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Abstract

The fundamental strategy in designing an efficient 3-D seismic tomographic

inversion technique is to minimize the computational work without sacrificing

accùracy. To some extent, one can say that the main task in 3-D seismic tomography is

not the algorithm itself,, but its practical computational realization. Therefore,

notwithstanding the theoretical development of new methodologies in the thesis, much

effort has been concentrated on how to make the algorithms (or methods) applicable

and tractable in real 3-D cases.

A cell node modification was introduced by adding secondary nodes to reduce the

total number of nodes and cells without losing acc;rrracy in the 'irregular' shortest path

ruy tracing procedure, and for relative ease of incorporation in the inversion procedure

without a prohibitively large number of velocity unknowns. An automatic model

adaptation process was devised to save both the memory space requirement on the

computer and to decrease the program run time. A relative arrival time tomographic

procedure was developed to overcome the drawbacks of having a database

contaminated with systematic timing errors and to maximize the data coverage. A

multiple earlhquake hypocenter location process with simple calculation of the analytic

Jacobian matrix was implemented to deal with a large travel time database in the 3-D

case. A multi-step travel time tomographic procedure was developed to make a large

3-D model computable on a standard personal computer and also to fully use all the

available earthquake data (for example, regional events, local earthquakes and

explosions) to reveal deep structure for a local velocity model. Other contributions

include the joint inversion for determining both the velocity model and the source

hypocenters in the absence of well determined source parameters , and an automatic

onset time picking algorithm using a combined (energy and autoregressive coefficient)

method to pick both first P and S arrival times simultaneously. All the above works
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were undertaken to make the tomographic procedure fast and realizable for 3-D real

problems.

As an application of newly developed inversion techniques, the velocity field under

Rabaul volcano was recovered down to a depth of 20 km. Two low velocity zones (with

- l0% velocity contrast) are present in the shallow crust. An overturned velocity

structure exists in the medium depth region, suggesting SV/-NE compression. A deep

low velocity zone (possibly with -10% partially melt status) is linked to the top shallow

magma reservoir by a pipe-like low velocity channel, infening the possibility of

existence of deep magma storage.
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Chapter 1: Introduction

1.1 Motivation

The Rabaul region of Papua New Guinea is an area of major volcanic and

seismological interest. The last major eruption of Rabaul volcano was in 1994. Several

refraction seismic investigations have been carried out in the region to elicit

information on crustal structure. The deduced l-D velocity model has been used for

determining the hypocentres of local earthquakes. A much more refined 3-D velocity

model is needed to improve the accuracy of earthquake locations. To this end, the

RELACS experiment was undertaken in1997198, involving the deployment ofportable

seismic instruments both on land and on the sea floor around the volcano. Explosions,

local earthquakes, regional earthquakes as well as teleseisms were recorded over an

extended period, with the objective of tomographically imaging the caldera structure

and mapping the crustal architecture. The data from this experiment provided the

motivation for the present study.

Seismic tomography has been applied on a variety of scales, from near-surface

velocity structure and attenuation estimation (e.g. Matthew and Brzostowski, 1992) to

deep mantle dynamic structure determination of the Earth's interior (Van der Hilst et al,

1997;Kennett et aL,1998). Some specihc uses have been to lithospheric studies (Aki et

a1.,1977; Mc Queen and Lambeck,1996; Graeber et aL,2002); petroleum exploration

(Justice et al,I99I), mineral deposit evaluation (e.g. Cao and Greengalgh, 1995), and

civil engineering investigations (e.g. V/itten et al,1992). Very few papers have dealt

with volcano structure determination (Thurber,1987;Laigle and Hirm, 1999; Dawson

et al, 1999) Haslinger et al, 2001, Finalyson et aL,2003).

1.2 Seismic Tomography and Inversion

The main idea of kinematic seismic inversion (traveltime tomography) is to image the

interior of an inaccessible body (target) by using raypaths and traveltime information
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obtained from sources and receivers along its boundaries. Well-known and routine

examples of image reconstruction are in medical examination (CT or computerized

tomography) where the interior of the human body is made visible by X-rays without

physical intrusion. Similarly, in the earth sciences, it is possible to use seismic waves to

determine and distinguish the velocity structure without taking a dense array of drill

core samples.

In traditional travel time tomography, one f,rrst guesses the velocity field (à priori

information) and then performs an actual physical experiment within the medium to

obtain observational data. The velocity field can be modeled to find the theoretical

raypaths and traveltimes according to Fermat's principle or the eikonal equation. This

process is called forward modelling. The calculated traveltimes (theoretical times) are

compared to those observed from the seismograms and the differences between the

theoretical and observed data are used to estimate a change to the model along the travel

paths so as to decrease the residual effors of the traveltimes. The new updated model is

re-simulated by another synthetic experiment, iterating the above sequence until the

residual error is sufficiently small, or until no further improvement (in the least squares

effor sense) can be achieved. Finally, the updated velocity model (last velocity model)

is taken to be a good approximation to the velocity structure of the study area.

Seismic tomography provides the exciting prospect of systematic and

knowledge-based exploration, much superior to and more efhcient than blind search.

The significant attention it has hence received is reflected in the vast amount of

literature over the last three decades. For example, seismic ray tomographic techniques

have been developed for various kinds of seismic surveys for different purposes, such

as VSP, surface or cross-hole, and successfully applied to reconstructing the 2-D and

3-D wavespeed structure of the subsurface from a few metres depth down to several

kilometers using the active source data; and from the crustal structure to mantle

structure of the Earth using natural earthquake sources. However, many applications

and researchers have shown that seismic ray tomography does not yield resolution as

good as seismic diffraction tomography or waveform inversion (e.9., Williamson,l99I;

Pratt and Goulty, 1991), especially in the spatial resolution and in distinguishing the

velocity discontinuity.

2
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Diffraction tomography also has a weak assumption (weak energy scattering

assumption), and hence has its limitation in applications, due to ignoring second-order

effects of plane-wave scattering, such as multiples. To overcome above drawbacks,

there have been increased interesting in incorporating more complex model (Gen et al,

1993 and 1994), or ray-based diffraction tomographic techniques (Gelius,l995a, b and

c). These are the techniques of 'generalized diffraction tomography'.

Full-waveform inversion offers a more complete solution of the wavefield than does

diffraction or ray tomography (e.9., Pratt and Worthington, 1988; Taranlola, 1984).

Both the time-domain (see for example, Sambridge et aL,1991) and frequency-domain

(see for example, Pratt, 1999) approaches of full-waveform inversion make it possible

to produce a high-resolution image of the wavespeed structure. However, due to the

consideration of computational efficiency, much emphasis has been addressed on

frequency-domain appro ach.

A brief review on the main steps in seismic tomography will now be given under the

following heading, (1) data collection and picking error estimation; (2) model division

or cell discretisation of the velocity field; (3) ray tracing and traveltime calculation; (4)

inversion algorithm; (5) enor estimation and results of analysis.

1.2.1 Data collection and error estimation

The collection and processing of observational data is an important first step in

seismic tomography. Squires et al (1992) investigated the effects of statics on velocity

tomography, and found that traveltime errors of 2 percent can cause tomographic

velocity errors of up to 7 percent. Gruber (1998) also analyzed the influence of data

errors on the f,rnal imaging results. He concluded that the velocity contrast could be

masked by relatively moderate data effors. In this situation the inversion image could

not give the true velocity distribution in target areas having a relatively small velocity

contrast. To some extent one can say that a good dataset can lead to the true velocity

estimation. Traveltime elrors are most likely introduced by source parameter

uncertainty (for example, origin time uncertainty) in the event location and data

processing, random noise at the observation site, especially when the SA{ ratio is low or

the later arrivals are buried in the strong coda of the early arrivals.

3



Chøpter I : Introduction 4

Phase onset time picking becomes acute when dealing with a large number of data.

Earle and Shearer (1994) used an energy method to deal with the records from the

Global Digital Seismic Network (GDSN) and compared the automated onset time

picking with analyst time picks previously reported to NEIC. Tong and Kennett (1996)

also used the energy technique to identify and pick the later phases of broadband

seismograms. Vidale (1986) exploited polarization analysis applied to complex traces

to recognize Rayleigh and Love waves, whereas Aster et al (i990) used a polarization

hlter to highlight the direction of linear ground motion so as to produce a

linearity-enhanced seismogram. Wagner and Owens (1996) proposed the use of the

principal eigenvalue in the frequency domain as a detector. Takanami and Kitagawa

(1988, 1993) used an auto-regressive technique to pick secondary arrivals in a regional

seismic network, while Leonard and Kennett (1999) extended auto-regressive methods

to three-component analysis of broadband records. Withers at al (1998) have

systematically compared several trigger algorithms currently used for onset time

picking and give details of comparisons in the time and frequency domains, and also for

particle motion and adaptive processing. Bai and Kennett (2000; 2001) developed a

novel synthetic algorithm for onset time picking. They combined the energy technique,

auto-regressive representation and instantaneous frequency analysis to form a robust

onset time picking algorithm directly applied to unfiltered records without rotation, and

used polarization attributes to separate S waves from P waves.

Based on the above discussion, it is necessary to estimate the data errors before

proceeding with tomographic inversion. Otherwise, there is no guarantee of obtaining a

reasonable velocity estimation. In some cases one can obtain a velocity image, but it

may lose physical meaning. In such situations, one must find another way to get a

realistic velocity image. For example, datapre-processing and data pre-selection (Tinti

and Ugolini, 1990) can be used to improve the inverse problem solution. The

double-trace tomography algorithm (Dobroka, 1992) can be used to neglect the origin

time contribution; while relative travel time tomography (in chapter 5) eliminates the

source parameter uncertainty, and overcomes systematic arrival time errors.

The selection of a suitable dataset is also an important factor in obtaining a realistic

image. One must have enough rays to illuminate the target field and data coverage
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around the target must also be sufficient to image it. To get full ray angular coverage,

different depths of earlhquakes and also different epicentral distances of events from

different azimuths must be employed.

ln exploration, Chiu and Stewart (1987) combined well logs, vertical seismic prof,rles

and surface seismic data to determine three-dimensional velocity structure.

McCaughey and Singh (1997) presented a method that recovers velocity and interface

geometry simultaneously by combining normal-incidence and wide-angle traveltime

datavia a tomographic method. Bai and Greenhalgh (2004) put forward anew approach:

a multi-step travel time algorithm-combining regional events with local earthquakes to

improve the data coverage and explore deep seismic raypaths so as to image local deep

velocity structure.

The most suitable technique for onset time picking in the future will be to develop a

robust automatic trigger algorithm in real time analysis or an on-line facility for

simultaneously picking at least two main aruivals.

1.2.2 Model division and cell discretisation of the velocity field

One must first divide the study area into a3-D grid of velocity values using some à

priori information on the geology of the target area, so as to simplify the model and

make it suitable for numerical modelling. The 3-D grid may be regular (rectangular,

triangular), irregular, or dlmamic in that it may change. It is often assumed that the

velocity in each small cell is constant or obeys a linear relationship along a fixed

direction, but more complex approximations to the real world involve using irregular

grids. Sambridge et al (1995) used Delaunay and Tetrahedra natural neighbour cells to

interpolate an irregular data set to reconstruct the velocity field. This is a very useful

idea in the case where one has an irregular distribution of observation stations on a

global or regional scale. Vladimir and George (1997) also used irregular cells to

develop a two-pointray tracing technique in 3-D transversely isotropic, heterogeneous

media. The advantage of this method is that it yields traveltimes as an explicit function

of the model parameters.

Michelini (1995) exploited an adaptive-grid formalism that allows for simultaneous

inversion of velocity and modification of the position of the grid points. The method

therefore seeks the optimal grid configuration to def,rne the model. This can help in

5
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experimental design in choosing the best points for observation stations. Vesnaver

(1996) also used an irregular grid in seismic tomography and developed a new

ray-tracing algorithm, which was able to simulate transmitted, reflected, refracted and

diffracted waves. Bohm and Vesnaver (1999) systematically analyzed the effect of grid

division on inversion results and concluded that the possible non-uniqueness and

inaccuracy of seismic inversion solutions may be the result of an inadequate division of

the model space with respect to the acquisition geometry and the velocity field sought.

They overcame this problem by modifying the grid of the inversion system according to

the velocity distribution obtained at an intermediate step.

An alternative method to approximate the non-linear nature of the study target is to use

a regular basic cell (for example, a cubic cell in the 3-D case) with specified secondary

nodes. This enables the definition of a tri-linear (or non-linear) velocity distribution

across the cell (Bai and Greenhalgh,2004).

The most suitable grid in the future will be an iruegular one that better represents

the real target geometry, along with a non-linear velocity function across the cell to

approximate the velocity field of the target.

1.2.3 Ray tracing and traveltime calculation

Seismic ray tracing has been tackled by a number of authors (Julian & Gubbins 1 977;

Um & Thurber 1987; Sambridge & Kennett 1990). As part of the inversion process one

must incorporate a ray-tracing algorithm to calculate raypaths and traveltimes at the

various iterations. There arc maîy algorithms for ray tracing and traveltime estimation

so that it is not easy to decide which one is superior. No detailed comparison among the

different methodologies has been given in the literature. There are basically three

approaches for two-point ray tracing: the shooting method, the bending method and the

method of characteristics (Sun 1993).

In the shooting method, ray tracing is accomplished as an iterative initial value

problem. In moving from the source to the receiver, the shooting process is guided by

Snell's law or the ray equation. The shooting angle at the source point is iteratively

adjusted until a ray intersects the targeted receiver. Shooting methods can be very

efficient if a large set of rays is traced for closely spaced receivers. The drawback of the
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shooting method is that the target points are frequently not well-behaved functions of

the shooting angle, making some rays impossible to trace.

ln the bending method, ray tracing is handled as an iterative boundary-value problem.

To trace a ray, a proposed ray path connecting a source and receiver is iteratively

refined. In many bending algorithms, the path is refined by discretizing some form of

ray equation or by minimizing the traveltime with respect to the node positions along

the path. Such an algorithm often leads to a set of equations with the node positions as

the unknowns. Bending methods are advantageous over shooting methods when the

receiver positions are ill-behaved functions of the shooting angle. The disadvantages

are that it is computationally expensive to prepare and simultaneously solve these linear

systems of equations, and sometimes the solution gets trapped in a local (as opposed to

global) minimum.

ln the method of characteristics, the traveltime fields or wavefronts are first

constructed by solving the eikonal equation (for example, Coultrip, 1993). The

stationary paths having minimum traveltimes constitute the raypaths. Alternatively,

rays can also be traced by following the wavefront normal from the receiver to the

source. The method of characteristics can be efficient if rays for a large set of receivers

and sources are required.

A popular method in recent year is the wavefront construction (WC) method (Vinje et

a1.,1993), which enables one to recover later as well as first arrivals.

Among so many methods two approaches have tumed out to be promising in the sense

of computational efficiency and solution accuracy in first arcival calculation. One is

graph theory (GT) or the shortest-path method, and the other is the finite difference

method (FDM).

(1) Network method using graph theory

The shortest-path method in seismic ray tracing (Nakanishi and Yamaguchi, 1986;

Saito, 1989; Moser l99l; Klimes and Kvasnicka,Igg4; and many revisions thereafter)

offers advantages in computational effrciency, accuracy, robustness and global results.

The global result means that the algorithm constructs the shortest paths from one source

point to all other points of the seismic network simultaneously. The shortest-path

method is robust, because it always gives the first arrival time of the wave energy,

7
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regardless of the complexity of the velocity medium, and even when classical ray

theory breaks down, such as in shadow zones. By increasing the ray angular coverage

and density of nodes of connections between them, the shortest paths can be brought

arbitrarily close to the global minimum travel time paths between sources and receivers.

There are no problems with ray path convergence or with being trapped in local minima.

Meanwhile, the shortest-path method calculates not only the travel times, but also keeps

track of the ray paths. This is important information for use in an inversion procedure

that requires the ray path information to form the Jacobian matrix, or in other

seismological applications, where ray paths are required or need to be updated (such as

in seismic event location). Much work has been done to improve both the algorithm

itself and reduce the program run time. For example, based on graph theory, Cao and

Greenhalgh (1993) proposed a new minimum traveltime tree algorithm to calculate

seismic first-break time fields and raypath distributions. They used a dynamic directed

graph (digraph) to keep track of nodes requiring updating, which is claimed to require

fewer edges than other approaches, Fischer and Lees (1994) presented a technique to

improve the efficiency of shortest path ray tracing. The improvements included a

perturbation of rays at interfaces according to Snell's law, using fewer nodes. Klimes

and Kvasnika (1994) developed a 3-D network-based ray tracing method (INTERVAL),

which finds first breaks with the help of an improved heap algorithm. They gave an

analysis on computation time that they found to be at least five times faster than the

method of Moser (1991). Bai at al (200Q revised the 'irregular' approach of the

shortest-path method in 3-D ray tracingwith two new features. Its advantages over the

'regular' approach of the shortest-path method are its ability to handle high contrast

velocity models due to the tri-linear velocity function applied to calculate the velocity

value on the secondary nodes, less memory requirement and less CPU time, and the

capability to calculate a relatively large 3-D model without losing accuracy, provided

enough secondary nodes are employed to maintain a good angular coverage.

(2) Solution of the Eikonal equation by the finite difference method

Vidale (1988) and many revisions thereafter (for example, Van Trier and Symes, 1991;

Qin, and Luo, 1992; Cao and Greenhalgh , 1994) suggested a ray tracing method based

8
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on solving the eikonal equation using a finite difference approach and then extended it

to the three dimensional situation (Vidale, 1990). Based on the finite difference

approach of Van Trier and S¡rmes (1991), William and Schneider (1995) extended the

upwind finite difference method to 3-D cases to estimate traveltimes and raypaths, and

gave an example of application of this technique to 3-D prestack Kirchhoff depth

migration.

In the future the most promising algorithm in ray tracing and traveltime calculation

will combine two factors: (1) The algorithm will not only calculate thefirst aruival, but

also deal with the later aruivals (such as head waves, reflections, refractions,

dffiactions, or multiple arrivals, at the same time); (2) the efficiency of the

computation will be dramatically improved, which is an important issue in forward

modeling.

1.2.4 Inversion algorithms

Inversion algorithms fall into two main categories: Traveltime tomography and

waveform inversion. Traveltime tomography includes first arrival (P or S waves)

traveltime inversion, because it only uses picked arrival times to compare to the data

obtained from forward modeling to form the misfit function (objective function), no

matter which arrival time is used. Waveform inversion (including reflection, refraction

and diffraction tomography) is normally called wave-equation tomography, because it

requires the theoretical solution of the wave equation in either the time-domain or the

frequency-domain. It uses the observed full waveform to match the waveform

amplitudes and phases obtained from forward modeling. It is best implemented in the

frequency-domain for reasons of computational efficiency. To minimize the misfit or

objective function there are three basic approaches: a linear solver, alinearized solver

or a non-linear solver. For linear and linearized inverse problems there are maîy

well-established methods such as Least Squares Criterion (LSC), Conjugate Gradient

(CG), Algebraic Reconstruction Technique (ART), Backpropagation, Simultaneous

Iterative Reconstruction Technique (SIRT), and Singular Value Decomposition (SVD).

To assure convergence and to regularize the problem, a smoothing or filtering

technique is always incorporated to form a combined method. For less severe

non-linear inverse problems, the simple way is to linearize it on a local scale and
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transform the large-scale non-linear problem into a local linearized problem. For highly

non-linear inverse problems the usual approach is to use ray perturbation theory, a

Monte Carlo approach, or more efficient global optimization techniques, such as

Simulated Annealing or a Genetic Algorithm.

For reasons of computational effrciency, travel-time tomography and full waveform

inversion in a strict non-linear sense are seldom pursued in the 3-D case. There are only

a few papers that deal with real 3-D seismic tomography (i.e., Zelt,1994; Colombo et al,

1997; Gochioco, 2000). In order to overcome the drawbacks of a single method of

seismic tomography, there are a few genuine combined approaches that have turned out

to be useful and practical. Pratt and Goulty (1991) put forward an algorithm to combine

wave-equation images with traveltime tomography to form high-resolution images. In

this method they first estimated the velocity field using traveltime tomography, and

then used the velocity estimates from traveltime tomography as a reference model for

wave-equation imaging. They overcame the imaging result uncertainties of full

waveform inversion where there is a relatively large deviation of the à priorl model

from the true model. Luo and Schuster (1991) also proposed a wave-equation

traveltime inverse algorithm (V/T) to overcome the high-frequency assumption of

traveltime tomography and the high non-linearity of the misf,rt function with respect to

velocity perturbations in full waveform inversion. They also demonstrated that in the

high-frequency limit, WT inversion reduces to ray-based traveltime tomography and is

approximately equivalent to full-waveform inversion when the starting velocity model

is close to the actual model. These novel ideas can be easily extended to the 3-D case.

To further overcome the drawbacks of traveltime tomography, it has proven useful to

combine later anivals and amplitude information to form a joint inversion algorithm.

For example, Su and Dziewonski (1997) hrst used a joint seismic tomographic

approach of bulk sound and shear wavespeed to reconstruct the upper mantle structure

with different P and S arrival datasets. Kennett et al (1998) also used joint seismic

tomography of bulk sound and shear rwave speed, but with the same P and S wave

datasets, to reconstruct the mantle structure on a global scale. These papers were the

first to separate the influence of compressibility and shear modulus variations. Vinji et

al (1993) used wavefront construction to simultaneously calculate the traveltime and
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amplitude. The basic idea of this wavefront construction (WC) is to use ray tracing to

estimate a new WF from the old 'WF. Vasco et al (1996) also simultaneously used

traveltime and amplitude inversion to reconstruct the velocity field and the attenuation

distribution.

Much work on waveform inversion has been performed for 2-D and 2.5-D cases,

especially in the frequency domain. Song and V/illiamson (1995) proposed a

full-waveform inversion algorithm in the frequency domain, which used a 2.5-D

finite-difference forward modeling method. Zhou and Greenhalgh (1998) put forward

another approach: a full waveform inversion algorithm in the frequency domain, which

used a 2.5-D finite-element forward modeling method. Bunks at al (1995) used the

multi-grid method in waveform inversion in order to avoid trapping by local minima.

The implementation of this multi-scale technique required three steps. The first is an

operator that restricts the original problem to large scales; the second is an operator that

performs relaxation on each scale; the third is an operator that injects the solution

available from a large scale into the problem setting at a shorter scale. An important

direction for future research for this study must include a thorough study of different

types of multi-grid schemes, and how automatic, adaptive methods can be obtained for

determining the optimum scale decomposition and the number of relaxation iterations

per scale.

Another promising freld in seismic tomography is reflection, refraction and

diffraction tomography. Zhang and Toksoz (1998) proposed a new non-linear

refraction algorithm in travel-time tomography and applied this method to image the

shallow velocity structure. Lallly and Sinoquet (1996) used a smooth model in

reflection tomography to compare with blocky models, and applied it to estimate

geological structure. Wang and Braile (1996) proposed a new approach to simultaneous

inversion of reflection and refraction seismic data using a stochastic method. In this

field the depth migration technique þrestack or poststack) is always used jointly to

obtain a relatively accurate solution.

Future inversion schemes will chiefly concentrate on novel approaches to overcome

problems with non-linearity, computational fficiency, sensitivity, convergence,

accuracy, resolving power, and solution non-uniqueness.
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1.2.5 Error estimation and results of analysis

Unlike medical tomography where the human body is accessible in any direction by

ray paths, seismic tomography experiments are in most cases restricted in a fixed

direction or plane such as in boreholes, between two orthogonal lines (i.e., walkaway

VSP), two parallel lines or a local network of recording stations on Earth's surface.

These restrictions may result in solution non-uniqueness, which means that two or more

different solutions satisfy the same set of data. Another major problem is non-linearity

that certainly reflects the true velocity structure of the study area, but usually the

non-linear problem has been simply linearized for reasons of theoretical development

and computational efficiency, as discussed above. This imposes limitations on solution

accuracy, where an image result is invariably obtained, but it may not be meaningful.

Therefore error estimation and results of analysis (uncertainty and resolution) are

important integral parts of seismic tomography. There arc a large number of different

inverse schemes available; it is necessary to understand their limitations and the

validity of their applications. Because of the non-linearity and high-dimensionality of

the inverse problem, these objectives are more difficult to achieve than the

development of a new inverse scheme. However, the typical routine for error estimation

and results of analysis is to compare the results obtained to the results that have an

analytic solution (in the case of synthetic or numerical experiment), or were extracted

by well-known inverse schemes in the same field.

The main areas of future research in 3-D seismic tomography will be concerned

with: (1) the choice of velocity model for forward modelling, including an fficient
algorithmfor raypath estimation and traveltime calculation; (2) the data collection and

data coverage; (3) the development of a novel inverse approach to tackle the

non-linearity, computational fficiency, convergence, sensitivity, accuracy and

solution non-uniqueness; (4) the development of a result analyzer and comparator to

evaluate the merits of the inverse scheme; (5) the use of later arrivals, amplitude

inþrmation, or other geophysical data to improve data density, and image reliability.
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1.2.6 Problems in seismic tomography

(1) Configuration restrictions

The placement of sources and receivers imposes restrictions on the ray distribution and

view angles at which the target can be illuminated. Such configuration restrictions may

result in some regions being not amenable to imaging.

(2) Number of parameters

In seismic tomography (especially in travel-time inversion) there are only a few

parameter restrictions in the misfit function (or in the waveform correlation function).

In this situation, one always faces more equations than unknown parameters. Too few

parameter restrictions are more likely to lead to solution non- uniqueness.

(3) Computation restriction and theoretical simplifications

The natural world is non-linear in most cases. Thus the non-linear aspect certainly

reflects the true velocity structure of the study area, but one usually simplifies the

non-linear problem as a linearized one for reasons of theoretical development and

computational tractability. This is especially true in 1-D and2-D inversions, where the

effects of the second or third dimension are neglected. This imposes limitations on

solution accuracy.

(4) Limitation of the inversion algorithm itself

Another problem is the limitation of the inversion algorithm itself. For example,

travel-time tomography with restricted information (just first P or S arrival time

information) fails to distinguish the discontinuity in the velocity field, while waveform

inversion requires a much more accurate first guess model, which is impossible in most

cases (especially for initial investigations). These limitations restrict the applications of

seismic tomography.

(5) Unobtainable data quality in most cases

For conventional traveltime tomography, small onset time effors and a good picking

function are required. This is even more important for later arrival picking, where one

cannot tolerate a large picking error, especially when dealing with small contrasts in the

velocity field. For waveform inversion, one cannot synthesize the theoretical

seismogram if there is a lack in detail about the velocity model. For a satisfactory

picking function, one seeks an algorithm that can pick at least two arrivals
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simultaneously (say first P and first S arrival). In many situations, especially large

datasets, manual picking is intolerable. A large picking error (in travel-time

tomography) or a large deviation from the true velocity model (in waveform inversion)

leads to imaging results that are unreliable.

1.3 Seismicity of Rabaul Volcano Region and Related Investigations

Earthquakes can be categorized into two main types: tectonic and volcanic. The

former relates to structural deformation and movement, which mostly takes place along

plate boundaries or pre-existing faults. The latter is related to volcano generation and

development. Whether earthquakes lead to volcanic eruptions or whether volcanic

activity triggers nearby earthquakes is still an open question. This hot topic has

attracted much attention in the international geophysical literature. The evidence is

clear however that before and after volcanic eruptions there is associated seismic

activity.

Rabaul Volcano lies on the active Circum-Pacific earthquake belt. This belt accounts

for most the world's earthquake energy release and also hosts most of the world's

volcanos - the so-called "Pacific Rim of Fire". Figure 1.1 shows the locations of

Rabaul volcano and other active volcanoes of the Bismarck Volcanic Arc, eastern

Papua New Guinea and the corresponding earthquake locations in the same region. The

seismicity in this region is mainly distributed along the volcanic arc.

Rabaul volcano is located on the island of New Britain in Papua New Guinea. Its

caldera is one of the major volcanoes of the New Britain Island. Rabaul volcano and

associated seismicity provide a good example of the correlation between volcanic

eruptions and earthquake activity. Figure 1.2 is a histogram of the Rabaul Volcano

caldera-related earthquakes from 1968 to 1998. The seismic ring before the volcanic

eruption of 1994 is shown in left panel of Figure 1.3 (This seismic pattem was observed

as early as 1970's). The relatively random distribution of epicenters after the 1994

Rabaul volcano eruption is shown in right panel of Figure 1,3.
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Fig.1.1 The location of Rabaul volcano and the active volcanoes of the Bismarck Volcanic
Arc (upper panel), eastern Papua New Guinea, and corresponding earthquake
locations (bottom panel), from Finlayson et al, 2001
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(M , = 5.landM , = 4.1) occurred immediately before (24 hours ahead) the eruption,

causing much damage and disruption in Rabaul township and the surrounding area.

Three seismic swarrns occurred after the eruption, until 1998.

42û S

4,30 S

15215 E t52.2tB

Fig.1.3 Volcano-related earthquake distribution before and after 1994 Rabaul volcano eruption
(Left panel: Seismic ring from 1983 to 1985; Right panel: Random distribution from 1995
to1998; from Finlayson et al., 2001)

One may ask the questions: Did the two earthquakes lead to the volcanic eruption?

Why did the seismic ring disappear after the eruption? Does the nearby seismic activity

tell us anlhing about an impending eruption? How can the public be warned? To help

answer these questions, one needs to analyze the relationship between earthquakes and

volcanic activity. These require improvements in the accuracy of hypocentres of

volcano-related earthquakes, which in turn requires a valid 3-D velocity model for the

Rabaul region.

The controlled source seismic experiments conducted around Rabaul in 1967 and

L969, and reported by Finlayson et al (1972) and Finlayson and Cull (1973), are

reviewed in chapter 2. From these studies two basic velocity models were derived for

the region:

(1) A l-D velocity model for the P wavespeed down to depth of 40 km, deduced by

V/iechert-Herglotz inversion of explosion travel time data; and (2) Two roughly

layered 2-D velocity models for P wavespeed down to a depth of 40 km, determined by
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time term analysis of refraction data. One profile is for the Bismarck Sea to Solomon

Sea, the other for the Bismarck Sea to the Pacific Ocean.

The RELACS experiment of 1997198 (see chapter 2) has been analyzed in a

preliminary sense (Gudmunsson et aI, 1999; Finlayson et al, 2003) to yield more

detailed information on the velocity structure over a much more restricted region and to

shallower depth. Two wide-angle reflectiorVrefraction profiles from marine shots,

running from the Baining Mountains to St Georges Channel, and from Towakundum to

Tokua Airport (Finlayson et al., 2007), were interpreted by iterative ray tracing to

produce 2-D velocity models extending to 10 km crustal depths. Seismic data from both

explosions and local earlhquakes, recorded on an areal distributions of up to 76 stations

(both land and marine) around Rabaul, were tomographically analyzed to produce a

rough 3-D velocity model extending also to the depths of 10 km.

The 196711969 refraction profiles were aimed at delineating tectonic boundaries and

deducing Moho topography on a relatively large scale, while the RELACS experiment

was designed to map velocity structure on a small scale around Rabaul volcano. The

primary purpose of this recent experiment has not been fully met. There are several

unanswered questions that remain:

(a) What is the deep 3-D velocity structure under the Rabaul region, which is

important to explain the volcanism (say at least 20 km depth)?

(b) What is the S-wave velocity model (I-D,2-D and even 3-D) around the Rabaul

region, which is more critical to explain the shear modulus?

(c) How can the volcanic earthquakes be located more precisely; this needs a deeper

3-D velocity model for mid-depth events around the Rabaul region (these mid-depth

earthquakes may be much more linked with generation and development of volcanic

structure)?

1.4 Thesis Objectives and Research Achievements

This doctoral dissertation was undertaken to answer the above questions. The main

objective was to make full use of the RELACS dataset to reconstruct the 3-D velocity

structure around Rabaul volcano. To achieve this objective, it was necessary to make
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improvements, refinements and further developments to 3-D ray tracing, event time

picking and tomographic inversion. Specifically, new techniques were devised to

accommodate timing errors, to incorporate regional earthquakes, to recomputed

regional event hypocentres prior to tomography, and to make the whole process

accurate and efficient.

A summary of the main research achievements is given below:

1.4.1 Data collection and onset time picking

It was necessary to develop an automatic onset time picking algorithm to

determine at least two arrival times (say first P and first S anival) simultaneously for

both single- and three-component records of local and regional events from the

RELACS database. This adds both P and especially S arrival time picks to the database

of the original RELACS project (see Finlayson et al, 2007), in readiness for P and

S-wave travel time tomography, In chapter 9, some revised picking functions are

presented (such as the energy function, an auto-regressive technique, and a

combination technique), and several algorithms are compared. Finally, a combined

picking technique was used to simultaneously deduce both first P and S-arrival times as

much as possible for local events (including explosions), and especially near-regional

earthquakes.

1.4.2 Ray tracing in 3-D arbitrary media

In chapter 3, a new 3-D ray-tracing program based on the 'irregular' shortest path

approach of the graph theory was devised, with modified cell node definition and a

tri-linear velocity function across each cell. It was set up for arbitrary media and

requires less memory storage and is much faster than the 'regular' approach. It is used

to calculate travel times and associaled raypaths, for subsequent inversion. The

maximum eror bound was obtained within a homogeneous media, which may be

considered as an upper error bound in the whole model for real problems.

The 'irregular' approach in this study has been compared with the 'regular'approach

both in theoretical consideration, and in two specific velocity models that were

previously used by the 'regular' approach. The numerical tests indicate that the new

approach is able to obtain a high accuracy of traveltimes and related raypaths for a high

contrast velocity model involving a relatively large cell size, but with sufficient



Chapter 1 : Introduction 19

secondary nodes. In the sense of computational efficiency and the accuracy of the

computed travel times, the 'irregular' approach is more applicable than the 'regular'

approach in real 3-D problems.

To achieve the computer memory reduction and improved run time, an automatic

function was incorporated into the ray-tracing program to automatically select a

relatively small (variable) model according to each source to seismic network

deployrnent. This results in nearly 50% reduction in the memory requirement and a

corresponding decrease in the program execution time. It is thus of practical usage in

3-D seismic forward modeling.

1.4.3 Non-linear travel time inversion

In chapter 4 an efficient and accurate procedure for non-linear travel time inversion

was developed so as to incorporate it with the forward modelling to form a fast and

reliable algorithm for 3-D traveltime tomography. The inverse solver is based on a

damped, minimum norrn, least-squares approach (DMNLS), incorporating constraints.

Instead of taking segments of ray paths as the elements of the Jacobian matrix, the time

derivative to changes in velocity as elements of an analytical Jacobian matrix are

calculated according to specified velocity and travel-time equations. A 2-D

alpha-trimmed means filter is applied in the final image to avoid sharp velocity changes

Finally, several numerical tests were performed to analyze the efficiency, accuracy and

sensitivity of the inversion procedure. The results indicate that the program works well

in high contrast velocity media (say, more than20o/o velocity contrast), and also under

tolerable levels of noise (less than l0o/o relative effor both in travel time and model

perturbation).

1.4.4 Event hypocentral determination in 3-D arbitrary media

In order to reduce the location errors of events and provide a good quality of travel

time dataset, a netv earthquake hypocentral location program was developed for 3-D

arbitrary media to relocate local and near-regional events around the Rabaul volcano

before starting the RELACS data inversion. In chapter 7 , the details of the robust and

accurate event hypocenter location program were presented for 3-D arbitrary media. It

uses a modified shortest-path algorithm as the ray tracer and DMNLS-I as the inversion
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solver. In order to avoid the instability of elements of the Jacobian matrix, a simple, but

robust method of analytic Jacobian matrix calculation was followed, The time

derivatives with respect to source position changes in three directions were achieved

through six search directions to explore the octant space. To test the accuracy of the

location program in arbitrary 3-D media, several synthetic tests and a real example in

relocating explosions were conducted. They showed the remarkable ability to locate

events, even in depth, when the starting source hypocenters are in appreciable error.

1.4.5 Relative arrival time tomography

Chapter 5 is concerned with an alternative to travel time tomography, especially

important where there are systematic timing errors, source location uncertainty, and

limited data coverage. It uses relative times, referred either to the minimum time, or the

mean time. The two approaches are analyzed and compared against each other as well

as against absolute travel time tomography. Several numerical tests on s¡mthetic models

indicate the success of relative arrival time tomography. An investigation is made into

accuracy and sensitivity to noise for both the systematical and random effors in travel

time data.

1.4.6 Joint seismic tomography

To develop a program of 3-D joint travel time (or arrival time) inversion for updating

both the velocity model and the source positions, a combination approach that ties

together the new 3-D earthquake location and 3-D travel time tomography procedures

was devised in chapter 8. ln order to test the eff,rciency and accuracy of the procedure,

three numerical tests were simulated to analyze and examine the above issues. The

results show that a good velocity image and improved source location can be obtained

only if there is a rough estimate of the velocity model and the source locations.

Otherwise, there is no reason to proceed. As expected, there is a trade-off between the

quality of the velocity model and the precision of the source hypocenters.

1.4.7 Multi-step travel time tomography

Given the need to reconstruct local but deep 3-D velocity structure, chapter 6 presents

a multi-step travel time tomography algorithm. Regional sources are included, along

with local sources (explosions, earthquakes) to maximize the data coverage and to

illuminate deep parts of the structure. The regional events have rays that arrive at
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steeper angles from below the local model volume. V/ithout the additional sources, it

would be diffrcult to image beyond shallow depth. The local velocity model, on a fine

grid scale, is embedded within the regional velocity model (large scale). Rays are traced

in 3-D through the regional model to find the intersection points (and corresponding

travel times) from the regional sources. These intersection points on the local model

volume constitute new "secondary sources". Tomography then proceeds on the local

model using both primary plus secondary sources around the local volume. Results

indicate that this is a feasible way to proceed, because it saves on computer

requirements and yields an accurate 3-D velocity distribution.

1.4.8 Application to reconstruction of the Rabaul volcano structure

The newly developed techniques are applied to real data analysis in chapter 10 to

reconstruct the 3-D velocity structure of Rabaul volcano. A 1-D velocity model both

for P- and S-waves was first obtained by the Weichert-Herglotz inversion method.

Then using this 1-D velocity model to relocate the regional events to reduce the initial

location errors (due to the large-aperture (global) seismic array used) before the final

3-D travel time tomography was undertaken. Finally the 2-D velocity model across

Rabaul, and also the 3-D velocity model under the Rabaul region \Mere recovered down

to a depth of 20 km. This is a more complex and detailed structure than obtained from

previous studies. The deduced velocity models and the Rabaul volcano structure are

briefly discussed.

In summary, all the above works were undertaken to make the tomographic

procedure fast and realizable for 3-D real problems. For these purposes, the associated

programs all link in such away that the input and output files have a simple and easy to

handle format. There are also intermediate outputs, which can be easily checked as the

program runs or as new input data is available. In this way, the tomographic inversion

procedure can be done consecutively without intemrpting and disturbing the final

results of the whole process.
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Chapter 2z Thrc Seismic Experiments and Preliminary

Results for the Rabaul Region

2.1 Introduction

In this chapter I review and summarizethe main finding of the 1967 and 1969 seismic

refraction surveys and the 1991-1998 RELACS project (acronynr for Rabaul

Earthquake Location and Caldera Structure). To some extent, this dissertation is a

continuation and supplementation of the RELACS project, and so it is important to

understand how the experiment was conducted, how the data were acquired and what

was initially achieved.

2.2 Previous Seismic Refraction ProfÏles

Two phases of geophysical investigation were carried out in the New Britain-New

Ireland region in 1967 and 7969 (Brooks, 1971; Finlayson, 1972). They involved

refraction profiles and gravity surveys, as well as marine sparker reflection profiling

and magnetic profiling in surrounding waters. The work was done by the Bureau of

Mineral Resources, Australia (now named Geoscience, Australia), and was aimed at

studying the crustal structure of the region, specifically to define major boundaries of

the complicated tectonic plates. Geological mapping was also carried out in the region.

The Hawaii Institute of Geophysics conducted companion marine geophysical

investigations, which have also contributed to the knowledge of crustal structure in the

New Britain and New Ireland areas.

The primary pu{pose of the refraction surveys was to determine depth to the Moho,

map variations in its topography, and to delineate major boundaries in the upper crust.

The 1967 survey entailed 26 seismic stations and 46 shots, mainly concentrated on a

small region around Rabaul volcano. The 1969 survey was distributed over a much
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wider area of New Britain-New Ireland so as to gain regional data coverage. It entailed

47 stations and 54 shots (Finlayson et al, 7973).

