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Abstract 

 

The crust is the outermost shell of our Earth, primarily made up of igneous, 

metamorphic, and sedimentary rocks. The contact of the crust and upper most mantle 

is termed as Moho named after Andrija Mohorovičić who first detected it almost a 

century ago in 1910, and since then it has become a fundamental first order 

discontinuity of our Earth. The structure and nature of the Moho constitute a key 

element in understanding the physics behind the dynamic processes acting in the 

Earth's interior. It is generally one of the most important boundaries in theories of 

isostasy, orogenesis and constrains models of early Earth evolution. Seismically, it has 

been observed that the crust can be subdivided into three major layers - the upper 

crust (mostly felsic), middle crust (intermediate in composition) and the lower crust 

(mostly mafic). There are different models, mostly derived from seismic studies, exist 

to describe the nature and composition of global crust. Interestingly, the seismic 

characteristics of the crust from diverse geological provinces exhibit differences, 

suggesting that their processes of evolution could be different. Such variation in 

crustal thickness with age in fact explains the evidence of a secular change in crust 

formation mechanisms, a widely debated topic in earth sciences. However, the end 

member models for the mechanism for crustal formation advocate horizontal or 

vertical accretion. 

 Another intriguing feature and ongoing debate in crustal evolution is about the 

base of the crust i.e. Moho – its nature and vertical extent (sharp or diffused). In order 

to understand the nature of Moho, the most important parameters are its morphology, 

compressional- and shear- wave velocity contrasts, which govern its coupling with 

mantle and its genesis. It was the job of the deep seismic refraction/reflection methods 

to provide its nature, using the uppermost mantle velocities by the observations of Pn 

and Sn phases. However, in most cases, observing enough sub-Moho phases are a 

challenging job because of their weak amplitudes and mixing with crustal Pg phases. 

 In the present thesis, the above mentioned geodynamic questions have been 

attempted. In order to do so, the crustal structures of the Indian continent and mid-

oceanic ridges have been investigated using receiver function analysis. The method 

utilizes the converted phases arising from compressional-to-shear (P-to-s) waves from 

the earthquakes of teleseismic distance range. This method is routinely used world-
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wide to decipher the crust and mantle structures. In order to estimate the crustal 

parameters for the Indian shield using large amount of seismological waveforms 

(from 82 broadband seismic stations) have been used. Further, a large number of data 

have been supplemented by the available published results. To get meaning full 

geological models, the receiver functions are first treated with a simple grid search 

technique to find 1D models and then the stacks are inverted using inversion schemes 

to get the velocity functions within the crust. The results indicate that the crustal 

thickness of Indian shield varies from ~30 to 50 km and Vp/Vs ranges from ~1.68 to 

1.95. As the Indian shield is a mosaic of diverse terrains bearing the imprints of 

various tectonic episodes in geological history from Archean to the late Proterozoic 

eon, the bulk crustal properties may be related to the regional tectonics. Most part of 

the cratons are exposed, some large parts are buried under the Deccan volcanic and 

the Indo-Gangetic sediments in the west and north, respectively. The preservation of 

oldest rocks provides a unique opportunity to elucidate the secular change in 

mechanisms for the crust formation and its alteration. The crustal structure of Indian 

sub-continent has already been attempted by various workers in the past using seismic 

and seismological methods. However, few attempts have been made to understand the 

nature of continental crust and its evolution in a comprehensive manner. Obtaining a 

comprehensive picture of the crustal structure and nature of Moho in terms of the 

secular variation of the crust formation remains an important task. 

 Our results suggest that there exists a secular variation for the crust formation 

in Indian crust. If we assume that the ages of the rocks coincide with the crust 

formation, and then the temporal progression can be linked to the bulk crustal 

parameters, i.e., bulk crustal thickness and bulk Poisson’s ratio. The results from the 

cratonic parts reveal that the crustal thickness and bulk composition are anti-

correlated i. e. with increase in bulk crustal thickness the bulk Vp/Vs decreases. This 

implies that the crust gradually became mafic and more compositionally evolved after 

its formation. However, the temporal variation of bulk crustal thickness indicates a 

different scenario where the crust has lost most of its part after its formation mostly in 

Proterozoic, contrary to the idea that the late Archean crust is often referred as a 

transition between thin-felsic (thin and felsic) to thick-mafic (thick and mafic) 

Proterozoic crust. Also, we suggest that the initial process of the crust formation 

might have been mostly dominated by horizontal accretion process with significant 

magmatic activity. The Indian Archean crust was much thicker initially and 
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subsequently thinned. The result also suggests that the thick crust corresponds to 

lower heat flow and intermediate in composition, implying that the lower crust is 

thicker than the global average. Conversely, the thinner crust in subsequent times has 

a higher heat-flow, implying that it is intermediate to mafic composition due to a 

thinner mid and/or upper crust. This could have happened during the late Archean, 

due to production of more radiogenic abundances as a result of vertical magmatic 

activity involving fractional crystallization. 

 In order to attempt the second problem regarding the nature of Moho, a 

methodology has been adopted to estimate the shear-wave velocity contrast across it. 

The method uses transmitted P-to-s wave amplitude variations with ray-parameter, 

similar to the AVO technique of exploration seismology. Such attempt is first of its 

kind in a comprehensive manner for a continental crust. The shear-wave velocity 

contrast map () clearly reveals that the Indian Moho is highly variable for P-to-s 

conversion coefficient. It varies from 0.08 to 1.1 km/s. The δβ across the Moho 

beneath Deccan Volcanic Province δβ is ~0.67 km/s. These variations in δβ are 

proportion to the transition in the lower crust that implies that the seismological 

nature of the Moho undergoes a long evolutionary process since its genesis until they 

became stable continental block. The origin for such transition in Moho is either due 

to the fact that Indian mantle is fertile or due to the underplating of magmatic 

materials fed by the plumes. 

 The continental crust has evolved and survived billions of years, however, to 

understand the details of the mechanisms prevailed over the geological time, it is also 

necessary to understand the structure and composition of oceanic crust which are 

comparatively much younger. Most of our knowledge about the oceanic crust comes 

from active seismic observations using the Ocean Bottom Seismometer data. 

However, in the recent times seismological studies such as surface wave dispersion 

and receiver functions analysis have also been used to decipher the oceanic 

lithospheric structure. Here, we present the seismic structure and composition of the 

oceanic crust from 5 island locations which are nearer to the mid-oceanic ridges using 

receiver function studies. The oceanic crust near mid-oceanic ridges varies from ~10-

19 km for the age of ~3-19 Ma. In all the places the lower crusts have been found 

gradation in nature with higher shear-wave velocity. 
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Chapter 1 

Introduction 

1.1 Continental Crust - An overview 

The term ‘crust’ describes the outermost shell of a terrestrial planet i.e. planet Earth. 

Planet Earth has three different layers: the crust, the mantle and the core. The crust is 

the uppermost layer and is made up of solid rocks and minerals.  Although the crust 

constitutes only about 1% of the Earth's total mass, it contains all known life on the 

Planet. The separation or the contact of the crust and the uppermost mantle is called 

Moho, named after Andrija Mohorovicic who discovered in 1910, almost a century ago. 

The crust, in particular the continental crust is highly heterogeneous and anisotropic. 

Unlike the relatively young oceanic crust, the continental crust has been in existence 

for about a billion years and provides the most complete record of Earth’s geological 

history. 

 

 

Figure 1.1 A schematic diagram showing the Archean and Proterozoic crustal evolution (after 

Durrheim and Mooney, 1991). 
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          The crust is primarily made up of igneous, metamorphic, and sedimentary rocks. 

Seismically, it is subdivided into three major layers – the upper, the middle and the 

lower crust. The upper crustal layer (mostly felsic in nature) is characterized by typical 

compressional wave velocity (Vp) ranging from ~5.6 to 6.4 km/s, the middle crust 

(intermediate composition) ranges from Vp ~6.4 to 6.8 km/s and the lower part of the 

crust (basaltic composition) ranges from Vp ~6.8 to 7.2 km/s (Meissner, 1986; Mooney 

and Braile, 1989; Holbrook et al., 1992; Christensen and Mooney, 1995; Pavlenkova, 

1996). 

 The mechanisms through which the continental crust evolved are debatable. 

However, in general, majority of the geologists agree that the continental crusts were 

formed in the oceanic arcs (Taylor, 1967; Kusky and Polat, 1999; Stern, 2008; Xiao et 

al., 2010a), which is evidenced by the similarity in bulk composition of continents with 

that of the oceanic arcs i.e., andesite (Taylor and McLennan, 1985; Rudnick and Gao, 

2003; DeBari and Sleep, 1991; Davidson and Arculus, 2006). The Figure 1.1 explains 

the mechanisms for the formation of the continental crust, which shows the turbulent 

vs. stable convection patterns. In the Archean time, temperature was high and the 

convection was prevalent in the mantle (Olson, 1989) which resulted in thinner crust 

possibly due to the lack of supply of mantle materials. However, in Proterozoic when 

the temperature was low, mantle convection reached a stable condition. As a result, the 

basaltic underplating played an important role in crustal thickening and also in altering 

the composition from felsic to mafic (Figure 1.1). This also explains that the high 

mantle temperature in Archean reflecting in the eruption of komatiitic lavas and the 

formation of a refractory lithosphere depleted in FeO (Jordan, 1978; Hawkesworth et 

al., 1990). Pavlenkova (1987) suggests that the crustal thickening resulted due to the 

transformation of mantle material during the crustal cooling. Therefore, the mechanism 

through which the crust evolved can be divided into two major processes i.e. horizontal 

accretion and vertical magmatic process. 

 

1.2 Hypothesis of the crustal evolution 

In the recent past our knowledge about crust has increased tremendously especially with 

the advent of more sophisticated seismological tools. It is suggested that the crust was 

stabilized before ~2.9 Ga; it was thinner with a flat and sharp Moho (Durrheim and 

Monney, 1991; Abbott et al., 2013). Further, the continental crust was formed about 4.2 

Ga (Compston and Pidgeon, 1986; Bowring et al., 1989). Numerous geochronological 
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studies proposed that the age of the Archean crust may range from ~2.5 to 3.4 Ga and 

the Proterozoic crust lies between ~0.5 and 2.5 Ga (De Wit et al., 1992; Rudnick, 1995; 

Condie, 2005; Hawkesworth and Kemp, 2006; Van Kranendonk, 2011; Dhuime et al., 

2012; Lowe, 1994; Kusky and Polet, 1999; Choukroune et al., 1997; Bastow et al., 

2011; Arndt, 2013). However, the mechanism through which the continental crust has 

evolved and the nature of its interface with the mantle i.e. Moho, is an active area of 

research in earth science. 

 

 

Figure 1.2 Models for Palaeoarchean crust formation: (a) Horizontal accretion (subduction) 

tectonics (modified from de Wit et al., 1992; Helmstaedt and Gurney 1995); (b) Vertical (plume 

accretion) tectonics (Van Kranendonk et al., 2014). 

  

 Continental crust is formed by the solidification of lava or magma through 

successive crystallization of erupted molten material extracted from the Earth’s interior. 

The formation rate of the crust has, therefore, decreased with time because the heat 

generation rate decreased inside the Earth due to the progressive decay of radioactive 

elements. The end member models for the mechanism for crustal formation advocate 

horizontal accretion of island arcs or vertical accretion due to differentiation of 

magmatic material above hotspots (see Figure 1.2) (Hoffman, 1988; Percival, 1989; 

Kroner, 1984). It implies that the composition of the crust may either be andesitic 

(Taylor and McLennan, 1985; Rudnick and Gao, 2003), or basaltic (DeBari and Sleep, 

1991; Davidson and Arculus, 2006) and is different from the single dominant crust 

forming process i.e., basaltic volcanism throughout Earth history (Ashwal, 1989, 

Turcotte, 1989). As the fundamental process is different for Proterozoic and 

Phanerozoic crusts, the seismic characteristics of the crust (after discounting 
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modifications by post stabilization tectonic processes) are expected to be different at 

different geologic provinces (Drummond and Collins, 1986). 

 

1.3 Seismic Moho 

The Moho has been established to be the ubiquitous boundary since its first 

identification about a century ago by Mohorovicic in 1910 (Jarchow and George, 1989). 

It is a seismic definition, determined by the controlled source seismology (e.g. Prodehl 

and Mooney, 2012). Moho's discovery was roughly contemporaneous with the seismic 

discovery of the core-mantle boundary by R.D. Oldham in 1908. Both the Moho and 

the core-mantle boundary had been anticipated by scientists in the 19th century from the 

surface observations, and latter had been inferred from the Earth's moment of inertia. 

The Moho defines the bottom limit of the crust, a differentiation of the mantle, which 

forms 99% of the silicate Earth. The structure and nature of the Moho constitute a key 

element in understanding the physics behind the dynamic processes acting in the Earth's 

interior. It is generally the most important boundary in theories of isostasy and 

orogenesis. Its chemistry also played an important role in constraining models of the 

early evolution of the Earth. The seismic works are carried out world-wide since its 

discovery established Moho as a global feature regardless of the age of the geologic 

units. 

Earlier, the detection of Moho and its nature were determined by the explosion 

seismic and travel time observations from the earthquake data. However, since the 

nineteen eighties, converted wave techniques in passive source seismology have 

become robust tools to map the crust-mantle discontinuities and thereafter enormous 

amount of work has been published about the measurements and nature of the Moho. 

Nevertheless, its genesis has remained a subject of controversy since its discovery. 

Based on the seismic wave propagation, the Moho has been defined as the change in P-

wave velocity (Vp>7.6 km/s) and density (Oliver, 1982; Prodehl et al., 2013; Rabbel et 

al., 2013; Jarchow and Thompson, 1989; Steinhart, 1967; Hammer and Clowes, 1997). 

Sometimes change in anisotropic direction (Jones et al., 1996) and also the scale lengths 

of heterogeneity may occur across this boundary (Enderle et al., 1997). In seismic 

sections, the depth of the Moho typically coincides with the boundary between the 

reflector rich crust and the reflector poor uppermost mantle (Cook, 2002; Cook et al., 

2010; Mooney and Brocher, 1987; Carbonell et al., 2013). Here, we define Moho as the 

geophysical boundary, where a change in elastic properties takes place and this leads to 
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the conversion of seismic waves. The timings of the converted waves from this interface 

should be consistent with the expected depth of the Moho in a given geological 

province. 

 

1.4 Global Observations of Moho 

Moho has been observed globally (Mooney et al., 1998). The observations show that 

the nature of the Moho is not quite consistent all through the tectonic regions. Further, 

it has been seen that it is not a sharp boundary in most of the places. However, there 

exists a gradation with respect to the wavelength of the illuminating waves (Meissner, 

1973). Beneath the late Paleozoic orogenic belt (Southern Appalachians) of south 

eastern US, the Moho is relatively horizontal and is discontinuous across the orogen 

(Pratt et al., 1988; Nelson et al., 1985). The Moho depth varies from ~32-40 km at 

Archean tectonic terranes of the Abitibi within the Superior Province. Beneath the 

Grenville Province and the Superior Craton its depth varies from ~35 to 45 km (White 

et al., 2000). The Moho is predominantly horizontal. It is deepest beneath the 

Kapuskasing structure (Darbyshire et al., 2007) and shallowest beneath the Western 

superior province (Calvert et al., 2004). The Moho (~35 km) in the northern part of 

Archean Wyoming Province is relatively horizontal and towards south the crust reaches 

up to ~56-58 km (Clowes et al., 2002). Across the Trans-European Suture Zone (TESZ) 

of Phanerozoic Europe, the crustal thickness lies between ~30 km and ~45 km (Grad et 

al., 2006; Gregersen and Voss, 2002). 

 

 

Figure 1.3 An example of a seismic section where different phases are marked. The purpose of 

this figure is to show the identification of Pn phases at large offset (taken from Snelson et al., 

2005). 
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 However, in order to understand the nature of the Moho, the most important 

parameters are its morphology and the velocity contrast, which govern its genesis and 

coupling with the mantle (Fuchs and Schulz, 1971; Ryberg et al., 1995; Menke and 

Richards, 1980; Nielson and Thybo, 2003). 

  

 

  

 

 

Figure 1.4 a) Observed and b) computed record 

section. The crustal velocity model is the same as 

inferred by Murthy et al., (2004). Pn- computed 

refracted wave from Moho boundary. P6P to P9P 

are the reflection phases modelled in the present 

study (after Murthy et al., 1995). 

 Figure 1.5 Common reflection 

surface stack section of the Marwar 

Basin and Delhi fold belt. (Mandal 

et al, 2013). Around 12-14 sec, a 

band of reflections has been 

observed (shown by rectangle box). 
 

Seismically, refraction phases (i.e. Pn and Sn) are the robust phases to constrain the 

velocity contrast across it; however, their observations are always not easy. Figure 1.3 

shows one such example of a seismic section from Continental Dynamics - Rocky 

Mountains project (CD-ROM) for Fort Sumner, NM (SP 1) (Snelson et al., 2005), 

where the upper mantle diving phases (Pn) are marked that arrive at large offset. In most 

cases, identification of Pn (or Sn) is a challenging job due to its weak amplitude. In case 

of gradation of crust-mantle interface with some degree of heterogeneity, it is difficult 

to distinguish it from the crustal Pg phases (Meissner et al., 1986) when illuminated by 

the high frequency seismic waves. In most regions of the world, active seismic 

experiments show that the Moho is not a single interface but is a composite of many 

layers or a band of layers that act as a transition zone (e.g. Meissner et al., 1986; Fuchs 

and Schulz, 1976). In Indian scenario, Murthy et al (2005) (Figure 1.4) suggest that the 

Moho is not a single interface but is a composite boundary with alternative low and 

high velocity layers in few km range spanning almost 40-50 km in depth. Another 

example comes from Mandal et al. (2013), who re-processed the active data using 
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sophisticated processing tool and presented a common reflection surface (CRS) stack 

(shown in Figure 1.5), showing a thick transition zone as Moho along a profile in the 

Aravalli -Delhi Fold belt region. 

In summary, Moho can be characterized as noted below: 

1. The Moho is an interface that separates the Earth's crust from underlying mantle. 

2. The Moho is a first-order discontinuity based on velocity and composition. 

3. Compressional -wave velocity increases to 7.6 km/s at the Moho. 

4. Petrologically, the Moho is the boundary between homogeneous layers of mafic 

(above) and ultramafic (below) rocks. 

5. The Moho subsists worldwide with laterally variable depth on broad wavelengths. 

The depth of the Moho varies from ~5-8 km in case of oceanic region and from ~20-70 

km below the continents. 

6. Its sharpness and reflectivity varies from region to region. Here, by sharpness we 

mean that the crust/mantle transition occurs over a vertical distance of less than 2 km 

(James et al., 2003). 

 

1.5 Petrological Moho 

Although the Moho is a seismic definition, it has other usages also. Petrologically, it is 

a transition from spinel lherzolite to garnet lherzolite (Griffin and O'Reilly, 1987; 

O'Reilly and Griffin, 1985), where marked increase in seismic velocity exist in the 

lower crust. The seismic Moho is a phase change within the upper mantle, rather than 

being a true crust-mantle boundary (Griffin et al., 1987; Griffin and O'Reilly, 1986; 

O'Reilly, 1989; O'Reilly and Griffin, 1991) and is related to the pressure and 

temperature histories. Therefore, it is associated with a boundary, which separates the 

mafic lower crust (gabbros for the oceanic crust and mafic granulites for the continental 

crust) from the ultramafic upper mantle (e.g., Christensen, 1996; Christensen and 

Mooney, 1995; Christensen and Salisbury, 1975; Gao et al., 1998; Mengel and Kern, 

1992; Rudnick and Fountain, 1995; Jarchow and Thompson, 1989; Meissner, 1973). 

Recently, the electrical Moho has also been defined as the bottom of the relatively 

conductive continental lower crust (10-4 to 10-1 S/m) and is often not coincident with 

the seismic Moho (Wang et al., 2013; Mengel and Kern, 1992). 

The relation between the seismic and petrological definition of Moho is a matter 

of discussion among earth scientists. A petrological change for the corresponding 

change in velocity may exist at this depth range that will be associated with the 



8 

 

lithological change. Griffin and Reilly (1987) and Hynes and Snyder (1995) discussed 

the issue of the non-coincidence of the lithologic and seismic Moho from the petrologic 

point of view based on the evidence from xenolith. In this case the temperature regime 

plays an important role in determining the depth of the petrologic Moho in the crustal 

column. Griffin and Reilly (1987) argue that the Moho in a lithologic column is 

determined by the temperature regime, as the tectonics and the temperature regime 

modify the lower crust and/or the upper mantle. These processes act on the rocks 

overprinting a series of additional factors which affect the seismic signature: for 

example, rock fabrics and anisotropy. In this sense the seismic and the petrologic Moho 

can be placed at different levels. However, Brown et al (2009) suggest that the 

petrological Moho is somewhat deeper than the seismic Moho based on the synthetic 

data from petrological column from the outcrop of deep crustal and mantle rocks from 

Cabo Ortegal (North Western Iberia). In this case the boundary between the Gneiss and 

Eclogitic could be considered as the depth of the Moho as determined by seismic 

observations. In the petrologic Moho, the transition from granulites to ultramafic rock 

(considered to be mantle lithologies) would be located slightly deeper in the column. 

In other outcrops, the seismic Moho has been considered to correspond to the 

lithological contact between gabbros and rock with ultramafic compositions 

(harzburgites), and the petrologic Moho has been correlated with the deeper 

structures/fabrics and, lithological contrasts within the ultramafics (e.g. peridoties, 

dunites, etc.). 

 

1.6 Global Crustal Structure 

The seismic characteristics of Archean, Proterozoic and Phanerozoic crust are different 

over the geologic time as their formation process are different (Figure 1.6), thus 

favoring secular change in the seismic character of the crust. A number of models do 

exist to describe the global crust in diverse geological terrains. Figure 1.7 shows the 

crustal structure with seismic velocity of different geological shield, province and 

cratonic regions (as shown in Figure 1.6). The figure is based on crustal models, 

CRUST 5.1 and CRUST 2.0 (Bassin et al., 2000; Mooney et al., 1998) mostly computed 

using active seismic data available till 1995 (Christensen and Mooney, 1995), 

complemented by other data sources on the thickness of sediments. These unified 

models suggest that the average Archean crust is ~35 km thick, whereas Proterozoic 

crust is significantly thicker (~45 km). However, the cratons have highly variable 
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crustal thickness. Archean and Palaeoproterozoic crusts (more ~1.7 Ga) have crustal 

thickness of ~42-44 km and the crust younger than 1.7 Ga is ~ 35-38 km thick (Figure 

1.7). In case of crystalline crust of Archean to Paleoproterozoic, the crustal thickness 

varies from ~41 km to ~33-35 km. Meso- and Neoproterozoic terranes have ~33-35 

km, while for Meso-Cenozoic the crust is ~30 km thick (Figure 1.7). 

 

 

Figure 1.6 Different geological provinces age. Index numbers indicates, 1) Mesozoic and 

Cenozoic orogenic belts, 2) Paleozoic orogenic belts, 3) Proterozoic platforms, 4) Proterozoic 

shields and 5) Archean shields. (after Miyashiroet al., 1982; Durrheim and Mooney, 1994). 
 

The seismic and seismological observation from Kaapvaal and Zimbabwe Cratons of 

South Africa shows relatively thin crust of ~35-40 km with a flat crust-mantle boundary 

(Durrheim and Green, 1992; Durrheim et al., 1992; Nair et al., 2006; Nguuri et al., 

2001; Niu and James, 2002; Yang et al., 2008) (see Figure 1.8). In Limpopo Belts, the 

crust is at ~30-40 km depth. The crust is about ~42 km beneath Namaqual and 

Metamorphic Complex (Green and Durrheim, 1990). Gradational crust is observed at 

the central zone of the Damara Orogen Namibia with crustal thickness of ~47 km 

(Green,1983). 

 Kapuskasing Structural Zone of North America has been extensively surveyed 

using various geological and geophysical techniques. This is an excellent example of 

up-thrust cross section of upper to middle Archean period having crustal thickness of 

~53 km (Boland and Ellis, 1989; Percival and Card, 1985; Fountain et al., 1990). 
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Crustal thickness of Wyoming Province lies in the range of ~40-50 km (Mooney and 

Braile, 1989), whereas the thick ice cover Greenland has ~39-49 km thick Precambriam 

crust (Kumar et al., 2007; Kumar et al., 2014; Dahl-Jensen et al., 2003) as revealed by 

S- and P- receiver function studies. Off-shore seismic refraction profiles estimated the 

crustal thicknesses of ~40–45 km both in southern West Greenland (Chian and Louden, 

1992) and southern East Greenland (Dahl-Jensen et al., 1998). The Northern Sierra 

Nevad has a crustal depth in the range of ~41 to 46 km (Eaton, 1966; Prodehl, 1979, 

and Leaver et al., 1984). The crustal depth is ~40 km in the south part of the Oregon 

Cascade (Leaver et al., 1984) and ~45 km in Colombian Andean (Hurtado and Leuro, 

2000; Poveda, et al., 2015): (Figure 1.8). The crustal thickness beneath Colombia varies 

from ~40-50 km in the southern Andean system of Colombia to the northern Central 

Cordillera and the central and northern Eastern Cordillera (Ojeda and Havskov, 2001; 

Hernandez-Pardo et al., 2007; Poveda, et al., 2015). The thickness of the crust is high 

(~49 km) with high average crustal velocity at the Minnesota River Gneiss Terrane 

situated on the southern margin of the Superior Province (Boyd et al., 1992). 

