and is defined as 

                                                
  = 

 

 
                                                              (3.18) 

where     is Kronecker delta and value vanishes when subscript    and   are unequal 

and is one when subscripts are equal. The isotropic stress represents mean normal 

stress, pressure, and control the volumetric change of body. 

The deviatoric stress is the product of mean of normal stress subtracted from the 

stress tensor. 

                                               
 =   -   

                                                               (3.19) 
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Deviatoric stress is the reason for distortion in the body. 

3.2.5 Von Mises Stress 

Von Mises stress (    ) is scalar value which is used to predict plastic failure 

(Ranalli, 1995). It is second invariant of stress tensor and is derived from the principal 

stress components as well as six component of stress. 
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      (3.21) 

3.2.6 Equations of equilibrium 

An understanding of the deformation mechanism and rheology of the Earth 

materials is essential in geosciences like seismology and plate tectonics (Ranalli, 

1995). In the continuum median, equations of equilibrium are given below. 

                                                        
    

   
 +    = 0                                                   (3.22) 

where     is stress,    is density and    is the body force, if we get the acceleration of 

gravity ( ) as body force directed toward vertical along     , then the components of 

    are, B1 = 0, B2=0 and B3 =   , then, the equations of equilibrium becomes  
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  = 0                                                    (3.23) 
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  = 0                                                   (3.24) 
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  =                                                     (3.25) 

These are the system of differential equations solved by numerical method. 

3.2.7 Material rheology  

The basic concepts in rheology like stress and strain deal with the flow of 

matter and its deformation mechanism. The Earth is believed to behave as elastic 

nature in a smaller geological time scale and viscous in a longer scale (Turcotte & 

Schubert, 2002). It is an important concept in many branches of Geosciences right 

from seismology to computational geodynamics (Ranalli, 1995). The deformation of 
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the earth is related to material properties and forces acting within or upon the bodies. 

The deformation in the lithosphere can be classified into three types as elastic, viscous 

and plastic deformations which are explained below. 

3.2.7.1 Elasticity  

The property of solid materials to return to their original shape and size after 

the forces deforming them have been removed producing a temporary shape change is 

called elastic deformation or simply elasticity. In other words, elasticity is a change in 

the shape of material at the low stress that is recoverable after the removal of stress. 

The produced strain is linearly proportional to stress, and the properties of the 

material are independent of loading velocity and stress. Elastic deformation or 

elasticity is an important property in geodynamics since the behaviour of rocks is 

elastic in nature at low temperature and pressure in the brittle lithosphere. Elastic 

behaviour of rocks can be measured with the help of laboratory experiments like 

mono to triaxial compression and tensile (Altenbach & Altenbach, 1994). The stress-

strain and strain - time diagram for elastic behaviour is as shown below.  

 

Fig 3.6.  (a) Stress and strain relation and (b) strain and time relation, loading time 

start at time    and end time is    (Ranalli, 1995) 

The theoretical model of elasticity is described by the Hooke’s law as 

                                             =                             (i, j, k, l =1, 2, 3)                  (3.26) 
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Where       is elastic parameter consisting of a set of 81 coefficients. Hooke’s law is 

a constitutive equation in case the of homogenous and isotropic medium and its 

elastic parameters are reduced from 81 in to 36. 

                                                       =       
+ 2                                                    (3.27) 

Where λ and   are Lame’s constants and i, j, k = 1, 2, 3 respectively. The elastic 

parameters Young’s modulus (E) and Poisson’s ratio ( ) are derived from Lame’s 

constants 

                                                 E =
        

     
;                                =

 

      
            (3.28) 

The Young’s modulus and Poisson’s ratio can be derived from the equations 

                                        E=    
 (

    
     

  

  
    

 );                            =
   

     
 

    
    

  
            (3.29) 

Where   is density,    and    are the seismic velocities of P and S waves respectively. 

 3.7.2.2 Plasticity  

Earthquakes, folding and faulting which are linked with fracture and plastic 

flow, play a major role in the mechanism of the lithosphere. The distribution of 

earthquakes bearing on the transition zone is between brittle to the ductile behaviour 

of the lithosphere. Most of the seismicity occurs in the brittle zone (Ranalli, 1995). 

The dynamic instabilities are prerequisites for generation of the earthquake, with 

consequent fault slip, stress drop and release of energy in the form of a seismic wave. 

Plasticity is the property of a material to undergo non-recoverable, nonlinear 

deformation under load. Plasticity depends on material properties like temperature, 

pressure, chemical environment, and conditions of loading (Ranalli, 1995) and 

independent of time and velocity (Altenbach & Altenbach, 1994). The yield stress is a 

limit that characterises the material whether it is elastic or plastic. If the material is 

under stress above the yield stress, deformation is irreversible, and if it is below, the 

material deforms elastically. The material failure occurs in the two ways after 

crossing the yield point. 
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Fig 3.7. (a) Diagram for brittle failure where stress drops to zero when the yield point 

is reached (  ); (b) After the yield point, stress is ideally constant with increasing 

strain (After Ranalli, 1995)  

(i) The stress drops to zero after reaching the yield by failure/ fracture (brittle) 

with little or no permanent deformation. 

(ii) The stress becomes constant after reaching yield point by the failure of plastic 

flow (Ductile). The strain (work) hardening or softening is possible in plastic flow. In 

the case of strain hardening, yield stress increases with increasing deformation, and if 

it is opposite, it is called as strain softening.  

Both the cases of material failure depends on the temperature and pressure. 

The effect of temperature is more on yield stress, whereas pressure effects more on 

fracture stress. At the low pressure and temperature, failure will be brittle, and 

fracture stress is lower than the yield stress. Moreover, at high temperature and 

pressure, failure is ductile, and fracture stress is greater than yield stress ( Ranalli, 

       

The Yield criteria are a function of the state of stress ( ) and material constant 

(K) that is determined experimentally. It can be expressed as (Zienkiewicz & Taylor, 

2000) 

                                                                   F (    = 0                                         (3.30) 

Plastic behaviour can be characterized by Yield function for perfectly rigid-plastic 

body 
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                                             F= -                                                                     (3.31)  

The plastic deformation for rigid – plastic body occurs when  =    . The most 

appropriate plasticity models used for the crustal material are the Mohr-Coulomb 

(Davis et al., 1983; Dahlen et al., 1984) and Drucker –Prager criteria (Kellner, 2007; 

Babeyko and Sobolev, 2008). 

(i) Mohr-Coulomb criterion  

The expression for Mohr- Coulomb criterion with yield function is given 

below  

                                  = -P     +       -  
  

 
        -C                     (3.32) 

Where pressure (P) =- 
  

 
 and   =    +   +   ,    is first invariant,  is the angle of 

internal friction, Lode angle ( ) = 
 

 
arc     

   

 

  

  
   ;    (      

  ) is second and   (det 

(   )) is the third invariant and C is the cohesion. 

Mohr-Coulomb criterion assumes that maximum shear stress is a decisive 

measure of the impending failure. In this approach, singularities of the sharp vertices 

of the Mohr-Coulomb yield surface cause significant computational problems. 

(ii) Drucker – Prager criterion 

The Drucker-Prager criterion (   ) with yield function is also given below 

                                   =
      

          
  +    -

      

          
                                         (3.33) 

Drucker-Prager criterion is used in numerical modelling (Kellner, 2007; Babeyko and 

Sobolev, 2008; Zeumann 2013). Since this approach assumes the smooth yield 

condition, it can be numerically handled more easily (Zienkiewicz et al., 2000). 

3.7.2.3 Viscosity  

If the deformation in the rock is permanent and irreversible after the removal 

of the load, the material is said to be viscous or ductile. It is the property of the 

material and is a measure of its resistance to gradual deformation by shear stress. The 

strain rate and stress relation are given by  

                                                           = A                                                             (3.34) 
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where   = 
  

  
 , A is the proportionality constant and depends on pressure, tempreture 

and material parameters and n is constant. 

 

Fig 3.8. (a) Stress and strain rate for linear viscous body, which slope is related to 

viscosity (1/2   ); (b) Strain and strain rate for non-Newtonian behaviour which is 

known as Power law creep with n=3.5; (c) plot of Strain and time, loading starts at t1 

and the strain remains same after loading reaches t2 (After Ranalli,1995). 

Newtonian viscosity defined for n=1 is linear and is independent of stress and 

for n 1 viscosity is non-linear and is called Non-Newtonian (Burov, 2009) which 

depends on stress. The general relation which is valid for isotropic, incompressible 

and homogeneous materials after Ranalli(1995) is 

                                                          =2                                                               (3.35) 

where η is viscosity. 

On comparing equations (3.34) and (3.35) we get, 

                                                           A=
 

  
                                                             (3.36) 

The solid-state creep is a major deformation mechanism in the earth’s crust and 

mantle. It is the ability of a crystalline substance to deform irreversibly under applied 

stresses. There are two major types of creep  

(a) Diffusion creep: It is dominant on low stress and high temperature and results 

from the diffusion of the atom through the interior (Herring-Nabarro creep) and along 

the boundaries (Coble creep) of crystalline grains subjected to stresses. 

(b) Dislocation creep: It dominates at higher stress and moderate temperature with 

n=3 to 3.5. 
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3.7.2.4 Viscoelasticity 

Earth behaves as an elastic material on short geological time and viscous on 

the longer geological time scale (Turcotte & Schubert, 2002). There are two types of 

viscoelastic models out of which one is Maxwell model, and the other is Kelvin or 

Burgers model. Maxwell’s model used in this study is a combination of series of one 

spring and dashpot. The general relationship between stress and strain is 

                                                                      =2                                                 (3.37) 

where   is shear modulus and it is also called rigidity and related to young’s modulus 

as  

                                                                      =
 

      
                                            (3.38) 

where   is the Poisson’s ratio and the relation between stress and strain rate is given 

below. 

                                                                      =2                                                  (3.39) 

The total strain (  ) for a Maxwell body is the sum of the elastic strain    and viscous 

strain    is given below. 

                                                                        =  +  =
 

  
+

 

  
t                               (3.40) 

After dividing Equation (3.40) by t, expression  can be written in the term of strain 

rate 

                                                                         =
  

  
+

 

  
                                            (3.41) 

The Maxwell relaxation time 

                                                                         = 
 

 
                                              (3.42) 

 If t >    then elasticity dominate other than t >    viscosity dominate.  
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Fig3.9.  Strain and time diagram from viscoelastic or Maxwell. Loading starts at t1 

and ends at t2; only the elastic part of strain is recoverable (after Ranalli, 1995). 

 

3.2.8. Driving and Resisting Forces 

Understanding the main cause of plate movement driving force is still to be 

understood (Wessel and Müllar, 2009) and a lot of studies are being carried out for the 

debate. However, from available studies, two major forces are identified for plate 

movement towards subduction phenomenon i.e. driving force and resisting force.  

3.2.8.1. Driving forces 

These are the ridge push forces from the mid-ocean ridges and the slab pull, 

which originates from the negative buoyancy of the subducting cold dense oceanic 

lithosphere (Wessel and Müller, 2009). Further, the phase transition from olivine to 

spinel at a depth of about 410 km results in a negative buoyancy force (Billen, 2008). 

The negative thermal buoyancy of subducting slabs (slab pull) is thought to be about 

one order of magnitude larger than ridge push. Once subduction becomes self-

sustaining, it will be locally balanced by the viscous resistance of the mantle and its 
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effective contribution may be of the same order as the ridge push (e.g. Forsyth and 

Uyeda, 1975; Lithgow-Bertelloni and Richards, 1998; Mahatsente et al., 2012). 

3.2.8.2. Resisting forces 

These forces include bending of the lithosphere, the frictional coupling 

between the slab and overriding plate and the viscous shear in the mantle. The phase 

transition from spinel to perovskite and magnesia wustite results in a positive 

buoyancy force and hinders the subduction (Billen, 2008). The relative importance of 

these forces is still a matter of debate (Wessel and Muller, 2009; Mahatsente et al., 

2012). 

 

3.2.9 Finite element method (FEM) 

Such complicated geodynamic problem of plate movement is directly 

associated with boundary conditions, and these boundary conditions can be only dealt 

with the partial differential equation for the solutions. Frequently the equations under 

consideration are so complicated that finding their solutions in closed form or by 

purely analytical means (e.g. by Laplace and Fourier transform methods, or in the 

form of a power series) is either impossible or impracticable, and one has to resort to 

seeking numerical approximations to the unknown analytical solution. The finite 

element method (FEM) is one of the numerical techniques for finding approximate 

solutions to boundary value problems for PDEs. The FEM uses subdivision of whole 

problem domain into some simply shaped continuous sub-domains (finite elements) 

and variational methods from the calculus of variations to solve the problem by 

minimising an associated error function. This discretization can enable the solution of 

PDE at a discrete point in the model in cases where an analytical solution is not 

possible to obtain. A set of linear equations of the unknown field variable is 

approximated for each element of discretization. 

The accuracy in a solution of PDE with FEM approximation depends on the 

shape, size and a number of nodes of the element. The FEM has a flexibility that it 

permits isotropic or anisotropic material, heterogeneous rheological layering, time 

dependent solution contact, and Coulomb friction criteria between different units of 

geometry. Therefore, it is an appropriate method for numerical simulation on the 

realistic geometry of geodynamic process. In this thesis, Abaqus/CAE 6.9-1 software 

http://en.wikipedia.org/wiki/Numerical_analysis
http://en.wikipedia.org/wiki/Boundary_value_problem
http://en.wikipedia.org/wiki/Variational_methods
http://en.wikipedia.org/wiki/Calculus_of_variations
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is used for finite element analysis (Abaqus Analysis User’s manual, 2008) which 

consists of three stages: pre-processing, simulation and post-processing as shown in 

figure 3.10 are discussed below: 

 

 Fig 3.10. Flow chart showing the different stages of complete Abaqus analysis (After, 

Abaqus manual, 2008). 

 

3.2.9.1. Pre-processing 

The main objectives of the pre-processing are 

(1)  To develop a finite element mesh with appropriate size and shape of realistic 

geometry. 

(2)  Assign suitable material properties required for a particular analysis. 
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(3)  Apply boundary and initial conditions in the form of restraints and loads. 

(4)  To define contact and constraint between each pair of parts. 

3.2.9.2. Simulation 

After pre-processing, the simulation stage involves the solution of a set of 

equations, which are assembled into matrix form in the general equation given below.   

                                                       [K]{u} ={F}                                                 (3.43) 

Where, 

u= [  ,  ,  ,………………..,   ] are set of nodal degree of freedom and in 

my case it is displacement vector and it is unknown, 

F= [  ,  ,  ,………………..,   ] is the loading vector and it is known in my 

cases and K is stiffness matrix  that describes the characteristic properties of 

the element. 

The matrix equation (4.0) is solved numerically. 

Abaqus/ CAE have two solvers  

(1)  Abaqus/Standard is general purpose analysis solver that can solve a wide 

range of linear and nonlinear problems involving the static, dynamic and 

thermal problems. It solves a system of equations implicitly at each solution. 