From these seismic refraction surveys, a l-D velocity model was obtained for the

Rabaul region, down to depths of 40 km, by Wiechert Herglotz inversion of the travel

time vs distance graph (Finlayson et al., 2001); two 2-D roughly layered velocity

models for P wavespeed down to a depth of 40 km, determined by time term analysis of

refraction data. One profile is for the Bismarck Sea to Solomon Sea, the other for the

Bismarck Sea to the Pacific Ocean (see Figure 2.I lor details)'
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Fig.2.l Representative crustal cross-sections from time-term analysis in the New Britain-New
lreland region (from Fig. 9 of Finlayson and Cull, 1973)

2.3 RELACS Experiment

The seismic velocity model routinely used at RVO (Rabaul Volcanological

Observatory) is a one-dimensional plane-layered model, based mostly on the P-wave

velocity results of Finlayson and Cull (1973a, b), with later modifications (Almond and

McKee, 1982). The FASTHYPO method (Herrman, 1979) is used to determine the

earthquake locations from the travel-time database of the Rabaul seismic network. But

studies have shown that changing the velocity model results in both lateral and vertical

shifts in the hypocentral distributions (for example, Stewart, unpublished RVO

F e4)

F.11
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technical note, 1994). That is, the location process is model-dependent. Clearly, there is

a need to develop an improved method of determining earthquake hypocenters based

on a valid 3-D velocity model for the Rabaul caldera. This would improve the

credibility of the RVO interpretations of the earthquake focal patterns in the uppermost

15 km of the crust, and within a radius of 25 km from the caldera. Such improvement

would yield a better image of the possible magma source regions at depths down to

about 20 km.

The 19 September 1994 eruplion of the Rabaul volcano drew much attention to the

limitations in the capacity of the existing volcano monitoring system at RVO to provide

timely warnings of eruptions. It was clear that an improved volcano monitoring system

and seismic analysis capability at Rabaul and other locations throughout PNG was

needed. The RELACS project was undertaken to address this need. Specifically, the

plan was to improve the capability to successfully monitor volcano activity, and to

develop a better understanding of the relationship between earthquakes and volcanic

eruptions. A 3-D velocity model was deemed to be an important first step at improving

the accuracy of hypocenter location, and visualizing the subsurface.

RELACS was a collaborative project involving the former Australian Geological

Survey Organization (AGSO-but now renamed as Geoscience Australia or GA), the

Research School of Earth Sciences, Australian National University (RSES, ANU), the

Laboratory for Ocean Bottom Seismology, Hokkaido University, Japan (LOBS, HU),

the Dept. of Geology and Geophysics, University of Wisconsin, USA (DGG, UW) and

Rabaul Volcanological Observatory (RVO, PNG). The project was funded by

AUSAID and JICA, the foreign aid organizations of Australia and Japan, respectively.

2.3.1 Purpose of RELACS

The project had three important goals (Finlayson et al', 2001):

(1) To provide an improved 3-D model of the seismic-wave velocity structure in the

Rabaul volcano areato depths of at least 15 km in order to improve the accuracy with

which the locations of volcano-related earthquakes can be determined.

(2) To improve knowledge of magma storage and the possible magma generation

reglon.
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(3) To improve the capability of RVO staff to analyze,interpret and display earthquake

data from the Rabaul earthquake database for public planning and decision-making

purposes using a volcano-hazardmapping and information system (VMIS).

2.3.2 Design of field investigations

(1) Three wide-angle seismic profiles

A wide-angle seismic profiling technique using marine shot sources was

designed to determine the velocity variations in the uppermost 10 km of the volcano

caldera. This method has the precise timing and positioning of sources, which helps to

reconstruct a 3-D shallow velocity model in details. Figure 2.2 shows the location of

three wide-angle seismic profiles used in the Rabaul region during the RELACS project'

The data acquisition was conducted over five-month period (from 5 November 1997 to

12 January, 1998).

Fig.2.2 Location of three wide-angle seismic profiles used in Rabaul region during RELACS
project (Star: Explosions; Circle: Onshore recorders, from Finlayson et al., 200'1)

(2) Temporary seismic network deployment

A seismic network comprising a maximum of 75 recorders (single as well as

three-component recorders) at 5 km spacing across the target region was deployed for a
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5-month period in three stages (Stage 1: 21 August to 3 November,1997; Stage 2: 4 to

17 November,7997; Stage 3: 18 November, 1997 to 12 January, 1998). This was

mainly for recording the local earthquakes, regional events in the New Britain--New

Ireland region, but also teleseismic events from the Pacific-SE Asian-Indian

Ocean--Southern Ocean regions. Figure 2.3 shows the location of all temporary and

permanent RVO seismic stations and marine shots in the Rabaul region during the

RELACS project (for more detailed information, see Finlayson et al', 2001).

Fig.2.3 Location of all temporary (triangles) and permanent RVO (White circles) stations and

marine shots (black circles) during RELACS project (1997-1998)

2.3.3 Data acquisition and preliminary processing

Among the recorders were 30 single component solid-state seismic instruments

(built at Al.{tJ) provided by AGSO. They used a sampling rate of 50 samples/sec and

provide 80 Mbyte data storage. Another 25 identical single component solid-state

recorders were from RSES, ANU, which were adapted to three-component recording

during seismic profiling with shots at sea. RVO provided 13 recorders (including 6
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three-component recorders) with 1 Hz shorl-period seismometers. They form the

stations of the permanent network. A total of eleven three-component analogue and

eleven three-component digital recorders were supplied by University of Hokkaido,

Japan. They used 3.5 Hz geophones as the sensor and the digital recorders having a

sample rate between 64-256 samples/sec. Seven three-component portable

seismographs with 1Hz HS-10 geophones and recording at a sample rate of 100

samples/sec were provided by the University of Wisconsin, USA. Another 2 Refraction

Technology (RefTek) broadband seismic recorders with RefTek 72A digital

acquisition and CMG-3T 3-component seismometers were supplied by RSES, ANU. It

is worth pointing out that these recorders were not all simultaneously in operation

during the 5-month period. The RELACS database has an aveÍage 40 records per event.

This number was decreased in stage 3 to about 10 records per event at the end of the

period.

The data described in the following sections were mostly obtained on the ANU digital

recorders. These recorders use solid-state PC cards (flashcards) as the data mass storage

device in each instrument (two per recorder). During service visits to the seismic sites

these flashcards were exchanged so as to maintain continuous recording. Data were

then downloaded to larger storage devices at a central processing office based at the

Rabaul Volcanological Observatory. The data processing included three main stages:

(1) Data conversion from ANUF field data to SUDS format

The first data processing step undertaken by RELACS staff consisted of developing

an automated event detection routine that was then used to construct lists of seismic

events from the RELACS experiment. Cross comparison of the timing of these events

at all the recording stations then served the purpose of eliminating various noise

events.

Approximately 2300 events were detected automatically. About 850 events were

recorded by more than 50 o/o of all recording stations in operation at a given time.

These 850 events form the basis of a seismic event list for which data were archived.

Additional events were chosen at strategic locations and azimuths from NEIC (The

National Earthquake Information Centre) and USGS (US Geological Survey) seismic
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bulletins where the earthquake magnitude indicated that the event might be detected by

the seismi c afray around the Rabaul region during the observation period of the

RELACS project.

Usually two minutes of data were extracted for each station and event pair using the

program 'codfatsg.c' developed by RSES staff at ANU. This was increased to three

minutes and even more for distant events (the greater the distance to the earthquake,

the greater the time separation of P waves and S vr'aves, thus the need for a longer

record). The solid-state recorder stored the data in ANUF (AlfU format); it later was

converted to SUDS (Seismic Unified Data System) format. All other data from OBS

and RVO were transferred to ANU in SUDS format. Finally, there were in total977

events in the RELACS database.

(2) Manual seismic phase (event) time picking

In order to manually pick arrival times with seismograms displayed on screen' a

program 'viewsud.c', based on 'pitsa' (IASPEI program for arrival-time picking) was

developed at RSES, ANU. It operates entirely from the keyboard and produces a

separate output file for each event 'vpick'xxx', where 'xxx' is the event number'

030601 56 o03 2 Nov 1997 1: 56: '19 99

Time
Value

26 84
2.19

010203040506070 80 90
Time(s)

1î

Fig.2.4An example of manual pick by'Tviewsud.c'-energy-picking function

incorporated by author (upper panel) and oriqinal trace (lower panel)
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To assist in the picking of events for which the S/f{ ratio was relatively low, two

procedures were adopted. For events which had a weak signal, but still recognizable on

many stations, and for which a location was given, the program 'viewsud' was used to

scan and determine a station that possessed a high quality signal. The arrival time at

this station would then be used, together with the location of the event, to predict an

arrival time at every other station (program 'distance.for' was developed for this

purpose). However, traces would only be picked for which there was an unambiguous

onset. There were in total 145 events (including 30 explosions), which were manually

picked. Figure 2.4 gives an example of arrival time picking by this modified version of

'Tviewsud.c'.

ln Figure 2.4, the hrst capital letter 'O' in '03060156.o03' represents ocean bottom

seismograph and o03 is its related station code. The 3 numbers immediately following

after 'O' (in this case is 306) is the Julian day, the remaining 4 numbers are the seismic

trace starting time (in hours and minutes). The time 26.84s is the picked time. This

gives the arrival time (that is 01h:56m:46.83s) when added to the starting time

(01h:56m:19.99s). The value '2.79'indicates the value of the energy function (see

chapter 9) when the pick is made. Table 2.1 is an example of the output file

'vpick.xxx'.

(3) Automatic seismic phase (event) time picking

The remainder of the archive is not of direct use for the primary purpose of the

RELACS project. The 802 events that were not manually picked comprise mainly

tectonic events related to subduction processes at the New Britain Trench and crustal

deformation in the area around the triple junction between the Solomon, Bismarck and

Pacific plates. These events were clearly detected by the RELACS array, but not by

other seismic networks, and have thus not been independently located. In order to

make these data more accessible, an automated picking procedure ('autopick.c') was

developed by RSES staff at ANU. The 'autopick' program performs well with respect

to the picking of the first P-wave phase. The output file is 'apick.xxx', where 'xxx' is

again the event number. A program 'histogm.for' was written to give a quick overview

of the reliability of 'apick' files on screen with station code. Stations with large
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deviations from a modal distribution were deleted by 'delstn.c'. The 'apick' file has

the same format as 'vpick' file so that it was easy to use both picking results.

Tabte 2.1 One example for VPICK file

Explanation for Table 2.1:

The fields are s'tation code (STN), event number (lD), phase type (TY), arrival time (TIME-six fields'

Y/M/D/H/MI/SEC), signal quatity (QUAL), phase onset (E/I-emergent/impulsive), pick uncertainþ in

secontls (rwo fields-IJNL and UNR), time conection applied (TC), Channel (CH), distance of event in

kilometer (Dist).

2.3.4 RELACS database

A final archive of data was made at RSES on tape ('exabyte' tapes in both PC and

LrNIX format) and at AGSO on CD ROM. During the 3 stages over the 5-month period,

the final listed events in the RELACS database number 977, including 30 explosions,

187 local earthquakes, 89 regional events and97 teleseisms. The remaining5T4 are

unknown events. By unknown events I mean that they had not been picked and located

STN lt) TY Y M l) H MI SEC QUAL Ell UNL UNR TC CH Dist

K67 '74 P 199'7 9 2 4 51 46.1 8 9.69 E -0.04 0 0 123 07

K67 't4 P 1991 9 2 4 51 46.76 22.56 I -0.04 0 0 123.07

N68 '74 P 199'7 9 2 4 5l 45.8 26.77 E -0.04 0 0 1 I 18.25

N68 14 P 1997 9 2 4 51 46.76 t3.21 E -0.06 0.06 0 I 118.25

s66 74 P r997 9 2 4 51 46.66 24.69 E -0.06 0.02 0 1 126.29

s66 74 P 1997 9 2 4 51 48.04 0.68 -0.04 0.02 0 I t26.29

s66 74 P 199'l 9 2 4 5l 48 78 0.68 E -0 04 0.04 0 I t26 29

869 74 P 1997 9 2 4 51 45.8 19.8 E -0.06 0.06 0 I 116 12

869 74 P t991 9 2 4 51 49.66 083 I -0.02 0.04 0 I 1r6.12

G08 74 P 1997 9 2 4 5l 47.82 22.84 I 0 0 0 1 130.69

G08 '14 P 1997 9 2 4 51 51 .88 1.7 6 I -0.04 0 0 1 130 69

H40 74 P t997 9 2 4 51 456 17 t'7 I 0 0 0 I 10.15

r10 74 P t99'7 9 2 4 51 47.14 29.3r E 0 0 0 125.77

I10 74 P 1997 9 2 4 51 48.74 1.04 I 0 0 0 t25.77

n0 74 P 1997 9 2 4 51 49.2 0.99 I -0.02 0.02 0 I 125.77

K07 14 P 1997 9 2 4 51 47.98 38 92 -0.02 0 0 1 134 79

K07 74 P 1997 9 2 4 51 49.1 0.62 E -0.02 0.04 0 1 134.79

K07 74 P t997 9 2 4 51 49.52 0.56 E -0.02 0.04 0 1 134.79

Rll 74 P 1997 9 2 4 51 46 66 6.27 E -0.l4 0.1 6 0 1 122.08

Rl 1
'74 P 1997 9 2 4 5l 47.s8 4.5 I 0 0 0 I 122.08

Rll 14 P 19q'7 9 2 4 51 48.3 1.7 5 I 0 0 0 1 122.08
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in the NEIC and USGS bulletins. Table 2.2 displays the first 15 events in the event list,

for illustrative purposes

Table 2.2 First 15 events in the RELACS database, as an example.

Explanatio n for T able 2.2 :

(t) Event number, (2) year, (3) Julian ctay, (4) Hours, (5) Minutes, (6) Seconds; (7) tvvo-columnfield

beþre rlecimal point; First column; 'l' or '0'; l:recorded by an RVO station, 0:not recorded by an

RVO station. Seconcl column: event type; 0:unknown' I:local event, 2:regional event' 3:teleseism'

9:explosion. (B) Three cligits after decimal point; percentage ofrecorders that registered the event, (9)

Number oJ stations recorcling the event;0:all stations recorded event' (10) Latítude;99'9990

corresponds with location unknown. (11) Longiturte; 99.9990 corresponds with location unknown' (12)

Depth; 999.9 corresponcls' with tlepth unknown. (l 3) Magnitude; 9.9 corresponds with magnitude

unknown. (14) Epicentral clistance (clegrees); -9.9000 cotesponds with location unlcttown. (15) Back

Azimuth; -999.9 cowesponds with location unknown'

The data \Mas primarlly analyzed and stored as sub-directories on the CD in

suds-format with Capital letter E, followedby 7 numbers {for example,1F29918261,

'E' represents event, the immediate following three numbers '299' give Julian day, the

remaining 4 numbers 'I826', indicates the record start time (in hour and minute)'

I 2 3 4 5 6 78 9 10 11 t2 13 14 15

r ßgl 237 11 51 30 10.833 10 gg.g990 g9g.g99o 999.9 9.9 -9.9000 -999.9

2 rg97 237 15 28 10 00.750 9 gg.gggo 999.9990 999.9 9.9 -9.9000 -999'9

3 1997 237 18 05 40 00.750 g gg.gggo 999.9990 999-9 9.9 -9.9000 -999.9

4 1997 237 18 23 20 00.750 g gg.ggg0 999.9990 999.9 9.9 -9.9000 -999'9

5 199',7 237 23 48 10 r0.9r7 11 99.9990 999.9990 999.9 9'9 -9.9000 -999'9

6 r99t 238 03 43 20 10.857 12 99.9990 g9g.g99o 999.9 9.9 -9'9000 -999'9

7 1997 238 04 15 30 10.533 8 99.9990 ggg.g99o 999.9 9.9 -9.9000 -999'9

8 1997 238 15 27 50 t0.g99 l7 99.9990 999.9990 999.9 9.9 -9.9000 -999'9

g 1997 238 18 40 20 00.941 t6 g9.gg90 999.9990 999.9 9.9 -9.9000 -999.9

10 1997 238 18 44 30 00.824 14 99.9990 999.9990 999.9 9'9 -9.9000 -999'9

11 r99',7 238 19 07 00 00.824 14 9g.ggg0 999.9990 999.9 9'9 -9.9000 -999'9

12 199',7 238 20 16 50 10.824 14 9g.g99o g9g.g99o 999.9 9.9 -9.9000 -999'9

13 1997 239 03 42 36 01.000 0 -4.6160 153.9190 100.0 3'9 1'7000 103'7

t4 1997 239 06 30 50 10.391 9 gg.9g9o 999.9990 999'9 9.9 -9.9000 -999'9

15 t997 239 11 43 30 10.999 23 99.9990 999.9990 999.9 9.9 -9'9000 -999'9
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Figure 2.5a(leftpanel) shows the distribution of located local and near-regional events

(including explosions) around the Rabaul region.

Of the 403 known events, ANU/AGSO staff manually picked arrival times for a total

of 145 events. They were stored in file 'vpick.xxx', where 'xxx' represents event

number (for example: 'vpick.074'). Among the picked events, there were 30 explosions,

78 local events, 22regional events and 15 teleseismic events. There were 11,860 anival

times in the RELACS database. Of these, more than 90 o/o are P-wave phases and the

rest are S-wave phases. Figure 2.5b (right panel) shows the epicentral distribution of the

picked local and near-regional events (including explosions) around Rabaul volcano.
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Figure 2.5 The distribution of total known events (left panel)and total picked events by
RELACS project (right panel) around Rabaul volcano (white star); the circular size
represents different focal depths of local and regional events (from 0 to 200 km)

2.4 Primary Results from RELACS

Finlayson et al (2003) used wide-angle reflection and refraction profile data

(explosion data) and obtained two 2-D velocity models for P-wavespeed across Rabaul

region down to depth 10 km. One section is across the Rabaul caldera complex; the

other is from the Tavui caldera to the northwest of Rabaul. They found a low velocity

zone under Rabaul caldera complex between 3 and 6 km depth, and suggested it to be

the volcano magma chamber. Gudmunsson et al (1999) used local earthquakes plus
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explosions (including explosions from 1967-1969 seismic refraction survey) to obtain

the 3-D velocity structure for P-wavespeed around Rabaul Region down to 10 km

depth.

Figure 2.6 shows a slice through the 3-D model of the velocity perturbation at 4 km

depth (upper panel) and one Rabaul cross section along the line A to B (bottom panel).

The low-velocity anomaly (magma chamber) under Rabaul central caldera is clearly

visible (top panel in Fig.2.6). A similar clear low-velocity anomaly was found to lie at

3-6 km depth directly beneath the Blanche Bay caldera (bottom panel in Fig.2.6), the

youngest and seismically active collapse structure of the volcanic complex. This

low-velocity zone is about 5 km across and has at its margins a ring of volcanic vents

that have been active after the formation of the collapse structure.
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Fig. 2.6 lmages (velocity perturbation) from the 3-D model of the velocity structure in the
Rabaul region (Top:4 km depth slice; Bottom:cross section along the profileA-B)

The data cannot resolve the velocity within this low-velocity zone clearly, but do

constrain it to lie in the range from 3.0 to 4.5 km/s. This represents a major anomaly

compared with background velocities of 5.5-6.0 km/s in the adjacent crust at the same

"
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depths, This anomaly lies beneath the seismicity of the Rabaul volcano and is

interpreted to be a shallow magma reservoir. The surface velocities above the magma

reseloir, within the caldera structure, are found to be very low, between 1.5 and2.0

km/s (Gudmundsson and Miller, RSES report, ANU, 1999).

ln summary, the main results from the RELACS project so far are (Finlyson et al.,

2003):

o a 30-35 km3 volume of low-velocity material at 3-6 km depth was found beneath

the central Rabaul caldera;

o the high-velocity rock unit around the rim of the caldera is interpreted to indicate

large volumes of mafic intrusive rock at shallow (< 4 km) depth;

o Tavui caldera (a spectacular bathyrnetric feature) does not have a prominent

low-velocity zone at depth and is therefore regarded as inactive.

2.5 flnsolved Problems from the RELACS Project

The RELACS project only gave 2-D and 3-D velocity models for P-wavespeed in

the uppermost 10 km depth around Rabaul region. To the best of my knowledge no P

wave results were available for greater depths. Moreover, no S wave velocity model has

been obtained prior to beginning my PhD project. The unsolved problems can be

summarized as follows:

(1) To correct and adjust the systematic timing errors which occurred on some stations,

and time delays (or advances) that affected certain recorders. The challenge is to

find another way to perform ray tomography (for example, relative arrival time

tomography) so as to improve the data coverage (or ray angular coverage) and get a

better image;

(2) To f,rnd an efficient method to pick both P- and especially S-arrival times, so as to

yield as many arrival times as possible;

(3) To recover I-D,2-D and even 3-D velocity distributions for the S-wavespeed;

(4) To combine regional and local seismic data to obtain deep velocity structure under

the Rabaul region (say to at least 20 krr' depth).
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This research project was developed to solve most of the above existing and unsolved

problems, and to maximally exploit the RELACS data to fulfrll the original project

goals.

In summary, the velocity distribution around Rabaul obtained from the RELACS

project is not enough to build up a new 3-D velocity model under Rabaul region down

to depth at least 20 km and to further relocate the volcanic earthquakes accurately. It is

essential to combine near-regional events with local earthquakes to increase the data

coverage and to image the deep velocity structure. To achieve these objectives, it is first

necessary to develop the analysis tools for modeling seismic \Maves in a 3-D earth,

measuring traveltimes and raypaths, and also devising suitable velocity reconstruction

(inversion) algorithms.
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Chapter 3: Three-Dimensional Ray Tracing

in Arbitrary Media

3.1 Introduction

As reviewed in chapter 1, there are many approaches to ray tracing. Among them, two

approaches have turned out to be promising in the sense of computational efficiency

and solution accuracy in first arrival calculation. One is graph theory (GT) or the

shortest-path method, and the other is the finite difference method (FD). Vidale (1988)

suggested a ray tracing method based on solving the eikonal equation using a finite

difference method (FD) and later extended it to three-dimensional situations (Vidale,

1990). Thereafter, many authors have developed and revised the FD eikonal equation

solver. For example, Cao and Greenhalgh (1994) presented a method incorporating

wavefront tracing. A convolutional differentiator method was proposed by Zhou et al

(1993) as a superior alternative to high order finite differencing. Zhou and Greenhalgh

(1993) gave a finite element method for synthetic seismogram computations. The

shortest-path method in seismic ray tracing Q.{akanishi and Yamaguchi, 1986; Saito,

1989 and 1990; Moser, 1989 and l99l; and many revisions thereafter, for example,

Klime5 and Kvasniðka (1994); Gruber and Greenhalgh (1998), offers advantages in

computational efficiency, accuracy, robustness and global results.

Basically, there are two algorithms in the shortest path (network) method: the original

extended version (i.e.,2-D case, Moser, l99I; 3-D case, Klimeð and Kvasnlöka, 1994),

or 'regular' approach. In the 'regular' approach, the ray angular coverage (which

affects the accuracy of the computed travel time) is improved by decreasing the cell size,

and then increasing the level (nrr) of the forward star, which refers to the geometric

arrangement of network connections. The quantity n., is a positive integer, which is

the half-length of the edge of the smallest cube containing the forward star, expressed in

grid intervals. The intention is to increase the number of cells around the source in

one-step calculation (hereafter referred to as one INTERVAL run). It is 'regular',
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because the cell size and the node density are the same everywhere crossing the model.

The 'regular' approach is able to obtain a high acc;lracy of the computed travel times,

but with a relatively slow run speed. The run time is still quite long even when dramatic

improvements in computational efficiency were made (say, at least five times faster

than that of Moser's algorithm, 1991), such as by modifying Dijkstra's (1959)

algorithm as demonstrated by Klime5 and Kvasniðka (1994). They showed on an

example using the improved Dijkstra algorithm, that the consumed CPU time on a

PC/AT-486133 }y'rlHz is still roughly 3 hours if the model has up to 500,000 nodes.

Following the rough linear relationship between the CPU time and the number of total

nodes (for details see Fig.l of Klime5 and Kvasniöka,1994), it will take at least 6 hours

to calculate a typical model with up to one million nodes. Such speed is unacceptable in

most cases, especially for tomographic purposes where multiple sources and multiple

(iterative) ray tracing must be carried out. For this reason, the 'regular' approach is

seldom used to perform the ray tracing for seismic inversion, even though the accuracy

of the computed travel times can reach a high level.

The other approach, named the 'irregular' approach, seeks to improve the ray angular

coverage (and hence to improve the accuracy of computed travel time) by maintaining a

relatively large cell size, and then supplies sufficient secondary nodes along the cell

boundaries. This was demonstrated for the 2-D case by Fischer and Lees (1994) and

further analyzed by Gruber and Greenhalgh (1998). Here the secondary nodes will be

inserted on the cell surfaces in the 3-D case (see later). In such a model presentation, the

node density is non-uniform across the model.

3.2 Model Division and Cell Size Defïnition

The problems faced with 3-D raytracingwhen applying the GT or FD methods are the

large computer memory requirement, and the efficiency of computation. For a 2-D case,

these problems are seldom considered. One can select a small cell size to grid the

velocity model, or alternatively, select a relatively large cell size with sufficient

secondary nodes applied on the cell boundary (see for example, Fischer and Lees, 1994;
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Gruber & Greenhalgh 1998) without losing accuracy in the computed travel times. For

a 3-D problem (for example, Vidale 1990; Klime5 and Kvasniðka,1994), the velocity

model is divided into cubic cells with only primary nodes on each corner of the cell.

This discretisation of a large 3-D velocity model with a small cell size, results in a large

number of nodes, making computations intractable in the absence of a supercomputer.

It is especially difficult to incorporate such an approach into an inversion algorithm and

to solve real problems. Note that the accuracy improvement of the computed travel

times depends not only on the cell size, but also on the ray angular coverage (Fischer &

Lees 1994; Gruber & Greenhalgh 1998). Thus, there is the possibility to try another

approach (not to reduce the cell size, but to decrease the node density through

secondary nodes) to fully develop the ray angular coverage, and hence improve the

accuracy of computed travel times.

3.2.1 Cell node definition

ln the Cartesian coordinate system, a simple cubic cell is selected here for explanation

(see Figure 3.1). The eight comer

nodes are called primary nodes

(where the velocity model may be

sampled at these nodes) and the other

nodes on the six surfaces of the cell

are called secondary nodes {Note

that there are no secondary nodes in

Vidale's (1990) and Moser's (1991)

definition). The secondary nodes are Figure 3.1 The explanation of one cell with

inserted uniformly along the six primary (black) and secondary (grey) nodes

surfaces of the cell. For simplicity, in Figure 3.1, there are only three secondary nodes

added to each direction of the cell. Inside the cell there is no node at all, but sources and

receivers can be located inside the cell. With such a cell node presentation, the same

node density as in Moser's method (1991) can be maintained when the rays travel along

the cell surface planes (see Figure 3.2afor an explanation). It reduces to the simple

case of Gruber and Greenhalgh (1998) when the rays travel along other planes, rather
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than the cell surface planes (see Figure 3.2b for an explanation).

If the model has dimensions I* ,L, and L", and the cell sizes are C*,C, and

the X, Y and Z directions, respectively, then for this model there are:

(1) fotat number of cells:

N,c=t*>"f?¡"f?l
L) *LnLz

I1 L = L, : L, = L" and C = C* = C, = C,

then N-^ =(L\'tv 'c'

Here L and C represent the scale of the model and the cell, respectively. From formula

(3.2), it can be seen that the total number of cells is proportional to the third power of

the ratio of model length to cell length.

(2) Total number of primary nodes:

Nrp = (Z.r"r++\x1!:-¡1¡ (3.3)

If L = L* = L, = L, and C = C, =C, = C"

c, in

(3.1)

then N' =rl*I)' =(l)' ,*h"n L))1

(3.2)

(3.4)

From formulae (3.2) and(3.4), the number of primarynodes is roughly equal to the

total number of cells.

(3) Total number of nodes:

If ¡/" :++1,N,, =!+1,N, = !-'-¡1," C, ' Y Cy C,

then the total number of nodes is:

NrN = ¡/" x (N" + (¡/. -I)x M,) x (N, + (1V, -l)x M ,)

* N, x (¡V, * (¡/, - l)x M ,)x(N " -l)x M,

* N, x (N" - I)x M, x (¡/" - l)x M, (3.5)

If l/= N,: N, = N, And M =M*=M, = M"
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then N., x3xMzxN'= 3xM2tl+l' =3xM2 xNr, (3.6)
\.C,]

Here M is the number of secondary nodes added in each direction of the cell. From

formulae (3.2),(3.4)and(3.6),thetotalnumberofnodesisproportionaltothesquareof

the number of secondary nodes added in each direction of the cell, and is roughly

3x M2 times larger than the total number of cells (or the number of total primarynodes)

This means that the total number of nodes is only proportional to a power of two, rather

than to a power of three when increasing the node density.

(a) Ray angular coverage

The ray angular coverage is highly dependent on the number ofsecondary nodes. For

example, the maximum ray angle between consecutive rays when the ray travels in the

cell surface planes (see Figure 3.2a) is the same as:

C

max imum (0) = arcts fAèL¡ - arctg tj¡l Q'7)

2

where M is the number of secondary nodes added in each direction (M is related to the

level of the 'forward star'in the 'regular'approach, see section 3.4.2). Note that near

the model boundary the maximum ray angle is 45 " (see sub cell in Figure 3.2a, where

the ray must travel from one node to its opposite diagonal node in a sub cell, due to the

boundary restriction). Such a situation is equivalent to the maximum ray angle in the

cell surface planes when only one secondary node is used in the model representation

(see formula3.7, M:1 case).

The maximum ray angle between consecutive rays when the ray crosses the cell is

slightly different from the maximum ray angle in the cell planes. For simplicity in the

following discussion, the ray angular coverage is constrained to the same plane.

Basically there are two kinds of maximum ray angle. It depends on which kind of node

position that the ray leaves, i.e., the primary node or secondary node. For the ray

emanating from a primary node, there are only three planes (opposite to the primary

node) that the ray aanreach. In such cases the maximum ray angle is simple (see Figure
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3.2b) and given by:

maximum(O,) = arusri¡, (3.8)

But for a ray emanating from a secondary node, it is slightly more complex, and

depends on the secondary node position away from the cell boundaries. In such

situations, there are at least four planes (or five planes, if the secondary node is not on

the cell boundaries) the ray can reach, except for its own plane. The extreme case

(maximum ray angle) occurs when the ray takes off from one secondary node (the

nearest secondary node away from the cell boundaries), and reaches the adjacent planes.

The maximum ray angle depends on distance from the cell boundaries. The further the

distance from the cell boundaries, the smaller the ray angle. For example, the maximum

ray angle is arctg(!) = 45owhen the rays depart from the nearest secondary nodes
t'

away from the cell boundaries and reach the adjacent planes (see á, in Figure 3.2b),no

matter how many secondary nodes are used. In similar manner to the above, the

maximum ray angle is arctg(!) when the rays take off from the second nearest
'¿

secondary nodes away from the cell boundaries and reaches the adjacent plane (see 0,

in Figure 3.2b). Following the above reasoning, the maximum ray angle (0r) for rays

leaving the secondary nodes and reaching the adjacent planes can be expressed by

equation (3.9), which shows that the maximum angle decreases with increasing F (see

0 o inFrgure 3.2b; from s¡rmmetry considerations, only nodes on one-side away from

the cell centre need to be considered):

maximum(0 o) = arctg(L), P - f ,u = even

4#,, = odd
(3.e)

Here F is the number of secondary nodes from the cell boundaries.

From formulae (3.7) and (3.9), it is easy to see that the maximum ray angle (ár) is the

same as the maximum ray angle {arctS{-2-) } in the plane when the rays emanate

from the farthest node and reach the adjacent planes, only if the number of secondary
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nodes added in each direction is odd. For other situations, the maximum ray angle is

larger than the maximum ray angle in the plane. This means that in a 3-D model

representation, one cannot expect as good ray angular coverage as for the 2-D case'

This will be discussed further in the following section. However, in general one can say

that the ray angular coverage is related to the number of secondary nodes in each

direction of the cell. Thus, formulae 3.7 to 3.9 are the good estimates for the ray angular

coverage in the 3-D case. Note that there exist some certain geometric errors, or

restrictions, such as the 45'maximum ray angle near the cell boundaries (the poorest

ray angular coverage in the cell), regardless of how many secondary nodes are used in

model specification, which results in a relatively large travel time error compared to

other directions.

The maximum ray angle is the upper bound, which can be used to represent the ray

angular coverage. Thus the only way to develop the ray angular coverage, and hence

improve the accuracy of the computed travel times is to increase the number of

secondary nodes in each direction of the cell. The greater the number of secondary

nodes, the higher the ray angular coverage, and therefore the higher the accuracy ofthe

computed travel times.

(a) (b)

I primary node r secondary node [-r sub-cell

Fig.3.2 The maximum ray angle (0)in the plane (diagram a) and crossing the cell (diagram b)

{ln figure 3.2a, nrs = 3 in the'regular'approach for2-D case, see Moser (1991)}

---{
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(5) The maximum distance between two neighbouring nodes

The shortest path of a seismic trajectory is the summation over a series of consecutive

segments along the ray paths connected between nodes. There are basically two factors

that control the accuracy of the computed travel time: (1) the ray angular coverage,

which guarantees the ray can find a proper direction to go as discussed above, and (2)

the distance between two node connections, which results in alarge timing error with

long connection if the ray follows the wrong direction (in such conditions, the longer

the distance, the larger the timing error). In like manner to the previous discussion on

ray angular coverage, it is necessary to analyze the maximum distance between

neighbouring nodes, which is an upper bound on the node distance. The maximum

distance between two neighbouring nodes in the cell surface plane is:

Dn,u* = Jl"çi-) (3.10)'M +l'
where the ray travels from one node to its opposite diagonal node on the sub-cell (see

Figure 3.2a). The maximum distance between two neighbouring nodes when the ray

crosses the cell is:

Dnu* = "li"C (3.11)

In this case the ray crosses the cell from one primary node to the opposite diagonal

primary node of the cell. From formulae (3.10) and (3.11), it can be seen that the

maximum distance between two neighbouring nodes is different when the ray travels in

the plane or crosses the cell, but both are proportional to the cell size C.

From formulae (3.2) to (3.11), the advantages of the revised 'irregular' approach of the

shortest path method can be seen: (1) it allows the growth of the total number of nodes

in proporlion to a po\¡/er of two (see formula3.6), rather than a power of three (c.f.

Moser's case), resulting from simple shrinking of the node density (secondary nodes

are supplied): (2) it has the same ray angular coverage as in the 2-D case (see Fig.3.2a),

and comparable ray angular coverage in the 3-D case (see later in section 3.a.\; (3) it

dramatically decreases the total number of cells (roughly equal to total number of

primary nodes) by a factor 3xM2 (see formula3.6), which generally results in fewer

velocity unknowns in the inversion process (if the velocity values are simply sampled
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only at the primary nodes). These estimates are very helpful for model design and in

determining the unknown parameters in subsequent matrix inversion for tomographic

purposes. For example, in order to improve the ray angular coverage, which is an

important factor to reduce the computed travel time errors in the 2-D case (see, Fischer

and Lees, 1994; Gruber and Greenhalgh, 1998), and to be demonstrated later for the

3-D case, the best way is to add more secondary nodes without dramatically increasing

the total number of nodes.

Note that it is possible to have a prismatic cell size with different lengths in the

different directions, and it is also possible to have a different number of secondary

nodes added in each direction of the cell with either a uniform or non-uniform spacing

interval. For example, in order to improve ray angular coverage in the Z direction more

secondary nodes can be inserted in the Z directionthan in the other two directions. The

selection of cell type and the number of secondary nodes (added in each direction) are

made according to the model and the problem to be solved.

3.2.2 Yelocity distribution across the cel

A velocity function is needed to calculate velocity values at the secondary node

positions, or at source and receiver positions if they are not located on the primary node

positions, because the velocity model is sampled only at the primary nodes (i.e., eight

comer nodes of the cell). One simple assumption is to have uniform velocity across the

cell, but this simplification is not suitable for high contrast velocity media. To

overcome this disadvantage and to trace rays in arbitrary media, the velocity

distribution across the cell can be taken as a tri-linear function:

8

y" =\noarçtr¡ (3.r2)
k=l

where BV(l),BV(2),......,8V(8) are the sampled velocities on the eight primary nodes

of the cell, and R.,R2,......,R, represent Lagrangian interpolation function, which take

the following form:

rR, : (1.0 -x) x (1.0 - y)x(1.0- z), R, = xx (1'0 - y)x(l'0- z)
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R, =(1.0-r)x yx(I.\-z), Ro=xxyx(1 .0-z)

R, =(1.0-x)x(1'0- y)xz, Ra=x\ (1.0- y)xz

Ar=(1.0-x)xYxz, Rt:xx/\Z (3'13)

In the above definition of the velocity distribution, the minimum primary node of the

cell is selected as the reference point, (x,y,")is the normalized coordinate (related to

the reference point) of one node on or inside the cell, to be calculated and assigned a

new velocity value, as a tri-linear combination of the sampled velocities of the eight

primary nodes. It is known that inside the cell the velocity distribution takes the form of

a tri-linear function, but on the six surfaces of the cell, the velocity distribution is

reduced to the 2-D case and takes the form of a bi-linear function. For example, the

velocity distribution in the cell surface planes takes the form.

(3.t4)

where Bí/(l),......,8V(4) are the sampled velocity values on the four primary nodes,

respectively, and the Lagrangian interpolation function values Rr,......,R4 take the

following form:

R,:(1.0-x)x(1.0-y)
R,=xx(l.O-y) 

(3.15)
R, =(1 .0-x)xy
Ro=xxy

The above definition of the velocity distribution across the cell allows me to handle

arbitrary media with only a slightly increased effort in the computations to trace any ny

path, irrespective of where the sources and receivers are located.

3.3 3-D Ray Tracing in Arbitrary Media

Based on the 2-D ray-tracing program of Zhou at al, (1992), I have developed a 3-D

'irregular' approach style of shortest-path ruy ftacing algorithm with some advanced

modifications mentioned above. Saito (1989 and 1990), and Moser (1989 and 1991)

4

V" :ZRo x BV(K)
k=1
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discussed the 'regular' approach of the shortest path method in detail, so there ts no

need to repeat the treatment here. But the present approach is advantageous over the

'regular' approach, because it allows for arbitrary source and receiver locations (that is,

it is very easy to introduce a specified surface or boundary within the model to trace the

reflected or later arrivals) without extra computation, whereas the 'regular' approach

requires extra computations when the source and receiver are not on a node location

(which is limited in practice). Meanwhile, in order to get the velocity values at the

secondary nodes, an extra subroutine is required. In my experience this process only

adds a small computational overhead to the whole process.

3.4 Error Estimation and Accuracy Analysis

Gruber and Greenhalgh (1998) analyzedthe accuracy of first-break times obtained by

the 'irregular' approach in the 2-D case. They concluded that only by increasing the

number of secondary nodes and thereby decreasing the angular effor was it possible to

improve the accuracy of the computed travel times. Reducing the cell size only

improves the approximation of the velocity field. Here I perform further tests in the 3-D

case with the new formulations. To test the accuracy of the ray-tracing program and to

give the error estimates of the computed travel times, it is necessary to estimate the

maximum error bound for the 'irregular'approach in the 3-D case.

3.4.1 The upper error bound and algorithm accuracy

Following a simple, but meaningful explanation for the 2-D case (Gruber and

Greenhalgh, 1998), it is possible to estimate the maximum elror bound for 3-D

situations. In the 2-D case, the maximum relative effor bound with the 'irregular'

approach is defined as (Gruber and Greenhalgh, 1998, equation 10):

6,.u*(2D¡,,'-n,,) = 2(I+n2-"Jt*"')-1 , n=M+I (3.16)

where ¡z is the number of nodes per cell boundary, and M is the number of secondary

nodes added in each cell boundary.

