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Abstract 

  

 This research is focused on the application of both new and established 

seismic interferometry techniques to a single area: the Altiplano in the Andes region. 

This area has already been widely studied in terms of its geological evolution. 

Nevertheless, a single accepted theory has not yet been developed to explain why the 

topography of the Andes incorporates such a large area of low relief at this altitude. 

The Altiplano is therefore an interesting zone to study. 

 

 This research introduces and analyses new concepts and methodologies, such 

as retrieving surface and body waves between earthquakes by using interferometry. 

Nevertheless, several factors, such as the quality of recordings, the separation 

between sources, and the velocity gradient of the medium, had to be taken into 

account for body and surface wave retrieval. 

  

This research also analysed the retrieval of body waves by means of seismic 

interferometry applied to coda wave arrivals. Results show that due to the attenuation 

of S waves produced by the zone of partial molten material, when using S coda 

waves, seismic interferometry does not achieve the objective of wave retrieval. On 

the other hand, P coda waves gave good results. Also, the combined methodology of 

interferometry by cross-correlation and convolution was shown to account for the 

behaviour of the retrieved waves and provided an indication of how the distribution 

of sources affects the Green’s functions estimates for body waves in this area. 

  

Another point covered by this research was the analysis of passive recordings 

in order to retrieve surface and body waves. Results indicate that surface and body 

waves could be retrieved. However, in order to retrieve body waves, special 

circumstances are required, such as lateral continuity of the Moho, a relative strong 

Moho impedance contrast, and simplicity of the geologic structure because these 

factors will contribute to a strong signal like that obtained in critical reflections 

making interferometry results more successful. 
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Finally, the novel concept of source-receiver interferometry was proven to be 

useful with a real data set for the first time in the Andes region. This was undertaken 

using two different approaches: (i) deterministic sources, and (ii) passive noise 

recordings. Both approaches demonstrated that surfaces waves could be retrieved 

between sources and showed good approximation and coherent results when 

compared to real recordings.     

  

In general, this thesis shows that each methodology attempted has points in 

favour and points against its application. It is therefore not a straightforward matter 

to choose which methodology is the best to apply in a given case study. The general 

advice inferred is to conduct a pilot project in order to test all methodologies 

available, assess which one works best, and then apply it to the whole area and the 

full data set. 

  

Future studies in the Altiplano should concentrate on factors such as, for 

example, interferometry by deconvolution in order to account for factors such as 

diffusion, bending waves, elastodynamics or irregular illumination as well as to 

concentrate on the nature of the changes detected by seismic interferometry. 
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Chapter 1 

 INTRODUCTION 

1.1 Chapter plan 

 

 This chapter is divided into seven sections:  

  

Section 1.2 presents a historical introduction to the field of seismic 

interferometry, and the original motivation for this current research, retrieving body 

waves using seismic interferometry. It also describes the difficulties associated with 

this problem. 

 

 Section 1.3 provides a general introduction to the geology of the Altiplano. 

The idea behind this section is to highlight the geological features which directly 

affect interferometric calculations, e.g. the zones of partially melted material which 

in turn affect the propagation of S waves and therefore, as will be seen, affect the 

effectiveness of seismic interferometry. 

 

 Section 1.4 explains the main sources of bias and difficulties encountered 

when acquiring and recording the seismic data for this project. The main points 

playing against the acquisition of data were the extremely harsh environmental 

conditions in the zone that affected geophone functioning, as well as human 

supervision of and intervention with the geophones. 

 

 Section 1.5 sets the aims of this research in relation to the more general frame 

of seismic interferometry. It is important to point out that, by the time these aims 

were set, usual seismic interferometry applications had already demonstrated the 

application of seismic interferometry to surface waves. The aims of this current 

research are new in the sense that they propose turning sources into virtual receivers, 

in order to estimate information about the medium and analysing the extent to which 

the results obtained from seismic interferometry reflect what a real geophone would 

record if put in the same place as the virtual source. 
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 Section 1.6 outlines and briefly explains the different methodologies used in 

this research project. One of the aggregate values of this current work is that it has 

used various different and new seismic interferometry methodologies for the same 

study area evaluating and rating each one. As will be seen from each chapter, each 

methodology had its own particular advantages and disadvantages and different 

information was estimated with each one. Finally, in section 1.7 a summary of the 

undergraduate that served as a pilot project within this PhD project is given. 

 

1.2 General introduction to the field of interferometry and to the 

problem of body wave retrieval by means of seismic interferometry 

  

 Seismic interferometry is the process of cross-correlating convolving or 

deconvolving seismic traces recorded at different locations on the surface of the 

earth, with the purpose of simulating data from virtual (imagined) sources or 

receivers. 

 

 The foundations of seismic interferometry can be traced back to the field of 

physics (Callen and Welton, 1951). The work by Callen and Welton (1951) showed 

that the Nyquist relation can be extended to general dissipative systems which in 

turns means that they found the theoretical basement for the relationship between 

fluctuations (or electronic noise) and irreversibility, a concept related to 

interferometry as will be explained later in this chapter. This electronic noise is 

known as the Johnson-Nyquist noise and is generated by the thermal agitation of 

charged particles inside the electrical conductor. In equilibrium, this noise is 

independent of the voltage applied. Quantum and statistical arguments (Callen and 

Welton, 1951) give to the known Nyquist relation: 

 

 𝑉2 =  2
𝜋  𝐾𝑇  𝑅(𝜔)𝑑𝜔   (1.1) 

Where: 

K is the Boltzmann constant 

T is the temperature 

R(ω) is the resistance 
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ω is the frequency of perturbation 

 𝑉2  is the mean square value of the spontaneously fluctuating force. 

 

This equation, derived by Nyquist, relates the voltage fluctuation (a property 

of a system in equilibrium) to the electrical resistance (a parameter) related to an 

irreversible process. 

  

The actual birth of seismic interferometry per se is clearly identified with 

Claerbout’s work on the synthesis of a layered medium from its acoustic 

transmission response ( 1968). Claerbout (1968) showed that the autocorrelation of 

an impulse transmission response of a horizontally layered medium, bounded by a 

free surface, yields the reflection response of this medium. In other words, Claerbout 

showed how the Green´s function (i.e. the impulse response to a point source) on the 

Earth’s surface could be obtained by autocorrelating traces generated by sources on 

the other side of the medium. Claerbout’s theory was rigorously proven for a 1D 

medium, and validated by testing with synthetic data (Claerbout, 1968), but it was 

not known whether this idea could be extended to a 3D situation.  

 

This result implies that, for example, if one would measure the response on 

the Earth’s surface of a band-limited, white noise source in the subsurface, the 

autocorrelation would give the impulsive reflection response (i.e. the response from a 

virtual source at the surface) convolved with a band-limited delta function. This 

indicates that noise observed at the surface can be turned into a signal containing 

interpretable information about the subsurface. 

 

The assumption that this would also work in 3D media is known as 

Claerbout’s conjecture. Claerbout and his students conjectured for 3D media that the 

cross-correlation of the transmission response, observed at a number of different 

locations, gives the reflection response that would be recorded at one of the locations 

if there had been a source at the other. They named this method “daylight imaging”, 

which implies a random distribution of point sources that emit incoherent seismic 

energy. 
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 After the introduction of Claerbout’s conjecture, researchers realised that it 

concurred with existing geophysical data. Ironically, in the field of solar seismology, 

correlating solar records had already provided a convincing demonstration of the 

daylight imaging method well before Earth-based seismic experiments could do the 

same. Duvall et al. (1993) discovered a procedure similar to Claerbout’s daylight 

imaging method, using the cross-correlation of solar vibration data to infer 

information about the Sun’s internal structure.  

 

They showed that it is possible to extract time-distance information from 

acoustic waves, via temporal cross-correlations of the intensity fluctuations on the 

solar surface. Rickett and Claerbout (1999) presented virtual shot gathers, obtained 

by correlating vibration records of the Sun’s surface, to empirically demonstrate the 

validity of Claerbout’s conjecture. 

 

 Earthquake data also show agreement with Claerbout’s conjecture and the 

work of Scherbaum (1987a, 1987b) presented the first test of Claerbout’s idea on real 

data. First, Scherbaum derived a theory to calculate a single station inversion, by 

adapting Claerbout’s formulation to include the case of oblique incidence. His theory 

allowed the imaging of subsurface impedance structures from the recordings of SH 

wave records. Next, Scherbaum applied the theory he had derived to a subsurface site 

structure of Swabian Jura, South West Germany. Scherbaum’s results showed a high 

degree of similarity between theoretical inverted impedance and a P-wave velocity 

log coming from a nearby exploration well.  

 

Daneshvar et al. (1995) also reported some initial results, with acoustic 

daylight imaging (synthesising a non-homogeneous medium from its acoustic 

transmission response, obtained from passive measurements at the surface of noise 

sources that occur at depth) on Earth. Daneshvar et al. (1995) derived a method of 

processing seismic signals, generated by micro-earthquakes, to image the local 

subsurface structure beneath a recording station. This technique used the 

autocorrelation of the vertically travelling earthquake signals to generate pseudo 

reflection seismograms that could be interpreted for subsurface structure. 
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Other fields of geosciences also showed agreement with Claerbout’s 

conjecture. Cole (1995) was the first person to test Claerbout’s conjecture on both 

synthetic and real data. His data was very noisy and he did not arrive at any solid 

conclusions. Derode et al. (1995) performed the first experiment showing the 

reversibility of transient acoustic waves through high-order multiple scattering by 

means of an acoustic time-reversal mirror (time-reversal signal processing is a 

technique for focusing waves. A time-reversal mirror is a devise that focuses waves 

using the time-reversal method). This work demonstrated that reversibility could be 

used to focus a wave back onto its source; even in the presence of high-order 

multiple scattering. 

  

Rickett and Claerbout (1996) confirmed the consistency of Claerbout’s 

conjecture by numerical experiments, using synthetic data from simple 1D and point 

diffractor models. In all cases, the kinematics of observed events was as expected. 

 

 Meanwhile, in the early 1990s, Fink pioneered an initial independent field of 

research, making use of the invariance of the wave equation to time reversal. 

Through various physical-modelling tests using ultrasonic transducers, Fink (1997) 

showed that strongly scattered wave-fields could be time-reversed and back-

propagated through the complex medium to result in a focused wavefield. Because of 

this, renewed interest arose in the use of multiple scattered coda waves. The term 

“coda” refers to any concluding event, summation or section, e.g. sound waves that 

travel through a medium are scattered multiple times by heterogeneities in the 

medium and generate slowly decaying (late-arriving) wave trains, called coda waves.  

 

 Schuster (2001) explained the Claerbout conjecture by means of stationary 

phase arguments. The method extends the daylight imaging concept of Rickett and 

Claerbout (1999) to arbitrary distributions of sources and arbitrary reflectivity 

distributions, and validates Claerbout’s conjecture. Schuster’s method can also be 

used to: migrate free-surface multiples and peg-leg multiples in CDP data; perform 

imaging on unknown source locations; and generalise the receiver-function imaging 

method used by seismologists. 
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 Researchers from the fields of ultrasonic and seismology realised that the 

cross-correlation of signals at two different receivers in an acoustic diffuse field 

yielded the response at one of the receiver positions as if there were a source at the 

other. Lobkis and Weaver (2001) showed that the Green’s function of a medium 

emerged by cross-correlation of the recordings from two receivers in a diffuse 

acoustic field. Campillo and Paul (2003) used Lobkis and Weaver´s (2001) approach 

to reconstruct surface wave responses between two stations from recordings of 

distant earthquakes.  

 

Because the above work relies only on the general properties of diffuse 

waves, its results have potential applications in other fields. For example, Weaver 

and Lobkis (2002) showed that the cross-correlation of ultrasonic signals at two 

different receivers, in an acoustic diffuse field, yields the response at one of the 

receiver positions as if there were a source at the other. 

 

 Wapenaar et al. (2002) proved that the Claerbout conjecture was correct if it 

was assumed that uncorrelated noise sources in the subsurface (evenly distributed 

along a single surface) were present and the medium parameters were lossless, 3D 

non-homogeneous and source-free. They used the reciprocity theorem (A reciprocity 

theorem relates the sources and wavefields in two acceptable physical and/or 

computational states. One specific result is the source receiver reciprocity, which 

states that the acoustic field due to a sound source at point A and the sound pressure 

received at any other point B is the same as that which would be produced at A if the 

source were placed at B, this can be generalised for multiple sources and receivers) 

to derive different relations between transmission and reflection responses for a 3D 

inhomogeneous medium. One of these relations proved Claerbout’s conjecture.   

 

 Snieder et al. (2002) showed how seismic interferometry could be used to 

extract subsurface information from earthquake coda i.e. the long “ringy” part of the 

earthquake record that is thought to be dominated by multiply-scattered events. 

Snieder et al. (2002) determined the temporal changes that are evident in a medium 

from incoherent waves. They used the phrase “coda wave interferometry” for the 
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interferometric measurement of temporal changes in the medium from strongly 

scattered waves.  

  

Derode et al. (2003a, 2003b) showed the relation between time reverse 

acoustic and seismic interferometry by demonstrating that the Green´s function 

retrieval (equivalent to seismic interferometry) by cross-correlation can be derived 

from time reversed acoustics. The derivation is valid for open systems and for 

arbitrary inhomogeneous lossless media. In a first paper Derode et al. (2003a), 

proposed a physical interpretation of the emergence of the Green’s function in a 

heterogeneous medium, based on time-reversal symmetry.  

 

They found that the impulse response could be retrieved from either the 

causal or anticausal part of the sum of field-field correlation, provided that the 

sources are placed so that they would form a perfect time-reversal device (a device 

that can focus waves using a principle of the wave equation known as reciprocity). 

They also showed the role of multiple scattering for the reconstruction of the Green´s 

function. By which it is meant that, when the time-reversal criterion is not fulfilled, 

the time-reversal experiment works better through a multiple scattering medium than 

through a homogeneous one.  

 

Ultrasonic experimental results were presented to illustrate that the exact 

Green’s function of a heterogeneous medium can be retrieved from the cross-

correlation of the fields received by two passive sensors. In a second paper, Derode 

et al. (2003b) argued that the recovering of Green’s functions was also possible in an 

open, multiple-scattering medium. They proposed a criterion based on reciprocity, 

time-reversal symmetry and the Helmholtz-Kirchhoff theorem: if sources are placed 

as if they are to form a perfect time-reversal device, then the Green’s function can be 

recovered by summing the cross-correlations. This was validated by Derode et al. 

(2003b) using numerical experiments. 

  

Draganov et al. (2003) tested the theory developed by Wapenaar et al. (2002), 

using numerically modelled data in laterally varying media. This theory is based on 
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seismic reciprocity and formally generalises Claerbout´s relation between 

transmission and reflection responses to 3D non-homogeneous acoustic and elastic 

media. Wapenaar’s derivation assumed that there were no reflectors below the buried 

noise sources and that these sources were regularly distributed in the subsurface.  

 

Draganov et al. (2003) investigated how restrictive this assumption was by 

performing numerical modelling with reflectors above, as well as below, the sources 

and with irregular distributions of sources. They found that the assumptions were not 

as restrictive as expected, especially if there is a random distribution of sources. 

 

 Roux and Fink (2003) provided a new way to measure the Green’s function 

between two points in an acoustic channel, without emitting a pulse from either of 

the two points. Their theoretical approach was based on mode propagation in a 

monochromatic regime. They showed that the Green’s function between points A and 

B could be obtained from a set of secondary sources in the guide by averaging either 

the correlation or the convolution of the signals received in A and B. 

 

 Schuster (2004) showed how cross-correlation of seismic responses from 

man-made or natural sources, either at the surface or in the subsurface, can be used to 

form an image of the subsurface. Bakulin and Calvert (2004) produced the first 

practical application of seismic interferometry in an exploration setting. They used a 

4D VSP data set, recorded in a 45
0
 slanting well with 50 instrumented 3C geophones 

8m apart. A single surface shot line directly above the well was used to construct 2D 

images. The work of Bakulin and Calvert (2004) demonstrated the feasibility of 

seismic interferometry redatuming a concept meaning the relocation of sources 

and/or receivers from the acquisition level to another depth level.    

 

From the earlier work described above, it is clear that seismic interferometry, 

daylight imaging, virtual source imaging and reverse-time acoustics can be related by 

the summation of correlated data. These, apparently different, approaches were 

unified by Wapenaar (2004), who proved the generalisation of Claerbout’s conjecture 

for 3D acoustic and elastodynamic media, without making assumptions about the 
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randomness of the medium. This was an important result because it established a 

good mathematical basis upon which seismic interferometry could be rigorously 

developed.  

  

After Wapenaar´s proof in 2004, the field developed rapidly. Malcon et al. 

(2004) demonstrated the validity of Lobkis and Weaver’s (2001) approach, using 

ultrasonic laboratory measurements in highly heterogeneous rocks. Shapiro et al. 

(2005) and Sabra et al. (2005a, 2005b) made use of interferometrically constructed 

impulse responses to carry out tomographic velocity inversion. Van Manen et al. 

(2005, 2006, 2007) showed how constructing impulse responses interferometrically 

on a computer provides an efficient and flexible numerical waveform modelling 

scheme, for heterogeneous, lossless acoustic or elastic media. 

 

 Snieder et al. (2006b)
 
provided an explanation of the mechanism of impulse 

response (the impulse response function of a dynamic system is its output, when 

presented with a brief input signal, called an impulse) reconstruction by cross-

correlation for direct inter-receiver arrivals and for singly-reflected waves. Halliday 

et al. (2007) showed that interferometrically constructed surface wave seismograms 

could be subtracted from real traces: thus, traces could be obtained with ground-roll 

removed to reveal body wave energy. 

 

 Wapenaar and Fokema (2006) give an overview of the representation of the 

Green’s functions in terms of cross-correlation. In this research, Green’s function 

means the response of an impulsive point source in a medium. The representation of 

the Green’s function is derived making no assumptions relating to the diffusivity of 

the wavefield. Nevertheless, these representations are only valid for application in 

seismic interferometry after a number of approximations such as the effect of scatters 

or considering monopole sources only. They consider the acoustic and elastic case.  

 

 Wapenaar et al.
 
(2006d) used and extended the original idea of Snieder et al.

 

(2006) that uncorrelated sources would eliminate errors, such as spurious multiples. 

Spurious multiple is the term resulting from the product of singly-reflected waves 
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from different reflectors. It has been named spurious multiple because terms depend 

on the product of reflection coefficients as in the case of real multiples. Spurious 

multiples are caused by factors such as limitations in the geometrical aperture of 

correlated sources. 

 

Vasconcelos et al. (2006) provided the theoretical basis for performing 

interferometry by deconvolution, and demonstrated the feasibility of deconvolution 

interferometry using numerical examples with impulsive sources. It was shown that 

deconvolution interferometry artifacts (one term of the Taylor expansion of the 

integral equation that is necessary to perform interferometry by deconvolution and 

gives rise to a spurious event that does not correspond to any physical phenomena) 

are not mapped onto the image space, and that deconvolution interferometry proved 

to be able to properly image the subsurface structure without the need for an 

independent estimate of the source pulse. Interestingly, this cannot be accomplished 

by using correlation-based interferometry. 

 

 Mehta et al. (2007) estimated near-surface properties of the Earth from 

passive recordings in a vertical borehole. Gaiser et al. (2008) investigated 

multicomponent applications of interferometry for processing OBC data. They used 

interferometry to retrieve pseudo-source data on the seabed containing PP, PS and SS 

wave reflections, as well as seabed surface waves. 

  

Curtis et al. (2009) showed, for surface waves, that interferometry could be used 

between two well-recorded sources to construct an artificial, or virtual, sensor from 

any energy source. This idea, of transforming sources into virtual receivers, is 

explored in detail in this thesis in chapters 2 and 5, with positive results. Curtis and 

Halliday (2010) showed that it was also possible to perform interferometry between a 

source and a receiver.  

 

They showed that the source-receiver Green’s function could be constructed 

without using the measured source-receiver signal. Curtis and Halliday (2010) used 

this latter form of interferometry to derive a formal link between interferometry and 
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imaging theory. This new kind of interferometry was tested for the first time on real 

data by Duguid et al. (2011) and for the first time in the Altiplano in chapter 5. 

 

 To conclude this section, it is useful to mention some important points 

concerning the problem of body wave retrieval by interferometry. Moreover, these 

points were responsible for driving this current research project in the beginning. The 

reason for this is the fact that most of the successful applications of seismic 

interferometry have been carried out for surface waves, and relatively little is known 

about the retrieval of body waves.  

 

This is mainly because stations are usually located on the surface implying 

that surface waves will be an order of magnitude stronger than body waves. 

Additionally, as explained by Wapenaar (2004, 2006c), in order to retrieve the correct 

body wave part of the Green’s function a distribution of sources at depth is needed. 

 

 Despite the drawbacks of these considerations, some research has been 

successful in this matter. Roux et al. (2005) demonstrated the presence of P waves in 

the noise correlation functions. Mizayawa et al. (2008) extracted P and S waves 

produced by human activity. More recently, Tonegawa et al. (2009) retrieved body 

waves from S coda. In different research work, Tonegawa et al. (2010) also retrieved 

body waves travelling between sources using the stationary phase method. Zhan et 

al. (2010) retrieved body waves for SMS body waves for post-critical reflections. 

 

 This thesis tests, first, the validity of the interferometric method for surface 

waves in a complex medium (Altiplano), and second, body wave retrieval. Points 

investigated include: the influence of the medium, assessing the validity of seismic 

interferometry in the Altiplano region and the comparison of results obtained with 

other methods such as receiver functions and the retrieval of body waves in Green’s 

functions, in the presence of discontinuities and scattering below the surface. 

  

To summarise, development of the field of seismic interferometry is relatively 

new. Even though the extraction of the impulse responses of a system from noise was 
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known in the early 1950s, the basis of seismic interferometry was only established in 

the late 1960s. Furthermore, despite the fact that, from the late 1960s until 2004, 

geophysical data agreed with Claerbout’s conjecture, it was not until 2004, after 

rigorous mathematical proof of Claerbout’s conjecture that a renewed interest in 

seismic interferometry arose. Developments in seismic interferometry up to the 

present include: tomography; ground roll removal; and multicomponent applications, 

among others. Seismic interferometry continues to be a promising, as well as a 

growing, field within geophysics. 

 

1.3 The geology of the Altiplano (West-Central South America, the 

Andes) 

 

 This section is focused on important points concerning the geology of the 

area of study and how these features affect the quality of the data and the 

interferometric results. The main point to be considered here are the zones of partial 

melted material, the Altiplano low velocity zone and the geometry of the subducting 

slab. 

 The objective of this introduction is to give a short summary of important 

research work that has been conducted in the area and that has contributed to the 

understanding of the main geological features affecting interferometry. Chapter 4 

gives a more in-depth introduction to the geological features of the area, as well as a 

summary of the geophysical surveys that have been conducted. The idea then, is to 

shorten this introduction and give the reader the key points related to the geology of 

the area, as well as to explain how these key points affect interferometry. 

 

The Altiplano is the most extensive area of high plateau on Earth outside of 

Tibet, with an average elevation of around 3800 m. It is part of an area composed of  
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five major sub-parallel morpho-structural units, as can be seen in Figure 1.1: 

 

Figure 1.1 Map of the Altiplano showing geophone deployment for the BANJO and SEDA 
projects as well as morpho-tectonic units. Taken and adapted from Beck et al. (1996). 

 

The five major units are: the Western Cordillera, characterised by an active 

volcanic arc whose peaks reach an elevation of up to 6000 m; the Altiplano, the 

current area of study; the Eastern Cordillera, a mountain range characterised by 

folding and thrusting; the sub-Andean zone, an active thin-skinned series of 

mountainous foothills formed due to contractional tectonics; and the Chaco plain, a 

large morphological unit whose main characteristics are the lack of relief and long 

term tectonic stability, underlaid by the Brazilian craton. 

 

 The first ideas concerning the subsurface structure of the Altiplano region 

came from the research of Beck et al. (1996) and Baumont et al. (2001) who found 

that the crustal thickness varied between 70 and74 km in the western Cordillera and 

between 32 and 38 km in the Chaco plain. This description of the Moho is also 

consistent with the work by Giese et al. (1999) who found that crustal structure 

changed considerably in the region, from east to west. 
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 Another important geological feature potentially affecting the interferometric 

results for this area is that of the partial melting zones (across the Altiplano, with a 

minimum depth of 16 km and a maximum depth of 31 km, see Wölbern et al. 2009). 

These zones prevent S waves from travelling through the medium and this, in turn, 

affects the calculations.  

 

Exactly how these partial melting zones affect results, and what alternatives 

could be used to circumvent this problem, are considered in chapter 3 of this current 

work. The first research proposing zones of partial melting for the Altiplano was that 

of Brasse et al. (2002) and this idea was also supported by Haberland et al. (2003). 

 

 Finally, the complex velocity structure of the area also played a decisive role 

in the interferometric results. The area is characterised by strong and rapid velocity 

changes making the task of ray tracing and velocity determination difficult. As an 

example of this complex variation in velocity of the area, Schmitz and Kley (1997) 

found that high velocities existed between the upper and the middle crust of the 

Eastern Cordillera, with an underlying, thick, low velocity zone.  

 

More recently, Heit et al. (2008) found high velocities on the west of the 

profile indicating cold material from the fore-arc. They related this velocity anomaly 

between the fore-arc and the volcanic arc to the presence of fluids. A strong, low 

velocity anomaly was seen across the entire Altiplano plateau and also between the 

inter-Andean and sub-Andean regions. This, along with a strong high velocity 

anomaly, is thought to be caused by the Brazilian shield. 

 

 As will be seen, every geological feature affects the Altiplano in a different 

manner and also, depending on the approach, the interferometric results that were 

obtained. For example, the geological feature playing a part in chapter 2 is the 

velocity field, while in chapter 3 it is the zone of partial melting; in chapter 4, it is the 

structure of the subducting slab and the thickness of the crust and in chapter 5 the 

attenuation. 
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1.4 The data set 

  

The data used in this current project come from recordings made by a 

temporal deployment of geophones conducted by the German Research Centre for 

Geosciences (GFZ in Potsdam) as part of a passive source experiment. The work was 

carried out under the framework of the collaborative research programme 

“Deformation Processes in the Andes”, whose objective was to obtain a better 

understanding of the lifting process in the Altiplano-Puna plateau in the Central 

Andes. 

 

The experiment consisted of two profile lines, with the narrowest station-

spacing ever implemented in the Central Andes. This narrow spacing permitted a 

much higher resolution than in previous studies and, thereby, allowed the seismic 

interfaces to be mapped in far greater detail than before (Wölbern et al., 2009). 

 

 As shown in Figure 1.2, the temporal deployment of receivers consisted of 

two parallel lines, hereafter referred to as the northern and southern profiles.  The 

northern profile, located in the Altiplano plateau, included a total of 59 seismological 

stations that were deployed from March 2002 to January 2004. It had a total length of 

600 km and station spacing of approximately 10 km. The southern profile, located in 

the Puna plateau, consisted of 19 seismological stations, and was deployed from July 

2002 to January 2004. It had a total length of 200 km and a station spacing of 10 km. 
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Figure 1.2 Deployment of receivers. Taken from 
www.http://geofon.gfzpotsdam.de/geofon/new/netabs/rf_map.kml 

 

The deployment of the three component geophones was such that, of the 59 

stations in the northern profile, nine were equipped with Guralp CMG-3ESP/120 

broad-band seismometers and SAM digitisers. Three stations consisted of CMG-40T 

seismometers with Reftek recorders. The remainder operated with short period 1 Hz 

Mark L43-D seismometers using Reftek or EDL recorders. 