(2)  Abaqus/Explicit is special purpose solver that uses an explicit dynamic. It 

marches a solution forward through time in small increments without solving a 

coupled system of equation at each increment 

3.2.9.3. Post-processing 

After completing the simulation, further, Post-processing begins with a 

thorough check for problems that may occur during solution. Abaqus solver provides 

a log file, which should be searched for warnings or errors, and will also provide a 

quantitative measure of the behaviour of the numerical procedures during solution. 

The evaluation is done interactively using the visualisation module of Abaqus /CAE. 
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Chapter-4 

Density Model 

4.1 Introduction  

In Geophysics, it is a general practice to carry out the subsurface analysis of 

the Earth by using the principles of physics. It can be broadly classified into two 

different categories: (1) The potential field method utilises the gravitational, magnetic, 

electrical and electromagnetic fields of the Earth, searching for local perturbations in 

these naturally occurring fields that may be caused by the hidden geological features 

of economic or other interest. (2) Artificial source method involves the generation of 

electric or electromagnetic fields that may be applied analogously to natural fields or 

the propagation of seismic waves whose propagation velocities and transmission paths 

through the subsurface are mapped to provide data on the distribution of geological 

boundaries at depth. 

In gravity method, subsurface structures are explored by variations in the 

Earth’s gravitational field arising from the differences in density between subsurface 

rocks. The gravitational potential variations can be interpreted by a variety of 

analytical and computational methods, which estimate the depth, geometry and 

density. The gravity method is suitable when buried causative bodies have different 

densities compared to the host rock. 

The earth’s gravitational potential is measured at the earth’s surface and 

through airborne and satellite measurements. This potential is affected by topographic 

changes, earth’s shape, rotation, and earth tides. Therefore, it is required to remove 

these effects before interpreting gravity data for subsurface features. The gravity 

anomaly is then transformed into regional or residual anomaly depending on the 

objective of the studies. The residual gravity anomaly should be used for solving 

different engineering and environmental problems, including determining the 

thickness of the surface or near surface layer, changes in water table levels, and the 

detection of buried tunnels, caves, sink holes and near-surface faults. The regional 

anomaly can be used to interpret the crustal thickness and composition that have 

enormous implications of lithosphere.  
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In this PhD thesis, the satellite-derived free-air gravity anomaly, and geoid 

undulation have been used for the delineation of the 3D lithospheric structure of the 

North Andaman subduction zone. Apart from this, the analysis is integrated with the 

available geophysical (other than gravity) and geological constraints. 

 

Fig 4.1. Free-air gravity anomaly map superimposed on the tectonics. High gravity 

anomaly is observed over the NER, and towards the east of NER, gravity anomaly 

decreases with its minimum value at the Andaman Trench (AT). A sudden increase in 

the anomaly is observed at the accretionary prism and again follows a decreasing 

trend with minimum values in the fore-arc region. The east-west trending white lines 

indicate the cross-section of 3D density model and symbol    shows the earthquake 

locations derived from USGS. 
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4.2 Database 

4.2.1 Free-air gravity anomaly 

Before the invention of satellite gravity measurement, gravity field of the 

Andaman area was described by available ship track data (Peter et al., 1966; 

Mukhopadhyay, 1988, 1991). As such, ship track data is not sufficient for detailed 

gravity modelling because of the large data gap in the study area. The data gap 

problem is overcome by utilising uniformly covered satellite-derived data useful for 

tectonic studies. 

The gravity anomaly is derived from satellite altimetry with a 2-minute grid 

with uniform coverage and a resolution up to about 23 km wavelength and accurate 

within 5-10 mGal even in rough bathymetric areas (Andersen and Knudsen, 2001; 

Sandwell and Smith, 1997). Based on such anomaly, the free-air gravity anomaly map 

(Fig.4.1) has been constructed and superimposed on important tectonics that reveals 

the different structural and morphological feature of the Andaman subduction zone. 

The free-air gravity anomaly over the en-echelon block structure of NER 

shows positive from south to north (exposed and buried) reaching up to more than 60 

mGal. The gravity anomaly gets gradually subdued north of 10
0
 because the NER 

plunges below the Bengal Fan sediments (Mukhopadhyay and Krishna, 1995; 

Subrahmanyam et al., 2008). On the free-air gravity map (Fig. 4.1), trench signature 

appears clearly with a gravity low (-40 to -60 mGal) and seems to have been filled 

with Bengal Fan sediments. The most prominent gravity anomaly over the entire 

region is the gravity low related to fore-arc where the anomaly drops below –200 

mGal level. The Gravity anomaly over the Andaman-Nicobar sedimentary islands 

displays substantial variation from 20 to -20 mGal, over the Andaman spreading ridge 

and about 60 mGal on the Alcock and Sewell rises, which are described as gravity 

high up to ~70 mGal. The Mergui Ridge (MR), situated in the Eastern Andaman 

Basin (EAB), is revealed by a linear gravity high (50 mGal). The eastern portion of 

the study region and whole Gulf of Martaban (GM) reveal positive gravity anomaly 

ranging between 80-100 mGal and marks the ocean-continental crustal transition 

along the Malayan shelf. 
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4.2.2 Geoid 

The Geoid height data uses the most recent version of Earth Gravitational 

Model 2008 (EGM-2008) in this study, covering the area between 90 to 16
0
N and 88 

to 98
0
E. This data is taken from freely available global data on the site 

(http://icgem.gfzpotsdam.de/ICGEM/). This new high-resolution gravity field model 

has been released by the National Geospatial-Intelligence Agency (NGA) in April 

2008 (Pavils et al., 2008). The EGM-2008 model is an optimised combination of data 

obtained from the GRACE satellite mission, marine gravity from satellite altimeter 

and available terrestrial land data. The EGM-2008 model includes spherical harmonic 

coefficients up to degree and order 2159. This model has the spatial resolution of ~5 

arc minutes corresponding to ~9 km distance in the latitudinal direction. 

The EGM-2008 gives the geoid height of the entire causative mass source of 

the earth. However, geophysicists are interested in certain depths and wavelengths for 

the structure definition. Featherstone (1997) derived a relation between maximum 

depth (z) in kilometre (km) and wavelength ( ) in arc degrees (0
0
) of residual geoid 

anomaly:  

                                                          z = R/ (n-1)                                                   (4.1) 

                                                          λ = 360/n                                                      (4.2) 

where R is the Earth’s radius, spherical harmonic degree (n) corresponds to the 

wavelength (λ) of the geoid. The spherical harmonic degree 2-3 gives geoid anomaly 

up to core-mantle boundary whereas the degree 4–10 geoid anomaly appears to lie 

mostly in the lower mantle depths (Bowin, 1983, 1991). Since, interest of this study 

lies in wavelength of 1000 km and depth up to 200 km, filtering the degree and order 

of 25 from the total data set retains the effects of density anomalies. The filtered geoid 

undulation map, superimposed on the important tectonic features and earthquake 

locations taken from Engdahl et al. (2007), is shown in Fig 4.2. The values of the 

geoid undulation vary from -10 to 8 m in the study area. The geoid undulation along 

NER ranges from 4 to 7.5 m. Over the AT, low geoid values are observed varying 

from -1 to -3 m. Further, east, the geoid undulation increases followed by a sudden 

decrease obtaining the minimum value in the study area. The geoid undulation over 

the Alcock and Sewell rises high follows the similar pattern as free-air gravity 
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anomaly. Over the EAB, the geoid anomaly is low, and the GM area is characterised 

by high geoid anomaly. 

 

Fig 4.2. Geoid undulation map, the white line shows the east-west cross-section of 3D 

density model and small red circles mark the earthquake locations taken from 

Engdahl et al. (2007). The geoid undulation follows almost the same trend as that of 

the free-air anomaly. 

 

4.2.3 Bathymetry 

Access to a good bathymetric data of the seafloor is essential since it provides 

the first order reflection of the free-air gravity anomaly. The bathymetry map 

(Fig.4.3) of Andaman subduction is constructed with bathymetry data taken from the 

ETOPO1 with values at 1-min grid spacing (Sandwell & Smith, 1997). A 

considerable part of the study area is covered with Andaman and Nicobar island 

topography and the Andaman Sea with very deep bathymetry. Bathymetry rises from 

south to north on the north-west side of the study area situated near to the sources of  
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Fig 4.3. Bathymetry map is superimposed on the tectonics and beach ball. The red 

line indicates the cross-section of 3D density model. The white dotted lines indicate 

that seismological cross-sections (Kennett and Cummins, 2007) and rectangle formed 

by the black dotted line taken from the Pesicek et al. (2010). 

Bengal sediments. On the bathymetry map, NER is reflected up to 10
0
N, further 

northward, it is completely buried under Bengal fan and seen only in single and 

multichannel seismic data up to 17
0
N (Gopala Rao et al., 1997; Maurin and Rangin, 

2009). The average bathymetric depth over the NER is about 2.5 km in the study area. 

The bathymetry signature of trench north of 10
0
 is similar to that of NER as the trench 

is filled with Bengal fan sediments. The lowest bathymetry is illustrated in 

bathymetry map just east of trench in the southern part of the study area. The fore-arc 

of Andaman is displayed in a curvilinear manner from south to north and merges into 

the topographic signature of the Burmese Arc. Much isolated, profound and large 

morphological features are seen in the fore-arc and back-arc regions/basins of the 

study area. Towards the east of fore-arc basin, bathymetry rises due to the distribution 
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of seamounts in the Andaman Sea (Kamesh Raju et al., 2004; Curray, 2005). The high 

bathymetry over the Alcock Rise (AR) and Sewell Rise (SR) seamounts are separated 

by the deep bathymetry of the central Andaman basin (CAB). At Invisible Bank and 

Murray Ridge, high bathymetry is observed. 

 

Fig 4.4. Global sediment thickness map, which is superimposed by the seismic lines 

and three areas bounded by the black dotted line.  

  

4.2.4 Global Sediment thickness 

The global sediment map (Fig 4.4) of the study area is prepared with the data 

taken from the http://www.ngdc.noaa.gov that has five arc minute interval data. The 

seismic lines and three areas, which are bounded by blue colour dotted line showing 

sediment thickness derived seismic studies, are also shown on the map. Several 

researchers have given interpretation along these lines; seismic lines (Seis1 to Seis6) 

of Gopala Rao et al. (1997) by Subrahmanyam et al. (2008), lines (1106, 1108 and 
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1109) by Curray (2005). The seismic lines PGS08-08, PGS08-11, PGS08-14, 

Moeremans and Singh (2014), line PGS08-21, PGS08-21 by Singh et al. (2016). The 

line (raju aa’ and raju bb’) of Raju et al. (2004) and lines (AndyAA’, AndyBB’ and 

AndyCC’) of Racey and Ridd (2015) are shown on the sediment map of Andaman 

subduction zone. These bounded areas are taken from the Maurin and Rangin (2009), 

Directorate General of Hydrocarbon (DGH) and Morley and Alvey (2014). 

 Fig 4.4 shows the global sediment thickness map of the study area. In this 

map, the north-western region reveals more sediment thickness (~8 km) as compared 

to the south-west zone (~2-3 km). The sediment thickness over the Ninetyeast ridge is 

low varying from 0.5 to 4 km from the south to north within the study area. In the area 

between the AT and the NER, the sediment thickness varies widely from 0.2 km to 7 

km. The northeastern region (Gulf of Mottama) shows higher sediment thickness of 7-

8 km since the sediments get accumulated in this region via Salween and Ayeyarwady 

rivers (Morley, 2013). The sediment thickness decreases from the north to south with 

a thickness of 4-5 km over the AR and 2 to 3 km over the IB and SR. The sediment 

thickness over the Andaman trench reveals a significant difference from the south to 

north varying from the 0.5 to 8 km.  

 

4.3 Modelling technique  

3D Density structure of the North Andaman region is constructed using the 

IGMAS (Interactive Gravity and Magnetic Application System) software package 

(Götze, 1984; Götze and Lahmeyer, 1988; Schmidt and Götze, 1998; Breunig et al., 

2000). It is an indirect modelling approach of trial and error forward modelling using 

the measured gravity, magnetic anomalies and geoid undulations. In indirect 

modelling approach, the effect of modelled bodies is approximated into the geological 

structure, followed by matching the modelled anomaly with observed gravity 

anomaly. The 3D shape, position and physical parameter of the geological structures 

can be estimated using the gravity and magnetic data in IGMAS software. Four 

parameters are required for construction of 3D density model in IGMAS software. 

(1) Initial 3D geometry information: - The initial 3D geometry is constructed by 

making the vertical cross-sections perpendicular to the geological body and 
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arranging them parallel to each other. Every vertical cross-section has a plane, on 

which geological bodies (sea water column, sediment, crust, lithosphere, and 

asthenosphere) are geometrically defined in the form of polygons that are based 

on the available data. These vertical cross-sections are connected with each other 

by triangulation, which is performed automatically between the vertical planes. 

Through triangulation, these cross-sections with defined polygons are connected 

to create the layer boundaries (triangular facets) that represent the shape and form 

of the modelled geological structures of constant density.  

(2) Density: - The densities given to every geological body of the 3D density 

structure are derived from the seismic velocities of geological structures or other 

previous gravity studies. 

(3) Observed Anomalies: - Anomalies like gravity anomalies and geoid undulation 

are given in the form of x, y, z, g. Where x= UTM value of latitude, y= UTM 

value of longitude, z = topography/bathymetry and g= gravity anomalies /geoid 

undulation. 

(4) Constraints: - An additional constraint on the initial geometry of the causative 

body may be introduced by directly overlying the interdisciplinary information 

like earthquake locations, geological and other geophysical information on the 

computer screen. The Geographic Information System (GIS) function of IGMAS 

enables an accurate projection of the available data onto modelled structures, and 

it can be activated or deactivated interactively to avoid the confusing display of 

multiple data sets. 

(5)  Reference model: - The model density structure is considered here only up to the 

upper 200 km of the earth, whereas the measured gravity is influenced by the 

mass of the entire Earth. Therefore, the measured and observed anomalies have 

the amplitude variation. This will contain a constant shift from the measured 

field. The offset between measured and modelled values could be eliminated by 

modelling the entire mass of Earth by introducing a reference model in the 

background of the density model. 
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Fig 4.5. Illustration of 3D density model computation with the software package 

IGMAS. (After Schmidt and Götze, 1998) 

After putting all the above mentioned information in IGMAS, each nodal point 

of corresponding lines within neighboring cross sections are automatically numerical 

simulated with finite element method to connect the underground structures that are 

described as closed polyhedrons of constant density, connected by triangulation of 

surfaces (Götze, 1984; Götze and Lahmeyer, 1988; Schmidt and Götze, 1998; Breunig 

et al., 2000). The volume integral (eq 4.3) is first transformed into surface integral 

using the Gauss theorem (eq. 4.5) and thereafter, use of Green’s theorem; surface 

integrals change into a line integral (eq. 4.6). The vertical component of gravity (  ) 

at point P is given below (from equation 3.8) 
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where R is the distance between the point P and volume element dm=    , v is 

volume. In IGMAS, Gauss theorem (Götze, 1976) transforms the volume integrals 

into surface integrals. 
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The equation (4.4) can be written in another form 
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where           determines the direction of the surface element dS with respect to 

the Cartesian coordinate system and constant for any polyhedron surface,    (j=1, 2, 

3… m) are polyhedral surfaces and    are the surface normal to   . 