As discussed above, for a given network, there exists a direction of the exact ray with

the worst relative geometric error. The approximated ray path is the summation over a
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sequence of short, straight-line segments, which have different angles from the source

position. Among these straight-line segments, the larger the angular deviation from the

true path and the longer the segment, the larger the resulting timing error will be. This is

more likely in a homogeneous medium, whereas in a heterogeneous medium, at least a

portion of the ray probably finds a better direction than the worst direction. Thus I will

concentrate on the homogeneous medium situation. The estimated error will be the

upper bound for the heterogeneous medium case. Both theory and numerical tests in a

uniform velocity field (see Figure 3.6) indicate that the maximum elror occurs in the á"

area (see Figure 3.2b) where the ray takes off from a primary (or secondary) node and

reaches the opposite cell planes (both a maximum ray angle and a larger distance of

node connections are involved). This 0"area is a small triangular area in the 2-D case

(see Figure 3.6a), and a conical volume in the 3-D case. It is true that one obtains a

relatively larger angle, up to Lçsee7, in Figure 3.2b), for rays taking off from theQ ) ' 4 
\ I

nearest secondary node away from cell boundary and reaching the adjacent cell planes

(see formula 3.9). However, the path lengths are respectively shorter, and the continued

path may travel via the longer segment (node connection), which again is included in

the above discussion. Supported by these observations, it is reasonable to estimate the

maximum error in this 0"area, which may be the upper error bound for the whole

model. Thus for a uniform velocity field (for simplicity, I set V:l.0 km/s everywhere),

the relative travel time error is calculated as:

fot T"rn", + 0 (3.t7)

where Ç,is the approximated travel time obtained by the'irregular'approach. IRR

stand for 'irregular' approach of the shortest path method in this study, and T"*n",is the

analytical travel time (distance divided by velocity, the latter being unity). As shown in

Figure 3.3, the exact travel time from source to receiver is:

.r
- exacl r.'+rj +rj = rj +2 (3.1 8)
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A possible approximated travel time from source to receiver ts:

T.= n'+2+rr-n, n=M +l (3.1e)

Note that there are other possible ray paths from source to receiver, but all possible ray

paths yield the same travel times. Thus, the maximum relative error is obtained as:

n2 +2+ -n I (3.20)

To determine the maximum relative error, I set the zero derivative condition:

õ rehtíve

2+r"t

-1)=o (3.2r)
2+r"'

from which I find:

r, =2( n2 +2 -n)' (3.22)

Replacing r" in equation (3.20) with formula (3.22) gives the maximum relative error

for any given ninthe 3-D case:

6nu*(3D,rr-",,) = 2+nz -rJz*r' -t, n=M +l (3.23)

s

+ _1
-t

l<- f, :6 *l

dd
--l-\Ò rotntirn) = ,d/, dt"

^tr\, + r" -n

À
I

I

* 
-l

II
R

i Primary node r Secnndary node Black node. a possible ray pãth

Figure 3.3 Difference between exact and approximated raypath in e"area. Note that the given
approximated raypath is not unique, but all possible raypaths lìave the same traveltimes

For further comparison, I rewrite the maximum relative error estimated in the 'regular'

approach, related to only the geometric error. It is defined through the level (, o) of the

forward star. In a cubic cell model representation, it takes the following form {see

Klime5 and Kvasnlöka, 1994, formulae (19) and (50)):

d

þ

UI
I

I

I

-J+

¡¡

+t
O'7 + ,t

,r
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6nu*(3D,"r-^,) -;f , (3.24)
+xnFS

From formulae (3.23) and(3.24),there is an approximated equal relationship (n * nrs)

between the 'regular' and the 'irregular'approach when comparing the same level of

the estimate maximum error in the computed travel times. Thus, Figure 3.4 shows the

relationship between the number of nodes per cell boundary and the upper error bound

estimated by the 'irregular' approach for both the2-D case ( 2D,,,_",,, see formula3.16),

and the 3-D case (3D¡u-",,, see formula3.23); the relationship between the level of the

forward star and the upper error bound estimated by the 'regular' approach for the 3-D

case (3D,"r-es, so€ formula 3.24). For further comparison, the actual maximum relative

effors (3D,,,-,r,) are also displayed in Figure 3.4. The actual maximum error, obtained

from section 3.4.3 by the 'irregular' approach, is slightly smaller than the estimated

maximum effor, which lends

supports to the above upper effor Relative error f/o)

bound analysis. Interestingly, on

average, the estimated maximum

error with the 'irregular'

approach in the 3-D case is 2

times larger than that for the 2-D

case, but for small n (say, n < 5),

the estimated maximum error is

roughly 1.65 times larger than for

the 2-D case (see 2.0x2D,,.,_o",

'100

curve in diagram for comparison). 0 001
10 100

The estimate maximum errorwith

the 'regular' approach is larger

than that of the estimate

10

01

001

n (node number per cell boundary)

Fig.3.4 Relationship between the maximum effor
bound.against the node number per cell boundary
or against the level of the forwaid star

---- 3Dnruu

------20x2D.
1ft-¿Jt

_?rì
tft - ¿Jr

u uin- 
s¡+t

-..--. t n4 u in -¿s,
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maximum error with the 'irregular' approach when replacing zr., with z (that is,

fl=fltsrelationship is applied). This is especially true with n:nrr 35. It is now

possible to estimate the minimum number of secondary nodes (or minimum level of the

forward starnor) to obtain a specified accuracy in real problems. For example, to

improve the aocuracy of computed travel times from 1 .0 %oto 0.1 % with the 'irregular'

approach, one needs to increase the node number per cell boundary ( n ) from 5 to 16

(that is, to increase the number of secondary nodes from 4 to 15) to guarantee the

required accuracy. For a similar accvÍacy improvement with the 'regular' approach, the

level of the forward star (no, ) should be also increased from 5 to 16.

3.4.2 C omputation al efficiency

The 'regular' and the 'irregular' approaches both use a flood-fill algorithm to evolve

the wavefield. The basic idea of the flood-fill approach (i.e., Coultrip, 1993; Qin and

Schuster, 1993) is to propagate a wavefront outward from the source, keeping track of

the shortest raypaths and related traveltimes, while continually eliminating slow

raypaths. This should reduce the computational complexity from O(n2)to O(nlnrn)

in the 2-D case, and from O(nt) to O(nzlnrn) in the 3-D case when switching from

the 'regular' to the 'irregular' approach. Here n is the number of nodes per cell

boundary.

The computational efficiency in the shortest-path algorithm is not only dependent on

the computational complexity mentioned above, but is also related to the number of

edges (node connections) used in one INTERVAL run. In the 'irregular' approach, for a

given node (assumed source) position in the wavefront, the connection between nodes

is only related to the immediate neighbouring nodes. There are at most four nearest

neighbouring cells in the 2-D case and eight nearest neighbouring cells in the 3-D case,

around the given node, when progressing the wavefront outwards. By contrast, in the

'regular' approach, the number of nodes that connect the given node is not restricted to

the immediate neighbouring cells, but a sub-set of the total number of nearby cells,
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dependent on the level of the forward star (see, Fig.3 .2a, where ilFS = 3 in the 2-D

case). The total number of edges (node connections) in one INTERVAL run is defined

as (see Klime5 and Kvasnlöka,1994, section 5.1 for details):

43
ffir", = -x 7t xnFS- Q.25)

It reduces to the 'irregular' approach when ftrs = 1 (Of course, krs : I and 2 arenever

used in practice, due to the low accuracy of the computed travel times, see formula

3.24).

In the 'irregular' approach, the total number of edges (node connections) for one

INTERVAL is run cell by cell, and on average is:

ffii,, :6x(M +r)'z (3.26)

There are 6 cell surfaces per cell. For each cell surface, there are (M + 1)2 nodes.

Therefore, the minimum ratio of computational efficiencybetween the 'regular' and the

'irregular' approach for the same scale of velocity model can be roughly determined as

follows:

cp(Jî.,i"é?!+) ='j.Ïi, ,*'"' = Node,n,,or*'"' (3.27)
uregumr Nñ ffiir, ffi¡r,

In formula (3.27), the first term is the node ratio between the 'regular' and the

'irregular' approaches, and the second part is the ratio of the total edges (node

connections) between the 'regular' and the 'irregular' approaches in one INTERVAL

run

In the 'regular' approach, the longest edge in the most heterogeneous region is:

D,"r nrrxJixH (3.28a)

Here no, is the minimum level of the forward star.

The longest edge in the 'irregular' approach is (see formula 3.11):

Di,,:"li"C (3.28b)

To keep equal accuracy in the most heterogeneous region, we should select D,"g = Di,,,

that is, we set:
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C=norxH

'we have the following relationship between the total number of nodes in the

approach and the total number of primary nodes in the 'irregular' approach:

Nî",í"H'=Ni[xC'

Substitutine Q.29) into (3.30) yields:

N;"Í = Nii xn"'

Replacing Nfr with formula (3.6), we obtain the total node ratio between the

and the 'irregular' approaches as below:

Node,n,,orÏ%¡ ='!-:i, = : n" 
^rregular' tlïi 3x(M +l)2

Applying the relationship n., = n = M + 1, we obtain the total node ratio:

Node,n,,ofigY¡ =' :ttrregular J

(3.2e)

'regular'

(3.30)

(3.31)

'regular'

(3.32)

(3.33)

Finally we obtain the computational ratio between the 'regular' and the 'irregular'

approaches by replacing formula (3.27) with formulae (3.25), (3.26) and (3'33)' The

result is (here nFS = n = M +1 is applied):

cPUT*t"(m)=+"#i=T\n,s' o?,n,,' (3.34)

From the above discussion (formulae 3.23,3.24 and 3'34), we can now compare the

computational efficiency between the 'irregular' and 'regular' approaches with the

specific accuracy requirement. For example, in order to improve the accuracy of the

computed travel times from lo/o to 0.lo/o as discussed previously, one needs nFS oî n

both to be increased from 5 to 16 in the 'regular' or the 'irregular' approach. Therefore,

to maintain lYo accuracy the 'regular' approach will take at least 5 times more CPU

time than the 'irregular' approach. Furthennore, to improve the accuracy in the

computed travel times to the higher level 0.1%, the 'regular' approach will take at least

50 times more CPU time than the 'irregular' approach. This ratio of computational
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efficiency will dramatically increase with a higher accuracy requirement (see formula

3.34).

with the optimum selection of the level of the forward sta¡ the total number of edges

(node connections) in one INTERVALTn in the 'regular'approach maybe reduced by

a factor of 'ot (see Klime5 & Kvasniöka,1994, section 5'1)' That is:
4

l6
ffir"r=-\ftxnot

But still up to one order of magnitude increase in cPU time will occur when switching

from the 'irregular'to the 'regular' approach to guarantee a similar high accuracy of the

computed travel times. Replacing the total number of edges in the Moser-Saito forward

star (formula 3.24) with the total number of edges in the optimal selection of the

forward star (formula 3.35), we obtain a relative measure of computational efficiency:

CP(Jî*t,fÏgYl=YxnFS NnFS (3'36)
ffregulÛr ¿ t

With an 'irregular' approach implemented on a PC/AT-Pentium 412'8 GIHz, it takes

less than 9 minutes to calculate a model with 1 million nodes. A full plot of CPU time

vs. number of total nodes is given in Figure 6. The speed can be further increased if the

generalizedmodel is separated from the ray tracing' In our experience, this will reduce

(3.3 s)

05

the run time in the raY

tracing process by nearlY

a factor of two (see Bai,

2004).

This concludes the

theoretical comParison

between the 'regular' and

'irregular' approaches. In

the following sections,

some numerical tests
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Figure 3.6 CPU time vs. the total number of nodes

based on specific velocity models will be undertaken to further compare the accuracy
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between the 'regular' and 'irregular' approaches'

3.4.3 Uniform velocitY model

To examine the location of actual reiative efrors in a uniform velocity field, a simple

uniform velocity model (v:1.0 km/sec) having dimensions (100 kmx 100 kmx 100 km)

was selected and the source position was set at (0.0, 0.0, 0.0)' The cell size is 10 km' By

varying the number of secondary nodes from 0 to 30, the corresponding maximum

relative travel time errors (measured against the exact analytic solutions) were obtained

within the model. The results are drawn (as curve 3D,,,-,rn) on Figure 3'4 for

comparison with the upper error bound discussed previously' Next, I set the number of

secondary nodes equal to 15, and computed travel times at various depths with a

20]x20l node representation. Figure 3.6 shows the relative effors (referred to the

exact straight-ray travel times) at four different depths (z:0,20, 40 and 60 km)'

In general, the travel time errors in the 2-D case (Z:0kffn) are smaller than in the 3-D

case (other depths). However, the maximum relative error is located in the o"area'

regardless of the 2-D or 3-D situation. Such error distributions lead me to use the

maximumerrorbound(formula3.23)forthewholemodel.
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3.4.4Modelwithal-Dlinearincreaseofvelocitywithdepth

A constant-velocitY

gradient model was next

selected for comParison.

The velocitY ratio between

the top and bottom surfaces

of the model is 1:3, which is

quite a high gradient' The

source is set at the left-hand

top corner of a vertical

square in which the

Error f/d
0.00
001
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003
004
005
005
006
007
008
009
010

Fig.3.7 The relative error distribution in a 1-D model

Velocity ratio is 1:3 between top and bottom

,irregular' algorithm has been performed. Note that this model was used by several

authors to analyze the accuracy of computed travel times' for example' Podvin and

Lecomte (1991, Fig. 13c), Klimeö and Kvasniðka (1994, Fig' 5)' In the analysis by

Klimeö and Kvasniöka (1994), 2)lx 201 nodes (200x 200 cells) were used to cover

the 2-Dmodel. For comparison, in this study, 2}x20ce1ls ( 2lx2lprimary nodes) and

39,960 secondary nodes (9 secondary nodes in each direction of the cell) are used to

cover the 2-D model so that the total number of nodes is the same in both cases' The

velocity model is simply sampled at the primary nodes, which are double-linked to the

secondary nodes so as to obtain velocity values at the secondary node positions (see

formula 3.14 fordetails). The basic pattern of the relative error distribution (Figure 3'7

in this study) is the same as Figure 5 of Klimeð and Kvasniðka (1994)' Meanwhile' the

maximum relative error has the same level for both cases' The estimated maximum

errorinthis2-Dcase(n=|O)is0.124%(seeformula3'16).

3.4.5Modelwithvelocitychangesinallthreedirections

It is necessary to inalyze the accuracy of the computed travel times in a more

complex velocity field, and to compare with other known algorithms' For this feason'

the model given as Figure 6 of Klimeö and Kvasniöka (1994), and reproduced here as

Figure 3.8, is selected as the basic model, because they also used a revision of the

shortest path method, but with the 'regular' approach. The model size in the horizontal
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plane is 40 kmx 40 km. The velocity distribution in a box of horizontal dimensions ts

smooth, The velocitY at the toP

surface of the model is 3 km/s

everywhere. The velocitY at the

model bottom (20 km dePtÐ

oscillates between 5 km/s and 6

km/s, with a minimal and

maximal 10 km interval aPart (see

Figure 3.8 for details). Along

each vertical line, the velocitY

varies linearly bY uP to a factor of

2. The source is situated at the

geometric center of the model

bottom, and 66 receivers are

placed on the model surface,

forming a somewhat irregular

seismic network. Klime5 and

Fig.3.8 Model with velocity changes in three directions

(a) Velocity isolines along the model bottom
(OjVetocity isoltnes in the vertical section (X=6 km)
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Kvasniðka (I9g4) used the complete Ray Tracing program package by ðerveny et al

(1988) to obtain the travel times as the reference values (T*ì, and then compared their

results (7,",) with the reference values. They used a grid of 101 x 101 x 51 nodes (100

x 100 x 50 cells) to calculate the travel times from source to each receiver'

Following their approach, I now compare with the travel times (7,,,) obtained from

our 'irregular' approach. In the model representation, a 2km x2km x 2 km cubic cell

is used. The number of secondary nodes added in each direction of the cell is set at 5, so

that the minimum node distance at the cell surface planes is the same as above (0.4 km)'

In such a model, there are in total only 20 x20x10 cells (2lx2l x 11 primary nodes)

and 393,101 nodes in total. The velocity model is again simply sampled at the primary

nodes, which are tri-linked to the secondary nodes so that it is possible to obtain the

velocity values at all other positions within the model. Table 3.1 lists the three-sets of

30
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computed travel times (reference, fegulaf, inegular) for all 66 receivers' Generally' the

travel times (7,",)obtained by Klimeö and Kvasniöka (1994) are all slightly larger than

the reference travel times (T*ì.But the travel times ( 1,, ) obtained from our 'irregular'

method oscillate around the reference travel times with a maximum relative error of

t0.60/o,taking the reference travel times to be exact' Increasing the number of

secondary nodes (added in each direction of the cell) to 19, does not eliminate this

oscillatory behavior around the 'true' reference times' A partial reason for the above

problem is with the coarse node sampltng(2 km in the'irregular'approach in this

study), which may result in the velocity held not coinciding exactly with the fine node

sampling (0.4 km in the 'regular'

approach of Klimeó and

Kvasniðka, 1994). Nevertheless,

even with fewer cells and nodes,

the accuracy of the comPuted

0/.

-10 -
N
F
3

-2t.

-n

--10

- -28

20

travel times obtained from this 20 
rc - 10

study is high and comparable to iø í r-.,0 Ie-
' -it

the travel times obtained by 
_ro^ _20

Klimeé and Kvasniðka (1994)'
Fig'3'9 Related raypaths in 3-D variable model (Fig' 3'8)

Figure 3.9 shows the rel ed

ralpaths, which are generally smooth curves'

Table 3.1 The comparison among the three different approaches for traveltime

calculation based on model (Fig.3.S). T,"r: refetence traveltimes obtained by the

Complete Ray Tracing progfam; 7,",'. traveltimes obtained with the 'regulal' approach

(see Table 1 of Klimeð and Kvasniðka , 1994); 7,,,: ttaveltimes obtained with the

,irregular' approach in this study; T,-,,: thetime difference between the 7,", andT,n,;

T,-,: thetime difference between the 7,", and T',, '
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X(km) Y(km) 7,", {sl Tn", F) T,,, {s) T,-,

6.872 6.881 6.886

6.741 6.748 6.769

7,911 7.919 7.885

5.918 5.926 5.941

5.937 5.944 5.967

6.268 6.277 6 282

6.393 6.404 ô.401

6.886 6.892 6.860

6.818 6.824 6.828

7.134 7.142 7.'.155

8.317 8.324 8.283

5.279 5.289 5.310

5.3'15 5.323 5.346

5.672 5,683 5.690

5.962 5.969 5.961

6.227 6232 6.200

6.175 6.183 6.176

6.083 6.093 6.099

6.193 6.002 6'215

6.275 6.281 6.301

6.520 6.528 6.531

6.645 6.654 6'655

7.220 7.229 7.',180

7,064 7.071 7 070

4.988 4.996 5.015

5.019 5.028 5.051

5.310 5.315 5.314

5.613 s.616 5.607

5.793 5.795 5.764

5.756 5.762 5.747

5.593 5.598 5.602

5.420 5.427 5'449

5.524 5.529 5.552

5.852 5.863 5.868

6.128 6.135 6.129

6.420 6.422 6.395

6.318 6.326 6.326

6.315 6.325 6'335

4.882 4.892 4.903

4.902 4.915 4 923

5.054 5.063 5.061

5.264 5.269 5.257

5.400 5.403 5.385

5.381 5.388 5.377

5.224 5.232 5.230

5.041 5.051 5'070

5.116 5.124 5"143

5.448 5.455 5.448

5.754 5.760 5'742
5.932 5.937 5.905

5.865 5.871 5.858

5.730 5.741 5'743
4.851 4.858 4.861

4.856 4.866 4'871

4.890 4.902 4.906

4.960 4.971 4.964

5.029 5.034 5.014

5.041 5.050 5.045

4.s77 4.988 4.990

4.900 4.912 4 925
4.943 4.952 4.959

5.156 5.165 5.163

5.401 5.408 5.393

5.536 5.541 5'513
5.489 5.496 5.482

5.310 5.317 5'323

(s) T,_¡ (s)

19.522
11.029

-17.633
13.999
7.736
0.488

-7.884
-13.600
-16.177
-10.814
19.41 I
9.234
4.717

-1 .026
-6.752

-10.678
-12.946
-15.475
-15.448
-7.883
-0.334
9.271

-15.158
17.777
5.616
2.575
-1.524
-5.543
-8.433

-10.237
-11 .458
-10.327
-4.948
1.341
7.735

11 .81 8
14.184
17.202

2.895
1.203

-1.305
-3.994
-6.1 63
-7.487
-7.842
-6.411
-2.709
1.957
6.381
9.379

11 .292
12.809

0.701
0.333

-0.654
-2.044
-3.431
-4.379
-4.527
-3.541
-1.293
1.778
4.846
7.1 38
8.525
8.957

6.062
17.229
18.451
4.646

13.166
16.838
15.544
14.330
11 .393

-19.827
-19.802

3.312
9.274

12.339
12.096
1'l .049
8.326
1.776

-5.966
-15.401
-'18.502

-16.69
-15.522
-11.970

2.243
6128
8.683
9.201
8.468
6.226
'1 .667

-4.418
-11 .065
-13.750
-13.002
-11.860
-8.603
-0.826

1 .319
3.588
5.453
6.297
5.977
4.353
1.226

-3.054
-7.485
-9.936

-10.071
-9,117
-6.439
-1.088
0.370
1.273
2.324
3.095
3.204
2.413
0.643

-1 .909
-4.644
-b.oJZ
-7.278
-6.692
-4.670
-0.930

0.009
0.007
0.008
0.008
0.007
0.009
0.011
0.007
0.006
0.008
0.006
0.010
0.008
0.011
0.006
0.005
0.007
0.010
0.007
0.006
0.008
0.009
0.009
0.007
0.008
0.009
0.005
0.003
0.002
0.006
0.005
0.007
0.005
0.011
0.007
0.002
0.008
0.010
0.0't0
0.013
0.009
0.005
0.003
0.007
0.008
0.010
0.008
0.007
0.006
0.005
0.006
0.011
0.007
0.010
0.012
0.0'll
0.005
0.009
0.011
0.012
0.009
0.009
0.007
0.005
0.007
0.007

0.014
0.028

-0.026
0.023
0.030
0.014
0.008

-0.026
0.010
0.o21

-0.034
0.031
0.031
0.018

-0.001
-0.027
0.001
0.016
0.022
0.026
0.011
0.0'10

-0.040
0.006
0.027
0,032
0.004

-0.006
-0.029
-0.009
0.009
0.029
0.028
0.016
0.001

-0.025
0.008
0.020
o.021
0.021
0.007

-0.007
-0.015
-0.004
0.006
0.029
0.027
0.000
-o.012
-0.027
-0.007
0.013
0.010
0.015
0.016
0.004

-0.015
0.004
0.013
0.025
0.0'16
0.007

-0.008
-0.023
-0.007
0.013
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3.4.6 The minimum travel-time contour

To further test the accuracy of the computed travel times and to give a visual

representation of the wavefronts in the ray tracing process, two velocity models were

selected and the minimum travel time contours (wavefronts) were calculated for both

media.

(1) The minimum traveltime contours for a l-D linear velocity model

The l-D linear velocity distribution model (V =4.0+0.05x2 kmls) is first

selected. The cubic model scale is 100 km. Other parameters for the model are: cell size

(10 km), and number of secondary nodes (19). The source position is still set at the

origin (0.0, 0.0, 0.0). Figure 3.10 shows the minimum travel time contours for both the

analytical and the numerical solutions on several X-Y planes. It is hard to discern the

differences in Figure 3.10 between the analytical and the numerical solutions. The

cuïves are essentially superimposed. In this example, the actual maximum relative error

of the travel times is 0.05 % (theestimated maximum relative error is 0.06 o 
, according

to formula 3.23).
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Fig.3.10 The comparison of the minimum travel time contours between analytic (continuous

tine) and numerical results (dashed line) on the different Z planes {from top left to bottom

righi are Z=20, 40,60 and 8O km. The time interval (in seconds) is indicated on the figure)
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(2) The minimum travel-time contours for a high contrast medium

The model used in the following example is a uniform background velocity model

(V:4.0 km/s) with two cuboid velocity anomalies embedded in the model: one is a low

velocity anomaly (V:3.0 km/s, having a velocity contrast against the background of

-25%); the other is a high velocity anomaly (V:5'0 km./s, having a velocity contrast

against the background of +25 Yo). Again,the source is set at position (0'0, 0'0, 0'0), the

cell size is 10 km, and the number of secondary nodes is 10 in all three directions.

Figure 3.11 shows the minimum travel time contours (wavefronts) on several X-Y

planes at different depths. The low velocity anomaly extends for both X and Y between

20 km and 40 km, and over Z from 0 to 100 km; the high velocity anomalous cube

extends over X and Y between 60 km and 80 km, and ovet Z from 0 to 100 km'
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Figure 3.11 The minimum travel time contours on different Z planes (from top left to bottom right are

Z=0,40,80 and 1OO km, respectively, the corresponding time intervals are 1.0, 1.0, 0.5 and 0.5 s;

Continuous line square: high velocity zone; Dashed line square: low velocity zone)

From Figure 3.11 it can be seen that the contours (wavefronts) are distorted by the two
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high contrast velocity anomalies. In the low velocity block and its nearby region, the

wavefront is set back or delayed. But in the high velocity block and its nearby region,

the wavefront is advanced. As a result of the velocity contrast, an opposite curving

wavefront is created in the low velocity region. On the other hand, an advanced

wavefront is produced in the high velocity region; the less the distance from the high

velocity anomaly, the more advanced the wavefront. This influence is not restricted to

the low or high velocity zones, but affects the wavefields nearby.

Due to the geometric symmetry of the model, the minimum travel time contours on the

Y-Z plane are the same as for the X-Z plane. So Figure 3 . 12 shows only the minimum

travel time contours on several X-Z planes On planes Y:20 and 40 km, the uniform

velocity field is distorted by the square-shaped low velocity anomaly, where the ray is

refracted at the velocity discontinuity. On the planes Y:60 and 80 km, the uniform

velocity field is again distorted by the square-shaped high velocity anomaly, where the

rays are refracted and cross the high velocity anomalous region. Far from the velocity

discontinuity, the wavefront tends to approximate the pattem for a uniform velocity

field.
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Fi9.3.12 The minimum travel time contours on different Y planes (from top left to bottom
right are Y=20, 40, 60 and 80 km, respectively; the corresponding time

intervals are 1.0, 1.0, 0.75 and 0.75 second)
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3.5 Automatic Model Adaptation in Ray Tracing

one of the problems in 3-D seismic ray tracing is the computational efficiency'

Theoretically, one can select any kind of model and assign complicated parameters' but

in practical applications, there are some restrictions that must be dealt with when using

a personal computer. They include the running speed of the program' and the required

memory space. For the shortest-path method, the required memory space varies from

one model to another. In the 'regular' approach, there ate at least 6 latge

one-dimensional affays of length equal to the total number of nodes (in the 'irregular'

approach, there are only 5 such large one-dimensional arrays)' The usage of these 6

one-dimensional affays is as follows: Three are to keep track of the x' Y' and z

coordinates of the nodes; one is to store the sampled velocity value at each primary

node; another is to update the computed travel times at eachnode' and the final one is

an indicator. commonly the total number of nodes is in excess of 1 million in the 3-D

case, so these six (or five) large one-dimensional affays consume much memoly space

on the comPuter.

In order to overcome this disadvantage, one must find another way to reduce the

length of the one-dimensional ariay. The ray-tracing program in most approaches is

designed in such awaythat it loops source by source in a fixed velocity model' i'e' one

calculates travel times and ralpaths from one source to all receivers' and then from the

second Source to all receivers, and So on' This means that the process can be separated

into N steps (N is the total number of sources) for a variable size model' In a general

3-D model for travel time tomography, the receivers are restricted to a small region (say

the central top region on the model), but the events are randomly distributed within the

model. For this deployrnent of receivers and location of the sources' one can select a

variable size (a relatively small) model according to each source location to seismic

network deplo¡rment, if the restricted boundary of the ray paths can be predicted' For

example, the maximum depth that a ray reaches can be estimated according to the

specific velocity distribution and the epicentral distances between the source and the

seismic stations. In the horizontal plane, it is very easy to find the restricted boundary of

62
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the small model according to the geometfy of the specified source and seismic anay'if

backscatter and diffraction of the seismic energy is neglected' In my experience' this

automatic model adaptation process can save at least half the memory space (which is

an important improvement, and hence shorten the program run time when dealing with

alarge3-D model), if a large number of sources are included' To realize this process'

two extra steps are required in the computation: one subroutine is to select each new

(small) model according to a certain rule, that is the velocity distribution and the

geometry of the soufce and seismi c array;the other subroutine is to update the velocity

input corresponding to different models, which must be consistent with the original

input velocity model (large model). considerable benefits are obtained from such an

adaptation

3.6 Bent Raypaths in Exptosion and Refraction seismic surveys

The advantage of the specified 'irregular' approach of the shortest-path algorithm is

that it not only calculates ttaveltimes according to the source and receiver pairs' but

also yields the corresponding raypaths simultaneously' As the cubic velocity function is

tri-linked to the secondary nodes, the trajectory of the raypaths that sums over

consecutive segments along the grid, tends to be close to the bent ray, if the ray angular

coverage is good, and there is little deviation from the true paths' To explain this feature'

an example of ray paths in 3-D seismic explosion survey is presented.

Figure 3.13 shows the

simulation of raY Paths in a 3-D

explosion survey. The model

parameters aÍei model length

(X:100 km, Y:100 km, and

Z:30 km);cell size (5 km). The

number of secondarY nodes in

each direction of cell is 10. For

simplicity, I onlY select 9
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Fig.3.13 3-D ray paths in seismic explosion survey
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sources along the model top boundary and g receivers along the top central region of the

model. The bending of ray paths is clear in Figure 3'13. From this test, it is possible to

properly aÍraîge the shooting positions near Earth's surface around the target and

obtain the 3-D velocity model under the seismic network.

To demonstrate that this approach is also able to trace the reflected or refracted arrivals

with some specific constraints, Figure 3.14 shows another simulation of ray paths in a

3-D refraction survey. The model parameters are: model length (100 km, 100 km' 20

km), cell size 5 km in all three directions, the number of secondary nodes is 10 in all

three directions, a l-D linear

increase of velocitY with dePth

model (V = 2.0 + 0.2x Z kmls)

was used, incorPorating a

velocity discontinuitY

(refractor) with (V:8.0 km/s) at

Z:I5 km. Six sources aÍe

placed along one line and 35

receivers along five Parallel

receiver lines (which are

perpendicular to the source

u:

r----r-----¡ source line geophone line
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Fig.3.14 3-D ray paths in seismic refraction survey

line). The ral,paths are shown for this refraction experiment. This is another test, which

indicates the possibility of obtaining 3-D velocity images beneath the seismic network

by properly arranging sources and receivers, using refracted arrivals.

3.7 Conclusions

The ,irregular' approach to the shortest-path method of calculating the first-arrival

traveltimes has been presented with two basic innovations. That is, secondary nodes are

introduced on the eell surfaces, and the interpolated velocity function is tri-linked to the

secondary node positions. The maximum relative error bound is formulated, which may

be considered as an upper error bound for the whole model in real problems. Synthetic
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tests in a homogeneous 3-D medium strongly support the above procedure of

establishing the maximum error bound, which in general is two times larger than that

for the 2-D case. The accuracy of the computed travel times is analyzed theoretically,

and compared with the results obtained by the 'regular' approach (KlimeÉ & Kvasniðka,

I9g4) in two basic velocity models, previously investigated by other authors.

Comparing with the 'regular' approach of the shortest path method, the advantages of a

revised 'irregular' approach in this study can be summarized as follows:

o less computer memory requirement and less CPU time (at least one order),

which indicates the capacity to handle a relatively large 3-D model;

. eas)¡ handling of high contrast velocity media, due to velocity values being

tri-linearly linked to secondary node positions;

o fewer number of total cells (roughly equal to the number of primary nodes),

which leads to easy incorporation with any inversion subroutines to solve real

3-D problems, if the velocity model is simply sampled at the primary nodes;

o the accuracy of the revised 'irregular' approach is comparable to the accuracy

obtained from the'regular' approach.

The technique developed with the 'irregular' approach in this study for first-arrival

time calculations is equally applicable to diffracted and reflected arrivals. It is simply a

case of adding times from source to node position (diffractor) to that from node position

to receiveq which constitutes the later arrivals, or with some constraints (reflected

surface or boundary) to trace the reflected arrivals. Therefore, the conclusions from this

study conceming the accuracy of hrst-arrival times with the 'irregular' approach are

equally applicable to reflection tomography and seismic migration, as they are to

transmission tomo graphy and seismic refraction.
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chapte r 4z Non-Linear Inversion in Travel

Time Tomography

4.1 Introduction

Travel time tomography is in general a non-linear inverse problem' but for purposes

of model simplifrcation and efficiency of computations, it can be reduced to a large and

sparse matrix, over-determined linear equation problem after linearization(for example'

McMechan et al., 1987). Unfortunately, this simplicity is not suitable in every case to

fully reconstruct a satisfactory and reasonable image from the linear system of

equations. The problem is that the ray paths are seriously bent in a high contrast

velocity medium and the assumption of straight ralpaths fails due to large deviations

from the true ray paths. The higher the velocity contrast, the larger the deviation' Thus

in such circumstances, one has to apply a true non-linear procedure for both ray tracing

and inversion.

The non-linearity of tomographic inversion is as yet not well understood despite

considerable research (e.g., Sehudanadi and Toint, 1993;Bunks et al', 1995;Reiter and

Rudi, 1996;vasco, 1997;chunduru et a1., Ig97). The mostly linearized schemes that

are used in practice are sensitive to noise and may create solutions that are geologically

implausible. For this reason, much work has been done in adjusting or improving the

various inversion strategies, typically by using filters, data pre-processing, data

pre-selection, damping, or smoothing. For example, Tinti and ugolini (1990)

introduced pre-selection of seismic rays as a possible method to improve the inverse

problem solution. sambridge (1990) attempted to constrain velocity anomalies by

seeking smooth models in the 3-D case. Carrion (1991) performed dual tomographic

inversion by parametric optimizationin the vector space of Lagrangian multipliers'

yielding better results than standard algebraic and simultaneous reconstruction

techniques. zhou (1993) extended traveltime tomography with a spatial-coherency

filter. Nemeth et al. (1997) introduced variable sized smoothing preconditioning in

crosswell tomography as a means to speed up convergence of tomogfams'
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Non-linear travel time tomography can be implemented by linearization and an

iterative procedure (Bregman et al, 1989), in which a constrained optimization problem

incorporating àr priorl information (Tarantola and valette, 1982) or 'hard' and 'soft'

bounds for a physical solution (carrion, 1989) must be solved' zhou et al (1992)

systematically analyzed and compared several popular inversion methods (such as

SVD, ART, LSQR and CG) for the non-linear problem and developed two inversion

procedures (DMNLS-I and DMNLS-2) having solutions less sensitive to data error'

The non-uniqueness of the solution is reduced by ùpriori information' DMNLS stands

for the damped minimum nofïn, least-squares and constrained problem' It has the

advantage of handling alarge sparse matrix inversion with less computation time and

less memory space requirements. Here, I give a brief overview of the DMNLS

inversion procedure'

4.2 DMNCLS Problem

The non-linear inversion problem can be cast in the following form:

-t";[lp-o^ll',,*tll*ll',,), ã<ñ<6 (4'1)

where the squared nofÏn ll'111, = x, Cox is defined with the d or m subscripts standing

for the positive matrix operator C to the data space ( d ) or model space ( m )

respectivel y; þt isa damping factor and ã and 6 are constraint bounds on the solution

for the velocity model. In the non-linear inverse problem, the operator C is often taken

as the weighting matrix, or the inverse of the à priori covariance matrix,

¿ =l6tr,õtr......,6tr] is ttr" data vector of residuals between the observed and computed

travel times; ñ =1Mr,6V2,......,õl/Nlis ttte velocity perturbation relative to the updated

velocity model; and A is the Jacobian matrix with dimension (MX N), where M is the

total number of ray paths and N is the total number of unknown velocity parameters'

The Jacobian matrix is a large, sparse and ill-conditioned matrix (about 90% of the

elements are missing).

The solution equation of problem (4.1) can be obtained (Menke, 1984) as follows:
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lor,,, *,'l' c o'1.þ ^ñ = A' c oã

where the truncation operator can be defined as:

Z^ñ =

ffi¡ a¡ 1m¡ 1b¡

ai ffi¡ 1a¡

bí m,)b,

The formul a @.z)is the generalization of linearized inversion and forms the basis for a

number of inversion methods. For example:

(1) Bv taking lt = 0 and co = 1 , equati on(4.2)becomes the classic LSQR problem:

,'i"ll-H-Afr,ll'l u<ñx<6 (4'3)
"'^" 

2 Lll-- ttu )

(2)Bytaking Co = C,n: I ,2, =W and A= GI4/ where W is abanded matrix that is

physically described as ïay broadening, the convolutional quelling method solution

proposed by Meyerh oltz and Szpakowski (1989) is obtained:

n =wlw'Gr GW * FIf'w'G'ã Ø'4)

(3) BV taking Co : I and C,n = Dr D, where D represents a first or second difference

operator by which minimisation of the data residual is traded-off against obtaining a

smooth solution, then the first or second regularisation method solution (Shaw and

Orcutt, 1985) is obtained:

¡r=ll' .t + pn'ol' l'ã (4'5)

(4) Bv taking cd,c, as the inverse operators of the à priori covariance matrix to the

data space and model space respectively, the solution of the generalised LSQR

inversion problem (Tarantola and valette ,1982; Carrion, 19S9) is obtained:

,7 =lA'cnA+ pc*]-' 'l'c,,ã (4'6)

In summary, choosing different operators with different damping factors will yield

different physical solutions. The best one among them is determined by the

characteristics of the data and the model situation' Thus the basic task is to solve

equation (4.2) using an iterative scheme'

(4.2)
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4.3 Iterative Solution-DMNLS-l

Scales (1987) has successfully applied the classic conjugate gradient algorithm to

the LSQR solution for a large, sparse matrix system, and shown that the method is fast,

accurate and easily adapted to take advantage of the sparsity of the matrix'

Theoretically, the CG method is also valid for the damped minimum norTn'

least-squares and constrained problem, since the solution exists in a physical sense and

the condition number of the coefficient matrix is improved by à priori information

(Tarantola and valette , 1982; Carrion, 1989). Zhott et al (1992) introduced the cG

method {following the Scales approach (1987), where the CG algorithm is applied to

the LSeR problem) to the damped minimum noÍn, least-squares and constrained

problem and developed two iterative procedures for solving equation (a'4; one is

DMNLS-I {by some simplihcations, it reduces to the Scales approach (1987)}; the

other is DMNLS-2 {it is a modification of the Carrion approach (1989), but solved with

the CG method). For more information on DMNLS-I and DMNLS-2, see the paper by

Zhou et al, (1992).

The method of DMNLS-I can be interpreted as a certain trade-off between the

perturbation length of the model space and the residual fitting of the data space; while

the DMNLS-2 method seeks to find a vector orthogonal to the solution-space of the

LSQR problem. Obviously DMNLS-2 has a more direct effect on reducing the

non-uniqueness of the solution than DMNLS-I, but DMNLS-I has a faster running

speed than DMNLS-2. Zhot et al (1992) concluded that the nearly identical behaviour

of SVD, LSQR and CG algorithms in low velocity contrast situations with noise-free

data indicates that they are efficient solvers only for the LSQR problem, but they cannot

offer much improvement for image quality when the data are contaminated by noise or

if high velocity contrasts are embedded in the medium. In such situations, the

preferable approach is to generate meaningful results and to reformulate the

mathematical problem to be solved so that the ill-conditioned problem changes into a

well-conditioned problem. Meanwhile, DMNLS-I and DMNLS-2 yield a reasonable

and physically meaningful solution, since the 'soft' ([t,C,n,Co) and 'hard' ( Z, ) bounds

are introduced into the inversion and change the conditioning of the inverse problem.
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The artifacts caused by noise and high velocity contrasts are substantially suPPressed

and the image quality is considerably improved, thus making the solution realistic with

noisy or inconsistent travel time data'

In order to incorpor ate a telatively fast and accurate procedure for the non-linear

inverse solver with the shortest-path ray tracer in 3-D travel time tomography'

DMNLS-1 was selected as the linearized solver due to its fast running speed'

4.4 Calculation of the Analytical Jacobian Matrix

Most authors consider the segments of the raypath as the elements of the Jacobian

matrix due to the assumption of constant velocity across each cell' This is strictly true

only for straight ray tomography. But for bent ray paths in high contrast velocity media'

one has to seek an analytic Jacobian matrix. As discussed in chapter 3, the definition of

the velocity distribution across the cell takes the form of a tri-linear function (equation

3.r2).

The travel time along the j-th ray path R, in a cell is given by the integration formula:

4: Non-lineaY inversiott
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(4.1)

(4.8)

(4.e)

t

or t
dst

k v"(x,Y,z)

ô

J
R¡o

J

where ds is a segment of the ray trajectory in the cell, and v"(x,y,z) is the velocity

distribution of the cell and fr is the total number of segments in the cell' The derivative

of time with respect to changes in velocity (the element of analytical Jacobian matrix)

can be calculated by the following expression:

av"

t
k

Here 9!t=l,nr(lr) are the sampled velocity values at the primary nodes of the

ôVo 7

I
R¡o

J
R¡t

dt,

ôVo v| (x,y,z) t
k

cells.
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Equation (4.9) and its integration can be calculated by a numerical algorithm. For

simplicity, I calculate the derivatives as the summation over a series of averaged values

between the two end points on a segment of the ray path across the cell:

ôt,

õVo f,lf o, t*, r, z) + f ,,, (,, v,')l
kj

=L If r',Y,2)ds =
Oki

I (4.10)

(4.11)

k

where k is the number of segments of the ray paths across the cell, and k,,k, are the

two end points on the k - th segment in the cell. As discussed in section 3.2.2, (x,y,z)

is a normalised co-ordinate relative to the minimum primary node of the cell (reference

point). V/ith the total ray path information obtained from forward modeling, it is very

easy to calculate the derivative of travel time with respect to velocity change for each

cell along theray path. Finally, the M xN elements of the analytical Jacobian matrix

are obtained, where againM is the total number of ray paths and N is total number of

unknown velocity parameters in the model space.