 

Data were recorded with a sampling frequency of 100 Hz for the northern 

profile and 50 Hz for the southern profile. In general, the complex structure of the 

area caused strong attenuation that significantly affected the recorded data. Indeed, 

for every geophone, the frequency content of the recorded data depended on its 

location and, in some parts, attenuation led to a complete lack of S wave energy [as 

http://geofon.gfzpotsdam.de/geofon/new/netabs/rf_map.kml
http://geofon.gfzpotsdam.de/geofon/new/netabs/rf_map.kml
http://geofon.gfzpotsdam.de/geofon/new/netabs/rf_map.kml
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documented previously in Wölbern et al. (2009)]. Additionally, problems such as 

recording noisy signals and de-phasing in the origin time of the seismograms, due to 

GPS reading problems, made it clear that there was a real need for data pre-

processing before application of the interferometric algorithms could take place. 

 

 Acquisition of data from both profiles was affected by factors such as 

hardware, software, weather and vandalism. As a consequence, not all the stations 

were operative during the time the array was deployed. Figure 1.3 shows geophones 

that were active during the period of time earthquakes took place. 

 

 
Figure 1.3 Red colours mean that the station was active. This plot shows how geophones 
worked for the northern profile  

The earthquakes that were to be used for each calculation depended on the 

requirements of the task to be implemented.  It is estimated that around 16,000 

natural earthquakes took place worldwide during the length of time in which the 

deployment of geophones were active (International Seismological Centre). It is clear 

that, for every calculation, the events to be used have to be retrieved from the 

recordings made by active geophones. Usually, criteria for retrieving data is based on 

factors such as location of event, magnitude, the station that record the earthquake, 

the component registered by the geophone, and any other interesting factors such as 

the source mechanism. 
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1.5 Aims of the research 

  

 The aims of this project are: 

 

1) To investigate whether it is possible to use seismic interferometry to construct 

an artificial or virtual sensor from any energy source that can then be used to detect 

surface and/or body waves. 

2) To assess to what extent this virtual receiver emulates the response of a real 

sensor placed at the same location. 

3) To establish a methodology for retrieving surface and body waves in a 

complex area, such as the Altiplano, and delineate the advantages and disadvantages 

of that methodology. 

 

1.6 Research methodology 

 

 In this section, the research methodology as well as a mathematical 

introduction of seismic interferometry and the corresponding equations applied in 

this piece of research are given. The first concept to be introduced is that of 

reciprocity theorems. Reciprocity theorems are important for seismic interferometry 

because they describe properties of wave propagation. They have been used for 

demonstrating source-receiver reciprocity (Lord Kelvin, 1878), modelling wave 

propagation (Fokkema and van den Berg, 1993) and removing multiple reflections 

produced by the Earth free surface (Fokkema and van den Berg, 1993; Berkhout and 

Verschuur, 1997). More importantly, reciprocity theorems have been used to derived 

Green´s functions (Wapenaar et al., 2002; Wapenaar and Fokkema, 2006; Wapenaar 

et al., 2006e) demonstrating that the cross-correlation of the two receivers recordings 

can be used to retrieve the wave propagating between these receivers as if one of 

them acts as a source. In this chapter, reciprocity theorems of the correlation and 

convolution type will be introduced as the mathematical background over which 

interferometry calculations of this thesis are based.  
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The governing equations of acoustic interferometry are as explained by 

Schuster (2009). These equations are known as the reciprocity equations of the 

correlation and convolution type which in the far-field approximation reduces to the 

equation used in different fields of interferometry such as the virtual source method 

(Calvert et al., 2004), reverse time acoustic (Lobkis and Weaver, 2001), and daylight 

imaging (Rickett and Claerbout, 1999). 

 

For systems that are invariant under time-reversal the correlation method 

requires random sources on a bounding surface only (see Figure 1.4) The correlation 

method has the disadvantage of the requirement of volume distribution of sources 

when the time-reversal symmetry is broken, for example by diffusive or strongly 

attenuating systems.    

 

Figure 1.4 Geometrical set up necessary for interferometry by cross-correlation 

 

  

Consider a situation where only one of the receivers is enclose by a surface of 

sources as in Figure 1.5. In this case, paths have to be summed instead of subtracted 

as in the case of Figure 1.4. The operation suitable for that is convolution. 

 

Figure 1.5 Geometrical set up necessary for interferometry by convolution 
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 The geometrical set up of our case implies that we need to use a combination 

of cross-correlation and convolution, depending on the relative positions of the 

reference receiver, the earthquake event and the receivers used to cross-correlate or 

convolve with the reference receiver. The situation is summarised in Figures 1.6, 1.7 

and 1.8. 

 

Figure 1.6 For this work, geometry is such that we need to use cross-correlation in one part 
of the array and convolution in the other part 

                 

 

Figure 1.7 Represent a primary reflection. Solid lines represent direct arrivals. Dotted lines 
represent multiples. 
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Figure 1.8 Final ray-paths (obtained using correlation or convolution) between the virtual 
source (reference receiver) and the respective geophones. 

 

  

 The reciprocity equation of the correlation type is the fundamental equation 

of standard correlational acoustic interferometry. The far field approximation of this 

equation reduces to that used in daylight imaging, reverse time acoustics, the virtual 

source method and interferometric imaging. The reciprocity equation of correlation 

type is: (Schuster, 2009)  

𝐺(𝐵|𝐴) − 𝐺*(𝐴 ∣ 𝐵) =  𝐺*(𝑋 ∣ 𝐵)
𝜕𝐺(𝑋∣𝐴)

𝜕𝑛𝑋
− 𝐺(𝑋 ∣ 𝐴)

𝜕𝐺*(𝑋∣𝐵)

𝜕𝑛𝑋
𝑑2𝑥

 

𝑆

   (1.2) 

 

Where:     
𝜕𝐺*(𝑋∣𝐵)

𝜕𝑛𝑥
= 𝑛 ∙ 𝛻𝐺*(𝑋 ∣ 𝐵) for B and A not on the boundary of integration. 

In this equation, the integrands are composed of the multiplication of one spectrum 

by the conjugate of another, which become correlations in time under an inverse 

Fourier transform. The integrands in this equation are a product of a Green’s function 

for monopole source and the conjugate of another from a dipole source. This means 

that the spectral phases are subtracted. The subtraction of phases is equivalent to 

subtracting travel times. This is illustrated in Figures 1.7 and 1.8. Consider the dotted 

and solid black lines in Figure 1.7. After cross-correlation, the resulting path is the 

subtraction of the two paths to be correlated. The result is the black line shown in 

Figure 1.8. 
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The reciprocity equation of convolution type is: (Schuster, 2009) 

 

𝐺(𝐵|𝐴) − 𝐺0(𝐴 ∣ 𝐵) =  𝐺0(𝑋 ∣ 𝐵)
𝜕𝐺(𝑋∣𝐴)

𝜕𝑛𝑋
− 𝐺(𝑋 ∣ 𝐴)

𝜕𝐺0(𝑋∣𝐵)

𝜕𝑛𝑋
𝑑2𝑥

 

𝑆

   (1.3) 

 

The integrands in this equation are a product of a Green’s function for 

monopole source and the conjugate of another from a dipole source. This means that 

the spectral phases are added together. Adding phases is equivalent to adding travel 

times as illustrated in Figures 1.7 and 1.8. In this case, consider the dotted and solid 

blue lines in Figure 1.7, after convolution the resulting travel path is the sum of the 

two paths. See the blue solid line in Figure 1.8 

 

In chapter 2, a new idea within seismic interferometry, that of retrieving body 

waves between sources, is presented. Usual forms of interferometry retrieve surface 

or body waves between receivers. In chapter 2, using reciprocity between sources 

and receivers, waves travelling between sources were retrieved using deterministic 

wavefield sources, in order to perform interferometric calculations.  

 

In chapter 2, inter-source Green’s functions by transforming one energy 

source into a virtual receiver is calculated. This is an idea first introduced by Hong 

and Menke (2006). It also employs the theory of stationary phase approximation 

introduced by Snieder (2004), which allows the calculation of the Green’s function 

by focusing on only those geophones situated along the extensions of the propagation 

path of the source-receiver pair that is being considered. Then it is possible to replace 

the assumption of a boundary of receivers or sources surrounding the pair virtual 

source-receiver by only a fraction of that boundary.  

 

In chapter 2, sources and receivers are considered in a 3D setting (not only 

2D as is usual for surface wave propagation). For this reason, paths connecting the 

pair of sources to the geophones at surface were calculated in a systematic way using 

a ray tracing algorithm. Results obtained in chapter 2 are in agreement with previous 

research results concerning the velocity structure of the area. Conclusions draw from 

chapter 2 imply that, in order to better estimate the velocity structure in a complex 
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area, like the Altiplano studied here, it is better for events and virtual receivers to be 

as near as possible, in order to avoid distortions and interpretation pitfalls in the 

interferometric calculations. 

 

The following discussion is an outline and does not intent to be a 

comprehensive review of the method proposed by Snieder (2004). For a more 

detailed discussion, the reader is encouraged to review the original paper. Snieder’s 

(2004) work is an alternative way to understand why the correlation of wave 

recorded at two receiver locations gives the ballistic wave Green´s function between 

the receivers. 

 

Snieder (2004) started by analysing the waves that travel from a given scatter 

to two receivers and then calculating the correlation of the waves recorded at two 

receivers over a time window of length T. Snieder (2004) continued his analysis by 

applying the following assumptions: 

1) Sufficient time/event averaging is carried out so that the cross terms in the 

sum of the correlation of wave recorded at two receivers over a time 

window of length T can be ignored. 

2) Variations in the power spectrum are uncorrelated with phase. 

3) There are many scatters per wavelength. 

 

Then the following equation is obtained: 

 

𝐶 𝜔 =  𝑆(𝜔) 2           
𝑒𝑥𝑝  𝑖𝜔(𝑟2−𝑟1)/𝑐 

𝑟1𝑟2
𝑛𝑑𝑥𝑑𝑦𝑑𝑧   (1.4) 

where:  

C(ω) is the power spectrum of the correlation of the recorded signal. 

r1 and r2 are the distances from the scatter S to the receivers considered. 

n is the scatter density. 

c is the velocity of wave propagation. 

 

Snieder (2004) applied the stationary phase approximation technique to 

equation 1.4 which yielded the following equation: 
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𝐶 𝜔 = 2𝜋 𝑆(𝜔) 2          𝑐

−𝑖𝜔
 

𝑒 𝑖𝑘 ( 𝑅−𝑥 − 𝑥 )

  𝑅−𝑥 − 𝑥  

∞

−∞
𝑛𝑑𝑥   (1.5) 

With the same nomenclature as in equation 1.4 and with R the distance 

between the two receivers considered. 

Equation 1.5 gives an oscillatory term between receivers that can be ignored 

leading to the following equation: 

𝐶 𝜔 = 8𝜋2 𝑆(𝜔) 2           
𝑐

𝑖𝜔
 ×  −

𝑒 𝑖𝑘𝑅

4𝜋𝑅
 𝑛𝑑𝑥

0

−∞
−

𝑒−𝑖𝑘𝑅

4𝜋𝑅
 𝑛𝑑𝑥
∞

𝑅
    (1.6) 

 

Equation 1.6 demonstrates that the correlation of waves recorded at two 

receivers is equal to the Green´s function of the scattered waves propagating along 

those receivers. This is the result of the process of constructive interference of waves 

that propagates between the receivers. 

 

In chapter 2, the cross-correlation of the wavefields was interpreted in the 

same manner as Tonegawa et al. (2010) where the cross-correlation of the wavefield 

gives the direct P-waves propagating between two sources. The normalised 

frequency domain of the correlation of the i
th 

station is given by: 

𝐶𝑖 𝜔 =
𝑢 𝑖 𝜔 ∙𝑣𝑖(𝜔)

 𝑢 𝑖(𝜔)  𝑣𝑖(𝜔) 
   (1.7) 

where: 

𝑢𝑖 𝜔  and 𝑣𝑖(𝜔) are the wavefield generated by the two sources, for the case 

considered here u and v are the impulsive pulses.  

 

Equation 1.7 gives the time difference between the two pulses. In the time 

domain and after stacking over M stations equation 1.7 transforms to: 

𝜑 𝑡 =
1

𝑀
 𝐶𝑖(𝑡)𝑀

𝑖=1    (1.8) 

 

where φ(t) gives the information on the travel time between the two sources 

considered. 

 

Body wave retrieval using coda waves is studied in chapter 3. The 

methodology in chapter 3 is based in a modified procedure introduced by Tonegawa 
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et al. (2009). New research outcomes from the chapter include the introduction of a 

combined procedure of cross-correlation and convolution that operates based on the 

relative position of the earthquakes, virtual sources and geophones at the surface. 

Chapter 3 constructs Green’s functions between pairs of receivers by means of 

seismic interferometry.  

 

P waves and coda P waves, S waves and coda S waves and complete 

seismograms with all possible combinations of pairs of this are used, in order to 

calculate, by means of interferometry, the seismograms that would be obtained if a 

reference receiver or virtual source was in fact a real source. Seismic events with a 

depth of more than 100 km were used to compute the cross-correlation functions 

(CCF) with a time length of 300 s and a frequency band of 0.2-3.0 Hz. It was 

necessary to pre-process the data before the interferometric calculations, which is 

extensively explained in chapter 3.   

 

The methodology included choosing a geophone on the surface in such a way 

that the considered events were symmetrically located around that fixed geophone, in 

order to approximate equipartitioning of energy. Then, for every earthquake, the 

cross-correlation function between the fixed geophone and another geophone located 

in the line of receiver, at a distance d from the fixed geophone, was calculated. This 

operation was performed for all possible geophone pairs. Finally, for all earthquakes, 

all possible pairs with approximately equal inter-receiver distances were stacked. 

 

In an analogous way to that of Tonegawa et al. (2009), the processed 

wavefields are correlated and then stacked over all sources using the equation: 

𝐶1,2
𝑖  𝜔 = 𝑢1

𝑖 (𝜔) ∙ 𝑢2
𝑖 (𝜔)   (1.9) 

Where 1 and 2 represent receivers 1 and 2, 𝐶1,2
𝑖  𝜔  is the frequency domain 

representation of the temporal cross-correlation C for an i
th 

event, and 

𝑢1
𝑖  𝜔  and 𝑢2

𝑖 (𝜔) are the processed wavefield. In the case of convolution, first the 

processed wavefields are flipped over and then equation 1.9 is applied.  

Stacking over all sources is made using the equation: 
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 𝐶1,2 𝜔 = 
 𝜔 𝑖𝐶1,2

𝑖 (𝜔)𝑀
𝑖=1

 𝜔 𝑖
𝑀
𝑖=1

   (1.10) 

Where M is the number of events, and ωi is the weighting factor applied to 

the wavefield before summation. 

  

This process of weighting in equation 1.10 is the way to homogenise the 

condition of incidence in order to have equal partitioning of the energy for the 

different incident angles, this condition is necessary in order to avoid ghost phases as 

explained by Nakahara (2006). 

 

Results from chapter 3 demonstrate that the zone of partially melted material 

prevented the interferometric retrieval of waves from S coda. Nevertheless, P coda 

could be used to fulfil the objective instead. 

 

 The feasibility of retrieving body, or surface waves, in the case of strong 

Moho reflections, is investigated in chapter 4. This idea comes from the work of 

Mori and Helmberger (1996), who found that large amplitude SMS phases were 

caused when large Moho reflections were present. The methodology used in chapter 

4 makes use of passive seismic recordings over a continuous six-month period in 

which earthquake signatures were suppressed in order to ensure that the only 

contributions were produced by noise sources. The methodology was based on a 

noise interferometry procedure introduced by Bensen et al. (2007), by which the 

earthquake signature is removed from the data by the application of a weighting 

factor to each sample of the data by this procedure: if xi is the raw seismogram and 𝑥 i 

is the processed seismogram (bandpass filtered), the temporal weight applied in order 

to remove the earthquake signature is given by: 

𝑤  𝑛 =
1

2𝑁+1
  𝑥  𝑖  

𝑛+𝑁
𝑖=𝑛−𝑁  (1.11) 

Where 2N+1 is the width of the normalisation window and n is the number of 

samples considered within the window. 

 

  The data consisted of continuous recordings of six months of noise data, 

between March 2003 and August 2003, which were downloaded in segments of one 
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day in which earthquakes signatures were suppressed using equation 1.11 in order to 

ensure that the only contributions were produced by noise sources, and then cross-

correlations were calculated and stacked by using the following equation: 

 𝐶1,2(𝜔) =  𝐶1,2
𝑖  𝜔 𝑀

𝑖=1    (1.12) 

Where 1, 2 are geophones 1 and 2 and M is the time segment considered. 

 

Chapter 4 also presents the analysis of data for two different profile lines, 

located in the Altiplano and Puna plateaux respectively. Results are in agreement 

with previous knowledge of the geology of the zones. For the Altiplano plateau, facts 

such as changes in the velocity of propagation of the waves were observed, due to a 

low velocity zone and different velocities of propagation, depending on the direction 

of propagation. For the Puna plateau, two different wave packets were observed; one 

was thought to be from body waves reflected at the Moho, or a refracted wave 

travelling along the subducting slab.  

 

 Chapter 5 presents the results of applying a new kind of interferometry, 

known as source-receiver interferometry, to surface waves in the Altiplano. Source-

receiver interferometry was first introduced by Curtis (2009) and transforms real 

sources or receivers into virtual ones. This can be thought of as turning a real-source 

real-receiver pair into virtual-receiver virtual-source pair, respectively. This source-

receiver interferometry procedure is a second-order interferometric method - that is 

to say, two steps of interferometry are applied to the data. In this current situation, 

these two steps could have been cross-correlation or convolution and, for that reason, 

the tests conducted in this chapter evaluated the quality of the data and results for the 

two steps of the interferometric calculation involved.  

 

 It is important to review the mathematical background of this new kind of 

interferometry. The starting point will be the acoustic unified representation theorem 

that combines correlation and convolution (Curtis and Halliday, 2010) 
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𝑝 𝑥2 =  𝐺 𝑥, 𝑥2 𝑞 𝑥 𝑑𝑉 −
−1

𝑗𝜔𝜌
    𝐺∗ 𝑥′ , 𝑥 𝑞(𝑥′)𝑑𝑉 ′ 

𝑉
 𝑛𝑖𝜕𝑖𝐺(𝑥2, 𝑥) −

 

𝑆

 

𝑉

𝑛𝑖𝜕𝑖  𝐺∗ 𝑥′ , 𝑥 𝑞(𝑥′)𝑑𝑉 ′ 

𝑉
 𝐺(𝑥2, 𝑥) +

 
−1

𝑗𝜔𝜌
  𝑝 𝑥′ 𝑛𝑖 ′ 𝜕𝑖 ′ 𝐺

∗ 𝑥′ , 𝑥 − 𝑛𝑖 ′ 𝜕𝑖 ′ 𝑝 𝑥
′ 𝐺∗ 𝑥′ , 𝑥  𝑑𝑆′ 

𝑆′  𝑛𝑖𝜕𝑖𝐺(𝑥2, 𝑥) −

𝑛𝑖𝜕𝑖  
−1

𝑗𝜔𝜌
  𝑝 𝑥′ 𝑛𝑖 ′ 𝜕𝑖 ′ 𝐺

∗ 𝑥′ , 𝑥 − 𝑛𝑖 ′ 𝜕𝑖 ′ 𝑝 𝑥
′ 𝐺∗ 𝑥′ , 𝑥  𝑑𝑆′ 

𝑆′  𝐺(𝑥2, 𝑥) 𝑑𝑆   (1.13) 

Where:  

p is the acoustic pressure, q is the source distribution, G is the Green’s function 

representing the pressure at x due to a volume injection-rate density source at 

location x’, ω is the angular frequency and ρ is the density at the source location. 

 

 Curtis and Halliday (2010) used equation 1.13 to derive an interferometric 

integral that describes the construction of a real-source to real-receiver wavefield, 

using the geometry of figure 1.9 (a) equation 1.13 simplifies to: 

𝐺 𝑥2, 𝑥1 + 𝐺∗ 𝑥2, 𝑥1 =

1

𝑗𝜔𝜌
   

−1

𝑗𝜔𝜌
  𝐺 𝑥′ , 𝑥1 𝑛𝑖 ′ 𝜕𝑖 ′ 𝐺

∗ 𝑥′ , 𝑥 −
 

𝑆′

 

𝑆

𝑛𝑖 ′ 𝜕𝑖 ′ 𝐺 𝑥′ , 𝑥1 𝐺
∗ 𝑥′ , 𝑥  𝑑𝑆′ 𝑛𝑖𝜕𝑖𝐺(𝑥2, 𝑥) −

𝑛𝑖𝜕𝑖  
−1

𝑗𝜔𝜌
  𝐺 𝑥′ , 𝑥1 𝑛𝑖 ′ 𝜕𝑖 ′ 𝐺

∗ 𝑥′ , 𝑥 − 𝑛𝑖 ′ 𝜕𝑖 ′ 𝐺 𝑥′ , 𝑥1 𝐺
∗ 𝑥′ , 𝑥  𝑑𝑆′ 

𝑆′  𝐺(𝑥2, 𝑥) 𝑑𝑆  

(1.14) 

Curtis and Halliday (2010) simplified equation 1.14 by the application of the 

Sommerfeld radiation condition which states for a scalar field that the energy 

radiated from the sources must scatter to infinity. This means that no energy may be 

radiated from infinity into the field. This translates into the following equation: 

±𝑗𝑘𝐺 = 𝑛𝑖𝜕𝑖𝐺   (1.15) 

 

Equation 1.15 is valid if waves travel perpendicular to the boundaries. Then 

equation 1.14 simplifies to: 

 

𝐺 𝑥2, 𝑥1 + 𝐺∗(𝑥2, 𝑥1) ≈
4𝑘2

 𝜔𝜌  2   𝐺 𝑥′ , 𝑥1 𝐺
∗ 𝑥′ , 𝑥 𝐺(𝑥2, 𝑥)𝑑𝑆′𝑑𝑆

 

𝑆 ′

 

𝑆
   (1.16) 

 

Chapter 5 assesses two independent methodologies, one of them being the use 
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of events recorded by geophones (active sources) to perform the interferometric 

calculations, and the other using passive recordings made by the geophones deployed 

in this project. In order to do this, a methodology introduced by Bensen et al. (2007), 

which suppressed earthquake signatures, was followed. The methodology that was 

used in chapter 5 consisted of an implementation of equation 1.16 

 

Equation 1.16 in essence means interferometry by convolution, then 

interferometry by cross-correlation. In the current case, the two steps of 

interferometry were performed by cross-correlation due to the relative position of 

sources and receivers, as will be described in chapter 5. This methodology was 

introduced by Curtis et al. (2010), and uses surrounding sources and receivers to 

reconstruct source to receiver wavefields. Possible canonical geometries are shown 

in Figures 1.9 and 1.10. 

 

 

Figure 1.9 Canonical geometries for inter-receiver interferometry. Triangles represent 
receivers, stars represent sources. S and S’ are closed lines in two dimensions, surfaces in 
three dimensions. Figure taken from Curtis et al. (2010). 
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Figure 1.10 Regions of stationary phase within the interferometric integrals, corresponding to 
the geometry shown in Figure 1.9 (a). Key as in Figure 1.9. Shaded hyperbolae show 
stationary phase regions for correlational interferometry, while ellipses show the same for 
convolutional interferometry. Figure taken from Curtis et al. (2010). 

 

In chapter 5, active sources, as well as passive recordings, were used to test 

the theory. Both methodologies showed consistent results when compared with those 

from other fields of geosciences. Nevertheless, for the second step of interferometry, 

the methodology using active sources showed better quality results than those of 

passive sources. 

 

Chapter 6 summarises the findings and draws general conclusions about the 

area of study, the methodologies used and seismic interferometry in general. The aim 

of the research is discussed, as well as its contribution to existing knowledge, 

outlining how the results can be used and, further, pointing out the need for possible 

routes of further research. 

 

Table 1.1 summarises which interferometry method was used in each chapter. 
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Chapter Interferometry method used 

02 Seismic interferometry combined with 

source-receiver reciprocity making use of 

the concept of stationary phase. Principal 

mathematical operation is cross-

correlation. Eq.1.7 and 1.8 

03 Coda wave interferometry. Principal 

mathematical operation: a combined 

method of cross-correlation and 

convolution. Eq.1.9 and 1.10 

04 Ambient seismic noise interferometry. 

Principal mathematical operation: cross-

correlation. Eq. 1.11 and 1.12 

05 Source-receiver wavefield 

interferometry. Principal mathematical 

operation: two steps of interferometry 

calculation which includes correlation 

and/or convolution. Eq 1.9, 1.10 and 1.16 

 

Table 1.1 Summary of the interferometric method used in each chapter 

 

Other methodologies were also considered, such as that of constructing 

seismic virtual shots from interferometry. The idea of constructing seismic images 

from earthquake body waves can be found in the works of Bostock and Rondenay 

(1999); Nowack et al. (2003); and Nowack et al. (2006). In this current work, the 

intention was to use P and/or S coda waves in order to construct virtual shots, and 

then process these shots as a 2D line.  

 

The goal was to transform certain arrivals in the earthquake record to surface 

data, which could then be processed to reconstruct the reflectivity distribution. As 

shown in Figures 1.11 and 1.12, the cross-correlation of the wavefield observed at 

two receivers describes the wavefield that would be recorded at one receiver if there 

were a source at the other. Taking this information into account, one can construct 

virtual shots. 

 

 By constructing interferometric virtual shots one can study the influence of 

every deterministic phase and coda wave in relation to the seismic interferometric 



                                                                                                                         Chapter 1    

John Gonzalez                                46                             The University of Edinburgh 

 

image. Also, this test could allow one to answer questions concerning the resolution 

of the deployment as well as to identify the phases that contribute to the final images. 

  

The methodology that should be used to accomplish this task includes the 

realisation of a seismic processing sequence that has to be implemented in SU (free 

seismic processing software package supported by the Centre for Wave Phenomena, 

Colorado School of Mine), and use of the velocity model for P and S waves, for 

example, from the work of Heit (2005).  

 

The plan was also to include different components in the recording, to 

perform interferometric imaging and, in this way, take into account the elastic (P and 

S) character of body waves (geophones used for the Andes project consisted of three 

components). Unfortunately, this method did not provide positive results due to the 

fact that not all geophones where active during the time the survey was acquired.  

 

This means that the spatial distribution of active geophones was irregular as 

can be seen in Figure 1.3. This fact created voids or holes of information, which in 

turn badly affects the quality of the tests conducted for this particular methodology. 

Therefore, no results will be presented in this thesis concerning this point. 

 

 

Figure 1.11 The principle of seismic interferometry. The cross-correlation of the wavefield 
observed at two receivers describes the wavefield that would be recorded at one receiver if 
there were a source at the other. 
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Figure 1.12 The process of constructing interferometric virtual shot recordings. First, an 
earthquake is recorded, and then cross-correlations with a reference receiver are 
calculated: the reference receiver acts as a pseudo shot, these pseudo shots can then 
be processed. 

 

1.7 Surface wave interferometry (undergraduate project) 

 

 At the same time as this PhD project was starting to explore the possibility of 

retrieving body waves using seismic interferometry, a pilot project study with an 

undergraduate student, during a period of three months, was taking place. The 

intention of this pilot project was to explore the suitability of the application of 

seismic interferometry in the retrieval of surface wave in the Andes. This section will 

show and discuss the results of the supervision of this pilot project conducted by 

Kirsten Mauchline as part of her undergraduate training. Kirsten’s work was 

supervised by Prof. Andrew Curtis, John Gonzalez and Dr. Heather Nicholson.  

 

 The importance of this study for the seismic interferometry community 

resides in the fact that the novel technique of turning earthquakes into virtual 

receivers (Curtis et al., 2009) was implemented for the first time in an area of high 

geological complexity that showed a clear indication of direct surface wave arrivals 
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and moveout, related to inter-source distance, at the considered receiver stations. 

Also, interferometric results were shown to be compatible with previous velocity 

studies conducted in the area. The intention of this chapter is to add new and 

complementary information to the work undertaken by the undergraduate student as 

well as to summarise the findings and methodology of this piece of research. 