 

 
 

Figure 1.7 Representative seismic-velocity-depth functions for Archean and Proterozoic 

provinces. (after Durrheim and Mooney, 1991). The crust in Archean provinces is relatively 

thin and lacks a substantial high-velocity basal layer when compared with Proterozoic 

provinces. Thickness of the Archean crust is ~35 km, whereas of Proterozoic crust is ~about 45 

km. The basal high-velocity layer, probably indicating rocks with mafic average composition, 

is substantially thicker in Proterozoic provinces. 
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 South central Finland has the deepest Moho (~60–65 km) in continental Europe 

(Figure 1.8) (Tiira et al., 2006). The margins of Greenland, western Norway and the 

British Isles experience a uniform crust i.e., from ~32-36 km and in the Arctic shelf 

from ~20-24 km (Zorin, 1999; Makarov et al., 2010) whereas East European Craton 

has crustal thickness of ~60 km in the Baltic Shield. In the Arabian–Nubian shield, the 

average crustal thickness is ~38 km (Mooney et al., 1985; Stern and Johnson, 2010). 

Crustal thicknesses in the Central Asian Orogen vary from ~40-45 km (Zorin, 1999; 

Makarov et al., 2010) whereas for Karelian province of the Baltic Shield and the Volga–

Uralia, subcraton are from ~50-60 km. In case of Alpine belt, the crustal thickness 

varies from ~20-50 km from older to the young orogens (Zorin, 1999; Makarov et al., 

2010). The crust in the Archean Karelian province varies from ~37-45 km and for 

Archean Kola province it is from ~30-44 km (Kostyuchenko and Romanyuk, 1997; 

Sollugubet al., 1973; Luosto et al., 1990). Using the active seismic data, EUGENO-S 

Working Group have been shown that the crustal thickness in the Sveconorwegian 

province changes from ~32-42 km (Figure 1.8) (EUGENO-S Working Group, 1988; 

Thybo, 2001). Gothian province and its accreted terrenes have thick crust i.e., ~40-45 

km (Abramovitz et al., 1997), consistent with the crust of the western border of Latvia 

(i.e., from ~ 40-60 km) (Ankudinov et al., 1991). East European Craton is similar in 

thickness to the Siberian craton but has thicker (~45 km) crust compared to other 

Precambrian cratons (Cherepanova et al., 2013). Riphean and Palaeozoic rifting have 

very thick crust of ~60 km (Trofimov, 2006). Beneath the Karpinsky Swell (southern 

margin of east european craton) the crustal thickness varies from ~42-48 km (Saintot et 

al., 2006). The crustal thicknesses of two Ukrainian shields i.e., the Paleoproterozoic 

Volyn and the Archean Podolian blocks (Thybo et al., 2003) vary from ~45-50 km, 

whereas the Mezen rift province has the crustal thickness of ~30-37 km (Figure 1.8). 

 The Australian continent is an assemblage of Yilgarn Craton of Archaean age, 

Pilbara Craton of Archean to Proterozoic age, Gawler Craton and Willyama Block of 

Archaean to Proterozoic age. Western Australia is characterized by a thin crust in old 

Archean areas which varies from 32-39 km (Drummond, 1988; Reading et al., 2007; 

Kennett et al., 2011; Aitken et al., 2013), while the Yilgarn and Pilbara Blocks have a 

two layered crust with thickness of ~25-35 km. The crustal thickness of the Proterozoic 

North Australian Craton varies from ~45-50 km (Figure 1.8). Active Seismic studies 

explain that the Archean greenstone terrains have a variable crust ranging from ~30-32 

km (Goleby et al., 1992). 
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1.7 Oceanic crustal structure 

The Continental crust had originated billions of years ago and to understand the details 

of the mechanism prevailed at that time, it is also necessary to understand the structure 

and composition of oceanic crust which are relatively much younger. For the sake of 

completeness of the discussion, here is presented the seismic structure and composition 

of oceanic crust from five sites located near to the mid-oceanic ridges. 

 

 

Figure 1.8 The Global crustal thickness map (after Mooney et al., 1998). 

 

 Earlier, it was believed that the oceanic crust is formed at slow spreading mid-

oceanic ridge where the spreading rates is <30 mm/year (Auzende et al., 1989; Karson, 

1998; Karson and Dick 1983; Lagabrielle et al., 1998; Muller et al., 1997; Osler and 

Louden, 1995; Grevemeyer al., 1997).  However, the recent studies suggest that the 

slow spreading segments are devoid of generating a continuous crust, where 

heterogeneous mixture of mantle (peridotite) and magmatic rocks exist. The convective 

cooling of the Earth exhibits the formation of new seafloor at the mid-oceanic ridges. 

Hot mantle ascending beneath the mid-ocean ridges melts partially to create basaltic 

oceanic crust. Further, this crust and the residual mantle after melting (called the 

depleted lithospheric mantle) are compositionally less dense than the mantle before 

melting (the asthenosphere) (Oxburgh and Parmentier, 1977). Oceanic crust, extending 

5-10 kilometres (3-6 kilometres) beneath the ocean floor, is mostly composed of 

different types of basalts. Geologists often refer to the rocks of the oceanic crust as 

“sima”, which stands for silicate and magnesium, the most abundant minerals in 

oceanic crust. It is constantly formed at mid-ocean ridges, where tectonic plates are 

tearing apart from each other. As the magma wells up from these rifts in Earth’s surface 
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and then cools, it becomes young oceanic crust. As the next crust is pushed away from 

the mid-ocean ridges its age and density increases. Thus the age of the crust increases 

progressively. 

 Most of our knowledge about the oceanic crust comes from the active seismic 

observations using the Ocean Bottom Seismometer data (Edwards et al., 2000; 

Gaedicke et al., 2002a; Gaedicke et al., 2002b; Edwards et al., 2008; Raitt, 1963; 

Spudich and Orcutt, 1980; Shinohara et al., 2008). However, in recent times 

seismological studies such as surface wave dispersion and receiver functions analysis 

are also widely used to decipher the oceanic crust and lithospheric structures (e.g. 

Bagley et al., 2009; Shinohara et al., 2008; Kumar et al., 2011; White et al., 1992; 

Shearer and Orcutt, 1986; Shimamura and Asada, 1984). The high resolution 3D 

seismic tomography studies using active source data (Evangelidis et al., 2004) reveal 

fine layering within the crust in the volcanic edifices of the Ascension Island. Seismic 

reflection/refraction studies have also been carried out near the ridges (Bjarnson and 

Menke, 1993; Evangelidis et al., 2004; Rodgers and Harben, 1999) in and around the 

Atlantic. All these studies reveal a highly variable crustal structure. Attempts to 

understand the structure of the oceanic plates have been made through a number of 

seismological studies at different locations beneath the Pacific Ocean (Gaherty, 1999; 

Tan and Helmberger, 2007; Kawakatsu, 2009; Kumar and Kawakatsu, 2011; Kumar et 

al., 2012; Rychert and Shearer, 2011; Schmerr, 2012 etc). Logistic problems and the 

extreme costs compared to land surveys, impose severe constraints for obtaining similar 

information about the nature of the oceanic crust. Another factor which hampers body 

wave observations from the oceanic data is the water reverberations that mostly 

contaminate the vertical components of the seismograms of the ocean bottom 

seismometers (Kumar et al., 2012). 

 The high resolution seismic study and Ocean drilling Program and data from 

the locations, where oceanic crust (ohphiolites) has been thrusted on to land, revealed 

that the oceanic crust is composed of ophiolites, which occurred in a sequence as pillow 

basalt, dikes and gabbros either in massive or layered form. Therefore, based on the 

geophysical interpretation of the seismic data, oceanic crust is characterized by three 

layers i.e., Layer 1 - thin layer i.e. ~1 km thick (Figure 1.9). It consists of pelagic 

sediments derived from weathering and erosion of the continents. Layer 2 is composed 

of two layers i.e. basalt pillow lavas and sheeted dike complex (Figure 1.9).  Layer 3 is 

more complex believed to be mostly gabbros, which are crystallized from magma 
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generating from a shallow chamber that feeds the dikes and basalts (as seen in Figure 

1.9).  Figure 1.9 depicts a schematic crustal model for an oceanic region (Carbotte et 

al., 1997; Christenson et al., 1994, 1996; Hooft et al., 1997; Whitmarshet al., 1990; 

Brown and Musset, 1993; Srivastava and Roest, 1995). The layering sequence and 

internal structures of its major rock-units provide significant constraints on the mode 

of the genesis of the crust beneath the spreading centres (Bratt and Purdy 1984; 

Christeson et al., 1994; Harding et al., 1989; Vera and Diebold, 1994). 

 

 
Figure 1.9 Schematic diagram showing a typical oceanic crustal section (modified after Brown 

and Musset). 

 

1.8 Models for oceanic crust formation 

The oceanic crust is formed at mid-oceanic ridges. There exist two models regarding 

the formation and evolution of the oceanic crust. First one is called 'gabbro glacial 

model' in which the magma rises in the form of melted lenses at the mid-ocean ridge 

and the oceanic crust is evolved. Due to this process magma cumulates at the bottom 

side and subsequently, the crystallized magma sinks to form the layer of gabbros 

(Morgan and Chen, 1993; Henstock et al., 1993). The second model suggests that 

gabbros are formed due to the in-situ crystallization of sills emplaced in the lower crust 

(Kelemen et al., 1997; Macleod and Yaouancq, 2000). 
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1.9 Differences between Continental and Oceanic crust 

The major differences between the continental and the oceanic crust can be 

summarized as below: 

1. The oceanic crust is younger and mostly mafic in nature (basaltic composition) 

whereas the continental crust is much older and has also felsic component. 

2. Seismologically, it has been observed that the oceanic crustal is ~6-12 km thick 

unlike the continental which is ~30-70 km thick. 

3. Observations show that the oceanic crust is thinner and denser (~2.8-3.0 gm/cc) 

than the continental crust with density (~2.6-2.7 gm/cc). 

4. The oceanic crust has less buoyancy than the continental crust. 

5. The oceanic crust goes through a recycling process through subduction while 

this phenomenon is absent for the continental crust. 

 

1.10 Factors controlling the crustal thickness 

The factors controlling the depth to the Moho beneath Continental and Mid-Oceanic 

Crusts are as follows: 

Oceanic crust 

 Rate of the spreading ridge from where the new oceanic crust is originating. 

The Moho depth is proportional to the spreading rate (Auzende et al., 1989; 

Karson, 1998; Karson and Dick 1983; Lagabrielle et al., 1998; Muller et al., 

1997; Osler and Louden, 1995; Grevemeyer al., 1997). 

 The volume of supply of magma pouring in the surface for creating a new 

crust 

Continental crust 

 Continental crust is formed by the solidification of lava or magma through 

successive crystallization of erupted melted materials from the mantle. 

Basaltic underplating due to the eruption of komatiitic lavas and magmas 

controls the crustal thickness. 

 The chemical state of mantle. The fertile mantle can alter the crust and 

possibly can lead to increase in crustal thickness. 

 The presence of continental rift is also responsible for altering the crustal 

thickness due to the extension. 
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1.11 Indian continental crust 

 The Indian shield is a mosaic of diverse terrains bearing the imprints of various 

tectonic episodes in geological history from Archean to the late Proterozoic eon. There 

are five major cratons demarcated by mobile belts, rifts or sutures. Knowledge of the 

crustal structure of the Indian sub-continent comes from several active seismic studies 

(Kaila et al., 1979; Kaila and Krishna, 1992; Sarkar, 2001; Krishna, 2004; Reddy and 

Rao, 2013; Mandal et al., 2013). These studies are (i) body wave studies of shallow 

earthquake (Roy, 1939; Mukherjee, 1942; Tandon, 1954; Chakravorty and Ghosh, 

1960; Chouhan and Singh, 1965; Kaila et al., 1968, and Reddy, 1971), (ii) surface wave 

studies (Bhattacharya, 2009; Mohan et al., 1997; Rai et al., 2003; Mitra et al., 2006 ) 

and (iii) receiver function studies (Gaur and Priestley, 1997; Zhou et al., 2000; Saul et 

al., 2000; Kumar et al., 2001, 2004; Sarkar et al., 2003, Gupta et al., 2003a; Gupta et 

al., 2003b; Rai et al., 2003; Ramesh et al., 2005; Kumar et al., 2013). Currently, 

receiver-function method is mostly used world-wide to estimate the crustal parameters. 

The receiver functions are more sensitive to discrete velocity jumps, while refraction 

models have greater influence from velocity gradients (Kennett and Salmon, 2012). It 

has been observed that the crustal thickness varies with the geological provinces of the 

India shield. The crustal thickness varies from a minimum of ~25 km (coastal plains of 

the peninsular India) to a maximum of ~80 km (mountain ranges of Himalaya) depth, 

which also leads to the changes in average crustal velocity. In terms of seismic velocity, 

the Himalaya-Tibet collision zone has low shear velocity (Vs ~3.57 km/s) compared to 

that of the Indian shield (~3.7-3.75 km/s). The important geological areas are Eastern 

Dharwar Craton, Western Dharwar Craton, the Himalayas, the rift zones of the 

Godavari graben and Narmada-Son Lineament, and other cratons. The Himalayan 

crustal thickness clearly follows a trend with elevation. The rift zones of the Godavari 

graben and Narmada-Son Lineament show deeper depths of the crust than their 

surroundings. Indian cratonic fragments i.e., Bundelkhand, Bastar and Singhbhum 

show thick crusts in comparison to the Eastern Dharwar Craton. 

 The average crustal thickness (~35 km) of the Eastern Dharwar Craton is less 

(Gupta and Rai, 2005) compare to that of the Western Dharwar Craton (~45 km) 

(Kumar et. al., 2001). But the western Dharwar Craton shows a complex geology and 

gradational transition from crust to Moho (Gupta et al., 2003a; Gupta et al., 2003b; 

Sarkar et al., 2003; Rai et al., 2003). The velocity of the Western Dharwar Craton (Vs 

~3.73 km/s) is higher than that of the Eastern Dharwar Craton (Vs ~3.71 km/s) (Borah 
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et al., 2014; Gupta et al., 2003; Sarkar et al., 2003). Gupta et al., (2003) suggesting a 

very thick crust (~60 km) in the central portion of Western Dharwar Craton where Julia 

et al. (2009) reported ~45 km thick Moho. Active seismic studies (wide angle reflection 

and refraction) across the central part of the Dharwar craton suggest that the crust is 

broken into blocks with distinct Moho depth varying from ~34 km in the east to ~41 

km in its west (Kaila et al., 1979). The Poisson's ratio varies from 0.24-0.27 for some 

parts of the Dharwar craton, Southern Granulite Terrain and basins like Cuddapah 

(Singh et al., 2015). The Poisson's ratio is less for Western Dharwar Craton (Gupta et 

al., 2003; Sarkar et al., 2003) than the Eastern Dharwar Craton, due to a more felsic 

upper crust where Poisson's ratio is ~0.25, while the lower portion of the crust is mafic 

in nature with a correspondingly higher Poisson's ratio (Sarkar et al., 2003; Kiselev et 

al., 2008). Studies support that the Indian crust is heterogeneous (Julia et al., 2009) or 

anisotropic in nature (Roy et al., 2012; 2014; Saikia et al., 2010). The crustal thickness 

values are well separated among the WDC and EDC but Vp/Vs ratio values are mixed 

in nature. The Poisson's ratio of the Deccan Volcanic Province (DVP) is ~0.26, but the 

crustal composition is not well determined due to an uneven distribution of sampling 

of stations close to the Western Ghats, or at the eastern most boundaries of the Deccan 

Volcanic Province. The crust of the DVP is classified as more felsic-to-intermediate in 

nature (Kumar et al., 2001). Kiselev et al. (2008) suggested that the crustal composition 

of the Deccan Volcanic in between the Eastern and Western Dharwar Cratons is mafic 

in nature. The Narmada-Son Lineament and the Western Ghats have higher Poisson's 

ratio i.e., ~0.28 (Jagadeesh and Rai, 2008; Rai et al., 2005) than the normal. The crust 

beneath the Narmada-Son Lineament is found to be more mafic in nature with high 

Vp/Vs ratios (~1.84-1.91) than its surroundings and is suggestive of a high density mafic 

mass at a depth that compensates the crustal root. This view is also supported by the 

existence of small topographic variation (~ 200 m) across the lineament (Rai et al., 

2005). High variation in Poisson's ratio (~ 0.26-0.32) is observed in the Himalaya-Tibet 

collision zone. The high Poisson's ratio beneath most of the Tibet plateau suggests the 

presence of partial melts/fluids, as interpreted in various studies (Li et al., 2006, 2009; 

Owens and Zandt, 1997). Kumar et al. (1999) have attempted to present a unified crustal 

picture using only deep seismic data. Recently Singh et al. (2015) presented a more 

unified picture of the Indian crust and the mantle. 

 

 



18 

 

1.12 Scope of the thesis 

The thesis presents a comprehensive view of the Indian crust derived from the receiver 

function analysis. The methodology used is a robust seismological tool routinely used 

world-wide to decipher the sub-surface structure. Here, the seismological waveforms 

from a large number of broadband seismometers have been used, and the data are 

further substantiated by large amounts of published results to fill the gaps. A number of 

works have been attempted by various workers in the Indian shield regarding the crustal 

structure and its compositions. The earlier works are mostly done province-wise to 

address some local geodynamic issues. There are large number of interesting new 

observations made for the Indian crust and mantle. Since the data encompasses the 

entire of Indian subcontinent covering major geological units of quite different tectonics 

of diverse ages, it is of utmost important to correlate the crustal parameters with 

regional geology. Therefore, realizing the importance, here the seismic evidence for the 

secular variation of the Indian crust has been attempted. 

 Further, the nature and genesis of the Moho have not been discussed at length 

in published literature. Chapter 5 presents new results constraining the Indian Moho by 

estimating shear-wave velocity contrast across it. A possible explanation for the nature 

of the Indian Moho has also been provided. 

 In a nut shell, there two fundamental issues that have been addressed in the 

present thesis viz. mechanism through which the crusts have evolved with reference to 

the Indian crust and the seismic nature of the Indian Moho. Further, in order to 

understand the nature of crust in its young form, a comparative study between the 

continental and oceanic crusts has also been presented. 

The present thesis consists of eight chapters and a final section with additional 

information (Appendix). The main structure of each chapter is as follows: 

Chapter 2 contains a description of the geology and tectonics of the Indian Shield. It 

covers individual geological history and ages of different cratons and provinces like 

Aravalli fold Belt, Bundelkhan, Singhbhum, Bastar, Dharwar cratons, Deccan Volcanic 

Province, Cuddapah Basin, Southern Granulite Terrain, The Eastern Ghat Mobile belt 

and Son Narmada Lineaments. 

Chapter 3 describes the seismological data and methodologies adopted in the present 

thesis. It includes detailed descriptions of receiver function, grid-search and inversion 

methods. 
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Chapter 4 describes steps of a new technique in detail, using synthetic examples for 

isotropic, anisotropic and dipping layer cases. It also demonstrates the applicability of 

this method for real field data set. 

Chapter 5 describes the shear-wave velocity contrast across the Indian Moho for the 

first time estimated by the new technique. The shear-wave velocity contrast across 

Indian Moho has been interpreted in terms of its genesis. 

Chapter 6 includes the result of the present study in terms of crustal thickness and bulk 

crustal Vp/Vs obtained from data analysis. The crustal thickness and bulk crustal Vp/Vs 

maps of Indian shield have also been presented. Here, we also describe the possible 

mechanisms for the evolution of continental crust with reference to the Indian scenario. 

Chapter 7 includes seismic structure of the oceanic crust. It also describes the 

comparison between the genesis of continental and oceanic crusts. 

Chapter 8 comprises the concluding remarks of the present thesis. The current research 

has shed new insights into the crustal evolution and nature of Moho of Indian region. 

 Additional information on the figures and table are provided in Appendices A, 

B, C, D and E. 

Appendix-A includes a table with information about station (latitude, longitude), 

complete values of crustal thickness, Vp/Vs ratio and Shear-wave velocity contrast 

across Moho with surface geology at each station. 

Appendix-B shows the azimuthal coverage of data. 

Appendix-C shows all the observed data used in receiver function analysis and shear-

wave velocity contrast results across Moho for each station. 

Appendix-D depicts the station-wise results of grid-search. 

Appendix-E receiver function images for individual station with travel time curves. 

Appendix-F includes the results from inversions for each station. 

 

 

 

 

 



20 

 

Chapter 2 

Geology of the Indian Shield 

The Indian shield ('shield' being a term used for a geologically very old and tectonically 

stable part of the continental crust) is a mosaic of cratons, which preserves the oldest 

geological history from Archean to the late Proterozoic eon in the age range of 3.6-2.6 

Ga. As the Indian shield has undergone various tectonic and geochemical changes, it 

has evolved as distinct terrain of complex geology and tectonic history. Cratons move 

against each other and collide as crustal blocks or microplates to generate fold belts, 

rifting or splitting of cratons. Although, most portions of the cratons are exposed, 

however, in the western and northern India, a large part is buried under the Deccan 

volcanics and Indo Gangetic sediments. In general, the cratons are dominated by 

granite/gneisses and are associated with greenstone-gneiss similar to other cratons of 

the world. The preservation of oldest rocks provides a unique opportunity to elucidate 

the secular change in mechanisms for the crust formation and its alteration. Grossly, the 

Indian shield is composed of five major cratons demarcated by mobile belts, rifts or 

sutures (Figure 2.1). These cratonic blocks are the Aravalli Craton (AC) (also called 

Aravalli-Delhi Fold Belt), Bundelkhand Craton (BhC), Eastern Dharwar Craton (EDC), 

Western Dharwar Craton (WDC), Bastar Craton (BC) and Singhbhum Craton (SC) 

(Figure 2.1). These cratons were stabilized in different times and are considered to be 

associated with the Palaeoproterozoic to Mesoproterozoic transition (~1.6 Ga) due to 

global thermal perturbation, a significant event that affected the pre-1.5 Ga in the 

Earth’s history (Condie, 1997; Zhao et al., 2002; Rogers and Santosh, 2002, 2009). This 

event is associated with the thinning of the cratonic lithosphere, sedimentation and 

crustal melting/anatexis phases (Roy et al., 2002a; Mazumder, 2003, 2005; Zhao et al., 

2002; Chaterjee et al., 2013). The craton formation had also involved the emplacement 

of granitic bodies during the late Archean (Stein et al., 2004) and subsequently 

underwent multiple stages of metamorphism culminating in UHT (ultra-high 
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temperature) granulite facies (Bhowmik et al., 2005). A brief description of each of the 

cratons is given below. 

 

2.1 Aravalli Craton (AC) 

 Aravalli craton (presently called Aravalli-Delhi fold belts), specifically 

Proterozoic Aravalli mountain belt is made up of the supracrustal rocks of the Aravalli 

Supergroup and Delhi supergroup, both of which were laid upon the Archaean basement 

- the Banded Gneissic Complex (BGC), including the Berach granite. A large portion 

of the Aravalli Craton is underlain by the Banded Gneissic complex of 3.2-2.5 Ga age 

where the initiation and termination of sedimentation is constrained as 2.075-2.15 Ga 

and 1.85 Ga respectively (Meert et al., 2010). The Aravalli craton (AC) is an 

assemblage of two cratonic blocks: (1) The Banded Gneissic Complex-Berach granite 

(BBC), and (2) the Bundelkhand Granite massif (BKC). So the Aravalli craton is in fact 

a large Rajasthan-Bundelkhand craton. These two blocks have similar lithology, and 

geodynamic settings in Proterozoic as revealed by geochemistry of their mafic 

magmatic rocks (Mondal and Ahmad, 2001) and same geochronological ages (Mondal, 

2003) consisting gneisses, migmatites, metavolcanic and metasedimentary rocks and a 

number of granitic intrusions, affected by similar deformational events (Naqvi and 

Rogers, 1987). These two blocks are separated by a vast tract of cover rocks, besides 

the occurrence of the Great Boundary Fault at the eastern boundary of the BBC block.  