4.5 The Convergence Properties of the Inversion

I define five important quantities to analyze the accuracy and convergence properties

of the inversion.

1. The convergence of the travel time residual

Here the root-mean square (RMS) of the time residuals is selected as the

measurement of convergence of the travel time residuals between the observed and

computed travel times for each loop of the iteration:

| (t 
"u, - t,rn,)t

RMS (6t) = M

where lou" is the observed travel time and t,rn is the computed travel time

corresponding to the current model, M and N are the total number of ray paths and total

(4.12)
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number of unknown velocity values, respectively'

2. The convergence of the velocity model perturbation

I also use the RMS to define the convergence of the velocity model perturbation:

I
kMS (6V) = (4.13)

N

where Vj and yu+r) ur" the updated velocity values at successive iterations' The

root-mean square difference of the updated velocity, averaged over the whole modef is

roughly equivalent to the length of the perturbed model vector'

3. The convergence to the true model

In numerical tests another quantity can be introduced to measure the approximation of

the updated model to the true model after each iteration:

V.'I( j+
') - v,j )'

> (v :,, - v,i,,")'

RMS (LV,) = N

HeÍe V,r,aîd vo,,u are the updated and true velocityvalues, respectively. RMS(LVt) is

the averaged measurement of how close the updated model approximates the true

model after each iteration. It represents the accuracy of the inversion'

4 The deviation from the input velocity model

Another important quantity in evaluating the capability of the inversion is the

deviation from the input or starting velocity model:

- V,)0,, )'
kMS (LV,) = N

Here V,n, and Vrnp,t aÍe the updated and the input velocity values'

respectively. RMS(LV.) is the averaged deviation from the input (or starting) velocity

model after each iteration. It shows absolute maximum perturbation of the updated

(4.t4)

>(v:,,
i (4.1s)
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velocity model.

5 The ratio of current to maximum deviation from the input (starting) model

The quanti ty V ra¡o, defined below, represents the relative perturbation of the updated

velocity model.

2( nrt" I
v,n,o = *tl*:)= t

i

V!r, -V
I

ltue V

input (4.16)
I

inpulV

Here AZ",u* is the maximum deviation of the input model from the true velocity model'

V^,, is the fractional recovery of the velocity model if the updating process totally

tackles the anomalous region.

Formulae (4.12) and (4.13) give the convergence of the matrix inversion in the

mathematical sense, which only indicates the convergence feature regardless of the

updated velocity model, and thus these measures cannot guarantee that the solution has

physical meaning. Formula (4.14)is really needed in the inversion, but it is unavailable

in practice because the true velocity model is never known for field studies'

Alternatively, formula (4.15) can be evaluated for both synthetic and real problems'

Theoretically, the quantity defined by formula (a'15) should have a decaying

exponential form and remain stable with increasing iterations if the inversion algorithm

is suitably selected. Formula (4.16) indicates what percentage of the velocity model is

recovered from the inversion process. Through formulae (4.14), (4'15) and (4'16), it is

possible to roughly estimate the accuracy of the inversion algorithm' A good inversion

algorithm should not only have the ability to delineate the velocity anomalies both in

size and location, but also should have the capacity to recover the strength (magnitude)

of the velocity features. A full understanding of convergence properties is very

important when undertaking numerical tests or solving real problems' One must keep in

mind what is the best solution (the final one or the intermediate one) and how many

iterations are needed to get a reasonable solution (it is not necessarily valid to think that

the more iteration loops, the better the solution). It is desirable to obtain a reasonable
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solution with physical meanin g, rathet than simply being a mathematical explanation'

As far as I know, there have not been fully established theories in the literature to deal

with the above problems. Therefore, I will discuss them according to the above five

convergence features in the inversion of synthetic data (numerical tests) as a prelude to

solving real problems'

4.6 Smoothing Function

In order to get a smooth image without sudden perturbations in the velocity field,

sometimes it is useful to incorporate a filtering function to remove such high frequency

variations (or artifacts). The filtering function can be incorporated in either of two ways:

one \May is to hlter the updated velocity model after each iteration loop; the other is to

filter the updated velocity model after the final iteration. Thus the alpha-trimmed means

filter (Gersztenkom and scales, 1988) was introduced to fulfill this goal without

destroying the sharp velocity distribution and introducing specious features' For the

3-D case, there are basically two approaches to filter the updated velocitymodel: with a

3-D filter or with a2-D filter. For this purpose, I extend the 2-D filter to the 3-D case,

and find that it is possible to obtain a relatively smooth updated velocity model with a

3-D filter, but with alargedeviation from the background velocity of the input model

due to contributions of adjacent cell velocities (from above and below) involved in the

3-D window. Therefore, the updated velocity model is filtered with a 2-D filtet layer by

layer. Considering the use of an analytical Jacobian matrix and hard constraints in the

inversion process, it is not necessary to use a smoothing function for every iteration

loop. Thus I filter the updated velocity model after the final iteration if required. A

n - pornt window of varying strength (0.0 to 0.5) was used as the filter. The quantities

0.0 and 0.5 indicate the mean-value and median-value filter, respectively. Thus the

decimal number between 0.0 and 0.5 means the filter lies between the mean value filter

and median value filter.

4.7 Numerical Tests and Results of Analysis

A series of models have been tested to assess the accuracy of the inversion algorithm

itself, the capability of handling high contrast velocity media, the sensitivity to a
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tolerable level of noise both in the travel times and the velocity model' and the ability to

improve the image quality with well developed ray angular coverage (improved

accuracy of the computed travel times)'

4.T.lNumericaltestl':Theaccuracyofthealgorithmitself

In order to test the accuracy of the inversion algorithm, one numerical test (synthetic

example) is carried out for a relatively high contrast velocity media' A good inversion

algorithm should work well in high contrast velocity media' not only its ability to

distinguish the velocity anomalies in spatial location (size and position), but also the

capability to recover the anomalous strength (the true anomalous velocity value)' For

this purpose, the parameters of the basic modei are: model length (L' = I, = 100 km

and L"=25 km); cell size (c,=cr=c"=5 km);thenumberof secondarynodesin

each direction is the same

(M,=My--M"=6).The

estimated maximum relative

erïor of the comPuted

traveltimes in this case is less

than 0.5 % (see formula 3.23).

Figure 4.1 shows the velocitY

model that was used to obtain

the theoretical travel times (as

observed travel time data in

the inversion process later on)'
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Fig.4.1 The true velocity modelfor numericaltest 1

The background velocity distribution is a l-D layered velocity distribution with six

rectangular low and high velocity anomalies ( t 0.5 km/s deviation from the

background velocity) embedded in the planes z:0,5,15 and 20 km; one high velocity

anomaly both in the planes Z:O km and 5 km, and two opposing velocity anomalies

(high and low) both at the planes Z:I5 and20 km. The velocity contrast ranges from 8

o/o inthe Z:20 km plane to 16'/o in the Z:0krn plane'

To simulate a 3-D explosion sulvey and reconstruct the velocity field under the
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seismic network, I put 20 sources uniformly along the top boundary of the model and

g1 receivers with a 5 km equal spacing on the central top surface of the model (in total,

1620 seismic rays cross the model, and there ate 2646 velocity unknowns in the

inversion).

The damping factor is set at 0.01. There is a trade-off between the time residual

convergence and the model perturbation when selecting the damping parameter. In our

experience, based on 
joo

considerable testing with so

different values, a soft damPing 8o

factor (from 0.01 to 0'1) is 70

60

suitable for the following 
5o

examples. 40

The source-receiver geometry is 30

20

shown in Figure 4.2. The inPut 
1o

(starting) velocity model is the Il
0 10 20 30 40 50 60 70 80 s0 10t

1-D layered background velocity Fig.4.2The source (btack) and receiver (grey)

for the true model. In such location for numerical test I rn plan view

circumstances, the travel time residuals only arise from the six velocity anomalies in the

true model. In this case, I set strictly constrained bounds (with maximum value

t 1.0 km/s) as the possible deviation from the input model to the true velocity model.

From these strict constraints, it is easy to analyzethe updating process in the anomalous

Z planes. Knowing that the velocity anomalies lie within a square region (between 40

and 60 km in both the X and Y directions), the following statistical analysis is restricted

to these square regions at each anomalous Zplane so that the accuracy of the inversion

algorithm can be evaluated.

Figure 4.3 shows the five kinds of convergence properties defined earlier (formulae

4.12 to 4.16). For the travel time residual and the velocity model perturbation (Figure

4.3a), they are typical decay curves with a fast convergence rate in the first few

iterations and a stable trend with increasing number of iterations. After the 15-th

iteration, there is not much improvement both in the travel time residual and in the
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perturbation of the velocity model. It is especially interesting as to what can be

observed in Figure 4.3b. All three quantities of convergence are roughly based on the

anomalous velocity region (because the statistical analysis is not on the real anomalous

region, but on the square region, between 40 and 60 km in both X and Y directions) in

the model. From Figure 4.3b, the maximum deviation of the input model from the true

model is 0.430 km./s, and the updated model closely approximates the true model (6Vt)

with a discrepancy of 0.08 km/s after 20 iterations'

RMS difference RMS difference

0.16 1.0

0.8

0.12

008

04

OB

ú04

00ü

o.2

00

1 3 5 7 I 11 13 15 17 19

Iteration number

02468101214161820
Iteration number

Fig.4.3 The ¡ve kinds of convergence curves (left panel: time residual and model perturbation;

right panel: convergence to true model and deviation from input model) in test I

The maximum perturbation ( Mr) of the updated velocity model (the maximum

deviation from the input model) is 0.35 km/s. More importantly the relative

perturbatioî (V,nt¡) of the updated velocity model is more than 80.0% aftet 20

iterations (that is, v--,,^ = 
yt 

= 
o'1? 

= 8L4%). If all the perturbations of the updatedrdt¡o 6yt 0.43

velocity model are confined to the anomalous region, V,ntø is the recovery ratio of the

anomalous strength. But it is known that the updating process is not only conducted on

the anomalous region, but also along ray paths outside the anomalous region. Therefore,

the actual recovery ratio is lower than the defined value above. Atywuy, by considering

æ (s)

ãlt

ã4ßnlsJ

av,(RmtslI
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all three quantities of convergence, it is possible to roughly estimate the accuracy of the

inversion algorithm,

Figure 4.4 shows the unf,rltered images after 20 iterations. ln the figure the unfiltered

image means that the velocity value is only the difference between the final updated

velocity and input velocity model; thus they are the absolute anomalous values against

the input velocity model. From this numerical test, it can be concluded that the

inversion algorithm has the ability to map the anomalous target in nearly the identical

(true) position and of the right size even without any filter applied, but only partially

recovers the anomalous strength. This means that the velocity anomaly recovered by

the inversion algorithm is only a relative one (in this case), even though it is a very close

to the true velocitY model.

7=t

a-a

7-4 t

30 40 50 6u 7Û (km)

Figure 4.4 The true velocity perturbation (left) and the unfiltered image (right) from test 1

- (ln figure: the decimal number in the true model indicates the velocity

d ifferences agai nst background velocity val ues )

4.7.2 Numerical test 2 (Ray angular test): The effectiveness of the algorithm itself

The maximum ray angle as an indicator of ray angular coverage in the cubic cell

network of the model specification is {see formula 3.8):

maximum(O") = arctsr#¡, Ø17)

Here M is the number of secondary nodes added in each direction. It is the sole factor in

representin g ray angular coverage, and hence determining the accuracy of computed

travel times. Theoretically, the image quality (both location and strength) should be

improved by increasing the ray angular coverage (that is, improved accuracy of

computed travel times). To evaluate the effectiveness of the inversion method, here I
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perform two numerical tests to analyze the importance of ray coverage in 3-D travel

time tomography. The first numerical test is developed in the following way' I obtain

the .observed travel time' by calculating the theoretical travel times on the fully

developed ray angular coverage condition (increasing the number of secondary nodes

in each direction to 10, the estimated maximum relative error is 0'2 % in this case' see

formula 3.23).I then undertake the 3-D travel time inversion with a poor ray angular

coverage condition (fewer secondary nodes, 4 in all three directions, which yields an

estimated maximum relative error of up to 1.0 % in this case). under such conditions,

the travel time residual is only caused by the poor ray angular coverage (that is the

inaccuracy of computed travel time, or switching the estimated maximum error from

0.2 %to 1.0 0/o), orby an unsuitable selection of the number of secondary nodes in the

model design. In this test the basic model is the same as the numerical test 1; the only

difference is that there are no velocity anomalies at all, simply a smooth increased

velocity with depth.

As discussed in chapter 3, theray path defined by the shortest-path method is the

geometrical ray. A certain pattern of travel time error exists, and even becomes worse

(larger error) with poor ray angular coverage in the model representation' It can be

predicted what image will be obtained in this test; it should be a syrnmetrical velocity

'anomalous pattem' due to the poor ray angular coverage (inaccuracy of the computed

travel times).

From Figure 4.5 ít can be seen

that the absolute travel time

residual (RMS) is less than 0.04 s

(this travel time error is tolerable

in most cases) even if the number

ofsecondary nodes added in each

direction is only 4.

Figure 4.6 shows the recovered

tomogram with Poor raY angular

coverage. The fictitious'velocity

RMS difference
004

0.03

002

001

0.00
1234 5 E 7 I s 10

Iteration number

Figure 4.5 The convergence of the travel time

residual and the model perturbation in test 2

(s)
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anomalies' are within t 0.08 km/s and they can be neglected in most cases' The

important factor is not the small anomalous scale, but the 'anomalous pattern" which

has the geometrical symmetry according to the symmetrical pattern of source and

receiver deployment in the model set up'
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Figure 4.6 The filtered 'velocity anomalies' introduced by the poor ray angular coverage

(from top left to bottom right aré the planes ÍorZ=0,5, 10, 15,20 and 25 km, respectively)

This example illustrates how unsuitable model division adversely affects the final

image. From this test, it can be seen thatruy angular coverage is an important factor in

determining the accuracy and effectiveness of 3-D travel time tomography' It is worth

pointing out that it is very necessary to analyze the accuracy of the computed travel

times (or to use formula3.23 to estimate the maximum relative error) on a certain

model so as to meet the minimum requirement of the travel time error' otherwise' there

is no guarantee that a reasonable image will be obtained' Even worse, a false image

related to the unsuitable model design is created. To further test the effectiveness of the

method with increasing ray angular coverage (while keeping other model parameters

unchanged), in the next test I select four different numbers of secondary nodes in each

direction (M:4, 6, 8 and 10, for which the corresponding estimated maximum relative
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effors are 1.0 0/o,0.5 r/o,0.3 0/o and.0.20/o, respectively) to obtain the corresponding

images. The model used here is the same as the model in test 1.

Figure 4.7 shows the unfiltered images for differing amounts of ray angular coverage'

The best image is the one with 10 secondary nodes added in each direction of the cell'

but there is no significant difference in the image quality when the number of secondary

nodes is equal to or larger than 6. Theoretically, the higher the ray angular coverage' the

better the image quality. But in practical applications, there always has to be a trade-off

between the accuracy and the computational efficiency. The recommendation is to find

the minimum number of secondary nodes which guarantees the acceptable accuracy

required.

(a) (b) Z=t

Z=5

Z=1O

Z=15

Z=20

Z=25

(c)

Fig. 4.7 The comparison of four travel time images with different numbers of secondary nodes

involved in model representation (a: M=4; b: M=6;c: M=8 and d: M=10 Secondary nodes)

To further explain the above situation, consider Figure 4.8, which shows the

convergence of the travel time residual and the perturbations of the velocity model for

different levels of ray angular coverage (different approximated accuracy of the

computed travel times). From diagram (a), the travel time residual drops more quickly

and reaches a lower level when there is good ray angular coverage (that is more

secondary nodes are added in each direction of the ce11), but there is not much

Ð
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improvement when the number of secondary nodes exceeds 6' This means that only 8

secondary nodes are required in each direction to get good ray angular coverage in this

case. From diagram (b), it can be seen that the perturbation of the velocity model

maintains a relatively high level and sometimes fluctuates with poor ray angular

coverage, but again there is not much difference between the results with 8 or 10

secondary nodes.
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Figure 4.8 The convergence curves with different numbers of secondary nodes

for ray angular coverage test

4.7.3 Numerical test 3: The capability to handle high contrast velocity media

The basic model in this test is similar as for numerical test 1, but high velocity contrast

anomalies are added to test the capability of the inversion algorithm to handle such

media (see Figure 4.9 for details). The velocity contrast is 22.50/" on the plane Z:0,

20.5% on the plane Z:5, + 21.5% on the plane Z:I5 and ! 20.0% on the plane Z:20

km, respectively. The input model (starting velocity model) is a 1-D layered velocity

model which deviates from the true background velocity by amounts -0'3, -0'3, -0'3,

-0.2, -0.2 and, -O.2kmls on the planes Z:0, 5, 1 0, 1 5, 20 and 25 krÎ,respectively)' Being

av/are of the maximum absolute anomalous strength (velocity contrast), I set hard

(a) travel time residual

---- M=4

-----' M=6

----- M=8

_ M=10

(b) VelocitY model Perturbatlon
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constraints of a=-2.0 km/s and b =+2'0 km/s This means that the maxrmum

absolute model Perturbation

against the inPut velocitY model

is restricted within this range'

Figures 4.1'0, 4.1I, 4.12 and 4'13

give the comParisons between the

true and reconstructed velocitY

lrelds at the Plane s Z:0,5, 15 and

20 km resPectivelY, with different

filter parameters aPPlied.

The first integer in the

parenthesis is the length of the
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Fig. 4.9 The true velocity model for numerical test 3

filter window (in points) and the second decimal number is the weighting index (where

0.0 is to filter by the mean value; 0.5 is to filter by selecting a medium value; thus the

decimal number between 0.0 and 0.5 indicates the filter lies between the mean value

filter and median value filter). From the comparison, it can be seen that not only the low

and high velocity anomalous regions have been separated from the background velocity

(nearly identical anomalous size and location), but also the two adjacent opposite high

contrast velocity anomalies at the planes z:I5 and 20 km have been resolved even

without using any f,rlters. Surprisingly, the rectangular background velocity field

between the two adjacent opposite high contrast velocity anomalies is nearly

unperturbed, i.e. the inversion was able to resolve a small object with length less than

the cell size. Meanwhile, the reconstructed high velocity anomalous region is slightly

larger than the true high velocity anomalous region, but the reconstructed low velocity

anomalous region is slightly smaller than the true low velocity anomalous region'

because of the effect of rays being drawn into the high velocity anomaly and being

deflected away from the low velocity anomaly. It is reasonable to say' the mean value

filter is able to smooth the image, but sometimes it makes the image obscure' The

medium value filter has the ability to capture the main feature, but sometimes it fails to

smooth the image. Thus, the recommendation is to use a f,rlter with a value between the
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mean and medium values

Y (km)
B0- -0.5

-0,4
-0.3
-4.2
-0.1
-0,0
0.0
0,1-, o.2
0,3
o.4
0.5

-0.5
.8.4
-0.3
.tr.2
.0.1
.0.0
0.t)
0.1:,: O.2
0,3
0.4
0.5

80

true model filter (2, 0,0)

filter (2,0,1)

flller (3, E rl)

fllter(2,u 15)

filter (4,0.û) Mgmts)

filter (2,0,25)
2ot r

60-

40-

60

4E

2E

6E-

40-

2or

60

40

20

2E 4t 60 B0 20

unfiltered image

true model

Unfiltered image

Atr 60 80 20 4tr 60 E0 20 40 60 80

X (km)

Figure 4.10 The comparison between the true model, unfiltered and filtered images

with different filter parameters at the plane Z=0 km
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Figure 4.11 The comparison between the true model, unfiltered and filtered images

with different filter parameters at the plane Z=5 km
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Figure 4.12The comparison between the true model, unflltered and filtered images

with different filter parameters at the plane Z=15 km
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Figure 4.13 The comparison between the true model, unfiltered and filtered images

with different filter parameters at the plane Z=20 km

The results of this test show that the inversion algorithm works well even on the

suddenly changing high velocity contrast media, and thus has the capability to handle

velocity discontinuity media (at least 2Oo/o contrast) without loss of accuracy.

4.7.4 Numerical test 4: The sensitivity to noise in travel times

In order to test the sensitivity of the inversion algorithm to noisy data, the model

selected here is the same as in numerical test 2. That is, moderate velocity contrast

anomalies are embedded in the model with maximum anomalous strength of
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+ 0.5 km/s. The starting velocity model deviates from the true background velocity

model at each zplaneby amounts 0.4,0.4, 0.2,0.1,0.0 and 0.0 km/s atz:0,5, 10, 15,

20 and25 Wn,respectively. The constraint bounds on the velocity model perturbation,

and the damping factor are the same as for numerical test 2. Random noise was added to

the observed travel time data (theoretical travel time data were obtained from the true

model). The relative error level is defined by:

i{r"0, -1"u)' 
-1

* no/o = inoisel'l tnnx Amp
)') (4.18)

m

Here n is the noise level. Based on the definition of formula (4.18), I add random

noise with relative levels of 2.5%o, 5.0o/o and 10.0% to the observed travel time data'

respectively, and obtain the corresponding images with the same constraint bounds and

damping factor. Figure 4.14 shows the corresponding images obtained Ìvith different

noise levels. Good quality images can be recovered when the noise level is not so high

(for example, less than or equal to 5Yo), and still a visible image can be obtained when

the noise level reaches 10olo, but some velocity anomalies are obscured'

(a) 2.5% no¡se (b) t% ntise

s)õll(b'r.l
-o.f
-a-¿
-o.g
-o.i
-o.1
o.o
o.1

. o.2
u. o.g

o.4
o.5

5% no¡se 1Eo/o otSe

ZFO

ZF5

ZFIO

Z--15

ZFZO

7F25

2Û 40 60 8t X (krn)

Figure 4.14The unfiltered images with different noise levels added to travel times

(Noise levels are indicated in the figure, 0% means noise-free)

úr-:.
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Figure 4.15 is a comparison of the convergence curves with different noise levels. The

stronger the noise level, the poorer is the convergence (higher level) for both the travel

time residual and the perturbation of the velocity model. Meanwhile, there is not much

difference among the convergence curves if the noise level is below 70.0o/o, which

means that this approach is not sensitive to a tolerable noise level (say the relative noise

level does not exceed 10.0%). There is a practical benefit in developing an inversion

procedure that is not too sensitive to a tolerable noise level'

RMS error (s) RMS difference (km/s)
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Fig.4.15 The tomographic convergence curves with different random noises in the traveltimes

4.7.5 Numerical test 5: The sensitivity to errors in the velocity model

It is possible that the travel time data obtained are from a comrpted or noisy velocity

model, or a model with a relatively large timing error due to unsuitable selection of cell

size and model parameters. In such circumstances, the travel time errors are possibly

introduced by the comrpted velocity model. In order to simulate this situation, the

random noise was added to the true velocity model and the theoretical travel times

(treated as the observed travel times in the inversion process) were calculated. The

model used here is the same as for numerical test 2; the only difference is that the

random noise was added to the true velocity model rather than to the travel times. The

relative random noise is introduced through following expression:

(a) travel time residual

---- 1D%

-----' 5o/o

- 

Noise-frEe

(b) velocity model Perturbalion

-*\
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irr, -v)'
(4.1e)* no/o = (lnoisel,.*_n,o( ,)

m

Here V is the averaged velocity at a certain Z plane, V, is the velocity value on the

j - th primary node at this Zplane and m is the total number of primary nodes on this

Z plane. I select three noise levels (2.5o/o, 5.0% and 10.0%) and obtain the

corresponding images. Figure 4.16 shows the unfiltered images for the different noise

levels. Again there is not much difference in the image quality if the noise strength is

within a tolerable level (in this case, less than or equal to 5.0%). The image quality is

distorted (some velocity anomalies are missed, others are transformed both in size and

location) if the random noise strength reaches 10.0%.

(a) 2.5% noise (b) 0% noisE

8/(kwi s)

(c) 5% noise (d) 1û% noise

Z=t

.L-J

Z=1O

Z=15

Z=28

7-4tr
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Fig.4.16 The unfiltered images with different noise levels added to the velocity model

Figure 4.17 shows the convergence curves for both the travel time residual and the

perturbation of the velocity model with different noise levels added to the velocity

)
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model. Again there is not much difference among the convergence curves for the time

residual, but slightly different strengths for the perturbation of the velocity model. The

stronger the noise, the larger the convergence level (plateau region) of the model

perturbation, or the worse the result. The physical explanation for the same rates and

levels of convergence of the time residual, but different convergence in the model

perturbation with different noise levels, is that the inversion algorithm seeks different

perturbed velocity models to fit the travel time residuals no matter how strong the noise

that was introduced to the true velocity model. To reduce the residual of the travel time

obtained from a model with a large deviation from the true model to the same level

requires a relatively large perturbation length on the model space. Thus, it converges to

a relatively high RMS level.

RMS error (s) RMS dìfference (km/s)
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Fig.4.17 The tomographic convergence curves for different noise levels in the velocity model

As discussed above, the program works well in a high contrast velocity field, even

with noisy traveltime data, or a comrpted velocity model. Now it is time to test the

ability to recover the fine velocity structure in a real 3-D variable velocity model. The

velocity model selected in this test is the same as that used in chapter 3 (Fig.3.8). To

simulate areal3-D explosion survey, the model size is extended to 60 kmx 60 km in the

horizontal plane, and truncated in depth at 16 km. The velocity distribution in a box of

0
123456789101112131

(b) velocily model perturbat¡on

\-

---- lOTo

------ 5Vo

-"--'- 2 5Yo

- 

noise_free

(a) travel time rÉsidual
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these horizontal dimensions is smooth, and is 3 km/s everywhere at the top surface of

the model. The velocity at the model bottom (16 km depth) oscillates between 4.7 Wnls

and 5,4 km/s, with 10 km being the spacing between minima and maxima (see Figure

3.g for details). The velocity in the vertical direction increases linearly from top to

bottom.

48 sources, 5 km spacing, were located along the top boundary, and74 receivers lie on

the top surface of the model, forming a somewhat irregular seismic network (the 66

receivers were previously used in section 3.4.4 of chapter 3, and another 8 receivers

were added to make up the large gap between the receivers)' Figure 4'18 shows the

locations of the sources and

receivers in this test. This is a

real 3-D variable velocitY

model and a suitable examPle to

test for recovery of the fine

velocity structure. A cubic cell

(2km x 2krn x2km) is selected

to divide the whole model, and

the number of secondarY nodes

is set at 6. The damping factor is

0.01. The model-uPdate
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x
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Fig.4.18 Source (black) and receiver (grey)

locations in test 6

constraint is the physical constraint. In other word, the velocity cannot be negative, and

cannot be larger than the specified maximum velocity value (in this case, the maximum

velocity value is set at 10 km/s). Taking the 1-D linear background velocity of the true

model as the input model, I obtained the final velocity images after 10 iterations'

Figure 4.19 shows the comparison of two different depth slices between the true

model and recovered velocity. Even without any filter applied, I obtained nearly the

same anomalous patterns as in the true model. The scale of the anomalous velocity

pattern increases with the depth, but a relatively small perturbation in each Z plane

(similar to a checkerboard test in chapter 10, but more complex in velocity variation)'
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Fig.4.l9 The comparison between the true model (right) and recovered velocity (left)
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Figure 4.20 displays the comparison between the true model and recovered velocities

in one X-direction cross-section. Very similar velocity variation patterns were obtained

along this cross-section, but the recovered strength (magnitude) is slightly smaller than

that of the true model. Due to the relatively short source-receiver distance and restricted

source location on the top boundary of the model, there are few rays that pass below 10

km depth. Hence I cannot recover the velocity field well below 10 km depth' To do so,

would require relatively large source-receiver distance, and corresponding deep

raypaths.

4.8 Conclusions

I first discussed the constrained minimum norm and least squares problem in

non-linear inversion and then introduced alinearizedsolver: DMNLS-1 and explained

how it works to solve the non-linear problem. Secondly, I defined an analytical

Jacobian matrix and showed how to get the elements (derivatives of time with respect to

velocity changes) of the Jacobian matrix. Finally, I performed six numerical tests to

evaluate the capability, accuracy, sensitivity, and effrciency of the inversion algorithm.

The capability of the algorithm means that the method can handle sudden changes in

high velocity contrast media (say more than 20o/o) without losing accuracy and any

extra computational effort. This means the inversion algorithm is a non-linear inversion

solver. The accuracy of the algorithm indicates that the inversion method can recover

the velocity anomalies in all three ways: location, size and strength, although the latter

is not well recovered. The sensitivity of the inversion procedure shows that the method

can still work well for tolerable conditions of travel time errors introduced, such as

onset time picking error, background random noise or uncertainty in the velocity model

estimation. This is promising for practical usage. The efficiency of the algorithm is that

this approach can obtain a reasonable image with a moderate number of cells and nodes

for fewer than in the "standard" method. The image quality can be improved by

increasing the ray angular coverage (increasing the number of secondary nodes in each

direction, and therefore improved accuracy of the computed travel times) while the

number of cells remains unchanged.
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The image quality cannot be guaranteed if the travel time error is high. The timing

error mainly arises from the picking error (especially, if the background level of random

noise is high or the later arrivals are buried in the strong coda of earlier arrivals),

unsuitable model division and an incorrect timing system. I have carried out two

numerical simulations to test and analyze the effect of these two former kinds of time

enors. But the latter error is a systematic timing error and has no random noise feature.

It must be treated in a different way. The purpose of the following Chapter is to deal

with this kind of systematic timing error and to try an alternative approach (that is,

relative arrival time tomography) to obtain a reasonable image without losing accuracy.
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chapter 5: 3-D Relative Arrival Time Inversion

5.1 Introduction

The collection and processing of the correct arrival times is an important factor in

travel time tomography. For example, Squires et al (1992) investigated the effects of

static timing erïors on tomographic velocity reconstructions. Interestingly, they found

that the local static error indirectly influenced ('contaminated') the result in other areas

of the tomogram. Their results showed that travel time errors ol2petcent could cause

tomographic velocity efrors of up to 7 percent. The study by Pratt et aI (1993) in an

anisotropic medium found that it was impossible to completely resolve the distribution

of rock properties at all scales and that it is a difficult and ill-posed problem, with a high

level of ambiguity. External roughness constraints were used to make the problem

better posed. Later, Squires et al (1994) applied borehole transmission tomography to

real world data, Exxon's Friendswood datasets, whilst improving the accuracy of the

standard algorithm by simultaneously inverting for velocity and statics. Cao and

Greenhalgh (1995) presented a similar method, applied to tomographic delineation of

mineral deposits. 
'Wang and Pratt (1997) investigated the sensitivity of seismic

traveltimes and amplitudes in the context of reflection tomography, while Dorren and

Sneider (lgg7) analysed the error propagation due to linearization in non-linear delay

time tomography. Gruber (1998) also discussed the influence of data error on final

imaging results. He concluded that the velocity contrast might be masked by relatively

large dataeffors. In this situation the inverted image may not give the true distribution

of the velocity field in the target areas having a relatively small velocity contrast. To

some extent one can say that a good dataset is a critical factor in reconstructing the true

velocity features.
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In many practical applications, only the arrival time information is available, and

there is no exact knowledge of the velocity model (only the roughly estimated velocity

field may be obtained) undemeath the seismic array. The source positions are known in

cross-hole experiments, or explosion surveys, but not in seismo-acoustic emission

measurements, or in earthquake recordings. V/ithout precise information on the

velocity field, the estimated source origin time in the location procedure has a large

time uncertainty. This means that the travel time information obtained from the location

process has a time delay or advance (DC shift). In such circumstances, traditional

traveltime tomography cannot be reliably applied. To overcome the source parameter

uncertainty, one must eliminate or separate out the source contribution (such as source

strength in waveform inversion or source origin time in ray tomography). For example,

waveform inversion with unknown souïce and receiver functions was attempted by

Frazq et al (1997) and further discussed byFrazer and Sun (1998). Dobroka et al (1992)

proposed a double-trace scheme for seismic ray tomography. In double-ttace tay

tomography, the measurable data are the arrivaltimes relative to the reference station.

Thus the source origin time can be eliminated. But this will introduce another timing

uncertainty (systematic time shift) and thus destroy the relative time pattern among the

receivers if the selected reference station has the incorrect arrival time (as demonstrated

below).

The concept of 'relative arrival time' has been widely used in earthquake location

(for example, Fremont and Malone,1987; Got et aI.,1994; Waldhauser and Ellsworth,

2000). V/aldhauser and Ellsworth (2000) used the so called 'Double-difference'

method (DD), which can also be used in simultaneous inversion for determining both

the velocity model and the source hypocenters in a relative sense (e.g., Thurber,1999).

In the DD method, the basic assumption is that events i and j have a common raypath to

receiver k, so that it is possible to directly compare the observed arrival time differences

with the calculated theoretical arrival time differences between events i and j for the

common receiver k. Such an assumption is a valid approximation when the distances

between sources are close, or the source-receiver distance is large compared to the scale

length of the seismic network. Zhao and Thurber (2003) attempted to take into
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consideration a 'common ray path' (previously neglected in the DD method) to achieve

absolute event location in simultaneous inversion.

Alternatively, for 'relative arrival time' tomography, there is a simple, but more

physically meaningful solution, as demonstrated later. That is, relative arrival time

tomography referred to the minimum arrival time or referred to the mean arrival time.

Basically, the source origin time uncertainty (or receiver function uncertainty) inatay

tomographic experiment can be ascribed to the following two kinds of arrival time

errors: (1) the arrival time at a certarn station has a systematic time delay (or advance)

to consecutive events over a fixed period (receiver function uncertainty); (2) some

events have incorrect origin times or mis-locations of the hypocenters (source

parameter uncertainty), which result in another systematic arcival time delay (or

advance) to all recorded stations.

For the first kind of systematic timing error, specihc to a single station, one usually

deletes such data if it cannot be adjusted to the correct time (due to a lack of timing

accuracy of the station). For the second kind of systematic timing error, the best way to

proceed is to adjust the origin time or hlpocenter co-ordinates by a relocation process,

but sometimes it is impossible to restore the data to the correct time due to a lack of

some basic information. For example, a lack of a suitable velocity model undemeath

the stations precludes reliable relocation. For simplicity, one may delete such data, but

this means severe loss of data coverage in many cases, because the recorded

information is unobtainable again for natural earthquakes. The question arises as to

what else can be done in such a situation. Is there another way to get the image without

losing the data coverage? The answer lies in relative arrival time (as opposed to

absolute travel time) tomography.

5.2 Relative Arrival Time Tomography

The second kind of timing error discussed above has an important property. That is,

it is invariant with distance. There is a constant DC shift (time delay or advance) to the

T-D curve, which means that a simple static adjustment (time added or subtracted to all

records) for a certain event will adjust them to the correct anival times. The relative

96



Chapter 5: Relative øwivctl time

time difference between two recording stations is constant, no matter what time (arrival

time or travel time) is used to calculate the time difference. This means that there is a

definite distribution pattern of the time differences among the recorded stations for a

certain event, which is entirely dependent on the velocity distribution underneath the

seismic array and,the epicentral distances from the source to the receivers, and also the

relative distances among the receivers. The velocity field does not change for different

events, but the relative distances and raypaths do. Thus one expects that different events

will have different patterns of time differences among the stations' Therefore, it is

possible to use the different patterns of time differences for various events to

reconstruct the velocity f,reld. Different velocity media will provide different patterns of

time differences among the recording stations. This is the basic principle to apply for

arrival time tomography. Theoretically, one can distinguish two kinds of relative arrival

time tomogtaphy: one is according to the minimum arrival time; the other is according

to the mean arrival time. To some extent, one can say that arrival time tomography is

'relative anivaltime tomography'. This is explained below'

5.2.1 Methodology

The relative time, defined through the minimum arrival time (or mean arrival time),

can be written as:

Ni

T;(R) =r;Ø)-min) Ti(A), i =r,M (s'1)
J

or ri(R) : riro ;å r;(A), i =r,M (s'2)

'where i represents the i -th event, j represents the i -th station, N, is the total

number of stations that recorded the i - th event andM is the total number of events.

T(A)andT(rR)are the arrival time and relative time, respectively. That is, the arrival

time is re-arranged to a relative time either according to the station that has the

minimum arrival time, or according to the mean arrival time across the stations. For

different events, the 'minimum station' (the relative time at this station is zero) or the

'mean arrival time' is different. That is to say, the relative time is unchanged if the

9'l
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arrival time contains a positive or negative time shift error (or uncertainty) for a given

event.

5.2.2 Analytical Jacobian matrix

The analytical Jacobian matrix has a somewhat different form in relative arrival time

inversion. On the definition of

relative time according to the

minimum arrival time, the

calculation of the elements (the

derivatives of time with respect to

the velocity changes) of the

Jacobian matrix is not based on the

original ray paths, but on the

relative ray paths (RT," or RTI ),

where i or j represents the i-th or

j-th receiver, other than the receiver Fig. 5.0 Explanation of relative ray path in the 2-D case
S: Source; R: Receiver

( R",n, ) that has minimum arrival Rn"" : Receiver has Min-arrival time

time. A 2-D explanation is given in Figure 5.0. Cognizant of the constant

'min-wavefront' (which has the same arrival time as the minimum receiver) for each

source, but noting that different 'min-wavefronts' exist for different sources, the

integration is along the relative ray path R4./ (taking the i-th receiver as an example),

as shown in Figure 5.0. The relative time (rj ) along the relative ray path (R4' ) is

given by:

s

t: f
ds ds ds

J
Rri

v (x, y, z)
R1

v (x, y, z) V (x, y, z) (s'3)
Rj

Therefore the derivative of time with respect to velocity changes along the relative ray

path includes two parts:

R
Jl

R

J
.R

^
R,*,I

RT:

/*
,i *o*r9is

i*Er<

R,
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6V 6V

dV dV
v'(*,y,2)

Àl
v2 (x,,y,z) v'(*,y,2)

M
dVdti

ôV f (s.4)

Rri

Here ,Rtt is the relative ra¡,path along the i-th raypath. TherRj and ,Rj are the ray

paths from the source to the i-th receiver and the ' i' -thpredicted min-receiver'that has

the same arrival time as the minimum arrival time receiver, respectively. With the

arrival time at the minimum receivef (Rn,i,,) in hand, one can easily determine the

.predicted min-receiver'that has the same arrival time as the minimum receiver along

any raypath. It is worth pointing out that the 'min-wavefront' is not a smooth circular

curve in the 2-D case,nor is it a smooth spherical surface in the 3-D case, due to the

non-uniform velocity distribution.

I have already shown in Chapter 4 how to calculate the elements of the analytical

Jacobian matrix. Thus it is only necessary to subtract the contribution of the time

derivative with respect to changes in velocity along the 'minimum ray path' for a given

source to obtain the time derivative to changes in velocity along the relative ray path'

For the definition of relative time according to the mean arrival time, the only

difference from minimum-arrival time tomography is to replace the minimum index by

the mean index in the previous formulation, In the analytical Jacobian matrix, instead of

removing the contribution of the derivatives of time with respect to velocity changes

along the 'minimum ray path', here the mean time derivative according to each source

is subtracted. Due to the different mean values for different sources, I calculate the

elements of the Jacobian matrix in three steps: (1) obtain the elements of the Jacobian

matrix as in travel time tomography, (2) find the mean value for each source, and (3)

subtract the mean value for each source and obtain the time derivative to velocity

change corresponding to the mean-arrival time'

5.2.3 The comparison between travel time and minimum-arrival time inversion

To test the effrciency and accuracy of this approach, and also to compare with the

results of travel time tomography, an identical model to that used in section 4-7 3 of

Chapter 4 (numerical test 3) was selected. This is a model that has high velocity

Rj
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contrast anomalies (more than20o/o velocity contrast against the background velocity)

embedded in a l-D layered velocity function. Figure 5.1 shows the two unfiltered

images obtained from travel time and arrival time tomography referred to the minimum

arrival time. To make the comparison, the model parameters and starting velocity

model are the same as in numerical test 3 of section 4.7 .3. Even the hard bounds and the

damping factor are the same as before.
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Fig.5.1 The comparison of unfiltered images between travel time (left panel) and relative
arrival time (right panel) tomography in high contrast velocity media

From Figure 5.1 it can be seen that the two images are nearly identical. The

anomalies are recovered in both cases and it is not possible to determine which one is

the better image. This is a good example to show the effectiveness of minimum-arrival

time tomography. The results indicate that minimum-arrival time tomography is

comparable to travel time tomography, even for high contrast velocity media.

