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SYNOPSIS

Significance of Subduction Zones

One of the worst and unpredictable natural disasters is earthquakes. They cause sig-

nificant damage to manmade and natural structures and even loss of life. A sudden

movement of Earth’s interior along a weak fault plane causes an earthquake, and its

scientific study is known as seismology. Seismologists use seismic waves generate by an

earthquake to study the Earth’s internal structure. The deepest part of Earth’s interior

is the inner and outer cores followed by lower and upper mantles. The outermost part of

the Earth is the crust. The lithosphere comprising of crust and a part of upper mantle

is broken into several tectonic plates which are continuously moving over the astheno-

sphere. Most earthquakes occur as a result of stress accumulation due to these motions

and are preferentially distributed along the plate boundaries. Almost ninety percent of

earthquakes occur exclusively along subduction zones where an oceanic plate subducts

beneath another oceanic or a continental plate. These boundaries have the potential

to produce great earthquakes known as megathrust earthquakes which can even cause

a tsunami. During subduction, earthquakes occur at different depths on the downgo-

ing plate, and these earthquakes define a Wadati-Benioff zone. The main features of

subduction zones are as follows: oceanic trench, accretionary prism, forearc basin, vol-

canic arc and backarc basin. Oceanic trenches are long seafloor depression caused by

the subduction process. During the process, the overriding plate scraps sediments from

the downgoing plate to form an accretionary prism. While descending into the upper

mantle, the subducting plate releases a lot of fluids which leads to partial melting of

mantle rocks to form magma. The magma is less dense and moves up due to buoyancy

to form a chain of volcanoes known as volcanic arcs. A forearc basin is a submarine basin

located between the volcanic arcs and the accretionary prism. The rising magma exerts
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an upward thrust on the overriding plate, which causes rifting and seafloor spreading. As

the spreading continues, backarc basin forms behind the active volcanic arc. The backarc

volcanism in subduction zones can generate swarms of earthquakes. To understand the

genesis of earthquakes in a subduction zone, the knowledge of various crustal structures

and associated tectonic process is essential.

Motivation

In the last two decades, the Andaman-Nicobar-Sumatra subduction zone has produced

three megathrust earthquakes occurring on 26th December 2004, 28th March 2005 and

12th September 2007 along with numerous major and great earthquakes including the

25th October 2010 tsunamigenic earthquake and two unusually strong intraplate earth-

quakes and the largest strike-slip earthquakes on 11th April, 2012. The seismic activity

in this region has intensified after the 26th December 2004 megathrust earthquake (Mw

9.1), one of the largest instrumentally recorded earthquakes (Park, 2005). The earth-

quake rupture initiated at 3.3◦ N, 96.0◦ E at a depth of about 30 km and propagated

north-northwest ∼1300 km along the Sunda trench with an average rupture velocity of

∼2.4 – 2.6 km/s (Ammon et al., 2005; Banerjee et al., 2007; Lay et al., 2005). Due

to variation in the rupture process, the entire zone is subdivided into three segments:

the Sumatra, Nicobar and Andaman segments. The slip rates also varied along the seg-

ments; it was fastest for the Sumatra segment and decreased for the other segments.

Several studies were undertaken after the 26th December 2004 mega-earthquake on the

teleseismic as well as from the local earthquakes to understand the seismicity pattern

in different segments. Engdahl et al. (2007) prepared a comprehensive catalog of the

available teleseismic earthquakes in the Sumatra– Andaman and Western Sunda regions

from 1918 – 2005 to understand the subduction processes, regional seismotectonics and

plate geometry. Araki et al. (2006) deployed a temporary ocean bottom seismome-

ter (OBS) network in the rupture area of the 2004 Aceh earthquake from February to

March 2005 to understand the seismicity associated with the subducting Indian plate.

Lange et al. (2010) deployed seismological network (both OBS and land stations) in the
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western Sumatra from April 2008 to February 2009 to study the effect of subducting

Investigator Fracture Zone beneath the Sunda trench. Mishra et al. (2011) deployed

the temporary network in different parts of Andaman and Nicobar Islands to record

the aftershock pattern from 6th January to 16th March 2005. CSIR-NGRI installed a

permanent broadband network in the Andaman and Nicobar Islands after the megath-

rust earthquake (Srijayanthi et al., 2012). The subduction of the Indo-Australian plate

beneath the Southeast Asian plate governs the seismicity pattern in the Andaman Sea.

It is likely that the subduction process may generate such high magnitude earthquakes

in the future. To better understand the local earthquakes in Andaman and Nicobar

Islands, CSIR-National Institute of Oceanography (NIO) carried out a passive seismic

ocean bottom experiment (OBS) across the subduction zone from 25th December 2013

to 15th May 2014. The OBS experiment forms the basis of my Ph.D. thesis with the

following objectives:

1. Seismicity of the Andaman basin.

(i) To understand the seismicity pattern in the Andaman basin and associate them with

the known fault system like West Andaman Fault (WAF), Sagaing Fault, Diligent Fault

and Andaman Back Arc Spreading Center (ABSC).

(ii) To map the seismicity of the subducting Indian plate.

(iii) Focal mechanism of the earthquakes occurring in faults, spreading centers and An-

daman subduction zone.

2. Local crustal structure beneath important geomorphological features using Local/Regional

Earthquakes Estimate the velocity structure beneath important geomorphic feature like

Alcock/Sewell seamounts, ABSC, subducting zone.

3. Crustal structure beneath the Alcock seamount using active OBS The crustal struc-

ture of the Alcock and Sewell seamounts are poorly studied due to lack of seismic data.

Several OBS were deployed over these geomorphic features with the purpose of studying

the local variation using local/teleseismic earthquake data. Fortunately, GSI carried out

some multichannel seismic experiment in the vicinity of Alcock seamount which is also
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recorded by the OBS network. These active source data can provide better resolution of

the crust and mantle beneath the Alcock seamount.

Summary

We deployed twelve broadband Ocean Bottom Seismometers (OBSs: OBS01 to OBS12)

in the Andaman-Nicobar subduction zone and the Andaman Sea to study the nature of

geometry of the subducting Indo-Australian plate, local seismicity pattern, and the geo-

dynamic evolution of the region. The experiment was carried out with broadband OBSs

hired from “LOBSTER” (Longterm OBS for Tsunami and Earthquake Research) pro-

gram of K. U. M. Umwelt, Kiel, GmBH, Germany. The main components of the LOB-

STER unit were titanium pressure casing housing a 4-channel 24-bit GEOLON-MCS

data logger with sufficient battery power supply, Güralp CMG-40T OBS seismometers

with a corner period of 60 s and a sensitivity of 2000 V.s/m, a broadband HTI-04-

PCA/ULF hydrophone (bandwidth: 100 s to 8000 Hz), an acoustic release system with

adequate anchor weight and a radio beacon for locating the unit after recovery. The

seismometer had a gimballed system which was programmed to activate two days after

landing onto the seafloor, and after that the leveling was carried out after every 14 days.

The timing information in the data logger was derived from an internal oscillator clock

which can be synchronized with an external GPS. The synchronization was carried out

before deployment and also after recovery to estimate the timing correction assuming a

linear drift.

We deployed OBSs from R/V Sindhu Sankalp at strategically selected locations during

the last week of December 2013 (Cruise No. SSK-058) and recovered in the second week

of May 2014 (Cruise No.SSK-067). The OBS01 and OBS12 lay on the Indian plate close

to the subduction zone, OBS03 and OBS11 lay in the forearc basin, OBS09 lays on the

Alcock and OBS05 was on Sewell seamounts. OBS06 and OBS07 lay on the Andaman

backarc spreading center (ABSC), and OBS02 was located off Nicobar Island, where

swarm like earthquakes are reported (Kamesh Raju et al., 2012). We recorded data at
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a sampling rate of 100 Hz and analyzed them using SEISAN software (Hanskov and

Ottemoller, 2010). Unfortunately, the sensor in stations OBS04, OBS08, and OBS10 got

stuck after deployment and failed to record any data.

We analyzed the nature of the ambient noise for OBSs to identify the frequency bands of

high signal-to-noise ratio for local earthquakes. The ambient noise belongs to different

processes related to oceans. The infragravity waves generate long period noises (> 30

s) in OBS data which are much stronger in hydrophones than the vertical component.

The single frequency microseism noise (11–25 s) with a dominant period of 14 s is weak

in OBS data. The secondary microseisms or double frequency (DF) microseism noise

(1-10 s) with a dominant period of 7 s is generated by the nonlinear interaction of ocean

waves that are travelling in opposite directions. The OBSs near the Andaman-Nicobar

Islands show high energy for periods corresponding to secondary microseism. The fre-

quency band of 1–10 Hz is found to be ideal for identifying local earthquakes due to high

signal-to-noise ratio. The other problem with OBS data is that the orientation of OBS

is unknown while deployed on the seafloor; therefore, we estimated the OBS’s orienta-

tion using Rayleigh waves generated from teleseismic earthquakes. The knowledge of

orientation is essential for advanced techniques like teleseismic receiver function, surface

wave polarization and shear wave splitting analysis. The estimated orientation for OBSs

is consistent for different teleseismic events with a range of back azimuths.

A total of 559 local earthquakes are identified from the OBS network. The data are in-

tegrated with the available earthquake data from the Andaman ISLANDS network and

some global seismic stations. The minimum 1D velocity model and station corrections

are estimated using the VELEST algorithm (Kissling et al., 1994). The minimum 1D

model comprises of the P-wave velocity of 3.59 km/s for the uppermost 6 km, 5.21 km/s

from 6 to 15 km, 6.68 km/s from 15 to 30 km and a velocity of 8.08 km/s for depths

larger than 30 km. Our derived velocity model suggests the presence of Moho at a depth

of 30 km, and the station corrections suggest that the model is acceptable beneath the

Andaman and Nicobar Islands. The absolute value of the station correction increases
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away from the accretionary prism and is high for the stations located within the ABSC

(OBS06 and OBS07). The Alcock and Sewell seamounts (OBS09 and OBS05) and the

stations close to the trench (OBS12 and OBS01) show negative station corrections which

might be associated with either shallowing of Moho or high-velocity patch beneath the

stations.

The joint hypocenter determination (JHD) is carried out using the minimum 1D velocity

model and station corrections. The morphology of the subducting plate defined from

the Wadati-Benioff zone shows an increase in the dip from 26◦ in the Nicobar segment

to 53◦ in the Andaman segment. The increase in the dip of the subducting plate may be

attributed to the increase in age of the slab and the obliquity of plate motion towards

the Nicobar to Andaman segments. A seismic gap is observed in the subducting Indian

plate between 7.5◦ N and 9.5◦ N at depths greater than 100 km, which may be due to

partial subduction of the Ninetyeast ridge (NER). This zone of reduced seismicity is also

characterized by the absence of volcanic seamounts in the backarc region as observed in

the multibeam bathymetry data.

The shallow-depth local seismicity is similar to that observed after the 2004 Aceh earth-

quake and the shallow seismicity occurs along the trench, Andaman backarc spreading

center (ABSC), Andaman-Nicobar fault (ANF) and Seulimeum strand of Sumatra fault

system. Some extent of shallow seismicity is also observed on the Eastern Marginal Fault

(EMF) and Diligent Fault (DF) to the south of 10◦ N. Some seismicity is observed to

the west of the trench along the presumed extension of ENE-WSW oriented faults of the

Ninetyeast Ridge (NER).

The knowledge of tectonic processes and crustal structure is required to understand the

genesis of earthquakes. One of the widely used techniques for imaging Earth’s interior

is through the analysis of P-to-S converted wave beneath seismological stations and is

known as receiver functions (RFs). In OBS data, the application of RF is challenged by

the presence of water column and low-velocity sediments. The deconvolution process be-

comes unstable due to the presence of water column multiples in OBS data. In addition,
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the strong reverberations generated due to low-velocity sediments can interfere with the

identification of converted phases from seismic discontinuities failing RFs. A transfer

function (TRF) is proposed as an alternative to RF for OBS data, and it takes into ac-

count the shallow sediment reverberations as well as water column multiples. TRF has

been tested for low frequency (< 1 Hz) teleseismic earthquakes; however, we extended

the method for local earthquakes having a dominant frequency of 5 Hz. We tested the

performance of the TRF for various scenarios using synthetic data and applied the algo-

rithm to OBS data recorded over the Alcock seamount. The following crustal structure

is obtained: a thin (< 200 m) sedimentary layer, dual-layered crust with velocities of 5.5

and 7.3 km/s and Moho at a depth of 15 km. The velocity model was validated using

refraction arrivals from an active OBS survey.

I plan to organize the research work in five chapters and present them as my Ph.D.

thesis. Results obtained from the first two objectives are published in an international

journal (Bulletin of Seismological Society of America), and results obtained from the

third objected is ready for submission to an international journal. The chapter-wise

content of the thesis is listed below.

Chapter 1. It introduces an overview of the basics concept of earthquakes and waves

propagation through solid Earth. It discusses the Earth’s structure deduced from the

analysis of the seismic waves generated from earthquakes. It briefly touches upon the

concept of plate tectonics, and special emphasis is given for subduction zones. The

tectonics of the Andaman Subduction zone, which represents the study area is discussed

in detail. Finally, the chapter concludes with the objectives framed for the Ph.D. thesis.

Chapter 2. It presents a detailed description of the passive seismic experiment in the

Andaman sea. SEISAN, freely available earthquake processing software, was used for

initial quality control and earthquake location and magnitude estimation (Hanskov and

Ottemoller, 2010). Probabilistic power spectral densities (PPSDs) were used to inves-

tigate the amplitude spectrum of the noise following McNamara and Buland (2004).

Seismic waveforms were transformed from a time domain to a frequency domain using
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FFT and PPSDs were computed. Later, it was compared with the Petersons’ new high

and low noise models (NHNM/NLNM). Secondary microseism peak is observed between

3–6 s. Reduced noise level of -130 dB produces a low noise notch between 8–20 s which

is ideal for teleseismic earthquakes. Additionally, the noise level is down to -140 dB in

the range of 0.1–1 s, which is a suitable band for the identification of local earthquakes.

The orientation of an OBS is essential for studies like surface wave polarization, shear

wave splitting and receiver function; therefore, we used Rayleigh wave polarization of

teleseismic earthquakes to estimate the orientation of OBSs (Stachnik et al., 2012).

The orientation is defined as the difference between the source-to-receiver azimuth and

the back-azimuth. Rayleigh waves are polarized elliptically in the vertical-radial plane.

Hilbert transform of the vertical component shits the phase by 90º; thereby, it converts

the vertical component into the radial component. The horizontal components are con-

verted to radial for a range of back azimuths assuming one of the horizontal components

is aligned along N-S. The angle that best produces the cross-correlation between Hilbert

transformed vertical component and the radial component is considered to be the back

azimuth. Thirty teleseismic earthquakes of magnitude greater than 5.5 that were de-

tected by our network were used to identify the orientations of OBS02, OBS05, OBS09

and OBS11.

Chapter 3. It discusses the local seismicity in the region and the geometry of the sub-

ducting Indian plate obtained from the local earthquakes. Effect of the Ninetyeast Ridge

in modulating the seismicity in the vicinity of the trench is also studied. Earthquakes

are located using the Hypocenter v. 3.2 program (Lienert and Havskov, 1995). Ini-

tially, a five-layer velocity model proposed by Kayal et al. (2004) was used to locate the

earthquakes. The deepest station (OBS03) is considered to be the base station and the

elevation of other OBSs were calculated relative to this station. Locations are weighted

based on the source to receiver distances. The minimum and maximum distances were

fixed at 10 and 1100 km. About 550 local earthquakes were identified during the deploy-

ment period and local magnitudes are calculated for all the earthquakes. We considered
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events having an azimuthal gap smaller than 180 ◦ to obtain reliable hypocenters. A 1D

average velocity model of the region is obtained using VELEST (Kissling et al., 1994).

The forward problem of this software is based on ray tracing while the inverse problem

is based on the damped least square matrix. We obtained a three-layered velocity model

that comprises of a P-wave velocity of 3.59 km/s for the uppermost 6 km, 5.21 km/s

from 6 to 15 km, 6.68 km/s from 15 to 30 km, and 8.08 km/s for depths larger than

30 km. The first layer that comprises of velocity 3.59 km/s is a layer of sediments from

the accretionary prism. It favors similar interval velocities of seismic data in the region

(Moeremans and Singh, 2014). The second layer of velocity 6.7 km/s is interpreted as

a continental crust and the velocity of 8.08 km/s represents Moho. The average Moho

depth is about 30 km in this region.

Station corrections indicating lateral heterogeneity were also obtained from VELEST.

The Island stations show small corrections, whereas the absolute values increase as we

move away from the accretionary prism towards backarc with the maximum occurring at

the spreading centers. All the station corrections are negative indicating either a shallow

Moho or high-velocity patches beneath the stations. The OBS09 and OBS05 located on

Alcock and Sewell seamounts are exception, and the corrections are probably associated

with volcanic rocks.

The local seismicity is broadly classified into intermediate-depth earthquakes (40–250

km) and shallow depth earthquakes (< 40 km). The intermediate-depth earthquakes

define the Benioff zone. The Benioff zone is shallow beneath the forearc high, the dip

increases beneath the forearc basin. There is a seismic gap between 7.5◦ to 9.5◦ latitude;

it is also accompanied by a gap in the volcanic arc. We relocated the earthquakes using

the final velocity model and augmented the data with the well-located teleseismic earth-

quakes in the region provided by Engdahl et al., (2007).

Further, the region was divided into three segments Andaman segment (AS), Transition

segment (TS) and the Nicobar segment (NS). The slope of each segment varied; the

shallowest being the NS (26◦), followed by TS (47◦) and steepest was the AS having a
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slope of 53◦. The different dips of these segments are attributed to obliquity and age of

the plate. Evidence of subduction of the eastern flank of the Ninetyeast Ridge (NER)

is also observed. The change in curvature of the trench along with seismic and volcanic

gap and shallowing of dip are a few characteristic features of the indentation of NER.

It is also verified from the focal mechanism of the earthquakes at about 7◦. The faults

on the NER are presumed to be active after the 2004 Tsunamigenic earthquake and

generate strike-slip earthquakes. Similar occurrences of strike-slip events at about 7◦

confirms the partial subduction of NER. Additionally, we observe a few linear trends

of earthquakes in the forearc high region that align along the extension of the faults of

NER. We propose the variable rupture speed of the 2004 earthquake may be due to the

obstruction of these faults in the region.

The shallow seismicity shows a prevalence of activity in the backarc region, particularly

at the spreading centers. The sliver strike-slip fault seems to be active along with dense

seismic activity located near OBS03 and OBS02. In the forearc region, Andaman Is-

land also observed abundant activity and most of earthquakes are on the western side

of the island. Before the 2004 earthquake, seismic activities were mostly on the eastern

side; the shift may be related to the state of elastic rebound of the island. The shallow

seismicity was compared with earthquakes pre and post 2004 megathrust event. The

trenchward seismicity in the forearc region is found to be similar to the post 2004 event.

Chapter 4. It discusses the crustal structure beneath Alcock seamount estimated using

local earthquakes. One of the widely used techniques for estimating Moho depth and

understanding the nature of crust is through the analysis of P-to-S converted wave be-

neath receivers (Burdick and Langston, 1977; Zhu and Kanamori, 2000). This technique

is known as receiver functions (RFs; Owens et al. 1984). The success of teleseismic

receiver function depends on the identification of P-to-S conversion at Moho and its

reverberations (PpPs, PsPs+PpSs and PsSs after Ammon, 1991). In OBS data, the ap-

plication of RF is challenged by the presence of water column and low-velocity sediments

(Audet, 2016; Kawakatsu and Abe, 2016). The deconvolution process becomes unstable
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due to the presence of water column multiples in OBS data. In addition, the strong re-

verberations generated due to low-velocity sediments can interfere with the identification

of converted phases from seismic discontinuities failing RFs (Audet, 2016; Frederiksen

and Delaney, 2015). Therefore, the RFs are not useful for estimating the thickness of

crust and Vp/Vs ratio for OBSs located over soft sediments.

A transfer function (TRF) is proposed as an alternative to RF for OBS data, and it

eliminates the dependency on data deconvolution by using model-based deconvolution

(Frederiksen and Delaney, 2015). Vertical and radial Green’s functions are computed

for a model, and their ratio is known as a transfer function. The radial component can

be estimated by convolving the TRF with the vertical component. The estimated radial

component is compared with the observed one using cross-correlation or error function

to determine the misfit. We computed the misfit for a range of plausible models, and

selected a model with the lowest misfit to represent the velocities beneath the station.

We illustrate the TRF methodology using an oceanic crust comprising of Gabrros and

MetaGabbros. The sediment reverberations dominate the radial component; therefore,

we propose a two-step inversion procedure: Initially, the sediment properties are esti-

mated assuming an absence of crust. Then, we estimate the crustal parameters by fixing

sediment properties. The synthetic tests show that the effect of water column thickness

is negligible on TRF methodology and inversion is stable for a large sediment thickness

(> 1 km) and can be used for estimating crustal thickness and Vp/Vs ratio. However,

it becomes unstable for thin sedimentary layers (< 0.25 km) due to the inference of

sediment reverberation phases with the crustal phases and shows a significant tradeoff

between the crustal thickness and Vp/Vs ratio.