 

2.2 Bundelkhand Craton (BhC) 

The Bundelkhand craton, in Central Indian shield, is characterized by various 

Proterozoic extrusive and intrusive events. It lies to the east of the Aravalli-Delhi fold 

belt (Sharma and Rahman, 1995) and is divided into three distinct units: (1) Archaean 

aged granite-greenstone and gneiss belts that is sometimes referred to as the Enclave 

Suite; (2) Relatively undeformed granitoid plutons and large quartz reefs known as the 

Granite Suite; and (3) Mafic dyke swarms and other smaller scale intrusions known as 

the Intrusive suite. The Enclave Suite is composed of intensely deformed basement 

rock; predominantly, schists, gneisses, banded iron formations (BIF’S), mafic volcanic 

rocks and quartzites. These basement rocks are intruded by the Bundelkhand Igneous 

Complex that make up the bulk of exposed rocks within Bundelkhand Craton 

(Goodwin, 1991; Basu, 1986). The isotopic data indicate that the three generations of 

gneisses are thought to have formed at 3.2-3.3 Ga, 2.7 Ga and 2.5 Ga (Mondal et al., 
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1997; Gopalan et al., 1990). The 2.5 Ga age is also considered to be the stabilization 

age of the Bundelkhand craton as it overlaps with the ages of the under formed granitoid 

plutons in the Bundelkhand and Banded Gneissic Complex (BGC)-Aravalli cratons. 

The NE-SW trending quartz reefs are the most spectacular feature in the Bundelkhand 

granitic massif (Basu, 1986).  These giant quartz reefs and veins along the brittle ductile 

shear zones and fault planes mark extensive hydrothermal fluid activity following the 

crystallization of the granite plutons. Rao (2004) suggested that most of these mafic 

dykes were emplaced in two phases, one at 2.15 Ga and the other at 2.0 Ga. 

 

2.3 Dharwar Craton (DC) 

The Archean Dharwar craton concocted of granite-gneiss-greenstone (GGG trinity) 

belts, is a broadly studied terrain of the Indian shield. The Dharwar craton exposes a 

large section of the continental crust through an exceptional transition from upper to 

lower crust (Pichamuthu, 1965; Janardhan et al., 1982; Peaucat et al., 1995). The 

different rock types in Dharwar cratons are:  early to late Archean (3.4-2.7 Ga) tonalite-

trondjemite-granodiorite (TTG) known as ‘Peninsular gneisses’; volcano sedimentary 

greenstone sequences (Viswanatha and Ramakrishnan, 1975; Chadwick et al., 1981; 

Nutman et al., 1992; Peucat et al., 1995; Jayanand et al., 2008; Balakrishnan et al., 

1990; Zacharaiah et al., 1995, Desrochers et al., 1993; Kimura et al., 1993; 

Manikyamba and Naqvi, 1996; Polat et al., 1998; Wyman et al., 1999; Manikyamba 

and Kerrich, 2006, 2011); late Archaean (2.6-2.5 Ga) monzo-diorite and granodiorite 

gneisses and K-rich granitic intrusions (Drury and Holt, 1980; Friend, 1984; Condie et 

al., 1985; Krogstad et al., 1991; Jayanandha et al., 2000). Naha et al., (1986) showed 

that the Sargur, Dharwar and Peninsular gneiss (and Dharwar Batholith) have similar 

style, sequence, and orientation of folding (named Structural Unity). The Dharwar 

supracrustal rocks uncomformably overlie widespread gneiss-migmatite of the 

Peninsular Gneissic Complex (3.0-3.3 Ga) that encloses the Sargur schist belts (Naqvi 

and Rogers, 1987). 

 The Dharwar craton has been divided into Western Dharwar Craton (WDC) and 

Eastern Dharwar Craton (EDC). It is generally acknowledged that the Closepet Granite 

is a good marker that separates the EDC from the WDC (Radhakrishna, 1956; 

Ramakrishnan and Vaidyanadhan, 2008; Naqvi and Rogers, 1987; Jayananda et al., 

2000; Moyen et al., 2003; Ramakrishnan and Vaidyanadhan, 2008) with a notional 

boundary between the two along the eastern margin of the Chitradurga schist belt 
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(Radhakrishna and Vaidyanadhan, 1997). The division between the Western and 

Eastern Dharwar craton is based on the nature and abundance of greenstones, as well 

as the age of surrounding basement and degree of regional metamorphism (Rollinson 

et al., 1981). Early wide-angle reflection and refraction records across the central part 

of this craton suggest that the crust is broken into blocks with distinct Moho depth 

varying from 34 km in the east to 41 km in its west (Kaila et al., 1979; Roy Chowdhury 

and Hargraves, 1981). Receiver function modelling studies from few broadband 

seismographs (Gaur and Priestley, 1996; Rai et al., 2003; Gupta et al., 2003a, b; Sarkar 

et al., 2003; Jagadeesh and Rai, 2008; Julia et al., 2009) suggest a felsic and transparent 

crust with an average Vs of ~3.6 km/s beneath the EDC in contrast with a layered mafic 

crust beneath the WDC. 

 

2.3.1 Eastern Dharwar Craton (EDC) 

The major tectonic feature of the EDC is a north–south trending horst of K-rich 

granitoid plutons and migmatite (Closepet granite, CG). The EDC is bounded to the 

north by the Deccan traps and the Bastar craton, to the east by the Eastern Ghats mobile 

belt, and to the south by the Southern Granulite terrane (Balakrishnan et al., 1999). 

Western part of the EDC is dominated by Greenstone and schist belts. These N-S 

trending belts diminish in the east and are ultimately covered by the Cuddapah Basin 

(Ramakrishnan and Vaidyanadhan, 2008). The majority of intrusive events of the 

Eastern Dharwar Craton (EDC) are represented by mafic dykes, kimberlites and 

lamproites. The EDC is in thrusted contact with the Proterozoic (1.8–0.7 Ga) Cuddapah 

basin (CB) and the eastern Ghat granulite terrain (Eastern Ghat) (2.5–1.1 Ga). Several 

diamond and non-diamond bearing kimberlites, and lamproites of Proterozoic age (~1.1 

Ga) have been discovered in the EDC and CB (Chalapathi Rao, 2008; Griffin et al., 

2009; Smith et al., 2013). The region of the EDC and CB has large number of dyke 

swarms with dominant age of ~2.4 Ga and 1.8–1.1 Ga (Kumar et al., 2012). The age of 

the Closepet Granite is determined as 2.513 Ga (Friend and Nutman, 1991), similar to 

the age of the granites and gneisses of the late Archean Eastern Dharwar Craton, where 

evidence for large scale juvenile magmatism around ~ 2.55 to 2.552 Ga is found 

(Jayananda et al., 1995, 2000).  Whole rock Rb-Sr and Pb-Pb dating of the Tonalitic-

Trondhjemitic-Granodioritic (TTG) Gneisses that are ubiquitous in the WDC, yielded 

ages of 3.3 and 3.4 Ga (Rao et al., 1991; Naha et al., 1991). The Proterozoic Cuddapah 

basin (CB) on the eastern part of the EDC is termed as an epicratonic basin where the 
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minimum age of sedimentation was recorded as 1.756 Ga through Pb-Pb dating of 

stromatolitic dolomites (Zachariah, 1998).  The NW-SE trending Godavari Graben 

(GG) separates the EDC and the Bastar Cratons. 

 

 
Figure 2.1 Geological map of India (Published by GSI, 1993) showing different cratons and 

their tectonic boundaries. IGP-Indo-Gangetic Plains; AC-Aravalli Craton; BhC-Bundelkhand 

Craton; SC- Singhbhum Craton; BC-Bastar Craton; DVP-Deccan Volcanic Province; WDC-

Western Dharwar Craton; EDC-Eastern Dharwar Craton; SGT-Southern Granulite Terrain; CG-

Closepet Granite; CB- Cuddapah Basin. 

 

2.3.2 Western Dharwar Craton (WDC) 

 The WDC is an Archean continental fragment with a continuously exposed 

crustal section from low-grade gneisses and greenstone basins in north, to granulites in 

the south. Crust ages of WDC are of two distinct groups i.e., 2.7–3.0 Ga in the north, 
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and 3.0–3.4 Ga in the south. The northern region is characterized by average P/T 

condition of 2.6–3.8 Kbar/520–620°C, while the southern region correlates to 4.5–5.0 

Kbar/690–700°C. This corresponds to surface exposure of rocks from ~7 km and ~15–

20 km depths respectively (Drury et al., 1984). Southern part of the WDC consists of 

one of the oldest (3.36 Ga) crustal nuclei in form of the greenstone belt (Taylor et al., 

1984; Peucat et al., 1995). The WDC in the north is covered by Proterozoic Kaladgi 

basin (KB), Bhima basin (BB), and Deccan volcanics (DVP). The western part of the 

WDC is bounded by the western Ghat, an escarpment formed during separation of India 

from Madagascar at ~90 Ma. Greenstones are the dominant volcanic belts in the Eastern 

block, whereas the Western block is dominated by volcano-sedimentary schist belts. 

The Archean tonalitic-trondhjemitic-granodioritic (TTG) gneisses are found throughout 

the Western Dharwar Craton, dated to be 3.3-3.4 Ga via whole rock Rb-Sr and Pb-Pb 

methods (Pitchamuthu and Srinivasan, 1984; Y. B. J. Rao et al., 1991; Naha et al., 

1991). Three generations of volcanic-sedimentary greenstone granite sequences are 

present in the WDC i.e. 3.1 – 3.3 Ga (Sargur Group), 2.6 – 2.9 Ga (Dharwar 

Supergroup), (Radhakrishna and Vaidyanadhan, 1997) and 2.5 – 2.6 Ga (calc-alkaline 

to high potassic granitoids). The largest among the granitic sequences is the Closepet 

Granite (Jayananda et al., 2008). 

 

2.4 Singhbhum Craton (SC) 

 The Singhbum craton (SBC) is also called Singhbhum-Orissa craton that covers 

the eastern part of the India shield.  The craton is bounded by Chhotanagpur Gneissic 

Complex to the north, Eastern Ghats mobile belt to the South-East, and the Bastar 

craton to the South-West. The Older Metamorphic Group (OMG) affected by folds 

plunging towards SE (Sarkar and Saha, 1983), is a supracrustal suite of rocks composed 

of amphibolite facies, pelitic schists, garnetiferous quartzite, calc-magnesian 

metasediments and metabasic rocks. The OMG rock-suite is perhaps the oldest 

supracrustals of the eastern Indian shield, and perhaps equivalent to the older Dharwar 

Schist Belt (Sargur). Although reliable age data from the Singhbhum craton are sparse, 

U-Pb dating of the Older Metamorphic Group representing the Singhbhum nucleus 

yields ages of 3.5, 3.4 and 3.2 Ga (Mondal et al., 2007). The geochronological data 

from the Singhbhum Granites which intrude the Singhbhum nucleus brings out a four 

stage emplacement, the oldest being ~3.45 to 3.5 Ga, followed by events at 3.3, 3.1 and 
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0.9 Ga (Meert et al., 2010).  The greenstone-gneiss terrane in the SC, known as the Iron 

ore group, is believed to have formed prior to the Granites in the craton, with their ages 

~3.506 Ga (Mukhopadhyay et al., 2008). 

 

2.5 Baster Craton (BC) 

 The Bastar craton (BC) is also called Bastar-Bhandara craton. It lies to ENE of 

the Dharwar craton (DC), separated from the latter by the Godavari rift. It is separated 

from Singhbhum craton by the Mahanadi rift.  This craton is bounded by three 

prominent rifts, namely the Godavari rift in the south west, the Narmada rift in the north 

west and the Mahanadi rift in the north east. The Bastar craton located at the south of 

the Central Indian Tectonic Zone (CITZ) is surrounded by the Bundelkhand craton in 

the north, the Dharwar craton in the west, and the Singhbhum craton in the east. South-

eastern boundary of Baster craton is marked by the front of Eastern Ghat mobile belt. 

The western limit of the Eastern Ghats mobile belt overlying the Bastar craton is 

demarcated by a shear zone, which in fact is a terrain boundary shear zone 

(Bandyopadhyay et al., 1995). The Bastar craton is essentially formed of orthogenesis 

with enclaves of amphibolites, vestiges of banded Tonalite-Trondhjemite-Granodiorite 

(TTG) gneisses of 3.5–3.0 Ga, and low to high grade metasediments as supracrustals 

(Sarkar et al., 1993). There are five types of gneisses in the Bastar cratonic region. 

These gneisses are: Sukmagranitic gneiss (Group 1), Barsur migmatitic gneiss (Group 

2), leucocratic granite (Group 3) occurring as plutons with migmatitic gneiss, 

pegmatoidal or very coarse granite (Group 4), and fine-grained granite (Group 5) 

occurring amidst the Sukma gneisses. The gneisses of Groups 1 and 2 are chemically 

and mineralogically similar to the Archean TTG, while the gneisses of Groups 3, 4 and 

5 are of granitic nature. 

 

2.6 Deccan Volcanic Province (DVP) 

 The Deccan Volcanic Province is a conspicuous part of the Indian geological 

representation spanning an aerial extent of 50,000 sq. km of a Large Igneous Province 

where the eruption of basalts took place rapidly (< 1Ma) 65 Ma ago (Mezger and Cosca, 

1999, Courtillot et al., 2086). This flood basalt province continuously attracts global 

attention. Pb-Pb dating of the porphyritic granitic rocks yielded in an age of 2.57 Ga 

similar to the ages found in the EDC (Zachariah, 1998). The crust of the Earth in the 
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Western India was fractured and a huge amount of molten rocks (Lava) were poured 

out from these fissures (Chandrasekharam and Parthasarathy, 1978) filling up valleys 

and covering the hills. This continued intermittently with periods of quiescence, 

building up a huge volcanic province (West, 1988), which has a worldwide importance 

to understand the global tectonics (Bose 1972, 1995) due to its huge extent and the 

duration of ejection of molten rock that overlapped the Cretaceous–Tertiary boundary 

(e.g., Mahoney, 1988; Duncan and Pyle, 1988; Courtillot et al., 1988). The eruption 

occurred while India was situated in the Indian Ocean over where Reunion is presently 

located (Mahoney 1988). It is debatable if the magma was poured by giant mantle 

plume, or due to the impact of a large extra-terrestrial collide (e.g., Mahoney, 1988; 

Richards et al., 1989; Chandrasekharam and Parthasarathy, 1978; Chatterjee and Rudra, 

1992; Sen, 1995; Sheth, 2005a, b). These volcanic provinces are called either as the 

"Deccan Volcanic Province" (DVP) or simply the "Deccan Traps" by geologists. This 

is one of the Large Igneous Provinces (LIPs) representing a spectacular example of 

mantle plume activity (Richards et al., 1989; Duncan and Richards, 1991) involving a 

large amount of thermal energy in short period of geological time. The word “Deccan 

Trap” was identified by Sykes in 1833 and it is obtained from a Sanskrit word Dakshin 

meaning south or southern and a Swedish word Trapp/Trappa meaning Stair. The term 

described the step like or terrace like topography unusual to this terrain. In Western and 

Central India, DVP is exposed mainly in the states of Maharashtra, Madhya Pradesh, 

Karnataka, Gujarat, and Andhra Pradesh and also has its nominal presence in southern 

parts of Uttar Pradesh and eastern parts of Rajasthan. In spite of the intensive studies 

conducted in past two decades, knowledge about its possible impact on global/local 

climate, oceans, and biota remains limited (Keller et al., 2008; Self et al., 2006, 2008). 

Geophysical studies by Kumar et al. (2001) showed that the DVP is classified as more 

felsic-to-intermediate in nature. Kiselev et al. (2008) also estimated the composition of 

Deccan Volcanic Province as mafic in nature using P-to-s and S-to-p receiver functions 

jointly.  

 

2.7 Cuddapah Basin (CB) 

 The Proterozoic Cuddapah basin is also termed as epicratonic basin on the 

eastern portion of the EDC where the minimum age of sedimentation was recorded to 

be 1.756 Ga through Pb-Pb dating of stromatolitic dolomites (Zachariah et al., 1998). 

This basin contains thick sediments (upto ~6 km) with ages ranging between 1.33 and 
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0.79 Ga (Chaudhuri 2003). The basin is surrounded by granitic gneisses, dykes and sills 

terminating at the basin boundary and appear to have formed before deposition. The 

youngest igneous activity in the basin is the kimberlite and lamproite field located near 

the basin centre (Chakrabarti, 2006). One hypothesis suggests that the basin was formed 

due to a mantle induced thermal trigger (Chatterjee and Bhattacharji, 2001). While, 

another hypothesis suggests that the deep basin margin faults played a major role in 

controlling the evolution of the basin (Chaudhuri et al., 2002). An important 

development in the geology of Cuddapah basin is the discovery of uranium deposits at 

the interface of Srisailam quartzites with the underlying Archaean granitoids. This 

discovery led to many more sites of uranium mineralization in the southern part of the 

Cuddapah basin, where mineralization has been noted in the stromatolitic Vempalli 

dolomite and the underlying Pulivendla quartzite (Sharma, et al., 1995). The age of the 

Cuddapah sedimentation has assumed significance in this context. It was generally 

known to be Riphean (Gururaja, and Chandra, 1987). Rb-Sr isotopic dating of the 

Pulivendla sill in the lower part of the Cuddapah Supergroup, yielded an isochron age 

of 1.817 ± 0.024 Ga (Y. B. J. Rao, et al., 1996). Pb-Pb isotopic dating of stromatolitic 

Vempalli dolomites have yielded an age of 1.756 ± 0.029 Ga (Zachariah et al., 1998). 

Sr and Nd isotopic studies suggest that the Proterozoic Cuddapah sea was buffered by 

continental free bound which was at least 0.6 Ga old by the time Cuddapah 

sedimentation began. 

 

2.8 Southern Granulite Terrain (SGT) 

 The southernmost portion of the Indian shield is occupied by the Southern 

Granulite Terrain (SGT) which consists of high grade metamorphic rocks sutured 

together by the shear zones. Based on seismic reflectivity patterns, it is inferred that the 

northern block of the SGT represents a collisional environment in which the block was 

accreted onto the Dharwar Craton during mid-Archean (Rao and Prasad, 2006; Rao et 

al., 2006). Zircon dating suggests it to be 3.46 Ma old in the Trivandrum block, the 

southernmost part of SGT that represent relics of the early continental crust formation 

(Zeger et al., 1996; Rao et al., 2006). 

 

2.9 The Eastern Ghat Mobile Belt (EGMB) 

The Eastern Ghat Mobile belt (EGMB) evolved along the eastern margin of the 

Dharwar, Bastar and Singhbhum cratons during the Proterozoic times. The belt is 
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predominantly a gneiss-granulite tract composed of khondalites with extensive 

charnockites, granites, migmatites and local pegmatites besides a few ultranlafic-mafic-

anorthosite and alkali syenite complexes. The Krishna-Godavari graben divides the 

Eastern Ghat Belt into northern and southern provinces with differences in the 

abundances of khondalite and metamorphic P-T conditions (Naqvi, 1990). While the 

charnockites are considered to be derived largely from the igneous protoliths, the 

khondalites appear to have been formed either from palaeosols or pelitic rock (Kataria, 

1998). The EGMB is marked by three distinct metamorphic events, with at least one of 

the events occurring during the late stage of the global 'Grenvillian' orogeny ca. 960 Ma 

(Mezger and Cosca, 1999, Meert et al., 2011). Also, a major thermal overprint at ca. 

500-550 Ma corresponding to the 'Pan-African' orogeny is reported from the central 

units of the EGMB (Mezger and Cosca, 1999). Geochronological investigations using 

Sm-Nd, Pb-Pb, U-Pb, and Th-Pb isotopic systematic have yielded 2.6 to 2.35 Ga model 

neodymium ages indicating the time of accretion or sedimentation of protoliths. The 

charnockites, pyroxene granuliites and granites are characterized by Pb-Pb ages of 

~1.17 Ga. U-Pb ages of zircon and monazite yield concordant ages of 0.985 to 0.965 

Ga. The new geochronological data suggest major charnockite formation event between 

1.17 and 0.95 Ga (Paul and Sarkar 1995). The common anticlockwise trend of the 

Eastern Ghat granulites suggests magmatic underplating in the evolution of the Eastern 

Ghat granulites. 
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Chapter 3 

Data and Standard Methods 

3.1 Data 

In the present thesis, waveforms from 82 broadband seismic stations distributed all over 

the Indian shield have been used. These stations are mostly deployed and maintained 

by the Indian Meteorological Department (IMD), National Center for Seismology 

(NCS) and Ministry of Earth Sciences, Govt. of India. The stations in Indo-Gangetic 

regions are deployed and operated by the National Geophysical Research Institute 

(NGRI). Data from one GEOSCOPE station HYB at Hyderabad are from IRIS and 

DMC. All the stations have three components and broadband frequency response. 

 

3.2 Standard Methods 

3.2.1 Receiver Function Analysis 

Converted wave techniques, commonly termed as receiver function analysis is 

routinely used world-wide to decipher the sub-surface structure. In mid-60’s, spectral 

ratio technique (Phinney, 1964) was used to separate the crustal response function from 

the seismic trace. Later, at the end of 70's, Langston (1979, 1981) developed this 

spectral ratio technique and named it as Receiver Functions (RF) for exploring the 

crustal structure by isolating conversions from the discontinuities. Vinnik (1977) had 

taken a similar approach to detect upper mantle discontinuities by introducing delay 

and sum techniques. The theoretical background of the receiver function technique has 

been described by many researchers (Vinnik, 1977; Burdick and Langston, 1977; 

Langston, 1977, 1979; Owens et al., 1984; Kind and Vinnik, 1988; Zandt et al., 1995 

etc). 

 Receiver functions are time series, computed from three-component 

seismograms, containing the relative response of Earth structure near the receiver. The 

resulting waveform is a composite of P-to-s converted waves that reverberate in the 
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structure beneath the seismometer. Modelling the amplitudes and timing of these 

reverberated phases have the potential to constrain the underlying geology. 

 

 

Figure 3.1 Teleseismic P-to-s conversions at a discontinuity beneath the station. 
 

A new variant of the spectral method was introduced to estimate the crustal velocities 

by inverting the high quality receiver functions data (Owens et al., 1984). This inversion 

technique was very popular, but it produced non-unique results (Ammon, 1991). Later, 

attempts have been made to improve a strong dependence of final results of inversion 

(Saul, et al., 2000) on starting velocity models. However, it seems that independent 

sources of velocity structures such as those obtained by surface wave and/or body wave 

tomography are needed for more reliable starting models. The basic advantage of the 

RF method was adoption of various techniques from exploration seismology such as 

moveout correction (Gurrola et al., 1994; Yuan et al., 1997) and migration (e.g. Kosarev 

et al., 1999) that were successfully applied to array and network data and produced 

detailed information on crustal and upper mantle structures. In its present form the 

receiver function method has emerged as a standard and reliable routine method for 

many seismological investigations for the crust and upper mantle structure carried out 

using deployment of temporary and permanent seismic networks. The teleseismic 

waveforms are utilised to compute RF(s) that contains signatures from the source 

(source time function) of the earthquake, the propagation path through mantle and local 

structure beneath the station. Teleseismic P waves propagate through the mantle and are 

incident at the crust and upper mantle discontinuities underneath to generate P-to-s 

converted waves (Figure 3.1). 

  Converted wave amplitude changes with angle of incidence, which is directly 

related to the epicentral distance (Figure 3.2). The wave-front from a teleseismic wave 

can be approximated as a plane wave at the seismic station due to the large distance 
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from the hypocenter. The basic advantage of plane wave approximation is the ability to 

use ray description of the waves (wave travel path). The amplitudes of conversions 

change with increasing distance. To avoid the complications while dealing with 

interfering PP and upper mantle triplication phases, teleseismic P waves recorded in 

epicentral distances greater than 30 and less than 95 are only used. Here, we have 

restricted our data based to the body wave magnitudes greater than 5.5Mb. The 

teleseismic P waves in the selected distance criteria are steeply incidents at the receivers 

and are dominant on the vertical component of ground motion, whereas the converted 

P-to-s waves are best identified on radial-horizontal component of seismograms. By 

deconvolving the incident P waveform from the radial-horizontal component, the 

obscuring effects of the source time function, source site reverberations and wave 

propagation through the mantle are removed, leaving a signal composed primarily of 

P-to-s conversions and associated multiple reverberations below the station. The final 

waveform is called the receiver function (RF). 

 

 

Figure 3.2 Amplitude versus angle of incidence for P-to-s converted wave. 
 

Figure 3.3a shows the different combination of conversions with multiples 

whereas Figure 3.3b shows the synthetic receiver function trace for some models with 

one interface. Isolating the information lending fraction of the incident P wave that gets 

converted to S wave enables characterization of the seismic discontinuities beneath a 

station. 