Figure 5.2 is a comparison between the two sets of convergence curves for the time

residual and the model perturbation. The convergence level for both the time residual

and the model perturbation reaches the same level for both cases, regardless of the

starting point. The decay curves exhibit a similar trend with increasing iteration number

in both cases and show negligible improvement after the 15-th iteration.

ln real world situations, the relative time difference referred to the minimum station

may have large scatter (sometimes, such datasets will affect the sensitivity of the

inversion) when the geometry of the seismic network is comparable to the

source-receiver distance. In such circumstances, it is possible to select the station that
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has the shortest distance to the geometric center of the seismic network as the reference

station (similar to the minimum station) or to use the mean arrival time as the reference

(discussed later) to avoid the occurrence of such problems.

So from a theoretical perspective, one can apply minimum-arrival time tomography to

real problems and obtain a satisfactory result. But in practical applications, there is

another problem that must be considered. It is that the arrival time at the 'minimum

station'must be the correct time. Otherwise, it will introduce another systematic timing

error in the relative time database. It is worth pointing out that this kind of systematic

timing error, introduced by an incorrect time at the 'minimum station', destroys the

original distribution pattem of relative time differences between the recording stations

so that it cannot be treated in the same \May as before. In such circumstances, one must

f,rnd another way to avoid this problem. That is, to use relative arrival time tomography

according to the mean arrival time.
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Fig. 5.2 The comparison between the convergence curves of travel time and relative arrival
time tomography (referred to minimum arrival time) in high contrast velocity media

5.2.4 The comparison between travel time and mean-arrival time inversion

To overcome the problem with an incorrect arrival time at the 'minimum station' or to

avoid creating large scatter in the relative time dataset, it is possible and reasonable to

obtain the relative time according to the mean arrival time between stations.

(a) Time res¡dual

- 

Travel time

------ Arrival t¡mE

(b) Model pErturbation
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To make a comparison with the image of arrival time tomography according to the

minimum arrival time, the same model parameters and constraints were used as in

numerical test 3 of section4.7.3.Figure 5.3 shows the three un-filtered images obtained

from travel time tomography and the two kinds of arrival time tomography-refened to

the "minimum" and the "mean" arrival time. The three images are almost identical.

There is no preference for one over the other.
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Fig.5.3 The comparison of three un-filtered images between travel time (left) and two arrival

time inversions (middle: referred to mtnimum time; right: referred to mean time)

Figure 5.4 displays the associated convergence curves. Both the time residual and

the model perturbation have the same convergence trend, regardless of the starting

point, except there is a small amount of fluctuation in the model perturbation. The

curyes flatten to a nearly equal constant value after the 15-th iteration. These are very

important results, because I started from different formulations (physical background)

and obtained nearly identical images. The reason is very simple: the relative time

distribution pattern among the stations is unchanged regardless of which time

information (travel time or arrival time) is used. This unchanged relative time pattem

among the recorded stations is dependent on the velocity structure beneath the stations.

Recall that the arrival time is the sum of the travel time and the origin time. In some

circumstances (for example, when arrangíng arrival times according to the minimum

arrival time or the mean arrival time), the influence of the origin time can be separated

from the arrival time information. Therefore, the 'min-arrival time' or 'mean-arrival

time' is just another expression of travel time. Theoretically, arrival time tomography

should exhibit similar behavior to travel time tomography, such as insensitivity to noise,
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accuracy improvement with increasing ruy angular coverage, and also the capability to

handle high velocity contrast media, as discussed in chapter 4. The latter has already

been tested. Here I will test the sensitivity and accuracy. For reasons of space economy

and applications to the real world ('mean-arrival time' is more applicable than

'min-arrival time'), in the following sections I will only analyze and discuss arrival

time tomography referred to the mean value.
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Fig.5.4 The comparison of convergence curves for the three different seismic inversions

5.3 Numerical Tests and Results of Analysis

5.3.1 The accuracy of arrival time tomography

To facilitate comparison with results of travel time tomography, exactly the same

model and the same parameters (such as constraint bounds, damping factor and input

velocity model) were selected as in numerical test 3 of section 4.7.3. The only

difference is that in this case arrival time tomography, rather than travel time

tomography, was undertaken, to recover the 3-D velocity images.

Figure 5.5 shows the un-filtered images obtained using both travel time and arrival

time inversion at different Z planes (Z:0,5, 15 and 20 km). It can be seen from the

figures that nearly identical images are recovered; both yield the anomalous velocity

structures quite well. Arrival time tomography (like travel time tomography) recovers

the location, shape and strength of the various velocity anomalies. The recovered

(a) Time residual

-----Trävel time

- 

Min_arrival time

lvlean-arri\Æìl time\

(b) lvlodel penurbatlon
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anomalous strength is +0.54, +0.76, -1.14 to 0'83 and -1.08 to 1'21 km/s at the planes

z:0,5,15 and 20 km, respectively, which is very close to the recovered anomalous

strength (+0.54, +0.82, -1.2 to +0.8 and -0.97 to +1.19 km/s at z:0, 5,15 and 20 km)

from travel time inversion. There is no evidence to tell which results are better: travel

time or arrival time tomograPhY.
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time inversion (top) at the planes z=15 km (left) and z=20 km (right)
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Figure 5.6 shows the five different convergence curves (see section 4.5 for details) for

travel time and arrival time inversion. Figure 5.6a shows that the perturbation of the

velocity model is nearly the same in both cases. The time residual curves start at

different RMS errors, but converge to a stable condition aîter 12 iterations' The

convergence of the updated model to the true model and the deviation of the updated

model from the input model have nearly the same behavior in each case (see Figure

5.6b). The velocity recovery ratio is very high (over 90Yo after 15 iterations) for both

travel time and arrival time inversion. From these numerical results and from the

theoretical analysis above, it can be concluded that arrival time tomography performs

admirably, and no worse than travel time tomography in distinguishing the velocity

anomalies and in almost recovering the true strength of the velocity features.
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Fig.5.6 The five kinds of convergence curves between travel time and arrival time inversion

5.3.2 The sensitivity to modest random noise

Following numerical test 4 in section 4.7 .4 of Chapter 4, the same model parameters

and constraints were used to analyze the noise sensitivity of arrival time tomography

and compare it with travel time tomography. The noise was added to travel times

according to formula (4.18). Figure 5.7 shows the un-filtered images obtained by

arrival time tomography for differing levels of noise (i.e',2.5o/o, 5.0o/o and 10.0%)'
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the
Image quality is impaired when the random noise level reaches 10'0%, but

anomalies are still visible. Anearly identical image to the noise-free data was obtained

when the relative noise level is around 5Yo ot less (an image wtth2'5%o noise level was

not displayed for space economY).
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Fig.5.7 The un-filtered images of relative arrival time inversion with different levels of

input noise (left panel: 10 %; middle panel: 5 %; right panel: noise-free)
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Fig.5.g The convergence curves of relative arrival time tomography for different noise levels

Figure 5.8 is a plot of the associated convergence curves for the time residual and the

model perturbation at different noise levels. The convergence of both the time residual

and the model perturbation remains at relatively high levels and oscillates with

increasing noise level. The numerical tests also indicate that the quality of the image

can be improved with increasing ray angular coverage just as in the case of travel time
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tomography in section 4.7.2 of chapter 4. Thus there is no need to further display those

results.

5.3.3 The sensitivity to systematic timing error

since the main purpose in this chapter was to overcome the systematic timing error in

travel time tomography due to source parameter uncertainty (such as origin time or

hypocentral coordinates) and to fully utllize available travel times, it is necessary to

carry out numerical simulation tests for such errors and to assess the performance under

such conditions. For this purpose, I first created a random sequence within the range

+ 1.0, and then added a relative systematic timing error (time delay or advance) to the

travel time data subset of a specified source according to this random sequence' That

means I moved the origin time of each source back or forward a random time interval so

that the subset travel times for a specified source are all delayed or advanced by the

same amount. In the different subset travel times (for the different sources), the random

time interval is different and dependent on the random sequence and the mean value

among the subset travel times.

The velocity model, source and receiver deployment are the same as numerical test 3

of section 4.1.4. Again the damping factor is 0.01 and the model update constraint is

+ 1.5 km/s. The relative strength of the systematic timing shift error is 10%, 20o/o and

50%. For the 10% timing effor, the maximum time delay is 2.2944 s and the time

advance is l.2l12 s; for the 20o/o timingerror, the maximum time delay is 2.5424 s and

the time advance is 4.5889 s; for The 50Yo timing error, the maximum time delay is

ll.47Z2s and the time advance is 6.3560 s. Figure 5.9 displays the filtered images with

these different levels of systematic time shift errors. Nearly identical images were

obtained, regardless of the error. Such features can be further tested and very similar

convergence behavior is observed. Figure 5.10 shows the convergence curves with the

different systematic timing effors introduced to the travel time dataset. It is hard to

distinguish one curve from the other in the convergence of the time residual (left panel

in Fig.5.10). The same oscillatory behavior is found in the convergence of the updated

velocity model (right panel in Fig.5.10). The results are exactly as expected. That is, to

use relative time data, any systematic timing error disappears.
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The results of the numerical tests indicate that relative arrival time tomography is the

best way to proceed when the travel times include alatge source parameter uncertainty

(such as origin time or hlpocentral coordinate error) or there are only arrival times

available. In such situations, one can forget using travel times and directly use arrival

times to tomographicatly process the data on the condition that the arrival time dataset

has a consistent time-distance relationship'
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Fig.5.9 The comparison between the filtered images with different systematic time shift errors

(upper leit: 50%; upper right: 20%; bottom left: 10%; bottom right: error-free)

RMS error (s) RMS difference (km/si

o27 0 085

o23 0 075

0.19 0 065

015 0.055

011 0 045

007 0 035

003 0.025
12345 6 7 8 I 10

Iterat¡on number

12345 6 7 I I 10

Iteration number

Figure 5.10 The convergence curve comparisons with different systematic timing errors
- (Left oanél: time residual: rioht panel: velocitv model oerturbation)

error-frEe

1U 0 %

2tr.t %

500%

(a) tlme residual (b) model pErturbation



Clrøpter 5: Reløtive awíval time tom 109

5.4 Conclusions

It was shown that arrival time tomography is able to obtain as good an image as travel

time tomography, even for high velocity contrast media and for noisy data, such as

random timing fluctuations or systematic timing errors. This is a very promising

approach and has wide application to real problems, where there are often problems

with only roughly estimated source parameters (including the hypocenter coordinates

and the origin times) due to the lack of a suitable velocity model to locate them. In such

cases, arrival time tomography is the preferred choice over travel time tomography'

Theoretically, there is little difference when arrival time tomography is referred to the

minimum arrival time, or the mean arrival time. But in practical situations, arrival time

tomography according to the mean anival time is preferred because it avoids the

possibility of systematic timing effors introduced by incorrect times on the 'minimum

arrival time station' or the creation of large scatter of the relative time dataset due to

comparable geometry between the seismic network and the source-receiver distances.

I have completed the theoretical development and numerical tests for 3-D travel time

or arrival time tomography. There is no difficulty, in principle, in dealing with the 3-D

inversion problems, not withstanding favorable station / source coverage and

acceptable levels of noise. But for real 3-D problems there is another issue; it is not the

algorithm itsetf, but the computational demands. Sometimes, it is theoretically feasible,

but computationally intractable, to perform very large-scale 3-D inversion. In practical

problems, one often needs to know the fine velocity structure under a small region

(such as in oil exploration, or imaging a volcanic structure, or outlining mineral

deposit), but it is desirable to include as many sources as possible to guarantee the data

coverage. In some cases, it is required to image deeper velocity structure (such as in the

case of Rabaul volcano). ln such circumstances, one has a relatively dense seismic

array placed across a small region, with a wide range and large scale of source locations.

This begs the question as to what should be done with such alarge model. Is there a

sensible computational approach to obtain a reasonable velocity image? I tackle

this question in the following Chapter, where the procedure of seismic tomography is

separated into two (or more) steps. A numerical example is given to show how to use
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additional regional earthquake data to reveal the deeper, local velocity structure of the

crust. This is a promising idea, because the data coverage for a local tatget is generally

good on a large-scale (say regional scale) survey' but there have been few application of

incorporating such data to reconstruct the local, deep velocity model (especially in 3-D),

mainly due to the computational limitations.
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chapter 6: 3-D Synthetic case studies: Mutti-step

Travel Time Inversion

6.1 Introduction

Faced with the difficulty of restricted source and receiver geometry for obtaining local

deep velocity structure, and the limitations of first arrivals only, there has been

increasing interest in making use of more available data, especially including regional

events and teleseisms (for example, Lyer and Dawson, 1993; Gresilaud andCara,1996)'

or supplementing with additional sources (for example, Chiu and Stewart' 1987;

McGaughey and Singh, l9g7).ln principle, through inclusion of regional events (or

teleseisms), it is possible to obtain more information on deep velocity structure, but still

on a local scale.

The problem is that one must create alarge 3-D velocity model to include as many

regional events as possible, with a dense cell size, comparable to the local station

density (say, less than a few kilometers). With such a model, it is difficult or sometimes

impossible to invert for the 3-D velocity field due to the computational demands (a

supelcomputer is required), or the excessive number of velocity unknowns' This in turn

slows the convergence rate and even worse, may stall the convergence process'

Altematively, increasing the cell size or using a non-uniform cell size (see, for example,

Michelena & Harris, 1991; Sambridge et a7.,1995; Vesnaver, 1996; Lin and Roecker,

1997; V/idiyantoro and Van der Hilst, lg97)will make the problem tractable, but with a

loss of resolution or at the expense of introducing travel time errors as demonstrated in

chapter 4 andto be further tested later in this chapter.

Meanwhile, there are two factors which need to be considered in the model design

when performing 3-D travel time tomography: (1) the cell size has to be comparable to

the station density; (2) the total number of cells (roughly equal to the total number of

velocity unknowns in the inversion) must be comparable to the total number of ray
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paths. Otherwise, the inversion problem may lose resolution (condition 1 is not

satisfied) or becomes non-unique and ill-conditioned due to an excessive number of

unknown parameters to be solved for in the inversion (condition 2 is not satisfied).

To overcome the first problem, one can use a non-uniform cell (for example, a

tetrahedral cell) size model to maintain a relatively high resolution and to best fit the

station density in the target region. That is, a fine cell size in the tatget model, and a

coafse cel1 size outside the target (for example, Thurber, 1987; Sambridge and

Gudmundsson, 1998). I call this a non-uniform cell model (NUCM).

To overcome the second problem, one can constrain the updated velocity process

within the target volume, perhaps by using a small pafüalmodel in the whole model to

reduce the large number of unknowns (for example, Roecker, 1982; Eberhart-Phillips,

1990). In this way, the velocity field is updated in the targetpart of the model only and

the other parts of the inverted model are left unchanged. In turn, one can also constrain

the velocity field (for example, the shallow part of the velocity field with the observed

velocity value) within a fixed model volume and invert for the rest of the velocity field'

I call this apafüally inverted model (PIM)'

To overcome both problems 7 and2, one can simultaneously exploit NUCM and PIM

approaches. That is, update the target region of the model with high resolution (dense

distribution of nodes or cells), and leave the region outside the target with poor

resolution (coarse distribution of nodes or cells) unchanged. For example, Thurber

(1987) and Eberhart-Phillips (1990) devised one progressive inversion strategy for

improving the versatility of the gridding by specifying grid points whose velocity

values would remain fixed throughout the inversion. They begin the inversion on a

large model with coarsely gridded nodes, and then the coarse-grid inversion results are

used as the input model for the final inversion on a finer grid target portion of the model,

keeping velocity values fixed outside the target volume.

The above approaches imply a 'multi-step' process. That is, the whole inversion

procedure can be separated into two parts: (1) forward modeling in the partial model

(outside the target region) in which the velocity field is unchanged; (2) inverting for the

target model (embedded in the whole model) where the velocity field needs to be
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updated. with this basic idea in mind, I was able to extend the application' The idea is

to perform the forward modeling on a large (regional) model to obtain the crossing

points where the ray paths intersect the boundaries of the small model volume (which is

embedded within the large model), and to compute the related travel times from

regional sources to these crossing points, and finally perform tomographic processing

on the small model using local events, plus these predicted crossing points as new

sources from the regional events. This is how the concept of a 'multi-step' procedure

arises.

In practical applications, one wants to exploit as many events as possible to increase

the data coverage and one also seeks to combine the local earthquake data with regional

data to reveal the local, deep velocity structure as well as the shallow structure' There is

a depth limitation when using only local sources. Thus, not only is a relatively large

model needed to include as many regional events as possible to increase the data

coverage and exploit deep seismic rays, but also a relatively small cell size comparable

to the station density on a local scale is required. In such circumstances, it is not

possible to compute such a large model to obtain the local fine deep velocity structure

without major computational resources. For example, in the revised 'irregular'

approach of the shortest-path method for 3-D forward modeling (chapter 3), a

moderate-sized model of dimension (500 km, 500km and 100 km), and cell size (5 km,

5 km and 5 km) in the X, Y and Z directions, involving only 4 secondary nodes in each

direction of the cell(the minimum distance among the nodes in this model is I km) will

have 214,221 cells and 12,551,101 nodes. Enlarging the cell size to 10 km (the

minimum distance among the nodes is increased to 2 km) and keeping the other model

parameters unchanged, will still result in 28,611 cells and 1,613,051 nodes' As

discussed in chapter 3, there are atleast 5 large one-dimensional affays with maximum

length equal to the total number of nodes, which must be used in the calculations. They

consume much computer memory, even if staged in some cases, so it is difficult to run

the program. With an automatic model selection function applied (see section 3.5 of

chapter 3 for details), it is possible to reduce the maximum length of the one

dimensional arrays by hall but still nearly 1 million elements of the one dimensional
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array will be considered. In order to overcome the above problems and to reconstruct

the local, deep velocity structure from combined regional and local events; one may

exploit both NUCM and PIM. But I have proposed an altemative procedure to separate

the tomographic processing into two (or more, if required) steps, referred to here as

'multi-step seismic tomography'.

Obviously, multi-step tomography is advantageous over the 'NUCM+PIM' approach

both in accuracy and computational efficiency. For example, in the multi-step

procedure, one can select a smaller cell size to divide the large model because there is

only one forward modeling run, or separate the large model into several sub-regions

without dramatically increasing the computational effort to obtain travel times andray

paths to greater accuracy. To reduce the relatively large source parameter uncertainty of

regional events in a local sense, one can relocate these regional events in the multi-step

procedure, before the final local inversion is undertaken. Theoretically, the information

that pertains to the velocity structures on a regional scale is removed after relocation,

and only information on local velocity anomalies remains. But in the 'NUCM+PIM'

approach, the large uncertainties of regional events can only be partially removed with

the simultaneous inversion procedure (that is, to update the velocity model and source

parameters simultaneously). In a simultaneous inversion procedure, both the updated

velocity model and the source parameters have in a sense only a relative accuracy.

There is a trade-off (see chapter 8 later) or coupling effect between the velocity model

and the source parameters (Thurber, 1992). Meanwhile, in the final tomographic

procedure, there are seldom considerations of both the model division and having an

excessive number of unknowns (the large model reduces to a small model)' An obvious

disadvantage is that this approach, like the 'NUCM+PIM' approach, forces all model

perturbations into the target (local, or small) model, so that any traveltime errors in the

forward modeling within alarge model with a coarse grid spacing will be mapped as

artifacts in the updated target model. This is especially true when the velocity field

outside the target model is poorly estimated. In such circumstance, the best way to

proceed is to obtain a relatively smooth, but realistic à priori model from the large
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model inversion with coarse grid nodes' and then the rest of the process is the same as

for the multi-step Procedure.

6.2 How to Use Combined Data to Reconstruct a Local, Deep 3-D

Velocity Model

with the need to determine a relatively deep, local velocity structure (such as in the

case of Rabaul volcano), it is both necessary and feasible to combine the near-regional

events with locai natural earthquake (or explosion) information. Theoretically' one can

select any model with some conditions imposed and obtain the velocity structure at any

depth within the limitations of the computer. Whilst generally feasible, in most cases it

is not practical due to the restrictions on source geometry, station distribution and

computer power. Here only the limitation of the computer was considered' The problem

is how to use regional earthquakes as supplementary information to obtain the 3-D local

velocity structure within the computer memory limitation and make it applicable to real

cases. In other words, how can one make alarge 3-D model feasible by a consecutive

inversion procedure without losing accutacy?

If one assumes that the background velocity on the regional scale is known (or can be

roughly estimated), then one can separate the whole tomographic procedure (the case

with a large model length and small cell size) into two (or more) consecutive processes.

Thus the multi-step travel time tomographic procedure can be summarized as follows:

o Create the 3-D regional and local velocity model with àpriori information;

. predict the new source positions and related travel times with the 3-D regional

(known) velocitY model;

. Assign the new observed travel times to the new sources;

o perform tomographic processing on the local velocity model using the

combined sources;

o Stop when the RMS etrors of both the time residual and the model perturbation

meet the specification.
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6.3 Multi-step Travel Time Tomography-synthetic Example

To test the efficiency and accuracy and to see how the method works, I selected a 3-D

regional velocity model (large model) and a local velocity model (small model). I

placed 20 regional sources on the top surface within the regional model and 20 local

sources near the top boundary of the local model, and 41 receivers with a spacing of

J|" 5 km on the top central region of the local model.

Figure 6.1 shows the

distribution of the sources and (km)

receivers. It also indicates the

length and location of both the 4oo

regional and the local model in
30Ú

the horizontal plane. For the

regional model, the sizes of the 2oo

cell and the model volume in

the X, Y and Z directions are 10 1oo

km, 10 km, 10 km, and 500 km,
û

500 km, 60 km, respectively. 0 100 200 30r 480 50u

Big lrlack: regional evenb (20) n Eoundary0fregional model 
(km)

The number of secondary nodes 3ff1 å5..:J,u!:ii!ii"o 
ot i-ì Boundary0rrocarmoder

for the regional model is set at 9 Fig.6.1 The distribution of sources and receivers

in all three directions. In this model for multi-step tomography in plan view

i5,000 and4,3T6,06l,andtheminimumdistancebetweentwoneighboringnodesisl.0

km. For the local model, the sizes of the cell and model volume in the X, Y and Z

directions are 5 km, 5 km, 5 km, and 100 km, 100 km, 30 km, respectively, and the

number of secondary nodes is held at 6 inall three directions. In this configuration, the

total numbers of cells and nodes are 2,400 and 336,483, and the minimum distance

between two neighbouring nodes is 0.7i5 km. Figure 6.2 depicts the true regional

velocity model (for clarity, only the pafüal model that relates to the local model was

shown, other parts of the model are extensions in the X-Y plane), with which the

theoretical travel times (treated as 'obseryed travel times' later on) are calculated. In
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this known regional model, I inserted one velocity anomaly on the plane z:0 (ahigh

velocity anomaly wtth 25o/o velocity

contrast against the background) and

two anomalies on the Plane Z:20km

(one high velocity anomalY, one low

velocity anomaly, both have a 16.l%o

velocity contrast against the

background). The background

velocity is a l-D laYered velocitY

distribution, as shown in f,rgure. 2

50
4o

Z=0 0

Z=10 0

Z=20 0

Z=30 0

Z=40 0

7=50 0

2=60 0

6.3.1 Prediction of the new source Fig'6'2 Regional model in multi-step tomography

positions and related travel times

With the ray tracer from the revised 'irregular' approach of the shortest-path

algorithm (see chapter 3), it is possible to calculate the new source positions (the

crossing points on the boundary surfaces of the small local model volume) and the

related travel times from the regional sources to these new source locations. The

original travel times (from regional sources to receivers) minus these new travel times

(from regional sources to these new sources) will constitute the theoretical travel time

dataset, which will be used as the observed travel times for the inversion on the local

model. The problem is that for a given regional source there are a number of such new

source positions, depending on the source and receiver pairs, because of the different

ray incidence (crossing) points on the local model. In the general case, these new

sources for one regional earthquake cannot be assumed to be a single point on the local

model. One must be careful when predicting these new source positions because there

are two types of crossing point: (1) down-going crossing point (it is possible to intersect

the local model volume with an up-going ray again), and (2) up-going crossing point.

Thus, the first crossing point along the ray path (from the receiver back to the source) is

what is needed, regardless of the up-going or down-going crossing point.

Figure 6.3 is an example showing the positions of the new sources. It only displays

five sets of new source positions; the other 16 sets have similar distribution pattems due
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to the s¡rmmetry of source and receiver locations according to the model. From Figure

6.3 it canbe seen that there is large scatter in the nev/ source positions when the rays

from a specified original source cross the local model volume' Most are from the

bottom of the local model (source 1,2, and4 in Figure 6'3); others are from the lateral

boundary surfaces of the local model (source 3 and 17 in Figure 6'3)'
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Fig.6.3 The five sets of crossing points (as new sources) on the local model, as an example

The size of the black dot indicates different depths of new sources.

Thelargerthedot,thedeeperthesource(from26to30km).

The position where each up-goingray crosses the local model is dependent on both

the velocity field and the epicentral distance. For each original source, there are 41 new

source positions on the local model. In this numerical test, there are in total20x41

new source positions on the local model. In order to avoid changing the original ray

paths, and to get a reasonable physical image, the best way to proceed is to use all the

crossing points as the new sources for local tomography. For travel time inversion on

the local model, I exploited the principle of reciprocity, by looping over the receivers'

This saves computer run time with the progfam due to the large number of new sources

generated. In the tay tracíns plocess' it only needs the information regarding

traveltimes and raypaths that related to the original source-receiver pair' With a slight
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increase in computational effort, it is easy to arrange the calculated travel time data

according to the original source-receiver pairs, and sort out the continued ray paths

from the original sources. This is the correct data required for the subsequent inversion

process. In my experience, this re-arrangement operation only slightly increases the

computation time.

6.3.2 Multi-step travel time tomography using only regional data

To evaluate the contribution of regional earthquake information to the multi-step

travel time tomography process, I began by using only the source information from the

regional sources to reconstruct the local velocity field' In the process of travel time

inversion on the local model, a slightly high 1-D layered velocity distribution was taken

as the input (starting) model. The deviation from the background velocity of the true

model is 0.2 km/s. The velocity values at the planes Z:5, Z:I5 and Z:25 km are

obtained by linear interpolation between the uppermost and basal plane velocity values

from the regional model. The constraint parameters are a = -2 km/s, b = -2k<rnls

and ¡t: 0.01 , Figure 6.4 shows the two-step image (the image was filtered with 3-point

window and mean value filter) obtained with only the new source data. The high and

low velocity anomalies at the planes Z:0km andZ:20 km are well recovered, both in

location and size, but nearly the same velocity anomalies also appear on the

neighbouri ng Z planes. Here a typical 'X-Íay'picture was obtained, similar to medical

examination, due to the nearly vertical ray paths from the bottom of the local model. In

such circumstances, the velocity anomalies are real, but with no depth constraint' That

is to say, the velocity anomalies can be moved anywhere along the vertical direction,

and it makes little difference to the fit of the travel time residuals. Because the rays from

the bottom of the local model are not absolutely vertical, it is still possible to resolve the

anomalous pattems at Z:O and 20 km. This is a useful example to show what can be

obtained from regional data. Thus, one can figure out that most rays with nearly zero

incidence angle will intersect the bottom surface of the local model volume if the

regional sources are far away from the local model and the scale of seismic network is

small compared to the source-receiver distance. In such circumstances, one may only
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obtain an'X-ray'ty,pe velocity image with nearly parallel seismic ray paths from the

bottom 'new sources'to the top receivers.

Figure 6.5 shows the five kinds of convergence curve in this numerical test' After the

10-th iteration, there is not much improvement in the convergence trend. The results

indicate that two-step travel time tomography works well, but it needs to incorporate

local earthquake data to set a depth constraint and produce a reasonable velocity image.
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6.3.3 Multi-step travel time tomography using combined data

To make a comparison with regional data alone, in the next numerical test same

velocity model and inversion parameters are used, but the local event data (see Figure

6.1 for details) are included in the multi-step tomographic process. Figure 6.6 is a

comparison between the true model, and the tomographic image (same filter routine

was applied as Fig.6.4) from the combined (local +regional) sources.
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Fig.6.6 The comparison between the true model (left panel) and filtered images from the

regional sources (middle panel) and the combined sources (right panel)
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The results show that: (1) both approaches are able to reveal the shapes of the high

velocity contrast anomalies (see Fig.6.4 and 6.6); (2) with the additional local source

constraints, two-step tomography is able to delineate the correct depth of the velocity

anomalies (see Fig.6.6); (3) the image quality (both shape and strength of velocity

anomalies) with the combined sources is much better than that using only the new

sources (from regional earthquakes) alone; (4) there is still an'x-ray'-type image in the

Z:25 Wnplane due to the constraint limitation of local events, which I will discuss in

the following section. Figure 6.7 shows the convergence curves for the time residual

and the velocity model perturbation, using the new source data only, and the combined

source data. The updating processes (the convergence curves for the model perturbation)

are nearly the same in both cases.

6.3.4 The accuracy of multi-step tomography

In principle, it should be possible to obtain satisfactory images if the local sources are

included to constrain the depth variation of the velocity field. It is worth pointing out

that the raypaths are changed in the two-step process of travel time tomography, even if

the node density of the local model is finer than that of the regional model. On the other

hand, there may be a relatively large travel time error introduced by the coarse node

density and poor ray angular coverage within the regional model. Therefore, it is

essential to analyze the accuracy of the two-step tomographic procedure'

To test the accuracy, it is necessary to compare three approaches to travel time

tomography: (1) travel time tomography with only local data; (2) Ttavel time

tomography with only the new source data (related to regional events); (3) travel time

tomography with combined local and regional data. The latter two images were already

obtained (Figures 6.4 and 6.6). Here it is only need to invert for velocity field with local

data using the above same model parameters and filter routine. For easy comparison,

the velocity images (from regional data alone, and from combined data) obtained

previously were redisplayed here. Figure 6.8 shows the filtered images from these three

kinds of inversion using the same synthetic examples as before. For travel time

tomography with only local events, the ray paths seldom pass through depths grealet

than20.0 km. Therefore, the velocity anomalies in the Z:20 km plane are only partially
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recovered in both shape and strength. For travel time tomography with only the

regional source data, the velocity anomalies are reconstructed well in shape and

increased strength, but with the effect of 'X-ray'-type images at neighbouring planes

due to the nearly zero incidence angle for rays passing from the new soufces on the

bottom of the local model volume to the top plane containing the surface receivers' For

travel time tomography with combined sourc e data, both shape and strength of the

velocity anomalies are well recovered, except for the Z:25 Wnplane due to the lack of

constraint from local data. This is a useful example to show why I advocate the

two-step tomography approach and also to illustrate how it works.

Figure 6.g The comparison between the filtered images from local sources (left panel), regional

iorr.", (middle panel) and combined sources (right panel). The scale is the same as Fig. 6
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As discussed previously, a good inversion algorithm should recover the velocity

anomalies in location, size and strength, subject to adequate ray illumination' Figure

6.8 clearly shows that the multi-step tomographic process with combined sources can

do a much better job than tomography with only one kind of source' Figure 6'9

compares the convergence curves among the three travel time tomographic approaches'

6.4 Tomography with Non-Uniform Gridded Cells

It is possible to grid the velocity model with a non-uniform cell size. As a comparison

in this case, I used the regional model with a non-uniform gridded cell size and obtained

the local updated velocity model. The cell length is selected in such a way that it is

relatively small on the local scale and relatively large on the regional scale' Figure 6'10

shows (in plan view) the gridded regional model with a non-uniform cell size. lnthe z

direction the location of each cell boundary is at 0, 10, 20, 30,40 and 60 km,

respectively. Thus I have the minimum cell size in the local model (10 km, 10 km and

10 km) and the maximum cell size in the regional model (20 km, 20km and 20 km)'

The other cell sizes lie between the minimum and maximum values'

The input velocity model is still a 1-D layered velocity distribution with (-0.1, 0.1, 0.1'

0.1, 0.1 and -0.1 km/s) deviations from the true background values at each Z plane (see

Figure 6.2 as the reference). The number of secondary nodes in all three directions is

held at 9 (a relative high accuracy in computed travel times, see formula3.23)- In this

model configuration, there are in total5,766 cells and 7,340,151r nodes. The constraint

parameters are set at a = -2 kmlsand b = -2 krn I s, þ = 0'0I'

Figure 6.11 shows the filtered image (same filter parameters as before) from travel

time tomo graphy with a non-uniform cell size. Again the velocity anomalies are

recovered well in both location and size at the planes Z:0 and Z:20 km, but not the

actual values (strength), even if more secondary nodes (9) are used in the model

representation. A false high velocity anomaly appears in the central area on the Z:40

km plane, partially due to travel time errors introduced with the sudden change in cell

size (from 10 km to 20 km in the Z direction). In order to avoid such artifacts, the cell
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size should be changed gradually, which in turn results in complexity in the model

representatton.
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Fig.6.10 The regionalvelocity modelwith non-uniform cellsize in plan view

It is worth pointing out that an unsuitable non-uniform cell selection will result in

serious distortion of the final image. Even worse, no true image may be obtained at all

due to large timing errors introduced by the ray geometry. In such cases, one must

perform some numerical tests to estimate the error bounds on the calculated travel time

so that it can meet the minimum requirement for the accuracy of the travel times.

Otherwise, there is no guarantee of obtaining a reasonable solution.
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6.5 Conclusions

With the need to reconstruct the local, deep velocity structure using a combination of

regional and local earthquake information, I separated the problem of large-scale

tomography into multiple-consecutive steps. The first step is to trace rays on a regional

known velocity model, and predict the new source positions where the up-going rays

cross the local velocity model volume, and calculate the related travel times up to these

points. The second step is to perform travel time tomography on the local velocity

model after re-ananging travel time and ray path information according to the original

source and receiver pairs. Finally, a 3-D relatively deep velocity structure is obtained

from the updated local model. The results of numerical tests indicate that it is apractical

and feasible way to proceed. The velocity freld is recovered to a reasonable depth using

a combination of regional and local ray paths, with only slightly increased effort of data

re-arrangement during the process. In the above discussion, one assumes that there is a

known velocity distribution on the regional scale, but this velocity distribution is often

unknown or poorly estimated in practice. In such circumstances, the two-step

tomography procedure may be separated into two real consecutive tomographic

processes. One can roughly estimate the regional velocity model with a coarse cell size

and use the estimated regional model to predict the new sources and calculate the

associated travel times. The rest of the process is the same as discussed previously.

This approach will be further tested with real data in Chapter 10'
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Chapte r 7 z 3-D Hypocenter Location with the

Irregular Shortest Path Ray Tracing Method

7.1 Introduction

Earthquakes have been located from multi-station arrival time data for more than 50

years (for example, Lee and Stewart, 1981). There aremany approaches, but most solve

a non-linear inverse problem. In the location process, the most time consuming part is

updating the travel time information, which is critical to reducing the location error. So

faq there have been some research-style 3-D earthquake location routines developed'

For example, the DD method (e.g., Fremont and Malone, 1987; Got et al., 1994;

Waldhauser and Ellsworth, 2000), but the most generally used location programs, such

as HYPOINVERSE (Klein, 1978, 1988), HYPO71 (Lee and Lal'r, 1975) and their

revisions thereafter, consider only a l-D layered velocity model. For dealing with

complex velocity structures, what is needed is real 3-D earthquake location software,

which requires a 3-D ray-tracingalgorithm for an arbitrary velocity medium.

Nelson and Vidale (1990) introduced a 3-D finite-difference travel time algorithm

(Vidale, 1988 and 1990) to 3-D earthquake location, where a simple searching method

was used to avoid the matrix inversion. Firstly, the travel times to the discretized grid

points in the volume that is thought to contain the earthquakes is computed from each

receiver location; secondly, for each set of travel times from the particular event, the

location that produces the smallest travel time residual is found. This simple searching

method is only suitable for the fine re-location of earthquakes or minor adjustment of

the hypocentres (where the input source position is close to the real source location).

Moser at al (7992) introduced the 'regular' approach of the shortest-path algorithm

(Moser, 1991) combined with one of the probability density functions of Tarantola and

Valette (i98S) to perform 3-D earthquake location, and analyzed the hypocentre

uncertainties. This method not only updates the source location, but also shows the
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location uncertainties through use of a probability distribution' In that research work'

much effort was concentrated on how to incorporate the shortest-ray ttacer into the

probability density function, but not on the efficiency and accuracy of the shortest-path

method itself in the location process'

7.2 Need for Relocating Earthquakes in the Reconstruction of the

Rabaul VelocitY Structure

The regional earthquake catalogues, with specified error bounds, are determined

from worldwide seismic networks subject to the geometric restriction of the seismic

station deployment and the averaged earth velocity model used' For regional scale

tomography, these location effors (both the source hlpocenters and the origin times)

are tolerable and meet the minimum requirement for the accuracy of the travel times'

but for local scale tomography (for example, the Rabaul volcano study, which is only

100 kilometer square in the horizontal plane and less than 30 km in the depth), these

location effors are intolerable and result in large travel time errors. For example' the

0.25' mis-location (roughly equal to 25 km) in latitude and longitude (which is the

general distance e1ïor in the regional seismic catalogues) will result in an

approximate absolute travel time delay or advance of 0.5 second' From this simple

explanation, it is clear that it is necessary to re-locate the earthquakes using a more

refined 3-D velocity model (at least a refined l-D model) so as to reduce the travel

time errors introduced by the source patametet uncertainty and meet the minimum

requirement for the accuracy of the travel times in a local sense' Otherwise' these

uncertainties in the travel time data will lead to an uruealistic and erroneous final

image in local velocity reconstruction.

One principal objective of this thesis is to combine regional events with local

earthquakes (including explosions) to recover local, deep velocity structure for

Rabaul volcano. The general tomographic approach for such a problem is to use a

non-uniform cell size model. As discussed in chapter 6, artífacts will be introduced

into the final image, if an unsuitable non-uniform cell size model is used'



Chapter 7: Hypocenter location with íwegular shortest pøth method 129

Alternatively, the tomographic problem can be separated into two isolated problems:

that is the multi-step tomographic procedure as discussed in chapter 6'

Based on the above discussion, it is necessary to develop a 3-D hypocenter location

program to relocate the regional and local earthquakes before starting the final

process of local travel time tomography to reconstruct the Rabaul velocity structure'

Since there have been no 3-D earthquake location software readily at hand, it was

necessary for me to devise a 3-D hlpocenter location program with greater accuracy,

and the capability to handle high velocity contrast media. A further requirement was

the capacity to deal with a large dataset, by which to locate a set of earthquakes

simultaneously.

7.3 Methodology

The computed arrival times are in general non-linear functions of the source

parameter estimation (hypocenter and origin time), and consequently the location

problem is also non-linear. Basically, this non-linear problem is linearized and solved

with iterative methods, such as the Gauss-Newton, conjugate gradient and damped

least squares methods (Buland, 1976,Lee and Stewart, 1981 and Pavlis, 1986). These

methods all have in common the requirement to know (or compute) travel time

derivatives neaÍ aî estimated hypocentre. They are susceptible to instabilities when

the problem is ill-conditioned, for instance when the source location is far outside the

seismic array (Thurber, 1985; Hirata and Matsu'ura, 1987). In order to develop

realistic 3-D hypocenter location software, the ray tracer must be suitable for

handling an arbiftary 3-D velocity medium. The inversion algorithm can then tackle

the non-linear inverse problem. Based on the above consideration, the 'irregular'

shortest-path method (see chapter 3) was used as the ray tracer and DMNLS-1 (see

chapter 4) as the inverse solver to form a 3-D hypocenter location program with the

required accuracy and large dataset capability. For the inversion part, ft is necessary

to know the travel time derivatives with respect to the source parametet changes near

a hypocenter location as the analytical Jacobian matrix elements (focus co-ordinates
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and origin time). In order to simplify the program design and to be able to search

more directions, a simple, but robust way to calculate the elements of the analytical

Jacobian matrix was found.

7.4 A Simpte Way to Calculate the Analytical Jacobian Matrix

Generally, the earthquake location problem using arrival time information can be

formulated as the following matrix inverse problem.

5t, =gt-dx *4a0, *4t0, *Lor, i =r,z,......,n (7.1)--t õx ãy ' õz 6t

where dx=xo-x,, cly=yo-y,, d,z=zo-2,, dt=to-t,,alftd toa,, t"ot ,toare the

observed and calculated arrival times, and the origin time, respectively. The quantities

(xo,lo,z*to) and (x¡,!i,2,,t,) aÍe the true and updated Source parameters,

respectively. In matrix notation equation (7.1) takes the following form:

õî = Adi Q.2)

where 5i =(õtr,6tr,......,õt,), di=(dx,dy,dz,dt)r and,4 is the analytical Jacobian

matrix. With an iterative approach it is easy to obtain the earthquake parameters

(xo,/o,zo,to) by updating the source parameters (x¡,!;,2,,t,) .