The gravity attraction effect of polyhedron can be written as a superposition of 

the gravity effects of its individual surface    as given in the equation below 

  =G                       
              

            

  

   
  

   +
     

   

    
(arctan

                     

     
         

-

arctan
      

                

     
         

)] +2      
                                                                           (4.6) 

The calculated response of the combined effect of all polyhedrons in one body is 

compared with observed data such as gravity anomalies, geoid undulation, etc. 

 

4.4 Initial model, Constraints and modelling Procedure 

The length of the study area is about 1000 km in an east-west direction and 

width is about 600 km in north-south direction while the depth extension of the model 

is 200 km (Fig 4.1). This area is partitioned into 25 east-west cross-sections with an 

interval of 25 km in the north-south direction for the construction initial diagram. 

These cross-sections cut the limited control source seismic, seismic tomographic, 

gravity and other geophysical profiles (Fig 4.3 and Fig 4.4). Initially, these results are 

plotted along the profiles of the model. Thereafter, basement and Moho depths are 

fixed at the beginning at 7 km and 14 km respectively based on the studies by Krishna 

et al. (2001). Afterwards, the Lithosphere-Asthenosphere Boundary (LAB) is kept at 

80 km on the basis of the general concept of the oceanic lithosphere.  
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Fig 4.6.1. Model along the cross-section 4: (a) showing the initial model diagram 

prepared by the available geological and geophysical constraints. (b) The initial 

model demonstrating anomalies variations of the initial model setup developed by the 

model diagram (a) 
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The shape, dip and depth of slab are constructed with published 2D density structure 

(Radhakrishna et al., 2008; Subrahmanyam et al., 2008; Rao et al., 2011; Yadav and 

Tiwari, 2016), earthquake location data set (USGS; Engdahl et al., 2007) and seismic 

tomographic studies (Kennet and Cummins, 2005; Pesicek et al., 2008; Pesicek et al., 

2010). 

The earthquake location data set (Engdhal et al., 2007) used in this study are 

revised depth estimated with an error <10 km, which are derived from the Engdahl-

vaderHilst-Buland relocation method. The other source of USGS earthquake location 

and focal mechanism data are also used for defining the Andaman Benioff zone 

(ABZ) . 

First, all these profiles of the Initial diagram are put into the IGMAS software 

and 25 cross-sections are built up for the 3D initial model. After that, free air gravity 

and geoid undulation are taken as input in IGMAS for performing initial model 

preparations..Two layers namely sea (upper) and sediment (lower) are created above 

the basement layer in the initial diagram. The depth of sea layer is derived from the 

bathymetry data (Fig 4.3). The sediment layer has been further divided into two parts 

named viz. upper sediment and lower sediment. Previous studies (Moeremans and 

Singh, 2014; Samajdar et al., 2013; Maurin and Rangin, 2009) have suggested two 

type of sediments on the Indian plate such as Bengal Fan sediments (upper sediments) 

and underlying (lower) compacted paleo sediments. The depth of the upper sediment 

is set based on sediment thickness data of National Geophysical Data Centre (NGDC) 

with its average depth of 5 km. The mean lower sediment depth of the Indian 

subducting plate at 7 km is divided into three parts (Lower sediment west of NER, the 

Lower sediment of NER, Lower sediment east of NER) on the basis of the seismic 

profiles (Gopala Rao,1997; Subrahmanyam et al., 2008; Maurin and Ragin, 2007). 

The seismic profiles (seis2 and seis5) reveal complexity in terms of the seismic 

velocities in subducting plate that vary from top to bottom:1.6 to 1.9, 2.4 to 2.7, 3.2 to 

3.4, 4.5 to 4.5 and 5.2 to 5.7 km/s respectively. The western flanks of NER, the 

velocities change from 1.7 to 2.0, 2.3 to 3. 2 and 4.5 to 5.7 km/s and 2.3, 2.9 and 4.8 

km/s along the eastern flank (Gopala Rao,1997; Subrahmanyam et al., 2008). 

The extension of subducting plate’s sediment layer below the overriding plate 

is divided into two parts named Metamorphic and continental crust. The continental 

crust is from the continental shelf to the eastern boundary of the study area. However,  
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Fig 4.6.2. Model along the cross-section 13: (a) showing the initial model diagram 

prepared from the available geological and geophysical constraints. (b) The initial 

model set-up demonstrating anomalies variations that developed on the basis of the 

model diagram (a). 
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the base of the upper sediment layer in overriding plate acted as the basement with its 

constraints from the seismic profiles (Curray, 2005; Klingehoefer et al. 2010; 

http://www.dghindia.org; Morley and Alvey, 2015; Kamesh Raju et al., 2004; Racey 

and Ridd, 2015; Goli and Pandey, 2014; Singh et al., 2016). Once, the sediment layer 

constructions are achieved, the oceanic crust is then prepared in the initial diagram on 

the basis of initial studies made by Krishna et al.(2001). This oceanic crust is divided 

into two parts, known as the upper crust and lower crust on the basis of global oceanic 

crustal thickness studies (White et al., 1992) from seismic measurements and rare 

earth element inversions. The upper crust of the subducting plate has the three parts 

known as Subducting plate upper crust, Slab upper crust above the Asthenosphere and 

Slab lower crust above the Asthenosphere. Nevertheless, the lower crust has five parts 

called as Lower crust west of NER, Lower crust of NER, Lower crust east of NER, 

Slab lower crust in the Asthenosphere and Slab lower crust in the Asthenosphere. 

Similarly, the overriding upper crust and lower crust are divided into two upper crusts 

(Upper crust of west of intrusive and upper crust east of Intrusive) and two lower 

crusts (lower crust of west of intrusive and lower crust east of Intrusive) including the 

intrusive bodies (Upper intrusive crust and lower intrusive crust). The earlier studies 

(Bowin, 1973; Grevemeyer et al., 2001; Krishna et al., 2001; Subrahmanyam et al., 

2008) suggested that a thick crust underlies the NER, Alcock and Sewell Rises and 

therefore thick crustal roots follow the Airy isostatic compensation with the NER 

topography. The subducting LAB is constrained with depth derived from the age of 

Indo-Australian plate (Müller et al., 2008) however LAB of the overriding plate is 

based on previous studies. 

After the construction of the geometry, the densities of different geological 

bodies/units of the initial 3D model are calculated from the seismic velocity by using 

velocity-density relationships (Ludwig et al., 1970; Christensen and Mooney, 1995) 

and other previous 2D gravity studies (Radhakrishna et al., 2008; Subrahmanyam et 

al., 2008; Rao et al., 2011; Yadav and Tiwari, 2016). The density of sea and upper 

sediment are taken as 1.03 g/cm
3
, 2.4 g/cm

3 
respectively. Since lower sediment is 

more compact compared to upper sediment, its density should higher. In this study, 

Lower sediment west of NER and Lower sediment east of NER layers have the 

density 2.45g/cm
3
 while the density under the NER is 2.55 g/cm

3
. The Metamorphic 

unit has density 2.65 g/cm
3
 and the continental crust has density 2.67 g/cm

3
. The  
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Fig 4.6.3. Along the cross-section 24: (a) showing the initial model diagram is 

prepared by the available geological and geophysical constraints. (b) The initial 

model set up demonstrating anomalies variations that developed on the basis of the 

model diagram. 
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Table 4.1 Densities of different bodies used for constructing 3D Model. 

S.No Body Density(gm/cc
3
) Description of body 

1 Sea 1.03  water body 

2 sed_u 2.4 Sediment upper layer 

3 sed_l_r 2.67 Continental sediment layer 

4 crust_u_r 2.8 Upper oceanic crust 

5 crust_l_r 2.9 
Lower ocean crust east of the 

NER 

6 mantle_r 3.3 
Upper mantle of overriding 

plate 

7 mantle 3.26 Asthenosphere 

8 crust_2.91 2.91 
Slab lower crust above the 

Asthenosphere 

9 mantle_l 3.3 Subducting Mantle 

10 crust_2.92 2.92 
Slab lower crust in the 

Asthenosphere 

11 crust_2.81 2.81 
Slab upper crust above the 

Asthenosphere 

12 crust_2.82 2.82 
Slab upper crust in the 

Asthenosphere 

13 crust_u_l 2.8 Subducting plate upper crust 

14 sed_l_l_2 2.45 Lower sediment east of NER 

15 crust_l_l_2 2.9 Lower crust east of NER 

16 sed_1_l_1 2.45 
Lower sediment west of 

NER 

17 sed_l_l_2.55 2.55 Lower sediment of NER 

18 crust_u_maf 2.8 
Upper crust of west of 

intrusive 

19 Maf 2.65 Metamorphic 

20 crust_l_l_1 2.9 Lower crust west of NER 

21 
crust_l_l_2.9

5 
2.95 Lower crust of NER 

22 c1intrusive 2.85 Upper intrusive crust 

23 c2intrusive 2.95 lower intrusive crust 

24 crust_l_maf 2.9 
lower crust of west of 

intrusive 
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Fig 4.7. Flowchart: The flowchart adopted for delineation of 3D density structure 

from joint modelling of free-air gravity anomaly and geoid undulation. The initial 

model is modified iteratively according to the available geological and geophysical 

constraint, to establish a match between observed and computed anomalies. Once a 

good fit is obtained, the resultant model gives the output for the final 3D density 

structure. 
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density used for the upper crust is 2.8 g/cm
3
 while 2.9 g/cm

3
 for a lower crust of 

subducting and overriding  plate (White et al., 1992) except the crust below the NER 

and Intrusive (Upper and Lower Intrusive) with values of 2.95 g/cm
3
 2.85 g/cm

3
 and 

2.95 g/cm
3
 respectively. The densities of crustal parts on the slab increase with depth 

that has 2.81 g/cm
3
 and 2.91 g/cm

3
 upper slab crust and lower crust 2.82 g/cm

3
 and 

2.92 g/cm
3
. The uniform density of upper mantle of the subducting and overriding 

plate and asthenosphere are chosen 3.3 g/cm
3
 and 3.26 g/cm

3
 as per recommendation 

from a profile of gross density of the Earth (PREM; De Bremaecker 1985; 

Dziewonski and Anderson 1981). The geological unit/bodies of 3D model are given 

table 4.1. 

After setting the geometry and densities of all the part/units of the 3D initial 

model, the length and width of the model are extended up to 30000 km for 

suppressing the edge effects.This initial model is showing the top panel the geoid 

undulation panel, middle gravity anomaly and bottom structure of the model. The 

geoid undulation and gravity anomalies are showing that observed and calculated 

anomalies are not matching. For obtaining the optimal fit, (Fig 4.7) the geometry was 

iteratively changed by the available constraining data by trial and error method using 

interactive graphical tools. The produced 3D model anomalies are calculated from the 

density contrast between the modelled bodies. Computed anomaly value of the 3D 

density structure is found after combining the effect of each polyhedral body that 

gives the computed gravity and geoid. To remove the mismatch between the observed 

and computed anomalies, a constant shift value is added to the computed anomalies 

(Fig.4.7). 

 

4.5 Representative vertical sections 

Overall, model response matches well with the observed gravity anomalies 

and geoid undulation except for some misfit that are either locally or along the border 

in the 3D density structure of the northern Andaman subduction zone. The model 

exhibited the short wavelength anomaly controlled by the sedimentary cover and 

bathymetry, however, long wavelength monitored by Moho and LAB depth of the 

model. All the geological bodies of the 3D density structure have a 3D volume shape. 
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Fig 4.8 (a). Final density model along the cross-section 4, showing a good fit between 

the observed and calculated anomalies. It is noted that the depth of Moho at the NER 

is more as compared to the surrounding. However, not many variations are seen in 

the of Moho depth at the SR as compared to the surroundings.  
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Fig 4.8(b). Final density model along the cross-section 13, showing a good fit 

between the observed and calculated anomalies. Moho depth variations are seen at 

the NER and AR as compared to the surroundings.  
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Fig 4.8 (c). Final density model along the cross-section 17, showing a good fit 

between the observed and calculated anomalies. Moho depth variations are seen at 

the NER and AR as compared to the surroundings.  
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Fig 4.8 (d). Final density model along the cross-section 19, showing a good fit 

between the observed and calculated anomalies. Moho depth variations are seen at 

the NER, and AR is absent. 
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Fig 4.8 (e). Final density model along the cross-section 24, showing a good fit 

between the observed and calculated anomalies. Moho depth variations are seen at 

the NER. The subducting slab is absent. 
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Five vertical cross-sections through the model are illustrated in Fig (4.8). The 

position of the cross-sections is marked in Fig 4.1. The top panel shows the 

comparison of the observed and computed anomalies (gravity and geoid) along the 

chosen cross-sections, below which are sections that depict the geometry of the 

density model. 

Cross section 4 

This cross-section is approximately perpendicular to the trench and passes 

through NER in the west to the northern portion of Sewell Rise in the east. This cross-

section cuts the seismic lines seis5, rajuaa’ and rajubb’. The density model reveals the 

lateral change in crust from subducting Indo-Australian plate to overriding Eurasian 

plate. The depth to Moho is very high (14 km) at the NER and 13 km at the Sewell 

Rise. The depth to the LAB of subducting plate is ~81 km and overriding plate varies 

from ~70 to 100 km in this cross-section of the overriding plate, and the slab depth is 

~180 km. 

Cross section 13 

This cross-section passes obliquely through the trench, central Andaman basin 

cutting across the seismic lines (PGS08-14, PGS08-23, rajuaa’ and rajubb’). The 

Moho depth in this cross-section at the NER is 15 km and 13 km in the central 

Andaman basin. The basement depth over the central Andaman, basin reaches to 6 

km. The slab depth in this cross-section is ~ 180 km. The LAB depth on subducting 

part is ~82 km, and the overriding plate is ~70 to 100 km. 

Cross section 17 

This cross-section is also passing obliquely through the trench, Invisible Bank 

and southern boundary of the Alcock rise. Below the NER, Alcock rise and central 

Andaman basin, Moho depths are 15.5, 17 and 15 km respectively. The LAB depth of 

subducting plate is about 82 km and overriding plate varies from 70 to 100 km along 

this cross-section. The slab depth is about 160 km. 

Cross section 19 

Cross-section 19 passes obliquely through the trench, Andaman Island, 

Invisible Bank and middle of Alcock rise. This cross-section cuts the seismic line 

Andy BB’. The Moho below the NER, Alcock rise and central Andaman basin are 15, 



72 

 

19 and 14.5 km respectively. The LAB depth of a subducting plate along this cross-

section is about 83 km, and overriding plate varies from the ~70 to 100 km. The depth 

of the slab along this cross-section is about 160 km.  