As we intend to test TRF for estimating crustal structure beneath Alcock seamount

using local earthquakes data from OBS09, we performed synthetic tests for different

plausible crustal models beneath Alcock seamount: (a) a thickened oceanic crust, (b) a

stretched continental crust and (c) a dual-layered oceanic crust. The model conditions

were similar to the environmental setting over Alcock seamount. The synthetic tests
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show that the model is non-unique in the presence of a thin sedimentary layer; however,

the modeling can help in identifying Moho phase in the field data. Accordingly, we can

improvise TRF algorithm by using an amplitude misfit function in the vicinity of an

identified Moho phase.

We finally applied the proposed TRF methodology on local earthquakes detected by

OBS09 to obtain crustal velocities beneath Alcock seamount. We selected high-quality

events for TRF methodology. The inversion results suggest the presence of a dual-

layered crust beneath Alcock seamount. Therefore, we modified the methodology for a

dual-layered crust and estimated the velocities beneath Alcock seamount. The velocity

model reveals the presence of Moho at ∼15 km depth from the sea level. We observed a

thin sedimentary layer (< 300 m) beneath Alcock seamount. Depths of the upper and

lower crusts are about 9.5 km and 15 km, respectively. The corresponding velocities are

5.5 and 7.3 km/s. A high P-wave velocity of 7.3 km/s for the lower crust may be inter-

preted as an oceanic crust (Layer 3) comprising of metagabbros (Keary and Vine, 1998).

The analysis of gravity profile across the seamount shows a similar crustal thickness with

Moho at 15–20 km and a 3–5 km of a volcanic layer (Radhakrishna et al., 2008), thus

supporting the hypothesis of oceanic crust beneath Alcock seamount.

A multichannel seismic survey (MCS) was carried out over Alcock seamount by Geo-

logical Survey of India onboard R/V Samudra Ratnakar during the OBS deployment

period. The processed seismic section shows that OBS09 is located in a valley which has

a thin sediment layer (300–400 m) over the basement. The OBS09 recorded the signals

from active shots used in the MCS survey. We picked the direct arrivals using ProMAX

software and found that the arrival times can be predicted using a constant velocity of

1480 m/s. We observed strong refraction in the OBS data, which travels with a velocity

of 5.8 km/s. Interestingly, the basement velocity from active OBS record is close to the

upper crust velocity derived from the inversion of local earthquakes.

Chapter 5. It summarizes the main findings of the thesis, followed by a complete list

of references in alphabetical order.
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Chapter 1

Earthquakes

1.1 Introduction to Earthquakes

Earthquakes, which account for one of the most catastrophic natural phenomena, are a

manifestation of sudden release of energy in the form of elastic waves due to rupture.

The study of earthquakes is known as seismology. Massive destruction occurs due to

earthquakes and leads to loss of human lives. In addition, secondary effects such as

landslides, tsunami and fires caused by earthquake may also increase the death toll. The

internal structure of the earth comprises of several layers which can be broadly classified

into three parts: the crust, the mantle and the core. The crust and the upper mantle

combinedly are known as the lithosphere. It is broken into several pieces that floats on

hot molten lower mantle rocks. These pieces of lithosphere are known as tectonic plates

which are in constant motion. The exact reason for the driving force responsible for the

movement of the plates is unclear. However, it is believed that the plates are driven

primarily due to gravity which manifest as slab pull and ridge push. There are twelve

major plates and some minor plates and most of the earthquakes occur at the plate

boundaries. Therefore, it is important to study the earthquakes in order to understand

tectonic processes and also for the disaster mitigation of hazardous earthquakes (for

details see Kusky, 2008).

The place of origin of an earthquake in the subsurface is termed as hypocenter or focus,

and its surface projection is known as epicenter. The distance between the hypocen-

ter and the epicenter is known as focal depth and the separation between the epicenter
1



and the receiver is known as epicentral distance. Similarly, the separation between the

hypocenter and the receiver is known as hypocentral distance. A general classification

of earthquakes is based on the epicentral distances. Earthquakes recorded at epicentral

distances larger than 20 degrees are known as teleseismic events. In order to travel

such long distances, these earthquakes are generally of high magnitude > 5 which are

associated with high amplitudes and lower frequency as higher frequencies are lost due

to attenuation. Regional earthquakes are events with epicentral distance between 20

degrees and 100 km and their frequency is relatively higher than the teleseismic earth-

quakes. Local earthquakes are events with smaller epicentral distance (< 100 km) and

they do not have sufficient energy to to be propagated over long distances. The frequency

content is higher than the teleseismic and regional earthquakes. Teleseismic events can

be instrumental in producing large scale velocity structure of the earth, whereas local

and regional earthquakes can be used to estimate crustal and mantle velocities, respec-

tively. Another classification of earthquakes is based on focal depths. Shallow-depth

earthquakes are the events that occur at smaller depths beneath the surface (< 70 km).

These earthquakes occur within the crust and are observed at all the plate boundaries.

The intermediate-depth earthquakes occur at depths between 70 and 300 km while the

deep-focus earthquakes occur at depths larger than 300 km. Normally, these earthquakes

occur near subduction zones where one plate subducts beneath another plate.

1.1.1 Earthquake seismology

In general, earthquakes occur without any prior indication. However, in some cases a few

early warnings in the form of small earthquakes may occur and are known as foreshocks.

The main shock is usually followed by a series of smaller magnitude earthquakes which

are known as aftershocks. The genesis of earthquakes lies in the constant movement of

plates which leads to continuous accumulation of strain. Once the strain exceeds the

strength of the rock, it ruptures and releases the stored energy in form of heat and

seismic waves which propagate through the earth. The earth is composed of different
2



layers having varied lithology and concomitant velocities. The travel time information

of these waves can also be used to decipher the Earth’s internal structure.

1.1.2 Seismic waves

An earthquake generates primarily two types of seismic waves: body waves and surface

waves. The body waves travel through the interior of the earth whereas the surface waves,

Surface waves are boundary layer waves excited through interference of body waves at

impedance contrast interfaces. Body waves are further classified into P- and S- waves

depending upon the particle motion and the surface waves are also classified into Rayleigh

and Love waves. P-waves stand for primary waves or longitudinal/compressional waves

which cause the particle of the medium to oscillate along the direction of propagation

of the wave and are the fastest wave type. The wave propagates through a series of

compression and rarefactions and its velocity is given by equation 1.1,

Vp =

√
k + 4µ/3

ρ
(1.1)

where Vp represents the P-wave velocity; k is the bulk modulus; µ is the rigidity modulus

and ρ is the density of the medium. S-waves are the secondary or shear waves whose

particle motion is perpendicular to the direction of propagation of the wave. S-waves do

not travel through fluids because fluids lack rigidity. Its velocity is given by equation

1.2,

Vs =

√
µ

ρ
(1.2)

where Vs is the velocity of the S waves. The P-waves are about 1.7 times faster than

S-waves where the two Lame parameters are equal, hence, they are the fastest to reach

the receiving station.

The surface waves arrive after the body waves. The particle motion for the Rayleigh
3



waves is elliptical and lies in planes perpendicular to surface and along the direction of

propagation. Love waves are surface waves in which the particles oscillate in a horizontal

plane perpendicular to the direction of propagation of the wave. The necessary condition

for the generation of Love waves is that the velocity of the near surface layers should be

less than the velocity of the layer beneath the free surface. Surface waves are dispersive

in nature therefore different wavelengths travel with different velocities. Since the veloc-

ity of waves increases with depth in the crust and the upper mantle, Rayleigh waves with

longer wavelengths travel through deeper layers with higher velocity and arrive earlier

than the shorter wavelengths. Love waves travel faster than Rayleigh waves, but are

slower than the body waves.

Propagation of seismic waves in space and time is governed by the wave equation. The

computation of wave fields is complex for a heterogeneous medium; therefore, a laterally

homogeneous model consisting of depth-dependent elastic properties is chosen in order

to obtain an analytical solution of the wave equation. The solution of the wave equation

helps in understanding the deformation caused by the sudden rupture as well as the prop-

agation of the body and surface waves through different layers. At layer boundaries, the

incident wavefield undergoes different processes like reflection, refraction and diffraction.

Huygen’s principle states that the incident wavefront is composed of numerous sources

which generate secondary wavefronts and the surface tangent to the secondary wavefront

governs the geometry of the reflected and refracted waves. Fermat’s principle explains

the propagation of wave in terms of ray and how the fastest path between two points

governs the travel time. Both the principles are equivalent and lead to the formulation

of Snell’s laws of reflection and refraction at layer interfaces.

1.1.3 Internal Structure of Earth

Seismological studies reveal that the internal structure of the earth is radially symmetric

and can be broadly classified into four categories: the crust, mantle, the outer and the

inner cores. The continental crust is largely studied in earthquake seismology using
4



local network and the crust can be further subdivided into upper crust and lower crust

as well as into oceanic and continental crust based on the composition of the crust.

The thickness of oceanic crust ranges from 5–10 km with an average P wave velocity

of 7 km/s and a density of 3.0 gm/cc whereas the thickness of continental crust ranges

from 20–90 km with an average P-wave velocity of 6.7 km/s and a density of 2.7 gm/cc.

Although the average thickness of the continental crust is 40 km evidence of thinner

crust (<20 km) under rifted margins exists. The thickness of the continental crust can

even exceed 80 km beneath orogenic belts (Christensen and Mooney1995; Mooney et al.,

1998). Likewise, the oceanic crust is also widely studied in exploration seismology using

seismic refraction method. The oceanic crust can be sub-divided into three layers (1,

2 and 3). Layer 1 is primarily made up of sediments derived from terrigenous sources

of continents and pelagic origin. These sediments are carried into the deep ocean by

turbidity currents and further spread by bottom currents. The average thickness is

about 0.4 km; however, evidence of large thickness of about 20 km can be found in the

Bay of Bengal. The velocity ranges from 1.6 — 2.5 km/s. Layer 2 is of igneous origin and

is composed of basalt. Its thickness ranges from 1 — 2.5 km and its velocity varies from

3.4 — 6.2 km/s. This layer can be further subdivided into layers 2A, 2B and 2C. Layer

3 is predominantly of plutonic origin composed of gabbroic rocks and can be sub-divided

into layers 3A and 3B. The velocity ranges from 6.5 – 6.8 km/s for layer 3A and 7.0 –

7.7 km/s for layer 3B (Christensen and Salisbury, 1975).

The crust and upper mantle form the lithosphere which has a rigid mechanical prop-

erty. The thickness of the lithosphere ranges from 70–150 km beneath the oceans and

from 100–150 km beneath the continents. The rheological properties change below the

lithosphere, and the rigidity and velocity decrease considerably to form a distinct layer

known as asthenosphere. This layer is a highly viscous layer and mechanically weak and

is composed of partially molten rocks which show deformation due to stress. Lithosphere

and asthenosphere play an important role in plate tectonics as the lithosphere or tectonic

plates float over asthenosphere. The transition between lithosphere and asthenosphere is
5



widely discussed in seismological study and is referred as LAB (lithosphere-asthenosphere

Boundary).

The seismological study of lithosphere reveals two major discontinuities: Conrad and

Mohorovičić.

a) Conrad discontinuity: Velocity structure reveals that a continental crust comprises of

an upper crust with a velocity of 5.6 km/s and a lower crust with a velocity 6.5 km/s.

The upper crust is rich in silicon and aluminium termed as SIAL whereas the lower crust

is rich is silicon and magnesium known as SIMA. The change or discontinuity in between

these two layers was first discovered by Victor Conrad in 1925, hence named as Conrad

discontinuity.

b) Moho discontinuity: Andrija Mohorovičić in 1909 observed a sudden increase in ve-

locity as waves travel from lower crust to upper mantle while analyzing the travel time of

an earthquake near Croatia. P-wave velocity increased from 6.5 km/s in lower crust to

7.9 km/s in upper mantle. He, therefore proposed that there is a discontinuity at a depth

of 54 km between the crust and mantle. This discontinuity is known as the Mohorovičić

discontinuity, or the Moho. Further studies confirmed that the Moho discontinuity can

be observed globally.

The mantle has the largest thickness extending from the base of the crust to the core-

mantle boundary at a depth of 2891 km. The mantle can be subdivided into the upper

mantle, the transition zone and the lower mantle. The upper mantle extends from the

base of the crust to a depth of 410 km, transition zone extends from 410–660 km and

the lower mantle extends from 660 km to the core-mantle boundary. Seismic velocities

increase with depth in the upper mantle to a depth of 80–120 km. The velocity decreases

from 80–220 km due to the presence of asthenosphere. Thereafter, velocities increase

gradually to a depth of 410 km. A sudden increase in velocity is observed at 410 km

related to the phase transformation of the silicate minerals and is known as the 410-km

discontinuity. Further, phase transformation of minerals take place at a depth of 670

km that is again associated with an increase in velocity and is known as the 660-km
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discontinuity. The lower part of the mantle below 670 km is mostly homogeneous where

the velocity increases due to the increase in pressure. This layer is the major source of

mantle plumes. The velocity discontinuity at the core-mantle boundary is also known as

the Gutenberg discontinuity. The core comprises of a solid inner core and a liquid outer

core. The thicknesses of the outer and inner core are 2260 and 1220 km, respectively.

1.1.4 Seismographs

Seismographs or seismometers are instruments that record the ground motion, and the

variation of amplitudes with time represents a seismogram. Seismographs were first in-

vented by John Milne in 1982 and works on the principle of inertia. A heavy mass is sus-

pended vertically from a spring attached to a frame fixed on earth (fig 1.1). The motion

Figure 1.1. Vertical(Left) and Horizontal (Right) Component Seismometer. Source:
USGS

of the earth is partly transferred to the mass, but the inertia of motion does not allow the

mass to move while the spring is extended or contracted. Modern seismographs are elec-

tromagnetic seismometers which record the vertical as well as horizontal ground motions.
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The seismometer can be classified into three categories based on the resonant frequency

of the seismograph: a) Long-period seismometers: These seismographs/seismometers are

built to have a low resonant frequency so that they can effectively detect low frequency

in the range of 0.001–0.1 Hz. They are used to record teleseismic earthquakes. The

response of the seismometer is proportional to the displacement of the ground, there-

fore, they are also known as displacement meter. b) Short-period seismometers: These

are built to record the high frequency ground motion in the range of 1–10 Hz. The

high resonance frequency enable them to record strong motion earthquakes close to the

source. The response is proportional to the acceleration of the ground motion, hence it is

also known as accelerometer. c) Broadband seismometers: These are the most common

types of seismometers which are capable of recording a wide a range of frequencies from

0.01–100 Hz. These instruments are very sensitive and have a wide dynamic range. They

are used for the monitoring of local, regional and teleseismic earthquakes.

Over the years, land based broadband seismometers have become quite common and

they are capable to detect ground vibrations ranging from very high frequency to low

frequency which can be used to understand continental crust. The creation of crust

at mid-oceanic ridges and destruction of crust at subduction zone generates a lot of

earthquakes under the oceans. Normally, these distant earthquakes are observed using

land-based seismometers and the interpretation of these records are often associated

with significant uncertainties. In order to understand the nature of crust and the asso-

ciated tectonics, seismologists developed Ocean Bottom Seismometers (OBS), a special

seismometer that can be deployed in marine environment. The OBS is a self recording

unit consisting of the following components- a data recording unit or data logger with a

power source, an internal clock, a float unit comprising of syntactic foam, a releaser, and

a radio beacon with flash light. To avoid any wear and tear from the marine corrosive

environment and to operate at large depths, each of these units is housed in a pressure

chamber except for the radio beacon and flash light. The OBS’s are equipped with a

three-component seismometer and a hydrophone. While deploying, it is dropped in the
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sea from a ship and reaches the sea floor with the weight attached. After it reaches the

seabed, a gimballed system is activated to level the components. The OBS records the

amplified ground motion which is stored in the data logger. For retrieving the OBS, an

acoustic signal is sent which activates the releaser, the OBS system drops the anchor

weight and due to positive buoyancy of the float, the unit reaches the sea surface. The

data is downloaded from the data logger for further processing. The internal clock of

the OBS unit is synchronized with global positioning satellite (GPS) before deployment

and after retrieval. A linear time drift correction is applied to the data to compensate

the time lag between the internal clock and GPS.

1.1.5 Location and Magnitude of earthquakes

Locating an earthquake is the most important and fundamental step towards imaging

the Earth’s interior. The first step towards locating an earthquake is to identify the

earthquake event and record the arrival time of first P-wave and S-wave on a seismogram.

Next, the origin time is calculated based on the difference of the arrival times of P and

S phases recorded on different seismometers. The P-wave travels faster than S-wave;

therefore, the difference between the arrival times of the P and S phases increase with

increasing epicentral distance. A plot of difference between the arrival times of the P

(tp) and S (ts) phase versus the arrival time of P phase is known as Wadati diagram (fig

1.2). The intercept of the straight line on the x-axis represents the origin time of the

earthquake and the slope represents (Vp/Vs-1). The epicentral distance can be obtained

using the relation D = V p(tp-t0) assuming that the P-wave velocity (Vp) is known. The

epicentral distance (D) is then used as the radius of a circle with the station at its

centre. If epicentral distance is available from other stations, a similar circle is drawn

and intersection of all the circles defines the epicenter. The focal depth can be calculated

from the identification of depth phase. Additional information about the location of an

earthquake are the azimuth and the back azimuth. The azimuth is the angle between

the geographic North and the direction to the station measured in a clockwise direction
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Figure 1.2. Representative Wadati diagram plot reproduced after Wadati . K (1933).
Black dots are the travel time difference at different stations.

while the back azimuth is the angle between the geographic North and the direction to

the event measured in a clockwise direction.

The implementation of computer methods has largely improved the location accuracy

of the earthquakes. It is based on a set of mathematical equation relating the time

of arrival (tarr) of the phases with the computed travel time (ttra) based on the ve-

locity model and the origin time (t0). The arrival time can be represented as, tarr =

ttra(xi, yi, zi, x0, y0, z0) + t0 where the computed travel time depends on the station co-

ordinates (xi,yi,zi), the assumed hypocenter location (x0,y0,z0) and the velocity model.

A starting hypocenter location is assumed and the arrival time is calculated using ray

tracing. The difference between the observed and calculated travel times is known as the

error. The hypocenter location is optimized such that the travel time error is minimum

in a least-square sense(Hanskov and Ottemoller, 2010).

The magnitude of an earthquake is the measure of energy released by an earthquake. A

one-fold increase in magnitude is equivalent to 30 times increase in energy (Stein and
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Wysession, 2003). The estimation of magnitude is important to know the size of an

earthquake and predict the ground motion. Different magnitude scales are used based

on the network of the stations and the distance from the stations. The first magnitude

scale was proposed by Richter in 1935 and it relates the local magnitude (ML) of an

earthquake to the logarithm of amplitude (A) of ground motion and a distance correction

function [Q(δ)] as, Ml = log(A) +Q(δ).

1.1.6 Focal Mechanism

Earthquakes occur due to rupture of a fault plane; therefore, the seismic waves generated

by the earthquake waves can be used to estimate the orientation of the fault plane and

the slip direction. The 2D representation of the fault plane and slip direction is known as

focal mechanism and is displayed as “beach ball”. The “beach balls” are stereographic

projections of a lower hemispherical focal sphere on the earth surface. Due to movement

along the fault plane, two zones of compression and dilatation develop and the sphere

is divided into four quadrants which are separated by the fault plane and the auxiliary.