 

The original data for the undergraduate project was chosen such that the 

depths of the events were less than 100 km and with sufficient distance from the 

receiver line used, to perform interferometric calculations, such that regular surface 

waves were expected. The original set of available data consisted of 54 events as 

shown in Figure 1.13. Of these, the student chose those which were the most 

suitable, based on the criteria listed below. The final choice made is depicted in 

Figure 1.14 

 

 

 

Figure 1.13 Original set of earthquakes for the undergraduate project 
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Figure 1.14 Final set of events chosen by the undergraduate student. Taken from Mauchline 
(2010) 

 

 Only four events were chosen from those available (Figure 1.14), based upon 

the following criteria: clarity of the direct surface wave arrival, availability of the 

fault plane solution, good signal to noise ratio and arrival time being within an 

expected range. Also, events were selected to ensure alignment with geophones, i.e. 

to ensure that the extension of their inter-source paths (between two events) 

extrapolates to the interior of the line of the receivers of interest, as this is necessary 

for inter-event interferometry to work (Curtis et al., 2009). Events are shown in 

Figure 1.15.   
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Figure 1.15 shows the four events to which interferometry was applied. Reproduced from the 
work of Mauchline (2010) 

 

Once the data was downloaded from the GEOFON web server of GFZ, the 

subsequent processing steps included: raw data decompression; bandpass filter 

analysis in the region of 0.2-3.0 Hz frequency band suggested by the work of 

Wölbern et al. (2009); linear trend removal; application of a taper filter to the signal 

in order to smooth endings after cutting coda waves ( to simplify the signal and the 

cross-correlation result); correcting the header for origin time; windowing the parts 

of the events which were of interest; normalisation; application of the interferometric 

operation (cross-correlation); placing a stack over the receiver of interest; and, QC of 

the results as will be explained and outlined in the discussion section. It is important 

to mention that this undergraduate project used the vertical component of the three-

component recording available for the geophones in the project. 

 

 Software SAC (Seismic Analysis Code) from PASSCAL was used to perform 

all the processing steps. The program rdseed was used to decompress the data into 

seed format which is compatible with SAC. All visual inspections were made using 

the program PQLII from PASSCAL because this is more versatile than SAC for 

plotting and visualisation, and is easier to use. Interpretations of surface wave 
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arrivals were carried out using the routine “envelope” from SAC that calculates the 

envelope function of a signal. This helped distinguish useful signals from the 

background level. 

 

A series of tests were carried out, where variables such as the method of 

normalisation before correlation, the weighting of the receivers contributing to the 

final interferometric result, and the surface wave velocity encountered, were varied. 

In all cases it was shown that the theory of stationary phase approximation, already 

outlined in this chapter, held. 

 

 Regarding the normalisation method used before cross-correlation, the 

amplitude normalised data approach has already been proven to be successful in 

turning earthquakes into virtual receivers (Bensen et al., 2007). Meanwhile, the one-

bit normalisation, as explained by Bensen et al. (2007), did not give a good result 

because the relative amplitude of the signal needed to be retained.   

 

 A summary of the most relevant results obtained are shown in Figures 1.16 

and 1.17 in which a roughly linear moveout can be observed. From these figures, it is 

important to mention that a better signal is obtained for the Green’s function between 

events 31 and 39 when a sub-set of receivers along the ray-path extension were 

considered. This can be seen in Figure 1.17 
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Figure 1.16 Taken from Mauchline (2010). Amplitude normalised functions for the three 
receiver pairs from the smallest inter-event separation 31-29 (top) to the largest inter-event 
separation 31-39 (bottom). The red dashed line indicates the moveout and the group surface 
waves arrive later with increasing travel distance. 

 

 
 

 
Figure 1.17 Taken from Mauchline (2010). The three final approximate Green’s functions for 
the selected event pairs: a) 31-39 the resultant stack of all the possible cross-correlations; b) 
31-25 the resultant stack of all the available receiver cross-correlation; and c) 31-39 the 
resultant stack only considering a subset of receivers located around the inter-source line 
whose cross-correlation created a symmetrical moveout. The black line marks the origin time 
of the earthquake at t=0. 
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Using the three pairs of travel times obtained from the inter-source surface 

wave Green’s functions estimated using seismic interferometry, the group velocity 

was calculated. Waves were assumed to travel along the great circles paths between 

the two pairs of events, and then distance was calculated using a Java script 

developed by Chris Veness. The script uses the Haversine formula and can be 

accessed at the following web page: 

http://www.movable-type.co.uk/scripts/latlong.html 

 

The haversine formula is an equation for calculating the distance between two 

points on a sphere knowing their longitudes and latitudes and is given by: 

ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛  
𝑑

𝑟
 = ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛 ∅2 − ∅1 + 𝑐𝑜𝑠∅1𝑐𝑜𝑠∅2ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛 𝜆2 − 𝜆1    (1.17) 

where haversin is the haversine function given by: 

ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛 𝜃 = 𝑠𝑖𝑛2  
𝜃

2
    (1.18) 

and where: 

d is the distance between the two points (along a great circle of the sphere) 

r is the radius of the sphere, 

𝜙1𝑎𝑛𝑑 𝜙2 are the corresponding latitude of point 1 and latitude of point 2. 

𝜆1 𝑎𝑛𝑑 𝜆2 are the longitude of point 1 and longitude of point 2. 

 

 The results of the group velocity calculation are summarised in Table 1.2 

 

 

Event pair Group Travel 

Time (s) 

Inter-source 

Distance (km) 

Group 

Velocity 

(km/s) 

31-29 30 124.2 4.14 

31-25 130 317.3 2.44 

31-39 130 333.7 2.57 

 
 
Table 1.2 Reproduced from Mauchline (2010). Group travel times, inter-event distance and 
group velocities for each event pair. 

 

  

http://www.movable-type.co.uk/scripts/latlong.html
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Even though this is only an example with a small number of events, the 

contrast of velocity depending on the direction of its propagation is evident. In 

Figure 1.15, it can be seen that the path of event 31-29 is almost parallel and close to 

the coast, in contrast with events 31-25 and 31-39 whose paths are more towards the 

ocean. The result of this anisotropic behaviour is consistent with previous studies in 

the area. For example, the velocity anomaly is consistent with the distribution in the 

Moho model from Nataf and Richard (1996), and also with the low velocity 

anomalies present in the work of both Trampert and Woodhouse (1996) and also 

Ekstrom et al. (1997). For example, Figure 1.18 shows the estimated Rayleigh-wave 

group-velocity map at 100s period presented in percentage deviation from the 

average velocity versus period, the lateral variation of velocity presented for the 

Altiplano region is also observed from the results of this study. 

 

Figure 1.18 taken from Vdovin et al. (1999). Estimated Rayleigh-wave group-velocity map at 

100s period presented in percentage deviation from the average velocity at this period. 
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Another piece of research that is compatible with the results described in this 

section is that of Vdovin et al. (1999). These researchers studied the dispersion 

characteristics of surface waves propagating across South America and its 

surrounding oceans; obtaining, as a final product, group velocity maps for Rayleigh 

and Love waves. 

 

 Referring back to the work of Vdovin et al. (1999) figure 8 (a) pp. 332, we 

can observe a strong variation for the Rayleigh wave group velocity along the coast 

and a mild variation of velocity in the sea area for frequencies of 20s, 30s and 50s. 

These are all consistent with the velocity variations found in Table 1.2 [Vdovin et al., 

(1999)]. However, please note that we found about 40% deviation from the mean, 

where Figure 1.18 shows about 20% deviation between fast and slow anomalies in 

our locations. This is mainly due to the fact that their inversion is regularised 

(damped or smooth) which reduces amplitudes and ours is not.  

 

One possible interpretation of this anisotropic behaviour could be explained 

by the presence of the roots of the Alpes which in turns influence the crustal 

thickness. Crustal thickness will determine how velocities vary within a region, for 

example, the magnitude of the low velocity features observed from Bolivia, Peru and 

north Altiplano are related to crustal thickness as explained by Vdovin et al. (1999). 

 

One way to further this undergraduate project would be to analyse more 

events in order to consider a wider zone of calculation and comparison. Also, if a 

comparison with, for example, the Love waves map velocities from the work of 

Vdovin et al. (1999) was desired, it would be important to take note of the horizontal 

components of the recordings. 

 

 As far as we are aware, seismic interferometry using real data from a seismic 

passive experiment has not previously been applied in areas of partially molten 

material. This makes this project interesting from the point of view of understanding 

interferometry in such environments. 
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 As it will be seen from chapter 3 of this thesis, the zone of partial melted 

material in the Andes zone is an important factor affecting interferometry because S 

waves do not propagate through this molten area and coda wave interferometry did 

not prove to be successful for retrieving body waves. 

 

  

This undergraduate project revealed that interferometric studies were possible 

in the Altiplano plateau, but at the same time highlighted the potential setbacks that 

could be encountered. As was confirmed thereafter in this PhD project, geophysical 

and geological factors as well as technical problems were of crucial significance 

when considering the application of interferometry theory.   

 

Finally, it is important to mention that this piece of research used only vertical 

component recordings that, when used to calculate inter-source group velocities, 

agreed with the velocity model of Vdovin et al. (1999) for Rayleigh waves.
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Chapter 2 

INTER-SOURCE BODY WAVE RETRIEVAL 

 

2.1 Summary 

 

This chapter is concerned with a relatively new idea within seismic 

interferometry: retrieving body waves between sources. Interferometry is usually 

used to retrieve surface or body waves between receivers. Here, using reciprocity 

between sources and receivers, waves travelling between sources were retrieved by 

using recordings of those sources at a boundary of receivers to perform 

interferometric calculations. Also, the concept of stationary phase approximation was 

used in order to simplify the calculation algorithms. 

 

 Most results presented in this chapter are in agreement with previous 

information about the velocity structure of the area in which the data was collected. 

Others represent new information about the velocity characteristics of the Altiplano. 

 

 Results presented in this chapter show the Green’s functions calculated 

between the two sources considered. This Green’s function shows wave arrivals 

whose times are in agreement with the expected times calculated by a 2D ray tracing 

algorithm. This agreement is an indication that the interferometry method is working. 

 

 In conclusion, in order to better estimate the velocity structure in a complex 

area such as that in the current study, it is better for events and virtual receivers to be 

as close together as possible in order to avoid distortions and interpretation pitfalls in 

the interferometric calculations caused by the strong velocity contrast present in the 

Altiplano (Heit, 2005). 

 

2.2 Introduction 

 

 Usual forms of interferometry retrieve surface wave Green´s functions by  

using seismic coda (Campillo and Paul, 2003) or by the use of ambient seismic noise 
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(Shapiro et al., 2005). Retrieving body waves is also possible using coda and 

ambient seismic noise (Roux et al., 2005; Miyazawa et al., 2008; Nishida et al., 

2008; Tonegawa et al., 2009; Zhan et al., 2010). Other approaches use wavefields, 

generated by active seismic sources, to retrieve waves propagating between two 

receivers - including direct and reflected waves. (Bakulin and Calvert, 2006; van 

Manen et al., 2006; Wapenaar and Fokkema, 2006a). 

 

 The seismic interferometry concept of retrieving waves between two 

receivers has been extended to the concept of waves travelling between two sources 

by making use of source-receiver reciprocity (Aki and Richards, 1980). In this 

respect, important contributions regarding the retrieval of waves between two 

sources comes from the works of Hong and Menke (2006) and Curtis et al. (2009). 

Hong and Menke (2006) based their work on the coda wave interferometry of 

Campillo and Paul (2003) concerning the retrieval of dispersive surface waves 

seismograms travelling between two stations by using only the coda of recorded 

seismograms, extended by means of the usual cross-correlation technique and using 

the principle of spatial reciprocity, in order to retrieve waves travelling between pairs 

of events. Hong and Menke (2006) used seismicity along the fault plane of the San 

Jacinto fault in southern California to simulate the case where geophones are placed 

along the fault plane. In doing so, they estimated the seismic velocities and properties 

of the fault plane. 

 

 Curtis et al. (2009) used earthquakes located near the Earth’s surface to show 

that the strain information obtained from inter-earthquake interferometry was 

consistent with the information provided by instruments. Curtis et al. (2009) 

computed cross-correlations of the geophone responses, requiring only the recorded 

seismogram at each receiver. This approach is different from the methodology of 

Hong and Menke (2006), in which the wavefields were summed over receivers 

before computing the cross-correlations. The procedure of Hong and Menke (2006) 

produced less accurate seismogram approximation as shown in the work of Curtis et 

al. (2009) because accurate construction of seismogram, using coda wave, requires 

much longer time series. Curtis et al. (2009) approach is different because it is based 
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on the representation theorems of Wapenaar and Fokema (2006) and van Manen et 

al. (2006), and hence is valid using the complete earthquake seismograms, not only 

the coda. 

 

 The theory of stationary phase, introduced by Snieder (2004), is key to the 

problem of retrieving waves travelling between sources. In fact, in the work of Curtis 

et al. (2009) retrieval of surface waves travelling between two sources was achieved 

by using the theory of stationary phase facilitated by the prior knowledge of 

geometrical parameters such as position of earthquakes, stations and stationary points 

at which seismometers must be placed.  

 

Snieder (2004) showed that the requirements for the equipartition of energy 

equally in all directions, in order to retrieve the Green’s function using passive 

imaging, can be approximated to the requirement that scattered waves propagate on 

average isotropically near receivers. In other words, this means that given a pair of 

receivers, the main contributions to the Green´s function come from regions of space 

lying in the prolongation connecting the two receivers as can be appreciated in 

Figure 1.10 

  

 Tonegawa et al. (2010) used stationary phase arguments to retrieve Green´s 

functions estimates including direct P and S waves propagating between earthquakes 

at depths of 300-500 km below the Bonin Islands. Results from the work of 

Tonegawa et al. (2010) show that it is important to stack interferometric 

contributions around the stationary phase location.  

 

Likewise, the size of the stationary phase region is important because it is 

related to the number of geophones that must be used. The rightmost plot in Figure 

1.10 shows in grey the stationary phase region: geophones within this grey area will 

then be used for interferometric calculation. In the case of the Altiplano, when a sub-

set of geophones are within the stationary phase region they need to be checked for 

functionality (Figure 1.3) and signal record quality apart from other factors before 

using them for interferometry.  
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Regarding other factors to consider, Tonegawa et al. (2010) suggested taking 

the source mechanism into account. Additional findings in the work of Tonegawa et 

al. (2010) concern the signal to noise relation versus the magnitude of the events: 

while the magnitude of the events has to be kept as small as possible in order to 

consider the earthquake as a point source, the larger the magnitude the better the 

signal to noise ratio will be. So, there must be a compromise between these two 

factors.  

 

In the case of the Altiplano data, the recordings made by the geophones were 

noisy due to the weather conditions which affected the functioning of geophones and 

the complexity of the geology of the zone (for example, the attenuation of the S wave 

as demonstrated by Wölbern et al. 2009 makes the signal to noise ratio lower by 

deteriorating the S signal and allowing noise to be recorded). Nevertheless, events 

were chosen in such a way that they had the minimum magnitude possible, yet kept a 

good signal to noise relation at the same time. 

 

 In section 1.6, a detailed discussion of the Snieder (2004) approximation was 

given. Equation 1.6 demonstrates that the correlation of waves recorded at two 

receivers is equal to the Green´s function of the scattered waves propagating along 

those receivers. As explained in chapter 1, correlation of the wavefields will be 

performed using equation 1.7 and 1.8. 

 

In this chapter, points such as the extent of the stationary phase region at the 

surface, the influence of the frequency content of the signal, the location of the 

earthquakes and their influence in the subsequent interferometric calculations will be 

investigated for the Altiplano. 

 

2.3 Data used 

 

 The earthquakes used in this chapter were chosen from the catalogue of the 

International Seismological Centre (http://www.isc.ac.uk/). Events were chosen in 

time periods such that most of the geophones were operating. Also, factors such as 
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the magnitude of the earthquakes were taken into account. This has to be kept to the 

minimum magnitude possible. If not, the spatial extent becomes a problem as the 

source cannot be considered to be a point source at the source-to-receiver distances 

considered here, as explained by Spudich and Bostwick (1987).  

 

However, if the event is too small in magnitude the quality of the signal in 

comparison with the background noise will be low, which in turn affects the 

interferometry calculations. After experimentation with several earthquakes, it was 

considered that the best value for earthquake magnitude has to be between 4.4 and 

5.4. 

 

 After being selected, events were windowed (meaning a time window of 300s 

was selected in which the earthquake of interest was contained) and correct 

earthquake source times were assigned (this is the zero time for the event, and all 

geophones in the survey, for this event, have the correct relative arrival times) to the 

header using SAC software from IRIS (Incorporated Research Institutions for 

Seismology). 

 

 Location was a further factor taken into account and the events considered in 

this research were all located beneath the Moho and close to the subducting slab. The 

idea was to have the best arrangement of earthquakes such that when they were 

converted into virtual geophones by seismic interferometry it would be possible to 

achieve the best “illumination” (meaning that their location is of interest in retrieving 

information like velocities of the areas considered). This was realised by selecting 

earthquakes that were located near to the respective zones of interest like for example 

the subduction slab, or the zone of partial melting (Wölbern et al., 2009).   

 

 During the period of time in which geophones were deployed, earthquakes 

whose depths were more than 100 km are presented in Figure 2.1, in which around 

400 events are represented with magnitudes ranging between 4.0 and 8.0 and with 

depths with values varying between 100 km and 500 km. 
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Figure 2.1 Complete set of earthquakes whose depths are more than 100 km. More than 400 
events are displayed. The final subsets of earthquakes used are summarised in Table 2.1. 

 

  The final twenty-nine (29) events selected are shown in Table 2.1. All of 

them were situated below the Moho, with depths varying between 100 km and 500 

km and with magnitudes varying between 4.4 and 5.4. 
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dd/mm/yy:hh:mm:ss Lat. (°) Lon. (°) Depth (km) Mag Type Catalog Region 

26/05/2002 09:19:23 -20.0019 -68.6439 136.00 5.3 ML ISCCD  ARG 

26/08/2002 13:53:08 -21.2519 -68.3129 110.40 5.1 ML ISCCD CHI 

29/08/2002 02:28:22 -20.4959 -68.2759 131.00 5.2 MW ISCCD CHI 

25/10/2002 11:48:59 -20.9069 -68.2279 109.20 5.2 MB ISCCD CHI 

12/11/2002 13:06:40 -20.1178 -68.7134 114.00 5.3 MB ISCCD ARG 

18/11/2002 22:38:33 -21.1709 -67.0859 196.60 5.2 MB ISCCD ARG 

19/11/2002 12:56:43 -20.9798 -67.3592 186.00 5.2 MB ISCCD CHI 

23/11/2002 13:33:31 -21.6009 -70.0169 262.20 5.0 ML ISCCD ARG 

29/11/2002 17:54:10 -20.3259 -68.6001 100.00 5.3 MB ISCCD CHI 

13/12/2002 19:25:42 -21.9899 -68.9799 123.50 5.0 MB1 ISCCD PER 

14/12/2002 01:18:00 -20.8079 -66.732 257.70 5.2 MB ISCCD CHI 

20/12/2002 08:30:00 -20.9599 -67.9419 131.70 5.2 MB ISCCD CHI 

30/12/2002 07:28:37 -21.1999 -67.2999 199.00 5.2 MW MHDF CHI 

05/01/2003 09:25:55 -21.537 -68.289 126.10 5.1 MB ISCCD ARG 

07/01/2003 17:27:12 -21.233 -68.673 111.10 5.2 MD ISCCD ARG 

07/01/2003 17:40:38 -20.263 -68.694 124.90 5.3 MB ISCCD PER 

09/01/2003 01:45:01 -20.991 -68.022 131.90 5.2 MB ISCCD PER 

14/02/2003 03:46:02 -21.1889 -67.7049 156.80 5.2 MW ISCCD CHI 

13/07/2003 07:25:51 -21.3669 -68.0501 128.20 5.1 MB ISCCD ARG 

27/07/2003 11:41:27 -20.0499 -65.1899 350.60 5.3 ML ISCCD CHI 

29/07/2003 14:02:51 -21.6999 -68.3599 149.30 5.0 MB ISCCD ARG 

05/08/2003 09:04:44 -21.9739 -65.8831 214.20 5.0 ML ISCCD ARG 

09/08/2003 10:25:56 -21.2219 -67.8329 196.40 5.2 MB ISCCD CHI 

17/09/2003 21:34:52 -20.9419 -68.3919 152.00 5.2 MB ISCCD CHI 

03/10/2003 11:54:09 -21.8897 -68.3102 121.80 5.0 MS ISCCD CHI 

23/05/2003 00:50:13 -21.182 -66.6349 223.3 5.2 ML ISCCD ARG 

12/12/2003 06:57:47 -21.3499 -68.4899 139.30 5.1 ML ISCCD CHI 

27/12/2003 10:21:36 -20.5029 -68.9039 117.10 5.2 MB ISCCD PER 

13/01/2004 21:54:24 -21.7589 -64.474 532.30 5.0 MB ISCCD ARG 

 

Table 2.1 List of all events used for inter-source interferometry in this research. 

 

Location of events in Table 2.1 was taken from the international seismologic 

catalogue (ISC). Usual velocity models used for this purpose are the IASP91 and the 

AK135, both of which are 1D velocity models. The major drawback of 1D velocity 

models is that they do not account for lateral velocity variations and in complex areas 

with strong Moho topography the application is limited (Hunsen et al., 2003).  
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Thurber (1992) gives a classic example of an artefact introduced when using 

a 1D velocity model which consists of a lateral shift in the location of an earthquake 

due to an unmodelled lateral velocity contrast across a fault. In general, there are 

several sources of errors when locating an earthquake. For example, Husen and 

Hardebeck (2010) classify uncertainties in earthquake locations as measurement 

errors of seismic arrival times, modelling of calculated travel times and the 

nonlinearity of the earthquake location problem.  

 

As explained by Husen and Hardebeck in general, the location uncertainty of 

events in a global catalogue such as the ISC, is of the order of 10 km horizontally 

and 25 km vertically, meaning that arrival time errors will be of the order of 3s, 

which needs to be accounted for when comparing arrival times between 

interferometry and ray tracing. 

 

In order for the reader to obtain an understanding of the spatial distribution of 

the geometrical variables involved in this research, Figures 2.2, 2.3 and 2.4 present 

different 2D projections of the 3D geometry, in which the subducting slab, the 

chosen earthquakes and the geophones at the surface are shown. 
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Figure 2.2 A projection plot, in 2D, of the 3D arrangements of earthquakes and geophones 
used in this research, showing depth versus latitude. 

 

 
 
Figure 2.3 A projection plot, in 2D, of the 3D arrangements of the earthquakes and 
geophones used in this research, showing depth versus longitude. 
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Figure 2.4 A projection plot, in 2D, of the 3D arrangements of earthquakes and geophones 
used in this research, showing latitude versus longitude. Red rectangle shows that the north 
profile (RF) is not a perfect right line. 

 

2.4 Method 

 

 Data used in this research for cross-correlation purposes has been windowed, 

i.e. only a small portion (window -5, 15 s around the picked time) of the arrival has 

been preserved, for P arrivals only, and to suppress edge effects on the wavelets a 

hamming taper of 0.05 s width has been applied. This implies that the results 

obtained contained no effects relating to long-range coda waves. 

 

 Figure 2.5 shows the steps taken to select the part of the signal that will be 

used in the different cases for interferometric calculations: a) shows the raw data; in 

b) an arrival is picked - in this case a P arrival. Picking of arrivals was undertaken 

automatically and verified by visual inspection quality controls. Only in zones where 

arrivals were not clear was picking undertaken by hand; c) once the arrival was 

picked we could define the length of the window to be used. Again, the length of the 

window used can be chosen automatically. For every case several tests were 

conducted in order to choose the ideal length, e.g. in the case of a P coda wave, the 

ideal length resulted in 10s; d) shows the application of a taper filter, in order to 

smooth out changes at the end of the signal that has been cut. The parameters of the 
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taper were chosen such that only the final part of the coda was affected. This was 

done in order to keep signal with the least modifications possible; finally, e) shows a 

zoom of the signal to be used after all manipulation and filtering. 

 

 

 
 

a) Raw data  

 

 

 

 
b) Pick of an arrival, in this case a P arrival  

 
c) Cutting off the signal 

 

 

 
d) Application of a taper filter 

 
e) Zoom of signal in d 
 

 

Figure 2.5 Steps taken to isolate coda waves. Processing steps include picking P or S 
arrivals, isolating coda P or S and the application of a taper filter in order to smooth the tail of 
the signal. 
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This time window technique has been used previously in other research works 

that were based on inter-receiver interferometry (Bakulin and Calvert, 2006; Bakulin 

et al., 2007, 2008; Van Der Neut and Bakulin 2009). Also, a weighting process was 

assigned to the summation of the cross-correlation functions, with the more 

important contribution originating from the geophones situated along the extension 

of the lines connecting the two earthquakes with the geophones at the surface, and 

slowly decreasing towards both extremes of that line, as can be seen in Figure 2.6. 

 
Figure 2.6 The geometrical configuration showing in a schematic way the weighting 
procedure, based on the stations closest to the prolongation of the ray path between the two 
given sources. Weighting is such that: it reaches a maximum in the centre of the ray path 
and decreases slowly to 0 at the edges of the Fresnel zone. In this diagram red lines 
represent the ray tracing path calculated by the ray tracing software from Grumberg et al. 
(2004), lines are calculated in discrete time intervals, so they may look as low resolution in 
the figure. The brown colour plane represents the surface of the earth. The depth scale 
represents the radius of the earth with 6400 km representing the surface of the earth (this is 
the format used by the ray tracing software). The box is drawn in order to facilitate to the 
reader the 3D visualisation of the geometrical configuration. Blue dots represent actual 
earthquakes and, finally, the blue line is the schematic representation of the influence of the 
geophones (weighted summed) at the surface when the cross-correlations are summed in 
order to calculate the inter-source Green´s functions. 
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The procedure of choosing a pair of earthquakes within the range of 

possibilities was based on their location as the idea was to examine the subducting 

slab. So, position is the parameter that gave the initial clue for consideration. Then, 

the other point taken into account in order to select a couple of given earthquakes 

was the prolongation of the ray path that joined them to the array of receivers on the 

surface (see Figure 2.6). If extrapolation of that path laid in the square shown in 

Figure 2.4, the earthquakes were picked for study, in an analogous way the 

earthquakes were chosen in the work of Tonegawa et al. (2010)  

 

 As an example of this extrapolation procedure, in Figure 2.7 the extrapolated 

results for a given couple of earthquakes are shown. In this figure, extrapolation was 

carried out to a point in the surface that lay within the allowed rectangular area of 

this figure. For ease of visualisation, only one of the many possible ray paths has 

been extrapolated. 

 

 In principle, any pair of sources can be used to retrieve body waves travelling 

between those pair of sources. As this chapter analysed 29 events, the number of 

possible pairs is too big to account for all of them. In this chapter, a representative 

example of pairs will be presented by fixing two earthquakes (08 and 11) and 

calculating the possible pairs to the rest of events. That means this chapter presents 

about 25 possible pairs of sources. Events 08 and 11 were chosen because they are 

deeper than the other earthquakes. The idea is to have waves travelling from below 

and illuminating the structures of interest when reaching the shallower sources, and 

at the same time, to have geophones at the surface within the stationary phase region 

of each pair of sources.   
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Figure 2.7 Example of extrapolation of an inter-earthquake ray path. For this case, only one 
path has been extrapolated. In blue, the different events pairs are depicted. In red is the ray 
path, as calculated using the ray-tracing package of Grumberg et al. (2004). 

 

2.4.1 Ray tracing software used 

 

 The ray tracing code used in this research for calculation of the Fresnel zones 

was based on the IASP91 velocity model. The IASP91 model is a parameterised 

velocity model of global seismic properties for an average earth of radius 6371 km. 