 The receiver function studies, usually utilize the frequencies in the range of 0.1 

Hz to 1 Hz. Mathematically we can write a seismogram as: 

S(t) = A(t) ∗ EL(t) ∗ I (t)                                                                                                   (3.2) 

where, 
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S (t) is the time domain recorded seismogram, 

A (t) is far field seismic source function, 

E (t) is the earth response and 

I (t) is the instrument response function. 

 

 

  

 

 

 

Figure 3.3(a) Model with a horizontal layer 

over a half space. A plane P wave is incident 

upon the interface from below and generates 

P-to-S converted waves and many 

reverberations between the free surface and 

the interface. For P-receiver function waves 

that end as S-waves at the seismic station are 

used.  

 Figure 3.3(b) Typical P-receiver function 

produced for a layer over a half space, 

reveals a very strong phase with positive 

amplitude at 4.5 s which is the converted Ps 

phase at the Moho. The multiples arrive at 

14.5 s and 19.2 s delay time and show the 

PpSs and PpPs reverberations between earth's 

surface and the Moho. 

 

The first step is to isolate the receiver effects from the teleseismic P wave seismogram 

by deconvolution of the respective instrument responses. In the presence of abundant 

seismic noise, deconvolving the instrument response from seismograms might turn out 

to be unstable. This phenomenon decreases useful frequency band of the corrected 

signals. Since useful teleseismic waves for receiver function studies have frequencies 

less than 1 Hz, signal to noise ratio without losing useful information can be improved 

by using a low pass filter before removing the instrument response. In case of data from 

different types of seismographs (as might be the case with temporary networks), the 

instrument correction is vital for equalizing the seismograms. 

In the present thesis, in order to compute the receiver functions, following steps 

have been adopted: 

 

a)  Rotation 

The three components waveforms i.e., vertical (Z), north–south (N) and east–west (E) 

components of the seismic ground motion are rotated into a local coordinate system, 
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L=Vertical (P), Q=Horizontal (SV) and T=Horizontal (SH). This coordinate system, 

however, depends on the angle of incidence of the seismic waves. Overestimation or 

underestimation of the incidence angle can result in some P wave energy on the Q 

component of the receiver functions at the time of direct P wave (i.e. at P-onset). The 

incident angles can be estimated either by theoretical calculation or from waveforms or 

by iterative rotation (as suggested by Kumar et al., 2006; Kumar and Kawakatsu, 2011). 

 

 

Figure 3.4 Inlet shows the Z (Vertical), N (North-South) and E (East-West) components. ZNE 

coordinate system rotated with back azimuth angle (j) to ZRT system. R is pointing the 

earthquake direction and T is perpendicular to R. The angle i is the angle of incidence of the P 

wave. The ZRT system is rotated around i into the LQT system. The particle motion of the S 

wave is perpendicular to the L direction, while the Sp converted waves are polarized 

approximately along the L direction. 
 

 The azimuth and incidence angles of the incoming P waves can be theoretically 

calculated (or measured from waveform) based on the ray tracing from the earthquake 

to the station for a given velocity model (here IASP91, Kennett and Engdahl, 1991 have 

been used for this purpose). Another way is to determine the incidence and azimuth 

angle by diagonalization of the covariance matrix (Kind and Vinnik, 1988; Montalbetti 

and Kanasewich, 1970). Third way is to minimize the SV amplitude at the P arrival in 

P receiver functions. In principle this transformation can also be done by variation of 

the apparent rotation angles (Kumar et al., 2006; Kumar and Kawakatsu, 2011). The 

primary and converted phases have measurable differences in their incident angles. The 

new coordinate system is oriented on the main phase to avoid leakage of the strong 



35 

 

main phase into the weak converted phase. It should be mentioned here that free surface 

effects are small on the determination of the incidence angle (Reading et al., 2003) and 

usually are not considered. In many cases of receiver function application, the ZRT 

system is used in which R is computed from the theoretical back azimuth (Figure 3.4). 

In order to account for scattering at shallow depths just beneath the stations it is 

advisable to measure azimuth and incidence angle by particle motion observation of the 

first few seconds of P wave onset. This can further be enhanced by filtered waveforms 

by a low pass filter with corner frequency of 1Hz to get rid of the unwanted high 

frequency signals. In the present case both the rotation schemes were used i.e. 

theoretical and waveform-derived. The optimal azimuth and incidence angles are 

chosen when the difference between azimuth is less than 20 and 10 in case of 

incidence angle. 

 

b)  Deconvolution                                                                                                                                                 

Deconvolution is a process which improves the temporal or vertical resolution of 

seismic data by compressing the basic seismic wavelet and recovers the earth 

reflectivity series. The seismological waveform data recorded at three component 

seismometer contains wealth of information on earthquake source, the earth's structure 

in the vicinity of both source and receiver, and mantle propagation path effects. 

Deconvolution step (Vinnik, 1977; Phinney, 1964) was introduced in processing to 

calculate the source equalized receiver functions. The deconvolution converts all the 

recorded L components from different earthquakes into a form which they would have 

if all sources would have the same waveform and amplitude, for example, a spike of 

the same size, also done approximately (Figure 3.5). For this reason, there are different 

forms of deconvolution technique. The deconvolution is performed either in the time 

domain or in frequency domain. Alternatively, cross-correlation technique is also used 

(e.g. Helffrich, 2006; Kind and Vinnik, 1988; Bostock, 2004) in receiver function 

technique. Ligorria and Ammon (1999) introduced the iterative pulse stripping time 

domain deconvolution technique in receiver function analysis. However, Kumar et al. 

(2010) retrieved the structure using a summation technique that utilizes no 

deconvolution. 

The popular deconvolution technique is frequency domain by calculating the 

Fourier spectral division of the L and Q components (or vertical and radial 
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components). However, it has a fundamental problem of instability. The water-level 

technique (Clayton and Wiggins, 1976) is further utilized to solve the problem of 

division instability. On the other hand, Wiener filtering technique (e.g. Berkhaout, 

1977) can also be performed in the time domain deconvolution approach. In the present 

study, spiking deconvolution in time domain has been used. Spiking deconvolution is 

the process of compressing a seismic wavelet, which is the L component into a zero-

lag spike. The mathematical description of this deconvolution technique is given below. 

 

 

Figure 3.5 Data and processing example for one station (ADKI). a. shows the raw data, b. 

depicts the after coordinate rotation of the ZNE data into the L, Q and T system by using 

backazimuth and angle of incident as described in the text. c. denotes the traces after 

deconvolution of Q and T- components from L- component. Our receiver function is the Q-

component and also T-receiver function is the T-component in the bottom subplot. 
 

Three restituted components after rotation can be theoretically represented by: 

SL(t) = A(t) ∗ EL(t)                                                                                                             (3.2) 

SQ(t) = A(t) ∗ EQ(t)                                                                                                            (3.3) 

ST(t) = A(t) ∗ ET(t)                                                                                                             (3.4) 

where, 
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S (t) is the time domain recorded seismogram,  

A (t) is far field seismic source function,  

E (t) is the earth response and  

By assuming EL(t) ≈ δ(t), deconvolution of SL(t) from SQ(t) removes the effect of the 

source and propagation path effect and the result is the receiver structure at the 

recording station: 

EQ(w) =
SQ(w)

SL(w)
                                                                                                                    (3.5) 

where SQ (ω) and SL (ω) are the frequency-domain representation of the recorded Q and 

L components of true ground displacements. 

  

 The spiking deconvolution operator is strictly the inverse of the initial segment 

of the L component that is obtained by minimizing the least square differences between 

the observed seismogram and the desired delta-spike function. This process, which is 

known as least-squares inverse filter, is a special case of optimum Wiener filter 

(Berkhout, 1977). In the present work, a time window of 10 s before the theoretical 

onset of P and 90 s after P have been used to generate the inverse filter. If a longer 

window length is chosen, then instead of the real source function, the waveform may 

also contain multiple reflections that could be due to the effects of the Earth structure 

near the source and receiver. 

 

c)  Moveout Correction and Stacking 

 The Ps converted phases are generally having low amplitude. After separation 

of the P and SV wave fields into separate components and source equalization by 

deconvolution, it is easier to detect the small converted signals. With the large amount 

of available digital data, weak signals can be enhanced significantly by summation of 

many records. However, the arrival time of the converted waves is a function of 

incidence angle, controlled by slowness, which in turn is determined by the epicentral 

distance and focal depth. Slowness is the inverse of the horizontal component of the 

velocity of a seismic phase; it is inversely proportional to the epicentral distance. For 

example, P phase with slowness of 6.4 s/deg corresponds to 67° epicentral distance. 

The dependence of the arrival time on the slowness (or distance) is called moveout. The 

moveout must be corrected before stacking many receiver functions. If the seismograms 

are lined up along the P phase and stacked, the converted phases (for example Moho 
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signal) will also be stacked constructively because of the moveout curve. This is similar 

to the delay and sum technique known from array processing (Vinnik, 1977), when it 

was applied for observing the upper mantle discontinuities at 410 and 660 km depths. 

Another solution is to apply the moveout correction before summation, which is a 

common procedure in controlled source seismology. The concept has been shown in 

Figure 3.6. 

 

 
Figure 3.6 Tp and Ts are the travel times of the P and S phases with the ray parameter p for a 

layer over a half space. Th is the travel time differential in the half-space for the two rays 

assuming a planar wave front. 
 

The travel time difference between the conversion and the direct P wave (Ps-P delay 

time) can be given as 

Ps − P(p, H, Vs, Vp) = Ts + Th + Tp                                                                                  (3.6) 

where, 

p = ray parameter of the direct P wave, 

H = crustal thickness,  

Vp and Vs = P and S wave velocities in crust 

Tp and Ts are the travel times for the P and S phases with the same ray parameter through 

the layer. Th is the travel time differential in the half-space for the two rays assuming a 

planar wave front (Gurrola et al., 1994). Assuming that the ray parameter for the direct 

P and the Ps conversions is the same, the delay time of Ps converted wave can be 

calculated (Kind and Vinnink, 1988) as follow: 

∇TPs
= H ((Vs

−2 − p2)
1

2 − (Vp
−2 − p2)

1

2
)                                                                       (3.7) 

Similarly, delay in travel times for crustal reverberations can be given as follows: 

For the PpPs that has two P legs and one S leg 
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∇TPpPs
= H ((Vs

−2 − p2)
1

2 + (Vp
−2 − p2)

1

2
)                                                                   (3.8) 

For PpSs and PsPs composed of the sum of reverberations with two S legs and one P leg, 

and has two contributions with final S leg is 

∇T
(

PpSs
PsPs

⁄ )
= 2H ((Vs

−2 − p2)
1
2)                                                                                (3.9) 

Finally, for PsSs that has three S legs is     

∇TPsSs
= 3H ((Vs

−2 − p2)
1
2 + (Vp

−2 − p2)

1
2

)                                                              (3.10) 

 The magnitude of the moveout corrections changes with both the depth to the 

discontinuity and the ray parameter of the incoming P wave. For shallow depth, i.e. 

from Moho or intra crustal discontinuities, the variations of the moveout curves are 

small (usually less than 0.5 seconds), while for deep conversions the variations are more 

prominent (see Figure 3.7). 

  

 
Figure 3.7 Move out correction of synthetic P receiver functions. a) Before moveout correction, 

b) move out correction for direct converted wave (Ps) and c) move out correction for first 

multiple (PpPs). IASP91 reference model and reference slowness of 6.4 s/deg are used. 

Seismogram at 6.4 s/deg is unchanged. 
 

The travel time curves for the converted phases in the P wave coda originating from 

different depths are not parallel to onset of P wave arrival. Their slowness decreases 

with increasing conversion depths. Therefore, a reference velocity-depth model is 

needed to perform the moveout correction. In this technique the time scale is stretched 

or compressed in order to make parallel travel time curves of converted seismic phases 

from different depths. In the present study the Ps conversions are moveout corrected at 

a reference epicentral distance of 67° which corresponds to a ray parameter of 6.4s/deg 

or 0.057 s/km with respect to the global IASP91 1D velocity model. Figure 3.7 shows 

a synthetic case for before and after moveout correction for the converted phase and for 

multiple respectively. 
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 In fact, the moveout correction compresses the time scale of the response of the 

receivers (or RF) at shorter distances, while beyond 67° it stretches. Therefore, after the 

moveout corrections Ps, all Ps converted phases should align parallel to the P wave 

arrivals and summed into a single trace, while multiples of the type of PpPs and PpSs are 

not (Figure 3.7). The advantage of the moveout correction and summation technique is 

that a single summation trace representing a group of traces enables an easy comparison 

with another summation trace representing another group of traces. Multiple reflected 

phases are still destructively superimposed because each type of phase (direct 

conversion or multiples) needs its own moveout correction. Special moveout 

corrections may be applied to enhance the multiples. 

 

3.2.2 Estimation of crustal parameters using grid search method 

 There exist several methods (Zhu, 1993; Zandt et al., 1995; Zandt and Ammon, 

1995, Zhu and Kanamori, 2000) to estimate the crustal parameters. However, the 

method of Zhu and Kanamori (2000), to estimate the crustal parameters, is the most 

widely used. Here, we used a simple grid search method to estimate the bulk Poisson’s 

ratio and bulk crustal thickness. The approach is similar to other methods except that it 

is performed with only one slowness value. The purpose is to provide a quick initial 

guess for the crustal parameters which will be further used as a starting model in the 

inversion. 

 The concept is to use various H and Vp/Vs values and then finding the optimal 

value by minimizing the difference between the observed and computed travel times. 

The method requires clear observation of primary conversion Ps and one of the crustal 

multiples i.e., PpPs or PpSs+PsPs. The travel time equations for the direct conversion 

from an interface (say Moho) (Ps) and one of its free surface multiples (PpPs, PpSs+PsPs) 

for homogeneous, isotropic medium are as follows: 

∇TPs
= H ((Vs

−2 − p2)
1
2 − (Vp

−2 − p2)

1
2

)                                                                    (3.11) 

∇TPpPs
= H ((Vs

−2 − p2)
1
2 + (Vp

−2 − p2)

1
2

)                                                                (3.12) 

where, 

p = Ray parameter of the direct P wave; H = Crustal thickness,  

Vs and Vp = S and P wave velocities 
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ΔTPs and ΔTPpPs = Differential travel times for Ps and PpPs 

The first step is to pick the timings of the Ps and PpPs phases accurately from the 

moveout corrected stack trace for each station. The moveout correction has been 

performed using a ray parameter of 6.4 s/deg, using global 1D velocity model 

(IASP91). In above two equations (3.11) and (3.12), we vary the values of H from 

certain minimum to maximum fixing Vp/Vs. In next step by fixing H, we vary Vp/Vs. 

Each time, we compute TPs and TPpPs theoretically. These travel times are then compared 

with the corresponding observed travel-times. The minimal will be the optimal (H, 

Vp/Vs) for each pair. 

 

 

Figure 3.8 One example of real field observed data 

from an individual station CUD. 
Left panel is the SV component of receiver function 

image arranged with increasing order of slowness. The 

colour code represents the polarities that are red: 

positive and blue: negative. 
Right panel denotes the summation trace after 

moveout correction. Conversion time for direct 

conversion (Tps) and multiples (TpPs) picked from 

stack trace. The dash lines are the predicted travel-

time curves generated using the parameters derived 

from grid search methodology (as described in the 

previous section). 
 

 

 

Figure 3.9 Application of method for station CUD. 

Contributions of Ps and its multiple (PpPs) to the 

stacked amplitude as a function of crustal thickness 

(H) and Vp/Vs ratio. The circle shows a Moho depth 

of 36.0 km and Vp/Vs of 1.70 for this station. 

 

 Figure 3.8 shows an example of observed data for the station CUD in southern 

India. The receiver function image has been shown with the stack at the right panel. 

The times are picked as indicated in Figure 3.8 at Ps and Pps marks. Then the second 

step is to perform the grid search over various values of Vp/Vs and H. In the present 

case, we varied H from 20 to 70 km with a step of 1 km and Vp/Vs varies from 1.5 to 

2.3 with a step of 0.01 (Figure 3.9). At a time only one parameter is varied and other is 
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kept constant. Then the difference between the calculated and actual time values are 

estimated as 

fnPs
= ∇TPs

− [H ((Vs
−2 − p2)

1
2 − (Vp

−2 − p2)

1
2

)]                                                   (3.13) 

fnPpPs
= ∇TPpPs

− H ((Vs
−2 − p2)

1
2 + (Vp

−2 − p2)

1
2

)                                               (3.14) 

The joint errors (goodness of achieving the convergence) is defined as 

E = (fnPs

2 + fnPpPs

2 )

1
2

                                                                                                        (3.15) 

 The curves in Figure 3.9 are the minimum residuals, fnps and fnPpPs, for two 

travel-times Tps and TPpPs. The optimal solution is the intersection point of these two 

curves (Figure 3.9) i.e. given by E (equation, 3.15). Similar approach has been adopted 

for data from other stations of Indian shield (shown in Appendix-D). The values are 

tabulated in Table-A1. The error as described in equation (3.15) is not the error in 

estimated H and Vp/Vs, rather it is the measure of the goodness of the fit. The errors 

which we are assigned to H and Vp/Vs in Table-A1 are in fact coming from the 

waveform. 

 

3.2.3 Inversion 

 Once the 1D velocity model is known, we perform inversion of the stacked trace 

for each station. The stack receiver functions are generated after the moveout-correction 

as described in the previous section. We adopt a linearized time domain iterative 

waveform inversion scheme (Ammon et al., 1990; Saul et al., 2000) where for each 

model, the synthetic seismograms at a slowness corresponding to the stacked trace are 

computed using the reflectivity method (Fuchs and Müller, 1971; Kind, 1978). Least 

square inversion method is a robust and stable one compared to the other optimization 

schemes (Wiggins, 1972; Jackson, 1972). The any optimization method has its own 

limitations and advantages. The L2 norm optimization has been used by many workers 

in the recent past (e.g. Nascimento, 2012; Yuan et al., 2010; Wu et al., 2007; Chen et 

al., 2005; Wu, et al., 2003 etc). Though this method minimizes the difference between 

observed and synthetic receiver functions (Frederiksen et al., 2002), there is no 

guarantee that a unique inversion result will be obtained. Therefore, using a-priori 

information available for the study region and 1D model estimated from grid search (as 
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discussed in the previous section), will be helpful in better constraining the final 

solutions. In inversion, the initial velocity depth model is iteratively improved by a 

sequence of relatively thin layers with a gradual increase or decrease in the velocity. 

This non-linearity issue can be overcome by using the Monte-carlo type of global 

minimization schemes like the neighbourhood algorithm (Sambridge, 1999a). The 

nearest neighbourhood algorithm approach (Sambridge, 1999b), when used in 

conjunction with the efficient forward modelling scheme of Frederisken and Bostok 

(2000), is very effective to parameterize the structure beneath a seismic station in terms 

of P and S wave velocity variation with depth, layer dip and anisotropy. Diebold (1987) 

used the travel time equation to synthesize the effects of dipping planar media, by using 

analytical expression involving the depth and the vertical slowness within a layer. 

Anisotropy is also modelled with a hexagonal axis of symmetry with an arbitrarily 

oriented axis of symmetry using the formulation of Farra et al. (1991). 

In the present study, the inversion scheme utilizes the linearized, iterative 

inversion of a specified waveform. They incorporate a minimum roughness constraint 

to remove non uniqueness problems from each individual inversion - but the full 

nonlinear problem of finding acceptable models is not unique (Ammon et al., 1990). 

Partial derivatives are calculated using a finite-difference approximation. The 

inversions allow a solution for a velocity model at each iteration, as opposed to a 

solution for a velocity-model correction vector. Let m represent the velocity model, dm 

is a velocity correction vector, d is the residual vector, and G denotes the matrix whose 

ith column is the partial derivative of the receiver function with respect to the shear 

velocity in layer i. The initial model is called mo and the model we seek is called m, 

where m = mo+ dm. Then we can invert either of two equations with very little 

computational difference. If we want to solve for the model correction vector, we can 

solve: 

Gm = d 

Singular-value decomposition is used to compute the matrix inverse and solve the 

inverse problem. The procedure consists of preparing the observations, constructing an 

initial model, choosing a smoothness weight parameter, inverting the waveforms and 

assessing the significance of features in the results. The inversion is really a search for 

models fitting the observations using a gradient-based inversion algorithm to map out 

local minima. 
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In the present study we allow the generation of all primary and multiple phases 

for horizontal isotropic medium. Also, it is important to note that the synthetic traces 

are rotated and deconvolved in the same manner as the observed traces, for a 

meaningful comparison. Figure 3.10 depicts an example from the station CUD, where 

a suit of synthetics have been generated for a number of models and then the best model 

has been picked up based on the basis of least rms error. The inversion results from 

other stations are shown in Appendix-F. 

 

 
Figure 3.10 An example of the inversion results for the station CUD. Velocity model in right 

panel is obtained by inversion of observed stacked traces (thick black line) in the left panel. 

Before stack, the receiver functions are filtered and moveout corrected to a reference slowness 

of 6.4 s/deg using the IASP91 Earth model. Synthetic traces (grey lines) computed from this 

model (right panel) to fit the observed trace well for the station CUD located in the Indian 

shield. 

 

3.2.4 Limitations of teleseismic Receiver Function method  

The followings are the limitations of the Receiver Function method 

i. Receiver function provides the velocity change, not the absolute velocity.  

ii. The wave incident is approximated as plane wave at the interface below the 

receiver. However, this point is reasonable to a large extent. 

iii. In order to estimate the depth to the convertor and the Poisson’s ratio accurately, 

we need to have a clear primary converted phase and one free surface multiple. 

iv. Information is limited to a volume beneath a single station. 

v. In case of loose sediments, it will generate the multiples. Then it is difficult to 

separate the Moho conversion and multiples arise from the sediments. 

vi. Simplifications /assumptions often cannot explain real Earth (lack of data, 

anisotropy, dipping layer, non-uniqueness and noise in the data). 
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Chapter 4 

New method to estimate shear-wave velocity contrast 

across an interface 

4.1 Background 

The primary objective of this new method is to estimate the shear velocity contrast 

across Moho using converted wave (P-to-s). The amplitudes of the converted phase 

from an interface are expected to show a moveout with respect to slowness. To improve 

the signal-to-noise ratio, we stack the traces; however, in areas with significant 

amplitude variation with ray parameter, the shear wave velocity derived from it may 

not be reliable. This approach is similar to amplitude versus offset analysis done in 

exploration seismology (e.g. Castagna and Backus, 1993), to estimate elastic 

parameters. Exact reflection and transmission coefficients for an incident plane wave 

as a function of angle at an interface of two layers in welded contact are given by the 

Zoeppritz equations. The Zoeppritz equation expresses the transmission coefficients as 

a function of slowness and independent elastic parameters. Seismic reflection and 

transmission amplitude is dependent on the offset between source and receiver. 

Different studies have been done to get more insights into the factors that control 

amplitude with angle/offset (Aki and Richards, 1980; Ostrander, 1983, 1984; Smith and 

Gidlow, 1987). A seismic discontinuity is defined to be the boundary between two 

layers of strong detectable contrast in seismic impedances. Many different notations 

have been proposed for reflection / conversion / transmission coefficients. Here, we 

used the notation described by Aki and Richards (2002). 

 

4.2 Isotropic horizontal layer case 

Exact reflection and transmission coefficients for an incident plane wave as a function 

of angle at an interface of two layers in welded contact are given by the Zoeppritz 

equations. We focus here on the analytic form for the converted wave transmission 
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coefficient from P to S (P-to-s) at a planar boundary of two elastic media (Figure 4.1). 

Figure 4.1 demonstrate the possible combination of reflection and transmission ray 

geometries. The P-to-s transmission coefficient is given by the notations and 

convention, after Aki and Richards, 2002: 

 

 

Figure 4.1 schematic ray diagrams showing different possible combination of reflection and 

transmission ray geometries. 
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Angles i's and j's are defined in the Figure 4.1. In the following we will derive two 

different approximations of Eq. (4.1). Assuming that i1, i2, j1 and j2 are small, we can 

express equation (4.1) in the following form 

Aps

p
= X + Yp2                                                                                                                       (4.2) 

which is a straight line for (Aps/p) versus p2 with intercept, X and slope Y. 
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The intercept and slope are given by 
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Further, as a special case, if we assume that 


2

≪ 1 and  


1

≪ 1, then relations (4.3a, 

b) reduce to the following form 
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                                                                                                    (4.4a) 

and 
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2

                                                                                           (4.4b) 

Equations (4.3) are useful relations used in the further analysis. However, relations (4.4) 

are just special cases derived from relations (4.3). Now in order to compare the above 

three amplitude curves, namely, the exact, approximation-I and approximation-II, we 

used an arbitrary velocity model and generated amplitudes at regular interval of 

slowness. Figure 4.2 depicts the comparison of all the three curves. As expected, the 

approximate amplitudes are close to the exact one at small ray parameter; however, all 

the three curves are well within the realistic limit of teleseismic P slowness range 

(Figure 4.2 a, b top subplots) of about 0.04 to 0.08 s/km, and the deviations are more 

beyond this range. In the bottom subplots of each panel (Figure 4.2), (Aps/p) versus p2 

plots are shown that are straight lines (equation 4.2). The linear regression can be fitted 

to derive X and Y. Note that, for panel b) of Figure 4.2, the amplitude curves are 

generated keeping the density contrast of the top and bottom layer the same. Under this 

assumption, the discrepancies among the curves are reduced and interestingly, the 

intercept (X) converges to a unique value. 