The key factor in the inversion process is to obtain the elements of analytical Jacobian

matrix (the derivatives of time r, with respect to source parameter changes). Here, I use

travel time data (such as in the case of Rabaul volcano, the main purpose is to relocate

the regional events), which means that the source parameters (hypocenters and origin

time) are roughly estimated with regional seismic network. For simplicity, it is

reasonable initially to leave at the origin time uncertainty in the inversion process and

only update the source hypocenters to great accuracy. In the final analysis, the time

difference between the observed and calculated travel times can be used as the estimate

for the origin time uncertainty.

In order to simplify the calculation of time derivatives with respect to source position
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changes, there is an alternative (simple, but novel) approach, which involves searching

six trial sources around the updated source location. Figure 7.1 gives a diagrammatic

explanation ofthe six trial source positions and the related search directions. In each

direction two opposite sources with equal search lengths are inserted around the

updated source position (see Figure 7 .l for details). Thus there are six supplementary

sources around the updated source. It is possible to have different search lengths in

different directions. The elements of the analyticalJacobian matrix are formed in such a

way that the travel time derivative along the X direction is the ratio of travel time

difference between two trial (opposite) sources to the search length (absolute length) of

the X direction, and travel time derivatives along the Y and the Z directions are formed

in the same \May. Therefore, there are eight search directions in exploring the octant

space for different combinations of time derivatives along the three directions. Thus the

travel time derivatives are dependent on 
z

both the local velocity field and the

search length. Theoretically, the search

length should not be too large, because it

is the approximation to the real time

derivative near the updated hypocenter

location. In such circumstances, the

travel time derivatives can be obtained,

regardless of the complexity of the 
Fig.T.,rrhe expranation of added triar sources

velocity medium and the geometry of the and search lengths

source locations and seismic station deployment. This simplification has a robust

physical meaning and also needs less computational effort. The trial sources are formed

outside theray tracing process (because the trial sources and search length are ananged

in the input file), and the only thing one should do is to pick out the associated travel

times (the travel times from the trial source locations).

Y

Search dircction

ki¿ suÍce

updalBd souræ
X
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7.5 Error Estimation with Different Search Lengths

To test the eff,rciency and accuracy ofthe above approach for hypocenter location,

several numerical tests using synthetic examples were undertaken.

7.5.1 Numerical test L: high velocity gradient model

Most location programs work well in a gradually changing velocity model, but

perform relatively poorly with a rapidly changing velocity model. For this purpose' a

l-D velocity model with a high gradient(V = 2.70 +0.26x Z l<nls) was first selected.

Figure 7.2 shows the source Fig.T.2source (brack) and receiver (grey) distribution

and receiver locations in plan for event location of test 1 in plan view

view. The model parameters

are: model dimensions (100

km, 100 km and 30 km in X,

Y and Z directions,

respectively); cell size (5 km

in each direction); the number

ofsecondary nodes (6 in each

direction of the cell). I set 16

sources with different depths 
0 10 20 30 40 s0 E0 70 80 s0 

it
(from 6 to 30 km) on the

model boundary, and 13 receivers on the top central region of the model. I first obtained

the theoretical travel times (which will be used as observed travel times later in the

location process) according to the model, and then randomly misplaced the input source

positions 20 km away from the true source positions in each direction. With such a

displacement, there is no need to roughly estimate the source hypocenter before the

location procedure starts. The search length is 0.5 km in each direction; the damping

factor is 0.01 and the constraint bounds are such that the source must be within the

model for the updated hypocenter locations.

From Table 7.1a, it can be seen that the final located source positions are nearly the

same as the true source locations even if the starting source (input source) locations are

x 100
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more than 321<rî away from the true source locations (a large distance error forthis

sized model). More importantly, there is not much difference in the location error in the

horizontal plane and in the vertical direction. Table 7.lb gives the absolute and relative

effors of the travel times. The mean absolute and relative travel time errors reach

0.0007 s and 0.01%, respectively, which can be used to estimate the uncertainty of the

origin time.

Table 7.1a The true and located source positions and the distances (km) between them

Table 7.1b The absolute (s) and relative (%) origin time uncertainties

SNO Atmax (s) Atmean (s) Rtmax (%) Rtmean (%)

1 0.0000 0.0000 0.00 0.00

2 0.0000 0.0000 0.00 0.00

3 0.0000 0.0000 0.00 0.00

4 0.0040 0.0034 0.04 0.03

5 0.0006 0.0003 0.01 0.00

6 0.0000 0.0000 0.00 0.00

7 0.0008 0.0005 0.01 0.01

8 0.0040 0.0034 0.04 0.03

9 0.0008 0.0007 0.01 0.01

NO Xo Yo Zo Xe Ye Ze Xeo Yeo Zeo Deo

I 0 0 0 0.0000 0.0000 0.0007 0.0000 0.0000 0.0007 0.0007

2 25 0 l0 25.0046 0.0003 9.996t 0.0046 0.0003 0.0039 0.0060

J 50 0 20 50.0008 0.0000 20.0063 0.0008 0.0000 0.0063 0.0064

4 15 0 25 74.9835 0.0000 24.9663 0.0165 0.0000 0.0337 0.0375

5 100 0 2 99.9909 0.0091 1.9949 0.0091 0.0091 0.0051 0.0138

6 100 25 10 99.9996 2s.0036 9.9982 0.0004 0.0036 0.0018 0.0040

7 100 50 25 99.9965 49.9935 25.0063 0.0035 0.0065 0.0063 0.0097

8 100 75 25 100.0000 74.9835 24.9663 0.0000 0.0r65 0.0337 0.0375

9 100 100 4 99.9946 99.9946 3.9911 0.0054 0.0054 0.0029 0.0082

10 t5 100 15 14.9898 100.0000 14.9904 0.0102 0.0000 0.0096 0.0140

11 50 100 25 49.9935 99.9965 25.0063 0.0065 0.0035 0.0063 0.0097

t2 25 100 20 24.9951 99.9999 20.0046 0.0043 0.0001 0.0046 0.0063

13 0 100 6 0.0240 99.9760 5.9811 0.0240 0.0240 0.0189 0.0388

t4 0 15 20 0.0002 749973 20.0029 0.0002 0.0027 0.0029 0.0040

15 0 50 25 0.0036 49.9935 25.0064 0.0036 0.0065 0.0064 0.0098

l6 0 25 25 0.0000 25.0020 25.0032 0.0000 0.0020 0.0032 0.0038

Min 0.0000 0.0000 0.0007 0.0007

Mean 0.0056 0.0050 0.0091 0.013 r

Max 0.0240 0.0240 0.0337 0.0388
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10 0.0021 0.0021 0.03 0.02

11 0.0008 0.0005 0.01 0.01

T2 0.0000 0.0000 0.00 0.00

13 0.0016 0.0005 0.02 0.00

t4 0.0000 0.0000 0.00 0.00

15 0.0009 0.0006 0.01 0.01

16 0.0000 0.0000 0.00 0.00

Min. value 0.0000 0.0000 0.00 0.00

Mean value 0.0010 0.0007 0.01 0.01

Max. value 0.0048 0.0034 0.04 0.03

Explanation for Table 7.1:

NO---source number; (Xo, Yo, Zo)---hue source coordinates; (Xe, Ye, Ze)--final located (updated)

source coordinates; (Xeo, Yeo, Zeo)--the difference between true and final located position in each

direction; Deo--the distance between true and f,rnal located source position; Atmax and Rtmax----the

absolute and relative maximum origin time errors; Atmean and Rtmean --- the absolute and relative mean

origin time errors.

To convey visually how the program works on the location process, refer to Figure 7.3,

which shows the consecutive search paths with various iterations. The search paths are

smooth curves in most cases, and converge to the true source locations.
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Fig.7.3 Search paths (dashed line) for different sources in the event location process of test 1

(s: starting source positions; e: search end source locations, equal to true source positions)

7.5.2 Numerical test 2: different search lengths

Next the effect of different search lengths was tested on the location error estimation.

The same velocity model as for numerical test 1 was selected, but here two sources
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were placed beneath the seismic array andthe total number of sources is reduced to 10

(see Figure 7.4 for details). The model parameters (such as model length, cell size'

number of secondary nodes), velocity distribution, damping factor and constraint

bounds remain the same as for numerical test 1. Again the input source (starting source)

positions are randomly set 20 km away from the true source locations in each direction.

As mentioned before, the

derivatives of time to source

position changes are dePendent

on the search lengths when the

local velocity model is

unchanged. Thus I selected

different search lengths from

0.1 km to 5.0 km (equal to the

cell size) and estimate the 0 10 20 30 40 50 E0 70 80 e0

Black: source(1 0); Grey: receìver(1 3) Y

associated location errors' and 
Ftg.T. source (black) and receiver (grey) distribution

hoped to obtain the optimal in plan view for event location test 2

search length by testing various values. Such results are a useful guide to selecting the

proper search length in future work according to certain model parameter specifications'

Table 7.2 shows both the distance and origin time errors with different search lengths.

The best search length (having the minimum distance and origin time errors) is 1.0 km

in all three directions. The search length cannot be too large (comparable to the cell size)

nor too small (close to zero), From this experiment, a good search length should be

betweenl ut¿ ! of the cell size.
102

Table 7.2aThe distance (km) between the true and located sources in three directions
with different search lengths

x 100
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Search-length Xmax Ymax Zmax Dmax Xmean Ymean Zmean Dmean MK

(0.1,0.1,0.10) 1.2917 r.3894 1.t362 2.t585 0.221r 0.3173 0.2489 0.5012 9

(0.5, 0.5, 0.25) 0.t962 0.1962 0.3108 0.4123 0.0464 0.0464 0.0665 0.0948 4

(0.5, 0.5, 0.50) 0.1128 0.1'728 0.2762 0.3688 0.0465 0.0480 0.0668 0.0959 3

(1.0, 1.0,0.50) 0.t962 0.1962 0.3108 0.4123 0.0464 0.0464 0.0665 0.0948 2
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(r.s, 1.5, 1.s0) 0.1 802 0.1 802 0.2911 0.3869 0.0482 0.0504 0.0722 0.1015 5

(1.0, 1.0, 1.00) 0.0240 0.0240 0.0337 0.0388 0.0056 0.0050 0.0091 0.0131 I

(2.0, 2.0, 1.00) 0.2164 0.2164 0.3517 0.4662 0.0571 0.0579 0.0792 0.1160 6

(2.5,2.5,2.50) 0.2272 0.2212 0.3680 0.4885 0.0638 0.0661 0.0848 0.1216 7

(5.0,5.0,5.00) 0.2s96 0.2596 0.4222 0.5595 0.0623 0.0651 0.0948 0.13 l9 8

Table 7.2b. The origin time uncertainties (expressed as percentages) for different

search lengths

Search-length (km) Atmax (s) Atmean (s) Rtmax (%) Rtmean (%) MK

(0.1,0.1,0.10) 0.0249 0.0084 0.28 0.08 9

(0.5,0.5,0.25) 0.0054 0.0032 0.06 0.03 2

(0.5,0.5,0.50) 0.0058 0.0031 0.08 0.04 J

(1.0, 1.0,0.50) 0.0047 0.0027 0.06 0.02 2

(1.5, 1.5, 1.50) 0.0064 0.0035 0.09 0.04 4

(1.0, 1.0, l.0o) 0.00r0 0.0007 0.01 0.01 1

(2.0,2.0, 1.00) 0.0068 0.0037 0.09 0.04 6

(2.5,2.5,2.50) 0.0084 0.0048 0.1 1 0.0s 8

(5.0,5.0,5.00) 0.0012 0.0038 0.10 0.04 7

Explanation for the Table 7 '2:
Xmax, ymax and Zmax--maximum distance between true and located source in the X, Y andZ direction;

Dmax--maximum distance between the true and the located source; Xmean, Ymean, and

Zmean--ayeraged distance between the true and the located source in the X, Y and Z direction;

Dmean--averaged distance between the true and the located source; Atmax' Atmean, Rtmax and Rtmean

are the same as Table 7.1;Mk-The fitting order for different search lengths'

Theoretically, the search length should be small because of the approximation to the

time derivative (the gradient neaf the hlpocenter), but should not be too small for the

stability of the ralio(t/",-t:")lL*",."¡,, where i, j ate the two trial sources in opposing

directions atTd L,un,,"h is the search length (absolute length between two trial sources,

see Fig. 7.1) in this direction. Figure 7.5 shows the convergence for both the time

residual and the distance error with different search lengths. Except for the search

lengths 0.1 km and 5.0 km, there is not much difference in error estimation for both the

travel time and the distance. It is possible to have different search lengths in different

directions (see Table 7 .2) according to a selected model, for example, a relatively small

search length is preferred if the vertical length of the model (or cell) is smaller than the

horizontal length of the model (or cell).

Figure 7.6a shows the comparison of the distance convergence for the three
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co-ordinate directions. In such circumstances, there is no way of telling which direction

has the best convergence. That is to say, there is no problem in depth location with this

new approach. This is further explained in Figure 7.6b, which shows the RMS effors

where the input source positions are allowed to change only in the vertical direction

(1-D case), or in all three directions (3-D case). After several iterations both sets of

travel time residuals have converged to the same level, which again indicates there pre

no directional effects in this location process'

RMS distance error (km) RMS error (s)
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Fig.7.5 The convergence between the travel time residuals and the distance perturbation for

different search lengths in test 2 (for comparison, the data begin at iteration 3 in Fig.7.Sb)
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7.5.3 Numerical test 3: true

3-D velocitY model

The above two numerical tests

are not strictlY 3-D cases'

because velocitY was onlY

allowed to vary in the Z

direction. In the next test a true

3-D velocity model was used to

further assess the accuracY and

effrciency of this aPProach.

Z=O O

7=5 O

Z=1OO

Z=15 O

Z=20 O

7=)1 îl

Z=3OO
400
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20 60 80 10û

Fig.7.7 3-D model for event location of test 3

Figure 7.7 shows a 3-D velocity model for earthquake location, the model length and

cell size are the same as for numerical test 1

The background velocitY

distribution is also a 1-D

linear function

( V=4.0+O.lxZ km/s),

but at the Planes Z:5, 15

and 25 km beneath the

seismic array, four velocitY

anomalies (two low velocitY

features and two high

velocity features) have been

introduced. The source and
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Fig.7.8 Source (black) and receiver (grey) for

event location of test 3, in plan view

receiver locations are displayed (in plan view) in Figure 7'8. The total number of

sources is set at 10, with different depths (from 0to24km), and the number of receivers

is set at 13. In this test I took much risk by putting all input source positions (initial

guess) at the middle point (geometrical center) of the model, and to see what will

happen.

The location program works very well in the 3-D case, with the mean distance error

between the true and the located source being only 0.03 km' The mean location error in
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each direction is within 0.02 km (see Table 7.3a). The maximum absolute origin time

uncertainty is 0.02s (see Table 7 .3b). In a practical sense, this is a very good approach'

because one only has the arrival time data at hand and does not know very well the

approximate earthquake hl,pocentre (estimated starting source locations) in most cases'

with this approach, there is no need to estimate the starting source location precisely

any more; the only information needed is the velocity model'

Table 7.3a Distance (km) between the original and located source positions

No Xo Yo Zo Xe Ye Ze Xeo Yeo Zeo Deo

1 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2 0 50 10 0.00 50.00 10.00 0.00 0.00 0.00 0.00

3 95 5 15 94.92 5.02 t5.02 0.08 0.02 0.02 0.08

4 90 45 20 89.98 45.00 19.91 0.02 0.00 0.03 0.04

5 90 90 30 90.00 90.00 29.99 0.00 0.00 0.01 0.01

6 55 85 25 5 s.03 84.98 24.99 0.03 0.02 0.01 0.03

1 10 90 0 r0.02 90.00 0.00 0.02 0.00 0.00 0.03

8 l0 55 15 10.01 55.01 15.00 0.01 0.01 0.00 0.01

9 35 55 30 35.01 54.97 29.98 0.01 0.03 0.02 0.03

10 60 40 30 60.00 40.02 29.99 0.00 0.02 0.01 0.02

Min value 0.00 0.00 0.00 0.00

Mean value 0.02 0.01 0.01 0.03

Max value 0.08 0.03 0.03 0.08

Table7.3b Origin time uncertainties (seconds) for each source-recelver pau

The explanation for Table 7 .3c

sti-i-th station' Other quantities defìned earlier (Table 7'1)

no st1 st2 lste lst+_ st5 st6 st7 sta lsts lstto
st1 1

lstr 
z st1 3

1 0 -q 0 0 0 0 0 0 0 c 0 0 c

2 0 ol ol c 0l 0l 0 0 0 0 0 c c

2 0.015 o.o13l o.o13l 0.015 o.otsl o.o151 0.013 0.0110.01 0.01 o.or 2l 0.011 0.009

4 -0.00€ -o.006l -o.006l o.oo4 o.oo4l o.oo4l 0.004
-o-oo3l 

o.oo5l o.oo4 o.oo5l o.oo6 0.003

E -3E-04 ¡+o¿l-se-o¿l-sr-oa -3E-04l -3E-o4l -3E-04 4:-o4l-28-o4l2E-04 -2E-o4l 1E-04 9E-04

6 -0.005 -o.oo5l -o.oo5l -o.oor -0.005 -0 002 -0 001 -o.0o21 0.0031 0.004 -o.oo¿l o.oo¿ 0.005

7 0.002 o.oo2l o.oo4l o.o02 -.oo+l o.oo3l o.oo3 0 0 o.oo3l 0.003 0.005

€ -0.003 {^oæ[ o.oo3l-o.oo3 o.o02l -0.0031 0.001 o3o2l -o.oo3l o.oo2 -o.oo3l 4E-04 0.002

o 0.003
-{.0æl-o.oo5l 

o.oo4 -o.oo4l o.oo5l o.oo4 -o.oo5l o.oo4l -o.oo2 0.0041 0.003 -0.005

1 -0.003 o.oo2l o.o02l 0.002
-ooosl 

-o.oosl o.oos o.oo3l 0.0021 0.003 -o.oo3l 0.002 0.003
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7.5.4 Numerical test 4: added random noise

Good earthquake location software should be much more dependent on the accuracy

of the velocity model, than on the data quality of the travel times. In other words, it

should be sensitive to the model perturbation, but not easily influenced by the noise in

the data. Another numerical test was performed to analyzethe sensitivity of the location

procedure to the data error and the perturbation of the velocity model. Following

numerical test 2, this time purely random noise is added to the travel time data to

simulate picking errors in both P and S arrival times. For P arrival times, the maximum

absolute noise is 0.1 s; for S arrival times, the maximum absolute noise is higher at0'25

s, due to the picking uncertainty following the strong P wave coda' An even higher

extreme noise level is added to the travel time (maximum absolute noise equal to 0.5 s)'

The velocity perturbation is accomplished by randomly modifying the velocities

(departure from the true model), with maximum relative noise levels of 2'5o/o and5.0o/o'

Table 7.4 shows the results of error estimation for both travel time and distance with

the noisy data. From Table 7.4, two important conclusions can be obtained: (1) the

location program is not sensitive to the data quality, and thus it works well with

tolerable levels of noise (say with a 0.1 s picking effor or even highet); (2) the location

program is very sensitive to the model perturbation, or is model-dependent' For

example, the location effor (both the travel time residual and the distance) with2.5%

relative noise on the model perturbation is comparable to the location error with a0.25

s absolute picking error in the travel times, Even worse, the location effor with a 5.0%

relative noise on the model perturbation is comparable to the location error with a 0.5 s

absolute picking error in the travel times. Thus, good model estimation is a critical

factor at improving the accuracy of earthquake location'

Table 7.4aThe distance location effors in each direction with dataKlN

NOISE-TYPE Xmax Ymax Zmax Dmax Xmean Ymean Zmean Dmean MK

(r:0.00 s

v:0.0%)
0. I 802 0.1802 0.291r 0.3869 0.0482 0.0504 0.0722 0.1015 1

(T:0.10 s

v:0.0%)
0.2651 0.4233 0.3161 0.s283 0.0824 0.0945 0.0884 0.1903 2

(T:0.00 s

Y:25%)
0.7709 0.5990 0.7856 I . 1571 0.1764 0.2025 0.2472 0.4228 J



(T:0.25 s

v=0.0%)
0.7919 0.9485 0.6381 1.0741 0.2518 0.2679 0.2368 0.5s89 4

(T:0.25 s

v:2.5%)
0.6882 1.6509 0.9411 r.9020 0.2215 0.4084 0.3s 14 0.6126 5

(T:0.00 s

v:5.0%)
1. I 695 1.1936 1.3426 1.9285 0.2998 0.4483 0.472r 0.8181 6

(r:0.50 s

v:0.0%)
2.0884 1.1'.706 t.2649 2.5226 0.6009 0.5636 0.s236 t.1428 7
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Table 7.4b The origin time uncertainties with different levels of noisy data

Explanation for Table 7'4
NOISE TYPE---T; noise is added to travel time;

V; noise is added to velocity model;

TV; noise is addecl to both travel time and velocity model'

t4l

RMS error (s)
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RMS error (s)
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Iteration numþer

3 4 5 6 7 B I 10 11 12 13 14 15

Iteration number

Fig.7.9 The convergence curves in the locatron sensitivity test when different levels of

noise are added to the travel times (left panel) or the velocity model (right panel)

Figure 7.9 shows the convergence curves for the travel time residual with different

noise levels. A good estimate of earthquake parameters with a relatively small location

error can be obtained (see Table.7.4), provided the picking time error is 0'1 s or less'

NOISE-TYPE Atmax (s) Atmean (s) Rtmax (%) Rtmean (%) MK

(T:0.00 s, V:0.0%) 0.0064 0.0035 0.09 0.04 I

10 s, V:0.0%(r:0. 0.0225 0.0139 0.30 0.15 2

(T:0.25 s, V:0.0%) 0.0431 0.0189 0.57 0.24 J

(T:0.00 s, Y:2.5%) 0.0564 0.02s9 0.62 0.27 4

(T:0.25 s, Y:2.5%o) 0.0759 0.0307 0.95 0.35 5

.50 s, V:0.0%) 0.0791 0.0391 1.13 0.46 6

.00 s, V:5.0%)(r:0 0.1 039 0.0451 1.15 0.47 7

----- o 5 s

------- 0 25 s

------- 0 1 s

- 

noise-flEe

(a) noise in favel time (b) no¡se in velocitY model

----- 5 o/o

------- 25V"

noise-free
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7.6 Example of Relocating Rabaul Explosions

The above analysis and discussion were based on numerical tests, where the sources

and the receivers can be deployed in the optimal geometrical locations. Furthermore,

the velocity field is exactly known (even though effors were purposely introduced)'

Such conditions are not possible in real cases, because of the uneven distribution of

natural earthquakes, the economic and logistical considerations in the seismic array

deployment positions, and also because only a rough estimate of the velocity model is

available. To further test the effectiveness and accuracy of the location program' I now

attempt to locate real events. A good approach is to locate explosions, which have exact

timing and known Positions'

Figure 7.10 shows the distribution of explosions and receivers in the RELACS

dataset (see chapter 1). There are in total 30 explosions and 67 receivers (the data is

transformed to Cartesian coordinates according to a certain reference point of spherical

coordinates).
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Fig.7.10 The source (black) and receiver (grey) distribution used in explosion location
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As discussed above, the main factor that leads to a large location error is the incorrect

velocity model. Thus, a suitable velocity model had to be found before locating the

explosions. Firstly, I exploited the Wiecherl-Herglotz method (Bullen, 1963) to obtain a

l-D background velocity model (which will be discussed in detail in Chapter 10), and

took this 1-D velocity model as the input velocity model, and updated it to a 3-D

velocity model using the inversion algorithm of chapter 4. Finally, I relocated the

explosions using the smoothed, final updated 3-D velocity model.

Figure 7.11 shows the 1-D velocity model obtained by W-H inversion. The model

parameters (such as model length, cell 
V=3 0 km/s

size, number of secondary nodes) will be

kept fixed in the later inversion and

location process. The input shot positions

were randomly displaced from 0.13 to 8.0

km away from the true Positions of

explosions in the X or Y directions,

whereas for the Z coordinates they were

set at the top of the model (Z:0 km)'

V=4.7 kmis

40

Z=0 0

Z=4 0

z=B 0

Z=120

Z=16 0

0 B0 1

rhus the distances (departures) between Fig'7''t1t"ä;3,lift"_îr"ff:iimoder

the true positions and the input shot

positions (starting guess hypocenters) range from 2.0 km to 9.5 km.

Table 7.5 shows the results of locations after 10 iterations. The mean distance errors

in the X, Y and Z directions are 0.45 krn,0.52 km, 0.31 km, respectively, and the mean

distance error is 0 . 8 3 km. The hypocentral distances range from 0 .26 to 2 .53 km before

and after relocation (see Figure LI2 and Table 7.5a). The origin time uncertainty

ranges from 0.06 to 0.3 s (see Figure 7 .13 andTable 7 .5b). Figure 7 .12 is a comparison

between the true and located shot epicenter positions, while Figure 7.13 shows in

diagrammatic form of the origin time uncertainties for each explosion.

:1
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Fig.7 .12The explosion d istribution before (black)

and after (grey) relocation (The discrepanctes,

a shift range from 0.26 to 2'53 km)

Fig.7.13 The origin time uncertainties in

each shot (from 0.062 to 0.2973s)

Table 7.5a. The distance effors (km) between the true and the located explosions

a
+ rl

o

o
I

a

a
I ta

a
a

t
)

o

+

.ltl o
a

+

NO Xo Xe Yo Ye Zo Ze Xeo Yeo Zeo Deo

1 24.24 23.98 53.16 53.85 0.36 0.1 1 0.26 0.09 0.25 0.3 8

2 24.12 24.11 53.84 s3.99 0.39 0.08 0.01 0. 15 0.31 0.35

3 23.97 24.15 53.93 54.03 0.42 0.00 0.18 0.10 0.42 0.47

4 21.13 20.23 10.93 11.9r 0.42 1.05 0.89 0.97 0.63 t.46

5 20.58 20.85 64.09 64.29 0.42 0.34 0.21 0.19 0.08 0.34

6 22.09 21.75 60.13 60.1 1 0.42 0.26 0.3 5 0.02 0.r1 0.39

1 35.36 35.5 8 4t.56 40.91 0.42 0.57 0.22 0.65 0.14 0.70

8 36.39 37.69 35.35 33.79 0.42 t.65 r.29 1.56 t.23 2.31

9 38.80 39.05 27.49 28.05 0.42 0.31 0.25 0.56 0.12 0.62

10 7.22 6.95 99.59 r00.00 0.42 0.42 0.27 0.41 0.00 0.49

11 15.04 14.26 83.54 84.12 0.42 0.80 0.78 0.58 0.31 1.05

t2 23.96 24.06 53.56 53.33 0.42 0.41 0.10 0.24 0.01 0.26

l3 49.88 48.58 5.64 6.96 0.42 0.00 1.30 1.32 0.42 1.90

l4 73.7 6 74,20 76.09 75.88 0.42 0.11 0.45 0.21 0.25 0.56

15 55.3 8 55.08 61.56 6r.64 0.42 0.04 0.30 0.08 0.3 8 0.49

t6 47.12 49.01 54.27 54.59 0.42 0.82 r.28 0.32 0.39 1.38

t'7 3s.86 36.33 46.90 46.13 0.42 0.30 0.47 0.78 0.12 0.91

18 26.79 27.19 34.29 33.67 0.42 0.53 0.40 0.61 0.11 0.74

19 20.67 20.44 28.56 21.98 0.42 0.61 0.23 0.57 0.24 0.66

20 24.18 23.94 53.3 1 52.89 0.42 0.40 o.25 0.42 0.02 0.49

2I 26.55 25.95 54.78 s4.91 0.42 0.28 0.61 0.18 0.15 0.65

22 33. 15 32.39 70.3r 7l.t6 0.42 0.47 0.7 5 0.85 0.05 1.13

23 36.22 36.32 58.39 58.62 0.42 0.26 0.10 0.24 0.16 0.30

24 67.82 67.69 16.33 16.82 0.42 0.00 0.13 0.49 0.42 0.66
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25 55.35 55.96 s2.24 51.65 0.42 0.46 0.61 0.60 0.03 0.85

26 23.91 23.89 21.29 28.01 0.42 0.00 0.09 0.72 0.42 0.84

27 29.98 30.30 t8.42 16.30 0.42 1.16 0.32 2.12 t.34 2.53

28 66.49 66.r9 23.02 22.46 0.42 0.20 0.30 0.56 0.22 0.68

29 10.35 10.03 18.29 78.26 0.42 0.62 0.32 0.04 0.20 0.38

30 0.95 0.38 95.94 95.90 0.42 0.91 o.51 0.04 0.49 0.75

Min 0.01 0.02 0.00 0.26

Mean 0.45 o.52 0.31 0.83

Max 1.30 2.72 1.34 2.53

Table 7.5b The origin time uncertainties (in seconds) on each explosion

No Sno Atmin(s) Atmax (s) Atmean (s) Stn-used

I 536 0.0056 0.3266 0.1131 23

2 538 0.0078 0.2034 0.0967 23

3 539 0.0052 0.2541 0.0944 18

4 543 0.0047 0.2370 0.0861 27

5 545 0.0004 0.2682 0.0960 31

6 546 0.0071 0.2649 0.1 r 86 28

7 553 0.0030 0.2593 0.0620 27

8 554 0.0164 0.2927 0.0964 3l

9 555 0.0018 0.3109 0.t074 38

10 566 0.0021 0.2814 0.1383 11

11 567 0.0008 0.2565 0.1109 38

T2 573 0.00s2 0.3424 0.0861 26

13 Jtt 0.0061 0.3404 0.1238 25

t4 584 0.03s7 0.3136 0.1 635 27

15 585 0.0087 0.3330 0.1097 18

t6 588 0.0028 0.3057 0.1t16 28

t1 596 0.0032 0.1923 0.0682 25

18 598 0.0043 0.2421 0.098s 27

19 603 0.0017 0.2071 0.0'776 36

20 654 0.0000 0.4t62 0.0969 44

27 655 0.0021 0.2467 0.0793 39

22 657 0.0007 0.2529 0.1065 49

23 658 0.0008 0.2691 0.0925 45

24 661 0.0226 0.33 85 0.1297 37

25 662 0.0011 0.2834 0.1055 51

26 670 0.0054 0.3261 0.1 035 54

2l 671 0.0197 0.3526 0.1088 43

28 67s 0.0066 0.3291 0.1 08 1 48

29 6',79 0.0053 0.2914 0.0983 51

30 682 0.0514 0.5416 0.2973 JJ

Min 0.0000 0.1923 0.0620 11

Max 0.0574 0.5416 0.2973 54

Mean 0.0082 0.2980 0.1 097 JJ

The explanation of Table 7 '5:
No: event number in the RELACS dataset; stn-used: the total nu er of stations used to relocate the

explosions. Others are the same as Table 1 'l'
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7.7 Conclusions

I was faced with the need to relocate earthquakes around Rabaul volcano (improving

the source h¡rpocenter positions) so as to reduce the travel time errors introduced by the

uncertainty of the source parameters and to meet the minimum requirement for

reconstructing the local velocity structure using regional seismic data' Consequently' I

have developed an earthquake hypocenter location proglam with the advantages of the

,irregular' approach of the shortest-path algorithm in the ray tracing process, the simple

formulation of the analytical Jacobian matrix, and the non-linear inverse problem

solver. Several numerical tests show that it works well with a relatively small location

error for the source positions. The location error in depth is comparable to that in the

horizontal plane, thus there is no problem in focal depth determination. The efficiency

of the algorithm is that it is not sensitive to modest levels of picking error (less than, or

equal to 0.1 s), but is seriously model-dependent. The capability of the algorithm is that

it is suitable for relocating a hundred or more events simultaneously, making it practical

for seismic anay data and the location of an aftershock sequence. It can easily be

incorporated with a 3-D travel time tomography procedure to form a joint seismic

tomographic program for updating both the velocity model and the source positions'

This forms subject matter of the following chapter.
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chapter 8: 3-D Joint Inversion for the Source

Positions and the VelocitY Model

S.L Introduction

It was shown in Chapters 4, 5 and 7 that a 3-D velocity model can be recovered from

the observed travel time or arrival time data from a seismic array network and the

known source positions, and in turn the source positions can be relocated using the

observed travel time data and avelocity distribution known to great accuracy. But in

most practical applications, there is only the observed arrival time information

available. Both the velocity model and the source positions can only be roughly

estimated (or even unknown). In such circumstances, it is possible to invert

simultaneously for both the velocity model and the source locations using the travel (or

arrival) time data alone, such as in Rabaul volcano study, where the travel time

information is available, but with large source parameter uncertainty in regional

earthquake data. Thus, the purpose is to use a joint inverse procedure to improve the

precision of the source parameters, while update the local velocity model. For this

reason, in this Chapter, I incorporate the source hypocenter location algorithm from

Chapter 7 into the procedure of 3-D travel time tomography in Chapter 4, to develop a

program for joint inversion for determining both the velocity model and the source

hypocenters. Some tests are carried out for the effectiveness of this approach' and also

some limitations of the algorithm are investigated'

8.2 Methodology

The minimum norïn and constrained least squares approach for determining both the

hypocenter and the velocity distribution can be rewritten as:

*t";[lp - o^ll',,* tll*ll',,], ã < ñ <6 (8 1)
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Equation (8.1) is in the same form as formula (4.1) in chapter 4, but the content rs

somewhat different. Here, the unknown parameters of the model space include not only

the velocity unknowns, but also the unknown coordinates of the various source

hypocenter s (ñ =1M,Mr,......,Mr;xt,Y,zr.'.'.x, ,YM ,z M]¡' rne quantities N and

M are the total number of velocity unknowns and the total number of sources'

respectively. The analytical Jacobian matrix consists of two parts: one is the derivative

of time with respect to velocity changes; the other is the derivative of time with respect

to source position changes. The hard constraints are also separated into two parts: one is

to constrain the perturbation of the velocity model; the other is to restrict the

perturbation length of the source locations' Again I used the DMNLS-I inversion

procedure of section 4.2.

In the program development, due consideration need to be given to the location

procedure in which six supplementary sources are added in the search directions' This

makes the total number of input sources generally latget than the number of receivers'

Thus, it is preferable to loop over receivers, and not sources (based on the principle of

reciprocity) to save on computer run time. It is more difficult to adapt the automatic

function of the model selection in this approach. Thus the run time for each loop

hereafter is comparable to the run time in event hlpocentral location'

8.3 Calculation of the Analytical Jacobian Matrix

The variation of travel time is taken to be the result of both velocity changes and

source position changes. As in standard source hypocenter location, the origin time

uncertainty is ignored and remains unchanged. The travel time errors (from the

assigned trial sources to the receivers) can be expressed as:

Lt, =l(
k=t õ*,0

õt (8.2)

where /uis the travel time at the j-th station which recorded the i -thevent, x,ors

the source coordinate in the kdirection (k=!,2,3) of the i-thevent, andvo is the

U

)M,o +frfrio,r
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k - thvelocity value in the model space of length N . Thus the analytical Jacobian

matrix contains time derivatives with respect to both velocity changes and source

position changes. The derivative of time to velocity changes can be calculated by

formulae (4.g), (4.10) and (a.11); and the derivatives of time to source position changes

can be simply obtained from sectionl.4. Thus, a new analytical Jacobian matrix with

length { n x (N +3x M)} is forrned (here ru is the total number of ralpaths), including

the contributions of both the velocity model and the source positions'

8.4 Joint Travel Time TomograPh

Theoretically, there is a trade-off between the velocity model estimation and the

source position determination in a joint inversion procedure' Therefore' one cannot

expect to obtain simultaneously both the velocity image with high quality, and source

locations with high accuracy. Three numerical tests were undertaken to test the

effrciency of this approach and evaluate both the quality of the image and the location

eITOf.

8.4.1 Numerical test 1: joint inversion with true source positions and input model

having a large deviation from the true model

The synthetic model displayed in Figure 8.1 was selected to test the velocity field

reconstruction capabilitY, and the

convergence features ofthe travel

time residual, the perturbation of

the velocity model and the

disturbance of the source

positions. The background

velocity of the model is a l-D

layered distribution as shown in

the diagram. Four low and two

high velocity anomalies ate

Fig. 8.1 True model for simultaneous inversion
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embedded in the model volume. Therefore, it is really a 3-D case for simultaneous

inversion. The velocity anomalies have a 10.5 km/s deviation from the background

velocity of the theoretical (or true) model, and the velocity contrast ranges ftom6'}Vo aI

the lowest plane Z:20 km to nearly 20'0 % at the top plane Z:0km'

The source and receiver Fig. 8'2 The distribution of sources (black) and

locations are shown (in Plan view)

in Figure 8.2, where there are in

total 40 sources with different

depths (from 0to25 km) arranged

along the boundaries of the model'

and 4I receivers with a Jl " 5

km uniform sPacing between

neighbouring stations on the toP

central region of the model. The

model parameters are: model

receivers (grey) for joint inversion of test 1

x (km)
100

90

o

70

60

5u

4D

3u

20

10

t
010203t40 50 60 70 É0 90 1t0 Y (km)

length (100 km, 100 km and25 km in the X, Y and z diections); cell size (5 km in all

three directions); the number of secondary nodes is 6 (in each direction of the ce11); the

dampingfactor is¡t=0.01;thehardconstraintforthevelocitymodelis+2.5km/sand

the constraint for the source positions are that they are forced to lie within the model

volume.

There are in total 1640 ray paths which cross the model and 2646+120:2766

unknown parameters in the inversion process. Following the routines outlined in

chapter 7, I first obtained the theoretical travel times according to the true velocity

model and the real source locations. These theoretical travel time data will be used as

observed travel time data later in the joint inversion process. The starting (input)

velocity model is also a 1-D layered velocity model with relatively large deviations

from the background velocity of the true model. The deviations are -0.42, -0.58, -0.44,

-0.50, -0.50 and -0.50 km/s at the planes Z:0, 5,10, 15, 20 and25klrlrr, respectively'

This means that the input model has velocities roughly 0.5 km/s lower than that of the
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true background values. For the test, the initial source positions are first set at the true

hlpocentral locations.

If the program works, one can expect that the velocity anomalies within the model

should be recovered and the updated source positions should not deviate far from the

true hypocentral locations. Figure 8.3 shows the comparison between the true and the

recovered velocity model from the joint inversion after 20 iterations' It can be seen that

the main features (size and location) of the low and high velocity anomalies are nearly

perfectly reconstructed. The two opposing anomalies (one low and the other a high

velocity anomaly) at the planes Z:I5 and 20 km are nearly the same as the true

anomalies.
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Fig. 8.3 The comparison between the true velocity perturbation (left panel) and the unfiltered

image (right panel) from the joint inversion test 1

In order to separate the distance convergence from the model space' two kinds of

distances are recogn ized: one is the distance between the present and previously

updated sources, which indicates the convergence status in the joint inversion process;

the other is the distance between the present updated sources and the true sources'

which represents the absolute location ability in the joint inversion procedure' Figure

8.4 shows the results of these two kinds of distance convefgence' Both diagrams 8'4a

and 8.4b show the approach has worked' This is especially evident in Figure 8'4b'

where the RMS error of the distance between the located and the true source positions
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is slightly increased (deviates from the true source positions), but is less than 0'25 km

and maintains stability to an acceptable level of accuracy after the 1O-th iteration'

Distance (km) Distance (km)

014 045

012

0.10

0.08
0.25

0.0ô

0.04 0.15

002

000 005
s 11 '13 15 17 1S

Iteration number

Fig. 8.4 The two kinds of distance convergence for joint travel time inversion of test 1

(ln diagram: D-max: maximum distance; D-rms: RMS of distance)

To further analyzethe contribution of distance convergence from different directions, I

calculated the distance from the updated source to the true source position in all three

13 5 7 13 5l I 11 13 15 17 19

Iteration number

11 13 15 17 19

Iteration number

directions after each iteration'

F-igure 8.5 shows the statistical

results. In the X and Y

directions (within the horizontal

plane), the distance

convergence is nearlY the same,

but the distance convergence in

the vertical direction is

comparable to the true distance

convergence. This means that

the main contributor to the

location elror is from the

Distance (km)
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o20
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Fig. 8.5 Distance convergence in three directions
for the ioint inversion of test I

(a) Present to Previous iteration

------ D-max

- 

D-rms
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---- D-mean

------ Z-mean

- 
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vertical direction. This is fuither evidence to indicate that the algorithm works, because
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there is a rapidly changing velocity distribution in the vertical direction as opposed to

the other two directions in the horizontal plane. Thus, the favorable direction to reduce

the time residual is to adjust the z coordinate rather than to adjust the co-ordinates in

the X or Y directions (horizontal plane)'

8.4.2 Numerical test 2: joint inversion with the true source locations and the

background velocity field of the true model as the starting model

In this numerical test I will evaluate the effect of the input model on the final results

of a joint inversion. For this purpose, I selected exactly the same model as numerical

test 1; the model parameters, constraints and input source positions (using real source

locations) are the same as in numerical test 1. The only difference is that the actual

background velocity of the true model is taken as the starting (input) velocity model in

the joint inversion. In such situations, the travel time residuals between the observed

and the computed times only arise from the presence of anomalous low and high

velocity regions in the true velocity model'

Figure 8.6 is a comparison of the un-filtered images from the two different starting

(input) velocity models (one is the result of test 1 and the other is the result of this test)'

The better image is found for numerical test 2, which involves a close estimation of the

starting velocity model and less iterations. In common with numerical test 1, there are

two kinds of distance convergence (see Figure 8.7). Note that the distance enor (RMS)

between the located source after each iteration and the true source is less than 0'035 km'

Even the maximum distance error is less than 0'10 km'
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Fig. 8.6 The comparison of the unfiltered images for joint travel time inversion between

numerical test 1 (left panel) and test 2 (riqht panel)
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Fig. 8.7 The two kinds of distance convergence for joint travel time inversion of test 2

(lndiagram:D-max:maximumdistance;D-rms:RMsofdistance)

In a mathematical sense, under such conditions of joint hlpocenter / velocity model

1234567 1234567891

inversion, the source locations are

nearly unchanged. This is to be

expected, because the residuals

between the observed and comPuted

travel times only results from the six

velocity anomalies in the true velocity

model. Thus the theoretical

development of the model is supported 0 04

by the results of these numerical tests' Û Û?