The IASP91 velocity model is considered to be a standard representation of the 

Earth’s structure by the international association of seismology and physics of the 

Earth interior (IASPEI). The IASP91 velocity model is represented in Figure 2.8. 
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Figure 2.8 The IASP91 velocity model. Taken and adapted from 
http://commons.wikimedia.org/wiki/File:IASP91.png 

 

 The ray-tracing algorithm was developed by Grumberg et al. (2004) and 

based on the Snell-Descartes law in spherical geometry. This ray tracing code was 

chosen for the current research based on its portability, ease of installation, 

documentation and ability to represent different wave phases (as explained by the 

IASPEI standard seismic phase list, for example, PP, PS, SS, etc). The ray tracing 

code allows the user to choose the phase to be traced, as well as the coordinates of 

sources and receivers. 

 

 In order to calculate the theoretical arrival times, the 2D modelling subroutine 

“FDMOD2” from SU software was used together with the 2D velocity model from 

Heit (2005) show in Figure 2.20. The aforementioned velocity model was digitised 
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and put in an appropriate format to be used by the SU routines. The digitised model 

is shown in Figure 2.9. 

 

 

Figure 2.9 Digitised 2D velocity model used for 2D modelling with the routine FDMOD2 

 

2.5 Results 

 

 In this section, only arrival times from Green´s functions are used for 

comparison with the synthetic data because the ray tracing code employed only 

calculates times and ray paths and also because the interferometric algorithm used 

does not account for attenuation. 

 

As an example, in this section the cross-correlation functions that will be 

summed in order to calculate the inter-source Green´s functions are presented. 

Figures 2.10-2.13 show plots of the cross-correlation functions for events 08 and 11 

to events 04, 12, 17 and 24, respectively. 
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Figure 2.10 Cross-correlation functions between event 08 and event 12.On the vertical axis 
the cross-correlation for every pair of events considered. 

 

 

 
 
Figure 2.11 Cross-correlation functions between event 08 and event 24. On vertical axis the 
cross-correlation amplitude for every pair of events considered. 
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Figure 2.12 Cross-correlation functions between event 11 and event 04. On vertical axis the 
cross-correlation amplitude for every pair of events considered. 

. 

 
 
Figure 2.13 Cross-correlation functions between event 11 and event 17. On vertical axis the 
cross-correlation amplitude for every pair of events considered. 
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Figures 2.10 to 2.13 show that cross-correlation functions are well behaved 

functions, with no spikes or spurious events introduced by long range coda waves. In 

Figures 2.14 and 2.15, the inter-source Green´s functions obtained for the cases 

considered in this section are presented.  

 

The following two cases will be considered: a) Inter-source Green´s functions 

between event 8 and the rest of events considered and b) Inter-source Green´s 

functions between event 11 and the rest of events considered. Additionally, and in 

order to assess the method, the predicted arrival times (calculated by the 2D ray 

tracing code) and the arrival times obtained by interferometry will be compared and 

plotted in those figures. Red boxes are drawn where the theoretical arrival times 

calculated from the 2D ray tracing are predicted and blue boxes will be drawn where 

arrivals calculated by interferometry are expected. In all boxes, single arrival times 

are centred in the middle of the box. 

 

    Referring back to Figures 2.2, 2.3 and 2.4, it can be noted that the different 

inter-source pairs considered in this chapter are located along the area considered 

(northern profile RF) so, in Figures 2.14, and 2.15, we have the possibility of 

comparing arrivals time in different zones along the northern profile. The analysis of 

the difference between the theoretical arrival time and the time obtained from 

interferometry proves that velocities are slow in the middle of the line and fast in the 

eastern part - this result is in agreement with the work of Wölbern et al. (2009). 



                                                                                                                         Chapter 2 

John Gonzalez                                76                             The University of Edinburgh 

 

 

Figure 2.14 Inter-source Green’s function estimates for event 08. The theoretical arrival 
times calculated using the 2D ray tracing package from SU are highlighted in red. Expected 
arrival times calculated from interferometry are highlighted in blue. 

 

  

Figure 2.14 shows that some of the arrival times calculated using 

interferometry were faster than the predicted time, while others were slower. In the 

next section, the implications of this difference will be discussed.  



                                                                                                                         Chapter 2 

John Gonzalez                                77                             The University of Edinburgh 

 

 

Figure 2.15 Inter-source Green’s function estimates for event 11. The theoretical arrival times 
calculated using the 2D ray tracing package from SU are highlighted in red. Expected arrival 
times calculated from interferometry are highlighted in blue. 

  

Figure 2.14 gives information regarding the velocity structure of the 

subduction slab, to see why refer back to Figure 2.3 where it can be seen that 

earthquake 8 is situated at a depth between 200 and300 km, which is below the other 

earthquakes considered here. Therefore, inter-source waves extracted will travel 

through the structure of the subducting slab, revealing velocity features of interest. 

Also, in this figure, it is clear that the pattern of earthquakes follows the structure of 

the subducting slab with more frequent earthquakes near the surface. The information 

extracted by the method of inter-source interferometry will provide useful material 

which will be discussed and analysed in the next section. 

 

For the case in Figure 2.15, arrival times predicted by interferometry were 

earlier than the theoretical predicted times for the zone through which the ray was 

travelling. This result is in agreement with the high velocity body described by Heit 

(2005). 
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2.6 Discussion 

 

 Consider the first case from the results section (section 2.5) in which event 08 

was chosen such that inter-source waves were calculated between event 08 and the 

rest of events shown in Figure 2.16. The results presented in this first case come from 

considering event 08 as the source and calculating the arrivals times to the rest of 

virtual receivers as show in Figure 2.16. 

 

Figure 2.16 Event 08 is acting as a source, the rest of the sources as virtual sensors. Event 
08 was chosen because of its relative position compared to the rest of the sources and 
because it can illuminate the other sources from one side below. 

 

Figure 2.14 constitutes new information regarding the zone under 

consideration. It reveals that the velocity of the waves calculated from interferometry 

was faster near to events 12 and 4 because arrival times are earlier than the 

theoretical expected times (red squares). Events 2 and 4 were near 100 km in depth. 

This is at the frontier of the ALVZ (Altiplano low velocity zone) which indicates 

either that it may be the start of a high velocity zone, or that the ALVZ frontier is 

shallower than was originally thought. For events 6, 7 and 11, situated at a depth of 

around 200 km and in the middle of the RF line, the velocities were slower as can be 

appreciated from Figure 2.14 in which arrival times are later than the theoretical 

times predicted by the 2D ray tracing algorithm.  
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Now, consider Figure 2.15 from the results section. Again, the idea for this 

second example is to choose one earthquake whose position in relation to the rest of 

earthquakes makes the rays illuminate the different structures of interest. In Figure 

2.17, the event 11 and the relative position of it compared to the position of the other 

earthquakes can be seen. 

 
 
Figure 2.17 Event 11 is acting as a source, the rest of sources as virtual sensors. Event 11 
was chosen because of its relative position compared to the rest of sources and because it 
can illuminate the other sources from one side below. 

 

 From both Figure 2.15 and Figure 2.18, it can be seen that Heit (2005) 

described a high velocity body for depth varying between 100-300 km for longitudes 

between 68° W and 66° W. In the case shown here, all virtual receivers have faster 

arrivals than those predicted from the 2D ray-tracing algorithm that uses the Heit 

(2005) velocity model. This fact can be interpreted as the zone of partial melting 

affecting the interferometric calculation.  

 

In Figure 2.15, even though arrivals are dispersed it could be said that, in 

general, the difference between predicted and calculated time, on average, was 

around 4 seconds. As previous discussion mentions, velocity structure varies in a 

complex way depending on the depth considered. Those possible structures will 
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affect the travel time and the trajectories followed by the rays. So, from previous 

results it is clear that it is a better idea to have the source under consideration near to 

the other sources that will act as virtual receivers in the case of complex structures, 

such as those studied here.   

 

It is a good indication of the interferometry methodology that results from the 

work of Heit (2005) are replicated here. More specifically, in Figure 2.18 taken from 

the work of Heit (2005), it can be appreciated that for depths between 200 and 300 

km, and for longitudes between 68° W and 66° W there is a high velocity zone. This 

high velocity zone, as was pointed out in the results section, is in agreement with 

results inferred from Figure 2.15, in which arrival times were faster than the ones 

calculated from use of the Heit (2005) velocity model. Results from seismic 

interferometry actually give a difference in velocity that is higher than that calculated 

by Heit (2005), indicating that the method is working at least in a qualitative way. 

Also, remember that the data used here is not the best possible because of problems 

involved in its acquisition. Essentially, what this difference in velocities indicates is 

that errors are introduced by the method, by the earthquake location methodology, 

and by the digitalisation of the velocity model. 

 

Figure 2.18 Taken and adapted from Heit (2005). P wave result of the receiver functions 
application. In the figure QBBS: Quebrada Blanca bright spot.  UKFZ: Uyuni-kenayami Fault 
zone. MAT: main Andean Thrust. Low velocity zone which is the same ALVZ (Altiplano low 
velocity zone) mentioned in several research works of the Altiplano. 
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The time differences of arrivals obtained from seismic interferometry were 

strongly dependent on the path and the final destination of the waves travelling 

through the medium. Moreover, Figures 2.19 and 2.20, taken from the work of Heit 

(2005) and which represent plan views of the Altiplano zone, show the complexity of 

the area. From these figures, it can be appreciated that, depending on the depth, 

different configurations of velocities arise. For example, to the eastern part of the 

Altiplano and for a depth of 110 km, there is a low velocity zone, which 

progressively transforms into a high velocity zone at greater depths (see depths 170, 

230 and 290 km respectively). The same example applies for the western region that 

goes from a high velocity zone into a low velocity zone in progressively deeper 

views. 

 

 

Figure 2.19 Taken and adapted from Heit (2005). Horizontal P wave velocity Altiplano 21°S. 
Real data inversion. Depths 110 km (top) and 170 km (bottom) 
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Figure 2.20. Taken and adapted from Heit (2005). Horizontal section P waves Altiplano 21° 
S. Real data inversion. Depths 230 km (top) and 290 km (bottom) 

  

 

 Comparing the new information given by the interferometric method with 

Figures 2.19 and 2.20, it can be expected that the ray path is affected by the 

complexity of the medium. In this case, waves travel through zones of high and low 

seismic velocities, which have an overall effect on the final result. So, in order to 

study a complex zone it is better that the separation between sources should be the 

minimum possible, in order to guarantee the accuracy of the interferometric 

calculations. 

  

One important point to take into consideration is that not all couples of events 

were useful for retrieving waves travelling between earthquakes because the path 

considered could be such that it is not present in the original recorded information 

and can lead to the introduction of spurious signals. This is the reason why only 
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events 08 and 11 were selected in order to look for waves travelling between these 

two sources to the rest of them. The reason for that was because these sources were 

deeper than the rest and also because the pairs formed by this configuration fulfilled 

the geometrical requirements of stationary phase explained in the methodology 

section. 

 

 Tonegawa et al. (2010) found that, in order to extract information about the 

travel time between two sources, it was necessary to take into account the size of the 

stationary phase region at the surface as well as the distribution of the sources. The 

size of the stationary phase region was affected by several factors, such as the type of 

waves considered (P or S). The size of stationary phase is also affected by the 

frequency content of the wave travelling in the medium.  

For example, in order to define the geophones that will be used for seismic 

interferometry (that lies in the stationary zone) Tonegawa et al. (2010) take the area 

of stationary phase, at the surface, as the size of the first Fresnel zone, which in 

essence is defined as 
1

2𝑓0
 where fo is the dominant frequency of the propagating wave.  

 

A schematic representation of the geometry of the Fresnel zone is presented 

in Figure 2.21. In this figure, T1 and T2 are the times taken by the P wave from 

events 01 and 02 to get to the geophones at the surface. The spatial size can be 

calculated by using the Fresnel zone criteria 
1

2𝑓0
 with the time difference T2–T1. For 

example, for a dominant frequency of 1Hz the Fresnel zone is 0.5s meaning the time 

difference between event 01 and 02 has to be less than this.  

 

For calculating the time difference between event 01 and 02 the ray tracing 

code of Grumberg et al. (2004) was used. This approximation of the Fresnel zone 

implies that five geophones centred at the stationary phase were used for 

interferometric calculations. To account for the low velocity zone near the surface, 

the number of geophones included is increased to two more at each side of the 

stationary phase. 
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Figure 2.21 Schematic representation showing events 01 and 02, ray path travelling through 
the events and geophones at the surface. Red lines indicate the area of constructive 
interference that is equal to the first Fresnel zone given by 1/2f0.Black lines indicates the 
stationary phase zone where the time difference is << than 1/2f0. In practice, geophones 
coloured in black and red were used for interferometric calculations. 

 

The dominant frequency, of course, will depend on the attenuation caused by 

the medium. For the Altiplano data, even though geophones recorded a range of 

frequencies from 0-100 Hz, useful frequencies were in the range 0-3.0 Hz. This range 

was also suggested by the work of Wölbern et al. (2009) based on geological 

characteristics such as the dominant frequency of the wavefield and to efficiently 

stack signals originating at dipping structures (Wölbern et al., 2009). 

  

As a final remark, an example of a typical record of an earthquake (Figure 

2.22) with its first arrival picked and a taper applied will be presented. Also, a typical 

power spectrum is presented in Figure 2.23 but this time with no filter applied. 



                                                                                                                         Chapter 2 

John Gonzalez                                85                             The University of Edinburgh 

 

 
 
Figure 2.22 Event 15 with picks of the P arrivals overlaid. S arrivals have been muted and a 
taper applied in order to smooth endings. 

 

 

Figure 2.23 Typical power spectrums of an arbitrary event and a given geophone. 
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2.7 Conclusions 

 

 In this chapter, propagation of direct P waves between two sources has been 

derived using inter-source interferometry. As has been seen from this research, in 

order to better estimate the velocity structure in a complex area like that of the 

Altiplano, it is better practice to have events and virtual receivers situated as near as 

possible, to avoid distortions in the interferometric calculations. 

 

 An important factor, in order for the method to work, is the pre-processing of 

the data to be used. For example, in order to make the task of interpretation of the 

interferometric results easier, coda waves were cut and a taper filter applied as 

explained in this chapter. Equally important is the geometry of the sources of the ray 

paths followed by the waves between these sources, and of the geophones at the 

surface. 

 

 As was seen from the results in this chapter, the interferometric method 

presented in this research is in qualitative agreement with the velocity model 

obtained in the work of Heit (2005) which is a good direct practical indication that 

the method is valid and that it can be used to retrieve information from the medium. 

Nevertheless, interferometry does not always give good results as is the case for 

geophones 6, 7 and 11 in Figure 2.14 and for geophones 4 and 7 in Figure 2.15, 

potentially because there are more possible sources of errors (more parameters to be 

tuned).  

 

As was discussed in section 2.3, expected errors in arrival times calculated by 

interferometry, created when locating earthquakes, is of the order of 3s. The ray 

tracing procedure will always have errors introduced by the algorithm used (for 

example, acoustic or elastic) and by the approximation of the velocity field to be 

modelled. Both methods are approximations and caution has to be taken when 

dealing with their results. 
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It is important to point out that there are a lot of variables (e.g., pre-

processing of data, ray tracing of waves in order to choose receivers in the stationary 

phase region, events with small magnitude so they can be considered point sources 

but with enough energy to produce good results in the sense of signal to noise ratio, 

etc.) that have to be fine-tuned before this method is able to elicit useful results. 

Tuning all variables is not impossible but not always straightforward - it requires a 

time-consuming process of quality controls.  

 

The above points confirm the idea that the method is only an approximation. 

Therefore, results have to be treated with caution and compared with result from 

other fields of the geosciences in order to confirm their validity. 

 

 Additional studies should take into account other phases, such as S arrivals as 

well as the exact influence of the source mechanism over the whole process of 

seismic interferometry. 

 

As a conclusion, it can be said that the methodology requires the fine tuning 

of many variables, in which each variable produces its own approximation error and 

even though this methodology proved to work in the area, it is a better idea to use 

other seismic interferometry methodologies like coda waves or noise recordings 

which in this thesis prove to give better results as will be shown in the next chapters.  
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Chapter 3 

BODY WAVE RETRIEVAL FROM SEISMIC CODA 

 

3.1 Summary 

 

 While the reconstruction of surface waves from the correlation of random 

wavefields has been studied in detail, the reconstruction of body waves has not 

(Zhan, 2010). Resent work conducted on the Philippine Sea slab has developed a 

method for retrieving body waves using teleseismic earthquake waves. The objective 

of the present study is to apply that methodology to seismic data from the Altiplano 

plateau in the Andes region. Both areas share certain similarities, such as sharp 

velocity contrast around the top of the respective slabs, and strong heterogeneities. 

One important difference between the two regions is the fact that the presence of 

strong attenuation of S waves in the Andes region affects interferometric results in 

the sense that no information can be retrieved from coda S waves. 

 

 We show that inter-receiver Green’s functions are retrieved using P coda 

waves, as opposed to the situation in the Philippine Sea slab region (Tonegawa et al. 

2009) where information was extracted from S coda waves only. Moveout of the 

retrieved waves is in agreement with theoretical moveouts predicted for previously 

estimated P and S wave velocities. 

 

 The present work also shows that attenuation, geological complexity and 

relative position of geophones, reference receiver (virtual source) and events used for 

calculating the cross-correlation functions, will have an impact upon which coda 

waves (P or S) are more suitable for body wave retrieval. Additional simulation with 

a simple model helps us to understand results coming from real data and gives 

insight into the need to distinguish cases where convolution, as the main operation of 

interferometry, is better than cross-correlation. The main conclusion is that a 

combined interferometric procedure incorporating cross-correlation and convolution 

is needed to describe the whole range of offset for the geometrical set-up. 
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3.2 Introduction 

 

  The retrieval of wavefields from noise and coda waves has been successful 

for surface waves in many studies. The usual method for retrieving surface waves is 

by reconstruction from ambient noise (Shapiro and Campillo, 2004) and from coda 

waves (Campillo and Paul, 2003). Campillo and Paul (2003) use diffuse waves, 

produced by distant sources, which are sufficient for retrieving direct waves between 

two points of observation. Other successful retrievals of surface waves were 

conducted by Shapiro et al. (2005) and by Sabra et al. (2005a) who made use of 

interferometrically constructed impulse responses to carry out tomographic velocity 

inversion.  

Reconstructed surface waves have been used for crustal structure studies (Yao 

et al., 2004; Shapiro et al., 2005; Yang et al., 2007; Bensen et al., 2008; Lin et al., 

2008; Zheng et al., 2008; Stehly et al., 2009) to characterise seismic noise sources 

(Stehly et al., 2006; Gerstoft et al., 2008; Yang and Ritzwoller, 2008) and for seismic 

tomography studies (Sabra et al., 2005b; Shapiro et al., 2005). 

 

 Nevertheless, the retrieval of body waves by reconstruction from ambient 

noise and coda waves has proven to be more difficult than the retrieval of surface 

waves. The main reason for this is that theoretically a distribution of sources at depth 

is needed to retrieve body waves at the surface (Wapenaar, 2004, 2006c) and because 

surface waves generally obscure body waves due to the fact that surface waves are of 

an order of magnitude stronger than body waves. 

 

 The retrieval of body waves, by means of seismic interferometry, has its 

beginnings in the work of Roux et al. (2005) who demonstrated the presence of P-

waves as well as Rayleigh waves in the noise correlation functions. Results obtained 

for arrival times compare favourably with theoretical body waves predictions. 

Mizayawa et al. (2008) also extracted downward propagating P and S waves 

produced by human activity in a borehole at Cold Lake, Alberta, Canada. Results 

from Mizayawa et al. (2008) work showed that P and S waves could be observed in 

the cross-correlations for both vertical and horizontal components.  
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Also, travel times were consistent with the velocity model coming from 

tomography. More recently, another successful study carried out by Tonegawa et al. 

(2009) shows, by means of the cross-correlation of teleseismic S coda waves, the 

detection of body waves including direct and reflected waves.  

 

 The objective of the present study is to assess the possibility of retrieving 

body waves using the methodology designed by Tonegawa et al. (2009), for data 

originally obtained during a passive experiment conducted by the GFZ. The 

experiment took place from March 2002 to January 2004 in the Andes region. As will 

be seen, the above correlational methodology is insufficient to work with all arrivals 

for the geometries considered here. It will be demonstrated that a new methodology 

that combines cross-correlation and convolution depending on the relative position of 

the earthquake geophones and reference receiver is needed in order to describe 

arrivals for long offsets. 

 

 This current study will make use of the data coming from the Altiplano and 

Puna plateaux. The Altiplano region is situated in the Andes, the world’s largest 

continental mountain range (Giese et al. 1999. cited in Wölbern et al. 2009, p.296). 

Located on the western coast of South America, the Andes average length is about 

7500 km, with a width varying from 200 km to 700 km and an average height of 4 

km. The geography of the Altiplano and Puna plateaux is such that, to the west, both 

plateaux are confined by the active magmatic arc of the Western Cordillera. To the 

east, they are limited by a thin-layer fold and thrust belt of the Eastern Cordillera and 

the sub-Andean ranges. Towards the south, the Santa Barbara ranges and the Sierra 

Pampeanas are located on the eastern side of the Puna plateau. 

 

 Previous studies conducted in the region provide an idea of the complexity of 

the structure underneath the subsurface. In this respect, we know that a low-velocity 

layer in the crust, with its top boundary at about 15 km depth, has been detected on 

both plateaux (Yuan et al., 2000; Wölbern et al., 2009). Dipping interfaces cutting 

through the top of the low velocity crustal layer have also been detected (Wölbern et 

al., 2009) and they are probably related to the presence of some major faults.  
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Detachment zones within the crust and velocity, and contrasts, possibly due to 

hot fluid accumulation, have also been conjectured (Heit, 2005). Therefore, strong 

heterogeneities exist in the region and together with the extreme topographic 

variations these affect the quality of the data that was collected, as well as the results 

arising from interferometry.  

 

Hence, this study assesses what can be derived from a “difficult” data set.  

This chapter will introduce the reader to the details of data acquisition, the method 

used to perform the interferometric calculations and the results obtained. 

Additionally, it will explain the computer simulations conducted in order to give 

insight into the method used and results obtained. Finally, conclusions and 

recommendations will be given.    
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3.3 Method 

 

As was mentioned in the introductory part, strong attenuation significantly 

affected the recorded data. Indeed, attenuation led to a complete lack of S wave 

energy (Wölbern et al., 2009), as shown in Figure 3.1.  

 

 
 
Figure 3.1 Attenuation of S wave for geophones situated in the northern profile RF (second 
arrivals). Attenuation is due to the zone of partial melted material. 

 

 

Pre-processing steps taken included: elimination of bad records (due to GPS 

and/or noise problems), application of a filter (bandpass 0.2-3.0 Hz) to improve 

signal to noise ratio, and elimination of geophones that were inactive during the time 

interval of interest. In order to avoid contributions from surface waves, only deep 

events with epicentres close to the geophones were used. By implementing this 

restriction, it was almost assured that body waves dominated the recordings. As far as 

was possible, and to ensure equal partitioning of energy, various incident angles were 

chosen, in order to simulate more isotropic incidence of the wave energy. This is a 
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requisite for retrieving wavefields without any ghost phases, as explained by 

Nakahara (2006). 

 

 The method used in this study is analogous to that implemented in the work 

of Tonegawa et al. (2009), which is based on the recovery of waves between two 

receivers by means of seismic interferometry. They (Tonegawa et al., 2009) used 

only S coda waves to ensure that deterministic phases did not affect the interpretation 

procedures.  

 

From the work of Tonegawa et al. (2009) it was unclear whether the cross-

correlation functions of S coda waves were affected by deterministic phases isolated 

from the direct S waves. In this study, we keep these deterministic phases, as well as 

in a separate test suppressing them, in order to compare and make our own 

judgement regarding this issue. 

 

  This study tested the use of P wave and coda, S wave and coda, coda P wave 

only, coda S wave only, and complete seismograms, with all possible combinations 

of these various sets in order to calculate, by means of interferometry, the 

seismograms that would be obtained if the reference receiver had been a source.  

 

Seismic events with a depth of more than 100 km were used to compute the 

cross-correlation functions (CCF), with a time length of 300 s and a frequency band 

of 0.2-3.0 Hz. The reason for choosing such a filter was based on the work of 

Wölbern et al. (2009) in which they chose these values for the northern profile, 

taking into consideration factors such as the limited frequency content caused by 

attenuation and by the high noise level present in the region.  

 

Pre-processing steps applied to the signal, for interferometric calculations, are 

shown in Figure 2.5. Figure 3.2 depicts the geometrical set up for calculating the 

cross-correlation functions. First, a geophone was fixed as a reference point, such 

that events depicted in red in Figure 3.2 were symmetrically located around the fixed 

geophone. This ensured equipartitioning of energy. Then, for every earthquake, the 
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cross-correlation function, between the fixed geophone and one geophone located at 

a distance d, was calculated. This operation was performed for all the possible 

geophone pairs. Finally for all earthquakes, all possible pairs with approximately 

equal inter-receiver distances were stacked. For this study, positive and negative 

relative distances were kept separate, so the plots showed in this work contain 

positive and negative distances and the location of the reference geophone is 

indicated by a red line. As was explained in the introductory part, equation 1.9 will  

be used for performing correlation operations and equation 1.10 will be used for 

stacking over all sources. 

 

 

Figure 3.2 Geometrical set up. In black, the reference receiver. In red, the distribution of 
earthquakes used 
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3.4 Results  

 

 The cases studied in this section are summarised in Figure 3.3, but first 

consider application of the method outlined in section 3.3 in the case where the 

complete seismogram is used for both the reference receiver and the rest of the 

receivers. The result of such calculation is shown in Figure 3.4, in this figure the 

positions of the reference receiver is shown by the red line, relative offsets to the 

west and to the east of the reference receiver are shown on the vertical axis.  

 

The horizontal axis displays time. In this plot, the acausal and causal part of 

the Green’s function are plotted. In this figure, two parallel curves are clearly visible 

from the red line upwards in the plot and marked by the red arrows. 

 

 

 If we interpret the signals in Figure 3.4 as arrivals we can see that starting 

from  the reference receiver (red line), arrivals tends to be delayed in negative time 

when offset increases upwards in the plot to around 200 km. Nevertheless, from this 

offset on the arrivals instead of increasing in delayed time they decrease when offset 

increases (inverse moveout). As will be demonstrated later on, this inverse moveout 

implies that cross-correlation by itself is not necessary the best operation to use for 

seismic interferometry. 

 

 Before going into the details of what is missing in the application of 

interferometry for this geometrical set-up, we analyse in more depth the meaning of 

the plot shown in Figure 3.4 and how the different components of our seismogram 

influence the construction of the plot.  

 

With this objective in mind the analysis of the signal was separated in the 

following cases:  A) reference receiver: complete seismogram; rest of receivers: 

complete seismogram. B) reference receiver: P wave and coda P; rest of receivers: P 

wave and coda P. C) reference receiver: coda P; rest of receivers: coda P. D) 

reference receiver: S wave and Coda S; rest of receivers: S wave and coda S. E) 
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reference receiver: coda S; rest of receivers: coda S. F) reference receiver: P wave; 

rest of receivers: P wave and coda P. G) reference receiver: P wave, rest of receivers; 

coda P. H) reference receiver: S wave; rest of receivers: S wave. I) reference 

receiver: P wave and S wave; rest of receivers: P wave and S wave. J) reference 

receiver: S wave; rest of receivers: P wave. K) reference receiver: P wave; rest of 

receivers: S wave. 

 

Figure 3.3 shows cases (A) through (K) in a schematic manner. The objective 

of this sub-division is to try to understand the influence of the deterministic phases, 

such as P and S waves and the influence of the coda P and/or S on the final result 

when using the complete seismogram (Figure 3.4). 

 

Figure 3.3 Schematic diagram of all cases studied. The reference receiver is represented by 
an inverted black triangle. White inverted triangle represents the rest of the receivers. The 
circle with an inner cross symbol represents the mathematical operation applied (correlation 
and/or convolution). 
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Scenario A: Reference receiver: complete seismogram; rest of receivers: 

complete seismogram. 

 

 
 

Figure 3.4 Result of interferometric calculations taking the complete seismogram for both the 
reference receiver and the rest of the receivers. 