These regions are depicted as shaded (T axis) and transparent (P axis) on a beach

ball. Amplitudes and polarities of seismic waves vary within these regions depending on

the source and station geometry. The T and P axes represent the direction of maximum

amplitude in the compressional and dilatational fields, respectively. Therefore, if stations

are placed on all the four quadrants, the polarity of first arrivals can be used to get a

first-hand information of the focal mechanism. In practise, the radiation pattern of P

and S phases considering a double couple source provides a better constraint. Faults can

be broadly classified as dip-slip and-strike slip faults depending on the movement of fault

blocks. If the movement of the blocks is against or along gravity, it represents a dip-slip

fault. Such faults can be further classified as normal and reverse faults. For a normal

fault, the T axis is horizontal and P axis is vertical with dilatation in the central part of

the fault plane solution. Reverse fault is associated with a compression in the centre part

of a fault plane solution and the direction of T and P axes are vertical and horizontal,
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respectively. If the movement of the blocks occur without any dip component, the fault

is known as a strike-slip fault. Since there is no dip associated with a strike slip fault

both the T and P axes are horizontal and the regions of compression and dilatation are

diagonally opposite to each other (fig. 1.3).
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Figure 1.3. Focal Mechanism: (Top) Focal hemisphere. Q1-Q4 are the quadrants rep-
resenting the compressional and dilatation stress the planes cutting across are the fault
plane and auxiliary planes. (Bottom) The beach ball representation of the normal (a),
reverse (b) and strike slip fault (c). The shaded regions represent compression and the
transparent regions represents the dilation. Reproduced after Keary and Vine (1998)
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1.2 Introduction to plate tectonics

Plate tectonics is a framework which explains the evolution of various geomorphic fea-

tures around the world as well as the genesis of earthquakes. A chronological devel-

opment of plate tectonics theory is presented in this section. In 1912, Alfred Wegner

a German geologist coined the term ‘Pangea’ and hypothesized that all the existing

continents were together prior to their separation and there existed only one ocean ‘pan-

thalassa’ (Lowrie, 1997). Later in 1937, A. du Toit proposed the Pangea was formed by

two different supercontinents namely the Laurasia and the Gondwanaland. The north-

ern continent (Laurasia) consisted of North America, Greenland, Europe, and Asia and

Gondwanaland comprised of South America, Antarctica, Africa, Madagascar, India, and

Australasia (du Toit, 1937). In 1950–1960, the palaeomagnetism theory was developed

which stated that the rocks were able to record the direction of existent geomagnetic

field at the time of their formation and this could be used to find the orientation of the

magnetic pole at different points in geological time. This provided the basis of movement

of the continents or the theory of continental drift. In 1965, the coastlines bounded by

the Atlantic Oceanic were matched using a computer by E. C. Bullard, J. E. Everett and

A. G. Smith and a successful match provided support to the theory of continental drift.

Later, H.H Hess suggested that the movement of the continents is due to the growth of

ocean basins and new oceanic crust is continuously created at mid-oceanic ridges. This

was confirmed by R.S. Dietz who did an intensive magnetic survey of the oceanic crust

and named this phenomenon as sea floor spreading. Sea floor spreading creates new

crust in the ocean and its structure and composition is different from the continental

crust. It is believed that the convection currents in the mantle drive the plate tectonics.

Subsequently, the concept of tectonic plates or lithosphere was developed by F.J. Vine

and D.H. Matthews who showed that magnetic lineation on the sea floor further are

linked with the geomagnetic polarity reversals (Keary and Vine, 1998)

The recent advances in the plate tectonic theory has brought forth three types of plate

boundaries (fig 1.4) namely,
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Figure 1.4. Plate Boundaries. Reproduced after Keary and Vine (1998)
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i. Transform margin: This type of plate boundary results when two or more plates slides

past each other without being subducted. Crust is not created nor destroyed along these

boundaries. These type of plate boundaries are often associated with strike-slip faults.

The San Andreas Fault in California is an example of a transform boundary.

ii. Convergent margin: When two plates collide resulting in the subduction of the heavier

plate beneath the lighter plate, subduction zones are created. These types of plate

boundaries are known as the convergent plate boundaries. These zones are associated

with the most devastating and catastrophic earthquakes. The earthquakes event can

be generated at large depths up to 700 km due to the subduction of cold brittle crust

into upper mantle. The Andaman-Nicobar subduction zone is an example of subduction

zone.

iii. Divergent margin: When two plates separate from each other due to upwelling of

underlying magma, divergent margin is formed. New oceanic crust is produced at the

divergent boundaries. Shallow-depth Earthquakes are observed in these places. The

Mid-Atlantic Ridge is an example of a divergent margin.

1.2.1 Subduction zones

New oceanic crust is generated at divergent plate boundaries and it is consumed along

subduction zones. The crust once formed moves away from the ridges towards the sub-

duction zone. As it moves, the oceanic plate becomes cold and dense and this makes

it heavy. Eventually, it becomes gravitationally unstable and subducts at the subduc-

tion zone (Turcotte and Shubert, 2002). As the hydrous crust and sediment begin to

descend into upper mantle, its temperature starts to increase with depth. Dehydration

of subducted crust continuously supply water to the overlying mantle, which is expected

to melt to a significant degree. The volcanic front forms where the amount of melt can

separate and rise to the surface. (fig 1.5).

The geomorphic features of subduction zone comprise of the trench, the accretionary

prism, the forearc basin, the volcanic arc and the backarc basin. Trenches are depressions
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Figure 1.5. Subduction Zone Model. Reproduced after Keary and Vine (1998)

with steep slopes usually found in deep oceans. They resemble V-shaped features that

originate due to the subduction of colder and denser plate beneath the overriding plate.

These are also some of the deepest parts of the ocean like the Mariana trench which

has a depth of about 11 km. Trenches are known for their long continuity and width.

For example, the length of Peru-Chile trench is about 4500 km and its width is about

64 km (Keary and Vine, 1998). Sediments and rocks scraped off from the subducting

plate forms accretionary prism. In due course of time and with continuous accumulation

of sediments, accretionary prism develops into prominent mountain/island ranges. An

important feature of subduction zones is the volcanic arc. Several volcanoes originate one

after the other forming a chain of volcanoes. Volcanic arcs are of two types (i) Island

arc and (ii) Continental arc. Island arc evolves when an oceanic crust is subducted

beneath another oceanic crust whereas a continental arc is created when a continental

crust is subducted beneath an oceanic crust. Forearc sedimentary basin lies in between

the accretionary prism and the volcanic arc. Backarc basin forms behind the volcanic
17



arc on the overriding plate. Several backarc basins are bounded by a remnant arc which

is supposed to be remnant of the existing volcanic arc. The tectonic processes that occur

in subduction zones often lead to some of the most devastating earthquakes.

1.2.2 Seismicity of subduction zones

Accumulation of strain due to subduction of a plate beneath another plate leads to

frequent earthquakes. Maximum earthquakes occur due to the rupture of the subducting

plate that dips at an angle beneath the overriding plate. This zone is known as Wadati-

Benioff zone or the Benioff zone, and the seismicity pattern along this zone usually defines

the geometry of the subducting plate. Earthquakes in Benioff zone can be divided in

to four categories each occurring at different depths. Initial plate bending accumulates

strain on subducting plate thereby generating normal faulting. These shallow-depth

earthquakes are observed up to 25–35 km. In deeper regions, the subducting plate is

in contact with overriding plate which causes strong mechanical coupling between the

plates. The failure of coupling leads to thrust faulting in this region. At depths of 150

to 300 km, earthquakes originate due to internal deformation of the plate. High pressure

and temperature at such depths together with the fluid coming along with subducting

plate cause partial melting of the upper mantle. The melting produces gases which

increase the pore pressure of the surrounding rock thereby causing earthquakes. Below

300 km, phase transformation from olivine to spinel structure generates some active

faults.

1.3 Study Area: Andaman - Nicobar Subduction Zone

The Andaman-Nicobar subduction zone (Fig. 1.6) represents the northern segment of

the seismically active Sunda subduction zone where the Indo-Australian plate subducts

beneath the Eurasian or Southeast Asian plate (Cochran, 2010; Curray, 2005; Singh and

Moeremans, 2017). The direction and speed of convergence, the thickness of the sedi-
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ment, the age of the plates and the prominent geomorphic features on the subducting

Indo-Australian plate vary along the Sunda arc (Curray, 1989; Sieh and Natawidjaja,

2000). The subduction of the Indian plate is orthogonal to the trench off Java and be-

comes oblique off Sumatra north of the Sunda Strait. The obliquity increases towards

the Andaman and Nicobar Islands and becomes purely strike-slip further north in the

Indo-Burmese sector (Rao and Kumar, 1999; Nielsen et al., 2004). The convergence rate

is 40 to 50 mm/yr off Sumatra but decreases to < 20 mm/yr off the Andaman-Nicobar

subduction zone due to oblique convergence (McCaffrey, 2009). It is believed that sub-

duction of the Indo-Australian plate beneath Eurasian plate existed since Permian time.

During the Cretaceous to the Tertiary, the rate of convergence increased and the lateral

extent of subduction zone increased to 6000 km (Katili 1973, 1975). Thereafter, collision

of Indian plate with the Eurasian plate resulted in anticlockwise and clockwise rotation

of the Indian plate between 55 – 45 Ma. Consequently, varying degree of oblique subduc-

tion initiated the development of sliver fault system in the Andaman sea region (Curray,

2005). Due to absence of conspicuous volcanic arc, the present-day West Andaman fault

and the Andaman Nicobar fault together is considered to be an important morphological

feature that divides the subduction zone into forearc and backarc region (Cochran, 2010).

The first evidence of a submarine volcano east of Nicobar Island has been reported. It

is a part of the volcanic chain that connects Barren and Narcondam Islands and the

volcanoes of Sumatra (Kamesh Raju et al., 2012). Recently twenty two seamounts along

the volcanic arc are also identified in this region. These features corroborate the exis-

tence of the submarine volcanic arc (Tripathy et al., 2018). Primary tectonic element

in the forearc region is the Andaman Nicobar ridge (ANR), it comprises of the accre-

tionary prism, forearc high and forearc basins. Important morphological features of the

backarc region are the spreading centers and the Alcock and Sewell seamounts (Curray,

2005; Kamesh Raju et al., 2004; Singh and Moeremans, 2017). Oceanic trenches are

the direct indicators of subduction zones although the trench in Andaman subduction

zone is covered with 7 km thick sediment. Therefore, bathymetry of the sea floor does
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not indicate signature of depression. However, free air gravity data consistently shows

a low bathymetry along the trench (Mukhopadhyay, 1988). The accretionary prism of

this region developed as a result of ongoing subduction since Cretaceous. It consists

of ophiolites and pelagic sediments scraped from the subducting plate. The thrusts in

the forearc region towards the sea along with progressive occurrence of younger rocks

east to west are evidences of development of accretionary prism in the Late Cretaceous

or early Miocene age (Pal et al., 2003). The Andaman and Nicobar Islands represent

the westward boundary of the Andaman Sea which is bounded by Myanmar towards

the north, Sumatra in the south and the Malay Peninsula in the east. The archipelago

with its convexity towards the Indian subcontinent is the exposed subaerial part of the

Andaman Nicobar ridge that marks its origin at the Arakan-Yoma range in Mayanmar

and extends upto Sumatra. A 160 km wide channel running parallel to the 10◦ latitude

separates the Andaman group of Islands from the Nicobar Islands. Swath profiles across

the North, middle and South Andaman Islands reveal the eastern side is steeper and

topographically at a higher elevation in comparison to the western side. The rocks on

the eastern side are of ophiolites and turbidites sandstones; the western side is made up

of parallel ridges comprising of turbidite sandstones of Oligocene age (Bandopadhyay

and Carter, 2017; Mukhopadhyay, 1988). The ANR ridge is made up of interleaved

ophiolites with clastic sediments. The ophiolites appear in patches on the western side

whereas the eastern side is bounded by faults and long continuous slices of ophiolites.

Forearc basins are present between the west Andaman fault and the ANR ridge north

of Nicobar Islands (Cochran, 2010; Pal et al., 2003). The forearc basin north of Nicobar

island is filled with 3 to 5 km of sediment thickness of Cenozoic age with a basement of

continental crust of Malayan peninsula. It is bounded in the east by the invisible bank

and the western boundary is marked by the eastern marginal fault (EMF). The invisible

bank is presumed to be a tilted and uplifted continental crust that might have evolved

during different opening phases of the Andaman sea (Moeremans and Singh, 2015; Pal et

al., 2003; Singh et al. 2013). The Andaman Sea is characterized by significant geomor-
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phic features such as the Andaman backarc spreading center and the Alcock and Sewell

seamounts in the central Andaman trough (Rodolfo,1969). Due to the oblique subduc-

tion, the motion between the Indo-Australian and Southeast Asian plates is partitioned

into two components: trench-perpendicular motion resulting in subduction of the Indian

plate, and trench-parallel motion resulting in the formation of a right-lateral strike-slip

sliver fault system (Fitch, 1972). The development of the sliver fault is supposed to have

initiated in the mid Eocene and some part of this motion is also accommodated by the

active backarc spreading center. Episodic backarc extension started at late Oligocene

however, the backarc spreading center nucleated at 4 Ma (Curray 2005; Kamesh Raju

et al., 2004). Previously, it was reported the extensional basin in the backarc region

is due to the oblique convergence of the Indian plate. However, lately it was also pro-

posed that the deep basin is a typical backarc basin based on some of the features

such as the presence of Barren island and the Narcondam Island, anomalous high heat

flow and the positive and negative gravity anomaly (Mukhopadhyay, 1988; Curray et

al., 1982). The trench perpendicular movement is responsible for the large thrust-type

earthquakes in the forearc region. The sliver fault system includes the Sagaing fault

(SGF) in the north, Andaman sea transform fault (ASTF), Andaman backarc spread-

ing center (ABSC), Andaman-Nicobar fault (ANF), and the Sumatra fault (SF) in the

south. In addition to the sliver fault system, other regional fault systems observed in

the Andaman region are the Eastern Margin Fault (EMF), Diligent fault (DF) and West

Andaman Fault (WAF) (Cochran, 2010; Singh et al., 2013). The EMF is a normal

fault separating the Andaman-Nicobar accretionary prism from the forearc basin (Mo-

eremans and Singh, 2015; Singh et al., 2013). The DF is primarily a back thrust fault

in the forearc basin. The WAF and Mentawai faults are also back thrust faults and act

as a boundary between the continental crust in the east and the forearc ridges in west

(Chauhan et al., 2009; Singh et al., 2010; Singh et al., 2013). The ANF shows right-

lateral strike-slip motion and acts as a plate boundary separating the continental crust

of the Burmese microplate from the oceanic crust of the ABSC (Kamesh Raju et al.,
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2007). The Sumatra fault in the south is a right-lateral strike-slip fault with variable slip

rates (McCaffrey, 2009). Seafloor spreading and volcanism beneath the Andaman Sea

formed the Alcock and Sewell seamounts during the early Miocene (Curray, 2005). De-

tailed multibeam bathymetry and magnetic investigations brought out that the SW-NE

trending ABSC in between the two seamounts consists of three segments (A, B, and C),

and suggests that the backarc basin between the Alcock and Sewell seamounts evolved

over 4 Ma (Kamesh Raju et al., 2004). These studies also inferred a full spreading rate of

3.8 cm/yr for the ABSC based on seafloor spreading modeling studies. The volcanic arc

is observed in the vicinity of the sliver fault system in the Andaman-Nicobar subduction

zone. The Barren and Narcondam volcanic Islands are the subaerial manifestation of

the volcanic arc system (Halder et al., 1992; Pal et al., 2007) while numerous submarine

volcano-like features observed in the bathymetry map provide a link between the vol-

canic islands in the Andaman segment to the Sumatran volcanoes in the south (Kamesh

Raju et al., 2012). Barren Island is an active volcano and its activity was also observed

in 2005 after the devastating earthquake on 26th December, 2004. It is also believed that

the 2005 eruption of the Barren Island is triggered due to the 2004 earthquake. Activity

of Narcondam Island is not reported; therefore it is considered to be an extinct volcano.

The rocks sampled on Alcock seamount are basaltic whereas the rocks on Narcondam

Islands are Andesites and Dacites (Laluraj et al., 2006; Pal et al., 2007). The aseismic

NER, another prominent feature, occurs west of the Andaman-Nicobar subduction zone

(Krishna et al., 2001; Krishna et al., 2012; Grevemeyer et al., 2001; Subrahmanyam et

al., 2008). The NER, a volcanic ridge of hotspot origin is a ∼ 5600 km long N-S trending

linear feature extending between 30◦ S and 10◦ N latitudes in the northeastern Indian

Ocean. The NER does not have any discernible bathymetric expression north of 10◦ N

where it is submerged under the thick Bengal fan sediments. The ridge is characterized

by en-echelon block faults in the north and by smooth topography to the south. The

satellite derived gravity map shows that the NER indents with the trench at ∼ 7◦ N

(Subrahmanyam et al., 2008).
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Figure 1.6. The shaded bathymetry map of the study area showing the major tectonic
features in the Andaman and Nicobar subduction zone. BoB, Bay of Bengal; NER, Nine-
tyeast Ridge; EMF, Eastern Margin Fault; DF, Diligent Fault; ANF, Andaman-Nicobar
Fault; ABSC, Andaman Backarc Spreading Center; ASTF, Andaman Sea Transform
Fault; SEU, Seulimeum strand of Sumatra Fault; AF, Aceh strand of Sumatra Fault;
GSF, Great Sumatra Fault; AM, Alcock seamount; SM, Sewell seamount; EB, Eastern
Basin; MB, Mergui Basin. The inset shows the zoom out map of the study area. The
gray arrows show the Andaman and Nicobar Islands. b) The location map of OBS and
ISLANDS stations. The inverted triangles represent the ISLANDS network and the stars
represent the OBS network. The stations CBY, BAKU, BARA, SBY, PBA, and HUTB
are represented by the alphabets A-F, respectively.
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1.4 Tsunamigenic earthquake on 26th December 2004

One of the largest instrumentally recorded earthquakes of magnitude Mw 9.1 (Park,

2005) occurred on 26th December 2004. The earthquake rupture initiated at 3.3◦ N,

96.0◦ E at a depth of about 30 km and propagated north-northwest ∼1300 km along the

Sunda trench with an average rupture velocity of ∼2.4 – 2.6 km/s (Ammon et al., 2005;

Banerjee et al., 2007; Lay et al., 2005). Due to variation in the rupture process, the entire

zone is subdivided into three segments: the Sumatra, Nicobar and Andaman segments.

The Sumatra segment exhibits a large rapid slip (5-20 m; avg. 7 m) in the first 230 s with

a negligible slow slip component. The Nicobar segment shows a moderate rapid slip (∼ 5

m) in the next 230-350 s with a moderate slow slip component (∼ 5 m). In contrast, the

Andaman segment undergoes a small rapid slip (< 2 m) from 350-600 s with a moderate

slow slip (∼ 5 m) from extended duration of 600-3500+ s. These variations in the rup-

ture process may be associated with the changes in subducting plate geometry, oblique

convergence and age of the subducting Indian plate leading to variable seismic coupling

and/or frictional conditions between the subducting Indian plate and the overriding

Burmese plate (Bilek, 2007; Carter and Bandopadhyay, 2017; Gahalaut et al., 2010,

2006; Grevemeyer and Tiwari, 2006; Mishra et al., 2011). Further, the stress imparted

from the 2004 Aceh and 2005 Nias earthquakes has significantly modified the seismicity

pattern in the Andaman-Nicobar and Sumatra segments (Cattin et al., 2009; Engdahl

et al., 2007). Aceh earthquake has reduced earthquakes in the northern segment of the

Andaman backarc spreading center and along the Sagaing fault while it promoted earth-

quakes in the accretionary prism, the Andaman-Nicobar fault, the Seulimeum strand of

Sumatra fault system and the Sumatra fault system. The observed variation in rupture

process makes it essential to understand the global, regional as well as local seismicity

pattern for different segments along the Andaman-Nicobar subduction system. Several

studies were undertaken after the 26th December 2004 megathrust earthquake from the

Andaman-Nicobar region to understand the seismicity pattern in different segments.

A comprehensive catalog of the available earthquakes was prepared by Engdahl et al.
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(2007) in the Sumatra– Andaman and Western Sunda regions from 1918 – 2005 which

facilitated in understanding the subduction processes, regional seismotectonics and sub-

ducting plate geometry. Bilek (2007) prepared the catalog of earthquakes (Mw> 6.0) in

this region from 1992–2004 to understand the variation of frictional conditions with the

depth of the source. Likewise, Dewey et al. (2007) prepared the aftershock catalog from

26th December 2004 to 2nd September 2005 which depicted the pattern of strain release

after the main shock. The local seismicity pattern along different segments was also

studied by deploying permanent and temporary seismic networks after the main shock.

Araki et al. (2006) deployed a temporary ocean bottom seismometer (OBS) network in

the rupture area of the 2004 Aceh earthquake from February to March 2005 to under-

stand the seismicity associated with the subducting Indian plate. Lange et al. (2010)

deployed a seismic network (both OBS and land stations) in the western Sumatra area

from April 2008 to February 2009 to study the effect of the subducting Investigator Frac-

ture Zone beneath the Sunda trench. Weller et al. (2012) used the dataset of Lange et al.

(2010) and identified the fine-scale features of Sumatran fault using the double-difference

relative location method. Further, Collings et al. (2012) used local earthquake travel

time tomography to estimate the three-dimensional (3D) velocity model of the Mentawai

segment. Mishra et al. (2011) deployed a temporary network in different parts of the

Andaman and Nicobar Islands to record the aftershock pattern from 6th January to 16th

March 2005 and elucidated the stress regime and earthquake generating processes in

this region. The Andaman and Nicobar Islands were little studied and poorly instru-

mented before the 2004 Aceh earthquake in spite of being a high seismic risk zone. After

the megathrust earthquake, the ISLANDS (Investigation of Seismicity and Lithospheric

Structure beneath the Andaman–Nicobar Subduction Zone) network was permanently

installed in April 2009 in the Andaman and Nicobar islands (Srijayanthi et al., 2012) to

understand the structure and tectonic settings of the Andaman region. The analysis of

local earthquake data (April 2009 to February 2011) shows the seismicity of the subduct-

ing Indian plate; however, the geometry of the subducting plate could not be deciphered
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precisely due to the restricted distribution of the seismic stations along the Andaman

and Nicobar Islands. To overcome this limitation, we deployed twelve temporary OBS

stations in this region from 25th December 2013 to 15th May 2014 to understand the local

seismicity pattern in the Andaman region a decade after the 2004 Aceh earthquake. The

passive OBS experiment form the basis of the thesis and the remaining chapters deals

with the results from the passive seismic experiment in the Andaman-Nicobar subduction

zone.
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Chapter 2

Passive seismic experiment in the Andaman

region

The Andaman Sea extends from Myanmar in the north to Sumatra in the South and

Malay Peninsula in the east to Andaman and Nicobar Islands in the west. The Andaman

basin shows many prominent morphological features such as the Barren and Narcondam

volcanic islands, the invisible bank, and the Alcock and Sewell seamount complexes.