In order to compare the exact amplitude curves of P-to-s waves for a model with 

and without density contrast, we superimposed the exact amplitude curve of a) (dashed 

line) on b) of Figure 4.2 as thick dashed line, and it is clear that they are very close to 

each other indicating that the density contrast does not significantly affect P-to-s 
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transmitted amplitudes. This property of converted wave amplitudes is also tested in 

Figure 4.3, where we show P-to-s amplitudes with varying percentage of density 

contrast. It is clear that the density contrast has negligible effect for practical purposes. 

With this view, we further reduce the intercepts of equations (4.3a) and (4.4a) to the 

following form 

𝑋 = 2 (
2

− 
1

) = 2                                                                                                      (5.5), 

where, both the approximation-I and approximation-II converge. 

 

 

Figure 4.2 a) P-to-s converted amplitude curves plotted with increasing order of slowness for 

an isotropic velocity model (shown in boxes as insets in the upper two panels). Note that in 

panel b), the model has no density contrast between the two layers. The dashed line denotes the 

amplitude compute using the exact equation (from Aki and Richards, 2002); while the grey and 

black solid lines are the approximated curves derived from equations 4.3 and 4.4 respectively. 

Bottom subplot of each panel is the Aps/p verses p2 plot, which is a straight line according to 

the equation 4.2, and the intercept is denoted by X. The thick grey dashed curve in b) is the 

exact curve from a) i.e. the grey dashed line in b) is the dashed line from a). Another interesting 

feature of the panel a) and b) is that for a small density contrast, both approximations tend to 

approach the exact curve. 

 

Equation (5.5) is now our working formula with which we estimate the intercept, which 

yields the shear velocity contrast across an interface. 
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Figure 4.3 Dependence of the P- to -S converted amplitude on the density contrast of the 

medium. 

 

 

Figure 4.4 Application of the present method to a synthetic data. a) Synthetic P-receiver 

functions generated at various slowness values for a simple model shown in b), where the 

contrast inβ from crust to sub-crust is 1.2 km/s. The top phase around 5-6s is the P-to-s 

conversion from the interface at 40 km depth. The amplitudes from a) are picked automatically 

within the time window of 2-8 s and plotted in c) as open circle. Now, using the velocity model 

of c) the amplitude curves are generated analytically and shown in c) as, dashed curves: exact, 

grey: approximation -I and black solid curve is for approximation -II as shown in equations 4.3 

and 4.4 respectively.  Aps/p verses p2 plot in d), which is a straight line according to the equation 

4.2. The intercept (X) has been estimated by fitting a regression line to the data. Once we know 

X, the shear wave velocity contrast can be estimated as δβ=X/2=1.2 km/s (according to equation 

4.5), which is in good agreement with the real value. 

 

4.2.1 Synthetic Examples 

 In order to test the validity of the relation (4.5), we first applied it to synthetic 

data sets generated for various types of models. The first example is shown in Figure 
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4.4. The synthetic P-receiver functions (Frederiksen and Bostock, 2000) (Figure 4.4a) 

have been generated for a realistic velocity model (shown in Figure 4.4b) at various 

slowness values. The velocity model is simple and isotropic with shear velocity contrast 

of δβ=1.2 km/s (Figure 4.4b). In the receiver functions (Figure 4.4a), the positive peaks 

at ~4-5 s are the P-to-s conversions from the interface at a depth of 40 km. The 

amplitudes of these phases are picked automatically by picking the maximum 

amplitudes within the time window of 2-10s and are plotted as a function of slowness 

in Figure 4.14c as open circle. For the velocity model used in c) the approximated 

curves are also generated using the equations (4.2) using X and Y from equations (4.3a, 

b) and (4.4a, b) respectively and superimposed on Figure 4.4c. Now, we plotted the 

slowness weighted amplitude (Aps/p) versus p2. The intercept X, has been estimated by 

fitting a regression line through the data as shown in Figure 4.4d. Here, the estimated 

value of X=2.4, which is exactly double that of the δβ given in the model as inferred by 

the relation (4.5). Hence the estimated shear wave contrast agrees well with that of the 

real value. 

 

 

Figure 4.5 This is same as Figure 4.4, but for a different velocity model, where the contrast 

from crust to sub-crustal shear wave velocity has been kept low (0.4 km/s). Here, the value of 

X has been found to be 0.8 and thus δβ=0.4. 

 

We tested the algorithm with another example shown in Figure 4.5, where we used a 

very small δβ. We repeat the procedure as explained for Figure 4.4. The values of X 

and δβ are labelled in Figure 4.5 and they are in good agreement. 
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The previous examples are simple with models having sharp velocity jumps; 

however, in reality we find the discontinuities are not that sharp. In order to check 

whether the above relation still holds, we generated synthetics (Figure 4.6a) for a model 

(Figure 4.6b), where there is a gradient at the base of the crust with a net jump of β=1.1 

km/s. We repeated the same procedure as stated earlier and estimated the X. In this case, 

we found that X=2.1 which is again ~2δβ with a difference of 0.1km/s (Figure 4.6c). 

 

 

 

Figure 4.6 This is same as Figure 4.4, but for different velocity model, where there exists a 

gradient at the base of the lower crust. The intercept and the jump in shear velocity are in good 

agreement with each other as indicated. 

 

 

 

Figure 4.7 This is same as Figure 4.4, but for a velocity model, where we have two 

discontinuities, one at the intra-crustal and other as similar to Figure 4.6. The amplitude picking 

windows are shown as rectangular boxes. Here we have two intercepts for the respective 

interfaces and the values of Xs and δβs are in agreement with the real values as indicated and 

details are in text. 

 

In order to make the method more general, we next selected a model with two interfaces 

i.e. one at intra-crustal level and another Moho with a velocity gradient. The synthetic 

P-receiver functions and the model are shown Figure 4.7a and 4.7b respectively. Here 

we have two primary conversions from the two interfaces and are picked as shown by 

rectangular boxes in Figure 4.7a. For the two respective phases we have two sets of 

data shown in Figure 4.7c and there will be two intercepts whose values are 0.8 and 2.1 
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for the top layer and bottom layer respectively. These values are exactly equal to 2δβ 

across the interface values as indicated in the figure. 

 Figure 4.8 demonstrates another synthetic example where we added Gaussian 

noise of mean 0.0 and standard deviation=0.02 to the synthetic amplitude data 

generated for the model shown in Figure 4.14b. The noisy synthetic data are shown in 

Figure 4.8c. Figure 4.8d shows the estimation procedure of X as described in the earlier 

figures. The real δβ is 1.2 km/s, whereas the computed value is 1.19km/s. 

 

 

Figure 4.8 This is same as Figure 4.4. Here we added Gaussian noise of mean=0.0 and standard 

deviation=0.02 to the synthetic data (a) generated for the model shown in (b) and repeated the 

procedure as described in the text and also in the earlier figures. The estimated value of X=2.37 

and δβ=1.2, which is close to the real value. 

 

4.3 Effect of Dip and Anisotropy on the estimation of δβ 

In order to demonstrate the effect of dip and anisotropy, here we carry out a synthetic 

test. For this purpose, we take a simple model with crustal thickness of 40 km with 

shear-wave velocity across Moho as 0.5 km/s. First, we take an isotropic medium with 

variable dips (say) at Moho. The dips range from 0 to 10 with an increment of 1. For 

each value we generate the synthetic receiver functions with a range of slowness and 

azimuths. Further, the amplitudes are picked each time from the synthetics and are used 

to estimate δβ as described in the previous section by fitting a regression line. Therefore, 

for each dip value, we get a corresponding δβ. Similar process has been repeated for 

anisotropic medium. In this case, we change the S -wave anisotropy from 0 to 10% with 

an increment of 1% and each time we estimate δβ as described in the synthetic case. 
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The results are plotted in Figure 4.9, which shows that presence of dip or anisotropy 

has significant effect on the estimation of δβ, if we apply the isotropic formula to the 

data from either dipping layer or anisotropic medium. The change in δβ i.e(δβ) is 

more pronounced in case for dip affected than that for an anisotropy medium. In case 

of a dipping layer with dip value of 5, if the data are subjected to the isotropic formula, 

then the change in estimated δβ will be ~0.1 km/s (i.e. 0.5±0.1 km/s). While, in case of 

8% anisotropy, the error in δβ estimation will be ~0.32 km/s (i.e. 0.5±0.32 km/s). 

 

 

Figure 4.9 The plot showing the effect of dip (grey curve) and anisotropy (black curve) on the 

estimation of δβ. The x-axes are change in dip and percentage values of anisotropy respectively, 

while the ordinate represents the change in δβ. 

 

4.4. Dipping layer or Anisotropic medium 

The limitation of the above method is that it does not account for dip or anisotropy and 

therefore application of such formulation to the data, either from dipping layer or 

anisotropic medium, may lead to erroneous estimation of shear wave velocity contrast 

(δβ) (see Figure 4.9 in section 4.3). Therefore, it is important to isolate the effect of dip 

or anisotropy from the data before using the isotropic-horizontal layer formulation. In 

order to overcome this problem, here further method proposed by Kumar (2015) has 

been adopted for the compensation for dip or anisotropy as the case may be. A brief 

description of the same is given in the following paragraph. 

 

 In the presence of either dip or anisotropy, the shear component is spitted in SH 

and SV amplitudes. In such a case, the transverse component of receiver functions is 

also important to analyse in conjunction with the radial component. A method has been 

proposed to compensate the SV-amplitude using shifted version of SH-amplitude, and 

subsequently transforming SV amplitudes equivalent to that from isotropic or 
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horizontal layer medium as the case may be (Kumar, 2015). Once this transformation 

has been done, δβ can be estimated using isotropic horizontal layer formula as described 

above. In presence of anisotropy, the amplitudes in SV and SH exhibit azimuthal 

dependence of π/2 periodicity and the phase lag between them is π/4. Therefore, in 

order to achieve in-phase SV and SH, the SH must be azimuthally shifted by π/4. But 

in presence of dip, the shift of SH-amplitude must be π/2 in azimuth. After shifting the 

SH amplitudes, it is removed from SV to compensate for anisotropic effect. First 

anisotropic case may be taken. In case of homogenous anisotropy with hexagonal 

symmetry and a horizontal axis of symmetry, there are two principal directions of 

polarization: one parallel to and other perpendicular to it. Let us suppose in a spherical 

isotropic earth, the radially polarized shear wave is s (t), and then the projections of the 

ground motion on the two principal directions are 

s1(t) = s(t) cos                                                                                                                    (4.6) 

and 

s2(t) = s(t −  t) sin                                                                                                          (4.7) 

Where  is the fast S-wave polarization with respect to the radial direction and δt is the 

delay. The time domain relations for radial and transverse components can be derived 

projecting the above signals, and thereby one gets (e.g. Babuska and Cara, 1991) the 

following: 

ur(t) = s(t)cos2 +  s(t −  t)sin2                                                                              (4.8) 

ur(t) =  0.5 [ s(t) − s(t −  t)] sin(2)                                                                          (4.9) 

Now, shifting the transverse comment by π /4, eq. (4) becomes 

ut


4(t) =  0.5 [ s(t) − s(t −  t)]sin (2 +  



2
)                                                            (4.10) 

Subtracting eqs (3) and (5), and after simple trigonometric simplifications we get, 

 ur(t) −  ut



4(t) = 0.5 [ s(t) + s(t −  t)] , 

[Wheresin (2 +  


2
) = cos(2) = cos2 − sin2] assuming weak anisotropy, where δt 

→ 0, the above relation becomes 

ur(t) −  ut


4(t)  s(t)                                                                                                          (4.11) 
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which is the radial component in isotropic medium. 

Hence eq. (4.11) transforms the anisotropic radial component into an equivalent 

isotropic form in the presence of anisotropy. Once this has been done, one can safely 

use the method as described in isotropic section to estimate the shear wave velocity 

contrast. Similar argument can also be extended for dipping layer case. 

 However, in case of dipping layer medium, SV shows polarity reversal with π 

periodicity. P–SV will be a strong conversion in the up-dip and smallest conversion 

coefficients in the down dip side. Also, the radiation pattern of P-to-s conversions for 

dipping layer are two-sided lob (Levin and Park, 1997) and this variation of amplitudes 

are associated with the variation of P-wave incidence angle at different dipping 

interface. At each angle of incidence of P wave from teleseismic distance, from any 

azimuthal direction, it makes an angle at the interface spiting into P–SV and P–SH 

waves with a phase lag of π/2. Therefore, in case of dip, the shift of SH-amplitude is 

π/2 in azimuth. 

 

4.4.1 Synthetic Examples: For Dipping layer 

Figure 4.10 demonstrates the application of the algorithm to a dipping layer case. A dip 

(θ) of 15 with strike (α) of 0 are introduced to a model and then synthetic P receiver 

functions (Frederiksen and Bostock, 2000) in Figure 4.10c,d are generated for a source 

distribution as shown in Figure 4.10(b). The sources are monotonically increasing with 

slowness and backazimuths. It is clearly seen that the SV- and SH-components of the 

seismograms (Figures 4.10c and d) show polarity reversal by π. The first positive phase 

at SV components at ~4 s is the conversion (P-to-s) from 40 km deep Moho. 

Corresponding SH-phase is also seen at the similar timings (Figure 4.10d). Now, a time 

window of 2-6s has been set to pick the maximum amplitudes automatically. The picked 

amplitudes are displayed in Figures 4.10(e) and (f) with respect to backazimuth and 

slowness, respectively. In both the subplots, the solid black and grey circles are SV and 

SH-amplitudes, which show sinusoidal type of variation. 

As described in the theory, an azimuthal shift of π/2 is applied to the SH-

component (shifted version: open diamond) and then removed from the SV-amplitudes 

(solid black circles). The operation is done within the azimuthal range of 90-360. The 

results are displayed in Figures 4.10(e) and (f) (indicated as crosses). The transformed 

SV amplitudes (crosses) should be dip compensated, that is equivalent to the horizontal 
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layer SV data. In order to verify this, the above processes have been repeated using the 

same velocity model (as Figure 4.10b) but now without any dip in the layer (as 

discussed by Kumar et al., 2014). As discussed above, the amplitudes are picked and 

displayed in Figures 4.10(e) and (f) (open squares). The plot shows that there is an 

excellent match between the ‘dip compensated’ and the ‘horizontal layer’ data. Now, 

the dip compensated data (i.e. crosses) are used to compute the slowness weighted 

amplitude (eq. a) to estimate the δβ (Figure 4.10g). In Figure 4.10(g), we show the 

estimations for all three types of data: (i) the dip compensated data (crosses), (ii) data 

from horizontal layer (open squares), and (iii) the data from the dipping layer (solid 

black circles). The intercepts (Xs) are estimated for all the above data by fitting linear 

regression lines. The respective intercepts are converted to δβs for each case. It is clear 

that the dip compensated and horizontal layer data provide the consistent solutions of 

δβ, that is 0.49 and 0.52 km/s respectively, corresponding to the actual value of 0.5 

km/s, whereas, the data from dipping layer provide overestimated value (0.86 km/s). 

Hence, numerically, it is verified that the dip correction works well and yields a realistic 

estimate of the shear wave velocity contrast across an interface. In the above example, 

the dispositions of sources have full backazimuthal coverage, which is not always a 

likely scenario as far as the observed data are concerned. The effect of dip on receiver 

functions can only be validated with confidence, if we have good azimuthal coverage. 

In order to show that the transformation yields reasonable result even with azimuthal 

gap in data, we take another example as depicted in Figure 4.11. In this case, the events 

are randomly distributed in distance and the azimuths are restricted within the first and 

fourth quadrants (Figure 4.11b). Since the data are placed unevenly, therefore we re-

sample it to make evenly distributed. For regularization, we use a linear interpolation, 

where the interpolant is piecewise linear for each interval of the form 

y =  y0 +  (y1 +  y0)
x −  x0

x1 −  x0
                                                                                       (4.12)  

where, y is unknown at x and holds in the interval (x0, x1). Linear interpolation is a 

robust estimator; however, in case of large gaps in azimuth, this may produce a biased 

prediction. To avoid such problem, we restrict the interpolation only within the data 

domain, that is in the present case the interpolation is avoided from ~100 to ~250 

(Figure 4.11b) azimuthal range. The re-sampled points at every 5 are denoted by 

triangles. The subplots in Figure 4.11 explain all the steps sequentially, similar to Figure 

4.10. Figure 4.11(g) depicts the final estimation plot of δβ, where it is clear that the dip 
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corrected and flat layer estimations are quite close and they are 0.52 and 0.53 km/s, 

respectively. On the other hand, if we use the dipping data directly to the eqs (a) and 

(b), they yield δβ = 0.35 km/s, in contrast corresponding to the actual value of 0.5 km/s. 

 

 

Figure 4.10 Application of the present approach (as described in the text) to a synthetic data 

set for dipping layer case. (a) Shows a simple isotropic model of 40-km-thick crust with shear 

wave velocity contrast across crust to subcrust is 0.5 km/s. The bottom part of the crust is 

dipping at an angle of 15 with strike 0 N. In order to generate synthetics, we select the events 

as shown in (b) from all backazimuths with monotonically increasing epicenteral distances. The 

SV- and SH-components of synthetic receiver functions are shown in (c) and (d), respectively. 

Due to the dip an appreciable amount of energy is also seen at SH-component of seismograms 

at similar time with 180 periodicity of polarity. Subplots (e) and (f) depict the amplitudes of 

SV and SH with respect to backazimuth and slowness, respectively. The meanings of different 

symbols are explained in the index. In (d) Aps /p versus p2 plot is shown for different data, that 

is for dipping layer (Xd, solid circle), dip corrected (Xdc, cross) and for the model with no dip 

(Xh, open square). Three regression lines are fitted to respective data in (g) to estimate the 

intercepts (Xs). Once we know Xs, the shear wave velocity contrast can be estimated as δβ = 
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X/2 (according to eq. b). It is clear that the dip corrected value is in good agreement with the 

actual value. 

 

 

 
Figure 4.11 This is same as Fig. 4.10, but for different source distribution as shown in (b). Here, 

a large azimuthal gap has been introduced so as to mimic approximately real field scenario. The 

backazimuths lie almost in the first and fourth quadrants and epicentral distance are irregularly 

placed. The triangles in (b) are the linearly re-sampled data in azimuth with 5 spacing. The 

interpolation has been limited to the cluster and avoids in case of azimuthal gap greater that 20 

(in the present study) to avoid unbiased prediction. The estimated δβ values are found to be 

consistent and it is seen that the dip correction works well and yields close to that of the actual 

one. 

 

4.4.2 Synthetic Examples: For Anisotropic medium 

After the successful application of the present methodology to dipping layer cases, we 

now, test the transformation to anisotropic synthetic data sets. In order to do so, we take 
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a model and introduce crustal S-wave hexagonal anisotropy of 8% with horizontal 

symmetry axis having fast polarization direction along 20N (Figure 4.12a). The depth 

of the anisotropic layer is 40 km, followed by an isotropic half space. The SV- and SH-

components of the receiver functions are generated (Figures 4.12c and d) for the 

specified source distribution (Figure 4.12). The P–SV conversions at ~4-5 s are from 

the discontinuity at 40 km depth. The P-SH phases are also seen in the similar timings 

(Figure 4.12). The maximum amplitudes for these phases are picked automatically and 

displayed in Figures 4.12(e) and (f) with respect to backazimuth and slowness, 

respectively. It is clearly seen that whatever be the value of the fast direction, the SV 

and SH conversions will always be in a phase lag of π /4. Now, as described in the 

methodology section, SH-component is azimuthally shifted by π /4 (open diamonds) 

and then subtracted from SV-amplitudes. The results are shown in Figures 4.12(e) and 

(f) (crosses).  

  Similarly, the process has been repeated for isotropic case and is superimposed 

on Figures 4.12(e) and (f) (as open squares). It is evident that the anisotropic 

compensated data and isotropic data agree well. Now, in order to estimate the contrast, 

all the three types of data are plotted as (Aps /p) versus p2 (Figure 4.12g), for example, 

(i) the anisotropy compensated data (crosses), (ii) data from isotropic medium (open 

squares), and (iii) the data from the anisotropy medium (solid black circles). The δβ 

estimations for anisotropic compensated and isotropic data are 0.50 and 0.52 km/s, 

respectively corresponding to the actual value of 0.5 km/s. On the other hand, the data 

without anisotropic correction yields δβ=0.45 km/s, thus numerically verifying the 

efficacy of the anisotropy transformation. 

 

4.4.3 Observed Data Example 

It is clear from the synthetic sections that there is a substantial variation in amplitude 

with respect to the backazimuth in case of dipping layer or anisotropy medium. The 

discrimination of such variations due to dip and/or anisotropy present in the observed 

data in particular, is not a straightforward job. The factors like data quality and 

azimuthal coverage put limitation to the analysis of dip or anisotropy modelling. 

Further, the two-lobed P–SH radiation pattern due to the conversion from P-to-s, in case 

of isotropic dipping layer (Levin and Park, 1997; Savage, 1998) is again a challenge to 

discriminate the anisotropy and deviation from the layered media. 
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Figure 4.12 Application of the present approach to a synthetic data in case of hexagonal 

anisotropic crust with horizontal axis of symmetry. (a) Shows a simple anisotropic model of 

40-km-thick crust and shear wave velocity contrast of 0.5 km/s, similar to that used in earlier 

examples. The peak-to-peak S-wave anisotropy in crust is 8 per cent with fast direction along 

20N. The synthetic SV- and SH-components of receiver functions have been generated for the 

source distribution shown in (b). The primary conversions at around 5s are observed and are 

quite different in both the components. Similar to the earlier examples the amplitudes are picked 

and plotted in (e) and (f) with respect to backazimuth and slowness, respectively. Aps /p versus 

p2 plot in (d) show three different types of data, that is for anisotropic layer (Xa, solid circle), 

anisotropic corrected (Xac, cross) and for the model with isotropy (Xi, open square). The fitting 

regression lines provide intercepts (Xs). Once we know Xs, the shear wave velocity contrast can 

be estimated as δβ=X/2 (according to eq. b). Here we observe that the anisotropic corrected 

value is in good agreement with the actual value 0.5 km/s. 

 

 Thus, the simultaneous presence of both dip and anisotropy make the observed 

seismograms more complex. Figure 4.13 presents an example from the station NGP. 

Figure 4.13 shows SV and SH components receiver functions images (Figures 4.13a, 
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b). Then as described earlier, the amplitudes from SV and SH components are picked 

from both the components and plotted in Figure 4.13c. As described above, the dip 

correction has been made for this station and the resulting amplitudes are plotted in 

Figure 4.13e. Finally, the slowness weighted amplitude plot is generated for both the 

uncorrected and the corrected data (shown in Figure 4.13f). The regression lines yield 

the intercepts which are the measured of the velocity contrasts. The uncorrected values 

are unrealistically high with ~1 km/s, while the anisotropic correction estimates provide 

δβ to be 0.4 km/s. Therefore, the dip or anisotropic correction provides a realistic picture 

of δβ across Moho. Here, we have shown an example from one of the stations, NGP; 

similar plots for other stations are displayed in Appendix- C. 

 

 

Figure 4.13 Application of the present methodology to observed data from an individual station 

(GOA. (a) and (b) are the SV- and SH-components of receiver function images arranged with 

increasing order of slowness. The source distribution is shown in (c). In (a), denotes the 
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summation trace after moveout correction. The maximum amplitudes are picked by setting time 

window in (a) and (b) (thick black lines). Once the data are picked, they are linearly resampled 

and plotted in subplots (d) and (e). The meanings of the symbols are demonstrated in index. 