Cross section 24  

This section passes through the NER, northern boundary of Andaman Island, 

Coco basin, Alcock rise and east Andaman basin with varying Moho depth of 14, 16, 

18 and 15 km respectively. LAB of the subducting plate along this cross-section is 

about 83 km. The LAB depth of overriding plate shows variations from 70 to 100 km. 

The slab depth is in this cross-section is about 150 km. 

 

Fig 4.9. A three dimensional view of north Andaman subduction zone. The upper 

surface shows the bathymetry. The second layer is the depth of Moho, which shows 

deeper depth under NER, AR and SR compared to the surrounding. The bottom layer 

exhibits the LAB, that demonstrate the variation of slab from the south (deep) to north 

(shallow) and northern part. The slab is absent in the northern most part. 

 

4.6 Results  

After the completion of the 3D modelling, the visual analysis of the observed 

and modelled anomalies indicates the degree of match that was possible given the 

vastness of the study area and the complexities of the tectonic regimes. The computed 
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low and high anomalies reflect the consistency in mathematical computation with 

accuracy depicting the Earth’s internal structure. The constructed 3D model exhibits 

the width variation of 164 km to 120 km for the accretionary prism from the south to 

north. The overriding plate follows the continental crust characteristics similar to the 

Curray (2005) has suggested in his study. 

The 3D model points that the bathymetry influences these anomalies more as 

compared to Moho and  LAB  leading to a density contrast of 1.37g/cm
3
 which is four 

times the density contrast of the Moho and thirty-four times of LAB. The bathymetry 

depth is not modified, however, the depth of the basement, Moho and LAB are 

changed with the help of available constraint. The description of the Moho, LAB and 

slab is given below. 

4.6.1 Moho depth 

The Moho depth of the 3D density model exhibits variation from the north to 

south and east to west on the subducting and overriding plate (Fig 4.9). The NER 

marks the clear difference of the Indian subducting plate. The west of the NER, the 

Moho depth varies from the 12 to 15 km from the south to north. The Moho depth of 

NER illustrates the depression as compared to the surrounding region and its value 

varies from 14.5 to 16 km. The east of the NER, Moho is uplifted up to 13 to 14 km 

and further east again goes down from 25 to 28 km. The western flank of NER slope 

gently compared to east flank and east flank is near to the front of the trench. The 

overriding plate is of more complex nature in terms of the Moho depth and it shows 

the clear 3D shape of the bodies like AR, SR and CAB. This study has some parts of 

SR where Moho depth is 13 to 18 km. However, Moho in the AR region varies from 

18 to 23 km. The uplifted Moho (less than 13 km) is revealed at the CAB between the 

AR and SR. The eastern margin of the AR and SR showing the Moho high (~14 to 15 

km) is IB region. 

4.6.2 Lithosphere-Asthenosphere boundary 

The Lithosphere–Asthenosphere Boundary (LAB) of subducting Indian plate 

follows according to the thermal age of the lithosphere and mean depth varies from 

north to south from 80 to 85 km (Fig 4.9). However, age of the lithosphere is not well 

defined in the region of overriding plate and thus can not be compared with thermal 

lithosphere. The mean depth of overriding lithosphere from east to west is from 100 to 
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70 km and from south to north is 70 km to 100 km. Towards the north from the AR, 

the overriding plate reveals a depth of ~100 km. 

4.6.3 Slab 

The 3D slab is obtained by the integration of hypocenter of the earthquake of 

two sources (Engdahl et al., 2007& USGS), with depth focal mechanism of USGS 

earthquake, seismic tomography, and other geophysical results with 3-D visualisation 

and projection of results onto 2-D cross sections (Fig 4.6 and 4.8). The geometry of 

slab of this model shows a considerable change in dip (60 to 70
0
) and density 

distributions (2.81 to 2.91g/cm
3
) of slab crusts. However, The depth of subducting 

slab in the study area demonstrates variation from 180 km in southern to 100 km and 

no subducting slab appears in the northern part of the study region. 

 

4.7 Discussion 

Many 2D gravity studies (Mukhopadhyay and Krishna, 1995; Subrahmanyam 

et al., 2008; Radhakrishna et al., 2008; Rao et al., 2011) opined that the crust is 

thicker at the NER, AR and SR on the basis of gravity modelling with constraints 

from seismic. In these modelling approach, it was assumed that the gravity anomaly 

does not affect the LAB variations. But for obtaining an exact crustal and lithosphric 

structure, it is very much essential to consider these variations. Subrahmanyam et al 

(2008) and Radhakrishna et al (2008) have modelled the thickness of NER, AR and 

SR using the Airy isostasy model along the existing seismic sections (Gopala Rao et., 

1998). In this approach, only one data set has been used to obtain the thickness of 

NER. Thus, computing such structural thickness from one data set is always a point of 

debate. The methodology used in this study addresses these issues, where analysis is 

based on the use of multiple data set that provides a minimum error for obtaining an 

optimal output. However, 2D gravity model (Yadav and Tiwari, 2016) along one 

profile in this area is built on basis of this approach. However, 3D model is 

constructed in this study for the first time.  

The way of computation of  LAB thickness is mainly based on the use of 

constraint derived from chronological data (Müller et al., 2008) set of the Indian 

subducting plate even though overriding plate does not have age data since the 

subduction process disturbs it. This constraint helps us to claim for a more realistic 
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output from the joint modelling approach. Similarly, for modelling the overriding 

plate, sediment thickness obtained from the earlier studies and report (Jourdain et al., 

2016; Racey and Ridd, 2015; Morley and Alvey, 2015; Moeremans and Singh, 2014; 

Curray, 2005; DGH) have been considered for such analysis. In this approach, the 

gravity anomaly is matched by modifying the Moho configuration while the geoid 

anomaly is matched by varying the LAB thickness. This process makes this modelling 

technique more efficient to deliver a robust subsurface structure. 

 This 3D density model has two layers (Bengal and Paleo-sediments) of 

sediment of subducting plate that is supported by seismic interpretation (Moeremans 

and Singh, 2014; Samajdar et al., 2013; Maurin and Rangin, 2009). However, east of 

NER, sediment thickness increases towards the Andaman trench slope with a mean 

thickness of 9-10 km which, coincides with the seismic reflection and multi-channel 

seismic interpretation (Curray et al., 1982; Gopala Rao et al., 1997) and 2D gravity 

model (Radhakrishna et al., 2008). This sedimentary material scraped off a region of 

an oceanic crust during subduction and piled up at the edge of an overriding plate 

forms an accretionary prism.The proximity of the NER to the Andaman trench affects 

the coupling zone of the subducting and overriding plates. Because of thick sediment 

source at trench and high basement, NER topography would have an effect on the 

friction coefficient at the plate interface. This is supported by the seismic tomographic 

image of upper mantle revealed anomalously low P-wave signal at a depth of 60-160 

km within the subducting slab that probably resulted due to chemical modification of 

the lithosphere (Miller and Lee, 2008). The friction coefficient is related to the 

amount of sediment in the trench. Overfilled trench in humid climates as in the 

southernmost or the northernmost of the Andes has a minimum effect of coupling. 

However, starving trenches under extremely arid conditions as in the central Andean 

region have a maximum coupling (Sobolev and Babeyko, 2005; Hampel and Pfiffner, 

2006). These overfilled trenches forming sediment-sediment plate interface would 

increase the area of the stable part of the wedge. However, the rupture areas of large 

earthquakes, such as the 2010 Mw 8.8 Maule earthquake, generally coincide with the 

stable areas of the fore-arc. The low effective friction material because of the 

sediment-sediment megathrust interface extending up to 60 km beneath the fore-arc 

explains the up-dip extension and extensive northward propagation of the coseismic 

rupture of the 2004 Sumatra-Andaman event. 
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In this 3D Density model, it is apparent that the Andaman trench is parallel to 

the geoid undulation low of amplitude -10 to -6 m. This trench parallel geoid low 

demarcates the Andaman Benioff Zone (ABZ). Grevemeyer and Tiwari (2006) also 

found that Trench-parallel Bouguer gravity anomalies correlate well with the 

occurrence of a mega earthquake in the Sunda subduction zone. They suggested that 

negative anomalies mark the segment characterised by great earthquakes while the 

positive anomalies indicate lower seismicity. The free-air anomaly in each cross-

section shows two deep lows, one is associated with the Andaman trench (20-60 

mGal) and the other related to Andaman arc along the ABZ (160-30 mGal). The 

Geoid undulation values show a distinct low of the order of -5 to -9 m correlating with 

the Andaman arc. Comparison of the free-air anomaly and geoid undulation along 

these cross-sections indicates that the double-peaked FA associated with the Andaman 

trench-arc system shows up as a broad (270-290 km) Geoid undulation. Over the 

Mergui Terrace, the FA values are in order of 50-80 mGal and Geoid undulation is 1-

2 m. 

 The gravity anomaly and geoid undulation are high over the outer-arc and 

decreases abruptly over the region to the east (fore-arc region). 3D model exhibits that 

outer-arc is formed of Mélange sediments. The width of outer arc decreases from 

south to north. From the 3D density model, the depth of  LAB of subducting plate 

increases towards the north and follows the age of the oceanic crust differing by ~75 

Ma along the Andaman trench (Müller et al., 2008). In general, oceanic lithosphere is 

thinner than the continental lithosphere. 

 The temperature of the cold subducting lithosphere rises as it enters the warm 

asthenosphere causing loss of water and other volatiles in the plate by dehydration 

process. Some of this volatiles rise to the high-lying mantle wedge whereas some 

melted materials rise to the surface and form the volcanic belt at the surface. The 

uprising volatiles influences the thickness of overriding plate causing reduction below 

the fore-arc and some parts of the back-arc. In this 3D density model, the low-density 

asthenospheric material uplift might have caused the thinning of the overriding plate. 

This asthenosphere upliftment in upper mantle appears in free-air gravity anomaly 

and geoid undulation showing positive. This uplift confirmed by low seismic 

velocities in the Andaman back-arc basin implies a locally warmer, weaker mantle 

(Shapiro et al., 2008). 
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The shape of gravity and geoid anomalies varies from south to north, 

according to density distributions of the geological structures. The depth of slab varies 

from south to the north in the study area. From 14
0 

to 17
0
N, earthquake hypocenter 

and volcanism are almost absent in the region to the NNW of the Andaman Sea 

(Engdahl et al., 2007). In this region, the P and S wave tomography does not exhibit a 

high-wave speed perturbation (Kennet and Cummins, 2005; Pesicek et al., 2010). This 

study suggests that north of 14
0
N, the absence of the slab may be accounted for if we 

consider the formation of a tear between the northern Burmese section of the slab and 

the Andaman section to the south. The slab dip of this 3D model varies from the 60 to 

70 degree and back-arc has the extension kinds of motions. Lallemand et al (2005) 

suggested that back-arc spreading is observed for steep slab dips (> 50
0
) whereas 

shortening occurs only for gentle (<30
0
). 

 

4.8 Conclusions 

The analysis and joint modelling of free air gravity anomaly and geoid 

undulation indicate that change of these fields can be explained by the variation of the 

bathymetry, sediment, Moho, LAb and slab depth. The modelled structures revealed 

that width of accretionary prism widens in the southern part, reaching ~ 160 km and 

narrower (~ 100 km) in northern part respectively. The slab depth in the south is 180 

km while in the northern part slab is absent. The slab dip varies from 60
0
 to 70

0
 in this 

study area. Moreover, it has also highlighted the structure of large 3D bodies like 

Ninetyeast aseismic ridge emplaced within the Subducting Indian plate and Sewell & 

Alcock seamounts in overriding Sunda plate. The LAB depth of the subducting plate 

varies from north to south from 85 to 80 km with the overriding plate having more 

complex variation from north to south and east to west. In the continental shelves, 

modelled LAB is 100 km, however, its extension further west, depth decreases to70 

km.  
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Chapter-5 

Dynamic Model 

5.1 Introduction 

Geophysical studies like gravity (Grvemeyer and Tiwari, 2006; 

Subrahmanyam et al., 2007; Radhakrishna et al., 2008; Yadav and Tiwari, 2016), 

seismology (Kennet and Cummins, 2005; Pesicek et al., 2008, 2010; Rao et al., 2011), 

global positioning system (GPS) (Gahalaut et al., 2006; Chlieh et al., 2007; Wiseman 

et al., 2015) and seismic (Moeremans et al., 2014; Moeremans and Singh, 2014) 

provided the structure of Andaman subduction zone. However, these studies are 

unable to provide the deformation and stress for the whole region. Therefore, an 

attempt is made of numerical modelling of Andaman subduction zone. 

A dynamic model has been set up using mathematical equations as described 

in Chapter 3. An important aspect is to encounter the complexities involved in 

dynamic model parameter determinations which include sharp gradient, strong 

nonlinearities in material properties (viz. density, viscosity, etc.), and localisation 

processes. These complexities are caused by rheological parameters of lithosphere 

and asthenosphere, effects of fluids like water and magma, phase transitions, 

temperature, the coupling between the plates, the coupling between lithosphere and 

asthenosphere, etc. Therefore, the construction of a dynamic model of the subduction 

zone in all aspects is challenging. 

Numerical simulation is generally done for 2D models but it is more reliable 

for 3D models because it gives the more realistic situation. However, 3D simulations 

are very much computationally demanding; therefore, researchers try to model like 

subduction processes using only mechanical or thermal models as it involves less 

number of field variables. Simulation using both requires high speed performing 

computational facility and large storage. 

The models used in this study consider only the mechanical fields with 

kinematic boundary condition available in this study Dynamic model. The simulation 

was carried out using Finite Element Method (FEM) as it produces reliable results. 

The simulation was performed using the commercial numerical software ABAQUS. 
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All the model parameters for the simulation were provided in SI unit system to avoid 

any discrepancy in results. 

This chapter deals with the methodology adopted for generating 3D geometry, 

material properties and boundary and initial conditions used for the dynamic analysis. 

Using the dynamic modelling results, we have shown the effect of different 

parameters (e.g. boundary conditions, material property, etc.) on deformation of the 

overriding plate. 

 

5.2 Methodology 

For dynamic modelling, it is required to solve force balance equation which is 

given below 

                                                   
    

   
                                                               (5.1) 

where     =-P   +    , are the components of the stress tensor. P=-1/3   is lithostatic 

pressure,     is the Kronecker delta and     are deviatoric stresses.   is density, g is 

gravity acceleration. The strain rate is defined as 
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elasticity given as 
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where    
     is the viscous strain rate,    

     is the elastic strain rate, t is time, G is the 

elastic modulus, η is the viscosity, 
    

  
 =      +        +        denotes the objective 

Jaumann derivative of the stress tensor, 
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)                                                    (5.4) 

is the material spin tensor.  