Subduction of the Indian–Australian plate beneath the Southeast Asian plate occurs

all along the Sunda arc, extending from the eastern Himalayan syntaxis to Banda arc,

with major variations in speed and direction, resulting in oblique convergence in the

Andaman–Nicobar sector. The effects of oblique plate convergence include strike-slip

faulting parallel to the trench axis, formation of a sliver plate, backarc extension and

basin formation. Subduction of the Indian plate along the Andaman arc, the formation of

the Andaman–Nicobar ridge and the initiation of the spreading in the Andaman Sea are

some of the important tectonic events that shaped the Andaman backarc basin (Kamesh

Raju et al., 2004).

Geophysical studies in the Andaman Sea (Kamesh Raju, 2005) have revealed a three-

phase plate tectonic evolution of the Andaman backarc basin. Subduction of the Indo-

Australian plate beneath the Southeast Asian plate occurring all along the Andaman arc

is a significant tectonic event in the Andaman Sea. Due to limited geophysical data in the

Andaman Sea, this subduction zone remains poorly understood. To fill the knowledge

gap, we carried out a passive seismic OBS experiment in the Andaman region (Fig. 2.1).
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Figure 2.1. Location map of study area. OBS stations are represented with stars and
land stations are marked with inverted triangles. Zoom out of the study area is shown
in the inset.

The compilation of the existing earthquake data from USGS after the destructive 26th

December 2004 main shock helped in designing the location of OBSs. Two clusters of

earthquakes located around (8◦N, 94◦E) and (12◦N, 94◦E) are chosen for the deployment

of the OBSs so that we can observe a sufficient number of events in the OBS record.

We deployed twelve OBSs (OBS01 to OBS12) in the Andaman region during the last
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week of December 2013. We recovered all the OBSs during the second week of May

2014. Unfortunately, sensors in stations OBS04, OBS08, and OBS10 got stuck after

deployment and failed to record any data. We strategically located the OBSs over

important geomorphic features (Table 2.1). OBS01 and OBS12 lied on the Indian plate

close to the subduction zone, OBS03 and OBS11 lied in the forearc basin, OBS09 lied on

the Alcock seamount and OBS05 was on Sewell seamount. OBS06 and OBS07 lied on the

Andaman back-arc spreading center (ABSC), and OBS02 was located off Nicobar Island

where swarms of earthquakes are reported (Kamesh Raju et al., 2012). The experiment

was carried out with the wide band OBSs hired from the “LOBSTER” (Longterm OBS

for Tsunami and Earthquake Research) program of K. U. M. Umwelt, Kiel, GmBH,

Germany. We used the Güralp CMG-40T seismometer with a corner period of 60 s for the

passive OBS experiment. The main components of the LOBSTER unit are a titanium

pressure casing housing a 4-channel 24-bit GEOLON-MCS data logger with battery

power supply, a Güralp CMG-40T OBS seismometer with a corner period of 60 s and

a sensitivity of 2000 V.s/m, a broadband HTI-04-PCA/ULF hydrophone (bandwidth:

100 s to 8000 Hz), an acoustic release system with anchor weight and a radio beacon

for locating the unit after recovery. The gimballed system was programmed to activate

two days after landing on the seafloor, and after that leveling was carried out every 14

days. The timing information in the data logger is derived from an internal oscillator

clock which can be synchronized with an external GPS system. The synchronization

is carried out before deployment and after recovery to estimate the timing correction

assuming a linear drift. We applied this timing correction to the OBS data. The data

was recorded at a sampling rate of 100 Hz and analyzed using SEISAN software (Hanskov

and Ottemoller, 2010).
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Station Number Latitude◦E Longitude◦N Depth(m) Geological Setting

OBS01 7.903 91.698 3900 Indian plate close to subduction

OBS02 7.741 94.129 1832 Off Nicobar Islands

OBS03 8.871 93.715 4183 Fore-arc basin

OBS05 9.901 95.073 1969 Sewell seamount

OBS06 10.58 94.334 3439 Back-arc spreading center

OBS07 10.908 94.731 3611 Back-arc spreading center

OBS09 11.827 94.024 2264 Alcock seamount

OBS11 9.541 93.168 1650 Fore-arc basin

OBS12 10.666 91.379 3485 Indian plate close to subduction

Table 2.1. OBSs coordinates and locations.

2.1 Acquisition of OBS data from the Andaman region

We deployed the OBSs during the last week of December 2013 and recovered in the

second week of May 2014 at strategically selected locations based on the past seismicity

record and the tectonic setting (Dewangan et al., 2017). The geometry of the stations

was set to detect local low magnitude earthquakes that are not recorded globally. NIO’s

research vessel Sindhu Sankalp was used for the deployment and the retrieval of the

OBS’s. The deployment and the retrieval cruise numbers were SSK (058) and SSK

(067).

2.2 Preprocessing of OBS data and Quality control

A local database was created in SEISAN and the raw data was loaded into the same.

Later the waveforms were corrected for individual instrument response files for the OBS’s.

In the next step we scanned the waveforms manually using a range of frequency filters.

We identified teleseismic, regional and local earthquakes and registered the events.
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2.3 Nature of the ambient noise

We used probabilistic power spectral densities (PPSDs) to estimate the frequency-

dependent statistics of the ambient noise for each OBS. PPSDs were computed using

the method proposed by McNamara and Buland (2004) and implemented in SEISAN

(Havskov and Ottemöller, 2009). The seismic data were divided into one-hour segments

and FFTs were computed for each segment in an interval of 0.002 – 50 Hz. The PSDs

were obtained from the amplitude spectra of the FFTs after accounting for the instru-

ment response. The PSDs are represented in decibels with respect to the acceleration of

1 m/s2 and have units of (m/s2)2/Hz. The PSDs were computed every 30 min with a 50

% overlap. The histogram of the PSDs are calculated for each period, and a probability

density function (PDF) is estimated from the histogram at the bin center. We compared

the noise record of the OBSs with the Peterson new high-noise model (NHNM) and new

low-noise model (NLNM) (Peterson, 1993). Figure 2.2 shows representative PPSDs for

the three components of OBS09. We used cmocean colormap for plotting the spectra

in GMT software (Wessel and Smith, 1998; Thyng et al., 2016). The ambient noise

level is within the range of the NHNM and NLNM for short periods (< 20 s). The

dominant portion of the ambient noise is attributed to leaky Rayleigh waves (Ying et

al., 2014) having velocities comparable to or slightly lower than the S-wave velocity and

are observed on almost all OBSs. For long periods (> 20 s), the noise level is slightly

higher than the NHNM which we attribute to self-noise generated by the LOBSTER

instrument. The peak associated with secondary microseisms occurs between 3 and 6 s,

similar to that observed in NHNM and NLNM. The low-noise notch, which has the best

signal-to-noise ratio for teleseismic earthquakes, occurs between 8 and 20 s and the noise

level is around -130 dB. The ambient noise is down to -140 dB for the band from 0.1 s

(10 Hz) to 1 s (1 Hz) which gives the best signal-to-noise ratio for local earthquakes. The

ambient noise increases again for very short periods (< 0.1 s) in the Andaman region.

The gray line in Figure 2.2 highlights the mode ambient noise level. The noise on the

horizontal components shows features similar to the vertical component, but it is higher
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by 5 – 10 dB probably due to the addition of tilt noise induced by ocean bottom currents

(Crawford and Webb, 2000). In the low-noise notch band, the noise in the horizontal

components is around -120 dB.

Figure 2.2. Comparison of noise levels on three components of OBS09 station in the

month of April. The lower and upper black curves are the low and high noise models of

Peterson (1993).
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Figure 2.3. Vertical spectral mode noise of all nine OBS stations. The lower and upper

black curves are the low and high noise models of Peterson (1993).

Figure 2.3 shows the mode noise level for all the OBSs for the vertical component. For

long periods, the noise level for all the OBSs is comparable except OBS12 which shows

an increase in noise to -100 dB at 100 s. The increase in noise level is attributed to the

failure of the gimballed system as recorded in the engineering log data. OBS07 shows

an unusually low noise level down to -138 dB at 100 s. The amplitude of the secondary

microseisms depends on the location of the OBSs. The stations OBS01, OBS12, OBS03,

and OBS11 show relatively higher secondary microseism noise as they are closer to the

coastline. Also, OBS09 has higher noise as it is close to the mountain chain formed due

to arc volcanism. The stations OBS02, OBS05, OBS06, and OBS07 show no prominent

secondary microseism peak as they are away from the islands. Instead, they show a

small peak at around 1 Hz which may occur due to the interaction of waves at the

ocean surface (Longuet-Higgins, 1950). This phenomenon can also be observed when
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multiple reflections cause the microseism group energy to propagate slowly in thickly

sedimented oceanic regions (Ying et al.,2014). The OBSs closer to the coast are expected

to have higher amplitudes as the secondary microseisms are generated mainly due to the

interaction of primary waves with the waves reflected from the coastline (Webb, 1998;

Ardhuin et al., 2015). The noise in the periods corresponding to the local earthquakes

(0.1 – 1 s) is significantly higher in OBS06 which is located in the Andaman backarc

spreading center (ABSC) suggesting enhanced seismicity in the vicinity of the spreading

center. Moreover, OBS01 and OBS02 show higher noise for the short periods (0.1 –

0.2 s) probably associated with the enhanced local seismicity. For very short periods,

the ambient noise increases in the Andaman region. The noise in this band usually

comes from ship traffic, whales and other large mammals, and microearthquakes. The

spectral analysis shows that the noise is spread across all the frequencies. Therefore, we

attribute the increase in noise to the efficient propagation of Po and So phases (Webb,

1998) through the low attenuation oceanic crust located on both sides of the Andaman

and Nicobar Islands. The OBSs show no systematic pattern in this frequency band. The

horizontal components also show a pattern similar to that of the vertical component.

The noise spectrum reveals that the North-South components of OBS03, OBS06 and

OBS07 as well as the East-West component of OBS12 are out of the ordinary, which

may be attributed to self-noise generated by the instruments. The high noise level on

the vertical and horizontal components on OBS11 is probably due to tilt noises. We also

computed representative PPSDs for an island station (PBA), a coastal station (KUM)

and a continental station (PKBT) to understand the propagation of ambient noise from

the ocean to the continent (Fig. 2.4).
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Figure 2.4. Comparison of noise level of OBS stations with the referenced land stations.

The lower and upper black curves are the low and high noise models of Peterson (1993).

The noise level of the continental station is very small and almost follows the NLNM.

The noise level of the coastal station is comparable to the continental station. The island

station has an intermediate noise level but slightly high as compared to continental and

coastal stations. The OBSs appear to be noisier than the land stations. For long periods,

the noise level decreases from -120 dB in OBSs to -150 dB in the island station which

further decreases to -170 dB in the coastal and continental stations. The noise in this

band is due to long period, small amplitude ocean waves which are known as ‘infragravity

waves’. The waves are most energetic on the shelf (Webb, 2007), and the amplitude of the

noise decreases as it propagates from ocean to continent as observed in the PPSDs. The

strength of the secondary microseismic peak at 7 s is comparable between the OBSs and

island station; however, it is reduced by 20 dB in the coastal and continental stations.

Spectra examined from OBSs and continental station suggest that the double frequency

microseisms rarely propagate from the deep ocean to land (Bromirski et al., 2013). Ying
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et al., (2014) observed that a significant portion of microseismic energy is reflected back

by the continental slope. The noise in the very short period band is lowest in the coastal

station and increases by 20 dB in the OBSs and continental station. It is strongest in

the island station probably associated with human-induced cultural noise.

Figure 2.5. Comparison of Andaman network with RHUM-RUM Network. Right part

of the figure is reproduced from the noise spectral plots of Rhum-Rum network and left

part of the figure is from Andaman network (OBS09). The lower and upper black curves

are the low and high noise models of Peterson (1993).

Figure 2.5 compares the noise in the Andaman region, northern Indian Ocean, with

that observed from the RHUM-RUM network in the western Indian Ocean (Stähler,

2016). In general, the noise in the Andaman region is smaller by 10 to 20 dB for long

periods. The enhanced microseismic noise in the western Indian Ocean may be primarily
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attributed to the large noise produced by the high winds in the “roaring 40s” and the

“screaming 50s” in the southern Indian Ocean (Webb, 1998). However, the noise in

the very short periods is higher by 20–60 dB in the Andaman region. We attribute the

increase in noise to the efficient propagation of Po and So phases (Webb, 1998) through

the low attenuation oceanic crust. Noise observed in 20–100 s periods has similar trends

in both the networks and may be attributed to self-noise generated by the LOBSTER

instrument. The noise spectra of OBSs vary not only with the spatial location but also

with the seasons (Fig. 2.6).

Figure 2.6. Monthly trends of the seismic noise at the station OBS09 in Andaman for

the three components (Z, N, E), indicated in the upper left corner of each plot. The

lower and upper black curves are the low and high noise models of Peterson (1993).

We computed the monthly trends of ambient noises including microseismic noises (pri-

mary and secondary) of each OBS by averaging the PPSDs over the months of January,

February, March, and April. The microseism band occurs between 1 and 10 s with a

dominant period of 4 s. In general, the strength of the microseismic noise varies with
37



seasons due to the changes in the oceanographic conditions. We computed the daily

variations of seismic noises by averaging PPSDs over a period of 24 hr. Microseisms

are generated by wave interactions and are dependent on significant ocean wave heights

(Webb, 1998). We attempt to establish a correlation between the wave heights and

amplitudes of primary (0.05 - 0.08 Hz) and secondary microseisms (0.1 - 0.16 Hz). Sig-

nificant wave height (SWH) represents the characteristics of a surface wave in the ocean.

We obtained the SWH from the third-generation spectral wave model WAVEWATCH

III version 4.18 (Tolman, 1991) for the deployment period around the Andaman region.

In the large southern part of Indian Ocean, the model grid resolution is 0.5◦ x 0.5◦ (20◦

E -112◦ E and 70◦ S-5◦ N) whereas, in the northern Indian Ocean, the resolution is 0.1◦ x

0.1◦ (65◦ E - 90◦ E and 5◦ N - 25◦ N). The model is forced with the ERA-Interim (Dee

et al., 2011) surface wind fields at six-hour intervals with a spatial resolution of 0.5◦.

The resolution in wave direction is at 10◦, and the wave frequencies are on a logarithmic

scale from 0.04 - 0.5 Hz. The results of the model are validated with the measured wave

data along the central west coast of India (Amrutha et al., 2017). The SWH shows a

strong correlation with the amplitudes of secondary microseisms
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Figure 2.7. Correlation of primary and secondary microseisms with the significant wave

heights at OBS 03.

(Fig.2.7) with a correlation coefficient of 0.6. Enhanced noise is observed for the sec-

ondary microseisms on Julian days 55, 70, 90 and 110 of 2014. The strong correlation

suggests that the SWH primarily governs the generation of secondary microseisms in the

study area. The SWH shows negligible correlation (correlation coefficient of 0.1) with

the primary microseisms.

2.4 Orientation of the OBSs from the Rayleigh wave polarization

The user cannot control the deployment of a free fall OBS. Hence its orientation on

the seafloor is unknown. We require the knowledge of the orientation of an OBS for

advanced techniques like teleseismic receiver function, surface wave polarization, and

shear wave splitting analysis. The orientation of the OBS can be estimated by both
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active (air gun) and passive sources (ambient noise and earthquakes). In the absence

of active sources, the orientation of the OBS can usually be obtained by analyzing the

P-wave or the Rayleigh wave recorded from teleseismic or local earthquakes. Several

studies have highlighted the application of passive sources in estimating the orientation

of OBSs. Stachnik et al. (2012) used the P-wave and Rayleigh wave from teleseismic

events Zha et al., (2013) used the ambient noise, and Ekström and Busby (2008) used

synthetic seismograms to estimate sensor orientations. In the present study, we used

the polarization of teleseismic Rayleigh waves for determining the orientation of OBSs

as proposed by Stachnik et al., (2012). Due to the superior signal-to-noise ratio of the

surface waves on the horizontal components, Rayleigh wave polarization analysis yields

better results as compared to that of P-waves (Stachnik et al., 2012).

Rayleigh waves are elliptically polarized in the vertical-radial plane, and the vertical

motion is phase-shifted by 90◦ with respect to the radial component. The Hilbert trans-

form of the vertical component yields a 90◦ phase shift so that a linear relationship can

be achieved between the radial and vertical components. The cross-correlation between

the Hilbert transformed vertical component and the radial component reveals the po-

larization of Rayleigh wave. The radial component is computed from the horizontal

components for a range of back-azimuth directions (θ) assuming that one of the hor-

izontal components is oriented in the north direction. The direction which gives the

maximum correlation between the Hilbert transformed vertical component and the ra-

dial component represents the source-receiver back-azimuth which can be used to find

the actual orientation of the OBS. We attempted the Rayleigh-wave polarization analy-

sis using 30 teleseismic earthquakes with moment magnitude greater than 5.5 occurring

during the deployment period (01st Jan 2014 to 15th May 2014) for the OBS stations

OBS02, OBS05, OBS09, and OBS11. We used teleseismic earthquakes with an epicentral

distance greater than 20◦ and signal-to-noise ratio, defined as the ratio of RMS ampli-

tude after the onset of Rayleigh wave to the RMS amplitude before the beginning of the

teleseismic event, greater than 2. A wide range of back azimuths has been considered
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to avoid bias in estimating the sensor orientations (Laske, 1995). We pre-processed the

data by removing the mean, linear trend and the instrument response. We also applied

a two pole and two pass Butterworth filter with corner frequencies of 0.03 – 0.1 Hz

for enhancing the Rayleigh wave. One of the essential requirements of the method is

the windowing of the Rayleigh wave phase. We adopted two approaches for estimating

Rayleigh window: a) we manually picked the Rayleigh window where the amplitude of

the vertical component was comparable to the radial component, and b) we predicted

the arrival window of the Rayleigh wave assuming a group velocity of 2.7 to 3.8 km/s.

After selecting the Rayleigh window, we rotated the E-W and N-S components into

radial-transverse coordinates using the equation:R
T

 =

 cosθ sinθ

−sinθ cosθ

E −W
N − S


where θ represents the back-azimuth direction. The θ which maximizes the cross-

correlation coefficient between the Hilbert-transform vertical component and the ra-

dial component (C∗
zr = Szr/Szz) represents the estimated back-azimuth direction. We

also used normalized cross correlation Czr = Szr/
√
SzzSrr for quality control (QC). The

sensor orientation (X) can be obtained by subtracting the back-azimuth from the source-

to-event azimuth (seaz) i.e., X = seaz − θ. Figure 2.8 shows the graphical illustration

of the methodology. The relationship between the back-azimuth and source-to-receiver

azimuth is shown in Figure 2.8a. Representative normalized and unnormalized cross-

correlation coefficients between the Hilbert-transform vertical component and the radial

component are shown in Figure 2.8b. The QC plot shows the Hilbert-transform vertical

and the radial components (Fig. 2.8c). A good match between the two components indi-

cates that the estimated back-azimuth is close to the actual back-azimuth. Orientations

of the stations OBS02, OBS05, OBS09, and OBS11 estimated from the Rayleigh wave

polarization technique are represented using a polar plot. The polar orientation denotes

the orientation estimated from the Raleigh wave polarization and the mean orientation
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Figure 2.8. Working methodology of estimation of horizontal orientations of OBS sta-
tions. (a) Coordinate system and terms used to determine the accurate horizontal ori-
entation of OBS stations. (b) Correlation coefficient between Crz and Czz as a function
of possible orientation angle. Correlation coefficient is used to determine the orientation
angle; Normalized correlation coefficient Crz is for quality control; vertical line represents
maximum Crz at which the orientation is measured.(c) Correlation between radial and
Hilbert transformed vertical for a given orientation obtained in (b)

is highlighted with a red arrow in fig. 2.9. In some cases, opposite direction to the

mean orientation is observed due to poor S/N ratio. The estimated orientations for the

OBSs are consistent for different teleseismic earthquakes with various source-to-event

azimuths. The orientation will be useful for advanced techniques like the teleseismic

receiver function, surface wave polarization and shear wave splitting analysis.
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Figure 2.9. Polar orientation of four OBS stations measured from 30 teleseismic events;
Arrow represents the mean orientation.
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2.5 Summary

� PPSD’s of the ambient noise reveal noise levels of the OBS are within limits of

NLHM and NHNM for short periods whereas for longer periods noise levels in-

crease.

� Secondary microseisms occur at 4 secs for stations closer to the Islands suggesting

stronger influence along the coast lines.