Figure 8.8 shows the convergence of 000

both the travel time residual and the

RMS
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perturbation of the model (both Fig.8.8 The Convergence curves for joint

lnversion of test 2

velocity and source positions). The

results of test 2 indicate that the closer the estimated (initial) velocity is to the true

model, the better the image.
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8.4.3 Numerical test 3: Joint inversion with large deviations both in the starting

velocity model and in the source positions

To simulate arealproblem in joint inversion, the same model as for numerical test 1

was selected, but with a crudely estimated input velocity model and very rough soulce

positions. The input model deviations from the background of the true velocity model

are -0.42,-0.58, -0.44,-0,50, -0.50 and -0.50 km/s at the planes Z:0,5,10, 15, 20 and

25 krî,respectively (see test 1). This means that the first guess model is roughly 0'5

km/s under estimated compared to the true velocity model' I randomly set the input

(first guess) hypocenters from 2.8 to 5.0 km away from the true hypocentral locations'

This is very challenging test and also a good example to evaluate the effectiveness of

the algorithm. The other parameters are the same as for numerical test 1. Figure 8'9

compares the true velocity model and the filtered image from this test (filtering window

is 3-point, and a mean value filter is applied in2-D case)' Even for an input model with

a relatively large deviation from the true model and for input source locations with a

moderate deviation from the tme source locations, the main features (size and location)

of the velocity anomalies within the model are recovered. This is especially true of the

two opposing (positive and negative) anomalies on the planes Z:15 and 20 km, which

are nearly identical to the true anomalies.
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2o 4u 6Ú B0 (km)

Figure g.g The comparison between the true velocity perturbation (left panel) and the filtered

image (right panel) from joint inversion test 3
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Figure 8.10 illustrates the associated convergence curves for the travel time residual

and the model perturbation, Even after 2}iterations there is still a downward error trend

for both the time residual and the model perturbation' compared with the results of

RMS
t.¿

10

08

t.6

04

a.2

0.t
19 21 ?3 25 27 23

Iteration number

numerical test 1, which has the same

large deviation of inPut velocitY

model from the trrre velocity model

(but with the correct sources as the

input sources), the algorithm requires

more iterations to converge to the

same level of time residual and model

perturbation. It also takes more

iterations to reach the level of

stability achieved in test 1'

The two kinds of distance
1 3 5 -l I 11 1315 1Ï

convergence, as described before, are Fig'8'10 Co:liffii:: |f,l

again calculated (see Figure 8.11)' is enlarged 10

From Figure 8.11b, it can be seen

that the located source positions ale converging to the true source locations (decreased

distance) with increasing iteration number. Because of the effect of trade-off between

the perturbation of the velocity model and the disturbance to the source positions, the

located source hypocenter positions still have some deviations from the true source

locations, but the convergence trends are clear. The maximum distance deviation is

reduced by roughly 1.0 km, and the mean distance (or RMS) is also reduced by 1'0 km'

This means that the algorithm can improve the accuracy of the location even under such

challenging conditions (such as a 3-D case with only a roughly estimated input velocity

model and rough input source hlpocenters), but only has a relative sense in accuracy' It

is worth pointing out that one could not expect to obtain both a good quality image' as

in chapter 4 and 5, and a high accuracy of location result as in chapter 7, due to the

trade-off between the perturbations of the velocity model and disturbing length of the

source locations. In practical applications, one must be aware of the limitation (rough

traveltime

velocity model and dista
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estimation of velocity field and soufce hypocenters) of a joint inverston'
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Figure 8.11 The two kinds of distance convergence for joint travel time inversion of test 3

(ln diagram: D-max: maximum dist.; D.rms: RMS of dist.; D-mean: mean dist.)

In summary, there is no theoretical problem to simultaneously determine both the

velocity distribution and the source hypocenters using travel (or arrival) time

information alone, but there are different weights on the time derivative to velocity

changes and source position changes in the analylicalJacobian matrix. Thus there is a

trade-off between the perturbation of the velocity model and the disturbance of the

source locations. In other words, an improvement in image quality may be

accompanied by a loss of accuracy in event location, and vice versa' In practical

applications, a possible sequence would be as follows: (1) roughly estimate both the

velocity model and the source h¡pocenters; (2) relocate the source hlpocenters by

using this roughly estimated velocity model; (3) obtain the improved velocity model by

using the relocated source hypocenters. It is possible to change the order of steps (2)

and (3). It may require more iterations to improve the final results for both the velocity

model and the source hlpocenters. It is worth pointing out that this separation of steps

(2) and(3) is based on the rough guesses for both the velocity model and the source

locations of step (1). Theoretically, it is unreasonable to loop through steps (2) and (3)
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without having roughly estimated the velocity model and the source locations' because

the algorithm for the event location is model-dependent and the method of velocity

inversion is source-dependent. If the velocity model has a large deviation from the true

velocity distribution, the location algorithm will find the minimum time residual

according to this velocity model, and the updated source positions will have a large

adjustment that may deviate even further from the true source locations' In turn' the

velocity inversion method will frnd the minimum time residual according to the wrong

sources with large distances from the true sources, causing the reconstructed velocity

model to deviate fuither from the true velocity model. That is to say, under such

circumstances there is no guarantee of finding a global minimum point in the model

space to fit both the velocity distribution and the source locations'

8.5 Discussion

This chapter and the preceding chapters conclude the theoretical developments of

travel time tomography. Now it is time to deal with the main driver of the thesis: to

reconstruct the Rabaul 3-D velocity structure with full usage of the existing explosion /

earthquake dataset. For real data, the basic requirement is to prepare the observed travel

time database and re-analyzethese data so as to guarantee the data quality' This is an

important factor in the final image as discussed earlier. For these purposes, the

following chapter will concentrate on the onset time picking and data pre-processing to

prepare a relatively good quality dataset for the reconstruction of the Rabaul volcano

velocity structure.
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Chapter 9: Onset Time Picking and Data

PreliminarY AnalYsis

9.1 Introduction

The total number of known events in the RELACS database is 403, including 30

explosions, 187 local earthquakes, Sg regional earthquakes and 97 teleseisms (see

chapter 2).Theresearchers who undertook the RELACS project only picked 145 events'

including 30 explosions,78 local events,22rcgional events and 15 teleseisms' Among

the picked phases, more than 90o/o were P arrivals. The data coverage is not good

enough to obtain a reasonable image (see Figure 2.5). Therefore, it is necessary to pick

as many additional arrival times as possible, especially S arrival times' so as to improve

the data coverage fÌom the near-regional scale and to add more first s arrival times into

the database. From Figure 2.5 onecan see that to the north of Rabaul there are only a

few earthquakes. They are essential for the data coverage' The explosions cover the

near-north part of Rabaul and they too are indispensable events. considering my aim

was to combine the near-regional events with local events to image the local' deep

velocity structure of the Rabaul region, the additional picking efforts were concentrated

within the near-regional scale (see Figure 2.5 for boundary definition)' In order to save

time, and being aware of the importance of the events referred to above, I decided to

determine all arrival times for the above-mentioned events, regardless of whether the

events were previously picked by the RELACS project or not.

For the remaining known events in the restricted region, I determined arrival times

that had previously been ignored in the RELACS project' The algorithm used was an

automatic combined picking function, for detecting both first P and S arrival times with

an acceptable error. To fully understand how the picking functions work, I will now

briefly introduce and analyze several picking functions that were used in the combined

method. This should aid understanding of their physical meaning, and give an

estimation of the likely picking error.
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9.2 Different Techniques of Onset Time Picking

All current methods of identification and recognition of seismic phases are based on

utilizing different characteristics of noise and signal in a variety of domains: e'g

amplitude (energy content), frequency (frequency content)' waveform (similarity of

waveform), angle of arrival (the differences in the wave vectors) and other d¡mamic

features, such as polarization, rectilinearity, and etc. However, there is no single

method that can ensure consistent onset time picking for every phase in any situation'

The problem is that any single method will fail when the difference between a certain

part of the noise and the signal, as far as that characteristic is concerned, is very small

(similar characteristics), particularly when the SA{ ratio is low' For example, the

energy method cannot be used when the noise level is high or the later phases are

buried in the strong coda of earlier arrivals. Bandpass filtering will not work when the

noise and signal share almost the same frequency content' In order to overcome the

drawbacks of any single method, it is necessary to use a combined method (Bai and

Kennett, 2000). The combined method includes the energy function, auto-regressive

representation, instantaneous frequency, and polarization analysis' Here I introduce

the first two methods and then show how to create the combined method'

9.1.1 EnergY function

Energy analysis is based on the ratio of the short-terrn-average (STA) energy to

long-term-av erage(LTA) energy level (STA/LIA) derived from the same seismogram'

Several different algorithms have been employed in such energy analysis (for

example, Tong and Kennett, I996;Earle and Shearer, 1994)' The differences among

them arise from the choice of the energy ratio between different ground motion

components and the use of different co-ordinate systems {such as rotated to the P' sH

and sv system, or the vertical (z), tadial (R) and transverse (T) system), and also the

length of time window employed when calculating the energy ratio. I followed the

expressions of Tong and Kennett (1996) in an unrotated (vertical (Z), north (N) and

east (E)) data system

The total energy Er=22 +Nz +82
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Energy in the vertical direction Vu = Z2

Energy in the horizontal plane H 
" 

= N' + E'

Here Z,N and E are the amplitudes of the three unrotated (raw) records, respectively'

The recognition and detection scheme is based on the use of a STA/U|A ratio

technique in which the local temporal behavior is compared to a longer-term trend'

The energy ratio Z u can be defined as the ratio of the vertical to the total energy,

H uasthe ratio of the horizontal to the total energy, and z o as the ratio of the vertical

to horizontal energy. Thus six different energy ratios can be generated:

(a) the total energy ratio of short to longer-term trend

Er= 4.{JTA)

4@TA)

(b) the vertical energy ratio of short to longer-term trend

_vEQTA)
" VEØTA)

_z Lt6TA)
z rt(LTA)

(f) the energy ratio H uof short to longer-term trend

Z

(e.1)

(e.2)

(e.3)

(e.4)

(c) the horizontal energy ratio of short to longer-term trend

-. H,6rA)u_r" H 
"ØrA)

(d) the energy talio Z u of short to longer-term trend

- z "(srA)d 
-L" z t,ØTA)

(e) the energy ratio Z n of short to longer-term trend

z (e,s)

(e.6)Hr _ H E6TA)
H EQTA)

An adaptive time window rather than an explicit one is used, where the sTAand utA
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values (S, O are incremented each time' Thus, taking Z u as an example'

S = Cs $ +z), C =Cr(L +z) e'7)

Here ^S 
and T are the short-term averaged and long-teÍn averaged value, respectively.

The parameters cs and c, are chosen to be smaller than unity. These control

contributions from the preceding time step, and thus the effective lengths of the sTA

and LTAwindows. If /o is the local (short-term) frequency, then c, and c, can be

chosen as:

C, = lg-'io ar, C, =lQ-fo'Lrttz (9'8)

Here az is the time sampling interval. The LTAtime window has been chosen to be

12 times as long as the STA time window in equation 9.8. A recognition or detection

trigger is declared when the ratio of STA to LIA measufe exceeds a pre-specified

threshold value. Figure 9.1 shows an example of arrival time picking using the energy

function {formula (g.2)} for a single trace. The main purpose of 'viewsud'c' (a

software module written by Arcidiaco Armando of RSES, ANU, one of the staff

involved in the RELACS project) was to pick the arrival time on-screen. It is not

suitable for my usage. Thus, I modified it and incorporated several picking functions

to make it more Practical.

03060156 o03 2 NOV 1997 1:56:1999

Time 26 84 s
Value 219

10 20 3u 50 7E 80 90

Time (s)

Figure. 9.1 The onset time picking using the energy method (top panel)

for a single seismic trace (bottom panel)

6040

vertical energy ratio

trriginal face
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Figure 9.2 shows another example of arrival time picking using the energy function

for three-component records. ln a practical sense, if the epicentral distance of the

event is not short (i.e. the S and P arrivals have a detectable separation' or the S arrival

does not follow immediately after the strong P wave code), the energy picking

function works weil for extracting both the first P and S arrivals simultaneously'

especially on the three-component records for regional and teleseismic events (Tong

and Kennett,1996).

03060156 o03 2 Nov 1997 1:56:19 99

Time
Value

2671
J.OJ

10 20 30 40 50 60 70 80 s0

Time fs)

Figure 9.2 The onset time picking using the energy ratio from the different components

(from top to bottom are sum of three energy ratio, the total energy ratio, the horizontal

energyratio,theverticalenergyratio,andtheoriginalseismictrace)

g.2.2 Auto-regressive coefficient analysis

Seismograms comprise both the desired seismic signals and other unwanted

contributions, which are referred to as noise. For the seismic signal, it is assumed that

each phase has its own characteristics (energy, frequency, waveform and angle of

arrival vector) and will last at least a few seconds. Thus for a particular phase, it is

expected that the present value of ground motion will be related to the previous value'

Two different styles of noise contributions can be considered: one is white noise that

has a stochastic property; the other is microseismic noise such as the ground motion

\r,o,,, *¡,À--'/(,, +*,-.|Å{.-

[n 
^ ..-'r-'-a^tu

1fu"
/.h.-Ll-. ^^ rl{E.

À"

lnû,,ülüü,11.,,,
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from distant storms or the unrecognized coda of an earlier event' For random noise

the current value is unrelated to the previous value; and for the second style of noise

there will be a weak association of the current value with the previous value (which

can be alternatively expressed in terms of a lower order correlation than for the

seismic signal). The differences in the nature of the signal and noise contributions

allow the use of an auto-regressive representation of seismograms for identifying

phases and making onset time picks.

If r7, is a vector of seismic ground motion and i, is the noise, an m -th order of

auto-regressive (AR) model for the 3-component seismic trace canbe described as:

(e.e)

with

u, =f A,ú,-, +i
i=l

A,=

a ¡tt

a ¡zt

a ¡tt

a¡tt aitz

a ¡zt a ¡zz

a¡zt a¡tz

Here A¡ is a tensor AR coefficient. In the representation (9.9) the current selsmlc

motion is predicted by a linear combination of a set of rn previous values' In order to

simplify the process, I regarde 6 t, as representing only the white noise (the other

type of the noise which has a low order correlation will be discussed in a later section)'

For a random white-noise sequence, the present value will not depend on the prior

values. Thus, taking the product of (9.9) with i" and averaging over the stochastic

sequence, one obtains:

(¡,¡,) =f o,(ú,-,ù,) ,.r (9'10)
i=l

which can be further rewritten as:

ro :ZA,.ro-¡
i=l

(e.11)k =1,......,m
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/t, =

Ttt

r^,

Ttt

4!

\r ttz

lzt (zz

ftt ltz

Here rt, is the tensor auto-coffelation, 4¡ is the auto-correlation, and ru(¡+ i) is the

cross-coffelation of component I with component j aI a delay of k samples'

There are two ways to use the AR Modei for recognition and onset time picking'

one approach is to use the Akaike Information criterion (AIC) (Akaike, l9l3) to first

determine the order of the AR filter, then apply the AR filter to the seismogram' and

finally recognize onset time picks as the point where the style of AR representation

changes (Takanami & Mitagawa, l99l; Leonard and KenneIt, 1999)' Figure 9'3

displays the AIC minimum function (upper panel in diagram a) and related onset time

picking using function (#) (upper panel in diagram b)' In figure, the long vertical

bar indicates where the pick was made'

20 3ú 50 6tl 7û 80
1û

(a)

1l 20 3ü 60 7t 8ü 9û
Time þ)(b)

Fig. 9.3 Arc minimum function (diagram a) and the related picking function (#) (diagram b)

40 50

I¿n

for a single seismic trace
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The other way is to use a predictive AR Model to separate the seismic signal from

background noise (Takanami & Mitagawa, 1991, 1993)' Figure 9'4 shows an

example of a predicted single trace using different adaptive auto-correlative AR

models. That is, to use different order (m) of AR model to predict the current ground

motionusingtheprevious|ymvalues.InFigureg,4,onlrytheauto-correlation

coefficient is used in equation 9'10'

30 40 50 60 70 80 90
Time (s)10 20

Fig'g.4Thecomparisonbetweentheoriginalandpredictedtracesusingdifferent
orders otnn-moãåt (upper pan"i'order=12; middle panel: order=9;

lower panel: order=6; bottom panel:the originaltrace)

For display and identification purposes, I use a simpler approach, construct just the

tensor coefficients and assume that the values of the auto-regtessive coefftcient will

be enhanced when a seismic phase arrives. Figure 9'5 shows an example of nine

attributes of auto- and cross-correlation coefhcients'

As mentioned above, the auto-regressive coefficient technique can femove the white

noise, but will retain the microseismic noise that has 10w order correlation (or weak

correlation). In order to remove the microseismic noise, the higher order coefficients

were extracted. Arepresentation of two joint auto- and cross-correlation coefficients

can be used to highlight the seismic signal and suppress the noise' I calculated the

difference of the auto- and cross-colrelation coefficients in a certain time window

using the value obtained by subtracting the first half time window from the second
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half time window. Figure 9.6 displays this kind of picking function compared with the

auto-correlation function and the energy function. From Figure 9.6, it is clear that the

best picking function is the representation of the difference of two joint

auto-correlation coefficients. Under such conditions, the signals are normally well

separated and further highlighted. As a result, the noise is generally suppressed.

1ll 2ll 3Û 40 5Û 60 7Ü BÛ 9u Time (s)

Fig.9.5 The picking function for auto- and cross-correlation coefficient analysis

(from top to bottom areZZ,ZE,ZN;EZ,EE, EN; NZ, NE' NN;

energy function and original trace)

20 30 40 50 60 70 BO

Time (s)

Fig.9.6 The comparison of the three picking functions (upper three panels: the difference

of two joint auto-correlation coefficients (top); auto-correlation coefficients (middle);

energy (lower) and original seismic trace (bottom panel)
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Figure 9.7 shows an example when the nine attributes of two joint auto- and

cross-coffelation coefficients are used as the picking functions. In practice, the

STA/LTA ratio technique is applied to the picking function for the difference of two

joint auto- and cross-correlation coefficient representations' Figure 9'8 shows an

example of onset time picking when using the difference of two joint auto-correlation

coefficients applied to a single trace. Here the two consecutive P arrivals are well

separated. Generally, the selected time window is dependent on the sampling rate and

also on the local frequency. Such technique problems are not my primary concem in

this thesis. For details, see the papers given by Bai and Kennett (2000 and 2001) and

Tong and Kennett (1996).

10 20 30 40 50 60 70 B0 90 Time (s)

Fig. 9.7 The difference of two joint auto- and cross-correlation coefficients (upper nine

panets areZZ,Ze,ZÑ;EZ,É8, EN; NZ, NE, NN) and originaltrace (Bottom)
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Fig. 9.8 The picking function for the difference of two joint auto-correlation
- 

coefficients (top) and original trace(bottom)
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9.3 Automatic Onset Time Picking Using A Combined Method

It is possible to combine the different picking techniques that exploit the different

seismic characteristics to form a combined picking function (Bai and Kennett, 2000)'

Such an approach overcomes the drawbacks of a single picking algorithm' With the

requirement that the picking function be suitable for both single- and three-component

recordings in the RELACS project, here I only exploited the energy technique and the

representation of auto- and cross-coffelation coefficients to form a combined picking

algorithm (Instantaneous frequency and polarization analysis are restricted to three

component records and offer additional capability). For single-component records' the

combined function includes: the vertical energy ratio ( Z 
") 

of short to long-term trend,

and the difference of two joint auto-correlation coefficients. For three-component

records, the combined function includes: the six energy ratios (see section 9'2'1) of

short to long-term trend, 3 differences of two joint auto-correlation coeffrcients and 6

differences of two joint cross-correlation coefhcients. In total, there are 15 attributes in

the combined picking function. Basically, there are three ways to form the combined

picking function according to these 15 attributes: (1) simple summation over these 15

quantities; (2) summation over these 15 quantities with a certain weighting factor

applied to each quantity; (3) simple multiplication of these 15 quantities' Generally' the

latter approach (3) can highlight the signal well, but totally loses the signal when one of

these quantities has a zerovalue. Approach (1) is the simplest one' but does not weight

the different attributes. Thus I preferred approach (2)' Therefore, in the combined

picking function, an equal weight is set on the energy technique and auto-regtessive

representation. That is, for each quantity in energy analysis of three-component records'

the weight ; for each quantity in auto-regressive representation of

three-component records, the weight tt I t l For single-component records, the
29

weisht i, ! fo,. both the energy and auto-regtessive analysis' An arrival is declared

2

when the value of the combined function exceeds a specified trigger level. ln order to

select a fixed trigger level, I normalized the value of the combined picking function in

.11
1S -X-26
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the data processing. Due to the different sampling rates among the different recorders,

the time window is selected according to the time, and not according to the sample

points.

9.4 Onset Time Picking for Real Data

The above automatic picking function works well both for first P and S arrivals, but

lacks the information to separate P arrivals from S arrivals. For three-component

records, where available, I used the approach of Bai and Kennett (2000) to separate P

arrivals from s arivals according to the polarization attributes. But for

single-component records, there are no efficient techniques to separate P arrivals from

S arrivals. In such circumstances, in order to avoid mis-picking the first S arrival, I first

ran the automatic picking routine, and then double checked the first P and especially the

first S arrival with the on-screen computer aid (revised 'viewsud.c'program). Finally,

the picked arrival times were written to the file (vpicka'xxx)'

I compared my picking results with the results of the RELACS project on 30

explosion records. There is generally not much difference between the two sets of picks

for the first P arrivals (the picking uncertainties are within t 0.03 second)' The

RELACS project seldom had S arrivals picked. Thus, for the first S arrivals, my picking

uncertainties are within + 0.06 second. Finally, I picked alotalof 161 events, including

30 explosions (re-picked for obtaining the first S arrival time), 109 regional events and

22 teleseismic events. Figure 9.9 is a comparison of the picked events (within the

near-regional scale) for first P and S arrivals between the RELACS project and this

study. In Figure g.ga,thetotal number of events is 157. Of these, 89 are original picked

events from the RELACS project; the rest (98, including 30 explosions) are picked in

this study. It is clear that the picked events in this study are mostly to the south of

Rabaul volcano. By supplementing with the additional picked events in this study, the

data coverage around Rabaul volcano is much improved. For the events shown in

Figure 9.9b, there are in total 94 events, which have the first S-arrival times' The

RELACS project picked only 31 of these events, the rest (63) were picked in this study.
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Of the 31 RELACS-picked S arrivals, most were re-picked' This group of events was

restricted to the near south of Rabaul volcano (Figure 9.9b). With the supplementation

of picked S events in this study, the data coverage is improved considerably and is

comparable to the data coverage for the picked first P-arrival events.

Figure 9.10 shows the total number of picked P and S arrivals at each station during 3

stages of deployment over a five-month period. Basically, the station coverage for P

arrivals {see Figure 9.10(a)} is better than the station coverage for S arrivals {see

Figure 9.10(b)Ì. But for both, the number of picked events on stations to the east of

Rabaul volcano is less than for those in other directions.
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(diagram b) between tne Remcs project and this study (star: Rabaul; Black: RELACS

picÈed events; Grey: picked events in this study)

9.5 Primary Analysis of Data Consistency

For each known event, I checked the NEIC or USGS websites and obtained the origin

times for each event in the RELACS database. The P or S arrival time from file

,vpick.xxx' or 'vpicka.xxx' subtracts the origin time to form the travel time information,

which is saved as 'p-time.xxx' or 's-time.xxx'. Here 'xxx' is the event number' A few

records had incorrect timing. It was therefore necessary to analyze the record

consistency so as to adjust or to remove Some suspect records for certain events'
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The basic method exploited here is use the T-D curve (travel time vs distance)' For

simplicity, for each picked event, I first plotted the T-D curves and set a soft error bar'

and then deleted the records that lay outside the error bar. It is necessary to delete these

comrpt records, because there is no information on timing corrections to apply to such

records. Generally, there were only a few such comrpt records for a certain event' with

suspect timing, and not much loss in data coverage by deleting them' From the T-D

curves and associated averaged velocities (D/T), it is easy to find any suspect records

and remove them from the travel time database. For some events, there exists a

systematic travel time error due to the large source parameter uncertainty (see Fig' 10'3

later). For such event records, the travel time data is consistent over the entire distance

range (all stations), and only needs a DC time shift to adjust them to the correct travel

time data. As discussed in chapter 5, in such circumstances, relative arrival time

tomography can be exploited. Thus, such records in the travel time database were

retained so as to obtain as wider a datacoverage around Rabaul volcano as possible'
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9.6 Conclusions

I have devised a combined on-screen picking technique to automatically determine

both the first P and s afTival times simultaneously. A benefit of the combined picking

method is that it yields a wide data coverage of picked events for both first P and first s

arrivals in the near-regional scale. Using the T-D curves, it is possible to identify and

remove a few comrpt records, and retain those events that have systematic (consistent)

timing elrors in the arrival time database'



t'74
Chøpter 10: Rabaul velocity structure

Chapter 10: 3-D Velocity Structure of

Rabaul Volcano

10.1 Introduction

TheRELACSprojectobtaineda3-DvelocitymodelofP-wavespeedforRabaul

volcano, but only to 10 km depth, due to the restriction of using just local earthquakes

and explosions (Gudmundsson at al, 1999; Finlayson at al,20}3)' This is similar to

results (less than 15 km depth) obtained for other volcanic regions of the world (for

example, Thurber, 1984;Dawson et a1', 1999;Laig|e and Hirn, 7999; Haslinger et al,,

2001), and is a general limitation when only local sources are used' To obtain

information on the deep local velocity structure, regional earthquake data needs to be

incorporated. To do so, it is necessaly to create alarge 3-D velocity model to include

the regional sources with a dense cell size, comparable to the local station density (say'

less than a few kilometers). with such a model, it is difficult or impossible to invert for

3-D velocity field due to the computational demands. Altematively, increasing the cell

size or using a non-uniform cell size will make the problem tractable' but with a loss of

the resolution or at the expense of introducing large travel time errors (as discussed in

chapter 3 and 6).

To overcome the above probiems and to fully use all available earthquake information

(forexample,regionaleventinformation),Iproposedinchapter6anovel

approach-3-D multi-step travel time (or relative arrival time) tomography' which

separates the whole seismic tomography process into two (or more' if required) steps to

realizethe final goal by combining regional events with local earthquake information'

The results of the numerical tests in chapter 6 demonstrate that this approach works

well for obtaining a relatively deep velocity image of the local structure' Thus' this new

approach will be exploited to deal with the RELACS data and to finally obtain the 3-D

deep velocity model for Rabaul volcano'
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To obtain a reasonable velocity image, it is first necessaly to relocate the regional

events to minimize the travel time residuals. They have a relatively large error in source

hypocentral coordinate and origin time determinations, in a local sense' The relocation

procedure requires a fine scale 1-D velocity model around Rabaul volcano' Meanwhile'

this 1-D velocity model will be the input velocity model in the final inversion process'

Thus, in this chapter, I first obtained a 1-D velocity model for both the P- and

S-wavespeeds using the weichert-Herglotz inversion method (see for example' Bullen'

1963), and then relocated the regional events taking this i-D velocity model as a

reference model. Finally, I started the process of multi-step travel time tomography

with these refined source iocations, as well as local earthquakes (including explosions)'

10.2 l-D Velocity Model for both P-and s-wavespeed

To make comparisons and to refine the shallow velocity structure' I recovered two

kinds of 1-D velocity model: the first is the shallow velocity model obtained by using

only explosion data; the second is the deep velocity model obtained from a combination

of local earthquakes (includes explosions) and regional events.

10.2.1 l-D shallow velocity model from explosion data

Thirty explosions were used in the RELACS project. On average, there were mofe

than 50 seismic recordings for each shot, but for most of them, the epicentral distance

was less than 60 km. At such short source-Ieceiver distances, it is very diffrcult to pick

the first S-arrivals due to the strong coda of the early P-wave phases (see chapter 9 for

details), only 13 explosions with a relatively large epicentral distance could be picked'

Among them, around 10 recordings per shot were picked. Figure 10.1 shows the travel

time vs distance curves for both P-waves and S-waves using the explosion data.

Figure 10.2 is the 1-D shallow, smoothed velocity model for both P- and s-wavespeed

derived from the (best fit) data plotted in Figure 10.1 using the w-H inversion method

(Greenhalgh et al, 1980). For the shallow P-wavespeed, velocity increases rapidly

down to a depth of 4 km, below that depth it changes slowly, reaching a value at 5'8

km/s at 10 km depth. For the shallow S-wavespeed, velocity is generally very low in the
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upper 10 km of the crust. The P-wave velocity model obtained from the explosion data

extends to 20km depth, but for comparison, it has been truncated to 10 km depth'

Between 10 and 20Wî,the velocity changes slowly with the depth' and reaches a value

of 6.7 km/s at 20 km dePth.
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Fig.10.1 The travel time-distance curve of both P- (upper) and s-wavespeed (bottom)

for only exPlosion data
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10.2.2 l-D deeP velocitY model

In using the w-H inversion method to obtain a l-D deep velocity model, it is first

necessary to apply a Source depth correction, to restore observations to a datum plane

(for example, sea ievel). This includes a distance correction (áA) and a travel time

correction ( ár ):

Võt(h-H\x x---' 111.195 áA

v 6t -.
1-(11r.n, " ao)'

(10.1)6L,=-

6t-- (10.2)

Vx 1-(

h-H
v6t

111.95 áA
)'

where h and H are the source depth and the depth of the datum plane' V is the average

p-wave velocity between the datum plane and the source depth, uø Lis the slope of

thetraveltimecurve (2hu,1988).Forthenear-oceanicregion,IsetV =8'0km/s'Here

the sea level was selected as the datum plane, giving H:0'0 km'

Figure 10.3 shows the travel time-distance curves for both P-and S-waves for the

combination of the local earthquakes, explosions and regional events after depth

correction. From Figure 10.3, the data fit for P-waves is better than for S-waves' except

there are some systematic time shifts (up and down), which indicates the location effors

both in the hlpocentral co-ordinates and the origin times. This was discussed in chapter

5. Such datacaneasily be adjusted to the correct times according to the fitting function,

or can be used directly in relative anivaltime tomography (see chapter 5 for details)'

Figure 10.4 shows the 1-D deep, smoothed velocity model for both P- and s-waves

derived from the T-D data plotted in Figure 10'3 by w-H inversion' The P-wave

velocity features are consistent with the early results of crustal velocity structure (down

to the depth of 40 km) around the Rabaul region obtained from the 1967-1969 seismic

refraction surveys. This was discussed in chapter 2 (Finlayson et al'' 2001)' These

velocity interpretations cuffently form the basis for crustal models used in regional

event relocation and final inversion in this study'
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Fig.10.3 The travel time-distance curves of both P- (top panel) and S-waves (bottom panel)

for the combined data (local + regronal)
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10.3 Relocation of the Regional Events

For recovering fine scale, local velocity structure, the location errors associated with

regional events are intolerable. For example, travel time errors of up to 0'5 s will be

introduced if the hypocenter location error is as large as 20'0 km' Therefore' such travel

time errors will destro y any attempt to image velocity variations on a local scale'

especially when the target has a relatively small velocity contrast' Traditionally' this

kind of travel time error in regional events can be partially reduced by using a

simultaneous inversion technique (for example, Pavlis and Booker' 1980; Thurber'

1983). This involves updating both the velocity model and the source parameters at the

same time. There is a coupling effect between the event hypocenters and the velocity

model (Thurber, lggz).Also as concluded in chapter 8, there is a trade-off between the

velocity model and the source parameters when applying joint travel time inversion' In

other words, in a joint inversion procedure, it is only possible to relocate the source

parameters and update the velocity model in a relative sense' not in an absolute sense'

In order to overcome the above drawbacks in joint inversion, zhao andThurber (2003)

attempted to use a double-difference (DD) method to achieve event location in an

absolute sense. with this in mind, I preferred to relocate the regional events before local

tomographic imaging was undertaken'

10.3.1 Event selection

The explosions have exact locations so it is not necessary to relocate them' Thus I only

concentrated on relocation of the regional events. The total number of regional events

selected for final analysis (the ray coverage and source-receiver distance were both

considered here) was 65, with the source depth ranging from 0 to 100 km' Their

distribution is shown in Figure 10'5

10.3.2 Regional event relocation

To relocate the regional events with greater accrlracy,it is helpful to divide the whole

region (see Figure 10.5) into four sub-regions (Figure 10'6: cases a, b, c and d) to get a

small cell size. The cell size selected is 20 km in the horizontal plane and 10 km in

depth. The number of the secondary nodes added in each direction is kept at 9 to obtain
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a relatively high accuracy in the computed travel times' The search length is the same tn

all three directions (2.0 km). The event location procedure was described in chaplet 7 '

The velocity model is the 1-D velocity model that was obtained from W-H inversion

(see Fig.10.4).

100 15û 200 250 3Ú0 350 4ÛÚ ¿t60 500 550 800 850 700 75t (W.E}

Figurel0.5Thefinalselectedregionaleventsforrelocationinplanview
(Black:Events;Star:Rabaul;lnnersquare:localmodelscale)

For relocating events in sub-region a, there are 29 stations and 10 events; m

sub-region b, there are 32 stations and 4 events; in sub-region c, there ate 32 stations

and 28 events; and in sub-region d, there are 22 stations and 23 events' After 10

iterations, the RMS of the travel time residuals drops from 0'6575 s to 0'1970 s in case

(a);from l.3629stoo.222Qsincase(b);from1.1430 stoo.2l72sincase(c)andfrom

1.0740s to 0.19920 s in case (d). From Figure 10.6, the station distribution is restricted

to a small region near the sub-model boundary and the events are far from the seismie

network. Even in such challenging situations, I still obtained reasonable location results

as indicated by the small RMS errors in all cases'
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Fig.10.6 The source and receiver distribution in the separate sub-region relocation
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Fig. 10.7 The comparison of event distribution

Oeiore (black) and after (open circle) relocation (ln

figure dtar: Rabaul; different sizes of circle denote

tnï Jiferent depths of events, from 0 to 100 km)

10.3.3 Location error analYsis

Figure l\3 disPlaYs the

epicentral distribution before and

after relocation. On average, there

is less than a 15 km distance

discrepancy (see figure, the circular

size denotes the focal depth) before

and after event relocation' To

further analYze the relocation

results, I calculated the differences

in distance for everY event in each

co-ordinate direction before and
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after event relocation. Figure 10.8 shows the distance residuals in the horizontal plane'

where the size of the circle denotes the magnitude of the discrepancy'
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Fig.10.8 The distance residual in the horizontal plane before and after event relocation

leftpanel:X-direction,magnitudefromo.l3lo26.3Tkm;rightpanel:Y-direction'
magnitudefrom 0.11 lo27'11km; Star: Rabaul location

The maximum distance discrepancy is less than 30 km in the horizontal plane' There is

no systematic distance trend in Figure 10.8, which means that the 1-D reference model

is the best fitting model for relocation. The distance discrepancy in the z-dítection

before and after relocation is comparable to the values obtained for the horizontal plane'

The maximum shift in distance with event rel0cation was 37 km' From the results of

regional event relocation, the uncertainty of travel time errors is reduced to a

satisfactory level (on aveÍage,from 1,0 s to less than 0.23 s), which is comparable to the

picking effors (0.1 s) in regional events. Theoretically, the information that pertains to

the velocity structures on a regional scale is removed, and only information on local

velocity anomalies remains after relocation'

10.4 Station Selection

There are 98 events available in total, including 65 relocated regional events, 3 local

earthquakes and 30 explosions. I hope to exploit the maximum data coverage with

these sources and have an even distribution of recorders' The RELACS project

involved seismic recorder deployment over 5 months in three stages' The total number

of recorders in operation was changed between the different stages (see chaptet 2 for

details). Figure 10.9a shows the 98 stations that recorded 10 or more events among
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these 9g selected events. The station coverage is poor in the east and northeast area,

especially offshore. Using 4 or more events recorded on each station as the critena' a

more evenly distributed seismic network was obtained (Figure 10'9b)' involving 146

seismic stations in total. Thus the final tomographic inversion was based on these 146

stationsandg8events.withsuchaconfigurationofsource-receiverpairs'therewere

in total 3369 raY Paths.
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x (km)498 5ü0 51 0 57t 530 540 55Û

Figurel0.gThestationdistributionoftherecordedfirstP-arrivalintraveltimetomography
(Left: stations recoraing to or.or" events; Right: stations recording 4 or more events)

(ln figure: Grey dot: onãrrore stations; Open cir-cte: Ocean bottom stations; Star: Rabaul)

10.5 The New Predicted Source Positions and Travel Times

In similar fashion to the relocation pïocess described above, this time I used a much

finer cell size (10 km), and 9 secondary nodes added in each direction of the cell so as to

obtain more precise determinations of the "new source" locations (where rays intersect

local model volume) and related travel times (see chapter 6 for details). Figure 10'10a

displays the final source positions and stations used in the local tomographic inversion'

From Figure 10.10a, the data coverage is improved considerably with the new sources

from the regional events. Note that there is an actual distribution of new source

positions for each regional event across the local model volume (corresponding to each

recording station), but for clarity, I averaged such a distribution into a single point' i'e'
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each new source in Figure 10.10a represents a certain distribution of new sources from

a specific regional event. Therefore, the original observed travel times minus these

predicted travel times constitute the new observed travel times for these new sources in

the local tomographic inversion procedure'

26û
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x lkmf
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280

Fig'l0.l0aThestationandeventdistribution(inplanview)forfinallocaltomography
(ln figure: open cirJeie*¡o.ionr;Big black dot: New sources; small black dot:

Receivers;lnsidedashedsquareisthedisplayregion)

10.6 The Velocity Structure of Rabaul Volcano

The multi-step travel time tomography procedure of chapter 6 was applied to

reconstruct the velocity structure of the Rabaul region. Basically, the horizontal scale of

the computed model, as shown in Figure 10.10b, is 120 km in the X direction (w.E)

and 100 km in the Y direction (S-N). The station deplo¡rment was restricted to the

central part of the model, from225 to 27 5km in the Y direction and from 490 to 545 km

in the X direction (see Figure 10.9). In the final velocity representation I used a much

smaller region (see inner square in figure 10.10a, and resolution test later)' Being
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aware of the rapid changes in velocity with depth for the upper 16 km of the crust (see

Figure 10.4), it is important to concentrate on reconstructing the velocity field down to

20kmdepth.Below20kmdepth,thevelocityfieldismuchmoreuniform'
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Fig.10.10b The Rabaulvolcano and its surrounding area (middle) and the boundary

of computed model shown in plan view' as used in this study

10.6.1 The checkerboard resolution test

Humphreys and Layton (1988) presented the Impulse Test method (ITM) to assess

resolution. It uses synthetic travel time data to obtain the column vector of the

resolution matrix, so as to test the distortion effect of ill-conditioning upon the image

resolution. However, this method can only obtain resolution at a single sampled

velocity node. Inoue et al. (1990) overcame this problem using the checkerboard test'

which extends the ITM to the whole model space. The basic procedure of the

checkerboard test is that the real travel time data is replaced by synthetic travel time

data calculated from a special velocity model that has regular velocity perturbations