For finding out the solution of the above-described equations, inputs like 

geometry, material properties, boundary condition and initial condition are required 

(Fig 5.1). The solution of the above equation was obtained by the FEM (detailed in 

Chapter 3). The outputs like velocity component of these equations are compared with 
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that observed by GPS till we find out a good match between them. Finally, the results 

are obtained in terms of stress and deformation. 

The descriptions of the above mentioned inputs parameters are given in the 

sub-sections below with more details. 

5.2.1 Setting up the geometry  

The geometry of Andaman subduction zone (SZ) is considered from 5
0
N 

to14
0
N for dynamic modelling. The geometry of dynamic model for 5

0
 to 10

0
N (South 

Andaman) ( DAB Rao, personal communication) (Fig 5.2). For rest of the part, i.e. 

10
0
 to 16

0
N (North Andaman), the work was carried out in this study (as described in 

Chapter 4) (Fig 5.2). These 3D density structures have been delineated with the help 

of joint modelling of satellite measured gravity and geoid undulation data set. The 

density model was also constrained with  

 

Fig.5.1. Flow Chart for the procedure to carry out the simulation. First, we have to 

assign the geometry with material properties (e.g. E,  ,  ,  )and further impliment 

the boundary and initial conditions. The computation was done by the ABAQUS/CAE 

software. The computed results are compared with observed GPS velocities. 
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available seismic, seismological and geological constraints. This density structure 

works as geometry for this model. This geometry used was modified by (i) fixing the 

depth of slab at 200 km for the whole model and (ii) ignoring the cross-section (~14
0
-

16
0
N) of density model that does not have slab signature. For preparation of this 3D 

density structure, IGMAS software was utilised. The complete 3D structure is divided 

into a number of polyhedral elements made up of triangles. 

 

 

Fig 5.2. Different units of the model assembled to make one Model. The length of the 

model is 1100 km east-west direction along x-axis and width is1000 km in the y-axis 

in the north-south direction, and the downward z-axis (depth) in the vertical direction 

is 200 km. The imported geometry is in triangulated form that is converted into the 

solid geometry with help of virtual topology.  
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Fig 5.3. Bathymetry Map shows Andaman subduction zone (North and South region), 

with GPS station with plate velocities. The 3D density structure of the north region is 

delineated in this study (Chapter 4) and Southern region structure is taken from the 

another study (DAB Rao, personal communication)  
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Table 5.1 Format for geomatry unit in ABAQUS/CAE 

*node 

node number, x, y, z 

................................. 

* ELEMENT,TYPE=S3,ELSET = unit name 

element number,node1,node2,node3 

......................................................... 

A unit is defined as a body/layer of same density which contains numerous 

polyhedral elements (Fig 5.2). For finite element method, it is essential to know the 

coordinates of a node as well as its connection to neighbour nodes. Hence, all the 

nodes in the unit must be defined with these specifications. As an example, the model 

for Andaman SZ was constituted by 23 units shown in Fig 5.2. However, the output of 

the IGMAS software is not in the desired format. Thus, we first exported the model in 

meta format and then arranged it in the format mentioned in table 5.1. 

For solving the model using FEM, the ABAQUS/CAE commercial software is 

used. For these operations, the 23 units (or parts) of the geometry were initially 

assembled with respective material parameters. In this study, UTM coordinate system 

is used for the model geometry; therefore, the spherical shape of the earth is ignored. 

5.2.2 Material properties 

It is essential to define material properties at each and every part of the model. The 

material properties viz. density was obtained from the available density model and 

Young’s modulus was estimated using density along with the global seismic velocity 

model. The Poisson’s ratio is taken as 0.25 for all the geological units. The lower 

mantle (Asthenosphere) is assumed to behave as an elastic/viscous material for 

short/long geological time scale processes, which was verified by the postglacial 

rebound data (Ranalli, 1995). Viscosity is one among least known parameters in such 

simulations. It can be estimated with the help of postglacial rebound data, geoid 

anomalies, plate motions and convective patterns in the mantle (Ranalli, 1995). In this 

model, the linear viscosity of 10
21

Pa.s is assumed (Turcotte and Schubert, 2002). All 

material properties values adopted for this simulation is are shown in Table 5.2. 
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Table 5.2. Parts of the Dynamic model and its material properties  

SN Parts Density 

(kg/m
3
) 

VP 

(m/s) 

VS 

(m/s) 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Viscosity 

(Pa.s) 

1 Crust_281 2810 6200 3580 90.02 0.25  

2 Crust_282 2820 6200 3580 90.34 0.25  

3 Crust_291 2910 6500 3753 102.46 0.25  

4 Crust_292 2920 6500 3753 102.82 0.25  

5 Crust _l_l_1 2900 6300 3637 95.90 0.25  

6 Crust_l_l_2 2900 6300 3637 95.90 0.25  

7 Crust_l_l_295 2950 6500 3757 104.0 0.25  

8 Crust_l_l_maf 2900 6300 3637 95.90 0.25  

9 Crust _l_ r 2900 6300 3637 95.90 0.25  

10 Crust_u_l 2800 5900 3406 81.2 0.25  

11 Crust _u_maf 2800 5900 3406 81.2 0.25  

12 Crust_u_r 2800 5900 3406 81.2 0.25  

13 maf 2650 5000 2890 55.11 0.25  

14 Mantle_1 3260 8500 4907 196.24 0.25 10
21

 

15 Mantle_2 3260 8500 4907 196.24 0.25 10
21

 

16 Mantle_l 3330 8100 4677 181.3 0.25  

17 Mantle_r 3330 8100 4677 181.3 0.25  

18 sea 1003 1500 0 0 0.25  

19 Sed_l_l_1 2450 2700 1560 14.9 0.25  

20 Sed_l_l_2 2450 2700 1560 14.9 0.25  

21 Sed_l_l_255 2550 3000 1735 19.11 0.25  

22 Sed_l_r 2670 5900 3406 77.43 0.25  

23 Sed_u 2400 2500 1445 12.47 0.25  
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5.2.3 Interactions 

The geometry of the model for Andaman SZ was constituted by 23 units. 

These are required to be assembled in ABAQUS/CAE software so that they behave as 

a single model. However, two different units have different mesh sizes, which may 

not fit exactly with each other causing non-transfer of stress from one to another unit. 

Thus, all 23 units may behave independently. To combine the units, it is essential to 

define master and slave surfaces so that the master surface can penetrate into the slave 

surface. There may be some situation, such as – slave surface penetrating into master, 

gaps between surfaces, etc. which may cause artefacts in numerical simulations. In 

such circumstances, we modify the geometry of slave without disturbing the geometry 

of the master surface. In the present study, two kinds of interaction have been used: 

 

 

 

 

Fig 5.4.Interactions between two bodies 

 

(1) Tied constraint:- A Tied constraint allows us to fuse together two surfaces of 

geological parts, even though the meshes created on these surfaces are dissimilar. For 

this study, a surface based Tied constraint is used to make translational and rotational 

motions as well as all other active degrees of freedom equal to these surfaces.  

Contact interaction:- The contact interaction is used to define the friction coefficient 

between two surfaces. In this model, the lithosphere is freely sliding (zero friction) 

over the asthenosphere and some friction (0.3) is defined between the coupling zone 

of the subducting and overriding plates. 

 

 

Master Slave 
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Fig 5.5.Boundary conditions applied on Andaman Subduction zone (a) side view (b) 

top view. The blue colour is the boundary conditions for overriding lithosphere and 

green for Asthenosphere. The black arrows show the force applied on subduction 

plate. 
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5.2.4 Plate Boundary conditions 

It is important to select appropriate boundary conditions, as the results of 

numerical simulation are dependent on them. Its implementation is done in two steps 

namely (1) static (2) visco. In the first step (static), we provide static boundary 

conditions to different faces (viz. top, bottom, etc.) of the model as given in table (5.3) 

and shown in Fig 5.5. A uniform gravity load is applied over the model. 

Table 5.3 Boundaries conditions in the static step 

Face of the model Fixed along Free along 

Bottom 
z x, y 

Top 
free x, y, z 

East and West 
x y, z 

North and South 
y x, z 

In the second step (visco), the kinematic velocities are applied on the model 

boundaries. The model boundaries along Asthenosphere were kept fixed while 

velocity boundary conditions were applied for the lithosphere (west boundary). The 

convergence velocity of the Indian plate is 3.9 cm/yr with respect to fixed overriding 

plate with an obliquity of 61
0
. Therefore, the plate velocity can be resolved into 1.9 

cm/yr and 3.38 cm/yr in east-west and north-south directions respectively. The 1.9 

cm/yr boundary condition is now applied on the western edge of the lithosphere (Fig 

5.5). The north-south component is divided two parts (1.7 cm/yr for each part) and 

applied to the northern and southern edges of the subducting plate. The amount of 

slab pull force is considered to be the same as the ridge push force (1.9 cm/yr). The 

angle of the slab is varied from north to south, while it is considered to be 45
0
 for the 

whole model in this study. 

5.2.5 Plate Initial conditions (Implementing gravity) 

The gravity (acceleration due to gravity (g=9.81 m/s
2
)), known to be one of 

the fundamental body force, acts throughout the entire body of the numerical model. 

The gravity serves as a body force in this numerical model. It is found that without 

including the initial boundary condition in the form of stresses, the deformation is so 

large that it destroys the geometry of the model. This effect is minimised by following 
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the research approaches proposed by Cailleau and Oncken, (2008) and Wang and He 

(1999). In this method, a numerical model was run without plate velocity (Ridge push 

and Slab pull), and Poisson's ratio of the whole model is kept to be 0.5, which makes 

the whole numerical model incompressible (Wang and He, 1999). The output of this 

model is generated considering stress components of each and every element. The 

normal components (S11 and S22) are equal to the vertical stress component (S33) in an 

equilibrium state. Moreover, the gravity works in the vertical direction, and no other 

boundary conditions are applied. Therefore, the shear stress component should vanish. 

Every element of the numerical model is assigned to their respective normal stress 

components as S11, S22 and S33 and the shear stress components are kept to be zero. 

These normal stress components work as the initial boundary conditions for the 

second step of the numerical model. In the second step of the model, the realistic 

boundary, material properties and assigned Poisson's ratio (to be assigned  =0.25) are 

implemented (Table 5.2). 

 

5.3 Results and Discussion 

The results of the 3D dynamic model will be presented for the effects of 

subducting plate on an overriding plate. For comparing these results, reference model 

was obtained using the geometry, material properties, boundary condition and initial 

condition from other geophysical observations. Further, following parameters and 

their effects are tested on overriding plate 

1) Influence of gravity on surface stresses 

2) Influence of the slab pull force 

3) Influence of asthenosphere viscosity  

4) Influence of lithospheric viscosity 

5) Influence of density 

6) Comparison of stress and the location of the earthquakes at the ABZ 

Results shown here give only the top view (mostly). The legend used for 

visualising the model is demarcated using the colour code ranging from grey to black, 

where the grey and black signify the higher and lower physical quantities. However, 

such visualisation is not observed for all cases at the surface. Moreover, the 

compressional stresses and strains are defined by the negative sign whereas the 
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extensional situations are expressed using positive notations. However, the 

deformation that occurs due to subsidence effects is indicated using negative sign, 

whereas the upliftment cases are designated using positive sign. In order to test, the 

effectiveness of the simulated result, the tectonic elements of the study area are 

superimposed in all the cases. 

5.3.1 Reference Model 

The results of reference model are obtained from solving the force balance 

equation with above-described geometry, material property, boundary condition and 

initial condition. In the reference model, gravity load was included and simulation 

data was recorded using that for a total run time of 100,000 years while saving at an 

interval of 5000 years. Such simulation will give us all three components of 

displacement (deformation). However, our interest in the present study is only in 

vertical displacement due to plate motion. For this purpose, the deformation obtained 

after the static step is subtracted from final vertical deformation obtained after total 

run time. This deformation can not be compared with geological or with GPS 

observations because these methods give velocities instead of displacement. Thus, for 

calculating displacement rates (velocities), the result at 95,000 years was subtracted 

from the result at 100,000 years and divided by 5000 years. The output of this 

calculation is then multiplied by 1000 to get the displacement rate (velocity) in unit 

mm/yr. The model is visco-elastic and hence we are also able to calculate the strain 

and strain rate. To calculate strain rate, same procedure was adopted as for the 

displacement rate. The obtained results are discussed below. 

The vertical deformation shows (Fig 5.6) three prominent features 1) uplifted 

areas on the overriding plate on the eastern part, 2) high subsidence on northern 

trench area, 3) uplifted areas on subducting plate on the south-west. The uplift of the 

overriding plate is caused by the convex shape of the trench with respect to 

subducting plate boundary (Bonnardot et al., 2008). 

The second feature, high subsidence observed in the northern trench area, is an 

effect of steep dip of Andaman slab. Such a scenario has been explained by Zeumann, 

(2013) and Sharma, (2014) for the Andean subduction zone. Their studies explain that 

a slab dipping at a low angle can provide a significant support and resist flexure to the 

overriding plate. However, for opposite scenario i.e. slab with greater dipping angle,  
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Table 5.4 Vertical Displacement (VD), Vertical Displacement Rate (VDR), East-

West Velocity (EWV) and North-South Velocity (NSV)  

SN AOP VD(m) VDR(mm/yr) EWV(mm/yr) NSV(mm/yr) 

1 AR -1750 to -250 -8.333 to 8.333 -13.75 to -10.0 5 to 7.5 

2 SR -1750 to -650 -16.667 to -8.333 -10 to 1.25 0 to 2 

3 IB -2875 to -2500 -33.333 to -25.00 15 to 1.25 5 to 10 

4 WSR - 2500 to -2125 -25.00 to -16.667 -15 to 2.5 2.5 to 5.0 

5 NSR -3625 to -3250 -41.667 to -25.00 2.5 to 5 -2.50 to 1.2 

6 MR -1750 to 2750 -25.000 to 58.00 -15 to 2.5 -7.5 to -2.5 

 

 

 

Table 5.5 Horizontal strain of the overriding plate, where AOP is the area overriding 

plate. 

SN AOP E-W Strain N-S Strain Shear strain 

1 AR -0.0010 to -0.00310 -0.0100 to -0.0020 -0.0056 to 0.0004 

2 SR -0.0051 to -0.0037 0.0001 to 0.0009 -0.0054 to -0.0031 

3 IB -0.0010 to -0.0031 -0.0022 to 0.0015 -0.0086 to -0.0054 

4 WSR -0.0065 to -0.0058 -0011 to 0.0015 -0.0100 to -0.0068 

5 NSR -0.0072 to -0.0051 -0.000660 to 0.0015 0.0095 to -0.0077 

6 MR -0.0037 to 0.0018 -0.0011 to 0.002 -0.0054 to 0.004 
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Table 5.6 Horizontal strain rate of the overriding plate, where AOP is the area 

overriding plate. 