� A strong correlation of the strength of noise with SWH is apparent indicating wave

height control generation of secondary microseisms.

� Ambient noise being lowest between 0.1 and 1 seconds is useful to identify local

earthquakes.

� Analysis of noise levels of stations place at Island, coast and continent show the

long period noise decrease from ocean to Island/coast and continent.

� Orientation of four OBS’s (02, 05, 09, 11) carried out using Raleigh wave polariza-

tion.
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Chapter 3

Geometry of the subducting Indian plate

and local seismicity in the Andaman region

One of the largest instrumentally recorded earthquakes of magnitude Mw 9.1 (Park,

2005) occurred on 26th December 2004. The earthquake rupture initiated at 3.3◦ N,

96.0◦ E at a depth of about 30 km and propagated north-northwest ∼1300 km along

the Sunda trench with an average rupture velocity of ∼2.4 - 2.6 km/s (Ammon et al.,

2005; Banerjee et al., 2007; Lay et al., 2005). Due to variation in the rupture process,

the entire zone is subdivided into three segments: the Sumatra, Nicobar and Andaman

segments. The Sumatra segment exhibits a large rapid slip (5 - 20 m; avg. 7 m) in the

first 230 s with a negligible slow slip component. The Nicobar segment shows a moderate

rapid slip (∼ 5 m) in the next 230 -– 350 s with a moderate slow slip component (∼ 5

m). In contrast, the Andaman segment undergoes a small rapid slip (< 2 m) from 350 -

600 s with a moderate slow slip (∼ 5 m) from extended duration of 600 - 3500+ s. These

variations in the rupture process may be associated with the changes in subducting plate

geometry, oblique convergence and age of the subducting Indian plate leading to variable

seismic coupling and/or frictional conditions between the subducting Indian plate and

the overriding Burmese plate (Bilek, 2007; Carter and Bandopadhyay, 2017; Gahalaut

et al., 2010, 2006; Grevemeyer and Tiwari, 2006; Mishra et al., 2011). Further, the

stress imparted from the 2004 Aceh and 2005 Nias earthquakes has significantly modified

the seismicity pattern in the Andaman-Nicobar and Sumatra segments (Cattin et al.,

2009; Engdahl et al., 2007). Aceh earthquake has reduced earthquakes in the northern
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segment of the Andaman backarc spreading center and along the Sagaing fault while

it promoted earthquakes in the accretionary prism, the Andaman-Nicobar fault, the

Seulimeum strand of Sumatra fault system and the Sumatra fault system. The observed

variation in rupture process makes it essential to understand the global, regional as well

as local seismicity pattern for different segments along the Andaman-Nicobar subduction

system.

Several studies were undertaken after the 26th December 2004 megathrust earthquake

from the Andaman - Nicobar region to understand the seismicity pattern in different

segments. A comprehensive catalog of the available earthquakes was prepared by En-

gdahl et al. (2007) in the Sumatra - Andaman and Western Sunda regions from 1918

- 2005 which facilitated in understanding the subduction processes, regional seismotec-

tonics and subducting plate geometry. Bilek (2007) prepared the catalog of earthquakes

(Mw > 6.0) in this region from 1992 - 2004 to understand the variation of frictional

conditions with the depth of the source. Likewise, Dewey et al. (2007) prepared the

aftershock catalog from 26th December 2004 to 2nd September 2005 which depicted the

pattern of strain release after the main shock. The local seismicity pattern along different

segments was also studied by deploying permanent and temporary seismic networks after

the main shock. Araki et al. (2006) deployed a temporary ocean bottom seismometer

(OBS) network in the rupture area of the 2004 Aceh earthquake from February to March

2005 to understand the seismicity associated with the subducting Indian plate. Lange

et al. (2010) deployed a seismic network (both OBS and land stations) in the western

Sumatra area from April 2008 to February 2009 to study the effect of the subducting

Investigator Fracture Zone beneath the Sunda trench. Weller et al. (2012) used the

dataset of Lange et al. (2010) and identified the fine-scale features of Sumatran fault

using the double-difference relative location method. Further, Collings et al. (2012) used

local earthquake travel time tomography to estimate the three-dimensional (3D) velocity

model of the Mentawai segment. Mishra et al. (2011) deployed a temporary network

in different parts of the Andaman and Nicobar Islands to record the aftershock pattern
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from 6th January to 16th March 2005 and elucidated the stress regime and earthquake

generating processes in this region.

The Andaman and Nicobar islands were little studied and poorly instrumented before

the 2004 Aceh earthquake in spite of being a high seismic risk zone. After the megath-

rust earthquake, the ISLANDS (Investigation of Seismicity and Lithospheric Structure

beneath the Andaman–Nicobar Subduction Zone) network was permanently installed in

April 2009 in the Andaman and Nicobar islands (Srijayanthi et al., 2012) to understand

the structure and tectonic settings of the Andaman region. The analysis of local earth-

quake data (April 2009 to February 2011) shows the seismicity of the subducting Indian

plate; however, the geometry of the subducting plate could not be deciphered precisely

due to the restricted distribution of the seismic stations along the Andaman and Nicobar

islands. To overcome this limitation, we deployed twelve temporary OBS stations in this

region from 25th December 2013 to 15th May 2014 to understand the local seismicity

pattern in the Andaman region a decade after the 2004 Aceh earthquake.

3.1 Identification and registration of local earthquakes

The waveform data was examined manually for the identification of local earthquakes

after applying bandpass filters of 5-10 Hz or 1-5 Hz. A total of 559 local earthquakes

were detected on three or more OBS stations. During the deployment period, a strong

earthquake (Mw 6.5) occurred on 21st March 2014 near Nicobar Island. The earthquake

was followed by aftershock activity on 22nd and 23rd of March 2014. We integrated the

OBS data with data from the land-based seismometers of the ISLANDS network and

the network from neighboring countries.

3.2 Location and magnitude estimation

The hypocenters, origin times and the magnitudes of the local earthquakes are estimated

in the present study. The waveforms of the earthquakes were extracted from the contin-
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uous database, and the P phases were picked manually. We also attempted to pick the

S phases for all the events manually. However, we could not clearly identify the arrival

times of S-waves. We also observed a large difference between the picked S-phases and

the predicted S-phases for events which were well located using only the P-phases. In

view of the uncertainties associated with picking the S-phases, we discarded the S phases

from the OBS data in the present study. We primarily attribute the difficulty in picking

S-phases to poor signal-to-noise ratio and the ringing of the horizontal components due

to sediment reverberations. The problem of sediment reverberation in the OBS data has

been studied in detailed by Frederiksen and Delaney (2015) and Audet (2016). Due to

the large impedance contrast between the shallow marine sediments with unusually low

shear wave velocity and basement rocks, strong converted S-phases are generated from

the P-phases at the sediment-basement interface. These S-phases are trapped within the

sediment and produce the ‘ringing effect’ on the horizontal components. These sediment

reverberations interfere with the arrival of S-waves, thereby limiting the precise identifi-

cation of S-phase on the horizontal components. Further, the noise spectrum analyses of

the OBSs show that one of the horizontal components of OBSs 03, 06, 07 and 12 are not

reliable (Dewangan et al., 2017) and any picks on such OBSs would be misleading. We

used the Hypocenter v. 3.2 program (Lienert and Havskov, 1995) to locate the earth-

quakes. We used the five-layer velocity model of Kayal et al. (2004) for the hypocenter

program. The model comprises P-wave velocities of 4.50 km/s for the upper 3 km, 5.6

km/s from 3 to 10 km depths, 6.80 km/s from 10 to 25 km depths, 8.0 km/s between

25 and 50 km and 8.25 km/s for depths greater than 50 km. This initial model assumes

the Moho to be at 25 km. We located the hypocenters for the events detected on four

or more stations. About 58 events were detected on only three stations; therefore, we

estimated only the epicenters for these events assuming the depth to be zero relative

to OBS03. We considered OBS03 at a water depth of 4183 m to be the base station

and calculated the elevation for other OBSs with respect to OBS03. The P phases at

different stations were assigned weight as per the epicentral distances.
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The weight was calculated using the formula W = (Xfar-∆)/(Xfar-Xnear) where ∆ 

represents the epicentral distance in km, Xnear is set to be 10 km, and Xfar is set to be 

1100 km. Xfar is the distance beyond which zero weight is applied to the picks.

The reliability of the hypocenter solution depends on the geometry of the stations. For 

a well-located event, the azimuthal gap should be ≤ 180◦. We observed that the 249 

events lying in between the Andaman and Nicobar Islands and the Andaman backarc 

spreading center have azimuthal gaps < 180◦. About 187 events have gaps between > 180◦ 

and ≤ 270◦ mostly around the rims of the OBS and ISLANDS stations. About 123 events 

have gaps > 270◦ mostly away from the network, i.e., to the north of 12◦ N lat-itude and 

the south of 8◦ N latitude. We expect to get reliable locations between 8◦ N to 12◦ N and 

91◦ E to 95.5◦ E. The magnitude of the events was estimated by first converting the raw 

waveform data to ground motion using the instrument response files for all the OBS 

stations as well as for the broadband seismometers of the other network stations. The 

ground motion was convolved with the response function corresponding to a Wood–

Anderson torsion seismograph as suggested by Hutton and Boore (1987). The local 

magnitude (ML) was then estimated using the equation,

Ml = log10(amp) + 1.11 log10(dist) + 0.00189(dist)− 2.09 (3.1)

where amp is the maximum ground amplitude (zero-peak) in nm and dist is the hypocen-

tral distance in km. The cross-plot between the local magnitude and the epicentral

distance for only the OBS network is shown in Fig. 3.1. The contours of the constant

amplitude (in nm) are also shown to illustrate the detection limit of the OBS network.

If the amplitude of the seismic wave drops below the ambient noise level, it will not be

detected by the OBS stations. It is interesting to note that the detection limit for the

OBS network in the Andaman region varies from 2.5 to 4.5 nm. Most of the picks fall

in the area of high signal-to-noise ratio and therefore are considered to be reliable. The

lowest magnitude event that can be located by the network is 1.7 since a minimum of

four stations is required to locate an event. The average minimum distance between
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Figure 3.1. The cross-plot between the local earthquake magnitude and distance for the
events from the OBS network. The black stars represent the events. The solid curves
represent constant amplitude contours of 4.5, 3.5 and 2.5 nm, respectively.

the OBS stations is 70 km which suggests that the epicentral distance for four stations

aligned in a linear fashion should be around 210 km. Earthquakes having magnitude

lower than 1.7 will be detected by less than four stations and cannot be located without

additional information.

3.3 Minimum 1D velocity model of the Andaman region

The initial 1D velocity model used for locating the earthquakes is based on the pub-

lished model of the Andaman Region (Kayal et al., 2004; Rao et al., 2011). In the

present study, we attempt to find a minimum 1D model by simultaneously inverting

the observed P-wave arrival times for the hypocentral locations, 1D velocity model and

station corrections using VELEST (Kissling et al., 1994). The minimum 1D model is
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the weighted average of the 3-D velocity model that minimizes the travel time residual

of well-locatable earthquakes and also conforms to the local geology. The forward prob-

lem of VELEST is based on a ray tracing method while the inverse problem is solved by

damped least squares matrix. We followed the recipe of Kissling et al. (1994) to estimate

the minimum 1D velocity model in the Andaman region. We selected high-quality events

having an azimuthal gap of less than 200◦ and detected on at least six stations. About

209 such events are found with 1658 P-phases. The timing correction was applied to the

picked P-phases for each event. A maximum epicentral distance of 500 km was used in

VELEST to minimize the effect of layers deeper than Moho. We initialized about 5000

models with constant layer thickness but with variable layer velocities with reasonable

bounds. We applied a constraint on velocities such that they must increase with depth.

VELEST is run with a damping coefficient of 0.01 for the hypocentral parameters and

the station delays and 0.1 for the velocities parameters. The VELEST is run for 20

iterations where the hypocentral parameters are inverted after every iteration, and the

station delays and velocity parameters are estimated after every second iteration. The

RMS error is calculated for all the models after the 20th iteration. The probability of

the layer velocity for the top 100 models with low RMS error is shown in Fig. 3.2. The

velocities are well constrained for depths larger than 10 km while they show a consider-

able variation for the shallower layers. A sharp increase in P-wave velocity is observed

at a depth of 30 km ( 34 km from the sea level) which is interpreted as Moho. We

selected one model among these top 100 models as the minimum 1D model such that

it is represented by a minimum number of layers. The minimum 1D model comprises a

P-wave velocity of 3.59 km/s for the uppermost 6 km, 5.21 km/s from 6 to 15 km, 6.68

km/s from 15 to 30 km and 8.08 km/s for depths larger than 30 km (Fig. 3a). We also

compared the minimum 1D model with that proposed by Kayal et al. (2004), Rao et

al. (2011) and Gupta et al. (2016). All the models show the presence of Moho at 25–35

km depth. However, the velocities of the crust vary between 6.5 km/s to 7.2 km/s. The

mean value of the RMS error for the proposed 1D velocity model is 0.91 s as compared
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Figure 3.2. The probability of the layer velocity obtained for the top 100 models obtained
from VELEST with low RMS error. The Moho is observed at a depth of 30 km. The
proposed minimum 1D model is shown as solid line whereas the velocity models after
Rao et al. (2011), Kayal et al. (2004) and Gupta et al. (2016) are shown as dash-dotted
line, long dashed line, and dashed line respectively.

to Kayal’s velocity model (0.94 s), Rao’s velocity model (0.96 s), and Gupta’s velocity

model (0.97 s), suggesting that the proposed 1D velocity is marginally better than the

existing models.

The station corrections corresponding to the minimum 1D model are shown in Fig.

3.3. The station corrections account for the lateral velocity variations with respect to

minimum 1D model (Kissling et al., 1994). A negative station correction is associated

with either the shallowing of Moho or high-velocity material beneath the station, and

the opposite for positive station correction. The station corrections are small (< -0.14

s) for the ISLANDS stations (PBA, CBY, BAKU, BARA, SBY, and HUTB) and for
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OBS stations OBS03 and OBS02. The absolute values of the station corrections increase

away from the accretionary prism and are high for the stations located within the ABSC

(OBS06 and OBS07). The Alcock and Sewell seamounts (OBS09 and OBS05) and

the stations close to the trench (OBS12 and OBS01) also show large negative station

corrections.

Next, we relocated the hypocenters for all the 559 events with the estimated 1D velocity

model and the station corrections using VELEST. The maximum epicentral distance

was increased to 1000 km, and five iterations were performed to update the hypocentral

parameters.

53



Figure 3.3. The station correction obtained after VELEST. The diameter of the circles
is indicative of the station corrections
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3.4 Local seismicity in the Andaman-Nicobar subduction system

The local seismicity in the Andaman-Nicobar subduction zone can be broadly classified

into two categories: i) intermediate-depth earthquakes (40 to 250 km) occuring within

the Indo-Australian plate due to the oblique subduction of Indo-Australian plate beneath

the Southeast Asian plate; and ii) shallow-depth earthquakes (< 40 km) ocurring along

the trench in the acreationary prism and forearc basin, along the sliver fault system, and

along major faults in the forearc and backarc regions.

3.4.1 Seismicity pattern of Intermediate-depth earthquakes

The intermediate-depth earthquakes in the Andaman-Nicobar subduction system show

the Wadati-Benioff zone up to a maximum depth of 240 km (Fig. 3.4). We augmented

the local seismicity data with well constrained earthquakes relocated from teleseismic

signals using Engdahl-Hilst-Buland (EHB) technique (Engdahl et al., 2007). The relo-

cated events in the study area compliment the local seismicity, and together they define

the geometry of the subducting Indian plate. It is interesting to note that the earth-

quakes having depths of 40–50 km align with the forearc high in the Andaman-Nicobar

and Sumatra segments. The depth of the subducting plate increases towards the east

beneath the forearc basin. The seismicity of the Indian plate ceases east of the volcanic

arc i.e., Barren and Narcondam Islands in the Andaman segment, seamounts (SM1 and

SM2, Kamesh Raju et al., 2004) in the ABSC, submarine volcanoes in the Nicobar seg-

ment, and the active subaerial volcanoes in the Sumatra segment. A gap in the seismicity

is observed in the subducting Indian plate at depth > 100 km between 7.5◦ N and 9.5◦

N (Fig. 3.4).

The geometry of the subducting Indian plate is studied by dividing the seismic zone

into three different segments: Andaman segment (AS), Transition segment (TS) and

Nicobar segment (NS) which are demarcated based on the variation of the slip distribu-

tion observed during the 2004 Aceh earthquake (Fig. 3.5). We calculated some critical
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parameters such as the dip of the Benioff zone and the maximum depth of seismicity of

the subducting Indian plate for each segment. All depths are with respect to the deepest

OBS03 in the present study. The seismicity pattern for each section is described below:

Andaman segment (AS): The segment represents the northern part of Andaman-

Nicobar subduction zone and covers most of the Andaman Islands. The local seismicity

from the subducting Indian plate is observed from the trench to a distance of 225 km.

It originates at a depth of 12 km and terminates near 150 km. The top surface of

the Indian plate is fitted with a linear trend with a slope is of 53◦. We also observed

some shallow-depth earthquakes on the Burmese microplate at a trench distance larger

than 300 km in the vicinity of Barren Island (BI) and Narcondam Island (NI). The

depths of these earthquakes are less than 20 km, and can be distinguished easily from

the deeper subduction zone earthquakes. A few intermediate-depth earthquakes are

observed beneath Barren Island which may be due to the movement of magma.

Transition segment (TS): The segment represents the middle part of Andaman-

Nicobar subduction zone between Little Andaman and Car Nicobar Islands. It covers

Ten degree channel which separates the Andaman Islands from the Nicobar Islands. The

subducting Indian plate is imaged from the trench to a distance of 280 km. The seismic-

ity originates at a shallow depth of 20 km and terminates at depth of 180 km. We also

observe shallow-depth (< 30 km) seismicity in the ABSC at a distance of 200 to 336 km

from the trench. The slope of the Indian plate is estimated to be 47◦ which is similar

to that observed in the Andaman segment. A few intermediate-depth earthquakes seem

to be originating above the Indian plate at a depth > 80 km and at a distance of 240

km from the trench. These earthquakes may be related to the magma generation on the

Indian plate and movement of magma through the upper mantle into the Burmese plate.

Nicobar segment (NS): This segment represents the southern part of the Andaman-

Nicobar subduction zone and covers most of the Nicobar Islands. The subducting Indian

plate is imaged from the trench to a distance of 320 km. The seismicity of the Indian

plate ceases at a depth of 150 km but resumes at a depth of 180 km and continues
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down to a depth of 240 km. The slope of the middle part of the subducting Indian

plate is estimated to be 26◦ which is relatively shallower than the slope observed in

the Andaman and Transition segments. The slope decreases towards the trench, and

it increases towards the deeper part of the Indian plate. We observed some regions of

enhanced shallow-depth (< 40 km) earthquakes in the vicinity of Andaman-Nicobar fault

(OBS03) and off Nicobar (OBS02) at a distance of 140 to 260 km from the trench.
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Figure 3.4. The intermediate-depth seismicity (40–250 km) in the Andaman and Nicobar
subduction zone. The circles represent the local seismicity for the period 25th December
2013 to 15th May 2014. The stars represent well constrained earthquakes that have been
relocated using Engdahl-Hilst-Buland (EHB) technique (Engdahl et al., 2007). The
active volcano, Barren Island (BI) and the dormant volcano, Narcondam Island (NI) are
represented by inverted triangles. The Seamounts (SM1 and SM2) are also marked on
the map.
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Figure 3.5. The configuration of the Wadati-Benioff zone in the Andaman segment
(AS), transition segment (TS) and the Nicobar segment (NS) from the intermediate-
depth earthquakes. The stars represent the earthquake from local network and the
triangles represent the well constrained relocated events using Engdahl-Hilst-Buland
(EHB) technique (Engdahl et al., 2007). The dashed line represents the approximate
slope of the subducting Indian plate. The shallow seismicity in AS is due to volcanic
Islands. The shallow seismicity in the TS is on the ABSC, and in the NS is due to
volcanic arc in the vicinity of OBS03 and OBS02.
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3.4.2 Seismicity pattern of shallow-depth earthquakes

In addition to intermediate-depth earthquakes, we also observed shallow-depth (< 40

km) earthquakes in the accretionary prism, and along the major faults in the forearc

and backarc regions.

The shallow-depth earthquakes are compared with the seismicity before and after (Fig.