The slowness weighted amplitudes for dip corrected (black solid circle) and without dip 

corrected (grey solid circle) and shown in (f). As described in methodology, the intercepts 

without dip correction (grey solid line) and with dip correction (black thick line) are estimated. 
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Chapter 5 

Nature of the Indian Moho 

 

5.1 Background 

Crust-mantle transition (Moho) was first identified in Europe as subsurface velocity 

interface across which Vp rapidly increases from ~5.6 to >7.75 km/s and Vs from 3.27 

to 4.18 km/s (Mohorovicic, 1910). However, globally, it is recognized as a large 

velocity jump from Vp ~6.8-7.3 km/s to Vp ~8.2 km/s (Mooney, 1998), establishing 

Moho as a first order global discontinuity. It is a boundary which separates crust from 

mantle that forms 99% of the silicate Earth, from the chemically heterogeneous veneer 

of low density rocks comprising the crust. Moho being the transition from the crust to 

mantle, it defines the coupling between the two and is an important entity that governs 

the isostasy, orogenesis and constrains the early evolution of Earth. One of the most 

important parameters to understand the nature of the Moho is shear-wave velocity 

contrast across it. World-wide, a large number of refraction seismology was undertaken 

and geophysicist realized that substantial variations exist in Moho's depth, contrast and 

its vertical extent (Cook et al., 2010; Mooney, 1987). The shear wave velocity contrast 

along with the heat-flow and crustal parameters have the potential to address some of 

the key questions regarding the nature and evolution of this important discontinuity. 

 

5.2 δβ across Indian Moho 

 In the present chapter, the shear velocity contrasts (δβs) across the Indian Moho 

are presented. The δβs are estimated using a novel technique as described in the earlier 

chapter that utilizes the converted wave amplitude across Moho. Here, we define Moho 

as the geophysical boundary, where a change in elastic properties takes place and this 

leads to the conversion of seismic waves. Further, the timing of the converted phase has 

to be consistent with the realistic depth to the Moho in a given geological province. The 
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methodology has been described in Chapter 4 in detail and here, we will only present 

the results and its implications. The contrast across Moho is estimated by the parameter 

δβ, that we mean the change in Vs velocity from non-gradation crust to upper most 

mantle i.e. Vs gradient in the mid -to-lower crust. 

 

 

Figure 5.1 Seismic coverage of the broad band seismic stations (inverted blue triangles) whose 

data and results are used in the present study. IGP-Indo-Gangetic Plains; AC-Aravalli Craton; 

BhC-Bundelkhand Craton; SC- Singhbhum Craton; BC-Bastar Craton; DVP-Deccan Volcanic 

Province; WDC-Western Dharwar Craton; EDC-Eastern Dharwar Craton; SGT-Southern 

Granulite Terrain; CG-Closepet Granite; CB- Cuddapah Basin. 
 

 In order to estimate δβ across Moho, first the receiver functions have been 

computed for all the teleseismic waveforms as described in the Chapter 3. We used data 

from 82 seismic stations (Figure 5.1) and the data has good azimuthal coverage for each 

station (Appendix-B). All these stations are broadband sensors deployed by Indian 

Meteorological Department, Govt. of India, CSIR- National Geophysical Research 

Institute and station HYB (Hyderabad) is from GEOSCOPE. The teleseismic data from 

all these stations are used to compute the receiver functions as displayed in the 
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subsequent Chapter 6 and in Appendix-C. Once the receiver functions for all the 

available stations are computed, the P-to-s conversions from Moho are identified. The 

amplitudes for the Moho in SV-component of receiver functions are picked 

automatically defining a narrow time window of about ±5s across it. Here, we show a 

data example from the station BOKR (Bokaro) located in the eastern Indian craton. The 

same window is also set in the SH-component of receiver functions as shown in (Figure 

5.2b) to pick the SH-amplitudes. 

 

 

Figure 5.2 Application of the present methodology to observed data from station BOKR (a) 

and (b) are the SV- and SH- components of receiver function images arranged with increasing 

order of slowness. The source distribution is shown in (c). In (a), denotes the summation trace 

after moveout correction. The maximum amplitudes are picked by setting time window in (a) 

and (b) (thick black lines). Once the data are picked, they are linearly resampled and plotted in 

subplots (d) and (e). The meanings of the symbols are demonstrated in chapter 4. The slowness 

weighted amplitudes for anisotropy corrected (black solid circle) and without corrected (grey 

solid circle) and shown in (f). As described in methodology, the intercepts without anisotropy 

correction (grey solid line) and with correction (black thick line) are estimated. 
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 The picked amplitudes from both the components are shown in Figure 5.2d. 

Since in reality, it is difficult to get data from full backazimuthal direction, therefore, in 

order to make it smooth, the amplitude data are further re-sampled linearly (Figure 6.2c) 

as described in the Chapter 4. Here we do not sample the data, if the existing gap is 

more than 20 in back azimuth, to avoid the artefacts generated due to extrapolation. 

The re-sample data are then used for rest of the steps as described in Chapter 4. 

 

 

Figure 5.3 Same as Figure 5.2 but for station KGF. This example shows the case for dip 

correction. 
 

Once the re-sampling is done, SH-components of the station are observed in 

backazimuthal plot to decide about the prominent effect of either dip or anisotropy or 

isotropy. Depending upon the effect of either of these three, we treat the data in a 

manner as described in Chapter-4. Figure 5.2e shows the SV, SH and corrected data in 
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blue and green colours. Once the correction is done, the resulting data is transformed 

to the equivalent isotropic medium and horizontal layer case. The slowness weighted 

stack is displayed in Figure 5.2f, and fitting a regression line will yield the intercept 

which is exactly 2δβ. Figure 5.2 shows an example for anisotropic case, while Figures 

5.3 and 5.4 represent cases for dipping layer effect and isotropy respectively for station 

KGF and HYB respectively. 

 

 

 
Figure 5.4 Same as Figure 5.2 but for station HYB where the medium is isotropic and 

horizontal layer case. 
 

 The method is applied to all the available stations corresponding δβs across 

Moho and then the results are estimated. The results are summarized in Figure 5.5. The 

figure is plotted with increasing value of δβ. For each station, we also computed the 
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standard error using bootstrap method using 500 bootstrap families. It is clear that the 

standard error for all the stations are less than 0.08 km/s. Figures 5.2- 5.4 represent 

three different cases of scenarios viz. anisotropic medium, dipping layer and isotropy 

case. However, more results are shown in the Appendix-C for other stations of Indian 

shield. The numerical values of shear wave velocity (δβ) for individual stations are 

summarized in Table-A1 in Appendix. 

 

 

 

Figure 5.5 δβ values corresponding to individual stations. The abscissa denotes the δβ and 

ordinate represents the station names. The short vertical bars plotted on the individual values 

are the SE estimated using bootstrap analysis. 

 

 It is clear from Figure 5.5 that the δβ across Moho varies widely across Indian 

shield. The Aravalli regions are characterized by δβ ~0.35 km/s. However, near the 

Bundelkhand craton (BhC), it reaches up to ~0.7 km/s. Other cratons of Indian shield 

show similar range of values. Below Bastar Craton (BC) has ~0.6 km/s, Eastern and 

Western Dharwar Cratons have ~0.52 km/s and ~0.61 km/s respectively. The δβ across 

the Moho beneath Deccan Volcanic Province δβ is ~0.67 km/s. Using these value 

corresponding to each station, an image map including the error have been made as 

shown in Figure 5.6. Such large gradient has also been observed in other places of the 

world i.e. beneath Cordillera and Canadian Shield (Kao et al., 2013). 

 

5.3 Transition in Indian Moho 

The sharpness of a velocity interface can be characterized by two parameters: its 

thickness and the amount of velocity change. For the same velocity change, a sharp 
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interface means that it is very thin with a large velocity jump, whereas a diffused one 

spans a finite depth range with a gradual velocity variation. It is interesting to see that 

the Indian Moho is not uniform in terms of the transmission of seismic waves as the 

shear wave velocity contrast (δβ) is highly variable all through the regions. It varies 

from 0.08 to 1.1 km/s (Figure 5.5 and 5.6a). The variations in δβ imply that the 

seismological nature of the Moho undergoes a long evolutionary process since its 

genesis, until they became stable continental block. The petrological and seismic 

velocity measurements carried out on xenoliths, ophiolite samples and the exposed 

lower crustal sections indicate that Moho in fact corresponds to a transition zone rather 

than a sharp boundary. Such a transition in the Moho might have occurred primarily 

due to the crust–mantle interaction in the form of tectonic, magmatic and metamorphic 

processes (e.g., Boudier and Nicolas, 1995; Abbott et al., 1997; Brown et al., 2009; 

Mengel and Kern, 1992; Miller and Christensen, 1994; O'Reilly and Griffin, 2013). 

Levin et al. (2016), using receiver function analysis from Superior Province, argued 

that the pristine Moho boundary is sharp stating that the transitional Moho is a later 

development. The results from receiver function inversions reveal that δβ and transition 

in Moho has positive correlation (see Figure 5.8d) - higher δβ has higher transition. 

Deccan volcanic province (DVP), Southern Granulite Terrain (SGT) and Indo-Gangetic 

Plains (IGP) are characterized by high δβ across the Moho (Figure 5.6a), and are 

associated with the large gradation in Moho, whereas, cratons are characterized by 

somewhat lower δβ. Such large gradation in lower crust can be attributed to the lower 

or mid crustal layers which gives rise to the slow change in velocity. 

 Mazzotti and Hyndman (2002) explained such mid crustal boundary layer by 

suggesting weak lower crust based on the seismicity, heat flow, geodetic and modelling 

in northern Cordilelra. Here, the interesting aspect is about the nature of this lower 

crustal gradation i.e. its emplacement of formation. The origin for such transition in 

Moho can be explained by two ways: either the Indian mantle is fertile that is 

continuously altering it or due to the underplating of magmatic materials fed by plumes, 

the Indian Moho has become large transitional character. It is already established that 

the Indian plate has been ravaged by three major plumes (Réunion, Kerguelen, and 

Marion) after the breakup from the Gondwanaland. As far as the Indian scenario is 

concerned, both the factors (i.e. plume fed and mantle contribution), likely, equally, 

have made the thick gradation in Moho. Another fact is that, since there is no correlation 

between the lower crustal gradation and the crustal thickness, this rules out the 
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suggestion that the subsequent deepening of Moho is due to the emplacing magmatic 

material at the base. 

 

 

Figure 5.6 a) shear-wave velocity contrast map across Indian Moho b) ±2 standard errors for 

the δβ estimation derived using bootstrap technique. 
 

  

 

Figure 5.7 Heat flow image map of the 

Indian Shield. The heat flow 

measurements have been done on the 

basis of temperature measurements in 

boreholes and thermal conductivity of 

rock formations. Over large regions in 

northern India which are not covered 

with heat flow measurements (Sources 

of data: Roy and Rao, 2000; Ray et al., 

2003; Rao et al., 2003; Roy, 2008; Roy 

et al., 2008). 
 

 

 Another implication for large mid-crust velocity gradient might be due to the 

fact that it corresponds to a relict rheological boundary between the upper and lower 

crust formed at earlier times when temperatures were much higher, similar to the case 
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in Canadian shield (Kao et al., 2013). Such wide variation in δβ across Indian Moho 

suggests that the Moho boundary did not evolve in an identical condition in geological 

past. 

 

 
Figure 5.8 Scaling relationships between δβM and other parameters. δβM versus a) lower crustal 

transition zone thickness derived from inversion results, b) bulk crustal thickness, c) bulk 

crustal Vp/Vs. d) the surface heat flow versus transition zone thickness derived from inversion 

results are shown. e) Depicts the surface heat flow versus age. The ellipses in a) and e) mark 

the trend followed by both cratonic and non-cratonic data, whereas in subplots d) only cratonic 

data exhibit the trend (shown by dark arrow lines). 

 

5.4 δβ versus crustal parameters 

 Figure 5.8 shows scaling relationship between δβ and various crustal parameters 

and surface heat flow (map is shown in Figure 5.7). We have segregated the data into 

two parts- cratonic (red) and non-cratonic (light green), in order to see the relations in 

two diverse provinces. Surface heat flux data provide the most direct constraint on 

structure of the continental crust because the temperature distribution depends on the 

heat, producing elements which are abundant mostly in the upper crust. Here, we have 

used the heat flow data which are estimated from the temperature measurements in 

boreholes and thermal conductivity of rock formations. The result clearly reveals that 

the surface heat flow and δβ across the Moho are anti-correlated (Figure 5.8a) and no 

scaling relationship between the surface heat flows and bulk crustal Vp/Vs and crustal 

thickness (Figure 5.8 b, c). These Figures reveal that the surface heat-flow is lesser 
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when we have large δβ implying that large transition zone (Figure 5.8d) has low surface 

heat flow. This implies that the regimes with large transition zone formed thick lower 

crustal rocks (i.e. low heat producing) and thin upper crustal rocks (i.e. high heat 

producing). In other words, thick transition zone is responsible for making thick lower 

crust and consequently low heat flow. 

The plausible explanation for the lower δβM could be due to the relatively less 

melting and differentiation that occurred in the stable crustal units subsequent to their 

formation. Another important consequence of the present finding is that the increase in 

crustal thickness is not necessarily due to the increase in thickness of transition zone. 

In view of the transformation from pristine to the modern day crust, significant 

reworking has taken place in the lower crust and the mantle lithosphere. Removal of 

the mantle lithosphere due to the instability of the lower crust might have been altered 

by relamination process (Hacker et al., 2015) of the subducted slab. The crust–mantle 

interaction in the form of tectonic, magmatic and metamorphic processes might have 

also affected the Indian crust. 
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Chapter 6 

Seismic evidence for Secular evolution of Achaean 

crust in India 

6.1 Background 

The mechanisms through which the continental crust evolved are debatable. However, 

it is established that most of the crust has been formed during Archaean. In the history 

of crust formation, the Archaean-Proterozoic transition is a momentous event, during 

which, not only a rapid increase in the crustal volume took place, but a marked increase 

in the oxygenation in our atmosphere was witnessed. The end member models for the 

mechanism for crustal formation advocate horizontal accretion of island arcs or vertical 

accretion due to differentiation of magmatic material above hotspots (Hoffman, 1988; 

Percival, 1989; Kroner, 1984). It is also hard to ascertain whether both the processes 

operated together or separately during the formation of the crust. Generally, it is 

believed that the continental crust is formed by the solidification of lava or magma from 

mantle due to the volcanic eruption, either from hotspots or subduction zones, 

indicating that continental crust underwent a series of deformation. Another key issue 

is regarding the temporal change of the crustal growth. There is no consensus on the 

secular nature and character of the crust from the Archaean and Proterozoic eon, as 

revealed by the seismic and petrological data. The global seismic data suggests that the 

mid-Archaean crust, which stabilized before 2.9 Ga is thinner with a flat and sharp 

crust-mantle interface (termed as Moho) compared to the late Archaean crust (Durrheim 

and Mooney, 1991; Abbott et al., 2013). The seismic and converted wave studies in 

north American cratons, however, show that the NeoArchaean crust is felsic compared 

to the younger continental crust, which is mostly mafic in bulk composition (Thompson 

et al., 2010; Petrescu et al., 2014; Darbyshire et al., 2007), contrary to the studies 

indicated elsewhere (Zandt and Ammon, 1995). Such secular variations have not been 

established from seismic studies of the African cratons (Tugume et al., 2013; Youssof 
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et al., 2013; Delhp and Porter, 2015; de Wit, M. J., 1998; Artemieva and Thybo, 2013). 

On the other hand, recent results obtained from converted wave seismic data from 

western Australian cratons argued in favour of a secular change in the crustal formation 

(Yuan, 2015), with a sharp and cratonic Moho of Pilbara and Yilgarn cratons. The 

analysis of receiver function analysis suggests time progression of Vp/Vs and crustal 

thickness for the Indian shield. The results reveal that the initially more felsic crust has 

been slowly transformed to the intermediate/mafic crust. However, Hacker et al. (2015) 

suggest that the lower continental crust may not be always mafic in nature and further 

they establish that the lower crust in many regions could be relatively felsic in nature. 

Such an argument is contrary to the belief that the lower continental crust is always 

mafic in nature. 

 

6.2 The Indian Perspective 

 The Indian shield is composed of five major cratons demarcated by mobile belts, 

rifts or sutures (Figure 6.1). The geological characteristics of each craton is different 

(Sharma, 2009) from the other. The study suggests that the evolution of Dharwar 

greenstone belts must have started with continental rifting. There are different models 

for the evolution of Dharwar cratons. The earliest model was suggested by Newton 

(1990). According to this model, the oceanic subduction towards north caused rifting 

in the overlying continental crust, thus generating EW greenstone belts. The second 

model is proposed by Chadron et al. (2008), which advocates the gravitational sinking 

of greenstone piles into the gneissic basement. Subsequently, Chadwick et al. (2000) 

suggested quite a different model, which is similar to the evolutionary model of Andes, 

where WDC is located on the foreland of subduction of an oceanic crust. There is 

another model for the geodynamic evolution of the Dharwar craton, based on pressure-

temperature data (Rajamani, 1988; Hanson et al., 1988; Krogstad et al., 1989). Such a 

model proposes the tectono-magmatic model from the geochemical and 

geochronological data on the gneisses and amphibolites. 

 The Bastar craton is considered as the relicts of early continental rocks of 3.5-

3.6 Ga (see Sharma, 2009), which suffered rifting in Neoacrheaen time. On the other 

hand, the geodynamic evolution of the Singhbhum craton is believed to have taken 

place by the early continental crust formed by recycling of mafic-ultramafic crust into 

the mantle. 
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Figure 6.1 Spatial distribution of the broadband seismic stations (inverted blue triangles) whose 

data and results are used in the present study. The geological terrains have also been indicated. 

IGP: Indo Gangetic Plain, AC: Aravalli Craton, BhC: Bundelkhand Craton, SC: Singhbhum 

Craton, BC: Bastar Craton, EDC: Eastern Dharwar Craton, WDC: Western Dharwar Craton, 

CB: Cuddapah Basin, CG: Closepet Granite, SGT: Southern Granulite Terrain. 
 

 These cratons stabilized in different times and are considered to be associated 

with the Palaeoproterozoic to Mesoproterozoic transition (~1.6 Ga), due to global 

thermal perturbation, a significant event that affected the pre-1.5 Ga in the Earth’s 

history (Condie, 1997; Zhao et al., 2002; Rogers and Santosh, 2002, 2009). This event 

is associated with the thinning of the Indian cratonic lithosphere, sedimentation and 

crustal melting/anatexis phases (Roy et al., 2002a; Mazumder, 2003, 2005; Zhao et al., 

2002; Chaterjee et al., 2013). In general, all these cratons are dominated by 

granite/gneisses and are associated with greenstone-gneiss similar to other cratons 

found world-wide. The preservation of oldest rocks provides a unique opportunity to 

elucidate the secular change in mechanisms for the crust formation and its alteration. 
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As far as the Indian cratons are concerned, a large number of passive and active seismic 

studies report a thick and gradational Moho from the mid-Archaean western Dharwar 

(Kaila and Krishna, 1992; Bora et al., 2014;  Gupta et al., 2003; Sarkar et al., 2003; Rai 

et al., 2003), which is similar to the Archaean cratons of  the European platform, Siberia 

and Greenland (Artemieva and Thybo, 2013), whose genesis has been controlled by the 

latest tectono-thermal processes, since the cratonic blocks in Europe and Greenland 

show significant variations in crustal depth with age. 

 Crustal composition and nature of the Moho are observed to be quite distinct in 

Neo- and Paleo- Archaean cratons. These can be associated with the secular change and 

correspond with the process of genesis that could have started at the end of Archaean, 

when the continental crusts were stabilized (Griffin et al., 2009; Thompson et al., 2010; 

Keller and Schoene, 2012, Naeraa et al., 2012). 

 

6.3 Crustal parameters of the Indian shield 

  In order to study the secular variation, here we used the converted wave 

techniques to the seismological data from 82 Indian stations (Figure 6.1) and 

investigated the crustal parameters (e.g. bulk crustal thickness and bulk Poisson ratio) 

from diverse geological ages. The parameters are listed in Appendix Table-A1. We have 

further supplemented our results with the published results from 240 stations. Hence 

large quantities of data sets are used to constrain the bulk properties of Indian crust 

encompassing the diverse geological provinces. 

As described in the methodology Chapter 3, we first computed receiver 

functions for all the available stations. For computation, we used teleseismic 

waveforms from all available back-azimuths (Figures B1-B4, Appendix-B). In order to 

show the quality of our receiver functions, the data from 6 stations are displayed in 

Figure 6.2. The stacked trace for each station is also shown in the right panel of each 

subplot. The stacks are created after moveout correction with a reference slowness of 

6.4 s/deg using IASP91 earth mode (Kennett and Engdahl, 1991). All the images in 

Figure 6.2 clearly show the P-to-s conversions from Moho, which are at about 4-5 s 

delay times. The data from other stations are also shown in Appendix C. The stacks are 

robust as each stack contains minimum 50 receiver functions (see Figure 6.3). To derive 

a meaningful subsurface model, the stacks from each station are further subjected to 

first grid-search algorithm. The model is used as an initial model for the inversion 

scheme. 
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Figure 6.2 Six example of real field observed data from individual stations. Station codes are 

shown at bottom of each subplot. Left panel is the Q (SV) component of receiver function image 

arranged with increasing order of slowness. The colour code represents the polarities that are 

red: positive and blue: negative. Right panel denotes the summation trace after moveout 

correction. The stack has been generated after moveout correction with a reference slowness of 

6.4 s/deg using IASP91 earth mode. The dashed curve lines on each subplot show the predicted 

travel time curves for the Tps and Tpps generated for the crustal parameters derived from the 

grid search scheme as described in the methodology section. 
 

 First, to estimate the crustal thickness and Vp/Vs, we use grid search method 

(Figure 6.4) where the times of the primary conversion i.e. Ps and one of the free surface 

multiples (PpPs) are picked. Since this method looks for the primary conversion of the 

Moho as well as multiples and in absence of clear multiples, the computed parameters 

will be erroneous. The timings i.e. TPs and TPpPs are satisfied by a series of thickness 

(H) and Vp/Vs values with some increments. The optimal values of H and Vp/Vs are 

decided by the minimum of joint least square error (as shown in Figure 6.4 by the 

intersection of two curves). Figure 6.4 is an example plot for 12 stations; however, more 

examples from other stations are displayed in Appendix D. 
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Once the bulk crustal parameters have been estimated using the grid search 

scheme as described above and also in methodology section, we further verify the 

estimates using the travel time curves. For this, we generate the travel time curves for 

Tps and Tpps using the equations 3.7 and 3.8. For this purpose, the H and Vp/Vs values 

derived from the grid search method have been used. The generated travel time curves 

versus slowness are superimposed on the image plots as shown in Figure 6.2 by dashed 

curves. The figure shows (Figure 6.2) that the match between the predicted travel time 

curves and the interpreted phases are matching well within the tolerable limit. More 

examples for such matching are depicted in the Appendix- E (Figures E1-E14). 

 

 
Figure 6.3 Histogram shows the no of receiver function for individual station. The number of 

receiver functions for individual station is about more than 50. 

 

In order to constrain the crustal velocity function, the stacked trace from each 

station is inverted using a linearized time domain iterative waveform inversion scheme 

(Ammon et al., 1990), where for each model, the synthetic seismogram is generated at 

a slowness of 6.4 s/deg using the reflectivity method (Fuchs and Müller, 1971; Kind, 

1978) (Figure 6.5). We allowed the generation of all primary and multiple phases also. 

The synthetic traces are rotated and deconvolved in the same manner as the observed 

traces, for a meaningful comparison. From the velocity model we also estimated the 

shear-wave velocity contrast across the Moho with Moho transition thickness (Figure 

6.5) which will be used in the subsequent chapter. 

Figure 6.5 shows an example of inversion carried out for six stations. Each 

subplot shows the stack and synthetic traces for the optimal model shown in right panel. 

Similar processes have been repeated to other stations also. The complete results are 

displayed in Appendix-F. 
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Figure 6.4 Contributions of Ps and its multiple (PpPs) to the stacked amplitude to estimate the 

bulk crustal thickness (H) and Vp/Vs. For each station, the TPs and TPpPs are picked after 

respective moveout corrections. The black and grey curves for each station show the minimum 

contour for which the computed TPs and estimated TPs is minimum. Same is true to TPpPs. The 

intersection provides the optimal H and Vp/Vs values for the corresponding TPs and TPpPs. 
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Figure 6.5 Velocity model in right panel is obtained by inversion of observed stacked traces 

(thick black line) in the left panel. Before stack, the receiver functions are filtered and moveout 

corrected to a reference slowness of 6.4 s/deg using the IASP91 Earth model. Synthetic traces 

(grey lines) computed from these models (right panel) to fit the observed trace well for the 

individual station located in the Indian shield. 
 