SN AOP E-W strain rate N-S strain rate Shear strain rate 

1 AR -16.67 to 30.00 -19.58 to 12.5 -55.00 to 7.50 

2 SR -51.67 to -28.33 -15.00 to 7.92 -86.25 to -36.25 

3 IB -6.667 to 53.33 -37.92 to -33.33 -130.0 to 73.75 

4 WSR -16.67 to 18.33 -10.42 to 7.92 -117.5 to-55.00 

5 NSR -5.00 to 18.33 0.0095 to -0.0077 -42.50 to 1.25 

6 MR -63.33 to 65.00 -0.0011 to 0.002 -105 to -5.00 

 

the overriding plate can get subsided due to its own weight. The third feature, 

upliftment on the subducting plate can be explained on the basis of dip and obliquity 

in the plate motion. Andaman subduction zone is a consequence of the oblique 

convergence. The deformation of overriding plate is proportional to its obliquity 

(Kellner, 2007). Other factors, which affect the deformation pattern, are geometry and 

material properties. For example, the geometry used in the realistic model can have 

variations in crustal thickness. A decrease in crustal thickness implies a reduction in 

its mass, which results in lesser downward weight, and hence yields more uplift 

(Sharma, 2013). 

The comparison of the displacement and vertical deformation rate shows that 

both follow the same trend while corresponding features can have different areal 

extents. The difference can be attributed to variation among geological units shape 

and material properties, which affects the stress distribution among the geological 

units, causing vertical deformation pattern to change over the time.  

The horizontal velocities at the surface (E-W and N-S) obtained from the 

numerical model show a good correlation with GPS plate velocities observed by 

Kreemer et al. (2008). The availability of GPS station over the overriding plate is very 

sparse and therefore these computed results provide constraints of the deformation 

pattern of the overriding plate. The E-W velocity component of the southern region of  
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Fig 5.6. (a) vertical deformation (m) after 100,000 years (b) vertical deformation rate 

(mm/yr) calculating in last 5000 years. 
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Fig 5.7. Horizontal displacement rate in East-West direction in mm/yr (i) computed 

from the numerical simulation (ii) from the GPS measurement east-west velocity 

component.  
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Fig 5.8. Horizontal displacement rate in a north-south direction in mm/yr (i) 

computed from the numerical simulation (ii) from the GPS measured north-south 

velocity. 
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Fig 5.9. (i) Horizontal strain component after 100,000 years, (ii) strain rate ( strain 

rate) from the last 5000 year, from upper to lower illustrated the east-west, north-

south and shear strain and strain rate. 
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the overriding plate is high as compared to the northern region. However, N-S 

velocity component exhibits high surrounding over the trench area and low to the east 

of the MR region. The detailed description of these velocities is given in table (5.4). 

The E-W strain and strain rate show that the northern part of trench region is 

in compression (or compressed) as compared to south region and eastern part is 

experiencing extension. However, the N-S strain and strain rate map indicate that 

middle area of the overriding plate is also experiencing extensional compared to the 

northern and southern portions that show compression. Moreover, the shear horizontal 

strain map illustrates that eastern part behaves as an extension as compared to the 

western region of the overriding plate. 

These strain and strain rate components suggest that the northeastern part of 

the overriding part is dominated by the extension, therefore, the uplift occurs 

supporting the trench shape hypothesis (Bonnardot et al., 2008). 

 5.3.2 Influence of gravity with initial condition  

This section demonstrates the importance of gravity and initial conditions on 

the stress of the numerical model. A model is generated without using above 

conditions while keeping other parameters same as a reference model. This model is 

called without gravity and initial condition model as WOGI. 

The comparison of WOGI with reference model (RM) in VonMises shows 

low-stress distributions everywhere except in the western part of the fore-arc region. 

The top surfaces of the models show that stress between the east of trench and fore-

arc is higher in patches (> 1.3+07 Pa) as compared to RM. The VonMises shows high 

variation over the subducting plate in both the cases (WOGI & RM). The stress over 

the NER is 6.854e+05 to 3.363e+06 Pa in RM show variation N-S direction. 

However, the stress variation (6.854e+05 to 2.292e+06 Pa) does not follow the ridge 

in WOGI. The east and west of the NER show high stress in RM while WOGI shows 

low stress. The stress over the overriding plate (back-arc region) shows the high 

(1.221e+06 to 7.110e+6 Pa) in RM and WOGI shows low (6.854e+05 to 2.29e+06 

Pa). The stress distribution in asthenosphere of subducting and overriding plate in RM 

is more than the 1.3e+07 Pa and the WOGI exhibits stress ranging from 1.5e+005 Pa 

to 1.3e+07 Pa.  
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Fig 5.10. VonMises stress after 100,000 years for (a) with gravity and initial 

condition (b) without gravity and initial condition. 

5.3.3 Influence of Slab Pull force 

In this study, slab pull and ridge push forces are assumed as a main driving 

forces in the subduction process. For the reference model, slab pull force was taken 

equal to the ridge push force, which is also the E-W component of the plate velocity. 

First, the ratio of slab pull to ridge push force are defined as   
     

   
. Now, to 

investigate the effects of slab pull force, three cases are investigated as listed below. 

(1) Slab pull force kept the zero.       

(2) Slab pull force is 0.5 times of ridge push force,       

(3) Slab pull force is 1.5 times of ridge push Force,       

The results shown for above three cases are shown in Fig (5.11). The variation 

of the deformation patterns on the surface of the overriding plate is influenced by slab 

pull forces for all the three cases. 
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Fig 5.11. Different velocity components i.e. East-West, North-South and Vertical, are 

shown in 1
st
, 2

nd
 and 3

rd
 row respectively. In each row, results are shown for 

increasing the slab pull force (     ). The symbol ‘ ’ denotes the ratio of ridge push 

to slab pull force   
   

     
 . All the figures share the same scale shown on the left 

hand side. Note: since the last figure in each row is not clear, hence plotted again 

with separate scales as figure 5.12.  

The E-W velocity map (Fig 5.11) shows that northern and eastern parts are 

more affected as compared to the southern part. The minimum E-W velocity is -10 to 

-12 mm/yr for the first case, -15 to -17 mm/yr for the second case and < -20 mm/yr 

for the third case. However, for the maximum > 10 mm/yr for the case1, it is shifted 
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towards the trench with value >10 to 7.5 mm/yr for case 2 and is shifted away from 

the trench in the case 3. 

The N-S velocity component shows that the southeastern region is more 

influenced by the slab pull force. The maximum N-S velocity on the overriding plate 

is situated in the just south-east of the trench in case 1 with value > 20 mm/yr, which 

is shifted towards west from the trench while in the case two, it is shifted towards 

east. However, the north-east part is transformed from the positive to negative with 

change in the case from 1 to 3 of N-S velocity. The N-S velocity shows minimum in 

north-east (0 to -1.250 mm/yr) and south-east (-1.250 mm/yr).  

 

 

 

 

 

Fig 5.12. Above results are showing different velocity components for      . This 

figure is replotted with separate scale to bring out the features, which are not very 

clear in figure 5.11. 

These forces explain localised stress pattern and plate motion at the 

subduction zones. Although, ridge push and slab pull are the two important plate-

driving forces (Forsyth and Uyeda, 1975). The deformation characteristic 

(compressional or extensional) of the overriding plate is controlled by the seismic 

coupling and slab pull force (Conrad et al., 2004). The overriding plate shows that it 

experienced more subsidence with increasing the amount of the slab-pull (Fig.5.11).  

5.3.4 Influence of asthenosphere viscosity. 

 Viscosity is an important parameter that plays a crucial role in the deformation. 

For geodynamic modelling purpose, viscosity can be classified broadly into 

Newtonian and Non-Newtonian which are linear and non-linear respectively in 

nature. In this thesis, Newtonian/linear type viscosity has been used. The effect of 

asthenosphere viscosity on surface deformation of the overriding plate is showing in 

this section. 
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Fig 5.13. Three continuous row from the top is showing the velocity component i.e. 

east-west, north-south and vertical. The column of the top three rows is illustrating 

the influence of the three viscosities. The first row is for asthenosphere viscosity 

1.5x10
21

 Pa.s, second row for the 1.0x10
21

 Pa.s and third row for the 0.5x10
21

 Pa.s. 

The fourth row is showing the east-west, north-south and vertical velocity in the 

different scale for the viscosity 0.5x10
21

 Pa.s. 

 To include the viscosity in this model, there are two options- 1) complete model 

with viscosity 2) asthenosphere having viscosity while the lithosphere behaves as an 
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elastic body. For this case, the second model was taken because the model run was 

considered  over a small period (   yrs) for which the asthenosphere acts as a viscous 

fluid body while the lithosphere is an elastic solid body and the lithosphere is freely 

sliding over the asthenosphere. To check the influence of the asthenosphere viscosity 

on the surface deformation in Andaman subduction zone, two simulation cases were 

run for                     and                . Other material properties and 

boundary conditions were kept identical to reference the model. 

 The velocity components over the overriding plate show the opposite 

characteristic for these two viscosities. The east-west velocity map for viscosity 

1.5X10
21

 Pa.s shows that the overriding plate northern part is covered by the more 

area with a negative value as compared to the southern part (Fig.5.13). However, for 

viscosity 0.5X10
21

 Pa.s, the east-west velocity illustrates the opposite in nature 

meaning that the northern part is dominated by the positive value and southern part by 

negative values. Another velocity (north-south and vertical) component also follows 

the exact trend and shows opposite characteristic deformation for the two 

asthenosphere viscosity. Several authors explained that variation in surface 

deformation is controlled by subduction-related mantle wedge flow, the elasticity of 

lithosphere and interaction of solid lithosphere and viscous asthenosphere. Bonnardot 

et al. (2008) found that increasing viscosity of the asthenosphere decreases the dip of 

the slab and decreases the subsidence of the overriding plate. 

5.3.5 Influence of lithospheric viscosity 

In all case studies presented till now, It has been considered that the 

lithosphere behaves elastically. However, it is required to incorporate the viscosity in 

case the Maxwell time of the model is lesser than the simulation time. In this study, 

total simulation time of the model is 100,000 years and the average Young’s modulus 

can be assumed as 125 GPa and viscosity of lithosphere as 10
23

 Pa.s (Ranalli, 1995; 

Turcotte and Schubert, 2002). It gives the Maxwell time    
 

 
  for model equal to 

64,000 years. As   is much less than the total     , we should include lithosphere 

viscosity to obtain more accurate results. 

Two cases have been taken where lithosphere viscosity is chosen as   

         and           . Other numerical simulation parameters and the 
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boundaries conditions, initial condition and material properties are taken identical to 

the reference model. 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.14. The three rows are showing the east-west, north-south and vertical 

velocities component respectively and the first column for elastic, second column for 

visco-elastic with viscosity 10
23

 Pa.s and a third column for visco-elastic with 

viscosity 10
24

 Pa.s. 

The east-west velocity component shows higher value in the northern part for 

elastic lithosphere but the southern part shows lower value with a comparison of the 

visco-elastic lithosphere (Fig 5.14). The north-south velocity component has a 

significant influence in the trench area as it shows 20 mm/year more in visco-elastic 

lithosphere. The vertical velocity component covers more area of subsidence 



103 

 

(negative) for visco-elastic lithosphere as compared to elastic lithosphere. However, 

the upliftment (positive) shows more value. 

The computed velocity component of the overriding plate shows clear 

difference among the elastic, visco-elastics models (Fig.5.14). These maps show the 

visco-elastic models show more deformation compared to the elastic model because it 

contains both the elastic as well as viscous velocity component. Moreover, when 

increasing the viscosity of the lithosphere, the deformation is reduced as deformation 

is inversely propositional to the viscosity. 

5.3.6 Influence of density 

The horizontal and vertical density variations in the interior of the earth are the 

primary source reasons for the plate driving force. Therefore, density is considered as 

a decisive parameter for the dynamic modelling based on the well constraint 3D 

density model (Chapter 4; DAB Rao personal communication). The sensitivity of the 

dynamic model is investigated by two cases with two different densities (2600 & 

2700 kg/m
3
) in the mafic geological unit, and all other modelling parameters are kept 

similar to the Reference Model (RM). The results of these two models are compared 

with RM. 

The displacement rates of two developed models show the difference from 

north to south and west to east on an overriding plate with respect to the RM 

(Fig.5.15). When the density contrast of the mafic unit is decreased by 50 kg/m
3 

with
 

respect to the RM, the position and amount of the maximum and minimum East-West 

(E-W) displacement rate are shifted. The low value of E-W displacement rate is 

dominated more in the approximately northern region except the east corner, and high 

in the south-west area of the overriding plate for the 2600 kg/m
3
 and it shows an 

increase with respect to RM. Moreover, the positive density contrast (50 km/m
3
) also 

changes the same pattern to the negative density contrast with the difference in 

amplitude. 

The north-south (N-S) and vertical displacement rate reveal a little variation as 

compared to the RM for positive and negative density contrasts. The comparative low 

and high values of the N-S displacement rate are covered more for both the negative 

and positive density constants. However, the negative density contrast has a lower N-
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S displacement rate compared to the positive density contrast, and its high value was 

observed just opposite to it. The low vertical deformation rate shows approximately 

similar situation for both positive and negative density contrasts and covers more 

region with respect to RM but, the high-value is significantly different. 

 

Fig 5.15. The three rows showing the east-west, north-south and vertical velocities 

component for three different density of mafic unit of the model. The first column is 

displaying for the 2600 kg/m
3
, the second column for 2650 kg/m

3
and third column for 

2700 kg/m
3
. 

Hassani et al. (1997) suggested that density contrast between lithosphere and 

asthenosphere affects the surface deformation and slab characteristic of the 

subduction. If the density of the asthenosphere is higher than the lithosphere, the plate 

begins to subduct like in the preceding simulation but as soon as a significant length is  
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Fig 5.16. Comparison of earthquake distributions and modelled stress (von Mises 

stress), which shows stress accumulation on the overriding plate interface. The high-

stress region correlates with the area of earthquake hypocentre accumulation.  

engaged, slab tends to rise and gets stuck below the overriding plate and surface 

obtaining the higher uplift deformation. However, in case of opposite density contrast, 

the subduction angle increases with the driving of the slab angle and if the length of 

the slab is sufficient, then the slab reaches vertical position and surface experiences 

lower uplift. The influence of the gravity shows that stress accumulation is high 
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except in the trench area (Fig 5.15) due to flexure effect of the plate. This study also 

checks the sensitivity of the analysis carried out with two other density sets (2600 and 

2700 kg/m
3)

 of the mafic unit of the dynamic model that support the studies (Hassani 

et al., 1997; Bonnardot et al., 2008). 

5.3.7 Comparison of stress and the location of the earthquakes at the ABZ 

The above describes most of the sub-sections giving the description of the 

deformation pattern on the overriding plate. Now, this section will explain with a 

closer look at the stress distributions on the interaction of subducting and overriding 

plate. The earthquake hypocentres of the subducting plate occur in ocean crust and 

provide the indicator of the slab interface. Therefore, the modelled stress of 

subducting plate from the numerical simulation can be compared to the earthquake 

distributions within the study area. These earthquake hypocentres are taken from the 

USGS catalogue. The modelled stress used from the comparison is von Mises Stress 

which is computed from the equation which shows (Fig 5.16) high stress (grey) to low 

stress (blue). The high-stress regions show a good correlation with occurrences of the 

earthquake. The area marked with red ellipses correlated with earthquake hypocenters 

at 0-30 km, white ellipse indicates earthquake at 30-50 km, black ellipse for those at 

50-75 km and a yellow ellipse for the earthquake hypocenters at 75 to 180 km depth. 