 

  

This case used the complete seismogram from all receivers. From the graph, 

it can be appreciated that two parallel lines are present in the plot. These comprise 

the cross-correlation of deterministic phases. 

  

Here results for scenarios C, D, E and I will be presented and discussed 

because they summarise the principal characteristic and results for this section; the 

remainder of the scenarios will be depicted in appendix A. In order to improve 

visualisation in all plots, envelope functions of the seismograms obtained from the 

interferometric calculations were calculated.  
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For the purpose of visualisation, envelope functions have been coloured in 

red and black. In so doing, a threshold has been selected, such that its value is half 

the maximum amplitude of the window. If the signal was bigger than this threshold 

the amplitude was coloured in red, otherwise it was black. This ensures that all 

coherent and large events are highlighted. 

 

 Figure 3.35 summarises and presents the separated interpreted cases. So, the 

original result (Figure 3.4) can be understood as the superposition of all cases already 

detailed in scenarios (A) through (K).  

 

Note that some amplitudes will dominate others, but the decomposition into 

possible combinations of waves gave an insight into where and how every factor in 

the seismogram affected the interferometric final output. Please note that, for offsets 

greater than 200 km, the slopes of the curves tend to bend and present inverse 

moveout. This will be explained by means of simple modelling in section 3.5. 

 

 As previously explained, the red line in Figure 3.4 represents the reference 

receiver. The vertical axis represents the distance on both sides of the 2D line where 

the reference receiver lies. The horizontal axis represents time (causal and acausal 

part of the cross-correlation). 
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Scenario C: Reference receiver: coda P; rest of receivers: coda P. 

 

 

Figure 3.5 Scenario C. Result of taking coda P only for both the reference receiver as well as 
the rest of the receivers. 

 
 

 In this case (Scenario C), a clear but weak signal has been retrieved. This was 

an important result because, in this case, all deterministic phases had been removed 

and the retrieved wave has been obtained using only the coda part of the P arrival. 

This is an interesting result, because is the first time the coda wave is used in the 

Altiplano in order to retrieve body waves.  

 

This is the equivalent of retrieving waves between receivers making use of 

seismic noise. These waves are useful in the sense that they give us information 

regarding the velocity of the waves travelling through the medium of interest. 
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Scenario D: Reference receiver: S wave and Coda S; rest of receivers: S wave 

and coda S. 

 

Figure 3.6 Scenario D.  Result of taking S wave and coda S for both the reference receiver 
as well as the rest of the receivers. 

 

 In this case, no recognisable signal was retrieved, despite the fact that the S 

wave (a deterministic phase) and coda was taken to construct this graph. This can be 

explained by S wave attenuation caused perhaps by a melted material zone in the 

area (Wölbern et al., 2009). 
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Scenario E: Reference receiver: coda S; rest of receivers: coda S 

 

Figure 3.7 Scenario E. Result of taking S coda for both the reference receiver as well as the 
rest of the receivers. 

  

Figure 3.7 shows the result of taking only coda S waves into consideration. 

As illustrated by this graph, it can be concluded that no signal is present. This can be 

linked to the fact that there was a complete lack of S waves in the data due to 

attenuation. This result is in contrast with those from the work of Tonegawa et al. 

(2009), in which they retrieved direct and reflected waves from coda S waves.  

 

For the Andes region, the zone of melted material makes S waves likely to 

attenuate. Therefore, no information has been extracted from coda S. This result was 

a clear indication of the fact that regional features have to be taken into account when 

interpreting or carrying out interferometric calculations. 
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Scenario I: Reference receiver: P and S wave; rest of receivers: P and S wave. 

 

 
 
Figure 3.8 Scenario I in which and for the purpose of interferometric calculation, the 
reference receiver consisted of P and S arrivals while the rest of the receivers consisted of P 
and S arrivals as well. 

 

In this case, we can appreciate three waves corresponding to the cross-

correlation of S and P wave with the receiver with the corresponding S and P of the 

reference receiver. One of these expected waves has small amplitude compared to the 

order of magnitude of the other ones, so it is not possible to visualise all wave data 

together.  

 

In summary, the most important result concerning this current study is that 

“retrieved body wave” is observed in the p coda; implying that the deterministic 

phases are not responsible for this result. 
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3.5 Synthetic tests 

 

3.5.1 Objective 

  

 The objective of these tests is to use a known subsurface model for the 

distribution of geophones and earthquakes to create synthetic data. Data arising from 

this simulation will be processed following the same procedure outlined in section 

3.3. Then, simulations will be compared to the above real data to aid their 

interpretation. Finally, a procedure that combines cross-correlation and convolution 

will be used on the synthetic data in order to show that reverse moveout can be 

removed if this combined procedure is used. 

 

3.5.2 Program used 

 

 The program used for computer simulations was based on the algorithm 

developed by Wang (1999), with subsurface velocities from the tomographic results 

from the work of Heit (2005), which in turn were based on the 1D Earth model AK-

135 (Kennet et al., 1995). The modeller is a program for the calculation of synthetic 

seismograms based on a 1D layered half space earth model. It allows the user to 

choose parameters such as source depth, distance between sources, receiver depth, 

distance between receivers and the Green’s function to be calculated e.g. explosion, 

strike slip and dip-slip sources. Also, the 1D velocity model used by the program can 

be modified. In this case, the original program consisted of 68 velocity layers with 

depths varying between 0 and 3000 km. Table 3.1 shows the velocity of the layers 

down to the depth of interest for the simulations.    
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No Depth 

[km] 

Vp 

[km/s] 

Vs [km/s] Ro [g/cm3] qp qs 

1 0.00 5.80 3.36 2.72 1340.00 600.00 

2 20.00 5.80 3.36 2.72 1340.00 600.00 

3 25.00 6.50 3.75 2.92 1340.00 600.00 

4 30.00 6.50 3.75 2.92 1340.00 600.00 

5 35.00 8.04 4.47 3.31 1340.00 600.00 

6 77.50 8.04 4.48 3.35 1340.00 600.00 

7 120.00 8.05 4.50 3.37 1340.00 600.00 

8 165.00 8.17 4.51 3.40 250.00 100.00 

9 210.00 8.30 4.52 3.43 250.00 100.00 

10 240.00 8.30 4.52 3.43 360.00 150.00 

11 260.00 8.48 4.61 3.45 360.00 150.00 

12 310.00 8.67 4.70 3.49 360.00 150.00 

 

Table 3.1 Parameters of the simulation (layer number, depth, velocity of the P wave, velocity 
of the S wave, density and q factors for P and S waves) based on the AK-135 velocity model 
and tomographic results from the work of Heit (2005). 

 

 In order to be as representative as possible of real-life, a subset of 51 stations 

were used, with a separation distance between them of 10 km. Typical seismograms, 

with a source depth of 1 km, 10 km and 100 km, are shown in Figures 3.9, 3.10 and 

3.11, respectively. Figures 3.9 and 3.10 are dominated by surface waves. This is the 

reason for the linear moveout in the set of seismogram. Figure 3.11 shows the 

synthetic seismogram when the source depth is 100 km. In this case, body waves 

dominated the simulation and the expected hyperbolic behaviour was observed. 
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Figure 3.9 Synthetic seismogram for a source depth of 1 km. Surface waves dominate the 
simulation. 

 

 

 
Figure 3.10 Synthetic seismogram for a source depth of 10 km. Still surface waves have an 
important contribution to the simulation results. 
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Figure 3.11 Synthetic seismogram for a depth source depth of 100 km. In this case, body 
waves dominated the simulations. 

 

3.5.3 Method 

 

 The method used to process the synthetic seismograms was the same as that 

used for real data, and outlined in section 3.3, i.e., for every earthquake, the cross-

correlation function between the fixed geophone (the reference geophone) and one 

geophone located at a distance d, was calculated. This operation was repeated for all 

possible geophone pairs. Finally, for all earthquakes, all possible pairs with 

approximately equal inter-receiver distances were stacked. Interestingly, results were 

similar to those found for the real data. 

 

3.5.4 Results of the synthetic tests 

 

 In order to better understand the resulting trend of the Green´s function 

retrieved by interferometry and shown in Figure 3.4, a set of computer simulation 

consisting of three sets of tests were run. 
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 The first set of simulations consists of four events and four cases in which the 

reference receiver is varied in position. The objective is to investigate the effect of 

varying the position of the reference receiver in relation to the cluster of events and 

also to investigate the effect of the length of the line of receivers. 

 

 The second set of simulations is divided into two cases: a) a second set of 

simulations using convolution and cross-correlation which is essentially a replication 

of the simulation of the first set but in this case using a combined procedure of 

convolution and cross-correlation that will depend on the relative position of the 

three variables: geophones, reference receiver and earthquakes. b) Same case as a) 

but with an increasing number of earthquakes. In this experiment, the intention is to 

check how the number of earthquakes used has an impact on the final results. 

  

The third set of simulations is where the earthquakes not only vary in number 

but also in position. From this simulation, we will see that the incompleteness of the 

distribution of earthquakes does have an impact on the interferometric results. 

  

 -First set of simulations- 

 

 The first set consisted of applying cross-correlation to four events with depths 

of 100, 150, 180 and 200 km respectively. 
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Figure 3.12 First set of simulations, case 1. Earthquakes and virtual source (reference 
receiver) are located in the middle of the line. 

 

 

 

Figure 3.13 Result for first set of simulations, case 1 as shown in Figure 3.12. 
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 In this case, all the events were located below geophone 25, just about the 

middle of Figure 3.13. Note that in this curve we can appreciate how the travel time 

for waves increases as the offset increases. This means that waves produced by 

earthquakes travel in both directions of the 2D line. 

 

 
Figure 3.14 First set of simulations, case 2. Earthquakes in the middle and reference 
receiver at one extreme of the line. 

 

Figure 3.15 Result for the first set of simulations, case 2, where the geometrical configuration 
is shown in Figure 3.14. 
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In Figures 3.14 and 3.15 the reference receiver is situated at one extreme of 

the array. Events are again situated in the middle of the line (i.e. the location of 

geophone 25).  

 

From the graph we can see the acausal part of the Green’s function. For this, 

the travel time increases as offset increases. For receivers situated beyond geophone 

25 there is an inverse moveout, and for geophone 51 the graph indicates that for near 

zero time and an offset of around 500 km, there is energy arriving.  

 

As will be shown, this apparently anomalous energy, arriving at zero time for 

long offsets, is due to the fact of using cross-correlation instead of convolution for 

receivers beyond geophone 25. 

 

 

Figure 3.16 First set of simulations, case 3. Earthquakes in the middle. Reference receiver in 
an arbitrary point. 

 

 From the previous argument it is known that cross-correlation will work for 

geophones located on the same side of the reference receiver and whose energy 

sources are inside the boundary formed by the events. In this case, we consider 

geophones 26 to 51. In these situations it can be observed (Figure 3.17) that the 

causal and acausal sections of the Green’s function are retrieved and there is a zero 

crossing of geophone 40 (the reference receiver), as is expected. Please note that 
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retrieval of the causal or acausal section for the present research will depend on how 

cross-correlation terms are defined i.e. the order in which terms are cross-correlated. 

 
 
Figure 3.17 Results of the first set of simulation, case 3. Geometrical configuration depicted 
and explained in Figure 3.16. 

 

 

Figure 3.18 First set of simulations, case 4. Earthquakes are not located in the middle and 
the reference receiver takes an arbitrary position as depicted. 
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Figure 3.19 Result of the first set of simulations, case 4 as explained in Figure 3.18 

 

 In this case, the array length was shortened; choosing only geophones 5 to 35. 

The intention was to investigate whether geophones at large offsets would impact on 

the interferometric results obtained up to this point.  

 

As the reference receiver was situated between geophones 5 to 25, only this 

part of the figure was analysed: the causal part was located from receivers 5 to 20, 

receiver 20 exhibits zero crossing, and from this point to geophone 25 there is the 

acausal part. Observed behaviour is as expected, because time of the arrivals 

increases with offset.    

 

 

 

 

 

  



                                                                                                                         Chapter 3 

John Gonzalez                                113                             The University of Edinburgh 

 

-Second set of simulations- 

 

 The second subset of tests consisted of two separated data sets. The first was 

a repetition of the first set of tests but, in this case, using cross-correlation and 

convolution. 

 

-Second set of simulation case a)- 

Using cross-correlation and convolution: for the cases of the first set of 

simulations 

 

 
Figure 3.20 Result of second set of simulations, first sub-set, case 2. Geometrical 
configuration is presented in Figure 3.14 where earthquakes are located in the middle of the 
line and the virtual source (reference receiver) is located at one extreme of the line. 

  

The repetition of case 2, where convolution was used instead of cross-

correlation for geophones 26 to 51, as shown in Figure 3.20 suggests that inverse 

moveout is removed and as offset increases the time of arrival increases - as 

expected. Also, Figure 3.20 would suggest that a “jump” occurs near geophone 25. 

This is related to event coverage, meaning that the lack of sources reaching the 
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surface is the cause for such a jump. As will be seen later in this section, when the 

simulation is run with sources near the surface such “jump” is removed. 

 

 

 
Figure 3.21 Result of second set of simulations, first sub-set, case 3. Geometrical 
configuration is represented in Figure 3.16 where earthquakes are situated in the middle of 
the line and the reference receiver (virtual source) in a general position that in this case is in 
geophone 40. 

 

 In the case shown in Figure 3.21, using convolution for geophones 1 to 25, 

the ambiguity of the inverse moveout and arrivals for long offsets near zero time 

were removed. 

 

 



                                                                                                                         Chapter 3 

John Gonzalez                                115                             The University of Edinburgh 

 

 

 

Figure 3.22 Result of second set of simulations, first sub-set, case 4. Geometrical 
configuration is presented in Figure 3.18. Earthquakes are not situated in the middle of the 
line but the reference receiver (virtual source) is. 

 

 By using deconvolution for geophones 25 to 35, the ambiguity of inverse 

moveout was removed and arrivals for long offsets placed at near zero time. 

 

-Second sub set of simulation case b)- 

Same as case a) but with increasing number of earthquakes 

 

 In the second sub-set, the total number of events used was incremented by 

taking events every 10 km, from a distance of 100 km to a distance of 200 km. For 

these cases we used cross-correlation and convolution, as appropriate. 
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Figure 3.23 Second set of simulations, second sub-set, case 2. In this case, more 
earthquakes are present compared to the previous simulations. Depths vary between 100 
and 200 km and the reference receiver is situated at one extreme of the line. 

 

 

Figure 3.24 Result for second set of simulations, second subset, case 2. The geometrical 
configuration is presented in Figure 3.23. The combined process of convolution-cross-
correlation was applied. 
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Figure 3.25 Second set of simulations, second sub-set, case 3. In this case, we have more 
earthquakes than in previous simulations with a range of depth varying between 100 and 
200 km. Reference receiver (virtual source) is at geophone 40. 

 

 

 
Figure 3.26 Result for second set of simulations, second sub-set, case 3. Geometrical 
configuration is shown in Figure 3.25. 
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Figure 3.27 Second set of simulations, second sub-set, case 4. The range of depth for 
earthquakes is 100-200 km. Earthquakes are not centred but the virtual source (reference 
receiver) is. 

 

 

Figure 3.28 Result for second set of simulations, second subset, case 4. Geometrical 
configuration can be appreciated in Figure 3.27 
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 In the case of the Figures 3.24, 3.26 and 3.28 a more coherent arrival can be 

observed, compared with the arrivals in Figures 3.20, 3.21 and 3.22. This is due to 

the fact that more events have been taken into account which has eliminated the 

effects of poor sampling on the source boundary produced by considering only 4 

events, as was the case in the first set of simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                         Chapter 3 

John Gonzalez                                120                             The University of Edinburgh 

 

-Third set of simulations- 

 

The third set of tests consisted of applying cross-correlation or convolution to events 

whose depth varies between 0 and 200 km every 10 km 

 

 
Figure 3.29 Third set of simulations, case 2. A new element present here is that earthquakes 
reach the surface as shown here. 

Figure 3.30 Result for third set of simulations, case 2. Geometrical configuration is shown in 
Figure 3.29. 
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Figure 3.31 Third set of simulations, case 3. In this case, earthquakes reach the surface. 
Earthquakes are situated in the middle of the line and the reference receiver is set in 
geophone position 40. 

Figure 3.32 Result for third set of simulations, case 3 whose geometrical configuration is 
shown in Figure 3.31 
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Figure 3.33 Third set of simulations, case 4. Earthquakes reach the surface and are not 
situated in the middle of the line. The reference receiver is, for this case, in the centre. 

 

 

 

Figure 3.34 Result for third set of simulations, case 4 whose geometrical configuration is 
shown in Figure 3.33. 
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In this case, two important factors had to be taken into account. The first was 

that the modelling code produced surface waves when the depth of the receiver was 

close to the surface. Therefore, Figures 3.30, 3.32 and 3.34 show straight lines - 

which are different from the previous figures. 

 

 The second factor to be considered was that, in this case, events reached the 

surface and varied in depth with a dense sampling of 10 km. A comparison of Figures 

3.24, 3.26 and 3.28 with previous cases revealed that the “jump” produced by 

geophone 25 was equal in magnitude on both sides of the causal and acausal part of 

the Green’s function.  

 

From these simulations it can be concluded that the “jump” difference was as 

a result of a lack of sources reaching the surface. This can be because of the 

additional illumination that produces the sources close to the surface. It must be 

remembered that the jump is produced where sources are located. This could imply 

that to retrieve body waves in a correct way one needs a distribution of sources that 

reach the surface and this is true for surface waves as shown by Halliday and Curtis 

(2008). 

 

3.5.5 Discussion of the synthetic tests 

 

 The results of all simulations can be summarised by discussing how the 

variation of each parameter influences the final interferometric result. If the reference 

receiver lies in the same position as the “centre of mass” of the cloud of events the 

retrieved wave travels towards each side of the reference receiver and no inverse 

moveout is present (as in Figure 3.13). This case is the simplest possible and is not 

repeated in the rest of the simulations. 

  

 In the case where the reference receiver lays at one end of the line the 

retrieved wave travels in one direction along the array, as in Figures 3.15, 3.23 and 

3.29. The more general case in which the reference receiver lies at an arbitrary 

position within the array will result in waves travelling on both sides of the array but 
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waves travelling beyond the “centre of mass” of the clusters of events will be 

affected in their moveouts and need to be corrected using convolution instead of 

cross-correlation (Figures 3.17, 3.19, 3.20, 3.21, 3.22, 3.24, 3.26, 3.28, 3.30, 3.32 and 

3.34). 

  

 In relation to the effect of introducing the combined methodology of 

convolution and cross-correlation the result is that the methodology allows the 

resolution of the problem of inverse moveout as can be appreciated in the second set 

of simulations, as well as to compensate for the jump observed by considering the 

transition from adding phases to subtracting phases that naturally rises from the 

geometrical setup of geophones and earthquakes. 

 

 Another factor to take into account is the number of earthquakes or events 

used to perform the calculations. Apparently, increasing the number of earthquakes 

has no effect on the final “behaviour” of the waves retrieved as can be seen by 

comparing the first set of simulations with the other sets of simulations. 

 

 Finally, varying the position of earthquakes is important because the “centre 

of mass” of the cluster of events mark an important point where cross-correlation has 

to be abandoned and replaced by convolution. Also, illumination has to be taken into 

account i.e. if events do not reach the surface there will be missing information in the 

retrieved Green’s functions as shown in Figures 3.20, 3.21, 3.22, 3.24, 3.26 and 3.28. 

This is because it is expected that the intensity of the “jump” on either side of the 

retrieved waves would be the same in value (continuity of the curve) on either side 

where the “centre of mass” of the events is situated. We know that this problem is an 

illumination one because when events reach the surface such problems are less 

pronounced (remember that for these set of synthetic tests we started with a depth of 

1 km) and additionally, in this case surface waves dominate as show in Figures 3.30, 

3.32 and 3.34. 
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Halliday and Curtis (2008) demonstrated the importance of subsurface source 

distributions for the correct retrieval of surface waves. Forghani and Snieder (2010) 

concluded that possible problems encountered when extracting Green’s functions 

must be caused by imperfection in the source distribution. In this chapter, it was 

demonstrated that a distribution of sources reaching the surface is necessary when 

correctly describing the interferometric results of the proposed method of combined 

convolution-cross-correlation. Also, it demonstrated that relative positions of sources 

at depth, geophones at the surface and virtual source position have to be taken into 

account at the same time when applying the proposed mixed method. 

 

3.6. Discussion 

 

 From previous studies (Yuan et al., 2000; Heit, 2005; Wölbern et al., 2009) 

and from results presented in this current work, it can be confirmed that the area of 

study presents strong heterogeneities near the top of the slab and a low velocity 

anomaly in the upper crust, as well as a high velocity body between 100 km and 150 

km depth.  

 

This complexity translates into a data set that was difficult to analyse. 

Moreover, interpretation of deterministic phases other than S and P arrivals could be 

difficult and, in fact, led to misinterpretation of phases. For interferometric purposes, 

if the intention is to suppress these deterministic phases, there is a risk of also 

suppressing useful signals. 
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Figure 3.35 Interpretation of the different cases studied. Interpretation for every case has 
been drawn with different colours. Different cases may superimpose but were shown slightly 
separated for display purposes. The ? Sign in the figure key means that no information was 
interpreted from the curves displayed. 

 

 

Figure 3.36 Application of the methodology to real data. Interpretation for every case has 
been drawn with different colours. Different cases may superimpose but were shown slightly 
separated for display purposes. The ? Sign in the figure key means that no information was 
interpreted from the curves displayed. 
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The application of the methodology to real data shows features expected from 

the results and conclusions drawn from the simulations. Please note, for example, 

that inverse moveout has been removed and that an asymmetrical jump is present, 

which can be explained by the fact that earthquakes chosen for this study where 

deeper than 100 km. 

 

In this study it has been shown that coda P has relevant information about 

waves travelling between receivers, as opposed to the work of Tonegawa et al. 

(2009) where S coda waves were used to retrieve information about travelling waves 

between receivers. It is important to point out that this is not the first time coda P has 

been used for retrieving body waves travelling between receivers.  

 

In fact, Abe et al. (2007) used coda P waves to apply interferometric seismic 

imaging [a procedure first introduced by Schuster et al. (2004)] to a dense-array 

experiment conducted at the Northern Fossa Magna basin, central Japan. From the 

work of Abe et al. (2007) it was not clear whether all direct P, S and reflected waves 

could be retrieved by cross-correlation of the waves recorded at two receivers. Also, 

another disadvantage of the work by Abe et al. (2007) was the introduction of 

spurious reflectors due to the interferometric procedures that can lead to migration 

artifacts. 

 

 Figure 3.4 can now be interpreted based on all the tests made so far. The 

decomposition into cases conducted in section 4 helped with the interpretation of 

Figure 3.4 in the sense that we can now describe the contribution of all possible 

terms to the final plot. In Figure 3.35, all the different cases have been shaded with 

different colours and maintained in their original positions. It is important to mention 

that different cases have different amplitudes; therefore they contribute differently to 

the final result. 

 

 The inverse moveout already mentioned in section 3.5 can now be explained 

as a product of the relative position between reference receiver, real earthquake and 

geophone. Of course, we have a wide distribution of earthquakes in the real data and 
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not a vertical line of events like that of the numerical simulations. Nevertheless, if a 

“centre of mass” is defined for the whole cluster of earthquakes, the position of that 

“centre of mass” can be considered approximately as our boundary where cross-

correlation has to be abandoned for convolution. This fact of changing cross-

correlation to convolution clearly compensates for the inverse moveouts shown in 

Figure 3.4 as was seen from the application of the new methodology of combined 

correlation and convolution and depicted in Figure 3.36. 

 

 Results from simulations show that the distribution of sources will impact on 

the interferometric results. For example, if sources are close to the surface, then 

surface waves will dominate the results. Another point of influence is the “jump” 

present when cross-correlation passes over to convolution. As seen from the 

simulation, this jump is due to an incomplete distribution of sources. 

 

 Interpretation of the slopes of the curves depicted in Figure 3.35 shows that 

their values give information concerning the wave speed of P and S waves travelling 

through the medium. The velocity of these travelling waves compares well with the 

theoretical P and S velocity predictions for the area. This method has given 

information about the speed of P and S waves, travelling through the medium, which 

in this case were Vp= 9 km/s Vs= 5 km/s respectively. Also, along the whole range of 

offsets we can have information about the variation of the P and S velocities by 

looking into the plot in Figure 3.35. 

 

3.7 Conclusions 

 

 It has been shown that cross-correlation of coda P waves can be used to detect 

body waves travelling between receivers. As demonstrated in this study, in the case 

of local events, deterministic phases and coda P are the only carriers of information 

from the interferometry point of view. This can be interpreted by taking into account 

the strong attenuation present in the area that plays the role of suppressing S waves 

and is highly likely to interfere with the interferometric results for coda S waves.  
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This result contrasts with that from Tonegawa et al. (2009) where they made 

use of coda S to detect direct and reflected body waves. Results from simulations can 

be extrapolated in order to explain results from real data. In the case of real data, 

events are dispersed in a cloud-like manner. Nevertheless, the bending observed for 

long offsets (like that shown in Figure 3.5) can be explained by the use of correlation 

instead of convolution as the main operation for interferometric calculations.  

 

From this chapter, is it clear that a methodology combining cross-correlation 

and convolution is needed to describe correctly the geometrical set-up of our 

research from the point of view of seismic interferometry. Recommendations for 

broadening this study include a possible test to consider the events occurring 

alongside the low velocity zone studied in the work of Heit (2005), in order to check 

whether any additional information can be retrieved. Another factor to be taken into 

account is that the retrieval of body waves depends on the distance of separation 

between two stations and also on the incident angle of the scattered waves. Future 

studies should test parameters such as distance of separation, attenuation and source 

mechanism. 

 

Additional recommendations include imaging and incorporating complex 

information concerning velocities and structure of the medium by making use of 

interferometric seismic imaging. Also, a detailed study of the spurious signals 

introduced by interferometry, and how to remove them using algorithms that correct 

for such bias, are required. 
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Chapter 4 

RETRIEVAL OF SURFACE AND BODY WAVES BY REFLECTED WAVE 

ARRIVALS 

 

4.1 Summary 

 

 The intention of this chapter is to determine whether or not it is possible, 

using passive seismic interferometry, to reconstruct body and surface waves between 

receiver pairs. This was achieved by making use of passive seismic recordings over a 

continuous six-month period. The methodology included suppression of the 

earthquake signature in order to ensure that the only contributions were from noise 

sources.  

 

Six months of data were processed along two different profile lines located in 

the Altiplano and Puna plateaux, respectively. Seismic interferometry was applied 

such that the virtual source was located within each line making the geometry a 1D 

problem using ambient waves travelling along those lines. 

 

 Results are in agreement with previous knowledge of the geology of each 

zone. For the Altiplano plateau, a change in the velocity of the propagation of the 

waves due to a low velocity zone, and different velocities of propagation depending 

on the direction of propagation, were observed. For the Puna plateau, two different 

wave packets were observed: one of them was thought to be due to body waves 

reflected at the Moho or a refracted wave travelling along the subducting slab. 

Numerical simulations were used in order to better understand other observed signals 

which are thought to be an internal reflection of waves travelling between the surface 

and the Moho. 
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 4.2 Introduction 

 

 This chapter considers waves travelling in the crust of the Altiplano, as well 

as possible reflections from the Moho. Therefore, we first review research already 

conducted in the area and how it has contributed to the knowledge and understanding 

of the subsurface. 

 

Before embarking on a discussion of previous research work in the area, it is 

important to clarify some points regarding the geology and the projects carried out in 

the Altiplano. Figure 1.1 shows the principal geological structures present in the 

Altiplano region and also the location of the geophones deployed for the SEDA and 

BANJO projects. 