6.3.1 Bulk crustal thickness 

Once the bulk crustal thicknesses are estimated, a comprehensive crustal image has 

been made as shown in the Figure 6.6. The results reveal that the crustal structure of 

the Indian Shield has variable thickness that varies from ~30 to 50km at most of the 

region except for Himalayan region where it goes up to ~70 km (Figure 6.6). The 

average crustal thickness below DVP is ~30-50 km with an average of ~38 km. Crust 

in EDC is thinner i.e. from ~32-44 km with an average of ~35 km compared to WDC 

where the crust varies from ~38-48 km with an average of ~45 km. The crustal 

thicknesses derived from receiver functions are quite consistent with the estimations by 
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different workers (see Singh et al., 2015). The details of past descriptions have been 

provided in Chapter 1. Crustal thickness of Aravalli Craton is ~30 km, whereas for 

Buldelkhand Craton is ~43 km. All along the IGP, the crust varies from ~30-45 km with 

an average of ~37 km. Average crustal thickness of Singhbhum Craton (SC) and Bastar 

Craton (BC) are ~44 km and ~42 km respectively. The previous crustal thickness value 

also supports our results. For comparison, for the stations AJMR, BHPL, BLSP, BOKR, 

KARD, MDRS, TRVM, VISK, the crustal thickness estimated in the present study are 

29, 50, 39, 44, 37, 34, 35, 35 km, which are consistent with the values reported by 

Kumar et al. (2001). Other stations like HYB, JBP, KAND, KDM, KLR, KOD, PCH 

are having the thickness values of 33, 46, 34, 42, 36, 43, 39 km respectively, and these 

values are well within the range of the previous estimates by many workers (Saul et al., 

2000; Rai et al., 2005; Kumar and Mohan, 2014; Sarkar et al., 2003; Saikia et al., 2016; 

Gupta et al., 2003; Gupta et al., 2003). The thickness values are tabulated in the Table- 

A1 in appendix. 

 

 
Figure 6.6 Crustal thickness map produced using estimates from receiver functions. 

 

6.3.2 Bulk crustal Vp/Vs 

Figure 6.7 depicts the average Vp/Vs ratio map of the Indian shield as derived from our 

analysis. The values are also supplemented by previously published results derived 

from receiver function analysis by various workers (Acton, et al., 2011; Borah, et al., 

2014; Gupta, et al., 2003; Hazarika, et al., 2012; Jagadeesh and Rai, 2008; Julia, et al., 
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2009; Kayal, et al., 2011; Kumar and Mohan, 2014; Kumar, et al., 2001; Kumar, et al., 

2004; Kumar, et al., 2012; Mandal, 2012; Mitra, et al., 2005; Mitra et al., 2008; Rai, et 

al., 2005; Rai, et al., 2006; Das, et al., 2015; Saikia, et al., 2016; Singh, et al., 2012; 

Tiwari, et al., 2006; Zha and Lei, 2013). The figure clearly shows that the Poisson’s 

ratio varies from 1.6 to 1.94 all over the shield. Most of the data show the values of 

Vp/Vs   little higher than that for a normal crust (i.e. 1.73). This shows that the bulk 

Indian crust is tending more towards the intermediate in nature. The Himalayan and 

Eastern Indian cratons show large Vp/Vs upto ~1.9. The DVP has Vp/Vs a value ranging 

from ~1.74 to 1.9, while the Cuddapah basin has Vp/Vs varies from 1.7-1.88. The 

Eastern and western Dharwar cratons have bulk Vp/Vs of about ~1.73 to 1.84. The 

crustal Vp/Vs as derived in the present work are well consistent with the values reported earlier 

by various workers. For example, below the stations BLSP, KARD, TRVM, the Vp/Vs are 

1.81, 1.79, 1.76, which are very close to the values reported by Kumar et al. (2001). 

Other stations like HYB, JBP, KAND, KLR, KOD, NGP, PCH, SONT are having the 

Vp/Vs values of 1.73, 1.83, 1.84, 1.72, 1.78, 1.75 km respectively, that are in good 

agreement with the previous estimates by Saul et al. (2000); Rai et al. (2005); Kumar 

and Mohan (2014); Saikia et al. (2016); Gupta et al. (2003); Jagadeesh and Rai (2008); 

Gupta et al. (2003); Kumar and Mohan (2014). The values of crustal Vp/Vs are tabulated 

in the Table- A1 in appendix. 

 

 

Figure: 6.7 Bulk Vp/Vs ratio map produced using estimates from grid search method. 
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6.4 Evidence for secular change in crust formation 

Once the bulk crustal thickness and Vp/Vs are estimated from the diverse geological 

provinces in India, we now establish scaling relationships between different parameters 

to provide seismic evidence for the secular variation in crustal evolution. Indian shield 

is composed of five major cratons demarcated by mobile belts, rifts or sutures (Figure 

6.1). These cratons stabilized in different times and are considered to be associated with 

the Palaeoproterozoic to Mesoproterozoic transition (~1600 Ma), due to global thermal 

perturbation, a significant event that affected the pre-1.5 Ga in the Earth’s history 

(Condie, 1997; Zhao et al., 2002; Rogers and Santosh, 2002, 2009). This event is 

associated with the thinning of the cratonic lithosphere, sedimentation and crustal 

melting/anatexis phases (Roy et al., 2002a; Mazumder, 2003, 2005; Zhao et al., 2002; 

Chaterjee et al., 2013). In general, all these cratons are dominated by granite/gneisses 

and are associated with greenstone-gneiss similar to other cratons found world-wide. 

The preservation of oldest rocks provides a unique opportunity to elucidate the secular 

change in mechanisms for the crust formation and its alteration. 

 

 

Figure 6.8 Clustering and temporal distribution of bulk crustal properties for the Indian cratons. 

a) Variation of crustal thickness with respect to bulk Vp/Vs, b) and c) temporal variation of 

crustal thickness and Vp/Vs respectively. 
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The isotopic age data for the pristine crustal rocks provide a dense coverage of 

the entire Indian cratons and offer an opportunity to compare with the seismic 

observations. Although, our seismic information mostly comes from the Dharwar 

cratons, the relationship of the bulk crustal properties with age from other cratons also 

follows a similar trend. The seismological analysis results where the crust thickness for 

the cratons show a large variation between ~30 to ~50 km (Figure 6.6), while the Vp/Vs 

values are in the range of ~1.70-1.78 (Figure 6.7). If we assume that the ages of the 

rocks coincide with the crust formation, then the temporal progression can be linked to 

the bulk crustal parameters, i.e. bulk crustal thickness and bulk Poisson’s ratio (which 

is related to Vp/Vs). Fig 6.8 depicts the relation between age and crustal parameters 

spanning the entire Precambrian era within the Indian shield. The Achaean covers a 

crucial part of earth's history, with the oldest rocks forming during the early part and 

the growth of 60-70% of the continental crust being witnessed by the end. The results 

from the cratonic parts reveal that the crustal thickness and bulk composition are anti-

correlated (Figure 6.8a) i. e. with increase in bulk crustal thickness, the bulk Vp/Vs 

decreases. This implies that the crust gradually became mafic and more compositionally 

evolved after its formation. Crustal growth reached its peak in the mid-to-late Achaean. 

 

 
Figure 6.9 Heat flow image map of the Indian Shield. The heat flow measurements have been 

done on the basis of temperature measurements in boreholes and thermal conductivity of rock 

formations. Over large regions in northern India which are not covered with heat flow 

measurements (Sources of data: Roy and Rao, 2000; Ray et al., 2003; Rao et al., 2003; Roy, 

2008; Roy et al., 2008). 
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However, the temporal variation of bulk crustal thickness indicates a different 

scenario where the crust has lost most of its part (Figure 6.8b) after its formation, mostly 

in Proterozoic, contrary to the idea that the late Achaean crust is often referred as a 

transition between thin-felsic (thin and felsic) to thick-mafic (thick and mafic) 

Proterozoic crust (Abott et al., 2013; Durrheim and Mooney, 1991). Also, the Yilgarn 

terranes of west Australia, where late Achaean crust exhibits are thick are more 

intermediate in nature (Yuan, 2015). Therefore, our observations favour the concept of 

degeneracy of the Indian crust after its formation (Figure 6.8b) to become significantly 

intermediate to mafic in composition (Figures 6.8a and c). Also, we suggest that the 

initial process of the crust formation might have been mostly dominated by horizontal 

accretion process with significant magmatic activity. Perhaps both processes occurred 

synchronously that lasted for a short time span. Therefore, most of the Dharwar crust 

must have been formed during the Eoarchaean to Mesoarchaean. The thick crust must 

have been formed through subduction–accretion processes at least after 3.2 Ga 

(Smithies et al., 2005a, 2007b; Bedard, 2006; Van Kranendonk et al., 2010; Shirey and 

Richardson, 2011; Dhuime et al., 2012; Bedard et al., 2013), when modern-style plate 

tectonics was initiated on Earth.  

 

 
Figure 6.10 Bulk crustal properties of the Indian cratonic crust with respect to the present day 

surface heat flow values. Variations of a) crustal thickness, b) Vp/Vs with respect to surface 

heat flow and c) Temporal progression of heat-flow values. The heat-flow values are reported 

by measuring temperature gradient in boreholes and thermal conductivity of rock formations 

where gradients have been developed (Roy and Rao, 2000; Ray et al., 2003; Roy et al., 2003; 

2008). 
 

 So, the PalaeoArchaean Dharwar crust or all post-Palaeo Archaean crust were 

formed through modern style subduction–accretion processes (Van Kranendonk, 2010). 

This was the peak time for the crust formation, slowing down during Proterozoic. The 
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vigorous vertical magmatic accretion overtook and contributed largely for the crust 

formation. The melting of the initial subducting slab and mafic lower crust generated 

the TTG type of rocks (Keller and Schoene, 2012) and subsequently, the extensive 

basalt generation during the Archaean could lead to the thick and intermediate-to-mafic 

continental crust. The initially very thick Dharwar crust suffered thinning through two 

processes. First, due to the delamination, in which the thick crust got detached because 

of the the formation of dense garnet pyroxinite that led to lower-crustal anatexis, crustal 

uplift and magmatism (Keller and Schoene, 2012; Kay and Mahlburg, 1993). The lower 

crust delamination occured when the lower crust and underlying mantle lithosphere 

became gravitationally unstable at high temperature. Jagoutz and Behn (2013) suggest 

that 1-10 km layers (< 300 km/m3) can be delaminated within 1-10 Myr of time at Moho 

temperature of >900 oC.  Such a view of Archaean delamination is shared by many 

workers. The delaminaton happened due to the high potential temperature prevailing at 

that time (Petford and Atherton, 1996; Bedard, 2006). Igneous (Arndt and Goldstein, 

1989; Herzberg et al., 1983) and Metamorphic processes (Kay and Kay, 1991; 

Ringwood and Green, 1966) can also lead to the delamination. Second, the epeirogeny 

and exhumation of the upper crust started that made the crust more mafic in 

composition. Such removal of the top crustal layer exposed the intermediate crust, and 

this view is further supported by the observations of Geothermobarometry studies of 

the surface rocks in the Dharwar craton. The study estimated the pressure of ~8±1.5 kb 

and temperature of ~775±30 °C (Rao et al., 1991). During this time, mantle plume 

accretion process might have lasted simultaneously. Mid Archaean Pilbara GGT is one 

example of vertical accretion crust formation (Hamilton, 1998; De Witt, 1998). 

The Indian Archaean crust was much thicker initially and subsequently thinned. 

Such a thick crustal formation might have occurred at higher mantle potential 

temperature (Tp) and subsequently a part of the crust must have been exhumed or 

recycled into the mantle. Numerical tests suggest that the primary crustal generation 

might have been associated with the high mantle potential temperature of >1600 °C 

(Johnson et al., 2013) and the more mafic crust could have been generated by 

differentiation of primary melts by crustal fractionation (Foley et al., 2003) or by partial 

melting of the thick crust, producing the Archaean TTG magmas (Johnson et al., 2013). 

Such arguments can further be supported by the present day surface heat flow 

measurements in the Indian shield (Figure 6.9) and their relation to the bulk crustal 
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thickness (Figure 6.10a). However, the composition has no direct relation (Figure 

6.10b) with surface heat flow. 

During Archaean, the upper crust was a bimodal suit of basalts (with komatiites) 

and TTG in composition, contrary to the K-rich granites in the late Archaean (e.g. 

Talyor and McLennan, 2009). The heat flow observations from the Indian shield reveal 

that the Archaean had a lower heat-flow than the Proterozoic (Figure 6.10c) due to 

smaller concentration of heat-producing elements in the former. 

The earth cooled drastically during the Archaean period spanning 1500My. 

Such a view of the heat-flow values has generally been well accepted in many places 

in the world. The result suggests that the thick crust corresponds to lower heat flow and 

intermediate in composition (Figure 6.10a), implying that the lower crust is thicker than 

the global average (Christensen and Mooney, 1995). Conversely, the thinner crust in 

subsequent times had a higher heat-flow (Fig. 6.10), implying that it was intermediate 

to mafic in composition due to a thinner mid and/or upper crust. This could have 

happened during the late Archaean, due to production of more radiogenic abundances 

as a result of vertical magmatic activity involving fractional crystallization. The 

difference between the Archaean and post-Archaean upper crusts lies primarily in the 

amount of intra-crustal differentiation that was dominant during Proterozoic. 

Subsequently, during cratonization, the crust got stabilized and transferred the heat-

producers and many other elements upward from the lower crust. The systematic 

enrichment of the crust in the Archaean towards intermediate/mafic elements explains 

the age-progression. Therefore, the lower heat flow in the Archaean was due to the 

increased thickness of the subcrustal lithosphere with a small contribution from the 

slightly different bulk compositions between the Archaean and Post Archaean (Watson, 

1976; Nyblade and Pollack, 1993). Another reason could be due to the removal of an 

upper crust enriched in potassium, uranium and thorium; however, these arguments 

seem to be less favourable as erosion levels in Archaean terrains are not significantly 

deeper. The high mantle temperature, plume upwelling, radiogenic enrichment and 

delimitation, during the Archaean are all indicative of the dominant horizontal accretion 

process that was active and later was overtaken by the vertical process. Initially, the 

crust was being generated by the arc subduction and relamination processes that made 

it more felsic in composition (Hacker et al., 2015). Subsequently, the crustal genesis 

occurred by the vertical accretion process. Therefore, considering the thickness of the 

Archaean crust, it might be possible that some form of plate tectonics might have 
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existed in operation during Archaean. Such conclusion is supported by the argument on 

the generation of granulite-gneiss belts (Windley, 1984; Sharma and Pandit, 2003) in 

the southern part of the Indian subcontinent. 
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Chapter 7 

Crustal structure of the mid-oceanic crust 

In the previous chapters, we have discussed in detail about seismic structure and 

composition of the continental crust. We have also presented the mechanism through 

which the continental crusts have been evolved with special reference to the Indian 

cratons. The Continental crust had been originated billions of years ago; however, to 

understand the details of the mechanism prevailed at that time, it is also necessary to 

understand the structure and composition of oceanic crust which are comparatively 

much younger. For the sake of completeness of the discussion, here we present the 

seismic structure and composition of oceanic crust from five places. In order to 

understand the oceanic crust, here we use the seismological waveforms from the 

broadband seismic stations located in the oceanic islands which are close to the mid-

oceanic ridges. Such observations may shed light on the nature of the just evolved crust. 

The numerous observations geophysically and geologically demonstrated that the crust 

of two extreme regions are quite different in composition and thickness. However, a 

direct comparison on seismological sense is scarce. As we know, the oceanic crust is 

thinner, denser and younger than the continental crust. It is formed at divergent plate 

boundaries on oceanic ridges. The oceanic crust is composed of several layers of lavas 

made of basalt, diabese and gabbro. The age of the oceanic crust can be as high as 200 

million years. On the other hand, the structure and origin of continental crust is more 

complex. As the oceanic plates subduct beneath continental plates, rock is scraped off 

the top of oceanic plates and built up, causing lateral growth of the continental crust. 

These subduction zones are often marked by volcanoes. The age of the continental crust 

is in the order of billions of years. With this motivation, here we present the 

seismological results from ocean islands nearer to the mid-oceanic ridge. The study 

provides a distinction between the two scenarios in seismic perspectives. We know that 

the Mid-Oceanic Ridges (MOR) are the largest sources of magma on the earth. Being 
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the locus of new lithosphere generation and accretion to the existing ones, their study 

also assumes importance in understanding the dynamics of plate tectonics. These linear 

features on the ocean floor control the rheology of oceanic lithosphere, ridge 

topography, the style of oceanic crustal accretion and also affect the earth's deeper 

discontinuities. New oceanic lithosphere created at the mid-oceanic ridges undergoes 

cooling and thickening as it subsequently spreads away and again plunges downward 

into the mantle along the trenches by the process of subduction. 

 

 
Figure 7.1 Location of the seismic stations (inverted triangles) used in the present study.  Mid-

oceanic ridge (MOR) boundaries are also shown (blue lines) with their names in the inset maps. 

The colour code of the stations corresponds to the colours of the wiggles in Figures 7.2, 7.4, 

7.5. Open circles indicate the geographical distribution of the events corresponding to the 

stations in the same colour. Insets corresponding to each station show their relative position 

with respect to the mid-ocean ridges. The crosses in the insets are the P-to-s conversion points 

corresponding to the depths at 100 km (cyan colour, nearer to the stations) and at 520 km (same 

colour as station, farther from the station). 

 

In this study, we attempt to investigate the seismic structure using the available 

data from 5 seismological stations situated on the islands, close to the mid-oceanic 

ridges. Although the crustal structure may not truly represent the nature of the oceanic 
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plate due to possible influence of the islands, the deeper structure is devoid of such 

effects. 

 

 
Figure 7.2 Observed P-receiver function stacks (solid lines) at 5 stations. Before stacking, the 

receiver functions are low pass filtered with a corner frequency of 3sec and moveout corrected 

to a reference slowness of 6.4s/deg using the IASP91 Earth model. The two grey lines on both 

sides of the mean lines represent the 2 sigma standard error estimated using bootstrap 

resampling technique. The colour codes correspond to different stations: Black- MCQ, Red-

ASCN, Blue- PSCM, Green-RPN and Grey-ROSA. Different discontinuities are marked as M: 

Moho, LAB: Lithosphere-asthenosphere boundary and L: sub-lithospheric low-velocity layer. 

 

 To reach our goal, we use all the available teleseismic data recorded at stations 

located on five oceanic islands near MORs. The locations of the stations are shown in 

Figure 7.1, together with the major plate boundaries and mid-oceanic ridges. In the 

present study, we use converted wave techniques, namely P-receiver functions (PRF) 

(Burdick and Langston, 1977; Langston, 1977; Vinnik, 1977). The events with 

magnitude >= 5.5 Mb in the epicentral distance range of 30-90° are selected from all 

available back azimuths. We choose only those events whose differences in theoretical 

and waveform back-azimuth and incidence angle are less than 30° and 5° respectively. 

We have visually picked the waveforms having clear P-waves in the vertical component 

for further analysis. Details procedure has been described in methodology chapter. 
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At each of the stations, the stacked receiver function traces along with the 2 

sigma error limits, are computed utilizing the bootstrap resampling technique, as shown 

in Figure 7.2. In this bootstrap analysis, a single receiver function stack is generated by 

summation of those traces indicated by a random number generator, where the number 

of traces for summation remains the same as the total number of P-receiver functions 

at a given station. This procedure is repeated 500 times, by stacking a totally different 

sequence of traces corresponding to randomly generated trace numbers. The mean and 

standard deviations of the amplitudes from 500 realizations at each point on the time 

axis are then calculated. In Figure 7.4, we have marked the prominent phases namely 

Moho, LAB and another low velocity layer (L). All these phases have their amplitudes 

above the 2 sigma error limit.  Although the positive conversions from the Moho and a 

negative one from the LAB are prominent in this figure, the multiples from either of 

these are not obvious. This could be because of their annihilation due to interference 

from other phases. 

In order to constrain the seismic structure of the crust, the stacks of the moveout-

corrected traces at each station are inverted using a linearized time domain iterative 

waveform inversion scheme (Ammon et al., 1990), where for each model, the synthetic 

seismograms for the slowness corresponding to the stacked trace are computed using 

the reflectivity method (Fuchs and Müller, 1971; Kind, 1978). We have allowed the 

generation of all primary and multiple phases. The synthetic traces are rotated and 

deconvolved in the same manner as the observed traces, for a meaningful comparison. 

The observed receiver function stacked traces are shown in Figure 7.2. Since 

the Islands are volcanic in nature, the velocities and crustal thickness values from other 

studies are used as constraints in the inversion. While modelling the P-receiver 

functions at various stations, the velocity of the basaltic layer is adopted from the 

available published values (Rodgers and Harben, 1999; Christensen, 1973). Also, the 

velocities in the crustal part are kept close to the estimates obtained regionally and 

globally from active seismic experiments (Shinohara, 2008; White, 1992), except for 

the station ROSA, where the data required a top layer having very low shear velocity, 

probably due to the presence of sediments near the surface. 

The piercing points of the P-to-s conversions at a depth of 100 km, plotted in 

the inset maps for each station in Figure 7.1, reveal a maximum offset of 0.5°. Since we 

model the stacked traces, any lateral heterogeneity within 0.5° is averaged. Figure 7.3 

shows the corresponding L-components of our stack traces, which essentially contain 
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only the P-waves as first arrivals. Figure 7.4 shows the velocity models obtained at each 

station from inversion, together with the waveform matching of the observed and 

synthetic traces.  

 

 
Figure 7.3 Stacked L-component receiver functions at different stations that essentially indicate 

the P-wave at zero time. 

  

Our modelling results indicate that the crust-mantle boundary is located at 

depths of ~12±1, 16±1 and 10±1 km for ROSA, PSCM and ASCN respectively (See 

table 7.1). Both the stations PSCM (at the Terceira Island) and ROSA (at Sao Jorge 

Island in the middle of the North Atlantic Ocean) (see Figure 1) are volcanic in origin 

and about 10 km away from the MOR, making it one of the closest landmasses to an 

active, oceanic spreading centre. ASCN is located in the South Atlantic Ocean at 

Ascension Island, which is a volcanic island. This island is located 100 km west of the 

MOR. 

Near the station ASCN, wide-angle reflection seismic tomography studies 

indicate the Moho at a depth of ~10.2 km (Evangelidis et al., 2004). The result for the 

station ASCN is consistent with the observations by Li et al. (2003). The older crust 

(19My) at PSCM shows a larger plate thickness compared to a younger crust (13My) 

at ROSA (http://www.ngdc.noaa.gov/mgg/ocean_age/data/2008/grids/age/). The inset 
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of Figure 8.3 shows that the station PSCM is located on the Angra do Heroisomo island 

which is much farther from the main north Atlantic ridge compared to ROSA. These 

two stations are situated on a complex triple junction. The possible reason for this 

discrepancy might be due to the influence of the compositional nature of the oceanic 

islands and structural complexity as evident from the surface bathymetry. 

 

 
Figure 7.4 Models obtained by inversion of stacked traces in the bottom panel (colour as in 

Figure 1) of each subplot. Synthetic traces (black dashed lines) computed from these models fit 

the observed traces well for the stations PSCM, ROSA and ASCN. Two grey bounding lines of 

the thick colour model in the upper panel of each subplot are the ±2SE in the velocity models 

derived from inversion. The dashed black line shows the 1-D starting velocity model used to 

invert the data. 

 

 

 
Figure 7.5 Same as Figure 7.4 for the stations RPN and MCQ. 

 

 Station RPN is situated at the Easter Island, ~350 km east from the Rano Kau 

Ridge in the Pacific, while station MCQ is located at the Macquarie Island, which lies 

in the middle of the Macquarie Ridge (Duncan et al., 1997; Tapley et al., 2004). Both 
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these volcanic islands are dominated by the presence of basalt and gabbro (Duncan and 

Varne, 1988; Jorg, 2005). The results of receiver function modelling (Figure 7.5) 

suggest a crustal thickness of ~12±1 km at station RPN (see table 7.1). On the other 

hand, the crust is much thicker (~19±1 km thick) below the station MCQ (Table 7.1). 

Station MCQ is directly located on the MOR, but the retrieved Moho depth is larger 

than expected. This might be due to the fact that the observations are more 

representative of the islands. 

 

Table 7.1 The crustal thickness beneath the ocean Island stations and their geological age. 

 

Stat Region No. 

of  RF 

Lat Lon Elev 

(m) 

Moho 

depth 

(km) 

Age 

(My) 

ASCN Ascension Island,  

Atlantic Ocean 

20 -7.93 -14.36 173 10±1 5 

MCQ Macquarie Island,  

Pacific Ocean 

15 -54.49 158.95 14 19±1 3 

PSCM Terceira Island,  

Atlantic Ocean 

7 38.70 -27.11 400 16±1 19 

ROSA Sao Jorge Island,  

Atlantic Ocean 

18 38.72 -28.24 310 12±1 13 

RPN Easter Island,  

Pacific Ocean 

87  -27.12 -109.33 110 12±1 6 

 

There are a number of models that describe the generation and migration of melt 

in a ridge system (Spiegelman and McKenzie, 1987; Phipps-Morgan, 1987; Sparks and 

Parmentier, 1993; Garmany, 1989; Buck and Su, 1989; Kelemem et al., 1997 etc.). 