 The stress (von Mises Stress) of the dynamic model shows high-stress region 

on the plate interface. Such region occurs due to two or more parameters meeting 

each other. These earthquakes may be caused due to material properties and stress at 

the bottom of the model may be due to the edge effect. The resolution of stress can be 

increased with the help of applying the finer mesh, implementation of the temperature 

and pressure dependent material properties. So, it can be concluded that the stress 

accumulation at the plate interface of the region with higher earthquake distributions 

suggest a link stress on the overriding plate interface with higher earthquake 

distribution in the Andaman region. 

 

5.4 Conclusions 

The Dynamic model of the Andaman subduction zone is obtained by the 

numerical simulation on the realistic 3D geometry with the FEM using ABAQUS/ 
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CAE software. The realistic 3D geometry and material properties of the dynamic 

model are constructed by joint modelling of satellite free air gravity anomaly and 

geoid undulation with available geophysical (other than gravity) and geological 

constraints. The Young's modulus for all geological units are derived from the 

available seismic velocities (P-wave and S-wave), and the asthenosphere viscosity is 

adopted from the Turcotte and Schubert (2002). The implemented boundary 

conditions are derived from the plate motions. 

The computed east-west and north-south velocity components show a good 

correlation with observed GPS velocity components. The vertical displacement and 

vertical velocity illustrate the influence of trench geometry as well as a different part 

unit of geometry. The E-W strain and strain rate show that the northern part of trench 

region is under compression as compared to the south region and the eastern part is 

experiencing extension. However, the N-S strain and strain rate map indicate that 

middle area of the overriding plate is experiencing extensional dominated tectonics; 

nevertheless, the northern and southern portions are covered with compression. 

Moreover, the shear horizontal strain map illustrates that eastern part behaves as an 

extension as compared to the western region of the overriding plate. 

Thus, gravity is one of the important components of the numerical simulation 

problem. This study included gravity in the model and described the significant 

influence on the stress as well as the deformation of the model. The deformation of 

the overriding plate is controlled by the slab pull force that generates the extension 

type of the deformation. The viscosity is one of the crucial parameters and it is related 

to the deformation of the overriding plate. The asthenosphere viscosity for 1.5X10
21

 

Pa.s and 0.5X10
21

 Pa.s exhibited the opposite characterised trend of the deformation 

on the overriding plate. This study checked the influence of the elastic and visco-

elastic lithosphere on the deformation of the overriding plate. At the end, this study 

has shown that the stress on the interaction of the subduction and overriding plates 

correlates well with hypocentres of the earthquake. These facts conclude that the 

stress and deformation of the overriding plate are monitored by the geometry, material 

properties, boundary conditions and initial conditions. 
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Chapter-6 

Conclusions and future research 

Subduction is one of the most complex tectonic processes among the 

geodynamical processes. Therefore, earth science researchers are always interested in 

investigating and understanding subduction processes over a long time, but there is 

still an unsolved riddle. The Andaman subduction zone is one of the seismic active 

regions of the earth and has evolved by the oblique subduction of Indo-Australian and 

Eurasian plates, which is chosen for investigation in this PhD work. In this study, 

initially 3D density structure (Chapter 4) of the North Andaman is constructed and 

then combined with other existing density structure of the   South Andaman (DAB 

Rao, personal communication) and finally, numerical simulation for the dynamic 

behaviour of these structures (Chapter 5) are implemented. The conclusions of this 

work is given below in two parts 

 

6.1 Density Structure  

Joint modelling of free air gravity anomaly and geoid undulation with 

available seismic, seismology, other geophysical and geological constraints delineates 

the 3D density structure of the North Andaman subduction zone. The free air gravity 

anomaly was derived from the satellite altimetry and geoid undulation from the EGM-

2008. This 3D density model has the east-west length 1000 km and 600 km north-

south width with 25 km interval between the cross-sections between them and depth 

extension up to 200 km. 

For the construction of 3D Density model, an initial model was prepared that 

has the first layer named sea followed by two sediment layers named upper layer 

(upper sediment) and the lower layer (lower sediment) underlain by an oceanic crust. 

The lower sediment was portioned into five geological units of different densities. 

The oceanic crust is divided into two parts, known as the subducting crustal plate and 

the overriding crustal plate. The subducting plate is further segregated into two 

different units (upper and lower subducting crust). Based on the previous studies and 

taking into account the increase of density with the rise in pressure in a subducting 
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regime, the upper subducting crust is divided into three different zones. However, the 

lower subducting crust is separated into five different zones. Similarly, the overriding 

plate is divided into four different areas considering the presence of intrusive bodies 

within the crust. 

After constructing the initial model, the gravity anomaly and geoid undulation 

are calculated to match the observed data. To minimise the mismatch, model 

parameters like density and depth are varied and the process is carried out with 

several iterations. This model is then finally taken and validated with the existing 

geology of the study region and is finally interpreted in terms of geodynamics. The 

computed long wavelength anomalies exhibit a perfect match with the observed 

anomalies because the sediment and bathymetry layer control the short wavelength 

and the Moho undulations and LAB primarily controls the long wavelength anomaly. 

The matching was performed with several iterations to obtain an optimal fit between 

the observed and computed data. Finally, a good match of long wavelength anomalies 

was obtained after giving more weightage in fitting the geoid anomaly with the LAB 

and gravity anomaly with Moho. 

The modelling of the subsurface brought out significant variations in the 

thickness of the crust from west to east of the subducting and overriding plate. The 

NER marks the clear difference between the crust and sediments of the Indian 

subducting plate. Towards the west of the NER, the Moho depth varies from 12 to 15 

km from south to north. The Moho depth of NER reveals the depression compared to 

the surrounding region and its value ranges from 14.5 to 16 km. Towards the east of 

the NER, Moho depth uplifts up to 13 to 14 km and further east again, it depresses 

from 25 to 28 km. Moreover, western flank of NER slopes gently compared to east 

flank and east flank is nearer to the front of the trench. The overriding plate exhibits 

more complex nature in terms of the Moho depth and shows the clear 3D shape of 

geological bodies like AR, SR and CAB. This study shows some parts of SR with 

Moho depth at 13 to 18 km and 18 to 23 km in the AR region. The Moho is uplifted 

(less than13 km) at the CAB between the AR and SR. The eastern margin of the AR 

and SR shows Moho depth is high (~14 to 15 km) in IB region. 

The lithosphere–asthenosphere boundary of subducted Indian plate follows 

depth derived from the thermal model based on the age of the crust and mean depth 
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varies from north to south between 80 to 85 km. The overriding plate does not follow 

the heat flow derived lithosphere depth due to the disturbance by the process of 

subduction. The mean depth of overriding lithosphere is from 100 to 70 km from east 

to west and it is 70 km to 100 km from south to north. Towards the north from the 

AR, the overriding plate is ~100 km thick. 

 

6.2 Dynamic Model  

The dynamic model of the Andaman subduction zone is developed on well-

constrained density model (realistic geometry) which fits well with the measured free 

air gravity anomaly and geoid undulation. The boundary conditions for this model 

were derived from the plate velocity and material properties like density from the 3D 

density model, Young's Modulus from the available seismic velocities (P-wave and S-

wave) and viscosity of asthenosphere was taken from the Turcotte and Schubert 

(2002). The model is solved by the Finite Element Method (FEM) with the software 

Abaqus CAE. 

The results of this dynamic model fit well with the geodetic and geological 

observations. The GPS derived plate velocities (East-West and North-South 

velocities) show a good correlation with the numerical simulated model. These 

velocities are generated due to the convergence of the subducting plate velocity (ridge 

push and slab pull), geometry and material properties. The vertical uplift and uplift 

rate are observed over the overriding plate due to trench curvature shape, and this is 

consistent with the results of Bonnardot et al.(2008) and Boutelier and Oncken 

(2010). These hypotheses have deliberated the influence of the concave and convex 

trench geometries on the deformation in terms of the upliftment and subsidence on the 

overriding plate. The Andaman subduction has eastward concave curve trench and 

convergence velocity of subducting plate that is oblique to the trench. 

The gravity and initial conditions are the crucial parameters for the dynamic 

modelling. The initial condition has been implemented in the form of initial stresses. 

The dynamic model pointed out that model with initial condition and gravity has more 

stress everywhere except western part of the fore-arc as compared to the models 

without initial conditions and gravity. 
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The slab pull of subduction in the literature is a matter of debate. This study 

considers the same slab pull as E-W component of the plate velocities. The influence 

of slab pulls on the deformation of the model for the zero slab pull, 0.5 times and 1.5 

times of the E-W component. The deformation patterns of these cases exhibit that 

subsidence of the overriding plate is controlled with increasing slab pull. 

This study explained the importance of asthenosphere viscosity with two case 

studies on the two-asthenosphere viscosities (1.5e+10
21

 Pa.s & 0.5e+10
21 

Pa.s), 

having opposite characteristic deformation patterns on the overriding plate. Further, in 

another experiment shows the difference of elastic and visco-elastic lithosphere and 

says that visco-elastic lithosphere has more deformations. The viscosity of the 

lithosphere is inversely proportional to the deformation. This study also explained the 

influence of the density of the body/unit of the model and shows its clear influence on 

the upliftment and subsidence of the overriding plate.  

The metamorphic reactions change the density of the descending slab 

considered in our numerical model. It is fact that that the descending plate is cooler 

and denser than the surrounding asthenosphere, which raises the slab pull force 

(Kennett and Bunge, 2008). The densities for the model are taken from the density 

model, which fits well with the observed gravity and geoid measurements. In the 

lower homogeneous slab, the crust of descending slab has different densities. This 

numerical model suggests that coupling between the subducting and overriding plate 

results in earthquake occurrences in the subduction zone regions. The hypocenters of 

the moderate earthquake are located within descending oceanic crust and they are 

indicators to detect the slab surface. The model results show that the stress pattern on 

the plate interface of the overriding plate correlates with the earthquake distribution in 

the investigation area. 

The importance of density model was described for the dynamic model in this 

work. The geometry and density are the essential parameters for the dynamic analysis. 

The well constrained 3D density model derived from gravity measurements helps a lot 

to define the units and densities for the dynamic models. Such improvements of 

density model by including more data (terrestrial/marine and satellite data) and better 

constraints (geophysics, petrology and geology) will improve the dynamic model. The 



112 

 

gravity data coverage will also improve significantly with new satellite missions 

GRACE and GOCE. 

 Subduction is a complex tectonic process and much more investigations are 

still required to learn more about the earth processes at a subduction zone. This 

research work investigates some aspects and illustrates how important are the trench 

geometry, plate boundary force and rheology. The obtained results can be improved 

with temperature dependent material properties like density, Young's modulus and 

viscosity in future research. This work considered the model partitioned into several 

units with different parameters. However, including a 3D temperature model and 

linking of parameters with temperature will improve the information. The present 

study shows that the asthenosphere viscosity influences crustal deformation and 

explains the importance of the asthenosphere. Therefore, mantle convection process 

linked to temperature should be considered for the numerical simulation model. 

Furthermore, the coupling between lithosphere and asthenosphere is not well 

understood and might be a future research topic. The fluids play a critical role in 

different processes like melting process, mantle wedge and volcanism in the 

subduction process. It is known that fluids will influence the frictional behaviour 

between the oceanic subducting and overriding plates. The stress distribution on the 

plate interface correlates with the hypocenter of earthquake distribution. A further 

investigation of this correlation can be made by models concentrating mainly on the 

slab interface with a finer mesh of the slab. 
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Appendix 

 
The given below show the ABAQUS-input file for reference model 

 

*Heading 

** Job name: a Model name: Model-1 

** Generated by: Abaqus/CAE 6.9-1 

*Preprint, echo=NO, model=NO, history=NO, contact=NO 

** 

** PARTS 

** 

*Part, name=crust_281 

*Node 

1,    -493.0979,         550.,  -99.4904022 

............................................ 

*Element, type=C3D4 

1,  320, 1178,   39,  378 

.......................... 

*Nset, nset=_PickedSet2, internal, generate 

1,  1192,     1 

*Elset, elset=_PickedSet2, internal, generate 

1,  3198,     1 

................................................ 

*Surface, type=ELEMENT, name=crust_2812 

_crust_2812_S1, S1 

................................................ 

*Elset, elset=_crust_2813_S4, internal 

12,   13,   20,   44,   49,   53,   61,   70,  109,  121,  165,  218,  236,  238,  248,  272 

 

*End Part 

** 

 

** Constraint: crust281tcrust282 

*Tie, name=crust281tcrust282, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_282-1.crust_2821, crust_281-1.crust_2812 

** Constraint: crust291tcrust281 

*Tie, name=crust291tcrust281, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_281-1.crust_2814, crust_291-1.crust_2913 

** Constraint: crust_291tcrust_292 

*Tie, name=crust_291tcrust_292, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_292-1.crust_2921, crust_291-1.crust_2912 

** Constraint: crust_292tcrust_282 

*Tie, name=crust_292tcrust_282, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_282-1.crust_2823, crust_292-1.crust_2924 

** Constraint: crust_l_l295tscrust_l_l_2 

*Tie, name=crust_l_l295tscrust_l_l_2, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_l_l_2-1.crust_l_l_21, crust_l_l_295-1.crust_l_l_2952 

** Constraint: crust_l_l_1tcrust_l_l-295 

*Tie, name=crust_l_l_1tcrust_l_l-295, adjust=no, no rotation, type=SURFACE TO SURFACE 
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crust_l_l_295-1.crust_l_l_295, crust_l_l_1-1.crust_l_l_1 

** Constraint: crust_l_l_2tcrust_281 

*Tie, name=crust_l_l_2tcrust_281, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_281-1.crust_2811, crust_l_l_2-1.crust_l_l_22 

** Constraint: crust_l_l_2tcrust_291 

*Tie, name=crust_l_l_2tcrust_291, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_l_l_2-1.crust_l_l_22, crust_291-1.crust_2911 

** Constraint: crust_l_l_2tcrust_l_l_maf 

*Tie, name=crust_l_l_2tcrust_l_l_maf, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_maf-1.crust_u_maf, crust_l_l_2-1.crust_l_l_22 

** Constraint: crust_l_l_295tcrust_u_l 

*Tie, name=crust_l_l_295tcrust_u_l, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_l-1.crust_u_l2, crust_l_l_295-1.crust_l_l_2954 

** Constraint: crust_l_lmaftcrust_l_r 

*Tie, name=crust_l_lmaftcrust_l_r, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_l_r-1.crust_l_r, crust_l_maf-1.crust_l_maf2 