 

 The Altiplano is the most extensive area of high plateau on Earth outside of 

Tibet, with an average elevation of around 3,800 m. It is part of an area composed of 

five major sub-parallel morpho-structural units as can be appreciated in Figure 1.1: 

The Western Cordillera characterised by an active volcanic arc whose peaks reach an 

elevation of up to 6000 m; the Altiplano, the current area of study; the Eastern 

Cordillera, a mountain range characterised by folding and thrusting; the sub-Andean 

zone, an active thin-skinned series of mountainous foothills formed due to 

contractional tectonics; and the Chaco plain, a large morphological unit whose main 

characteristic is the lack of relief and long term stability, underlain by the Brazilian 

craton. 

 

 The BANJO and SEDA projects were passive source broadband seismic 

experiments conducted by the University of Arizona in conjunction with other 

organisations. The BANJO project took place between April 1994 and September 

1995 and consisted of 16 stations deployed along an east-west transect at 19° S to 

20° S. The SEDA project consisted of seven stations set in a north-south profile 

along the Altiplano deployed between April 1994 and June 1995, with a station 

spacing of 50 km and a total length of 300 km. 
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 Another project of interest is the ANCORP 96 project. This project was a 

combined near-vertical wide angle reflection/refraction seismic project, conducted by 

the German institute GFZ, and whose aim was to provide an image of the subduction 

process of the NAZCA plate underneath South America, as well as to characterise the 

velocity field of the region. 

 

 From the BANJO and SEDA data, Beck et al. (1996) estimated the crustal 

thickness along an east-west line in the Andes at a latitude of 20° S and along a 

north-south line traversing the eastern edge of the Altiplano. They found variations in 

the Moho depth of around 40 km, with a maximum thickness varying between 70 

and 74 km in the Western Cordillera and a variation between 32 and 38 km in the 

Chaco plain. In the central Altiplano, Beck et al. (1996) calculated crustal thickness 

to be between 60 and 65 km. Also utilising data arising from this work, Baumont et 

al. (2001) inverted travel times of Pn waves in order to characterise the Moho 

geometry along the Altiplano (20° S). This was different from previous work at that 

time in the sense that it used receiver function techniques. They found discrepancies 

beneath the Western Cordillera, where they estimated that the crust was 10 km 

thinner than previous models. 

 

 Using data from the ANCORP project, Giese et al. (1999) found that the 

crustal structure changed considerably from east to west. In the eastern part, the 

Moho discontinuity was easily identifiable. Nevertheless, the Moho was not 

recognisable in the Altiplano and in the Western Cordillera. Giese et al. (1999) 

interpreted this fact as the result of several processes that changed petrological and 

petrophysical properties of rocks in the crust. They also found a pronounced 

discontinuity at a depth of 70 km, and at the coast, the oceanic Moho is found at a 

depth of 40 km. Another interesting research project conducted with data from the 

ANCORP project was that of Haberland et al. (2003). They re-assessed data from 

local earthquakes and calculated 3D attenuation (Qp) tomographic images. Their 

findings supported the idea of partial melts in the middle and lower crust beneath the 

Altiplano. 
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Not necessarily all the research done in the Altiplano comes from data 

acquired by temporal deployment of geophones. Some important geological work 

has also been carried out. For example, Schmitz and Kley (1997) used geological 

cross-section balancing, and interpolation of seismic data to reach the conclusion that 

in the Eastern Cordillera, high seismic velocities exist between the upper and the 

middle crust with an underlying thick low velocity zone.  

 

Allmendinger et al. (1997) suggested the presence of processes such as 

magmatic addition, lithospheric thinning, upper mantle hydration and tectonic 

underplating as an alternative to the commonly held interpretation of uplifting 

produced by crustal thickening which in turn is associated with horizontal 

shortening. Wodzicki (2000) reviewed quantitative paleoelevation estimates made for 

the central Andes and examined the sources and magnitudes of errors for each 

estimate and his analysis implies that the Altiplano-Puna plateau and the Eastern 

Cordillera have undergone a rapid uplifting process since the late Miocene with an 

uplifting rate of about 0.2-0.3 mm/yr. 

 

Brasse et al. (2002) performed a long-period magnetotelluric study along two 

parallel profiles deployed at 19.5° S and 21° S, respectively. They found a dominant 

geoelectrical structure in the middle and deeper crust beneath the Altiplano. The 

boundaries of this electrical body are in agreement with a seismic reflection profile 

(the ANCORP project). They also concluded, based on data from other studies as 

well as their own, that this body was most probably formed by granitic partial melts. 

 

 Other research conducted in the area has been based on the interpretation of 

data from different fixed geophones or temporal projects with a small number of 

stations. For example, Vdovin et al. (1999) presented a study of the dispersion 

characteristics of surface waves propagating across South America and the 

surroundings oceans. They presented group-velocity maps of Rayleigh and Love 

waves and identified many known geological and tectonic structures in the group-

velocity map - such as sedimentary basins, continental roots, thermal anomalies and 

variations in the crustal thickness, especially for the Altiplano.  
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Chinn et al. (2007) classified and analysed shear waves in the frequency 

range of 0.5-2.0 Hz. Their observations confirmed that lateral variation of the Sn 

propagation velocity occurred. They also confirmed the complexity of the area 

where, in some parts, no propagation of Sn waves was observed while in others they 

were seen to propagate efficiently. This last fact has previously been associated with 

the possibility that the Sn phase was refracted along the descending plate instead of 

travelling mainly through the over-riding mantle wedge. 

 

 An interesting piece of research, carried out with data coming from several 

temporary arrays belonging to different partners (Deutsche Forschungsgemeinshaft, 

US PASSCAL project, the Andes seismology group), was that of Yuan et al. (2002) 

who analysed P to S converted waves at the Moho, along with multiple waves 

reflected between the earth surface and the Moho, in order to estimate the Moho 

depth and the value of Vp/Vs. As a result of the study, they found that the Moho 

depth varied from about 35 km in the fore arc region to around 70 km beneath the 

Altiplano plateau. The Moho depth was estimated to be around 30 km in the Chaco 

plain. They also found that the Moho was deeper in the Altiplano than in the Puna 

plateau.  

 

Zandt et al. (2003) used data from seven PASSCAL broadband seismic 

stations to delineate the lateral extension of what was thought to be a magma body 

(i.e. the partially melted zone). They found that crust above the partial melted body 

was characterised by symmetry of tilted axis and hexagonal geometry. They also 

postulated that anisotropy was due to aligned fluid-filled cracks produced by a 

normal fault which was related to the high elevations of the Altiplano plateau. 

 

 Lastly, the REFUCA project represents data from the area with the highest 

resolution so far. The data used in this thesis comes from that project, but other 

important interpretations and results have already been derived from it. For example, 

Heit et al. (2008) presented the results for the Altiplano northern profile (21° S) using 

tomographic inversion for P wave velocity anomalies. They found high-velocities on 

the west of the profile - indicating cold material from the fore-arc and a low velocity 
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anomaly between the fore-arc and the volcanic arc relative to the presence of fluids. 

A strong low velocity anomaly was seen across the entire Altiplano plateau and 

between the inter-Andean and sub-Andean regions and a strong high velocity 

anomaly - which was thought to be caused by the Brazilian shield.  

 

Wölbern et al. (2009) found similar structures for both plateaux, with some 

local differences. Similarities found were associated with a low velocity layer at a 

depth of 15 km, possibly indicating an area of partially molten material. Also, on 

both plateaux they found dipping interfaces cutting through the top of the low 

velocity layers; which is in agreement with the fault system known for the region.  

 

Differences found between the plateaux were that for the Altiplano the 

thickness of the low velocity layer was about 20 km, the average thickness of the 

crust was 70 km and the zones of partial melting were well delimited. For the Puna 

plateau on the other hand there was no clear thickness of the low velocity layer, the 

average thickness of the crust was 60 km, and it was impossible to delineate the 

zones of partial melting due to the limited lateral extent of the deployment of 

receivers. 

 

 The intention of this chapter is to explore the methods of Zhan et al. (2010) 

applied to the Altiplano and Puna plateaux. Zhan et al. (2010) showed that it was 

possible to obtain body waves, under specific conditions, from the Moho reflections. 

Their argument and methodology were based on the work of Mori and Helmberger 

(1996) where they found that large amplitude SMS phases (S waves reflected from 

the Mohorovicic discontinuity) were caused when a simple structure was present 

which in turn, allowed large Moho reflections. On the contrary, when the geology is 

more complex, the seismic energy is partitioned into a more complicated set of 

seismic phases, giving amplitude-diminished Moho reflections as a result.  

 

Even though Zhan et al. (2010) retrieved body waves for very simple Moho 

structures and the Altiplano and Puna plateaux geologies are very complex, there are 

still important questions to be researched. In this chapter, we will address the 
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following research questions in the context of the work of Zhan et al. (2010): is it 

possible to retrieve body waves from Moho reflections as Zhan et al. (2010) did but 

for the Altiplano and Puna plateaux notwithstanding the fact than Moho geology is 

more complex that in the case presented by Zhan et al. (2010)? What is the influence 

of the strong and weak signals obtained in some parts of the Altiplano and Puna 

plateaux (Wölbern et al., 2009) in relation to body wave retrieval using 

interferometry? What other factors, apart from geological complexity of the Moho, 

influences the retrieval of surface or body wave in the Altiplano and Puna plateaux?     

 

4.3 Data used and processing methodology 

 

 As shown in Figures 4.1 and 4.2, the deployment of receivers consisted of 

two parallel lines, labelled as the northern line (RF) and the southern line (PC), 

where the acronyms RF and PC denotes the network code to identify geophones of 

the REFUCA project belonging to the northern and southern profiles respectively. 

The northern profile, located in the Altiplano plateau, included a total of 59 

seismological stations that were deployed from March 2002 to January 2004. The 

northern profile had a total length of 600 km and station spacing about 10 km.  

 

The southern profile, located in the Puna plateau, consisted of 19 

seismological stations, deployed from July 2002 to January 2004. The southern 

profile had a total longitude of 200 km and a station spacing of 10 km. 
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Figure 4.1  A closer look into the deployment of receivers for the northern line. 

 

 

 

Figure 4.2 A closer look into the deployment of receivers for the southern line 

  

 Continuous recordings of six months of data, between March 2003 and 

August 2003, were downloaded in segments of one day. Then, these segments were 

processed following the methodology introduced by Bensen et al. (2007), which has 

proven to be effective in suppressing the earthquake signature. 
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 A critical point to take into account regarding this research is the functioning 

of the geophones during the acquisition time period. Figures 4.3 and 4.4 show the 

operation of the geophones for the selected six-month period, for northern and 

southern lines respectively. An additional important factor in the case of the southern 

profile is the short distance of the line compare to that of the northern profile that 

limits the lateral resolution of structures of interest. 

 

Figure 4.3 Periods when each of the geophones in the northern line were operational in the 
selected six-month period are shown by red blocks. 

 

 
 

Figure 4.4 Periods when each of the geophones in the southern line were operational in the 
selected six-month period are shown by red blocks. 
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 Another influential factor was that of the quality of the data for both lines. 

Even though a geophone could have been in operation during the period of time of 

interest this was not a guarantee of the quality of the data obtained. Regarding this 

point, visual quality controls were performed in order to guarantee the good quality 

of the data, before the application of the interferometric procedure. 

 

 The procedure used to process the data is analogous to that proposed by 

Bensen et al. (2007). In this part of the research, continuous recordings, from March 

2003 to August 2003, of one day long each were downloaded from the GFZ servers.  

 

Following this downloading process, records were resampled at 8 ms. The 

mean, linear trend and glitches were removed. Then, the processed seismograms 

were filtered by a bandpass filter between 0.04 to 1.0 Hz. Following that and in order 

to remove the effect of the earthquakes, envelope functions were calculated.  

 

The smooth versions of the inverse of these envelope functions were used to 

weight the corresponding filtered seismograms between 0.04 and 1.0 Hz. Then, 

cross-correlations were computed over day segments and the daily correlations were 

then stacked. All the cross-correlations were normalised by their maximum 

amplitude, in order to prevent anomalous data from contaminating results, and also 

to avoid residual effects of earthquakes. Finally, to make the robust frequency ranges 

in the results more visible, a bandpass filter was applied. 

 

As was mentioned in chapter 1, the principal mathematical operation is 

correlation by the use of equations 1.11 and 1.12. In this chapter, main figures will be 

depicted, explained and discussed. Additional supporting figures will be shown in 

appendix B. 

 

4.4 Results 

 

 In this section, main figures will be shown and the remainder of the figures 

are attached in appendix B. Results of the application of seismic interferometry on 
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the Altiplano (21°S) and Puna (25.5°S) profile lines are presented. For both lines, the 

resulting Green’s function will be shown according to month, and then the final 

results for the six months of processing will be presented. As will be made clear from 

this chapter, the quality of the data for the Puna plateau was inferior to that of the 

Altiplano. 

  

For the Altiplano, the virtual source position was varied between geophones 

RF12, RF14, RF17 and RF19. The reason for doing that was to compare the 

interferometric Green’s functions along the receiver line. Unfortunately, for the Puna 

plateau the virtual source position was kept the same, at PC09, due to malfunctioning 

of the other receivers along the line, and also due to the limited number of geophones 

available that worked properly for the period of time considered in this chapter. 

 

 

Figure 4.5 Seismogram for event 15 (see chapter 2) 

 

 Figure 4.5 shows a typical earthquake record with a magnitude of 5.2 and a 

depth of 111.10 km (for more details and location, see chapter 2, event 15) that is 
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shown here in order to make a qualitative comparison between this record and the 

retrieved waves obtained in this chapter. This qualitative comparison will tell us 

whether the synthetic seismograms reproduce the moveout characteristics of the real 

recordings.  

 

4.4.1 Altiplano plateau (21°S) 

Month of March 2003 

Figure 4.6 Estimated Green’s function’s for the month of March. Virtual source location at 
RF12. 

 

For this figure, the following characteristic features can be seen: 

 Two different slopes for each side of the array.  

 The noise of the retrieved Green´s function is bigger from geophone 36 

onwards, and also near geophone 12. 

 The dispersion of the wave packet seems to be big, this will be analysed in 

the next section.  
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4.4.2 Puna plateau (25.5°S) 

Month of March 2003 

 

Figure 4.7 Green´s Function for the month of March. Virtual source location at PC09 

  

For the Puna plateau month of March, the following characteristic features can be 

seen: 

 Two different slopes for the same side of the array. 

 The noise is incremented from geophone 15. 

 Dispersion looks smaller than in the Altiplano case. 

 

Turning now to the complementary figures depicted in appendix B. 

 

As can be observed from Figures B.1, B.2 and B.3 there was a clear wave 

packet travelling along both sides of the line. Apart from this clear signal, and for 

positive times, there was a partially-coherent signal, starting from geophone 34 and 

running between 0 and 100 s until the end of the line. 
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In the month of April, the range of offsets used was longer, essentially 

because they were available as other stations became operational. It can be 

appreciated from figures B.4, B.5, B.6 and B.7 that at the end of the line the retrieved 

signal vanished, and also that the slope of the curve changed near geophone 33. 

Again, a weak signal was present (not as coherent as in the previous month) for 

positive times between 0 and 100 s and for long offsets. 

 

Figures B.12, B.13, B.14 and B.15 show essentially the same characteristics 

as the previous figures for the months of March, April and May: i.e. noisy behaviour 

at the end of the line (western part), and a trend towards a change of slope in the 

middle of the line, as well as a weak signal at positive times between 0 and 100 s and 

for long offsets. 

 

The results from July presented a somewhat curious feature, in that the 

maximum offset at which the wave arrivals were observed was clearly dependent on 

the location of the virtual source. As can be seen from Figures B.16, and B.17, where 

the signal become noisy at the end of the line, and in Figures B.18, and B.19, where 

the signal is still noisy but a little clearer than for the case when the virtual source 

was located at RF12 and RF14, respectively.   

 

In the month of August, changes in the slopes of the waves retrieved were 

more obvious (see Figures B.20, B.21 and B.22 near receiver 42). Curiously, August 

was the month where seismic activity was stronger - as can be appreciated from 

figure 5.23 in chapter 6. 

 

In the case of the Puna plateau, the quality of data was not as good as that for 

the Altiplano. Moreover, it can be seen from Figure B.1 to B.27 that, for the months 

of June, July and August, the dispersion of the data was more obvious than for other 

months. Also note that, due to limitation in the offset of the line, the features such as 

the change in the slope of the curve for long offsets observed for the case of the 

northern profile (RF) could not be observed here. 
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Figures B.28 to B.31 show all the features observed (i.e. changes in the slope 

near the centre of the line, a weak signal for times between 0 to 100 s and long 

offsets) in the graphs by months shown previously as was expected. Nevertheless, 

they appear to be a little noisier in some cases. For example, see Figure B.29 

(reference receiver at RF14) where it can be seen that the retrieved signal for offsets 

beyond geophone 36 are difficult to appreciate. Nevertheless, the same situation is 

not seen in graphs B.28, B.30 and B.31. This can be interpreted as the dependence on 

the position of the reference receiver in relation to the correct reconstruction of the 

Green’s function. 

 

4.5 Discussion 

 

4.5.1 General remarks 

 

 Figures B.28, B.29, B.30, B.31 and B.32 depict the stack of correlations over 

six months of data and look a little bit noisier than those of the separated months. 

This is due to the fact that, in some months, the quality of the retrieved signal was 

better than in others. Usually, the quality of the signal is expected to improve as more 

data is included in the final stack. Nevertheless, the intermittent functioning of the 

geophones in this current project makes the summation process noisier in some 

cases. This fact is an indication that it is important to take arrays that are functioning 

in a discontinuous way in time into account before stacking. 

 

 Another factor equally important is the position of the virtual source. The 

Altiplano is a complex area with strong variations of geological features that depend 

on the position (of a geophone, for example) within the area. An example of such 

influence is the zone of partial melting, situated in the middle of the northern profile 

(line RF) which affects the propagation of S waves as was seen in Figure 3.1 of this 

thesis. 

 

Changes in the noise production mechanism are an important issue to take 

into account. Consider Figures B.1 to B.27. It can be observed that depending on the 
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month, the sum of the Green’s functions retrieved gives a better quality results than 

others. This is an indication that not only the position of the virtual source is 

important (as was mentioned when showing the results from Figure B.29) but also on 

how the noise is produced. In fact, these temporal observed variations of the Green´s 

functions can be explained by the non-stationarity of the arriving phases.  

 

For example, De Stefano and Clemente (2006) showed that slight non-

stationarity of wave phases can cause slow changes in the amplitude of the 

correlation functions. Changshen and Zhongliang (2009) found that the properties of 

the noise correlation functions depend on two factors: the underlying mechanism 

(diffuse wavefield or uncorrelated noise) and the time length of the recording. 

Tanimoto et al. (2006) also found that the variation of the noise correlation function 

is linked to seasonal variations in the relative excitation of higher modes compared to 

dominant fundamental-mode Rayleigh waves.  

 

This point is clear from the results presented for the Puna plateau. Dispersion 

was strongest in the months of June, July and August making the final wave packet 

(Figure B.32) look more dispersed, even despite the fact that for the months of 

March, April and May the wave packet was more compact. Curiously, for the months 

of June, July and August, the seismic activity was more intense - as can be 

appreciated in Figure 5.23 of Chapter 6. 

 

4.5.2 Body and surface wave retrieval 

 

 The intention of this section is to demonstrate with a couple of examples how 

the calculation of the velocities of the retrieved curves was completed. In the first 

example, the graph from March 2003 will be used in the calculations for line RF. In a 

second example, results for line PC will be shown, using the month of March 2003. 

This month was chosen because of the clarity of the signal and also because two 

different wave packets were observed, with one of them probably being a refraction 

travelling through the subducting slab and the other a reflection.  
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An analogous situation is when a seismic survey is shot and the different 

slopes of the first arrivals, in the shot records, are present. This change in the slopes 

of the shots records means refraction. In the case of this piece of research, the 

assumption is that the same refraction behaviour is present here as well. 

Nevertheless, care has to be taken interpreting the results because of the uncertainty 

in the data (intermittent functioning of receivers, quality of data) by that it means that 

changes can be due to a change in the surface wave group velocity along the line.  

 

In Figures 4.8 and 4.9, the methodology by which the trend (slopes of the 

curves or velocity of the retrieved waves) is found is the following: For every 

Green´s function retrieved the envelope function is calculated, this defines a wave 

packet. The trend is found by connecting the middle of the wave packet (shown in 

blue) of all Green´s functions. The dispersion of the wave packet defines the error in 

calculating the velocity of the retrieved waves (depicted by the two red lines around 

the blue one). 

 
Figure 4.8 Waves retrieved for the month of March, northern profile. Virtual receiver at RF12. 
Data used in this section for velocity calculations were taken from this figure. The trend is 
found by connecting the middle of the wave packet (shown in blue) of all Green´s functions. 
The dispersion of the wave packet defines the error in calculating the velocity of the retrieved 
waves (depicted by the two red lines around the blue one). 
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Example 1: waves retrieved for northern profile (RF) 

 

 As can be appreciated from Figure 4.8, the virtual source location is in 

position RF12 and, from there, two waves packets could be seen travelling in 

opposite directions along the RF line. Here, velocities of these two travel packets 

were measured using the slope of the graph. It was clear that three different slopes 

were present; one between the start of the line (RF01) up to the virtual source 

location (RF12) and the other from the location of the virtual source (RF12) up to the 

geophone (RF34), and the third from RF34 up to the end of the line (RF53) . For all 

slopes, the velocities are such that: 

 

One side of the northern (RF) line. (eastern part) 

Case month of March, reference receiver at RF12. 

Geophone position 

(Latitude, Longitude) 

Travel time (s) Inter-receiver 

distance (km) 

Group velocity 

(km/s) 

RF12(-20.89591;-6882790) 

RF28(-20.82134;-6729743) 

73.68 ± 10.53 159.2 ±1.0 2.16 ± 0.31 

 

Other side of the northern (RF) line. (western part) 

Case month of March, reference receiver at RF12. 

Geophone position 

(Latitude, Longitude) 

Travel time 

(s) 

Inter-receiver 

distance (km) 

Group velocity 

(km/s) 

RF12(-20.89591;-6882790) 

RF01(-21.17283;-7008462) 

42.11 ± 16.84 134 ±1.0 3.18 ± 1.27 

 

Other side of the northern (RF) line. (western part) 

Case month of March, third slope. 

Geophone position 

(Latitude, Longitude) 

Travel time 

(s) 

Inter-receiver 

distance (km) 

Group velocity 

(km/s) 

RF34(-20.99935;-6682792) 

RF53(-21.36119;-6527616) 

25.26 ± 21.05 165.8 ±1.0 6.56 ± 5.47 
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In all cases, the distance between receivers was calculated with a Java script 

developed by Chris Veneers which uses the Haversine formula (equation 1.17) and 

can be accessed at the following web page: http://www.movable-

type.co.uk/scripts/latlng.html. Errors were calculated by the standard procedure of 

error propagation in measurements. 

 

 The calculation indicated that the western part of the line presented a region 

of faster velocity than that of the eastern part, in both cases velocity results can be 

associated with surface waves values. This fact and the calculated velocity magnitude 

are in agreement with the works of Schmitz and Kley (1997) and Vdovin et al. 

(1999). 

 

 Note that dispersion of the wave packet is an important factor in the order of 

magnitude of the uncertainty errors. In fact, the bigger the distance from the 

reference receiver the bigger the magnitude of the error as can be seen from the third 

slope calculation.  

 

Example 2: waves retrieved for the southern profile (PC) 

 

 As can be seen from Figure 4.9, the virtual source location is at PC09. From 

there, two wave packets were travelling in opposite directions along the PC line. This 

is new from the previous example in that, in the eastern part, two waves packets can 

be seen travelling with different velocities and interpreted in Figure 4.9. Slopes A (at 

a first glance it may look like PC04 is an erroneous result and we have to take 

another slope but also PC06 lies in the same slope) and B represents the two wave 

packets interpreted, respectively. For both slopes, velocities are such that: 

 

 

 

 

 

 

http://www.movas/
http://www.movas/
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For the interpreted blue line: (eastern part) 

Geophone position 

(Latitude, Longitude) 

Travel time 

(s) 

Inter-receiver 

distance (km) 

Group velocity 

(km/s) 

PC09(-25.51648;-6761888) 

PC01(-25.53569;-68.23110) 

26.37 ± 6.5 61.47 ± 1.0 2.33 ± 0.60 

 

For the green line: (eastern part) 

Geophone position 

(Latitude, Longitude) 

Travel time 

(s) 

Inter-receiver 

distance (km) 

Group velocity 

(km/s) 

PC09(-25.51648;-6761888) 

PC01(-25.53569;-68.23110) 

42.55 ± 8.79 47 ± 1.0 1.12 ± 0.25 

 

 

 

Figure 4.9 Month of March 2003; the interpretation of two different travelling waves. The 
trend is found by connecting the middle of the wave packet (shown in blue) of all Green´s 
function. The dispersion of the wave packet defines the error in calculating the velocity of the 
retrieved waves (depicted by the two red lines around the blue one). 
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A combination of Rayleigh and Love waves is not possible here because for 

the Altiplano the velocity difference between Rayleigh and Love waves is not bigger 

than 10% as pointed out by Vdovin et al. (1999), and here the difference between the 

two wave velocities almost doubled. However, the two waves packets observed 

could be the result of waves being reflected in the Moho and back to the receiver, or 

they could be the result of waves refracting along or reflecting from the subducting 

slab. Nevertheless, note that the information obtained using current data is not 

enough and interpretation based on surface and body waves is more likely to be 

correct rather than interpretation based on reflection and refraction in the Moho. This 

uncertainty is an indication that a thorough analysis based on better data is needed. 

 

Velocities encountered in this section were within the range of velocities 

encountered in chapter 1 (Table 1.2). Nevertheless, the velocities given in Table 1.2 

were calculated using a different approach within the seismic interferometry theory; 

i.e. that of turning sources into virtual receivers. In this chapter, geophones were 

turned into virtual sources. Also, the data used were different. In chapter 1, 

earthquakes were used to perform the corresponding calculations. In this piece of 

research, earthquakes were suppressed, in order to keep only the noisy part of the 

recordings. In summary, the fact that, in both approaches, the results of the calculated 

velocities were similar gives an indication of the robustness of the application of 

seismic interferometry for this particular area of study. 

 

4.5.3 Further discussion 

 

 Apparently, it was possible to retrieve body waves in this study, as can be 

seen from Figure 4.9. In the case of Figure B.25, the third slope can be interpreted as 

a refracted wave travelling along the Moho. The analogous situation is the change of 

slope, for long offsets, in a shot record from a seismic survey, which is interpreted as 

a refraction arrival. In the case of Figure 4.9, aside from some important drawbacks, 

such as the size of the line and the quality of data, two clearly distinct signals were 

retrieved. 
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 The velocity of both signals differs by almost a factor of two, even though 

they were assumed to be travelling in the same medium. Another important point is 

that the second wave packet observed (slope B Figure 4.9) is unlikely to be a wave 

travelling in a different direction to the array, as argued by Zhan et al. (2010). In the 

current case, the main source of noise was the Pacific Ocean which is perpendicular 

to the southern profile (PC). So it could be concluded that, in Figure 4.9, there were 

two different wave packets retrieved. Nevertheless, this could be the result of a 

refraction of the original wave packet of the wave travelling through a zone of high 

velocity (a high velocity layer of depth) in the easterly part, as pointed out by 

Schmitz and Kley (1997). 

 

 In relation to the strong and weak signals observed along the Altiplano, the 

findings of Giese et al. (1999) are in agreement with the results found here. To be 

more specific: the signal from the eastern part was clearer than that from the western 

part of the Altiplano. 

 

 In relation to how interferometry can contribute to existing studying, it could 

be said that interferometry is useful for validation, confirmation, and in data 

interpretation. Also, it is a different technique and can be used to re-assess previous 

knowledge. Additionally, it could be said that the results presented here showed 

consistent behaviour when the virtual source was moving along the line of receivers.  

 

Also, it was observed that, when the position of the reference receiver was 

varied, while keeping the same period of time, the waves that were retrieved changed 

in clarity and resolution; indicating that the position of the virtual source within the 

line is an important factor and acts as a focus for the waves that can be retrieved in a 

certain period of time. 