3.6, 3.7) the 2004 Aceh earthquake (Engdahl et al., 2007). Prior to 2004 earthquake,

most of the seismicity was occurring along the sliver strike-slip fault system with negligi-

ble activity along the trench. The seismicity over the Andaman Islands was towards the

east of the Islands. However, after the 2004 earthquake, the seismicity shifted trench-

ward where negligible activity was observed earlier. The aftershock activity showed a

prominent gap in seismicity around 10◦ N in the vicinity of trench (Mishra et al., 2007)

which also coincides with bathymetric depression observed between the Little Andaman

and Car Nicobar islands. The sliver strike-slip fault system is seen to be active to the

south of 10◦ N. Some seismicity is also observed to the west of the trench oriented in the

ENE-WSW direction around 2◦ N, 3-4◦ N, and 7-8.5◦ N. We presume that the seismicity

west of the trench is primarily controlled by ENE-WSW oriented faults on the NER

which appear as prominent bathymetric depressions (Subrahmanian et al., 2015). We

marked these tentative trends as T1, T2 and T3 as an extension of fault structure of

NER based on the bathymetric depression (Fig. 3.8). Likewise, other trends oriented in

ENE-WSW direction are highlighted as dashed lines. The seismicity over the Andaman

Islands shifted to the west of the Islands after the 2004 Aceh earthquake. It is interesting

to note that the local seismicity (Fig. 3.8) observed a decade after the 2004 Aceh earth-

quake is similar to the seismicity observed immediately after the 2004 Aceh earthquake.

The seismicity is observed close to the trench. The seismicity over the Andaman Islands

is also observed to the west of the Islands. The majority of the earthquakes beneath

the Andaman Sea seem to be originating in the ABSC. Other earthquake clusters are

observed south of the ABSC close to ANF (OBS03) and over the Seulimeum strand of

Sumatra fault system (OBS02). Limited seismicity is observed north of 11◦N along the
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ASTF and the Sagaing fault.

The detailed seismicity pattern in the Andaman Sea along with the multibeam bathymetry

data is shown in Figure 3.9. We have assumed a constant depth of 20 km for the events in

which depths are not constrained. In the ABSC, three distinct segments (A, B, C) have

been reported based on the distinct bathymetry and the magnetic signatures (Kamesh

Raju et al., 2004). We observe that segment B is seismically active whereas segment C

shows no seismicity during the deployment period in spite of having one OBS (OBS07)

located on this segment. Some seismicity is observed in the vicinity of segment A close

to the seamounts SM1 and SM2. Most of the events at the ABSC are reported to be at

shallow depths (< 30 km). However, some events in the vicinity of SM1 and SM2 have

depths larger than 30 km which may be related to magma upwelling from the subduct-

ing Indian plate. In addition to the seismicity along the sliver strike-slip fault system, a

seismic zone is observed between 11◦ N and 13◦ N beneath the Andaman Islands. These

latter events are of shallow depths originating from 25 to 50 km depth in the Indian

plate and are oriented along the islands.

Major faults in the Andaman Sea are the EMF which shows normal faulting, DF shows

backthrust faulting, and ANF shows right-lateral strike-slip faulting (Curray, 2005;

Kamesh Raju et al., 2008; Singh et al., 2013). Few events are aligned along the EMF

between 10◦ N and 11◦ N (Fig. 3.9). Likewise, the DF is also seen to be active between

9.5◦ N and 11◦ N. Few events are also present along the ANF around 9◦ and 10.5◦ N.

Apart from the major faults, we also observed some linear trends in the local seismicity

map. One linear trend (T4) is oriented in a NE-SW direction and runs along the base of

the Alcock seamount parallel to the ABSC. Another linear trend (T5) originates at the

junction of the ANF and segment A of the ABSC and runs in a NNW-SSE direction.

The linear trend (T6) cut across the ANF in the ENE-WSW direction.
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Figure 3.6. The shallow-depth seismicity (< 40 km) in the Andaman and Nicobar
subduction zone prior to 2004 Aceh earthquake (modified after Engdahl et al., 2007).
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Figure 3.7. The shallow-depth seismicity (< 40 km) after 2004 Aceh earthquake (mod-
ified after Engdahl et al., 2007). The ENE-WSW oriented faults in the vicinity of the
trench are marked as T1, T2 and T3. The faults are identified over NER as prominent
bathymetric depression. Similar ENE-WSW oriented trends that coincide with the low
bathymetry are also observed in between the marked tends (T1-T3), and are plotted as
dashed lines.
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Figure 3.8. The shallow-depth local seismicity (< 40 km) obtained from the analysis
of OBS and ISLANDS networks. The ENE-WSW oriented trends (T1-T3) are marked
similar to Fig. 6b. Other trends (T4-T6) are identified based on linearity of seismicity
pattern in the Andaman Sea.
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Figure 3.9. The shallow-depth local seismicity (< 40 km) obtained from the analysis of
OBS and ISLANDS networks in the Andaman Sea. The available multibeam bathymetry
in the backarc region (modified after Kamesh Raju et al., 2004, 2012). The prominent
trends (T4-T6) observed in the local seismicity map are marked in the Andaman Sea.
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3.5 Nature of crust in the Andaman-Nicobar Subduction Zone

We estimated the minimum 1D velocity model and station corrections using VELEST

following the recipe of Kissling et al. (1994). The small station corrections in the

accretionary prism and forearc basin suggests that the minimum 1D velocity model

represents well the velocity beneath the accretionary prism and forearc basin. The

minimum 1D model shows a sharp jump in velocity from 6.7 km/s to 8.1 km/s at about 30

km, which is interpreted as Moho beneath the prism. The low velocity (3.6 to 5.2 km/s)

of the shallow layers can be interpreted as defining the accretionary prism sediments. The

interval velocities obtained from reflection seismic data over the accretionary prism show

similar velocities for the accreted sediments beneath the Andaman Islands (Moeremans

and Singh, 2014). The increase in the velocity from 5.2 km/s to 6.7 km/s at a depth of 15

km is interpreted as a transition from sedimentary layers to crustal rocks. The velocity of

oceanic crust (layer 3A and 3B) ranges from 6.8 to 7.3 km/s (Spudich and Orcutt, 1980),

therefore, we interpret the lower velocity of the crust (6.7 km/s) to be of continental

origin. The presence of continental crust beneath the accretionary prism and forearc

basin is also inferred from the analysis of seismic and gravity data (Singh et al., 2013).

We compared the minimum 1D velocity model with other velocities models beneath the

accretionary prism (Kayal et al., 2004; Rao et al., 2011; Gupta et al., 2016). All of the

models show the presence of Moho at 25–35 km. However, the velocities of the crust

vary between 6.5 km/s and 7.2 km/s. Rao et al. (2011) interpreted the velocity model

in terms of the overriding Burma plate (16 km thick) and subducting Indian crust (9

km thick). Gupta et al. (2016) obtained velocities from the joint inversion of teleseismic

receiver functions and Rayleigh wave group velocity, and interpreted them in terms of

Burmese continental crust. The crustal velocity obtained from VELEST is similar to

that reported by Gupta et al. (2016), and supports the presence of continental crust

beneath the Andaman and Nicobar Islands. We presume that the Burmese microplate

might have been separated from the Southeast Asian plate along the sliver fault system

(Curray, 2005).
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The station corrections account for the lateral velocity variations with respect to the

minimum 1D model (Kissling et al., 1994). We observed large negative station corrections

away from the accretionary prism, with a maximum for the stations located within

the ABSC (OBS06 and OBS07). The negative stations correction are associated with

either the shallowing of Moho or high-velocity material beneath the station. Therefore,

we interpret the large negative corrections at OBS03 and OBS02 as due to the faster

velocity of oceanic crust as well as shallowing of the Moho. Similarly, the stations close to

the trench (OBS12 and OBS01) also show negative station corrections and indicate the

presence of oceanic crust. It is interesting to note that the Alcock and Sewell seamounts

(OBS09 and OBS05) also show negative station corrections probably related to the

volcanic rocks emplaced during their origin. The Alcock and Sewell seamounts formed

due to initial sea floor spreading and creation of oceanic crust during early Miocene

(Curray, 2005).

3.6 Geometry of the subducting Indian plate in the Andaman and Nicobar

subduction zone

The subduction of Indo-Australian plate beneath the southeastern portion of the Eurasian

plate has resulted in large magnitude plate boundary earthquakes in the Andaman-

Nicobar-Sumatra region (Sieh and Natawidjaja, 2000). In the Burmese-Andaman arc

system, several studies have been attempted to obtain the configuration of the Benioff

zone based on the analysis of earthquake data from ISS/ISC catalogs (Dasgupta et al.,

2003; Khan and Chakraborty, 2005; Mukhopadhyay et al., 2009). Before 2005, the cata-

logs are based on the timing of the first arriving P-phases and may have significant trade-

offs between the origin times and depths. Therefore, Engdahl et al. (2007) relocated the

events using Engdahl-Hilst-Buland (EHB) technique to obtain well-constrained events

with reduced hypocenter uncertainties. The average dip of the Benioff zone is found to

be increasing from the Nicobar segment in the south to Andaman segment in the north.

In the present study, we attempted to demarcate the geometry of the subducting Indian
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plate in the Andaman region based on the analysis of the intermediate-depth earth-

quakes observed from the OBS and ISLANDS networks. The subducting Indian plate

shows shallow dip up to the forearc high, and the dip of the slab steepens beneath the

forearc basin. The seismicity of the slab ceases in the vicinity of the volcanic arc. The

dip of the subducting Indian plate is found to be increasing from the Nicobar segment

to the Andaman segment. In the Nicobar segment (NS), the dip is about 26◦ which

sharply increases to 47◦ in the transition segment (TS) and further increases to 53◦ in

the Andaman segment (AS). The increase in dip is also supported by the tomographic

inversion of P-wave arrivals provided beneath the Andaman and Nicobar Islands (Ken-

nett and Cummins, 2005). The dip of the subducting slab may be governed in part by

its age. The age of the Indian plate (Müller et al., 1997) in the Nicobar segment is 60-80

Ma which is younger then the age in the Andaman segment ( 90-100 Ma). The younger

slab in the Nicobar segment is more buoyant and dips at a lower angle (26◦). In contrast,

the older plate in the Andaman segment is less buoyant and dips at a higher angle (53◦).

The increase in dip may also be attributed to the increase in obliquity of plate motion

from the Nicobar segment to Andaman segment as well as to slab roll-back associated

with the formation of a backarc basin and spreading center in the Andaman Sea.

A distinct zone of reduced seismicity is observed in the subducting Indian plate between

7.5◦ N and 9.5◦ N at depths deeper than 100 km. This zone is also characterized by

the absence of volcanic seamounts as observed in the multibeam bathymetry map (Fig.

3.9). A Similar absence of deeper seismicity and volcanism has been observed by Guz-

man Speziale and Ni (1996) based on earthquake data from ISC catalog. It is interesting

to note that the indentation of NER with the trench occurs at 7◦ N based on the analysis

of bathymetry and gravity data (Subrahmanyam et al., 2008). The analysis of gravity,

bathymetry and seismic data suggests subduction of the eastern flank of the NER be-

neath the Sunda trench. The change of curvature of the trench and forearc basin from

convex towards the sea to concave just west of the Nicobar Islands suggests indentation

of NER at 7◦ N (Subrahmanyam et al., 2008). The change in curvature of the trench
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is observed whenever an aseismic ridge interacts with the trench (Vogt et al., 1976).

Extremely low strength (Te < 3 km) values in the vicinity of NER-Trench indentation

region indicates partial subduction of NER under the Sunda trench (Ratheesh Kumar

et al., 2013). The analysis of seismic reflection data at 10◦ N shows the presence of

thick sediments over the eastern flank of NER extending up to 60 km over the forearc

region (Moeremans and Singh, 2014). The tomographic studies show a modest decrease

in P-wave velocity along with a small decrease in S-wave velocity beneath the Andaman

region (Kennett and Cummins, 2005; Miller and Lee, 2008) indicating the possible pres-

ence of NER. The partial subduction of a thick and buoyant root of NER could flatten the

shallow dip of the Indian plate, thereby inhibiting the subduction process and exerting

upward thrust on the Indian plate (Guzman Speziale and Ni, 1996). Partial subduction

of aseismic ridges may also lead to abrupt termination of volcanism and deformation

of the downgoing slab (Vogt et al., 1976; Nur and Ben-Avraham 1982). Therefore, the

lack of intermediate-depth earthquakes and volcanism between 7.5◦ N and 9.5◦ N may

be attributed to the influence of NER on the subduction processes. The buoyant root

of the NER may augment the coupling between the overriding and the subducting plate

which can lead to high magnitude events at shallow depths in the Nicobar segment.

However, the subduction of a seamount may also develop a complex fault system around

it, thereby creating favorable conditions for small earthquakes (Wang and Bilek, 2011).

3.7 Role of NER in modulating the seismicity in the vicinity of trench

The morphology and physical properties of the subducting plate and the mechanics of

the interaction between the subducting and overriding plates govern the distribution and

nature of the earthquakes in the subduction zone. The seismicity map after the 2004

Aceh earthquake shows a gap around 10◦ N on the Andaman-Nicobar depression located

south of the Little Andaman Island (fig. 3.7). This gap seems to be associated with low

bathymetry along with some compressive features (Singh and Moereman, 2017). The

analysis of rupture process of the 2004 Aceh event shows a moderate coupling in the
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Nicobar segment with a slip of ∼5 m and a weak coupling in the Andaman segment

with a small slip of < 2 m (Ammon et al., 2005; Lay et al., 2005). Likewise, the GPS-

derived coseismic displacements show a relatively larger slip in the Nicobar segment as

compared to the Andaman segment (Gahalaut et al., 2006). The multi-wavespeed seismic

tomographic studies also indicate a change in physical properties between the Andaman

and Nicobar segments (Kennett and Cummins, 2005). Interestingly, the reduction in

the coseismic displacement just north of the Nicobar Islands coincides with the observed

steepening of the subducting Indian plate and a projected linear trend (T1) in the local

seismicity extending from the NER to the forearc high (Fig. 3.8). The trend (T1) also

marks the abrupt termination of the local seismicity and the aftershock seismicity pattern

of 2004 Aceh earthquake (Fig. 3.7). The abrupt change in the dip of the subducting

plate may also be associated with hinge-type tear faults. Several hinge-type tear faults

are postulated owing to the change in dip of the subducting Indian plate (Dasgupta et

al., 2003; Mukhopadhyay et al., 2009). The projected trends (T1-T3) are prominent

after the 2004 Aceh earthquake, and may be related to the stress change from the main

shock. The seismicity resumes to the north of Little Andaman Island, and the region

encompassing the shallow-depth seismicity gap acts as a transition zone between the

Andaman and Nicobar segments.

The absence of volcanism and seismicity on the subducting Indian plate and other geo-

physical data suggest that the indentation of NER with the trench occurs at ∼ 7◦ N.

Owing to complex tectonic history, the NER is heavily faulted in an E-W direction and

these tensional faults were formed at or near the spreading ridge (Sager et al., 2010). In

the Andaman and Nicobar segments, NER shows a NE-SW oriented, en-echelon block

rather than the general N-S trending block (Petroy and Wiens, 1989). These blocks are

separated by ENE-WSW trending faults as observed in the bathymetry data (Subrah-

manyam et al., 2008). Historical seismicity suggest that the northern part of NER is

active with predominantly strike slip faulting along and adjacent to NER (Petroy and

Wiens, 1989; Tinnon et al., 1995). We propose that the ENE-WSW trending fault at
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8◦ N was reactivated after the 2004 Aceh earthquake, and acted as a physical barrier

to the propagation of rupture and coseismic displacement. This barrier explains the

abrupt termination of seismicity north of 8◦ N. This hypothesis is also supported by

some strike-slip earthquakes trending in an ENE-WSW direction in the vicinity of the

trench at 8◦ N (Fig. 3.10). The focal mechanism study by Radhakrishna et al. (2002)

also identifies this region as a transverse seismic zone across the trench that is character-

ized by strike-slip faulting. Further, Rajendran et al. (2011) observed left-lateral strike

slip faulting in the vicinity of the trench on 24nd July 2005 (Mw 7.2) and on 12th June

2010 (Mw 7.5) due to fault reactivation on the NER. The Little Andaman aftershock on

June 27th, 2008 also occurred due to the reactivation of a N-S oriented strike-slip fault in

the subducting NER (Catherine et al., 2009). NER also acts as boundary between the

Central Indian Ocean basin (CIOB) on its west and Wharton basin on its east (Petroy

and Wiens, 1989). The different mechanical strength of the CIOB and Wharton basins

may also cause tectonic segmentation between Andaman and Nicobar Islands. Such a

strong barrier in the subducting Indian plate may limit the rupture zone of large earth-

quakes. Only a great earthquake like the 2004 Aceh earthquake may cross this physical

barrier.
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Figure 3.10. The focal mechanism obtained from the Harvard CMT catalog in the vicinity
of the observed ENE-WSW oriented trends (T1-T3). The CMT solutions suggest the
presence of oblique left-lateral strike slip motion on either side of the trench.
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3.8 Seismicity of the sliver fault in the Andaman Sea

The oblique subduction between the Indo-Australian and Southeast Asian plates has

led to the partioning of plate motion into trench perpendicular and trench parallel com-

ponents (Fitch, 1972). While subduction of the Indian plate accommodates the trench

perpendicular motion, the sliver fault system accommodates the trench parallel motion.

During the deployment period, the ABSC, ANF and Seulimeum strands of the Sumatra

fault define the sliver fault system. The EMF and DF in the Andaman region were also

observed to be seismically active during the deployment period to the south of 10◦ N

and may be related to the stress imparted from the 2004 Aceh earthquake (Cattin et

al., 2009). The ABSC joins with the Sagaing fault in the north and Sumatra fault in

the south (Curray, 2005). Based on the multibeam bathymetry, three segments (A, B

and C) are identified in the ABSC (Kamesh Raju et al., 2004). Segment (B) was found

to be seismically active, and enhanced seismicity is observed over seamounts (SM1 and

SM2) close to segment A. Double-difference relocation of seismicity in the Andaman

Sea (Diehl et al., 2013) also shows enhanced seismicity in segment B and the portions

of segments A and C that are closest to segment B. Some intermediate-depth earth-

quakes observed in the backarc region are not associated with the subducting Indian

plate (Fig. 3.5), and may be of volcano-tectonic origin caused by the shear or tensile

fracture of rocks due to the upward movement of magma. Interestingly, some vertical

compensated-linear-vector-dipole (CLVD) mechanisms were identified in ABSC (Diehl et

al., 2013) also indicating that the earthquakes are of magmatic origin. Further, Kundu

et al. (2012) reported some earthquakes of volcano-tectonic origin in the off Nicobar

region. No intermediate-depth earthquakes are observed in the vicinity of OBS03, as the

region is devoid of deeper seismicity from the Indian plate as well as from volcanism.
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3.9 Summary

� The OBS data acquired over a period of five months detected more than 550

local earthquakes. Shallow depth earthquakes indicate activity of the faults on the

forearc region and the backarc spreading centers.

� 1D velocity model derived after event relocation suggest evidence of continental

type of crust beneath the accretionary prism and fore arc high and Moho depth

of 30 km. Large negative station corrections at ABSC suggest presence of shallow

Moho.

� Slope of the subducting Indian plate show an abrupt increase of dip from 26◦ to

53◦ from the Nicobar to Andaman segment.

� A Seismic gap for intermediate depth earthquakes between 7.5◦ to 9.5◦ is observed.

It is likely due to partial subduction of the NER additionally gap in the volcanic

corroborate the hypothesis.

� I propose three linear trends of seismicity (T1-T3) associated with the ENE-WSW

trending faults of the NER are due to the reactivation of these faults after the 2004

earthquake.

� The sliver strike fault system was active during the period of deployment and

shallow depth earthquake were prevalent on this fault system.
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Chapter 4

Introduction to receiver functions and its

limitation for OBS data

The Andaman-Nicobar subduction zone is seismically very active (Zone 5) owing to sub-

duction of the Indo-Australian plate beneath the Southeast Asian plate. This region

has been studied extensively after the 2004 tsunamigenic earthquake, which caused mas-

sive destruction in India and neighboring countries (Lay et al., 2005). Several studies

explained the mechanism of 26th December 2004 earthquake and estimated rupture ve-

locities along the 1300 km long fault (Ammon et al., 2005; Banerjee et al., 2007; Lay et

al., 2005). To understand the genesis of earthquakes, the knowledge of tectonic processes

and crustal structure is required. One of the widely used technique for estimating Moho

depth and understanding the nature of crust is through the analysis of P-to-S (or S-to-

P) converted wave beneath receivers (Burdick and Langston, 1977; Zhu and Kanamori,

2000). This technique is known as receiver functions (RFs; Owens et al. 1984). A

steeply incident teleseismic P-wave is converted to S-wave at seismic discontinuities and

vice versa. The converted waves are primarily observed on radial component and are

critical in understating the nature of the crust and upper mantle. Deconvolution of

the vertical component from the radial removes the source signature and yields the RF.

The amplitudes and arrival times of the converted phases are modeled using synthetic

seismograms and are inverted to estimate the crustal structure beneath stations. Ampli-

tudes of P-to-S converted waves are smaller than that of the incidence P-waves and using

absolute amplitudes provide a better constraint on the velocity of the crust (Langston,
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1977; Burdick and Langston 1977; Ammon, 1991). The teleseismic RF is widely used for

estimating crustal thickness and Vp/Vs ratio beneath seismological stations. A major

P-to-S conversion occurs at Moho depth due to a large contrast in physical properties;

therefore, the RF is useful for estimating Moho depth (Zandt and Ammon, 1995). RF

had been used in the Andaman Islands to decipher Moho depth and crustal structure

(Rao et al., 2011, Gupta et al., 2016). Based on RFs, Kumar et al. (2016) also proposed

the segmentation and tear faults in the subducting Indian plate.