** Constraint: crust_l_maftcrust_281 

*Tie, name=crust_l_maftcrust_281, adjust=no, no rotation, type=NODE TO SURFACE 

crust_281-1.crust_2811, crust_l_maf-1.crust_l_maf 

** Constraint: crust_u_ltcrust_281 

*Tie, name=crust_u_ltcrust_281, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_l-1.crust_u_l_1, crust_281-1.crust_2811 

** Constraint: crust_u_ltcrust_l_l-1 

*Tie, name=crust_u_ltcrust_l_l-1, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_l-1.crust_u_l2, crust_l_l_1-1.crust_l_l_13 

** Constraint: crust_u_ltcrust_l_l_2 

*Tie, name=crust_u_ltcrust_l_l_2, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_l-1.crust_u_l2, crust_l_l_2-1.crust_l_l_24 

** Constraint: crust_u_ltcrust_u_maf 

*Tie, name=crust_u_ltcrust_u_maf, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_maf-1.crust_u_maf, crust_u_l-1.crust_u_l_1 

** Constraint: crust_u_ltsed_l_l_1 

*Tie, name=crust_u_ltsed_l_l_1, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_1-1.sed_l_l_12, crust_u_l-1.crust_u_l3 

** Constraint: crust_u_ltsed_l_l_2 

*Tie, name=crust_u_ltsed_l_l_2, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_l-1.crust_u_l3, sed_l_l_2-1.sed_l_l_24 

** Constraint: crust_u_ltsed_l_l_255 

*Tie, name=crust_u_ltsed_l_l_255, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_255-1.sed_l_l2553, crust_u_l-1.crust_u_l3 

** Constraint: crust_u_maftcrust_l_maf 

*Tie, name=crust_u_maftcrust_l_maf, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_l_maf-1.crust_l_maf4, crust_u_maf-1.crust_u_maf1 

** Constraint: crust_u_maftcrust_u_r 

*Tie, name=crust_u_maftcrust_u_r, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_r-1.crust_u_r, crust_u_maf-1.crust_u_maf2 

** Constraint: crust_u_maftmaf 

*Tie, name=crust_u_maftmaf, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_maf-1.crust_u_maf2, maf-1.maf3 

** Constraint: crust_u_rtcrust_l_r 

*Tie, name=crust_u_rtcrust_l_r, adjust=no, no rotation, type=SURFACE TO SURFACE 



132 

 

crust_l_r-1.crust_l_r3, crust_u_r-1.crust_u_r2 

** Constraint: crust_u_rtmaf 

*Tie, name=crust_u_rtmaf, adjust=no, no rotation, type=SURFACE TO SURFACE 

maf-1.maf4, crust_u_r-1.crust_u_r1 

** Constraint: crust_u_rtsed_l_r 

*Tie, name=crust_u_rtsed_l_r, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_u_r-1.crust_u_r1, sed_l_r-1.sed_l_r4 

** Constraint: maftsed-u 

*Tie, name=maftsed-u, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_usolid-1.sed_u2, maf-1.maf4 

** Constraint: maftsed_l_r 

*Tie, name=maftsed_l_r, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_r-1.sed_l_r, maf-1.maf2 

** Constraint: mantle_l_291tcrust291 

*Tie, name=mantle_l_291tcrust291, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_291-1.crust_2914, mantle_l-1.mantle_2912 

** Constraint: mantle_ltcrust_l_l_1 

*Tie, name=mantle_ltcrust_l_l_1, adjust=no, no rotation, type=SURFACE TO SURFACE 

mantle_l-1.mantle_l1, crust_l_l_2-1.crust_l_l_21 

** Constraint: mantle_ltcrust_l_l_2 

*Tie, name=mantle_ltcrust_l_l_2, adjust=no, no rotation, type=SURFACE TO SURFACE 

mantle_l-1.mantle_l1, crust_l_l_2-1.crust_l_l_23 

** Constraint: mantle_ltcrust_l_l_295 

*Tie, name=mantle_ltcrust_l_l_295, adjust=no, no rotation, type=SURFACE TO SURFACE 

mantle_l-1.mantle_l1, crust_l_l_295-1.crust_l_l_2953 

** Constraint: mantle_rtcrust_l_maf 

*Tie, name=mantle_rtcrust_l_maf, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_l_maf-1.crust_l_maf3, mantle_r-1.mantle_r1 

** Constraint: mantle_rtcrust_l_r 

*Tie, name=mantle_rtcrust_l_r, adjust=no, no rotation, type=SURFACE TO SURFACE 

crust_l_r-1.crust_l_r2, mantle_r-1.mantle_r1 

** Constraint: sed-l_l_2tsed_u 

*Tie, name=sed-l_l_2tsed_u, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_2-1.sed_l_l_23, sed_usolid-1.sed_u2 

** Constraint: sed_255tsed_l_l_2 

*Tie, name=sed_255tsed_l_l_2, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_2-1.sed_l_l_21, sed_l_l_255-1.sed_l_l_2551 

** Constraint: sed_l_l255tsed_u 

*Tie, name=sed_l_l255tsed_u, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_255-1.sed_l_l2553, sed_usolid-1.sed_u2 

** Constraint: sed_l_l_1tsed_l_l_255 

*Tie, name=sed_l_l_1tsed_l_l_255, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_255-1.sed_l_2552, sed_l_l_1-1.sed_l_l_11 

** Constraint: sed_l_l_1tsed_u 

*Tie, name=sed_l_l_1tsed_u, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_1-1.sed_l_l_13, sed_usolid-1.sed_u2 

** Constraint: sed_l_l_2tmaf 

*Tie, name=sed_l_l_2tmaf, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_l_l_2-1.sed_l_l_22, maf-1.maf1 

** Constraint: sed_l_rtsed_u 

*Tie, name=sed_l_rtsed_u, adjust=no, no rotation, type=SURFACE TO SURFACE 
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sed_l_r-1.sed_l_r2, sed_usolid-1.sed_u2 

** Constraint: sed_utsea 

*Tie, name=sed_utsea, adjust=no, no rotation, type=SURFACE TO SURFACE 

sed_usolid-1.sed_u, sea-1.seasurf1 

*End Assembly 

** 

** MATERIALS 

** 

*Material, name=crust_281 

*Density 

2.81e+12, 

*Elastic 

9.002e+13, 0.25 

*Material, name=crust_282 

*Density 

2.82e+12, 

*Elastic 

9.034e+13, 0.25 

*Material, name=crust_291 

*Density 

2.91e+12, 

*Elastic 

1.0246e+14, 0.25 

*Material, name=crust_292 

*Density 

2.92e+12, 

*Elastic 

1.0282e+14, 0.25 

*Material, name=crust_l_l_1 

*Density 

2.9e+12, 

*Elastic 

9.59e+13, 0.25 

*Material, name=crust_l_l_2 

*Density 

2.9e+12, 

*Elastic 

9.59e+13, 0.25 

*Material, name=crust_l_l_295 

*Density 

2.9e+12, 

*Elastic 

9.59e+13, 0.25 

*Material, name=crust_l_maf 

*Density 

2.9e+12, 

*Elastic 

9.59e+13, 0.25 

*Material, name=crust_l_r 

*Density 

2.9e+12, 
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*Elastic 

9.59e+13, 0.25 

*Material, name=crust_u_l 

*Density 

2.8e+12, 

*Elastic 

8.12e+13, 0.25 

*Material, name=crust_u_maf 

*Density 

2.8e+12, 

*Elastic 

8.12e+13, 0.25 

*Material, name=crust_u_r 

*Density 

2.8e+12, 

*Elastic 

8.12e+13, 0.25 

*Material, name=maf 

*Density 

2.65e+12, 

*Elastic 

5.511e+13, 0.25 

*Material, name=mantle_1 

*Creep 

3.33e-25,1.,0. 

*Density 

3.26e+12, 

*Elastic 

1.9624e+14, 0.25 

*Material, name=mantle_2 

*Creep 

3.33e-25,1.,0. 

*Density 

3.26e+12, 

*Elastic 

1.9624e+14, 0.25 

*Material, name=mantle_l 

*Density 

3.33e+12, 

*Elastic 

1.813e+14, 0.25 

*Material, name=mantle_r 

*Density 

3.33e+12, 

*Elastic 

1.813e+14, 0.25 

*Material, name=sea 

*Density 

1e+12, 

*Elastic 

1e+12, 0.25 
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*Material, name=sed-l_l_2 

*Density 

2.45e+12, 

*Elastic 

1.49e+13, 0.25 

*Material, name=sed_l_l_1 

*Density 

2.45e+12, 

*Elastic 

1.49e+13, 0.25 

*Material, name=sed_l_l_255 

*Density 

2.45e+12, 

*Elastic 

1.911e+13, 0.25 

*Material, name=sed_l_r 

*Density 

2.67e+12, 

*Elastic 

7.743e+13, 0.25 

*Material, name=sed_u 

*Density 

2.4e+12, 

*Elastic 

1.247e+13, 0.25 

** 

** INTERACTION PROPERTIES 

** 

*Surface Interaction, name=IntProp-1 

1., 

*Friction 

0., 

*Surface Interaction, name=IntProp-3 

1., 

*Friction, slip tolerance=0.005 

0.3, 

*Surface Interaction, name=_Int-3-Prop 

1., 

*Friction 

0., 

** 

** BOUNDARY CONDITIONS 

** 

** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

_PickedSet52, PINNED 

** Name: BC-2 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

_PickedSet53, PINNED 

** Name: BC-3 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 
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_PickedSet68, PINNED 

** Name: BC-4 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

_PickedSet55, PINNED 

** Name: BC-5 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

_PickedSet90, PINNED 

** Name: BC-6 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

_PickedSet70, 1, 1 

** Name: BC-7 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

mantle_l-1.mantle_l, 3, 3 

** Name: BC-8 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

crust_282-1.crust_282, 3, 3 

** Name: BC-9 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

crust_292-1.crust_292, 3, 3 

** Name: BC-10 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

ns, 2, 2 

** Name: BC-11 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

ns1, 2, 2 

** 

** INTERACTIONS 

** 

** Interaction: Int-1 

*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE, adjust=4. 

mantle_l-1.mantle_l3, mantle_1-1.mantle13 

** Interaction: Int-2 

*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE, adjust=4. 

mantle_r-1.mantle_r2, mantle_2-1.mantle_23 

** Interaction: Int-3 

*Contact Pair, interaction=_Int-3-Prop, type=SURFACE TO SURFACE, adjust=4. 

mantle_r-1.mantle_r3, crust_281-1.crust_2813 

** Interaction: Int-4 

*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE, adjust=4. 

mantle_2-1.mantle_24, crust_282-1.crust_2824 

** ---------------------------------------------------------------- 

** 

** STEP: Step-1 

** 

*Step, name=Step-1 

*Static 

1., 1., 1e-05, 1. 

** 

** BOUNDARY CONDITIONS 

** 

** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 
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*Boundary, op=NEW 

_PickedSet52, PINNED 

** Name: BC-2 Type: Symmetry/Antisymmetry/Encastre 

*Boundary, op=NEW 

_PickedSet53, PINNED 

** Name: BC-3 Type: Symmetry/Antisymmetry/Encastre 

*Boundary, op=NEW 

_PickedSet68, PINNED 

** Name: BC-4 Type: Symmetry/Antisymmetry/Encastre 

*Boundary, op=NEW 

_PickedSet55, PINNED 

** Name: BC-5 Type: Symmetry/Antisymmetry/Encastre 

*Boundary, op=NEW 

_PickedSet90, PINNED 

** Name: BC-6 Type: Velocity/Angular velocity 

*Boundary, op=NEW, type=VELOCITY 

_PickedSet70, 1, 1 

** Name: BC-7 Type: Velocity/Angular velocity 

*Boundary, op=NEW, type=VELOCITY 

mantle_l-1.mantle_l, 1, 1 

mantle_l-1.mantle_l, 3, 3 

** Name: BC-8 Type: Velocity/Angular velocity 

*Boundary, op=NEW, type=VELOCITY 

crust_282-1.crust_282, 1, 1 

crust_282-1.crust_282, 3, 3 

** Name: BC-9 Type: Velocity/Angular velocity 

*Boundary, op=NEW, type=VELOCITY 

crust_292-1.crust_292, 1, 1 

crust_292-1.crust_292, 3, 3 

** Name: BC-10 Type: Velocity/Angular velocity 

*Boundary, op=NEW, type=VELOCITY 

ns, 2, 2 

** Name: BC-11 Type: Velocity/Angular velocity 

*Boundary, op=NEW, type=VELOCITY 

ns1, 2, 2 

** 

** INTERACTIONS 

** 

** Interaction: Int-3 

*Change Friction, interaction=_Int-3-Prop 

*Friction, slip tolerance=0.005 

0.3, 

** 

** OUTPUT REQUESTS 

** 

*Restart, write, frequency=0 

*Print, contact=YES, solve=YES 

*Monitor, dof=2, node=center, frequency=1 

** 

** FIELD OUTPUT: F-Output-1 

** 
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*Output, field 

*Node Output 

CF, COORD, RF, U, V 

*Element Output, directions=YES 

LE, PE, PEEQ, PEMAG, S, VE 

*Contact Output 

CDISP, CSTRESS 

** 

** HISTORY OUTPUT: H-Output-1 

** 

*Output, history, variable=PRESELECT 

*End Step 

** ---------------------------------------------------------------- 

** 

** STEP: Step-2 

** 

*Step, name=Step-2, inc=100000 

*Visco, cetol=0.01 

2e+08, 3.15e+12, 1e-10, 3.15e+11 

** 

** BOUNDARY CONDITIONS 

** 

** Name: BC-6 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

_PickedSet70, 1, 1, 6e-13 

** Name: BC-7 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

mantle_l-1.mantle_l, 1, 1, 4e-12 

mantle_l-1.mantle_l, 3, 3, -4e-12 

** Name: BC-8 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

crust_282-1.crust_282, 1, 1, 4e-12 

crust_282-1.crust_282, 3, 3, -4e-12 

** Name: BC-9 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

crust_292-1.crust_292, 1, 1, 4e-12 

crust_292-1.crust_292, 3, 3, -4e-12 

** Name: BC-10 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

ns, 2, 2, 5.3e-13 

** Name: BC-11 Type: Velocity/Angular velocity 

*Boundary, type=VELOCITY 

ns1, 2, 2, 5.3e-13 

** 

** OUTPUT REQUESTS 

** 

*Restart, write, frequency=0 

** 

** FIELD OUTPUT: F-Output-1 

** 

*Output, field 
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*Node Output 

CF, COORD, RF, U, V 

*Element Output, directions=YES 

CE, CEEQ, CEMAG, E, LE, PE, PEEQ, PEMAG, S 

*Contact Output 

CDISP, CSTRESS 

** 

** HISTORY OUTPUT: H-Output-1 

** 

*Output, history, variable=PRESELECT 

** 

** HISTORY OUTPUT: H-Output-2 

** 

*Output, history, frequency=500 

*Node Output, nset=center 

U1, U2, U3, V1, V2, V3 

*End Step 
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