 

 In relation to the other factors that influence the retrieval of surface or body 

waves, this piece of research dealt with the geometry of partial melts. Partial melts 

can act as lenses, in the sense they affect the trajectory of the waves (Wölbern et al., 

2009). Also, they prevent S waves from travelling through the partially molten 
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medium. Additional factors affecting the retrieval of surface or body waves are 

lateral velocity variations (Chin  et al., 2007) that can lead to biases in the 

interpretation of results, and the different behaviours (from efficient travelling to no 

travelling at all) of  S waves as predicted by Chin et al. (2007). 

 

 The factors already mentioned that affect the retrieval of body waves are 

related to the geometry of the Moho and the area of study. Additional factors include 

the distribution of noise sources, as explained by Wapenaar (2004, 2006c), the 

difference of the magnitude between surface and body waves, as described by Zhu 

and Helmberger (1996) and surface waves precursors that mask the body waves, as 

explained by Zhan et al. (2010). 

 

 Mori and Helmberger (1996) clarify that in order to obtain large amplitude 

reflections produced at the Moho, it is important that the Moho has a simple 

geometrical structure. This statement was confirmed in the work of Zhan et al. 

(2010) when they retrieved body waves from Moho reflected waves using seismic 

noise. In the Altiplano case, and based in the data obtained and analysed, surface 

waves dominated the majority of cases.  

 

Nevertheless, in the case of the Puna plateau, body waves were retrieved as 

was seen from Figure 4.9 (evidence is not conclusive and the most probable wave 

retrieved are surface waves) implying that the condition of Moho having a simple 

geometrical structure is necessary in order to retrieve body waves.    

 

4.6 Conclusions 

 

 As was seen in this chapter, for the northern profile (RF, 21°S), surface waves 

were retrieved by interferometry. Several previously known features were also 

observed in the results - such as a change of velocity near the centre of the line due to 

the “Altiplano low velocity zone” (ALVZ). Also, a difference was observed in the 

velocity of the propagation of the retrieved waves between the eastern and the 

western parts; this is consistent with the observations made by other researchers. 
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 For the case of the Puna plateau, southern profile (PC, 25,5°S), the situation 

was different. Due to the small offset range, when compared to the northern profile 

(RF) the observations made for the southern profile were not apparent here. 

Nevertheless, two waves packets were observed whose velocity difference indicated 

the possibility of surface and body waves being retrieved and not Rayleigh and Love 

waves - because such a difference is not consistent with the expected differences for 

Love and Rayleigh waves for this zone as explained by Vdovin et al. (1999). 

 

 Recommendations for broadening this study should focus on how the offset 

range is related to the retrieval of surface or body waves because the geology on both 

plateaux is very similar. Also, the possibility of waves travelling and refracting along 

the subducting slab has yet to be investigated. 

 

 Additional recommendations include research into the influence of the 

geometry of the Moho in the retrieval of body waves. As pointed out by Zhan et al. 

(2010), retrieval of body waves can be achieved under specific conditions mentioned 

in their research. But, what happens with the low velocity zone in the Altiplano? Can 

this zone act as a wave guide, trapping most of the body wave energy? Also, can the 

subducting slab act in the same way, trapping body wave energy? Is that the 

explanation for the body wave observed in this chapter?   
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Chapter 5 

SURFACE WAVE SOURCE-RECEIVER INTERFEROMETRY 

 

5.1 Summary 

 

 The intention of this chapter is to present the results of applying a relatively 

new kind of interferometry, known as source-receiver interferometry, to surface 

waves in the Altiplano. Source-receiver interferometry was first introduced by Curtis 

(2009) and Curtis and Halliday (2010). The method transforms real sources or real 

receivers into virtual sources or virtual receivers, as opposed to conventional forms 

of interferometry which transforms real receivers into virtual sources and real 

sources into virtual receivers. Source-receiver interferometry can be equally thought 

of as transforming a real-source real-receiver pair to a virtual-receiver virtual-source 

pair.  

 

This new form of interferometry is worth applying because it allows the 

calculation of the source-receiver record between two points x1 and x2, without 

having to take a direct measurement. This is useful in cases where geophones are 

found to be operating irregularly during a survey, so new information can be added 

as if it was recorded. This could represent the possibility of infilling periods of time 

during which no signals were recorded by geophones in a survey. Additionally, 

virtual recordings can be compared to real ones to check their quality. Curtis et al. 

(2012) also showed that the virtual recordings contain information about the phase of 

the earthquake source that is not available in the real recordings.  

  

The source-receiver interferometry procedure is a second-order 

interferometric method - that is to say, two steps of interferometry are applied to the 

data. In this work, these two steps could be either cross-correlation or convolution, 

and for that reason, the tests conducted in this chapter evaluated the quality of the 

data and results for the two steps of interferometric calculation involved. 
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Also, this chapter will assess two independent methodologies, one being the 

use of events recorded by geophones (i.e., active earthquake sources) in order to 

perform the interferometric calculations. The other uses passive recordings made by 

the geophones deployed in this project. In order to do the latter, a methodology 

introduced by Bensen et al. (2007), which suppresses earthquake signatures, was 

followed. Both methodologies showed consistent results when compared with those 

from other fields of geosciences. Nevertheless, for the second step of interferometry, 

the methodology using active sources show better quality than those of passive 

recordings. 

  

5.2 Introduction 

 

 Common use of seismic interferometry makes use of correlation, convolution 

or deconvolution to calculate the Green’s function between a pair of receivers as 

though one of them acts as a source. Procedures for calculating such a response 

between the two geophones use either background noise source (Campillo and Paul, 

2003; Wapenaar and Fokema, 2006a; Draganov et al., 2006; Bensen et al., 2007, 

2008; Yang et al., 2008; Yang and Ritzwoller, 2008; Zheng et al., 2008) or active 

sources (Bakulin and Calvert, 2006; Slob et al., 2007; Lu et al., 2008; King et al., 

2011). Other advances (Hong and Menke, 2006, Curtis et al., 2009; Tonegawa et al., 

2010) make use of reciprocity to calculate the Green’s function between two sources. 

  

This chapter is concerned with the application of a combined and new 

methodology, first introduced by Curtis (2009) that turns real-source, real-receiver 

pairs into virtual-receiver virtual-source pairs, respectively. The aggregated value of 

applying this kind of interferometry is because it allows calculating the source-

receiver record between two points x1 and x2, without having to take a direct 

measurement. This is useful in the case of the Altiplano where geophones were found 

to be operating irregularly during the survey, so new information can be added as it 

was recorded, this could represent the possibility of infilling periods of time during 

which no signals were recorded by geophones in a survey. Additionally, virtual 

recordings can be compared to those that are real. 
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 In the Andes case, the geometrical distribution of sources and receivers fulfils 

the geometrical requirements as originally explained by Curtis (2009), and later 

updated by Curtis and Halliday (2010) which presents a methodology to provide 

Green’s functions on source-to-receiver paths. This method is based on three 

representation theorems corresponding to three possible canonical geometries (see 

Figures 1.9 and 1.10). 

 

 In fact, in the Andes case, two parallel lines of receivers were deployed and 

earthquakes occurred during the deployment period. Some earthquakes are 

“surrounded” by the two indicated lines, as can be seen in Figure 5.1. The reason to 

apply this new theory of source-receiver interferometry to the Andes data was that it 

allows adding new source-receiver paths to the existing survey and testing the 

effectiveness of source-receiver seismic interferometry on real data. 

 

 This current piece of research investigated whether it was possible to add this 

new information as it was recorded. More specifically, it was investigated whether, 

by using geophones in the southern profile (PC), it was possible to fill in missing 

recordings in the northern profile (RF). Moreover, the idea was to compare these 

virtual recordings with the real ones, to look for similarities and differences. If 

successful, this could make it possible to infill the periods of time during which no 

signal was recorded by the geophones.     

 

 The results of this chapter are divided in two main parts. The first part shows 

results using active sources. The second shows results using noise recordings. Before 

showing the results of interferometry in part 1, a subsection is presented to the reader 

depicting some typical seismograms.  

 

The intention of this part of the chapter is to familiarise the reader with the 

typical patterns encountered when an arbitrary earthquake is recorded by all the 

geophones in the RF profile line. This will give the reader insight into the 

characteristic patterns of recordings which are later shown to be reproduced by the 

interferometric calculations. Also, this section shows that anisotropy in the velocity 
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field, as found in the results section, was consistent with previous studies in the area, 

and also with real recordings of geophones in the line RF. Additionally, in this first 

part, the second pass of interferometry was applied in order to obtain the final 

Green´s functions that will be compared to the real recordings. 

 

 The second part consists of interferometry using noise sources and shows the 

results of applying the method developed by Bensen et al. (2007), in which 

earthquake signatures are removed from recordings. This section begins by showing 

some examples of how the Green’s function varies by day (over one month), and by 

month (within the entire period of recording) revealing possible changes in source 

mechanism. 

  

In this second part some qualitative comparisons are made between 

interferometric results and real recordings on geophones that lie as close as possible 

to the corresponding virtual source. Of principal importance in this second section is 

the Green’s function for the first step of interferometry because it reproduces the 

recording pattern, observed for real sources, along the RF profile line. As will be 

seen, the quality of the data in the second step of interferometry was not as good as 

that from the active sources. 

  

Finally, some arguments based on the travel time demonstrate that there is 

consistency between the arrival time of the calculated Green’s functions and of the 

real recordings. Also, power spectra made on both real and calculated seismograms 

provide insight into the difference in frequency content between real recordings and 

those coming from passive interferometry. 
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5.3 Data used 

  

A group of nine earthquakes was selected in order to perform the 

interferometric calculation. Pre-processing steps included synchronisation of the 

origin time, filtering and windowing of the event of interest. Also, a group of 20 

additional earthquakes were chosen in order to make qualitative comparisons 

between their first arrival times and those from interferometric calculations. 

 

 Choosing events for this part of the study was not as straightforward as it may 

appear. Even though a substantial number of earthquakes were available, not all of 

them were suitable for performing interferometry. For example, the magnitude had to 

be taken into account for reasons of signal to noise quality. Also, depth was an 

important factor in considering the type of wave recorded by geophones. In this case, 

depths were required to be less than approximately 100 km, in order to ensure that 

mainly surface wave energy was recorded. 

 

 Quality of data is another important factor and is related to the functioning of 

the geophones. In the current case, this was very problematic, as can be seen in 

Figure 1.3, chapter 1. This implied that synchronisation between earthquakes and 

periods of proper functioning of geophones have to occur for an event to be chosen. 

Another additional factor is the relative location of events and geophones. This is 

important especially when considering interferometry using the stationary phase 

approximation. Also, source-receiver interferometry has its own specific geometrical 

requirements. 

 

 As is clear, there are several parameters that need to be tuned in order to have 

the correct geometrical set up and the approximate data ready to perform an 

interferometric calculation. All this implies a time-consuming procedure, and quality 

controls that in practice were carried out by automatic scripts and by visual or 

manual routines.   
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Figure 5.1 Geometrical configuration used to apply interferometry to active sources. In this 
figure, events refer to earthquakes used for interferometric calculations. The earthquake 
shown is used for comparison between real data and interferometry results. 

 

In the case of passive noise sources, continuous recordings between March 

2003 and August 2003 were downloaded in segments of one day for a period of six 

months. Then, the one-day segments were processed following the methodology 

introduced by Bensen et al. (2007). 

 

As explained by Weaver and Lobkis (2005), the diffusive noise source field 

and the cross-correlation of signals between geophones will converge to the complete 

Green´s function - meaning that all reflection, scattering and propagation modes will 

be present. In this piece of research it was assumed that a random field was being 

used. 
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The geophones functioned intermittently during the period of acquisition. 

This resulted in the choice to analyse a particular sub-period of six months out of the 

whole period of almost two years in which the geophones used for this piece of 

research were deployed. Also, a significant number of geophones were not 

functioning during the whole project, as can be seen in Figure1.3 chapter 1.  

 

This resulted in information “voids” along the profile line. Another critical 

point is that of the quality of the data recorded. Even though a geophone could have 

been in operation during the period of time of interest this was not a guarantee of the 

quality of the data. Regarding this point, visual quality control checks were carried 

out in order to ensure good quality of the recordings before they were analysed. 

 

5.4 Method 

 

 As was seen and explained in chapter 1, the method used in this chapter is 

based on the application of source-receiver interferometry by means of equations 1.9, 

1.10 and 1.16. For the geometrical configuration of earthquakes and geophones 

considered in this chapter, the two steps of interferometry were performed by cross-

correlation, due to the relative position of sources and receivers shown in Figures 5.2 

and 5.3. This means we are using the same principle of two steps of interferometry 

but instead of convolution and the cross-correlation we are using two steps of 

interferometry by cross-correlation.  

 

Figure 5.2 shows the first step of interferometry in which a summation 

process is performed over sources that lie within the stationary phase region in order 

to calculate the Green’s functions between PC06 and RF stations. Then, Figure 5.3 

shows the second step of interferometry described by equation 6.1 in which  using 

Green’s functions from the first step of interferometry, the recording in RF of the 

earthquake, and by summing over all stations it is possible to get the Green’s 

function between PC06 and the earthquake. 
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Figure 5.2 First step of interferometry. By summing over sources that lie in the stationary 
phase zone the Green’s functions between PC06 and RF stations have been calculated. 

 
 
 
Figure 5.3 Second step of interferometry. Using Green’s functions from the first step of 
interferometry and the recording in RF of the earthquake. Summing over all stations it is 
possible to get the Green’s function between PC06 and the earthquake. 
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Following source-receiver interferometry, results will be presented for active 

sources where nine earthquakes were used (case 1) and passive noise recordings 

during a period of six months (case 2). 

 

1) Case 1: active sources 

 In the case of using active sources (earthquakes), summations of the cross-

correlation functions to obtain the respective Green´s functions of each step of 

interferometry were performed over the geophones and/or sources that lay in the 

inter-source path of the stationary phase region. Also, similarly to the manner 

undertaken in chapter 3, the geophone recordings were muted by picking P and coda 

P and then applying a taper filter in order to make the cross-correlation easier to 

analyse. 

 

2) Case 2: passive noise recordings 

 The case of passive recording differs from that of active sources in that no 

summation over sources or receivers is needed, because it is assumed that the 

correlated responses are a superposition of uncorrelated sources acting 

simultaneously. In the case of using noise, the methodology of processing consisted 

of the following steps: 

 

1. - Resample to 8 ms in order to make the files smaller and therefore reduce the 

computational time. Remove mean, trend and glitches. 

2. - Seismograms were bandpass filtered between 0.04 Hz and 1.0 Hz. 
3. - To remove the effect of earthquakes: 

 3a. - Envelope functions are calculated. 

3b. - The smooth version of the inverse envelope functions were used to 

weight the corresponding filtered seismograms, resulting in a 1-bit 

seismogram.  
4. - Cross-correlation of the geophone recordings were computed over the day 

segments and stacked. 
5. - All the cross-correlations were normalised between -1 and 1 by dividing by the 

biggest amplitude. The aim of this is to avoid that erratic data and residual effects of 
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earthquakes contributes to the final results. Finally, a bandpass filter was applied to 

improve the image quality of the Green´s functions.  
 

5.5 Results 

 

Before showing the results from interferometry, it is important to be familiar 

with the typical earthquake recording pattern observed along the set of receivers. 

This will give the reader insight into the “behaviour” and characteristics of the 

surface waves recorded. That will be useful when comparing Green´s functions 

coming from interferometry with that of the real recordings. 

 

5.5.1 Study of typical seismograms 

  

 Figures 5.5 to 5.7 present typical horizontal and vertical component 

recordings of the earthquake shown in Figure 5.4. These were made by geophones in 

the RF profile.  

 

Figure 5.4 Earthquake used to show typical recordings patterns along the RF line 
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Figure 5.5 Vertical component recordings along the RF line of stations for the specific 
earthquake shown in Figure 5.4. 

 

 The three components (one vertical and two horizontals: east and north) of 

the earthquakes chosen for this study were downloaded in order to test source-

receiver interferometry, not only in the vertical direction but also in the horizontal 

directions. 
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Figure 5.6 Earthquake horizontal east components along RF line of stations for the specific 
earthquake shown in Figure 5.4. 

 

Figure 5.7 Earthquake horizontal north components along RF line of stations for the specific 
earthquake shown in Figure 5.4. 
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 Additionally, over 20 events from different locations were analysed in order 

to check moveout, the quality of data, and to confirm what seemed to be a high 

velocity region. For simplicity, not all of the events have been presented in this 

section. Figures 5.9 to 5.11 show events 188 and 08 as examples of typical 

moveouts: 

 

Figure 5.8 A subset of 20 events from the whole set of earthquakes were selected and 
analysed for further testing 

  
 

As can be seen from Figure 5.8, a large number of earthquakes occurred 

during the time that the geophones were recording. Nevertheless, even from this 

selection only 20 events could be found that showed data that was useful for the 

current study. Principal problems faced were that only few stations were active, from 

those active stations some of them had bad records and for active stations with good 

recordings not all of them were suitable for analysis.   



____________________________________________________________Chapter 5 

John Gonzalez                                167                             The University of Edinburgh 

 

 

Figure 5.9 Event 188 vertical component recorded along the RF line of stations for the 
specific earthquake shown in Figure 5.8. 

 

Figure 5.10 Event 188 horizontal east component recorded along the RF line of stations for 
the specific earthquake shown in Figure 5.8. 
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Figure 5.11 Event 188 horizontal north component recorded along the RF line of stations for 
the specific earthquake shown in Figure 5.8. 
  

From Figures 5.9, 5.10 and 5.11, and taking into account the location of 

earthquake 188, it was clear from the three components shown that waves travelling 

along the RF profile line traverse a region of different velocities, one fast and one 

slow. It was expected that surface waves will arrive first for geophones located close 

to the earthquake (in this case, near the end of the line or bottom geophones in all the 

figures).  

In this case, first arrivals were almost comparable to arrivals at the beginning 

of the line (upper geophones in all figures) indicating that a zone of low velocity 

should be present. In other words, there is a low velocity zone near the shore. This 

result is consistent with findings from different works, such as Trampert and 

Woodhouse (1996) and Vdovin et al. (1999). 
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Figure 5.12 Earthquakes and low velocity zone. As interpreted from several events  

 

Figure 5.12 depicts a low velocity zone that is consistent with the finding of 

Mauchline (2010) and also with the low-velocity anomalies found in the works of 

Trampert and Woodhouse (1996) and Vdovin et al. (1999) concerning the dispersion 

characteristics of surface waves propagating across South America and the 

surrounding oceans. 

 The next three graphs will show the recordings of the geophones along the 

northern line (RF) for event 08. These graphs are presented here as a second example 

of the typical recordings patterns encountered when recording surface waves along 

the RF line. 
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Figure 5.13 Recordings of the geophones along the northern profile (RF) for event 08. In this 
figure, vertical components of geophone recording are depicted. 

 

Figure 5.14 Recordings of the geophones along the northern profile (RF) for event 08. In this 
figure. horizontal north components of geophone recording are depicted. 
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Figure 5.15 Recordings of the geophones along the northern profile (RF) for event 08. In this 
figure, horizontal east components of geophone recording are depicted 

 

This concludes this section concerning typical recording patterns for line RF. 

The more important lesson learnt from this exercise is that surface waves will travel 

through regions where velocities are divided for zones of high and low velocities, so 

arrival times along the northern receiver line (RF) will differ from expected arrival 

times. In the next section, results from the interferometric calculation will be shown 

and analysed. 
5.5.2 Seismograms obtained from interferometry  

 5.5.2.1 Case 1: use of active sources 

  Figure 5.16 shows the Green’s functions for the first step of interferometry 

calculated between geophone PC06 in profile PC and every geophone in line RF.  

The procedure followed in this part is the one described in section 1.6 of this thesis 

where equation 1.16 is used. Equation 1.16 in essence means interferometry by 

convolution, then interferometry by cross-correlation. In the current case, the two 

steps of interferometry were performed by cross-correlation due to the relative 



____________________________________________________________Chapter 5 

John Gonzalez                                172                             The University of Edinburgh 

 

position of sources and receivers. For the purpose of simplicity and ease of 

visualisation, only P and coda P parts of the seismogram have been selected for 

performing interferometric calculations. 

 

Figure 5.16 Green’s function vertical component for the first step of interferometry. These 
Green’s functions are in agreement in relation to the arrival time, with the real seismograms 
recorded along the RF profile. 
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a) 

 

b)

 

Figure 5.17 Comparison between seismograms obtained from interferometry a) and real 
recordings b). For the ease of visualisation only P and coda P have been kept in figures. 
Please note that apart from geophones 33 and 36 the first arrivals have similar trends in both 
cases. 

 

 The Green’s functions retrieved have the same first arrivals time 

characteristics of real recordings in the sense that they have replicated the velocity 
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features characteristic of the zone. As is already generally known, receivers at the 

beginning of the line were located near the shore, where there was a low velocity 

zone. This made the waves travel slower than those that travelled to the other end of 

the RF profile. Surface waves travelling, for example, from event 08 shown in Figure 

5.14 will travel along different ray paths, so waves travelling from the same initial 

point will be affected differently for the far and near parts of the northern line. The 

result was that arrival times in both extremes of the line appeared to be the same for 

these two different sets of offsets. Results for the low velocity zone near the shore 

were consistent with those from previous studies of the zone by Vdovin et al. (1999), 

Ekstrom et al. (1997) and Trampert and Woodhouse (1996). 

Figure 5.18 shows the result of applying a second step of interferometry 

defined in the method section. 

 

Figure 5.18 Comparison of the Green´s function between the earthquake shown in Figure 
5.1 and geophone PC06 (above) and real recording (for same earthquake) made by 
geophone PC06 (below). In both figures, a bandpass filter of 0.2-3.0 Hz was applied. 

 

In Figure 5.18 arrival times have been marked in red. As can be seen, there is 

a difference in arrival time (arrival time for the calculated green´s function is around 

5s while arrival time for the geophone recording is around 10s), but the main features 
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(pattern of peaks and troughs) of the waves were analogous. The main difference in 

time could be due to the fact that a second-order interferometry method was used. 

This meant that errors from the first step were propagated into the second. Also, there 

were factors, such as attenuation, that were mitigated by using normalisation. 

Nevertheless, normalisation, especially if attenuation played an important 

role, does not always work. Another factor that could account for the difference 

between the two seismograms is the use of only a small number of events to make 

the calculation. Nevertheless, despite all of these setbacks, a good result was 

obtained from the first step of interferometry. 

5.5.2.2 Case 2: Use of passive recordings   

The following section shows how the Green´s functions calculated between 

geophone PC06 and every geophone in line RF vary by day, by month and the 

calculation using all six months of data. These final Green’s functions have been 

compared with the real recordings for earthquakes that occurred near geophone 

PC06. 

 

 

 

 

 

 

 

 

 

Figure 5.19 Green’s function between PC06 and RF01, each calculated using 1 day of data, 
for the month of April 2003. 
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Figure 5.20 How the Green’s function between PC06 and geophones RF01 varies every 
month in the six-month period. 

 

Figure 5.21 How the Green’s function between PC06 and geophones RF25 varies every 
month in the six-month period. 
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Figure 5.22 How the Green’s function between PC06 and geophones RF57 varies every 
month in the six-month period. 

 

 In Figures 5.20, 5.21 and 5.22 there is a small difference in arrival time, 

between corresponding features around 200s for the months of July and August. It is 

interesting to note that seismic activity in the area was more intense (earthquakes 

with a magnitude of more than 7.0) during this period of time, as can be seen in 

Figure 5.23 which shows the magnitude of the earthquakes taking place against days. 

As can be appreciated from Figure 5.23, three major earthquakes with a magnitude of 

more than 7.0 took place around the months of July-August 2003. This variation of 

the Green´s functions are in agreement with the work of Changshen and Zhongliang 

(2009) where the properties of the noise correlation functions depend on the 

underlying mechanism (diffuse wavefield or uncorrelated noise). Also, this is in 

agreement with the work of Tanimoto et al. (2006) where the variation of the noise 

correlation function is linked to seasonal variations in the relative excitation of 

higher modes compared to dominant fundamental-mode Rayleigh waves. 
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Figure 5.23 Plot showing the magnitude of earthquakes as a function of time for the six-
month period considered in this study. Periods during which large earthquakes occurred can 
be related with changes in arrival times in the Green’s functions. 

 

The following figures show the final Green’s functions between geophone 

PC06 and some receivers in line RF. In all plots, the upper figure is the calculated 

Green’s function and in the bottom figure the real recordings from corresponding 

events (even though different in amplitude) are highlighted by arrows. 

 In all graphs presented in this section, comparisons between the calculated 

green’s function and the corresponding real recordings were carried out by using 

earthquakes that were closest to the geophone PC06, as show in Figure 5.24. 
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Figure 5.24 Geometrical configuration for the earthquakes considered. 
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Comparison for horizontal components (using earthquake 00) 

Figure 5.25. For geophone RF01 comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for horizontal east 
component. Corresponding events has been highlighted by coloured arrows. 

Figure 5.26.For geophone RF01, comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for horizontal north 
component. Corresponding events has been highlighted by coloured arrows. 
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Comparison for vertical components (using earthquake 00) 

Figure 5.27. For geophone RF01, comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for vertical component. 
Corresponding events has been highlighted by coloured arrows. 

 

Figure 5.28. For Geophone RF06, comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for vertical component. 
Corresponding events has been highlighted by coloured arrows. 
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Figure 5.29. For geophone RF17, comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for vertical component. 
Corresponding events has been highlighted by coloured arrows. 

 

 

Figure 5.30. For geophone RF21, comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for vertical component. 
Corresponding events has been highlighted by coloured arrows. 
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Figure 5.31. For geophone RF48, comparison between calculated Green´s function (above) 
and real seismogram (below) for the first step of interferometry for vertical component. 
Corresponding events has been highlighted by coloured arrows. 

 

Additional tests to surface-wave interferometry results for case 2 (passive 

recordings) 

 

 Some additional tests were carried out in order to a) add some comparisons 

between real recordings and calculated Green’s functions, b) to demonstrate that the 

difference in distance between the real earthquake and geophone PC06 was 

consistent with the difference in arrival time between the real recordings and 

interferometric results, and c) to show the power spectrum of the real recordings 

when compared to that of the interferometric Green’s function. 

  

The geometrical set up, showing the earthquakes that were used for making 

comparisons against the interferometric calculations is given in Figure 5.24. The 

main problem faced in this part of the research was that none of the earthquakes that 

occurred in the period of time the project was deployed lay in the same geometrical 
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place as that of the geophones. This is an important restriction regarding the issue of 

comparison because it implies that only qualitative relationships can be made. 

  

The remainder of the chapter will concentrate on showing comparisons that 

were made using earthquake 01 (see Figure 5.24) only because the rest of the 

earthquakes were too far away to make corresponding comparisons. 

 

Figure 5.32 shows the whole set (for all geophones) of the calculated Green’s 

functions versus real ones. As the first arrivals are weak, they have been highlighted 

(represented by vertical lines in these figures). Please note that the trend is analogous 

to the real case. 

 

 
 

Figure 5.32 Comparison between real recording and calculated Green’s functions for event 
01. 
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The following figures show a comparison between the real recordings and the 

calculated Green’s functions for the first step of interferometry, for geophones that 

were located in the extension of the path between geophone PC06 and earthquake 01.  

 

These were: RF19, RF21, RF22, RF24 and RF25. The calculated Green´s 

functions are a bit noisy at the beginning of the signal making  the task of picking the 

first arrivals difficult. The approach used here to pick first arrivals was to identify for 

each case the amplitude of the noise or minimum amplitude seen at the beginning of 

the signal, then where the amplitude of the signal doubled, a first arrival is picked. 