(positive and negative in sequence) within the input model' Then the synthetic travel

time data is inverted with exactly the same source-receiver layout as used in the real
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data. The solution reliability is assessed by directly comparing the inversion results to

the' checkerboard' input velocity perturbation'

Taking a 4 krn cell size model as an example, a s¡mthetic travel time dataset was

computed (predicted) using a+ 0.3 km/s velocity perturbation (positive and negative

sequence) within the planes z:4 (t 6 %perlurbation), 8 ( t 5 '2 % perlurbation) and 16

km (t 4.7 %perturbation). The inverted velocity images are shown in Figure 10'11'

22t
2BÛ

á¡{hnis)

48ú 500 540 560 4Bll 5lÛ 52t 540 56Û

Fig.10.11 The checkerboard test at the planes z=4 (lop left), 8 (top right), '16 km (bottom left)

and synffrátic vetocity perturbations at the same planes (bottom right)

lnner square shows the best resolutlon area

From Figure 10.11, it is ciear that the solution is reliable under the seismic network'

This is a square region increasing its size slightly with depth' The minimum square

region is from 490 to 540 km in the X direction, and from 224 to 270km in the Y

direction, Outside this region and even in the corners of the above region' the images

should be treated with caution due to partral distorlion of the solution, or even worse no

changes in the model (i.e., no ray path passes through, thus no velocity is updated in
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such regions). The resolution of the various depth slices from checkerboard tests with

different cell size models (3, 4 and 5 km cell size, as discussed later) shows similar

pattems. Thus there is no need to further discuss this issue' From these checkerboard

tests, it is reasonable to expect satisfactory velocity images within the above square

region down to 20 km depth with the specified source-receiver geometry' with the 3 km

cell size model, the resolution is 3 km both in the horizontal plane and in depth' at least

for the above square region. With the aid of 4 km and 5 km cell size models' on average'

the resolution in depth is 2 km. The available depth slices ate Z:0, 3, 4, 5, 6' 8' 9' l0' 12'

15, 16, 18, 20 and 21 km'

10.6.2 The three different computed velocity models

Theoretically, the smaller the cell size, the better the velocity representation' Three

different cubic cell sizes were selected to grid the velocity model. In all three cases' the

number of secondary nodes was set at 6 for considerations of both accuracy (generally

6 secondary nodes is suitable to obtain satisfactory accuracy in ray tracing-see chapter 3

for details) and Program run time'

Model-l: 5 km cubic cell size

In this computed model, a relatively large cell size was selected (5 km cubic cell) to

divide the velocity field, and the lower depth boundary of the velocity model is at 30

km. There are in total 2,880 cells, 3,675 velocity unknowns and 402,567 nodes'

Model-2: 4 km cubic cell size

ln this model, a moderate cell size was used (4 km cubic cell) to grid the velocity field,

and the depth boundary of the velocity model was set at}Okm. There are in total 3,750

cells, 4,836 velocity unknowns and 526,896 nodes'

Model-3: 3 km cubic cell size

In this model representation, a relatively small cell size was exploited (3 km cubic

cell, comp arable to station density) to grid the velocity model' and the lower depth

boundary of the velocity model was placed at 2l km. There are in total 9,520 cells,

11,480 velocity unknowns and 1,301,630 nodes'

Several different starling velocity models (around the reference model, see Fig' 10'4)

with different damping factors were tested. The final selected starting model is the
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modelwithasmallinitialRMserrorintraveltimeresidual(thatis'thebestfitting

velocity model), and also rapid convergence trend for both the travel time residual and

the velocity model perturbation in the first few iterations. Finally, a soft damping factor

(0.1) and the physical oonstraint for model-updating were selected in three cell size

models. That is, the velocity was not allowed to be negative, or larget than a specified

value (in this case, I set the specified value as 10 km/s)'

In the inversion using the 5 km cell size model, the RMS error of the travel time

residual starts at 0.3610 s, and is reduced to 0,1964 s after 15 iterations; in the inversion

withthe4kmcellsizemodel,theRMSofthetraveltimeresidualisreducedfrom

0.3987 s to 0.1914 s after 15 iterations; while inversion of the 3 km cell size model

shows a drop in the RMS travel time residual from 0'3450 s to 0'1875 s after 15

iterations,

l0.6.3Velocityfieldreconstruction-comparisonofdepthslices

Basically, the main features of the reconstructed velocity field are preserved among

the three different cell size models, especially between the 3 km and 4 km cell size

models. But more details on the velocity held are extracted with the finer grid size

model. To make the foliowing discussion more compact, when I refer to 'previous

results', of the RELACS experiment. I mean the papers of Gudmundsson at al (1999)

and Finlayson at al (2003). They have been the only published results to date'

Thecomparisonbetweenmodelswithcellsizesof4and5km

Figure lo.lzdisplays the reconstructed velocity fields at two depth slices for the 4 and

5kmcellsizemodels.FromFigurelo.l2,themainfeaturesofthereconstructed

velocity fields are the same, such as a dominant high veiocity region in the west' and a

low velocit y zorrcnear the southeastetn model boundary (Kokopo southeast)' and two

low velocity zones (which can be associated with the volcano magma chamber-see later)

within the high velocity region around 4-5 km depth (Fig'10'12a)' This is especially

true for the 4 km depth slice (right panel in Fig.10.i2a)'In addition, there are two

dominant opposing velocity zones separating the velocity held into a western low

velocity zone (between cape Liguan and Kerevat) and a central high velocity zone

(beneath southern Rabaul volcano) at20kmdepth (Figure 10'12b)' Meanwhile' from



189
Chapter 10: Rabaul velocity structure

the velocity image at 5 km depth, it is possible to roughly determine the depth extent for

the magma chamber as no more than 5 km (low velocity zones are barely visible in this

depth, see left panel in Fig.10.12a). This is much shallower when compared with the 6

km depth for the volcano magma chamber beneath southeastern Rabaul (Rabaul

caldera complex) from previous studies. Also two low velocity zones are imaged at this

depth Íange,one is located beneath southeastem Rabaul (Rabaul caldera complex);the

other is under Tavui caldera, which is a new discovery in this study'
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The comparison of velocity models with cell sizes of 3 and 4 km

Figure 10.13 is a comparison of the recovered velocity images at two other depth

slices obtained from 3 km and 4 km cell size models. Again, the smaller the cell size,

the better the resolution. For example, the central near-surface low velocity zone (Left

panel in Fig.10.13a) is resolved into two adjacent low velocity zones with the 3 km cell

size model (Right panel in Fig.10.13a); while the large dominant low velocity region

(Left panel in Fig.10.13b) is restricted to the westem region (between cape Liguan and

Kerevat) at 12k:rndepth with the 3 km cell size model (Right panel in Fig' 10'13b)'
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From inspection of depth slices over the lange 0 to 21 km for the different cell size

models, the main velocity features can be summarizes as follows:

(a) there are two low velocity zones (high temperature zones) between 3-4 km depth'

one is under Rabaul caldera complex (southeastern Rabaul), which is referred to as the

volcano magma reservoir in the previous results, the other is under Tavui caldera'

which is a new discovery in this study, to be discussed later; (b) at shallow depth (upper

6 km deptþ, there is a pronounced high velocity region in the western Rabaul area'

which coincides with earlier results; (c) between 6 km and 10 km depth' there is a

pronounced high velocity region under Rabaul volcano; (d) below i0 km depth' there is

a dominant low velocit y zoneon the southwestem side of Rabaul volcano' It splits into

two opposing velocity zones that separate the velocity f,reld into a western low velocity

zone (between Cape Liguan and Kerevat) and a central high velocity zone (beneath

southern Rabaul volcano) at depth'

10.6.4 Vetocity cross sections near Rabaul volcano

Figure 10.10b shows Rabaul volcano and Tavui caldera to be centered on co-ordinates

x:518 km and Y:255km, and x:522km and Y:263km, respectively' To analyzethe

main velocity structures and interpret the velocity anomalies, it is helpful to show the

velocity images (in the sense of velocity perlurbations from the reference or l-D

starting model) as cross-sections from different profiles in the x (v/-E) and the Y (S-N)

directions. The results depicted here are for the 3 km cell size model to emphasizethe

fine features.

Velocity perturbation along X-direction (\ü-E) profiles

Figure 14 displays the velocity perlurbations (the difference between the inverted

velocity and the input velocity model) in four X-direction profiles. From south to north

they are: (1) the southern section profile of Rabaul volcano (along Kerevat profile' Fig'

10.14a); (2) the Rabaul volcano section (along the Cape Liguan to Rabaul volcano via

Nonga, Fig.10.14b); (3) the Tavui caldera section (along Tavui caldera to Duke of York

Island, Figure 10.14c); and (4) the norlhern section of Tavui caldera (along Watom

Island prof,rle, Fig.10.14d). From Figure 10.14 and other (not displayed) X-direction
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profiles, three main velocity structures on these consecutive cross-sections can be

recognized:

(L) Volcano magma chamber

Alow velocity anomaly is clearly visible at 3 km depth' It is roughly 8 km wide in the

x (w-E) direction profiles (between x:521 and 529 km)' This low velocity anomaly

appears when the cross-section approaches Rabaul volcano from the south' beginning

with the y:245km cross-section having a width of < 8 km. It later widens up to 8 km

extent in the X direction when the profiles cross Rabaul volcano (Fig'10'14b)'

Thereafter it reduces in size when the profiles cross Tavui caldera (Fig'10'14c)' and

finally vanishes when the profiles departs from Tavui caldera northward (Fig'10'lad)'

This low velocity zone at 3 km depth, centered on eastern Rabaul, can be associated

with the Rabaul volcanic magma chamber found in the previous studies' Note that

there is a low velocity anomaly at 3 km depth both under Rabaul volcano and Tavui

caldera, but it is indistinguishable, due to a relatively small separation distance (a km)

in the X direction between Rabaul volcano and Tavui caldera, but they will be

distinguished later in the y-direction prof,rles due to nearly doubling of separation

distance (7 km).

(2) High velocitY laYer

Around 6 km depth, there is a notable high velocity layer present on the X-direction

cross sections. From south to north, it begins fairly flat on theY:239 km cross-section'

and then thickens in the eastern parl beneath Rabaul volcano for the Y:245 and 248 km

cross-sections. For the Y:251 and 254 Wfi cross-sections, it thickens to the west

beneath Rabaul volcano, and fina1ly it splits as western and central high velocity zones

beneath the shallow low velocity zone (volcano chamber) when the profile crosses

Rabaul volcano (Fig.10.14b). These two isolated high velocity zones can be clearly

seen when the profile crosses Tavui caldera (Fig'10'14c)'

(3) Low velocity zones below 6 km depth

Below 6 km depth, there are two dominant low velocity anomalous zones on the

y:230km cross-section (Fig.10.1aa); one is on the westem part (beneath Kerevat); the

other is on the eastem parl. Moving northward, the western low velocity zone is still
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present on the Y:245,248,251 and254km cross-sections, but the other low velocity

zone (under the eastern part of the profile) vanishes (Fig'10'14b)' Finally' the westem

low velocit y zoîemigrates to the central region, and lies beneath the two isolated high

velocity zones (Fig.10.1ab), and links to the shallow low velocity zone by a pipe-like

low velocity funnel (Fig.10'1 c)'
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The three main velocity structures described above were also found on the

corresponding X-direction cross-sections using alatget cell size model of 4 km' The

actual velocity contrast against the background velocity in the low velocity zoîe under

Rabaul caldera complex is more than i0 % (see Figure 10.14b), and under Tavui

caldera is up to 8 % (see Figure 10.14c). The velocity contrast in the central deep low

velocity zone (which reaches as deep as 18 km) beneath the upper two-isolated high

Nr
3
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velocity zones is up to 10 % (see Figure 10.14b). A deep magma body (down to 9 km

depth maximum) was suggested for Kilauea volcano, in Hawaii (Haslinger et al' 2001)'

This is new evidence, because there have been no such deep features reported in the

literature on volcano images before, due to the restriction of sources (generally only

local earthquakes and explosions are used in the imaging)'

Velocity perturbation along Y-direction (S-N) profiles

Figure 10.15 shows velocity perturbations along four Y-direction profiles' From west

to east they are: (1) the westeru section of Rabaul volcano (along Kerevat to watom

Island section, Fig. 10.15a) ; (2) theRabaul voicano profile (Fig'10'15b); (3) the Tavui

calderaprof,rle (Fig.10.15c); and (4) the eastem section of Rabaul volcano (Fig'10'15d)'

Three principal velocity features can be identified in these parallel s-N profiles'

(1) Two consecutive low velocity magma chambers

The3kmdepthlowvelocityanomaly,describedintheX-directioncross-sections'is

still present in the Y-direction profiles, but now the low velocity zones can be

distinguished as two isolated anomalies (simply called southem and northern low

velocity zones). The southem zone (6 km wide in Y direction' with -10 % velocity

contrast) appears in the X:508,511 and 514 km cross-sections (Figure 10'15b); the

northern zone (4km wide in y direction, with -8 7o velocity contrast) is present in the

X:517,520 and523 km sectious (Figure 10.i5b and 10'15c)' The two consecutive low

velocity zones are obviously tectonically related to Rabaul volcano and Tavui caldera'

The southemzoneiderfifred in these profiles is centered on Y:250 km (Rabaul is

located atY:255 km); the northem zone is centered onY:262 km (Tavui caldera is

located aty:Z63km). These two distinct 1ow velocity zones were not recognised in the

previous studies.

(2) High velocitY zone

As with the X-direction profiles, the high velocity layer around 6 km depth is still a

dominant feature in these y-direction prof,rles, but with slightly different patterns' The

high velocity zone appeats in the central region on the k502,505,507 and 511 km

cross-sections (Figure 10.15a), and then becomes a f1'at Layet on the X:514' 5I7 and

520 km cross-sections in the vicinity of the Rabaul volcano (Figure 10.15b). It finally
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splits into two isolated high-speed zones on the X:523, 526 and 529 krrr. cross-sections

where the profiles depart from Tavui caldera (Figure 10'15d)'

(3) Low velocity zone beneath 6 km depth

Beneath 6 km depth, there is also a pronounced low velocity zone' which can be

clearly seen on the X:502 and 505 km cross-sections (under Kerevat' Figure 10'15a)'

and is still present on the X:508 and 511 km cross-sections' This low velocity zone

becomes faint on the X:517 , 520 and 523 km cross-sections (Figure 10'15b and

10.15c). It develops into two isolated low velocity zones' one located to the south' the

other in the central region beneath the 3 km low velocity zoîe on the x--526 and 529

km cross-sections'
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The size of the low velocit y zone(north) beneath Tavui caldera is smaller than the low

velocity zone (south) beneath Rabaul caldera complex (see Figure 15b-c)' comparing

the velocity images between different direction profiles and different cell size models'

the extent of the southern low veloci ty zote under the Rabaul caldera complex is

restricted to a rectangular region (X: 8 km, Y:6 km) in the horizontal plane' The lateral

extent of the northern low velocity zones under Tavui caldera is about 4 km' combining

the results from three differ-ent cell size models, it is possible to restrict the vertical

extent for both low velocity zones to 3-4 km depth Íaîgq because these two low

velocity zones are barely visible on the 5 km depth slice (see Fig'10'12a)'
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10.6.5

profiles

2-D slices through 3-D velocity model along various X- and Y-direction

To atalyzethe main velocity structure in the upper 20 km crust, it is useful to discuss

the results of the 4 km cell size model. In order to show the fine scale velocity

variations in the upper shallow crust, I add a value of 1'5 km/s to the top surface of the

inverted velocity f,reld. This is to better visualize the large velocity difference between

the Z:0 and Z: k'r planes (the starting velocity rnodel for the 4 km cell size model is

3.0, 5.0, 5.7,6.1,6.4 and 6.7 km/s at Z:0, 4' 8' 12' 16 and 20 km' respectively)'

Therefore, in Figures 10.16-10.19, the starting minimurn velocity value in the legend is

the real velocity value plus 1.5 krn/s. Actually, the velocity value is very low within or

around the volcano crater near Earth's surface (about 2'0 km/s' see Fig'10'13a)' which

is very close to the values of 1.5-2.0 km/s obtained in the previous studies'

X-direction cross-section profiles (W-E)

Figure 10.16 displays a number of 2-D cross-sections with an 8 km distance interval

along the X direction. From south to north these are: (1) the southern section (crossing

Kerevat, upper panel in Fig.I6a); (2) the I(okopo-cape wunita cross-section (bottom

panel in Fig.10.16a); (3) near-sonth section of Rabaul volcano (upper panel in

Fig.10.16b); (a) the Rabaul volcano cross-section (bottom panel in Fig'10'16b); (5) the

Tavui caldera cross-section (upper panel in Fig'10.16c); and (6) the northern section of

Tavui caldera (bottorn panel in Fig.10.16c). From these and other (not displayed)

cross-sections along the X direction, several main feaírres are found in the 2-D velocity

field:

(a) In the top zone beneath Rabaul volcano (bottom panel in Fig'10'16b) and Tavui

caldera (upper panel in 10.16c), there is a low velocity zone down to 4 km depth'

Another dominant low velocity zoîeto the east of the model boundary (Fig'10'16a) is

present in the Y:232km cross-section, but this low velocity feature is located outside

the best resolution region (see Fig.10.11) and thus it should be interpreted with caution'

(b) At medium depth (around 8 km depth), the velocity freld is more complex than the

velocity model obtained previously. There is a high velocity layer (between Y:240km

andy:252km) that overlies the low velocity zone (bottom panel in Fig. 10.16a and
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Fig.10.16b). It disappears in the vicinity of Rabaul volcano and Tavui caldera

(Fig.10.16c). This overlumed velocity structure may be associated with the regional

plate movement and can be cleally seen in lheY:240 km cross-section (bottom panel

in Fig. 1 0. 1 6a). The high veioci ty zoneis uplifted from east to west and the low velocity

zone dips from west to east'

(c) In the deep part of the cross-sections (below 10 km depth), there is a V-shaped low

velocity zone under Kerevat (upper panel in Fig.10.16a), which then dips to the east as

the high velocity zone shallows to the west where the profile approaches Rabaul

volcano. The velocity structure is overturned where the profile crosses Rabaul volcano

(bottom panel in Fig.10.16b). This feature is replaced by a v-shaped low velocity zone

where the profile crosses Tavui caldera (Figure 10'16c)' Basically' the velocity values

increase gradually from west to east at the same depth'
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Y-direction cross-section profiles (S-N)

The velocity freld for the Y-direction prohles exhibit somewhat different features than

the X-direction prohles. Figure 10.17 displays several cross-sections' again with an 8

km distance interval in the Y direction. From west to east they are: (1) the west

cross-section of Rabaul (upper panel in Fig.10.17 a); (2) the watom Island cross-section

(bottom panel in Fig.10.17a); (3) the Rabaul cross-section (upper panel in Fig' 10' 17b);

(4) the Tavui caldera cross-section (bottom panel in Fig'10'17b); (5) the Kokopo

cross-section (upper panel in Fig.10.17c); and (6) the eastem cross section of the

Rabaul volcano (bottom panel in Fig.10.17c). The main velocity features observed

along the Y-direction profìles ale:

(a) In the top zone, beneath Rabaul volcano and Tavui caldera, a low velocity zone is

present which extends to 4 kn depth (Figure 10'17b);

(b) At medium depths (around 8 krn depth), there exists a high velocity layer (between

y:240 km and y:255 krn). It shallows to the south and overlies the southern low

velocity zone that dips to the north (bottom panel in Fig' I0'l7a), and becomes an

overturned velocity stntcture (r,vith a high veloc ity zone above a low velocity zone)

whentheprolrleapploaclresRabaulvolcano.ThisfeatureiswelldepictedintheX:508

km cross-section (bottorn par-rel in Fig.i0.17a)' comparing with results obtained from

the X-direction prohles (f'or example, Y:240 km cross-section, bottom panel in

Fig.10.17a), the high velocity zone actually uplifts from northeast to southwest' and in

turn, the low veloci ty zone dips froÍn the southwest to the northeast' Such features

indicate that sometþing has occurred (possibly, massive hot material has migrated from

deep to shallow cr:ust) in this clepth rallge, and as a result an overtumed velocity

structure has formed.

(c) Below 10 km depth, there is a low velocity zone located beneath Kerevat, extending

to 18 km depth. It may be a deep volcanic soufce as was found for Kilauea volcano' in

Hawaii (Haslinger et a1., 2001). This low velocity zone dips to the north when the

profile approaches Rabaul volcano (bottom panel in Fig'10'17a), and becomes a

flat-lying low velocity zonebeneath the top high velocity zone as the profile crosses

Rabaul volcano (upper panel in Fig.10'17b) and Tavui caldera (bottom panel in
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Fig.10.17b). It

(Fig.10.17c).
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10.7 Comparison with the Previous Results

combining the regional earthqLrake sollrces with local events (mostly explosions), it

was possible to recover the 3-D local, cleep structure for P-wavespeed (down to 20 km

depth) around the Rabaul region. It is not easy to compare the present results with the

previous results, ciue to dil'ferent clatasets being used, but some similar features on the

recoveredvelocitylreldsareobserveclirrbotlrstudies.

10.7.1 Shallow velocity structttre around Rabaul volcano

The southem low velocity zorle was previously recovered by the RELACS project

(see Finlayson et a1.,2003). Figr.rre 10.18 shows the recovered velocity perturbation

(measured against the input Velocity r-nodel) at the 3 and 4 km depth slices from the

present study. Tl-re ¡rain featttres in the velocity fields at these two depth slices are

similar to those obtained previously. For example, the low velocity anomalous zone

under southeastern Rabaul, and the high velocity region beneath the western' or
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southwestern Rabaul are the san-ie for both cases (see 3 and 4 km depth slices in Fig' 11

of Finlayson et al., 2003).
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I was more interested in the northern lor'v velocity zone, which is located under

Tavui-another volcano calclera, near the Rabaul volcano' Note that the scale of

horizontal plane in Fig. 11 of Finl¿ryson et al (2003) is smaller than that of Figure 10'18

in this study, and does not inclucle Tavui calclera. They suggested that Tavui might be

inactive, due to the lack of sillrilar feature as they found for Rabaul (i'e'' the lack of a

low velocity anomalous zone beneath the cross-section)' The northem low velocity

zone is well recovered frot-n nly study, which can be fuilher viewed from the

cross-section along the Rabatrl-Tavui tectonic line (Fig. 10.20)'

Compared with the previous RELACS resnlts, there are several new findings in the

shallow structure of Rabaul voicano from this study. They are: (1) Instead of one low

velocity zone under the Rabaul calclela cot]lplex, I found an additional low velocity

zone under the Tavui caldera; (2) the vertical extent of the southern low velocity zone in

this study (3-4 krn) is much shallor,ver than that of previous results (3-6 km), (3) the

scale of the northern lou' r'elocity zone uuder Tavui caldera (around 4 kmz in

horizontal plane) is smaller than that of tl-re sottthern low velocity zone under Rabaul

caldera complex (up to 6x8 lctnzi' horizo'tal piane), but the location of the nofthern

zone is slightly deepel than that of the southern zone (Fig. 10'20).
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l0.T.2MediumdeepvelocitystructurebeneatlrRabaulvolcano

Figure 10.19 shows one w-E, cross-section profile obtained with the 3 km cell model'

This is a cross-section (Y:260 krn) between Rabaul volcano and Tavui caldera' The

upper panel is the recovered velocity field, and the bottom panel is the velocity

perturbation against the input (starting) velocity rnodel' The main captured velocity

feature in this depth faîge is the v-shaped low velocity anomaly, which can reach as

deep as 12 km. This feature is very similar to the previous results obtained from

wide-angle profiling data. The only difference is that this v-shaped low velocity zone in

the previous results (see, Fig. 9 of Finlayson et al., 2003) only reaches 9 km depth' due

to the restriction of only explosion data being used'
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lnterestingly, both studies obtained the same velocity features' even though different

data was used in each case. IÕrowing that the cross-section is not exactly the same in

both cases, there are some fine velocity differences between the present results

(Fig.10.19)andthepreviorrsresults(Fig.gofFirrlaysonetal',2003).

10.7.3 Deep velocity structure under Rabaul volcano

Previous investigations failed to recover information on crustal structure below 10 km

depth. FigUre 10.20 displays one of olrr cfoss-sections along Rabaul volcano and the

Tavui caldera tectonic line (It corresponds r:oughly to the profile given as Fig' 10 of

Finlayson et al (2003). As mentioned when discussing the shallow velocity structure'

the northern and southern low velocity zones are well isolated in this cross-section

profile. In the previous studies (see Fig.10 of Finiayson et al,2003)'there is insufficient

(small scple) point of low velocit y zone around 2 km depth under Tavui caldera' but I

found it to be a dominant feature. The similarity between both studies is the high

velocity zone atthe southetn part of cross-section, which dips to the northeast'
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Below 10 km depth, there is a prominent cylindrical-shaped low velocity zone

(between 12 and 18 km depth fange) under Rabaul volcano' It exhibits a velocity

contrast of more than 10% against its surroundings' This deep' low velocity zone is

tectonically linked to the shallow volcano chamber by a pipe-like iow velocity feature'

as seen on the w-E cross-section between Rabaul volcano and Tavui caldera

(Fig.10.1e).

10.8 Discussion and Conclusions

The high velocity zone arouncl the tragma chamber at3-4 km depth is interpreted as

the cooled magma feûrnant, as suggested for otheÍ volcanic structures (i'e', okubo et al''

1997; Haslinger et a1., 2001). Tl-re outlier of the magma chamber is hardened'

preventing the hot magma from spreading outside. The theoretical calculations for

seismic-wave velocities of clifferent melt geometlies (Mavko, 19s0) and constitutive

relations of solid-liquid composites (Takei, 1998) suggest that an approximately I o/o

perturbation in P-wave velocity is equivalent to a 1 o/o volume fraction of mafic melt'

If these low velocity zones with -10 % velocity contrast represent pafüal molten

material, then the -l}%velocity contrast may inclicate -10 o/o pafüal melt (Lyer and

Dawson, 1gg3). Altematively, if these low velocity zones are simply the regions of

increased temperature as othel anthors have suggested (Haslinger et al',2001), then the

temperature contrast against the sunounding materials' may be as high as 500" C'

These are the results for ophiolitic locks fi'om Papua New Guinea (Kroenke et al' 197 6)'

The Vp/Vs structule would help cliscriminate between these possibilities'

Despite the different data used, the main velocity features obtained from this study

are quite similar in the shallow depth lange to the previous results obtained from

wide-angle prof,rling seismic explosion data, and tomographic images with only loeal

earthquake data being used. This includes the shallow low velocity zoîe under Rabaul

caldera complex, the v-shapecl low velocity in the medium depth range from the nearly

w-E cross-section, and the higir veloci ty zonein the southwestern part which dips to the
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northeast, along the Rabaul and Tavui tectonic line' But I obtained additional

information about the deeper velocity structure around Rabaul volcano' In summary

thepresentstudieslraver.evealedthefollowirrgnewdiscoveries:

oThetopvolcanicnlagmaclrarrrber(with-10%velocitycontrast,

6 x 8 x 2 lcnf anornalous volume) was found to lie at 3-4 km depth under the

a

Rabaul caldela comPlex;

Another low velocitY zoîe (with -8 % velocitY contrast,

4x 4x2 lrm' anonalous volume) is prese't under Tavui caldera down to 4 km

depth, with a relatively small scale and deeper location when compared with the

low velocity zorß under Rabaul caldera complex;

The velocity field is consistent with tl-re geology around Rabaul volcano' That is'

generally the velocity field increases from southwest of Rabaul volcano

(continental crust) to northeast of Rabaul volcano (ocean crust) at comparable

depth;

The V-shaped low velocity zone under Rabaul volcano reaches as deep as 12

km depth;

An overturned velocity str-ucture exists in the medium depth region (around 8

km depth), with a high veloci Ly'zoneoverlying a low velocity structure beneath

Rabaul volcano. This suggests some processes have occurred (for example' hot

magma transportation) in this depth lange as a result of sw-NE compression'

withtheprincipalstressdirectiondippingtothenortheast;

The deep low velocit y zolle (with -10 % velocity contrast, possibly with -10%

partially melt status) extends to 18 km depth, and is linked to the top shallow

magma reservoir by a pipe-like low velocity channel. This is the deepest low

velocity zone under a volcano structure to have been found worldwide so far' It

infers the possibility of deep nagma stolage'

a

o

o
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Chapterll:SummaryandDirectionsof
Future StudY

11.1 Conclusions and Achievements

The Rabaul region of PNG is an area of major volcanic and seismological interest'

The last major eruption of Rabaul volcano was in 1994' Two main active seismic

investigations have so far been conducted in the Rabaul region. (1) 1967 and 1969

seismic refraction surveys; (2) the RELACS project (the project of Rabaul Earthquake

Location and caldera stt'ttcttlre, cotrducted from 1997 t"o 1998)' From the above

studies, three basic velocity models have been detenniled for the Rabaul region:

(1) a l-D velocity model for P-wavespeed down to a depth of 40 km deduced by w-H

inversion of the seismic explosion data from the 1967 and 1969 experiments;

(2) two 2-D roughly layered velocity models for P-wavespeed down to a depth 40 km

determined by time-tem analysis of the 1967 and' 1969 seismic refraction datai'

(3)a3-DvelocityrnodelforP-wavespeeddowntol0kmdeptharoundRabaul

volcano using only local earthquake and explosion data of the RELACS project'

The 1967 and 1969 refractiou pr-ofiles rnainly concentrated on delineating the

tectonic boundaries and detern-rining the Moho topography on a large scale, while the

RELACS project was concer-ned with only a relatively srnall region around Rabaul

volcano. The latter was designed to map the velocity structure in detail' but its

original purpose has up until uow not been fulfrlled' There are several outstanding

questions. TheY include:

(a) v/hat is the deep 3-D velocity structure under the Rabaul region, which is

importanttoexplaintlrevolcanisr-rr(saytoatleast20kmdepth)?

(b) what is the S-wave velocity moclel (1-D, 2-D and 3-D) around the Rabaul region'

which is more critical to explain the shear modulus or Poisson ratio?

(c) How can the volcanic earthquakes be located more precisely, which needs a deep

3-D velocity model for mid-depth events arouud the Rabaul region (these mid-

depth earthquakes Ínay be much lnore

development of volcanic structure)?

associated with generation and
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In order to answer these questions, rny doctoral research was undertaken' It comprised

eight parts and the main results are suÍlnrarved as follows:

11.1.1 Data collection and ouset time picking

I revised an automatic onset tirne picking algolithm (Bai and Kennett' 2000) to

determine at least two arrival times (say fifst P and first S arrival) simultaneously for

both single- and three-component lecords of local, and especially regional events

from the RELACS database. This adds both P and (especially) S arrival time picks to

the database of the RELACS pr-oject, ready for P and S-wave travel time tomography'

In chapter 9, I incolporated several picking functions (such as energy function'

polarization hltering, auto-regressive technique) into the analysis routine' and

compared several picking algorithms. Finally I used a combined picking technique to

simultaneously deduce both fir-st P and S-afrival times as far as possible for local

events (including exp lo sions), and esp ecially near-t'e gional earlhquakes'

As a result, there were 16l events tvithftrst P-arrivals and 93 events withfirst S-

arrivals that were piclcecl itt the present stttcly, ctclcling roughly more than 20'000

arrival times to the RELACS clcttctbcLse'

ll.l.2 Ray tracing in 3-D arbitrary media

I developed a new 3-D ray-traclng plogram for afbitrary media, with less memory

storage and relatively fast execution speed to calculate the travel times of first arrival

and associated ray paths with great accuracy. This is dealt with in the chapter 3' where

I devised a 3-D lay-tracing program based on the 'irregular' approach ofgraph theory'

but with modified cell nocle definition and a tli-linear velocity function linked to

secondary nodes. The maximum relative er-r'or bound of the computed travel times

was estimated within a hornogeneous rnedia, which rnay be used as an upper effor

bound for the whole n-rodel in real problems. The emphasis was directed at a

comparison between the 'regular' and the 'iregular' approach for the shortest-path

method, in the sense of both computational efficiency and the accuracy of the

computed travel times.

To reduce the computer nemory requlrenent and speed up the pfogram run time' I

incorporated an automatic fgnction into the ray tlacing pfocess to select a variable

(small) model according to each sollrce to seismic network deplo¡rment' This results

in a nearly 50olo reduction in the memory requirement and a cofÏesponding decrease in

the run time, and thus has rlore practical usage in 3-D seismic forward modeling'
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The results show that the neyv rcty tracer is an ffictive method with fewer cells

(velocity unl*towns) than the 'regrLlar'approach of the shortest path method' and is

suitable for incorporatiott t¡tith cttty itwersiott proceclure' It yields great accuracy in

travel time ancl ray patlt preclictiorts if enough seconclary nocles are used' and has the

capability to cleal with a lcu'ge 3-D moclel'

11.1.3 Non-linear travel time inversion

The purpose of chapter 4 was to find an eff,rcient and accurate procedure for non-

linear travel time inversion so as to incorporate it with the forward modeling to form a

fast and reliable algorithr-n for 3-D noulinear tomography' I have favored a damped'

minimum norïn, least squales and constrained solution (DMNLS). Instead of taking

segments of ray paths as the elements of the Jacobian matrix, I calculated the time

derivatives to changes in velocity as elenents of analytical Jacobian matrix according

to velocity and the travel-time equatiotls' To estimate the efficiency and accuracy of

inversion, I dehned five quantities of convergence to assess the inversion process'

The results J'or fficiency, accLû'ctcy cmcl sensitivity inclicctte that the program works

well in high contrast velocit¡t tneclict (say, more thcm 209ó velocity contrast)' and also

is relatively insensitive to tolerctble levels of noise (say, Iess than l0(% relative error

both in travel tinte ancl tttoclel pertttrbcLtion), which has a practical usage in real

problems.

ll.l.4 Hypocenter location in 3-D arbitrary media

A new source hypocentel location progfam was developed in chapter 7 for 3-D

arbitrary media to relocate the near-r'egio al events around the Rabaul volcano before

starting the final RELACS data inversior-r. This pr-ocedure is robust and accurate' It

used a modified 'irregulal' shortest-path algorithm as the ray tracer and DMNLS-1 as

the inversion solver. To avoicl the instability of elenents of the Jacobian matrix' a

simple, but robust method of analytic Jacobian matrix calculation was created to

obtain the time derivatives to the source position changes in three directions, which

has six search directions in exploring the octant space for different combinations of

time derivatives along the three directions'

several numericctl tests sl,tottt thctt it worlcs extremely well with a relatively small

location error _f'or both the trcnel times cLncl the sotn'ce positions, especially in real 3-D

cases. The foccil ilepth cleterntittcLtion has cL comparable high accuracy to the location

in the horizontal plane (epicentrcil co-orclinctte)' AfeatrLre of the algorithm is that it is
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not sensitive to tlte tolercúle piclcing error, but is tttoclel-dependent' The algorithm is

capable of locating ct htntclrecl events sittntltcmeottsly, which has a practical use for

seismic array clata ancl the loccttiott of on ctftershoclc secluence.

11.1.5 Relative arrival time tomograplt

To find anothel way to obtain a reasonable velocity irnage in the presence of

systematic travel time errors, such as sotllce parametel uncertainty on Some recorders'

and also to maximally increase the data coverage and eliminaß artelacts introduced

by timing efïors, it was necessary to tly an alternative approach other than absolute

travel time tomography or simultaneous inversion with arrival times' In chapter 5' I

developed 3-D relative arrival tinle tomographic procedure, referred either to the

minimum or to the mean arrival time as an auxiliary method to overcome the above

drawbacks.

Several numericcil tests ott synthetic ntoclels confirm that relative arrival time

tomography can yield ct reasottctble cnrcl cotnparctble itnage to travel time tomography'

With the diffërent fornu,ilation of the JcLcobicut ntcttrix over the previous one (travel

time tomography), relatite ctrrivcil tinte tontograpw can do a comparable iob to

travel time inversion. It is the best tvcty to proceecl when the source parameters have a

large uncertainty or the trcntel tintes hc:e been contamincLted with systematic timing

errors in the data gathering ctncl processittg

11.1.6 Joint seismic tomograPhY

Itl chapter 8, I developed a plogram of 3-D joint travel time (or arrival time)

inversion for updating both the velocity model ancl the source positions' It is an

application and extension of the 3-D earthquake hypocenter location and the 3-D

travel-time tomographic proceclnre, nentiotled above. Three numerical tests were

carried out to test the accrlracy ancl elficiency of the plocedure.

The results show that scLtisfctctory velocity intctges and improved source locations

can be obtainecl only iJ there is cL rough initial estintate of the velocity model and the

hypocenter. Otherwise, there is no reason to proceecl. As expected, there is a trade-off

between the quality of the velocity ntoclel ctncl the ctccurcrcy of the source hypocenters'

ll.l.7 Multi-step travel time tomograph¡'

With the need to reconstruct local, cleep 3-D velocity structure using regional

seismic data (maxirnize the data coverage and illuminate deeper parts of the structure)

and to make 3-D seismic tomography feasible, practical, as well as realizable on a

personal computer, I proposecl in chapter 6 an alternative approach-multi-step travel
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time tomography. The local velocity model (small model) is embedded into a

regional velocity model (large scale model) and the seismic tomographic imaging is

separated into two (or more) steps'

The results indicate tltat it is ct possible ancl also a feasibte way to transþrm the

large-scale problem to a sntctll-sccLle probletn to scye on computational requirements

without loss the accuracy of the ctlgorithm itself in general'

11.1.8 Application to reconstruction of the Rabaul volcano structure

The newly developed techniques have been applied to real data analysis in chapter

10 to recover the 3-D velocity structule of Rabaul volcano. I first obtained the l-D

velocity model both for P- and S-wavespeed around the Rabaul region by the

weichert-H erglotz inversion tllethod, and then used this l-D velocity model to

relocate regional earlhquakes so as to reduce the location errors associated with the

large-aperture (global) seisrnic affay. This was undertaken before the final 3-D travel

time tomographic imaging. I lecovered the 3-D velocity model under Rabaul region

down to a depth or 20 km. This is mole complex and detailed than that has been

obtained from the previous str,rdies. Despite the different d,ataused, the main velocity

features obtained from this str.rdy ale quite similar in the shallow depth range to the

previous results obtained fi'om wide-angle prof,rling seismic explosion data' and

tomographic images with only local earthquake data being used' The results have

revealed the following new discoveries:

The top volcanic tlxctgtlxct chamber is J-ouncl to lie at 3-4 km depth under the

Rabaul calclera contPlex ;

Another low velocitl) zolte is presertt uncler the Tcnui caldera down to 4 lcrn

depth;

The velocity fietct is consistent with the geology arouncl Rabaul volcano;

A mecliunt cleep range v-shapecl low velocity zone was imaged under Rabaul

volcano, it reaches as cleep cts l2 lcnt;

An overtuntecl velocity strttcture exists in the medium depth region, with a

high velocity zone overlying a low velocity structure beneath Rabaul volcano;

A deep low velocity zone (possible mctgna source) was delineated to 18 km

depth, ancl is linlcecl to the top shctllow nxctgma reservoir by a pipe-like low

velocity channel.

a

a

a

a

o
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It"z Directions of Future Research

The research wolk restatecl here can be extended in several ways' along with some

other interesting ideas for furthel study, as sulllÍìarised below'

3-D ray tracing for later arrivals

So far, the developed 3-D lay tlacing software can only deal with travel times and

ray paths of first breaks. It would be useful to extend it to calculate travel times and

ray paths of later arrivals, such as leflected and lefracted phases, depending on the

input velocitY model.

3-D travel time (or arrival time) iuversion withmulti-parameters

In order to overcome the lin-ritations of travel time (kinematics) inversion (high

frequency assumption) and furthel constrain the model space, it would be worthwhile

incorporating amplitudes (energy) and wavefonns using a dynamic inversion to map

discontinuities and other velocity featules'

3-D event location with arrival times, uot travel times

The location software could be made rnor:e applicable to real world cases' by

reformulating the hlpocentlal detemination problem in terms of arrival time' and not

the travel time.

3-D joint inversion with relative arrival time

In similar fashion to the widely used double-difference method (DD), it would be

advantageous to exploit relative affival time invelsion referred to the mean arrival

time (or the minimum amival tirne) l"o simultaneously update the velocity model and

the source Parameters.

3-Dvelocitymodelofs-lvavespeedforRabaulvolcano

The first a.riivals wave dataset is leady for inversion, but I ran out of time to do it' It

would be worth building up the 3-D rnodel for S velocity beneath Rabaul volcano as a

supplement to further analyze and understand the tectonic structure of the Rabaul

volcano. This would peflr-rit assessnent of Poisson's ratio (or the VrlV, structure)'

which should relate to fluid content'
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