However, geophysical studies which help in constraining the existing models are quite 

limited. The most important geophysical study that aimed at deciphering the melt 

generation is the MELT experiment (Forsyth, 1992). Results from inversion of Love 

wave dispersion data from the East Pacific Rise revealed an asymmetric velocity 

structure across the ridge (Dunn and Forsyth, 2003), where a crustal magma chamber 

is confined. 

P-receiver function analysis at 5 stations located near the mid ocean ridges 

reveals significant converted energy from the crust-mantle boundary. Modelling results 

reveal that the Moho depths vary from ~10 km to ~20 km and gradation in nature. 

However, it must be borne in mind that the data are from the stations located on oceanic 
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island and hence the upper most mantle observations may not be an exact proxy for the 

true oceanic plate. 

The modelling result suggests that at about 30-70 km depth, there exists a low 

velocity medium, which we here interpret as the lithosphere-asthenosphere boundary 

(LAB). Although the main aim of the thesis is on the crustal part, however, for the sake 

of completeness, here we briefly touch upon the point. For all the stations, the shear 

velocity drop across the LAB is sharp in nature, implying the presence of partial melt 

in the asthenosphere (Holtzman and Kohlsedt, 2007; Mierdel et al., 2007; Kawakatsu 

et al., 2009). The alteration of seismic velocities or attenuation is often used to interpret 

the amount and spatial disposition of partial melts in the uppermost mantle (i.e., 

Humphreys and Dueker, 1994; Zhao et al., 1992; Sobolev et al., 1996; Xu and Wiens, 

1997; Dunn and Toomey, 1997; Kawakatsu et al., 2009). The sharp and abrupt drop in 

shear-wave velocity can be reconciled by the fact that the hot mantle upwelling near 

the ridges possibly enhances the reflectivity of the LAB (Schmerr, 2012). Moreover, 

the fraction of melt retention in the asthenosphere may cause such a large drop in shear 

velocity. The inclusion of little more than 1% melt in the asthenosphere, in addition to 

the temperature contrast, provides a realistic explanation of this velocity drop 

(Hammond and Humphreys, 2000; Rychert et al., 2012). Karato (1990) indicated that 

the presence of H2O in olivine weakens the material. Karato (2013) argued against the 

various partial melt models to explain the seismically observed anomalies and 

emphasized the important role played by the geometry of melt. However, the presence 

of hydrogen in the uppermost mantle may present an alternate model (Dai and Karato, 

2009). Anelastic relaxation caused by the elastically accommodated grain-boundary 

sliding may also be a cause of large velocity drops of more than 5 % (Karato, 2012). In 

the normal oceanic (not ocean island) plate, there is an indication of an abrupt increase 

in electrical conductivity (Shankland and Waff, 1977; Honkura, 1975; Utada and Baba, 

2013), often interpreted as the electrical asthenosphere, favouring the idea of partial 

melts. Interestingly this layer corresponds to the seismologically identified layer. 
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Chapter 8 

Conclusions and Remarks 

The conclusions can be summarized in three parts. In the first part, a novel method has 

been proposed to estimate the shear-wave velocity contrast across an interface based on 

the P-to-s converted wave amplitude data. Here, we have described about the nature 

and genesis of the Indian continental Moho. In the second part, a comprehensive shear-

wave velocity contrast map across the Indian Moho, bulk crustal thickness and bulk 

Vp/Vs images have been presented for the Indian shield. The results have been 

interpreted in terms of the possible mechanism for the evolution of the Indian shield. 

Lastly, in the third part seismic crust of mid-oceanic ridges have been presented. The 

following sums up the main conclusions of the present thesis. 

The receiver function studies from 82 broadband seismic stations including 

earlier published results indicate that the crustal thickness of the Indian shield varies 

from ~30 to 50 km in most regions except in the Himalayan region, where it goes up to 

~70 km. The bulk crustal Vp/Vs ratio varies from ~1.6 to ~1.94. Such large variations 

in crustal parameters indicate that the Indian shield has evolved through a complex 

geological history, making the Indian crust heterogeneous, which is responsible to some 

extent for such large scale variations. The crust beneath Eastern Dharwar craton is thin 

i.e. from ~32-44 km with an average of ~35 km compared to that of the Western 

Dharwar Craton, where the crust varies from ~38-48 km with an average of ~45 km. 

The Eastern and Western Dharwar cratons show the bulk crustal Vp/Vs of about ~1.73 

to ~1.84 respectively. In the Aravalli region, the crust is ~30 km deep. On the other 

hand, the crust below Bundelkhand Craton is ~43 km. All along the Indo Gangetic Plain 

(IGP), the crust varies from ~30-45 km with an average of ~37 km. Eastern cratons i.e. 

Singhbhum Craton (SC) and Bastar Craton (BC) have crustal thickness of ~44 km and 

~42 km respectively. Himalayan and Eastern Indian cratons show large Vp/Vs up to 

~1.9, whereas the DVP shows a large variation with somewhat higher values i.e., from 

~1.74 to 1.9. The southern SGT has ~40 km crust with Vp/Vs ratio ~1.75. The Cuddapah 
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basin has Vp/Vs varying from 1.7-1.88. SGT has intermediate Vp/Vs value (i.e., ~1.75). 

These large variations of Vp/Vs are higher than that for a normal crustal (i.e. 1.73) value, 

which indicates that the bulk Indian crust gradually became more mafic and more 

compositionally evolved after its formation. 

The scaling relationship between the bulk crustal properties, cratonic ages and 

heat flow values indicates that the Indian crust must have lost most of its part just after 

the formation, either due to the delamination or due to the epeirogeny and exhumation. 

The Indian crustal formation mechanism is dominated by both the processes. 

Initially, the horizontal accretion was dominated and then the vertical accretion process 

started, which lasted for much longer time. Most of the Dharwar crust must have been 

formed during the Eoarchean to Mesoarchean. The thick crust was formed through 

subduction–accretion processes at least after 3.2 Ga. We also suggest that during this 

time, the modern-style plate tectonics might have existed. 

The shear-wave velocity contrast (δβ) across Indian Moho also varies widely. 

The regions near the Aravalli craton are characterized by δβ ~0.35 km/s. However, near 

the Bundelkhand craton (BhC), it reaches up to ~0.7 km/s. Other cratons of Indian 

shield show similar range of values i.e. below Bastar craton (BC) has ~0.6 km/s whereas 

Eastern and Western Dharwar Cratons have ~0.52 km/s and ~0.61 km/s respectively. 

The δβ across the Moho beneath Deccan Volcanic Province δβ is ~0.67 km/s. This 

indicates that the Indian Moho is not uniform in terms of the transmission of seismic 

waves. Grossly, δβ varies from 0.08 to 1.1 km/s in all over the regions. The variations 

in δβ imply that the seismological nature of the Moho has undergone a long 

evolutionary process since its genesis until they became stable continental block. 

The δβ and transition in Moho has positive correlation i.e. the regions of higher 

shear-wave velocity contrast have higher Moho transition. 

Wide variations in δβ indicate that the crust–mantle interaction in the form of 

tectonic, magmatic and metamorphic were active. Further, the Indian Moho did not 

evolve in an identical condition in geological past. 

The scaling relations with age and surface heat-flow measurements show that 

the regions with large transition zone formed thick lower crustal rocks (i.e. low heat 

producing) and thin upper crustal rocks (i.e. high heat producing). In other words, thick 

transition zone is responsible for making thick lower crust and consequently low heat 

flow. 
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P-receiver function analysis at 5 stations located near the mid ocean ridges 

reveal that the Moho depths vary from ~10 km to ~19 km. 

In the oceanic region also Moho is gradation in nature. 

 

Remarks 

In the present thesis, a new technique has been proposed to estimate the shear-wave 

velocity contrast across an interface using P-to-s converted wave amplitudes with ray 

parameters. The method has been applied to the seismological data from the Indian 

shield successfully to generate a Moho contrast map for India. This is the first attempt 

in a comprehensive way to understand the evolution of the Indian crust and the nature 

of Indian Moho. The application of this methodology in the global arena for studying 

various cratons of the world may help to understand the crust in a better way. Till now, 

we have gathered fairly good knowledge about the crust and mantle; however, the 

nature of boundary which separates one layer from another i.e. Moho or lithosphere-

asthenosphere boundary etc. are not well understood. Therefore, the application of this 

method or some modified form of this method may help to constrain the evolution of 

our Earth in a better way. 
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Appendix 

 

Appendix A 

Table A1 Station list, their coordinates and crustal parameters 

Station Latitude Longitude 

Vp/Vs 

From Grid-

search 

H (km) from 

Grid-search 

H (km) 

from 

Inversion 

Surface 

Geology 

δβ (km/s) 

From new 

method 

δβ(km/s) 

From 

inversion 

AJMR 26.5 74.6 - 29±2 30 AC 0.35 0.4 

BLSP 22.1 82.1 1.81±0.01 37±2 42 BC 0.06 0.6 

GANJ 24.8 79.8 1.72±0.03 39±2 44 BhC 0.93 0.7 

HEER 24.4 79.2 - - 42 BhC 0.36 0.3 

CUD 14.5 78.9 1.70±0.02 36±1 36 CB 1.11 0.9 

GDLR 15.5 79.0 1.79±0.01 29±1 26 CB 0.55 0.5 

NJS 16.6 79.3 1.72±0.02 34±1 30 CB 0.78 0.8 

SLM 16.1 78.9 1.88±0.01 30±2 32 CB 0.23 0.2 

AKL 20.7 77.0 1.71±0.03 39±2 42 DVP 1.14 0.9 

BHPL 23.2 77.4 - 31±2 50 DVP 0.80 0.6 

BHUJ 23.3 69.7 1.93±0.01 35±1 42 DVP 0.32 0.6 

BJD 23.0 80.2 - 39±2 44 DVP 0.53 0.5 

GKL 17.4 73.7 1.87±0.01 34±2 40 DVP 0.8 0.8 

KAND 20.9 71.1 1.84±0.03 34±1 32 DVP 0.27 0.3 

KARD 17.3 74.2 1.79±0.01 37±2 34 DVP 0.50 0.5 

KDM 22.5 80.4 1.83±0.02 42±2 38 DVP 0.64 0.6 

KDT 22.5 80.4 - - 40 DVP 0.94 0.7 

MPAD 20.5 73.8 1.76±0.02 34±2 36 DVP 0.37 0.4 

MRT 17.2 73.9 1.74±0.01 39±1 40 DVP 0.84 0.8 

MULG 19.2 73.3 1.76±0.01 36±2 36 DVP 0 0.4 

NDG 17.8 76.3 1.79±0.01 35±2 34 DVP 0.46 0.4 

NGP 21.0 79.1 1.78±0.03 34±2 35 DVP 0.42 0.5 
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UTWD 20.9 71.2 1.83±0.02 33±2 30 DVP 1.20 0.25 

VARE 20.3 73.7 1.82±0.02 34±1 38 DVP 0.82 0.9 

WAG 17.3 73.8 1.77±0.01 36±2 35 DVP 0.39 0.4 

PUNE 18.5 73.8 1.83±0.02 33±2 35 DVP 0.75 0.7 

POO 18.5 73.8 1.82±0.03 33±2 30 DVP 0.73 0.8 

SONT 22.4 71.9 1.71±0.01 39±2 35 DVP 1.03 0.5 

TANA 21.6 72.0 1.74±0.01 39±2 36 DVP 0.15 0.8 

CHLP 18.5 84.0 - - 36 DVP 0.56 0.5 

CHR 23.6 79.1 1.72±0.02 41±1 40 DVP 0.45 0.5 

CKL 17.2 73.6 - - 38 DVP 0.73 0.6 

KLR 18.1 75.6 1.72±0.02 36±2 35 DVP 0.38 0.5 

LATR 18.4 76.6 1.71±0.02 37±2 34 DVP 0.12 0.7 

LLP 22.8 80.3 - - 40 DVP 0.88 0.9 

ADKI 15.8 80.0 1.89±0.01 27±2 35 EDC 0.59 0.6 

BWNR 20.3 85.8 1.82±0.01 35±2 34 EDC 0.26 0.5 

DMR 18.1 79.6 - - 44 EDC 0.73 0.8 

HYB 17.4 78.6 1.72±0.02 33±2 32 EDC 0.63 0.8 

KGF 13.0 78.0 1.74±0.01 34±1 32 EDC 0.38 0.4 

MDRS 13.1 80.2 1.85±0.03 32±2 34 EDC 0.98 0.9 

URV 14.9 77.2 1.72±0.03 34±2 30 EDC 0.44 0.4 

VISK 17.7 83.3 1.81±0.02 32±2 40 EDC 0.64 0.6 

SRS 19.0 78.4 1.72±0.02 33±2 35 EDC 0.41 0.6 

RPR 15.8 80.0 1.94±0.01 28±2 35 EDC 0.91 0.8 

PSR 18.1 79.5 - - 35 EDC 0.06 0.8 

PUL 14.4 78.2 - - 35 EDC 0.37 0.4 

SKHT 13.7 79.7 1.95±0.01 32±1 32 EDC 0.46 0.5 

INC 18.2 79.8 1.75±0.01 38±2 36 GG 0.53 0.5 

KGD 17.7 80.7 1.86±0.01 36±2 38 GG 0.41 0.6 

PVM 17.2 81.6 1.82±0.03 43±2 45 GG 0.32 0.6 

VKP 18.4 80.5 2.06±0.03 27±2 35 GG 0 0.3 

DDI 30.3 78.0 1.88±0.03 47±2 46 HIM 0.57 0.5 

DHRM 32.2 76.3 1.82±0.01 27±2 24 HIM 0.81 0.9 

MGP 27.0 88.4 1.92±0.01 29±2 28 HIM 0.79 0.4 

SMLA 31.1 77.2 1.73±0.01 32±1 32 HIM 0.78 0.5 

CAL 22.5 88.3 2.08±0.01 34±2 42 IGP 0.43 0.5 
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DHAK 23.7 90.4 2.04±0.03 23±2 30 IGP 0.72 0.6 

HAMI 25.9 80.2 1.81±0.02 40±2 38 IGP 0.49 0.5 

JPA 26.2 90.6 1.95±0.03 32±2 36 IGP 0.54 0.5 

MAHO 25.3 79.9 1.76±0.01 36±1 36 IGP 0.90 0.9 

NDI 28.7 77.2 1.58±0.01 39±1 45 IGP 1.18 0.9 

SAMP 24.0 72.0 1.93±0.01 32±1 35 IGP 0.98 0.8 

SHAH 27.9 79.9 2.10±0.01 39±2 - IGP 0.87 - 

TEZ 26.6 92.8 1.88±0.03 36±2 40 IGP 0.33 0.4 

SNCH 24.8 71.8 - - - IGP 1.11 - 

SONA 28.2 77.1 1.71±0.04 35±2 30 IGP 0.9 0.7 

GMR 23.4 80.0 1.99±0.01 34±2 32 NSL 0.34 0.6 

JBP 23.9 79.9 1.83±0.01 46±2 45 NSL 1.22 0.7 

BOKR 23.8 85.9 1.91±0.03 43±2 44 SC 0.26 0.2 

KOD 10.2 77.5 1.75±0.02 43±1 42 SGT 1.24 1.0 

PAL 10.5 77.5 1.74±0.03 44±1 40 SGT 0.46 0.9 

PCH 10.5 76.3 1.76±0.04 39±2 40 SGT 1.38 0.8 

TRVM 8.5 77.0 1.76±0.01 34±2 35 SGT 0.89 0.6 

MND 25.9 90.7 1.71±0.01 35±2 34 SP 0.71 0.7 

NGL 25.5 90.8 1.75±0.02 35±2 35 SP 0.48 0.7 

SHL 25.6 91.9 1.69±0.03 36±1 35 SP 0.53 0.8 

REWA 24.6 81.3 1.78±0.04 38±2 40 VNB 0.08 0.1 

DHD 15.4 75.0 - - 48 WDC 0.44 0.6 

GOA 15.5 73.8 1.81±0.01 40±1 44 WDC 0.57 0.6 

MNGR 12.9 74.8 - - 38 WDC 0.82 0.9 
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Appendix B 

Rose diagrams showing azimuthal distribution of data 

 

 

 

Figure B1. Rose diagrams showing azimuthal distribution of receiver functions. Each subplot 

has been normalized with 0.2 denote each concentric circle. The names of the stations are also 

label at the bottom of each subplot. 
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Figure B2. Same as Figure B1. 
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Figure B3. Same as Figure B1. 
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Figure B4. Same as Figure B1. 
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Appendix C 

Estimation of δβ across Moho at individual station. 

 

 

Figure C1 The observed receiver function data from individual stations ADKI, AJMR, BHPL 

and AKL. One example data is shown in the main text of the thesis. Here both the components 

of receivers functions images (SV and SH). The middle and bottom subplots of each plot present 

the application of methodology to estimate . The stack of SV component is also show as 

wiggle. The source distribution in middle left subplot with open circle. Once the data are picked, 

they are linearly resampled and plotted in subplots as red crosses. The corrections for dip or 
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anisotropy are made in bottom left subplot for each plot. Red, Blue and Green cross denote the 

SV, SH and corrected SV respectively. The slowness weighted amplitudes are shown in the 

bottom right subplot with thick black and grey dots for corrected and uncorrected data 

respectively. The regression lines yield the intercept for each type of data. It is clear that the 

corrected intercept (=2) are more realistic. The methodology is described in the main chapter 

of thesis in detail. 

 

 

 

 
Figure C2 Same as Figure C1 but for stations BHUJ, BJD, BOKR and BLSP. 
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Figure C3 Same as Figure C1 but for stations BWNR, CAL, CHR and CHLP. 
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Figure C4 Same as Figure C1 but for stations CKL, CUD, DHAK and DDI. 
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Figure C5 Same as Figure C1 but for stations DHD, DHRM, GANJ and DMR. 
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Figure C6 Same as Figure C1 but for stations GDLR, GKL, GOA and GMR. 
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Figure C7 Same as Figure C1 but for stations HAMI, HEER, INC and HYB. 
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Figure C8 Same as Figure C1 but for stations JBP, JPA, KARD and KAND. 
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Figure C9 Same as Figure C1 but for stations KDM, KDT, KGF and KGD. 
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Figure C10 Same as Figure C1 but for stations KLR, KOD, LLP and LATR. 
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Figure C11 Same as Figure C1 but for stations MAHO, MDRS, MND and MGP. 
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Figure C12 Same as Figure C1 but for stations MNGR, MPAD, MULG and MRT. 
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Figure C13 Same as Figure C1 but for stations NDG, NDI, NGP and NGL. 
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Figure C14 Same as Figure C1 but for stations NJS, PAL, POO and PCH. 
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Figure C15 Same as Figure C1 but for stations PSR, PUL, PVM and PUNE. 
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Figure C16 Same as Figure C1 but for stations REWA, RPR, SHAH and SAMP. 
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Figure C17 Same as Figure C1 but for stations SHL, SKHT, SMLA and SLM. 
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Figure C18 Same as Figure C1 but for stations SONA, SONT, TANA and SRS. 
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Figure C19 Same as Figure C1 but for stations TEZ, TRVM, UTWD and URV. 
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Figure C20 Same as Figure C1 but for stations VARE, VISK, WAG and VKP. 
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Appendix -D 

Grid search results for individual station 

 

 

Figure D1 The grid search plots for each station to estimate the bulk crustal thickness (H) and 

Vp/Vs. For each station, the Tps and Tpps are picked after respective moveout corrections. The 

black and grey curves for each station show the minimum contour for which the computed Tps 

and estimated Tps is minimum. Same is true to Tpps. The intersection provides the optimal H 

and Vp/Vs values for the corresponding Tps and Tpps. 

 

 

 

 



153 

 

 

Figure D2 Same as Figure D1 but for stations GKL, GOA, HAMI, HYB, INC, JBP, KAND, 

KARD, KGD, KGF, KLR and KOD. 
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Figure D3 Same as Figure D1 but for stations LATR, MAHO, MDRS, MND, MPAD, MRT, 

MULG, NDG, NDI, NGL, NGP and NJS. 

 

 

 

 

 

 

 

 

 



155 

 

 

Figure D4 Same as Figure D1 but for stations PAL, PCH, POO, PUNE, PVM, REWA, RPR, 

SAMP, SHL, SLM, SLMA and SONA. 
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Figure D5 Same as Figure D1 but for stations SONT, SRS, TANA, TEZ, TRVM, URV, UTWD, 

VARE, VISK and WAG. 
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Appendix –E 

Receiver function images for individual station plotted with respect to the slowness. 

The direct converted and the first free surface multiple are predicted using the crustal 

parameters from grid search and superimposed over the corresponding images. 

 

 

 

 

Figure E1 The Q-component of receiver function image with respect to the slowness for 

individual station. The name of the station is written as caps with a rectangular box. The wiggle 

trace in the right subpanel of each subplot shows stack trace after moveout correction as 

described in the main thesis. The thick dash lines in each image plot are the travetime curves 

for the Tps and Tpps generated by the crustal parameters as derived from our grid search method 

as described in the Figures D1-D5. The detail of the methodology has been given in the main 

text. This shows that travetime curves generated by the grid search matches well with the 

observed phases. We match only those plots where we have the confidence of picking the 

phases. 

 

 

 

 



158 

 

 

Figure E2 Same as Figure E1 but for stations BLSP, BOKR, BWNR, CAL, CHPL and CHR. 
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Figure 3 Same as Figure E1 but for stations CKL, CUD, DDI, DHAK, DHD, DHRM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



160 

 

 

Figure E4 Same as Figure E1 but for stations DMR, GANJ, GDLR, GKL, GMR and GOA. 
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Figure E5 Same as Figure E1 but for stations HAMI, HEER, HYB, INC, JBP and JPA. 
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Figure E6 Same as Figure E1 but for stations KAND, KARD, KDM, KDT, KGD and KGF. 
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Figure E7 Same as Figure E1 but for stations KLR, KOD, LATR, LLP, MAHO and MDRS. 
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Figure E8 Same as Figure E1 but for stations MGP, MND, MNGR, MPAD, MRT and MULG. 
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Figure E9 Same as Figure E1 but for stations NDG, NDI, NGL, NGP, NJS and PAL. 
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Figure E10 Same as Figure E1 but for stations PCH, POO, PSR, PUL, PUNE and PVM. 
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Figure E11 Same as Figure E1 but for stations REWA, RPR, SAMP, SHAH, SHL and SKHT. 
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Figure E12 Same as Figure E1 but for stations SLM, SMLA, SONa, SONT, SRS and TANA. 
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Figure E13 Same as Figure E1 but for stations TEZ, TRVM, URV, UTWD, VARE and VISK. 

 

 

 

Figure 14 Same as Figure E1 but for stations VKP and WAG. 
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Appendix -F 

Inversion results for individual station 

 

 

Figure F1 Plot shows the inversion result for each station. Velocity model is in right panel 

obtained by inversion of observed stacked trace (thick black line) shown in the left panel. 

Before stack, the receiver functions are filtered and moveout corrected to a reference slowness 

of 6.4 s/deg using the IASP91 Earth model. Synthetic traces (grey lines) computed from these 

models (right panel) to fit the observed trace well for the individual station located in the Indian 

shield. 
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Figure F2 Same as Figure F1 but for station BLSP, CHLP, CHR, BOKR, BWNR and CAL. 
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Figure F3 Same as Figure F1 but for station CKL, DHD, DHRM, CUD, DDI and DHAK. 
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Figure F4 Same as Figure F1 but for station DMR, GMR, GOA, GANJ, GDLR and GKL. 
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Figure F5 Same as Figure F1 but for station HMAI, JBP, JPA, HEER, HYB and INC. 
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Figure F6 Same as Figure F1 but for station KAND, KGD, KGF, KARD, KDM and KDT. 
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Figure F7 Same as Figure F1 but for station KLR, MAHO, MDRS, KOD, LATR and LLP. 
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Figure F8 Same as Figure F1 but for station MGP, MRT, MULG, MND, MNGR and MPAD. 
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Figure F9 Same as Figure F1 but for station NDG, NJS, PAL, NDI, NGL and NGP. 
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Figure F10 Same as Figure F1 but for station PCH, PUNE, PVM, POO, PSR and PUL. 
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Figure F11 Same as Figure F1 but for station REWA, SKHT, SLM, RPR, SAMP and SHL. 
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Figure F12 Same as Figure F1 but for station SMLA, TANA, TEZ, SONA, SONT and SRS. 
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Figure F13 Same as Figure F1 but for station TRVM, VISK, VKP, URV, UTWD, VARE and 

WAG. 
 