For example in Figure 5.33, the amplitude of the noise is 16.67 V/m and the first 

arrival is picked where amplitude become 33.33 V/m. In that way it is ensured that a 

first arrival is picked and not noise or a spurious signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.33 Comparison between Green´s function (above) and real recording (below) for 
the first step of interferometry for geophone RF19. 
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Figure 5.34 Comparison between Green’s function (above) and real recording (below) for the 
first step of interferometry for geophone RF21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.35 Comparison between Green’s function (above) and real recording (below) for the 
first step of interferometry for geophone RF22. 
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Figure 5.36 Comparison between Green’s function (above) and real recording (below) for the 
first step of interferometry for geophone RF24. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.37 Comparison between Green’s function (above) and real recording (below) for the 
first step of interferometry for geophone RF25. 
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Figure 5.38 Interferometric Green’s function (above) for the first step of interferometry and 
interpretation of first arrival of a real recording (below) is consistent with the difference in 
separation. 

 

 

By using an example, it is possible to demonstrate that the difference in arri-

val time observed in Figure 5.38 is consistent with the difference in separation be-

tween geophone PC06 and the earthquake shown in Figure 5.38. Let see why with the 

following calculation:  

If waves are assumed to travel through the great circle path between the 

considered points (position of RF25, PC06 and earthquake 01 in figure 6.34) of this 

geometrical configuration the distance can be calculated using the Java script developed 

by Chris Veness. (See chapter 1, equations 1.17 and 1.18) 

 

 The additional distance travelled by the waves in Figure 5.38 is the distance 

between the position of earthquake 01 and geophone PC06. 

 

For earthquake 01: location = (-24.21; -67.93) 

For PC06:               location = (-25.30; -67.81) 

Distance between earthquake 01 and PC06 = 121.8 km. 
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 The velocity taken from the IAP91 velocity model is around 5 km/s so the 

theoretical difference in time is around 24s. This value is very close to that calculated 

from Figure 5.38. This is only an estimate of real value; nevertheless the numerical 

values are close. A problem in this calculation is the lack of an accurate velocity 

model, the anisotropic nature of the velocities present in the area, and the difficulty in 

interpreting the first arrivals due to the low quality signal-to-noise ratio. 

 

 Finally, a power spectrum plot is presented for both the original recording, 

filtered in the region of the frequency of 0.2-1.0 Hz, and the power spectrum of the 

Green’s function that results from interferometry. The Green’s function is also 

filtered in the region of the frequency of 0.2-1.0 Hz. This plot is important because it 

gives an indication of the frequencies that form part of the signals to be compared, 

and helps with understanding possible differences in the form of the seismograms. 

Figure 5.39 shows the power spectrum for event 01 geophone RF25 and the 

analogous plot calculated from the interferometry-calculated Green’s function after 

application of a bandpass filter that tried to equalise the spectrum by using the 

spectral whitening module of the SAC program. 
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Figure 5.39 Comparison of power spectrum for event 01 geophone RF25.The power 
spectrum gives an indication of the frequencies that form part of the signals to be compared 
and explain possible differences in the form of the seismograms and Green´s functions. 

 

5.6 Discussion 

 

The importance of this piece of research lies in the fact that this is the first 

application of source-receiver interferometry theory over a real data set that has 

originated from an area of high geological complexity. This piece of research 

encountered several difficulties and drawbacks, for example, the fact that none of the 

earthquakes took place in the period of time that the project was deployed, and none 

lay close to the geophones, and this implied that only qualitative comparisons could 

be made. 

 

Another problem to be faced was the anisotropic nature of the velocities 

present in the area and the difficulty in interpreting the first arrivals for the case of 
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the Green’s functions, due to the quality of the signal in relation to noise played an 

important role. 

 

 An additional important complication in the approximation derived by this 

research was that it was conducted in a complex area with proven attenuation of S 

waves (Wölbern et al., 2009), due to zones of partial melted material, and most 

probably the changes in amplitude are due to loss of energy during propagation 

between each receiver pair. This meant that relative amplitudes were not recovered 

correctly, but corresponding arrivals could still be identified. Moreover, the cross-

correlation approach that was used assumed that the medium is lossless, i.e. the 

method did not account for attenuation. This introduced the question of processing 

the data in order to compensate for such effects. 

 

 The issue of attenuation has already been tackled by studies such as that of 

Snieder (2007), in which he stated that in an inhomogeneous attenuating medium 

one needs sources in the volume and the surface of integration for the Green’s 

function extraction. Another possibility in this current case was to work with 

convolutional interferometry because it is valid for media with losses due to the fact 

that such interferometry methods do not need time-reversal to perform calculations.  

 

 Another point set against the current study is that of the frequency content of 

the Green’s function and that of the real recordings. Even though a filter was applied 

to make the frequency content in both signals the same, they will never be exactly 

equal because they came from different processes. This is besides the fact that even if 

a frequency could have been present, such a frequency could have been attenuated 

when compared to that of the real recording. Therefore, the power spectrum will not 

look the same (see Figure 5.39) and, as a consequence, the corresponding signal will 

also not look the same. 

 

Despite all these difficulties and problems some good points and results were 

found that gave a beneficial indication of the suitability of the method for the current 

data. For example, in the case study of passive recordings, the first arrivals of the 
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Green’s functions were different in relative amplitude from those of the real 

recording. Nevertheless, the horizontal east components were more similar in relative 

amplitude than the vertical and the horizontal north ones. This could be an indication 

of the directional nature of the noise source (i.e. the Pacific Ocean in this case). 

Indeed, the eastern component of the reconstructed Green’s function showed a better 

match than other components when compared to the real recording. Again, this is 

consistent with the fact that the ocean is producing noise in a west-east direction. 

  

Further favourable results are that, as shown in Figure 5.38, the difference in 

arrival time between the real recording and the calculated Green’s function is 

consistent with the difference in separation between geophone PC06 and the 

earthquake. 

  

This current research also indicated that the variation of the Green´s function 

between two receivers in a given period of time was related to the source mechanism. 

In fact, temporal observed variations of the Green´s functions can be explained by 

the non-stationarity of the arriving phases. Slight non-stationarity of wave phases can 

cause slow changes in the amplitude of the correlation functions. (De Stefano and 

Clemente, 2006) Also, properties of the noise correlation functions depend on the 

underlying mechanism, to know diffuse wavefield or uncorrelated noise (Changshen 

and Zhongliang, 2009). Additionally, the variation of the noise correlation function is 

linked to seasonal variations in the relative excitation of higher modes compared to 

dominant fundamental-mode Rayleigh waves (Tanimoto et al., 2006). 

 

A distinct way of monitoring the area is by means of coda waves. This idea 

was first introduced by Poupinet et al. (1984) and latterly called coda wave 

interferometry by Snieder et al. (2002). The idea was to track small changes in the 

phase of the coda waves which are caused by velocity changes in the medium.    

 

Unfortunately, this method needs a repeatable source before and after the 

change in the medium is produced, which was not possible in this instance because 

each earthquake is unique in characteristics such as depth, source mechanism, 
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duration, magnitude, location, etc. This was therefore almost impossible to obtain in 

practice.  

  

Finally, and in order to answer the question posed at the beginning of the 

chapter concerning the possibility of infilling missing records, it could be concluded 

that no direct replacement of records could be carried out, because the method only 

served to replicate data in a qualitatively way. Correction algorithms are needed in 

order to be more precise. Nevertheless, qualitative behaviours were indeed 

reproduced. This was a good indication of the validity of the method and is also 

useful information that can be used for other purposes, or to support another 

interferometric calculation.   

 

5.7 Conclusions 

 

 This chapter has not only considered surface wave seismic interferometry, but 

also a new kind of seismic interferometry introduced by Curtis (2009): that of 

source-receiver interferometry. The chapter considered two main methodologies: 

using events and using noise records. As it was demonstrated, both methodologies 

showed good approximation to what could be expected for a single application of 

interferometry. Nevertheless, in the first step of interferometry, the noise procedure 

showed signs of being affected by attenuation, while the active source procedure did 

not.     

 

 Even though both methods seemed to produce coherent results when 

compared to real cases, results could only be compared in a qualitative way due to 

limitations such as good quality of data, and that none of the earthquakes lay in the 

same geometrical place as the geophones in line PC. Also, from both methodologies 

that were checked for the second step of interferometry mentioned and explained in 

section 5.4, the data was not clean enough in the case of noise sources. 

  

One important factor to take into account for further studies is that of the 

relation between attenuation and scattering. In fact, in the case of noise sources, 
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attenuation plays an important role in the sense that the signal retrieved cannot 

recover the same amplitude. Nevertheless, features in seismograms are analogous. 

This could be an indication of the limitation of the methodology presented here or it 

could indicate that a gain function has to be applied to the data before the 

interferometric calculations can be carried out. 

 

 As was confirmed during the work presented in this chapter, qualitative 

behaviour of a virtual geophone placed in the location of a real one will reproduce 

the expected response. Nevertheless, in order to add new information to fill in 

missing recordings, a correction algorithm that takes amplitudes into account is 

required. 
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Chapter 6 

DISCUSSION AND CONCLUSION 

 

6.1 General remarks 

 

 The purpose of this chapter is not to repeat the conclusions already outlined in 

each chapter but to present a unified view of the whole thesis, making appropriate 

conclusions, remarks and recommendations for future studies. 

 

 Seismic interferometry has proven to become an established methodology 

over recent years. At the same time, the Altiplano region is a zone of complex 

geology and geophysical characteristics as well as a zone of worldwide interest due 

to the controversy over its process of formation. Several research works have been 

conducted in the area, which allowed us to test new ideas with seismic interferometry 

and to compare the results from this research with previous studies. This was 

important because one of the aims of this project was to study to what extent the 

virtual receiver, obtained from interferometry, emulates the response of a real sensor 

placed at the same location of the virtual receiver.  

 

The way to approach this was to apply the different established and new 

methodologies of seismic interferometry to the area making the task of interpreting 

different results from different methodologies simpler and, for the same area, 

comparing the efficacy of different methodologies such as: 

 

 The stationary phase approximation with the novel concept of 

transforming a source into a virtual receiver.  

 The coda wave approach together with a proposed methodology of 

convolution and cross-correlation.  

 The passive recording technique together with a novel idea of 

retrieving body waves by means of reflected waves, and  

 The implementation on real data of the novel technique of source-

receiver interferometry. 
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 Regarding the limitations of this research, it is imperative to point out the 

problems associated with the data. Due to the difficulty with access to the area and 

severe weather conditions, geophone stations operated in a discontinuous way during 

the survey time of the REFUCA project. This not only affected the availability of the 

data, but also the quality of recorded data. The main action taken to circumvent these 

problems was pre-processing of the data. Other factors affecting the quality of the 

data set were, for example, GPS timing problems and also the high noise content of 

the data coming from the functioning of the geophones which can lead to incorrect 

noise processing (for seismic interferometry seismic noise is desirable, but not 

electronic noise from geophones). Both cases were treated by rejecting the recording, 

in the case of the GPS problem, or by applying filtering and or rejection, in the case 

of noisy records. 

  

One way to predict the success of the application of the interferometric 

technique in the first stages of this research was the execution of a pilot project that 

measured to what extent positive results could be obtained by the use of seismic 

interferometry. This pilot study was summarised in section 1.7 and, by the time it 

was performed, gave good, positive results in the sense that the novel technique of 

turning earthquakes into virtual receivers (Curtis et al., 2009) was implemented for 

the first time in an area of high geologic complexity, and which showed a clear 

indication of direct surface wave arrivals and moveout, related to inter-source 

distance, at the considered receiver stations.  

 

Also, interferometric results were shown to be compatible with previous 

velocity studies conducted in the area. Nevertheless, information concerning the 

source mechanism of the earthquakes considered and studied in this thesis was 

another drawback that this research had to manage. Even though the seismic 

information was as complete as possible in the seismic catalogues, source 

mechanisms were not always available for the earthquakes chosen for this research. 
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Another point that was problematic for this project was the velocity model 

needed for ray tracing in order to calculate travel times which were compared to 

travel times obtained from interferometry. This difficulty was relieved by making use 

of velocity models from previous research carried out in the area. Also, the previous 

velocity models were used to compare results from interferometry. Finally, common 

problems like storage and calculation capacities were solved, thanks to the resources 

of the University of Edinburgh. 

 

6.2 Stationary phase approximation 

 

 Chapter 2 and the student pilot project showed that it is possible to retrieve 

body and surface waves using the stationary phase approximation. So, these two 

pieces of research achieved the first objective of this thesis, that of constructing an 

artificial or virtual sensor for any energy source that could then be used to detect 

surface and/or body waves. Nevertheless, results indicate that several factors have to 

be taken into account and results need to be analysed and compared to other methods 

in order to recognise possible bias introduced in the interferometric procedure. 

 

For example, in chapter 2 the complexity of the medium and the strong and 

rapid velocity changes dictated a constraint on the separation of the sources 

(earthquakes of Table 2.1) that were used to calculate waves travelling between them. 

These sources had to be near each other in order to retrieve reliable information, 

indicating that in future research in complex media, separation distance between 

sources cannot be greater than the distance at which the velocity changes in a 

significant way. 

 

 Additionally, the student pilot project conducted at the beginning of this 

research programme brought attention to the importance of the quality of the data, 

the accessibility to it and the feasibility of the seismic interferometry method to the 

Altiplano area.    
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 In relation to the second aim of this research, that of assessing as to what 

extent the virtual receiver, calculated by seismic interferometry, emulated the 

response of a real sensor placed at the same location, both chapter 2 and the student 

pilot project made that assessment by comparing velocity information obtained from 

interferometry with that from other methods such as tomography, and/or the receiver 

functions technique.  

 

Results for body waves were consistent with pre-existing information, 

implying that velocity information retrieved by interferometry is reliable. A different 

result was obtained for body waves, (chapter 2) in which velocities inferred from 

seismic interferometry differ from those from tomography but reproduces qualitative 

behaviour of the velocity field (especially the low velocity zone). 

 

6.3 P and S coda wave interferometry 

 

 Coda wave interferometry was tested in chapter 3. The new proposed 

methodology of combined correlation-convolution applied to coda P and coda S 

wave proved to be successful for retrieving body waves. Also, the calculated velocity 

of the retrieved waves agreed with the expected velocity for body wave in the 

Altiplano. 

 

 Additionally, new conclusions were drawn from the application of the 

methodology proposed in chapter 3 to the area, for example, coda S wave failed to 

produce a clear retrieved wave (Figure 3.7) result that is thought to be caused by the 

zone of partial melting material present in the Altiplano. So, as a concluding point, in 

this case it is suggested to use coda P instead of coda S. 

 

  Another important conclusion drawn from the results of this section is that of 

source distribution in depth. From the simulations run, it was concluded that if the 

correct Green’s function is to be estimated then earthquakes considered in this 

chapter for interferometry calculations, must reach the surface. 

 



____________________________________________________________Chapter 6 

John Gonzalez                                199                             The University of Edinburgh 

 

 The combined methodology of cross-correlation and convolution proposed in 

this chapter help to describe the apparently contradictory behaviour of the retrieved 

waves (Figure 3.4, for example) such as the inverse moveout observed in the plots of 

the retrieved waves as well as the arrival time for long offsets. This combined 

methodology was derived by considering the relative geometrical relation between 

earthquakes located in the subsurface, geophones at the surface and virtual sources in 

the surface. These parameters together with the source distribution (as was seen from 

the simulations) are fundamental when defining the interferometric methodology to 

be used in this and in future studies. 

 

6.4 Passive recordings 

 

 Since the pioneering work of Shapiro and Campillo (2004) the technique of 

seismic interferometry by the use of passive recordings has been demonstrated to be 

robust. In this research, the retrieval of surface waves was clear as seen from the 

results in chapter 4 by which the first aim of this research was accomplished. The 

surface velocities derived from interferometry using passive recordings agreed well 

with previous information about the velocities in the area, indicating that the method 

is valid and confirming that the waves retrieved were in fact surface waves. This 

contributed to the second aim of the research for which the comparison is between 

the velocities values obtained. 

 

 In relation to body waves retrieval, as was seen in chapter 4, for the Altiplano 

plateau there was no indication of body wave retrieval meanwhile for the Puna 

plateau the situation was different. Two wave packets were observed (Figure 4.9) 

whose velocity difference indicated the possibility of surface and body waves being 

retrieved and not Rayleigh and Love waves - because such a difference is not 

consistent with the expected differences for Love and Rayleigh waves for this zone 

as explained by Vdovin et al. (1999). The fact that body waves are not retrieved in 

the Altiplano plateau and are retrieved in the Puna plateau can be related to the fact 

of simpler geology of the Puna plateau (Heit, 2005). For example, there is no 

partially melted material zone. This implies that the methodology only works when 
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the geometry of the Moho and the velocity structure above it is as simple as possible; 

a result that is in agreement with the conclusions derived from the work of Zhan et 

al. (2010). In this research some indications of body waves were obtained from 

results in the Puna plateau. As seen in this case, the velocity retrieved agreed well 

with the expected body wave velocity for the zone. Nevertheless, for the Altiplano 

plateau no positive results were found. 

 

 The results obtained for the Altiplano and Puna plateaux points to the fact that 

continuity of the Moho and the relative impedance contrast are important factors for 

successful body wave retrieval. For example, surface waves retrieved in chapter 4 

section 4.4 showed strong and weak signals observed along the Altiplano, which are 

thought to be due to the continuity and impedance contrast of the Moho.  

 

These results are in agreement with the results found in the work of Giese et 

al. (1999); to be more specific the signal from the eastern part was clearer than that 

from the western part of the Altiplano. Also, this research showed that the length of 

the line or profile of geophones located at the surface is a limiting factor when 

retrieving surface or body waves from seismic interferometry (Figures 4.8 and 4.9) in 

the sense that a profile with long offsets will give more information (such as for 

example refracted waves in Figure 4.8) of the media than a profile with short offsets.  

Finally, a suggestion for further research will be to take into account interferometry 

factors such as the impedance contrast and geometry of the subducting slab, because 

it could trap body waves that can be retrieved by the method. 

 

6.5 Source-receiver interferometry 

 

Source-receiver interferometry is a novel idea within seismic interferometry 

originally proposed by Curtis (2009). As this idea has only been tested, so far, on 

synthetic data and for data coming from New Zealand, this part of the research aimed 

at testing it on real data for the Altiplano region. 
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The source-receiver interferometry method was tested in this research by 

using two different approaches: deterministic sources and passive noise recordings. 

Both methodologies met the first aim of the research by demonstrating that surface 

waves could be retrieved by source-receiver interferometry. They do that by showing 

good approximation and coherent results when compared to real cases. The second 

aim of the research was to assess to what extent the calculated virtual receiver 

emulates the response of a real sensor placed in the same location as the virtual. In 

this research, this second aim was achieved by comparing the pattern structure of the 

retrieved Green’s function and that of the corresponding real seismograms. 

 

  All of these comparisons show that surface waves were retrieved, implying 

the validity and usefulness of the method. Nevertheless, important conclusions and 

recommendations were draw from this research, such as for example, in the first step 

of interferometry, the passive recording method showed signs of being affected by 

attenuation, as did the active source method but in a lesser manner as was seen from 

the analysis of Figures 5.18 for the active case and Figures 5.25 to 5.31 for the 

passive case. 

 

 Another important conclusion is that results can only be compared in a 

qualitative way due to limitations such as quality of data and that more of the 

earthquakes do not lie in the same geometrical place as the geophones in line PC. 

Nevertheless, features such as the arrival times for every geophone along the 

northern profile in seismograms are analogous. This is an indication of the 

limitations of the methodology presented here. 

 

 Another drawback for the application of interferometry is attenuation. As was 

seen from sections 5.5.2.1 and 5.5.2.2, a gain or recovery function needs to be 

applied to the data before the interferometric calculations can be carried out.  

Another possibility for the attenuation case is to work with convolution 

interferometry because it is valid for media with losses due to the fact that such an 

interferometry method does not need inversion in time to perform calculations.   
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6.6 General recommendations 

 

 The third aim of this research was to establish a methodology for retrieving 

surface and/or body waves in a complex area, such as the Altiplano, and to delineate 

advantages and disadvantages of the said methodology.  As was seen from this thesis, 

every methodology has points in its favour and points against its application, and it is 

not straight forward to choose which methodology is the best to apply to a given case 

study.  

 

 The general advice inferred from this research is that, when dealing with a 

new area, if the intention is to apply interferometry, the best practice is to start by 

conducting a pilot project in order to test all methodologies available and decide 

which one works best, then apply this methodology to the whole area and data set. 

 

 As a concluding remark relating to the aims of the research, it can be said that 

they were, in general, achieved. Nevertheless, care has to be taken as to what extent 

these results are valid or applicable. The importance of this research is the 

information that may be retrieved from every technique, such as the velocity 

structure, and/or in the case of this research, characteristics of the zone of partial 

melting such as boundaries and its velocity field. 

 

6.7 Future research 

 

 This research has made use of the most common techniques within seismic 

interferometry. Future research in the area should take into account recent 

developments such as that of interferometry by deconvolution which improves the 

quality of the retrieved Green’s function, or developments that take into account 

attenuating and moving media, or other facts such as diffusion, bending waves, 

elastodynamics and irregular illumination.  

 

Some reference that has already taken such factors into account can be found 

in the work of Slob et al. (2007) and Halliday and Curtis (2009), where they 
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considered interferometry by cross-convolution. Draganov et al. (2010) used an 

adaptive filter to deal with the problem of losses and at the same time estimate 

attenuation parameters. Additionally, interferometry by multidimensional 

deconvolution takes into account attenuating media, as explained by Schuster and 

Zhou (2006), and Wapenaar (2008a, 2008b). 

 

 Also, new algorithms within seismic interferometry have been proposed 

recently, like that of Curtis and Halliday (2010b) or that of Poliannikov (2011); both 

consisting of two consecutive applications of seismic interferometry, which opens a 

new range of possible results. Poliannikov (2011) demonstrated for a synthetic model 

that it is possible to image a subducting slab. Unfortunately, in this current research, 

the intermittent functioning of the receivers made the fold of coverage a problem 

and, as explained in the introduction section, this idea had to be abandoned. Future 

studies in the area should take into account this problem and apply such a procedure 

on real data. 

 

 One interesting possible direction of research is that of directional bias in 

passive noise and active source wavefields. Bias can be introduced in Green´s 

functions estimates when amplitudes of energies have directional variations. 

Correction algorithms have been proposed previously, for example, van der Neut and 

Bakulin (2009) proposed a method based on wavefield separation and Wappenaar et 

al. (2008b) proposed a correction method based on multidimensional deconvolution.  

 

More recently Curtis and Halliday (2010) proposed a method that corrects for 

dimensional bias for interferometric estimates. In the Altiplano region, the main 

source of passive noise wavefields is the Pacific Ocean. This fact makes wavefields 

become stronger in one direction and an algorithm has to be developed in order to 

correct for this directional contribution. Future research will do that by defining a 

methodology analogous to that of Curtis and Halliday (2010). Even though this 

current research did not take this into account, future research projects could be 

focused on the detection and correction of possible interferometric errors caused by 

the directional nature of the illuminating wavefields. 
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Another possible research direction is that of the changes in the medium such 

as velocity field, measured by seismic interferometry. But the changes measured by 

interferometry can also come from a change in the illuminating wavefield, for 

example, a change in the swell of the ocean colliding against the shore. Such changes 

in the source mechanism leave the medium intact; nevertheless it can be measured by 

seismic interferometry. Future research should discriminate between these two kinds 

of changes. 

 

  

. 

 

 

 . 
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Scenario B: Reference receiver: P wave and coda P; rest of receivers: P wave 

and coda P. 

 
 

 
Figure A.1 Scenario B in which the P wave arrival and the P coda are used for both the 
reference receiver as well as the rest of the receivers. 
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Scenario F: Reference receiver: P wave; rest of receivers: P wave and coda P 

 

Figure A.2 Scenario F in which, for performing interferometric calculations, the reference 
receiver consisted of only P arrivals and the rest of the receivers P arrivals and coda P. 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A                                                                      

 

John Gonzalez                                221                             The University of Edinburgh 

 

Scenario G: Reference receiver: P wave; rest of receivers: Coda P 

 
 
Figure A.3 Scenario G in which, for performing interferometric calculations, the reference 
receiver consisted of P arrivals and the rest of the receiver of coda P. 
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Scenario H: Reference receiver: S wave; rest of receivers: S wave 

 

 
Figure A.4 Scenario H in which, for the purpose of interferometric calculation, the reference 
receiver consisted of S arrival and the rest of the receivers of S arrivals. 
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Scenario J: Reference receiver: S wave; rest of receivers: P wave 

 
 
Figure A.5 Scenario J in which, for interferometric calculation, the reference receiver 
consisted of S arrival and the rest of the receivers consisted of P wave arrival. 
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Scenario K: Reference receiver: P wave; rest of receivers: S wave 

 
 
Figure A.6 Scenario K in which,  for interferometry calculations, the reference receiver 
consisted of P wave arrival, the rest of the receivers consisted of S wave arrivals. 
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Month of March 2003 

 
Figure B.1 Estimated Green’s function’s for the month of March. Virtual source location at 
RF14. 

 

 

Figure B.2 Green’s function for the month of March. Virtual source location at RF17. 
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Figure B.3 Green’s function for the month of March. Virtual source location at RF19. 
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Month of April 2003 

 

Figure B.4 Green’s function for the month of April. Virtual source location at RF12. 

 

 

Figure B.5 Green’s function for the month of April. Virtual source location at RF14. 
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Figure B.6 Green’s function for the month of April. Virtual source location at RF17. 

 

 

Figure B.7 Green’s function for the month of April. Virtual source location at RF19. 
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Month of May 2003 

  

Figure B.8 Green’s functions for the month of May. Virtual source location at RF12. 

 

 

Figure B.9 Green’s function for the month of May. Virtual source location at RF 14. 
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Figure B.10 Green’s function for the month of May. Virtual source location at RF17. 

 

Figure B.11 Green’s function for the month of May. Virtual source location at RF19. 
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Month of June 2003 

Figure B.12 Green’s function for the month of June. Virtual source location at RF12. 

 

 

Figure B.13 Green’s function for the month of June. Virtual source location at RF14. 
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Figure B.14 Green’s function for the month of June. Virtual source location at RF17. 

 

 

 

Figure B.15 Green’s function for the month of June. Virtual source location at RF19. 
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Month of July 2003 

Figure B.16 Green’s function for the month of July. Virtual source location at RF12. 

Figure B.17 Green’s function for the month of July. Virtual source location at RF14. 

 

 

 



Appendix B                                                                      

 

John Gonzalez                                235                             The University of Edinburgh 

 

 

 

Figure B.18 Green’s function for the month of July. Virtual source location at RF17. 

Figure B.19 Green’s function for the month of July. Virtual source location at RF19. 
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Month of August 2003 

 

Figure B.20 Green’s function for the month of August. Virtual source location at RF12. 

 

 

 

 
Figure B.21 Green’s function for the month of August. Virtual source location at RF17. 
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Figure B.22 Green’s function for the month of August. Virtual source location at RF19. 
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Puna Plateau 

 

Month of April 2003 

 

Figure B.23 Green’s Function for the month of April. Virtual source location at PC09. 

 

Month of May 2003 

 

Figure B.24 Green’s function for the month of May. Virtual source location at PC09. 
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Month of June 2003 

 

Figure B.25 Green’s function for the month of June. Virtual source location at PC09. 

 

Month of July 2003 

 

Figure B.26 Green’s function for the month of July. Virtual source location at PC09. 
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Month of August 2003 

 

Figure B.27 Green’s function for the month of August. Virtual source location at PC09. 
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 Results for six months of data 

 

 The following showed plots that correspond to the test results obtained from 

the six months of data, given that they include a summation over the whole six-

month time period. 

 

Altiplano plateau (21°S) 

 

Figure B.28 Green’s functions. Virtual source location at RF12. 
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Figure B.29 Green’s functions. Virtual source location at RF14. 

 

Figure B.30 Green’s functions. Virtual source location at RF17. 
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Figure B.31 Green’s functions. Virtual source location at RF19. 

 

Puna plateau (25.5°S) 

Figure B.32 Green’s functions. Virtual source location at PC09. 
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