Lack of receivers away from the Island prohibits the application of RF beneath several

geomorphic features in the Andaman Sea like Alcock and Sewell seamounts, invisible

bank, Andaman backarc spreading center etc. The passive seismic experiment gave an

excellent opportunity to study these structures in the Andaman Sea. In this chapter,

we focus on estimating the crustal structure beneath Alcock seamount. Analysis of free

air gravity data and geological samples over Alcock seamount suggests an oceanic crust

beneath Alcock seamount (Curray, 2005; Radhakrishna et al., 2008). In contrast, a

continental crust is proposed by Morley and Alvey (2015) based on the analysis of satel-

lite gravity data. Therefore, we attempt to estimate the velocity structure beneath the

seamount by analyzing OBS data from a receiver located over Alcock seamount (OBS09)

and resolve the nature of the crust.

The success of teleseismic receiver function depends on the identification of P-to-S con-

version at Moho and its reverberations (PpPs, PsPs+PpSs and PsSs after Ammon, 1991).

However, there are many cases where the RF could not resolve the crustal structure due

to failure in identification of Moho’s reverberations owing to overburden complexity. In

OBS data, the application of RF is further challenged by the presence of water column

and low-velocity sediments (Audet, 2016; Kawakatsu and Abe, 2016). The deconvolu-

tion process becomes unstable due to the presence of water column multiples in OBS

data. In addition, the strong reverberations generated due to low-velocity sediments can

interfere with the identification of converted phases from seismic discontinuities resulting

in failure of RFs (Audet, 2016; Frederiksen and Delaney, 2015). Therefore, the RFs are
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not useful for estimating crustal thickness and Vp/Vs ratio for the OBSs located over

soft sediments.

4.1 Transfer function (TRF) and its applicability for OBS data

Transfer function (TRF) is proposed as an alternative to RF for OBS data, and it

eliminates the dependency on data deconvolution by using model-based deconvolution

(Frederiksen and Delaney, 2015). Vertical and radial Green’s functions are computed

from a model and their ratio is known as transfer function. Radial component can be

estimated by convolving the TRF with vertical component. The estimated radial com-

ponent is compared with the observed one using cross correlation or error function to

determine the misfit. Misfit is computed for a range of models and the model with lowest

misfit is considered to represent the crustal structure beneath the station.

TRF takes into account the shallow sediment reverberations as well as water column

multiples and has been tested for low frequency (< 1 Hz) teleseismic earthquakes (Fred-

eriksen and Delaney, 2015). The method was found to be successful for a large sediment

thickness. In the present study, we tested the method for local earthquakes having a

dominant frequency of 5 Hz. We assumed a four layered model consisting of water col-

umn, soft sediments, crust and mantle, and generated various scenarios by varying the

properties of water column, sediments and crust.

As described in the previous chapters, 12 broadband OBSs were deployed in the An-

daman Sea to understand the crustal structure (Dewangan et al., 2017). Initially, we

tested the TRF methodology on synthetic models representing various scenarios; the test

results show that the crustal properties can be estimated for a large sediment thickness

even in the presence of low-velocity sediment and water column. Later, the methodology

is tested for specific parameters that are representative of Alcock seamount.
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4.1.1 Theory of TRF

Vertical and radial components can be expressed as a convolution of source function with

the corresponding Green’s functions,

r(ω) = s(ω) ∗Gr(ω). (4.1)

z(ω) = s(ω) ∗Gz(ω). (4.2)

Equation 4.1 and 4.2 is represented in Fourier domain and symbol “*” represents multi-

plication. The Fourier spectrum of radial and vertical components is represented by r(ω)

and z(ω), respectively. The corresponding Green’s functions are represented by Gr(ω)

and Gz(ω).

Deconvolution of the vertical component from the radial component yields,

r(ω) =
z(ω)Gr(ω)

Gz(ω)
. (4.3)

In the absence of water column multiples, the vertical Green’s function (Gz) can be

approximated by a δ(t) at t=0 and the radial Gr can be computed as,

Gr(ω) =
r(ω)

z(ω)
. (4.4)

In other words, the radial Green’s function is the ratio of the radial to vertical component

in the frequency domain. This is the basic equation of Receiver function. However, the

deconvolution is unstable in the presence of water column multiples and under noisy

conditions (Audet, 2016). Transfer function (Trz) is similar to receiver function, and is

estimated by the ratio of the radial Green’s function to the vertical Green’s function as,
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r(ω) =
z(ω)Gr(ω)

Gz(ω)
= z(ω)Trz. (4.5)

The ratio is independent of data and depends only on the model parameters; hence, it

is stable even for noisy data.

4.1.2 Methodology for estimating crustal thickness using TRF

A four-layer model comprising of water column, unconsolidated marine sediments, crustal

rocks and mantle was used to test the performance of the transfer function. Each layer

is represented by a P-wave velocity (Vp), a Vp/Vs ratio and a layer thickness. The

following properties were used the layers:

a) Water column: Thickness ranges from 1.6 to 4.1 km as the OBSs are located in deep

waters; velocity of water column is fixed to be 1.5 km/s.

b) Unconsolidated marine sediments: P-wave velocities range from 1.5 to 2.5 km/s and

the S-wave velocities from 0.15 to 1.0 km/s to simulate different Vp/Vs ratios; Densities

of the sediments were calculated from Gardener’s relationship.

c) Crust: P-wave velocities range from 5.0 to 7.5 km/s; Vp/Vs ratios vary from 1.6

to 1.9; Densities were calculated using Nafe-Drake’s curve for given crustal parameters

(Brocher, 2005).

d) Moho: A Vp of 8.1 km/s and Vp/Vs ratio of 1.74 were used to represent Moho. The

parameters used to generate one such synthetic data are listed in Table 4.1.

79



Layer Thickness (km) P wave Velocity (km/s) Vp/Vs

Water column 1.8 1.5 –

Sediment 4 2.8 3.5

Crust 7 6.7 1.86

Moho – 8.1 1.74

Table 4.1. Forward Model to generate synthetic data.

The model was illuminated by an incidence P-wave presumably generated by a local

earthquake. We arbitrary set an incidence angle of 30◦ below Moho interface and cal-

culated the ray parameter (p). The incidence angles of individual layers were computed

using Snell’s law as,

θ = sin−1(p.V p) (4.6)

Radial and vertical Green’s functions were generated using the reflectivity code of Kumar

et al. (2011) assuming that the OBS was located on the seafloor. The Green’s functions

are convolved with a Ricker wavelet to generate the Vertical and Radial component of

synthetic data. Dominant frequencies of local earthquakes vary from 5 to 7 Hz in the

study area (Fig. 4.1a); so, we chose the lower limit of dominant frequency for synthetic

tests.

We illustrate the TRF methodology using an oceanic crust comprising of Gabrros and

MetaGabbros. The following parameters were used for the generation of synthetic data:

water depth was assumed to be 1.8 km; A Vp of 2.5 km/s and a Vp/Vs ratio of 3.5

were used to represent 4-km thick unconsolidated sediments (Hamilton, 1979); A Vp

of 6.7 km/s and a Vp/Vs ratio of 1.86 (Christensen and Salisbury, 1975; Kearey and

Vine, 2013) were used for a 7-km thick oceanic crust. Vertical and radial components

of synthetic data were computed for this model. To check of the TRF methodology,

the radial component was computed from the vertical component using TRF (eq. 4.5)
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for the true model parameters. The calculated radial component match well with the

synthetic one (Figure 4.1c) indicating the stability of the proposed algorithm.

The sediment reverberations dominate the radial component; therefore, we propose a

two-step inversion procedure: Initially, the sediment properties are estimated assuming

absence of crust and then, the crustal parameters are estimated by fixing the sediment

properties.
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Figure 4.1. a)Dominant frequency of earthquakes; b)Blue triangle represents estimated
sedimentary thickness;c)Reflection coefficient (RC) of the predicted and original compo-
nents; d) Cross correlation plot for different models used to generate TRFs obtained after
inversion of crustal properties. Star represents the true solution and triangle represent
predicted solution.
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4.1.2.1 Inversion of sediment properties using transfer function

We used a three-layered model comprising of water column, sediments and Moho for the

inversion of sediment properties. During inversion, the properties of water column and

Moho layer were assumed to be known (Table 4.2). We generated a variety of models by

Layer Thickness (km) P wave Velocity (km/s) Vp/Vs

Water column 1.8 1.5 –

Sediment 1 – 5 1.5 – 4.0 3.5

Crust 7 8.1 1.74

Moho – 8.1 1.74

Table 4.2. Forward Model to generate synthetic data for sediment inversion without
crust.

varying the thickness of the sedimentary layer (hs: 1 to 5 km in steps of 0.05 km) and

P-wave velocity (Vp: 1.5 to 4 km/s in steps of 0.05 km/s). Densities for the layers are

computed using the Gardner’s relationship. In general, the travel time difference between

P and P-to-S phase from a sediment-basement interface (tps) is well constrained in OBS

data; therefore, we use this constraint to calculate the S-wave velocity assuming vertical

ray path as,

V s =
hs

tps+ hs
(4.7)

Using these parameters, we generated the radial and vertical Green’s functions using the

reflectivity code. The radial Green’s function was deconvolved from the vertical one to

compute the TRFs (Eq 4.5) using a robust Matlab function in the frequency domain.

The function is based on Tikhonov deconvolution, which stabilizes the deconvolution

process even for noisy data (Tikhonov and Arsenin, 1977; Petrovic and Parolai, 2016;

Wen and Kalkan, 2017). Theoretical arrival times of the P and S phases was calculated
83



using the ray parameter (p), Vp and thickness (h) (Frederiksen and Bostock, 2000) as,

t = hξp,s; ξp =

√
1

V 2
p

− p2; ξs =

√
1

V 2
s

− p2; (4.8)

The travel times were used to predict the phases on the radial trace. Misfit between

the synthetic and the predicted radial components were estimated using L2 norm. We

also measured similarity using cross-correlation technique between the synthetic and the

predicted radial components. We observed that the misfit is sensitive to the amplitudes

of the converted phases whereas the correlation coefficient is sensitive to the arrival times

of the phases. We obtain a crossplot between the Vp and the thickness of sedimentary

layer, and the models that correspond to minimum misfit and maximum similarity were

accepted. The approach is similar to the thickness (H) − V p/V s(K) stacks of Zhu

and Kanamori (2000) used in receiver function studies. However, the traditional H-K

stacks uses converted phase from Moho (Ps) and its reverberations (PpPs, PsPs+PpSs

and PsSs) and the amplitudes are weighted according to their values. In contrast,

we neither limit the number of phases nor apply any weightage to the amplitudes to

give equal importance to all the phases. The H-Vp plot for the synthetic test shows a

linear trend of high correlation coefficients that correspond to a range of models (Fig.

4.1b). The inversion appears to be non-unique and a range of models can predict the

sedimentary phases. However, a priori information if available can be used to select the

best sedimentary model.

4.1.2.2 Inversion of crustal properties using TRF

A four-layer model comprising of water column, unconsolidated marine sediments, crust

and Moho were used for the inversion of crustal properties. During inversion, the prop-

erties of water column and Moho layer were assumed to be known. The top 20 models

that fit the sediment reverberation phase were used to represent the sediment layer. We
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generated a variety of models by varying the thickness of the crustal layer (4 to 12 km

in an interval of 0.02 km and Vp/Vs ratio (1.6 to 1.9 at an interval of 0.05). The P-wave

velocity is fixed to be 6.5 km/s. Density of crustal layer was obtained from Nafe-Drake’s

curve (Brocher, 2005). The model parameters are listed in Table 4.3. Radial and verti-

Layer Thickness (km) P wave Velocity (km/s) Vp/Vs

Water column 1.8 1.5 –

Sediment Top twenty models Velocities of the models

Crust 4 – 12 6.7 1.6 – 1.9

Moho – 8.1 1.74

Table 4.3. Forward Model to generate synthetic data for inversion of crustal properties.

cal components of the Green’s functions were generated for each model using reflectivity

code and the TRF were computed. The TRF were used to predict the radial component

from the vertical component. The misfit and cross correlation function were calculated

for the range of crustal parameters and are plotted as a function of thickness (H) and

Vp/Vs (K) ratio (Fig. 4.1d). The estimated crustal thickness and Vp/Vs ratio are 6.88

and 1.85, respectively which is close to the correct value of crustal thickness and Vp/Vs

ratio. We observed that the crustal inversion is unique for all the selected sedimentary

models and hence, the selection of a sedimentary model is not critical.

Next, we plotted the estimated and observed radial Green’s functions for the best fit

model (Fig. 4.2) to visually inspect the mismatch between them. We also plotted the

Green’s function for a model where the velocities of crust are replaced with those of Moho

to facilitate identification of sediment reverberations. We can identify a high amplitude

phase at 3.59 s after the initial Pp phase (fixed at zero time) which corresponds to con-

verted phase (Ps) from the sediment-basement interface. The P to S converted phase

from Moho is observed at 4.55 s and can be distinguished from the sediment phases. The

intra crustal reverberations arrive before the Ps phase and water column multiples which
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primarily dominate the vertical component are also observed on the radial component.

4.2 Synthetic tests to assess the stability and reliability of TRF for OBS

experiment

Effect of water column thickness, sediments and crustal properties on the stability and

reliability of the proposed inversion methodology is studied using numerous synthetic

tests.

4.2.1 Effect of water column thickness on TRF

To study the effect of varying water column thickness, we chose a model comprising of

water column, 4-km thick sedimentary layer, 7-km thick crustal layer and Moho. The

layer parameters and inversion methodology is similar to initial synthetic test. The

thickness of water column was varied from 1 to 4 km at an interval of 1 km (Figs. 4.3

a-d). The TRF methodology estimates the correct crustal thickness of 7 km and Vp/Vs

of 1.85 for all water depths. The correlation coefficient is high (> 0.8) suggesting good

match between the predicted and observed radial components. Therefore, the water

depths have negligible effect on the TRF methodology.
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Figure 4.2. a)Correlation coefficient plot obtained after crustal inversion. Radial Green’s
function plot shows the intra-crustal reverberation(ICR) and Water column reverbera-
tions(WR). 1 and 2 are the Ps conversions from sediment-crust and crust-Moho inter-
faces.
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Figure 4.3. Results after crustal inversion. Maximum correlation is at a depth of ∼7
km. a-d represent the variable water depth of 1–4 km respectively.
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4.2.2 Effect of varying thickness of sedimentary layer

A thin layer of unconsolidated sediment generates strong reverberations that may in-

terfere with the converted phases from the deeper interfaces leading to failure of re-

ceiver/transfer function technique (Audet, 2016). In previous synthetic tests, a large

sediment thickness (4 km) was considered which does not adversely affect the TRF. We

systematically decreased the sediment thickness in steps of 1 km down to a thickness of

1 km (Fig 4.4a-f) while the other parameters remained unchanged. The radial Green’s

function is plotted to understand the interference of sediment reverberation with Moho

phase. For a 1-km thick sedimentary layer, the converted phase (Ps) from the sediment-

basement interface arrives at 0.9 s while the Ps conversion from Moho arrives at 1.85

s. The sediment reverberation follows the main Ps phase at 1.6 s, 2.5 s, 3.4 s and

so on. Likewise, we can identify the converted phases from basement and Moho for

larger sediment thicknesses (2 and 3 km). It is evident that the arrival times of sedi-

ment reverberation phases increase with thickness of sedimentary layer. The theoretical

calculation of arrival times for various phases using eq. (4.8) further validates our obser-

vations. Interestingly, the first sediment reverberation phase is partially superimposed

on the Moho phase for 1-km thick sediment and the identification of Moho reverberation

phases is difficult. Therefore, the constraint is poor on Vp/Vs ratio. As the sediment

thickness increases, we get a better constraint on Vp/Vs ratio.

We further reduced the sedimentary thickness to 750, 500, 250 and 100 m (Fig. 4.5a–h).

It is expected that the interference of sediment reverberation phase with Moho phase will

be more severe for thin sedimentary layer. A thickness of 750 m is still capable to resolve

the crustal parameter with more uncertainty in Vp/Vs ratios. Multiple linear trends are

observed near the true solution for lower sediment thickness and it gets progressively

difficult to differentiate the Moho phase from sediment reverberation. A wide range of

solutions is observed for a low sediment thickness of 100 m. High amplitude sediment

reverberations dominate the radial component and the TRF fails to estimate the crustal

parameter without any apriori information.
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The effect of shallow sediments on local as well as teleseismic earthquakes remains the

same. Decreasing sedimentary thickness cause the reverberations to appear more fre-

quently, thereby the identification the crustal phases is difficult. We can possibly estimate

the crustal parameter up to a thickness of 250 m with apriori information about Vp/Vs

ratio. The thickness is equivalent to one wavelength (assuming a velocity of 1500 m/s

and a dominant frequency of 5 Hz). The TRF methodology is unstable for thin sedimen-

tary layers. The traditional H-k stacks also produces unreliable image of the crust due to

the interference of high amplitude sediment reverberations (Langston, 2011, Tao et al.,

2011). Further, the amplitudes of converted waves from the sediments are larger than

that of deeper interface and it will mask the main arrivals leading to unreliable results

(Langston, 2011). Similar conclusion is also drawn by Audet (2016) who tested the TRF

methodology for a sedimentary thickness of 400 m and found that the radial component

contains several peaks of PS conversions occurring due to sediment reverberations.
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Figure 4.4. Cross correlation plot(right a-c) and corresponding Green’s functions(left
d-f) for sedimentary thickness of 3, 2 and 1 km (Top to Bottom) respectively. Inverted
black arrow represents the first Ps reverberation from the sediment-crust interface.
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Figure 4.5. Cross correlation plot(right a-d) and corresponding Green’s functions(left
e-h) for sedimentary thickness of 750, 500, 250 and 100 m (Top to Bottom) respectively.
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4.2.3 Effect of crustal thickness on TRF

We also varied the crustal thickness from 7 to 11 km in steps of 2 km while other

parameters remained unchanged from the initial model. The TRF was found to be

stable for all crustal thickness models with high correlation coefficients (> 0.7) (Figs

4.6 a-f). Therefore, we conclude that the methodology is valid for a range of crustal

thickness.

4.2.4 Effect of different crustal configurations

We intend to test TRF for estimating crustal structure beneath Alcock seamount using

local earthquakes data from OBS09. Therefore, we performed synthetic tests for different

plausible crustal models beneath Alcock seamount: (a) a thickened oceanic crust, (b)

a stretched continental crust and (c) a dual-layered oceanic crust. OBS09 was located

over 500 m-thick sediments which show an average velocity of 2.6 km/s. The thickness

and velocity of the sediments were calculated from multichannel seismic data acquired

by GSI over Alcock seamount. The water depth was known to be 2.2 km above OBS09

(Dewangan et al., 2018). Following the TRF methodology, we first estimated the prop-

erties of sedimentary layer. Later, we estimated the thickness and Vp/Vs ratio of crustal

layer by fixing the sediment properties.

4.2.4.1 Inversion of a thickened oceanic crust

A thickened oceanic crust of Middle-to-Late Miocene age is proposed by Curray (2005,

2015). We assume the velocities of an oceanic crust and a layer thickness of 12 km for

the synthetic test. Several local maxima and multiple trends of high cross correlation

are observed due to interference of sediment reverberations (Fig. 4.7); the best model

based on maximum correlation shows a crustal thickness of 12.08 km and a Vp/Vs ratio

of 1.85. For this model, we could identify the P-to-S conversion from Moho; however,

its reverberation cannot be resolved. As a result, there is significant trade off between
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crustal thickness and Vp/Vs ratio. We can minimize the effect of sediment reverberation

by using a short duration window centered on Moho phase.

4.2.4.2 Inversion of a stretched continental crust

A stretched continental crust is proposed by Morley and Alvey (2015) beneath Alcock

seamount based on the analysis of satellite gravity data. We assumed crustal properties

of a stretched continental crust model with thickness of 15 km and Vp/Vs ratio of 1.71

(Christensen and Mooney, 1995). The correlation plot again shows several local maxima

and multiple trends of high correlation; however, we could identify the P-to-S conversion

from Moho. The synthetic tests show that it is not possible to estimate the thickness and

Vp/Vs ratio uniquely in the presence of a thin sedimentary layer; however, the correlation

function can help in identifying Moho phase. We can improvise TRF algorithm by using

an amplitude misfit function in the vicinity of identified Moho phase.

4.2.4.3 Inversion of a dual-layered oceanic crust

The above synthetic tests assume a homogeneous oceanic or continental crust; however,

crusts have multiple layers. We generated synthetic data for a dual-layered oceanic crust,

but performed inversion assuming a single layer crust. The parameters corresponding to

layer 2 and 3 of oceanic crust were used to generate one such synthetic data. To avoid

the complexity of sediment reverberations, we chose a large sediment thickness of 4 km.

We chose thicknesses of 2 and 6 km for upper and lower crusts, respectively. Velocities of

the layers were assumed to be 5 and 6.7 km/s, respectively which correspond to velocities

of layer 2 and 3 of an oceanic crust (Kearey and Vine, 2013). The TRF inversion shows

prominent trends at two different depths which correspond to depths of upper and lower

crusts with a Vp/Vs ratio of 1.8 (Fig. 4.8a-d).

The trends help in identifying P-to-S conversion phase from both the layers. The cross-

correlation misfit function predicts a crustal thickness for homogeneous layer as the

inversion was carried out for a single layer. The depths of first layer vary between 2
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and 3 km as the medium was represented by an average velocity which differs from

true velocities. Likewise, the depths for second trend vary between 7 and 8 km. Thus,

the identification of different layers within the crust is possible in TRF inversion. The

algorithm needs to be modified for a dual-layered crust to get correct depths for both

the layers.

95



- 0.2

0

 0.2

 0.4

   0.3

  0.1

- 0.1

 - 0.3

 0.5

- 0.2

0

 0.2

 
   0.4

 0.6

Re
�e

ct
ivi

ty
Re

�e
ct

ivi
ty

- 0.2

0.1

 0.3

 0.5

   0.4

  0.2

- 0.1

 0.6

   0Re
�e

ct
ivi

ty

Radial GFs plot with Moho (black), estimated Moho (red) and Crust (blue)

 - 0.3

- 0.4

- 0.4

0 5 10 15

12

10

8

6

4

Cr
us

ta
l T

hi
ck

ne
ss

 (k
m

)

12

10

8

6

4

Cross-correlation

d

e

f

1.6 1.7 1.8 1.9

a 0.85

0.8

0.75

0.7

0.65

0.6

0.55

Cr
us

ta
l T

hi
ck

ne
ss

 (k
m

)

1.6 1.7 1.8 1.9

b 0.85

0.8

0.75

0.7

0.65

0.6

0.55

           Vp/Vs

Cr
us

ta
l T

hi
ck

ne
ss

 (k
m

)

12

10

8

6

4

1.6 1.7 1.8 1.9

c 0.85

0.8

0.75

0.7

0.65

0.6

0.55

Figure 4.6. Cross correlation plot and the corresponding Green’s functions. Thickness
(km) of the crust increased in steps between 7 and 11 km (a-c). The black arrow represent
the Moho phase on the Green’s function plot.

96



Figure 4.7. The blue triangle on the correlation plot(Top) is the predicted solution(∼12
km). High correlation values due to shallow sediment thickness.
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Figure 4.8. Dual layered Oceanic Crust. The blue triangle represent the predicted
solution and the stars are the original solutions. Black arrow marks the Moho phase.

98



4.3 Application of TRF for estimating crustal configuration beneath Alcock

seamount

The Andaman-Nicobar subduction zone is seismically active due to the subduction of

Indian plate beneath Burmese plate. To understand the genesis of earthquakes, the

knowledge of tectonic processes and crustal structure is required. Two important ge-

omorphic features i.e., Alcock and Sewell seamounts are present in the backarc basin.

These seamounts were together during Miocene, and got separated due to rifting that

initiated around 4 myr ago (Kamesh Raju et al., 2004). Alcock and Sewell seamounts

show numerous dyke intrusions which might have occurred during rifting phase of the

central Andaman basin (Curray, 2005; Kamesh Raju et al., 2004). The nature of crust

beneath these seamounts is highly debated. Dredging samples at Alcock seamount show

20 myr old tholeitic basalt of volcanic origin (Curray, 2005); therefore, Curray (2005)

proposed that the crust beneath Alcock seamount is oceanic. However, Morley and Alvey

(2015) interpreted a continental crust beneath Alcock and Sewell seamounts based on

the crustal thickness derived from satellite gravity data. We attempt to address this

ambiguity and decipher the nature of the crust beneath the Alcock seamount. One of

the OBS stations (OBS09) was deployed over Alcock seamount at a depth of 2264 m.

We applied the proposed TRF methodology on local earthquakes detected by OBS09 to

obtain crustal velocities beneath Alcock seamount.

4.3.1 Selection of Events

We selected events for TRF methodology based on the following criteria: (a) a clear

onset of P phase on the vertical component and the converted phases on the horizontal

components, (b) events should be deeper than 40 km, and (c) epicentral distance of event

should be less than 100 km for good signal-to-noise ratio. We identified about thirty

events that meet these criteria and manually examined the events for the signal-to-noise

ratio. Finally, we selected about nine events with good signal-to-noise ratio for inversion.
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4.3.2 Rotation of the components

The orientation of OBS was calculated using Rayleigh wave polarization analysis as dis-

cussed in Chapter 2. Next, we rotate the horizontal components to radial and transverse

components using back azimuth information as,

R
T

 =

 cosθ sinθ

−sinθ cosθ

E −W
N − S


where R and T are radial and transverse components, θ is the back-azimuth, E-W and

N-S are the East-West and the North-South components.

4.3.3 Estimation of sediment properties from the field data

After rotation, we followed the proposed TRF methodology for the inversion of sediment

velocities and thickness. We used a three-layered model comprising of water column,

sediments and Moho for the inversion. A set of TRFs is generated for all plausible

sediment models by varying both the P-wave velocity from 1.8 km/s to 4.0 km/s in

steps of 0.05 km/s and the sediment thickness from 0.1 km to 1 km in steps of 0.001 km.

The S-wave velocities were computed such that they predict the travel time difference

between P and P to S converted wave (tps) which is ∼1.4 s for OBS09. Densities of

sediments were calculated using Gardner’s relationship. While locating the earthquake,

the angle of incidence was calculated and we used the same angle to generate vertical and

radial Green’s function. The functions were used for computing TRFs using equation

4.4. The TRFs were convolved with the modified pressure component to estimate the

radial component instead of vertical component as it was contaminated with S-phases.

The exact reason for the observed S-phases is unknown, but it may be related to tilt

of the OBS. The pressure component was modified by adjusting the polarity of water

column reverberations. Figure 4.9 shows the result of sediment inversion, and a range
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of thickness from 170 to 300 m is obtained. We selected top ten models based on high

correlation coefficients for inversion of crustal parameters. The site characterization at

OBS09 using horizontal-to-vertical spectral ratio also indicates the presence of a thin

sedimentary layer (Dewangan et al., 2018).

Figure 4.9. Result of sediment inversion using field data. Blue triangle shows the best
model.
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4.3.4 Estimation of crustal parameters from field data

We adopted the same methodology for crustal inversion as demonstrated during synthetic

tests. A four-layer model comprising of water column, unconsolidated marine sediments,

crust and Moho were used for inversion. During inversion, the properties of water column

and Moho layer were assumed to be known and sediment properties were obtained from

the previous step. All possible crustal models were generated by varying the thickness

from 4 to 20 km in steps of 0.2 km and Vp/Vs ratio from 1.6 to 1.9 in steps of 0.05.

Again, we used the modified pressure component instead of the vertical component

for computing the radial component. The cross-correlation misfit function reveals two

prominent trends with high correlation coefficients (> 0.75) at depths of 7.5 km and

12.5 km (Fig. 4.10). We checked these high cross-correlation values and found that they

correspond to P-to-S conversion from Moho phases. As expected, the Vp/Vs ratio is not

constrained, but the depths are constrained within two km. The inversion results show

the presence of a dual-layered crust beneath Alcock seamount.
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Figure 4.10. Cross correlation plot obtained after inversion of a single layer crust. Black
triangle and diamond represent the presumed layer boundaries of a two layered crust.
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4.3.5 Estimating the properties of the dual-layer crust

We identified the arrival times of P-to-S converted phase from the first layer (H1 phase)

and the second layer (H2 phase) for all the events. We varied the P-wave velocities

of the first and second layers from 4 and 7.9 km/s in steps of 0.1 km/s. The S-wave

velocities were estimated assuming a Vp/Vs ratio of 1.75. For each velocity, we calculate

the thickness of both the layers such that it predicts the corresponding arrival times of

the P-to-S converted phases. Densities were computed from P wave velocities using Nafe

and Drakes curve (Brocher, 2016). The TRFs were generated for all models and they

were convolved with the modified pressure component to calculate the radial component.

Next, we computed the amplitude misfit function using the predicted and observed radial

components for both the H1 and H2 phases as a function of P-wave velocities (Fig. 4.11).

The misfit for H2 phase largely depends on the properties of Moho and lower crust and

can be used to estimate the P-wave velocity of the lower crust. Similarly, the misfit

for H1 phase depends on the properties of lower and upper crusts and can be used

to estimate the P-wave velocity of upper crust from the velocity of lower crust. This

methodology was followed to estimate the velocities of upper and lower crusts. We

repeated the procedure for different events and estimated the velocity structure beneath

Alcock seamount. The observed and predicted radial components for all other events

are shown in Fig. 4.12 and 4.13.

The onset of sediment phase, H1 phase and H2 phase are shown in the figure; the

sediment phase is predicted well by the estimated velocity model and a respectable fit

is observed for the H1 and H2 phases. The velocity models reveal Moho at a depth of

∼15 km from sea level (Fig.4.14). The average thickness and velocity of upper crust are

estimated to be ∼7 km and∼5.7 km/s, respectively. Likewise, the average thickness and

velocity of lower crust are ∼5.5 km and ∼7.3 km/s, respectively.
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Figure 4.11. Calculated amplitude misfits for two layers (Top) and (Bottom) the radial
components of the predicted and original field data.
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Figure 4.13. Radial components of predicted and original data of eight local
earthquakes.
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Figure 4.14. Velocity profile beneath Alcock seamount. Vp and Vs are the P and S
wave velocities for the selected nine earthquakes. Red colored bold line represent mean
P wave velocity model.
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4.4 Crustal configuration beneath Alcock seamount from active OBS data

A multichannel seismic survey (MCS) was carried out over Alcock seamount by Geo-

logical Survey of India onboard R/V Samudra Ratnakar during the OBS deployment

period (Fig. 4.15). The processed seismic section shows that OBS09 is located in a

valley which has a thin sediment layer (300–400 m) over the basement (Fig 4.16). The

OBS09 recorded the signals from active shots used in the MCS survey. We used GPS

time and location of the shots, provided by Geological survey of India (GSI), to identify

the direct and refracted arrivals in OBS data. We observed a minimum offset of ∼18 km

and a maximum offset of ∼149 km for the seismic line P002. We processed active OBS

data to enhance the direct and refracted arrivals using the flow in Fig.4.17. The OBS

record of ∼150 s was extracted from a continuous record for each shot and a shot gather

was generated for OBS09. The shot gathers consisted of four components: pressure,

vertical, and two horizontal components. A four-pole bandpass filter was applied to raw

data to improve the signal-to-noise ratio in a frequency range of 0.1 to 45 Hz. The

OBS records were converted in to SEG-Y format and imported to ProMAX software for

further processing. The direct arrivals are clearly visible on the pressure shot gather in

a band pass filter of 3 to 15 Hz (Fig. 4.18). We picked the direct arrivals using ProMAX

software, and found that the arrival times can be predicted using a constant velocity of

1480 m/s. The above observation suggests that direct arrivals are indeed coming from

the active shots operated during the MCS survey in the Andaman Sea. We observed

a strong refraction in the OBS data (Fig. 4.19) from 16 to 30 s which travels with a

velocity of 5.8 km/s. Interestingly, the basement velocity from active OBS record is close

to the upper crust velocity derived from the inversion of local earthquakes. The MCS

survey was not planned for an active OBS experiment; therefore, the source parameters

were not optimum for generating strong refractions from deeper reflectors. Hence, the

refractions from lower crust and Moho are not observed in OBS data and we could not

validate the velocity of lower crust. The nature of the crust beneath Alcock seamount

is debatable due to the lack sufficient geological and geophysical data. We present for
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the first time velocity model beneath Alcock seamount. The model shows a dual-layered

crust with a Moho at ∼15 km depth. The dredging samples over the Alcock seamount

show tholeitic basalt formed around 20 Myr ago (Curray, 2005); therefore, the upper

crust is probably of volcanic origin. The lower crust may represent an oceanic crust or

a stretched continental crust. The high P-wave velocity of 7.3 km/s for the lower crust

may be interpreted as an oceanic crust (Layer 3) comprising of metagabbros (Keary and

Vine 1998). Although, the higher velocity of the lower crust may also be associated with

underplated continental crust and similar velocities have been reported from the main

Ethiopian rift (Mackenzie et al., 2005). Due to a small thickness of lower crust (∼5.5

km), it is more likely to be an oceanic crust rather than a continental crust. The analysis

of gravity profile across the seamount shows a similar crustal thickness with Moho at

15–20 km and a 3–5 km of a volcanic layer (Radhakrishna et al., 2008), thus supporting

the hypothesis of oceanic crust beneath Alcock seamount.
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Figure 4.15. The red colored straight line shows the MCS line acquired over Alcock
seamount. The numbers on the line represent the CDP numbers.
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Figure 4.16. Processed seismic section (courtesy: Geological Survey of India). Inverted
triangle represent position of OBS 09.
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Figure 4.17. Flow chart to convert active OBS record to identify the refracted arrivals.
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Figure 4.18. The X and Y axes represent shot numbers and time in seconds respectively.
Blue colored continuous line shows the modeled direct arrivals overlapped on the field
data.
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Figure 4.19. The X and Y axes represent shot numbers and time in seconds respectively.
Red colored continuous line shows the modeled refracted arrivals overlapped on field
data.
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4.5 Summary

� To estimate the nature and crustal thickness of the Alcock seamount I used TRF

using local earthquakes. I tested TRF on synthetic data to examine the perfor-

mance for different geological setting and then applied on field data.

� The inversion was carried out in two steps: First for sedimentary thickness as-

suming a three-layered model comprising of water column, Sediments, and Moho

without crust. In the second step it was inverted for the crustal thickness using a

four layered model including the crust.

� Synthetic test shows the inversion had negligible effect due variation of water col-

umn and crustal thickness. Also, it is independent on the nature of the crust.

� Sediment thickness has a dominant role in the inversion. Large sediment thickness

does not affect the inversion whereas reverberation from shallow sediment thickness

makes the Green’s function oscillatory and thereby multiple local minima.

� Field tests reveal a crustal model comprising of 170m of sediment thick thickness

and two layers of crust. The Moho beneath Alcock seamount is at a depth of 15

km.
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Chapter 5

Conclusion

Several studies were undertaken after the major tsunamigenic earthquake on 26 Decem-

ber, 2004 to understand the tectonic setting of the Andaman-Nicobar subduction zone.

However, the studies were based on the main shock and aftershock earthquakes recorded

by the global network. A detailed investigation of the tectonics of the Andaman Sea suf-

fered due to lack of observatories in the Andaman Sea. Therefore, an OBS experiment

was carried out by CSIR-National Institute of Oceanography to understand the local

seismicity and local crustal structures. The OBS experiment forms the basis of my PhD

thesis. To study the local seismicity, it was critical to analyze the local ambient noise

in the Andaman Sea. Therefore, I carried out preliminary noise analysis and important

findings of the study are summarized below:

� The PPSDs of the ambient noise show that the noise level is within the NLNM

and NHNM for short periods (< 20 s). The PPSDs for very long periods (> 20 s)

show increased noise probably due to the noise generated by the instrument.

� The peak associated with secondary microseisms at 4 s for the stations (OBS01,

OBS12, OBS03, and OBS11) closer to the Andaman and Nicobar Islands suggesting

that the noise is strongest along the coastlines. The stations away from the coast

(OBS02, OBS05, OBS06, and OBS07) show a small peak at 1 s which is probably

due to the interaction of ocean waves at the ocean surface.

� The strength of the noise varies temporally and shows a strong correlation with

the SWH, indicating that wave height may govern the generation of secondary
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microseism noise along the coast. No such correlation is observed for the primary

microseisms.

� The ambient noise is lowest between the periods 0.1 and 1 s which gives the best

signal-to-noise ratio for local earthquakes. The noise increases again for very short

periods (< 0.1 s) which might be due to the efficient propagation of earthquake

energy through the low attenuation oceanic crust.

� In general, the long period ambient noise decreases from the ocean to the is-

land/coastal and continental stations. However, the microseismic noise is com-

parable between the OBS’s and island stations but decreases by 20 dB for the

coastal and continental stations. The noise in the Andaman region is smaller by

10 to 20 dB as compared to that observed in the western Indian Ocean.

� Orientation of the OBS’s were performed using Rayleigh wave polarizations of

thirty teleseismic earthquakes which was beneficial for the third objective.

I registered the local earthquake events and located the events using SEISAN, earthquake

processing software. I also studied the influence of NER in modulating the seismicity of

the region in the vicinity of the trench. The major findings of the local seismicity are

summarized below:

� The local seismicity in the Andaman region as observed in this study is similar

to that recorded immediately after the 2004 Aceh earthquake. The seismicity

along the trench shows a gap around 10◦ N coinciding with bathymetric depression

observed close to the Little Andaman Islands. A linear trend is observed in the

shallow-depth earthquakes which marks the abrupt termination of the seismicity

along the trench. This barrier also caused a decrease in coseismic displacement for

the 2004 Aceh earthquake.

� The analysis of local earthquakes recorded by the OBS and ISLANDS networks

from 26th December 2013 to 15th May 2014 showed the presence of intermediate-

depth earthquakes which defines the geometry of the subducting Indian plate. An
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increase in dip from 26◦ in the Nicobar segment to 53◦ in the Andaman segment

is observed from local seismicity. The increase in dip of the subducting plate may

be attributed to the increase in age of the slab and the increased obliquity of plate

motion from the Nicobar to Andaman segments.

� A gap in seismicity of the subducting Indian plate is also observed between 7.5◦

N and 9.5◦ N at depths greater than 100 km that may be attributed to partial

subduction of NER. Further, multibeam bathymetry data from this zone show no

evidence of volcanism. The partial subduction of NER may enhance the mechanical

coupling between the Indian plate and the Burmese plates in the Nicobar segment,

which may cause high magnitude earthquakes in this region.

� The shallow seismicity shows some active shallow faults like ANF, EMF, DF

and ABSC. We also proposed some trends (T1-T3) which may be related to re-

activation of ENE-WSW oriented faults of the partially subducted NER. The focal

mechanisms from the global catalog also indicate the presence of ENE-WSW ori-

ented strike-slip faults extending on both sides of the trench.

� The sliver fault system comprising the ABSC, ANF and the Seulimeum strands

of the Sumatra fault was active during the deployment period. In addition, some

earthquakes are observed along the EMF and DF to the south of 10◦ N and may

be related to the stress imparted from the 2004 Aceh earthquake (Cattin et al.,

2009).

� Some intermediate-depth earthquakes which are not related to subduction of the

Indian plate are observed in the Andaman backarc region, and may represent

earthquakes of volcano-tectonic origin. We used the local seismicity to infer 1D

velocity model using VELEST and obtained the variation of Moho depth in the

Andaman Sea. Some important results derived from this study are as follows:

� The minimum 1D velocity model obtained from VELEST suggests the presence of
119



Moho at the depth of about 30 km, and continental like crust is indicated beneath

the accretionary prism and forearc high.

� The shallowing of Moho is observed away from the Andaman and Nicobar Islands.

Small station corrections are observed for Island stations and OBS 02 and 03.

Alcock and Sewell seamounts also large negative station correction values.

RF is generally used to decipher crustal configurations however; the deconvolution is not

stable under noisy conditions also shallow sediment reverberations produce deceiving

images. Therefore, we developed TRF methodology and used local earthquakes to un-

derstand the crustal structure beneath Alcock seamount and later validated the results

with active data. Major findings include:

� Based on the synthetic tests, we proposed the following modifications in the TRF

methodology for the field data: i) estimate sediment properties assuming no crustal

layer, ii) model sediment reverberations and identify the crustal phases on radial

component, iii) use amplitude misfit function near the identified crustal phases to

estimate crustal thickness assuming a reasonable value of Vp/Vs ratio.

� Synthetic tests of varying crustal thickness, nature of crust, water column has

negligible effect on the inversion.

� Large sediment thickness also did not affect the inversion. However, shallow sedi-

ment thickness produces multiple local minima.

� We applied the modified TRF methodology to the local earthquakes data at OBS09

and found evidence of two-layer crusts beneath Alcock seamount.

� The thickness of sedimentary layer varies from 170 to 300 m. Depths of the upper

and lower crusts are about 9.5 km and 15 km, respectively while velocities are 5.5

and 7.3 km/s.

� The Vp/Vs for these layers is not constrained due to sediment reverberations;

therefore, S wave velocities are calculated assuming a constant Vp/Vs of 1.74. We
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validated the velocity of the upper crust using refraction travel times from an active

OBS experiment. The analysis of velocity model along with published results of

gravity modeling suggests an oceanic crust beneath Alcock seamount.

Future Studies My work was primarily focused to build a 1D average velocity model

of the study area and local velocity model using TRF’s. The proposed models are de-

veloped using P wave arrivals. However, due to sediment reverberations S wave velocity

model was limited.

This work can be extended for further investigations such as using S wave dispersion

curves to produce a shear wave velocity model. The methodolgy of TRF’s can be ex-

tended using teleseismic earthquakes for deciphering deeper information.

Digital Data and Codes Digital data and matlab codes used to process the data are

included in a compatible disk along with the thesis.
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